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FOREWORD 

The Nineteenth DOE Solar Photochemistry Research Conference, hosted this year by the 
Chemistry Department of Brookhaven National Laboratory, is being held June 4-8, 1995, at the 
Tamiment Conference Center in Tamiment, Pennsylvania. 

The purpose of the meeting is to foster collaboration, cooperation, and exchange of research ideas 
among grantees and contractors of the DOE Division of Chemical Sciences engaged in 
fundamental research on solar photochemical energy conversion. The DOE solar photochemistry 
program encompasses a broad range of activities drawn from diverse chemistry disciplines, with 
the goal of providing the knowledge base and concepts needed for the capture and chemical 
conversion of solar energy. The research will provide the foundations for future solar 
technologies, in which light-induced charge separation processes will be applied to conversion 
of light energy to chemical energy, e.g., production of alcohols from carbon dioxide, hydrogen 
from water, ammonia from atmospheric nitrogen, or other needed chemicals by using sunlight 
as the energy source. 

The program includes topical sessions on photophysical and photochemical properties of 
transition metal complexes, cage effects on photochemistry, charge transfer at 
semiconductor/Iiquid junctions, photoinduced charge separation in biomimetic molecular models, 
photosynthesis, intra- and intermolecular electron transfer, and photoinduced electron transfer at 
interfaces. Our special guest plenary lecturer is Professor Vincenzo Balzani of the Universita di 
Bologna, Italy, who will speak on supramolecular structures based on metal complexes. The 
electron transfer session will also feature an added keynote lecture by Norman Sutin to present 
an overview on current research and outstanding issues. 

This book contains the agenda for the meeting, abstracts of the 30 formal presentations and 62 
posters, as well as an address listing for the 113 participants. 

I would like to express my sincere appreciation to Nancy Sautkulis, Sabrina Parrish, Bonnie 
Hulse, Bruce Brunschwig, and Carol Creutz, of the Chemistry Department, Brookhaven National 
Laboratory, for their organization of this year's conference and preparation of this volume. We 
are especially fortunate this year in the contribution Wednesday evening by the Fujita-Choi Trio. 
The success of the conference, notwithstanding, will be due to all participants for sharing their 
experience, expertise, and enthusiasm in pursuit of common research goals. 

Mary E. Gress 
Fundamental lnteractions Branch 
Division of Chemical Sciences 
Office of Basic Energy Sciences 
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Dipartimento di Chimica "G. Ciamician" 

Universid di Bologna, via Selmi 2,40126 Bologna, Italy 

In nature photons (sunlight) are exploited by living organisms as energy in 
photosynthetic processes and as bits of information in visual processes. The 
most important aim of photochemistry is the design and construction of artificial 
energy-conversion and information-processing devices capable to feed and 
control the  great variety of machines which sustain our civilization. 

The results that can be obtained from the interaction of light with "matter" 
depend on the degree of organization of the system that absorbs and elaborates 
t h e  light input. A high level of organization can be achieved by assembling in a 
supramolecular species prefabricated molecular components that carry t h e  
desired properties (absorption spectrum, excited state lifetime, luminescence 
spectrum, excited state redox properties, etc.). In this way it is possible to design 
structurally organized and functionally integrated systems (photochemical 
molecular devices)' capable to perform complex functions. Photoinduced energy 
and electron transfer processes play a dominant role in the operation of such 
systems. 

Progress in this  field requires the design and "bottom-up'' synthesis of 
supramolecular structures starting from building blocks (active units and 
connectors) having well defined structures and properties. As far as light- and/or 
redox-active units are concerned, much attention is focussed on coordination 
compounds, particularly on Ru(ll) and Os(ll) complexes of bpy-type ligands 
(bpy=2,2'-bipyridine), and on Rh(lll), and Ir(l1l) cyclometalated complexes. In a 
supramolecular structure based on metal complexes, the connectors (spacers) 
h a v e  to be bridging ligands. We have used a variety of bridging ligands to 
construct a great number of supramolecular species of the above mentioned 
metal complexes, with nuclearity from 2 to 22 and flexible, rod-like, or dendritic 
structure. 

Rod-like systems. Novel types of rigid bridging ligands including bpy- 
HC=CH-bco-HC=CH-bpy, bpy-CC-bco-CC-bpy, diazf-a-diazf, and tpy-(ph)n-tpy 
(bco= bi c y  Ico[ 2.2.2 .]octane, diazf =4,5-diazaf luoren e, a=adamantane derivative , 
ph=phenyl ,  tpy=2,2':6',2"-terpyridine) have been synthesized and used to 
prepare Ru(ll) and/or Os(l1) dinuclear complexes with a metal-to-metal distance 
up to 22 A. In these and related systems photoinduced energy and electron 
transfer processes have been investigated by steady state luminescence and 
transient  absorption and emission techniques (picosecond time resolution). The 
results obtained are discussed in the light of the current theories for energy and 
electron transfer processes. 
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Dendritic complexes. By using 2,3- and 2,5-bis(2-pyridyl)pyrazine (dpp) as 
bridging ligands, 2,2'-bipyridine (bpy) and 2,2'-biquinoline (biq) as terminal 
ligands and Ru(Il) and Os(ll) as metals we have developed a synthetic procedure 
(called "complexes-as-metals and complexes-as-ligands" synthetic strategy) to 
prepare polynuclear metal complexes of nanometer size and dendritic structure. 
Species with 3, 4, 6, 7, 10, 13, and 22 metal centers have been prepared. They 
exhibit very intense absorption bands in the UV and visible spectral region, 
metal-to-ligand charge-transfer luminescence both in rigid matrix at 77 K and in 
fluid solution at room temperature, and several oxidation (metal-based) and 
reduction (ligand-based) processes. Our dendrimers differ from most of those 
prepared so far for two fundamental reasons: (11 each building block exhibits 
valuable intrinsic properties such as absorption of visible (solar) light, 
luminescence, and oxidation and reduction levels at accessible potentials; (ii) by 
a suitable choice of the building blocks, different metals and/or ligands can be 
placed in specific sites of the supramolecular array. In this way our dendrimers 
can incorporate many "pieces of information" and can therefore be used to 
perform valuable functions such as light harvesting, directional energy transfer, 
and exchange of a controlled number of electrons at a certain potential. 

More recently we began a systematic study aimed to extend the number of 
different metals and/or ligands that can be incorporated in complexes of high 
nuclearity. The difficulty of this task rests on the fact that, for each type of metal, 
specific types of ligands must be chosen in order to assure chemical stability and 
to confer the desired excited state and redox properties. For example, with 
metals like Rh(lll), Ir(lll), Pd(ll), Pt(ll), and Pt(lV), N-N (bipyridine-type) chelating 
ligands are not fully satisfactory, whereas C'-N (cyclometalating) chelating 
ligands give rise to stable and quite interesting species. We are therefore 
extending the "complexes-as-metals and complexes-as-ligands" synthetic 
strategy to Rh(lll), Ir(lll),  Pd(ll), Pt(ll), and Pt(iV) metals and to cyclometalating 
chelating sites both as terminal ligands and as components of bridging ligands. 
As a first step along this direction, we have reported the synthesis and 
characterization of four novel tetranuclear bimetallic complexes involving Ru- or 
Os-based cores and Rh(ll1)- and Ir(l1l)-based peripheral units which contain the 
cyclometalating phenylpyridine anion. Currently we are workhg at the synthesis 
of species having higher nuclearity and containing three or four different types of 
metals. 

1. V. Balzani and F. Scandola, Supramolecular Photochemistry, Horwood, 
Chichester (U.K.) 1991 + 
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S e v d  methods of linking transition metal complexes in supramolecular arrays have been 
advanced in recent yeam towards the goal of affecting charge separation and electron transfer 
catalysis Strategies in designing multimetallic complexes towards these goals have been mast effective 
with spacers separating direct electronic overlap and contact between orbitals of the metal centers 
In this way, the original behavior of the photoacceptor remains largely intact, otherwise many of its 
unique feat- become diminished due to quenching effects of neighboring metal centers This 
approach, then, requires a clear understanding of the photophysical behavior of the monometallic 
precursor complexes as well as thw of the mixed-metal prcducts 

iwi- - ?  . The behavior of ruthenium complexes has centered on investigating the chemical 
and php-or of cRu(bpy) (dafo)]*, where dafo is 45dkduoren--e, and its derivatives 
When coordinated to mthenium, d e  dafo ligand undergoes nucleophilic attack at the carbonyl carbon 
atom and the fivemembered ring opens resulting in formation of a bipyridine ligand with substitution 
in the 3 position. The driving force of -15 k d m o l e  for the reaction results from the changes in 
bond distance of 2125 A (Ru-N(dafo)) to 2056 A (Ru-N-(bpy)) and bite angle from 8L9" (Ru(dafo)) to 
787" for Ru@py). The ring opened species provide a versatile starting material for the attachment 
to other organic components in the quest for designing supramolecular arrays 

Rhenium. The behavior of rhenium complexes has centered primarily on understanding the 
photophysical properties of B.rrLXCO)3py+, where py is pyridine and L L  represents one af several 
phenanthroline ligands with methyl and/or phenyl substituents in various positions around the ring. 
The origen of emission was found to depend upon the nature of the medium. A single crystal of 
lRd47-Me phenXW) pym04 was grown which crystallized in the space group Pna2 with a = 
16262(4) c = 1Q814(2) A and Z = 4. Single crystal absorption a n d f 6 e s c e n c e  
spectra were then obtained using laser line namowing techniques at temperatures below 6K. The 
d t s  showed that the emitting state in this environment was triplet ligand centered &A In an 
ethano1-methmol g h  the luminesoence spectra indicatai that a largely 3Lc assignment was als~ 
appropriate, however, the lifetime measurements provided some evidence for a contribution from a 
nearby triplet metal-bligand state These assignments were confirmed by Zeeman effect 
measurements 

b = 12781(3) 

The results of temperature dependent emission behavior in fluid solution over the temperature 
range from 120.298 K plad the emission activity within the %iLCT manifold. The emission 
lifetimes of Re(3,4,7,8Me phenXoo>,py+ actually in@ with temperature, reached a maximum at 

popylating upper energy states within the %LCT manifold which lie appmximately 140 and 1500 
cm- above the lowest emitting state. The upper state (or "4th state? has greater singlet charactef 
and its population also accounts for the temperature dependent behavior of the other Re&LXoO)3py 
complexeq where the energy barrier varied from 120-960 an-'. The location of substituents attached 

approximately 230 K, an $ then decreased in the usual manner. This can be explained by thermally 
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to the phenanthroline ring were found to be more important than the substituent itself in altering 
the emission lifetime, although phenyl groups suhtituted in the same positions as methyl groups 
enhanced the emision even though the emission energy maxima were less 

Platinum. The behavior of platinum complexes centered on FWbphXaO), where bph is 2,2’- 
biphenyl dianion, and its derivatives The complex Pt(b~hXC0)~ crystallizsd in the- space group Cmcm 
with a = 18647(6) & b = -7) A and c = 64060 k The geometry of the molecule was slightly 
distarted from square planar with PtC(c0) bond distances of l.942) A and Pt-C(bph) bond distances 
of 2WZ) k The distance between adjacent platinum atoms along the C axis was 324 A, whese the 
complexes pack in alternating orientations The physical and photophysical behavior in the solid state 
differed from solution. Reflectance spectra of the powder revealed abrp t ions  at 425 and 625 nm; 
transmission spectra of I’t4bpl1XW)~ in KBr revealed one abrp t ion  at 575 nm. The emission 
spectrum in the solid state shifted from 725 to 875 nm (1 = 560 nm) as the temperature was 
lowered to 77 K The properties can be explained by a mdel which involves interaction between 
adjacent platinum dz2 orbitals and p orbitals giving rise to aIg and a orbital subsets Optical 
transition can occur within the subsets until they merge into bands, at whch point only one optical 
transition is observed. The red-shift of the solid state emission spectrum is related to greater 
interaction of the filled dz2 orbitals along the z axis decreasing the spacing between the energy bands 
In methylene chloride, however optical transitions are okyved at 271 nm (E = 27 x lo4 M1 cans1+ 
280 nm (E = 46 x LO4 bl’ an-‘), 303 nm (E = L1 x lo4 M- an-’) and at 330 nm (E = 5.5 x lo3 bf 
an-5 The complex exhibited a structural emission spectrum in m2c12 at room temperature (!ex = 
355 nm) with maxima located at 562 and 594 nm. This emission was consistent with a ?LC ongen. 

h. 

* Charge separation in R.cbpmxX0,3py+7 RdbpmXco>,Cpy-PTZ)+ and 
Re@pmX= bpm is W-bipyridinc MeQ+ is N-methyl-4,4’-bipyridine and py-PTZ is LO- 
4picolyl>phenothiazine, was investigated using transient absorption techniqug. The species detected 
were Recrrxbppm3CQ3(py),+* R4$IlXbpmXCQ3(M49,~* ~ p m X ~ ) 3 ~ e Q 7 , ~ *  and F i  
)($Q)&py-?~r. The rate constants for decay back to the ground state were > 5x108 s’ , -4 x 10 
s 5.5 x 10 s’ and L6 x 108 s-’, reqectively. Two conclusions can be drawn from the study. F‘irst, 
emissiOn quenching occurred from the %IC” state, not the ‘rraCT state The rise time in the flash 
photolysis of l ? M T X b p m X ~ ) ~ y - ~ ,  conversion of ~ p m X C O ) ~ y - F T ~  to [Reo(bpmXC0@y- 
mu*, associated with quenching from the %LC” state Also, the lack of emission quenching 
from the MLCT statq wpch was a necessary upper state to invoke to account for the flash photolysis 
of [Re(bpmXW)+t-feQ?, also supports the idea that the %EC” state was the active one in the 
emission quenchg process Second, it appeared difficult to traverse the hole in Reo in d e r  to 
effect back electron transfer from one ligand to the other. This may be largely an energetic problem 
where the driving force to fill the hole is 90 large that it is nearly impossible for the intraligand 
process to compete Alternatively, the mechanism of electron transfer in the interligand charge 
transfer process may involve electron transfer via the metal orbitals leading to the conclusion that 
one may not likely observe the ECT process with charge separation in systems of this t y F  

Eztkure Wmk The photophysical properties of mixed metal complexes coordinated to 
polypyridyl/cmwn ether ligands wil l  be examined The strategies will involve coordinating the 
polypyridyl portion to ruthenium, rhenium, or platinum and then examine energy or electron transfer 
to acceptors located in the crowns which will house various cationic species including alkali rn- 
alkaline earth metals, the rare earth metal ions and cations such as methyl viologen. The 
photophysical behavior will be examined by transient absorption techniques in the nane  and pi- 
second time domains 
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STUDIES OF DONOR-ACCEPTOR COUPLING IN COVALENTLY LINKED 
TRANSITION METAL COMPLEXES 
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Buranda,a,b and D.P. RillemaC 

Departments of Chemistry ,a Wayne State University, Detroit, MI 48202-3489,bUniversity of 
Rochester, Rochester, NY 14627 and CWichita State University, Wichita, KS 67208 

One potential approach to regulating the direction and efficiency of photoinduced charge 
separation is through manipulation of the coupling between pairs of donors and acceptors. We 
have been systematically comparing various measures of donor-acceptor coupling in several series 
of transition metal (D/A) complexes. These studies have led us to a reformulation of the 
description of D/A coupling in very strongly coupled systems. 

In principle, the magnitude of the donor-acceptor coupling is a factor: (a) in the rates of 
electron transfer; (b) in the oscillator strengths of the corresponding (DACT) electronic transitions; 
and (c) in the thermodynamic stability of the ground state. These points have been extensively 
discussed in the literature and correlations, as well as discrepancies between the measures of D/A 
coupling have been described. Most of the interpretation of the experimental measures of D/A 
coupling has employed a Mulliken-type first-order perturbational anaylysis of Born-Oppenheimer- 
based electronic wavefunctions. Higher order, or superexchange approaches have also been found 
to be useful. Some of the issues that have evolved are: (a) the manner in which the bridging ligand 
(BL), in a covalently linked complex, can actively propagate D/A coupling; (b) the degree to which 
D/A coupling is sensitive to specific electronic configurations; and (c) the related issue of whether 
the various experimental measures of D/A coupling are actually determining the same parameter. 

Weakly coupled D/A complexes. In a study of a model complex, 
(bpy)2Ru(bb)Co(bpy)25+, (bb = 1 ,Zbis(2,2'-bipyridy1-4'-yl)ethane), we have found the D/A 
coupling to be sufficiently weak that it was not evidenced in simple electrochemical or 
spectroscopic measurements. Nevertheless, back electron transfer, Co(II) - Ru(III), occurred 
very efficiently after photoexcitation, kBET - 2 x lo8 s-l. This is comparable to observaitons on 
the corresponding "outer-sphere" electron transfer reaction and suggests that the aliphatic linker 
does not play a significant role. Standard perturbational and superexchange coupling models seem 
adequate for this system. Current work involves the synthesis of complexes in which weak 
DACT absorptions might be observed. 

Strongly coupled D/A complexes. Complexes characteristic of this limit typically 
have intense DACT absorptions and exhibit significant electrochemical shifts. This enables one to 
make detailed comparisons of different measures of D/A coupling. We have prepared and 
examined the behavior of a few series of cyanide bridged D/A complexes, and we have begun a 
parallel examination of dpp (2,3-dipyridyl-pyrazine) complexes. In the best developed series, 
obtained by ruthenation (mono and bis) of (PP)zM(CN)2"+ complexes (PP = bipyridine, or 
phenanthroline; n = 0 for Fe, Ru; n = 1 for Cr, Co, Rh), variations in D/A coupling have been 
obtained by varying one of the redox partners (M) rather than peripheral or bridging ligands. In 
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this series we have used (MCN)Ru(NH3)53+,2+ as the probe redox couple, and variations in M 
result in a 350 mV range of potentials for this couple in acetronitrile. The standard perturbational 
interpretation of DACT spectra imply an 80 mV range. In addition the cyanide stretching 
frequency is red shifted in D-(CN-)-A complexes relative to the parent and to the oxidized or 
reduced species. These observations seem consistent with the ultrafast BET observed in RuCNRu 
systems. The various experimental measures of D/A coupling in these complexes can be 
semiquantitatively interrelated by using a simple vibronic model to describe the electron transfer 
system. The model being examined implicates charge transfer to and from BL as well as D/A 
coupling, and the greater thermodynamic stabilization than implied in DACT spectra can be 
ascribed to a synergistically enhanced coupling of D and A to BL. This increased delocalization 
onto (and/or from) BL from D (and/or to A) should reduce the bond order of some BL n-bond. 
We have found some spectroscopic evidence for such an effect in some dpp bridged complexes 
(red shifted LMCT absorptions in D-(dpp)-A). In addition to the dn-donor-dn-acceptor systems 
which are involved in most of the studies mentioned in this section, we have found the simple 
vibronic approach to be useful in describing the classical "inner-sphere" reaction coordinate in 
which the reactants are odonors and 0-acceptors. Further implications are being examined. 

Effects of symmetry on o&served coupling parameters. The various measures of 
D/A coupling which we have examined can respond differently to variations in molecular 
symmetry. For example, we find a stronger correlation of electrochemical shifts (i.e., of the 
apparent ground state stabilization from DACT mixing) with DACT oscillator strengths for mono- 
ruthenates of M(PP)2(CN)2"+ than for the bis-ruthenates. This is an expected symmetry effect 
since only the symmetric(s) or the antisymmetric(a) DACT excited state components in the bis 
complexes can mix with the ground state but DACT transitions to both the s and a excited states 
are dipole allowed in the molecular C2 symmetry. It also appears that the x,y-allowed DACT 
transitions in dn-do-D/A complexes do not imply substantial D/A electron transfer coupling. 

Excited state energies. We have used a combination of thermal lensing and 
photoacoustic techniques to provide an experimental measure of the energy of 
(3CT)Ru(bpy)32+:( 16.8 k 0.2) x 103 cm-1. Ow attempts to determine energies for some other 
transition metal excited states have been complicated by second order absorption effects. 
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DYNAMIC STRUCTURAL STUDIES OF LIGHT-INDUCED CHARGE 

PHENOMENA IN METAL-BASED MOLECULAR SYSTEMS 
!l'RANSFER AND ELECTRONIC L O C A L I Z A T I O N I D E L O C O N  

Joseph T. Hupp 
Dept. of Chemistry, Northwestern University, Evanston, IL 60208 

We have made substantial progress in: a) assessment of electron transfer 
(ET) kinetics through "virtual molecular wires", b) evaluation of ultrafast ET 
kinetics and vibrational coherence effects in relatively strongly interacting 
donor-acceptor systems, c) evaluation of unusual new dynamic structural 
effects in the systems described in (b), d) quantitative experimental appraisal 
of Franck-Condon effects in delocalized donor-acceptor (mixed-valency) 
systems, e) direct measurement of dynamic structural parameters in 
symmetrical donor-acceptor assemblies, and f) assembly and characterization 
of light-addressable localized donor/delocalized acceptor systems (primitive real 
molecular wires). 

Project (a) centers on molecular-recognition-triggered ET in weakly 
coupled systems of the type (bpy),ClOs-bridge-Ru(NH ) *+, where the bridge 

when the spacer is conjugated (e.g., spacer = phenyl, biphenyl or a polyene) 
adiabatic electron transfer can be sustained over extremely long distances 
(> 20 A in the most extreme cases). 

is any of several pyridine-spacer-pyridine assemblies. %E e key finding is that 

Project (b) is part of an ongoing collaborative investigation with Paul 
Barbara. The systems examined are of the type (NC)5M-CN-R~(NH3)51'. New 
findings are: 1) the observation of substantial solvent isotope effects in the 
ultrdast (ca. 100 fs half life) kinetics regime, and 2) characterization of 
apparent vibrational coherence effects associated with ultrafast (ca. 18 fs) 
electronic excitation. The first observation is particularly important because it 
provides compelling experimental evidence for charge transfer rate control via 
inertial solvent motion. The second observation is actually a manifestation of 
impulsively stimulated Raman scattering and provides an interesting picture 
of dynamic structural changes. It also provides a strong corroboration of our 
existing work involving conventional resonance Raman methodologies (project 
(CD. 

Project (c) involves the application of time-dependent scattering methods 
to resonance Raman studies of intramolecular electron transfer. The 
information obtained is a full, quantitative, mode-specific description of the 
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internal stmctural changes accompanying the reaction. New experiments have 
emphasized Raman excitation profiles. The most important new results are the 
following: 1) strong resonance de-enhancement effects exist in some excitation 
regimes, and 2) unprecedented da donor-orbital specific enhancement effects 
exist. Careflul analysis of the first observation provides an interesting route to  
the homogeneous absorption bandwidth for the metal-to-metal charge transfer 
transition. This is a very important parameter - in part because it informs us 
about how to handle solvent reorganization in our evaluation of Frank-Condon 
effects (dynamic structural changes). The second finding was made possible by 
employing OS" as an electron donor (thereby splitting nominally degenerate 
dn levels and yielding well-resolved dx donor orbital specific intervalence 
transitions). The essence of the finding is that Franck-Condon effects for 
intramolecular ET in metal-based systems can depend tremendously on exactly 
which orbital of the donor supplies the transferring electron. 

Project (d), which involves an unprecedented application of extended 
near-IR excitation t o  resonance Raman problems, has yielded the first 
quantitative, mode-specific experimental descriptions of vibrational 
reorganization in delocalized donor-acceptor systems. 

Project (e) is related, but involves valence-localized systems. We have 
obtained Franck-Condon information for light-induced electron transfer in 
biferrocene monocation (a prototypical mixed-valence species) and in a metal- 
free dimeric sesquibicyclic hydrazine system. Results for the former are broadly 
consistent with published results derived from x-ray crystal structure 
investigations of the isolated donor and acceptor species. Results for the latter 
are particularly exciting because corresponding intramolecular electron 
exchange kinetics measurements have recently been reported (ESR studies by 
Nelsen at Wisconsin). 

Project (0 involves the attachment of localized electron donors 
(metallocyanides) to  delocalized electron acceptors (dimeric and oligomeric 
Creutz-Taube analogs). The objective, in part, is to learn whether we can 
circumvent the inherent energy loss problems involved in long range charge 
propagation via conventional cascade schemes. Initial results with small 
systems (3 and 4 metal centers) show that optical electron transfer is 
observable, but that donor attachment induces valence localization in the 
putative delocalized acceptor fragment. The localization effect is related 
directly to symmetry reduction effects that we have encountered previously in 
the context of second-sphere interactions. In any case, we find that we can 
restore the delocalization by coordinatively restoring the overall symmetry of 
the acceptor fragment. 
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CHARACTERIZATION OF THE LOWEST EXCITED STATES 
OF RE(I)Cl(C0)3@IIMINE) COMPLEXES 

G. A. Crosbv and D. R. Striplin, Department of Chemistry 
Washington State University, Pullman, WA 99164430 

Series of complexes of the generic formula, Re(l)Cl(C0)3(diimine), where diimine = 2,2’- 
bipyridine, 1 ,IO-phenanthroline, and their methyl- and phenyl-substituted analogs were 
investigated in the 77-4 K range in rigid glasses. Excitation spectra, luminescence spectra, 
time-resolved spectra, and temperature dependence of the phosphorescence of all the 
compounds were completed. Excitation and emission polarization measurements were also 
carried out at 77 K Some of the complexes exhibited bi-exponential decays that resolved 
into 3 m *  and %LCT components. For those molecules exhibiting well defined 3MLCT 
emitting manifolds the decay of the phosphorescence was also recorded as a function of an 
appled magnetic field at 4 K 

The evidence clearly indicates that the phosphorescence from these complexes originates 
solely from 3MLCT manifolds in some of the species, but from both 3MLCT and ~ K A *  
terms in others. A barrier separates them that is insurmountable below 77 K. The relative 
weight of each tenn in the observed phosphorescence can be modulated by solvent and by the 
nature and positions of substituents. A radiationless transition rule appears to operate: *m* 
states decay to 3m* levels and 1MLCT states decay preferentially to 3MLCT manifolds. 

Analyses of the Tdependences of the decays of the 3MLCT phosphorescences define three 
emitting sub-levels. A long-lived state lies lowest followed by a second state lying 4-10 cm-l 
higher that decays 1Ox faster than the first, and a third level lying 30-90 cm-l higher sti l l  that 
decays l@x faster than the lowest one. The splittings, polarization ratios, and relative decay 
rates of these spin sub-levels have been rationalized on the basis of a model employing C2v 
symmetry including both electrostatic and spin-orbit coupling interactions. The symmetries 
of the spin sub-levels are A2, B1, and Ai, in order of increasing energy. The model also 
accounts for the (near) quadratic dependence of the decay of the 3MLCT manifold on an 
extemally applied field (0- 5 Tesla) at 4 K. 

The results of these investigations, including a description of the model and its application to 
the emitting 3MLCT manifolds of these rhenium(1) complexes will be presented. The 
implications of these investigations for the elucidation of the emitting manifolds of the 
photochemically important iris diimine complexes of Ru(II), Os(1I) and Ir(II1) will be 
Summarized 
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SYNTHESIS AND CHARACTERIZATION OF RUTHENIUM 
POLYPYRIDINE COMPLEXES IN Y-ZEOLITE SUPERCAGES 

James R. Kincaid 

Chemistry Department, Marquette University, Milwaukee, WI 5320 1 - 188 1 

The intense and sustained interest in the photochemical and photophysical properties of 
polypyridine complexes of divalent ruthenium arises because of their potential utility as components 
of practical solar energy conversion devices. The incorporation of these and other types of sensitizers 

into organized assemblies, which position various 
components (in terms of both reactivity and spatia1 
distribution) so as to facilitate net chemical conversion, 
relies on their attachment or entrapment within 
superstructured lattices or matrices, including the readily 
available Y-zeolite. The study of such systems assumes 
increasing importance in light of recent progress made by 
Dutta, Mallouk and others in achieving apparent increases 
in net photoredox efficiencies. 

In an effort to expand the number of structural variants available for this class of materials 
we had earlier developed a versatile synthetic scheme to produce a potentially wide range of bis- 
heteroleptic, tris-ligated sensitizers; ie., RuL2L2+. The spectral and photophysical properties of a 
number of such species have now been well documented and it was shown that the principal effect 
of the zeolite supercage is to destabilize the 
ligand-field (3dd) state, thermal population of 
which (in solution) leads to efficient non- 
radiative decay (kdd) or deligation (k,) and 
eventual loss of sensitizer. Analysis of 
lifetime date acquired over a range of 
temperatures for several zeolite-entrapped 
complexes yields kinetic parameters which are 
not consistent with decay via the 3dd state, but 
instead implicate thermal population of an 
upper (designated "fourth") MLCT state. 
Such behavior had previously been observed 
and similarly interpreted by Meyer and 
coworkers for the case of Ru(bpy)32+ in a 
rigid cellulose acetate matrix. 

3 - tor ligand loss 
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Recent efforts have been focussed on several studies to reveal the magnitude of tlie 3dd stale 
destabilization associated with the steric constraints imposed by the zeolite supercage. Specifically, 
the heteroleptic complex comprised of bipyridine and diazafluorene ligands (ie. Ru(bpy)*daf2+) and 

its zeolite-entrapped analogue were synthesized and 
characterized by spectroscopic methods as well as by 
lifetime measurements conducted over a wide range 
of temperatures. This complex, in polypropylene 
carbonate solution, possesses an inherently small 
3MLCT-3dd energy gap (2200cm-1) such that (at 
room temperature) its emission intensity is extremely 
weak and its lifetime is <I  Ons. The corresponding 

Ru(bpY)&P+ Z-Ru(bpy),daf' zeolite-entrapped complex exhibits easily detected 
emission at room temperature and a measured 
lifetime of over 30011s. Analysis of tlie lifetime data 

acquired over a range of temperatures yields kinetic parameters which indicate a 'MLCT-jdd energy 
gap of 4 0 0 0 ~ m ' ~  and an essentially negligible contribution from this decay pathway. The results 
not only support the concepts and interpretation outlined above, but also nicely demonstrate the 
utility of zeolite entrapment for advantageous manipulation of the photophysical properties of such 
systems. 
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In an effort to gain additional insight into the partitioning of the two thermally activated 
decay routes, temperature-dependent lifetime measurements were carried out for a systematically 
designed series of complexes, Ru(bpz)2L2+, where the donor strength of the "spectator" ligand, L, 
is varied from relatively weak (daf) to 
s t r o n g  ( 4 , 4 ' - d i m e t h y l - 2 , 2 ' -  

model developed mainly by Meyer, 
Rillema and coworkers, the results show 
that the 3dd state dominates the thermal 

member, while the fourth MLCT state is 
the principal participant in the case of m 

where L is of intermediate donor strength, m. 

yield temperature-dependent lifetime 
curves (over an extended range of =. 

accounted for only by assuming 140 -do ?an XI0 m 340 3w yo 

temperatures) which can be adequately 

contributions from both thermally 
accessible states. 

bipyridine,dmb). Consistent with the ,500 lRu@pz)2@py)lPF@2 in PC 
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CHEMISTRY WITH RED AND NEAR INFRARED LIGHT 

Heinz Frei 
Lawrence Berkeley Laboratory, University of California 

Berkeley, CA 94720 

The purpose of our work is to explore the use of long wavelength visible and 
near-infrared light for the synthesis of chemicals and for the chemical storage of the light 
energy. This is motivated by the fact that about half (52 percent) of the solar irradiance at 
ground level lies at wavelengths longer than 700 nm; 75 percent in the near and near- 
infrared regions combined. Our goal is to develop new concepts for the use of long- 
wavelength photons for the synthesis of important organic building blocks and specialty 
chemicals, and for the storage of these quanta in the form of fuels. 

Highly Selective Oxidation of Small Hydrocarbons by 0 2  with Visible Light in a Zeolite 

Molecular-size cages of zeolite matrices offer an opportunity for conducting 
controlled bimolecular photochemistry at ambient temperature. In this environment, 
collisional complexes can be prepared at high concentration. Irradiation of the reactants 
in a state of collision affords direct access to low-energy reaction pathways by single 
photon excitation. Small alkenes, alkanes, or aromatics, loaded together with 0 2  from 

the gas phase into alkali or alkaline earth- 
exchanged zeolite Y exhibit a 
hydrocarbon*O2 charge-transfer absorption 
that extends into the visible region. This 
was discovered by laser reaction excitation 
spectroscopy and confirmed by diffuse 
reflectance measurements. It signals an 
unprecedented 1.5-2.5 eV stabilization of the 
excited hydrocarbon*@ charge-transfer 
state relative to the gas or solution phase. 
The stabilization is attributed to the very 
high electrostatic field inside the supercage 
of zeolite Y. These fields were determined 
by measuring the absorption intensity of the 
field-induced infrared fundamental of 0 2  or 
N2. The intensity depends on the square of 
the applied field, hence the latter can be 

determined from inte ted absorbance measurements. Fields experienced by the probe 
molecules are 0.2 V E in zeolite Nay, 0.5 V A-1 in Bay. The onset of 
hydrwarbon*O2 charge-transfer absorptions was found to shift according to the size of 
the electrostatic field. Irradiation of these bands with visible light resulted in highly 
selective conversion of the hydrocarbon molecules to oxygenated derivatives that are 
organic building blocks or important industrial intermediates. 

red fight 
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Examples of selective oxidation of unsaturated hydrocarbons with visible light 
include conversion of propylene to acrolein, and of toluene to benzaldehyde. 
Corresponding hydroperoxides (allyl, benzyl hydroperoxide) were observed by in situ 
FT-infrared spectroscopy. These intermediates rearrange thermally to the corresponding 
carbonyl compound. The principal observation is that the selectivity of these oxidations 
is very high even at high conversion, a feature that is lacking in all existing methods of 
thermal catalytic autoxidation. 



