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FOREWORD 

The Eleventh DOE Solar Photochemistry Research Conference, sponsored by 
the Division of Chemial Sciences, Office of Basic Energy Sciences, U.S. 
Department of Energy, was held June 7-11, 1987 at the Granlibakken 
Conference Center in Tahoe City, California. The meeting was hosted 
this year by the Chemical Biodynamics Division of Lawrence Berkeley 
Laboratory. 

This annual conference brings together contractors and grantees of the 
Division of Chemical Sciences in its basic research program on solar 
photochemical energy conversion to exchange information and discuss 
problems of mutual interest. It also gives interested government 
officials a current picture of the status of research in this field. 

In this volume may be found the program of the meeting, the abstracts of 
28 formal presentations and 42 posters, a record of the often lively 
questions and answers following each presentation, and a list of the 93 
attendees. 

I would like to express my sincere appreciation to Dr. John Otvos who 
did a superb job of organizing and running the meeting, and for 
providing the "Guide to Legible Proj ections. " Special thanks are also 
due the following: 

o Dr. George C. Pimentel, Director of the Chemical Biodynamics 
Division of Lawrence Berkeley Laboratory, for his kind welcoming 
remarks and campaign for chemistry, 

o Dr. Allen Bard, of the University of Texas at Austin for his dy
namic plenary lecture on integrated chemical systems for photo
electrochemistry, 

o Marilyn Taylor, for handling the registration desk and conference 
office, and for the preparation of this volume, 

o Kisholoy Goswami and Meredith Morgan, for their skillful operation 
of the projection equipment, 

o Ed Orton, for orchestration of the sound and lights, 
o Peter Chou, for taking charge of the poster areas, 
o Mark Renner, who was volunteered from Brookhaven, for distribution 

and collection of the discussion sheets, 
o Peggy Little, conference co~rdinator at LBL for handling initial 

preparations for the meeting, 
o the Granlibakken staff, for their warm hospitality and arrangements 

for sightseeing on Lake Tahoe and the Truckee River, 

and to all the participants, whose enthusiasm made the conference a 
stimulating and enjoyable experience. 

iii 

Mary E. Gress 
Fundamental Interactions Branch 
Division of Chemical Sciences 
Office of Basic Energy Sciences 
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SEMICONDUCTOR-BASED INTEGRATED CHEMICAL SYSTEMS 
FOR PHOTOElECTROCHEMISTRY 

Allen J. Bard· 

Department of Chemistry, The University of Texas 
Austin, Texas 78712 

Systems for the utilization of solar energy to drive useful chemical 
reactions require several different components that provide different 
functions: light absorption, charge separation, redox chemistry, and 
catalysis. The different components can be assembled on a suitable support 
to produce a structure that will carry out the desired reactions when it i1 
irradiated. We call these assemblies "integrated chemical systems" (ICS). 
These are generally defined as heterogeneous, multiphase systems involving 
a number of different components (e.g., semiconductors, polymers, 
catalysts, membranes) designed and arranged to carry out specific functions 
and processes. Often the different components will be organized 
structurally and will show synergistic behavior. Many biological systems, 
such as those involved in photosynthesis, are integrated chemical systems. 

Generic features of integrated chemical systems and modes of 
construction and characterization will be briefly reviewed. Components in 
ICS include: supports (insulators--Si02, porous Vycor; electronically 
conductive substrates--metals, C: polymers--Nafion, polypyrrole; membranes; 
micelles; vesicles; clays; zeolites), catalysts (metals, metal oxides, 
enzymes), mediators and relays (redox couples), linking or coupling agents, 
and photoactive centers (semiconductors, pigments, sensitizers). These can 
be assembled via covalent bonding, electrostatic attractions, hydrogen 
bonding, hydrophobic interactions, Van der Waals interactions, absorption 
or physical entrapment. Typical systems for photocatalysis and 
photosynt~sis based on supported semiconductors and catalysts will be 
discussed. Features that are important in the design of such systems 
include provision for vectorial charge transfer and rapid catalysis of 
electron transfer reactions; this minimizes electron-hole recombination and 
leads to improved efficiency. To drive many reactions of interest with 
available semiconductors and visible light, it is necessary to provide 
higher output voltages (driving forces) by connecting system components in 
series. Approache3 to the design of such systems based on arrays of 
bipolar electrodes will be described. . 
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Kevan: 

Bard: 

Norris: 

Bard: 

Turner: 

Bard: 

DISCUSSION 

With regard to maximizing photoefficiency by maximizing light. 
absorption, what factors of increase have been observed by 
using supported vs bulk semiconductors? Also,is there much 
comparative information between nonstructured supports like 
polymer films vs structured supports like clays or zeolites? 

While there have not been many studies of supported vs unsup
ported semiconductors under similar conditions, a feW-reports 
do show increases for supported ones. For example, a compari
son of CdS.ZnS supported on Si02 with unsupported, sim~larly 
prepared CdS.ZnS showed much higher rates for the Si0

2 
sup

ported materials (J.Phys. Chem. 1985, 89, 732, 3828). 
There have not been enough studies of structured vs unstruc
tured supports to yield unambiguous results. 

(1) In your opening remarks you mentioned the importance of 
support. Would you care to elaborate on this point? 
(2) Do you expect the support to participate in the 
chemistry? 

(1) The support can serve a nu~ber of functions in a photo
electrochemical system. It provides a transparent sub
strate for small particles or thin layers of semiconductor, 

- + maximizing surface area and reactions and minimizing e h 
recombination in the bulk. It also prevents aggregation of 
small particles and allows them to be separated more easily 
from the reaction system (e.g., for particles in a polymer). 
(2) Generally the support does not directly participate in 
the chemistry, although the environment provided by the sup
port, e.g., inside a polymer film, may be useful in changing 
the properties of species contained within it. The surface 
of the support can also provide electrostatic forces through 
surface charges which can affect the chemistry. Finally, the 
support can have structural effects (e.g., in clays and zeo
lites) that affect the reactio~~. For example, methyl vio
logen does not quench Ru(bpY)3 in clay to the same extent 
that it does in homogeneous solution (J. Phys. Chem, 1984, 
88, 5519). 

You mentioned the problems with chemical relays. I see 
chemical relays as energy eaters and light absorbers. If 
we look at the work of Adam Heller we can see that it is 
possible to place a Pt catalyst on an electrode where it 
is both catalytic and transparent. The work of Hari sug
gests that it may be possible to do complex reactions 
directly with relatively simple catalysts. Do you see 
any place where a chemical relay is absolutely necessary? 

Relays are needed in many cases, i.e., in the internal sec
tions of .the mUltipanel cells I described. Of course, if 
one can get away with a catalyst alone without using a re
lay in the final stages of the reaction (e.g., 02 production) 

3 



that would be preferable. We might note that biological 
photosynthetic systems basically use "relays" in the steps 
that promote electron-hole separation. 

Feldberg: Small SC particles will have no significant electric field to 
separate charge. Even if there are effective A and D to re-

- + - + 

Bard: 

act with e and h before e -h recombinat.ion there remains - + . 
the problem of A + D recombination. Therefore, relay(s) and 
physical separation of A and D are essential for efficient 
operation. 

You are right! There may be surfac~ (~.g., ionic) charges on 
the particle surfaces that assist e -h separation, but space 
charge regions as such probably do not play much of a role in 
small semiconductor particles. 

Wrighton: Would you co~ent on the relative merits of the quantum par
ticle (~20 A, 1000 atoms) ~ the molecular synthesis d 

approach where molecules of dimension (maximum) are 25 A 
and absorb light and separate charge? 

Bard: 

Harris: 

Bard: 

I think both approaches to "Q-systems" are worthwhile. The 
molecular synthesis approach to build Angstrom-level particles 
has not been exploited very much so far in photoelectrochemi
cal systems, but is a promising one. For example, isopoly- or 
heteropoly- anions, such as tungstates, can be considered 
as (W0

3
)x structures. Photochemical reactions at these 

have been observed. 

On the small "quantum" type particles, do the surface states 
pin the potentials independent of the size of the particle 
and thus independent of the band gap? 

Traps and surface states undoubtedly exist in Q-particles (see 
for example, J. Phys. Chern., 1986, 90, 2559), although there 
have not been studies, to my knowledge, of pinning with such 
particles. Pinning has been proposed for larger particles. 
For example (J. Phys. Chern., 1985, ~, 5676) an intragap state 
was proposed to limit the available potential of electrons in 
particulate CdS. 

Linschitz:ln your Nafion system, does the matrix play any role in the 
charge transfer? 

Bard: From electrochemical studies of heterogeneous electron trans
fer reactions in thin Nafion films on electrodes as well as 
some ESR studies of methyl viologen radical cation in Nafion 
membranes, it appears that electron transfer rates are slower 
in the Nafion environment than they are in aqueous solutions. 
This seems to be in line with recent experimental and theor
etical work pn electron transfer reactions where solvent 
effects play a role and increases in viscosity and solvent 
relaxation times cause decreases in the rates. 
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Greenbaum:Using multicomponent systems to increase voltage also in
creases internal impedance. Do you have any strategies to 
overcome this limitation? 

Bard: 

Calvin: 

Bard: 

It is true that internal impedances increase in multijunc
tion systems because of aniricrease in the number of junc
tions as well as intermediate solutions. This can be de
creased by using concentrated ionic solutions to lower 
resistance and in the formation of junctions. At this 
time I think we are more limited by factors such as light 
absorption in intermediate solutions, recombination of 

- + ' e -h and mass transport of reactants than we are by 
internal impedance. 

Can you determine the average distance between sulfonate 
clusters in Nafion using the CdS particle and some kind 
of electron microscopy? 

This is a good idea, but we have not tried the CdS/Nafion 
experiment with suffi~~ently small particles to see the 
Nafion structure. Our scanning electron micrographs show 
particles 1].JIl in diameter, which are much larger than the 
proposed cluster diameters in Nafion (~SO-100 A). We are 
just now starting experiments with Q-particles prepared in 
Nafion, and perhaps these will be useful in probing the 
Nafion structure. I imagine TEM would be the microscopic 
technique of choice. 
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PHOTOCHEMICAL SOLAR ENERGY CONVERSION UTILIZING 
SEMICONDUCTORS LOCALIZED IN MEMBRANE MIMETIC SYSTEMS 

Janos H. Fendler 

Department of Chemistry, Syracuse University, Syracuse, NY 13244-1200 

Development of an artificial photosynthetic appal'atus utilizing microcrystalline 
semiconductors in different membrane mimetic systems continues to be our goal. 
Synthetic surfactant vesicles, polymerized vesieles, and bilayer lipid membranes 
(BLMs) are the membrane mimetic systems which compartmentalize the catalyst
coated microcrystalline semiconductors and sacrificial electron donors. Recognizing 
the need for obtaining more complete information on photoelectron transport led to 
the inclusion of BLMs into our mimetic repert.oire. BLM-incorporated semi
conductors allow the simultaneous spectroscopic and electrical monitoring of 
photoelectron transfers on and across ultrathin membranes. 

Recent Results: 

Quantum size effects have been established in the generation of CdS partides 
in dioctadecyl(jimethylammonium chloride (DODAC) surfactant vesicles. Depending 
on the method of preparation and the stoichiometrical amounts of H2S added, CdS 
semiconductor absorption edges were found to range from 478 to :385 nIll, corre
sponding to particle diameter variations between >50 and 22 A. Using surfaetant 
vesicles as hosts for semiconductors has a number of advantages. They provide 
differential sites for CdS formation, shift the equilibrium between nucleation and 
particle growth toward the former, stabilize the growing particles along with the 
anions present (Cl-, OH-, EDTA2-. and SH-), and, most importantly, allow a 
convenient control of particle sizes and size distributions. The' smallest sized CdS 
partieles with the narrowest size distribution were obtained in preparation A. 
Importantly, smaller sized DODAC-vesicle-entrapped CdS pal'ticles were shown to 
undergo more efficient, photosensitized electron transfer to rnethylviologen than 
larger ones. 

Mixed CdS and ZnS semiconductor particles have also been generated on the 
surfaces of dihexadecyl phosphate (DHP) surfactant vesicles. The method of 
preparation df)termined the sizes and homogeneity of mixing of these semi
conductors. X-ray diffraction has been used for the elucidation of particle 
morphologies. 

Microcrystalline cadmium and zinc sulfides were in situ generated on the 
surfaces of BLMs prepared from bovine-brain phospllatidylserine (PS). glycer'/l 
monooleate (GMO), and a synthetic, polymerizable surfactant [n-C15I-I31C02(CH2)2]2-
N+(CH:~)CH2C6H4CH=CH2' cr (Sl~YRS). Semiconductor-containing BLMs remain4~d 
stable for days. Attaehment of Cd2+ ions onto the PS BLM surface and subs(~que~lt 
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CdS formation were monitored by voltage-dependent capacitance measurements. The 
minimum in curve a is at V = O±2 mY, as expected for symmetrically charged PS 
membranes. Displacement of the curve upon the addition of Cd2+ (curve b) allowed 
the calculation of the charge density to be 1/360 ;'2 and the surface potential 
difference (~1») to be 66 mV. We estimate that [Cd2+]:[PS] = 1:12. H2S addition 
decreased ~ 1» to almost zero (curve c) and resulted in the development of C:'dS 
particles (see photograph and intensity changes of the reflected light). 
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Band gap excitation of GMO-BLM-incorporated CdS resulted in the development of 
photo voltage. 

Future Plans: 

Initial results in the preparation of photoactive colloidal semiconductors on 
BLM surfaces have been encouraging. We will confirm and extend our observation 
of photovoltages and extend these studies to electron transfers on and across BLMs. 
Mechanistic df)tails of electron transfer will be elucidated by simultaneous electrical 
and subnanosecond, time-resolved, i/J situ spectroscopy. Emphasis will be placed on 
controlling the size and position of the semiconductor parUcles on the BLMs. The 
informat.ion obt.ained from these studies will guide the optimization of vesicle
incorporatf~d. semiconductor systems used in artificial photosynthesis. 
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Whitten: 

Fendler: 

Hurst: 

Fendler: 

DISCUSSION 

I have two questions pertaining to the interpenetration of the 
films by the growing semiconductor (SC) particles. I pre
sume your discussion all involved unpolymerized films (phos
phadityl serine?). . 
(1) How does the growth of the SC particle differ, depending 
upon whether you use a polymerized or unpolymerized film? 
(2) What is the temperature stability of the film and how 
is the temperature affected by the growth of the SC film 
from very thin particle network to the thick structures 
you demonstrated? 

All of the semiconductor films have been, to date, grown on 
BLMs prepared from glyceryl monooleate(GMO). This lipid easily 
and reproducibly forms BLM. All of our experiments have been 
carried out at ambient temperature, below the phase transi
tion temperature of GMO. 

Are the bilayers leaky after deposition of the CdS film? Is 
there any indication of loss of intrinsic bilayer structural 
form? (My concern is whether or not one needs to consider 
structural complementarity between packed surfactant head
groups and CdS surface molecules on the film.) 

2+ 2+ 2+ The BLM is not leaky to metal cations (Cd ,Zn ,Pb , 
etc.). It is leaky to H

2
S and HS-. 

Wasielew- (1) If the basic distance across the BLM is 50 A, why do 
ski: you assume that there would be only 10-15 A distance be-

tween two semiconductors on either side of the BLM? 
(2) What advantage, if any, does this more difficult tech
nique hold for formation of single semiconductor thin films 
over the technique of chemical vapor deposition or other 
technologically well-characterized thin film formation 
methods? 

Fendler: (1) So far we have studied semiconductor film formation 
on one side of the BLMs only. The penetration depth of the 
semiconductor film onto the BLM has been assessed by assuming 
an equivalent circuit theory and simultaneously determining 
capacitance and reflectivity changes as a function of the film 
growth. The space between semiconductors grown on opposite 
sites of the BLM is purely speculation. 
(2) Better chemical control during the generation of the 
semiconductors, the possibility of direct examination by 
simultaneous electrical and spectroscopic techniques, sta
bilization of small and controlled size particles and, most 
importantly. the possibility of generating sandwich semicon
ductors separated by a single molecular layer of surfactants 
(~ 10-15 A). 
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CATALYZED .DECAY OF METALLOPORPHYRIN RADICAL CATIONS 

AND OXYGEN EVOLUTION FROM WATER 

P. Neta, G. S. Nahor, and A. Harriman 

National Bureau of Standards, Gaithersburg, Maryland 20899 
and The Royal Institution, London W1X 4BS, England 

Recent experiments have shown that certain metalloporphyrin radical 
cations react with colloidal ruthenium dioxide catalyst in aqueous solution 
to yield oxygen (ref. 1). 

Ru02 
The efficiency of this process was correlated with the redox potential of 
the metalloporphyrin and the lifetime of its radical cation, two parameters 
that were found to be interrelated. In general, it has been shown that 
strongly oxidizing metalloporphyrin radical cations (E1/2 >lV vs NHE) are 
unstable in water and decay in a millisecond or less. ln order to use such 
species for useful oxidation processes it is necessary to employ very 
active catalysts. Less effective catalysts can be used in conjunction with 
the more stable metalloporphyrin radical cations but, because of their low 
redox potential, these species will oxidise water only at high pH. In 
order to use the more powerfully oxidizing radical cations, improved 
catalysts have been prepared and the parameters affecting the rate of 
interfacial electron transfer processes have been studied. 

Colloidal Ru02.2H20 was prepared for the initial experiments by the 
reduction of KRu04 with hydrogen peroxide in the presence of po1y(styrene
maleic anhydride) as a stabilizer. Such preparations were very 
reproducible and served as efficient catalysts for the above reaction. 
From light scattering experiments, the size of these particles was 
estimated to be around 10 nm in diameter, i.e. an average of 4000 molecules 
of Ru02 per particle. Recently we have prepared a similar catalyst by 
radio1ysis of KRu04 solutions. The colloid produced by the radio1ysis was 
found to be more stable than the chemically prepared one, it was stable 
even without the polymeric stabilizer, and was composed of considerably 
smaller particles (ca. 5 nm in diameter). This product was also an 
efficient catalyst for oxygen evolution from water. Unlike the chemically 
prepared colloids, the radio1ytic product was not active for hydrogen 
evolution and thus was selective for oxidation processes. 

In the above experiments, radical cations derived from both TSPP and 
TMPyP complexes (mostly with Zn as the metal center) decayed more rapidly 
in the presence of colloidal Ru02' However, oxygen liberation was observed 
only with TSPP complexes, while the TMPyP complexes underwent enhanced 
disproportionation. The reason for this difference was thought to be 
associated with the overall e1eGtrostatic charge of the porphyrin and the 
catalyst particle. Electrophoresis experiments have shown that the Ru02 
particles, with or without the po1y(styrene-ma1eic anhydride) stabilizer, 
have an overall negative charge. Positively charged TMPyP complexes may 
bind to the surface so that the charge accumulating on the catalyst 
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particle may be transferred to a bound porphyrin radical cation and the net 
result is disproportionation of these radicals. With the negatively 
charged TSPP complexes, this undesired reaction is avoided. 

It is desirable to achieve oxygen production by the positively charged 
TMPyP complexes, since the higher redox potentials of these compounds 
permits oxygen production .even in neutral and acid solution. For this 
purpose we have prepared a Ru02 catalyst stabilized with polybrene, a 
positively charged low molecular weight polymer. Preliminary experiments 
have shown that ZnTMPyP radical cations react with water in the presence of 
this catalyst to produce oxygen. Oxygen production was optimal at pH 5. 
Pulse radio lysis experiments did not show enhanced decay of the ZnTMPyP 
radical cation, indicating that the reaction with the catalyst particles is 
considerably slower than the disproportionation process. However, under 
steady-state photolysis, where the concentration of the radicals is much 
less than in the pulse radio1ysis, and thus the disproportionation is 
slower, interaction between the radicals and the catalyst is sufficiently 
rapid to result in oxygen evolution. 

Experiments were initiated with Ir02 as catalyst for water oxidation. 
Colloids of Ir02 were prepared from chloroiridate by radiolysis or by 
chemical reactions. Both preparations give relatively small particles, 
with diameters of 3-5 nm. These colloids appear to be stable and to 
catalyze the decay of metalloporphyrin radical cations. Further studies on 
these reactions and on water oxidation are underway. 

1. P. A. Christensen, A. Harriman, G. Porter, and P. Neta, J. Chern. Soc. 
Faraday Trans. 2, 80, 1451 (1984). 

Related Publications (1985-87) 
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Meyer: 

DISCUSSION 

In the sulfonato-porphyrin/Ru02 system, how much of the 
pH effect for 02 evolution is attributable to overvol
tage effects on the particles. 

Neta: ZnTSPP should be able to oxidize water at pH >6.5 but the 
overpotential on the Ru0

2 
is about 200 mV. Therefore, oxygen 

production is observed only at pH >9. 

Rodgers: Even though the first-order. rate constants for porphyrin radi
cal cation decay show a linear dependence with catalyst con
concentration since the reaction is at a surface, the inter
pretation of bimolecular constants, i.e. based on diffusion in 
solution cannot have any real meaning. Therefore, comparisons 
between different catalysts based on such rate constants have 
no real meaning. 

Neta: 

Goswami: 

Neta: 

Frei: 

Neta: 

Connolly: 

Neta: 

The rate constants I showed on the graphs were calculated on 
the basis of the concentration of metal oxide molecules, 
which has no real meaning except in allowing us to compare 
various preparations of the catalysts or the effect of pH on 
the reaction. The number of molecules per particle should be 
taken into account to calculate the more meaningful rate con
stants, i.e. those based on the concentration of the 
colloidal particles. 

We have used ZnTMPyp4+ as a photosensitizer in connection 
with electron transfer reactions with propyl~!ologen sulfon
ate (PVS). What we find is that the ZnTMPyP complex gets 
demetallated at high pH and we end up with the free ligand 
which has different absorption and emission properties. In 
your experiments at high pH do you not see the same behavior? 

Yes~ At high pH the solution of ZnTMPyP turns green but when 
the pH is decreased back to around neutral the original color 
returns and the absorption spectrum is restored quantitative
ly. Therefore, we did not interpret that change as due to 
demetallation. 

In the four-electron oxidation of H20 to ° , have any 
intermediates been identified (e.g. OH, Hz6z) on the cata
lyst surface? 

No. It would be very difficult to identify any such inter
mediates in the system. 

In the case of the radical cation of ZnTMPyp4
+, the decay 

rate in the presence of Ru0
2 

(not stabilized) shows a maxi
mum at pH >9 but in the presence of polybrene-stabilized 
Ir02 , this maximum appears at pH >5. Is this pH effect real: 

The decay rate of ZnTMPyP radical cation in the presence of 
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Spreer: 

Neta: 

Fajer: 

Neta: 

Ir0
2 

(not stabilized with a positively charged polymer) show
ed a maximum about pH 9. The maximum at pH 5 was seen with 
measurements of 02 production using ZnTMPyP and Ru0 2 stabil
ized with polybrene. The two maxima are not related. The 
decrease found in the latter case in probably due to oxida
tion of the support (polybrene). 

One .of your viewgraphs showed a time course for 02 evoluti~n. 
What causes the evolution of 02 to cease during your exper~
ments? 

Side reactions, such as destruction of the photosensitizer or 
of the colloidal catalyst particles. 

The radical disproportionation that yields a double oxidized 
porphyrin also results in a species with a higher oxidation 
potential which should also liberate oxygen. In view of your 
results, does that mean that the nucleophilic reaction of the 
doubly oxidized species with hydroxide is much faster than the 
electron transfer reaction that yields oxygen? 

It appears to be so. 
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PHOTOCATALYTIC CHEMISTRY BY METALLIZED CHLOROPLASTS 

1.0 SCOPE OF PROJECT 

E. Greenbaum 

Chemical Technology Division 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37831 

DOE-supported photosynthesis research in the Chemical Technology 
Division of Oak Ridge National Laboratory is focused on the physico
chemical mechanisms of artificial photosynthetic systems. These include 
the reconstituted in vitro system composed of isolated spinach chloro
plasts, ferredoxin, and hydrogenase (CFH), as well as substituted systems 
in which nonbiological catalysts are electronically linked tovTater
splitting and chloroplast-reducing power. '·le have performed the first 
measurements of the simultaneous photoproduction of molecular hydrogen 
and oxygen using the reconstituted in vitro CFH system. This reaction 
can be driven throughout the entire visible portion of the electromagnetic 
spectrum, including the long-wavelength 700-nm region. No external energy 
sources are required. This thermodynamically interesting system and 
substituted analogs are used as models for fundamental studies of the 
conversion of light energy into chemical energy. 

2.0 RECENT RESULTS 

2.1 How many metal atoms does it take to make a metal catalyst? 
A powerful technique for mechanistic and kinetic studies of photobio
physical reactions is the use of saturating single-turnover flashes of 
light. Because of the large optical-reaction cross section that the 
complement of antenna chlorophyll in the photosynthetic unit pigment bed 
presents to a flux of incoming photons, it is possible to deliver 
saturating flashes of light to photosynthetic preparations with conven
tional laboratory xenon flash lamps. Moreover, since the turnover time 
of photosynthesis is measured in milliseconds, r-rhereas the flash time
profiles of the lamps are measured in microseconds, it is possible to 
drive all of the reaction centers in synchrony, one step at a time. 
This, in effect, allows for the photochemical titration of electrons in 
an experimentally countable way. 

The reductive precipitation of metallic platinum from hexachloro
platinate ions, [PtC16]2-, requires four reducing equivalents. In situ 
photochemical reductive precipitation of [PtC16]2- has been performed 
using the photochemical apparatus of isolated spinach chloroplasts 
illuminated with single-turnover saturating flashes of light. By 
continuous on-line monitoring for the onset of photoevolved hydrogen, it 
is possible to set an upper limit for the number of reducing equivalents 
required for the fonnation of catalytically active platinum. Results of 
these measurements as well as a description of the experimental equipment 
used to obtain them will be presented. 
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2.2 Electrical contact .of molecular components in a nanometer 
biological structure. A method for electrically contacting the electron
transport chain of photosynthesis has been developed. Colloidal platinum 
was prepared, ~recipitated directly onto .photosynthetic thylakoid 
membranes from aqueous solution, and entrapped on fiberglass filter 
paper. This composition of matter was capable of sustained simultaneous 
photoevolution of hydrogen and oxygen when irradiated at any wavelength 
in the chlorophyll absorption spectrum. Experimental data support the 
interpretation that part of the platinum metal catalyst is precipitated 
adjacent to the photosystem-I reduction site of photosynthesis and that 
electron transfer occurs across the interface between photosystem I and 
the catalyst. Photoactivity of the material was dependent on the nature 
of the ionic species from which the platinum was precipitated. All 
photoactive samples were prepared from the hexachloroplatinate(IV) ion, 
whereas samples prepared by precipitation of the tetrammineplatinum(II) 
ion showed no hydrogen evolution activity and only transient oxygen 
activity. When contacted with metal electrodes, the thylakoid-platinum 
combination is capable of generating a sustained· flow of current through 
an external load resistor. 

3.0 FUTURE PLANS 

The metallization technique for surface chemical modification of 
photosynthetic membranes is, in principle, a general method for 
catalytically contacting the reducing end of the photosystem I light 
reaction of green plant photosynthesis. Experiments with metals other 
than platinum are planned. Preliminary success has already been achieved 
with ruthenium precipitation from solutions of potassium pentachloro
ruthenate (III). In the context of fuel synthesis, ruthenium is clearly 
a catalyst of interest because of its reported activity in the catalytic 
reduction of carbon dioxide to methane. 

4.0 RECENT PUBLICATIONS 

E. Greenbaum, "Electrical Contact of Molecular Components in a 
Submicron Biological Structure," in Pr>oceedings of the Thir>d 
Inter>nationaL Symposium on MoZecuLar> ELectr>onic Devices, 
F. L. Carter (Ed.), 1986, in press. 

E. Greenbaum, "Platinized Chloroplasts: A Novel Photocatalytic 
Material," Science 230, 1373-1375 (1985). 

E. Greenbaum, "Hydrogen Production by Algal Water Splitting," to be 
published as a chapter in ALgae and Human Affair>s, C. A.Lembi and 
J. R. Waaland (Eds.), Cambridge University Press,·· 1987. 
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DISCUSSION 

Wasielew- To what do you attribute the very long transient time 
ski: response of the photocurrent generated by the platinized 

chloroplasts? Since typical interfacial capacitances are 
~ 1 ~F, a transient thaiolast hours would imply an inter
facial resistance of ~10 ohms. Could this slow response be 
due to some sort of transport phenomenon across a macroscopic 
distance in your cell? 

Greenbaum:Yes. Thank you for suggesting an alternate interpretation to 
the transient component of the current-time profile. 

J.Miller: Once the chloroplasts are platinized, why does it take several 
thousand saturating flashes to get hydrogen production to its 
maximum level? 

Greenbaum:lt doesn't take several thousand flashes. The time profile 
that is observed after chloroplast platinization is determined 
entirely by the response time of the flow apparatus. The 
photohydrogen is formed immediately. Control experiments using 
an electrolysis cell and step-current calibrations confirm 
this interpretation. 

Hanson: Can you explain why the photoactivity of your platinized thy
lakoid membranes depends upon the parent Pt salt from which 
the platinum was precipitated? 

Greenbaum The sign of the electrostatic charge of the platinum ion spe
cies is critically important for the preparation of photoac
tive species. It is believed that the local reducing site of 
Photosyst2~ I bears a positive charge. Th~~ attracts the 
[Pt(CI)6] ion and repels the [Pt(NH

3
)4] • ion. 

Tiede: Are you metalized chloroplasts in water? 

Greenbaum:Yes. It is the moist aqueous environment of the chloroplasts 
entrapped on filter paper. 

Seibert: The thylakoids that you are using are basically vesicular in 
nature and are platinized on the outside. Cons~dering this 
geometry, what is the mechanism of vectoral current genera
tion when you illuminate the material in your electrochemical 
cell? 

Greenbaum:lt is believed that the mechanism of current flow is from the 
reducing end of'Photosystem I, through the platinum colloidal 
material and to the platinum gauze electrode. The circuit is 
completed by the silver/silver chloride reference electrode 
that is on the other side of the filter paper. 
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A MODEL FOR RETINAL cis-trans ISOMERIZATION IN BACTERIORHODOPSIN 

Stanley Seltzer 
Chemistry Department 

Brookhaven National Laboratory, Upton, NY 11973 

The purple membrane proton pump is driven by light. A necessary consequence 
of photon absorption is photoisomerization of retinal. all-trans-Retinal, the 
chromophore of the membrane's only protein, bacteriorhodopsin (bR), is 
photoisomerized in the first step of the photocycle to its I3-cis isomer. In a 
subsequent rapid step of the cycle which does not require lig~bR reisomerizes 
its l3-cis-retinal to the all-trans isomer thereby preparing the membrane for 
another~rnover of the photocycle. The proton pumping cycle is therefore 
dependent on the dark cis-trans isomerization step. 

Another important pair of light/dark cis-trans isomerizations occurs in 
light ~ dark adaptation of bR. all-trans-Retinal, almost the sole isomer 
present in light-adapted bR, undergoes a thermal isomerization of two double bonds 
upon dark adaptation in a process presumably occurring by a bicycle-pedal motion. 
How the protein catalyzes cis-trans isomerization of its retinal is the subject of 
current study. 

Retinal is bound to bacteiorhodopsin through a protonated Schiff base with 
one of its lysine units. An anionic group of the protein, presumably 
aspartate-2l2, serves as a counter ion to neutralize charge. We have suggested 
that the catalyzed thermal cis-trans isomerization is brought about by the 
movement of the anion from the region of the protonated Schiff base nitrogen to 
the vicinity of carbon-13 of retinal (eq. 1). Movement of this sort would 

N~ 

stabilize an intermediate to allow either facile bicycle-pedal double 
isomerization or ordinary cis-trans isomerization. 

MNDO semiempirical calculations support such a mechanism. Calculated 
barriers to rotation about double bonds in a model protonated retinal Schiff base 
are significantly reduced when a point negative charge or a negative ion such as 
chloride or a carboxylate group, is transferred from the region near the 
protonated Schiff base nitrogen to carbon-13 of the retinal skeleton. 
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Experimental studies are under way to test these predictions. Compound syn-I 
has been designed as a model for the retinal binding site of bacteriorhodopsin:
It forms a positively charged Schiff base wth retinal having its carboxylate group 

syn-I 

above the plane of the polyene system. By varying the length of the pendant arm 
to the carboxylate group, the effect on the regiospecificity and rate of cis-trans 
isomerization caused by the movement of the carboxylate anion from the positively 
charge<}11ttrogen to C~13, can be tested. The anit-isomer of I (anti-I) has also 
been synthesized. The rates of isomerization of its retinal Schiff base and that 
of syn-I where n = 1, are being studied. 

Future plans. syn-I (n = 2 and 3) retinal Schiff bases are expected to have 
their-carboxylate groups located closely above C-13 of their retinal moieties. 
These models will be obtained and tested for their expected enhanced rates of 
isomerization. 
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Wasielew 
ski: 

Seltzer: 

DISCUSSION 

(1) Your model results were obtained in ethanol, a rather 
polar solvent. How can you relate these results to the 
natural protein which possesses a relatively low dielectric 
constant? 
(2) In a related question, since the nucleophilicity of 
carboxylate should be enhanced in less polar media, would 
you expect more facile reaction of carbo~ylate with C-13 
in the protein vs the model system? 

There is a controversy about what the dielectric of the me
dium will be for the region where a salt bridge is surrounded 
by a lipophilic environment. Warshel [P.N.A.S. 81, 4785 
(1984)] predicts a value of about 20; Honig and Hubbell pre
dict a value of about 4-6 [P.N.A.S. 81, 5412 (1984), but see 
also J.A.C.S. 109, 1594 (1987)]. The-use of ethanol (E % 25) 
may turn out to be a good choice. We hope, however, to make 
measurements in less polar solvents too. So far, attempts in 
hexane have been complicated by the appearance of a competing 
side reaction, hydrolysis of the Schiff base by trace amounts 
of water which is very fast in hexane. With respect to relat
ing the results of the model to the natural protein, a better 
estimate of the dielectric of the protein binding site must 
be obtained and kinetic measurements in less polar solvents 
are desirable for better comparison. 

I agree that the nucleophilicity of the carboxylate towards 
Cl3 would be expected to increase with decreasing dielectric 
of the medium. The electrostatic catalytic effect, however, 
would also increase in the same way so that one can't tell 
them apart on the basis of varying the solvent dielectric. 
Similar models to syn-zwitterion where a sulfonate group 
(poor nucleophile but negatively charged) is substituted 
for carboxylate and where a sulfhydryl group (good nucleo
phile, no charge) is substituted for the carboxylate will 
be able to differentiate between nucleophilic or electro
static catalysis. 
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METAL CATIONS AND THE MOLECULAR MECHANISMS OF THE SCHIFF BASE 
DEPROTONATION DURING THE BACTERIORHODOPSIN PHOTOCYCLE 

Timothy C. Corcoran, Eric L. Chronister and M. A. El-Sayed 
Department of Chemistry and Biochemistry 

University of California 
Los Angeles, CA 90024-lS69 

Bacteriorhodopsin (bR), the other photosynthet ic system in nature, is 
the only protein found in the purple membrane of Halobacterium halobium. 
It contains retinal as a chromophore which is bound to the protein via a 
protonated Schiff base (PSB). Upon absorbing a photon, it undergoes a 
photochemical cycle(l) consisting of at least four intermediates: 

bRS70 

hv - H+ + H+ 

psec 
K610 --> 

2 jJsec 
LSSO --> 

40 jJsec 
M412 --> 

msec 
0640 --> bRS70· 

The retinal in bRS70 is in the all-trans form, while in K610 it has a 
distorted 13-cis conformation. In the LSSO form, the isomerization is 
complete. The photocycle causes protons to be pumped across the cell 
membrane to the outside, establishing a pH ~radient used by the organism for 
metabolic processes such as ATP synthesis. l2 ) Many studies have inferred 
that the deprotonation of the PSB, which occurs during the LSSO --> M4l2 
process, is at the "heart of" the proton pump mechanism. l ,2) For this reason 
our group has concentrated on studying this process in an attempt to 
understand the mechanism of the deprotonation on a molecular level. 

Some of the important observations about the deprotonation process are: 
a) the PSB changes its pKa value from 13.3 in bR(3) to less than 3.0 in LSSO 
prior to its deprotonation; b) both the PSB and a tyrosine deprotonate on a 
similar time scale with a rate that is determined by the rate of protein 
conformation changes; c) the removal of metal cations or the increase in the 
[H+I (to make blue bR) inhibits(4) t_he deprotonation of both the PSB and 
tyrosine during the cycle. 

In order to fully understand the participation of the metal cations in 
the deprot~nation process, both optical and resonance Raman time-resolved 
studies were carried out on bR and its deionized and acid blue forms. It is 
found(S) that isomerization leading to the formation of the K610 and 
Lsso-like species takes place in the perturbed bR. Only the deprotonation 
of the PSB (the LSSO --> M4l2 step) is inhibited. This strongly eliminates 
the previous proposal that isomerization could lead to the pKa reduction of 
the PSB necessary for its deprotonation. 

In order to understand the molecular mechanism of the involvement of 
the inorganic cations in the molecular mechanisms of deprotonation, our 
group embarked on a research program aimed at determining the metal ion 
environment and its response to the photocycle. This is carried out by a 
study of the spectroscopy and decay dynamics of the luminescent Eu3+ cation 
which displaces the Ca2+ and Mg2+ ions in their metal binding sites of bR. 
The number of the observed decay components should give indication about th'? 
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m1n1mum number of the binding sites. The changes in the lifetimes of the 
different Eu3+ in different sites upon exchanging D20 for H20 in bR enables 
one to determine the number of water of hydration of Eu3+ in the 
different sites. A comparison between the Eu3+ emission intensity changes 
and the extent of the deprotonation upon the addition of Eu3+ to deionized 
bR could distinguish between the involvement of one or of more than one Eu3+ 
in the deprotonation process. From these results, a possible model for the 
mechanism of the participation of metal cations in the deprotonation process 
will be discussed. 
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DISCUSSION 

Trifunac: H~s anybody examined the effect of electric fields on 
these mechanisms which have charges (pairs) that could be 
affected by strong DC or pulsed electric fields? 

EI-Sayed: There is a group of biophysicists in Hungary who measure 
the capacitance of bR in artificial membranes during the cy
cle. They show small changes during the formation of K and 
L but large changes during L~M (i.e. proton release). How
ever, I don't know of anyone that showed the effect of an 
electric field on the cycle itself. I guess you might need 
very high applied fields to induce large internal fields 
comparable to those resulting from charged ions at such small 
distances within the protein. 

Tiede:. Is there any evidence that Eu3+ may function simply by chang
ing the aggregation of bacteriorhodopsin? Suppose, for ex
ample, the trimer is the only form active in proton pumping 
but requires cations to remain intact. By deionization, the 
trimer could dissociate into monomers which are photochemi
cally active, but not active for proton transfer. 

EI-Sayed: It could very well be. However, it is known that the des
truction of the trimer structure does not affect greatly 
the efficiency of M4i2 .formation (i.e. the deprotonation 
step). 

Spiro: It is surprising that cations are required for deprotonation, 
yet M formation has no detectable effect on the Eu environ
ment as seen in the emission characteristics. Is it possible 
that of the four Eu bonds it is the low emitting ones that are 
critical? 

EI-Sayed: The three Eu3
+ sites we see do not seem to cha~~e their en

vironments. It is possible that the fourth Eu does not emit 
and is the critical one. However, if this is the case, then 
the deprotonation efficiency should change linearly if it has 
a binding constant comparable to that of the others. If it 
has the highest K and it binds first, then we should not have 
observed emission for the others until the dark site is 
filled. This is opposite to what we see. 

To respond to your first sentence: It is not surpr1s1ng if 
the cation affects the deprotonation in an indirect manner, 
e.g. by controlling the protein conformation which, in turn, 
affects the efficiency of the deprotonation process. 

Connolly: The light-adapted form of bacteriorhodopsin (bRs70) is all
trans while the dark-adapted form (bR55n ) is a 1:1 mixture of 
all-trans and i3-cis. Is the latter a true equilibrium or 
is the system not homogeneous? The former, of course, re
quires that not all isomerization is light induced. 
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El-Sayed: 

Goswami: 

The 7 f struture determination showed that bR
S 

0 is a two 
dimension "crystal". This, together with the tact that retin
al isomerization does not affect this struture, greatly sug
gests that the system is homogeneous. The light-adapted to 
dark-adapted process is reversible. All these facts might 
point to an equilibrium mixture for the dark-adapted form. 

