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FOREWORD

The Fourteenth DOE Solar Photochemistry Research Conference,
sponsored by the Division of Chemical Sciences, Office of Basic
Energy Sciences, was held June 3-7, 1990, at the Split Rock
Conference Center, in Lake Harmony, Pennsylvania. The meeting was
hosted by the Department of Applied Science of Brookhaven National
Laboratory.

This conference series brings together contractors and grantees from
the Division of Chemical Sciences' program of basic research on
solar photochemical energy conversion to report on their recent
research activities. Ideas are exchanged, problems resolved, and
collaborations initiated; all of which serve to strengthen and focus
the program. The meetings also provide interested government
officials an opportunity to assess the current status of the field.

The central themes of this year's meeting encompassed initial charge
separation in photosynthesis, photoinduced charge separation in other
organized assemblies, electron transfer, organic and inorganic
photochemistry, and photoelectrochemistry. This volume contains a
copy of the program, the abstracts of 29 formal presentations and 47
posters, a record of the discussion following each presentation, and
an address list for the 96 attendees.

I would like to express my sincere appreciation to Jack Fajer and
Kathleen Barkigia of Brookhaven National Laboratory for planning the
conference and for their adroit handling of various logistics
problems that arose during the meeting. Special thanks are also due
to the following:

John Axe, Associate Director for Basic Energy Sciences at
Brookhaven National Laboratory, for his opening address
concerning research needs on global change,

Michael Zerner, of the University of Florida, for his stimulating
plenary lecture on theoretical studies of the photosynthetic
reaction center,

Lars Furenlid, Mark Renner, and John Smalley, for their
assistance in organizing and running the meeting,

Steve Feldberg, for pinch-hitting when needed,

Ellie Karlund, for handling the registration desk and recording
the questions and answers,

Arleen Lancsarics, for initial preparations for the meeting and
completion of this volume,

Associated Universities, Inc., for hosting the opening reception,

and, of course, all the participants, whose enthusiasm and
intellectual interest made the conference a stimulating and
enjoyable experience.

Mary E. Gress
Fundamental Interactions Branch
Division of Chemical Sciences
Office of Basic Energy Sciences
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Session I

Mary E. Gress, Chairman



THEORETICAL STUDIES OF BACTERIAL REACTION CENTERS

Michael C. Zerner and Hark A. Thompson
Quantum Theory Project
Department of Chemistry
University of Florida

Gainesville, Florida 32611

An INDO quantum mechanical model (Intermediate Neglect of
Differential Overlap) has been used to examine the electronic
configuration and spectroscopy of large systems. The model is
parametrized directly on observed spectroscopic signatures of model
compounds at the configuration interaction-single excitation level
of theory.

We have examined the electronic structure and spectroscopy of
models of the photosynthetic reaction center found in
Rhodopseudomonas viridis to better understand the initial
photochemical event that leads to the primary charge separation in
photosynthesis. Initial studies centered on magnesium porphyrins
and isolated bacteriochlorophyll, and we describe the significance
of removing the four-fold symmetry of porphyrins in shifting
absorption strength to the lower lying transitions necessary for
an effective photochemical system. We then examine the role of the
"special pair", and show that the red-shift observed in the
reaction center can be explained entirely on the basis of the pair
formation itself.

We have extended the theory to all six chrouophores that constitute
the active portion of the reaction center. We find a propensity
for electron transfer in the L branch over the similar, but
inactive, M branch, a consequence of slightly different structures.
No direct role is assignable to the auxiliary bacteriochlorophyll
that bridges the donor pair and the acceptor bacteriopheophytin in
the charge transfer process. In addition, an important role is
offered for the protein in stabilizing the charge transfer states,
one that is suggested by modelling the protein environment as a
polarizable medium using self-consistent reaction field theory.

- 3 -



DISCUSSION

Spiro: With respect to the reaction field calculations, it
offends a protein chemist's sensibility to think of a
protein as cyclohexane. It is full of dipoles and H-
bonds. If these were included realistically, wouldn't
the distance dependence of the charge transfer stabiliza-
tion be reduced.

Zerner: Of course, we have treated the protein by the simplest
possible model, as a dielectric continuum, and specific
protein moieties could be very important. For example,
the tyrosine that Jim Norris discusses might lower the
Pair -+ BChl charge transfer state sufficiently to play a
role in the Pair -* BPheophytin charge transfer, a role
that our present results do not suggest. The presence of
many charged groups without specific interactions would
probably reduce the effect we predict by the self-
consistent reaction field model, but I do not believe by
very much.

