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POLARIZED NMR SIGNALS RESULT FROM CYCLIC ELECTRON TRANSFER 
IN Q-DEPLETED REACTION CENTERS 

Ann McDermott, Martin Zysmilich 
Columbia University, Department of Chemistry NY NY 10027 

We previously reported polarized SSNMR spectra of 5N-labeled Q-blocked 
photosynthetic reaction centers were observed with solid state NMR methods during 
illumination with a Xenon arc lamp. The spectra have emissive and enhanced lines assigned to 
nitrogens in the tetrapyrroles of the bacteriochlorophyll special pair ("P")l associated 
imidazoles and the primary acceptor pheophytin ( " I " ) .  We have performed calculations to 
simulate the amplitudes and thereby prove that they result from a radical pair mechanism 
(RPM) involving mixing of the electronic triplet and singlet states of P+'I-'. 

We have also recently identified signals associated with an analogous mechanism 
operating in PS I. The signals appear to result from Chl species. 

Weak signals could be associated with the monomeric BChl, a point of some interest. 
Experiments are planned involving site specific mutations to confirm this point. Current work 
focuses on identification of signals associated with B, the monomeric Bacteriochlorophyll on 
the active branch of the reaction center. We are pursuing this question through use of site 
specific mutants (in collaboration with Holton and Kirmeier) and selective labeling (in 
collaboration with Scheer). 
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COMMON THREADS IN SOLAR PHOTOCHEMISTRY AND NUCLEAR 
WASTE CHEMISTRY 

Andy Cook, Larry Curtiss and Dan Meisel 
Chemistry Division, and Chemical Technology Division, 

Argonne National Laboratory, Argonne, IL 60439 

Recent emphasis in DOE on nuclear waste management drew our attention to some of the 
common features in solar photochemistry research and in the chemistry and physics that underlie 
the processes that occur in high level liquid waste. We highlight these features in this presentation. 
As the common points become clear so do the differences - since the focus of interest in the nuclear 
waste are processes that are initiated by ionizing radiation, the excess energy deposited in the 
radiation induced fragments at early times may iead to different reactions then those in the more 
gentle, photochemically induced processes. 

The similarity of techniques used to study the systems is self evident. However, there is 
also much overlap in the systems to study. We focus on two issues: a. The effect of 
heterogeneity, due to colloidal particles, on reaction rates and yields of radiolytically induced 
processes, and b. The chemistry of the NOx (x=1-3) radicals. The interest in the first issue stems 
from the fact that nuclear waste is invariably stored as an heterogeneous suspension (temporarily, 
prior to permanent vitrification). The second issue is of importance because high level waste is 
invariably present in solutions that contain very high concentrations of nitrate and nitrite. These 
generate NOx radicals, either from direct absorption of the radiation or by reactions with the 
primary water radicals, within <1 ps following the absorption of radiation. 

We attempt to determine how the yield of water fragmentation radicals depends on 
concentration of colloidal (mostly, but not exclusively, silica) particles, on their size, the charge at 
their surface and the deposited dose. Our preliminary results indicate that a significant fraction of 
the energy that is originally deposited in the solids does appear in the aqueous phase, even at 50% 
weight of silica, as judged from the yield of e-q. This yield seems to increase with decreasing the 
size of the particles perhaps indicating direct correlation with the mean free path of free electrons in 
the solid prior to their trapping. 

Initial studies on the NOx system focus on the reducing radicals that are generated upon 
capture of electrons by nitrate. The first identifiable product from this process is the NO$- radical 
dianion. We show that the literature thermodynamic properties, its pKa and its lifetime, are 
erroneous. We propose that rather then protonation by general acids, this radical actually transfer 
an hydroxide ion to the acid. High level ab-initio calculations were used to estimate its redox 
potential and attempts are underway to obtain information on the energies of its various acid-base 
forms and their dissociation pathways. Early results indicate that capture of presolvated electrons 
by nitrate lead to the same radicals as the hydrated electrons. Even though these are very 
fundamental studies, they have immediate significant implications to the management of high level 
waste. These connectivity will also be outlined. 
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MOLECULAR CONTROL OF EXCITED STATES 
AT SEMICONDUCTOR INTERFACES 

Craig Kelly, Jeremy Stipkala, Fereshteh Farzad, and Gerald J. Mever 
Department of Chemistry, Johns Hopkins University, 

Baltimore, MD 21218 

The ability to control the fate of molecular excited states at semiconductor 
interfaces is an important yet rarely achieved goal. Here we report studies aimed toward 
this goal. Ruthenium and osmium polypyridyl compounds have been anchored to 
mesoporous nanocrystalline Ti02 films for light-to-electrical energy conversion in 
regenerative solar cells. The photoelectrochemical properties of these materials have 
been explored in two- and three-electrode arrangements. The molecular electron transfer 
processes that lead to a sustained photocurrent have been quantified spectroscopically. In 
some cases, intermolecular energy transfer competes with electron transfer into Ti@. 
The yield for energy transfer and interfacial electron transfer can be tuned with solvent, 
electrolyte and applied potential. The dynamics and yields provide insights into the 
factors which control excited state relaxation in these materials. 

More specifically, the sensitizers M(dcb)(bpy)22+, where M = Os@) or Ru(II) and 
dcb is 4,4’-(COOH)2-2,2’bipyridine, have been synthesized and characterized in fluid 
solution. In acetonitrile electrolyte, energy transfer from Ru(d~b)(bpy)2~+* to 
Os(dcb)(bpy)22+ is energetically favored and occurs with a rate constant of 2.1 x lo9 M- 
kl. The photoelectrochemical properties of these sensitizers bound to nanocrystalline 
Ti02 fdms have also been explored in acetonitrile electrolyte. Os(dcb)(bpyh2+ displays 
less than half the photocurrent efficiency of the corresponding Ru(I1) based sensitizer. 
Spectroscopic studies indicate that the lower photocurrent efficiency is due to a more 
sluggish iodide oxidation rate. For surfaces that contain both sensitizers, energy transfer 
across the nanocrystalline Ti02 surface from Ru(dcb)(b~y)2~+*/riO2 to 
Os(dcb)(bpy)22+/riO2 is observed under conditions where the Fermi energy is shifted 
toward the vacuum level. Shifting the Fermi level positive, with applied potential or 
electrolyte modification, results in efficient electron injection from both surface anchored 
sensitizers. The process is reversible and forms the basis for a charge-energy transfer 
switch as idealized below, Scheme 1. The results indicate that arrays of sensitizers can be 
used for efficient light-to-electrical energy conversion. 

-“w - 
+v.ppl 
- 
wlalLl 

136 



POSTER #35 

OPTICAL PROPERTIES, ENERGY TRANSFER AND 
ELECTRON TRANSFER IN InP QUANTUM DOTS AND CLOSED PACKED FILMS 

Qba. I. M iCi4 and A.J. Nozik 
National Renewable Energy Laboratory, 

16 17 Cole Blvd., Golden, Colorado 80401 

Three dimensional quantization effects in colloidal III-V semiconductor quantum dots (QDs) are 
expected to be pronounced due to their smaller effective masses and weaker phonon coupling which 
allows easier movement of carriers through the lattice. We have chosen to synthesize InP QDs and 
we used indium salts and trimethylsilylphosphine as starting materials to yield an InP precursor, 
which then thermal decomposes at 260-290°C in the presence of the colloidal stabilizer, 
trioctylphosphine oxide/trioctylphosphine (TOPO/TOP), to yield quantum dots. p-type (InP:Zn= 1 O3 
: l), and n-type (InP:S=103 : 1) QDs were synthesized as well-crystallized particles with the 
zincblende structure. 

Colloidal solutions of InP quantum dots show excitonic features in their absorption spectra. Higher 
energy transitions above the lowest HOMO-LUMO transition in the absorption spectra can also be 
seen. The spread in QD diameters is about 10%. The InP quantum dots turned from deep red (1.7 
eV) to green (2.4 eV) by reducing the diameter from 60 to 26 A. Bulk InP is a black material which 
has a band gap of 1.35 eV, with the absorption onset being at 91 8 nm. All of the prepared quantum 
dots are in strong confinement regime since the Bohr radius is about 100 A. 

The photoluminescence of InP preparations showed highly efficient band-edge photoluminescence 
after etching the particles with hydrogen fluoride. The quantum yield is about 60% at 10 K. Global 
PL spectra show a broad band which shift to higher energy with decreasing QD size. Resonant 
photoluminescence and excitation spectra (PLE) show several transition close to the band edge 
energy. The Stokes shifts, obtained through fluorescence line narrowing and PLE experiments, are 
size dependent and increase from 6 to 16 meV as the particle size decreases from 45 to 26 A. These 
results are consistent with a model in which the emission occurs from the intrinsic, spin-forbidden 
state, split from its singlet counterpart, due to electron-hole exchange. 

InP QD close packed films can be prepared with short range hexagonal packing. A close packed 
solid shows long range energy transfer from smaller to larger particles. Photoinduced electron 
transfer from InP QDs to SnO,, TiO, and ZnO has also been observed. 
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FEMTOSECOND SPECTRAL RELAXATION FOLLOWING EXCITATION OF 
THE B850 ANTENNA COMPLEX OF A PHOTOSYNTHETIC BACTERIUM 

V. Nagarajan 
Department of Biochemistry, University of Washington, Seattle, WA 98 195 

The B850 antenna complex of purple photosynthetic bacteria is a ring of 16 - 18 
bacteriochlorophyll molecules arranged in the annulus of two cylindrical protein 
assemblies. The molecules are in such a tight arrangement that there could be extensive 
excitonic coupling between them. Whether excitation of the antenna complex is 
delocalized over a large part of the ring or localized on a small (-2) number of molecules 
is an interesting question that is being pursued in many labs around the world. 
Even if excitation generated a delocalized exciton initially, localization could follow. 
Absorption and stimulated emission changes studied with femtosecond resolution could 
enlighten us on the nature of the excited states. Below are shown the difference spectra 
obtained following magic-angle excitation of the B850 with broadband femtosecond 
pulses with center wavelengths of 835 and 870 nm. The center wavelengths of the pump . 
pulses are to the blue and red of the absorption maximum (850 nm) of the near-IR band 
of B850. The spectra correspond to nominal pump probe delay times of 25,50,75,100, 
150,200,250,300 and 350 fs. A rapid (-50 fs) spectral relaxation is seen in either frame 
and the difference spectra for the two excitations become nearly indistinguishable after 
-200 fs. 
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These results could be interpreted as favoring either the localized or the delocalized 
exciton picture: In the former, blue excitation would generate population in the higher- 
lying bands of the exciton manifold and red excitation would selectively populate the 
lower-lying bands. In the limit of weak excitonic coupling, the exciton manifold would 
simply reduce to a distribution of dimer transitions ,and the spectral relaxation would be 
due to energy transfer amongst the dimers. 
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EXPLORING SOLAR ENERGY CONVERSION USING DIRECTED 
ASSEMBLY OF INTEGRAL MEMBRANE PROTEINS 

Agnes E. Ostafin t, Julia Popova +, Edward J. Bylina *, James R. Norris Jr. 
Department of Chemistry, University of Chicago, Chicago, IL 60637 * Kairos Scientific, 3350 Scott Blvd., Bldg 62, Santa Clara, CA 95054 

Light harvesting complexes are the principle light gathering “antenna” for the bacterial 
photosynthetic reaction center (bRC). Two light harvesting complexes (LHC1 and LHC2) exist in 
Rhodobacter sphaeroides while only one antenna complex (LHC) is found in Rhodopseudomonas viridis. 
These protein complexes are one example of sophisticated integral membrane proteins with highly 
optimized function. The three dimensional organization of the antenna proteins results in the assembly of 
an unusually symmetric array of chlorophyll molecules whose function is to transfer incident light energy 
into the bRC where conversion of energy into chemical potential occurs. 

Important questions remain regarding these complexes. First, the mechanism of energy transfer in 
LHC 1 , LCH2 or LHC is the subject of considerable interest. Beyond the obvious lack of acceptors, what 
distinguishes energy transfer and storage in antenna complexes from reaction-center protein complexes? In 
addition, can either the in vivo or modified antenna protein complexes be coupled to other photochemical 
processes in order to perform useful photochemistry? 

transfer and storage in these proteins, we are using genetic expression systems in both Rhodobacter 
sphaeroides and Rhodopseudomonas viridis. Photosynthetic membranes containing LHC 1 or LHC2 in the 
absence of bRC’s have been created in Rhodobacter sphaeroides. The energetics and the redox position of 
the chlorophyll array have been manipulated by site-directed mutagenesis in Rhodobacter sphaeroides in 
collaboration with N. Hunter (Sheffield, England). Preliminary results regarding the effects on the energy 
transfer mechanism through the light harvesting complexes will be discussed. 

viridis based on a strain capable of growing and expressing the photosynthetic apparatus in the dark. 
Unlike the Rhodobacter sphaeroides bRC , the Rhodopseudomonas viridis bRC contains a bound 
cytochrome subunit. The ability to express the photosynthetic apparatus in the dark provides the 
opportunity to isolate and characterize bRC mutants and membranes containing LHC in the absence of 
bRCs. This system will also be used to introduce bRC mutations in which the symmetry of the L and M 
subunits is broken near primary donor P of the bRC. Mutations that are targeted to (1) alter the 
tetrapyrrole specificity in the bRC and (2) express photosynthetic membranes containing LHC in the 
absence of bRCs are currently being constructed in Rhodopseudomonas viridis. 

With the goal of answering these questions as well as developing a better understanding of energy 

Similar studies in LHC are under way using a genetic expression system in Rhodopseudomonas 

ApaI NheI Nsil Kpnl BsiWI ’ BspEI XbaI 

LHCP LHCa L subunit M subunit Cytochrome subunit 

Figure 1. Puf Operon for the a ,  P,L,M, and Cytochrome proteins in Rhodopseudomonas viridis. 
Several restriction sites which can separate the subunit operons are marked by arrows. 
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INVESTIGATIONS OF HIGH QUANTUM YIELD DYE SENSITIZATION 
PROCESSES ON TWO-DIMENSIONAL SEMICONDUCTORS 

Laura Sharp, Akiki Fillinger, David Soltz, and Bruce A. Parkinson 

Department of Chemistry 
Colorado State University 
Fort Collins, CO 80523 

SnS2, which has the layered CdI2 structure and a bandgap of 2.2 eV, has been 
used as the prototypical material for our high yield dye sensitization studies. Doping of 
the material with chlorine (as a replacement for sulfur) results in n-type materials with 
doping levels suitable for sensitization studies. We have recently been able to produce 
large crystals with a large range of doping densities which have been characterized by 
both Hall measurements and Mott-Schottky measurements. We report the systematic 
study of the dye sensitizated photocurrent yields on SnS2 crystals with doping densities 
from <lo15 cm-3 to > lO18cm-3 . We had concentrated on a triplet dye (methylene blue) 
and a singlet dye (cresyl violet) and have investigated the quantum yields for these two 
dyes on the surface of the variably doped SnS2. 

We have continued to investigate methods for increasing the surface area of SnS2 
photoelectrodes. By photoelectrochemically etching the surface in either acid or basic 
solutions, increases in the quantum yield for electron flow per incident photon have been 
obtained. We have recently been investigating the details of the inital stages of 
photoetching by using x-ray photoelectron spectroscopy (XPS) and ultraviolet 
photoelectron spectroscopy (UPS) to measure the changes in surface chemistry and 
surface energetics associated with photoetching of these surfaces. We are now computer 
modeling the photoetching process to see if we can gain insight into the mechanism of 
photoetching for the production of the high surface area electrodes. Understanding the 
mechanism may allow us to produce surfaces with even higher incident photon to 
collected electron quantum yields. 

We continue to develop a molecular resolution scanning tunneling microscopy 
method for detecting the position, aggregatior, state and energy levels of dye molecules 
adsorbed on these surfaces. As a prelude to the molecular resolution experiments we 
have applied this photo-STM technique to semiconductor surfaces illuminated with 
bandgap light. Simultaneous images of topography and photocurrent can be obtained on 
a variety of semiconductor surfaces. Recently we have investigated Si surfaces with well 
controlled spatial n and p type doping in order to gain insight into the mechanism of 
contrast in photo-STM images. 

Methods for microstructuring the nanostructured anatase Ti02 films, used for 
efficient dye sensitized solar cells, will also be presented. We are able to prepare 200 nm 
diameter Ti02 rods and tubes by using porous membranes for template synthesis of 
anatase. 
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SOLVATION OF CHARGE-SEPARATED STATES 
IN BINARY SOLVENT MIXTURES 

Timothy R. Schatz, Renata Kobetic and Piotr Piotrowiak 

Department of Chemsitry 
Rutgers University 

Newark, New Jersey 07102 

The ratio of solvent components in the solvation shell 
binary solvent mixtures can be frequently different from that 
solute surrounds itself preferentially by the component of the 

of ions and dipolar molecules in 
found in the bulk solution. The 
mixture which leads to the more 

negative free energy of solvation, AGSoI. Preferential solvation, i.e. the local solute-induced 
inhomogenity in multi-component mixtures, is important in accounting for such phenomena as 
the enhanced solubility of macromolecular compounds in solvent mixtures, the unfolding of 
proteins, the influence of mixed solvents on solvolysis reactions, and the use of such mixtures to 
fine tune the energy levels of charge-separated states. It involves both nonspecific solute-solvent 
aggregation caused by electrostatic interactions, and specific association, e.g. due to hydrogen 
bonding. 

We have probed experimentally binary solvent mixtures, primarily the nonpolar 
hydrocarbon toluene containing variable amounts of highly polar solvents such as acetonitrile 
and DMSO. Charge transfer triplet states of three molecules, p-aminonitroterphenyl (PANT), p- 
aminonitrobiphenyl (PANB), and 2,7-aminonitrofluorene (ANF) were used as the spectroscopic 
probes. Using CT triplet states as probes is a new addition to the body of work which previously 
utilized only singlet probes. Upon addition of a polar co-solvent solvatochromic shifts of the 
transient absorption spectra were observed in toluene solutions of all probe molecules. The shifts 
were hypsochromic and increased with increasing concentration of the polar component. 

The lowering of temperature induced blue shifts of the CT triplet absorption spectra. The 
thermochromic shifts observed in mixed solvents were much larger than in either of the neat 
components. The exceptional magnitude of these shifts is well beyond the predictions of the 
Debye equation and can be explained only in terms of preferential solvation effects. Since 
preferential solvation involves partial ordering of solvent around the probe molecule it leads to 
reduction in the entropy of mixing. Such entropy reduction should be easier to attain at low 
temperatures. 

The long wavelength CT emission bands of the aromatic amino-nitro probe compounds 
were also found to be highly sensitive to the presence of added polar co-solvent. The polar 
components ranging from THF to ethylene carbonate induced various degrees of a batochromic 
shift. The yield of the CT emission decreased with addition of polar co-solvent, until in some 
cases fluorescence was completely quenched. These results can be easily explained since the 
stabilization of the CT singlet excited state improves the energetics for the non-radiative charge 
recombination and decay to the ground state. 
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OXIDATION OF OLEFINS WITHIN ORGANIC DYE EXCHANGED ZEOLITES: 
SELECTIVE HYDROPEROXIDATION 
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Rebecca J. Robbins and V. Ramamurth 
Department of Chemistry, Tulane Universi -n7+ y, ew r eans, LA 70118 

A supramolecular structure of olefin, a thiazine dye and oxygen has been 
assembled within a zeolite supercage. Excitation of the dye in this assembly results 
in the oxidation of olefins leading in many cases to  a single hydroperoxide. We 
propose that the interaction between the reacting olefin and singlet oxygen is 
altered, with respect to  isotropic medium, by the zeolite interior. The zeolite 
supercage serves as an 'active reaction cavity'. 

Alkalaation 

Depicted in the scheme are the results of the oxidation via singlet oxygen of a 
series of olefins. In isotropic medium, two types of allylic hydroperoxides in a 1:l 
ratio are obtained. One is a secondary (2") while the other is a tertiary (3") 
hydroperoxide. In the zeolite supercage (NaYhhionin), there is a striking selectivity 
for the 2" hydroperoxide. 

2" 3" 
1 2 3  4 5 

In addition to  the above acyclic olefins, a series of cyclic olefins have also been 
investigated. Oxidation of these olefins within the zeolite also yield unprecedented 
selectivity for a minor isomer. Results on these systems and tentative models 
explaining the observed selectivity will be discussed. 

Olefin 
1 
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CONFIGURATIONAL MULTIPLICITY OF PORPHYRIN 7C CATION RADICALS 
7C-7C DIMERS 

M. W. Raux, K. M. Barkigia, and J. Fajer 
Brookhaven National Laboratory 
Upton, New York 11973-5000 

The common occurrence of porphyrinic x cation radical transients in photosynthesis 
and bioenergetic catalysis has naturally focussed attention on the structural consequences of 
electron transfer and on the properties of the resulting x radicals. 

We report here the molecular structure of a Ni(II)OEP'ClO; x cation radical 
(OEP=2,3,7,8,12,13,17,18-octaethylporphyrin). The infrared vibrational spectrum of a singZe 
crystal has been recorded with a novel FT-IR microspectrometer, and it clearly shows the ,Alu 
HOMO occupancy marker band predicted for an OEP cation radical. The radical crystallizes 
as a cofacial x-x dimer, (NiOEP'CIO;),.2CH2C1, in an eclipsed configuration with the 
following parameters: mean interplanar separation =3.36A, Ni-Ni=3.41A, Ct-Ct=3.46A, 
translational slip angle=13.9", and zero rotation of equivalent N-Ni-N axes. This dimeric 
configuration differs significantly from that of a related (NiOEP'CIQ;),.4 CH,CI, dimer and 
fiom those of several other Mg, Zn, Cu and Fe OEP radical dimers described previously. The 
present results do not support or, at least, offer clear exceptions to generalizations recently 
proposed regarding the geometq and extend of x-x interactions in filly and partially oxidized 
MOEP' dimeric x cation radicals such as (MOEP'), and (MOP),". 

The present results do establish that identical porphyrin x cation radicals can 
aggregate in and adopt more than one unique cofacial geometry with different x-x overlaps 
and intermolecular spacings. Such multiple configurational architectures help explain the 
various unpaired spin density profiles observed for the oxidized bacteriochlophyll dimers 
(special pairs) of different photosynthetic bacteria. 
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QUENCHING OF PHOTOLUMINESCENCE FROM POROUS SILICON BY 
AROMATIC MOLECULES 

Jae Hee Song and Michael 1. Sailor 
Department of Chemistry and Biochemistry 

The University of California at San Diego, La Jolla, CA 92093-0358 

Porous silicon is a high surface-area network of silicon nanocrystallites. It 
can be synthesized directly from the same type of silicon wafers that are used in 
the fabrication of microchips. The nanocrystallites in porous silicon 
photoluminesce visible light very efficiently due to quantum confinement effects. 
We have performed a systematic study of the efficiency of photoluminescence 
(PL) quenching of nanocrystalline porous Si by aromatic triplet energy acceptors. 
The effects of molecular triplet energy, molecular size, and the porous Si 
emission energy on PL quenching efficiency were probed. Photoluminescent 
porous Si samples, prepared by electrochemical etch, were titrated with toluene 
solutions of anthracene, 9,10-diphenylanthracene, 9,10-dichloroanthracene, 9,lO- 
dimethylanthracene, pyrene, 1,2-benzanthracene, acridine, and 1,4-diphenyl-1,3- 
butadiene and the steady-state and time-resolved PL spectra were measured. 
The quenching of PL adequately fits a dynamic Stern-Volmer quenching model. 
The rate of quenching increases with increasing exoergicity, and then levels off at 
higher exoergicities as shown below. The mechanism of quenching is attributed 
to energy transfer from the porous Si excited state to the triplet levels of the 
quencher molecules. The rate of quenching can also be affected by the size of 
substituents on the quenchers; some molecules with larger substituents display 
slower quenching rates than expected from their triplet energies. 

Correlation of the logarithm of the effective 
quenching rate to AGO, the difference between 
the porous Si emission energy and the triplet 
energy of each quencher molecule (more 
negative values indicate greater exoergicity). 
The reagents used for each trace are: (0) 9,lO- 

dichloroanthracene; (V) anthracene; (e) 9,lO- 
diphenylanthracene; (V) 1,4-diphenyl-1,3- 
butadiene; and (0) pyrene. 

dimethylanthracene; (4) 9 , l O -  

6 1  
0.b 0.4 0.5 d 4.i -0.4 4.b -0. 

AGO (eV) 
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INTENSITY-MODULATED PHOTOVOLTAGE SPECTROSCOPY: A NEW TOOL 
TO STUDY THE RECOMBINATION KINETICS IN DYE-SENSITIZED Ti02 CELLS 

G. Schlichthorl, S. Y. Huang, J. Sprague, and A. J. Frank 

National Renewable Energy Laboratory 
Golden, Colorado 8040 1 

Intensity Modulated Photovoltage Spectroscopy ( IMVS) is used to investigate the 
recombination kinetics and band edge movement in dye-sensitized nanocrystalline Ti02 
solar cells. IMVS measures the modulation of the open-circuit photovoltage in response to 
the modulation of the incident light intensity as fbnction of the modulation frequency. A 
theoretical model of IMVS for nanocrystalline electrodes is developed. The model 
assumes a fast charge injection from the excited dye and an irreversible back electron 
transfer from Ti02 to the redox system or the oxidized dye. Charge trappingldetrapping 
and electron transfer from the Ti02 conduction band and from surface states to the 
electron acceptor (oxidized dye or redox system) are considered. Mathematical analysis 
shows that the IMVS response yields one or two time constants, depending on the relative 
magnitude of the rate constants. If two time constants are present, the smaller one reflects 
the time that photoinjected electrons spend in the conduction band before reacting with 
the electron acceptor. The longer time constant corresponds to the time between 
photoinjection and recombination of electrons with the electron acceptor. The difference 
between the time constants is related to the probability of injected electrons being located 
in the conduction band or in surface states. From the time constant@), the accumulated 
charge in surface states (QU) and the conduction band (Qcb) and/or the accumulated charge 
only in the conduction band can be determined. If only one charge is obtained, it is 
possible to conclude whether this charge equals Qd or Qd + QU. The dependence of the 
time constant@) and the accumulated charge@) on the photovoltage gives information 
about band edge movement and/or the band edge position. Inference can be drawn as to 
whether recombination occurs from the conduction band or surface states. With 
knowledge of the accumulated charge, the contribution of photoinduced band edge 
movement and an accumulation layer to V, can be estimated. For charge transfer via 
surface states, the geometry factor of the electron transfer reaction can be calculated. 
Furthermore, the contribution of surface shielding and band edge movement to the change 
of photovoltage, resulting fiom surface treatment of TiO2, can be separated. The 
theoretical framework and results of IMVS measurements on [RuL2(NCS)2] (L = 2,2'- 
bipyridyl-4,4'-dicarboxylic acid)-sensitized Ti02 electrodes in acetonitrile/3-methyI-Z 
oxazolidinone containing LiI/I2 as a redox couple are presented. 
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THEORETICAL STUDIES OF ELECTRON TRANSFER PROCESSES, 
DYNAMICAL ELECTRONIC STRUCTURE, AND ENERGETICS OF THE 

SEMICONDUCTOR-LIQUID INTERFACE 

B. B. Smith and A.J. Nozik 
National Renewable Energy Laboratory (1617 Cole Blvd., Golden, CO 80401) 

We present new models and simulations of electron transfer at the semiconductor- 
liquid interface (SLI). The simulations are of a "first principles" molecular dynamics type, 
and therefore incorporate electronic structure calculations at every time step. The full 
electronic structure of the semiconductor, redox species, and solvent are accounted for. In 
our simulations we have used both semiempirical electronic structure calculations (in a 
technique which we call molecular orbital molecular dynamics (MO-MD) ), and density 
functional theory (in first principles MD simulations using the Car-Parrinello scheme). 
Surface states, chemisorption, surface defects, and other near-surface phenomena are 
addressable. We have also generalized an Anderson Hamiltonian based electron transfer 
model to the SLI. 

In(H20)62+/3+ redox species, water, and InP semiconductor system . This particular 
system was chosen primarily for theoretical tractability. We discuss the problem of 
electron localization at this interface, especially as it relates to ET. The study allows the 
mechanism of the ET process to be analyzed. Rate constant calculations are performed 
with the dynamics of the entire system incorporated. We apparently present the first 
calculation of electron transfer coupling matrix elements for the SLI. 

Simulations we focus on here (we have examined a number of systems) include an 

4 

3 

2 

% I  n 
w o  a 

-1  

-2 

0 1 1.5 time, ps 
-3- 

-2 -1.5 -1 4.5 0 0.5 1 1.5 2 
time, ps 

Figure 1 Figure 2 

Fig 1 MO-MD trajectory of the system discussed above (moving from oxidized to reduced 
redox species) as mapped by a microscopic reaction coordinate. 

Fig 2 Electronic occupation of the redox species (as a function of time) during an activated 
ET event calculated via MO-MD. 
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VIBRATIONAL DYNAMICS IN PHOTOINDUCED ELECTRON TRANSFER 
Kenneth G. Spears Ruihua Zhang and Wenhua Wang 

Northwestern University, Chemistry Department 
Evanston, IL 60208-3113 

The main objective of the project is to discover new experimental tests of how molecular 
distortions (vibrational motions) are involved in the control of electron transfer. The 
measurements of optically excited electron transfer are done with picosecond infrared (IR) 
absorption spectroscopy to monitor the vibrational motions of the molecules immediately before 
and after electron transfer. The data include rates of electron transfer with 0, 1,2 quanta of 
vibration in an infrared active mode of CO stretch and risetimes for the same modes after the 
electron transfer. One compound is an ion pair (V(C0)i ICo(Cp)z+ }. 

We discuss progress on our new femtosecond apparatus based on a titanium sapphire laser 
system and parametric converter for conducting new measurements on this and related molecules. 
Properties of several new complexes involving the probe anion V(C0); will be summarized and 
some preliminary work with the new laser system will be shown. 

We summarize the results of Density Functional quantum mechanics calculations on 
V(C0); and its neutral doublet species V(CO)6 and show how these are used for computing 
Franck-Condon Factors in the presence of a obtained from the geometry change. These 
calculations established comparisons of the anion with its isoelectronic species Cr(CO)6 in 
geometry and in vibrational properties so that the best DFT method and basis set could be 
identified for V(C0);. A preliminary analysis of the electron transfer rate will be done in terms 
of the Franck-Condon Factors obtained from the geometry change. 
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ELECTRONIC ENERGY TRANSFER IN STRONGLY COUPLED 
ANTENNAS FROM GREEN PHOTOSYNTHETIC BACTERIA 

Sergei Savikhin, Daniel R. Buck, and Walter S .  Struve 
Ames Laboratory-USDOE and Department of Chemistry, 

Iowa State University, Ames, IA 5001 1 

One of the most compelling current issues in photosynthetic antenna function is 
the actual extent of excitation delocalization in strongly coupled antennas. While the 
laser-created electronically excited states are exciton states whose delocalization can be 
predicted from the resonance couplings between pigments, these states are expected to 
evolve into more localized states under random dephasing motions in the protein host. 
We have investigated the femtosecond absorption difference spectroscopy of BChl a - 
protein trimers (FMO trimers) fiom the green bacterium Chlorobium tepidum at low 
temperatures, where the Qy absorption spectrum exhibits sharply defined bands arising 
fiom transitions to well-defined groups of 2 1 -pigment exciton levels. Under these 
conditions, the absorption difference spectra show complicated time evolution, and can 
be analyzed to give a detailed level-to-level relaxation scheme for FMO trimers at 789 
nm near the blue edge of the Qy spectrum (D. R. Buck, S .  Savikhin, and W. S .  Struve, 
Biophys. J. 72,24-36 (1997)). However (owing to the symmetry of this antenna protein), 
isotropic absorption difference spectra are not very sensitive to whether the excitations 
remain delocalized over the entire trimer, or become essentially confined to the 7 
pigments within one subunit of the trimer. Two-color anisotropies provide a potentially 
more discriminating test of localization in FMO trimers and in antennas with analogous 
symmetry (e.g. LH1 and LH2 antennas fiom purple photosynthetic bacteria). Their 
interpretation is also less model-dependent than that of isotropic decays.Our two-color 
anisotropies are inconsistent with anisotropies modeled using 2 1 -pigment exciton states; 
the exitations clearly become more localized than this within - 100 femtoseconds. 

The low-temperature anisotropy decays of FMO trimers selectively exhibit 
coherent oscillations when the laser pump and pmbe spectra both overlap the two 
longest-wavelength bands at -815 and 825 nm, arising from transitions to the lowest- 
energy groups of exciton levels. The oscillation amplitude is large, producing values of 
r(t) greater than 0.4 at times well beyond the laser autocorrelation function. These 
oscillations are greatly diminished in the corresponding isotropic signals. Their period 
(dominated by a 220 fs component) matches the energy difference between the 8 15 and 
825 nm level groups. Hence (unlike the oscillations previously observed in purple 
bacterial reaction centers, purple bacterial antennas, or green bacterial light-harvesting 
chlorosome antennas), the oscillations in FMO trimers do not arise fiom coherent nuclear 
motions; they are quantum beats between contrastingly polarized exciton levels. 

148 



POSTER #47 

CALCULATION OF THE ELECTRON ATTACHMENT ENERGIES OF IC* 
AND 0' NEGATIVE ION RESONANCES 

Arpad Z. Szarka, Larry A. Curtisst and John R. Miller 
Chemistry Division, +Chemical Technology Division 

Argonne National Laboratory, Argonne, Illinois 60439 

Basic elements of electronic couplings can be studied by electronic spectra and 
electron transfer equilibria in bifunctional molecules with very strong electronic couplings 
such as dihydroanthracene and xantene. This information can, in turn, be used to calibrate 
methods of computational chemistry. The majority of these molecules under investigation 
form anions that are unstable with respect to electron attachment in the gas phase. 
Therefore the computation of the energies of these negative ion resonance states are 
difficult. Methods using traditional molecular orbital theory typically contain large errors 
and scattering calculations are not feasible for such large molecules. We have sought 
methods for computation various x* and a' systems provide valuable information on the 
corresponding gas phase reactions which can be usehl in the interpretation of the 
condensed phase measurements. 

We have compared different computational approaches with various basis sets for 
computing negative electron affinities (EA). Specifically, Koopmans' theorem and 
traditional energy difference methods (AHF and AMP2) predicted experimental values 
with large errors (1 ev). By employing density functional methods (DFT), however, the 
computed electron affinities are in good agreement with experimental values for all IC* and 
the low-energy (EA> -2 eV) o* states that were examined. For less stable anions (EA < 
-2 ev) reliable calculations are still difficult. Aspects of the computational methods that 
influence the quality of the results will also be presented, including the well-known 
problem is the participation of fi.ee space states. The figure below shows molecular 
states obtained even with a basis set containing diffuse functions. 

