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Foreword 
 

This document is a collection of abstracts of the presentations made at the Principal 
Investigators’ Meeting of the Materials Chemistry program, sponsored by the Materials Sciences 
and Engineering Division (MSED) in the Office of Basic Energy Sciences (BES) of the U. S. 
Department of Energy (DOE). The meeting was held on July 15–18, 2012 at the DoubleTree 
Hotel, Annapolis, Maryland, and is one of a series of principal investigators’ meetings organized 
by BES. The purpose of the meeting is to bring together all the principal investigators with 
currently active projects in the Materials Chemistry program for the multiple purposes of raising 
awareness among PIs of the overall program content and of each other’s research, encouraging 
exchange of ideas, promoting collaboration and stimulating innovation.  The meeting also 
provides an opportunity for the program manager and MSED/BES management to get a 
comprehensive overview of the program on a periodic basis, which provides opportunities to 
identify program needs and potential new research directions.  The opening session of the 
meeting, titled Frontiers of Materials Chemistry, includes a selection of presentations chosen to 
illustrate a cross section of the diverse research being conducted in the Materials Chemistry 
program.  The balance of the meeting agenda is organized in eight sessions around major topical 
areas in contemporary materials research that broadly encompass many of the projects in the 
current Materials Chemistry portfolio.  These include Electronic and Magnetic Materials, Solar 
Energy Conversion Materials, Tools and Techniques for Materials Characterization, Materials 
Relevant to Fuel Cells, Nanostructured Materials, Materials Behavior at Surfaces and Interfaces, 
and Energy Storage Materials.  Recent BES workshops and other reports have identified the 
concept of “materials by design” as a Grand Challenge goal, defined as the ability to design and 
synthesize new materials with specific properties tailored and optimized for use in next-
generation technologies. In support of the materials-by-design objective, the Materials Chemistry 
program supports basic research in the discovery, design, and synthesis of materials with an 
emphasis on elucidating the complex relationships between a material’s functional properties and 
its composition, atomic and molecular structure, and higher-order morphology. Major focus 
areas of the program include the discovery, synthesis, and characterization of new materials and 
the manipulation of materials’ structure across a range of length scales using chemistry. 

I thank all of the meeting attendees, including the invited speakers, for their active 
participation and for sharing their ideas and new research results. The assistance of the meeting 
chairs, Geri Richmond and Mercouri Kanatzidis, in organizing this meeting is greatly 
appreciated. Sincere thanks also go to Teresa Crockett in MSED and Lee-Ann Talley and her 
colleagues at the Oak Ridge Institute for Science and Education (ORISE) for their excellent work 
providing all the logistical support for the meeting. 
 

 
Michael Sennett  
Program Manager, Materials Chemistry 
Materials Sciences and Engineering Division 
Office of Basic Energy Sciences 
U.S. Department of Energy 
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Physical Chemistry of Inorganic Nanostructures 
 
 
A. Paul Alivisatos, Peidong Yang, Stephen R. Leone 
University of California, Lawrence Berkeley National Laboratory 
 
 
Program Scope – Subtask 1: Physical Chemistry of Semiconductor Nanocrystals 
 

Control of materials on the nanometer scale offers great opportunities to tailor the properties 
of energy conversion systems, yet the realization of these goals depends critically on 
improvements in our abilities to make complex nanostructures with precision. This program 
emphasizes the fundamental science of the synthesis of inorganic nanomaterials as well as the 
characterization of physical properties of these materials. The program consists of four subtasks: 
Physical Chemistry of Colloidal Nanocrystals, Fundamentals of Inorganic Nanowires, 
Microscopy Investigations of Nanostructured Materials, and Model Nanoscale Photo-catalytic 
Systems. The goal of the first subtask is to develop the science of colloidal inorganic 
nanocrystals with special emphasis on understanding and controlling their synthesis. Recent 
work has included highly specific synthesis of nanoheterostructures by cation exchange, post-
synthesis improvement of luminescence efficiency, and synthesis of semiconductor 
nanostructures featuring tunable plasmon resonances. Another aspect of this first subtask is the 
investigation of fundamental optical, electrical, structural, and thermodynamic properties of 
nanocrystals. The Alivisatos lab has recently exploited novel in situ imaging techniques to 
achieve unprecedented structural information about nanocrystals and their growth in solution. 
 
Recent Progress 
 

1.  High resolution nanocrystal imaging in solution using a graphene liquid cell. A major 
challenge in the study of nanocrystals is imaging their behavior and especially their growth in the 
solution phase. Previous work from our lab has succeeded in using transmission electron 
microscopy (TEM) to image nanocrystals in solution.[1] However, the resolution achieved using 
a microfabricated liquid cell was limited by the width of both the silicon nitride “window” layer 
and the liquid layer. The imaging conditions are further limited by leaking of liquid from the cell 
into the TEM vacuum chamber. 
We have recently achieved liquid 
phase images of unprecedented 
resolution by making use of a 
liquid cell based on two layers of 
graphene. Initial studies were 
conducted in the solid state, by 
drop casting nanocrystal solutions 
onto a layer of graphene and 
allowing the solvent to evaporate. 
A second layer of graphene was 
layered over the first, resulting in 
encapsulation of the nanocrystals. 

Figure 1. TEM (left) and AFM (right) images of nanocrystals 
trapped between two layers of graphene. 
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In these proof-of-principle experiments we were able to image the nanocrystals using both TEM 
and atomic force microscopy (AFM) (Fig. 1).[2]. 

By adding the second graphene layer prior to drying of the solvent we were able to 
encapsulate ultra-thin layers of nanocrystal solution. These solution pockets were stable upon 
exposure of the cell to vacuum, and allow for ultra high resolution TEM imaging.[3] We were 
able to resolve lattice fringes and observe crystalline twinning in solution. More impressive, we 
were able to monitor nanocrystal growth and coalescence events in real time and to observe the 
specific facets involved in coalescence and the evolution of particle crystallinity after 
coalescence (Fig. 2). Figure 2C is a plot of the change in length (l, along the center-to-center 
direction), thickness (t, perpendicular to the length), and neck diameter (n) of the coalesced 
nanocrystals. Neck growth is accompanied by a decrease in l and t, which indicates that the 
atoms migrate to the neck region, presumably by surface diffusion. After coalescence, the 
nanocrystal gradually reorganizes, evolving truncated surfaces. Observations at this high level of 
detail promise to yield unprecedented information about the behavior of nanocrystals in solution. 
 
 

2. Nanocrystal heterostructures by cation exchange. Rapid cation exchange reactions on 
nanocrystals have proven to be a highly versatile method for synthesis of otherwise inaccessible 
nanocrystal phases and morphologies.[4,5] The process has been shown to leave the anion lattice 
unaffected, thus opening up numerous routes to interesting heterostructures.[6] An exciting 
aspect of nanocrystal heterostructures is the potential for creating semiconductor heterojunctions 
within a single nanocrystal. This potential has been realized in studies of aligned CdS 
nanorods.[7] Rod alignment over large areas on a variety of substrates was demonstrated 
previously.[8] Given the uniform nature of the resulting film, it was deemed likely that cation 
exchange would proceed selectively from the top of the film, yielding an array of aligned 
nanorods each containing the same heterojunction. The anticipated affect was indeed observed: 
partial cation exchange from CdS to Cu2S yielded a film with aligned rods made up of CdS near 
the bottom surface and Cu2S facing solution (Fig. 3, right). The depth profile of the film was 
determined using Rutherford backscattering (RBS). Cation exchange could be driven to 
completion by addition of excess CuI. Subsequently, exchange of Cu2S to PbS was demonstrated 
using an analogous procedure, with partial or complete exchange achieved by addition of an 
appropriate amount of PbII. These aligned films present a unique opportunity for electronic 

Figure 2. (a) Time course of the size evolution and distance between two Pt nanocrystals. (b) Position of the two 
nanocrystals over the time observed. (c) Plot of the total length, thickness, and neck diameter of the two 
nanocrystals during coalescence. (d) TEM images of the two nanocrystals. 
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characterization. One would expect a conventional thin film of 
these materials to display electronic rectification. Indeed, 
electrical measurements indicate that the films are rectified in 
exactly the expected way (Fig. 3, left). While these films are too 
thin to act as efficient absorber layers in solar cells, these 
experiments demonstrate the great promise of cation exchange in 
controlling both the structure and the properties of nanocrystals.  
 
      3. Tunable plasmon resonances in semiconductor 
nanocrystals. Localized surface plasmon resonances (LSPRs) 
typically arise in nanostructures of noble metals resulting in 
enhanced and geometrically tunable absorption and scattering 
resonances. LSPRs, however, are not limited to nanostructures of 
metals and can also be achieved in semiconductor nanocrystals 
with appreciable free carrier concentrations. We have 
demonstrated well-defined LSPRs arising from p-type carriers in 
vacancy-doped semiconductor nanocrystals.[9] Vacancies were 
introduced into Cu2S nanocrystals by exposure to O2 gas 
(ambient air), which induces formation of p-type Cu2-xS. 
Concommitant with this reaction we observe the rise of an 
optical absorption peak in the near-infrared region. We confirm 
that this peak is due to an LSPR resonance by examining its 
position dependence on the refractive index of the nanocrystal 
solvent; a characteristic of plasmon resonance. By controlling the 
extent of reaction with O2 we were able to tune the optical 
absorption wavelength of the LSPR. The capability to tune the 

plasmon through doping is unique to semiconductor nanocrystals. This added degree of 
flexibility may introduce possibilities for application of these nanocrystals to sensing. These 
LSPRs are not only observed in the Cu2S system. We recently showed that a known optical 
absorption in oxygen-deficient line phases of tungsten oxide, WO3-δ, is due to an LSPR.[10] As 
with Cu2S, the position of the plasmon can be tuned by altering the degree of oxygen defficiency. 
 
Future Plans 
 

1. Cation exchange from II-V to III-V nanocrystals. III-V semiconductor nanocrystals such 
as InP, InAs, GaP, and GaAs have been vigorously sought due to their great potential for use in 
optoelectronic devices (LEDs, solar cells, etc.). However, high quality III-V colloidal 
nanocrystals remain synthetically challenging. Cation exchange is a promising method for 
generating monodisperse III-V nanocrystals. Standard colloidal synthetic strategies have recently 
been developed for II-V semiconductor systems such as Cd3P2 and Cd3As2 offering a 
monodisperse template for cation exchange. We are encouraged by preliminary results indicating 
efficient CdII to InIII exchange which preserves sample monodispersity. This strategy will 
provide facile access to a wide array of III-V materials of interest for optoelectronic applications. 

2. Microfluidic liquid cell fabrication for imaging nanocrystal reactions in-situ. While the 
graphene liquid cell described above is a pivotal development in the effort to image nanocrystals 
in solution, it is also of great interest to images nanocrystals in dynamic solution conditions; a 

Figure 3. Voltage-current plots 
for aligned nanocrystal 
heterojuntion devices. 
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goal for which a microfluidic liquid TEM cell would be an important tool. Using anisotropic 
etching methods it is possible to fabricate microfluidic silica or silicon nitride channels with 
extremely thin walls (~20-100 nm) with a channel diameter on the order of hundreds of 
nanometers. We have begun fabrication of this device and plan to use it to inspect nanocrystals 
as they undergo reaction such as cation exchange, metal tipping, growth and etching. 
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Physical Chemistry of Inorganic Nanostructures 
 
A. Paul Alivisatos, Peidong Yang, Stephen R. Leone 
University of California, Lawrence Berkeley National Laboratory 
 

Program Scope – Subtask 2: Fundamentals of Semiconductor Nanowires 
Semiconductor nanowires have witnessed an explosion of interest in the last decade due to 
advances in synthesis and the unique thermal, optoelectronic, chemical, and mechanical 
properties of these materials. The potential applications of single-crystalline nanowires are truly 
impressive, including computational technology, communications, spectroscopic sensing, 
alternative energy, and the biological sciences. This subtask on “Fundamentals of Semiconductor 
Nanowires” can be considered as the fundamental research program with the aim of establishing 
and developing the core science and technology for semiconductor nanowires, and with an 
emphasis on growth, assembly and fundamental optical and electronic properties 
characterization.  
 
Recent Progress  

1. Cation exchange chemistry for  nanowire heterostructure. The cation exchange reaction in 
nanostructures can be very different when compared to bulk solids. Work on colloidal 
nanocrystals in subtask 1 of this FWP illustrates how the reaction speed is much faster in 
nanostructures due to a larger surface to volume ratio, and therefore novel nanostructures could 
be produced1-4. Subtask 2 is leveraging this experience to explore cation exchange in nanowires. 
We have shown that a Cu2S-CdS core-shell nanowire can be produced by a short (~10s) cation 
exchange reaction in CuCl aqueous solution. The resulting Cu2S shell is around 10 nm thick and 
coherently attached to CdS. By using a longer reaction time (>30s), the Cu+ continues to replace 
Cd2+ in CdS lattice. However, due to a high lattice mismatch between the core and shell, 
increasing the shell thickness is prohibited by high lattice strain. As shown in Figure 1b and 1c, 
instead of forming a thicker Cu2S shell, periodic Cu2S inclusion layers are observed inside the 
CdS nanowire. To further confirm the superlattice (SL) formation, the CdS was selectively 
etched with diluted HCl, and a hollow Cu2S tube with inclusion layers was observed (Figure 1d).  
It is well known that CdS-Cu2S form a good 
type II junction which is useful for solar cell 
application. Photoluminescence (PL) spectra 
clearly demonstrated the fluorescence 
quenching due to effective charge separation 
in this heterostructured nanowire (Figure 2a).  
The CdS PL at ~510nm was completely 
suppressed and a broad weak emission 
centered ~590nm was observed, which may 
due to the charge recombination at the CdS -
Cu2S interface. The efficient charge separation 
is further supported by fluorescence lifetime 
measurements (Figure 2b), which clearly 
show that the decay becomes faster from Cu2S 
inclusions. The cation exchange reaction 
provides a facile method for producing high 

Figure 1. CdS to Cu2S cation exchange reaction.    a. 
schematic of nanowire cation exchange reaction. b. 
TEM image of as formed CdS-Cu2S SL nanowire. c. 
EELS elemental mapping for Cu. d. TEM image of 
CdS-Cu2S SL nanowire after selectively CdS 
removal by diluted HCl.  

 d  
c 

 b 

 
a 

Cu 
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quality heterojunctions and novel 
nanostructures. More experiments will be 
done to further understand the mechanism of 
superlattice formation, as well as the charge 
transport properties across the CdS-Cu2S 
heterojunction. Also, cation exchange 
chemistry will be extended into other 
nanowire material systems to realize 
functions such as solar cells and light 
emitting diodes. 

2. Conversion chemistry of oxide 
nanowires: one atomic layer at a time. Alloys of zinc oxide (ZnO) with indium oxide and other 
trivalent metal oxides (IMZO, In2-xMxO3(ZnO)n, M=In, Ga, Fe) have been examined for potential 
applications in thermoelectric devices, low-indium transparent conducting oxides, and 
photoelectrochemical cells. Previously, we developed a new conversion scheme, by depositing 
metal onto ZnO nanowire arrays and annealing at high temperature, which allows for rational 
control of nanowire dimensions, density, orientation, and alloy concentration. At 300 K, 
InGaO3(ZnO)n nanowires (IGZO) exhibit a thermal conductivity of 
3.3 W m–1 K–1, which is lower than what has been observed for 
IZO in the bulk (3.5 W m–1 K–1, n = 3,4) and ZnO nanowires (~20 W 
m–1 K–1) despite very low In and Ga loading. Improved visible 
light absorption and chemical stability were also observed for IZO 
and IFZO nanowires. High resolution TEM and STEM on the IZO 
and IFZO structures have provided great insight into the crystal 
structure of this family of compounds. The nanowire platform 
allowed us to easily image thin segments of IZO where the 
structure was only partially formed, showing that the basal InO2

- 
layer begins at the nanowire surface and is bounded by a partial 
dislocation, as seen in Figure 3. These dislocations propagate into 
the nanowire by vacancy diffusion, and indium precipitates at the 
defects. In addition, modulating contrast forms between the basal 
layers, with an angle that depends on the composition of M. Our 
structural model has been confirmed by DFT calculations. 

3. Growth and chemical modification of InxGa1-xN 
nanowires. Recently, there has been much interest in the 
InGaN ternary alloy due to its UV to IR bandgap tunability. 
However, the large thermodynamic miscibility gap (0.1<x<0.9) 
presents a significant challenge towards the synthesis of the 
majority of alloy compositions. Previously, we developed a 
method to produce single phase InGaN within the miscibility 
gap by using the nanowire geoemetry5. Although initial LED 
and photoanode testing proved to be successful, devices were 
limited by the poor internal quantum efficiency (QE) of InGaN 
nanowires. Therefore, time resolved fluorescence studies were 
used to examine the excited state decay of InGaN nanowires. 
Fluorescence lifetimes clearly decrease (Figure 4) with 
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Figure 2. Photoluminescence spectra (a) and lifetime 
spectra (b) of a CdS-Cu2S SL nanowire compared to a 
CdS nanowire. 

Figure 3. HRSTEM of an 
IFZO nanowire, showing two 
partial inclusions between two 
fully formed basal layers. 
Scale bar is 25 nm. 
 

Figure 4. Fluorescence decay 
curves of different InxGa1-xN 
nanowire arrays. 
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increasing indium incorporation, most likely due to carrier localization from statistical 
fluctuations in composition. Due to the short fluorescence lifetimes and low QE, we conclude 
that InGaN nanowires have a large nonradiative decay rate.  

Factors that could contribute to the fast nonradiative decay rate include increased surface 
recombination from the nanowire geometry, partial dislocations/point defects, and efficient 
Auger recombination pathways in InGaN. Therefore, we examined the effect of thermal 
treatments in NH3 gas on these factors. Although no change in partial dislocations was observed 
by TEM, all compositions displayed increased photoluminescence intensities after annealing. 
Integrated PL intensities show (Figure 5A) the largest increase in QE for the highest indium 
compositions. Fluorescence lifetime measurements on annealed InGaN nanowires (Figure 5B) 
showed an order of magnitude decrease in lifetime when compared to as made samples. 
Therefore, we conclude that perturbations from thermal treatment increase the QE of InGaN 
nanowires by increasing the radiative 
rate rather than reducing the 
nonradiative rate. A similar treatment 
could be used for LEDs to maximize 
device performance.  However, for 
applications which require carrier 
extraction, it will be necessary to 
reduce the nonradiative recombination 
rate. Surface passivation and growth 
modification will be done in 
conjunction with fluorescence lifetime 
measurements to observe the effect of 
these treatments on the nonradiative 
decay rate. 

 
Future Plans  

In close collaboration with the Alivisatos and Leone groups, we will continue to develop 
novel synthetic chemistry for semiconductor nanowires and their heterostructures. We will 
continue to systematically explore the optical and electrical properties of these novel 
semiconductor nanowires. In addition, a collection of optical and electrical characterization tools 
will be used to probe these nanostructures as function of synthetic conditions with high spatial 
resolution. This would include, for example, spatial resolved cathodoluminescence, scanning 
confocal optical imaging; single nanowire imaging and spectroscopy, temperature-dependent PL, 
quantum efficiency measurements with integrating sphere, ultrafast spectroscopy, X-ray 
absorption/emission spectroscopy, impedance spectroscopy and field-effect transistor 
measurement of carrier concentration and mobility. 

As part of our continuing efforts on oxide nanowire research, we will pursue reproducible p-
doping in ZnO nanowires. During ZnO nanowire growth, Li impurities can be introduced 
through an in situ CVT scheme. As-grown, these Li-doped wires exhibited decreased electrical 
properties as measured by single nanowire transconductance. However, on-device annealing at 
500oC in O2 converts the FET response of the same nanowire to p-type. Single nanowire Seebeck 
voltage measurements were performed to corroborate the majority carrier type switching. With 
confirmation of p-type conduction in ZnO nanowires, we hope to integrate these nanowires into 
ZnO homojunction light emitting diodes and solar cells. However, various storage conditions and 

Figure 5. Integrated PL (a) peaks indicated annealing is 
increasing the quantum efficiency. A sharp decrease in 
fluorescence lifetime (b) was seen for annealed nanowires.  
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operating temperatures may change the electrical properties of the nanowires due to the relative 
instability of the Li acceptor state. By gathering fundamental information about the mechanism 
of majority type-conversion and subsequent reversion, chemical methods of surface and dopant 
passivation will be designed for long-term stability. 

In addition, we will also expand our efforts into transition metal doped TiO2 nanowires. TiO2 
is a unique material for photocatalysis since it is nontoxic, abundant, stable and photoactive. 
However, the wide bandgap of TiO2 limits its photocatalytic performance in the visible part of 
the solar spectrum. Doping TiO2 with transition metals can create localized electronic states 
within the TiO2 bandgap, which can enhance the material’s optical absorption. Our group has 
already developed a very simple molten salt flux method to synthesize transition metal doped 
TiO2 nanowires in large scales. A variety of transition metals such as Cr, Co, Ni, Fe, Mn, Mo, 
Nb, Ta, W, V, Ru, Rh can be incorporated into the TiO2 lattice to tune the nanowire optical, 
electrical and surface catalytic properties. Further work will be done using x-ray absorption 
spectroscopy (Subtask 3) to examine the local coordination environment of the incorporated 
transition metal elements, and correlate with their electrochemical or photoelectrochemical 
properties. 
 
References 
1. Luther, J. M.; Zheng, H.; Sadtler, B.; Alivisatos, A. P. J. Am. Chem. Soc. 2009, 131, 16851. 
2. Park, J.; Zheng, H.; Jun, Y.-w.; Alivisatos, A. P. J. Am. Chem. Soc. 2009, 131, 13943. 
3. Robinson, R. D. et al. Science 2007, 317, 355. 
4. Sadtler, B.; Demchenko, D. O.; Zheng, H.; Hughes, S. M.; Merkle, M. G.; Dahmen, U.; 

Wang, L.-W.; Alivisatos, A. P. J. Am. Chem. Soc. 2009, 131, 5285. 
5. Kuykendall, T.; Ulrich, P.; Aloni, S.; Yang, P. Nat. Mat. 2007, 6, 951. 
 
Publications 
1. “Solution processed core-shell nanowires for efficient photovoltaic cells”, J. Tang, Z. Huo, S. 

Brittman, P. Yang, Nature Nanotech., 6, 568, 2011.  
2. “Atomic-Level Control of the Thermoelectric Properties in Polytypoid Nanowires”, S. C. 

Andrews, M. A. Fardy, M. C. Moore, S. Aloni, M. Zhang, V. Radmilovic, P. Yang, Chem. 
Sci., 2, 706, 2011.  

3. “Epitaxial growth of InGaN nanowire arrays for light emitting diodes”, C. Hahn, Z. Zhang, 
A. Fu, C. H. Wu, Y. J. Hwang, D. J. Gargas, P. Yang, ACS Nano, 5, 3970, 2011. 

4. “Si/InGaN Core/Shell Hierarchical Nanowire Arrays and their Photoelectrochemical 
Properties”, Y. J. Hwang, C. H. Wu, C. Hahn, H. E. Jeong, P. Yang, Nano Lett., 12, 1678, 
2012. 

5. “Nanowire-based Single Cell Endoscopy”, R. Yan, J. Park, Y. Choi, C. Heo, S. Yang, L. P. 
Lee, P. Yang, Nature Nanotech., 7, 191, 2012. 

6. “High Quantum Efficiency of Band-Edge Emission from ZnO Nanowires”, D. Gargas, H. 
Gao, P. Yang, Nano Lett. 11, 3792, 2011. 

7. “Semiconductor Nanowires: What's Next?”, P. Yang, M. Fardy, R. Yan, Nano Lett. 10, 
1529, 2010. 

8.  “Semiconductor nanowires for energy application”, A. Hochbaum, P. Yang, Chem. Rev. 
(Invited Review), 110, 527, 2010. 

10



Figure 1: Operational transient X-ray absorption apparatus. 

Physical Chemistry of Inorganic Nanostructures 
 
 
A. Paul Alivisatos, Peidong Yang, Stephen R. Leone 
University of California, Lawrence Berkeley National Laboratory 
 
 
Program Scope - Subtask 3: Microscopy Investigations of Nanostructured Materials 
 

The goal of the third subtask in this program is to develop and use novel spectroscopic 
techniques to obtain a detailed understanding of charge carrier dynamics in nanostructured 
materials.  This work is organized along two lines of inquiry: ultrafast x-ray transient absorption 
of excited-state dynamics in semiconductors and single-particle studies of quantum dot blinking 
and surface plasmon resonances. A tabletop x-ray transient absorption system combines the 
elemental and oxidation state specificity of x-ray absorption with the femtosecond time 
resolution of Ti:Sapphire laser amplifiers.  This allows the determination of the rates of energy 
and charge transfer in multicomponent nanostructures. Single molecule fluorescence microscopy 
and time-resolved spectroscopy are applied to study the fluorescence intermittency, or blinking, 
of single semiconducting nanostructures.  The research seeks to uncover the physical processes 
that lead to this blinking, focusing on the role of charge carriers.  In addition, blinking is a 
sensitive probe of the interactions between single nanostructures and their environment, such as 
quantum dots embedded in polymer and inorganic matrices relevant to solar energy conversion.  
Finally, far-field scattering measurements are combined with near-field imaging to investigate 
the impact of nanostructure shape and environment on localized surface plasmon resonances 
(LSPRs). 

 
 Recent Progress  
 

1.  Transient X-ray Absorption of Semiconductors 
Transient absorption spectroscopy in the visible and infrared regions is commonly used to probe 
the excited-state dynamics of nanomaterials.  However, as nanostructures become more complex, 
the broad and often overlapping spectral features make it difficult to differentiate between 
competing relaxation mechanisms.  X-ray absorption, on the other hand, can map the conduction 
band density of states with element- and oxidation-state specificity.  This level of detail is 
essential for determining the photophysics of multicomponent nanostructures such as the 
nanowire superlattices in Subtask 2 
and the seeded/cation-exchanged 
rods in Subtasks 1 and 4. A new 
instrument has been developed that 
creates tens-of-fs pulses of extreme 
ultraviolet/soft x-ray light from high-
harmonic generation by an intense 
800 nm laser pulse (Figure 1). The 
spectral range of the system, from 40 
to 100 eV, is ideal for studying the 
shallow-core to valence absorption  
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of transition metals and II-VI 
or III-V semiconductors. For 
example, the Se3d→3p and 
Te4d→4p resonances at 55 and 
41 eV, respectively, are well 
separated and will provide a 
direct probe of hole 
localization in core/shell 
CdSe/CdTe Type-II  quantum 
dots. The instrument was used 
to determine the excited-state 
electronic structure of α-Fe2O3 
(hematite), an earth-abundant 
photocatalyst for water splitting prepared by Subtask 2.  Photoexcitation of the sample at 400 nm 
causes the growth of an x-ray absorption feature consistent with a ligand-to-metal charge transfer 
(LMCT) state (O2-Fe3+  O1-Fe2+).  Some theory suggests a d-d transition at this excitation 
energy5, which is not observed here.  The transient signal rises in <200 fs and changes shape on a 
sub-picosecond timescale as the LMCT state relaxes to a d-d excitation, highlighting the ability 
of this technique to probe ultrafast changes in electronic structure. 
 

2.  Single-Particle Studies 
Previous work in this subtask suggested that rate fluctuations of the charge trapping process play 
an important role in QD blinking.1 Current work focuses on the role of these fluctuations and 
how they relate to distributed kinetics and memory effects in blinking events.  A strong 
correlation is observed between on-state memory and distributed blinking kinetics, suggesting 
that both originate from the same fluctuation-based blinking mechanism.  Monte-Carlo 
simulations show that introducing an ionization-induced charge trapping process causes a 
decrease in the on-state memory and less distributed blinking kinetics.  These simulations 
reproduce the experimental data, suggesting that the combined effect of two charge trapping 
processes (one fluctuation-based and one ionization-based) are responsible for fluorescence 
blinking of a single QD.   

Blinking is also used as a probe of the nanoparticle-environment interaction.  Previous work 
in this subtask revealed surprising differences in the trap state distribution for QDs in two 
polymer hosts: the semiconducting N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-
4,4’-diamine (TPD) and the insulating poly(methylmethacrylate) (PMMA).2  Current work 
extends these studies by investigating excitation-intensity dependent behavior.  As with QDs on 
other conducting surfaces, the fluorescence decay time and quantum yield is reduced in TPD.  
However, in contrast to QDs in insulating and other conducting environments, QDs in TPD 
exhibit an increase in the probability of long on durations with an increase in power density 
(Figure 3a).  This trend could be indicative of facile transfer of holes to the QDs from the TPD 
valence band.3 

In coordination with Subtask 1, fluorescence blinking statistics are used as a probe of the 
interaction between CdSe/CdS QDs and a new class of chalcogenidometalate (ChaM) ligands, 
specifically Sn2S6

4- or In2Se4
2-.  These ChaM-QD systems are of interest because of the enhanced 

carrier mobilities reported for films of ChaM-capped QDs, which were attributed to favorable 
energy alignment between the QD and ChaM band structures, as well as the small inter-QD 

Figure 2: (a)  Excited-state x-ray absorption of α-Fe2O3 after 
excitation at 400 nm.  (b) Kinetic traces at 54.5 and 57.5 eV 
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spacing within the films. The single nanoparticle studies 
currently under way focus on the interaction between the 
individual QD and ChaM complexes. Preliminary results 
suggest photoexcitation leads to hole trapping on the ChaM 
ligand complex. The ChaM-capped QDs are largely non-
fluorescent, spending only 11% of the measurement time in 
the on-state, compared to 82% time in the on-state of 
organically capped QDs (Figure 3b).  Additionally an 
increase in the charge trapping rate occurs with decreasing 
CdS shell thickness.   

Previous work in this subtask on the localized surface 
plasmon resonance of rod-in-ring gold nanostructures 
showed that conductive coupling between the rod and ring 
leads to sharp quadrupolar and octupolar resonances.4  
Current work focuses on the effect of the underlying 
substrate on the LSPR.  A 2 nm titanium layer between the 
nanostructure and the glass substrate increases the plasmon 
dephasing rate, drastically reduces the plasmon amplitude, 
and red-shifts the resonance peak. This effect can be 
reasonably well simulated by finite-difference time domain 
calculations, which use the bulk dielectric constants of Au 
and Ti to model the nanostructure. However, the observed 
redshift is greater than expected due to interface reactions 
and intermetallic diffusion.  Titanium is often used as an adhesion layer in electron-beam 
lithography, and this damping effect reduces the usefulness of LSPRs for sensing applications.  
Vapor-deposited (3-mercaptopropyl) trimethoxysilane performs well as an adhesion layer 
without damping the sharp plasmon resonances. 
 
Future Plans 
 

1.  Transient X-ray Absorption of Semiconductors.  Ultrafast x-ray absorption will be used to 
probe the excited-state dynamics of semiconductor thin films and multi-component 
nanostructures.  The absorption spectrum of the photocatalyst Co3O4 is composed of several 
distinct features attributed to metal-to-metal charge transfer between Co2+ and Co3+ ions, as well 
as LMCT transitions from O2- to Co2+/3+.  Specific transitions will be excited using a tunable 
pump pulse and both the initial excited state electronic structure and the rate of relaxation 
through the ladder of excited states will be observed.  The elemental specificity of x-ray 
absorption will be employed to measure charge separation in Type-II heterostructures such as 
PbSe quantum dots embedded in a Sb2S3 thin film.  This material, synthesized by Subtask 1, is a 
promising candidate for all-inorganic photovoltaic devices.  By measuring the rate of charge 
transfer between the PbSe and Sb2S3 as a function of QD size and excitation wavelength, 
processes such as hot electron injection and multiple-exciton generation will be investigated. 
Transient x-ray absorption of transition metal doped TiO2 nanowires (Subtask 2) will reveal the 
rate of electron and/or hole localization on the dopant after photoexcitation and enable the 
engineering of nanowires with long-lived charge separated states necessary for photocatalysis. 

Figure 3: (a) Crossover time tau vs.  
excitation power density for QDs in 
PMMA and TPD.  (b) Fluorescence 
blinking traces for single oleylamine  
and In2Se4

2--capped CdSe/CdS QDs 
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2.  Single-Particle Studies.  Future work in this subtask aims to uncover the mechanism for 
charge trapping rate fluctuations occurring during the off state.1  The source of these fluctuations 
may correlate with the nature of the surface ligand coverage.  It has been shown theoretically that 
some ligand molecules are highly mobile, able to randomly walk across the surface of a quantum 
dot altering the trap state energy levels.6 Future work will monitor the trapping rate fluctuations 
and blinking statistics of QDs with various capping ligand mobilities.  In addition to ligand 
mobility, ligand-QD binding types are also considered.7  QDs with both covalent and dative 
ligand binding will be measured.  The ligand exchange procedures necessary for this work will 
be done in collaboration with Subtask 1.  Electric-field poling of QDs in TPD will also be 
investigated to elucidate the details of current-density enhancement in composite photovoltaic 
devices.8 A modification of surface trap states via nanoscale charge migration would modify the 
blinking statistics of an individual QD, whereas macroscale rearrangement of permanent dipoles 
in the semiconductor host would alter the polarization of its emission.   

Based on the observation of the dramatic effect of a thin Ti underlayer on the LSPR of gold 
nanostructures, this line of inquiry will be extended to other substrates of interest.  Specifically, 
far-field scattering and near-field microscopy will be used to study the coupling of π electrons in 
few-layer graphene to the LSPRs of gold disks.  The band structure of graphene is sensitive to 
both the number of layers and an applied gate voltage,9 and the interplay of the optical response 
and electronic structure of the graphene with the LSPRs will serve as a sensitive probe of the 
coupling between the two components. 
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Program Scope – Subtask 4: Model Photocatalytic Nanostructires 
 

In this newly established sub-task, we will use the latest advances in nanomaterials 
fabrication from subtask 1 to construct model nanoscale systems that can be used to separately 
investigate individual key underlying issues in artificial photosynthesis. In a complete first 
generation artificial photosynthetic system, the disparate functions of light absorption, charge 
separation, photo-voltage generation, and electrochemical water-splitting catalysis must be 
combined within a single nanostructured construct.1,2 We propose to deploy the most recent 
advances in the synthesis of colloidal nanostructures to enable the well defined assembly of 
semiconductor, oxide, metallic, and molecular components, specifically designed to test and 
develop our knowledge of each of these fundamental processes that underpin efficient artificial 
photosynthesis.3 The overarching goal of this work will be to create model systems designed to 
probe and answer long-standing basic questions in artificial photosynthesis.  One goal for 
instance will be to specifically create a system to overcome photo-oxidation of a compound 
semiconductor light absorber, by creating a rapid alternative productive pathway for hole 
consumption, through systematic adjustment of the physical, quantum, and chemical parameters 
of the system.  Work in this subtask will be tightly integrated with subtask 1 as well as subtask 3. 
 
Recent Progress  
 

Obervations of photocatalysis from single seeded quantum rod systems. We have exploited 
nanoscale semiconductor systems as light absorbers with extremely high luminescence quantum 
yields before any catalysts are attached to them to perform what we believe are the first single 
particle studies of nanoscale semiconductor photocatalysts. We use a hydrogen evolving nanorod 
heterostructure photocatalyst4 composed of a platinum-tipped cadmium sulfide rod with an 
embedded cadmium selenide seed (illustrated in Figure 1). This interesting model system offers a 
systematic way of both manipulating and probing charge carriers within the photocatalyst, 
providing a useful system to better understand the underlying photophysical and photochemical 
phenomena. In such structures holes are three-dimensionally confined to the cadmium selenide 
(fast hole localization in the seed), whereas the delocalized electrons are generally transferred to 
the metal tip (with an estimated lifetime of 1 ps). Consequently, the electrons are now separated 
from the holes over three different components, and by a tunable physical length. Electron 
transfer to the Pt results in strong photoluminescence quenching. The quenching of the 
photoluminescence by the metal tip is not complete however, and occasionally the electron hole 
pair will recombine radiatively.  Due to the exceptionally strong original quantum yield of the 
non-tipped seeded rods, this residual photoluminescence is sufficient for monitoring, and may be 
utilized as an internal inverse probe of catalytic activity. Using far-field optical microscopy we 
explore the fluence-dependent photoluminescence from photo-catalysts on the single particle 
level. We find that individual catalysts exhibit strong optical nonlinearities that allow direct 
determination of the number of charges participating in a catalytic reaction and the rate of photo-
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induced charge transfer. These studies enable new approaches to examining rate limiting 
kinetics, through studies in which the luminescence is probed as a function of the incident photon 
flux.   
 
Future Plans  
 

(1) Structure: We will design novel multicomponent nano-heterostructures that draw upon 
the synthetic advances from subtask 1. Emphasis will be placed on diversity in (1) the atomic 
composition of each component, (2) nanocrystal shape and faceting, and (3) the arrangement and 
interconnectivity of each component. Compositional control will be achieved using cation/anion 
exchange strategies pioneered in our research group. Recent work of this nature is described in 
sub-task 1. Shape control will be achieved by making use of standard anisotropic growth 
techniques wherein preferential ligation of surfactant molecules to particular crystal facets during 
the synthesis to affords directional growth.5,6 Control over the interconnectivity of each 

Figure 1. Characteristic fluence-dependent photoluminescence obtained in gaseous argon from a few dozen of 
individual photocatalysts consisting of (A) colloidal CdSe quantum dot embedded asymmetrically within a CdS 
quantum rod; (B) with reduction Pt catalyst placed on the opposite end of the rod. (C) The quantum dot size is 
held fixed, and the rod length decreases from 60 nm to 40 nm. (D) The rod length is held constant, and the dot 
diameter is increased from 2.3 nm to 3.9 nm. 
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component will be achieved using seeded growth methods, which furnish heterostructures 
wherein the components lie in intimate contact and can be induced to grow preferentially on 
specific facets of an anisotropic seed structure, as in the structures discussed in Figure 1. Finally, 
ligand exchange reactions on the heterostructures and individual components will be used to 
impart water solubility and to display molecular functionality, including charge transfer relays 
and molecular catalysts, at the nanocrystal-solution interface.  

(2) Energetics: Exciton dissociation and charge carrier migration in colloidal nano-
heterostructures occur along electrochemical potential gradients. As such, a fundamental 
objective of the proposed work is to measure the energetic landscape across the composite 
nanostructures we synthesize. In addition to measuring the band edge potentials of the 
semiconducting components we will determine the potential of zero charge and charging 
energies of the metallic catalytic components as well as the redox potentials of molecular surface 
moieties. Additionally, the proposed work will distinguish itself from contemporary reports by 
striving to operate photocatalytic reactions under conditions of well-defined overall driving force 
using reversible electron and hole scavengers. In this fashion, we will be able to draw rigorous 
correlations between the energy storage efficiency and quantum efficiency of each water splitting 
half reaction.  

(3) Kinetics: The kinetic competition between productive fuel-forming and unproductive 
recombination pathways defines the quantum efficiency of solar energy storage via artificial 
photosynthesis. In order to determine the quantum-yield-limiting competition steps, we will 
isolate the rate constants of each charge transfer step (semiconductor to catalyst, catalyst to 
solution) at the ensemble level using both steady state (quantum yield) and time resolved 
(transient absorption, transient fluorescence) techniques. As nanocrystal systems are invariably 
characterized by particle-to-particle inhomogeneity, the kinetics of fuel formation at nano-
heterostructures will be characterized at the single particle, single turnover level using model 
turn-on fluorescent molecular probes. For these studies, aspects of both static and dynamic 
disorder will be determined for each system.  
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Nanostructured Carbon Materials  
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Program Scope 

The Nanostructured Carbon Materials Program focuses on new frontiers in nanocarbon-based 
materials with capability to make and break specific bonds under electrochemical conditions for 
the next generation of energy storage and production systems. The new form of diamond referred 
to as ultrananocrystalline diamond (UNCD) discovered in this program has many unique 
properties due to combining sp3 diamond grains with sp2–like carbon grain boundaries in one 
material. Among the unique properties of UNCD is its large electrochemical window, 
electrochemically inert surface, and increased n-type conductivity via doping that makes it very 
attractive as an electrode material. These properties make it ideal to develop as a support for 
small metal and metal oxide clusters that we have recently shown to be highly active and 
selective for catalytic reactions. We have unique capabilities to synthesize ultrasmall clusters of 
specific size and composition. This program uses in situ characterization and computational 
capabilities to both understand the electrocatalytic properties of the new nanocarbon composites 
as well as to perform screening to help choose optimal candidate clusters for catalysis to be 
integrated with the nanocarbon supports. Fundamental understanding of the properties of the 
UNCD/cluster hybrids has important implications for energy applications such as in the 
production of fuels by reduction of CO2 and new energy storage materials. We are exploring the 
effects of supports other than carbon to assess their effect and we are using principles from other 
types of catalysis such as heterogeneous catalysis to understand the reactions mechanisms.   

Recent progress 

During the past year we have focused on understanding the stability of clusters on UNCD and 
assessing the electrocatalytic properties of these new materials for water oxidation. We have also 
initiated investigations of other supports for comparison with the UNCD results. Finally, 
computations are being carried out in support of the above experiments, as well exploratory 
studies on lithium oxide clusters and CO2 electroreduction. Some of the highlights of this work 
are given below. 

Stability of Co clusters on UNCD. The composition and stability of oxidized cobalt 
subnanometer clusters composed of four metal atoms supported on ultrananocrystalline diamond 
(UNCD) and alumina surfaces were studied using a combination of grazing-incidence X-ray 
absorption near-edge spectroscopy (GIXANES), grazing incidence small angle X-ray scattering 
(GISAXS) and density functional calculations. GIXANES data revealed partially oxidized 
subnanometer cobalt clusters upon exposure to air, with similarity in the total degree of oxidation 
on both supports. The clusters were exposed to elevated temperatures of up to 300 ˚C and were 
found by GISAXS to be agglomeration resistant as shown in Figure 1.  DFT calculations of 
cluster binding to model surfaces for UNCD indicate that the stability of the cobalt oxide clusters 
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on UNCD is the result of electrostatic and dispersive 
interactions for the pristine hydrogen- terminated 
surfaces and covalent bonding between the cluster and 
defect sites on the surfaces. On alumina the origin of 
the stability is interactions between the cobalt and 
surface oxygens or the cluster oxygen with the surface 
aluminum atoms. These properties indicate that 
oxidized subnanometer cobalt clusters supported on 
UNCD and alumina are suitable candidates hybrid 
nanostructures for use as supported catalysts. 
 
Electrocatalysis results for water oxidation. Tests of various size clusters supported on a carbon-
base support, ultrananocrystralline diamond (UNCD)  were performed under harsh conditions of 
water splitting, with pH reaching 14 and potentials up to 1.8 V. Figure 2 shows the results of 
these tests. The current densities shown refer to the current from 
the clusters only, after subtracting the contribution of the bare 
(i.e. cluster-free) support. The current density measured on the 
blank support reached around 0.16 mA/cm2 at 1.8 V. The 
calculated per second and active site (cluster) turnover of 
elementary charges is on the order of 10+2, which is much higher 
than turn-over rates reported for heterogeneous electrocatalyst to 
date. Results from repeated cycles hint towards a promising 
stable cluster-diamond hybrid material for use under 
electrocatalytic conditions. While clusters of sizes #1 and #2 
exhibit very high activity, the current density of sample #3 drops 
below the current measured on the blank support under identical 
conditions. We hypothesize that the negative current is caused by 
Size #3 clusters blocking the active sites in the support. If this assumption correct, it opens an 
avenue to 1) selectively block unwanted reactive sites/defects in the support which would 
otherwise cause a deterioration of the support material and 2) use these strongly bond clusters as 
anchors for other active particles deposited in subsequent step(s).  An analysis of the ex situ X-
ray data obtained during the last month beam time is under progress, to provide information on 
what (if any) permanent changes may have taken place in the composition or morphology of the 
clusters or support. Based on several test cycles, which did not indicate a degradation of 
performance of this cluster/support combination, we assume that this system did not undergo 
considerable change under the applied harsh conditions.  
Support studies.  In order to better understand and improve the electrocatalysis of precious metal 
and oxide clusters made of more abundant metals, we have begun to examine the role of the 
support, by examining other support materials. In this regard, for example, Fe2O3 is an intriguing 
counterpoint to UNCD as a support layer. Hematite has some catalytic activity for water 
oxidation and has also attracted considerable attention as a photocatalyst for this reaction. Like 

 
Figure 1.  Horizontal (a) and vertical (b) cuts 
of the GISAXS images of UNCD-supported 
Co4+/-1 clusters as function of temperature. 

 
Figure 2. Water splitting (oxygen 
evolution reaction, OER) ,at pH 
14, on metal clusters of three 
sizes. (Background corrected 
data, after the subtraction of the 
current measured on identical 
blank support without clusters) 
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UNCD, hematite shows unique stability under the harsh electrode conditions necessary for 
electrocatalysis and is a very promising material for electrochemical water oxidation. Like n-type 
UNCD, hematite is also conductive over short distances (<10 nm). It also takes advantage of 
more recent atomic layer deposition (ALD) synthetic work that produces high growth rates and a 
highly conformal, pinhole free electrode support layer only a few nanometers thick. A recent 
paper, using a 20 nm thick Si-modified hematite, reported considerably increased current 
densities in OER. [1]  Preliminary tests in our lab, with the addition of well defined size-selected 
clusters on a ~3ML hematite film show a dramatic increase in turnover rates, of up to two orders 
of magnitude on a deposited metal atom basis over the reported Si-modified hematite. While the 
results are preliminary, it is already clear that this combination of support and catalyst is quite 
interesting and is likely to be among the most active for this reaction.  

Computational materials design First-principles calculations have been carried out to evaluate 
four  metal atom clusters that will be of potential interest in CO2 reduction.  It is widely believed 
that the rate limiting step in CO2 reduction is transfer of the first electron to the CO2 molecule. 
Results were obtained for adsorption of CO2 molecule on a series of metal clusters. We have 
investigated both linear and bent configurations of CO2 on the clusters. As shown in Figure 3, 
Co4 and Ni4 clusters have bent adsorbed CO2 
molecules with significant binding to the cluster and 
electron transfer, which suggests that they are good 
candidates for CO2 activation. The Cu4 and Pt4 
clusters also produce a bent configuration as the most 
stable adsorbed CO2 structure.  On the other hand, 
Ir4, Pd4 and Au4 exhibit preference for linear 
configuration, without charge transfer, and a small 
binding energy. Based on this study, we have 
focused on Co4 clusters. In the presence of O2 
molecules, Co4 gets oxidized easily with a 
spontaneous O2 dissociation. We have evaluated reactions of Co clusters containing up to 6 O 
atoms with CO2. The bare Co4 cluster has the strongest binding to CO2. The most stable 
configuration of CO2 on CO4 results from dissociation to CO and O with an energy gain of 1.87 
eV, as compared to the sum of energies of individual systems. A Co4O2 cluster can still 
dissociate CO2, but with a lower binding strength 1.56 eV as compared to the bare Co4 cluster. 
The non-dissociative adsorption has a much smaller binding energy, although there are barriers 
to dissociation in each case. Dissociation of CO2 on a Co4O4 cluster is unfavorable and instead 
forms a carbonate-like configuration. To make connection of DFT calculations to electrocatalysis 
involving CO2 reduction as well as water oxidation we will use a formalism that has been 
successfully applied to electrocatalytic reactions on metal surfaces with aqueous electrolytes in 
previous studies, e.g. [2]. This will result in electrode potentials required for different steps along 
the pathway. 

 
Figure 3. Calculated adsorption energies and 
charges for CO2 on M4 clusters. 
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Future Plans 

Experimental investigation of size and support effects will be carried out on clusters of various 
metals and oxides with the goal to understand these effects on electrocatalytics reactions and 
relationship to other types of catalysis. The knowledge will be used to screen for new composite 
materials in a close feedback-loop with predictions from theory. This will allow us to exploit the 
electrocatalytic properties of multi-component clusters and optimized support compositions.  

Computational studies will be continued on the CO2 electroreduction and expanded to include 
water oxidation on pertinent clusters and supports. In both cases once we have developed 
mechanistic understanding, we will perform calculations with different cluster sizes and 
compositions to establish trends in electrocatalytic activity, correlate with experimental results, 
and screen for optimal clusters.   
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Materials and Interfacial Chemistry for Next Generation Electrical Energy Storage 

S. Dai, M. P. Paranthaman, C. A. Bridges, R. R. Unocic, X. G. Sun, D.-E. Jiang, 
G. M.  Veith - Oak Ridge National Laboratory, Oak Ridge, TN 37831 

J. B. Goodenough, A. Manthiram – The University of Texas at Austin, Austin, TX 78712 
 
Program Scope 
The overarching goal is to investigate fundamental principles governing energy storage through 
integrated synthesis and advanced characterization. Our current research is focused on 
fundamental investigation of electrolytes based on ionic liquids and rational synthesis of novel 
electrode architectures through Fermi level engineering of anode and cathode redox levels by 
employing porous structures and surface modifications as well as advanced operando 
characterization techniques including neutron diffraction and scattering. The key scientific 
question concerns the relationship between chemical structures and their energy-storage 
efficacies.  
    
Recent Progress 
Rational Synthesis of Ionic-Liquid Electrolytes 
Sulfone-based electrolytes are promising for the development of high-voltage based lithium-ion 
batteries as electrolytes with electrochemical windows greater than 5 V. We computed the 
electrochemical windows for experimentally tested sulfone electrolytes by different levels of 
theory in combination with various solvation models (as shown in Fig. 1). The MP2 method 

combined with the polarizable continuum model is shown to be the most accurate method to 
predict oxidation potentials of sulfone-based electrolytes with 
mean deviation less than 0.29 V.  
 

Ionic liquids have many advantages such as non-volatility, 
high thermal stability, non-flammability, wide 
electrochemical window (>5.0V), and also very flexible in 
structure design. Our primary goal is first understand the 
basic relationship between structure and properties of ionic 
liquids, in order to design new ionic liquids with improved 
compatibility with graphite anode for application in lithium 
ion batteries. Thus, five room temperature ionic liquids (1−5) 
based on C-2 substituted imidazolium cations and 

 

 

Figure 1. Comparison of computed and experimental oxidation potentials for several sulfone solvents (left) and 
predicted oxidation potentials for several designed sulfone molecules (right). 

 

 

Figure 2.  Structure of five C-2 
substituted ionic liquids. 
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bis(trifluoromethanesulfonyl)imide (TFSI) anion were 
synthesized and their physiochemical properties were 
systematically investigated  and the results will be 
presented in detail (Fig.2).                                                                                         
                                                                                                   

Mesoporous Electrode Architectures  
Research on anode materials is to design new 
architectures and seek new anode materials with 
capacity well beyond graphite’s 372 mAh/g. ORNL 
mesoporous carbon-MWNT composite exhibits a 
capacity of 120 mAh/g at 20C whereas the capacity of 
graphite drops to nearly zero (as shown in Fig. 3).  The 
enhanced rate capability coupled with the advantages of 
soft-templating approach to prepare MC-MWNTs 
nanocomposites make these materials ideal candidate 
electrodes in Lithium ion batteries. We have also designed and synthesized TiO2 with novel 
architecture, which combines the features of the TiO2-B polymorph with mesoporous structure 
and microsphere morphology. Mesoporous TiO2–B spheres show superior rate performance with 
165 mAh/g at 10 cycles, 130 mAh/g at 30 cycles and 115 mAh/g at 60 cycles (as shown in Fig. 
4). 
 
Fluorinated Mesoporous Carbons 
High surface area mesoporous graphitic 
carbons were fluorinated using pure F2 at 
temperatures below 235 oC forming carbon 
fluorides (CFx; x = 0.18-0.75).  X-ray 
photoelectron spectroscopy results showed 
an increase in specific capacity with the 
increase in sp3 type carbon in the sample due 
to the formation of more reactive sites for Li 
storage.  In addition, the median potential of 
the samples, versus lithium increased from 
2.2V to 3.2V by increasing the concentration of C-C bonds.  The increase in C-C bonds resulted 
in increased electron conduction through the sample thus reducing the materials overpotential. 
 
SEI Observation via In Situ SANS 
A novel approach based on small angle neutron scattering (SANS) enables the observation of 
electrochemical processes during the cycling of high capacity lithium ion batteries. Better 
understanding of processes such as solid-electrolyte interphase (SEI) formation have been of 
great interest to overcome performance limitations of batteries for vehicle and grid applications. 
Changes in neutron scattering intensity associated with mesopore ordering show the processes of 
SEI formation and lithium intercalation (see Fig. 5). Using a lithium-ion half-cell and different 
solvent deuteration levels, these results demonstrate that SANS can be employed to better 
understand complicated electrochemical processes occurring in rechargeable batteries.  
 

 

 

 

Figure 3. Rate performance comparison 
between graphite, MC-550, MC-0.1 and 
MC-0.2 

 

 Figure 4. Rate performance comparison between 
mesoporous TiO2-B and TiO2 nanopowder. 

 

 

25



 
 

Cation Ordering and Surface-Segregation in High-
voltage Spinel Cathodes via Neutron Diffraction 
Neutron diffraction has been used as part of a 
collaborative effort between UT-Austin and ORNL to 
better understand the atomic structure of the high-
voltage doped spinel oxides LiMn1.5Ni0.5−xMxO4 (M = 
Cr, Fe, and Ga; 0 ≤ x ≤ 0.08). Spinels synthesized at 
900 C have been investigated systematically before 
and after post-annealing at 700 C. Neutron 
diffraction studies reveal that the cation-ordered 
domain size tends to increase on annealing at 700 C. 
Time-of-flight secondary-ion mass spectroscopy 
(TOF-SIMS) data reveal that the dopant cations M = 
Cr, Fe, and Ga segregate preferentially to the surface. 
The doping with Cr and Fe stabilizes the structure 
with a significant disordering of the cations in the 16d 
sites even after post-annealing at 700 C, resulting in 
high rate-capability due to low charge-transfer resistance and polarization loss.  
 

Future Plans 
 Explore the transport of lithium ions in novel ionic-liquid electrolytes through classical 

molecular dynamics simulations. 
 Further understand the structure-property relationship of ionic liquids and design new ionic 

liquids with good SEI formation ability to be compatibility with graphite.  
 Understanding the limiting factors in rate performance of anode and cathode materials and 

design novel electrode materials with enhanced rate capability. 
 Further explore the understanding gained from small angle neutron scattering (SANS) on the 

electrochemical processes occurring at the surface and in the bulk of both anode and cathode 
electrode materials 

 Continue to work with UT-Austin to develop a more comprehensive picture of next-
generation electrode and electrolyte materials being investigated as a part of this project 

 Experiment on model systems to better understand the effects of surface modification on 
surface chemistry and cycle stability in high voltage electrode materials 

 Explore the synthesis of Na-intercalation batteries and understand how the surface reactivity 
of these materials changes in comparison with their Li analogs. 
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Figure 5. The different stages of SEI 
formation (right) are monitored by changes in 
the SANS intensity recorded during half-cell 
discharge for different deuteration levels 
(left). 
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“Giant” Nanocrystal Quantum Dots: Controlling Charge Recombination Processes for 
High-Efficiency Solid-State Lighting 

 

Dr. Jennifer A. Hollingsworth and Dr. Han Htoon, Materials Physics & Applications 
Division: Center for Integrated Nanotechnologies, Los Alamos National Laboratory, Los 
Alamos, NM 

 

Program Scope 

 Solid-state lighting (SSL) has the potential to replace less efficient and robust lighting 
technologies, such as incandescent and fluorescent lamps. Significant inroads into the 
commercial and residential general-lighting markets have been made in recent years as light-
emitting diodes (LEDs) find consumer acceptance. That said, science challenges remain as 
underpinning drivers of fundamental research required for disruptive advances in SSL. Existing 
technologies (nitride and organic-LEDs) suffer from some combination of flaws: non-optimal 
efficiencies and/or manufacturing/materials costs, insufficient access to a full-spectrum ‘color 
palette,’ inadequate longevity, etc. A fundamental understanding of the processes that impact the 
conversion of electricity into light is still needed. As recently observed (DOE/EERE 2011 Joint 
Roundtable), nanostructures can serve as platforms for understanding such fundamental 
processes, but also as solutions to realizing control over excitonphoton conversion pathways. 
In our work, we study and develop a new class of optical nanomaterial – the “giant” nanocrystal 
quantum dot (g-NQD). g-NQDs are thick-shell core/shell NQDs that exhibit unique photo-
physical/chemical behavior (non-blinking, non-photobleaching, suppressed non-radiative Auger 
recombination, large Stokes shift, surface-independent emission) resulting from effects of a thick 
shell, a relatively large per-particle volume, at least partial spatial separation of the excited-state 
electron-hole pair, and/or possibly compositional alloying at the core/shell interface. By 
judicious nanoscale-heterostructuring, we are able to influence these parameters and, thereby, to 
alter the interplay between radiative/nonradiative carrier-recombination processes. Through three 
Research Goals, we aim to establish g-NQDs as functional “building blocks” for SSL with 
combined attributes of high-efficiency, robustness, low-cost, and color tunability: (1) Establish 
quantitative g-NQD “structure-function” relationships for fully predictable/consistent 
performance and new g-NQD development, (2) Understand/control exciton (and multi-
exciton)photon conversion pathways via strategic manipulation of intrinsic and extrinsic g-
NQD properties, and (3) Demonstrate performance-benchmarking in light-emitting devices. 

Recent Progress  

Research Goal 1. We recently explored key reaction variables in the Successive Ionic 
Layer Adsorption and Reaction (SILAR) synthesis of thick-shell or “giant” NQDs (Fig. 1). In the 
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case of conventional thin-shell NQDs (~1-3 
monolayers of shell material), the exact 
choice and implementation of these 
parameters does not significantly impact the 
resulting core/shell product. In contrast, we 
have now shown that these variables can 
dramatically affect structure and function in g-
NQDs, dictating both ensemble quantum yield 
(QY) and single-NQD blinking properties, as 
well as particle shape and crystal structure.1 In addition, we addressed the issues of within-batch 
and across-batch particle size/shape variability. Initially, we attributed such irreproducibility to 
the tendency of CdSe/CdS g-NQDs to flocculate during the shelling process at some “threshold” 
shell thickness (“titrated” away by S addition, only to reappear with each addition of Cd). We 
considered that the resulting decrease in reaction homogeneity influenced the processes by which 
Cd and S ad-atoms interact with the NQD surface (e.g., atom adsorption-desorption and surface 
migration). Such processes are critical for obtaining high-quality, crystalline and uniform NQDs. 
They are well supported in homogeneous reaction solutions that afford efficient reactant transfer 
between the NQD surface and the solvent phase. In contrast, we surmised, such processes in the 
case of “partially precipitated” NQDs would be less well supported and more variable, 
potentially resulting in particle-size/shape inhomogeneity. 
To achieve greater control over the shell addition process at 
the atomic level, we varied choice of non-coordinating 
solvent, dilution, identity and concentrations of 
coordinating ligands (especially 1° vs. 2° amines), and 
precursor:NQD ratios.1 We were able to tune reaction 
parameters to eliminate the aggregation process; however, 
in all such cases emission properties suffered dramatically, 
and particle shape and/or crystalline phase were completely 
altered, suggesting that methods that afforded reduced (not 
eliminated) and late-onset aggregation produced the 
highest-quality g-NQDs (structurally and optically). We 
have now improved QYs (consistently ~50% for ultra-thick 
shell g-NQDs), and demonstrated for the first time: complete suppression of blinking in g-NQDs, 
a clear structure:function correlation, and, interestingly, that blinking and PL lifetimes trend 
explicitly with g-NQD volume (Fig. 2).1   

Research Goal 2. To understand the effect of electronic structure – as an ‘intrinsic’ 
property of core/shell NQDs – on g-NQD properties, we synthesized a range of InP/II-VI 
core/shell systems. Surmounting synthetic challenges to handling InP NQDs, the realized 
compositions (InP/ZnS, InP/ZnSe, InP/CdS, InP/CdSe) allowed us to achieve extreme color 
tunability from the green to the IR (~500-1100 nm) as a function of core size, shell thickness, 

Figure 1. SILAR shell-addition process. Blue text denotes 
general reaction parameters and flow, while green text 
shows options for modifying specific reaction conditions.  

Figure 2. Non-blinking NQD fraction vs. 
particle volume for different starting core 
sizes; shaded region: NQD volumes that fall 
below “threshold volume” of ~750 nm3. 
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and shell composition, as a result of tuning electronic 
structure from type I (co-localized electron and hole) to 
quasi-type II (partially spatially separated carriers) to type 
II (fully spatially separated carriers). Furthermore, in the 
case of InP/CdS, we studied ensemble and single-dot level 
optical properties from thin shells to giant shells to 
understand carrier recombination processes as a function of 
shell thickness. Here, we demonstrated for the first time 
suppressed blinking in the near-IR (Fig. 3), as well as 
extremely enhanced biexciton lifetimes, which increased by 
~125-fold from nominally 1-shell to 10-shell monolayers 
(to ~7 ns). The long biexciton lifetimes (comparable to the 
prototype CdSe/CdS g-NQDs) are thought to result from 
suppressed non-radiative Auger recombination2 and imply 
that InP/CdS g-NQDs should support realization of optical 
gain and stimulated emission toward NQD-based lasers. 
Thus, this new system has achieved two of the key 
signatures of “g-NQD functionality:” suppressed blinking and suppressed Auger and represents 
an important extension of the approach beyond CdSe/CdS g-NQDs. 

  In addition to advances in the area of g-NQD synthesis, we have developed novel 
spectroscopic capabilities and provided new insights into the underlying processes governing 
carrier recombination processes. In the case of the new InP/CdS system, for example, we have 
recently discovered that, in contrast to conventional NQDs, PL intensity fluctuations at the 
single-dot level are not correlated with fluctuations in lifetime, with both highly emissive and 
low-emissive states exhibiting the characteristic long lifetimes of this type II structure. The 
underlying mechanism for this behavior was previously described by us in the context of so-
called “B-type blinking,”3 which relates decreased emission intensities with hot-electron capture 
to NQD-surface traps, rather than NQD charging (or “A type” standard blinking behavior). The 
new blinking model (i.e., two types of blinking: “A” and “B”) was made possible by our 
development of a novel single-NQD spectroelectrochemistry technique.3  

As Auger recombination (AR) detrimentally impacts NQD emission efficiencies in both 
spontaneous and stimulated-emission modes, we have aimed to understand and control this 
process. Our preliminary studies revealed that AR in CdSe/CdS g-NQDs is strongly suppressed 
compared to conventional core/shell NQDs.2 Beyond this ensemble level study, we have also 
conducted a series of single-NQD-spectroscopy studies. We have studied PL intensity and 
lifetime fluctuations in individual CdSe/CdS NQDs as a function of shell thickness.4 We 
quantitatively determined the emission efficiency of multiexciton states in these g-NQDs and 
studied how this value varied among the nominally identical individual g-NQDs, observing that 
some ultra-thick-shell g-NQDs exhibit ~100% biexciton QYs.5 More recently, we have explored 

Figure 3. (a) Relative bulk bandgap 
alignments of InP and CdS. (b) InP/CdS g-
NQD schematic and TEM image of 
InP/CdS g-NQDs after 10 successive shell 
depositions. (c) Absorption (dashed) and 
PL (solid) spectra of InP and InP/CdS 
NQDs. (d) Single-particle PL: represent-
tative emission trace (InP/10CdS) (left) 
and corresponding histogram demonstra-
ting the relative frequency of ‘on‘ and ‘off’ 
states (right; ~all ‘on’).  
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g-NQD photon emission statistics in the presence of a rough silver film6 made of nanoflakes. We 
demonstrated for the first time that the interaction with localized plasmons can transform the 
photon emission statistics of g-NQDs from photon antibunching to strong photon-bunching. The 
ability to manipulate this statistical property of a quantum emitter could bring transformational 
breakthroughs in its utilization as single and/or entangled photon pair sources.7 

 Research Goal 3. We have recently demonstrated the unique attributes of g-NQDs as 
‘building blocks’ for either direct-charge-injection LEDs or down-conversion devices.8,9 For the 
former, despite the simplicity of our device,8 we obtained external electroluminescence quantum 
efficiencies nearly 2 orders-of-magnitude higher than comparable conventional-NQD devices 
(~0.17%) and luminance of 2000 Cd/m2. We directly assessed the effect of shell thickness from 
4-16 CdS monolayers,8 revealing significantly enhanced solid-state performance in the case of 
the thickest shells without adverse effects on charge injection. We also incorporated g-NQDs 
into down-conversion devices and observed greater stability and a dramatic reduction in self-
reabsorption compared to standard NQDs. Finally, we described the advantages of shellcore 
energy relaxation vs. corecore energy transfer as mechanisms for energy down-conversion.9    

Future Plans 

 To further optimize our ensemble-level g-NQD optical properties and to support our 
understanding of structure-function correlations, we will develop new methods for electro-
phoretic fractioning of g-NQD sub-populations, as well as continue to work with collaborators at 
Northwestern Un. (Prof. Lauhon) to characterize the g-NQD core/shell interface. We also aim to 
answer fundamental questions pertaining to the nature of Auger recombination as g-NQD 
physical/electronic structure is tuned, e.g., carriers are alternatively confined such that the 
electron resides in the core and the hole extends into the shell. To this end, we remain committed 
to developing new g-NQD compositions that encompass a range of electronic/interface 
structures. We will also emphasize the influence of plasmonic effects on radiative and non-
radiative processes that determine both exciton and multiexciton carrier recombination pathways, 
where plasmon-multiexciton interactions constitute an exciting new direction in the field.  
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Project Scope 
The direct conversion of heat to electricity using the Seebeck effect, or of electricity to heat 

removal using the Peltier effect, are fundamentally interesting physical phenomena, and 
simultaneously attractive and elegant processes for energy conversion. Potential use of 
thermoelectric devices in automobiles, power plants, wireless and solar cells systems [1a] requires 
intensive study and improvement of fundamental properties of various types of thermoelectric 
materials [2a-5a].  

 
Enhancement of the efficiency of thermoelectric devices requires materials with a high figure 

of merit ZT = S2/() where S is the Seebeck coefficient (thermopower),  is the electrical resistivity, 
and  is the thermal conductivity; the latter has two contributions,  = lat + car, where lat and car 
are thermal conductivities due to the lattice and free charge carriers, respectively. However, because 
car and  are coupled via the Wiedemann-Franz law [3a], there is a fundamental limitation that 
needs to be  overcome by decoupling these parameters using mechanisms such as resonance 
scattering [5a], potential barriers [6a], or nanostructuring [2a]. Generally, the enhancement can be 
achieved via two approaches: (i) discover a material with quite unique properties, and/or (ii) better 
understand and modify well-known thermoelectric materials, e.g. complex tellurides [3a,4a]. We 
believe that a detailed understanding of correlations between materials chemistry (composition, local 
structure, bonding, lattice distortion) and materials physics (electronic and thermal transport) is 
required for significant improvement of thermoelectric properties.  

 
There are two well-known groups of thermoelectric tellurides that exhibit high efficiency, 

still attract great attention, and can be used as matrixes for further improvement: PbTe- and GeTe-
based materials. For characterization of thermoelectric materials, we use NMR (DSX-400), two 
measuring systems for electrical resistivity and Seebeck coefficient (LSR-3) and thermal 
conductivity (XFA-500), and XRD (Scintag SDS-2000). Our long-term goal is to correlate structural 
insights from NMR with thermoelectric properties of complex tellurides and other materials, and 
develop materials with enhanced thermoelectric efficiency. 

 
In our study we also use capabilities and expertise available at Ames Laboratory US DOE 

[Dr. S. L. Bud'ko and Dr. P.L. Canfield (low-temperature magnetic measurements), and Dr. M. J. 
Kramer (elemental analysis and electron microscopy)] and at external institutions [Dr. M.G. 
Kanatzidis, Argonne National Lab US DOE and Northwestern University (PbTe-based materials), 
and Dr. J.P. Heremans, Ohio State University and Revolutionary Materials for Solid State Energy 
Conversion Center, Michigan State University (PbTe-based materials)]. 
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Recent Progress 

Two types of complex tellurides were synthesized and studied within the project: (i) PbTe- 
and (ii) GeTe-based materials. The first group includes Pb1-x(AgySbz)Te [1b,2b], Pb1-xSbxTe and 
PbSbxTe1-x [3b], Pb1-xCrxTe [4b], Pb1-xSxTe, Pb1-xSnxTe, and Pb1-xGexTe alloys where Pb or Te are 
replaced with Ag, Sb, S, or Ge. 207Pb and/or 125Te NMR spectra show several signals, which can be 
attributed to different chemical environments and concentrations of charge carriers (electrons or 
holes) and allow us to better understand complex thermoelectric tellurides.  
 

The second group includes Agx/2Sbx/2Ge50-xTe50 (TAGS) alloys where Ge is replaced by Ag 
and Sb. Like GeTe, the alloys have p-type conductivity, which is due to holes generated by Ge vacancies and 
can be varied via the Te/Ge ratio. The Hall effect data suggest that the hole concentration in TAGS materials 
is very high, p  40×1020 cm-3 [7a], which is inconsistent with thermopower data. Using 125Te NMR, 
we have discovered that the hole concentration in TAGS is in fact ~6×1020 cm-3, similar as in GeTe 
[7b]. Fig.1(a) shows 125Te NMR spin-lattice relaxation time, T1, vs. saturation recovery time for 
GeTe-based materials. T1 varies only between 3.1 and 4.7 ms, indicating that the hole concentration 
in these alloys is high and similar (compare T1 for GeTe-based and PbTe:{Ag,Sb} materials). Fig. 
1(b) shows the dependence of the carrier concentration in p-type GeTe-based materials obtained 
from 125Te NMR (our data [7b]) and from Hall effect (literature data [7a]) vs. {Ag+Sb} content on 
the Ge sublattice. The discrepancy can be attributed to a reduction in the Hall effect signal arising 
from an n-type component, which results in an artificially high hole concentration.  

 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We have also synthesized Ag6.5Sb6.5Ge37Te50 (TAGS-85) with additions of rare-earth 

elements of different sizes and effective magnetic moments (Ce, Gd, Dy, and Yb) on Te or Ge sites, 
and studied thermoelectric properties and 125Te NMR parameters. 125Te NMR and XRD data [5b,6b] 
show that rare earth atoms are incorporated into the TAGS lattice [see Fig. 2(a) for TAGS-85 doped 
with Dy]. 125Te NMR in GeTe-based materials shows a strong local lattice distortion [see Fig. 2(b)], 
which can play an important role for electronic and thermal transport properties of the alloys.  

FIG. 1. (a) 125Te NMR spin-lattice relaxation time, T1, vs. saturation recovery time for GeTe-based materials; 
data for PbTe:{Ag,Sb}sample (LAST-18) with low carrier concentration and long T1 shown for comparison; 
(b) carrier concentration in GeTe-based materials obtained from 125Te NMR (filled circles and diamond [7b]) 
and Hall effect (open circles and squares [7a]) vs. {Ag+Sb} content on Ge sublattice.   
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Magnetic data also confirmed that rare earth atoms are incorporated into the lattice [5b,6b], but 
details of the chemical bonding of Ce, Gd, Dy, and Yb with Ge or Te need to be better understood.    

      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 3(a) shows the temperature dependence of the absolute Seebeck coefficient of the initial 

and doped TAGS-85 samples, indicating its enhancement due to doping. However, reports of a large 
enhancement of thermoelectric efficiency due to doping, which have periodically appeared in 
literature, sometimes cannot be confirmed. Fig. 3(b) shows the variation of the absolute Seebeck 
coefficient of initial TAGS-85 and doped with Dy vs. the distance from the ingot top at 305 and 700 
K, clearly demonstrating enhanced Seebeck coefficient of TAGS-85+Dy alloys along the ingot. The 
enhancement may be due to potential barriers [6a] formed by rare earth atoms [6b]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

At 730 K, the initial TAGS-85 shows a power factor, PF, and figure of merit, ZT, of PF  29 
W cm-1 K-2 and ZT  1.3. For TAGS-85 doped with rare-earth elements PF  35 W cm-1 K-2 and 
ZT  1.5 [6b]; these parameters are among the best reported for p-type thermoelectric materials.  

 

  

FIG. 3. (a) Temperature dependence of the absolute Seebeck coefficient and (b) its variation vs. the distance 
from the ingot top at 305 and 700 K [6b].    
.   

 

FIG 2. (a) 125Te NMR spectra of TAGS-85, TAGS-85 + 1% Dy for Te, TAGS-85 + 1% Dy for Ge, and TAGS-85 
+ 2% Dy for Ge [5b]; (b) intensity of the 125Te NMR signal as a function of anisotropy dephasing time in an 
experiment probing orientation-dependent interactions of the 125 Te nuclei for TAGS-85 doped with Dy [6b]; data 
for TAGS-85 doped with Ce or Yb for Te [5b] are shown for comparison.  
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Future Plans 
 Synthesize complex GeTe- and PbTe-based and other thermoelectric materials without and with 
small additions of magnetic (4f- and 3d-elements carrying localized magnetic moments) and non-
magnetic dopants. 
 
 Measure 125Te NMR of thermoelectric tellurides to characterize the distribution of dopants, local 
symmetry, local bonding, charge-carrier concentrations, inhomogeneities, and the Seebeck 
coefficient, electrical resistivity, Hall effect, thermal conductivity, and other relevant properties on 
the same samples.  
 
 Perform analysis of effects of doping complex tellurides with non-magnetic and magnetic atoms 
on spin-lattice relaxation, vacancies, charge-carrier concentration and mobility, carriers and phonon 
scattering, and thermoelectric properties; consider a model of potential barriers formed at the atomic 
level as a reason for enhancement of thermoelectric efficiency in complex tellurides.  
 
 Establish a better understanding of materials chemistry - materials physics relations in GeTe- and 
PbTe-based materials; using this knowledge, design thermoelectric materials with enhanced 
efficiency. 
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 Energy and Fuels from Multi-Functional Electrochemical Interfaces 
 
 
PIs: Nenad M. Markovic and Vojislav R. Stamenkovic  
Materials Science Division Argonne National Laboratory  
 
 
Program Scope 
We propose an interdisciplinary, atomic/molecular level approach, integrating both 

experimental- and- computational-based methodologies to design, synthesize, and characterize 

electrochemical interfaces for efficient transformation of chemical energy into electricity and/or to 

utilize the energy of electrons for the synthesis of chemicals that can be stored and re-used. The 

proposal describes a science based approach to developing new materials, and interfaces with 

specific focus on the electrocatalytic reactions involving the water cycle (H2 + O2 ↔ H2O) and 

the carbon cycle (CxHyOz + O2 ↔ xCO2+1/2y H2O). These two cycles are expected to constitute 

the core building blocks for an efficient, green and viable energy landscape required for the 

design and synthesis of multi-functional electrochemical interfaces with specifically tailored 

properties. A two-fold strategy is proposed. The first centers on the design of novel energy-

efficient multi-functional materials with tailored properties, such as metals and metal alloys, 

complex oxides, metal-metal oxides and chemically modified electrodes.  The second strategy 

centers on the understanding and design of multi-functional double layers, a “solution-phase” of 

electrochemical interfaces established in the vicinity of catalytic materials.  To develop a multi-

scale capability for tailoring electrochemical interfaces, we will rely on the research facilities at 

Argonne National Laboratory and a set of unique, state-of-the-art, ex-situ and in-situ surface-

sensitive probes.  The synergy obtained from the combination of experimental and computational 

methods, together with the application of knowledge, concepts, and tools developed in this 

program, will lead to a new generation of multi-functional interfaces for efficient energy 

conversion and fuel production.  

 
Recent Progress 
The development of new multi-functional electrochemical interfaces that can solve challenging 

problems of clean energy production, storage, and conversion, as well as carbon sequestration is of 

paramount importance in the quest to find alternatives to fossil fuel use and to ultimately tackle 

environmental concerns. Electrocatalysis – the study of electrode processes where the rate (charge 

transfer) of reaction has a strong dependence on the nature of electrochemical interfaces – lies at the 

heart of the spectrum of electrochemical transformations relevant for resolving these challenges. The 

creation of new electrochemical interfaces has always proceeded hand-in hand with advances in our 

ability first to define the nature, arrangement, and transformations of catalyst surface atoms and 

hydrated ions in the double layer and the correlation of these interfacial properties with the kinetics 

of electron transfer as well as our theories to explain and predict such phenomena.  The success of 

this approach will be demonstrated further below.  

 
Tailoring Metal-Oxide Materials for Hydrogen Production: Improving the sluggish kinetics 
for the electrochemical reduction of water to molecular hydrogen in alkaline environments is the 
key to reducing energy losses in water-alkali and chlor-alkali electrolyzers.  Working with well 

36



controlled single crystal surfaces, our group has demonstrated that targeted functionality can be 
achieved by bottom up design [1]. A controlled and well 
characterized arrangement of nanometer-scale Ni(OH)2 clusters 
on platinum single crystal electrode surfaces manifests a 10-
fold activity increase in catalyzing the hydrogen evolution 
reaction (HER) over that obtained on state-of-the-art metal and 
metal-oxide catalysts. In a bi-functional effect, the edges of the 
Ni(OH)2 clusters promote the dissociation of water leading to 
the production of hydrogen intermediates that then adsorb (Had) 
on the nearby Pt surfaces and recombine into molecular 
hydrogen. This process is completely transformational to real 
Pt-Ni(OH)2 nanocatalysts supported on carbon. Again, this 
work illustrates how fundamental understanding leads quickly 
to innovative new technologies.  

This work has been recently highlighted on the Office of Science’s webpage of the DOE as 
a significant contribution to the research field.  

 
Trends in Activity for the Water Electgrolyzer Reactions: we have used well characterized 

M
2+δ

O
δ
(OH)2-δ /Pt(111) catalyst surfaces (M=Ni,Co,Fe,Mn) to establish clear trends in activity 

for the HER and the OER of a complex oxide system where the 

conventional methods of comparing high surface area materials 

present a lot of uncertainties. We determined, using the OHad---

M
2+δ 

interaction as the primary descriptor, that the activity for the 

HER and the OER for these 3d-M hydr(oxy)oxide systems 

follows the order Ni>Co>Fe>Mn. The importance of this 

interaction (OHad---M
2+δ

) was identified by probing oxophilicity 

trends in adsorption of OH
-
 in the butterfly region and CO 

oxidation reaction in the Hupd region [2]. Although the same 

descriptor can be effectively used to study both the HER and the 

OER on these 3d-M hydr(oxy)oxide systems, the reaction 

mechanisms were found to be different. While the HER is 

controlled by a pure bi-functional mechanism (metal sites to 

recombine Had and “oxides” to dissociate water), the activities for the OER are controlled 

exclusively by the oxophilicities of the corresponding 3d-M hydr(oxy)oxides (mono-functional). 

The increasing OER activities for the 3d-M systems (always greater than Pt), as a function of the 

decreasing strength of the OHad---M
n+ 

interaction, provides us with the necessary toolkit to tune 

transition metal oxide catalysts for the OER. We anticipate that by further, descriptor-guided 

tuning of these oxides, even greater improvements in alkaline electrocatalyst performance will be 

possible by focused design of the elusive ‘active centers’ in catalysis. 

 

Tailoring Stability by Tuning Selectivity: While the methods to improve catalytic activity are 
diverse, the methods to improve stability of cathode materials are limited.  To overcome this 
limitation we designed chemically modified Pt electrodes with a self-assembled monolayer of 
calx[4]arene.  These molecules effectively block the undesired oxygen reduction reaction while 
fully preserving high activity for the hydrogen oxidation reaction. This selectivity is highly 
transformational, applicable not only to long range ordered single crystal surfaces [3] but also to 

Figure 1. Schematic of water 

dissociation, formation of Had 

intermediates and subsequent 

recombination to H2[1]. 

Figure 2. Schematic showing the 

formation of O2 and H2O  from 

OH- via formation of OHad 

intermediates [2].   

37



nanocatalysts [4]. This methodology has many potential 
applications in analytical, synthetic, and materials chemistry 
as well as in chemical energy conversion and storage.  
 
 
Future Work 
An interdisciplinary, atomic/molecular level approach, 
integrating both experimental- and computational-based 
methodologies, will be applied to define the landscape for 
design of multi-functional interfaces that will resolve many 
challenging problems related to clean energy generation and fuel 
production.  To fully design and develop these interfaces, with main 
focus on catalytic materials and the double-layer properties, we will 
employ a rigorous, science-based approach, that will involve four major steps: (i) design novel states 
of catalytic interfaces by manipulating their electronic and structure properties; (ii) characterize 
atomic and electronic properties of such interfaces by developing and using ex-situ and in-situ 
surface characterization techniques and state-of-the-art theoretical methods to explore 
structure/property relationships; (iii) understand at atomic/molecular level, fundamental principles 
that govern efficient bond-making and bond-breaking processes at electrochemical interfaces; and 
(iv) optimize the active sites by an iterative process, guided by the fundamental understanding of the 
structure-property relationships at complex electrochemical interfaces. Our strategy will allow further  
design of multi-functional interfaces that can transform chemical energy into electricity or utilizing 
the energy of electrons for the syntheses of chemicals that can be stored and re-used in energy 
conversion systems.   
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Figure 3. Schematic 

demonstrating selectivity for 

the HOR and ORR [4]   
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Energy and Fuels from Multi-Functional Electrochemical Interfaces 
Subtask: Electrocatalysis at Mesoscale 
 
PIs: Nenad M. Markovic and Vojislav R. Stamenkovic  
Materials Science Division Argonne National Laboratory  
 
Program Scope 
The main focus of this effort is placed on an interdisciplinary, atomic/molecular level approach, 

which integrates experimental-based methodologies to design, synthesize, and characterize 

electrochemical interfaces for efficient transformation of chemical energy into electricity and/or to 

utilize the energy of electrons for the synthesis of chemicals that can be stored and re-used.  The 

proposal describes a science based approach to developing new materials, and interfaces with 

specific focus on the electrocatalytic reactions involving the water cycle (H2 + O2 ↔ H2O) and 

the carbon cycle (CxHyOz + O2 ↔ xCO2+1/2y H2O).  These two cycles are expected to constitute 

the core building blocks for an efficient, green and viable energy landscape required for the 

design and synthesis of multi-functional electrochemical interfaces with specifically tailored 

properties.  A two-fold strategy is proposed.  The first centers on the design of novel energy-

efficient multi-functional materials with tailored properties, such as metals and metal alloys, 

complex oxides, metal-metal oxides and chemically modified electrodes.  The second strategy 

centers on the understanding and design of multi-functional double layers, a “solution-phase” of 

electrochemical interfaces established in the vicinity of catalytic materials.  The knowledge 

obtained from the combination of experimental methods, together with the application of novel 

concepts developed in this program, will lead to multi-functional interfaces for efficient energy 

conversion and fuel production.  