Chandler: Your's was a beautiful and very interesting talk. I have
several questions to ask (e.g., comparing the energetics
of your calculations with those of Schulten et al. and
Plato; and what about coupling matrix elements that
govern the rate). Because I cannot possibly ask all the
questions I would like, let me only ask for one clarifi-
cation. Can you please expand a bit on the four-orbital
model you have used in your calculations and contrast
your methods with Gouterman*s theory and PPP calcula-
tions?

Zerner: We use the "four-orbital" model to guide our thinking on
these systems. Each chlorophyll is given two nearly
degenerate occupied orbitals and two nearly degenerate
empty orbitals. These four excitations then combine to
yield the visible "Q" bands and the near UV "B" or Soret
bands. Although this simple picture is not complete for
the higher energy B bands, it does capture much of the
physics of the important lower energy Q states.
With six chromophores, this model suggests a minimum of
twelve occupied and twelve virtual orbitals - 144 singly
excited states in the CI, a criticism of some of the
previous calculations on the reaction center which did
not include at least this number of states.
In fact, the size of the CI we perform on these systems
is far greater than 144, and is in the thousands.
Nevertheless, the essential features of the "four
orbital" model persevere and make a particularly conve-
nient scheme in which to discuss these states. Re PPP
calculations, the four-orbital model was originally
verified by such calculations, and I do not believe the
description of the Q bands would be very different for



PPP calculations from those that we have obtained using
this INDO model. The PPP model does, however, have some
problems in anticipating the effects of non-planarity and
substituents as it is only a n electron method.

Fayer: Your calculations show the importance of the "solvent" in
stabilizing the states. For absorption spectra, you
properly point out that it is the high frequency
polarizability (electron polarization) which is impor-
tant. The type of calculation that you perform puts the
auxiliary chlorophyll at much higher energy than the
pheophytin. Isn't it possible that structural relaxation
of the protein could stabilize the auxiliary chlorophyll,
making it a low enough energy state to accept the
electron? Does your calculation rule this out?

Zerner: Structural relaxation of the protein has, of course, not
been included in these calculations. In the dielectric
continuum model structural- or reorientation- relaxation
would be uniform and would depress further those states
with the largest dipole. Since the pair -• pheophytin
charge transfer state has a dipole nearly twice as large
as the pair -+ auxiliary-bacteriochlorophyll state, and
the former is already at lower energy, even without
consideration of the polarizability of the protein, the
latter state is unlikely to be populated according to
this model. But, of course, you are right that if there
is a specific structural relaxation between the protein
environment and the pair -*• auxiliary-bacteriochlorophyll
charge transfer state, this could play a role. But what
is this specific interaction?

Seibert: There are many similarities between the bacterial
reaction center and the reaction center of photosystem
II. However, the red shift of the primary donor of
photosystem II (P680) is very small compared to the
analogous bacterial case. Can you determine if P680 is
a monomer or a dimer and, if the latter, why the shift is
so small?

Zerner: The size of the red shift that we calculate for the
dimers becomes larger as the interplanar spacing becomes
smaller, the charge-transfer Q states become lower and
the ground state dipole becomes larger. Assuming
photosystem II has the special-pair, preliminary calcula-
tions assuming the same separation as observed in viridis
predict a smaller red shift, in agreement with the
experimental observations. We like the idea of dimer
formation causing the red shift in a robust manner, thus
guaranteeing that the reaction center becomes the photo
trap, but we cannot rule out electrochromic or "protein"
effects leading to red shifts in Chi monomers.



Newton: As an alternative to obtaining excited state wave
functions as single-excitation CI from the SCF ground
state, one can attempt direct excited state SCF calcula-
tions, taking due account of orthogonality to the ground
state. Have you explored the direct SCF approach in your
work?

Zerner: No, we have not done this, although, of course, this
would not be difficult. In some cases, especially where
we would like the geometry of excited states, this could
have some real advantages as it is far easier to obtain
geometry through SCF calculations than CI calculations.
In those cases in which the excited state is of a
different symmetry than the ground state, this
orthogonality is immediately insured. In those cases we
have examined that do have this symmetry constraint, the
Cl-singles procedure and the direct SCF method yield very
similar results for excitation energies and excited state
populations. We have not yet explored the CI method for
geometries.

Stevens: If the "special pair" is excited by energy transfer from
accessory pigments, why must it have oscillator strength?