Figure caption: The HOMOS of CHJC1' shown with the D95(d) (left) and D95+(d) 
(right) under the B-LYP DFT approach. The attached electron is largely confined to the 
molecular region for both basis sets. 
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PORPHYRIN-BASED DONOR-SPACER-ACCEPTOR SYSTEMS FOR 
PROBING ELECTRONIC COUPLING MEDIATED BY COFACIALLY 

STACKED AROMATIC MOIETIES 

Peter M.-Iovine, Matthew A. Kellett, Alison G. Hyslop, and Michael T. Therien 
The Department of Chemistry, University of Pennsylvania, 

Philadelphia, PA 19104-6323 

The degree of electronic coupling modulated by the Ic-electron rich, stacked 
aromatic nucleobases of DNA has been the subject of some controversy; this is due 
to the absence of a structurally well defined set of donor-acceptor derivatized duplex 
DNA electron transfer model systems as well as the fact that photophysical 
experiments involving such modified polynucleotides are nontrivial.1 
Furthermore, despite a number of theoretical discussions regarding whether or not 
the Ic-manifold alignment afforded by stacked aromatic moieties provides for large 
electronic coupling matrix elements, this issue has not been resolved 
experimentally for any general class of donor-spacer-acceptor (D-Sp-A) systems. 

We have used metal-mediated cross-coupling to enable the synthesis of 
conformationally rigid, porphyrin-based, cofacial D-Sp-A compounds. Compound 1, 
in which a porphyrin and a quinone are separated only by the sum of their van der 
Waals radii, provides the prototype for a series of molecules designed to probe the 
nature of electronic coupling modulated through stacked IC interactions as well as a 
new structural motif for mechanistic studies of ultrafast charge transfer. This 
unprecedented juxtaposition of porphyrin and quinone is manifest in the unusual 
spectroscopic properties of such species. Similar experimental methodology permits 
the fabrication of 2 and 3, which will allow us to probe respectively electronic 
coupling as function of the spatial relationship of the D and A centroids as well as 
begin to address the issue of the distance dependence of photoinduced electron 
transfer and thermal charge recombination events in optimally stacked n- 
manifolds. 

A r  
1 

Ar  
2 

Ar 
3 
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MEASUREMENT OF ELECTRON TRANSF'ER-LINKED ATOMIC 
REORGANIZATION IN SOLUTION USING NEUTRON AND X-RAY SCATTERING 

David Tied&, Ruitian Zhang', and P. Thiyagarajan' 
'Chemistry Division and 21ntense Pulsed Neutron Source 
Argonne National Laboratory, Argonne, Illinois 6043 9 

We are investigating reaction-dependent changes in the fine structure of photosynthetic 
proteins and other macromolecular assemblies using a combination of neutron and X-ray scattering 
techniques. A key feature of the scattering techniques is that they allow the amplitudes, temperature 
and time dependencies of reaction-linked nuclear reorganization to be resolved for macromolecules 
in solution and other non-crystalline states. X-ray and neutron scattering arise from a combination 
of sources, including atomic positions in the macromolecule, the solvent excluded volume, and 
variations in solvent and counter ion densities in the hydration layer at the protein surface. 
Measurement of scattering profiles of the same sample with a combination of X-ray and neutron 
scattering techniques permits the individual sources for solution scattering to be quantitatively 
resolved. The scattering measurements are sensitive to changes in atomic structure and dynamics. 
Measurements and molecular modeling permit the similarity between structures of proteins in 
crystalline and non-crystalline states to be quantitatively determined, and allow the possible role for 
solvation energy in the stabilization of photochemical reaction products to be detected by changes 
in hydration layer structure. 

Crystal structures of oxidized and reduced yeast cytochrome c show that the redox-linked 
nuclear reorganization in this protein in the crystalline state involves small displacement of many 
atoms, without gross conformational change. Calculation of solution scattering profiles based upon 
these structures suggest that ifthis type of nuclear reorganization were to occur in solution, it would 
be detected in the medium-angle scattering domain (q= 0.1 to 1 A-'). Similarly, calculations suggest 
that reorganization associated with quinone reduction in reaction center could also be detected by 
wide angle scattering measurements. Our X-ray scattering measurements for horse cytochrome c and 
Rb. Sphaeroides cytochrome c, in oxidized and reduced states have detected redox state dependent 
structural change that is commensurate with that predicted from the crystal data. In addition, the 
solution scattering data also show new features not predicted from the crystal structures that might 
include changes in the hydration layer or disorder (temperature factors). Analogous experiments 
measuring photochemistry-linked reorganization in the reaction center are currently being carried out. 

Macromolecule -1 
in solution. 

Measured 
scattering. 
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METAL PROTEIN INTERACTIONS INFLUENCING ELECTRON TRANSFER 
PROCESSES IN THE BACTERIAL REACTION CENTER 

Lisa M. Utschig and Marion C. Thurnauer 
Chemistry Division, Argonne National Laboratory 

Argonne, IL 60439 

The roles of global protein structure and donor/acceptor orientation in facilitating 
transmembrane electron transport in photosynthetic reaction centers (RCs) have been 
investigated using time-resolved electron paramagnetic resonance (EPR) techniques. We 
have focused on protein modifications (i.e. metal ion manipulation and H-subunit removal) 
that S e c t  efficient electron transfer in the bacterial RCs. Iron-removal with and without 
removal of the H protein subunit results in proteins with a >15 fold slower electron 
transfer rate (kQ) from the intermediate bacteriopheophytin acceptor to QA. Time- 
resolved EPR spectra taken at X-band and Q-band microwave frequencies were obtained 
with these kinetically-characterized Fe-removed RC samples that had the native (200 ps)-' 
or slowed (3-6 ns)-' kQ rates. These experiments mark the first time that highly resolved 
X- and Q-band ESP spectra have been concomitantly recorded for the RC protein in 
which the primary electron transfer rate has been varied in a controlled way. 

Significant differences between the electron spin polarized (ESP) spectra of the 
charge-separated state P865+QA, where P86; is the oxidized primary donor and QA is the 
reduced primary acceptor, are observed for the samples having different rates of k~ and 
reflect the trends in polarization predicted from the sequential electron transfer 
polarization (SETP) model.'32 Correlation of the transient EPR and optical results show 
that the observed slow kQ rate in Fe-removed RCs is H-subunit independent, and, in some 
cases, independent of Fe-site occupancy as Zn-substitution does not ensure retention of 
the native k ~ .  In addition, shifts in the optical spectrum of P865 and differences in the high 
field region of the Q-band ESP spectrum for Fe-removed RCs with slow kQ indicate 
possible structural changes near P865. We are simulating the data with the correlated 
radical pair polarization (CRPP) model (with Gerd Kothe, University of Frieburg) and our 
SETP model (with Jau Tang) in order to determine the source of the observed differences 
in kQ as reflected in their spin polarized EPR spectra, i.e. whether or not changes such as 
co-factor orientation can account for the observed changes in the EPR spectra or whether 
other factors such as global protein structure play a role. Analysis of this data will lead to 
the identification of parameters that are significant for optimization of electron transfer 
leading to stabilized charge separation. 

Morris, A. L.; Snyder, S. W.; Zhang, Y.; Tang, J.; Thurnauer, M. C.; Dutton, P. L.; 
Robertson, D. E.; Gunner, M. R. (1995) J .  Phys. Chem. 99,3854. 
Tang, J.; Bondeson, S.; Thurnauer, M. C. (1996) Chem. Phys. Lett. 253, 293. 
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MECHANISTIC STUDIES OF PHOTOCHEMICAL REACTIONS IN ZEOLITES 
BY TIME-RESOLVED FT-INFRARED SPECTROSCOPY 

Sergev Vasenkov and Heinz Frei 
Lawrence Berkeley National Laboratory, MS Calvin Laboratory, University of California 

Berkeley, CA 94720 

Use of zeolites as reactive environments may open up low-energy pathways for 
photocatalytic or photosynthetic reactions of commercial importance. One such class of reactions 
is visible light-induced oxidation of small hydrocarbons by 0 2  discovered recently in our 
laboratory [ 13. These reactions are initiated by photoinduced charge transfer of the 
hydrocarbon.02 collisional complex. The charge-transfer state is rendered accessible to visible 
photons by a strong stabilization by the electrostatic field inside the cage of large pore alkali or 
alkaline-earth zeolites. The combined effect of low-energy photons and the restricted environment 
of the zeolite led to extremely high product selectivity of the partial hydrocarbon oxidations. 

We employed millisecond rapid scan FT-infrared spectroscopy for the study of 
hydrocarbon photooxidations in zeolites. Most studies were conducted with 2,3-dimethyl-2- 
butene (DMB). For experiments conducted in zeolite NaY at 173 K, the growth of DMB 
hydroperoxide, the primary photoproduct, was complete within 300 msec after the 500 nm laser 
pulse. By contrast, photolysis at 223 K showed, in addition to this fast growth, a much slower 
product growth over a period of minutes. Based on kinetic analysis, we attribute the slow process 
to a radical chain propagation ( 0 2  adds to a DMB radical to form a DMB peroxy radical, followed 
by H abstraction from DMB to yield DMB hydroperoxide and another DMB radical etc.). This is 
the familiar chain propagation operative in liquid or gas phase autoxidation. However, the chain is 
completely selective in the zeolite, yielding alkene hydroperoxide as the sole product. When using 
zeolite L instead of zeolite Y at 223 K, the contribution of the slow chain reaction was very much 
diminished. Since zeolite L has a one-dimensional channel structure while zeolite Y consists of a 
three-dimensional network of spherical cages, we attribute the more pronounced role of the chain 
in the case of NaY to the much higher mobility of reactants and intermediates in the Y structure. 

The very long yet highly selective radical chain observed in the 2,3-dimethyl-2-butene + 0 2  
photoreaction in zeolite Y, and its much reduced role in zeolite L poses important questions about 
the dynamics of radical intermediates in the nanoporous matrix. Knowledge about these issues 
will aid us in optimizing the yield and selectivity of desired products. Our recently developed step- 
scan FT-infrared spectroscopy in zeolites allows us to determine the structure and kinetics of 
transients on the time scale from nanoseconds to milliseconds. In a first project, we are currently 
studying the dynamics of a prototypical photochemical system in zeolites, the photodissociation of 
dibenzyl ketone. The choice of this system is motivated by the extensive knowledge from steady- 
state photolysis studies [2]. The spectral evolution of the radicals produced by a nanosecond laser 
pulse will be presented and discussed. 

[l] (a) Sun, H.; Blatter, H.; Frei, H. In Heterogeneous Hydrocarbon Oxidation; Oyama, S .  T.; 
Warren, B. K. eds.; ACS Symposium Series No. 638; American Chemical Society: 
Washington, D. C., 1996. (b) Blatter, H.; Sun, H.; Frei, H. Chem. Eur. J .  1996,2, 385. 

(a) Garcia-Garibay, M. A.; Zhang, Z.; Turro, N. J. J.  Am. Chem. SOC. 1991, 113, 6212. 
(b) Ramamurthy, V.; Turro, N. J. J.  Incl. Phenom. Mol. Rec. 1995,21, 239. 

[2] 
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EXPERIMENTAL STUDIES OF THE NATURE OF THE ELECTRONIC 
COUPLING IN ELECTRON TRANSFER REACTIONS 

Y. Gu, Z. Lin, H. Yamamoto and D. H. Waldeck 

Department of Chemistry, University of Pittsburgh 
Pittsburgh, PA 15260 

We have continued our investigations into charge relaxation and charge transfer processes 
on several fronts. The primary focus of our work is the study of heterogeneous electron transfer 
processes. We have pursued the formation of self-assembled monolayers (SAMs) on 
semiconductor electrodes, Si [ 13 and InP [2,3]. This latter approach has provided us with well- 
defined surfaces that can be reproducibly prepared, and has allowed us to systematically vary 
their properties. We have used the alkanethiol films on n-InP to study the distance dependence 
of interfacial electron transfer [3]. We monitored the interfacial electron transfer using steady 
state photocurrent measurements, and we probed the distance dependence by changing the length 
of the methylene chain in the alkanethiols. These investigations have used a freely diffusing 
redox species [Fe(CN),'-/Fe(CN),"-] in aqueous solution. Our results show that electron transfer 
occurs by tunnelling through the SAM overlayer. We are investigating the nature of the 
tunnelling by extending these studies to systems in which the energy structure changes, such as 
p-InP and Si. 

More recently, we have prepared redox active layers in order to circumvent some 
difficulties encountered in the study of insulating barriers and freely diffusing species. Since this 
initial work we have begun to create monolayer films which possess chemical functionalities 
which may be redox active. We have used two different types of functionality in these 
investigations. First we attached substituted phenyl moieties to the alkane chain and observed 
their influence on the surface recombination of charge carriers. We are presently characterizing 
how the energetics of the phenyl moieties and their distance from the InP surface effect the 
recombination rates of photogenerated carriers. Second, we attached ferrocene units to the end of 
the alkanethiol film. We are presently studying the electron transfer rate between the InP surface 
and the ferrocene as a function of the length of the alkyl chain. 

References 
1. 
2. 
3. 
4. 

A. Haran, D. H. Waldeck, R. Naaman, E. Moons, and D. Cahen; Science 263 (1 994) 948. 
Y. Guy Z. Lin, V. Smentkowski, R. Butera and D. H. Waldeck; Langmuir, I I  (1995)1849. 
Y. Gu and D. H. Waldeck; J. Phys. Chem. 100 (1996) 9573. 
Y. Guy K. Kumar, Z. Lin, I. Read, M. B. Zimmt and D. H. Waldeck; J. Photochem. and 
Photobiol. A, in press. 

154 



POSTER #53 

NOVEL RADICAL CHAIN DYNAMICS INITIATED BY MOLECULAR 
OXYGEN INTERCEPTION OF A CONTACT RADICAL ION PAIR 

Liaohai Chen, Lucian A. Lucia, E.R. Gaillard, H. Icil, S.  Icli, and D.G. W hitten 
Department of Chemistry , University of Rochester 

Rochester, New York 14627, USA 

The classical mechanism for dye-sensitized photooxidation of organics involves quenching of 
sensitizer triplets by molecular oxygen to form singlet oxygen, which subsequently attacks the organic 
substrate, culminating in the formation of oxidation products. The perylene diimides (Pe), the subject of 
many recent investigations due to their attractive photophysical properties, sensitize the photooxidation of 
a variety of unsaturated organics such as abietic acid and a-terpinene in the presence of molecular oxygen. 
However, our investigations indicate that the mechanism of this reaction involves a quite different pathway 
from the classical mechanism with a novel sequence of electron transfer events. Our presentation will 
focus onthe oxidation of a-terpinene: 

Pe 
hv 

+ 6 7  
A 

which proceeds by the sequence shown below to form the Pea-terpinene contact radical ion pair 
(CRP). Picosecond transient absorption studies show that the lifetime of the C R P  is about 60 ps, yet the 
observed limiting quantum yield is 0.3 - 0.4. A radical chain mechanism, as outlined below, provides 
amplification following the relatively low efficiency trapping of the C R P  by oxygen. 

02H, + + H202 + a . 
This mechanism may be important in a numbet of photooxidations where quenching of the sensitizer by 
the substrate can compete or dominate oxygen quenching steps. 
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DIFFERENTIAL CONTROL OF INTRAMOLECULAR CHARGE SEPARATION AND 
RECOMBINATION RATES USING NEMATIC LIQUID CRYSTAL SOLVENTS 

G. P. Wiederrecht", W. A. Sveca, and M. R. Wasielewskiaib 
aChemistry Division, Argonne National Laboratory, Argonne, IL 60439 

bDepartment of Chemistry, Northwestern University, Evanston, IL 60208 

Ultrafast transient absorption studies of intramolecular photoinduced charge 
separation and thermal charge recombination were carried out on a molecule 
consisting of a 4-(N-pyrrolidino)naphthalene-I ,&imide donor (PNI) covalently 
attached to a pyromellitimide acceptor (PI) dissolved in the liquid crystal 4'-(n-pentyl)- 
4-cyanobiphenyl(5CB). The temperature dependencies of the charge separation and 
recombination rates were obtained at temperatures above the nematic-isotropic 
phase transition of 5CB, where ordered microdomains exist and scattering of visible 
light by these domains is absent. We show that excited state charge separation is 
non-adiabatic, and obtain the unexpected result that charge separation is dominated 
by molecular reorientation of 5CB perpendicular to the director within the liquid 
crystal microdomains. We also show that charge recombination is adiabatic and is 
controlled by the comparatively slow collective reorientation of the liquid crystal 
microdomains relative to the orientation of PNV-PI-. 

Charge transfer and charge recombination were also studied in the liquid 
crystal p-methoxybenzylidene-p-n-butylaniline (MBBA). MBBA has negative dielectric 
anisotropy, Le. the dipole is larger perpendicular to the long axis of the molecule, as 
opposed to the positive dielectric anisotropy exhibited by 5CB. The results are 
contrasted with those from 5CB. 

PNI-PI 

5CB MBBA 
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SINGLE-MOLECULE STUDIES OF SPECTRAL DIFFUSION, 
INTERFACIAL ELECTRON TRANSFER, AND EXCITON DYNAMICS 

X. Sunnev Xie, H. Peter Lu and Liming Ying 
Pacific Northwest National Laboratory, Environmental Molecular Sciences Laboratory 

P.O. Box 999, Mail Code K2-14, Richland, WA 99352 

spectroscopy, ’ single-molecule spectral fluctuation can be studied in real time. Figure 1 shows a 
sequence of emission spectra of a single sulforhodamine 101 molecule on a quartz surface 
recorded with 170-111s collection times at room temperature.’ The autocorrelation functions of 
spectral mean trajectories are double exponential. The fast component (hundred milliseconds 
time scale) is spontaneous, while the slow component (tens of seconds) is primarily 
photoinduced. We attribute the fast component to variations of intermolecular coordinates and 
the slow components to variations of intermolecular coordinates. Similar spectral trajectory 
analyses of a single fluorescent active site, in a protein, flavin adenine dinucleotide has also been 
studied with the aim of investigating conformational dynamics and energy landscapes and their 
influence on enzymatic reactions. 

We have demonstrated measurements of single-molecule electron transfer kinetics3. Figure 
2A shows the fluorescence decay of a single cresyl violet molecule adsorbed on an indium tin 
oxside (ITO) surface. Upon excitation, this molecule injects an electron to the conduction band 
of IT0 or energetically accessible surface electronic states. The electron transfer rate is 
determined by the fluorescence decay, which is a single exponential decay with a time constant 
of 480 ps. Interestingly, we fmd a wide distribution of electron transfer rates for individual 
molecules at different sites (Figure 2B). Based on Figure 2B, ensemble averaged results would 
have more than 20 exponentials, which would be impossible to resolve in practice. Our single- 
molecule results indicated that the origin of the multiexponential behavior of this system arises 
from the heterogeneity of the “staticyy sites. 

In collaboration with Professor Neil Hunter at Sheffield, we have started to study the 
spectroscopy and dynamics of single LH1 and LH2 anntena complexes from photosynthetic 
bacterial. The latest results will be presented. 

In the wake of recent advances in single-molecule fluorescence microscopy and 
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particle-solution interface so that an insight is obtained into the factors that S e c t  reaction 
kinetics. 

The work was concerned in particular with the large band-gap semiconductor Ti02 
of which the photoresponse was extended into the visible region of the spectrum by 
adsorption of coumarin 343 (C343) dye molecules. In this system, excitation of the 
adsorbed dye molecules results in electron injection into the conduction band. 
Subsequently, the electrons can be transferred from Ti02 to acceptors in solution. With 
FT-EPR the effect of dye and acceptor concentration on the electron transfer process was 
explored. So far the measurements focused on the reduction of the methylviologen 
dication. In fbrther work, interfacial electron transfer to neutral and possibly anionic 
acceptors will be studied for a range of pH values to explore the effect of electrostatic 
interaction on reaction kinetics. The investigation also will be concerned with the 
reduction of the dye cation formed at the semiconductor surface by electron donors. 
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PROGRESS IN PHOTOVOLTAICS: 
FROM THE LABORATORY TO THE MARKETPLACE 

Thomas Surek 
Technology Manager, Photovoltaics 

National Renewable Energy Laboratory 
Golden, Colorado 80401 

Over the past 20 years, the U.S. Department of Energy (DOE) has supported an 
aggressive photovoltaic (PV) research and development program with industry, 
universities, and national laboratories. The government's investment of more than $1.2 
billion, in partnership with more than $2.5 billion invested by the private sector, has 
resulted in the discovery of new PV materials, devices, and fabrication approaches; 
continuing improvements in the efficiency and reliability of solar cells and modules; and 
lower PV module and system costs. The improvements in technology have led to 
increasing market demand for PV, with nearly 90 MW of modules shipped worldwide 
in 1996. A rapidly growing market segment is non-grid-connected, rural electrification 
in developing countries. This talk reviews the rapid progress that has occurred in PV 
technology from the laboratory to the marketplace, including reviews of the leading 
technology options, status and issues, and the key U.S. industrial players. The 
technologies include flat-plate crystalline silicon (both ingot-based and non-ingot-based 
[e.g., sheet]), flat-plate thin films (amorphous and polycrystalline silicon, cadmium 
telluride, and copper indium diselenide), and concentrators. The increasing demand for 
PV worldwide is leading to investments in new production capacity, either through new 
plant construction or incremental expansions of existing production lines. Crystalline 
and polycrystalline silicon still dominate the market, but thin films are expected to make 
inroads in the next few years as the new technologies are brought on line. Continuing 
improvements in efficiency and reliability, new processes for fabricating PV materials 
and devices, and innovative PV approaches with low-cost potential are elements of an 
ongoing research program aimed at future advancements in PV cost and performance. 
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METAL-TO-LIGAND CHARGE TRANSFER AND OXIDATION IN 
(NH3)5RuL2+ COMPLEXES 

Yeung-gyo K. Shin, Bruce S. Brunschwig, Carol Creutz, 
Marshall D. Newton and Norman Sutin 

Chemistry Department 
Brookhaven National Laboratory 

P.O. Box 5000, Upton, NY 11973-5000 

Much of our thinking about charge-transfer chemistry is in terms of 
one-electron models that envision the transfer of a single electron from a 
molecular orbital on a donor site to an MO on the acceptor. To test how well 
these one-electron models correspond to more realistic many-electron models 
we have investigated charge-transfer processes in (NH&RuL2+ complexes 
where L is pyridine or a pyridyl derivative. Both metal-to-ligand charge 
transfer (MLCT) and oxidation (ionization) processes have been investigated. 
The effects of changes in metal-ligand bond lengths and solvation on the 
MLCT and ionization processes were studied. Also considered was the 
dependence of the metal-ligand coupling elements, H n ,  on Ru-N bond 
distance. HM-L can be obtained from: 

where Vmm is the MLCT absorption band maximum, pge is the transition 
dipole moment and (pe - pg) is the difference in dipole moments of the ground 
and excited states. 

Calculations were carried out using ZINDO-95. The MLCT 
wavefunctions and excitation energies were obtained by configuration 
interaction among all singlet configurations generated by one-electron 
excitations from the highest 11 occupied MO's t o  the lowest 11 unoccupied 
MO's of the closed-shell ground state (t2g)6 (NH&RuL2+. While the Ru(I1) d, 
(d,,) orbital is the HOMO for all the complexes studied, the relative energies 
for removing an electron from the three types of tzg orbitals depend on the 
effective distance that the electron is transferred. For long distances (e.g., I 5 
A) the lowest energy process involves the d, orbital. In contrast, for short 
range transfer the dK orbital participates in the highest energy of the three 
possible tzg + L+ excitations. Thus for thermal or optical electron transfer t o  
a weakly coupled Ru(II1) site the lowest energy electron transfer originates 
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from the d, orbital while for MLCT transitions the lowest energy transfer 
originates from the other t2g d orbitals. 

be small. The metal-ligand coupling elements enter into superexchange 
expressions for the metal-to-metal coupling element, H m ,  in bridged 
binuclear systems: 

The dependence of H m  on the metal-ligand bond distance was found to 

where HML is the metal-ligand coupling element for the (NH&RuL2+ at the 
equilibrium nuclear configuration of (NH3)&uL3+ and AEML is the energy 
gap. The small dependence of H m  on the Ru-N distance justifies neglecting 
the nuclear configuration dependence of H m  in calculating metal-ligand 
coupling elements. Also, since HMM is dependent on the square of the pge of 
the MLCT, the metal-to-metal transfer will involve the same symmetry 
orbital (d,) that is involved in the most intense MLCT transition. 
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DYNAMIC STRUCTURAL STUDIES OF LIGHT-INDUCED CHARGE TRANSFER IN 
STRONGLY INTERACTING SYSTEMS 

Joseph T. Hupp 

Department of Chemistry 
Northwestern University 

Evanston, IL 60208 

The goals of this project are primarily charge transfer related and emphasize strongly 
electronically coupled molecular systems. Some specifics are: a) to obtain direct experimental 
measures of light-induced electron transfer distances in molecular systems, b) to obtain complete 
experimental descriptions of vibrational barriers to intramolecular electron transfer, c) to 
understand the vibrational and electronic basis for charge delocalization in exceptionally strongly 
interacting systems, d) to design, characterize and optimize systems that exploit low-frequency 
torsional phenomena to manipulate solvent reorganizational barriers, to achieve extended charge 
transfer, and to engender long-lived charge separation, and e) to use wavepacket propagation 
techniques and path integral techniques to simulate the kinetics and dynamics of ultrafast charge 
transfer in strongly interacting systems. Some representative results are summarized below. 

Direct charge transfer distance measurements. The approach taken to distance 
assessment was electroabsorption (electronic Stark effect) spectroscopy where the effective one- 
electron transfer distance can be equated with I A p  I/e. ( I A p  I is the absolute value of the charge- 
transfer excited-state/ground-state dipole moment difference; e is the unit electronic charge.) 
Studies were initiated with well defined 
donor/acceptor systems such as 1. The key finding 
was that experimentally measured distances were 
much smaller than geometric donor/acceptor 

profound implications in terms of solvent effects and N C  CN H3N NH3 
electronic coupling effects. Based on the Stark 
measurements, solvent reorganization energies for 
this model system is much smaller than previously 
believed. On the other hand, electronic coupling matrix elements are much larger than previously 
believed. Extensions of the initial studies to approximately two dozen additional systems have 
yielded the following: a) orbital specific measures of charge transfer distances, electronic 
coupling energies and solvent reorganization energies, b) evidence for significant ancillary ligand 
control of effective charge transfer distances and reorganization energies, and c) preliminary 
vibrational level specific assessments of ET distances. 

H3Nc:.. OslII- rH3 NH3 

:\ 
Nc-:--. /’” NC-Fen-CN- 

separation distances. The distance results have .:’ \ 
1 

Charge transfer and excited state symmetry evaluation. Although the electroabsorption 
technique is quite versatile, some technical limitations exist. Consequently, we have been 
developing complementary experimental approaches. One of these is resonant hyper-Rayleigh 
scattering (RHRS). RHRS is an incoherent light doubling phenomenon, the intensity of which 
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scales as the effective optical charge transfer 
distance. Like electroabsorption spectroscopy, it has 
the potential to yield state-specific CT distances. 
Unlike electroabsorption spectroscopy, however, it 
can be applied to severely inhomogeneously 
broadened systems and to liquid-phase systems. In 
addition to distance information, it can also provide 
excited state symmetry information. For example, 
preliminary polarized RHRS investigations with 
compound 2 (see figure) have shown, in contrast to 
literature assertions, that a charge-asymmetric 
excited state is generated by visible light absorption. 

n m Mode-specific evaluation of vibrational (3 

barriers. The objectives here was to obtain mode- 
specific vibrational reorganizational information (i.e. 
mode frequencies, unitless coordinate 
displacements, and single-mode bartier 
contributions) for symmetrical intervalence electron 
transfer reactions. The approaches used were intervalence enhanced 
Raman scattering in the extended NIR together with time-dependent 
analyses of scattering intensities and associated absorption lineshapes. 
3 and 4 were representative targets. From the experiments with 3 we 
obtained evidence for significant Franck-Condon activity in modes 
missed by traditional x-ray techniques. With the expanded vibrational 

discrepancies between optical and crystallographic estimates 
of k(vib), and b) obtain quantitative, mode-specific estimates 
of exchange-rate attenuation effects and nonclassical barrier 
effects. 

8 8  
data set we were then able to: a) reconcile some substantial 3 

4 Mechanisms for charge delocalization. 
Representative of our studies here are NIR Raman scattering 
and electronic Stark effect studies of the strongly coupled 
mixed valent systems 5 and 6 .  The studies verify that these are class I11 (delocalized) systems and 
indicate that delocalization is achieved via a three-center bonding scheme that includes explicit 
(rather than super exchange) bridge involvement. The studies additionally show that 
experimental ground-state/excited-state polarizability difference assessments can be used for 
qualitative diagnosis of delocalization mechanisms. Specifically for system 6 ,  they additionally 
show that vibrational excitation plays a role in defining intervalence excited state electronic 
structure. 
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PHOTOINDUCED ELECTRON TRANSFER IN SOME SIMPLE TRANSITION METAL 
DONOR-ACCEPTOR COMPLEXES 

John F. Endicott 

Department of Chemistry, Wayne State University, Detroit, MI 48202-3489 

We have been examining photoinduced electron transfer processes in covalently linked 
transition metal donor-acceptor complexes, with a view to determining the conditions for stabilizing 
the photogenerated electron transfer excited states. Strategies for accomplishing this can involve: 
(a) systems in which the rate of back electron transfer (BET) is inhibited by large nuclear 
reorganizational energies; and/or (b) systems in which back electron transfer is electronically 
forbidden. The latter possibility has led us to some systematic studies of the effects of electronic 
coupling on the ground state and BET properties of some covalently linked transition metal 
donor/acceptor complexes. The ground state properties which have been found to depend on the 
strength of the D/A coupling are: (1) the DACT absorption spectra; (2) the bridging cyanide 
stretching frequency; and (3) the reduction potentials of the Ru(NH3)53+,2+ couples of the 
ruthenated bridging ligands. 

Syntheses. This work has involved the synthesis of a wide range of model compounds, 
the measurements of their spectroscopic and electrochemical properties and transient absorption 
studies of back electron transfer following photoexcitation. The model compounds employed fall 
into several classes: a, CN--bridged complexes with polypyridyl non-bridging ligands 
(cis-(PP)M(CNM'(NH3)5) and cis-(PP)M(CNM'(NH3)5)2 where M' = Ru(III), Rh(III), Co(III), 
or Cr(II1) for M = Ru(I1); M = Ru(II1) for M = Fe(I1); M' = Ru(I1) for M = Rh(III), Co(III), 
Cr(II1); b, CN--bridged complexes with aliphatic macrocyclic non-bridging ligands 
(cis- and trans-(MCL)M(CN(Ru(NH3)5)2 where for Ru(II), M = Rh(III), Co(III), Cr(II1); c, 
complexes with polypyridyl bridging ligands (bridging ligands such as: 2,3-bis-( 2- 
pyridy1)-pyrazine, dpp, and 1,2-bis( 2,2'-bipyridyl-4'-yl)ethane, bb); d, complexes with ammine 
non-bridging liginds, ( H ~ N ) ~ - M C N ( R U ( N H ~ ) ~ ) ~ +  (M = Rh(III), Cr(III), Ru(I1)). Within 
each class of complexes, M and M' are selected so that D/A coupling spans the range from the 
largest to the smallest which is charactersistic of the class. 

Variations of ground state properties with D/A coupling. Each of the noted 
ground state properties varies in proportion to the electronic coupling matrix element, HDA, for the 
CN- bridged complexes. The details of the experimental correlations vary from one class of 
complexes to another, but, overall, their general features are consistent with a simple vibronic 
model in which nuclear displacements in the bridging CN- can facilitate electronic coupling. Some 
of the most striking observations have involved M( MCL) centered complexes. 

Important among these features of CN- bridged D/A complexes is a red shift of the CN- 
stretch, AVCN. This contrasts to the shifts to higher energies observed when the metals bridged do 
not form a D/A pair. Comparison of AVCN for the compounds from class a above demonstrate 
that in D/A complexes, AVCN is roughly proportional to HDA~/EDA, when HDA is the electronic 
matrix element inferred from the DACT absorption spectra. The stereochemical constraints of 
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substituted macrocyclic ligands can be used to force either cis- or trans-M(MCL) geometries in 
closely related complexes. We have found that AVCN is much larger for the symmetric than the 
antisymmetric combination of CN- stretches for trans complexes; but that the respective values of 
AVCN are more comparable in cis complexes. 

The near IR-visible spectra of M( MCL)( CNRu(NH3)5)2 complexes are free of 
contributions from the non-bridging ligands, and we have resolved the weak, (Emax E 135+10 
M-1 cm-1) terminal-terminal ( RuI1/RuIII) DACT absorptions. The observed absorptions are 
independent of the central metal (M = Rh(III), Co(III), Cr(II1)) or the cis or trans geometry. This 
suggests that the strong Ru(II)/Cr(III) D/A coupling does not facilitiate Ru( II)/Ru( 111) coupling 
across the molecule in Cr(III) centered complexes. 

Variations of E ~ , ~ ( R U ( N H ~ ) ~ ~ + , ~ + )  in the CN- bridged D/A complexes do correlate with 
H D A ~ ,  but the "slopes" of the correlation lines vary over a two-fold range from one class of 
compounds to another. The variations are qualitatively consistent with simple vibronic and 
perturbational arguments. A simple, semi-classical argument has been developed to treat the range 
of properties examined; in this argument the perturbational matrix element is of the form: HDA G 

HDA' + ( ~ H D A / ~ Q ) Q ,  where Q is a nuclear coordinate. 

Related studies of polypyridine bridged complexes are in progress. 

