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Cover Graphics

An important bioinspired approach to achieving artificial photosynthesis is the
development of synthetically accessible building blocks capable of self-assembly into a
functional system. The space-filling structure in the center of the page is the self-
assembled dimer of the covalent chemical structure shown at the bottom center of the
page. The structure of the dimer was determined using small-angle X-ray scattering in
solution at the Advanced Photon Source (Argonne National Laboratory). The monomer
consists of four robust perylenediimide (PDI) chromophores (in purple) that funnel
excitation energy to a covalently linked SPDI chromophore (in green). Dimerization of
this light-harvesting antenna structure results in self-assembly of a functional special pair
of 5PDI (green) chromophores. The electronic absorption spectra of these arrays (lower
right) are consistent with the presence of dimers in toluene and monomers in chloroform,
and show that these structures provide excellent solar spectra coverage. Photoexcitation
of PDI is followed by rapid energy transfer from PDI to (5PDI), and ultrafast,
quantitative formation of SPDI"-5PDI". The charge separation observed in the self-
assembled dimer is an example of emergent behavior that is not present when the
monomer is photoexcited. (Michael Wasielewski, Northwestern University)



FOREWORD

The 28th Department of Energy Solar Photochemistry Research Conference is being held
June 4-7, 2006, at the Airlie Conference Center in Warrenton, Virginia. The purpose of
the meeting is to foster collaboration, cooperation, and the exchange of new information
and ideas among grantees and contractors of the Chemical Sciences, Geosciences and
Biosciences Division of the Office of Basic Energy Sciences.

Solar photochemical energy conversion is an important long-range option for meeting our
future energy needs. It is becoming increasingly apparent that worldwide demands for
increased energy consumption will need to be met with carbon-dioxide neutral energy
technologies such as solar photoconversion. The attraction of solar photochemical and
photoelectrochemical conversion is that fuels, chemicals, and electricity can be produced
with minimal environmental pollution and with closed renewable energy cycles. The
DOE solar photochemistry research program emphasizes fundamental processes aimed at
the capture and conversion of solar energy to chemical or electrical energy. The program
sponsors basic research in organic and inorganic photochemistry, electron and energy
transfer in homogeneous and heterogeneous media, photocatalysis, and
photoelectrochemistry. The photosynthetic reaction center and antenna systems are
studied as models for design of efficient photoinduced charge separation in
biomimetic/photocatalytic assemblies.

The conference agenda features topical sessions on photoinduced charge separation by
transition metal complexes and molecular assemblies; light harvesting and charge
separation in natural photosynthesis; solid-state organic photosystems; charge transfer at
interfaces; dye-sensitized solar cells; and nanohybrid assemblies for solar
photoconversion. Our special guest plenary lecturer is Professor Leif Hammarstrém of
Uppsala University, who will discuss coupled electron transfer reactions in biomimetic
assemblies. Among the poster abstracts may be found a number of new projects in solar
hydrogen production, resulting from the FY 2005 DOE solicitation for proposals on
Basic Research for the Hydrogen Fuel Initiative. In this volume may be found the agenda
for the meeting, abstracts of the 26 formal presentations, 49 poster abstracts, and an
address list for the 93 participants.

I would like to express my sincere appreciation to Lydia Ferguson and the staff of the
Airlie Conference Center for their gracious hospitality. Special thanks are due to Sophia
Kitts of the Oak Ridge Institute of Science and Technology for logistical support and for
preparation of this volume. The success of the conference will be due to all of the
participants for their generous sharing of knowledge, experience, and enthusiasm in this
important endeavor of solar photoconversion.

Mary E. Gress

Chemical Sciences, Geosciences
and Biosciences Division

Office of Basic Energy Sciences
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BIOMIMETIC APPROACHES TO ARTIFICIAL PHOTOSYNTHESIS

Leif Hammarstrém, Magnus Anderlund, Olof Johansson, Reiner Lomoth, Ann Magnuson, Sascha Ott,
’ Stenbjorn Styring

Department of Photochemistry and Molecular Science, Angstrém Laboratories, Uppsala University, Box
523, SE-75120 Uppsala, Sweden

In our work towards artificial photosynthesis, we build on principles from the natural enzymes Photosystem
II and Fe-hydrogenases. An important theme in this biomimetic effort is that of coupled electron transfer
reactions, which have so far received only little attention: (1) each absorbed photon leads to charge
separation on a single-electron level only, while catalytic water splitting and hydrogen production are multi-
electron processes. There is thus the need for controlling accumulative electron transfer on molecular
components; (2) water splitting and proton reduction at the potential catalysts necessarily requires the
management of proton release and/or uptake. Far from being just a stoichiometric requirement this controls
the electron transfer processes by proton-coupled electron transfer (PCET); (3) redox-active links between
the photosensitizers and the catalysts are required to rectify the accumulative electron transfer reactions,
and will often be the starting points of PCET.

In Photosystem II, light-induced water oxidation is catalyzed by a manganese cluster. Using ruthemum(1I)-
polypyridine complexes as light-absorbing pigments we made the first Ru-Mn and Ru-Mn, complexes and
demonstrated light-induced manganese oxidation’ The coupling of single-electron light reactions to
accurnulation of redox equivalents on a potentially catalytic complex is very rarely mimicked, but an
obvious necessity for a light-driven water-splitting system. Thus, we have achieved at least three light-
driven oxidation steps of a manganese dimer’ process accompanied by ligand exchange reactions that
compensated for the accumulated charge and made continued oxidation possible. These reactions were
investigated in some detail by EPR, FTIR-spectroelectrochemistry and on-line ESI-MS/electrochemistry
techniques.” At high HyO:CH;CN solvent ratios, water was bound to the manganese already in the reduced
state. The oxidation was then coupled to a proton release in each step, similar to the case in Photosystem II,
leading to a high-valent di-p-oxo complex.

We prepared and studied the first Mn,-containing donor-acceptor triad (Mn,-Ru(bpy)s-acceptor). Thus, we
demonstrated a surprisingly long-lived, light-induced charge separation. The half-life of 200 ps is more
than two orders of magnitude better than for previously reported Ru-based triads. In a 140 K fluid solvent,
this half-life was dramatically increased to c.a. 0.5 s, which is comparable to the long-lived states observed
in natural reaction centers. We showed that the manganese complex imposes a high reorganization energy
for electron transfer.’

A tyrosine residue, Tyrz, close to the manganese cluster in Photosystem II is the site where the coupling of
electron and proton transfer on the donor side starts. Detailed mechanistic studies of Ru-Tyr and Ru-Trp
complexes revealed that the corresponding reaction is in most cases a concerted PCET, but can be switched
the between concerted and step-wise. Within a new mechanistic model we proposed, we obtained
quantitative data for the parameters that govern the competition between these mechanisms.* Furthermore,
we have earlier shown that the concerted PCET from tyrosine and tryptophan gives a pH-dependent rate,
and that the rate dependence on pH follows a Marcus’ free energy dependence.”” At high pH, the rate of
pure ET from the tyrosinate form is hundred-fold higher than for the concerted PCET, due to a higher
reorganization energy for the latter. Oxidation of a hydrogen-bonded tyrosine; in Photosystem II at pH>7
shows a kinetically intermediate behavior, and we have proposed a “rate ladder” for tyrosine oxidation (see
Figure 1). Work in progress on Ru-Tyr with internal hydrogen bonds systems supports our proposal.
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Figure 1: pH-dependence for tyrosine oxidation in Ru-Tyr(left) and manganese-depleted Photosystem 11 (right).
While the kinetics at low pH is very similar, the reaction at pH>10 in Ru-Tyr it is for a tyrosinate, but at pH>7 in
PSII it is for a hydrogen-bonded tyrosine. We propose that the latter reaction also is concerted (CEP) with kinetics
parameters intermediate between a non-bonded tyrosine and a tyrosinate, i.e. a “rate ladder” where the tyrosine
with an internal hydrogen bond is the intermediate “step” of the ladder.

We have recently made mimics for the Fe-hydrogenase active sites, which catalyze the reduction of protons
to Ho. We have demonstrated electrocatalytic hydrogen production with the mildest overpotential so far
reported.” Our ongoing studies have suggested different patterns of proton-electron transfer steps in the
catalytic mechanism, depending on the potential applied. Importantly, we have shown that the formation of
a hydride intermediate can be very slow and thus rate limiting. This is in contrast to previous beliefs that
the H-H bond formation was always the limiting step. Furthermore, we have been able to synthesize a
biomimetic Fe, complex with both a proton and a bridging hydride, a state which may be a snap-shot of the
precursor structure to the H-H bond forming step (Figure 2).%
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Figure 2: A biomimetic Fe, complex with both a bridging hydride and a proton — a possible analog of the critical
intermediate in the catalytic Hrformation cycle. Surprisingly, the complex could be prepared in four different
protonation states, including those with either a hydride or a proton. [ref. 5b]
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PLATINUM DIIMINE BIS(ACETYLIDE) COMPLEXES
FOR PHOTOINDUCED CHARGE SEPARATION

Soma Chakraborty, Jacob Schneider, Paul Jarosz, Pingwu Du and
Richard Eisenberg

Department of Chemistry, University of Rochester, Rochester, NY 14627-0216

Photoinduced charge separation is one of the critical initial steps in light-to-chemical
energy conversion. In this project, the approach to study this process involves the synthesis of
dyad and triad systems in which electron transfer donors and acceptors are attached to a
chromophore in spatially specific locations, followed by examination of the spectroscopy and
photophysics of these systems. The chromophores employed in these studies are platinum(II)
complexes containing aryl acetylide and di- or triimine ligands. During the current contract,
efforts have focussed on cationic terpyridyl complexes exemplified by 1 as the chromophore of
choice. We have also begun to explore the viability of 1 and related systems as chromophores
for the direct production of hydrogen from aqueous
protons and a sacrificial electron donor, following much
earlier work done with Ru(II) tris diimine systems.
These results, obtained from multiple component
solutions with viologen or diquat electron transfer
agents and colloidal Pt catalysts, are encouraging and
indicate that the Pt complexes are competent as
photosensitizers for the reductive side of the water
splitting reaction.

Dyads and Triads for Photoinduced Charge Separation and Electron Transfer. The
syntheses of dyads and triads for photoinduced charge separation involve multistep procedures
that have often proved challenging for the facile preparation and isolation of pure systems. A
number of factors other than the redox properties and quenching ability of donors and acceptors,
such as the solubility of intermediates and products, the availability of precursors, the sequence
of coupling reactions and protection-deprotection strategies for synthesis, have entered into the
execution of our efforts. Predictive capability regarding the effectiveness of different
components and bridges has also shown itself to be difficult as well.

During the last three years, the donor-chromophore-acceptor (D-C-A) triad featuring a
trimethoxybenzamide donor and a pyridinium acceptor (2) has been synthesized and structurally
characterized. This represents the first time that such a triad has been crystallographically
studied. The structure of 2, which exhibits a donor-acceptor separation of nearly 29 A, is
shown below. Transient absorption (TA) experiments performed in collaboration with Prof.
Russell Schmehl of Tulane University on 2 and the associated D-C and C-A dyads as well as the
chromophore reveal that while reductive quenching proceeds efficiently, charge separation by
electron transfer into the pyridinium acceptor does not occur. Further studies also show that the
attachment of pyridinium and related acceptors such as nicotinamide and N-methyl-4,4'-
bipyridinium through the benzylic carbon of the tolylterpyridyl ligand is not sufficiently stable to
base so as to render this attachment unsuitable for further development.

A different triad shown as 3 and associated D-C and C-A dyads have also been prepared and
examined by transient absorption spectroscopy that gives evidence of a charge separated state
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with a lifetime of 230 ns. This value compares well to a 70 ns lifetime found for a D-C-A triad
with similar donor and acceptor but containing a Pt diimine bis(acetylide) chromophore.
However, analysis of the TA results also indicates that the CS state in 3 is formed inefficiently,
underscoring yet another consideration in constructing such systems. Recent efforts in the
synthesis of new triads have concentrated on preparing suitably functionalized components using
Kréhnke cyclizations such
that these components can
be linked together using
Suzuki  and/or  Stille
couplings while having the
ability to bind to the dark
catalyst needed for Hj 3

generation.