 
Recent Progress 
The fundamental understanding of the structure-function relationships can ultimately lead the design 

and development of multi-functional electrochemical interfaces that can be utilized for clean energy 

production, storage, and conversion.  In electrocatalysis – the surface properties such as structure, 

composition and associated electronic structure have strong influence on the electrochemical reaction 

rates.  At the same time, the dependence on nature of interactions at electrified solid-liquid interfaces 

and the presence of non-reactive species from electrolyte have also direct influence on catalytic 

performance.  Ability to control these critical parameters can provide extraordinary potential in fine 

tuning of the functional properties of electrochemical interfaces.  These parameters can be described 

by mesoscale phenomena that control and connect the world of molecules at the interfaces and 

tailored extended-, micro-, and/or nano- scale surfaces.  The ability to orchestrate mesoscale 

properties in order to provide maximal utilization of electrochemical interfaces will be presented in 

several examples that point out the most recent progress from our research.  

 
Mesostructured Thin-Films as Electrocatalysts with Tunable Composition and Morphology: 
Great expectations are held for technologies such as fuel cells and lithium-air batteries that rely 
on electrochemical processes.  In both cases, satisfactory energy density can be attained; 
however, a major challenge lays in the insufficient activity and durability of materials that are 
currently employed as cathode catalysts for electrochemical reduction of oxygen.  These 
limitations inevitably lead to a lower operating efficiency of the devices, which highlights the 
need for development of more active and durable oxygen reduction reaction (ORR) catalysts. 
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In past1 we have shown how surface morphology 
can greatly affect catalytic properties by utilizing 
unique structure-function properties of 
nanosegregated extended-surfaces.  Here, we 
present that superior catalytic behavior can be 
achieved in ultra-thin films by tuning of the thin 
film surface structure and inducing 
mesostructured morphology.   
 
Molecular Patterning and non-Covalent 
Interactions of Mesoscale Surfaces:  The 
successful deployment of advanced energy 
conversion systems depends critically on understanding of the fundamental bonding interactions at 
electrified metal-liquid interfaces.   

In general, the interface between a metal 
and an electrolyte solution is characterized 
by the presence of an electric double layer, 
formed by an electrical charge on the 
metal surface and an opposing charge in 
the adjacent solution.  In aqueous 
electrolytes, depending on the nature of 
the reacting species2,3, the supporting 
electrolyte, and the metal electrodes, two 
types of interactions have traditionally 

been considered: (i) direct bond formation between adsorbates and electrodes, involving 
chemisorption, electron transfer, and release of the ion hydration shell; and (ii) relatively weak 
electrostatic metal-ion forces that may affect the concentration of ions in the vicinity of the electrode 
but do not involve direct metal-adsorbate bonding.  The range of physical phenomena associated 
with these two classes of bonds is unusually broad, ranging from ionic hydration and electron-charge 
transfer processes to adsorption and catalysis.  The energy of adsorption of reactants/intermediates, 
as well as of species from supporting electrolytes, varies strongly from metal to metal, thereby 
leading to significant variation in the electrocatalytic reaction rates.   
 
Highly Durable Mesoscale Surfaces: Thermodynamically 
established segregation trends for alloys can be reversed by 
adsorbates.  For instance, in case of Pt-Au alloys strong Pt-O 
interaction drives Pt atoms to remain on the surface and 
induces a unique mechanism of stabilization of Pt surface 
atoms, which is opposed to tendency of Au to be on the 
topmost surface layer.  Inspired by this example, other 
combinations that rely on a negative segregation trend of 
altered near-surface segregated profiles between transition 
metals from IB group (Au, Ag, Cu) and catalytically active 
elements (Pt, Pd, Ru, Ir alloyed with Ni, Co, Fe, Cr, Mn etc.) 
including metallic oxides have been examined.  Based on the 
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Figure 1.  STM images: (A) as-deposited nanostructured thin 

film and (B) thermally treated mesostrucutrued thin film with 

large [111] oriented facets.  Cyclic voltammetries of Pt(111), as 

–deposited and mesostructured thin films of Pt (solid curves).  
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Figure 2.  Molecular patterning of mesoscale Pt(111) surfaces by irreversible 
adsorbed cyanide molecules has induced enhancement of more than 200 mV 
for the ORR.   
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fine balance between the segregation forces that originate from the fundamental-thermodynamic 
and adsorbate induced segregation, the durability of the miltimetallic system can be tuned for the 
OER and ORR.  Materials that are promising for metal-air batteries are also studied for the first 
time at this fundamental level in the form of bimetallic and multimetallic systems.  As a part of 
the same effort, well-defined systems are optimized by thin film studies in order to get maximal 
output in performance with the minimal content of precious metals.   
 
Future Work 
An interdisciplinary, atomic/molecular level experimental-approach will be applied to define the 
advanced design of mesoscale multi-functional interfaces that may address challenging problems 
related to clean energy generation, storage and fuel production.  To fully design and develop 
these interfaces, with main focus on catalytic materials, we apply science-based approach that 
involve four major steps: (i) design novel states of catalytic interfaces by manipulating their 
electronic and structure properties; (ii) characterize atomic and electronic properties to establish 
structure/property relationships; (iii) understand at atomic/molecular level, fundamental 
principles that govern efficient bond-making and bond-breaking processes at mesoscale 
electrochemical interfaces; and (iv) optimize the active sites by an iterative process, guided by 
the fundamental understanding of the structure-property relationships at complex 
electrochemical interfaces.   
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Fig 1. Molecular structures of diamondoids 
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Program Scope 

 Diamondoids are unique new carbon-based nanomaterials consisting of 1-2 nanometer, 
fully hydrogen-terminated diamond particles (Fig 1). Unlike their conjugated counterparts, 
graphene or carbon nanotubes, the carbon atoms in diamondoids are sp3 hybridized, leading to 
unique electronic and mechanical properties. Diamondoids behave much like small molecules, 
with atomic-level uniformity, flexible chemical functionalization, and systematic series of sizes, 
shapes and chiralities. At the same time diamondoids offer more mechanical and chemical 
stability than other small molecules, and vastly superior size and shape control compared to 
inorganic nanoparticles.  

This program explores and develops diamondoids as a 
new class of functional nanomaterials based upon their 
unique electronic, mechanical, and structural properties. 
This includes diamondoid isolation from petroleum, 
chemical functionalization, and molecular assembly, as 
well as electronic, optical and theoretical 
characterization. We have currently focused on three 
areas of research: synthesis, electronic properties, and 
thin film growth. In particular the ability of these 
materials to control the flow of electrons and emitted 
electron energy at the molecular level is an exciting 
direction for mastering energy flow at the nanoscale.  

Recent Progress  

 Based on the unique high van der Waals, low-entropy nature of the diamondoid 
molecules, our team was able to demonstrate extraordinarily sp3 C-C bonds stable at high 
temperatures.1 The strong van der Waals interactions between diamondoids supplanted some of 
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Fig 2. X-ray structures of three diamondoid 
conjugates with long central sp3 bonds. Normal C-C 
alkane bonds are 1.54Å. 

 

Fig 3. X-PEEM images of magnetic domains in a 
Co/Pd multilayer obtained at an acceleration voltage 
of 10kV with and without a diamondoid monolayer. 

the normal C-C bond energy, enabling the bond to extend significantly from the normal 1.54 Å 
to 1.72 Å (Fig 2), and extraordinarily large increase that was stable up to 300ºC. Supplanting 
some of the normal covalent bond energy for vdW forces may allow design of stable materials 
with more highly reactive bonds for catalysts and engineered molecules taking advantage of the 
‘weak’ interactions in a way that was not possible without diamondoids.  

We also discovered a remarkable application for 
diamondoids in X-ray PEEM imaging. 
Normally X-PEEM is limited by the chromatic 
dispersion (energy spread) of the electrons 
emitted by the sample. Only a few facilities 
have developed the multi-million dollar 
correction equipment necessary to achieve ~25 
nm resolution with X-ray excitation. However, a 
single monolayer of diamondoids applied by 
simply dunking the sample in to a diamondoid 
thiol solution improved the X-PEEM resolution 
to <10 nm, without the use of any additional 
correction equipment (Fig. 3). This opens up the 
ability to do high resolution X-PEEM imaging on standard PEEM microscopes with very simple 
sample preparation. Our calculations show this result stems from the remarkable ability of 
diamondoids to strongly scatter and relax incident electrons to the diamondoid conduction band.  

Previous research had shown that 
diamondoids can have exceptionally stable 
electron emission.2 Building upon these 
results, we sought to create robust diamondoid 
enhanced field-emission guns required for 
commercial applications and understand its 
mechanism. Toward this goal, we 
demonstrated covalent attachment of 
diamondoids onto silicon and metal oxide 
surfaces and found that the unique 
monochromatic electron emission 

characteristic of diamondoids is retained for these surfaces. FTIR and XPS confirmed the 
presence of a diamondoid monolayer that is stable to ~400ºC, sufficient for many gun 
applications. Electron field emission from diamondoid functionalized Au wires showed dramatic 
work function lowering (Fig 4). A new theoretical model had to be constructed to understand this 
phenomenon, which we attribute to localized diamondoid ionization. However, a simple charged 
parallel plate model did not fit the experimental data well. We then treated the full electric field 
emanating from a heterogeneously charged surface, and calculated the transmission coefficient 
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Fig 4. Field emission geometry and current-voltage emission results 
with bare gold (red, blue curves), and diamondoid monolayers (green 
curve). 

through this electrostatic landscape using the WKB approximation. This model agreed quite well 
with the experimental data and provides a model to understand emission from non-uniform 
surfaces.  

 The novel electronic properties of diamondoids also were observed in electronic transport 
through the molecules. Significantly reduced tunneling barriers were found for the larger 
diamondoids, but not adamantane or diamantane. This facile electron transport stimulated 
exploration of a new energy conversion architecture using photo-excited hot electrons to cross 
the insulating barrier in a metal-insulator-metal (MIM) structure. This phenomenon opens up 
new possibilities for photon to electron conversion for energy scavenging and photodetection.3 

Our other substantial project was 
using diamondoids as seed 
particles for bulk diamond 
growth. Unlike detonation 
diamond seeds, diamondoids are 
nitrogen-impurity free and can be 
more uniformly distributed at 
higher density. With a simple 
diamondoid seed layer, we were 
able to synthesize small (~5-20 
nm) diamond nanoparticles at 
high density at low temperatures (~400ºC). Growths seeded with other carbon sources, such as 
C60 or alkanes, did not show any growth under these conditions, confirming diamondoids are 
critical for low temperature diamond growth. 

Future Plans 

 We are focusing on four main thrust directions based on our previous results: robust 
monochromatic electron emission, high-density diamond growth, very small diamond 
nanoparticles for nitrogen-vacancy (NV) centers, and new diamondoid synthetic constructs, such 
as metal-oxide frameworks (MOFs). The rigid structure of the diamondoids may allow for 
rational design of new classes of MOFs based on their steric packing and the large vdW forces 
observed. These structures could have unique properties such as confined optical absorption 
quantum effects, superconductivity, or energy storage capacity. The size of the diamondoids 
would restrict the manner in which they can pack, allowing specific structures to be designed by 
picking particular diamondoids. Bulk diamond synthesis based on a diamondoid seed layer is a 
highly promising way to achieve very high diamond seeding density, thin diamond films, and 
NV-centers in diamond nanoparticles. We have shown growth of small diamond particles from 
seed diamondoid monolayers, and will extend these efforts to create even smaller nanoparticles 
(<5 nm) that are highly coveted for NV magnetic detectors. We plan to implant N into the 

46



diamond nanoparticles and anneal to create optically active NV centers, and explore their opto-
magnetic properties. 

  Our results on electron field emission show enormous promise for robust electron 
sources, thus we plan on pursuing this avenue and understand the failure mechanisms. This is 
critical both for commercial applications for partners such as KLA-Tencor, and for advanced 
electron guns such as at the national labs, such as LCLS. From our most recent results, we 
believe the diamondoids become positively charged during emission, lowering the surface 
workfunction. To improve emission further, a larger fraction of the molecules should become 
charged. We will study the field emission properties under direct photo-ionization, which should 
provide very high emission current and brightness. 
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Gold’s Ability to Bridge Classes of Metal-Rich “Electron Compounds”:  
From Polar Intermetallics to Hume-Rothery Phases and Quasicrystals 

Gordon J. Miller, John D. Corbett, Qisheng Lin, and Srinivasa Thimmaiah 
Ames Laboratory and Iowa State University, Ames, Iowa 50011 

Program Scope.  To address the grand challenge of designing and perfecting the atom-efficient 
syntheses of revolutionary forms of matter with tailored properties, e.g., thermoelectric, 
magnetocaloric, or catalytic, we focus on the discovery and characterization of complex metal-
rich solids to identify the significant chemical bonding features that stabilize their structures and 
influence their properties.  Compound classes of interest span Zintl-type, cluster-based, Hume-
Rothery-type, polar intermetallics, quasicrystalline and their approximants, and complex metallic 
alloys, among other (often unanticipated) possibilities, and many of these show pseudogaps in 
their electronic densities of states (DOS).  The valence electron counts at which such pseudogaps 
occur are a frequent diagnostic for “stable” structures because this region of the DOS often 
separates occupied metal-metal bonding states from corresponding unoccupied antibonding 
states.  Moreover, identifying pseudogaps in DOS curves often allows chemical tuning by 
combining appropriate mixtures of elements, thereby uncovering potentially interesting physical 
properties that depend on large changes of the DOS with respect to energy.  

Recent exploratory syntheses of Au-rich polar intermetallics have established the substantial 
roles for gold in stabilizing new phases that display many fascinating structural motifs and 
unprecedented compositions.1,2  Unlike Au-poor phases, in which Au atoms are often segregated 
within polyanionic clusters or networks, Au-rich polar intermetallics contain Au aggregates, such 
as condensed Au4 tetrahedra, 1-D rods of hexagonal stars, 2-D undulating layers, and 3-D 
diamond-like frameworks, all of which have resulted from our broader research portfolio.  These 
Au fragments are reminiscent of small isolated, charged or neutral gold clusters found in the gas 
phase or solutions, e.g., Aun

‒ (n = 1-4), Au7, Au11, Au15-19, Au20, etc. and of colloidal or 
nanocrystalline gold with beautiful shapes.  Thus, the availability of various Au fragments in 
intermetallics may open new insights to bridging the science from atoms to clusters and to bulk 
materials.  Also, such Au-rich polar intermetallics may exhibit interesting catalytic properties.  
From the viewpoint of metal-metal bonding, the study of Au-rich phases may foster new ideas 
for materials that are electronically positioned between electron-poor, polar intermetallics and 
the noble-metal Hume-Rothery phases. 

Recent Progress.  Ongoing productive explorations of diverse, ternary alkali-metal–gold 
systems containing the post-transition elements, Zn, Cd, Ga, In, Tl, Si, Ge, or Sn, benefit from 
strong bonding between Au and these post-transition elements. Large contributions of Au to 
bond populations via relativistic effects seem particularly important for stabilizing many novel, 
often unprecedented, compositions and structures.  The new phases are typically valence 
electron-poor with valence electron per atom (e/a) ratios of ~1.4 to ~2.2.  Marked differences are 
found among (Na, K, Rb, Cs)–Au–Di phases for Di = Cd or Zn; Cd yields a variety of new 
structures whereas Zn gives only two with very unusual ordering of  Na ions in 1-D tunnel 
structures. Contrasting Au–transition metal phases include the open-shell, antiferromagnetically 
ordered Y3MnAu5 and Nd4Mn3Au10. Other (alkali-metal)0.55Au2Ga2  and related Zn or In phases 
exhibit extensive but different degrees of disorder of the cations within parallel 1D tunnels in the 
Au-Ga, etc. frameworks, reminiscent of zeolites. Early impressions of the substitutions of Pt, the 
immediate predecessor of Au, in such ternary intermetallics are that the Pt chemistry is quite 
different from that of Au. 
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Our recent systematic investigations of 
alkali metal–Au–Ga systems, and the Na–
Au–Ga case in particular, led to the 
discoveries of two new polar intermetallic 
phases, Na0.56Au2Ga2 and Na13Au41.2Ga30.3, 
with tunnel-like structural motifs.  In general, 
alkali metal content of stable phases is 
limited to lower than 35 at. % (Fig. 1).  
Further explorations near 33 at % Na have 
uncovered an icosahedral quasicrystalline 
phase (Fig. 2) and two, distinct Bergman 
type approximants.  These two are: (a) 
conventional Bergman-type (CB) structures 
Na26AuxGa54-x (x ≈ 18.1–19.5), which feature 
empty innermost icosahedra, and (b) new stuffed Bergman-type (SB) type structures 
Na26AuyGa55-y (y ≈ 35.2–36.0), which contain Ga-centered innermost icosahedra. Although each 
approximant shows a considerable phase width, they do not merge into a continuous solid 

solution. The cluster 
centering and Au/Ga 
coloring correlate with the 
sizes of neighboring 
icosahedra, the size ratios 
between electropositive and 
electronegative components, 
and the valence electron 
count per atom (e/a values).  
According to theoretical 
calculations, the Bergman-
type phases and, presumably, 
the quasicrystal all belong to 
Hume-Rothery electron 
phases, with evident 
pseudogaps in the DOS 

curves that arise from the interactions between Fermi surfaces and Brillouin zones boundaries 
corresponding to strong diffraction intensity. 

Another class of Hume-Rothery electron phases is the γ-brasses, which contain condensed 
metal icosahedra and occur in the e/a range of 1.59 to 1.75.3  To achieve these e/a values, we 
find that these structurally robust compounds use both mixed metal and non-stoichiometric site 
occupancies.  Depending upon composition and e/a values, therefore, γ-brasses may exhibit 
specific atomic ordering patterns, e.g., cubic 222 superstructures involving ordered vacancies, 
commensurately modulated superstructures, and cubic-rhombohedral distortions.  In particular, 
ordered vacancies and mixed metal site occupancies significantly influence the occurrence of γ-
brass superstructures in Pd-Zn-Al and Pd-Au-Zn systems.   

 
Fig. 1. Selected phases identified in the Na–Au–Ga 
system, including mixtures studied to elucidate the 
existence of icosahedral quasicrystalline phases.  
Compositions showing conventional (CB) and stuffed 
(SB) Bergman type phases are noted in red, and a new 
quasicrystalline phase (QC) in blue. 
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Fig. 2. (Left) Electronic DOS curve of Bergman Na-Au-Ga phases 
emphasizing pseudogaps and their correlation with largest structure factors.  
(Right) Zero-level, high-energy precession images of the fivefold reciprocal 
planes of the single-grain Na-Au-Ga quasicrystal. 
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Efforts to understand the γ-phase 
region of the Au-Zn system, i.e., 30 to 42 
at.% Zn, reveal that γ-Au5Zn8 exhibits a 
rhombohedral distortion from the cubic 
type seen for isoelectronic γ-Cu5Zn8 with 
vacancies occurring on two specific sites 
and e/a ratios between 1.64 and 1.66. The 
electronic DOS curve shows a clear 
pseudogap at the Fermi level for 
“Au5Zn8” as the representative 
composition, an outcome which is 
consistent with the Hume-Rothery 
interpretation of γ-brass. 

The structural chemistry of γ-brasses 
also depends on atomic size and 

electronegativity, as revealed by recent Au substitutions into γ-Cu9Al4, and previous work on γ-
Cu5Zn8.4  Although replacing Cu with Au does not change e/a values, there are significant 
differences in electronegativity and size between Au and Cu.  Cu9Al4 has two distinct 26-atom 
clusters, [Cu14Al12] and [Cu22Al4]. Cu9xAuxAl4 (x < 5) shows specific site occupancies for Au, 
linearly increasing lattice constants on increasing Au content, and, again, broad pseudogaps in 
the electronic DOS curves near their Fermi levels. 

Future Plans.  On-going explorations and characterization of novel, even unanticipated metal-
rich phases will continue to employ synthesis, diffraction, and electronic structure calculations 
synergistically. Wider-ranging goals include:  
(a) To materially expand the fraction of the periodic table for which ternary intermetallic 

compound formation has been examined, and from this, to expand our knowledge of 
unprecedented intermetallic compositions, structures, and properties. About 61 elements are 
stable (semi)metals, and even half of the independent ternary combinations still amount to 
over 104 ternary systems!  The simplest of searches would seem to still require good control 
of stoichiometry and some pains-taking care. The beginnings of broader searches are planned 
among alkaline-earth or rare-earth metal–gold–late metal systems.  Also, we will explore Li-
rich systems, a relatively poorly studied territory, to provide fundamental knowledge in 
understanding and material design for the next generation Li-ion battery anode materials. 

(b) To establish chemical guidelines for pseudogaps or full gaps in electronic DOS curves of 
metal-rich systems.  Electronic pseudogaps, precursors of actual band gaps, are signatures of 
special, and often somewhat obscure, electronic effects and special stabilities in the solid 
state.  Furthermore, they may also presage important physical phenomena, such as greatly 
diminished electrical conductivities, possible superconductivity, and potential thermoelectric 
behavior, depending on the location of the Fermi level with respect to this pseudogap.  
Density functional calculations on certain ‘pregnant’ structural examples may predict 
pseudogap locations well enough that subsequent compositional tuning to these points turn 
up such phases with different but electronically related structures. Electron-poor phases 
around not only quasicrystal, approximant systems but untested phases may be good bets.  
Such rigid band predictions more or less across a phase transition seem to be meaningful, at 
least among related multiply-endohedral structural examples. 

 

 

Fig. 3. Different representations of γ-Au5Zn8. (a) 26-atom 
cluster; (b) Chain of face-shared icosahedra centered by Zn 
and Zn/Au atoms; and (c) 3-D network of Zn1-centered 
pentagonal dodecahedra, inner icosahedra omitted. 

51



References  
1. J.D. Corbett, “Exploratory Synthesis: The Fascinating and Diverse Chemistry of Polar 

Intermetallic Phases,” Inorganic Chemistry, 49, 13 (2010). 
2. G.J. Miller, “Metal-Rich Chemistry of the d-Metals,” Comprehensive Inorganic 

Chemistry, 2012, in press. 
3. U. Mizutani, Hume-Rothery Rules for Structurally Complex Alloy Phases, Taylor & 

Francis, New York: 2010. 
4. O. Gourdon, et al., “Atomic Distributions in the γ-Brass Structure of the Cu-Zn System,” 

Inorg. Chem. 2007, 46, 251. 
 
Selected Publications (2010-2012) 
J.D. Corbett, “Exploratory Synthesis: The Fascinating and Diverse Chemistry of Polar 
Intermetallic Phases,” Inorg. Chem., 49, 13 (2010). (Cover Article) (Award article) 

S.J. Kim, G.J. Miller, J.D. Corbett, “Zigzag Chains of Alternating Atoms in A2AuBi (A = Na, K) 
and K2AuSb. Synthesis, Structure, and Bonding,” Z. Anorg. Allg. Chem., 636, 67 (2010). 

H. Ko, O. Gourdon, D. Gout, E.D. Mun, S. Thimmaiah, G.J. Miller, “Rhombohedrally Distorted 
-Brasses Cr1-xFexGa,” Inorg. Chem., 49, 11505 (2010). 
B. Li, S.J. Kim, G.J. Miller, J.D. Corbett, “K23Au12Sn9-An Intermetallic Compound Containing a 
Large Gold-Tin Cluster: Synthesis, Structure, and Bonding,” Inorg. Chem., 49, 1503 (2010). 

Q.S. Lin and J.D. Corbett, “Multiple Nonstoichiometric Phases with Discrete Composition 
Ranges in the CaAu5-CaAu4Bi-BiAu2 System. A Case Study of the Chemistry of Spinodal 
Decomposition,” J. Am. Chem. Soc., 132, 5662 (2010). 

S. Thimmaiah and G.J. Miller, “On the Structural Chemistry of -Brasses: Two Different 
Interpenetrating Networks in Ternary F-Cell Pd-Zn-Al Phases,” Chem. Eur. J., 16, 5461 (2010). 

J.C. Dai, S. Gupta, J.D. Corbett, “Synthesis, Structure, and Bonding of BaTl4. Size Effects on 
Encapsulation of Cations in Electron-Poor Metal Networks,” Inorg. Chem., 50, 238 (2011). 

S. Thimmaiah, M.-K. Han, G.J. Miller, “Zn13(CrxAl1-x)27 (x = 0.34-0.37): A New Intermetallic 
Phase Containing Icosahedra as Building Units,” Z. Kristallogr., 226, 557 (2011) (Cover 
Article). 

S. Samal and J. D. Corbett, “Relativistic Effects and Gold Site Distributions: Synthesis, Structure 
and Bonding in a New Polar Intermetallic Na6Cd16Au7,” Inorg. Chem. 50, 7033 (2011). 

J. D. Corbett, “Intermetallic Studies and Bonding Concepts” (Viewpoint), Eur. J. Inorg. Chem. 
3821 (2011).  

S. Thimmaiah, N.A. Crumpton, G.J. Miller, “Crystal Structures and Stabilities of - and -Brass 
Phases in Pd2-xAuxZn11 (x = 0.2-0.8): Vacancies vs. Valence Electron Concentration,” Z. Anorg. 
Allg. Chem., 637, 1992, (2011). 

V. Smetana, J. D. Corbett, G. J. Miller, “Four Polyanionic Compounds in the K–Au–Ga System: 
A Case Study in Exploratory Synthesis and of the Art of Structural Analysis”, Inorg. Chem. 51, 
1695 (2012). 
S. Gupta and J. D. Corbett, “BaAuxZn13-x: An Electron-Poor Cubic NaZn13-type Intermetallic 
and its Ordered Tetragonal Variant,” Inorg. Chem. 51, 2247 (2012). 

52



Nuclear Magnetic Resonance 

Dr. Alexander Pines, Senior Scientist,  
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 

1.0 Program Scope: The Nuclear Magnetic Resonance (NMR) program seeks to enhance the 
capabilities of NMR and MRI in the study of the molecular structure, chemistry, and dynamics 
of materials on length scales ranging from the nanoscopic to the macroscopic. The program is 
comprised of several complementary and interdependent components. The first is the 
development of new theoretical methods that treat the interaction of spins with each other and 
with other degrees of freedom, yielding new experiments. The second is their development and 
demonstration, almost always involving the construction of unique instrumentation, and, in 
some cases, micro- and nanofabrication of novel materials and substrates. Finally, we seek to 
apply these methods to exemplary problems in physics, chemistry, materials science, and 
nanoscience, drawn from the portfolio of possibilities presented by other MSD investigators, 
collaborators, and industrial laboratories. It is the unique environment of interdisciplinary 
research and large-scale instrumentation capabilities at the Lawrence Berkeley National 
Laboratory that cultivates these innovations, their diverse applications, and the rapid transfer of 
this technology to industry. 

2.0 Recent Progress  
2.1 Marriage of Optical Spectroscopy and Magnetic Resonance: While optical spectroscopy 
is sensitive enough to detect single molecules, it lacks the chemical sensitivity of NMR; 
conversely, NMR is extraordinarily sensitive to chemistry, but typically detects macroscopic 
ensembles of nuclei. A major thrust of our research program has been the development of 
experiments that marry the two techniques, preserving the sensitivity of optical spectroscopy and 
the chemical discrimination of NMR. We accomplish this through engineering systems in which 
the optical and magnetic degrees of freedom are coupled. Our recent progress has involved: (a) 
the application of new instrumentation based on alkali vapor magnetometers (see 2.2) and 
(b) the engineering of novel diamond-based substrates that harbor defects in which optical 
and magnetic degrees of freedom are coupled, and their use as NMR detectors. 

2.2 Chemical Analysis of Materials by NMR in Low and Zero Magnetic Fields: We have 
explored magnetic resonance methodologies using alkali-metal atomic magnetometers, which, 
unlike established techniques, do not require high-field magnets or cryogens. We have also 
demonstrated magnet-free NMR chemical analysis by J-spectroscopy using a magnetometer 
based on a microfabricated chip-scale atomic vapor cell, distinguishing complex organic 
molecules. Finally, we have demonstrated optically-detected analogues of Earth’s magnetic 
field relaxometry experiments which form the bulk of industrial MRI applications. 

2.3 Xenon-based Molecular Sensors: We have invested the physical properties of xenon-based 
molecular NMR sensors to enhance their potential for sensitive detection and recognition of 
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molecules and materials. By covalently attaching individual sensor molecules to self-
assembling scaffolds, we have dramatically increased the environmental compatibility, 
robustness, and sensitivity of these sensors, demonstrating the ability to detect molecules in the 
environment at ~700 femtomolar concentration. We have also demonstrated the ability to 
produce such sensors in a combinatorial library process. 

2.5 Microfabrication & Remote Detection of NMR and MRI: A long-standing goal of our 
field has been the development of portable analogues of ubiquitous, laboratory-scale NMR 
and MRI instrumentation. In particular, our remote detection technique is an enabling ingredient 
in microfabricated, portable NMR. Using remote detection, a method by which a single generic 
NMR/MRI detector can give parallel MRI images of any microfluidic geometry without 
modification, we have demonstrated that high resolution MRI and NMR is possible on 
microfluidic devices. We have applied this technique to the measurement of confined 
microfluidic flow in microscopic detail, to packed bed microreactors, and to 
chromatographic separations. 

2.6 Technology Transfer & Dissemination: Our recent efforts have resulted in one provisional 
patent application, five intellectual property disclosures, and the licensing of one invention to a 
start-up company. Spin-off research based on DOE-funded technology in this program has 
attracted industrial funding. We were awarded an R&D 100 Award in 2011 for “Magnetic 
Resonance Microarray Imaging.” 

3.0 Future Plans 
3.1 Marriage of Optical Spectroscopy and Magnetic Resonance: While continuing to apply 
the technology of alkali vapor magnetometers, we will improve the sensitivity and resolution of 
solid-state, diamond-based magnetic field sensors for microfluidic applications. We will 
accomplish this by optimizing the materials properties of the defect-harboring diamonds, 
produced by CVD and ion implantation, and by developing new quantum control and sensing 
methodologies. We are also constructing a diamond-based MRI microscope, capable of 
chemical imaging materials on small (~100 nm) length scales. This requires our collaboration 
with LBNL’s Molecular Foundry to engineer and pattern diamond substrates and probes for 
AFM-style microscopes. Finally, using the same coupled magneto-optical substrates, we are 
working on methods that will transfer the polarization of optical photons to NMR (spin) 
degrees of freedom, enhancing the sensitivity of NMR experiments.  

3.2 Chemical Analysis by NMR in Low and Zero Magnetic Fields: Modern NMR is 
particularly successful because of correlation experiments in which chemical features are 
resolved in many spectral dimensions. We intend to develop multidimensional techniques for 
J-based chemical analysis in the absence of a magnetic field, using alkali vapor magnetometers. 
This will involve the development of new theory and pulse sequences, and also new 
instrumentation capable of executing multiple pulse NMR experiments. 
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3.3 Xenon-based Molecular Sensors: We are designing sensors to explore a broad range of 
chemical, analytical, and materials properties. These include sensors with chemical targeting 
groups produced through combinatorial assays, and entirely new sensor platforms with 
improved fidelity and resolution, or which operate on magnetic resonance dimensions other 
than the chemical shift. We are also pursuing applications of sensors arrays in portable 
devices for the non-perturbing analysis of fluids. 

3.4 Microfabrication & Remote Detection of NMR and MRI: We are combining remote 
detection, optical magnetometry, and NMR molecular sensing, in microfabricated, 
micromagnetic devices that serve as platforms for portable chemical analysis. Novel 
instrumentation includes the technology for building NMR-based, functionalized microfluidic 
devices using soft lithography, and the development of a microfabricated, chip-scale xenon 
polarizer that produces hyperpolarized xenon gas. Methodological innovations include our 
development of robust techniques for the collection of multidimensional MRI images in reduced 
time, using a combination of compressive sampling, static (micromagnetic) position encoding 
(similar to an NMR “bar code), and spatial multiplexing (single scan MRI). Finally, we continue 
to apply intermediate elements of this portable MRI sensing platform to analytical and materials 
problems of interest to the DOE. 
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Title: Hydroxide Conductors for Energy Conversion Devices  
Investigators: Bryan Pivovar (PI), Clay Macomber, Chai Engtrakul, Hai Long, National 
Renewable Energy Lab; Jim Boncella, Joe Edson, Los Alamos National Lab  
  
Program Scope  

There is significant current interest in hydroxide conductors for energy conversion 
devices, driven largely by their ability to perform efficiently and durably with non–Pt group 
metal (PGM) catalysts, a major concern for current proton exchange membrane (PEM) fuel cells.  
This project focuses on the fundamental study of hydroxide conductors for use in anion exchange 
membranes (AEMs). Our purpose is to evaluate the potential of anion exchange membranes as 
enabling components of next-generation energy conversion devices with a focus on alkaline 
membrane fuel cells (AMFCs) and electrolyzers.  To date, our work has had a heavy focus on the 
chemical stability of covalently tetherable cations (the functional component of AEMs), a critical 
concern for requisite durability of target devices. 

Beyond non-PGM catalysis, other advantages of AMFCs include increased material 
stability at high pH, increased electrocatalytic activity, increased fuel choices, and decreased fuel 
crossover rates/potentially improved water management (arising from electro-osmotic drag and 
the flux of hydroxide ions in the opposite direction of protons in traditional PEM fuel cells).  
Conversely, alkaline systems have been perceived to be limited in terrestrial applications owing 
to carbonate formation from CO2 in air. Liquid KOH is susceptible to carbonate precipitation, 
which prevents ion transport. However, a membrane-based alkaline system would prevent 
precipitates from forming, although issues with carbonate displacing hydroxide must be 
considered. An additional difficulty with aqueous KOH systems is using a corrosive, liquid 
electrolyte as a cell separator and ion conductor. Water management for these systems also can 
be more difficult because water is consumed in the cathode reaction. 

Our project has focused heavily on fundamental investigation and quantification of 
reaction products, mechanisms, and rates for covalently tetherable cations with hydroxide 
through accelerated testing methods.  Our early efforts in this area determined that traditional 
(substituted ammonium) cations had much higher stability than was perceived in the scientific 
community.1-9 In exploring the better-than-anticipated durability of traditional cations, we 
established the importance of hydration level and an ylide mechanism on cation degradation.2-4  
Our approach has been centered on highly coupled experimental and modeling efforts to produce 
mechanistic understanding of degradation reactions and rates as a function of chemical 
composition; the goal is to use this knowledge to select and design cations of enhanced stability. 
The project has also included chemical synthesis, as necessary, because several of the cations 
studied are not commercially available.  
 
Recent Progress  

Our studies have had a heavy focus on substituted trimethylammonium (TMA+) cations 
as candidates for use in AEMs. If ammonium cations were acceptable from the standpoint of 
durability, they would be ideal cations because they are easily tetherable to a polymer matrix, 
have well established (simple, cheap) synthesis routes, and are reasonably strong bases. 
Trimethyl substitution is predicated on methyl being the simplest ammonium substituent, due to 
its lack of susceptibility to Hofmann elimination (no β-H’s), and concerns about cation size and 
hydrophobicity that would make attempts to use other larger groups (i.e., neopentyl, benzyl) 
potentially more problematic when applied to multiple sites. Additionally, small cation 
substituents have advantages in computational studies, allowing for more simulations and higher 
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fidelity to be probed and thus providing a better opportunity to screen different computational 
approaches for relevance and obtain better agreement between model and experiment. 

Our approach has been to explore specific cation families with systematic substitution to 
elucidate key factors that impact reaction mechanisms and rates. Table 1 summarizes the 
different cation families explored, the approaches employed, and the rationale for the studies. 

 
Table 1: Summary of cation families investigated  

Cation Family Approaches Employed Rationale 
Substituted 
TMA+ (varying 
number of β-
H’s)10  

Thorough experimental (wet 
and dry), including isotopic and 
computational studies. 

Systematically probe Hofmann elimination by altering 
number of sites available and steric hindrance. Strong 
implications for tethering strategies. 

Functionalized 
benzylTMA+  

Thorough experimental (wet 
and dry), including isotopic and 
computational studies. 

Systematically probe impact of electron 
withdrawing/donating groups on stability. Modification of 
the most commonly employed cation. 

Substituted 
TMA+ (alkyl 
chain length)11  

Reasonable computational and 
experimental studies. 

Investigation of steric and electronic effects related to alkyl 
chain length. Strong implications for tethering strategies.  

“Advanced” 
cations  

Preliminary computational and 
experimental studies. Guidance on systems to investigate, stability expectations. 

 
The number of β-hydrogen atoms susceptible to Hofmann elimination were 

systematically varied for a series of substituted TMA+ cations (ethyl, n-propyl, isobutyl, and 
neopentyl abbreviated ETMA+, PTMA+, ITMA+, and NTMA+, respectively).10-11 Table 2 
summarizes our experimental and computational findings.  

 
 Table 2: Experimental and computational results for varying number of β-hydrogen atoms 

Cation  # of 
β-H’s 

Ylide 
Scramb-

ling 

Hofmann 
Elimin-

ation 
SN2 

Attack 

Peak 
Decay 
(°C) 

∆G‡ 
Hofmann 
(kcal/mol) 

∆G‡ 
SN2 

(kcal/mol) 

 ETMA+ 3 Yes Yes No 60 17.5 24.7 

 PTMA+ 2 Yes Yes No 79 22.9 25.9 

 
ITMA+ 1 Yes Yes Yes 74 21.7 25.7 

 
NTMA+ 0 Yes NA Yes 74 NA 25.0 

 
We found that Hofmann elimination is always preferred when possible but is much less 

preferred when β-H’s are replaced with methyl groups. While these trends were expected, we 
were initially surprised to find that decomposition of PTMA+ (2 β-H’s) occurred at a higher 
temperature peak decay temperature than ITMA+ (1 β-H). Our calculated energy barrier for 
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Hofmann elimination mirrored this trend, giving us insight into the energetics of the degradation 
reactions. While increased methyl substitution plays a role in inhibiting hydroxide attack and 
preventing Hofmann elimination, our model results showed that the increase in energy of the 
ground state for the sterically encumbered ITMA+ was larger than the increase in TS due to steric 
inhibition of hydroxide attack. Thus, increased steric effects actually resulted in a lower energy 
barrier for degradation. The ylide barrier for deuterium scrambling in all these samples has been 
calculated to be between 18.2 and 18.4 kcal/mol. Isotopic (ylide) scrambling of deuterium is 
observed in all cases shown in Table 5. Trimethylamine degradation products from ETMA+, 
however (unlike all other samples), initially did not show isotopic scrambling but did in samples 
degraded over longer times, confirming that our relative energy barriers for Hofmann elimination 
versus ylide scrambling were qualitatively reasonable. Additionally, comparisons between 
energy barriers calculated for SN2 attack and Hofmann elimination also seem qualitatively 
reasonable when compared to the experimentally observed degradation products.  

We have enhanced our understanding significantly of ammonium cations and developed 
and applied unique tools to their degradation mechanisms and rates. However, a primary finding 
from our studies on substituted TMA+ is that strategies employed to date have had only minimal 
impact on the reaction barriers observed, with only modest improvements in stability. 
 
Future Plans  

We have thoroughly explored the chemical stability of ammonium cations and now have 
an increased understanding of their stability, reaction mechanisms and energy barriers.  
Unfortunately, we still find ammonium cations to be lacking desired base stability. We have also 
identified fundamental gaps in the understanding of the relationship between cations in solution 
with those bound in polymers and the electrochemical impact of cations with 
bicarbonate/carbonate/hydroxide.  Our future work focuses on three areas: (1) advanced cations, 
(2) the relationship between the properties of free cations in solution to those in bound polymer 
systems, and (3) the electrochemical impacts of ions. 

Advanced cations in our proposed work refer to any covalently tetherable cations other 
than ammonium. For discussion purposes we classify these cations into non-ammonium N+ 
centered, P+ centered, S+ centered, C+ centered, and metal tethered (e.g, cobaltocenium, 
ruthenium). Non-ammonium N+ centered cations include cations in the imidazolium, triazolium, 
pyridinium, and pyrazinium families and are often employed as ionic liquids. Polymers with 
guanidiniums (C+ centered) and phosphoniums (P + centered) cations are also of interest and have 
been reported in the literature. A new, potentially promising approach for significantly enhanced 
durability of AEMs is the use of metal cations immobilized onto polymers though tethers. 
Cobaltocenium tethered to a polymer matrix through functionalization of the cyclopentadienyl 
group12 and ruthenium13 in a bis(terpyridine)ruthenium(II) complex and dicyclopentadiene have 
both been demonstrated in polymers appropriate for AEMs.  The stability of these cations under 
appropriate conditions will be probed along lines our team has commonly employed. 

Our work to date has focused on free cations in solution. The impact of the polymer 
environment on cation stability has not yet been explored directly by our team or anyone else. 
For cations tethered to polymers, conditions can be envisioned in which degradation is 
accelerated relative to cations in solution. For example, ylide-based decomposition routes 
involving intra- or inter-polymer reactions could result in reaction pathways not available in 
solution. Conversely, conditions could also be imagined in which steric hindrance or favorable 
interactions of cations with polymer chains or other cations may be beneficial in preventing 
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attack. We have performed initial investigations of commercially available ion-exchange 
polymers (ion-exchange resins) through headspace analysis.  We plan to study defined systems 
of polymers for parallel thermal degradation studies to elucidate the relationship between the 
properties of free cations in solution to those in bound polymer systems. 

Finally, the impacts of ions on catalysis are critical as they may fundamentally limit the 
use these materials in any application that has CO2 or may impact the cations that may be 
employed in AEMs. For this reason it is critical to better understand the mechanisms of how 
these ions interact with catalysts and how these interactions impact overpotentials.  Our planned 
work takes advantage of our unique access to multiple cations and polymers, and our significant 
electrochemical testing capabilities. 
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Fig.1. This program develops instrumentation for 
atomic scale microscopy and electron spectroscopy 
studies of surfaces under ambient gases and liquids. 

Chemical and Mechanical Properties of Surfaces, Interfaces and Nanostructures.  
 

Miquel Salmeron, Gabor Somorjai, Peidong Yang.  Materials Science Division, Lawrence 
Berkeley National Laboratory.  

Subtask 1: Mechanical and Physical Properties.  PI. Miquel Salmeron 

Program Scope 

The overall program in this FWP is aimed at molecular level studies of surfaces, focusing on 
structure, adsorption, reactions, film growth, and energy transfer across interfaces, to obtain a 
fundamental understanding of the mechanisms that govern their physical, chemical, catalytic and 
tribological properties. The three subtasks comprised in the program: Mechanical and Physical 
Properties (Salmeron), Chemical Properties (Somorjai), and Synthesis and properties of 
Nanoparticles (Yang) synergistically complement each other and collaborate by sharing students 
and postdocs. 

The goal of the first subtask is to study fundamental processes that govern the physical, chemical 
and tribological properties of surfaces. 
Specifically we study: a) structure and 
dynamics of adsorbed layers; b) 
mechanisms of energy transfer by excitation 
of vibrational and electronic states of 
adsorbed atoms and molecules; c) wetting at 
the molecular scale; d) friction of clean 
surfaces and of surfaces covered with 
lubricant layers. Tools used include: 
Scanning Tunneling and Atomic Force 
Microscopies (STM, AFM), and electron 
and photon spectroscopies. A very 
important activity is the development of 
instruments to obtain microscopy and 
spectroscopy information of surfaces in vacuum and in the presence of gases at ambient 
pressures (Fig. 1). These include Variable Temperature and Low Temperature Scanning 
Tunneling Microscopy (VT-STM, LT-STM), High Pressure STM (HP-STM) [1], contact and 
non-contact atomic force microscopy (AFM, NC-AFM)), Ambient Pressure Photoelectron 
Spectroscopy (AP-XPS), and X-ray absorption and emission, spectroscopies (XAS, XES) [2]. 
The x-ray techniques, initially developed for use at the Advanced Light Source (ALS), have 
resulted in the creation of three dedicated beamlines that attract also many users from all over the 
world. Two companies now produce and sell the AP-XPS, and 10 synchrotron facilities around 
the world have implemented the AP-XPS technology developed in this program. 

 Recent Progress 

Mechanical properties of graphene: Graphene monolayers deposited on Silicon wafers were 
found to exhibit surprising friction anisotropy in 3 different domains, with a periodicity of 180 
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degrees on each domain (Fig.2). The anisotropy was 
shown to arise from ripple distortions of the 
graphene sheets along preferential directions (zig-
zag, arm-chair). The ripples disappear after applying 
high pressure with the tip or by thermal treatment 
(Science, 2011).  
Molecular scale wetting: We have shown that the 
initial stages of wetting of Ru(0001) and Pd(111) is 
determined by the competition between O-metal 
bonding and H-bonding between water molecules 
leading to unexpected monolayer structures consisting of hexagonal water domains rotated by 
30° relative to one another. Pentagon and heptagon clusters bridge the two types of hexagons. 
One domain is in registry with the substrate with the molecules lying flat and forming strong O-
metal bonds with the substrate (Fig.3). In the other 
domain the molecules are raised a fraction of an 
angstrom, have dangling H-bonds, and are weakly 
bound to the substrate. This bonding motif is of 
similar nature to the periodic wetting structure 
recently reported on Pt(111), and very different 
from the conventional "ice-like" bilayer. First-
principles Density Functional Theory simulations 
support these conclusions. (PRB 2012).  

Chemical reactivity of graphene: In another project 
we explored the chemical activity of graphene. 
Using STM we found that water reacts efficiently 
with the grain boundary defects in graphene on 
Ru(0001), where dangling or stressed C bonds are 
located. The chemical attack by water splits 
graphene into flakes at temperatures as low as 90 
K, and intercalates between the graphene and Ru 
through the gaps opened in the overlayer (Fig.4). 
(JACS, 2012) 

Future Plans 

We will focus on understanding the molecular scale 
mechanism of chemical reactions on surfaces by 
investigating the role of specific quantum 
excitations of molecules adsorbed on metals using 
our LT-STM. Excitations include vibrational modes 
(bond stretching, bending) that are coordinates for 
chemical reactions and diffusion.  In water for 
example O-H stretching leads to a variety of reactions, including diffusion by coupling to 
frustrated translation modes, and to dissociation when multiple quantum modes are excited. We 
plan to study molecules important in energy processes including CO2 (photosynthesis), NH3 (H 

Fig.3. Experimental and calculated STM 
images of water Ru(0001). (a) STM image 
showing water hexamers rotated by 0° and 30° 
relative to the surface lattice,  connected by 
pentagons and heptagons. (b) DFT optimized 
model. (c) Calculated STM image.  

Fig.2. Left: AFM image of a graphene flake on 
a Si wafer. Center: friction force image 
showing three friction domains. Right: 
schematic showing the ripples formed in 
graphene with axis rotated 120o. 

Fig.4. a) STM image of a graphene on 
Ru(0001); b) Water  adsorbs weakly and 
diffuses to the grain boundaries; c,d) At 90 K 
water breaks C-C bonds at the domain 
boundaries and interacalates between Gr and 
Ru; e) the periodic Moire structure disappears 
in the regions where water intercalates. 
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fuels), CHx dissociation, and others.  In preliminary experiments we have shown that electric 
fields can strongly influence the reactivity of adsorbed molecules.  For example NH3 dissociation 
is strongly affected by E-fields that can be generated by the tip of the STM due to its close 
proximity to the surface.  Such fields simulate the conditions prevalent in the double layer in 
electrochemical systems, which have applications in the field of energy storage in batteries and 
fuel cells. 

We plan to use our newly finished liquid helium cooled 
AFM to study the structure of molecules on insulating 
surfaces, including Al2O3, Fe2O3, TiO2 and oxygen-
covered metal surfaces.  These include H2O, CO2, and 
small hydrocarbons. Using non-contact, high resolution 
capabilities of the microscope we will study the energy 
landscape between the molecules and the tip atoms.  In 
previous work with STM we have shown that molecules 
can be incorporated in the tip and used for imaging and 
force spectroscopy (Fig. 5). 

In the area of friction fundamentals we will study the effect of confined layers (such as the water 
between graphene flakes and Ru from the previous example) in the friction properties.  Confined 
layers provide an ideal laboratory to study lubricants forming molecularly thin layers between 
moving surfaces.  The high resolution capabilities of AFM will allow us to correlate the atomic 
structure of the confining surfaces, and that of the intercalated lubricant film, and the forces 
measured while scanning in different crystallographic directions. 

In collaboration with the Somorjai and Yang groups (subtasks 2 and 3 of this program) we will 
study the influence of high densities of adsorbates on the structure of the surface, both in model 
single crystals and nanocrystals. High adsorbate density is the result of thermodynamic 
equilibrium in the presence of high pressures (>1 Torr) of reactants. Thanks to the new tools 
(HP-STM, AP-XPS) developed in this subtask we demonstrated the reconstruction of Pt crystals 
[3] and of Pt-Rh alloy nanocrystals [4] in the presence of CO, H2, and NO (reducing and 
oxidizing) at coverages near unity.  We plan to expand these first demonstration studies to new 
materials and gases that are important in catalysis, energy conversion and storage and CO2 
sequestration.  
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Fig. 5.  STM images showing the back 
and forth transfer of a water molecule 
from the Ru(0001) surface to the tip and 
back. Dark spots correspond to C atoms. 

63



Publications 

1. J.T. Newberg, D.E. Starr, S. Yamamoto, S. Kaya, T. Kendelewicz, E.R. Mysak, S. Porsgaard, 
M.B. Salmeron, G.E. Brown Jr., A. Nilsson, H. Bluhm. Formation of hydroxyl and water 
layers for MgO(100) films studied with ambient pressure XPS. Surf. Sci. 605, 89-94 (2011). 

2. Feng Tao and Miquel Salmeron. In Situ Studies of Chemistry and Structure of Materials in 
Reactive Environments. Science.  331, 171-174 (2011). 

3. Lindsay R. Merte, Jan Knudsen, Falk M. Eichhorn, Soeren Porsgaard, Helene Zeuthen, Lars 
C. Grabow, Erik Lægsgaard, Hendrik Bluhm, Miquel Salmeron, Manos Mavrikakis and 
Flemming Besenbacher.   CO-induced embedding of Pt adatoms in a partially-reduced FeOx 
film on Pt(111). J. Am. Chem. Soc. 133 (28) 10692-10695 (2011) 

4. J. T. Newberg, D. E. Starr, S. Yamamoto, S. Kaya, T. Kendelewicz, E. R. Mysak, S. 
Porsgaard, M. B. Salmeron, G. E. Brown, Jr., A. Nilsson, H. Bluhm. Auto-catalytic surface 
hydroxylation of MgO(100) terrace sites observed under ambient conditions. J. Phys. Chem. 
C. 115, 12864 (2011) 

5. J.J. Benítez, M A. San-Miguel, S. Domínguez-Meister, J. A. Heredia-Guerrero, and M. 
Salmeron. Structure and Chemical State of Octadecylamine Self-Assembled Monolayers on 
Mica.  J. Phys. Chem. C 115, 19716–19723 (2011).  

6. L. J. Giovanetti, J. M. Ramallo-López, M. Foxe, L. C. Jones, M. M. Koebel, G.A. Somorjai, 
A. F. Craievich, M. B. Salmeron, and F. G. Requejo. Shape changes of Pt nanoparticles 
induced by deposition on mesoporous silica monitored by SAXS and EXAFS. Small. 8 , 468 
(2012). 

7. S. Maier, I. Stass, T. Mitsui, M. Tatarkhanov, Peter J. Feibelman, K. Thürmer, N. C. Bartelt 
and M. Salmeron. Adsorbed water-molecule hexagons with unexpected rotations in islands 
on Ru(0001) and Pd(111). Phys. Rev. B.  85, 155434 (2012).  

8. Z. Zhu, F. Tao, F. Zheng, R. Chang, Y. Li, L. Heinke, Z. Liu, M. Salmeron, and G. A. 
Somorjai.  Reversible Formation of Nanometer-sized Surface Platinum Oxide Clusters on a 
Stepped Pt(557) Single Crystal Surface Induced by Oxygen: A High-pressure STM and 
Ambient Pressure XPS Study. Nano Letters. 12, 1491 (2012). 

9. Xiaofeng Feng, Sabine Maier, Miquel Salmeron. Water splits epitaxial graphene and 
intercalates. J. Am. Chem. Soc. 134, 5662 (2012) 

64



Chemical and Mechanical Properties of Surfaces, Interfaces and Nanostructures 
 
Gabor A. Somorjai, Materials Sciences Division, Lawrence Berkeley National Laboratory 
 
Subtask 2:  Surface Chemical Properties. PI Gabor A. Somorjai 
 
Program Scope 
 
This subtask focuses on the exploration of the atomic and molecular factors of structure, 
bonding, and dynamics that make surfaces chemically reactive. We synthesize and characterize 
metal and bimetallic nanoparticles (NPs) in the form of 2D films, or suported in 3D mesoporous 
oxides, using a combination of techniques.  We use mostly colloid synthesis to produce 
nanoparticles. We explore the structure of the surfaces of materials and nanoparticles in the 
presence of the reactive gas environments characteristic of industrial catalytic processes. To that 
effect we use unique tools developed in this Program, such as sum frequency generation (SFG) 
vibrational spectroscopy, HP-STM, AP-XPS and other synchrotron-based techniques (X-ray 
absorption) that make possible to investigate surfaces under reaction conditions on atomic and 
molecular scales.  We investigate solid-liquid and solid-solid interfaces (buried interfaces) as 
they adsorb and react with diatomic and organic molecules in dynamic steady state at various 
pressures and temperatures. The research has a significant impact in catalytic energy production, 
by providing the basic science necessary for the development of better catalysts. 
 
Recent Progress  
 
We have synthesized monodispersed metals (Pt, Rh, Ru, IR) and bimetallic (Pt-Rh, Pt-Ir) 
nanoparticles with 2-12 nm size and controlled shape capped with a polymer (PVP) to prevent 
their aggregation.1  The porous cap allows the reactants and products to enter and exit the metal 
NP surface without inhibiting the NP reactivity and disordering the polymer cap by hydrogen 
permits detection of the reaction intermediates by SFG without interference by the polymer. 
Mesoporous oxides were synthesized (-Al2O3, TiO2, SiO2) and utilized to fabricate three-
dimensional (3D) nanoparticle deposits, and the Langmuir-Blodgett technique was used to form 
2D NP films.  Characterization of NP structure, composition and oxidation states was performed 
under reaction conditions by SFG and synchrotron-based techniques of AP-XPS, EXAFS, 
NEXAFS and by application of TEM, ethylene hydrogenation, chemisorption and STEM/EDAX 
before and after reactivity studies.  In-situ reaction cells were constructed for studies using 
synchrotron techniques at solid-liquid and solid-high pressure 
gas interfaces. 
 
In collaboration with the Yang group, we have fabricated a 
thermally stable Pt/mesoporous silica core-shell system for 
high-temperature reactions.2 The high-temperature-stable 
system  consists of a Pt metal core coated with a mesoporous 
silica shell  (Pt@mSiO2) (Fig. 1). The high thermal stability of 
Pt@mSiO2 nanoparticles enabled high-temperature CO  

Figure 1.  The synthesis approach 
for mesoporous-silica-coated Pt 
nanoparticles 
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oxidation studies, including ignition behaviour, which was not possible for bare Pt nanoparticles 
because of their deformation or aggregation. 
 
We find that the size of the metal nanoparticles controls the selectivity of most multipath 
catalytic reactions.3  In the case of methylcyclopentane isomerization, the shape of platinum NPs 
had large effects on the formation of branched isomers.4  For small ≤ 2 nm metal nanoparticles 
the higher oxidation states dominated as compared to the metallic state for larger NPs.   
 
In collaboration with Salmeron’s group we found that 
stepped platinum (Pt) surfaces can undergo extensive 
and reversible restructuring when exposed to carbon 
monoxide (CO) and oxygen at pressures above 0.1 
torr (Fig. 2).  Scanning tunneling microscopy and 
photoelectron spectroscopy studies under gaseous 
environments near ambient pressure at room 
temperature revealed that as the CO or oxygen 
surface coverage approaches 100%, the originally flat 
terraces of (557) and (332) oriented Pt crystals break 
up into nanometer-sized clusters and revert to the 
initial morphology after pumping out the CO gas.5 
Density functional theory calculations provided a 
rationale of the observations whereby the creation of 
increased concentrations of low-coordination Pt edge 
sites in the formed nanoclusters relieves the strong 
CO-CO repulsion in the highly compressed adsorbate 
film.  
 
Future Plans 
 
Exposure of metal single crystal surfaces to high pressures ≥ 1 atm causes restructuring of the 
surface atoms to optimize the coverage and the concentration of metal-adsorbate and metal-metal 
bonds.  High pressure restructuring appears to be reversible but is likely to change the surface 
reactivity.  The concentration of adsorbates dramatically increases at the solid-liquid interface as 
compared to the solid-gas interface, which is likely to cause restructuring.  We shall be studying 
the pressure-induced restructuring using high pressure STM in collaboration with the Salmeron 
Group.  We shall also use high-pressure-induced restructuring to produce nanosize clusters on 
metal surfaces to study the restructuring phenomena on metal NPs created by the high-pressure 
restructuring. 
 
Studies of metal NP formation in the 5-30 atom range using Raman spectroscopy will allow 
fabrication of monodispersed NPs in this very small NP range that has not been investigated as 
yet.  This promises to provide NPs with novel atomic and electronic structures and oxidation 
states with interesting chemical bonding and reactivities. 
 
In collaboration with the Yang group we shall fabricate oxide and semiconductor nanorods with 
metal nanodots at their ends to produce tandem nanocatalysts that exhibit different chemical 

 

 

Figure 2.  Reconstruction of a Pt step surface 
induced by high pressure exposure to CO at 
room temperature. 
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reactivities as we change the oxide (semiconuctor) nanorods and the metal nanodots at their 
ends.6 

 
Construction of a femtosecond broad band laser enabling us to simultaneously monitor the CH 
and CO vibrational SFG spectra, thus allowing more accurate characterization of reaction 
intermediates.   
 
We will also undertake synthesis and characterization of a variety of metal core-oxide shell NP 
structures as they promise high thermal stability and novel chemical reactivity. 
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Chemical and Mechanical Properties of Surfaces, Interfaces and Nanostructures. 

Miquel Salmeron, Gabor Somorjai, Peidong Yang.  Materials Science Division, Lawrence 
Berkeley National Laboratory. 

Subtask 3: Synthesis and Assembly of Metal and Oxide Nanoparticles. PI. Peidong Yang 

Program Scope 

The application of shape- and size-controlled metal and oxide nanocrystals as catalyst supports 
has even greater potential for innovative catalyst design. It is well known that catalysis can be 
modulated by using different metal oxide supports, or metal oxide supports with different crystal 
surfaces. This subtask will focus on the design and synthesis of size and shape controlled metal 
and oxide nanocrystals, and their large scale assembly towards high surface-area catalysts with 
well-defined metal-oxide interfaces.  On the metal nanocrystal side, we will focus on the 
development of synthetic strategies towards size and shape control of the bimetallic systems such 
as PtPd, PtRh, PtNi and PtCo. We propose to demonstrate the viability in building the 
relationship between catalyst surfaces and their catalytic properties using bimetallic 
nanoparticles of well controlled surface composition. The validity of our approach will be 
confirmed by a catalytic reaction, CO oxidation, as well as a synchrotron based nanoparticle 
characterization technique, extended X-ray absorption fine structure (EXAFS). On the oxide 
nanocrystal side, we will develop a 
general method to produce ultrathin, 
single crystalline oxide nanostructures as 
high surface area catalytic supports for 
both gas-phase and solution-phase 
catalysis applications.1-2  
 

Recent Progress  

Platinum (Pt) nanocrystals exhibit strongly 
shape- and size-dependent catalytic 
properties.3-5 Optimizing nanocatalyst 
morphology has become a prolific area of 
investigation. Recently, we developed a 
solution-based method for the synthesis of 
colloidal Pt nanoparticles. The Pt 
nanocubes and nanopolyhedra with 
controllable size and shapes have been 
synthesized accordingly by controlling the 
reducing rate of metal precursor ions in a 
one-pot polyol synthesis.  

Fig. 1.Schematic illustrations and corresponding TEM 
images of the samples obtained at three representative 
stages during the evolution process. a, initial solid 
PtNi3polyhedra. b, PtNi intermediates. c, final hollow 
Pt3Ni frameworks. 
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Structural Evolution of Bimetallic Nanocrystals: Following our early studies on pure Pt 
nanocrystals, we have discovered a very interesting structural evolution process for Pt-Ni 
bimetallic nanostructures. During this process, solid PtNi3 polyhedra, spontaneously transform 
into hollow Pt3Ni frameworks under ambient conditions (Figure 1). The initial PtNi3 polyhedra 
exhibit single crystallinity and the morphology of rhombic dodecahedron, both of which are 
maintained in the final Pt3Ni frameworks which consists of 24 remaining edges and an eroded 
interior. This structural evolution process was traced and analyzed, and a mechanism is proposed 
to interpret this spontaneous conversion in both composition and morphology. This discovery 
represents a new synthetic strategy for hollow nanostructures, and these Pt-Ni bimetallic 
nanostructures can potentially serve as catalysts in fuel cells and petroleum refinement. 

Metal and metal oxides interface has been 
demonstrated to influence both the activity 
and selectivity in catalytic reaction. Here we 
developed a new concept which the as-
designed metal and metal oxides interface is 
utilized as a new class of nanocrystal tandem 
catalysts for sequential reactions. Here we 
fabricate a nanocrystal bilayer structure 
formed by assembling platinum and cerium 
oxide nanocube monolayers of less than 10 
nm on a silica substrate as shown in figure 2. 
The cubic shape of nanocrystals is ideal for 
assembling metal–metal oxide interfaces with 
a large contact area. Figure 2 shows our tactic to achieve the ‘tandem’ bilayer structure with 
nanocubes of metal and metal oxide. First, a two-dimensional metal (Pt) nanocube array was 
assembled onto a flat metal oxide substrate (SiO2) by using the Langmuir–Blodgett (LB) method 
to make the first metal–metal oxide interface. The second metal oxide (CeO2) nanocube LB array 
was then assembled on top of the metal nanocube monolayer, which provided the second metal–
metal oxide interface. The capping agents of the nanocrystals were removed by ultraviolet/ozone 
treatment to form clean metal–metal oxide interfaces. After removal of the capping agent, the 
vertical clefts between the nanocrystals ensured access to both catalytic interfaces and provided a 
high surface area in the close-packed array. The two distinct metal–metal oxide interfaces, 
CeO2–Pt and Pt–SiO2, can be used to catalyze two distinct sequential reactions. The CeO2–Pt 
interface catalyzed methanol decomposition to produce CO and H2, which were subsequently 
used for ethylene hydroformylation catalyzed by the nearby Pt–SiO2 interface. Consequently, 
propanal was produced selectively from methanol and ethylene on the nanocrystal bilayer 
tandem catalyst. This new concept of nanocrystal tandem catalysis represents a powerful 
approach towards designing high-performance, multifunctional nanostructured catalysts. 

Figure 2. Assembly process for the preparation of a 
nanocrystal bilayer tandem catalyst. 
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Future Plans 

We plan to expand our current synthetic methods to new metal and oxide nanoparticles to enrich 
the choices when we design the catalyst. We will synthesize transition metal nanoparticles and 
their alloy particles with controllable size and morphology. For example, cobalt (Co) particle 
with nanometer size, especially in 6~7nm, have been demonstrate to be efficient catalyst in 

Fischer–Tropsch synthesis.6 When the Co nanoparticles were deposited on certain oxide surface 
(like CeO2), it show obvious product selectivity. More long chain alkanes could be obtained by 
using this metal and metal oxides interface.6-7 So, updating our current synthetic method to 
prepare non-noble metal nanocrystals and their alloys with controllable size and shape will be an 
important part of our future research plan. 

In order to gain more insights about the 
interaction between metal and metal oxides 
and its impact on catalysis, we plan to design 
the new generation of tandem catalysts and 
apply the new catalyst in sequential reactions. 
Compared with the current generation tandem 
catalyst, the next generation tandem catalyst 
will have two or more metal components (like 
Pt and Co nanoparticles or PtCo bimetal 
nanoparticles). And for the oxide support, only one metal oxide will be applied to couple with 
the two metals. In this design, the first metal Pt will be assembled or grew directly on the surface 
of CeO2 for MeOH decomposition reaction. This reaction will supply hydrogen and carbon 
monoxide for the next Fischer–Tropsch synthesis reaction. The Fischer–Tropsch reaction will 
happen at the active interface between Co and CeO2 to produce hydrocarbons.8 The over reaction 
will be from MeOH to hydrocarbons. The advantage of this new generation tandem catalyst is: a), 
the reactants are simplified. MeOH is the only reactant during the reaction; b), the catalyst will 
show both activity and selectivity. This new generation of tandem catalyst gives us the 
possibility to test the tandem catalysis selectivity using the Fischer–Tropsch process as an 
example. The hydrocarbon product selectivity could be investigated by GC-MS.  

We will continue to collaborate with the Somorjai and Salmeron groups to apply Ambient 
Pressure Photoelectron Spectroscopy and X-ray absorption and emission, spectroscopies to 
investigate the interface between metal and metal oxides. High and low pressure reactors will be 
installed into existing GC instrument in the lab (Somorjai Lab).  
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Figure 3. Schematic Illustration of next generation 
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Directed Energy Interactions with Surfaces 
 
Michael Savina, Igor Veryovkin 
Materials Science Division, Argonne National Laboratory 
 
Program Scope 

The Directed Energy Interactions with Surfaces program focuses on fundamental studies 
of the interaction of directed energy sources such as energetic ions, electrons, and photons with 
materials. It has at its core two integrated activities: 1) A fundamental understanding of energetic 
ion- and laser-solid interactions, and 2) The development of world-class trace analysis 
instrumentation. The interaction of directed energy sources such as energetic ions, electrons, and 
photons with surfaces provides the basis for modifying, patterning and analyzing materials. This 
program investigates the fundamentals of these complex interactions over a range of conditions 
using several unique, world-class methods developed in our laboratory. 

Our current research explores of ion-surface interactions and the flux of material ejected 
during the sputtering process: 1) Characterizing the sputtered flux from a solid surface in terms 
of secondary atoms and molecules, both as neutrals and ions, under varying sputtering 
conditions. 2) Optimizing the depth resolution of ion sputtering via a dual-beam sputtering 
approach, resulting in a depth resolution of ~2 atomic layers, which is approximately the 
physical limit. 

 
Recent Progress 

Ion sputtering can be described by a sequence of elastic collisions between point particles 
in which the bombarding ion transfers its energy to the target atoms [1], thereby initiating a 
series of collision cascades in the near-surface region (up to a few tens of nm for a 25 keV ion). 
Cluster ion beams such as Au3

+, Bi3
+ and C60

+ provide large increases in sputtering yield 
compared to monatomic ion sources [2, 3] because they deposit the majority of their energy 
within the first few nanometers of the surface [4]. For molecular solids, the total kinetic energy 
and energy partitioning across fragmentation pathways are also affected by primary ion 
nuclearity. 

Photoionization techniques provide insight into the mechanism of energy transfer from 
the primary ion to the surface and sub-surface atoms. We used Resonance Ionization Mass 
Spectrometry (RIMS) to study ion sputtering of uranium oxide [5]. Briefly, a solid is sputtered 
using a pulsed (300 ns), energetic (15-25 keV) ion beam and sputtered neutrals are ionized by 

Figure 1: Molecule-to-fragment ratio of 
sputtered flux from U3O8 for various projectiles. 

 

Figure 2: Total and average energy of the 
sputtered flux for various projectiles. 
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lasers tuned to resonantly excite and ionize uranium [6]. The lasers also ionize UO and UO2 at 
low efficiency. The molecule-to-fragment (M/F) ratios in the sputtered flux (i.e. UOx/U) for 
various primary ions are shown in Figure 1, which shows the extent of fragmentation of UOx to 
U decreases with increased mass and nuclearity of the primary ion. The Stopping and Range of 
Ions in Matter (SRIM) 2011 software was used to gain insights into ion-atom collisions [7]. 
SRIM shows that the number of knock-ons increases as a function of primary ion mass and 
nuclearity, allowing for more direct transfer of energy to the target atoms. Additionally, the 
average knock-on depth becomes shallower as ion mass and nuclearity increase. Although the 
total energy imparted to the sputtered flux increases, the energy per sputtered species actually 
decreases with increasing primary ion mass and nuclearity (Fig. 2). Although the sputtering yield 
increases, the energy is partitioned over a much larger flux, resulting in less fragmentation. 

In addition to fundamental studies, we are developing novel approaches and 
instrumentation for materials characterization with the goal of maximizing the information 
obtained by combining high lateral and depth resolutionimaging mass spectrometry (detecting 
secondary ions, SIMS, and post-ionized secondary neutrals, LPI SNMS) with in situ scanning 
electron miscroscopy (SEM) and optical profilometry. This multidimensional (multi-D) sample 
characterization provides chemical and physical materials characterization in real time. 

Figure 3 shows high resolution depth profiles of a nanolayered (~5 nm) MgO/ZnO 
sample obtained in SIMS mode on the SARISA instrument at Argonne. A unique dual-beam 
arrangement was used in which ion milling was done with Ar+ at either 250 or 500 eV impact 
energy, and SIMS analysis was performed between milling cycles with a 5 keV Ar+ beam. This 
is possible because of the unique dual-beam arrangement of the SARISA instrument, which 
allows the ion mill to operate at normal incidence so that the impact energy of primary ions can 
be precisely controlled and optimized by the target potential. We have recently equipped our ion 
mill column with a Wien (velocity) filter in order to avoid surface contamination with 
undesirable primary ions coming from ion source. The 250 eV beam is near the sputtering 
threshold for these materials, and gives a depth resolution of about two atomic layers (0.4 nm) 
which is the physical limit for sputtering-based methods. Because ion milling at ultra-low energy 

Figure 3: Dual-beam depth profiles of MgO/ZnO 
layers on a Si substrate obtained by 250 eV or 500 
eV Ar+ ion milling combined with 5 keV Ar+ 
SIMS analysis between milling cycles.  

Figure 4: SEM image of a Si calibration wafer 
acquired in the SARISA instrument (FEI 2LE e-
gun and RevolutionSEM software). 
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does not roughen the irradiated surface, we can use this approach to determine the roughness of 
buried interfaces in nanolayered structures using the mixing-roughness-information model of 
depth profiling (MRI) [8]. The results of using MRI in conjunction with dual beam sputter depth 
profiling were in good agreement with the industry standard method, the X-ray reflectivity 
technique, applied to the same samples. This is crucial for studies of ion mixing phenomena in 
ion-irradiated nanolayered structures, because it allows us to unambiguously distinguish native 
roughness from beam-induced interlayer mixing and diffusion. 

In addition to high resolution depth profiling, we have recently enabled in-situ secondary 
electron microscopy in the SARISA instrument (Fig. 4) which allows SEM imaging before, 
during, and after irradiation with primary ions. At present the lateral resolution is <100 nm, and 
we can perform SEM imaging of surface roughness changes due to ion beam bombardment. We 
are now incorporating SEM imaging in the dual-beam sputter depth profiling protocol. 

  
Future Plans 

Previous work has shown that M/F ratios decrease with increasing primary ion dose [9]. 
We speculate that this is a convolution of projectile-dependent molecular fragmentation and ion-
induced preferential sputtering of oxygen from the uranium oxide matrix at high ion doses [10].  
In our experiment, the analysis and the reducing beams are the same, but operated under 
different sputter conditions (dynamic vs. pulsed). We plan to test our hypothesis with 
experiments where the analysis and the reducing beams are different (e.g. H+ vs. Ga+). 

To understand effects such as ion milling on sputtered flux, which in many cases causes 
the observed elemental, molecular, and even isotopic ratios to appear to change as a function of 
ion dose, we are developing techniques to quantify the sputtered material. This requires 
understanding ionization effects such as isotope shifts, hyperfine splitting, Doppler broadening, 
Doppler shifts, laser power broadening, and mass-dependent (flight-time) effects. Techniques 
such as traditional scanning laser spectroscopy coupled with saturation spectroscopy and 
empirical and a priori modeling yield descriptions of laser-atom and laser-molecule interactions 
that enable a quantitative analysis of the sputtered flux. Sputtered ion/neutral ratios, 
atom/molecule ratios, photo-fragmentation rates, sputtered atom electronic state population 
distributions can be quantified to enable a detailed understanding of ion- and laser-surface 
interactions. This is important in understanding phenomena such as preferential sputtering of 
elements from a solid. 

Future instrumental upgrades include integrating an ion nanoprobe into the dual-beam 
depth profiling protocol. This new tool will allow us to perform imaging mass spectrometry with 
lateral resolution of up to 10 nm, which is the physical limit (collision cascade size) for medium 
energy (keV) ion probes. Overall, this work will lead to multi-D characterization of solid 
samples with the best lateral and depth resolution possible with this class of tools. 

We have also begun developing in-situ optical profilometry in order to measure ion 
milling rates in real time during multi-D characterization experiments. Presently, such 
measurements are always performed post-mortem, which limits the accuracy by forcing the 
assumption of equal sputtering yields for all layers. Our approach is Heterodyne Displacement 
Interferometry, which has a typical depth resolution of 0.35 nm. This system will monitor 
changes in irradiated surfaces in real time and will be incorporated into the dual-beam depth 
profiling protocol. The components are currently installed on an optical bench and are 
undergoing assembly and software development. 
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FWP: Solid-State NMR of Complex Materials 
K. Schmidt-Rohr, M. Hong, E. M. Levin 

Ames Laboratory, Division of Materials Science and Engineering, Ames, IA 50011 
Program Scope 

Many energy-relevant materials have a complex bulk structure with significant disorder on the 1-
nm scale that prevents full characterization by diffraction or microscopy techniques. Using 
nuclear spins as local probes, advanced solid-state nuclear magnetic resonance (NMR) can make 
unique contributions to the elucidation of the structure and of structure-property relations in such 
complex materials. Our program focuses on NMR characterization of energy-relevant materials, 
such as fuel-cell membranes,1 carbon-based electrode materials, as well as thermoelectric 
tellurides. In addition, we analyze biological and biomimetic materials, such as plant cell walls2 
and biological nanocomposites3. In all these materials, solid-state NMR can determine the 
composition,3-7 local proximities,2 nanoparticle thickness,8,9 and amount of disordered phases10. 
It can yield information on local lattice distortions in crystals, and on segmental and polymer-
chain dynamics in organic materials.11,12 We develop new radio-frequency pulse sequences7-9,13-

19 and improved spectral simulation methods to increase the structural information provided by 
advanced solid-state NMR. Through careful analysis of all available data, we develop new, more 
accurate structural models of the molecular3,20 and nanometer-scale1,8 structure of the systems 
studied.  In this abstract, we focus on organic and carbon-based materials, while thermoelectric 
tellurides are discussed in a different abstract.  

Proton exchange membranes are at the center of H2-O2 fuel cells, providing high H+ 
conductivity combined with good gas-barrier properties.1 Hydrated Nafion, a perfluorinated 
polymer with a Teflon backbone and ionic sidechains, has been the benchmark material for low-
temperature proton exchange membranes for decades.  We have elucidated its nanometer scale 
structure in this program, identifying water channels1 stabilized by relatively stiff polymer 
backbones12 (Figure 1). Quite recently, a superior proton-exchange membrane material, 
Aquivion, was introduced commercially;21 like Nafion, it is a perfluorinated sulfonated polymer 
with a (-CF2-)n backbone, but with shorter sidechains (Figure 1b,c).  For reasons not well 
understood, Aquivion shows better performance than Nafion at “high” temperatures (up to 
130oC),21 which is attractive for improved catalyst performance.  

 

Figure 1.  (a) Schematic of a H2-O2 fuel cell with 
proton-exchange membrane (PEM). (b, c) Chemical 
structures of (b) Nafion and (c) Aquivion. (d) 
Inverted polymer micelles of hydrated Nafion 
stabilized by the stiff backbone12 and forming water 
channels that are locally parallel. (e) Resulting 
parallel water-channel model of Nafion developed in 
this program1. 

Organic-inorganic nanocomposites in the skeletons of vertebrates and invertebrates provide 
useful combinations of properties, such as considerable stiffness and toughness.22 They are 
produced at ambient pressure and temperature, and structured on the nanometer scale, in 
processes that we are only beginning to understand and harness for energy-efficient materials 
production. Our research has so far focused on the stiff and tough load-bearing material in bone, 
which is a nanocomposite of calcium phosphate (apatite) nanocrystals imbedded in a matrix of 
the fibrous protein collagen, at a 45:45 volume ratio; water accounts for the remaining 10%. We 
have shown that solid-state NMR can characterize many important aspects of this 
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nanocomposite, in particular regarding the organic-inorganic interface.  

Graphitizable and nongraphitizable carbon-based materials are used in various energy-relevant 
applications, for instance as electrodes of batteries23,24 and supercapacitors25. Nongraphitizable 
(‘hard’) carbon is produced from organic precursors that char as they pyrolyze,26 producing 
irregular spaces between graphene sheets. Since these carbon materials are usually too 
disordered for a comprehensive analysis by diffraction techniques,26,27 the current picture of their 
local structure is rather vague, particularly for materials produced at lower temperatures (500-
700oC). Defects such as cluster edges, flexible linkers, or five- and seven-membered rings are 
important for many properties such as adsorption and transport of ions or gases. We are 
developing various 13C, 1H, 13C-1H, 13C-13C, 2H, 6/7Li, and 13C-7Li NMR techniques for 
characterizing structural defects in low-temperature hard-carbon materials.  

Recent Progress 
2H NMR to probe the water channels in Nafion. We have continued our investigations of the 
nanometer-scale structure of hydrated Nafion, the benchmark material for proton exchange 
membranes in H2/O2 fuel cells. In the framework of the parallel-water-channel model that we 
developed in this program,1 we have estimated the straightness (persistence length) of the water 
channels in Nafion, through a quantitative analysis of line narrowing and T2 relaxation in 2H 
NMR of D2O in Nafion.28 In drawn Nafion where scattering shows that the channels are mostly 
oriented along the draw direction, a ~1-kHz quadrupolar 2H splitting is observed, which means 
that the quadrupolar interaction tensor, essentially fixed to the D2O molecule, does not undergo 
fully isotropic tumbling. The hydration dependence of the spectral splittings and relaxation times 
indicates exchange between bound water affected by the anisotropic environment of the channel 
surface and free water in the channel core. In unoriented Nafion, the splitting is ~30-fold smaller 
than in the drawn material. The observed ~10-fold motional averaging in the undeformed relative 
to the drawn film is explained by diffusion of water along coiled channels, which results in 
additional motional averaging. Thus, the persistence length of the channels must be much shorter 
than the diffusion length <x2>1/2 ≈ 2 m of water on the 3-ms NMR time scale. The quantitative 
analysis of NMR frequency exchange via diffusion along a model channel and between bundles 
of channels, using an exchange algorithm suitable for long channels, shows that the persistence 
length of the channels in Nafion is between 30 and 80 nm, which is near the lower limit of the 
value estimated from small-angle scattering but ~10 times greater than the persistence length of 
an individual polymer backbone of Nafion. Further, we have analyzed the hydration dependence 
of the polymer-water interfacial area in terms of various structural models, confirming the 
validity of the parallel-water-channel model at the typical hydration levels in fuel cells.29 

Strongly bound citrate stabilizes the apatite nanocrystals in bone. Nanocrystals of apatitic 
calcium phosphate impart the organic-inorganic nanocomposite in bone with favorable 
mechanical properties, but the factors preventing crystal growth beyond the favorable thickness 
of ~3 nm had not been identified. We have shown3 by multinuclear NMR, including 13C{31P} 
REDOR, 13C{1H} spectral editing,5 and chemical-shift anisotropy dephasing,16 that the 
nanocrystal surfaces in bone are studded with strongly bound citrate molecules, which have no 
large-amplitude mobility on the 10-s scale or below, and have characterized the density (0.25 
nm-2) and geometry of the bound citrate with the three carboxylate groups at distances of 0.3 to 
0.45 nm from the apatite surface. This structural analysis was facilitated by multispin simulations 
developed in this program.8 We were able to exchange the native citrate with 13C-labeled 
molecules, confirming the peak assignment and enhancing sensitivity 30-fold for detailed 
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distance measurements.3 Bound citrate is highly conserved, being found in fish, avian, and 
mammalian bone, which indicates its critical role in interfering with crystal thickening and 
stabilizing the apatite nanocrystals in bone.   

Characterization of hard-carbon materials. We are further developing NMR techniques and 
expertise for NMR analysis of low-temperature hard-carbon materials. This includes quantifica-
tion of aromaticity,6 of the ratio of nonprotonated to protonated carbons,6 of the typical size of 
aromatic clusters by complementary spectroscopic and dipolar-dephasing methods, and of alkyl 
residues without overlap from sp2 carbons.16 In addition to commercial and standard carbon 
materials, we study 13C-enriched model materials, for instance made from 13C-enriched glucose. 
This enhances sensitivity and spectroscopic possibilities by orders of magnitude.  

Future Plans 
2H NMR to probe water channel segments in Nafion. As a critical test of the parallel-water 
channel model, we are trying to trap D2O within straight channel segments in Nafion and 
Aquivion and measure the 2H spectrum.28 If the parallel-channel model is correct, the D2O 
molecules will sample a uniaxial environment and report this in terms of a small quadrupolar 
biaxiality parameter. The asymmetry parameter can be read off directly from the characteristic 
features of the spectral pattern. If models of polymer in a hydrated matrix, such as the polymer 
ribbon, bundle, or channel-network models are right, (i) the environment of the D2O molecules is 
not uniaxial and (ii) the diffusion of water molecules cannot be restricted to a well-defined 
region within which it moves freely. The proposed experiments require that the free diffusion 
length is smaller than the persistence length (≈ 40 nm). We are trying to achieve this by blocking 
channels with silica nanoparticles grown in situ. 

Aquivion vs. Nafion fuel cell membranes: Chain order, dynamics, and crystallites. The me-
chanical properties of Aquivion in the relevant temperature range of 80–130oC are significantly 
better than those in Nafion.21 How the reduced length of the side chains produces this change is 
not clear. A potential explanation would be kinking of the backbone for favorable interactions 
between side groups. Using 19F and 13C NMR, we will compare the local order parameter of 
chain segments and large-amplitude rotations of backbone segments around their helical axis, as 
well as the sidechain dynamics, in Aquivion with those detected in Nafion,12,20 as a function of 
temperature.  