Eu3+ shows interesting emission properties (decay profile, 
intensities, etc.) in bacteriorhodopsin. It might be

3
in

teresting to see how these properties compare when Eu + is 
bound to a simple synthetic polymer system having -COOH 
groups. Have you done anything on that, or do you know of 
any work done by others? 

El Sayed: We have not done this kind of work and I am not familiar 
with the polymer field to know whether this kind of inter
esting work you propose has been carried out or not. 
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ESR STUDIES OF PHOTOREDUCTION IN COLLOIDAL Ti02 SOLUTIONS 

Jih Tzong Wang and Ffrancon Willl.ams 

Department of Chemistry, University of Tennessee, Knoxville, TN 37996-1600 

As an extension to our longstanding program of ESR studies on radical 
ions generated in the solid state by high-energy radiation, we have initiated 
a series of experiments designed to obtain direct ESR evidence for photo
induced redox reactions at semiconductor colloids. This photochemical study 
can also be regarded as complementary to the high-energy radiation work 
insofar as we are concerned here with a class of radical ions (see below) 
that is relatively easily formed and comparatively stable or persistent to 
further reactions in solution. In contrast, the matrix-isolation techniques 
adapted for use with high-energy radiation allow one to study very unusual 
and highly reactive radical ions which are not readily generated by other 
means. Examples of the latter class include the radical anions of acetoni
trile, dimethyl sulfoxide, and chlorofluorocarbons, while the list of radical 
cations identified in y-irradiated Freon matrices now includes representa
tives from all the main classes of organic compounds .(alkanes, ethers, 
aldehydes, ketones, olefins, heterocycles, etc.) 

The previous use of ESR spectroscopy to study radical intermediates in 
photoinduced redox reactions of semiconductor colloids in solution appears to 
have been limited to the indirect method of spin trapping. 'In our work, we 
have directly observed the generation of the well-known reduced forms of MV2+ 
(1,1'-dimethyl-4.4 ' -bipyridinium dication) and TCNQ (tetracyanoquinodime
thane) in colloidal solutions. Solutions of Ti02 colloids containing these 
substrates have been continuously illuminated in the ESR cavity using the 
filtered (C.S. No.7-54) output (A ( 400 nm) from a 450-W xenon lamp. 

One point that must be addressed at the outset concerns the importance 
of proper experimental controls. This requirement stems from the fact that 
in many instances, a well-resolved isotropic ESR spectrum of MV+· is photo
generated with or without the Ti02 colloid, the hyperfine coupling constants 
agreeing in each case with those reported in the literature. In order to 
cope with this problem, our work has proceeded along two different lines. 
First, in systems where the radical ion is produced in both the presence and 
absence of the Ti02 colloid, we have examined the characteristics of the 
photogeneration process and of the post-irradiation behavior in the two 
cases. Secondly, we have searched for solvent-solute systems where the 
photoreduction occurs only in the presence of the colloid. 

Both anatase and rutile-forms of Ti02 powders were used in the coutse of 
these experiments and generally gave similar results. The photoreduction of 
MV2+ in the presence of the Ti02 colloid in methanol was characterized by a 
rapid initial growth in the ESR signal of MV+· over 3 or 4 min but the signal 
intensity soon reached a maximum and declined sharply on continued irradia
tion for more than 10 min. In contrast, the growth profile of MV+· 
production in methanol in the absence of Ti02 was more gradual and approached 
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a limiting value after about 1 hr. The two solutions also.showed quite 
different characteristics after illumination, the MV+' signal actually in
creasing in the case of Ti02 samples whereas a slow decrease was observed for 
the controls. 

Visual examination of the samples after illumination also indicated 
significant differences. In particular, the blue color associated with ~. 
was retained in the case of the colloidal solution as a sharp band in the 
previously illuminated section of the narrow ESR tube, whereas' the color 
induced in the absence of the colloid diffused readily into the unillumi
nated part of the solution. It appears, therefore, that the MV+' produced in 
the colloidal solution is adsorbed on the surface of the slowly diffusing 
semiconductor particles. This may also explain why the MV+' signal decreases 
on prolonged illumination, a surface reaction of MV+' with holes leading to 
the formation of MV 2+ which may then be rapidly desorbed into solution. 

Using TCNQ in methanol, a larger pseudo steady-state concentration of 
TCNQ~ was more rapidly attained in the colloidal Ti02 system than in the 
control sample. This suggests that the back reaction at the surface of the 
colloidal particle is less important for the depletion of TCNQ~ than it is 
for MV+·. Noreover, the presence of hole scavengers such as thiocyanate 
anion and trans-stillbene also served to increase the signal intensity in the 
colloidal system, presumably by decreasing hole recombination with the TCNQ~ 
at the surface. However, no ESR signals from photo-oxidized species were 
observed in the, course of these experiments. 

In solvents other than methanol, we have found two systems where the 
control· experiment did not give ESR signals for the radical ion, and 
therefore in these cases the photoreduction can confidently be attributed to 

··the reaction at the semiconductor surface. First, TCNQ7 was generated in 
acetonitrile using the anatase form of Ti02 in acetonitrile. Secondly, MV+' 
was similarly produced in dimethyl sulfoxide although the hyperfine coupling 
constants differ slightly from those obtained in methanol solution. 
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DISCUSSION 

Whitten: Two points concerning interfacial MV+': 
(1) Could you not determine the intensity of the ESR
detectable MV+' and compare that with the optical ab
sorbance of MV+' (presumably the latter would give you the 

1 MV+· - MV+' MV • ) ? tota - f + b d' 
(2) If the MV+' isrffapped inoMnpool near the surface or even 
loosely bound at the" interface, should it not be able"to 
tumble enough to lose anisotropy and thus give a "normal" 
non-broadened ESR spectrum? 

+ 
Williams: In view of our results suggesting that MV • may be present in 

both free and bound forms, I fully agree that it+would be 
useful to have simultaneous determinations of MV • by ESR and 
optical methods. The accurate measurement of optical absor
bance using a flat cell inside the ESRcavity is not a trivial 
experiment, however, and probably is best done by a laser-beam 
technique, as suggested by Prof. G. A. Somorjai. Regarding 
your second point that a loosely bound MV+' might also show 
reduced anisotropy, the extent of this reduction is difficult 
to predict without knowing details about the motion on the 
surface. In general, a simple rotational motion about one 
axis would not suffice and sO~Iodegree of tumbling on a 
relatively fast timescale (10 s) would be necessary. 

Kevan: It would seem that you could support or not support the de
sorption-readsorption hypothesis by varying temperature and 
you have some latitude of temperature range to vary in a 
methanol solvent. At lower temperature you might see direct 
evidence for adsorbed MV+·. Have you done much with respect 
to temperature variation? 

Williams We have not carried out a systematic study of the temperature 
dependence of MV formation in the methanol/Ti0

2 
system. Such 

experiments might well furnish qualitative information regard
ing the desorption/readsorption hypothesis, especially if we 
could separ~te out the contributions from the free and bound 
forms of MV '. However, a possible complication stems from 
the postulated existence of a monomer-dimer equilibrium, 

van 
Willigen: 

If this equilibrium were to be temperature-dependent (A.G. 
Evans, J.C.Evans, and M. W. Baker, J. Chem. Soc., Perkin 
Trans. 2, 1977, 1787 and references therein), the results 
would be difficult to analyze. 

f h d +. I +t ere exists a istribution between adsorbed MV and 
MV • in solvent, you should be able to see both by using 
high modulation amplitudes. With low modulation amplitude 
the broad signal from the adsorbed MV+' escapes detection, 
but this will not be the case when high modulation amplitude 
is applied. 
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Williams: 

Fendler: 

Williams: 

Schuler: 

Williams: 

There would, of course, be a considerable loss of sensitivity 
by using high modulation amplitudes. Also, if the distribu
tion between free and bound forms of MV+' remained the same 
with respect to the evolution of the signal, the growth 
characteristics would be similar at both low and high modula
tion amplitudes. Such experiments might furnish useful quali
tative information on the question, however, if the distribu
tion changed with time. 

2+ 
I ~m a little bit confused as to the exchanges of MV and 
MV • between the bulk and the Ti02 particles. 

There should be no confusion on this point
2 

Our re~ults indi
cate tha~ the exchange reaction between MV + and MV • has the 
usual MV + concentration dependence expected for the homogen
eo~s Eia~iion in solution with a rate constant k2 in excess of 
10 Ms. We take this to mean that the narrow-!ine ESR 
signal in the Ti02 experiments refers to a free MV • species. 
Unfortunately, we have no direct information regarding the 
po~~ible exchange reaction between free MV+' and adsorbed 
MV • This is a possible mechanism, however, for the read
sorption of MV+' which we suggest is responsible for the slow 
diffusion. 

The adsorption-desorption explanation for obtaining averaging 
of the anisotropies in the observations of MV+' in Ti02 
implies that the adsorption-~i5orption processes will occur 
in a time scale less than 10 s if one is still observing 
the adsorbed species. Rotation in the desorbed state must 
be very rapid. These time scales seem very short. Do you 
have any comments? 
We certainly do not imply that_rBe desorption-readsorption 
process occurs in less than 10 s. Rather, we suggest that 
desorption produces free MV+' which would be expected to have 
a considerably longer mean lifetime before being readsorbed 
on a colloid particle. A rough estimate of this lifetime 
would be given perhaps by 1/k

2
[colloid) where k2 would be 

th~ second-order ratz constan~ for exchange between free 
MV8'_!n~ladsorbed MV +. Assuming k2 to be on the order of 
10 M s an~3an effective colloid particle concentrat,i~~ of 
less than 10 M, . this lifetime could be as large a.s 10 s. 
This is consistent with our pro~osal that the narrow-line 
ESR sp~ctrum comes from free MV • and not from the adsor-
bed MV '. . 

Somorjai: It would be of value to monitor the MV+' concentration on the 
Ti02 surface, in addition to the solution concentration. 
Opt~cal techniques ·(second harmonic laser generation, absorp
tion, etc.)might be applicable for this purpose. Would it be 
possible to carry out these experiments in the ESR cavity? 

Williams Specially designed ESR cavities would allow one to carry out 
the experiments you propose. I certainly concur wi$h your 
comment that it would be valuable to monitor the MV . con-
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centration on the TiOZ surface by a simultaneous optical 
technique. 

Fajer: The experimental TCNQ radical spectrum you showed seemed to 
have some' additional lines. in the wings that were· not pre
sent in the simulation. Are these artificats, my imagina
tion, or is some interaction not included in the simulation? 

Williams: The additional lines you refer to were present in the experi
mental spectrum for the substituted TCNQ-' species where 
R = OCH2CH20H. 

l' 
We can only speculate that these extraneous lines may be due 
to some radicals formed from impurities in this compound. No 
such lines were observed with TCNQ itself so we doubt that 
they originate from some kind of extra hyperfine interaction 
not included in the simulation. 

Wrighton: Could you comment on the durability of the 

/~~R -
N~ ~'\ ICN 

C= /FC 

NC" --! 'eN 

t + 
species relative to MV • and TCNQ-'? R = -0-CH

2
CH

Z
OH. 

Williams: As far as we can tell, the substituted TCNQ-' is just as per
sistent (in methanol solutions) as the other two species. 
However, no long-term studies specifically addressed to this 
point have'been made. 

Bard: What was the concentration of the TiO
Z 

colloids in these ex'
periments? 

In+order to see an apparent decrea~e in the diffusion rate of 
MV ., the contribution from the MV • being adsorbed and de~or
bed from the TiO

Z 
colloid must be large compared to the MV . 

that is freely dlffusing in solution. I~ related electro
chemical experiments, where we detect+MV • generated at Ti02 
at an electrode, we mainly measure MV • diffusing in solution. 

') 

Williams: In terms of Ti02' the concentration was much higher than 10--' 
~ in ~ost of our eX~2riments. A ty~ical value w~s 1 ~ Ti02 
per ll.ter (1.2 x 10 M), as determlned from cal1bratlons of 
the absorbance at ca. 350+nm. I agree that the slow diffu
sion rate requires the MV • species, on the average., to spent'] 
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much more time on the colloid particle than in solution. 
Thus, although the interval between consecutiv~5desorption and 
read sorption processes could be larger than 10 s (see answer 
to Prof. R. H. Schuler), the mean lifetime of MV+' in the 
adsorbed state would have to be much greater than this 
interval it spends in solution. The relatively high concen
tration of colloid particles in our experiments could well be 
responsible for maintaining this inequality. 
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STUDIES OF PHOTOLYTIC CHAR.GE INJECTION INTO SEMICONDUCTOR.S 
BY MICROWAVE ABSORPTION 

R. W. Fessenden, P. V. Kamat, and J. Sobhanadri 

Radiation Laboratory, University of Notre Dame 

Notre Dame, Indiana 46556 

Charge carriers created by laser photolysis of semiconductor particles, crystals, and 
fi Ims can readily be detected by their absorption of microwave energy in time-resolved 
experiments. The present work makes use of this technique to try to define the lifetimes, 
yields, and properties of the species detected and to show how the method can be used to 
understand the effect of various modifications to the semiconductor materials. Direct uv 
photolysis of particles of Ti0

2 
and ZnO produces carriers which decay with a complex 

time profile having components with periods from less than 1 f.1S to hundreds of f.1S. 

Visible excitation of dyes adsorbed on these same particles produces carriers with very 
similar properties, thus demonstrating charge transfer from the excited dye to the 
semiconductor. Addition of reactants for either electrons or holes to suspensions of 
particles in acetonitrile only slightly affects the decay profiles. Powders of other 
semiconductors such as CdS produce microwave absorptions which behave similarly as do 
both polycrystalline and epitaxial films of materials such as Zn

3
P 2' Ordinary dc 

conductivity experiments on these films show photocurrents which decay in a similar 
fashion to the microwave absorption. Almost no absorption is produced with colloidal 
samples (such as CdS), although very concentrated frozen samples do show some 

absorption. Microwave experiments with ns time resolution on CdS powders show no 
component with a time profile which correlates with the short-lived luminescence (Le., 
follows the laser pulse). However, evidence is found that the species decaying more 
rapidly have somewhat different electrical properties than those which decay at longer 
times. The various results, particularly the complex decay profiles, suggest that the 
charge carriers detected by this method are not free but are trapped in shallow traps and 

move by hopping between traps. They are only weakly involved with reactions at the 
particle surface. The microwave method is thus best used as an indicator of charge 
injection as with dye sensitization and can serve to show the effect of various surface 
treatments in making the trapped species more available at the surface. 
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Nozik: 

DISCUSSION 

Did you try adding redox species (e- acceptors and/or donors) 
to the semiconductor particles, or adding a bias voltage to 
semiconductor crystal electrodes to see the effects of elec
tron transfer on the lifetimes? If there is no effect on 
lifetime, how is this reconciled with the faster electron 
transfer kinetics under these conditions? 

Fessenden:The experiments in which ZnO was studied in the presence of 
SCN- or oxazine dye and the experiments with different dyes on 
ZnO or TiOZ' to some degree, represent the kind of experiments 
you mention. Only moderate effects on the decays are seen. 
We have also tried experiments with TiO

Z 
or CdS crystals in an 

electrochemical cell within the microwave cavity. No change 
in signal behavior with applied potential was seen. This ex
periment needs to be done (and we plan to do so) with a semi
conductor film which shows more of the characteristics of the 
signals under discussion. 

El-Sayed: Have you carried out the temperature dependence of this micro
wave absorption decay? 

Fessenden:We have not done so systematically. However, some samples 
have been examined at both room temperature and 77°K. The 
conductivities are comparable at the two temperatures, show
ing that no large activation energy is involved. 

Wrighton: Could you give an estimate of the carrier concentration for 
the hypothetical excitation of an "intrinsic" TiOZ film for 
a typical laser pulse? 

Fessenden:The ty~ical energy absorption corresponds to 1018_10 19 quanta 
per cm of semiconductor. 

Wasielew- I noticed that some of your ZnO measurements were performed in 
ski: acetonitrile. Transient microwave absorption measurements in 

the past have not been possible for materials dissolved or 
suspended in high dielectric constant solvents because of di
electric loss considerations in the apparatus. Is your appar
atus able to examine high dielectric constant samples? If so, 
have you measured the anthracene-DMA system in CH

3
CN? In high 

dielectric constant solvents it would be very interesting to 
measure the dipole moment resulting from full charge separa
tion in the anthracene-DMA system. 

Fessenden:The experiments with polar solvents such as acetonitrile are 
done at the expense of a large decrease in sensitivity. It 
is probably not possible to get usable data for anthracene
dimethylaniline (DMA) for very lossy solvents. Experiments 
for cyclohexane, benzene, and dioxane showed similar dipole 
moments. Thus, the somewhat more polar solvent dioxane does 
not increase the ionic character of the exciplex. 
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PICOSECOND DYNAMICS OF SURFACE ELECTRON TRANSFER 
PROCESSES AT SINGLE CRYSTAL SEMICONDUCTOR LIQUID JUNCTIONS 

R. J. Dwayne Miller 

Department of Chemistry and the Labor-atory for Laser Energetics 
University of Rochester, Rochester, New York 14627 

One of the most important processes in surface mediated chemical reactions is 
the primary interfacial electron transfer step. Principally, there are two models 
developed for this process at semiconductor surfaces that differ on the energetic 
state of the electron as it crosses the surface barrier, Le., thermalized vs. hot 
carrier injection models. The predicted dynamics for the two models differ by two 
orders of magnitude and are differentiable based on the observed timescale for 
interfacial electron transfer. Previous studies of interfacial transfer processes 
have been conducted on time scales which were not sufficient to follow the initial 
electron transfer dynamics. By takirig advantage of the high quantum yields for 
electron transfer at semiconductor liquid junctions, we have been able to study 
the electron transfer process directly at working single crystal semiconductor 
surfaces usirig picosecond electro-optic sampling and transient grating techniques. 

The transient grating method, in particular, has proven to be an extremely 
sensitive probe of semiconductor electron-hole carrier processes. The temporal 
evolution of the transient grating diffraction efficiency gives direct information 
on the minority carrier lifetime within the depletion layer which effectively 
measures interfacial electron or hole transfer processes along with the competing 
processes of surface state trapping. The temporal resolution is laser pulse width 
limited (10-12 -10 -13seconds). This method has turned out to be much more 
sensitive than previous calculations predicted. We have observed diffraction 
efficiencies as high as a 10~3 with as many as five orders of diffraction visible 
by eye. This observation makes the surface restricted gratirig one of the most 
sen~itive optical methods developed to date for the study of surface reaction 
processes. It is orders of magnitude more sensitive than Surface Enhanced Raman 
or Surface Second Harmonic Generation for studies of surface dynamics. In 
addition, the diffraction efficiency is found to be further enhanced by two to 
three orders of magnitude in the presence of a liquid junction. This observation 
indicates that charge separation effects are leading to large enhancement factors 
of the light diffraction process. Similar enhancement factors were discovered 
during the initial studies of Surface Enhanced Raman and are known to be important 
in Second Harmonic Generation. 

The first system investigated was the n-Ti0 2/H 20 semiconductor liquid 
junction. This particular system is capable of generating oxygen and hydrogen 
fuels from solar fluences. This system was chosen as the initial system for two 
principal reasons: 1) the effective minority carrier mass in n-Ti0 2 is thought to 
be small and Significant hot carrier tra.nsfer processes should be observable; and 
2) the initial charge acceptors at the interface are hydroxide ions which are 
readily regenerated in the aqueous phase. This latter point avoids saturation of 
the available interfacial acceptor sites under the transient conditions studied. 
Single site excitation conditions were less than 1 mW cm-2. Experiments have been 
conducted under a number of controlled surface conditions. Studies of the n-Ti0 2 
surface in the air (no junction) have found the diffusion controlled surface state 
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trapping processes limit the electron-hole pair lifetime to 5 nanoseconds. In 
this limit, the dynamics are dominated by the ambipolar diffusion of the 
photogenerated electron-hole pairs towards the surface. Other studies were 
conducted wi th n-Ti0 2 in an aqueous electrolyte under short circui t (and open 
circuit) conditions where the quantum yield for oxygen formation is zero. 
Nevertheless, under these conditions, the photoanodic current quantum efficiency 
is near unity. A strong space charge region is present which provides a band 
bending of 1 ev or a 10sV /cm electric field. Under the strong field present in 
the space charge region, the photogenerated minority carriers within this region 
are driven to the surface in a few picoseconds. This statement is made assuming 
the motion of the carriers to be strictly classical under the influence of an 
electric field. In this case, the grating decays are on the order of 200 
picoseconds - giving a direct measurement of the hole lifetime at the surface. 
This relatively long lifetime for the minority carrier, near the surface, is 
tentatively assigned to band gap surface state trapping processes. Evidence from 
other work suggests that these trapping sites are formed from surface adsorbed 
hydroxide ions. With this interpretation, oxidation of the hydroxide and 
subsequent reactions are responsible for the observed photocurrent. Also, this 
work places an upper limit for the interfacial electron transfer rate across the 
Helmholtz barrier at 10 1 0sec-1

• This rate is not sufficient to compete with 
minority carrier thermalization processes and indicates that in ~he n-Ti0 2 /H 2 0 
system the minority carrier transfer/trapping dynamics are occurring with 
thermally equilibriated carriers. 

The quantum yield for oxygen evolution at n-Ti0 2 surf·aces increases 
dramatically with an applied bias greater than .3V vs. SCE. In the absence of band 
edge movement, the energetics of this process do not, change and the dynamics 
should remain unchanged from the above results. Control experiments of the 
minority carrier lifetime as a function of applied bias and doping are in 
progress. Results from these studies and similar work on n-GaAs non-aqueous 
j unctions will be reported. 

Publications 
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2. L. Genberg, G. McLendon and R. J. D. Miller, "Vibrational Relaxation Processes of 
Highly Excited Molecules in Solution: Transcient Thermal Phase Grating Studies 
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Nozik: 

DISCUSSION 

First, I would like to congratulate you on a nice piece of 
work that is producing for the first time fundamental data on 
electron transfer rates at semiconductor-liquid junctions. I 
would also like to comment that 500 psec for hole transfer is 
quite fast. Holes are usually much slower than electrons, and 
the 0.01 m value for the effective mass of holes in Ti0

2 
is 

probably t50 small. I would be optimistic that electron 
transfer rates from low electron mobility semiconductors 
should be faster than 500 psec. Finally, I would point out 
that the thermalization time for electrons in quantum wells 
can be much longer than 10 psec (50-300 psec), depending upon 
the electron density and the energy level of the thermalizing 
electron. 

Miller: Thanks for your encouraging words. In answer to your ques
tion, I agree with your comments. One of the experiments we 
are in the process of doing is to measure directly the 
thermalization of the carriers within the space charge re
gion as an extra control. However, I would have to argue 
that if thermalization processes were in fact that slow, 
the minority carrier lifetime would still be expected to 
be very short. The lifetime would be dominated by the hot 
electron tunneling processes. Also, thermal relaxation pro
cesses in doped single crystals should be faster than in epi
taxial grown quantum well semiconductors. Strain fields from 
impurities should couple k levels even in strongly quantized 
space charge regions. I believe a 500 psec minority carrier 
lifetime demonstrates that there are very small contributions 
from hot electron transfer processes in Ti0

2
. However, a 

measurement of thermal relaxation is in order to give the 
exact branching ratio, as yo~ suggest. 

Somorjai: One of the important variables as one changes the particle 
size of the semiconductor is changes in the space charge 
layer (shape, height, etc.). Your technique appears to be 
well suited to study this phenomenon. Please comment. 

Miller: The technique would be well suited to study these effects as 
they manifest themselves in carrier dynamics. It would be 
very interesting to do such experiments with the proper 
associated technology needed to make such materials. 

El Sayed: What is the origin of the oscillations in the grating decay 
curve? 

Miller: The oscillations in the signal are due to thermal relaxation 
processes leading to a lattice expansion which mimics the 
optical hologram on the surface. This expansion generates 
two counterpropagating sound waves which beat in and out 
of phase. The acoustic waves are a combination of surface 
and bulk acoustic waves. This signal modulation is small 
and does not affect our results. 

41 



J.Miller: Is the absence of hot carrier electron transfer due to in
efficiency of that process or to very fast non-radiative 
thermalization? 

Miller: The most likely expianation is that the energy distribution 
of OH- acceptors is not supra band edge. We have calculated 
that the maximum of the energy distribution is actually cen
tered very close to the surface valence band edge. There
fore, the density of available acceptor sites for hot hole 
transfer is very low. 

Lewis: Your argument of the surface quenching rate was based on a 
measured bulk radiative lifetime of 1 microsec. Did you 
measure this on your crystal, and, if not, are you sure that 
the recombination is not bulk or space-charge trap limited? 

Miller: The dominant trapping sites are expected to be the oxygen 
vacancies created during doping. The measurement was made on 
Ti02 crystals with the same doping level as the ones employed 
in our experiments. The studies you refer to show strongly 
nonexponential decays. The initial decay is due to diffusion 
controlled trapping near the surface while the >100 nsec 
slowly decaying tail is that due to carriers in the bulk. The 
results do not agree with diffusion controlled trapping ex
pressions for bulk processes. However, to be sure the obser
ved dynamics reflect surface state trapping, other control ex
periments are needed. The effective carrier lifetimes need 
to be measured at two different above band gap frequencies 
that have significantll different optical penetration depths 
(i.e. 100 1 and >2000 A), as the density of trapping sites is 
a function of distance from the surface in TiO~. We are cur
rently doing these measurements. However, our~assertion that 
the surface state trapping is within the deformation layer and 
not the so-called "dangling" bonds at the atomic surface is 
also based on numerous other studies of Ti02 surfaces. It has 
been demonstrated by Tait and Kasowski and also Hendrich's 
group that intrinsic TiO

Z 
with cleaved surfaces show no evi

dence for midgap states 1n contrast to observations of such 
states in covalently bonded semiconductors. A recent theor
etical study of the ionic bonding of Ti02 also bears this out 
(Munnix, et al.). The surface states at Ti02 surfaces have 
been conclusively shown to be oxygen vacancies. These defect 
states are identical to those created during doping. Surface 
states in Ti02 need to be carefully defined. The deformation 
layer is the most likely site of high trapping rates and not 
the surface atomic layer. The lack of any effect of adsorbed 
monolayers demonstrates this point. 

Harris: The phonon scattering time scale should be of the order of 50 
fs. This phonon scattering should effectively decouple the 
electron from acceptor sites on the surface and prevent hot 
carrier effects. 
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Miller: Phonon scattering will reduce the coupling of the electron or 
hole carrier with a surface acceptor state. However, I think 
the process is very similar to exciton scattering. The length 
scale of the transfer step may be somewhat reduced by a reduc
tion in the effective mean free path but the long range trans
fer process is still efficient. Transport towards the surface 
is very fast (picosecond to sub-picosecond) and hot carrier 
effects should still dominate in narrow space charge regions. 
The problem with unthermalized electron tunneling processes in 
the Ti02 system is more the energetics of the acceptor sites 
rather than phonon scattering. (See reply to J. Miller.) 
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Quantization Effects in Superlattice Electrodes and 
Semiconductor Colloids 

A.J. Nozik, J.A. Turner, and B.R. Thacker 

Solar Energy Research Institute 
Golden, Colorado S0401 

We are investigating 1-dimensional and 3-dimensional quantization effects 
in superlattice electrodes and in very small colloidal semiconductor par
ti cles, respecti vely. For the latter case, research on quantized particles 
has been extended to layered semiconductors, such as HgI 2 and MoS2 (collab
orations with O. Micic and M. Peterson). The possibility of transitions to 
higher quantum states in quantized particles has been considered, and the 
selection rules for optical transitions in such particles have been derived. 
The possible existence of "magic numbers" in semiconductor colloids has been 
investigated and found to be ambiguous. Details of this work are presented in 
a separate poster at this meeting. 

For 1-dimensional systems, our research has been successfully extended to 
lat tice-matched GaAsl Al 1- x GaxAs superlat tices (LMS); our previous work had 
been confined to strained-layer GaAs/GaAs 1_xpx superlattices (SLS). The LMS 
electrodes consisted of 20 periods of alternating layers of GaAs and 
Alo.3SGaO.62As; the GaAs quantum wells were 250 A and the AlGaAs barriers were 
either 250 A or 40 A thick. Since the GaAs and AlGaAs layers have matching 
lattice constants, graded composition buffer layers are not necessary for good 
superlattice morphology, and the superlattice is formed on top ·of a single 
GaAs epilayer deposited on GaAs single crystal; these samples were grown by 
molecular beam epitaxy at the University of Illinois in collaboration with 
Prof. Morkoc. 

The photocurrent spectra of LMS electrodes in both aqueous and non
aqueous electrolyte showed a series of well-resolved stepped waves; the peak 
positions of these waves matched the theoretical values for the optical 
transitions between both quantized light and heavy hole states in the valence 
band and the quantized electron states in the conduction band. The quantum 
yields for the thin barrier superlattices were about ten times greater than 
for the thick barrier material. This reflects more efficient electron 
transport between quantum wells for the former system due to the formation of 
mini bands. Other interesting and important differences between thick and thin 
barrier LMS electrodes will be discussed. 

The results with LMS electrodes are very important because they do not 
require graded gap buffer layers; we only recently recognized that our 
previous results and conclusions for SLS electrodes that do require buffer 
layers of graded compos itions of GaAs 1-xP x were compl icated and clouded by 
photocurrent contributions from these buffer layers. 

In order to better understand the factors controlling electron transfer 
from photoexcited superlattice electrodes into solution, we have further 
developed our kinetic model; we are examining in detail the values of the rate 
constants for electron transfer versus electron thermalization that are 
required to produce significant levels of hot electron transfer from the 
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excited states in the quantum wells. The effects of other important para
meters, such as redox potential, reorganization energy, surface state density 
and energy level, trapping rate constants, and recombination rate constants 
are also being examined by a model sensitivity analysis and will be discussed. 

A remaining problem of great importance is the unambiguous experimental 
verification of the presence of a hot electron distribution for electron 
transfer from superlattice electrodes into solution. Our previous belief that 
this effect is reflected by a shape dependence of the photocurrent spectra on 
acceptor redox potential appears to be an oversimplification as indicated by 
recent and more rigorous calculations. 

The hot electron thermalization ( or relaxation) times for SLS and LMS 
electrodes as a function of photon energy, light intensity, and temperature 
were determined in a detailed study using picosecond non-linear hot 
luminescence techniques (collaboration with C.L. Tang at Cornell University). 
For our SLS samples the relaxation times ranged from 25 ps at ~E= 250 meV to 
200 ps at ~E=40 meV, where ~E is the photon energy above the ground state 
level. These values are 3 to 5 times slower than those for bulk GaAs. For 
our LMS samples the values over the same energy range were 70 ps to 350 ps-
about 2-3 times slower than for the SLS samples. For the SLS samples, the 
relaxation times were found to be ne8arl~ independent of light intensity over 
the photodoping range 3 to 20 x 101 cm 3; the relaxation times for the LMS 
samples over this range increased linearly by about a factor of two. With 
respect to temperature, the results for the SLS samles were independent of 
temperature from 2.5 0 to 300 0 K; for LMS samples the relaxations times at 
300 0 K were twice that at 2.5 0 K. 

Values for the electron thermalization times are essential for the model 
calculations described above. The results obtained to date for LMS and SLS 
samples are important for the general understanding of hot electron relaxation 
effects. One limitation to the experimental results to date, however, is that 
they can only be obtained at high light intensities, whereas the photocurrent 
spectra are obtained at low light intensi ties. The implications of this 
difference will be discussed. 
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Frei 

Nozik: 

Miller: 

Nozik: 

DISCUSSION 

What is known about hot hole injection from a species in 
solution into the valence band of a p-type semiconductor 
material? What kind of evidence is there? 

-?1:r I~~ 
Y.~. ~-4t 

Hot hole injection from a species in solution is possible 
into n-type semiconductors under reverse bias conditions. It 
has been observed for photoexcited dyes adsorbed on n-GaP. 
The excited dye has an energy level more positive than the 
valence band edge at the surface, and injects a hole against 
the electric field into the semiconductor bulk where the 
bands are flat; this injection constitutes a hot hole process. 

Do you know if the polar solvent adjacent to a semiconductor 
superlattice enhances the non-radiative thermalization of 
hot carriers? 

The thermalization measurements were made between 4°K and 
300 0 K with the superlattice samples sitting freely in air. 
We did not consider the effects of polar solvents on the 
thermalization process. 
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ENHANCED STABILITY AND EFFICIENTY VIA OVERLAYER FORMATION 
IN THE CADMIUM CHALCONIDE/Fe(CN)6 4 -/3 - PHOTOELECTROCHEMICAL CELL 

~ndrew B. Bocarsly, Douglas J. Arent, and Holly D. Rubin 

Frick Laboratory, Princeton University, Princeton, New Jersey 08544 

Photoinduced charge transfer processes at the cadmium 
chalconide-aqueous interface have often been described in terms of a 
competition between rates of heterogeneous interfacial charge transfer 
to solution species and semiconducting photoanodic decomposition. We 
have hypothesized, however, that stabilization of such systems in the 
presence of dissolved cyanometallate complexes is associated with the 
detailed interfacial chemistry. In particular, we .find that irradiation 
of n-CdX (X=S,Se) photoelectrodes in an electrolyte containing 
Fe(CN)6 4 -/3 - causes formation of a [CdIIFeII/III(CN)6]2-/1 - surface 
layer. Our studies to date indicate that this layer plays an integral 
role in the interfacial charge transfer process, and is responsible for 
the prior reports of partial stabilization of n-CdS by a ferrocyanide 
electrolyte. Current studies are aimed at controlling overlayer 
formation in order to optimize photoelectrochemical cell properties. 

We have demonstrated that stabilization of CdX electrodes is 
based on the surface overlayer's ability to support mediated charge 
transfer to solution Fe(CN)6 4 -/3 -, along with the layer's blocking 
capability with respect to an outward flux of cadmium ions. 

Experimental evidence suggests that the ability of the overlayer 
to efficiently mediate charge is strongly dependent on the degree of 
overlap between the top of the n-type semiconductor's valence band and 
the donor states of the surface confined iron complex, as well as the 
effective diffusion rate for the transport of charge through the 
overlayer. Both these parameters can be shown to be dependent on the 
organization of the surface layer. X-ray diffraction analysis of the 
derivatized electrodes indicates the overlayer is polycrystalline having 
a zeolitic structure (see Fig. 1). This structure allows for 
intercalation of solution cations as a function of iron oxidation state. 

OCd 

• Fe 

-CN 

CdS 

Figure 1: Model of the n-CdS/[CdFe(CN)6]2-/1 - interface. 
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Incorporation of various alkali cations causes shifts in the observed 
surface lattice parameter. Distortion of the lattice induces large and 
predictable redox potential shifts for the surface layer allowing one to 
adjust the interfacial energetic to maximize the rate of hole transfer 
from the valence band to the surface confined material. Similarly the 
rate at which cations can permeate the interfacial layer and thus, the 
rate of charge transfer through the overlayer depends strongly on the 
developed microstructure. 

Appropriate choice of cations has allowed the development of an 
n-CdS/Fe(CN)6 4 -/3 - photoelectrochemicalcell which is dramatically 
stabilized when compared to the original literature reports. It is 
further found that ability to control surface processes leads to 
monochromatic efficiencies (488 nm) for the conversion of optical energy 
to electricity in excess of 20% and fill factors of - 65%. This is to 
be compared with an efficiency of - 8% (at 488 nm) for the original 
Fe(CN)6 4 -/3 - cell and only - 5% for the well investigated 
n~CdS/polysulfide photoelectrochemical cell. Likewise, the fill factor 
yields a threefold improvement in comparison to previously reported 
systems. Similar results are obtained in the n-CdSe/Fe(CN)6 4 -/3 - system 
with the exception that a different set of intercalating cations must be 
employed in order to compensate for the shift in valence band edge when 
compared with the n-CdS system. In this latter case monochromatic 
conversion efficiencies (633 nm) greater than 40% have been observed. 

Investigation of [CdIIFeII/III(CN)6]2-/1 - surface formation 
processes at n-CdSe photoelectrodes has uncovered an unusual dependence 
of electrode stability on irradiation wavelength. The wavelength 
dependence appears associated with a purely surface photochemical 
process. Preliminary data suggest that photoinitiated ligand 
substitution processes occurring at the surface bound iron center may 
yield the wavelength dependence. Such photochemistry might lead to 
cro$slinking within the surface film or establishment of beneficial 
substrate surface layer interactions. 

Since' it can be concluded that surface overlayer microstructure 
is a dominate factor in ascertaining and controlling semiconductor 
stability and efficiency we are currently focussing our efforts in this 
area. Recently we have synthesized [CdFe(CN)6]2-/1 - surfaces on Pt 
substrates in order to separately evaluate the roles of 
semiconductor-overlayer interfacial charge transfer, and diffusion of 
charge through the overlayer. We will be undertaking a phase sensitive 
AC voltammetric analysis of such interfaces in order to develop circuit 
models of the interface and separate out heterogeneous charge transfer 
versus homogeneous charge diffusion processes. We are also undertaking 
a detailed x-ray diffraction powder pattern analysis of the derivatized 
interface in order to establish specific microstructure-reactivity 
relationships. Finally, we have initiated a study of optically induced 
photocurrent transients (pulsed laser excitation source) in order to 
examine primary charge transfer processes. 
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Bard: 

DISCUSSION 

This is a very impressing study of the use of specific 

surface layers to protect semiconductors surfaces. As 

I understand the results, you show that the mixed lattice, 
+ + containing both K and Cs , shows better ion transport 

+ properties for both ions than the lattices of either K 
+ or Cs alone. Can one use these stabilized semiconductors 

., 3-/4-
with a redox couple other than Fe(CN)6 since this 

couple is known to be photoactive? 

3-/4-Bocarsly: We only use a Fe(CN)6 based electrolyte as a matter of 

convenience. We have demonstrated that our derivatized 

surfaces can mediate to ascorbic acid, as well ascertain 

thiols and dithiocarbamates which M. Wrighton has studied 

in cadmium chalconide based photoelectrochemical cells. These 

species are transparent and thus alleviate the solution 

photostability problem. However, these compounds do not 

represent reversible systems. It is interesting to note that 

the photoreactivity of Fe(CN)63- is important for the forma

tion of a stabilizing [CdFe(CN)6]2- film. 

Elliott: Your first slide showed a very poor match of the Na+ redox 
+ potential with the VB of CdS but Na apparently has the best 

charge transport rates from your CV studies. How good is the 
+ Na electrolyte at stabilizing CdS? 

Bocarsly: Although charge transport through a Na
x

CdFe(CN)6 film is op_' 

timized, overlap between filled states in this film and the 

n-CdS valence band edge is poor. As a result, photostability 

is limited and similar to that observed in the K
x

CdFe(CN)6 

case. 

Meyer: Can you get exchange into the films by other hexacyano

metallates or failing that, can you prepare discrete bilayers? 
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Bocarsly: 
4-We have attempted to make bilayer films using Fe(CN)6 and 

4-Ru(CN)6 • Cyclic voltammetric analysis of such films 

does not yield rectifying behavior indicating that a bilayer 

is not found •. Whether the structure formed.is due to sub

stitution of the cyanometallate complexes within the film or 

reaction through a cyanometallate layer having a high defect 

concentration is unclear. 

Wrighton: Even the highest DCT is 3.2xlO-
lO

cm
2
/sec; you showed photo-

2 photocurrents of 100 rnA/cm with high overall efficiency. 

What is the layer thickness of the CdFe(CN)6 3-/4- film under 

"operating" conditions? 

o 
Bocarsly: Our best "guess" as to the layer thickness is 1000 A. This 

number is based on the IR reflectivity of the surface layer 

along with stripping experiments in which the layer is remov

ed using KCN(aq) and the solution obtained analyzed by UV

visible spectroscopy. Layer thickness is not directly 

accessible by cyclic voltammetry on the semiconductor elec

trode, since electrode stability is only observed under con

ditions where mediated charge transfer is occurring. 

Feldberg: Can the observed film dynamics be explained in terms of the 

cation effect on ks for solution Fe(CN)6 3-/ 4-? 