Zerner: Most models for energy transfer between excited states
couple the transition moments of the states involved; in
this case, the rather large transition moments of the
absorbing antenna with that of the lowest excited state
of the pair. This matrix product is then squared leading
to a roughly R'6 dependence in the coupling. Perhaps
this energy transfer occurs directly, or perhaps through
the auxiliary BChl molecule. Other possible mechanisms,
such as exchange coupling, are very short range.

Jones: Using the INDO procedure, many two electron interactions
(J and K integrals) are neglected. In calculations
dealing with the approach of two Chi molecules, what
selection of integrals is made involving electrons on
different rings. In effect, what are the most important
intermolecular interactions selected for explicit
treatment?

Zerner: The various exchange and Coulomb integrals over molecular
orbitals are all calculated, but three- and four-center
integrals over atomic orbitals are neglected. This
reduces the computation of integrals from N4 to NE,
roughly a factor of (1500)2 for the reaction center.
This does mean that exchange integrals between units are
likely to be underestimated, but these are quite small
anyway. These are small because the molecular orbitals
that we calculate are generally localized on one unit or
the other. I do not believe that underestimating these
exchange integrals at the observed geometric structure
will have an effect on the calculated absorption spectra.



Underestimating these integrals might have a small effect
if we were to attempt to calculate the geometric rela-
tionship between the monomeric units.
The two-electron Coulomb integrals are well represented
by this theory. They are important in these calculations
and we would quickly know about deficiencies.

Linschitz: In the simplest form of exciton theory, one would
expect that the lowest energy optical transition of the
dimer would have the weakest absorption, rather than the
strongest, the opposite of your results. Is this simply
a matter of the geometry of the transition moments?

Zerner: This is an interesting point. The component of the
exciton that is allowed depends on the phase of the
wavefunction and the signs of the transition moments. In
face-to-face dimers the lowest energy component is "bond-
ing" or in-phase, causing the transition moments to
cancel. These transition moments of the individual
monomers then reenforce in the higher energy (out-of-
phase) component. In the special pair, only one rings
overlaps. The bonding component of the n* orbitals of
the two monomers changes the phases of the transition
dipole, causing the lowest energy component of the
excitonic states to be the allowed state. This is easy
to visualize from a simple picture of the dimer that
overlaps only over one of the pyrrole rings.
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INVESTIGATION OF THE MECHANISMS OF CHARGE SEPARATION
IN NATURAL AND ARTIFICIAL PHOTOSYNTHESIS

J. R. Norris. L. Chen, T. DiMagno*, J. Tang and M. C. Thurnauer

Chemistry Division, Argonne National Laboratory,
Argonne, IL 60439

'Department of Chemistry, University of Chicago,
Chicago,IL 60637

Our understanding of natural and artificial pbctor ithesis has advanced significantly in the last
twenty years. Presently, two mechanises for the initial charge separation act of natural
photosynthesis dominate as explanations for the initial act of photo-induced electron transfer in the
photosynthetic purple bacteria. One of these mechanisms proposed by Zinth et al. involves a direct
jump (i.e., within 3.5 psec) of the electron from the special pair donor to an intermediate acceptor,
another molecule of bacteriochlorophyll. Almost immediately (i.e., within 0.9 psec) the electron then
proceed* to the primary acceptor, a molecule of bacteriopheophytin. Since the electron leaves the
Intermediate acceptor faster than it arrives there, no significant buildup of reduced intermediate
species occurs. Also, this mechanism offers a simple explanation for the slow (IS nsec) back reaction
for charge recombination or annihilation. The second mechanism involves superexchange via an
intermediate acceptor (or donor). In this explanation the molecular orbitals of the intermediate
acceptor are quantum mechanically mixed with those of the primary donor special pair such that
electron transfer can proceed rapidly to the distant bacteriopheophytin. In contrast to the direct jump
mechanism as previously described, a more complicated explanation is required for the slow back
reaction. In other words, if the superexchange mechanism is in operation, prevention of charge
recombination and self-annihilation within IS nsec is a unique feature of photosynthesis.

When mimicking photosynthesis, the same two mechanisms aiso dominate. Likewise, the use
of superexchange as the mechanism of charge separation presents more problems for the prevention
of charge annihilation. Such considerations are important for efficient and stable charge separation.
Thus we felt compelled to establish more definitely the role of superexchange, if any, in bacterial
photosynthesis.