The nanostructure of bone. Various models of bone assume that apatite nanocrystals are con-
centrated in the “gap” regions of the collagen fibrils.30-32 This would require the presence of thick 
collagen layers in the apatite-poor regions.  We will test these models by probing the thickness of 
the collagen layers in bone by long-range 13C{31P} NMR; thick layers would produce a nearly 
constant intensity at long dephasing times. We will also determine the nanoparticle size 
distribution in bone, based on heteronuclear NMR combined with quantitative scattering 
analysis. Further, we will try to determine to what extent the surface layer of biological apatite 
nanocrystals resembles octacalcium phosphate (OCP), by identifying the NMR and diffraction 
characteristics of OCP in nanocrystals. In the end, we should be able to present a well-founded 
comprehensive and detailed model of the local structure of the nanocomposite in bone. 
13C-enriched carbon materials: Probing curvature of aromatic sheets. We plan to use 13C 
CODEX NMR11 with 13C spin diffusion33 to probe to what extent graphene sheets in 13C-labeled 
hard carbon are flat26 or curved34. In the interior of graphene sheets, carbons have a local three-
fold symmetry, which results in a chemical-shift asymmetry or biaxiality parameter of  = 0 
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(quasi-uniaxial), as confirmed in naphthalene and coronene (at low temperatures to quench 
rotation of the rings). As a result, the chemical-shift tensors of all interior carbons (selected by C-
H dephasing of signals of carbons near the periphery)9 in a flat graphene sheet are parallel, and 
spin diffusion among them will not lead to significant exchange in CODEX NMR. Thus, 
exchange in CODEX will be the signature of sheet curvature. Graphitizable soft carbon can serve 
as a reference material with flat graphene. Our ability to simulate scattering data35 will help us 
incorporate the NMR results into a detailed picture of the local structure of hard carbon. 
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Program Scope 

 Multicomponent polymeric materials are widely used in various modern technologies and 
will have even broader applications in future technologies, from lightweight materials, to solar 
cells and electrical energy storage, to biomedical technologies. Yet, our fundamental 
understanding of the processes and interactions that control macroscopic properties in these 
materials remains limited. The overarching goal of our program is to develop a fundamental 
understanding of how interfacial properties and interactions affect structure, morphology, 
dynamics, and macroscopic properties of multicomponent polymeric systems, in both the liquid 
and solid states. The proposed research focuses on two research themes. The first seeks to 
correlate structure-property relationships in polymer-nanoparticle mixtures to the nanoparticle 
structure and interfacial interactions, while the second involves the correlation of molecular 
architecture, electrostatic interactions and external fields to the morphology of multiblock 
copolymer materials, including both neat block copolymers and those containing discrete 
nanoparticles. To fully understand the underlying processes and mechanisms, we pursue a 
comprehensive interdisciplinary approach lead by advanced theory and simulations, precise 
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synthesis with nano-scale control and state-of-the-art characterization (with special emphasis on 
neutron scattering). The fundamental knowledge developed in this program will contribute to the 
scientific foundation for the rational design of multicomponent polymer based materials with 
superior properties and function that can address many DOE challenges such as organic 
photovoltaics, batteries and fuel cell membranes, and stronger light-weight materials that result 
in energy savings. This presentation focuses on our research of polymer based nano-composite 
materials, and research of multi-block systems will be presented in separate contribution. 

 Recent Progress  

 Tuning nanoparticle dispersion by modifying the fundamental interactions between the 
polymer and nanoparticle interface was explored in detail using a combination of experiment, 
simulation and theory. Theory provided solid foundation for understanding dispersion of 
spherical nano-particles in homo-polymers and block co-polymers. Guided by theory and 
computational studies, optimum dispersion of single wall carbon nanotubes (SWNTs) and 
fullerenes in various polymer matrices with varying composition of electron donating 2-
(dimethylamino)ethyl methacrylate (DMAEMA) or electron accepting acrylonitrile (AN) and 
cyanostyrene (CNSt) were prepared and characterized [1,11]. In qualitative agreement with 
theory [13], the experimental and computational results establish that chain connectivity is 
critical in controlling the accessibility of the functional groups to form intermolecular 
interactions.  

A microscopic, quantitative, first principles statistical dynamical theory at the level of 
intermolecular forces for the violation of the Stokes-Einstein (SE) diffusion law of a spherical 
nanoparticle in entangled and unentangled polymer melts has been developed based on a 
combination of mode-coupling, Brownian motion and polymer physics ideas [12].   

Among many other topics, we also started studies of composites with soft polymeric 
nano-particles that according to [R1,R2] exhibit unexpected miscibility and unusual viscoelastic 
properties. We developed synthesis strategy that provides grams quantity of polymeric nano-
particles with controllable size, softness and surface roughness, with radius down to ~5nm. 
Initial analysis indeed revealed unexpected viscoelastic behavior of composites with these nano-
particles.   

Future Plans 

 The major objectives of our future research in this topic are: (i) Understand the influence 
of nanoparticle structure and softness and solvent annealing on the overall morphology and 
particle dispersion of the composite material; (ii) Unravel the influence of nanoparticles size, 
shape and softness on the dynamics, viscoelasticity and ionic conductivity of the composites. 

Combining experiment, theory and simulations we will establish the role of nano-
particles softness and surface roughness in their dispersion and viscoelastic properties of 

82



composites.  Understanding anomalous diffusion of nano-particles in entangled polymer melt is 
another focus of our experimental, simulations and theoretical studies. We will reveal critical 
dimensions of nano-particles relative to the distance between entanglements (‘tube’ diameter) 
and to the polymer radius of gyration. Influence of nano-particles size and their interaction with 
polymer on segmental and chain dynamics of polymer will be also studied. In addition, we will 
analyze role of solvent, its interaction with nano-particles and polymer on the dispersion of nano-
particles and macroscopic properties of composite material. 
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Program Scope 

 Multicomponent polymeric materials are widely used in various modern technologies and 
will have even broader applications in future technologies, from lightweight materials, to solar 
cells and electrical energy storage to biomedical technologies. Yet, our fundamental 
understanding of the processes and interactions that control macroscopic properties in these 
materials remains limited. The overarching goal of our program is to develop a fundamental 
understanding of how interfacial properties and interactions affect structure, morphology, 
dynamics, and macroscopic properties of multicomponent polymeric systems, in both the liquid 
and solid states. The proposed research focuses on two research themes. The first seeks to 
correlate structure-property relationships in polymer-nanoparticle mixtures to the nanoparticle 
structure and interfacial interactions, while the second involves the correlation of molecular 
architecture, electrostatic interactions and external fields to the morphology of multiblock 
copolymer materials, including both neat block copolymers and those containing discrete 
nanoparticles. To fully understand the underlying processes and mechanisms, we pursue a 
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comprehensive interdisciplinary approach lead by advanced theory and simulations, precise 
synthesis with nano-scale control and state-of-the-art characterization (with special emphasis on 
neutron scattering). The fundamental knowledge developed in this program will contribute to the 
scientific foundation for the rational design of multicomponent polymer based materials with 
superior properties and function that can address many DOE challenges such as organic 
photovoltaics, batteries and fuel cell membranes, and stronger light-weight materials that result 
in energy savings. This presentation focuses on our research on multi-block copolymer systems. 
Research on polymer based nano-composite materials will be presented in separate contribution. 

 Recent Progress  

 The bulk morphologies formed by a new class of charged block copolymers, 75 vol % 
fluorinated polyisoprene (FPI) – 25 vol% sulfonated polystyrene (PSS) with 50% sulfonation, 
were characterized, and the fundamental underlying forces that promote the self-assembly 
processes were elucidated. Our work [1] has demonstrated that the addition of charged groups to 
one block of a copolymer can effectively modify the morphology phase diagram and create novel 
morphologies (hexagonally packs cylinders of the majority FPI phase dispersed in a continuous 
phase of PSS. A physical understanding based on the underlying strong electrostatic interactions 
between the charged block and counterions was obtained using detailed Monte Carlo and 
Molecular Dynamics simulations [1,2]. In solution, diblock copolymers of FPI and PSS form 
novel tapered rods and ribbon-like micelles [16]. 

 Recently, we reported the discovery of a new and unusually large piezoelectric response 
of block copolymers to electric field [15]. Piezoelectric materials contract or expand when an 
electric potential is applied, and this effect is widely used for high precision movement and 
positioning, for example in atomic force microscopes or fuel injection in diesel engines. Until 
now, non-polar polymers were thought to be unable to exhibit any piezoelectric effect. Our 
research shows that, to the contrary, nonpolar polymers can produce piezoelectric responses that 
are 10 times larger than the strongest piezoelectric materials known thus far, lead zirconate 
titanate ceramics. 

Future Plans 

 The major objectives of our future research in this topic are: (i) Reveal the role of 
electrostatic interactions, conformational asymmetry,  and external electric field in the formation 
of specific structures and morphologies of multi-block polymers and (ii) Develop a strategy for 
the design of block copolymer materials with coordinated bulk and surface properties. 

 We will expand our experimental and theoretical (SCFT) work on PCHD-containing 
diblock copolymers to the study of ABC triblock terpolymers containing PCHD blocks. To our 
knowledge morphologies of triblock terpolymers incorporating high levels of conformational 
asymmetry have not been previously reported. Addition of a third block type (e.g. ABC triblock) 
greatly expands the portfolio of ordered phases [R1]. To better control nanophase morphology, 
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we will study the influence of electric field on the structure of block copolymers. We have 
recently observed by SANS and SAXS several novel, interesting and initially surprising effects 
of electric fields on block copolymers.   
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Program Scope 

 Organic/inorganic nanocomposites with structural control over nanoparticle geometry 
and inter-particle electronic/optical communication can lead to development of functional hybrid 
materials with tailored electrical and optical properties, These materials can potentially impact in 
a range of applications for energy harvesting, energy storage, light management and 
microelectronic devices. Our goal is to design and synthesize organic and inorganic building 
blocks, and guide their assemblies into functional nanocomposite materials by developing a 
thorough understanding of the interfacial electronic properties with an ultimate goal to improve 
device performance of composite solar cells. This broad-based program takes advantage of local 
expertise in the production of inorganic nanocrystals with control over shape and composition 
and electroactive organic semiconductor and polymers, in directed hierarchical assemblies of 
multi-component systems, and in advanced characterization techniques and theoretical studies to 
investigate the electronic properties of nanomaterials and at the organic/inorganic interfaces.  

Recent Progress  

As a multi-faceted program addressing a complicated challenge, our program focuses on 
material design and synthesis, structural manipulation of nanocomposites and controlled 
optoelectronic communication at the organic/inorganic interfaces. Progresses have been made in 
each area through close collaboration among multiple investigators. Details of each subtask are 
described in three separate abstracts. The following summary abstract serves the purpose of 
global view of the program development and future plan.  

Subtask 1. Transport and doping in nanocrystal solids with electronically active 
organic ligands (Alivisatos, Fréchet, Liu, Wang): In order to achieve high carrier mobilities in 
films, semiconducting nanocrystals rely on short molecular linkers to decrease the tunneling 
width for charge carrier transport. Difunctionalized conjugated ligands, including 
tetrathiafulvalenetetrathiolate, terthiophenedicarboxylic acid and terthiophenedithiol, were 
synthesized and ligand exchanged for monodisperse PbSe nanoparticle, 3-9 nm in size. The 
mobilities of the resulting films were measured as a function of nanoparticle size, energy level 
alignment between the nanocrystals and ligands, and the anchoring functionalities. The best 
devices have reproducibly shown field-effect mobilities achieving 1 cm²/V-s. To the best of our 
knowledge, this study is the first example where nanoparticle supercrystals have been assembled 
with highly conducting ligands. The results from this work will allow for the rational design of 
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highly conductive arrays of self-assembled nanocrystals functionalized with conjugated organic 
ligands. 

To perform theoretical studies of interparticle transport in such supercrystals, we 
developed models describing the nanoparticle-ligand binding and geometry and applied them to 
the study of PbS (001) and (111) surfaces passivated by ligands with carboxylic acid (R-COOH) 
anchoring groups. We also investigated the carrier transport in a CdSe quantum dot (QD) 
supercrystal connected by Sn2S4 molecules. The carrier hopping between QDs can be described 
by Marcus theory and the hopping rate depends on the QD size and the molecule-QD attachment 
at the atomic level. The calculated carrier mobility agrees well with the experimental 
measurements. We plan to adapt this model to PbSe QDs with functionalized with conjugated 
ligands. 

In addition to interparticle charge transport, we investigated the effect of organic 
molecules on nanoparticle doping. By exposing PbS nanocrystal thin films to solutions of known 
redox potential, which can be modulated by varying proportions of the oxidized and reduced 
forms of decamethylferrocene, the carrier concentration can be systematically, incrementally, 
and reversibly increased by two orders of magnitude from their native values (Figure 2).  

Subtask 2. Directed Hierarchical Assemblies of Nanocomposites (Alivisatos, Fréchet and 
Xu): We developed a supramolecular approach to achieve hierarchical assemblies of 
nanospheres and nanorods with high precision. For nanorod-containing nanocomposites, the 
energetic contributions from nanorod ligand-polymer interactions, polymer chain deformation 
and rod-rod interactions are comparable and can be tailored to disperse nanorods with control 
over inter-rod ordering and the alignment of nanorods within BCP microdomains.  

Additionally, we studied the phase behavior of supramolecular nanocomposites in thin 
films. Different from that observed previously in thin films of coil-coil block copolymers 
(BCPs), the entropic contributions from polymer chain conformation upon nanoparticle 
incorporation favor the incorporation of nanoparticles in the interior. We have obtained 3-D 
nanoparticle assemblies in thin films, i.e. layered nanoparticle sheets with in-plane hexagonal 
order and 3-D ordered arrays of single nanoparticle chains. They serve as a model system to 
investigate the effect of electronic percolation pathway on the charge mobility of nanoparticle 
ensembles.  

Subtask 3. Electronic properties at the organic/inorganic interfaces (Salmeron, Cuk, 
Wang): We also developed unique ultra-flat electrodes in a transistor geometry (source-drain-
gate) that make the study of transport in monomolecular films possible. The electronic transport 
properties of oligomers containing 5 thiophene rings have been studied using conductive AFM. 
We showed that the conduction is dominated by hole hopping, occurring preferentially in certain 
directions of the unit cell. Calculations confirm the experimental findings. 

Future Plans 
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Our studies have showed that nanoparticle clusters connected with conductive ligands 
can be readily prepared to perform charge transport studies. Our future plans aim at a more 
detailed characterization of the designed materials to gain thorough understanding on electronic 
communication at the particle/ligand interface and between nanoparticles. We will carry out 
photoelectron spectroscopy at the Advanced Light Source to determine the energy level positions 
of ligands and nanoparticles., Structural characterization of the spatial organization of 
nanoparticles will be performed using conductive AFM, which allows for the study of carrier 
pathways in thin films and for the visualization charging/discharging events. Transient electrical 
experiments will be performed to study carrier trapping and its dependence on the organic 
linkers. We will also study charge transfer between two linked quantum dots using optical 
transient absorption spectroscopy.  These studies will identify how charge separation occurs in a 
coupled quantum dot system.   

In parallel, we will investigate the phase behavior of supramolecular nanocomposites 
containing organic semiconductors rather than alkyl molecules used in current studies. These 
organic semiconductors will be chemically identical or similar to those used to electronically 
connect nanoparticles as shown in subtask I and those characterized in subtask III.  
Understanding the phase behavior of these supramolecular nanocomposites will provide platform 
to interface with existing progress in subtask I and lead to electroactive nanocomposites.  

These further studies will be coupled with theory as we plan to calculate the carrier 
hopping rates between PbSe quantum dots that are connected by organic linker molecules. We 
will investigate the dependence of the hopping rate on the organic molecule lengths and on the 
organic ligand and QD energy level alignments. We will carry out GW calculations on the ligand 
molecule to correct the band alignment problem in DFT calculations. Based on our calculations, 
we will suggest new molecular designs for the inter-QD connections in order to increase the 
conductivity of a QD supercrystal. Our realistic surface passivation model will also allow us to 
study the source of surface states of quantum dots that give rise to native doping and traps. 
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Program Scope 

A nanocrystal solid is fundamentally a composite material, in which the interactions 
between semiconducting organic ligands and inorganic nanoparticles control both the charge 
transport and Fermi level of the film.1 The objective of this program is to provide insight into the 
role this organic/inorganic interface plays in determining the charge mobility and free carrier 
concentration of the composite film.  In our current studies, we aim to control the carrier 
concentration in porous nanocrystal thin films via redox buffers and to investigate the impact of 
conjugated organic linkers on interparticle charge transport.  

In order to achieve high carrier mobilities in films, semiconducting nanocrystals rely on 
short molecular linkers to decrease the tunneling width for charge carrier transport.  However, 
the self-assembly of nanocrystals into superlattices often requires long (> 1nm), bulky and 
insulating ligands to establish long-range order and controlled quasi-crystallization of 
nanoparticles.2 In order to maximize film mobility while preserving the long-range order, we aim 
to functionalize lead selenide (PbSe) nanoparticles with long (1 – 1.5 nm) conjugated organic 
ligands with tailored lengths, HOMO-LUMO levels and binding groups. The charge transport 
properties of the resulting thin films can then be determined by incorporating them into field-
effect transistors and measuring charge mobility. Coupled with the experimental data, theoretical 
calculations will be performed to investigate the role of ligand conjugation and functionalization 
on interparticle charge transfer.  The results from this work will allow for the rational design of 
highly conductive arrays of self-assembled nanocrystals functionalized with conjugated organic 
ligands. 

While our studies on conjugated ligands seek 
to probe the importance of energetic resonance for 
transport, the effects of organic ligands and inclusions 
on nanoparticle doping are less well understood. We 
are currently investing these dynamics of organic-
inorganic charge transfer doping through the use of 
inexpensive ferrocene-derived organometallic redox 

Figure 1: Mechanism and strategy for redox 
buffer doping. Equilibrium oxidation of a PbSe 
nanocrystal solid by Fc*+ accompanied by PF6

− 
counterion infiltration into the film.  
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buffers (Figure 1).  This application of redox buffers for controlled doping provides new 
opportunities to study the fundamentals of transport and defects in nanocrystal solids and 
establishes a new paradigm for the precise control of majority carrier concentration in porous 
semiconductor thin films. 

 Recent Progress  

Towards investigating the interparticle charge transport in films, difunctionalized 
conjugated ligands, including 
tetrathiafulvalenetetrathiolate, terthiophenedicarboxylic 
acid and terthiophenedithiol, were synthesized (Figure 
2). A library of monodisperse PbSe nanoparticle samples 
of sizes between 3 and 9 nm has also been synthesized, 
functionalized and systematically tested with the target 
ligands.3 The mobilities of the resulting films were 
measured as a function of 
(1) nanoparticle size, (2) 

energy level alignment between the nanocrystals and ligands, and 
(3) the anchoring functionalities.  The best devices have 
reproducibly shown field-effect mobilities achieving 1 cm²/V-s, 
which is unprecedented for organic ligands of this length scale. We 
have developed a procedure to arrive at extended, three-
dimensional ordered arrays of the nanoparticle-ligand combination 
with the largest mobility as characterized by electron microscopy 
(Figure 3). To the best of our knowledge, this study is the first 
example where nanoparticle supercrystals have been assembled 
with highly conducting ligands, opening up exciting possibilities 
for photovoltaics, thermoelectrics and other applications.4,5 

Supporting our mobility measurements, quantum 
mechanical calculations can provide insight into charge transport 
mechanism between nanoparticles.  To perform the theoretical 
studies of interparticle transport in such supercrystals, we must 
first develop an accurate model of the nanoparticle-lingand binding 
and geometry. We have studied the passivation pattern of PbS 
(001) and (111) surfaces by 2,5-thiophenedicarboxylic acid, acetic 
acid and oleic acid, all of which have a carboxylic acid (R-COOH) 
anchoring group. For the (001) surface, every two surface PbS 
pairs have one molecule, and one O is attached to one S, while the 
OH is attached to one Pb atom. For the (111) surface with Pb 
termination, the R-COOH group will deprotonate. While the two 

oxygen atoms in –COO locate at two centers of surface Pb-Pb lines, the hydrogen atom is at the 

Figure 3: TEM micrograph 
of self-assembled PbSe 
nanocrystals cross-linked 
with a conjugated organic 
linker. The scale bar is 20nm.  

Figure 4: Simulation of 
passivation of a PbS 
nanoparticle with 2,5-
thiophenedicarboxylic acid. 

Figure 2.  Structures of the conjugated 
ligands for studying charge transport 
within the inorganic component. 
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center of a Pb-Pb-Pb triangle. We have built a realistic QD model using these surface passivation 
parameters (Figure 4).  

To provide a realistic model for interparticle charge transport, we investigated the carrier 
transport in a CdSe quantum dot (QD) supercrystal connected by a Sn2S4 molecule. We found 
that the carrier hopping from one QD to a neighboring QD can be described by Marcus theory. 
As a result, hopping rate depends on the QD size and the molecule-QD attachment at the atomic 
level. The calculated carrier mobility agrees well with the experimental measurements. We 
intend to adapt this model to PbSe QDs with functionalized with conjugated ligands. 

In addition to studying the influence of conjugated 
ligands on interparticle charge transport, we are investigating 
the effect of organic molecules on nanoparticle doping.  
Chemical methods for doping nanocrystal solids have thus 
far provided poor control over the doping density because 
they rely on kinetic or stoichiometric limitations on the 
reaction.6  We have found that, by exposing PbS nanocrystal 
thin films to solutions of known redox potential, which can 
be modulated by varying proportions of the oxidized and 
reduced forms of decamethylferrocene, the carrier 
concentration can be systematically, incrementally, and 
reversibly increased by two orders of magnitude from their 
native values (Figure 5). Carrier concentrations are measured 
using thin-film transistor measurements, and low-
temperature cyclic voltammetry provides band edge positions 
to allow for easy selection of an appropriate redox couple. 
The strength of this redox buffer technique sets the Fermi 
level of the film directly and exerts thermodynamic control, 
reaching a unique equilibrium value for each potential. 

Future Plans 

For the charge transport studies, our future plans aim at a more detailed characterization 
of the designed materials to allow for a deeper understanding of the mobility dependence in the 
films described above.  The characterization methods will include: (1) photoelectron 
spectroscopy at the Advanced Light Source beam line to determine the energy level positions of 
all ligands and nanoparticles with greater accuracy, (2) grazing-incidence small angle X-ray 
scattering experiments to monitor the degree of ordering in self-assembled thin films, (3) 
conductive AFM measurements to reveal carrier pathways in thin films and visualize 
charging/discharging events, and (4) transient electrical experiments to study carrier trapping and 
its dependence on the organic linkers. 

Figure 5: Dependence of doping on 
solution redox potential. Small field 
conductivity, σ ( ▬), linear field-effect 
mobility, μ (■), and hole majority carrier 
density, nh (▬), of PbSe nanocrystal solid 
films as a function of the potential of the 
Fc*/Fc*+ doping solution.  
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These further studies will be coupled with theory as we plan to calculate the carrier 
hopping rates between PbSe quantum dots that are connected by organic linker molecules. We 
will investigate the dependence of the hopping rate on the organic molecule lengths and on the 
organic ligand and QD energy level alignments. We will carry out GW calculations on the 
molecule to correct the band alignment problem in DFT calculations. Based on our calculations, 
we will suggest new molecules for the inter-QD connections in order to increase the conductivity 
of a QD supercrystal. Our realistic surface passivation model will also allow us to study the 
source of surface states of quantum dots that give rise to native doping and traps. 

Finally, controlled chemical doping opens new avenues for exploring the fundamentals of 
transport and defects in nanocrystal solids. Measuring the effect of varying counterion size, 
polarizability, and concentration on transport may shed light on the nature of the Columbic 
interactions between free carriers and the dielectric environment of the effective medium. 
Additionally, the stability and efficiency of controlled doping experiments can prove to be a 
sensitive probe of the extent to which different surface passivation strategies reduce the 
concentration of surface defects. 
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Program Scope 

Organic/inorganic nanocomposites with structural control over nanoparticle displacement 
and inter-particle electronic/optical communication can lead to development of functional hybrid 
materials with tailored electrical and optical properties; and can potentially impact a range of 
applications for energy harvesting, energy storage, light management and microelectronic 
devices. The goal of this program is to design and synthesize organic and inorganic building 
blocks, guide their assemblies into functional nanocomposite materials through developing a 
thorough understanding of the interfacial electronic properties with an ultimate goal to improve 
device performance of composite solar cells. This broad-based program takes advantage of local 
expertise in the production of inorganic nanocrystals with control over shape and composition 
and electroactive organic semiconductor and polymers, the directed hierarchical assemblies in 
multi-component systems, the advanced characterization techniques and the theoretical studies to 
investigate the electronic properties of nanomaterials and at the organic/inorganic interfaces.  

As the subtask II of the “Self-Assembly of Organic/Inorganic Nanocomposites” program, 
we aim to develop versatile approaches to control hierarchical assemblies of nanoparticles with 
single particle precision toward electroactive nanocomposites. Specifically, we focus on 
fundamentally understanding the phase behavior of blends of nanoparticles and block 
copolymer-based supramolecules in bulk and in thin films to generate 1-, 2- and 3-D ordered 
arrays of nanoparticles that are electronically connected. These hierarchically structured 
nanocomposites will provide model platform to develop basic understanding in the effects of 
electronic percolation pathway on the charge mobility of nanoparticle ensembles and overall 
device performance. 

 Recent Progress   

Blends of nanoparticles and block copolymer (BCP) can result in structured 
nanocomposites in bulk and in thin films.1 However, solubilizing nanoparticles in a polymeric 
matrix requires chemical modification of nanoparticle ligands to interact favorably with at least 
one BCP block. There is limited control over inter-particle ordering and the nanoparticles tend to 
disperse within BCP microdomains, making it difficult to electronically connect nanoparticles 
toward electroactive nanocomposites. We developed a supramolecular approach to direct 
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nanoparticle assemblies where small molecules are hydrogen bonded to the polymer side chains. 
The presence of small molecules effectively mediates the particle-polymer interactions and 
decouples the nanoparticle surface chemistry from that of BCP. Small molecules can also be 
used to tailor inter-particle ordering within BCP microdomains. Using a supramolecule, 
polystyrene-block-poly-4-vinylpyridine (3-pentadecylphenol) (PS-b-P4VP(PDP)), a wide variety 
of nanoparticles with native alkyl ligands, such as Au, PbS, PbSe and CdSe, can be assembled.2 
Our recent work focused on two areas to develop foundation toward electroactive 
nanocomposites.  

Inorganic nanorods exhibit 
unique electronic properties desirable 
for composite solar cell.  Blending 
nanorods with BCP-based 
supramolecules also provides a simple 
route to enhance macroscopic 
mechanical and electrical properties of 
nanocomposites. Our studies have shown that in supramolecule/nanorod blends, the energetic 
contributions from rod-polymer interaction, polymer chain deformation and rod-rod interactions 
are comparable and can be tailored to disperse nanorods with control over inter-rod ordering and 
relative alignment of nanorods with respect to the BCP microdomains. As shown in Figure 1, a 
wide library of nanorod assemblies including highly aligned arrays of nanorods, continuous 
nanorod networks, and nanorod clusters, can be readily accessed. Since the macroscopic 
alignment of BCP microdomains can be obtained in bulk and in thin films by the application of 
external fields, present studies open up a new route to manipulate macroscopic alignments of 
nanorods.  

Many nanoparticle-based devices require 3-D 
ordered arrays of nanoparticles to be fabricated in thin film 
configurations. Hypothetically, if one can directly translate 
the assemblies of preformed nanoparticles in bulk into thin 
films with high fidelity, the present bottleneck in 
nanoparticle-based nanodevices would be overcome. 
However, various studies have shown that the 
thermodynamics and the assembly kinetics governing the 
phase behavior of BCP-based nanocomposites in thin films 
can be quite different from that in bulk. The second aspect 
of our efforts focused on the phase behavior of supramolecular nanocomposites in thin films. 
Different from that observed previously in thin films of coil-coil BCPs, the entropic 
contributions from polymer chain conformation upon nanoparticle incorporation favor the 
incorporation of nanoparticles in the interior of thin films. Layered nanoparticle sheets with in-
plane hexagonal order and 3-D ordered arrays of single nanoparticle chains can be obtained in 

Figure 1: (left to right) TEM images showing continuous 
nanorod networks, nanorod clusters and highly aligned arrays of 
nanorods 

 

Figure 2: 3-D nanoparticle 
assemblies in thin films: (left) layered 
nanoparticle sheets with in-plane 
hexagonal order and (right) 3-D 
ordered arrays of single nanoparticle 
chains 
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thin films as shown in Figure 2. Fundamentally, we showed that the mechanisms to obtain 3-D 
nanoparticle assemblies in thin films of lamellar and cylindrical nanocomposites are different. 
For lamellar nanocomposites, the parallel lamellar nanocomposite thin films may be in a 
kinetically trapped state. For cylindrical nanocomposites, however, the nanoparticles act as filler, 
localizing in the interstitial regions between cylindrical microdomains to effectively release the 
comb block deformation. Energetically, the entropy gain overcomes the differences in the 
surface tension between nanoparticle and supramolecule and stabilizes 3-D nanoparticle 
assemblies within the film.  

Future Plans 

 Based on these developments, our future work will focus on developing approaches to 
electronically connect nanoparticles in structured nanocomposites. First, we will apply ligand 
exchange process to remove the native alkyl ligands on the nanoparticle surface in-situ after self-
assembly within the supramolecule thin film framework. This is similar to what has been 
routinely performed in the fabricate schottky junction solar cell. Three types of ligands will be 
explored. One is short alkyl dithol, such as ethane dithiol (EDT). The second route is to perform 
ligand exchange using recently developed inorganic ligands by exposing the nanoparticle 
assembly to a (NH4)2S solution.3 Preliminary results suggest that the structural integrity of the 
nanoparticle assembly was maintained after the ligand removal process. However, the potential 
difficulty is that both ligands are shorter than the native alkyl ligands. Ligand exchange may lead 
to lateral shrinkage of local particle ensemble and consequently, discontinuities in the electronic 
percolation pathway. The third route is to exchange using organic semiconductors developed in 
subtask I, where the length of the ligand molecule can be readily tailored to match that of native 
alkyl ligands. Preliminary results in subtask I clearly showed that charge mobilities can be 
maintained without lateral shrinkage upon ligand exchange using designed organic linker.  

Our current approach is based on an alkyl small molecule acting as insulator between 
nanoparticles. Systematic studies of blends of nanoparticle and alkyl-containing supramolecules 
provide basic foundation to understand parameters governing the phase behavior of 
nanocomposites in bulk and in thin films. An important goal of our program is to generate 
electroactive nanocomposites for solar cell fabrication. To this end, we substituted the alkyl 
molecule with organic semiconductors. We have investigated the supramolecules containing 
organic semiconductors to provide guidance toward electroactive nanocomposites. We showed 
that the supramolecule containing a quaterthiophene organic semiconductor forms 
supramolecular assemblies that act as p-type semiconductors in field-effect transistors. In thin 
films, the quaterthiophenes can be readily assembled into microdomains, tens of nanometers in 
size, oriented normal to the surface. The supramolecules exhibited the same field-effect 
mobilities as that of the quaterthiophene alone (10-4 cm2/Vs).  

We plan to investigate nanocomposites based on these organic semiconductor-containing 
supramolecules in bulk and in thin films. Specifically, we aim to develop systematic 
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understanding on the crystallization and molecular packing of organic semiconductors on the 
nanoparticle assemblies. We will also characterize electronic properties of this new family of 
nanocomposites. Since the organic semiconductors can be readily substituted, this modular 
supramolecular approach should be applicable to conductive ligands studied in subtask I. For 
each approach, our future efforts will be focused on structural characterization of 
nanocomposites upon ligand exchange and studies the electron percolation properties of the NP 
arrays as detailed in subtask III. 
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Self-Assembly of Organic/Inorganic Nanocomposite Materials 

Investigators: Ting Xu, A. Paul Alivisatos, Tanja Cuk, Yi Liu, J. Fréchet, Miquel 
Salmeron, Lin-Wang Wang 

Materials Science Division, Lawrence Berkeley National Laboratory 

Subtask #3: Characterization 

Investigators: Miquel Salmeron, Tanja Cuk, Liu 

Program Scope 

Organic/inorganic nanocomposites with structural control over nanoparticle displacement and 
inter-particle electronic/optical communication can lead to development of functional hybrid 
materials with tailored electrical and optical properties; and can potentially impact a range of 
applications for energy harvesting, energy storage, light management and microelectronic 
devices. The goal of this program is to design and synthesize organic and inorganic building 
blocks, guide their assemblies into functional nanocomposite materials through developing a 
thorough understanding of the interfacial electronic properties with an ultimate goal to improve 
device performance of composite solar cells. This broad-based program takes advantage of local 
expertise in the production of inorganic nanocrystals with control over shape and composition 
and electroactive organic semiconductor and polymers, the directed hierarchical assemblies in 
multi-component systems, the advanced characterization techniques and the theoretical studies to 
investigate the electronic properties of nanomaterials and at the organic/inorganic interfaces. As 
subtask III of the organic/inorganic nanocomposite, we focus our efforts on the characterization 
of organic films, nanowires and nanoparticles and their function. 

 

Recent Progress 

Transport properties of organic conductors 
(Salmeron). The electronic transport properties of 
D5TBA and 5TBA, oligopolymers containing 
thiophene rings have been studied using conductive 
AFM.  These oligomers are models for a class of 
thiophene-based polymeric conductors used in BHJ 
solar cells and other molecular electronic 
applications.  Because they crystalize in the Langmuir 
trough and can be easily transferred to a substrate 
they are ideal models to investigating the effect of 
their molecular scale structure on the electrical 
transport.  WE characterized them with AFM (lattice 
periodicity), with TEM (unit cell structure and 
orientation in different domains), and X-ray 
Absorption Spectroscopy to determine electronic 
levels and angular orientation.  I-V spectra with the 
conductive AFM tip allowed us to determine the onset 
of hole and electron conductivity, due to alignment of 

Figure 1: AFM images of crystaline 
islands of D5TBA molecules (schematic on 
top right). dot are shown.  The islands are 
composed of monocrystaline domains 
separated by grain boundaries. A lattice 
resolved image (bottom right) and its 2D 
Fourier transform  reveals the lattice 
periodicity. 
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the HOMO and LUMO levels with the Fermi level at the appropriate bias voltage. We confirmed 
that the dominant conduction mechanism is hole hopping. More interestingly we determined that 
conduction occurs preferentially in certain directions of the unit cell. The unit cell was revealed 
by TEM to contain two molecules with their thiophene planes oriented at an angle and forming a 
herringbone structure. In one direction the thiophene planes are parallel to each other and this is 
the easy electronic transport direction.  Calculations by Lin-Wang Wang helped interpret the 
experimental findings. 

Charge Transfer between Asymmetrical, Linked Quantum Dots (Cuk). Electronic tunneling 
between two quantum dots mimics ionic-like or covalent-like bonds depending on the degree of 
inter-dot coupling.  As a result of inter-dot coupling and electronic tunneling, a re-distribution of 
charge can lead to either isolated charges on each quantum dot (ionic bonds) or delocalization 
across both quantum dots (covalent bonds).   Coupled quantum dot systems have largely been 
studied in integrated, gated silicon devices with possible application for quantum computing.   
Previous measurements consist mainly of current-voltage curves of Coulomb blockade and 

photon (microwave) assisted tunneling [2].  
However, photo-activated devices involving coupled 
quantum dots, anywhere from two to an array, 
require knowledge of the kinetics of electron-hole 
pair separation and recombination pathways that 
cannot be obtained from current measurements.  We 
plan to investigate two asymmetric quantum dots 
coupled through an organic linker using ultrafast 
transient absorption spectroscopy. The two 
asymmetric quantum dots could be, for example, two 
differently sized PbSe quantum dots with markedly 
different band gaps [3] (e.g., 1.2 eV vs. 0.4 eV) or 
quantum dots of two different materials, involving 
combinations of PbS, PbSe, CdS, and CdSe; they 
will be synthesized by the Alivisatos group.  The 
relative band alignment will be designed to suppress 
resonance energy transfer, ensure that two distinct 

spectra can be probed in the near infrared, and create a driving force for tunneling between one 
quantum dot and another.   Previous experiments reporting optical spectra of linked dimers and 
trimers do show the presence of energy transfer in quantum dots of similar size; we hope to 
suppress this energy transfer in favor of charge transfer with quantum dots of markedly different 
band gaps [4].  The two quantum dots will be linked through an organic ligand with a band gap 
whose energy levels straddle that of either quantum dot as shown in Figure 1 or one in which the 
HOMO of the ligand aligns with that of the quantum dots, as in the TTF-TT systems grown by 
Xu. This organic linker serves as an insulating barrier through which the only avenue for charge 
transfer is electronic tunneling for excitation energies below the band gap of the organic ligand.  
This configuration replicates the structure of molecules and is the basic building block of more 
extensive array systems assembled in Xu’s group.    

In the past year, we have set up a time resolved optical and infrared system with capabilities of 
pumping and probing between 300nm and 20um at the ultrafast, 100fs time scale.  The setup 
consists of a Ti:Saphire ultrafast laser system, with 3.5mJ, 100fs, 1kHz pulses pumping an 
optical parametric amplifier with output between 300nm and 20um, purchased from Coherent.  

Figure 2: Two assymetrically sized PbSe are 
linked by an organic ligand .  Three scenarios 
of charge transfer excited by a light pulse 
resonant with the band gap of the smaller 
quantum dot are shown.   
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Another 1.5 mJ is used to create light in the VIS and near IR range (500nm-1.4um) in a Non-
collinear Optical Parametric Amplifier (NOPA) that we designed.  Depending on the size of the 
quantum dots, we will use either the NOPA or OPA to probe their spectrum.  Currently, the 
pump-probe optics are set up in a non-collinear, crossed geometry for thin film investigations.  
However, a collinear setup is in progress to investigate nanoparticles in solution.  Discussions 
with the Alivisatos group are currently being undertaken to determine the best experimental 
geometry.  If needed, the lab is equipped with spectrometers covering the full wavelength range; 
we are currently in the process of purchasing the appropriate detectors for the mid infrared 
regime, which will be relevant for probing the band gaps of the larger quantum dots.  Future 
Plans (Cuk) 

 Future plans include designing an optical setup that will be dedicated to the investigations 
of linked quantum dots.  Our first experiments will involve pumping the linked quantum dots 
with a photon of high enough energy to send the electron over the LUMO of the organic ligand.  
This will transiently create a charge separated state with an electron on one quantum dot and a 
hole on the other.  These experiments do not require electron tunneling.  The incoming pump 
pulse has enough energy to split apart the exciton, stabilizing the charge separated state over a 
certain time scale.  

 The next experiments will involve pumping precisely the band gap one quantum dot and 
probing the other, necessitating tunneling pathways.  Figure 1 shows examples of different 
excitation pathways that  could be investigated in the case of two differently sized quantum dots:  
(1) Pumping the smaller quantum dot and probing electron transfer to the larger quantum dot (2) 
Pumping the smaller quantum dot and probing hole transfer to the larger quantum dot (3) 
Pumping the smaller quantum dot and probing the transfer of the exciton to the larger quantum 
dot prior to recombination.  The charge transfer just described—resulting from pumping either 
the high above the LUMO of the organic linker or a single quantum dot—will be accompanied 
by nuclear motion leading to “phonon assisted” charge transfer.  This nuclear motion includes 
phonons in the lattice of the quantum dot as well as motion of the 
quantum dots relative to each other and the organic linker.  How 
electron transfer relates to nuclear motion has been well-
described by Marcus theory in molecules [5]; these 
investigations would apply that theory to coupled quantum dots.  

Future Plans (Salmeron) 
We plan to use our conductive AFM (in contact mode) to 
continue our studies of electric transport in polymer assemblies, 
but this time containing nanoparticles of CdS and CdSe. The 
films will be deposited on source-gate-drain transistor structures.  
Also, suing non-contact AFM we plan to map the contact 
potential distribution during transport of charge from source to 
drain and as a function of gate voltage with the idea of 
determining the charge transfer points.  For example, the 
preliminary result in Fig. 3 shows the potential distribution in our 
transistor with the gate biased at 5V. The potential map shows a 
good uniformity across the gap filled with the nanoparticle film. 
As current flows the potential changes following the path of the 
current. 

Fig. 3: Transistor geometry 
(source-gate-drain) to study 
electrical transport in organic-
inorganic films. The example 
shows the potential 
distribution measured with 
Kelvin probe  when the gate is 
biased at 5 V.   
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We plan to improve the development of ultra-flat coplanar electrodes for transport studies of 
molecularly thin films of organic conductive molecules (Pub. 4). These will be applied to studies 
of oligothiophenes and molecules of n-type character (Dodecyl Triethylamine Peryelene Diimide 
as described in subtask I, in collaboration with Yi Liu).  

Finally we also plan to use newly developed plasmonic tips at the Molecular Foundry [1],  to 
perform TERS (tip enhanced Raman) as well as to excite locally (within 10-20 nm) electronic 
HOMO-LUMO transitions in conducting polymer films with and without nanoparticles, to study 
charge separation and transport in the flat electrode geometry developed in the last cycle of the 
program. 
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Figure 1. Schematic diagrams 
of a bulk-heterojunction organic 
solar cell, representing the 
present canonical paradigm.  

 

Fundamental Science of High Open Circuit Voltage Excitonic Solar Cells 

 

H. Ade, Dept. of Physics, NCSU, Raleigh, NC27695 

 

Program Scope 

 We develop [1-3] and use novel soft x-ray methods to characterize bulk-heterojunction 
(BHJ) organic photovoltaic (OPVs) devices and relate quantitative measurements about domain 
size, purity, interface properties, crystallization and texture, and non-crystalline ordering to 
device performance and molecular design. This provides a much more detailed understanding of 
device performance than otherwise possible, thus providing rational design paradigms in a field 
that has often progressed by Edisonian approaches and use of heuristic principles.   

 Recent Progress  

 We focus on the following three main areas (two of 
which will be described in detail below): i) We are in the 
process of establishing that molecular ordering near a BHJ 
interface is an important parameter in OPV performance. This 
will add a previously ignored critical parameter to the present, 
canonical BHJ paradigm as depicted in Fig. 1. This advance has 
been made possible by the development of a novel 
characterization method based on scattering of polarized soft x-
rays that is sensitive to crystalline and non-crystalline ordering. 
The work has been recently published in Nature Materials [1]. 
ii) We have established that there is a high degree of miscibility 
between the donor polymer and the fullerene acceptor in many 
common OPV materials systems [4-7]. The degree of miscibility is likely directly related to 
device function and needs to be controlled in order to optimize devices. iii) We quantify the 
domain size and purity in a number of high performance OPVs systems and relate these 
morphological characteristics to device performance [8-12]. We find that in some cases 
excellent performance can be achieved with domain sizes much larger than commonly assumed 
necessary and shown as ~10 nm in size in Fig. 1 [11, 13]. Why some systems show such 
excellent performance in violation of the canonical assumptions remains to be determined and is 
likely related to specific intermolecular interactions.  

 Resonant scattering with polarized soft x-rays (P-SoXS): Molecular orientation 
critically influences many mechanical, chemical, optical and electronic properties of organic 
materials. So far, molecular-scale orientational ordering in soft matter could be characterized 
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Figure 2. P-SoXS of P3HT:P(NDI2OD-T2) blend 
films. (a,b) Anisotropic scattering patterns obtained 
using linear horizontally (a) and vertically (b) 
polarized  285.3 eV photons. (c) Radial scattering 
profiles at non-resonant (black) and resonant (green) 
energies. Darker lines are averages over the entire 
azimuth whereas lighter lines are from 30˚sectors 
along the azimuth as indicated by white dashes in part 
(a). (d) I() for q = 0:04nm-1 (color-coded circles in a) 
and b). (e) Molecular-scale perspective at the blend 
interface formed in the phase-separated materials. The 
green line represents the interface between material 
phases. P(NDI2OD-T2) transition dipole moments 
(shown in yellow) determine how the molecules 
scatter resonant X-ray photons and in this sample are 
aligned radially along the curved interface. This 
corresponds to an “edge-on” geometry relative to the 
BHJ interface. 
 

with electron microscopy or x-ray techniques 
only if the sample exhibited sufficient 
crystallinity. We have shown that the resonant 
scattering of polarized soft X-rays by 
molecular orbitals is not limited by 
crystallinity and that it can be used to probe 
molecular orientation in domains as small as 
10 nm. P-SoXS furthermore revealed 
scattering anisotropy arising from the 
amorphous domains of an all-polymer organic 
solar cell where interfacial interactions pattern 
orientational alignment in the matrix phase 
(See Fig. 2). The energy and q-dependence of 
the scattering anisotropy allows the 
identification of the composition and the 
degree of orientational order in the domains 
without the need to have complementary 
information from a real-space method.  

Scattering anisotropy has been 
consistently observed in a large fraction of 
OPV systems investigated by us and others, 
including many fullerene-based devices. With 
very few exceptions, we observe very strong 
correlation of high device performance and a 
high degree of scattering anisotropy. This is 
the case even in systems that have very low 
crystallinity. In a particularly instructive 
study, fluorine substitution on the backbone 
resulted in high device performance and is 
correlated with a face-on to edge-on transition 
of the polymer at the BHJ interface with the 
fullerene. Charge separation, charge transport, 
and charge recombination are all affected by 
the molecular structure and relative orientation 
at the interface. Consequently, molecular orientation near a bulk heterojunction interface has to 
be added as an important parameter to the canonical OPV operations diagram shown in Fig. 1. P-
SoXS is the only tool that can probe local, relative, crystalline and non-crystalline molecular 
ordering at the nanoscale and the field can now investigate this important aspect of devices. 
Improved insight of the structure of the interface will allow improved control of the charge 
dynamics. This work is thus directly related to DOE grand challenge #1. 
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Figure 3: Manufacturer-
Dependent Miscibility Study. a) 
& b) Least-squares fits to Rieke 
and Merck-sourced blend films, 
respectively, annealed at 140 °C 
until at equilibrium. c) Miscibility 
diagram for three P3HT batches. 
Lines are guides for the eye. 
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Miscibility. We have measured with high precision the 
miscibility of phenyl-C61-butyric acid methyl ester (PCBM) in 
the amorphous regions of poly(3-hexylthiophene) (P3HT) as a 
function of temperature, polymer grade [6] and supplier [4] 
(see Fig. 3). We have also shown that there is significant 
dependence on fullerene type [5] and that de-mixing and 
mixing pathways lead to the same measured values [7]. The 
original work [6, 14] lead to the invitation to write a 
perspective for JCPL [4]. This work has lead to active 
collaborations with the McGehee group from Stanford and the 
groups of Prof. J. Durrant and N. Stingelin from Imperial 
College, who are seeking complementary information that 
only soft x-rays can provide to their own studies. We are in the 
process of measuring the miscibility in systems for which 
these groups have already investigated considerable effort to 
understand the device structure and performance. Comparative 
studies will allow establishing the importance of miscibility as 
a controlling parameter.  

A working hypothesis has been established that in most 
systems with high performance, the donor and acceptor 
materials are comparatively immiscible. Interestingly, from a 
device stability perspective and hence lifetime consideration, 
high miscibility is advantageous as the device is not as far 
from equilibrium. Hence, conflicting engineering 
considerations are at work: Performance seems to require low 
miscibility, good life-time is easier to achieve with high 
miscibility. Inherently, spin-cast OPV devices are systems 
often far from equilibrium and their reliable fabrication and stabilization far from equilibrium 
directly relates to DoE grand challenge #5.  

Future Plans  

 We have build up a set of tools and methods that provide unique information on OPV 
systems and are now poised to exploit their capabilities to provide deep insight into OPV 
processing methods, impact of molecular design of constituent materials, and device function. 
We have established collaborations to synthetic groups (e.g. Wei You at UNC, two groups from 
South China University of Technology) and complementary characterization and processing 
groups (McGehee, Stingelin, Durrant, McNeil, and Neher). We will systematically characterize 
high performance systems (all-polymer and polymer-fullerene based) to learn why they work so 
well and how they can be further improved. The deep insight provided will accelerate the 
transition from discoveries in the lab to real-world applications.  
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SISGR: The Influence of Electrolyte Structure and Electrode Morphology on the 
Performance of Ionic-Liquid Based Supercapacitors: A Combined Experimental and 
Simulation Study 
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Program Scope 

 The main objective of this project is to obtain fundamental understanding of correlations 
between electrolyte structure, electrode morphology and the performance of ionic liquid-based 
supercapacitors. The interdisciplinary team of materials scientists and engineers has utilized a 
combined simulation and experimental approach and focused the research in three main areas:   

a) Obtaining molecular level understanding of factors influencing properties of room temperature 
ionic liquid (RTIL) electrolytes at electro active interfaces and in nanostructured electrodes using 
theory and molecular dynamics (MD) simulations.  

b) Design and characterization of novel  RTIL mixtures for application as electrolytes in 
supercapacitors. Two methodologies have been explored including the addition of solvent to an 
RTIL and salt mixtures. Both approaches permit the fine tuning of select properties such as ionic 
conductivity, viscosity, wettability, etc. Further, the mixtures enable the effects of ion solvation 
and ion size on the performance (capacitance and charge/discharge rate, lifetime/durability, etc.) 
of capacitors with porous electrodes to be explored in depth.   

c) Development of novel nanostructured carbon-based electrode materials and testing new 
electrolyte/electrode combinations for supercapacitors applications.   

 Recent Progress  

 Molecular simulations. Using state-of-the-art simulation methodology allowing 
simulating at constant potential difference between electrodes and fully atomistic model, 
extensive MD simulations of realistic RTILs at electroactive interfaces have been conducted as a 
function of RTIL structure, temperature, and applied potential. Predictions from our simulations 
were found to be in excellent agreement with experimental observations as well as confirmed 
several predictions of simplified theoretical models for RTIL-based capacitors at flat electrodes. 
However, our simulations also showed that atomistic level details of realistic RTILs can 
significantly impact the electric double layer structure and result in nontrivial dependencies of 
differential capacitance (DC) that are not captured by simplified theoretical models. Moreover, 
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Figure 2. Chemical structures of RTILs 
and solvents used in this study. 

 

we showed that the shape of DC versus the electrode 
potential can change qualitatively with the structure of 
the electrode surface. For example, whereas the 
atomically flat basal plane of graphite in contact with a 
RTIL generates camel-shaped DC, the atomically 
corrugated prismatic face of graphite with the same 
electrolyte complex multi-peak behavior and much 
larger DCs at low potentials. We showed that DC 
capacitance dramatically depends on the geometry of 
surface  nanopatterning and which can be used to 
significantly increase the energy storage of the capacitor 
as illustrated in Figure 1.  Molecular simulations of 
RTILs and carbon-based electrodes with different size 
nanopores showed that at high potential differences 
between electrodes (above 1V) no significant increase in capacitance is observed with reduction 
of pore sizes. However, at lower voltages (less than 1V) a substantial increase in capacitance is 
observed when pore dimensions are about 7.5 Å.  (the volcano effect). We also found that 
contributions of positive and negative electrodes of the same structure to the total capacitance are 
noticeably different, indicating that the structure of each electrode can be optimized 
independently depending on the structure of the intercalating counter.   

     Development and characterization of novel  electrolytes. An experimental study has been 
completed for mixtures of 13 different solvents (Fig. 2) with the ionic liquid N-methyl-N-
pentylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PY15TFSI). The conductivity of RTILs, 
especially at lower temperatures, can be low enough to 
preclude their use in commercial electrolyte 
applications. The addition of solvent to the RTIL 
resulted in a significant decrease in the viscosity and 
melting temperature (Tm) and a significant increase in 
the conductivity, even with limited amount of solvent. 
The link between the structure of the solvent and 
variable properties has been examined using MD 
simulations. The simulations have been validated using 
the experimental property measurements. This work 
provides insight into how the solvents interact with the 
ions at the molecular-level in the various concentration 
regions  ―  salt-with-solvent (concentrated salt), 
intermediate concentration and solvent-with-salt (dilute 
salt) ― to explain the noted properties. 

 

Figure 1. Integral capacitance of RTIL at 
graphite electrodes with different 
nanopatterned topography as a function 
electrode potential.  
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 Salt mixtures have been systematically explored including: (1) salts with the same anion 
(TFSI-) and same cations, but the latter have different alkyl chain lengths, (2) salts with the same 
anion (TFSI-) and different cations, (3) salts with the same cations, but different anions (TFSI-, 
FSI- (i.e., N(SO2F)2

-) and BF4
-) and (4) mixtures of different RTILs with LiTFSI. The motivation 

for the first set of mixtures is that the conductivity of neat RTILs increases with decreasing alkyl 
chain length, but so does the Tm of the salts. Mixtures may allow the inclusion of significant 
amounts of salt with short alkyl chain length to improve the transport properties. Further, smaller 
organic cations may be able to interact more favorably with 
high surface area porous carbon electrodes with small 
pores. The second set of mixtures examines how the 
thermal phase behavior is impacted by different cations 
such as dialkylpyrrolidinium, piperidinium and 
morpholinium. Anions also have a tremendous impact of 
both the properties and charging behavior of electrodes. 
Salts with the BF4

- anion tend to have exceptional behavior 
for capacitor electrolytes (as solvent-salt mixtures), but the 
salts also generally have a very high Tm thus precluding 
their use as neat RTILs. Mixtures of anions may enable the 
liquidus range of salt mixtures to be extended to low 
temperature, while simultaneously improving capacitor 
performance (capacitance, reduced volatility/flammability, 
etc.). Finally, the inclusion of limited amounts of smaller 
cations (i.e., Li+ cations) may be beneficial or detrimental 
to the charging behavior of porous electrodes, but little is 
known about the performance of such electrolytes. The 
mixtures composition are being correlated both with 
properties and electrode cycling behavior to deconvolute 
the factors which govern device performance. 

 RTIL-based supercapacitors with nanostructured 
electrodes.  We have systematically studied the effect of 
pore/ion size on EDLC performance, particularly on power 
and temperature range of operation. We have shown that 
while small pores (close to ion size) can lead to higher 
capacitance, high power or low temperature operation is 
negatively affected, due to kinetic limitations to ion 
transport.  

Additionally, we have demonstrated that the temperature range of operation can be 
expanded through the use of carbons with easily accessible surfaces (i.e. exohedral carbons such 
as vertically-aligned CNT forests), and through the use of eutectic RTIL mixtures with 
suppressed phase transitions.  

  

 
Figure 3. (a) Cyclic voltammograms 
of EDLCs with CDC electrodes and 
RTIL electrolyte. (b) Capacitance 
fade in the same as a function of 
scanning rate and temperature for two 
different pore sizes. (c) Capacitance 
fade in CNT electrodes as a function 
of scanning rate and temperature. 
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Future Plans 

 The mechanism by which surface-specific capacitance varies among porous carbons will 
be studied through simulation and experiment, with emphasis on the dynamics of the double 
layer formation. Simulations and experiments on optimizing each electrode simultaneously will 
be explored. Additionally, testing of RTILs on low temperature synthesis, nanoparticle-based 
CDC has produced positive results, and we will proceed to study the performance of such 
materials, but with higher synthesis temperatures. 
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Synthesis and Structural Characterization of Novel Intermetallic Clathrates—Prospective 
Materials for Thermoelectric Applications 
 
P.I. Prof. Svilen Bobev, Department of Chemistry and Biochemistry, University of 
Delaware, Newark DE 19716 
 
Program scope 

The overall objective of the project is to contribute to the development of the 
fundamental chemistry and physics of new intermetallic clathrates (open framework materials) 
that can find applications in solid-state energy conversion.  Such materials are termed 
thermoelectric materials and they possess the unique property that a temperature gradient induces 
a separation of charge in them.  Thermoelectric materials are of great practical importance 
because of their potential for widespread applications in power generation or in cooling devices. 

Not too long ago, new complex inorganic materials with open framework structures, such 
as skutterudites and clathrates (Figure 1) have been suggested to be a breakthrough in the 
thermoelectric energy conversion.  The basic hypothesis for the thermoelectric properties of such 
“host-guest” structures is that the conducting host-framework provides a high Seebeck 
coefficient (S) and electrical conductivity (), while low-lying optical modes, associated with the 
vibration of the guest-atoms, hybridize with the acoustic modes. 

The proposed interdisciplinary efforts are the initial part of a broader, collaborative 
program to investigate the structure-bonding-properties relationships in related intermetallic 
compounds.  More specifically, our work is aimed at:  

1. Comprehensive and systematic investigations of the crystal chemistry and stoichiometry 
breadth of new semiconducting clathrates with the type-I, type-II or type-III structures. 

2. Precise determination of the composition with minimum occupancy of the cages, needed 
for the thermodynamic stability of the clathrate framework, coupled with investigations 
to verify the possibility of “rattling” atoms inside the open-framework structure. 

3. Extensive physical property measurements (S, , RH, Cp, m).  Ultimately, this new 
phenomenology will be used as a foundation for the rational tuning of potentially 
interesting properties of the newly synthesized materials. 

Figure 1 

a b c 
Polyhedral representation of 
the clathrate type-I structure 

Polyhedral representation of the 
clathrate type-II structure 

Polyhedral representation of the 
clathrate type-III structure 

Recent progress 
Clathrates have open-framework structures, where large polyhedral cages (host) exist; 

they are typically filled by suitably-sized metal atoms (guest).  The guest atoms inside the host 
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lattice are weakly bound to their neighbors, thereby could efficiently scatter phonons, while the 
rigid covalent framework can freely conducts electrons.  Such structural characteristics provide 
unique combination of charge/heat transfer properties, which fit ideally the “phonon glass, 
electron crystal” (PGEC) concept [1]. 

So far, most of the studied intermetallic clathrates are based on group 14 elements, i.e., 
Si, Ge, and Sn, which is understandable since the cage-forming atoms are four-bonded. 
Clathrates that are free of group 14 metals are rarely seen.  The two known exceptions include 
Ba8Cu16P30, an orthorhombic superstructure of type-I clathrate that constitutes Cu and P atoms 
on the framework [2], and the recently published type-I antimonide clathrates Cs8Zn18Sb28 and 
Cs8Cd18Sb28 [3].  They have demonstrated the feasibility of forming clathrate compounds with 
elements other than group 14, which have greatly stimulated our interest in searching for new 
pnictide clathrate compounds.  As part of our efforts in this area, we have made the first arsenide 
clathrates, A8Zn18As28 (A = K, Rb, Cs) and Cs8Cd18As28, which also adopt type-I structure but 
with their own subtelties.  These examples together have expanded the scope of the chemical 
range for exploring clathrates, which may lead to new and improved thermoelectric materials. 

Synthesis of the novel arsenide clathrate in high yield proved not an easy task. Although 
the antimonide clathrates could be synthesized in high yield by direct fusion of the corresponding 
elements [3], similar synthetic route resulted in only traces of A8Zn18As28 (A = K, Rb, Cs) and 
Cs8Cd18As28 in the multi-phased reaction products.  This adverseness might be due to the 
insufficient diffusion of the starting materials since their physical properties are distinctly 
different.  However, increasing the reaction temperature was also unfavorable since such 
reactions yielded KZn4As3, RbZn4As3, CsZn4As3, and CsCd4As3 [4].  In order to avoid the 
thermodynamic trap of the latter compounds, a two-step synthetic route, which involved pre-
mixing As and Zn or Cd, had been employed.  The almost phase pure arsenide clathrates could 
be obtained by annealing the mixtures of the binary precursors and the alkali metals at a 
relatively low temperature for a shorter time (Figure 2).  

 
Figure 2.  SEM image and powder X-ray diffraction pattern for Rb8Zn18As28  

The structures of the title compounds have been established by single-crystal X-ray 
diffraction.  All of the four compounds crystallize with the type I clathrate structure in a 
primitive cubic lattice (Pm-3n, No. 223).  There are 3 unique crystallographic sites on the open 
framework6d, 16i, and 24k, occupied by either Zn (or Cd)/As and constituting two types of 
polyhedra: the 20-atom pentagonal dodecahedra and the 24-atom tetrakaidecahedra.  By sharing 
the hexagonal faces, the tetrakaidecahedra form non-intersecting chains that are mutually 
perpendicular in the three-dimensional space.  The smaller pentagonal dodecahedra are enclosed 
by these chains and thereby isolated from each other. Locating at the centers of the pentagonal 
dodecahedra and the tetrakaidecahedra are the 2a and 6c sites, respectively, occupied by the 
alkali metals. Unlike Cs8Zn18Sb28 and Cs8Cd18Sb28 in which both 2a and 6c sites are fully 
occupied [3], the 2a sites in the title arsenide clathrates all show partial occupancy (Fig. 3).  

The Zn/Cd and As atoms are statistically disordered on the three framework sites (6d, 
16i, 24k) with refined Cd/As ratios as follows: 0.48(1)/0.52, 0.20(1)/0.80, and 0.51(1)/0.49, 
respectively.  Similar Zn distribution at the Sb-based framework is noted in Cs8Zn18Sb28, too [3]. 
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Comparing the distributions of the substituents in the pnictogen-based clathrates and those in the 
tetrel-based clathrates reveals some interesting facts, which are worth of a discussion.  In type I 
clathrate with general formula A8MxTt46–x (A = alkali metal or alkaline earth metal; M = element 
from group 12, 13; Tt = Si, Ge, Sn), the substituents M usually have strong preference for the 6d 
site [5].  A Mulliken population analysis on K8Si46 reveals that the 6d site has the lowest 
Mulliken population and thereby should be most preferred by the more electropositive 

(a)                                                     (b) 

             
Figure 3 (a) Crystal structure of type-I clathrate; (b) Thermal ellipsoid presentation of two types of cages in 

Cs8Cd18As28, drawn with 95% probability level. 
substituent atoms [5].  The theoretical study on Ga distribution in A8Ga16Tt30 (A = Sr, Ba, Tt = Si, 
Ge) also indicated its tendency for occupying the 6d site.  However, in the case for Cs8Zn18Sb28 
[3] and Cs8Cd18As28, such a preference is not as profound.  As a matter of fact, Zn and Cd prefer 
even the 24k site to the 6d site from the refinements.  In addition, pnictogens show an apparent 
preference for the 16i site, with about 80% occupancy at this site in both Cs8Zn18Sb28 and 
Cs8Cd18As28.  Regardless of the size differences between the two atom pairs Zn/Sb and Cd/As, 
Zn and Cd still show similar distributions, which most likely indicates that in the pnictogen-
based clathrates, electronegativity is a more decisive factor in determining the distribution of the 
substituents.  Analogous to the homoatomic Ga–Ga interactions that are known to be 
energetically unfavorable in A8Ga16Tt30 [5], density functional calculations on the antimonide 
clathrates also suggest that Cd–Cd and Zn–Zn bonds are disadvantageous to the stability of the 
clathrate structure [3].  This should be true for the arsenide clathrates, too, considering that the 
bond energies of the Cd–As/Zn–As bonds are much stronger.  

 
Figure 4.  Schematic presentation of the split of the 16i site on the framework.  When the cage is vacant, the atoms 
at the 16i site move toward the center of the cage (from M2 to M2' site) in order to compensate for empty space. 

As mentioned above, the partial occupancy of the 2a site complicates the structure even 
further (Figure 4.  In order to compensate for the vacancy in the empty pentagonal dodecahedra, 
the 16i site has to be split (noted as M2 and M2' sites, M=Cd/Zn/As).  While the M2 site is the 
normal position with reasonable distances to the alkali metal, the M2' site exits only when the 2a 
site is vacant, thus the very short distance between this position and the alkali metal is not real.  
This is the first time the splitting of 16i site being noted due to vacancy of the guest atom, 
although similar scenarios do have been reported for the type I cationic clathrate Sn24P19.3I8 (the 
P partial occupancy leads to the splitting of the neighboring Sn atoms at the 24k site); disorder at 
the 16i site was also noted in K7B7Si39 (attributed to the size difference between B and Si. 
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Future plans 
The first arsenide clathrate compounds A8Zn18As28 (A = K, Rb, Cs) and Cs8Cd18As28 have 

been synthesized and characterized.  A delicate charge balance is maintained by the subtle 
changes in the Cd/As and Zn/As ratios in corresponding to the alkali metal vacancy.  More 
exploratory work on pnictide clathrates is worthy of pursuing since property measurements have 
confirmed these materials to be semiconductor/semimetals. Their bonding characteristics offer 
many possibilities for property-tuning, which could prove very useful for the generation of new 
ideas and concepts in modern thermoelectrics development. 
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Mitigating Breakdown in High Energy Density Perovskite Polymer Nanocomposite 
Capacitors 
 
Richard L. Brutchey 
Department of Chemistry, University of Southern California, Los Angeles, CA 90089 USA 
 
Program Scope 
 Current electrical energy storage technologies do not meet the demands of transportation 
applications in terms of energy density.  For example, the conversion from gasoline-powered 
vehicles to all-electric vehicles requires higher energy density pulsed power sources.  Such 
applications require a new generation of robust dielectric capacitors that have (1) high electrical 
energy density (D, where D = 0.5´0Ebd

2), (2) low dielectric loss, (3) high field endurance, and 
(4) increased temperature stability.  The most promising solution to this challenge is to utilize 
polymer nanocomposites, whereby high permittivity inorganic nanocrystals are integrated into a 
polymer matrix.  In such an approach, the polymer provides the processibility, light weight, and 
high breakdown voltage, while the inorganic filler delivers the desired dielectric characteristics.  
The fundamental challenge for these composites lies in aggregation of the inorganic filler at the 
percolation threshold, which leads to a precipitous drop in breakdown voltage (the dominant 
term in electrical energy density) as the continuous particle network becomes a pathway for 
charge carriers.  To solve this challenge, and maximize the energy density of the resulting 
nanocomposites, our objectives are two-fold: 

(1) Develop a low temperature solution-phase synthesis of small perovskite oxide nanocrystals 
with tunable properties, such as relative permittivity.  An exquisite level of control over such 
nanocrystal properties will be accomplished by a thorough understanding of the nanocrystal 
structure and ability to tune nanocrystal composition. 

(2) Control perovskite oxide surface chemistry such that nanocrystal percolation may be 
sterically mitigated in order to maximize the breakdown voltage of a nanocomposite. 

The following section will summarize our recent progress (September 1, 2011 – May 1, 2012) 
towards addressing the first objective. 
 
Recent Progress 
 1. Aliovalent doping of perovskite oxide nanocrystals.  Owing to their high thermal and 
chemical stability and low environmental toxicity, lanthanide-doped perovskite oxides and their 
corresponding solid solutions (A,A´)(B,B´)O3 (A, A´ = Ca, Sr, Ba; B, B´ = Ti, Zr, Hf) are 
attractive candidates for nanostructured dielectrics1 and phosphors.2  Lanthanide-doped 
perovskite oxide micro and nanocrystals have been previously prepared via solid state reaction, 
conventional sol-gel, flame-spray pyrolysis, and hydrothermal synthesis.3-6  These methods 
invariably rely on the use of physical (heat and pressure) and/or chemical (salts, chelating 
ligands, or mineralizers) agents to induce crystallization of the perovskite and incorporation of 
the lanthanide ions.  Physical agents such as heat induce grain growth, while chemical agents can 
introduce impurities into the oxide’s bulk and/or surface.  From this perspective, the 
development of a synthetic approach yielding lanthanide-doped perovskite oxide nanocrystals 
under ultrabenign conditions (i.e., room temperature, atmospheric pressure, surfactant- and 
mineralizer-free, and near-neutral pH) is critical in order to realize the full potential of this 
family of materials in dielectric and light emission applications. 
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 We recently demonstrated that Eu3+-doped BaZrO3 can be synthesized under ultrabenign 
conditions to yield a red phosphor.  In this work, xEu:BaZrO3 (x = 05 mol%) nanocrystals were 
synthesized using a vapor diffusion solgel approach developed in our laboratory that relies on 
the kinetically controlled delivery of water vapor to an alcohol solution of Eu(acac)3 (acac = 
acetylacetonate) and a bimetallic alkoxide BaZr(OR)6 (R = CH2CHCH3(OCH3)) mixed in the 
appropriate stoichiometric ratio.7  Hydrolysis and 
condensation of the bimetallic alkoxide occur at room 
temperature and yield small 10-20 nm nanocrystals of 
pure xEu:BaZrO3.  Moreover, near unity doping 
efficiencies of Eu3+ were achieved using the vapor 
diffusion sol-gel route.  The excitation and emission 
spectra of thermally treated xEu:BaZrO3 powders are 
both dominated by peaks arising from ff transitions of 
the Eu3+ ion, with the major emission peaks resulting 
from 5D0  7F2 (611–625 nm) and 5D0  7F1 
(586596 nm) transitions.  The intensity of the 
excitation and emission bands increases upon 
increasing the Eu3+ concentration and reaches a 
maximum for 4 mol%, indicating that concentration 
quenching occurs at higher doping levels.  The red-to-
orange ratio (i.e., the ratio of the integrated intensity of 
the 5D0

7F2 to the 5D0
7F1 transition) reaches a 

maximum value of 3.4 for 4% Eu:BaZrO3, making this 
composition the most attractive candidate for red 
phosphors.  The calculated CIE coordinates for this 
composition are (0.647, 0.353), which corresponds to a 
reddish pink color (Fig. 1). 
 Comparison of these findings with previous syntheses of Eu3+-doped BaZrO3 reveals that 
quenching of the lanthanide emission is typically observed for doping levels of less than 1 mol% 
when solid state reactions are used to crystallize the perovskite phase and incorporate the 
lanthanide ions into the host lattice.8  Because concentration quenching depends on the spatial 
distribution of the activator ions in the host lattice, this finding demonstrates that an intrinsic 
advantage of the vapor diffusion solgel approach is to yield an apparently more homogeneous 
spatial distribution of the lanthanide ions.  In addition, a common drawback of previously 
synthesized Eu3+-doped BaZrO3 micro- and nanocrystals was their low red-to-orange emission 
ratio.3,8  In contrast, xEu:BaZrO3 nanocrystals synthesized via vapor diffusion solgel exhibit a 
marked predominance of the red over the orange emission for all the Eu3+ doping levels 
explored.  It is well-known that the chromaticity of the light emitted by the Eu3+ ion is governed 
by the local symmetry of the crystallographic site in which it sits.9  In the case of xEu:BaZrO3 
nanocrystals studied in this work, the strong predominance of the red over the orange emission 
suggests that Eu3+ ions occupy sites in a noncentrosymmetric lattice position. 
 2. Structural evolution of BaTiO3 nanocrystals synthesized via vapor diffusion sol-gel. 
BaTiO3 is one the most technologically relevant eletroceramics.  It exhibits a perovskite structure 
consisting of BaO12 dodecahedra and TiO6 octahedra.  The structure undergoes three 
temperature-dependent phase transitions: rhombohedral (R3m) to orthorhombic (Amm2) at -90 
C, orthorhombic to tetragonal (P4mm) at 5 C, and tetragonal to cubic (Pm



3 



3      m) at 120 C;10 

 
Fig 1. CIE coordinates of the emission of 4% 
Eu3+:BaZrO3 upon irradiation with near-
ultraviolet light. The inset shows pictures of 
the nanocrystals suspended in methanol 
under natural (left) and ultraviolet (right) 
illumination. 
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the three low temperature phases exhibit ferroelectric character, whereas the high temperature 
phase is paraelectric. Understanding how the local symmetry and structural coherence, which 
ultimately sustain cooperative properties such as ferroelectricity and relative permittivity, change 
upon reducing the grain size is critical from both fundamental and applied standpoints.  We 
followed the structural evolution of sub-10 nm BaTiO3 nanocrystals as they nucleate and grow 
from an amorphous metallorganic gel at room temperature (via vapor diffusion sol-gel) using a 
series of techniques that probe the atomic structure on different length and time scales.11  This 
allows for a comprehensive picture of the evolution of the nanocrystals to be achieved, 
particularly regarding their local symmetry and structural coherence, and has extremely 
important implications in the ferroelectric and dielectric properties of the nanocrystals. 
 The structural evolution of sub-10 nm BaTiO3 nanocrystals as they assemble from an 
amorphous metallorganic gel under ultrabenign conditions was investigated using a series of 
techniques that probe the atomic structure on different length and time scales.  Upon the slow 
diffusion of water vapor into an alcohol solution of a bimetallic alkoxide at room temperature, 
hydrolysis and polycondensation occurred and the solution gelled after ~8 h.  The continued flow 
of water vapor over this gel resulted in the formation of BaTiO3 nuclei within an amorphous 
metallorganic matrix at times as early as 12 h, as evidenced by TEM analysis.  Gasliquid rather 
than liquidliquid hydrolysis and the use of a bimetallic alkoxide precursor are the keys to the 
formation of crystalline nuclei.12  The resulting 3–6 nm diameter nuclei continued to grow within 
the amorphous metallorganic matrix up until a reaction time of 27 h.  During this growth stage, 
conventional and synchrotron XRD and Raman spectroscopy revealed a gradual increase in 
structural coherence and the simultaneous decrease in atomic positional disorder.  After 30 h, 
discrete 9-nm diameter BaTiO3 nanocrystals were obtained and the amorphous-to-crystalline 
phase transition quickly approached completion, as evidenced by TEM analysis. 
 The room-temperature crystal structure of the final 9-nm nanocrystals appeared cubic to 
Rietveld analysis of synchrotron XRD data; however, the presence of noncentrosymmetric 
regions arising from the off centering of the titanium atoms was confirmed via Raman 
spectroscopy and pair distribution function (PDF) analysis.  Both techniques showed an increase 
in the coherence of these local off-center displacements upon approaching the completion of the 
amorphous-to-crystalline phase transition.  Significantly, the local structure of the acentric 
regions present in the fully grown nanocrystals after 72 h are best described by a tetragonal 
P4mm symmetry.  An orthorhombic Amm2 symmetry also provided an adequate structural 
description, demonstrating that the coexistence of both types of local symmetries is plausible.  
The coherence length of the local off-center displacements of the titanium atoms was found to be 
on the order of 16 Å, or about 4 unit cells (Fig. 2).  The presence of local dipoles whose average 

 
Fig 2. Lattice constants a and c of the BaTiO3 nanocrystals (shown in TEM image) as a function of 
intraparticle distance. 
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magnitude (c/a = 1.013 Å) is comparable to that observed in bulk suggests that a large amount of 
macroscopic polarization can be obtained in these nanocrystals if the long-range coherence of 
their ferroelectric coupling is achieved. 
 
Future Plans 
(1) Extend our vapor diffusion sol-gel method to make compositionally more complex four 
cation BaxSr1–xTiyZr1–yO3 nanocrystals and map the synthetic phase space over all composition 
ranges.  PDF analysis will be used to structurally address why certain compositions exhibit 
maximized relative permittivity. 
(2) Extend our vapor diffusion sol-gel method to the aliovalent doping of other lanthanide ions 
(e.g., Yb3+) into perovskite oxide nanocrystal hosts for fluorescence and dielectric applications.  
High-resolution X-ray diffraction and XANES/EXAFS will be utilized to attempt to address 
where the lanthanide ion sits in the perovskite lattice. 
(3) Study the effect of steric protection on the mitigation of dielectric breakdown in 
BaTiO3/polystyrene nanocomposites. 
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New Superconducting Materials 

R.J. Cava, Department of Chemistry Princeton University, Princeton NJ 08544 

i) Program Scope The scope of the DOE-BES-sponsored Solid State Chemistry program at 
Princeton University is to find new superconducting materials and to address the structure-
property correlations in known superconductors and related compounds. Much of our current 
work is in the area of superconductivity in intermetallic phosphides and germanides. We are also 
working intensively on a new thrust area in our search for new superconductors– ternary early 
transition metal subsulfides, which the PI believes may lead to new superconducting materials. 
These materials are expected to be conventional superconductors, and, by analogy to early 
transition metal intermetallics, may, if they can be found, have useful current-carrying properties. 
Finally, we have also worked on vanadium sulfides, which we believe may show 
superconductivity due to suppression of antiferromagnetic fluctuations through chemical doping. 
We have established fruitful collaborations with scientists at Argonne National Laboratory 
(beam line 11BM, APS) and have worked with them on many structural characterizations. 
ii) Recent Progress In the past several years we have worked primarily on the determination of a 
new kind of bonding-structure-property relationship in superconductor-related phases, 
specifically between the magnetic and electronic properties of compounds with the ThCr2Si2 

structure and the presence of a molecule-like bond within 
the crystal structure. This layered ThCr2Si2 “122” structure 
type is the most commonly observed ternary intermetallic 
structure type, and is the basis for the high temperature iron 
arsenide superconductors that are of so much recent 
interest. Work of theoretical chemist Roald Hoffman on the 
122 structure type in the 1980s argued for the critical 
importance of the shape of the TX4 tetrahedra and X-X 
molecular dimer-like bonding across the A layers in 
determining the electronic states at the Fermi level. In the 
major thrust of our work in recent years we described the 
correlations between structure and properties for some 
important 122 structure type solid solutions to show the 
impact of the X-X bonding on the electronic and magnetic 
properties. This work recently resulted in a major 
publication, which traces the surprising appearance of 
ferromagnetism in a Co-based 122 system as a result of the 
breaking of the X-X bond.   

There are many aspects of the impact of X-X dimer 
formation on electronic properties and superconductivity in 
the 122 phases to follow up on. We are currently focusing 
on determining whether these considerations are relevant to 
the properties of materials based on the 4d and 5d transition 
metals in addition to the 3d transition metals. We have 
indications that the impact of the dimer formation is 
dramatic in these compounds as well, even though 4d 
orbitals are more extended than 3d orbitals. In the 4d 
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Fig. 1. Crystallographic Cell data for 
the Ba1-xSrxNi2Ge2 solid solution 
showing the breaking of the in-plane 
Ge-Ge dimer and the formation of the 
out of plane Ge-Ge dimer at 
composition x = 0.6 where the 
symmetry changes. 
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systems, many of the compounds involved are superconducting; two specific systems that we are 
working on are Ba1-xSrxRh2Ge2 and Sr(Rh1-xPdx)2Ge2. Our structural data shows that both 
systems display anomalous behavior, which we attribute to the formation or breaking of Ge-Ge 
bonds in the crystal structures. This work is not yet complete. Figure 1 shows a related system 
that we have been working on this year as well. This is the Ba1-xSrxNi2Ge2 system. For these 122 
phases, which are based on Ge, which has one electron less than As or P, the tendency for Ge-Ge 
bond formation is very strong because the Ge-Ge dimer antibonding band is far above the Fermi 
Energy and is therefore usually empty. The result is that for BaNi2Ge2 even though the Ge’s are 
too far apart to form bonds across the Ba atom layer, as we now expect based on our previous 
work on 122 phases, they distort the crystal structure dramatically to form in-plane Ge-Ge bonds 
instead. The partial Sr substitution for Ba then brings the Ge’s closer together across the (Ba,Sr) 
layer until they become close enough to form an across-the-layer bond, evidenced by the 
transition back to the usual 122 tetragonal symmetry structure type. The characterization of these 
materials by synchrotron X-ray diffraction at the APS is almost complete, as is characterization 
of their magnetic properties. The synthesis of all these phases is extremely challenging. 

A major new research thrust in our program in recent 

years is based on a group of “subsulfide” compounds discovered 

by Hugo Franzen at ISU many years ago. These are designated 

as subsulfides because the sulfur content is substantially lower 

than is found in normal, more ionic sulfides. They can be 

expected to display behavior somewhere between intermetallic 

phases and ionic phases, and thus are believed by the PI to be 

excellent candidates for superconductivity. Franzen worked on 

binaries and pseudo-binaries of early transition metal sulfides 

and synthesized them at high temperatures; some of the 

compounds, such as Nb6.74Ta5.26S4, were synthesized by 

annealing samples at 1400 °C, while others such as 

Nb1.72Ta3.28S2 and Ta6.08Nb4.92S4 were formed by arc melting pre-

reacted reagents and then annealing around 1350 °C. A few of 

the materials his group discovered are Ta6S, Ta2S, Nb21S8, 

Nb14S5, Zr21S8, Zr9S2, Nb6.74Ta5.26S4 and Nb1.72Ta3.28S2. Some of 

these compounds are superconducting; Nb21S8, for example, is 

superconducting at 3.7 K. In the niobium sulfides the niobium 

metal coordinations are capped pentagonal prisms and capped distorted cubes, while in the 

tantalum sulfides the coordination is typically Ta pentagonal antiprisms. When tantalum and 

niobium sulfides are combined in a pseudoternary niobium-tantalum-sulfide they can have a 

third, different type of structure. For example the compound Nb1.72Ta3.28S2, shown in Fig. 2, is a 

bcc type structure with a mix of Nb and Ta statistically distributed on three different metal sites, 

where 2 adjacent layers of atoms out of every 7 are sulfur atoms. This compound is 

superconducting at about 4 K.  

 Based on this lead, we have been looking for new superconductors and new compounds 

in the high temperature phases of ternary metal rich subsulfides. We have systematically tried 

reactions with combinations of three elements and tested them for superconductivity.  One of the 

elements is always sulfur, the second an early transition metal (Zr, Nb, Mo, Hf, Ta or W), and 

the third either a first row or second row late transition metal. These reactions have so far been 

performed at 1:2:1 ratio of varied transition metal to early transition metal to sulfur. 

 
 

Fig 2: Crystal structure of the 
superconductor  Nb1.72Ta3.28S2 
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Combinations that show potential new structures or superconductivity have been explored in 

more detail with further reactions. Reactions have been performed at around 1400°C in sealed 

tantalum tubes. The samples are being analyzed by X-ray diffraction and tested for 

superconductivity. Our work so far has resulted in the discovery of no confirmed new 

compounds but many samples have shown the presence of superconductivity with Tcs between 2 

and 10 K. We are presently in the process of determining whether this superconductivity arises 

from previously known phases or is from previously undiscovered compounds.  

 Finally, I describe our ongoing work on vanadium sulfides. In recent years, much 
attention has been given to itinerant electron magnetic superconductors. Compounds such as 
UGe2, RMo6S8, RMo6Se8 (R = rare earth), Y9Co7, LaRh2Si2 and YRh2Si2 exhibit itinerant 
electron magnetism as well as superconductivity. UGe2 and Y9Co7 are ferromagnetic metals 
while RMo6S8, RMo6Se8, LaRh2Si2 and YRh2Si2 are antiferromagnetic (AFM) metals. Many 
theorists believe that the superconductivity in these systems can be explained through magnetic 
spin fluctuations (SF) mediating the pairing of electrons, especially for layered compounds. The 
study of “failed magnets” is a potentially fruitful avenue for finding new superconductors.    

