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FOREWORD

The 35" Department of Energy Solar Photochemistry Research Meeting, sponsored by the
Chemical Sciences, Geosciences, and Biosciences Division of the Office of Basic Energy
Sciences, is being held June 2-5, 2013 at the Westin Annapolis Hotel in Annapolis, Maryland.
These proceedings include the meeting agenda, abstracts of the formal presentations and posters
of the conference, and an address list for the participants.

This Conference is composed of the grantees who perform research in solar photochemical
energy conversion with the support of the Chemical Sciences, Geosciences, and Biosciences
Division. The purpose of the meeting is to foster collaboration, cooperation, and the exchange of
new concepts and ideas between these researchers. This interaction has played an essential role
in maintaining the high quality of research that has sustained this Program over the years.

This particular Solar Photochemistry Research Meeting has a distinct character. Its attendees
represent the subset of the researchers supported by the Program that focus on the absorption of
light, separation and transport of charge and its harvest as electrical power. The resultant
meeting is smaller, but is hoped to allow for a more effective communication between
participants. As a guest speaker, Professor Michael McGehee of Stanford University will open
the conference sessions with a presentation on issues of power generation from organic solar
cells that involve both basic as well as applied research. In the sessions that follow there will be
presentations on photo-induced electron transfer in organic donor acceptor couples, between
quantum dots, and at sensitized semiconductor surfaces. Further discussions on energy and
electron transfer in model photosynthetic systems will be made and the topic of singlet fission in
excited organic chromophores will be explored

I would like to express my appreciation to Diane Marceau of the Division of Chemical Sciences,
Geosciences, and Biosciences, and Connie Lansdon of the Oak Ride Institute of Science and
Education for their assistance with the the logistics of this meeting. | must also thank all of the
researchers whose enthusiasm, energy, and dedication to scientific inquiry have enabled these
advances in solar photoconversion and made this meeting possible.

Mark T. Spitler

Chemical Sciences, Geosciences,
and Biosciences Division

Office of Basic Energy Sciences
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Thin-film photovoltaic (PV) solar cells are increasing in efficiency at the highest rates of all PV
platforms, although our understanding of the processes that dictate efficiency is still inadequate
to ensure that low-cost, scalable energy conversion platforms are achieved that compete
effectively with mature PV technologies. One of the key challenges in every solar cell platform
is to realize efficient harvesting of photogenerated electrons and holes, and this is typically
accomplished by implementation of “interlayers” that (in theory) provide both thermodynamic
and kinetic charge selectivity at the contacts, and enhance power conversion efficiency. In the
latest embodiments of organic and nanocrystalline solar cells, understanding and controlling
interfacial processes at the boundaries between the active layer and interlayers/contacts is
especially important: photogeneration of charges often occurs homogeneously throughout the
active layer and the internal fields generated via the work function differences in the contacts are
typically not sufficient to ensure that charge harvesting competes effectively with recombination.

The Center for Interface Science: Solar Electric
Materials (CISSEM) is focused on developing new

theoretical models and new characterization tools
building on use-inspired material sets, which in
combination provide an integrated nano- to meso-
scale understanding of the relationships between
contact/interlayer composition, atomic/molecular
structure, interface energetics and the resultant
electronic properties and efficiencies of charge
harvesting at organic/oxide and organic/metal §
interfaces. These new understandings have recently |
led to some novel thin-film PV platforms. a

This talk will provide an overview of just a few of these new activities, highlighting several
recent insights into how interface composition and energetics affect both hole- and electron-
harvesting across oxide-only versus molecularly-modified interlayers. Some of the tools
developed to provide insight into charge harvesting efficiencies over multiple length and time
scales will also be described, which may be of interest for a broader range of energy conversion
platforms.

* The Center for Interface Science: Solar Electric Materials is an Energy Frontier Research Center funded by the
U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences, under Award Number DE-
S$C0001084



Quantum Confined Semiconductors for Photovoltaics

Matthew C. Beard
Center for Advanced Solar Photophysics
National Renewable Energy Laboratory
Golden, CO, 80401

Nanomaterials are a flexible material platform that has great promise for providing new
ways to approach solar energy conversion. The synthesis, investigation, and utilization of these
novel nanostructures lie at the interface between chemistry, physics, materials science and
engineering. The Center for Advanced Solar Photophysics (CASP) is an Energy Frontier
Research Center that brings together a diverse set of scientist that are focused on exploring the
unique attributes of colloidal quantum-confined semiconductor nanostructures for solar energy
conversion. Semiconductor nanostructures, where at least one dimension is small enough to
produce quantum confinement effects, provide new pathways for controlling energy flow and
therefore have the potential to increase the efficiency of the primary photo conversion step. In
this discussion, | will present the current status of CASP research efforts towards utilizing the
unique properties of colloidal quantum dots (NCs confined in three dimensions) in prototype
solar cells and demonstrate that these unique systems have the potential to bypass the Shockley-
Queisser single-junction limit for solar photon conversion. The solar cells (left panel below) are
constructed using a low temperature solution based deposition of PbS or PbSe QDs as the
absorber layer. Different chemical treatments of the QD layer are employed in order to obtain
good electrical communication while maintaining the quantum-confined properties of the QDs.
The QD-layer exhibits p-type behavior and forms a p-n junction with solution deposited n-type
ZnO nanocrystals. A unique aspect of our devices is that the QDs exhibit multiple exciton
generation with an efficiency that is ~ 2 to 3 times greater than the parental bulk semiconductor.
CASP efforts have resulted in a solar cell that can harvest these extra carriers (see below, right).
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How the Morphology of Polymer Bulk Heterojunction Solar Cells
Determines the Charge Separation Efficiency

Jonathan A. Bartelt, Sean Sweetnam, Zach M. Beiley, Eric T. Hoke, William R. Mateker,
Kenneth R. Graham, Jason Bloking, Alberto Salleo, Michael F. Toney, and Michael D.
McGehee*

Materials Science and Engineering
Stanford University
Palo Alto, CA 94301

Research by us and others over the past few years have shown that there are three phases in
most polymer-fullerene bulk heterojunctions used to make solar cells — pure fullerene; pure,
either crystalline or well aggregated polymer; and mixed regions of fullerene within the
amorphous polymer (Fig. 1). The photocurrent generation process can be divided in two steps.
The initial splitting of the exciton is governed by the molecular properties of the polymer, which
acts as an electron donor (D) and the fullerene, which acts as an electron acceptor (A). Important
aspects of the D-A couple include the energy levels, orbital overlap, molecular conformation and
relative orientation. Once the free charges are initially generated, they need to reach the
electrodes. This second step is largely governed by the film morphology, which provides
pathway for holes and electrons to the electrodes. It is critically important to have three different
kinds of percolative pathways for charge carriers. There must be a pathway for holes to travel
through the polymer crystals as well as a pathway for electrons to travel through the fullerene
clusters. These pathways are present when there is a sufficient volume fraction of these two
phases. Additionally there must be enough of the fullerene molecules in the mixed phase for
electrons to travel out of it and into the pure fullerene clusters. We find that many solar cells
cease to work well after they are annealed because the fullerenes are driven out of the mixed
phase. The fullerenes that are left behind act as charge traps. We are currently investigating the
factors that determine the miscibility of fullerenes in polymers.

Solar cells with the three-phase morphology can have remarkably high quantum efficiency
for charge separation because there are energetic offsets between the mixed phase and the pure
phases that push charge carriers into the pure phases and keep them there. We have measured the
energetic offsets using ultraviolet photoelectron spectroscopy and cyclical voltammetry. We are
determining the extent to which the offsets are determined by the bandgap difference between
crystalline and amorphous materials versus dipole formation.

We have performed Monte Carlo simulations to determine the extent to which the presence
of mixed interfaces with energetic offsets can assist in charge separation. We find that carriers
can escape from 10-nm wide mixed regions as long as the hole mobility is 10000 times higher
than the electron mobility. We hypothesize that the hole mobility is in fact quite high because
holes can travel through just one polymer chain to the nearest polymer crystal.

We have developed non-fullerene electronic acceptors and obtained power conversion
efficiency as high as 3.7%. Detailed studies show that the currents are low because of geminate



recombination. We believe that separating charge is difficult in these systems because there is
not a mixed phase like the one shown in figure 1 and there are no energetic offsets to help
separate the carriers into different regions of the device and keep them separated from each
other.

Figure 1: A schematic of a polymer-fullerene bulk heterojunction that could be used in a solar
cell. The pure donor and acceptor regions have different energy levels than the mixed region.
Charge carriers formed in the mixed region travel to the pure regions and stay there because of
an energetic barrier.
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Charge Transport and Transfer for Molecular Energy Conversion

John R. Miller, Andrew R. Cook, Matthew Bird, Hung-Cheng Chen, Matibur Zamadar, Garry
Rumbles °, Obadiah Reid °
aChemistr})/ Department, Brookhaven National Laboratory, Upton, NY 11973
and "~ National Renewable Energy Laboratory, Golden CO, 80401

This work investigates molecules, especially conjugated oligomers and polymers, for properties
and principals of potential use in energy capture from sunlight. Our principal focus has been
transport of charges and excitons over distances of tens of nm to examine the hypothesis that
single chains have potential for outstanding transport that could underpin new, highly-efficient
methods of solar energy conversion. One important
technique is the use of electron pulses from accelerators
which are almost unique in their ability to rapidly inject
charges onto large conjugated molecular chains. Recent
work adds three experimental techniques. Figure 1 (at
right) shows transient microwave conductivity (TRMC) of
holes in dilute solutions of a polyfluorene in benzene. The
data was obtained with an instrument assembled at NREL 100
and further developed at BNL. The data in Figure 1 and
additional data will provide a deeper insight into the dependence of TRMC signal intensities on
chain length, and hence the nature of hole transport. The electrodeless TRMC technique,
developed to a high level at the University of Delft (Siebbeles,.; Grozema,.; de Haas.; Warman,. Radiat.
Phys. Chem. 2005, 72, 85-91) measures absorption of microwaves to determine conductivity,
typically finding high intrachain mobilities.
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A second new development is determination of infrared absorption bands and intensities
(extinction coefficients, €) for electrons and holes in conjugated polymers and oligomers. Figure
2 pictures the infrared spectrum of F,”. While extinction coefficients £ of 200 are considered
strong infrared bands, this radical anion has infrared bands with €>3000. Other ions have bands
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with the OFSS and conventional detection that
examines transport of electrons to traps at the
ends of polyfluorene (pF) chains of different
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ten times as intense. IR transitions computed with a DFT
method are found to provide a good description of polaron™®
spectra are shown on the top axis. The calculations describe
the observed spectra approximately. The spectra probably
arise principally from ion-pairs.

The optical fiber single-shot (OFSS) detection system at
LEAF has been further developed to give an improved time
range. It finds impressive capture of electrons or holes by
long, conjugated molecules, even when their concentrations
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transport to the trap groups can be described with two exponential decays of approximately equal
amplitude. Time constants for both decays change approximately linearly with chain length
(Figure 4), a behavior not consistent with random

diffusion along the chains. These observations may be a ~ "°f [ 1 " @ tamoitude 9 14
sign of transport hindered by defects. In this way it @ B
information on transport to end traps may give a more

microscopic description as well as characterizing

transport over long distances.
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Experiments adding triplet excitons to >100 nm long
polyfluorene chains found that the triplets transferred e e e
completely or almost completely to trap groups at the N MALs)

ends within 40 ns.® Time resolution is determined by the

slowness of the bimolecular triplet injection.

e
o

Figure 5 shows transient absorption spectra of a 100 uM polythiophene film ionized by 9 MeV

electron pulses form the LEAF accelerator. Production of these relatively thick films enables the
use of pulse radiolysis of conjugated polymer
films. Compared to photoexcitation this
electron excitation should more readily yield
ionization, but it has not been applied and no
method is available to determine Yyields.
These early results find readily-measurable
transient absorptions. More difficult is to
determine identities of the species. Likely
candidates are a) electrons and holes or b)
triplet excited states.

Planned Work We will seek experiments and
theory that will simultaneously describe transport as observed by TRMC and transient absorption
(OFSS) on the same material under the same conditions, to provide unique insight into processes
limiting charge transport. At first these will be on single-chain transport in liquids, but we hope
to expand this to behavior of similar materials in solid films, making use of that developing
capability.

For the films themselves we will compare photo-induced and electron-pulse induced transient
absorptions on the same polymer thick film samples, while also comparing photo-induced
experiments on the thick films to thin films such as those produced by spin coating. . We will
attempt to apply doping techniques to selectively capture one or more species (electrons, holes,
triplets). We will apply transient mid-infrared detection to distinguish electron and holes from
excited states. We hope to apply OFSS to extend time resolution for vis/NIR experiments.

We will develop methods to rapidly produce triplets in conjugated chains and seek basic
knowledge of the mechanism of fast production of triplets. We will use LEAF/OFSS to detect
triplets at short times and determine their transport to trap groups.

We will explore whether infrared absorptions can provide sensitive and definitive measurement
of delocalized electrons and holes and will seek the possibility of dynamic IR.

12



DOE Sponsored Publications 2010-2013

1. Shibano, Y.; Imahori, H.; Sreearunothai, P.; Cook, A. R.; Miller, J. R., "Conjugated "Molecular Wire"
for Excitons”, J. Phys. Chem.Lett. 2010, 1, 1492-1496.

2. Grills, D. C.; Cook, A. R.; Fujita, E.; George, M. W.; Preses, J. M.; Wishart, J. F., "Application of
External-Cavity Quantum Cascade Infrared Lasers to Nanosecond Time-Resolved Infrared Spectroscopy
of Condensed-Phase Samples Following Pulse Radiolysis", Appl. Spectrosc. 2010, 64, 563-570.

3. Schwerin, A. F.; Johnson, J. C.; Smith, M. B.; Sreearunothai, P.; Popovic, D.et. al., "Toward Designed
Singlet Fission: Electronic States and Photophysics of 1,3-Diphenylisobenzofuran”, J. Phys. Chem. A
2010, 114, 1457-1473.

4. Cook, A. R.; Sreearunothai, P.; Asaoka, S.; Miller, J. R., "Sudden, "Step" Electron Capture by
Conjugated Polymers", J. Phys. Chem. A 2011, 115, 11615-11623.

5. Keller, J. M.; Glusac, K. D.; Danilov, E. O.; Mcllroy, S.; Sreearuothai, P.; Cook, A. R.; Jiang, H.;
Miller, J. R.; Schanze, K. S., "Negative Polaron and Triplet Exciton Diffusion in Organometallic
"Molecular Wires™", J. Am. Chem. Soc. 2011, 133, 11289-11298.

6. Sreearunothai, P.; Estrada, A.; Asaoka, S.; Kowalczyk, M.; Jang, S.; Cook, A. R.; Preses, J. M.;
Miller, J. R., "Triplet Transport to and Trapping by Acceptor End Groups on Conjugated Polyfluorene
Chains", J. Phys. Chem. C 2011, 115, 19569-19577.

7. Musat, R. M.; Cook, A. R.; Renault, J. P.; Crowell, R. A., "Nanosecond Pulse Radiolysis of
Nanoconfined Water", J. Phys. Chem. C 2012, 116, 13104-13110.

8. Takeda, N.; Miller, J. R., "Poly(3-decylthiophene) Radical Anions and Cations in Solution: Single and
Multiple Polarons and Their Delocalization Lengths in Conjugated Polymers", J. Phys. Chem. B 2012,
116, 14715-14723.

9. Wishart, J. F.; Funston, A. M.; Szreder, T.; Cook, A. R.; Gohdo, M., "Electron solvation dynamics and
reactivity in ionic liquids observed by picosecond radiolysis techniques”, Faraday Discuss. 2012, 154,
353-363.

10. Zaikowski, L.; Kaur, P.; Gelfond, C.; Selvaggio, E.; Asaoka, S.et. al., "Polarons, Bipolarons, and
Side-By-Side Polarons in Reduction of Oligofluorenes”, J. Am. Chem. Soc. 2012, 134, 10852-10863.

11. Zamadar, M.; Cook, A. R.; Lewandowska-Andralojc, A.; Holroyd, R.; Jiang, Y.; Bikalis, J.; Miller, J.
R., "Electron Transfer by Excited Benzoquinone Anions: Slow Rates for Two-Electron Transitions", J.
Phys. Chem. C 2013, submitted.

13



Dynamics and Efficiency of Photoinduced Charge Transport in DNA

Frederick D. Lewis

Department of Chemistry
Northwestern University
Evanston, 11 60208

The objective of this project is to investigate the mechanism and dynamics of photoinduced
charge separation processes in systems which possess electron donor and electron acceptor
chromophores separated by DNA base pairs. The hydrogen-bonded base pairs which constitute
the core of duplex DNA form an extended one-dimensional m-stacked array with an average
stacking distance of 3.4 A.  The possibility that these base pairs might serve as a pathway for
charge transport was advanced 50 years ago. Our approach to the study of electron transfer in
DNA 1is based on the use of synthetic conjugates in which a chromophore serves as a linker or
capping group in stable hairpin or capped hairpin structures. Selective excitation of a
chromophore can affect the injection of positive or negative charge (a hole or electron) into the
base pair domain. The chromophores also serve as reporters for the dynamics and efficiency of
charge separation in these “smart” hairpin and structures. H 0

. "o (O o

We recently reported the measurement of distance- and > O SA N

temperature-dependent rate constants for charge separation in o O

capped hairpins in which a stilbene hole acceptor and hole wd ) : 5 I
donor are separated by an A, or A3;G, diblock polypurine —SA

sequence consisting of 3 adenines and 1-19 guanines (Figure EA
la,b). The short A3 block serves as a rectifier, preventing l|: 31" I :
charge recombination once the hole has entered the G, block SP ¢ eln
(Figure 2). The longer diblock systems obey the simplest An,n =17 sD
model for an unbiased random walk, providing for direct A3Gn, N=1-6

measurement of knop = 4.3 X 10° s fora single reversible G-to- Figure 1. Structures of SA/SD capped

G hole hopping step. This is somewhat faster than the value of haifpin strucutres for A, and A;Gp-

1.2 x 10° s calculated from our data for A-tract hole hopping

m A, systems using a kinetic model. The temperature dependence for hopping in A3Gi3

provides values of £, = 2.8 kcal/mol and 4 = 7 x 10° s’l, consistent with a weakly-activated,

conformationally-gated process. Significantly slower rate constants are observed for hopping in
alternating or random base sequences. Thus

Kia km DNA hole transport via naturally occurring base
N\ k‘G pair sequences 1s a slow process, at best.
SA*-ApLGy-SD . .
SA™ A’ Gy G" S0 sA-ALG.s A,,,e,, The effect of replacing the natural purine

SA™-AnGy-SD”

base A with 7-deazaadenine, Z (Figure 3a), on
the dynamics and efficiencies of hole transport
has been investigated in several SA-A,Z,-SD
diblock  and SA-A,Z 0 Gp-SD triblock

s Figure 2. Hole ho?plng mechanism for  polypurine systems (Figure 3a). Comparison of
ock purine systems - 1
diblock purine Sy the results for the diblock A3Z¢ system with the
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corresponding A3Gg system shows a decrease in the @

. . . . (o] NH
charge separation time 7., and increase in the <N Mnu mez y \Nz
efficiency of charge separation @, upon replacement N"HN’LNHz Ny s
of G with Z (Figure 3b). The decrease in 7. requires CENTIBN  ARm-12 AEmsiR
that the Z-to-Z hopping rate constant be faster than ~ ® ¢, sa SA— ]

. o . T AL T A]
that for G-to-G. Assuming similar hopping rate T A T A T ad L7a
constants within the short A-block and a unbiased T A T A etz |ec 6
random walk in the Z-block, a value of kj, ~ 4.2 x T ZA cG T2a_] C G
10 s can be estimated for Z-block hopping, an TSI;A ng I::A— .
order of magnitude faster than that for G-block sg: SD_
hopping. We .have. attributed increaged holg mobility 4 -0ss  e_-03s ®_-041 @_-0%2
to a decrease in minor grove solvation which results  r=52ps ©=220ps T=150ps  ©=1000ps

in increased duplex conformational mobility. No Figure 3. Comparison of charge separation efficiency
further increase in hole transport dynamics 1s and dynamicsin A,ZA, vs. A,G, Systems.
observed when the A3Z¢ diblock system is replaced

with the triblock sequence A3Z3Gs;, which

- @ b
presents an energy gradient for hole ®)

— S —SD_

|
transport. e B g_l e E4
G C
Experiments designed to further explore G c e < o
the effects of duplex conformational nT T N
mobility on hole transport dynamics have sA s sA
been initiated. Increased backbone rigidity AGy AnasGa AGinas

can be achieved by replacement of ‘:’:;)-:SZ ®=024  ©,=028

d ibose with a rigid bicyclic ribose ' Clons - reiens
exoyn g . Y ; Figure 4. Comparison of charge separation efficiency and dynamics

known as a locked nucleic acid (LNA, inDNA vs.LNA-containing diblock polypurine sequences.

Figure 4a). Results for diblock SA/SD

systems possessing LNA bases are shown in Figure 4b. Replacement of natural nucleotides with

locked nucleotides in either the A-block or G-block results in a decrease in @ and a slight

increase in T.s (Figure 4b). Decreases in the efficiency and rate constants for charge separation

are attributed to the increased rigidity of the LNA bases in these DBA systems.

We are continuing our efforts to determine the dynamics of excess electron transport in
DNA. Hairpins possessing an Sd linker electron donor separated from a PDI base pair surrogate
electron acceptor by four base pairs have been prepared. Preliminary studies of the transient
absorption spectra for the T4A4 sequence indicate that very little electron transport to PDI occurs
following selective excitation of Sd. The use of diblock sequences with energy gradients will be
explored in order to increase the efficiency of electron transport. We are also exploring the use
of a triplet electron donor in hopes of obtaining a longer-lived contact radical 1on pair.

Future plans include studies of the following: (a) the effects of backbone modifications
which increase the conformational mobility of DNA or render it soluble in organic solvents, (b)
the effects of base substitutions designed to increase the mobility of holes or electrons in DNA,
and (c) separation of the electronically excited chromophore from the adjacent base pair by a
artificial base pair capable of functioning as a tunneling barrier. We also will continue
collaboration and dialog with theoreticians interested in DNA electron transfer.
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Singlet Fission in 1,3-Diphenylisobenzofuran:
Chromophore Coupling and Excited State Evolution in Dimers and Solids

Justin Johnson," Joel Schrauben," Joe Ryerson,™* Kai Zhu," Josef Michl," Arthur Nozik"*
tNational Renewable Energy Laboratory, 15013 Denver West Pkwy, Golden, CO 80401
1Dept. of Chemistry and Biochemistry, University of Colorado, Boulder, CO 80309

Singlet fission is an excited state molecular process by
which two triplets are formed after one initial
photoexcitation into a singlet state. The phenomenon
was discovered and described theoretically in a few
select molecular crystals (primarily polyacenes) several
decades ago but a more comprehensive theory or
discovery in a broad variety of systems was not pursued
until very recently. Perfectly efficient singlet fission
results in a 200% triplet yield, which could be useful in
some types of photoelectrochemical and photovoltaic
schemes aimed at breaking the conventional limits of
conversion efficiency.!

Fig. 1. The process of singlet fission
(steps 1 and 2), which can be made to

After some initial efforts toward identifying and screening classes of chromophores that are most
likely to exhibit singlet fission,? the focus of our efforts over the past several years has been to
develop a detailed understanding of how chromophore coupling affects singlet fission in a model
system. The system we have studied most extensively, 1,3-diphenylisobenzofuran (DPIBF), has
a triplet energy T that lies nearly midway between the ground state Sy and first excited singlet
S1, which nearly fulfills the ideal condition of slightly exoergic singlet fission but minimal loss
into T,, which lies above Sy (Figure 1).

More than a dozen covalent dimer compounds containing two DPIBF chromophores have been
synthesized at CU-Boulder, with the goal of producing a series of structures with systematically
varying strengths and geometries of interchromophore coupling. Most dimers have relatively
weak and nearly linear coupling between the monomers, which we have shown induces charge
transfer excitations and triplets in polar solvents at the expense of the fluorescence decay
channel. However, the triplet yield remains relatively small (<15%) and cannot easily be
identified as arising from singlet fission vs. crossing from a charge transfer intermediate.
Theoretically, this is not altogether surprising as matrix elements of the model Hamiltonian for
singlet fission are minimized under conditions of linear coupling.> Some more strongly coupled
dimer systems exhibit behavior that implies the formation of a nonpolar and high-spin
intermediate, which could represent a direct observation of the precursor to singlet fission but
requires further characterization. These studies on dimers have been highly valuable from a
mechanistic standpoint but have not been successful in demonstrating efficient singlet fission.

The highest triplet yields have been observed in particular types of solid thin films of DPIBF.
We have discovered at least two crystalline polymorphs of DPIBF that exhibit very different
excited state dynamics. The films of one type, labeled A, exhibit 200% triplet quantum yield at
80 K and significantly above 100% at room temperature. Films of the other type, labeled B,
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Fig. 2. (Top) UV/VIS absorption, (middle) AFM

images, and (bottom) transient absorption of A-

and B-type DPIBF films.
We have also begun efforts to observe
photoinduced electron transfer from DPIBF to
nanocrystalline TiO, and other substrates.
Photocurrent studies suggest highly efficient
charge injection and collection and minimal
recombination as the molecules self-assemble
onto the TiO, surface, which bodes well for
demonstration of photocurrent enhanced by
singlet fission. Injection specifically from the
triplet state after singlet fission is being
investigated as a function of DPIBF
deposition conditions, acceptor conduction
band energy, and covalent vs. noncovalent
binding.
1. Hanna, M.; Nozik, A.J.; J. Appl. Phys. 2006, 100,
074510.

2. Paci, I. et al. J. Amer. Chem. Soc. 2006, 128, 16546.

show vanishingly small triplet yields. We have
developed methods of forming nearly pure A or
B type films by thermal evaporation or drop-
casting followed by thermal annealing. We have
then utilized a large number of spectroscopic and
structural probes to characterize the excited state
kinetics and dynamics as a function of film
morphology and intermolecular coupling. The
transition of A- to B-type crystallinity is
characterized by a change in the relative
amplitudes of Franck-Condon envelopes of
steady-state absorption and fluorescence, lower
triplet yields, higher fluorescence quantum
yields, and simpler fluorescence and transient
absorption kinetics (Fig 2). The crystal structures
reveal a slipped-stacking geometry of molecules
that has been shown to be optimal for direct
singlet fission,® but a clear picture of which
structural properties cause the variations in
singlet fission yield is still evolving. Hypotheses
currently under investigation include variations
in excimer formation rates that may compete
with singlet fission, changes in electronic
delocalization  influencing  energy  level
alignment, or alterations in excitonic coupling
(e.g., H- and J-type) affecting the  matrix
elements that determine the singlet fission rate.

Fig 3. Possible DPIBF/TiO, geometries leading to
double charge injection after singlet fission.

3. Smith, M.; Michl, J.; Chem. Rev. 2010, 110, 6891.
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Efficient Singlet Fission in Polycrystalline Perylenediimides and Related Rylene Dyes

Michael R. Wasielewski
Department of Chemistry
Northwestern University
Evanston, IL 60208-3113

Scope of the project. We are investigating molecular solids in which photogenerated singlet
excitons fission to generate two triplet excitons, which in turn, efficiently charge separate to
produce two electron-hole pairs. We are also developing self-ordering molecular assemblies
(SOMAs) that produce segregated charge conduits that will be able to independently carry
electrons and holes to either catalysts or electrodes. We are focusing on how these assemblies
can be grown on solid supports and electrodes to utilize their light-harvesting and photodriven
charge separation capabilities. Finally, we are investigating how SOMAs can be used to provide
multiple electrons or holes to catalysts for solar fuels formation by designing structures to
prevent unproductive competitive quenching of excited states by energy transfer, spin exchange,
and unquenched angular momentum involving the nearby metal catalysts.
Recent Results. Singlet fission (SF) is the process by which a singlet exciton in a molecular
material is energetically down-converted into two independent triplet excitons. Thermodynamic
modeling predicts that using a SF material in a single-junction solar cell can theoretically
increase the Shockley-Queisser limit for power conversion efficiency from 32% to 44%,
assuming that SF results in the formation of two triplet excitons, each of which produce an
electron-hole pair quantitatively. The SF rate i1s maximized if the sum of the energies of the two
triplet excitons (T) 1s lower than that of the vibrationally-relaxed singlet state (S;), 1.e. £(S;) >
2E(T,). This requirement is not easy to meet because in most common chromophores the £(S;) -
E(T;) gap 1s considerably smaller than the E(T;) - E(So) gap. In addition to the energetic
requirements described above, it is clear that intermolecular electronic coupling and orientation
are also critical for efficient SF. Theoretical work has shown that there is a delicate balance
between molecular geometry, electronic coupling and SF efficiency. It has been suggested that a
cofacial, n-m slip-stacked relationship between chromophores facilitates high SF efficiency.
Perylene-3,4-9,10-bis(dicarboximide) (PDI) and its derivatives have attracted a great deal of
mterest as visible chromophores for studies of energy and charge transport, especially with
regard to their potential applications as visible light absorbing electron acceptors in organic
photovoltaics. Not only are PDIs thermally and photochemically stable, they also exhibit a strong
propensity to self-organize into ordered assemblies both in solution and in the solid phase by n-n

Figure 1. (A) Molecule 1. (B) and (C) Crystal structure of 1, space-filling packing diagrams.
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Figure 2. (A) Femtosecond transient absorption spectra of a 188 nm film of 1 at the indicated times following a

18 3
120 fs, 416 nm laser pulse having an excitation density of 7.1 x 10 cm . (B) The species-associated spectra
obtained from SVD analysis, global fitting, and target analysis of the data in (A).A

stacking interactions, often aided by hydrogen bonding and nano- and micro-segregation. PDI
comes close to satisfying the energy level requirements for SF: E(T»), E(S1) > 2 E(T)).