In an effort to complete our understanding of the details of bacterial photosynthesis we have
conducted a series of investigations of the singlet state as well as the triplet state. Both the
spectroscopy and the photochemistry of a series of unnatural reaction centers have been explored.
These studies include genetically modified reaction centers of Rb. sphaeroides1 and Rp. capsulata2.
Not only are these unnatural reaction centers crucial to explaining the spectroscopy and quantum
chemistry of the photoactive donor-acceptor complex but they also allow detailed investigation of the
mechanism of charge separation. In particular, the role of "protein solvent" and its effect on the
process of charge separation have been pursued. The basic principle of these studies is to measure
the physical and chemical properties of both the fast forward reaction of photosynthesis as well as the
back reaction that leads to charge recombination. We note that both the forward and the back
reaction take place over essentially the same distance and thus we attempt to model the forward and
backward electron transfer rates using a self consistent set of parameters with a common distance.

In addition we looked at several mutants where both the forward rates and the backward rates
have been changed. Presently, we are assuming that the distances of electron transfer are the same
even though the mutations have produced changes in the reaction rates, presumably because of
changes in the free energy of the reactants and not in the distances between the donors and acceptors.
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Certainly, all evidence supports that changes in distance are small. In addition to changes in free
energy of the reactants, the possibility that small structural changes, primarily orientational in nature,
have a significant effect on the matrix elements of electron transfer is also likely. Eventually, the
nature of any structural changes can be calibrated by checking the structure in some of these mutants.
Again we attempt to model these systems with a common and small set of electron transfer
parameters. By this approach we hope to support one mechanism or the other, i.e., direct jump or
superexchange.

Despite ambiguity concerning the exact mechanism of natural photosynthesis, the design and
building of artificial photosystems is a practical reality. Artificial systems have been developed by
several groups to probe both of these mechanisms. As a result of a detailed examination of reaction
centers and these genetically modified photosynthetic bacterial reaction centers, we have refined our
criteria for the artificial duplication of natural photosynthesis. In addition, we will evaluate the
various attempts at artificial photosynthesis in terms of our refined criteria for the artificial
duplication of natural photosynthesis.

1. Provided via collaboration with Joe Farchaus, D. Oesterhelt, and Josef Wachtveitl, Max-
Planck-Institut fur Biochemie, Munich, Germany.

2. Provided via collaboration with Debbie Hanson of ANL or Doug Youvan of MIT.
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DISCUSSION

Zerner:

Norris:

Tollin:

Norris:

Newton:

Norris:

Can you estimate the amount of charge transfer associated
with the lowest lying excited states in the special pair?
Our calculations suggest about 0.25 electrons for the
lowest singlet in viridis.

Based on our interpretation of the triplet EPR experi-
ments, the charge transfer in the triplet state of the
special pair ranges from 12 to 25%. Stark spectroscopy
done on the excited singlet state of the special pair
gives about 10% charge transfer. These numbers are
highly model dependent. The Stark spectroscopy appears
to support the existence of net charge transfer in the
singlet manifold without a doubt, even though the amount
of charge resonance is less certain.

In the case of the last mutant you described, in which
the pheophytin has been removed, are there any spectral
changes which would indicate changes in the structure of
the RC? I would guess that a change as drastic as
removal of one of the pigments would cause some serious
rearrangements in the structure of the system. Until the
structural consequences of this mutation have been
elucidated, it may be somewhat premature to draw any
conclusions about functional properties.

My own feeling is that, relatively speaking, few struc-
tural changes have occurred. I say this because I
believe that the membrane-spanning helices provide the
primary structural forces and these have changed little.
However, of course, rigorously you are correct. Attempts
will be made to determine the structure of such poten-
tially interesting mutants. I should point out that
everyone worked for years, drawing many, essentially
correct conclusions before any structures were known on
the level you are proposing. Not to draw any conclusions
would, in my opinion, greatly slow progress in under-
standing the chemistry of solar energy conversion.

For the purpose of theoretical calculations, it is impor-
tant to know how accurate the chromophore coordinates are
(bond lengths and bond angles), in contrast to the global
accuracy reflected in the R factor. In particular, what
force fields are used in the least squares refinement of
the viridis and spheroides structures?