The proposed reaction mechanism involves excitation of the alkene*O2 charge- 
transfer state followed by proton-transfer from the strongly acidic radical cation to %- to 
form an allyUH02 radical pair. Combination of the radicals would give the observed 
allyl hydroperoxide. Reaction quantum efficiencies are rather high, typically between 0.1 
and 0.3. A main factor responsible for the tight product control of the photochemical 
pathways is the very strong stabilization of the excited charge-transfer state. As a result, 
the state can be accessed by low-energy visible instead of the more energetic UV 
photons, with the outcome that the pn'unary products emerge with minimal excess energy. 
This, coupled with the confinement imposed by the zeolite cage, prevents random radical 
coupling reactions and homolytic fragmentation of primary products. Moreover, the 
properties of the charge-transfer states ensure that no further photooxidation of primary 
products occurs; the ionization potential increases upon partial oxygenation of an alkene 
or substituted benzene, which implies that charge-transfer absorptions of the 
corresponding complexes with 02 shift to higher energies. Hence, by contrast to thermal 
catalytic autoxidation, the photochemical method of alkene and toluene oxidation by 02 
is inherently stable against secondary chemistry. 

alkanes by 0 2  in zeolites with high electrostatic fields. Cyclohexane was oxidized by 0 2  
with green or blue light to cyclohexanone under complete selectivity even at conversion > 
50%. The visible tail of the cyclohexane*@ charge-transfer absorption could readily be 
observed by diffuse reflectance spectroscopy. Cyclohexyl hydroperoxide intermediate 
was detected by infrared spectroscopy. While cyclohexane with an ionization potential of 
9.8 eV can be oxidized by visible light in zeolite Nay, the higher electrostatic field of 
BaY is needed to accomplish isobutane+O2 photochemistry with blue or green light 
(ionization potential 10.6 eV). Tungsten lamp or Ar ion laser light gave t-butyl 
hydroperoxide at better than 98% selectivity even upon quantitative conversion of the 
alkane in the room temperature zeolite. The hydroperoxide is a major oxidizing reagent 
for the transfoxmation of small olefins to epoxides. We have found that small alkenes 
like propylene, cis or trans-2-butene, or cyclohexene are epoxidized stereospecifically in 
situ by the photochemically produced t-butyl hydroperoxide. 

Ionization potentials of propane and ethane are 0.5 and 0.9 eV higher than that of 
isobutane, hence aIkaline earth-exchanged zeolites with high electrostatic fields and high 
alkane loading levels are required for photooxidation with visible light. We have 
observed completely selective conversion of propane by 0 2  to acetone in zeolite BaY at 
room temperature, and of ethane to acetaldehyde in Cay. Corresponding -1 
hydroperoxide intermediates were trapped at temperatures below -5OOC. This is the fust 
method that allows completely selective oxidation of propane and ethane by 0 2  to the 
contesponding carbonyls. These photochemical allcane oxidations open up a new method 
for selective C-H activation. 

We have expanded this new method to visible light-induced oxidation of small 

Fuzure Work 

Efforts in the near future will concentrate on detailed mechanistic studies of the 
hydrocarbon photooxidations with time-resolved FT-infrared spectroscopy on the nano- 
to-millisecond time scale (step-scan method in the transient absorption mode). In a 
parallel direction, we will explore the zeolite method for C02 activation with visible 
light. 
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PHOTOINDUCED ELECTRON TRANSFER REACTIONS IN LAMELLAR OXIDE 
SEMICONDUCTORS AND RELATED THIN FILMS 

Thomas E. MaIlouk, Steven W. Keller, Geoffrey B. Saupe, and Stacy A. Johnson 
Department of Chemistry, The Pennsylvania State University, University Park, PA 16802 

Layered metal oxide semiconductors of general formula AMnOx (A = alkali metal, M = 
Ti, Nb, Ta ) represent interesting materials for photocatalysis. They are chemically stable, and 
their conduction band-edges are located at favorable potentials for hydrogen evolution and 
other photoreductive processes. Additionally, because of their layered structure, ion-exchange 
and intercalation reactions can be used to modify their properties in rational ways. The valence 
bandedges of these semiconductors lie at very positive potentials, and therefore they are 
interesting catalysts for water photolysis. Unfortunately, the bandgaps of these oxides are 
typically 3.3 - 3.7 eV, so the direct photolysis of water must be carried out with UV excitation. 

Sensitization of layered alkali niobates and titanates, such as K4Nb6017 and KTiNbO5, 
with visible light-absorbing ruthenium polypyridyl dyes allows these photocatalysts to operate 
with blue light. A schematic diagram of the photocatalyst system, and the energy level 
diagram, are shown below. Water splitting is not yet possible with these systems, as the hole 
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resides on the sensitzer molecule rather than on the semiconductor, and oxygen evolution 
requires interfacing the sensitzer to the appropriate multi-electron catalyst. However, solution 
phase electron donors such as iodide can be used to generate hydrogen photochemically from 
water. H2 and 13-, once formed, do not recombine since the latter cannot access the interlayer 
region. With R u L ~ ~ +  (L = 4,4'-dicarboxy-2,2'-bipyridine) as the sensitizer, the quantum 
efficiency is low. A detailed kinetic analysis of both transient spectroscopic data and Hfl3- 
evolution behavior show that the quantum efficiency is limited by back electron transfer 
between the oxidized donor (I3-) and conduction band electrons. New phosphonate and 
phosphoramidate analogs of RuL3, which should allow a wider working range of pH in this 
system, and should also permit surface modification to block the access of 13- to the oxide 
surface are currently being developed, and will be discussed. 
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Alkali titanates and niobates, as well as other lamellar solids such as clays and metal 
phosphates, can be exfoliated by means of simple acid-base reactions to produce unilamellar 
suspensions. The inorganic lamellae can then be deposited as monolayer and multilayer thin 
films on various substrates by means of a new polyanion-polycation adsorption procedure (see 
Keller et al., J. Am. Chem. Soc. 1994,116, 8817, and Kleinfeld et al., Science 1994,265, 
370). One can prepare rather complex layer sequences and superlattice structures by this 
technique, on planar or high surface area supports, through a series of experimentally simp@ 
dipping reactions. The inorganic component of the structure consists of unilamellar (8 - 20 A 
thick) insulators, such as a-Zr(HP04)2.H20, and/or oxide semiconductors, such as 
QNb6017. 

We have made electron transport assemblies, in which individual inorganic lamellae are 
interleaved with cationic photq and redox-active polymers. The ruthenium polypyridyl 
polymer (1) adsorbs as a ca. 20 A thick monolayer film, and can be sandwiched between 8 A 
thick zirconium phosphate sheets grown on fumed silica (Cab-0-Sil). In the presence of 
solution-phase electron donor (2), 532 nm photoexcitation produces a charge separated state 
with the spectral characteristics of reduced (1) and oxidized (2). A bilayer sequence (Si02 - Zr 
phosphate - (3) - Zr phosphate - (1)) grown in the same manner shows luminescence 
quenching of (l), followed by rapid charge recombination. This charge recombination can be 
intercepted by electron donation from (2), to yield a charge-separated state with the spectral 
characteristics of reduced (3) - oxidized (2) and a lifetime on the order of 2 x s. More 
complex "onion-like" structures containing secondary electron acceptors such as the diquat 
polymer (4) in addition to the ruthenium ms(bipyridy1) polymer (1) and the viologen polymer - -  
(3) are currently being prepared. 
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The ruthenium tris(bipyridy1) sensitizer (1) can also be adsorbed onto alkali niobate 
lamellae grown on Cab-0-Si1 supports. At low pH, the luminescence of (1) is quenched by 
electron injection into the semiconductor sheets. Preliminary experiments show that molecular 
hydrogen is evolved from composites containing platinized Cab-0-Si1 coated with a niobate 
bilayer, with a monolayer of adsorbed (1) and a sacrificial electron donor (EDTA) in solution. 
Future work will involve kinetic analysis and optimization of this system, as well as the 
construction of assemblies containing electron relays and oxygen evolution catalysts. 
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CARRIER DYNAMICS AND QUANTIZATION EFFECTS IN 
PHOTOELECTROCHEMISTRY 

A.J. Nozik, B.B. Smith, 0.1. Micic, R. Ellingson, B.R. Thacker, M.C. Hanna, and J.Macho1 

National Renewable Energy Laboratory 
Golden, CO 80401 

This project is concerned with the experimental and theoretical characterization of the relaxation 
dynamics of photogenerated carriers (electrons and positive holes) in semiconductor electrode 
structures in photoelectrochemical and photocatalytic cells, and the effects of size quantization 
on these carrier dynamics . The dynamics include carrier generation, carrier cooling, solid-state 
transport, and charge transfer (ET) across the semiconductor-liquid interface to redox acceptors 
at or near the surface. The effects of elecmc fields, as well as the effects of the dimensionality 
of size quantization, are also being investigated. 

Kinetics of Electron Transfer Across Semiconductor-Liquid Interfaces: Theory and Experiment 

The kinetics of ET across semiconductor-electrolyte interfaces is an extremely important subject 
area for photoelectrochemistry, but good experimental data are meager and theoretical models 
are not well developed. We obtain kinetic data from ultra-fast time-resolved photoluminescence 
(TRPL) quenching by ET in the fs and ps time regimes using upconversion and time-correlated 
single photon counting techniques. We have also begun the development of rigorous theoretical 
models to describe the kinetics of heterogenous ET. 

1. Theorv (See Doster) 
We have developed a technique which we call MO-MD (for molecular orbital molecular 
dynamics) to perform first principles Molecular Dynamics (MD) simulations of the 
semiconductor-liquid interface (SLI). Our technique is similar to traditional MD with the 
important exception that an electronic structure calculation is performed at each time step to 
determine the interatomic potentials and forces. Thus, we can account for the electronic structure 
rearrangements that occur in real systems as the molecules change their configuration and 
simulate important aspects of SLIs, such as the interaction of redox species and solvent with 
the semiconductor surface (including chemi-and physisorption). Application of our MO-MD 
technique to bulk water has yielded results that are in good agreement with the sophisticated 
Car-Paninello (CP) first principles MD. It gives the correct electronic density of states of bulk 
fnp and GaAs, as well as qualitatively correct results for the chemisorption of molecules to 
semiconductors. We have also explored a new model for ET at the SLI that uses the formalism 
of the metallliquid ET theory developed by B.B. Smith and J.T. Hynes, but modified to allow 
its application to the SLI. The model accounts for the dynamical role of the solvent and 
semiconductor, the effects of an applied external voltage, the dependencies of various important 
ET parameters on the distance of the redox species from the semiconductor, the effects of 
phonons With certain 
assumptions the equations can be solved in closed form. 

in the semiconductor, and the effects of Anderson localization. 
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2. Exoenment 
In virtually previously published work on intermolecular and intramolecular ET in 
homogeneous molecular systems, electric field effects are not important or have not been 
considered. We have rigorously solved the continuity and Poisson equations using a finite 
difference semi-implicit algorithm with a Cray-2 supercomputer, and have applied the results to 
analyze TRPL decay experiments in the presence of large space charge fields that are controlled 
with an externally applied bias voltage. Our model calculations allow us to separate the effects 
on PL quenching of field-enhanced ET from the effects of simple field-enhanced charge 
separation and surface recombination. 

Three electrode configurations were investigated that yielded TRPL data that could be analyzed 
to determine the second-order heterogeneous ET rate constant (kt, cm4/s): (a) p-GaAs passivated 
with adsorbed NqS in contact with acetonitrile (ACN) containing metallocene acceptors 
(CO(Q)~' and Fe(Cp);); (b) naked p-InP in contact with aqueous solutions of Fe(CN);-; and 
(c) p-GaAs passivated with thin tunnelling barriers of GaInP, in contact with Co(Cp)2+ in ACN 
or aqueous Fe(CN):-. The experiments with sulfide-passivated p-GaAs were conducted at open 
circuit, while those with p-InP and p-GaAs/GaInP2 were done as a function of applied voltage 
and electric field. The experiments with sulfided p-GaAs electrodes with zero applied external 
field yielded surprisingly fast Kt values (2 x and 4 x cm4/s for 
CO(CP)~+), corresponding to ET times of 25 and 100 ps, respectively. The experiments with p- 
Id? and p-GaAs/GaInP2 as a function of applied external potential also showed some very 
interesting and important behavior. For p-InP with Fe(CN)i3 a very strong increase of ket with 
the initial value of band bending (V,) was observed cm4/s at V, = 0.07 eV and 
kt = cm4/s at VB > 0.5 eV, The latter result corresponds to ET times less than 1 ps. Such 
fast ET rates and the dependence of the ET rate constant on external potential have not been 
previously reported for semiconductor electrodes. The GaInP2,GaAs electrode showed a nearly 
ideal dependence of the current-voltage characteristic on the acceptor concentration; the TRPL 
decay of this electrode, reflecting ET kinetics, also showed a concentration dependence. 

cm4/s for Fe 

= 2 x 

III-V Uuantum Dots (See Dosterl 

High quality, crystalline quantum dots (QDs) of InP, GaP, and GaInP2 were successfully 
synthesized and characterized by TEM, x-ray diffraction, SAXS, steady state absorption and PL, 
and time-resolved PL and transient hole burning spectroscopy. The dynamics of carrier 
relaxation and ET in QDs with 3-dimensional quantum confinement will be compared with that 
in quantum films with 1-dimensional confinement. 
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CHARGING AND DISCHARGING NANOPARTICLES 
Dan Meisel 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

Charge transfer into or out of semiconductor particles is at the core of many schemes that were 
proposed in energy conversion applications. The factors that dominate charge transfer processes 
across the semiconductor - electrolyte interface are therefore central to these applications and may 
determine whether such schemes are feasible or not. During the last few years we have studied the 
effects of charge injection into, and out of, small semiconductor particles on the radicals that are 
generated and on the particle itself. Previously we described the effects of the particle on the 
radical ions that are generated at the surface of the particles. Pronounced changes in the lifetimes of 
the radicals, their decay mechanism, their pKa and apparent redox potentials were noted. In the 
present report we focus on the effect of the charge on the particle itself. We show that the presence 
of the electric field associated with the excess charge has a significant effects on the spectra of the 
particles. We also describe attempts to bind particles of two different materials to one another and 
the effects of this binding on the charge transfer from one particle to the other. 

a. Electron injection into the particle : Electrons were injected into small CdS particles from a 
variety of electron donors (e-,,+ H atoms, a-hydroxy radicals, and reduced metal ions such as 
Cd*). In all these cases the result of the excess charge was to shift the low energy absorption edge 
of the particles to higher energies independent of the identity of the electron source. Similar results 
were.also obtained by excitation of the same particles. The loading of electrons into the particles 
was systematically controlled by increasing the dose in the pulse generating the reducing species. 
Little effect of the number of electrons injected into a particle on its absorption edge was observed, 
in the range of 1-20 electrons per particle. This requires that the excess electrons be happed at least 
0.5 V below (more positive) the conduction band, otherwise thermal repopulation of the 
conduction band would have led to a more pronounced spectral shift. We have also searched for 
the effect of the excess charge in the solid on the double layer at the electrolyte side of the interface. 
This can be done using the conductivity technique, which measures changes in the concentration of 
ions in the solution. In all cases, including those in which the source of electrons are H atoms, 
protonation of the surface immediately follows the electron injection. Thus, the net charge on the 
particle and its surface has not changed during this process. However, since we require an electric 
field in order to rationalize the spectral effects, the electron and the proton are separated from one 
another in the particle. This infers that the particle is now under a field induced by the dipole of a 
separated electron-proton pair. 

b. Electron attachment to the surface : The location of the excess charge in the particles of the 
above described experiments is not well defined energetically or spatially. However, we designed 
experiments to specifically locate the excess charge both spatially and energetically. In these 
experiments we can unequivocally show that the electron resides at the surface of the particle, and 
that its redox level is located deep within the band gap. We attach the electron to a molecule that 
was shown to cap the particle at the surface. The spectral changes that occur upon the charge 
injection process are characteristic of the spectrum of the radical ion of the parent capping molecule. 
Specific examples that were tested include the quinone/semiquinone family and several 
nitrothiophenol couples. Thus the excess charge is now at the redox level of the molecule/radical 
reduction potential level. In some cases this is as low as 0.9 V positive of the conduction band. 
Nonetheless, spectral shifts in the particle spectrum were still observed, similar to those observed 
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in the experiments described in the previous section. Depending on solution pH, and the pKa of 
the radical, the charge on the capping molecule can be maintained for long periods of time or 
efficiently neutralized by protons. In the latter case, the spectral shifts disappear upon protonation. 
At present we have not determined whether protonation of the parhcle in another location than the 
capping molecule has occurred, but we believe that such neutralization is unlikely. We further 
make use of this effect on the spectra to measure desorption times of semiquinone radical ions 
away from the particle surface. 

c. Binding particles via bzidging caps : Previously we have shown that thiolate head groups 
selectively bind to chalcogenide particles (CdS) whereas carboxylate moieties bind selectively to 
metal oxide particles. In the following experiments, quantum sized CdS particles were capped with 
bifunctional mercaptocarboxylic acids of varying alkyl chain lengths via the thiolate end of the 
molecule. The absorption spectra of these particles exhibit a new band, assigned to a charge 
transfer to the particle transition. Ti02 particles were then attached to the capped CdS particles 
through the carboxylate head group of the bifunctional caps. Bridging the two particles through 
these acids leads to quenching of the blue and enhancement of the red edges of the emission spectra 
of CdS. This is attributed to selective electron transfer from shallow traps on the CdS to the Ti02 
particle, but not from deeper traps. The efficiency of the quenching decreases upon increasing the 
alkyl chain length of the acid, presumably because of the distance dependence of the electron 
transfer process. Similarly, CdS particles were attached to Au particles using dithiols as capping 
agents, leading to similar photophysical effects. Current experiments are designed to obtained 
better control of the distance between the two particles utilizing rigid bridging moieties. 
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PORPHYRIN CHEMISTRY 

J. Faier, K. M. Barkigia, E. Gudowska-Nowak, D. Holten, 

D. Melamed, M. W. Renner, K. M. Smith and Y. Zhang 

Department of Applied Science 
Brookhaven National Laboratory 

Upton, New York 11973 

This program focuses on the multifaceted bioenergetic reactions mediated by 
porphyrin derivatives, reactions that range from light harvesting and energy conversion in 
photosynthesis to multielectron catalysis of nitrogen assimilation, regiospecific synthesis, 
and conversion of carbon dioxide to hydrocarbons. The project uses experimental, structural, 
and theoretical approaches to characterize the transients and establish the mechanisms of 
these photochemical and catalytic reactions. The cumulative thrust of these approaches is 
to correlate biological variations in macrocycle, substituents, metal, and conformation on the 
photophysical, photochemical, and electron-transfer properties of porphyrins in vitro and 
in vivo. 

Recent work has documented the significant effects that conformational variations can 
have on the electronic properties of synthetic “conformationally designed” porphyrins in 
which the introduction of multiple peripheral substituents induces large structural 
deformations of the macrocycles. The consequences of such conformational perturbations 
include significant shifts in optical and redox properties as well as considerably altered 
excited state properties. Structural modulations of the latter are particularly noteworthy. 
Relative to planar molecules, porphyrins with saddle conformations exhibit reduced excited 
singlet Metimes (-500 psec) and fluorescence quantum yields as well as perturbed emission 
profiles. P o r p h w  with rufned distortions similar to those of bacteriochlorophylls in vivo 
show even larger modifications. A striking example in this series is the metal-free 
5,10,15,20-tetra(tertiary butyl) porphyrin. At room temperature, the compound exhibits a 
remarkably short excited singlet lifetime of 25 picoseconds to be compared with the typical 
porphyrin singlet lifetimes of -10 nanoseconds found for the analogous planar porphyrins 
with n-pentyl or isopropyl substituents. 

These results thus establish the acute sensitivity of porphyrin excited states to 
structural motifs found in the chromophores of photosynthetic antenna and reaction centers. 
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As well, the combined results for the d e d  and saddle-shaped macrocycles demonstrate that 
synthetic porphyrins can be conformationally tailored to exhibit specific excited state 
properties. 

An additional stereochemical benefit is emerging fiom the studies of codormationally 
designed porphyrins. Sterically constrained saddle-shaped molecules also exert a geometric 
control on electronic properties. The saddle distortions and peripheral substituents of the 
porphyrins form “trenches” that direct and control the orientations of axial ligands. In 
hexacoordinated complexes, ligands such as imidazoles and pyridines are forced to align 
perpendicular to each other. Crystallographic results for Ni, Co and Fe complexes clearly 
demonstrate that these orientations are imposed by the distorted porphyrins. Such specific 
axial ligand arrangements are believed to modulate the properties of cytochromes in vivo and 
may also offer easy synthetic avenues into stereospecific control of porphyrin-catalyzed 
reactions. 

other aspects of the program include the application of x-ray absorption synchrotron 
techniques such as XANES and EXAFS to establish the coordination and structural 
parameters of metalloporphyrins and hydroporphyrins. The techniques have proved to be 
particularly useful in following codonnational changes between crystalline, amorphous and 
solution phases, and in mapping structural consequences of oxidations and reductions. (For 
an example, see the poster by Renner et al.). The ongoing development of a soft x-ray beam 
line at the Brookhaven synchrotron dedicated specifically to the Mg energy region will allow 
extension of these techniques directly to (bacterio)chlorophyll reactions in the near future. 

C~~stallographic results recently obtained on microcrystals using synchrotron x-rays 
and area detectors offer another promising structural probe. (See poster by Barkigia et al.) 
The combination of short data acquisition times and small crystal requirements makes the 
technique ideally suited for crystallography of unstable and hard-to-crystallize reaction 
intermediates such as cation and anion radicals or unusual metal oxidation states. 
Furthermore, the same crystallography beamline at the NSLS can also be used to acquire 
time-resolved data and thus proffers the possibility of probing excited states and charge 
separation on a millisecond time scale at present with the promise of nanosecond resolution 
in the future. 
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MECHANISITIC STUDIES OF EXCITED STATE CHEMICAL REACTIONS: 
PROTON-LINKED PHOTO-REDOX PROCESSES 

Laszlo Biczbk, Hong Wang and H e m  Linschitz 
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and 
Avner Treinin 

Department of Physical Chemistry, Hebrew University, Jerusalem, Israel 

Excited state redox reactions in homogeneous solution and in several test systems are 
being studied to help clarify factors controlling rates and bulk radical yields. For such 
reactions, evaluation of the energetics of changes in the bonding and molecular configuration 
of reactants and their surroundings forms the basis of kinetic analyses, as in Marcus-Hush 
Theory. Thus, in interpreting the kinetics of excited state quenching by simple anions, we 
derive relevant reorganization energies from spectroscopic data (I). These energies involve 
mainly solvation processes. Quite different kinetic factors appear in electron transfers which 
are closely coupled to specific proton displacements within the donor-acceptor complex. For 
example, in excited state redox reactions, initial electron movement, leading to incipient 
acidic cation radicals or basic anion radicals will be enhanced respectively by coupled proton 
displacements to or from basic or acidic species which are linked to the primary electron 
donor-acceptor pair by hydrogen-bonding. Such proton coupling thus offers a means of 
controlling the effective redox potentials of quenching reagents, even in a variety of solvents. 
In addition, we may expect to enhance radical yields by involving heavy particle movement 
in the back reaction and by stabilizing products. Accordingly, we have studied the effects 
of: a)- hydrogen-bonded bases (pyridines) on reductive quenching by phenols; and 
b)- hydrogen-bonded alcohols and acids on oxidative quenching by quinones (11). In such 
situations, one must consider also the effect of hydrogen bonding and/or protonation on the 
character of the excited state. This has been studied in porphyrins by optical and NMR 
spectroscopic titrations. In the particular case of meso-tetra-anilino-porphyrin, the results 
demonstrate new types of "charge-transfer" excited states (a). 

I - Tridet Ouenching bv SimDle Anions - Previous studies of the interaction of inorganic 
anions with aryl ketone and dye triplets have been extended to other triplet types, namely 
1-nitronaphthalene and Ca, in both aqueous and non-aqueous solution. We frnd that the 
overall reaction pattern governing radical yield, which depends on spin-orbit interactions in 
the oxidized anion (X.) or dianion (X2:) applies also to these new triplet systems. In 
addition, kinetic analysis according to Marcus Theory, with spectroscopically evaluated 
reorganization energies, has been improved by use of recent photoionization threshold 
measurements (Watanabe). Thus, plots of log k (quenching rate constant) vs calculated AGS 
classify the ions into groups according to the values of the free energy of the triplet reduction 
(AGO*), but with more reasonable values of the frequency factors. Calculated kinetic solvent 
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effects, based on changes in redox potentials estimated from transfer free energies, predict 
rates in organic media which are slower than observed. 

I1 - Concerted Electron and Proton Movement in Reductive and Oxidative Ouenchinq - As 
convenient substrates for this study, we choose Cm and aromatic hydrocarbons whose excited 
states and radicals are inert towards acid-base reactions in the ranges studied. Rates of 
quenching of 3C60 or tetracene fluorescence by a series of phenols are strongly enhanced by 
addition of pyridines. Assuming that quenching is due to hydrogen-bonded phenol-pyridine 
complexes, we obtain, ftom the variation of rate with base concentration, both equilibrium 
formation constants of the complex and corresponding quenching rate constants 
(- lo9 M-' s-I). The equilibrium constants determined kinetically agree well with those 
obtained directly from spectroscopic data. Moreover, a marked deuterium isotope effect is 
found for tetracene fluorescence quenching, by replacing phenolic OH with OD, thus 
validating our picture. The quantum yield of C,, anion radical is independent of pyridine 
base strength, consistent with the leveling effect expected for the very highly acidic phenol 
cation radicals. The oxidative quenching of 3Cm by chloranil is similarly enhanced by 
addition of various H-bonding alcohols or acids. In this case, the yield of Cs0+ cation radical 
increases with the acid strength of the H-bonding reagent. 

111 - Protonated and Hydrogen-Bonded Pomhvrins: Photoreduction and Charge-Transfer 
Excited States - Protonation and/or hydrogen-bonding at the pyrrol nitrogens of porphyrins 
raises the reduction potential and drastically changes the spectrum. Thus, the dication of TPP 
is easily photoreduced, in contrast to the usual tendency for porphyrin photoxidation. In the 
case of meso-tetra-anilino porphyrin, which already has an anomalous spectrum associated 
with the amine lone-pairs, we have carried out optical spectroscopic titrations over the entire 
8-proton range from the dianion (-2) to the fully protonated (+6)  form. On the basis of 
correlated NMR data, the remarkable spectra of the intermediate states (+2 to +5) are 
assigned to charge transfer transitions leading to quinonoid structures in the excited state. 
Hydrogen-bonding of a series of porphyrins at the pyrrol nitrogens, using hexafluoro- 
isopropanol, produces similar but less pronounced changes than those found by protonating 
with trifluoroacetic acid. The photo-redox properties of these protonated and hydrogen- 
bonded porphyrins are being studied further. 
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PHOTOINDUCED ELECTRON TRANSFER IN PORPHYRIN-QUINONE SYSTEMS: 
NEW STRATEGIES FOR ENHANCING QUANTUM YIELDS 
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Tempe, Arizona, 85287-1604 

Multicomponent photosynthetic reaction center mimics based on porphyrins, quinones 
and other electron donors and acceptors have proven to be valuable model systems for the 
development of new strategies for photochemical solar energy conversion via photoinduced 
electron transfer. In this work, we are exploring two such strategies. The furst involves the 
investigation of photoinduced electron transfer in rigid porphyrin-quinone dyads featuring 
relatively strong interactions between the chromophores. The second explores the use of proton 
transfer reactions to retard charge recombination. 

In the first project, dyad molecules 1 - 3, each consisting of a porphyrin (P) linked to a 
quinone (Q) through a rigid bicyclic bridge, have been prepared, and their photochemistry has 
been investigated using time-resolved fluorescence and absorption techniques. In all three 
molecules, photoinduced electron transfer from the porphyrin first excited singlet state to the 
quinone occurs with rate constants of -10 s in solvents ranging in dielectric constant from 
-2.0 to 25.6 and at temperatures fiom 77 K to 295 K. The transfa rate is also relatively 
insensitive to thermodynamic driving force changes up to 0.4 eV. This behavior is 
phenomenologically similar to photosynthetic electron transfer. The rapid rate of photoinduced 
electron transfer and its lack of dependence on environmental factors suggests that transfer is 
governed by intramolecular vibrations. Charge recombination of PCt-Q.-, on the other hand, is 
substantially slower than charge separation, and sensitive to both driving force and 
environmental conditions. Thus, by changing conditions, charge recombination rates can be 
varied over a wide range while photoinduced electron transfer rates are relatively unaffected. 

12 -1 

1: M=H2 
2: M=Zn 

3 

In the second project, a new strategy for slowing charge recombination based on coupling 
photoinduced electron transfer to a change in proton chemical potential is being investigated. A 
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series of molecular triads, each consisting of a porphyrin (P) covalently linked to a carotenoid 
polyene (C) and a naphthoquinone moiety (Q) have been prepared. Triad 4 features a quinone 
with a~ internally-hydrogen-bonded carboxylic acid group, whereas reference triads 5 and 6 lack 
this feature. The photochemical properties of these molecules have been studied using steady- 
state and transient absorption and emission spectroscopies in three solvents: benzonitrile, 
dichloromethane and chloroform. Each of the triads undergoes photoinduced electron transfer 

HO .O 

from the C-1P-Q singlet state to give the charge-separated state C-Po+-Q.-. Competing with fast 
electron-hole recombination in this species (k - 1012 s-1) is an electron transfer reaction from C to 
yield CY--P-Qe. In benzonitrile, triad 4 produces the final Co+-P-Q” state with a quantum yield 
of 0.22, which is a factor of -2 higher than is observed for reference triads 5 and 6. The quantum 
yield for 4 is also a factor of two higher than those for 5 and 6 in the other solvents. This result is 
attributed to proton transfer. Following the initial photoinduced electron transfer, a fast (k 
s-1) proton shift from the carboxylic acid to Q‘- is postulated to compete with charge 
recombination, and thereby to increase the lifetime of Po+ and the yield of electron donation by 
C. A thermodynamic model is proposed in which the increase in the lifetime of the Po+ moiety 
due to the proton shift is attributed to the 6 pK of the Q/Q‘- couple which appreciably lowers the 
thermodynamic driving force for electron-hole recombination, and thus the rate of this process. 
Consistent with this explanation, it was found that in model P-Q dyads, P* is longer lived for 
dyads having quinones with an internal hydrogen bond. 
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Biomimetic modeling studies of photosynthetic charge separation involve 
the synthesis and study of supermolecules that are designed to mimic several 
key properties of the reaction center protein, e.g. 1) high quantum yield charge 
separation initiated from a photoexcited singlet state, 2) multi-step electron 
transfer to increase the lifetime of the charge separated radical pair product, 3) 
fast rates of charge separation and charge recombination, 4) temperature 
independent electron transfer rates, and 5) non-Boitzmann spin population of the 
radical pair product states. Thus far, reports of molecules which satisfy 
successfully mimic a// of these properties, and which have been detected by 
time-resolved EPR spectroscopy (TREPR) are scarce. Most reaction center 
models fulfill only a subset of these criteria. In addition, there is one key property 
of the reaction center primary photochemistry that has not been successfully 
mimicked by any model system until now. This property is the unique ability of 
the spin-polarized radical pair intermediate within the photosynthetic reaction 
center to yield upon charge recombination a triplet state that both retains a 
memory of its precursor radical pair spin state, and is observable by TREPR. We 
now report results on a photosynthetic model system, I, that closely mimics the 
spin dynamics of triplet state formation found only in photosynthetic reaction 
centers. 

Compound I consists of an aminonaphthalenimide (6) chromophore that 
is covalently bonded to a methoxyaniline donor (A) and a naphthalenediimide 
acceptor (C). The shape of the molecule is roughly that of a cylinder with a 7 A 
diameter and a 35 A long axis. As a consequence we have employed a nematic 
liquid crystal solvent to orient 1 with respect to an external magnetic field, and 
thus, provide a means of probing the anisotropic dipolar interactions of the triplet 
state. 

A B 
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Pulsed laser excitation of 1 with 416 nm light selectively excites 
chromophore B. The lowest excited singlet state of B accepts an electron from A 
in z = 8 ps. A subsequent dark electron transfer step with z = 430 ps forms the 
final radical pair l(A+-B-C-), which lives for z = 31 0 ns. This second radical pair is 
readily observable by TREPR. Zeeman and hyperfine induced interactions within 
'(A+-B-C-) lead to a time dependent evolution of the electron spin such that S-To 
mixing is operative, Le., l(A+-B-C-) e-> 3(A+-B-C-). Ion pair recombination within 
3(A+-B-C-) results in the formation of the triplet state, A-6-3'C. 

Figure 1 shows the TREPR spectra 
of A-B-3'C in the nematic liquid crystal 
Mer& E-7. The upper trace was taken with 
the external magnetic field, B parallel to the 
LC director 1, Le., (B I I 1) and the lower 
trace was obtained when B I L. The 
relative phases of the EPR transitions in a 
triplet spectrum are indicative of both the 
population mechanism and of the sign of 
the zero-field splitting parameter, D. 
Inspection of the triplet spectra in the 
parallel and perpendicular orientations, 
show the a,e,e,a,a,e polarization pattern (a 
= absorption, e = emission). This pattern is 
uniquely indicative of formation of A-B-3.C 
from a radical pair precursor via the radical 
pair intersystem crossing (RP-ISC) 
mechanism. Ordinary triplet states, which 
are formed via spin orbit intersystem 
crossing (SO-ISC) do not display this 
pattern. In SO-ISC, the three zero-field 
levels are populated with different rates 

singlet ISC route, and thus, a selective 
population of triplet sub-levels is created. This selectivity is carried over to the 
high-field levels and is distributed between them through the combination of the 
zero-field wave functions. RP-ISC on the other hand, is also a selective 
population mechanism, but it acts directly on the high-field triplet sublevels, via 
S-To mixing. cannot arise from SO-ISC. Such a phase pattern is found only in 
pre-reduced bacterial, photosystem I ,  and photosystem II reaction centers. 

The observation of this unique triplet state in model system 1 by TREPR 
demonstrates for the first time, that all of the electronic states found in the 
primary photochemistry of photosynthetic reaction centers can be mimicked 
successfully in synthetic models. This makes it possible to design new models 
that can be used with confidence to probe the mechanism of the primary events 
of photosynthesis. 

x g q  

3305 

2380 

3355 3380 

due to the selective nature of the triplet e- Magnetic Field (Gauss) 
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J. Phys. Chem. (in press). 

CHLOROPHYLLS AND A CHLOROPHYLL-BASED ELECTRON DONOR- 
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C-, Karyn Grzeskowiak, Sergei N. Smirnova 

Department of Chemistry, Dartmouth College, Hanover, NH 03755 

Over the past few years we have used a technique, originated in our 
laboratory, for the detection and measurement of photoinduced dipoles in 
solution. We use transient dc conductivity to follow the displacement 
current produced by evolving charge pairs. Subnanometer charge motion 
in dilute solutes is observed with reasonable sensitivity. Time resolution of 
better than 1 nsec has been achieved; laser pulses in the energy range 
10 - 100 ClJ are usually adequate. 