Transient absorption studies. Transient studies of the covalently linked D/A 
complexes are in their early stages. Back electron transfer rates in CN- bridged complexes seem to 
span a 104-105 fold range, and are fastest for R u ~ ~ ~ C N - R U I I  excited states and slowest for 
CrIICN-RuIII excited states even though the respective ground state DACT absorptions imply 
very similar electronic coupling. The slower back electron transfer rates suggest the population of 
'hen-spectroscopic" excited states (in Cr and Co centered complexes) very rapidly following light 
absorption. 
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INTRAMOLECULAR ELECTRONIC ENERGY TRANSFER IN COVALENTLY 
LINKED TRANSITION METAL COMPLEX DONOWACCEPTOR SYSTEMS 

Russell H. Schmehl 

Department of Chemistry 
Tulane University 

New Orleans, LA 701 18 

One approach to improving dye sensitized photoelectrochemical cells is to 
incorporate light harvesting arrays of chromophores as sensitizers. Arrays can be 
designed which efficiently cover a broad portion of the solar spectrum and efficiently 
channel excitation energy to a reactive chromophore at the semiconductor surface for 
charge injection. Presently, the most widely used chromophores for sensitization of 
semiconductors are members of the large group of Ru(I1) diimine complexes having 
metal-to-ligand charge transfer (MLCT) transitions. The complexes make good 
sensitizers because they absorb well throughout the visible, their excited states are stable 
to decomposition, they inject with high efficiencies (the excited state redox potentials are 
suitable for charge injection), and the one electron oxidized complexes are generally 
stable on the time scale necessary for regeneration of the sensitizer. Our efforts have been 
focused on developing light harvesting arrays of polymetallic complex sensitizers based 
on ensembles of Ru(I1) diimine chromophores. In addition to the criteria stated above, the 
arrays must exhibit efficient energy migration between independent chromophores. 

linked bimetallic donor-acceptor systems. Previous studies in our group and others have 
served to provide information on the free energy dependence of energy transfer in 
bimetallic transition metal complexes. In addition, the approximate magnitude of the 
electronic coupling matrix element was determined for energy transfer in bimetallic 
complexes having bis-diimine bridging ligands with varying degrees of unsaturation in 
the covalent link between the two diimines. More recently we have examined the 
distance dependence of energy transfer in the polyphenylene bridged bimetallic 
complexes 1 - 3 (below). Based on the relative ease of ligand reduction in the complexes, 
the lowest energy MLCT transition in each Ru(I1) metal center is directed toward the 
bridging ligand (7c*). The energy gap for energy transfer in these complexes can be 
determined using results from Franck-Condon analysis of luminescence spectra of the 
closely related donor-donor and acceptor-acceptor complexes; for each complex the 
energy gap is approximately 900 cm-I. Energy transfer occurs with virtually 100 % 
efficiency for complex 1 over a wide temperature range (20 K to room temperature) and 
is very efficient for all three complexes at room temperature. Rate constants were 
obtained by transient absorbance using sub-ps excitation ( in collaboration with S. 
Atherton; Center for Photoinduced Charge Transport, Univ. Rochester) and were found to 

Over the past few years we have examined energy migration process in rigidly 
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1 1  -1 10 -1 10 -1 be 1 x 10 s , 2.6 x 10 s and 1.7 x 10 s for complexes 1-3, respectively. The 
distance dependence obtained with these measurements serves two purposes. 

Donor * Acceptor 
3 3  

First, it serves to establish that the energy transfer occurs via electron exchange rather 
than coulomb interaction and the magnitude of the exponential falloff in the rate constant 
( hn = +n,O exp(-p(r-r,) ) with increasing separation of the donor and acceptor is small, p 
= 0.2 A- . Sauvage and coworkers found a distance dependence of around 0.5 A-1 for 
energy transfer in a closely related series in which the MLCT transition is directed away 
from the bridge for both the donor and acceptor chromophores. We plan to examine 
photoinduced electron transfer and hole transfer processes in these complexes as well as 
intervalence transfer absorption in mixed valence symmetric bimetallic complexes. 
Ideally, results from these experiments could be used to evaluate the relationship between 
the distance dependence of electron transfer, hole transfer, intervalence transfer and 
exchange energy transfer. 

We have also examined exchange energy transfer in complexes 4 and 5 . The 
complexes have an aromatic hydrocarbon (pyrene) acceptor covalently linked to a Ru(I1) 
diimine complex donor by a single bond. Since the orientation of the pyrene 
chromophore is fixed for complex 4, this pair provided the opportunity to explore the 
effect of orientation on the rate constant for energy transfer between the 3MLCT state of 
the Ru(I1) complex and the 3(7r n*) state of the pyrene. Very unusual photophysical 
behavior is observed for both complexes. Energy transfer is reversible in both complexes 

and is slow relative to relaxation of the 3MLCT state. Both complexes exhibit double 
exponential decays of the 3MLCT state luminescence. Complex 5 has a long decay 
component of over 50 ps in deaerated room temperature CH,CN solutions. 
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CHEMICAL AND PHOTOPHYSICAL BEHAVIOR OF COORDINATION COMPLEXES 
BASED ON PLATINUM@), RHENIUM(1) AND RUT€IENIUM(II) 

D. Paul Rillema, G. Y. Zheng, Y. Wang and R. Lopez 

Department of Chemistry 
Wichita State University 
Wichita, KS 67260-005 1 

The fkndamental chemical and photophysical behavior of platinum(II), rhenium(1) and 
ruthenium@) containing both chromophoric and spectator ligands have been under investigation. 
Many of the unique discoveries and proposed hture directions have been related to the types of 
ligands coordinated to the metal centers. 

The photophysical properties of a series of square planar Pt(I1) complexes containing 
aromatic C T ,  CAN and NAN' and either bis(diphenylphosphin0)-alkane or carbonyl ligands have 
been investigated. Direct access to the triplet emitting state from the ground state is observed and 

the extinction coefficients for such transitions are in the range 4 - 25 M-' cm-'. Emission 
quantum yields resulting from singlet-to-triplet excitation are as high as 61 - 77 times the 
emission quantum yields resulting from singlet-to-singlet excitation at 296 K. The intersystem 
crossing quantum yield from the singlet excited state to the triplet emitting state is lower than 2% 
at 296 K, but is greatly enhanced at 77 K. Longer lived excited states in solution at room 
temperature are observed for C T '  and NAN' systems indicating symmetry is an important feature 
for dictating the photophysics of these complexes. 
of a Pt@) complex based on 7,8-benzoquinoline 
and various bis(dipheny1-phosphino)alkane 
ligands revealed that the emission lifetimes at 77 
K in a rigid glassy matrix increased as the alkyl 
group increased in size from methyl to ethyl to 
propyl and could be related to the P-Pt-P bite 
angle which increased from 72.1(5>0 to 84.5(2)' 
to 91.57(10)', respectively. Advantage of this 
knowledge was then taken to synthesize the 
donor-acceptor complex shown on the right 
where separation of charge could be achieved. 
Indeed emission from the complex is quenched in 
solution at room temperature indicating that 
upon optical excitation, the hole vacated by 
transfer of the electron from Pt(I1) to the bph 
ligand is filled by the ferrocene unit attached to 
the Pt(II) via the diphosphine linkage. 
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One of the more intriguing compounds examined was Pt(bph)(C0)2. Solutions containing 
it are thermochromic converting from red to yellow to blue and finally to clear at room 
temperature. At the two extremes between room temperature in solution and as a solid where the 
Pt centers stack and exhibit simiconductor characteristics, the complex appears to undergo 
formation of various aggregates resulting in emission and excitation at various energies throughout 
the visible and uv regions of the spectrum. 

Ruthenium(I1) complexes based on phenanthroline ligand derivatives have resulted in a 
variety of unique observations and a new direction in research. Ruthenium(I1) acts as a switch in 
controlling the chemical and physical behavior of 4,5-diazafluoren-9-one. When coordinated to 
ruthenium(II), the ligand undergoes nucleophilic attack at the carbonyl carbon atom resulting in 
ring opening which converts the ligand into a bipyridine unit with substituents in the 3 position. 
The free ligand itself undergoes Schiff base condensation reactions with amines such as hydrazine 
resulting in formation of an azo bridged bis(diazaflur0ene) ligand. Upon coordination of Ru(I1) at 
both sites of the azo bridged ligand, the coordinated ligand itself undergoes two one electron 
reductions at -0.29 V and -0.52 V. Coulometric reduction of the complex by one electron gives 
rise to a ligand based intervalence electron transfer process where and infrared absorption band 
located at 820 nm has a half-width at half-maximum of 4,240 cm-1, which compares favorably to 
a theoretical value of 5,300 cm-l. The way in which phenanthroline based derivatives can be 
synthetically manipulated has been extended to the design of ligand systems shown below. 4.' N 0  I 

\ 

X = CH,, CH3Br, NO,, NH, 

N' N> -" 

"pyrroles " " di cy ani de" 

'I Phenazine 'I 

Plans are to utilize the "phenazines" in molecular arrays, the ''pyrroles'' for the synthesis of 
porphyrins and the dicyanide compound to prepare phthalocyanines. 

Rhenium(1) studies have centered on examining the photophysical properties of 2- 
pyridylpyrimidine complexes and the extention of these ligands to new systems. By taking 
advantage of the reactivity of the central carbon atom in diethylmalonate (a reactant in the 
synthesis), new ligands shown below have been 

PY-PYPrn PY Pm-PmPY 

synthesized. Advantage of the fact that the py-pypm ligand has nonequivalent coordination 
sites has been taken to prepare [(phen)Re(CO)3py-pypmRe(C0)3py]2+ which transfers energy 
from the "(phen)Re(CO)py-" fragment to the (-pypmRe-(C0)3py)" unit. 
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EXCITED STATES OF BINUCLEAR COMPLEXES OF RHODIUM(X), 
rnIuM(I),PLATINuM(II), AND GOLD@) 

G. A. Crosby 

Department of Chemistry and Materials Sciences Program 
Washington State University 
PU~~ITUXI, WA 99164-4630 

Because of their potential as photosensitizers we have investigated the excited states of 
series of binuclear metal complexes. Both homo- and hetero-nuclear bridged complexes 
of d 8 8  -d and d8-dI0 configurations were subjected to thorough spectroscopic 
investigations, including T-dependent measurements of the luminescence decay times 
(77-4 K) and the effect of an external magnetic field (0-5 T) on the excited state 
lifetimes. Relative polarization measurements on the emitting bands were also carried 
out. Spectral information on [Pt(II)(CN)2Rh(I)(!BuNC)2(p-dppm)2][PF6], Pt2(CN)4(p- 

[A~(I)1r(I)Cl(CO)(p-dppm)~] [PF6] [p-dppm = bis(diphenylphosphino)methane] was 
obtained. Similar investigations were also carried out on a series of platinum(I1) @,a'- 
diimine) compounds and an orthometallated species that are known to form dimers or 
linear chains in the solid state. The studies were also extended to Pt(II)(a,a'- 
diimine)(ecda) molecules [ecda = 1 -ethoxycarbonyl- 1 '-cyanoethylene-2,2'-dithio- 
acrylato] that are luminescent in fluid solution and in the solid state as well. 

dppm)2, [Au(I)Pt(II)(CN)2(p-dppm)2] [pF61 [Au(I)Rh(I)(!BuNC)2(p-dppm)21 [pF61, and 

Although the molecular symmetries of the systems vary, all the spectroscopic data can be 
rationalized in terms of an isolated ndz2 3 n'pz promotion leading to a singlet 
(fluorescing) state and triplet (phosphorescing) manifold, the latter split into two levels 
(10-90 cm-1)viu spin-orbit coupling. The lower level is forbidden; the upper level is 
quasi-degenerate and (x,y) allowed. 

All these data, complemented by results obtained from other analogous complexes, can 
be correlated by an electronic model that allows assignments of the symmetries of the 
lowest singlet state and triplet sublevels in D4, for homonuclear species containing four 
identical ligands, in D2, for homonuclear bi-bridged species with symmetrical 
nonbridging ligands, and in C2, for heteronuclear p-dppm bi-bridged complexes of 
diverse symmetries. Moreover, our results strongly support the concept of an excited 
configuration in which both the HOMO and the LUMO are essentially localized between 
the metal centers conferring an electronic symmetry to the excited configuration that is 
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aptly described as a system with full rotational symmetry about the axis of the metal- 
metal bond. 

The electronic model described above for bridged binuclear complexes can be extended 
to interpret the spectra of P t (b~y)(cN)~,  Pt(bpy)Cl,, and Pt(2-ph~y)~.  The latter 
molecule forms discrete dimers in the solid state and the lowest triplet state mimics the 
behavior of the binuclear species described above. Pt(bpy)(CN), and Pt(bpy)C12 form 
linear chains, but the lowest triplet manifold can be described as a dimeric unit formed 
from a trapped exciton. Within the precision of our measurements the systems display 
full rotational electronic symmetry about the metal-metal axis. 

At 4 K these molecules display a quadratic dependence of the phosphorescence decay 
time on the strength of an externally applied magnetic field. Second-order mixing of the 
lower (emitting) level with the pair of sublevels lying nearby adequately accounts for 
the quadratic dependence. The slope of the lines relating the decay times to the applied 
magnetic field contain information that allows one to determine from experiment the 
direction of the electronic charge redistribution that occurs upon excitation of 
heteronuclear species. 
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PHOTOINDUCED ELECTRON AND ENERGY TRANSFER 
REACTIONS IN LAMELLAR ASSEMBLIES 

Thomas E. Mallouk, David M. Kaschak, Geoffrey B. Saupe, Stacy A. Johnson, and Yong 
Han, Department of Chemistry, Pennsylvania State University, University Park, PA 16802 

We have developed a new technique for gowing photoactive thin films, which contain 
monolayers of light absorbing and redox-active polycations interleaved by 10-20 A thick 
polyanion sheets. The polyanions are derived from unilamellar suspensions of insulators, such 
as u-Zr(HPO4)2.H2O, and wide-bandgap oxide semiconductors, such as alkali titanates and 
niobates. This method provides a convenient route to multicomponent artificial photosynthetic 
systems that perform both energy and electron transfer reactions. Because the assembly 
process is a set of serial operations, analogous to a Merrifield resin synthesis, it should in 
principle be possible to make very complex energy/electron transfer cascades which utilize the 
solar spectrum efficiently and produce long-lived charge separated states. The method is 
equally effective for making thin films on planar supports, which we have studied by emission 
spectroscopy, and "onion"-type structures on high surface area supports, which are amenable 
to study by transient absorbance techniques. 

f Electron 
Transfer 

f 
Energy \ 
Transfer f 

I '  Inorganic Layer 

Silica Inorganic 
Layer 

0 z r  

O O  
Inorganic Layer = O P  

We have now characterized these lamellar assemblies by techniques (ellipsometry, x-ray 
diffraction, X P S )  that provide structural information averaged over macroscopic areas. These 
studies are complemented by microscopic techniques (AFM and E M ) ,  which show the tiling 
of the inorganic layers, and by "spectroscopic ruler" experiments that determine the level of 
interpentration between sequentially grown polymer layers. Using fluorescein- and 
rhodamine-tagged cationic polymers, we have established that sequentially grown monolayers 
do not interpenetrate significantly. This finding is an important prerequisite to the construction 
of photoredox assemblies, in which mixing of donor and acceptor layers must be avoided. 
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A combined energy/electron transfer cascade, shown schematically in the figure above, 
was grown on planar supports from three photoactive components (coumarin- and fluorescein- 
containing polycations, and Pd tetrakis(4-trimethylaminophenyl)porphyrin), and a 
poly(vio1ogen) electron acceptor. Sequential interlayer energy transfer reactions (coumarin --> 
fluorescein --> porphyrin) occur with an overall quantum yield of 0.6. The quantum yield for 
oxidative quenching of the porphyrin triplet state by the viologen polymer is again relatively 
low (0.3-0.4) because of the weak driving force and 10 8, separation of layers. We are 
currently preparing stacking sequences in which the photoactive components are mixed to 
create a "black absorber" layer, with flanking electron donor and acceptor layers. 

Photoredox "onions" containing polymers derived from methylviologen, ruthenium 
tris(bipyridyl), and electron donor components undergo rapid (< 50 ns) charge separation via a 
reductive quenching pathway, and form a charge-separated state with a lifetime of tens of 
microseconds. Interestingly, oxidative quenching does not occur because of the weak driving 
force (250 mV) of the reaction and the 10 A separation of the redox polymer layers by an 
insulating zirconium phosphate layer. We are currently studying photoinduced charge 
separation in analogous systems containing semiconducting inorganic sheets, e.g., 
[TiNb05],"-, which can play an active role in the charge separation process. Photoredox 
bilayers of ruthenium ms(bipyridy1) polymers and cytochrome c on planar electrodes are also 
being studied in collaboration with Joshua Goodman (University of Rochester) and %ran 
Popovic (Kodak). An applied DC electric field allows one to modulate the thermodynamic 
driving force of the reaction and adjust the position of the reaction continuously on the Marcus 
curve. 

In related experiments, done in collaboration with Russell Schmehl and his group, 
[TiNbOj],"- and poly(styrene sulfonate) monolayers have been used to enhance the efficiency 
of internally platinized &-xHxNb6017 sensitized by a phosphonated Ru(bpy)3*+ sensitizer 
(1). At low conversion, this composite photocatalyst decomposes HI to H2 and 13- with 3% 

quantum efficiency in visible light at pH c 4. In terms of 
interfacial electron transfer reactions, this photocatalyst 
resembles a Gratzel-type photoelectrochemical cell. The 
difference is that there is no bias applied to the semiconductor, 
and photoinjected electrons are converted to H2 instead of being 
used to drive a resistive load. This system also represents a first 
step towards a catalyst for water photolysis; however the "holes" 
are used to drive a reaction that is much less demanding 

1 2+ 

-OH thermodynamically than water oxidation. 
n +OH 1 
U 

The same photosensitizer stabilizes 5-10 nm iridium oxide 
colloids through strong interaction of the colloid with the phosphonate group. The derivatized 
colloids are excellent photocatalysts for water oxidation in persulfate solutions at low pH. 
Flash photolysis and steady-state luminescence experiments establish an oxidative quenching 
mechanism. In the absence of persulfate, there is essentially no quenching of the sensitizer 
luminescence. Currently, we are attempting to combine these derivatized colloids with 
platinized niobate and titanoniobate layers in order to make composite catalysts for visible light 
water photolysis. 
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PHOTOCHEMICAL CHARGE SEPARATION USING ZEOLITIC HOSTS 

Norma Castagnola, Marcello Vitale, Samar Das, Prabir Dutta 

Department of Chemistry 
The Ohio State University 

Columbus, Ohio 432 10- 1 1 85 

The objective of this research program is to exploit the architecture of zeolites to obtain 
long-lived photochemical charge separation. In addition, the use of the photochemically 
generated redox species in carrying out the conversion of water to oxygen and hydrogen is of 
interest. 

surrounded by ion-exchanged viologens (V”). These zeolite crystallites (z) are suspended in a 
solution (s) of a neutral viologen, propyl viologen sulfonate (PVS). Upon photoexcitation, the 
following chemistry occurs: 

Our strategy is built around a zeolite encapsulated sensitizer, Ru(bpy),2’, which is 

Scheme 1 

kf , 
kb , ( R 4  bpy)?. . . V2’ IZ 

The charge separated inside the zeolite is transferred out by interfacial zeolite-solution electron 
transfer. In order to increase the efficiency of the charge separation process, various strategies 
are being examined. 

(A) Violo2en Loading: Principally, one needs to decrease the intrazeolitic back electron transfer 
between the Ru(bpy);’ and V’ (reaction 3 ) .  First, a method to monitor the rate of the back 
electron transfer is necessary. This is done via time-resolved difise reflectance (TRDR) and 
monitoring the decay of the V’ radical with nsec resolution. These data show a dramatic 
dependence of the lifetime of the intrazeolitic viologen radical on the viologen loading. At low 
loading levels of 1 V2’ per 15 supercages, the decay is represented well by a first order 
monoexponential decay with lifetimes of the order of 500 nsec. However, as the loading level of 
the viologen is increased to saturation loading levels of 2 V” per supercage, the decay is no 
longer represented by a single exponential. Moreover, as seen from the figure below for 
methylviologen (MY”),  the rate of Mv” radical decay diminishes with higher loadings. At times 
beyond 10 psec the decay is well represented by a second order process. Our interpretation for 
this data is that at high viologen loadings, self exchange of the electron between the closely 
packed viologen molecules is competitive with back electron transfer, providing a mechanism for 
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charge separation. Once the electron “diffuses” away from the Ru(bpy),”, then the recombination 
takes place by a slower second order process. 
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(B)Viologens of Differing Reduction Potential:. In order to maximize the charge separated 
species, we have investigated a series of 6 viologens with reduction potentials varying from -0.78 
to -0.37 V. The TRDR of these series of viologens has been examined and the data for all of 
these viologens show the same trend as with MV2’, i.e. at low loading there is rapid decay of the 
photogenerated viologen, whereas at higher loadings a significant fraction of the viologen is long- 
lived. Modeling of the data is in progress to represent these data in terms of a cage-escape yield. 

(C)Nanocrystalline Zeolites: It was reasoned that if the zeolite crystallites were made smaller, 
then the possibility of intercepting the diffusing charge via reaction (4) would be enhanced. This 
would move the charge into solution, resulting in permanent charge transfer. Considerable effort 
was spent over the past few years in developing strategies for synthesis of nanocrystalline zeolites. 
We were successfbl in making -13 nm zeolite X, but the thermal stability of these crystallites are 
limited, leading to partial structural collapse, and the inability of the zeolite to pack viologen 
molecules efficiently. Thus, charge separation yields following scheme 1 approach the large, 
conventional micron sized crystallites. More recently, we have focused on larger 100 nm 
crystallites of zeolite Y which are thermally more stable. Photochemical charge separation with 
these crystallites is in progress. 

(DIFate of Ru(b~y)~3’ : In scheme 1 , reaction (4) leaves behind Ru(bpy),3’, which needs to be 
reduced to Ru(bpy),” in order for the photochemical cycle to continue. We have reported on the 
reaction of Ru(bpy);’ with H,O in the dark. Presently, we are working on this chemistry in the 
presence of visible light. We find that the return to Ru” is complete in - 40 minutes, as compared 
to over 17 hours in the dark. By a combination of EPR, difise reflectance and chemical 
methods, we are elucidating the mechanism of this reaction. 
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CONSTRUCTION AND PHOTOPHYSICAL CHARACTERIZATION OF 
ZEOLITE-BASED ORGANIZED MOLECULAR ASSEMBLIES 

James R. Kincaid and Milan Sykora 

Chemistry Department 
Marquette University 

Milwaukee, WI 53233 

There is continuing interest in the utilization of zeolitic materials as an organizational 
medium for construction of multicomponent phototredox assemblies. Seminal work by Dutta 
and coworkers, employing Y-zeolite loaded with Ru(bpy):+ and saturating amounts of a 
suitable acceptor (eg., diquat), clearly documented long term net charge separation in such 
systems. However, relatively modest photochemical quantum yields were observed which 
reflect the combined inefficiencies of several key steps in the overall cycle, one of the most 
important being the propensity for the initial charge-separated pair (eg., RU(~PY)?+@DQ+*) to 
undergo a back-electron transfer (BET) reaction. 

Recognizing the possibility that the availability of zeolite-entrapped synthetic analogues 
of Ru(bpy):' facilitate a route to the construction of more organizationally elaborate systems, 
attention in our laboratory over the past several years has been focussed on developing the 
necessary synthetic methods to obtain zeolite-entrapped sensitizer:donor dyads. Briefly, a 
zeolite loaded with, for example, Ru(bp~)Z(bpz)~+ (where bpz is 2,2'-bipyrazine), is treated 
with a solution of (H20)Ru(NH3),2+, whereupon a -Ru(NH3):+ fragment is attached to one of 
the peripheral nitrogens of the coordinated bipyrazine to form (zeolite entrapped) Z- 
R~(bpy)~(bp~-Ru(NH~)s4+). This material, when treated with an excess of, for example, 5- 
methyl-2,2'-bipyridine(mmb), yields a zeolite which contains dyad units, wherein two 
complexes are entrapped in neighboring supercages; ie., Z-R~(bpy)~(bpz)~+@Ru(mmb)?+ 

Resonance Raman and diffuse reflectance spectroscopic measurements confirm the 
integrity of these materials in terms of the relative amounts of each component and the absence 
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of impurities or degradation products. Clear evidence is obtained for a strong interaction 
between the adjacent cage dyad components which leads to dramatic effects on the emission 
intensity and excited state decay curves. Such effects are documented by comparison and 
analysis of similar data acquired from an appropriate reference system comprised of a sample 
containing a mechanical mixture (MM) of individual zeolite-entrapped complexes; ie., Z- 
Ru( bpy)2( b p ~ ) ~ '  plus Z-Ru(mmb),2'. 
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Employing a "ternary" photoredox system, in which the initially produced charge (as 
DQ'.) is ultimately transferred to a solution phase (zeolite-excluded) viologen (PVS), the net- 
charge separation efficiency of these materials was shown to be substantially enhanced relative 
to that obtained for an appropriate reference system comprised of a mixture of the two simple 
zeolitic materials (MM). Thus, the improvement in photoredox efficiencies observed for the 
adjacent cage dyad assembly is directly attributable to the unique spatial arrangement of the dyad 
components. 

zeolite solution 
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CHEMICAL SYNTHESIS IN ZEOLITES USING LONG-WAVELENGTH LIGHT 

Heinz Frei 
Lawrence Berkeley National Laboratory, University of California 

Berkeley, CA 94720 

The objective of our research is to establish new concepts that would allow the use of long- 
wavelength visible and near-infrared light for the synthesis of important chemicals and fuels. This 
is motivated by the fact that the energy-rich part of the solar spectrum lies at long wavelengths. 
Over the past several years, we have explored visible light-induced reaction of hydrocarbon.02 
collisional complexes in zeolite matrices and established a new concept for the selective conversion 
of these abundant molecules to useful chemicals. A unique aspect of the method is the complete 
selectivity of the partial hydrocarbon oxidation even at high reactant conversion. Our most recent 
effort has focused on spectroscopic and mechanistic issues of these reactions. Understanding of 
the underlying reasons for the efficiency and very high selectivity will aid us in exploring other 
useful photochemistry in microporous solids, including photosynthesis of fuels. 

Hydrocarbon -t 0 2  Charge-Transfer Photochemistry 

High steady-state concentrations of collisional pairs of small alkenes, alkanes, or alkyl 
benzenes with 0 2  are formed when the gases are loaded into dehydrated zeolites at ambient 
temperature. Alkali or alkaline-earth exchanged, large-pore zeolites feature very high electrostatic 
fields in the vicinity of poorly shielded cations (zeolite type Y or L exchanged with Na+, K+, or 
Ba2+). Excited charge-transfer states of hydrocarbon.02 collisional pairs with their dipole 
oriented parallel to the field experience a very strong stabilization, resulting in a large red shift of 
the charge-transfer absorption from the UV into the visible region. Strength and onset of the 
absorption depend on the ionization potential of the hydrocarbon and the magnitude of the 
electrostatic field inside the zeolite cage, which is a function of cation. Excitation of these charge- 
transfer bands with visible light leads to selective oxidation of the hydrocarbon to an alkyl (alkenyl, 
benzyl) hydroperoxide. For hydroperoxides with an H at the alpha carbon, spontaneous 
dehydration yields the corresponding aldehyde or ketone without side reaction. All products are of 
commercial importance. This constitutes the first method for selective oxidation of low alkenes, 
alkanes, or benzenes by 0 2  at high conversion of the hydrocarbon. 

Transmission Spectroscopy and Photochemistry in Large Zeolite Crystals: Direct evidence 
for a visible hydrocarbon.02 charge-transfer absorption has been based thus far on diffuse 
reflectance spectra of the loaded zeolite pellet. Pressed pellets of conventional zeolite crystallites 
(one micron particles) scatter visible light very strongly. Optical spectra are therefore heavily 
influenced by the wavelength dependence of the scattering coefficient. In order to obtain the true 
absorption profile of the hydrocarbon.02 contact charge-transfer band, transmission spectroscopy 
on non-scattering zeolites is required. We have succeeded in preparing transparent monolayers of 
large (40 micron) NaY crystals on a CaF2 support. Upon loading of the crystals with 2,3- 
dimethyl-2-butene and 0 2  gas, the UV-visible transmission spectrum of the collisional pairs was 
observed. The alkene002 absorption has a broad profile extending from 300 to 700 nm, with a 
shallow maximum between 400 and 500 nm. Photolysis with visible light conducted in these large 
crystals resulted in the same selective oxidation to alkene hydroperoxide observed previously with 
the highly scattering NaY pellets. The agreement of the spectroscopic results, observed 
photoproduct, and reaction quantum yield in the two optically very different zeolite forms adds 

52 



strong support to our assignment of the visible light-induced oxidation in terms of electrostatic 
field-mediated hydrocarbon.02 charge-transfer photochemistry. 

Time-Resolved FT-Infrared Spectroscopy of Alkene Photooxidation in Zeolites: We have 
recorded the time-resolved FT-infrared spectrum following initiation of 2,3-dimethyl-2-butene 
oxidation in NaY by a green msec Ar-ion laser pulse (rapid scan method). When keeping the 
zeolite matrix at 173 K, the growth of the alkene hydroperoxide product was complete within 300 
msec after the laser pulse. Because of the very low mobility of the reaction product at this low 
temperature, the less than 300 msec rise implies that the photochemical reaction takes place in any 
cage (majority cage) and is not limited to some minority sites. Since the single feature of the 
majority cage is the strong electrostatic field, this observation adds further support to the 
hydrocarbon.02 charge-transfer mechanism. Rapid scan studies of this reaction at higher 
temperature and in zeolites with different cations (Bay) or structure (zeolite KL and BaL) are 
discussed in a separate poster presentation. 

Selective Oxidation of Low Alkanes: Green or blue light-driven oxidation of propane and 
ethane in BaY or CaY to acetone or acetaldehyde, respectively, occurs with complete selectivity 
even at >50% conversion of the reactant. The dependence of photochemical yields on alkane 
ionization potential and cation for a series of alkanes and zeolites indicates that excitation of the 
hydrocarbon.02 charge-transfer state is responsible for these partial oxidations. In the case of 
cyclohexane in NaY and of propane in BaY or Cay, we have also observed dark thermal oxidation 
at temperatures above 50°C. Selectivity in terms of carbonyl products (cyclohexanone, acetone) is 
again 100% for temperatures not exceeding 80°C (cyclohexane) or 150°C (ethane in Bay). All 
observations point to charge transfer from alkane to 0 2  as the initial step. We attribute the lack of 
similar thermal reactivity of unsaturated hydrocarbons such as toluene or propylene to the fact that 
these molecules are fairly strongly attracted to the cations, especially the most poorly shielded 
ones. The diminished electrostatic fields are not large enough to promote thermal hydrocarbon- 
oxygen charge transfer in this case. 

Development of Nanosecond Step-Scan FT-Infrared Absorption Spectroscopy 

In order to establish a spectroscopic tool for elucidating reaction dynamics in microporous 
solids on the time-scale from nanoseconds to milliseconds, we have expanded the resolution of 
step-scan FT-infrared absorption spectroscopy to 20 nanoseconds, covering the spectral range 
5000-850 cm-I . Time-resolved infrared spectroscopy is an ideal method for mechanistic studies 
because these matrices are transparent above 1200 cm-l. The spectrometer used is a commercial 
instrument equipped with an 8 bit, 200 MHz transient digitizer. Crucial steps in the 
implementation of step-scan spectroscopy on the nanosecond time scale were the direct 
measurement of the change of the interferometric signal induced by the nanosecond photolysis 
pulse (AC-coupled detector output), and an amplification scheme that assured use of the full 
dynamic range of the digitizer. The phase was recorded during the step-scan run by 
simultaneously digitizing the DC output of the infrared detector. To demonstrate the feasibility of 
step-scan FT-IR spectroscopy in zeolites, we have recorded the infrared spectrum of a triplet 
excited quinone occluded in NaY on the nano and microsecond time scale. This is the first time- 
resolved infrared spectrum of a transient molecule in a zeolite. It opens up mechanistic studies of 
chemical reactions in zeolites and other molecular sieves, now in progress, that can be triggered by 
a nanosecond laser flash. Focus is on small radical intermediates, especially on how their fate is 
influenced by the physical and structural properties of the zeolite environment. Knowledge about 
radical dynamics in microporous solids will aid us in optimizing the yield and selectivity of desired 
products. 
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The difficulties encountered in designing high-performance artificial charge separation and 
electron transfer relays in photoactive dyads prompts an investigation of new chromophoric 
components. The chromophoric features of fullerenes in the UV-vis range and their outstanding 
electron acceptor properties, in the ground and also in the photoexcited state, inspired us to explore 
the role of GO in photosensitization processes and electron transfer reactions. 

The predominant absorption of the fullerene core in the current systems leads exclusively to 
formation of the fullerene’s excited singlet and triplet state. Based on their ease of reduction, with 
potentials in the range of +1.1 V vs SCE (singlet excited state) and +0.8 V vs SCE (triplet excited 
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state), photoinduced quenching via inter- or intramolecular electron transfer from ferrocene is 
energetically feasible. The lowest excited singlet state of ferrocene (2.46 eV) is higher than the 
lowest excited state of mono-functionalized fullerenes (1.76 - 1.79 eV) ruling out any undesired 
singlet energy transfer from the excited fullerene to the ferrocene moiety. Consequently 
fullerene/ferrocene-based supramolecular assemblies are a very promising approach for 
photosensitive donor-bridge-acceptor dyads and host-guest interaction. 

Cm is employed as a photosensitizer and simultaneously as an electron acceptor unit in a 
family of dyads consisting of an electron donor unit (ferrocene) covalently attached to a fullerene 
core. Manipulation of the dyad’s structure and geometry enables control of initial charge 
separation, suppression of charge recombination and stabilization of the generated species. Thus, a 
systematic variation of the length and the nature of the spacer between the donor site (ferrocene) 
and acceptor site (fullerene) in a series of fullerene/ferrocene based donor-bridge-acceptor dyads 
has been carried out to determine distance-controlled, time-resolved dynamics of electron and 
energy transfer processes. 

The fluorescence of the investigated dyads, which is a sensitive marker of the fullerene’s 
excited singlet state emission, is reported as a function of the relative distance between the donor 
site (ferrocene) and acceptor site (fullerene) and the dielectric constant of the medium. The 
quenching efficiency, relative to N-methylfulleropyrrolidine which lacks both spacer and donor 
correlates well with the length of the spacer, Le., increasing fluorescence intensity is observed with 
increasing spacer length. This is indicative of intramolecular quenching of the fullerene’s excited 
singlet state. Picosecond-resolved photolysis in various solvents shows the immediate formation 
of the fullerene’s excited singlet state which undergoes rapid intramolecular quenching, with rate 
constants of 3.4 x 109 s-1(4) and 2.3 x 109 s-1 (6) in toluene. 



4 6 
Complementary nanosecond-resolved photolysis of flexibly spaced dyads in degassed 

benzonitrile reveals long-lived charge-separated states with half-lives on the order of 2 ps. The 
electron transfer process is confirmed by monitoring the characteristic fullerene radical-anion band 
at A,,, = 1055 nm. The nature of the spacer between GO and ferrocene, weak electronic ground 
state interactions, steady-state fluorescence and picosecond-resolved photolysis all suggest two 
different quenching mechanisms: through-bond electron transfer for rigidly spaced dyads, and 
formation of a transient intramolecular exciplex for flexibly spaced dyads. 