Hydrogen Production Based on the Platinum Terpyridyl Acetylide Chromophore.
Complex 1 exhibits a strong photoluminescence in solution with A, at 605 nm
corresponding to the SMLCT dm(Pt)-n*(terpy) excited state. The luminescence is readily
quenched by either triethanolamine (TEOA) as an electron donor or by methyl viologen (MV2+)
as an electron acceptor. Both quenching processes exhibit Stern-Volmer behavior with k, values
for TEOA and MV2* being 1.4 x 109 and 3.3 x 10% M-1s-1, respectively, consistent with c(ilynamic
quenching. ‘

We have found that 1 serves as a photosensitizer for the reduction of aqueous protons to
H,. In the hydrogen generating system, triethanolamine (TEOA) acts as the sacrificial electron
donor, methyl viologen (MV2*) functions as an electron transfer agent and colloidal Pt stabilized
by polyacrylate serves as the catalyst for H, formation. While the Pt(II) chromophore undergoes
both oxidative and reductive quenching, H, is only seen when both TEOA and MV2* are
present. Irradiation of the reaction solution for 10 hours with A > 410 nm leads to 85 turnovers
and an overall yield of 34% based on TEOA. While H, evolution is maximized for the system at
pH 7, it is also seen at pH 5 and 9, in contrast with earlier reports using Ru(bpy);2* as the
photosensitizer. This is the first time that a Pt diimine or terpyridyl complex has been used as
the photosensitizer for H, generation from aqueous protons. While optimization of the system is
ongoing, we have found that polyvinyl alcohol (PVA) and citrate stabilized colloids also function
well and that various diquaternized 2,2’ bipyridines (diquats) can be used in place of MV2*. In
fact when the diquat 2,12-dimethyl-7,8-dihydro-6H-dipyrido[1,2-a :2°,1°-c]-[1,4]diazepinium
dibromide is employed, over 300 turnovers of H, are achieved. Additional new results will be
discussed.
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MOLECULAR STRUCTURAL DYNAMICS OF PHOTOACTIVE TRANSITION
METAL COMPLEXES IN SOLAR ENERGY CONVERSION
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C. D. Grant‘, E. W. Castner®, J. Rosenthal’, D. G. Nocera®
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Department of Chemistry, Rutgers University*
Department of Chemistry, Massachusetts Institute of Technology”

Transition metal complexes play important roles in solar energy conversion due to their
intense absorption within the solar spectrum, their capability of transferring electron and energy
through the metal to ligand charge transfer (MLCT) or ligand to metal charge transfer (LMCT)
excited state, and their capability of binding substrates through coordination geometry changes.
Hence, structural dynamics of these complexes in their excited states need to be understood in
order to gain the knowledge of controlling solar energy conversion processes. We will present
our recent studies on structural dynamics of two metal complexes using both ultrafast optical
spectroscopy and laser initiated time-resolved x-ray absorption spectroscopy (LITR-XAS). In
order to fully understand the roles of transition metal complexes in solar energy conversion,
structural dynamics of these molecules in their excited states on ultrafast time scales are needed.

Ultrafast structural dynamics of [Cu(I)(dmp),]” in
different solvents In recent years, we have studied the
excited MLCT state structures of [Cu(I)(dmp),]” in
coordinating and non-coordinating solvents, acetonitrile
and toluene, respectively, using LITR-XAS as well as
ultrafast transient absorption spectroscopy. Our results
revealed the MLCT state dynamics of this complex with
three distinguishable time constants, 0.5-0.7 ps, 10-20 ps,
and 2-100 ns. The LITR-XAS method on time scales of
100 ps and longer established the formation of the solvent-
MLCT state complexes in both solvents with different Cu-
to-ligand distances, despite of previously recognized
exciplex in acetonitrile only. However, the structural
information on faster time scales was not resolved due to
the mismatch of the x-ray pulse duration from the
synchrotron source. The initial optical transient absorption
results suggested that a molecular flattening of the excited
state from a tetrahedral geometry took place on 10-ps time
scale, whose structural changes could be resolved by 2-ps
or shorter x-ray pulses after a future renovation of the Dihedral Angle
synchrotron. However, our recent ultrafast fluorescence
up-conversion measurements in collaboration with Castner  Fig. 1 The MLCT Excited state
Group revealed complicated and much faster excited pathways of [Cu(I)(dmp),] .




MLCT state flattening process whose rate could not be measured directly, but could be
extrapolated by the rates of other decay processes (Fig. 1). Meanwhile, ultrafast excited state
transient absorption spectra of the complex in a series of solvents with different viscosities have
been measured, showing no dependency on the solvent viscosity in the two fast rate constants.
The results suggest an inner-shell large amplitude movement of the excited state complex, map
out complicated excited state decay pathways along the reaction coordinates, and show structure-
dependent rate constants for intersystem crossing and internal conversion processes. The
structure-dependent energy levels of molecular orbitals are also discussed. The ultrafast
mechanistic movements of the excited state are unexpected and their association with variation
of the rate constants provides new insights into the excited state pathways that have not been
recognized before.

Excited state structural dynamics of metalloporphyrins Metalloporphyrin excited states
frequently act as electron donor/acceptor or light harvesting antenna in solar fuel/electric
production processes due to their analogous structure and properties in natural photosynthesis.
In addition, the versatility of the central metal in metalloporphyrins creates various possibility of
using these compounds in photochemical reactions to induce bond formation or cleavage. Using
LITR-XAS method, the transient ligation species as well as transient oxidation changes of the

metal in metalloporphyrins can be studied with el

100-ps time resolution. Recently, we carried out ,f“’ww%{:p

studies on the singlet and triplet excited state ;}

structures of zinc tetraphenylporphyrin (ZnTPP) @M&’} WAucr)

e y
with and without the axial ligation. The results 1/20__/ A ¢
indicated the significant structural changes in the
singlet state, but only minor changes were observed 7/ F Fe' / :
in the triplet state. The observed differences in [

these two states will be discussed in the context
with their electronic structures. Moreover, we i

Treclamp™ NS

started to measure the transient structure after the
photocleavage in a bis-Fe(III)porphyrin system in

collaboration with Nocera Group (Fig. 2). The s e
LMCT state of the molecule can be induced via UV Qo-:
excitation which eventually triggers the Fe-O bond 9&‘?

cleavage producing one high valence Fe(IV) and
one low valence Fe(Il). The electronic structural
difference between the closed configuration of the Fig. 2 Photoinduced opening and
ground state and the open configuration of the reclamping of bis-Fe(III) porphyrin.
excited state are reflected in the LITR-XAS spectra

collected within 200 ps after the LMCT transition. The direct structural information of the
excited state metalloporphyrins obtained in our experiment provides for the first time the
possibility of mapping out the structure and reactivity correlation in photochemical reactions.
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ELECTRON-TRANSFER AND SPECTROSCOPIC BEHAVIOR
OF MULTI-TRANSITION METAL DONOR-ACCEPTOR COMPLEXES

John F. Endicott
Department of Chemistry, Wayne State University, Detroit, MI 48202

Summary. The major goals of this research project are to experimentally probe
fundamental aspects of center-to-center, photoinduced electron and energy transfer
processes in complexes containing two or more metal centers, and, ultimately, to use the
principles inferred in the design of new systems useful in energy conversion applications.
Pursuit of these goals has resulted in the study of some very fundamental issues of
photoinduced charge transfer and the work during this period has focused largely on two
general areas: (a) the use of emission spectral band shapes to probe the properties of
charge transfer excited states; and (b) the examination of metal-metal interactions in
halide-bridged, face-to-face di-nickel, [LP(Ni"),X,Y]¢™* complexes where L' contains
two aliphatic-tetraaza-macrocyclic ligands are linked by xylene.

Synthesis and characterization of model compounds. The design, synthesis and
characterization of a related a series of metal complexes is necessary for each physical
property probed. Some of the complexes have been previously reported and some have
not; all were fully characterized. Among the complexes used: (a) [Ru(L)4bpy]2+
complexes for (L)s = combinations of bpy and am(m)ine ligands; (b) [Ru(bpy)sPP]*" and
[Ru(NH3)4PP]*" complexes for PP = tetraaza-polypyridyl ligands; (¢) [{Ru(L)s}.PP]*
complexes; (d) bimetallic and trimetallic complexes with CN” bridging ligands; (e)
bimetallic, macrocyclic ligand complexes with xylene linkers.

Areas of research during this period. 1. Emission band shapes as probes of CT excited
state properties. The vibronic side band contributions to Ru/bpy and Ru/PP emission
spectra in 77 K frozen solutions vary over a considerable range. A systematic approach to
examining these variations is based on the assumptions that these contributions arise from
progressions in the vibrational modes (k) that characterize the excited state distortions,
that these vibronic contributions have Gaussian band shapes and that the intensities of the

o A
first order vibronic components can be represented by I, .., = [ﬁ} Lo 7)- The
k

fundamental component, Imax) corresponding to the {e,0’} > {g,0} transition, obtained
from the Gaussian deconvolution of the experimental spectrum, is subtracted from the
original spectrum and the resulting difference spectrum is multiplied by the difference
between the emission energy, hvy, and the maximum of the fundamental to give a
reorganizational energy profile (emrep), Ax. The procedure has been modeled' with
respect to resonance-Raman data (from other laboratories) for (L)4 = (bpy),? and (NH3)s.
The variations of Ay are proportional to variations in the reorganizational energy
contributions of the distortion modes, and the differences in these can be related to
differences in the extents of configurational mixing among the electronic states of the
complexes. This approach has been applied to several problems: (a) Effects of ground
state-excited state configurational mixing. The A amplitudes decrease strongly with

decreases in MLCT excited state energies for most series of related complexes;'** e.g.,
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Ax(max) for [Ru(bpy)s]*" is about twice that for [Ru(NHz)4bpy]*", and this is consistent
with the differences in MLCT excited state energies and the very large electronic matrix
elements (~ 7,000 cm™) for MLCT/ground state mixing.' (b) Possible *LF/MLCT
configurational mixing.>® A comparison of the
isotopic shifts in zpes and emreps, supplemented
by the X-ray structures of several [Ru(L)4bpy]2+,
complexes suggests some configurational mixing
between the MLCT excited states of most
complexes with relatively low energy ligand field
excited states. (c) Electronic coupling in mixed
valence excited states.” The CT emission maxima  [Ru([12]aneN,)bpy]*"

for the bimetallic Ru"-PP-Ru" complexes are at [Ru(r-Meg[14]aneN,)bpy]**
much lower energies than those of the

monometallic Ru"-PP analogs, and the vibronic contributions far more intense than
expected when the excited state energy differences are taken into account. This suggests
that the bridging ligand mediated superexchange coupling of the degenerate mixed
valence MLCT excited states, * {Ru""-(PP)-Ru'}, is smaller than for the {Ru"-PP-Ru'"}
ground states.

2. Detection of high frequency vibronic contributions. By means of the
comparison of emission spectra and emreps of proteo (CH or NH) and deutereo (CD or
ND) isotopomers, we have been able to identify and/or set limits on the amplitudes of the
vibrational reorganizational energies for the very weak vibronic contributions of the high
frequency C-H and N-H stretching vibrations in several [Ru(L)sbpy]*” and
[(Am)Cr(CN")Ru"(NHz)s]™" complexes.'>®

3. Ligand mediated interchanges of triplet and singlet state electronic
configurations in halide-bridged di-nickel(II) complexes.” The comparison of 100 K and
300 K X-ray crystal structures of {{L®Ni,Br,]*'},, (an infinite chain of pairs of
complexes at 77K, identical complexes at 300 K) and [L®Ni,Brs]” (a single molecule)
have unsymmetrical Ni(II) coordination sites at 100 K: one site has the relatively long
equatorial Ni-N bond distances and the relatively short axial Ni-Br bond distances typical
of the triplet electronic configuration and the other with the shorter Ni-N and longer Ni-
Br bond distances typical of the singlet state. At 300 K the coordination sites of both
centers in both complexes are identical, with Ni-ligand bond lengths that are the average
of those of the low temperature singlet and triplet sites, and with very large thermal
ellipsoids only for the bridging bromides. The magnetic moments are the same for both
complexes at both temperatures (one triplet and one singlet center): it appears that
activation of the low frequency axial vibrational motion couples with the interchange of
the electronic configurations between the Ni(II) centers, so that at at 100 K the electronic
configurations of Ni are “localized” while configurational interchange at room
temperature appears to be more rapid than Ni-N vibrational relaxation.