 Another family of compounds with 
layered structures that have weak itinerant 
electron antiferromagnetic phases is the V-S 
series. The vanadium sulfide family has a 
complex phase diagram. Of particular interest 
are the phases VS, V3S4, V5S8 and VS2. (e.g. 
Fig. 3) VS and VS2 are metallic paramagnets 
while V3S4 and V5S8 are metallic 
antiferromagnets with TN’s of 8 K and 32 K, 
respectively. VS2 also has a charge density 
wave onset at 305 K. Neither a local moment 
model nor a spin fluctuation treatment has 
been able to fully explain the anomalously 
weak magnetism or the onset of the CDW in 

VS2; the data does, however, point to strong electron-electron correlation as being the cause for 
these behaviors. We hypothesize that carefully controlling the stoichiometry of crystals grown in 
this family may lead to a superconducting state. 
 In our analysis, we divide the magnetic behavior of V6S8 and V5S8 into two parts: the 
itinerant electron part, from the metal full layers, and the localized electron part from the metal 
deficient (interstitial) layers. We have worked to correlate changes in the TN for V6S8 and V5S8 
with the interstitial vanadium content (IVC) through careful synthesis. Through chaning the IVS, 
we have been searching for superconductivity near the stoichiometries at which the compounds 
undergo a change in electronic state: between V4S8 and V5S8 there is a crossover from a CDW 
state to a weak AFM state, between V5S8 and V6S8 there is a change in Tn from from 32 K to 8 
K, and between V6S8 and V8S8 the AFM ordering is destroyed.   

Crystals in the range of composition V4.88S8 to V5.44S8 were obtained by vapor transport 
in either the V5S8 structure or the V6S8 structure. Quantitative X-ray refinements showed that 
neither V5S8 nor V6S8 grow stoichiometrically; that is, the IVC is variable. It is possible to 
continuously vary the V/S ratio within the two phases, which actually overlap in composition at 
certain stoichiometric ranges. The magnetic susceptibility has been measured on the crystals. TN 
is clearly visible in V5S8 in the magnetic susceptibility, though it is not easily detected in V6S8. 

 
Fig 3: V6S8 Structure – Monoclinic, SG: C2/m. 4 
unit cells shown. Two of the possible four vanadium 
sites in the metal deficient “interstitial” layer are 
unoccupied. The V5S8 Structure is related.  
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TN in the V5S8 structure type samples shifts slightly with vanadium content. In order to 
investigate the dependence of the magnetic susceptibility of the compounds on the interstitial 
vanadium content (IVC),  (T) was fitted to the Curie-Weiss law. The determined effective 
magnetic moment per mol interstitial vanadium was calculated: there is a clear relationship 
between the IVC and the magnetic moment: as the IVC increases, the compounds become less 
magnetic. Previous studies in the V4.0S8-V4.7S8 range only measured down to 100K, so these 
compounds were reported as being paramagnetic. We see that this is not the case however: 
magnetic measurements of the V4+xS8 samples where x = 0.1, 0.2,…0.9 show a systematic 
decrease in TN with decreasing vanadium content, but TN was never destroyed. No 
superconductivity has been observed yet. The studies so far conducted have offered insight into 
the relationship between the vanadium content and the magnetic properties of the compounds, 
however, an investigation into the V-S compounds more than half of the interstitial vanadium 
sites occupied is still needed, as a superconducting state may arise on the side of the V5S8 solid 
solution where TN is low and the overall magnetism of the compound is weaker than in V5S8.  
iii.) Future plans 1. Complete the work on correlations between superconductivity and dimer 
formation in 122 structure germanides and pnictides. 2. Complete the work on vanadium 
sulfides. 3. Determine whether ternary early transition-metal - late-transition metal subsulfides 
will lead to new conventional superconducting materials. 4. In a new thrust, determine whether 
TiNiSi-type AlB2 and Fe2P-type phases will lead to new superconducting phases at the 
borderline between magnetism and superconductivity. 
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Collaborator:  Donald T. Reed, Team Leader, Actinide Chemistry and Repository Science, Los 
Alamos National Laboratory, Carlsbad, NM 88220, dreed@lanl.gov 
 
Overall Research Goals: 
 

To utilize unconventional metal-organic frameworks (UMOFs) for the separation of 
lanthanides as a group from actinides and further separate individual actinides form one another. 
 
Recent Progress: 
 

1. We have discovered that the selectivities for 3+ and 4+ ions, recorded as Kd values, are 
greatly enhanced by synthesizing materials using Na3PO4 in place of H3PO4 in the 
synthesis of the mixed ligand phosphonates of Sn(IV) and Zr(IV). 
 

2. The actinides follow the same selectivity sequence as the lanthanides in that the 
selectivity sequence is An4+ > AnO2

2+ ≥ An3+/Ln3+ >> AnO2
+. 

 
3. We have developed an new method for synthesizing and stabilizing AmO2

+ with lifetimes 
of days to weeks using Na2S2O8 and Ca(OCl)2 as oxidant and stabilizing agents, 
respectively. 

 

 
Figure 1:  Absorbance spectrum of Am(III) before oxidation (right) and AmO2

+ after oxidation (right). 
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4. Our ability to work with Np, Pu, Am, and Cm is due to the collaborations with Donald T. 
Reed and David T. Hobbs who have graciously allowed Jon Burns to spend time at Los 
Alamos National Laboratory-Carlsbad Operations (LANL-CO) and Savannah River 
National Laboratory (SRNL), respectively. 
 

5. Direct separations have been observed for a mixture of AmO2
+, Nd3+, and Eu3+ resulting 

in separation factors as high as 58 at pH 2 (LANL-CO). 
 

6. Direct separations have been observed for a mixture of AmO2
+ and Cm3+ resulting in 

separation factors as high as 20 at pH 2 (SRNL). 
 

7. Direct separation have been observed for mixtures of Nd3+ and Ni2+, Nd3+ and Sr2+, and 
Nd3+ and Cs+ with separation factors as high as 1,000, 2,400, and 800 at pH 2, 
respectively. 

 
Future Plans: 
 

1. Determine the ideal pH range for separation of Am from Cm. 
 

2. Develop program for new materials based in aluminum. 
 

3. Develop a chromatographic scheme implementing mixed metal phosphate phosphonates 
as the stationary phase. 
 

4. Perform a separation of Am from a mixture of lanthanides in concentration close to the 
expected waste stream. 
 

5. Investigate the structure of these UMOFs by means of EXAFS, EXANES, atomic pair 
distribution, and positron annihilation studies. 
 

6. Add soft ligands with nitrogen or sulfur functions to the UMOFs for interaction with soft 
metal ions and extend the range of separations. 
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Program Scope 

 This continuing proposal in the area of Materials Chemistry describes a systematic 
approach to the postsynthetic modification (PSM) of metal-organic framework (MOF) materials.  
To further advance the utility of MOFs in the area of gas storage and other applications 
(particularly in energy applications), the ability to chemically modify these structures in a 
predictable and reliable fashion is essential.  Realization of this goal will allow for the 
preparation of functionalized MOFs, which will have unparalleled properties, such as controlled 
framework flexibility and highly unsaturated metal sites.  This continuing research program 
fulfills at least two, of the four, stated research goals of the Office of Basic Energy Sciences: a) 
the fabrication and characterization of new materials, and b) the understanding and control of 
chemical reactivity. 

This research program will develop new methods to chemically modify MOFs.  We will 
expand the scope of reactions that can be performed within MOFs by introducing new chemical 
‘handles’ within the framework.  Our studies focus on the commonly used 1,4-
benzenedicarboxylate (BDC) ligand, and extended analogues, possessing amino-, nitro-, or 
bromo-substituents.  Other substituents can also be used by application of a new method, termed 
postsynthetic deprotection (PSD).  Ligands with these chemical handles have been assembled 
into a variety of known MOFs, including IRMOF, UMCM, MIL-53, and UiO-66 architectures.  
We have also developed bifunctional systems that contain two or more, orthogonal chemical 
handles on a single ligand (e.g., a bromo- and amine- group).  These allow for control over the 
relative orientation of newly introduced functional groups, a feat not previously achieved in PSM 
chemistry.  Slightly more applied studies will focus specifically on using PSM (or PSD) to 
control the selectivity, energetics, and capacity of gas sorption in MOFs.  Our findings show that 
PSM can be used to control MOF flexibility (‘breathing’), improve heats of binding (for H2), and 
facilitate introduction of unsaturated metal centers. Better understanding and control over these 
features will be pursued in our ongoing investigations.  The overall scope of our program serves 
to advance the energy-related applications of MOFs via PSM.  Our improved capacity to modify 
MOFs in this manner will be important for the synthesis of new materials, altering the physical 
properties of these materials, and ultimately the use of these materials in advanced energy 
applications. 
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Recent Progress  

 Our recent progress on this project has expanded in several different directions, all of 
which provide interesting opportunities for new research directions.  Each of these different 
directions is concisely summarized below. 

 As proposed, we have prepared a 
series of mixed, bifunctional 
metal–organic frameworks that 
could be modified in a 
postsynthetic manner at two, 
orthogonal sites (Figure 1).  The 
use of differentially ‘tagged’ 
ligands combined with PSM 
provides a facile route to a large 
number of functionally diverse 
materials.  In related work, we 
prepared bifunctional BDC 
ligands with two, orthogonal functional groups on the same ligand.  These ligands were 
found to produce MOFs with modulated breathing.  PSM studies on these systems are 
ongoing. 

 A new discovery in our 
laboratory has been in the area of 
the dynamics and stability of 
MOFs.  We recently reported the 
exchange of ligands from an 
intact MOF can be exploited as a 
means to introduce 
functionalized ligands into 
MOFs under mild conditions.  
Such exchange reactions in 
MOFs have been reported, with 
both metals and ligands (with a flurry of recent reports appearing in in the last year).  
However, what was surprising about our findings was that ligand exchange occured with the 
‘inert’ Zr(IV)-based UiO-66 MOFs (Figure 2).  In line with our other work, we termed this 
process ‘postsynthetic exchange’ (PSE) and showed that it provides access to MOFs that are 
not readily prepared by solvothermal methods.  In addition to the exploration of this PSE 
methodology, we introduced, in collaboration with Prof. Kimberly Prather (U.C. San Diego), 
the use of aerosol time-of-flight mass spectrometry (ATOFMS) to monitor these reactions on 
MOF particles (micron-sized).  ATOFMS was used to analyze the chemical composition of 

 

Figure 1.  Combining two ligands into a single framework 
allows for orthogonal PSM to be performed, generating many 
functionalize materials from a single precursor MOF. 

 

Figure 2.  ATOFMS was used to monitor ligand-exchange 
reactions between purportedly inert UiO-66 MOFs. 
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microcrystalline MOFs on the single particle level, providing information not available 
through bulk analysis.  ATOFMS is a powerful method, widely used in environmental 
chemistry, but essentially absent in the field of nanomaterials chemistry.  PSE is an important 
postsynthetic approach to the modification of MOFs, and the ligand exchange revealed by 
ATOFMS requires a re-evaluation 
of the assumed ‘stability’ of even 
the most robust MOFs. 

 In our efforts to develop 
fundamentally new PSM reactions, 
we have demonstrated that 
tetrazine-based “Click” reactions 
are amenable for MOF 
modification (Figure 3).  It was 
found that the efficacy of this modification procedure was dependent on the topology of the 
MOF and, in the case of an isoreticular MOF (IRMOF) system, required the formation of a 
mixed-ligand IRMOF with a suitable ratio of BDC and an olefin-tagged BDC derivative.  On 
the basis of the versatile use of tetrazine “Click” chemistry in bioconjugate chemistry, we 
expect that this scheme will prove to be a useful reaction for modifying MOFs. 

 

Future Plans 

 Our future plans seek to continue our investigations along the several lines of research 
described above.  Some of these projects are of sufficient scope and interest, they may be spun-
off into independent projects, but that decision will be made as progress on each research subject 
continues.  Fundamental studies on the PSM induced flexibility of MOFs and the ability to 
control selective gas sorption will be continued.  In addition, we are collaborating with Prof. F. 
Paesani (U.C. San Diego), a new theoretical chemist in our department, on 
computational/theoretical studies to help us understand these complex phenomena.  Studies on 
the gas uptake selectivity and moisture stability of differentially-functionalized UiO-66 MOFs 
will continue as well.  These studies are being performed in close collaboration with Prof. K. 
Walton (Georgia Tech U.).  Indeed, a postdoctoral research from the Cohen group (Dr. Min 
Kim) made a visit to the Walton group in Spring 2012 to help move this collaborative study 
forward. 

Most certainly our group will continue to develop of new postsynthetic methods, such as 
the tetrazine-derived click chemistry described above.  Our group is intent on remaining at the 
forefront of developing new synthetic methods for functionalizing MOFs, and this includes the 
discovery of new reactions as well as new methodologies such as PSM, PSD, and PSE.  All of 
these techniques can serve to augment MOF research and produce materials with unprecedented 

 

Figure 3.  Tetrazine ‘Click’ reactions were used to 
functionalize MOFs in a postsynthetic manner. 
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properties.  The wide adoption of postsynthetic methods by MOF researchers around the world is 
evidence of the continued importance of further augmenting these methods. 

Finally, our investigations on MOFs containing unsaturated metal centers (introduced by 
postsynthetic methods) will be a primary area of future study.  Although a common theme in 
MOF chemistry, the postsynthetic approaches we have discovered often lead to the introduction 
of rather distinct unsaturated metal centers, involving metal-ligand combinations beyond those 
commonly reported in other MOF materials.  The ability of such materials to enhance gas 
sorption, including CO2 and H2, is a well-established, but still growing area of research.  We 
have exciting, new results on the cyclometallation of MOFs, providing a distinct platform for 
enhancing gas sorption. 
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Project Title: Electronic and Ionic Conductors from Ordered Microporous Materials  
PI: Mircea Dincă (mdinca@mit.edu) 
Institution: Department of Chemistry, Massachusetts Institute of Technology 
 
Program Scope 
 This project aims to establish microporous metal-organic (MOFs) and covalent-organic 
frameworks (COFs) as new classes of high-surface area, crystalline electronic and ionic 
conductors. This effort is part of the PI's interest in exploring the physical and chemical 
properties of these materials and their non-traditional uses such as gas separation and storage. 
With this project, we hope to provide new types of electrode materials, ionic membranes, or 
electrocatalysts and to provide fundamentally new platforms for studying processes such as ion 
diffusion in monodisperse sub-nanometer pores and electron delocalization and transport in 
molecular materials. Our approach to imparting electronic conductivity in MOFs, which are 
prototypical insulators, is to employ a series of electroactive organic building blocks containing 
chalcogenide atoms and is inspired by similar approaches in conducting organic polymers. Our 
approach to obtain ionic conductors from MOFs involves post-synthetic cation metathesis, which 
we are establishing as a new synthetic route towards MOFs with predefined structures, but novel 
electronic properties.  
 
 Recent Progress  
 Towards ion conductors from MOFs – we found 
that post-synthetic cation metathesis can be employed to 
access highly sought-after MOF phases that could not be 
previously produced by direct synthesis. In particular, we 
showed 3d transition-metal analogues of Zn4O(BDC)3 
(MOF-5; BDC = 1,4-benzenedicarboxylate), one of the 
most iconic materials in this class can be directly 
substituted with Co2+ and Ni2+ by post-synthetic ion 
exchange. Having established NixZn4-xO(BDC)3 as a 
thermodynamic product relative to MOF-5 itself, we also 
developed direct synthetic routes for substituted MOF-5 
analogues. In doing so, we observed that the maximal 
Ni2+ incorporation rate was 25% (one Ni ion per Zn4O 
cluster) regardless of the synthetic conditions (post-
synthetic metathesis or direct synthesis from the 
respective metal nitrates) or reactant ratio (Figure 1). We 
were thus able to establish the partially-substituted MOF-5 structures as kinetically-trapped 
intermediates in the molecular energy surface of basic zinc acetate clusters. Furthermore, we 
showed that the substituted MOF-5 materials retain identical structures, surface area, and 
stability to the parent all-Zn MOF-5 material, and that a very unusual tetrahedral Ni2+ ion in an 

 

Figure 1 Part of the crystal structure of 
NixZn4xO(BDC)3 (x = 1). Green, red, and grey 
spheres represent Zn, O, and C atoms, 
respectively. Hydrogen atoms are omitted for 
clarity. 
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all-oxygen (strong) ligand field environment results by 
heating the Ni-substituted MOF-5 analogues under high 
vacuum. These findings establish post-synthetic ion 
metathesis as a new method to access previously 
unknown MOF phases (Figure 2).  

Important in the context of accessing ion 
conductors from MOFs, our findings show that MOFs 
that were previously believed rigid, such as MOF-5, are 
in fact under dynamic equilibrium with other divalent 
metal ions in solution. Moreover, we showed that 
insertion of Ni2+ involves an octahedral Ni2+ 
intermediate which occupies a tetrahedral Zn2+ site 
without otherwise disrupting the MOF structure. This 
suggests that even "rigid" MOFs can accommodate 

relatively large distortions without compromising structural integrity, an important aspect of our 
future studies where we will attempt to incorporate divalent metal ions in coordination 
environments previously occupied by trivalent metals with different ionic radii and coordination 
numbers.  
 
Towards electronically-conducting MOFs. Efforts here were focused on the synthesis of 
chalcogenide analogues of carboxylic acids and new organic bridging ligands containing 
chalcogenide atoms in the backbone. Dithioic acids and thioamides were explored initially and 
found to be sensitive to the reaction conditions typically required for MOF synthesis, which led 
to oxidation of the reduced sulfur ligands. More recently, employing carboxylate ligands 
containing sulfur atoms in the organic backbone we were able to obtain permanently porous 
MOFs with BET surface areas of approximately 600 m2/g. Transient microwave spectroscopy in 
three of these new materials has revealed high charge mobility values in line with those of good 
organic conducting polymers. Further studies of these materials are currently underway.  
 
Future Plans 

- ionic conductors: we will extend our post-synthetic ion metathesis studies to systems 
where ion exchange will not only result in intra-framework ion substitution, but will 
also leave mobile, uncoordinated monovalent ions such as Li+ within the pores of the 
targeted materials. With these new materials in hand, we will undertake systematic 
ion exchange and ion conductivity studies. By varying the nature of the mobile ion, 
pore size, pore polarity, and pore topology, we seek to understand trends in ion 
conduction in nanometer and sub-nanometer-sized pores. 

- electronic conductors: two distinct pathways will be undertaken here: 1) we will 
continue the exploration of electroactive, π-stacking ligands as useful synthons for the 
construction of high-charge-mobility MOFs. First, we will increase linker size in an 

 

Fig. 2 In-situ diffuse-reflectance spectra 
depicting the octahedral-to-tetrahedral 
transformations of the Ni2+ centers within Ni-
substituted MOF-5. The inset shows optical 
images of the yellow (Oh) and blue (Td) crystals. 
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isoreticular fashion, aiming to increase the pore size and pore volume of our current 
materials to allow infiltration of electron acceptor molecules for charge-transfer 
interactions. 2) we will continue the characterization of newly synthesized materials 
using UV Photoelectron Spectroscopy and terahertz spectroscopy (in a new 
collaboration at MIT) and will test their efficacy towards devices such as photovoltaic 
cells, owing to their broadband absorption in the visible. 

  
Publications in the Period Aug 2011 – May 2012 
Brozek, C. K.; Dincă, M. "Lattice-Imposed Geometry in Metal-Organic Frameworks: Lacunary 
Zn4O Clusters in MOF-5 Serve as Tripodal Chelating Ligands for Ni2+" Chemical Science 2012, 
3, 2110-2113. 
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Synthesis, Characterization and Properties of Nanoparticles of Intermetallic Compounds 

Frank DiSalvo, Department of Chemistry, Cornell University, Ithaca, NY  14850 

Program Scope 

Our research program is focused on developing a “universal” method to prepare alloys or 
ordered intermetallic compound (binary, ternary and beyond) nanoparticles in order to 
understand their structural and electrochemical behavior, as well as their durability in use. An 
eventual application to electrochemical catalysis, such as in fuel cells, is hoped for, but our main 
focus is on developing methods to synthesize compositionally complex nanoparticle systems and 
to understand the kinetics of formation and phase diagrams of compound nanoparticles as a 
function of annealing temperature and composition. 

We have developed a solution method that allows reduction of mixed metal cations from group 
III to XIV and are exploring methods of controlled particle growth and specific structures by 
thermal processing. We use THF as the solvent, since it is non-reactive with all the metals in 
these groups. We have shown that almost all metal cations of interest are moderately to highly 
soluble in THF either as binary chlorides (e.g. TiCl4, FeCl3, ZnCl2, SnCl2, SnCl4) or as ternary Li 
salts (e.g. Li3CrCl6, Li2NiCl4 or Li6NiCl8, Li2PtCl6, Li2CuCl4). (See Figure I) We avoid the use 
of organic anions or ligands in the reactants, since we find that they often react with, or are 
included in, or strongly bound to the surfaces of the nanoparticles. Similarly, almost all 
surfactants are avoided, since they often cannot be removed from the nanoparticles without 
leaving residues that poison the catalyst. 

 

 

 

 

 

 

 

 

 

Figure 1. Table of THF soluble metal chloride salts.  Virtually every metal in the periodic table can 
be put in THF solution at useful concentrations (Exceptions: Na – Cs, Mg-Ba, Hg - Pb). When 
both MClx and LiyMClx salts are available and soluble, the latter usually have higher solubility. 
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The next challenges were: 1) to keep the nanoparticles from agglomerating in all stages of 
processing, 2) to carefully grow the nanoparticle size by heating (annealing), and 3) to transfer 
and bind the nanoparticles to an appropriate support. 

Recent Progress 

The reducing agents used are alkali alkylborohydride salts [1] [2] (ABR3H, with A = Li, Na or K 
and R typically ethyl). Here we focus on A = K, and on reactions that produce Pt containing 
intermetallics. We emphasize, however, that the method is widely applicable and can be utilized 
to prepare nanoparticles of a large variety of intermetallic phases of metals from groups III to 
XIV. 

A prototypical reaction scheme carried out in THF under air free conditions is: 

Li2PtCl6 + n MClx + (4 + x) KBR3H  PtMn ↓+ (4 + x) KCl ↓ + 2 LiCl + BrR3 + ((4+x)/2) H2 

Upon adding the borohydride, a very fast reaction (few seconds) occurs and the two solid 
products precipitate together as very small intermetallic nanoparticles (2 nm) trapped in a KCl 
matrix (denoted as Np-KCl). Note that LiCl and BR3 are quite soluble in THF and are easily 
removed by decanting and washing in neat THF.  The amount of precipitating KCl can be 
considerably increased by adding LiCl to the initial reaction mixture and adding a THF soluble 
K+ source to the reducing agent. If M is from group III, IV, V or is Cr, the product may contain 
some hydrogen (as a hydride) but in the cases we have studied this is removed upon annealing. 

Controlled particle growth occurs when the Np-KCl is annealed under vacuum. Annealing also 
decreases any heterogeneity in the composition of the nanoparticles. For example, on heating a 
KCl matrix of Pt:Fe::3:1 to 600 C, ordered Pt3Ti nanoparticles grow to an average particle size of 
5 nm from only 2 nm as prepared at room temperature (Figures 2 through 6). In a similar 
manner, we have prepared ordered intermetallic nano-particles of Pt3Co, Pt3Cr, PtFe, Pt3Fe, PtNi, 
Pt2Mo, PtSn, Pt3Sn, Pt3V. It is important to emphasize the key role that the KCl matrix plays in 
greatly slowing particle growth and in avoiding significant particle agglomeration. 

The next step is to release the PtMx product from the KCl matrix and to bind the nanoparticles to 
an appropriate support, say carbon black. We developed a simple route to do so. The support is 
first suspended in ethylene glycol (EG). When the NpKCl matrix is added, the EG dissolves the 
KCl (solubility: 1.5 g KCl/100 g EG).  EG is also a weak surfactant that in concentrated form is 
sufficient to prevent particle agglomeration, but that can be removed from particles by heating 
under vacuum at 150 oC without leaving a residue. EG is labile at room temperature so that 
supports with binding sites that have stronger affinity than EG, such as carbon black, will 
preferentially bind the nanoparticles (Figure 5). If higher KCl solubility is needed, adding up to 
15 mole % water,  does not change the outcome of the transfer. 

If time allows, some electrochemical observations will be presented and discussed. 
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Figure 5. After thermal annealing a Pt3Fe-80KCl 
composite at 600 oC for 12 hours, the Pt3Fe was 
transferred to a Vulcan carbon support by 
sonicating a mixture of Pt3Fe-80KCl and Vulcan in 
ethylene glycol and then washed in H2O. 

20 nm 10 nm 

Figure 4. A TEM image of Pt3Fe-160KCl 
annealed at 600 oC for 12 hours. The 
nanoparticles have grown to about 5 nm in size. 

Figure 2.  A TEM image of Pt3Fe-15KCl 
synthesized at room temperature. 2 nm 
nanoparticles are isolated and dispersed on 
and/or in the KCl matrix (light colored). 

20 nm 20 nm 

Figure 3. A TEM image of Pt3Fe-160KCl 
synthesized at room temperature. The 
nanoparticles are highly dispersed in the KCl 
matrix. 
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Figure 6. pXRD patterns of Pt3Fe-80KCl nanoparticles before (black) and after (red) thermal 
annealing at 600 oC for 12 hours. In both cases, samples were washed with H2O to remove KCl, so 
that diffraction comes from the particles only. The very broad peaks seen for the room temperature 
sample (black) are expected for 2 nm diameter nanoparticles. After annealing, the weak superlattice 
peaks expected for the ordered Cu3Au structure type are indicated by an asterisk. 
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Rational Design and Nanoscale Integration of Multi-Heterostructures as Highly 
Efficient Photocatalysts  

Xiangfeng Duan 
Department of Chemistry and Biochemistry 

University of California, Los Angeles,  
Los Angeles, CA 90095 

Nanoscale integration of dissimilar materials can enable exciting opportunities to precisely 
control and fine tune their electronic and optical properties, and create a new generation of 
integrated material systems with synergistic functions not possible in individual components. 
The objective of this project is to design and synthesize highly complex multi-hetero-
nanostructures that integrate a nanoscale photovoltaic device with two distinct redox 
nanocatalysts. Photoexcitation of these heteronanostructures creates electron-hole pairs that 
are quickly separated and transported to the integrated nanocatalysts to drive 
thermodynamically uphill redox reactions. Systematic studies will be carried out to develop 
general strategies for the synthesis of such complex nanostructures, and to investigate their 
fundamental electronic, optical and photocatalytic properties. The rational design of nanoscale 
architectures and seamless integration of multiple functional components in a single 
nanostructure can enable efficient optical absorption, charge generation, separation, 
transportation and utilization for productive redox chemistry. It therefore has the potential to 
enable a new generation of highly effective photocatalysts for efficient harvest and conversion of 
solar energy into chemical fuel. 
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Title: Molecular Magnets Based on a Modular Approach: Investigation of Coupling, 
Anisotropy and Electronic Factors on Bistability 
PI: Professor Kim R. Dunbar, Department of Chemistry, Texas A&M University, College 
Station, Texas  
      Until recently, research into the phenomenon of magnetic bistability in molecules, commonly 
referred to as Single Molecule Magnets (SMMs), has focused primarily on increasing the 
ground-state spin value (S) to raise the thermal barrier for spin reorientation, but success has 
been limited. The past few years, however, have witnessed a veritable explosion of exciting 
breakthroughs in the design of SMMs. One remarkable discovery is that mononuclear transition 
and lanthanide metal complexes with a small number of spins can also exhibit slow paramagnetic 
relaxation, compounds that are known as single ion single molecule magnets (SI-SMMs).1-7  
Another relatively unexplored avenue to increasing the blocking temperatures of polynuclear 
SMMs is to incorporate early 3d and 4d/5d transition metal ions that exhibit strong spin-orbit 
coupling into cyanide-bridged clusters, thereby introducing anisotropy into the M1-CN-M2 
metal-ligand bond through exchange interactions.8-10 In addition to anisotropic exchange, theory 
has predicted that certain combinations of metal ions in the M-CN-M’ linkage should exhibit 
extremely strong coupling. The synthesis of new cyanide molecules guided by these premises 
and the assessment of their structural, electronic and magnetic properties constitute the 
foundation for our DOE funded research. Simply stated, the scope of our DOE funded project is 
to design, synthesize and fully characterize new molecular nanomagnets which differently than 
bulk magnetic materials. We are investigating such “quantum magnets” based on strongly 
anisotropic metal ions by preparing homologous families of compounds in order to gain insight 
into the complex interplay of metal ion, ligand, and supramolecular interactions and how they 
affect the properties of these materials. Our strategies are guided by theoretical predictions 
regarding the energies of magnetic interactions as well how the ligand field of the metal affects 
the zero field splitting parameter that leads to Ising (or easy axis) anisotropy. 
Recent Progress 
New magnets based on 4d and 5d transition metal ions 
 We recently isolated linear trimers based on [MIII(CN)6]3- (M = Fe, Ru and Os) and MnIII ions 
that exhibit exchange-biased single-molecule magnetic (SMM) behavior due to extensive 
intermolecular interactions, the first such evidence for this phenomenon in cyanide based SMMs. 
This result provides us with an ideal platform to probe the effect of supramolecular interactions 
on the bistability of a small magnetic unit. We have also incorporated 4d and 5d cyanometallates 
(OsIII, RuIII and MoIII) into trigonal bipyramidal clusters of the type ([M(tmphen)2]3[M’(CN)6]2 
resulting in the first ferromagnetic interaction observed between MoIII and CoII/NiII through 
cyanide and the cluster [Fe(tmphen)2]3[Os(CN)6]2 which undergoes a thermally-induced 
reversible intramolecular electron transfer - highlighted in Nature Chemistry. A very exciting 
recent finding is that a molecule with Mo(III) and V(II), namely [V(tmphen)2]3[Mo(CN)6]2, 
exhibits the strongest exchange coupling to date through a cyanide ligand estimated at -130 cm-1. 
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Figure 1. Depiction of the molecular structure of the new Mo2V3 TBP cluster (left) and the magnetic data (right). 

Efforts by our group have also yielded new structures incorporating [Mo(CN)7]4-, namely two 
new octahedral clusters ([M(tmphen)2]4[Mo(CN)7]2·(solvent); M = CrII, MnII) with possible 
SMM behavior and an extraordinary docosanuclear cluster that holds the record for the highest 
ground state spin value of any cyanide-bridged cluster known to date, a molecule featured on the 
cover of Angewandte Chemie. By far the most exciting result has come very recently in an 
unpublished result with the [Mo(CN)7]4- chemistry. The first trinuclear cluster based on the 
[Mo(CN)7]4− unit [Mn(LN5Me)(H2O)]2[MoCN)7]·6H2O was synthesized and fully characterized. 
Antiferromagnetic coupling was found between the MoIII and MnII in the compound. Detailed 
magnetic measurements reveal this compound to be a single-molecule magnet with a blocking 
temperature of 3.8 K (at 1 Hz) and a barrier of ~44.1 cm-1. These numbers set the record for a 
cyano-bridged SMM. Moreover, hysteresis loops with obvious steps corresponding to quantum 
tunneling were observed up to 2.4 K. This compound is a proof-of-concept case for a SMM 
composed of spin centers that engage in anisotropic magnetic coupling and its properties confirm 
a long-standing debate about whether this strategy would work. This result represents a major 
milestone in our work. 

Future Plans 

Future efforts are being 
directed at the expansion 
of the trigonal 
bipyramidal, tetranuclear 
and linear trinuclear 
families of molecules to 
include 4d/5d metal ions 
as well as early 3d metal 
ions such as                                         
                                                      Figure 2. Two new Re(II) compounds as new anisotropic trigonal symmetry       
                                                                       molecules being pursued in the next year. 
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TiIII and VIII, efforts that are being guided by theoretical models of our collaborators Boris 
Tsukerblat from Israel and Sophia Klokishner from Moldova. Their work has led to the 
conclusion that trigonal symmetry is very important for engendering SMM behavior in a number 
of different polyhedral geometries.  We have already made excellent progress with the 
incorporation of ReII ions into new types of clusters as depicted in Figure 2. 
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Program Scope 
The objective of our research is to design and synthesize new classes of highly nanoporous organic 
polymers that are linked by strong covalent bonds and composed of chemically and electronically tunable 
building blocks for use in hydrogen storage and selective CO2 capture. The new polymers, termed 
borazine-linked polymers (BLPs) and benzimidazole-linked polymers (BILPs), feature 
functionalized pore walls and exhibit significant hydrogen uptakes and one of the highest 
CO2/N2 and CO2/CH4 selectivities reported to date. In addition to their remarkable selectivity for 
CO2, BILPs are thermally stable (~420 °C) and remain chemically intact under aqueous systems 
which reflects their potential use under practical conditions.  

Recent Progress 
This project is aimed at the synthesis and characterization of two new classes of porous organic 
polymers:  borazine-linked polymers (BLPs) and benzimidazole-linked polymers (BILPs). In 
these polymers the resulting chemical connectivity between building units can potentially lead to 
structures analogous to those of COFs linked by B-O bonds.1,2 BLPs and BILPs feature 
functionalized pore walls and moderate surface areas. One significant motivation for pursuing 
isolated B3N3 rings in porous materials was the potential of the borazine rings to undergo 
hydrogenation by molecular dihydrogen in the presence of a catalyst.  Thereby BLPs would store 
hydrogen by both chemical (B-H and N-H) and physical (physisorption within the pores) means.   
 
Borazine-linked polymers (BLPs). We have described 
for the first time the incorporation of borazine units 
bearing three different B-substituents (H, Cl, Br) as 
building blocks for the construction of porous networks 
to assess the impact of pore decoration on hydrogen 
storage and selective gas binding. In halogen-decorated 
BLPs, treatment of arylamines with the corresponding 
boron trihalide followed by thermolysis in toluene under 
refluxing conditions produced the desired polymer 
(Scheme 1). We have extended this approach to prepare 
seven polymers in good yields using various amine 
building units.  The chemical composition and structural 
aspects of these polymers were investigated by spectral 
(FT-IR, 11B and 13C solid-state NMR, SEM) and analytical methods (elemental analysis) while 
porosity was examined by N2 porosity measurements. Unlike COFs, all BLPs are amorphous 
which precluded their investigation by XRD techniques. From their porosity measurements, 
halogen-decorated BLPs exhibit moderate surface areas and relatively high gas uptakes in 
comparison to porous organic polymers (Table 1). The highest gas uptake was reported for BLP-
12(Cl) which has the highest surface area and pore volume values; it stores 1.75 wt% of 
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hydrogen with an isosteric heat of adsorption of 7.08 kJ/mol which is somewhat higher than 
those reported for 2D and 3D COFs as a result of the narrower halogen decorated pores. 
 
Table 1. Porous properties and H2 uptakes of BLPs. SALang: Calculated by the Langmuir method. Pvol: 
Calculated from nitrogen adsorption at P/Po = 0.9. PSD: Calculated using NLDFT. 

 
 
 

 

 

 

 

 
 
 

We have expanded the field of BLPs by the synthesis of halogen-free polymers following the same 
thermolysis approach described above to produce several borazine-rich polymers with very high surface 
areas. All BLPs were isolated as white powders in good yields and subjected to a battery of 
characterization methods: PXRD, SEM, TGA, FT-IR, and Ar porosity measurements. Halogen-free 
BLPs are thermally stable up to ~420 °C and were subjected to hydrogen storage experiments 
under low and high pressure conditions. Our studies indicate that halogen-free BLPs can store 
significant amounts of hydrogen under high pressure settings as in the case of BLP-12(H) which 
stores 4.25 wt% at 77 K and 40 bar.  

Benzimidazole-Linked-Polymers (BILPs). In addition to our work on BLPs, we have 
developed a simple synthetic route for several organic polymers by using condensation reactions 
between a variety of aryl-o-diamine and aryl-aldehyde building units to form BILPs. BILPs have 
remarkable chemical and thermal stabilities and considerable H2 uptakes as well as high CO2 
selectivity over N2 and CH4. The notably enhanced CO2 capture and selectivity of BILPs 
compared to other purely organic or organic-inorganic hybrid materials such as MOFs, for 
example, were attributed to their subnano pore dimensions and imidazole-functionalized pore 
walls that facilitate selective CO2 capture and storage. Similarly, these textural properties of 
BILPs resulted in high H2 uptakes and binding affinities at low pressure and cryogenic 
conditions as shown in Figure 1 and summarized in Table 2.  
 
 
 
 
 
 
 
 
 
 
Figure 1. Hydrogen uptake isotherms, selective CO2 uptake by BILP-3 and its functional unit 
showing potential CO2 binding sites. 

Polymer SALang (m2 g-1) Pvol (cm3 g-1) PSD (nm) H2, 77 K (wt%) H2 Qst (kJ mol-1) 

BLP-1(Cl) 1828 0.746 1.33 1.00  7.06 
BLP-1(Br) 730 0.303 1.27 0.68  7.14 
BLP-2(Cl) 1699 0.649 1.27 1.30 7.19 
BLP-2(Br) 1221 0.571 1.27 0.98 7.49 
BLP-12(Cl) 2091 0.853 1.13 1.75 7.08 
BLP-1(H) 1360 0.69 1.27 1.33; (3.97, 40 bar) 6.8 
BLP-2(H) 1178 0.59 1.13 1.43; (2.48, 40 bar) 6.8 
BLP-12(H) 2866 1.08 1.27 1.93; (4.25, 40 bar) 6.0 
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All BILPs exhibit excellent chemical stability that allow for their handling and purification under 
ambient conditions. They remain intact upon washing with a 2M aqueous solution of HCl or 
NaOH. BILPs also exhibit high thermal stability according to thermogravimetric analysis which 
showed decomposition only after ~420 °C.  Porosity and gas storage measurements (Table 2) 
reveal that BILPs are some of the most attractive purely organic materials for gas storage 
applications. BILPs with high surface area in particular exhibit noteworthy hydrogen storage 
capabilities (1.9-2.3 wt % at 77 K and 1 bar). In addition, these polymers in general can store 
significant amounts of CO2 (up to 5.3 mmol g-1 at 273 K and 1 bar) with very high selectivities. 
The presence of amphoteric building units in the pore walls of BILPs can allow for post-
synthesis modification with light metal ions (Li+, Na+, etc.) for enhanced hydrogen storage 
capacities which will be addressed in future work. 
 
Future Plans 
Our future research goals will focus on developing new synthetic methods to enhance the 
crystallinity and porosity of BLPs and BILPs to attain higher hydrogen storage capacities in 
these polymers especially under elevated pressure conditions. Additionally, pore surface 
modification by post-synthesis processes or by the use of pre-functionalized building blocks will 
also be explored to enhance H2 isosteric heat of adsorption. Future studies will also address the 
potential of borazine-rich BLPs in chemical hydrogen storage. Chemical and physical tuning of 
the BILPs’ pores will also be targeted to enhance their performance in selective CO2 capture and 
sequestration. 
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Table 2. Gas uptake and selectivity (CO2/N2 and CO2/CH4) for BILPs. 

  H2/1 barb  CO2 /1 barb  CH4 /1 barb  N2 /1 barb  Selectivityc 
Polymer SABET

a 77K 87K Qst 273 
K 

298 K Qst 273 
K 

298 
K 

Qst 273 
K 

298 
K 

CO2/N2 CO2/CH4 

BILP-1 1172 19 14 7.9 188 131 26.7 23 16 16.3 5.0 7.3 70 (36) 10 (7) 
BILP-2 708 13 10 8.0 149 104 28.6 14 9 18.4 3.4 2.5 113 (71) 17 (12) 
BILP-3 1306 21 15 8.0 225 145 28.6 24 17 16.6 3.3 2.4 59 (31) 8 (5) 
BILP-4 1135 23 16 7.8 235 158 28.7 26 18 13.0 1.1 3.8 79 (32) 10 (7) 
BILP-5 599 14 10 8.3 128 87 28.8 15 10 14.6 0.2 2.7 95 (36) 10 (6) 
BILP-6  1261 22 16 8.2 211 121 28.4 27 19 13.2 6.8 6.7 63 (39) 8 (5) 
BILP-7 1122 18 14 8.3 193 122 27.8 19 12 14.7 5.6 5.4 62 (34) 9 (7) 
aSurface area (m2 g-1) was calculated from Ar isotherm. bGas uptake in mg g-1 and the isosteric enthalpies of 
adsorption (Qst) in kJ mol-1. cSelectivity (mol mol-1) was calculated from initial slope calculations at 273 K and (298 
K). 
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Program Scope 
 The overall objective of this project is to develop synthetic strategies to synthesize porous 
materials with geometrical features and chemical functionalities useful for hydrogen storage 
applications. Specific aims of this project are: 
 Design and synthesize new metal-organic frameworks (MOF) using lightweight chemical 
elements to help improve gravimetric hydrogen storage capacity. 
 Develop new synthetic strategies to generate novel active binding sites on metal ions and 

ligands to enhance solid-gas interactions for increased gas uptake near ambient conditions. 
 Develop synthetic methods to create porous frameworks with novel architectural features   
 such as partitioned pore space for the optimum size match with hydrogen molecule. 
 
Recent Progress  
      The project places a strong emphasis on the use of lightweight elements (Li in particular) as 
the structural building block. In addition to being the lightest metal, lithium possesses desirable 
binding affinity for H2 if active binding sites can be created. Compared with other metal ions, 
lithium is unique in its synthetic and structural chemistry, because of its small ionic radius, low 
oxidation state, and high solvation enthalpy. Therefore, innovative synthetic methods need to be 
developed to realize lithium based porous materials. Other strategies being studied for enhancing 
H2 storage capacity include a comparative study of the related lightweight Mg2+, the creation of 
high-density binding sites on ligands, and partition of pore-space for better size match with H2. 
 
A highly stable porous material constructed from lithium aryloxide clusters. 
    In order to further enhance the adsorption property, an emergent and promising strategy is to 
introduce lightweight elements into the framework, which may lead to an increase in the 
gravimetric uptake capacity. A new porous material based on Li4O4 cubane cluster has been 
realized. While Li4(OPh)4 type clusters linked by neutral ligands (e.g., 1,4-dioxane) are well-
known in the literature, none is porous or stable. Our success was through the use of a very 
unique ditopic ligand 4-pyridinol. Because 4-pyridinol serves dual roles (i.e., cluster formation 
using -OH side and intercluster 
crosslinking using both -OH and 
pyridyl sides), this strategy eliminates 
the pore-blocking effect of the 
dangling -OPh ligand (found in 
literature examples), leading to the 
high stability and accessible porosity. 
The synthesized material exhibits a 
zeolite topology and possesses large 
channels (Fig. 1). Considering that it is 
based on low-valent lithium 
framework, this material has an unbelievably high thermal stability up to at least 500oC. Its BET 
and Langmuir surface areas reach 440.3m2/g and 632.5m2/g, respectively and its hydrogen 

Figure 1. Illustration of the self-assembly process from molecular 
species Li+ and 4-pyridinol to Li4O4 cubane clusters, and finally 
to 3-D framework. (purple: Li; red: O; blue: N; grey: C) 
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storage capacity is 1.4 wt% H2 at 77 K-1atm. While these numbers are modest compared to the 
best metal-organic framework materials (MOFs) based on some other metal ions, they are 
nevertheless the highest among lithium-based MOFs, demonstrating the significant potential of 
this system.1  
  
 A porous magnesium-carboxylate 
framework with nanotubular channels 
    Because highly negative tetraanionic 
ligands can increase the metal-to-ligand 
ratio (for the simple reason of charge 
balance), it can increase the density of 
active metal sites and gas uptake 
capacity as shown by MOF-74 (one of 
the best materials for gas sorption 
applications).2 In this work, we sought to 
mimic the tetraanionic ligand used in 
MOF-74 (Mg2(dobdc), H4dobdc = 2,5-
dihydroxyterephthalic acid) by 
investigating the reaction of Mg2+ with a 
tetracarboxylate (biphenyl-3,3’,5,5’-
tetracarboxylic acid or H4bptc) (Fig. 2) 
and were able to synthesize a new Mg-
MOF (denoted CPF-1).  
   CPF-1 is built from 41-helical inorganic chains (space group: I4122), connected to each other 
with a tetracarboxylate to form 1D cylindrical nanotubular channels with tetragonal symmetry, in 
contrast with the 1D hexagonal channels in MOF-74 (Fig. 2). We were able to achieve a higher 
density of solvent sites on Mg2+ sites with each Mg2+ bonded to two solvent molecules. 
However, solvent sites on two adjacent Mg2+ sites are oriented toward each other, which leads to 
the bridging mode for the coordinated solvent molecules. This apparently complicates the sample 
activation due to the more difficult removal of bridging solvent molecules. The present data 
show that its storage capacity (1.3 wt% H2 at 77 K-1atm,  84cm3/g of CO2 at 273K-1atm) is 
lower than that of MOF-74-Mg. Still, our material is the second highest among all known Mg-
MOFs,2 demonstrating the potential of the synthesis strategy for further advancing the hydrogen 
uptake capacity. 
 
Single-walled metal-organic channels with high density of open donor sites for gas uptake 

In addition to uncoordinated metal sites, uncoordinated functional groups of organic ligands 
can play a key role in gas sorption. Thus, having available the largest possible number of 
exposed functional sites (on either metals or ligands) can contribute to enhanced gas sorption. Of 
particular interest are functional groups such as aromatic pyridyl-type N-donors found in metal 
azolate frameworks.  

For the purpose of increasing the percentage of open donor sites, individual triazole or 
tetrazole ligands are less effective, because at least two N-donor sites will be used up for the 
framework connectivity, and the maximum percentage of open N-donor sites would be only 33% 
for a triazole and 50% for a tetrazole framework. Hence, we are especially interested in ligands 

Figure 2. A comparison between two MOFs based on 
tetraanionic ligands. (top) Mg2(dobdc) (Mg-MOF-74) and 
(bottom) CPF-1. 
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containing multiple triazole and tetrazole groups (e.g., polytriazole such as 1,3,5-tris(2H-tetrazol-
5-yl)benzene  or H3BTT in short), and such a ligand can achieve a high connectivity even if they 
only use one N-donor site (per triazole or tetrazole group) for bonding with metals. The highest 
percentage of open donor sites would be 67% for a 
triazole and 75% for a tetrazole, assuming each ligand 
uses just one N-donor site for the framework formation. 
However, such a high percentage of open donor sites 
have not been achieved prior to this work. 

Here, by using a urea derivative (1,3-
dimethylpropyleneurea) as the co-solvent in N,N-
dimethylacetamide (DMA), an interesting porous 
framework (denoted CPF-6) with 1D square single-
atom-walled channel system has been prepared (Fig. 3). 
This material has a highly porous 3-D framework with 
a large percentage (67%) of N-donor sites unused for 
bonding with metals. This feature, coupled with the 
low-framework density resulting from single-walled 
channels, contributes to a high gas storage capacity (ca. 
1.9wt% H2 at 77K-1atm, 98cm3/g CO2 at 273K-1atm). 
 
Future Plans 
     To develop high-capacity hydrogen storage 
materials, we will need to further develop synthetic 
methods to synthesize porous materials that combine 
multiple features including lightweight building block, 
active binding sites, and high stability. A systematic 
study of solvent systems that can bind reversibly to 
metal ions such as Li+ without adversely affecting the 
crystallization process is important. Also important is to 
create a stable support framework system for Li+ with 
active binding sites, because monomeric lithium sites 
with open sites may not be sufficiently stable. The 
application of the pore partition strategy, particularly to the lightweight building units, would 
make it possible to integrate advanced architectural features with desirable chemical 
compositions and functionality. 
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Figure 3. (a) View of the zinc dimer 
bridged by two tetrazolate groups (in 
bidentate fashion) and completed by four 
other tetrazolate groups (in unidentate 
fashion), (b) the 3-D extended network 
showing large channels. 
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Chemical Frustration:  A Design Principle for the Discovery of New Complex Intermetallic 
and Alloy Phases 

 

Daniel C. Fredrickson, Dept. of Chemistry, University of Wisconsin-Madison 

 

Program Scope 

 The difficulty of guiding the crystal structures of intermetallics is a limiting factor in the 
development of new materials based on metals and alloys.  Structural complexity in 
intermetallics is increasingly being traced to the coexistence of competing bonding or packing 
modes,1 a conflict which may be termed chemical frustration by analogy with magnetic 
phenomena.  The focus of this research program is the development of the theme of chemical 
frustration into a predictive theoretical model for the synthesis of new intermetallic phases.  We 
are working toward this goal through the pursuit of the following three objectives. 

 Objective 1: Synthesis of new chemically frustrated intermetallics. In the first objective, 
we are testing the hypothesis of chemical frustration as a source of structural complexity through 
attempts to synthetically induce conflicts in intermetallic systems.  Our strategy for doing this 
can be connected to the analogy to magnetic phenomena mentioned above (Figure 1; see also 
Pub. 3 in the publication list below).   The classic example of magnetic frustration is the situation 
in which three unpaired electrons at the corners of a triangle attempt to couple 
antiferromagnetically:  when any two of the 
electrons are paired, the third cannot take part in 
antiferromagnetic coupling without engaging in 
a ferromagnetic one as well.2  A chemical 
analogy to this can be created by replacing the 
triangle of spins with the triangular form of a 
ternary phase diagram, where frustration can be 

envisioned as arising when the binary 
subsystems (as represented by the triangle 
edges) exhibit strong preferences for bonding 
modes which are incompatible with each other. 

 We are synthetically exploring three families of ternary systems in which this form of 
chemical frustration is expected to occur.  In intermetallic carbides, the desire of carbon for 
octahedral coordination environments in carbides competes with the tetrahedral close packing 
(TCP) exhibited by many intermetallic phases.  In the alkaline earth matrix systems, the tendency 
of alkaline earth elements to aggregate into small clusters of elemental phases is pitted against 
the TCP arrangements of transition metal-based compounds.  Finally, in the ionic seed systems 

Figure 1.  Schematic comparison of (a) chemical 
and (b) magnetic forms of frustration. 
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we explore the transition between ionic lattices and TCP packing by beginning with binary 
systems with large electronegativity differences and introducing a third element of intermediate 
electronegativity that forms TCP structures with the other two elements. 

 Objective 2: Theoretical analysis of the impact of chemical frustration on electronic 
structure and phase stability.  In parallel with the synthetic exploration of chemically frustrated 
systems, we are also developing theoretical and computational tools for analyzing this tension 
within crystal structures.  A common outcome of incompatible bonding modes is the spatial 
segregation of bonding types into different domains.  Analyzing this requires an approach which 
can draw clear connections between local structural features and the electronic structure.  Such is 
afforded by the Method of Moments3 as applied to DFT-calibrated Hückel tightbinding 
calculations, which provides a direct link between the shape of a density of states curve and the 
topology of contacts within a crystal structure.  In this project, we are adapting the Method of 
Moments to the problems of bonding description, and the detection of frustration within metals.   

Objective 3: Development of guidelines for guiding crystal structures through chemical 
frustration.  While our project begins with separate experimental and theoretical endeavors, our 
overall goal is to combine these two sides into theoretically-informed synthetic approaches to 
guiding the structures of intermetallic compounds.    

 Recent Progress  

In the theoretical component of this project, we have developed the 3-acidity analysis, 
which uses the Method of Moments to extend the fundamental molecular concept of Lewis acids 
and bases to metals, alloys, and intermetallics.  Through calculations using this approach we 
have rationalized the stability of 23 intermetallic compounds formed between first-row transition 
metals as 3-acid/base adducts, the stability ranges of the CsCl- and Laves phase types in these 
systems, and some of the structural features of Ti-Ni compounds (see Pubs. 4 and 5).  We are 
currently preparing a manuscript describing how the effectiveness of 3-acid/base interactions is 
influenced by the choice of crystal structure adopted, and how optimizing these interactions can 
lead to structural complexity.      

 Our experimental efforts have led 
to a number of new phases (see Pubs. 1, 3, 
and 6).  Synthesis and structural analysis 
in the Gd-Fe-C intermetallic carbide 
system has led to the crystal structures of 
Gd13Fe10C13 (Figure 2) and its oxygenated 
derivative.  These compounds join a 
growing family of fascinating structures 
that emerge from Lanthanide-transition 
metal-carbon systems,4 but are unprecedented in their H-shaped C2FeFeC2 fragments.  These 

Figure 2.  The crystal structure of Gd13Fe10C13. 
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fragments exhibit short Fe-Fe contacts of 2.36 to 2.38 Å, the shortest yet observed (to our 
knowledge) for such bonds unsupported by classical ligands.  A bonding analysis using DFT-
calibrated Hückel calculations points to the presence of multiple bonding at these contacts. 

 Explorations of the alkaline earth matrix system Ca-Cu-Cd have also been particularly 
productive.  We here have determined the structures of three new compounds:  Ca5Cu2Cd, 
Ca2Cu2Cd9, and a monoclinic quasicrystal approximant.  The first two of these compounds adopt 
ternary variants of known binary types, which are nonetheless interesting because of two striking 
features.  (1) Despite their ternary compositions, the local coordination environments 
approximate binary and elemental phases (Figure 3).  In other words, at a very small length 
scale, the ternary phase exhibits phase segregation consistent with a form of chemical frustration.  
(2) No binary versions are present in the binary subsystems of Ca-Cu-Cd, i.e. their stability 
depends on the ternary composition.   The stabilizing effect of the ternary compositions was 
traced through DFT-calibrated 2-Hückel chemical pressure calculations to the expanded palette 
of atomic sizes moving from two to three elements.   The third compound to emerge from the 
Ca-Cu-Cd system is a new variant of the Bergman phase structure type, in which the usual bcc 
packing of Bergman clusters is interrupted by disordered interfaces inserted between the (110) 
planes.   Our investigations into the factors stabilizing this compound are on-going.  

 

  

  

 

 

 

Future Plans 

Our plan for the next year is to continue the separate pursuits of objectives 1 and 2 while 
seeking out avenues for their interaction (in anticipation of shifting our focus to objective 3 in the 
fourth year of this project).  In terms of our synthetic work, we will be devising new ternary 
systems to explore based on the results of our initial synthetic survey.  For the intermetallic 
carbides systems, we will perform investigations into other lanthanide-containing systems, with 
an emphasis being placed on finding new compounds with multiple bonding between transition 
metals (TMs) and charting the lanthanide rich corners and centers of the phase diagrams.   Our 
first syntheses in the alkaline earth matrix systems revealed little tendency for interactions 

Figure 3.  Comparison of local coordination environments in (a) Ca5Cu2Cd with those in (b) simpler 
elemental and binary phases in the Ca-Cu-Cd system. 
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between the TM element pairs tested, such as Cu/Zn and Cu/Cd.   We will adjust for this by 
combining the alkaline earth metals with TM pairs with more distinct properties to increase the 
TM-TM’ affinity, as in the Ca-Ir-Zn system.    Synthetic investigations into the ionic seeds 
systems will also continue. 

 The focus of our theoretical efforts will be on expanding the generality of the 3-acidity 
analysis, and its ability to inspire new synthetic experiments.  This will include adapting it to 
systems beyond transition metal-based compounds to include phases with lanthanide, alkaline-
earth and main group elements.   Other areas of development will be the creation of a DFT-based 
version of the method, in collaboration with Prof. J.R. Schmidt at UW-Madison, and the use of 
this approach to analyze the spatial segregation of bonding modes in complex intermetallics.  
Finally, we will incorporate the concept of 3-acid/base interactions into the design of a new set 
of chemically-frustrated ternary systems for future synthetic work. 
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Cathode Catalysis in Hydrogen/Oxygen Fuel Cells: New Catalysts, Mechanism, and 
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Fredrick Seitz Materials Research Laboratory 
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Program Scope 

 In this project, we are engaged in a comprehensive plan of research directed at developing 
new catalysts and new understandings relevant to the operation of low temperature hydrogen-
oxygen fuel cells.  The focal point of this work is one centered on the Oxygen Reduction 
Reaction (ORR), the electrochemical process that most fundamentally limits the technological 
utility of these environmentally benign energy conversion devices.  It is therefore to the single 
greatest challenge limiting wide-spread implementation of hydrogen-oxygen fuel cells -- 
providing robust low cost cathodes that efficiently reduce dioxygen to water – that we address 
the work described in this proposal.   

Utilizing support from this project, we developed a new class of ORR catalyst, based on 
Cu dimers and multimers.  These new materials exhibit ORR onsets at potentials higher than any 
other Cu-based material in neutral and basic environments and are inspired by the three-Cu 
active site in laccase which has the highest ORR onset potential of any material known.  By 
directly coupling laccase to a Au electrode we showed that this three-Cu active site in laccase is 
especially competent for the ORR.  We also used microfluidic methods to evaluate these 
catalysts in both the acidic and basic electrochemical environments.  We have developed new 
XAS and microscopy based techniques with which to study the ORR, which provide insight into 
the ORR active site with unprecedented resolution.  These techniques have helped us to develop 
insights into ORR reaction mechanisms on important electrocatalytic materials.  In turn, these 
insights are providing directions to synthesize new ORR catalytic materials. 

Recent Accomplishments 

New Catalysts for the Oxygen Reduction Reaction  
 

  An important accomplishment was the development of a 
new class of catalysts for the ORR. 2 2  We found that direct 
precipitation of an insoluble copper triazole (Figure 1) coordination 
complex formed from 3,5 diamino 1,2,4 triazole (DAT) onto a 
carbon black support leads to the formation of an efficient catalyst 
for the 4 e− reduction of O2 to H2O .  The oxygen reduction activity 
is reported over a wide pH range from 1 to 13 and the onset of the 
oxygen reduction reaction occurs at potentials as high as 0.86 
VRHE. This potential is the highest ever reported for a Cu complex 
ORR catalyst. (Figure 2) Ex-situ magnetic susceptibility 

Figure 1:  3,5-diamino-1,2,4-
triazole ligands bridging two 
copper centers.  Typical 
Cu·· ·Cu spacing is 3.5 Å.  
Counter-ions and ligated water 
are omitted. 
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measurements confirm the presence of muti-Cu sites, since the on- electrode sample exhibits 
room temperature antiferromagnetic coupling which can only be explained by the presence of Cu 
dimer sites.  A secondary outcome attendant this work was to develop a new way to entrain 
molecular materials on carbon electrode surfaces.  We discovered that a soluble ligand and 

soluble metal could be stabilized on an 
electrode if the complex they formed was 
insoluble.  This precipitation method 
enables very smooth conformal coatings of 
molecular catalyst on the electrode.  

Cu-containing ORR catalysts are a 
focus of work since multicoppper oxidases 
(exemplified by laccase) activate oxygen at 
a site containing 3 Cu atoms with ca. 3.5 Å 
spacings and exhibit remarkable ORR 
activity at potentials approaching 1.2 V 
RHE. 3 A Cu-containing complex entrained 
on an electrode surface that exhibited this 

level of reactivity would be highly desirable. 

There remain a number of outstanding issues 
related to the mechanism of the ORR on Pt and 
other surfaces.  In particular, changes in the 
surface structure and bonding of Pt electrocatalyst 
particles during the ORR event is still unclear.  We 
developed an in situ electrochemical X-ray 
absorption spectroscopy (XAS) cell that enables 

high oxygen flux to the working electrode 
by utilizing a thin poly(dimethylsiloxane) 
(PDMS) window. 4 This cell design enables 
in situ XAS investigations of the oxygen 
reduction reaction (ORR) at high operating 
current densities greater than 1 mA in an 
oxygen-purged environment. When the cell 
was used to study the ORR for a Pt on 
carbon electrocatalyst, the data revealed a 
progressive evolution of the electronic 
structure of the metal clusters that is both 
potential-dependent and strongly current-
dependent. In particular, we showed that 
the while line intensity from the Pt L3 edge 
was higher in the presence of O2 than N2 at 
all potentials. (Figure 3)  This shows directly that oxygen exposure induces charge transfer from 

Figure 3. XANES difference (Δμ) plots of the electrode at 
varied potentials under O2 and N2, calculated by subtracting 
the XANES values at 400 mV under N2 from each white line 
region. 
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the Pt to the adsorbed O.  Further, this charge transfer increases with decreasing potential. The 
trends establish a direct correlation to d-state occupancies that directly tracks the character of the 
Pt−O bonding present. 

The focus on coordination of Cu with ligands containing N to form competent ORR 
catalysts possibly mimicking laccase has led to a reexamination of other such ligands.  We 
recently examined the tris(2-pyridylmethyl)amine (TPA) ligand, recently used in a nonaqueous 
context for ORR, 5 and showed that this ligand, complexed with Cu, yields the most positive 
potential onset for the ORR in aqueous acidic solution relative to any Cu-containing complex 
thus far examined. 6  However, there is little understanding yet developed concerning the nature 
of the active site in this system.   

We also demonstrated that non precious metal catalysts, such as those from Cu DAT, from 
Fe pthalocyanin, and from pyrolyzed Fe pthalocyanin materials all exhibit poisoning by small 
molecules added to the electrolyte.  In the case of CuDAT, the small molecules included azide 
and fluoride, molecules identical to those that poison multicopper oxidase enzymes which also 
perform the ORR.  In the case of the Fe-containing materials, we showed that both were 
poisoned by CN-, consistent with the presence of metal-centered ORR activity. 7 

The Cu DAT and related complexes are being developed as mimics for the four-Cu active 
site of laccase, which are highly active for the ORR.  In laccase, only three of the Cu atoms form 
the site at which the ORR occurs, while the fourth Cu acts to transfer electrons from the site of 
oxidation on the other side of the protein where oxidation occurs. 8  An important question 
relates to the rate determining step (rds) of the ORR in laccase.  In order to address this issue, we 
recently developed a novel method of immobilizing laccase on a Au surface, using an anthracene 
thiol, backfilled with a short chain thiol to allow space for the laccase to adsorb with the correct 
orientation on the Au surface. 9  The stabilized laccase enables direct electron transfer between 
the enzyme and the Au surface, and direct determination of the Tafel slope for the ORR process.  
The Tafel slope is found to be 140 mV/decade, which can only be consistent with the first 
electron transfer between the substrate and the electron transfer associated type 1 Cu center being 
the rate determining step.  Consequently, this implies that the 3 Cu active site is in fact 
kinetically competent and that the ORR occurs quickly there.   

Future Plans 

 In the future we specifically propose to undertake research that has three synergistic 
program elements.  These are: (1) design and synthesis of new advanced solid-state and 
molecular cathode materials; (2) physico-spectroscopic characterization of the molecular 
mechanisms of catalysis and the atomistic structures that mediate it; and (3) develop test-bed 
platforms that facilitate critical performance measurements of catalytic materials, ones integrated 
at both the sub-cell component and full device levels.   
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1. Program Scope 

The project investigates the synthesis of carbide-derived carbons (CDC) via low-temperature 
chlorination (i.e., below 800°C). Low temperature metal extraction by chlorine yields an 
attractive route to achieve lower energy consumption during synthesis, but it is complicated by a 
relatively low conductivity of the resulting porous carbon, which may limit its application as 
electrodes in electrochemical double layer capacitors, so called supercapacitors. The influence of 
electronic conductivity of carbon on the electrochemical performance of supercapacitors is still 
poorly understood and the tunability in carbon structure and porosity makes carbide-derived 
carbons an attractive material for systematic and parametric studies. 

The scope of the program is the investigation of TiC and SiC thin film transformation to carbon 
– for SiC-CDC in the temperature range between 500 and 800 °C and for TiC-CDC between 200 
and 500 °C. Silicon carbide is known to be a challenging precursor material for CDC synthesis 
as its native oxide provides a diffusional barrier; thus higher temperatures were needed to 
achieve complete transformation to carbon. 

Thin films were chosen because they serve as a good model system. The ability of thin-film 
supercapacitor electrodes to respond to charge and discharge at high rates (due to a shorter 
diffusional path compared to conventional electrodes) makes them attractive for high power 
supercapacitors. They can also be integrated with silicon chips. The benefits of thin films 
(< 1 µm) extend to fast reaction kinetics for the carbide-carbon transformation (compared to 
conventional carbide powder particles which are several µm in thickness).  However, the build-
up of internal tensile stress due to a nearly-conformal transformation of carbide to carbon and the 
different thermal expansion of the CDC film and the substrate poses complications. 

2. Recent Progress  
 

2.1 Patterned Thin Film approach 

We chose magnetron sputtering for depositing carbide films. This work was done through 
collaboration with Rowan University1 where we used reactive DC magnetron sputtering with a 
Si target and acetylene (C2H2) gas as a carbon source to obtain SiC films. TiC films were 
obtained by exchanging the Si with a Ti target. This method provided us with the possibility to 
produce carbide thin films with sub-micrometer thickness on a variety of substrates (thermally 
grown silica on silicon, glassy carbon, highly oriented pyrolytic graphite, and sapphire). We also 
used CVD SiC films in some experiments. After carbide deposition, the transition metal atoms 
(Ti) or metalloid atoms (Si) were extracted by etching in dry chlorine gas and pure carbon was 
produced per the following reaction: 
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MC+2 Cl2→MCl4+C  (M = Si, Ti). 

Subsequently, the samples were 
annealed in hydrogen gas at the 
same temperature as that of 
chlorine treatment, to remove 
chlorine and tetrachlorides from 
the pores of carbon. 

Magnetron sputtering provided 
sufficiently large sample areas, 
which were homogenously coated 
with the carbide thin film (>1 cm²). 
This way, subsequent patterning of the films made it possible to obtain interdigitated electrodes 
that,. unlike what is commonly used in supercapacitors, which required no porous separator 
between the individual electrode fingers. Different methods were tested to manufacture patterned 
electrodes: ion milling with the focused ion beam gun of a dual beam electron microscope, laser 
machining, and reactive ion etching lithography. The concept behind this “top-down” patterning 
method is depicted in Fig. 1. 

2.2 Structure of SiC-CDC Thin Films 

SiC films were obtained by 
sputtering of SiC on Si 
substrates. Raman 
spectroscopy was used to 
confirm full carbide-to-
carbon-transformation after 
chlorination. Typical Raman 
spectra of SiC and SiC-CDC 
thin films are shown in Fig. 
2. Complete transformation 
of the carbide into carbon 
(SiC-CDC) was achieved 

after chlorination in the temperature range from 500 to 800 °C. Chemical analysis showed that 
the only impurities after the synthesis are trace amounts of chlorine (probably present as SiCl4) 
and some oxygen (from the exposure to the laboratory atmosphere after the synthesis) – both are 
comparable to the results for SiC-CDC obtained from SiC powders. Like the TiC-CDC thin films 
(next section) all SiC-CDC showed some cracking, which increased at higher synthesis 
temperatures. 

2.3 Structure of TiC-CDC Thin Films 

The Ti:C ratio of magnetron puttered films was varied between 78:22 to 40:60 to create non-
stoichiometric TiC-films and to explore the influence of film deposition parameters and carbon 
content in TiC on the final microstructure and film texture (Fig. 3). For this, the substrate was 
heated to 700 °C to produce textured TiC in the (111) orientation which created a pillar-like film 

Fig. 1: Schematic representation of the patterned CDC thin film 
electrode manufacturing and a resulting device obtained from 
reactive ion etching lithography. 
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Fig. 2: Raman spectra of a 100 nm thick SiC on Si (a), and SiC-CDC on Si 
after chlorination (b); the film thickness remained constant.  
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morphology of TiC-crystals 
perpendicular to the substrate, and 
the texture was maintained for 
TiC-CDC. 

A systematic study of various 
substrate materials was conducted, 
using HOPG (highly ordered 
pyrolytic graphite), glassy carbon, 
and single crystal sapphire (Al2O3) 
and silica thermally grown on 
silicon. The goal was to understand 
the influence of the substrate on 
cracking, which increased in 
magnitude at higher synthesis 
temperatures. HOPG and glassy 
carbon represent conductive 
substrates for direct 
electrochemical characterization of 
the resulting samples without 
additional wiring. As shown in Fig. 4, carbon films were successfully produced on all substrates. 

The thickness of the initial carbide film and the 
synthesis temperature affect crack density and 
eventual delamination, as the removal of Ti atoms 
induces tensile stress in the film, which increases 
with the film thickness during synthesis. Uniform 
porous carbon films were synthesized for a 
thickness of up to 3 µm on Si wafers by 
chlorination below 400 °C. CDC films on HOPG 
showed pronounced crack formation after synthesis, 
which may be related to the weak adhesion of the 
initial carbide film to the carbon substrate and 
thermal expansion mismatch. Glassy carbon, 
sapphire and silicon showed good adhesion and 
minor crack formation. 

2.4 Electrochemical Performance of TiC-CDC 
Thin Films 

In addition to the proof-of-concept of the interdigitated electrode architecture, electro-chemical 
characterization was carried out on bulk film electrodes in a 2-electrode setup (with an over-
sized activated carbon counter electrode used as quasi-reference). CDC films were tested in 
1.5 M tetraethylammonium tetrafluoroborate (TEA-BF4) in acetonitrile (ACN), which is a 
common organic electrolyte. Cyclic voltammogramms are shown in Fig. 5 and they are 
characteristic for capacitive behavior typical for electric double layer capacitors. Carbon films 
produced at 400 °C showed the highest volumetric capacitance of ~180 F/cm3 at 20 mV/s scan 

	
 

Fig. 4: Scanning electron micrographs of CDC 
films on highly ordered pyrolytic graphite 
(HOPG) produced at 500 °C (a), on Al2O3 
produced at 400 °C (b), on glassy carbon 
produced at 300 °C (c), and oxidized Si wafer 
produced at 300 °C (d). 

	

Fig. 3: Fracture surface (a) and surface morphology (b-d) of TiC films 
on sapphire substrates  
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rate, which is about 3 times higher than conventional activated carbon electrodes with binders 
(about 50-60 F/cm3).  

Future Plans 

Our next steps are to 
complete the structural 
characterization of the 
TiC-CDC thin film by 
investigation the film 
porosity with small angle 
X-ray scattering (SAXS). 
From the SAXS pattern it 
is possible to calculate the 
pore size distribution by 
the maximum entropy 
method (MEM) and to obtain the specific surface area. This is important in order to compare the 
TiC-CDC thin film porosity with conventional CDC synthesized under identical conditions; yet, 
conventional gas sorption is not applicable to CDC thin film because of the small amount of 
sample material. Electrochemical scanning probe microscopy (in collaboration with ORNL) will 
be used for in situ electrochemical characterization of the CDC films. Room temperature 
synthesis of CDC will be attempted using electrochemical methods and different carbide 
precursors. Furthermore, we plan to systematically continue the electrochemical investigation of 
interdigitated electrodes in organic electrolytes, rather than bulk film characterization; 
transitioning to gel electrolytes will be the logical next step to obtain a quasi-solid, binder- and 
separator-free supercapacitor. 
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Fig. 5. Cyclic voltammograms of CDC films produced at 250, 300, and 
400 °C (a) and volumetric capacitance vs. chlorination temperature (b). 
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Program Scope 

Electrochemical energy storage systems are critically needed for transportation and for 
effectively using renewable energy sources. This project has two major emphases that enable the 
development of new materials for next-generation batteries. First, we aim to improve the 
understanding and control of the fundamental processes that occur at the interfaces of the anode 
and cathode. Second, we focus on improving Li+-ion diffusion in solid electrolytes with higher 
voltage limits. Specifically, these processes are examined with ex-situ and in-situ studies of Li+-
ion transport across the electrode-electrolyte interfaces as well as in the electrodes and 
electrolytes. Example systems investigated are spinel-layered composite and olivine cathodes, 
alloy anodes, dual-electrolyte systems, and solid Li+-ion conductors. This work lays a foundation 
for transformative advances in batteries for vehicle and stationary storage applications. 

Recent Progress 

Spinel-layered composite cathodes: High voltage, high 
capacity spinel-layered composite cathode materials have 
been synthesized by controlling the Li/metal ratio in the 
precursor, with the formula xLi[Li0.2Mn0.6Ni0.17Co0.03]O2 

∙(1-x)LiMn1.5Ni0.425Co0.075O4 (x = 0, 0.25, 0.5, 0.75, and 1). 
The 5 V spinel undergoes Jahn-Teller distortion on 
discharging down to 2 V, but maintains its capacity with 
good cyclability due to the small volume and c/a ratio 
changes. The sloping region originating from the layered 
phase gradually changes to a ~ 3 V plateau during 50 cycles, 
due to the evolution of a new cubic spinel-like phase. The 
presence of Mn4+ in the 3 V spinel-like phase suppresses Jahn-Teller distortion! 

Doped olivine cathodes: Vanadium-doped LiFePO4 cathodes have been obtained by a novel low-
temperature microwave-assisted solvothermal (MW-ST) method (Table 1), employing a vanadyl 
(VO) precursor. Neutron diffraction and elemental analysis indicate the formation of cation-
deficient LiFe1-3x/2VxPO4. However, electrochemical measurements and FTIR suggest the 

Figure 1: Charge-discharge curves 
of layered-spinel composites. 
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presence of a V=O bond similar to that in LiVOPO4. Synthesis with less iron or more iron 
precursors than dictated by LiFe1-3x/2VxPO4 leads to the formation of impurity phases.  

Nano-olivine cathodes: Flowering LiFePO4 
plates, LiMnPO4 plates, and LiCoPO4 rods 
have been realized. The [010] direction 
parallel to the platelets and the 
LiMPO4/MPO4 interface perpendicular to 
[010] degrades the rate capability of 
LiMnPO4 compared to LiFePO4. Also, 

decoration of the surface of C-LiFePO4 

with N or S reduces the resistance of Li+ 
transfer across the electrolyte-electrode interfaces.  

Nanocomposite alloy anodes: A Cu2Sb-Al2O3-C 
nanocomposite anode exhibiting superior cycle life has been 
developed. The Al2O3/C matrix eliminates agglomeration and 
buffers the volume expansion, leading to > 500 cycles. The 
reaction mechanism appears to depend on crystallite size or 
carbon. Because the crystallites are 2 – 10 nm, XRD could not 
be used to determine the reaction mechanism. Future work 
with X-ray absorption spectroscopy could help in this regard. 

Dual-electrolyte Li-air cells: A rechargeable dual-electrolyte 
Li-air cell with a phosphate buffer catholyte has been 
developed with the configuration Li | 1 M LiPF6 in EC/DEC | LISICON | 0.1M H3PO4 +1M 
LiH2PO4| Pt air. It offers an energy density of 221 
mAh/g×3.5 V = 773 Wh/kg. The H3PO4 catholyte delivers 
high capacity while the LiH2PO4 provides good stability to 
the solid electrolyte by maintaining a moderate pH. Only 
mild degredation occurs upon cycling and the bulk and 
boundary resistances of the solid electrolyte (LTAP) 
membrane exhibit little change during the test, indicating that 
the phosphate buffer is a promising catholyte for high 
capacity dual-electrolyte Li-air cells. The relevant reaction 
that occurs is Li + H3PO4 + 1/4 O2 ↔ LiH2PO4 + 1/2 H2O.  

Sample Fe/P Li/P V/P Expected Fe Occupancy Calculated Fe Occupancy 
LiFe0.925V0.05PO4 0.92 0.99 0.051 0.925 0.923(5) 
LiFe0.85V0.10PO4 0.82 0.99 0.99 0.85 0.860(5) 
LiFe0.775V0.15PO4 0.79 0.97 0.97 0.775 0.808(6) 

Figure 3: Cycling performance of 
Cu2Sb-Al2O3-C anode material. 
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Figure 4: Charge-discharge curves of the 
cell with H3PO4 + LiH2PO4 electrolyte. 

Figure 2: Cyclability of bare and N-doped LiFePO4. 

Table 1: Elemental analysis results and Fe occupancy determined by neutron diffraction refinement 
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A second rechargeable dual-electrolyte Li-air cell has 
been developed with the configuration Li | 1 M LiPF6 in 
EC/DEC | LISICON | 0.1M H3PO4 +1M Li2SO4 | Pt + IrO2 
air. By utilizing all the three protons in H3PO4, an ultra-
high energy density of 740 Ah/g×3.3 V = 2442 Wh/kg was 
achieved. IrO2 was added as an oxygen evolution catalyst to 
lower the over-voltage during charge. The relevant reaction 
that occurs is 3Li+H3PO4 + 3/4 O2  ↔ Li3PO4 + 3/2 H2O. 
The voltage profiles retain almost the same shape under 
different current densities, indicating the distinct cell chemistry of the cell. The concept allows a 
flow-through mode for grid-energy storage, offering a low-cost approach for large-scale storage. 

Solid Li+-ion electrolytes: A solid electrolyte 
separator has been developed for dual-electrolyte 
cells. A lithium anode can be used with this 
separator, which maximizes voltage while still 
blocking dendrites from Li anode. A Li anode need 
not rob Li irreversibly from the cathode on initial 
charge.  This design can be used with air, flow-
through liquid, or solid cathodes. The Li+-ion 
conductivity in garnet Li7-xLa3Zr2-xTaxO12 has been 
optimized by tuning the lithium content. The 
maximum conductivity is achieved for x = 0.6, and 
neutron diffraction is on-going at ORNL to 
determine whether the maximum Li

+ is where short-range order sets in.  

Future Plans 

Our future work will continue to develop a basic science understanding of materials for 
advanced energy storage. Specifically, we will focus on the following:  

 Study the effect of synthesis temperature on the structural and electrochemical 

characteristics of the layered-spinel composite system xLi[Li0.2Mn0.6Ni0.2]O2 – (1-

x)Li[Mn1.5Ni0.5]O4 ( 0 ≤ x ≤ 1 ) 
 Analyze neutron and X-ray diffraction data with Rietveld and point distribution function 

refinements to better understand the structure of vanadium-doped LiFePO4   
 Study the interface between the Sb-based alloy and Al2O3 to understand the role Al2O3 

plays in performance improvement, and thereby optimize the composition/microstructure 

 Perform in situ X-ray absorption spectroscopy to understand the reaction mechanism of 

Cu2Sb-Al2O3-C and the influence of particle size, carbon content, and synthesis conditions 

 Develop composite polymer-garnet Li
+
-electrolyte membranes for mechanically and 

chemically robust separators of dual-electrolyte cells 
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Figure 5: Charge-discharge curves of 
the cell with H3PO4 +Li2SO4 electrolyte. 

Figure 6: Dependence of Li+ content on Li+ -ion 
conductivity in Li7-xLa3Zr2-xTaxO12. 
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RESEARCH APPROACH.  The overarching goal is to establish the fundamental knowledge 
required to transform diverse classes of information- and function-encoded building blocks into 
multiscale functional assemblies that guide photon-electron conversion processes for light 
capture and utilization. This core research area is devoted to dynamic supracolloidal assemblies -
- created by controlling the equilibrium and nonequilibrium phase behavior, spatial organization, 
and connectivity of colloidal particles, clusters, and mixtures thereof through self, driven and 
chemically amplified assembly and disassembly pathways.    
 
RECENT PROGRESS.  To achieve equilibrium configurations, the tendency to become kinetically 
trapped in the form of glasses or gels must be overcome without mitigating the short-range 
interactions that drive the desired assembly pathway(s). Alternatively, to kinetically trap 
desirable nonequilibrium structures, an understanding of the origin and nature of dynamic 
barriers is required. Towards these objectives, we are synthesizing Janus spheres, dicolloids, and 
rods, investigating their dynamic assembly, and developing theoretical models to predict their 
behavior (Granick, Lewis, Moore, Schweizer, Zukoski).    
 
(i) Janus and triblock spheres – Building on 
the group’s advances in synthesis and 
assembly [1], Granick has probed the kinetic 
pathways of self-assembly of Janus spheres 
with a hemispherical hydrophobic attraction 
and showed key differences from those 
characteristic of molecular amphiphiles.  
Visualization combined with theory and 
molecular dynamics simulation showed that 
small, kinetically favored isomers fuse, 
before they equilibrate, into fibrilar triple 
helices with at most six nearest neighbors per 
particle, as reported in Science [2]. The time 
scales of colloidal rearrangement combined 
with the directional interactions resulting 
from Janus geometry make this a prototypical 
system to elucidate, on a mechanistic level 
and with single-particle resolution, how 
chemical anisotropy and reaction kinetics 
coordinate to generate highly ordered 
structures. These ideas were extended to the 
creation of triblock Janus spheres [3,4], 

 
Figure 1. (a) Triblock Janus spheres with hydrophobic 
poles (black) and charged (white) equators. (b) 

Fluorescence image of a colloidal Kagome lattice 
(main image) and its Fast Fourier Transform image 
(bottom right).  Scale bar is 4 m.  (c). Top:  Enlarged 
view of the area in panel (b) bounded by dotted lines.  
Dotted red lines highlight two staggered triangles.  
Bottom: Schematic illustration of particle orientations. 
[4] 
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micrometer-sized spheres are prepared with an electrostatic repulsion in the middle and 
hydrophobic attraction at their poles, and design principles were formulated to form intended 
superstructures from these information-encoded building blocks. We showed how these spheres 
can be induced to self-assemble into a complex predetermined colloidal crystal—in this case a 
colloidal kagome lattice (Figure 1), as reported in Nature [4]. This open network is of interest for 
several reasons. With respect to enhanced functionality, the resulting lattice structure possesses 
two families of pores, one that is hydrophobic on the rims of the pores and another that is 
hydrophilic. This strategy of ‘convergent’ self-assembly from easily fabricated colloidal building 
blocks encodes the target supracolloidal architecture, not in localized attractive spots, but instead 
in large redundantly attractive regions, and can be extended to form other supracolloidal 
networks.  
 
(ii) Slow Dynamics and Viscoelasticity of Dicolloid Suspensions - To test novel predictions of 
Schweizer for the kinetic arrest and elasticity of homogeneous nonspherical particles, a family of 
charged homogeneous dicolloids with modest 
shape anisotropy have been designed and 
synthesized by emulsion polymerization 
(Zukoski) [5,6]. The shear elasticity is found 
to be tunable over a remarkably wide range 
by controlling colloid shape, interparticle 
forces, and volume fraction, consistent with 
theory. All shear moduli grow exponentially 
with volume fraction and a theoretically 
inspired universal master plot can be 
constructed for all particle shapes under 
repulsive interaction conditions (Figure 2), as 
reported in Physical Review Letters [5]. The 
underlying universal behavior is a 
consequence of the idea that the relevant 
fundamental stress is controlled by the single 
particle volume, and the relevant volume 
fraction is the distance from the emergence of 
transient solidity. The statistical dynamical 
theory has also now been fully generalized to treat the coupled translational and rotational 
dynamics of dicolloids that interact via short-range attractive forces (Schweizer). Calculations of 
the stress required to force flow (Schweizer) are consistent with the striking experimental 
discovery (Zukoski) that these dicolloids mechanically yield in two steps due to sequential 
unlocking of the orientational and translational dynamical constraints.  
 