Bocarsly: No. The solution effect is believed to be due to .an inter

action between solution cations and the cyanide nitrogen lone 

. I h h id d by Cd2+ pa1r. n t e present system t e cyan es are cappe 

ions and thus the lone pairs are not available for interaction 

with solution cations. Further, the values of k reported for 
s 

the solution case appear inconsistent with the photoelectro--

chemical behavior observed. 
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PHOTOCHEMICAL ENERGY STORAGE: STUDIES 

OF INORGANIC PHOTOASSISTANCE AGENTS 

M.S. Wrighton 

Department of Chemistry 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

Studies in four areas are supported by the DOE in connection with the long 
range goal of establishing principles and methods for efficient and inexpensive 
systems for optical to electrical or chemical energy conversion: (1) semiconductor 
photoelectrode surface chemistry; (2) photoelectrode-confined polymer/catalyst 
assemblies; (3) catalysis of biological redox reagents; and (4) macromolecular 
reagents that effect rectification. Aspects of the research accomplished can be 
found in the publications for the past two years listed below. Highlights of recent 
activities are summarized in the sections that follow. 

1. Semiconductor Surface Chemistry. During the past year research of the 
interactfon--of--C~and-CdSe with-MoS42- in solution has been undertaken, following 
the demonstration of strong interaction of RS- and R2NCS2- with the II-IV 
semiconductors that leads to a large negative shift of the flat band potential. 
Interfacial capacitance studies do show that the MoS42- interacts strongly to shift 
the flat band potentials of CdS and CdSe to more negative values The photoanodic 
current that passes in the presence of MoS42- leads to the deposition of 
Mo-containing material. Studies of the composition of the photodeposited film by 
surface science techniques is underway. The photoelectrochemical beh~vior of such 
modified II-IV semiconductors is expected to reveal new conditions under which the 
photoanodes will be durable. 

2. Photoelectrode-Confined Polymer/Catalyst Assemblies. Research of polymer/noble 
me faT c-ata-lysf--assemblTe-s-on-p=-fype -rnP-showsThat-fhe--photocathodi c evol uti on of H2 
can be dramatically improved in comparison to the naked p-type semiconductor, as 
shown previously for p-Si ,and a-Si:H photocathodes. Quantitative studies of the 
charge transport through the vTologen- or cobalticenium-based redox polymer 
supporting the noble metal catalyst show that it is the poor catalytic behavior of 
the noble metal that limits the overall efficiency of the the light to chemical 
energy conversion at intensities of >10 mW/cm2. 

The synthesis and characterization of the decaalkylferrocene surface 
derivatizing reagent I has led to the ability to modify metallic (Au and Pt) and 
semiconductor (n- and-p-Si) surfaces with a very hydrophobic reagent The 
electrochemical characterization of such surfaces is strongly dependent on the 
solvent, with good response found in CH3CN/electrolyte and negligible response in 
aqueous electrolyte. It is hoped that conditions can be found which will allow the 
use of reagent I (or combinations of I and other surface derivatizing reagents with 
fixed charges) to provide a non-aqueous environment on the surface of 
photoelectrode~ which will protect them from photoanodic decompositi6n in aqueous 
electrolyte. 

3. High Surface Area Catalysts for the Reduction of Large Biological Redox 
Re-agenTs~--Tiinctron-aTriatfoii--of--hi ~fli-s-u-rface are-a-STOi-is--TrriisEraTe-cr Tn--II -resul ts 
Tria-catalyst that allows the use of H2 to rapidly r~duce large biological-redox 
reagents. In essence, the effect of the catalyst is to convert H2 to two, 

53 



i (OEt) 3 

Pt 

i (OEt)3 

I I I 

one-electron, outer-sphere reducing equivalents capable of delivering the charge to 
biological reagents. The studies include demonstration of the reduction of an 
enzyme which in turn effects the reduction of NAD+ to (enzymatically active) NADH. 
Most recently, preliminary studies have shown that a very active hydrogenase can be 
equilibrated with surfaces bearing viologen-based redox reagents. This result leads 
to the possibil ity of using viologen/hydrogenase-modified photocathodes for the 
generation of H2. 

4. Mol ecul ar Recti fi cati on. A thorough study of the el ectrochemi stry of 
ere-Efrod-e-s-modfffedwrth -p-ofymer resulti ng from I II shows that pH-dependent 
mol ,?cul ar recti fi cati on is a consequence of a combTnati on of three factors: (i) 
very slow charge transport through the polymer via the quinone redox system at any 
pH (0 to 9); (ii) fast, pH-independent charge transport via the viologen redox 

~~. 
~ He ~ ~(CH)~ (1 

.I. Z2 I I He 

Cl H(CH)~~+ o H 2 21 

He 0 
+"~ON· 

R = -SHOMe) ~k 
3 ~ 

R 

III 

system; and (iii) a pH-dependent cross-reaction between the quinone and viologen 
redox systems. The cross':'reaction allows the viologen to rapidly llfeed ll the charge 
to the quinone subunits at any pH (0 to 9), but the reverse process is very slow at 
low pH's (pH < 6) where the reduced quinone is thermodynamically incapable of 
effecting reduction of the viologen centers which provide the only path to bring 
charge from the reduced quinone back to the electrode. The trapped charge in the 
reduced quinone can be llreleasedll back to the electrode via a pH change from pH < 6 
to a pH > 6 or via the use of suitable polymer-bound redox active mediators. New 
examples of molecular rectification can be designed based on the findings from 
polymers derived from III. 
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Koval: 

Wrighton: 

DISCUSSION 

(1) What is the basicity of the nitrogens adjacent to the 

quinone? 

(2) What is the acidity of the phenolic group in the reduced 

quinone? 

0' 
(1) We observe that the E for the Q/QH2 redox couple is de-

pendent in a manner consistent with a 2e-/2H+ change for pH in 

the range 2-8. At the lower end, additional protonation may 

occur. Protonation of the N adjacent to the quinone may occur 

at the low pH's but we do not know the pK . uv-vis absorption 
a 

spectroscopy could be done to establish the pK • 
a 

(2) We believe the pKa for the -OH in QH2 is above 8, but do 

not have a good value; uv-vis would again be a possible way 

to establish pK • 
a 

Whitten: In your quinone-viologen polymers you always saw some residual 

quinone which exhibits reversible electrochemistry. You 

attributed this to a conformation where the quinone must be 

physically close to the electrode. Does this also indicate 

that these quinones are in a microenvironment where they 

cannot be protonated? 

Wrighton: The Q which is directly accessible is pH-dependent in a manner 

consistent with the conclusion that protonation can occur, but 

the value of the pH in the region near the electrode is not 

known. 

Miller: To demonstrate the pH dependent conformational change of the 

MV·-Q-MV orientation with respect to the surface, a surface 

second harmonic experiment (on resonance with the quinone or 

MV ring) would be an important experiment to prove this model. 

Have you considered such an experiment and what would be the 
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problems? 

Wrighton: Raman techniques could be useful, but the resonance Raman of 

the BV+ in the bulk of the polymer may dominate. The "hyper" 

Raman does look more promising, since it should be more sur

face sensitive. 

Tiede: With your microalligator clip device, by simply depositing 

linked donor-acceptor molecules in the gap, you don't have 

means of inducing directionality. In this case, you wouldn't 

get light-induced photovoltaic responses. Do you have ideas 

on how you will get around this? 

Wrighton: Orientation of the porphyrin-viologen (and related) molecules 

is essential. There are ways to achieve the uniformity re

quired and our approaches are aimed toward this objective. 

For example, the -Si(OR)3 functionality on one end of the 

molecule may be used to bind to one "contact" and different 

functionality at the other end should make the desired orien

tation possible. 

Bard: In considering charge transport in the pure quinone polymer 

layer, presumably the slow transport can be attributed to the 

fact that in the Q/QH2 couple two electrons and two protons 

must be transferred. Does the faster rate ·in alkaline solu

tion reflect an appreciable contribution from the Q/Q-' 

couple? Could this polymer be used in aprotic media, where 

this couple would be the major contributor? 

Wrighton: We believe that the Q/Q- redox couple does become a signifi

cant factor above pH 6. It is correct to assume that in non

aqueous media the Q/Q- system may be a major contributor to 

charge transport, but studies to date have only involved 

aqueous electrolytes. 

Meyer: It is important to point out that a number of possible 
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approaches exist for the synthesis of molecular level systems 

in which directionally controlled ,photochemical charge 

splitting can occur. 

Wrighton: Response and Theology: Molecular approaches to energy conver

sion offer a path to new man-contrived systems that might be 

efficient and inexpensive. "Assemb1ying" systems from the 

molecule up poses challenging problems in synthesis and 

characterization, but the natural photosynthetic apparatus 

p'rovides evidence that such an approach can "work". Our role 

is to elucidate and illustrate new principles and concepts in 

optical energy conversion with the aim of providing the 

science base for choices regarding energy technologies. 

Nozik: When you make contact to your molecular system with the "alli

gator clips", do you have any basis for predicting whether you 

will form an ohmic contact or a Schottky barrier? 

Wrighton: Taking an "ohmic contact" to be one regarded as having negli

gible resistance to charge transport (in either direction), we 
2+ . believe that redox reagents like BV w111 form an ohmic con-

tact. The rationale is that the heterogeneous rate constant 
2+/+ 

for the BV redox system is large at metal electrodes. In 

general, fast, one-electron "outer-sphere" redox reagents can 

be expected to make an ohmic contact with a metal electrode. 

Fox: Why is it necessary to deposit a gold "shadow" before deposit

ing ,the Si0
2 

"shadow"? 

Wrighton: The purpose of the first Au deposition is to close the gap be

tween the original (Au) microelectrodes from 1.5 to 0.05 ,...m: 

", ", 

~ ~~" ~~. 
_-'LL--._ . . ____ L ". ['-.. --'-'1 --

---_.J -
59 



The deposition of Si02 which follows defines the region of 

exposed (electrochemically active) Au to the "trench" defin

ed by the face of the microelectrode on the left and the 

face and terrace of the electrode on the right: 

" 
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Control ot Chemistry on Electronic Hypersurfaces 
A Route to Energy Storage 

George C. Pimentel 
Laboratory of Chemical Biodyrtamics, 

Lawrence Berkeley Laboratory 
Berkeley, California 94707 

All photosynthetic energy storage schemes, natural or artificial, depend 
upon chemical reactions that take place on electronic hypersurfaces. Whereas 
there is usually a large gap between the energy of the ground state of a 
molecule (S ) and that of its first excited state (S1 or T1), the 
electronica?ly excited states tend to be closer together. Excited singlet 
states (S1' S2 ••• )' the ones usually accessibl~ to direct photoexci tation, are 
accompanied by triplet states that may be only a few kcals/mole lower in 
energy. It is not unusual for the energy gap between S1 and S2 to be smaller. 
than that between Sand S1 (n-+1T*, n +a*,1T-+1T*L The same occurs, of 
course, for productOstates and the linkages between these excited states define 
the multidimensional hypersurfaces upon which photochemical reactions take 
place. Thus, photoreactants will tend to move toward and form products in 
their excited electronic states and the multiplicity of hypersurfaces will 
provide branching opportunities toward different products. When branching is 
possible (including relaxation, intermolecular energy transfer, and 
fluorescence) branching ratios will ,be determined by local hypersurface 
contours (activation energy barriers) and by ease (or difficulty) of transfer 
from one surface to another. 

Matrix isolation coupled with the infrared diagnostic technique provides 
special opportunity for both mapping hypersurfaces and for detecting (or caus
ing) transfer from one surface to another. Essentially every molecular product 
has infrared chromophores and their frequency signatures identify the func
tional character of each chromophore. The matrix method narrows band widths so 
that even complex molecules can be distinguished and identified in a product 
mixture. Furthermore, the matrix cage and the cryogenic temperatures define a 
reaction locus in which a reaction sequence can be interrupted and normally 
transient species can be stabilized. 

We have had considerable success in using the, "external heavy atom" effect 
to determine whether reaction of electronically excited molecules 'takes place 
on triplet or singlet reaction surfaces. Experimentally, we look for a change 
of reaction products when the matrix is changed from argon to xenon. Xenon 
matrices provide a strong spin-orbit coupling environment that facilitates 
singlet -* triplet surface transfers. Argon matrices do not have this property. 
The reaction of NH with dimethylacetylene (ref.l) provides a'strikingexample. 
In argon, the principal product is ketenimine, presu~ably obtained by reaction 
of NH (IL'll on a singlet reaction surface. In xenon, the principal product is 
N-methyl-1-amino-1-propyne, preSUmably obtained by matrix-induced transfer to 

the NH (3 L;-) tr iplet react ion surface. More recent ly, a sjmi lar matr ix~ induced 
change of products has been recorded in the reaction of allene with ozone elec
tronically excited in the Chappuis bands using red radiation. 

Two other types of study will be described. In the photo-elimination 
reactions of the haloethenes, product branching is determined by whether 
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reaction takes place on a singlet surface (by direct excitation of the halo
ethene in argon matrix) or on a triplet surface, either by singlet excitation 
of the haloethene but now in a xenon matrix or by triplet excitation of added 
mercury atoms. While all of the elimination reactions are endothermic, hence 
energy-storing, the Cl 2 elimination that occurs on the triplet surface stores a 
much larger fraction of the photon energy. 

Finally, fluorescence/phosphorescence studies provide still another method 
for sensing matrix-induced transfer from singlet-to-triplet surfaces. Experi
ments with dimethylaminobenzonitrile provide a prototype example. 

Relevant, DOE-Sponsored Publications 

1. "The Imidogen-Dimethylacetylene Reaction in Ar and Xe Matrices: Possible 
Matr ix- Induced Intersystem Crossing." S. T. ColI ins and G. C. Pimentel, 
J. Phys. Chem. 88, 4258-4264 (1984). 

2~ "Photosensitized Reaction of 3p Hg, Cd, and Zn Atoms with Difluoro
chloroethene in Krypton Matr ix." H. E. Cartland and G. C. Pimentel, 
J. Phys. Chern. 90, 1822-27 (1986). 

3. "Photosensitized Reaction of Hg (3 p ) Atoms wi th 
Krypton Matrix: Triplet Surface Chemistry." 
Pimentel, J. Phys. Chem. 90, 5485-91 (1986). 

the Dichloroethenes in 
H. E. Cartland and G. d. 

4. "Molecular Structure of the Ni tri Ie YI ide Der ived from 3-Phenyl-2H-azi r ine 
in a Nitrogen Matrix." E. Orton, S. T. Collins, and G. C. Pimentel, 
J. Phys. Chern. 90, 6139-43 (1986). 

., 
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Spiro: 

DISCUSSION 

Instead of the broad band IR pulse and a multichannel detec
tor, could you scan the system using an ordinary detector by 
scanning the excimer-pumped dye laser? 

Pimentel: Yes, it is possible, but such a scanning technique introduces 
its own experimental difficulties. For example, each of our 
spectra represents the average of, say, 500 excimer pulses to 
reduce the effect of pulse-to-pulse variability in energy and 
duration. With a 120 element array, each pulse gives the 
entire spectrum, so each pulse gives one 120 data elements 
simultaneously. If each pulse gave only one data point, and 
each was averaged with 500 pulses, it would take 120 times as 
long to scan the same range, adding more strict requirements 
for longterm laser stability. Of course, it is to be noted 
that i!lone seeks IR spectral resolution in the range 0.2-
0.5 cm (as we do), it is necessary !~ control (and measure) 
the dye laser frequency to 0.2-0.5 cm ,which implies a more 
elaborate dye laser system with a long scan range. 

J.Miller: Could you combine two of the nice techniques you showed us 
to observe vibrational relaxation of excited molecules in 
rare gas matrices? 

Pimentel: Yes, we hope to do this but must solve the problem of the 
rather poor optical qualities of inert gas matrices. This 
complicates somewhat the focussing problem on the very small 
detector elements. Nevertheless, we hope to do this type of 
experiment. 

Espenson: 

Pimentel: 

In the reaction of ozone with allene, can isotopic labeling 
distinguish central atom vs. end atom pathways suggested for 
cyclopropanone and acrolein, respectively? Is molecular oxy
gen produced in its ground state? 

We did 180 experiments and they helped us identify the pro
ducts (inc!uding those other than cyclopropanone and acro
lein. They did not, however, provide definitive clarification 
to the question of end vs. central atom attack. 

Molecular oxygen is produced in the ground state. At 647 nm 
photon energy, there is not enough energy to excite O

2 
to the 

higher state. 

Wrighton: What is the wavelength regime that can be probed by nanosecond 
IR? 

Pimentel: Withou!lchanging the dye laser, we can scan from about 1450 to 
850 cm • With change of dye and, perhaps, the heat pipe metal 
from Cs to Rb, the scan range can be shifted either to the 3 
micron or the 5 micron region. 

EI-Sayed: Could the change of the reactivity upon going from Ar to Xe 
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solvents in some cases be ascribed to the difference in the 
amount of energy of the Sl vs. T1 i.e., the reaction ground 
state in both solvents, but with different amounts of energy? 

Pimentel: We feel that the photoelimination reactions of cis-1,2-di
chloroethylene show that the reaction surface is the con
trolling factor, not the available energy. In that case, the 
lower energy excitation (which we picture to be the triplet 
surface reaction) gives the higher energy product (e12 eli
mination) • 

Rodgers: Please explain the advantages of using an infrared continuum 
as monitoring light in the transient experiment instead of 
using a tunable diode laser. 

Secondary comment: It would also seem that the pulse-probe 
technique as used in your method gives an intrinsically 
better time resolution than the detectors available for real 
time infrared experiments. 

Pimentel: A tunable diode laser perm~£s one to contemplate much higher 
resolution (up to 0.001 cm ) but this resolution is diffi
cult to use in the search for an unknown infrared spectrum. 
Very high resolution is difficult to use for complex poly
atomic molecules and it loses all value for transients in_

1 liquid solutions because IR band widths will be 2 or 3 cm 
at best. For small, gas phase molecular transients whose 
IR spectrum is already known at modest resolution, a tun
able diode laser spectrum would probably be most effective, 
within its temporal performance capabilities. As an aside, 
there is every reason to expect that our technique can be 
effectively used down to picosecond time resolution. 
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USE AND STORAGE OF NEAR INFRARED PHOTONS 

Heinz Frei 

Chemical Biodynamics Division, Lawrence Berkeley Laboratory, 
University of California, Berkeley, CA 94720 

The purpose of this program is to search for and evaluate chemical systems which permit 
use and storage of near infrared photons, and allow to accomplish their efficient conversion 
into useful energy. The importance for exploring chemistry with these long wavelength quanta 
derives from the fact that photochemic'al reactions which can be initiated by these photons are 
very sparse despite the fact that more than half of the solar irradiance at ground level lies in the 
near infrared (wavelengths longer than 700 nm). It is the goal of this work to find reactions that 
permit efficient use of near infrared radiation for chemical synthesis, and to develop concepts like 
chemical storage of the long lived, electronically excited O2 (1 ~g) to accomplish their storage 
and efficient conversion into useful energy. 
Chemical Storage of Singlet Oxygen 

We have concentrated our efforts over the past years on near infrared induced chemical 
reactions of singlet molecular oxygen. Singlet delta oxygen, O2 (1 ~g), carried 23 kcal 
electronic energy and is a reactive, long lived intermediate which plays a key role in many 
photooxygenations. O2 (1 ~g) can be chemically stored in the form of aromatic endoperoxides, 
and we have demonstrated earlier with cryogenic photochemical techniques that the photon 
induced formation of such endoperoxides from O2 and parent hydrocarbon may proceed very 
efficiently with near infrared photons as long in wavelength as 1.3 micron. More recently, we 
have focussed on the study of the release of the singlet excited O2 from substituted naphthalene 
endoperoxides at room temperature, using detection of the near infrared chemiluminescence of 
O2 (1 ~g) as a means to monitor the retrieval. 

We have studied the dark, thermal back reaction of the singlet oxygen storage systems 

~ 1 + °2~ ~g) €$ I 

CO2 CO2 
I I 

(CH~2 (CH2)2 

~ + 1 - @$ TI °2( ~g) -
(CH2)2 (CH2)2 

I 
1- CO2 CO2 

in nonpolar and aqueous solutions and observed the 021~g -+ 3E; chemiluminescence at 
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1.27 micron with a very sensitive Ge photodiode. This constitutes direct evidence for elimination 
of singlet excited oxygen from these endoperoxides. FT-IR spctroscopic study of the thermal 
decomposition of 1,4-dimethylnaphthalene endoperoxide (I) showed that decomposition on the 
ground state surface regenerates the parent naphthalene and O2 quantitatively. 

Laser Flash Kinetic Study of Singlet Oxygen Retrieval 
In order to study the decay and the subsequent excited state redox chemistry of singlet O2 

expelled from these storage molecules in real time, we have attempted to detect 0 21!:lg ---+ 3E; 
near infrared chemiluminescence upon electronic excitation of the 82 -+- 80 transition of 1,4-
dimethylnaphthalene endoperoxide (I) and3,3'-(1,4-naphthylidene) dipropionate endoperoxide 
(II) with 266 nm pulses of 5 nanosecond duration. Transient 1.27 micron chemiluminescence 
was observed, which gave the first direct evidence for singlet oxygen elimination from an 
electronically excited endoperoxide. This allowed us to monitor the time resolved decay of 
O2 (1 !:lg) photochemically eliminated from these two endoperoxides in a number of solvents, 
including water. While singlet O2 expelled from the ionic endoperoxide in H 2 0, D 20, amd 
C H 30 H showed lifetimes dictated by solvent collisional quenching (range: 4-60 micro sec ), 
O2(1 !:lg) retrieved from 1,4-dimethylnaphthalene endoperoxide (I) exhibited faster decay 
rates than those characteristic for solvent deactivation, both in polar and nonpolar solvents. 
Understanding of the processes which influence the lifetime of the photochemically expelled 
O2 (1 !:lg) is crucial for our study of the subsequent O2 e !:lg) excited state redox reactions. 
Therefore, we have studied the laser energy, concentration, and solvent dependence of the decay 
of O2(1 !:lg) upon photoelimination from l,4-dimethylnaphthalene endoperoxide (I). Analysis of 
the decay kinetics suggests that parallel to O2 (1 !:lg) expUlsion, ionic photofragments are formed 
which act as efficient singlet oxygen quenchers. Transient absorption experiments are under way 
to obtain direct spectroscopic evidence for the ionic pathway. 

In the course of this laser flash-chemil~minescence work, we discovered a new emission of 
photosensitized 02 at 1.93 micron (5200 cm- 1), corresponding to the 1 Et ---+ l!:lg excited state 
fluorescence. The lifetime of the emission in the three solvents used, CC4, CHCI3 , and C6 F6 , 

was shorter than the 24 microsecond response time of the InAs photon detector. This constitutes 
the first observation of singlet sigma oxygen, 02(iEt), in room temperature solution, which 
allows us to explore the chemistry of the elusive O2 (1 Et) in parallel with that of the singl~t 
delta excited species. 
Singlet Oxygen Induced Redox Reactions and New Infrared Chemistry 

Initiation of O2(1 !:lg) expulsion through excitation of an endoperoxide in solution with 
UV laser pulses, coupled with detection of its chemiluminescence and simultaneous probing of 
products in transient absorption opens up the study of the excited state redox chemistry of the 
retrieved O2 in real time. Our objective is to find systems which permit conversion of the 1!:l 

electronic excitation into electrical energy. Systems under study will be discussed. 
In a parallel direction, we are searching for low energy pathways of chemical reactions that 

can be accessed by near infrared photons using the matrix isolation technique. A new system to 
be studied involves sulfur monoxide. This molecule has two metastable electronic states in the 
near infrared spectral range, the 1!:l state at 5800 cm -1, and the 1 E+ state at 10500 cm -1; we 
intend to explore the specific chemical reactivity of these states. 
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Publications 

Sensitization of 0 21 Et ---+ 1 ~g Emission in Solution, and Observation of 02 1 ~g Chemilumi
nescence upon Decomposition of 1,4-Dimethylnaphthalene Endoperoxide 

P.-T. Chou and H. Frei 
Chern. Phys. Lett. 122, 87 (1985). 

Infrared Induced Photochemical Processes in Matrices 
H. Frei and G. C. Pimentel 
Ann. Rev. Phys. Chern. 36,491 (1985). 

Time-resolved 0 2
1 ~g ---+ 3E; Chemiluminescence upon UV Laser Photolysis of an Aromatic 

Endoperoxide in Aqueous Solution 
P.-T. Chou, S. Khan and H. Frei 
Chern. Phys. Lett. 129, 463 (1986). 

Chemistry on Ground and Excited Electronic Surfaces Induced by Selective Photon-excitation 
in Matrices. 

H. Frei and G. C. Pimentel 
In: Chemistry and Physics of Matrix Isolated Species (L. Andrews and M. Moskovitz, 
Eds.) North Holland Publishing Company, in press. 

Time-resolved· Decay of O2 (1 ~g) Expelled from 1,4-Dimethylnaphthalene Endoperoxide: A 
Laser Flash Chemiluminescence Study 

P.-T. Chou and H. Frei 
J. Chern. Phys., to be submitted. 
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DISCUSSION 

Trifunac: While your evidence for a consecutive two-photon process 
is convincing, it would be nice to try a picosecond laser 
experiment which would not allow sufficient time for such 
a process to occur. 

Frei: This is a very interesting suggestion. According tp work by 
Eisenthal (Columbia) and Brauer (Frankfurt) on anthracene type 
and larger endoperoxides using psec LIF techniques, the hydro
carbon fragment may emerge 50-100 psec after the 266 nm endo
peroxide photolysis pulse. Hence a photolysis pulse of a few 
tens of psec duration would be short enough to prevent ab
sorption of a second photon by the hyd:rocarbon photofragment. 

Feldberg: On the figure re energy, what was hi.ghest superoxide yield at 
highest E? 

Frei: 

Rodgers: 

Frei: 

-6 3xlO M, or 24% of photolyzed endoperoxide. 

(I) Since 0 -. is so critical to your mechanism, you can do a 
transient a~sorption experiment with benzoquinone (BQ) present 
to pick up O2- to form BQ-· radical which has a characteristic 
absorption aE 440 nm. 
(2) The appearance of naphthalene radical cation is not 
necessarily conclusive as Np+ can probably be formed from 
photoionization of Np molecules formed early in the laser 
pulse. 

(1) We are certainly going to do this test, although its 
interpretation may be hampered by the fact that the dissolved 
benzoquinone itself absorbs at 266 nm, a complication that is 
not present when directly probing the dimethylnaphthalene 
cation radical spectroscopically. 
(2) Ionization of dimethylnaphthalene in acetonitrile 
requires a minimum of two 266 nm photons. Hence, if the 
cation radical were formed by two-photon ionization of the 
photoexpelled naphthalene fragment, a total of three photons 
would have to be absorbed within the same 266 nm laser pulse, 
giving a slope of 3 in our log [0 -] versus log E plot. This 
is contrary to our observation, w~icg shows a slope of 1.8. 
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PHOTOREDUCTION OF ARYLKETONES BY SIMPLE IONS; 
RADICAL YIELDS AND THE ROLE OF TRIPLE EXCIPLEXES 

J. K. Hurley, A. Treinin and H. Linschitz 

Dept. of Chemistry, Brandeis University, Waltham, MA. 02254 

Electron transfer reactions pass through one or more kinetic 
intermediate stages which maybe characterized generally as II charge-transfer 
complexes ". The precise specification of these intermediates may involve 
structural variables, including changes in nuclear configuration of donor and 
acceptor, and the extent and mode of solvation. In the particular case of 
excited state redex processes, the situation is further complicated by the 
possibility of radiationless transition to the ground state at any stage of 
the charge-transfer process. Thus, the same intermediate configurations that 
occur in the overall net excited state redox reaction lead also to 
bimolecular quenching by a donor or acceptor species. The overall efficiency 
of photochemical radical formation or primary energy storage then depends 
first of all on the competition between quenching and radical separation from 
an initial charge-transfer exciplex. This precedes secondary charge or 
radical recombinations which further reduce efficiency. This problem is a 
general one, and is encountered in any system involving energy conversion via 
photochemical electron transfer, whether in homogeneous solution or in 
mUltiphase configurations such as micelles, vesicles or semiconductor -
liquid interfaces. 

A major part of our program involves the study of II simple II 

photochemical systems, to clarify the factors which control the competition 
between quenching and radical formation. Toward this end, we are studying 
the interaction between excited aromatic systems and simple ions in 
homogeneous solution, using laser flash photolysis to measure reaction 
kinetics and primary radical yields. 

We have extended earlier studies on anthraquinone-2-sulfonate (1,2,6) to 
water-soluble derivatives of benzophenone(4-carboxylate and 4-sulfonate), for 
which we have established triplet and radical.extinction coefficients (3). 
Interaction of the ketone triplet with halide or pseudo-halide ions 
(X- = r-; Br-; SCN-) leads to efficient quenching at low X- concentrations. 
However, at much higher [X-] (>0. 1M) , ketyl and Xz" radicals, identified by 
their known spectra, begin to appear in stoichiometrically equivalent yield. 
We interpret this effect as a consequence of II triple exciplex " formation, 
in which an incipient X· radical, with spectroscopic state ZP3/Z ' is 
converted to Xz" , with spectroscopic state zL~ The enhanced radical yield 
is attributed to the loss of orbital angular momentum in this inorganic 
radical component of the exciplex. This decreased spin-orbit interaction 
slows down spin relaxation in the exciplex, thereby inhibiting quenching to 
the ground state and permitting radical separation to occur. 
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The possibility exists at these high X- concentrations that reaction may 
occur with the ketone singlet. To test this, we make use of the difference 
in quenching rates of benzophenone triplet by SCN- (k -'2x109 M- 1 sec- 1 ) and 
Cl -(k< 105 M- 1 sec- 1 ). At low [SCN-], the triplet is quenched, but the 
short-lived singlet cannot react, and no radicals appear. At high [Cl-] 
alone, no effect at all is seen. However, low [SCN-] and high [Cl-] results 
in efficient formation of SCNz" and ketyl radicals. This is attributed to 
initial formation of a mixed triple exciplex, which dissociates: 

Cl-
3M + SCN- -+ 3 (M- .. . SCN-) -+-+ M- + (SCN-C1)-

followed by 

The formation constants of the dianion radicals are consistent with this 
interpretation. We conclude that primary reaction, even at high 
[X-], is with the organic triplet. 

Of special interest is OH-, a relatively poor quencher, but which gives 
ketyl radicals at high concentration. This raises the question whether free 
hydroxyl or even dihydroxyl anion radicals are formed. The case of azide, an 
efficient quencher which gives the unusual radical, N6 - at high [N3 -], also 
poses new problems. 

Work is continuing on the characterization of porphyrins a~d their ion
paired" dimers ", including measurements of triplet yields, magnetic and 
acid-base properties, and the possible formation of ion-paired charge~ 
transfer excited states. These studies will be described briefly. 
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"Charge Transfer Interactions of Excited Molecules with Inorganic Anions. 
The Role of Spin-Orbit Coupling in Controlling Net Electron-Transfer," A. 
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(1983). 

"The Photochemistry of 9, 10-Anthraquinone-2-
Sulfonate in Solution. Part I. Intermediates and Mechanism," I. Loeff, A. 
Treinin and H. Linschitz, J. Phys. Chern'., 87, 2536 (1983). 

"Actinometry in Monochromatic Flash Photolysis: The Extinction Coefficient 
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6528 (1983). 

"The Photochemistry of 9,10-Anthraquinone-2-Su1fonate in Solution. 2. Effects 
of Inorganic Anions: Quenching vs. Radical Formation at Moderate and High 
Anion Concentration", I. Loeff, A. Treinin and H. Linschitz, J. Phys. Chern., 
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"The Interaction of Halide and Pseudoha1ide Ions with Triplet Benzophenone-4-
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DISCUSSION 

Bard: What is the lifetime_of N
6
-·? I believe in the electrochem

ical oxidation of N3 there is no evidence of a back (reduc
tion) wave for the oxidized product, even at high scan rates. 

Linschitz: In oxygen-saturated 5 M sodium azide solution we find the 
lifetime of N6 - to be about 0.1 msec, which may b.e s~orter 
than the scan rates you refer to. The presence of N6 under 
ordinary electrochemical conditions is doubtful anyway since 
the equilibrium constant for its formation from N

3
· and N

3
-

is only 0.33. Th?-s partly accounts for the low l1miting 
quantum yield in the azide system, compared with thiocyan
ate, for example. Since we find quite good 1:1 stoichio
metric ratios between the organic radicals and total azide 
radicals, it appears ~lso that ther.e is no rapid decomposi
tion of N

3
• or N

6
-·, at least on a microsecond time scale. 

Hoffman: Your abstract indicates that OH-, although a poor quencher, 
produces ketyl radicals. Would you comment on the question 
you raise about the possibility that OH- is oxidized to OH 
radicals in the quenching process. 

Linschitz: In our flash studies using hydroxide the radical yield in
creases as the OH- concentration is raised above 1 M, in 
agreement with the situation for other anions. By analogy at 
least, this suggests the formation of the (OH)2-· radicaL 
This would probably absorb below 320 nm, and would be obscur
ed by the overlapping absorption of the aromatic ketone 
ground state. The case of OH- is, of course, particularly 
important, but there are complications which I haven't had 
time to discuss. The profile of the flash transient 
corresponding to the ketyl radical shows a fast but defin
ite growing-in phase, which may indicate capture of any free 
OH radicals by the ketone. In the case of triplet anthra
quinone sulfonate, where the final isolated product is a 
hydroxylatea-anthraquinone, we have demonstrated that no free 
OH is formed. In short, more work is needed, as usual. 

Connolly: I have two questions related to your porphyrin dimers: 
(1) Do you see any measurable population of Cu-porphyrin 
triplet state? (2) Have. you been able to measure any effect 
of solvent dielectric constant on the electron-transfer 
rates and/or yields within the dimers? 

Linschitz: (1) In our apparatus, with resolution of about 30 nano
seconds, flashing the non-fluorescent copper porphyrin gives 
no observable transients. In picosecond flash experiments 
done with M. Wasielewski of Argonne we have seen the very 
fast transition of the singlet to the triplet, which then 
decays in a few nanoseconds. 

(2) The range of dielectric variation which can be studied 
is unfortunately limited by the quite restricted solubility 
of the ion-paired dimers. We can only work in media with 
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Meyer: 

Linschitz: 

Fox: 

Linschitz: 

E1-Sayed: 

Linschitz: 

dielectric constants around 15-20 in mixtures (a) water with 
acetone, (b) DMSO, (c) acetonitrile, etc. 

In the reoxidation of N -. is there any evidence for the 
transient N6 which wou18 be the analog of benzene? 

We would love to see N6! and maybe we can find cond!tions 
where this would be observed. Keep in mind that N • is 
already quite unstable. With regard to other isoe~ectron
ic species, we are also looking at cyanate. 

In the ion-paired porphyrin dimer, there was a red and blue 
shift in the absorption. Is there a rational explanation? 

In forming the dimer, the monomer Soret bands are much 
broadened and undergo a blue-shift. This splitting is what 
is expected from a simple exciton model in which optical 
transition to the higher energy (parallel dipole) state is 
allowed. The weak bands in the visible show a slight overall 
shift to the red. These effects are similar to those found 
by Chang in synthetic co-facial porphyrin cyc10phanes. 

Has anyone studied the magnetic field effect on the parti
tioning (and also nuclear polarization)? 

Not thus far. This would be especially interesting in view 
of the quenching and stabilizing mechanisms we have dis
cussed. With regard to nuclear effects, we have shown 
some time ago that hyperfine nuclear interactions do not 
correlate with the observed quenching action of anion~and 
are not the mechanisms for spin relaxation and intersystem 
crossing involved in triplet quenching [see Chem. Phys. 
Lett., 95, 333 (1983)]. 
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APPLICATIONS OF PHOTOINDUCED ELECTRON TRANSFER AND HYDROGEN ABSTRACTION 
REACTIONS TO CHEMICAL AND ELECTROCHEMICAL CONVERSION PROCESSES 

David G. Whitten 

Department of Chemistry, University of Rochester,' 
Rochester, New York 14627 

This project includes a number of investigations of light-induced 
electron transfer reactions in solution and at interfaces together with 
a study of the formation of and reactivity in inclusion complexes in 
which hydrophobic or surfactant substrates are "guests" wi th natural 
polymers related to amylose (starch) serve as a "host." In the former 
area we are investigating light-induced multielectron transfer 
reactions of a number of dyes, especially including some quinone type 
deri vati ves. .A maj or part of our current effort has been focused on 
reactions in which several of these dyes are used as electron acceptors 
to induce carbon-carbon bond cleavage reactions in electron donors 
which serve as quenchers for the excited dyes. We are also examining 
light-induced electron transfer reactions which involve carbon-carbon 
or other sigma bond cleavage at interfaces such as those occurring in 
microemulsions and reversed micelles. Our investigations of amylose 
inclusion complexes include.studies of modification of photochemical 
reactivity in the guest as well as the use of amylose-complex formation 
as a means to enhance reactivity by virtue of acting as a phase 
transfer reagent. 

Highlights of our recent studies of light-induced electron 
transfer reactions include the finding that a number of amino alcohols 
undergo extremely clean and efficient photooxidation with a variety of 
electron acceptors under visible irradiation to give carbon-carbon bond 
cleavage as outlined _in. equation 1. This reaction has been observed 

V 
ArCHO + Ar'CHO + (~) + AH2 (1 ) 

to occur as the exclusive photoprocess for a number of different 
acceptors with several different 2-amino-1-alcohols. Although the 
reaction is clearly initiated by a single electron transfer quenching 
of the excited acceptor by the donor, the overall reaction involves 
two-electron oxidation of the donor and one- or two-electron reduction 
of the acceptor, depending upon its structure. In the case of the 
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donor shown in equation 1, there is a very large diastereomeric effect 
on reacti vi ty which can be separated into two kinetic components. A 
relatively small kinetic effect on quenching, in which the erythro 
isomer is a better quencher, can be at least partially accounted for in 
terms of differential intramolecular hydrogen bonding. The more 
significant and more interesting kinetic effect on reactivity, 
subsequent to electron transfer quenching, indicates a strongly favored 
or required geometry for the concerted deprotonation-carbon-carbon bond 
cleavage process. Results obtained thus far suggest that bond cleavage 
processes encountered in electron transfer photoreactions may be very 
similar to those observed for heterolytic two-electron "synchronous" 
fragmentations occurring in solvolysis and related reactions. 

Our studies of host-guest complex formation with amylose and 
related starch derivatives have shown that complex formation is favored 
when the guest has a rod-like hydrophobic structure. A number of 
different chromophores show somewhat modified photochemical reactivity 
which can be readily interpreted as due to inclusion of the guest in a 
helical segment of the amylose polymer. Recent studies have 
demonstrated that bimolecular reactions of guest molecules are retarded 
but not entirely eliminated. A particularly interesting finding is the 
ability of amylose to solubilize a number of relatively hydrophobic 
molecules in water or mixed aqueous solvents in which the molecules 
would not otherwise be soluble. 

In ongoing and future studies we plan to investigate much more 
fully the potential of photoinduced electron transfer reactions to lead 
to selecti ve and efficient cleavage of carbon-carbon bonds. We 
anticipate that the process should be quite general for a number of 
carbon-carbon bonds bearing heteroatom-functional groups on both 
carbons and perhaps also for vinylogues. Thus the amino functionality 
should be replaceable by other potential donors including ethers and 
thioethers while the alcohol functionality could be replaced by a 
thiol, primary or secondary amine or conceivably even a highly acidic 
carbon. We plan to much more fully investigate the strong 
stereochemical effects uncovered in studies descri bed above. 

Our stUdies on amylose complex formation will be extended to 
include an investigation of possi ble interchromophore interactions at 
very high loading. We have prepared a number of donor-acceptor 
substi tuted dyes which should readily form these complexes; we will 
attempt with these dyes to isolate and perhaps even obtain crystalline 
samples of amylose segments heavily loaded with these dyes and, if 
successful,undertake a study of their optical properties both in the 

\ solid and in solution. 
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DISCUSSION 

Fox: Can ground state intramolecular hydrogen bonding between the' 
OH group and the amine group enforce a syn transition state 
so that the erythro/threo relative reactivity could be ex
plained by ground state stretching (destabilization) of the 
cleavable C-C bond? 

If only one stereoisomer (presumably the threo) participates 
in ground state hydrogen bonding, could reactivity differences 
be attributed to shifts in ease of formation of the amine 
radical cation in the threo vs. erythro isomers? 