A Giant Dipole Our most 
recent work on intramolecular 
electron transfer looks at the 
development of a giant dipole in 
a molecule synthesized in 
Wasielewski's group at 

transfer in this molecule 
(methoxyaniline- 
aminonaphthalimide- 

charge-separated state with a 
dipole moment of 89k6 D, 
corresponding to an electron- 
hole separation of 1.8 nm. The 
giant dipole state lives for 300 

nsec. To our surprise, photoinduction of these dipoles also leads to free ion 
pairs which traverse the cell in milliseconds. The ion current depends 
quadratically on laser intensity and appears to arise from the encounter of 
two giant dipoles followed by a "partial" neutralization that yields ions on 
the nearby molecules. 
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Charge Transfer in Exciplexes We demonstrated the formation of a 
dipolar exciplex between the triplet state of c60 and the electron donor, 
N,N,N',N'-tetramethy1-1,4-phenylenediamine (TMPD) in toluene. The 
dipole moment of the 3C6o/TMpD species was measured to be 35k4 D. 
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Unit charges separated by .71 nm, the center-to-center distance estimated 
for c60 in van der Waals contact with TMPD, correspond to a dipole 
moment of 34 D. This implies that the triplet exciplex has essentially 
complete charge transfer. 

Benzenes and Cyanoanthracene Acceptors When &cyano OCA) and 
tetraeyanoanthracene (TCA) are excited, exciplex emission can  be observed 
with a number of substituted benzenes. We find that the dipole moment of 
these exciplexes depends on the redox potential Merence of donor and 
acceptor. As methyl substitution on benzene is increased and ionization 
potential falls, exciplex dipole moments grow. In contrast to the 100% 
charge transfer in the w D / c 6 0  system, only about 20% charge transfer is 
observed for the benzenelTCA exciplex. The charge transfer increases with 
methyl substitution of benzene, but does not appear to reach 100%. At large 
benzene concentrations, highly polar exciplexes, believed to be triplexes, are 
observed. 

Wn leave from Institute of Chemical Kinetics and Combustion, 
Novosibirsk 630090, Russia 
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MEASUREMENT OF EXCITED STATE DIPOLE MOMENTS BY TIME-RESOLVED 
MICROWAVE ABSORPTION 

Richard W. Fessenden 

Radiation Laboratory, University of Notre Dame, Notre Dame, IN 46556 

The microwave absorption method for measurement of excited state dipole moments [ 1,2] 
is reviewed and illustrated with some recent examples. This method can be viewed as a single 
beam transmission experiment with a microwave signal as the probe. As applied by the author, 
the liquid sample in a silica cell is inserted in a suitable microwave cavity. Irradiation with a laser 
pulse leads to excitation of a portion of the solute molecules and a concomitant change in their 
dipole moment. If the molecule can reorient in a time similar to that of the microwave period then 
microwave energy is absorbed and a change can be detected in the reflected microwave 
amplitude. Benzophenone in benzene represents a case where the molecular rotation period 
matches the angular period of the 9 GHz frequency used (approximately 18 ps). The sensitivity is 
roughly one order of magnitude less than optical absorption methods and to achieve that 
sensitivity, a nonpolar solvent must be used. The time resolution is about 30 ns and, if the cavity 
Q factor is reduced, faster response times down to about 2 ns have been achieved with a 
corresponding loss of sensitivity. The same apparatus can be used for detecting photoinduced 
charge carriers in semiconductors. 

The factors which must be known to convert the observed signals to dipole moments are 
the dielectric loss magnitude at the frequency used, the amount of light absorbed and the quantum 
yield, the particular geometry of the irradiated portion of the sample, and the basic electrical 
sensitivity. Comparison with a reference compound can eliminate most of these factors except for 
the quantum yield and specific dielectric loss. If the molecule under study is rigid and has a 
ground state dipole, then it can be used to determine the loss for the excited state. Otherwise, 
some similar-sized polar molecule must be used as a model or a value calculated from the 
molecular size and solvent viscosity. If the excited state lifetime is comparable to the response 
time or the laser pulse width, then deconvolution must be applied. The signal observed is 
proportional to the square of the change in dipole moment. 

Some typical results on triplet states such as those of benzophenone and fluorenone will be 
presented to illustrate the method. These show that one can readily distinguish nx* and 7cz* 
states because of the opposite direction of change in dipole moment relative to the ground state 
(decrease and increase, respectively). Then data on some polar charge transfer states such as 
those of 4-(dimethylamino)-4'-nitrostilbene will be presented. The moments of the singlet states of 
4-aminophthalimide (I) and the corresponding dimethylamino compound are found to be 11. and 
12.3 D, respectively, and can be compared with values of 8.9 and 9.7 from a Lippert-Mataga plot 
(with a particular choice of cavity radius). The molecule 6-propionyl-2-(dimethylamino) 
naphthalene (PRODAN, 11) often used as a polarity probe has been measured and the dipole 
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moment found to be 9.2 D in contrast to the very high value of about 20 D suggested in some 
studies. Data on some coumarins will also be given. In these cases, interest is particularly in the 
singlet states with lietimes of a few nanoseconds. However, the contribution fiom a small yield 
of the triplets is clearly evident because of their longer lifetimes. 

I II m 

The microwave method also has the capability of measuring the change in dielectric 
constant (dispersion) as well as the dielectric loss (absorption) through the use of a detector with 
phase sensitivity. With that inf'ormation, it is possible to obtain information on the rotational 
relaxation time of the polar molecule. For cases like the triplet states of benzephenone and 
fluorenone, the results are in accord with the behavior of the ground states. With certain two- 
and three-fold symmetric molecules it is found that the change in the dielectric constant 
corresponds to a rotation time which is impossibly short for the molecule. One example is the 
excited state of 9,9'-bianthryl (III) which clearly is polar and so must involve charge transfer from 
one anthracene moiety to the other. The dispersive component of the signal implies a rotational 
time of 10 ps which is much too short. (A value of about 100 ps would be more appropriate.) 
Intramolecular charge transfer to reverse the dipole without overall rotation of the molecule is 
suggested [3]. Several other examples such as the excited singlet of tetraphenylethylene and the 
triplet state of Michler's ketone (4,4'-bis(dimethylamino) benzophenone) will be given. 

1. Measurement of the dipole moments of excited states and photochemical transients by 
microwave dielectric absorption. Fessenden, R.W.; Carton, P.M.; Shimamori, H.; Scaiano, J.C. 
J. Phys. Chem. 86(19): 3803-1 1 (1982). 

2. A study of the dielectric relaxation behavior of photoinduced transient species. Fessenden, 
R.W.; Hitachi, A. J. Phys. Chem. 91,3456-62 (1987) 

3. Rapid polarity reversal in the charge-transfer excited state of 9,9'-bianthryl. Toublanc, D.B.; 
Fessenden, R.W.; Hitachi, A. J. Phys. Chem. 93,2893-6 (1989) 

50 



Publications (I 993- 1995) 

Role of twisting on the photophysical behavior of aminophthalimide dyes: evidence of non- 
fluorescent twisted intramolecular charge transfer state. Soujanya, T.; Fessenden, R. W.; 
Samanta, A., J. Phys. Chem., submitted. 

On the amplitude of the ESR signal of 3Cm in liquids. Fessenden, R. W.; Veselov, A. V. J. Phys 
Chem., submitted. 

Rate constants for charge injection from excited sensitizer into SnO2, ZnO, and Ti02 
semiconductor nanocrystallites. Fessenden, R. W.; Kamat, P. V., J. Phys. Chem., submitted. 

Chlorophyll b-modified nanocrystalline SnO, semiconductor thin film as a photosensitive 
electrode. Bedja, I.; Hotchandani, S.; Carpentier, R.; Fessenden, R.W.; Kamat, P.V. J. Appl. 
Phys. 75,5444-6 (1994) 

Electrochromic and photoelectrochromic behavior of thin W03 films prepared from quantum size 
colloidal particles. Hotchandani, S.; Bedja, I.; Fessenden, R.W.; Kamat, P.V. Langmuir 10, 17-22 
( 1994) 

Computer controlled in situ radiolysis electron spin resonance spectrometer incorporating 
magnetic field-microwave frequency locking. Madden, K.P.; McManus, H. J.D.; Fessenden, R. W. 
Rev. Sci. Instrum. 65,49-57 (1994) 

Sudden polarization in the twisted, phantom state of tetraphenylethylene detected by time- 
resolved microwave conductivity. Schuddeboom, W.; Jonker, S.A.; Warman, J.M.; de Haas, 
M.P.; Vemeulen, M.J.W.; Jager, W.F.; de Lange, B.; Feringa, B.L.; Fessenden, R.W. J. Am. 
Chm. SOC. 115,3286-90 (1993) 

Medium effects on the ESR spectrum of the hydrated electron. Veselov, A.V.; Fessenden, R.W 
J. Phys. Chem. 97,3497-9 (1993) 

Radical adducts of hllerenes C a  and C ~ O  studied by laser flash photolysis and pulse radiolysis. 
Dimitrijevic, N.M.; h a t ,  P.V.; Fessenden, R.W. J. Phys. Chem. 97,615-8 (1993) 

51 







ELECTRON TRANSFER. A TOOL FOR EXPLORING 
ANTENNA STRUCTURE AND FUNCTION 

Jau Tang, David M. Tiede, Srivatsan Dikshit and James R. Now& 

Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439 

Chlorophylls are used for both energy and electron transfer in photosynthesis. 
Mechanistically, resonance energy transfer and electron transfer can be related physical events. The 
primary electron transfer event in photosynthetic reaction centers is one of today’s most highly 
explored chemical reactions. Likewise, energy transfer in bacterial antenna protein-pigment 
complexes is one of the most highly explored physical processes. Current work with reaction centers 
shows that the electron transfer events are finely tuned by the protein matrix. Companion, detailed 
investigations of exciton transfer in the reaction center are underway. However, the complementary 
electron transfer in antenna systems has been largely ignored. The characterization of electron 
transfer in antenna complexes is important for understanding how energy and electron transfer 
processes of chlorophylls are selectively optimized. A high-resolution structure of the detergent 
isolated bacterial LHD antenna complex and a low-resolution structure of the isolated bacterial LHI 
complexes have been recently obtained. To first approximation LHI consists of a circle of sixteen 
special pairs. This allows the structural basis for energy and electron transfer in the antenna to be 
explored quantitatively, and compared to those processes in the reaction center. 

We have developed experimental and theoretical approaches necessary for examining electron 
transfer processes in the bacterial antenna LHI complexes. Bacteriochlorophyll radical cations can 
be generated by chemical oxidation (in the dark) in both detergent isolated and natural membrane 
bound states. Electron (or hole) transfer processes are indicated by temperature dependent changes 
in the EPR properties of bacteriochlorophyll cations. We have recently solved the necessary 
theoretical treatment that permits the study of electron transfer within one or two dimensional arrays 
of antenna moiecules using EPR techniques. The arrays can consist of open or closed loops of 
pigment arrangements as is believed to occur in photosynthetic antenna. This computational 
approach pennits the quantitative measurement of electron transfer rates when an unpaired electron 
(or hole) migrates randomly among an arbitrary number of similar or identical molecules. 

At room temperature a narrow EPR signal is observed while at low temperatures 
(approximately 1OK) a broad EPR line is detected. The EPR linewidth measurements indicate that 
the holes migrate rapidly at room temperature but are trapped at low temperatures. Thus, electron 
transfer occurs fieely at room temperature while the process is halted or slows down considerably 
at low temperature. We will report the details of the EPR theory as well as the temperature 
dependence of this process. Currently we are simulating the experimental results in order to place 
limits on the reorganization energy and site inhomogeneity. The specific parameters to be determined 
are the size of the inhomogeneities and the electron transfer rate. By using normal protonated and 
hlly deuterated systems we expect to have enough information to set usefbl limits on the electron 
transfer chemistry of this special version of the special pair. 
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ENERGY TRANSFERS IN LIGHT-HARVESTING CHLOROSOMES FROM 
GREEN PHOTOSYNTHETIC BACTERIA AND IN SELF-ASSEMBLED 

BACTERIOCHLOROPHYLL AGGREGATES 

Sergei Savikhinl, Paula I. van Noort2, Yinwen Zhu2, Su L i d ,  
Robert E. Blankenship2, and Walter S. Struve1 

1Ames Laboratory-USDOE and Department of Chemistry, Iowa State University, Ames, 
IA 5001 I ; and 2Department of Chemistry and Biochemistry and the Center for the Study 

of Early Events in Photosynthesis, Arizona State University, Tempe, A2 85287 

Chlorosomes are large (100x30~12 nm) light-harvesting bodies found in green 
photosynthetic bacteria. In addition to - 1 0 4  BChl c pigments absorbing at -740 nm, a 
chlorosome contains - 1OO-5OO lower-energy BChl a pigments, lipids, and carotenoids. 
Electronic energy deposited in the BChl c antenna is sharply funnelled into the smaller 
BChl Q antenna, prior to trapping in photochemical reaction centers. 

It has long been recognized that when BChl c pigments and lipids extracted from 
chlorosomes are concentrated in solution, they spontaneously self-assemble into 
aggregates whose steady-state absorption, linear dichroism, and circular dichroism spectra 
closely resemble those of BChl c antennae in intact chlorosomes. Hence, the intact BChl 
c antennae themselves, unlike the vast majority of known photosynthetic antennae, appear 
to be BChl c aggregates in which proteins play a minimal role in the pigment architecture. 
These antennae are therefore a potential prototype for self-assembled artificial antennae. 
In this work, we have used femtosecond pump-probe spectroscopy to compare the reai- 
time energy transfer functions of intact chlorosomes with those of their reassembled 
aggregates. Time-resolved absorption difference experiments were done on intact 
chlorosomes and BChl c - lipid aggregates from the green photosynthetic bacteria 
Chloroflexus aurantiacus and Chlorobium tepidum, and on [E,E) BChl CF - 
dodecylmaltoside aggregates. In all three types of reconstituted aggregates, the BChl c 
oligomers are encapsulated in either lipid or dodecylmaltoside vesicles. 

The dynamic properties of the reconstituted aggregates are remarkably analogous to those 
of the corresponding chlorosomes. The pump-probe anisotropies (whose decays reflect 
kinetics of energy transfer between BChl c pigments with contrasting orientation) exhibit 
1.8- 1.9 ps lifetimes in BChl c - lipid aggregates and intact chiorosomes from C. repidurn. 
The initial anisotropies are also very similar (r(0) - 0.38-0.40 in both cases). However, 
the residual anisotropy 40) at long times is appreciably lower in the aggregates than in 
the chlorosomes, indicating that while the BChl c pigments show similar short-range 
order in both systems, there is considerably less long-range order in the reconstituted 
aggregates. The long-range order in the [E,E] BChl CF - dodecylmaltoside aggregates is 
essentially random, because the residual anisotropy in these aggregates is nearly zero. 
Since [E,E] BChl CF dominates the pigment composition in intact chlorosomes from C. 



tepidurn, the nature of the lipid envelope appears to be a determinant of the BChl c long- 
range order. 

The isotropic pump-probe profiles of all BChl c oligomers (aggregates as well as 
chlorosomes) exhibit coherent oscillations at very early times. These oscillations, which 
are damped within 1-2 ps, are signatures of environmental effects on low-frequency mode 
couplings and coherence times. The Fourier transform spectra of these oscillations are 
very similar for intact chlorosomes and BChl c - lipid aggregates from C. tepidurn; they 
differ considerably from the Fourier transform spectra for the corresponding BChl c 
oligomers from C. aurantiacus. These results suggest that the intact BChl c 
supramolecular structure in chlorosomes locally resembles that in the protein-free BChl c 
aggregates. 

The absorption difference spectra of chlorosomes and BChl c - lipid aggregates from C. 
tepidum show intriguing evolution during the first few tens of femtoseconds. Spectral 
hole-burning experiments have previously shown that the shape of the broad, 740 nm 
BChl c Q absorption band of chlorosomes from green bacteria stems primary (but not 

initially exhibit photobleaching/stimulated emission (PB/SE) that is localized near the 
excitation wavelength. The prompt PB hole subsequently broadens, evolving by -200 fs 
into a spectrum that resembles the steady-state Q absorption spectrum. These 
observations raise questions a b u t  the nature of x e laser-prepared state in large, strongly 
coupled antennnae. 

exclusive r y) from homogeneous broadening. When excited at 760 nm, these systems 

We have also studied the electronic energy transfer pathways in intact BChl a - 
containing chlorosomes from C. aurantiacus and C. tepidurn. Several groups have 
characterized a time scale of - 10 ps for downhill energy transfers from the BChl c 
oligomers to the BChl a antenna in C. aurantiacus. Our results suggest that this lifetime 
is not intrinsic to the BChl c -+ BChl a energy transfers, but arises instead from energy 
transfers between BChl c rodlike elements within the light-harvesting antenna. There is 
no kinetic evidence for spectral equilibration among BChl c species in C. aurantiacus, 
since two-color experiments using pump and probe wavelengths in the BChl c absorption 
region show no rise components. However, inhomogeneous broadening and spectral 
equilibration play a larger role in the internal BChl c energy transfer kinetics in 
chlorosomes from C. tepidum. 
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Recent advances in new-field uorescence ~ ~ ~ o s c o ~ y  make it possible to conduct 
single mofectlle spectroscopy at &e ~ ~ n ~ ~ e ~ i c  scale in an ambient environment, 
Probing ~ ~ l ~ ~ ~ ~ s  in speciEc locd ~ n v ~ o ~ ~ e n ~ s  provides ~ ~ F r e ~ e ~ ~ n ~ d  and detailed 
i ~ ~ o ~ ~ ~ o ~ .  Time resolved single molecule spectroscopy allows us to study chemical 
reactions on i~~~~~~ ~ ~ & ~ ~ i l e s .  Fluorescence imaging with a near-field microscope 
offexs exciting ~ o ~ s ~ ~ ~ ~ ~ t i e s  far ~ ~ Q ~ ~ s ~ ~ ~ ~ ~ ~ ~ c  researches,  vi^^^^ specrsoscopic 
i ~ € ~ ~ ~ ~ o ~  not accessible \vi& o&er high ~ e s ~ ~ ~ t i o ~  scanning probe t e ~ ~ ~ ~ ~ ~ e s  such as 
$EM, SplM md AFM. 

Fig. 1 shows our typical near-field fluorescewe image of single molecules 
~ s ~ ~ € ~ r ~ ~ ~ i ~ e  101 mofecufes dispersed on a glass surface). The different intensities of 
the peaks are due to &e different  le^^^^ o ~ e ~ ~ ~ ~ ~ ~ s  which c m  be ~ ~ t e ~ i n e ~  in afl 
three ~ ~ ~ ~ ~ ~ ~ ~ s .  Fig. 2 shows two rwrn ~ ~ ~ p e ~ ~ ~ ~ ~  fluorescence excitation spectra of 
single molecules (oxazine 725 rnokecdes dispersed on a glass surface). The spectra. were 
taken by scanning the wavelengrh of &e excitation light in OUT near-field microscope. 
They show distinctly ~ ~ ~ ~ r e ~ t  specwal properties of the single molecules. There are two 
classes of time resolved experiments that enable one eo probe single molecule dynamics: 

1) on the 10-2 ro ,183 second rime scale, one can observe single events, such sts 
u ~ e ~ ~ a ~ o ~ ~  motions. speced ~ € f ~ s i o ~  and ~ ~ o t ~ ~ ~ e a c h i n ~ .  Single molecule events are 
usually char-acxerixd by abrupt jumps in ~~~~~~e~~~~ ubsenrables. For example, we 
have observed intensity ~Ucrua t~o~s  in the emission from single s u l € ~ ~ ~ ~ ~ ~ ~ i n e  101 
molecules dispersed on a glass surface, which are ~ t ~ b ~ t ~ ~  to the spectral ~ ~ f f ~ ~ ~ ~ ~  
(instead of r o ~ ~ t i ~ ~ ~ ~ ~  ~ f ~ ~ s ~ o ~ ~  of the mofecules. 
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RESONANCE RAMAN SPECTROSCOPY OF PHOTOREACTION CENTERS 

Thomas G. Spiro, Daniel Eads, Songzhou Hu, Ranjit Kumble, Glenn Loppnow 

Department of Chemistry, Princeton University, Princeton, New Jersey 08 544 

Photoreaction Centers 

- 
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Resonance Raman spectra have been obtained for bacterial photoreaction centers 
from Rb. sphaeroides, at 273 and 100 K, using 525 and 550 nm excitation to selectively 
probe the bacteriopheophytin chromophores HM and HL. Well-resolved bands of the 
macrocycle ring modes were observed in both high and low-frequency regions. Although 
the spectra are similar, distinctive differences are observed between the two 
chromophores. Of particular interest is the 1630 cm-I band, which arises from the 
stretching of the ring I carbonyl group. This band is displaced by 3 cm-1 between HM 
and HL, and at low temperature, it shifts up by 5 cm-1 for HM but down by 2 cm-1 for 
H i .  Thus, a different mode of interaction with the protein is indicated for the C2=0 
oroup. Likewise a substantial downshift is seen at low temperature for the 1520 cm-1 
ring mode in HM but not HL. In addition, temperature-dependent changes in band 
intensities are observed for several skeletal modes, which indicate alterations in ring 
conformation with temperature. In the low-frequency region. the bands are broader for 
HM than HL, suggesting greater conformational dynamics of the pheophytin skeleton. 
Thus the vibrational spectra demonstrate distinct differences between these chemically 
equivalent chromophores, that may be important in determining the asymmetric electron 
transfer characteristics of the reaction center. Well resolved RR spectra have also been 
obtained for the accessory bacteriochlorophyll in resonance with its QY electronic 
transition [810 nm]. The bands have been tentatively assigned to in- and out-of-plane 
skeletal vibrational modes. 

t. 

Bacteriochlorin Normal Modes 
To elucidate the RR spectra of bacteriochlorophyll and bacteriopheophytin. we 

have prepared a model compound, nickel[II] 1,5-dihydroxy- 1,5-dimethyloctaethyl- 
bacteriochlorin [Ni(HOEBC) 3, and analyzed its vibrational modes with FTIR and variable 
wavelength RR spectroscopy, using meso-dq isotopic substitution. and normal coordinate 
ana ly~ i s .~  This compound is the first stable bacteriochlorin with Cp [instead of C,] 
substitution, and therefore serves as a better model of the reaction center chromophores 
than has previously been available. The Ni[II] complex is fluorescence-free, and its RR 
spectrum can be studied with Q-, as well as B-band excitation, for more complete 
enhancement of the normal modes. In addition, the force field developed for Ni[II) 
octaethylporphyrin was found to be applicable, with appropriate bond distance scaling of 
the force constants, producing good agreement between observed and calculated 
frequencies and isotope shifts. Forty out of the 63 in-plane skeletal modes were assigned 
to observed bands, and several out-of-plane and substituent modes were also identified. 
The eigenvectors revealed the modes to be correlated with parent NiOEP modes, taking 
account of expected symmetry-lowering effects. This analysis provides a basis for 
making detailed assignments of the reaction center chromophores. 
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PHOTO-INDUCED ELECTRON TRANSFER REACTIONS: 
THE LIGHT, THE TUNNEL, AND BEYOND 

Norman Sutin 

Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973-5000 

In terms of semiclassical electron-transfer theory the rate constant for a 
nonadiabatic electron-transfer reaction can be expressed as the product of a nuclear 
(F’ranck-Condon) and an electronic factor. 

The Franck-Condon factor can be obtained from structural and spectroscopic 
measurements on the donor and acceptor sites and fiom the properties of the 
surrounding medium. % The electronic factor is determined by the magnitude of the 
electronic coupling (overlap) of the donor and acceptor sites. The above expression is 
valid provided the nuclear factor can be treated classically, the electronic coupling 
element Hd is less than - 30 cm-l and the reaction is not solvent-dynamics controlled. 

The distance dependence of long-range electron-transfer reactions is determined 
primarily by the distance dependence of the electronic coupling element. Experimental 
approaches to the determination of the electronic coupling include the temperature 
dependence of the electron-transfer rate constax&, intercept of log(kTu2) versus m, rate 
constants in the barrierless regime, k = 2 x  (H&I2 / h(hRT)1’2; the energies and 
intensities of charge-transfer transitions, 

and the charge-transfer stabilization of the donor/acceptor sites, ES =  HA)^ /T;max. In 
addition to providing infomation about the distance dependence, these studies have 
also established the importance of the nature of the intervening medium in determining 
the magnitude of the electronic coupling element. 

Current research on electron transfer will be discussed in terms of the above 
formalism and related two-state treatments. In particular, metal-ligand coupling 
elements for (NH35RuL2+ complexes calculated from spectroscopic quantities will be 
compared with values obtained from a molecular orbital analysis of the band energies. 
These metal-ligand coupling elements and a superexchange formalism will be used to 
calculate metal -metal coupling elements in mixed-valence ruthenium complexes. 
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ELECTRON TRANSFER REACTIONS IN CONSTRAINED, CROSS-LINKED 
PEPTIDES AND HYDROGEN BONDED DONOR-ACCEPTOR MOLECULES 

Teen C. Chen, Isabelle Lellouche, Zhinong Gao, Stephan S. Isied 

Department of Chemistry, Rutgers The State University of New Jersey, New Brunswick, NJ 

Our DOE program is focused on studies of electron transfer across peptide structures and 
hydrogen-bonding networks. We have designed peptide bridging groups that are rigid, 
constrained to specific conformations, and cross-linked. Ow goal in this study is to develop a 
better understanding of the factors that control long range electron transfer reactions by studying 
electron transfer across welldesigned peptide structures which can be systematically varied. 

The importance of peptide networks in long range electron transfer has been recently 
demonstrated in an experiment using cytochrome c as an electron donor and two different transition 
metal ions, [Ru(NH3)4isn]*+ (isn = isonicotinamide) and [Fe(CN)# as electron acceptors 
covalently bound to different segments of the protein, but at equal distances from the heme. 1 
These studies show that distance, reorganization energy, and driving force alone cannot account 
for the three orders of magnitude difference in rates observed for intramolecular electron transfer 
between the heme and these metal complexes. These differences in rate for the same distances 

- reveal the importance of peptide network pathways for long range mediation of electron transfer 
reactions. 

Three types of molecules have been synthesized and studied. The first involves single 
chain rigid proline derivatives separating a transition metal ion donor and acceptor. Our studies 
have shown that oligoproline 11 (a helix stabilized in highly polar solvents, e.g. water) can mediate 
intramolecular electron transfer efficiently at long distances (ca 30-40 A). Recently similar 
observations of efficient electron transfer across oligoprolines were reported from other labs, most 
notably a study of oligoprolines in ethanol.2 To further substantiate our oligoproline results, we 
are currently extending these studies to oligomers of 2-methyl-l-proline, a similarly rigid structure 
where the proline helix is maintained by steric effects, independent of the nature of the solvent. 

The second type of rigid peptides we are studying make use of peptides other than proline 
residues. The peptide chains are constrained by cross-linking specific aspartic acid and lysine 
residues to give cyclic peptides such as shown in I. In addition to this, histidine residues are also 
used to cross-link other segments of the peptide where the donor and acceptor are coordinated. 
With these two cross-links significant constraints are imposed on the peptide structure so that the 
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distance between the donor and the acceptor is clearly defined. 

0 
II 

I 

Results of intramolecular electron transfer across this and related peptides will be presented. 

The third types of molecules used in our studies are those where several hydrogen bonds 
intervene between a noncovalently bound donor-acceptor complex. We have used donors such as 
barbituric acid covalently tethered to 2,2’ bipyridine derivatives as in If as hydrogen bonding 
donors which are capable of binding to a hydrogen bonding acceptor via six hydrogen bonding 
sites. Derivatives of [Ru(bpy)#+ where a barbituric acid is used as a source of hydrogen 
bonding interaction have been synthesized. Binding of these molecules to hydrogen bonding 
acceptors containing a transition metal is currently being carried out. Recent results show that 
these donor-acceptor hydrogen bonded complexes have significant binding constants in organic 
solvents such as methylene chloride to enable us to use them for studying electron transfer 
reactions across hydrogen-bonded networks. 

0 
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VIBRATIONAL DYNAMICS IN PHOTOINDUCED ELECTRON TRANSFER 

Kenneth G. &ears, Xiaoning Wen and Ruihua Zhang 

Chemistry Department, Northwestern University, Evanston, 'IL 60208 

The main objective of the project is to discover new experimental tests of how 
vibrational motions are involved in the control of electron transfer. Thii type of 
measurement had never been done prior to our initiation of this research, and we 
accomplished our primary goal of finding molecular systems that exhibit a vibrational 
dependence of electron transfer rate. We were able to demonstrate how new types of 
measurements can provide electron transfer rates with vibrational state resolution, 
and also were able to develop some new computational models to provide predictions 
of electron transfer rates with vibrational resolution. The measurements of bptically 
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 importance of the accomplishments of the prior funding period is that after 
20 years of conjecture, vibrational effects on electron transfer rates have been directly 
demonstrated, and the program emphasis is now focussed on obtaining more detailed 
information in several molecular systems that is sufficient to test electron transfer 
theory at a new level of molecular detail. 

The simplest conceptual approach is to  use optical excitation to create a 
vibrationally resolved molecular state that can then undergo electron transfer. The 
initial optical excitation into broad absorption bands of solution phase, complex 
molecules cannot specifically populate vibrational states unless the molecules 
dissipate energy in all vibrations except one or two special modes with long IVR and 
VR lifetimes. We identified a class of metal complexes for which a high frequency 
stretching mode of metal carbonyls could be studied as a function of quantum number. 
The method of studying rates was to use picosecond IR absorption spectroscopy to 
analyze populations in both the initial states undergoing ET and the final vibrational 
states after the ET. This requires sufficient anharmoniciiy of the vibration to defrne 
separate probe absorptions for each vibrational level (e.g., 0 "1, 1-.2), and also 
requires widely separated vibrational frequencies for initial and final states. 

The carbonylmetalates, such as Co(CO)*-, and cations such as Co(Cp),+ form 
ion pairs in low dielectric constant solvents with a charge transfer band in the visible 
absorption region due to metal-metal interactions. We recognized that the complex 
ICo(Cp),+ 1 CO<CO>~-I could be optically excited in the charge transfer band to form a 
neutral pair, which then would undergo spontaneous ET to reform the ion pair. This 
spontaneous ET was monitored by IR absorption, and the arrival into the final state 
was also monitored by IR absorption. The vibrational mode for the ET process is the 
CO stretching mode of Co(CO), , with IR absorptions at 2000 em" (v=O --.+ v=l), 1980 
cm'l (v=l 3 v=2), 1960 cm-l (v=2 - v=3), and 1940 cm-' (v=3 - v=4). We were also 
able to  see &he vibrational levels that were populated in the final state by IR 
absorptions at 1855 cm" (v=2 - v=3), 1835 cm" (v=3 - v=4), 1815 an-' (v=4 - v=5). 
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We used model calculations to study how electron transfer rates in solution 
depend on populations of specifc vibrational levels. The models are for nonadiabatic 
electron transfer with specific quantum populations in either a 2000 cm-I or a 430 
cm-' vibrational mode, characteristic of inorganic complexes in which we have 
previously demonstrated quantum effects. We frnd a major increase in electron 
transfer rate at small and large energy gaps when one or more quanta are in 
vibrations having large geometry change during the electron transfer, and the effects 
are greater for high frequency modes. The rates for Merent energy gaps, the ratio of 
rates for different quantum numbers and the populations of vibrational energy after 
the electron transfer were shown to be useful for testing specific molecular models of 
electron transfer. We also modified standard nonadiabatic models to  provide rate 
predictions when excess energy is communicating among a subset of vibrational 
modes by intramolecular vibrational redistribution. This modification converts excess 
energy to an effective vibrational temperature, which is used in temperature 
dependent F'ranck Condon Factors. The various models demonstrate that quantum 
effects for electron transfer in solution cafl be large, and therefore such experiments 
can be used to provide a new, molecular level test of electron transfer mechanism. 

Recently we have synthesized a new compound [Co(Cp)2+ I V(CO),'l with less 
vibrational distortion in the electron transfer coordinate and different exothermicity. 
Our initial data shows vibrationally resolved electron transfer rate differences, and 
these will be discussed at the meeting. We also are continuing with transient visible 
spectroscopy and Raman spectroscopic characterization of these molecules and 
preliminary data has been obtained for two systems. Some of these results and plans 
for the future will be discussed during the presentation. 
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Ultrafast Studies on Intermolecular Electron 

Transfer in Contact and Solvent-Separated Ion Pairs 

Paul F. Barbara, Peter Walhout, Carlos Silva, Phil Reid, and Wlodek Jarzeba 

Department of Chemistry 
University of Minnesota 
Minneapolis, MN 55455 

Femtosecond experiments on the Solvated Electron: We recently reported the 
first direct near IR-pump/probe spectroscopy of the solvated electron in water and alcohols. 
In this work, we employ a three-laser-pulse sequence, where an ultraviolet (UV) synthesis 
pulse generates excess electrons and, after a few nanosecond delay, a NIR pump pulse 
promotes the equilibrated groupd-state electron to the excited p-state, with a tunable probe. 
pulse monitoring subsequent spectral dynamics. These data contain information on the p- 
state to s-state internal conversion mechanism as well as the energy disposal and relaxation 
dynamics of the solvent molecules that are coupled to the electron. It is important to 
distinguish the three-laser-pulse experiment from the complimentary two-pulse approach of 
previous femtosecond experimental work on the solvated electron which involved a UV 
pump puke to produce photoelectrons in the conduction band and a probe pulse to monitor 
the spectral dynamics due to trapping and subsequent relaxation. 

The new experimental approach for the solvated electron is uniquely amenable to 
theoretical modeling by state-of-the-art nonadiabatic simulation methods and has inspired a 
body of theoretical work on this problem in the last year in Prof. Rossky’s group at Texas, 
and more recently in other laboratories. Nonadiabatic molecular level theories are at the 
forefront of condensed-phase photochemical research and offer the promise of the first 
useful, practical predictive theories for photochemical and photophysical rate processes. 
At the same time, this research has inspired at least three experimental groups to begin 
investigations of the ultrafast dynamics of the solvated electron using our three pulse 
approach and higher photon echo variants (Private communication: Klaas Wynne, Sandy 
Rosenthal, and Douwe Wiersma). From the perspective of Understanding solvation 
dynamics, the electron has many unique properties which we take advantage of in the 
proposal. The results are also critical in understanding the primary processes associated 
with the radiation chemistry and physics of the electron in water and alcohols. 

Our papers to date on the solvated electron are concerned with variable wavelength 
pump-probe studies on the hydrated electron, the solvated electron in alcohols, solvent H/D 
isotope effects in both environments, and absorption optical-polarization anisotropy 
measurements. Pump-probe absorption transients of solvated electrons in water and 
various alcohols show a fast, instrument-limited reduction in optical density (bleach) 
followed by a bleach recovery that occurs on two time scales, having both a fast, sub- 
picosecond component and a longer, >Ips component. Transients probing on the red edge 
of the ground state absorption band (950 nm) show a transient increase in optical density, 
while transients probing in the intermediate spectral region (860 nm) show complicated 
non-monotonic behavior. The recovery of the 860 nm initial bleach “overshoots” to yield a 
transient increased absorption, which decays on a picosecond time scale. The non- 
monotonic behavior of these transients indicates that other processes besides electronic 
relaxation, namely solvation dynamics, play a role in the observed spectral dynamics. 
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Aqueous isotopic studies reveal identical dynamics in water and deuterated water, although 
anything less than a 25% isotope effect may be difficult for us to see given the spectral shift 
and the finite time resolution of our spectrometer. An isotope effect has been predicted by 
MD simulations, which offers an important contrast between theory and experiment. 