(iii) Janus Dicolloid Suspensions - To test novel predictions of Shweizer for the kinetic arrest 
and elasticity of nonspherical particles, a family of charged Janus dicolloids with modest shape 
anisotropy have been synthesized by emulsion polymerization (Zukoski) [7].    These particles 
are produced by swelling seeds with a second monomer that contains a secondary amine, which 
is protonated at low solution pH.  The negative charges used to stabilize the seed particles are 
cross-linked to the seed side of the dicolloid while the nitrogen containing group distributes itself 
more uniformly over the dicolloid surface.  At high pH, these particles carry a net negative 

 
Figure 2. Theoretically motivated collapse of non-
dimensionalized experimental elastic shear moduli as 
a function of reduced volume fraction (c is the 
theoretical solidity onset) for suspensions composed of 
repulsive colloids of identical chemistry but various 
shapes: sphere (blue), symmetric dicolloid, (green), 
heteronuclear dicolloid (red), and tricolloid (orange) for 
ionic strengths of 0.03M (circles), 0.05M (squares), 
and 0.1M (diamonds). The raw data is shown in the 
inset. [5] 
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charge and show signs of very weak dipolar attractions produced from a negative lobe and a 
neutral lobe.  At low pH, the particles have a substantial positive charge, suspensions again are 
well described as containing dicolloid particles experiencing uniform electrostatic repulsions.  
Near their isoelectric point, the particles form strings and clusters (Figure 1).  We find evidence 
of head to tail clustering and suggest the multiple constraints seen in yielding are associated with 
“unraveling” these clusters - such that there is a first yield point associated with breaking 
antiparallel bonds but retaining head to tail bonds while a second yield point is associated with a 
stress of sufficient magnitude to break head to tail bonds.  The problem raises rich problems of 
how to equilibrate colloidal structures, and these are under intensive experimental and theoretical 
investigation [8-18].  
 
(iv) Homogeneous and Janus Colloidal Rods 
- Lewis and Granick are probing the self- and 
electric field-driven assembly of homogeneous 
and Janus silica rods.   Colloidal rods (Figure 
2) with tunable aspect ratios have been 
synthesized to explore the effects of shape and 
chemical anisotropy on the formation of 
supracolloidal assemblies. Homogeneous silica 
rods either assemble into horizontal motifs with 
random orientation or align vertically with an 
applied electric field (Lewis) (Figure 3). Janus 
rods can be formed in either orientation simply 
coating these particles with a thin gold layer, 
following the approach reported previously for 
producing Janus and triblock spheres 
(Granick).  Vertically coated rods, i.e., Janus 
matchsticks, align with their tips oriented along 
the direction of the applied electric field 
(Figure 3). Their observed directionality, which 
is intrinsic to the Janus matchstick geometry, 
leads to the formation of colloidal bilayers and 
unique multipod assembly driven by valency 
rules we have formulated to describe the end-
tips [19].  
 
 
FUTURE PLANS 
These exciting developments will be pursued.  For the coming year, the research team is focused 
on the dynamic self- and field-driven assembly of Janus dicolloids and rods encoded with 
chemical and topographical instruction sets.  We plan to move further beyond self-assembly 
approaches and explore how mesoscale assembly can be driven by efficient feeding of energy 
into the system.   

 
 

  

 
Figure 3. Self-assembly into multipods at 4.4 mM 
NaCl. (a) Optical images of bipods and tripods that 
coexist with tetrapods.  The right panel shows a 
time-resolved series of optical images of a 
tetrahedral cluster as it rotates by Brownian motion. 
(b) A schematic table showing the valency selection 
rule: each multipod geometry requires a minimum 
patch angle α. For a patch angle of 90°, tetrahedral 
clusters are favored over those with a planar 
configuration [19].   
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Spectroscopic Studies of Materials for Electrochemical Energy Storage 

Steven G. Greenbaum, Department of Physics & Astronomy, Hunter College of CUNY 

Program Scope 

 This research program centers on spectroscopic investigations of materials germane to 
lithium metal and lithium ion batteries. The primary analytical tools used in this investigation are 
solid state nuclear magnetic resonance (NMR) and synchrotron x-ray absorption spectroscopy 
(XAS). The NMR measurements are conducted primarily at Hunter College and the XAS is done 
at Brookhaven’s NSLS through an existing collaborative arrangement with NIST’s beamline 
facilities there. The materials research is highly collaborative and leverages the efforts of long-
time and more recent colleagues at universities and national labs. Some of these collaborators are 
listed in the sections below in the context of specific projects. 

 Single crystal olivines, LiMPO4, where M = Co, Fe, Mn, and Ni are being investigated by 
7Li and 31P NMR to extract the local magnetic environments about the Li and phosphate ions, 
knowledge of which will provide vital experimental input to colleagues engaged in first principle 
calculations related to ion transport properties. New methods of probing the composition of the 
Solid Electrolyte Interphase (SEI) are now under development and are being exploited in this 
project, including the use of 13C isotopic enrichment of electrolyte solvents. This strategy is also 
being applied in studies of reversible conversion reaction between Li and metal fluorides. Ion 
transport is being investigated in polymer electrolytes of two basic kinds, membranes containing 
ionic liquids, and solvent-free PEO-based materials in which partial chain alignment is achieved 
by magnetic means. Novel electrolytes based on ionic liquids are also being investigated, in 
particular with regard to their charge and mass transport properties. 

 Finally, several related projects not conceived at the time the proposal was submitted in 
2009 are underway, including investigations of ionic liquid-based electrolytes for sodium-air 
batteries, studies of SEI formation in the Si/Li system, and synchrotron XAS measurements in 
thin film CuS electrodes. 

 Recent Progress  

 The work summarized herein dates back to the beginning of this BES grant funding in the 
Fall of 2010.  In collaboration with colleagues from CNRS/Orsay, Universite Jules Verne de 
Picardie, and North Carolina State University, our group was the first to demonstrate the 
feasibility of natural abundance 13C NMR standard pulsed field gradient methods to measure 
diffusion in ionic liquids (ILs). Several ILs based on some well-known cations such as N-alkyl-
N-methylpyrrolidinium (PY1R+) and newly synthesized fluorine and hydrogen-free anions such 
as 4,5-dicarbonitrile-1,2,3-triazole (DCTA−) were prepared by W. Henderson’s group at NC 
State, as shown in Fig. 1. 
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 The 13C direct detection (no cross polarization) spectrum of a representative IL, with 
spectral assignment is displayed in Fig. 2. The planar anion is believed to reduce cation-anion 
interactions and the absence of fluorine may be beneficial for safety reasons, but presents an 
NMR spectroscopic challenge. 

 

 By means of standard NMR pfg methods, but with about 8 hours of signal averaging per 
sample per temperature, we were able to measure the natural abundance 13C self-diffusion 
coefficients of the anions and cations. The values obtained for the cations were checked by the 
much more efficient proton NMR pfg and the good agreement obtained between 1H and 13C 
values provide a strong measure of confidence for the anion values. [1] 

 We obtained single crystals of LiMPO4 (M = Fe, Co, Ni, Mn) from colleagues at DoE 
Ames Lab and Iowa State University, which we then investigated by broad band NMR, including 
the use of a custom designed low field NMR apparatus necessitated by the very strong 
paramagnetic broadening and shifting characteristic of these compounds. [2] A 31P NMR rotation 
pattern about the [010] crystallographic axis of LiFePO4 is shown in Fig. 3. The simulated 
spectra are in pretty good agreement with the experimental ones, with the major source of 
disagreement attributed to alignment error when moving the crystal from the x-ray diffractometer 
to the NMR spectrometer. Similar rotation patterns were obtained about the three orthogonal 
principal crystallographic axes in the Fe and Co analogues for both 31P and 7Li. Diagonalizing 
the NMR chemical shift tensor, one finds the principal axis system of the NMR nuclei and the 
direction cosines with respect to the crystallographic axes, depicted in Fig. 4 for 31P (not shown 
for 7Li). Interestingly, the Li tensor appears to be approximately diagonal in the crystallographic 
frame and the principal component of the nuclear electric quadrupole tensor (not shown) is along 
or nearly along [010], which coincidentally or not, is the direction of maximum Li ion mobility.  

Figure1. IL cation and anion structures studied in 
this work:1-alkyl-3-methyl imidazolium(IM10R+), 
N-alkyl-N-methyl pyrrolidinium(PY1R+), and 4,5- 
dicarbonitrile-1,2,3-triazole (DCTA−), where R is an 
alkyl group  (i.e. 2, ethyl; 3, propyl; 4, butyl). 

Figure 2. 13C NMR spectrum of  IM102 DCTA at 25°C. 
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 Additional results, in collaboration with NASA/JPL, on characterization of SEI formation 
on lithium ion MCMB anodes using solid state 7Li, 19F, and 31P NMR in cells containing various 
electrolyte additives and subjected to accelerated aging will be presented. [3] 

 

Figure 3. Representative 31P resonances of a single 
crystal of LiFePO4 rotated about [010] as a function 
of rotation angle  between [001] and the magnetic 
field (0° ≤ ϴ  ≤ 180°).  The solid line simulations 
were created using Gaussian functions 

Figure 4. Phosphate sites in a 4-unit cell of the LiMPO4 
olivine lattice structure of space group Pnma.  The view is 
along [010] with phosphorus (blue), iron or cobalt (green), 
and oxygen (O1, O2, O3) atoms given.  The fourth oxygen 
atom of the phosphate tetrahedron is structurally identical to 
O3 and directly behind O3 in this view.  The largest 
paramagnetic principal axis is shown in the plane as the 
double arrow for the two phosphate sites, oriented at ψ 
relative to the [100] direction.  Note that the arrow closely 
follows the line defined by the P-O3-M atomic arrangement. 
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Future Plans 

 The projects either currently underway or planned for the next 12 months are: (i) analysis 
of the Ni and Mn analogues of LiMPO4 and discussion with theoreticians (e.g. Prof. Ceder, MIT) 
about using the magnetic data to augment the accuracy of calculations; (ii) using 13C enriched 
carbonates to study SEI formation in BiF3 conversion electrodes; (iii) investigating charge and 
mass transport in polymer/IL gel electrolytes; (iv) continued study of the effect of novel Li ion 
electrolytes on SEI formation; (v) beginning to investigate IL- Na salt mixtures for possible 
application in Na air batteries. (vi) synchrotron XAS study of CuS-based cathodes developed for 
3D microbatteries. The last two projects are in collaboration with Tel Aviv University. 
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Solid State Electronic Structure and Properties of Neutral Carbon-Based Radicals 

Robert C. Haddon, University of California, Riverside, CA, 92521 

Program Scope 
 We have shown that neutral carbon-based radicals exhibit unusual conductivity, magnetic 
and optical properties, and our work is focused on the synthesis of suitably modified radicals in 
order to investigate the effect of electronic structure on the solid state properties of these 
compounds. 
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Experimental work in our group has produced crystals of a new class of carbon-based 
radicals (1 – 22, Scheme 1), which has led to the discovery of a neutral organic solid with the 
highest conductivity yet reported. These compounds incorporate the phenalenyl (PLY) system as 
the molecular building block[1] and they are spiro-conjugated at boron so that the spin density is 
delocalized over orthogonal -systems in two dimensions.[2] Crystals of 8 show the highest 
room-temperature conductivity (RT = 0.3 S/cm), among the phenalenyl-based neutral radical 
conductors, a high-symmetry crystal structure and a metal-like temperature-independent Pauli 
paramagnetism.[3] 

Recent Progress  
Benzannulated Phenalenyl Radical (12). We crystallized and characterized the first 
benzannulated phenalenyl (12) neutral radical conductor which shows unprecedented solid state 
properties: radical RVB (resonating valence bond) and -dimer CDW (-charge density wave) 
phases coexist over the whole temperature range (Figures 1 and 2).[4]  The structure is dominated 
by two sets of intermolecular interactions: (1) a -chain structure with superimposed -overlap 
of the benzannulated phenalenyls along [0 0 1], and (2) an inter-chain overlap involving a pair of 
carbon atoms (C4, C24) along [0 1 0]. The -chain-type stacking motif is reminiscent of 
previously reported phenalenyl radicals and the room temperature structure (space group P2/c) 
together with the conductivity of RT = 0.03 S/cm and the Pauli-like magnetic susceptibility are 
best described by the resonating valence bond (RVB) model. The inter-chain interaction is 
unstable with respect to the formation of a -charge density wave (-CDW) involving pairs of 
C4 carbon atoms between adjacent radicals (Figure 1) and this phase is characterized by the 
P21/c space group which involves a doubling of the unit cell along the [0 1 0] direction. The 

Scheme 1 
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RVB and CDW phases compete for structural occupancy throughout the whole temperature 
range (15 to 293 K) with the RVB phase predominating at 15 and 293 K and the -CDW phase 
achieving a maximum structural occupancy of about 60% at 150 K where it produces clearly 
discernible effects on the magnetism and conductivity (Figure 2). 
 

Figure 1. ORTEP drawing of 
radical 12 showing the 
carbon atoms with close 
interchain contacts (293 K), 
and the -dimer which forms 
by bonding of C4(C24) pairs 
of atoms (150 K).      

Figure 2. Variation of (a) magnetic susceptibility and (b) Activation energy of the conductivity of 12. (c) Structural 
occupancy of RVB and -CDW phases. 

Hysteretic Phase Transition in the Spiro-Biphenalenyl Radical (3). Previously we developed 
an experimentally based structural analysis to examine the degree of localization of the spin and 
charge in the phenalenyl-based neutral radical molecular conductors based on the relationship 
between bond order and bond length,[5] and we used this method to investigate the solid state 
electronic structure and properties of the phenalenyl-based butyl-substituted neutral radical (3), 
which shows a hysteretic phase transition just above room temperature.[6] We find two distinct 
electronic states in the hysteresis loop which accompanies the phase transition; by comparing the 
changes in the crystal structures of butyl radical and the related ethyl radical (1) at various 
temperatures, we showed that the change in the interplanar - distance within dimers is the 
most important structural parameter in determining the physical properties of the radicals. We 
suggest that the presence of a high temperature state inside the hysteresis loop during the cooling 
cycle is due to thermodynamic stability while the existence of the low temperature state during 
the heating cycle is due to the presence of a large energy barrier between the two states 
(estimated to be greater than 100 kJ/mol), as a result of the large amplitude motion of the 
phenalenyl rings and the associated lattice reorganization energy which is required at the phase 
transition (Figure 3). 
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Future Plans 
We have recently developed a synthetic scheme which allows the introduction of alkylthio, 
disulfide and diselenide functionalities into the spiro-biphenalenyl boron neutral radical 
precursors, and we have crystallized the first sulfur containing radicals (20 - 22). The crystal 
structures of 21 and 22 show that the radicals exist as one dimensional (1-D) -chains of 
superimposed phenalenyl units (Figure 4), and the molecular units pack more efficiently than the 
oxygen-substituted analogues (18 and 19).[7-9] There are significant spin-spin interaction between 
the molecules along the -chains and the room temperature electrical conductivities of both 
compounds are found to be RT = 1.5  10-2 S/cm (Figure 4). 

Figure 4. (a) Superimposed π-overlap, showing the close contact between the S-alkyl substituents.  (b) Magnetic 
susceptibilities and (c) conductivities of 21 (blue) and 22 (red). 

The introduction of sulfur and selenium into organic molecular conductors is well known to 
enhance the intermolecular interactions and electronic stabilization of various oxidation states 
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which results in improved solid state properties and thus we plan to explore additional sulfur and 
selenium derivatives.  We also intend to increase the band-width of the spiro-biphenalenyl boron 
neutral radicals by pursuing the synthesis of additional benzo-derivatives (see 11 and 12), and by 
application of pressure to some of the materials that exhibit particularly low conduction 
activation energies (Ea < 0.1 eV, 1, 8).[3] 
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Controlling Magnetic and Ferroelectric Order Through Geometry-Synthesis, Ab Initio 
Theory, and Characterization of New Multi-Ferroic Fluoride Materials 

 

Prof. P. Shiv Halasyamani, Department of Chemistry, University of Houston, 136 Fleming 
Building, Houston, TX 77204-5003 

Prof. Craig Fennie, School of Applied and Engineering Physics, Cornell University, 224 
Clark Hall, Ithaca, NY, 14853 

 

Program Scope 

 This research program involves the synthesis, crystal structure, characterization, and 
theory on new magnetically ordered mixed-metal fluoride materials. A major objective of the 
research is to develop the chemical and physical insight to rationally design new multi-functional 
multi-ferroic fluoride materials. These materials represent a promising class of EMO (electronic, 
magnetic, and/or optical) materials that respond in a technologically useful way to external 
stimuli, e.g., electric, magnetic, optical, and/or acoustic fields. Multi-ferroic materials are defined 
as possessing more than one ‘ferro’ property such as ferroelectricity, ferroeleasticity, and ferro-, 
anti-ferro, or ferrimagnetism. As such, we will investigate new magnetically ordered geometric 
ferroelectric complex fluoride materials. Our approach involves a two-fold strategy: (i) bulk 
synthesis, crystal growth, and subsequent characterization (characterization will involve 
structural – powder and single crystal X-ray diffraction – and ‘non-structural’ – ferroelectric and 
magnetic susceptibility measurements) of new mixed-metal fluorides that are geometrically 
ferroelectric and exhibit magnetic ordering (Halasyamani), and (ii) first-principles theoretical 
studies of their structural, dielectric, and magnetic properties (Fennie). Ultimately, our goal is to 
develop new microscopic models that lead to the desired macroscopic properties in these 
magnetic-ferroelectric fluorides, as well as the routes to synthesize such materials. In combining 
such models with the basic tenets of crystal chemistry and symmetry principles, the development 
of a general set of design criteria is possible that, in the spirit of the 2007 DOE BESAC Grand 
Challenges report, will aid in the identification of new multi-ferroic fluorides with the desired 
properties built-in from the bottom-up, i.e., from a model to a real material. When combined with 
first-principles computational methods, these design criteria provide a powerful tool to survey 
the vast space of possible materials in order to select the most promising candidates that will 
exhibit geometric ferroelectricity and magnetic ordering. 

 Recent Progress  

 We recently developed a low temperature hydrothermal method for the synthesis of 
mixed-metal fluorides.1 We demonstrated this method through the selective pure-phase synthesis 
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of the multi-ferroic BaMF4 (M = Mg, Mn, Co, Ni, and 
Zn) family. The method consists of combining BaF2, 
MF2 (M = Mg, Mn, Co, Ni, or Zn), CF3COOH, and 
H2O in a small autoclave (23 ml). The autoclave is 
closed, heated to 230C for 24h, and cooled slowly to 
room temperature. Pure and polycrystalline BaMF4 is 
recovered in 70-80% yields, based on BaF2 (see 
Figure).     

Using this synthetic method, we synthesized a new charge-
ordered magnetically frustrated mixed-metal fluoride with a 
pyrochlore-related structure.2 The material, RbFe2F6 
(RbFe2+Fe3+F6) was synthesized through mild hydrothermal conditions. The materials exhibit a 
three-dimensional pyrocholore-related structure consisting of corner-shared Fe2+F6 and Fe3+F6 
octahedra (see Figure). In addition, Kagome-type nets are observed in both the ac- and bc-planes. 

Magnetic data clearly reveal strong antiferromagnetic 
interactions (a Curie-Weiss temperature of -270K) but 
sufficient frustration to prevent ordering until 16K (see 
Figure). A frustration ratio, 
/TN, of 17 was 
determined. No structural 
phase transformation was 
detected from the variable-
temperature neutron 
diffraction data. First-
principles density functional 
theory (DFT) calculations 
confirmed the charge 
ordered insulating state of 
the material. The 

calculations using the Kugel-
Khomskii model4 identified 
four most essential Fe-Fe 
exchange integrals (J1-J4) that 

define the underlying magnetic structure of the system (see 
Figure).  All the exchange integrals are found to be 
antiferromagnetic in nature and their calculated magnitudes (see Table) show that the 
orthorhombic distortion of the crystal structure of the material lifts the magnetic frustration of the 
system partially, however not completely.  The estimated Curie-Weiss temperature within mean 
field theory was -281 K, which is in good agreement with the experimental value. 

Calculated (black) ad 
experimental (red) powder X-ray 
diffraction data for BaNiF4. 

 

RbFe2F6 in the ac- and bc-planes – 
note the Kagome-nets (black 
lines) in both planes. 
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Using this synthetic technique, we have also synthesized Ba3Mn3F14 and 
Ba7NaMn7F34. The former exhibits a layered crystal structure (see Figure 
left), with Mn2+ and Mn3+ on distinct crystallographic sites. With 
Ba7NaMn7F34, both Mn2+ and Mn3+ are observed, however 
crystallographic disorder occurs on one site (see Figure). With both 
materials, synthetic efforts 
are continuing toward phase-
pure synthesis. Magnetic 
measurements and 

theoretical calculations are also in progress. 

 

 

We have also recently synthesized CsSnF3. This is a 
rare example of a Sn(II) fluoride material. The 
material was synthesized by a low temperature 
solvothermal route, and uses methanol as the 
solvent instead of water. The structure consists of 
discrete (SnF3)- anions that are separated by Cs+ 
cations (see Figure). Theoretical calculations 
exploring the structure and bonding of this 
compound, including a comparison to CsPbF3 (which is know to form in a distorted perovskite) 
are currently underway. 

 

Future Plans 

In addition to the above: 

1. We plan to expand our synthetic efforts. The following systems are planned for investigation: 
a. Tetragonal tungsten bronze (TTB) fluorides: A polar TTB fluoride that is known is 

K3Fe5F15
3 that contains an ordered arrangement of both Fe2+ and Fe3+ cations. We 

plan to substitute the Fe2+ cations with other M2+ cations, e.g., Ni2+, Cu2+, and Zn2+, 
and investigate their multi-functional behavior. 

b. Materials related to the mineral Coulsellite (CaNa3AlMg3F14): The Mg2+ cations form 
Kagome-type nets in the structure. We plan to replace the Mg2+ cation with transition 
metal cations with unpaired electrons, e.g., Mn2+, Fe2+, Co2+, Ni2+, and Cu2+. In doing 
so, a magnetically frustrated material will be created. 

2. Our theoretical effort will follow to main themes: 

Ba
2+

 

Mn
2+

 

Mn
3+

 

F
-
 

Na
+
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a. Continue to explore the physics and chemistry of new compounds synthesized by our 
experimental colleagues 

b. Materials Genome initiative: In the spirit of the recently discussed Materials Genome 
initiative we will create databases of known fluoride compounds and apply an 
approach we are developing based on first-principles calculates and Bond-Valance 
approach to mine the date to help point he way to new multiferroic fluorides. Some 
specific systems include layered perovskites, for example, comparing the compounds 
that form in the polar ABO4 (e.g., BaMF4 compounds) and those that form in the non-
polar, TlAlO4 structure. 
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Crystallization-driven assembly of conjugated-polymer-based nanostructures 

 

Ryan C. Hayward, Department of Polymer Science & Engineering, University of 
Massachusetts Amherst 

 

Program Scope 

 The goal of this project is to harness solution-state crystallization of conjugated polymers 
to construct well-defined nanoscale building blocks that will facilitate fabrication of 
optoelectronic devices, especially photovoltaic cells, in scalable and cost-effective ways.  We 
seek to ultimately control the organization, and therefore the electronic properties, of matter on 
length-scales spanning: (i) the molecular, to achieve highly crystalline semiconducting polymer-
based materials capable of efficient charge transport, (ii) the nanoscale, to position electron 
donating and accepting materials with domain sizes comparable to exciton diffusion lengths (~ 
10 nm) to facilitate charge separation, and (iii) the colloidal scale, such that well-defined 
crystalline nanoscale building blocks can be hierarchically organized into device layers with 
optimal structures. 

 Recent Progress  

 In collaboration with the Emrick group at UMass, we have recently developed an 
approach to self-assemble hybrid organic/inorganic donor/acceptor semiconducting nanowires 
through solution-state crystallization of conjugated polymers [1]. In short, we rely on the well-
known assembly of poly(3-hexyl thiophene) (P3HT) into nanowire or fibril structures induced by 
a reduction in solvent quality.  When this crystallization-driven assembly process is conducted in 
the presence of CdSe nanorods grafted with appropriate P3HT ligands, these ligand polymers can 
be incorporated into the growing polymer nanowire. We have shown that this process yields 
closely associated hybrid assemblies with nanorods flanking the edges of polymer fibrils.  While 
effective, this method suffers from several key limitations, including the synthetic challenges to 
prepare P3HT-grafted CdSe nanorods, the slow kinetics of assembly (requiring nearly 1 week to 
reach completion, compared to < 1 day for pristine P3HT fibrils), and the relatively short lengths 
of hybrid structures (< 1 micrometer icrometers for pristine fibrils).  We 
hypothesize that the latter two effects are the result of steric frustration of the growing P3HT 
fiber by the presence of nanorods at the crystal face. When a nanorod first has a polymer ligand 
“captured” by the crystal, it will be largely immobilized in front of the crystal surface, where the 
remaining polymer ligands (~ 100 per nanorod) may partially shield the crystal face, thereby 
slowing the rate of addition of polymer chains.       

 

187



Motivated by this hypothesis, we focused our recent efforts on an improved alternative 
route based on polymers end-functionalized with a group capable of serving as a ligand for CdSe 
nanoparticles, in particular a thiol or phosphonic acid [2]. This polymer is then induced to form 
crystalline nanowires by a reduction in solvent quality, where we anticipate that the chain ends 
will be largely excluded to the edges of the polymer fibril. In this case, the nanowire sides should 
be densely coated with ligand functionalities that can be used in a subsequent “ligand exchange”, 
whereby CdSe nanoparticles or nanorods coated with their native alkane ligands (trioctyl 
phosphine oxide, TOPO) adsorb onto the fibril. Notably, the synthetic steps required are simpler 
and more robust than those required to prepare nanoparticles with directly grafted P3HT ligands. 

As shown in Figure 1, this two-step 
method is successful for generation of 
hybrid CdSe/P3HT assemblies.  In addition 
to single fibrils flanked by nanoparticles, 
we generally observe a high incidence of 
larger structures consisting of multiple 
alternating “lanes” of polymer fibrils 
interspersed with nanoparticles. Such 
structures are consistent with the proposed 
mechanism of assembly, as a single 
nanowire flanked by adsorbed particles 
would present exposed CdSe-TOPO 
surfaces on its edges, thus rendering it 
strongly attractive towards adsorption of 
another P3HT fibril. Photoluminescence 
measurements indicate that fluorescence 
from the CdSe nanoparticles is almost 
completely quenched upon formation of 
hybrid assemblies, though whether this 
reflects energy transfer, charge transfer, or 
both remains to be determined.  

    

Future Plans 

Our ongoing work and plans for the near future are focused on three main areas: (i) 
improving our understanding and control of nucleation and growth kinetics in solution state 
crystallization of semiconducting polymers and small molecules, (ii) generalization of strategies 
to form hybrid donor/acceptor nanowires to other types of organic acceptors and different donor 
polymers, and (iii) characterization of the photophysical properties of the resulting hybrid 

Figure 1. (a) Schematic illustration of hybrid nanowire 
assembly by nanoparticle adsorption to ligand-
functionalized polymer nanowires.  (b) – (d) TEM 
images showing individual fibers flanked by CdSe 
nanoparticles and larger scale “superhighway” bundles.  
(e) UV-vis absorbance of composites, and 
photoluminescence spectra. 
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nanostructures through a combination of ensemble techniques (including transient absorption and 
fluorescence upconverstion) and single-nanostructure characterization methods.  
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"Surface Science at the Nanoscale"  James R. Heath     Caltech Chemistry 

i) Program Scope Our DOE program, entitled ‘Quantum Dot and Quantum Wire Solids’, has 
generally focused on two related topics.  First, we are developing nanomaterials based platforms 
for various applications related to energy efficiency and energy conversion, with particular 
attention towards understanding the role the phonon physics plays in the performance metrics of 
finite sized systems.  Second, we have been investigating, also in nanomaterials, the surface 
science of weakly bound adsorbates, and how those adsorbates influence physical properties at 
the nanoscale.  These two areas are intimately connected in multiple ways.  For example, many 
energy associated applications of nanomaterials, ranging from superconductors to 
thermoelectrics to photovoltaics, rely on precisely controlling charge carrier locations, 
mobilities, and concentrations.  For high surface-to-volume nanomaterials, this requires one to 
pay strict attention to surface chemistries and other passivation techniques, and phenomena such 
as adsorbed water can strongly influence the ultimate performance metrics of a device.  For my 
presentation, I will briefly provide examples of some of the nanomaterials/devices that we have 
built and tested, and say a few words regarding how surface chemistries and surface passivations 
influence the performance metrics.  I will spend the bulk of my presentation discussing surface 
science at the nanoscale.  

 ii) Recent Progress  Over the 
past two years we have discovered and 
developed the technique of graphene 
templating as an approach towards 
investigating the molecular structure of 
weakly bound surface adsorbate layers 
(Xu, et al., Science, 2010; Cao, et al., 
JACS 2011; Cao, et al., Nanolett. 2011), 
as well as an approach towards 
understanding how such adsorbates 
influence the electronic properties of 
nanomaterials (Cao, et al.,  Nanolett. 
2012). The technique itself is simple in 
concept.   Weakly adsorbed adlayers, 
especially under ambient conditions,  
have been historically very difficult to 
study, because their fragile nature.  The 
method of graphene templating relies on 
the surface-conformal layer of single (or 
few-layer) graphene  sheets.  Depositing 
a graphene sheet onto a surface that has 
been exposed to, for example, water 
vapor at a known humidity, preserves 
and protects the adsorbed water layer, 
and allows the structure of that layer to 
be directly imaged.  We used the 
technique to demonstrate that water 
adsorbed onto at least certain 
hydrophilic surfaces has an ice-like 

 
Figure 1.  Graphene templating reveals the structures 
of 2-molecule thick ice crystals on mica, as measured 
under ambient conditions and 40% relative humidity.  
The flat region at top left is beyond the edge of the 
templating graphene sheet, and in that region, water 
can not be imaged using standard probe microscopy 
techniques. (from Xu, et al., Science, 2010) 
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structure, even under 
ambient condition 
(Figure 1).  As 
relative humidity is 
increased, a single 
layer of ice, two 
water molecules 
thick, and of the same 
crystal structure as 
common ice, extends 
to cover the entire 
surface.  At high 
relative humidities, a 
second layer forms, 
but, before it is 
complete, nanoscale 
water droplets are 
formed.  Similar, but 
distinct, phenomena 
was observed for 
weakly adsorbed 
organic molecules 
(THF and hexane).  
The growth of these 
adlayers thus 
somewhat resembles 
the various 
heteroepitaxial solid-

state film growth mechanisms that are observed in semiconductor processing and, in fact, often 
used to grow quantum dots on surfaces.  We also investigated water adsorption on a series of 
hydrophobic surface in an attempt to address a long-standing question regarding why 
hydrophobic surfaces can have as much adsorbed water as do hydrophilic surfaces.  We 
investigated 3 hydrophobic surfaces:  graphite, H/Si(111), and organically functionalized mica.  
The details of what adsorbed water structure varied significantly from surface to surface, but 
there were also striking similarities.  We found that, on each surface, the water adsorbed as 
nanoscale droplets with very low contact angles, onto defects and step edges.  We also found 
that, although the adsorbed water structures varied widely between hydrophilic and hydrophobic 
surfaces, the actual amount of adsorbed water was very similar.  The observations on both 
hydrophilic and hydrophobic surfaces were wholly consistent with a significant amount of 
previous literature, but permitted a significantly higher resolution investigation of this surface 
chemistry (see Xu, et al., Science 2010; Cao, et al., JACS 2011; Cao, et al., Nanolett 2011 and 
references within).  The net results highlighted that surface science at the nanoscale can be very, 
very different from that observed at the macroscopic level.   

Very recently, we turned the approach around to interrogate how adsorbed water 
influences the electronic structure of graphene (Fig 2).  For those experiments, we templated 
adsorbed water on Au(111) surfaces, and interrogated the system using scanning tunneling 

 
Figure 2. STM topography and STS spectra of graphene-covered 
Au(111) surface. (a) A large field-of-view STM image of graphene partially 
covering the Au(111) substrate, taken at room temperature. Bilayer 
graphene covers the region to the right of the dotted black line. Inset: zoom-
in of the white box in the main figure. Water clusters nucleated at the gold 
steps appear as isolated or connected bright dots across the graphene-
covered region, while such clusters are not observed on the bare Au(111) 
substrate. Two of these clusters are pointed to by black arrows. (b)(c) 
Close-up STM images (taken at ~77 K) of the red (b) and blue (c) boxes in 
(a), corresponding to graphene covering a water cluster on Au(111) and 
graphene in direct contact with Au(111), respectively. Scan size: 5×5 nm2. 
The same height scale (2 Å) is used for b and c. (d) STS spectra (taken at 
~77 K) of Au(111), graphene/Au(111) and graphene/H2O/Au(111). Black 
arrows point to the positions of the depression features (VD) that 
correspond to the Dirac point. Sample-tip bias Vb = 0.5 V, I = 0.4 nA for 
Au(111); Vb = 0.13 V, I = 0.2 nA for the latter two regions.   
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microscopy.  We attempted to resolve the following conundrum:  it has been known for several 
years that water adsorbed onto graphene can alter its electrical properties.  In seeming 
contradiction to (macroscopic) transport experiments,4,5 density functional theory calculations 
have shown that there were no doping effects for single water molecules on freestanding 
graphene.6,7 However, an electrostatic-field-mediated doping mechanism has been proposed 
basing on the enhanced dipole moments of water clusters.6,8  This model potentially closes the 
gap with experiment..  We were able to interrogate the influence of templated water clusters of 
varying sizes, and we found a strong size dependence, indicating that the smallest water clusters 
(<10 nm3) barely influenced the graphene electronic structure, while clusters larger than 50 nm3 
exerted a strong influence (Fig 3).     
 
iii) Future Plans We are beginning to investigate the influence of surface adsorbed water on 
surface frictional propertie, as well continuing to investigate the influence of adsorbates on the 
electronic structure of nanomaterials.  We are also investigating precisely integrated quantum 
dot/nanowire systems for energy conversion applications.  Early work on constructing such 
systems can be found in Guo, et al., 2012.  
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Figure 3. Size-dependent doping effect of water clusters on graphene. (a) The measured charge 
carrier density as a function of water cluster size. The carrier density was averaged for graphene over 
the top of each templated water cluster. The water cluster size was obtained via numerical integration 
from the topographic images. (b) Schematic showing the effect of enhanced dipole moments on the 
shift of the Dirac point of graphene. The size of the trapped water clusters is depicted by the number 
of red disks. Arrows show the possible directions of the dipole moments. Adapted from Cao, et al., 
Nanolett 2012. 

192



Publications over Past Two Years Acknowledging DOE BES Support 
1. Ke Xu, Peigen Cao, and James R. Heath, Achieving the theoretical depairing current limit in 

superconducting nanomesh films", Nanolett.  11, 4206-4210 (2010).  

2. Jen Kan Yu; Mitrovic, S; Tham D; Varghese J; Heath JR.  “Thermal Conductivity Reduction 
in Phononic Nanomesh Films.” Nat Nanotech, 5, 718 (2010).  doi:10.1038/nnano.2010.149 21 
citations 

3. Ke Xu, Peigen Cao, and James R. Heath.  “Graphene Visualizes the First Water Adlayers on 
Mica at Ambient Conditions.”  Science, 329, 1188 (2010)  DOI: 10.1126/science.1192907 
link to article.   link to Science perspective  

4. Douglas Tham and James R. Heath.  “Ultra-Dense sub-wavelength nanowire array 
photovoltaic as engineered optical thin films.”   NanoLetters, 10(11), 4429-4434. DOI: 
10.1021/nl102199b. link    

5. Peigen Cao, Ke Xu, Joseph O. Varghese, and James R. Heath. “Atomic Force Microscopy 
Characterization of Room-Temperature Adlayers of Small Organic Molecules Through 
Graphene Templating.”  J. Am. Chem. Soc. (communication) 133(8) 2334 (2011).  

6. Ru Guo Huang, Douglas Tham, Dunwei Wang, and James R. Heath.  Ring Oscillators from 
Enhancement-mode 10 nm Width Silicon Nanowire FETs. Nano Research  4, 1005-1012 
(2011). DOI 10.1007/s12274-011-0157-2.  link to article   

7. P. Cao, K Xu, J.O. Varghese, J. R. Heath.  The microscopic structure of adsorbed water on 
hydrophobic surfaces under ambient conditions.  Nanolett. 11, 5581-5586 (2011).  link  

8. P. Cao, JO Varghese, K Xu, and J.R. Heath.  Visualizing Local Doping Effects of Individual 
Water Clusters on Gold(111)-Supported Graphene.  NanoLett 12(3) 1469-1463 (2012) doi: 
10.1021/nl2041673.  

9. Huang RG and Heath JR  Silicon Nanowire Charge-Trap Memory Incorporating Self-
Assembled Iron Oxide Quantum Dots.  Submitted 4/2012.  

193

http://www.sciencemag.org/cgi/content/full/329/5996/1188
http://www.sciencemag.org/cgi/content/full/329/5996/1157
http://pubs.acs.org/doi/pdfplus/10.1021/nl102199b
http://www.springerlink.com/content/4471262j07648701/
http://pubs.acs.org/doi/abs/10.1021%2Fnl2036639


Charge Recombination, Transport Dynamics, and Interfacial Effects in Organic Solar 
Cells 

 
Alan J. Heeger, Guilermo C. Bazan, Thuc-Quyen Nguyen, Fred Wudl 

Departments of Chemistry, Materials and Physics, University of California, Santa Barbara, CA 
93106 

 
Program Scope 

The objective of this project is to take advantage of new device strategies, function-
specific materials, and interfacial phenomena to improve the performance (open circuit voltage, 
short circuit current, fill-factor and power conversion efficiency) of polymer-based photovoltaic 
devices fabricated by processing all layers from solution. Fundamental understanding of charge 
generation, transport, and recombination dynamics in thin film bulk heterojunction (BHJ) 
polymer:fullerene blends and in solar cells made from such BHJ blends will be studied using 
transient photoconductivity and impedance spectroscopy. Light intensity and temperature-
dependent current-voltage measurements will reveal the charge recombination kinetics. Devices 
utilizing conjugated polyelectrolyte (CPE) and oligoelectrolyte interlayers to improve open-
circuit voltage and fill factor will be explored with an emphasis on establishing a deeper 
understanding of the working mechanism. New CPEs and oligoelectrolytes will be synthesized 
and their functions as interlayers in BHJ solar cells will be investigated. Sensitive probes and 
experimental methods that enable detailed characterization of the interfaces, the local molecular 
organization and the charge generation at the nanoscale will provide details of the 
structure/property relationships across multiple length scales.  
 
Recent Progress 
1) Improve Bulk Heterojunction Solar Cell Performance Using a Conjugated Polyelectrolyte 
Interlayer and Solvent Treatment of the Active Layer 

Among the performance-limiting factors of organic solar cells, the nature of the contact 
between the top electrode and the active layer has not been explored thoroughly. The 
characteristics of this contact influences all aspects of device performance, such as the fill factor 
(FF), short-circuit current (JSC), and open-voltage (VOC), and there is much to be done to 
understand at a fundamental level and improve this facet of device design. For conjugated 
polymer-based solar cells, 
different metal cathodes and 
the use of a thin interlayer 
between the cathode and the 
active layer such as LiF, 
ferroelectric random 
copolymers, conjugated 
polyelectrolyte (CPE), 
oligoelectrolyte, or metal 
oxide (ZnO and Cs2CO3) 
have been shown to improve 
the device performance.  

 
We have recently Scheme 1.  Relevant molecular structures. 
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obtained universal improvements in solar cell performance through the use of a CPE material, 
PFN+BIm4

-, as a cathode interlayer for solution processed small molecule-based BHJ solar cells 
with a device structure: ITO/PEDOT:PSS/T1:PCBM/PFNB+Im4

-/Al. See Scheme 1 for 
description of molecular structures.  It is worth noting that this work is the first demonstration of 
CPE enhancement of a high efficiency small molecule device.  The addition of a PFN+BIm4

- 
interlayer increased power conversion efficiency with a thermally evaporated Al cathode from 
4.8% to 7.0%, a result of improved VOC from 0.72 V to 0.81 V, JSC from 11.3 mA/cm2 to 12.2 
mA/cm2, and a large improved in the FF from 58.4% to 70.5% (Table 1).  

 
Table 1. Device characteristics of control device (T1:PCBM/Al) and devices with solvent treatment 
(T1:PCBM/MeOH treatment/Al) and CPE interlayer (T1:PCBM/CPE/Al) and contact angle measurements of the 
films without the Al cathode. 

Device JSC (mA/cm
2
) VOC (V) FF (%) PCE (%) Contact Angle 

T1:PCBM/Al 11.3 0.72 58.4 4.8 168 

T1:PCBM/MeOH treatment/Al 12.0 0.80 66.1 6.4 170 

T1:PCBM/CPE/Al 12.2 0.81 70.5 7.0 97 

 
Contact angle and XPS measurements confirm the presence of the CPE interlayer atop of 

the BHJ active layer. For samples spin-coated with CPE solution, we observed an average 
contact angle of 97° (hydrophilic surface), while those without CPE interlayer had an average 
contact angle of 168° (hydrophobic surface). To our surprise, we also observe a noticeable 
increase in device performance for solvent treatment of the active layer (i.e., by simply spin-
coating methanol without CPE atop the active layer). While the solvent control yields modest 
improvements in FF and JSC, a nearly equal improvement in VOC is observed. The result is 
suggestive of a multi-faceted effect involving both solvent modification of the BHJ properties 
and the nature of the organic/cathode interface.  

 

 
Figure 1. A 5μm x 5μm tapping mode image of the methanol-treated surface, with contact potential difference 
histograms as measured by SKPM of control (top right) and methanol-treated (bottom right) devices.   
 

Solvent treatment also leads to improvement of polymer-based BHJ solar cell 
performance. We observe that a significant increase in fill factor, along with improvements in JSC 
and VOC, can be obtained with solvent treatment, with the best devices reaching a PCE of 8.0%. 
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This result shows that, for the low bandgap polymer (PTB7):PCBM system, interactions between 
solvent and active layer may be just as critical as contributions from a thin CPE interlayer. We 
have performed photo-conducting AFM (pc-AFM) and scanning Kelvin probe microscopy 
(SKPM) on active layer surfaces for control and solvent treated PTB7:PCBM solar cells in the 
area between evaporated Al cathodes. Methanol treated devices exhibit no distinct changes in 
topography after treatment. However, the photocurrent collected at 0 V is almost double for the 
methanol treated device. SKPM surface potential histograms (Figure 1) show a 100 meV shift in 
contact potential difference for the methanol treated device. Our preliminary results indicate that 
the solvent treatment of the active layer lead to higher photocurrent and surface potential than 
that of the control device. 

In another approach to enhance the PCE of BHJs by interfacial control, we designed 
fullerene assembly directing molecules. An example is shown in Figure 2 in the form of a 

diheptyl ether 2. 
Using this iptycene 
derivative as an 

additive in 16% relative to PCBM (Figure 4), produces an enhancement of ca 20% in PCE of a 
P3HT PCBM photovoltaic device. 
 

 
2) A Solution Processed MoOx Anode Interlayer for Use within Organic Photovoltaic Devices 

The MoOx layer gives excellent results as shown recently with the new small molecule 
donors where 7% efficiency was demonstrated. 
3) Manifestation of carrier relaxation through the manifold of localized states in 
PCDTBT:PC70BM bulk heterojunction material: The role of PC84BM traps on the carrier 
transport 
We present a critical discussion of the various physical processes occurring in organic bulk 
heterojunction (BHJ) solar cells based on recent experimental results. The investigations span from 
photoexcitation to charge separation, recombination, and sweep-out to the electrodes. Exciton 
formation, relaxation, and decay in PCDTBT and P3HT are investigated by femtosecond-resolved 
fluorescence up-conversion spectroscopy 
 
Future Plans 

Ongoing work will attempt to isolate and better understand the mechanisms of the CPE 
interlayers and solvent treatment that lead to the improved device performance.  Pc-AFM and 
SKPM will be employed to map put change in surface topography, photocurrent networks, and 
surface potential as a function of solvent treatment and CPE interlayer thickness.  Furthermore, 

Iptycene diether 

2 Figure 2 UV-vis spectrum, cyclic voltammetry and electronic levels of 
iptycene diheptyl ether.  
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there is the possibility that the methanol treatment leads to changes in the “buried” electrode, 
namely PEDOT/ITO.  The extent to which this interface is modified will be explored by taking 
advantage of metal oxide contacts, which are anticipated to be less sensitive to methanol. 

 
Publications 
In press 
 “Post Deposition Treatment of an Arylated-Carbazole Conjugated Polymer for Solar Cell 
Fabrication,” Xiaofeng Liu, Wen Wen, and Guillermo C. Bazan, Submitted to Adv. Mater 
 
The Electronic Structure of Conjugated Polymer PCDTBT and of Its Donor-Acceptor Repeat Unit: 
A Combined Experimental and Computational Study; Natalie Banerji, Eric Gagnon,Pierre-Yves 
Morgantini, Sebastian Valouch, Ali Reza Mohebbi, Jung-Hwa Seo, Mario Leclerc, and Alan J. Heeger 
Journal of Physical Chemistry, Accepted and in Press 
 
Efficiency Increase Flexible Bulk Heterojunction Solar Cells with a Nano-Patterned Indium Zinc 

Oxide Anode Dong Hwan Wang, Jason Seifter, Dae-Geun Choi, Jong Hyeok Park, and Alan J. 
Heeger. This work has been submitted to Advanced Energy Materials for publication. 
 

Ribbons, Vesicles and Baskets: Supramolecular Assembly of a Coil-Plate-Coil 
Emeraldicene Derivative, Mingfeng Wang, Ali Reza Mohebbi, Yanming Sun, Fred Wudl, 
Angew. Chem Int Ed.  2012, in press 
 
Short Circuit Current Improvement of P3HT PCBM Solar Cells Ali Reza Mohebbi, Fred 
Wudl, ,Manuscript in preparation 2012. 
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A Solution Processed MoOx Anode Interlayer for Use within Organic Photovoltaic Devices; Jacek 
Jasieniak, Jason Seifter,  Jang Jo, Tom Mates and Alan J. Heeger 
Article first published in Advanced Functional Materials online: 4 APR 2012 DOI: 
10.1002/adfm.201102622The printed version will appear shortly. 
 
Manifestation of carrier relaxation through the manifold of localized states in PCDTBT:PC70BM 

bulk heterojunction material: The role of PC84BM traps on the carrier transport; Wei Lin Leong, 
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Optical Spectroscopy and Scanning Tunneling Microscopy Studies of Molecular 
Adsorbates and Anisotropic Ultrathin Films 

PI:  John C. Hemminger, Department of Chemistry, University of California, Irvine 
 

Program Scope 
 The emphasis of our research is to develop sufficient fundamental understanding to allow 
the controlled preparation of nano-structured samples that display novel optical properties and 
chemical reactivity.  The research places an emphasis on the impact of ordering phenomena on 
the molecular and mesoscopic scale on surface properties of materials.  In this research we 
combine the use of optical probes (Polarization and angle dependent laser reflectivity and Laser 
Raman Scattering, and laser induced desorption coupled with Fourier transform mass 
spectrometry (LD-FTMS)) with modern surface imaging experiments (electron microscopy, and 
variable temperature ultra high vacuum scanning tunneling microscopy (STM)).  These 
experiments are combined with conventional methods of UHV surface science (High Resolution 
Electron Energy Loss Vibrational Spectroscopy (HREELS), Auger electron spectroscopy (AES), 
x-ray photoelectron spectroscopy (XPS) and thermal desorption spectroscopy (TDS)).  The 
conventional surface probes provide well-tested methods for the preparation and characterization 
of substrates.  The optical probes used in our experiments provide methods for the 
characterization of the structure dependent optical properties of novel molecular and nanometer 
scale surface structures as well as molecular identification and quantification of adsorbates in 
monolayers and ultrathin films.  The emphasis of our research will be on the generation of novel 
nanometer scale morphologies and the resultant optical and chemical reactivity properties.  
These experiments will involve more complex molecular adsorbates, which we are well 
equipped to study using techniques such as LD-FTMS. 
 We will use a combination of STM and SEM to study the growth of mesoscopically 
ordered nanometer sized metal structures on well-defined substrates such as highly ordered 
pyrolytic graphite (HOPG).  We will continue to develop methods (e.g. photochemical 
deposition) to decorate nanometer scale metal oxide structures with transition metal 
nanoparticles.  
 The fundamental understanding generated by this research will lead to the ability to better 
control in advance the growth of mesoscopically ordered nanometer scale structures that exhibit 
predictable physical and chemical properties. 
 
Recent Progress  
 During the last year progress has been made in three areas of our research program: (1) 
Using methods we have previously developed to synthesize stable metal (e.g., Al, Ti, Fe, Ni) 
oxide nanoparticles on HOPG we have now developed photoelectrochemical methods to deposit 
metal nanoparticles selectively onto the metal oxide nanoparticles. (2) We have upgraded our 
UHV high resolution electron energy loss spectrometer (HREELS) to allow rapid introduction of 
externally prepared samples (e.g., nanoparticles on nanoparticle samples of (1)).  This has 
allowed us to initiate vibrational spectroscopy studies of molecular adsorbates and reactions on 
Pt nanoclusters deposited on nanoparticle TiO2, and (3) We have obtained high resolution STM 
images of these films and are moving ahead with STM imaging and reaction experiments of Pt 
nanostructures on the Al2O3 nanoparticles supported on HOPG.  
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 Previous work in our laboratory funded by this grant has led to the development of 
methods to produce ordered arrays of relatively monodispersed nanoparticles of metals (e.g., Au, 
Ag, Pt) on highly oriented pyrolytic graphite (HOPG) substrates.  Simple atomic vapor 
deposition of the metal onto the HOPG substrate while the HOPG substrate is held at sufficiently 
high temperature to allow surface atom diffusion results in decoration of steps on the HOPG and 
subsequent nucleation and growth of metal nanoparticles along the HOPG steps.  We have 
reported on this synthetic work in previous annual progress reports and in literature 
publications.1,2  Additionally, we have reported previously on the novel polarization dependent 
optical properties of the ordered arrays.  The HOPG substrate temperature that is required to 
obtain selective nucleation of the nanoparticles at the HOPG steps is different for each metal—
varying with the strength of metal—graphite interaction.  The size and number density of the 
nanoparticles can be adjusted to some extent by varying the parameters of the vapor deposition 
(HOPG substrate temperature, atom flux to the surface, total metal deposition).  During the past 
year we have extended this work to easily oxidized metals (e.g., Ti, Al, Fe).  In these 
experiments the metal is deposited in high vacuum onto the HOPG with the substrate at high 
temperature.  As with the less easily oxidized metals, nucleation and growth occurs at the HOPG 
steps resulting in nanoparticles at the steps.  Exposure of the easily oxidized metal nanoparticle 
to either oxygen or air results in complete oxidation of the metal nanoparticle.  For example, 
TiO2 nanoparticles are easily generated in this manner.  Figure 1 shows an SEM image of TiO2 
nanoparticles on HOPG that were generated in this manner. 

 
 
 
 
 
 

We have also been able to obtain TEM images of individual particles from samples such as that 
shown in Figure 1.  The TEM images exhibit diffraction with fringe spacings consistent with the 
rutile structure of TiO2.  In addition XPS spectra show Ti peaks with binding energy consistent 
with fully oxidized Ti.   
Photodeposition of metals onto the TiO2 nanoparticles:   
We have successfully used photodeposition methods to selectively deposit metals onto the TiO2 
nanoparticles for samples such as the one shown in Figure 1.  In this approach, the sample is 
placed in an aqueous solution of the metal salt of interest in an electrochemical cell.  The sample 
is then irradiated with UV radiation with photon energy in excess of the TiO2 bandgap.  Bandgap 
radiation generates electron-hole pairs in the TiO2 that result in reduction of the metal ions from 
solution at the surface of the TiO2 nanoparticle.  Since the metal deposition is driven by bandgap 

Figure 1.  SEM image of TiO2 nanoparticles that were 
generated by vapor deposition of Ti on the HOPG while 
the substrate was held at 550 C, followed by room 
temperature exposure of the sample to oxygen.  The 
nanoparticles are 10-15 nm wide and occur as either rods 
or faceted particles. 
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excitation of the TiO2 the deposition only occurs on the TiO2 nanoparticle with no deposition on 
the HOPG substrate.   

 
 
 
 
 
 
 

 Figure 2 shows an SEM image of an HOPG sample with Ag nanoparticles decorating 
TiO2 nanoparticles.  The Ag was deposited onto the TiO2 nanoparticles using photodeposition 
from a AgNO3 solution and TiO2 bandgap radiation.  The amount of Ag metal deposition can be 
followed via the photocurrent in the electrochemical photodeposition cell.  Background 
experiments show that Ag deposition does not occur when the sample is exposed to the solution 
in the dark.  Similar experiments have been carried out to photodeposit 1-2 nanometer diameter 
Au nanoparticles onto TiO2 nanoparticles using an HAuCl4 solution as the source of Au ions. 
 The recent results just described now provide well characterizied TiO2 nanoparticle 
substrates for transition metal nanoparticle catalysts.  This will allow us to study the impact of 
the substrate nanoparticle size and morphology on the transition metal catalyst activity.   
 
Future Plans 
 The planned activities for the next year will follow on from the recent developments of 
the program.   
1.  We will continue to refine the synthesis of transition metal oxide nanoparticles decorated with 
transition metal nanoparticles, including expanding to Fe2O3 nanoparticles.  In addition, we will 
begin catalytic reactivity studies of the TiO2 nanoparticles on HOPG that are decorated with Au 
or Pt nanoparticles.  
2.  We plan to utilize the UHV HREELS instrument, now fitted with a fast entry chamber to 
study a variety of new samples prepared by the ex-situ synthesis methods we have developed.  
Our plans include vibrational spectroscopy studies of adsorbates on the TiO2 nanoparticles 
decorated with Pt nanoparticles (such as those shown in Figure 2 of this abstract).   
  
References cited in the report 
1.  Polarization-Dependent Surface Enhanced Raman Scattering from Silver 1-D Nanoparticle 
Arrays, Wei Luo, Wytze van der Weer, Ping Chu, D. L. Mills, Reginald M. Penner, and John C. 
Hemminger, Journal of Physical Chemistry C, 112(31), 11609-11613 (2008) DOI: 
10.1021/jp803455s. 

Figure 2. SEM image showing TiO2 
nanoparticles that have been 
decorated with Ag nanoparticles 
using the photochemical deposition 
method described in the text.  The 
TiO2 particles are ~ 10nm wide.  
The small Ag nanoparticles are 1—
2nm diameter.   
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2.  Physical vapor deposition of one-dimensional nanoparticle arrays on graphite: Seeding the 
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Langmuir, 23 (20), 10372 -10379, (2007) 
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Title 
SISGR: Linking Ion Solvation and Lithium Battery Electrolyte Properties 
 
PI 
Wesley Henderson 
Department of Chemical & Biomolecular Engineering, North Carolina State University 
 
Program Scope 
The research objective of this proposal is to provide a detailed analysis of how solvent and anion 
structure govern the solvation state of Li+ cations in solvent-LiX mixtures and how this, in turn, 
dictates the electrolyte physicochemical and electrochemical properties which govern (in part) 
battery performance. Lithium battery electrolytes remain a poorly understood and hardly studied 
topic relative to the research devoted to battery electrodes. This is due to the fact that it is the 
electrodes which determine the energy (capacity) of the battery. The electrolyte, however, plays 
a crucial role in the power, low and/or high temperature performance, lifetime, safety, cost, etc. 
In particular, the state-of-the-art electrolyte composition consisting of LiPF6 with ethylene 
carbonate (EC) and a linear carbonate such as ethyl methyl carbonate (EMC) has undergone only 
minor changes over the past 20 years. This electrolyte is poorly optimized for use with new 
electrode materials for advanced Li-ion batteries with high-voltage cathodes, Li-air, Li-S and 
other critical battery chemistries. The development of a "looking glass" into the molecular 
interactions (i.e., solution structure) in bulk electrolytes through a synergistic experimental 
approach involving three research thrusts complements work by other researchers to optimize 
multi-solvent electrolytes and efforts to understand and control the electrode-electrolyte 
interface, thereby enabling the rational design of electrolytes for a wide variety of battery 
chemistries and applications (low/high temperature, high power, etc.) (electrolytes-on-demand). 
These three research thrusts include: 

(1) conduction of an in-depth analysis of the thermal phase behavior of diverse solvent-LiX 
mixtures, 

(2) exploration of the ionic association/solvate formation behavior of select LiX salts with a 
wide variety of solvents, and 

(3) linking structure to properties―determination of electrolyte physicochemical and 
electrochemical properties for comparison with the ionic association and phase behavior. 

 Thrust I involves the creation of a library of binary solvent-LiX phase diagrams. These are 
highly informative when combined with the ionic association information provided by Thrust II. 
Solvate crystal structures are determined to provide insight into the manner of Li+...solvent and 
Li+...anion coordination and to serve as model compounds for the Raman spectroscopic analysis 
used in Thrust II to determine the degree of ionic association. 
 Thrust II will develop a Li+ Solvation Scale for Solvents by directly examining Li+...anion 
interactions in a wide variety of solvents to determine which types of solvates exist in 
solution―solvent-separated ion pairs (SSIPs), contact ion pairs (CIPs) and aggregates (AGGs) in 
which the anions remain uncoordinated (to a Li+ cation) or are coordinated to one or more 
cations. 
 Thrust III involves the determination of a variety of solvent-LiX electrolyte properties over a 
broad temperature and concentration range including conductivity, ion/solvent diffusion 
coefficients, viscosity, density, etc. This detailed data, in combination with the information from 
Thrusts I and II, will result in a comprehensive understanding of the electrolyte/battery 
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Fig. 1. Structure of the solvents and 
anions studied. 

 
Fig. 2. Phase diagrams for (AN)n-LiX mixtures with LiTFSI, LiPF6, LiClO4 and LiBF4. The bottom axis shows the 
salt mole fraction (x), while the top axis shows the AN/Li mole ratio. The solid and liquid (L) phases are indicated 
for the LiBF4 phase diagram. The × symbols indicates a Tg for fully amorphous samples, whereas the triangles are the 
Tg for a partially crystalline sample. 

composition-property-performance relationships which 
will be essential in utilizing this fundamental information 
for improved electrolyte selection (formulation) for new 
battery chemistries. Information has been shared 
throughout the project with collaborators who are utilizing 
the data to aid in understanding variations in diffusion 
coefficients (for the ions and solvent) and to optimize 
molecular simulations which will provide further insight 
unobtainable directly from experimental data. This work 
will clearly delineate which solvent and anion structural 
features are critical for determining electrolyte bulk 
properties and how these properties are interrelated. 
 
Recent Progress 
Phase diagrams have been prepared for numerous nitrile, 
carbonate and ester solvents with a range of lithium salts 
(Fig. 1). Examples of phase diagrams for acetonitrile (AN) 
mixtures are shown in Fig. 2. A comparison of the phase 
behavior (which phase forms first from dilute solution, the 
melting point (Tm) of this solvate phase, etc.) for a single 
solvent with different salts or different solvents with a 
single salt is very informative with regard to the ionic association tendency (of the different 
anions) and solvation interactions. Structures of the crystalline solvate phases (i.e., (AN)6:LiPF6, 
(AN)5:LiPF6, (AN)2:LiBF4, (AN)1:LiBF4 and (AN)1:LiTFSI) have been determined where 
possible. Raman spectroscopy has then been used to determine the average solvation number of a 
given solvent (vs. concentration and temperature) mixed with the different salts. Raman 
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Fig. 3. Forms of BF4

-...Li+ cation coordination found 
in crystalline solvates (the AGG-III structure is for 
pure LiBF4). 
 

 
Fig. 4. Raman BF4

- anion band variation vs. 
temperature from the characterization of crystalline 
solvates with known structures. 
 

spectroscopy is also used to examine the 
distribution of different solvate species (i.e., 
manner of anion coordination - Fig. 3) in both 
the solid state (crystalline) and liquid phases. 
To aid in this, a diverse range of solvate crystal 
structures have been determined for different 
salts and then these solids are characterized to 
correlate the Raman band variation (of 
structures with known anion...Li+ coordination) 
with temperature (Fig. 4). Such spectroscopic 
analysis tools (for liquid electrolytes) are being 
created for the different salts (i.e., LiTFSI, 
LiPF6, LiClO4 and LiBF4) which will be used 
for the Li+ Solvation Scale (this is necessary to 
properly deconvolute the spectra for this work). 
Once the solution structure of the solvent-salt 
electrolytes has been rigorously analyzed 
experimentally (with phase diagrams and 
spectroscopy), the information is provided to a 
collaborator to validate quantum chemical (QC) 
calculations and molecular dynamics (MD) 
simulations to add further insight into the 
solvation/ionic association interactions. The 
transport properties (i.e., conductivity, molar 
conductivity - Fig. 5, viscosity, etc.) are then 
explored in detail and correlated with the 
solution structure information to explain the 
mechanisms/origin of the measured properties 
and how this is linked to solvation/ionic 
association.  
 
Future Plans 
Future plans include the completion of the work 
which has been initiated, especially with 
regarding to the analysis of the acyclic 
carbonates and esters with several lithium salts, 
the characterization of additional model salts 
(i.e., LiNO3, LiCF3SO3) to further improve the understanding of solvation/ionic association and 
the development of the Li+ Solvation Scale (for which the necessary Raman spectroscopic 
analysis background work has nearly been completed). Additional future work would include the 
characterization of other solvents (i.e., glymes, dinitriles, sulfones, fluorinated solvents) and the 
expansion of the work already completed including the use of additional characterization 
methods (diffusion coefficients, pseudo-transference number measurements, FTIR spectroscopic 
analysis of solvation/ionic association). 
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Fig. 5. Molar conductivity of (top) (AN)n-LiX mixtures 
(60°C) for varying AN/LiX (n) concentrations and 
(bottom) (AN)n-LiX mixtures (n = 20 - filled circles are 
average values, individual measurements shown as small 
open circles) with varying temperature. 
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Actinide Transition-Metal Chalcogenides and Pnictides 
 
James A. Ibers, Department of Chemistry, Northwestern University, Evanston, IL; 
Collaborating Investigator: Lynda Soderholm, Argonne National Laboratory, Argonne, IL 
 
 
Program Scope 
 
 The scope is,the synthesis and characterization of new transition-metal chalcogenides and 
pnictides of Th, U, and Np, to characterize them structurally, to determine selected physical 
properties, and to develop theoretical insights into these properties. 
 
Recent Progress 
 
 The synthesis and characterization of a number of new U chalcogenides and an old Np 
binary selenide are currently in progress. Some examples are: 
 
a) Ba9Ag10U4S24. Single crystals of Ba9Ag10U4S24 (Fig. 1) were synthesized from a stoichiometric 
reaction among BaS, Ag2S, U and S at 1273 K. The formal oxidation 
state could be explained by B9

(2+), Ag10
(1+), U4

(5+) and S24
(2-), with no 

S−S bonds. 

b) Rh2U6S15 and Cs2M2U6Se15 (M= Ti, Cr). Single crystals of the these 
compounds were synthesized by reaction of the elements in a CsCl flux.  
The first compound contains M3+ whereas the latter compounds contain 
M2+. A temperature sweep at 5T of Cs2Cr2U6Se15 exhibits simple 
ferromagnetic behavior. The known analogues Rh2U6Se15.5 and Ir2U6Se15.5 exhibit 
antiferromagnetic behavior.   

c) Cs2U3Se7. Single crystals of this material were synthesized by 
the reaction among Cs, Se, and As in a Cs2S3 flux at 1273 K. 
The structure is shown in Fig. 2. Extensive magnetic 
measurements have been performed as well as specific heat 
measurements. These may be summarized as follows: The first 
magnetic transition at TN = 90 K indicates antiferromagnetic 

ordering.  There are at least two observed transitions in the ZFC 
50 Oe measurement.  The second transition at T = 50 K could be 
explained by canted antiferromagnetic ordering.  The effective magnetic moment calculated from 
Curie-Weiss Law is 3.41 μB, which is close to the theoretical value of 3.58 μB for the free-ion 
value for U4+. A plot of the magnetization between −5 and 5 T at 5 K is nonlinear.  This behavior 

Figure 1.  The structure of 
Ba9Ag10U4S24 

  Figure 2. The structure of Cs2U3Se7. 
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is indicative of  noncollinear antiferromagnetic behavior.  At 5 T the magnetic moment for each 
uranium atom in Cs2U3Se7 is 0.33 μB.   Cycling the magnetization between 5 and −5 T shows the 
presence of hysteresis between 0.02 and −0.02 T. Missing is an ac magnetic measurement.  This 
will be performed by Bob Cava at Princeton. 

d) NpSe3. This is an old compound that was studied by X-ray powder diffraction methods as well 
as magnetic measurements and 237Np Mössbauer spectroscopy in the 1970's and 1980's. These 
measurements did not resolve the question of the oxidation state of Np in NpSe3. Because the 
structure is a key to understanding interactions and electron distributions within AnxQy systems 
(An = actinide, Q = S, Se, Te), it is important to examine such binary systems.  Neptunium 
triselenide, NpSe3, was synthesized by the stoichiometric reaction of the elements in an Sb2 Se3 
flux at 1223 K. Its structure has been determined by single-crystal X-ray diffraction methods 
(Fig. 3).  Np-Se interatomic distances range from 2.859(2) to 2.927(3) Å; the Se-Se bond length 
is 2.340(3) Å, typical of a single bond. The compound may thus be charge-balanced and 
formulated as Np4+Se2(Se2

2-.  

 

Future Plans 

1) Northwestern: Complete the current projects, including those detailed above. 
 

2) Argonne/Notre Dame: Our efforts at ANL have been dormant for many months 
owing to various issues both within and without The Actinide Facility. Our attempts 
to move Np metal out of ANL and to Albrecht-Schmitt’s facility at Notre Dame are 
buried at ANL under unbelievable piles of red tape and are not progressing. In the 
interim, attempts are being made at Notre Dame to synthesize Np metal from NpO2, a 
nontrivial task. 

 

Figure 3.The structure of NpSe3. 
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Fig. 2. Left: High speed friction SFA setup using fast-feedback piezo-
electric feedback (or a rotating disk -- not shown) [5]. Right: Progressive 
increase in the back-and-forth sliding speed changes the friction from 
smooth to oscillatory, that depends on the inertia of the system [5, 6]. 

 

Relationships Between the Adhesion, Friction and Nano/Micro-Structure of Materials, 
Surfaces and Films (DOE Award number: DE-FG02-87ER 45331) 

Jacob Israelachvili, Dept Chemical Engineering, Materials Department, and Materials 
Research Laboratory, University of California (UCSB), Santa Barbara, CA 93106. 
 
Program Scope 
The aims are to apply recently developed 
experimental techniques [2], and develop 
new ones, to make simultaneous static and 
dynamic measurements of the adhesion, 
friction, structure, and wear of both model 
(smooth) and especially “engineering” 
surfaces and materials ... conducted under a 
wide range of conditions of both 
fundamental and practical interest (Fig. 1), 
including high speeds. The project involves 
modifications and new attachments to the 
Surface Forces Apparatus (SFA) allowing for simultaneous measurements of interaction forces and 
other physical properties, such as electric field effects, and additional imaging techniques, of the 
surfaces and thin films. There are close collaborations with top theoreticians/modelers worldwide. 
 
Recent Progress (includes work done during the 4 months unfunded period) 
Material failure (crack initiation and propagation): We completed a comprehensive study of how 
polymeric materials make the transition from brittle to ductile failure [1], i.e., how solid-like 
cracks can make a continuous transition to liquid-like “snapping”. The results (not shown here) 
how a fascinating, and non-intuitive transition from simple cracking to liquid bridge snapping via a 
very complex transition regime involving Saffman-Taylor fingering and cavitation instabilities.  
Tribology: In 2011 we developed and started to use the new experimental force-measuring and 
imaging techniques (Ref. 2 and 
Fig. 2) to measure tribological 
mechanisms under “extreme 
conditions” of pressure and speed 
(up to 20 m/s) [5, 6], and identified 
a new type of stick-slip at sliding 
speeds above a few cm/s that gives 
rise to oscillatory, rather than 
sharp, stick-slip spikes. This is 
commonly referred to as “shudder” 
in cars or “chatter” in machinery. 
Our experiments show that this 
common phenomenon is not due to 
traditional/conventional stick-slip 
friction, but is more related to 
mechanical "resonance coupling" 
between the moving parts and 

Fig. 1. The adhesion and friction forces between "real" 
(rough or patterned surfaces as opposed to "ideal" 
molecularly smooth surfaces) are being measured at all 
length scales (from the nano to the macro) and time scales. 
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Fig. 3. The EC-SFA showing the electrochemical 
attachment to the SFA for both measuring natural 
and applying electric fields and potentials [4, 9]. 

 

Fig. 4. Left: Natural dissolution rates of silica when pressed by mica 
surfaces in electrolyte solutions vs the measured potential difference V 
between the two surfaces. Right: Rates vs externally applied potential, U.    

 

Fig. 5. Some examples of the types of 
surfaces being made to study the 
effects of random and ordered surface 
structures, including crystal lattices for 
smooth surfaces, both dry and 
lubricated, polymeric anf ceramic. 
Angled flaps (bottom right) provide an 
example of an anisotropic surface 
structure. (See Figs 6 and 7 a for some 
preliminary adhesion and friction 
results on these structures).  

 

surfaces in the system. Other findings in the related area of the tribology and thin film rheology of 
nanoparticle systems are described in refs [3, 7, 8, 10].   
Electrochemical forces between and "wear" of surfaces: We have used a new electrochemical 
attachment to the SFA (Fig. 3) to measure the electric double-layer and other forces in electrolyte 
solutions between various asymmetric (differently chemically functionalized) surfaces, including 

different roughness and natural or applied 
electrochemical potentials [Fig. 4 and refs 4, 9]. 
These studies are providing new fundamental 
insights on interaction forces, particularly on the 
practically important phenomena of 
electrochemical dissolution, corrosion and 
damage, where we have found and quantified how 
chemical dissolution of a surface is very 
significantly enhanced when it is brought into 
close proximity with another surface that has a 
different (more negative or more positive) 
electrochemical potential difference.     

Future Plans 
Adhesion and friction of 
randomly rough and 
anisotropically patterned or 
lubricated surfaces: We are 
currently investigating the 
adhesion and (anisotropic or 
“3D”) adhesion and friction of 
randomly rough, anisotrop-
ically patterned and nano-
particle-coated surfaces Fig. 
5) and of molecular anisotropy of the (lubricant) liquids. Our aim to obtain quantitative adhesion 
and friction laws or models for these systems that can describe their adhesion (Fig. 6) and friction 
in terms of simple equations, analogous to the Hertz and JKR models for smooth surfaces, or the 
Stribeck Curve friction law, with 
"effective" parameters (e.g., for 
the material stiffness and surface/ 
interfacial energies) that take into 
acount the surface topographies. 

= Ce-eV/kT 
Natural dissolution rate 
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Fig. 6. Unloading path taken between two 
rough surfaces before and after shearing, 
showing "JKR-like" behavior, but with an 
effective stiffness and surface (adhesion) 
energy much reduced from the values of 
the bulk materials and smooth surfaces. 

 

     Figure 6 shows some 
adhesion results between such 
surfaces, while Fig. 7 shows 
the conclusions of 
experiments  (results not 
shown) that indicate high 
adhesion and friction between 
surfaces whose asperities 
have similar dimensions. 
      Using the recently 
developed 3D actuator-sensor 
for the Surface Forces 
Apparatus that can induce and 
independently measure forces 
in three orthogonal spatial directions [2], we have 
measured the interfacial friction forces between two 
crystalline and atomically smooth surfaces of mica 

separated by nanometer thin layer of hexadecane. We are finding that the magnitude and "off-axis" 
directions of the friction forces depend on many 
factors, including the "twist angle" between the two 
surface lattices, the sliding direction, the anisotropic 
molecular structure of the lubricating fluid between 
the two surfaces, and the immediate previous history 
of the sliding motion. "Off-axis" friction  cause very 
complex relative motions of surfaces. Most import-
antly, we are finding that during reciprocated (back-
and-forth) sliding the surfaces never stop moving 
during the cyclic motion (Fig. 7), which avoids the 
damage-inducing “stiction spikes” that occurs with 
isotropic surfaces or lubricants when they come 
transiently to rest. These effects can be displayed on 
“friction maps” or “limit cycles” (Fig. 7).   
Nanoparticle assemblies: Closely related to the 
above are our ongoing studies of the 3D organization 
and stability of various surfactant-coated nanoparticle assemblies and thin films [7,8,10], including  
a detailed investigation of the effects of water (humidity) on the adhesion, interfacial energies and 
contact angle hysteresis of physisorbed vs chemisorbed monolayers on nanoparticle surfaces. 
The AFM-SFA and measuring forces in 3D: Also closely 
related to the above, we are developing the AFM attachment 
that will allow for simultaneous SFA and AFM-type 
measurements to be made in the same experiments. A 
prototype has been successfully tested in the SFA (Fig. 9) and 
is currently in use; the 
fabrication of a micro-
scale version is 
currently in progress.  

Fig. 7.  Schematic illust-
ration of why adhesion 
and friction are higher for 
surfaces with matching 
topographies.  

 

 

Probe tip 

Cross spring 
Strain gauge 
(one of eight) 

Spring clamps 

Spring stiffness  
adjustment  
screw 

(a) 

Fig. 8.  The cross-spring flexure design for 
mounting an AFM tip suitable for 
measuring tip-surface interactions in 3D 
(xyz sensitivity) using piezo strain gauges.  

 

Fig. 7. The  off-axis 2D displacement responses of 
a surface during the application of a back-and-
forth shearing force in 1D (red line). The aniso-
tropic hexadecane molecules align at an angle to 
the shearing force during the cyclic motion (blue 
path), causing the surfaces to move off-axis. On 
reversing, as the molecules rotate, the moving 
surface make a circular turning motion (red oval) 
rather than stopping momentarily before reversing. 
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Other studies in progress: We are continuing 
with our studies of electric field effects [3, 4, 9] 
on colloidal, adhesion and friction forces, 
molecular structure in thin films (e.g., of liquid 
crystals or anisotropic nano-particles), and later 
plan to study magnetic field effects.  
Collaborations: We are currently collaborating 
with the following world-class theoreticians/ 
modelers: Bob MacMeeking, Matt Begley, Bo 
Person, Mark Robbins, Jay Fineberg, Erun 
Bouchbinder, and (maybe) Uzi Landman.  
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Fig. 9.  AFM-SFA attachment that contains both a 
macroscopic (mica or silica) surface (front) and a 
microscopic 3D sensing AFM tip (behind the disk) 
that can be used simultaneously in SFA experiments.   
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Enhanced Mixed Electronic-Ionic Conductors through Cation Ordering 

Allan J. Jacobson, University of Houston, Dane Morgan, University of Wisconsin, Clare 
Grey, Stony Brook University (Cambridge University) 

Program Scope 

The performance of many energy conversion and storage devices depend on the properties of 
mixed ionic-electronic conducting (miec) materials. Mixed or ambipolar conductors 
simultaneously transport ions and electrons and provide the critical interface between chemical 
and electrical energy in devices such as fuel cells, ion transport membranes, and batteries. 
Enhancements in storage capacity, reversibility, power density and device lifetime all require 
new materials and a better understanding of the fundamentals of ambipolar conductivity and 
surface reactivity. 

The high temperature properties of the ordered perovksites AA’B2O5+x, where A = rare earth 
ion, Y and A’ = Ba, Sr are being studied.  The work is motivated by the high oxygen transport 
and surface exchange rates observed for members of this class of mixed ionic and electronic 
conductors. The objectives of the work are to: 

1. Understand how the cation and associated anion order lead to exceptional ionic and 
electronic transport properties and surface reactivity in AA’B2O5+x perovskites; 

2. Use this understanding to develop optimized A-site cation ordered perovskites for use in 
electrochemical devices; 

3. Understand the effects of nanostructure and strain on structure and properties; 
4. Develop fundamental understanding of defect chemistry, oxygen diffusion and surface 

exchange in AA’B2O5+x perovskites and related defect mixed-metal oxides.  
A combined experimental and computational approach, including structural, electrochemical, 

and transport characterization and modeling is used.  The approach attacks the problem 
simultaneously at global (e.g., neutron diffraction and impedance spectroscopy), local (e.g., pair 
distribution function, nuclear magnetic resonance) and molecular (ab initio thermokinetic 
modeling) length scales. 

Recent Progress  

Experiments:  The oxygen non-stoichiometries of PrBaCo2O5+x and NdBaCo2O5+x have been 
measured by Coulometric titration using a cell built by stacking two alumina tubes, where one 
has one end closed and the other has both sides open, and Pyrex glass rings. [1] The top of the 
cell was covered with an YSZ disk, which served as both an oxygen sensor and an oxygen pump. 
The oxygen non-stoichiometry change  was recorded as a function of pO2 at 10−6  pO2  0.21 
atm and at 750, 800, 850, 900, and 950 °C. An example is shown in Fig. 1 at 750 °C. 
Measurements were made on pumping oxygen out of the cell and then back in. The data are 
characterized by a large hysteresis effect indicative of a first order phase transformation. In the 
intermediate regions the kinetics are extremely slow (days) and it was necessary to program the 
system so that the same criterion for the attainment of equilibrium was used everywhere. The 
pO2 values defining the hysteresis effect change with temperature but always occur at a 
stoichiometry corresponding to PrBaCo2O5.25. The most likely explanation for this behavior is 
the presence of a two phase region between PrBaCo2O5+x and a new ordered structure 
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PrBaCo2O5.25. We have reported similar behavior in the 
perovskite to Brownmillerite transformation in 
SrCo0.8Fe0.2O3-x. [2] Measurements on NdBaCo2O5+x 
reveal the same behavior.  
The oxygen non-stoichiometry in PrBaCo2O5+x and 
NdBaCo2O5+x was also measured as a function of 
temperature and oxygen partial pressure by neutron 
diffraction. (in collaboration with Steven McIntosh 
(Lehigh), Rosemary Cox-Galhotra (Virginia Tech) Jason 
Hodges and Ashfia Huq (ORNL)) 

Neutron diffraction patterns were collected for 
PrBaCo2O5+x and NdBaCo2O5+x at SNS in flowing 0.01 
%, 0.1% 1% and 100% O2 at temperatures of 550, 650, 
750 and 825 °C. The data were processed by the 
Rietveld method using the GSAS program. Various 
structure models have been tested and used to determine 
the variations of the atom positions, the oxygen non 
stoichiometry and the lattice parameters. In the data 
shown below all atoms were refined with anisotropic 
thermal parameters. The behavior of the oxygen non 
stoichiometry shows several interesting trends (Fig. 2). 
At high pO2, the behavior is as expected, namely the 
vacancy concentration increases with increasing 
temperature. At 1% O2 and 500 °C, the deviation from 
the nearly linear behavior at higher temperature indicates 
that the system has not completely re-equilibrated from 
the previous condition (10% O2 and 825 °C). At lower 
pO2 (0.1 % and 0.01 %) the non-stoichiometry is nearly 
constant with temperature suggesting that the system has 
hit the phase boundary shown by the coulometric data on 
the non-stoichiometry.  

Modeling: We have validated the our ab initio 
approaches on the defect chemistry of LaMnO3- to 
demonstrate that the many approximations needed to treat 
the pervoskites give reliable guidance for defect 
chemistry.  Figure 3 shows the stoichiometry from 
experiments and a defect model derived from our ab 
initio energies. [3] The good agreement validates the 
accuracy of the ab initio approaches.   

This work also demonstrated that the defects in LaMnO3- 

(and presumably (La,Sr)MnO3-) have significant 
interactions that play a key role in the defect energetics.  
This result is critical for guiding accurate modeling of 
defect chemistry in many perovskite systems. 

Figure 1: Relative stoichiometry data for 
PrBaCo2O5+x at 750 °C. 

Figure 2: Oxygen non-stoichiometry of 
PrBaCo2O5+x as a function of T and pO2. 

Figure 3: LaMnO3+d composition as a 
function of pO2 from experiment and ab 
initio based model (from ref. [3]).  
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Present work is focused on two directions.  First, we are exploring the energetics of A-site cation 
ordering, particularly for La-Sr given their wide use and observed ordering in our recent work. 
[4] Our results show only a very weak ordering tendency in (La,Sr)MnO3 and (La,Sr)CoO3, 
suggesting that the ordering seen in Ref. [4] requires a strong coupling to oxygen vacancies. We 
have also begun studying the migration energy for O diffusion in ABaCo2O5.5 (A= La, Pr, Sm, 
Gd, Y) to understand the role of A-site dopant on the oxygen kinetics.  Initial results suggest that 
size effects can explain many of the trends we are seeing. 

Future Plans 

A detailed model to analyze the oxygen non-stoichiometry data for PrBaCo2O5+x and 
NdBaCo2O5+x will be developed. We will determine the nature of the ordered phase at the 
composition PrBaCo2O5.25. We will extend the measurements of both thermodynamic and kinetic 
properties to include the Sm, Eu, and Gd analogs and to investigate the effects of Fe substitution 
for Co in PrBaCo2-xFexO5.5 with x =0.5, 1, 1.5, and 2.0. 