Whitten: (1) The threo isomer shows strong intramolecular hydrogen 
bonding which can be correlated with a lower electron trans
fer quenching constant and a higher oxidation potential. 
Erythro seems to have no intramolecular hydrogen bonding so 
we think it unlikely that it has a syn conformation which 
would be requisite for this kind of destabilization-acceler
ation. 

Hurst: 

Whitten: 

Hoffman: 

Whitten: 

(2) There is a definite but small difference in quenching 
constants forming erythro which can be attributed in part 
to hydrogen bonding in the threo isomer. However, the overall 
reactivity is dominated by erythro/threo reactivity following 
cation formation. 

Have you looked at the reactivity of a-amino acids. Chlorin
ation of the amine to form a chloramine gives a compound which 
undergoes decarboxylation-deamination to give an aldehyde pro
duct. Mechanism might be similar to what you propose. 

We are currently examining a-amino acids, particularly those 
such as serine and cysteine which offer two fragmentation 
paths, depending upon what modification is made to the car
boxyl group. Photooxidative decarboxylations of a-amino acids 
have been observed by Cohen among others. These reactions are 
mechanistically closely linked to what we are observing. 

What are the secondary reactions of the reducing radical from 
the fragmentation or deprotonation of the initially oxidized 
amino radical? In particular, is there a reaction with the 
ground state acceptor to produce a second equivalent of 
reduced acceptor radicals? 

+ 
This depends, we think, on the acceptor. For the 2e-2H accep-
tors, thioindigo and dicyanoanthracene, it is likely that a 
second reduction of the initially quenched acceptor occurs 
within the "cage" or complex: 

r 
N-C + ... "" AR· ~ ~N=C 

(!) 
+ 

On the other hand, with acceptors which are single electron 
acceptors, it is most reasonable that the fragment amino 
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radical reduces a second acceptor: 

'N=C /ee 
This probably is the case for the ruthenium complex and the 
[3-lapachone. 

In either case, the amino alcohol furnishes 2e-/mole reacted. 

Seltzer: (1) What is the acceptor when the radicaL cation escapes from 
the cage? (2) Why should the erythro/threo discrimination of 
escaped radical cation be expected to be lower? 

Whitten: (1) The amine radical R-~-NR2 is formed after C-C cleavage 
and deprotonation; it, in turn, can reduce a ground state 
acceptor to culminate in net 2e- oxidation of the donor 
amino alcohol. 

(2) If the pair dissociates: n+/A-~ n+ + A-, the "fast" 
clock of back electron transfer within the cage-pair is 
replaced by a much slower "decay" of n+ and we think it 
more probable that cleavage can compete with the slower 
bimolecular back-electron and hence lower selectivity should 
be expected. (If there were no "clock", both erythro and 
threo cations will eventually fragment.) 
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FUNDAMENTAL STUDIES IN OXIDATION-REDUCTION IN RELATION 'ro WATER PHO'roLYSIS 

James K. Hurst 

Department of Chemical and Biological Sciences, Oregon Graduate Center, 
19600 N.W. Von Neumann Drive, Beaverton, Oregon 97006 

Transmembrane Redox Reactions 

.Introduction. Several laboratories, including ours, have described microphase
separated redox systems that are apparently capable of carrying out net oxidation
reduction across bilayer membranes. The reaction mechanisms are poorly understood, 
but could involve either long-range electron transfer or transmembrane diffusion. 
We have undertaken a systematic study of several relatively simple 'transmembrane 
redox reactions to better characterize the nature of the charge separation process. 
During the last two years, our attention has focused on reactions using N-methyl-N'
alkyl-4,4'-bipyridinium (C MV2+) ions bound to dihexadecylphosphate (DHP) vesicles. 
Kinetic "mapping" studies \\ave provided the basis for a conceptual model in which 
transmembrane electron tunneling is thought to occur uniguely from intercalated 
sites whose effective separation distances are about 20 A. Structural evidence 
consistent with this model has been obtained by Larry Kevan and associates using 
ESEM spectroscopy, and additional information is being sought by other spectroscopic 
techniques. 

Photosensitization and Membrane Dynamics. Although not generally appreciated, 
vesicle-organized systems are seldom static entities and under certain circumstances 
undergo rapid redistribution of compartmented materials. We first discovered 
several years ago that viologens occluded within the inner aqueous phase of DHP 
vesicles diffused to the outer membrane surface upon illumination of chromophores 
bound to the vesicle. This effect, which we called photostimulated diffusion, can 
also occur in phosphatidylcholine liposomes. Both the sensitizer and other com
ponent must be membrane-bound for dissipation of transmembrane chemical gradients, 
and quantitative studies to date are consistent with a mechanism comprising membrane 
fluidization resulting from localized heating attending nonradiative deactivation of 
photoexcited states. A second anomaly, currently unexplained, is our recent 
observation that repetitive redox cycling ofDHP-bound MV2+ with S~042- and O2 leads 
to accumulation of the viologen within the vesicle inner aqueous phase. 

viologen Binding Topographies. To minimize complications arising from photo
stimulated diffusion and related phenomena, we have studied a series of redox reac
tions in which sensitizer (ZnTPPS -) or chemical reductant (S~042-, CO(CN)S3-) is 
strongly repelled from the anionic DHP vesicle surface and cationic C

n
MV2

+ is 
strongly bound. Electron transfer therefore occurs across the aqueous-hydrocarbon 
membrane interface. The reactions of triplet-excited ZnTPPS4- are diffusion 
controlled, whereas those of the chemical reductants require collisional activation. 
An apparent dependence upon the extent of viologen loading in the photoinitiated 
reaction was attributed to the effect of changing the particle electrostatic charge 
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upon the interfacial dielectric constant. From the ionic stre~gth dependence of the 
reactions, the apparent interfacial charge at the reaction site was determined to be 
-10 to -12 esu. with proper manipulation of surface loading and ionic strength, it 
was possible to achieve overall quantum yields for charge separation that exceeded 
0.5; charge recombination is effectively retarded by the repulsive interfacial 
electrostatics, yielding products with initial lifetimes of 10-100 ms. 

The dynamics of chemical redu~tion of short-chain viologens, i.e., n < 12, 
bound to the outer DHP surface indicate only a single reaction site, whereas 
biphasic kinetics were observed for the longer chain analogs, n > 12, indicating two 
distinct reaction environments. The vesicles are spherical and possess a unimodal, 
relatively narrow size distribution, as determined by quasielastic light scattering. 
Under the experimental conditions, there is also no evidence for surface aggregation 
of the viologens. The only simple alternative explanation of the kinetic behavior 
is that distinct monomeric sites exist for the long-chain viologens within a single 
vesicle. We have tentatively ascribed the sites to surface-bound and intercalated 
forms, with the shorter chain analogs assuming only surface-bound sites. structural 
confirmation is currently being sought in Therese Cotton's laboratory using SERS 
spectroscopy. 

Transmembrane Redox. Only the long-chain viologens exhibit kinetics that might 
be associated with transmembrane redox. The intercalated viologens could be the 
sites for transmembrane redox since their electron tunneling distances are 
appropriate for the magnitude of measured rate constants (t1 / 2 = 0.5-15 minutes). 
However, the kinetics exhibit apparent dependence upon the concentration of 
externally added reductant and the viologen radical formed is extensively 
aggregated. Neither observation is completely explained by the simple model 
presented and suggests further structural perturbation of the bilayer occurs when 
viologens are bound to both surfaces. We have now determined isosbestic points for 
the monomer and multimeric forms of the viologen radical, which will allow spectral 
resolution of transmembrane redox and aggregation dynamics. Parallel structural 
studies are also underway. 

water Oxidation Catalysts 

In collaboration with Arthur Frank (SERI) and Michael Gratzel (EPFL, Laus
annne), we have initiated studies to structurally and dynamically characterize the 
catalytic behavior of dimeric ruthenium complex ions towards water oxidation in the 
presence of strong oxidants. Two types of complexes are under study, 
[Ru(III)L2(H~O)]20 p-oxo ions, where L = s,s'-dicarboxy-2,2'-bipyridine, and a dimer 
formed from u.S equivalent oxidation of Ru(III)EDTA(H20). Solutions of both ions 
evolve oxygen at moderate rates upon addition of oxidants with potentials sufficient 
to oxidize water. Preparations of the [RuL2(H20)]20 ions contain several species 
resolvable by gradient HPLC anion-exchange chromatography, only one or two of which 
show catalytic activity. The various ions are being characterized by resonance 
.Raman and optical spectroscopy •. The structure of the RuEDTA dimer has been 
disputed, but we have shown that it also is a p-oxo ion, using cryogenic resonance 
Raman and FTIR spectroscopies on isotopically substituted complexes. It is not 
known whether the ion contains coordinated water. A higher oxidation state, 
presumably Ru(IV)-Ru(IV), accumulates during the catalyzed oxidation of H~O by Mn04 -

ion. This circumstance provides a unique opportunity for detailed mechanlstic 
studies, which are in progress. 
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Hearst: 

Hurst: 

Fendler: 

Hurst: 

Feldberg: 

Hurst: 

Spiro: 

Hurst: 

DISCUSSION 

What is the free energy difference driving the oxi
dized methyl viologen to the inside of the vesicle? Is 
this a pump? 

I don't really know. There is not a large chemical gradient. 
These particles are small, so there is considerable structur
al asymmetry arising from the concave inner and convex outer 
surfaces. This causes the negative charge density to be 
greater at the inner surface. If the corresponding transmem
brane potential provides the driving force, then the system 
can be considered an ion pump, but a trivial one. Alternative
ly, the dimer may locate within the hydrocarbon phase closer 
to the inner surface for other reasons and therefore be pre
ferentially expelled there. 

I am very impressed by your results. We are beginning to ob
tain a real insight into electron transfers in and across 
vesicles. I have two comments. As you know, Favre (Orsay) 
demonstrated the presence of quite repeatable transmembrane 

. potentials for symmetrical vesicles whose structures were in 
the range of 400-500 A. This must influence viologen trans
fer and it ~ould be quite interesting if you carried out your 
experiments with uniform small and large DNP vesicles. 

For just this reason, one of the high priority experiments on 
our list is to compare behavior in LUV's and SUV's and to ex
tend the measurements to other types of vesicles. 

There are a co~ple of things that might be worth trying: 
(1) Measure MV transport in planar BLM directly electri
cally. (2) Add valinomycin or nonactin to vesicle solution 
and note effect of facilitated K+ transport. 

+ We have added ionophores, both valinomycin, in K -containing 
media, and carbonyl cyanide m-chlorophenylhydrazone (CCCP) t~+ 
two vesicular assemblies--(NH3)5Ru-4-(112+dodecenyl)pyridine 
bound to phosphatidylcholine, and C1nMV bound to DHP. The 
additions had no effect on the redox Kinetics which we take to 
indicate that counterion movement is not rate-limiting. This 
is probably a consequence of the slowness of the transmembrane 
redox step, which apparently allows sufficient time for 
passive diffusion of counterions across the bilayer to dissi
pate the transmembrane potentials that would otherwise devel
op. I agree that BLM measurements might be useful. 

Isn't the driving force for dimerization just the greater 
molar concentration inside the vesicle? 

We don't think so. Dimer formation bears no simple relation
ship to concentrations of viologen radical formed, e.g., in 
many of our experiments the concentration of (monomeric) vio
logen radical bound to the outer surface exceeds that of the 
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internalized dimer. 

Fendler: Takishi's proposal of electron transfer through channels is 
quite interesting. We have, I believe, a vesicle system 
where this could be tested. Recently we have demonstrated 
the formation of stable vesicles from mixtures of positively
charged dioctadecyldimethylammonium bromide (DODAB) and a 
negatively-charged DHP-like surfactant which contains a sty
rene moiety in its tail. We obtained evidence for the pre
sence of domains of ion-pairs of surfactants in the matrix 
of positively-charged vesicles. These domains open the door 
to the localization of electron donors and/or acceptors and to 
the examination of electron transfers in a localized region of 
the vesicle. 

Hurst: I believe that we will all begin to find evidence of transmem
brane organization of redox carriers in bilayers. Certainly 
all of the work from our laboratory is consistent with models 
containing this feature. 
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TIME-RESOLVED BEHAVIOR OF PYRENE EXCITED STATES 
IN LIPID MONOLAYERS AT THE GAS-WATER INTERFACE. 

A STRUCTURE AND KINETICS STUDY 

L.K. Patterson and Maria Bohorquez 

Radiation Laboratory, University of Notre Dame, 
Notre Dame, Indiana, 46556, USA 

The sensitivity of pyrene excited singlet state behavior - singlet decay, 
excimer and exciplex formation, emission spectra - toward solvent character have 
made it a widely used microenvironmental probe. Conversely, its behavior in 
natural and artificial molecular assemblies (e.g., monolayers, hilayers, vesicles) can 
serve as a model for analyzing the modes of control that one may exert over 
photochemical processes through alterations in assembly organization. With 
spread monolayers such alterations may be achieved in a controlled fashion by 
selection of lipid matrix and/or compression; the organization within the layer 
may be monitored thermodynamically. In such systems, not only assembly 
organization but also the binding site of the pyrene chromophore on the carrier 
molecule as well as the structure of that molecule (e.g., lipid, fatty acid, 
cholesterol) play important roles in determining interactions of the chromophore 
with various regions of the assembly. These interactions can playa large part in 
governing photochemical behavior. 

To explore the roles of lipid host and the probe carrier molecule in pyrene 
photochemistry, we have measured time-resolved emission from the excited singlet 
and excimer for various probes in two different types of lipid monolayer. The 
studies reported here involve the probes: 1-(6-pyrenylhexanoyl)-2-palmitoyl-sn
glycero-3-phosphorylcholine, (l-PyPC), I-pyrenedocosanoic acid, (P-22), and 10-
(6(8)-octadecylpyrenyl) decanoic acid, (P-lO). The two lipids employed were: 
dioleylphosphatidylcholine, (DOL), and dipalmitoylphosphatidylcholine, (DPL). 
Structures of these components are given below. This study was carried out by 
using single photon counting techniques; fluorescence decays of excited monomer 
and excimer were monitored at 380 nm and at 480 nm, respectively. 

The behavior of (l-PyPC) in DOL monolayers under N2 was found 
consistent with excimer formation by collisional interaction of the excited 
monomer with· ground-state monomer, and there was little evidence of dimer or 
aggregate in the ground state. Additionally, the rate constants for the first-order 
processes are similar to those found for pyrene in cyclohexane. Finally, diffusion 
coefficients were determined using the rate constants for the diffusion-controlled 



excimer formation at different surface pressures. The values obtained were 5.4 X 

10-7 cm2/sec for 30 dynes/em and 6.7 X 10-7 cm2/sec at 10 dynes/em. These 
values indicate little effect of surface pressure on microviscosity, behavior readily 
interpreted in terms of the cis double bonds of the DOL hos~ lipid. By contrast, 
similar measurements carried out with other probe molecules, (P-22) and (P-lO), 
indicated important contributions of aggregate in the ground state to kinetic 
behavior. The use of DPL, which exhibits several phases in its surface pressure
area isotherm, also gave indication of aggregate formation in some phases. 

Add.itionally, quenching of probe both from the subphase and with oxygen 
from the gas phase was measured with variation in both probe a~d Jipid. It was 
found, for example, that rates for quenching of probe by subphase iodide can be 
altered by up to an order of magnitude through simple compression or phase 
transition. Oxygen quenching was little affected by compression but did exhibit a 
marked dependence on phase. 
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DISCUSSION 

Feldberg: I is well known to penetrate blm's so is it not suspicious 
that it would also penetrate a monolayer? 

Patterson: Though I has been shown to penetrate black lipid membranes, 
these present studies are directed toward elucidating the 
conditions under which such penetration can be facilitated 
both by the nature of the lipid present (saturated or un
saturated) and by the degree of organization in the layer. 
One would hope that inferences may be drawn about the 
penetration of water into these systems also. 

EI-Sayed: Does the pressure at which the quenching slope changes or 
the residual iodide quenching depend on the iodide con
centration? (The quenching is a bimolecular process and 
its rate should depend on the iodide concentration unless 
the latter is at very high concentrations.) 

Patterson: With ~odide quenching, both with pyrene probes and porphy
rins in DOL, the slopes for plots of quenching rate vs sur
face pressure change most markedly around 12 ± 2 dynes/cm. 
This does not appear to be a strong function of iodide con
centration which for the two types of system varies from. 
0.025 M to 0.4 M. The level of residual quenching for py
rene in DOL does indeed depend on iodide concentration and 
suggests that even at the highest pressures there is penetra
tion of iodide. In DPL, quenching seems to follow the phase 
transition and does approach zero at high surface pressures. 

Whitten: It seemed to me (from the slides) that there was a sharper 
attenuation of the quenching by thyroxine than by iodide in 
the highly compressed films. Is there residual quenching 
in the case of iodide, and to what extent does a pyrene size
induced "defect" play a role in this? 

Patterson: It is correct that quenching by thyroxine is more sensitive 
to pressure than is iodide. The most simple explanation is 
that thyroxine, which is relatively hydrophilic and rather 
bulky, can be readily "squeezed" out of the layer while the 
smaller iodide ion can penetrate into smaller spaces between 
lipid molecules in the layer. 

As stated above, there is residual quenching of pyrene by 
iodide in DOL which is iodide concentration dependent. Since 
this residual quenching is much less pronounced in DPL where 
any pyrene "defect" would be expected to produce a greater 
perturbation in the close packing· found in DPL than in the 
more liquid DOL, one may suggest that stereochemically gen
erated defects are not the principal factor in explaining 
behavior observed in these systems. 

, Linschitz: To what extent can you vary the iodide distribution between 
the substratum and film by varying the substratum compo-
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sition, use of added salts, etc.? 

Patterson: We have not carried out meaSurements with other added salts 
to examine the effects on distribution of iodide. Some spe
cies might, indeed, alter the packing of some lipids and, . 
hence, the distribution of quencher. 

J.Miller: It would be very interesting to compare diffusion controlled 
reactions in two dimensions with the more usual three-dimen
sional case in solution. This comparison should be simple 
because in your system it is adequate to just consider a 
projection of 3D diffusion on a plane. Have you or will you 
do this? 

Patterson: We have not compared diffusion in the monolayer with that in 
three dimensions. As a theo!etical problem the outcome will 
depend on the constraints to motion chosen for the monolayer 
components and how the degrees of freedom are defined. This 
may be important since lipids are constrained at one point 
but certainly have a great deal of rotational freedom. John 
Kozak and co-workers are engaged in such comparisons with 
various constraints applied to components of the two-dimen
sional system. 
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ACCURATE FLUORESCENCE DEPOLARIZATION PROBES 
OF ELECTRONIC EXCITATION TRANSPORT IN SOLUTION AND IN 

LANGMUIR - BLODGETT ASSEMBLIES 

W. S. Struve 

Ames Laboratory' and Department of Chemistry 
Iowa State University, Ames, Iowa 50010 

During the last two years, we have developed picosecond fluorescence 
depolarization techniques which are sufficiently precise and free of artifacts 
to provide meaningful tests of excitation transport theories. We have 
confirmed that current transport theories [1,2] work well for organic 
molecules in some solvents, and have recently completed a study of 2-
dimensional transport among octadecylrhodamine B molecules in organized 
monolayers. Extensions of this work are planned for dispersive excitation 
transport among porphyrin chromophores in low-temperature glasses, and for 
transport in neat amorphous solids. 

Time-resolved fluorescence depolarization is not an inherently sensitive 
probe of transport, even in disordered systems. Small artifacts (such as 
self-absorption) must be rigorously characterized. Solution 3xperiments have 
frequently been performed in glycerol, whose viscosity of -10 cp at 25°C 
effectively freezes out rotational contributions to the observed 
depolarization. In monitoring transport for DODCr in glycerol, we found 
physically large discrepancies between our fluorescence profiles and the 
Gochanour-Andersen-Fayer [1] and Huber [2] theories. This work was repeated 
for DODC! in 1,2-ethanediol (n - 17 cp at 25°C). When corrected for the known 
orientational diffusion of DODCr in 1,2-ethanediol, the latter experiment 
shows near-perfect agreement with both transport theories. The discrepancies 
in glycerol arise because this solvent's structure (unlike that in most 
alcohols [3]) exhibits remarkably long-range order even at room temperature. 
The radial distribution function from glycerol X-ray scattering [4] exhibits 
coherent oscillations out to more than 25 A. Hence, the DODCr transition 
moments are likely to assume preferred rather than random orientations at high 
concentrations in this solvent. Orientational correlation between neighboring 
molecules then modifies the observed dipole-dipole transport from that 
envisaged in the theoretical models, which are based on randomly oriented 
molecules. 

An idealized system for studying two-dimensional excitation transport 
should be (i) flat to within dimensions small compared to the average 
chromophore spacing, and (ii) free of complicating fluorescences and trapping 
due to excimers and aggregates. Such a system appears to be well approximated 
by octadecylrhodamine B dispersed in Langmuir-Blodgett monolayers of 
dioleoylphosphatidylcholine. Unlike xanthene dyes adsorbed on fused silica 
[Anfinrud et. al., J. Phys. Chern. 90, 3116 (1986)], the rhodamine B 
chromophores exhibit fluorescence depolarization at low coverage due to 
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restricted precession of their transition moments about the surface normal. 
This orientational component of depolarization correlates in a predictable 
manner with surface pressure, and it may be separated from the component due 
to transport. Initial analyses of our fluorescence profiles yield encouraging 
agreement with a 2-dimensional variant [5) of the Huber theory. 

If time permits, we will also discuss our current work on time-resolved 
electron-hole recombination luminescence in CdS and CdSe crystallites. This 
work is motivated by the potential of colloidal semiconductors for producing 
interfacial redox processes which are competitive with hot-electron 
relaxation. 
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Harris: 

Struve: 

DISCUSSION 

In the two-dimensional systems, aggregation causes a shift 
in the sit~ energy of a particle aggregate. This can cause 
an irreversible "downhill" flow of energy to the larger 
aggregates, and hence affect the model for GS(t). Have you 
taken these effects into account in the two-dimensional sys
tems, and could these effects explain the results of DODCI 
in glycerol at higher concentrations? 

At each of thechromophore densities in our 2D and 3D systems, 
we have obtained magic angle (isotropic) profiles as a check 
for possible artifacts which can affect interpretation of 
our transport data. We were principally concerned about self
absorption (in the 3D systems) and lifetime shortening by 
trapping at aggregates. Over the density ranges reported in 
our work, the time dependence of the isotropic profiles was 
nearly invariant. At higher densities, trapping truncated 
their lifetimes, and so such densities were excluded from 
out data sets. This is why, for example, we show no data 
points for concentrations higher than 3 to 5 roM in our 3D 
solutions. 

Incidentally, it is worth asking exactly what our Langmuir
Blodgett assemblies consist of. We took care to check the 
magic-angle profiles at all coverages, characterize the 
orientational diffusion of our octadecylrhodamine B chromo
phores at several surface pressures and stabilize the sur
face pressure during photon-counting periods. However, Dr. 
Patterson has shown that phase transitions occur in these 
systems at certain surface pressures (previous talk), and 
we ought to find out what implications these phase transi
tions have for transport experiments like ours. 

J.Miller: Can't you much more clearly establish whether rotational 
correlation is the explanation for your results by comparing 
them with excitation transfer from one molecule to a differ
ent one ,so that you do not depend on measurements of depol
arization? 

Struve: In such an experiment, we would be dealing with two unknown 
orientational correlation functions (those of the donor and 
acceptor) instead of one. Hence, the advantages of using 
that approach are not obvious. 
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ELECTRONIC EXCITATION TRANSPORT AND ELECTRON TRANSFER AND 
BACK TRANSFER IN DISORDERED SYSTEMS 

Michael D. Fayer 
Chemistry Department 

Stanford University, Stanford CA 94305 

We are investigating fundamental·aspects of energy transfer 
processes, particularly electronic excitation transport and electron 
transfer, in disordered and finite volume systems. By combining 
picosecond optical experiments and detailed statistical mechanics 
theory we are gaining an increased understanding of the complex 
interplay of structure and dynamics in important energy transfer 
situations. A number of different types of problems are being 
focussed on. They are excitation transport among chromophores 
attached to finite size polymer· coils; excitation transport among 
chromophores in monolayers, bilayers, and finite and infinite stacks 
of layers; excitation transport in large vesicle systems; and 
photoinduced electron transfer in glasses and liquids, focussing 
particularly on the back transfer of the-electron from the 
photogene rated radical anion to the radical cation. 

An area of particular interest is clustered chromophore systems. 
In such a system molecules are not randomly distributed in space but 
are constrained to be in some small finite volume.. This can lead to 
very efficient excitation transport. However, clustered finite 
volume systems add complexity to the problem of understanding 
excitation transport. We are addressing the problem of chromophores 
attached to the backbone of finite size polymer coils. Polymer coils 
have a vast number of configurations. The segments of a coil have an 
approximately Gaussian pair correlation function for flexible coils, 
and therefore chromophores randomly tagged on a coil will have an 
essentially Gaussian distribution in ~ finite volume~ The po~sible 
configurations of the coil must be accounted for, and the location of 
the initial excitation on the coil must be averaged over. 

Experimentally we are studying two types of tagging arrangements 
for the polymers, moderate molecular weight coils randomly tagged 
with chromophores and very low molecular weight coils end tagged. 
The experiments involve excitation of the chromophores with a 
picos~cond time scale pulse of polarized light, and then following 
the excitation transport dynamics by observing the time dependent 
depolarization of the initially excited ensemble. This is done 
either by observing fluorescence depolarization or by using a 
polarization transient grating experiment. We have developed 
accurate theoretical approximate solutions to the excitation 
transport master equation. Experiments on PMMA coils tagged with 
naphthalene in PMMA show quantitative agreement with theory. We are 
currently pursuing experiments on tagged PMMA in polystyrene and 
polystyrene blends. By changing the nature of the blend, the 
thermodynamic interactions of the tagged coil with its environment 
change, and the coil size changes. This changes the chromophore 

94 



distribution and therefore the rate of e~citation transport can be 
controlled. Experiments on the end tagged coils have required 
developing methods to deal with the end to end distribution function 
for very short polymer chains which are not Gaussian. We have been 
experimentally examining pOlystyrene end tagged with pyrene. We are 
also investigating excitation transport in monolayer, bilayer and 
multibilayer systems. We have been able to apply the cumulant 
expansion theory to the layered problems as well as to the polymer 
problem. Excitation transport among dye molecules in large vesicles 
can be modeled using this theory. 

In addition to excitation transport problems, we are 
investigating electron transfer from an optically excited donor to an 
acceptor and the subsequent back transfer of the electron from the 
acceptor anion to the donor cation in glassy systems. The 
statistical mechanical problem of back transfer has not previously 
been treated. The back transfer does not occur from a donor (the 
anion) into a random distribution of acceptors. The acceptor is a 
single cation, and its position is not random relative to the anion. 
Rather the separations of the ion pairs have correlations which are 
determined by the forward process. Since electron transfer is short 
range, the back transfer tends to occur among ion pairs which are 
much closer together than the average distance for the sample 
concentration. To understand the competition between back transfer 
and diffusional separation in solution it is first necessary to 
understand this problem. We have developed an accurate statistical 
mechanics theory for the back transfer problem in glassy medium. 

We are applying a picosecond transient grating technique which 
makes the back transfer process a direct observable. The grating 
observable depends on a photoinduced change in the index of 
refraction in a spatially periodic pattern caused by the picosecond 
crossed beam excitation. Electron transfer produces ion pairs. 
Although fluorescence is quenched by the electron transfer, the 
sample's index of refraction has not returned to its initial 
condition because of the existence of the ion pairs. The grating 
signal decays as the ion pairs recombine and return the index to its 
initial value. We are examining rubrene (donor) and duroquinone 
(acceptor) in sucrose octa-acetate glass. By combining the new 
theory, fluorescence experiments, and grating experiments, we are 
obtaining a detailed picture of the back transfer process. 

Picosecond transient grating experiments on electron forward and 
back transfer in glasses will also provide us with an important 
opportunity to study the role of solvent relaxation in the electron 
transfer process. Ion pairs which are formed very close to each 
other will have extremely rapid back transfer. In a glass the 
solvent relaxation times are long. Therefore there is the 
possibility that the short time pac~ transfer events will occur 
between ions prior to complete solvent relaxation, while the back 
transfer events at longer times, corresponding to longer separation 
distances, will occur from relaxed environments. Careful time 
dependent and temperature dependent studies can directly examine the 
time dependence of solvent relaxation and electron transfer. 
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DISCUSSION 

Koval: Are large concentrations of ions created during transient 
grating experiments, and, if so, how does this affect the 
rates? 

Fayer: Large concentrations of ions are not created during the 
transient grating experiments. Although the acceptor 
concentration is high, the donor concentration is kept very 
low to avoid Forster excitation trans~~r betw~5n the donors. 
The typical donor concentration is 10 to 10 mil. To 
prevent a variety of artifacts which can occur at high laser 
excitation intensities, the laser intensities are attenuated 
until the time dependence of the_gignal no longer changes. 
This results in approximately 10 of the donors being ex
cited. Thus, the ion concentration which is produced is 
extremely low. Transient grating experiments are used be
cause they can give good signal-to-noise at these very low 
excitation densities. 

EI-Sayed: Could you detect scattering due to the formation of ion 
pairs (since the change in the refractive index change 
between the neutrals and the ion pairs should be very 
large)? 

Fayer: This is a very interesting idea, and, in fact, is the first 
thing that we looked for. As you suggest, the ion pair 
should change the real part of the index of refraction and 
therefore give rise to a transient grating signal even if 
the probe wavelength is not tuned into the donor absorption. 
We attempted to see such a phase grating by tuning well to 
the red of the donor absorption, but we were unable to de
tect a signal. This is be,cause the donor concentration in the 
sample is kept very low to avoid Forster excitation trans
port among the donors. When the probe is tuned into reson
ance with the donor absorption, there is a large contribution 
to the index of refraction from the imaginary term. This is 
what is detected in the grating experiment. Therefore, the 
grating is sensitive to the reduction of donor absorption in 
the grating peaks. This only decays as the ions recombine to 
form ground state neutral donors. 

Frei:: How do you know that e- transfer takes place for all of'the 
donor molecules from one and the same electronically exci!ed 
state? Can your theory describe the general case where e 
transfer takes place from more than one excited donor state? 

Fayer: To avoid complications such as transfer from a variety of 
electronic states, we picked the electron donor and acceptor 
molecules very carefully. The rub rene donor has essentially 
zero intersystem crossing, so that triplets are not a prob
lem. We excited directly into the SI origin to avoid the 
possibility of some transfer from a higher excited donor 
state. We also tuned the wavelength to make sure that the 
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results were independent of where the experiment was done in 
the wavelength region of the Sl origin. The theory as we 
have currently constructed it considers transfer from only 
one excited donor state. However, it would be straightfor
ward to add one or more other states. 

99 



PHOTODYNAMICS OF EXCITED-STATE ELECTRON-TRANSFER REACTIONS 

Morton Z.Hoffman 

Department of Chemistry, Boston University, Boston, MA 02215 

Scope of the Project. Transition-metal coordination complexes of Ru(II), 
especially those possessing polypyridyl ligands (NN), play an important role 
as photosensitizers in model photochemical systems for the conversion and 
storage of I ight energy; the corresponding Cr(III) complexes continue to be of 
interest because their very long-I ived lowest excited states (2Tl/2E) are 
powerful oxidants. The electron-transfer quenching of the excited state of 
the photosensitizer results in its one-electron oxidation or reduction, and 
the corresponding reduction or 'oxidation of the quencher. The objective of 
this research program, which util izes the techniques of continuous and pulsed 
photolysis and radiolysis, is the examination of the photophysical and photo
chemical pathways that dictate the efficiencies and rates of population and 
depopulation of the excited states, the quantitative effect of solution medium 
and ion-pairing on the dynamics of the reactions, and the properties and 
reactivities of the reduced and oxidized species. 

Recent Results. We have observed that the lifetimes of (2Tl/2E)Cr(NN)33+ 
are a function of pH in deoxygenated di lute aqueous solution at 50; in acidic 
solution, r is significantly longer and has a higher activation energy than in 
alkal ine solution. In the presence of 1 M CI-, the magnitude of the pH-effect 
is diminished; r is almost the same in acidic or alkaline solution. We have 
interpreted the results in terms of coupled equil ibria involving outer-sphere 
ion-pairing ~q - 1 M-l) between the anions and the 4A2 ground state, and 
inner-sphere interactions with the metal center and, perhaps, the nitrogen
heterocycle ligands; for OH- and CI-, ~q for the latter process are estimated 
to be -106 and -1, respectively. The manifestation of the inner-sphere inter
action is an acceleration of the rate of non-radiative decay of the excited 
states; the behavior of 2T1/2E reflects the nature of the environment in the 
immediate vicinity of the cation. 

Ru(bpY)32+, the most popular photosensitizer, is qu~nched by MV2+, gener
ating MV+· and Ru(bpY)33+. We have determined the efficiency of release of 
the redox products into bulk solution from the solvent cage in which they are 
generated by the quenching reaction, ~cr' as a function of the solution med
ium. The value of ~cr (0.25) in the absence of added solutes is more than 
halved by the presence of anionic sacrificial donors such ,as C2042- and EDTA, 
indicating that the strong ion-pairing experienced by the cationic reactants 
holds the geminate pair in close proximity to facil itate back electron-trans
fer. The bulk solution reaction of EDTA with Ru(bpY)33+ is slower in acidic 
solution ~ = 6.0 x 105 M-1 s -1 at pH 4.7) than in alkal ine ~ = 4.9 x 107 and 
5.5 x 107 M-1s -1 at pH 8.7 and 11.0, respectively). Despite the desirable 
properties of its oxidized form toward clean and efficient irreversible trans
formation into a strongly reducing radical, (2042- is a poor sacrificial rea
gent in this model system because of its low reactivity toward Ru(bpY)33+;k -
2 x 104 M-1s-1. -
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*Ru(bpz)32+ is not oxidatively quenched b~ MV2+, but is reductively 
quenched by sacrificial donors (TEOA, EDTA, (204 -, thiols); because the ir
reversible transformation of the oxidized donors can occur within the solvent 
cage, ~cr for the release of Ru(bpz)3+ and the donor fragments can be very 
large. Ru(bpz)3+' which posse~ses a ligand-radical coordinated to the Ru(II) 
center, can be represented ~s Ru(bpz)2(·bpz-)+ in alkaline solution and as the 
conjugate acid, Ru(bpz)2(·bpzH)2+ (~ 7.1), in acidic solution. This reduced 
species is a good reducing agent tty = -0.5 V) in alkaline solution, but is 
-0.2 V weaker in acidic solution; the basic form, but not the acidic, reduces 
MV2+ and Co(sep)3+. However, the acidic form establishes an electron-transfer 
equilibrium with Cr(bpY)33+. In the absence of reactive species, the basic 
fc;>rm is st~b"le ~"n solut~on; the. acidic form undergoes a slow (t1/2 - ~O s) 
dlsporportlonatlon reaction, leading to Ru(bpz)32+ and a complex possessing a 
doubly-reduced ligand. 

We have investigated the nature of the ion-pair complexes between MV2+ 
and C2042- or EDTA through an examination of the electron donor-acceptor prop
erties of the system. From the results of pulsed laser excitation, a model 
has been proposed in which the ground-state complexes exist as 'pseudo
micelle" aggregates; absorption of I ight generates MY+. and a donor radical 
within the aggregate. The irreversible conversion of the oxidized radical to 
a reducing radical, in competition with geminate pair back electron-transfer, 
leads to the formation of a second equivalent of MV+· within the aggregate 
structure; the MV+· species are ultimately released into bulk solution as the 
aggregate structure equilibrates. The values of the quantum yield of MV+· 
formation are taken as a measure of the dependence of the rate of geminate 
pair back electron-transfer on the structure of the aggregate, state of pro
tonation of the speCies, and the states populated in the light-absorption 
process. 

Ion-pairing of MV2+ with OH- or CH30- in alkaline aqueous or methanolic 
so I ut ions resu I ts i n the format i on of MV+·. We ha ve determ i ned the rate laws 
of the initial portion of the reactions. In aqueous solution, (d[MV+·]/dt)i = 
!obs[MV2+]2 [OH-]2; !obs = 0.12 M-3min-1 at 250 with Ea = 58 kJ mol-I. A mech
anism has been proposed whereby the initial phase of the reaction occurs via 
the success i ve att,ack of OH- on the 2- and 2' -pos i t ions of the aromati c rings, 
fol lowed by the reduction of MV2+ by the electron-rich double pseudo-base. In 
methanolic solution, (d[t,1V+·]/dt)i = ~bs[t,1V2+l1/2[CH30-]2; !obs = 4.9 x 102 
M3/2min-1 at 250 with Ea = 95 kJ mol-I. We have suggested that MV2+ exists in 
methanolic solution at the concentrations employed mainly as a dimeric aggre
gate, (MV2+)2. The proposed mechanism involves an equi librium between MV2+ 
and (MV2+)2, with only MV2+ being reactive toward the formation of the pseudo
base with CH30-. Exposure of MV+· to 02 results in the formation of lumines
cent (Aem 525 nm) and absorbing (Amax -380 nm) species via secondary reactions 
involving H202, which is formed slowly from thedisproportionation of 02-·. 

Future Plans. In addition to continuing our investigations of the photo
physics of transition-metal photosensitizers, the properties of ion-pair elec
tron donor-acceptor complexes, and the characteristics of redox intermediates, 
we will expand our studies of the effect of solution medium on the efficiency 
of excited-state electron-transfer reactions. Because of the high values of 
~cr for reductive quenching, emphasis will be placed on this process for 
Ru(II) and Cr(III) complexes. 
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DISCUSSION 

Espenson: Is there a value of estimate for EO of C20
4
-· + e = 

2-C204 ? 

Hoffman: In the absence of a value for the equilibrium constant for 

the conversion of the ephemeral C204-· species to CO2 and 

CO
2
-·, it is not possible to complete the thermochemical 

cycle to obtain the reduction potential of.C
2
0

4
-·. From the 

value of the rate constants of the reactions of C
2
0

4
2- with 

3+ 4 -1 -1 2+ 7 -1 -1 
Ru(bpY)3 (2 x 10 M s ) and *Ru(bpz)3 (1 x 10 M s ) 

and a knowledge of the reduction potentials of these latter 

species (+1.3 and +1.4 V, respectively), I estimate the re

duction potential of C20
4
-· to be of the order of 1.4 V. 

2+ 2+ + 
Espenson: What are the pKa'S of Ru(bpz)3 ,*[Ru(bpz)3 ] and Ru(bpz)3 ? 

Hoffman: The pK values of the monoprotonated forms of these species 
a 

are -2.2, 2.0 (3.8 calcd) [R. J. Crutchley, N. Kress and 

A.B.P. Lever, J. Am. Chern. Soc., 105, 1170 (1983)] and 7.1 

[M. Ventura, Q.G. Mulazzani, M. Ciano and M. Z. Hoffman, 

Inorg. Chern., ~., 4493 (1986)], respectively. 

Ebbesen: Did you notice any thermal degradation of cysteine? 

Hoffman: No. Our solutions of cysteine were always made fresh and were 

always kept in stoppered flasks to minimize exposure to air. 
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THERMAL AND PHOTO-INDUCED REACTIONS OF METAL COMPLEXES 

Norman Sutin, Bruce S. Brunschwig, Carol Creutz, Etsuko Fujita, and Jay R. Winkler 
Chemistry Department 

Brookhaven National Laboratory, Upton, NY 11973 

Because they strongly absorb visible light and readily undergo 
electron-transfer reactions, transition-metal complexes are excellent mediators of 
outer-sphere light-induced redox reactions, many of which effect net storage of 
the light energy. In addition, because of their ability to promote the formation 
or activation of small molecules, transition-metal complexes ,can provide 
homogeneous catalytic routes for the thermal and photochemical formation of H2 or 
activation of C02. A major objective of this program ,is the quantitative study of 
excited-state physical and chemical deactivation processes; the lifetimes of 
excited states and the rates of electron-transfer reactions of excited-state and 
ground-state complexes are being determined and modelled, and mechanistic studies 
of the reactions of transition-metal ions in high and low oxidation states are 
being conducted. 