(1) Xie, P.; Chen, Y.-J.; Uddin, M. J.; Endicott, J. F. J. Phys. Chem. 4 2005, 109, 4671. (2) Maruszewski, K.; Bajdor,
K.; Strommen, D. P.; Kincaid, J. R. J. Phys. Chem. 1995, 99, 6286. (3) Hupp, J. T.; Williams, R. T. Acc. Chem. Res.
2001, 34, 808. (4) Chen, Y.-J.; Endicott, J. F.; Swayambunathan, V. Chemical Physics, accepted. (5) Chen, Y.-J.; Xie,
P.; Heeg, M. J.; Endicott, J. F. Inorg. Chem., accepted. (6) Chen, Y.-J.; Xie, P.; Endicott, J. F. J. Phys. Chem. A,
accepted. (7) Chen, Y.-J.; Xie, P.; Endicott, J. F. J. Phys. Chem. A 2004, 108, 5041. (8) Chen, Y.-J.; Xie, P.;
McNamara, P. G.; Endicott, J. F. J. Phys. Chem. A, to be submitted. (9) Szacilowski, K. T.; Xie, P.; Malkhasian, A. Y.
S.; Heeg, M. J.; Udugala-Ganehenege, M. Y.; Wenger, L. E.; Endicott, J. F. Inorg. Chem. 2005, 44, 6019.

13



D.O.E. supported publications for the period 2004-2006.

Y .-J. Chen, P. Xie and J. F. Endicott, “Electron-Transfer Emission Spectra of a Cyanide-
Bridged, Cr(III)/Ru(Il) Donor-Acceptor Complex: High Frequency (NH and CN)
Vibronic Contributions from Empirical Reorganizational Energy Profiles,” J. Phys.
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J. F. Endicott, Y.-J. Chen and P. Xie, “Electron-Transfer Spectroscopy: Donor-Acceptor
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Coord. Chem. Rev. (H. Taube commemorative issue) 2005, 249, 343-373

P. Xie, Y.-J. Chen, Md. J. Uddin, and J. F. Endicott, “The Characterization of the High-
Frequency Vibronic Contributions to the 77 K Emission Spectra of Ruthenium—
Am(m)ine-Bipyridyl Complexes, Their Attenuation with Decreasing Energy Gaps and
the Implications of Strong Electronic Coupling for Inverted-Region Electron Transfer”, J.
Phys. Chem. A 2005, 109, 4671-4689.

K. T. Szacilowski, P. Xie, A. Y. S. Malkhasian, M. J. Heeg, M. Y. Udugala Ganehenege,
L. E. Wenger and J. F, Endicott, “Solid-State Structures and Magnetic Properties of
Halide-Bridged, Face-to-Face bis-Nickel(II)-Macrocyclic Ligand Complexes: Ligand
Mediated Interchanges of Electronic Configuration”, Inorg. Chem. 2005, 44, 6019-6033

Y. -J. Chen, J. F. Endicott and V. Swayambunathan, “Emission Band Shape Probes of
the Mixed-Valence Excited State Properties of Polypyridyl-Bridged Bis-Ruthenium(II)
Complexes,” Chemical Physics, article in press.

Y. -J. Chen, P. Xie, J. F. Endicott and O. S. Odongo, “Probes of the Metal-to-Ligand
Charge Transfer Excited States in Ruthenium-Am(m)ine-Bipyridine Complexes: The
Effects of NH/ND and CH/CD Isotopic Substitution on the 77 K Luminescence,” J. Phys.
Chem. A, accepted.

Y. -J. Chen, P. Xie, M. J. Heeg and J. F. Endicott, “The Influence of the “Innocent”
Ligands on MLCT Excited State Behavior of Mono-(bipyridine)ruthenium(II)
Complexes: A Comparison of X-Ray Structures and 77 K Luminescence Behavior,”
Inorg. Chem., accepted.

J. F. Endicott and Y. —J. Chen, “Emission Spectral Band Shapes of Mono- and Bi- and

Tri-Metallic Coordination Complexes as Probes of Charge Transfer Excited State
Properties,” Coord. Chem. Rev., submitted.
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CHARGE AND SPIN TRANSPORT DYNAMICS IN MOLECULES AND SELF-
ASSEMBLED NANOSTRUCTURES INSPIRED BY PHOTOSYNTHESIS

Michael R. Wasielewski
Department of Chemistry and International Institute for Nanotechnology
Northwestern University, Evanston, IL 60208-3113

Bridge Dynamics Control Wire-like Charge Transport. The effectiveness of long-distance
charge transport in molecules is dictated by whether strongly distance-dependent superexchange
or weakly distance-dependent charge hopping mechanisms dominate. These mechanisms in turn
depend on the dynamics of the bridge molecule (B) linking the donor (D) to the acceptor (A) in a
D-B-A system. We have used a series of p-phenylene (Phy), 1, and fluorenyl (FL,) oligomers, 2,
where n=1-5, to link a phenothiazine (PTZ) electron donor to a perylene-3,4:9,10-
bis(dicarboximide) (PDI) electron acceptor. Selective photoexcitation of PDI within PTZ-Ph,-

PDI results in charge separation to

produce '(PTZ""-Ph,-PDI™), which under-

Y Sy goes radical pair (RP) intersystem crossin

«jﬁ Jr@ to yield *(PTZ"-Ph,-PDI™). The triplet RI%

then recombines to give *> PDI. The **PDI

PTZ B >(©W< 1(n 1-5) Z(n 1-4) yield exhibits distinct resonances as a
function of applied magnetic field,

yielding the magnetic exchange coupling 2J, which directly monitors the superexchange
contribution to the electron transfer reaction. We recently observed well-defined regions of
superexchange and thermally-activated hopping in the temperature dependence of charge
recombination. A fit to the thermally activated charge recombination rates of the Ph; and Phy
bridges yields activation barriers of 1290 cm™ and 2030 cm™, which match closely with
experimentally observed barriers for the planarization of terphenyl and quaterphenyl. The
temperature dependence of the donor-acceptor superexchange coupling, V4, measured using
magnetic field effects on the yield of > "PDI shows that charge recombination depends strongly on

changes in bridge conformations, which translate into changes in bridge energetics, and result in
conformational gating of the charge recombination process.
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Figure 1. A) Plot of charge recombination rate constant vs. distance for PTZ+'-FL,,-PDI". B) Plot of relative yield
of PTZ-FL;->"PDI vs. magnetic field. C) Plot of In(2J) vs. distance for PTZ"*-FL,-PDI".
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Using D-B-A molecules having FL, bridges, 2, we have shown that the D-A distance can

be varied without significantly changing the energies of the relevant bridge states. In toluene,
the rate constants for charge recombination, Figure 1A, as well as the energy levels of the
relevant PTZ-FL, -PDI" bridge states for n = 1-4 are only weakly distance dependent, where the
transition between the superexchange and hopping mechanisms occurs at » = 2. Measurements
of 2J, Figure 1B, and therefore the superexchange interaction, diminish exponentially with
distance, Figure 1C, while the overall charge recombination rates through FL, for n = 3, 4 are
dominated by charge hopping. It is clear from these studies that both bridge energetics and
molecular motions within D-B-A molecules are critically important for accessing efficient
mechanisms of charge transport over long distances.
Self-Assembly Strategies for Integrated Photofunctional Nanostructures. Achieving a
functional integrated artificial photosynthetic system requires hierarchical organization at both
the molecular and supramolecular level. Covalent synthesis provides functional building blocks
with well-defined molecular geometries and donor-acceptor distances, while self-assembly
provides a facile way to assemble large numbers of molecules into structures that can bridge
length scales from nanometers to macroscopic dimensions. It can also lead to synergistic and
emergent properties that are not intrinsic to the building blocks themselves. Our strategy uses
covalent building blocks with particular shapes, sizes, and intermolecular interactions to direct
the formation of supramolecular structures having enhanced charge transport properties.

We have used the well known aggregation properties of PDI chromophores to carry out
the function of bringing two green SPDI molecules close to one another as well as provide a
light-harvesting antenna array, molecule 3, which self-assembles into stacked dimers (3); in
solution as revealed by SAXS, Figure 2. This dimeric array demonstrates that self-assembly of a
robust PDI-based artificial light-harvesting antenna structure induces self-assembly of a
functional special pair of SPDI molecules that undergoes ultrafast, quantitative charge
separation. The structure consists of four PDI molecules attached to a single SPDI core, which
self-assembles to form (3); in toluene. Femtosecond transient absorption spectroscopy shows
that energy transfer from (PDI), to (5PDI), occurs with T = 21 ps, followed by excited state
symmetry breaking of '"(5PDI), to produce SPDI"-5PDI" quantitatively with Tcs = 7 ps. The
ion pair recombines with tcgr = 420 ps. Electron transfer occurs only in the dimeric system, and
does not occur in the disassembled monomer, thus mimicking both antenna and special pair
function in photosynthesis. The charge separation observed in (3), is an example of emergent
behavior that is not present when monomeric 3 is photoexcited.
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Figure 2. Chemical structure of 3 (left), the best fit structure of (3), from modeling the SAXS data (center),
and the UV-VIS spectra showing dimerization in toluene (monomers in CHCls) (right).
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(2004).
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Separated by a Variable Number of Base Pairs, F. D. Lewis, Y. Wu, L. Zhang , X. Zuo, R. T.
Hayes, and M. R. Wasielewski, J. Am. Chem. Soc. 126, 8206-8215 (2004).

Solvent Control of Spin-Dependent Charge Recombination Mechanisms within Donor-
Conjugated Bridge-Acceptor Molecules, E. A. Weiss, M. J. Ahrens, L. E. Sinks, M. A. Ratner,
and M. R. Wasielewski, J. Am. Chem. Soc. 126, 9510-9511 (2004).

Combining Light-harvesting and Charge Separation in a Self-assembled Artificial Photosynthetic
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Perylenes, M. J. Fuller, A. V. Gusev, and M. R. Wasielewski, Israel J. Chem. 44, 101-108
(2004).
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Arylene-Based Organic Materials, E. T. Chernick, M. J. Ahrens, K. A. Scheidt, and M. R.
Wasielewski, J. Org. Chem. 70, 1486-1489 (2005).

Effect of Charge Delocalization on Radical Ion Pair Electronic Coupling, L. E. Sinks, E. A.
Weiss, J. M. Giaimo, and M. R. Wasielewski, Chem. Phys. Lett. 404, 244-249 (2005).

Distance Independent Charge Transport at Near Constant Bridge Energy through Fluorene

Oligomers, R. H. Goldsmith, L. E. Sinks, R. F. Kelley, L. J. Betzen, W. Liu, E. A. Weiss, M. A.
Ratner, and M. R. Wasielewski, Proc. Natl. Acad. Sci. USA 102, 3540-3545 (2005).
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Electron Spin Dynamics as a Probe of Molecular Dynamics: Temperature Dependent Magnetic
Field Effects on Charge Recombination within a Covalent Radical Ion Pair, E. A. Weiss, M. J.
Tauber, M. A. Ratner, and M. R. Wasielewski, J. Am. Chem. Soc. 127, 6052-6061 (2005).
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Weinheim (2005).

Molecules as Wires: Molecule-assisted Movement of Charge and Energy, E. A. Weiss, M. A.
Ratner, and M. R. Wasielewski, Topics in Current Chemistry (July, 2005).

Basic Research Needs for Solar Energy Utilization: Report of the Basic Sciences Workshop on
Solar Energy Utilization, N. S. Lewis, G. Crabtree, A. J. Nozik, M. R. Wasielewski, and P.
Alivisatos, U. S. Department of Energy (July, 2005).