We will report on the photophysics of polycrystalline thin films of N, N-di-(n-octyl)-2,5,8,11-
tetraphenyl-PDI, 1 and related rylene dyes. For example, the crystal structure of 1 obtained by x-
ray diffraction reveals segregated, slip-stacked columns of 1 that are n-m stacked at a 3.5 A
mterplanar distance. Femtosecond transient absorption spectroscopy on 188 nm thick vapor-
deposited thin films of 1 demonstrates formation of >'1 as a result of SF (Figure 2). SF occurs in
T =180 *+ 10 ps and competes with singlet-singlet annihilation at the laser fluences typical of the
femtosecond experiments. At the lower fluences of nanosecond transient absorption
spectroscopy, SF occurs exclusively to give a 170 + 10% yield of triplet excitons (Figure 3A).
The spectrum of "1 is similar to that of "1 (Figure 3B). These results illustrate a design strategy
for producing PDI and related rylene derivatives that have the optimized inter-chromophore
electronic interactions needed to undergo high-yield SF to enhance solar cell performance and
charge separation in systems for artificial photosynthesis.
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Figure 3. (A) Nanosecond transient absorption spectra of a 188 nm film of 1 excited with a 7 ns, 416 nm, 1.7
mJ, 1 cm diam. laser pulse (excitation density = 1.2 x 10%° cm™). (B) S, and T, absorption spectra at 295 K of 1
ina 188 nm film.

Future Plans. Our overall plan and main goal is to understand the properties of photodriven
redox systems well enough to produce integrated artificial photosynthetic systems that harvest
light, separate charge and deliver that charge to catalysts for solar fuels formation.
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Tetrapyrrolic Architectures for Fundamental Studies
of Light Harvesting and Energy Transduction
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A long-term goal of our program is to design, synthesize, and characterize molecular
architectures that provide insights into principles for efficient solar-energy conversion. Efficient
solar-energy conversion requires collection of solar light across the visible and near-infrared
spectrum, excited-state charge separation, and movement of charge (hole, electron) to prevent
charge recombination. Particularly noteworthy findings over the past three years are as follows:

Excited-state charge separation in molecular architectures has been widely explored, yet
ground-state hole (or electron) transfer, particularly involving equivalent pigments, has been far
less studied, and direct quantitation of the rate of transfer often has proved difficult. Prior studies
of ground-state hole transfer between equivalent zinc porphyrins using electron paramagnetic
resonance (EPR) techniques wherein '*N hyperfine interactions serve as clock give a lower limit
of ~(50 ns)™' on the rates. We also developed the use of site-specific *C labeling of the meso or
a-pyrrole carbons of the tetrapyrrole macrocycle. The rationale for incorporating the *C labels
is that the ">C hyperfine coupling is larger (~6.4 G for meso °C atoms) than the '*N hyperfine
coupling (~1.6 G). The larger °C hyperfine coupling affords a better opportunity of perform
accurate spectral simulations to obtain exact hole-transfer rates. More recently, we have turned
our focus to **TI/ Tl chelated macrocycles.  The magnetogyric ratio(s) of **TI/%TI is
extremely large, ~60% of that of 'H; accordingly, only very small spin density on the thallium
metal center yields a significant hyperfine
splitting (15-60 G). The thallium-hyperfine-
clocking strategy has been utilized to
examine hole transfer in the m-cation radicals
of a several classes of tetrapyrrolic dyads and
triads. Simulations of the EPR spectra of
these cation radicals have been performed to
extract exact hole-transfer rates and indicate
that these rates fall in the 0.25 — 10 ns range
(Fig. 1), consistent with the values obtained
from the time-resolved optical studies. For
all of the dyads and triads, the activation
energies for hole transfer have been obtained
from simulations of the spectra as a function
of temperature. These studies indicate that

hole transfer is governed by a complex Fig. 1. Variable-temperature EPR spectra of a porphyrin dyad (left panel)
interplay of mechanisms. and simulated spectra (right panel) with derived hole-transfer rates.
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Panchromatic absorption is an ideal feature
for light-harvesting architectures, yet molecular
design approaches to achieve broad-band solar
coverage have chiefly relied on a composite of
narrow-banded  absorbers in  multipigment
architectures. As an outgrowth of our studies on
perylene—tetrapyrroles, an ethynyl-linked
perylene-monoimide attached to a porphyrin
afforded nearly panchromatic absorption across
the visible region (Fig. 2). Despite the broad
absorption, the porphyrin exhibited ®¢ = 0.40 and
T, = 6.5 ns, indicating an excited singlet state with
sufficient lifetime for coupling to downstream
energy-transfer or charge-separation processes.

The vast majority of work over the years
in artificial photosynthesis, including our own, has
employed porphyrins as surrogates for the
naturally occurring (bacterio)chlorophylls.  The
reliance on porphyrins stems from synthetic
expediency despite the lack of red or near-infrared
absorption that is characteristic of
(bacterio)chlorins and is essential for effective
solar-light harvesting. To remedy this deficiency
we have developed de novo routes to synthetic
chlorins and bacteriochlorins so as to be able to
prepare simple analogues of the natural
hydroporphyrins as well as arrange the synthetic
hydroporphyrins in a variety of 3-dimensional
architectures. Rational synthetic access is now
available to diverse chlorins and bacteriochlorins.
This set of hydroporphyrins provides strong
absorption in the region 600 — 850 nm (Fig. 3).
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Fig. 2. Absorption and fluorescence spectra of PMI-e-P.
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Fig. 3. Absorption (solid lines) and fluorescence (dashed lines)
spectra of synthetic bacteriochlorins.

Our present focus concerns the blending of several longstanding threads of our prior
work, namely (1) the design, synthesis, and characterization of covalent and self-assembled
arrays, and (2) the study of the fundamental (photophysical, redox, MO) properties of
monomeric synthetic hydroporphyrins, (3) the development of synthetic methods for the

preparation of hydroporphyrin building blocks,
The resulting ensembles of synthetic (hydro)porphyrins will be the

macrocycles to surfaces.

and (4) the attachment of tetrapyrrole

subject of future studies of energy and hole transfer that incorporate newly developed optical and
EPR approaches. Collectively, these studies should aid the design of next-generation molecular

architectures for studies of solar-energy conversion.
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I. Use of time resolved infrared to evaluate charge transfer excited states and
intramolecular electron transfer in Re(I) dimethylaminobenzonitrile complexes.
II. Triplet states and photoreactions of Sn(IV) N*N*O Schiff base complexes.

Tod Grusenmeyer, Yunkai Yue', Joel Ma gue, James Donahue, Igor Rubtsov , Peng Zhangi_,
Zheng Ma*, David Beretan* and Russell Schmehl

Department of Chemistry
Tulane University

New Orleans LA, 70118

1 Department of Chemistry
Duke University
Durham, NC, 22708

I. Electron density changes in chromophores following absorption of light can, in certain
circumstances, be followed by time resolved infrared spectroscopic analysis. Metal carbonyl
complexes are particularly useful in this regard because of the isolated CO stretching modes in
the mid-infrared. We are currently exploring the evolution of excited states in a series of
[Rel(bpy)(CO)sL] compounds where L is benzonitrile (ReBN), 4-dimethylaminobenzonitrile
(Re(4-DMABN)), and 3-dimethylaminobenzonitrile (Re(3-DMABN)). The dimethylamino
complexes present the possibility of intramolecular electron transfer from the amine to the
photoexcited metal-to-ligand charge transfer

(MLCT) state of the Re chromophore; the £ dohilily
behavior varies from polar to nonpolar solvent. & e
The Re(BN) complex exhibits strong = ““A’
luminescence with a yield and lifetime that is o i
relatively independent of solvent. The time —163ps o
resolved infrared (TRIR) reveals instantaneous & 2057 " ey
formation of an excited state with MLCT S L

2100 200 2300

character (figure 1) as evidenced by the increase
in frequency of the CO stretching modes; little Figure 1: TRIR of Re(BN) in dichloromethane
change is observed in the nitrile stretch at 2250 cm™.

Excitation of the Re(4ADMABN) complex results

B ! Re(4-DMABN)in DCM  [— 7= . . ; ;i

15 A fikdps A \ -~ |—= || In strong luminescence in dlch.loro_metlllane

‘" == \ '''''''''' /N\ —2=1| (DCM), but nearly complete quenching in mixed

gﬁu e %‘ """""" ey '\ =" DCM/MeOH; the excited state lifetime decreases
g: i ' [EEES EnES 1 by more than a factor of 100 following the
< [ el =25t b7 solvent change. TRIR reveals a mixed MLCT
guzen|| o #AE] L aoian and interligand charge transfer state (LLCT) (fig.
— T'Efv:ﬁg *";,m 2 h“"’" — 2); the LLCT contribution is revealed by a large

Fioure 2: TRIR of Re(4ADMABN) in DCM shift in the CN stretch to lower frequency. DFT

" Yue and Rubtsov obtained all time resolved IR data in this work. Synthesis, characterization, uv-vis
absorption and luminescence and transient absorption was done by Grusenmeyer and Schmehl. DFT
calculations were performed by Zheng and Ma under the direction of Beretan. Crystal structures were
obtained by Mague and Donahue.
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and TDDFT calculations indicate a significant increase in the Mulliken charge of the nitrile
ligand relative to the ground state, but also an increase in charge of the Re center; the
dimethylamine partial cation formation has the effect of inducing a decrease in the CN stretching
frequency. The Re(3DMABN) complex exhibits increases in the CO stretching frequencies in
the TRIR immediately following excitation (fig. 3); this is followed by disappearance of these
bands and appearance of new bands at lower frequencies over 60-80 ps. These changes are
accompanied by a very large shift to lower frequency of the CN modes. The results are
consistent with evolutlon of the mitially formed MLCT state to a LLCT state in which the Re

RS DMABN] i DC B center has decreased charge, resulting in the CO
modes shifting to lower frequency.

Aabs. /mOD
; o

& S Significant differences are observed in the

ChlierEs i S Mk, 1| behavior in mixed DCM/MeOH, especially for

A T S T T T T T T the Re(3DMABN) complex where the initially

A e iy, ¥ am s zme = farmed MLCT state does not appear to evolve to

the fully charge separated state. DFT geometry

Figure 3: TRIR of Re(3DMABN) in DCM optimization of the lowest energy triplet state of

the complex suggests that, in DCM, the excited

state 1s actually a triplet localized on the 3DMABN ligand; the TRIR results are consistent with

this interpretation and also with the observation of the very long excited state lifetime in DCM (~

25us). The results indicate that luminescence spectral and lifetime results alone can provide a
misleading picture of intramolecular excited state electron density changes and reactivity.

R
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II. We have begun a search for new chromophores containing earth abundant metals that have
visible absorption, form long lived excited states and are capable of photoredox reactivity from
the long lived excited states. In this regard we began investigation of Sn(IV) schiff base
complexes, in part because reported complexes absorb in
the visible and Sn has a very high spin-orbit coupling
matrix  element. The complexes and ligands
(aminoquinoline and naphthol carboxaldehyde Schiff base)
are straightforward to synthesize. The complexes exhibit
fluorescence with reasonably high yields, but also have
long lived triplets that are readily observed by ns transient

AOD

30 40 450 500 550 600 650 700
Wavelength (nm)

Figure 4: ns TA spectrum of absorption spectroscopy (fig. 4). The complexes are

[(N*N"0)SnCL(Ph)] in AN quenched by electron donors and, with 10-
methylphenothiazine, back electron transfer occurs with

little decomposition. Efforts in the lab are focused on making complexes that absorb further into

the visible, have higher intersystem crossing yields and exhibit reversible electrochemistry in the

ground state.
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Strongly Coupled Quantum Dot-Ligand Systems

Matthew T. Frederick, Victor A. Amin, Laura C. Cass, Rachel Harris, and Emily A. Weiss
Department of Chemistry
Northwestern University
Evanston, IL 60208-3113

This talk describes the mechanisms by which organic surfactants -

in particular

phenyldithiocarbamates (PTC), Figure 1 — couple electronically to the delocalized states of

semiconductor quantum dots (QDs).

Coordination of phenyldithiocarbamate (X = H in
Figure 1) ligands to colloidal CdSe, CdS, and
PbS QDs decreases the optical bandgaps, Eg4, of
the QDs by up to 97 OmeV. These values of AE,
are the largest shifts achieved by chemical
modification of the surfaces of solution-phase
CdSe QDs, and are—by more than an order of
magnitude in energy—the largest bathochromic
shifts achieved for QDs in either the solution or

Fig.1 Chemical structure of a para-
substituted phenyldithiocarbamate (PTC)

solid phases. Measured values of AEy upon coordination to PTC correspond to an apparent
increase in the excitonic radius (AR) of up to 0.3 nm for CdSe, 0.9 nm for CdS, and 0.15 nm for
PbS, Figure 2. Electronic structure calculations indicate that the highest occupied molecular
orbital of PTC is near resonant with a high density of states portion of the QD valence band, and
that the two have correct symmetry to exchange electron density (PTC is a n-donor and the
photoexcited QD is a m-acceptor). These results indicate that the relaxation of exciton
confinement occurs through delocalization of the photoexcited hole of the QD into the ligand

shell.

Fig. 2. Absorption spectra of CdS, CdSe, and
PbS QDs before (black) and after (red)
adsorption of PTC. We calculate AR by
subtracting the apparent radius before PTC
exchange from the radius after PTC exchange.
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Control of the quantum confinement, and
therefore the energy, of excitonic holes in
CdSe QDs is achievable through adsorption
of PTC with various electron-donating and
electron-withdrawing groups para- (Figure
3) and meta-substituents on the phenyl ring,
These substitutions control hole
delocalization in the QDs through the
energetic alignment of the highest occupied
orbitals of PTC with the highest density-of-
states region of the CdSe valence band, to
which PTC couples selectively.

For a given QD material and physical radius,
R, the magnitude of the increase in apparent
excitonic radius (AR) upon delocalization by
PTC directly reflects the degree of quantum
confinement of one or both charge carriers,
Figure 4. The plots of AR vs. R for CdSe



and CdS show that exciton delocalization by 040] % §-cr,

PTC occurs specifically through the excitonic 0.35 1 ¢ 5-r ’

hole, which has a dependence of confinement 0.30. o5 M

energy on R that distinguishes it from the £ 0'25_ ik
electron. Furthermore, the plot for CdSe, £ o $ -OMe
which spans a range of R over multiple x Gi28 %—N(Me)g
confinement regimes for the hole, identifies 0.151

the radius (R ~ 1.9 nm) at which the hole 0.10 |

transitions between regimes of strong and 0.051 wm8zsH

intermediate confinement. This demonstration 0.00 . : : .
of ligand-induced delocalization of a specific =59 '?_i%smo (—:‘.;))0 kS

charge carrier is a first step toward eliminating ]
current-limiting resistive interfaces at organic- Fig. 3. Plot of AR for CdSe QDs upon

inorganic junctions within solid-state hybrid adsomption of para-substituted X-PTC, as a
devices. function of the HOMO of X-PTC, and for CdSe

o _ QDs functionalized with benzylmercaptan
Currently, we are utilizing Fourier-transform (BzSH), for reference. The more electron-

I;llfglredb(FT IRzispelgtrosco(;)y on Fhspelll"sm‘ns of withdrawing the substituent, the more
~substitute QDs to determine the TANEC  energetically stabilized the HOMO. As the
of adsorption modes of PTC as a function of i . .
heir added . d th £ HOMO of X-PTC decreases in energy, it
theu acde ¢ ;oncennatlon an the “sur ;ce becomes more energetically resonant with the
chemistry of the QDs. Ongomg NMR. stdies highest density of states region of the CdSe

are aimed at quantifying the sgrt_‘ace COVEIAge  yalence band, and effects a larger delocalization
of PTC on the QDs and determining the extent radius. AR. for the excitonic hole

of intermolecular (PTC-PTC) interactions, and

whether they contribute to the QDs optical

response to PTC. We are also doing a computational screen to identify other ligands that have to
the potential to couple strongly to delocalized states of the QD core.
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st — 23 26 28 32 35 39 J 28 10 13 16 20 24 1.2 13 14 16 1.9 23 28
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Figure 4. Left: Predicted trend of AR vs. R for a single carrier that experiences all three
confinement regimes over the range of R that is studied. In the intermediate confinement regime,
AR is a decreasing (although not necessarily linearly decreasing) function of R. Right: Plots of AR
vs. R for three different types of QDs. The affected carrier in PbS is strongly confined throughout
the range of R (this is characteristic of both electron and hole). The affected carrier in CdS is in the
mtermediate confinement regime throughout the range of R (this is characteristic of the hole only).
The affected carrier in CdSe is in the strong confinement regime at small R, and the intermediate
confinement regime at larger R (this is characteristic of the hole only).
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Dependence of Size, Composition, and Doping
on the Multiple Exciton Generation Efficiency in Quantum Dots
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Sagar Dodderi and Matthew C. Beard
Chemical and Material Sciences Department
National Renewable Energy Laboratory
Golden, Co 83401

In this program we are interested in understanding the exciton relaxation dynamics in
quantum-confined semiconductors. In recent years we have discovered and studied multiple
exciton generation (MEG) as a novel phenomenon that can boost the primary energy conversion
step of hot-excitons into usable charge-carriers. While a similar process, impact ionization,
occurs in bulk semiconductors, MEG is enhanced in semiconductor nanostructures due to
increased Coulomb interactions and reduced momentum conservation that relaxes selection rules
and increases the number of final states that can be coupled to the initially excited state. Key
questions that we are focusing on are measuring and understanding the size-dependence of the
MEG process. How do the surfaces and stoichiometry impact MEG? Do electronically doped
QDs exhibit a reduced MEG efficiency? How does composition affect the MEG efficiency? In
this discussion we present our recent results addressing these important questions.

Using ultrafast transient
absorption and time-resolved
photoluminescence spectroscopies, we
studied MEG in quantum dots (QDs)
consisting of either PbSe, PbS, or a
PbS,Se1.« alloy for various QD
diameters with corresponding bandgaps
ranging from 0.6 to 1 eV. For each QD
sample we determine the MEG
efficiency, nwvec , defined in terms of the
electron-hole pair creation energy (&)
such that Mves = Eg/een. In previous

T d=924m

reports, we found that nues is about two &
times greater in PbSe QDs compared to | &/
bulk PbSe, however, little could be said A |/ N
about the QD-size dependence of MEG. B & e e e 3

4 5 4 5 4 5
hviE, hviE, hviE, h/E, hiE,

In this study, we find for both PbS and Figure 1. Top row: Photon-to-exciton QY's for various sizes of

PbS,Se;x alloyed QDs that mMyes
decreases lineally with increasing QD
diameter within the strong confinement
regime. When the QD radius is
normalized by a material-dependent
characteristic radius, defined as the
radius at which the electron-hole

PbS,Se; alloy QDs. Bottom row: QYs for a variety of PbS QD
sizes. The solid dark blue line represents 1,5, determined from
PbSe QDs while the light blue lines are for bulk PbS. The dotted
lines are ny g, determined from a linear least squares best-fit to
the data. Note that for each size the QY was also determined at
hv/Eg less than 2 (but not shown).
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Coulomb and confinement energies are equivalent, PbSe, PbS, and PbS,Se;.x exhibit similar

MEG behaviors. Our results suggest
that MEG increases with quantum
confinement, and we discuss the
interplay between a size-dependent

@ @

3.0 T

25 |-

MEG rate vs. hot exciton cooling.
We have developed synthetic
strategies for tuning the stoichiometry A
of PbSe QDs, as-prepared QDs are Pb-
rich (figure 2). We have synthesized

as-prepared

(b) % J |, alkyl-Se Treated
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alkylselenide reagents to replace the
native oleate ligand on PbSe QDs in
order to investigate the effect of surface
modification on their stoichiometry,
photophysics, and air stability. The
alkylselenide reagent removes all of the
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Figure 2. (a) NMR analysis showing that the alkyl-Se ligand
replaces the OA ligand on the QD surface and (b) ICP
analysis showing that addition of the alkyl-Se ligand
decreases the Pb content in the QDs.

oleate on the QD surface and results in Se addition; however, complete Se-enrichment does not
occur, achieving a 53% decrease in the amount of excess Pb for 2 nm diameter QDs and a 23%
decrease for 10 nm QDs. Our analysis suggests that the Se-ligand preferentially binds to the

{111} faces, which are more prevalent in smaller
QDs. We find that attachment of the alkylselenide
ligand to the QD surface enhances oxidative
resistance, likely resulting from a more stable bond
between surface Pb atoms and the alkylselenide
ligand compared to Pb-oleate.

We are developing strategies to dope PbSe
and PbS QDs either n or p-type by diffusion of
impurity atoms. We find the ability to dope the QDs
with Ag is size-dependent. For those sizes where Ag
dopes the QDs, we find a bleach of the 1* exciton
transition accompanied by an intraband absorption in
the infrared (see Figure 3). We compare the exciton
dynamics of a sample of PbSe QDs with ~ 10% Ag
doping and to that of as-prepared QDs. Finally, we
studied the MEG efficiency in the doped QDs and
compare that to as-prepared QDs.

Finally, we are investigating MEG in
colloidal Si QDs and find that for QD size of less 4
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nm the MEG efficiency is very high, approaching the energy conservation limit.
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Figure 3. Change in absorbance for Ag+
doped PbSe QDs. The 1% exciton is bleached
while an intraband absorbance grows in.
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Modulation of Light Harvesting Properties of Semiconductor Quantum Dot Assemblies

Prashant V. Kamat
Radiation Laboratory, Department of Chemistry and Biochemistry
University of Notre Dame
Notre Dame, IN 46556

Using semiconductor nanocrystals as the building blocks we have succeeded in
improving the photon capture and achieving better charge separation in light energy harvesting
assemblies. The major focus of our research effort is to elucidate the photoinduced electron
transfer processes in quantum dot sensitized solar cells (QDSC) and identify strategies to
overcome the limitations of various interfacial electron transfer processes.

Electron transfer from quantum dots to metal oxide nanoparticles A comprehensive
examination of electron transfer at QD-metal oxide
junctions has been carried out using a series of CdSe DA
quantum dot donors (sizes 2.8, 3.3, 4.0, and 4.2 nm) and S €55 €5 oo
metal oxide nanoparticle acceptors (SnO,, TiO,, and
ZnO). Utilizing ultrafast  transient  absorption

spectroscopy, we measured electron transfer rates from

Acceptor  Insulator

Ecgm3:65eV 3 786V 3 AneV .3 94eV i

Ey
g 2
3510V 2-5‘?0\' ).:Ioe‘-' 25‘9!\'

four different sizes of CdSe quantum dots to three unique 1 W ro, zeo S0
metal oxide species. Apparent electron transfer rate S —
constants which ranged from 1.9x10%s? to | T D

4.6 x 10" s~ showed strong dependence on system free  jorz| ~ RediCdtelbim - CrdesTio; |
energy, exhibiting a sharp rise at small driving forces f Blue:CdSe(2nm) A
followed by a modest rise further away from the ~ [ . . A4
characteristic reorganization energy (Figure 1). The %,k l* _
observed trend mimics the predicted behavior of electron = i *o?

transfer from a single quantum state to a continuum of [

electron accepting states, such as those present in the mm:.__.-f

conduction band of a metal oxide nanoparticle, and 7H Equation 1 with: 1.=10meV, A=50meV
agreed with Marcus theory. We have also probed the o0 D02z o o8 o8
effect of linker molecule binding on the electron transfer ~AG (eV)

rate. Since the mechanism of electron transfer in the case F'9ure 1 Relative electronic energy diff-
erences between CdSe donating species and

of CdSe QDs on TiO; napopa_rticle_s involves tunneling 1o accepting species (top) and Global plot of
through the QD-metal oxide junction, we observe the all cdse (donor) to MO (acceptor) rate
transfer rate in the case of directly adsorbed QDs to be constants. Electron transfer data and trace

greater than that of those attached with a linker fitted to Marcus Many-State model. (From
molecule. reference 17)

Photoinduced charge transfer processes in semiconductor quantum dots coupled with
IR dyes Energy and electron transfer processes in quantum dot-dye-metal oxide junctions are
being investigated for efficient conversion of solar energy with a good spectral match between
sensitizer absorption and incident solar radiation. Semiconductor quantum dots such as CdS and
CdSe absorb only in the visible. In order to maximize the absorption range of incident photons
we have coupled the short-band gap semiconductor with an red-infrared absorbing dye molecule.
For example, CdS nanoparticles anchored on mesoscopic TiO, films obtained by successive
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ionic layer adsorption and reaction (SILAR) exhibit absorption
below 500 nm with a net power conversion efficiency of ~1%
when employed as a photoanode in QDSC. When linked to TiO,
through a SQSH linker dye, CdSe QDs participate in an energy ~_ /
transfer process (Figure 2). The hybrid solar cells prepared with | T©:
squaraine dye as a linker between CdSe QD and TiO; exhibited
power conversion efficiency of 3.65% and good stability during Figure 2. Lining CdSe QD to
illumination with global AM 1.5 solar illumination. The synergy TiO2 with a squaraine dye linker
of combining semiconductor quantum dots and NIR absorbing eratt"es Sty”Ch]fO”'ZEd energy and
dyes provides new opportunities to harvest photons from ggzsgn(,:r%n; igfg:gﬁizsgz)m
different regions of the solar spectrum.

Tandem layered quantum dot solar cells One of the possibilities to engineer the light
harvesting features over a broader region and utilize the photons more effectively is to develop a
tandem layers of semiconductor QDs such that the absorption of photons within the film is
carried out in a systematic and gradient fashion.

We have now succeeded in assembling highly luminescent 4.5 nm CdSeS quantum dots
with a gradient structure within the mesoscopic film of TiO,. The electrophoretic deposition of
these QDs enabled us to design tandem layers of
CdSeS of wvarying bandgap within the
mesoscopic TiO, film. The photoactive anode
exhibited an increased power conversion
efficiency of 3.2 - 3.0% in a two- and three-
layered tandem QDSC as compared to 1.97% -

2.81% with single-layered CdSeS (Fig. 3). The

alignment of band energies between different

layers of quantum dots will facilitate an energy  rigure 3 3-v characteristics of QDSCs with working

and/or electron transfer cascade from larger electrodes containing (a) green, (b) orange, and (c)

bandgap QDs to smaller bandgap QDs, thus red CdSeS QDs under AM 1.5 irradiation. A

facilitating the accumulation of electrons in the =~ Cu2S/RGO composite counter electrode was used,

later. For the first time we were able to establish ~ 2nd adueous 2 M Na,S/2 M S served as the
electrolyte. (From reference 43)

the synergy of ordered assembly of quantum

dots within the mesoscopic TiO; film.

Future Work will focus on tuning the optical response of ternary metal chalcogenides
(CdSeS and CulnS;,) and elucidate the excited state dynamics and the electron transfer in
heterogeneous assemblies. We will investigate the energy gap dependence of electron transfer
rate between the ternary chalcogenide QDs and the semiconductor oxide. Of particular interest
will be the surface modification of CdSeS and CulnS,, specifically the role of ligands in
modifying the excited state dynamics and facilitating charge transfer across the interface. The
mechanism of energy and electron transfer between two different size semiconductor QDs
assembled in Tandem layer will be elucidated. A better understanding of photon management of
tandem layer QD solar cell will enable us to capture the incident visible-infrared photons in an
efficient way.

- cdse
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Interfacial Exciton Dissociation in Organic Heterojunction Blends
with Highly Enriched Semiconducting Single-Walled Carbon Nanotubes

Jeff Blackburn, Kevin Mistry, Josh Holt, Andrew Ferguson, Nikos Kopidakis, Dominick Bindl,
Michael Arnold, Garry Rumbles

Chemical and Materials Science Center, National Renewable Energy Laboratory - Golden, CO, 80401.

Single-walled carbon

nanotubes  (SWCNTs) are
dimensionally confined
guantum wires that have the
potential to impact a variety of
solar photochemical
applications. The ability to
incorporate SWCNTSs into solar
conversion schemes requires an Figure 1. Schematics of SWCNT solar conversion interfaces. (a) SWCNTs
understanding of how SWCNT accept electrons from photoexcited polymers. (b) Photoexcited SWCNT
electronic structure affects excitons are dissociated at SWCNT:Ceo interface.
excited state charge transfer.
One important consideration for SWCNT heterojunction blends is the high degree of electronic
poly-dispersity present in as-synthesized SWCNT samples. This poly-dispersity implies the
presence of potentially deleterious SWCNT species (zero-gap metallic SWCNTSs), as well as a
wide variation in the diameter-dependent absorption energies, electron affinities, and ionization
potentials for the semiconducting species present. To surmount this poly-dispersity problem,
there is a clear need for efficient methods of separating SWCNTSs by electronic structure and
diameter, and the characterization of exciton dissociation at interfaces formed with the desired
SWCNT species.