A different approach to link the chromophoric (fullerene) and redox-active (ferrocene) I 
moieties focuses on the intermolecular interaction via self-assembly. a-Aminoisobutyric (aib) is a 
C-tetrasubstituted amino acid that strongly favors a helical structure in aprotic solvents, while in 
hexafluoroisopropanol (HFIP) no support for a helical conformation is observed. The inter- 
ferrocene distance in the amino acid sequence tyr-aib-aib;gly-aib-aib-tyr (the ferrocene centers are 
covalently linked to the try unit) is estimated to be 12 A, suitable to accommodate a single c 6 0  
molecule. Photophysical evidence will be presented that confirm the successful incorporation of a 
fullerene moiety into ferrocene-containing aib-aib-gly-aib-aib peptides. Rapid and nonlinear 
quenching (as a function of the ferrocene-peptide concentration) of the fullerene’s excited singlet 
state in CHzClz suggests very strong intermolecular interaction between the two components. In 
contrast, in a solvent that destroys the helical structure of the peptide, such as HFIP, there is much 
weaker and linear quenching of the fullerene’s excited triplet state. 
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Model systems designed to mimic photosynthetic charge separation often utilize 
a series of electron donors and acceptors covalently linked by means of organic spacer 
molecules. The rates and efficiencies of multi-step charge separation processes in these 
molecules depend critically on the electronic properties of the spacers. We recently 
demonstrated that the key radical pair dynamics of photosynthetic reaction centers can 
be modeled using a series of rod-like donor-acceptor molecules based on 
aminoarylimide donors and aryldiimide acceptors (I and 2, X=H). These donors and 
acceptors are chemically robust, their radical ions exhibit distinct spectroscopic 
signatures, and they can be used in a building block approach to generate extended 
donor-acceptor arrays for charge separation over long distances. 

We have developed new compounds using these building blocks that probe the 
role of spacer electronic properties and molecular orbital symmetry in promoting ultrafast 
charge separation and slow charge recombination. We are especially interested in the 
structural and electronic features of the spacers that that lead to the exchange 
interaction in the radical pair product being approximately zero in 2. Molecule 2 is the 
only model system to date that exhibits the full range of radical pair and triplet state 
dynamics characteristic of photosynthetic charge separation. In these molecules a 4- 
amino-naphthalenimide (ANI) chromophore functions as the photoreceptor. The lowest 
excited singlet state of this molecule is a charge transfer state that can readily donate or 
accept an electron. In series 1 and 3 the photoexcited ANI molecule donates an electron 
to the naphthalenediimide (NI) acceptor. We find that the mechanism of this electron 
transfer, and therefore its rate and efficiency, depend critically on the orbital energies 
and orientation of the aromatic spacer molecule that separates ANI and NI. The orbital 
energies are varied by placing substituents on the spacer, series I, while the orientation 
of the spacer is probed with compounds in series 3. We find that the methoxy 
substituted spacer exhibits an unprecedented double electron transfer that results in 
formation of the spacer cation and the NI anion. Rotation of the substituted spacer group 
in series 3 by 60" results in a decrease in the influence of this group on the rates of both 
charge separation and recombination. These changes in rate constants are consistent 
with the participation of the substituted spacer in the double electron transfer process. 
This unusual electron transfer process was originally proposed as a possible mechanism 
for charge separation in bacterial reaction centers, but has not been previously 
demonstrated in any system. 

Photoexcitation of the triad molecules, series 2, results in reduction of '*ANI by 
the adjacent 4-methoxyaniline (MA) yielding MA'-ANI--NI. A secondary thermal electron 
transfer yields MA+-ANI-NI-. While the rates of photoinduced charge separation and 
recombination in the dyads were found to depend significantly on the nature of the 
electronic structure of the spacer group, the rates of the charge shift reactions in the 
triads were found to be much less dependent. 
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Molecule 4 uses molecular architecture to control both through-bond and 
through-space electronic coupling to overcome the limitations to long-lived charge 
separation in non-polar media imposed by the positive coulombic free energy change 
that occurs when opposite charges are separated. The geometric arrangement of the 
donor and acceptors in 4 makes use of differential electronic coupling between these 
electron carriers. In 4 the pyromellitimide (PI) primary acceptor is at approximately the 
same distance from the ANI donor as is the secondary acceptor NI. However, PI is 
directly linked to ANI, whereas NI cannot be reduced by ''ANI through space. In 
addition, electron transfer from PI- to NI occurs through-space because of direct orbital 
overlap between them. The resulting ANI'-PI-NI- ion pair is long-lived as a consequence 
of the back electron transfer being both significantly uphill energetically, and both the 
through-bond and through-space pathways for charge recombination having very small 
electronic couplings. 

X = H, CI, OCH3 
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MOLECULAR RECOGNITION AND CHARGE TRANSFER ACROSS 
HYDROGEN BONDING NETWORKS 

Tarek Ghaddar, Yeung-gyo K. Shin and SteDhan S. Isied 

Department of Chemistry, Rutgers, the State University of New Jersey, 
Piscataway, NJ 08855 

The design of synthetic guest and host molecules which undergo molecular 
recognition using weak noncovalent interactions is an emerging field with many 
potential applications. Molecules with molecular hydrogen-bonding recognition sites 
as their primary charge-transfer pathway are important for understanding the role 
of the electronic structure of peptides in controlling charge transport processes, 
especially those occurring in weakly polar protein interfacial environments. 

We have earlier demonstrated the presence of eficient long-range electron- 
transfer pathways in conformationally rigid peptides which are covalently linked to 
metal ion donors and acceptors. In extending these studies to noncovalently linked 
donors and acceptors, we selected ruthenium(I1) polypyridine barbituric acid 
derivatives as model guest molecules with H-bonding molecular recognition 
properties for specific complementary host molecules. Pervious studies have used 
alkylated barbituric acid guests and 2,6-diaminopyridine amide hosts for H-bonding 
recognition with limited success. In the new systems shown in figure 1, we selected 
a subclass of barbituric acids capable of undergoing keto-enol equilibria. Such 
barbituric acid molecules can exists in the keto, enol and enolate forms (figure 2) and 
provide much stronger H-bonding network with complimentary 2,6-diaminopyridine 
amide hosts (figure 1). 

Several types of guest-host molecules shown in figure 1 were synthesized and 
studied for their binding and molecular recognition using NMR and fluorescence 

O Y N H  H N Y O  

Figure 1. Structure of Host and Guest Figure 2. Keto-enol equilibria in 
molecules. Barbituric acid derivatives. 
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techniques. In chlorinated solvents, these guest and host molecules show strong 1:l 
association. Significant shift in the NMR of the amide protons of the guest and host 
are observed upon association. Binding constants ranging from 105 to 109 M-1 
were measured when the guest molecule is titrated with the host. The association 
constant is governed by steric and electronic effect on both the host and guest. In 
some cases, strong association between the guest and host molecules can be 
observed even in solvents with high donor numbers such as acetonitrile and 
dimethylsulfoxide. 

Energy transfer from the host to the guest is observed as an increase in the 
fluorescence intensity of the RuII(bpy)~ derivative upon titration with host. 
Correspondence between the binding constant and the increase in fluorescence 
intensity of the RuII(bpy)~ guest is observed. The excited state lifetime of the 
RuII(bpy)~ guest remains constant before and after the addition of one equivalent of 
the host molecule. 

The reaction of OsII(bpy)2Cl2 with the host produced a new molecule where 
the OsII(bpy)2C1 moiety is directly bound to the pyridine nitrogen of the 3,5- 
dicarboxypyridine group of the host. The titration of this new OsII(bpy)2C1 host with 
the RuII(bpy)g guest results in strong binding similar to  those observed for the 
RuII(bpy)~ guest-host molecule. In contrast to  the RuII(bpy)~ guest-host molecule, 
where energy transfer from the host to the guest is observed, the direction of energy 
transfer in the RuII-0~11 guest-host molecule is from the RuII(bpy)g guest to  the 
OsII(bpy)gCl host. Accordingly, the fluorescence of the RuII(bpy)~ guest is 
significantly quenched in this binuclear RuII-OsII guest-host molecule. 

Oxidation of the OsII(bpy)2C1 host with bromine in ethanol results in the 
isolation of the OsIII(bpy)2Cl host. The titration of the RuII(bpy)~ guest with the 
OsIII(bpy)ZCl host results in strong binding and the fluorescence of the RuII(bpy)~ 
guest in this binuclear molecule is again quenched. Attempts to  assign this 
quenching to energy and electron transfer using real time emission and absorbance 
techniques is currently underway. 

Finally, the use of these H-bonded hosts as an alternative method to enhance 
the absorption and emission properties of different RuII(bpy)~ derivatives will be 
discussed. 
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FEMTOSECOND RESOLVED EXPERIMENTS ON 
THE SOLVATED ELECTRON IN WATER AND 
ALCOHOLS AND ULTRAFAST EXPERIMENTS 

BETWEEN METALLOINTERCALATORS 
ON DNA-MEDIATED ELECTRON TRANSFER 

P.F. Barbara, C. Silva, P.K. Walhout, K. Yokoyama, E.J.C. Olson and D. Hu 

Department of Chemistry 
University of Minnesota 
207 Pleasant Street SE 

Minneapolis, MN 55455 

The major focus of our research on the hydrated electron has been the early time (~300 fs) 
dynamics of the pump-probe spectroscopy of the near-IR absorption band. We have made 
the first measurements of these dynamics, which are critical in evaluating theoretical 
predictions on the solvated electron. The experimental results (Figure 1) clearly show 
ultrafast relaxation dynamics that can be assigned to the inertial response of the solvent 
(H20) molecules. We have observed for the first time a measurable deuterium isotope 
effect (15%) on the fastest components of the data. An isotope effect on the inertial 
component of the solvent response suggests that librational motions are involved in the 
dynamics. In contrast, no observable isotope effect is present in the slower dynamics 
which are assigned to the time scale associated with the radiationless transition to the 
ground state. These observations represent a critical confirmation of theoretical predictions 
and thereby strongly supports the general approach of theory and simulation in this field. A 
number of groups have been simulating our results on the solvated electron, including 
Rossky at Texas, Bratos and Borgis in France, and Nitzan and Rips in Israel. AU of these 
groups have indicated that our results on the early time dynamics will be critical in 
evaluation their models, and, in particular, obtaining physical insight into the nature of the 
molecular motions involved in the solvation dynamics. 

The new measurements on the hydrated electron are the culmination of the last year’s work 
in our laboratory. The first task was to construct a unique home-built femtosecond multi- 
pass Ti:sapphire laser with amplified 25 fs pulse widths that is coupled to a separate 
photolysis source to generate radicals such as the solvated electron. 

A second focus of our DOE-supported research this year has been the distance dependence 
of electron transfer kinetics in DNA environments. The distance dependence of electron 
transfer (ET) rates between donors and acceptors in a DNA environment has been an area 
of intense research and heated discoussion, especially with regard to the recent report of 
ultrafast ET over a separation > 40 A.+ Our work has focused on quantitative modeling of 
the photodynamics and gel electrophoresis/photocleavage experiments of the untethered 
DNA/metallointercalator system. Simulations are compared to previously published 
experimental results in order to quantitatively examine the possible involvement of long- 
range ET and donor/acceptor clustering in the DNA-mediated ET between 
metallointercalators. Comparison of the simulation results with a broad range of 
experimental data strongly indicate that a fairly typical distance dependence for ET (p  = 1 
A-1) coupled to donor/acceptor clustering is able to account for all features in the data and 
for related photocleavage studies. This casts significant doubt on the published reports 
from Barton on long-range electron transfer in DNA. 
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On a related topic we have made ultrafast measurements on the photoelectron donor, 
[R~(phen)~dppz]~+ (phen = 1 , 10-phenanthroline, dppz = dipyridophenazine) which has 
previously been observed to have an undetectably small quantum yield of 
photoluminescence in water but a moderate emission yield when bound to DNA. This so- 
called “light-switch” effect is a critical factor in the utility of these complexes as 
spectroscopic probes for DNA. Here we describe a detailed investigation of the 
photophysics of [R~(phen)~dppz]~+ in aqueous solution by time-resolved absorption and 
emission spectroscopies. The emission of the complex in water has been measured for the 
first time. A prompt initial emission, derived from a metal-to-ligand-charge-transfer 
(MLCT) excited state typical for polypyridyl-ruthenium complexes, is observed along with 
a delayed emission attributed to a novel MLCI’ species. The MLCI‘ interconversion is 
assigned to an intramolecular charge-transfer process that is induced by the polarity and 
proton donating ability of the solvent, not proton transfer as previously proposed. 

hews reports: see “Double Helix Does Chemistry at a Distance - But How?”, Science, 
March 7, 1997 and “DNA: Insulator or Wire?”, C&E News, February 24, 1997. 
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Figure 1. Pump-probe 
transients of the solvated 
electron in H,O and in D,O. 
The signal in H,O (data 
points) and D,O (solid line) 
is overlayed for comparison 
at 780 nm (A), 800 nm (C), 
and 820 nm (E). Gaussian- 

(broken lines) to the data for 
the solvated electron in H,O 
(B, D), and in D,O (F) 
probing at 780 nm are also 
shown. The instrument 
response (shown in panel 
B) was 35 fs (full width at 
half of the maximum). The 
residual from the fit for the 
solvated electron in H,O is 
shown above the figure. 
Constraining the Gaussian 
component to 25 fs, the time 
scale of inertial solvent 
dynamics obtained in recent 
molecular dynamics 
simulations, agrees poorly 
with the data (D). 
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THEORETICAL STUDIES OF LONG-RANGE ELECTRONIC COUPLING 

Larry A. Curtiss and John R. Miller 

Argonne National Laboratory 
Argonne, Illinois 60439 

Electronic coupling (V) with its exponential dependence on distance, V= V(0)e -j3r/2 , 
governs much of the distance and orientation dependence of long distance electron transfer 
(ET) rates. The idea that the material between the donor and acceptor has a major role in 
promoting the electronic coupling interaction is well-established. Experiments in our 
laboratories found the exponential attenuation parameter, 0, to be 1.2 A-1 through a rigid 
glass and slightly less than 1 .O A-1 in intramolecular ET when the donor and acceptor are 
attached to a spacer group through a connected series of bonds. Research by others has 
supported these values, although a few studies such as Barton’s work on DNA have indicated 
much smaller values. We are currently exploring methods to calculate electronic couplings in 
donor/acceptor systems and using them to help explain observed electron transfer rates such 
as the distance dependence. 

Theoretical methods that have been used to study electronic coupling include 
Koopmans’ theorem (KT), AHF (which is often called ASCF), AMP2, and direct calculation 
from charge localized diabatic states. Of these methods, KT has been most widely applied. 
It is the least computationally demanding and can sometimes supply better results than AHF 
due to a tendency for cancelation of errors from relaxation and correlation. The KT method 
has made the exciting prediction that hole transfer couplings are especially efficient (p - 0.4) 
for long hydrocarbon (trans alkyl) spacers. The KT method has also been used in calculations 
by Paddon-Row to predict that constructive interference can result in “superbridges” which 
enhance the coupling by orders of magnitude. If there are special principles that can 
selectively improve the efficency of long distance charge transfer processes, they could have 
great value in the design of molecular devices for energy storage. 

couplings in trans alkyls, CH2(CH2)n.2CH2, n = 4-16, including effects of correlation, 
electronic relaxation, and nuclear relaxation in ab initio molecular orbital calculations. 

In this project we have carried out a thorough investigation of hole and electron 

H H H H 

Inclusion of the correlation and relaxation effects leads to a stronger distance dependence for 
hole transfer (p - 0.6 - 0.7) suggesting that the KT results are suspect. The distance 
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dependence of couplings in anions is found to be strong (p - 0.7-0.8) from all methods of 
calculation. 

We have investigated the dependence of the p for hole transfer on the energy 
difference, B, between the donor/acceptor levels and the energies of the filled orbitals of the 
spacer in the trans alkyls. Based on a superexchange picture of coupling one would expect 
that smaller values of B will result in larger couplings and a more gradual decrease with 
distance (small p). We have tested the idea that the energy difference B influences the fall- 
off rate by changing the terminal donor/acceptor groups. When the chains are terminated by 
CH2 and NH2 group there is a small energy difference between the occupied levels and the 
donor/acceptor levels while for chains terminated by SiH2 and PH2 groups the gap is much 
larger. The results indicate that chains with a large gap have p values of around 0.8, while 
the chains with the small gap have small p values of 0.4. This suggests that for trans alkyls 
there is no special mechanism of coupling peculiar to cations, but that long range coupling 
(small p) can occur whenever donor/acceptor levels are close to spacer levels (small B). 

cyclohexane spacers. In this case the theoretical results can be compared with experimental 
couplings derived from ET rates in anions and cations having biphenyl and napthyl 
donor/acceptor groups. 

A second part of this project has focussed on electronic coupling through 

There are significant discrepancies between the calculated KT values and experimental 
values. When correlation effects are incorporated via perturbation theory the discrepancies 
become larger due to problems with spin-contamination. As an alternative method for 
including correlation effects we have examined the use of density functional methods. The 
density functional results are in reasonable agreement with experiment in most cases, 
although for some systems there are still discrepancies. 

electronic coupling in 1,4 cyclohexanes having fluorene donor groups with benzoquinone 
acceptor groups for which our experimental measurements have shown some unusual 
distance dependence. The other will be a computational study of the thermochemistry of 
possible NOx reactions in aqueous solution to complement radiolysis studies. 

Future plans include two new projects. One will use these methods to investigate the 
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MODELS FOR DONOWACCEPTOR COUPLING AND MEDIUM 

THEORETICAL AND COMPUTATIONAL STUDIES 
REORGANIZATION IN LONG-RANGE ELECTRON TRANSFER PROCESSES: 

Marshall D. Newton 

Chemistry Department 
Brookhaven National Laboratory 

Upton, NY 11973-5000 

The techniques for modern theoretical and computational chemistry play a 
valuable role in offering quantitative estimates and detailed mechanistic insight 
into the crucial factors controlling the kinetics of long-range electron transfer (et) 
processes. Of particular importance are the donor(D)/acceptor (A) coupling 
elements (HDA) and the solvent (or other medium) reorganization energy (Es). 
The goal of this program is to develop methods for evaluating HDA and Es in the 
broadest possible scope, providing access to  ground-state or photoinitiated et 
processes in complex chemical assemblies ("solute") in a wide range of media 
(from strongly polar to  weakly polar solvents). 

In designing the requisite methodology, account must be taken of a number 
of theoretical issues. While HDA and Es may in general be characterized entirely 
in terms of the relevant "free energy surfaces" for the system of interest, it is often 
useful to  introduce "charge-localizedt (or diabatic) states to  represent the reactant 
and product species. However useful such diabatic states may be, the fact that a 
unique formulation is not in general possible has led us to make detailed 
comparisons of alternative formulations. These comparisons primarily involve 
an "optical" approach (the Generalized Mulliken Hush (GMH) model), so 
designated because of its reliance on the elements of the dipole moment operator, 
and an approach similar to  that of Cederbaum and Domcke (the so-called block- 
diagonalization (BD) model), which deals directly with the Hamiltonian of the 
system. Detailed studies for a number of systems show that the GMH and BD 
models yield HDA values in good agreement. Treatment of solvation, including 
the net free energy change, AGO, as well as Es, requires detailed consideration of 
the relevant timescales of the medium response (as shown, for example by 
Chandler et al, and Hynes et all. In continuum models for dielectric response, 
the shape and spatial extent (effective radii, etc) of solute cavities must be 
formulated carefully and in a manner consistent with the above timescale issues. 
Use of cavities of realistic molecular shape (as well as proper treatment of 
dielectric boundary conditions) is important in providing reliable variation of Es 
with structure (e.g., donor/acceptor separation, rDA, and solute conformation). 
Along with the use of more traditional models, we have developed and 
implemented a self-consistent reaction field (SCRF) continuum model with the 
following characteristics: (1) molecular cavities of distinct spatial extent (as 
defined by the effective radii of the constituent atoms) for low-frequency (or 
orientational) medium response, which contributes to  both Es and AGO, and 
high-frequency response, which contributes only to AGO (the effective cavity for 
low-frequency response is developed explicitly as a joint property of the solute and 
solvent); and (2) response of the solvent polarizability to the "instantaneous" 
position of the "transferring" electron (in contrast to  the classical SCRF, in which 
all solvent modes respond to the smeared-out solute charge density. 
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Computational studies of HDA and Es (based either on ab initio or 
semiempirical electronic structure models) have been carried out for a number of 
intramolecular et processes which are of direct relevance to  systems of 
experimental interest, both in the context of homogenous and interfacial et. An 
example of the latter is the study of et mediated by saturated films at gold 
electrodes (work with S. Feldberg and J.F. Smalley, as reported in a poster 
presentation): GMH calculation of HDA shows a pronounced role for the intra- 
spacer conformational degrees of freedom in modulating the rDA dependence, 
yielding limiting values which appear to  bracket the experimentally observed 
results. In other studies, GMH evaluation of HDA has been applied to et in 
binuclear transition metal complexes (with C. M. Elliott), polyproline spacer 
systems (with S. Isied and J. Wishart), the cyclohexane-based systems studied by 
Closs and Miller both experimentally and theoretically, and photoinitiated et in 
the bacterial photosynthetic system (with M. C. Zerner), norbornane-based spacer 
systems (with R. J. Cave and M. B. Zimmt), and the benzene/chlorine atom 
system (studied experimentally by P. Barbara). Analysis of the calculated results 
has yielded detailed insights into the competing factors which contribute to overall 
HDA values, showing the roles of various bonded and non-bonded "pathways" in 
the coupling, including those involving solvent. 

The extended SCRF model described above was implemented by fitting the 
cavity parameters to  AGO data for ion solvation in a wide range of solvents and 
also to  the Closs-Miller Es value inferred from the kinetic data for their 
substituted androstane system and the Es values inferred from the optical studies 
on norbornyl-based spacer systems (Hush, Miller, Paddon-Row, et al.). The cavity 
parameters so-determined also give good account of recent Es results 
(J. R. Miller, et all for several cyclohexane-based spacer systems. In addition to  
the evaluation of Es, the extended SCRF model has been implemented in a 
2-dimensional solvent coordinate framework including an "exchange density" 
coordinate (in addition to  the familiar MarcudZusman coordinate), which was 
found to make an appreciable contribution to  HDA. 
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NOVEL EFFECTS IN SPIN POLARIZATION OF 
PHOTOINDUCED RADICAL PAIRS AND 

STUDIES OF QUANTUM TUNNELING IN ELECTRON TRANSFER 

Jau Tang 
Chemistry Division, Argonne National Laboratory 

Argonne, IL 60439 

To determine how structural and energetic features of the natural photosynthetic 
reaction center proteins of green plants and photosynthetic bacteria influence the sequential 
electron transfer reactions that lead to efficient photo-induced charge separation, we have 
used time-resolved electron paramagnetic resonance (EPR) to probe the species involved in 
these reactions and the reaction pathways. We have recently examined several novel transient 
effects that occur in photoinduced radical pairs such as P,,,'Q; in bacterial photosynthesis 
and P,OO+A; in photosystem I. We have predicted and also experimentally observed (with A. 
Kawamori) these effects that include 90" out-of-phase electron spin echoes, multiple-quantum 
echoes, and pulsed-angle anomalies. The envelop modulation of the out-of-phase echoes 
allows us to measure electron-electron dipole interactions and to determine the distance 
between the donor and the acceptor in natural photosynthetic systems such as P,,,,,+ and AI-. 
This technique can be applied also to artificial photosynthesis. Our echo experiments also 
confirm photoinduced zero-quantum coherence that is produced initially by a light pulse. This 
is an unusual phenomenon because in the ordinary magnetic resonance with Boltzmann spin- 
level population a rfsource is required to induce coherence among these levels. We have also 
found that the polarity of echoes provides an easy tool to distinguish the origin of the radical 
pair formation if it originates from a singlet or a triplet precursor. We have shown how to 
utilize these transient phenomena to provide detailed structural and kinetic information not 
readily available by CW techniques. Further least squares fitting of the time-resolved data will 
allow us to quantitatively determine g tensors, the dipolar tensor, and their orientations. 

Based on the correlated radical pair model, we have examined the x-ray structural 
implications of reaction centers (bRCs) of Rhodobacter sphaeroides R-26 on transient EPR 
spectra of P'Q;. In contrast to the previous reports, we have found that the simulated X-, 
K- and W-band spectra for both deuterated and protonated RC's are in fair agreement with 
experimental spectra at these frequencies. Among three reported x-ray structures, our 
simulations indicate that the x-ray structure of Komiya et al. of the San Diego group gives the 
best fit. In addition, our analysis does not need to invoke J to obtain a reasonably good fit, 
in disagreement with the previous claims that require a large exchange coupling J to fit. Such 
a large J is unrealistic for the great distance between P'Q;. 

As the life time of the intermediate radical pair becomes longer, the observed radical 
pair is no longer in a pure singlet state. The simple correlated radical pair polarization 
(CRPP) model should be replaced by the SETP (sequential electron transfer polarization) 
model. We have investigated the effects of sequential electron transfer on electron spin 
polarized transient EPR spectra at high magnetic fields. During electron transfer processes, 
the unpaired electrons experience a sudden change in the quantization axis that is altered due 
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to a different environment in the hyperfine interactions or Zeeman interactions. Unlike the 
ordinary correlated radical pair model which neglects the effects of an intermediate radical 
pair, the sequential transfer mechanism becomes increasingly important at higher fields 
because of stronger singlet-triplet mixing due to a difference in the Zeeman interactions 
between the donor and the acceptor. Even if the intermediary radical pair has a lifetime of 
about 300 ps and is not directly detectable by EPR, we have found noticeable changes in the 
polarized EPR spectrum (at 95 and 250 GHz) of the subsequent radical pair. In recent 
experiments (with M. C. Thurnauer and L. Utschig) of deuterated iron-removed bRCs versus 
Zn-substituted bRCs, electron transfer rates from the intermediate pheophytin acceptor H- to 
quinones were slowed by 20 times. Such a sequential electron transfer has to be taken into 
account for the observed differences in the transient EPR spectra. In addition, the electron 
transfer rate appears to become faster at lower temperatures, indicating activationless 
processes in Marcus classical model or increasing quantum tunneling effects. 

In addition to the studies of transient spin polarization phenomena and multiple- 
quantum coherence in photoinduced radical pairs, we have investigated the effects of solvent 
dynamics on electron transfer reactions. Based on the spin-boson model, we can explore how 
the spectral distribution of solvent fluctuation influences electron transfer. We are particularly 
interested in quantum tunneling effects due to high frequency modes. Using more realistic 
models with a continuous spectral density for solvent fluctuation, such as Ohmic, sub-Ohmic, 
super-ohmic dissipation, and the Debye models, we have systematically studied (with S .  H. 
Lin) model dependence in electron transfer. We have examined the entire range of 
temperature and energy-gap dependence, covering the quantum-tunneling regime, the 
classical Marcus regime, and the intermediate crossover regime. We have found interesting 
tunneling behaviors at low temperatures that significantly deviate from the well-known 
Marcus bell-shaped logarithmic plot of the rate constant versus the free energy gap. In the 
high temperature regime, electron transfer becomes a thermally activated barrier-crossing 
process, and all models converge to the classical Marcus theory. 
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POLAR SOLVATION, DIELECTRIC FRICTION, AND ELECTRON TRANSFER 

Mark Maroncelli 

Department of Chemistry 
The Pennsylvania State University 

University Park, PA 16802 

Overview: Photochemical processes, especially photo-induced electron transfer reactions are 
profoundly influenced by interactions with a polar solvent. Both equilibrium or “potential 
energy” effects and dynamical or “frictional” effects go into making up this solvent influence. 
Our DOE funded research focuses on developing a fundamental understanding of such effects, 
with the main emphasis being on the dynamical aspects of the problem. Toward this end we 
utilize both ultrafast spectroscopic techniques and computer simulations in studies of simple non- 
reactive dynamics as well as charge transfer reactions. 

Solvation Dynamics: In past years our main emphasis has been on developing a quantitative 
understanding of the time-dependent response of a polar solvent to changes in the permanent 
charge distribution of a solute. Our recent experimental papers (#2,3,5,6), provide a fairly 
complete empirical survey of such dynamics in most commonly used polar solvents. (Some part 
of these dynamical studies also necessarily involved characterization of the energetics aspects of 
solvation. Paper #6 deals almost entirely with energetics, discussing experimental 
characterization of reorganization energies in non-dipolar solvents such as benzene.) Over the 
past several years ever-more sophisticated of solvation dynamics have been developed such that 
they are now successful in quantitatively predicting the dynamics observed in most cases. In 
addition, computer simulations by a number of groups have provided considerable insight into 
the nature of the collective polarization response involved in solvation. (For example, Ref. #4 is 
our most recent computer study of solvation dynamics. It discusses in some detail how various 
solute attributes, such as the nature of its charge distribution, its size, polarizability, and motional 
characteristics influence the time-dependence of its solvation.) Thus, a reasonably satisfying 
understanding of the dynamics of polar solvation is now at hand. However, we are continuing 
one aspect of our computational/theoretical work on solvation dynamics, in collaboration with 
Branka Ladanyi. These studies explore methods for dissecting the solvation response into 
contributions from the rotational and translational dynamics of solvent molecules. We have 
developed an alternative to the popular “instantaneous normal mode” descriptions of dynamics 
which is capable of describing collective dynamics such as solvation in terms of single-molecule 
rotational and translational velocity autocorrelation functions. We are hopeful that this approach 
will prove useful not only for understanding solvation dynamics but also for providing a unified 
framework in which to inter-relate different types of spectroscopic experiments, for example 
solvation and the polarizability dynamics reported by OKE-RIKES experiments. 
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Dielectric Friction: We have recently completed several studies (#1,8,9) that explore how polar 
solvation leads to an additional, “dielectric”, component to the friction on nuclear motion such as 
solute rotation. Papers #1 & #8 involve tests of various aspects of analytical theories of dielectric 
friction using data provided by simulation of simple model solvents (#1) or experimental data 
(#8). In paper #9 we compared the solvation dynamics previously measured for the solute 
coumarin 153 (in #5) to the rotational dynamics of this same molecule in 43 different solvents. 
The goal was to test the underlying assumptions of theories of dielectric friction, namely that 
dielectric and other frictional sources are separable and that the time-dependence of the dielectric 
component is the same as the time-dependence of polar solvation (i.e. of solvation energy 
relaxation). To our surprise, the experiments demonstrated that these basic assumptions, which 
form the starting point for theories of dielectric friction, are in fact not valid. While solvation 
dynamics and time-dependent rotational friction appear to be related, the connection cannot be as 
direct as assumed in theory. Instead, the slower components of solvation dynamics appear to be 
underrepresented in the time-dependent friction. We are currently using computer simulations of 
various solute-solvent combinations in order to understand this behavior more quantitatively. 
The simulation results to date leave no doubt as to the importance of dielectric friction on solutes 
such as coumarin 153. (In fact, even in solvents where theories would predict negligible 
dielectric friction effects, a substantial effect is observed). But, the idea that dielectric and other 
frictional sources are separable is untenable. The effect of the coupling between electrostatic 
interactions and short-range interactions is at least as important as the direct influence of the 
long-range interactions themselves in causing the dielectric friction effect. In fact, rather than 
thinking of the direct effect of the long-range electrostatic interactions on the solute, it may be 
better to view dielectric friction as being an “electrostriction” effect. That is, the long-range 
electrostatic interactions act primarily to enhance the local density of solvent molecules in the 
first solvation shell and thereby amplify the short-range, collisional friction compared to what 
would be present in an equivalent nonpolar solute. I will discuss the above results and the 
current status of this work in my talk. 

Electron Transfer Reactions: We are also investigating the connection between solvation 
dynamics and charge transfer in a series of compounds which undergo twisted-intramolecular 
charge transfer (TICT) reactions. Thus far, we have had success with mainly one solute, “DTN, 
(4-cyano-4~-dimethylamino-diphenyl-cetylene). The time-resolved emission spectra recorded to 
date indicate that the charge transfer and nuclear rearrangement (i.e. “twisting”) in this solute do 
not occur synchronously in many solvents. We are currently in the process of attempting to 
quantitatively model the observed spectra in order to better understand the interplay between 
solvation and reaction in this type of system. Further work along these lines with other solutes 
will be undertaken shortly, upon completion of our amplified upconversion spectrometer. 
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MOLECULES AT MICROSCOPIC LIQUID AND SOLID SURFACES 

Kenneth 8. Eisenthal 

Department of Chemistry, Columbia University, New York, NY 10027 

The interface selectivity of second harmonic generation (SHG) and sum frequency 
generation (SFG) have led to their emergence in recent years as powerful spectroscopic 
probes of equilibrium and dynamic phenomena at interfaces. The origin of the interface 
specificity of these second order nonlinear spectroscopies is the intrinsically 
noncentrosymmetric structure of interfaces. A consequence of this viewpoint is that SHG 
and SFG studies have been carried out on noncentrosymmetric planar surfaces that 
separate centrosymmetric bulk media, e.g. bulk liquids, gases, and amorphous solids. It 
is commonly assumed that SHG and SFG are electric dipole forbidden in centrosymmetric 
systems but not at the noncentrosymmetric interface. By carefully considering the relation 
between the symmetry of a system of interest and the length scale of the spectroscopic 
probe we have shown recently that SHG and SFG are electric dipole allowed for 
centrosymmetric systems consisting of centrosymmetric microscopic particles immersed in 
centrosymmetric bulk media. Among the centrosymmetric microscopic structures for 
which we have observed strong SH signals are, polymer beads, charged polymer beads, oil 
droplet/water interfaces in emulsions, liposomes and vesicles, naturally occurring clay 
particles, and semiconductor colloids. The size of the particles so far studied are in the 
range of 0.1 to several micron diameters. Results on'measurements of the population of 
molecules adsorbed to the surfaces of these various particles and the free energies of 
adsorption will be presented. FIG. 1. 
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Figure 1. Adsorption isotherm of Malachite Green on the oil droplet/water 
interfaces in the emulsion is fitted by modified Langmuir model. The droplet 
density is 1/32%(v/v%). AGO = -12.1 f 0.5 kcal/mole, and Nmax = 10.5 +_ 0.8 pM 
are obtained from the fitting. 
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In addition we have succeeded in measuring the surfaces potential of charged polymer 
beads and oil/water emulsions having charged molecules at the interface. RG. 2. 
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Figure 2. Second harmonic signal as a function of ionic strength for a bulk solution 
of 1.05 pm diameter charged polystyrene sulfate microspheres. Solid line is the 
theorectical fit given by the SHG arising from polarization of bulk water by surface 
charges. 

Based on these recent results we believe that we have a potentially powerful new method 
for investigating the chemical, physical, and biological processes that take place at the 
surfaces of microscopic particles without the complicating, and usually overwhelming 
contributions of molecules in the bulk media. 
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MOLECULAR ENGINEERING OF PORPHYRINS: ARCHITECTURAL 
CONTROL OF (PHOT0)PHYSICAL AND CB[EMICAL PROPERTIES 

J. Faja, D. Holten, K. M. Smith, K. M. Barkigia, D. Melamed and M. W. Renner 

Brookhaven National Laboratory 
Upton, New York 11973-5000 

The Porphyrin Chemistry Program addresses chlorophyll-based energy transduction 
and porphyrin-mediated catalysis. The program applies photochemical, spectroelectro- 
chemical, magnetic resonance, x-ray and synchrotron techniques, which are supported by 
theoretical calculations, to characterize transients and determine mechanisms of photo- 
synthetic and catalytic bioenergetic reactions. 