Conformationally Gated Switching between Superexchange and Hopping within Poly-p-
phenylene-based Molecular Wires, E. A. Weiss, M. J. Tauber, R. F. Kelley, M. J. Ahrens, M. A.
Ratner, and M. R. Wasielewski, J. Am. Chem. Soc. 127, 11842-11850 (2005).

Photoinduced Electron Transfer in an Electron Donor-Acceptor Dyad Oriented in an Aligned
Nematic Liquid Crystal, L. E. Sinks, M. J. Fuller, W. Liu, M. J. Ahrens, and M. R. Wasielewski,
Chem. Phys. 319, 226-234 (2005).

Electron Hopping in n-stacked Covalent and Self-assembled Perylenediimides Observed by
ENDOR Spectroscopy, M. J. Tauber, J. M. Giaimo, R. F. Kelley, B. Rybtchinski, and M. R.
Wasielewski, J. Am. Chem. Soc. 128, 1782-1783 (2006).

Energy, Charge, and Spin Transport in Molecules and Self-Assembled Nanostructures Inspired
by Photosynthesis, M. R. Wasielewski, J. Org. Chem. (in press).
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FUNDAMENTAL STUDIES OF CHARGE MIGRATION AND DELOCALIZATION
RELEVANT TO SOLAR ENERGY CONVERSION

Michael J. Therien
The Department of Chemistry, University of Pennsylvania,
Philadelphia, PA 19104-6323

This program seeks to understand the molecular-level principles by which complex
chemical systems carry out photochemical charge separation, transport, and storage, and how
these insights will impact the design of practical solar energy conversion and storage devices.
Towards these goals, this program focuses on: (1) carrying out fundamental mechanistic and
transient dynamical studies of proton-coupled electron-transfer (PCET) reactions; (2)
characterizing and interrogating via electron paramagnetic resonance (EPR) spectroscopic
methods novel conjugated materials that feature large charge delocalization lengths; and (3)
exploring excitation delocalization and migration, as well as polaron transport properties of meso-
scale (nano-to-micron-sized) assemblies that are capable of segregating light-harvesting antennae,
nanoscale wire-like conduction elements, and distinct oxidizing and reducing environments.
Examples of projects carried out over the past two years include:

Conjugated Chromophore Arrays with Unusually Large Polaron Delocalization Lengths.
Variable temperature X-band EPR spectroscopic data for the cation radical states of meso-to-
meso ethyne-bridged (porphinato)zinc(II) oligomers (PZn, species) [PZn,-PZn,]", which span an
~18-75 A length scale, evince peak-to-peak EPR line widths (AB,.,) that diminish with
conjugation length. Analysis of these EPR data show that PZn," structures possess the largest
hole polaron delocalization lengths yet measured; experiments carried out over a 4-298 K
temperature domain show remarkably that the charge delocalization length remains invariant with
temperature. These cation radical EPR data are well described by a stochastic, near barrierless,
one dimensional charge hopping model developed by Norris for N equivalent sites on a polymer
chain where the theoretical EPR line width is given by: AB,.,(N-mer) = (1/N 1/Z)ABp.p(monomer);
PZn," oligomers are the first such systems to verify a Norris-type hole delocalization mechanism
over a substantial (~75 A) length scale. This study demonstrates that polymeric building blocks
having low magnitude inner sphere reorganization energies enable the development of electronic
materials having long polaron delocalization length.
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Figure 1. Plot of EPR peak-to-peak line width of the radical cationic (hole-polaron) states of PZn;-PZn, at 298 K.
The abscissa is gives oligomer size represented by number of monomeric PZn units N and oligomer length in A.
The solid line is a fit to 6.0/(N"?) (G).
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Orientational Dependence of Cofacial Porphyrin-Quinone Electronic Interactions within
the Strong Coupling Regime. The relative magnitudes of the electronic coupling matrix element
(Hpa) in two electronically excited face-to-face (porphinato)zinc(Il)-quinone (PZn-Q) assemblies
('1B-ZnA" and '1B-ZnB") that feature a sub-van der Waals donor-acceptor (D-A) interplanar
separation, and differ only with respect to the quinonyl orientation relative to the porphyrin plane,
were evaluated. Experiment and theory indicate that the extent to which ([P-Q]’, w.) and CT
([P"-Q’], wer) configurations are mixed in '1B-ZnA" greatly exceeds that for the '1B-ZnB”
structure. Orbital overlap analysis shows that the weaker coupling in '1B-ZnB relative to '1B-
ZnA" arises from orientation-driven overlap cancellations, and differences in the extent to which
the Q O atoms contribute to D-A mixing. Of the handful of studies that probe the dependence of
D-A orientation upon ET, few, if any, have probed its impact in the limit of strong D-A electronic
interaction. This study demonstrates the sensitivity of CT transition moments to D-A orientation
at contact, and underscores the strong dependence of D-A coupling upon the nature of n-
stacking.
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Figure 2. (a) Linear visible spectra of 1B-ZnA (blue) and 1B-ZnB (red); thin lines depict Gaussian deconvolutions
of the CT bands.

Revealing the Degree of Charge Transfer in Ground and Charge-Separated States via
Ultrafast Visible Pump / Mid IR Probe Spectroscopy. We have demonstrated a new fs visible
pump/mid-IR probe spectroscopic approach to assess directly the ground and excited state
degrees of charge transfer (CT) in donor-spacer-acceptor (D-Sp-A) structures. Two classes of
(porphinato)zinc(IT) (PZn)-based D-Sp-A compounds with either quinonyl (Q) or N-(N’-
octyl)pyromellitic diimide (PI) electron acceptors were interrogated. These data show that the
acceptor mode frequency shift, Av,, determined by this method provides a more accurate measure
of the degree of CT in ground and charge-separated states relative to other techniques which rely
on the ground-state frequency shift alone; this added accuracy, coupled with the ability of this
method to interrogate the electronic interaction matrix element between ground and CS states,
enable determination of new experimental benchmarks to test the power of complimentary
computational methods, and provides a means to probe the degree of CT in transitions that either
overlap strongly with other bands or possess low oscillator strength.
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The Degree of Charge Transfer in Ground and Charge-Separated States Revealed by Ultrafast
Visible Pump / Mid IR Probe Spectroscopy, 1. V. Rubtsov, Y. K. Kang, N. P. Redmore, R. M.
Allen, J. Zheng, D. N. Beratan, and M. J. Therien, J. Am. Chem. Soc. 2004, 126, 5022-5023.

Impact of Electronic Asymmetry on Photoexcited Triplet-State Spin Distributions in
Conjugated Porphyrin Oligomers Probed via EPR Spectroscopy, P. J. Angiolillo, H. T Uyeda,
T. V. Duncan,.and M. J. Therien, J. Phys. Chem. B. 2004, 108, 11893-11903.

Generalized Mulliken-Hush Analysis of Electronic Coupling in Compressed n-Stacked
Porphyrin-Bridge-Quinone Systems, J. Zheng, Y. K. Kang, M. J. Therien, and D. N. Beratan,
J. Am. Chem. Soc. 2005, 127, 11303-11310.

Conjugated Chromophore Arrays with Unusually Large Polaron Delocalization Lengths, K.
Susumu, P. R. Frail, P. J. Angiolillo, and M. J. Therien, J. Am. Chem. Soc. Accepted for
publication.

Orientational Dependence of Cofacial Porphyrin-Quinone Electronic Interactions within the

Strong Coupling Regime, Y. K. Kang, J. Zheng, 1. V. Rubtsov, D. N. Beratan, and M. J.
Therien, J. Am. Chem. Soc. Submitted.
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DNA PHOTONICS

Frederick D. Lewis
Department of Chemistry, Northwestern University, Evanston, Illinois

The objective of this project is to investigate photoinduced charge separation in supra-
molecular systems which possess an electron donor and acceptor separated by aromatic spacers
having a face-to-face or m-stacked geometric relationship. The 7m-stacked base pairs in duplex
DNA possess such a geometry and have been proposed to function as a “molecular wire.” Our
approach to the study of electronic interactions in DNA is based on the use of hairpin-forming
bis(oligonucleotide) conjugates in which a chromophore serves as a linker connecting two
complementary oligonucleotide arms. Second generation systems contain an additional
chromophore at the opposite end of the duplex from the hairpin linker (Scheme 1). Appropriate
selection of the two chromophores makes possible the investigation of several different types of
electronic interactions, including exciton coupling, energy transfer, and electron transfer.

Exciton Energy Electron

Coupling Transfer Transfer
— @ @
—T  A— =T A— —T A—
=T A —T A— F—T A—
=T A= —T A— =T A
—T A— —T A— —T A—
—T A— —T A— —T A
—T A—] —T A— —T A—

Scheme 1. Structures of capped hairpins, chromophores, and a vector model of the
interaction between chromophores separated by four base pairs.

Capped hairpins possessing two SA chromophores separated by 1 to 11 A:T base pairs have
been used to investigate the distance and angle dependence of exciton coupling. Exciton
coupling between two identical chromophores results in CD spectra for the individual
chromophores having opposite signs and equal intensity. Thus even very weak coupling can
result in a bisignate spectrum (Cotton effect). The rotational strength of an isolated CD
transition is determined by the imaginary part of the dot product between the electronic and
magnetic transition dipoles. In the case of small Davydov splitting between chromophores
whose transition dipoles z; are perpendicular to the distance vector R; (Scheme 1), the complex
expression for the rotational strength A¢ can be simplified to provide eq 1.

Ag = iﬁ i 2R sin(26) (1)
According to eq. 1, the CD intensity should display a Rjj_z dependence and have maximum
intensity when the dihedral angle @ between the chromophore transition dipoles is 45° or
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135° (with an inversion in sign) but zero intensity when they are parallel or perpendicular. The
sign and relative intensities for the experimental CD spectra are in excellent agreement with
spectra calculated using the vector model of Scheme 1.

Electronic excitation of the SA-SA capped hairpins results in electron transfer to form long-
lived charged separated states in'which the SA chromophores serve as both acceptor and donor.
Investigation of the mechanism and dynamics of charge separation and charge recombination by
means of fs pump-probe spectroscopy indicates that charge separation occurs via hole injection
into the A:T bridge rather than a single step superexchange mechanism.

Capped hairpins possessing SA and PA chromophores have been used to investigate the
distance and angle dependence of fluorescence resonance energy transfer (FRET). According to
the semiclassical vector model proposed by Foérster, the efficiency of energy transfer is
dependent several factors, including a geometric factor x, which is described by eq 2, where e,
ez, and e;; are the unit vectors of the donor and acceptor transition dipoles and distance between
their centers. In cases where the dipoles are randomly aligned, a constant value of & = 2/3 is
normally assumed.

kK=¢€ & —3(&-&,)e, &) @)

Experimental values for the SA fluorescence quantum yield are in good agreement with the
values obtained using the oriented dipole model (Scheme 1), but not with those provided by the
averaged dipole model. The discrepancy between the experimental data and averaged dipole
model is particularly noticeable for capped hairpins with 7 to 9 intervening base pairs, the
observed SA fluorescence quantum yield being as much as five times larger than the value
predicted by the averaged dipole model.