This presentation focuses on our recent studies aimed at rationally constructing and
characterizing SWCNT interfaces with the correct electronic structure to promote photo-induced
exciton dissociation and long-lived charge

separation (Figure 1). | will first discuss blends of & | POHTLV-SWCNT (mixed) -
SWCNTs with the semiconducting polymer ‘e [ © FerT ]
poly(3-hexylthiophene) (P3HT), where SWCNTs > 'O ]
act as electron acceptors for the photoexcited ¢ 08} 2o 1
P3HT (Figure 1a). Time-resolved microwave § osf g et |
conductivity (TRMC) was used to study the §0‘4L g up " | |
dissociation of excitons at the interface between & [ T R o 1
P3HT and SWCNTSs. Excitation of the polymer at = ool % Semiconducting SWCNTs ]
2.3 eV results in a dramatic increase in charge T 0 3% % 56 10 i 1D 6
carrier generation relative to a film of P3HT with Time (ns)

no SWCNTs, along with a significant  Figure 2. Microwave absorbance transients following 2.3
Iengthening of the lifetime of free charges eV photoexcitation of P3HT, either with or without

. .. SWCNTs. Inset shows relative measure of the percentage
rel'atlve to charges created in '_SOIatec_j P_?’HT of long-lived carriers as a function of s-SWNT content.
(Figure 2). These observations indicate  The three lines represent different photon fluences,
efficient  exciton dissociation at the  rangingfrom low (squares) to high (triangles).
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SWCNT:P3HT interface. We have also studied blends of P3HT with SWCNTs separated by
electronic structure into type-pure metallic and semiconducting SWCNTs. We find that both the
yield and lifetime of the photo-induced charge-separated state is dramatically increased as the
percentage of semiconducting SWCNTSs within the blend is increased (Figure 2, inset). This is
the first experimental demonstration of the prevailing theoretical hypothesis that metallic

SWNTSs should act as efficient recombination centers in such SWCNT blends.

In the second discussion, | will examine exciton

Diameter—mm) dissociation in systems where the photoexcited SWCNTSs
0.151 act as the electron donors. In these systems, photoexcited
(a) @6 1°  SWCNT excitons are dissociated at the interface between
g 010 .6\ @7 la the SWCNTs and fullerenes (Figure 1b). Polyfluorene
5 | (PFO) polymers are used to selectively extract
- semiconducting SWCNTS, so that metallic SWCNTSs are
. quantitatively excluded from the SWCNT:fullerene blends.
- _ By varying the combination of the PFO polymer and the
7400 600 800 1000 1200 1400 SWCNT starting material, we can achieve a wide variation
Wavelength (nm) of semiconducting SWCNT average diameter and diameter
s ; | distribution, allowing us to produce blends with one
s E dominant semiconducting SWCNT species or blends with
i several semiconducting species. This variation allows us to
"8 00sl @ o o explore the influ_ence of energetic Qispersipn on 'e>'<citon
5 ol (b) with Cao transport to_the interface, exciton dissociation efficiency,
—— without Cqq and interfacial charge recombination.
Sl | In samples with several different semiconducting
e SWCNT species, we observe an exciton dissociation yield
Time (ns)

that depends on SWCNT diameter. Above a SWCNT
diameter of ~1.0 nm, the exciton dissociation yield
decreases significantly, in agreement with previous EQE
measurements on devices made with the same blends
(Figure 3a). This drop-off in exciton dissociation yield
indicates a low energetic driving force for electron transfer
from the larger diameter SWCNTSs to Cgo. The lifetime of
free charges produced by exciton dissociation of
photoexcited small-diameter SWCNTs is on the order of
microseconds. | will then discuss samples with only one dominant small-diameter
semiconducting species (Figure 3b), which allow us to explore the role of energetic dispersion on
exciton transport/dissociation, and charge transport/recombination following exciton dissociation.

Our future plans include ongoing efforts aimed at quantitatively understanding the free
charge carrier yield and mobility. We are concerned with several important effects: SWCNT
length, diameter, diameter distribution, and degree of communication (isolated SWCNTSs versus
coupled films). One method by which we plan to study these effects is the injection of known
amounts of dark carriers into SWCNTSs, so that electron and hole mobilities can be obtained at
known carrier densities. Finally, we plan to couple SWCNT films containing one
semiconducting species to acceptors with tunable electron affinities, so that exciton dissociation
yield can be measured as a function of well-characterized energetic driving forces.

Figure 3. (a) Comparison of absorptance
spectrum (blue) to TRMC action
spectrum (green) for a SWCNT:C60 blend
containing five semiconducting SWCNT
species. (b) Microwave absorbance
transients for SWCNT films consisting of
one dominant SWCNT species, the (7,5)
SWCNT, with or without Ceéo. Absorptance
spectrum shown in inset.
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Ultrafast Optical Microscopy of Multi-scale Energy Flow

Libai Huang
Notre Dame Radiation Laboratory

Notre Dame, IN and 46556

Novel nanoscale structures and materials with unique physical properties are highly
promising for applications in the next generation of solar energy conversion devices. The
frontier in solar energy conversion utilizing nanoscale materials now lies in learning how to
integrate functional entities across multiple length scales to create optimal devices. To address
this new frontier, this research program focuses on elucidating multi-scale energy transfer,
migration, and dissipation processes with simultaneous femtosecond temporal resolution and
nanometer spatial resolution. We have combined/correlated ultrafast spectroscopy with high
spatial resolution techniques such as optical microscopy and X-ray crystallography to achieve
high-resolution spatial mapping of charge carrier dynamics in solar energy harvesting systems.

Environmental effect on charge and exciton dynamics of low-dimensional nanostructures We
have applied transient absorption
microscopy (TAM) to probe environ-
mentally-dependent energy relaxation
pathways 1n single-walled carbon

nanotubes and graphene. Figure 1 i’

AFM

shows an example of TAM experiments
performed on suspended and substrate-
supported graphene on SiO,. We  Figure 1 Correlated AFM and TAM images for suspended
observed that the hot phonon effect graphene at two different delay times. Scale bars: 2 ymn
occurs at much lower excitation

mntensity for suspended graphene compared to substrate-supported graphene. These results show
the importance of the environment in controlling the properties of graphene. We have
successfully demonstrated structure-specific transient absorption imaging of single-walled
carbon nanotubes as a way to investigate intrinsic relaxation pathways in these important
materials.

We have also initiated an investigation into exciton dynamics in novel 2D atomically thin
crystals. Femtosecond transient absorption spectroscopy and microscopy were employed to study
exciton dynamics in suspended and Si3Ny4 substrate-supported monolayer and few-layer MoS,
2D crystals. Exciton dynamics for the monolayer and few-layer structures were found to be
remarkably different from those of the bulk. Fast trapping of excitons by surface trap states was
observed in monolayer and few-layer structures, pointing to the importance of controlling
surface properties in atomically thin crystals such as MoS; in addition to controlling their
dimensions.

Morphology dependent charge dynamics in organic photovoltaics Transient absorption
microscopy experiments have been performed on thermally annealed poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) blends. By directly comparing
spatially resolved charge dynamics to ensemble dynamics, the results summarized in Figure 2
demonstrate that the apparent lifetimes obtained by ensemble measurements can be misleading
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due to averaging over microscopically disparate areas. In these proof-of-concept experiments the
spatial resolution is ~400 nm, much larger than the optimal domain size of ~20 nm. Near-field

TAM with sub-diffraction spatial resolution of ~50 nm,
approaching optimal domain size, is highly desirable for
further investigation on the morphology-dependent
charge generation and recombination. Construction of a
near-field TAM apparatus is currently underway.

Cofactor-specific  function mapping in single
photosynthetic reaction center crystals High-resolution
mapping of cofactor-specific photo-chemistry in
photosynthetic ~ reaction  centers (RCs)  from
Rhodobacter sphaeroides was achieved by polarization
selective ultrafast spectroscopy in single crystals at
cryogenic temperatures. By exploiting the fixed
orientation of cofactors within crystals, we isolated a
single transition within the multi-cofactor manifold, and
elucidated the site-specific photochemical functions of
the cofactors associated with the symmetry-related
active A and inactive B branches (Figure 3). Transient
spectra associated with the initial excited states were
found to involve a set of cofactors that differ depending
upon whether the monomeric bacteriochlorophylls,
BChla, BChlg, or the special pair bacteriochlorophyll

dimer (P) was chosen for
excitation. Proceeding from
these initial excited states,
characteristic

photochemical functions
were  resolved. These
experiments  demonstrate
the opportunity to resolve
the photochemical function
of individual cofactors
within the multi-cofactor
RC complexes using single

Figure 2 Atomic force microscopy (AFM)
height image of a P3HT: PCBM blend (a)
and transient absorption microscopy (TAM)
image of the same sample area taken at
times of 5 ps (c). (b) shows line section of
AFM and TAM. (d) shows the decay curves
taken with different positions along with the
ensemble kinetics. The positions where the
decay curves are obtained are labeled in (c).

crystal spectroscopy. Figure 3 Pump wavelength-dependent patterns of transient optical absorption
Future direction: changes in a single Rb. Sphaeroides wild-type crystal at 1_00K. The pump is

. adjusted to 900 nm (90°), 790 nm (90°), and 824 nm (0°), in panels a, b, and c,
Future research \_N|” focus 1o selectively pump Q optical transitions of P_, BChl, and BChlg, respectively.
on understanding the  The top spectra are for probing at 90° with respect to the crystal ¢ axis and the
interactions between  spectra are offset for clarity. The bottom spectra are the spectra for probing at

nanostructured  functional

components to provide guidelines for designing functional materials for efficient energy and
charge transport. Further improvement on spatial resolution will be achieved by a near-field

geometry using sub-diffraction optical probes.
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Graphene: Charge Transfer, Spectroscopy and “Hot” Electrons

Zheyuan Chen, Elizabeth Thrall, Andrew Crowther, Louis Brus
Chemistry Department, Columbia University, New York, NY, 10027

Our DOE experimental solar energy research focuses on the special electronic and optical
properties of graphene. Graphene makes an excellent substrate for current collection in
nanostructured photovoltaic designs. Graphene is only one atom thick, yet is extremely durable
as it has strongest chemical bonding of any substance. Graphene is also almost optically
transparent, and can be used as a solar cell window. It has no intrinsic surface states, and thus
current is efficiently transported over long distances. Progress in graphene synthesis indicates
that there will soon be practical methods for making large pieces of graphene for devices. We
describe our efforts to understand exactly what happens to both ground state and electronically
excited molecules and Qdots near graphene. We also describe how molecular adsorption on
graphene can substantially shift the Fermi level, allowing such modified graphenes to act as both
anodes and cathodes. We describe how Br, molecular charge transfer onto graphene varies with
surface coverage. We also describe how graphene modifies the local electromagnetic field for
incident light; this effect makes graphene an excellent substrate for molecular Raman
Spectroscopy. Finally we describe how strong electron correlation the two-dimensional
graphene “pi” system enhances “hot” electron process and multiple exciton generation.

Normally Raman spectra are too weak to
allow detection of a monolayer. We show through
accurate Fresnel calculations that a multilayer
graphene film acts internally as a modest optical
cavity for both laser and Raman light; for example G
band Raman light generated inside graphene has a
36% back reflection probability at the graphene:air
interface for normal incidence. An additional reason
we can detect Raman signals from adsorbed species
with high sensitivity is that the graphene quenches
any interfering luminescence.

These ideas are further developed in a study of the question of possible Surface Enhanced
Raman spectroscopy from molecular Charge Transfer onto Graphene substrates. In order to
carefully investigate the question of possible chemical SERS, we studied Rhodamine 6G dye
(R6G) on graphene, as R6G is the standard, well characterized molecule for high Raman cross
section SERS with Ag particles . By comparing the optical contrast visible spectrum, and the
Raman spectrum, we were able to determine the absolute Raman cross section for R6G on the
graphene surface. On the next page we show the contrast spectrum, with in (a) shows the strong
visibleR6G absorption on top of the broad graphene continuum absorption. (b) shows the
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subtracted R6G spectrum. We find that the R6G section
is perhaps a factor of 3 less on the graphene surface,
apparently because the R6G absorption is red-shifted
away from the laser line. In this system there is no
evidence for field enhancement or chemical SERS.
Nevertheless, the R6G Raman shows high signal to
noise, as interfering dye luminescence, present for
example in solution, is strongly quenched by the
metallic graphene. In addition, luminescence from the
graphene itself is negligible despite 2% optical
absorption of the laser. As a net result, graphene makes
an excellent substrate for Raman scattering by adsorbed
molecular species.

We also use resonance Raman and optical reflection
contrast methods to study charge transfer

in 1-10 layer (1L — 10L) thick graphene samples on
which strongly electronegative NO, has been adsorbed.
Electrons transfer from the graphene to NO,, leaving the

graphene layers doped with mobile delocalized holes. Raman and optical contrast spectra
provide independent, self-consistent measures of the hole density and distribution as a function
of the number of layers (N). As the doping induced Fermi level shift Er reaches half the laser
photon energy, an intensity resonance in the graphene G mode Raman intensity is observed. We
observe a decrease of graphene optical band-to-band absorption in the near-IR that is due to hole
doping. Highly doped samples are more transparent, and they are expected to have high metallic
conductivity. In thicker samples holes are effectively confined near the surface as shown below;
the interior graphene layers show an essentially pristine Raman signal. In these multilayer
samples, recent theory suggests that a small band gap opens near the surface due to asymmetric
doping. These few layer graphene samples with chemical intercalation and adsorption promise to

be a new class of electronic materials.
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In this DOE solar energy program | also work closely with R. Friesner on theoretical DFT
studies of extra electrons in titanium dioxide nanoparticles, in situations relevant to the Gratzel
Cell.
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Interchromophore Interactions in Artificial Photosynthesis

Ana L. Moore, Thomas A. Moore, Devens Gust, Vikas Garg, Paul A. Liddell, Yuichi Terazono,
Gerdenis Kodis, Smitha Pillai, Antaeres Antoniuk-Pablant, Benjamin D. Sherman, Katie Wong
Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287

Artificial Photosynthetic Antennas and Reaction Centers. The rates and efficiencies of both
singlet energy transfer and electron transfer are functions of the electronic interactions between
chromophores, and therefore of interchromophore separation and orientation. As a result,
photosynthetic antennas and reaction centers precisely control these parameters, and artificial
analogs must do the same. For the case of artificial systems where the chromophores are
connected by covalent bonds or via self assembly, a promising approach is to employ a relatively
rigid framework to organize the components. In molecule 1, for
example, the rigid hexaphenylbenzene core organizes four
coumarin 343 antennas and two zinc porphyrins.”® The coumarins,
which absorb in spectral regions similar to those where natural
carotenoid antennas absorb, transfer singlet excitation to the
porphyrins with time constants < 10ps and a quantum yield of
essentiallyl.0. Self assembly of the fullerene electron acceptor
creates an antenna-reaction center. The porphyrin excited states
transfer electrons to the fullerene with a time constant of 3 ps to
generate a charge-separated state, which has a lifetime of 230 ps.

Energy

7
-~ Electrons

Artificial reaction center 2, which was synthesized via an unusual cyclization process, is an
extremely strained, rigid structure which allows very little motion of the porphyrin donor and
fullerene acceptor moieties.* Photoinduced electron transfer in 2 occurs with a time constant of
only 1.1 ps, but the lifetime of the charge separated state 1s 2.7
ns. The ratio of the rates of charge separation to charge
recombination is over 2000 as a result of the rigid geometry.

Artificial antenna system 3
features six porphyrins with
very short linkages to the co,a
central benzene ring, which
brings the chromophores into
close proximity. The
interactions are strong enough

" to cause significant excitonic @ 0
coupling between the °
chromophores, and to lead to extremely rapid singlet energy £, -
' N

CO,Et

transfer among the porphyrins. These molecules will be
mvestigated collaboratively for the possibility of quantum
coherence during energy transfer. Quantum coherence has 3

been observed in natural photosynthetic antenna systems, and

may play a role in achieving the ultrafast energy transfer in some large photosynthetic antennas
that 1s necessary in order to attain high quantum yields.
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Photoregulation by Carotenoids in Artificial Antennas. Regulatory mechanisms exist in
photosynthetic organisms to prevent oxidative damage under high light conditions when non-
photochemical metabolic processes cannot keep up with the rates of the photochemical steps of
photosynthesis. Such regulatory mechanisms contribute to a large extent to the low yield of
photosynthesis; regulatory processes have clear implications for agricultural productivity. It is
well accepted that the regulatory mechanisms are located in the antennas of photosynthetic
organisms and that carotenoids are involved in the process by quenching the singlet excited state
of chlorophylls. Based on accumulated work on various carotenophthalocyanine dyads (Car—Pc),
we have identified the three mechanisms shown below whereby tetrapyrrole singlet excited states
— can be quenched by carotenoids: (i) Car—
" ®o..c | PC electron transfer followed by charge
~— coupled|  recombination; (ii) 'Pc to Car S; energy
transfer and fast internal conversion to
the Car ground state; (iii) excitonic
coupling between Pc and Car S; and
ensuing internal conversion to the
ground states of both pigments.>** The dominant mechanism depends upon energy levels, details
of the molecular architecture controlling the coupling, and solvent environment. These synthetic
systems have provided a deeper understanding of the structural and environmental effects on the
interactions between carotenoids and tetrapyrroles and thereby better defined their role in
controlling photosynthetic systems.” %

Triplet State Interchromophore Interactions in Photosynthesis and Artificial
Photosynthesis. Photoprotection from the deleterious effects of singlet oxygen is ubiquitous in
oxygenic photosynthesis. Carotenoid pigments are found in all such photosynthetic membranes
where they serve to both quench triplet chlorophylls at a rate sufficient to preclude singlet
oxygen sensitization and quench singlet oxygen itself. Carotenoids are found in the chlorophyll
binding proteins of both oxygenic and anaerobic organisms, but the triplet — triplet energy
transfer times are much faster in the former. Recently, the very fast transfer times found in
chlorophyll/carotenoid antenna proteins from oxygenic organisms were found to correlate with

(i) observations in the IR of chlorophyll features in the
carotenoid triplet spectrum, (ii) features of the Raman
triplet carotenoid, particularly the v1 C=C stretch mode,
that are significantly shifted to higher frequency than
observed for an unperturbed carotenoid triplet, and (iii) a
N perturbation of the chlorophyll Qy band having the

bR dynamics of the carotenoid triplet species. Changing the

AN «Q ! W coupling and therefore the T-T transfer time in dyads 4

}m" RSCR: (weaker coupling, slow transfer) and 5 (stronger coupling,

NNz

= s fast transfer) led to the observation of similar effects.
70 o These data are interpreted as evidence that in oxygenic

systems selective photoprotective pressure increased the
coupling to the point that a complete quantum mechanical description of the pigment system
must include terms in which the triplet state is to some extent delocalized. Charge transfer
interactions provide one possible delocalization mechanism and perhaps result in a CT triplet
that is below singlet oxygen and therefore not competent at singlet oxygen sensitization.
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Light Harvesting Dynamics

Graham R. Fleming, Hui Dong, Arijit De, Doran Bennett, Kapil Amarnath
Physical Biosciences Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720

This project aims to determine the design principles used by natural photosynthesis to harvest
solar energy. Understanding the origin of the decay of electronic coherence observed in multiple
light harvesting systems and reaction centers appears to be essential for understanding the role of
coherence under incoherent excitation (e.g., sunlight), and to understand at a more microscopic
level the nature of the system-environment interactions that lead to energy transfer and
coherence decay. Such understanding, in our view, is critical for improved design strategies for
synthetic light harvesting, as well as greater clarity on the design principles used by nature. We
have approached this issue via the question: Is the observed coherence decay true loss of
“quantum mechanicalness” (true decoherence) or is it the result of destructive interference at the
ensemble level (fake decoherence)? We have attempted to approach this question from both the
theoretical and experimental perspectives.

We have developed a theory of single molecule photon echo spectroscopy based on the coherent
states representation from quantum optics. A new phase term appears in the signal that describes
the thermal fluctuations of the initial state of the environment. These initial states are
uncontrollable and, if the signal is collected by incrementing delays in steps each new point on
the echo decay will have a different initial state sampled from the thermal distribution. Thus an
analysis of the fluctuations in the signal will be very informative on the nature of the individual
spectral density. A further point is that there is no concept of phase matching at the single
molecule level. Phase cycling methods will be necessary in order to extract the desired signals.
Importantly, we have shown that our new formulation reduces to the conventional ensemble
expressions as the number of molecules becomes large; however the way in which the ensemble
average behavior is reached is of considerable interest.

Caption for
Fig. 1:
Experimenta
| set-up (top)
and results
(bottom)of
fluorescence
-detected
two-
dimensional
spectroscopy
of a dye
using
regular non-
collinear
beam
geometry.
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Almost all single molecule experiments utilize fluorescence detection, and we have constructed a
fluorescence detected four-pulse two-dimensional spectrometer with the ability to manipulate the
phase of all four pulses. This is an equivalent of a 2-D echo experiment with fluorescence
detection. It is a development of a technique introduced by us using two phase-controlled pulses.
We have demonstrated 8-step phase cycling at low concentration. Such elaborate signal
processing clearly places great demands on sample stability, which, as we move towards the
single complex limit, will be even more important.

Our future plans include development of the coherent states representation to more complex
electronic structures than the single two state system for which we derived the initial results. We
also need to explore the evaluation of the ensemble average (is the system ergodic?) and the
evaluation of phase matching. Experimentally we will implement a new modulator to allow fully
collinear excitation and detection, which will improve sensitivity in the four pule fluorescence
experiment show in Fig. 1. We plan to extend the energy transfer modeling to Photosystem |1
grana membranes by extending our domain approach to include the different supercomplexes
and LHCII complexes. We plan to use a model of the spatial organization of the membrane
developed by Geissler and Schneider (U. C. Berkeley).

We constructed what we believe to be the first structure-based model of energy transfer in
photosystem Il (PSII) supercomplexes. In order to model the large number of pigment molecules
present in a supercomplex (as many as 324), it is useful to decrease the computational intensity
of the energy transfer calculations. We have developed a new metric for clustering chlorophylls
into groups (called domains) that increases the separation of timescales between inter- and intra-
domain transfer. This has allowed us to coarse-grain the overall dynamics at the domain level by
assuming infinitely fast intra-domain thermalization. We combined the energy transfer rates
between domains with a minimal phenomenological model of charge separation at the reaction
center (RC) to build a 3-parameter simultaneous fit fluorescence decay spectra measured for a
range of different size PSII supercomplexes.

Caption for Fig. 2: The
timescales for light
harvesting in PSII
supercomplexes are shown
in the figure: the timescale
for diffusion from the
periphery to the core is 110
ps, for transfer from the
core antenna to the
reaction center (RC) is 100
ps, initial charge
separation at the RC is 11
ps, and irreversible charge
separation is 560 ps. This
means light harvesting
should not be considered
either trap or transfer-to-
trap limited.

We showed that the average timescale of excitation energy capture is linearly dependent on the
distance of the excitation from the nearest reaction center.
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Understanding the energy flow and structure/function relationships in light harvesting at the
system level requires incorporating the kind of microscopic information on energy transfer we
have been developing with this FWP into a model that incorporates the spatial and energetic
landscapes of the appropriate complexes.
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Mechanistic Understanding of Proton-Coupled Electron Transfer
In Artificial Photosynthesis

Dmitry E. Polyansky, James T. Muckerman and Etsuko Fujita
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Artificial photosynthetic systems exploit a variety of photochemical transformations with the
ultimate result of efficient conversion of the energy of photons into chemical bonds. The
efficiency of these transformations strongly depends on how successfully PCET processes are
implemented. In this part of our program we focus on mechanistic understanding of the role of
PCET in reactions such as: (1) photochemical formation and reactivity of NADPH-like transition
metal complexes; (2) hydrogen atom transfer (HAT) in the excited states of transition metal
systems; and (3) light-driven water oxidation catalyzed by transition metal complexes.

Understanding the ability of NADPH model compounds to shuttle charge in a manner that is
coupled to the proton movement in reactions such as HAT or hydride ion transfer is crucial for
development of efficient systems involving light-induced charge separation, charge transfer and
catalytic systems. In our early work, we found that the renewable hydride donor
[Ru(bpy),(pbnHH)]** (bpy = 2,2'-bipyridine, pbn = 2-(2-pyridyl)benzo[b]-1,5-naphthyridine)
can be generated photochemically in high yields (quantum yield ca. 21% at 355 nm and
quantitative chemical yield) and its formation in the low pH region is mainly achieved through
disproportionation of a m-stacking dimer via an intermolecular PCET reaction [6,8]. The net
hydride 1on transfer reaction from photo-generated hydride donors was found to be controlled by
steric factors around the hydride donor sites [19]. The hydride donor ability of the produced
organic hydrides was not sufficient to reduce uncoordinated CO,, however the further
photogenerated one-electron reduced form shows reactivity towards [CpRe’(NO)(CO),]" (CO
and CHy4 products were observed) [27].

Implementing a series of NAD'-type ligands into coordination complexes allowed us to
systematically study the influence of factors such as the pK, of donors, the steric bulk of
acceptors, solvent effects and the thermodynamic driving force on light-driven HAT reactions.
Mechanistic insights into reactions between a series of NAD' model compounds such as
[Ru(bpy)>(pbn)]**, [Ru(bpz)s]** (bpz = 2.2"-bipyrazine), [Ru(bpy)»(bpz)]** and hydrogen atom
donors such as substituted hydroquinones and para-substituted phenols have been studied. A
number of factors such as substantial kinetic isotope effects (KIEs), steric control, etc. indicates
that a concerted HAT takes place.
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Our findings point toward a substantial kinetic solvent effect for HAT in high donor number
solvents such as acetonitrile. The decrease in KIE with an increase in the electron withdrawing
ability of para-substituents of phenols might be associated with a decreased tunneling distance
for hydrogen atom transfer.

Another aspect of our work is related to studies of light-induced catalytic reactions. A system in
which a water oxidation catalyst interacts directly in uni- or bi-molecular fashion with
photoinduced charges can provide valuable mechanistic insights. In our recent work, we have
demonstrated that the mononuclear ruthenium catalyst [Ru(NPM)(pic),]** (1) (NPM = 4-t-butyl-
2,6-di-1',8'-(naphthyrid-2'-yl)-pyridine, pic = 4-picoline) can promote light-driven water
oxidation with 9 % quantum efficiency in homogeneous aqueous solution in the presence of
[Ru(bpy)s]** and [S205]* [40]. With complex 1, we were able to reach a TON and TOF of >
103 and 0.12 s, respectively. These values render catalyst 1 to be one of the most active
mononuclear ruthenium-based catalysts for light-driven water oxidation in a homogeneous
system. According to the previously proposed mechanism for water oxidation catalyzed by 1, a
low-energy pathway for O-O bond formation via the [Ru''=0]** intermediate can be achieved at
neutral pH [16], thus enabling the use of a mild oxidant such as photogenerated (1.26 V vs NHE)
[Ru(bpy)s]**. Our work demonstrates that catalytic pathways for complex 1 can be tuned by a
simple change of proton concentration, and that the more efficient low energy “direct pathway”
enables photochemical water oxidation using [Ru(bpy)s]** with persulfate . In addition, we have
established a comprehensive model for the accurate description of similar reactions involving
catalyst/sensitizer/quencher systems [44]. We are planning to extend this work to other catalytic
systems in order to explore their advantages and limitations under photochemical conditions.
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Critical Steps in Water Oxidation by Ru Blue Dimer Catalysts:
Insights into the Electronic Requirements of Water Activation for Artificial Photosynthesis

Y. Pushkar, D. Moonshiram, I. Alperovich, J. Concepcion, T.J. Meyer
Department of Physics
Purdue University
West Lafayette, Indiana, 47907

The light driven water splitting process accomplished by Photosystem 1l (PS Il) provides a
blueprint for future energy solutions based on artificial photosynthesis. The main challenge is the
development of economically feasible catalysts for water splitting. Design of such optimal
catalysts is pending the understanding of the mechanistic aspects of water activation by metal-
oxo catalysts. PS 11 accomplishes the water splitting cycle (2H,0 + 4hv = O, + 4H" + 4¢") within
a few milliseconds. The fast kinetic and complex protein environment of the PS Il oxygen
evolving complex (OEC) has so far prevented identification of the molecular and electronic
structure of the S-state (presumably S,) that is reactive to the water molecule. To address this
gap in fundamental knowledge, we have chosen to study a Ru based water oxidation catalyst —
the blue dimer (BD) (see Figure 1). This is the first molecular catalysts reported for water
splitting. The rationale behind this choice is twofold: i) the relatively simple molecular structure
accessible via multiple spectroscopic techniques; ii) the kinetics in the seconds time frame,
yielding the freeze quench approach viable for trapping of the reactive intermediates.

X-ray spectroscopy (XAS) at the Ru K- and L-edges was selected as a key tool for analysis of
the structure and electronic configurations of BD’s reactive intermediates and indeed its
application proved to be critical to clarify the outstanding issues and deliver new insights about
the catalysis mechanism. There is a general tendency (regardless of whether water oxidation,
hydrogen production or CO, reduction catalysts are analyzed) to guess the oxidation states of the
metal catalytic centers based on UV-vis kinetic measurements. In most cases Uv-vis provides no
insight about the oxidation states and such overinterpretation of data can be detrimental for the
development of catalytic systems.

In spite of the high information content,

XAS alone is not sufficient for analysis of

the catalytic mechanism. The following

measurements were therefore routinely

performed in parallel during the analysis

of the water oxidation reaction: O,

evolution, UV-vis stopped-flow Kinetic

measurements (provides guidance on the

time window for trapping of Kkinetic

intermediates), EPR, Ru K-edge and L;3-

edges XANES, Ru K-edge EXAFS and

resonance Raman (RR). The

measurements were done on freeze- Figure 1. Key intermediates in the water oxidation catalytic

cycle of the blue dimer were characterized under this
quenched samples (a few ms to a few proposal. Optimization of the reactivity towards water

seconds _time) of _re_aCtion_ MIXtUres  (purple arrow) as well as oxidation of the resulting peroxo-
generated in several acidic media (1M and  intermediate (blue arrow) are needed for improved activity.
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0.1M HNOj3; and CF3SO3H with H,O as well as D,0) using Ce(IV) or Co(lll) oxidants. The
spectroscopic results were supplemented by relativistic DFT calculations for analysis of the
molecular geometries (experimentally determined by EXAFS), spin densities and g-tensors
(EPR) as well as the electronic structure (by Ru L-edge XAS).