Our present structure has a resolution of 3.1 A with a R
factor of 0.22, all obtained without molecular dynamics.
Additionally, the structure has been refined with a
program called X-plor which uses molecular dynamics
constrained by the crystallographic data. In my experi-
ence, molecular dynamic procedures work reasonably well
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with proteins but not bacteriochlorophyll-like molecules.
Thus, I believe it not yet possible to determine the
structures of the macrocycle very accurately, at present,
in reaction center proteins. since an individual atom
position is known to an accuracy of 0.4 to 0.7 A,
location of individual atoms are necessarily that
accurate. However, location of groups of atoms are known
with considerably increased accuracy.

Fajer: If the acceptor bacteriopheophytin is replaced by a
bacteriochlorophyll, that results in two BChls as
potential acceptors. How does one know that the mutant
BChl is the acceptor as opposed to £he native BChl. Does
the rate of electron transfer of the next step, i.e. to
the quinone, change significantly.

Norris: In practice, I doubt whether the answer to this question
is known via experiment. To answer this question experi-
mentally, the plane of polarization of the two different
bacteriochlorophylls could be followed as a function of
time since, presumably, the angles of orientation of the
different bacteriochlorophylls are quite different.

Payer: Can you give us some idea on the error bars on the
various time measurements like 2.8 psec, 3.5 psec, 0.9
psec? How are these measurements made, pump-probe at a
single wavelength, at many wavelengths? You mentioned
that there could be a different mechanism for the
electron transfer at room temperature vs. low tempera-
ture, i.e., hopping with the auxiliary chlorophyll as
intermediate vs. direct transfer to the pheophytin.
Could you explain the possible reasons for this?

Norris: The errors in determining the picosecond kinetic rate
constants are of the order of 5 to 10 percent. However,
one must keep in mind that these reported rates are
dependent on the model used to simulate the experimental
kinetic data. One pumps at a single wavelength and
measures with white light continuum. This is repeated
for more than one pump wavelength. Dewey Hoi ten and
Chris Kirmaier of Washington University find a variation
in the fast kinetic component (i.e., the one near 2.8 ps)
as a function of probe wavelength at room temperature
whereas, at low temperature(«4K), they find kinetics
independent of wavelength. On the other hand, Wolfgang
Zinth of Munich models his data with a rate constant
independent of wavelength. As a result, Zinth finds two
kinetic components, one corresponding to 3.5 ps and a
faster one of 0.9 ps. Zinth has only done his experi-
ments at temperatures near room temperature. Recently,
Jortner, Bixon and Michel-Beyerle have proposed that, at
room temperature, both superexchange with the bacterio-
chlorophyll bridging the gap between the special pair and
bacteriopheophytin as well as an indirect jump to this
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intermediate bacteriochlorophyll occurs. But, as the
temperature is lowered, as the nuclear motions decrease,
the intermediate bacteriochlorophyll has too high an
energy to be considered in an indirect jump model. At 4
K, with highly restricted motion, only superexchange can
occur. Such a dual mechanism could be consistent with
both Zinth's and Holten's data.

Chandler: Perhaps I can get some clarification: You say the RC has
a high degree of symmetry, but the viridis coordinates
(when we have examined them on our graphics computer)
show significant asymmetry. The special pair is signifi-
cantly closer to the pheophytin on the L branch than on
the M branch. With this fact in mind, the asymmetry in
the primary ET could be a straight forward consequence of
electronic state couplings. Is spheroides more symmetric
than viridis? Do you know the spheroides distances well
enough to make a definite statement on that?
Second, you say the primary ET is markedly asymmetric by
a factor of 200/1. I thought the experimental numbers
were actually 20/1 and 5/1 for viridis and spheroides,
respectively. What's correct?
I have some related questions for Hike Zerner: Since Jim
Norris feels electrostatics is important, a check on your
methods for estimating electrostatic effects would be
useful. How do your calculations of charge distributions
for the RC compare with those of Plato? Further, since
Schulten and coworkers have studied the protein stabili-
zation of the primary charge separated state, perhaps you
might compare your estimates with the results of
Schulten's molecular dynamics. Do you believe such a
comparison could be a meaningful test of your calcula-
tions?
Also, with regard to electrostatics, Zerner showed a
schematic of what he believes are the diabatic potential
energy surfaces for states such as P+ and P+ - BPL". Where
on that schematic plot would he draw P*-BPM"?