The transient signal in the alcohols occurs on two, clearly-separated time scales. 
All alcohols display a fast -0.5 ps component due to electronic relaxation. The slower, 5-  
25 ps time constant agrees well with previous two-pulse experiments probing the relaxation 
of the electron and is generally understood to be associated with the diffusive nature of the 
alcohol solvating the ground-state electron. This is the first direct measurement of what is 
believed to be the excited-state lifetime of the electron in alcohols. An interesting feature 
of the data discussed in the proposal is a permanent bleach of the A0.D. signal caused by 
reaction of the p-state electron with the solvent. The solvent and isotope dependence of 
this photo-induced chemistry will be reported in the near future. 

We have performed femtosecond polarized pump-probe spectroscopy on the 
aqueous solvated electron demonstrating that an anisotropy of the transient absorption is 
established concomitant with excitation. These results demonstrate that slow, anisotropic 
fluctuations of the solvent are operative in solvent-electron interactions. The observation of 
an anisotropy is a direct consequence of the asymmetry of the solvent cavity resulting in 
nondegeneracy of the s-p electronic transitions. The energies of these transitions will 
fluctuate in response to asymmetric distortions of the solvent cavity, resulting in a decay of 
the initial anisotropy established through photoexcitation. Our observation of a negative 
anisotropy at 800 nm demonstrates the presence of an electronic transition orthogonal to 
that of the excitation beam. 

Ultrafast Studies on Intermolecular Electron Transfer: We recently studied for 
the first time the transient spectroscopy of the Br radicaIhenzene charge transfer complex 
( B a r ) .  The charge transfer complex was prepared photolytically. From the standpoint of 
investigating the ultrafast processes involved in intermolecular eiectron transfer, the 
benzene-derivativemr system is "simpler" in principle: the acceptor lacks molecular 
complexity, the donor is relatively small and conformationally simple, the charge transfer 
band of B a r  is apparently isolated from the much higher-energy locally-excited states of 
the donor and acceptor, and, finally, the Bz/Br system lacks complications due to 
intersystem crossing. Ultrafast studies on the B a r  EDA complex in pure benzene and 
mixtures of Bz and other solvents, revealed that the charge recombination process is 
accelerated greatly at high Bz concentration. The evidence for the B a r  system suggests 
that the rate acceleration is due to a complex involving a delocalized positive charge over 
both benzenes, possibly a benzene dimer cation BQ+. Furthermore, an extensive 
investigation of the ultrafast pump-probe spectroscopy of the charge transfer band of the 
mesitylenemr EDA complex and related complexes in various solvents has been made over 
a broad range of UV, visible, and near IR probe wavelengths. The data allow for a 
measurement of the charge recombination kinetics which exhibits a distribution of rate 
constants, including an initial very fast component (>lo12 sec-I), a factor of >500 slower 
component, and intermediate rate processes (Fig. 7). The nonexponential kinetics may be 
associated with a distribution of Benzene-derivative+/Br acceptor geometries in the 
initially prepared state of the ion pair. The complex kinetics are discussed in terms of 
contemporary electron transfer theory, which indicates that the most likely source of the 
dramatically nonexponential kinetics is an inner-sphere effect involving specific, 
configurationally dependent electronic interactions of the donor and acceptor. 

- 
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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: Understanding photochemistry in solution relies upon understanding the nature of 
solute-solvent interactions, from both static and dynamic viewpoints. Especially in the case of 
photoinduced charge transfer, the interactions between the reacting system and a polar solvent 
medium are often quite large, and can easily dominate both the energetics and the kinetics of 
reaction. Such effects arise from two Merent aspects of solute-solvent interactions. First, the 
average strength of the interactions serves to determine the free-energy surface on which the 
reaction takes place. These effects are embodied in the pictures of parabolic surfaces for electron 
transfer made popular by the ttleatments of Marcus and others in the 60s. This static effect of 
polar solvent interactions is now reasonably well understood. The second aspect the solvent's 
influence involves the dynamics of solvent-solute interactions. The friction that a polar solvent 
exerts on an electron transfer reaction, or indeed on any motion (translation, rotation, vibration) 
of charged or dipolar solutes, depends not only on the strength of the interactions but also on 
their time dependence. The latter, dynamical aspects of polar solvation and how these influence 
reactive and non-reactive processes in solution is much less well understood. In our DOE funded 
research we employ both ultrafast spectroscopy and computer simulation techniques in order to 

. explore the nature of polar solvation dynamics, the way it is manifested as "dielectric friction", 
and how such friction impacts reactions in solution. 

Polar Solvation Dynamics: Most of the work we have accomplished over the past few years has 
involved efforts to gain a fundamental understanding of the nature of polar solvation dynamics. 
The particular phenomenon of interest is the relaxation of the electrostatic component of the 
solute-solvent interaction energy subsequent to some perturbation of the charge distribution of a 
solute. (It is this time-dependence that determines the dielectric friction on charge motion in 
solution.) What one wants to understand about this process is on what solvent and solute features 
does it depend, what is the microscopic basis for the time scales observed, and to what extent can 
these dynamics be modeled theoretically. Recent progress in this area is rapidly leading to fairly 
complete answers to these questions. On the experhental front, we have recently built a 
femtosecond fluorescence upconversion spectrometer having considerably better time resolution 
than was available in previous studies. With this instrument we have just completed a series of 
measurements that provide definitive solvation times in a wide range of room temperature 
solvents. Although prior data of this sort was available, significant uncertainty had to be attached 
to the data due to the possibility that large "inertial" components of the response were missed in 
highly polar, md-molecule solvents @e. in just those solvents most amenable to theodcal 
modeling). Our new results indicate that, in many solvents, significant fast components were 
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indeed missed in prior experiments. Especially in small, highly polar solvents, the new solvation 
times are considerably smaller than earlier estimates. We have also been performed a number of 
studies of solvation dynamics using molecular dynamics simulations. Some of our efforts have 
involved attempts to dinxtly model the systems studied in experiment. The simulation / 
e x p e h n t  comparisons made to date have shown good agreement, providing confidence that the 
experiments are indeed measuring just what we think that they are. In performing these latter 
studies we noted that the solvation response to charging a smaU ion (the subject of most prior 
simulations) was much faster than the dynamics observed after excitation of a large polyammic 
solute of the sort used in experiment. We therefore undertook an extensive series of simulations 
in an effort to understand why. The results simulations have led to a fairly comprehensive 
understanding of what role the solute plays in determining the solvation time. 

Rotational Dielectric Fricfion: As a simple model for how solvation dynamics affect m y  kinds 
of reactions, we have been studying rotational "dielectric friction" on a polar solute. When a 
polar molecule attempts to reorient in a polar solvent, in addition to the short-range repulsive 
interactions that hinder its motion, torques due to electrostatic forces, absent for nonpolar solutes, 
add a "dielectric" component to the rotational friction it feels. This dielectric friction depends on 
the time-dependence of the electrostatic interactions and it is therefore closely related to the 
dynamics of solvation of a dipolar molecule. We have performed extensive simulation studies of 
rotational dielectric fiiction in simple "Brownian dipole lattice" solvents in an effort to better 
understand the connection between dielectric friction and dipole solvation, as well as to test 
existing theories of dielectric friction. These studies indicate that even in a highly ideatized 
solvent, the theories do a poor job of modeling the observed behavior, mainly due to the 
inadequacy of continuum dielectric models they employ. (Theories could be signiscantly 

. improved by the use of the sorts of molecular models currently being examined in connection with 
the solvation dynamics problem.) We have also begun to examine rotational dielectric friction in 
more realistic solute / solvent combinations. In these studies we have observed rather strong 
coupling between electrostatic and non-electrostatic frictional sources, at least for small solutes, 
that renders doubtful .traditional notions of dielectric friction as being primarily a long-range 
electrostatic phenomenon. Further simulations and experimental studies are currently underway 
to examine this important and surprising result. 

Dynamical Solvent Effects on Electron Transfer: The ultimate goal of our efforts is to 
understand how solvation dynamics or dielectric friction affects charge transfer reactions such as 
photoinduced electron transfer. We have begun to study electron transfer in a series of 
intramolecular donor-acceptor compounds based on the achidinium acceptor which were 
discussed last year's meeting by Guilford Jones, n. In these compounds one can measure both 
forward and reverse electron transfer (charge shift) rates that fall in the <Ips to 1 ns range 
depending on donor. We are cmntly in the process of measuring electron transfer rates in a 
wide range of solvents for which we have accurate solvation data. We are hopeful that these 
studies wil l  provide a wealth of information with which to better explore the connection between 
solvation dynamics and the rates of outer-sphere electron transfer reaction. 
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NONLINEAR OPTICAL STUDIES OF STRUCTURE AND DYNAMICS 
AT LIQUID INTERFACES 

Eric Borguet, Xuelong-Shi, A. Tamovsky, and K. B. Eisenthal 

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

To achieve the efficient conversion of light energy to other forms of energy, such as 
chemical rich molecules and electrical energy, it is necessary to block the 
recombination of the photoproducts that are generated. A variety of imaginative 
molecular and structural assemblies have been designed to optimize the energy 
conversion process. Central to almost all of these systems and the conversion 
process, are phenomena that can occur at liquid interfaces. The interfaces of interest 
range from 1iquidIsemiconductor interfaces to the solution interfaces of micelles, 
vesicles, monolayers and bilayers. Because the efficiency of light conversion 
depends on the chemical and physical properties of the interface it is important to 
gain knowledge of the chemical composition, orientational structure and charge 
density of molecules and ions at the interface, as well as the dynamics of molecular 
motion and photochemical and pho tophysical processes. 

In recent years we have been using the interface selective technique of second 
harmonic and sum frequency generation to investigate the chemistry of interfaces. 
In the course of these studies in the last two years we have discovered an 
unexpected structural phase transition at the air/acetonitrile-water interface that 
involved abrupt changes in hydrogen bonding and orientation of the acetonitrile 
molecules. We used sum frequency generation to probe the vibrations of the CN 
and CH3 chromophores at the interface. We have extended these studies to the 
structure and interactions of long chained amphiphiles. These insoluble surfactants 
constitute an important class of molecular assemblies in charge separation 
phenomena. 

Directly related to the charge density at interfaces is the charge density associated 
with acid-base equilibria of interfacial molecules. We have developed a method 
based on polarization of the bulk water molecules by the charged form of the acid- 
base pair to measure the pKa of acids. Previously we could not obtain the pKa 
values for molecules that had small second order polarizabilities. In addition we 
have recently succeeded in carrying out spectral shift measurements using SHG that 
holds promise as an empirical scale of interfacial polarity. 

In this presentation on some of our recent DOE work the focus will be the 
application of second harmonic generation to selectively probe an ultrafast 
photochemical process in organic molecules at air/aqueous, alkane/aqueous and 
silica/aqueous interfaces. The molecule of interest is Malachite Green, a member of 
the large class of triphenylmethane dyes. "he excited state energy relaxation of these 
molecules is effected by a barrierless transformation, as indicated by the ultrafast 
dynamics and apparent lack of a temperature dependence, under conditions of 
constant viscosity, in low viscosity solvents. The kinetics of this unimolecular 
reaction is determined chiefly by the interactions of the excited molecules with the 
surrounding soivent molecules, which provide a resistive force (friction) to the 
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change in structure of the excited molecules. The fluorescence quantum yield and 
excited state relaxation rate show a strong dependence on solvent viscosity. The 
rate limiting step is believed to involve the rotation of the aromatic moieties about 
the bond between each one and the central carbon atom. 

Malachite Green excited state relaxation dynamics at air/aqueous, alkane/aqueous 
and silica/aqueous interfaces, obtained by ultrafast second harmonic generation 
methods, are slower at all these interfaces than in bulk water ( -0 .7~~).  The results 
suggest increased solvent structure and friction at aqueous interfaces, with the 
silica/aqueous interface being the most structured. Water at the air/aqueous and 
alkane/aqueous interfaces is similar, but less structured than at the silica/aqueous 
interface, in support of molecular simulations. The orienting property of the 
interface enables the relative contributions of the various aromatic groups of 
Malachite Green, namely the hydrophobic phenyl group projecting into the air or 
alkane phases and the charged hydrophilic dimethylaniline groups projecting in to 
the aqueous phase, to be determined in the isomerization process. Contrary to 
current models of isomerization of triphenylmethane dyes, we suggest that rotation 
about the central carbon-phenyl bond is not important in the structure change 
dynamics. The twisting motions of the dimethylaniline groups control the 
photoisomerization dynamics. 

Our future plans include extending our studies of interface dynamics to charge 
transfer processes at liquid interfaces. This includes solvent reorganization in 
response to the change in charge distribution on photoexcitation of interfacial 
molecules. We also plan to convert the present fixed frequency loHz femtosecond 
laser system to a Ti:Sapphire kilohertz regeneratively amplified femtosecond laser 
to provide tunability, high repetition rate and therefore enhanced sensitivity and 
capability to study a wider range of interface problems. 
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PHOTOINDUCED CHARGE SEPARATION ACROSS VESICLE AND REVERSE 
MICELLE INTERFACES AND WITHIN MICROPOROUS MATERIALS 

Larry Kevan 
Department of Chemistry, University of Houston, Houston, Texas 77204-5641 

ScoDe: The structural aspects controlling photoinduced charge separation of 
easily photoionizable solutes in reverse micelles, vesicles and microporous 
materials are being studied to optimize the storage of light energy in 
microheterogeneous environments. Electron spin resonance (ESR) is used to 
detect the paramagnetic photoinduced cations and to probe their 
surroundings. Interactions between the photoinduced cation and water as 
well as other structural information can be studied by deuterium electron 
spin echo modulation (ESEM), and proton matrix electron nuclear double 
resonance (ENDOR) which enables the determination of weaker electron- 
nuclear hyperfine interactions than one normally detects by ESR. 
Photoionitable species typically have some polarity and are solubilized in or. 
near the interface region. Deuterium ESEM is used to provide information 
about the location of the radical with respect to the water (D20) phase, . 
whereas proton ENDOR gives the proximity of the radical to the proton-rich 
hydrocarbon phase. Changes with alkyl chain length and other parameters 
can be cross checked by proton matrix ENDOR and deuterium ESEM. 

Photoinduced electron transfer in organized molecular assemblies depends 
on control of the location of the electron donor and/or acceptor with 
respect to the assembly interface. One general approach is to add variable 
length alkyl chains to control the degree of embedment into the surfactant 
assembly. Location control is also modified by addition of molecules that 
intercalate into the interface and by variation of the interface charge. 

Photoionization and photoreduction of molecules in microporous 
materials like silica gels have also been found to be efficient and 
controllable by the pore size. In general, impregnation of the photoionizable 
molecules gives as efficient or more efficient photoactivity as does 
incorporation during sol-gel synthesis. 

Recent Red&: The location of photoreduced alkylmethylviologens solubilized 
into dipalmitoylphosphatidylcholine vesicles with and without added cholesterol 
was determined by deuterium ESEM and proton ENDOR. The effect of 
added cholesterol on the photoyield was correlated with the location of the 
photoreduced radical within the lipid bilayer. Addition of cholesterol disrupts 
the interfacial region of the vesicles, allowing increased water penetration 
which serves to enhance the photoyield. As the pendent alkyl chain length 
is increased, the photoreduction yield increases consistent with the 
interpretation that deeper solubilization decreases the rate of electron 
back-transfer to increase the net yield. 
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Poly(ethy1ene oxide) has also been found to be an effective 
intercalate in micellar systems which increases the photoionization yield of 
N-alkylphenothiazines. Its interesting effect deserves further study in vesicles. 

Photoinduced electron transfer from (alkoxypheny1)trip henylporp hyrins 
(CnOPTPP) and N-alkyl-N,N’-N”-trimethylbenzidines (CnTMB) to interface water 
of anionic and cationic reverse micelles at 77 K produces the 
corresponding cation radical. ESEM signals from CnOPTPP+ were observed 
for the first time from a porphyrin cation, whereas previous ESEM studies 
with more polar alkylpyridinylporphyrins failed. The photoyields are 
correlated with the distance from water (D20) at the reverse micelle 
interface as a function of the Cn alkyl chain length. The location of the 
porphyrin cation is also controlled by the cosurfactant alcohol in cationic 
reverse micelles and the headgroup charge of the reverse micelle. 

Similar alkyl chain length effects have been found for the 
photoionization of CnOPTPP and CnTMB in neutral, anionic and cationic 
vesicle systems. The cation yield also decreases from cationic to neutral 
to anionic vesicles reflecting an interface charge effect. 

Dimethylviologen dichloride (MVZ+(CI-)2) was introduced into silica gel 
pores by impregnation or addition during sol-gel synthesis. Efficient 
photoionization was achieved and chloride ion was shown to be the ‘ 

electron donor. The photoyield and stability of the photoproduced MV+ 
radical depend on the pore size of the silica gel. The trend of increasing 
MV+ stability and photoyield with increasing pore size is attributed to a 
larger separation distance between MV+ and trapped CI in the larger 
pores. The photoyields are about five times greater in impregnated vs 
sol-gel synthesized samples. Thus for this system impregnation seems 
optimum for preparation of the most efficient photoactive assemblies. 

- N-alkylphenothiazines were also introduced into silica gel pores by 
impregnation and sol-gel synthesis and photoionized to form stable cation 
radicals. The silica gel framework has been shown to be the electron 
acceptor based on competition with chloromethanes. In a small-pore silica 
gel the photoyield is larger and the cation has a longer lifetime than in a 
large-pore silica gel. The mobility of the cation in the silica gel pores 
seems to control its photoyield‘ and stability; a greater mobility in larger pores 
increases the probability for back electron transfer from the silica gel 
framework to decrease the net photoyield. Impregnation and sol-gel 
synthesis give equivalent photoyields so both approaches seem equally 
good for the preparation of efficient photoionizable assemblies. 

Future Plans 
Location control of photoionizable electron donors by adding variable 

length alkyl chains has been largely achieved for various surfactant 
assemblies. Attention is now being focused on concomitant location control 
of electron acceptors. In addition to surfactant assemblies, increasing 
attention is focused on microporous materials like silica gels and M41S 
silica tube materials for packaging photoactive donors and acceptors. 
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PHOTOPHYSICS AND PHOTOREDOX PROCESSES AT POLYMER- 
WATER INTERFACES 

Andrew Ekkert, Thomas Martin, Ti Cao, S.E. Webber 
Department of Chemistry and Biochemistry and Center for Polymer Research 

The University of Texas at Austin 
Austin, Texas 78712 

Our work has focused on the use of chromophores covalently attached to amphiphilic polymers 
with the underlying idea that the combination of hydrophobic compartmentalization and aqueous 
medium would help solvate the ion-pairs produced in photoredox reactions and enhance charge 
separation. 
PEO End-Tagged with Aromatic Chromophores 

Polyethylene oxide has been end-tagged with aromatic chromophores (anthracene, pyrene, 
referred to as PEO-A and PEO-Py) and the adsorption of these hydrophobically modified polymers 
onto polystyrene latexes was studied by light scattering. The exposure of the chromophore to the 
aqueous phase was characterized by comparing fluorescence quenching in free solution and 
adsorbed onto latexes. Fluorescence depolarization measurements also demonstrated a more 
rotationally hindered chromophore when adsorbed than in homogeneous solution. Therefore one 
can conclude that the hydrophobic end-group is the primary point of adsorption and that the 
chromophore is partially compartmentalized by the polystyrene matrix. Charge separation- 
following singlet- and triplet-excited state quenching was found for PEO-A and PEO-Py in both 
H20 homogeneous solution and H20Aatex biphasic systems. The efficiency of charge separation 
for triplet state is high (ca. 0.6-1.0) and is relatively insensitive to environment because the back 
electron-transfer reaction is spin-forbidden. For the singlet state, the efficiency of charge 
separation is more modest (ca. 0.2-0.3) and is relatively sensitive to the environment. h all cases 
the ion pairs have a long lifetime, in excess of 1 ms 
Triblock Polymer Micelles: Polystyrene-Diphenylanthracene-Polymethacrylic Acid 

Using anionic polymerization methods mblock polymers that may be represented by the 
following were prepared (pS)x-(pDPA)y-(pMA)z. @S), is a polystyrene block of length x, 
(pDPA) is a block of vinyldiphenylanthracene of length y and @MA)Z is a block of methacrylic 

blocks are on the order of 200 units. We have also made polymers without the pS block and 
polymers in which there is precisely one anthracene unit, i.e. OpS)x-(2Anth)-(pMA)z in which 2- 
Anth represents the insertion of 1-(-2anthryl) l-phenylethylene. The triblock polymers all self- 
assemble into well-defined micelles with hydrodynamic radii on the order of 50-80 nm with 
aggregation numbers of c a  200, depending on the pS block molecular weight. (pDPA) @MA)z 
diblocks also form smaller aggregates that do not appear to be as well-organized as nodpolymer  
micelles. In the case of the polymer micelles it is anticipated that the anthryl moieties will be 
located near the hydrophobic core-aqueous interface (Scheme I). The anthracene fluorescence can 
be quenched by species that are confined to the aqueous phase (Tl+, viologens, but a fraction of the 
anthracenes are not accessible to the aqueous phase. This implies a significant "roughness" or 
heterogeneity of the micelle core surface (an attempt to depict this is also presented in Scheme I). 

As of this writing excited state electron transfer has been studied only for @S)x-(pDPA)y- 
(PMA)~, using the zwitterionic viologen, SPV, as a quencher at a slightly basic pH (this 
deprotonates the micelle corona, enhancing the local concentration of SPV). The fraction of singlet 
state quenching events that lead to ion-air separation is relatively low compared to some other 
systems we have studied (ca. 0.06) but the lifetime of the SPV anion radical is exceptional, with 
almost no decay over a 10 ms time. There has not been any attempt as yet to optimize conditions to 
enhance this yield, especially with respect to pH and ionic strength. 

acid of iy ength z. The block length of the DPA segment is relative short, 3-4 units, while the other 
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Copolymerization of Fullerenes and Polystyrene 

In an attempt to cany out an emulsion polymerization of styrene that was saturated with 
soot in order to prepare Qjo latexes, it was found that these two species would copolymerize. This 
polymerization can be carried out in solution or in neat styrene and works equally well for C70 (A 
similar observation was made simultaneously by Y-P. Sun and co-workers at Clemson University, 
both manuscripts in press, Macromolecules). The absorption spectrum of the fullerene is strongly 
modified and the fluorescence spectrum is blue shifted with an increase in the fluorescence 
quantum yield by at least a factor of 20. The fluorescence decay is non-exponential with an 
average lifetime of ca. 2-3 ns. The resulting polymers have the normal solution propemes of 
polystyrene and one can easily prepare deeply colored solutions or films. Transient absorption 
spectra of these polymers using 355 nm excitation contained none of the features of normal Ca 
and in fact were essentially featureless (These experiments were carried out at the Radiation 
Laboratory, Notre Dame University by P. Kamat). We are exploring a variety of free-radical 
copolymerizations with the fidlerenes and then will look far any photoredox activity. It is clear that 
the mode(s) of attachment (which is not established as yet) has grossly changed the excited 
electronic state pperties of the fullexenes. 
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TIME-RESOLVED EPR STUDIES OF PHOTOINDUCED 
ELECTRON TRANSFER REACTIONS 

Hans van Willigen 

Department of Chemistry, University of Massachusetts at Boston, Boston, MA 02125 

In recent years our DOE sponsored research has been concerned with the application of 
Fourier Transform (n? EPR in the study of photoinduced electron transfer reactions. With FT- 
EPR the formation and decay of transient fiee radicals formed in excited state electron transfer 
reactions can be monitored with nanosecond time resolution. Because of the high spectral 
resolution the spectra can serve to identie the paramagnetic species as well as provide detailed 
kinetic data. Generally the spectra will display Chemically Induced Dynamic Electron Polarization 
(CIDEP) effects that convey idormation on reaction mechanisms. Spin relaxation times (T, , T2) 
can be measured and provide an insight into molecular motion. Investigations focused on the 
following topics. 

E = t t a n l l J d a  
We reported earlier on the reductive quenching of C, in the photoexcited triplet state by 

hydroquinone and tri-p-tolylamine.' Because of the fact that FT-EPR spectra shows resonance 
peaks from the triplet precursor and from one of the doublet radical products (the C, anion 
radical is not observed because of its short Td it provides an excellent method to study reaction 
kinetics as well as spin dynamics2 The work has been extended to the measurement of the 
oxidative quenching of 'CW A detailed study was made of the rea~tion;~ 

Since resonances from both 3C,, and chlorad can be monitored, the fraction of triplets giving 
electron transfer products can be determined with a simple "spin count". 

instance, in a solution of C, with perylene and quinone, photoexcitation of the kllerene yields the 
perylene cation and quinone anion. FT-EPR and transient optical absorption measurements' show 
that the reaction involves a triplet-triplet energy transfer step according to: 

C, + chloranil - C,+ + chloranil- . 3 

In a third application, we used C ,  as a photosensitizer of electron transfer reactions. For 

3C, + Pe - C, + 'Pe 
3Pe + Q -. Pe++Q. 

As a visible light harvester C, generates 3Pe more efficiently than direct photoexcitation of Pe. In 
this way it can drive the reduction of acceptors that cannot be reduced directly by 'C,. 

On going work deals with the photophysics and photochemistry of the fillerene in 
polymer matrices. 

Photoionization of aromatics in micelles 

(SDS) micelles leads to efficient photoionization. Previous optical and EPR studies show that 
It is known that excitation of phenothiazine (PHT) solubilized in sodium dodecylsulfate 
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charge separation is achieved because the electrons escape into the bulk aqueous phase while the 
cation radicals remain in the micelles. With FT-EPR and cw time-resolved EPR the 
photoionization process can be studied at ambient temperatures via the electron spin resonance 
spectra of the (hydrated) electron (e,) and the cation radical. The measurements give information 
on the location of the paramagnetic molecules in the microheterogeneous medium through spin 
polarkation effects and relaxation characteristics. So far our work has focused on the kinetics of 
formation and decay of e4. Of interest as well are reactions of eq with electron acceptors located 
inside the micelles or in the bulk aqueous solution. For instance, work in progress concerns the 
kinetics of electron capture by quinones of dif€ering hydrophobicity. 

Future work 

initiated by photoexcitation of suspensions of semiconductor particles. It is known that the initial 
steps involve electron transfer across the interface between semiconductor particle and solvent. 
This suggests that FT-EPR can be a valuable source of information on reaction mechanisms and 
kinetics. 
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DIPOLE EFFECIS IN MCYED THIOUFERROCENETERMINATED THIOL 

SHORT CHAIN LENGTHS 
MONOLAYERS SELF-ASSEMBLED ON GOLD: EVIDENCE FOR ORDER WITH 

John F. SmaIley,” SteDhen W. Feldberg* Marshall D. Newtonb and Christopher E.D. Chidsey“ 

Wepartment of Applied Science and bChemistry Department, Brookhaven National 
Laboratory, Upton, NY 1 1973-5000 

‘Department of Chemistry, Stanford University, Stanford, CA 94309 

A laser induced temperature jump technique is used to investigate the properties of self- 
assembled monolayers on vapor deposited gold films (-1 micron thick). A rapid (< 10 ns) change 
in the open-circuit potential of a gold electrode is effected by a laser induced temperature 
perturbation (2-4 “C) of a self-assembled monolayer comprising a mixture of CH,(CH,),.IS-l and 
(q5CsH5)Fe(q5CsH4)C02(CH2)nSa where a denotes the gold surface. The magnitude and time 
dependence of this response contains information about the electron transfer kinetics (between 
the gold and ferrocene moieties) and about the nature of the interfacial capacitance which is 
primarily a manifestation of the dielectric properties of the monolayer. 

Our work has focussed on the elucidation of the dependence of the rate of electron 
transfer on distance (or n: see chemical formulae, above). It is important to establish that there 
is no significant disruption of order at shorter chain lengths (n < 10). While some studies of 
alkane thiol films suggest a disruption of order there have been no studies of mixed films. We 
think our results suggest that some form of order is maintained when n d 0 .  

In the present work we discuss the initial response (< 10 ns) to the temperature 
perturbation which we suggest is due to a virtually instantaneous temperature-induced change in 
the capacitance of the film. We are able to determine a potential of zero response (E,,=) for the 
film and show that the pzr varies significantly with the concentration of the ferrocene moiety and 
with the value of n. Particularly interesting is an alternation in the magnitude of the responses 
for odd and even values of n. We suggest that these effects can be explained in terms of the 
orientation of dipoles associated with the ferrocene and thiol moities and their interaction with 
the solvent. 

The underlying concept for these measurements is that the monolayer film behaves as a 
capacitor which separates the (electronic) charge on the electrode from the (ionic) charge in the 
solution (the electrolyte concentration, 1M HCIO,, is large enough to preclude significant diffuse 
double layer effects). The potential between the gold electrode and a reference electrode will be: 

where a is the separated charge across the film, Cfiim is the electrical capacitance of the film, V, 
is a dipole potential associated with the system which includes dipoles within the film, and V, 
is the Soret potential produced by the temperature difference between the gold electrode and the 
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reference electrode. A simple assumption is that V, is proportional to the concentration of 
ferrocene moieties in the film. It is then straightforward to deduce that 

Thus if dln[Cfi,,,,]/dT, and dV,,/dT are constant for a given film a plot of &/AT vs. E should be 
linear. As predicted the experimentally observed relationship between AE/AT and E is linear for 
alkane thiol films and for mixed alkane thiol/ferrocene-terminated alkane thiol films. When 
AE/AT = 0, E = E,, whose value alternates dramatically with n for n = 5 - 9. E,, is also a linear 
function of concentration of the ferrocene moiety, rf,; this h e a r  function is not the same for odd 
and even values of n. We expect that some component of both V, and dV,/dT will be linearly 
proportional to rFc. 

The results thus far are consistent with a significant dipole contribution from the ferrocene 
moiety, which includes the ester linkage between the thio€ and ferrocene unit itself. If the alkane 
chain is not normal to the surface (longer chains subtend an angle of 27 degrees to the normal) 
the angle of the dipole relative to the normal will alternate with odd and even n. The orientation 
of the head groups will not be the same for odd and even n and the structure of the interfacial 
region may be significantly different. A less speculative conclusion is that these results indicate 
that some form of order is maintained in the film for n = 5 - 9. 

Studies of thiol monolayers with no Fc moieties and of mixed monolayers containing the 
directly-linked ferrocene terminated alkane thiols, i.e., (qSC,H,)Fe(qSC,H,)(CH,),S-~ , thereby 
eliminating the ester linkage, will help us to identify the source of the dipole contribution. 

These studies relate to our fundamental interest in heterogeneous electron transfer: how 
dipole potentials affect the nature of electron transfer through these types of films is one facet 
of that effort. We will present experimental evidence that the odd-even effect may impart subtle 
'modification of the electron transfer rates. 

Futum Woik 
Our studies of heterogeneous electron transfer have characterized the dependence of the 

electron-transfer rate constant, and reorganization energy, upon the distance between the metal 
electrode and the redox moiety. These studies will continue to examine the factors which might 
be playing a role in the electron transfer process, e.g., the nature of the structure of the tether 
connecting the electrode and the redox moiety, the character of the redox moiety itself, and the 
properties of the solvent. At its present stage of development, OUT experimental approach allows 
us to measure relaxations which occur in the nanosecond time and that is equivalent to electron 
transfer rate constants as large as lo' s-I. As the cost of Iaser technology diminishes we expect 
to be able improve our time resolution and explore considerably faster rate processes. That means 
we will be able to characterize the rate processes associated with shorter tethers and examine 
more precisely the effects upon the rate constants and reorganization energy. 

Computer modeling of electrochemical and photoelectrochemical processes is an area of 
continuing interest and effort for this program. 
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MOLECULAR STRUCTURES OF PORPHYRIN - QUINONE 
MODELS FOR ELECTRON TRANSFER 

K. M. Barkigia,' D. Melamed,' R. M. Sweet: H. Kurreck,c K. Mobius: and 3. Fajer a 

Department of Applied Science and Biology Department a 

Brookhaven National Laboratory, Upton, New York 11973 

Chemistry and Physics Departments 
Free University of Berlin 

D-I4 195 Berlin-Dahlem, Germany 

C 

Synthetic porphyrin-quinone complexes are commonly used to mimic electron transport in 
photosynthetic reaction centers and to probe the effects of energetics, distances and relative 
orientations on rates of electron transfer bebkeen donor-acceptor couples. The structures of two 
such models have been determined by x-ray dieaction. The redox pairs consist of a porphyrin 
covalently linked to benzoquinone in cis and trans configurations via a cyclohexenyl bridge. The 
cxystallographk results provide the first structural benchmark for the extensive body of experimental 
and theoretical results that exists for the compounds in both the ground and photo-induced charged- 
separated states, and validate conclusions reached fiom molecular mechanics calculations, EPR and 
2-dimensional NMR results for these states. 

Synchrotron radiation was used to determine the structure of one of the porphyrin-quinone 
complexes. The work demonstrated the feasibility of coupling the advantage of high intensity x-rays 
available fiom the synchrotron with the rapid data acquisition made possible by area detectors to 
determine the structures of very small and potentially unstable crystals. Data acquired in less than 
24 hours on a crystal of volume approximately 50 times smaller than normal optimal dimensions 
readily revealed the molecular structure of the trans porphyrin-quinone compound at 1.lA resolution. 
Further improvement in resolution can be expected. 
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STUDIES OF COBALT MACROCYCLES IN A PHOTOCHEMICAL C 0 2  
REDUCTION SYSTEM: EVIDENCE FOR Co-COz ADDUCTS AS 

INTERMEDIATES. 

Tomoyuki Ogata,* S hozo Yanagida,* Etsuko Fujita,* 
and * ?  