Both BD and PS Il OEC are activated by proton-coupled electron transfer to reach a higher
oxidation state. The highest oxidation state of the PS Il OEC is not known with certainty, but for
BD we have experimentally shown that the highest detectable oxidation state corresponds to BD
[4,5] (one Ru center in oxidation state 4+ and one with 5+) (XAS, EPR data). This result has a
significant impact on the modeling of the water oxidation by this catalyst. All past DFT analyses
implied BD [5,5] as a species activating the water molecule for formation of the O-O bond.
However, our data show that BD[4,5] containing one Ru" center is sufficient. This is not
surprising, given that a large number of monomeric Ru complexes have been established for
catalytic water splitting. These can maximum achieve a single Ru" site.

Both PS Il OEC and BD have terminal water molecules coordinated to the metal center as well
as p-oxo-bridges. For BD we showed that the oxygen of the Ru-O-Ru p-oxo-bridge remains
intact (inactive) in the water oxidation (EXAFS, RR and **0/*®0 data). The main action happens
at the terminal Ru-H,O water molecule which is converted to RuY=0. We determined Ru’=0
1.7A distance by EXAFS and confirmed this bond via 816 cm™ vibrations frequency (**0/**0
isotope shift 35 cm™).

Out main findings include mapping of the spin density over this reactive Ru¥=0 moiety. We
successfully introduced the *’O isotope as a tool to determine the spin density on the Ru“=*'O
oxygen and recorded the 'O hyperfine splitting in EPR: | A,/ =60G, A,y and A, estimated at
25G (upper limit) from EPR modeling. The RuY=0 unit is the first to demonstrate large
radicaloid character and an associated large 'O hfs. We call this a new type of radical based on
localized ligand orbitals (see Figure 2). More radicals of this type will likely be discovered in the
future by analysis of highly reactive M=0 units with different metal ions exhibiting electronic
configurations similar to Ru¥=0.

Contrary to the general assumption that the reaction i
of Ru¥=0 with water is slow (making it a rate- o7 ;
limiting step) and that RuY=0 intermediates, thus,

should build up in the reaction mixtures, BD [4,5] -°75] HOMO:'""

is short lived (a few seconds). We have never
observed Ru¥=0 (which has distinct EPR, Raman ~“*1 **
and XAS) build up, neither for BD nor for a variety |z #-(
of single site Ru catalysts. However, we observed AT
other species with longer life times resulting from (o]
BD [4,5] (or single site Ru catalysts) reactivity with —— N
water - presumably peroxides. Thus, in optimizing - 0.951 o RS, -I—j' 3
water oxidation catalysts, attention must be paid to - _
both steps: enhancing the reactivity of the Ru=O FI'Q%‘gEHé- %Ehrﬁgndaé:CTm(zne?'?gga(;‘f‘ M‘gs 2:2
towards_O-O bond formation (by designing S_tr9”9 i[n Ha(rtrée.)in unpairéd electrorglJ on the HOMO
radicaloid character) as well as ensuring efficient orbital (anti-bonding for RUV:O) is distributed
decomposition/oxidation of the resulting peroxides  between oxygen and Ru resulting in considerable
(Figure 1) if these happen to have long life times  spin density on the oxygen in the Ru¥=0.

and build up in the reaction mixtures.
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Electrochemical Water Oxidation by Homogenous Co Catalyst

Laleh Tahsini*, Sarah E. Specht', James A. Golen?, Arnold L. Rheingold? and Linda H. Doerrer*
'Department of Chemistry, Boston University, Boston, MA 02215,

Department of Chemistry and Biochemistry, University of California San Diego, La Jolla, CA
92093-0358

The catalytic separation of water into its elements using solar energy followed by their
recombination provides a way to recover the photochemical energy stored in the O-H chemical
bond. Heterogeneous water oxidation catalysts (WOC) can efficiently oxidize water but are
intractable to many analytical techniques. In contrast, homogenous catalysts can bring
molecular-level clarity to our understanding of the water oxidation reaction.

The susceptibility of C-H bonds to strong oxidants led us to use highly fluorinated
ligands. Prior to these studies some work had been done with the perfluorinated pinacolate
ligand, which we have considerably enhanced. Transition metal complexes of the bidentate
ligand H,ddfp = dodecafluoropinacol can be soluble and hydrolytically stable in water. The
mononuclear M(11) complexes, (A)>[M(ddfp),] with A = K*, MesN*, or nBuy;N* and M = Co,
Ni, Cu, and Zn have been prepared in air. The Co(ll) and Ni(ll) species are high spin, and the
Ni(Il) and Cu(ll) species are square planar, regardless of cation. The Co(ll) species can be
forced into a square planar structure with K* chelation between two ddfp ligands, whereas the Zn
anion is distorted tetrahedral. The absorption bands in non-coordinating solvents (Amax = 388 nm
(CH,Cl,) are quite different from those in coordinating solvents (Amax ~ 560 nm (CH3CN, H,0),
which acetone and THF showing intermediate behavior, all of which indicate solvent Lewis base
coordination.

Single crystal X-ray diffraction data have been obtained for the square pyramidal
[Co(OH,)(ddfp)2]* anion from wet toluene (K(18C6)") and from water (mixed MesN*/Mg(aq)**
cations).  Diffraction data do not distinguish definitively between a bound water in
[Co(OH,)(ddfp).]> or a bound hydroxide with a partially protonated ddfp in
[Co(OH)(Hddfp)(ddfp)]*, though some asymmetry exists in the Co-Oggrp distances. The
protonation constant for this anion is 3.63 x 10° + 10% and therefore its pKa is 11.4. The pH
titration studies and complementary UV-vis spectroscopy revealed [Co(OH,)(ddfp).]* to be
stable over a wide pH range (4 - 11), suggesting that the coordinated ddfp ligand can serve as an
internal buffer. Complex degredation is not observed at low pH until more than three
equivalents of H* per Co have been added.

In water, the cyclic voltammetry of [Co(ddfp)2(OH>)]* exhibits an oxidation catalytic
wave at 1.20 V versus Ag/AgCI in potassium nitrate (KNOj3) electrolyte. At higher scan rates, a
quasi-reversible couple is also obtained at 0.88 V, likely due to the higher oxidation states of the
complex. The same strong oxidation wave was also obtained in other electrolytes including
sodium fluoride (NaF), sodium acetate (NaOAc) and sodium phosphate (NaH,PO,). Gas bubbles
was observed on the electrode surface over several scans, consistent with O, formation.
Comparative study of the [Zn(ddfp),]* derivative confirmed that the observed features in cyclic
voltammograms with [Co(ddfp).(OH;)]* are metal, not ligand, based. The following data
obtained in control reactions support the present system as a new homogeneous catalytic water
oxidation system: (i) neither discoloration of the electrode during CV measurements nor any
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deposition on the electrode surface is observed, (ii) no catalytic wave due to water oxidation was
observed using an unpolished carbon electrode from multiple CV scans cycled in a fresh cobalt-
free KNO; electrolyte at pH 10.0 (Figure 1b), (iii) The observed activity for [Co(ddfp),]*
complex is independent of weakly coordinating electrolytes, and (iv) the electronic spectra of
[Co(ddfp)2(OH,)]* in the presence of all electrolytes, except NaH,PO, clearly show no
difference from the spectra of [Co(ddfp)(OH2)]* in water without other electrolytes.

Figure 1. (a) Cyclic voltammetry of (MesN),[Co(OH,)(ddfp),] (1.0mM) in KNO3 (0.1M) with the scan
rate = 1.0 Vs™ and (b) catalytic current obtained at 1.20 V (vs Ag/AgCl) as a function of time.

Bulk electrolysis experiments show the catalytic current is proportional to the
concentration of cobalt complex, up to a concentration of 1.0 mM. The chromophore observed
during electrolysis is the same as observed in the pH titration studies at high pH values. In the
absence of an external buffer, the pH decreases during electrolysis and after 1200 - 1400
seconds, the current begins to decrease and the solution loses its color. If the pH is adjusted back
to 10, both the catalytic current and the chromophore are regenerated. The best values to date
are 10 for the TON and 30 h™ for the TOF, and the overpotential is 0.76 V. The evolution of O,
gas during bulk electrolysis has been confirmed qualitatively with a fluorescence-quench O,
probe.

Acetonitrile solutions of [Co(ddfp);]* exposed to air for days gradually form a
tetrahedral Co(ll) species with four equivalents of the hexafluoropropanediol, H,hfpd, in
monodeprotonated form [Co{OC(CFs),(OH)}4]*. This oxidative C-C bond cleavage and net
transfer of two hydroxide groups to a pinacolate ligand occurs only in organic solvents. When
H,0, was reacted with the cobalt complex in acidic aqueous solutions (pH = 2.5 — 3.5), the ESI-
MS data confirm the formation of [Co(lll)(ddfp)2]". Only in organic solvents does this species
decay slowly to the gem diolate product.
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Quantum Chemical Modeling of Systems for Solar Energy Conversion

Richard A. Friesner, Louis Brus, Mike Steigerwald, Jing Zhang, Thomas Hughes
Department of Chemistry
Columbia University
New York, NY 10025

Over the past 3 years, the present project has focused on two principal objectives: (1)
development of an improved density functional theory (DFT) electronic structure methodology,
which is capable of achieving high accuracy for a range of important chemical and electrical
properties, particularly for transition metal containing systems; (2) application of DFT to systems
relevant to solar energy conversion. In what follows, progress in the theoretical methodology
development and two applications projects will be described.

Our approach to improving DFT methods is to augment standard DFT functionals (of which the
B3LYP functional has proven to be the most suitable) with localized orbital corrections (LOCs),
which represent the error made by the DFT methodology in treating a particular type of electron
pair. For systems composed of second and third row elements, correction terms for atomic
hybridization states, various types of chemical bonds, radical species, and the local environment
are the most important terms; a 22 parameter model appended to B3LYP, the B3LYP-LOC
model, yields a mean unsigned error (MUE) of 0.8 kcal/mole using the G3 atomization energy
data set of Pople and coworkers. Subsequent work has developed the B3LYP-LOC model for
ionization potentials, electron affinities, activation barriers, and reaction energies; the MUE is in
all cases on the order of 1 kcal/mole, which is close to chemical accuracy and comparable to
what is obtained with CCSD(T) based methods such as G3 theory.

Over the past several years, we have worked to extend the methodology to transition metal
containing species. Our initial focus has been on the first transition metal series, displays larger
errors in DFT calculations than the subsequent series, and furthermore is of increasing
importance in energy conversion efforts due to the earth abundance of these metals. For spin
splittings, we developed a novel data set, containing 57 diverse octahedral complexes, based on
spin forbidden shoulders in optical spectra; B3LYP-LOC reduces the errors in B3LYP
calculations from a MUE of 10.1 kcal/mole to a MUE of 2.0 kcal/mole [5]. Similarly, for redox
potentials,, a data set of 105 diverse complexes was extracted from the literature, and the MUE
was reduced from 0.4 eV (with outliers as large as 1V) to 0.1eV, close to the accuracy of the
experimental data [2]. Finally, for metal-ligand bond energies, DBLOC corrections reduce the
MUE from 3.7 kcal/mole per ligand to 0.94 kcal/mole, using a set of gas phase ligand removal
energies curated by Johnson and Becke from the NIST archive [3].

Our first application of DFT methods to systems of interest in solar energy conversion involves
an analysis of the catalytic cycle of a ruthenium based catalyst discovered by Meyer and
coworkers [4]. These workers proposed reaction mechanisms for the various steps in the cycle,
which accomplishes oxygen evolution via the use of a sacrificial Ce** acceptor, oxidizing the Ru
catalyst to an Ru(V) electronic state which is then capable of carrying out the water splitting
chemistry. We first showed that continuum solvent based thermodynamic cycle calculation of
the redox potentials of the relevant Ru species in the cycle, as well as various other Ru
complexes reported in the literature, is in good agreement with experiment, on the order of
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0.1eV. This observation is in line with the comment above to the effect that DFT errors for the
second transition metal series and beyond are typically more moderate than they are for the first
transition metal series. We then compute the energies and activation barriers for all
intermediates and transition states in the cycle, and compare the two rate limiting steps with
experiment. The predicted barrier of ~20 kcal/mole for both of the key rate limiting steps is
within a few kcal/mole of the experimental measurements. A crucial correction for the entropic
loss associated with binding a water molecule to the complex (the “cratic” entropy, on the order
of 7 kcal/mole) was necessary to obtain results in agreement with experiment for these barrier
heights. The reported agreement is superior to that presented in other papers in the literature for
the same set of reactions. These results confirm the mechanistic details of the catalytic cycle
proposed by Meyer and coworkers, and provide atomic level predictions of the structures and
energetics of the intermediates and transition states.

Our second application is an analysis of electron transport and trapping in the TiO, nanoparticles
of the Gratzel cell [1]. A basic picture of Gratzel cell functioning has been available for many
years: an electron in a dye molecule attached to the nanoparticle is excited by light, and then is
injected from the excited state of the dye into the nanoparticle. However, transport in the
nanoparticle is not bandlike (as it would be in crystalline silicon) but rather appears to be based
on hopping conduction and displays a temperature dependence from which a distribution of
hopping barriers can be extracted. The question then arises as to the atomic level structure of the
states involved in the initial trapping of the electron and in subsequent electron transport to the
electrode. These states must be localized, have an appropriate energy relative to the conduction
band, and enable hopping with barriers consistent with the experimental data.

Several years ago, Frank and coworkers proposed that transport in the Gratzel cell takes place via
ambipolar diffusion, in which small cations (ordinarily lithium) hop from site to site along with
the injected electron. This suggests that the trapping site is assembled simply by bringing a Li*
cation near a Ti atom which contains an excess electron. DFT calculations of such structures
using a cluster model and continuum solvent demonstrate that states of this type have an energy
in agreement with the experimental energy relative to the conduction band, and yield an open
circuit voltage ~0.1eV agreement with experiment. In order to achieve this agreement, the redox
corrections of ref. [2], which are ~0.5eV for the open circuit voltage calculations, were used
without any parameter adjustment. The hopping conduction is driven by moving an Li from one
Ti site to another; the barriers to this process are in good agreement with the experimental barrier
heights extracted from analysis of the temperature dependence of the conduction. Overall, the
agreement between theory and experiment for the model is quite good for multiple points of
contact, establishing the methodology as reasonable and the ambipolar diffusion hypothesis as a
promising model for conduction in the Gratzel cell.

Moving forward, we are continuing to work on applications, as well as advancing the LOC
methodology. Currently we are applying the LOC model to computation of the pKa’s of
hexaaquo complexes of metals in the first transition series. This is a surprisingly complex and
difficult problem, with B3LYP yielding errors as large as 10 pka units and an average MUE of
~6 pKa units; when the B3LYP-LOC methodology is used without any further parameter
adjustment, the MUE is reduced to 1.7 pKa units and the maximum error to 2.3 units. Finally, we
are implementing the LOC methodology in Jaguar where it will be distributed to interested users
in robust commercial form.
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Time-Domain Ab Initio Studies of Light-Harvesting and Charge Transfer
in Nanoscale Systems for Solar Photoconversion

Oleg Prezhdo
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Solar energy applications require understanding of dynamical response of novel materials on
nanometer scale. Our state-of-the-art non-adiabatic molecular dynamics techniques, implemented
within time-dependent density functional theory, allow us to model such response at the

atomistic level and in real time. ~
The talk will focus on T

photoinitiated charge transfer at | 4
the interfaces of  bulk 2 ..,gr\ ch [
semiconductors with a variety | |®¥ n o —>
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quantum dots, and graphene.
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processes meets multiple Graphene TiO,
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the individual ~components | gives photocurrent, because electron injection is faster
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Efficiencies of dye-sensitized semiconductor solar cells
rely on rapid electron transfer from a dye molecule into
a semiconductor substrate, electron transport from
surface to bulk to electrode, and limited charge
trapping and recombination at the interface.
Photocatalytic water splitting requires migration of a
hole, generated in a bulk semiconductor, to the
semiconductor surface, and hole transfer onto oxygens
of hydroxyl group and water molecules. Quantum dots
are quasi-zero dimensional structures with a unique
combination of molecular and bulk properties. Used in
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Figure 5. Simulations create a
complete description of exciton
dynamics in quantum dots: Multiple
exciton generation is followed by
electron-phonon  relaxation and
multiple exciton recombination.

place of molecular chromophores, they can increase solar cell efficiencies due to new physical
phenomena, such as phonon bottleneck and multiple exciton generation. An excellent conductor,
graphene has been used to sensitize inorganic semiconductors and to achieve a photovoltaic
effect. At the same time, it has zero band-gap, and photoexcited electrons and holes can rapidly
lose all energy by coupling to phonons, resulting in complete photovoltaic efficiency loss.

We are able to characterize the rates, mechanisms and branching ratios of the competing steps
involved in the photovoltaic and photocatalytic processes in nanoscale materials and interfacial
systems. Our simulations provide a unifying description of excited state dynamics on nanoscale,
resolve highly debated issues, and generate theoretical guidelines for development of novel

systems for solar energy harvesting and utilization.
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Recent results from our work on spectral sensitization of single crystal semiconductor electrodes
will be presented. We have performed a series of investigations on sensitizing both n and p type
gallium phosphide single crystals. Anomalous photocurrents were measured where the same dye
was able to produce sensitized photocurrents on both n and p type GaP crystals. Numerous
scenarios where this could happen were considered but it was determined that sensitization of the
p-type crystals was from normal hole injection into the GaP valence band whereas the sensitized
photocurrents from the same dye on the n-type crystals was a result of a sensitized
photocorrosion reaction. Photoetching of the n-type GaP produced high area electrodes with
correspondingly higher photocurrents.

We have also been continuing our sensitization studies on semiconducting metal oxide single
crystals. ZnO single crystal electrodes were fabricated into internal reflection prisms to test our
long-standing assumption that the photocurrent yields we measure for dye monomers and dye
aggregates on the crystal surfaces were proportional to their coverage on the electrode surface or
that monomer and aggregates had the same quantum yields for photocurrent production. Our
initial results for a model dicarboxylated thiacyanine dye indicates that our assumption was valid
at least in the case of this dye. We have also been studying the influence of the doping density
of the semiconducting oxide substrate on the yields of sensitized photocurrents. Preliminary
results indicate that there is an optimum doping level where the electrical field gradient from the
space charge layer is high enough to rapidly separate the injected electron and eliminate the back
reaction where the electron returns to the photo-oxidized dye. These results are being compared
to a model developed by Spitler that predicted the yields and current voltage behavior.
Currently high temperature vacuum annealing or reduction with hydrogen is used to change the
doping density of these crystals. Substitutional doping is the preferred method for doping these
materials since it results in less strain and formation of trap states. We have had success with the
growth of homoepitaxial layers of titanium dioxide with atomic layer deposition (ALD) where
ordered single crystal layers are templated on either rutile or anatase substrates. Substitutional
doping of these layers with niobium should produce higher quality substrates for fundamental
studies of sensitization.

We will also discuss recent results from our collaboration with the Schanze Group at the
University of Florida. We were able to verify that a poly(phenylene ethylene) conjugated
polyelectrolyte, that was specifically synthesized to avoid aggregation, can photosensitize n-type
zinc oxide (0001) single crystals and was demonstrated not to aggregate by both photocurrent
spectroscopy and AFM imaging at the single polymer molecule level.
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Bisphenanthrolinecopper(I) in Photoinduced Charge Separation and DSSC Dyes

C .Michael Elliott. I.. N. Ashbrook, and M.S. Lazorski
Department of Chemistry
Colorado State University
Ft. Collins, CO 80523

Photoinduced Charge-Separated State Formation in [Cg(gmi -based Donor-Chromophore
Acceptor Assemblies. Bisphenanthrolinecopper(I) complexes, [Cu(P),]", have a number
of desirable photophysical properties that mirror those of trisbipyridineruthentum(Il). For
example, the extinction coefficient for MLCT absorption of [Cu(P),]" at ca. 550 nm is relatively
large and the resultant MLCT excited state is quite a strong reductant, much stronger in fact than
[Ru(bpy)s]*. However, efforts to design and study donor-chromophore-acceptor
supe1molecula1 assemblies based on [Cu(P),]" chromophores have been limited relative to
[Ru(bpy);]** or other similar chromophores, largely because of the numerous challenges
presented by the coordination chemistry of Cu(I). First, upon either excitation to the MLCT state
or oxidation to Cu(Il), the complex undergoes Jahn-Teller distortion towards a square-planar
geometry which can result in an increase in the coordination number and a concomitant decrease
in the excited-state energy. Second, unlike [Ru(bpy)s]**, [Cu(P),]” complexes are typically
labile; therefore, different strategies must be developed if the goal is to assemble heteroleptic
complexes in which the donor and acceptor moieties are appended to different ligands. Third,
[Cu(P),]*" is a relatively weak oxidant, thus more easily oxidized donors are required than in
[Ru(bpy)s]**-based charge separation assemblies.

We have prepared a series of [Cu(P),]"-based D-C"- —

2+ : : . ; & &+ | (TPEBYs

A assemblies which undergo efficient, long-lived Bld
photoinduced charge-separated state formation--an example is ©
shown here. As we demonstrated from earlier studies of (]
related [Ru(bpy)s]**-based D-C-A assemblies, the ability of *I; \IH*
the donor to associate with the chromophore via m-m = s ( s H
mnteraction is essential in achieving large CSS-formation
quantum yields. By design, locating the donors on the 2.9- §§ié:2‘
positions of one phenantroline allows for a similar n-stacking
mnteraction with the second phenanthroline and provides steric \n(* Q
bulk which helps thermodynamically favor the formation of N \1
the desired heteroleptic complex. 2\ /d ;

A critical aspect of the CSS lifetime (and likely its
formation) is its spin chemistry. As is true for ruthenium R=Me or Ph

analogs,  the initial formed 'MLCT undergoes rapid

mtersystem crossing. As a consequence, the observed chalge-sepalated state 1s formed as a
triplet-correlated radical cation pair (CCSS, D"-C*-A™); thus, recombination to the singlet
ground state is spin-forbidden. As a consequence, the recombination kinetics are strongly
perturbed by the presence of even modest magnetic fields. For example, in 1,2-
difluorobenzenethe decay of the *CSS is approximately a single exponential with a life time of T
~ 94 ns. In an applied field of a few mT the decay becomes biexponential. At 1 T the lifetime of

99



slow component (which comprises ca. 2/3 of Effect of a Magnetic Field on the TA Decay of the
the total CSS population) is approximately <60 of the [Cu(P),]”” D-C-A at 560 nm in 1,2-Difluorobenzene
longer than i zero field (Tiwmr = 5.8 ps).
Moreover, the field dependant behavior of the
copper assemblies are considerably more
complex than for their [Ru(bpy)s]**-based
counterparts. For example, the CSS formation
quantum yield depends on the field strength,
but not for [Ru(bpy);]**-based assemblies.
Detailed magnetic field studies on these
assemblies are currently under way in an effort
to understand their complex spin chemistry. 0 100 %)gx (:;s) 30 400 500
[Cu(P),]*-Based DSSC Dyes. For the same reasons that [C11(P)2]+ can function as a
chromophore in D-C-A charge-separation assemblies, it can also function as a dye in DSSCs.
Constable and co-workers have reported reasonable efficiencies from conventionally configured
Gritzel cells in which the traditional ruthenium-based dyes were replaced with Cu(I) complexes
of 6,6'-dimethyl-4,4'-diCOOH-2,2'-bipyridine.

Unfortunately, [Cu(L),] complexes lack even

mtermediate term chemical and photochemical stability
mn /I3~ electrolyte; however, the same stability issue do
not exist with [Co(bipy)3]*”** mediators. Because of R j
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the lability of [Cu(P);] in solution, it is possible to use a
stepwise approach to assemble heteroleptic Cu(I)
complexe dyes on TiO, surfaces which exhibit good
stability. An example of such a complex, [Cu(P)(P-
D)]", which comprises both a Cu(I) chromophore with
COOH binding moieties and a secondary electron
donor, 1s shown here. The J-V behavior of cells
incorporating this [Cu(P)(P-D)]” dye is significantly
mmproved relative to analogs lacking the appended
donor. Transient absorption experiments indicate that Jd v ¥ v
the hole is transferred from the oxidized Cu(Il) to the = —~——~~fi—TN_fii ~fim~_~
donor within a few nanoseconds after photo injection.

The presence of certain solution additives common in traditionally configured Gritzel-
type DSSCs, specifically 4-7-butylpyridine (TBP), causes dramatic changes in the cell behavior
with these copper dyes. For example, TBP significantly reduces the apparent photoinjection
efficiency for all of the dyes studied. For the dyes lacking the appended donor, the presence of
TBP causes significant decay in the photocurrent under constant illumination over 10s of
seconds. However, the process is reversible and the initial photocurrents fully recovers after
several minutes in the dark. Also, similar photocurrent decays are not observed for the
[Cu(P)(P-D)]" dye. We have interpreted these observations as: (1) in the case of reduced
photoinjection efficiency, competition for binding sites on the TiO, between TBP and the ether
oxygens of the surface binding phenanthroline and (2) in the case of the photocurrent decay,
reversible incorporation of the TBP into the coordination sphere of the photooxidized Cu(II).
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Model Dyes for Study of Molecule/Metal Oxide Interfaces and Electron Transfer Processes

E. Galoppini,' A. Kopecky K Chitre,! A. Batalseh
R. A. Bartynski> S. Rangan’, S. Coh,” C. Ruggieri’
G. I Meyer,3 P. Johansson,’ R. M. O’Donnell®
Department of Chemistry, Rutgers University, Newark, NJ
ZDepartmenr of Physics and Astronomy, Rutgers University, New Brunswick, NJ
Department of Chemistry, Johns Hopkins University, Baltimore, MD

The objective of this research is to control, at the molecular level, binding, orientation, distance,
and dipole orientation of model dyes on oxide semiconductor surfaces and to study how such
parameters influence interfacial charge transfer processes that are relevant to solar energy
conversion. The talk will describe our progress in the following three areas of research.

1. Star Ru(Il) Complexes (Galoppini,
Bartynski, Meyer). We have developed
molecular sensitizers capable of providing
enhanced control of surface binding and
mnterfacial electronic properties. We synthesized
nano-sized (2 to 4 nm diameter) homoleptic
complexes of Ru(Il) (“Stars”), where the linker
units shield the metal center from the
heterogeneity of the semiconductor surface,
resulting in reduced binding uncertainty and an unplecedented control over the charge transfer
processes (slower recombination). Homoleptic ([Ru(L):]*") and complexes carrying rigid ligands
(L), comprised of oligophenylenethynylene units (OPE) or 1,2,3-triazole groups and a designated
anchor group, Fig. 1, have been synthesized by cross-coupling reactions or click chemistry,
respectively, and studied computationally, and experimentally in solution and on metal oxide
surfaces. To elucidate the nature of binding to the surface, and determine the electronic structure
and interactions with the oxide surface, we have studied Star complexes adsorbed on well-
characterized single crystal TiO,(110) surfaces under ultrahigh vacuum conditions. Scanning
tunneling microscopy images (Fig. 1) show that the Star complexes do not form extensive
islands, nor do they preferentially bind at step edges. Rather, they appear on the surface either as
individual molecules or as small two- or three-member clusters. X-ray photoelectron spectra
indicate that the molecule remains intact upon adsorption.
Photoemission and inverse photoemission spectra show
that the molecular HOMO lies within the Ti0, band gap,

O Y Fig.2 ‘ 1.0 eV above the valance band maximum, that the
LUMO 1s degenerate with the conduction band, and that

an interface dipole of 1.3 eV is present in this system.

0 »  Further studies on morphologically rough surfaces such

] @ Q’ e K\j as ZnO(11-20), that offer multiple bonding opportunities
= w7 | to tether the ligands, are underway.

°
TiO, * pivalate passivating layer

ZﬂTPPP'llpi znTPPmlpa ZnTPP DA lpa

2. Sensitizers with Built-in Dipoles in Linkers.
coom Tios (Galoppini, Bartynski) Energy alignment between the
molecular orbitals of adsorbed dye molecules and an
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oxide semiconductor substrate is a key factor in photo-induced charge transfer processes.
Typically, this alignment is governed by the nature of the molecule-oxide bond. However, by
employing dye molecules with a head-linker-anchor architecture, where the HOMOs and
LUMOs are on the head group, one can incorporate dipoles on the linker group that can be used
to tailor energy level alignment. We have synthesized and studied a series of porphyrins with a
built-in dipole in the linker. The presence of an electron donor (D) and acceptor (A) substituent
on opposite sides of the linker phenyl provides a permanent intramolecular dipole with a
component that is perpendicular to the surface, Fig.2. Photoemission and inverse photoemission
spectra have been obtained from single crystal TiO,(110) surfaces sensitized with the porphyrins
shown 1n Fig.2. In one set of measurements, the molecules have D and A groups on the linker, in
the other set, those groups are absent. Initial spectroscopic studies show that the energy levels of
molecule with the internal dipole, in particular the levels associated with the porphyrin head
group, are shifted to higher energy as compared to those of the molecule whose linker is not
Junctionalized. Further studies, investigating the effects of reversing the positions of the D and A
groups on the linker (i.e., reversing the direction of the dipole), as well as varying the degree of
charge transfer effected by the D and A groups (i.e., varying the magnitude of the dipole) are
underway. In addition, the effects of linker on the energy alignment and separation of
chromophore levels will be studied.