The self-exchange rates of a series of methyl-substituted bipyridine and 
phenanthroline COL 3

2+/COLi
3+ complexes have been studied b~ measuring the rate of 

racemization of the COL3 3 complex in the presence of CoL3 +. It was found that 
methyl substitution has an effect on the self-exchange rates: the rates vary from 
7.0 r-r1 s-1 when L = phen to 60 r-r1 s-1 when L = 4,7-(CH3)2phen. In terms of the 
cross-relationship (k12 = (k11k22K12)1/2) such a change in self-exchange rate 
constant (k11 ) will change the rate constant for a net electron-transfer reaction 
(k12 ) by a factor ~ 3. By contrast, the change in k12 resulting from the change 
in redox potentials (210 mV for the couples considered) is a factor ~ 60, 
considerably larger than that resulting from the self-exchange rate change. 
Although the self-exchange rate variations are small, the origin of these 
variations is of considerable interest. 

A spherical cavity model has been developed (with S. Ehrenson) for the 
solvent barrier (~out) to electron transfer and for the solvent contribution to 
the free-energy change of the reaction. In this model, which is applicable to 
intramolecular electon transfer within metalloproteins as well as to optical 

-charge-transfer transitions in metal complexes, the solute is treated as a 
spherical dielectric cavity with embedded charges. The resulting expressions for 
the solvent barrier contain infinite sums; approximations to these sums that give 
results in very good agreement with the complete equations have been derived. The 
model also predicts the dependence of the maximum of a charge-transfer transition 
on the dielectric properties of the solvent (Ds and Dop) and of the cavity 
(Din). The derived equations reduce to certain expressions in the literature 
when the pOint-dipole approximation is valid and Din = 4. The use of Din = 2 
is a better approximation for the dielectric constant within the cavity for most 
small molecules and new expressions for this case have been derived. 

Electron transfer occurs over relatively long distances in a variety of 
systems. In interpreting the measured electron-transfer rates it is usually 
assumed that the rate constants depend exponentially on the distance separating 
the two redox sites and that this distance dependence aris~s from the decrease in 
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the electronic coupling of the redox sites with increasing separation. Although 
the electronic coupling is an important factor determining the distance dependence 
of the rate, theoretical considerations suggest that the nuclear factors are also 
important.· In particular, very different distance dependences are predicted for 
reactions in the normal and inverted free-energy regions. The temperature 
dependence of the rates can be used to distinguish between the electronic and 
nuclear contributions in certain systems. 

Transfer of hydrogen as a proton, hydrogen atom, or hydride ion from or to a 
transition metal center is a critical step in many catalytic processes. As data 
bearing on the rates of self-exchange and net reactions are now becoming 
available, it is possible to develop and test theoretical models for the hydrogen 
transfer step. A weak-interaction semiclassical model has been applied to the 
"proton" se1f-e~change reaction of a metal hydride complex with its conjugate base 
(e.g., H2Fe(CO)4 + HFe(CO)4-). The rate is expressed in terms of repulsive, 
steric, nuclear and (hydrogen) tunneling factors. Preliminary calculations are 
promlslng, with fair agreement between measured and calculated rate constants and 
activation parameters being obtained. 

The strong, specific solvent dependences found for metal ammine complexes are 
being explored. Near-IR-vis spectra and cyclic vo1tammetric parameters have been 
determined for Ru(NH3)5PZCH33+, OS(NH3)5PZCH33+, and [Ru( NH 3)5] 2Pz5t in a solvent 
series over which the Gutmann donor number ranges from 2.7 to 29.8. The 
M(III)/M(II) redox potential decreases with donor number, with the magnitude of 
the response to solvent being- quantitatively similar (0.025 ± 0.002 V/DN) for all 
of the couples examined. (Consequently the stability of [Ru(NH3) 5] 2Pz 5t with 
respect to disproportionation is solvent independent within experimental error.) 
By contrast, the vis and near-IR absorption bands exhibit very different solvent 
dependences -- ranging from solvent independent, to a typical MLCT solvent 
dependence, to the opposite behavior (LMCT character). The results indicate that 
solvents may be chosen so as to tune the ground~state redox potential, 
excited-state energy, and the extent of M-pz backbonding. 

Studies of the interaction of C02 with coba1t(I) macrocyc1e complexes have 
begun. E1ectrc)llic and IR spectra are being determined to complement 
electrochemical measurements on the system. In addition, attempts are being made 
to obtain crystals of the C02 adduct so that the C02 binding mode may be 
unambiguously demonstrated. Preliminary results indicate that the CO 2 binding is 
rapid and reversible. 

106 



Publications 

Mahajan, D., Creutz, C., and Sutin, N. Homogeneous catalysis of the water 
gas shift reaction by polypyridinerhodium(I) complexes. Inorg. Chern. 24, 2063-7 
(1985). 

Schwarz, H. A., Creutz, C" and Sutin, N. Cobalt(I) polypyridine complexes. 
Redox and substitutional kinetics and thermodynamics in the aqueous 
2,2'-bipyridine and 4,4'-dimethyl-2,2'-bipyridine series studied by the 
pulse-radiolysis technique. Inorg. Chem. 24, 433-9 (1985). 

Krishnan, C. V., Brunschwig, B. S., Creutz, C., and Sutin, N. Homogen~ous 

catalysis of the photoreduction of water. 6. Mediation by polypyridine complexes 
of ruthenium(II) and cobalt(II) in alkaline media. J. Am. Chem. Soc. 107, 2005-15 
(1985). -.-

Creutz, C. and Sutin, N. Photogeneration and reactions of cobalt(I) 
complexes. Coord. Chern. Rev. 64, 321-41 (1985). 

Keene, F. R., Creutz, C., and Sutin, N. Reduction of carbon dioxide by 
tris(2,2'-bipyridine)cobalt(I). Coord. Chem. Rev. 64, 247-60 (1985). 

Marcus, R. A. and Sutin, N. Electron transfers in chemistry and biology. 
Biochem. Biophys. Acta 811, 265-322 (1985). 

Macartney, D. H. and Sutin, N. Kinetics of the oxidation of metal complexes 
by manganese(III) a~uo ions in acidic perchlorate media: The 
Mn(H20)62+-Mn(H20)6 + electron exchange rate constant. Inorg. Chem. 24, 3403-9 
(1985). 

Marcus, R. A. and Sutin, N. Application of electron-transfer theory to 
several systems of biological interest. Chemical Physics 42, Antenna and Reaction 
Centers of Photosynthetic Bacteria, M. E. Michel-Beyerle, Editor, pp. 226-33, 
Springer-Verlag, New York, 1985. 

Liu, D. K., Brunschwig, B. S., Creutz, C., and Sutin, N. Formation of 
electronically excited products in electron transfer reactions: Reaction of 
polypyridine complexes of coba1t(I) and ruthenium(III) in acetonitrile. J. Am. 
Chem. Soc. 108, 1749-55 (1986). 

Szalda, D. J. and Keene, F. R. Coordination mode of tris(2-pyridyl)carbino1 
to cobalt(III): Crystal structure of Li[Co(2-pY)3(COH)3](S206)2·10H20. 
Inorg. Chern. ~, 2795-9 (1986). 

Brunschwig, B. S., Ehrenson, S., and Sutin, N. Solvent reorganization in 
optical and thermal electron transfer processes. J. Phys. Chern. 90, 3657-68 
(1986). 

Marcus, R. A. and Sutin, N. The relation between the barriers for therm~l 

and optical electron transfer reactions in solution. Comments Inorg. Chem. ~, 

119-33 (1986). 

107 



Sutin, N. Theory of electron transfer reactions. Inorganic Reactions and 
Methods, J. J. Zuckerman, Editor, Vol. 15, 16-47, VCR Publishers, Inc., Deerfield 
Beach, FL, 1986. 

Creutz, C. and Sutin, N. General reactivity patterns in electron transfer. 
Inorganic Reactions and Methods, J. J. Zuckerman, Editor, Vol. 15, 47-63, VCR 
Publishers, Inc., Deerfield Beach, FL, 1986. 

Sutin, N. Photochemistry. Inorganic Reactions and Methods, J. J. Zuckerman, 
Editor, Vol. 15, 260-271, VCR Publishers, Inc., Deerfield Beach, FL, 1986. 

Keene, F. R., Sza1da, D. J., and Wilson, T. A. Mode of coordination of 
tris(2-pyridy1)methano1 to ruthenium(II). Crystal structures of two bis(ligand) 
species, exhibiting neutral and deprotonated N,N',O-coordination of 
tris(2-pyridyl)methano1. Inorg. Chern., submitted. 

Brunschwig, B. S., Ehrenson, S., and Sutin, N. Solvent reorganization in 
optical and thermal electron-transfer processes: Solvatochrornism and 
intramolecular electron-transfer barriers in spheroidal molecules. J. Phys. 
Chern., submitted. 

Creutz, C. and Chou, M. H. The solvent dependences of spectral and redox 
properties of pyrazine (pz) complexes of ruthenium and osmium pentaammines: 
Ru(NH3) 5PzCR3 3+, Os(NH3) 5PzCH 3 3+, and [Ru( NlI 3) 5] 2Pz 5+. Inorg. Chern., submitted. 

Sutin, N. The distance and temperature dependence of electron transfer 
rates. Proceedings of the NATO Advanced Research Workshop on Photoinduced Charge 
Separation and Energy Migration in Supramo1ecu1ar Species, Capri, Italy, 1987, to 
be published. 

108 



Newton: 

Sutin: 

Small: 

Sutin: 

DISCUSSION 

The thermodynamic analysis of temperature dependence which 
you have given has a number of interesting ramifications. 
For the case of a single mode (which corresponds to the 
reaction coordinate), variation of temperature causes a 
horizontal as well as a vertical shift of a given free 
energy parabola. The implications of temperature depen
dence for the more general classical n-mode case would 
seem to be of particular interest, since in this case, 
even the location of the reaction path (the abcissa for the 
free energy profile) would be expected to be temperature
dependent. 

The expressions I presented were derived for systems that be
have classically; in addition, the free-energy curves repre
senting the reactants and products of the reaction were assum
ed to be harmonic along the reaction coordinate and to have 
identical force constants. Although the frequency of a par
ticular intramolecular vibration generally changes with oxida
tion state, the energy surfaces for the reaction can be "sym
metrized" by using a reduced frequency (averaged over the two 
oxidation states) for each vibration. The error introduced by 
this approximation can be shown to be quite small in most in
stances. A more important question is the extent to which the 
parabolic approximation applies to n-dimensional systems in 
which several modes of very different (reduced) frequencies 
undergo displacement. One can show that the classical free
energy curves for such n-dimensional systems will still be 
parabolic once reduced frequencies are used for each vibra
tion (so that the multidimensional energy "basins" have iden
tical shapes) provided that the reaction coordinate is care
fully chosen. The reaction coordinate should, of course, not 
be confused with the actual reaction path: the latter is 
important in describing the dynamics but the former is the 
abcissa for the free-energy profiles. 

(1) What data exist which indicate that the continuum model 
for calculation of the distance dependence for A is accurate 
(or under which conditions is this model expected to be 
valid?) 

(2) In connection with the application of your theory to T
dependent electron transfer data, how is it that the T-depen
dence of the A-parameter can be ignored? 

(1) The continuum model for the solvent is expected to be 
valid provided the specific interactions (e.g. hydrogen bond
ing) between the redox sites and the solvent are absent. The 
continuum model successfully describes the solvent dependence 
of the metal-to-metal charge transfer bands in a number of bi
nuclear systems and also the dependence of certain bimolecu
lar electron-trans'fer reactions on the nature of the medium. 
There are exceptions and these are usually rationalized on the 
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Sutin: 

basis of specific donor-acceptor interactions with the medium. 

(2) The temperature dependence of the parameter is not ex
pected to be large and, in the continuum model, arises pri
marily from the temperature dependences of the bulk dielectric 
constant and of the refractive index of the medium. 

There is also a distance dependence of the work terms in the 
Marcus formalism (e.g. electrostatic terms), isn't there? 

Yes, the work required to bring the reactants and products 
together is also distance dependent, as is the driving force 
for the reaction. These (and other) distance dependences have 
to be considered in addition to the distance dependence of A 
and the electronic factor. We have published a complete 
treatment in which all the distance dependences are included. 
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TRANSIENT SPECTROSCOPIC STUDIES OF TRANSITION METAL COHPLEXES IN SOLUTION 
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Chemistry Department 

Brookhaven National Laboratory, Upton, NY 11973 

Electronically excited transition metal complexes and organometallic 
compounds are common factors in the design of solar energy conversion systems and 
the photosynthesis of useful chemical products. The diverse reactions of excited 
metal complexes include intramolecular charge separation, bimolecular outer-sphere 
electron transfers, bimolecular addition reactions, and unimolecular elimination 
reactions. The timescales of these processes range from picoseconds to several 
seconds or longer. Fundamental investigations of the physical and chemical 
properties of excited metal complexes by time-resolved spectroscopy are the basis 
of this research program. The spectra and dynamics of these transient species are 
being measured in order to provide insight into the kinetics and mechanisms of 
their reactions. 

The lifetimes and spectra of the excited states of cis-dicyanobis
(2,2'-bipyridine)iron(II) and -ruthenium(II) have been determined. From transient 
absorbance measurements, the lifetime of the excited state of Fe(bpy)2(CN)2 is 
0.33 ns in methanol at room temperature, considerably shorter than the 0.39 ~s 

lifetime of the excited state of Ru(bpy)(CN)2. Moreover; the lifetime of the 
excited state of Ru(bpY)2(CN)2 decreases upon changing the solvent from methanol 
to DMF while the lifetime of the excited state of Fe(bpY)2(CN)2 increases upon the 
same solvent change. The spectrum of excited lw(bpY)2(CN)2 features absorption 
maxima at 370 and 430 nm,wavelengths characteristic of the bpy- chromophore. By 
contrast, excited Fe(bpY)2(CN)2 shows no marked absorption in the 370-430 nm 
region. These studies establish that the lowest excited state of Ru(bpY)2(CN)2 is 
a metal-to-ligandcharge-transfer CIvILGT) excited state, while that of 
Fe(bpY)2(CN)2 is a ligand-field (LF) excited state. Evidently the average ligand 
field provided by a bpy/2 and a CN- along two of the three molecular axes is not 
sufficient to raise the LF state above the MLCT state of Fe(bpy) 2( CN) 2 in the 
solvents studied. 

The dramatic effects of solvent variation on the photophysical properties of 
excited metal complexes have been investigated in another iron-cyanide complex. 
The excited-state lifetimes and spectra of (TBA)2[Fe(bpy)(CN)~] in water and 
acetone were determined by picosecond transient absorption spectroscopy (TBA = 
tetrabutylammonium ion). In both solvents transient absorption kinetics were 
pulsewidth limited, indicating excited-state lifetimes shorter than 25-30 ps. The 
spectrum of the transient formed in acetone has two major absorption features: a 
narrow, intense band at 370 nm and a weaker one maximizing near 525 nm. These 
features are characteristic of the bpy- chromophore and indicate that the 
transient produced in acetone is an MLCT state. The absence of the 370 and 525-nm 
absorption bands in the spectrum of the transient formed in water indicates that a 
LF state is populated in this solvent.· 
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Intramolecular electron transfer has been examined (with H. B. Gray, 
Caltech), in a system in which the redox partners are closely coupled at 
relatively short separations. The systems investigated are cationic dimers of 
Ir(I), doubly bridged by 3,5-dimethylpyrazolyl ligands, with terminal CO and 
PPh2(OCH2CH2-NR3)+ groups. Photoexcitation of the iridium core generates a 
singlet state which, in the absence of electron-transfer quenching (R = C2ffs), has 
a lifetime of 100 ps. When a pyridinium group replaces the NEt3 group, the 
singlet lifetime drops below 25 ps, and steady-state fluorescence measurements 
suggest a singlet lifetime of about 5 ps. The dominant mode of singlet quenching 
is likely to be electron transfer from the excited Ir core to the pyridinium 
acceptor, with a rate constant in the vicinity of 2 x lOll s-l The subsequent 
back electron-transfer rate constant is 7 x 10 9 s-l 

Studies of long-distance electron transfer have been initiated (with 
lI. Elias, Darmstadt) with a chemically modified cytochrome c protein. Replacement 
of Fe by Zn in the porphyrin of the native heme protein and attachment ofa 
Ru(~ffi3)S group to the histidine-33 yields a multisite protein with a 12 A 
edge-to-edge separation of redox sites. Photoexcitation of the Zn-porphyrin 
moiety initiates electron transfer from the porphyrin to the distant 
Ru(NH3)S(his-33)3+ center (or to the excited Zn-porphyrin from the 
Ru(NH3)S(his-33)2+ center). Flash-photolysis techniques were used to determine 
the rates of the oxidative and reductive quenching reactions as well as the rate 
of the thermal back electron-transfer from Ru(II) to the Zn-porphyrin·+ cation 
radical. The rate constants of the two quenching reactions and of the previously 
reported thermal Ru(II)~to-Fe(III) electron-transfer reaction increase 
monotonically with driving force. The back electron transfer from Ru(II) to 
Zn-porphyrin·+ proceeds at a faster rate than expected from the free-energy 
change for this reaction, suggesting a difference in electronic coupling between 
the redox centers or in the reorganization energy for th Zn-porphyrin·+/ O couple 
as compared to the Zn-porphyrin·+/* system. 

In the rapid elecron-transfer processes common in photochemical systems, the 
dynamics of solvent vibration and rotation may mix intimately with the dynamics of 
the actual electron transfer step. Thus, systematic studies of rapid intra- and 
intermolecular electron-transfer rates of metal compelxes by time-resolved 
spectroscopy are planned. Solvent dielectric relaxation times lie in the 0.1 to 
50 ps timescale at room temperature and instrumentation is being developed to 
study this process by time-resolved-emission-spectroscopy (TRES). Metal complexes 
with, ideally, non-polar ground states and luminescent, dipolar, charge-transfer 
(CT) excited states will be examined in a series of solvents with ,diverse 
dielectric properties. Solvent relaxation dynamics will be evaluated by examining 
the time-dependent shifts of emission bands following picosecond excitation. 
Characterization of the kinetics of solvation of CT states will provide valuable 
information about the solvent dynamics associated with rapid electron-transfer 
reactions. 
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Tiede: 

DISCUSSION 

Could you change your solvent reorganization parameter by 

changing your solvent, e.g., by changing the ionic strength? 

Winkler: If the reo.rganization energy is as large as 2 eV then outer 

sphere contributions should be significant. For electron

transfer reactions in metalloproteins, contributions to the 

outer sphere reorganization energy arise from reorientation 

of solvent molecules and reorientation of the polypeptide 

medium surrounding the redox site(s). Thus, changing the 

solvent composition (e.g. ionic strength) should, in princi

ple, modify the electron transfer kinetics, but the magnitude 

of the effect will depend upon the relative contributions of 

solvent and polypeptide to the overall outer sphere reorgani

zation energy. 

Hanson: You mentioned that Aintramolecular > A intermolecular. Is this 

true only for systems with one redox site on the protein sur-

face and the other one buried within the protein, or does a 

system with all buried redox sites such as the substituted 

hemoglobins of Brian Hoffman also exhibit a large A? 

Winkler: The reorganization energy for electron transfer in Hoffman's 

hybrid hemoglobins has been estimated to be about 2.1 eV. A 

large component of this energy has been attributed to the re

organization of the aquoferriheme upon reduction. Perhaps a 

better comparison would be electron transfer in the cyto

chrome ~/cytochrome ~5 ion pair for which A ~O.8 eV. As with 

the Ru-M-cyt ~ system, the inner sphere contribution to A 

is expected to be small. In the ~/b5 case, with both redox 

centers buried inside the proteins, the overall A is less than 

1 eV, while in the Ru-M-cyt ~, with the exposed redox site on 

the surface of cyt ~, the reorganization energy appears to be 

on the order of 2 eV. 
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ELECTRON-TRANSFER REACTIONS IN TAGGED AND CROSS-LINKED METAlLOPROTEINS 

N. M. Kostic, E. M. A. Ratilla, L. M. Peerey, 
C. Jian, and H. M. Brothers II 

Ames Laboratory and Department of Chemistry, 
Iowa State University, Ames IA 50011 

Electron-transfer reactions lie at the heart of various processes that 
are important for conversion of sunlight into other forms of energy. The 
general goal of this research is determination of the rates and elucidation of 
the mechanisms of electron transfer in metalloproteins. The following factors 
are of particular interest: donor-acceptor distance, properties of the 
intervening medium, thermodynamic driving force, and energy of structural 
reorganization. An especially novel feature of this work will be the 
comparison of excited-state and ground-state ,reactions. Summarized below are 
our studies to date on three types of electron-transfer systems, all of wh'ic'h 
are conceptually new. 

ChromophoricTag and Photoinduced Oxido-Reduction 

We have succeeded in selective attachment of the Pt(trpy)2+ chromophore 
to several histidine and arginine residues in four cyt6chrbmes c ~nd in 
purific~tion of the various tagged protein derivatives. Spectroscopic and 
electrochem;cal measurements show that neither the protein nor the tag are 
perturbed structurally or electronically by binding to each other. 

o :+ 

Pt(trpy)2+ _ 

The reduction of the ferriheme upon steady UV irradiation of a tagged 
protein perhaps is a result of the excited-state reaction shown below. Under 
the same conditions the native cytochrome is not reduced, whereas the mixture 

Gt2+-@4J,' hv, ... dt3+{j electron ~ dt3+-{j@" 
~ I 'C/, (I l/ transfer ~I 
--N '-N N 

whereas the mixture of cytochrome and Pt(trpy)Im2+ is reduced more than the 
tagged protein. The greater yield with the mobile than with the fixed Pt 
reductant may well reflect the dependence of the electron-transfer }"ate on the 
distance between the Pt and Fe complexes and on their spatial orientation. 

Photophysical characterization of the Pt(trpy)L2+ model complexes and of 
the tagged proteins is in progress. In preparation for the laser 
spectroscopic measurements at low temperatures, emission and excitation 
spectra have been analyzed. 
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Diprotein Complexes for the Study of Interprotein Oxido-Reduction 

We have shown, for the first time, that proteins can be cross-linked 
selectively via transition-metal compounds. The redox-inactive Pt link 
prevents equilibrium processes that would obscure the· electron-transfer 
reaction between the proteins. The synthetic method was developed and 
optimized on two diprotein complexes of cytochrome c, [PtL2(cyt)2)' with 
different ancillary ligands L. Cross-linking does not alter the protein 
structure and redox properties. 

L 1s Cl- or ~ 

In order to facilitate the study of electron transfer, we have prepared 
the complex [PtC1 2(cyt)(pc)), containing cytochrome c (a heme protein) and 
plastocyanin (a blue copper protein). A redox reaction between the two 
dissimilar metal sites will lead to a net chemical change. We have shown that 
the diprotein complex is stable toward external oxidation and reduction of 
either moiety. The rate of the internal electron-transfer reaction between 
them will be measured by stopped-flow spectrophotometry. A particularly novel 
feature of this project is the possibility of interposing different ligands L 
between the Fe and Cu redox sites •. If the· pathway of electron transfer 
includes the Pt link, the rate may differ with hard C'- anions and the softer, 
conjugated pyridine rings. 

Diprotein Complexes for the Study of Relayed Electron Transfer 

We have succeeded in cross-linking two molecules of cytochrome c by their 
coordination to the vacant axial positions in Rh2(OAc)4' The separation and 
purification are completed and spectroscopic and electrohemical 
characterizations are under way. The kinetic measurements will be done by 
stopped-flow spectrophotometry or by flash photolysis. The reduction 
potential of the Rh2 link, 

~ r;:f~ ((iQ r;:::l~ 
~i[~JI'~ - ~t oIr® 

__ 0 ~ . 

and thus the driving force for the reaction, will be adjusted over a wide 
range by changing the bridging ligands. 

116 



Pertinent Recent Publications 

D. D. Gummin, E. M. Ratilla, and N. M. Kostic, 
"Va~iable-Temperature 195Pt NMR Spectroscopy, A New Technique for the Study of 
Stereodynamics. Sulfur Inversion in a Platinum(II) Complex with Methionine", 
Inorg. Chern. 1986, 25, 2429-2433. 

E. M. A. Ratilla, H. M •. Brothers II, and N. M. Kostic, 
"A Transition-Metal Chromophore as a New, Sensitive Spectroscopic Tag for 
Proteins. Selective Labeling of Histidine Residues in Cytochromes c with 
Chloro(2,2 1 :6 1 ,2"-terpyridine) Platinum(II) Chloride", 
accepted for publication in J. Am. Chern. Soc. 

L. M. Peerey and N. M. Kostic, 
"Transition-Metal Compounds as New Reagents for Selective Cross-Linking of 
Proteins. Synthesfs and Characterization of Two Bis(cytochrome c) Complexes 
of Platinum ll

, 

submitted for publication in Inorg. Chern. 

J. A. Galbraith, K. A. Menzel, E. M. A. Ratilla, and N. M. Kostic, 
"Study· of Stereodynamics by Variable-Temperature 195Pt NMR Spectroscopy. 
Diastereomerism and Chiral Discrimination in Platinum(II) Thioether 
Complexes", 
submitted for publication in Inorg. Chern. 

117 



DISCUSSION 

Seltzer: Can you titrate the sulfhydryl group with standard sulfhy
dryl reagents and, if so, have you tried to chemically titrate 
the SH-group after treatment with terpyridyl chloroplatinum? 

" Kostic: The Cys102 residue in baker's yeast cytochrome c can be modi-
fied with vario~s organic reagents, but it failed to react 
with Pt(trpy)CI although this complex is highly reactive to
ward thiol ligands--Cys and peptides containing this amino 
acid. The complex reacts exclusively with His residues in this 
cytochrome c although model reactions with imidazole ligands-
His and its peptides--are much slower than those with the 
thiol ligands+ The unexpected contrast between the reactivity 
of Pt(trpy)CI toward small ligands (amino acids and peptides) 
and biological macromolecules (proteins) is explained fully 
in our recent papers: Herb M. Brothers II and Nenad M. Kos-,. 
tic, submitted for publication. 

To answer the concrete question. Yes, the labeled protein can 
be fully dimerized by oxidation of the Cys102 thils into a di
sulfide bridge. The Pt tags remain on the protein molecules. 
In addition to this proof that the Cys102 is not labeled by 
the Pt complex, we have three other pieces of evidence: 
(1) labeling of the protein with the Pt complex is unaffected 
by the prior blocking (carboxymethylation) of Cys102; (2) the 
rate of protein tagging is equal to that of the reactions with 
imidazole ligands and much lower than the rates of the reac
tions with thiol ligands; (3) the difference spectrum between 
the tagged 2nd native proteins is characteristic of the 
pt(trpy)His++ c'Omplex and different from that of the 
Pt(trpy)Cys complex. 

Rillema: In the case of the "dimer", the Cu-Fe Pt-bridged proteins, do 
the redox potentials of the metal centers change? 

" Kostic: No. The cross-linked metalloproteins retain their "native" 
values of the reduction potentials. The measurements were 
done by cyclic voltammetry and differential pulse voltam
metry with 4,4'-bipyridine as a mediator. 

Connolly: In your proteins cross-linked with a platinum complex, you 
gave an estimate of 25 A between redox centers. What do you 
think the relevant (i.e., pairwise) edge-to-edge distances 
will be in the system of two proteins linked by a dirhodium 
complex? 

; 
Kostic: 

o 
Since the Rh-Rh distance is about 2.7A, the shortest edge-to-
edge distance between the two heme groups would be approxi
mately 28 X. If the Rh

2
(OAc)A bridge participates in the 

electron transfer reactlon, tHe effective transfer distance 
would be cut in half, to ca. 14 1. 

Wasielew- As you know, most proteins will naturally associate with 
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ski: 

,.
Kostic: 

another protein via salt bridges. In the Pt cross-linked 
system how can you exclude the possibility that an adven
titious salt bridge could provide a move favorable through
bond electron transfer pathway between the redox centers of 
your proteins that bypasses the Pt link? 

If the electron transfer between the two cross-linked proteins 
proves to be possible, this reaction will not necessarily pro
ceed via the PtL

2 
link. Other pathways through the protein 

medium are conce1vable, too. The new method for cross-link
ing of proteins via transition-metal complexes probably does 
not lock these proteins in the same way in which they would 
associate on account of salt bridges and hydrophobic and 
other interactions. In this respect the platinum-linked pro
tein complexes have little biological relevance, nor did we 
intend such relevance for them. We hope only that they will 
act as new electron-transfer systems. 

To answer the concrete question, cross-linking via PtL
2 

con
strains the proteins and limits their mobility. Estimates 
from the computer graphics indicate that the two cytochromes 
c are nearly in van der Waals contact with each other. Any 
significant distortion of the Pt-protein covalent linkages in 
order to form a comparatively weak salt bridge is therefore 
unlikely. 

Somorjai: Would it be possible to view the protein as a substrate that 
holds the transition metal "catalysts" at well-defined dis
tances? Such a system might carry out shape-selective cata
lytic reactions with other proteins (hydrogenation, carbonyla
tion) at the metal sites. 

, 
Kostic: This is an interesting prospect, worthy of further investiga

tion. We are now working on cross-linking three or more 
metalloprotein molecules via polymetallic inorganic complexes. 
Such protein clusters might be even more promising systems for 
possible catalytic action. 
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PORPHYRINS AS ELECTRON CARRIERS 

K. M. Barkigia, J~ Fajer, A. Forman, E. Fujita, L. K. Hanson, M. W. Renner,and 
M. A. Thompson, Brookhaven National Laboratory, Upton, New York, 11973. 

This program addresses the role of porphyrin derivatives in bioenergetic 
reactions with particular emphasis on the mechanisms by which light is harvested 
and converted into chemical energy by chlorophylls in photosynthesis. The 
extensive body of data acquired for the electronic and structural properties of 
chlorophylls is equally applicable and relevant· to the chemistry of the broad 
class of porphyrins and, in particular, to their functions in catalyzing nitrogen 
assimilation, hydroxylations and carbon dioxide conversion. The work thus also 
seeks to exploit the chemistry of the recently discovered compounds of iron, 
cobal t and nickel chlorins, isobacteriochlorins and corphines that mediate these 
reactions. 

The work combines theoretical and experimental techniques to predict, 
identify and characterize transients and mechanisms in these catalytic 
convers ions. Presently, the experimental methods include photochemistry, 
spectroelectrochemistry, magnetic resonance (ESR, ENDOR and NMR), x-ray 
diffraction, EXAFS and edge studies using synchrotron radiation, and are supported 
by theoretical calculations (IEH and INDO). 

A. Structural 

The thrust 
arrangements and 
architecture at a 
systems. 

of these studies is to provide bond 
spatial conformations for synthetic 

level of resolution much higher than is 

distances, molecular 
models of biological 
attainable with in vivo 

Compounds whose structures have been solved by x-ray diffraction include 
dioxo isobacteriochlorins and a bacterioch10rin, nickel chI or ins and 
isobacteriochlorins, and a severely distorted zinc porphyrin. (See poster by 
Barkigia et al.). Besides providing structural information about prosthetic 
groups involved in nitrite reduction (heme d 1 ) and methanogenesis (Factor 430), 
these results form part of an increasing body of evidence that demonstrates the 
significant conformational flexibility of the porphynoid skeleton. This 
flexibility has also been observed in reaction center bacteriochlorophylls 
(Deisenhofer et al. private communication) and may provide a mechanism for fine 
tuning electronic configurations and relative orientations between donors and 
acceptors and thereby control vectorial electron flow in vivo. 

B. Theoretical 

Molecular orbital calculations are used to predict redox properties, map 
charge and spin densities, and probe the effect of ligands and peripheral 
interactions (charges, hydrogen bonding and chemical modifications). In 
collaboration with M. C. Zerner at the Univ. of Florida, a spectroscopic INDO 
technique has been applied to environmental effects on the properties of 
bacteriochlorophylls in photosynthetic reaction centers. In addition, INDO 
calculations that use the actual x-ray coordinates of the Rhodopseudomonas viridis 
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reaction center predict that some optical changes observed during picosecond flash 
photolysis (or under trapping conditions) arise from electrochromic shifts induced 
by the cation and anion radicals generated in the primary photochemical act. The 
trends of the optical shifts observed as electron transfer to secondary acceptors 
ensues can similarly be explained and are correctly predicted. (See poster by 
Thompson et al.) 

C. Experimental 

This portion of the program attempts to characterize transients that have 
been identified, implicated or intuited in electron transport in photosynthetic or 
catalytic reactions. The information sought includes redox data, optical 
signatures, ESR, ENDOR and. NMR diagnostics, and the effects of the environment 
(ligands, counterions, hydrogen bonding) on these properties. Intermediates that 
have been investigated include anions and cations of chlorinated chlorophylls 
(under consideration as components of Photosystem I by Senger et al.), radicals of 
dioxo-isobacteriochlorins and-bacteriochlorins, as well as multiple redox states 
of iron, cobalt and nickel porphyrins, chlorins and isobacteriochlorins that serve 
as primitive models for multi-electron transfer in catalases, nitrite reductases 
and F430 methanogenesis. 
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DISCUSSION 

J. Miller:Do you have quantitative information on shifts of chlorophyll 
(or chlorophyll-like) macro cycles caused by puckering? How 
large is the energy change caused by the amount of puckering 
seen by Deisenhofer? 

Fajer: We have experimental results for a zinc tetraphenyl octaethyl 
porphyrin which is very puckered according to our x-ray re
sults: the first absorption band red-shifts to 637 nm and the 
compound is easier to oxidize by more than O.IV compared to 
zinc octaethyl porphyrin (A = 570 nm) and by 0.3V compared 
to zinc tetraphenylporphyriWax(A = 589 nm). The experimen-
tal results thus support INDO ca~~filations by Lek Chantranu
pong in our laboratory. Similar calculations for chlorins, 
bacteriochlorins and reaction centers are in progress. Ob
viously, the consequences of the puckering in the special 
pair of R. viridis found by Deisenhofer et ale are intriguing: 
the asymmetric conformation may determine-the direction of 
electron flow at the very onset of charge separation since the 
BChl of the special pair on the L subunit, which is assumed to 
be the functional side, is more puckered than the BChl on the 
M side. 

Feldberg: The Deisenhofer structure seemed to present some surprises re 
the fast electron transfer versus distance relationships. How 
has this been resolved? 

Fajer: The initial "surprise" was the arrangement of the special pair 
donor relative to the "accessory" bacteriochlorophyll (BChl) 
and the acceptor bacteriopheophytin (BPheo). 

Three major pathways are being considered to account for the 
transfer of an electron over 10 A from the donor to the BPheo 
in 3 psecs. All involve some participation of the BChl to 
bridge the gap between donor and acceptor: 
(1) The BChl acts as a very short-lived acceptor which is not 
resolved spectroscopically. 
(2) A superexchange mechanisms that "extends" the donor by 
including BChl. 
(3) A charge transfer mechanism that includes the donor and 
the BChl and thereby also shortens the distance to the BPheo. 

Jim Norris considers some of these in his presentation. 
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RESONANCE RAMAN SPECTROSCOPIC CHARACTERIZATION OF METALLOPORPHYRIN 
PHOTO-EXCITATIONS AND SURFACE INTERACTIONS 

Thomas G .. Spiro 

Department of Chemistry, Princeton University, Princeton, NJ 08544 

Resonance Raman (RR) spectroscopy is capable of providing specific 
structural information about chromophores in their ground and excited 
states. Tuning the laser wavelength to resonance with a molecular 
electronic transition produces selective enhancement from vibrational 
modes which are coupled to the excited state. Laser pumping of excited 
states permits acquisition of vibrational frequencies for photoexcited 
molecules. Surface enhanced Raman spectroscopy (SERS) can be used to 
monitor vibrations of molecules at surfaces via the enhancement provided 
by collective excitations of small metal particles at the surface. We 
have been exploring the application of these techniques to the 
characterization of metalloporphyrin photoexcitations and surface 
interactions. Metalloporphyrins have richly detailed RR spectra whose 
structural sensitivities are well understood. 

Cation Radicals. 

Metalloporphyrin cation radicals are primary photoproducts of 
photoelectron transfer reactions. We have gathered resonance Raman 
spectra of the radical cations of a variety of metallo
octaethylporphyrins, whose spectra mimic those of physiological 
porphyrins. Appreciable frequency shifts of several porphyrin skeletal 
modes are observed. Initial results indicated contrasting shift 
patterns for particles of a1u or a2u character. It has since been 
found, however, that the a1u radical samples were contaminated with 
porphyrin diacid, whose strong RR scattering dominated the spectra. The 
a1u spectra have been carefully redetermined; the shift patterns appear 
to be the same for both radical cation types, although the extent of the 
shifts differ quantitatively. The shift pattern is not that expected 
from simple molecular orbital considerations and indicates that a deeper 
£~alysis of the bonding pattern in porphyrin radical cations is needed. 

Triplet State and Photodeligation Studies. 

The first porphyrin triplet state RR spectra have been obtained, 
for TPP complexes of Mg,Zn and Pd, by the simple expedient of cw laser 
pumping of a stationary sample at a wavelength in resonance with the 
strongest triplet absorption band. The triplet lifetimes are 
sufficiently long to permit conversion of appreciable fractions of the 
metallo-TPP molecules to the triplet state. Spinning the samples 
eliminated the triplet contributions, and the resulting ground state 
spectra were used to obtain pure triplet spectra by subtraction. The 
same stationary vs spinning technique was used to investigate 
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photodeligation of NiTPP. The equilibrium between 6- and 4-coordinate 
species in pyridine was shifted toward the latter as the laser power was 
increased, and the power dependence was used to extract information 
about the relative quantum yields for ligation and deligation reactions. 

Oxo-metal Porphyrins. 

Oxo-Fe(IV) and -Mn(IV) porphyrins are of considerable interest as 
o atom transfer catalysts and photoxidation agents. The M=O bond can be 
monitored directly in RR spectra. The Fe=O stretch has been identified 
in RR spectra of peroxidase intermediates and model complexes. In 
asystematic study of the V=O RR band in vanadyl porphyrins the factors 
influencing the stretching frequency (porphyrin substituents, trans 
axial ligand,H-bonding) have been evaluated, and applied to the 
interpretation of the protein data. The product of Mn(III) 
tetramethylpyridylporphyrin electrooxidation has been shown by RR 
spectroscopy to contain the Mn(IV)=O unit. The stretching frequency, 
710 cm- 1 , is very low, consistent with the high-spin character of the 
complex, which is attributable to the special stability of the 
half-filled t~g subshell. 

Electrode SERS. 

The SERS effect was explored for a roughened silver electrode in 
contact with aqueous hemin chloride, and with its dimethylester in 
acetonitrile. In both cases a strong SERS spectrum was obtained, whose 
character was consistent with a straightforward electromagnetic 
enhancement mechanism. The vibrational frequencies gave evidence that 
the hemin interacts with the silver surface via the charged 
proprionate groups, while its dimethylester interacts via the vinyl 
substituents. The photoreduction of surface-bound Mn(III) 
protoporphyrin has been studied as a function of electrode potential. 
Interestingly, a Mn(V) nitride, identifiable by its strong Mn-N 
stretching RR band, is formed at open circuit when the electrode has 
been treated with ammonia. This species is converted to Mn(II) and back 
to Mn(V) nitride when the electrode potential is cycled. 
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T. G. Spiro, Inorg. Chern. (1987) 25, 18-22. 
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DISCUSSION 

Bocian et a1. have recently proposed that the hydrogen bonded 
bacteriopheophytin in the bacterial reaction center has par
tial enol character. What are the prospects of following the 
reaction of the pheophytin on a picosecond time scale? 

Enolization would be expected, to change the vibrational mode 
pattern. This could be sorted out, once the system is properly 
assigned, provided the sensitive Raman bands are sufficiently 
resonance-enhanced. 

You mentioned the interesting result that one of the vibra
tional frequencies increased upon deuteration. Could you go 
over, once again, your ideas as to how this effect arises? 

The effect is due to coupling between Mn=O stretching and 
(trans) Mn-O-H bending coordinates, whose natural frequen
cies are close together. The coupled mode has a lower fre
quency than the natural Mn=O stretching frequency. When H is 
replaced by D, the Mn-O-D frequency is greatly reduced, as is 
the coupling, leaving a higher frequency, nearly pure Mn=O 
stretch. 

What powers were used in SERS experiments when you observed 
photo effects? Are these effects reversible, i.e., if you 
keep the system static and look at the same spot after allow
ing the system to sit in the dark, do you get the original 
spectrum? . 

~ 50 MW at the sample. Reversibility has not been carefully 
studied. We did spin the electrode following acquisition of 
the static SERS spectrum and observed recovery of the original 
spectrum. 

As you point out, the Mn-O stretch is low compared to the 
other oxo-meta1 porphyrins you studied. What evidence to you 
have that the manganese species is not a ~-oxo dimer? 