Norris: Certainly, asymmetries are well known to exist in the
structure. All interpretations of the asymmetry, of
which I am aware, based on differences in distances
between components on one side versus the other side,
have not been consistent with the experimental observa-
tions. That is, they predict too little difference in
the rate of chemistry on one side versus the other.
Tiede's results indicate that a difference of at least
200 exists between the two halves. Factors of 10 to 30
have been invoked based on differences in the distances.
If the interpretation of this mutant lacking the L-side
bacteriopheophytin acceptor is correct, then factors
greater than 1000 may be required. Such large factors
indicate that the energetics of the M-side are unfavor-
able and that small distance asymmetries are not impor-
tant.
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Tiede: In response to the second part of the question: Those
very low ratios of rates of electron transfer down each
branch of the reaction (kL/kM) of « 5 are in sphaeroides.
The viridis data are almost certainly wrong. They came
from deconvolution of fluorescence decay kinetics in
Michel-Beyerle's lab. They were always anomalous and
never matched spectra of transient states where evidence
for the involvement of the M-side bacteriopheophytin has
nevex been seen. In fact, subsequent transient absor-
bance experiments in Michel-Beyerle's lab also failed to
detect an involvement of the M-side bacteriopheophytin,
and they quote 40:1 as the lower limit for kv/kL in
sphaeroides. The 200:1 ratio quoted by Jim Norris came
from our own work in viridis, where we pre-reduced the L-
bacteriopheophytin and looked for direct flash-induced
electron transfer to the M-bacteriopheophytin.

Zerner: Using the structure of viridis, we calculate that the
pair to pheophytin excitation on the L side lies some 900
cm"1 lower than that of the M side. Without considering
dynamics, this energy difference, by itself, would favor
the L side by almost a factor of 70. Since we have not
included the protein specifically in these calculations,
this suggests that the asymmetry of the L and M side,
perhaps caused by the protein, is sufficient to favor the
electron transport along the L side.
We have looked at electrochromic effects on the system,
and they can be sizeable. The results I reported here do
not include specific charged groups.
We have not estimated the stabilization of the charged
separated species due to the protein. We can estimate
this from the vertical depression of the charge transfer
excitations from the polarization of the protein treated
as a dielectric medium at almost -20 kcal/mole. Geomet-
ric relaxation of the protein on the reaction center,
itself, would increase this number.
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ON THE QUESTION OF SIMILARITY IN STRUCTURE AND TRANSPORT
DYNAMICS OF THE PS II AND BACTERIAL REACTION CENTERS

G. J. Small. D. Tang, R. Jankowiak,
Ames Laboratory, Iowa State University, Ames, IA 50011

and M. Seibert
Solar Energy Research Center, 1617 Cole Boulevard, Golden, CO 80401

The isolation by Nanba and Satoh of the Dl-D2-Cyt b-559 reaction center
(RC) complex of photosystem II (PS II) from spinach [1] has stimulated questions
about structural and functional similarities between PS II and bacterial RC. We
are particularly interested in comparison from the viewpoints of energy transfer,
primary charge separation and excited electronic state structure of the pigment
aggregate in the RC. The principal experimental tool employed is spectral hole
burning [2]. For photosynthetic protein-pigment complexes hole burning may be
performed in either the photochemical, nonphotochemical or population bottleneck
modes, depending on the excited state of interest. In our laboratory the
technique has been successfully applied to antenna complexes from PS I, the green
bacterium P. aestuarii, the purple bacterium Rh. rubrum and the RC of both PS I
and II from green plants and of the purple bacteria Rps. viridis and
Rb. sphaeroides (see publs.). As a result, it is now clear that spectral hole
burning is a powerful high resolution frequency domain window on excited state
processes in the photosynthetic unit, capable of improving the resolution of
optical spectra by 2-4 orders of magnitude. In addition to providing for excited
state assignments, the spectra yield valuable information on the optical
reorganization energies from low frequency protein phonons and inter-pigment
modes, the intramolecular modes of pigment excited states, inter-pigment coupling
strengths and the contribution of inhomogeneous broadening to absorption
bandwidths.

This paper begins with a brief review of the key results of our studies on
the RC of Rps. viridis and Rb. sphaeroides. These include: the unraveling of
the primary electron donor state (P*) absorption profile (P960/P870), e.g., the
identification of an intermolecular special pair marker mode (wsp » 120 cm"

1)
progression; that no ultra-fast electronic relaxation of P* precedes formation
of the charge separated state P+BPheo~; and that thermalization of relevant
protein-pigment modes occurs on a timescale which is fast relative to charge
separation (=1 ps) . New data are presented which show that the Qy-states of the
accessory BChl and BPheo pigments relax (due to downward energy transfer) in the
remarkably short time of 30-50 fs. It is argued that such ultra-fast decay
cannot be understood in terms of conventional theories (Forster or Davydov) and
an alternative mechanism is suggested.