3. Distance and Electric Field Effects of
Electron Transfer of Ru(Il) N3-type complexes.
(Meyer, Galoppini). Electrons injected into
nanostructured metal oxide semiconductors
generate a significant electric field, yet the role )
this field plays in charge transfer processes at Bl _
illuminated molecular-semiconductor interfaces

ic Field

— Charge Recombination
— Electric Field Effect

— Bridge effect B}
- Interactionwith I/ I;-/ I,

remains poorly understood. Three ruthenium Fie:3 ’
complexes, AKO, AK1 and AK2, Fig. 3, and
containing a linker made of (OPE), units with n = (Y ()
0, 1, 2 between the bpy and an isophthalic acid \ji:}—,h
7/ o/

group, were synthesized. These were bound to
T10; films to quantify interfacial charge transfer at
variable distances (from ~ 7 to ~ 19 A) from the  Ti0; or z0;

surface electric field. The injection of electrons in ~ Manoparticles

T10, resulted i a blue shift of the MLCT absorption band consistent with a Stark effect. The
electric field experienced by the chromophoric end of the compounds decreased as the number of
OPE spacers increased. After photoinduced electron injection, the fast (10 - 10~ s time scale)
charge recombination dynamics were found to be dependent on the number of OPE units,
behavior that was most pronounced when the steady state illumination, TiO5(e") concentration,
and/or the laser power were increased. These and other experiments that will be discussed
indicate that charge recombination can be inhibited with increased distance particularly when the
number of injected electrons is large, 1.e. in the conditions that are relevant to the operational
power of solar cells. Interestingly, longer, compounds exhibited increased open circuit
photovoltage, V., and very high ideality factors, a behavior ascribed to slower recombination.
The incident photon-to-current efficiencies of dye sensitized solar cells based on these
compounds decreased markedly for AK1 and AK2 because of formations of adducts with iodine.

.....
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Fundamental Studies of Light-induced Charge Transfer, Energy Transfer,
and Energy Conversion with Supramolecular Systems

Joseph T. Hupp
Dept. of Chemistry

Northwestern University
Evanston, IL 60208

This project seeks to exploit supramolecular chemistry: a) to interrogate and understand
fundamental aspects of light-induced charge transfer and energy transfer, and b) to construct
solar energy conversion systems that make use of unique assembly motifs to address key
conversion efficiency issues. The project focuses specifically on developing, investigating, and
understanding at a fundamental-science level the behavior of promising new light harvesters and
redox shuttles in DSC environments.

Redox shuttles. New redox shuttles based on macrocylic complexes of Cu(I) and Cu(Il) have
been examined. An example is shown below. In these systems, desired dark-current-
suppression/back-ET-inhibition 1s achieved via oxidation-state-dependent coordination and
release of a solvent molecule or auxiliary ligand. The degree of dark-current suppression is
tunable based on the strength of the Cu(Il)-(auxiliary ligand) interaction, with stronger
interaction causing greater back-ET inhibition. These systems lack the high-driving-force
requirements of the iodide/tri-iodide system, as well as its corrosiveness and its undesirable
propensity to associate with highly polarizable organic light-harvesters. Furthermore, the copper
shuttles are more stable than the archetypal fast redox shuttle, fen‘oecene+/°, and diffuse faster
than tris-polypyridyl cobalt shuttles. Also being studied are new organic redox shuttles.
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Light harvesters: Strategy and organizational rule for panchromatic sensitization based on
complementary chromophores. Dye-sensitized solar cells, especially those comprising
molecular chromophores and inorganic titania, have shown promise as an alternative to silicon
for photovoltaic light-to-electrical energy conversion. Co-sensitization (the use of two or more
chromophores having complementary absorption spectra) has attracted attention as a method for
harvesting photons over a broad spectral range. If implemented successfully, then cosensitization
can substantially enhance photocurrent densities and light-to-electrical energy conversion
efficiencies. In only a few cases, however, have significant overall improvements been obtained.
In most other cases, inefficiencies arise due to unconstructive energy or charge transfer between
chromophores or because of modulation of charge-recombination behavior. Spatial isolation of
differing chromophores offers a solution. We recently reported a new and versatile method for
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fabricating two-color photoanodes featuring
spatially isolated chromophore types that are
selectively positioned in desired zones. Exploiting
this methodology, we found that photocurrent
densities depend on both the relative and absolute
positions of chromophores and on “local”
effective electron collection lengths. One version
of the two-color photoanode, based on an organic
push pull dye together with a porphyrin dye,
yielded high photocurrent densities (J(sc) = 14.6

mA/cm?) and double the efficiency of randomly € 157
mixed dyes, once the dyes were optimally ]
positioned with respect to each other. (See = 4q.1
examples at right) We believe that the g !
organizational rules and fabrication strategy will ‘E ]
prove transferrable, thereby  advancing =S 57
understanding of panchromatic sensitization as ]
well as yielding higher efficiency devices. 0]
0.0
Light harvesters: Extended chromophoric
arrays. Given that energy (exciton) migration in ;
natural photosynthesis primarily occurs in highly 80
ordered porphyrin-like pigments (chlorophylls), j
equally highly ordered porphyrin-based metal- 60
organic frameworks (MOFs) might be expectedto & {4
exhibit similar behavior, thereby facilitating = 407
antenna-like light-harvesting and positioning such g
materials for use in solar energy conversion ] . !
schemes. We recently reported the first example o™ ! . 'I"‘"":‘
of directional, long-distance energy migration 400 5&1;, aég ?[l_.g
within a MOF. Two MOFs, namely F-MOF and A (nm)

DA-MOF that are composed of two Zn(ll)

porphyrin struts [5,15-dipyridyl-10,20-bis(pentafluorophenyl)porphinato]zinc(ll) and [5,15-
bis[4-(pyridyl)ethynyl]-10,20-diphenylporphinato]zinc(l1), respectively, were investigated. From
fluorescence quenching experiments and theoretical calculations, we found that the
photogenerated exciton migrates over a net distance of up to 45 porphyrin struts within its
lifetime in DA-MOF (but only 3 in F-MOF), with a high anisotropy along a specific direction;
see cartoon at right. The remarkably efficient exciton migration in DA-MOF is attributed to
enhanced m-conjugation through the addition of two acetylene moieties in the porphyrin
molecule, which leads to greater Q-band absorption intensity and much faster exciton-hopping
(energy transfer between adjacent porphyrin struts). The long distance and directional energy
migration in DA-MOF suggests promising applications of this compound or related compounds
in solar energy conversion schemes as an efficient light-harvesting and energy-transport
component.
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Electronic Transport via Stokes-Shifted Dark States in Colloidal Quantum Dot Solids

John B. Asbury
Department of Chemistry

The Pennsylvania State University
University Park, PA16802

An outstanding question regarding the mechanism of charge transport in quantum dot solids 1s
resolved by revealing the existence of Stokes shifted electron transport states within the optical
bandgap of nanocrystalline quantum dots. The mechanism of charge conduction and the
influence that ligand-nanocrystal interactions have on the transport states are examined with a
combination of ultrafast infrared spectroscopy and transient photocurrent measurements. By
probing mid-infrared (mid-IR) electronic transitions of photo-excited charges on femtosecond to
microsecond time scales, a comprehensive view of charge transport and recombination is
obtained that enables unprecedented clarity regarding the nature and origin of transport states in
quantum dot solids.

Figure 1A represents transient infrared absorption spectra measured 500 ns following bandgap
excitation of PbS quantum dots arrayed in a nanocrystalline solid. The average frequencies of
the mid-IR electronic transitions depend sensitively on the bandgaps of the quantum dots as has
been previously observed by others. Quantitative analysis of the mid-IR transition energies
reveals that they cannot be explained by transitions among conventional quantum confined band
states such as 1S—1P intraband transitions. Instead, the transition energies are quantitatively
described by the sums of 1S—1P transition energies and Stokes shift energies, As, of the quantum
dots (Figure 1B).

Following bandgap excitation, A B
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charge transport. Instead
electrons hop via an activated
process among Stokes shifted
electron transport states (ETS,
Figure 1C). The activation
energy arises from
mnhomogeneity in site energies
of the transport states due to
polydispersity of the quantum
dot bandgaps. The origin of the Stokes shifted transport states, their implications for solar
energy transduction, and the influence ligand-nanocrystal interactions have on their properties
and energies are discussed.
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Diode Linkers for the Covalent Attachment of Mn Catalysts to TiO, Surfaces

Christian Negre, Laura J. Allen, Rebecca L. Milot, Karin Brumback,
Gary W. Brudvig, Charles A. Schmuttenmaer, Robert H. Crabtree and Victor S. Batista
Department of Chemistry

Yale University

New Haven, CT 06520-8107

We characterize the electronic
rectification properties of molecular
linkers that covalently bind Mn
catalysts to TiO, surfaces. Our focus
IS on Mn-complexes with
phenylterpyridine ligands attached to
3-phenyl-acetylacetonate anchors via
amide bonds." We find that a suitable
choice of the amide linkage yields
directionality of interfacial electron
transfer,  essential to  suppress
recombination. Our findings are
supported by calculations of current-
voltage (I-V) characteristics at
metallic atomic junctions, based on
first-principles methods that combine
non-equilibrium  Green's  function
techniques with density functional
theory.>®>  Our computational results
are consistent with EPR
measurements, confirming an
asymmetry of electron transfer rates
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(=]

0
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Figure 1: Top: Schematic illustration of a molecular linker
that covalently binds a Mn catalyst to TiO, surfaces and
yields directionality of interfacial electron transfer. Bottom:
Molecular rectification found by the calculated electron
transport properties of the Mn-complex between metallic
electrodes.

for linkers with significant rectification. In addition, the computed molecular conductance of
organic linkers is found to be directly correlated to the photoinduced interfacial electron transfer
in sensitized TiO, surfaces. The reported studies are particularly relevant for the development of
photovoltaic, or photocatalytic, devices based on functionalized TiO, thin-films where the
overall performance is affected by recombination processes competing with interfacial electron

injection.
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Electron Dynamics in pyrrolidinium bis(trifluoromethylsulfonyl)amid ionic liquids

Benjamin FitzPatrick, Andrew T. Healy, Francesc Molins, and David A. Blank
Department of Chemistry
University of Minnesota
Minneapolis, MN and 55455

The use of room temperature ionic liquids, RTILS, continues to expand across a broad range of
energy related technologies. In many of these applications, for example solar and nuclear energy
conversion, stability of the liquid under photolytic and radiolytic conditions becomes an
important consideration. Some of the most commonly employed RTILs have an aromatic cation,
which reacts readily with excess electrons. In contrast, aliphatic RTILs such as pyrrolidinum-
based examples have proven to be more stable in the presence of excess electrons.

When compared with more common solvents, RTILs exhibit

dilation of some solvent reorganization time scales. Temporal

expansion of the solvation process enhances the influence of

non-equilibrium electron reactivity following both radiolysis

and photo-ionization. In radiolysis experiments with 15 ps

time resolution, Wishart and coworker measured the trapping

of the electron and demonstrated that electron reactivity

declines with time.* These experiments also demonstrated that

significant reactivity was lost much faster than 15 ps. Using

photodetachment we have measured the dynamics on sub-ps ([jZBt/;é;]e[g'T;zgctr éﬁ)s a'gosg fsgctigzotg%

time scales.? Transient absorption o_f @he electron and the hole quencher concentration. (b) Comparison

were measured throughout the visible and most recently after subtraction of the long time offset.

extended into the near-IR. The results agree well with the (c) Comparison between the solvent

computational predictions of Margulis et al. for the initial gg;‘;:g't:fﬁc qrﬂzgg:“nzrfd the - measured

“dry” electron and hole,® and exhibit interesting similarities

and differences when compared with the radiolysis experiments. In the presence of perchloric
acid we found a significant, previously unobserved sub-ps component in the reactivity of the
electrons. The amplitude of this component depended linearly on the acid concentration,
however the sub-ps apparent rate was independent of the acid concentration (see figure). This
was explained by electron reactivity that was controlled by solvation. The results indicate a rate
for electron scavenging that directly reflects solvent reorganization. By comparing a homologous
series of pyrrolidinium cations, increasing the size of the non-polar alkane tail from 4 to 10
carbons, we are able to probe the influence of RTIL structure* on the electron dynamics.

1J. F. Wishart, A. M. Funston, T. Szreder, A. R. Cook, and M. Gohdo, Electron solvation dynamics and reactivity in
ionic liquids observed by picosecond radiolysis techniques, Faraday Discuss. 154, 353-363 (2012).

2 F. Molins, B. FitzPatrick, A. T. Healy, and D. A. Blank, Photodetachment and electron reactivity in 1-methyl-1-
butyl-pyrrolidinium bis(trifluoromethylsulfonyl)amide, J. Chem. Phys., 137, 034512 (2012).

¥ C. J. Margulis, H. V. R. Annapureddy, P. M. De Biase, D. Coker, J. Kohanoff, and M. G. Del Popolo, Dry Excess
Electrons in Room-Temperature lonic Liquids, J. Am. Chem. Soc. 133, 20186-20193 (2011).

‘c.s. Santos, N. S. Murthy, G. A. Baker, and E. W. Castner, X-ray scattering from ionic liquids with pyrrolidinium
cations, J. Chem. Phys., 134, 121101 (2011).
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Semiconductor-electrocatalyst contacts:
theory, experiment, and applications to solar water photoelectrolysis

Shannon W. Boettcher, Fuding Lin, Thomas J. Mills
Department of Chemistry
University of Oregon
Eugene, OR 97403

Photoelectrochemical water-splitting cells incorporate semiconductors coupled with
electrocatalyst films in aqueous electrolytes. The common picture for the operation of such
semiconductor/catalyst/solution (SCS) systems is that the semiconductor absorbs light and
separates charge while the catalyst increases the rate of the hydrogen- or oxygen-evolution
reaction (HER or OER, respectively). Experiments, however, show that after deposition of OER
catalysts onto n-type semiconductors the photoelectrode characteristics, e.g. the photovoltage,
photocurrent, and fill-factor, change in a manner not always consistent with this simple model.
Competing hypotheses have attributed this behavior to changes in surface recombination, band-
bending, interface charge-trapping, optical effects, or kinetics. The goal of this work is to
develop a complete microscopic picture of electron transfer to describe SCS systems.

We report a theory of SCS systems that accounts for the kinetics of charge transfer between the
semiconductor, catalyst, and solution for catalysts with different ion permeability and electronic
density of states.! This is important because catalysts can be dense metals, hydrous/porous ion-
permeable oxyhydroxides, or molecules. We apply the theory using numerical simulations to
predict the behavior of illuminated n-type semiconductor photoelectrodes in contact with such
catalysts. We show that for ion-permeable materials the effective barrier for electron injection
across the semiconductor/catalyst interface increases as the film is oxidized to its operational
state. This allows ion-permeable catalysts to compensate for slow catalyst rate constants by
increasing their chemical potential to maintain the photocurrent. We also report a method to
quantify parasitic optical absorption in the catalyst layer and predict optimal catalyst loading.?

To support the theory and simulations, sC Cat
we developed a dual-electrode Ec :
voltammetry test-architecture to probe bsuc:
the potential of the catalyst layer in P
model SCS systems as a function of Vp

illumination, the  semiconductor ' -5
potential, and the catalyst structure.® _Ev

Experimental results are in accord with  Fig 1. Simulation results of ion-permeable OER catalyst
theory, showing that ion-permeable showing changes in catalyst potential and surface hole
catalyét Iayers exhibit unpinned concentrations as a function of the catalyst kinetics.

interfacial barriers and improved performance relative to dense catalysts.
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(1) Mills, T. J.; Boettcher, S. W. Theory and simulations of electrocatalyst-coated semiconductor electrodes for
applications in solar water splitting. To be submitted. 2013.

(2) Trotochaud, L.; Mills, T. J.; Boettcher, S. W. An optocatalytic model for semiconductor—catalyst water-splitting
photoelectrodes based on in situ optical measurements on operational catalysts. J. Phys. Chem. Lett. 2013, 4, 931-
935.

(3) Lin, F; Boettcher, S. W. The role of adaptive interfaces in composite semiconductor-electrocatalyst solar water-
splitting cells. In preparation. 2013.
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Photoelectrochemical Oxidation of a Turn-On Fluorescent Probe Mediated
by a Surface Mn'' Catalyst Covalently Attached to TiO, Nanoparticles

Alec C. Durrell, Gonghu Li, Matthieu Koepf, Christian F. A. Negre, Laura J. Allen, William R.
McNamara, Hee-eun Song, Victor S. Batista, Robert H. Crabtree, and Gary W. Brudvig
Department of Chemistry
Yale University
New Haven, CT 06520-8107

A manganese complex covalently attached to a TiO, electrode via a light-absorbing organic
linker (L) was used in the photooxidation of 2’,7’-dihydrodichlorofluorescein (H,DCEF).
Significant and sustained photocurrent was observed upon visible-light illumination on the fully
assembled anode in the presence of the substrate. The two-electron, two-proton oxidation of
H,DCF vyields the fluorescent compound, 2’°,7’-dichlorofluorescein (DCF). Our studies suggest
that the Mn"-L-TiO, architecture is an effective photoanode for multielectron chemistry, as
production of DCF under visible-light illumination exceeds yields observed for bare TiO; as
well as Zn"-L-TiO, anodes. The turn-on fluorescent behavior of H,DCF upon oxidation makes
it an excellent substrate for the study of new photoanodes. The high fluorescence quantum yield
of DCF allows for nanomolar sensitivity and real-time monitoring of substrate oxidation.
Additionally, illumination of the sensitized electrode in a 1% solution of 2-propanol results in
similar sustained currents, suggesting the Mn"-L-TiO, electrode may be competent for the
photoelectrochemical oxidation of 2-propanol to acetone.

Figure 1. (a) The structure of a molecular Mn" catalyst attached to a TiO, surface via a
terpy—acac ligand (L), and (b) the schematic of a photoelectrochemical cell containing a
light-absorbing linker and a Mn" catalyst.
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Towards Solar Fuels Enabling Cuprous Phenanthroline Complexes

Catherine E. McCusker and Felix N. Castellano*
Department of Chemistry & Center for Photochemical Sciences
Bowling Green State University
Bowling Green, Ohio 43403

Earth abundant copper(l) diimine complexes represent a renewable and economically feasible
alternative to commonly used heavy metal containing chromophores. In the metal-to-ligand
charge transfer (MLCT) excited state, copper(l) diimine complexes typically undergo a
significant structural rearrangement, leading to molecules with large Stokes shifts and very short
excited state lifetimes, thereby limiting their usefulness as sensitizers in bimolecular electron and
triplet energy transfer reactions. Strategically placed bulky substituents on the coordinating
phenanthroline ligands have proven useful in restricting the transiently produced excited state
Jahn-Teller distortion, leading to longer-lived excited states. By combining bulky sec-butyl
groups in the 2- and 9- positions with methyl groups in the 3-,4-, 7-, and 8- positions, a
remarkably long-lived (2.8 ps in DCM) copper(I) bis-phenanthroline complex, [Cu(dsbtmp).]”,
has been synthesized and characterized. Unlike other copper(l) diimine complexes,
[Cu(dsbtmp),]" also retains a ps lifetime in coordinating solvents such as acetonitrile and water
as a result of the cooperative sterics inherent in the molecular design. Preliminary results on the
use of this complex in hydrogen-forming homogeneous photocatalysis will be presented. Photon
upconversion based on sensitized triplet-triplet annihilation (TTA) represents a photochemical
means to generate high-energy photons (or high-energy chemical products) from low-energy
excitation, having potential applications in solar energy conversion and solar fuels producing
devices. For the first time, synthetically facile and earth abundant Cu(l) MLCT sensitizers have
been successfully incorporated into two distinct photochemical upconversion schemes, affording
both red-to-green and orange-to-blue wavelength conversions.
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Photo-Induced Electron-Transfer and Solute-lon Interactions in lonic Liquids

Sufia Khatun, Min Liang, Marie F. Thomas and Edward W. Castner, Jr.
Department of Chemistry and Chemical Biology
Rutgers, The State University of New Jersey
Piscataway, NJ 08854

Two inter-related projects will be presented from our recent work on electron-transfer chemistry
in ionic liquids. In the first project, we study photo-induced electron-transfer chemistry in ionic
liquids using electron-donating anions. These anions comprise following the set of cyanates:
selenocyanate (SeCN), thiocyanate (SCN), tricyanomethide (C(CN)3) and dicyanoamide
(N(CN)2). Initial studies have used these anions paired with the 1-ethyl-3-methylimidazolium
cation (C[2]-mim"). Using Stern-Volmer quenching analysis for the cyanate anion reductively
guenching the excited state of 9,10-dicyanoanthracene, we observe diffusion-limited quenching
behavior for SeCN and C(CN)3 in CH3CN solution. As has been observed previously, when an
ionic liquid solvent (C[2]-mim*/NTf,) is used for the same photoreaction, the higher viscosity
does retard the reaction rate, but when scaled for viscosity, the reaction is significantly faster
than predicted by hydrodynamic laws. The self-diffusion of each species is measured using PG-
SE NMR experiments.

The second project applies 2D nuclear Overhauser effect NMR spectroscopy to study the
specific  interactions between the protons on a redox-active solute, such as ferrocene,
cobaltocenium or Ru?*(bpy)s, and each of the *H cation spins and the *°F spins on the anion.
More specifically, ROESY studies elucidate the specific interactions between the protons on the
solute and the cation, and *H-'°F HOESY spectra reveal the specific interactions between the
anion and the solute. As the chain length of the alkyl substituent is varied from a shorter ethyl or
butyl chain to a longer octyl or decyl chain, the intermediate range order of the liquid is changed.
For short chains, both cation and anion interactions are clearly observed, as illustrated for solute-
anion interactions in Fig. 1. Significant differences in observed NOE peak volumes are observed
in the ROESY and HOESY spectra for

longer-chain alkyl substituents on the

cations. In this case, the alkyl tails begin

to dominate the solute-ion interactions,

and a three-fold reduction in the peak

volumes for anion-solute interactions is

observed.

Fig. 1. 'H-'®F HOESY spectrum for Ru**(bpy)s
in Pyrry 4"/NTf,", 120 ms mixing time and 295 K.
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Physical Properties of Doped and Sensitized Polyoxotitanate Nanostructures

Philip Coppens, Jesse Sokolow, Yang Chen and Elzbieta Trzop
Chemistry Department
University at Buffalo, State University of New York
Buffalo, NY, 14260-3000

We will present the synthesis of novel nanoclusters by both solvothermal and ambient pressure
solution methods, followed by crystallographic, spectroscopic and theoretical analysis.
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Doping of nanoclusters. Doping of the nanoclusters with 14-28 titanium atoms with Na, Li, Mn,
Be, Sr, Ba and Pr leads to a considerable reduction of the bandgap compared with undoped
clusters. Structure, reflection spectroscopy and calculated DOS for Ti;4MnO14 (OH),(OEt)g are
illustrated in Figs. 1a, b, ¢ resp. NEXAFS measurements show the tetrahedrally coordinated Mn
to be 2+. Related structures and their properties will be presented and compared.

Connecting clusters into larger frameworks.

{Ti13Mn4014[MeC(CH,0)3]4(OEt)12Br4}- consists of an infinite framework of clusters connected
by Br atoms (Fig. 2). The band gap is observed to be 2.57 eV. A second approach to obtain
polymeric frameworks is the use of linkers to connect individual clusters as shown in Fig. 3.

2 ] P

Fig. 3 Fig. 4
Sensitizer binding modes. Whereas previous_studies revealed both the chelate-bridging and the
chelate-bidentate mode in a series of sensitized clusters, two new clusters functionalized with
phenylphosphonic acid, Tizs026(PhenylPO3)s(OEt)ss and TizsO26(PhenylPO3)s(OEt)sq", exhibit a
novel tridentate mode, at variance with predictions made in the literature (Fig. 4).

Comments. The availability of detailed structural information allows theoretical calculations of
band structure and the dynamics of electron injection. New infinite framework structures have
the potential to lead to fully defined novel anode materials. Supported by DE-FG02-02ER15372.
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Modular assembly of high-potential Zn porphyrin sensitizers attached to TiO,
with a series of anchoring groups

Lauren A. Martini, Gary F. Moore, Rebecca L. Milot, Lawrence Z. Cai,? Stafford W. Sheehan,
Charles A. Schmuttenmaer, Gary W. Brudvig, and Robert H. Crabtree
Department of Chemistry and Energy Sciences Institute
Yale University
New Haven, CT 06520-8107

High-potential photoanodes (HPPAS) are essential for photoelectrochemical cells and where
water splitting is the goal, the molecular components of an HPPA have to be stably attached to
the semiconductor electrode surface in water as solvent. The standard anchors used at present are
—COOH and —PO4H; but the first detaches in water and the second shows poor performance in
transmitting photoinjected electrons from a sensitizer.

We earlier introduced 2,4-pentanedione as a water-stable anchor that is stably attached to TiO;in
water and efficiently mediates interfacial electron transfer. Although the bound 2,4-
pentanedionate is robust, work in the most recent grant period indicates that deacetylation of the
2,4-pentanedione can occur particularly when certain groups, such as 4-pyridyl, are attached at
the 3 position. We have therefore looked for other anchors that combine water-stability and good
interfacial electron injection properties while avoiding easy decomposition.

We now find that hydroxamate not only fulfils all these needs but is also very easily available
from RCOOH or RCOOEt by any one of a number of simple functionalization procedures. The
compound shown in Fig 1 carries the same 4-pyridyl group that proved problematic in the 2,4-
pentanedione derivatives but behaves well here.

Fig. 1 Functionalization procedure and attachment to TiO, nanoparticle.

The THP protected version of the hydroxamate is equally easily synthesized and has the merit of
spontaneously deprotecting and binding to TiO,. This is allowing us to prepare derivatives with
sensitive functionality and introduce metal ions without risk of them binding to the hydroxamate.
We have also built T-shaped assemblies of the type discussed in the Schmuttenmaer abstract, but
using hydroxamate as anchor—these operate in a very satisfactory manner and give promise for
future development.
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Computational and Experimental Strategies to Achieve, Control, and Understand
Singlet Fission in Molecular and Thin Film Systems

Niels H. Damrauer, Paul Vallett, Jamie Snyder, Bijan Paul, Jasper Cook, Thomas Carey, and

Ryan Michael

Department of Chemistry and Biochemistry

University of Colorado at Boulder
Boulder, CO 80309

The experiments and computational results to be discussed herein are motivated by previous
work in our laboratory where singlet fission (SF) yields in polycrystalline tetracene thin films
were modulated by shaped laser fields affecting low-frequency intermolecular (inter-monomer)

motions impacting the interaction of ©-Systems.

These observations motivated the design of bi-chromophoric bis-
tetracene molecules in a face-to-face configuration where inter-
chromophore coupling can be synthetically controlled. In this
poster we show results of DFT methods that determine the
thermodynamics of a series of tetracene dimers that are held in
various configurations using polynorbornene bridges (Fig 1).
Attaching the bridge to a side position (BT1-t, BT1-c) versus an
end position (BT1) results in a decrease in energy of the T, state
relative to the S; state and a subsequent significant increase in
SF driving force. In addition, a Davydov splitting (a hallmark of
interchromophore coupling) of 87 meV was calculated for BT1-
¢, a value that is larger than the 34 meV calculated for BT1, and
comparable to 78 meV as observed in thin films of tetracene
where SF readily occurs. Further computational analysis of the
series of dimers shows that the through-bond and through-space
coupling can be independently controlled based on dimer
geometry and bridge distance, allowing us to explore the effects
of the different methods of coupling on SF once synthesized.

Fig 1. Tetracene dimers under study.

We will describe synthetic progress on the monomers and dimers currently underway in our
laboratory. Two strategies have been identified and both are being pursued. The more recent
strategy represents a potentially more efficient route towards the monomer and dimers of BT1
utilizing sequential double Wittig reactions to form the tetracene framework.

Finally, we will present exploration into shaped laser fields that can enhance and suppress
observed vibrational motions, along with results utilizing more complex shaped fields than
simple pulse trains to control SF. Preliminary results implicate a suite of low frequency lattice
modes may be present that can affect SF yield in thinner (~50 nm) tetracene films.
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Multicomponent Arrays for Multiple-Redox and Multiple-Excited-State Interactions
in Molecular Aggregates

Marye Anne Fox and James K Whitesell
Department of Chemistry and Biochemistry
University of California, San Diego
La Jolla, CA 92305

For several years, we have sought to devise molecular models that contain large numbers of
dyes, producing ground states with high extinction coefficients. The resulting multi-component
array can efficiently absorb incident light, produce excited states that initiate efficient electron
exchange, and drive electron or energy transfer along a desired direction. In such complex
arrays, production of multiple electron transfers within a single aggregate can drive light
harvesting in multi-electron photoconversion devices.
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We focus on those structural features that describe photoinduced electron transfer in polymers
and nanocrystals that bear high dye densities. The quantum efficiencies of such devices are quite
high when anchored in a specified geometry on a synthetic platform, and the photophysical
properties of these arrays may predict those components that can achieve optimal solar
utilization and catalysis. Here we describe catalysis or photocatalysis in self-assembled
monolayers (SAM), in reactive shell-core clusters (SCC), in functional polymers, and in
dendrimers. Each multi-component aggregate is designed to include structural features that can
accommodate multiple charges when properly functionalized.