The mechanism and dynamics of photoinduced charge separation and charge recombination
has been investigated in synthetic DNA hairpins possessing donor (SE) and acceptor (SA)
stilbenes separated by a one to seven A:T base pairs. The application of femtosecond broadband
pump-probe spectroscopy, nanosecond transient absorption spectroscopy, and picosecond
fluorescence decay measurements permits detailed analysis of the formation and decay of the
stilbene acceptor singlet state and of the charge separated intermediates. When the donor and
acceptor are separated by a single A:T base pair charge separation occurs via a single step
superexchange mechanism. However when the donor and acceptor are separated by two or more
A:T base pairs charge separation occurs via a multistep process consisting of charge injection,
charge migration, and charge trapping. Rate constants for charge separation and charge
recombination are dependent upon the donor-acceptor distance, however the rate constant for
charge injection is independent of the donor-acceptor distance. Previous results from our
laboratory provide examples of electron transfer which occurs exclusively via hole injection and
exclusively via superexchange. The observation of crossover from a superexchange to a hopping
mechanism provides a “missing link” in the analysis of DNA electron transfer and requires
reevaluation of the existing literature for photoinduced electron transfer in DNA.
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DIRECT EVIDENCE FOR BIDIRECTIONAL ELECTRON TRANSFER IN
PHOTOSYSTEM 1

Oleg G. Poluektov’, Lisa M. UtschigT, Sergei V. Paschenko!, K. V. Lakshmi’,
Marion C. Thurnauer’ and David M. Tiede’

'Chemistry Division, Argonne National Laboratory, Argonne, IL 60439
*Department of Chemistry, City University of NY, Staten Island, NY 10314

Natural photosynthesis remains a paradigm for defining the fundamental mechanisms of
efficient photochemical energy conversion in molecular-based systems. This process occurs by
photoinitiated electron transfer reactions between cofactors embedded in integral membrane
reaction center (RC) proteins. Although structures for several photosynthetic RC proteins have
been determined and the key features of photosynthetic electron transfer are broadly understood,
important details of how the synergy between the cofactors and the surrounding protein
optimizes electron transfer reactions have yet to be resolved. Therefore, our research is focused
on the discovery of fundamental physical-chemical mechanisms responsible for highly efficient
photochemical energy conversion in natural photosynthesis. Central problems addressed in our
program are the following: what is the protein’s role in controlling and defining optimal
pathways for electron transfer reactions; what is the response of the protein to rapid charge
transfer and what is the mechanism of efficient charge stabilization; how are conformational
protein dynamics link to RC function? We anticipate that the fundamental understanding of
structure-function relationships in biological electron transfer can be extended to provide a
benchmark for controlling electron transfer in biomimetic systems. To tackle these problems in
both natural and artificial photosynthetic systems, we have developed advanced, pulsed high-
field EPR techniques that allow us to directly inspect the details of unpaired electron-matrix
interactions. Here I will present our results on the application of these techniques for the problem
of directionality of electron transfer in Photosystem I.

The efficient charge separation that occurs within RC proteins is the most important step of
photosynthetic solar energy conversion. Although classified into two types, Type I and Type II,
all RCs consist of a dimeric core, where each polypeptide binds a branch of cofactors (see
Figure). From the primary electron donor, P, which is a dimer of chlorophyll molecules, these
two nearly symmetrical potential electron acceptor chains (branches A and B) extend across the
membrane. Anoxygenic photosynthesis of photosynthetic bacteria occurs in both Type I and II
RCs; whereas, oxygenic photosynthesis of higher plants, cyanobacteria, and algae require the
symbiotic linking of Type II and I RCs (Photosystem II and Photosystem I, respectively).

Determining the functional roles for the pairs of cofactor branches is fundamental for
understanding both the evolution of photosynthesis and the mechanisms of photosynthetic charge
separation. In Type II RCs, e.g., Photosystem II (PSII), light-driven primary electron transfer
(ET) reactions take place exclusively through the A branch of redox-active components
(unidirectional ET) resulting in the charge separated state, P'Qa", where QA is the reduced
quinone cofactor in the A branch. Subsequently, ET proceeds from Q4" to the terminal quinone
electron acceptor, Qg, the quinone cofactor in the B branch. Qg is a mobile electron carrier.
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Following two proton-coupled electron transfer events, Qg is reduced to a hydroquinone and
leaves the RC.
In Photosystem I (PSI)

PSlI 5 photoexcitation of P initiates
sequential ET  through two
spectroscopically identified
electron  acceptors, A;, a

chlorophyll molecule, and A, a
Aos phylloquinone. From A;" the

electron is transferred to the [4Fe—
s 4S] cluster Fx, and further to Fu
and Fg, two iron-sulfur clusters
held within an extrinsic protein
subunit (see Figure) Thus, unlike
Type II RCs, ET in PSI does not
terminate at two functionally
distinct quinines. Is ET in Type I
RCs likewise functionally
asymmetric? Resolution of this basic, yet important, issue of ET directionality (uni vs. bi) in PSI
has remained an experimental challenge.

Experimental reports that address the directionality of ET in PSI are based on optical and
time-resolved (TR) EPR studies of ET in wild-type and site-directed mutants. Observation of
biphasic ET rates from A; to Fx, 5-10 ns and 150-200 ns, has been discussed as an indication of
bidirectional ET in PSI. However, without concomitant structural evidence, kinetic data is open
to multiple interpretations.

We observed two distinct transient spectra of P*A,;” radical pair from the PSI RC proteins
of the cyanobacterium Synechococcus lividus using high-field (HF) TR-EPR methods. The
application of advanced HF EPR techniques, with superior spectral resolution, allows us to
distinguish the different geometries of these two transient radical pairs and correlate their
structures with kinetic data and the X-ray crystal structures of PSI. The opportunity to unravel
the geometry of the radical pairs derives from the sensitivity of the well-resolved lineshapes of
the HF TR-EPR spectra of the spin-correlated radical pairs to the magnetic interactions within
these photochemically generated donor/acceptor pairs as well as to their relative orientations. We
demonstrated that the geometries of the two distinct donor/acceptor pairs correspond to the
charge separated states along the A and B branches, and that our assignments of radical pair
geometries are in excellent agreement with the X-ray crystal structure of PSI. Together with
previously reported data, the concomitant structural and kinetic information obtained with HF
EPR provide unambiguous evidence of bidirectional ET in PSI. Thus, unidirectionality of ET is
not a general property that is optimized for efficiency of photochemical solar energy conversion.
More generally, these results point to a role for the protein in ultimately controlling the
directionality of ET pathways. The heterodimeric structure of the core in PSI proteins allows
independent fine tuning of the redox properties of the cofactors in ET branches, thus allowing
PSI to be more robust and less susceptible to local damage compared to Type I RCs that have
homodimer structure.
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ELECTRON TRANSPORT INVOLVING CAROTENOID AND CHLOROPHYLL
MOLECULES IN PHOTOSYSTEM II

Cara A. Tracewell and Gary W. Brudvig
Department of Chemistry, Yale University, P.O. Box 208107, New Haven, CT 06520-8107

Carotenoids have long been known to function in photosynthetic systems as light-
harvesting pigments, as photoprotective molecules in triplet energy-transfer processes, as singlet
O, scavengers and as components that stabilize pigment-protein structures. Recently,
photosystem II (PS II) has been found to utilize B-carotene as a redox center whereby the
carotenoid acts as a molecular wire to facilitate long-range electron transfer. The aim of this
research program is to understand how the functions of carotenoid molecules are tuned in natural
photosynthetic systems. Our recent work has focussed on characterizing the electron-transfer
function of carotenoids in cyanobacterial PS II core complexes (cofactors shown in Figure 1).

The primary photochemical reactions of PS II lead to the oxidation of water and involve
the electron donors in the O,-evolving complex. PS II is unique among photosynthetic reaction
centers in having B-carotene (Car) and chlorophyll (Chl) secondary electron donors. Car and Chl
are photooxidized in high yield under conditions, such as low temperature, in which electron
donation from the O,-evolving complex is inhibited. Although near-IR absorbance and EPR
spectroscopic signatures of the Car” and Chl” radicals have been identified,!-2 the number of
redox-active Chl and Car molecules, their locations within the PS II complex, the electron-
transfer sequence(s) involving them and their function(s) are still uncertain.

We have characterized the photooxidation and decay of the redox-active accessory
chlorophylls (Chl) and B-carotenes (Car) in oxygen-evolving PS II core complexes from
Synechocystis PCC 6803 by near-IR absorbance and EPR spectroscopies over a range of
cryogenic temperatures from 20 to 160 K. In contrast to previous results for Mn-depleted PS 11,
a number of near-IR
absorption  bands are
resolved m the light-
minus-dark difference
spectra. Gaussian
deconvolution of the near-
IR absorption spectra was
used to identify absorption
maxima at 745 nm,
750 nm, 792 nm, 808 nm,
814 nm, 825 nm, and
840 nm that are attributed
to  chlorophyll radical
cations (Figure 2). The
kinetics of formation of

these Chl" species using
laser pulses and | Figure 1: PS II cofactors shown perpendicular to the membrane (PDB code
LS5L).

continuous illumination
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with white light (0.01 ms — 30 min) and their

subsequent decay in the dark was measured. Some A

A

of the Chl” species form and decay rapidly, whereas —_
additional Chl” species were observed to form after ' NORITL [y 28 8
extended illumination up to 30 min. The fast 0005k  745nm \

N ]
.\ 840 nm

0.000 -ﬂ:-/ N \\ -

decaying absorption bands observed after
illumination at 20 K could be generated again by
re-illuminating the sample. Quantitation by EPR
spectroscopy gives a yield of 0.85 radicals per
PS 11, and the yield of oxidized cytochrome bssg by 0010
optical difference spectroscopy is 0.15 per PS II. '
The yield of Qs reaches a maximum of 1.0 per
PS II after 100 sec of illumination. These results
confirm that low-temperature illumination gives a
single stable charge separation per PS II, as
expected. Potential locations of Chl” and Car’
species, and the pathways for their formation, are
analyzed based on the rates of their formation and
decay by using Marcus theory together with the
recent X-ray crystal structure of PS II. These results
provide new insight into+the alternate electron- e e ™
donation pathways to P6SQ . . Wavelength (nm)

Future work is aimed at determining the Figure 2: Gaussian deconvolutions of:
rates and yields of the secondary electron transfer (A) slow decaying Chl" species and
reactions in PS II reaction centers in which the (B) fast decaying Chl" species.
redox properties of the cofactors are systematically
modulated by changing the carotenoid cofactors or by altering the electrostatic interactions with
cytochrome bssg or the Mn complex in the oxygen-evolving complex. In collaboration with
Bruce Diner at DuPont, we are investigating carotenoid photooxidation in cyanobacterial
mutants with altered carotenoid composition. Studies of these samples, in which the secondary
electron transfer pathways in PS II have been modified, will provide new information of the
sequence of secondary electron transfers and on their function. These data can then be correlated
with the emerging structural information for PS II in order to understand the factors that tune the
redox role of B-carotene in PS II and to determine the electron- vs. energy-transfer roles of
carotenoids in photosynthetic reaction centers.
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EXPLORING ELECTRON TRANSFER IN LIGHT HARVESTING ARRAYS
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Molecular devices proposed for the utilization of solar energy depend on electron transfer
in supermolecular assemblies. This project seeks to elucidate the role of the matrix in electron
transfer reactions by exploring electron transfer in natural and artificial reaction centers and light
harvesting complexes in the liquid and solid state.

Chemically induced dynamic electron polarization (CIDEP) is a tool for investigating
photoinduced radical pairs and electron transfer. We have used CIDEP to explore artificial
reaction centers and other systems. Some artificial reaction centers intrinsically exhibit CIDEP
while other systems require addition of exogenous reagents to photoinduce radical pairs
observable by CIDEP. Unusual CIDEP has been observed with time resolved EPR in the
conducting biopolymer melanin and suggests a novel means to explore the conduction process in
polymers.

A major difference exists between the CIDEP of radical pairs in normal solutions and the
radical pairs associated with supermolecular arrays and conducting polymers. Radical pairs of
simple molecules in liquids experience normal three—dimensional diffusion while they undergo
electron transfer, recombination and termination reactions. For example, after creation, the
acceptor molecules frequently undergo diffusion away from the donor molecules and encounter
unreduced acceptor molecules. If these encounters result in electron transfer reactions with other
unreduced acceptor molecules, then the electron spin polarization (ESP) associated with the
hyperfine structure is lost. The loss of ESP results because multiple electron transfers in liquid
solutions are not likely to return the electron spins back to their original molecules and
consequently hyperfine induced ESP is destroyed

Radical pairs in supermolecular arrays and conducting polymers also experience similar
factors. However, because their electron spins are confined to the same supermolecular array or
polymer, both forward and backward electron transfer is also confined. Assuming no interchain
hopping, backward electron transfer in a supermolecular array returns the electron to the same
previous molecule and as a result revives hyperfine driven ESP. If electron transfer is confined
within a supermolecular array, then forward electron transfer results in loss of the hyperfine
driven ESP while backward electron transfer replenishes the ESP. The result is that an ESP
“memory” effect can occur that is effectively impossible without a supermolecular array or
polymer.