Hole spectra of unprecedented detail (see Figs. 1 and 2 for examples) for
the primary donor state (P680*) and accessory Chi a states of the PS II RC are
then discussed. Although the kinetics for primary charge separation (P680+Pheo~)
are very similar to those for Rb. sphaeroides, the aforementioned marker mode
progression is absent. This suggests that if P680 is a special pair (the
structure of the PS II RC is not known) , Its geometric and/or excited electronic
state structure must differ significantly from that of the purple bacteria.
Furthermore, it is found that downward energy transfer from the accessory Chi
Qy-state is over three orders of magnitude slower than in the bacterial RC!
Possible reasons for this surprising result are considered. The spectra also
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establish that the mean zero-point energy of the Qy-state of the active Pheo is
=40 cm"1 lower than that of P630* at 4.2 K. Finally, the current controversy
concerning the pigment composition (e.g., Chl/Pheo ratio) of the PS II RC is
briefly discussed. It is proven that the Seibert [3] and Yocum [4] preparations
are identical (these results and others pertaining to the effects of detergent
on the PS II RC are the focus of the poster by M. Seibert et al.).
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Fig. 1. Absorption and persistent hola
burnad spactra of PS II RC in tha absanea
of detergent. *.2K. Hola burning condi-
tions: burn intensity - 200 nW/cm2; burn
Lima - 20 min; Ab - 665.2 nm (coineidant
with sharp ZPH). Broad sate l l i ta hola at
681.6 nm (solid arrow) i s a manifestation
of downward anexgy transfer from pigmants
excited at Ab.
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Fig. 2. Transient hole burned spectrum
of P680 obtained in the absence of
detergent, 4.2 K and Ab - 682.3 nm. The
ZPH at Ab has a width of =5.5 cm"

1.
Broader features at Afa z 20 cm*

1 are
phonon sideband holes. Inset spectrum:
P680 hole profile obtained under non-line
narrowing conditions with Ab - 665 nm.

1. 0. Nanba and K. Satoh, PNAS, USA 84. 109 (1987).

2. "Topics in Current Physics, Persistent Spectral Hole Burning: Science and
Applications"; Vol. 44, W. E. Moerner, Ed.; Springer-Verlag, New York, 1988.

3. M. Seibert e t a l . , Plant Physiol. 89, 452 (1989).

4. C. Yocum e t a l . , FEBS Letters 154, 150 (1989).
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DISCUSSION

Miller:

Small:

Fajer:

Small:

For the charge separated state P+B" of the bacterial
reaction center, you stated that it should be character-
ized by very strong electron-phonon coupling (large
optical reorganization energy) with an S-value of about
20. How did you arrive at this estimate for S?

I considered a dimer problem where the excited state has
a fractional charge-transfer character defined by q and
the geometry change occurs along the line of centers of
the two monomers. It is easy to show that S (measured
relative to the ground state) is proportional to q^/R4,
where the R is the equilibrium distance between the two

*monomers. For P,* we have measured S
T0TAL

« 3.5 for q
0.3 (according to the calculations of Parson and
Warshel, and Zerner and Thompson) . For P+B", q = 1 and
if we take the ratio of the R values to be 0.5, one
arrive at a value of S for P*B" of 20. I would note also
that Bixon and Jortner (1989) explained the T-dependence
of primary charge separation in bacterial RC by invoking
a AS-value of « 20 for P* and P*H".

In spite of the apparent similarities between the primary
donors of bacteria and of photosystem II in green plants
(P680), the properties of the latter are very different.
If P680 is a dimer, its configuration may differ from
those of the bacterial donors and/or its protein environ-
ment helps to raise its oxidation potential. Can you
distinguish between different "solvation" spheres?