She@ Core
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surface binding sites

charge carrier trapping in core

surface band edge energetics
In order to achieve  controlled  redox
chemistry, we must define how physical dispersal of dyes in these arrays affect the excited states
of fully loaded aggregates, how directionality toward a target must be included in molecular
design, and which competing paths influence the long-term stability of the whole array. We also
compare these aggregates with single molecule models used in photosensitization schemes. The
scaffold onto which the chromophores are bound can then be compared with other supports
encountered when the interacting dyes are imbedded as single entities in sol gels or attached as
single adsorbates to a flat metallic surface.
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Proton-coupled electron transfer kinetics
of the hydrogen evolution reaction

Daniel G. Nocera
Department of Chemistry and Chemical Biology,
Harvard University, Cambridge, MA 02138
dnocera@fas.harvard.edu

Cobalt hangman porphyrins with a xanthene backbone and a carboxylic acid hanging group have
been shown to promote the hydrogen evolution reaction (HER). The hangman group is observed
to facilitate HER by mediating a proton-coupled electron transfer (PCET) pathway that leads to a
hydridic Co(Il)H species, which has been shown to be the key intermediate. This species reacts
with protons in an ensuing rate determining PT step, leading directly to H, generation. The
mechanism has been interrogated by electrokinetic analysis according to the following steps:

](0
Step1:  Co(Il) +& —=> Co(I)

B —

kCo(I/O) .
Step2: Co(l) +e& —— Co(0)

%
Step3:  Co(0) + HY —» Co(IH

Analysis and fitting of the electrochemical data yields a heterogeneous rate constant of Kocogiiny =
0.012 cm s, Analysis of step 2 has been aided by the isolation of a Co(0) porphyrin not
possessing a hanging group. The electron transfer rate constant of Kocogrg) = 0.2 ¢m s is an order
of magnitude greater than the Co(ll/1) couple, indicative of greater electron delocalization of the
electron on the porphyrin ring in a reduced state.

The proton transfer reaction has been examined, step 3, with the following model,

0.2cms™?
E0=-2.14V
Co(l) + & &= Co(0)

. k
Co(0) + H* —=—— Co(I)H

The electrochemical scan rate analysis for the hangman system yields the tunneling proton
transfer rate constant for the HER reaction. A rapid intramolecular PT from the carboxylic acid
hanging group to the reduced Co(0) center occurs at a rate of ket = 8.5 x 10° s™, providing a
facile pathway for the formation of the Co(Il)H species. Conversely, in the case of systems
lacking an internal proton relay (non-hangman porphyrins), intermolecular PT rate constants on
the order of 1000 M s were calculated (data will be shown on poster) for the reaction between
the Co(0) center and an external acid source (benzoic acid). In comparison to these
intermolecular rate constants, the measured intramolecular PT rate constant indicates that the
presence of a pendant proton relay proximate to the metal center gives rise to a rate enhancement
that is equivalent to an effective benzoic acid concentration >3000 M, thus establishing the first
quantitative metric for the importance of a proton relay in the HER reaction.
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Effects of Water on the Charge-Carrier Dynamics, Photoelectrochemical Properties,
and Stability of Dye-Sensitized Solar Cells

Kai Zhu, Song-Rim Jang, and Arthur J. Frank
Chemical and Materials Science Center
National Renewable Energy Laboratory

Golden, CO 80401

Water (or moisture) is one of several factors that are generally perceived as detrimental to the
performance and long-term stability of thin film photovoltaics. Because the charge-carrier
dynamics are major determinants of cell efficiency, it is likely that transport and recombination
kinetics are critical in determining the changes in cell performance over time. In this study, we
examine the influence of water on the relationship of the charge-carrier dynamics to the
photocurrent density—photovoltage (J-V) characteristics and stability of dye-sensitized TiO,
solar cells (DSSCs) containing two different commonly used solvents. Adding 10 vol% water to
the solvent in the DSSCs was found to alter the energy level alignments at the
electrode/electrolyte interface, retard the recombination of electrons in the TiO, films with
oxidized iodide species in the electrolyte, and increase the dark exchange current density.
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Surprisingly, the added water had no effect on electron transport as measured by electrochemical
impedance spectroscopy. Changes in the J-V characteristics were shown to result from the
effects of water on the energetics and kinetics of transport and recombination in the DSSCs.
Regardless of the solvent used in the DSSCs, the added water had no observed effect on the cell
stability during 1000 h of continuous illumination under full sunlight (AML1.5). Valuable insight
was gained into the underlying mechanism that determined the relationship between the charge-
carrier dynamics and the J-V properties and stability of DSSCs.
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Excited State Quenching Mechanism of a Terthiophene Acid Dye Bound to Monodisperse
CdS Nanocrystals: Electron Transfer vs. Concentration Quenching

Rajan Vatassery, Jon Hinke, Antonio Sanchez-Diaz, Ryan Hue, Kent R. Mann, David A. Blank,
and Wayne L. Gladfelter
Department of Chemistry
University of Minnesota
Minneapolis, MN 55455

Oleate-capped CdS nanocrystals (NCs) dispersed in dichloromethane were found to quench the
excited state fluorescence of the terthiophene derivative 3',4'-dibutyl-5"-phenyl-[2,2":5',2"-
terthiophene]-5-carboxylic acid (1-CO,H). Infrared and *H NMR spectroscopies provided
evidence that 1-CO,H substitutes for oleate on the surface of the CdS NCs. Upon binding, the
fluorescence of 1-CO,H is quenched, and the *H NMR lines from 1-CO-H are broadened. The
importance of the carboxylate group in binding to the CdS NC was further established by
examining the behavior of a similar fluorophore where the carboxylic acid group was replaced
with a bromo substituent (1-Br). The CdS NCs had no influence on the fluorescence intensity or
NMR lineshapes of 1-Br. For 1-CO,H, Stern-Volmer plots indicated a nearly linear increase in
lo/l as the CdS NCs concentration was increased, but as the dye/NC ratio reached ~20/1, 1o/l
reached a maximum of ~8 and began to decrease. By a dye/NC ratio of 2/1 the 1o/l reached a
steady value of ~ 2.5. The peak in the Stern-VVolmer plot at a 20/1 ratio was consistent with a
maximum in the contribution from concentration quenching at this coverage. Based on the
appearance of the dye’s radical cation spectrum at low dye/NC ratios, ultrafast transient
absorption  spectroscopy confirmed
electron transfer from the singlet
excited state of the dye to the CdS NC
with a lifetime of 16 ps. At higher
dye/NC ratios, the signal from the
radical cation was much less dominant,
and the decay of the singlet excited
statet was dominated by the
concentration quenching process having
a 1 ps lifetime. The figure summarizes the events occurring upon excitation of the dye/NC dyads.

Given the widespread use of oligothiophenes in photovoltaics, and the detrimental effect that
concentration quenching has on light-to-electricity conversion efficiency, rational dye design
becomes an important consideration. Complicating the picture further is the fact that other
groups have shown that certain aggregates not only participate in electron transfer, but also
absorb a greater fraction of the solar spectrum due to aggregation-induced changes in their
absorption spectra. To take advantage of aggregation as a benefit rather than a drawback, it will
be necessary to study further the factors that affect the relative rates of electron transfer and
energy dissipation in a variety of dyes.

Vatassery, R.; Hinke, J.; Sanchez-Diaz, A.; Hue, R.; Mann, K. R.; Blank, D. A. and Gladfelter,
W. L. J. Phys. Chem. C, submitted for publication.
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Molecular and Material Approaches to Overcome Kinetic and Energetic Constraints
in Dye-Sensitized Solar Cells

Jesse Ondersma, Yuling Xie, Suraj Soman, Dhritabrata Mandal and Thomas W. Hamann

Department of Chemistry
Michigan State University
East Lansing, M1 48824

The ultimate goal of our work is to redesign the dye-sensitized solar cell (DSSC). This is guided
by systematic studies of each of the DSSC components: redox shuttle, photoanode, sensitizer,
and solvent. Understanding the details of each components role in key processes — injection,
regeneration and recombination — will be used to overcome kinetic and energetic constraints of
current generation DSSCs.

Redox shuttle: The primary limitation of current redox shuttles, Is7/I” and cobalt tris-bipyridine,
is the large driving force (ca. 500 meV) required to achieve quantitative regeneration. We will
present resent results from our investigation of using a low spin cobalt(ll) complex, cobalt bis—
trithiacyclononane, [Co(ttcn),]*"?* as a redox shuttle in DSSCs. This unique cobalt complex
redox shuttle is stable, transparent, easy to synthesize from commercial ligands, and has
attractive energetic and kinetic features for use in DSSCs. A series of photoelectrochemical and
spectroscopic measurements were employed to understand the regeneration efficiency and
recombination rates. These results indicate that [Co(ttcn),]** is capable of quantitative dye
regeneration with only a ~200 meV driving force. The recombination rates are an order of
magnitude faster compared to cobalt tris—bipyridine, however, which reduces the electron
diffusion length and overall charge collection efficiency. Initial attempts at overcoming
recombination through sensitizer design and photoanode material will also be presented.

Photoanode: The photoanode plays a central role in charge injection, transport, and
recombination. One potential way to control recombination is therefore to alter the photoanode
material. We will present initial results of using Nb,Os
as a photoanode. The conduction band edge, Ecg, is
arguably the most important physical property of the
photoanode that determines the driving force and rate
of recombination. We extended the method of variable
temperature spectroelectrochemistry developed in our
group to compare Ecg of Nb,Os to TiO,. We found
that the conduction band edge of Nb,Os is ~100 meV
lower than TiO,, consistent with previous estimates.
The effect on recombination rates to [Co(ttcn),]** will
be presented.

Sensitizer: The rates of regeneration with alternative
redox shuttles, and injection with alternative photoanode materials, will also be affected by the
energetics of the ground and excited states of the sensitizer, respectively. In addition, the rates of
recombination can be partially controlled through adding steric bulk to the sensitizer. We have
therefore synthesized a series of cyclometalated sensitizers to control the ground and excited
state potentials as well as the steric bulk. Recent results of examining this series of sensitizers
will also be presented.
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Two-Catalyst Assemblies and Mixtures for Photochemical CO; Reduction

Davis B. Moravec, Nathan La Porte, and Michael D. Hopkins
Department of Chemistry
The University of Chicago
Chicago, IL 60637

This presentation will describe efforts to develop molecular artificial-photosynthetic
systems for producing solar fuels from CO,, in which renewable reducing equivalents replace
conventional sacrificial donors. A common design element of these systems is the pairing of a
hydrogen oxidation catalyst and CO, reduction catalyst with a chromophore that photosensitizes
electron-transfer reactions between them. One portion of the work has focused on two- and
three-component assemblies derived from metal-alkylidyne (MCR) building blocks, which
possess highly reducing excited states and regenerative proton-coupled electron-transfer
chemistry with H, relevant for CO, reduction reactions. Recent bimolecular quenching studies
of W(CPh)(dppe),Cl and related compounds demonstrate that their long-lived dn* excited states
are as strongly reducing as sodium amalgam, and are characterized by small inner-sphere
reorganization energies. In contrast to covalent

efficiencies of energy and electron transfer are subject to o lp
control via solvent polarity and porphyrin aryl Ph—< N\ 7—"\ —Rle‘CCO
substituents. Reactions of the components with CO; and SN > °

H, under photochemical conditions will be described. Fh :

cl
assemblies we have previously studied, the MCR unit in EP;W'_-Eﬁ
. . . - - : I
the ZnPor/Re chromophore/CO,-catalyst triad at right is R I Re
mcorporated as a dative metalloligand; the dative Ej
linkage allows exchange with free MCR in solution on ., 7
the NMR time scale, potentially decoupling catalysis (nonpolar I
and charge recombination. Transient-absorption ( (polar solvents)
spectroscopic studies show that the relative rates and ;31\ PN Jj
N

A second, recent thrust has been to study ‘“unassembled” chromophore/two-catalyst
systems—that 1s, mixtures of three different compounds in solution that operate via outer-sphere
reactions. This eliminates the need for synthesis of assemblies and may enable diffusion/hole-
trapping to outcompete charge recombination, but poses challenges in kinetically integrating
photophysical and electron-transfer events. In this context, it has been found that the very long-
lived T; states of Zn porphyrins (t ~ 1 ms) are valuable for photosensitizing inter-catalyst
electron transfer. These chlomoph01es have been paired Wlth a variety of H,-oxidation catalysts
of types Cp*Cr(CO)3, CpFe(PX,N? )", and NI(PI?Q_NR »)** (where PX,N®, are the DuBois-type
amino phosphine ligands). Appropriate pre-catalyst redox congeners of these compounds are
shown to reductively quench the ZnPor T, state to produce ZnPor ; these reduced chromophores,
in turn, may be oxidized thermally by Re(diimine)(CO);X compounds to initiate their the one-
electron pathway for CO, reduction. Detailed transient-absorption spectroscopic measurements
of the Cp*Cr(CO)3/ZnTPP/Re(bpy)(CO);Cl system in various relative concentrations and in
different solvents has provided a complete picture mechanistic and kinetic picture of the
photochemical and thermal bimolecular electron-transfer reactions. Under steady state photolysis
conditions, preliminary evidence for CO, reduction has been found.
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2D Electronic Spectra of PbSe Quantum Dots in the Short-Wave Infrared

Samuel D. Park, Dmitry Baranov, Byungmoon Cho, Vivek Tiwari, and David M. Jonas
Department of Chemistry and Biochemistry
University of Colorado
Boulder, CO 80309-0215

Next generation photovoltaics must have their bandgap in the short-wave infrared, which spans
the 1-2 xm wavelength range. External quantum efficiencies exceeding 100% have been reported
for lead selenide quantum dot solar cells and photocurrent quantum yields of almost two have
been reported for lead sulfide quantum dots on TiO,, but the thresholds for the excess quantum
yields are too high to boost energy conversion efficiency relative to conventional photovoltaics.
Bulk lead chalcogenides have an interesting electronic structure, with their bandgap at the 4-fold
degenerate (8-fold including spin) L-point of the first Brillouin zone. Depending on structure,
this intervalley degeneracy may be lifted in quantum dots.

We have developed the first femtosecond two-dimensional Fourier transform spectrometer in
this wavelength region and used it to record the 2D FT spectra of oleate capped colloidal lead
selenide quantum dots in 2,2,4,4,6,8,8-heptamethylnonane. The quantum dots were prepared in
our laboratory by a hot injection synthesis and kept under air and moisture free conditions
throughout experiments. The synthesis is reported to produce lead rich surfaces, suitable for
testing predictions about the intervalley splitting in spherical lead chalcogenide quantum dots.
TEM indicates the quantum dots are ellipsoidal, with a 3.1+0.3 nm short axis and a 4.4+0.4 nm
long axis; the short axis is consistent with the diameter deduced from a literature sizing curve
and the first exciton absorption peak at 1.09 eV. The real 2DFT correlation spectra are shown
below for 4 waiting times, T, between measurement of the excitation and detection frequencies.

Most interesting is the negative region
above the diagonal at T=0. This could be
a 2D signature of the phonon memory
predicted by Prezhdo and co-workers,
although the intervalley splitting of the
bi-exciton states reached via excited state
absorption is not yet understood and
remains a potential explanation. Despite
frequency calibration to within 0.1 meV,
determination of any off-diagonal shifts
(which are in opposite directions for the
bi-exciton binding energy and the phonon
Stokes’ shift) is difficult because of a
recently discovered need to subtract weak
scattered light. At T=1 ps, the 2D spectra
appear to show 3 peaks on a square, with
hints of the fourth peak at T=100 fs (x =
cross-peak, o = diagonal peak) suggesting
a 40 meV intervalley splitting.
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Effects of Stranski-Krastanov Shells in the Charge Transfer Dynamics
of ZnTe/CdSe Nanocrystals

Zhong-Jie Jiang and David F. Kelley
Chemistry and Chemical Biology
University of California, Merced

Merced, California 95343

ZnTe/CdSe core/shell nanocrystals with varying ZnTe core sizes and CdSe shell thickness have
been synthesized. The absorption onset and photoluminescence (PL) wavelengths vary from the
mid-visible into the near infrared range, as shown in figure 1, below. These particles are type-II,
with the hole confined to the ZnTe core. The shell thickness inhomogeneity is determined from
luminescence quenching dynamics with an adsorbed hole acceptor, phenothiazine (PTZ).
Luminescence quenching results from hole tunneling, the rate of which depends critically on the
shell thickness. The model used to describe the tunneling dynamics considers a Poisson
distribution of acceptor numbers and includes shell thickness variability. The thickness-
dependent hole tunneling rates are determined from calculated wavefunction penetration using
the known core/shell energetics and effective masses. We find that the first approximately three
layers of CdSe are deposited uniformly and that subsequent deposition results in Stranski-
Krastanov (S-K) growth of shell islands. ZnTe and CdSe have very close to the same lattice
constants and the interface therefore has very little lattice strain. However, cation interdiffusion
changes the radial composition profile of the ZnTe-CdSe interface, leading to a large amount of
lattice strain. Island formation minimizes the lattice strain energy, making the rough surface
thermodynamically favorable. The conditions under which one gets S-K growth of nanocrystal
shells and thin films can be understood in terms of elastic continuum calculations and surface
energy considerations.
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Figure 1. Absorption (a) and PL (b) spectra of 2.6 nm ZnTe core and ZnTe/CdSe core/shell
nanocrystals. (¢) PL kinetics of particles having a 1.2 nm CdSe shell deposited at 215 °C with
different PTZ concentrations. The curves are calculated assuming uniform thickness shells

(slower decaying color curves) and S-K growth of islands on three smooth shell monolayers
(black curves).
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Neutral Carotenoid Radicals in Photoprotection

Adam Magyar,t Michael K. Bowman,t Peter Molnar,f and Lowell D. Kispert*,t
TDepartment of Chemistry, The University of Alabama, Box 870336
Tuscaloosa, Alabama 35487-0336
tDepartment of Pharmacognosy, University of Pecs, Medical School, H-7624 Pecs, Rokus u. 2,
Pecs, Hungary

The deprotonation of naturally occurring zeaxanthin (Zea) radical cations (Zea™) to form neutral
radicals (#Zea") and their involvement in the qE portion of non-photochemical quenching (NPQ)
is the subject of this presentation. Plants have several redundant mechanisms for protection from
excess light, collectively known as non-photochemical quenching (NPQ).! One important form
of NPQ is gE, which is characterized by a decrease in fluorescence. Arabidopsis thaliana
mutants show a strong connection between the presence of (Zea) and the qE component of NPQ.

During periods of excess light, a charge-transfer

complex is formed between Zea and Chl generating /’"\./',;i;.;\
Zea™ (Zea"seesChI). Previous studies’ have \\ Ch'*ic'
pointed out that Zea"* are weak acids and the Chi*

favorable formation of carotenoid neutral radicals oy
occurs via proton loss at the terminal end (4 or 4°) o4 + e D:Q o+
carbon for Zea and lutein (Lut) radical cations. This Zea™ —>H"+ #& =~ dlzea
correlates with their ability to quench excess
energy. Radicals have shown the ability to quench chi - Chl
fluorescence and are the basis for detecting singlet Chl

and triplet oxygen. The cartoon given above
depicts the experimental scheme as well as how #Zea" may quench the excess energy from
chlorophyll. To detect the deprotonation of naturally occurring (Zea™) to form (#Zea™) during
qE, wild-type A. thaliana leaves were infiltrated with either D,O or H,O and exposed to light and
analyzed via LC/MS. Only leaves exposed to light intensity that triggers gE in A. thaliana (>300
uE m? s?) showed H/D exchange. This observation suggests that “Zea" can form by the
deprotonation of the weak acid Zea™ during gE and its role in gE activity in A. thaliana needs to
be considered. This work was supported by the Office of Chemical Sciences, Geoscience and
Biosciences Division, Basic Energy Sciences, U.S. Department of Energy.

Zeaxanthin

1. Mozzo, M., et al. “Photoprotection in the Antenna Complexes of Photosystem Il — Role of
Individual Xanthophylls in Chlorophyll Triplet Quenching”, J. Biol. Chem. 2008, 283, 6184-
6192.

2. Focsan, A. L., et al., “Structure and Properties of 9’-cis-Neoxanthin Carotenoid Radicals by
Electron Paramagnetic Resonance Measurements and Density Functional Theory
Calculations: Present in LHC 11?7, J. Phys. Chem. B 2009, 113, 6087-6096.
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Photoexcited Excitons in Charged Single Walled Carbon Nanotubes

Nicole M. Cogan, Sebastian Shaffer, Michael Odoi, Bradford Loesch, Julie Smyder, and Todd D.
Krauss
Department of Chemistry and the Institute of Optics
University of Rochester
Rochester, New York 14627-0216

Semiconducting single-walled carbon nanotubes (SWNTSs) display remarkably stable and size-
tunable photoluminescence at near-infrared (NIR) wavelengths, making them fundamentally
interesting and technologically relevant materials. However, individual SWNTSs typically have a
photoluminescence (PL) quantum yield (QY) of about a few percent, much less than other NIR
emitting nanomaterials such as semiconductor quantum dots. It is currently not understood
whether the poor QY of SWNTSs is an intrinsic property or the result of extrinsic quenching
mechanisms indicative of non-optimal sample quality, such as structural defects or dopants.

We will discuss several experiments designed to elucidate the nature of the PL emission in
SWNTs. PL intensity time traces and spectra from individual NTs isolated on ITO while under a
positive and negative electrochemical bias were acquired (Figure 1). Interestingly, for some
NTs, PL intensity was quenched for appropriately large positive and negative applied bias
voltages, likely due to filling of valence and conduction bands, respectively (Fig. 1B). However,
for some NTs, PL quenching was observed for negative bias voltages, but PL enhancement was
observed for positive bias voltages (Fig. 1C), suggesting that these NTs were intrinsically doped.
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Figure 1. (A) PL images of a single NT while under an electrochemical bias. Average PL intensity
versus applied bias for (B) the NT shown in (A) and for (C) a doped NT. The working electrode was
Pt and the reference electrode was Ag/AgCI.

In a related study, correlated measurements of fluorescence and topography were performed for
individual single-walled carbon nanotubes on quartz using epifluorescence confocal microscopy
and atomic force microscopy (AFM). Surprisingly, only ~11% of all SWNTs were found to be
emissive, while approximately 36% of the SWNTSs displayed weak luminescence, in which PL
spectra were not observed for corresponding bright pixels in the PL image. The rest of the NTs
did not have any observable PL emission. Our data suggest that the low ensemble QYs for
carbon nanotubes can be largely attributed to a small percentage of bright SWNTs in the
ensemble, and not to a large population of poorly emitting SWNTSs.
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Exciton Dissociation Dynamics in Colloidal Triadic CdSe-CdS-Pt Nanorods

Kaifeng Wu, Haiming Zhu and Tianquan Lian
Department of Chemistry
Emory University
Atlanta, Georgia 30322

Triadic colloidal nanorods are emerging as a novel class of promising materials for solar-to-fuel
conversion. These materials combine the light harvesting and charge separation ability of
quantum-confined semiconductor nanorods with the catalytic activity of metallic nanoparticles.
For example, in CdSe-CdS-Pt dot-in-rod nanorods (Figure 1a), the quasi type Il band alignment
in CdSe/CdS leads to ultrafast internal exciton dissociation across CdSe/CdS interface, which
canfacilitate efficient directional electron transfer to the Pt particle at the tip of the CdS nanorod
(Figure 1b). The distance between the separated charges (with electron at the Pt tip and hole at
the CdSe core) can be adjusted by the rod length to control the lifetime of the charge separated
state. The energetics of the electrons and holes can be tuned by the choice of materials and the
diameter of the rod through the quantum confinement effect in the radial direction. However, in
CdSe-CdS-Pt nanorods prepared by colloidal seeded growth methods, both surface defects and
non-uniform nanorod diameters along the rod direction often exist, leading to multiple long-lived
exitonic states in these materials (Figure 1a and b). The optimization of charge separation
properties in such nanorods requires the understanding of the spectral signature and dynamics of
these excitons. In a recent series of study, we assigned the spectra and investigated the dynamics
of exitonic states in CdSe-CdS-Pt nanorods by transient absorption spectroscopy. As shown in
Figure 1c (upper panel) and d, the 1o exiton bleach recovery is faster in CdSe-CdS-Pt than
CdSe-CdS rods, indicating fast electron transfer to the Pt tip (with a half-life of ~ 100 ps). The
charge separated state, which can be probed by the Stark effect induced exciton peak shift
(Figure 1C lower panel), has a half-lifetime approaching 1 microsecond (Figure 1e). Ongoing
studies are examining how the yield of charge separation and the lifetime of the charge separated
state depend on the rod length and diameter and how these quantities correlate with their photo-
catalytic H2 evolution performance.

Figure 1. Colloidal triadic CdSe-CdS-Pt nanorods. a) Schematic structure, b) Energy level diagrams, ¢) Transient
absorption spectra, d) Charge separation kinetics and e) Charge recombination kinetics.
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Photochemical and Photovoltaic Properties of Conjugated Ilonomers

Stephen Robinson, Ethan Walker, Chris Weber, and Mark Lonergan
Department of Chemistry
University of Oregon
Eugene, OR 97403

We report studies on the charge injection and transport properties, and photochemistry of
ionically functionalized conjugated polymers (conjugated ionomers) and their junctions.

Unlike conventional organic photovoltaic
systems, which rely on an asymmetry in frontier orbital
positions to generate a photovoltaic effect, we have
demonstrated a series of organic photovoltaic systems
based on asymmetries in either doping type (like the
conventional silicon p-n junction) or ionic composition.
In regards to the former, we have detailed the properties
of polyacetylene-based p-n junctions where the dopant
density of the n-type region is systematically varied
over the range 10" to 10°° cm™.  Variation of dopant Figure 1 - Tuning current density (J)-voltage
density enables tuning of the junctions properties (see ?Oel:l;’l;';.rlffn‘)j(ﬁizf;tﬁif“e'based conjugated
Figure 1), but the properties are distinct from classic
inorganic p-n junctions in that they exhibit neither the voltage-dependent capacitance of a
semiconductor depletion layer nor classic Shockley diffusion-based current-voltage behavior.

Studies on the photochemistry, charge injection, and transport in individual conjugated
ionomers are being used to provide important insight into the properties of the photovoltaic
systems described above and the dramatic effects of ionic functional groups. In regards to
injection and transport, ionic functional groups impart mixed ionic/electronic character. Such
character invalidates conventional approaches to . : : : —
determining basic parameters such as carrier mobility f ¥ B8
because of challenges in determining the density of -4f ; )/ :
injected charge, especially if the mobility is
concentration dependent. We have used NIR
absorbance as a direct, model-free approach to measure
the density of injected charge in determining carrier
mobility. These measurements have also enabled direct
comparison of two-electrode and three-electrode
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electrochemical charge injection measurement in
validating an electrochemical model of charge injection
into conjugated ionomers (Figure 2).

In regards to photochemistry, we have
demonstrated that ionic functional groups result in a

dramatic effect on the autoxidation of conjugated polymers.

Figure 2 - Comparison of charge injected (¢d})
into a polyacetlyene anionomer in a two-
electrode system (blue circles) compared with
the range expected (dashed red lines) from a
three-electrode electrochemical experiment.

In particular anionic functional

groups with alkali metal cations greatly stabilize the formation of an oxygen charge transfer
complex that dramatically slows overall polymer photodecomposition.
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Controlled seeding and growth of Ta:TiO, nanoforest and its performance

as photoanode for dye sensitized solar cell devices

Yukihiro Hara, Timothy Garvey, Leila Alibabaei, Rudresh Ghosh, Rene Lopez

Department of Physics and Astronomy
University of North Carolina at Chapel Hill
Chapel Hill, NC, 27713

Efficient absorption of photons and effective carrier extraction are usually antithetical goals in
traditional photovoltaic device configurations. Typical solar cell designs try to maximize photon
capture by increasing the thickness of the absorbing layer. But this is detrimental to charge
harvesting since increased transport path lengths lead to increased carrier recombination. The
objective of our program is to comprehensively redesign the full opto-electronic properties of
dye sensitized solar cells to develop the ultimate cell structure, at all length scales, that will

enable DSSCs with perfect light capturing and electron harvesting.

Our approach is based on two developments that decouple carrier
transport from optical absorption: 1) A novel high surface area oxide
fabrication technique *“nanoforest” of tantalum doped TiO,
nanoparticle that allow us to achieve full dye loading and at the same
time provide more direct paths for charge transport, reducing travel
lengths and recombination opportunities. 2) The optical control
allowed by non-invasive photonic micro-structuring.

Putting together this two independent technologies will allows us great
latitude to understand and ultimately control in the optoelectronic
properties of the dye sensitized photoanodes. For a first realization of
this concept, a patterned array of indium tin oxide (ITO) micro-cones
with 1.5 pm height was fabricated on fluorinated tin oxide (FTO)
substrate via nanoimprint nanolithography and pattern transfer
techniques. Tantalum doped TiO, was deposited on this patterned
substrate by pulse laser deposition at high background pressure. The
Ta:TiO; oxide layer grew in vertically separated bushes or trees out of
the patterned ITO that provided a trunk-like seeds for this control
growth. Dye-sensitized solar cells with the film on the patterned
substrate as well as flat FTO for comparison were fabricated and
tested. The devices with the patterned substrate showed 25 % increase
in short circuit current (Js;) compared to the one with flat FTO
substrate. Optical and photoelectrochemical characterizations were
performed to investigate the source of the improvement. The increase
in Jic was attributed to the enhancements of light absorption and
effective electron collection by the patterned ITO.