The 180 isotope shift is incorrect for a ~-oxo mode. Essen
tially the same RR band is seen for Mn-tetramesityl porphine, 
which cannot dimerize, as for Mn-tetra(methy1pyridyl)porphine 
(which might dimerize at higher concentration). 
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PHOTOINDUCED ELECTRON TRANSFER ACROSS FIXED DISTANCES IN 
CHLOROPHYLL DONOR-ACCEPTOR MOLECULES 

M.R. Wasielewski, D.G. Johnson, W.A. Svec 
Chemistry Division, Argonne National Laboratory, Argonne, IL60439 

The primary events of photosynthesis are a series of rapid, unidirectional electron 
transfer events between donors and acceptors that are positioned in the reaction 
center protein at precise spatial orientations and distances relative to one another. 
Recent work from our laboratory has examined the dependence of electron transfer 
rates on distance and free energy of reaction in porphyrin-quinone models in which 
the distance and orientation of the donor relative to the acceptor is highly 
restricted. These studies have allowed us to develop spacer molecules which we have 
now used to link chlorophyll donors with either chlorophyll or quinone acceptors to 
produce models in which the donor-acceptor distance is well-defined. 

Recent theoretical studies and photochemical hole-burning experiments have 
suggested that the actual primary event of photosynthesis is the production of an 
intramolecular charge transfer state involving the two bacteriochlorophyll molecules 
of the special pair dimer. We have explored this possibility with the symmetric, fixed 
distance chlorophyll dimer depicted in Figure 1. The chlorophyll macrocycles share a 
common vinyl group at the 2-position. This linkage serves to increase the degree of 
electronic coupling between the macrocycles. We have found that this dimer exhibits 
a remarkable decrease in fluorescence quantum yield as the dielectric constant of the 
medium in which it is dissolved increases. This decrease is accompanied by a 
proportional decrease in the lowest excited singlet state lifetime as measured by 
picosecond fluorescence and absorption. For example, the singlet state lifetime of the 
dimer in butyl ether (€ = 3.1) is 4.5 ns, while that in butyronitrile (€ = 20) is 700 ps. 

'0 

Figure 1 

The decrease in excited state lifetime is attributed to the formation of a mixed 
state containing substantial charge transfer character. This state then decays non
radiatively. Interaction of the lowest excited singlet state of the dimer with the 
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surrounding solvent molecules results in solvent-induced symmetry breaking which 
leads to charge transfer state formation. This is the first time that this phenomenon 
has been observed for either chlorophylls or porphyrins. Symmetry breaking in the 
reaction center is easily provided by the asymmetric protein environment. Thus, 
intramolecular charge transfer state formation within the special pair dimer may in 
fact be the primary event of photosynthesis in bacteria. 

The dependence of the rates of electron transfer between chlorophyll donors and 
other acceptors, such as quinones, upon free energy, distance, and electronic coupling 
of the donor and acceptor has until now been unknown. We have prepared the series 
of chlorophyll-quinone molecules depicted in Figure 2 and have measured the rates of 
oxidation of the lowest excited singlet state of the chlorophyll by the quinone and 
the rates of the subsequent radical ion pair recombination reaction by picosecond 
spectroscopy. The rate constants for the charge separation reactions increase from 
2.5 x 109 S-l to 5 x lOll S-l as the free energy of reaction increases, while. the 
radical ion pair recombination rates decrease from 1.5 x lOll S-l to 4 x 108 S-l as 
the free energy of reaction increases. The overall dependence of the rates on free 
energy of reaction follow the Marcus prediction of decreasing rate for highly 
exergonic reactions. 

The ultrafast reaction rates are somewhat surprising because we estimate that 
the electronic coupling between the chlorophyll and the quinone should be about an 
order of magnitude less for these compounds than for the analogous porphyrin
quinones that we examined earlier. This contention is based on the fact that the 
unpaired spin density at the 2b-position of the vinyl group of the chlorophyll where 
the triptycene spacer is attached is about 10 times smaller than that at the meso 
position of· tetraarylporphyrins where the spacer is attached to the porphyrin. The 
results show that ultrafast rates of electron transfer are easily achieved for 
moderate exergonicities in the chlorophyll containing molecules and that relatively 
weak electronic coupling between the donor and acceptor is sufficient to achieve this 
rate. 

o M= M~ 
::: 2.1-\ 

Figure .f. 
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DEPENDENCE OF RATE CONSTANTS FOR PHOTOINDUCED CHARGE SEPARATION 
AND DARK CHARGE RECOMBINATION ON THE FREE 
ENERGY OF REACTION IN RESTRICTED DISTANCE PORPHYRIN-QUINONE 
MOLECULES. 

M.R. Wasielewski, M.P. Niemczyk, W.A. Svec, and 
E. Bradley Pewitt 
J. Am. Chern. Soc., 107, 1080-1082 (1985). 

CHEMISTRY OF EXCIPLEXES 19. EXCIPLEX PROMOTED ELECTRON 
TRANSFER IN 1-(N-PHENYLAMINO)-3-(9-ANTHRYL)PROPANES. 

N.C. Yang, R. Gerald, and M.R. Wasielewski 
J. Am. Chern. Soc. 107, 5531-5532 (1985). 

HIGH QUANTUM YIELD LONG LIVED CHARGE SEPARATION IN A 
PHOTOSYNTHETIC REACTION CENTER MODEL. 

M.R. Wasielewski, M.P. Niemczyk, W.A. Svec, and 
E. Bradley Pewitt 
J. Am. Chern. Soc. 107,5562-5563 (1985). 

ULTRAFAST ELECTRON TRANSFER IN BIOMIMETIC MODELS 
OF PHOTOSYNTHETIC REACTION CENTERS 

M.R. Wasielewski 
"Antennas and Reaction Centers of Photosynthetic Bacteria -

Structure, Interactions, and Dynamics" 
M.E. Michel-Beyerle, ed., Springer Verlag, 
Berlin, 1985 pp 242-249. 

DIRECT MEASUREMENT OF THE LOWEST EXCITED SINGLET STATE 
LIFETIME OF all-trans-,B-CAROTENE AND RELATED CAROTENOIDS 

M.R. Wasielewski and L.D. Kispert 
Chern. Phys. Lett. 128, 238-243 (1986). 

ULTRAFAST CAROTENOID TO PHEOPHORBIDE ENERGY TRANSFER IN A 
BIOMIMETIC MODEL FOR ANTENNA FUNCTION IN PHOTOSYNTHESIS 

M.R. Wasielewski, P.A. Liddell, D. Barrett, 
T.A. Moore, and D. Gust 
Nature 322, 570-572 (1986). 

DISTANCE DEPENDENT RATES OF PHOTOINDUCED CHARGE SEPARATION 
AND DARK CHARGE RECOMB INA TION IN FIXED DISTANCE PORPHYRIN 
-QUINONE MOLECULES. 

M.R. Wasielewski and M.P. Niemczyk 
in "Excited States and Dynamics of Porphyrins", 
K.D. Straub, M. Goutermann, and P. Rentzepis, eds. 
American Chemical Society Symposia No.321, 1986 p 154-165. 
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SUB-PICOSECOND MEASUREMENTS OF PRIMARY ELECTRON TRANSFER 
IN R. viridis REACTIONS CENTERS USING NEAR-INFRARED EXCITATION. 

M.R. Wasielewski and D.M. Tiede 
FEBS Lett. 204, 368-372 (1986). 

UL TRAF AST ELECTRON AND ENERGY TRANSFER IN REACTION CENTER 
AND ANTENNA PROTEINS FROM PHOTOSYNTHETIC BACTERIA 

M.R. Wasielewski, D.M. Tiede, and H.A. Frank 
in "Ultrafast Phenomena V", G.R. Fleming and A.E. Siegman, eds. 
Springer Verlag, Berlin, 1986 p 388-392. 

ENDOR AND TRIPLE RESONANCE IN SOLUTION OF THE CHLOROPHYLL £ 
AND BIS-CHLOROPHYLL CYCLOPHANE CATION RADICALS. 

M. Huber, F. Lendzian, W. Lubitz, E. Trankle, K. Mobius, 
and M.R. Wasielewski 
Chern. Phys. Lett. 132, 467-473. 

THE RATE OF FORMATION OF P700+ - Ao - IN PHOTOSYSTEM I 
PARTICLES FROM SPINACH AS MEASURED BY PICOSECOND TRANSIENT 
ABSORPTION SPECTROSCOPY. 

M.R. Wasielewski, J. Fenton, and Govindjee 
Photosynthesis Res. (in press). 
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DISCUSSION 

Pimentel: In the tG ~.O eV maximum, is there evidence or op1n10n 
about the extent to which entropy contributes significantly 
to this peak tG? (What I had in mind but which did not come 
out in my question was whether solvent organization around 
the newly-formed charged species makes a significant contri
bution to this~. You can answer this part of the question 
if it is sensible, or ignore it if it isn't.) 

Wasielew- Solvent reorganization energy is a large fraction of the total 
ski: reorganization energy for the electron transfer reactions in 

these molecules. 

Connolly: Your fluorescence intensity data showed that the linked 
chlorophyll-naphthoquinone (Chl-NQ) molecule is quenched 
more than the analogous Chl-BQ system by a factor of 3, 
yet your rate constants for electron transfer are in the 
reverse order. This indicates that a kind of "static" 
quenching is occurring on a time scale faster than you can 
observe. In fact, this appears to be a general phenomenon 
in these selectively single linked donor-acceptor systems. 
Please comment. 

Wasielew- The actual numbers are the following: 
ski: 

Cotton: 

Chl-BQ 
Chl-NQ 

e F 
0.009 
0.0069 

ET 11-1 
4.6 x 1011 s_l 
2 x 10 s 

The precision of the rate constant measurements is much 
better than that of e. I would be reluctant to construct 
a complicated physical argument based on the difference be
tween two very weak emission speltra~l Nevertheless, when the 
rate of electron transfer is >10 s ,solvent dipole 
reorientation limits the observed electron transfer rate. In 
this regime all of the electron transfer rate constants are 
similar irrespective of _~Go reaction. Further analysis in 
terms of specific interactions of solvent with each molecule 
is beyond the data presented here. 

Do you see evidence for splitting in the oxidation peak in the 
electrochemistry experiments? Are the molecules strongly 
coupled in the ground state which should lead to two separate 
peaks for the 1 e- oxidation of each ChI in the dimer? 

Wasielew- We see no evidence of splitting of the redox waves of the 
ski: dimer. The molecules are only moderately coupled electron

ically in the ground state as evidenced by the ground state 
absorption spectrum. 

Small: In your studies of the synthetically-linked dimer, 1% pyridine 
was always added to the solvents. What is the reason for 
this? 
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Wasielew- Pyridine acts as a good ligand for the Mg in the ChI and pre-
ski: vents self-aggregation to the ChI. 

Hanson: . How different are the redox potentials for the dimer relative 
to the MePChl a monomer? 

Wasielew- The one-electron redox potentials in DMF are as follows: 
ski: 

Dimer + 0.67 and -1.43 V vs SCE 
MPChl a + 0.65 and -1.30 V vs SCE 

Fox: How much twisting occurs about the vinyl groups connecting the 
individual chlorophyll subunits of the linked dimer? 

Wasielew- A chlorophyll vinyl group typically makes a dihedral angle of 
ski: ~30° relative to the plane of the macrocycle. Since this 

vinyl group is somewhat more sterically hindered, we expect a 
somewhat larger dihedral angle. 

Fajer: Have you looked for a Stark effect in your ChI dimer analogous 
to that observed in reaction centers? 

Wasielew- No, but we intend to do that experiment in the near future. 
ski: 
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STRUCTURAL INVESTIGATION OF PHOTOINDUCED CHARGE SEPARATION: 
INSIGHTS INTO ELECTRON TRANSFER 

J. R. Norris, M. K. Bowman, D. E. Budil, S. V. Kolaczkowski, J. Tang, D. Tiede, 
C. Chang * and M. Schiffer * 

Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439 
*Division of Biological and Medical Research, 

Argonne National Laboratory, Argonne, Illinois 60439 

Although X -ray crystallography has revealed the structure of the resting, ground 
state of the photosynthetic reaction center, RC, it cannot probe the excited, working 
states of photosynthesis. Most of our current understanding of the dynamics of natural 
and artificial photosynthesis is derived from ultrafast optical spectroscopy and magnetic 
resonance techniques which cannot provide as much structural detail as x-ray. However, 
the combination of X-ray diffraction and spectroscopy of single crystals provides a 
powerful tool for correlating structure and function in the RC. Such an approach will 
provide a detailed description of the photoinduced charge separation process. 

Single crystal EPR of RC's from two bacteria, Rhodopseudomonas viridis and 
Rhodobacter sphaeroides R-26, have revealed significant differences between these species 
in the electronic structure of the donor triplet. Because the special pair chlorophylls are 
situated nearly identically in the two RC's, the observed differences must come from the 
surrounding RC protein. Examination of the amino acid residues surrounding the two 
primary donors provides insights into the protein-chlorophyll interactions which determine 
the electronic states of the donor and guide the course of electron flow in photosynthesis. 

CHROMOPHORE DISTANCES 

BCLP BCLA BPL QL Fe BCMP BCMA BPM 

BCLP 5.5 9.5 22.4 23.7 2.5 5.7 12.2 

BCLA 10.4 4.8 19.5 25.2 5.4 14.5 17.8 

BPL ]6.5 10.2 9.7 15.5 11.7 18.1 16.9 

QL 2B.2 23.4 14.3 6.8 22.8 28.2 19.8 

Fe 27.B 26.1 IB.O B.6 23.6 26.6 16.2 

SCMP 7.0 12.5 19.0 2B.6 27.B 6.1 9.8 

BCMA 13.0 21.4 24.3 30.9 26.9 10.9 5.7 

BPM 19.7 24.4 23.4 24.1 IB.7 17.1 10.9 



For discussions of electron transfer theory the above table contains the distances 
between various potential electron donor and acceptors that occur in bacterial 
photosynthesis. In this table the upper triangle contains approximate 1l"-to-1l", nearest 
edge-to-edge distances while the lower triangle contains approximate center-to-center 
distances. The protein is composed of three subunits, referred to as L (light), M 
(medium) and H (heavy). The Land M subscripts designate which protein subunit is 
associated with which chromophore. The H subunit is not closely associated with any 
chromophore. BCLP and BCMP make up the bacteriochlorophyll (BC) special pair (P) donor. 
BeLA and BCMA are the accessory (A) bacteriochlorophyll molecules that bridge the space 
between the special pair donor and the bacteriopheophytins. The L associated 
bacteriopheophytin (BP), BPL is the "initial" electron acceptor. BPM does not participate 
in normal electron transfer. QL is the L side quinone (Q) secondary electron acceptor in 
the reaction center. QL is electronically coupled to the Fe+2 (Fe) atom. Only the L side 
appears photochemically active. 

The effects of static and time dependent magnetic fields on charge separation in the 
bacterial RC have provided a direct measurement of .the electronic interaction between the 
initial radical pair of photosynthesis. The temperature dependence of this radical pair 
interaction offers evidence for the specific mechanism for primary charge separation in 
photosynthesis. The data analysis involves a new deconvolution procedure based on linear 
prediction theory. 

The rapidly emerging picture of the mechanism of electron transfer is showing how 
extremely important the effects of the "solvent", namely the material between the electron 
donor-acceptor pair, the molecular cage around the pair, and the geometric orientations of 
the donor-acceptor pair. These structural concepts will be correlated in terms of Marcus
type electron transfer theory, including superexchange mechanisms and implications for 
artificial photosynthesis. 

l35 



ELECTRON SPIN ECHO STUDY OF POLY ACETYLENE 
J. Isoya, H. Nagasawa, H. Shirakawa, M. K. Bowman, C. P. Lin, J. Tang 
and J. R. Norris 
Mol. Cryst. Liq. Cryst. 117, 463-467 (1985) 

PHOTOINDUCED CHARGE SEPARATION IN BACTERIAL REACTION CENTERS 
INVESTIGATED BY TRIPLETS AND RADICAL PAIRS 

J. R. Norris, D. E. Budil, S. V. Kolaczkowski, J. H. Tang and M. K. Bowman 
Advances of Chemical Physics Series, Springer-Verlag, Berlin, Ed., M. E. Michel
Beyerle, 42, 1985, pp. 190-197. 

TRIPLET STATE INVESTIGATION OF CHARGE SEPARATION AND SYMMETRY IN SINGLE 
CR YST ALS OF R. VIRIDIS REACTION CENTERS 

J. R. Norris, D. E. Budil, H. L. Crespi, M. K. Bowman, P. Gast, C. P. Lin, 
C. H. Chang and M. Schiffer 
Advances of Chemical Physics Series, Springer- Verlag, Berlin, Ed., M. E. Michel
Beyerle, 42, 1985, pp. 147-149. 

CHARACTERIZA TION OF BACTERIAL PHOTOSYNTHETIC REACTION CENTER CR YST ALS 
FROM RHODOPSEUDOMONAS SPHAEROIDES R-26 BY X-RAY DIFFRACTION 

C. H. Chang, M. Schiffer, D. Tiede, U. Smith and J. Norris 
J. Mol. BioI. 186, 201-203 (1985) 

A FOLDED HALF WAVE RESONATOR FOR ESR SPECTROSCOPY 
C. P. Lin, M. K. Bowman and J. R. Norris 
J. Magn. Res. 65, 369-374 (1985) 

ANAL YSIS OF SPIN STIMULATED ECHO MODULATION IN RANDOMLY ORIENTED 
SOLIDS: 15N MODULATION OF BACTERIOCHLOROPHYLL ~ RADICAL CATION 

J. Tang, C. P. Lin and J. R. Norris 
J. Chern. Phys. 83,4917-4919 (1985) 

BRIDGING THE GAP BETWEEN NATURAL AND ARTIFICIAL PHOTOSYNTHESIS 
J. R. Norris and P. Gast 
J. Photochem. 29, #1-2, 185-194 (1985) 

AN ALTERNATIVE TO FOURIER TRANSFORM SPECTRAL ANALYSIS WITH IMPROVED 
RESOLUTION 

J. Tang, C. P. Lin, M. K. Bowman and J. R. Norris 
J. Magnetic Resonance 62, 167 -171 (1985) 

TRIPLET SPIN DYNAMICS OF BACTERIAL CHLOROPHYLL A FROM TRANSIENT EPR LINE 
SHAPE ANALYSIS 

O. Gonen, A. Regev, H. Levanon, M. Thurnauer, J. R. Norris and G. Closs 
Chern. Phys. Lett. 113, 117-122 (1985) 

DETERMINA TION OF THE AMOUNT AND THE TYPE OF QUINONES PRESENT IN SINGLE 
CR YST ALS FROM REACTION CENTER PROTEIN FROM THE PHOTOSYNTHETIC 
BACTERIUM RHODOPSEUDOMONAS VIRIDIS 

P. Gast, T. Michalski, J. Hunt and J. R. Norris 
FEBS (2153) Letters, 179, 325-328 (1985) 
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ANAL YSIS OF ELECTRON SPIN ECHO MODULATION IN RANDOMLY ORIENTED SOLIDS: 
15N MODULATION OF RADICAL CATIONS OF BACTERIOCHLOROPHYLL ~ AND THE 
PRIMARY DONOR OF PHOTOSYNTHETIC BACTERIUM RHODOSPIRILLUM RUB RUM 

C. P. Lin, M. K. Bowman and J. R. Norris 
J. Chern. Phys. 85 (1), 56-62 (1986) 

TWO-DIMENSIONAL LPZ SPECTRAL ANALYSIS WITH IMPROVED RESOLUTION AND 
SENSITIVITY 

J. Tang and J. R. Norris 
J. Magn. Res. 69, 180 (1986) 

SPECTRAL ANALYSIS USING LINEAR PREDICTION Z-TRANSFORM AND 
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J. Tang and J. R. Norris 
Chern. Phys. Lett. ill, 252-255 (1986) 

TRIPLET -STATE DECAY RATE CONSTANTS OF PORPHYRIN IN THE PRESENCE OF 
CAROTENOIDS: AN EPR AND ESE STUDY 

L. D. Kispert, J. Joseph, C. Lin and J. R. Norris 
"Porphyrins: Excited States and Dynamics", Eds., K. D. Straub, M. Gouterman and P. 
M. Rentzepis, ACS Symposium Series No. 321, pp. 128-139 (1986) 

ENERGY TRAPPING IN PHOTOSYNTHESIS AS PROBED BY THE MAGNETIC PROPERTIES 
OF REACTION CENTERS 

J. R. Norris and G. van Brakel 
"Photosynthesis III. Photosynthetic Membranes and Light Harvesting Systems", 
Encyclopedia of Plant Physiology, New Series, Vol 19, L. Andrew Staehelin and C. J. 
Arntzen, Eds., pp. 353-370, 1986, Springer-Verlag, Berlin 

ENERGY TRAPPING IN PHOTOSYNTHESIS OF PURPLE BACTERIA 
J. R. Norris and G. van Brakel 
"Light Emission by Plants and Bacteria", Chapter 3, Govindjee, D. Fork and J. Amesz, 
Eds., pp. 35-56, 1986 

LPZ SPECTRAL ANALYSIS USING LINEAR PREDICTION AND THE Z-TRANSFORM 
J. Tang and J. R. Norris 
J. Chern. Phys. 84 (9), 5210-5211 (1986) 

INTERPRET A TION OF THE NITROGEN SPIN DENSITIES IN THE PRIMARY DONOR 
CA TION OF PHOTOSYNTHETIC REACTION CENTERS 

C. P. Lin and J. R. Norris 
FEBS Lett. 197, 281-284 (1986) 

MAGNETIC RESONANCE OF ULTRAFAST CHEMICAL REACTIONS: EXAMPLES FROM 
PHOTOSYNTHESIS 

J. R. Norris, C. P. Lin and D. E. Budil 
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3(P+I-) LIFETIME AS MEASURED BY Bl FIELD DEPENDENT R YDMR TRIPLET YIELD 
S. Kolaczkowski, D. Budil and J. R. Norris 
"Progress in Photosynthesis Research" Vol. 1, J. Biggins, Ed., pp. 213-216, (1987), 
Dordrecht, Netherlands, Nijhoff (Proceedings of the VII International Photosynthesis 
Congress, Providence, Rhode Island, August 10-15, 1986) 

TEMPERATURE DEPENDENT ELECTRON SPIN ECHO STUDIES OF POLARONS IN DONOR
AND ACCEPTOR-DOPED POLY (p-PHENYLENE): STRUCTURAL STUDIES 

L. D. Kispert, J. Joseph, J. Tang, M. K. Bowman, G. H. van Brakel and 
J. R. Norris 
Synthetic Metals 11, 617-622 (I987) 

BACTERIOPHEOPHYTIN g: PROPERTIES, AND SOME SPECULATIONS ON A POSSIBLE 
PRIMAR Y ROLE FOR BACTERIOCHLOROPHYLLS 12. AND g IN THE BIOSYNTHESIS OF THE 
CHLOROPHYLLS 

T. J. Michalski, J. E. Hunt, M. K. Bowman, H. Gest, U. Smith, K. Bardeen, H. Gest, J. 
R. Norris and J. J. Katz 
Proc. Natl. Acad. Sci. (In press) 

LINEAR PREDICTION SPECTRAL ANALYSIS WITH IMPROVED RESOLUTION AND 
SENSITIVITY 

J. Tang and J. R. Norris 
"Electronic Magnetic Resonance of the Solid State" Volume 1 of the Canadian Society 
for Chemistry symposium series (J. Weil, Ed.) (In press) 
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DISCUSSION 

Connolly: Does the electron transfer in the bacterial reaction center 
go through the "accessory" bacteriochlorophyll; and, if so, 
does it participate as a redox partner or by superexchange? 

Norris: The experiments that I described today have no direct bearing 
on your questions. However, we have previously published our 
views concerning the function of the so-called accessory 
bacteriochlorophyll. We believe that if the accessory 
chlorophylls were removed from the reaction centers, then the 
fast photochemistry would not occur. In addition, we believe 
that the L side accessory Bchl functions as a superexcha·nge 
state and not as a simple, kinetic redox state. 

Fajer: Your structure and that of the Viridis complex show the 
accessory Bchls to be near the surface of the protein. I 
would like to think that they provide a conduit for coupling 
the antennas to the special pair. Would you comment on this? 

Norris: The suggestion of coupling the antenna to the reaction center 
via the bacteriochlorophyll is quite feasible. Such a suggest
ion was first called to my attention by Les Shipman a number 
of years ago. 

Pimentel: You spoke of H bonding as possibly playing a role in the 
charge symmetry. Is this thought to be H bonding by incor
porated water or is it thought to be by the protein environ
ment? 

Norris: Most of the hydrogen bonds invoked to explain photosynthesis 
involve hydrogen bonding with protein. Recently, the German 
group has located two water molecules in the innermost part 
of the reaction center~ However, still the prosthetic groups 
are mostly ~ydrogen bonded with protein. 

Small: Were your triplet state ESR measurements on the special pair 
performed at liquid helium temperature and, if so, how do you 
know that your conclusions regarding monomer versus dimer be
havior would be valid at room temperature? 

Norris: Our EPR measurements were performed at about 6K. When one 
raises the temperature in these experiments to lOOK, no 
changes in the EPR spectrum have been observed. Thus, one 
would conclude that the structure to the special pair is not 
affected significantly by an increase in temperature. 

Linschitz:The.fact that you demonstrate charge transfer at helium tem
perature in the reaction center indicates conclusively that 
this transfer occurs via a tunnelling mechanism. Therefore, 
any structure which models the reation center may reasonably 
be expected to also function with at least a very small tem
perature coefficient and, ideally, to show charge transfer 
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Norris: 

even at 4K. 

In this connection, could 1 ask Mike Wasielewski whether: 
(1) The behavior of the quinone complexes show any tempera
ture dependence? 
(2) Whether one might understand this close similarity be
tween the properties of the porphyrin and chlorophyll-quinone 
complexes in terms simply of a Franck-Condon factor belonging 
to the quinone moiety alone? 

(1) The rate of electron transfer decreases as a function of 
temperature especially strongly near the freezing point of the 
solvent. In frozen media the electron transfer rate from the 
porphyrin singlet state to the quinone cannot compete with the 
rate of intersystem crossing. 
(2) Although the change in geometry of the quinone necessi
tated by its reduction should make a significant contribu
tion to the electron transfer rate, this is not the whole 
story. We have previously seen very similar behavior in 
chlorophyll to pheophytin electron transfer. 
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CONFORMATIONAL VARIATIONS IN PORPHYRIN DERIVATIVES. STRUCTURAL AND MAGNETIC 
RESONANCE STUDIES. CONSEQUENCES FOR PHOTOSYNTHETIC AND PORPHYNOID-MEDIATED 
ELECTRON TRANSPORT. 

K. M. Barkigia, J. Fajer and M. W. Renner, Brookhaven National Laboratory, Upton, 
New York, 11973 
D. Simpson and K. M. Smith, University of California, Davis, California, 95616 

Crystallographic results are presented for a zinc porphyrin (1, Fig. 1), 'a 
methylbacteriopheophorbide ,£, (2), a nickel chlorin, (3), and a .nickel isobac
teriochlorin, (4). The molecules were chosen to probe the effect of crowding (1), 
and to model the antennae of green photosynthetic bacteria (2), the double bond ~ 

substituent of bacteriochlorophyll ~ (3), and the nickel-containing corphin that 
functions in the conversion of carbon dioxide to methane in methanogenic bacteria 
(3 and 4). Within this series, the peripheral ~ carbons of the macrocycles 
deviate from the planes of the four nitrogens by as little as O.lA to as much as 
-1.0A. These data form part of an increasing body of evidence that demonstrates 
the significant conformational flexibility of the porphynoid skeleton in the 
solid. Comparable structural variations are also detected in. solution as 
evidenced by NMR results for the zinc compound, and previously obtained ESR and 
ENDOR data for chI or ins and bacteriochlorophylls. 

Since many properties of (bacterio)chlorophylls and porphyrins in vivo are 
determined by their interactions with each other as well as with their protein 
environment, the flexibility of the porphyrin macrocycle provides mechanisms for 
al tering n-n interact ions, axial I igat ion, hydrogen bonding, prote in constraints 
and electrostatics, thereby fine-tuning the electronic configurations and the 
orientations between donors and acceptors that control electron transfer in 
biological processes as diverse as photosynthesis (chlorophylls) and sulfite or 
nitrite reductions (sirohemes). 

Fig. 1 Structure of the zinc complex of meso tetraphenyl-oc~aethylporphyrin. The 
molecule is extremely saddle-shaped. (Space group I41/a) 
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ELECTRON AND HOLE TRANSPORT IN CHLOROPHYLL AGGREGATES 

M. K. Bowman, T. J. Michalski, J. R. Norris and J. J. Katz 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

Aggregates or micelles of chlorophyll and water form spontaneously in hydrocarbon 
solvents. Small angle neutron scattering (SANS) measurements show cylindrical shaped 
tube about 8nm in diameter, reminiscent of some of the structures observed in green 
bacteria. The properties of the chlorophyll are altered on incorporation into these 
micelles: the optical absorption maximum shifts to 740nm in chlorophyll ~; the chlorophyll 
is more easily reduced or oxidized than in normal solutions; charge carriers with unpaired 
spins are not localized on a single molecule as they are in solutions of chlorophyll or its 
dimers; and the oxidized or reduced chlorophyll is remarkably stable. 

We have examined both reduced (by sodium dithionite) and oxidized (by iodine) 
samples of chlorophyll ywater micelles and find strong ESR signals indicative of large 
numbers of unpaired spins. The ESR signals in the case of oxidized micelles is nearly 
Lorentzian in shape, characteristic of rapid hopping over a large number of chlorophyll 
molecules. ESR line widths below 0.05 mTesla have been observed. The ESR signals from 
the reduced chlorophyll ~ micelles are quite different. The lines are also narrowed 
substantially from that of monomeric anion radicals. Linewidths of 0.1 mTesla are 
observed; however, the lineshapes are nearly gaussian in shape indicating de localization or 

.' 'rapid hopping over small domains of chlorophyll in the micelles. These domain would be 
on the order of a hundred molecules which is a fraction of the size of the micelles. The 
apparent differences in mobility may be due to differences in effective mass. 

Nuclear spin lattice relaxation measurements have been made of the protons on the 
chlorophylls in an oxidized sample of chlorophyll ~ heavy water micelles in deuterated 
octane. The nuclear spin lattice relaxation was proportional to the square root of the 
inverse of the NMR frequency. This curious dependance is characteristic of one dimen
sional hole conduction in solids. We propose that chlorophyll water micelles are one 
dimensional conductors with the preferred direction of conductivity along a shallow helix 
on the surface of the micelles. 

The oxidized or reduced samples are quite stable. Samples with large concentrations 
of cations or anions have been left under nitrogen, in the light, at room temperature 
sometimes for several days without detectable alteration of the chlorophyll. 

The combined properties of the chlorophyll water micelles: high chemical and 
structural stability, one dimensional conductivity and high mobility for both holes and 
electrons make these micelles attractive for use as charge or energy transport media. 
Their stability would help prevent loss of integrity due to decomposition of the chloro
phyll. The one dimensional conductivity would ensure, transport between widely spaced 
traps incorpo'rated into the micelles. The high conductivity for both holes and electrons 
means that both charges and excitation in the form of polarons could be transferred over 
large distances without dissipation. The SANS experiments showed the existence of large 
domains of equivalent chlorophylls. ESR is starting to unravel the sizes of those domains, 
their structure and something of their electronic transport properties. 
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SOLVATOCHROMISM AND INTRAMOLECULAR ELECTRON-TRANSFER BARRIERS 
IN SPHEROIDAL MOLECULES 

Bruce S. Brunschwig, Stanton Ehrenson, and Norman Sutin 

Department of Chemistry, Brookhaven National Laboratory, 
Upton, N.Y. 11973 

Expressions for the effect of solvent upon the reorganization energy, 
A, and standard free-energy change, ~Go, in charge-transfer reactions are 
derived [1]. The derivations assume that the solute molecules have shapes 
and polarizabilities that can be approximated by a spherical 
dielectric-continuum cavity. A thermodynamic cycle can then be constructed 
[2] that uses the shifts in A and ~Go to obtain equations that predict the 
shift in absorption and emission band maxima of a solute with changes in 
the solvent's dielectric properties [1]. This approach yields new expres
sions for these shifts that require no assumptions about the number or 
locations of charged sites within the spherical cavity. A series of very 
accurate analytic approximations to the full reversible-work expressions 
are presented. 

The polarizability of the solute molecule can be related to the inter
nal dielectric constant of the cavity and general expressions for the band 
shift in the point-dipole limit containing the internal dielectric constant 
of the cavity as a parameter are presented. These point-dipole expressions 
allow the assignment of a value for the internal dielectric constant of the 
cavity appropriate to the specific system considered. The point-dipole 
expressions are shown to reduce to equations previously derived by McRae, 
Ooshika, Mataga [3] and others when an internal dielectric constant of 4 
(corresponding to a particular value of the solute polarizability) is 
assumed. Arguments are presented that a value of 2 for the internal 
dielectric constant represents a better compromise for most small molecules 
and expressions for this case are derived. Comparisons between the 
point-dipole expressions and the full expressions show that for many molec
ules the point-dipole approximation is a poor one and in these cases either 
the full expressions or the analytic approximations should be used to 
interpret the shifts in the band maxima. 
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TIME RESOLVED DECAY OF 02(1~g) 
PHOTOELIMINATED FROM AN AROMATIC ENDOPEROXIDE 

Pi-Tai Chou and Heinz Frei 

Chemical Biodynamics Division, Lawrence Berkeley Laboratory, 
University of California, Berkeley, CA 94720 

In the course of our study of singlet oxygen retrieved from aromatic endoperoxides in 
solution through electronic excitation at 266 nm and simultaneous monitoring of the 1 ~g ~ 3~; 
chemiluminescence at 1.3 micron, we have found that in certain cases processes other than 
solvent quenching dominate the 02(1~) decay kinetics. In the case of l,4-dimethylnaphthalene 
endoperoxide, the decay behavior of the photo expelled O2 (

1 ~) depends on the photolysis laser 
pulse energy and the concentration of the endoperoxide. Moreover, plots of the logarithm of 
the chemiluminescence intensity versus time showed that the processes which accelerate the. 
deactivation of the photoexpelled O2 (1 ~) are nonexponential. 

In order to elucidate the processes that cause the non first order decay, we have studied the 
O2 (1 ~) chemiluminescence of this endoperoxide in acetonitrile, methanol, and cyclohexane 
(including the perdeuterated species) as a function of laser photolysis pulse energy and 
concentration. While O2 (1 ~) self annihilation through pooling of its energy in O2 e ~:) 
contributes detectably to the quenching in solvents with very low collisional deactivation rates 
and at high singlet oxygen concentrations, the main process affecting the decay kinetics of 
O2 (1 ~) is deactivation by superoxide formed on an ionic decomposition path initiated by the 
UV excitation. A kinetic model will be discussed which quantitatively reproduces data over a 
wide range of laser pulse energies and concentrations. We will present direct evidence for ionic 
photofragments which is based on transient absorption measurements. 
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INTEJ.H)LECULAR QUENCHING OF REPHYRIN EXCITED STATES BY ~ 

John S. Connolly and John K. Hurley 
Photoconversion Research Branch 
Solar Energy Research Institute 

C~lden, Colorado 80401 

We are carrying out a systematic study of bimolecular quenching of porphyrin 
exci ted states by quinones with greatly different reduction potentials. The goal is 
to understand i ntennolecular interactions in systems in which the geometry of the 
donor and acceptor is not constrained and thereby to gain a better understanding of 
covalently linked molecules possessing different degrees of flexibility. It is also 
important to understand the effects of the medium in controlling the partition among 
vario~~ quenching pathways. 

We have measured the bimolecular rdte constants for quenching of the excited 
singlet and triplet states of the free-base and zinc forms of tetraphenylporphyrin 
(TPP) by three quinones with greatly different reduction potentials in several 
solvents spanning a range of dielectric constant and viscosity. Where possible, we 
have made comparisons with unimolecular rate data avai lah 1, for some analogous 
linked porphyrin-quinone systems. 

For excited singlet states, both the inter- and intramolecular rate constants 
follow a general trend that is consistent with the energetics for electron transfer. 
All of these bimolecular rate constants are close to the diffusion-controlled limit 
in each solvent, but quenching by benzoquinone (00) is faster than by naphthaquinone 
(NQ) which in turn is faster than quenching by anthraquinone (AQ). The solvent 
dependence of the rate constants for dynamic quenching of H2TP fluorescence by 00 
shows an enhancement ("'25%) in nitrile solvents as compared to, e.g., ethyl acetate 
or toluene. It thus appears that bimolecular quenching of porphyrin excited singlet 
states can be understood primarily in terms of electron-transfer processes. 

Quenching of porphyrin triplet states is not so easily understood. In the case 
of 3ZnTPP, the quenching rate constants are all close to diffusion lima ted and 
appear to vary systematically in accordance with the energetics for electron trans
fer, i.e., 00 > NQ > AQ. However, quenching of 3H2TPP in toluene and benzene is 
about four orders of magnitudes slower and the rates constants are in the order: 
BQ > AQ > NQ. These resul ts cannot be explained in terms of electron transfer. 
We tentatively ascribe this trend to exciplex formation, perhaps involving a trade
off between the "-electron density of the quinone and its reduction potential. 

More data on quenching of porphyrin triplet states by these quinones are needed 
to understand the anomalously low rates observed in toluene and benzene. Experi
ments in polar solvents and in binary solvent mixtures should help sort out the 
relative contributions of electron transfer and exciplex formation. We also require 
more data on the solvent dependence of quenching of porphyrin excited singlet states 
to flesh out the emerging picture of medium control on these interactions. 

In both cases, the purpose is not only to gain a better understanding of medium 
control but also to determdne to what extent processes other than elc."Ctron -transfer 
contribute to the observed diminution of excited-state lifetimes. 
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FORMATION OF CHLOROPHYLL-SPECIFIC SITES IN SKELETONIZED MONOLAYERS 

Jae-Ho Kim, T. M. Cotton and R. A. Uphaus 

Department of Chemistry, University of Nebraska 
Lincoln, Nebraska 68588 

In our current efforts to model the essential features of the bacterial 
,photosynthetic reaction center by means of Langmuir-Blodgett (LB) monolayer and 
multilayer techniques, new approaches have been sought to control and order 
bacteriochlorophyll (BChl) on appropriate surfaces. There would be obvious 
advantages in systems having sites with a high degree of molecular recognition for 
BChl or other photosynthetic components. Such systems could be the basis for more 
complex structures formed by LB techniques. 

Site-specific monolayers may be produced by exposure of a glass plate to a 
solution containing octadecyltrichlorosilane (OTS) and a template molecule 
containing a chromophore for convenient spectral identification. During the 
cosorption process, OTS becomes covalently bonded, whereas the template compound is 
physisorbed and can later be removed with a solvent. The resulting partial 
monolayer ("skeletonized") of silylated material then contains cavities whose 
contour closely resembles the outline of the original template molecule. Exposure 
of the system to a solution of the original template molecule results in 
significant incorporation of material into the preformed sites, whereas molecules 
of incompatible shape or appreciably larger size are excluded. Reconstitution of 
the original system can thus be effected. 

Solutions were made up in hexadecane with BChl or protoporphyrin IX dimethyl 
ester, along with the silylating agent OTS. After formation of skeletonized 
systems on glass slides, attempts were made to resorb the template materials using 
combinations of guest molecules and host sites. Both BChl and the porphyrin could 
be reconstituted into the systems derived from these molecules as original 
templates. There was no evidence of BChl incorporation in films containing sites 
derived from the porphyrin. Conversely, the smaller porphyrin was reassimilated 
into the BChl sites. Evidence for the presence of specific species was provided by 
surface enhanced resonance Raman spectroscopy, shown in previous studies to be 
capable of detecting less than one mole-percent of a chromophore in a single 
monolayer. The presence of a thin silver film is necisary for enhancement. In 
these experiments, the silver film was provided either as an overlayer or as an 
underlayer first deposited on the substrate. 

BChl is only slightly larger than protoporphyrin, due to the presence of ring 
V in its macrocycle. The role of the phytyl tail of Bchl can be ignored as it 
probably interacts with the alkyl chain of the OTS and is normal to the surface of 
the glass. It appears likely that both species are adsorbed flat onto the 
surface, because an edge-on adsorption could allow penetration of BChl into 
porphyrin-formed sites. Also, the character of the spectra suggests this 
orientation. 