We will continue ab initio based thermodynamic and kinetic studies on (ABa)Co2O5+x systems to 
parallel the experimental efforts.  The goal of this work is to understand the dominant oxygen 
ordering and assist in the development of the oxygen non-stoichiometry model and well as 
determine which cations yield the best kinetics and why. 
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Molecular and Nanoscale Engineering of High Efficiency Excitonic Solar Cells  

Samson A. Jenekhe, Guozhong Cao and David S. Ginger 
University of Washington, Departments of Chemical Engineering, Chemistry, and 
Materials Science and Engineering, Seattle, WA 98195 
 
Program Scope 

By coupling tailored materials design of both organic and inorganic materials closely 
with device measurements and optical spectroscopy we propose to use new materials to harvest 
more of the solar spectrum while generating larger cell voltages by uncovering the fundamental 
factors such as energy level offsets, relative dielectric constants, interfacial chemistry, and 
morphology that control relative branching ratios between geminate recombination and free 
carrier generation at a range of model donor/acceptor interfaces.  These studies will identify the 
design rules and fundamental performance limits for new organic and hybrid organic/inorganic 
photovoltaic materials. We thus propose to: (1) develop new p-type polymers with tailored 
energy level offsets and different morphologies (e.g. nanowires) to systematically explore the 
effects of energetics and morphology on recombination loss in polymer/fullerene systems; (2) 
explore new n-type polymers with a range of energy levels, optical bandgaps and carrier 
mobilities to enable investigation of effects of energetics and morphology on device performance 
and recombination loss in polymer/polymer bulk heterojunction (BHJ) solar cells for comparison 
with fullerene acceptors; (3) design and study new hybrid inorganic quantum dot/polymer 
combinations for extending the response of solution-processable solar cell materials into the near 
and mid-IR, while exploring the role of acceptor dielectric constant and surface chemistry; (4) 
manipulate the surface chemistry and facets of ZnO nanostructures towards studies of effects of 
dielectric constant and morphology on charge injection rate and surface recombination rate in 
organic/inorganic hybrid systems; and (5) use test beds of experimental tools to probe and 
quantify the performance limits and loss mechanisms in BHJ solar cells based on various model 
donor/acceptor pairs produced in this project. 
 Recent Progress     

Photoinduced Charge Transfer and Polaron Dynamics in Polymer and Hybric 
Photovoltaics: Organic versus Inorganic Acceptors. We used photoinduced absorption (PIA) 
spectroscopy to study 
charge generation 
and recombination in 
a series of bulk 
heterojunction blends 
relevant to organic 
photovoltaics 
(OPVs) and hybrid 
solar cells. We drew 
on the full synthetic 
breadth of our team 
to compare both 
organic and 
inorganic electron 
acceptors, including 
the fullerene, phenyl-C61-butyric acid methyl ester (PCBM), oxides such as ZnO and TiO2, and 

 

Fig. 1. Illustration of BHJ polymer OPVs exploring various organic and inorganic 
electron acceptors and corresponding PIA spectra for polymer/acceptor (PCBM, ZnO, 
CdSe, or TiO2). The pump modulation dependence of the PIA signal for some of the 
polymer (donor)/acceptor blend films investigated. 
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colloidal quantum dots, including CdSe and PbS nanocrystals. We used a variety of donor host 
polymers, including poly(3-hexylthiophene) (P3HT), poly[2-methoxy-5-(3′,7′-
dimethyloctyloxy)-p-phenylenevinylene] (MDMO-PPV), and poly(2,3-bis(2-
hexyldecyl)quinoxaline-5,8-diyl-alt-N-(2-hexyldecyl)-dithieno[3,2-b:2′,3′-d]pyrrole) (PDTPQx-
HD). In every case, we observed longer average carrier lifetimes in blends with inorganic 
acceptors as compared to blends with PCBM. The PIA data also indicated that the internal 
electric fields are attenuated in the inorganic blends, consistent with increased screening between 
the photogenerated carriers due to the higher dielectric constants of the inorganic nanoparticles. 
Using ligand exchange experiments, we further demonstrated that surface electron trapping on 
the inorganic colloids contributes to at least part of the increased lifetime in the PDTPQx-
HD/PbS blends and that ligand exchange to remove traps can be used to improve the 
performance of these polymer/low-band-gap quantum dot hybrid photovoltaics (J. Phys. Chem. C 
2011, 115, 24403).  

Effects of Polymer Side Chains on Charge Photogeneration and Efficiency of BHJ 
Solar Cells. Our previous work suggested that for the same conjugated polymer backbone the 
type (alkyl, alkoxy, aryl), size , topology (linear, branched) and distribution (uniform, alternating, 
random) of side chains can have a large impact on the morphology (crystallinity, π-stacking 
orientations), charge transport and photovoltaic properties of the materials and thus should also 

be fully considered 
in the design of new 
polymers for solar 
cells. To further 
investigate the 
effects of side 
chains on charge 

photogeneration 
and efficiency of 
BHJ solar cells, we 
have synthesized a 
series of new 

thiazolothiazole-
dithienosilole based donor-acceptor copolymers with different side chains (Fig. 2a). Changing 
side chains on the polymer from linear octyloxy to octyl, and linear octyl to branched ethylhexyl, 
the average power conversion efficiency was improved from 2.1% in PSOxTT to 4.1% in 
PSOTT to 5.0% in PSEHTT, respectively. The PSEHTT:PC71BM device showed the highest 
photoconversion efficiency with a monochromatic EQE around 60% over the 450–650 
wavelength range. Transient optical absorption studies indicate that these differences in 
photovoltaic device performance correlate with differences in charge photogeneration, assigned 
primarily to differences in geminate recombination losses. These results provide new insights 
toward the design of optimum polymers for high performance excitonic solar cells (Adv. Energy 
Mater. 2011, 1, 854).  

 TiO2 Nanocrystallite Aggregates for Dye-sensitized Solar Cells (DSCs) - Prepared 
Using an Electrospray Method. Nanocrystallite aggregates have been demonstrated to be an 
effective method to significantly enhance the power efficiency in ZnO DSCs, increasing the 
efficiency from 2.4 to 5.2% PCE. The enhancement is due to the generation of light scattering, 
which may extend the traveling distance of incident light within the photoelectrode film and 

    

Fig. 2. (a) Molecular structures of copolymers, PSOxTT, PSOTT, and PSEHTT.  
(b) The current density ─ voltage characteristics of PSOTT:PC71BM  
(1:2), PSEHTT:PC71BM (1:2), and PSOxTT:PC71BM (1:2) solar cells. (c) EQE  
spectra of the solar cells, measured on devices with an active area of 9 mm2.  
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thereby increase the optical absorption of the photoelectrode. However, ZnO is not stable in the 
ruthenium dye solution, preventing the formation of fully covered self-assembled monolayer of 
dyes, and thus limits further improvement in the efficiency of this system.  

Chemically stable TiO2 
nanocrystallite aggregates would 
take the advantage of light 
scattering while achieving a full 
coverage of dye molecules. We 
have applied an electrospray 
method to fabricate TiO2 
nanocrystallite aggregates from 
commercially available TiO2 
nanoparticles (Fig. 3). The 
advantage of this method is that 
the most favorable facets of the 
TiO2 nanoparticles are retained 
so as to achieve the most ideal 
dye adsorption. The other merit 
of this method is that the size 
and porosity of the aggregates can be readily tuned by adjusting the solid content and additives in 
the colloidal dispersion and the voltage applied for the electrospray. DSCs with TiO2 
nanocrystallite aggregates have an efficiency of 5.9% PCE. Many groups around the world have 
been following our idea of using nanocrystallite aggregates to advance fundamental 
understanding and efficiency of DSCs. 

 
Future Plans 

In the next  year we plan to emphasize experiments enabled by the team’s complementary 
expertise to study new (p- and n-type) donor and acceptor materials from Jenekhe as hosts for 
PbS quantum dots from Ginger that operate in both “normal” and “inverted” structures with 
high-surface area metal oxide electrodes from Cao. Jenekhe will chemically tailor the 
thiazolothiazole-based polymer family (side chains, molecular weight), Ginger the PbS quantum 
dot sizes and surfaces, and Cao the ZnO/TiOx particle sizes, shapes and surfaces to maximize 
hybrid device performance in solid state bulk heterojunction, depleted heterojunction, and hybrid 
(bulk+depeleted) heterojunction configurations. At the same time we will use optical 
spectroscopy to screen these evolving materials combinations for suitable use with non-toxic p-
type Cu2S and FeS2 nanoparticles, while continuing to probe the basic processes controlling 
performance in the testbed PbS-based devices. Examples of specific experiments include studies 
of hole transfer from the PbS dots to the organics as a function of driving force (by synthetic 
control of dot size and polymer host redox potentials), and studies to correlate local device 
efficiency with scanning probe data and SEM images of the metal oxide electrodes to understand 
the specific correlations between local nanotexturing of the oxide and overall photocurrent 
collection.  We also plan to test the hypothesis that sometimes the quantum dot domains are 
behaving as local Schottky diode cells after ligand exchange—operating in parallel with the 
hybrid BHJ rather than in direct electronic contact with it. 

 

  

 Fig. 3. Electrospray method for the fabrication of TiO2 nanocrystallite 
aggregates. (a) Schematic diagram showing set-up for electrospray 
fabrication of TiO2 nanocrystallite aggregates, and (b) SEM images of 
TiO2 nanocrystallite aggregates produced with the electrospray method. 

 

220



 
 

Publications (Selected from 35 total journal papers in the last 2 years) 

1. Xin, H.; Guo, X.; Ren, G.; Watson, M. D.; Jenekhe, S. A. “Efficient Phthalimide Copolymer-
Based Bulk Heterojunction Solar Cells: How the Processing Additive Influences Nanoscale 
Morphology and Photovoltaic Properties”. Adv. Energy. Mater. 2012, 2, 575-582.  
2. Zhang, Q. F.; Yodyingyong, S.; Xi, J. T.; Myers, D.; and Cao, G. Z. "Oxide nanowires for 
solar cell applications". Nanoscale 2012, 4, 1436-1445.  
3. Noone, K. M.; Subramaniyan, S.; Zhang, Q. F.; Cao, G. Z.; Jenekhe, S. A.; Ginger, D. S. 
"Photoinduced Charge Transfer and Polaron Dynamics in Polymer and Hybrid Photovoltaic Thin 
Films: Organic vs Inorganic Acceptors". J. Phys. Chem. C 2011, 115, 24403-24410.  
4. Ren, G. Q.; Ahmed, E.; Jenekhe, S. A. "Non-Fullerene Acceptor-Based Bulk Heterojunction 
Polymer Solar Cells: Engineering the Nanomorphology via Processing Additives". Adv. Energy. 
Mater. 2011, 1, 946-953. 
5. Subramaniyan, S.; Xin, H.; Kim, F. S.; Jenekhe, S. A. "New Thiazolothiazole Copolymer 
Semiconductors for Highly Efficient Solar Cells". Macromolecules 2011, 44, 6245-6248.  
6. Subramaniyan, S.; Xin, H.; Kim, F. S.; Shoaee, S.; Durrant, J. R.; Jenekhe, S. A. "Effects of 
Side Chains on Thiazolothiazole-Based Copolymer Semiconductors for High Performance Solar 
Cells". Adv. Energy. Mater. 2011, 1, 854-860. 
7. Zhang, Q. F.; Park, K.; Xi, J. T.; Myers, D.; Cao, G. Z. "Recent Progress in Dye-Sensitized 
Solar Cells Using Nanocrystallite Aggregates”. Adv. Energy Mater. 2011, 1, 988-1001. 
8. Ahmed, E.; Ren, G. Q.; Kim, F. S.; Hollenbeck, E. C.; Jenekhe, S. A. "Design of New 
Electron Acceptor Materials for Organic Photovoltaics: Synthesis, Electron Transport, 
Photophysics, and Photovoltaic Properties of Oligothiophene-Functionalized Naphthalene 
Diimides". Chem. Mater. 2011, 23, 4563-4577. 
9. Kim, F. S.; Ren, G.; Jenekhe, S. A. “One-Dimensional Nanostructures of π-Conjugated 
Molecular Systems: Assembly, Properties, and Applications from Photovoltaics, Sensors, and 
Nanophotonics to Nanoelectronics,” Chem. Mater. 2011, 23, 682-732. 
10. Ren, G.; Wu, P.-T.; Jenekhe, S. A. “Solar Cells Based on Block Copolymer Semiconductor 
Nanowires: Effects of Nanowire Aspect Ratio,” ACS Nano 2011, 5, 376-384. 
11.  Q.F. Zhang and G.Z. Cao, “Nanostructured Photoelectrodes for Dye-sensitized Solar Cells,” 
Nano Today 2011, 6, 91-109. 
12. Reid, O. G.; Xin, H.; Jenekhe, S. A.; Ginger, D. S. “Nanostructure determines the intensity-
dependence of open-circuit voltage,” J. Appl. Phys. 2010, 108, 084320. 
13. Xin, H.; Reid, O. G.; Ren, G.; Kim, F. S.; Ginger, D. S.; Jenekhe, S. A. “Polymer 
Nanowire/Fullerene Bulk Heterojunction Solar Cells: How Nanostructure Determines 
Photovoltaic Properties,” ACS Nano 2010, 4, 1861-1872.    
14. Noone, K. M.; Strein, E.; Anderson, N. C.; Wu, P.-T.;  Jenekhe, S. A.; Ginger, D. S. 
“Broadband Absorbing Bulk Heterojunction Photovoltaics Using Low-Bandgap Solution-
Processed Quantum Dots,” Nano Lett. 2010, 10, 2635-2639.  
15. Yodyingyong, S.; Zhou, X.Y.; Zhang,Q. F.; Triampo, D.; Limketkai, B.; Cao, G. Z.  
“Enhanced photovoltaic performance of nanostructured hybrid solar cell using highly oriented 
TiO2 nanorods,” J. Phys. Chem. C 2010, 114, 21851-21855. 
 

221



SISGR: Fundamental Studies of Charge Transfer in Quantum Confined Nanostructure 
Heterojunctions and Applications to Solar Energy Conversion 

Song Jin, John C. Wright, and Robert J. Hamers 
Department of Chemistry, University of Wisconsin-Madison, Madison, WI 53706 
(jin@chem.wisc.edu, wright@chem.wisc.edu, rjhamers@wisc.edu) 

Program Scope 

 We create new nanostructures and their heterojunctions with well-defined surface 
chemistry and develop new laser spectroscopies that probe charge transport at the quantum 
mechanical level. They provide the fundamental understanding required to enable transformative 
coherent solar energy nanotechnologies. 

 Recent Progress  

An ideal large-scale solar technology should utilize inexpensive and sustainable earth-
abundant materials and possess the ultrafast coherent charge transfer dynamics that characterizes 
the most efficient solar conversion. However, earth-abundant materials pose substantial 
challenges that must be solved. Nanotechnology offers new approaches for meeting these 
challenges. The complexity of earth abundant materials hinders our ability to exploit them 
without more sophisticated characterization methods. We seek new paradigms for making and 
characterizing efficient nanoscale earth-abundant heterostructures.  Our research incorporates 
typical characterization methods including surface photovoltage (SPV) and ultrafast pump-probe 
and transient absorption but it also incorporates the recently developed multiresonant coherent 
multidimensional spectroscopy (CMDS) methods that can spectrally resolve individual excitonic 
and multiexcitonic quantum states, resolve their coherent and incoherent dynamics, narrow 
inhomogeneous line profiles, resolve surface states, define the correlations between states, and 
measure the Coulombic coupling and relative transition moments of biexcitonic states.  

We have developed nanomaterials of several earth-abundant semiconductors and their 
nanoscale heterostructures. Single-crystal iron pyrite (FeS2) nanowires (NWs) have been 
synthesized via thermal sulfidation. We have developed an improved method to synthesize 
hematite (-Fe2O3) NWs via thermal oxidation that reduces reaction time while improving NW 
density and uniformity. These hematite NWs can be doped with Si to significantly improve their 
conductivity. We have also developed a facile method for converting -FeF33H2O NWs to 
porous semiconducting -Fe2O3 NWs of high aspect-ratio on FTO substrates via a simple 
thermal treatment in air. Photoelectrochemical (PEC) investigations of these nanostructured 
photoelectrodes showed promising photocurrent and photovoltage without intentional doping. 
Preliminary Ti-doping treatments improved the photocurrent.  Further improvement and better 
understanding using time-resolved surface photovoltage (TR-SPV) and other spectroscopic 
techniques are needed and are on-going. We also have investigated organic ligands to stabilize 
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CdSe and other chalcogenide 
nanocrystals against corrosion and to 
improve stability of CdSe-based solar 
devices by using ligands that will remove 
the resulting holes from the nanocrystals.   

We have developed a new method to 
synthesize epitaxial heterostructures of 
quantum dots (QDs) on NWs by 
integrating the colloidal QD synthesis 
with the NWs prepared via vapor phase 
or other synthesis, as shown in the 
example of PbSe QDs with -Fe2O3 NWs 
(Fig. 1). The key to our success is a vacuum surface treatment that we have developed to remove 
the surface absorbed water that is often present on the surface of oxides, and this ensures the 
integration of the two nanostructures. The results are epitaxial QD-decorated NW structures with 
the size of QDs tunable by controlling the temperature of the colloidal synthesis. The 
heteroepitaxy between PbSe and Fe2O3 (Fig. 1F&G) that has not been previously observed 
illustrates that fortuitous heteroepitaxy can occur readily in nanoscale heterostructures. This 
discovery creates a general approach for preparing heteroepitaxial nanostructures. These 
nanostructures will be the model systems for the multidimensional spectroscopy investigation. 

 Our recent progress extended earlier picosecond experiments that demonstrated feasibility 
to femtosecond time scales that provide the full capabilities of multiresonant CMDS. Fig. 2 
shows examples of this system’s capabilities. It can scan any combination of excitation 
frequencies, output frequencies, and excitation pulse time delays. Fig. 2a shows the 2D 
frequency spectrum of PbSe QDs with excitation pulse time delays where the first pulse creates a 
1S exciton and the next two pulses creates output coherences that probe either the 1S biexciton 
or exciton. It also shows that the 1S exciton is coupled to a continuum of higher energy states. 
The coherent and 
incoherent dynamics 
can be probed at any set 
of frequencies within 
the 2D spectrum. Fig. 
2b shows the relaxation 
dynamics at one point 
in the 2D spectrum. 
Note that it also shows 
a weak beating that is 
characteristic of 
coherence transfer  

Fig. 2. Multiresonant 
CMDS of PbSe QDs. 
a) ω1/ω2 2D spectrum; 
b) τ21/τ2’1 time delays; 
c) ω2/τ22’ Wigner plot; 
d)  ω1/ω2 STE state 
 d) 

 
Fig. 1. TEM analysis of the epitaxial PbSe QD-Fe2O3 NW 
heterostrucures and the illustration of the crystallographic 
relationship at the interface.  
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between states. Fig. 2c shows another example where an excitation frequency and a time delay 
are scanned so the relative dynamics of different states is displayed. Fig. 2d shows the 2D 
spectrum of a surface trapped exciton (STE), which appears as a cross-peak between the 1S 
exciton and the STE states. Note that the diagonal character results from the CMDS line-
narrowing capabilities and the slope reflects the relative effects of size heterogeneity on the 1S 
and STE states.  

Fig. 3 shows our recent development of femtosecond 
surface photovoltage (SPV). It directly measures charge 
separation. SPV is an inherently nonlinear process where the 
interaction region mixes two modulated optical beams to create 
new output signals at the sum and difference frequencies. Fig. 3 
shows preliminary experiments that demonstrate the detection 
of an ultra-fast SPV signal with time response on the <100 fs 
time scale.  

Future Plans 

  The strength of our research program is its integration of our team’s breadth, depth, and 
experience for synthesizing, modifying, characterizing, and understanding complex 
nanostructures. Our method for synthesizing epitaxial heterojunctions is the foundation for our 
goal of creating efficient solar materials with abundant semiconductors. We are further 
developing this methodology to create epitaxial heterostructures between various nanomaterials 
we have already made, and we will explore doping and surface modifications to optimize charge 
transfer efficiency, eliminate surface states, and enhance stability.  

We will use the multiresonant CMDS methods to observe the changes in the individual 
quantum states in earth abundant nanostructures over the entire time scale from charge creation 
to charge recombination. This capability will be implemented using pump-CMDS probe methods 
where an initial excitation creates excitons or multiexcitons and a time delayed set of CMDS 
pulses provides multidimensional spectra of the quantum states' evolution. We will take 
advantage of our capability for resolving not only individual quantum states of a nanostructure 
but also its surface states. Multiresonant CMDS experiments will first explore the states and 
dynamics of the individual nanomaterials and later explore the changes that result from creating 
heterostructures. We will be particularly interested in understanding the changes during charge 
transfer across epitaxial heterojunctions and the involvement of surface and interface states. The 
experiments will include observing the quantum state changes upon doping, surface passivation, 
and biasing within an operational PEC. We will correlate the behavior of the quantum states and 
their dynamics observed in the CMDS experiments with PEC properties of the nanostructures 
prepared under different synthetic procedures in order to guide optimization of the charge 
transfer and solar efficiency. We will develop interface selective even-order wave mixing 
(EOWM) spectroscopy to specifically isolate the dynamics of quantum states at the electrode-
solvent interface of a working PEC cell.  

Fig. 3. Prelminary femtosecond-
surface photovoltage measurements 
showing resolution of <100 fs. 
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Furthermore, the femtosecond SPV method we have developed will be combined with 
atomic force microscopy (AFM) and the CMDS system to probe the charge separation dynamics 
in individual nanostructures and the quantum state resolved dynamics simultaneously. While 
CMDS can provide direct femtosecond dynamics they are limited in their spatial resolution. SPV 
measurements can probe the dynamics of photoexcited charge carriers on nanometer length 
scales using a nanoscale electrical probe located from an AFM or STM near a sample. We will 
develop and apply the TR-SPV spectroscopy for characterizing nanoscale heterostructures at the 
space-time limit. We will combine femtosecond optical excitation with a conductive AFM tip to 
have a nano-scale electrical probe of the charge separation. Information will be encoded in the 
time- and/or phase-modulation of the incident beams at audio frequencies; demodulation of the 
signal picked up by the electrical probe will reveal the nonlinear character of the response.  

 We will use our unique femtosecond CMDS system and SPV-AFM to investigate the 
quantum states in the epitaxial heterostructures, particularly the coupling between donor and 
acceptor states and the coherent and incoherent dynamics resulting from the epitaxial interface. 
This research will lead to a fundamental understanding of charge transfer in nanoscale 
heterostructures and it will provide an in-depth characterization that informs and guides the 
synthetic efforts to build efficient heterostructures and develop new nanomaterials.  
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SISGR: BI-CONTINUOUS MULTI-COMPONENT NANOCRYSTAL SUPERLATTICES FOR SOLAR ENERGY 
CONVERSION 

Cherie R. Kagan, Christopher B. Murray, James M. Kikkawa, Nader Engheta, University 
of Pennsylvania, Philadelphia, PA 19104 

Program Scope 

 Our program explores three-dimensional multi-component nanocrystal (NC) 
superlattices, wherein combinations of NCs self-assemble into well-defined, crystalline 
architectures [Fig. 1].1,2 We focus on crystal 
structures having bi-continuous, NC-sub-lattices 
and identify n and p-type semiconductor NC 
building blocks that form Type-II energy offsets 
to drive charge separation onto electron and 
hole transporting sub-lattices and provide wide 
coverage of the solar spectrum. We aim to 
discover the design rules and optimize the 
architectures of bi-continuous, multi-component 
NC superlattices to efficiently convert solar 
radiation into electricity. Our interdisciplinary 
team combines NC synthesis, assembly, and 
structural characterization with optical 
spectroscopy, electrical measurements, and 
modeling of nanoscale materials and the 
physical phenomena that govern the flow of 
energy and the transfer and transport of charge 
important in converting solar energy into 
electricity.  

 Recent Progress  

 Wet-chemical synthetic routes 
have been developed to prepare a wide-
range of semiconductor,3 metal,D3 and 
metal-oxideD1 NC samples tunable in size 
from ~2-20 nm in diameter and 
monodisperse to ≤5%, providing many 
different building blocks for the self-
assembly of single and multi-component 
NC superlattices. NCs display new 
mesoscopic phenomena found in neither 
bulk nor molecular system that depend on 

 
Fig. 1 TEM images of multi-component NC 
superlattice structures having the structural analogs of 
binary phases: (a) AB, (b) AB2, (c) A2B3, (d) AB3, (e) 
NaCl, (f) MgZn2, (g) AlB2, (h) Cu3Au, (i) CaCu5, (j) 
CaB6, (j) K6C60, (k) NaZn13, terary structures: (m) 
ABC2, and quasi-crystalline motifs: (n) AB4, (o) 
AB3.84, and (p) AB7.7.  Scale bar = 20 nm 

Fig. 2  Au nanorod (NR) (a) absorption and (b) calculated 
wavelength of the longitudinal surface plasmon resonance 
(LSPR) as a function of NR aspect ratio. Inset: Au NRs with 
increasing NR aspect ratio (from left to right) in solution. 
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crystallite size and shape. We recently developed an improved synthesis of Au nanorods and 
corroborating simulations,D13 which allows the longitudinal surface plasmon resonance to be 
tuned from 627 nm to now 1246 nm [Fig. 2]. 

We developed methods,3 which have now been broadly 
applied, to organize NC superlattices from the wide-range 
of synthetically achieved NC chemistries. We recently 
developed processes to assemble NC superlattices over 
large areas [Fig. 3], to form uniform layers of controlled 
thickness (from monolayer to many multilayers), or 
superlattices structured periodically on the micron scale in 
NC thickness.D4 This is realized by assembling the NC 
superlattices at the liquid-air interface, which allows the superlattices to be subsequently 
transferred to arbitrary surfaces and integrated into measurement and device architectures. 

Collective physical phenomena between neighboring NCs in close-packed arrays give rise to 
novel and fascinating electronic, optical, and optoelectronic properties.3 We recently extended 
our studies of electronic energy transfer to mixed CdSe-CdTe 
NC arrays. In competition with energy transfer, carrier tunneling 
between neighboring NCs allows for charge transport and 
observations of photo- and dark- conductivity. In early reports, 
conductivities were very small as the long, insulating aliphatic 
ligands used in the synthesis and assembly of the NCs gave rise 
to highly resistive materials requiring low-level current 
measurements. Recently, through the introduction of a new, 
compact thiocyanate ligand, we demonstrated dramatically 
enhanced photoconductivity and gain, the highest reported in the 
literature.D11 We realized high performance, balanced electron 
and hole mobilities in PbS nanocube FETs which we exploited to 
demonstrate the first non-sintered quantum dot based circuits.D12 
The thiocyanate ligand chemistry is non-corrosive, which 
allowed us to integrate these NC FETs and circuits on flexible 
plastics. While most studies of photoconductivity and charge 
transport have been pursued on small bandgap Pb-chalcogenides, 
we demonstrated dramatic performance enhancement in wider 
band gap CdSe NC thin films: by combining strong-coupling (through the use of the thiocyanate 
ligand) and by doping (through a process of thermal diffusion not previously used in NC thin 
films), we realized band transport and carrier mobilities as high as 27 cm2/Vs [Error! Reference 

source not found.].D14  

We have synthesized multifunctional NC superlattices, focusing on the binary crystallization of 
colloidal NCs using combinations of semiconducting and metallic NC building blocks. We have 

 
Fig. 4 Transfer and (inset) output 
characteristics of high mobility 
CdSe NC thin film transistor. 
Temperature dependent mobility 
showing increasing mobility with 
decreasing temperature (region I). 

 
Fig. 2  Superlattice of 7 nm PbTe NCs 
assembled at the liquid-air interface 
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identified more than thirty different binary nanocrystal superlattice (BNSL) structures, of which 
more than half of these colloidal crystalline structures were reported for the first time.D6 
Examples of these BNSL structures, those that are bi-continuous and therefore a focus of the 
research program, are shown in Fig. 1(c, f, i, k, l). Electrostatically adjusting the NCs to be 
charge neutral favors the formation of bi-continuous structures as it eliminates the repulsive 
interactions that exist between like charged NCs. We have demonstrated that static electrical 
charges on sterically stabilized NCs influence BNSL stoichiometry and, with additional 
contributions from entropic, van der Waals, steric, and dipolar forces, stabilize a rich variety of 
additional crystal structures. In addition to BNSLs, we have also recently demonstrated ternary 
nanocrystal superlattices (TNSLs) comprised of three distinct NC components.D8  

Future Plans 

Our team will develop the synthesis of NC building blocks that are earth abundant and of 
controlled size and shape as constituents in the assembly of multi-component NC superlattices. 
We will develop common platforms to correlate structure, optical and electrical measurements to 
investigate the same region of multi-component NC superlattices. Using compact ligand 
chemistries, we will probe and optimize charge transfer and transport processes in the crystalline 
architectures of type-II BNSLs. We will explore the origin of traps that limit the mobility-
lifetime product in NC solids and use chemical methods to passivate these. We will integrate 
plasmonic building blocks in the design of TNSLs and use plasmonic enhancment to increase 
energy harvesting. 

 References 
1 Redl, F. X.; Cho, K.-S.; Murray, C. B.; O’Brien, S. Three-dimensional binary superlattices of 
magnetic nanocrystals and semiconductor quantum dots. Nature 2003, 423, 968-971. 
2 Shevchenko, E. V.; Talapin, D. V.; Kotov, N. A.; O’Brien, S.; Murray, C. B. Structural 
diversity in binary nanoparticle superlattices. Nature 439, 55-59 (2006). 
3 Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Synthesis and Characterization of Monodisperse 
Nanocrystals and Close-Packed Nanocrystal Assemblies. Ann. Rev. Mater. Sci. 30, 545-610 
(2000). 
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Chemistry and Properties of Complex Intermetallics from Metallic Fluxes  
(Grant DE-FG02-07ER46356) 
Mercouri G Kanatzidis, Department of Chemistry, Northwestern University, Evanston, IL 
60208 
 
Program Scope  
This project investigates the reaction chemistry and synthesis of novel intermetallic compounds 
with complex compositions and structures using metallic fluxes as solvents. The metallic fluxes 
offer several key advantages in facilitating the formation and crystal growth of new materials and 
they are liquid aluminum, gallium and indium. We focus on the ability of these fluxes to produce 
phases which are difficult to predict a-priori and are likely to feature novel characteristics.  
Specifically, we seek to:  (a) to discover mainly Si (or Ge)-based compounds with new 
structures, bonding and exotic physicochemical properties; the aim is to discover exciting new 
materials displaying unusual bonding and enhanced cooperative phenomena, such as magnetic 
ordering, phase transitions, spin and charge density waves, as well as other properties such as 
oxidation resistance.  (b) to learn more about the reaction chemistry that is responsible for 
stabilizing such materials and to study their structural interrelationships to ultimately be able to 
predict their existence. (c) to identify and characterize the complex phases present in many 
advanced Al-matrix alloys. Such phases play a key role in determining (either beneficially or 
detrimentally) the mechanical properties of Al-matrix alloys.  This project enhances our basic 
knowledge of the solid state chemistry and physics of intermetallics, produce new materials with 
unusual or enhanced bulk properties and ultimately help improve our understanding of 
component/matrix interactions that could lead to better Al-matrix alloys.  This work is performed 
predominantly with two graduate students.  
 
Recent Progress  
Indium flux chemistry: Our work with In flux has led to some interesting quaternary phases so far, 
such as the RE4Ni2InGe4 (RE = Dy, Ho, Er, Tm) and RE7Co4InGe12 (RE = Dy, Ho, Yb). We have 
uncovered a rich chemistry revealed by the thorough examination of the ternary RE/Au/In system 
and so we decided to incorporate also a tetrelide such as Ge in order to search for more complex 
structures and compositions and to compare with the analogous RE/T/Al/Si or Ge and RE/T/Ga/Ge or 
Si systems investigated previously.1-13 Among the rare earth compounds, the Yb-based intermetallics 
which are considered as the hole counterparts to the isostructural cerium compounds (i.e. f13 vs. f1 
systems), have received considerable attention for the past few years. This interest originates from 
their ability to exhibit various peculiar 
properties such as intermediate-valence, 
heavy fermion or Kondo behavior and 
unusual magnetism.  These properties are 
generally believed to arise from the strong 
hybridization (interaction) between the 
localized 4f electrons and the delocalized s, 
p, d conduction electrons.  
 
Yb3AuGe2In3, is particularly interesting and 
was grown from In flux. It crystallizes as an 
ordered variant of the YbAuIn structure. We 
studied the magnetic properties, X-ray Absorption Near Edge Spectroscopy (XANES), electrical 
resistivity, thermoelectric power and heat capacity measurements are reported. These studies suggest 

 
Figure 1. Scanning electron micrograph (SEM) image of 
(A) a flux-grown Yb3AuGe2In3 single crystal and (B) a 
compact piece of YbAuIn. 

250 μm
100 μm

250 μm
100 μm
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that Yb3AuGe2In3 is an intermediate or heterogeneous mixed-valence system. Similar studies are also 
reported for the parent isostructural YbAuIn in an attempt to investigate the similarities and/or 
differences between the two compounds.  Crystals of Yb3AuGe2In3 grow in indium flux generally as 
metallic silver rods and in a smaller portion as thinner needles. Figure 1 shows SEM images of a 
typical rod type Yb3AuGe2In3 and YbAuIn crystals. When other rare earth metals such as Ce, Sm, 
Eu, Dy and Pr were employed under the same reaction conditions we did not observe analogs of 
Yb3AuGe2In3. In contrast, the REAuIn family of compounds forms 
with most of the RE atoms including Yb.  
 
Crystal Structure. Yb3AuGe2In3 crystallizes as an ordered variant 
of the YbAuIn structure. YbAuIn contains two crystallographically 
independent gold sites in trigonal prismatic coordination.  The 
overall structure of the compound is illustrated in Figure 2.  The Au 
atoms have trigonal prisms formed by the In atoms and those of Ge 
are built up from ytterbium atoms. Both types of trigonal prisms are 
capped on the rectangular faces: [AuIn6] by three ytterbium atoms 
and [GeYb6] by three indium atoms, leading to coordination number 
nine for gold and germanium sites.   The three-dimensional 
arrangement that the rare earth atoms adopt in this structure type 
leads to three exceptional features: i) The RE ions within the same 
layer form triangles so when it comes to antiferromagnetic coupling 
between nearest neighbors, this topology can cause frustration of the magnetic interactions. ii) The 
fact that the magnetic RE atoms are stacked in [Yb3Au] layers that alternate with the non-magnetic 
[GeIn3] layers, can give rise to indirect exchange interactions. iii) The crystalline electric field 
surrounding the lanthanide ions frequently induces strong anisotropy, which leads either to Ising or 
XY spin behavior. Examples of compounds adopting this arrangement are the families of REAuIn 
and RENiAl.  
 

Magnetism. Figure 3(A) shows the molar magnetic 
susceptibility (χm) of a ground sample of Yb3AuGe2In3 
measured with applied field of 500 G. The magnetic 
susceptibility data follow a modified Curie-Weiss (CW) 
law that includes a temperature independent component 
according to the equation χ(T) = χ0 + C / (T – θp). χo 
includes the sum of the temperature-independent 
contributions, e.g. van Vleck paramagnetism and Pauli 
paramagnetism (due to conduction electrons). The 
effective magnetic moment μeff was deduced from the 
Curie constant C, (C = μeff

2 / 8). A nonlinear least-
squares fit to this equation resulted in χ0 = 3.2 x 10-3 
emu/mol of Yb atom, Curie - Weiss constant of θp = -
1.5 K indicating antiferromagnetic interactions and an 
effective moment of 0.52 μB / Yb atom. The inset in Figure 4(A) shows the plot of 1/ (χ - χ0) versus 
temperature. The estimated effective moment of 0.52 μB, is only ~ 11.5 % of the value expected for 
the free-ion Yb3+, 4.54 μB. This indicates that the compound contains both Yb2+ and Yb3+ species. In 
order to confirm the presence of Yb3+ species in the title compound we performed XANES studies.  
 

 

Figure 2. The overall structure 
of Yb3AuGe2In3 as viewed 
down the c-axis. For clarity 
the bonds to the Yb atoms are 
not drawn.  

 

Figure 3. Temperature dependence of the 
molar susceptibility χm of Yb3AuGe2In3 
(ground samples) with an applied field of 
500 G. The inset shows the plot of 1/ (χm - χ0) 
versus temperature.  
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XANES.  To further probe the 
Yb valence state in 
Yb3AuGe2In3 and YbAuIn, we 
performed X-ray absorption 
measurements at the Yb LIII-
edge (Advanced Photon Source 
ANL. The near-edge spectra for 
both compounds obtained at 
temperatures of ~15 - 18 K and 
300 K and at ambient pressure 
showed no significant difference 
between the two temperatures, 
suggesting that the Yb valence remained stable in the measured temperature range. The spectra at 
295 and 300 K (room temperature) for Yb3AuGe2In3 and YbAuIn, respectively, are given in Figure 
4(A). The main absorption peak (white line resonance) of the spectrum for both spectra is centered at 
~8941.5 eV, which is attributed to divalent Yb atoms. The spectra also reveal the presence of a 
weaker feature (shoulder) at ~8949.5 eV, indicating that some trivalent Yb is also present. The 
relative amounts of the two electronic configurations were determined by decomposing the 
normalized Yb XANES into a pair of arc-tangents and 
Lorentzians functions (representing the white line 
resonance). Fitting of the data with the above technique for 
Yb3AuGe2In3, resulted in ~ 85.2% of Yb2+ and ~ 14.8% of 
Yb3+ which leads to an average Yb valence of ~ 2.15. For 
YbAuIn, similar analysis led to an average Yb valence of ~ 
2.22. In the case of YbAuIn however, while majority of the 
Yb is present in the intermediate state, a careful inspection 
and analysis of the EXAFS indicates that the sample might 
also contain ~ 3 - 5% of a trivalent oxide impurity 
component. Taking into account the possible presence of 
an oxide component we determine the intrinsic valence of 
Yb in YbAuIn to be ~ 2.17.  

 
Resistivity.  The Yb3AuGe2In3 compound is clearly 
metallic. The temperature variation of the electrical 
resistivity (T) of Yb3AuGe2In3 between 2.48 and 302.3 K 
is presented in Figure 4(B).  The resistivity data measured 
on single crystals along the c-axis and at zero applied field 
reveal metallic conductivity with a room temperature 
resistivity value (300K) of 39.6 μΩ cm. When a magnetic 
field of 6 Tesla was applied the compound showed no magnetoresistance.  
 
Heat Capacity   .  The temperature dependent specific heat from 1.8 to 50 K for Yb3AuGe2In3 is 
shown in Figure 5(A). The data can be described well by a Debye function (2) where the first and 
second term correspond to the electronic and the phonon contribution, respectively. N is the number 
of the atoms in the formula unit and x = ħω/kBT. 
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A fit to the experimental points resulted in a Debye temperature D of about 178 K, and an electronic 
specific heat coefficient   31 mJ / mol K2, which was determined from  (= Cp / T)T0 at low 

 
Figure 5. Heat capacity (Cp) of 
Yb3AuGe2In3 (A) and YbAuIn (B) 
measured from 1.8 to 50.3K. The 
experimental data (circles) are fitted with 
Debye formula (2) (solid line). 

 
Figure 4. (A) First derivative LIII absorption edge spectra of Yb in 
Yb3AuGe2In3 at 295 K (dashed line) and in YbAuIn at 300 K (solid 
line). (B) Temperature variation of the electrical resistivity (T) of 
Yb3AuGe2In3 from 2.48 to 302.3 K. 

(A) (B)
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temperatures. The observed D value is slightly higher than the value obtained from the resistivity 
measurements (166 K).Therefore the compound does not appear to be a heavy-fermion material 
according to the arbitrary classification of these compounds into “light”, “moderate” and classical 
heavy-fermions with  values lying in the range of ~ 50-60, 100-400 and > 400 mJ / mol K2 

respectively.  
The temperature dependent specific heat data measured at a temperature range of 1.8 to 50 K for 
YbAuIn are shown in Figure 5(B). The data can also be described well by the Debye function (2). A 
least-square fit to the experimental points resulted in a Debye temperature D of about 156 K, and an 
electronic specific heat coefficient   84 mJ/mol K2, which was determined from  (= Cp/T)T0 at 
low temperatures. According to the arbitrary classification of the heavy-fermion compounds 
mentioned above, YbAuIn could be classified as a “light” heavy-fermion compound. 
 
Future Plans: This program is in its last year. There are no future plans. A renewal proposal will not 
be submitted.  
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Rational Synthesis of Superconductors 
(FWP 70053) 
Mercouri G. Kanatzidis, Materials Science Division, Argonne National Laboratory 
 
Program Scope  
This project is a material synthesis program using a multi-faceted approach that combines the 
rational design of novel materials with structural and electronic characterization probes. One 
strategy adopted is the conception of homology to investigate pnictide and intermetallic systems 
and narrow gap semiconductors. We focus on materials with a high degree of structural and 
compositional freedom and chemical/electronic complexity with which to investigate: (a) 
density-wave instabilities (spin and charge), and their suppression through chemical doping in 
order to generate superconductivity that may emerge from phase competition, and (b) how 
narrow energy band gaps and facile doping properties could lead to a superconducting state. The 
project focuses on relationships between structure, composition, electronic structure and physical 
properties. In the long term, we expect to understand phase competition and clarify the influence 
of various building blocks on the physical properties and enhance our ability to further design 
members exhibiting superconductivity. 
 
Recent Progress  
Synthesis of high quality superconductors: The overwhelming body of work with ternary iron 
arsenide today is focused on substitution doping of transition metals (e.g. Co, Ni, etc) into the Fe 
sites because it is easier to grow relatively homogeneous large crystals. K substitution on the Ba 
site however is very challenging because of the extreme volatility of the alkali metal which 
produces grossly inhomogeneous crystals unsuitable for many studies. We have refined the 
synthesis procedures and successfully generated  high quality samples, both polycrystalline and 
single crystal, of Ba1-xKxFe2As2 and Ba1-xNaxFe2As2 across the entire phase diagram, with sharp 
superconducting transitions as low as 4K, showing that the compositional fluctuations have been 
reduced from previous studies.  

 
Our compositionally precise samples allowed revising the previous phase diagrams reported, 
Figure 1. The tetragonal-orthorhombic and antiferromagnetic transitions are suppressed with K-
doping in Ba1-xKxFe2As2, falling to zero at x  0.3. The magnetic and structural phase transitions 
are coincident and first-order over the entire phase diagram, with 
a strong biquadratic coupling of the magnetic structure to the 
nuclear lattice. The onset of superconductivity is at x = 0.135 
with all three phases coexisting until x  0.24. As already 
observed in Ba(Fe1-xCox)2As2, but in contrast to earlier reports of 
phase separation, there is evidence of a coupling of the magnetic 
and superconducting order parameters close to the onset of 
superconductivity.  
 
Synthesis of novel pnictide compounds: The new compound 
CaFe4As3 displaying low-temperature Fermi-liquid behavior, 
with enhanced electron-electron correlations was discovered in 
our laboratory. Antiferromagnetic ordering was observed below 
TN of 96 K, possibly via a SDW. The SDW comprises of spins 
from three Fe2+ and one Fe+ atoms. Anisotropic charge transport studies show a drop in 

 
Figure 1. Phase diagram of 
Ba1−xKxFe2As2 with the 
uperconducting critical 
temperatures Tc (circles), the N«eel 
temperatures TN (stars), and the 
structural transition temperatures Ts 

(squares) 
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resistivity at 26 K, correlated with a similarly abrupt increase in the magnetic susceptibility. The 
magnetic structure of the SDW was shown to be incommensurate with respect to the [Fe4As3]2- 
lattice. Below 85 K, an incommensurate longitudinal SDW with magnetic moments directed 
along the b-axis was observed. Below 25 K, there is a first-order phase transition 
(ferromagnetism).  
 
Detailed investigation of superconductivity and phase identification in the alkali iron selenide 
(AxFe2-ySe2; A = K, Cs) system: The recent discovery of superconductivity in a ThCr2Si2-type 
chalcogenide of AxFe2-ySe2 has challenged many theories about high-TC Fe-based superconductors. 
The reported TC near 31 K is higher than any other chalcogenide, including its parent FeSe, where 
miniscule changes in Fe stoichiometry can tune TC and cause it disappear altogether. The 
mechanisms of this behavior as well as the structure of the superconducting phase are still hotly 
debated.  
 
For KxFe2-ySe2 (Figure 2), we optimized the synthetic procedure and mapped the phase equilibriums 
in order to investigate the interplay between stoichiometry, crystal structure, and superconductivity. 
A multi-step, moderate-temperature synthesis route was developed to single phase KxFe2-ySe2 
powders with variation of x, by which we found that the tendency for Fe2+ is so strong that bulk 
KFe2Se2 with mixed oxidation states Fe2+/Fe+ cannot be formed at 
high temperatures and the Fe-vacancy ordered compound K2Fe4Se5 
where 1/5 Fe sites are vacant and valence is stable at Fe2+. SQUID 
magnetometry measurements showed that the samples with 
stoichiometry in the vicinity of K2Fe4Se5 are antiferromagnetic 
insulators and not dopable to produce superconductivity. We also 
developed a synthetic route to superconducting samples by 
adapting published methods and growing single crystals of KxFe2-

ySe2 using an excess of K and Fe contained in a sealed Nb tube.  
 
Structural differences between superconducting and non-
superconducting samples are very subtle, and high-resolution 
structural characterization proved crucial to probe structure-
property relations with an eye toward a structural trigger of TC. By 
performing high-resolution synchrotron Rietveld refinements on 
our full collection of samples we determined the stoichiometry and 
fully defined the unit cells. No variation of TC versus Se-Fe-Se 
bond angles was seen, contrary to what is seen in iron pnictides. 
Instead we discovered a narrow range of c-axis lengths where 
superconductivity is present for melt-processed crystals. We found 
that there is no direct correlation between superconductivity and Fe valence, nor the degree of Fe-
vacancy ordering as proposed in the literature. Furthermore, the fact that TC is invariant for all 
samples (either 30 K or not present) implies that K content and Fe valence cannot dope the 
superconducting fraction. Our specific heat measurements of superconducting samples showed no 
enthalpy release at TC. This precludes bulk superconductivity, and when combined with the invariant 
TC, points to the fact that superconductivity most likely arises from an interfacial effect that is itself 
far from K2Fe4Se5 stoichiometry.  
 

 
Figure 2. Comparison of the 
unit cells of (a) hypothetical 
KFe2Se2 and (b) Fe-vacancy 
ordered K2Fe4Se5.  
Corresponding FeSe layers are 
viewed along the c-axis in (c) 
and (d). 
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Narrow Gap Semiconducting Materials for Candidates of Superconductor: On the opposite 
side of the property spectrum are semiconductors which do not exhibit spin density wave states 
and historically have not been a source of superconductor materials. Recent results, however, are 
helping to change this view and promise to open up vast new 
phase space for investigations. Metal chalcogenide 
semiconductors can also be doped to superconductivity upon 
conventional chemical doping. For example, TiSe2, Bi2Se3 and 
Bi2Te3 which possess energy gaps of 0.05 eV, 0.3 eV, and 0.15 
eV respectively can be doped with transition metals such as Fe, 
Cr, Cu and Pd to become superconductors.  In the same context, 
we discovered that the narrow band gap semiconductor CsBi4Te6 
(Figure 3) can be doped to become a superconductors and will 
explore further inside narrow semiconducting chalcogenide 
systems.  
 
CsBi4Te6 are doped to both p- and n-type conductors and its 
superconducting transition around 4 K was identified by 
measurements of resistivity and field dependence and angular 
dependence magnetic susceptibility. The point contact spectra 
confirmed the presence of superconducting gap. In Figure 4, as 
seen in the magnetic field evolution of the spectra the zero-bias 
peak does not completely disappear at a field of 1 Tesla and 
quantitative analysis on the superconducting gap is currently 
under way. 
 
 
Future Plans  
The two primary goals of this FWP work are 1) design and synthesis of new compounds 
exhibiting electronic instabilities or materials with narrow band gaps as superconducting 
candidates by applying the concept of phase homologies and 2) study the complexity in the 
electronic materials to understand and control their electronic properties. In this program we use 
phase homologies to predict and synthesize new materials in a rational manner (as opposed to a 
less predictive exploratory approach) and thus the target compounds have defined structural 
building blocks with controllable dimensions as one of the tunable parameters. 
 
The science-driver underpinning this project is the study and understanding of new and exotic 
superconductors in the class of complex pnictides (i.e. phosphides, arsenides, antimonides) that 
feature spin density wave states, intermetallic alloys, and narrow gap semiconductors and we 
will investigate the following systems. 

 
1. (REO)n(A)m(FePn)n+m and (REO)n(AE)m/2(FePn)n+m (A = alkali metal e.g. Na, K, Rb; AE = 

alkaline earth element, e.g. Ca, Sr, Ba; Pn = P, As): These can be considered as 
intergrowth structures between the parent (REO)(FePn) and AFePn fragments. In this 
series the PbO-type FePn slab stays intact.   

2. (AE)Fe2+mAs2Xm (X = group 13, 14, 15 element, e.g. Ga, Si, P, etc.) with thicker iron 
pnictide slabs with systematically varying m: The first member is (AE)Fe2As2 (m = 0). 
The second, third members etc have thicker arsenide slabs stabilized with an element X 

 

Figure 4. Point contact spectra 
for CsBi4Te6 sample obtained 
by the lock-in modulation 
technique. The sharp dip and 
peak structures in the spectra 
indicate the superconducting 
state. 

 
Figure 3. Structure of CsBi4Te6. 

236



from group 14 or 15 (i.e. Si, Ge). The corresponding phosphide analogs BaFe2+mP2Xm are 
also possible.  

3. (Pb1-mMmS)n(FeAs) where (Pb1-mMmS)n (where M = divalent atom e.g. Sn, Pb, Ca, Sr, 
Ba): New sulfide/arsenide families with alternating rock salt type layer with the iron 
pnictide slabs.  

4. LaMn2X2, CaMn2X2, REFe2X2 and CaCo2X2 (X = Si, Ge): Antiferromagnetic ordering in 
layered phases appears to be common and raises the broad question of the relationship of 
magnetic interactions with quantum criticality, and the competition of electronic 
localization with itinerancy.  In this respect, we will investigate the corresponding silicide 
and germanide families of iron and manganese starting from the base members. 

5. KxFe2-ySe2 and CsxFe2-ySe2: While KxFe2-ySe2 has a distinct superconducting transition at 
30 K, CsxFe2-ySe2 has a wider superconducting window in a 10 - 30 K range.  We will 
investigate doping dependence of superconductivity and identify the nature of 
superconductivity and superconducting phase of AxFe2-ySe2. 
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Charging and Polarization of Organic Semiconductors in Energy-efficient Circuits and 
Energy Capture Modules: Synthesis, Electronics, and Spectroscopy 

Howard E. Katz, PI, and Andreas G. Andreou, co-PI, Departments of Materials Science 
and Engineering and Electrical and Computer Engineering, Johns Hopkins University; 

William L. Wilson, Materials Research Laboratory, University of Illinois 

Program Scope 

 We are engaged in a comprehensive study of interfacial static charging and polarization 
at organic semiconductor-dielectric and semiconductor-semiconductor interfaces.  The objective 
is to understand and control these effects to develop energy-saving organic semiconductor 
circuits and organic-based energy capture systems.  The activities include materials synthesis, 
interfacial physical characterization, and circuit implementation. Scanning probe microscopy of 
statically charged interfaces correlated to device current-voltage relationships are a major focus.   
Variable-threshold-voltage transistors are fabricated that employ static voltages “prestored” in or 
near the dielectric for tuning and adaptation. Such transistors have been incorporated into logic 
circuits;   such circuits save energy, as devices can be biased at optimum operating points to have 
higher gain and reduce power per unit operating current. In addition to optimizing the 
characteristics of individual transistors, non-volatile storage allows for the integration of 
programmable switches in energy capture modules such as polymer solar cells that will allow 
maximum power harvesting and graceful degradation of organic photovoltaic arrays.   

A second polarized interface that we are exploring is the one formed by adjacent p and n 
semiconductors.     We will elaborate on a result from the current program in which we showed 
for the first time that organic pn junctions display a gate-tunable built-in potential that is 
consistent with models originally derived for inorganic pn junctions.  We are exploring material 
combinations that are used in  bulk heterojunction solar cells and bilayer photodiodes.    P-N 
interfacial polarization can affect voltages in complementary circuits containing adjacent films of 
p and n organic semiconductors.  Tuning of p-n polarizations will facilitate photoinduced charge 
separation in organic and polymer solar cells.   As a further extension, the controlled blending 
and doping of the copolymer semiconductors with densities of states defined for maximum 
thermoelectric power factors will also be investigated. 

For both types of interfaces, we are designing and synthesizing materials, and performing 
morphological and spectroscopic analysis, scanning probe potential mapping, and device 
analysis to uncover charge distributions responsible for the activity of the materials in the various 
applications.  We are also building circuits from the devices.  The impact will be to lower the 
energy footprint of emerging, alternative electronic components and to increase the efficiency of 
solar cells and thermoelectrics based on organic semiconductors.  

Recent Progress  

 By using corona charging on atactic polystyrene dielectric before semiconductors and 
contacts were patterned, we have adjusted the threshold voltage in both p-type (pentacene) and 
n-type (an NTCDI derivative) organic transistors with no loss in stored charge owing to 
annealing of substrates.  Simultaneous tuning of the threshold voltage on both n- and p-type 
transistors enabled us to achieve the optimum operating switching point and gain in the inverters 

238



 
 

from 74 on control samples to a maximum of 105 on 
threshold voltage tuned samples. The inverter gains 
as a result of fine-tuning both n- and p-type threshold 
voltages are the highest ever attained in organic 
semiconductor inverters.1 Input-output characteristics 
are shown in Figure 1. 
 
Vt shifts can include a contribution from the 
polarization at the gate dielectric-OSC interface, and 
from static charge in the dielectric.2 This polarization 
is difficult to measure in conventional vertical 
architectures. Therefore,  we investigate the charge 
trapping at a lateral gate dielectric-OSC interface 
using Kelvin probe microscopy (KPM).3 In this 

geometry, the gate dielectric/OSC interface is exposed, 
facilitating the imaging of the charge storage. 
Furthermore, we quantify the injected and releasable 
static charge using thermally stimulated discharge current 

(TSDC).   The interface chosen is analogous to the pentacene-polystyrene used for the inverters. 
 
To see the effect of charge storage in the dielectric, the samples were examined in ambient 
conditions before and after charging.  Before the samples were charged, the electrode on the PS 
was grounded while the electrode on the pentacene was varied between -10V and +9V (“small 
voltages”).  The bias was started at 0V, stepped down to -10V, stepped up to +9V and brought 
back to zero, revealing the hysteresis.  KPM line scans were performed on the samples as the 

bias applied to the pentacene was varied, showing the potential drop across the pentacene, PS 
and interface. The sample was then charged by applying a much higher voltage (200V) to the 
pentacene for approximately 10 minutes.  The charged sample was then rescanned as the 
potential between the electrodes was varied again in a small voltage range. Figure 2 shows the 
device layout and SKPM scans across the interface as various voltages are applied, before and 
after charging the interface.  The voltage drops at the junction are clearly observed, and vary 
with the voltage applied during scanning.  More significantly, the interfacial voltage is actually 
reversed by static charging prior to the scans!  This is an indication of the capability of that 

Figure 1.  Charged inverter input-output 
characteristics.  Charging refers to 
surface charge on dielectrics before  
semiconductor deposition. 

(B) 

Figure 2.  (A) Schematic of the heterojunction, with the KPM scan in red.  (B) Uncharged sample 
surface potential at various applied biases.  The sample was initially scanned in the negative direction 
to -10V then the bias was stepped up to +9V and finally back to 0V. (C) The sample was removed 
from the KPM and charged at +200V for 10 minutes, then returned to the KPM and rescanned.   
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interface to store static charge with sufficient stability to survive further device operation.  
Indeed, in followup work now being prepared for publication, we showed for the first time that 
this stored charge directly shifts Vt of transistors made in the same lateral geometry, with pairs 
of electrodes acting as source and drain on the pentacene side.   
 
We have made circuits using materials from the above experiments on flexible silicon substrates.  
Figure 3 shows one such circuit. The circuits incorporate the capability for static charge tuning, 

as shown above.  The process is compatible with 
technology used to make polymer solar cells, and the 
circuits can be used in a variety of monitoring and 
controlling functions to enhance the performance and 
reliability of energy-capture modules.   
 
Future Plans 

We will utilize different material combinations in our 
scanning probe study of organic electronic interfaces, and 
begin nonlinear spectroscopic analysis of the charged 
materials to identify charged chemical functional groups.  
We will integrate and tune circuits such as in Figure 3 to 
operate alongside solar cells.  We will extend our junction 
studies to include relevance to thermoelectrics as well. 
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Figure 3.  Organic semiconductor 
inverter circuit on flexible silicon 
substrate. 
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Biaxiality in Thermotropic Bent-Core and Tetrapodic Nematic Liquid Crystals 
               Principal Investigator: Satyendra Kumar, Kent State University, Kent, Ohio 
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 Alejandro Rey, McGill University, Montreal, Canada 

 Mohan Srinivasarao, Georgia Inst. of Technology, Atlanta, GA 
 
Program Scope 
The scope of the project is to acquire a sound understanding of the phenomena of biaxiality in 
liquid crystals (LC) in specifically designed and synthesized bent-core mesogens having 5- and 
6- aromatic rings with different apex angle, different linkage and terminal groups, and a chiral 
center, and in siloxane tetrapodic compounds. In addition to understanding molecular origins of 
the physical and electro-optical properties of these unique materials, theoretical models and their 
predictions are being tested through investigations of the topology of phase diagrams, critical 
behavior at the transitions between the isotropic and uniaxial and biaxial nematic (N) phases, 
viscoelasticity, and statics and dynamics of topological defects in 3D near s = ½ and s = 1 
disclinations. The results of such fundamental studies should enable the design of molecules with 
desired phase behavior and properties leading to new science and disruptive technologies. 

Recent Progress 
A. Synthesis of Molecules with Unique Mesomorphism  
1. Achiral Bent-Core Mesogens: A series of achiral mesogens with general structure 1 (Fig. 1) 
were synthesized [7] to understand the role of the nature and position of substitutions (X, X', X", 
Y, Z, Z', and Z") on central rigid core, linkage unit (L) and terminal chains (R and R') on the 
formation and stability of the N phase. The results reveal that:  
(a). The molecules that are non-symmetric at the 
central core, rigid arms, and terminal chains exhibited 
a stable N phase over a wide temperature range.  

(b). The chemical nature of linking group, lateral 
substitutions on the rigid arms and the terminal chain 
lengths were secondary in governing the nematic 
temperature range. Azo linkages favored a wider N 
range than the esters and imines.  
(c). Lateral fluoro substitutions (compound 2) 
enhanced the N phase stability and suppressed the 
smectic phases. When F substitution is close to the 

Fig. 2 General structure 1, and a synthesized achiral fluorinated 
bent-core compound 2 with only the N phase. 

Fig. 1. Optical micrograph (top panel) of 
mesogen 2 under homeotropic condition in the N 
phase at (L to R) 157oC, 150oC; and 145oC. 
Small angle x-ray diffraction in the N phase (a) 
153.8oC, (b) 125.6oC, (c) 101.9oC, (d) 92.5oC, 
(e) 84.0oC, and (f) 74.2oC. 
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central core, only the N phase was stabilized. Textural studies and synchrotron x-ray 
measurements indicate the possibility of the biaxial nematic order (Fig. 2). 
2. Chiral Bent-Core Mesogens: Two mesogens, combining the unique structure of bent-core 
molecules with chiroptic properties, were 
synthesized [8, 9]. These exhibited the first 
bent-core chiral N phase. The smectic phase 
was completely suppressed due to the inter-
molecular steric interactions and the unsym-
metrical molecular shape. Due to intrinsic 
biaxiality of the bent-core, these materials 
provide a unique opportunity to explore the 
hitherto unknown biaxial chiral N phase. 

3. Hybrid Calamitic and Bent-Core Mesogens: 
A number of hybrid dimeric mesogens using 
calamitic and bent-core structural units were 
synthesized [20]. Mesogen 3 (Fig. 3) exhibited the N 
and the biaxial smectic-A (SmA) phase, representing an 
important and alternate route towards achieving the 
biaxial N phase without the customary underlying SmC 
phase, i.e., without the presence of cybotactic groups. 
B. Structure and Biaxial Nematic Order 
A number of experimental techniques were employed to 
investigate the uniaxial and biaxial N phases of com-
pound A131 which has the same structure as mesogen 2 
except that the two F atoms are replaced by two H 
atoms. The nematic order, its evolution with 
temperature, and the degree of phase biaxiality in bent-
core mesogen were studied by polarized micro-Raman 
scattering. The values of both uniaxial, P200 and P400, and biaxial order parameters P220, P420, and 
P440 were determined [2, 3]. Temperature dependence of P200 and P400 and a theoretical fit to P200 
for the uniaxial N phase are shown in Fig. 4. It is very clear that P200 and P400 deviate from 
uniaxial behavior upon crossing over to the biaxial N phase.  

From the measured values of order parameters, we 
constructed [4] the most probable orientation distribution 
function and calculate a number of parameters related to the 
nematic flow behavior of these materials. We are now attem-
pting to perform experiments to understand the response to 
imposed shear flow. Measurements of the orientational elastic 
constants and associated viscosities [11] in the N phase of 
ClPbis10BB reveal qualitative differences between the bent-
core and the conventional nematics, possibly due to the 
presence of nanoscale molecular clusters (cybotactic groups).  
The presence of cybotactic groups has often been used to 
explain anomalous results with little common understanding 
of the term. In order to understand this phenomenon, we 

Fig. 3: Conoscopic images of compound 3 at 108oC in 5 
µm thick homeotropic cell at an angle of 90, 80 and 70° 
between polarizer and analyzer axes. 

Fig. 4: Temperature dependence of P200: (○) 
and P400: (Δ). 

Fig. 5. Thermal evolution of three 
dielectric constants of A131 in the 
isotropic and uniaxial and biaxial N 
phases measured using 10 kHz at field 
strength of 0.1 V/m. 
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conducted a comprehensive study [19] of positional order correlations (i.e., size of cybotactic 
groups) in a large number of calamitic, bent-core, and lyotropic materials. A clear picture has 
now emerged; the nematic phases fall into one of the three categories: (i) with short range 
smectic positional correlations (~1-2 molecules) and weak temperature dependence, (ii) 
Arrhenius-type thermal dependence of correlations that extend from 3-10 molecules, and (iii) 
power-law divergence of the correlation length as the 
transition to a lower phase is approached. One can further 
argue, on the basis of published data, that every fluid, with 
the possible exception of superfluid He, has cybotactic 
groups. This work appeared as a book chapter [19]. 

C. Defect Mechanics Theory for Complex Mesophases 
The conformation adopted by disclination lines in nematic 
LCs reflects the background elasticity of the mesophase and 
offers a new route for mechanical characterization. The 
widely used Landau-de Gennes model is used to understand 
the energetics of planar disclinations containing both bending and tension and to establish the 
specific relation between them and the Frank moduli. We have extended this model to non-
planar disclination lines with torsion. Given that the disclination elasticity is proportional to the 
Frank elasticity, temperature is an efficient variable to soften the lines. Another novel approach 
is to explore the preferential adsorption of solutes and nanoparticles on defect cores, which will 
provide additional core energy under bending. We developed a new multiple order parameter 
phase field model [16, 17] for mesophases, solvents and nanoparticles, that is able to describe 
temperature-composition phase diagrams, textures, and defect cores. 

This research extends the attributes of disclination line defects from 
simple tension to tension/bending/twisting moduli and from a simple 
low orientational order filament system to a binary mixture with 
couplings between bending and positional order. 

D. Structure of the Biaxial de Vries Smectic-C Phases 
Since their discovery in 1979 by de Vries, the microscopic structure 
and molecular order in the uniaxial smectic-A (SmA) and the biaxial 
smectic-C (SmC) phases have remained elusive and the de Vries’ 
elegant diffuse cone model untested. Interest in these materials has 
recently grown as they offer a pathway to the superior ferroelectric 
SmC phase based technology. 
Our x-ray study of the materials provided [13, 14] by Lemieux 
(Queen’s University) has, for the first time, directly accessed the 
director tilt (Fig. 7, top), orientational order parameters of both the 
hydrocarbon (HC) and siloxane (SiO) parts of the molecule, and 
smectic layer spacing. The large angle x-ray peaks arising from 
lateral separation between the HC and SiO segments show that they 
tilt by different angle and possess different degree of orientational 
order. This led us to understand submolecular organization in these 
phases, (Fig. 5, bottom). The SmC order parameter critical exponent 
 is 0.26 ± 0.01 for one of the compounds, in excellent agreement 
with theoretically predicted tricritical and 2D Ising behavior.  


HC

 

 

 
Si 

Fig. 7. (Top) Diffraction 
pattern in the SmC phase sho-
wing molecular tilt, (bottom) 
molecular organiza-tion in 
smectic layer with Si and HC 
parts tilted differently. 

Fig. 6. Curvature of disclination lines 
reveals quantitative information on the 
Frank elasticity of the mesophase. 
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Future Plans  
 Raman study of differential depolarization ratio in the biaxial N phase of the bent-core and 

lyotropic systems will continue to facilitate a comparison. The effect of large non-linear 
susceptibility on Raman measurements will be assessed and theoretical framework developed. 

 Structure, order, and electrooptical properties of the N, biaxial SmA, chiral N phases of the 
molecules discussed in §A1-A3 above and their homologs will be investigated to lead to the 
design and synthesis of mesogens with desired phases, properties, and temperature range. 

 Investigate new De Vries materials and their mixtures with conventional smectics to 
understand the precise nature of phases and what makes them different. 

 Continue multiscale modeling needed for the biaxial phases of bent-core and de Vries systems     
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PROGRAM SCOPE 
The overarching goal of our DOE materials research cluster is to establish the fundamental 
knowledge required to transform diverse classes of information- and function-encoded building 
blocks into multiscale functional assemblies that guide photon-electron conversion processes for 
light capture and utilization.  
Our approach to Programming Function via Soft Materials integrates three core research areas:  
(1) Dynamic supracolloidal assemblies – created by controlling the equilibrium and 
nonequilibrium phase behavior, spatial organization, and connectivity of colloidal particles, 
clusters, and mixtures thereof through self, driven and chemically amplified assembly and 
disassembly pathways.    
(2) Deterministic assembly of fluid and solid inks – to precisely pattern micro/nanostructured 
materials in the form of conductive pathways via omnidirectional printing and as solid “inks” 
composed of III-V heterojunctions via transfer printing.   
(3) Functional architectures for light capture and utilization – in flexible “skin-like” motifs.  
Light collection and light emitting systems based on large microcell arrays represent new 
technologies that are uniquely enabled by our scalable approaches and fundamental 
understanding of function-encoded building block synthesis and assembly. 

This abstract focuses solely on Deterministic Assembly of Fluid and Solid Inks. 
 
RECENT PROGRESS 
The creation of unusual devices composed of 
flexible/stretchable circuits that are 
heterogeneously integrated in large-area, 
conformal layouts has been pioneered by our 
cluster team through a combination of fluid 
and solid ink assembly methods (Lewis, 
Nuzzo, Rogers, and Schweizer). 
(i) Structure and Assembly of Fluid Inks – 
Lewis and Schweizer are designing silver 
microwire-microparticle inks for direct-write 
assembly of conductive microelectrodes for 
flexible photovoltaics (Rogers, Nuzzo) [1-2].  
Schweizer has developed the first unified 
theory of percolation, phase separation, 
physical bond formation and kinetic arrest to 
establish criteria for the formation of 

 

 
Figure 1. Predicted nonequilibrium phase diagram 
for a dense mixture of repulsive sphere colloids and 
attractive rods (L/D=5) for mixtures of varying 
attraction strength and rod volume fraction. 
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homogeneous phase physical gels and the role of phase separation in creating heterogeneous gels 
(Figure 1).[2] The strong effect of nanoparticle aspect ratio was demonstrated, with isotropic rod 
gels of controlled elastic properties predicted to be quite easy to realize in practice. Extension to 
conductive sphere-rod mixtures reveals remarkable dynamic complexity that depends on rod 
aspect ratio and interparticle attractions. A theory for how to control both the linear shear 
modulus and yield stress was created, thereby providing design tool for tailoring mechanical and 
nonlinear flow properties. A theory for electrical hopping conductivity in amorphous metallic 
rod-sphere gel inks has also been formulated, and preliminary calculations suggest significant 
improvements over the silver particle inks employed in solar microcell applications can be 
achieved by appropriate blending with conductive microwires.   
(ii) Conductive Ink Printing for Flexible Concentrator Photovoltaics – Lewis has 
demonstrated the conformal printing of concentrated silver inks with tailored viscoelastic 
behavior to form interconnects between sparsely populated InP microcell arrays on glass and 
polyimide substrates (Figure 2).  These devices are being developed for concentrator PV 
applications.  Both silver interconnects (~ 50 microns wide) and busbars (~ 1 mm wide) are 
pattered over large areas (4”x4” wafers) via direct-write assembly.  The silver inks are 
conductive as patterned, and approach bulk-like conductivity upon annealing at 175°C in air (not 
shown).  These and related inks have also been used in other applications [3-9], including pen-
on-paper flexible electronics [3], conformal printing of electrically small antennas [4], and 
ultrafine scale printing of silver microgrids (5 microns wide) for transparent conductive displays 
[5].  Recently, Lewis has developed a new reactive silver ink that exhibits nearly bulk 
conductivity upon annealing at 90°C for 15 min [10].  This ink opens new avenues for printed 
electronics and optoelectronic devices on low-cost plastics. 

 

              
Figure 2.  Optical and SEM images of printed silver interconnects and busbars on a fully populated glass substrate 
(left), test coupons (middle), and polyimide substrate (right). 
 
(ii) Transfer Printing of Solid Inks - Reversible control of adhesion is an important 
requirement for stamps designed for deterministic assembly by transfer printing.  In past work, 
we exploited viscoelastic effects in the materials used for these stamps, to achieve control 
through modulation of the peeling rates.  Although useful for many applications, the difference 
between ‘on’ and ‘off’ states in adhesion that can be accomplished in this manner is limited. 
Rogers recently developed new approaches, supported by detailed experimental and theoretical 
studies, for pressure-modulated adhesion between flat objects and elastomeric surfaces that have 
sharp features of surface relief in optimized geometries.[11] Specifically, we showed that the 
strength of non-specific adhesion can be switched by more than three orders of magnitude, in a 
reversible fashion.  Implementing these concepts in advanced stamps enables versatile modes for 
deterministic assembly of solid materials in micro/nanostructured forms.  As an example, we 
printed two and three-dimensional collections of silicon platelets and membranes to illustrate 
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some capabilities.  To show utility in device fabrication, 
we built an unusual type of transistor that incorporates a 
printed gate electrode, an air gap dielectric and an 
aligned array of single walled carbon nanotubes.  
Figure 3 shows printed structures in these contexts. 

Rogers, Li, Moore and Nuzzo have recently developed 
solid inks with higher levels of functionality than 
previously reported, while retaining forms favorable for 
deterministic assembly by transfer printing. [12-19] The 
schemes require only interconnect metallization to be 
performed on the final device substrate, thereby 
minimizing the need for any specialized processing 
technology.  The result has important consequences in 
large-area electronics for display systems, 
flexible/stretchable electronics, or other non-wafer-
based devices (carried out in Core 3). 
 
FUTURE PLANS 
Our interdisciplinary research team is now focused on 
expanding the palette of fluid and solid inks for 
heterogeneously integration of functional skin-like 
architectures for light harvesting and utilization.  In the coming year, we plan to move beyond 
photovoltaic and solid-state lighting applications and explore how our unique mesoscale 
assembly efforts can be harnessed to create new planar and 3D architectures for energy 
harvesting [19] and storage. 
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Figure 3.  (A) 3D stack of silicon platelets 
transfer printed using stamps with pressure-
modulated adhesion). (B) Images and 
schematic layouts of a carbon nanotube 
transistor with an air-gap gate dielectric, 
fabricated by transfer printing.  
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RESEARCH SCOPE.  The overarching goal is to establish the fundamental knowledge required to 
transform diverse classes of information- and function-encoded building blocks into multiscale 
functional assemblies that guide photon-electron conversion processes for light capture and 
utilization. This core research area is devoted to Functional architectures for light capture and 
utilization -- in flexible “skin-like” motifs.  Light collection and light emitting systems based on 
large microcell arrays represent new technologies that are uniquely enabled by our scalable 
approaches and fundamental understanding of function-encoded building block synthesis and 
assembly.  
 
RECENT PROGRESS.  Harnessing our unique deterministic assembly capabilities, we have created 
flexible, highly transparent solar cell arrays, flexible inorganic LED arrays, and flexible PZT 
arrays in unusual layouts (Rogers, Li, Nuzzo, Johnson).   
 
(i) Flexible, concentrator solar cell arrays – Our prior work on synthesis of functional 
micro/nanoscale materials focused primarily on monocrystalline silicon, for applications in 
electronics and photovoltaics. However, 
compound semiconductors, like gallium 
arsenide, provide advantages over silicon for 
many applications, due to their direct 
bandgaps and high electron mobilities.  
Examples range from efficient photovoltaic 
devices to radio frequency electronics and 
most forms of optoelectronics.  Growing large, 
high quality wafers of these materials, and 
intimately integrating them on silicon or 
amorphous substrates such as glass or plastic 
is expensive, thereby restricting their use.  
During the last couple of years, Rogers and 
Li developed concepts that address many of 
these challenges through the use of functional 
films formed in thick, multilayer epitaxial 
assemblies created in a single deposition 
sequence on a growth wafer, and then 
distributed over large areas on foreign 
substrates by printing, in a step and repeat 
mode.  In a paper published in Nature (2010), 
we reported specialized designs that enable 
release and separation of the individual active layers to yield large quantities of high quality 
material for subsequent device integration by transfer printing in large area formats on diverse 

 
Figure 1.  Flexible photovoltaic device formed using 
printed arrays of GaAs single junction solar cells and 
a flexible plastic substrate.  The bottom frames show 
measured characteristics of similar modules, with 
both parallel (left) and series (right) interconnect. 
[Nature, 2010] 
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classes of substrates, in a manner that also allows the wafer to be re-used for additional growths.  
Demonstrations in high-speed electronics, near infrared imagers and efficient photovoltaic 
modules were also reported.  Figure 1 provides an image of a representative PV module formed 
using these ideas. 

Rogers, Nuzzo, and Johnson have demonstrated advances in flexible, concentrator PV arrays 
composed of monocrystalline silicon microcells coupled with luminescent waveguides.  Specifically, 
they designed, assembled and theoretically optimized a type of composite luminescent concentrator 
PV system that embeds large scale, interconnected arrays of microscale silicon solar cells in thin 
matrix layers doped with luminophores.  Photons that strike cells directly generate power in the usual 
manner, while those incident on the matrix launch wavelength-downconverted photons that reflect 
and waveguide into the sides and bottom surfaces of the cells to increase their power output by more 
than 300%.  Unlike conventional luminescent photovoltaics, this design can be implemented in 
ultrathin, mechanically bendable layouts.  Experimental and computational modeling efforts have 
been carried out to provide quantitative descriptions of the underlying materials science and optics. 
 
Li and Rogers are also developing a method for heterogeneous integration of III-V nanowires with Si 
substrates for tandem solar cells (Figure 2). The nanowire geometry provides the added benefit of 
enhancing solar cell performance through greater light absorption and carrier collection efficiency. The 
nanowire approach also uses less material than thin films. We have demonstrated the growth of 
dislocation free nanowires in the nearly the entire composition range of InxGa1-xAs (x= 0.1 – 1.0), the p-n 
junction formation, tunnel junction formation at the III-V/Si interface, and preliminary solar cell results.   
 

 
(ii) Flexible LED arrays - Properties that can now be achieved with advanced, blue InGaN light 
emitting diodes (LEDs) lead to their potential as replacements for existing infrastructure in 
general illumination, with enormous positive implications on power efficiency.  Further 
advances in this technology will benefit from re-examination of the modes for incorporating this 
materials technology into lighting modules that manage light conversion, extraction and 
distribution, in ways that most critically minimize adverse thermal effects associated with 
operation, with packages that fully exploit the unique aspects of these light sources.  Over the 
last year, Rogers and Nuzzo developed ideas in anisotropic etching, microscale device 
assembly/integration, and module configuration that address these challenges in unconventional 
ways.   We built various device demonstrators to provide examples of the capabilities, including 
thin, flexible lighting ‘tapes’ based on patterned phosphors and large collections of small, light 
emitters on plastic substrates.  Quantitative modeling and experimental evaluation of heat flow in 
such structures illustrates one particular, important aspect of their operation: small, distributed 

 

Figure 2. InGaAs nanowires on Si solar cell. (Left) SEM image of In0.85Ga0.15As nanowire array, (middle, left) 
device architecture for a dual junction tandem cell, (middle right) I-V characteristics and (right) external 
quantum efficiency of a single junction Si cell with and without the back InGaAs array. 
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LEDs can be passively cooled simply by direct thermal transport through thin film metallization 
used for electrical interconnect, providing an enhanced and scalable means to integrate these 
devices in modules for white light generation.   
 (iii) Flexible PZT arrays – Rogers recently expanded into 
systems that can harvest mechanical energy, in conceptually 
similar ‘skin-like’ formats.  As an example, we developed 
materials, assembly and mechanics approaches that allow 
brittle ferroelectric ceramics, such as lead zirconate titanate 
(PZT), to be exploited in flexible and stretchable formats. In 
particular, we adapted ideas previously developed in PFvSM 
research, to create ‘wavy’ geometries in nanoribbons of 
PZT, on soft, elastomeric supports.  The result is a hard/soft 
material construct that offers linear elastic responses to large 
strain deformations (i.e. stretchable properties), without any 
loss in ferroelectric or piezoelectric properties.  Theoretical 
and computational analysis of the mechanics accounts for 
these characteristics and also shows that the amplitudes of 
the waves can be continuously tuned with an applied electric 
field, to achieve a vertical (normal) displacement range that 
is near one thousand times larger than is possible in 
conventional planar layouts.  The results suggest new design 
and application possibilities in piezoelectric devices, both 
for harvesting and actuation.  Figure 3 shows an optical 
image of a ‘wavy’ PZT nanoribbon, and a three-dimensional 
finite element model that captures the underlying physics.  
 
FUTURE PLANS 
Building upon the above successes, we plan to further develop and exploit deterministic 
strategies for the design, assembly, and integration of multiscale functional objects in “skin-like” 
architectures for efficient light capture and utilization.   
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Figure 3. Optical micrograph (top) 
and finite element modeling 
(bottom) of a ‘wavy’ nanoribbon of 
PZT bonded to a silicone substrate.  
This hard/soft materials construct 
offers linear, elastic responses to 
large-scale deformations, suitable for 
use in ‘skin-like’ energy harvesting 
systems. 
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Project Title: Materials Science of Electrodes and Interfaces for High-Performance   
 Organic Photovoltaics 
PI: Tobin J. Marks, Co-PIs: R.P.H. Chang, A. J. Freeman, T.O. Mason, K.R. Poeppelmeier, 
Northwestern University, Evanston, IL 60208 
 
Program Scope. This program pursues an integrated basic research effort by an experienced, 
highly collaborative interdisciplinary team with expertise in solid-state chemistry, interfacial 
materials, quantum theory, solar cell fabrication and characterization, and low temperature 
processing. The team addresses, in unconventional ways, critical electrode-interfacial issues 
underlying organic photovoltaic (OPV) performance--controlling band offsets between transparent 
electrodes and organics, addressing current loss/leakage at interfaces, and investigating cost-
effective low temperature, large-area cell fabrication. Current research foci are: 1. Design (based 
on theory) and synthesis of advanced 2-D and 3-D TCO electrode layers with high conductivity 
and transparency, while minimizing the use of indium. 2. Developing theory-based understanding 
of the ideal interfacial layers between oxide electrodes and OPV active materials. 3. Exploring and 
developing new processing techniques and cell architectures for next-generation large-area 
flexible OPVs. The goal is to develop for the photovoltaic community the fundamental scientific 
understanding needed to design, fabricate, prototype, and ultimately implement high-efficiency 
solar cells incorporating these new concepts. 

Recent Progress 
Thin Film TCO Growth (Chang, Mason, Marks).  Studies of TCO electrical and optical 
properties have aimed at understanding the transition between the amorphous and crystalline states, 
and how this affects the electrical and optical properties. Thus, Zn-In-Sn-O (ZITO) films were 
grown by pulsed-laser deposition, and three different material compositions were investigated: 
ZITO-30, ZITO-50 and ZITO-70 in which 30%, 50%, and 70%, respectively, of the indium in the 
In2O3 structure is replaced by substitution with Zn and Sn in equal molar proportions (co-
substitution): In2-2xZnxSnxO3, where x = 0.3, 0.5, 0.7. All ZITO films grown at 25°C are 
amorphous. The first evidence of crystallinity is observed at higher growth temperatures as the 
degree of co-substitution is increased. A decrease in mobility and conductivity is also observed as 
the degree of co-substitution is increased. The highest mobility for ZITO-30 and ZITO-50 is 
observed at growth temperatures just prior to crystallization. The effect of deposition temperature 
on carrier concentration is surprisingly minor compared to the effect of O2 partial pressure during 
growth. 

Bulk GITO Phase Space (Poeppelmeier, Mason, Freeman).  The co-substitution scheme that 
led to the synthesis of ZITO has also been applied to the Ga2O3-In2O3-SnO2 (GITO) phase space, 
producing the tetragonal phase Ga3-xIn5+xSn2O16 (T-phase),1 where 0.3 < x < 1.6, and a Ga, Sn co-
substituted In2O3 (bixbyite), as shown in Fig. 1.  The electrical conductivity of bulk T-phase 
specimens, measured by 4-point probe, is found to range from 500 to 1500 S/cm with increasing 
In : Ga ratio at room temperature. All compositions (x-values) are found to be optically transparent, 
with a common band gap of ~3.1 eV by diffuse reflectance spectroscopy. Of even greater interest, 
the bixbyite solid solution, when lightly doped with Sn, is found to have a very high bulk 
conductivity in excess of 4000 S/cm. The high conductivity and transparency of these bulk GITO 
phases are of interest for OPV applications and we anticipate still higher values for crystalline thin 
films.  Furthermore, the T-phase is found to exhibit a significant temperature dependence of 
conductivity. As the synthesis temperature increased from 1250°C to 1350°C (followed by 
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quenching), the electrical conductivity  increases five-fold.  Ongoing work focuses on the origin of 
this dramatic increase in carrier content and/or 
mobility. Our prior work showed a direct 
correspondence between optimized conductivity 
and the so-called “octahedral site density” of 
cations. Current work is aimed at testing this 
relationship in the T-phase, which exhibits a 
wide range of coordination environments, as 
depicted in Fig. 2. So far, this investigation has 
identified the T-phase as one member of a large 
class of compounds related to the scheelite 
structure. Structurally analogous compounds 
with various cation oxidation states, such as +2 
and +5 in the case of Mn3Ta2O8 and +1, +3, and 
+6 in the case of Na5Lu(WO4)4, have been 
identified in this class in the literature.  Some 
semi-conducting compounds, such as Zn3Ta2O8 and Zn3Nb2O8 have already been synthesized in 
an attempt to follow this trend, but they form significantly different crystal structures.  