This difference in CIDEP between normal solution and supermolecular arrays should
provide a new tool for characterizing electron transfer reactions involved in solar energy
transduction. A more complete explanation of this “memory” effect of CIDEP in supermolecular
arrays and polymers will be presented. Such CIDEP studies should be especially applicable to
the artificial reaction centers that have attached molecular wires.
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The LH1 complex can be considered to be a biopolymer of interacting
bacteriochlorophyll molecules. The bacteriochlorophyll molecules are organized into a
polymeric structure by means of membrane spanning, polypeptide helical units. The means by
which this helical protein matrix enhances electron transfer at cryogenic temperatures and in the
rigid medium is particularly poorly understood. Using time resolved EPR and pulsed EPR this
work has found that electron transfer continues to occur at 4K in oxidized LH1 indicating that
the interaction between at least some of the chromophores is larger than the relevant
heterogeneity, including that of the matrix. To characterize the role of the matrix in determining
heterogeneity and electron transfer rates as the medium becomes rigid, light harvesting model
systems are being explored in organic glasses for comparison to the natural LH1 protein complex
solubilized in aqueous buffer. A variety of time resolved and pulsed EPR techniques are being
exploited to follow electron transfer as the solvent becomes rigid.

The role of the matrix in electron transfer in light harvesting arrays and reaction centers
will be investigated by new techniques to be available after arrival of a new pulsed EPR.
Additionally, future studies will employ time domain and pulsed EPR to record CIDEP effects
for the exploration of supermolecular assemblies involved in light harvesting and photoinduced
charge separation.
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PRIMARY PROCESSES IN PHOTOSYNTHESIS: LIGHT HARVESTING AND ITS
REGULATION

G.R. Fleming and K. K. Niyogit
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New multidimensional optical spectroscopies hold great promise for elucidating the
design principles of natural photosynthetic light harvesting. We developed two-dimensional
Fourier transform photon echo spectroscopy in the visible wavelength range to reveal the
electronic couplings, the spatial arrangement of the exciton states, and the pathways of energy
flow in pigment-protein complexes. Our first application was to the FMO protein of green sulfur
bacteria. It was also necessary to develop the method of analysis of the 2D spectra and this was
done in collaboration with Professor Minhaeng Cho of Korea University. We found that the
spatial arrangement of the exciton states enables large jumps in energy such that the lowest
exciton state is reached from any starting point in two or three steps. This picture of energy flow
contrasts with what might be expected from a simple downhill/stepladder model. We found
oscillations in the amplitudes of diagonal peaks in the spectrum which we believe represent
electronic coherences between the exciton levels. The FMO complex is a particularly suitable
system to study electronic coherence since the energy gaps correspond to accessible frequencies
and the dephasing times are relatively long.

We have recently completed a study of the 2D spectrum of the purple bacterial LH3
protein. This is a significantly more complex system than FMO since it contains two sets of
bacteriochlorophyll molecules, one set weakly coupled, one set strongly coupled, along with
interactions between the two sets. Our analysis show that the B800 molecules must be modeled
as an excitonic system at 77K. It also shows that B800 to B820 energy transfer occurs
preferentially to higher, dark levels of the B820 manifold. This confirms the conclusion of
Scholes and Fleming, and Sumi (and later Silbey) that a generalized version of Forster theory is
not based directly on the overlap of emission and absorption spectra is needed to describe this
system,

We also developed two-color photon echo peak shift spectroscopy as a complementary
method to the 2D approach. We have applied this technique to Photosystem I and to purple
bacterial reaction centers, and if time permits our results and conclusions will be described.

The regulation of light harvesting in Photosystem II by the process known as
nonphotochemical quenching (NPQ) is not well understood at the molecular level ultrafast
spectroscopy using transgenic plants lacking the PsbS gene led us to propose that a zeaxanthin-
chorophyll complex was responsible for the major component of NPQ known as qE. We found a
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strong signal at 1000nm consistent with the spectrum of the zeaxanthin radical cation only under
conditions of high light levels when PsbS is active. The strength of this signal correlated with the
amount of qE, being twice as large as in the plant with twice the usual number of copies of the
PsbS gene. This leads us to propose that electron transfer (from zeaxanthin to chlorophyll) is the
quenching mechanism of qE. Where in the PSII super complex it occurs and how the quenching
center is formed is still not known.
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NANOSCALE ASSEMBLIES OF CONJUGATED POLYELECTROLYTES. ENERGY
TRANSPORT, ENERGY TRANSDUCTION AND PHOTOVOLTAIC CELLS

Kirk S. Schanze, John R. Reynolds and Valeria D. Kleiman
Department of Chemistry, University of Florida, Gainesville, FL. 32611-7200

Conjugated polyelectrolytes (CPEs) are polymers that feature a m-conjugated backbone
substituted with ionic solubilizing groups such as sulfonate, ammonium, carboxylate, or
phosphonate (-SO3’, -NR3", -COy, -PO;”, respectively, example structures are shown in Figure
1). Conjugated polyelectrolytes are soluble in and processable from water, and they retain the
favorable optoelectronic properties characteristic of the conjugated backbone (e.g., strong optical
absorption and fluorescence, semiconductor properties). In addition, CPEs are amphiphilic with
a strong propensity to self-assemble in solution and into nanostructured, layer-by-layer (LbL)
films. This program is investigating the properties of CPEs, with emphasis placed on studies of
the mechanism of “amplified quenching”, intra- and interchain excited state energy transport,
self-assembly into nanoscale CPE assemblies (films and colloids) and solar cells constructed
using CPEs as the active material. In order to address the program objectives, the effort
combines synthetic monomer and polymer chemistry, steady-state and time-resolved
photophysics, along with thin-film and solar cell fabrication and characterization.

Synthetic organic/polymer chemistry plays a key role in this work. As part of this effort,
efficient synthetic methods have been developed allowing “direct” synthesis of CPEs from ionic
monomers, as well as “indirect” methods in which organic-soluble precursor polymers are first
synthesized and characterized, and subsequently the ionic side groups are unmasked in a post-
polymerization step. Both of these approaches afford pure polymers with relatively high
molecular weights in quantities sufficient to allow physical chemical studies, layer-by-layer film
preparation, and photovoltaic cell work to be accomplished. Recent synthetic efforts have led to
the preparation of a homologous series of polymers in which the HOMO-LUMO band gap is

systematically varied, giving rise to a family of o at
materials that absorb throughout the visible e " \/\N/’/\\\/)N
spectrum (Figure 1). [§:§ W [G SR

We have demonstrated that charged ’ d ’
quenchers such as methyl viologen and cyanine ST\ \A&\i/\\,\/ﬁ
dyes quench the luminescence from oppositely N o A:?/\/

charged CPEs with extremely high efficiency.
Stern-Volmer constants as large as 10° M™ have  ar= —{ )y () —- ﬁ- —Q-
been observed in specific systems. Investigations ' d_p NN

of CPEs in a variety of solvents show that " Py Th EDOT BOT

interchain (polymer-polymer) aggregation plays
an important role in determining their
photophysics and the efficiency of amplified
quenching by oppositely charged ionic quenchers.
Aggregation is especially important in water, and
interchain singlet exciton diffusion is believed to
be a dominant pathway giving rise to highly

. : » Figure 1. Top: Structures of variable HOMO-LUMO gap
efficient quenChlng by 101n1C quenCherS- CPEs. Bottom: Color photograph of methanol solutions of

Aggregation induced quenching of the Single’[ CPEs under illumination with near-UV light.
exciton is also significant, especially in the lower
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band gap (red emitting) CPEs that have been prepared to
date.

PL (arb. units)

Fluorescence  upconversion and transient
absorption spectroscopy have been applied to CPE-
quencher ion systems in solution, and the results
demonstrate that the dynamics of exciton transport and
quenching are very rapid. In many cases, quenching is
dominated by an ultrafast component due to rapid
interchain exciton diffusion in the CPE aggregates. We
have also been successful in applying transient
absorption spectroscopy to nanostructured layer-by-layer O
films consisting of CPEs. These studies provide _— d‘;tn(:;)ics o FBREE b

evidence for ultrafast charge and energy transport taking  CH,OH for different concentrations of added
place in the assemblics. - PR

Fabrication of LbL films COl’lSlStlIlg of CPEs has absorption at a probe wavelength of 680 nm.
been developed with a robotic system to the point where
it is now routine to construct films with 30 or more polyelectrolyte bilayers. Characterization of
the resulting films by optical, epifluorescence, electron and atomic force microscopy reveals that
the films are smooth (RMS roughness < 5 nm) and uniform over large areas (1 x 1 cm).
Multilayer, nanostructured films consisting of CPEs with different band gaps have been
fabricated; however, strong interchain interactions (aggregation) which lead to fluorescence
quenching have made time-resolved studies of vectorial exciton transport through the multilayer
films difficult.

Finally, we have considerable success in demonstrating the capability of using LbL CPE
films as the active medium in polymer photovoltaic cells as illustrated by the structures, concepts
and results of Figure 3. Although the overall optical-to-electrical power conversion efficiency of
the cells is comparatively low (likely due to poor carrier transport in the films), the cells provide
a platform for fundamental research concerning the relationship between the nanostructure of the
active layer and overall cell performance. We have demonstrated the capability of adsorbing the
CPEs onto nanostructured TiO,, and using the resulting films in relatively efficient polymer-
TiO, hybrid regenerative solar cells. The finding that the CPEs can be efficiently adsorbed onto
metal oxide surfaces and they undergo efficient charge injection into the semiconductor opens up
the opportunity to use this combination of materials as a new platform to study exciton and
charge transport in multilayer CPE films constructed atop wide band gap semiconductors.
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Figure 3. Schematic diagram demonstrating LbL construction of multi-anionic CPEs with a dicationic C60 derivative for inclusion in a
photovoltaic cell and demonstration of the obserbed AM 1.5 photovoltaic efficiency.
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MOLECULAR WIRES FOR ENERGY CONVERSION

John R. Miller, Norihiko Takeda, Sadayuki Asaoka, Alison Funston, Kirk Schanze,* Eric
Silverman*, and Andrew Cook

Chemistry Department, Brookhaven National Laboratory, Upton, NY
*University of Florida, Gainsville, FL

The BES Solar Photochemistry program has a rich history in the investigation of tunneling
through bridges, and a recent interest in injection of charges to give them a real (thermal)
existence. This work investigate injection of charges into long, conjugated molecules, which
alone, attached to surfaces or in concert with nanoparticles, appear to have enormous potential to
capture solar energy for conversion to electrical energy (photovoltaics) or chemical energy
(fuels). This potential stems from the possibility that these “wires” could be fashioned into
molecular materials for solar conversion that might function with high efficiency but be
produced cheaply. A field called “plastic solar”' has created solar cells having efficiencies that
started low; rose rapidly with subsequent research, but may now be growing more slowly, while
they are still well below those of silicon. There is substantial reason to believe that solar
photoconversion based on these conjugated polymers can achieve very hi%h efficiencies since
they can be elaborated based on principles learned in natural and artificial® photosynthesis.

That goal will require knowledge of fundamental principles, and essential properties
governing the behavior of charges and excitations in molecular wires, including basic
considerations of the natures of “excitonic materials.” Of special importance are aspects of
charges in conjugated polymers that control their rapid transport over long distances and
knowledge of energy levels so they may be tuned for performance. At present the energy levels
are often inadequately known and not easily measured for most of these materials. This program
seeks to determine natures and energies of charges in conjugated polymers and their transport.
The principal tool is pulse radiolysis at BNL’s Laser Electron Accelerator Facility (LEAF).

Optical spectra for electrons or holes in wires typically contain low-energy near infrared
(NIR) absorption bands as seen in Figure 1 for polyfluorene (pF) anions and cations. A simple
MO argument supports the notion that low-energy bands are diagnostic of delocalized charges
and may predict transport. Studies proposed below will examine this question further. NIR bands
: similar to those in Figure 1 were observed for holes in
2000 1000 ‘%0 700 w0 s0 poly(phenylene ethynylene) (PPE) and electrons in

20F

T et === T T T

polythiophene (pT).