Nonplanar conformations of porphyrin chromophores and prosthetic groups are 
increasingly evident in crystdographic determinations of photosynthetic antenna and reaction 
centers as well as of a variety of heme proteins. We have thus sought to assess the collective 
steric factors that control the @hoto)physical and chemical properties of the porphyrinic 
cofactors in vivo. Results with synthetic porphyrins demonstrate that simple molecular 
engineering can readily alter the architecture of the porphyrins and, thereby, significantly 
modulate their physicochemical properties. Besides providing insights into the consequences 
of nonplanar conformations in viw, the synthetic work has opened attractively simple avenues 
into new classes of porphyrins with dramatically altered @hoto)physical and chemical 
properties. 

The introduction of multiple substituents on the periphery of porphyrins results in 
multiconformational landscapes that evoIve fiom steric interactions between the substituents 
and cause major changes in optical, redox, radical and excited state properties. 
2,3,7,8,12,13,17,18-0ctaethyl- 5,10,15,20-tetraphenylporphyrins (OETPP) represent a family 
of chromophores that adopts saddle distortions. OETPPs become so easily oxidized because 
of their nonplanarity that x cation radicals of Co(II), Ni(II), Fe(1II) and Cu(II)OETPP are 
readily obtained and are stable enough to be characterized structurally. The combinations of 
saddle distortions and peripheral substituents form superstructural "trenches" that impose 
specific orientations on ligands: the CuOETPP x cation radical binds one pyridine as the axial 
ligand (which is novel in itself for Cu porphyrins) and the pyridine (py) is forced to align 
uniquely along the porphyrin N-Cu-N axis. In addition, the substituent trenches are formed 
above and below the porphyrin plane, are orthogonal to each other, and can thus control the 
relative orientations of two axial ligands. In the case of the pentacoordinated CuOETPP'py, 
a second molecule of pyridine is indeed found in the substituent trench below the porphyrin 
plane. However, it is not bound to the Cu but is trapped in the equivalent of a distal binding 
pocket. 
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The chromophores in bacterial photosynthetic reaction centers are known to adopt 
multiple nonplanar conformations. We have thus raised the possibility that the nonplanar 
bacteriochlorophylls might change their conformations upon the photo-induced oxidation and 
reduction of the primary charge separation, and thereby affect the electronic coupling between 
the donor and acceptor which are initially in van der Waals contact. Indeed, comparison of 
the crystal structures of CuOETPP and of its 15 cation radicals, CuOETPP'ClO,' and 
CuOETPP+py13-, shows nontrivial skeletal rearrangements which establish that conformational 
changes can accompany the oxidation of nonplanar porphyrinic macrocycles. Interestingly, 
in spite of their different axial ligands, counterions and crystallographic space groups, the 
CuOETPP'C10,- and CuOETPP'py13- x radicals exhibit very similar conformations. Both 
differ significantly fiom that of their parent CuOETPP, however, and thus reinforce the thesis 
that oxidations can hrther alter the conformations of already distorted macrocycles. 

A different class of sterically crowded macrocycles consists of 
2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphyrins (DPP). Compared to planar 
5,10,15,20-tetraphenylporphy1ins, ZnDPP and H,DPP exhibit reduced lifetimes of the lowest 
excited singlet state, reduced fluorescence yields, and large Stokes shifts between their 
absorption and emission maxima. Results in several solvents indicate that the altered excited 
state behaviors arise fiom the ability of these nonplanar molecules to traverse multiple 
confonnational surfaces in the excited state. X-ray structures of HJIPP, ZnDPP and NiDPP 
illustrate the types and multiplicities of these surfaces: HJIPP adopts two different saddle 
conformations, ZnDPP a true saddle, and NiDPP three different conformations that range 
between different degrees of ruffling and a combination of ruffling and saddle. These results 
clearly demonstrate that the multiple conformations inferred fiom the excited state dynamics 
do indeed exist and that they are separated by only small energy barriers that facilitate surface 
crossings. 

Several of the x-ray structures discussed above were determined by taking advantage 
of crystallographic beamlines at the Brookhaven National Synchrotron Light Source (NSLS) 
The brightness of the synchrotron x-rays combined with area detectors allows short data 
acquisition times and the use of extremely small crystals. (Crystals of some finite size are an 
obvious but nontrivial requirement for crystallography). The microcrystallography is hrther 
supplemented by FT-IR microspectrometry, also at the NSLS. The latter technique yields 
the vibrational spectra of the same small crystals whose structures were determined 
crystallographically, and thus allows direct correlations between the structural and vibrational 
characteristics of crystalline materials. 
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REDUCED METALLOPORPHYRINS AS CATALYSTS FOR 
REDUCTION OF CO, 

P. Neta, J. Grodkowski, D. Behar, P. Hambright,' and C. M. Hosten' 

Physical and Chemical Properties Division 
National Institute of Standards and Technology 

Gaithersburg, MD 20899 

Several transition metal complexes have been shown to act as electron transfer 
mediators to catalyze photochemical or electrochemical reduction of CO,. In the 
present study we examine the reduction of iron and cobalt porphyrins and the role of 
their reduced states in the catalyzed reduction of CO,. For radiolytic and photochemical 
studies in aqueous solutions we utilize the water soluble porphyrins: tetrakis(4-sulfonato- 
pheny1)porphyrin (TSPP), tetrakis(N-methyl-3-pyridy1)porphyrin (TM3PyP), and tetrakis- 
(N-methyl-2-pyridy1)porphyrin ( M P y P ) ,  and for photochemical experiments in organic 
solvents we use tetraphenylporphyrin (TPP) and some of its phenyl-substituted 
derivatives. 

Iron porphyrins have been reduced by photochemical and radiation chemical 
methods, in organic solvents and in aqueous solutions, from Fe"'P to Fe"P to Fe'P and 
beyond. In aqueous solutions, the Fe'P state is relatively stable for TM2PyP at high pH 
but is shorter lived in neutral and acidic solutions. The Fe'P state of TM3PyP, TM4PyP, 
and TSPP are short-lived at any pH. The relative stability of Fe'TM2PyP may be due to 
steric and electrostatic effects and its decay takes place in several stages due to the 
different atropisomers present for this compound. The decay follows second order rate 
law and is accelerated by H+ and by CO,. It is suggested that Fe'TM2PyP partially 
disproportionates to form Fe"TM2PyP and Fem2PyP  and only the latter species reacts 
with H+ or CO,. These reactions may lead to formation of short-lived iron hydride or 
carboxylate complexes which rapidly hydrolyze to yield H2 and CO, respectively. 
Another path leads to reduction of the porphyrin ligand to form the chlorin, FeI'PH,, 
and subsequent reduction leads to destruction of the macrocycle. 

The Fe'P state is also observed as a stable product in several organic solvents. 
This is observed by photolysis of C1Fe"'TPP and several of its derivatives (e.g., trimethyl, 
dichlor 0, and pentaflu oro-p h enyl), mainly in dim eth ylf orm amide and acetonitrile 
solutions, using triethylamine as a reductive quencher. Further photoreduction in the 
presence of CO, results in catalyzed reduction of CO, to CO and formation of 
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(C0)Fe"P. The yield of free CO increases with time of photolysis and reaches turnover 
numbers of -70 molecules of CO per porphyrin molecule. The porphyrin ligand is also 
reduced in the process, first to the chlorin, which also catalyzes photochemical reduction 
of CO,, but eventually the porphyrin macrocycle is destroyed and CO production stops. 
The turnover number achieved is considerably lower than that achieved in the 
electrochemical reduction of CO, by iron porphyrins, probably because photoinduced 
side reactions in the homogeneous system lead to attack on the porphyrin macrocycle. 
Several substituted porphyrins were examined but no great enhancement of catalytic 
activity or long term porphyrin stablity was found. Encapsulation or immobilization of 
the porphyrin macrocycle may offer some protection from these undesired side reactions 
but may also retard the reaction with CO,. 

Currently we are studying the reduction of cobalt porphyrins and their role in 
catalyzed reduction of CO,. Photolysis of CoTPP in acetonitrile solutions containing 
triethylamine and CO, leads to reduction of the cobalt to a stable Co'TPP state and 
subsequently to production of CO. The turnover number in this case was lower than 
that found with the FeTPP. The mechanism of catalysis may be somewhat similar. With 
both metal complexes, the monovalent metal ion complex is stable in the presence of 
CO,. Only after additional one-electron reduction does the complex react with CO,. 
This was verified for CoTPP in acetonitrile by photochemical and electrochemical 
experiments and for CoTSPP in aqueous solutions by radiation chemical experiments. 
The difference between the iron and cobalt complexes may be in that the Fe'P state can 
be reduced to the Fe'P state, which reacts with CO,, whereas the Co'P state was 
suggested to be reduced to Co'Pa-, i.e. the latter is reduced at the ligand rather than at 
the metal center. Further details on this reduction product and on its binding and 
reduction of CO, are under study. 
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MEMBRANE-BASED SYSTEMS FOR PHOTOINDUCED CHARGE SEPARATION 

Sergei V. Lymar and James K. Hurst 
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Designs for large-scale photoproduction of .H2 are restricted by numerous constraints, 
significant among which are the need for highly efficient charge separation and coupled 
following reactions, durability, and utilization of H,O as an electron source. We have been 
exploring the prospects of using closed bilayer membranes as organizing matrices to generate 
long-lived photoredox products that are suitable for use in catalytic water-splitting reactions. 
Our interest in these systems was prompted by our discovery that the highly charged 
interfaces of anionic small unilamellar membranes dramatically promoted oxidative quenching 
of photoexcited anionic zinc porphyrins by cationic organic dyes, while simultaneously 
impeding charge recombination. Our earlier mechanistic studies using amphiphilic viologens 
(N-alkyl-N'-methyl-4,4-bipyridinium, CnMV2+) as combined oxidative quenchers of 
photoexcited porphyrins and transmembrane electron carriers have led to identification of 
three pathways for transmembrane charge separation comprising: (i) electrogenic diffusion of 
the radical cation, 'CnMV+; (ii) electroneutral diffusion of doubly reduced CnMV"; (iii) 
transmembrane electron transfer between intercalated or membrane-bound 'CnMV+and 
CnMV2+. Expression of these pathways is controlled by the length of the appended N-alkyl 
substituent and the identity of the bilayer membrane. For dihexadecylphosphate (DHP) 
vesicles, the diffusional pathways (i) and (ii) predominate when the alkyl chain length (n) is 
less than 10 carbons, whereas transmembrane diffusion is significantly retarded when n > 10. 
For short-chain viologens, the major electron carrier during the early stages of a reaction is 
the 'CnMV'+ radical cation, but this reaction is self-impeding because it leads to membrane 
polarization that opposes further net translocation of the cation. Consequently, transport of 
the neutral CnMVo, whose diffusion is independent of the extent of membrane polarization, 
becomes the predominant mechanism of charge transport as the reaction proceeds. Direct 
measurement indicated that the transmembrane diffusion rates form methyl viologen species 
decrease in the order: CnMVo > 'CnMv' > CnMV2+, with the relative rate constants 
decreasing by 104-105 fold for each increase in positive charge. 

Transmembrane diffusion of amphiphilic cations is too slow for use as cyclic 
transmembrane electron carriers in practical water photolysis schemes; neutral species such as 
C n W "  are among the most rapidly diffusing species yet reported, but these viologens are 
present only at vanishingly low concentrations during steady-state photolysis, and 
consequently transmembrane fluxes are also prohibitively low. Ongoing research has been 
focused on developing analogous pyridinium complexes to perform the dual functions of 
photoquenchers and transmembrane electron carriers. These compounds offer the potential 
advantages that (1) the one-electron reduced states are neutral, rather than cationic, and will 
be expected to diffuse across bilayer membranes with high fluxes, and (2) they can be 
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modified with appropriate substituents to function as neutral cotransporters of protons and 
electrons in a manner similar to lipophilic quinones. For the system described below, steady- 
state illumination of either the Soret or Q-bands of the porphyrin (ZnTPPS") in the presence 
of the electron donor, dithiothreitol, gave rise to one-electron reduction of the entrapped 
acceptor (Co(bpy)3*) with an overall quantum yield as high as -1.4 (stoichiometric limit, CP = 
2.0). 

Reaction scheme for photoinduced transmembrane electron transfer across DHP bilayers mediated by 
MCP'. Triethanolamine, dithiothreitol, or Fe(CN)d were used as donors. Methyl viologen could also 
be used as an intravesicular acceptor. 

Reduction did not occur unless all of the system components were present. Rate constants 
measured by transient spectrophotometry were near diffusion-controlled for both oxidative 
quenching of 'ZnTPPS4- and charge recombination. Despite this, the fraction of 3ZnTPPS4- 
converted into separated (non-geminate) products was nearly equal to the overall quantum 
yield for Co(bpy),3" reduction, indicating that practically all of the MCP" formed diffused 
across the bilayer to react with the terminal oxidant. The slowest step of the overall reaction 
was transmembrane diffusion of MCP", which nonetheless occurred with a rate constant of 
102-103 s-'; this value is comparable in magnitude to the fastest known ion transporters (e.g., 
protonophores such as CCCP). The topographic location of the quencher with respect to the 
vesicle was altered by replacing the N-methyl substituent with n-alkyl carbon chains whose 
lengths varied over the range n = 8-16; membrane ultrafiltration experiments indicated that the 
long-chain analogs bound strongly to the vesicles, although the short-chain ones did not. 
Surprisingly, the overall rates of Co(bpy),3" reduction, measured by continuous photolysis, 
varied only several-fold. Transient spectrophotometry is currently being used to measure the 
individual reaction steps for these quenchers. Additional experiments using analogs that are 
capable of protodelectron cotransport have been initiated and will be discussed. 

Other projects currently under investigation under the aegis of this grant include: 
(a) mechanistic investigations of water oxidation catalyzed by ruthenium p-oxo dimers. 

These studies involve resonance Raman and epr structural and kinetic comparisons of 
higher oxidation states designed to identify the 0,-evolving state and rate-limiting steps in 
the catalytic cycle. 

(b) development of chemical analogs of electronic devices composed of bifunctional closed - 

membranes containing vectorially organized electrogenic transmembrane redox systems 
and photoisomerizable molecules as transmembrane ion gates. 
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THE CONVERSION OF SOLAR ENERGY TO CHEMICAL POTENTIAL IN 
LIPOSOME-BASED ARTIFICIAL PHOTOSYNTHETIC CONSTRUCTS 

Ana L. Moore, Devens Gust, Thomas A. Moore 

Department of Chemistry & Biochemistry, Arizona State University, Tempe, AZ 85287. 

One goal of this research is to devise solar energy conversion schemes that could 
couple a photochemical process to the synthesis of complex biochemical products. To 
cover the widest possible range of reactions, such a system should provide a continuous 
source of chemical potential in the form of adenosine triphosphate (ATP). ATP is the 
universal energy source for driving synthetic biochemical reactions. In so doing, the 
chemical potential in ATP is discharged to yield adenosine diphosphate (ADP) and 
phosphate (Pi). The cyclic regeneration of ATP from ADP and Pi requires energy in the 
form of an electrochemical proton potential (proton motive force) across a bilayer lipid 
membrane. Herein we report a photocyclic process that converts light energy to proton 
motive force which in turn is coupled to the synthesis of ATP. 

An amphipathic molecular triad (CPQ, 1) consisting of a porphyrin moiety (P) 
linked to a quinone (Q), which bears a carboxylate group, and to a carotenoid polyene (C) 
has been synthesized and incorporated into the bilayer lipid membrane of liposomes. 
muorescence decay experiments reveal that excitation of CPQ in these membranes leads to 
electron transfer from the porphyrin excited singlet state to yield CP'+Q'-. A subsequent 
electron transfer from the carotenoid to the porphyrin radical cation yields the long lived 
charge separated species C'+PQ'-. This process has been followed by measuring the 
transient absorption of the carotenoid radical cation which absorbs strongly at 940 nm. In 
order for electron transfer to be unidirectional with respect to the intraliposomal volume, a 
majority of the CPQ triads in the bilayer must have the same orientation. This has been 
accomplished by injection of CPQ in tetrahydrofuran into a suspension of preformed 
liposomes followed by column chromatography. It is expected that the amphipathic nature 
of 1 would favor insertion of the carotenoid end into the low dielectric interior of the 
bilayer. Evidence indicates that this procedure results in the preferential orientation of 
triads in the liposomes with their quinone ends facing outside and, a priori, their 
carotenoid ends facing inside as shown on the next page. 

Experiments have been designed to convert the vectorial, intramolecular redox 
potential in the species C'+PQ'- to a gradient in proton potential across the membrane. A 
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lipophilic collateral quinone (2,5-diphenylbenzoquinone, Q,) was incorporated into the 
liposomal bilayer where it is postulated to function as illustrated schematically below. 
Because it has a more positive reduction potential than that of the triad quinone, it can 
accept an electron from C'+PQ'-, whose quinone is located near the outer surface of the 
liposome. This forms the radical anion of Q,. Protonation of this radical anion to form the 
semiquinone enhances its diffusion in the low-dielectric interior of the bilayer. Upon 
diffusion to the region of high oxidation potential, which is provided by the carotenoid 
radical cation, the semiquinone can be oxidized and lose its proton. Thus it can act as a 
shuttle for protons across the lipophilic bilayer that is driven by the redox potential of 
C'+PQ'-. The transport of protons across the membrane was monitored with a fluorescent 
pH-sensitive dye (pyraninetrisulfonate) in the aqueous interior of the liposomes. 
Liposomes containing the triad and the collateral quinone in the liposomal bilayer and the 
dye in the inside aqueous phase were irradiated with monochromatic light at 650 nm. A pH 
change was detected by the rise in the acidic peak and concurrent decrease in the basic 
peak of the dye fluorescence excitation spectrum as a function of irradiation time and 
intensity. A concomitant small increase in pH was observed in the bulk aqueous phase. 
These results indicate that irradiation pumps protons from the outside to the inside of the 
liposomes. The pH gradient thus generated is stable for several hours, and can be relaxed 
by addition of an ionophore such as FCCP. The photochemical import of protons is 
enhanced by the addition of potassium and valinomycin which presumably reduce the 
uncompensated charge buildup in the intraliposomal volume. The quantum yield of proton 
translocation is - 1%; irradiation of a solution of - 5 x lo'* liposomes/mL, with - 5 mW of 
light at 650 nm yields - 3 protons pumped/liposome/minute. 

reconstituted with F,-F, ATP synthase isolated from chloroplast membranes. The 
reconstitution procedure yielded liposomes in which the synthase was oriented with the F, 
subunit on the outside of the liposome (shown below) so that ATP would be produced in 
the bulk aqueous phase. Irradiation with 650 nm light of a solution of liposomes containing 
the proton pumping photocycle and the ATP synthase with ADP, Pi and Mg" in the bulk 
aqueous solution produced ATP. The ATP was detected by ATP - dependent 
luciferifluciferase bioluminescence. No ATP was synthesized in control experiments in 
which any component of the proton pump photocycle was omitted from the liposomes. 
ATP synthesis was both uncoupler (FCCP) and inhibitor (tentoxin) sensitive. At 4 mM 
ADP concentration the synthesis of ATP was linear for irradiation with - 5 mW of red 
light for times of up to one hour. Quantitatively, this corresponds to a synthesis rate of 1 
ATP/liposome/minute which clearly illustrates the cyclic nature of the solar energy 
conversion process. 

In order to couple proton motive force to the synthesis of ATP, liposomes were 

TPi I<-- H+ 

nH+ --T H' 
intraliposomal volume 
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EZectron-Transfer, ACS Advances in Chemistry Series, (Washington DC: American 
Chemical Society) (in press). 
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POSTER #1 

MSJLTICONFORMATIONAL SURFACES IN PORPHYRINS: 
CORRELATIONS WITH EXCITED STATE PROPERTIES 

I<. M. B a r u  D. Melamed, D. J. Nurcot, M. W. Renner, K. M. Smith' and J. Fajer 
Brookhaven National Laboratory, Upton, New York 11973 ' University of California, Davis, California 95616 

. 

The introduction of multiple peripheral substituents in porphyrins affords facile 
synthetic avenues to new classes of chromophores with significantly altered optical, redox, 
radical and excited state properties that result fiom distortions of the macrocycles. (See 
abstract by Fajer et al.) 

We have shown recently (J. Phys. Chem. B 1997,101,1247) that, compared to planar 
5,10,1 5,20-tetraphenylporphyrinsY the sterically encumbered nonplanar zinc and free base 
2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphy1ins (ZnDPP and HPPP) exhibit reduced 
lifetimes of the lowest excited singlet state, reduced fluorescence yields, and large Stokes 
shifts between their absorption and emission maxima. These results in several solvents 
indicate that the altered excited state behaviors arise fiom the ability of these nonplanar 
molecules to traverse multiple conformational surfaces in the excited state. 

We present here x-ray structures of H,DPP, ZnDPP and NDPP that illustrate the 
types and multiplicities of these conformational surfaces: HzDPP adopts two different saddle 
conformations, ZnDPP a true saddle, and NDPP three different conformations that range 
between different degrees of ruffling and a combination of ruffling and saddle. These results 
clearly demonstrate that the multiple conformations inferred fiom the excited state dynamics 
do indeed exist and that they are separated by only small energy bamers that facilitate surface 
crossings. 

Several of these structures were obtained by microcrystallography, a technique that 
takes advantage of the intense x-rays available fiom the Brookhaven National Synchrotron 
Light Source to determine the structures of crystals as small as 0.05mm x 0.05mm x 0.05mm. 
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I 

PHOTOINDUCED INTERMOLECULAR CHARGE SEPARATION: 
EXCIPLEXES AND EXCITED STATE CT COMPLEXES 

Charles L. Braun, Bret Findley, Steven E. Mylon, Sergei N. Smimov, 
Department of Chemistry, Dartmouth College, 

Hanover, NH 03755-3564 

There are two ways of forming contact ion pairs (CIP) by photoinduced 
intermolecular electron transfer in solution. If either donor or acceptor are 
excited, then exciplexes can be formed by diffusion. Excitation into the charge 
transfer band of a ground state complex makes such pairs directly. In the latter 
approach the formation kinetics are eliminated and the fate of the C P  with 
respect to their recombination or dissociation is explicitly revealed. 

the photoinduced transient dc current (PTDC) technique. In the first part of t h i s  
study we concentrate on exciplex formation and get information about the extent 
of charge separation in a series of methyl-substituted donor/cyanoanthracene 
acceptor complexes in low polarity solvents. 

The second part involves the dissociation/recombination kinetics for CIP 
of trans-stilbene (TS) and fumaronitrile (FN) formed by direct excitation in 
solvents of different polarity ranging from toluene to acetonitrile. Measured free 
ion yields vary from less than 10" in toluene to 0.12 in acetonitrile. These 
numbers are lower than some previously published values. In medium polarity 
solvents PTDC reveals average dipole moments which are substantially larger 
than those of the CIP. In addition, the lifetimes of dipolar states observed by 
PTDC (see Figure below) are longer than lifetimes measured by time resolved 

Here we describe our study of CIP and other charge separated states by 
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fluorescence. These 
observations can be 
interpreted in terms 
of a multi-step 
kinetic scheme of 
charge separation in 
which the CIP 
dissociates into free 
ions via 
intermediate state(s)  
often referred to as 
solvent separated 
ion pair (SSIP). 
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THE REACTIONS OF MANGANESE(II)/(III) COMPLEXES WITH 
HYDROGEN PEROXIDE AND SUPEROXIDE RADICALS 

Diane E. Cabelli and James D. Rush 
Chemis2 Department 

Brookhaven ational Laboratory 
Upton, New York, 11973-5OOO 

The ox gen evolving center in photosynthesis consists of a manganese 
tetramer x at oxidizes two water molecules to oxygen, a process that involves 
four electrons and four protons. Understanding the evolution of oxygen 
promoted by manganese involves understanding the basic chemistry of 
manganese complexes and the interaction of these complexes with the ox 
intermediates that bridge the four electrons between H20 and 02 (OH., &202, 
and 02-a). 

The reactions of manganese(II)/(III) complexes of carbonate, nitriloacetate 
(NTA) and (N-h droxymethy1)ethylenediamine-N,N -triacetate (HEDTA) with 
both H202 and 6 2-e were studied (PH 6-8) using radiolysis. We found 
that these complexes have a much higher affinity roxide binding than the 
analogous protein complex. This may be due to 
framework in the model systems which allows of the ound % of the li and 

02-* from a readily dissociated end-on fashion to a more tightly bound side-on 
conformation. 

Formal oxidation potentials for the complexes were calculated from the 
equilibrium constants for the reaction: 

02-+  Mn(I1) = Mn(II1) + H202 
The formal potentials were between 0.6 and 0.7 V. 
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ULTRAFAST ELECTRON-TRANSFER DYNAMICS AT THE INTERFACE OF 

PHOTOSENSITIZED SEMICONDUCTOR NANOCLUSTERS IN SOLUTION 

Pdwa rd W. Cast ner. Jr?, Kei Murakoshib, and Shozo Yanagidab 
qhemistry Department, Brookhaven National Laboratory, Upton, NY 1 1973, and 

bMateria1 and Life Science, Graduate School of Engineering, Osaka University 
Yamadaoka, Suita, Osaka 565, JAPAN 

The large ratio of forward to back electron-transfer rate constants is one explanation for the 
impressive efficiency of some photovoltaic devices based on photosensitized semiconductor 
nanoclusters in solution, such as the cell developed by the Gratzel group. Evidence will be 
presented for one of the fastest photo-induced electron-transfer reactions ever observed 
directly in the time domain, with an effective rate constant in excess of 1/(40 fs). The 
systems studied are a series of metal-oxide semiconductor nanoclusters that are 
photosensitized by carboxylated coumarin dye molecules, in either water or methanol 
solvent. Results for both Ti02 and ZnO photosensitized materials will be given, using the 
commercially available dyes coumarin 343, D-1423, and D-126 as photosensitizers. After 
photoexcitation of the first excited singlet state of the coumarin chromophore, an electron is 
transferred from this excited state into the semiconductor. The rate of electron transfer is 
observed by time-domain fluorescence studies, in which the coumarin excited-state lifetime 
of about 4 ns is reduced to <40 fs (in one case) via the electron-transfer event. 

A number of interesting features of these systems will be discussed. The choice of water 
over methanol as solvent changes the nature of the binding of the dye to the nanocluster 
surface, and, in turn, the photo-induced forward electron-transfer rate from the dye excited- 
state into the semiconductor. The use of methanol results in an ether-linked methoxide 
coating of the metal-oxide surface. Surface concentration of the adsorbed photosensitizer 
also affects both the binding and the electron-transfer rate. The ultimate accepting states of 
the semiconductor reside in the conduction band, though surface electronic levels probably 
also play an important role. 
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STRUCTURAL AND DYNAMIC STUDIES OF PHOTOINDUCED ELECTRON TRANSFER 
REACTIONS IN A SUPRAMOLECULAR SYSTEM 

m n ,  Walter A. Svec, Peter L. Lee", David J. Gosztola, Michael R. Wasielewski 
Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439 

"Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439 

Photoinduced electron transfer reaction in a supramolecular system consisting of tripentyl-phenyl 
zinc and iron porphyrins (ZnP and Fe(II1)P) bridged by a rigid spacer is studied using different 
spectroscopic techniques. Thts study aims to correlate the structural changes around Fe(1II) to the electron 
transfer reaction mechanism, especially the role of axial ligands. Although similar electron donor and 
acceptor systems have been studied for the photoinduced electron transfer via the singlet excited state of 
ZnP, the lifetime of the charge separate species, ZnP'-Fe(II)P, was too short for structural studies using 
currently available structural determination technologies. Therefore, efforts have been made to extend the 
lifetime of the charge separate ZnP+-Fe@)P by promoting electron transfer via the triplet state of the donor, 
3ZnP*, at 77K. This allows us to capture the structure of Fe atom surroundings in the charge separate 
intermediate, ZnP+-Fe(II)P, on the time scale of 1 O5 s using currently available energy dispersive X-ray 
absorption spectroscopy (EDXAS). In order to preferentially achieve electron transfer via the ZnP triplet 
state and to suppress the singlet state process, a few factors in designing such a supramolecular system can 
be adjusted. The first factor is the distance between the donor and the acceptor, which should be long 
enough that the electron cannot reach the donor during the singlet lifetime. A pyromellitimide (PI) was 
chosen as the spacer which separates the donor-acceptor far enough to prevent the singlet state electron 
transfer fiom happening, so that the excited state undergoes intersystem crossing to the triplet state. The 
second adjustment was to manipulate the driving force of the electron transfer reaction for the triplet 3ZnP* 
in a h4THF glass where the solvent reorganization energy is compromised. This was canied out by adding 
pyridine as axial ligands for Fe(III)P, resulting in an increase of the driving force by about 0.5V. 
Consequently, ligated ZnP in ZnP-PI-Fe(II1)P showed a significantly shorter triplet state lifetime of 6 ms 
at 77K, compared to that without pyridine which decays biexponentially with an average lifetime of 17 ms. 
The structural determination of this supramolecular system using EDXAS is in progress. The details of 
structure and function relationships of this molecule in photoinduced electron transfer will be discussed. 

ZnP-PI-FeP 

107 



POSTER #6 

STATE OF IODIDE ADSORBED ON A NANOSTRUCTURED 
SILVER SURFACE 

George Chumanov, Morgan Sibbald and Therese M. Cotton 

Ames Laboratory, Iowa State University 
Ames, Iowa 5001 1 

It was shown in previous work that chemically-modified, nanosized silver 
structures such as colloidal suspensions and two-dimensional arrays of particles can 
spontaneously donate charge to appropriate electron acceptors [l]. At sub- to monolayer 
coverages of the silver surface by the modifier, for example iodide, the reduction exhibits 
non-Nernstian behavior. It was suggested that each iodide ion donates a charge to the 
particle which remains localized near the Ag surface - I complex affecting the surface 
potential of the system. Further study of iodide adsorbed on the silver surface lead to the 
observation of a strong, unusual vibrational progression in the Raman spectrum. 

At room temperature the Raman spectrum of iodide adsorbed on silver contains a 
single, broad band around 110 cm” assigned to the metal-iodide stretch. From a 
comparison of the Raman spectra, we showed that this Ag surface - I complex differs 
from bulk silver iodide which undergoes rapid decomposition under laser irradiation. 
When the complex was cooled to liquid nitrogen temperature, a very strong progression 
was observed in the Raman scattering with 415 nm laser excitation. The fundamental 
was at 123 cm“ and as many as six overtones were present. The bands were extremely 
sharp, with a half-width of ca. 5 cm”. This progression disappears above 120-130 K and 
gradually increases in intensity upon cooling to 8 K. A preliminary Raman excitation 
profile points to strong resonance character with a maximum around 416-418 nm. (With 
excitation at 406 and 440 nm, the progression is more than 20 times weaker than at its 
maximum.) Furthermore, the progression occurs at sub- to monolayer iodide coverage on 
an electrochemically roughened silver sudace. Attempts to detect this spectrum at 
smooth or chemically-etched metal surfaces were unsuccessful, strongly suggesting the 
important role of “active sites”, for example, adatoms. 

Line-shape analysis and spectral deconvolution revealed that each member of the 
progression consists of two overlaping, slightly shifted bands: a narrow one due to 
Raman scattering and a broad one, believed to originate from resonance fluorescence. 
The temperature dependencies of the two bands will help to discriminate between these 
processes in future studies. 

It is necessary to mention that the frequencies in the observed Raman spectrum do 
not coincide with those of commonly known polyiodide species (I$), I i ,  etc.) or the 
crystalline silver iodide phonon progression. The peculiar temperature dependence 
suggests the species which gives rise to the progression is formed at low temperatures 
only and may require photoinduced electron transfer from the metal, similar to that 
previously observed for methylviologen. 

1. Sibbald, M.S., Chumanov, G. and Cotton, T.M. J. Electroanal. Chem. 5131 
(1 997), in press. 
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ELECTRONIC STRUCTURE OF QUINONE RADICAL 
ANIONS 

Andrew R. Cook, Larry Curtiss, John R. Miller 
Chemistry Division, Argonne National Laboratory 

Argonne, IL 60439 

We undertook this investigation in order to determine if excited states of radical ions 
could be efficiently utilized for driving chemical reactions like electron transfer. We seek 
new types of experiments that could dramatically extend the time resolution of current pulse 
radiolysis experiments, while retaining their desirable characteristics including well-known 
energetics, which are independent of distance and nearly independent of solvent polarity. 
For example, consider the biphenyl-methylene-quinone molecule : 

With current pulse radiolysis techniques, the 
p- Q. electron transfer rate from biphenyl to 

quinone in this molecule is expected to be 9 B - 4 1  hv too rapid to measure except (possibly) in 
non-polar solvents. However, if we simply 
wait for all of the electrons to be transferred 

to the quinone, we could then employ ultrafast laser techniques to photoexcite the quinone, 
consequently driving the electron back to the biphenyl, and finally returning it to the 
quinone. The new equipment required, which is under development in our laboratory, will 
give us the ability to study these very fast electron transfers. We intend to study adiabatic 
effects on electron transfer that are likely to be important in such molecules, and to explore 
the possibility of unexpectedly small reorganizational energies at such short distances. In 
addition, the use of excited states of radical ions could also facilitate the synthesis of large 
molecular “ZSchemes” inspired by those used by plants for photochemical energy storage, 
where an electron acceptor like a quinone could act as a second chromophor if its excited 
state were sufficiently long lived. 