Results of this study indicate that a high degree of molecular recognition can 
be built into appropriate monolayer systems, with sites approximating very clcsely 
the molecular contours of a designated template molecule. 
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SOND CLEAVAGE AND DEPROTONATION PROCESSES 
IN RADICAL CATIONS OF ARYLALKANE DERIVATIVES 

PHOTOGENERATED UNDER CYANOAROMATICS SENSITIZATION 

D.R. Cyr, K. Shattacharyya and P.K. Das 

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

In this work we have attempted to elucidate the intra
molecular processes, particularly deprotonation and bond cleav
age, in radical cations of selected organic substrates produced 
via photoinduced electron transfer to cyanoaromatic excited 
states. The spectral and kinetic behavior of electron transfer 
derived radicals and radical cations. in the nanosecond-to
microsecond time domain has been examined by the time-resolved 
technique of laser flash photolys is. The resul ts concerning 
two groups of donor molecules, namely, arylalkanes and aryl
substituted three-membered heterocycles are presented. 

Under electron transfer sensitization by 1,4-dicyano
naphthalene (DCN) or 1,2,4,5-tetracyanobenzene (TCNS) singlets 
in acetonitrile, triphenylmethane, diphenylmethane and toluene 
form radical cations the deprotonation of which occurs wi th 
progressively fast kinetics as the number of phenyl substitu
ents increases. Thus, while the deprotonation of toluene 
radical cation to benzyl radical is t~o s\ow to be observed on 
the microsecond time scale (~e < 10 s- at 340 K), that of 
triphenylmethane radical catloR is too fast to 1 be resolved 
under nanosecond pulse exci tation (~ep > 108 s- at 230 K). 
The radical cations of diphenylmethane and diphenylmethanol 
show intermediate behaviors. In comparison, the unimolecular 
decay of the radical cat ion from 1,1, 2, 2-tetraphenyle~an1 is 
dominated by the cleavage of the C-C bond (k = 3.7 x 10 s- at 
295 K). The temperature dependence of the (fecay kinetics shows 
that the difference in the rates arises primarily from that in 
the entropy of activation. 

The laser pulse excitation (337.1 nm) of DCN in the pres
ence of phenyloxiranes and aziridines results in the formation 
of 1,3-dipolar intermediates (ylides) through subnanosecond C-C 
bond. homolysis. Ion separation as a result of photoinduced 
electron transfer is generally negligible for these systems 
(except for the electron-rich ones). Electron transfer photo
sensitization provides an energetically smooth way of ring 
opening in triphenyl and tetraphenyl oxiranes, giving short
lived carbonyl ylides ( .. <100 ns) that remain elusive under 
direct UV excitation. 
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POLYMER MODIFIED ELECTRODES: TRANSITION METAL COMPLEX 
CONTAINING POLYMERS 

* * * C. Michael Ell iott , S. Jilmes Schmittle , Scott Paulson, 
John Dunkle, Jody Redepenning*, 

Carla Casewit**, and Mary Rakowski DuBois** 

*Department of Cbeml'stry' Colorado State University 
~t. Col Ins, Colorado 80523 

**Department of Chemistry, University of Colorado 
Boulder, Colorado 80309 

Transition metal complexes can, in general, be tai lored to carry out 
various catalytic reactions or to have particular physical properties of 
interest. For these reasons there is considerabl e interest in designing 
complexes that, in addition to having the desired fundamental properties of 
interest, can be incorporated into polymer fi lms on electrodes in ways that, 
first, they maintain their desired properties and, second, they can under go 
electron transfer reactions with the electrode. Three systems wi I I be 
presented. The first case i nvo I ves the attachment of a preformed compl ex to 
a soluble, preformed polymer, fol lowed by electrode coating and subsequent 
examination of the modified electrode in a solvent in which the polymer is 
insoiuble. The second and third cases involve the formation of insoluble 
crossl inked polymers on the electrode from respective monomers; in one case 
by ther~al polymerization of a precast film of the monomer and in the other 
by electrochemically polymerization of the respective monomer. 

The first system is based on a dinuclear molybdenum complex with four 
br i dging su I furs between the meta I s. Ana I ogues of the po I ymer bound comp I ex 
have been shown in solution to have weI I defined chemistry including 
cata 1 yt ic act i v i ty towards hydrogenat i on of mu I tip I e bonds. When reduced in 
solution to the formal Mo(III)Mo(IV) species the complex is a strong 
nucleophi Ie which is rapidlyalkylated by moderate alkylating agents. This 
reactivity is maintained in the polymer bound material studied. 

The second system is a polymer formed from a metalloporphyrin which has 
appended in each meso position a ruthenium trisbipyridine complex; one 
bipyridine of which is directly bonded to the porphyrin in the bipyridine 4-
position. The remaining two bipyridines on al I four rutheniums each contain 
a vinyl group in the respective 4- position; thus rendering the entire 
complex electrochemically polymerizable upon reduction of the ruthenium 
sites. 

The third system is a polymer formed by thermal polymerization of 
tris(ester-substituted bipyridine)ruthenium complexes which also contain 
polymerizable acrylate functions. We have found that these polymers formed 
on electrodes have a variety of interesting and potentially useful 
properties including electronic conductivity and electrochromism. 
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OXIDATION OF THE ORGANOCHROMIUM AND ORGANOCOBALT COMPLEXES BY 2E 

Cr(bpy) 33+. Andreja Bakac and James H. Espenson, Ames Laboratory and 

Department of Chemistry, Iowa State University, Ames, Iowa 50011. 

The 2E excited state of Cr(bpy) 33+ reacts readily with the 

organometallic complexes RCr(H 20) S2+ and RCo(14-ane)H 202+ (R = CH 3, 

C2HS' i-C 3H7) to yield the strongly absorbing Cr(bpy) 32+, eq 1-2. 

3+* 2+ 2+ 3+ 
Cr(bpy) 3 + RCo(l4-ane)H20 --) Cr(bpy) 3 + RCo(l4-ane) (2) 

The kinetics of these reactions were studied by laser flash photolysis 

at the wavelengths of maximum absorption or emission of Cr(bpy) 33+*. 

The reactivity order within the series of organochromiums (CH 3 « C2HS 

< i-C 3H7) closely parallels that found previously for the oxidation of 

thes~ complexes by Ru(bpy) 33+. The cobalt alkyls react preferentially 

by energy transfer. The oxidized organometallic species formed in eq 

1-2 may decompose homolytically to yield carbon cent;ered radicals and 

Cr(H 20)6 3+ or Co(14-ane)(H 20)2 3+, respectively. 
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LASER-INDUCED TEMPERATURE-JUMP COULOSTATICS FOR THE INVESTIGATION OF 
ELECTROCHEMICAL RATE PROCESSES: THEORY AND APPLICATION 

J. F. Smalley, C. V. Krishnan, M. Goldman, and S. W. Feldberg 

Division of Chemical Scienc.es, Department of Applied Science, 
Brookhaven National Laboratory, Upton, NY 11973 

Introduction. A coulostatic perturbation of an electrode surface effected by a 
laser-induced temperature-jump is described. A thin foil or film electrode backed 
by dielectric (air, or glass backing) on one side and exposed to solution on the 
other is irradiated by a laser pulse from the dielectric side. Absorption of 
photons effects rapid heating at the metal/dielectric interface and, because of 
high thermal diffusivity in the metal, also effects rapid heating of the 
metal-solution interface and a concomitant change in the open-circuit potential of 
the electrode. The change in open-circuit potential is a function of a number of 
parameters including the charge-transfer resistance. 

This approach, indirect radiation (i.e., irradiation from the non-solution side 
of the electrode) is a variationl - 3 of earlier electrochemical studies 4-8 which 
utilized direct irradiation (i.e., irradiation from the solution side) and offers 
a number of significant advantages, e.g: Optical density of the electrolyte is 
irrelevant; photolysis of the electrolyte cannot occur; photoemission of electrons 
into the electrolyte cannot occur. 

The principle of the method is that a change in temperature of the electrode 
interface disrupts the electrostatic equilibrium between the electrode and a redox 
couple (either in solution or on the electrode surface). The response (~Vm) of 
the open-circuit potential to the induced AT is analyzed in terms of four 
identifiable thermally induced changes presumed to be proportional to AT: 1. A 
junction potential (~Ej) between the (hot) electrode and the (cold) contact wire; 
2. A change in the electrode double layer capacitance (ACdl ) which can effect a 
change in the potential across the double layer; 3. A Soret potential in solution 
(~Esoret); 4. A change in the potential of a redox couple (AEredox). 

Hathematical analysis of the system yields an analytic expression which 
allows the least-square analysis of experimental data and the evaluation of the 
operative heterogeneous electron tran~fer rate constant. A number of examples 
will be shown. 

An exciting prospect of this work is its potential for probing heterogeneous 
kinetics in the nanosecond and sub-nanosecond time domain. 
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THE EFFECT OF INTENSE MAGNETIC FIELDS 

ON THE RATES OF ELECTRON TRANSFER 

AND RADIATIONLESS RELAXATION REACTIONS 

G.A. Argaello and G. Ferraudi 

Radiation Laboratory, University of Notre Dame, 

Notre Dame, Indiana 46556 

In our studies about the effect of intense magnetic fields on the excited state 

reactivity of coordination complexes we have found that the rates of electron transfer 

reactions are accelerated or retarded by the field. This effect of the field on the quenching 

process is combined with an increase in the rate of the excited state relaxation. The 

perturbation of the relaxation rate depends almost linearly on the .field intensity, a result 

that is in disagreement with models predicting a quadratic, i.e., kobs = k1 + k2 Jil, 
dependence on the field. Our results with three reactions show that the field induces a 

significant acceleration in the rate of (3CT)Ru(bipY)32+ redox-quenching by 

( ) C 2+ (k 10 -1 -1· g -1 -1 ) Co NH3 5 I = 10 M s at 7 Tesla vs. k = 8.2 x 10 M s at o Tesla . and a 

deceleration in similar reactions wi th Co( C 2 0 4)3 3- (k = 1010 M-1 s -1 at 7 Tesla vs. k = 
3.8 X 1010 M-1 s -1 at 0 Tesla) and methylviologen (k = 3.6 x 108 M-1 s -1 at 7 Tesla vs .. 

k = 5.7 X 108 M-1 s -1 at 0 Tesla). In addition, analysis of the spectral changes in the 

reaction of (3CT)Ru(bipY)32+ with· methylviologen has revealed the generation of an 

intermediate (T - 0.5 /-Ls) which has no connection to the (previously reported) biphotonic 

photochemistry of Ru(bipY)32+ or the disproportionation of the excited state (reported in 

this work). 

The results presented above are discussed in terms of interactions of the magnetic 

field with the electronic angular momentum (including those leading to state mixing) that 

influence the kinetics of electron transfer and radiationless relaxation reactions. 
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PHOTOPHYSICAL INTERACTIONS BETWEEN PENDENT CHROMOPHORES 
IN SENSITIZING POLYMERS 

Marye Anne Fox, Phillip Britt 
Department of Chemistry 

University of Texas 
Austin, TX 78712 

Efficient photosensitization of large band gap semiconductor electrodes 
requires high concentrations of absorbing sensitizer near the electrode surface. 
Although monolayer coverages of adsorbed or covalently attached dyes may provide 
reasonable quantum efficiencies for charge injection, substantial photocurrent 
generation occurs only if optically dense sensitizing coatings are employed. This 
can be best attained with synthetically ordered polymers in which nearest neighbor 
interactions allow simultaneously for effective light harvesting within the polymer 
chain and a mechanism for efficient charge or energy migration to the polymer
electrode interface. 

Photocurrent generation is observed upon long wavelength ultraviolet excita
tion of derivatized methacrylate polymers and copolymers coated as thin films on 
Sn02 or Ti02 polycrystalline electrodes. The photophysical properties of a series 
of lO-substituted anthrylethylester polymers 1, as well as model systems for the 
monomeric chromophore (the pfvalate esters 2) and for the excimer (the glutarate 
esters 3), have been characterized. The excited state lifetimes and the fraction 
of excimer formation in the model compounds and the photochemical stability and the 
efficiency of energy migration within the polymeric coatings are significantly 
influenced by the steric bulk of the IO-substituent. A complete kinetic analysis 
of the biexponential fluorescence decay observed by single photon counting methods 
defines the rate constants for competing excitation degradation routes in the 
model systems. 

Steady state, preparative scale photolysis of 3 shows the formation of intra
molecular photocycloaddition products derived from both the singlet and triplet 
manifolds. The singlet:triplet product ratio is concentration dependent, and the 
quantum yield for product formation is oxygen sensitive because of competing 
endoperoxide formation. Both the cycloadducts and the endoperoxides can be recon
verted thermally or photochemically to the starting sensitizers, although not 
quantitatively. 

The use of these photophysical effects in the rational design of sensitizing 
polymers will be discussed. 
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SOLID STATE AND ELECTROCHEMICAL PROPERTIES OF POLYSELENOPHENE 

Arthur J. Franka , Spyridon Gl~nisa, and David S. Ginleyb 

aSolar Energy Research Institute, 1617 Cole Boulevard, Golden, CO 80401 
bSandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185 

In an effort to develop more effective surface films for stabilizing 
semiconductor electrodes, we. have investigated a relatively new conductive 
polymer with a five-member~d heterocyclic monomer, polyselenophene. 
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Polyselenophene, PSe 

Polyselenophene films were grown on the surface of electrodes by electro
polymerization of the selenophene monomer. The polymer was characterized in 
both the oxidized, electrolyte-doped state and the neutral, undoped form by 
UV-visi ble and infrared spectrophotometry, X:"ray photoelectron spectroscopy 
(XPS), electron spin resonance (ESR) spectroscopy, dc conductivity, and 
scanning electron microscopy (SEM). Information on the growth, composition, 
and surface morphology o! the _polymer has been obtained. Electrical conduc
tivity varies by 10?~ Q 1 cm 1 between the doped and undoped films. T,he 
temperature dependence of the electrical conductivity of the doped material is 
characteristic of a semiconductor. The Se atom of the ring contributes 
negligibly to the 'IT-electron system of the polymer in the ground state, 
although it has an important effect on' the conjugated chain length and the 
electrical conducti vi ty. Bipolaro(ls are found to play a predominant role in 
the electrical conduction mechanism. 
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BINDING OF C02 OR CO TO COBALT(I) AND NICKEL(I) MACROCYCLIC COMPLEXES 

Etsuko Fujita, Carol Creutz, and Norman Sutin 
Chemistry Department 

Brookhaven National Laboratory, Upton, NY 11973 

Because of the large overpotentials associated with the direct 
electrochemical reduction of C02, various catalysts have been used in 
electrochemical, photochemical and thermal C02 reduction. Cobalt and nickel 
marcocyclic complexes have been shown to reduce C02 to CO. The cobalt(l) complex 
of 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene (to be 
abbreviated [14]diene), previously shown to be a mediator1 in the photoreduction 
of water to H2 , has been found to be active in electrocatalysis of CO 2 
reduction. 2 Cyclic voltammetry of the [14]diene complex in dimethylsulfoxide 
has shown a strong positive shift of the Collll reduction potential in the 
presence of C02, corresponding to an equilibrium constant of 7 x 10 4 M- I for CO 2 
binding. 3 Despite intense interest in the C02 reduction process, few 
mechanistic studies have been made in solution. 4 In order to elucidate the role 
of transition metal catalysts for the activation and reduction of CO 2' we 
investigated the C02 and CO adducts of Col and Nil [14]diene complexes. 

The purple Col-C02 complex can be prepared by electrochemical reduction of 
Col [14]dieneCI04 in dimethylformamide or acetonitrile under a C02 atmosphere, 
or by sodium amalgam reduction, followed by C02 addition in acetonitrile. The 
optical spectrum of the Col [14]dieneCl04 exhibits an intense blue 
charge-transfer band, which disappears upon the addition of CO 2• The absence of a 
strong charge-transfer band in the visible spectrum of COl-C02 clearly indicates 
that the significant charge is transferred from Col to C02. C02 binding is 
reversible: evacuation of C02 from the reaction vessel leads to regeneration of 
the original Col spectrum. The IR spectrum of the solid C02 adduct shows CO 
stretching bands at 1653, 1303, and 1221 cm- I This has been confirmed by 
isotopic substitution. The yellow Col-CO complex can be prepared by reaction of 
Col with CO. The CO stretching band in the lR spectrum is at 1914 cm- I , 
indicating significant CO-C back-bonding. The Co-C02 complex decomposes slowly to 
the Co-CO complex under a C02 atmosphere. The mechanism for this reaction is 
under investigation~ 

The change in the optical spectrum of the Nil [14]dieneCI04 upon the 
addition of CO shows that CO binds reversibly with respect to changing the CO 
pressure. 
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THE PHOTOCHEMICAL REDUCTION OF CARBON DIOXIDE 
USING NICKEL(II)CYCLAM AS A HOMOGENEOUS CATALYST 

Kisholoy Goswami, Janice L. Grantt , Larry O. Spreer* 
John W. Otvos and Melvin Calvin 

Chemical Biodynamics Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720, U.S.A. 

When a carbon dioxide saturated aqueous solution is photolyzed (350 nm-
650 nm) employing tris-(2,t' -bipyridyl) Ru(I1) chloride as photosensitizer, ascor
bic acid as electron donor and 1,4,8,1l-tetraazacyclotetradecane Ni(II) chloride, 
[Ni(II)cyclame C12 ] (structure below) as a homogeneous catalyst, carbon monoxide 
and hydrogen are obtained as the gaseous reduction products. The yields of both car
bon monoxide and hydrogen depend on pH. The optimum pH for hydrogen formation 
is 4, with maximum CO yield being achieved at pH 5. The production of CO is 
believed to proceed via CO2 insertion into the Ni-H bond formed by the reaction of 
Ni(l)cyclam with a proton. The catalyst can be prepared in two isomeric forms. The 
trans form offers only one coordinating site while the cis form offers two, which can 
be occupied by a single CO2 molecule. The relative efficiencies of the cis and trans 
isomer in the reduction of CO2 are compared. Analysis for other possible products of 
CO2 reduction, such as CH30H, HCRO, etc., is being carried out 

NiUl)cyclam 

t Present address: Department of Chemistry, University of Alabama, Tuscaloosa, 
AL 35487. 

:t Department of Chemistry, University of the Pacific, Stockton, CA 95211. 

155 



16 

ELECTROCHROMIC AND ENVIRONMENTAL EFFECTS ON THE PROPERTIES OF BACTERIOCHLOROPHYLLS 
IN PHOTOSYNTHETIC REACTION CENTERS: THEORETICAL MODELS 

Mark A. Thompson and Michael C. Zerner, Quantum Theory Proj ect, University of 
Florida, Gainesville, Florida 32611 
Lek Chantranupong, Jack Fajer and Louise K. Hanson, Department of Applied Science, 
Brookhaven National Laboratory, Upton, New York 11973 

The primary charge separation in photosynthetic reaction centers (R.C.) is 
carried out by an array of chlorophylls arranged in close proximity. INDO 
calculations predict that point charges placed near the periphery of a bacterio
chlorophyll (BChl) can induce significant blue or red spectral shifts depending on 
the sign and site of the charge relative to the BChl. Results are presented that 
use the x-ray coordinates of the Rhodopseudomonas viridis R.C.1 to calculate the 
effect of generating the primary cation and anion products on the spectra of the 
BChl they straddle. The trends predicted for these electrochromic shifts agree 
with experimental results and offer a reasonable explanation for some of the 
optical changes observed during picosecond flash photolysis and in trapping 
experiments as the photogene rated electron moves to secondary acceptors. 

At the present levels of refinement, x-ray structures of Rhodobacter 
sphaeroides 2 , which contains BChis a, reveal a molecular architecture analogous 
to that of E..:.. viridis, which is comprised of BChis b. Similar electrochromic 
shifts are thus predicted for the two species. 

In addition to the charge effects, hydrogen bonding, axial ligation and 
chemical modifications by nearby residues l , 2 are also considered in order to 
determine the environmental effects most likely to affect the direction of 
electron flow in the nascent charge separation and thus discriminate between the 
two possible electron pathways revealed by the x-ray data of the reaction centers. 

1. Deisenhofer, J. Epp, o. Miki, K. Huber, R. Michel, H. J. Mol. BioI. 1984, 
180, 385. Nature, 1985, 318, 618. Michel, H., Epp, 0., Deisenhofer, J. 
EMBO~, 1986, ~, 2445. 

2. Chang, C. H., Tiede, D., Tang, J., Smith, U., Norris, J. R., Schiffer, M. 
FEBS Lett., 1986, 205, 82. Allen, J. P, Feher, G., Yeates, T. 0., Rees, D. 
C., Deisenhofer, J., Michel, H., Huber, R. Proc. Nat. Acad. Sci. USA, 1986, 
83, 8589. 
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PHOTOCHEMISTRY OF In2S3 COLLOIDS IN ACETONITRILE 

Prashant V. Kamat, Nada M. Dimitrijevic and Richard W. Fessenden 
Radiation Laboratory, University of Notre Dame 

Notre Dame, IN 46556. 

The study of trapped charge carriers in semiconductor systems is important as 
they can greatly influence the surface corrosion of the semiconductor. Recently we have 
shown that the transient photobleaching observed with colloidal CdS and CdSe ufder 
bandgap irradiation can be correlated to th,e behavior of trapped charge carriers. 1-3] 
The feasibility of probing anodic corrosion process in colloidal semiconductor systems has 
been demonstrated with the aid of laser flash photolysis. In order to establish the 
mechanism of controlling corrosion processes and the role of trapped charge carriers in 
influencing the electron transfer reactions, we have undertaken a detailed photochemical 
study of metal chalcogenides. We have now prepared small In2S3 colloids (D <20 - 50 
A) in acetonitrile and characterized their absorption and emission propertiEs. In2S3, 
which exhibits n-type semiconductor properties (E - 2 eV), is known to exist in three 
different forms: a, which is a defect face centered c~bic, ~, which is a defect spinel and -y, 
which is a layered structure,!4] When prepared at room temperature, In

2
S

3 
colloids were 

mainly of a-form and its formation was found to be influenced by nucleation and 
Ostwald ripening. 

In2S3 colloids in acetonitrile exhibited absorption below 450nm. When subjected 
to ultra bandgap excitation (355 nm laser pulse), a transient photobleaching around 420 
nm and below 350 nm was observed. Similar bleaching was also observed in pulse 
radiolysis experiments when these colloids were subjected to attack by OH· and Br2·
radicals. The slow recovery of the bleaching had a lifetime of about 1 Il-S. The transient 
absorption spectrum also confirmed the formation of S2H2·- (X- 380 nm) and S·-max 
(X- 470nm). Dissolved H2S was found to enhance the formation of S2H2·-. The 

ITIRX 
presence of a hole scavenger such as r was found to retard the anodic corrosion process as 
could be seen from the decreased yields of S·-. Experiments describing the spectral 
characterization of the photogenerated transients and anodic corrosion processes of In2S3 
colloids will be presented in this paper. Electron transfer reactions which focus on 
photocatalytic aspects of these semiconductor colloids will also be addressed. 
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Effect of Detailed Transition State Configuration 
on Theory of Electron Transfer 

Between Hexaaquoiron and Hexaammineruthenium Ions in Water 

by 

P. Magestro and N. R. Kestner 

Louisiana State University 
Baton Rouge, Louisiana 70803 

The rate constants for the Fe(H20) 62+-Fe(H20) 63+ and Ru(NH3) 62+-
Ru (NH3) 6 3+ elect ron exchange react ions , well - known expe ri menta 11 y , have 
previously been explained through semi-classical and quantum mechanical 
electron transfer theories. The results of these theories depend on the 
interaction energies of the ions through the equilibrium pair correlation 
function g23(r). We assess the effects on the kinetics of assuming potential 
functions which are not spherically symmetric as assumed in previous work and 
in which the geometry of each complex can distort due to the presence of the 
other. By the inclusion of detailed interaction site models in the 
calculation of g23, principally the RWK2 model for water-water interactions 1 

and the Hincliffe model for the ammonia interactions 2, we investigate the 
influence of assymetry on the interaction energies for various possible 
transition state configurations. Particular attention is given to their 
effect on the distance dependence of the electron hopping frequencies 
predicted by the electron transfer theories, especially at finite ionic 
strengths. This later work is in collaboration with M. Newton, and H. 
Friedman. ( see abstract of M. Newton and reference 3). We then compare the 
relative success of these approaches in predicting experimental electron 
transfer rates using this level of theory. Our earlier work concentrated on 
relative energies of various rigid hexa-aquo iron complexes only4~ 
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ELECTRON SPIN RESONANCE AND ELECTRON SPIN ECHO MODULATION STUDIES OF 
N,N,N~N'-TETRAMETHYLBENZIDINE PHOTOIONIZATION IN SODIUM 

DODECYLSULFATE MICELLES: STRUCTURAL EFFECTS OF ALCOHOL ADDITION 
AND CROWN ETHER ADDITION 

Piero Baglioni and Larry Kevan 

Department of Chemistry, University of Houston 
Houston, Texas 77004 

Electron spin echo modulation (ESEM) and electron spin resonance (ESR) 
spectra of the photogenerated N,N,N ' ,N'-tetramethylbenzidine cation radical 
(TMB+) in frozen micellar solutions of sodium dodecylsulfate containing 2-
propanol, I-propanol, I-pentanol, l-octanol, 2-propanol-d7 and l-octanol-dI7 , 
in H20 and 020 have been studied as a function of the alcohol concentration 
from 0 to 200 mM. Modulation effects due to the TMB+ interactions with deu
teriums in 020 and in 2-propanol-d7 or l-octanol-d17 give direct evidence 
that 2-propanol is mainly located at the micellar lnterface whereas the alkyl 
chain of l-octanol is located deeper into the micelle. Alcohol addition 
leads to an increase of water penetration into the micellar interface in the 
order I-propanol < 2-propanol ~ I-pentanol < l-octanol. The initial efficiency 
of charge separation upon photoionization of TMB as a function of alcohol con
centration correlates with the degree of water penetration into the micelle, 
but the maximum photoionization efficiency seems more related to the degree of 
water organization at the micellar surface due to specific perturbing effects 
on the micellar structure dependent on the alcohol structure. 

ESEM and ESR spectra of the photogenerated TMB+ and 5-doxylstearic acid 
(5-DSA) in frozen micellar solutions of sodium dodecylsulfate containing 15-
crown-5 and 18-crown-6 ethers in 020 and H20 have been studied as a function 
of the crown ether concentrations. Modulation effects due to 5-DSA interac
tions with water deuterons give direct evidence that both crown ethers are 
mainly located at the micellar interface and that their interaction causes a 
decrease of hydration of the micellar interface. Modulation effects from 
TMB+ interaction with water deuteriums indicate that the TMB molecule moves 
toward the interfacial region when the crown ether is present and presumably 
interacts with it. The efficiency of charge separation upon TMB photoioniza
tion increases by less than 10 % with crown ether addition and correlates 
with the increased TMB+/water interactions. The sodium cation complexation 
by the crown ether to change the charge distribution at the micellar inter
face seems to be of secondary importance compared to the interfacial hydra
tion changes for the photoioriization efficiency. 
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EPR AND OPTICAL STUDIES OF CAROTENOID CATIONS AND CHARGE TRANSFER 
COMPLEXES 

L. D. Kispert, R-S. Ding, J. L. Grant and E. Bradford 

Chemistry Department, The University of Alabama, Tuscaloosa, AL 35487-9671 

Carotenoids serve as photoprotect devices and as light harvesting antenna in 
photosynthetic organisms, and also appear to be involved in other functions such as electron 
tunneling and electron transfer reactions. It has been shown that the electron transfer 
reactions, which generate energetic charge-separated states, can involve carotenoid radical 
cations (Moore, Gust, et al.). However, the molecular structure, decay and formation 
characteristics of carotenoid radicals cations is not known. To better understand the role of 
carotenoid cations in photosynthesis and to characterize their properties, we have studied the 
EPR and optical spectra of carotenoid cations and charge-transfer complexes produced 
chemically, electrochemically, radiolytically, and photolytically. 

The carotenoids: S-carotene, S-Apo-8' -carotenal,. canthaxanthin and CIO and C20 
derivatives, have served as model carotenoids. Reaction of these with 12 in a dichloroethane 
solvent gives rise to EPR spectra that exhibit a linewidth and g value which depends on 
concentration and the particular carotenoid involved. E:PR, FTIR and optical studies 
indicate that a complex has been formed. For example, the g value for the complex formed 
between 12 and S-carotene at 77 K increases with decreasing carotene concentration from 
2.0045 at .05 M carotene to 2.0065 at .0004 M carotene. The EPR linewidth exchange 
narrows at high 12 concentration. A further decrease in intensity by a factor of 30 is 
observed for this complex in solution along with a decrease in g value to 2.0032. This 
behavior is not observed for the reaction of 12 with S-Apo-8' -carotenal. Instead, an 
intense EPR spectrum is observed, with g = 2.0024 and a linewidth that does not exhibit 
exchange narrowing at high concentration, but rather exhibits a g value similar to that found 
for electrochemically produced S-carotene cation radicals in solution. The optical spectra are 
also different from published spectra of carotenoid cations. The in situ electrochemically 
produced species appears, from an analysis of the EPR and optical spectra, to be a cation 
radical rather than a complex. Carotenoid radical cations have also been produced 
photolytically as a transient species in CCI4 solution and have been shown to exhibit 
decreasing lifetimes below I ]JS with increasing concentration above 1 mM. Similar studies on 
short chain polyenes show that they do not form a charge transfer complex (CTC) with 12 as 
predicted by high oxidation potentials, and do not have decreasing lifetimes with increasing 
concentrations above I mM. 

These results provide direct evidence that carotene cations have very short lifetimes 
at concentrations above mM unless complex formation occurs. The properties of short chain 
polyenes do not seem to be useful in predicting the properties of carotenes. The identity, 
structure and lifetimes of the carotenoid species produced by the various methods will be 
described. 
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WSe2/CH3CN - THE IDEALLY POLARIZABLE SEMICONDUCTOR/SOLUTION INTERFACE? 

Carl A. Koval and John B. Olson 

Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO 80309 

The experimental basis that supports current views of electron transfer at the metal/solution 
interface is largely derived from measurements obtained at mercury electrodes in aqueous solutions. This 
interface is unreactive with the solvent and ideally polarizable over large potential ranges. We are 
exploring the use of WSe2 for similar fundamental electrochemical studies involving a semiconductor. 
Two features of WSe2 make it particularly attractive. The crystals exhibit remarkable corrosion 
resistance and have a layered lattice structure which permits electrode surfaces with nearly molecular 
smoothness to be prepared. 

Chemical vapor transport has been used to grow both p- and n-type crystals with doping 
densities ranging from 5x 1 0 15 to 1 x 10 19 cm- 3. Electrodes prepared from these crystals have been 
characterized by photoelectrochemical and capacitance measurements. High fill factors (0.37 to 0.65) 
were used as a criterion to select the best crystals from a given batch. Ideal, frequency- independent 
capaCitances over wide ranges of potential were observed for the selected electrodes. Flat band potentials 
were used to calculate band edge positions. For electrodes prepared from a given batch of crystals. the band 
edge positions varied by less than 100 mY. Furthermore. the standard deviation of the band edges for all n
type electrodes and for all p-type electrodes was roughly 100 mY. The reproducibility and stability of the 
WSe2/acetonitri Ie interface suggested that this system is an excellent choice for fundamental 
electrochemical studies. 

An extensive set of current/potential measurements using these electrodes has recently been completed. 
Five n-type electrodes with doping densities ranging from 5 x 10 15 to 1 x 10 19 cm- 3 and four p-type 
electrodes with doping densities ranging from 2 x 10 16 to 1 x 10 19 cm - 3 were used. Each of these 
electrodes were thoroughly characterized by capacitance and photocurrent measurements. The data 
consists of ten solution conditions: a blank consisting of electrolyte (0.5 M TBABF 4) in acetonitrile and 
acetonitrile solutions of three metallocenes, acetylferrocene. ferrocene and decamethyferrocene, each at 
three different concentrations of ranging over a factor of 50. 

There are several important aspects of these experiments: 
1. The use of poised redox couples defines a potential where the semiconductor and solution are in 
equilibrium and the cell current must be zero. 
2. Currents were measured at a series of constant electrode potential using a cyclic staircase potential 'Is. 
time profile. Measurement of currents at constant potential eliminated contributions from nonfaradiac 
processes. 
3. Mass transfer limitations to the cell current were eliminated by use of a wall- jet electrode 
configuration. 
4. In conjunction with the current potential measurements, the capacitance of the space charge region was 
measured at the same potentials as the currents. In this way. the interfacial energetics corresponding to 
each current measurement are known. 

This data provides a unique evaluation of the various descriptions available for current flow at 
nonilluminated semiconductor solution interfaces. In particular, we were amazed at the stability and 
reproducibility of the WSe2/acetonitrile interfacial energetiCS during these extensive electrochemical 

measurements. Except for the electrodes with doping densities greater than 10 19 cm':' 3, i.e. degenerately 
doped materials. there is excellent consistency for electrodes with different doping densities and for 
solutions contain1ng varying concentrations of different metallocenes. 
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SIMULATIONS OF ENERGY TRANSFER AND TRAPPING IN TWO-DIMENSIONAL 
DISORDERED SYSTEMS. APPLICATION TO PICOSECOND FLUORESCENCE 

STUDIES ON THE PHOTOSYNTHETIC UNIT. 

Laurent G. Boulu and John J. Kozak 

Department of Chemistry and Radiation Laboratory 
University of Notre Dame, Notre Dame, Indiana 46556 

A stochastic master equation is solved numerically to study 
energy transfer via dipole-dipole interactions and trapping in a 
two-dimensional random array of nonoverlapping donor pigments with 
dilute traps in the situation where the Forster transfer radii RDO 
and RTO (characterizing respectively the interactions among donors 
and between donor. and trap) .are equal (RDO = RTO = Ro ).' In the 
quasi-exponential, long-time regime of tne calculated trapping 
decay . ~(t), the trapping rate W is gi ven by the smallest eigen
value of the associated master equation matrix and is· found to 
vary linearly with the trap concentration CT and quadradically 
with the donor concentration CD in accordance with phenomenolog
ical theories of migration-accelerated quenching in the hopping 
approximation (i.e. RDO»RTO ). At short times, $(t) is not expo
nential and can be conveniently characterized by ~e and ~, respec
tively the lie lifetime and the average lifetime of the decay. 
Quantitative dependences of ~, ~ and W on CD' CT , Ro and ~o (the 
natural lifetime) are given by fluorescence quenching experIments 
in monolayers of pigments. To correlate our results with previous 
theoretical and experimental investigations of energy transfer in 
the photosynthetic unit (PSU), we have calculated $(t) and if(t) 
(the corresponding fluorescence decay), with appropriate values of 
~o' Ro and km (the monomolecular decay rate), for chlorophyll in 
VIVO. We find that in a time interval of about 1.5 ns, $(t) or 
<iif(t) can be fitted to a law of the form, exp[-At-BtP ] with p 
close to 1/2, in agreement with the early picosecond fluorescence 
studies on· chloroplasts in the same time range. The degree of 
nonexponent iali ty of our calculated fluorescence decays is, how
ever, smaller (B<A) than the one found experimentally (B»A). 
Since later experiments have shown that the observed nonexponen
tial i ty arises mainly from structural heterogenei ty, rather than 
from a temporal dependence of the energy migration process, our 
results may well apply to a homogeneous array of antenna chloro
phylls and reaction center. Finally, we give the concentration 
dependence of n and ~h'. respect i vely the walk length of the exci
tation to the trap and an effective hopping time derived from n 
and~. The very different behavior found for ~h (~h '" l/CD) 
relative to other hopping times reported in the literature IS 
explained in terms of the connecti vi ty of the network and local 
concentration of the clusters visited by the excitation. 
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PHOTOELECTROCHEMISTRY AND THERMODYNAMICS OF n-GaAs, n-AlXGal_x' AND n-GaAsl_xPx 
SEMICONDUCTOR/LIQUID INTERFACES 

Louis G. Casagrande and Nathan S. Lewis 

Department of Chemistry 
Stanford University 

Stanford, California 94305 

We have previously reported that the n-GaAs/ferrocene(FeCP2)+/0-LiCl04-CH3CN 
-semiconductor/liquid junction exhibited open-circuit photovoltages (Voc ) of 0.81-
0.82 V and conversion efficiencies of 11% at simulated 1 Sun, AMl.5 conditions. 
In addition, plots of Voc as a function of temperature in the n-GaAs/FeCP2+/0 
LiCl04 -C2H5CN system yielded activation energies of 1.4±0.1 V for electron-hole 
recombination in the system, and we have identified the dominant mechanism to be 
recombination via surface states. Both of these observations contrast with the 
behavior of n-GaAs/metal Schottky barriers, and we have sought to identify the 
dominant chemical interactions at the liquid junction in order to understand the 
differences in behavior between liquid junctions and Schottky barriers. 

Spectroscopic ellipsometry studies of the n-GaAs surface were performed in 
order to determine the chemical composition of the surface overlayer in response 
to chemical and photoelectrochemical treatments. Surfaces were chemically 
prepared and found to be composed of either 10 A of an oxide with less than 0.5 A 
of elemental As or 3-6 A of As distributed through a 20-30 A thick oxide 
overlayer, depending on the chosen etch. The open-circuit photovoltage for the 
As-rich interface was initially 50-100 mV lower than that for the As-free 
interface, and quickly increased, with currant-voltage cycling under low 
illumination intensity in the CH3cN-FeCP2+/ system, to the same final value. 
After current-voltage cycling, the two surfaces were found to be similar, with 
less than 3 A of As distributed through a 30-40 A thick oxide with 40-70% voids. 
This suggests that the presence of interfacial As leads to increased 
recombination, and that photoelectrochemical treatment can remove or modify the As 
to minimize its role in interfacial recombination kinetics. Photoelectrochemical 
treatment of the above two surfaces, as well as one with a 35-45 A thick oxide 
with no As and less than 20% voids, in aqueous KOH-Se-/2 - yielded identical . 
current-voltage curves and identical surfaces composed of an 8-9 A thick oxide 
with 1.5 A of As. This is consistent with the known solubilities of As in KOH
Se-/2 - and Ga and As oxides in aqueous KOH. 

We have also studied the response of Voc to changes in interfacial 
thermodynamics in the n-GaAs/CH3CN-LiCl04 system. Increasing the electrochemical 
potential of the solution either by increasing the cOj8entration of FeCP2+ while 
keeping [FeCP2J constant or use of l-Acetylferrocene+ yielded no change in 
current-voltage properties or Voc' Use of redox couples with more negative 
reduction potentials has been found to lead to lower open-circuit photovoltages, 
but with decreases in Voc less than would be predicted for a fully unpinned 
interface. Similar trends are observed for the n-AlxGal_xAs and n-GaAsl_xPx 
alloys. Kinetic studies of these systems are currently underway and will be 
presented. 
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THERMAL AND PHOTOCHEMICAL REACTIONS OF SEMICONDUCTOR COLLOIDS 

D. Meisel, G. Mills, V. Swayambunathan, M. S. Matheson 

Chemistry Division, Argonne National Laboratory 
Argonne, IL 60439 

The intense interest in the properties of semiconductor colloids led us 
to study their thermal and photochemical redox properties. In particular, we 
investigate the mechanism of the growth and dissolution of transition metal
oxides and their redox reactions at various stages of the growth. Iron(III)
oxide, which has been shown to photochemically evolve oxygen, attracted a 
large portion of our effort. The growth rate of these particles was followed 
by electron microscopy, electron diffraction, EDS and spectrophotometry. It 
was found that the initial particles ("'30 A size) formed on hydrolysis of 
iron(III) salts are composed of FeOOH 1.2 H20 similar in structure to the well 
known .. amorphous hydrous iron oxide". These particles, however, undergo 
thermally activated phase transition to a-Fe203 upon aging. The phase transi
tion occurs both in the aqueous colloidal solution and in the solid state at 
similar rates. It is thus concluded that dissociation to solution species 
(Ostwald's ripening) is not involved in the phase transformation. Photochemi
cal oxidations (so far most efficient are I- and N-alkylphenothiazine) seem to 
be more efficient before the phase transformation occurs. Electron injection 
into these colloids as well as hole injection out of the particles has been 
studied using pulse-radiolysis. Strongly oxidizing radicals produce holes in 
the materials and their spectroscopic and chemical properties are presently 
under investigation. The injection of electrons to the particles from mildly 
reducing radicals (e.g., viologens) leads to reductive dissolution of the 
particles. The .release of Fe2+ into the solution is, however, very slow 
(mins.J. The injection of electrons into the particles results in trapping at 
surface state as well as trapping in deep traps within the bulk of particles. 
This results in the accumulation of charge on the colloid which is not compen
sated by proton consumption fr.om the electrolyte kinetic. Details of the 
three steps observed in the electron transfer and the proton-transfer have 
been studied and will be described. These will be compared with results on 
the reductive dissolution of Mn(IV)-oxides where the intermediate Mn(III) 
state plays a major role in the autocatalytic dissolution of this material. 