Chemistry Department, Brookhaven National Laboratory, Upton, New 
York 11973-5000, USA? and Chemical Process Engineering, Faculty of 

Engineering, Suita, Osaka University, Osaka, Japan* 

Cobalt macrocycles mediate electron transfer in  the 
photoreduction of CO2 with p-terphenyl as a photosensitizer and a 
tertiary amine as a sacrificial electron donor in  a 5 : l  
acetonitrile/methanol mixture. The kinetics and mechanism of this 
system have been studied by continuous and flash photolysis 
techniques. Transient spectra provide evidence for the sequential 
formation of the p-terphenyl radical anion, the COIL+ complex, the 
[CoIL-C02]+ complex and the [S-CoIIIL-(C022-)]+ complex (L = HM19 = 
5,7,7,12,14,14-hexamethyl-l,4,8,11 -tetraazacyclotetradeca-4,ll -diene, 
S = solvent) in the catalytic system. The electron-transfer rate constant 
for the reaction of p-terphenyl radical anion with C@L2+ is 1.1 x 1010 
M-1 s-1 and probably diffusion controlled because of the large driving 
force ( -1.1 eV). Flash photolysis studies yield a rate constant 1.7 x 108 
M-1 s-1 and an equilibrium constant 1.1 x 104 M-1 for the binding of C02 
to COIL+ in the catalytic system. The rate and equilibrium constants are 
consistent with those previously obtained by conventional methods in 
acetonitrile. Studies of catalytic systems with varying cobalt 
macrocycles highlight some of the factors controlling the kinetics of the 
photoreduction of CO;?. Steric hindrance and reduction potentials are 
important factors in the catalytic activity for photochemical C02 
reduction. 
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SOLVENT DIFFUSION, COLLISIONS, LIBRATIONS, AND PHONON-LIKE 
MODES: WHAT ARE THEY, AND HOW WILL THEY AFFECT CHEMICAL 

REACTIONS? 

E. W. Castner. Jr, and Y. J. Chang 
Chemistry Department, Brookhaven National Laboratoly 

Building 555A 
Upton, NY 11973-5000 

The course of a chemical reaction in solution is often determined or limited by 
the presence of the solvent medium surrounding the reactants and products. 
Reaction rates, barrier energies, can be dramatically enhanced or diminished 
relative to the gas phase because of the presence of the solvent. These solvation 
phenomena are not static, but depend strongly on the ultrafast motions, 
fluctuations, and reorganizations that solvent molecules make to minimize the 
overall system energy. 

This poster will present dynamical measurements in both the time and 
frequency domains, obtained from femtosecond nonlinear optical polarization 
spectroscopy measurements. A range of molecular shapes, sizes, and electrostatic 
and chemical properties of the solvents has been investigated. In particular, 
emphasis has been given towards understanding very polar liquids such as DMSO 
and DMF; hydrogen-bonding liquids such as the amides, water, acetic acid, and 
ethylene glycol, aromatic liquids such as toluene, benzyl alcohol, and benzonitrile, in 
addition to more weakly interacting liquids such as carbon tetrachloride and 
(methyl-) cyclohexane. Temperature dependent and concentration-dependent 
studies are carried out. 

In order to further correlate the observed dynamical properties of the liquids 
with the individual molecular properties, ab initio geometry optimization 
calculations have been carried out, at the Hartree-Fock, MP2, and BLYPDFT levels 
of theory. In particular, the molecular characteristics of geometry, polarizability, 
and electric multipole distribution are largely single-molecule properties. 

Lastly, we examine the connection between observed solvent dynamics, and 
solvation dynamics occurring during charge-transfer reactions. 
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NEW METHODS FOR THE CALCULATION OF THE ELECTRONIC COUPLING 
MATRIX ELEMENT WITH APPLICATION TO THE BENZENE + CI 

CONTACT ION-PAIR SYSTEM 

Robert J. Cave and Marshall D. Newton 

Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973 

The electronic coupling matrix element is an important factor in determining the distance 
and orientation dependence of electron transfer processes. A variety of methods have been 
previously introduced which allow theoretical estimation of the matrix element for electron 
transfers involving ground-state donors and acceptors. While some attempts have been based on 
many-electron descriptions of the systems, most often the electronic coupling matrix element is 
obtained using a one-electron model. We have developed two independent methods for the 
calculation of the electronic coupling matrix element that can treat ground or excited state 
processes, can be used with ab initiu or semi-empirical wavefunctions and thus furnish many- 
electron descriptions, and which can treat the interaction of several states at once, rather than 
being limited to a two-state description. The first method uses the block diagonalization 
techniques of Cederbaum, Domcke, and coworkers, while the second is a generalization of the 
Mulliken-Hush model (GMH). The GMH model is of particular interest because all input to it 
is in terms of adiabatic states, thus one could use it with purely experimental data to obtain 
electronic coupling matrix elements with no need to estimate the effective transfer distance. The 
methods are briefly outlined and discussed, and then are used to examine the distance and 
orientation dependence of the electronic coupling for the donor-acceptor pair benzene + C1. This 
system is similar to the contact ion-pair systems studied by Barbara and coworkers. In addition, 
we have developed methods for the calculation the solvent reorganization energy for excited state 
processes, based on a dielectric continuum model for the solvent. These methods are applied to 
the above contact ion-pair system and results are presented for the relative energies of the donor 
and acceptor in the gas-phase and in solution. The solvent reorganization energy is also obtained 
and its distance dependence is examined. 
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THEORY OF ELECTRON TRANSFER IN COMPLEX SYSTEMS 

David Chaudler 
Department of Chemistry, University of California 

Berkeley, California 94720-1460 

Our DOE supported research focuses on the mechanisms of charge transfer in complex 
systems, such as photosynthetic reaction centers. The electrostatic environment, both the average 
electric fields and their fluctuations, plays a paramount role in controlling such electron transfers. 
We have analyzed the effects of electrostatic environments with computer simulation and analytical 
methods. 

In the membrane bound photosynthetic reaction center, our calculations [ 11 draw the 
following picture: A large static electric field directs electron transfer along a specific inter 
chromophore pathway. The chromophores reside in the central hydrophobic core of the reaction 
center. The electrostatic environment of this core is highly anisotropic, created by asymmetric 
distributions of charged amino acids that lie in the hydrophilic regions above and below the central 
hydrophobic core. The system is thensfore much like a capacitor -- a nano capacitor. The complex 
is fairly rigid. Hence, its low frequency dielectric response is small, and hence its reorganization 
energies are small. Nevertheless, these fluctuations do occur and thus do modulate the kinetics of 
electron transfer. Due to the heteropolymer nature of proteins, the fluctuations occur on all 
molecular time scales. As a result, the modulation manifests itself in an apparently complex 
kinetics [2,3]. 

These observations have led us to address the general problem of dynamic disorder [4,5] 
in the theory of electron transfer. We have studied a stochastic model, both by numerical 
simulation and by analytical theory. We have shown that the extremal action theory of Wang and 
Wolynes provides an excellent approximation to reality in the regime of slow modulation. On the 
other hand, an alternative approach is required to capture both the fast and slow modulation 
regimes. 

We have also carried out a series of dielectric continuum calculations to learn what aspects 
of the reaction center structure are crucial in creating the directional electric fields and thus its 
function [6].  These calculations should provide an understanding of Boxer's Stark shift 
measurements, and ultimately an understanding of the kinetics of different variants of the reaction 
center. 

[l] M. Marchi, J.N. Gehlen, D. Chandler and M. Newton, J. Am. Ceram. SOC. 115, 
4178 (1993). 

[2] D. Chandler, J.N. Gehlen and M. Marchi,. AIP Conference Proceedings 298, 
(American Institute of Physics, New York, 1994), p. 50. 

[3] J. N. Gehlen, M. Marchi and D. Chandler, Science 263,499 (1994). 
[4] J.N. Gehlen, "The Effect of High and Low Frequency Polarization Modes on the 

Kinetics of Electron Transfer," PhD Thesis (University of California, Berkeley, 1995). 
[5] J. N. Gehlen and D. Chandler, work in preparation (1995). 
[6] R. Yee, M. New and D. Chandler, work in preparation (1995). 
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MOLECULAR STRUCTURES AND NONLINEAR OPTICAL PROPERTIES 
OF "FACE-TO-FACE" MACROCYCLES 

- MODEL SYSTEMS FOR NATURAL PHOTOSYNTHESIS 

L. X. Chen", B. Biharib, €3. K. Mandalb and J. R. Norris" 

aChemistry Division, Argonne National Laboratory, Argonne, Illinois 60439 
!Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 6061 6 

As one of the important elements in natural and artificial photosynthesis, the chlorophyll array 
plays various roles in electron and energy transfer processes. Many important hnctions in 
photosynthesis are performed via chlorophyll special pairs with "face-to-face" configuration. 
Meanwhile, porphyrin and phthalocyanine based materials have been used as building blocks for new 
nonlinear optical materials because their two-dimensional conjugated structures provide electron 
delocalization which is essential for nonlinear optical materials with higher order optical 
susceptibilities. Much of the previous theoretical work has been devoted to model the correlations 
between the electron delodi t ion within n-conjugated systems (e.g., polyene) and the higher order 
nonlinear optical susceptibilities. However, little has been done to model the electronic coupling in 
the "face-to-face" macrocycles or between x-conjugated systems with their nonlinear optical 
susceptibilities. Using a degenerate four wave mixing technique at 1064nm, we recently measured 
the non-resonant third order nonlinear optical susceptibilities of a series of Si-phthalocyanine (PcSiO) 
compounds with "face-to-face" configuration and with an increasing number of SiPc units. Our 
results show an order of magnitude increase in the third order nonlinear optical susceptibility as each 
PcSiO unit is added to the system. A similar trend has been observed for naphthalocyanine 
derivatives. Such significant enhancement in the third order nonlinear optical susceptibility was not 
observed before in such "face-to-face" macrocycle system. The observation differs from some 
previous work that suggested a "face-to-hce" encounter of the macrocycles does not contribute 
sigruficantly to the third order nonlinear optical susceptibiIities. Our previous measurements of the 
third order nonlinear optical susceptibilities of porphyrin and chlorophyll dimers at 532nm also 
indicated a factor of four to five enhancement compared to those of corresponding monomers 
(however, resonant effect may contribute at 532nm). Our observation is important in searching 
potential applications for probing structure and dynamics in photosynthetic systems and constructing 
new optical devices. More molecules will be examined in the near fhture in order to develop a 
broader range of dimers and oligomers with different configurations. We are currently building a 
modeling system via a quantum mechanical approach to simulate the enhancement observed in our 
experiments. As our calculation proceeds, a better understanding of the nonlinear optical 
susceptibility enhancement will be obtained. 
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COLLOIDAL METAL FILMS AS A NEW SYSTEM FOR ENHANCED 
OPTICAL PHENOMENA 

G e o r g i e ,  Konstantin Sokolov, Brian Gregory and Therese M. Cotton 
Ames Laboratory, Iowa State University 

Ames Iowa 5001 1 

Nanometer-sized particles of silver and gold interact strongly with light in the 
optical spectral region due to excitation of plasmon resonances. The intense 
electromagnetic field generated near the surface of such particles can be used to enhance 
the interaction of light with nearby molecules. Examples include enhancement of 
scattering and emission processes and enhancement of photochemistry. Previous studies 
of nanometer-sized particles were focused mainly on colloidal suspensions and island 
films. In the present study, we introduce a new system which exhibits fascinating and 
potentially useful optical properties. 

Colloidal films of gold and silver were prepared on glass or quartz slides. The 
slides were derivatized with 3-mercaptopropyl trimethoxy silane and subsequently 
reacted with aqueous metal colloids for variable time periods. The formation of the 
sulfur-metal bond provides a stable colloidal film on the surface. Because of the 
electrostatic interaction between individual particles, a semi-regular structure is produced, 
as can be seen from electron micrographs. The unique feature of the colloidal films is 
that they possess the optical properties of colloidal metals and the convenience of solid 
substrates. The effect of the dielectric constant of solvents on the optical frequencies, as 
well as the specific interaction of the solvent molecules with the metal on the plasma 
resonances, has been examined in detail. The colloidal films produce strong 
enhancement of Raman scattering and fluorescence emission from molecules adsorbed on 
their surface. Enhancement of fluorescence was observed for fluorescein labeled 
molecules spaced 0 - 200 A away from the surface. 

Another intriguing property of the colloidal films is their ability to exhibit strong 
collective phenomena, presumably due to dipole-dipole coupling between individual 
particles when the distance between the particles becomes smaller than their diameter. 
This coupling is manifest in the extinction spectrum by the extreme sharpening of the 
exciton band relative to the plasmon band of individual particles. This appears to be the 
first observation of exciton formation as a result of intense coupling of individual plasma 
oscillation (plasmons) in small metal particles. 

Besides the potential usefulness of colloidal metal films in a number of analytical 
applications, such as enhanced spectroscopies, these substrates provide a completely new 
approach for the study of energy transfer in strongly coupled systems. We believe they 
can be used as an %ntenna” in artificial photosynthetic systems as well. 
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AN INVESTIGATION OF THROUGH-BOND COUPLING DEPENDENCE ON 
SPACER STRUCTURE 

B. P. Paulson, L. A. Curtiss, J. R. Miller, B. BalTS, G.L. Closst$ 
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

The electronic coupling interaction between a donor and acceptor is one of the least understood 
aspects of charge transfer reactions. In this work, we address the question of how electronic 
coupling is dependent on the bond angles of the spacer. Both electron transfer (ET) and hole transfer 
(HT) rates were measured for a series of compounds containing five-bond linkages between the 
donor and acceptor. Calculations of couplings were carried out using Koopman's theorem and the 
ASCF method for models of these compounds and compared with experiment. Superexchange 
calculations were used to obtain insight into the dependence of the couplings on the dihedral angle of 
the five-bond linkages. The series of compounds used to investigate the structural dependence of 
through-bond coupling have five carbon-carbon bonds separating donor and acceptor with dihedral 
angles of these linkages varying from 00 to 1800: 1,4-substituted cyclohexane, 1,4-substituted 
bicyclooctane, 1,5 substituted trans-decalin and 1,5 substituted cis-decalin. The 1,4-substituted 
cyclohexane spacer has two equivalent linkages with dihedral angles of approximately 600. The 1,4- 
substituted bicyclooctane compound has three five bond linkages with dihedral angles of about 00- 
The other two compounds studied, 1,5 substituted trans-decalin and 1 3  substituted cis-decalin, have 
1800 dihedral angles in their five-bond backbones. Therefore the compounds studied each have one 
or two or three 5-bond chains between the donor and acceptor representing three conformations, 
trans; gauche and cis : 

The measured electron and hole transfer rates of the four compounds with five-bond linkages are all 
approximately the same despite the different conformers of the linkage. The results follow the 
approximate additive relationship: 1 trans linkage z 2 gauche linkages 3 (or 4) cis linkages, i.e., 
gauche 3 1/2 trans, cis z 1/3 (or 1/4) of trans. Theoretical calculations of the hole and electron 
transfer couplings in model molecules having CH2 donor/acceptor groups are in agreement with the 
trends found from experimentally determined rates in molecules having biphenyl and naphthalene 
attached to the spacer groups studied theoretically. The calculated and measured rates agree to 
within a factor of two, with the exception of hole transfer in bicyclosctane. In this case theory and 
experiment are in sharp disagreement. The reason may be due the sensitivity of the calculations to the 
geometry. A superexchange analysis of the five-bond (cis, gauche, and trans) hgments and the full 
spacers is used to obtain insight into the dependence on spacer geometry. 

?Department of Chemistry, University of Chicago, IL 
$Deceased 
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LAYERED DOUBLE METAL HYDROXIDES AS NOVEL SUPPORTS FOR 
PHOTOCHEMICAL REACTIONS 

Marion Boja ,  Dan Robins, Michael Jakupca and P.K. Dutta 
Department of Chemistry, Ohio State University 

Columbus, Ohio 43210 

Layered double metal hydroxides (LDH's) consist of cationic metal hydroxide layers 
with neutralizing anions in the interlayer space, as shown below schematically. Our studies 
have dealt with a lithium-aluminum LDH, with the composition LiAl,(OH),+. We  have ion- 
exchanged long chain myristic acid (CH,(CHJ,,COOH) molecules into the interlayers. This 
leads to a hydrophobic environment, which acts as a partitioning medium towards nonpolar 
molecules from solution. Upon heating myristic acid-LDH, porosity is generated in the 
interlayer space, which acts as a partitioning medium towards molecules in the gas phase. 

We have incorporated titanium &oxides into the hydrophobic interlayer space, 
followed by hydrolysis to form titanium oxides. These TiO, particles can be excited by 350- 
450 nm radiation and reduce viologens in the presence of SCN- ions. For alkyl viologens, 
such as heptylviologen, the radical cation remains strongly adsorbed to the TiO, interface. 
For neutral viologens, such as PVS, the radical anion is found in solution. This indicates 
that the TiO, retains a negative charge on its surface. 

Zinc based porphyrins, containing negative pendant groups, such as sulfonate and 
carboxylate can also be ion-exchanged into the interlayers. Absorption and emission spectra 
indicate that the porphyrin is in a highly hydrophobic environment. We find that the TiO, 
can be sensitized with zinc mesotetrakis (4-carboxy)phenyl porphyrin. Photolysis of this 
material with visible light (420-630 nm) leads to formation of viologen radicals (as shown 
below) in the presence of EDTA as sacrificial 

'.U k 



POSTER #lo 

Tuning and Using the Platinum Diimine Dithiolate Excited State 

Scott D. Cummings, Zheng Lu and fichard Eise nberz 
Department of Chemistry 

University of Rochester, Rochester, NY 14627 

Research on Pt(diimine)(dithiolate) complexes has led to the discovery of numerous 
new complexes that display photoluminescence in solution. The focus of recent work has 
been to understand molecular design factors that influence the energy, lifetime, emission 
quantum yield and redox potentials of the emissive excited state, and to develop systems 
having long-lived charge-separated states for use in light-driven reactions. 

investigate the effects of molecular design on the excited-state properties of this 
chromophore. The first series comprises R(dbbpy)(dithiolate) complexes where dbbpy = 
4,4'-di-t-butyl-2,2'bipyridine and the dithiolates are I-(t-butylcarb0xy)- l-cyanoethylene- 
2,2-dithiolate (tbcda), 1-dkthylphosphonate- 1 cyanoethylene-2,2-dithiolate (cpdt), 6,7- 
di1nethy~quinoxaline-2,3-dithiolate (dmqdt), maleoniuiledithiolate (mnt) and toluene-3,4- 
dithiolate (tdt). The second series comprises Pt(diimine)(tdt) Complexes where the diimineS 
are substituted alkyl, aryl and carboalkoxy bipyridines and phenanthrolines. All of the 
compounds display solvatochromic absorption bands and solution luminescence, which are 
attributed to charge-transfer-to-diirnine excited states of the same orbital parentage. The 
excited-state energy can be tuned by approximately 1 eV through ligand variation. Solution 
lifetimes range from 1 ns to over loo0 ns and relative emission quantum yields, @ern, 
range from 6.4 x 10-3 to less than 10-5 in CH2C12. Based on these data, the nonradiative 
and radiative decay rate constants have been calculated. For the Pt(diimine)(tdt) series, the 
nonradiative decay rate constants increase exponentially with decreasing energy, in 
agreement with the energy gap law, while those for the R(dbbpy)(tdt) complexes do not 
exhibit a similar correlation. Excited-state redox potentials have been estimated for ail of 
the complexes from spectroscopic and electrochemical data. The ability to tune the driving 
force for bimolecular excited-state electron-transfer reactions has been demonstrated for 
eight of the complexes using reductive and oxidative quenching experiments. 

As part of a strategy to create long-lived charge separated excited states, a redox 
active component has been incorporated into the dithiolate ligand. SpecSically, Pt(II) 
diimine complexes having 1 ,l'-ferrocenylenedithiolate have been synthesized and 
characterized. The complexes exhibit reversible oxidations attributable to the Fc moiety, 
solution emission between 530-600 nm and solution lifetimes on the order of 10 11s. 
Efforts are in progress to link the diimine ligand, into which an electron is transferred upon 
CT excitation of the complex, with a dark reaction center at which desired light-driven 
reductions will be conducted. 

Two series of Pt(diimine)(dithiolate) complexes have been prepmd in order to 
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ELECTRON AND ENERGY TRANSFERS IN DINUCLEAR METAL COMPLEXES: 
LINKAGE DEPENDENCE 

C. Michael Elliott, Daniel Derr, Sue Ferrere, 
S. L. Larson and Susan Hendrickson . 

Department of Chemistry 
Colorado State University 

Fort Collins, CO 80523 

Homo- and heterodinuclear metal complexes have been prepared from a series of 
bisbipyridyl alkane ligands and their analogs where one of the methylene carbons has been 
replaced with a -S- or -0-. These dinuclear complexes are conformationally rigid due to the 
triple linkage (see below). A subset of these complexes exists where metal environment is 
nearly isostructural about the metal (Le., the metal-metal distances and relative ligand orien- 
tations are virtually identical even though the numbers of atoms in the linkage and their 
identity differ). These complexes thus provide an ideal opportunity to probe the involve- 
ment of the sigma bonding framework in various electron and energy transfer processes. 

Several types of transfer proces es have been examined employ g a variety of metals. 9 if Energy transfer reactions between the MLCT state of RuJiL3 and Fe L3 have been exam- 
ined and recently reported. This process appears to proceed by a Dexter-type mechanism 
and is independent of the nature of the bridge. Recently, we have fftam@d the optically 
induced intervalence charge transfer transition (IT) in a series of Fe jFe mixed-valence 
complexes which are isostructural about the metals with one another. By applying the 
methods developed by Hush the coupling, H has been established. In each case the cou- 
pling is quite weak ranging from 21 to 48 c;". Values of H12 obtained from INDO calcu- 
lations (M. S. Newton) fairly closely reproduce the experimental data. As in the energy 
transfer resuIts described above there appears to be Iittle involvement of the sigma bonds of 
the bridge in the metal-metal electronic interaction. 
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Photo-induced Electron Transfer and Geminate Recombination in Solutions: 

Experiments, Theory, and Simulations 

Stephen F. Swallen, Kristin Weidemaier, and Michael D. Faver 
Department of Chemistry 

Stanford University, Stanford, CA 94305 

Photo-induced electron transfer and geminate recombination in liquid solution are 
influenced by a wide variety of phenomena that control the overall electron transfer 
dynamics. Some of the physical factors that determine the time dependence of forward 
electron transfer from an optically excited donor to an acceptor and back transfer to the 
original donor (geminate recombination) are: particle motion, the magnitude and distance 
dependence of the forward and back transfer rates, liquid structure, hydrodynamic effects, 
the dielectric constant, Coulomb attraction of ions formed by forward electron transfer, 
the acceptor concentration, and excluded volume. A detailed theoretical description of 
the photo-induced electron transfer problem must take a11 of these factors into account. 
The problem can be studied experimentally using a combination of fast fluorescence 
measurements and ps pump-probe experiments. When an electron is transferred from an 
excited donor to an acceptor, the fluorescence is quenched. Time resolved fluorescence 
measurements can be analyzed to obtained information on forward transfer dynamics. 
Using a two color pump-probe experiment, the donor can be excited with one color and 
the concentration of ions (donors and acceptors initially neutral) can be probed with the 
second color. The observable is a convolution of the forward and back transfer dynamics. 
Since the forward dynamics are measured with the fluorescence experiments, the back 
transfer dynamics can be extracted fkom the two color pump-probe experiments. 

The analytical theory developed to describe forward transfer and geminate 
recombination for donors and acceptors randomly distributed in solution has now been 
compared to detailed simulations and shown to be exact. However, real liquid solutions 
have radial distribution functions that are not. uniform. At small distances, the number 
density oscillates about the mean density. Most electron transfer occurs in this distance 
regime. Liquid structure, with distinct sizes for the donor, acceptor, and solvent 
molecules, has been included in the analytical theory. The particle motions are no longer 
purely diffusive, since they must maintain the liquid structure. Inclusion of the liquid 
structure has a profound effect on electron transfer because it modifies the local 
concentration. For small particle separations, relative particle motion slows compared to 
that determined by the bulk diffusion constant. This is referred to as hydrodynamic 
effects. These have been included in the analytical theory, and they have been shown to 
be very important. Hydrodynamic effects have an influence on the transfer dynamics that 
is opposite to that of the liquid structure, i. e., the liquid structure increases the ensemble 
averaged rate of electron transfer while hydrodynamic effects slow the transfer dynamics. 
Electron transfer analytical calculations and simulations were also performed for donors 
and acceptors diffusing on the surface of a micelle. Time resolved fluorescence 
experiments and two color pump-probe experiments have been carried out on a number of 
systems of donor-acceptor pairs and solvents of varying viscosities. At the time of this 
writing, the data is in the process of being compared to the theory discussed above. 
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,VED MAGNETIC CIRCULAR DICHROISM (TlZMCD) 
OF REACTION INTERMEDIATES AND EXCITED STATES 

G. Ferraudi 
Radiation Laboratory 

University of Notre Dame 
Notre Dame, IN 46556 

In flash photolysis, the measurement of the optical density of transient 
species has been carried out with sufficient accuracy to observe differences between 
the absorptions of left and right circularly polarized light. This new method appears 
to be more amenable to the recording of TRMCD spectra than ellipsometric 
techniques. The TRMCD spectrum of the Al(phthalocyaninetrisu1fonate) in its 
lowest triplet excited state, 3E,, has been recorded by both methods. TRMCD spectra 
have been determined as a function of the magnetic induction intensity. These 
experimental observations suggest that the 480 nm absorption of the excited state is 
related to a transition from this multiplet to a state which is much less perturbed by 
the magnetic induction. 
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A MODEL FOR UNDERSTANDING THE SHAPE OF J-V CURVES 
OF PHOTOELECTROCHEMICAL SOLAR CELLS 

Duli Mao, Kang-Jin Kim, and A d u d J m k  
National Renewable Energy Laboratory 

Golden, Colorado 80401 

The shape of steady-state current-voltage (J-V) curves is a critical determinant of the 
performance of photoelectrochemid (PEC) solar cells. Although J-V characteristics of an ideal 
PEC d should have a predominant square-lii shape, corresponding to an abrupt drop off of 
the current near the open-circuit potential V,, J-V curves of many PEC solar cells exhibit a 
sigmoidal shape near V,. Elucidation of the basis for the deviation from the ideal square-like 
ch te r i s t i c s  of J-V curves is crucial, not only for improving the energy conversion efficiency 
of PEC cells, but also for advancing our howledge of fundamental charge-transfer processes 
occurring at semiconductor/liquid interfaces. Although several mechanisms have been proposed 
to account for sigmoidal J-V lineshapes, it has been difficult to extract quantitative information 
on the kinetics of intedkial charge bansfa h m  experimental data because multiple rate constants 
are involved, and only numerical solutions can be obtained. 

In the present study, we derive a simple analytical expression that relates the sigmoidal 
character of J-V curves near V, to a bandedge displacement or a shift in the flat-band potential 
as a function of the photocurrent. The effectiveness of the expression to account for the J-V 
characteristics of n-GaAslKOH(aq)-S~*-/Se*' and n-Si/acetone-LiC1O4-Fc+'O (fenocenium 
idferrocene) is hvestigated. A comparison of the measured flat-band potential and the deviation 
of the J-V curves from the ideal square-like shape is used to determine whether the sigmoidal J-V 
shape can be completely accounted for by the bandedge shift. Moa-Schottky (capacitance-voltage) 
measurements are made as a function of the photocurrent to obtain variations in the fiat-band 
potential, which is then correlated with J-V characteristics. Studies of n-GaAs/KOH(aq)-S~2-/Se2-/Se2- 
and n-Si/a~etone-fiClO~-Fc~~ PEC cells reveal that the theoretical and experimental J-V curyes 
are in excellent agreement. Quantitative information on the kinetics of interfacial charge transfer 
is deduced from experimental J-V curves with the aid of the derived expressions. 
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ENERGY MIGRATION OVER DEFINED DlSTANCES IN CHROMOPHORE 
-LADEN MSJLTIBLOCK COPOLYMERS 

Diana Watkins, Harold Fox, and Bo Hong 
Department of Chemistry and Biochemistry 

University of Texas at Austin 
Austin, TX 78712 

Methods for rapid, controlled placement of light absorbers; relays, and multi- 
electron catalysts at defined sites with respect to a semiconductor or metal surface are 
required if light-harvesting chemically modified electrodes are to become a practical 
reality. We have recently synthesized several such integrated chemical systems on solid 
electrodes in which spatial defmition derives from covalent attachment to a helical 
polymer backbone, finm self assembly of functionalized tethers on gold or metal oxide 
surfaces, and from layered block polymers. Electron and energy transport in these 
materials are being evaluated by photophysical and electrochemical methodologies. 

In this talk, we describe the synthesis and characterization of several new classes 
of multiblock copolymers. By using anionic polymerization methods, block copolymers 
containing variable lengths of poly-2-vinylnaphthalene (or other homologous vinylarene 
polymers) and poly-p -N,N-dimethylaminomethylstyrene have been prepared. Both ring- 
opening metathesis polymerization and group transfer polymerization have similarly been 
pursued as routes for access to multiblock polymers with low polydispersity indices. 
Both organic and inorganic electron transfer relays are being incorporated into these new 
composite polymers. 

A series of homo-, di-, tri- and tetrablock copolymers (MW = 3600 - 28,000) 
synthesized by ring-opening metathesis polymerization of em-cis-norbornenediol 
monomer units bearing various aryl chromophores (naphthalene, phenanthrene, 
anthracene, pyrene, dimethylaniline, dicyanobenzene, pentamethyl-benzene) have been 
examined by steady-state emission. Molecular modeling of four possible polymer 
conformations for both the acetal- and ketal-derived polymers qualitatively explains the 
differences in their fluorescence emissions. Similariy, arene-appended block copolymers 
have been prepared from arylisocyanides and aryl-substituted polyacrylates. lH- and 
13C-NMR and absorption spectroscopy, as well as retention behavior in gel permeation 
chmatography (polydispersity indices 1.1-1.41, show this family to exist as rigid, living, 
well-defmed, monodisperse polymers. 

The efficiency of fluorescence quenching of excimers in these block copolymers 
by the appended amino group correlates with the appearance of charged radical ions in 
the transient absorption spectrum. Conformational folding of the flexible polymer 
backbone permits strong through-space interaction of the donor-acceptor pairs in 
oligomeric models containing about twenty monomer units. The importance of this 
folding diminishes as the length of the polymer is increased, with phase-separation 
providing discrete regions for each of the blocks in the higher molecular weight 
homologs. The intermediate weight oligomers can be induced to open to an extended 
conformation by including the oligomer within a polymeric micelle. Defects in the 
polymer structure can be shown to be responsible for residual excimer emission in all 
four classes of polymers: this method can therefore be used as a diagnostic for the 
steroregularity of synthetic polymers as well as for its utility in solar energy conversion 
and in optical imaging. 
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PHOTOCHEMICAL C02 REDUCTION WITH NICHEL(II) BIPYRIIDINE 
COMPLEXES 

Yukie Mori, David J. Szalda, Bruce S. Brunschwig, 
Harold A. Schwarz, and Ftsuko Fuiia 

Chemistry Department, Brookhaven National Laboratory 
Upton, New York 11973-5000 

Nickel(0) complexes, including Nio(bpy)Z (bpy = 2,2’-bipyridine), have been 
previously used as catalysts for COz reduction t o  CO and for the C-C coupling 
reaction between alkenes (or alkynes) and CO2. We are interested in whether 
Ni(bpy)$+ (bpy = 2,2’-bipyridine) can be photochemically reduced to form a species 
that will react with C02. When an acetonitrile solution containing Ni(bpy)$+, 
triethylamine and CO2 is irradiated at 313 nm, it produces CO with a quantum 
yield of - 0.1% (CO produced / photon absorbed). 

In order to elucidate the mechanism of the photochemical C02 reduction, 
the reduced species have been studied by electrochemistry, flash photolysis, and 
pulse radiolysis. The first reduction of Ni(bpy)$+ at -1.25 V (vs SCE) in CH3CN 
has previously been explained as a two-electron seduction followed by loss of a bpy 
ligand to form Ni*(bpy)2. However, spectroscopic studies of reduced Ni(bpy)32+ 
solutions reveal a more complex behavior. While a reduced Ni(0) center is 
observed, kinetic and equilibrium spectra also show the existence of other reduced 
species. The structures of two reduced species have been determined from single 
crystal x-ray dimaction data collected using Cu Ka radiation. The crystal consists 
of a “Ni(bpy)f, a “Ni(bpy)2” dimer, and a ClO4-, indicating one Ni(1) center and 
two Ni(0) centers. 
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CARBON DIOXIDE FIXATION AND PHOTOEVOLUTION OF 
HYDROGEN AND OXYGEN IN A MUTANT OF CHLAMYDOMONAS LACKING 

PHOTOSYSTEM I 

E. Greenbaum,' J. W. Lee,' C. V. Tevault,' S. L. Blankinship,'L. J. Mets2 
'Chemical Technology Division 
Oak Ridge National Laboratory 

Oak Ridge, TN 3783 1-6194 

Qepartment of Molecular Genetics and Cell Biology 
University of Chicago 

1103 E. 57th Street 
Chicago, IL 60637 

Sustained photoassimilation of atmospheric C02 and simultaneous photoevolution of molecular 
hydrogen and oxygen has been observed in a Photosystem I deficient mutant, B4, of Chlamydomonas 
reinhdii  that Contains only Photosystem II. The data indicate that Photosystem I1 alone is capable 
of spanning the potential difference between water oxidatiodoxygen evolution and ferredoxin 
reduction. The rates of both CO, fixation and hydrogen and oxygen evolution are similar in the 
mutant to that of the wild-type C. reinhardtii 137c containing both photosystems. The wild-type had 
stable photosynthetic activity, measured as C02 fixation, under both air and anaerobic conditions, 
while the mutant was stable only under anaerobic conditions. The results are discussed in terms of 
the fbndamental mechanisms and energetics of photosynthesis and possible implications for the 
evolution of oxygenic photosynthesis. 

Simultaneous Photoevolution of Molecular 
Hydrogen and Oxygen in Wild-Type and Mutant B4 

of Chlamydomonas reinhardtii 
363 ppm CO, in Helium Helium 

Mutoni B4 

Wtld-Tw 
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INTERFACIAL EXCITONIC PROCESSES IN MOLECULAR 
SEMICONDUCTOR FILMS 

Brian A. Grerrg 
National Renewable Energy Laboratory 

16 17 Cole Blvd. Golden Colorado 8040 1-3393 

Charge generation is not instantaneous upon light absorption in molecular 
semiconductors, but proceeds through an excitonic intermediate. The exciton dissociation 
process, and the site of dissociation (bulk or interfacial), therefore play a significant role in the 
photoconversion properties of molecular materials. The importance of excitonic processes in 
molecular semiconductors is one of the major characteristics distinguishing them from inorganic 
semiconductors. One result of this difference is that descriptions of molecular semiconductors 
using the theoretical framework developed for inorganic semiconductors can be qualitatively 
incorrect in some cases, as shown here. The influence of the interfacial excitonic processes is 
enhanced by increasing the structural order of the film. Here I report a study of such processes in 
thin films of perylene bis(phenethy1imide) (PPEI) as a function of film order and compare the 
results to other organic and inorganic materials. 