El 

0 - Q 

Clearly, such a scheme as is described above requires sufficiently long-lived radical 
ion excited states to obtain efficient electron transfer. Unfortunately, lifetime data for very 
few radical ions exist. In earlier work, we found that benzoquinone(BQ) radical anion has 
a 60 ns lifetime with a red-shifted fluorescence spectrum and a low fluorescence quantum 
yield in 77K MTHF glasses. The long lifetime was attributed to the fact that emission from 
the lowest energy excited state is forbidden, and occurs primarily through non-radiative 
mechanisms. Room temperature pulse radiolysis experiments showed that BQ-* was 
produced directly upon capture of solvated electrons, and decayed in 120 ns. We have 
now examined a large variety of other quinone radical anions by laser excitation of y- 
irradiated 77K MTHF glasses and have their fluorescence spectra, quantum yields, and 
excited state lifetimes. We have observed a non-radiative energy-gap law like dependence 
of excited state energy on lifetime for this series of molecules. We have also found that the 
excited state lifetime of BQ can be further extended to 120 11s by completely deuterating the 
molecule. This is consistent with the carbon-hydrogeddeuterium vibrational modes being 
the main energy acceptors in the non-radiative decay of the excited state. Current work 
involves the search for other radical ions having chemically useful excited state lifetimes in 
77K glasses, and the final steps of incorporating our linac and laser systems into a single 
experiment. 
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FEMTOSECOND DYNAMICS OF ELECTRON INJECTION FROM Ru-BASED DYES 
INTO NANOCRYSTALLINE TiO, ELECTRODES 

R., J. Sprague, B. Fluegel, A. Zaban, S. Ferrere, and A.J. Nozik 

National Renewable Energy Laboratory 
Golden, Colorado 8040 1 

We are measuring the rate of electron injection from photoexcited Ru(4,4'-dicarboxy-2,2'- 
bipyridine),(NCS), dye molecules adsorbed onto nanocrystalline TiO, particles using femtosecond 
pump-probe spectroscopy. The Ru dye is pumped at 550 nm and the probe is at 1.52 pm. The probe 
is selected to monitor the time-dependent concentration of electrons in the TiO, conduction band; 
the advantage of this approach is that we monitor the arrival time of the injected electrons rather than 
the lifetime of the excited dye molecules. Analysis of published experimental data for the absorption 
coefficient (at 1.5 pm ) of the free electron absorption in TiO, as a function of free electron density 
shows that we can detect a minimum electron density of 1 x 10l6 ~ m - ~ .  Our experimental results 
indicate that we inject a free electron density of about 5 x 1017 cm3 per pump pulse. The 
photoinduced infra-red free electron absorption profile shows a sub-picosecond rise time followed 
by a somewhat slower decay. Preliminary analysis of results from dye-TiO, samples in air show an 
initial induced absorbance rate at 1.5 pm of 8 x 10" s-', followed by a bleach rate of 2.5 x 10" s-'. 
Experiments are also being made with 1-present and with a complete cell configuration, as well as 
blank experiments with inert substrates like BO, and Al,03; we report the results of these 
experiments and our conclusion regarding electron injection rates from the excited dye molecule 
into the TiO, nanoparticles. 
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PHOTOINDUCED ELECTRON TRANSFER AND EXCITATION TRANSFER 
ON MICELLE SURFACES 

Kristin Weidemaier, H. L. Tavernier, Stephan Matzinger, and M. D. Faver 
Department of Chemistry, Stanford University; Stanford, CA 94305-5080 

The rate of electron transfer from an optically excited donor to acceptors in 
solution depends strongly on the environment in which the donor and acceptor molecules 
are confined. Detailed statistical mechanical models have been developed to characterize 
the magnitude and distance-dependence of transfer kinetics for systems in which the 
donor and acceptor molecules are restricted to diffusion on the surface of a micelle. 
Liquids are known to have structure, as revealed by density oscillations in their pair 
distribution functions. Molecules on the surface of micelles are arranged similarly. 
These density oscillations influence the kinetics of the electron transfer events by 
increasing the concentration of acceptors near the donor. Additionally, diffusion of 
particles in real liquids is not expected to be characterized by a single diffusion constant. 
Rather, hydrodynamic effects act to slow down the motion of the donor and acceptor as 
they approach one another. These effects were considered in the analysis of the 
experimental data. Experimental studies of intermolecular electron transfer between an 
optically excited hole donor (octadecyl rhodamine B) and a neutral hole acceptor (N,N- 
dimethylaniline) were performed. The donor and acceptor molecules were confined to 
the surfaces of micelles. A variety of micelles were studied, varying in size and surface 
charge. Fluorescence upconversion data were obtained and analyzed. Fluorescence yield 
experiments were analyzed simultaneously to elucidate the fast-time components of the 
transfer process. Fits to the data could only be obtained for specific diffusion constants. 
The fitting parameters reveal the long-range nature of the electron transfer kinetics in the 
restricted geometry of a micelle surface. 

An analytical theory and Monte Carlo (MC) simulations are used to study electronic 
excitation transport (EET) among chromophores diffusing on the surface of spherical 
micelles. The effect of molecular diffusion on the experimental observables is analyzed 
for two limiting cases, donor-trap @T) and donor-donor @D) EET. Analytical 
expressions are given for the time-dependent ensemble averaged survival probability of 
the excited donor in the DT case. Diffusion is found to have a pronounced effect on the 
excitation transfer kinetics, especially for chromophores having short Forster transfer 
distances & and long fluorescence lifetimes. In the limit of a large &, approaching the 
dimension of the micelle, EET becomes fast compared to molecular motion and the 
effects of diffusion can be neglected. The validity of the theory is ascertained by 
comparison to MC simulations based on the same physical model. The close agreement 
of both approaches confirms the accuracy of the theoretical derivation. In the DD case 
only results from MC simulations were examined. The conclusions match with those 
drawn from the DT case. 
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CHARACTERIZATION OF ELECTRON TRANSFER RATES BETWEEN A 
FERROCENE REDOX MOIETY AND A GOLD ELECTRODE THROUGH AN 

OLIGO(P1IENYLENE ETHYNYLENE) TETHER: CONTROL AND OPTIMIZATION 
OF THE TEMPERATURE-JUMP MEASUREMENT 

John F. Smalley, Marshall Newton, Stephen W. Feldberg, Richard P. Hsung,' Lawrence R. Sita,' 
Sandra B. Sachs,b Stephen Dudek,b and Christopher E. D. Chidseyb 

Brookhaven National Laboratory 
Upton, NY 1 1973 

The indirect laser induced temperature jump (LIT) method has been used to measure the electron 
transfer rate constant at E", k, (units: s-l), and p (= dln[k,]/dx; units: k'; x is the distance along the 
mean direction of the tether) between a ferrocene redox moiety and a gold electrode through an 
oligo(pheny1ene ethynylene) tether. The systems studied are self assembled monolayers ( S A M )  
formed from an electroactive molecule (I) and a diluent (11): 

where R is -CH,, -OH, or -COOH. We have explored the behavior of SAMs formed from the 
oligo(pheny1ene ethynylene) thiol ferrocene (I) with the above diluent molecules (11) for nt = 2 or 
m= 3. The value ofn for an aliphatic diluent is chosen so that its length is comparable to that of the 
oligo(pheny1ene ethynylene) tether of the electroactive ferrocene thiol. The surface fraction of the 
redox moiety is generally kept less than 0.05; higher concentrations produce distorted cyclic 
voltammograms The a-hydroxy-thiol, 0-carboxylic or oligo(pheny1ene ethynylene) diluent (11) each 
effects a more favorable voltage response to the L I T  perturbation thereby enhancing the temporal 
resolution of the system. However, the values of k, are virtually independent of the diluent used and 
depend predominantly upon the value of rn for the oligo(pheny1ene ethynylene) thiol ferrocene (I) 
The values of k, are considerably fater for oligo(pheny1ene ethynylene) tethers than for the aliphatic 
tether of the same length (data for aliphatic tethers and diluents will be shown for comparison) and 
the value of p for the oligo(pheny1ene ethynylene) tethers is -0.5 A-1 or about half the value 
measured for aliphatic tethers. The measured values of k, and p are consistent with theoretical 
predictions based on molecular orbital calculations. The observation that the value of k,, for a given 
ferrocene thiol is independent of the diluent supports the increasingly accepted supposition that the 
dominant electron transfer path is through the tether. 

a 

b 

Department of Chemistry, University of Chicago, 5735 South Ellis Avenue, 
Chicago, IL 60637 

Department of Chemistry, Stanford University, Palo Alto, CA, 94305-5080. 
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PROBING THE PARTICIPATION OF EXCITED STATES IN ELECTRON TRANSFER 
REACTIONS OF Fe COMPLEXES; MECHANISM OF MAGNETOKINETIC EFFECTS 

G. Ferraudi 
Radiation Laboratory, University of Notre Dame 

Notre Dame, IN 46556 

Studies of the effect of magnetic inductions, B I 10 Tesla, on the rate of redox 
processes have been extended to outer-sphere electron transfer reactions of Ru(bipy) 3+ 
with Fe(II) complexes, e.g., low spin Fe(bipy)p and high spin Fe(pyo[15]dieneN5) . 
The magnetic field effects (MFE) in the reaction of Fe(py0[15]dieneN~)~+ are large in 
comparison with those previously detected in reactions of Co(II) complexes. Observed 
MFE on the rate of oxidation of Fe(bipy)p were not expected since the redox process is 
adiabatic with regard to conservation of the electronic spin, e.g., (doublef)+(singlet) ' +. 
(singZet)+(doublet) '. Incorporation of excited states into the successor complex, [C,D], 
via mixing into the ground state (a in the figure) or by generation of an excited state 
product (b in the figure) can explain these experimental observations. The possible 
mechanism of the MFE and applications of various time-resolved techniques, Le., time- 
resolved MCD spectroscopy, to the mechanistic studies will be discussed. 
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DYE SENSITIZED SOLAR CELLS FOR WATER SPLITTING AND 
FUNDAMENTAL STUDIES 

Sue Ferrere and Brian A. Gregg 
National Renewable Energy Laboratory 

Golden, CO 80401 USA 

Dye sensitized solar cells are receiving a great deal of attention since efficiencies of 7- 
10% were reported for high surface area TiO, sensitized with ruthenium bipyridyl complexes. 
Research and development of these systems is primarily focused on maximizing their electrical 
power output. However, dye sensitization may also prove useful in other applications, including 
photoelectrochromics, detoxification, and fuel production. These applications may require the 
development of dyes that differ in properties from the dyes employed in power producing solar 
cells. Furthermore, the investigation of other dyes contributes to a better fundamental 
understanding of the dye-semiconductor interface. For these reasons, we have been exploring 
several different dye systems. 

components oxygen and hydrogen: 
H20 fs H, + 1/2 0, 

In this configuration, the excited state dye injects electrons into the conduction band of TiO,; the 
conduction band electrons reduce H' to H, (see figure 1). The oxidized ground state dye 
oxidizes H,O to 0,. The dyes employed in a dye-sensitized water splitting configuration must, 
in addition to meeting the necessary thermodynamic requirements for electron injection and 
water oxidation, also stay adsorbed to the oxide surface in aqueous solution. We have prepared 
several dyes for water splitting, including dyes based on ruthenium bipyridine and perylene. 
An example of one of the dyes prepared in our laboratory is shown in figure 2. 

We have also been investigating other dye systems in order to explore some of the 
fundamental questions that remain unanswered about the dye injection process. For example, 
we are interested in determining if the injection efficiency is dependent upon the orientation of 
the dye on the semiconductor surface. We have demonstrated the sensitization of tin oxide by 
perylene derivatives and the synthetic flexibility of this dye system may prove valuable for 
studying orientational effects. Furthermore, we are investigating dyes whose photophysics 
might otherwise seem unfavorable for solar energy conversion. We have recently demonstrated 
efficient electron injection from [Fe(4,4'-di~arboxy-2,2'-bipyridine),(CN)~] into TiO, and 
believe this to be the first time an iron-bipyridyl complex has been utilized successfully in a 
solar conversion scheme. This has important implications in the understanding of the dye 
injection kinetics and possibly broadens the field of molecules that can be considered as 

One of our interests is to configure the dye sensitized cell to split water into its 

sensitizers. 
.O.S $ * 

Figure 2 
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SELF-ASSEMBLED MONOLAYERS OF 7-(lo-THIODECoXY)CO~IN ON GOLD: 
SYNTHESIS, CHARACTERIZATION, AND PHOTODIMERIZATION 

Weijin Li and l5ar.r.W-x 
Department of Chemistry and Biochemistry, The University of Texas 

Austin, Texas 78712 

As is true in solution, irradiation at 350 nm of 7-(10- 
thiodecoxy) coumarin (1) as a self-assembled monolayer (SAM) on 
polycrystalline gold (Au-1) produces [2+2] photodimers. In the 
monolayer, photodimerization is indicated by differences in the 
grazing angle surface FTIR spectra, sessile drop contact angles, 
and surface fluorescence spectra before and after irradiation. 
The photodimerization can be reversed by irradiation at 300 nm, as 
demonstrated by changes in these same structural probes. Better 
photochemical reversibility and stereoselectivity are observed 
when the in situ photodimerization is conducted as a dry solid 
monolayer than when in contact with benzene. A comparison of the 
structure of a self-assembled monolayer of a syn head-to-head (H- 
H) dimer of 7- (10-thiodecoxy) coumarin on polycrystalline gold (Au- 
2)  with that of the photodimers generated by irradiation of Au-1 
demonstrates that surface reorganization is accomplished in the 
photodimerization-photoreversion cycle. 

Au 

Syn H-H dimer 

Syn H-T dimer 
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THEORETICAL STUDIES OF ELECTRON TRANSFER AND MOLECULE- 
SURFACE INTERACTIONS 

Richard A. Friesner 
Department of Chemistry 

Columbia University 
NY NY 10027 

Results from three projects will be presented: (1) calculation of electron transfer matrix 
elements via ab initio quantum chemistry; (2) application of this methodology to calculation 
of scanning tunneling microscope (STM) images, and comparison with experimental data; 
(3) calculation of molecule-surface binding energies via high level ab initio quantum 
chemistry. Each project is briefly described below. 

Calculation of Electron Transfer Matrix Elements: 

We have developed ab initio quantum chemical methods for calculating electron transfer 
matrix elements between donor and acceptor species. The novel aspect of the method is the 
ability to treat very large systems efficiently; calculations up to 2000 basis functions in size 
have been handled easily on a workstation. As initial test cases we utilized 
bacteriochlorophyll (BChl) chromophores as donor and acceptor. 

Calculation of STM Images via Ab Initio Ouantum Chemistry 

Flynn and coworkers have recently measured STM images of a number of organic 
molecules on graphite surfaces. They found significant variation in brightness as the tip of 
the STM probe was moved across the molecule to different locations. We have carried out 
calculations at the Hartree-Fock level using our ET matrix element formalism (discussed 
above) and modeling the graphite as a single plane. Qualitative agreement is obtained 
between the calculations and the experimental data of Flynn and coworkers. Future 
calculations are planned to allow a more quantitative analysis of the STM data than is 
currently possible. 

Calculation of the Binding Energy of Methyl Bromide to Gallium Arsenide: 

Previously, we have calculated the binding energy of methyl halides to a GaAs surface 
using density functional theory (DFT) methods and localized second order perturbation 
theory (LMP2). Both of these methods give reasonable results, but the binding energies are 
still too low (-0.3 ev calculated vs. 0.5 ev experiment). We have now used a more accurate 
method, GVB-LMP2, and have obtained results in quantitative agreement with 
experimental data. These are to our knowledge the largest high level correlated electronic 
structure calculations that have been carried out to date. The methodology can now be 
routinely applied to examine a wide variety of molecule-surface interactions. 
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ROLES OF TRIETHYLAMINE IN CARBON DIOXIDE PHOTOREDUCTION 
MEDIATED BY METAL COMPLEXES 

Etsuko Fujika Bruce S. Brunschwig,a Tomoyuki Ogata?tb 
Yuji Wadab and Shozo Yanagidab 

Themistry Department, Brookhaven National Laboratory, Upton, NY 11973-5000 and 
bMaterial and Life Sciences, Graduate School of Engineering, Osaka University, 

Suita, Osaka 565 

Many 14-membered tetraazamacrocyclic complexes have been used as catalysts 
for photochemical and electrochemical C02 reduction. Our previous studies indicated 
that cobalt macrocycles mediate electron transfer in the photoreduction of CO2 using p- 
terphenyl as a photosensitizer and a tertiary amine as a sacrificial electron donor. 
Transient spectra provide evidence for the sequential formation of the p-terphenyl radical 
anion, CoL+, [CoL-C02]+ and [S-CoL-(CO2)]+ (L = 5,7,7,12,14,14-hexamethyl-1,4,8,11- 
tetraazacyclotetradeca-4,1l-diene, S = solvent) in the catalytic system. Flash photolysis 
studies suggest the existence of a minor pathway for COIL+ formation that does not 
involve p-terphenyl. Triethylamine (TEA), added as the electron donor, coordinates to 
Co11L2+ andthe resulting complex undergoes photo-induced ligand-to-metal charge 
transfer. Continuous photolysis at 3 13 nm of acetonitrile solutions containing TEA and a 
nickel(II) or cobalt@) macrocycle produce the corresponding reduced species (Ni(I) or 
Co(1)) without the addition of any photosensitizer. Since TEA is successfully used as an 
additive in many homogeneous hydrogenation systems of carbon dioxide to produce 
formic acids, alkyl formates, or CHq with high yields, we are studying the interaction of 
metal complexes with TEA. Information on the TEA binding constants, the nature of the 
TEA adducts, the C02 interaction, etc., will be presented. 
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SOLVATION AND STRUCTURAL EFFECTS ON THE TRANSIENT SPECTRA OF 

ELECTRON TRANSFER 
DONOR-ACCEPTOR MOLECULES DURING THE ONSET OF PHOTOINDUCED 

D. Gosztola", R. Schallerb, and M. R. WasielewskiaSb 
"Chemistry Division, Argonne National Laboratory, Argonne, IL 60440 
Department of Chemistry, Northwestern University, Evanston, IL 60208 b 

We have designed and synthesized a series of donor-acceptor (DA) molecules 
to study the effects that changes in structure, driving force, and solvent polarity and 
reorganization have on spectra and kinetics during the onset of photoinduced electron 
transfer. The electron donors consist of a 1,8-naphthalenedicarboximide substituted at 
the 4-position with pyrrolidine, piperidine, or hexamethyleneimine (x-Nmi). These 
substitutions were used to vary the driving force of photoinduced electron transfer. The 
electron acceptors were N-substituted pyromellitimides (Pdi-x). The electron acceptors 
were substituted with n-octane, 1 ,8-naphthalenedicarboximide, or N-(n-octyl)-I ,4,5,8- 
naphthalenetetracarboxydiimide. 

Optical excitation of the donor chromophore is followed by rapid electron transfer 
to the acceptor forming the radical pair: x-Nmi'-Pdi'-x. The formation of Pdi'-x was 
monitored by the formation of an intense absorption band at 700 nm. Transient spectra 
recorded during charge separation show changes in both the width and position of this 
band. These spectral changes, in addition to changes in electron transfer rate, were 
dependent on the substitution of the donor and acceptor as well as upon the solvent 
polarity. Solvent reorganization around the transiently formed radical pair and 
vibrational relaxation to dissipate excess energy are shown to account for the spectral 
changes. 
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MEASUREMENT OF H, AND 0, FLASH YIELDS IN PS I-DEFICIENT MUTANTS OF 
CHLAMYDOMONAS AND COMPARISON WITH PREDICTIONS OF THE ZSCHEME 

E. Greenbaum’, J. W. Lee’, S .  L. Blankinship’ and T. G. Owens2 

‘Oak Ridge National Laboratory, P. 0. Box 2008, Oak Ridge, TN 3783 1-6194 
2Section of Plant Biology, Cornel1 University, Ithaca, NY 14853-5908 

It has recently been shown (1,2) that mutants of the green alga Chlamydomonas reinhardtii lacking 
detectable levels of the Photosystem I reaction center are capable of performing sustained 
simultaneous photoevolution of molecular hydrogen and oxygen, carbon dioxide fixation and 
photoautotrophic growth at rates comparable to that of wild-type Chlamydomonas reinhardtii. Since 
the P700 absorption spectroscopic technique indicated an upper limit of no more than 5% PS I on 
a per chlorophyll basis, it was concluded in References 1 and 2 that complete photosynthesis can be 
driven the by the PS 11 light reaction alone. 

There have been two published critiques of this work (3,4). V. A. Boichenko has written (3) that a 
Z-scheme-like mechanism may possibly be preserved by assuming that multiple PS 11s are electrically 
wired in parallel to a single serial PS I present in low-level contamination. In this version of the Z- 
scheme reductant generated by =20 PSIIS are fed to the oxidizing side of a single PS I which 
generates the low potential reducing equivalents used for hydrogen evolution or CO, reduction. 
Separately, Mulkidjanian and Junge have postulated (4) that the source of low-potential reductant 
for hydrogen evolution in PS I-deficient algal mutants is similar to that of purple photosynthetic 
bacteria where reductant is generated by reverse electron flow through the NADHubiquinone 
oxidoreductase complex. They reasoned, in analogy with purple bacterial photosynthesis, that the 
driving force for the reversal in the algal mutants consists of the scalar reducing potential of the 
plastoquinone/plastoquinol redox pair plus the electrochemical potential difference of the proton 
gradient across the photosynthetic membrane (5 ) .  

Measurements of absolute H, and 0, single-turnover saturating flashes yields in -3% PS I-deficient 
and low-level mutants containing up to 20% PS I relative to wild-type have been performed. The H2 
flash yields are too large, as predicted by the Z-scheme, for the amount of PS I present in the 
mutants-even at the 20% PS I level. Separate control experiments with FCCP rule out reverse 
electron transfer as a mechanism for generating the low redox potential needed to drive the H, 
evolution reaction. 
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LONG-RANGE SINGLET ENERGY TRANSFER IN PERYLENE BIS(IMIDE) FILMS 

Brian A. Greeg, Russell A. Connier and Julian Sprague 
National Renewable Energy Laboratory 

1617 Cole Blvd. Golden Colorado 80401-3393 

The distance over which singlet energy is transferred in polycrystalline films of perylene 
bis(phenethylimide), PPEI, was measured by a surface quenching technique in films ranging in 
thickness from 0.04 p to 2.3 pm. Radiative energy transfer was not observed. Accurate values 
of the exciton transfer length could be obtained only with quenchers exhibiting rapid surface 
quenching velocities (> los cm/s), such as poly(3-methylthiophene). The measured singlet 
exciton transfer length of 2.5 k 0.5 pm is apparently the longest yet reported. Its approximate 
value can be inferred directly from the experimental data and is therefore essentially independent 
of the assumed theoretical model. Our measurements contain no direct information about the 
mechanism of the exciton motion; however, if it is assumed to be diffusional, the calculated 
intermolecular exciton hopping time, zh e< 100 fs, is unusually fast. This suggests that excitons, 
in fact, may be delocalized over a number of molecules and that coherent energy transfer plays 
some role in the exciton motion. Energy is apparently transferred further and faster in PPEI 
films than in natural photosynthetic light-harvesting systems. 
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Figure. Fluorescence of PPEI films evaporated onto the bare halves of Sn02-coated 
glass plates (diamonds) and onto the poly(3-methylthiophene)-coated halves of the plates 
(circles). Excitation was at 464 nm; emission was measured at 700 nm. The solid curves are the 
best fits to eq. 2. The dashed and dot-dashed lines through the PMT-quenched data are the best 
fits to eq. 2 with the diffusion length fixed at L = 1.8 pm and L = 4.0 pm, respectively. The 
dashed line through the Sn02-quenched data illustrates the error that would result from the 
common assumption that S = at the quenching surface. In this case the best fit to eq. 2 gives L 
= 0.07 pm. 
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MECHANISM OF ONE-ELECTRON OXIDATION OF p-, y, AND 6- 

PROTON TRANSFER AND SULFUR-OXYGEN-BOND FORMATION 
HYDROXYALKYL SULFIDES. CATALYSIS THROUGH INTRAMOLECUALR 

Krzysztof Bobrowski,tl* Gordon L. Hug,* Bronislaw Marciniak,§v* Brian Miller,# and Christian 
Schoneich# 

?Institute of Nuclear Chemistry and Technology, 03-1 95 Warsaw, Poland, $Radiation Laboratory, 
University of Notre Dame, Notre Dame, Indiana 46556, §Faculty of Chemistry, A. Mickiewicz 
University, 60-780 Poznan, Poland, # Department of Pharmaceutical Chemistry, University of 

Kansas, 2095 Constant Avenue, Lawrence, Kansas 66047 

The mechanism of photoinduced electron transfer between sulfur-containing alcohols and 
the 4-carboxybenzophenone (CB) triplet state in aqueous solution was investigated using laser 
flash photolysis and steady-state photolysis techniques. Bimolecular rate constants for quenching 
of the CB triplet state by five hydroxyalkyl sulfides, 2-(methylthio)ethanol (2-MTE), 2,2'- 
dihydroxydiethyl sulfide (2,2'-DHE), 3-(methy1thio)propanol (3-MTP), 3,3'-dihydroxydipropyl 
sulfide (3,3'-DHP) and 4-(methy1thio)butanol (4-MTB), with varying numbers of OH groups and 
varying locations with respect to the sulfur atom, were determined to be in the range (3.3 - 4.8) x 
lo9 M-l s-1 for neutral solutions. The intermediates identified were the CB ketyl radical anion 
(CBO-), the CB ketyl radical (CBH'), and intermolecularly (S:. S)-bonded radical cations. An 
additional absorption band at approximately 400 nm in the transient spectra for some of the 
hydroxyalkyl sulfides was assigned to the intramolecularly (OS-0)-bonded species (only for 
hydroxyalkyl sulfides which could adopt a five-membered ring structure). The spectra of 
appropriate (S :. S)+ and ('S-0) intermediates for the hydroxyalkyl sulfides were determined from 
complementary pulse radiolysis studies in acid and neutral aqueous solutions of the hydroxyalkyl 
sulfides, respectively. The observation of ketyl radical anions and intermolecular (S :. S)-bonded 
radical cations of the hydroxyalkyl sulfides was direct evidence for the participation of electron 
transfer in the mechanism of quenching. Quantum yields of formation of intermediates from flash 
photolysis experiments and quantum yields of formaldehyde formation from the steady-state 
measurements were determined. The values of these quantum yields indicated that the diffusion 
apart (escape of the radical ions) of the charge-transfer complex, formed as a primary 
photochemica! step, is a minor photochemical pathway (with a contribution of - 5 to 25% 
depending on the numbers of OH groups). Competing processes of proton transfer and back 
electron transfer within the CT complex gave significant contributions to these yields. Detailed 
mechanisms for the CB-sensitized photooxidation of sulfur-containing alcohols are proposed, 
discussed, and compared with that for the 'OH-induced oxidation. One striking feature of the 
mechanisms is that there is a catalytic influence of neighboring groups on the radical reaction 
pathways during one-electron oxidation of the hydroxyalkyl sulfides in comparison to comparable 
reactions of non-substituted alkyl sulfides. Support for the mechanisms came in part from an 
analysis of observed solvent isotope effects on radical quantum yields. 
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PHOTOINDUCED ELECTRON TRANSFER IN 
SYNTHETIC SELF-ASSEMBLING POLYPEPTIDE SYSTEMS. 

PHOTOSYNTHETIC REACTION CENTER MIMICS 

Guilford Jones, II, and Valentine I. Vullev 
Department of Chemistry, Boston University 

Boston, Massachusetts 02215 

Significant recent effort in de novo protein synthesis has been devoted to 
the design and creation of helix "bundles"- complexes of amphipathic peptides 
that aggregate as dimer, trimer, or tetramer arrays. Described here is the 
design, preparation, and structural characterization of a photoactive helical 
peptide that incorporates an anionic dye, eosin Y, covalently attached at the N 
terminal, and a tryptophan amino acid residue that serves as an electron 
donor located in the domain of the peptide coil. Aggregation of the peptide as 
dimer is observed; upon addition of a polycationic electrolyte, poly-L-lysine 
(PLL), the negatively charged eosin moieties are electrostatically stabilized as a 
"special pair". On photoexcitation, the bound dye aggregate is engaged in 
intrapeptide electron transfer. Auxiliary electron acceptors attached to PLL are 
also shown to undergo photoinduced electron transfer. The photophysical 
properties of the aggregates have been investigated using fluorescence and 
laser flash photolysis methods. For further structural study of peptide bundle 
assemblies, another peptide of the same family has been synthesized with the 
pyrene fluorescence probe substituted for the eosin moiety at peptide N- 
termini. Aspartate amino acid residues have been introduced to provide the 
characteristics of length and hydrophobicity associated with the original 
photoactive peptide and to provide charge sites for docking with the ancillary 
PLL electrostatic template. Fluorescence, CD, MALDI-MS, and gel 
chromatographic methods have been used to characterize the peptide 
aggregates. The purpose of these studies is to develop a more complete 
understanding of the self-assembly characteristics of synthetic peptides that 
have been covalently modified with chromophores and redox active groups. 
The procedures so far require effective use of peptide sequences that 
incorporate hydrophobic "knobs-in-holes" interacting surfaces and 
electrostatic contacts for high affinity binding and for the positioning of 
potentially photoactive groups along vectorial spaces in helical arrays. 
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INTERPARTICLE ELECTRON TRANSFER IN GOLD/CdS COMPOSITE 
NANOCLUSTERS 

Prashant V. Kamat and Bhairavi Shanghavi 
Radiation Laboratory, University of Notre Dame 

Notre Dame, Indiana 46556 

Composite semiconductor nanoclusters of different materials are useful in light energy 
conversion systems since they promote photoinduced charge separation and enhance the 
efficiency of photocatalytic reactions. In our continued efforts to explore the optical properties 
of composite nanoclusters we have now elucidated the kinetics and mechanism of the 
interparticle electron transfer between semiconductor and metal nanocrystallites. 

r- I 

Figure 1. Left: Schematic diagram illustrating the principle of photoinduced charge separation in 
semiconductor-metal composite nanoclusters. w: Transient absorption spectra recorded 
immediately after 355 nm laser pulse excitation of different colloidal suspensions. 

Au/CdS composite nanoclusters in aqueous medium were prepared by capping Au cores 
(20 nm diameter) with CdS nanoclusters (4 nm diameter). The photophysical properties of 
Au/CdS nanoclusters were probed by exciting the colloidal suspension in a picosecond laser flash 
photolysis apparatus. The transient absorption spectrum recorded following 355 nm laser pulse 
(pulse width 18 ps) excitation of Au/CdS colloids shows two distinct transient bleaching maxima 
at 480 and 545 nm which correspond to the CdS shell and Au core respectively. The difference 
absorption spectrum (spectrum c in Figure 1) observed in t h i s  set of experiments is different than 
the simple addition of the spectra a and b in Figure 1. 

The electron transfer from CdS to Au core which occurs within the time frame of our 
laser pulse (18 ps), causes the surface plasmon band to bleach. The slower recovery of the 
transient bleaching observed with Au/CdS nanoclusters suggests improved charge separation in 
the composite system. The results presented here show the feasibility of monitoring interparticle 
electron transfer in a metal/semiconductor composite system using transient absorption 
spectroscopy methods. Further experiments are underway to improve the efficiency of 
photoinduced charge separation of composite semiconductor nanoclusters and to understand the 
role of noble metals in improving the efficiency of photocatalytic reactions. 
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ELECTRON-HOLE RECOMBINATION DYNAMICS IN M o S ~  NANOCLUSTERS 

F. Parsapour, R. A. Latinen, R. Doolen, and D. F. Kellev 
Department of Chemistry, Colorado State University 

Fort Collins, CO 80523- 1872 

MoS2 nanoclusters are synthesized in inverse micelles by the reaction of MoCl4 and 
(NH4)zS. The nanoclusters may then be studied in the inverse micelle environment. Alternatively, 
the micellar solution may be exacted with acetonitrile, which results in the nanoclusters remaining 
in the octane phase, with their surface traps partially passivated by adsorbed acetonitrile. 
Following photoexcitation above the band gap, radiative recombination of surface trapped electrons 
and holes results in broad, unresolved emission. The kinetics of this emission have been studied, 
using time correlated single photon counting. The decays are strongly nonexponential, having 
components from hundreds of picosecond for many nanoseconds. These kinetics have been 
simulated using and distributed kinetics model, similar to a Thomas-Hopfield model. The model 
makes the following assumptions: 1) trapping occurs irreversibly; 2) all trapping occurs on the 
edges of these disc-like nanoclusters; and 3) the non-radiative recombination rate is given by: 
knr(r) = +HI2 (FCF) exp(-2ao/r) and the radiative rate is given by: k,(r) = IVl2exp(-2ao/r) where r 

is the electron-hole separation, ao is a constant and FCF is the Boltzmann weighted Franck- 
Condon factor. The model further assumes that the "accepting mode" for radiationless decay is the 
highest frequency vibration, the transverse optical phonon at 374 cm-1. The magnitude of the 
electronic coupling, H, is the only adjustable parameter in the model. 

In this model the probability distribution of electron-hole separations is determined by the 
size of the nanocluster and the fact that the traps are assumed to be on the nanocluster edges. 
Quantitative agreement between calculations and experiment is obtained, as shown below. Other 
probability distributions result in an unsatisfactory fit. 

The presence of adsorbed acetonitrile partially passivates the edge traps resulting in 
different emission spectra and kinetics. This model also quantitatively reproduces these 
differences. 
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PHOTOIONIZATION OF PORPHYRINS IN MESOPOROUS MCM-41, AIMCM-41 

AND TiMCM-41 MOLECULAR SIEVES 

Hyung Mi Sung-Suh, Zhaohua Luan and Larry Kevan 

Department of Chemistry 

University of Houston 

Houston, Texas 77204-5641 

The photoionization of porphyrins within mesoporous MCM-41 silica 

tube molecular sieves has been studied with visible light irradiation at 

room temperature and 77 K. Porphyrin cation radicals are generated by 

photoionization within MCM-41 molecular sieves and are characterized by 

electron spin resonance (ESR) and diffuse reflectance UV-visible 

spectroscopy. Mesoporous MCM-41 molecular sieves have been studied as 

heterogeneous hosts to accomplish long-lived photoinduced electron transfer 

of bulky porphyrin molecules. Pure siliceous MCM-41 molecular sieves 

with different pore sizes were synthesized and used to demonstrate pore 

size effects on the photoionization efficiency of porphyrins. A series of 

~ 
titanosilicate TiMCM-41 and aluminosilicate AIMCM-41 molecular sieves were 

also synthesized and shown to improve porphyrin photoionization efficiency 

in comparison with pure siliceous MCM-41 molecular sieve. 
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CAROTENOIDS: PHOTOINDUCED ELECTION TRANSFER AND 
PHOTOACTNATED OXIDATION 

G. Gao, Y. Deng, T. A. Konovalova, V. V. Konovalov, E. Hand, 2. He and L. D. Kispert 
Department of Chemistry, The University of Alabama, Tuscaloosa, AI, 35487 

Although the importance of carotenoids in photosynthesis as a photoprotector and an 
auxiliary antenna pigment is well established, the role of the carotenoids radical cation in the 
photosynthetic apparatus is not well understood. Properties of the carotenoid radical cation 
are being examined as a function of the method of formation and environment. Carotenoid 
radical cations (CAR' +) and solvent derived radicals were formed by the photoinduced 
electon transfer from P-carotene and canthaxanthin to solvent molecules under 308-578 nm 
photolysis of frozen carotenoid solutions (77 K) of CCl4, CHC13, CH2C12 and CS2. For a CS2 
solution, solvent radicals are identified as CS2 radical anions, and for chlorinated solvents they 
are either predissociation species (R ... Cl) .- Or radical Products R' e The Proposed reaction 
mechanism includes energy and electron transfer from the lowest excited singlet state, 
I(CAR)* to the solvent to form intermediate donor-acceptor complex 1[C AR... Sol] * which 
decays yielding solvent-separated radical ion pairs [CAR'+ ... Sol ... Sol'-] . 