135

Fig.l1  Electron  cross
sectional images  of
patterned substrates ITO
features on FTO substrate.

Fig.2  Electron  cross
sectional images  of
Ta:TiO, nanoforest film
on (@) flat FTO and (b)
patterned substrates after
identical Ta:TiO2 laser
growth.



Sensitization of p-GaP Photoelectrodes with CdSe Quantum Dots:
Light Stimulated Hole Injection

Zhijie Wang, Junsi Gu, Sabrina Peczonczyk, and Stephen Maldonado
Department of Chemistry
University of Michigan
Ann Arbor, MI 48109-1055

This presentation describes the first dataset illustrating light sensitized hole transfer between a
photoexcited quantum dot and a p-type semiconductor photocathode immersed in an aqueous
electrolyte. We demonstrate that cadmium selenide (CdSe) quantum dots have the capacity to
sensitize p-type gallium phosphide (p-GaP) through light stimulated hole injection, i.e. the
mverse process of the more familiar electron injection in ‘conventional’ dye sensitized systems.
This work highlights several interesting features of this system, including sensitivity towards
quantum dot size, surface composition, and a cathodic redox mediator (aquated Eu’"/*"). This
work achieves two important goals. First, these data establish the p-GaP/CdSe platform as a new
test-bed for fundamental study of light-stimulated charge transfer events at quantum dot
materials. Second, these results demonstrate quantum-dot sensitized photocathodes can operate
i simple aqueous electrolytes, suggesting the possibility of sensitized cells that generate
chemical fuels instead of/in addition to electricity. Additional data will be presented illustrating
the covalent modification of GaP interfaces for deliberate dye/quantum dot attachment.
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Figure 1. a) Time-resolved photoluminescence decay measured from a monolayer of CdSe
(diameter = 4.5 nm) quantum dots on (red line) glass and (green line) p-GaP (100), respectively.
b) Steady-state current-potential responses for a (black lines) mirror-polished, bare p-GaP(100)
photoelectrode and (green lines) a mirror polished p-GaP(100) photoelectrode coated with a
monolayer of CdSe quantum dots (diameter = 4.5 nm). Responses both (dashed lines) in absence
of any illumination and (solid lines) under monochromatic illumination at 605 nm at 0.33 mW
cm™ are shown. ¢) External quantum yield spectra for (black) a bare p-GaP(100) photoelectrode
and (green) a p-GaP(100) photoelectrode coated with a thin film of CdSe quantum dots. Inset:
Absorption spectrum for the same CdSe quantum dots dispersed in hexane. d) Schematic
depiction of the sensitized process.
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Nanostructured Photocatalytic Water Splitting Systems

Nella M. Vargas-Barbosa, John R. Swierk, Yixin Zhao, Nicholas McCool, Timothy P. Saunders
Jennifer L. Dysart, and Thomas E. Mallouk
Department of Chemistry, The Pennsylvania State University, University Park, PA 16802
Ana L. Moore, Thomas A. Moore, and Devens Gust
Department of Chemistry and Biochemistry, Arizona State University, Tempe AZ 85281

Our DOE-supported research
investigates problems associated with
overall water splitting in molecular
photoelectrochemical systems. Our
current efforts are focused on electron
transfer processes in the anode and
cathode assemblies illustrated in the
cartoon at the left, and on membrane
polarization processes that occur in
photoelectrosynthetic cells.

One of the key problems for light-

driven water splitting is the

development of good water oxidation

catalysts that can be directly linked to
electron transfer relays, semiconductor surfaces, and photosensitizers. Despite much past and
current research on colloidal IrO,, the mechanism of nanoparticle formation from small
molecule precursors is not well understood. We have identified two key intermediates in the
synthesis of IrO,nH,O nanoparticles, namely a colorless polymeric Ir(111) complex and a basic
monomeric Ir(111) anion, which is tentatively formulated [Ir(OH)s(H,0)]%. It has not previously
been appreciated that this anion adsorbs strongly but reversibly to IrO, nH,O and other oxide
(TiO,, BiVO,4) surfaces. The anion can actually mediate back electron transfer at
photoelectrodes catalyzed by IrO4'nH,O and thus deteriorate the performance of the photoanode.
By hydrolyzing [IrCls]* in the presence of phosphonate, carboxylate, or malonate ligands, it is
possible to prepare size-controlled IrO4xnH,O capped by the appropriate ligand. Ligand-free
IrOxnH,0 nanoparticles are highly active catalytically, but particles that are saturated with
capping ligands are relatively inactive. We are currently working on strategies to partially cap
the nanoparticles in order to achieve simultaneously high catalytic activity and covalent
attachment of the nanoparticles to sensitizer or mediator molecules.

Flash photolysis studies have shown that the quantum yield of water splitting is determined
largely by the kinetic competition between back electron transfer and water oxidation at the
photoanode. We have made core-shell oxide electrodes and have incorporated electron transfer
mediators into the photoanode to improve the balance of these rates. Using flash photolysis, we
have studied the stepwise oxidation of IrO, nH,O that leads to water oxidation. We are also
modeling and measuring by conducting tip AFM the electron transfer kinetics of photoredox
assemblies grown layer-by-layer for the cathode side of the photoelectrochemical cell.
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Rotational Dynamics in Ionic Liquids - NMR & MD Studies

Anne Kaintz', Chris Rumble', Sharad K. Yadav?, Claudio Margulisz, and Mark Maroncelli!
'Department of Chemistry, The Pennsylvania State University; University Park PA 16802, and
’Department of Chemistry, The University of Iowa, Iowa City, IA 52242

For purposes of being able to more definitively model the kinetics of bimolecular electron
transfer in ionic liquids' we have been trying to gain a quantitative understanding of solute
translational and rotational dynamics in ionic liquids. We have completed an initial survey of
solute translational diffusion, some of which we presented in a poster last year. Here we present
the results of combined multi-frequency NMR measurements and molecular dynamics

simulations focused on the rotational problem. Lo

Early anisotropy measurements on fluorescent
solutes’ indicated that rotation in ionic liquids
could be understood simply by extrapolating the
behavior observed for a given solute in
conventional solvents to the higher viscosities
present in ionic liquids. However, dielectric
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both dilute solutes and neat ionic liquid 10ns. and the main panel the rotational time correlation
Because NMR measurements only provide functions simulated (curves) and determined from
correlation times whereas simulations show that ~ the NMR fits at two temperatures.

rotational time correlation functions (tcfs) are often bimodal functions of time, we use molecular
dynamics simulations to construct models for rotational tcfs and their temperature/viscosity
dependence. These models are used to guide the modeling of NMR data. When reasonable
agreement between simulation and experiment is achieved, we can trust that the nature of the
motions observed in simulation are representative of those of the real fluid. We will discuss the
mnsights obtained thus far from such simulation — NMR comparisons.

1. Liang, M.; Kaintz, A.; Baker, G. A.; Maroncelli, M. J. Phys. Chem. B 2012, 116, pp 1370.

2. Tto, N.; Arzhantsev, S.; Maroncelli, M. Chem. Phys. Lett. 2004, 396, pp 83.

3. Huang, M.-M.; Bulut, S.; Krossing, I.; Weingértner, H. J. Chem. Phys. 2010, 133, pp 101101.
4. Strehmel, V. ChemPhysChem 2012, 13, pp 1649.
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Progress toward the Development of Iron-based Chromophores for Use
In Solar Energy Conversion Strategies

Lindsey L. Jamula, Allison M. Brown, and James K. McCusker*
Department of Chemistry
Michigan State University
East Lansing, Michigan 48824

Our research program is focused on identifying, understanding, and ultimately overcoming the
fundamental scientific problems undermining the use of molecular chromophores based on first-
row transition metal ions in various solar energy conversion strategies, particularly in dye-
sensitized solar cells (DSSCs). This research is being pursued on two fronts: (1) identification of
the nuclear coordinate(s) that are coupled to the sub-ps charge-transfer (MLCT) to ligand-field
(LF) state conversion we have previously identified as a key process leading to low efficiencies
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Figure 1. Electronic absorption spectra of [Fe(dcpp)2]**

and [Fe(dvpp),]** in CH;CN solution.

of iron-sensitized DSSCs, and (2) the development of
a new class of chromophores in which the relative
energetics of the MLCT and LF states are inverted
such that the former correspond to the lowest-energy
excited states of the compound. This presentation
will focus on the second branch of our program and
will highlight progress we have made on the
development of a promising new class of high-
symmetry polypyridyl complexes.

Recent work from our group has resulted in the
synthesis and characterization of an Fe(ll) complex
based on a modified tris pyridyl ligand, di-(2-

carboxypyridyl)pyridine (dcpp). This compound is remarkable for several reasons: (1) the
compound possesses near-perfect On symmetry, with six identical Fe-N bond lengths and cis and
trans bond angles in the primary coordination sphere of 89(1)° and 179(1)°, respectively; (2) the
compound’s absorption spectrum is characterized by a markedly red-shifted charge-transfer

feature with a maximum at 620 nm (Figure 1); and (3) the
Fe(11)/Fe(111) redox couple is shifted positive by nearly 700 | Table 1. Electrochemical data for a series
mV, indicating a substantial stabilization of the tzg orbitals of are reported relative to ferrocene.

the metal center (Table 1). We believe these features conspire
to place the lowest-energy charge-transfer and ligand-field fompound | £ ow] | Ej [red]

states in close energetic proximity.

In an effort to lzJ+nderstand what underlies the unique properties | [1c2c0 o TG 6aov [ 1166 v
of [Fe(dcpp)_z] , we have prepar(_ed an ar]alog in which the [Fe(depp),1** | 1.295V | 0.965 V
C=0 group is replaced by an olefin. Despite the fact that the *irreversible
compounds are isostructural, the optical and electrochemical

of Fe(ll) polypyridyl complexex. Potentials

[Fe(bpy),]** | 0.665V |-1.775V
[Fe(terpy);]** | 0.715V | -1.675V

properties of [Fe(dvpp),]** are remarkably different (Figure 1 and Table 1). The photophysics of
both of these compounds will be described in detail, as well as ongoing efforts to modify these
systems further to allow for attachment to semiconductor nanoparticles and studies of their

electron injection dynamics.
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Electron Transfer Dynamics in Efficient Molecular Solar Cells

Atefeh Taheri, William Ward, Byron Farnum, and Gerald J. Mever
Departments of Chemistry and Materials Science & Engineering,
Johns Hopkins University, Baltimore, MD 21218

The Ru(Il) coordination compounds utilized in in regenerative dye-sensitized solar cells
quantitatively undergo three consecutive charge-transfer reactions shown schematically: 1) light
absorption through metal-to-ligand charge transfer

(MLCT) excitation; 2) excited-state electron @,
mjection into TiO,; and 3) reduction through ° Tioe)
oxidation of an electron donor present in the uT(dtb), Ru(dtb),’ L u(dtb),
| ,
va

solution electrolyte. In principle, immediately after
completion of this cycle the sensitizer is
“regenerated” and could repeat the “sensitization
cycle” again. Under 1 sun illumination each L

sensitizer repeats this cycle on average about twice per second. This poster addresses the third
charge transfer reaction and explored in fluid solution and reports 10dide oxidation mechanisms
in fluid solution and at metal oxide interfaces.

Kax
+I

New Ru-tris(diimine) compounds were prepared that enabled systematic variation of the free-
energy change for excited state hole transfer (AG®) to iodide over a 400 meV range. A strong
driving force dependence was apparent with diffusion limited rate constants for exergomic
gt e 0 o0, reactions and values on the order of 10° M s for AG°

E . E > 0 eV. Iodine atoms were identified as the reaction
[ product.  The temperature dependence was also
e quantified. After corrections for diffusion in CH3CN,
"’"!"'9'""‘5 analysis of the activated rate constants, k,; with
" Marcus theory provided insights into the factors that
f underlie the rapid electron transfer measured for
e k, | endergonic reactions and indicate that iodine atoms
% | cannot be ruled out as intermediates in dye sensitized
01 00 01 02 03 04 05 qolar cells based upon thermodynamic arguments alone

4G (V) s commonly done.
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In unpublished work, 10dide oxidation mechanisms in low dielectric constant solvents where ion-
pairing was clearly evident have been characterized. The photo-oxidation of iodide by
Ru(deebq)(bpy),>*, where deebq is 4,4’-(CO,Et),-2,2>-biquinoline, in thf revealed the
immediate appearance of I, and Ru(deebq)(bpy)," under conditions where control experiments
showed that the I + I' > I, reaction was much slower. This preliminary data suggests that I-I
bond formation and electron transfer can occur in one concerted step from a molecular excited
state.  Electrocatalysis studies designed to identify conditions where concerted I-I bond
formation might be initiated by an oxidized compound at metal oxide interfaces will also be
presented. The electrochemical data provide compelling evidence that Ru and Os polypyridyl
compounds anchored to metal oxide surfaces efficiently catalyze 1odide oxidation.
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Metal-to-Ligand Charge Transfer Excited States on Surfaces and in Rigid Media.
Application to Energy Conversion

Akitaka Ito, John M. Papanikolas and Thomas J. Meyer
Department of Chemistry
The University of North Carolina at Chapel Hill
Chapel Hill, NC 27599

Poly(ethyleneglycol)dimethacrylate films and monoliths undergo thermal or photo-
chemical polymerization to give optically transparent materials with features conformable to the
nanoscale. We reported previously on the spectroscopic and photophysical properties of a series
of polypyridyl ruthenium(II) complexes in a PEG-DMA containing nine ethylene glycol spacers
(PEG-DMAS550) in both fluid and film environments and have extended those measurements to a
series of Os(II) complexes [1]. At the PEG-DMAS550 fluid-to-film transition, the Metal-to-
Ligand Charge Transfer (MLCT) emission energies and excited-to-ground state 0-0 energy gaps
(Eo) increase due to a “rigid medium effect.” More

recently, we have also regoﬁed long-range energy O\O 2+
transfer from Ru(bpy);“* to two modified

anthracenes by Dexter mechanism in semi-rigid PEG- N
DMASS50 films and ultra-long-range energy transfer o % \N SN
sensitization of electron transfer has been observed 7‘)4 oo \H\

over >90 A in films containing complex, anthracene ®

mcorporated into the polymeric network, and added

methyl viologen as an electron transfer trap [2].

We have extended the film-based dynamics studies to reductive electron transfer
quenching of Ru(bpy);*** in PEG-DMAS550 films, e.g., Ru(bpy);*™* + PTZ — Ru(bpy)s* +
PTZ" (PTZ is phenothiazine). In the polymerized film, emission quenching occurs by two kinetic
pathways — rapid, static and slow, diffusional — similar to observations made earlier for energy
transfer quenching. The kinetics of the rapid electron transfer quenching were analyzed as
reported earlier [3]. Analysis of the distance dependence data for the rapid pathway demonstrated
electron transfer of long distances with a distance attenuation factor, A, of ~ 0.28 A™ with kgr(R)
= kEToexp(—,BR) and kgr’° the electron transfer rate constant at R = 0, and R the internuclear
separation distance. The f value was essentially independent of free energy change for electron
transfer (AGETO) while kETo varied with AGETO as predicted by electron transfer theory. Back
electron transfer dynamics, Ru(bpy);* + PTZ" — Ru(bpy);>* + PTZ, are also distance dependent
and were analyzed by power law kinetics.

References

[1] Knight, T. E.; Goldstein, A. P.; Brennaman, M. K.; Cardolaccia, T.; Pandya, A.; DeSimone,
J. M.; Meyer, T. J. J. Phys. Chem. B 2011, 115, 64.: Tto, A.; Knight, T. E.; Stewart, D. J.;
Brennaman, M. K.; Meyer, T. J. manuscript in preparation.

[2] Ito, A.; Stewart, D. J.; Fang, Z.; Brennaman, M. K.; Meyer, T. J. Proc. Natl. Acad. Sci. 2012,
109, 15132.: Tto, A.; Stewart, D. J.; Knight, T. E.; Fang, Z.; Brennaman, M. K.; Meyer, T. J.
submitted for publication.

[3] Wenger, O. S.; Leigh, B. S.; Villahermosa, R. M.; Gray, H. B.; Winkler, J. R. Science 2005,
307,99.
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Design of Structures Optimal for Singlet Fission

Josef Michl
Department of Chemistry and Biochemistry
University of Colorado
Boulder, CO 80309-0215

Singlet fission is a process in which a singlet excited chromophore shares some of its energy
with a neighboring ground-state chromophore and both end up in their respective triplet states. It
thus permits a single absorbed photon of sufficient energy to produce two electron-hole pairs.
When the remaining lower-energy photons are used to produce one electron-hole pair each, the
overall maximum theoretical efficiency exceeds the Shockley-Queisser limit by a factor of ~1.4.
Very few solids are known to undergo singlet fission efficiently (e.g., tetracene and pentacene),
and our project is to find structural design rules that would permit the discovery of additional
efficient materials in order to make it easier to meet the numerous other conditions that a solar
cell material needs to satisfy. In the past, we identified two classes of structures that are likely to
serve as suitable chromophores, and demonstrated that a member of one of the classes, 1,3-
diphenylisobenzofuran, actually affords the maximum possible triplet yield of 200% in the
polycrystalline state. We have now also developed rules for efficient mutual coupling of
chromophores (slip-stacking, with the slip in the direction of the HOMO-LUMO transition
moment, is the optimal one so far and is indeed found in most of the known efficient systems,
such as the polyacenes and 1,3-diphenylisobenzofuran). Our conlusion is that the direct term in
the expression for the rate of singlet fission in a dimer is negligible relative to the mediated term
that involves charge-transfer states of the dimer as virtual intermediates. We are currently
engaged in the synthesis and testing of various types of covalent dimers of 1,3-
diphenylisobenzofuran and cibalackrot. We have published direct observations of charge-
transfer states of dimers in polar solvents (in non-polar solvents they remain virtual and are not
observed).
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Design of supramolecular cobaloxime-based photocatalyst assemblies

Karen L. Mulfort, Anusree Mukherjee, Oleksandr Kokhan, Jier Huang, Jens Niklas, Lin X.
Chen, David M. Tiede
Division of Chemical Sciences and Engineering
Argonne National Laboratory
Argonne, IL 60439

Natural photosynthetic systems precisely position molecular light-harvesting and catalytic
modules into complex, hierarchical protein host frameworks which create directional electron
transfer pathways and stabilize long-lived charge separated states. Remarkably, these complex
structures are composed wholly of earth-abundant elements and structurally bound by generally
weak but specific supramolecular interactions. Supramolecular assembly techniques offer
mechanisms to 1) stabilize traditional small molecule electrocatalysts, 2) promote efficient
photoinduced electron transfer (PET) and stabilization of charge-separated states, and 3) enable
dynamic self-healing pathways. This poster will describe our recent efforts to implement
biological design principles to develop and discover new abiotic photocatalysts towards the goal
of artificial photosynthesis.

In this poster we describe the synthesis and characterization of ground state structure and excited
state dynamics of a new photocatalyst coordination motif based on the well-known cobaloxime
proton reduction catalyst (Figure). The ground state structure of the new supramolecular
photosensitizer-catalyst assembly was characterized by a variety of physical techniques including
UV-Vis spectroscopy, Co K-edge X-ray absorption spectroscopy, and X-band EPR
spectroscopy. Ultrafast and nanosecond transient absorption spectroscopy was used to show that
equatorial coordination of Ru(ll)polypyridyl photosensitizers to the cobaloxime macrocycle
results in instantaneous formation of the

mechanistically critical Co(l) state ) s N My o b
through ultrafast charge separation IS e o T A A
following visible light excitation. The - U WO G0y " ST N
Co(l) state persists for approximately 60 . L e

1.5

ps before decay to a bridging ligand
based charge-separated state. Notably, "

slight modification of the 8§

photosensitizer-catalyst bridge results in < *

dramatic  differences in  transient "

behavior. The photosensitizer-catalyst

assemblies developed here are being i e e P P P S i a8
extended and modified for incorporation g e wavelongth / nm

into bio-hybrid assemblies using multi- _ o o
Figure. A) Chemical structure of dioxime-functionalized

hem_e C_Cyt()Chrom?S to prowde photosensitizer, RuL1, and Co(ll)-templated assembly 1. B) Difference
architectures for multiple electron Hy spectra of RuL1 (left) and assembly 1 (right) following 420nm
catalysis. excitation in CHCN.
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Control of Optical Transitions in Colloidal Indium Nitride Nanocrystals
via Chemical Oxidation

Peter K. B. Palomaki and Nathan R. Neale
Chemical and Materials Science Center
National Renewable Energy Laboratory

Golden, CO 80401

We are interested in chemical approaches to manipulate the fundamental photophysical
properties of semiconductor nanocrystals (NCs). Over the past several years, we have focused on
germanium NCs and demonstrated a novel route based on the mixed-valence precursor method
that provided the first control of both the size and optical properties (band gap and NIR
emission) of these colloidal species.! More recently, we extended this synthetic method to main
group element-alloyed Ge NCs and uncovered unique surface chemistry that enabled the only
reported long-range (25 pum) charge transport in group 1V NC supperlattices.?

We are also exploring 111-V NCs due to their excellent light absorption and charge separation
properties, which for many compositions stem from their combination of heavy effective mass
electrons/holes and small, direct band gaps. Here, we will discuss our new results in synthesizing
and manipulating the photophysics of colloidal indium nitride (INN) NCs.? As has been revealed
for InN thin films, surface states dope these nanostructures, moving the Fermi level above the
conduction band minimum such that the I'-I" band transition occurs at energies well in excess of
the band gap (the Burstein-Moss effect). We also will describe a characteristic optical feature for
indium nitride in a localized
surface plasmon resonance
(LSPR) absorption in the
infrared centered at ~3000
nm. Chemical oxidation is
shown to modulate both the
intensity of this LSPR and the
band-to-band absorption onset
(Figure 1). These results
demonstrate control of carrier
density in InN NCs through
simple chemical oxidation, a

Figure 1. Tuning of the I'-T" band absorption onset from ~700 to strategy that can be applied

~1000 nm (colored arrows) and the plasmon absorption intensity mhorte kr)]roa_ldl?/ to t“”{f‘g thi
(black arrows) in InN nanocrystals via chemical oxidation. The photopnysical — properties o

bold colored bars obscure solvent absorptions for clarity. other semiconductor
nanostructures.

1. Daniel A. Ruddy, Justin C. Johnson, E. Ryan Smith, Nathan R. Neale ACS Nano 2010, 4, 7459-7466.
(doi: 10.1021/nn102728u)

2. Daniel A. Ruddy, Peter T. Erslev, Susan E. Habas, Jason A. Seabold, Nathan R. Neale J. Phys. Chem.
Lett. 2013, 4, 416-421. (doi: 10.1021/jz3020875)

3. Peter K. B. Palomaki and Nathan R. Neale, Submitted.
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Formulation of D/A Coupling and the Role of Orthogonality

Marshall D. Newton
Chemistry Department
Brookhaven National Laboratory
Upton, New York 11973-5000

We consider the role of orthogonalization in the formulation of electronic coupling (H;j, where H
is the electronic Hamiltonian) in molecular electron transfer (ET), dealing specifically with linear
DBA triads (where D,B, and A are, respectively, donor, bridge-mediating, and acceptor
states/sites) as well as related diads DB, BA, and DA, with the goal of assessing the
transferability of a given coupling magnitude (for both nearest-neighbor (NN) and next-nearest
neighbor (NNN) pairs) between different molecular contexts. We also compare 2-state and
multistate expressions for Hpa.

The diabatic states (D,B, and A) are generally defined as being maximally site-localized, based
on some physical criterion. Often one employs a unitary transformation of the electronic
eigenstates, thereby maintaining orthonormality (ON). Here. we use the familiar generalized
Mulliken Hush (GMH) model (developed earlier in this Program with Robert Cave),
maximizing the state centroid separations.

On the other hand, so-called ‘direct’ approaches generate D and A nonorthogonal (NO) D and A
states via electronic symmetry breaking, leading to the familiar overlap adapted expression:

(Hpa)’ = Hpa — Spa Hoa ) / (1-(Spa) ?) 1)

where Spa is the overlap element, and Hp,a is generally the mean value of Hpp and Haa.

NB: eq 1 does not express overall coupling between NO states. In fact, physicially meaningful
off-diagonal matrix elements must be expressed using ON states (to avoid arbitrary dependence
on the zero of the relevant operator). The ON states implicit in eq 1 (D’ and A’) are easily
expressed for symmetry equivalent D and A sites by determining the eigenstates of the 2-state
Hamiltonian in the NO D,A basis and then taking the plus and minus combinations (normalized
by 1/2"%) of these eigenstates (ie, the localization step).

Another way to navigate from NO to ON states (in the ‘least motion’ sense) is to employ the
Lowdin symmetrical orthogonalization scheme (LO), characterized by the transformation S™/2,
where S is the overlap matrix. Here we apply LO to the fully site-localized (and thus NO) basis
states, and then compare LO and GMH coupling magnitudes.

We explore the utility of a 1-dimensional delta function model (DFM), with potential energy
operator at each site i, V; d(x-x;j), and V; < 0, leading to one bound eigenstate for each isolated
site (D,B,A). DFM eigenstates for DBA or the subunits DB,BA, and DA (with NN separation of
5 ap and the NNN DA separation of 10 ag), were evaluated either exactly, or as basis set
approximations (based on isolated DFM eigenestate basis states) and then subjected to LO and
GMH localization. Salient results are as follows:
e Exact vs basis set and LO vs GMH coupling results: excellent agreement
e Transferability of coupling magnitude: excellent for all NN moieties; very poor for NNN
(ie, DA), the consequence of orthogonality, which unavoidably involves the B state in
the nominal direct DA coupling in DBA-- ie, the ‘orthogonality dilemma’.
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New Approaches to Generating and Utilizing Multiple Excitons from Single Photons
for Enhanced Photoconversion Efficiency

A.J. Nozik™, J.C. Johnson', and M.C. Beard'
"National Renewable Energy Laboratory
Golden, CO 80401
and
*University of Colorado
Department of Chemistry and Biochemistry
Boulder, Colorado 80305

The generation of more than one electron-hole pair from single photons of sufficient energy to
satisfy energy conservation can be achieved in semiconductor nanocrystals (quantum dots,
guantum rods, and quantum wires) and in certain molecular chromophores that exhibit singlet
fission. The photogenerated electron-hole pairs in these systems initially exist as excitons which
must be subsequently dissociated and separated into free charge carriers for utilization in devices
that convert solar irradiance into electricity or solar fuels. The solar power conversion efficiency
of well-known semiconductors and singlet fission chromophores can be enhanced under 1-sun
illumination through these carrier multiplication processes, but the degree of enhancement can be
significantly increased further through the use of solar concentration, new phases of
semiconductor photoconverters that have small values for their bulk bandgaps, and through
buried junction and Z-scheme architectures. These various approaches will be discussed.
Furthermore, the differences and similarities in the mechanisms of multiple exciton generation
(MEG) in semiconductors and singlet fission in molecular chromophores, as well as in the device
architectures of these two classes of exciton-multiplying photoconverters, will be described.
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Single Molecule and Nanoparticle Spectroelectrochemistry
for Understanding Interfacial Charge Transfer Events

Caleb M. Hill, Daniel A. Clayton, Jia Liu and Shanlin Pan
Department of Chemistry, The University of Alabama, Tuscaloosa, Alabama, 35487

We employed single molecule and single nanoparticle spectroelectrochemistry to reveal temporal

and spatial heterogeneities in their charge transfer
characteristics. For example, fluorescence “blinking” 2
studies of single (4, 4'-difluoro-4-bora-3a, 4a-diaza-s-
indacene) BODIPY dye molecules bearing two carboxylic
acid groups at its 2 and 6 positions were carried out.
A

Molecules self-assembled onto ordered T10,
nanostructures show the shortest ON duration times due to
efficient interfacial charge transfer in comparison to
molecules on bare glass and indium-tin oxide (ITO)
surfaces, and to those embedded in a polystyrene matrix.
Decreases in fluorescence stability or intensity due to T’ “\
charge transfer activity are revealed using single molecule ‘ WJWNMW
spectroelectrochemical methods. Our study shows these M! Nﬁh Wi .|l|
molecules embedded in polystyrene have a heterogeneous Tme (Sec)
half redox potential distribution of 1.80 (+/-0.18) V wvs. )
SHE, which reflects the heterogeneity in charge transfer Figure 1: Single mOIecule fluorescence

> . > - images (A), and responses to substrate
rates among single molecules (Figure 1). We also applied  potential (B).
our single molecule spectroelectrochemistry method to
probe the redox activities of individual noble metal nanostructures. Such metals, particularly Ag
and Au, support strong plasmon resonance in the optical region of the electromagnetic spectrum,
and have been shown to aid in the harvesting of solar energy by enhancing the absorption of
visible light by dyes/semiconductors in close proximity. Here, the electrochemical synthesis of
Ag nanoparticles is monitored in situ by dark-field scattering microscopy. After correlating the
scattering measurements with scanning electron microscopy (SEM), Mie theory can be used to
relate the scattering intensity for individual

—— Average PL response of 54 single molecules
—— PL response of one selected molecule

L' E,, (SM-PL) =1.80 ( +/-0.18) Vvs. SCE

»

IHS 'sA () [enusiod

s

PL Intensity (Normalized)

nanoparticles to their size. This enables the calculation . 3

of pseudo I-V curves (Figure 2) depicting the 58

deposition of individual nanoparticles, a measurement -§ g

not possible wusing traditional electrochemical C% A\
techniques. The resulting heterogeneities in reactivity @ -

among a statistically significant population of Time

nanoparticles (>2000) are presented and discussed. We ) @ ®
also studied the photo-induced charge transfer events ~ Figure 2: Dark field image of single silver

. e . ) ] nanoparticles (A), and current trajectories at
of individual metallic nanostructures on the surface of | cclected sites to form single silver

TiO, single crystals using combined electrochemical  nanoparticles (B).

and optical spectroscopy methods. By taking

advantage of the intrinsic fluorescence of silver, heterogeneities in charge transfer between
different TiO, crystal facets and Ag" ions in solution can be visualized.
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Photoinduced Charge Separation Processes:
From Natural Photosynthesis to Organic Bulk Hetrojunctions

Oleg Poluektov, Jens Niklas
Chemical Sciences and Engineering Division
Argonne National Laboratory
Argonne, IL 60439
Vladimir Dyakonov
Department of Experimental Physics
University of Wirzburg
Wiirzburg, Germany D-97074

Advanced EPR spectroscopy, especially light-induced multi-frequency EPR, has been essential
for understanding the mechanisms of the light generation, separation, and recombination of
charge carriers in natural photosynthesis. The application of this technique to organic
photovoltaic (OPV) materials demonstrates the significant similarities of charge transfer
processes in OPVs and natural photosystems. Among them are: spatial delocalization of the
positive cation radical after light-induced charge separation; sequential electron transfer between
acceptor molecules; stabilization of charge separated states on the distances of ca. 25-30 A. This
analogy allows us to apply the suite of experimental and theoretical techniques, which were
successfully developed for the study of photochemical reactions in natural and artificial
photosynthetic systems, to OPV materials.