Thin films of PPEI become structurally ordered when exposed to methylene chloride 
vapor resulting in substantial changes in the absorption spectrum and in increased photocurrents. 
The photocurrent spectrum resembles the absorption spectrum for disordered and for highly 
ordered films, but not for films of intermediate order. The fluorescence intensity of the film 
increases upon ordering while the Stokes shift and the width of the fluorescence band decrease. 
Surface-specific quenching of the exciton fluorescence is observed, and the degree of quenching 
increases with increasing film order, consistent with a greater exciton diffusion length in the 
ordered films. Surface films of both donors (e.g., tetraphenyl benzidine, TPD) and acceptors 
(TCNQ) are observed to strongly quench the PPEI fluorescence, while it is less strongly 
quenched by inorganic electrodes such as IT0 or Ti02. Photocunrents proportional to the degree 
of surface-induced fluorescence quenching are observed. 

Photocurrent and photovoltage spectra show that PPEI films, when sandwiched between 
IT0 as the front contact and Ag as the back contact, act as relatively well-behaved n-type 
semiconductors with Schottky barriers at the Ag contact. Applying a thin film of TPD between 
the IT0 and the PPEI inverts the photovoltaic effect and makes the front electrode the more 
photoactive contact. Thus the effect of the kinetically-driven asymmetric dissociation of 
excitons at the TPD layer overwhelms the influence of the bulk electric field (Schottky barrier) at 
the back contact. 
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ARTIFICIAL LIGHT-HA.RVESTING ARRAYS FROM COMPLEXATION OF 
PHOSPHOLIPID LANGMUIR RLMS WITH WATER-SOLUBLE PIGMENTS 

Brian W. Gregory, David Vaknin, Therese M. Cotton, and Walter S. Struve 
Ames Laboratory-USDOE and Department of Chemistry 

Iowa State University, Ames, IA 50011 

The formation of amphiphilic monolayers at the air/water interface by the 
Langmuir film technique, and the subsequent transfer of these films to solid substrates 
via Langmuir-Blodgett methodology, are an attractive route to well-ordered molecular 
assemblies. These methods are currently being used in our laboratory to create two- 
dimensional arrays for potential light-harvesting antennae. Interfacial complexation of 
a Langmuir film of a negatively charged phospholipid, dihexadecyl hydrogen phosphate 
(DHDP), with a water-soluble, positively charged macrocycle, such as tetra-(4-N- 
methylpyridy1)porphyrin (TMePyP) or tetra-(4N-methylaza)phthalocyanine (TMeAzPc), 
is being studied. TMeAzPc is well suited for antennae applications because its lowest 
energy electronic transition (unlike that of TMePyP) is strongly allowed. Although 
spectroscopically unsuitable for efficient light-harvesting applications, monolayer film 
of TMePyP with DHDP were studied as a model system in order to understand the 
structure of molecular assemblies formed via interfacial electrostatic binding. Substantial 
differences were observed in the n-A isotherms of DHDP monolayers on 106 M "IePyP 
subphases, compared to the isotherms on ultrapure H,O. This signifies the interactions 
arising from interfaaally bound TMePyP. In particular, the appearance of a large 
plateau region between 4 and 6 mN/m in the isotherm obtained on the TMePyP 
subphase is similar to the LE/LC coexistence region observed for glycerophospholipids 
such as DMPE and DPPC, and some fatty acids. UV-Vis linear dichroic measurements 
taken in a transmission mode for DHDP/TMePyP monolayers transferred to quartz 
slides evidenced mean molecular tilt angles for the TMePyP transition moment (relative 
to the surface normal) of approximately 65-75', irrespective of transfer pressure. Thus, 
TMePyP is on the average oriented nearly parallel to the DHDP monolayer plane. 
Results obtained from grazing incidence X-ray specular reflectivity for DHDP/TMePyP 
monolayers at the air/water interface and from Brewster angle microscopy of transferred 
films will also be presented. In addition, recent work with DHDP/TMeAzPc films will 
also be presented. 
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ELECTROLYTE AND TEMPERATURE EFFECTS IN PHOTOINDUCED 
INTERMOLECULAR ELECTRON-TRANSFER REACTIONS 

Catherine D. Clark and Morton 2. Hoffman 

Department of Chemistry, Boston University, Boston, Massachusetts 02215 

Photoexcited R~(bpy)3~+  is oxidatively quenched (k,) by methylviologen (MV2+) to give 
Ru(bpy)g3+ and M V +  in bulk solution (with a yield qce); the redox pair then engages in electron- 
transfer recombination (krec), which annihilates the high-energy charge-separated species. The 
conventional model of the quenching process has the geminate pair undergoing back electron 
transfer (&) in competition with cage escape (b) from the solvent cage, so that qe = kc$(kce + 
h t ) .  There have been few studies of the effects of specific electrolytes on the kinetic parameters of 
this photochemical system in aqueous solution. As part of our investigation of the molecular 
factors that affect the yields of energetic species upon the electron-transfer quenching of 
photosensitizers, we have examined the dependencies of kq, krec, and qce on the concentrations of 
added salts, ionic strength (p = 0.01-1.0 M), and temperature (10-60 OC). 

-At 25 OC for Na+ salts at constant [anion], $ and krec increase in the order CH3C02- - 
H2PO4- < HP042- - S042- <e C104-; the trend in lice is in the opposite direction. : For C1' salts of 
cations, k, and krec correlate to [Cl-I, but u p ;  the diffusional reactions of the cations are not 
affected by the nature of the cation of the supporting electrolyte. However, qce depends on the 
hydrated cation radius, decreasing in the order La3+ > Ca2+ - Li+ > Na+ > Cs+ at both constant p 
and [cation], suggesting that ion-pairing affects the tightness of the solvent cage; small cations 
interact strongly, diminishing cage escape and decreasing Q ~ .  For and km, activation energies 
are independent of concentration and the nature of the anions or cations present (-16 kJ/mol), 
except in the case of ClO4-, for which Ea is -30% lower. 

The reactant cations can be visualized as being tethered in ion-paired cation-anion-cation 
aggregates. Trends in kq and krec correlate with the sizes and standard hydration enthalpies 
(AH&) of the anions, e.g., kq increases with increasingly positive for F c C1- e Br- c I-. 
The uniqueness of C104- is due to its small hydrated radius and small negative AHh;d. Thus, it 
will be more closely ion-paired within the Ru(bpy)32+ (or R~(bpy)3~') interligand pockets, 
thereby lowering the activation barrier and increasing the rate of electron transfer due to the shorter 
distances involved. These hydrophobic properties of ClO4- also result in a lowering of the solvent 
reorganization energy compared to the other anions. The presence of ClO4- in the solvent cage 
would also be expected to increase bt, leading to lower values of qce as observed. 
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PHOTOOXIDATION OF METHIONINE-CONTAINING DIPEPTIDES AND 
TRIPEPTIDES BY TRIPLET CARBONYLS 

Bronislaw Marciniak,t*$ Gordon L. Hug,? Krzysztof Bobrowski,# and Halina Kozubeks 
?Radiation Laboratory, University of Notre Dame, Notre Dame, IN 46556, *Faculty of 

Chemistry, A. Mickiewicz University, 60-780 Poznan, Poland, and #Institute of Nuclear 
Chemistry and Technology, 03-195 Warsaw, Poland. 

The mechanism of 4-carboxybenzophenone (CB)-sensitized photooxidation of 
methionine-containing dipeptides (Met-Gly and Gly-Met), tripeptides (Met-Gly-Gly , Gly- 
Met-Gly and Gly-Gly-Met) was investigated using nanosecond flash photolysis and 
steady-state photolysis. The rate constants for quenching of the CB triplet by sulfur- 
containing peptides were determined to be in the range of (1.8 - 2.3) x lo9 M-1 s-] for 
neutral and alkaline solutions. The presence of the various electron-transfer intermediates 
accompanying the CB triplet quenching events was identified through the use a multiple- 
regression procedure that was used to resolve the experimental transient spectra into 
components. The intermediates identified were the CB ketyl radical anion, the CB ketyl 
radical, intermolecularly (S 2. S)-bonded radical cations, and intramolecularly (S :.N)- 
bonded radical cations derived from peptides. The spectra of appropriate (S:.S)+ and 
(S :.N)+ intermediates for the peptides were determined from complementary pulse 
radiolysis studies in acidified aqueous solutions of the peptides. The presence of the 
intermediates were found to depend on the pH of the solution and on the location of the 
methionine unit. The quantum yields of all the transients and the kinetics of their formation 
and decay were measured by flash photolysis, and quantum yields of C02 formation were 
measured by steady-state photolysis. These results were based on the resolution of the 
spectral components in the transient absorption spectra at various delays after the flash. 
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Intramolecular Electron Transfer Across Amino Acid Spacers. 
Do %ways” for Electronic Coupling Govern the Kinetics? 

G. Jones, II, and Lily N. Lu 
Department of Chemistry, Boston University, Boston MA02215 

and 
Scott R. Greenfield, David J. Gosztola, and Michael R. Wasielewski 

Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439 

Peptide oligomers consisting of the naturally occurring amino acids, L-tryptophan 
(Trp), and L-alanine (Ala) have been prepared. These amino acid derivatives contain a 
chromophoric pyrenesulfonamide (Pyr) group, covalently bound at a peptide N-terminus, 
and an electron donor moiety, dimethylphenylenediamine (DMPD) located at the C- 
terminus. The Trp residues were selected as links having potentially “reactive” side chains 
(indole rings that provide ‘II: bonds in positions neighboring peptide chains), whereas 
alanines served as “inert” spacers. Photochemical electron transfer involving the bound 
chromophore and the peptide chains has been investigated using Tihapphire laser excitation 
(4 10-420 nm) with sub-picosecond resolution. The return (charge recombination) rate 
constants for electron transfer between excited pyrene and Trp or DMPD groups occur in 
the 10-100 psec time regime. The rate constants depend in a subtle way on the substitution 
pattern (distance between terminal groups) and provide an example of “inverted region” 
behavior for a modified biopolymer system (EO for Tip and DMPD, D+ -> D, = 1 .O V and 
0.53 V vs SCE, respectively). 

The systematic placement of Trp moieties in tripeptides (e.g., Pyr-Ala-Trp-Ala- 
DMPD) offers a unique look at the role of the aromatic side chain in the Trp moiety in 
controlling the rate of long range electron transfer in a protein model system. The results 
are consistent with (a) a systematic fall-off of rate for charge recombination with distance 
(number of intervening residues - peptide bonds) and (b) a moderate influence of Trp side 
chains (ca. 3-fold effect) on rates of back electron transfer between Pyr and DMPD groups. 
The strong implication is that electronic coupling between electroactive chain ends is 
dictated primarily by the network of peptide backbone bonds (i.e., through-bond 
coupling). A superexchange mechanism dominated by involvement of the “‘II:-way” of 
intervening indole aromatic rings is not favored. 
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MODULATION OF PHOTOSENSITIZED CHARGE INJECTION PROCESS WITH 
AN EXTERNALLY APPLIED ELECTROCHEMICAL BIAS 

-, Idriss Bedja, and Surat Hotchandani 
Radiation Laboratory, University of Notre Dame, Notre Dame, Indiana 46556 

Photosensitization efficiency of dye-modified semiconductor electrode is strongly 
dependent on the applied bias. It si@icantly decreases when the applied potential is close to the 
flat band potential of the semiconductor. Such a decrease can arise from the lack of driving force 
for charge injection or an increase in the rate constant of reverse electron transfer process. 
However, to date no direct evidence has been presented to clarify the way the applied bias 
controls the charge injection efficiency. We have now succeeded in carrying out in situ spectro- 
electrochemical measurements for investigating the effect of applied bias on the charge injection 
from excited sensitizer into semiconductor nanocrystallites. Recent results that describe the 
transient absorption and emission measurements of nanocrystalline Sn02 frtms modified with 
Ru(2,2'-bipyridine)2(2,2'-bipyridine-4,4'dicarboxylic acid), Rum, are presented. 
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Figure l(a) shows the transient absorption spectra recorded under anodic (+O.ZV) and 
cathodic bias(4.8 V). The spectrum recorded at -0.8V closely matches the spectral characteris- 
tics of excited Ru(II)* on inert oxide surfaces such as silica. The spectrum recorded at 4.2 V 
shows the formation of Ru(II1) as a result of charge injection from excited Ru(n) into Sn02 
nanocrystallites. These results show that the applied bias has a direct influence on the charge 
injection process. The electron transfer from excited Ru(II)* is suppressed at a bias more 
negative than the flat band potential. Under these conditions electrons accumulate within the 
semiconductor nanocrystallites and shift the pseudo-Fermi level to more negative potentials. 'Ihis 
in turn decreases the driving force for the charge injection. The dependence of apparent rate 
constant kt on the applied potential is shown in Figure l(b). Additional support for the sup- 
pression of the charge injection process at negative bias has been obtained from emission experi- 
ments which show a significant increase in the emission yield at negative applied potentials. 
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ELECTRON TRANSFER PROPERTIES OF [OsW(TMC)(O)@+ IN 
AQUEOUS SOLUTION 

IC A. Kelly, David Szalda, Carol Creutz, Harold Schwarz and Norman Sutin 
Chemistry Department, Brookhaven National Laboratory 

Upton, New York 11973-5000 

The complex [Osm(TMC)(O)2]2+ is a powerful photo-oxidant (Schindler, 
S.; Castner, E. W.; Creutz, C.; Sutin, N. Inorg. Chem. 1993,32,4200-4208). The 
ligand-field excited state emits in the red (Am= = 620 nm) with a lifetime of 1.0 
ps in aqueous solution (0.5 M ionic strength). The trans-dioxo symmetry and 
equatorial coordination of the tetraazamacrocycle has been confirmed by a single 
crystal x-ray diffraction study of [OsVI(TMC)(O)21(PF6)2. 

osmium(vI)/osmiumO couple, pulse radiolysis techniques have been used to  
study the approach to equilibrium (eq l), 

In an effort to better characterize the electron transfer properties of the 

(1) 
OS~(TMC)(O),+ + BQ =, OS~(TMC)(O),~’ + BQ-- 

where BQ is 1,4-benzoquinone. From the known potential of the BQ/BQ.- couple, 
and the equilibrium constant for eq 1, E(Os(TMC)(0)22+/+) pH 7,O.l M ionic 
strength, is estimated to be +50 mV. This places the ligand-field excited state 
reduction potential at +2.23 V vs. NHE. Further, with knowledge of the forward 
and reverse rate constants for eq 1 and the self-exchange electron-transfer rate 
constant for BQ/BQ.-, the Os(TMC)(O)22+/+ self-exchange rate constant is 
estimated to be 1.0 x lo5 M-1 s-1. 

The self-exchange rate constant and reduction potential with quenching 
data obtained by Schindler et al. were used to reevaluate the self-exchange rate 
constants for a series of small inorganic anions. The radicdanion couples are of 
interest in understanding the redox processes of these species. Details of these 
studies will be presented. 
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PROPERTIES OF CAROTENOID CATION RADICALS 
AND DICATIONS AS DEDUCED BY OPTICAL, ELECTROCHEMICAL AND 

MAGNETIC RESONANCE MEASUREMENTS 

A. S. Jeevarajan, G. Gao, C. C. Wei, J. A. Jeevarajan, 
E. Hand and Lowell D. KisDerl 

Department of Chemistry, The University of Alabama 
Tuscaloosa, AL 35487 

Even though the importance of carotenoids in photosynthesis as an auxiliary antenna 
pigment and as a photoprotector is well established, the potential role of the carotenoid cation 
radical and the dication formed during oxidation is not understood. Further, to utilize the 
photoprotect properties of carotenoids in artificial solar devices, it is important to understand the 
decomposition processes. As part of this research effort, we have carried out optical double 
pulse experiments, Resonance Raman (RR) measurements, and CIDEP studies at 35 GHz in 
collaboration with professors R. Fessenden (Notre Dame), T. M. Cotton (Arnes, IA) and M. D. 
E. Forbes (University of North Carolina). Combining these results with recent variable 
temperature electrochemical, optical and magnetic resonance studies of synthetic carotenoids 
with different donor/acceptor substituents have yielded new insights into the properties of the 
carotenoid cation radicals and dications. 

In the double pulse experiment, the cation radical is first formed with a 308 nm pulse 
using a Lambda Physik XeCl excimer laser. Preliminary experiments show that light from a 
second pulse at 1064 nm from a Nd-YAG laser is indeed absorbed. Results from these studies 
will be described. The RR spectrum of the electrochemically formed S'-P-apo-caroten-S'-al (I) 
cation radical indicates the presence of strong absorption at 1545 cm-1 and the absence of the 
1524 cm-1 and the 1 156 cm-1 lines due to the C=C stretching and C-C stretching modes of the 
neutral molecule, respectively. The changes in the absorption suggests delocalization of the 
unpaired electron through the entire carbon back-bone which is consistent with our previous EPR 
and ENDOR results. The time-resolved polarized EPR spectra, generated photochemically at 
308 nm in CCl4 solution and measured at 35 GHz, show the signal from the anion radical of the 
solvent resolved from that of the cation radical. The electron transfer state of the carotenoids is 
the excited singlet state as deduced from the polarization pattern. 

Simultaneous variable temperature electrochemical and optical measurements have shown 
that cis isomers are formed during the electrochemical oxidation. A number of the isomers have 
been isolated by HPLC techniques and identified by NMR and optical measurements. AM1 
molecular orbital calculations have been carried out. From the relative energetics of the neutral 
carotenoid and its cation radicals and dications plausible isomerization mechanisms have been 
deduced. 

CHO 
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MECHANISTIC ASPECIS OF PHOTOCONVERSION AT SEMICONDUCTOR 
-LIQUID JUNCTIONS AND IN FACILITATED TRANSPORT MEMBRANES 

Carl A. Koval, Markus Groner, Thanh To, David Watts 
Department of Chemistry and Biochemistry 

University of Colorado, Boulder, CO 80309-0215 

A successful redox system in the elucidation of "hot" electron transfer at a 
semiconductor-solution interface has been pInP/decamethylferrocene, 
dibromoethylbenzene.1 This system employs the DFERO/+ redox couple to poise the 
band edges of the semiconductor and to accept thermalized electrons insuring stable 
band edges under illumination. DBEB accepts hot electrons which enter the 
solution at more reducing potentials. The reduction of benzylic halides like DBEB 
proceeds by a concerted, chemically-irreversible mechanism,* and is therefore ideal 
for trapping hot electrons. The halide product allows for an electrochemical, 
quantitative determination of the hot electron quantum yield. 

does not poise the band edges of p-InP negative enough to allow for energy storage 
during hot electron detection. Also, other semiconductors, needed for the detection 
of wavelength dependent, hot electron processes, such as p-GaAs/&.3Ga0.7As 
superlattice electrodes, do not exhibit stable photocurrent with DFER. Thus it is 
important that other systems be found for trapping hot electrons. Other derivatized 
metallocenes with more negative Eo's exhibit stable photocurrent, yet react 
sufficiently slowly with hot electron acceptors such as DBEB. Additional benzylic 
hot electron acceptors have been synthesized and the kinetics of their homogenous 
reactions with the other metallocenes were determined. 

stepwise EC mechanism in which the initial step is a reversible electron addition, 
followed by a kinetically -limited halide elimination.2 Different aryl halides exhibit 
a range of reduction potentials and varied rates of halide elimination. These 
compounds should provide useful insight into the kinetics of a variety of 
photoreduction processes at semiconductors. Results for aryl halides as potential 
hot electron acceptors will also be presented. 

The above system is limited in its utility.- The reduction potential of DFER 

In contrast to benzylic halides, the reduction of aryl halides proceeds by a 

1. Koval, Carl A.; Torres, Robert, J. Am. Chem. SUC. (1993), 115, 8368. 
2. Saveant, Jean M., Adv. Phy. Org. Chem. (1990), 26, 1-130. 
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AN X-RAY PHOTOELECTRON SPECTROSCOPIC AND CHEMICAL 
REACTIVITY STUDY OF ROUTES TO FUNCTIONALIZATION OF ETCHED 

INP SURFACES 

Marcel Sturzenegger and Nathan S. Le wis 
Department of Chemistry, California Institute of Technology, Pasadena, CA. 9 1 125 

Although InP is widely-used in optoelectronic  application^,^-^ little is known about the 
surface chemistry of this important semiconductor. Modification of the InP surface is potentially 
important as a route to introduce functional groups for the stabilization of InP photoelectrodes? to 
control the surface recombination properties of InP-based electrical devices:.6 to study electron 
transfer from a solid to a redox-active donor at a futed distance from the solid? * to control 
nucleation and growth of metals on semiconductorsp and for use in optically-linked chemical 
sensing applications.1o To our knowledge, the only prior investigation of the derivatization of 
etched InP surfaces is the work of Spool et al.," in which the face-selective reactivity of InP with 
benzyl bromides prompted the proposal that the reactivity of the P-rich, (1 1 1)-B face of InP was 
dominated by the lone pairs of the terminal P surface atoms. 

The reactivity of the P rich, (1 1 1)B face of indium phosphide (I@) has been probed with a 
variety of organic reagents. The surface reacts with alkyl iodide, benzyl bromide and silyl chloride 
react to yield persistently attached organic functional groups. The (1 1 l)B face also reacts with the 
two esters pCF3C&COOC12HMr and p-CF3C&COOC12€i25 to yield persistently attached 
CF3 groups. The XPS data gave strong evidence that the esters were cleaved by the surface, 
producing persistently attached pCF3C&COO- groups. No detectable reaction of the surface 
occurred with (C2Hg)O+BF3, and negligible quantities of surface-confined anion were detected 
after reaction of InP with benzyl bromide. High resolution X-ray photoelectron spectra showed 
that the etched (1 1 1)-B surface is essentially free of indium phosphate but possessed a terminating 
layer of oxidized P atoms. The XP spectra further showed that these oxidized P species exhibited 
no detectable change in binding energy after the functionahation process. These experiments 
indicate that the reactive functional groups on the InP (1 1 1)-B surface are -OH groups, as opposed 
to lone pairs on exposed unoxidized P atoms. The identification of reactivity that is characteristic of 
surface-bound -OH groups has led to a set of gene& routes to the modification of this 
semiconductor surface. 

(1) Sze, S. M. Semiconductor Sensors; Wiley: New York, 1994. 
(2) Indium Phosphide and Related Materials: Processing, Technology and Devices; Katz, A., 

Ed.; Artech House: Boston, 1992. 
(3) Sze, S. M. Physics of Semiconductor Devices; 2nd ed.; Wiley: New York, 1981. 
(4) Bocarsly, A. B.; Walton, E. G.; Wrighton, M. S. J. Am Chem SOC. 1980,102, 3390. 
( 5 )  Heller, A. In Phutoejcects at Semiconductor-Electrolyte Interfaces; A. J. No&, Ed.; 

American Chemical Society: Washingtion, D.C., 1981; Vol. 146; pp 57. 
(6) Parkinson, B. A.; Heller, A.; Miller, B. J. Electrochem. Soc. 19'79, I26,954. 
(7) Lewis, N. S. In Annu. Rev. Phys. Chem.1991; Vol. 42; pp 543. 
(8) Rosenwaks, Y.; Thacker, B. R.; Nozik, A. J.; Ellingson, R. J.; BUK, K. C.; Tang, C. L. J. 

Phys. Chem. 1994,98, 2739. 
(9) Nakato, Y.; Tsubomura, H. Electrochim. Acta 1992,37, 897. 
(10) Moore, D. E.; Lisensky, G. C.; Ellis, A. B. J. Am. Chem SOC. 1994,126,9487. 
(1 1) Spool, A. M.; Daube, K. A.; Mallouk, T. E.; Belmont, J. A.; Wrighton, M. S. J. Am. 

Chem SOC. 1986,108, 3155. 
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MODE-SELECTIVE INTRAMOLXCULAR PHOTOASSOCIATION IN A SUPERSONIC JET 

Tapas Chakrabortyf and Edward C. Lim 
Knight Chemical Laboratory, The University of Akron 

Akron, OH 44325-3601 

Intramolecular photoassociation in a supersonic jet, leading to the formation of an exciplex 
or excimer, has been studied for a van der Waals complex (anthracene/l,4aimethoxybenzene) as 
well as a bridged diary1 compound (1,3-diphenylpropane), using frequency-domain experiments 
involving lascr-induced fluorescence. For relatively low excitation energies (but above the 
thnshold energy for phomassocm * 'on), where intramolecular vibrational redistribution (IVR) is not 
expected to be dissipative, both molecular systems exhibit exciplex/excimer formation whose 
efficiency varies rather strongly on the nature of the initially excited vibrational state of the 
chromophore (the anthracene or phenyl group). Thus, the ratio of the intensity of the 
exciplex/excimer fluorescence (IE) to that of the fluorescence from the locally excited state (IL) of 
the chromophore, which is a measure of the relative quantum yield of the intramolecular 
photoassociation, is not a smoothly varying function of the vibrational energy within the initially 
excited chromophore. In the case of the jet-cooled diphenylpropane, with more than one major 
geometrical isomers, the mode-selective excimer formation is also conformation dependent. 
At much higher excitation energies, both systems exhibit a simple monotonous depndence 
of the I& ratio on photon energy, indicating that dissipative IVR occurring at large excess 
energiesleads to an effective erosion of the mode selectivity. This is consistent with the 
fact that in the fully communicating "statistical limit" case of complete IVR, the rate of 
intramolecular dynamics is expected to be an exponentially increasing function of the excess 
vibrational energy that can be modeled using an RRRM scheme. The mode-selective 
photoassociation we report here represents the first observation of its kind to the best of our 
knowledge. 

fPresent address: Department of Chemistry, Indian Institute of Technology-Kanpur, Kanpur 
20816, INDIA 
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POLARIZED NMR SIGNALS RESULT FROM CYCLIC ELECTRON TRANSFER IN 
Q-DEPLETEDREACI’IONCENTERS 

and Martin Zysmilich 
Department of Chemistry, Columbia University 

New Yak, New Yo& 10027 

We have used the Chemically Induced Dynamic Nuclear Polarization (CIDNP) process 
to observe the NMR spectra of lSN-labdd photosynthetic reaction centers. In simple echo- 
detected Bloch decay spectra collected under magic-angk spinning (MAS) with or without 
proton deumpling, we detect nuclear polarization for the nitrogens in the tetrapyrroles of the 
bacteriochlorophyll special pair (“P”), associated imidazoles and the primary acceptor 
pheophytin (‘‘I”) that are far from Bolmann equilibrium. The resulting NMR lines are emissive 
and 300 times the intensity of the thermaUy relaxed nuclei. We do not observe the polarization 
if the quinones are present and pre-oxidized. The signals presumably result from a transient 
non-equilibrium mixing of the singlet and triplet states of the initially f m e d  charge transfer 
pair, P I - .  Selectively labelled samples have been used to assign the signals, and ongoing 
efforts are aimed at extensions to the plant reaction centers. 
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POSTER #30 

CHARGED AND POLAR GROUP EFFECTS 
ON THE ELECTRONIC PROPERTIES OF CHLORTNS 

D. Melamed, K. M. Barkigia, A. R. Morgaqa and 3. Fajer 

Department of Applied Science, Brookhaven National Laboratory 
Upton, New York 11973 

PDT Pharmaceuticals 
Santa Barbara, California 93 1 17 

a 

The primary charge separation in photosynthesis creates cations and anions that lie in close 
proximity to each other and to the other chromophores in the reaction centers. INDO/s calculations 
of the electrochromic or internal Stark effects of the charged species on the Qy transitions of 
neighboring bacteriochlorophylls and bacteriopheophytins predicted trends consistent with the 
spectral changes observed as electron transfer proceeds in bacterial reaction centers. The calculations 
also predicted distinct patterns of electrochromic responses for bacteriochlorins and chlorins which 
depended on the sign (+ or -) and specific placement of the perturbing charges. 

Interest in the use of porphyrin derivatives as sensitizers for photodynamic therapy recently 
yielded a class of chlorins with a common macrocycle but with different peripheral substituents that 
modulate the spectral properties of the chromophores. In accord with the trends predicted 
theoretically, significant red-shifts are observed in a crystallographically characterized series of 
bemchlorins that includes the basic benzochlorin fiamework, a polar formylvinyI substituent, and 
a charged M u m  group (see molecular structure below). 

The above results for the peripherally-modified synthetic chlorins suggest that the spectral 
properties of photosynthetic reaction centers and antennae can be predictably altered by introducing 
charged salt bridges or highly polar residues at specific sites near the chromophores, alterations made 
possible by recent advances in mutagenesis or chromophore exchanges. 

Me 

Et' 
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POSTER #3 1 

SYNTHESIS AND OPTICAL PROPERTIES OF Gap, InP 
AND GaInP, QUANTUM DOTS 

0. I. MiCiC, J. R. Sprague, C. J. Curtis, and A. J. Nozik 

National Renewable Energy Laboratory 
1 617 Cole Blvd., Golden, CO 80401 

Quantum dots (QDs) of InP, GaP and GaInP,! with diameters ranging from 20-65 8, were 
synthesized as well-crystallized nanoparticles with bulk zincblende structure. The synthesis of 
InP, GaP and GaInP, QDs was achieved by heating appropriate organometallic precursors with 
stabilizers in high boiling solvents for several days to produce QDs which can be dissolved in 
nonpolar organic solvents, forming transparent colloidal QD dispersions. The high sample quality 
of the InP and GaP QDs results in excitonic features in the absorption spectra. 

Well-crystallized GaP QDs with average diameter of 20 8, and 30 8, showed optical absorption 
spectra that are blue shifted from the bandgap of bulk GaP and they also show excitonic peak 
positions for the direct transition. The GaP QD colloids exhibited very intense (quantum yields 
of >lo%) visible photoluminescence at morn temperature. 

Ternary QDs of GaInP, were synthesized with a well-crystallized zincblende structure and lattice 
spacing between InP and G a p  this is the first time synthesis of ternary semiconductor QDs. 

The QDs were characterized by TEM, powder x-ray diffraction, steady state optical absorption 
and photoluminescence spectroscopy, ps to ns transient photoluminescence spectroscopy, and fs 
to ps pump-probe absorption (i.e., hole-burning) spectroscopy. Photoexcitation of the InP QDs 
produced a bleached state within 250-300 fs; the bleached state exhibited a very long decay time 
(> several hundred ns). The PL lifetimes for InP, GaP, and GaInP, QDs were found to be - 500 
ns, -10 ns, and -10 ns, respectively. 



POSTER #32 

MEASUREMENT OF SOLVENT REORGANIZATION ENERGY IN 
INTRAMOLECULAR ELECTRON TRANSFER 

John R. Miller, Basil P. Paulson and Tomokazu Iyoda 
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

Pulse radiolysis measurements of ET-rates are exceptional in their ability to delineate the effects 
of the different energetic and structural variables that control ET rates. But the pulse radiolysis 
method shares with other methods the difficulty that, as distance is changed, both the electronic 
coupling and the solvent reorganization change. In the past it has been possible to only approxi- 
mately separate the effects of these variables with measurements of biphenyl-spacer-naphthyl 
compounds in THF. For example, the rate changes by a factor of 10o0, going from 5- to 10-bond 
separation when the 1,4 C and steroid spacers are used, but it is not clear how much of this 
change in rate is due to the change in solvent reorganization energy. Measurements in a non- 
polar solvent would clarify the situation, but these rates are too fast to measure, except for the 
longest compound, the steroid. It seemed likely, however, that highly exoergic transfer to 
benzoquinone, which is greatly slowed in nonpolar isooctane, would be measurable at a short 
distance. Shown below are three compounds specifically designed for this purpose. They have a 
five-bond separation, and a hexyl tail is added to ensure solubility in the nonpolar solvent. 

9FCQ 2FCQ BCQ 

Rates of electron transfer to the quinone group in anions of these compounds in isooctane are 
1.5,2.5 and 6.9~108 s-1. For the latter two of these we have the corresponding steroids for which 
the rates are slower by factors of k(2FCQ)k(2FSQ)=96 and k(BCQ)/k(BSQ)=192. The former 
is less certain due to uncertainties in the very slow 2FSQ rate. These changes of rate with 
distance should reflect purely differences in electronic coupling, because there is almost no 
solvent reorganization energy in isooctane, and because the rates for these highly exoergic ET 
reactions are only moderately sensitive to the solvent reorganization energy. Comparison with 
the naphthyl compounds would indicate that in THF the rate changes by approximately factor of 
five due to the distance dependence of the solvent reorganization energy. 

A pleasant bonus is that for these compounds the ET rates are also measurable in THF, where it 
had been possible earlier to measure rates of the weakly-exoergic ET rates in similar compounds 
containing naphthalene as the acceptor. A reasonably simple analysis indicates that when both 
strongly exoergic (to quinone) and weakly exoergic (to naphthalene) rates are known, then with 
reasonable assumptions based on known information, the solvent reorganization energy can be 
measured. at the three different. With these molecules the solvent reorganization energy is 
obtained at three distances. The results will be used to discuss the distance-dependence of 
solvent reorganization energy in an organic solvent. 
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POSTER #33 
FEMTOSECOND STUDIES OF SURFACE REACTION DYNAMICS: 

CRITERIA FOR HOT ELECTRON REACTION CHANNELS 

C. Bonner, S. Diol, C. A. Schmuttenmaer, J. Cao, Y. L. Gao, and ;& J. Dwavne 
Department of Chemistry and Institute of Optics 

University of Rochester 
Rochester, NY 14627 

The concept of hot electron transfer to molecular acceptors at semiconductor liquid 
junctions has been proposed as a means to avoid heat losses and double the theoretical maximum 
solar energy conversion efficiency (33% -+ 66%) for semiconductor based solar cells. In order 
for this process to be feasible, the dynamics for interfacial electron transfer must be faster than 
carrier thermalization at the surface (following field acceleration). The practical issues of this 
concept touch on an important fundamental issue, Le., What is the degree of electronic coupling 
possible between the highly delocalized states of the surface and the more discrete states of the 
molecular acceptors. There is also a secondary issue related to solvent dynamics at charged 
interfaces. In order for the intedacial charge transfer dynamics to compete with carrier relaxation, 
the electronic coupling must be in the adiabatic limit and the nuclear relaxation in the liquid half 
space of the reaction coordinate must occur faster than electron relaxation in the solid state half 
space. We currently have very little information on these fundmental aspects. 