In parallel, several iodides (PbI2, HgI2, BiI3) were investigated in an 
effort to verify the correlation previously observed between the size of these 
particles and their spectroscopy. EDS, the dynamics of growth, photochemical 
experiments as well as the kinetics of electron transfer to these particles 
all raise doubts regarding the chemical composition of the suspensions of 
these particular materials. 
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ENZYMA TIC SYNTHESIS OF BACTERIOCHLOROPHYLL S! ESTERS. 
CHLOROPHYLL - CHLOROPHYLLASE INTERACTION 

T. Michalski, M. K. Bowman, J. J. Katz and J. R. Norris 

Cheniistry Division, Argonne National Laboratory, Argonne, Illinois, 60439 

Development of efficient synthetic methods that can produce chlorophyll 
intermediates useful in the construction of models for in vivo chlorophyll is of 
considerable importance. In this study, our attention was focussed on enzymatic synthesis 
of pyrobacteriochlorophyllides and their esters with a variety of alcohols. The synthesis 
of alkyl esters of bacteriochlorophyllides and pyrobacteriochlorophyllides can be 
accomplished readily by transesterification reactions catalyzed by the enzyme 
chlorophyllase. This method yields modified chlorophylls on a multimilligram scale, which 
can then be linked in various combinations to produce an array of models. These 
procedures also considerably simplify the preparation of models studied previously. 

Transesterification of bacteriochlorophyll S! and their decarbomethoxylated derivatives 
was studied with ethylene glycol, 2-butene-l ,4-diol, 2-hydroxyethyl disulfide, retinol and 
8'-Apo-.B-carotene-8'-0l. Structure of all products was established by IH-NMR and 252Cf_ 
PDMS. We have observed that lipophilic alcohols are much better substrates In 

transesterification reaction then hydrophilic ones. 

Chlorophyllase shows high specificity in binding chlorophylls and bacteriochlorophylls 
in the hydrolysis reaction in which the phytyl moiety is removed. We have observed that 
nucleophilic groups of the ring V of chlorophylls may play an important role in proper 
orientation of chlorophylls within the chlorophyllase binding site. Relative rates of 
hydrolysis for both chlorophyll S! and bacteriochlorophyll S! series of derivatives diminishes 
in the following order: 
chlorophyll S! > pyrochlorophyll S! > lO-hydroxychlorophyll S! » lO(R,S)-ethoxychlorophyll £l.. 
The same order is observed for the corresponding bacteriochlorophyll compounds but all of 
the reactions with bacteriochlorophylls are slower than for chlorophyll S! and its 
derivatives. Because this order remains unchanged for all types of chlorophylls that we 
have studied, other functional groups of the chlorophylls such as the formyl, acetyl, or 
central Mg atom may playa lesser role in chlorophyll-protein interactions. 
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OPTICAL AND THERMAL ELECTRON TRANSFER IN RIGID DIFUNCTIONAL HOLECULES 

J. R. Miller, K. W. Penfield, M.N. Paddon-Row,* E. Cotsaris,* 
A. M. Oliver* and N. S. Husht 

Chemistry Division, Argonne National Laboratory, 
Argonne, IL 60439 

Pulse radiolysis has been used to investigate intramolecular electron 
transfer in a series of molecules in which dimethoxynaphthalene (M2N) and 
dicyanovinyl (DCV) groups are held at fixed distance and orientation by rigid 
saturated9hYEfocarbon bridges. Electron transfer from M2N- to DCV is faster 
than lxl0 s for compounds in which the two groups are separated by 4, 6, 8, 
10 or 12 saturated carbon-carbon bonds. These rates are beyond current 
capabilities for single shot measurements. For the 4, 6 and 8 bond compounds, 
optical electron transfer bands are present in the visible-near infrared 
absorption spectra of the anions. The positions shift to higher en~rgi~~ with 
increasing solvent polarity. Their intensities are large (£~2000 M lcm ~ for 
the 4-bond compound) and decrease rapidly as the length of the bridge 
increases. For the 10- and 12-bond compounds, the bands are too weak to be 
detected. It is clear that exceptionally large, long distance electronic 
coupling of the two pi systems occurs through the saturated bonds of the 
bridge. These electronic couplings are 0.16, 0.06 and 0.03 eV across 4 6.and 
8 bond bridges. Even larger couplings have been observed previously by 
photoelectron spectroscopy, but not for such large pi systems. With these 
large electronic couplings, long-distance electron transfer in the 4 and 6 
bond compounds is expected to be adiabatic. Even for the 8-bond compound with 
a center-to-center distance of "'12 A the electron t1rrns.!ler rate deduced from 
the optical electron transfer absorption band is )10 s • 

The very large, through-bond electronic couplings observed in these. 
compounds can be· partly understood by considering molecular orbital 
coefficients of the donor and acceptor groups. But from these considerations, 
it is not fully apparent why the couplings are much stronger than couplings 
through cyclohexane-based bridge groups. It is clear that the structure of 
saturated hydrocarbon bridges can have dramatic effects on electron transfer 
and that a clear understanding of the way electronic couplings propagate 
through these structures is needed. 

*University of New South Wales, Sydney, Australia 
tUniversity of Sydney, Australia 
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EMISSION OF MATRIX·ISOLATED (12K) DIMETHYLAMINOBENZONITRILE 

Meredith A. Morgan and George C. Pimentel 

Chemical Biodynamics Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

We are interested in the characterization of electronic excited states and matrix control of 
reaction pathways. Toward this end we have examined the emission from dimethylaminobenzoni
trile (DMABN) isolated in rare gas matrices at 12K. The corrected 0.2 nm resolution excitation 
and emission spectra display detailed vibrational structure and give an accurate measurement of 
the 0-0 transition energy for both the fluorescence and phosphorescence. 

Phosphorescence yields increased on going from argon to krypton to xenon matrices, with 
a concomitant decrease in fluorescence. We attribute this to the enhancement of spin-orbit 
coupling by the external heavy atom effect. This trend, along with oxygen quenching studies and 
lifetime measurements, confirms that the long wavelength emission seen in cold, rigid matrices 
is phosphorescence rather than the anomolous twisted intramolecular charge transfer (TICT) 
fluorescence seen in polar, room-temperature solutions. An increase in total emission intensity 
in the series argon, krypton, xenon indicates the importance of radiationaless decay for this 
system. 

We have measured the lifetime of the triplet state in argon and krypton matrices. The 
single exponential decays in argon and krypton have corresponding lifetimes of 3.3 and 0.9 
seconds, respectively, while in xenon the lifetime is less than 0.2 seconds. Comparisons with 
triplet lifetime measurements in mixed matrices (DMABN:Kr:Ar, DMABN:Xe:Ar) indicate that 
as with the internal heavy atom effect, spin orbit coupling is increased with greater numbers 
of adjacent heavy atoms, and is dependent upon the location of these heavy atoms, i.e. their 
proximity to the chromophore. These results and others will be discussed. 
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THEORETICAL MODELS FOR AQUEOUS ELECTRON TRANSFER KINETICS 

Marshall D. Newton 
Chemistry Department 

Brookhaven National Laboratory, Upton, NY 11973 

The kinetics of electron transfer between metal ion complexes in aqueous 
solution is examined in terms of theoretical models which elucidate various 
aspects of activation and electronic coupling. These models are sufficiently 
flexible to permit detailed investigation of the roles of electronic structure, 
bimolecular encounter geometry, and solvent dynamics. 

Calculations of electron transfer matrix elements based on many-electron 
ab initio wavefunctions for suitable molecular clusters provide the perspective 
'for assessing the extent to which electron transfer reactions may be treated as 
effective "l-electron" processes. Depatures from a strictly I-electron model 
arise from electronic relaxation when the donor and acceptor species are, 
respectively, oxidized and reduced, the main contributions being associated with 
variation in orbital radial extent and degree of ligand/metal covalency. 

The degree of dominance of particular types of encounter geometry in 
bimolecular exchange kinetics has been examined, and new efforts have been 
directed toward providing a detailed account of short-range energetics when 
hexa-coordinatemetal-ion complexes interpenetrate (in collaboration with 
H. L. Friedman et al.and N. R. Kestner et al.), following up earlier studies 
initiated by N. R. Kestner and P. Majestro. 

A new approach has been adopted for studying dielectric continua (in 
collaboration with H. L. Friedman), which is shown to yield straightforwardly an 
expression for solvent reorganization energy which clarifies its nature in terms 
of rigorous electrostatic quantities, and is also easily extended to accommodate 
solvent dynamics relevant to electron transfer. Specific application for the case 
of Debye dielectric dispersion yields helpful insight into the origin and role of 
the particular relaxation time which is relevant (i.e., the longitudinal time, 
~L)· 
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POTENTIAL SURFACE CONSIDERATIONS 
OF MOLECULAR PHOTOCHROMISM IN CRYOGENIC MATRICES 

E. Orton, M. Morgan, and G. C. Pimentel 

Chemical Biodynamics Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

In continuing our investigation of molecular photochromism in cryogenic matrices, we 
have extended our studies to several examples of photochromic molecules which permit both 
photochemical and photophysical probing of the excited state surface forming the reaction 
coordinate. For example, in the case of the reversible photochemical ring-opening of 3-phenyl-
2H-azirine to benzonitrile ylide, the absence of a discontinuity in the quantum yield for the 
photochromic interconversion is strongly suggestive of a single-minimum excited state potential 
surface. 

Utilizing absorption and emission spectroscopies in conjunction with pulsed laser techniques, 
we are seeking to identify photochromic systems with emissive double-minima excited state 
surfaces. Phototautomerizations characterized by such vertical transitions to stable (bound) 
excited state configurations may serve as the basis for new systems for the molecular storage of 
energy and information. 
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PHOTOSUBSTITUTION IN RUTHENIUM(II) HETEROCYCLES: 
THE LOWEST ENERGY n* STATE OF BIDENTATE 

CHELATORS VS. MONODENTATE CHELATION. 

D. Paul Rillema, Helen B. Ross and Massoud Boldaji 

Department of Chemistry 
The University of North Carolina at Charlotte 

Charlotte, NC 28223 

The syn~~e~is of [Ru(bPm)2pY2]~+' [Ru(bPm)2(CH
3
CN)Cl]+, Ru(bpm)2C12' 

[RU(bPz)2PY2] , [RU(bPZ)2(CH2CN)CI] and RU(bPZ)2CI2' where bpm is 2,2'-
. bipyrimioine, bpz is 2,2'-bipyrazine and py is pyridlne, were carried out. 

Visible-uv spectra, luminescence spectra, electrochemical data, and ~¥cited 
state properties w~re determined. For a given sequence [Ru(LL)2PY2] , 
[RU(LL)2(CH~CN)CI] and Ru(LL)2C12' the MLCT and luminescence band maxima 
shift to th! red in accord witfi tfie donor strength of the unidentate ligand, 
py>CH CN>CI. The MLCT band maxima for (LL) = bpm were located at 471 nm, 
487 n~ and 571 nm, respectively; for bpz, the MLCT band maxima were observed 
at 473 nm, 4g2 nm and 562 nm, respectively. The luminescence maxima for 2+· + 
[RU(LL)2PY2] and [Ru(LL)2(CH

3
CN)CI] were located at 639 nm and 732 nm for 

(LL) = opm and at ~J~+nm and 725 nm for £~7l = bpz, respectively. E /2 
values for the Ru3 couple and the Ru couple shifted negatively in the 
series with the bispyridine adduct more positive than the acetochloro 
derivative Whi3~/~~s more positive than the dichloro species. For the bpm 
series, the Ru potentials were observed at 1.49 V, 1.15 V and 0.59 V, 
respectively; for the bpz series, the values were 1.77 V, 1.37 V and 0.82 V, 
vs. SSCE, respectively. The first reductions for each series were located at 
-1.03 V, -1.09 'V and -1.28 V for the bpm complexes and at -0.79 V, -0.92 V 
and -1.09 V vs. SSCE for the bpz series. 

. 2+ 2+ 
Photoanation2teactions for [RU(bPY)~(bpm)1_n] , [RU(bPY)~(bPZ)3_n] , 

[Ru(bpz) (bpm~J ] , [RU(bPZ)2(~~ CN):l] , [Ru~bpm)2(CH CN)Cl] 
[RU(bPZ)~PY2] -~nd [Ru(bpm) pY2] ~ where n=0,1 ,2,3 and Bpy is 2,2'
bipyridine, were studied in acetonitrile solutions containing 1mM TEACI 
(tetraethylammonium2~hloride). T!:!~ substitution quantu~+yields ranged froe.1 
0.35 for [Ru(bpz)~] to 1.7 x 10 for [RU(bPY)2(bPz)] . For tris 
chelates, the bidentate ligand with the lowest energy n* level was displaced 
in the photosubstitution reactions. The relative reactivity order was bpz > 
bpm > bpy. For the acetochloro complexes, the ligand lost was CH

3
CN; for 

bis-pyridine complexes, the pyridine 1 igand was slJbsti tuted by CI . 
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Quenching, Electron Transfer and Charge Separation 
in Water Soluble Polymers Containing Pyrene 

. R. D. Stramel, C. K. Nguyen, M. A. J. Rodgers and S. E. Webber 

Two copolymers containing the chromophore pyrene have been 
prepared, methacrylic acid-co-vinyl pyrene (PMAAvPy) and acrylic 
acid-co-vinyl pyrene (PAAvPy) and the photophysical properties have 
been studied in aqueous solution. 

The fluorescence properties of these chromophore bound 
polymers were markedly affected by pH. This effect of pH was 
interpreted as the result of polymer conformation in solution. At low 
pH, the polymer is protonated and the pyrene moiety is located in a 
hydrophobic region. As the pH is raised the pyrene moiety is exposed to 
a more polar environment. This is consistent with other studies of 
chromophores bound to PMAA or PAA. 

The fluorescence quenching kinetics are also effected by pH. In 
solution at high pH, pyrene fluorescence is quenched more efficiently. 
Viologen type quenchers, (Methyl Viologen, MV2+; Propyl Viologen 
Sulfonate, PVS; and Sulfonated Propyl Methyl Viologen, SPMV+) form 
complexes with pyrene at high pH, indicating that the fluorescence 
quenching is, at least in part, static. This is supported by time 
resolved fluorescence quenching studies. 

Preliminary results indicate that electron transfer and charge 
separation between the excited pyrene moiety and the viologen 
acceptor will only occur at low pH. The coiled polymer conformation, 
at low pH, provides a hydrophobic region for Py·+, which the viologen 
radical slowly penetrates. Further studies will involve other 
copolymer systems to investigate the quenching process leading to 
electron transfer and charge separation. 
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RESONANCE RAMAN CHARACTERIZATION OF BENZOSEMIQUINONES 

G.N.R. Tripathi and R.H. Schuler 

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

Semi qui nones play a vital role as intermediates in light-induced charge transfer and electron 
transport processes in photosynthetic systems. Characterization of these radical species by structure
sensitive techniques is of considerable interest. We report the characteristic features of 
benzosemiquinone radicals in aqueous solution as observed by time-resolved resonance Raman 
spectroscopy. 

Pulse-radiolytic methods were used- to prepare these radicals under controlled conditions. 
Raman excitation was in resonance with the lowest electronic transition. Para-benzosemiquinone in 
basic solutions, where it exists as the radical anion, exhibits a highly resonance-enhanced band at 1620 
em -} (CC stretch) and medium-intensity bands at 1435 cm -} (CO stretch) and 1161 cm -} (CH 
bend)[1-3]. These vibrational frequencies indicate a nearly benzenoid ring structure with the CO bonds 
having a bond order - 1.5. In mildly acidic solution the radical anion protonates to form the neutral 
radical (pK - 4). The shift of the CO stretching vibration to 1511 em -1 shows that the neutral 

a 
semiquinone radical resembles phenoxyl[4-5]. In strongly acidic solutions (pH < 0), hydroquinone 
cation radical is formed which exhibits spectral features corresponding to a highly delocalized 7T

bonded structure similar to that in the radical anion. 

The power of time-resolved Raman spectroscopy in sorting out the kinetic details of reaction 
intermediates with indistinguishable absorption spectra is well illustrated in a study of the 
deprotonation of hydroxy-p-benzosemiquinone anion. This radical reacts with base to form the 
dianion radical which exhibits an absorption spectrum almost identical to that of the monoanion 
(7\ - 430 nm), making it virtually impossible to study the interconversion by kinetic 

max 
spectrophotometry. The Raman spectra of these radicals are, however, readily distinguishable. The 
CC stretching vibration appears at 1625 cm -1 in the monoanion and at 1585 cm -1 in the dianion. 
from the pH- and time-dependence of the relative intensity of these two bands the pK of p-. a 
benzosemiquinone anion has been measured as 8.85 and the base-catalyzed deprotonation rate 
constant as - 1010 M-1s -1. The spectral resolution available makes Raman spectroscopy a powerful 
tool for structural and kinetic characterization of the transient intermediates present at nanosecond 
and microsecond times. 

References: 
[lJ G.N.R. Tripathi and R.H. Schuler, J. Chem. Phys. 76,2139 (1982). 
[2J G.N.R. Tripathi and R.H. Schuler, J. Phy:;. Chem. 87,3101 (1983). 
[3J R.H. Schuler, G.N.R. Tripathi, M.F. Prebenda and D.M. Chipman, J. Phys. Chem. 87,5357 (1983). 
[4] G.N.R. Tripathi and R.H. Schuler, J. Chem. Phys. 81, 113 (1984). 
[5J G.N.R. Tripathi, D.M. Chipman, C.A. Miderski, H.F. Davis, R.W. Fessenden and R.H. Schuler, J. Phys. 
Chem. 90, 3968 (1986). 
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FLUORESCENCE QUANTUM YIELDS IN HIGHLY SCATTERING MEDIA 

Gilbert R. Seely 

Department of Chemistry, Arizona State University 
Tempe, Arizona 85287 

The photosynthesis model system that we are investigating consists of a 
suspension of macroscopic particles (i.e., larger than the wavelength of light). 
Characterization of optical properties of such suspensions, such as light absorp
tion and fluorescence yield, requires special approaches. Equations for light 
transport and absorption in highly scattering media were solved by Kubelka and 
Munk (1931), among others, and have been summarized by Kubelka (1948). These 
equations have been applied to absorption by pigments in biological materials, 
including those that contain chlorophyll, by Butler (1964) and others. Taking a 
different approach, Hemenger (1977) derived equations based on theories developed 
for neutron scattering and astrophysics and demonstrated that the internal 
structure of a typical leaf is such as to maximize light absorption. 

The related, and biologically important problem of transport of fluorescence 
in highly scattering media has received much less attention. The essential dif
ference is that fluorescence is generated within the sample, by absorption of 
exciting light that comes from outside the sample. The only treatment of the 
subject mentioned by Melhuish (1982) is that of Allen (1964), who derived an 
equation for the contribution of fluorescence of whiteners to reflectance from 
scattering samples. 

I have solved the equations for fluorescence generation and transport in 
highly scattering media, under Kubelka-Munk boundary conditions. The results, 
which are in closed form, enable one to extract the true quantum yield of 
fluorescence from certain measured light ratios and a knowledge of the scattering 
power of the sample. Reabsorption of fluorescence is taken into account auto
matically by the equations, and re-emission of fluorescence can be corrected for 
by a convergent iterative computer calculation. Although one of the Kubelka-Munk 
boundary conditions, diffuse incidence, is quite inappropriate for our fluores
cence yield apparatus, application of the derived equations provides a point of 
reference for further experimentation and correction. 

References 

Kubelka, P. and F. Munk (1931) Z. Tech. Physik 12, 593-601. 
Kubelka, P. (1948) J. opt. Soc. Am. 38, 448-457--. 
Butler, W. L. (1964) Ann. Rev. Plant-Physiol. 15, 451-470. 
Hemenger, P. (1977) Appl. Opt. 16, 2007-2012. --
Melhuish, W. H. (1982) in "Optical Radiation Measurements," Vol. 3, Measurement 

of photoluminescence (K. D. Mielenz, ed.) Academic, New York, pp. 188-192. 
Allen, E. (1964) J. opt. Soc. Am. 54. 506-515. 
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PHOTOCHEMICAL HOLE BURNING SPECTROSCOPY OF THE PRIMARY ELECTRON DONOR STATE OF 
PHOTOSYNTHETIC REACTION CENTERS 

J. M. Hayes, J. K. Gillie, D. Tang and G. J. Small 

Ames Laboratory-USDOE and Department of Chemistry 
Iowa State University, Ames, Iowa 50011 

Photochemical hole burning (PHB) has been applied to the P-870 [1,2], P-960 [3] 
and P-700 [4,5] primary donor states of isolated RC of R. sphaeroides, R. viridis 
and photosystem I of green plants, respectively. For P-870 and P-960, exceedingly 
broad (~ 400 cm- I ) holes are observed at ~ 1.5 K. One explanation is that the large 
widths result from an ultra-fast dynamical charge separation process within the 
bacteriochlorophyll special pair (sp) prior to electron transfer to the bacterio
pheophytin of theRC [1,2]. A more recent explanation [6] in~okes strong linear 
electron-phonon (lattice) coupling stemming from charge-transfer character. Recent 
PHB studies of P-700 [5] are consistent with the latter since the hole profile 
consists of a weak but sharp (~ 0.1 cm- I ) zero-phonon hole superimposed on an 
intense but broad hole. 

In this paper the extent to which the theory for PHB in the presence of arbi
trarily strong electron-phonon coupling [7] can provide a unified picture for the 
hole burning data for the three primary donor states is explored. New linear 
electron-phonon coupling data for P-870 and P-960 are utilized as well as PHB Stark 
data. Possible candidates for the low frequency modes associated with the strong 
coupling are described. In addition, PHB data on P-670 of photosystem I are 
reported for the first time. In contrast with P-700, P-670 exhibi~s sharp holes 
unaccompanied by an intense broad hole. Thus, the linear electron-lattice coupling 
associated with P-670 appears to be markedly weaker than for P-700. The implica
tions of the low temperature zero~phonon holewidths of P-700 and P-670 for energy 
and electron-transfer dynamics are considered and discussed in relationship to the 
time domain picosecond studies of other workers. 

1. S. G. Boxer, D. J. Lockhart, and T. R. Middendorf, Chern. Phys. Lett. 123, 476 

2. 
3. 
4. 
5. 

6. 

(1986) • 
S. R. 
S. G. 
v. G. 
J. K. 
Phys. 
J. M. 

Meech, A. J. Hoff, and D. A. Wiersma, Chern. Phys. Lett. 121, 287 (1985). 
Boxer, T. R. Middendorf, and D. J. Lockhart, FEBS Lett. 200, 237 (1986). 
Maslov, A. S. Chunaev, and V. V. Tugarinov, Mol. BioI. 1S:-788 (1981). 
Gillie, B. L. Fearey, J. M. Hayes, G. J. Small, and J. ~ Golbeck, Chern. 
Lett., in press. 
Hayes and G. J. Small, J. Phys. Chern. 90, 4298 (1986). 
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THE SURFACE SCIENCE OF PHOTOCATALYTICALLY 
ACTIVE IRON OXIDES 

Gabor A. Somorjai, Miquel Salmeron and Gerard Vurens 

Materials and Chemical Sciences Division, 
Lawrence Berkeley Laboratory, 

Berkeley, California 94720 

The photochemical activity of undoped iron oxides depends 
on a procedure whereby a-Fe 20 3 is partially reduced by heating 

in hydrogen for a short period and then reoxidized. This 
treatment is identical to that utilized to produce the magnetic 
y-Fe 20 3 phase. Therefore, we initiated surface science 

studies to explore the structure, .the surface composition and 
the adsorption behavior of Y-Fe 20 3 that has been unexplored so 

far. 

Photoelectron spectroscopies (x-ray and U.V.) conversion 
Mossbauer spectroscopy, and the thermal desorption of water. 
hydrogen, ammonia and oxygen were utilized in these 
investigations. Ordered iron oxide films were grown on 

platinum substrates from one monolayer to l03 A thickness or 
were deposited by ion sputtering. 

The y-Fe20 3 phase can be identified by its unique 

electronic structure and chemisorption properties. The band 
gap changed and the oxygen vacancy concentration is increased 
making the y-phase much more chemically active than the 
a-phase. This greater chemical activity is exhibited through 
the chemisorption properties of water and by the detection of a 

greater Fe 2+/Fe 3+ ratio. A good correlation between the 
concentration of the y-Fe 20 3 phase at the surface and the 

photocatalytic rate of hydrogen evolution from water has been 
found. 
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USE OF A POLYMERIC MEMBRANE, NAFION, IN THE PHOTOCHEMICAL 
GENERA1'1(l.J OF HYDROGEN 

Anthony C. Maliyackel, Yoichi Namariyama, Lan)' O. 8l>reer* 
John W. Otvos and Melvin Calvin. 

Chemical Biodynamics Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720, U.S.A. 

In an artificial photosynthesis assembly it is desirable to have a phase boundary, or barrier, 
that will separate the oxidation process from the reduction process. This barrier will not only 
slow down destructive charge recombination reactions but may also serve as a matrix to locate 
various components used in the photosynthesis assembly. A variety of phase boundaries such as 
lipid vesicles, micelles, colloids, etc. have been previously investigated. Here we report the 
results of preliminary investigations with a polymeric membrane, Nafion which is made of a 
fluorocarbon containing pendant sulfonic acid groups (see below). It has a wide variety of 
commercial applications primarily because of its chemical resistivity and selective 
permeability. This membrane allows cations to diffuse through it more rapidly th'an neutral 
molecules or anions .. 

When. this membrane is loaded with tris bipyridine Ru(lI) (Ru(bPY)32+), methyl viologen 

(MV2+) and metallic platinum (Pto) and illuminated (>350 nm light) while in contact with a 
solution containing TEOA, hydrogen is produced. In the absence of PtO, however, formation of 
reduced methyl viologen MV+' was observed instead. The experimental conditions as well as the 
efficiency of hydrogen production will be discussed. Efforts are now under way to achieve 
electron transfer across the membrane with various electron donors and electron acceptors on 
either side of the Nafion. 

m=S-13,S 
n = C8.' 000 
k = 1,2,3, ... 

* Department of Chemistry, University of the Pacific, Stockton, CA 95211. 
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APPLICA TIONS OF THE LINEAR PREDICTION METHOD 
TO DECONVOLUTION OF KINETIC DEC A YS AND SPECTRAL ANALYSIS 

J. Tang and J. R. Norris 

Chemistry Division, Argonne National Laboratory, 
Argonne, Illinois 60439 

The study of photochemical processes in photosynthetic systems usually requires 
time-resolved measurements by optical and magnetic resonance spectroscopies. An analysis 
of these time-resolved signals and of x-ray diffraction data with improved resolution and 
sensitivity can be made with a new linear prediction method recently developed by us. 

We have demonstrated the advantages of the linear prediction (LP) method l - 4 over 
the conventional fast fourier transform (FFT) in spectral analysis of magnetic resonance 
signals. The LP method overcomes deadtime problems and avoids truncation artifacts, and 
leads to increased resolution and sensitivity. With the LP method, the truncation artifacts 
of FFT often encountered in two dimensional NMR and the phase distortion problems in 
electron spin echo experiments can be minimized. 

We have extended the LP method to x-ray crystallography to improve sensitivity and 
spatial resolution. These improvements are particularly important in structural 
determination of biological macromolecules. In our tests, we have used the LP method in 
combination with the molecular replacement method to reduce the phase ambiguity 
problems. Significant improvements in noise reduction were also obtained. 

Similar to the applications of the LP method to spectral analysis, one can use it to 
determine the kinetic parameters of signals of multiple exponential decay. We have 
recently generalized the LP theory to deconvolution problems5. In many time-resolved 
experiments of physical, chemical and biological systems, the duration of the excitation 
pulse may be comparable to the decay time of the measured system. In order to 
accurately determine the kinetics of the system, it is essential to deconvolute the detected 
signals from the excitation light profile. Unlike most existing methods for deconvolution, 
the new method requires neither a specific model nor a prior knowledge of an exact 
number of exponents to be fitted. The LP method is a linear procedure and does not 
have the problem of being trapped into other local minima as happens sometimes in the 
nonlinear least-squares iterative method. 

1. J. Tang, C. P. Lin, M. K. Bowman and J. R. Norris, J. Magn. Reson. 62, 167 (1985) 
2. J. Tang and J. R. Norris, J. Chern. Phys. 84, 5210 (1986) 
3. J. Tang and J. R. Norris, J. Magn. Reson. 69, 180 (1986) 
4. J. Tang and J. R. Norris, Chem. Phys. Lett. 131, 252 (1986) 
5. J. Tang and J. R. Norris, (to be submitted) 
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PRIMAR Y PHOTOCHEMISTRY IN GREEN PLANT 
PHOTOSYSTEM I - COMPARISON WITH BACTERIAL PHOTOSYNTHESIS 

M. C. Thurnauer, L. L. Feezel, A. Kostka, U. Smith, 
M. C. W. Evans* and P. Gast** 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 
*Dept. of Botany & Microbiology, University College London, 

London WC I E 6BT England 
**Dept. of Chemistry, The University of Chicago, Chicago, IL 60637 

The primary electron transfer reactions of plant photosystem I (PSI) have been the 
most difficult to unravel of all the natural photosystems (bacterial and photosystems I and 
II). However a picture of these reactions is beginning to emerge. It is believed that the 
initial steps involve electron transfer from the photoexcited primary donor (a chlorophyll 
species termed P700) to an acceptor called Ao, followed by transfer to a second acceptor 
AI. Further steps involve transfer to bound iron-containing acceptors, X, A, and B. 
Recently, we proposedl that Al is a quinone molecule. Other work has led to suggestions 
that Ao is a chlorophyll species. Thus it appears that the early. electron transfer steps of 
PSI show similarities to the relatively well-understood bacterial photosystem thereby 
providing a model for PSI. So we use the bacterial photo system to substantiate proposals 
that Al is a quinone and to study the magnetic interactions which take place between the 
primary reactants in PSI. We are making comparisons between the electron spin polarized 
(ESP) EPR transients observed around g=2 in PSI particles and similar transients from 
iron-depleted bacterial reaction centers (RCs), both poised in several different redox 
states. Sufficient spectral resolution2 is achieved by carrying out the experiments at high 
microwave frequencies (Q and K band) rather than the more usual X band on samples with 
appropriate isotopic substitutions. Preliminary results on 2H RCs suggest that there are 
magnetic interactions between the oxidized primary donor and reduced quinone acceptor 
which must be included in order to explain the ESP observed in this pair. The structural 
and mechanistic implications for PSI will be discussed in terms of the similarities and 
differences between the two photosystems. 

IThurnauer, M. C. and Gast, P., Photobiochem. Photobiophys. 2., 29 (1985). 

2Thurnauer, M. C., Gast,' P., Petersen, J. and Stehlik, D., Progress in Photosvnthesis 
Research, Vol. I, ed. J. Biggins, p. 237 (1987), Martinus Nijhoff Pub., Dordrecht. 
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PHOTOCHEMISTR Y FOR BOTH BACTERIOPHEOPHYTINS IN BACTERIAL 
PHOTOSYNTHETIC REACTION CENTERS 

D. M. Tiede, M. R. Wasielewski and J. R. Norris 

Chemistry Division, Argonne National Laboratory, Argonne III 60439 

X":ray crystallographic studies on bacterial reaction centers (RC) from Rps viridis and 
Rb sphaeroides have shown that the pigments are arranged with approximate C2 symmetry. 
Two bacteriochlorophylls (BChl), B, lie closest to the primary electron. donor, the BChl 
dimer, B2. Next to each B is a bacteriopheophytin (BPh), H, which is in turn followed by 
a quinone, Q. The structural symmetry suggests that there may be two pathways for 
electron transfer. 

The two BPhs can be distinguished in low temperature optical spectra. The BPh 
absorption bands split into two peaks separated by 8-10 nm. The broadness of the 
overlapping bands prevents quantitation of BPh function in transient states at room 
temperature, but transient spectra show that it is predominately the red shifted BPh which 
functions as an acceptor below. 100 K. 

We have used a photochemical "trapping" method to study the photochemistry of the 
two BPhs. The quinone acceptor is chemically reduced, and electron donors are used to 
re-reduce the Bt in the light induced BtH- (pF) state : C[B2H] + hv ===== c[BtH-] -------+ 
c+[B2H-). The advantages of this technique are that i) the optical changes associated with 
the reduction of H are not altered by the presence of an oxidized Bt or mixed with 
absorbance changes induced by changes in the redox state of Q (unlike the difference 
spectra obtained from transient states), ii) photochemical reduction of the BPhs can be 
done at room temperature, and then cooled to low temperature to assay the extent of each 
BPH reduction, and iii) the optical properties of the trapped B2H- state can be directly 
studied as a function of temperature, without initiating further photochemistry. 

We have found that when the trapped B2H- state is generated at 100 K, it is 
predominately the red shifted BPh which functions as an electron acceptor, in agreement 
with the picosecond experiments. In contrast, low temperature optical spectra of the 
trapped B2H- generated at room temperature show that the blue shifted BPh has been 
preferentially reduced. 

A direct comparison of transient BtH- and trapped B2H- spectra at room temperature 
in Rb sphaeroides demonstrates that a different BPh is used in each case. We conclude 
that the red shifted BPh predominately functions as the acceptor on the picosecond 
timescale or at low temperature. The other BPh can function as the final acceptor when 
the B2H- is trapped reduced at room temperature. One possibility to explain these 
observations is that initially the red shifted BPh is the thermodynamically preferred 
acceptor, but conformational changes occur following its reduction which cause the other 
BPh to be the most stable acceptor. The conformational changes would be slow compared 
to the lifetime of the BtH- state, and are frozen out below 150 K. In Rps viridis we have 
generated the B2H- at 100 K, and have followed the optical spectra as a function of 
temperature. The optical spectrum of the B2H- state changes abruptly at temperatures 
above 150 K. The changes are not reversed by recooling the sample back to 100 K. EPR 
and optical linear dichroism spectra before and after this transition suggest that nuclear 
relaxations occur within the accessory BChl and/or protein following BPh reduction at 
temperatures above 150 K. Current work is attempting to determine if these 
conformational changes are prerequisite for the reduction of the normally inactive, blue 
shifted BPh. 
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THE COMPUTER AS A PHASE SENSITIVE DETECTOR 

John A. Turner, Brad Thacker and Arthur J. Nozik 

Photoelectrochemistry Branch 
Solar Energy Research Institute 

Golden, Colorado 80401 

One of the most ubiquitous pieces of instrumentation in 
use in research laboratories today is the lock-in amplifier. 
The reason one uses a lock-in for photocur~ent spectra is 
usually two-fold, it allows determination of a very low level 
signai and it discriminates against dc biases such as 
electrode dark current and drifting. The use of a lock-in 
amplifier also involves certain implicit assumptions 
concerning the nature and shape of the waveform; these 
assumptions are often unappreciated. 

One of the problems we have noticed in our study of 
superlattice electrodes is a drifting of the lock-in phase as 
the energy of the incident light is scanned. This apparent 
drift has been traced to transients in both the dark and light 
response. We have developed a computer program which emulates 
a lock-in amplifier that allows us to window the iransient and 
obtain a pseud6 steady ~tate response. Using this system we 
find in some cases the dark transient will mirror the 
photoresponse. That is light induced dark current transients 
ar~ generated by light chopping. As a result conventional 
lock-in amplifiers can produce a distorted photocurrent 
spectra. The utility of using the computer as a lock-in 
amplifi~r will be described, as well as interesting behavior 
of the dark current as a function of the wavelength of chopped 
light. 
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ESR AND ENDOR STUDY OF PHOTOOXIDATION OF PORPHYRINS 

Hans van Willigen, Marie H. Ebersole, and T. K. Chandrashekar 

Department of Chemistry 

University of Massachusetts at Boston 

Boston, Massachusetts 02125 

Electron Spin Resonance (ESR) and Electron Nuclear Double Resonance (ENDOR) 

methods have been used to study the factors that affect the photooxidation of water

soluble metalloporphyrins. ESR signals give information on the kinetics of forma

tion and decay of electron transfer products. ENDOR spectra aid in the identifica

tion of photogenerated paramagnetic molecules. ESR signals from porphyrin photo

excited triplets serve as an internal standard that can be used to establish the 

extend of photooxidation of the porphyrins. 

Molecules studied include zinc tetrakis(4-sulfonatophenyl)porphyrin 

(ZnTPPS), zinc tetrakis(4-trimethylammoniophenyl)porphyrin (ZnTTAP), and zinc 

tetrakis(N-methyl-4~pyridyl)porphyrin (ZnTMPyP). 

The photooxidation of these porphyrins in frozen and fluid solution with or 

'without added electron acceptors has been investigated. The effect of micelles on 

the porphyrin photochemistry has been studied as well. 

The admixture of anionic (ZnTPPS) and cationic (ZnTTAP, ZnTMPyP) porphyrins 

generates ZnP-/ZnP+ dimers and higher aggregates. The photooxidation of these ag

gregates in frozen and fluid solution has been investigated. A comparison of the 

photochemistry of these porphyrin monomers and dimers will be presented. 
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ENERGY TRANSFORMATIONS IN ORGANOMETALLIC COMPLEXES 

R.J. Watts, K.A. King, F.O. Garces, C. Craig, and A. Wilde 

Department of Chemistry, University of California, 
Santa Barbara, CA 93106 

K. Ichimura and T. Kobayashi 

Department of Physics, University of Tokyo 
Tokyo, Japan 

Recent studies of the excited state absorption spectra of complexes of the 

type Ir(NC)2(NN)+ where NC is an ortho-metalating ligand such as 2-phenylpyridine 

(ppy) andNN is a chelating ligand such as 2,2'-bipyridine (bpy) serve to 
identify the luminescent excited states of these species with a high degree of 

certainty. Excited state absorption spectra of the complexes Ir(ppY)2(bPY)+ and 

Ir(ppY)3 illustrate the power of this technique in characterizing excited 

states. The excited state absorption of Ir(ppY)2(bpy)+ consists of a seri~ of 

three features including distinct absorption maxima at 385 nm (C = 1.2 x 104 

M- l cm- 1) and at 490 nm (C = 3 x 103 M-1cm~1) as well.as a broad band which 

maximizes in the near-infrared region at wavelengths beyond 750 nm (C = 1 x 103 

M- 1cm- 1). The excited state absorption of Ir(ppY)3 contains only one distinct 
3 -1 -1 bandmaxim4m at 370 nm (C = 8 x 10 M cm ); the remainder of the unresolved 

absorption spectrum extends into the near-infrared region. The three bands 
+ observed in Ir(ppY)2{bpy) are characteristic of the bipyridine radical anion, 

and serve to confirm formulation of the low energy excited state as an Ir(III)
to-bpy charge-transfer. To our knowledge this is the first reported observation 
of the near-infrared absorption of bpy- in an excited state absorption of a 
metal-bpy complex. The excited state absorption of Ir(ppY)3 demonstrates that 

Ir(III)-to-ppy charge-transfer can be distinguished from Ir(III)-to-bpy charge
transfer, and provides the first characterization of the absorption featur~s of 
the former type of excited state. 

+ + 
In rigid glasses complexes such as Ir(PPY)2(bpy) and Ir(bzq)2(bpy) dis-

play two emissions from thermally non-equilibrated excited states. Results of 
the excited state absorption measurements serve to confirm that the lower energy 
emissive state arises from charge-transfer to the bpy ligand whereas the second, 
higher-energy luminescent state results from charge-transfer to the ppy or bzq 
ligand. Emission from each type of excited state has been fully resolved in the 
bzq complexes. Recent studies of the hetero-bimetallic species, 
Pd(ppy)(Cl)2(bzq)2Rh, indicate that it also displays a dual emission character-

istic of the Pd(ppy) and Rh(bzq)2 moieties. 
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