Interfacial Layers (IFLs) (Chang, Marks).  The 
remarkable functionality of NiO interfacial layers in 
enhancing bulk heterojunction (BHJ) OPV performance is 
being investigated by integrated characterization of the 
electrical, micro-structural, electronic structural, and optical 
properties of thin NiO films grown on glass/ITO electrodes. 
These layers are found to be advantageous in BHJ OPV 
applications due to favorable energy band levels, interface 
passivation, p-type character, crystallinity, smooth surfaces, 
and optical transparency. The NiO overlayers are fabricated 
via pulsed-laser deposition and are found to have a work 
function of ~5.3 eV. They are investigated by both 
topographic and conductive AFM and shown to passivate 
interfacial charge traps. The films have an average optical 
transparency of >80% in the visible range, crucial for 
efficient OPV function, and have a near-stoichiometric NiO surface composition. By grazing-
incidence X-ray diffraction, the NiO thin films are shown to grow preferentially in the (111) 
direction and to have the fcc NaCl crystal structure. Diodes of p-n structure and first-principles 
electronic structure calculations indicate that the NiO interlayer is preferentially conductive to 
holes, with a lower hole charge carrier effective mass versus that of electrons. Implications of 
these attributes in advancing efficiencies for state-of-the-art OPV systems-in particular, improving 
the open circuit voltage have been demonstrated. 
       In regard to organic IFLs, the design, synthesis, characterization and device implementation of 
a novel IFL for insertion between the ITO anode and active layer of poly(3-hexylthiophene) : 
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) bulk-heterojunction OPVs was completed.  
The precursor, 5,5’-bis[(p-trichlorosilylpropylphenyl)phenylamino]-2,2’-bithiophene (PABTSi2), 
covalently anchors to the ITO surface via the –SiCl3 groups and incorporates a bithiophene unit to 
align the HOMO energy with that of P3HT (5.0 eV).  The synthesis and subsequent 
electrochemical analysis of anchored PABTSi2 indicates a HOMO energy of 4.9 eV, while the 

Fig. 2. T-phase crystal structure model: 
4-fold (orange), 6-fold (purple), 7-fold 
(gray), and 8-fold (green) coordination 
polyhedra. 

Fig. 1. Previously reported Ga2O3-In2O3-SnO2 phase 
diagram. Phases of interest: the “T-phase” (arrow) and 
bixbyite (the shaded area at the bottom-right corner). 
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LUMO level remains sufficiently high, at 2.2 eV, to effectively block electron leakage to the OPV 

ITO anode.  For the P3HT:PCBM OPV fabrication, PABTSi2 is used as a spin-coated and 

crosslinked (via –SiCl3 hydrolysis and condensation) as a 1:2 blend with poly[9,9-dioctylfluorene-

co-N-[4-(3-methylpropyl)]-diphenylamine] (TFB).  Such devices exhibit an average power 

conversion efficiency of 3.34%, a fill factor of 62.7%, an open-circuit voltage of 0.54 V, and a 

short-circuit current of 9.31 mA/cm
2
, parameters rivaling those of optimized PEDOT:PSS-based 

devices, but with far greater thermal durability. 

3-D ITO Nanorod Electrodes  (Chang, Marks, Poeppelmeier). Recently we demonstrated the 
ability to grow both random and patterned ITO nanorods using VLS techniques in combination 
with high resolution e-beam lithography at ANL. The goal of this work is to demonstrate that 3-D 
nanorod electrodes can afford high OPV efficiencies.  The unique design of these electrodes is 
based on reducing cell recombination losses while at the same time retaining good light absorption.  
Estimates from preliminary results using this new architecture design for DSSCs show that cell 
efficiency can be increased by as much as 30%!    

Future Plans 
Thin Film TCOs (Chang, Mason, Marks). Work in the coming period will focus on 
understanding the transport, microstructural, and device electrode properties of amorphous TCO 
films such as ZITO, especially as a function of growth process—vapor phase or solution.  The 
attraction of amorphous phases such as ZITO is the great mechanical flexibility, lack of grain 
boundaries, smoothness, and low In content.  All of these are attractive for the cost-effective 
fabrication of efficient, flexible OPVs by roll-to-roll processes.  The work on 3-D nanorods 
electrodes will also continue. It is our goal that by a combination of the use of unique materials 
and electrode architectures, efficiencies for both OPV and DSSC can be increased by as much as 
50% during the next two years. 

Bulk GITO Phase Space (Poeppelmeier, Freeman, Mason). To better understand the T-phase 
compound electrical properties, band structure calculations will be conducted in collaboration with 
the Freeman group. The full-potential linearized augmented plane wave (FLAPW) calculations 
will provide theoretical analyses of conduction and valence band minima, as well as the correct 
band gap, calculated with the XLDA method, and the optical properties. Work function 
calculations will also be performed. For transport analysis, our calculations, combined with the 
experimental evidence, will provide a theoretical explanation on the significant temperature 
dependence of the T-phase conductivity. Of interest is which cations/coordinations dominate the 
density of states at the conduction band minimum. Work function measurements will also be 
conducted on all T-phase and bixbyite compositions by Kelvin Probe to assess the viability of 
these compounds as OPV electrodes. With its substantially larger band gap, Ga2O3 is of interest 
for the potential to modify surface electrical properties, especially the GITO work function. 
Additionally, phase diagram studies will clarify the nature of the In2O3 corner of the GITO phase 
diagram, which is not fully understood. Furthermore, the temperature dependence of the T-phase 
electrical conductivity will be further studied. 
 Novel phases outside the GITO phase space are also of interest. The scheelite structure 
contains cation environments that bear a striking resemblance to the In and Ga sites in the T-phase, 
but the cations occupying these sites have different oxidation states. Thus the geometry of these 
compounds suggests that n-type co-substitution of GITO with more economical cations is feasible. 
Possible dopants to accomplish this include +2 cations that have good TC properties; of particular 
interest is Mg. This design is intended to lead to advanced 2-D TCO layers with high conductivity 
and transparency while minimizing or excluding In. Additionally, the relationship between the 
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dopant cation size and its correlation with conductivity will be tracked to predict alternative 
dopants for this process.  
Interfacial Layers (Marks, Chang, Freeman).  In the coming grant period, efforts will focus in 
three areas.  First, theoretical studies will analyze how the TCO band structure interacts with the 
covalently tethered IFL molecules as an effective construct for hole transport and electron 
blocking. Second, IFL molecule design will focus on modulation of the above band-orbital overlap 
and how this interaction can be tuned by IFL molecule electronic structure and dipole moment.  
Third, IFL design will turn to some of the unique interfacial scientific challenges offered by 
inverted OPVs where metal oxides are used as transport and blocking layers. 
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Program Scope 
 The overarching theme of the program is to develop, understand, and deploy new 
methods for sorbent synthesis. The development of new high performance sorbents is critical for 
a variety of established (separations, purification) and emerging (hydrogen storage, carbon 
capture) technologies. Coordination polymers offer tremendous promise for such applications 
and complement greatly established materials such as zeolites and carbons. The specific goals of 
the project can be broadly defined as those involving reduced symmetry linker design for 
producing coordination polymers and coordination polymers involving mixed linkers 
(coordination copolymers).  

Recent Progress 
 The considerable potential of mixing linkers with different topologies and identical 
coordinating functionality was first demonstrated with the production of UMCM-1 (UMCM = 
University of Michigan crystalline material). 1 Derived from the commercially available linkers, 
terephthalic acid (H2BDC) and benzene tribenzoic acid (H3BTB), this material possesses large 
mesoporous channels flanked by microporous cages. Soon after, UMCM-2 followed 2 with a 
record setting BET surface area of 5200 m2/g and its analogs such as MOF-210. 3 More recently 
other combinations of carboxylate linkers have led to UMCM-3 and UMCM-4, the latter with an 
unusual combination of terephthalate linkers (BDC) acting both as pillars and as organizing 
elements within 2D sheets containing BTB. 4 Although the pore dimensionality of these 
frameworks differed 
significantly in 
terms of having 
pores aligned in 
radically different 
fashions, the 
potential to exploit 
these topological 
novelties in 
facilitating 

Figure 1. Space filling model of Nile red going into:  a) Microporous cage and 
mesoporous channel of UMCM-1, b) Microporous cages (red and blue) and 
mesoporous cage (green) of UMCM-2, and c) Microporous cages of UMCM-4. 

a) b) c) 
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anisotropic guest transport was uncertain due to the limited ability of single crystal X-ray 
diffraction to yield information on defects in materials. By applying single molecule methods, in 
collaboration with the Biteen group at the University of Michigan, we were able to directly 
observe the diffusion of individual Nile red guest molecules inside three different UMCMs in 
real time using single-molecule fluorescence microscopy (Figure 1). 5 Trajectory analysis 
revealed that most molecules observed in UMCM-2 crystals are immobilized by this material 
with a torturous three dimension network of interconnected pores. By contrast most molecules in 
UMCM-1, with a mesoporous channel structure, move according to a 1D random walk. In the 
pillared sheet-like material UMCM-4, 2D random walking is operative. In all cases guest motion 
is not homogeneous in the crystals, and several subpopulations of molecules, each with its own 
mobility range, were identified in each crystal. In addition, due to structural heterogeneities, 
molecules that are reversibly trapped or adsorbed at a single site switch between different modes 
of motion along the way, depending on the physical and chemical properties of the local 
environments in which they reside and the features with which they interact. These studies serve 
to inform separations occurring with coordination polymers in the large molecule regime. This is 
a growing and important area of application were significant gains in energy efficient separations 
might be realized. 6 

 In the course of our studies with mixed linkers we have observed that there are threshold 
concentrations of ligands required for efficient production of new phases. For example, UMCM-
1 does not form as an initial phase during solvothermal synthesis until the BDC concentration 
exceeds about 10 mol%. Initially we had assumed, based primarily on gas sorption and PXRD 
analysis, that the cubic phase produced below this concentration was MOF-5 [Zn4O(BDC)3]n. 
However, further scrutiny by NMR spectroscopy of the decomposed material indicated the 
presence of BTB within the material clearly displaying the gross structure of MOF-5. Based on 
the change in morphology from a cubes to octrahedra during addition of increasing concentration 
of BTB we term this material MOF-5(Oh) (Figure 2, middle). Through a mechanism that we 
ascribe to the presence of uncoordinated carboxylate groups, defective MOF-5(Oh) produced 
with 10 mol% BTB in the feed adsorbs a considerable amount of palladium ions from a dilute 
Pd(OAc)2 solution (Figure 2, right). This affords a very high surface area heterogenous catalyst 

Figure 2. Synthesis of BTB-incorporated MOF-5 crystals by addition of H3BTB to the reaction mixture of 
H2BDC and Zn(NO3)2 6H2O. Photographs of crystals showing the dependence of the morphology upon the 
percentage of H3BTB in the feed. At 0 mol% H3BTB addition, only cubic MOF-5 crystals are formed, at 10 
mol% octahedral shaped crystals of MOF-5(Oh) are observed. Treatment of MOF-5(Oh) with a dilute 
Pd(OAc)2 solution results in significant absorption of Pd(II) ions resulting in a very high surface area 
heterogenous catalyst. 

H2BDC 
H3BTB 
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(~2500 m2/g BET surface area) that is effective for the nondirected C–H activation and 
functionalization of, for example, naphthalene. This approach opens the potential for similarly 
functionalizing other coordination polymers to greatly simplify the process of introducing 
catalytically active metals in a uniformly dispersed fashion. Such materials are of particular 
interest to test models for enhanced adsorption of hydrogen in MOFs through the proposed 
spillover mechanism. 7 

 One of the keys to success of the mixed linker strategy is that by incorporating more than 
only type of linker around a highly symmetrical metal cluster, the symmetry of the cluster is 
broken. This translates into the symmetry breaking at the network nodes and forces more 
complex topologies than those based, for example, on simple Archimedean solids. The end result 
of this is that framework interpenetration is suppressed. In spite of exceptional porosity, UMCM-
1,-2,-3, and -4 show no propensity towards interpenetration. Each of these materials is built with 
a combination of a dicarboxylate and a tricarboxylate. In principle the network node 
desymmetrization need not be so drastic; however, until recently this hypothesis has not been 
tested. We will discuss the product constructed with BDC and NDC (NDC = naphthalene-2,6-
dicarboxylate) linkers which is denoted as UMCM-8. 8 The BET surface area of UMCM-8 is 
4030 m2/g, which matches well with the theoretical surface area (4005 m2/g). The structure arises 
from a combination of cubic and tetragonal cages thus thwarting interpenetration. In addition the 
structure of UMCM-9, with a surface area approaching 5000 m2/g will be highlighted. Hand in 
hand with this effort we have been reassessing the procedures by which porosity is ultimately 
realized in a 
coordination 
polymer. Grouped 
under the general 
heading of 
“activation” this is a 
critical step towards 
making viable 
sorbents and the 
potential of flow 
supercritical CO2 
activation will be 
discussed. 

Future Plans 
 We are particularly focused on the further development of the mixed linker strategy 
exploiting linear linkers that are commercially available at a reasonable price and therefore have 
the potential make high performance sorbents capable of exceeding the properties of zeolites and 
carbons such that the overall economics of deployment makes sense. 

a) 
Short 
Linker 

Long 
Linker 

UMCM-8 

 

Short 
Linker 

Long 
Linker 

UMCM-9 

Zn4O(CO2)6 
Cluster 

b
) 

Figure 4. a) Potential cubic and tetragonal 
cages derived b) Structures of UMCM-8 and 
UMCM-9 (the solid colored cubes represent 
the different types of cubic cages derived 
from the linkers in color, tetragonal cages 
connecting these cubic cages are left unfilled). 
from connecting octahedral nodes and linear 
ditopic linkers.  

b) Structures of UMCM-8 and UMCM-9 (the solid colored cubes represent the 
different types of cubic cages derived from the linkers in color, tetragonal cages 
connecting these cubic cages are left unfilled). 
the different types of cubic cages derived from the linkers in color, tetragonal cages 
connecting these cubic cages are left unfilled). 
from connecting octahedral nodes and linear ditopic linkers.  
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In the area of mixed linker and reduced symmetry linkers we are poised to test some of 
the hypotheses about constructing greatly expanded analogs using the principles of isoreticular 
chemistry in the context of relatively low symmetry networks. 

References
1. Koh, K.; Wong-Foy, A. G.; Matzger, A. J. A Crystalline Mesoporous Coordination 

Copolymer with High Microporosity. Angew. Chem.-Int. Edit. 2008, 47, 677680. 
2. Koh, K.; Wong-Foy, A. G.; Matzger, A. J. A Porous Coordination Copolymer with over 5000 

m2/g BET Surface Area. J. Am. Chem. Soc. 2009, 131, 4184-4185. 
3. Furukawa, H.; Ko, N.; Go, Y. B.; Aratani, N.; Choi, S. B.; Choi, E.; Yazaydin, A. O.; Snurr, 

R. Q.; O'Keeffe, M.; Kim, J.; Yaghi, O. M. Ultrahigh Porosity in Metal-Organic Frameworks. 
Science 2010, 329, 424-428. 

4. Koh, K.; Wong-Foy, A. G.; Matzger, A. J. Coordination Copolymerization Mediated by 
Zn4O(CO2R)6 Metal Clusters: a Balancing Act between Statistics and Geometry. J. Am. 
Chem. Soc. 2010, 132, 15005-15010. 

5. Liao, Y.; Yang, S. K.; Koh, K.; Matzger, A. J.; Biteen, J. S. Heterogeneous Single-Molecule 
Diffusion in One-, Two-, and Three-Dimensional Microporous Coordination Polymers: 
Directional, Trapped, and Immobile Guests. Nano Lett. 2012, ASAP. 

6. Cychosz, K. A.; Ahmad, R.; Matzger, A. J. Liquid Phase Separations by Crystalline 
Microporous Coordination Polymers. Chem. Sci. 2010, 1, 293-302. 

7. Park, T.-H.; Hickman, A. J.; Koh, K.; Martin, S.; Wong-Foy, A. G.; Sanford, M. S.; Matzger, 
A. J. Highly Dispersed Palladium(II) in a Defective Metal-Organic Framework: Application to 
C-H Activation and Functionalization. J. Am. Chem. Soc. 2011, 133, 20138-20141. 

8. Koh, K.; Van Oosterhout, J. D.; Roy, S.; Wong-Foy, A. G.; Matzger, A. J. Exceptional 
Surface Area from Coordination Copolymers Derived from Two Linear Linkers of Differing 
Lengths. Chem. Sci. 2012, in press. 

Publications 
Park, T.-H.; Hickman, A. J.; Koh, K.; Martin, S.; Wong-Foy, A. G.; Sanford, M. S.; Matzger, A. 
J., “Highly Dispersed Palladium(II) in a Defective Metal-Organic Framework: Application to C-
H Activation and Functionalization” J. Am. Chem. Soc., 2011, 133, 20138-20141. 

Liao, Y.; Yang, S. Y.; Koh, K.; Matzger, A. J.; Biteen, J. S., “Heterogeneous Single-Molecule 
Diffusion in One-, Two-, and Three-Dimensional Microporous Coordination Polymers: 
Directional, Trapped, and Immobile Guests” Nano Lett., 2102, ASAP. 

Koh, K.; Van Oosterhout, J. D.; Roy, S.; Wong-Foy, A. G.; Matzger, A. J., “Exceptional surface 
area from coordination copolymers derived from two linear linkers of differing lengths” Chem. 
Sci., 2012, in press. 

261



SYNTHESIS OF MOLECULE/POLYMER-BASED MAGNETIC MATERIALS 

Joel S. Miller, Department of Chemistry, University of Utah, Salt Lake City, UT 84112 

Program Scope 

 The design/synthesis/characterization/exploitation of organic-based magnetic materials, 

and those combining magnetism with other technologically important properties (e.g., electrical, 

optical, and mechanical).  These materials are important for future electronic/photonic devices, 

especially due to the need for rare earth-free materials, reduced energy consumption and 

environmentally friendlier processing and disposal.   

 Recent Progress  

 The magnetic behavior of M
II
(TCNE)[C4(CN)8]1/2 (M = Mn, Fe) was reinvestigated, and are 

antiferromagnets, not ferrimagnets,
4
 with 67 and 84 K Tcs, respectively.

4
 A spin-flop transition 

occurs at 19.5 kOe at 5 K for Mn, while Fe is a Class 1 metamagnet with a tricritical temperature 

of 62 K.  Fe also exhibits a constricted hysteretic behavior with a 5 K critical field of 12,600 Oe, 

and coercive field and remanant magnetization of 4,800 Oe and 1,850 emuOe/mol, respectively.

 Mn has a reversible P-induced transition from an antiferromagnet to a high magnetization 

ferrimagnet above 0.5 kbar (Fig. 1), and in the ferrimagnetic state Tc increases with P and is ~97 

K at 12.6 kbar (Fig. 2), the magnetization increases a thousand fold (Fig. 3), and the material 

becomes a hard magnet with a significant remnant magnetization. The phase diagram is shown in 

Fig. 2. This piezomagnetic transition suggest applications in transducers, sensors, and actuators.
5
 

         
Fig 1. Remanant magnet for Mn Ambient pressure (●), 0.95             Fig 2.  Phase diagram for Mn: AF= antiferro- 

(●), 3.88(●), 4.95(●), 6.37 (●), 8.86 (●), 10.8(●), 12.6 kbar (●).
5
     magnetic; P = paramagnetic; FI = ferrimagnetic

5
 

 The reaction of Mn
II
 and ACN (A = Na, K, Rb, Cs)

6,7
 forms 3-D Prussian blue analogues 

(PBA), A2Mn[Mn(CN)6]. While A = Cs leads to a typical PBA (Tc = 21 K), A = K, Rb as well as 

hydrated-Na are structurally different with monoclinic, not cubic unit cells, with nonlinear 

MnCNMn linkages.
3
 Dehydration of the sodium-hydrated materials forms Na2Mn[Mn(CN)6, 

which has an unexpected hexagonal unit cell.
6
 This is at variance with the previous report that 

K2Mn[Mn(CN)6] possesses a cubic unit cell. This is attributed to the ionic nature of high spin 

Mn
II
 accommodating a reduced M-CN-M' angle and minimizing void space.  K2Mn

II
[Mn

II
(CN)6] 

and Rb2Mn
II
[Mn

II
(CN)6] are a ferrimagnets below 41 and 35 K.

7
 Most interestingly is the 

increase in Tc as the Mn-N-C decreases from linearity (Fig. 3).
6
  Hence, the bent cyanide 
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bridges play a crucial role in the superexchange mechanism by increasing the coupling via 

shorter Mn-Mn distances, and perhaps enhanced overlap. 

Fig. 3.  Correlation of increasing Tc with nonlinearity of the MnNC for 

A2Mn[Mn(CN)6].
7
 

 The magnetic structure of ferrimagnetic K2Mn[Mn(CN)6] was 

determined at 4 K.
8,9

 The high spin, S = 5/2 N-bonded Mn
II
 ion 

has a moment of 4.4 µB while the low spin, S = 1/2 C-bonded 

Mn
II
 ion has a moment of -1.0 µB; hence, K2Mn[Mn(CN)6] has a 

non-compensated, collinear, antiparallel magnetic moments 

oriented along the b axis (Fig. 4). The Tc is 40.6  0.3 K, and the 

. 5).  

     
Fig. 4.  Experimental magnetic structure for K2Mn

II
[Mn

II
CN)6]   Fig. 5.  Total integrated intensity for several Bragg  

with the magnetic moments () along b, not a bond.
8.9

        peaks Near Tc is a fit to a critical order parameter (–).
8.9

 

 The reaction of [NEt4]CN and Mn
II
 forms both [NEt4]2[Mn3(CN)8]

10
 and 

[NEt4][Mn3(CN)7],
10,11

 and neither exhibit a fcc structure typical of Prussian blue structured 

materials.
3
  [NEt4][Mn3(CN)7] differs from [NEt4]2[Mn3(CN)8] as the terminal cyanides that 

point above and below the layers are orientationally disordered and provides bridging for a 3-D 

structure.    

(a) (b)  
Fig. 10. T(T) (a) and 5-K M(H) (b) for [NEt4]Mn

II
3(CN)7 (1) () &       Fig. 11.   Pentagonal and triangular fused  

[NEt4]2Mn
II

3(CN)8 (2) (•) in a 1 kOe applied field.   Inset:  5-K coercivity.    ring layers of [NMe4]2Mn
II

5(CN)13. 

 Both exhibit direct antiferromagnetic coupling between each low spin S = 1/2 octahedral Mn
II
 

and the two high spin S = 5/2 tetrahedral Mn
II
 sites within a layer, and exhibit different magnetic 

behaviors (Fig. 10). Layered [NEt4]2[Mn3(CN)8] orders as a ferrimagnet at 27 K, with a coercive 

field and remanant magnetization of 1140 Oe and 22,800 emuOe/mol, respectively. In contrast, 

the direct bonding via bridging cyanides between ferrimagnetic layers leads to antiferromagnetic 

coupling between the layers, and 3-D structured [NEt4]Mn3(CN)7 has different magnetic 

behavior (Fig. 10), and is the first antiferromagnetic Prussian blue analog (Tc = 27 K) having 

neither a coercive field, nor a response in the imaginary ac susceptibility, "(T).   

 Thermolysis of either NEt4]2[Mn3(CN)8] or [NEt4][Mn3(CN)7] form antiferromagnetic 

Mn(CN)2 (Tc=73 K) that possesses  consisting of two independent, interpenetrating diamondoid 

-40000

-20000

0

20000

40000

-80000 -40000 0 40000 80000

M
a

g
n

e
ti

z
a
ti

o
n

, 
M

, 
e

m
u

O
e

/m
o

l

Field, H, Oe

(1)

(2)

5 K -30000

-20000

-10000

0

10000

20000

30000

-4000 -2000 0 2000 4000

10

20

30

40

50

60

140 145 150 155 160 165 170 175 180

A
2
Mn[Mn(CN)

6
]

T
c
, 

K

Mn-N-C Angle, 
o

A = K
+

A = Rb
+

A = Cs
+

A = Na
+
 (1)

A = Na
+
•H

2
O

      (1•H
2
O)

263



networks.
12

  The reaction of Mn
II
 and [NMe4]CN forms [NMe4]2Mn

II
5(CN)13 that has a highly 

disordered structural motif with square pyramidal, trigonal bipyramidal, and octahedral Mn
II
 

sites with a single layer motif of three pentagonal and one triangular fused rings similar to -

U3O8 (Fig. 11).
13

 The layers are bridged in a complex manner. [NMe4]2Mn
II

5(CN)13 has one low-

spin octahedral and 4 pentacoordinate high-spin Mn
II
 sites, and order as antiferromagnet at 11 K. 

 

Future Plans 

Our multidisciplinary research builds on these and other accomplishments and targets the several 

projects to understand the structure-function relationship to ultimately enable the preparation of 

stable, technologically useful, high-Tc organic-based magnets.  This will include the synthesis of 

new materials as well as their magnetic characterization, including pressure dependent studies. 
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Mechanistic Studies of Charge Injection from Metallic Electrodes into Organic 
Semiconductors Mediated by Ionic Functionalities (DE-SC0002368) 
 
Thuc-Quyen Nguyen, Guillermo C. Bazan, and Alexander Mikhailovsky, 
Department of Chemistry and Biochemistry, University of California Santa Barbara, Santa 
Barbara, CA 93106 
 
Project Scope 
 

Organic semiconducting materials composed of -delocalized organic frameworks and 
ionic functionalities aka conjugated polyelectrolytes (CPEs) have been recently shown to 
provide potential solutions to some of the key bottleneck problems associated with organic 
optoelectronic devices.  Specifically, inserting a thin layer of these materials between an organic 
semiconductor and a cathode in organic light emitting diodes substantially improves electron 
injection from high work function metals.1 In photovoltaic devices, introduction of a CPE layer 
below the cathode has shown a significant increase of the device parameters, such as open circuit 
voltage and fill factor.2 While successful from an engineering perspective, the demonstration of 
enhanced performance by introduction of ionic organic semiconductors within specific device 
configurations highlights the need for a more complete understanding of their intrinsic electronic 
properties and for establishing reliable structure/function relationships.  Indeed, more than one 
mechanism for the reduction of charge injection barriers can be considered3,4 and there is healthy 
debate on how ionic organic semiconductors interface with metallic electrodes and with the more 
conventional uncharged organic semiconductors. This project coordinates a comprehensive 
program comprising molecular design, organic synthesis capabilities, an array of structural and 
electronic characterization techniques across multiple scales, and device fabrication and 
evaluation. 

Synthetic effort is focused on the design and fabrication of CPEs and oligoelectrolytes with 
specific backbones, functional groups, and ionic moieties according to the requirements dictated 
by the device structure and function. Besides synthesized materials, naturally occurring non-
conjugated charged molecules, such as DNA and heparin have been utilized in the project.  

A significant portion of the project is dedicated to the fabrication and characterization of 
electronic devices, such as organic light emitting diodes (OLEDs) and organic field effect 
transistors (OFETs) using charge bearing materials in order to determine their chemical and 
electronic properties and to elucidate the mechanisms of the performance enhancement in such 
devices. A variety of characterization techniques have been employed for characterization of 
CPE layers and their interfaces with adjacent metal and organic materials in devices. Various 
scanning probe techniques, such as atomic force microscopy (AFM), conductive AFM (C-AFM), 
electrostatic force microscopy (EFM), scanning Kelvin probe microscopy (SKPM), along with 
XPS, UPS, and NEXAFS are employed to study the morphology of the CPE layer surface and 
interfaces. Additionally, charge transport properties in CPEs are of particular interest. The 
characterization data are correlated with the CPE chemical structure, device performance and 
fabrication conditions. 
 The ultimate goal of the project is to determine the fundamental mechanisms in CPEs 
responsible for the enhancement of charge carrier injection from metals with substantial work 
function mismatch and increased performance of organic OLEDs and OFETs. It is anticipated 
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Figure 1. (a) J-V curves and (b) L-V for 
OLEDs  with different cathode structure 

that this knowledge will enable us to intelligently design and synthesize CPEs optimized for 
specific organic electronics applications. 
 
Recent Progress 
 
Introduction of CPE interlayer between the organic layer and high work function cathode has 
been reported to reduce the barriers for the injection of electrons resulting in the drop of the 
polymer LED (PLED)'s operational bias voltage and increased power efficacy.1 However, 
synthesis and purification of CPEs often require significant efforts and rely on technologies 
harmful for the environment. From this point of view, it may be interesting to study the function 
of naturally occurring charge bearing molecules which can be extracted from renewable natural 
resources. In this presentation, we report on the use of deoxyribonucleic acid (DNA) extracted 
from fishing industry byproducts as an interlayer for improvement of charge injection and 
transport in PLEDs and OFETs.  
 Two mechanisms have been proposed for the improved electron injection. The first is 

usually observed with thicker CPE layers and 
involves an initial ion migration upon application of 
an external bias, which leads to redistribution of the 
electric field within the device and formation of a 
steep electrical field gradient close to the electrode 
aiding electron injection into the LUMO of the 
underlying polymer.3 The second approach involves 
the presence of an aligned dipole layer that modifies 
the effective work function of the cathode. These 
conditions lead to faster device turn on times and 
direct electron injection into the electroluminescent 
layer.4 The latter mechanism can be implemented in 
thin layers of non-conjugated materials, such as 
DNA. We studied the effects of salmon DNA 
extracted from the fish processing byproducts on the 
performance of model PLEDs with the structure 
ITO/PEDOT:PSS/MEH-PPV/DNA/Al. Control 
devices were fabricated with the structure 
ITO/PEDOT:PSS/MEH-PPV/Ba/Al and 
ITO/PEDOT:PSS/MEH-PPV/Al. The work 
function of Al has a significant mismatch with 
LUMO energy level in MEH-PPV and devices 
without DNA interlayer demonstrated significantly 

increased turn-on bias voltage and reduced efficiency with respect to devices with Ba/Al cathode 
which have nearly ohmic contact with MEH-PPV (See Figure 1). However, introduction of DNA 
layer between MEH-PPV and Al cathode brings PLEDs performance to the level observed in 
devices with alkali electrode that was manifested in reduction of the operational bias voltage 
accompanied by the increased light output. The nearly-instant onset of the electroluminescence 
enabled us to conclude that redistribution of ions is not responsible for the phenomena observed 
and most likely the DNA interlayer affects the charge injection process via formation of interfacial 
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Figure 2. (a) Structure of an OFET with DNA layer (Au was used 
for source and drain electrodes). Channel materials for (b) n-type 
and (c) ambipolar devices. 

 
Figure 3. Output and transfer characteristics for (a,c) p- 
and (b,d) n-type modes in ambipolar OFETs. 

dipole layer which effectively reduces the work function of the cathode material. Deposition of 
DNA layer on top of the polymer demonstrated to be very sensitive to the solvent and casting 
conditions. The wetting of the polymer surface by DNA solution was poor and good quality films 
where obtained only if water-methanol mixtures were used for the casting of devices. C-AFM 
studies revealed that the hole current is suppressed by DNA and the hole-blocking properties of 
the DNA could contribute to the increase of PLED performance 

 The idea of using DNA as a charge injection enhancer was extended to OFETs. These 
devices can also benefit from the improvement of charge injection due to reduction of the contact 
resistance and turn-on voltage and increase of the on/off ratio.  Also, in FETs designed for the 

ambipolar charge transport, 
significant potential barriers are 
inevitable at either source and drain 
electrodes or at both of them. From 
this point of view, it might be 
interesting to investigate whether 
introduction of electrode interlayers 
fabricated from charge-bearing 
materials can facilitate the ambipolar 
operation of an OFET. We have 
fabricated OFETs with the structure 
shown in Figure 2. Initially, n-type 
only OFETs were fabricated using 
PC70BM (Figure 2(b)) in the active 
layer. The device characterization 

data indicate clearly at least 15-fold reduction of the contact resistance along with decrease of the 
threshold and turn-voltages in devices with DNA layer. Increase of the field effect mobility was 

observed relative to the control devices as 
well. The observations strongly suggest that 
the enhancement of OFET parameters stems 
from the improvement of the electron 
injection. Similarly to OLEDs, devices with 
DNA layers demonstrate nearly instant 
response to the applied voltage that can be 
interpreted that ion motion is not responsible 
for the phenomena observed but this is the 
interfacial dipole layer formed by DNA that 
alters the device operation.  
 Ambipolar OFET operation was 
investigated using BTDDPP2 small 
molecule (Figure 2 (c)) as a material for the 
OFET channel. Both control devices and 
OFETs with DNA layer exhibited ambipolar 
operation (Figure 3). Nevertheless, addition 
of the charge injection interlayer has a 
significant effect on the field effect 
mobilities for both electron and holes and 
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can be seen clearly in both transfer and output characteristic of the devices. Enhancement of the 
charge injection for both electrons and holes is explained by the ability of DNA to repolarize and 
change the direction of the interfacial dipole under the influence of the gate field. 
 
Future Plans 
 
In the coming year we plan to continue work with naturally occurring charged molecules for 
enhancement of the charge injection in organic devices. At the same time, we will continue to 
study the fundamental mechanisms responsible for the phenomena observed using synthetic CPE 
materials which allow for more precise control of the polymer layer parameters, such as film 
morphology, amount of charge, ionic and electronic mobilities. Mechanisms responsible for the 
interface formation between the polymer, CPE, and the metal are of the great interest for us as 
well. 
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RAFT Polymerization of Emulsified Microemulsions 

 

Jennifer O’Donnell, Department of Chemical and Biological Engineering, Iowa State 
University, Ames, IA 50011 

 

Program Scope 

 The current work seeks to develop a fundamental understanding of the reversible 
addition-fragmentation chain transfer (RAFT) polymerization mechanism1, 2 in confined 
nanostructures.  Initial work has focused on RAFT polymerizations in emulsified inverse 
microemulsions, which consist of monomer drops on the order of 100 nm in diameter containing 
surfactant-stabilized water drops on the order of 5 nm in diameter.  Glatter et al. have shown that 
microemulsions within emulsified drops are in thermodynamic equilibrium.3, 4  Thus, monomer 
diffusion between initiated and uninitiated drops is expected to be hindered, and the rate of 
monomer conversion and polymer molecular weight are expected to differ from traditional 
RAFT emulsion polymerizations.  Several polymerizations have been performed with RAFT 
chain transfer agent (CTA) concentrations ranging from 0.002 to 0.100 moles of CTA per mole 
of monomer, which is lauryl acrylate.  The rate of monomer conversion has been monitored by 
reaction calorimetry, polymer molecular weight has been measured by gel permeation 
chromatography, and particle size has been determined by dynamic light scattering. 

 Recent Progress  

RAFT emulsified microemulsion polymerizations of lauryl acrylate reached 70 % 
monomer conversion at all CTA/LA ratios investigated (Figure 1), as expected if monomer 
diffusion between uninitiated and initiated drops is in fact hindered by the thermodynamic 
stability of the microemulsion within the drops.  As the CTA/LA ratio increases, the time 
necessary for the polymerization to reach 70 % monomer conversion also increases, and 
correspondingly, the maximum rate of polymerization decreases (Figure 1).  This decrease in 
polymerization rate is commonly observed in RAFT polymerizations due to the stability of the 
intermediate macroRAFT radical, which effectively decreases the concentration of propagating 
polymer radicals.  In addition to the decrease in the maximum polymerization rate with 
increasing CTA/LA ratio, the location of the rate maximum shifts to a greater percent monomer 
conversion until the CTA/LA ratio reaches 0.043 mol CTA/mol LA (Figure 1).  At greater 
CTA/LA ratios, the location of the rate maximum remains fixed.  A shift in the location of the 
rate maximum to a greater monomer conversion indicates that either the concentration of 
monomer at the locus of polymerization remains high or the concentration of propagating 
radicals continues to increase.  The concentration of propagating radicals is in fact expected to 
continually increase due to thermal decomposition of the initiator.  However, further 
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experiments, such as in situ small angle neutron scattering, are necessary before the cause of the 
shift in the location of the rate maximum can be conclusively identified. 

 

Figure 1.  Percent monomer conversion as a function of time (left) and rate of monomer conversion as a function of 
percent monomer conversion (right).  The legend applies to both figures. 

 Number average molecular weight (MN) of the final polymer product has been 
determined by gel permeation chromatography, and compared to predicted values based on the 

ratio of monomer to chain transfer agent 
(Figure 2).  At CTA/LA ratios less than 0.043, 
the final MN is greater than predicted, which 
indicates that all of the CTA was not activated 
during the polymerization.  However, at 
CTA/LA ratios greater than 0.043, the final 
MN does agree with predicted values.  These 
results indicate very slow diffusion of the CTA 
from uninitiated to initiated drops during the 
polymerization, so that long polymerization 
times are required for activation of all of the 
CTA.  The polydispersity of the final polymer 
product also decreases as the CTA/LA ratio 
increases (Figure 2, inset), which is consistent 
with greater CTA activation and improved 
control of the polymerization. 

 The diameter of the final polymer product was measured by dynamic light scattering 
(Figure 3).  All of the polymerizations produced polymer particles with a diameter significantly 
greater than the particle diameter produced by uncontrolled emulsified microemulsion 
polymerization (50 nm).    At CTA/LA ratios less than 0.043, the final polymer particle diameter 
ranges from 150-200 nm, while at CTA/LA ratios greater than 0.070 the final polymer particle 
diameter ranges from 400-500 nm.  The increase in particle diameters at low CTA/LA ratios 
relative to uncontrolled emulsified microemulsion polymerizations indicates that the slower 

Figure 2.  Number average molecular weight (MN) and 
polydispersity (MW/MN, inset) of the final polymer 
product as a function of CTA/LA ratio.  Solid line is 
prediction for 100% monomer conversion, and dotted 
line is prediction for 70% monomer conversion. 
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polymerization times facilitate some 
diffusion of monomer from uninitiated to 
initiated drops.  The large particle 
diameters produced at high CTA/LA 
ratios indicate that drop coalescence also 
occurs during long polymerizations, when 
the polymerizing particles are swollen 
with monomer for an extended time.  The 
coalescence of polymerizing drops and 
monomer drops is also consistent with the 
molecular weight data, which indicates 
greater activation of the CTA because 
CTA activation is now no longer solely 
dependent upon the rate of diffusion 
between uninitiated and initiated drops.  Transmission electron microscopy shows that small 5 
nm clusters of the Na+ associated with the surfactant used to stabilize the original microemulsion 
exist within the polymer particles, which is consistent with retention of the original 
microemulsion structure. 

Future Plans 

 Future work will study the effect of CTA location on the RAFT polymerization 
mechanism.  High molecular weight and low molecular weight amphiphilic diblock copolymers 
of poly(2-hydroxyethyl acrylate)-b-poly(lauryl acrylate) will be synthesized by RAFT solution 
polymerization, and used to replace the traditional surfactants Pluronic F127 and dioctyl sodium 
sulfosuccinate (AOT), respectively.  These high molecular weight amphiphilic diblock 
copolymers will fix the location of the CTA to the corona of the emulsified microemulsion drop, 
and the low molecular weight amphiphilic copolymers will fix the location of the CTA to the 
interface between the small microemulsion drops and the monomer.  The RAFT CTA end group 
will be removed from a fraction of the synthesized amphiphilic block copolymers using 
previously developed methods, so that the concentration of CTA in the emulsified 
microemulsion polymerizations can be varied.  Reaction calorimetry, gel permeation 
chromatography, and dynamic light scattering will be used to determine the rate of monomer 
conversion, the polymer molecular weight, and the final particle size, as in previous 
investigations. 
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“Measuring the importance of valence to the chemistry of nanocrystal surfaces” 

Jonathan S Owen, Department of Chemistry, Columbia University 

Program Scope 

The goal of this project is to understand and control the interplay between nanocrystal 
stoichiometry, surface ligand binding and exchange, and the optoelectronic properties of 
semiconductor nanocrystals in solution and in thin solid films. We are pursuing three research 
directions with this goal in mind: 1) We seek to characterize nanocrystal nonstoichiometry and 
its influence on the number of L-type and X-type binding sites, the thermodynamics of ligand 
binding, and the kinetics and mechanisms of ligand exchange. 2) Using this information we aim 
to develop a quantitative understanding of the relationship between surface ligand passivation 
and photoluminescence quantum yield. 3) We aim to develop methods to replace the organic 
ligands on the nanocrystal with halide ligands and controllably deposit these nanocrystals into 
thin films. Electrical measurements on these films will make it possible to evaluate the effect of 
the nonstoichiometric ligand layer on surface passivation and internanocrystal electronic 
coupling.  
 
Recent Progress 

Introduction. In nanometer scale crystals the interaction of charges with surface atoms 
dominates electronic properties like photoluminescence quantum yield, fluorescence blinking, 
vibrational cooling of excited carriers, and charge trapping. These features result from mid-band 
gap electronic states derived from surface atoms. As a result, a detailed understanding of 
nanocrystal surface structure and ligand exchange chemistry is central to utility of nanocrystals 
in next generation optoelectronic devices. Despite the importance of nanocrystals to this 
technological goal, the valence of atoms on nanocrystal surfaces is an essentially unexplored 
avenue of their chemistry. This project aims to distinguish between dative ligands that are 
adsorbed to nanocrystal surfaces (Figure 1A) and ligands that balance charge with a 
nonstoichiometric nanocrystal lattice (Figure 1B). Studies of nanocrystal stoichiometry and 
ligand exchange reactivity indicate that ligands, which balance charge with nonstoichiometric 
nanocrystals, are an important ligation motif. 1  These findings contrast strongly with the 
prevailing description of nanocrystal surface structure, particularly of CdSe quantum dots, where 
the dative ligand-binding model is widely accepted. We are building upon this distinction to 
obtain predictive control over electronic states within the nanocrystals band gap and to design 
surface modification strategies for thin-film fabrication.  

Figure 1. Idealized stoichiometric and Cd-rich CdSe nanocrystal surfaces.a  

  
a  
 Red = surface Se, green = surface Cd, white = a stoichiometric CdSe crystal. 
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Phosphine and amine complexes of halide terminated nanocrystals. The distinction 
presented above allows one to more accurately analyze the exchange of surfactant ligands bound 
to nanocrystal surfaces.  Removing organic ligands from the nanocrystal surface is an important 
step toward transforming these soluble materials into thin-films that efficiently transport charge. 
We have developed a technique to exchange nanocrystal surface ligands for a surface monolayer 
of metal-halide (Figure 2). Our initial efforts have produced CdCl2 terminated CdSe nanocrystals 
that are soluble in organic solution because of their trialkylphosphine supporting ligands. 31P 
NMR spectroscopy, UV-Visible absorption spectroscopy and Rutherford backscattering 
spectrometry support the structural assignment shown in Figure 2, where 20-40 phosphine 
ligands bind each 700-1000 atom nanocrystal.  

 
 In situ monitoring of ligand 

exchange. Trialkylphosphine bound 
nanocrystals make it possible to 
monitor ligand binding with 31P NMR 
spectroscopy. Traditionally ligand 
adsorption has been studied with 
fluorescence spectroscopy leading to 
conflicting results. Using NMR we 
have measured relative ligand binding 
affinities in situ. Competitive ligand binding experiments led to the following order of relative 
binding affinity: H2NR >> PBu3 > O=PR3 > NR3 clearly demonstrating that sterics are a 
dominant factor controlling surface binding affinity (Figure 3).  
 

 Thin solid films of halide 
terminated nanocrystals. Nanocrystal 
thin films composed of the halide-
terminated nanocrystals described above 
can be deposited from solution followed 
by desorption of the organic ligand shell 
en vacuo (Figure 4). Ready access to 
gram quantities of the nanocrystals 
described above has allowed us to 
reproducibly deposit crack free films with 

Figure 4. Spin coating thin films of halide-
terminated nanocrystals.a  

 

 
a Red = surface Se, green = surface Cd, white = a 
stoichiometric CdSe crystal. 

 

Figure 2. Chloride exchange and complexation by tri-n-butylphosphine or tri-n-
butylphosphonium chloride.a  

 
a Red = surface Se, green = surface Cd, white = a stoichiometric CdSe crystal. 
 

Figure 3. Competitive binding of tri-n-butylphospine 
and n-butylamine.a  

 
a Red = surface Se, green = surface Cd, white = a stoichiometric 
CdSe crystal. 
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a spin coater. Thermal desorption of the organic ligand shell provides ready access to films with 
decreased internanocrystal separation and enhanced electronic coupling. This coupling is clearly 
visible from the red shift in the film absorption spectrum upon thermal annealing en vacuo. 
Grazing incidence x-ray diffraction measurements as well as TEM and SEM analysis support the 
ligand desorption process shown in Figure 4. Aluminum top-contacted field effect transistor 
devices made from vacuume annealed films show N-type conduction and charge mobilities of    
~ 1 cm2 V-1 s-1.  

 
Future Plans 

In the near term, we plan to study Langmuir binding and exchange rates using NMR 
spectroscopy. This will allow us to directly investigate the relationship between surface coverage 
and photoluminescence. Both metal-ion adsorption and dative ligand binding will be investigated 
for this purpose. We also aim to tune nanocrystal stoichiometry prior to thin-film deposition and 
evaluate the effect of excess metal-halide layers on sintering and charge mobility in thin films. 
 

Publications  

“Tri-n-alkylphosphine Complexes of Chloride-Terminated Cadmium Selenide  
Nanocrystals”, Anderson, N. C.; Owen, J. S.; Full article Submitted to J. Am. Chem. Soc.   
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Fig. 1. Three classes of carbon-based electronic 
materials that can be functionalized with silane self-
assembled monolayers (SAM).  Large modulations of 
electrical conductivity are observed when an FTS SAM 
is grown on these surfaces.  

Project title: Basic surface chemistry and physics of carbon-based electronic materials 
modified by silane molecular layers. 
 
PI: Prof. Vitaly Podzorov, Physics Department, Rutgers University, Piscataway, NJ 08854 
 
Program Scope. 

The scope of this project is to investigate fundamental aspects of self-assembled monolayers 
(SAMs) grown at the surface of organic semiconductors and other electronic materials, recently 
discovered in our group (Fig. 1) [1].  Understanding the growth mechanism and structure of these 
SAMs, as well as investigating the effect of SAM-induced high surface conductivity, are the 
main thrusts of the project.   

Molecular self assembly is an exciting research area of modern materials science, playing an 
important role in a variety of emerging applications, such as organic and molecular electronics, 
bioengineering, sensors and actuators. The current effort in this field has been focused on two 
experimental platforms: SAMs on metals (e.g., Au) and SAMs on inorganic oxides (e.g., SiO2). 
We have recently discovered the third platform, molecular self-assembly at the surface of 
carbon-based electronic materials (organic semiconductors, graphene and CNTs), which opens 
new opportunities for fundamental research and applications (Fig. 1) [1, 2, 3].  One of the most 
intriguing aspects of the new discovery is that formation of an FTS self-assembled monolayer on 
these materials induces a high-density mobile charges, with n up to 1014 cm-2, resulting in a large 
surface conductivity,   10-5 S·square-1 [1].  The effect is due to an interfacial electron transfer 
from the semiconductor to the SAM, resulting in a 0.54 V potential drop across the 1.3 nm-thick 
SAM, as recently revealed by Kelvin probe microscopy in rubrene [4].  This project focuses on 
understanding fundamental properties of the surfaces functionalized with SAMs: 

• Understanding the growth mechanism and structure of SAMs on organic surfaces;  
• Studies of electronic transport effects induced by the SAMs in these materials.  
The latter topic is especially important, as 

it is related to the basic research on 
fundamental transport properties of organic 
semiconductors (band-like vs. hoping transport 
models, polaronic effects) [ 5 ] and graphene 
(surface doping and shift of Dirac point) [3].  
This novel system allows us to access the 
transport regime of a 2D polaronic conductor 
at ultra-high charge carrier densities induced 
by the SAM.   

One of our immediate goals was to 
experimentally determine the mobility (), 
density (n) and effective mass (m*) of the 
charge carriers induced by the SAM in organic 
crystals. Our DOE-supported work on this has 
recently resulted in the development of a novel 
effective method for electrostatic gating of 
fragile and sensitive semiconductors, including 
fragile organic crystals and SAM-coated 
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Fig. 2. Vacuum lamination of insulating plastic 
membranes (for instance, 2.5 m-thick Mylar or Glad 
food wrap) to create defect-free semiconductor-insulator 
interface in high-performance OFETs. The photograph 
in the lower right corner is a rubrene single crystal 
device with graphite contacts and a Mylar membrane 
vacuum-laminated at it’s surface.  

surfaces (Adv. Mater. 2011) [6].  This progress is described in the following section.  
 

Recent progress. 
One of the central issues in organic and molecular electronics is extreme sensitivity of these  

materials to the standard semiconductor fabrication processing, including exposure to plasmas, 
elevated temperatures in a variety of deposition methods, reactive gases in CVD and ALD and 
exposure to solvents during wet processing.  These kinds of processes can be frequently 
detrimental to functional organic interfaces, including accumulation channels in transistors and 
donor-acceptor junctions in solar cells.  For instance, one of the important illustration of this 
problem relates to a deposition of dielectric layer on organic material for OFETs: conventional 
techniques, such as sputtering, CVD or ALD, turn out to be largely incompatible with the 
delicate surfaces of molecular films or crystals because of a high-density surface defects they 
generate (one notoriously famous example is the sputtering of Al2O3 on molecular crystals by rf 
sputtering).  For this reason, several alternative methods of OFET fabrication have been 
developed over the recent few years, such as parylene conformal dielectric coatings in OFETs, 
PDMS stamp OFETs, and lamination of organic crystal on Si/SiO2 wafers (see, e.g., [5]).  
However, all these methods are rather complex - they require the use of optical or e-beam 
lithography, high-vacuum processing, metallization, usage of high-quality Si wafers or PDMS 
technology.  These methods are also costly and time consuming.   

   In this phase of the project, we have developed a new remarkably simple, versatile and 
inexpensive method of OFET fabrication.  We borrowed the idea from vacuum food packing 
technology (FoodSaver®), where a piece of food can be tightly encapsulated in a plastic film by 
pumping the air out of a plastic pocket.  This forces the plastic film to collapse to the surface of 
the object creating a tight insulating layer.  In our devices, we suspend a thin membrane made 
out of commercially available insulating polymer films (a few m-thick Mylar®, Saran® or 
Glad® wraps) above the surface of an organic crystal with pre-fabricated contacts, and then force 
the membrane to collapse onto the surface of the crystal by pulling a vacuum from under the 
membrane.  After the interface is formed, a gate electrode is painted on top, completing the 
fabrication of a single-crystal OFET that 
usually takes not more than ~ 10 min (Fig. 2) 
(for a video visit [7]).     

  This method, enabling an efficient 
express analysis of various organic and 
inorganic semiconductors, results in 
remarkably high-quality FETs, because: (a) 
the process is performed at room temperature, 
without using plasmas or other harsh 
environments, and (b) there is no surface 
chemistry required for formation of the 
insulating layer (contrary to ALD) – the 
process is purely mechanical.  Therefore, it is 
applicable to various “capricious” systems, 
such as gentle surfaces of molecular crystals 
or molecular monolayers.  We found that our 
method results in excellent OFET 
performance (Fig. 3).   

Figure 3 shows an example of a rubrene 
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Fig. 3. Excellent transistor characteristics of a 
rubrene single-crystal OFET created using the 
vacuum lamination method developed in this 
project.  Measurements performed in a linear 
(upper panel) and a saturation (lower panel) 
regimes are shown.  VG is swept back and forth in 
these measurements. 

single-crystal OFET created using this method.  The device exhibits a behavior of a classic text-
book FET: (a) perfectly linear device characteristics in the linear and saturation regimes are 
observed, as expected from a correctly working OFET, (b) mobility is independent of the carrier 
density (or VG), (c) negligible contact resistance, (d) nearly zero-threshold operation, (e) 
negligible hysteresis (VG is swept back and forth in Fig. 3).  We believe, this method may become 
a wide-spread tool in semiconductor research due to its simplicity, low-cost and un-perturbing 
nature of the interfaces formed.  

Now that we have developed a novel, very gentle method for gating delicate semiconducting 
systems, we can apply it to the SAM-organic samples in order to decouple the SAM-induced 
carrier density, n, and mobility, .  Simple conductivity measurements do not allow to do so, 
because  = en, and hence an extra “knob” of control is required to disentangle n and .  The 
charge carrier density and mobility at the FTS-rubrene interface could be reliably measured, if a 
robust FET structure can be deposited on top of the FTS-coated crystal.  Although such attempts 
have been made in our original work,[1] parylene insulator does not grow well on alkylated 
surfaces.  For this reason, reliable electrical 
measurements of n and  for this system have 
been unavailable.   

Here, we have applied our new method to FTS 
SAM coated rubrene crystals in order to reliably 
measure n and  at the SAM-rubrene interface. 
First, we measured the FET characteristics of a 
pristine rubrene crystal (the dashed lines in the 
upper panel of Fig. 4).  The mobility was  ~ 3 
cm2V-1s-1, and the carrier density at VG = - 40 V 
was n = 7.5 × 109 cm-2.  Next, we detached the 
Mylar film, coated the crystal with FTS SAM and 
measured FET-like transfer characteristics again 
(solid lines in the upper panel of Fig. 4).  SAM-
induced carrier density n0 has been approximately 
found by extrapolating the linear fits to these 
curves to zero current, as shown in the lower panel 
of Fig. 4.  This yielded a large positive depletion 
gate voltage, V0  2 kV, and the corresponding n0 
 1.4∙1013 cm-2, which is more than three orders of 
magnitude higher than the typical carrier density 
in pristine OFETs.  The slope, dISD/dVG, in these 
devices gives the hole mobility in the SAM-
induced accumulation layer,   ~ 0.4 cm2V-1s-1.  
This value is ~ 6 times smaller than  in pristine 
rubrene with Mylar dielectric, which might be an 
indication of a significant hole-hole interaction in 
the high carrier density regime, or it can be due to 
an increased carrier scattering by the charged FTS 
monolayer.  
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Fig. 4.  Upper panel: Transfer characteristics of 
a pristine rubrene OFET (dashed lines), and the 
same crystal after it was coated with FTS SAM 
(solid lines).  Vacuum-laminated Mylar was 
employed as a gate insulator.  Lower panel: 
The same transfer curves of the gated FTS-
rubrene sample re-plotted in a wider VG range.  
The red arrow indicates the extrapolated 
depletion point, Vo.  This measurement shows 
that n0  1.4 x 1013 cm-2  and  ~ 0.4 cm2 V-1 s-1 
at the FTS SAM-rubrene interface. 

In summary, we have introduced a novel efficient 
method of high-performance OFET fabrication, 
which is non-destructive, reversible and non-
perturbing, so that delicate systems, such as e.g. 
molecular monolayers, can be probed.  By using this 
method, we were able to measure carrier density and 
mobility in FTS-induced accumulation layer in 
rubrene. We emphasize that the described method is 
an attractive approach providing unique 
opportunities for the fundamental studies of charge 
transport in organic and inorganic FETs. 

 

Future plans. 
Our future plans include: (a) application of this 

method of FET fabrication to inorganic 
semiconductors, including single-crystal and thin-
films of ZnO, SrTiO and layered dichalcogenides 
(WSe2, ZrS2); (b) investigation of T-dependent 
magneto-transport of highly conducting 2D 
accumulation layer in FTS SAM-rubrene system; and 
(b) using free-standing polymer membranes (e.g., 
ultra-thin Mylar) coated by alkylated SAMs as a 
platform for developing flexible organic electronic 
devices.  
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1. Activation of Hydrogen under Ambient Conditions and Unusual Element 
Hydride Reactivity by Main Group Molecules 
 
2. Philip P. Power, Department of Chemistry, University of California at Davis, One 
Shields Avenue, Davis, California 95616 

 
3(i). Program Scope 
  
 The primary goals of the research, as originally proposed in 2007, were to 
investigate the reactions under mild conditions (25°C, 1 atmosphere) of hydrogen and 
related molecules with a range of heavier (principal quantum number n ≥ 3) main group 
species having strained geometry (i.e. bent or 
pyramidalized, in comparison to their congeneric 
derivatives of principal quantum number 2 which have 
linear or planar structures), diradical character, or open-
shell configurations, (Figure 1) and to determine the 
mechanisms of these reactions. In many cases, the strained 
geometries observed resemble and represent molecular 
models for the geometries of atoms at the exposed 
surfaces of solid state materials (e.g. the elements Si and 
Ge) which exhibit high reactivity.1 The ultimate objectives 
of this research are the achievement of reversibility in the 
absorption and release of small molecules, and to develop 
simple catalytic processes based on derivatives of 
abundant main group elements, such as aluminum or 
silicon. The reactive heavier main group species are 
characterized by frontier HOMOs and LUMOs that are not widely separated in energy 
(<4 eV) and are frequently of suitable symmetry to interact synergistically in a push-pull 
fashion. Initial work supported by the DOE focused primarily on reactions with hydrogen 
and ammonia.2-4 The more recent work over the past two years, which will be the main 
theme of this presentation, mainly concerns the reactions of the main group complexes 
with olefins and other unsaturated molecules leading to isomerization, C-H activation, 
insertion reactions, and with transition metal multiple bonded species to afford metathesis 
of the heavier element alkyne analogues.  
 
3(ii). Recent Progress 
 

The first investigations of the 
reactions of the main group complexes with 
cyclic olefins, as illustrated by the reaction of 
a distannylyne ArSnSnAr (Ar=C6H3-2,6 
(C6H3-2,6-Pri

2)2) with cyclooctatetraene 
(COT), (Figure 2) resulted in unprecedented 
complete homolysis of the metal-metal 
multiple bond to give an inverted sandwich 
product featuring an almost planar delocalized aromatic C8H8

2- ring and uniformly short 

Figure 2: Tin-Tin triple bond cleavage by cyclooctatetraene (COT) 
(Ar = C6H3-2,6(C6H3-2,6-Pri

2)2). 

Figure 1: Schematic drawings of 
strained geometry and open shell heavier 
group 13 and 14 element compounds. 
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C-C bonds.4 The reaction with the corresponding digermyne gave the analogous inverted 
sandwich product initially, but this isomerized reversibly at room temperature to give a 
tetracyclic diene-digermane in which a single bonded Ge-Ge moiety had inserted into a 
C=C bond (Figure 3).5 The significance of the isomerization in Figure 3 lies in the fact 
that it involves the cleavage of an unstrained C=C bond in COT that appears to occur by 
oxidative addition across a 
multiple Ge-Ge bond. 
Investigations of the reaction 
mechanism show that the 
reaction most likely proceeds 
intramolecularly by initial 
interaction of the digermyne 
with one of the C=C double 
bonds of COT to give a 
structure in which the incorporated ArGeGeAr unit can dissociate its formal Ge-Ge 
double bond, and subsequently rearrange to the inverted sandwich structure. The 
rearrangement pathway to the tetracyclic structure is unclear, but DFT calculations 
indicate that it probably involves the complexed GeArPri4 moieties participating in both 
C=C cleavage and Ge-Ge σ-bond formation in a concerted manner. The tin derivative 
does not undergo the isomerization 
shown in Figure 3 because the non-
bonded pairs of the tin atoms in the 
inverted sandwich structure lie at 
much lower energies than those in 
germanium, so that the tetracyclic 
cage structure becomes inaccessible.  
 Reaction of the digermyne 
ArGeGeAr with cyclopentene, cyclopentadiene, and 1,4-cyclohexadiene afforded very 
different reaction sequences. For example, treatment of ArGeGeAr with cyclopentene 
resulted in double C-H bond activation of the olefinic moiety in the reaction described by 
Figure 4.6 We have shown that this reaction proceeds by initial C-H bond cleavage 
involving double dehydrogenation of a cyclopentene to form a hydridodigermene 
Ar(H)GeGe(H)Ar and cyclopentadiene. A second molecule of cyclopentene then reacts 
with Ar(H)GeGe(H)Ar to give the cyclopentene derivative Ar(H)GeGeAr(c-C5H9), 
which is also the first example of an unsymmetric digermene. The cyclopentadiene then 
reacts with ArGeGeAr to give the dihydrodigermene Ar(H)GeGe(H)Ar  and ArGe(η5-
C5H5). The intermediacy of the dihydrodigermene was demonstrated by performing 
addition reactions with olefins, which insert into the Ge-H bonds to form the 
corresponding alkyl digermene derivatives. The net result of these three reactions is the 
stoichiometry given in Figure 4. A possible radical mechanism for this reaction was 
excluded by use of radical clocks such as 1,6-heptadiene. The latter yielded a simple 
addition of the two double bonds to the digermyne, rather than the cyclization expected 
for a radical pathway. 

A different type of 
C-H activation together 
with C-C bond cleavage 

Figure 3: Germanium-Germanium triple bond cleavage with COT and 
isomerization of the inverted sandwich structure to a tetracyclic with C-C bond 
cleavage and Ge-Ge Bond formation. 

Figure 4: Overall stoichiometry of the C-H bond activation of 
cyclopentene by ArGeGeAr. 

 

Figure 5: Mechanism of C-H activation in the interaction of CNBut with ArGeGeAr. 
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was demonstrated by the reaction of a germylene with an isocyanide (Figure 5). Thus, 
Ar2Ge reacts with CNBut to form the adduct Ar2GeCNBut at room temperature, but this 
species spontaneously rearranges to eliminate 2-butene with formation of Ar2Ge(H)CN. 
The mechanism of this reaction, which was investigated by computational methods, 
involves intramolecular C-H activation of one of the But methyl groups with 
simultaneous C-N bond cleavage to eliminate the 2-butene. A radical mechanism was 
excluded by the use of a radical clock. 7 

 The dimetallynes ArMMAr (M = Ge or Sn) have also been shown to undergo 
metathesis reactions involving their M-M multiple bonds with other single and multiple 
bonded complexes, as illustrated in Figure 6. In contrast to the reactions of most 
transition metal multiple bonded compounds with alkynes, these reactions occur readily 
at 25°C. Other reactions of the dimetallynes that will be discussed are their reactions with 
various oxidizing reagents8 
to give diradicaloid species, 
and their ability to reduce 
hydrocarbons in a similar 
manner to the alkali 
metals.7  
 Initial investigations of the reactions of open shell group 13 metal derivatives with 
olefins have also demonstrated a high reactivity toward olefins. Thus, the gallium 
compound ArGaGaAr was shown to react readily with ethylene, propene, or styrene to 
form products with six-membered Ga2C6 ring structures.9 In a study analogous to that 
performed with the group 14 species, ArGaGaAr was found to react with several cyclic 
olefins including norbornadiene and COT.10 DFT calculations showed that the barrier to 
the addition of one or two double bonds to ArGaGaAr was very low — below 5 kcal  
mol-1 in most cases. 
 
3(iii). Future Plans 
 
 The reactivity studies supported by DOE have shown that the strained geometry, 
open-shell main group molecules display a reactivity pattern which resembles that seen at 
the surfaces of the crystalline main group elements. Their reactivity is, in fact, more 
characteristic of transition metal complexes with open valence shells than of normal main 
group molecules. The reactions that have been established for hydrogen, olefin, and 
alkyne addition, C-H, C-C, and C-N bond activation, insertion and metathesis reactions 
are all of key importance because they represent the individual steps in various 
homogenous catalytic cycles known for transition metal complexes whose reactivity is 
related to those of the germanium and gallium molecules described above. The primary 
objectives of our future work in the area will be to expand the range of these reactions to 
a wider selection of open shell main group molecules involving more than one reactive 
site. In particular, we plan to focus on derivatives of two of the most abundant main 
group elements, aluminum and silicon. Our goal is to combine what has been discovered 
with current funding into catalytic cycles for hydrogenation, C-H activation, or olefin or 
alkyl metathesis using these inexpensive elements.  
 
 

ArMMAr + (η5-C5H5)(CO)2Mo≡Mo(CO)2(η5-C5H5) → 2 ArM≡Mo(η5-C5H5)(CO)2 
 

Figure 6: Metathesis reaction of the heavier alkyne ArMMAr (M = Ge or Sn) with a 
transition metal multiple bonded species. 
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Program Scope and Motivation 

In our nation and around the globe there is an increased recognition of the serious 
challenges that we face both today and in the future to develop sustainable and environmentally 
benign energy resources.  Such challenges include developing more efficient ways to recover and 
use our existing fossil fuels, minimizing or sequestering excess green house gases resulting from 
their usage, increasing the efficiency of current alternative energy sources and developing of new 
ones.  Materials chemistry has a leading role to play in these areas as well as in addressing many 
other important societal issues that rely on advanced technologies. Over the past decade we have 
witnessed many exciting advances in the laboratory towards the development of new materials, 
in the area of molecular architecture and nanoscience, as well as in the development of new bio-
inspired materials that seek to emulate materials that have evolved in nature.  Many of these new 
materials are being made in more complex and reactive environments than in the past.  The 
assembly of thin films at liquid/solid and liquid/liquid interfaces fall into this category as well 
the multitude of unique nanostructured materials that assemble in solvents and at surfaces. This 
increased complexity of the materials growth environment is usually accompanied by less 
predictability, often because of our limited knowledge of the fundamental molecular interactions 
that lead to the assembly and stability of molecules at these interfaces.  

 The focus of the science in this project is to obtain a molecular level picture of 
adsorption and assembly at complex “soft” interfaces.  The studies include (1) adsorption to the 
surface of hydrophobic self-monolayer surfaces in aqueous solutions of ions and acids and (2) 
nanoparticle and macromolecular assembly at aqueous/hydrophobic liquid surfaces. The 
fundamental studies being pursued have direct relevance to many important areas of interest to 
the Department of Energy including carbon sequestration, biomolecular assembly, oil recovery, 
environmental remediation, surface wetting, flotation, nanoparticle structure, and monolayer film 
assembly. We employ a variety of experimental techniques including surface vibrational sum 
frequency spectroscopy (VSFS), Raman spectroscopy, infrared reflection adsorption 
spectroscopy (IRRAS), atomic force microscopy (AFM), contact angle, surface tension and zeta 
potential measurements.  The closely coupled computer simulation capabilities that we have 
developed over the past decade also provide important complementary insights into our 
understanding of these molecular processes occurring at these wet interfaces.  
 
Recent Progress on Project:   
(1) SAMs Under Water: The Impact of Ions at Soft Hydrophobic Surfaces 
 The focus of this study has been on exploring the behavior of aqueous solutions of salts 
and acids in contact with hydrocarbon and fluorocarbon SAMs using vibrational sum-frequency 
spectroscopy.  The studies take a systematic approach to understanding how each component of 
the SAM/water interface contributes to the overall observed behavior of ions and water in the 
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boundary region. Spectroscopic comparison of hydrocarbon- and fluorocarbon-terminated SAMs 
exploits the sensitivity of VSFS to differences in the molecular interactions of water with these 
two chemical functionalities at the interface. We are able to distinguish between water at the 
terminus of these two monolayer systems from that of H2O in other regions of the interface, such 
as those closer to the substrate or deeper into the bulk liquid. Contributions from the substrate are 
determined by examining and comparing the VSFS response from SiO2 in contact with various 
ion and acid solutions. Further insights into the influence of the substrate and monolayers on 
interfacial water and electrolytes are obtained from studies of aqueous solutions of acids, bases 
and ions in contact with a hydrophobic organic liquids where a substrate is not a factor.  
 Some striking similarities can be found between the water/monolayer interface and the 
water/hydrophobic liquid interface. The interface between water and the hydrophobic terminus 
of the monolayers is relatively sharp, as is found to be general behavior for water adjacent to 
nonpolar liquids. The degree of interaction is dependent on the molecular form of the 
hydrophobic phase, with a progressively stronger interaction as one moves from fluorocarbon 
monolayers, to hydrocarbon monolayers and alkanes, to more polarizable liquids like CCl4. This 
weak interaction is identical in strength for water bonded to the hydrocarbon SAMs and various 
alkanes examined. The presence of ions and acids has no significant impact on this weak 
interaction between water and the free-OH mode in all cases. The behavior of more highly 
coordinated water a bit deeper into the water displays very different behavior at the SAM 
interfaces relative to the CCl4/water interface. We attribute this to the influence of electrostatic 
fields at the SiO2/monolayer interface that is present due to water molecules and ions permeating 
the monolayers. The presence of OH- ions increases water bonding and orientation at the 
monolayer containing interfaces examined, but had the opposite effect on the CCl4/H2O 
interface. At the liquid/liquid interface, OH- serves to disrupt the hydrogen-bonding network. For 
the monolayer surfaces, OH- deprotonates substrate silanols, which creates and electrostatic field 
to orient water molecules. Salt screening experiments remove this electrostatic component and 
reveal those water molecules whose interactions are governed by their direct interactions with 
their nonaqueous neighbors.  
 
(2) Solute Adsorption at Fluorocarbon and Hydrocarbon SAMS Under Water 
 Understanding molecular scale interactions of adsorbates with fluorocarbon and 
hydrocarbon surfaces is of great importance for biological and industrial applications seeking to 
leverage the unique properties of fluorocarbons relative to their hydrocarbon counterparts. In any 
of these systems, the coatings of interest are exposed to an array of chemical agents of varying 
functionality. Two of particular note are molecules with hydroxy and/or amine functionalities. 
Alcohols and similar small organic molecules are known to cause degradation of lubricant films 
in microelectromechanical applications.  Amines and amine chlorides are present in biological 
molecules and are commonly used in applications where cationic surfactants are required.   In 
this study, we have employed VSFS to examine the adsorption of methanol and amines in 
aqueous solution to hydrocarbon (HC) and fluorocarbon (FC) SAMS surfaces grown on SiO2.   
 These studies show that methanol adsorbs to the fluorinated FDS interface at very low 
concentration due to the strong hydrophobicity of the monolayer. As CH3OH adsorbs, it does so 
with a constant molecular orientation, displacing interfacial water molecules. This displacement 
alters the hydrogen bonding network of interfacial water molecules and thus the coordination of 
the methanol OH group. On the hydrocarbon ODS interface, we see nearly identical behavior. 
However, due to the favorable interactions between the hydrocarbon SAM and MeOH, methanol 
perturbs the monolayer structure slightly.  For both FC and HC interfaces, BuNH3

+ begins to 
populate the interface and displace water, at relatively low bulk concentrations behaving like a 
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soluble salt. However, at high concentrations the amine adsorbs to the monolayer surface and 
gives the interfacial region a net positive charge, like a surfactant. At pH 2, this results in 
electrostatically induced water coordination before there is any ordered adsorption at the 
interface. Similarly, for both FC and HC SAMs at pH 5.7, BuNH3Cl first acts mostly as an ion 
and screens the interfacial charge before reversing it at high concentrations.  In the high 
concentration regime, key differences in the behavior of BuNH3Cl at FC and HC interfaces 
become apparent. On the hydrocarbon surface, BuNH3Cl adopts a relatively horizontal 
orientation which maximizes its interactions with the ODS chains. At the fluorinated interface, 
the terminal methyl group of BuNH3Cl is oriented towards the fluorocarbon layer, which 
minimizes the interactions between the adsorbate and the lipophobic monolayer. These observed 
differences in adsorbate molecular orientation at fluorocarbon and hydrocarbon surfaces shows 
that lipophobic interactions between fluorocarbon and hydrocarbons can affect adsorption 
processes. These results help explain differences in biomolecule adsorption at fluorocarbon and 
hydrocarbon surfaces and may lead to different lubricant designs for fluorinated and 
hydrogenated surfaces. 
 
(3) Molecular Insights in Nanoparticle Assembly at Liquid/Liquid Interfaces 

The ability for nanoparticles to self-assemble at the oil/water interface makes them very 
attractive for applications such as emulsion stabilization, soil and water remediation and 
biomedical engineering. Particle interfacial behavior at the oil/water interface differs 
significantly from surfactant self-assembly, where surfactants have distinct hydrophilic and 
hydrophobic moieties. The surface organization of particles is strongly influenced by particle 
size, surface charge and particle-particle interaction. Spherical silica (SiO2) nanoparticles are 
ideal model system for studying the organization of particles at the oil/water interface due to 
their non-toxicity, ease of surface grafting and availability. In these studies we have been able to 
measure spectroscopically for the first time the self-assembly of carboxylate - modified silica 
nanoparticles at the oil/water interface.  We have employed VSFS coupled with  surface tension 
measurements to make these measurements.  The studies show that the carboxylic acid and 
hydrocarbons on the nanoparticles show a high degree of orientation when they assemble at the 
interface and that this ordering increases with time even though no further adsorption is 
measured.  We have also found that altering the particle surface charge via pH increases the 
adsorption and orientation of SiO2 bound moieties at the oil/water interface. The studies 
demonstrate the unique capabilities for examining nanoparticle assembly at oil surfaces and the 
interesting structuring that they display when upon adsorption. 
 
(4) Polyelectrolyte Assembly at Liquid/Liquid Interfaces 

Building on the nanoparticles studies described in (3) we are interested in how 
polyelectrolyte-modified nanoparticles behave at liquid/liquid interfaces.  Such nanoparticles are 
good candidates for emulsion stabilizers due to the tunability of both the polyelectrolyte and 
particle.  As a build-up to these studies we have been examining the adsorption of polyacrylic 
acid (PAA) at the oil/water interface so that we can distinguish the free polymers from those that 
are bound to the nanoparticle. From these surface spectroscopic and thermodynamics studies we 
report the unique molecular characteristics that PAA exhibits when they adsorb at a fluid 
interface between water and simple insoluble organic oil. PAA is found to adsorb to the interface 
from aqueous solution in a multi-stepped process with a very thin initial layer of oriented 
polymer followed by multiple layers of randomly oriented polymer. The adsorption/desorption 
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process is highly pH dependent and distinctly different than what might be expected from bulk 
aqueous phase behavior. 
 
Ongoing and Near-Future Plans 
 Because of the exciting results that we are obtaining regarding nanoparticle and 
macromolecular assembly at liquid surfaces in these DOE sponsored studies, much of our 
ongoing and near-future plans will be focusing in this area.  For the macromolecular studies we 
will be examining the mechanism of co-adsorption of surfactants and macromolecular 
polyelectrolytes at the oil-water interface.  This is a very important area of research for which 
there is little molecular level information.  Interfacial tension, zeta potential and VSF 
experiments will be conducted.  The experimental results will be complemented with MD 
simulations. 

Our second area of focus will be on polyelectrolyte-modified nanoparticles.  These types 
of nanoparticles are good candidates for emulsion stabilizers due to the tunability of both the 
polyelectrolyte and particle. For instance, the adsorption of the polyelectrolyte (PE) to the 
particle surface and also the net charge on the particles are determined by factors such as PE 
concentration and solution pH.  Polyelectrolytes can thus tune the hydrophobicity of charged 
particles and enhance their adsorption at the oil-water interface. Many previous studies of 
polyelectrolyte binding to nanoparticles as well as emulsions stabilized using these colloidal 
particles have focused on measured macroscopic quantities such as solution conductivity, 
viscosity, and zeta potential. Not much is thus understood about the molecular behavior of these 
colloidal particles at the liquid/liquid interface and how tuning particle hydrophobicity affects 
this behavior. Our VSFS and interfacial tension studies will provide molecular level information 
pertaining to the adsorption of anionic PEs onto cationic particles as well as the interfacial 
behavior of these hydrophobically functionalized nanoparticles at the oil-water interface by using 
PMA/Al2O3 particle solutions as a model system. Specific experiments will include varying the 
concentration of PMA in solution to see how the amount of polyelectrolyte adsorbed to the 
particle affects interfacial adsorption, pH studies to see how changing the charge and bulk 
structure of PMA affects its adsorption to Al2O3 particles and their subsequent interfacial 
activity, and salt studies to see the effects of charge screening.  
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AFM topographical image of scribed 
step pattern with ratio R = 8 

  
Electroclinic coefficient d/dE vs. R. 
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Program Scope 

 Scanning probe microscopy and a variety of lithographic techniques have spurred 
a revolution in nanoscopic control and optical imaging of materials.  Studies in liquid crystals 
and other soft materials have benefited greatly from these tools [1-5], as manipulation and 
imaging can be achieved down to the nanometer scale.  The program has two broad and 
interconnected goals:  1) investigation of nanoscopic and macroscopic liquid crystal phenomena 
— including symmetry properties — arising from nanoscopically-controlled surface 
modification, and 2) studies of nanocolloids in liquid crystals, with emphasis on the nature of the 
nanocolloid surface.  As might be expected, the specific emphasis has evolved over the course of 
the project, and now focuses most strongly on nanotubes in liquid crystals, the creation of 2D 
chiral surface patterns at the nanoscale and their transmission of chirality into the adjacent 
achiral liquid crystal, and the effects of controlled surface topography and its relationship with 
chiral symmetry breaking. 

 
Recent Progress  

1. Spatially controllable surface chirality at the nanoscale   
[6]  Two-dimensional chirality is the inability to superpose an 
object onto its mirror image by rotation and translation within a 
plane. Because of the absence of translational symmetry normal to a 
substrate, 2D chiral patterns on a substrate actually are 3D chiral — 
but with the chirality localized near the surface.  This is referred to 
as “surface chirality”.  We have demonstrated a mechanical 
approach for precisely manipulating surface chirality at nanoscopic 
length scales. We use an AFM to scribe a chiral step pattern into a 
polyimide alignment layer, and can obtain exquisite control of the 
chiral strength by varying the steps’ length-to-width ratio R.  To 
examine the strength of the chirality, we coat the scribed surface 
with a nematic liquid crystal and apply an electric field normal to 
the surface.  Owing to the surface’s chiral environment, we observe 
an electroclinic effect localized to the surface, and the liquid crystal 
in the cell’s interior elastically follows the surface rotation.  We 
find that the chiral strength d/dE, is nonmonotonic in R.  The 
maximum chiral strength occurs when the “chiral cores”, i.e., the 
jogs in the pattern, are separated by a distance comparable to twice 
the nematic extrapolation length L, where L is the twist elastic constant divided by the azimuthal 
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Electroclinic effect in 
the nematic phase: 
(a) tilt angle θ vs. E 
(f = 1 kHz) for bulk 

8 5S  at two 
different values of T;  
(b) tilt angle θ vs. E 

(f = 1 kHz) for 8 5S
+MWCNTs at five 
different values of T 
listed in the legend. 

Micrographs of a 90o twist cell showing bowed 
disclinations of 5CB+MWCNT samples  for four 
different average CNT concentrations Cw: (a) 
0.0001, (b) 0.008, (c) 0.002, and (d) 0.003 weight 
fraction.The bar in (a) represents 250 m 

anchoring strength coefficient.  This behavior suggests that the chiral cores interact up to a 
distance 2L, beyond which the spatially-averaged chiral strength decreases to zero, as the density 
of chiral cores  1/R.  Our results demonstrate that chiral handedness and strength can be 
controlled precisely on nanoscopic length scales and can be varied spatially over the surface. 

2. Carbon nanotube-induced chirality in an achiral liquid crystal [7] A small quantity of 
carbon nanotubes dispersed in an achiral liquid 
crystal matrix transmits chirality a short distance 
into the LC, and the LC+CNT mixture was found 
to exhibit a bulk-like electroclinic effect [8] in the 
nematic phase. The magnitude of the effect 
increases rapidly on cooling, showing significant 
pretransitional behavior on approaching the 
nematic – smectic-A transition temperature (TNA) 
from above.  The variation of the electroclinic 
coefficient is negligible over the frequency range 
100 Hz – 100 kHz in the in the nematic phase well 
above TNA and in the smectic-A phase, whereas the 

electroclinic coefficient falls off significantly with 
increasing frequency just above TNA.  Additionally, we 
showed that the LC+CNT mixture exhibits a 
macroscopic  mechanical twist [9]. We determined the 
nanotube-induced chiral pitch length P as a function of 
the average nanotube concentration by measuring the 
radii of curvature of reverse twist disclination lines in 
90° nematic twist cells. The results suggest that the 
nanotubes’ spatial concentration can vary significantly 
across the cell, and that at high average concentration 
the nanotubes undergo aggregation, resulting in an 
apparent saturation of P-1 at high concentrations. We also 
have been able to determine the macroscopic helical 
twisting power of the nanotubes.  

 

3. Since antiquity chiral phenomena have been “bottom – up”, where the chiral constituents, 
such as molecules, give rise to chiral-specific macroscopic behavior.  Examples include the 
macroscopic twist distortion associated with cholesteric liquid crystals, circular dichroism, and 
optical rotatory power.  Here we approach chirality from the opposite direction:  A macroscopic 
torsional strain is used to induce conformational deracemization of the configurationally achiral 
molecules.  To accomplish this, we impose a macroscopic helical twist on an achiral nematic 

290



0 5 10 15 20
0.0

0.5

1.0

1.5

2.0 x 10-5

101 102 103 104
10-6

10-5

10-4

10-3

 

 

e c
(

)  
(r

ad
 

m
 V

 -1
)

Frequency  (s-1)  

 

Vrms (volts)

I ac
 / 

4I
dc

3.2 m

4.0

5.1

8.513.7

 

liquid crystal by rotating the azimuthal easy axis of one 
substrate with respect to the other. On application of an 
electric field the director rotates in the substrate plane. 
This electroclinic effect [10], which requires the 
presence of chirality, is strongest at the two substrates, 
increases with decreasing pitch, and depends strongly on 
the liquid crystal – surface interaction. We developed a 
simple model involving a trade-off among bulk elastic 
energy, surface anchoring energy, and entropy associated 
with molecular deracemization that suggests the imposed 
director twist induces a deracemization of chiral 
conformations of the molecules —effectively ‘‘top-down’’ chiral 
induction — quantitatively consistent with experiment.              