Most treatments of interfacial charge transfer assume that non-adiabatic conditions apply to 
the surface reaction coordinate. We have shown previously that interfacial hole transfer can occur 
on 1-2 picosecond time scales at GaAs(100)/Se*-’- aqueous contacts. These surface hole 
dynamics are consistent with near adiabatic description for the electronic coupling between the 
discrete molecular acceptors and the delocalized band states, at aqueous electrode surfaces. In 
addition, the reaction dynamics are comparable to carrier cooling rates extrapolated from bulk 
studies. These results suggest hot electron transfer as a viable channel; however, the carrier 
relaxation needs to be detennined directly at the surface and the dynamics of other less strongly 
bound acceptors (outer sphere acceptors) needs to be investigated to determine whether this is a 
general phenomenon. We will report on the first 10 femtosecond time resolution studies of 
electron relaxation at semiconductor surfaces [GaAs( loo)]. Extremely fast 10-50 femtosecond 
components are observed in device grade mateMs for excess energies of more than 0.3 eV. The 
reiaxation is comparable to that in metals. In contrast, the electron cooling dynamics are found to 
be nearly an order of magnitude slower at MBE grown, pristine surfaces, which we attribute to 
previously unresolved surface effects and (underestimated) electron-electron scattering. These 
observations suggest the possibility of controlling electron cooling rates through structural 
properties. The same MBE grown surface quantum wells (As cappeddecapped under UHV) 
have been examined in situ with ferrocene redox couples. Concentration dependent decay profiles 
for photoexcited electrons have been observed (via quenching of radiative recombination) which 
supports the concept of appreciable electronic coupling to even weakly physisorbed acceptors. 
Similar results have been attained using surface grating studies of Si liquid junctions where a clear 
distinction between electron and hole transfer dynamics have been made. Estimates of capture 
cross sections place this class of acceptors in the weakly adiabatic regime, i-e., the electronic 
coupling is not sufficient to perturb the nuclear activation barrier significantly. Fast charge 
transfer dynamics are only expected for optimally poised acceptor distributions with respect to the 
energetics. These results will be discussed in the context of determining the branching ratio 
possible between hot and thermalized electron transfer channels. 

131 



EXCITED-STATE DYNAMICS OF MONOMERIC 
BACTERIOCHLOROPHYLL-a IN SOLUTION 

V. Nagarajan 

Seattle, Washington 98 195 
Department of Biochemistry, University of Washington 

Bacteriochlorophyll (BChl), a magnesium tetrahydroporphyrin, is a 
major pigment involved in both energy transfer and electron transfer in 
photosynthetic purple bacteria. Picosecond and subpicosecond 
spectroscopic studies of BChl-a in vitro, in polar solvents, have indicated 
spectral changes due to solvent dielectric relaxation in the first few 
picoseconds1 and intramolecular vibrational relaxation possibly preceding 
it on the subpicosecond time scale2. This poster will discuss recent results 
from a pump-probe experiment in which spectral evolution in the 770 - 
870 nm region is studied, following excitation of the long-wavelength (780 
nm), Q y  absorption band with - 20-fs pulses. 
vibrational and dielectric relaxation effects. 

We attempt to delineate 

1. Becker, M., Nagarajan, V. and Parson, W.W., J. Am. Chem. SOC., 113, 6840 
(1991). 
2. Savikhin, S. and Struve, W.S., Biophys. J., 67, 2002 (1994). 
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POSTER #35 

PERTURBATION ERRORS INTRINSIC TO 
SUPEREXCHANGE PATHWAY CALCULATIONS 

Conrad A. Naleway, Larry A. Curtiss, and John R. Miller 
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

In previous studies, electronic coupling in donor/acceptor systems has been investigated using a 
superexchange pathway method utilizing the natural bonding orbitals (NBOs) obtained from ab initio 
molecular orbital calculations. The coupling can be calculated by perturbation theory using methods 
originated by McConneH. Eq 1 gives the coupling v k  for the kfh path from donor to acceptor in 
terms of site-to-site coupling elements and energy differences Pij and Bi (eq I) ,  and eq 2 gives the 
total coupling as the algebraic sum over all paths : 

vk = X ( -  pi$ /a(-%) (1)  

Vtotals vk (2) 

The pathway method is inexact due to two primary types of error typical of perturbation methods. 
Type 1 error is the inaccuracy of eq 1 for computing the coupling in a single path. Within a given 
Hamiltonian such an error can be removed by diagonalization of the elements involved in that path. 
Type 2 error concerns interference between paths with each other affecting the additivity leading to 
inaccuracy in eq2. Both errors are small when p/B is small. 

This study centers on Type 1 error and compares the coupling for an individual path from pathway 
calculations using the McConnell perturbation method, Green's function calculations, and 
diagonalization of individual paths. Compared to diagonalization, the McConnell method generally 
underestimates the coupling as P/B increases, while the Green's function method overestimates the 
coupling as p/B increases. Diagonalization of symmetric paths can easily be evaluated. 
Diagonalization of non-symmetric paths requires an approximate, iterative approach. These solutions 
were examined using time-dependent perturbation theory to evaluate both coupling periods and 
degrees of electron transfer. The study further addresses the effect of Type 2 error by looking at the 
effect of increasing @J3 on diagonalization of multiple paths as contrasted to individual paths. 

The study further examines the use of the pathway method to determine the coupling of 
donor/acceptors with cyclohexane-type spacers. Special attention was directed to attempting to 
identify the source of reported earlier of the triplet alpha orbitals. These studies suggest that the 
convergence problems may be due to extremely long paths including nine or more bonds, and may be 
due to Type 2 error. 
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POSTER #36 

RADIOLYTIC REDUCTION OF RHODIUM PORPHYRINS 

P. Neta and J. Grodkowski 
National Institute of Standards and Technology, 

Gaithersburg, Maryland 20899 

Since rhodium porphyrins have been shown to catalyze the reduction of water 
and carbon dioxide, we studied the reduction of rhodium porphyrins by radiolytic 
techniques in an attempt to shed light on the intermediates involved in such 
processes. Rhodium(1II) tetramesitylporphyrin (Rh"'TMP) undergoes radiolytic 
reduction in deoxygenated alkaline alcohol solutions to produce a transient RhI'TMP 
and then a stable Rh'TMP. When the solvent was 2-PrOH and [KOHJ >0.02 mol L', 
the radiolytic yield of reduction was considerably higher than the total yield of 
reducing radicals, indicating a chain reaction. The chain propagation process is 
suggested to be a reaction of the intermediate Rh"TMP with the solvent and the 
base to yield Rh'TMP and an additional reducing radical, (CH&CO-. No chain 
reaction was observed with FOH] < 0.01 mol L-' or when the solvent was MeOH. 
With pyridine as an axial ligand, reduction occurs first on the porphyrin ring to yield 
Rh"'TMP--, which then yields the stable Rh'TMP. Further radiolytic reduction of 
Rh'TMP in 2-PrOH takes place at the porphyrin macrocycle to yield the chlorin and 
more highly reduced products. In contrast. under neutral or acidic conditions the 
main products of radiolysis are alkyl-Rh"'TMP. These are produced by reaction of 
Rhl'TMP with the allyl radicals produced concurrently by the radiolysis of the 
solvent (CH, and (CH,),COH in 2-PrOH). Further one-electron reduction of awl-  
Rh"'TMP occurs at the porphyrin ligand to produce a transient rr-radical anion. In 
alkaline solution, this transient species eliminates the alkyl radical and forms the 
stable RhlTMP, but in neutral or acidic solutions, protonation promotes disproportio- 
nation to form alkyl-Rh'"-chlorin and then alky1-Rh"'isobacteriochlorin upon further 
reduction. In the presence of CO,, the radiolytic reduction yields are increased due 
to more effective scavenging of the e, and more efficient transfer of reducing 
equivalents to the porphyrin. W-photolysis of Rh"'"IP in acetone/2-PrOH 
solutions gave similar products, i.e. allryl-Rh1"TMP and its subsequent reduction 
products. Visible light photolysis of Rh'"TMP in deoxygenated 2-PrOH solutions 
containing triethylamine as a reductive quencher produced Rh'TMP, HRh"'TMP, or 
alkyl-Rh'I'TMP, in total yields and relative concentrations that were dependent on 
other additives (C02, acetic acid). In all these experiments, no reaction was detected 
between Rh'TMP or HRh"'TMP and CO,. However, after extensive irradiation, a 
small amount of CO, was found to be reduced to CO, probably via a highly reduced 
product from RhP. 
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POSTER #37 

THEORETICAL AND COMPUTATIONAL STUDIES OF DONOWACCEPTOR 
COUPLING AND MEDIUM FBORGANIZATION IN ELECTRON TRANSFER 

PROCESSES 

Marshall D. Newton 

Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973-5000 

Two of the crucial quantities controlling the kinetics of electron transfer ( e t )  in 
polar media (the solvent reorganization energy h, and the electronic coupling element, 
HDA, linking local donor and acceptor sites) have been evaluated for several 
intramolecular et processes, employing a b  initio Hartree Fock or all-valence 
semiempirical (INDO) configuration interaction (CI) wavefunctions, self-consistently 
determined in the presence of polarized dielectric continua. A major thrust of the 
program at present is to develop and apply techniques to a broad class of electron-transfer 
processes including especially, optical and photo-initiated processes involving excited 
states, whose reliable treatment requires models more general than the single 
configuration SCF type. This yields a valuable many-state perspective for assessing 
traditional two-state models. The influence of polar solvent on D/A electronic coupling 
has been evaluated in a series of trans-staggered (CH2)n' (n = 4-10) radical ions (where 
the terminal CH2 moieties serve as the D/A groups), using a b  initio electronic 
wavefunctions determined both in vacuum and in the presence of a self-consistent 
reaction field (SCRF) as represented by a polar continuum surrounding a realistic solute 
cavity, using the computer codes developed by Friesner et  al. The polarized solvent 
strongly ai'fects the total energies of initial and find states, but leaves the magnitude of 
HDA and the exponential decay coefficients (8) essentially unchanged. Coupling 
elements calculated for a series of binuclear tris-bipyridyl Fe systems (where the 
mononuclear units are covalently linked by (CH2)2, (CH2)3 and CH2 X CH2 (X = 0,s) 
chains) are in reasonable overall agreement with values inferred from experimental 
intervalence spectra for the same systems by M. Elliott (Colorado State University). The 
theoretical coupling elements were obtained from calculated spectroscopic energies and 
diagonal and transition dipole matrix elements together with the CI coefficients for 
initial and final states (obtained using the INDO method). Excellent agreement with the 
traditional Hush-Mulliken (HM) model, thus justifying identification of the effective 
donor/acceptor separation (rDA) with the metal-metal separation and neglect of the 2- 
center diabatic dipole matrix element (J.LDA). The model ab initio calculations for 
(CH2)n' described above were also employed in evaluating the solvent reorganization 
energy, A, exploiting the Friesner computer codes by adapting them so as to permit the 
evaluation of a non-equilibrium free energy (i.e., h )  in terms of equilibrium free 
energies of suitably-defined charge densities. We find that (1) h values increase nearly 
linearly with inverse rDA in spite of solute structure very different from that of the 
traditional Marcus 2-sphere model, which also yields a linear l / r D A  variation; (2) the h 
values for cation (A+) and anion (he)  systems are similar in magnitude, although h- is 
somewhat greater (in contrast to the simple Marcus model which would yield identical 
values). 
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THE PRIMARY LIGHT-INDUCED CHARGE SEPARATION 
IN PHOTOSYNTHESIS 

A. E. Ostaf' in, M. M. Werst, M. C. Thurnauer, 
Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439. 

In this work we focus on further elucidation of the light-induced charge Separation steps in 
photosynthesis. The time-resolved electron spin polarized EPR signals generated during the initial light- 
induced charge separation steps in Photosystem I (PSI) are being examined in whole cell and isolated 
membrane protein preparations of the deuterated cyanobacterium Synnechococcus Lividus. Analysis of 
the experimentally-obtained time-resolved signal can provide structural information' regarding the 
observed radical pair species generated in the photosynthetic reaction center. This structural information 
along with our models for spin polarization arising in correlated radical pairs (CRPP) and the transfer of 
electron polarization for a sequence of electron transfer steps (SETP)293 can be used to deduce the 
pathways for electron transfer fiom the initially observed pair P'Q-, where P+ is the oxidized primary 
electron donor, and Q' is the reduced quinone acceptor vitamin K, (K,). 

We have examined the time-resolved EPR signals fiom isolated PSI membrane protein 
preparations of fully deuterated S Lividus preparations in which the deuterated quinone acceptor has been 
exchanged with protonated K,, by incubation at room temprature of the reaction center preparation in the 
presence of an excess of K,. The observation of EPR signals evolving from P+Q- in the 'exchanged' 
preparations implies that exchange via incubation results in the replacement of the endogenous quinone. 
This conclusion is based on the understanding that since electron transfer is strongly distance-dependent, 
electron transfer through the 'exchanged' K1 electron acceptor in PSI is possible only within a restricted 
geometry. Comparing simulations of the EPR signals evolving from P+Q- in the control and 'exchanged 
reaction center using the SETP model1 can additionally reveal subtle differences in the orientation of the 
'exchanged' quinone in its binding pocket relative to P+. 

Future work will involve examination of the time-resolved electron spin polarized EPR signals 
from a variety of photosynthetic species including the sulfur-containing green bacterium Chforobium .f: 
thiosulpatophilum vibrioforme f. (8327), in which the structure of the photosynthetic reaction center is 
suspected to be an evolutionary precursor to PSI. 

'Kothe, G., Weber, S., Ohmes, E., Thurnauer, M. C., Norris, J. R., J .  Phys. Chem., 1994,98,2706. 

2Noms, J.  R., Moms, A. L., Thurnauer, M. C., Tang, J., 1990, J. Chem. Phys., 92,4239. 

'Moms, A. L., Snyder, S. W., Zhang, Y., Tang, J., Thurnauer, M.C., Noms, Dutton, P. L., Robertson, D. 
E., Gunner, M. R., J. Phys. Chem., 1995, in press. 
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INVESTIGATIONS OF HIGH QUANTUM YIELD DYE SENSITIZATION 
PROCESSES ON TWO-DIMENSIONAL SEMICONDUCTORS 

Laura Sharp, Darrell Louder 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. Large 
crystals of this material can be g r o m  with the Bridgeman technique. Doping of the 
material with chlorine (as a replacement for sulfur) results in n-type materials with 
doping levels suitable for sensitization studies. A large variety of dyes with absorption 
maximum at energies less than 2.2 eV can be used to sensitize this material. We had 
concentrated on two dyes, methylene blue and cresyl violet but we are now extending our 
studies to weIl known aggregating dyes such as the cyanines. 

Recently methods for increasing the surface area of SnS2 photoelectrodes have 
been developed. 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. The adsorption isotherm for methylene blue on etched and unetched surfaces 
has the same shape but shows an increase of 20 times or more in the quantum yield. 
Cresyl violet does not sensitize nearly defect free van der Waals surfaces of SnS2 
photoanodes but does show substantial sensitization culrent on photoetched surfaces. 

We continue to develop an in situ scanning tunneling microscopy method for 
detecting the position and energy levels of dye molecules adsorbed on these surfaces with 
molecular resolution. This is accomplished by modulating a light source at the 
wavelength of the dye absorption maximum and extracting the photo-induced 
contribution to the tunneling current via a lock-in amplifier. A simultaneous picture of 
photocurrent response and topography can then be obtained. Questions such as the state 
of dye aggregation on the surface and whether dye molecules are adsorbed on special 
sites could then be answered. 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 for 
recombination centers, quantum wells and heterojunction structures. Figure 2 shows 
simultaneously obtained images of topography and carrier collection on a MoS2 surface. 
The topography reveals a threading dislocation on the semiconductor surface while the 
photocurrent image shows a decrease in the photogenerated carrier collection at the 
dislocation as well as up to about 50 nm on each side of the dislocation. We interpret this 
as a result of funneling carriers froni both directions to the recombination sites created by 
the dislocation. We are continuing to increase the resolution as well as the signal to noise 
in these experiments. The acquisition of a Tksapphire laser system will allow us to tailor 
the wavelength, puke width and puke intensity of the exciting light and increase our 
chances of detecting single molecules. 

We are also constructing our own Bridgeman growth furnace to produce large 
area single crystals of SnS2 and other two dimensional substrates with controlled doping 
levels. We will also use this furnace to produce crystals of other 2D materials for 
sensitization studies. 
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INTER- AND INTRA-MOLECULAR ION ASSOCIATION 
WITE A CHARGE SEPARATED SPECIES 

Renata Kobetic, Timothy R. Schatz, Gina Strati and Piotr Piotrowiak 
Department of Chemistry, University of New Orleans 

New Orleans, Louisiana 70148 

The temperature dependence of the rate of ion association with the photoinduced charge 
separated state of paminonitroterphenyl @-AN”) was investigated in THF in the presence of 
several electrolytes. The kinetics monitored at 990 nm (the disappearance of the “free” CS triplet 
of pANTP) yielded activation energies consistent with a purely dimsion controlled process 
independent of the identity of the electrolyte. The kinetics monitored at the L corresponding to 
the appearance of the filly associated species (e.g. 590 nm for TBA’F and 700 nm for TBA’Br-) 
yielded higher activation energies which were dependent on the identity of the electrolyte. This 
behavior suggests that the association process consists at least of two steps: The first step is the 
encounter between the p-ANTP molecule in the CS excited triplet state and an ion-pair of an 
electrolyte. The nature of the second step is more ambiguous, and at present we believe that it is 
the dissociation of the triple species formed in the first step. 

Donor-acceptor molecules with a permanently tethered ion were 
synthesized and their transient absorption spectra were measured. Systems 
bearing Br- or SbFi counterions, and containing 3, 5 and 6 -C&- units in 
the tether were investigated. The time resolution of our present instrument 
(= 5 ns) is not sufficient to follow the dynamics of the intramolecular 
relaxation in these systems. Therefore, only the Mly equilibrated spectra are 
reported at this time. 

We also briefly report on the progress of our work on the dependence of donor-acceptor 
electronic coupling on MO symmetry and the density of states. The d&~9,9’-bifluorene (right) 

was synthesized, and its fluorescence spectra were 
0 0 measured in a molecular beam. The exciton 

splitting, as well as the dependence of the inter- 
chromophore energy transfer on the excess 
excitation energy were investigated. The transition 
origins of the deuterated and protonated fluorene 

chromophores are offset by = I  17 cm“ with respect to one another, i.e. an amount of a similar 
order as the exciton splitting of 58 cm” measured eariier in the degenerate 9,9’-bifluorene (lee). 
Therefore, these systems provide an interesting test for the standard perturbation theory of 
electronic coupling. 

H2N & 0 0 

0 g 
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NEW METHODS FOR ELECTROCHEMICAL GROWTH AND 
CHARACTERIZATION OF METAL SULFIDE SEMICONDUCTOR THIN FILMS 

Norma de Tacconi and mshnan Raieshwar 
Department of Chemistry and Biochemistry 

The University of Texas at Arlington 
Arlington, Texas 76019-0065 

Three types of methods have been used for growing thin films of metal sulphides (or in 
general metal chalcogenides): (a) Anodic oxidation of the parent metal in a sulphide containing 
electrolyte, usually at relatively high pH; (b) Cathodic co-reduction of the metal ion and a 
chalcogenide oxyanion on an inert substrate; and (c) Cathodic reduction of the metal ion from a 
non-aqueous solvent containing the chalcogen in elemental form. A rather different approach 
has recently been developed in this laboratory based on a chalcogen-modified support electrode. 
Cathodic reduction of this chemically-modified electrode system increases the activity of the 
chalcogenide ion in the immediate vicinity of the electrode.. This ion can then react with a 
desired metal ion introduced into the electrolyte to generate the corresponding metal 
chalcogenide. The latter, when its solubility product is exceeded, precipitates onto the support 
electrode structure. Proof-of-concept data are presented for Fe-S thin film growth at a 
polycrystalline gold surface. The electrosynthesis was studied by using a combination of cyclic 
voltammew and electrochemical quartz crystal microgravimetry. 

The Cu-S binary system comprises a continuous gradation of compound stoichiometries 
with Cu2S (chalcocite) to CuS (covellite) as the end-members. All these compounds are 
semiconductors whose band-gaps and optical response can be tuned via control of the Cu:S 
stoichiometry. Electrochemical oxidation of a copper electrode in aqueous sulfide medium will 
be shown to afford a range of such compound semiconductors in thin film form. These thin 
films were characterized using real-time visible spectroscopy, X-ray photoelectron spectroscopy 
and laser Raman spectroscopy. 

Finally, preliminary results will be presented on an electrosynthesis approach which 
yields particulate thin films of a targeted semiconductor. The idea here is to preserve the large 
surface and photocarrier generation/transport advantage of colloidal size semiconductor particles, 
and yet avoid the recovery/reuse difficulties attendant with their use as suspensions. The 
nickeVCdS "electrocomposite" will be used as a model to illustrate this approach. 
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CHARGE SEPARATION PROCESSES IN SURFACE MODIFIED Ti0  COLLOIDS 
WITH DIFFERENT POLYDENTATE LIGANDS STUDIED BY EPR SP~CTROSCOPY 

T.Rajh, A.E. Ostafin, L.X. Chen, D.M. Tiede, M.C. Thurnauer 
Chemistry Division, Argonne National Laboratory, A rgonne, IL 60439 

Photoexcitation of semiconductor colloids with energy greater than the band gap leads to the 
formation of electrodhole pairs that migrate to the colloid surface and participate in reduction and 
oxidation processes at the surface. Since the lifetime of charge pairs is very short, only very fast 
reaction with adsorbed species lead to the efficient charge separation. It was suggested that interfacial 
electron transfer in Ti02 colloids occurs via Ti(1V) atoms on the surface which are coordinated with 
the solvent molecules meanwhile interfacial hole transfer occurs via surface oxygen atoms covalently 
linked to the surface titanium. The energy level of these surface traps is generally within the Ti02 
band gap. Therefore the redox potentials of photogenerated charges are reduced relative to the 
potential of conduction and valence band charges, so that the system redox potential is reduced upon 
electron and hole trapping. In this way the surface of the particle becomes of a paramount importance 
for electrodhole transfer reactions and can be engineered to obtain efficient charge separation and 
improve both kinetic and redox characteristics of a semiconductor. 

Surface modification of 50 A Ti02 colloids with different polydentate derivatives (cysteine, 
thiolactic, P-mercaptopropionic, mercaptoacetic acids, alanine) was investigated by EPR and IR 
spectroscopies. The following structures are proposed for surface modification with thiolactic acid 
and cysteine. 

thiolactic acid cysteine 

Illumination of Ti02 colloids with surface chelated Ti(1V) atoms (thiolactic acid) at 4.2K in absence 
of electron scavengers leads to the formation of the carboxyl cation radical (trapped holes) and three 
distinct Tion) centers (trapped electrons). When the temperature is increased, the hole moves to the 
CH3, group, which is the farthest from the colloid surface. The signals of Ti(II1) do not change 
significantly. Upon illumination of Ti02 colloids with surface Ti(1V) atoms coordinated with the 
carboxyl group only (cysteine), the holes are initially transferred to the carboxyl group at 4.2K. As 
the temperature is increased to 150K, the hole moves to the mercapto-group. Electrons are trapped 
at three Ti(II1) trapping sites with slightly different g-values. Thus, surface modification of Ti02 
colloids with different mercapto carboxylic acids results in efficient spacial separation of the 
photoinduced charges where the holes are transferred the farthest fiom the colloid surface, while 
electrons are trapped on oxide particles. Pulse radiolysis experiments suggest that surface 
modification of oxide particles results in enhanced photoreductio properti s of photogenerated 
electrons, an observation consistent with observed reduction of Pb and Cd f+ f+ ions. 
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XANES, EXAFS AND CRYSTALLOGRAPHIC STUDIES OF NIO PORPHYRINS. 

CONFORMATION IN SINGLE CRYSTALS AND IN SOLUTION. 
X-RAY ABSORPTION SPECTROSCOPIC SIGNATURES OF COORDINATION AND 

M. W. Renner: L. R. Furenlid: K. M. Barkigia,' and J. Fajer a 

Department of Applied Science and National Synchrotron Light Source a 

Brookhaven National Laboratory, Upton, New York 1 1973 

Recent developments in chromophore exchanges in photosynthetic reaction centers offer the 
possibility of replacing the magnesium of the bacteriochlorophylls with other metals such as Zn and 
Ni which would function both as redox modifiers and as EXAFS probes of their immediate 
w o r d d o n  spheres. Nickel is particularly attractive because the coordination number of the metal 
is revealed simply on inspection of its x-ray absorption near edge features (XANES). Square planar 
Ni@) complexes exhibit a characteristic pre-edge peak attributed to a 1 s+4pZ electronic transition 
which is attenuated in pentacoordinated species, and is completely lost in hexacoordinated complexes. 
In addition, the Ni-N distances obtained by EXAFS, without the need for crystals, correlate well with 
the conformations of Ni porphyrins. Long Ni-N distances are typically found in planar macrocycles 
whereas shorter distances signal nonplanar macrocycles. 

We report here the molecular structure of Ni(II) 5,1OY15,2O-tetra (n-propyl) porphyrin 
(NiTPrP) determined by x-ray difiaction. In the crystal, the nickel ion exists in a square planar 
environment (four nitrogens) and exhibits the pre-edge XAMES signature of such configurations. 
Polarized XANES of the NiTPrP single crystals establish that the pre-edge feature is polarized 
perpendicular to the porphyrin plane and thus support the 1s+4pZ assignment for this electronic 
transition. The crystallographic refinement of NiTPrP shows the macrocycle to be planar with 
average Ni-N distances of 1.957 (f0.004)AY Le. the long bonds characteristically found in pl- 
NiO porphyrins. EXAFS results for crystalline NiTPrP yield Ni-N distances of 1.96 (M.02)k in 
good agreement with the diffraction results. -In solution, however, the EXAFS results for NiTPrP 
and several other tetra-akyl porphyrins yield shorter Ni-N distances diagnostic of nonpZanur 
macrocyclic conforma6ons. The results illustrate the conformational variations that can be imposed 
on porphyrin derivatives by environmental andor packing forces; variations which, in turn, modulate 
the physical and chemical properties of the chromophores, 
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SYNTHESIS OF MULTILAYERS OF METAL COMPLEX SENSITIZERS ON 
SURFACES : COVALENT ATTACHMENT ONE METAL AT A TIME 

Y. Liang, M. Kelly and R. H. Schmehl 
Department of Chemistry 

Tulane University 
New Orleans, LA 70118 

There has been a resurgence of interest in the development of photoelectrochemical 
cells which make use of dye sensitized semiconductor electrodes.’ This is due to the fact 
that derivitization of semiconductor surfaces with nanometer size particles of the same or 
other semiconductors can increase the surface area for dye adsorption at the semiconductor 
by several hundred fold. Recently we have been working on ways to prepare surfaces 
derivitized in a perscribed way with multichromophoric transition metal complexes; such 
complexes would further improve the light absorption characteristics of the modified 
surfaces. The aim is to prepare particular surface anchors and precursor complexes which 
could be used in stepwise reactions at surfaces to prepare multinuclear complex sensitizers. 
The strategy used for covalently linking an initial “anchor” ligand to the surface is similar to 
that used by Sullivan and coworkem2 Reaction of a haloalkyl trichlorosilane with the 
surface, followed by nucleophilic substitution of the halide with a carbanion yields bipyridine 
(bipy) and terpyridine (tpy) derivitized surfaces . The ligand modified surfaces provide a 
template for the controlled growth of polymetallic complexes. One approach is to react the 
ligand modified surface with Fez+ followed by reaction with the complex [(tpy-~h-tpy)~Ru]~+ 

Scheme I 

/ 

in the two step sequence as shown by Scheme I . By repeating the two steps polymetallic 
films having alternating Fe2+ and Ru2+ bis-terpyridine complexes can be prepared on quartz. 
When a bpy derivative serves as the anchor, dendrimer like structures can be prepared by 
sequential reaction of the surface with Ru(DMSO),Cl, and bph-ph-bpy . Sequential Ru(I1) 
layers will have 1, 2, 4, 8, etc. Ru(I1) centers. The films were characterized using contact 
angle goniometry and spectrophotometry. 

1. O’Regan, B.; Graetzel, M. Nnture (London) , 1991, 353, 73740. 
2. Paulson, Scott; Morris, Kevin; Sullivan, B. Patrick Chem. Commun.1992, 1615-17. 
3 .  tpy-ph-tpy = 1,4-bis-( 2,2’,6’,2”-terpyrid4’-yI)benzene ; bpy-ph-bpy = 1,4-bis-(2,2’-bipyrid-4-yl)benzene. 
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PRIMARY CHARGE SEPARATION IN ISOLATED PHOTOSYSTEM 11 
REACTION CENTERS 

Scott Greenfield', Michael WasielewskP', and M- 
'Chemistry Division, Argonne National Laboratory 

Argonne, Illinois 60439 
?Department of Chemistry, Northwestern University 

Evanston, IIlinoiS 60208 
"Basic Sciences Division, National Renewable Energy Laboratory 

Golden, Colorado 80401 

The water oxidation process of photosynthesis is driven by the conversion of light energy into 
chemical potential in the photosystem II (PSII) reaction center where rapid charge separation occurs 
between P680 and the active pheophytin (Pheo). We have examined this latter process in isolated 
spinach PSII reaction centers that contain about 6 ChV2 Pheo. Time-resolved pump-probe kinetic 
spectroscopy was carried out with 150 fs time resolution using a Ti-sapphire laser-driven optical 
parametric amplifier with the pump laser polarized at the magic angle relative to the polarized probe 
beam. The spectral width of the excitation pulses was about 5 nm 0. Time evolution of the 
transient absorption changes elicited by exciting in the 665 nm to 685 nm range and probing at 
545 nm (where Pheo reduction can be observed) or 738 nm (where stimulated emission is observed) 
exhibited three distinct kinetic components-a fast phase with lifetimes in the order of 1-3 ps, an 
intermediary phase with lifetimes in the range of 10-23 ps, and a slow phase with lifetimes ranging 
fiom 40-100 ps. When exciting at about 685 nm, the respective relative amplitudes of the three 
components were about 35%, 40%, and 25% probing at 545 nxn and about 20%, 50%, and 30% 
probing at 738 nnt. When the active Pheo, the primary electron acceptor, was reduced prior to a 
kinetic the relative amplitude of the fast component decreased at both probe wavelengths 
while the dative amplitudes of the two longer components increased. These new data, obtained at 
a much greater signal-to-noise ratio, lower pulse energy, and more selective wavelength excitation 
than reported by us previously, are consistent with our previous conclusion that the formation of the 
ofidized primary electron donor P680' and the reduced primary electron acceptor Pheo- occurs in 
the 1-3 ps time domain. Longer kinetic components are probably associated with energy transfer 
phenomena in the reaction center preparation. 
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13-ACETOXY-13-DESMETHYLRETINAL: ITS APPARENT DARK INACTIVATING 
EFFECT ON ITS BACTERIORHODOPSIN ANALOGUE 

Stanley Seltzer 
Chemistry Department, Brookhaven National Laboratory 

Upton, New York 11973 

Light-driven proton pumping by the purple membrane of Halobacterium halobium requires 
photocatalyzed all-trans to 13-cis isomerization of retinal, the chromophore of bacteriorhodopsin 
(bR) that is covalently bound through a protonated Schiff base to lysine-216 of the protein. 
Equally important in the proton pump photocycle is its dark reisomerization (1 3-cis to all-trans) 
needed to reset the system for subsequent turnover. The dark adaptation reaction of bR is being 
studied as a model for the dark isomerization reaction of the photocycle. Here too there is a dark 
dynamic reversible isomerization reaction about retinal’s C13-Cl4 double bond. 13-Acetoxy- 13- 
desmethylretinal is being used as a potential suicide inhibitor to test for the involvement of 
nucleophilic catalysis in the dark isomerization reaction. If the carboxylate group of aspartate- 
212 catalyzes isomerization by nucleophilic addition to retinal’s C 13, as proposed in our previous 
studies, a cross-linking of the chromophore to the protein (see structure below) is expected to 
take place resulting in an altered, inactivated pigment. 

I ~ asp2 12 

I 
NH- bacterioopsin 

. The bR analogue that forms from 13-acetoxy-l3-desmethylretinal has a 2.- at 573 nrn 
In contrast to the highly stable native bR, the bR analogue slowly loses its 573 nm absorption 
in the dark with concomitant growth of an absorption at 403 nm indicating that chemical reaction 
is taking place. After several days in the dark, attempts to remove the chromophore by standard 
means fails, indicating that it is now held more tightly suggesting the possible involvement of 
cross-linking during the dark reaction. 
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ELECTROABSORPTION SPECTROSCOPY OF CHARGE-TRANSFER 
STATES OF TRANSI”ION-ME!CAL COMPLEXES 

TOWARD A QUANTITATIVE UNDERSTANDING OF OBSERVED DIPOLE 
MOMENT CHANGES 

, Bruce S. Bmchwig, Carol Creutz, and Norman Sutin 
Chemistry Department, Brookhaven National Laboratory 

Upton, NY 11973-5000 

Electroabsorption spectroscopy has been used to study the metal-to-ligand 
charge transfer (MLCT) and ligand-to-metal charge transfer (LMCT) absorption 
bands of RuII(NH&L and RuIII(NH&jL with L = 4-aminopyridine. At 77 K, in 
50% aq. glycerol glass, the Ru(I1) complex exhibits MLCT absorption with hmax 
389 nm (oscillator strength, fos = 0.18), while the Ru(II1) complex exhibits LMCT 
absorption with Lax 493 nm (fos = 0.049). Analysis of the effect of an applied 
electric field (-107 V/m) on the charge-transfer bands yields, after correcting for 
the reduction of the external field due the medium, Apobsd = +(6 k 1) and 414 2 3) 
D for the MLCT and LMCT transitions, respectively. Correcting the Apobsd to 
zero-field by the method of Reimers and Hush results in 

INDO SCF calculations indicate complete delocalization of the x-electrons 
on L+, Lo and L- with very similar negative charge centers at 3.91 A from the 
expected Ru position. At the most naive level of modeling, the MLCT and LMCT 
transitions should exhibit equal, but opposite, dipole moment changes of 18.8 D 

of +11 and -12 D. 