Here, we use EPR spectroscopy combined with DFT calculations to study charge separation and
stabilization mechanisms in active organic PV materials based on composites of multiple
polymers and fullerene derivatives of Cgy and Cy, including a Cgo/C7o heterodimer. Time-
resolved EPR spectra show strong polarization pattern for all polymer-fullerene blends under
study, which is caused by non-Boltzmann population of the electron spin energy levels in the
radical pairs. Similar polarization patterns were first reported in natural and artificial
photosynthetic assemblies, and were understood within the models of spin-correlated radical
pairs and sequential electron transfer. These help us to describe the charge separation process
like electron jumps or tunneling between neighboring fullerene molecules. The first step of the
charge separation process is exciton dissociation and electron transfer to the fullerene molecule
at the polymer interface. The life time of this state is no longer than few picoseconds. Forward
electron transfer forms an intermediate radical pair, with the separation distance within 15-20 A.
The third step is electron transfer to the secondary radical pair with a separation of 25-30 A
which is stabilized for tens to hundreds of microseconds. No charge delocalization over several
fullerene cages were observed in polymer-monomeric fuIIerene films. In contrast, in the fullerene
heterodimer the anion state is delocalized :

over both cages in the film. The data
presented here in combination with DFT
calculations helps to improve our
understanding of the mechanisms of
charge separation processes in the active

. - . Theoretical calculation of spin density distribution in
organic photovoltaic materials. cis- and trans-conformers of Cgo/Co heterodimer anion.
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Miniature dispersive XES spectrometer for time resolved analysis of charge transfer

K. Davis, J. Seidler, Y. Pushkar
Department of Physics
Purdue University
West Lafayette, IN 47907

Removal of electrons from redox active metal centers results in charge separated states as well as
in activated catalytic sites. For instance, the redox reactivity of Mn atoms is essential to the
function of the oxygen evolving complex (OEC) of Photosystem Il (PS IlI) and Mn-based
artificial sunlight-to-energy assemblies. It has proven extremely challenging to follow the
changes in the electronic structure of the Mn-centers in time as the system goes through the
processes of light absorption, electron transfer and formation of new chemical bonds. Analysis of
these processes with time resolved spectroscopic techniques is crucial for understanding the
details of the underlying electron dynamic and the chemical bond formation. We proposed that
laser pump/X-ray probe time resolved X-ray emission spectroscopy (TR-XES) is an efficient tool
for time resolved analysis of electron structure dynamic at metal centers. Miniature X-ray
emission spectrometer capable of dispersive detection of XES spectra at Mn K beta lines is well
suited for TR-XES, Figure 1.

With miniXES we tested the paradigm of “detection-before-destruction” on the example of a
metalloprotein complex exposed at room temperature to the high x-ray flux typical of third
generation synchrotron sources. Following the progression of the x-ray induced damage by Mn
KB XES, we demonstrated the feasibility of collecting room temperature data on the electronic
structure of PS Il. The determined non-damaging observation timeframe (about 100 milliseconds
using continuous monochromatic beam, deposited dose 1*10” photons/um? or 1.3*10* Gy, and
66 microseconds in pulsed mode using pink beam, deposited dose 4*10° photons/um? or 4.2*10"
Gy) is sufficient for the analysis of this protein’s electron dynamics and catalytic mechanism at
room temperature. Reported time frames are expected to be representative for other
metalloproteins. We also analyzed a time/dose progression of X-ray induced damage and
proposed a kinetic model which fits experimental data.

Delivering a laser excitation (in the form of ns laser pulses) onto the sample and synchronizing
laser pump and X-ray data collection we characterized light induced states such as S state in the
PS I, Figure 1 and metal to metal charge transfer process in all inorganic chromophores Zr(1V)-
O-Mn(I1) on the surface of nano-silica (in collaboration with H. Frei, LBNL).

2D- PSD n:
_:'n?
At ug Mn I'(|i ?nﬁj
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X‘ray P =4 5 '.,-" II Zoal
= :\ AN \ o
- > . |
= flat crystal Emission Energy (eV) &qu

Figure 1. Left: scheme of the laser pump / X-ray probe experiment utilizing dispersive miniXES spectrometer.
Right: PS Il Mn K XES of the dark stable S1 state (OF- red) and S, formed with one laser flash (1F -blue). Light
excitation: 8 ns, 532 nm laser pulse. Detection: 200 usec after laser excitation by 40 psec X-ray pulse with about
3*10™ photons. Measurement time: 25 min at 20Hz, 50000 X-ray pulses were averaged.
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Photo-induced electron transfer in polymer solar photoconversion systems

Garry Rumbles, Obadiah Reid, Nikos Kopidakis, Bryon Larson, Andrew Ferguson
Chemical and Materials Sciences Center
National Renewable Energy Laboratory
Golden, Colorado and 80401

Although certified power conversion efficiencies for organic solar cells have now exceeded 10%,
our knowledge of how these devices function remains rudimentary. Of particular interest, is the
ability of the system to generate free charges in high yield when the primary product of
photoexcitation is a bound electron-hole pair (exciton). The efficiency of charge generation far
exceeds what would be predicted for the low dielectric medium comprised of a specific blend of
conjugated polymer with, most frequently, a high electron affinity fullerene. Using the

Figure 1 — Controlling the reduction potential
of PFAFs using selective substitution patterns
and number of —CF3 groups on the fullerene
(Popov, Strauss, Boltalina et al, J. Am. Chem.
Soc.129 (2007) 11551).

electrodeless technique of time-resolved microwave
conductivity (TRMC) we have examined the factors
that control the generation of free carriers in two
novel systems. The first builds upon our previous
work that examined the influence of the driving
force for electron transfer by controlling the electron
affinity (more precisely, the reduction potential) of
the fullerene. In this presentation we will report new
results on 6 perfluoroalkyl fullerenes (PFAFs) that
form 3 pairs with common reduction potentials, but
significantly different substitution patterns (see
Figure 1). This study has enabled us to determine
not only the carrier yields, but also the role that the
substitution pattern has on the electronic coupling
between the clustered PFAFs.

In addition, we will report on a new bilayer platform
for probing the role that the interface between the
conjugated polymer and the fullerene plays in
determining the relative efficiency of the formation
of charge separated (CS) states and charge transfer
(CT) states. Using a layer of precursor-route poly(p-
phenylene vinylene), PPV, we have successfully

vapour-deposited Cgo to create an excellent bilayer construct that yields extremely low free
carrier yields, even though the driving force for electron transfer is determined to be almost
ideal. We will report new results on how this platform enables us to control the relative yields of

CT and CS states.
Recent publications:

Coffey, D. C.; Larson, B. W.; Hains, A. W.; Whitaker, J. B.; Kopidakis, N.; Boltalina, O. V.; Strauss, S. H.;
Rumbles, G. (2012). Journal of Physical Chemistry C. Vol. 116(16); pp. 8916-8923,;
Blackburn, J. L.; Holt, J. M.; Irurzun, V. M.; Reasco, D. E.; Rumbles, G. (2012). Nano Letters. Vol. 12(3), 14; pp.

1398-1403;

Dayal, S.; Kopidakis, N.; Rumbles, G. (2012). Faraday Discussions. Vol. 155; pp. 323-337;
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Formation and Characterization of Semiconductor Nanorod/Oxide Nanoparticle Hybrid
Solids: Toward Vectoral Electron Transport

Neal R. Armstrong, Jeffrey Pyun, S. Scott Saavedra
Department of Chemistry/Biochemistry
University of Arizona
Tucson, Arizona 85721

Overview: The synthesis and characterization of a new class of photocatalytic heterostructured
semiconductor nanorods will be discussed. We have developed robust and selective synthetic
methods to deposit noble metal and cobalt oxide based nanoparticle as “tips” onto the termini of
n-type CdSe@CdS nanorods (Fig. 1). The synthesis of nanorods with varying structural motifs
(e.g., matchstick, dumbbell, asymmetric) and nanoscopic dimensions has been conducted to
enable optimization of photocatalytic materials. Our recent research efforts have been focused
on: (i) formation of new photocatalytic nanorods and nanostructured networks with
electronically coupled semiconductor interfaces to metallic and metal oxide catalytic sites; (ii)
the characterization of valence band energies (Evg) of heterostructured photocatalysts by
photoemission spectroscopies; (iii) spectroelectrochemical and photocatalytic characterization of
heterostructured nanorod and network materials

Figure 1: (a) proposed scheme for artificial photosynthesis using heterostructured nanorod photocatalysts (b) TEM
of matchstick nanorods of Co,O, and CdSe@CdS (c¢) HRTEM of dumbbell Co,O, & CdSe@CdS nanorods (d)
proposed energetics for nanorod materials measured via PES (e) photocatalytic studies with heterostructured
nanorods.
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Carrier Injection and Dynamics
from Photoexcited Transition Metal Containing Porphyrins

Rebecca L. Milot, Gary F. Moore, Lauren A. Martini, Christian A. F. Negre, Victor S. Batista,
Robert H. Crabtree, Gary W. Brudvig, and Charles A. Schmuttenmaer
Department of Chemistry
Yale University
New Haven, CT 06520-8107

Terahertz spectroscopy has proven itself to be an excellent non-contact probe of charge injection
and conductivity with sub-picosecond time resolution. | will describe the charge injection time
scale and efficiency for a selection of high-potential photoanodes (HPPAs) for photo-
electrochemical cells. The anodes consist of bis- and tris-pentafluorophenyl free-base and
metallo-porphyrin sensitizers anchored to TiO, and SnO, nanoparticles. Photoelectrochemical
measurements demonstrate that the photosensitizers extend the absorption of the bare anode well
into the visible region. THz spectroscopic studies demonstrate the sensitizers used in these
HPPAs are capable of injecting electrons into the conduction band of the metal-oxide materials
in those cases where the energies of the donor (excited state dye) and acceptor (metal oxide
conduction band minimum) components are appropriate. The time scales and efficiencies are
interpreted in terms of the identities (singlet vs. triplet) and energetics of excited electronic states.

We have also investigated axially complexing bis-pentafluorphenyl Zn-porphyrin sensitizers to
an isonicotinic acid anchor or variants thereof rather than binding them directly to the metal
oxide surface. | will compare their binding stability in water, as well as their photoexcited
interfacial electron transfer efficiency when using carboxylic acid, hydroxamate, acetylacetonate
and phosphonate the anchoring group.

Figure 1. Part (a) shows dichloromethane solutions the tris-pentafluorophenyl metallo-
porphyrins studied where M = Ni?*, Cu®*, Pd**, Zn*", and H, in going from the bottom to the
top. Part (b) shows a high-potential Zn porphyrin complexed to isonicotinic acid that is
anchored to a metal oxide surface.
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Fluence-Dependent Singlet Biexciton Dynamics
in Chirality-Enriched Single-Wall Carbon Nanotubes

Jaehong Park*®, Pravas Deria®, Jean-Hubert Olivier®, and Michael J. Therien®

# Department of Chemistry, University of Pennsylvania, 231 South 34th Street, Philadelphia, PA
19104-6323, USA

® Department of Chemistry, French Family Science Center, 124 Science Drive, Duke University,
Durham, NC 27708-0346, USA

We utilize individualized (6,5) chirality-enriched single-walled carbon nanotubes (SWNTS),
femtosecond transient absorption spectroscopy, and variable excitation fluences, to interrogate
nanotube exciton/biexciton dynamics. For pump fluences below 30 pJ/cm?, transient absorption
(TA) spectra of (6,5) SWNTs reveal the instantaneous emergence of a TA at 1100 nm,
suggesting that it derives from the E;; state; in contrast, under excitation fluences exceeding 100
pd/cm?, the corresponding TA manifests a rise (Ti~250 fs) indicating that E;; state repopulation
is required to produce this signal. These experiments demonstrate that relaxation of the Ej;
biexciton state (E118x) gives rise to a substantial E1; state population, as increasing delay times
result in a concomitant increase of E;1—E1; gx transition oscillator strength. Notably under these
experimental conditions, no fast relaxation component is observed for the ground state bleaching
signal, indicating that contrary to perhaps commonly held expectations, exciton-exciton
annihilation does not dominate SWNT relaxation dynamics under high excitation fluence
conditions. Numerical simulations based on a three-state model are consistent with a mechanism
whereby biexcitons are generated at high excitation fluences via sequential SWNT ground- and
E11-state excitation that occurs within the 980 nm excitation pulse duration. These experiments
monitoring fluence-dependent TA spectral evolution show that SWNT ground—E;; and
E11—E118x excitations are coresonant, and provide convincing evidence that Ej;gx—En
relaxation constitutes a significant decay channel for the SWNT biexciton state, a finding that
runs counter to assumptions made in previous analyses of SWNT biexciton dynamical data
where exciton-exciton annihilation has been assumed to play a dominant role.
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Amorphous Oxides as Models for the Design of Molecular Catalysts
for Artificial Photosynthesis

David M. Tiede, Pingwu Du?, Olesandr Kokhan®, Karena Chapman®, Peter Chupas®, Karen L.
Mulfort*

Chemical Sciences and Engineering Division and Department and *X-ray Science Division,
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439
and
CAS Key Laboratory of Materials for Energy Conversion & Department of Materials Science
and Engineering, University of Science and Technology of China, Hefei, China 230026

Efficient water oxidation chemistry is essential to achieve artificial photosynthesis for solar
hydrogen or other fuels production. Electrolytically grown, self-assembled thin film oxygen
evolving catalysts (OECs) of first row transition metals are of wide-spread interest for artificial
leaf applications, and notable success has been achieved in the development of cobalt and nickel
based films. Resolution of the fundamental chemistry underlying the self-assembly, repair, and
catalysis of these amorphous metal-oxides provides can provide information needed for the
design of efficient molecular catalysts for artificial photosynthesis applications that are based on
first row transition metals. Towards this end, the structure of cobalt-phosphate oxygen evolving
thin film catalysts, COOECs, and the roles of the oxyanions used for the formation of these films
was investigated using X-ray pair distribution function (PDF) analysis. X-ray PDF was applied
to solve the structure of cobaltate domains within amorphous water splitting catalyst ex-situ
films formed under three different buffer solutions (pH = 7.0, phosphate; pH = 8.0,
methylphosphate, and pH = 9.2, borate). In each case the films are found to be composed of
equivalent edge-sharing cobaltate lattice domains that differ in size, following the sequence of
borate > methylphosphate > phosphate, with maximum atom-pair distances of approximately 19
A, 16 A, and 11 A respectively. In addition, the X-ray scattering measurements show that the
changes in domain size are correlated to a transition to a disordered, layered domain structure
and concomitant variation in the

electrocatalytic activity. The results

for the Co-OEC and for an analogous

amorphous Ir-OEC" suggest a model

where auxiliary ligands (Pi in the case

of the Co-OEC, CP* poly-acid

oxidation products in the case of the Ir-

OEC) function to terminate growth of

metal-oxide crystalline lattices and to

provide acid-base functional groups to

accelerate proton-coupled electron

transfer catalysis.

Q) Blakemore, J. D.; Mara, M. W.; Kushner-Lenhoff, M. N.; Schley, N. D.; Konezny, S. J.; Rivalta, I.; Negre, C. F. A;;
Snoeberger, R. C.; Kokhan, O.; Huang, J.; Stickrath, A.; Tran, L. A.; Parr, M. L.; Chen, L. X.; Tiede, D. M.; Batista, V. S.;
Crabtree, R. H.; Brudvig, G. W.Inorganic Chemistry 2013, 52, 1860-1871
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Fast Current Blinking in Semiconductor Quantum Dots

Klara Maturova, Sanjini U. Nanayakkara, Joseph M. Luther, and Jao van de Lagemaat
Chemical and Materials Sciences Center
National Renewable Energy Laboratory
Golden, Colorado, 80401

Single molecules and single semiconductor
quantum dots (QDs) generally exhibit
intermittency  (i.e.  blinking) of their
fluorescence. Generally, it is theorized that
Auger processes intermediated by an
additional charge in the QD in either a trap
state or in a bulk energy level cause the dots
to be “off” while neutral dots are fluorescent.
Analogously to luminescence blinking being
caused by trapped charges, similar behavior
might occur when the current through a
single QD is measured in a scanning
tunneling microscope or a conductive atomic
force microscope (c-AFM).! This effect owes
to the trapped charge inside the QD causing a
Coulomb blockade and thus disabling current
injection. Alternatively, the trapped charge
can cause Auger processes to occur with
injected charges from the tip.

In this contribution, we will show results of
time-resolved, intermittent-contact,
conductive atomic-force microscopy in the
dark and under illumination on isolated CdSe
and PbS semiconductor quantum dots
covalently bound to gold substrates. Fast
(microsecond to second scale) current
intermittency of the tunneling current through
the single QDs was observed in these
experiments. The current switches on and off
at timescales with power-law distributions for

Fig. 1. Top: Maximal current intermittency
histograms through single PbS QDs at different
applied voltages. At high biases multiple
current levels are observed

10°E 1

/ 1

7\ -
/o E

\\ /\ llluminated B

\ A
Vi Ly M

o
Dark AL \

w‘,l,wyr‘
N ot
|
I
3 4 5 6 7 8

current [nA]

Fig. 2. Histogram of maximal current during a
tap in the dark(blue) and light (green).

both the “on” and *“off” times similar to observations of fluorescence intermittency as well as a
distribution of discrete “on” levels at higher applied biases. We also observed additional current
levels when the QDs were illuminated at low biases indicating photocurrent generation in the
individual QDs. The observation of current intermittency due to Coulomb blockade effects has
important implications for the understanding of carrier transport through extended arrays of

quantum dots.
1 Maturova, K.; Nanayakkara, S.;
doi:10.1021/n13036096

Luther,

M.; van de Lagemaat, J. Nanolett. 2013,
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Tuning Photochemical Function of Multimetallic Assemblies
Linked by Artificial Oligopeptide Scaffolds

Joy A. Gallagher, Meng Zhang, Sha Sun, Benjamin M. Biber and Mary Elizabeth Williams
Department of Chemistry
The Pennsylvania State University
University Park, PA 16802

Artificial oligopeptides with pendant ligands bind transition metal ions to form multi-metallic,
heterofunctional structures capable of long-distance electron transfer and charge separation.
Changing the ligands, metal ions, peptide backbone structure (e.g., insertion of a chiral center) and
environment (e.g., solvent, anion) tunes the photochemical properties. In this poster we report
recent studies on photoinduced electron/energy transfer in these structures and models for
molecular switches. We have also recently inserted azobenzene into the oligopeptide to add a
photoswitchable geometry and therefore interactions between metal complexes.

Heterofunctional tripeptides with pendant hydroxyquinoline (hq) and bipyridine (bpy) ligands
were synthesized with two different sequences,
hg-bpy-hg and bpy-hg-bpy. Coordination with
Zn?* forms trimetallic (Zn**) cross-linked tripeptide
duplexes, in which emission of [Zn(hq):] is
quenched by adjacent [Zn(bpy)»]**. A Dexter energy
transfer quenching mechanism is supported by
studies of the redox  behavior and
variable-temperature and solvent-dependent
emission, as well as DFT calculations. We find that et A Ertvpy-habpyd®
the interactions between unbridged but proximal
metal complexes can be used to tune both the radiative relaxation rate and the wavelength of the
emitted photon. [Zn(hg),] and [Cu(hqg).] have also been linked to [Ru(bpy)s]** to give
heterometallic ‘hairpin’ structures in which the Zn or Cu species quench emission of [Ru(bpy)s]**
by different mechanisms. The photophysical data points towards an energy transfer from [Zn(hq)]
to [Ru(bpy)s]**; however electron transfer quenching becomes the dominant mechanism when
[Cu(hq),] is instead bound.
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In separate experiments, a [Ru(bpy)s]** oligopeptide complex with pendant bpy ligands was
used to direct binding of 1 - 3 Pd®" ions to form photocatalysts for the dimerization of
o-methylstyrene. The excited state quenching mechanism of the Ru-Pd complexes was further
studied by examining the details of the role of solvent dielectric, temperature, and addition of a
sacrificial electron donor. These data together confirm an excited state electron transfer from Ru to
Pd to generate the catalytically active species. This system is a good model for studying soft
linkages between sensitizers and reaction centers that can be further applied to other reactions.
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Bimolecular Electron Transfer Reactions in lonic Liquids:
Effects of Charge and Structure

Masao Gohdo and James F. Wishart
Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973
Sufia Khatun and Edward W. Castner, Jr.
Dept. of Chemistry and Chemical Biology, Rutgers, The State University of New Jersey
Piscataway, NJ 08854

lonic liquids (ILs) are useful media for many energy-related applications involving charge
transport processes. However, their molecular-scale heterogeneity (polar/nonpolar domains,
anion/cation interactions, etc.) sets them apart from conventional molecular solvents and confers
unique combinations of properties. Kinetic and electrochemical studies have indicated that
transport and reactivity of redox-active solutes in ILs depends on their charge types and sizes. In
addition, redox-induced charge creation or annihilation may change the preferred solvation
environment of the solute, adding additional complexity to the thermodynamic reaction profile.

We have been using pulse radiolysis techniques at the BNL LEAF picosecond pulse radiolysis
facility to investigate the effects of reactant charge type on electron transfer reactions in the
prototypical and widely studied ionic liquid N-methyl-N-butylpyrrolidinium bis(trifluoromethyl-
sulfonyl)imide (CsmPyrr NTf;). We wused pulse
radiolysis to reduce biaryl redox species (biphenyl,
" . oo N-phenylpyridinium cation and methylviologen dication)
to produce quasi-isostructural biaryl radical electron
‘e adducts having respective charges of -1, 0, and +1 for
o Biph| electron transfer reactions with a series of substituted
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p-benzoquinone electron acceptors. Rate constants and
activation parameters for the bimolecular ET reactions
were obtained. DOSY Bipolar Pulse Pair STimulated
oo o5 10 1s 20 a5 Echo (DBPPSTE) NMR spectroscopy was used to

Driving Force, eV measure diffusion coefficients of the biaryl solutes, and
Plot of ET rate constants vs. driving force  ¢yclic voltammetry at a boron-doped diamond electrode
for three biaryl radicals reacting with four o counjed  with simulations to estimate solute

substituted benzoquinones. ; ) . .
f diffusion coefficients as well.

o
-
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In general it was seen from these studies that diffusion of neutral biaryl species in CsmPyrr NTT;
is faster than for charged ones but not by a dramatic amount. This can be attributed to the fact
that the redox solutes are of comparable size to the component ions of the ionic liquid and the
butyl chains of the cations are too short to aggregate into an extensive nonpolar domain that
could facilitate transport of neutral species. Recent X-ray scattering experiments and MD
simulations on C,mPyrr NTf, salts with chain lengths of n = 4-10 carbons by the Castner and
Margulis groups as part of this SISGR collaboration show that such domains (evidenced by a
“pre-peak” due to polar/nonpolar alternation) have an onset around n = 8 in this cation/anion
system. Accordingly, these ET reactions are now being studied in C;omPyrr NTf, and compared
with our earlier results to look for explicit effects of the discrete polarity domains that exist in the
longer-chain IL.
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Dynamics of excess electrons and other solutes in room-temperature ionic-liquids

Jorge Kohanoff', Changhui Xu®, Aleksander Durumeric’, Hemant K. Kashyap®, Sharad K.
Yadavz, Anne Kaintz®, Chris Rumble®, Mark Maroncelli’, Claudio J. Margulis®

'Queen's University Belfast University Road Belfast BT7 INN Northern Ireland
*Department of Chemistry, The University of lowa, lowa City, IA 52242
*Department of Chemistry, The Pennsylvania State University; University Park PA 16802

We are interested in understanding ionic transport as well as charge transport and transfer in
room temperature ionic liquids. During the past year we have made significant progress in two
areas, namely the early dynamics of excess electrons in different ionic liquids and the rotational
and translational dynamics of solutes and ionic liquid solvents.

Our early studies on excess electrons' suggested that depending on the nature of cations and
anions, electron localization could be very different. For example for imidazolium halide type of
systems localization appears to be on the cations but instead in the case of alkyl-ammonium
bis(trifluoromethylsulfonyl)amide systems an excess electron localizes on anions. Because the
alkyl-ammonium systems that we studied are transparent in the typical UV and visible ranges
commonly spectroscopically probed, at time zero absorption is solely due to excess electrons and
holes. Our current studies indicate that initial subpicosecond dynamics produces large changes in
the origin of electronic transitions in some of these systems with excess electrons. This is
because the bis(trifluoromethylsulfonyl)amide anion is prone to dissociation and consequently
the electronic structure of such systems significantly changes due to stabilization of the excess
charge. This is quite relevant in light of recent experiments by David Blank and coworkers on
these systems”.

Another area that we have made significant progress in during this year is that of rotational
dynamics of ionic liquids and solutes dissolved in them. One of the underlying questions we are
trying to address is that of “anomalous” rotational diffusion (faster than hydrodynamic
predictions). Computer simulations in the Margulis group in conjunction with NMR experiments
and somewhat more simplistic computational models from the Maroncelli group are being used
to understand whether dynamical heterogeneity or rotational diffusion via hopping are related to
the observed phenomena. Current work in progress also addresses the difference in translational
and rotational correlation times of solutes of the same size but different charge.

'Claudio J. Margulis, Harsha V. R. Annapureddy, Pablo M. De Biase, David Coker, Jorge
Kohanoff and Mario G. Del Popolo. J. Am. Chem. Soc., 2011, 133 (50), 2018620193

’Francesc Molins i Domenech, Benjamin FitzPatrick, Andrew T. Healy, and David A. Blank. J.
Chem. Phys., 2012, 137, 034512
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Perovskite oxynitrides and pyrochlore oxides:
Light harvesting and surface chemistry of complex semiconductors

Polina Burmistrova, Limin Wang, Andrew Malingowski, Peter Khalifah
Department of Chemistry
Stony Brook University
Stony Brook, NY 11794-3400

Many prior measurements on LaTiO;N have showed that this semiconductor has a band gap
(~2.25 eV) which absorbs most of the visible light spectrum and also has band edge energies
appropriate for driving both half reactions for overall water splitting. This system has not yet
been shown to be capable of overall water splitting, but merits further investigation due to the
tunable nature of its perovskite structure. Initial specular reflectivity data from spectral
ellipsometry measurements suggested that these compounds have exceptionally high absorbance
coefficients for visible light (e >10° cm™), results which have been recently confirmed by
absorption measurements collected in transmission

geometry which are much more sensitive to energies near

the band edge. These results have also been correlated l——l

with very high-level DFT calculations (w/ Mark = & . . .
Hybertsen, BNL), which are found to very accurately S—

reproduce the structure and optical properties of this ~=255°¢ 800°C 900°C 950 °C
phase, as well as to give insights into their potential

anisotropy. Based on these results, we have investigated the growth kinetics of these oxynitride
compounds to enable the preparation of substantially thinner films than were studied previously,
and demonstrate that the optical properties are minimally affected by film thickness. Prior films
may have been an order of magnitude thicker than necessary to effectively harvest visible light
photons, leading to unnecessarily high carrier recombination rates. Preliminary carrier transport
measurements on these compounds will be presented. Collaborative surface science studies
(John Lofaro, Michael White, SBU/BNL) show that the surface of LaTiO,N films greatly differ
from the bulk in valence and stoichiometry in a manner that is expected to adversely influence
their photoelectrochemical activity, and provides insights into which surface treatment
measurements for this substance (in thin film or powder form) are likely to succeed or fail.

We have recently demonstrated that pyrochlore-family anatase

semiconductors (PFS) such as AgBiNb,O7 (Eq ~ 2.72  potential Tio, WO, PFS
eV) and Agi12BissTa,065 (Eg ~ 2.96 eV) are capable of (v 2H7/H,)

effectively absorbing visible light yet still have a o0 m.m»
valence band edge which is suitably aligned for driving HeCors 7oy
H, fuel production. Some unusual structural aspects of s2ev 7 o

the ions comprising these structures have been AR CTTY T TRRTTRY PYPPRN PRRY-R
determined. Efforts to prepare and characterize the thin %/ ™

films of these and other structurally related

2.7V

semiconductors with similar or smaller band gaps will
be discussed.
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