Electrons were also added chemically to pF
(solid line in Figure 1) and pT. Their optical spectra
were indistinguishable from those found in pulse
radiolysis; knowledge of radiation chemistry tells us
that free ions are created in the pulse radiolysis
experiments, though ion-pairs are possible in some
cases. These observations provide a preliminary answer
of “no” to a question proposed at the outset of this

work: Would adventitious ions pair with and trap

48




charges in wires, rendering them immobile? At present this conclusion is based on spectroscopy
and the comparison has not interrogated the low-energy sides of the NIR bands.

While charges are very delocalized, the experiments also show that they are somewhat
confined as “polarons.” Measurements at LEAF determined delocalization lengths for electrons
to be 3.8 nm in polyfluorene and 3.1 nm in polythiophene in THF. This and other results present
insight into what charges are like and how they move in these long molecules.

L % - . - . L3 LS by ' 7 & [ \ - ' - C -
Figure 2. A pictorial representation of an electron in polyfluorene spread over 4.5 repeat units.
At the same time paired like charges (“bipolarons™) are shown not to be formed, except at

very high doping when electrons or holes are “squeezed” together.
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Electrochemistry is effective for determination of redox potentials of small molecules and
oligomers of moderate lengths, but often fails to

obtain energetics for injection of charges into P e i
long oligomers or polymeric wires. Pulse gglsaltrlg: g:itri negative Eoreor
radiolysis measurements of charge transfer )
equilibria obtained reversible redox potentials oo, P 2 F
for electron injection into polythiophene and Sy ____-f:__/".-_.jl_.{_I_. 4 B
electron and hole injection into (})olyﬂuorene }*___ __________ 4 L
(E°(pF™) = +0.69 V and E°(pF*")= -2.65 V vs 1 binding | ABP*«#

+/0 . f ; 3.1eV 9y 3.31eV
Fc™) The figure at right summarizes energetics 2.3eV in
of optical excitation in pF, evaluating the %Jj}ﬁap,,
exciton binding energy to be 0.2 eV under So ‘

electrochemical conditions (high electrolyte concentration).

Polyfluorenes (pF) were synthesized with appended anthraquinone (AQ) or naphthylimide
(NI, shown at right) electron traps. While most electrons
should be captured by the long pF chains, they appeared
on the AQ or NI trap groups within 2 ns, signaling fast
electron transport in the pF chains. Planned experiments
will examine charge transport in these molecules
utilizing the newly-developed ultrafast single-shot
detection system to measure charge transport with
10 ps time resolution. We also plan to synthesize PPE
with NI end-cap groups (shown right) and perform similar
experiments. Planned experiments will develop methods to utilize laser pulses to re-inject
charges trapped on end-caps and observed their transport to end-caps with ~ 1 ps time resolution.

Additional planned experiments will refine the methods for determination of
delocalization lengths and redox potentials, facilitating their application to additional types of
conjugated polymer and oligomers, including polymers in which metal atoms are part of the
conjugated chain. Investigations of oligomers of defined lengths will deepen our insight into the
natures of charges in conjugated molecules.
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EXCITED ELECTRONIC STATES IN CARBON NANOTUBES

Louis Brus, Chemistry Department, Columbia University, New York, NY, 10027

The goal of our DOE research is to understand how visible light interacts with
nanoparticles and nanowires that have the potential for photogenerated charge separation.
Our recent experiments focus on electromagnetic field enhancement around metallic
particles, and single wall carbon nanotubes SWNT -- the subject of this talk.

Correlated Raman and Rayleigh
Scattering from the Same Nanotube
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In SWNT two issues have been
addressed: 1) can we find a
spectroscopic way to identify
uniquely an arbitrary metallic
or semiconducting tube? Can
we establish general
spectroscopic assignments?
Can we identify a single tube?
2) what i1s the fundamental
nature of excited states, that is,
are they bound excitons or free
electron-hole pairs? On 1), we
have discovered it is possible
to characterize single tubes by
resonant Rayleigh scattering,

using a white light “supercontinuum” of laser brightness. The figure shows resonant
Rayleigh and Raman data from one single tube. Resonant Rayleigh scattering gives
essentially the same information as the absorption spectrum, and can be measured against
a zero background. It should be a general characterization method for nano-objects that
does not depend upon the sample’s ability to luminescence. To establish assignments we
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have a continuing collaboration
with the Yimei Zhu high resolution
TEM group at Brookhaven, to do
electron diffraction on the same
single tubes.

On 2) we have proven the
transitions in the optical spectra are
actually excitons (about 20
Angstroms in size) by a
comparison of two photon and one
photon absorption spectra, in
micellar solutions of luminescing
semiconductor tubes. Because of
the high symmetry and selection
rules, different transitions appear in
the two spectra. The binding




energy i1s about 0.4 eV. Previously these transitions were thought to be spatially
delocalized van Hove band edge singularities. In a study of fast SWNT photophysics we
found a very high rate of exciton-exciton interaction and decay by Auger recombination.
This fast Auger process is also seen in a study of endoperoxide side wall groups present
for tubes handled in air. Such sidewall endoperoxide groups protonate at acid pH in
aqueous solution. This protonation dopes holes into the tubes, which in turn first quench
band gap luminescence and (at higher doping levels) bleach the band gap optical
absorption. DNA is an excellent surfactant for carbon nanotubes in water, as shown by
careful work at DuPont. In collaboration we have shown that DNA wrapped SWNT show
strong circular dichroism. This CD signal is induced quantum mechanically by the chiral
DNA; there is no evidence for SWNT enantiomer separation.

In our Ag metal nanocrystal work, we are now trying to understand if charge transfer
photochemistry is possible for plasmon excited states. This research has occurred in
several steps. Previously, the excited electron coherent metallic polarization in such
particles was shown to cause Surface Enhanced Raman Scattering. Confocal microscopic
optical techniques have shown how a single molecule at 23 C, under optimal
circumstances, can show a spectrally integrated Stokes Raman signal that is 10%-10°
stronger than a fully allowed, free space single molecule luminescence signal. This huge
Raman cross section occurs at the junctions of ca. 40nm touching Ag nanocrystals. There
i1s simultaneously an optical squeezing effect on the junction. We did a numerical
calculation of the force due to the mutual induced metallic polarizations. The resulting
force is dipole-dipole at long separations. At short distance, as the ac electronic
polarization inside the metal concentrates at the junction, the force increases much faster
than dipole-dipole. We calculate that these forces might be used to organize Au or Ag
particles into lines under laser irradiation. On photochemistry, we had showed earlier
that Ag local field enhancement can also photocatalyze reduction of adsorbed Ag ion
leading to nanocrystal growth. The shape of the growing Ag nanocrystal can be
controlled by the choice of laser wavelength with respect to the dipolar plasmon resonant
wavelength. Currently we are studying photoelectrochemistry of Au particles on ITO
electrodes in an electrochemical cell. Under negative bias the local field causes excited
(hot) electron tunneling to nearby Cu++ ions in the water electrolyte. These ions are
reduced to Cu atoms which then deposit on the Au field enhancing particles. These
studies are being done with photolithographically generated Au particles, so that we
might have precise relative geometries between particles, with known local field
distributions. In a separate project, a previously unrecognized type of Ostwald ripening
was found for reduced metallic Ag particles on conductive ITO substrates in pure water.
Electrons travel from smaller to larger particles through the substrate, while
simultaneously Ag+ ions travel through the water. The net result is that larger particles
grow at the expense of smaller particles.

We have a close collaboration with the Friesner group on geometrically optimized DFT
calculations on nanostructures important to the DOE solar energy program. At present
500 atom sections of carbon nanotubes, and realistic models of solvated anatase and rutile
TiO; particles (as in the Gratzel cell) are under study. We have also looked carefully at
the basic nature of electrical doping in Si nanocrystals and nanowires.
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NOVEL SOLAR PHOTON CONVERSION PROCESSES INVESTIGATED BY
TERAHERTZ SPECTROSCOPY

Matthew C. Beard, James E. Murphy, Kelly P. Knutsen, Xin Ai, Garry Rumbles, Randy J.
Ellingson, and Arthur J. Nozik

National Renewable Energy Laboratory, Golden, Colorado

Three dimensional arrays of semiconductor nanocrystals (NCs) are a novel approach to solar
energy conversion that offers the potential to control the microscopic charge generation,
separation, and transport so as to maximize solar energy conversion efficiencies. Beneficial hot-
carrier effects such as slowed hot-carrier cooling and multiple exciton generation may be
engineered in these novel nanostructures. Efficient carrier transport requires strong inter-NC
coupling while minimizing carrier trapping. We present measurements using time-resolved THz
spectroscopy (TRTS) of treated PbSe NC arrays that exhibit inter-NC electronic coupling and
discuss the various factors that determine efficient long range transport. TRTS is a powerful and
relatively new experimental tool that measures both inter-NC coupling, in a non-contact fashion,
and carrier dynamics, with sub-picosecond temporal resolution, simultaneously.

A necessary characteristic of all solar photon conversion approaches that are based on NC arrays
is that the arrays exhibit very high mobility (or conductivity) for electrons and holes; this
requires strong inter-NC electronic coupling and the subsequent formation of extended states
called minibands. The inter-NC spacing is a critical parameter that determines, in large part, the
required inter-NC coupling. However, in addition to the inter-NC spacing other factors
contribute to efficient carrier transport, for example, site energy dispersion, NC size and shape,
cross linking, and Coulomb charging. Inter-NC separations are controlled, in large part, by the
surface capping chemistry. Semiconductor NCs are prepared via an organometallic synthesis,
where an organic molecule, such as oleic acid, terminates the surface preventing agglomeration,
allowing the NCs to be suspended in a variety of solvents, and controlling the surface chemistry,
for example, by reducing the rate of oxidation. To achieve efficient inter-NC coupling the
capping ligand must be exchanged to allow for smaller inter-NC spacing. In addition, carrier
trapping at the surface of the NCs must be minimized. To achieve both strong coupling and
minimized trapping requires knowledge of the surface
chemistry. All of these factors are highly
interdependent. THz spectroscopy is the only technique
that can measure both the degree of coupling and the
carrier dynamics simultaneously. Furthermore, the
usually prevalent contact issues are irrelevant for THz
measurements, while charge transfer at the contact and
long range transport (measured via dc conductivity) are
important factors for solar energy applications, the
microscopic intrinsic dynamics must be investigated
and understood.
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THz photoconductivity in ordered arrays 5
of 5.6 nm PbSe NCs with varying inter- — te)?htz:?znmégsamine
NC separation was measured. The I — hydrazine
following  surface capping ligands ===haeH
produced arrays with average inter-NC

separation of oleic acid (OA), 1.8 nm,
aniline (AN), 0.8 nm, ethylenediamine
(EDA), 0.4 nm, butlyamine (BA), 0.4 nm,
and hydrazine (HY), 0.25 nm. NCs were
treated with NaOH to achieve intimate
contact. The TRTS results are shown in 4 3 " > s A i
Fig. 1. All of the films except for those Delay (ps)

with OA capped NCs show a  Figure 1. Photoconductivity (excitation at 800 nm) of 5.6
photoconductive response, indicative of 1M PbSe NC arrays with different surface treatments.
strong inter-NC coupling. The extracted

mobility, a measure of inter-NC electronic coupling, decreases from EDA > NaOH > HY > BA
> AN > OA. These results do not follow the expected increase in coupling with a decrease in
inter-NC spacing. Comparing the EDA treatment to the BA, the mobility is 6 times greater in
EDA; however, the inter-NC spacing is of comparable magnitude

40+

Conductivity (Q'1cm'1)

e — e —

In addition to NC arrays, we have begun studying the fundamental carrier transport dynamics in
blends of PCBM/P3HT. Organic semiconductors, such as P3HT, share many advantageous
properties with traditional inorganic semiconductors (ISCs) (e.g., silicon); however, their
potentially low-cost processing, light weight, and flexibility make them highly attractive for
renewable energy applications. In contrast to dc conductivity measurements, THz spectroscopy

measures transport phenomena on a localized length scale given by L =,/D/w, where D is the

electron (hole) diffusivity and @ is the radial frequency; L is on the order of several nanometers.
This relation makes THz spectroscopy the most sensitive technique to measure the microscopic
conductivity, which is precisely where the fundamental processes that determine conductivity
occur. Furthermore, TRTS is the only technique that can measure the photoconductivity on a
sub- plcosecond timescale. We find that the photon-to-carrier conversion efficiency is very low ~
5x10™, however, the AC mobility is high. Carrier transport in the P3HT, extracted from the
ﬁequency—dependent conductivity, can be modeled by a localized transport mechanism, whereby
long range transport is hindered. Our measurements as a function of the PCBM weight fraction
show that in neat P3HT or a blend of 80% PCBM the excited carriers have a fast decay time. In
the neat P3HT case, photogenerated free carriers geminately recombine within 100 ps. In
contrast, in films with a PCBM weight percent between 20% and 50% the photogenerated
carriers survive to much longer times due to charge transfer between the PCBM (an electron
acceptor) and the P3HT (hole acceptor). Our results indicate that the increased performance of
the blends results from the survival of the photogenerated carriers to long times.
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GROUND- AND EXCITED-STATE CHARGE TRANSFER IN MOLECULAR-
AND NANO-SCALE SYSTEMS

Carol Creutz
Chemistry Department, Brookhaven National Laboratory, Upton NY

Scope:

Coordination chemistry is used to address problems in interfacial charge transfer and
homogeneous electron and atom transfer processes essential in solar photoconversion to
fuels.