- 

(3.91 e&. To obtain Apcalcd, the 
naive model is refined by 
considering: (1) the polarization 
of the ligand valence electrons 
due to  the charge at the Ru 
center and (2) the delocalization 
arising from the mixing of 
ground and excited states. The 
Apcalcd values, +10.9 and -16.5 
D, are in rather good agreement 
with Apcorr values. The same 
procedure yields similarly good 
agreement between the 
calculated and the corrected 
dipole moment changes upon 
MLCT or LMCT transitions of 
other RuImII(NH3)5 L complexes . -30 -1 5 0 15 30 

Calculated Ap, D 
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HIGH PRESSURE-HOLE BURNING STUDIES OF PRIMARY TRANSPORT 
DYNAMICS IN PHOTOSYNTHETIC UNITS 

H.-C. Chang, R Jankowiak, N. R. S. Reddy and f;. J. SrnaIl 
Ames Laboratory-USDOE 

Iowa State University, Ames, IA 5001 1 

A novel high pressure-hole burning apparatus capable of p ~ ~ u r e s  as high as 800 MPa 
(-8,000 atm) at temperatures as low as 4.2 K has been used to demonstrate that the utilization of 
pssuxe is apowerful approach to the study of the mechanistic aspects of energy transfer and 
primary charge separation in photosynthetic units. Utilization of p~ssure has advantages over 
external electric fields, especially for isotropic samples. The high resolution of spectral hole 
burning can meal whether the pressure dependence of transport kinetics is contributed to by the 
reorganization energy (in all systems studied to date this has been found not to be the case). 
Often the interpretation of the pressure dependence can be ascribed mainly to the pressure 
dependence of the relevant donor-acceptor energy gap. Data are presented on the pressure 
dependence of the Q,.-absoxption spectnun and primary charge separation kinetics of the Dl-D2- 
cyt b559 reaction center complex of photosystem II. The 4.2 K Metime of P680*, the primary 
donor state, lengthens h m  1.9 ps at 0.1 MPa to 7.0 ps at 267 MPa. Jmportantly, this effect is 
inreversible (plastic), in sharp contrast with the elastic effects of pressure on the low temperature 
absorption and non-line narrowed hole spectrum of P68O. These observations and data which 
show that the electron-phonon coupling is weakly dependent on pressure, suggest a model that 
has the plastic behavior of charge separation kinetics due mainly to the pressure dependence of 
the energy of the acceptor state and of the variance of the P68O*-acceptor energy gap stemming 
from structural heterogeneity. Nonadiabatic rate expressions, which take into account the 
distribution of energy gap values, are used to estimate the linear pressure shift of the acceptor 
state energy for both the SupeRxchange and two-step mechanisms for primary charge separation. 
For both mechanisms, shifts in the vicinity of 1 cm-'/MPa are required to explain the data, a value 
which is not unreasonable based on pressure dependent studies of other systems. 

Data are also presented which speak directly to the pressure dependence of the picosecond 
kinetics associated with B8OO -+ B850 energy transfer in the B800-B850 LH II antenna complex 
of Rb. sphaeroides. Our earlier hole burning studies at ambient pressure had established that the 
mechanism of transfer is of the Forster type and that BChl a modes of frequency -750 cm-1 are 
most important in mediation. At a pressure of -600 MPa the B800-B850 electronic energy gap is 
inmased by 200 cm-l, to 950 cm-1, Despite this increase, the energy transfer rate maintains its 
(2 ps)-1 ambient pressure value. However this, perhaps surprising result, can be understood in 
terns of our previously determined Franck-Condon factors for the Qy-absorption spectrum of 
BChl a. The importance of this in terms of nature's design of photosynthetic antenna is discussed. 
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TOWARDS REALISTIC MODELS FOR ELECTRON TRANSFER AT SEMICONDUCTOR LIQUID 
INTERFACES-A SIMULATION AND ANALYTICAL STUDY 

B. B. Smith and A.J. Nozik 

National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, CO 80401 

Recently one of us (BBS) and J.T. Hynes advanced a model (1) for electron transfer (ET) at 
metal-liquid interfaces that built on foundations laid by Schmickler (2) and Sebastian (3) 
(reference (1) differs from the latter approaches in fundamental ways). All these models are 
extensions of the well known Anderson Hamiltonian approach to chemisorption. Here we re- 
examine these models, which are closely related to other models (4), and apparently for the first 
time include some particular inherent energy and distance dependencies. Also, evidently for the 
first time, we compare these models to realistic simulations of ET which include calculation of the 
electronic structure of the system. While our results have implications for solid-liquid interface 
ET in general, we have concentrated on developing a model for semiconductor-liquid system ET 
using the formalism of ref (I) and first principles MD (molecular dynamics) simulation methods. 

While the Anderson model has generally been applied to chemisorptive systems, 
chemisorption is just one extreme of a continuum of interactive potentialities of a redox molecule 
with a solid surface that can be analyzed using this framework. The electronic coupling between 
molecular species and a solid can be addressed by this formalism, in essence, as long as the Born- 
Oppenheimer approximation remains valid. Time dependent extensions of the Anderson 
Hamiltonian are even more generally applicable. A key issue which emerges from our formalism 
is that if ET occurs at close enough distances to the electrode then the competition between 
adsorption (in which case a molecule stays attached to the surface after charge transfer), and ET 
where the molecule is ultimately displaced from the surface after charge transfer must be 
addressed. It is currently unknown if in general the majority of ET flux is contributed from redox 
molecules very close to the surface or from those further away. What does seem well verified is 
that redox molecules often do  adsorb to semiconductors, as does supporting electrolyte, oxygen, 
the solvent itself, and other "contaminates". Without a model that can address adsorption of these 
species, many important aspects of real world ET may well be unaddressable. Our models 
attempt to lay a foundation for more sophisticated models, and would be of importance even if 
adsorption was not of hdamen ta l  significance. Current models for ET and catalysis and most 
other fundamental processes at semiconductor-liquid interfaces are simplistic. These models 
remain largely unsubstantiated experimentally, and from a theoretical viewpoint contain serious 
omissions and inadequacies. 

We first present one dimensional analytical models for the semiconductor-liquid interface. 
We then present full three dimensional models for the interface which account realistically for the 
electronic structure of the liquid (water in this case), redox species (copper and iron ions) and the 
semiconductor (InP and GaAs). We show how our methods can be applied to dark as well as 
light ET processes at semiconductor-liquid interfaces. An interesting feature of these models is 
the Anderson localization phenomena displayed even in our 3D models. Extensions of our 
formalism capable of addressing electronically nonadiabatic processes are being developed. 

1. 
2. 
3. 
4. 

Barton B. Smith and James T. Hynes, J. Chem. Phys. 99,6517 (1993). 
W. Schmickler, J .  Electroanul. Chenz. 204,3 1 (1986). 
K. L. Sebastian, J. Chem. Phys. 90,5056 (1989). 
J. D. Morgan and P. G. Wolynes, J .  Phys. Chem. 91,874 (1987). 
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POSTER #so REDOX CHEMISTRY OF A STRONGLY-COUPLED 
BIS-MACROCYCLIC DIIRON COMPOUND 

Lam 0. SDreer, Christopher Lange, Christian B. Allan, 
Aiping Li, Jane Zhou, John W. Otvos and Melvin Calvin 

Department of Chemistry, University of the Pacific, Stockton, CA 9521 1 
and 

Lawrence Berkeley Laboratory, University of California, 
Berkeley, Califonria 94720 

We recently reported the structure of a binuclear low-spin iron( 11) compound that 
has a conjugated n-electron system linking metal's in two macrocycles (see below). 

There are two axial ligands on each iron, and the chemical nature of these ligands has a 
profound effect on the redox chemistry. When the axial ligands are DMF, and dioxygen is 
added to a DMF solution, there is a facile attack on the macrocycle-linking carbon-carbon 
double bond that produces two monomeric keto- @imine iron macrocyclic complexes in 
very high yield (ca. 95%). However, when the axial ligands are chloride ions and 
dioxygen is added, the binuclear complex remains intact and a rapid electron transfer 

. reaction occurs producing a delocalized mixed-valence compound, also in high yield. 
The presence of even trace amounts of water during oxidation alters the final 

product. If the axial ligands are CH3CN, electrochemical oxidation or chemical oxidation 
by Cu(CF3 S Q  )2 in dry CH3CN produces the same delocalized mixed-valence species. 
But with the same CH3CN axial ligands, if the solvent CH3CN contains 0.1% H20, exten- 
sive electrochemical or chemical oxidation induces dehydrogenation in the binucleating 
ligand. The final bimetallic product has carbonyl groups conjugated with p-diimines in each 
macrocycle. 

The compound can also be reduced. If the axial ligands are CH3CN, eiectrochemi- 
cal reductions take place in two successive one-electron steps. The reduced species 
presumably have the added electrons on the conjugated portion of the binucleating ligand. 
However, when the axial ligands are chloride ions or DMF, electrochemical reduction 
occurs in a single process with two electrons added at nearly the same potentiai. 

about by changing axial ligands and by strong coupling between the metal atoms. 
These results represent an unusually rich chemistry for such a complex, brought 

References 
Mountford, H .S . .  MacQueen, D. Brent, Li, A., Otvos, J. W.,Calvin, M., Frankel, R. B. 
and Spreer, L. 0. Inorg. Chem. 33, 1748 (1994). 
Spreer, L. 0.. Li, A., MacQueen, C. B., Allan, C. B., Otvos, J.W., Calvin, M., Frankel, 
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TIME-RESOLVED FT-IR SPECTROSCOPY IN ZEOLITES 

and Heinz Frei 
Lawrence Berkeley Laboratory, University of California 

Berkeley, CA 94720 

Selective hydrocarbon oxidation by 02 for the synthesis of organic building 
blocks is one of the most important industrial processes. We have recently developed a 
novel approach to the oxidation of small hydrocarbons with visible light by 0 2  in 
zeolites, which may offer an efficient and environmentally benign alternative to the 
current processes. The photooxidation is induced by excitation of the hydrocarbn*O2 
charge transfer state, which is dramatically stabilized by the very strong electrostatic field 
inside the ionic zeolite supercage. It is proposed that the charge separation is followed by 
proton transfer to form radical pairs. The radical pairs so produced inside zeolite cages 
are expected to recombine to give the observed akyl (alkenyl) hydroperoxides. It is very 
important to better understand the reaction mechanism and to establish yields and rates of 
elementary steps in various zeolite environments. Time-resolve$ FTIR spectroscopy is a 
powerful tool to monitor short-lived intermediates and elucidate their structure. 

Our method of time-resolved FT-IR spectroscopy is based on the step-scan 
technique which has recently been commercialized in the micro to millisecond time 
regime. In this technique, the interferometer mirror does not scan continuously but rather 
is kept steady at each mirror position while the temporal behavior of the interferogram 
signal following laser excitation of the sample is monitored with a fast infrared detector. 
Stepping through all mirror positions gives a stack of decay curves from which the time- 
evolution of the interferogram, and hence, the spectra can be determined. We have 
digitizers and infrared detectors with u to 5 nanosecond resolution covering the infrared 

nanosecond time scale has been demonstrated in emission, FT-IR spectroscopy at this 
high speed in the more difficult transient absorption mode remains to be developed. In 
the past year, we have tested hardware and software that allows monitoring of 
nanosecond absorption spectra by recording the laser pulse-induced changes of the 
interferogram only. This means that only time-resolved changes of the interferogram are 
processed by the data acquisition electronics, not the interferogram as a whole, resulting 
in an optimal use of the dynamic range of the electronics. 

frequency range from 4,000 - 400 cm- P . While step-scan FT-IR spectroscopy on the 

We are currently testing the spectrometer by recording for the first time, the 
infrared spectra of triplet excited acetophenone isolated in zeolite Nay. The triplet state 
is prepared by excitation of the molecule with a 355 nm laser pulse of 5 nSec duration. 
The frequencies of the observed infrared spectrum agree well with those taken from a 
UV laser phosphorescence excitation spectrum reported in the literature. At the current 
stage, we are able to obtain infrared spectra at 100 nsec resolution. 

The main objective is to monitor transient absorption spectra of reaction 
intermediates formed upon excitation of hydrocarbon*02 pairs. Rogress towards this 
goal will be discussed. 



EPR STUDIES OF ELECTRON TRANSFER AND 
RANDOM WALK PROCESSES 

jau Tang, Srivatsan N. Dikshit, Marion C. Thumauer and James R. Norris 

Chemistry Division, Argonne National Laboratory 
Argonne, IL 60439 

One- and two-dimensional random walk processes and their effects on EPR line 
shapes are examined. Discrepancies between the coarse continuum model and the discrete 
hopping model are discussed. Closed form formulae are prescribed for the distribution 
function, correlation (memory) function and the EPR line shapes, covering the entire range 
between the slow and the fast hopping limits. Deviation from Gaussian or Lorentzian line 
shape is shown for intermediate hopping rates. Differences between the cases of a closed 
loop and an open chain are illustrated. Time-domain analysis of line shape measurements 
can provide information about the hopping rate constants, site numbers in an open or closed 
chain, and the activation energy. Such a study can provide information about the electron 
transfer processes in antenna complexes in photosynthesis. 

In ow other work on electron spin echo (ESE) spectroscopy of a photo-induced spin- 
conelated radical pair system, we have shown how to directly detect the effects of electronic 
exchange and electron-electron dipolar interactions on electron spin echo envelope 
modulation. These magnetic parameters provide important structural information about the 
donor-acceptor complexes. Abnormal phase phenomena and unusual pulse-angle 
dependence of ESE in a correlated radical pair will be discussed. 
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POSTER #53 

DIRECT EVALUATION OF ELECTRONIC COUPLING MEDIATED BY 
HYDROGEN BONDS. IMPLICATIONS TO THEORY AND EXPERIMENT IN 

BIOLOGICAL ELECTRON TRANSFER 

Peter J. F. de Rege, Scott A. Williams, and Michael 1. Therien 

The Department of Chemistry, University of Pennsylvania, 
Philadelphia, PA 19104-6323 

Three supramolecular bischromophoric systems featuring zirac(II) and iron(1II) porphyrins 
have been synthesized in order to evaluate the relative magnitudes of electronic coupling 
provided by H-, u-, and x-bonds. In these systems, laser flash excitation was used to 
generate the highly reducing singlet-excited state of the (porphinato)zinc chromophore 
which can subsequently be electron transfer-quenched by the (porphinato)iron(III) chloride 
moiety. Picosecond time-resolved fluorescence spectroscopy allows accurate measurement 
of the photoinduced electron transfer rate constants and enables a direct comparison of 
how well these three types of chemical interactions facilitate electron tunneling. In 
contrast to what is predicted by generally accepted theoretical notions, this study evinces 
the surprising result that electronic coupling modulated by a H-bond interface is superior 
to that provided by an analogous interface composed entirely of carbon-carbon a-bonds. 
These experiments suggest that the unsaturated heteroatoms that comprise the €3-bonding 
network are responsible for this enhanced coupling; the magnitude of this electronic 
coupling enhancement is similar to what unsaturated carbon-carbon bonds enable relative 
to saturated ones. These results bear considerably on the analysis of through-protein 
electron transfer rate data as well as upon the power of theory to predict the path traversed 
by the tunneling electron in a biological matrix; moreover, they show quite clearly the 
cardinal role played by H-bonds in biological electron transfer processes. 
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DISTRIBUTED KINETICS IN THE ELECTRON TRANSFER BETWEEN 
QUINONES, QAQB -. QAQB, IN BACTERIAL REACTION CENTERS 

Jlavid M. Tiede, Johana Vkquez, PaIma Ann Marone and Jose Cordova 
Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439 

The final electron transfers in bacterial reaction centers occur between quinone electron 
acceptors, termed QA and QB. These reactions are notable because, unlike earlier electron transfers 
in the reaction center, these electron transfer reactions are usefully coupled to proton transfer. As 
a step toward resolving the molecular mechanisms that link electron and proton transfer, we have 
made a detailed investigation of the optical absorbance changes of the reaction center bac- 
teriochlorophyll and bacteriopheophytin cofactors, time-resolved during the QAQB --t QAQrJ electron 
transfer. The absorption properties of the reaction center cofactors are known to be sensitive to the 
presence of electrostatic fields, when either applied externally or generated internally by the QA and 
QB anion states. We sought to determine whether tie-resolved absorption changes of the cofactors 
could also be used to monitor secondary charge movements, such as proton transfer and protein 
reorganization, that are linked to this electron transfer. 

Absorption transients associated with the QAQg - QAQB electron transfer in isolated reac- 
tion centers at room temperature were found to be approximately monoexponential and homogeneous 
throughout the bacteriochlorophyll and bacteriopheophytin absorption regions. However, kinetic 
fitting reveaied deviations from simple monoexponential behavior, and the kinetic constants were 
found to be wavelength dependent. The deviation from monoexponential kinetics and the 
wavelength-dependent variation in kinetic properties were found to be significantly emphasized by 
lowering the temperature and by the addition of ethylene glycol. Under these conditions, absorption 
transients were first detected in the bacteriopheophytin absorption region, while well-resolved, slower 
kinetic responses were measured near the bacteriochlorophyll band. The transients in the 
bacteriopheophytin region are interpreted to reflect eiectron transfer, while responses near the 
bacteriochlorophyll region are interpreted to reflect slower protein relaxation events. This data 
reveals a previously undetected 2-4 ps component for the QAQB - Q A Q i  electron transfer, which 
was found to have an activation energy of about 6 kcaVM. A second, previously described 
component was also resolved with a reaction time of approximately 100 ps and activation energy of 
about 12 kcalN. Changes in the kinetics which are pH dependent suggest that the presence of the 
2-4 ps component may be linked to the protonation state of a specific amino acid residue. Further 
work on this point may establish the contribution of a single residue in setting the activation energy 
for this reaction. This work demonstrates that the reaction cofactor absorptions can be used to 
monitor electron transfer and secondary charge movements. At least part of the secondary charge 
movements are found to be kinetically decoupled from the electron transfer event. 
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PHOTOCHEMICAL WATER-SPLITTING USING ORGANOMETALLIC OXIDES 
AS SENSITIZERS 

David R. Tvler, Tim Aukett, and Greg Baxley 
Department of Chemistry, University of Oregon 

Eugene, Oregon 97403 

We are studying Cp2MoO (Cp = q5-C5H5) to evaluate its performance as a 
sensitizer/catalyst for photochemical water splitting using visible light. fnterest in the 
Cp2MoO molecule stems from our observation that irradiation of this complex gives 
Cp2Mo and 0 2 .  In "wet" solvents, the Cp2Mo reacts with H20 to regenerate CpaMoO. 
The following cycle for water-splitting is proposed: 

H2vcp2Moo\j / hv 

The hydrogen-producing half of this catalytic cycle was independently investigated by 
generating Cp2Mo from CppMoH2 and then studying its reaction with H20. Analysis 
shows that Cp2MoO and H2 are formed quantitatively during short term irradiation, but 
over long periods of irradiation (e.g., 24 hours) the amount of H2 is in slight excess of 
that predicted by the stoichiometry. Further investigation showed that the source of the 
excess H2 is photolytic decomposition of the Cp2Mo0 product. The oxygen-producing 
half of the cycle is more problematic. Mass spectral analysis confirms the formation of 
0 2 ,  but generally in low yields. Larger yields are hindered by the reactivity of the 
Cp2MoO complex toward oxygen; various metal oxide clusters form in this reaction. 
There are minor wavelength, intensity, and temperature effects, but none of these 
variables is particularly useful in controlling the amount of 0 2  that is formed. 
Mechanistic studies are currently focusing on the reaction of Cp2Mo with H20 to give H2 
and the mechanism of 0 2  formation. 
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CHARGE TRANSFER PROCESSES 
AT CHEMICALLY MODIFIED SURFACES 

K. H. Liao, Y. Gu, 2. Lin, R. Butera and D. H. Waldeck 
Department of Chemistry, University of Pittsburgh 

Pittsburgh, PA 15260 

We present recent results on electron transfer processes at the 
semiconductor/adsorbate/electrolyte interface. We will present highlights of two recent systems 
we have been investigating. First we will discuss our results on chemically sensitized Ti02 
electrodes. Second we will discuss our results on chemically modified InP surfaces. 

We report on chemically modified TiO, surfaces, where the molecular adsorbate is 
Ru(bpy (COOH),), . We have characterized these interfaces using photocapacitance and 
photocurrent measurements. We present time-resolved fluorescence data of the ruthenium 
complex to single crystalline TiO, electrodes of different dopant densities. In addition, we 
present data on the wavelength dependence and the voltage dependence of the adsorbates excited 
state. 

We report on the preparation of self assembled monolayers (alkanethiol based films) on 
n-InP single crystals. We have prepared thin films on this material which appear to be quite 
compact, as judged from contact angle measurements. In addition, we have characterized these 
films using XPS and ellipsometry. In addition, we have determined the influence of these films 
on interfacial recombination by time-resolved fluorescence studies. Lastly, we will report on 
photocurrent studies of electron transfer through these films. 
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ASYMMETRIC POLYMERIC PORPHYRIN FILMS 
FOR SOLAR ENERGY CONVERSION 

Carl C. Wamser 
Department of Chemistry, Portland State University 

Portland, Oregon 97207-0751 

The properties of porphyrin polymers are being investigated as a unique 
type of organized assembly for control of light harvesting, energy transfer, and 
electron transfer processes as they relate to solar energy conversion. Thin h s  
of porphyrin polymers are being constructed using two distinct methods: 
interfacial polymerization and electropolymerization. The films are being 
studied either as free-standing films between transparent electrodes or as 
sensitizers for semiconductor electrodes, in particular colloidal Ti02 electrodes. 

a) Interfacial polymerization of two different porphyrin monomers 

In a typical interfacial polymerization, an aqueous solution of either 
tetra(4-hydroxypheny1)porphyrin (THPP) at pH 11 or tetra(4-aminopheny1)- 
porphyrin (TAPP) at pH 3 is layered atop a CH2Cl2 solution of tetra(4-chloro- 
carbonylpheny1)porphyrin (TCCPP), creating a thin polyester or polyamide film 
at the interface. Such films are highly crosslinked, with a distinctive asymmetry 
of functional groups that creates a gradient of porphyrin redox potentials across 
the film. Observed photopotentials are directional, with the charge separation 
following the predicted direction of the redox potential gradient. Under 
simulated solar irradiation, the interfacially-polymerized porphyrin films give 
photopotentials up to 0.25 V, but low and irreproducible photocurrents. Ongoing 
work is aimed at characterizing the structural asymmetry and developing a 
model of the mechanism of film growth that accounts for this asymmetry. 

b) Oxidative electropolymerization of electron-rich porphyrins 

Porphyrin polymers have been created from TAPP and THPP by oxidative 
polymerization directly onto electrodes. In this case, there is greatly improved 
electronic contact between the porphyrins and the electrode, compared to the 
free-standing interfacial polymer films. In fact, the electropolymerized 
porphyrin films have been shown to be conductive, leading to the possibility that 
such films could act as electronically conductive mediators for high-surface-area 
colloidal Ti02 solar cells. We have shown that TCPP can be adsorbed on 
colloidal Ti02 electrodes and acts as an effective electron-transfer 
photosensitizer towards Ti02. We have also shown that adsorbed TCPP can 
photosensitize the electropolymerization of TAPP. Ongoing studies are aimed at 
developing a continuous, asymmetric conductive polymeric porphyrin film on 
colloidal Ti02 electrodes. 
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PHOTO-INDUCED NUCLEAR QUANTUM BEATS: A SIGNATURE FOR 
PHOTOSYNTHETIC CHARGE SEPARATION 

Stefan Webef, Marion C. ThurnaueP, James R. Noms", 
Ernst Ohmesb and Gerd Kotheb 

aChemistry Division, Argonne National Laboratory, Argonne, Illinois 6043 9 
%nstitut f i r  Physikalische Chemie, Universitat Freiburg, 79 104 Freiburg, Germany 

The important first step in solar photochemical energy conversion is stabilized charge separa- 
tion. In the natural photosynthetic systems this is achieved by the unique structural relationships 
between the co-factors involved in the charge separation process. We have demonstrated in several 
natural photosynthetic systems that these special structural properties give rise to unusual magnetic 
resonance responses when monitoring the charge separation process by time resolved electron 
paramagnetic resonance (epr). Thus, critical tests of the duplication of photosynthetic charge 
separation are demonstrations of "To polarized" triplet epr signals or radical pair signals exhibiting 
correlated radical pair electron spin polarization with the concommitent zero quantum beats. Here 
we describe another signature for photosynthetic charge separation, the observation of photo-induced 
nuclear quantum beats from charge separation in green plant Photosystem I. 

Charge separation in Photosystem I is initiated by photoexcitation of the primary chlorophyll 
donor P700. An electron is transfmed from the excited singlet state of P,oo to a quinone acceptor, 
A (probably through an intervening chlorophyll acceptor, b), forming the charge separated state 
P 700Ai. At room temperature this state decays in about 200 ns by electron transfer to the next 
acceptor. At low temperatures the lifetime of this state is about 150 ps, and it decays primarily by 
charge recombination. Although crystals of the Photosystem I reaction center protein complex have 
been obtained, details of the structure of Photosystem I are not known. Thus, a number of studies 
have been directed at modeling the electron spin polarization of the correlated radical pair, P;ooAi 
in order to obtain structural information. 

4 

Recently, we have monitored the room temperature signal of P&oAi in fblly deuterated cells 
of the cyanobacterium S'echococcus lividus with high time resolution transient epr. We proposed 
a structure of P&Ai based on model calculations of the observed zero quantum coherence. (1) At 
low temperatures additional oscillations of lower frequency are observed. By comparing the signals 
fiom the deuterated cells having 14N or 15N ofthe l l l y  deuterated cyanobacterium we have identi- 
fied these as nuclear quantum beats, associated with the non-adiabatic change of the spin Hamiltonian 
at the instant of the laser pulse. We have performed model calculations that veri@ the nature of these 
oscillations. The results will be discussed in the context of other coherence phenomena in epr such 
as electron spin echo envelope modulation observed with pulsed epr and the use of the observed 
nuclear quantum beats as a tool to study the electronic structure of Pfoo. 

1. Kothe, G., Weber, S., Ohmes, E., Thurnauer, M. C., Noms, J. R. (1994) J. Phys. Chem. 
2706-27 12. 
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PHOTOINDUCED ELECTRON TRANSFER DOUBLE 

PROCESS IN REACTION OF AMINOPINACOL DONORS WITH 
ORGANIC HALIDES 

FRAGMENTATION: OXYGEN-MEDIATED RADICAL CHAIN 

Liaohai Chen, Mohammad S. Farahat, Hong Gan, Samir Farid and David G. Whitten 
Department of Chemistry, University of Rochester. 

Rochester, New York 14627 

Investigations of photoinduced electron transfer reactions have led to the finding of several ion- 
radical fragmentation reactions in which relatively strong covalent bonds in the neutral (or starting 
molecule) rapidly cleave in the one electron redox product. Among oxidized donors that undergo 
relatively rapid bond breaking reactions are 1 ,Zdiarylethanes, pinacols, diamines and aminoalcohols. 
One-electron reduction of acceptors such as ethers, esters and organic halides can also result in bond 
cleavage; the cleavage of organic halides is particularly interesting since eIectrochemica1 studies as well 
as thermochemical calculations indicate that the carabon halide bond can have a negative bond energy 
om certain reduced halides and that the cleavage process must be extremely rapid. The efficiency of 
these reactions is determined by the relative rates of back electron transfer (k-ed, fragmentation (kr), and 
separation of the ion-radical pair (kw). A few examples of fast bond cleavage of ion radical systems 
have been reported and high quantum efficiencies have been obtained. Nevertheless the quantum yield 
of fragmentation reactions is generally low due to the fast back electron transfer (kea, which can be in 
the range of - 109-1011 s-1 when singlet excited state quenching is involved. One strategy for 
increasing the efficiency of net fragmentation reactions is to use both a fragmentable donor and acceptor 
in a potential co-fragmentation process. In this way even a slowly fragmenting redox intermediate can 
form product with high efficiency if the rapid fragmentation of its co-intermediate can avert return 
electron transfer. In the present paper we report an investigation in which excited states of amino 
pinacols 1-3 are reacted with the halides, CCl,, benzyl bromide and p-cyano benzyl bromide. 
Interesting results from this study include the finding that low-to-moderate quantum efficiencies for 
reaction are observed when the reactions are carried out under degassed conditions, indicating that the 
halide radical anions must survive long enough within the initial ion-pair formed in the quenching step 
to undergo consdierable return electron transfer. More strikingly, we find that for certain pinacol-halide 
combinations reaction in non-degassed solutions leads to much higher efficiencies which can be 
attributed to a chain reaction involving oxygen capture of a primary radical product. 

1 R=CH,  

2 R=C&Lj 

3 R = H  
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PHOTOINDUCED ELECTRON TRANSFER IN A CHLOROPHYLLBASED TRIAD: 
DIRECT OBSERVATION OF MBRATIONALLY HOT INTERMEDIATES AND 

SOLVATION EFFECTS BY ULTRAFAST TRANSIENT ABSORPTION 
SPECTROSCOPY 

G. P. Wiederrechta, M. P. Niemczyka, W. A. Sveca, and M. R. Wasielewski%b 
achemisty Division, Argonne National Laboratory, Argonne, IL 60439 

bDepartment of Chemistry, Northwestern University, Evanston, IL 60208 

We have designed the novel triad system Zn-methyl 13'-desoxopyropheophorbide a - 
pyromellitimide - naphthalenediimide (ZC-PI-NI). Photoexcitation of ZC results in the 
formation of an intermediate electron separated state, ZC+-PI--NI. This is followed by a 
electron shift to form ZC+PINI-. The strongest spectral feature of NI- at 470 nm is well 
separated fiom the PI' absorption band at 720 nm. This allows for the unambiguous 
observation of both the intermediate and f i d  electron separated states of the chemical reaction 
through time resolved transient absorbance measurements. In order to obtain fast charge 
separation rates, the desoxopyropheophorbide a donor is utilized, which has a relatively low 
oxidation potential of 0.43 V vs. SCE. In conjunction with the easily reduced PI and NI 
acceptors, pulse width limited electron separation times of 130 fs to 1.8 ps are observed in low 
polarity solvents. 

The fast charge separation to the intermediate allows us to observe a vibrationally hot 
intemediate in an artificial photosynthetic system for the first time. This is largely due to 
favorable rate constants, which allow the intermediate charge separated state to form faster 
than the vibrational relaxation time of PI-, while still allowing the lifetime of the intermediate to 
be long enough to actually observe vibrational relaxation. The 4-6 ps time scale for vibrational 
rel-tion is consistent with a cooling process associated with collisional interactions with the 
solvent molecules. 

The lifetimes of the intermediate do not correlate with the static dieiectric constants of 
the solvents. We discuss the possibility that differences in solvent motions may be responsible 
for the range of electron transfer rates. This phenomena, known as the dynamic solvent effect, 
is believed to be particularly important for reactions with a low barrier. The effect is a 
consequence of dielectric coupling between the ion pair and the dipoles of the solvent, which 
may act in a manner to slow the progress of a chemical reaction. Dyad molecules, ZCPI and 
ZCNI, were used as control molecules to better understand the solvation processes occurring 
in the ZCPINI triad. We believe that krther evidence for solvation effects are observed in the 
dyad control molecules. Since the reduced species have absorption bands whose bandwidths 
are known to be highly dependent on the polarity of the solvent, these species act as a sensitive 
probe of solvation. Upon charge transfer, the spectral features of the reduced species are 
broad; this is followed by a narrowing of the bands over a 10 ps time scale. 
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VIBRONIC COUPLING BETWEEN GROUND AND EXCITED STATES OF 
ORGANIC RADICAL CATIONS 

Ffrancon Williams, Robert S. Pappas, Guo-Fei Chen, and C. Scott Shultz 
Department of Chemistry, University of Tennessee 

Knoxville, Tennessee 3 7996- 1600 

Stephen F. Nelsen and Laurie Reinhardt 
Department of Chemistry, University of Wisconsin 

Madison, Wisconsin 53706 

Organic radical cations frequently possess low-lying excited states and are therefore 
natural candidates for the likely observation of vibronic coupling effects. In this presentation, 
we will describe recent ESR studies that have provided evidence for the direct manifestation 
of these effects, first in producing geometric distortions, and secondly in facilitating the 
reaction pathway for unimolecular rearrangements of strained molecular ions. As illustrative 
of vibrationally-induced distortions, ESR results show that the radical cation of 
bicyclof2.2.2]oct-2-ene is distorted from C, symmetry by a torsional motion about the C=C 
bond to give a dissymmetric structure. For each of these two twisted enantiomorphs, only 
two diagonal exo-hydrogens show strong hyperfine coupling in accord with long-range 
interaction via the W-plan, and so the interconversion of these two twisted forms results in 
an alternating linewidth effect with the ESR spectrum changing from a 1 :2: 1 triplet below 90 
K to a 1:4:6:4: 1 quintet at high rates of interconversion above 110 K. The barrier height 
between the two twisted conformers is estimated from these experiments to be 2.1 kcal/mol. 
The ESR detection of this double minimum on the potential energy surface represents 
significant evidence for 8 pseudo-Jahn-Teller effect, the lowering of the symmetry to C, 
resulting from a coupling of the 'B, (x )  ground state with the ,B2 (a) excited state via the a, 
torsional mode. Turning to an example of a "permanent" geometric distortion, this is 
represented by the tetramethylurea radical cation for which ESR studies show that one of the 
NM% groups is forced out of planarity. This can be accounted for by the b, vibrational mode 
which mixes the nearly isoenergetic (%, and *A2 ) ground and excited states. The second 
part of this poster presentation will focus on the way in which vibronic coupling effects can 
also determine the reaction pathway in the radical cation rearrangements of highly strained 
molecules. For instance, the observed radiolytic oxidation of bicycle[ 1.1. f )pentane to the 1,4- 
pentadiene radical cation is predicted to proceed along the e" reaction coordinate in a 
concerted manner. Moreover, this transformation nicely illustrates how the reactivity of the 
organic radical cation can be dominated by the excited-state character introduced through the 
vibronic mixing. This point will be developed to account for the detailed reaction pathways 
that are followed in the isomerization of radical cations derived from strained organic 
molecules. 
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DRIVING FORCE DEPENDENCE AND THERMODYNAMICS OF 

MODIFIED, NATIVE AND METAL-SUBSTITUTED CYTOCHROMES c 
INTRAMOLECULAR ELECTRON TRANSFER IN AMMINERUTHENIUM- 

James F. Wi&& ,a Ji Sun,a Myung-ok Cho,b and Stephan S. Isiedb 

&Department of Chemistry, Brookhaven National Laboratory, Upton, NY 11973 
bDepartment of Chemistry, Rutgers University, New Brunswick, N J  08904 

Electron transfer rates and activation parameters have been obtained for a 
series of (NH&Ru(L)-modified, native iron and cobalt- and manganese- 
substituted cytochromes c, where L was varied to change the driving force. Metal 
substitution alters both the reorganization energy and redox potential of the 
cytochrome, and the effects of these changes on intramolecular electron transfer 
are discussed using Marcus-Hush theory. Our results indicate that metal 
substitution does not adversely affect the electronic coupling matrix element 
between the ruthenium and metalloprotein centers. 
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A semilog plot of the observed intramolecular rates for ruthenium-modified 
native (circles) and CoCyt c (squares) versus AG*r shows that both sets of data 
agree well with the Marcus formalism: kET = IQ v, e-AG**T. The plot shows that 
when the reorganization barrier is accounted for, the iron and cobalt electron 
transfer rates converge. (The starred points, not fit, differ by charge types or 
redox site.) The slope of the best-fit line for both sets of data is -URT k 2% and the 
intercept at the activationless rate limit is IQ vn = 2.8 x lo5 s-1. The results 
demonstrate that the electron transfer coupling has been preserved in the 
reconstituted cobaltocytochrome c. 
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