When canthaxanthin and P-carotene dichloromethane solutions are treated with small 
amounts of ferric chloride (5 0.26 mol equiv.), extensive photodegradation of additional 
neutral carotenoid occurs upon subsequent irradiation with near-LJV to visible light. The data 
are consistent with a mechanism in which Fe(II) is photochemically converted in the presence 
of CH2C12 to Fe(II1) which then oxidizes unreacted neutral carotenoids. Canthaxanthin 
radical cations in CH2C12 form cation dimers (absorption m a  at 770 nm and a CV peak at 20 
mV)at low temperature or upon irradiation with near-W to visible light. It appears that 
radical cations associate with parent molecules and then undergo two subsequent steps to 
form the final cation dimers. In the presence of supporting electrolytes, canthaxanthin radical 
cations form ion-pairs with anions PFg-, resulting in a 10 nm blueshift of the absorption 
maximum of the radical cations. 

Radical cations and anions of the carotenoids Jkarotene, canthaxanthin, 8-apo-P-caroten-8-al 
and 7', 7'- dicyano-7'-apo-P-carotene were studied by different electrochemical techniques: 
conventional and fast cyclic voltammetry, as well as by fast spectroelectrochemistry in 
collaboration with Prof. J.-M. Saveant, and Dr. P. Hapiot at lab. Molecular Electrochemistry, 
University Paris-7. Details of these studies will be presented. 
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PHOTOMODULATION AND PHOTOPUMPING IN MEMBRANES 
CONTAINING PHOTOACTIVE CARRIERS 

Teresa Longin, Markus Groner, Heather Oswald, and SLulAmd 
Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO 

80309-0215 

A general steady-state model describing photofacilitated transport in liquid 
membranes is presented. The figures below depict the transport mechanisms central 
to the model and the reaction schemes that describe the complexation and 
decomplexation reactions. For each case, the carrier responsible for facilitated 
transport exists in two forms: one that binds strongly to the carrier and one that binds 
weakly. Light affects the interconversion rates betweenthe two forms. The model can 
be used to consider photoactive carriers with a wide range of thermodynamic and 
kinetic properties in order to calculate photoinduced transport of solutes down their 
concentration gradient (photomodulation) and against their concentration gradient 
(photopumping). The description of transport in these systems is generalized by 
combining the relevant physical constants (concentration, diffusion coefficients, rate 
constants, light intensity, molar absorptivity, etc.) into dimensionless parameters. 

Past experimental studies and the previous theory involving photofacilitated 
liquid membranes have involved carriers in which the strongly binding is photoactive 
such that light converts it to the weakly binding form. According to the results of this 
study, absorption of light in such systems can cause photomodulation increases of 
150%. However, photoefficiencies are only a few percent. If the weakly binding forms 
of the carrier are photoactive, photomodulation increases of several hundred percent 
can be achieved, along with photoefficiencies over 100%. The ability of 
photofacilitated membranes to pump solute against a concentration gradient is 
currently being explored. 
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SOLVENT INFLUENCES ON TRIPLET ENERGY TRANSFER TO THE CAROTENOID 
IN BACTERIAL PHOTOSYNTHETIC REACTION CENTERS 

Philip D. Laible,SoMarianne Schiffer,* Deborah K. Hanson! and Marion C. Thurnauers 
Chemistry Division* and Center for Mechanistic Biology and Biotechnologyo, 

Argonne National Laboratory, Argonne, IL 60439 

In the photosynthetic reaction center of purple, non-sulfur bacteria, primary charge separation 
is initiated on a specialized dimer of bacteriochlorophyll known as the special pair (P). Primary 
charge separation follows the arrival of an excited state from the LH1 antenna and proceeds with 
electron migration to a nearby bacteriopheophytin molecule (HA) in 3 ps. Subsequent electron 
migration transports the electron to the primary quinone (Q,,; in 200 ps), through a non-heme iron, 
and finally to the terminal acceptor, the secondary quinone (QB; in 5 - 200 ps). As this process 
repeats, a proton gradient builds across the chromatophore membrane which is used to drive ATP 
synthesis as protons are taken up solely on the cytoplasmic side of the membrane (by Qi and Qs=). If 
secondary electron transfer to the primary quinone is blocked, a well-characterized To-polarized triplet 
state, TP, is efficiently formed on P 
from P'H,. In a semi-aerobic 
environment, one major role of the 
carotenoid (C) in this membrane- 
spanning pigment-protein complex 
is to quench TP prior to transfer of 
the energy to molecular oxygen -- 
preventing the formation of 
damaging singlet oxygen species. 
The carotenoid performs this 
function by rapidly accepting the 
triplet state from P (kx; probably 
via transfer through the monomeric 
chlorophyll on the inactive side of 
the complex) and dissipating 
rapidly this excited state energy 
through internal conversion into heat. 

temperature dependence of the rate of triplet energy transfer from P to the carotenoid in reaction 
centers from a variety of wild-type species and mutant strains of purple, non-sulfur bacteria. The 
mutants carry substitutions of amino acids residing near the special pair, monomeric chlorophyll and 
pheophytin cofactors on the active and/or inactive sides of the protein. The large difference in the 
efficiency of transfer in the strains [at 70 K the rates range from (200 nsy' for wild-type Rhodobacfer 
sphaeroides to (950 ns)-' for a mutant of Rhodobacfer C U ~ S U Z U ~ U S ]  demonstrates the ability of the 
protein solvent to influence the electronic distribution and overlap of the chromophores and thus the 
thermal barrier for triplet energy transfer via the Dexter exchange mechanism. Our results begin to 
provide insight into the differences between species and will unravel additional structure/function 
relationships in the only membrane-spanning, biological battery whose three-dimensional structure is 
known to atomic resolution. In addition, the work should provide insight into the temperature 
dependence and anisotropic nature of the triplet energy transfer and conclusively demonstrate the 
involvement of the intervening bacteriochlorophyll monomer in the transfer scheme. 

We have recently measured, using direct detection EPR methods with 50 ns resolution, the 
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DISTANCE DEPENDENT ELECTRON TRANSFER IN DNA HAIRPINS 

POSTER #27 

Frederick D. Lewis, Taifeng Wu, Yifan Zhang, Robert L. Letsinger, Scott R. Greenfield, and 
Michael R. Wasielewski 

Department of Chemistry, Northwestern University, Evanston, IL 60208 and Chemistry 
Division, Argonne National Laboratory, Argonne, IL 60439 

We have synthesized a family of stilbene-bridged DNA hairpins (Fig. 1) in which the 
parent hairpin dT6-st-dA6 is modified by introduction of a single dG-dC base pair at different 
positions relative to the stilbene bridge (designated as nGC, where n is the number of dA-dT base 
pairs separating the stilbene bridge from the dG-dC base pair). Molecular modeling of dT6-St-@ 
and the GC-modified hairpins indicates that they can adopt a low-energy conformations in which 
the nucleotides form a B-form double helix with the stilbene located above the adjacent dT-dA 
base pair with an average a-stacking distance of 3.5 A. Thus, the plane-to-plane distance between 
stilbene and guanine can be readily calculated from the average a-stacking distance. The 
calculated structure of OGC is shown in Fig. 2. 

dT,-St-dA, displays strong stilbene fluorescent ((De = 0.36) and has a long fluorescence 
decay time (2.2 ns), indicative of restricted torsion about the stilbene C=C double bond in the 
hairpin structure. The hairpin 4GC has a slightly smaller fluorescence quantum yield and decay 
thm and these values get progressively smaller as the dG-dC pair is positioned closer to the 
stilbene. Transient absorption spectra of the hairpins were measured using a fs amplified Ti- 
sapphire based laser system. The parent dT6-St-dA6 displays transient absorption attributed to the 
stilbene singlet state whereas OGC displays transient absorption attributed to the stilbene anion 
radical. The remaining hairpins display time-dependent transient absorption spectra indicative of 
the conversion of the stilbene singlet state to the anion radical. Kinetic analysis of these changes 
provides the distance dependence of the electron transfer rate constant. 

4GC 

Fig. 1. Calculated structure of OGC 
A 

St 
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A STUDY OF CHARGE TRANSFER RATE CONSTANTS AT SINGLE-CRYSTAL INDIUM 
PHOSPHIDE ELECTRODES 

Katherine E. Pomykal and Nathan S. Lewis 
Division of Chemistry and Chemical Engineering, California Institute of Technology 

Pasadena, CA 91125 

Photoelectrochemical cells based on semiconductors as working electrodes have been shown 
in numerous cases to yield stable, efficient current-voltage properties at a lower cost than solid-state 
devices. However, the rate constants for charge transfer across a semiconductorfliquid interface are 
largely unknown, These quantities are needed to gain insight into how to improve the efficiency of 
desirable electrode/electrolyte combinations. Indium phosphide is an ideal candidate for study 
because of its importance in optoelectronic applications, its optimal bandgap for solar energy 
conversion, and its well-behaved current-voltage characteristics in non-aqueous solvents. 

In order to determine the charge transfer rate constant at a semiconductorfliquid junction, two 
quantities must be measured experimentally: the electron flux across the interface, Jet, and the surface 
electron concentration in the semiconductor, n,. The electron transfer rate constant, kt, is then given 
by the relation: Jet=q bt n, [A], where q is the charge on an electron and [A] is the concentration of 
the electron acceptor in the solution. We have found InPAiquid systems which show the desired 
exchange current dependence on [A], indicating that Jet is the dominant current-producing process in 
these systems. Thus by measuring Jet and n, we can directly calculate bt. Jet can be found through 
steady-state current density-voltage measurements using the diode equation. Using Boltzman 
statistics, n, can be calculated from the flat-band potential or built-in voltage of the junction (Vfi) 
and the dopant density (Nd) of the sample. Vfi is measured using capacitance-voltage techniques. 

Built-in voltages were measured for several electrolyte systems which exhibited exchange 
currents dominated by the rate of electron transfer across the semiconductorlliquid interface and rate 
constants were calculated . The built-in voltages of these junctions were shown to correspond ideally 
to changes in the solution redox potential, indicating a lack of Fermi-level pinning (see figure). 
Using Marcus' theory for electron transfer across two immiscible liquids as a model, the maximum 
possible charge transfer rate constant for a semiconductorfliquid junction has been calculated to be 
10-17-10-16 cm4 s-1. As expected given the energetics of these junctions, the measured rate constants 
are very close to this calculated rate constant (see table). 

0.9 L 
Summaw of El- 

MezFc+fO 0.100 9 x 10-17 
MezFc+lO 0.010 1 x 10-16 
MeloFc+fO 0.025 5 x 10-17 
pv2+1+* 0.050 3 x 10-16 
Fc+/o 0.10 5 x 10-17 
Fc+lo 0.010 2 x 10-16 

Redox Couple [AI (MI k,, (cm4 s-l) 

$5 -0.25 -0.15 -0.05 0.05 0.15 0.25 0, 
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EFFECTS OF CENTRAL METAL ION (MG, ZN) AND SOLVENT ON SINGLET 
EXCITED-STATE ENERGY FLOW IN MULTIPORPHYRIN ARRAYS 

Feirong Li and Jonathan S .  Lindsev in collaboration with the groups of D. Bocian and D. Holten 
Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204 

Zinc porphyrins have been widely used as surrogates for chlorophyll (which contains 
magnesium) in photosynthetic model systems and molecular photonic devices. In order to 
compare the photodynamic behavior of Mg- and Zn-porphyrins, dimeric and star-shaped 
pentameric arrays comprised of free base (Fb) and Mg- or Zn-porphyrins with intervening 
diphenylethyne linkers have been prepared via a modular building block approach. High solubility 
of the arrays in organic solvents facilitates chemical and spectroscopic characterization. The arrays 
have been investigated by static and time-resolved absorption and fluorescence spectroscopy, and 
by resonance Raman spectroscopy. The major findings include the following: 

(1) The rate of singlet excited-state energy transfer from Mg-porphyrin to Fb-porphyrin ((3 1 ps)-1) 
is comparable to that from Zn-porphyrin to Fb-porphyrin ((26 ps)-'). 

(2) The electronic coupling between the metalloporphyrin and Fb-porphyrin is approximately the 
same for Mg- versus Zn-containing arrays. 

(3) The quantum yield of energy transfer is slightly higher in the Mg-arrays (99.7%) than in the 
Zn-arrays (99.0%) due to the longer inherent lifetime of Mg-porphyrins (10 ns) compared with 
Zn-porphyrins (2.5 ns). 

(4) The rate of energy transfer, and the magnitude of the electronic coupling, are essentially 
independent of the solvent polarity and the coordination geometry of the metalloporphyrin (4 or 
5-coordinate for Zn-porphyrins, 5 or 6-coordinate for Mg-porphyrins). 

(5 )  Polar solvents diminish the fluorescence yield and lifetime of the excited Fb-porphyrin in 
arrays containing either Mg- or Zn-porphyrins. These effects are attributed to charge-transfer 
quenching of the Fb-porphyrin by the adjacent metalloporphyrin rather than to changes in 
electronic coupling. The magnitude of the diminution is greater for the Mg-containing arrays, 
which is due to the greater driving force for charge separation. 

(6) The Zn-containing arrays are quite robust while the Mg-containing arrays are slightly labile 
toward demetalation and photooxidation. 

These results indicate that multiporphyrin arrays having high energy-transfer efficiencies 
can be constructed from either Mg- or Zn-porphyrins. However, Mg-containing arrays may be 
superior where a succession of energy transfer steps occurs or where charge-transfer is a desirable 
feature, while Zn-porphyrins are better-suited when it is desirable to avoid charge-transfer 
quenching reactions. 
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HYDROGEN BONDING EFFECTS IN EXCITED STATES: 
QUENCHING OF FLUORENONE BY HYDROXY COMPOUNDS 

Liszl6 Biczok and H e m  Linschitz 

Department of Chemistry, Brandeis University 
Waltham, MA USA 02254-91 10 

Intermolecular hydrogen bonding plays an important role in modifying 
photophysical and photochemical processes in excited systems. Such control may 
be indirect, simply as the consequence of changing the relative positions of singlet 
and triplet levels, and thereby the rates of intersystem transitions. Our current work 
is concerned with more direct effects of intermolecular H-bonding, as manifest in a 
variety of processes following excitation, including internal conversion or electron, 
proton or H-atom transfer. To help clarify the factors controlling these several 
possible pathways, we have studied the interactions of singlet and triplet excited 
fluorenone with a series of alcohols, phenols and related compounds in aprotic 
solvents, systematically varying the H-bonding power, redox potential and acidity of 
the quencher, as well as solvent polarity and deuterium substitution. 

The effect of these variables on dynamic quenching rates and flash 
observations of triplet yields shows that H-bonding alcohols quench the singlet 
simply by inducing radiationless transitions to the ground state (internal conversion). 
Electron or proton transfers beyond what is inherent in the H-bond are not involved. 
This “pure” H-bond mechanism results from differences in H-bond strength between 
ground and excited states. H-bond formation to a strongly basic, excited acceptor 
facilitates both efficient surface crossing to the ground state and immediate energy 
dissipation. 

For the phenols, singlet quenching varies from the pure H-bond mechanism 
to reversible electron transfer, depending on the strength of H-bonds on the one 
hand and ease of oxidation on the other. This leads to a minimum in the quenching 
rate of both singlets and triplets as a function of p-substitution of the phenol. 
However, for the triplet, electron or H-atom transfer, facilitated by H-bonding, is 
needed to explain the measured rates. Some long-lived radical products result from 
triplet quenching, to the extent that electron or H-atom transfer occurs. 

The relation of these findings to the photochemistry of aryl ketones will be 
discussed. 
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ULTRAFAST SPECTROSCOPY OF TRANSITION METAL COMPLEXES: 
PROBING THE PRIMARY PROCESSES OF EXCITED-STATE RELAXATION 

Niels H. Damrauer, Alvin Yeh, Charles V. Shank, and James K. McCusker 

Department of Chemistry, University of California at Berkeley, 
Berkeley, California 94720 

and 
Material Sciences Division, Lawrence Berkeley National Laboratory, 

Berkeley, California 94720 

The photochemical and photophysical properties of transition metal complexes continue to be topics 
of interest in the chemical community. However, despite all of the research that has been carried out in these 
areas, there is still very little known about the primary stages of excited-state evolution. Specifically, the 
window of time between when a photon is absorbed by a molecule and when the lowest-energy excited state 
responsible for most of the molecule's observed photoreactivity is formed is virtually unexplored. 

Work is being done in our laboratory to detail the process by which the Franck-Condon state of a 
molecule evolves to the metastable state (i.e., the "long-lived" state) of the system. The well-studied 
[ R u ( b p ~ ) ~ ] ~ +  system serves as a convenient template. Ultrafast time-resolved absorption measurements on the 
20 fs time scale following charge-transfer excitation are presented which reveal spectral evolution associated 
with formation of the long-lived 'MLCT state responsible for most of the photophysics and photochemistry 
of this molecule (data collected in CH3CN are shown below). Variable-solvent as well as time-resolved 
depolarization experiments are also being carried out in order to further delineate the intramolecular and 
environmental factors affecting excited-state dynamics in this system. In addition, the effects of electronic 
and geometric structure changes are being explored wherein a combination of synthetic and physical 
chemistries is used to elucidate structure/dynamics correlations. One series of molecules in particular is 
described, in which a variety of static and time-resolved spectroscopies illustrate the effects of ligand-based 
excited-state electron delocalization on the photophysical properties of molecules. The idea that one can 
time-resolve this delocalization -- a possibility in this system due to strong excited state-excited state vibronic 
coupling -- is also explored. 
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POLARIZED NMR SIGNALS RESULT FROM CYCLIC ELECTRON TRANSFER 
IN Q-DEPLETED REACTION CENTERS 

Ann McDermott, Martin Zysmilich 
Columbia University, Department of Chemistry NY NY 10027 

We previously reported polarized SSNMR spectra of 5N-labeled Q-blocked 
photosynthetic reaction centers were observed with solid state NMR methods during 
illumination with a Xenon arc lamp. The spectra have emissive and enhanced lines assigned to 
nitrogens in the tetrapyrroles of the bacteriochlorophyll special pair ("P")l associated 
imidazoles and the primary acceptor pheophytin ( " I " ) .  We have performed calculations to 
simulate the amplitudes and thereby prove that they result from a radical pair mechanism 
(RPM) involving mixing of the electronic triplet and singlet states of P+'I-'. 

We have also recently identified signals associated with an analogous mechanism 
operating in PS I. The signals appear to result from Chl species. 

Weak signals could be associated with the monomeric BChl, a point of some interest. 
Experiments are planned involving site specific mutations to confirm this point. Current work 
focuses on identification of signals associated with B, the monomeric Bacteriochlorophyll on 
the active branch of the reaction center. We are pursuing this question through use of site 
specific mutants (in collaboration with Holton and Kirmeier) and selective labeling (in 
collaboration with Scheer). 
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COMMON THREADS IN SOLAR PHOTOCHEMISTRY AND NUCLEAR 
WASTE CHEMISTRY 

Andy Cook, Larry Curtiss and Dan Meisel 
Chemistry Division, and Chemical Technology Division, 

Argonne National Laboratory, Argonne, IL 60439 

Recent emphasis in DOE on nuclear waste management drew our attention to some of the 
common features in solar photochemistry research and in the chemistry and physics that underlie 
the processes that occur in high level liquid waste. We highlight these features in this presentation. 
As the common points become clear so do the differences - since the focus of interest in the nuclear 
waste are processes that are initiated by ionizing radiation, the excess energy deposited in the 
radiation induced fragments at early times may iead to different reactions then those in the more 
gentle, photochemically induced processes. 

The similarity of techniques used to study the systems is self evident. However, there is 
also much overlap in the systems to study. We focus on two issues: a. The effect of 
heterogeneity, due to colloidal particles, on reaction rates and yields of radiolytically induced 
processes, and b. The chemistry of the NOx (x=1-3) radicals. The interest in the first issue stems 
from the fact that nuclear waste is invariably stored as an heterogeneous suspension (temporarily, 
prior to permanent vitrification). The second issue is of importance because high level waste is 
invariably present in solutions that contain very high concentrations of nitrate and nitrite. These 
generate NOx radicals, either from direct absorption of the radiation or by reactions with the 
primary water radicals, within <1 ps following the absorption of radiation. 

We attempt to determine how the yield of water fragmentation radicals depends on 
concentration of colloidal (mostly, but not exclusively, silica) particles, on their size, the charge at 
their surface and the deposited dose. Our preliminary results indicate that a significant fraction of 
the energy that is originally deposited in the solids does appear in the aqueous phase, even at 50% 
weight of silica, as judged from the yield of e-q. This yield seems to increase with decreasing the 
size of the particles perhaps indicating direct correlation with the mean free path of free electrons in 
the solid prior to their trapping. 

Initial studies on the NOx system focus on the reducing radicals that are generated upon 
capture of electrons by nitrate. The first identifiable product from this process is the NO$- radical 
dianion. We show that the literature thermodynamic properties, its pKa and its lifetime, are 
erroneous. We propose that rather then protonation by general acids, this radical actually transfer 
an hydroxide ion to the acid. High level ab-initio calculations were used to estimate its redox 
potential and attempts are underway to obtain information on the energies of its various acid-base 
forms and their dissociation pathways. Early results indicate that capture of presolvated electrons 
by nitrate lead to the same radicals as the hydrated electrons. Even though these are very 
fundamental studies, they have immediate significant implications to the management of high level 
waste. These connectivity will also be outlined. 
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MOLECULAR CONTROL OF EXCITED STATES 
AT SEMICONDUCTOR INTERFACES 

Craig Kelly, Jeremy Stipkala, Fereshteh Farzad, and Gerald J. Mever 
Department of Chemistry, Johns Hopkins University, 

Baltimore, MD 21218 

The ability to control the fate of molecular excited states at semiconductor 
interfaces is an important yet rarely achieved goal. Here we report studies aimed toward 
this goal. Ruthenium and osmium polypyridyl compounds have been anchored to 
mesoporous nanocrystalline Ti02 films for light-to-electrical energy conversion in 
regenerative solar cells. The photoelectrochemical properties of these materials have 
been explored in two- and three-electrode arrangements. The molecular electron transfer 
processes that lead to a sustained photocurrent have been quantified spectroscopically. In 
some cases, intermolecular energy transfer competes with electron transfer into Ti@. 
The yield for energy transfer and interfacial electron transfer can be tuned with solvent, 
electrolyte and applied potential. The dynamics and yields provide insights into the 
factors which control excited state relaxation in these materials. 

More specifically, the sensitizers M(dcb)(bpy)22+, where M = Os@) or Ru(II) and 
dcb is 4,4’-(COOH)2-2,2’bipyridine, have been synthesized and characterized in fluid 
solution. In acetonitrile electrolyte, energy transfer from Ru(d~b)(bpy)2~+* to 
Os(dcb)(bpy)22+ is energetically favored and occurs with a rate constant of 2.1 x lo9 M- 
kl. The photoelectrochemical properties of these sensitizers bound to nanocrystalline 
Ti02 fdms have also been explored in acetonitrile electrolyte. Os(dcb)(bpyh2+ displays 
less than half the photocurrent efficiency of the corresponding Ru(I1) based sensitizer. 
Spectroscopic studies indicate that the lower photocurrent efficiency is due to a more 
sluggish iodide oxidation rate. For surfaces that contain both sensitizers, energy transfer 
across the nanocrystalline Ti02 surface from Ru(dcb)(b~y)2~+*/riO2 to 
Os(dcb)(bpy)22+/riO2 is observed under conditions where the Fermi energy is shifted 
toward the vacuum level. Shifting the Fermi level positive, with applied potential or 
electrolyte modification, results in efficient electron injection from both surface anchored 
sensitizers. The process is reversible and forms the basis for a charge-energy transfer 
switch as idealized below, Scheme 1. The results indicate that arrays of sensitizers can be 
used for efficient light-to-electrical energy conversion. 
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OPTICAL PROPERTIES, ENERGY TRANSFER AND 
ELECTRON TRANSFER IN InP QUANTUM DOTS AND CLOSED PACKED FILMS 

Qba. I. M iCi4 and A.J. Nozik 
National Renewable Energy Laboratory, 

16 17 Cole Blvd., Golden, Colorado 80401 

Three dimensional quantization effects in colloidal III-V semiconductor quantum dots (QDs) are 
expected to be pronounced due to their smaller effective masses and weaker phonon coupling which 
allows easier movement of carriers through the lattice. We have chosen to synthesize InP QDs and 
we used indium salts and trimethylsilylphosphine as starting materials to yield an InP precursor, 
which then thermal decomposes at 260-290°C in the presence of the colloidal stabilizer, 
trioctylphosphine oxide/trioctylphosphine (TOPO/TOP), to yield quantum dots. p-type (InP:Zn= 1 O3 
: l), and n-type (InP:S=103 : 1) QDs were synthesized as well-crystallized particles with the 
zincblende structure. 

Colloidal solutions of InP quantum dots show excitonic features in their absorption spectra. Higher 
energy transitions above the lowest HOMO-LUMO transition in the absorption spectra can also be 
seen. The spread in QD diameters is about 10%. The InP quantum dots turned from deep red (1.7 
eV) to green (2.4 eV) by reducing the diameter from 60 to 26 A. Bulk InP is a black material which 
has a band gap of 1.35 eV, with the absorption onset being at 91 8 nm. All of the prepared quantum 
dots are in strong confinement regime since the Bohr radius is about 100 A. 

The photoluminescence of InP preparations showed highly efficient band-edge photoluminescence 
after etching the particles with hydrogen fluoride. The quantum yield is about 60% at 10 K. Global 
PL spectra show a broad band which shift to higher energy with decreasing QD size. Resonant 
photoluminescence and excitation spectra (PLE) show several transition close to the band edge 
energy. The Stokes shifts, obtained through fluorescence line narrowing and PLE experiments, are 
size dependent and increase from 6 to 16 meV as the particle size decreases from 45 to 26 A. These 
results are consistent with a model in which the emission occurs from the intrinsic, spin-forbidden 
state, split from its singlet counterpart, due to electron-hole exchange. 

InP QD close packed films can be prepared with short range hexagonal packing. A close packed 
solid shows long range energy transfer from smaller to larger particles. Photoinduced electron 
transfer from InP QDs to SnO,, TiO, and ZnO has also been observed. 

137 



POSTER #36 

FEMTOSECOND SPECTRAL RELAXATION FOLLOWING EXCITATION OF 
THE B850 ANTENNA COMPLEX OF A PHOTOSYNTHETIC BACTERIUM 

V. Nagarajan 
Department of Biochemistry, University of Washington, Seattle, WA 98 195 

The B850 antenna complex of purple photosynthetic bacteria is a ring of 16 - 18 
bacteriochlorophyll molecules arranged in the annulus of two cylindrical protein 
assemblies. The molecules are in such a tight arrangement that there could be extensive 
excitonic coupling between them. Whether excitation of the antenna complex is 
delocalized over a large part of the ring or localized on a small (-2) number of molecules 
is an interesting question that is being pursued in many labs around the world. 
Even if excitation generated a delocalized exciton initially, localization could follow. 
Absorption and stimulated emission changes studied with femtosecond resolution could 
enlighten us on the nature of the excited states. Below are shown the difference spectra 
obtained following magic-angle excitation of the B850 with broadband femtosecond 
pulses with center wavelengths of 835 and 870 nm. The center wavelengths of the pump . 
pulses are to the blue and red of the absorption maximum (850 nm) of the near-IR band 
of B850. The spectra correspond to nominal pump probe delay times of 25,50,75,100, 
150,200,250,300 and 350 fs. A rapid (-50 fs) spectral relaxation is seen in either frame 
and the difference spectra for the two excitations become nearly indistinguishable after 
-200 fs. 
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These results could be interpreted as favoring either the localized or the delocalized 
exciton picture: In the former, blue excitation would generate population in the higher- 
lying bands of the exciton manifold and red excitation would selectively populate the 
lower-lying bands. In the limit of weak excitonic coupling, the exciton manifold would 
simply reduce to a distribution of dimer transitions ,and the spectral relaxation would be 
due to energy transfer amongst the dimers. 
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EXPLORING SOLAR ENERGY CONVERSION USING DIRECTED 
ASSEMBLY OF INTEGRAL MEMBRANE PROTEINS 

Agnes E. Ostafin t, Julia Popova +, Edward J. Bylina *, James R. Norris Jr. 
Department of Chemistry, University of Chicago, Chicago, IL 60637 * Kairos Scientific, 3350 Scott Blvd., Bldg 62, Santa Clara, CA 95054 

Light harvesting complexes are the principle light gathering “antenna” for the bacterial 
photosynthetic reaction center (bRC). Two light harvesting complexes (LHC1 and LHC2) exist in 
Rhodobacter sphaeroides while only one antenna complex (LHC) is found in Rhodopseudomonas viridis. 
These protein complexes are one example of sophisticated integral membrane proteins with highly 
optimized function. The three dimensional organization of the antenna proteins results in the assembly of 
an unusually symmetric array of chlorophyll molecules whose function is to transfer incident light energy 
into the bRC where conversion of energy into chemical potential occurs. 

Important questions remain regarding these complexes. First, the mechanism of energy transfer in 
LHC 1 , LCH2 or LHC is the subject of considerable interest. Beyond the obvious lack of acceptors, what 
distinguishes energy transfer and storage in antenna complexes from reaction-center protein complexes? In 
addition, can either the in vivo or modified antenna protein complexes be coupled to other photochemical 
processes in order to perform useful photochemistry? 

transfer and storage in these proteins, we are using genetic expression systems in both Rhodobacter 
sphaeroides and Rhodopseudomonas viridis. Photosynthetic membranes containing LHC 1 or LHC2 in the 
absence of bRC’s have been created in Rhodobacter sphaeroides. The energetics and the redox position of 
the chlorophyll array have been manipulated by site-directed mutagenesis in Rhodobacter sphaeroides in 
collaboration with N. Hunter (Sheffield, England). Preliminary results regarding the effects on the energy 
transfer mechanism through the light harvesting complexes will be discussed. 

viridis based on a strain capable of growing and expressing the photosynthetic apparatus in the dark. 
Unlike the Rhodobacter sphaeroides bRC , the Rhodopseudomonas viridis bRC contains a bound 
cytochrome subunit. The ability to express the photosynthetic apparatus in the dark provides the 
opportunity to isolate and characterize bRC mutants and membranes containing LHC in the absence of 
bRCs. This system will also be used to introduce bRC mutations in which the symmetry of the L and M 
subunits is broken near primary donor P of the bRC. Mutations that are targeted to (1) alter the 
tetrapyrrole specificity in the bRC and (2) express photosynthetic membranes containing LHC in the 
absence of bRCs are currently being constructed in Rhodopseudomonas viridis. 

With the goal of answering these questions as well as developing a better understanding of energy 

Similar studies in LHC are under way using a genetic expression system in Rhodopseudomonas 
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Figure 1. Puf Operon for the a ,  P,L,M, and Cytochrome proteins in Rhodopseudomonas viridis. 
Several restriction sites which can separate the subunit operons are marked by arrows. 
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INVESTIGATIONS OF HIGH QUANTUM YIELD DYE SENSITIZATION 
PROCESSES ON TWO-DIMENSIONAL SEMICONDUCTORS 

Laura Sharp, Akiki Fillinger, David Soltz, and Bruce A. Parkinson 

Department of Chemistry 
Colorado State University 
Fort Collins, CO 80523 

SnS2, which has the layered CdI2 structure and a bandgap of 2.2 eV, has been 
used as the prototypical material for our high yield dye sensitization studies. Doping of 
the material with chlorine (as a replacement for sulfur) results in n-type materials with 
doping levels suitable for sensitization studies. We have recently been able to produce 
large crystals with a large range of doping densities which have been characterized by 
both Hall measurements and Mott-Schottky measurements. We report the systematic 
study of the dye sensitizated photocurrent yields on SnS2 crystals with doping densities 
from <lo15 cm-3 to > lO18cm-3 . We had concentrated on a triplet dye (methylene blue) 
and a singlet dye (cresyl violet) and have investigated the quantum yields for these two 
dyes on the surface of the variably doped SnS2. 

We have continued to investigate methods for increasing the surface area of SnS2 
photoelectrodes. By photoelectrochemically etching the surface in either acid or basic 
solutions, increases in the quantum yield for electron flow per incident photon have been 
obtained. We have recently been investigating the details of the inital stages of 
photoetching by using x-ray photoelectron spectroscopy (XPS) and ultraviolet 
photoelectron spectroscopy (UPS) to measure the changes in surface chemistry and 
surface energetics associated with photoetching of these surfaces. We are now computer 
modeling the photoetching process to see if we can gain insight into the mechanism of 
photoetching for the production of the high surface area electrodes. Understanding the 
mechanism may allow us to produce surfaces with even higher incident photon to 
collected electron quantum yields. 

We continue to develop a molecular resolution scanning tunneling microscopy 
method for detecting the position, aggregatior, state and energy levels of dye molecules 
adsorbed on these surfaces. As a prelude to the molecular resolution experiments we 
have applied this photo-STM technique to semiconductor surfaces illuminated with 
bandgap light. Simultaneous images of topography and photocurrent can be obtained on 
a variety of semiconductor surfaces. Recently we have investigated Si surfaces with well 
controlled spatial n and p type doping in order to gain insight into the mechanism of 
contrast in photo-STM images. 

Methods for microstructuring the nanostructured anatase Ti02 films, used for 
efficient dye sensitized solar cells, will also be presented. We are able to prepare 200 nm 
diameter Ti02 rods and tubes by using porous membranes for template synthesis of 
anatase. 
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SOLVATION OF CHARGE-SEPARATED STATES 
IN BINARY SOLVENT MIXTURES 

Timothy R. Schatz, Renata Kobetic and Piotr Piotrowiak 

Department of Chemsitry 
Rutgers University 

Newark, New Jersey 07102 

The ratio of solvent components in the solvation shell 
binary solvent mixtures can be frequently different from that 
solute surrounds itself preferentially by the component of the 

of ions and dipolar molecules in 
found in the bulk solution. The 
mixture which leads to the more 

negative free energy of solvation, AGSoI. Preferential solvation, i.e. the local solute-induced 
inhomogenity in multi-component mixtures, is important in accounting for such phenomena as 
the enhanced solubility of macromolecular compounds in solvent mixtures, the unfolding of 
proteins, the influence of mixed solvents on solvolysis reactions, and the use of such mixtures to 
fine tune the energy levels of charge-separated states. It involves both nonspecific solute-solvent 
aggregation caused by electrostatic interactions, and specific association, e.g. due to hydrogen 
bonding. 

We have probed experimentally binary solvent mixtures, primarily the nonpolar 
hydrocarbon toluene containing variable amounts of highly polar solvents such as acetonitrile 
and DMSO. Charge transfer triplet states of three molecules, p-aminonitroterphenyl (PANT), p- 
aminonitrobiphenyl (PANB), and 2,7-aminonitrofluorene (ANF) were used as the spectroscopic 
probes. Using CT triplet states as probes is a new addition to the body of work which previously 
utilized only singlet probes. Upon addition of a polar co-solvent solvatochromic shifts of the 
transient absorption spectra were observed in toluene solutions of all probe molecules. The shifts 
were hypsochromic and increased with increasing concentration of the polar component. 