Future Plans 

 We intend to investigate the orientation profile of the liquid crystal around the chiral-
inducing carbon nanotubes by means of optical nanotomography [11], a technique that we have 
developed and exploited using funds from a previous DoE grant.  This technique is based on 
using the tapered optical fiber of a near field scanning optical microscope to measure the optical 
phase retardation of polarized light from the optical fiber aperture to the surface as a function of 
height above the surface.  The resulting signal can be deconvoluted to provide optical imaging 
with resolution of 100 x 100 nm in the xy-plane and 1 to 2 nm in the z-direction. 
 With Prof. Maurizio Nobili of University of Montpellier (France), we have begun to use 
our technique of optical nanotomography to examine the angular distribution of the local liquid 
crystal “easy axes” written to a polymer substrate by UV illumination.  Ordinarily the azimuthal 
easy axis is a delta function around some angle 0.  Using optical microscopy Nobili noticed that 
there is a small angular distribution around 0, which we will examine with area resolution 
about 25 times better than possible with diffraction limited optics.  Our goal is to quantify this 
effect, and then determine its cause(s). 
 With chemist colleague Prof. Robert Lemieux (Queen’s University, Kingston, Ontario) 
we are examining chiral periodic mesoporous organosilicas (PMO), which are prepared by the 
surfactant-templated condensation of bridged organosilsesquioxane monomers, e.g., (EtO)3Si-R-
Si(OEt)3. By controlling the nature of the organic segment R, the type of surfactant and the 
condensation conditions, one can control the physical and chemical properties of the resulting 
PMO and produce highly ordered porous structures with a periodicity on the nanometer scale.  
The idea is that achiral liquid crystals fill the nanometer-sized pores, and the chirality of the 
PMO is transmitted into the liquid crystal, which we probe by optical means.  By varying the 
pore size, we can estimate the range of chiral transmission into the achiral liquid crystal. 
 
 

The intensity ratio Iac/4Idc corresponds to 
the director’s electroclinic rotation, vs. 
applied voltage for five different cell 
widths d. Here the imposed helical pitch 
∝ d-1.  Inset: Electroclinic coefficient 
ec() versus frequency at fixed voltage 
of 8 Vrms and d = 3.2 mm. 
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Program Scope 

 Electrical energy storage (EES) is critical to the ongoing development of alternative 
energy systems currently required for long term national security.  Indeed, "revolutionary 
breakthroughs in EES are perhaps the most crucial need for this nation’s secure energy future", 
and are essential  for the development of electrical vehicles and charging stations, hybrid 
electrical devices, fuel cells, home energy management systems, and the transition of our nation 
to a smart grid.  Despite substantial research on the two primary methods of EES - batteries and 
electrochemical double-layer capacitors (also referred to as ‘ultracapacitors’), EES technologies 
fall significantly short of the requirements needed for widespread implementation.  EES devices 
with substantially higher energy and power densities and fast recharge times are necessary if all-
electric/plug-in-hybrid vehicles are to be deployed broadly as replacements for gasoline-powered 
vehicles.  Though EES devices have been the subject of a great deal of investigation over many 
decades, fundamental research is critically needed to further improve their performance and meet 
current needs. 

The Ruoff group has pioneered the development of new carbon materials that have been termed 
“chemically modified graphenes” (CMGs) and have demonstrated their utility in electrochemical 
double layer capacitance (EDLC) systems.  CMGs are one-atom thick sheets of carbon, with 
tailored functionalities.  The surface area of a single graphene sheet is 2630 m2/g, much higher 
than most of the currently available activated carbons.  Materials with surface areas of this 
magnitude, or even greater, have recently been prepared in our laboratories and show remarkable 
electronic properties, rendering them applicable in EES devices.  As an extension of this work, 
we envision the design and synthesis of other high surface area carbon materials (such as well-
defined graphene nanoribbons, porous graphene, and other activated porous carbons) that 
possess useful electronic and electrochemical properties.  To fully optimize the devices, we will 
also develop a detailed scientific understanding of the double layer capacitance between ions in 
the electrolyte and the charged carbon surfaces.  These efforts will result in  scientifically 
directed choices of the electrolyte and the CMG type and configuration, and ultimately, optimal 
design of the overall ultracapacitor cells with significantly enhanced values of specific 
capacitance and stored energy. 
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With practical improvements of the carbon materials comprising the electrode, the broad use of 
EES devices, such as ultracapacitors, will be enabled.  The highest commercially available 
ultracapacitor energy densities are in the range of about 4-7 Wh/kg (based on the weight of a 
fully packaged symmetric ultracapacitor cell) and are based upon activated carbons with specific 
capacitances of 80-85 F/g and organic electrolytes (that operate up to 2.7 V).  Current 
performance of activated carbons in the laboratory is in the range of 120 to 180 F/g with organic 
electrolytes or ionic liquid electrolytes.  Further improvements in the carbon electrode material 
including in conjunction with use with ionic liquid electrolytes are envisioned to enhance 
performance and secure the primary objectives defined above. 

 Recent Progress  

 Our team is now studying the interplay between graphene-based and graphene-derived 
carbons as the electrode materials in EDLC systems on the one hand, and electrolytes including 
novel electrolytes such as newly synthesized ionic liquids (ILs), on the other. 

1) A new porous carbon by activation of 
microwave-exfoliated graphite oxide  

We have made important advances including a 
paper published in Science in 20111 (team led by 
Ruoff) that describes a new type of carbon with 
atom-thick walls and a distribution of mesopores 
and micropores with BET specific surface area as 
high as 3100 m2/g that favors high gravimetric 
capacitance as well as high electrical energy 
storage on a gravimetric basis, with both organic 
or IL electrolytes.  This carbon is made by ‘KOH-
activation’ of microwave-expanded graphite oxide 
(MEGO) at 800 °C under flowing argon gas and is 
thus referred to as ‘activated MEGO’ or 
‘aMEGO’.  More recently the Ruoff team has 
shown that aMEGO performs very well as the 
cathode in a hybrid battery-electrocapacitor 
system2 and that by compressing it, exceptionally 
high capacitance can also be achieved on a volumetric basis (manuscript in preparation). 

2) Solid-state NMR to study novel carbons and ionic liquids 

The Ishii group used solid state NMR (SSNMR) for the study of the chemistry and molecular-
level structural changes in the production of CMGs by chemical reduction of 13C-labeled 
graphene oxide with 15N-labeled hydrazine by high-resolution 13C and 15N SSNMR in 
collaboration with the Ruoff group.3  This allowed identification of 15N species having a 15N 

 
Figure 1. (a) The “G (gyroid) TPMS”. (b) One 
cubic cell of the G TPMS decorated with 
trivalently bonded C atoms using hexagonal and 
octagonal rings of carbon (384 atoms per cubic 
cell). (c) A home-built model showing 5, 6, 7, and 
8 sided polygons in the atomic structure yielding 
an open and highly curved pore structure. 
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chemical shift of 190 ppm, which was incorporated from 15N-labeled hydrazine to the edge of the 
graphene sheet.  These experiments and 13C-15N REDOR experiments suggest that hydrazine 
treatment of GO causes insertion of an aromatic N2 moiety in a five–membered ring at the 
platelet edges and also restores sp2 networks on the basal planes (published in Nat. Comm.).3  
The results present a novel avenue to dope aromatic N species into graphene platelet, which is 
likely to enhance the conductivity of the CMG based on density function calculations.3  Using ab 
initio calculations of 15N and 13C SSNMR chemical shifts, we tested the feasibility of these 
proposed edge structures in GO and RGO (Ishii et al. in preparation).  The results are consistent 
with the model.  Preliminary SSNMR analysis of MEGO and aMEGO, including their 
interactions with solvent, is also ongoing.  

3) Characterization of IL Electrolyte Dynamics and Transport Properties 

In collaboration with the Alam group at Sandia National Labs we have also utilized pulse field 
gradient (PFG) diffusion NMR and  solution 14N NMR to help measure the chemical and 
physical transport for a series of novel ILs. (Alam et al. , 2011)  This data provides important 
basic information about the role of different cation/anion pair formation, and the impact this has 
on the performance of the ILs.  Ultimately our goal is to use these results to map and understand 
the interactions that are occurring between the IL electrolytes and the electrode materials within 
the capacitors.   

4) Microstructure and Capacitance of IL Electrolytes  

Some examples of a wide range of efforts underway include investigating the effect of 
interactions of azolium azolates (Rogers) type ionic liquids (ILs), namely [BMIM][4,5-
dicyanoimidazolate] and [BMIM][2-methyl-5-nitroimidazolate], with graphene and graphite for 
potential use in advanced battery and ultracapacitor applications.  To gain a fundamental 
understanding of the ILs’ physical and chemical interactions with graphite oxide (GO), the ILs 
are intercalated between the GO layers in liquid media and the system studied as a function of 
annealing temperature that produces expanded thermally reduced graphene (TRG).  The anion 
and cation moieties of the ILs in GO-IL intercalated compounds investigated were found to 
influence the decomposition temperature and the degree of thermal stabilization of the TRG-IL 
intercalation compounds.4  In an effort to further optimize ILs as electrolytes for use in 
ultracapacitors, we are currently exploring the relationship between the ILs’ physicochemical 
and colloidal properties and their ultracapacitor performance.  The experimental findings suggest 
that GO-IL composites are good model systems to understand oxygen interactions with various 
electrolyte systems and ultimately good candidates to achieve high surface area materials 
(carbon-electrolyte interactions). 

 Future Plans 

Our further efforts will focus on the research topics of 
1) Studies of the activation of microwave-exfoliated graphite oxide 
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2) Structural characterization of aMEGO and MEGO by Solid-state NMR 
3) Porous carbon thin films 
4) Quantum capacitance and density of states of graphene, doped graphene, and multilayer 
graphene  
5) Bottom up Synthesis of new types of Porous Carbon Materials 
6) In-situ characterizations: IR, Raman spectroscopy, , Low energy ion scattering 
7) Characterization of IL Electrolyte Transport Properties at the Carbon Interface 
8) Microstructure and Capacitance of IL Electrolytes 
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Interfacial Behavior of Polymers: Using Interfaces to Manipulate Polymers  

T.P.Russell, University of Massachusetts, Amherst, MA  01003 

Program (DE-FG02-96ER45612)  

Scope: The interactions of polymers, block copolymers and nanoparticles at interfaces control 
their assemblies in thin films.  Manipulating these interactions or overcoming these interactions 
opens pathways to generate functional materials. Solvent annealing processes, where interfacial 
interactions are mediated, represent one route to achieve this control and to impart mobility to 
polymeric materials. The mechanism by which the directed self-assembly of the copolymer 
microdomains order into highly ordered and oriented arrays of microdomains with long-range 
lateral order is ill-understood and being investigated. Initial results indicated that the entropy of 
the block copolymer chains, in addition to specific interactions, play a crucial role.   To this end, 
the topology of the polymer chain is being investigated where the behavior of linear, bottle-brush 
and catenane chains is being investigated on planar and topographically patterned surfaces.  
Subsequently, methods will be developed to remove the minor component, so as to generate 
templates and scaffolds for the fabrication of nanoscopic elements for potential device 
applications. 

Directly related to these goals is the influence of confinement on the morphology of block 
copolymers.  When the natural period of the block copolymer is not commensurate with the 
dimensions of the confining geometry, whether this is in a thin film or a cylindrical geometry, 
the copolymer must respond by altering its fundamental morphology.  Transitions, as for 
example cylinders to helices, are being quantitatively investigated to develop guidelines by 
which specific morphologies can be generated in a routine manner. X-ray and neutron scattering 
and electron microscopy are being to investigate the morphological transitions.  In addition, as 
the dimension of the confining volume become comparable to the dimension of the polymer 
chain, the dynamics of the polymer, including the entanglement density and chain mobility, can 
be perturbed.  Using neutron scattering to determine the chain dimensions of the confined 
polymer, along with the rheological characteristics, like viscosity, will be used to understand the 
influence of confinement on chain dynamics. 

Block copolymer microdomain morphologies with characteristic lengths scales in the tens of 
nanometer size scale can be obtained with simple linear diblock copolymer.  To push the size of 
the microdomains to the single nanometer or to the hundreds of nanometer length scales require 
alternate routes.  Ion complexation of the minor component, using low molecular weight salts, 
linear polymers or functional nanoparticles, is being used to drive the copolymer into the strong 
segregation limit where nanometer-sized domains can be achieved and where defect energies 
become costly.  The enhanced lateral ordering of the diblock copolymer over macroscopic 
distances is being studied by grazing incidence x-ray scattering, transmission x-ray and neutron 
scattering, transmission electron microscopy and scanning force microscopy. The influence of 
the additive interfacial interactions presents and alternate handle on manipulating to ordering of 
the polymers in thin films.  The additive can also alter the dielectric constant of the minor 
component enabling the use of electric fields to control the orientation and ordering of the 
copolymer microdomains in thin films.  To attain morphologies with characteristic length scales 
hundreds of nanometers in size, bottle brush copolymers are being used wherein the crowding of 
the chai at the microdomain interfaces results in a stretching of the backbone chain and a marked 
increase in the domain size.  Controlling the orientation and lateral ordering of these bulky 
copolymers poses a significant challenge. 

Recent Progress: Unidirectionally Aligned Line Patterns Driven by Entropic Effects on 
Faceted Surfaces: A simple, versatile approach to the directed self-assembly of block 
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copolymers into a macroscopic array of unidirectionally aligned 
cylindrical microdomains on reconstructed faceted single crystal 
surfaces or on flexible, inexpensive polymeric replicas was 
discovered. High fidelity transfer of the line pattern generated from 
the microdomains to a master mold is also shown. A single-grained 
line patterns over arbitrarily large surface areas without the use of 
top-down techniques is demonstrated, which has an order parameter 
typically in excess of 0.97 and a slope error of 1.1 deg. This degree 
of perfection, produced in a short time period, yet to be achieved by 
any other methods. The exceptional alignment arises from entropic 
penalties of chain packing in the facets coupled with the bending modulus of the cylindrical 
microdomains. This is shown, theoretically, to be the lowest energy state. The atomic crystalline 
ordering of the substrate is transferred, over multiple length scales, to the block copolymer 
microdomains, opening avenues to large-scale roll-to-roll-type and nanoimprint processing of 
perfectly patterned surfaces and as templates and scaffolds for magnetic storage media, 
polarizing devices, and nanowire arrays. 

Future Plans: The mechanism underpinning the ordering and orientation of the block copolymer 
microdomains using solvent annealing will be investigated using real-time GISAXS and neutron 
scattering.  In particular, efforts will be made to unravel the independent roles of enthalpy and 
entropy in the ordering wherein solvent mediates interfacial interactions, markedly enhances the 
chain dynamics, and introduces a strong, highly directional field normal to the film surface. 
Entropic factors will factors will be investigated by altering the chain topology from linear to 
bottle-brush to catenane, while maintaining an invariance of the chemical composition of the 
copolymer.  Size scales of the block copolymer microdomains will be driven to the single 
nanometer size-scale, increasing the areal density of elements to the tens of teradots of elements 
per square inch regime, orders of magnitude over that which can be currently achieve and, in 
parallel, route will be probed by which the etching contrast can be enhanced as the film thickness 
invariably becomes thinner. 
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Dielectric Ceramics in Nanosheet Form 
 
Tina T. Salguero, Assistant Professor 
Department of Chemistry 
University of Georgia 
Athens, GA 30602 
 
Program Scope 
 

Nanosheets are characterized as being from one to several monolayers thick and up to 
tens of micrometers in lateral dimensions. The nanosheet morphology has several unique 
features that put it at the frontier of materials development, foremost the fact that nanosheets can 
combine remarkable, quantum effect-derived properties with large surface areas and the 
advantages of solution-based manipulation methods. 
 To date, well-defined nanosheets have been derived from lamellar materials via 
exfoliation processes; examples include selected perovskites, various transition metal oxides and 
chalcogenides, hexagonal boron nitride, and graphene. We are interested in materials for energy 
applications that go beyond these examples, specifically oxide ceramics including metal titanates 
and ruthenates. The important initial challenge is that there is no bulk precursor that can simply 
be exfoliated to provide nanosheets of these materials. However, when this preparative hurdle is 
surmounted, the scientific rewards will be substantial. At a fundamental level, these nanosheets 
will provide an opportunity to better understand the properties of complex oxide ceramics at a 
size regime down to one monolayer, as well as allow us to study the roles of surface 
functionalization and interface interactions.   
 Our approach in this new area of two-dimensional ceramic nanomaterials encompasses 
synthesis, characterization, and deposition methods. Specifically we propose: 
 (1) To develop innovative methodologies for preparing dielectric ceramics in nanosheet 
form. The first step is to prepare dielectric ceramics as nanosheets, a non-natural form of these 
materials. This synthetic challenge will require novel strategies and techniques encompassing 
solid-state inorganic chemistry as well as solution-based modification and processing. Our 
innovation is to apply topotactic chemical transformations to pre-existing nanosheet starting 
materials, which will enable us to prepare metal titanates MTiO3 and ruthenates MRuO3 in 
nanosheet form. We further plan to develop ways to scale-up the preparation of exceptional 
nanosheet materials as they are identified.  
  (2) To characterize the fundamental properties of dielectric ceramic nanosheets. Our 
innovation is to use the unique combination of morphology and surface functionalization of 
monolayer-thick ceramic nanosheets to tune their dielectric properties, and we fully expect to 
identify nanosheets with remarkable permittivity properties.  
 (3) To process dielectric ceramic nanosheets via solution-based techniques. We propose 
two ways to assemble and deposit nanosheet materials. The first is inkjet printing of nanosheet 
inks; because nanosheets typically exhibit liquid crystal properties, the solid components will be 
well-ordered when the ink dries, which leads to high-quality (near crystalline) materials. The 
second way is to use dielectric ceramic nanosheets in the assembly of layered, hybrid, and 
composite macroscale materials. The concept of nanosheet building blocks is based on bottom-
up assembly strategies that will allow us to create novel materials with dielectric ceramic 
nanosheet components. Such well-ordered materials can contain tailored interfaces between 
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dissimilar materials, controlled layer thicknesses, gradients, varied nanosheet dimensionality (flat 
vs. crumpled), and so on. In addition, solution-based approaches will enable the preparation of 
macroscale samples on large and/or flexible substrates at ambient conditions. 
 
Recent Progress 
 
 In preliminary studies, we have 
found reaction conditions that allow us 
to transform TiO2 nanosheets into 
SrTiO3 and BaTiO3 nanosheets. 
Representative scanning electron 
microscopy (SEM) and transmission 
electron microscopy (TEM) images are 
shown in Figure 1 for SrTiO3 and 
Figure 2 for BaTiO3. Both the SrTiO3 
and BaTiO3 nanosheets exhibit a 
crumpled morphology. The SrTiO3 
nanosheets display poor crystallinity 
due to imperfect nanosheet re-stacking. 
In contrast, the BaTiO3 nanosheets are 
well ordered, and preliminary 
diffraction as well as Raman 
spectroscopy results indicate that the 
crystallographic structure is tetragonal 
in nature. This is surprising in light of 
the “Curie point depression” effect 
often seen for BaTiO3 nanoparticles. 
Atomic force microscopy (AFM) 
measurements provide a BaTiO3 
nanosheet thickness of 1.7 nm (Figure 
3). 
 
Future Plans 
 
 In the upcoming year of work, 
we plan to study the properties of 
SrTiO3 and BaTiO3 nanosheets and 
extend the synthetic methodology to 
other MXO3 materials, particularly 
PbTiO3 and SrRuO3. 
 
 
 
 
 
 

 
 

Figure 1. SEM (a) and TEM (b) images of SrTiO3 nanosheets. 

Figure 2. SEM (a) and TEM (b) images of BaTiO3 nanosheets. 

Figure 3. AFM image and height profile of a BaTiO3 nanosheet. 

Length (nm) 
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 To achieve electroluminescence (EL) in an organic light-emitting diode (OLED), 
electrons and holes have to be injected into the emissive layer to form excitons or bound 
electron-hole pairs. The voltage applied across the OLED should be equal to the difference of the 
electron and hole quasi-Fermi levels of the semiconductor divided by the electron charge. Light 
emission is not normally observed until the applied voltage reaches the bandgap voltage of the 
semiconductor, which is defined as the bandgap energy, or for organic materials the lowest 
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) 
bandgap energy divided by e. However, we have previously demonstrated that a light emitting 
diode can be turned on at a voltage below its bandgap voltage when ZnO nanoparticles (NPs) are 
used as the electron transport layer. This sub-bandgap turn-on voltage is attributed to an Auger-
assisted energy up-conversion process at the polymer/ZnO NP hetero-interface, i.e., the energy 
released from the non-radiative recombination of a hole in the polymer HOMO and an electron 
in the ZnO NP conduction band is transferred to an Auger electron in ZnO so that it has 
sufficiently high energy to inject into the LUMO level of the polymer. The efficiency of the 
energy up-conversion process depends strongly the nature of ZnO NPs. For example, the lowest 
turn-on voltage was observed in devices employing 2~3 nm size ZnO NPs. However, using sol-
gel ZnO, sub-bandgap luminescence was not observed. The objective of this present work is to 
understand the electronic structure of these ZnO nanostructures and how they affect the carrier 
dynamics. Here, we studied the properties of both colloidal ZnO NPs and sol-gel ZnO nano-
clusters, and determined how surface treatment affects their electronic properties and the 
resulting devices.  

 Recent Progress  
 Figure 1 show the transmission electron micrographs of the 
colloidal ZnO NPs used in this work. In order to study the 
properties of ZnO NPs, we used polymer solar cells as a testing 
vehicle.  It is known that up to 30% of the atomic bonds in ZnO 
NPs are dangling bonds1 and these defects give rise to a high 
density of recombination centers resulting in low power 
conversion efficiencies in these cells.   

In order to passivate these colloidal ZnO NPs films, they 
are exposed to UV light at 254 nm after first annealing at 80 oC. 
The passivation effect on ZnO NP films by this UV ozone (UVO) 

Figure. 1. TEM image of 
ZnO NPs 
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treatment was investigated by photoluminescence measurements. As shown in Figure 2a, in 
addition to the band-to-band emission of the ZnO NPs film at 372 nm, a strong broad emission 
band with a maximum at 519 nm was also observed for the untreated films and this emission 
band is known as an evidence of the presence of defect states in ZnO. It should be noticed that 
the defect emission band was not observed in the sol-gel ZnO films, indicating that the defect 
states are not present in the ZnO sol-gel films2 as shown in Figure 2b. Upon UVO treatment, 
however, this broadband defect emission is effectively quenched, indicating a significant 
reduction of defects states. As a result, due to the reduction of the defect states emission, the 
band-to-band emission peaked at 372 nm peak increases in intensity. It should be also noted that 
the UVO treatment does not only treat the ZnO films surface, it also passivates the defects in the 
bulk due to the porosity of the ZnO NPs films, as the PL signal is coming from both bulk rather 
than just the surface. The passivation mechanism here is believed to be correlated with the 
reduction of oxygen vacancies by the penetration of oxygen in the NPs films.  

 

 
To study the effect of passivation on carrier lifetime, transient photo-current (TPC) 

measurements were carried out to study the photo-carrier decay dynamics of a bulk 
heterojunction polymer solar cell under an extraction field.  During the measurements, the active 
layer of the device was photo-excited by a pulsed laser with an emission power attenuated to 
~102 nJ pulse-1 cm-2

, making sure the perturbation photocurrent < 0.1 mA/cm2
, while the sample 

was also under a constant illumination from a solar simulator. Since the pulse laser source, which 
emits at 527 nm, does not excite the ZnO NPs, photo-generated carriers due to the laser pulse 
only come from the polymer:fullerene blend. The photocurrent transient was measured by 
probing the voltage signals across a 30 Ω resistor connected in series with the solar cell, 
simulating the short circuit condition. The single exponential decay of the transient photo-
currents perturbation for the inverted cells with treated and untreated ZnO NPs films, as shown 
in Figure 3a, is due to photo-generated carriers recombining either in the bulk or at the 
ZnO/photo-active layer interface. Determined from the photocurrent perturbation decay curves, 
the effective photo-carrier lifetimes are 130 ns and 210 ns for the untreated and UVO treated 
devices respectively.  Since these devices have the same hole extraction contact and photo-active 
layer with identical transport properties, the difference in carrier lifetime must be attributed to 

Figure 2. Photoluminescence spectra of colloidal film (a) and sol-gel film (b) before and after UVO treatment. 
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the difference in carrier recombination rate at the ZnO/photo-active layer interface. Moreover, at 
short circuit condition, bulk recombination is unlikely to be the dominant loss mechanism and 
usually shows a lifetime longer than 10 μs since carriers are fairly depleted and extracted to the 
electrodes under an internal field ~ 105 V/cm.  However, due to the presence of defects in the 
ZnO NPs, the photo-carriers excited by the laser pulse still recombine at a much faster rate via 
these mid-gap states at the ZnO/polymer interface. It should be mentioned that such a change of 
photocurrent transient was not observed in the devices made by the sol-gel ZnO in which defects 
emission was not observed. From the results of our transient photocurrent measurements, we 
conclude that defects in the ZnO colloidal NPs films are passivated by the UVO treatment which 
results in an increase in carrier lifetime.  

 

To understand how the UVO treatment affects the interface energetics, electroabsorption (EA) 
was done on samples with and without treatment. Figure 3b shows that the first harmonic EA 
signals vary linearly with the applied voltage bias until the internal field reaches zero.  The flat 
band condition is reached when the DC bias compensates the built-in potential (Vbi) which is 
determined by the work function difference between the ZnO NPs layer and the top electrode. 
With UVO treatment on the ZnO NPs, as shown in Figure 3b, the built-in potential of the ZnO 
NPs/ polymer/ Al device only changes from 0.55 eV to 0.51 eV, indicating the change in 
interface energetics is small due to the UVO treatment on ZnO NPs. 

To see the effect of UVO treatment on the final device performance, inverted polymer 
solar cells were fabricated based on poly-dithieno[3,2-b:2′,3′-d]germole thieno[3,4-c]pyrrole-4,6-
dione (PDTG-TPD)3. The device structure and the structure of PDTG-TPD are shown in Figure 
4a and 4b, respectively. The external quantum efficiency (EQE) spectra for these cells are 
illustrated in Figure 4c. As shown by the EQE spectra, a maximum value of 72% at 675 nm is 
observed for the UVO treated PDTG-TPD cell while the maximum EQE for the untreated cell is 
60%. This enhancement in EQE does confirm the passivation of ZnO NPs leading to reduction in 
carrier recombination in the resulting device.  

Figure 3. (a) Transient photo-current decay for the devices with as annealed and UV treated ZnO NP 
films. (b) DC bias dependence of electroabsorption signal of the two devices. The arrows mark the built-
in potentials of the ZnO NPs/polymer/Al structure. 
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Future Plans 
 We will focus on how passivation of ZnO defects affects the sub-bandgap luminescence. 
In addition to UVO treatment, sub-bandgap luminescence using fullerene and fullerene 
passivated ZnO will be studied. 
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PROGRAM SCOPE: This project specifically addresses the development and use of nanowire 
based structures toward creating new semiconductors and understanding fundamental processes 
occurring during the conversion of light and thermal energy 
to electronic and stored chemical energy. In this project, we 
proposed to create tailored one-dimensional semiconductor 
nanostructures and new semiconductor materials guided by 
computational predictions. Fundamental material properties 
such as photogeneration of electron/hole pairs, electron and 
hole transport, electron/hole recombination and thermionic 
emission are being investigated.  Nanowire array 
platforms offer several advantages in terms of improving 
the transport of photogenerated carriers and also in 
creating single crystal layers of new materials. First 
principles computations are employed to understand 
electronic properties for discovery of new alloys based on 
III-nitrides. The experimental effort is guided by 
computational results toward creating new materials, 
especially for solar fuels where no material has been yet discovered that meets all the essential 
criteria. Figure 1 illustrates the interesting properties of semiconducting nanowires such as: (a) 
fast surface charge transport characteristics for photogenerated carriers and low recombination in 
solar cells [1, 2]; (b) smaller diffusion length scales for reacting species toward doping/phase 
transformation [3]; and (c) short diffusion length scales for minority carriers for 
photoelectrochemical applications [4, 5]. In addition, the nanowires are being utilized as semi-
rigid and strain relaxing substrates for producing thick crystalline layers necessary for 
photoelectrochemical applications. 
  
RECENT PROGRESS: 
1. Phase Transformations in Nanowires – Kirkendall effect to single crystal 
transformation:  Nanowires potentially offer the advantage of tuning the material composition 
because the nanowire diameters are on the same of order of reactant diffusion lengths. Prior 
phase transformation studies from our group showed the importance of nanowire diameter for 
phase transformation of tungsten oxide to tungsten nitride [3]. Recently, we studied the role of 
reactant species on phase transformation in nanowires such as sulfurization using hydrogen 
sulfide. Using MoO3 nanowire arrays, we were able to produce core-shell structure of MoO3-
MoS2 NWs that were shown to be excellent electrocatalysts for hydrogen evolution reaction [6]. 
Most importantly, the sulfurization of hematite nanowires resulted in single crystal – single 
crystal transformations when the nanowires were less than 20 nm in diameter. The sulfurization 
of thicker nanowires exhibit clear phenomena of Kirkendall effect in which iron from core 
diffused out and reacted with sulfur on the shell to produce pyrite type FeSx crystals (Figure 3). 
The overall result is that the cores become completely hollow with walls composed of highly 
oriented FeSx. The observation of Kirkendall effect under sulfurization is first of its kind and 

Figure 1. Nanowire architectures for 
energy conversion and synthesis of new 
materials: (a) smaller diffusional length 
scales for minority carriers; (b) smaller 
length scales for reaction with gas phase 
species; and (c) nanowires as substrates 
for growing crystalline layers of various 
materials. 
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opens up a set of interesting possibilities, i.e., to produce hollow nanotubes of various materials 
systems. For example, we can re-oxidize the resulting 
tubular structures to produce hollow, hematite one-
dimensional structures while doping them using 
appropriate gas phase precursors.  

3. III-Nitride Ternary Alloys: Epitaxial growth on 
planar substrates has been pursued for creating single 
crystal layers of materials. Such hetero-epitaxy onto 
planar substrates leads to phase segregation and misfit 
dislocations due to lattice mismatch-induced stresses 
and strain. Here, we showed that using hetero-epitaxy 
on nanowire substrates, one can grow thick layers 
without phase segregation. Specifically, using hetero-
epitaxy, we were able to obtain single crystalline 
layers of InxGa1-xN alloys with composition over the entire range for indium from 0 to 100%.  
The results suggest that the hetero-epitaxial growth on sub-30 nm sized nanowires is effective 
toward obtaining thick layers of InGaN alloys with control on composition over entire range. 
The as-grown, thick single crystalline 
InxGa1-xN layers have been shown to be 
photoactive with onset potentials consistent 
with the indium content (x > 0.4). 
Photovoltage measurements on GaN 
nanowires and InGaN on GaN nanowires 
made on sapphire subsrates have been 
measured. The OCP for GaN is -0.14V and 
for InGaN/GaN is 0.29 V (both w.r.t. SHE), 
indicating the difference in the conduction 
band edges. This is further confirmed in the 
photocurrent measurements shown in figure 
4c and 4d where GaN NWs show a 
photocurrent onset at 0.1 V wrt Ag/AgCl 
while InGaN/GaN an onset potential of 0.4 
V wrt. Ag/AgCl. As shown in the band 
lineup schematic in figure 4e, GaN has a 
conduction band edge about 0.4 – 0.6 V wrt 
SHE while a 60:40 InGaN alloy has the 
conduction band edge about - 0.3- - 0.5 V 
wrt SHE (a gap of ~ 0.5 V). This trend is 
consistent with results obtained on the GaN 
NWs and InGaN/GaN electrodes indicated 
in figure 4e with dark circles. The amount of 
photocurrent is limited due to non-
conductivity of underlying substrate and the 
limited conduction from contact area. We 
are currently investigating the use of 
metallic substrates such as steel and thin 

Figure 4. a) HRTEM image of the InGaN growth on GaN 
nanowires. b) SAED image of the InGaN growth on GaN 
nanowires showing the observed peak splitting. c) 
Compilation of the intensity profiles from SAED spot 
patterns of InGaN alloys showing the range of 
compositions synthesized. d) Compilation of the measured 
alloy compositions from lattice spacing measured from the 
CBED images. e) XRD patterns from InN, GaN and the 
range of InGaN compositions synthesized f) Band gap of 
the various InGaN compositions synthesized measured via 
diffuse reflectance.  
 

Figure 3. Sulfurization reaction with oxide 
nanowires illustrating kirkendall effect to 
produce hollow, one-dimensional structures.  
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GaN layers as protective coatings to improve the photoactivity. Theoretical computational 
studies predicted that dilute alloys of GaN with Sb (1-2 at%) can have the right band gap and 
band edge energetics for solar fuels. We made significant progress using metal organic chemical 
vapor deposition with synthesis of such alloys on planar substrates and are currently being 
investigated for the presence of antimony at low concentrations.  

4. Tin Oxide Nanowire Based Hybrid Structures for Dye Sensitized Solar Cells – Alternate 
Redox Couples: The commonly used iodide/tri-idodide redox electrolyte cannot be used for 
practical applications due its corrosive nature, toxicity, 
competition between tri-iodide and the dye for light 
absorption, high vapor pressure of iodine, association of tri-
iodide with dye result in recombination losses. Alternate 
redox couples that can overcome these limitations are of 
significant interest for replacing the conventional iodide 
based electrolytes. However, several of these redox 
electrolytes cannot be used in nanoparticle (NP) based DSCs 
due to fast recombination kinetics of the electrons in 
nanoparticles with the oxidized species in electrolyte. 
Previously, our group showed that tin oxide nanowires 
exhibit, faster electron transport rates and lower electron 
recombination rates when compared to titania nanoparticles 
for DSCs using iodide/tri-iodide as redox electrolyte. [1,2] 
Recently, we investigated the use of tin oxide nanowires (NW) and their hybrid architectures to 
achieve significant improvement in the photovoltaic performance beyond that of nanoparticle 
based DSCs, when these alternate redox electrolytes are used. Attempts to lower the interfacial 
recombination rate have used passivating layers of Al2O3 or poly(methyl siloxane) on the 
nanoparticle surfaces, creating an overpotential for the recombination reaction to occur. [7, 8] 
Slow electron transport in nanoparticle networks results in low electron collection and hence the 
limits high photocurrent from being achieved. Significant enhancement in photocurrents can be 
achieved using hybrid architectures of SnO2 NW coated with titania NP as shown in Figure 5. 

4. FUTURE PLANS 
On-going efforts include the following. (i) Investigate kirkendall effect during reactions 
involving sulfur, oxygen and other species with various kinds of nanowires; (ii) Synthesize dilute 
GaN alloys (specifically GaSbN) and InGaN alloys on both planar and nanowire substrates with 
proper back contact; and understand their electrical, optical and photoelectrochemical behavior; 
(iii) Understand fundamental charge transport and recombination kinetics with tin oxide 
nanowire based heterostructures when using redox couples other than iodide couple.  
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Bimetallic electrochemical displacement materials yielding high energy, high power, and 
improved reversibility 
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Professor Kenneth J. Takeuchi, Research Assistant Professor Amy C. Marschilok 

Program Scope 

 Bimetallic oxides (MxM’yOz) and phosphorous oxides (MwM’xPyOz) are materials worthy 
of investigation as cathodes for secondary lithium batteries.  Through appropriate material 
design, one metal (M+) will be electrochemically reduced to form conductive metallic 
nanoparticles, while the second metal (M’n+) will provide a framework that will enable reversible 
electron transfer.   

Through targeted design, preparation, and electrochemical study of novel bimetallic 
electrochemical displacement materials, this project will contribute to the knowledge base that is 
needed to address the practical demands of energy storage systems.  This project will 
fundamentally advance the three key performance metrics for energy storage:  energy density, 
power delivery, and reversibility. 

 Recent Progress  

 Recent progress associated with the preparation, characterization, electrochemical 
evaluation of three materials will be described herein. 

Ag2VO2PO4 

Nanocrystalline materials are desirable for 
electrochemical energy storage applications, as the high 
surface area enables fast ion diffusion and rapid electron 
transfer.  However, structural and coordination 
environment characterization using conventional methods 
can be challenging, making it difficult to monitor 
structural changes upon lithiation of nanocrystalline 
materials.  X-ray absorption spectroscopy methods such 
as x-ray absorption fine structure (XAFS), x-ray 
absorption near edge structure (XANES), and extended x-
ray absorption fine structure (EXAFS) measurements can 
be powerful tools for mechanistic interrogation.   
 

Figure 1.  Near-edge absorption data at 
Ag K-edge for electrochemically 
reduced Ag2VO2PO4 
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Using a combination of V K-, V L-, Ag K-, and 
O K-edge x-ray absorption fine structure 
(XAFS) spectroscopy, with XANES and 
EXAFS measurements, we determined the local 
vanadium and silver oxidation states, local 
coordination geometry, and stoichiometry for 
Ag2VO2PO4 samples with varying extents of 
lithiation.   

A comparison of the peak positions of 
discharged Ag2VO2PO4 samples with the 
undischarged material and a silver metal 
standard, was undertaken (Figure 1).  The data 
show five discrete isosbestic points suggesting 
the transformation of Ag+ ions in Ag2VO2PO4 to 
metallic Ag0

(s) without stabilization of any 
detectable intermediate Ag-containing phases.   
By comparing the peak positions of discharged 
Ag2VO2PO4 samples with known binary 
vanadium oxide standards, a vanadium 
oxidation state of 4.64 ± 0.18 was deduced for 
the sample at 25% depth of discharge (Figure 2).  
During the initial two discharge steps, the 
contributions from Ago were determined to be 
31 ± 6% at 25% DOD and 59 ± 5% at 50% 
DOD.  These results were significant as they 
confirmed that while reduction of Ag+ was the 
predominant initial process upon discharge of 
Ag2VO2PO4, some reduction of V5+ and V4+ was 
also occurring in parallel. 

 
Ag0.48VOPO4 

The electrochemistry of Ag0.48VOPO4·1.9H2O 
was examined by reduction of the material 
versus lithium metal in an experimental cell.  
The discharge curve showed two voltage 
plateaus, the first at 3.7 V and second at 3.2 V.  
The first higher voltage plateau is consistent with reduction by ~ 0.3 electron equivalents per 
formula unit, while the second plateau is consistent with ~ 0.6 electron equivalents.  Thus, the 
overall reduction of Ag0.48VOPO4·1.9H2O takes place by the addition of ~0.9 electron 

Figure 2. XAFS determination of the formal 
vanadium oxidation states of Ag2VO2PO4 with 
varying extents of electrochemical lithiation 

Figure 3.  Discharge of Li / Ag2VO2PO4 and Li / 
Ag0.48VOPO4 electrochemical cells 

 

Figure 4.  Cyclic voltammetry of Ag0.48VOPO4 
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equivalents in the two plateaus and a total of 1.26 electrons above 2.0 V.  The voltage profile and 
specific energy of lithium cells containing Ag0.48VOPO4·1.9H2O was compared with that of cells 
containing Ag2VO2PO4 (Figure 3).  Operating voltages of the Ag0.48VOPO4·1.9H2O material 
were significantly higher, with > 300 mWh g-1 delivered above 2.9 V.  Notably, the 
Ag0.48VOPO4 material displayed initial voltages even higher those of Ag2V4O11. 

Electrochemical reversibility was investigated by slow scan voltammetry using a three electrode 
configuration with lithium reference and auxiliary electrodes (Figure 4).  The first reductive scan 
is complex with a series of cathodic peaks that appear at 3.6, 3.5, 2.9, 2.5, and 2.2 V.  The 
reverse scan revealed a series of anodic peaks at voltages of 2.2, 2.7, 3.0, 3.3, and 3.5 V.  While 
the broad peaks indicate some level of quasi-reversibility in the first scan, scan 2 and subsequent 
scans appear very different as two narrow major peaks appear at 3.0 V and 2.5 V on the cathodic 
scan and 2.7 V and 3.0 V on the anodic scan.  These peaks remain consistent with further 
cycling, indicating that the Ag0.48VOPO4 material does display moderate rechargeability.     
 
Future Plans 

Future plans include synthesis, characterization and investigation of the electrochemistry 
of new MxM’yOz  and MwM’xPyOz materials, and including further probing of the discharge 
mechanisms of bimetallic materials.   
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Program Scope 

 The solvation and phase behavior of the model battery electrolyte salt lithium 
trifluoromethanesulfonate (LiCF3SO3) in commonly used organic solvents; ethylene carbonate 
(EC), -butyrolactone (GBL), and propylene carbonate (PC) are explored.  Data from differential 
scanning calorimetry (DSC), Raman spectroscopy, and X-ray diffraction are correlated to 
provide insight into the solvation states present within a sample mixture.  Data from DSC 
analyses allow the construction of phase diagrams.  Raman spectroscopy, as demonstrated by the 
work by Frech and coworkers1, enable the determination of specific solvation states present 
within a solvent–salt mixture.  Finally, X-ray diffraction data will provide exact information 
concerning the structure of a solvate. 

Recent Progress 

 Our earlier work on this grant focused on LiCF3SO3 mixtures with either EC or GBL.2,3  
Figure 1 contains phase diagrams derived from DSC analyses of the various solvent–salt 
mixtures investigated in this study; EC–LiCF3SO3 (A), GBL–LiCF3SO3 (B), and PC–LiCF3SO3 
(C).  The phase diagram of the EC–LiCF3SO3 indicated there were melting events at all molar 
ratios measured.  The phase diagram of GBL–LiCF3SO3, Figure 1 B, reveals three distinct 
regions.  In the first region (Li < 0.16) a single melting transition is detected.  The second 
region of intermediate molar ratios of GBL–LiCF3SO3 (0.16 < Li < 3.1), however, does not 
display any large endothermic melting events and thus falls into a crystallinity gap.  The third 
region of the highest molar ratios (Li > 3.1) a series of melting events are detected across a wide 
range of temperatures. 

 Most recently, the study was extended to another common organic solvent found in 
battery electrolytes; propylene carbonate (PC).  The phase diagram derived from DSC analyses 
of mixtures of PC–LiCF3SO3 is presented in Figure 1 C.  With the exception of pure PC, the only 
detected transitions in any DSC analysis performed were glass transitions (Tg).  The Tg appears 
to have a linear relationship with mole fraction of Li-ion. 

 PC is a mixture of solvents since it is a chiral molecule having 2 structural isomers.  It 
only demonstrates a Tg when salt is present.  The lack of large endothermic events in the DSC 
analyses could be a result of the mixed solvent system; R-(+)-PC and S-(-)-PC.  Polarimetric 
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measurements of the PC solvent used in the study demonstrated it to be a racemic mixture with 
equal amounts of both isomers resulting in no detectable net optical rotation.  Later studies used 
enantiomerically pure PC for comparison. 

 

Figure 1.  Phase diagrams of; EC–LiCF3SO3 (A), GBL–LiCF3SO3 (B), and PC–LiCF3SO3 (C) mixtures.  Mole 
fraction of the Li–salt is plotted along X-axis.  The open circles represent melting transitions and X’s denote the 
temperatures at which glass transitions occur. 

 A structural comparison of the solvents employed explains the observed phase behavior.  
EC, the most symmetric of the solvents used, readily forms ordered solvate structures which 
leads to detection of first order phase transitions at all molar ratios.  GBL lacks one of the mirror 
planes present in EC.  This increased disorder within GBL–LiCF3SO3 mixtures leads to different 
phase behavior; a crystallinity gap and multiple melting events at higher mole fractions of salt.  
Finally, PC is chiral and has the lowest symmetry of the three solvents.  This further increases 
disorder within mixtures of PC–LiCF3SO3 results in only glass transitions as possibilities. 

 Raman spectroscopy is employed to gain insight into the solvation states present within a 
sample mixture.  Three general categories of solvation are employed; solvent-separated ion pair 
(SSIP), contact ion pair (CIP), and aggregates (AGG).  Frech and coworkers studied LiCF3SO3 
in various solvents and were able to determine wavenumber regions which can be associated 
with specific solvation categories.  Generally, as the association between ions weakens, e.g. 
interposition of solvent molecules within ion pairs, the energy of the Raman scattered photons 
decrease and are detected at smaller wavenumbers (SSIP < CIP < AGG).1 

 Mixtures of PC–LiCF3SO3 covering a wide range of molar ratios were prepared and 
analyzed with the aid of Raman spectroscopy.  Figure 2 is a stack plot of a series of spectra 
collected at 25 °C for different molar ratios of PC–LiCF3SO3.  The concentration of LiCF3SO3 
decreases going from the bottom spectrum to the top.  One can see that as the amount of 
LiCF3SO3 in a mixture decreases, the signal for the (CF3) deformation shifts to smaller 
wavenumbers.  This decrease in energy of the scattered photon results from change in population 
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of solvation states present within a sample mixture.  It is interesting that in the most dilute 
samples measured, the dominant species is CIP. 

 

Figure 2.  Stack plot of Raman spectra collected at 25 °C.  Along the right y-axis are labels corresponding to the 
molar ratio of each sample.  Highlighted regions indicate where specific solvation state dependent (CF3) 
deformations occur. 

 Since PC is chiral, it becomes necessary to study the solvation and phase behavior of 
enantiomerically pure PC.  Initial investigations into mixtures prepared using R-(+)-PC–
LiCF3SO3 reveal some consequences associated with chirality.  Significantly, there is an 
endothermic melting event occurring at approximately 150 °C for mixtures approaching a 1:1 
molar ratio.  We attribute the high-melting solvate to the lower entropy of the R-(+)-PC system. 
Additionally, as shown in Figure 3, kinetics play a greater role in the phase transition process and 
more complicated behaviors are detected.  The large signal in the AGGII region of the spectrum 
for 1.74:1 molar ratio mixture is greatly diminished in both more and less concentrated mixtures.  
Sample history and kinetics influence phase behavior resulting in the chance formation of more 
AGGII.  

Future Plans 

 DSC and Raman spectroscopic analyses of mixtures of LiCF3SO3 prepared with 
entiomerically restricted R-(+)-PC reveal the presence of an apparent 1:1 solvate.  Crystals of 
this aggregated species will be analyzed by X-ray diffraction in order to determine its structure. 
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 In addition, the study will be extended to the other enantiomer, S-(-)-PC.  Mixtures of 
LiCF3SO3 prepared using all three versions of PC will enable better understanding of the role 
played by solvent disorder within a solvate system.  If the existence a 1:1 solvate is indicated by 
DSC analyses, crystals of that solvate will be prepared and interrogated by X-ray diffraction.  
Comparing crystal structure will improve basic knowledge of these model battery electrolytes.  
Additionally, if funding allows, we will apply understanding of solvate structure to measured 
conductivities. 

 
Figure 3.  Raman spectra of R-(+)-PC–LiCF3SO3 mixtures collected at 25 °C.  Along the right y-axis are labels 
corresponding to the molar ratio of each sample.  Highlighted regions indicate where specific solvation state 
dependent (CF3) deformations occur. 
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Program Scope 

In this study, we focus on the synthesis and fabrication of inorganic, polymeric, and 
hybrid anisotropically-shaped microcrystals, microcapsules, plasmonic nanocrystals, and 
understanding their assembling behavior.  This goal is motivated by the fact that despite the wide 
range of inorganic nano- and microstructures that have been studied, the guided formation of 
organized macroscopic and mesoscale materials from anisotropic building blocks has been 
rarely demonstrated.  The near-field enhancement, optical coupling, and energy transport 
properties of assembled nanostructures highly dependent on the arrangement of the metal 
nanoparticles and on the matrix dielectrics are studied by using optical spectroscopy and ultrafast 
laser dynamics assisted by simulations of the metal nanostructures.   

The anisotropically shaped, micro- and nanocontainers with nanoscale shells and 
functionalized microparticles were fabricated by layer-by-layer (LbL) assembly.  The original 
spherical, cubic and tetrahedral micro- and nanoparticles from different inorganic materials were 
modified by wrapping them with polymeric shells.  These sacrificial cores were removed to 
produce hollow microcontainers with ultrathin shells and well-defined sharp edges and robust 
shape.  The mechanical stability of the flexible spherical, cubic and tetrahedral microcontainers 
has been evaluated under osmotic pressure and with computer simulation that mimic practical 
situations.  The peculiar elastic properties and high permeability of microcontainers at different 
pH conditions have been revealed. The Langmuir-Blodgett (LB), LbL, and template-assisted 
methods are utilized to assemble the anisotropic micro- and nanoparticles in larger mesoscale 
structures.   

The plasmonic-active nanoparticles were assembled into 2D structures having different 
interparticle distance and thus different plasmonic field distribution.  Conjugated polymers of 
different dimensions were deposited on anisotropic plasmonic nanostructures such as gold and 
silver nanocubes.  Such a coupling with the conjugated polymer shells resulted in highly variable 
optical properties which have been studied as a function of their separation and the conjugation 
length of the polymer.  The observations are discussed in terms of changes in the rates of energy 
transfer and/or exciton-exciton annhilation processes.  
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Recent Progress  

Fabrication and characterization of anisotropic micro- and nano- polymeric microcontainers.  

We exploited inorganic cubic (CdCO3) and tetrahedral 
(SnS) nanocrystals as sacrificial cores for the 
preparation of anisotropic hollow capsules by 
hydrogen-bonded LbL assembly of tannic acid (TA) 
and poly(N-vinylpyrrolidone) (PVPON) which 
provided high compliance combined with chemical 
stability (Figure 1). We demonstrated that anisotropic, 
robust, and hollow microcapsules with cubic and 
tetrahedral shapes are stable at physiological pH and 
capable of retaining their anisotropic shape under 
different pHs. Tetrahedral shapes in comparison with 
cubic shapes present a new challenge in the 
preparation of shaped microcapsules due to additional 
stresses at the edges and corners. Finally, based on 
experimental results and corresponding computer 
modeling we suggested that introducing sharp edges 

and vertices acting as a reinforcing frame can potentially prevent random buckling and collapse 
thus enhancing microcapsule stability under osmotic pressure variation (Figure 1).  

The morphology, mechanical properties, and permeability of hydrogen-bonded LbL 
shells assembled on cubic cores have been studied in comparison with the traditional spherical 
shell assembled on spherical cores (Figure 2). We demonstrated 
that the morphology of LbL shells is dramatically affected by the 
nature of the core and the core-release process. The 
characteristic release processes of the sacrificial cubic core 
results in highly porous and highly softened LbL shells due to 
the CO2 gas formation during reaction (Figure 2). The increasing 
porosity results in dramatic increase in permeability and 
softening of cubic shells with the elastic modulus dropping by 
almost an order of magnitude in comparison with spherical 
shells of the same composition. These dramatic changes in shell 
morphology, permeability, and stiffness discovered in this study, 
all are important for directed assembly and coupling of spherical 
microcapsules and anisotropic micro-containers. 

Anisotropic cubic microcapsules based on water-soluble sodium 
chloride cubic cores were synthesized by LbL assembly of the hydrogen-bonded polymers from 
the anhydrous alcohol solutions. The cubic microcontainers that were observed mainly formed 

1 μm 

2 μm 2 μm 

1 μm 

a b 

c d 

Figure 2.  Confocal images of the 
cubic (a) and spherical (b) 
microcapsules and AFM images 
of dried cubic (c) and spherical 
(d) microcapsules. 

Figure 1. SEM images of the initial 
templates (a); confocal microscopy image 
of hollow microcontainers (b); and 
simulations of different shapes under 
osmotic pressure (c). 

a b c 
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the highly compacted 3D cubic arrays due to the face to 
face interactions and steric confinements in sharp 
contrast to the dense bcc assembly of the spherical 
capsules.  The assembled spherical microcapsules create 
a large number of openings with extensive surface areas 
while the cubic microcapsules build close, compact 
aggregates.  The global porosity of the cubic 
microcapsules assembly is mainly caused by the nano-
porous shells which can be tuned by solvent 
composition. 

Synthesis, assembling and studying the optical 
properties of the plasmonic metallic nanoparticles-
conjugated polymer hybrid materials. 

We studied the change in the optical properties of the poly(p-phenylene ethynylene) (PPE), 
conjugated polymers of different chain length 15 and 36 double bonds under the perturbation of 
assembled plasmonic silver nanocubes in monolayer with different inter-particle separation.  The 
LB technique was used to assemble each of the PPE polymers onto a monolayer of gold or silver 
plasmonic nanoparticles of different interparticle separations.  The localized surface plasmon 
resonance (LSPR) overlaps with the absorption of the PPE15 polymer but with the fluorescence 
of the PPE36 polymer.  Decreasing the inter-particle distance increases the plasmonic field 
which enhances the excitation level in PPE15.  This first increases the flurescence intensity but 
then rapidly decreases it due the exciton-exciton annhilation processes.  The change in the 
optical properties of the PPE36 polymer with an observed blue-shift with decreasing the 
interparticle separation suggests the reduction in the length of the conjugation due to possible 

twisting of the conjugated chain.  When gold 
nanocages (AuNCs) are used whose LSPR peak 
overlaps with the emission of PPE polymer the 
polymer shell fluorescence intensity is quenched 
due to the energy transfer between the excited state 
of the polymer and the AuNCs, as well as due to the 
inter-chain energy transfer.   
 
The fluorescence behavior of the PPE on the core-
shell AgNCs was evaluated as a function of the 
number of layers in LbL shells as well as the 
surrounding solvent at an excitation wavelength of 
450 nm (which is close to the surface plasmon peak 
(SPR) of the bare 46 nm Ag nanocubes synthesized 
in this study).  Figure 4 shows the observed change 

Figure 4. TEM of the PPE-LbL-AgNCs (a) 
with the electromagnetic field distribution (b). 
The fluorescent intensity of core-shell 
nanocubes (c). The plasmon filed intensity 
versus the distance from the surface for 
individual AgNC and dimers (d). 
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Figure 3.  Assembly of the cubic 
microcapsules in buffer pH=3.5 (a, b) in 
contrast to the spherical capsules as 
evaluated by the confocal microscopy. 
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in the fluorescence intensity of the PPE with increasing its separation from the plasmonic surface 
of AgNC is proposed to result from the interplay between a short-range fluorescent quenching 
and a relatively longer range plasmonic fluorescence enhancement mechanism for nanocube 
dimers.  Discrete dipole approximation (DDA) calculation was carried-out to understand the 
fluorescence enhancement after the AgNCs surface is separated enough from the PPE polymer 
so that the plasmonic enhancement of the fluorescence is only operative (Figure 4). 

Future Plans 

 We will focus on evaluation of the role of different inter-particulate forces (electrostatic, 
hydrogen, magnetic, capillary, and van der Waals) in mesoscale assembly of anisotropic 
colloidal structures from metal, polymer, and hybrid materials on functionalized surfaces and 
templates in conjunction with the investigation of their photophysical properties.  Further 
research are planned with a strong focus on energy transport mechanisms between non-
traditional anisotropic hybrid nanostructures and how these mechanisms are affected and can be 
tuned by plasmonic electrical fields inside and outside of the nanostructures, in proximity of 
different facets, and in a gap between nanostructures. 
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Optical and magnetic probes of charge dynamics in organic donor-acceptor bulk 
heterojunction for photovoltaic applications 

 
Z. Valy Vardeny* 

Physics & Astronomy Department, University of Utah, Salt Lake City, Utah 84112 
 

Program Scope 
The process of charge photogeneration in organic photovoltaic cells is still a matter of debate. In 
contrast to the labyrinth photosynthesis process that has evolved in nature [1], the charge 
photogeneration process in organic photovoltaic cells utilizes one type of heterojunction between 
two organic semiconductors [2]. The two organic semiconductors, dubbed donor (D-) and 
acceptor (A-) are cast from solution mixtures to form thin films having nanosize domains of 
relatively pristine materials and large D-A interface area. This type of architecture, dubbed ‘bulk 
heterojunction’ (BHJ) usually allows for light absorption in the bulk donor domains that generate 
excitons, followed by exciton dissociation at the D-A interfaces. However the processes by 
which the excitons reach the D-A interfaces and dissociate to generate separate charge polarons 
in the D-A nano-domains; or, alternatively recombine for a loss, are only now being the focus of 
attention [3]. In our work we use a variety of optical and magnetic probes to investigate the 
charge dynamics in several organic D-A BHJ type films and devices. Our arsenal includes both 
cw and ultrafast spectroscopies, as well as magneto-transport measurements [4].  
    
Recent Progress 
In our recent work we used the pump/probe transient photomodulation spectroscopy in an 
unprecedented broad spectral range (0.15-2.7 eV) to elucidate the early stages of the charge 
photogeneration process in the prototype D-A blend, namely the donor polymer regio-regular 
(RR-) (3 hexyl thiophene) [P3HT] and the fullerene acceptor molecule [6,6]-phenyl-C61-butyric 
acid methyl ester [PCBM]. This blend shows separated donor and acceptor domains, and 
consequently has high solar power conversion efficiency, ~4% [5]. We found compelling 
evidence that after the photoexcited excitons in the polymer domains reach the D-A interfaces, 
the charge generation process proceeds via the formation of charge transfer (CT) excitons at the 
interfaces (see Fig. 1). In RR-P3HT/PCBM with (1.2:1) weight ratio having maximum nano-
domain separation the photogenerated excitons in the polymer domain reach the D-A interfaces 
forming CT excitons within ~10 ps. In contrast, in regio-random (RRa)-P3HT/PCBM blend 
where the D and A domain sizes are much smaller, the CT excitons at the D-A interfaces are 
generated within ~200 fs. In spite of this the subsequent exciton dissociation process in this 
blend is hampered by the large CT binding energy, which explains the small -value (<0.1%) of 
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solar cells based on this blend. Our findings support a ‘two-step’ process for the charge 
photogeneration in organic D-A blends [3], and emphasize the important role of the CT exciton 
binding energy in generating free charges in organic solar cells [6]. 

                    
Figure 1: The ps transient photomodulation, T(t)/T spectrum of RR-P3HT/PCBM blend film at t=0 and t=300 ps, 
respectively, measured at ambient. The exciton band PA1, and CT exciton bands CT1 and CT2 are indicated. The 
exciton PA1 band decays, but polaron PA are not formed on their account; instead a two CT bands are generated. 
The green circles and line represent the background (BG) PA spectrum measured at t = -5 ps showing free polaron 
photogeneration at much later time, which is uncorrelated with the decay of the excitons (PA1) in the polymer 
domains [taken from ref. 7]. 

 
Future plans      

      Having understood the importance of the D-A CT exciton role in the charge photogeneration 
process, the question is how we can improve the charge photogeneration efficiency in organic 
photovoltaic (OPV) cells. We realize that the competing mechanism to the charge 
photogeneration process is the geminate recombination (GR) process of the CT state. Since the 
CT exciton is generated in the singlet spin configuration, the possibility exists to enhance the 
intercrossing process from CT singlet to CT triplet, and thus reduce the GR loss.  

             Based on this conclusion we recently discovered a novel method to suppress CT 
recombination at the D-A domain interfaces and thus improve the OPV solar cell efficiency, by 
doping the device active layer with spin ½ radicals such as Galvinoxyl [8]. At an optimal doping 
level of 3 wt%, the efficiency of a standard P3HT/PCBM solar cell improves by 15%. However 
in solar cells based on acceptor-rich blends the efficiency is enhanced by ~ 340%. We propose a 
spin-flip mechanism to explain our results that should work only via resonant exchange 
interaction between the spin ½ radicals and charged acceptors, which converts the CT spin state 
from spin singlet to triplet. We plan to thoroughly explore this proposed mechanism, and find 
additional spin ½ radicals that may improve the OPV efficiency even more. In addition to OPV 
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related measurements we will also use transient spectroscopy and magneto-photocurrent to 
elucidate the generation and recombination processes in the spin-doped active blend. The spin ½ 
radical doping may augment existing methods to yield higher OPV efficiencies, and may also be 
used to enhance the electroluminescence efficiency in organic light emitting devices. 

      * Supported by the DOE grant DE-FG02-04ER46109 
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Extracting hot carriers from photo-excited semiconductor nanocrystals 

Xiaoyang Zhu, Department of Chemistry & Biochemistry, University of Texas at Austin 

Program Scope 

 In conventional solar cells, absorption of photons with energies above the semiconductor 
bandgap generates “hot” charge carriers that quickly “cool” to the band edges before they can be 
utilized to do work; this sets the solar cell efficiency at a limit of ~31%.1 If instead, all of the 
energy of the hot carriers could be captured, solar-to-electric power conversion efficiencies could 
be increased, theoretically, to as high as 66%. A potential route to capture this energy is to utilize 
nanomaterials where quantization may slow down hot electron cooling. This may facilitate the 
transfer of hot electron/holes or allow the conversion of 
excess carrier energy to multiple electron/hole pairs. 
The latter process is carrier multiplication or multi-
exciton generation (MEG) and may increase solar-to-
electric power conversion efficiency to 44%.3 These 
scenarios are illustrated in Fig. 1. The current research 
program is aimed at quantitatively probing hot electron 
relaxation dynamics in QDs and establishing principles 
for charge extraction from photoexcited QDs.  

Following initial demonstration of hot electron transfer from photoexcited PbSe QDs to 
TiO2,4 we have focused on how hot electrons relax and how surface capping molecules and thin 
films affect QD electronic structure. During the past year, we succeeded in using femtosecond 
time-resolved two-photon photoemission (TR-2PPE) spectroscopy to carry out a complete 
mapping in time- and energy-domains of hot electron relaxation and MEG dynamics in PbSe 
quantum dots. We also discovered a new mechanism in electronic trap state formation on QD 
surfaces due a phase transition in capping molecules. In addition, we have carried out 
preliminary experiments on carbon nanomaterials, particularly synthetic graphene QDs, where 
the much slowed hot electron cooling dynamics (~10-100 ps time scale) has enabled us to 
unambiguously demonstrate the efficient injection of hot electrons into a TiO2 electron acceptor.  

Recent Progress  

Direct mapping of hot electron relaxation & MEG dynamics in PbSe quantum dots  

Here, we use femtosecond TR-2PPE spectroscopy5 to carry out a complete mapping of 
hot electron relaxation dynamics in QDs. A schematic representation of TR-2PPE is shown in 
Fig. 2. A pump laser pulse (hν1) creates a hot electron-hole pair; after a controlled time-delay, a 
probe laser pulse (hν2) ejects the excited electron, which is detected by an electron energy 
analyzer. The TR-2PPE spectrum represents the energy and population of hot electrons at each 

Fig. 1. Schematic illustration of (a) a 
conventional solar cell, (b) a hot-carrier solar 
cell, and (c) a multiexciton based solar cell. 
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pump-probe delay (td), thus providing a 
complete mapping in time and energy domains 
of electron relaxation dynamics.   

The right panel in Fig. 2 shows a TR-
2PPE spectrum for a PbSe QD thin film with 
1,2-ethanedithiol (EDT) capping molecules and 
an optical gap of Eg = 0.70 eV. The spectrum 
shows hot electron population as they relax in 
energy with pump-probe delay time (td). The 
electron kinetic energy decreases monotonically 
to the bottom of the conduction band (1Se) with 
increasing td. We find a linear scaling law for 
the hot electron relaxation rate () with its 
energy above the conduction band minimum: 

. The TR-2PPE spectrum in 
Fig. 2 for hν1 = 2.2 eV (> 3Eg) and those at 
lower excitation photon energies (hν1 = 1.40 or 
1.80 eV) show no evidence for MEG where, the 
excess energy in a hot electron (hole) should 
decrease by a quantized amount (~Eg) to create 
a new electron-hole pair at the band edges. 
Primarily, there is an absence of population near 
the CBM on the short time scale (< 1ps). The 
electron population in the conduction band can 
be entirely accounted for by a cascading energy 
relaxation process attributed to phonon 
scattering likely mediated by an e-h Auger 
process.  

When the photon energy is increased to 

hν1 = 2.85 eV (> 4Eg), we find direct evidence 

of MEG. The spectrum in Fig. 3a shows rich 

features at both positive and negative time-

delays that can be assigned to the presence of 

optical resonance due to optical excitation to the second conduction band in PbSe. We remove 

the constant background (C) in 2PPE spectra due to two-photon photoemission from the pump 

laser pulse and the result is shown in Fig. 3b, which clearly reveals the short-lived resonant 

features of A and B on two sides of td = 0. For td > 0, the hot electron from the resonant state first 

decays with an ultrafast lifetime of ~100 fs in nearly a quantum step to give spectral feature D at 

~0.9 eV below peak A. The ultrafast decay in electron energy also leads to a 10% increase in 

G µ Ee - ECBM( )

 

Fig. 2. Probing hot electron dynamics in QDs by 
TR-2PPE. The right shows pseudo-color 
representation of TR-2PPE spectra with hν1 = 2.20 
eV & hν2 = 4.28 eV. The bandgap of the PbSe QDs 
is 0.70 eV. 

 

Fig. 3. (a) Pseudo-color representation of TR-2PPE 
spectra for PbSe QD films at an excitation photon 
energy of h1 = 2.85 eV and a probe photon energy 
of h2 = 4.28 eV; (b) The same data as in (a) with 
the spectral feature at negative time delays 
subtracted. (c) Schematic illustration of the TR-
2PPE process at different pump-probe delays. 

328



photoemission intensity. We take the quantized loss of hot electron energy and the corresponding 

increase in electron population as direct evidences for MEG. The observed MEG process is 

summarized in Fig. 3c (td > 0). Absorption of hν1  = 2.85 eV excites a hot electron to the second 

conduction band. This is followed by inter-band transition to the lower conduction band and the 

concurrent excitation of a second electron pair, i.e, MEG. Compared to intra-band mechanism, 

the inter-band MEG process permits easier matching of energy and momentum simultaneously.  

Hot electron injection from graphene QDs to TiO2 

There are a number of 
limitations with inorganic QDs 
for the harvesting of hot 
electrons or hot electron energy. 
These include i) the ultrashort 
hot electron lifetime; ii) 
heterogeneity of electronic 
structure and dynamics because 
of sensitivity to surface states; 
iii) limited absorption cross 
section requiring high solar 
concentration to reach the 
condition necessary for hot 
carrier solar cells. As an 
alternative, we are exploring 
carbon nanomaterials for hot 
carrier or multicarrier harvesting, 
particularly graphene or carbon 
nanotubes. For example, the rate 
of electron-electron scattering in 
graphene is known to be much faster than that of electron-phonon scattering, leading to easy 
equilibration of hot electrons characterized by a transient electronic temperature higher than that 
of the phonon bath. We have explored the use of molecular analogs, usually called graphene 
QDs,6 adsorbed on the TiO2 surface via –COOH anchors (Figs. 4 a & b). We use time resolved 
second harmonic generation (TR-SHG)4 to follow the transient interfacial electric field resulting 
from photo-induced electron transfer to TiO2. Figs. 4 c & d show TR-SHG profiles for graphene 
QDs pumped at two different photon energies (c) or at the same photon energy, but different 
sample temperatures (d). While in all cases electron injection form photo-excited graphene QDs 
to TiO2 occurs on ultrafast time scales (≤ 50 fs), the charge recombination dynamics are 
distinctly different. As shown in Fig. 4c, for graphene QDs excited at a higher photon energy, hot 
electrons are injected deeper into TiO2 and the resulting polarons take longer time to come back 
to the surface for recombination. This mechanism is confirmed in Fig 4d for measurement at 

 

Fig. 4. (a) Absorption spectrum of the graphene QD; (b) AFM image 
of a submonolayer of graphene QD adsorbed on TiO2(110); (c) TR-
SHG spectra showing pump-induced rise and decay in transient 
electric field due to photo-induced electron transfer from graphene 
QD to TiO2 at two wavelengths; (d) TR-SHG spectra at a fixed pump 
wavelength (505 nm) but different sample temperatures. 
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different sample temperatures. With increasing sample temperature, the mobility of polarons 
decreases due to enhanced scattering with phonons. As a result, charge recombination takes 
longer time at higher temperatures.  

Future Plans 

 We will continue to focus on controlling QD surfaces and interfaces to the TiO2 electron 
acceptor using core-shell structures and surface atomic passivation. We will continue to explore 
carbon nanomaterials, including carbon nanotubes and graphene QDs or nano-ribbons, for hot 
electron extraction of MEG. We will focus on probing hot carrier cooling and transfer dynamics 
by TR-2PPE and TR-SHG. The ultimate goal of this research program is to establish 
photophysical mechanisms and chemical control of interfaces for the harvesting of hot or 
multiple carriers from photoexcited nanomaterials. 
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Spectroscopy of Charge Carriers and Traps in Field-Doped Single Crystal Organic 
Semiconductors 

Xiaoyang Zhu, Dept. of Chemistry & Biochemistry, University of Texas at Austin 
C. Daniel Frisbie, Dept. of Chemical Engineering & Materials Sci., University of Minnesota 

Program Scope 

 This research program aims to achieve quantitative, molecular level understanding of 
charge carriers and traps in field-doped crystalline organic semiconductors via in situ linear and 
nonlinear optical spectroscopy, in conjunction with transport measurements and 
molecular/crystal engineering. Organic semiconductors are emerging as viable materials for low-
cost electronics and optoelectronics, such as organic photovoltaics (OPV), organic field effect 
transistors (OFETs), and organic light emitting diodes (OLEDs). Despite extensive studies 
spanning many decades, a clear understanding of the nature of charge carriers in organic 
semiconductors is still lacking. It is generally 
appreciated that polaron formation and charge carrier 
trapping are two hallmarks associated with electrical 
transport in organic semiconductors; the former results 
from the low dielectric constants and weak 
intermolecular electronic overlap while the latter can 
be attributed to the prevalence of structural disorder. 
These properties have lead to the common observation 
of low charge carrier mobilities, e.g., in the range of 
10-5 - 10-3 cm2/Vs, particularly at low carrier 
concentrations. However, there is also growing 
evidence that charge carrier mobility approaching 
those of inorganic semiconductors and metals can exist 
in some crystalline organic semiconductors, such as 
pentacene, tetracene and rubrene. A particularly 
striking example is single crystal rubrene (Figure 1), in 
which hole mobilities well above 10 cm2/Vs have been 
observed in OFETs operating at room temperature. Temperature dependent transport and 
spectroscopic measurements both revealed evidence of free carriers in rubrene. Outstanding 
questions are: what are the structural features and physical properties that make rubrene so 
unique? How do we establish fundamental design principles for the development of other 
organic semiconductors of high mobility? These questions are critically important but not 
comprehensive, as the nature of charge carriers is known to evolve as the carrier concentration 
increases, due to the presence of intrinsic disorder in organic semiconductors. Thus, a 
complementary question is: how does the nature of charge transport change as a function of 
carrier concentration? 

 

Fig. 1. In situ optical absorption 
spectroscopy of the air (vacuum) or liquid 
gap OFET structure. The spectroscopy 
measurement can be carried out in the 
electromodulation mode in which the gate 
bias is modulated between 0 and VG while 
optical absorption in the “on” state (VG) is 
detected by a lock-in technique. 
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To answer these questions, the PIs are extending their successful collaboration that combines 
transport measurements with in situ spectroscopy; the new focus will be single crystal organic 
semiconductor field effect devices. The OFET structure provides control of surface charge 
concentration and the determination of carrier transport characteristics (e.g. mobility), while 
optical spectroscopy provides physical insight into the nature of charge carriers, as polarons and 
free carriers possess distinct optical signatures and also provide direct measurements of the 
energetics of charge carriers with respect to HOMO & LUMO bands. 

 

Recent Progress  

Recent research achievements are in two areas. The first is the development of absorption 
spectroscopy as a probe of charge carriers in gate-doped OFETs. We have focused on a model 
polymeric semiconductor, poly (3-hexylthiophene), and high capacitance dielectric materials 
(polymer electrolyte or ionic liquid) to probe gate-doping mechanisms. We have established 
fundamental limits and transitions in electrostatic and electrochemical doping regimes using 
polymer mixing theories. The second achievement is on the development of displacement current 
measurement (DCM) in studying the transient behavior or charge carriers and traps. We used the 
model system of polycrystalline pentacene thin film in a long-channel capacitor (LCC) 
geometry. The DCM techniques allowed us to determine not only charge carrier mobility, but 
more importantly, the nature of charge carrier traps at the pentacene-dielectric interface.  

 
A. Electrostatic vs. Electrochemical Doping from In Situ Spectroscopy  

We applied absorption spectroscopy to understand the molecular mechanism of gate-doping 
in OFETs with liquid dielectrics (ionic liquids & polymer electrolytes). A major advantage of 
these dielectric materials was the exceptionally high 
capacitance (≥ 1 µF/cm2) which allowed one to 
achieve charge carrier density as high as 1014/cm2 at 
gate voltages as low as 1 V. The low voltage 
operation was particularly important to the practical 
application of OFETs and the high doping level 
allowed one to explore interesting new carrier 
physics in organic semiconductors. The presence of 
mobile ions in these dielectric materials raised the 
critical question of whether the gate-doping 
mechanism was purely electrostatic or 
electrochemical (mixing).  Using in situ absorption 
spectroscopy for a LiClO4/PEO polymer electrolyte 
gated device, we quantitatively measured the concentration of carriers in the organic 
semiconductor, in this case poly-3-hexyl-thiophene (P3HT). By monitoring the time-dependent 

 

Fig. 2. Operating regimes for P3HT GEL-
OFETs. The data points indicate the frequency 
at which the charging mechanism switches 
from electrochemical to electrostatic. The 
dashed line is the phase boundary. 
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buildup of charged species, we could determine the diffusion constants of carriers injected from 
a source electrode and that of mobile ions from the dielectric into the organic semiconductor 
(electrochemical doping) as a function of gate voltage. This allowed us to estimate the time 

m) for mixing for the first organic semiconductor molecular layer in contact with the 
dielectric and to construct a “phase” diagram for two doping mechanisms, as illustrated for an 
ion-gel gated P3HT OFET, Fig. 2. Here, we compared the maximum OFET switching speed 

max) m max m max < 
m, we had electrochemical doping. 

 
 
Displacement Current Measurements.  

In the area of transport, a principal direction 
has been to employ gate displacement current 
measurements on OFETs to understand transient 
charging and discharging dynamics in organic 
semiconductors, trapped charge concentrations, 
and total gate-induced charge. In standard 
transistor measurements, the DC current running 
through the conducting channel from source to 
drain electrode is measured either as a function of 
gate voltage or as a function of drain voltage. 
These traditional measurements give important 
device parameters, such as field-effect mobility, 
ON/OFF ratio, and threshold voltage. However, 
transient processes – including the injection of 
charge carriers from metal contacts into the OSC 
layer, the redistribution of carriers in the OSC 
layer to form the conducting channel, and the 
extraction of carriers from the OSC layer during 
the channel annihilation - are not explored in 
typical OFET measurements. Study of transient 
processes through displacement current 
measurements (DCM) provides additional 
information on carrier injection/extraction 
dynamics and trapping/detrapping properties. A 
typical device geometry we employed is shown in 
Fig. 3. This setup has allowed us to quantify 
charge carrier traps, trapping & de-trapping 
kinetics, and the roles of contact resistance.  

 

 

 

Fig. 3. (Top) Device geometry for displacement 
current measurements in which application of a 
gate bias causes a front of carriers to be injected 
from the grounded metal contact and to sweep 
along the organic semiconductor channel. 
(Bottom) Measured displacement current (at 
either the top contact or the gate) as a function of 
the gate voltage. Integration gives injected and 
extracted charge; the difference between these 
gives trapped charge. 
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Future Plans 

 We will use OFETs testbeds for exploring the physics of transport in single crystal 
organic semiconductors. This geometry provides exquisite control over the carrier concentration 
at the gate dielectric/crystal interface. This in turn allows the transport properties to be carefully 
examined as a function of charge concentration. The tunability of transport in a these testbeds by 
means of the gate electrode makes single crystal OFETs ideal for the combined transport and 
spectroscopy studies we are carrying out here. We will use single crystal rubrene and pentacene 
OFETs as model systems and establish the physical nature of charge carriers by obtaining their 
spectroscopic signatures in a broad carrier density range and a broad temperature range. A 
particular focus will be on establishing the energetics of interfacial polarons resulting from the 
polarization of dielectric material by charge carriers at an organic semiconductor interface. An 
extreme example of this type of interfacial polaron is the direct pairing of a hole carrier with an 
anion across the semiconductor/dielectric interface when ionic liquid is used as a dielectric 
material. To explore the idea of polarization anisotropy as the cause for the exceptionally high 
room-temperature mobility in rubrene. While both rubrene and pentacene (or tetracene) possess 
layered structures and have similar electronic band widths, the one-order of magnitude higher 
mobility in rubrene may be attributed to its unique anisotropic polarizability, with the highly 
polarizable direction in the plane of the conducting layer, in contrast to the orthogonal situation 
in pentacene or tetracene. We propose to explore this mechanism by controlling interlayer 
spacing (and thus inter-layer electronic polarization) using rubrene and tetracene derivatives. We 
will establish the energetics from spectroscopy and mobility from transport measurements. 
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Abstract 

 

First light at the LCLS x-ray free electron laser at the SLAC National Accelerator Laboratory 
marked the beginning of hard x-ray laser science. With pulse energies in excess of a milliJoule 
and pulse durations as short as 5 femtoseconds in duration, the LCLS provides a novel and 
potentially transformative approach for investigating chemical dynamics in complex systems.  

The catalytic properties of coordination compounds derive from the ability of transition metal 

centers to bind substrates and shuttle electrons to and from the substrate. Numerous transition 

metal complexes also strongly absorb visible radiation making them targets for the development 

of photocatalysts. The electron and hole in the excited state can catalyze chemical reactions, but 

only for the duration of the electronic excited state. The charge distribution of the electron and 

hole, as well as the presence of low energy ligand field excited states greatly influence the 

lifetime of optically generated charge transfer excited states, but the detailed mechanism for the 

excited state quenching remains unclear in coordination chemistry. 

Acquiring a mechanistic understanding of excited state relaxation in coordination chemistry 

requires a detailed understanding the coupled evolution of electrons and nuclei in electronic 
excited states. Ultrafast optical electronic spectroscopy can monitor both the nuclear and the 
electronic evolution that occurs during a chemical reaction, but this joint sensitivity often 
impedes the robust interpretation of experimental measurement. The LCLS provides the 
opportunity to simultaneously measure electronic dynamics with x-ray fluorescence and nuclear 
dynamics with elastic x-ray scattering, providing a robust means for disentangling the coupled 
motions of electrons and nuclei in electronic excited states. 
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Quantum to the Continuum:  Opportunities for Mesoscale Science 
 

John C. Hemminger 
Chair, Basic Energy Sciences Advisory Committee 

Department of Chemistry, University of California, Irvine, CA 92697 
 
 
William Brinkman, Director of the DOE Office of Science, has asked the Basic Energy 
Sciences Advisory Committee (BESAC) to carry out a study of the opportunities for the 
Office of Basic Energy Sciences in the area of mesoscale science.  An excerpt from Dr. 
Brinkman’s request to the committee follows.   
 
In referring to recent BESAC reports and to the series of BES Basic Research Needs 
Reports he stated:   
“A central theme of these reports is the importance of atomic and molecular scale 
understanding of how nature works and how this relates to advancing the frontiers of 
science and innovation.  I would now like BESAC to extend this work by addressing the 
research agenda for mesoscale science, the regime where classical, microscale science 
and nanoscale science meet. I see two parts to this new study: 
1. Identify mesoscale science directions that are most promising for advancing the 
Department’s energy mission. 
2. Identify how current and future BES facilities can impact mesoscale science.  
 
This study could prompt a national discussion of mesoscale science at the level heard 
during the initial formulation of the National Nanotechnology Initiative a decade ago.” 
 
In this presentation I will describe the process that BESAC has utilized to stimulate a 
discussion in the BES science community on the opportunities that exist in mesoscale 
science and describe the present state of the BESAC activities on this topic.  
 
Mesoscale science embraces a wide variety of phenomena emerging at length scales 
larger than atomic and nano but smaller than macro.  Mesoscale phenomena are often 
intermediate between quantum and classical, between isolated and interacting, and 
between simple and complex.  They typically involve the interaction of many degrees of 
freedom, including mechanical, electrodynamic, electronic, ionic and chemical. Biology 
is an inspiring example of meso phenomena, often exhibiting striking functionality such 
as temperature regulation, muscle contraction and self-healing of tissue.  
 
Examples of mesoscale materials and chemistry will be given, to stimulate audience input 
on the nature of mesoscale science and promising research directions.  This input will be 
used in the coming Basic Energy Sciences Advisory Committee (BESAC) report on 
Opportunities for Mesoscale Science.  
 
Please visit www.meso2012.com for more information or to contribute suggestions on 
promising research directions. 
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The DOE SunShot Initiative: Science and Technology to enable Solar Electricity at 
Grid Parity 

R. Ramesh, Director, SunShot Initiative, US DOE 

 

The SunShot Initiative’s mission is to develop solar energy technologies through a 
collaborative national push to make solar Photovoltaic (PV) and Concentrated Solar 
Power (CSP) energy technologies cost-competitive with fossil fuel based energy by 
reducing the cost of solar energy systems by ~ 75 percent before 2020. Reducing the total 
installed cost for utility-scale solar electricity to roughly 6 cents per kilowatt hour  
(1$/Watt) without subsidies will result in rapid, large-scale adoption of solar electricity 
across the United States and the world. Achieving this goal will require significant 
reductions and technological innovations in all PV system components, namely modules, 
power electronics, and balance of systems (BOS), which includes all other components 
and costs required for a fully installed system including permitting and inspection costs. 
This investment will re-establish American technological and market leadership, improve 
the nation's energy security, strengthen U.S. economic competitiveness and catalyze 
domestic economic growth in the global clean energy race. SunShot is a cooperative 
program across DOE, involving the Office of Science, the Office of Energy Efficiency 
and Renewable Energy and ARPA-E. 
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Nano- Through Macro-scales  
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Raman spectroscopy has elucidated the evolution of P3HT microstructure during solvent 
evaporation.  Analysis of spectral changes of the characteristic C=C stretching peak in 
P3HT as a function of solvent (1,2,4-trichlorobenzene (TCB)) evaporation time, 
demonstrated that the π- conjugated polymer undergoes a series of phase transitions ranging 
from isotropic to liquid crystalline to finally, polycrystalline solid. In addition, in-situ 
measurements of the drain current as a function TCB evaporation reveal variations in the 
current that correspond well with the time-lines for the phase transition. Similar experiments 
performed with chloroform as a solvent show that the four contact mobility increases up to a 
peak value of 0.17 cm2/Vs after which it continuously decreased. These insights have further 
been extended to aid in the design of alternative semiconducting polymers having enhanced 
performance.  A donor-acceptor semiconducting system that exhibits some of the 
characteristics expected of a liquid crystalline material has been synthesized and investigated. 
The results of these studies may open a new paradigm for effecting a long-range ordered 
structure having fewer defects in a simple, controllable, and cost-effective manner, which in 
turn could hold the key for the fabrication of devices with optimum performance.  
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