Recent Results:

The overall purpose of nanoparticle work during the past two years was to elucidate
the nature of electron- and energy-transfer processes between metal complexes or organic
molecules and metal nanoparticles as a function of the electronic structure of the
nanoparticle. (1) Spectroscopic methods were used to try to detect light-induced electron
transfer from molecules and metal complexes either free in solution or attached to gold
nanoparticles. New absorption features due to optically induced electron transfer were
sought and the emission intensities and lifetimes of emissive complexes as a function of
the concentration of gold nanoparticles were probed. (2) An important emergent issue in
this work became the nature of metal nanoparticle surfaces and, for that reason, research
also focused on the coordination chemistry of these surfaces. (3) Finally, as it became
clear that the electronic interaction between the metal complex and the metal nanoparticle
was very difficult to detect, we began an effort to model the properties (molar
absorptivity and wavelength profile) to be expected for optical interfacial charge transfer
between a molecular adsorbate and a band of electronic levels in a nanoparticle.

Interfacial charge-transfer absorption. Optically induced charge transfer between
adsorbed molecules and a metal electrode was predicted by Hush to lead to new
electronic absorption features, but has not been experimentally observed. Interfacial
charge transfer absorption (IFCTA) provides information concerning the barriers to
charge transfer between molecules and the metal/semiconductor and the magnitude of the
electronic coupling and could thus provide a powerful tool for understanding interfacial
charge-transfer kinetics. We are developing a framework for modeling and predicting
IFCTA spectra.

The key feature of optical charge-transfer to or from a band of electronic levels,
assumed to have a constant density of states and absorption probability, is that the molar
absorptivity attains a plateau and reaches half-plateau intensity at v =1+ AG®, where 1

and AG® are the reorganization energy and free-energy gap for the optical charge
transfer. In contrast, from the Mulliken —Hush expression modified for a multi-state
system for metals, the molar absorptivity (M 'cm™) drops at high energy and <

2.5x10° p H., 1’ / (2 +AG* ) , giving rise to a peaked absorption profile, where H)> is the
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electronic coupling between states 1 and 2, 7 is the distance over which electron transfer
occurs, and py is the metal density of states (energies in wavenumbers, 7 in A, 298 K).

Electrochemical studies of the distance dependence of electron-transfer kinetics in
the (NH;)sRu[4-py(CH,NHC(O)(CH,),S-]*"* and (CsHs)Fe[(CsH4)(CHa),S-]""° systems
were used to gauge the intensities to be
expected for IFCTA in these systems. From /Lu J\u
the Mulliken—Hush expression above, the —— 7\ S_/I\ FeQ)—-s— /I\u
molar absorptivity for IFCTA in these . T i Q |
systems is estimated as >3 x 10° M'em™ for | T

the n = 0 systems. Such intensities should be
observable for n = 0 gold nanoparticle assemblies.

u

Plans:
Preliminary comparisons of methylcatechol-complexed 1- and 4-nm TiO,
nanoparticles (corrected for the TiO,
absorption) are compared with that of the

e, M'cm®

6x10° : ' ; : tris(methylcatechol)titanium(IV) complex
i . & & | (left). After correction of the nanoparticle
L spectra for residual TiO, absorption,
a0t 1  multiple absorption features (not
ol Ny " eevecarNp(snm | | previously reported) are evident. These
— GETMAGATS2 spectroscopic measurements suggest a
210" )’/ | localized excitation process, consistent
t with the results of a number of electronic
1x10° ¢ N\ 1  structure calculations. Systems such as
. 1 . ™. ] those shown are being studied
300 400 500 600 700 computationally and experimentally.

A, NM

Proton-coupled Electron Transfer vs. H-atom Transfer. An understanding of the
factors controlling the energetics of electron, proton, hydrogen atom, and hydride ion
transfer reactions in transition metal complexes will be required to rationally develop
fast, energy-efficient catalysts for the various fuel generation reactions that will be
needed in the future.

We will begin to examine the reactions of photogenerated metal radicals (Re(CO)s,
Re(bpy)X(CO),, OsCp(CO),, etc.) with electron
and hydrogen donors (aniline derivatives, NADH, hv
other metal hydrides) in aqueous and organic M2 2Me
media. These H-donors (acceptors) present a range AH + Me——> Ae+ MH
of thermodynamic and intrinsic barriers. As data
become available, we will test the relationship MH + As Me+ AH
between observed rate constants and those predicted from Marcus and other models.
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ELECTRON TRANSFER AT ZnO/LIQUID CONTACTS : ELUCIDATION OF THE
RATE CONSTANT AT OPTIMAL EXOERGICITY, DIRECT OBSERVATION OF THE
MARCUS INVERTED REGION, EVALUATION OF REORGANIZATION ENERGIES
AT A SEMICONDUCTOR ELECTRODE, AND DIRECT MEASUREMENT OF
DRIVING FORCE AND ELECTRONIC COUPLING EFFECTS ON INTERFACIAL
CHARGE TRANSFER

Thomas W. Hamman, Florian Gstrain, Bruce S. Brunschwig, and Nathan S. Lewis
Division of Chemistry and Chemical Engineering
Beckman Institute and Kavli Nanoscience Institute
California Institute of Technology, 127-72
Pasadena, CA 91125

Electron transfer across the semiconductor/liquid interface is one of the most
fundamental processes in the operation of a photoelectrochemical energy conversion system.
Control of the interfacial electron-transfer rate is required to optimize the solar energy
conversion efficiency of such devices. Some of the factors that govern these interfacial electron-
transfer rate constants, however, remain relatively poorly understood. While in principle
semiconductor electrodes have advantages over metal electrodes in addressing some of the basic
predictions of interfacial electron-transfer theories, such measurements are difficult because
extraordinarily low defect densities at the semiconductor/liquid interface are required to prevent
adsorption and surface-state related reactions from dominating the observed interfacial kinetics
processes.

Under DOE support, carefully prepared n-type ZnO/H,O contacts with a series of Os****
redox couples have recently been reported to exhibit the predicted dependence of interfacial
charge-transfer rate constants, ke, on changes in standard interfacial free energies, AG®', for
driving forces up to and beyond that of optimum exoergicity. The rate constants were observed
to decrease for high driving force contacts, indicating, by a straightforward application of
Marcus theory, that interfacial charge-transfer processes of some electrodes can operate in the
inverted region.

Our DOE-supported work has addressed another basic prediction of the Marcus model
for interfacial electron-transfer reactions at semiconductor electrodes. The interfacial electron-
transfer rate constant should be strongly dependant on the reorganization energy, 4, of the
acceptor species in solution. At constant driving force, in the normal region, k. should decrease
as A increases. Previous measurements in our laboratory of the stability of n-Si/CH3;0H contacts
as a function of the reorganization energy of the electron donor in the electrolyte provided
indirect evidence of this prediction. To directly verify this basic theoretical prediction, we
synthesized a series of one-electron redox couples having relatively constant potentials in the
band-gap region of ZnO and having reorganization energies that span approximately 1 eV.
Charge-transfer rate constants were measured for these systems in contact with n-type ZnO
electrodes. This investigation provided a detailed comparison of interfacial electron-transfer
reactions at an “ideally” behaving semiconductor/electrode interface with the predictions of
Marcus theory for such systems.

The interfacial energetic and kmetlcs behavior of n-ZnO/H,0 contacts were determined
for cobalt trisbipyridine (Co(bpy)s>"*"), ruthenlum Eentaamme pyridine (Ru(NH;)spy”**",
cobalt bis-1,4,7- trlthlacyclononane (Co(TTCN),>**"), and osmium bis-dimethyl bipyridine bis-
imidazole (Os(Meszy)z(Im)z */2+), which have similar formal reduction potentials yet which
have reorganization energies that span approximately 1 eV. Differential capacitance vs. potential
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and current density vs. potential measurements were used to measure the interfacial electron-
transfer rate constants for this series of one-electron outer-sphere redox couples. Each interface
displayed a first-order dependence on the concentration of redox acceptor species and a first-
order dependence on the concentration of electrons in the conduction band at the semiconductor
surface, in accord with expectatlons for the ideal model of a semiconductor/liquid contact. Rate
constants varied from 1 x 107% to 6 x 10”7 cm* s, The interfacial electron-transfer rate constant
decreased as the reorganization energy, A, of the acceptor species increased, and a plot of the

logarithm of the electron-transfer rate constant vs. (l +AG’ )2 / (4 2k, T) (where AG™ is the

driving force for interfacial charge transfer) was llnear with a slope of =1. The rate constant at
optimal exoergicity was found to be =5 x 10° 7 em*s™! for this system. These results show, for
the first time to our knowledge, that interfacial electron-transfer rate constants at semiconductor
electrodes are in good agreement with the predictions of a Marcus-type model of interfacial
electron-transfer reactions.

In another study under DOE support, we have addressed another key prediction of
electron-transfer theory. The inverted region is the regime in which an increase in driving force
produces a decrease in the electron-transfer rate constant. For a semiconductor electrode,
changes in the conduction band edge energy will affect the driving force of interfacial electron
transfer, and thus change the interfacial charge-transfer rate constant to a pH-independent redox
species. Such a variation of the conduction band edge energy is predicted for metal oxide
electrodes when the pH is varied due to the protonation / deprotonation equilibrium of —OH sites
on the oxide surface but to our knowledge has not yet been rigorously observed for any
semiconductor electrode system to date.

The driving force dependence of the interfacial electron-transfer rate constant was
investigated in our work b using pH changes to shlﬂ the band edges of n-ZnO electrodes in
contact with [Co(bpy)s]*" "Z* and [Ru(bpy)z(MeIm)z] Differential capacitance vs. potential
and current density vs. potential measurements were used to determine the energetics and
kinetics, respectively, of the interfacial electron-transfer processes. All rate processes were
observed to be kinetically first-order in the concentration of surface electrons and first-order in
the concentration of dissolved redox acceptors. The band-edge positions of the ZnO were
essentially independent of Nernstian potential of the solution and were shown to vary as
predicted with pH. Measurements of [Co(bpy)3] *, which has a low driving force and high
reorganization energy, and measurements of [Ru(bpy)z(MeIm)z] 3*/2* which has a high driving
force and low reorganization energy, allowed for the evaluation of both the normal and inverted
regions of interfacial electron-transfer processes, respectlvely The rate constant at optimum
exoergicity was observed to be approximately 5 x 10° 7 em®*s™. The rate constant vs. driving
force dependence at n-type ZnO electrodes exhibited both normal and inverted regions, and the
data were well-fitted by parabolas generated using classical electron-transfer theory. These
results are in excellent agreement with theoretical predictions of the free energy dependence of
interfacial electron-transfer reactions.

Finally, we have addressed changes in the rate constant that occur as a result of steric
hindrance to the redox species lowering the electr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>