The lowering of temperature induced blue shifts of the CT triplet absorption spectra. The 
thermochromic shifts observed in mixed solvents were much larger than in either of the neat 
components. The exceptional magnitude of these shifts is well beyond the predictions of the 
Debye equation and can be explained only in terms of preferential solvation effects. Since 
preferential solvation involves partial ordering of solvent around the probe molecule it leads to 
reduction in the entropy of mixing. Such entropy reduction should be easier to attain at low 
temperatures. 

The long wavelength CT emission bands of the aromatic amino-nitro probe compounds 
were also found to be highly sensitive to the presence of added polar co-solvent. The polar 
components ranging from THF to ethylene carbonate induced various degrees of a batochromic 
shift. The yield of the CT emission decreased with addition of polar co-solvent, until in some 
cases fluorescence was completely quenched. These results can be easily explained since the 
stabilization of the CT singlet excited state improves the energetics for the non-radiative charge 
recombination and decay to the ground state. 
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Rebecca J. Robbins and V. Ramamurth 
Department of Chemistry, Tulane Universi -n7+ y, ew r eans, LA 70118 

A supramolecular structure of olefin, a thiazine dye and oxygen has been 
assembled within a zeolite supercage. Excitation of the dye in this assembly results 
in the oxidation of olefins leading in many cases to  a single hydroperoxide. We 
propose that the interaction between the reacting olefin and singlet oxygen is 
altered, with respect to  isotropic medium, by the zeolite interior. The zeolite 
supercage serves as an 'active reaction cavity'. 

Alkalaation 

Depicted in the scheme are the results of the oxidation via singlet oxygen of a 
series of olefins. In isotropic medium, two types of allylic hydroperoxides in a 1:l 
ratio are obtained. One is a secondary (2") while the other is a tertiary (3") 
hydroperoxide. In the zeolite supercage (NaYhhionin), there is a striking selectivity 
for the 2" hydroperoxide. 

2" 3" 
1 2 3  4 5 

In addition to  the above acyclic olefins, a series of cyclic olefins have also been 
investigated. Oxidation of these olefins within the zeolite also yield unprecedented 
selectivity for a minor isomer. Results on these systems and tentative models 
explaining the observed selectivity will be discussed. 

Olefin 
1 
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CONFIGURATIONAL MULTIPLICITY OF PORPHYRIN 7C CATION RADICALS 
7C-7C DIMERS 

M. W. Raux, K. M. Barkigia, and J. Fajer 
Brookhaven National Laboratory 
Upton, New York 11973-5000 

The common occurrence of porphyrinic x cation radical transients in photosynthesis 
and bioenergetic catalysis has naturally focussed attention on the structural consequences of 
electron transfer and on the properties of the resulting x radicals. 

We report here the molecular structure of a Ni(II)OEP'ClO; x cation radical 
(OEP=2,3,7,8,12,13,17,18-octaethylporphyrin). The infrared vibrational spectrum of a singZe 
crystal has been recorded with a novel FT-IR microspectrometer, and it clearly shows the ,Alu 
HOMO occupancy marker band predicted for an OEP cation radical. The radical crystallizes 
as a cofacial x-x dimer, (NiOEP'CIO;),.2CH2C1, in an eclipsed configuration with the 
following parameters: mean interplanar separation =3.36A, Ni-Ni=3.41A, Ct-Ct=3.46A, 
translational slip angle=13.9", and zero rotation of equivalent N-Ni-N axes. This dimeric 
configuration differs significantly from that of a related (NiOEP'CIQ;),.4 CH,CI, dimer and 
fiom those of several other Mg, Zn, Cu and Fe OEP radical dimers described previously. The 
present results do not support or, at least, offer clear exceptions to generalizations recently 
proposed regarding the geometq and extend of x-x interactions in filly and partially oxidized 
MOEP' dimeric x cation radicals such as (MOEP'), and (MOP),". 

The present results do establish that identical porphyrin x cation radicals can 
aggregate in and adopt more than one unique cofacial geometry with different x-x overlaps 
and intermolecular spacings. Such multiple configurational architectures help explain the 
various unpaired spin density profiles observed for the oxidized bacteriochlophyll dimers 
(special pairs) of different photosynthetic bacteria. 
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QUENCHING OF PHOTOLUMINESCENCE FROM POROUS SILICON BY 
AROMATIC MOLECULES 

Jae Hee Song and Michael 1. Sailor 
Department of Chemistry and Biochemistry 

The University of California at San Diego, La Jolla, CA 92093-0358 

Porous silicon is a high surface-area network of silicon nanocrystallites. It 
can be synthesized directly from the same type of silicon wafers that are used in 
the fabrication of microchips. The nanocrystallites in porous silicon 
photoluminesce visible light very efficiently due to quantum confinement effects. 
We have performed a systematic study of the efficiency of photoluminescence 
(PL) quenching of nanocrystalline porous Si by aromatic triplet energy acceptors. 
The effects of molecular triplet energy, molecular size, and the porous Si 
emission energy on PL quenching efficiency were probed. Photoluminescent 
porous Si samples, prepared by electrochemical etch, were titrated with toluene 
solutions of anthracene, 9,10-diphenylanthracene, 9,10-dichloroanthracene, 9,lO- 
dimethylanthracene, pyrene, 1,2-benzanthracene, acridine, and 1,4-diphenyl-1,3- 
butadiene and the steady-state and time-resolved PL spectra were measured. 
The quenching of PL adequately fits a dynamic Stern-Volmer quenching model. 
The rate of quenching increases with increasing exoergicity, and then levels off at 
higher exoergicities as shown below. The mechanism of quenching is attributed 
to energy transfer from the porous Si excited state to the triplet levels of the 
quencher molecules. The rate of quenching can also be affected by the size of 
substituents on the quenchers; some molecules with larger substituents display 
slower quenching rates than expected from their triplet energies. 

Correlation of the logarithm of the effective 
quenching rate to AGO, the difference between 
the porous Si emission energy and the triplet 
energy of each quencher molecule (more 
negative values indicate greater exoergicity). 
The reagents used for each trace are: (0) 9,lO- 

dichloroanthracene; (V) anthracene; (e) 9,lO- 
diphenylanthracene; (V) 1,4-diphenyl-1,3- 
butadiene; and (0) pyrene. 

dimethylanthracene; (4) 9 , l O -  

6 1  
0.b 0.4 0.5 d 4.i -0.4 4.b -0. 

AGO (eV) 
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INTENSITY-MODULATED PHOTOVOLTAGE SPECTROSCOPY: A NEW TOOL 
TO STUDY THE RECOMBINATION KINETICS IN DYE-SENSITIZED Ti02 CELLS 

G. Schlichthorl, S. Y. Huang, J. Sprague, and A. J. Frank 

National Renewable Energy Laboratory 
Golden, Colorado 8040 1 

Intensity Modulated Photovoltage Spectroscopy ( IMVS) is used to investigate the 
recombination kinetics and band edge movement in dye-sensitized nanocrystalline Ti02 
solar cells. IMVS measures the modulation of the open-circuit photovoltage in response to 
the modulation of the incident light intensity as fbnction of the modulation frequency. A 
theoretical model of IMVS for nanocrystalline electrodes is developed. The model 
assumes a fast charge injection from the excited dye and an irreversible back electron 
transfer from Ti02 to the redox system or the oxidized dye. Charge trappingldetrapping 
and electron transfer from the Ti02 conduction band and from surface states to the 
electron acceptor (oxidized dye or redox system) are considered. Mathematical analysis 
shows that the IMVS response yields one or two time constants, depending on the relative 
magnitude of the rate constants. If two time constants are present, the smaller one reflects 
the time that photoinjected electrons spend in the conduction band before reacting with 
the electron acceptor. The longer time constant corresponds to the time between 
photoinjection and recombination of electrons with the electron acceptor. The difference 
between the time constants is related to the probability of injected electrons being located 
in the conduction band or in surface states. From the time constant@), the accumulated 
charge in surface states (QU) and the conduction band (Qcb) and/or the accumulated charge 
only in the conduction band can be determined. If only one charge is obtained, it is 
possible to conclude whether this charge equals Qd or Qd + QU. The dependence of the 
time constant@) and the accumulated charge@) on the photovoltage gives information 
about band edge movement and/or the band edge position. Inference can be drawn as to 
whether recombination occurs from the conduction band or surface states. With 
knowledge of the accumulated charge, the contribution of photoinduced band edge 
movement and an accumulation layer to V, can be estimated. For charge transfer via 
surface states, the geometry factor of the electron transfer reaction can be calculated. 
Furthermore, the contribution of surface shielding and band edge movement to the change 
of photovoltage, resulting fiom surface treatment of TiO2, can be separated. The 
theoretical framework and results of IMVS measurements on [RuL2(NCS)2] (L = 2,2'- 
bipyridyl-4,4'-dicarboxylic acid)-sensitized Ti02 electrodes in acetonitrile/3-methyI-Z 
oxazolidinone containing LiI/I2 as a redox couple are presented. 
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THEORETICAL STUDIES OF ELECTRON TRANSFER PROCESSES, 
DYNAMICAL ELECTRONIC STRUCTURE, AND ENERGETICS OF THE 

SEMICONDUCTOR-LIQUID INTERFACE 

B. B. Smith and A.J. Nozik 
National Renewable Energy Laboratory (1617 Cole Blvd., Golden, CO 80401) 

We present new models and simulations of electron transfer at the semiconductor- 
liquid interface (SLI). The simulations are of a "first principles" molecular dynamics type, 
and therefore incorporate electronic structure calculations at every time step. The full 
electronic structure of the semiconductor, redox species, and solvent are accounted for. In 
our simulations we have used both semiempirical electronic structure calculations (in a 
technique which we call molecular orbital molecular dynamics (MO-MD) ), and density 
functional theory (in first principles MD simulations using the Car-Parrinello scheme). 
Surface states, chemisorption, surface defects, and other near-surface phenomena are 
addressable. We have also generalized an Anderson Hamiltonian based electron transfer 
model to the SLI. 

In(H20)62+/3+ redox species, water, and InP semiconductor system . This particular 
system was chosen primarily for theoretical tractability. We discuss the problem of 
electron localization at this interface, especially as it relates to ET. The study allows the 
mechanism of the ET process to be analyzed. Rate constant calculations are performed 
with the dynamics of the entire system incorporated. We apparently present the first 
calculation of electron transfer coupling matrix elements for the SLI. 

Simulations we focus on here (we have examined a number of systems) include an 
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Fig 1 MO-MD trajectory of the system discussed above (moving from oxidized to reduced 
redox species) as mapped by a microscopic reaction coordinate. 

Fig 2 Electronic occupation of the redox species (as a function of time) during an activated 
ET event calculated via MO-MD. 
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VIBRATIONAL DYNAMICS IN PHOTOINDUCED ELECTRON TRANSFER 
Kenneth G. Spears Ruihua Zhang and Wenhua Wang 

Northwestern University, Chemistry Department 
Evanston, IL 60208-3113 

The main objective of the project is to discover new experimental tests of how molecular 
distortions (vibrational motions) are involved in the control of electron transfer. The 
measurements of optically excited electron transfer are done with picosecond infrared (IR) 
absorption spectroscopy to monitor the vibrational motions of the molecules immediately before 
and after electron transfer. The data include rates of electron transfer with 0, 1,2 quanta of 
vibration in an infrared active mode of CO stretch and risetimes for the same modes after the 
electron transfer. One compound is an ion pair (V(C0)i ICo(Cp)z+ }. 

We discuss progress on our new femtosecond apparatus based on a titanium sapphire laser 
system and parametric converter for conducting new measurements on this and related molecules. 
Properties of several new complexes involving the probe anion V(C0); will be summarized and 
some preliminary work with the new laser system will be shown. 

We summarize the results of Density Functional quantum mechanics calculations on 
V(C0); and its neutral doublet species V(CO)6 and show how these are used for computing 
Franck-Condon Factors in the presence of a obtained from the geometry change. These 
calculations established comparisons of the anion with its isoelectronic species Cr(CO)6 in 
geometry and in vibrational properties so that the best DFT method and basis set could be 
identified for V(C0);. A preliminary analysis of the electron transfer rate will be done in terms 
of the Franck-Condon Factors obtained from the geometry change. 

147 



POSTER #46 

ELECTRONIC ENERGY TRANSFER IN STRONGLY COUPLED 
ANTENNAS FROM GREEN PHOTOSYNTHETIC BACTERIA 

Sergei Savikhin, Daniel R. Buck, and Walter S .  Struve 
Ames Laboratory-USDOE and Department of Chemistry, 

Iowa State University, Ames, IA 5001 1 

One of the most compelling current issues in photosynthetic antenna function is 
the actual extent of excitation delocalization in strongly coupled antennas. While the 
laser-created electronically excited states are exciton states whose delocalization can be 
predicted from the resonance couplings between pigments, these states are expected to 
evolve into more localized states under random dephasing motions in the protein host. 
We have investigated the femtosecond absorption difference spectroscopy of BChl a - 
protein trimers (FMO trimers) fiom the green bacterium Chlorobium tepidum at low 
temperatures, where the Qy absorption spectrum exhibits sharply defined bands arising 
fiom transitions to well-defined groups of 2 1 -pigment exciton levels. Under these 
conditions, the absorption difference spectra show complicated time evolution, and can 
be analyzed to give a detailed level-to-level relaxation scheme for FMO trimers at 789 
nm near the blue edge of the Qy spectrum (D. R. Buck, S .  Savikhin, and W. S .  Struve, 
Biophys. J. 72,24-36 (1997)). However (owing to the symmetry of this antenna protein), 
isotropic absorption difference spectra are not very sensitive to whether the excitations 
remain delocalized over the entire trimer, or become essentially confined to the 7 
pigments within one subunit of the trimer. Two-color anisotropies provide a potentially 
more discriminating test of localization in FMO trimers and in antennas with analogous 
symmetry (e.g. LH1 and LH2 antennas fiom purple photosynthetic bacteria). Their 
interpretation is also less model-dependent than that of isotropic decays.Our two-color 
anisotropies are inconsistent with anisotropies modeled using 2 1 -pigment exciton states; 
the exitations clearly become more localized than this within - 100 femtoseconds. 

The low-temperature anisotropy decays of FMO trimers selectively exhibit 
coherent oscillations when the laser pump and pmbe spectra both overlap the two 
longest-wavelength bands at -815 and 825 nm, arising from transitions to the lowest- 
energy groups of exciton levels. The oscillation amplitude is large, producing values of 
r(t) greater than 0.4 at times well beyond the laser autocorrelation function. These 
oscillations are greatly diminished in the corresponding isotropic signals. Their period 
(dominated by a 220 fs component) matches the energy difference between the 8 15 and 
825 nm level groups. Hence (unlike the oscillations previously observed in purple 
bacterial reaction centers, purple bacterial antennas, or green bacterial light-harvesting 
chlorosome antennas), the oscillations in FMO trimers do not arise fiom coherent nuclear 
motions; they are quantum beats between contrastingly polarized exciton levels. 
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CALCULATION OF THE ELECTRON ATTACHMENT ENERGIES OF IC* 
AND 0' NEGATIVE ION RESONANCES 

Arpad Z. Szarka, Larry A. Curtisst and John R. Miller 
Chemistry Division, +Chemical Technology Division 

Argonne National Laboratory, Argonne, Illinois 60439 

Basic elements of electronic couplings can be studied by electronic spectra and 
electron transfer equilibria in bifunctional molecules with very strong electronic couplings 
such as dihydroanthracene and xantene. This information can, in turn, be used to calibrate 
methods of computational chemistry. The majority of these molecules under investigation 
form anions that are unstable with respect to electron attachment in the gas phase. 
Therefore the computation of the energies of these negative ion resonance states are 
difficult. Methods using traditional molecular orbital theory typically contain large errors 
and scattering calculations are not feasible for such large molecules. We have sought 
methods for computation various x* and a' systems provide valuable information on the 
corresponding gas phase reactions which can be usehl in the interpretation of the 
condensed phase measurements. 

We have compared different computational approaches with various basis sets for 
computing negative electron affinities (EA). Specifically, Koopmans' theorem and 
traditional energy difference methods (AHF and AMP2) predicted experimental values 
with large errors (1 ev). By employing density functional methods (DFT), however, the 
computed electron affinities are in good agreement with experimental values for all IC* and 
the low-energy (EA> -2 eV) o* states that were examined. For less stable anions (EA < 
-2 ev) reliable calculations are still difficult. Aspects of the computational methods that 
influence the quality of the results will also be presented, including the well-known 
problem is the participation of fi.ee space states. The figure below shows molecular 
states obtained even with a basis set containing diffuse functions. 

Figure caption: The HOMOS of CHJC1' shown with the D95(d) (left) and D95+(d) 
(right) under the B-LYP DFT approach. The attached electron is largely confined to the 
molecular region for both basis sets. 
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PORPHYRIN-BASED DONOR-SPACER-ACCEPTOR SYSTEMS FOR 
PROBING ELECTRONIC COUPLING MEDIATED BY COFACIALLY 

STACKED AROMATIC MOIETIES 

Peter M.-Iovine, Matthew A. Kellett, Alison G. Hyslop, and Michael T. Therien 
The Department of Chemistry, University of Pennsylvania, 

Philadelphia, PA 19104-6323 

The degree of electronic coupling modulated by the Ic-electron rich, stacked 
aromatic nucleobases of DNA has been the subject of some controversy; this is due 
to the absence of a structurally well defined set of donor-acceptor derivatized duplex 
DNA electron transfer model systems as well as the fact that photophysical 
experiments involving such modified polynucleotides are nontrivial.1 
Furthermore, despite a number of theoretical discussions regarding whether or not 
the Ic-manifold alignment afforded by stacked aromatic moieties provides for large 
electronic coupling matrix elements, this issue has not been resolved 
experimentally for any general class of donor-spacer-acceptor (D-Sp-A) systems. 

We have used metal-mediated cross-coupling to enable the synthesis of 
conformationally rigid, porphyrin-based, cofacial D-Sp-A compounds. Compound 1, 
in which a porphyrin and a quinone are separated only by the sum of their van der 
Waals radii, provides the prototype for a series of molecules designed to probe the 
nature of electronic coupling modulated through stacked IC interactions as well as a 
new structural motif for mechanistic studies of ultrafast charge transfer. This 
unprecedented juxtaposition of porphyrin and quinone is manifest in the unusual 
spectroscopic properties of such species. Similar experimental methodology permits 
the fabrication of 2 and 3, which will allow us to probe respectively electronic 
coupling as function of the spatial relationship of the D and A centroids as well as 
begin to address the issue of the distance dependence of photoinduced electron 
transfer and thermal charge recombination events in optimally stacked n- 
manifolds. 

A r  
1 

Ar  
2 

Ar 
3 
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MEASUREMENT OF ELECTRON TRANSF'ER-LINKED ATOMIC 
REORGANIZATION IN SOLUTION USING NEUTRON AND X-RAY SCATTERING 

David Tied&, Ruitian Zhang', and P. Thiyagarajan' 
'Chemistry Division and 21ntense Pulsed Neutron Source 
Argonne National Laboratory, Argonne, Illinois 6043 9 

We are investigating reaction-dependent changes in the fine structure of photosynthetic 
proteins and other macromolecular assemblies using a combination of neutron and X-ray scattering 
techniques. A key feature of the scattering techniques is that they allow the amplitudes, temperature 
and time dependencies of reaction-linked nuclear reorganization to be resolved for macromolecules 
in solution and other non-crystalline states. X-ray and neutron scattering arise from a combination 
of sources, including atomic positions in the macromolecule, the solvent excluded volume, and 
variations in solvent and counter ion densities in the hydration layer at the protein surface. 
Measurement of scattering profiles of the same sample with a combination of X-ray and neutron 
scattering techniques permits the individual sources for solution scattering to be quantitatively 
resolved. The scattering measurements are sensitive to changes in atomic structure and dynamics. 
Measurements and molecular modeling permit the similarity between structures of proteins in 
crystalline and non-crystalline states to be quantitatively determined, and allow the possible role for 
solvation energy in the stabilization of photochemical reaction products to be detected by changes 
in hydration layer structure. 

Crystal structures of oxidized and reduced yeast cytochrome c show that the redox-linked 
nuclear reorganization in this protein in the crystalline state involves small displacement of many 
atoms, without gross conformational change. Calculation of solution scattering profiles based upon 
these structures suggest that ifthis type of nuclear reorganization were to occur in solution, it would 
be detected in the medium-angle scattering domain (q= 0.1 to 1 A-'). Similarly, calculations suggest 
that reorganization associated with quinone reduction in reaction center could also be detected by 
wide angle scattering measurements. Our X-ray scattering measurements for horse cytochrome c and 
Rb. Sphaeroides cytochrome c, in oxidized and reduced states have detected redox state dependent 
structural change that is commensurate with that predicted from the crystal data. In addition, the 
solution scattering data also show new features not predicted from the crystal structures that might 
include changes in the hydration layer or disorder (temperature factors). Analogous experiments 
measuring photochemistry-linked reorganization in the reaction center are currently being carried out. 

Macromolecule -1 
in solution. 

Measured 
scattering. 
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METAL PROTEIN INTERACTIONS INFLUENCING ELECTRON TRANSFER 
PROCESSES IN THE BACTERIAL REACTION CENTER 

Lisa M. Utschig and Marion C. Thurnauer 
Chemistry Division, Argonne National Laboratory 

Argonne, IL 60439 

The roles of global protein structure and donor/acceptor orientation in facilitating 
transmembrane electron transport in photosynthetic reaction centers (RCs) have been 
investigated using time-resolved electron paramagnetic resonance (EPR) techniques. We 
have focused on protein modifications (i.e. metal ion manipulation and H-subunit removal) 
that S e c t  efficient electron transfer in the bacterial RCs. Iron-removal with and without 
removal of the H protein subunit results in proteins with a >15 fold slower electron 
transfer rate (kQ) from the intermediate bacteriopheophytin acceptor to QA. Time- 
resolved EPR spectra taken at X-band and Q-band microwave frequencies were obtained 
with these kinetically-characterized Fe-removed RC samples that had the native (200 ps)-' 
or slowed (3-6 ns)-' kQ rates. These experiments mark the first time that highly resolved 
X- and Q-band ESP spectra have been concomitantly recorded for the RC protein in 
which the primary electron transfer rate has been varied in a controlled way. 

Significant differences between the electron spin polarized (ESP) spectra of the 
charge-separated state P865+QA, where P86; is the oxidized primary donor and QA is the 
reduced primary acceptor, are observed for the samples having different rates of k~ and 
reflect the trends in polarization predicted from the sequential electron transfer 
polarization (SETP) model.'32 Correlation of the transient EPR and optical results show 
that the observed slow kQ rate in Fe-removed RCs is H-subunit independent, and, in some 
cases, independent of Fe-site occupancy as Zn-substitution does not ensure retention of 
the native k ~ .  In addition, shifts in the optical spectrum of P865 and differences in the high 
field region of the Q-band ESP spectrum for Fe-removed RCs with slow kQ indicate 
possible structural changes near P865. We are simulating the data with the correlated 
radical pair polarization (CRPP) model (with Gerd Kothe, University of Frieburg) and our 
SETP model (with Jau Tang) in order to determine the source of the observed differences 
in kQ as reflected in their spin polarized EPR spectra, i.e. whether or not changes such as 
co-factor orientation can account for the observed changes in the EPR spectra or whether 
other factors such as global protein structure play a role. Analysis of this data will lead to 
the identification of parameters that are significant for optimization of electron transfer 
leading to stabilized charge separation. 

Morris, A. L.; Snyder, S. W.; Zhang, Y.; Tang, J.; Thurnauer, M. C.; Dutton, P. L.; 
Robertson, D. E.; Gunner, M. R. (1995) J .  Phys. Chem. 99,3854. 
Tang, J.; Bondeson, S.; Thurnauer, M. C. (1996) Chem. Phys. Lett. 253, 293. 
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MECHANISTIC STUDIES OF PHOTOCHEMICAL REACTIONS IN ZEOLITES 
BY TIME-RESOLVED FT-INFRARED SPECTROSCOPY 

Sergev Vasenkov and Heinz Frei 
Lawrence Berkeley National Laboratory, MS Calvin Laboratory, University of California 

Berkeley, CA 94720 

Use of zeolites as reactive environments may open up low-energy pathways for 
photocatalytic or photosynthetic reactions of commercial importance. One such class of reactions 
is visible light-induced oxidation of small hydrocarbons by 0 2  discovered recently in our 
laboratory [ 13. These reactions are initiated by photoinduced charge transfer of the 
hydrocarbon.02 collisional complex. The charge-transfer state is rendered accessible to visible 
photons by a strong stabilization by the electrostatic field inside the cage of large pore alkali or 
alkaline-earth zeolites. The combined effect of low-energy photons and the restricted environment 
of the zeolite led to extremely high product selectivity of the partial hydrocarbon oxidations. 

We employed millisecond rapid scan FT-infrared spectroscopy for the study of 
hydrocarbon photooxidations in zeolites. Most studies were conducted with 2,3-dimethyl-2- 
butene (DMB). For experiments conducted in zeolite NaY at 173 K, the growth of DMB 
hydroperoxide, the primary photoproduct, was complete within 300 msec after the 500 nm laser 
pulse. By contrast, photolysis at 223 K showed, in addition to this fast growth, a much slower 
product growth over a period of minutes. Based on kinetic analysis, we attribute the slow process 
to a radical chain propagation ( 0 2  adds to a DMB radical to form a DMB peroxy radical, followed 
by H abstraction from DMB to yield DMB hydroperoxide and another DMB radical etc.). This is 
the familiar chain propagation operative in liquid or gas phase autoxidation. However, the chain is 
completely selective in the zeolite, yielding alkene hydroperoxide as the sole product. When using 
zeolite L instead of zeolite Y at 223 K, the contribution of the slow chain reaction was very much 
diminished. Since zeolite L has a one-dimensional channel structure while zeolite Y consists of a 
three-dimensional network of spherical cages, we attribute the more pronounced role of the chain 
in the case of NaY to the much higher mobility of reactants and intermediates in the Y structure. 

The very long yet highly selective radical chain observed in the 2,3-dimethyl-2-butene + 0 2  
photoreaction in zeolite Y, and its much reduced role in zeolite L poses important questions about 
the dynamics of radical intermediates in the nanoporous matrix. Knowledge about these issues 
will aid us in optimizing the yield and selectivity of desired products. Our recently developed step- 
scan FT-infrared spectroscopy in zeolites allows us to determine the structure and kinetics of 
transients on the time scale from nanoseconds to milliseconds. In a first project, we are currently 
studying the dynamics of a prototypical photochemical system in zeolites, the photodissociation of 
dibenzyl ketone. The choice of this system is motivated by the extensive knowledge from steady- 
state photolysis studies [2]. The spectral evolution of the radicals produced by a nanosecond laser 
pulse will be presented and discussed. 

[l] (a) Sun, H.; Blatter, H.; Frei, H. In Heterogeneous Hydrocarbon Oxidation; Oyama, S .  T.; 
Warren, B. K. eds.; ACS Symposium Series No. 638; American Chemical Society: 
Washington, D. C., 1996. (b) Blatter, H.; Sun, H.; Frei, H. Chem. Eur. J .  1996,2, 385. 

(a) Garcia-Garibay, M. A.; Zhang, Z.; Turro, N. J. J.  Am. Chem. SOC. 1991, 113, 6212. 
(b) Ramamurthy, V.; Turro, N. J. J.  Incl. Phenom. Mol. Rec. 1995,21, 239. 
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EXPERIMENTAL STUDIES OF THE NATURE OF THE ELECTRONIC 
COUPLING IN ELECTRON TRANSFER REACTIONS 

Y. Gu, Z. Lin, H. Yamamoto and D. H. Waldeck 

Department of Chemistry, University of Pittsburgh 
Pittsburgh, PA 15260 

We have continued our investigations into charge relaxation and charge transfer processes 
on several fronts. The primary focus of our work is the study of heterogeneous electron transfer 
processes. We have pursued the formation of self-assembled monolayers (SAMs) on 
semiconductor electrodes, Si [ 13 and InP [2,3]. This latter approach has provided us with well- 
defined surfaces that can be reproducibly prepared, and has allowed us to systematically vary 
their properties. We have used the alkanethiol films on n-InP to study the distance dependence 
of interfacial electron transfer [3]. We monitored the interfacial electron transfer using steady 
state photocurrent measurements, and we probed the distance dependence by changing the length 
of the methylene chain in the alkanethiols. These investigations have used a freely diffusing 
redox species [Fe(CN),'-/Fe(CN),"-] in aqueous solution. Our results show that electron transfer 
occurs by tunnelling through the SAM overlayer. We are investigating the nature of the 
tunnelling by extending these studies to systems in which the energy structure changes, such as 
p-InP and Si. 

More recently, we have prepared redox active layers in order to circumvent some 
difficulties encountered in the study of insulating barriers and freely diffusing species. Since this 
initial work we have begun to create monolayer films which possess chemical functionalities 
which may be redox active. We have used two different types of functionality in these 
investigations. First we attached substituted phenyl moieties to the alkane chain and observed 
their influence on the surface recombination of charge carriers. We are presently characterizing 
how the energetics of the phenyl moieties and their distance from the InP surface effect the 
recombination rates of photogenerated carriers. Second, we attached ferrocene units to the end of 
the alkanethiol film. We are presently studying the electron transfer rate between the InP surface 
and the ferrocene as a function of the length of the alkyl chain. 
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NOVEL RADICAL CHAIN DYNAMICS INITIATED BY MOLECULAR 
OXYGEN INTERCEPTION OF A CONTACT RADICAL ION PAIR 

Liaohai Chen, Lucian A. Lucia, E.R. Gaillard, H. Icil, S.  Icli, and D.G. W hitten 
Department of Chemistry , University of Rochester 

Rochester, New York 14627, USA 

The classical mechanism for dye-sensitized photooxidation of organics involves quenching of 
sensitizer triplets by molecular oxygen to form singlet oxygen, which subsequently attacks the organic 
substrate, culminating in the formation of oxidation products. The perylene diimides (Pe), the subject of 
many recent investigations due to their attractive photophysical properties, sensitize the photooxidation of 
a variety of unsaturated organics such as abietic acid and a-terpinene in the presence of molecular oxygen. 
However, our investigations indicate that the mechanism of this reaction involves a quite different pathway 
from the classical mechanism with a novel sequence of electron transfer events. Our presentation will 
focus onthe oxidation of a-terpinene: 

Pe 
hv 

+ 6 7  
A 

which proceeds by the sequence shown below to form the Pea-terpinene contact radical ion pair 
(CRP). Picosecond transient absorption studies show that the lifetime of the C R P  is about 60 ps, yet the 
observed limiting quantum yield is 0.3 - 0.4. A radical chain mechanism, as outlined below, provides 
amplification following the relatively low efficiency trapping of the C R P  by oxygen. 

02H, + + H202 + a . 
This mechanism may be important in a numbet of photooxidations where quenching of the sensitizer by 
the substrate can compete or dominate oxygen quenching steps. 
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DIFFERENTIAL CONTROL OF INTRAMOLECULAR CHARGE SEPARATION AND 
RECOMBINATION RATES USING NEMATIC LIQUID CRYSTAL SOLVENTS 

G. P. Wiederrecht", W. A. Sveca, and M. R. Wasielewskiaib 
aChemistry Division, Argonne National Laboratory, Argonne, IL 60439 

bDepartment of Chemistry, Northwestern University, Evanston, IL 60208 

Ultrafast transient absorption studies of intramolecular photoinduced charge 
separation and thermal charge recombination were carried out on a molecule 
consisting of a 4-(N-pyrrolidino)naphthalene-I ,&imide donor (PNI) covalently 
attached to a pyromellitimide acceptor (PI) dissolved in the liquid crystal 4'-(n-pentyl)- 
4-cyanobiphenyl(5CB). The temperature dependencies of the charge separation and 
recombination rates were obtained at temperatures above the nematic-isotropic 
phase transition of 5CB, where ordered microdomains exist and scattering of visible 
light by these domains is absent. We show that excited state charge separation is 
non-adiabatic, and obtain the unexpected result that charge separation is dominated 
by molecular reorientation of 5CB perpendicular to the director within the liquid 
crystal microdomains. We also show that charge recombination is adiabatic and is 
controlled by the comparatively slow collective reorientation of the liquid crystal 
microdomains relative to the orientation of PNV-PI-. 

Charge transfer and charge recombination were also studied in the liquid 
crystal p-methoxybenzylidene-p-n-butylaniline (MBBA). MBBA has negative dielectric 
anisotropy, Le. the dipole is larger perpendicular to the long axis of the molecule, as 
opposed to the positive dielectric anisotropy exhibited by 5CB. The results are 
contrasted with those from 5CB. 

PNI-PI 

5CB MBBA 
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SINGLE-MOLECULE STUDIES OF SPECTRAL DIFFUSION, 
INTERFACIAL ELECTRON TRANSFER, AND EXCITON DYNAMICS 

X. Sunnev Xie, H. Peter Lu and Liming Ying 
Pacific Northwest National Laboratory, Environmental Molecular Sciences Laboratory 

P.O. Box 999, Mail Code K2-14, Richland, WA 99352 

spectroscopy, ’ single-molecule spectral fluctuation can be studied in real time. Figure 1 shows a 
sequence of emission spectra of a single sulforhodamine 101 molecule on a quartz surface 
recorded with 170-111s collection times at room temperature.’ The autocorrelation functions of 
spectral mean trajectories are double exponential. The fast component (hundred milliseconds 
time scale) is spontaneous, while the slow component (tens of seconds) is primarily 
photoinduced. We attribute the fast component to variations of intermolecular coordinates and 
the slow components to variations of intermolecular coordinates. Similar spectral trajectory 
analyses of a single fluorescent active site, in a protein, flavin adenine dinucleotide has also been 
studied with the aim of investigating conformational dynamics and energy landscapes and their 
influence on enzymatic reactions. 

We have demonstrated measurements of single-molecule electron transfer kinetics3. Figure 
2A shows the fluorescence decay of a single cresyl violet molecule adsorbed on an indium tin 
oxside (ITO) surface. Upon excitation, this molecule injects an electron to the conduction band 
of IT0 or energetically accessible surface electronic states. The electron transfer rate is 
determined by the fluorescence decay, which is a single exponential decay with a time constant 
of 480 ps. Interestingly, we fmd a wide distribution of electron transfer rates for individual 
molecules at different sites (Figure 2B). Based on Figure 2B, ensemble averaged results would 
have more than 20 exponentials, which would be impossible to resolve in practice. Our single- 
molecule results indicated that the origin of the multiexponential behavior of this system arises 
from the heterogeneity of the “staticyy sites. 

In collaboration with Professor Neil Hunter at Sheffield, we have started to study the 
spectroscopy and dynamics of single LH1 and LH2 anntena complexes from photosynthetic 
bacterial. The latest results will be presented. 

In the wake of recent advances in single-molecule fluorescence microscopy and 
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