The fact that P680+ is a powerful oxidant has much to do
with the ability of the PS II RC to split water.
Realistically, it won't be until we know the structure of
this RC and the primary donor that we will be in a
position to begin to assess the relative contributions
from the protein solvation sphere and the structure of
the primary electron donor to the oxidizing potential of
P680. Nevertheless, the unprecedented resolution of
spectra hole burning has provided us with a detailed
picture of how optical transitions of Chi pigments couple
to delocalized protein and localized "phonon11 modes, as
summarized in my abstract. Thus, we are able to con-
clude, for example, that if P680 is a special pair, its
geometry and/or excited electronic structure differ
significantly from those of the primary donor of the
bacterial RC. Nevertheless, the primary charge separa-
tion kinetics for the PS II and bacterial RC are similar,
although energy transfer from the accessory pigment Q -
states of the PS II RC is about three orders of magnitude
slower than in the bacterial RC. There are similarities
but important differences between the two types of RC.
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I should mention that our polarized hole burning studies
of P680 have failed to reveal any evidence for an upper
dimer component. Thus, if P680 is a special pair its
geometry must be such as to render the upper component
dipole forbidden. Concerning your last question, we
should remember that spectral hole burning is an elec-
tronic spectroscopy and that the structural information
it provides for strongly allowed transitions is restrict-
ed to modes along which the pigment-protein host under-
goes a geometry change in the excited state. Thus, it
speaks to excited state geometry. Pre-resonance or
resonance Raman is the more powerful approach for probing
ground state structure associated, for example, with
specific interactions between amino acid residues and
polar substituent groups of the chlorophylls.

Linschitz: My question is related to much of the general discus-
sion this morning on the properties of the special pair,
particularly in view of the extensive inhomogeneous
broadening in the dimer band indicated by Dr. Small.
Suppose we assume, following Joe Katz, Jim Norris and
others, that photochemical charge separation in photosyn-
thesis begins with ionic contributions tc the excited
dimer structure. However, the charge movement leading to
polar structures, accompanying excitation of the special
pair dimer, is apparently far from unidirectional,
although a dipole moment for this state can be observed.
Is this an average moment? How can this ambiguity in the
polarity of the excited dimer be reconciled with a high
quantum yieldf (even unity as far as it is known!) for
the very fast, unidirectional charge transfer step out of
the dimer?

Small: That the primary donor state P* of bacterial RC possesses
significant charge-transfer character is now on a firm
footing. The strong coupling of P* to protein phonons
and the special pair marker mode we have completely
characterized by hole burning is very difficult to
reconcile in terms of a neutral dimer exciton state. The
Stark results of Feher and Boxer also prove that P* has
a significant permanent dipole moment, consistent with an
asymmetric CT character. The calculations of Parson and
Warshel and, more recently, Thompson and Zerner indicate
that about 0.3 e" characterizes the extent of the CT
character for P*. I do not believe that the Stark
measurements can be used for a definitive assignment of
the sense or direction of P*'s permanent dipole moment.
As I recall, Mike Zerner indicated in his talk that the
negative end of the dipole is on the PL monomer of the
pair. But it should be noted that the edge-to-edge
distance between PH and BL is, within a few tenths of an
A, the same as the distance between PL and BL. Concern-
ing the ambiguity you have raised, I wonder if there is
one. That is, I don't see that a unit quantum yield for
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charge separation cannot go hand in hand with selective
transfer down the L-branch originating from a primary
donor state with a permanent dipole moment resulting from
unequal weighting of the two possible charge-resonance
configurations. For equal weighting, there would be no
contribution to the permanent dipole moment. Finally,
whether the significant inhomogeneous broadening we
measure for P870, P960 and P680 implies that one has a
distribution of values for the permanent dipole of P* and
that what one measures is an average value is an inter-
esting question. Recently, Holten and Kirmaier have
concluded that the kinetics of primary charge separation
are dispersive.

Zerner: We calculate something of the order of 0.25 electron
transferred from one monomer to the other in the special
pair upon excitation. Since our calculations show that
this happens in the isolated special pair, as well as in
the reaction center we examined, we assume this is caused
by the geometric distortions in the pair itself. The
lowest energy transition, however, is 90% or more the
lowest component of the excitonic pair. This makes sense
"physically" as it maintains the high transition proba-
bility of the monomeric units.
We speculate that the pair-to-bacteriopheophytin charge
transfer excitation lies 1,200cm"1 above this lowest
lying pair transition and crosses it with a modest change
in geometry, or with protein relaxation.
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MONITORING SEQUENTIAL ELECTRON TRANSFER WITH EFR

M. C. Thurnauer. L. L. Feezel*. A. L. Morris**, S. W. Snyder
R. R. Rustandi**, J. Tang and J. R. Norris

Chemistry Division, Argonne National Laboratory,
Argonne, IL 60439

•Present Address: Savannah River Laboratory, Aiken, SC 29808

**Departmant of Chemistry, The University of Chicago,
Chicago, IL 60637

An understanding of the nature and magnitudes of radical-radical interactions in
systems which undergo sequential electron transport is particularly important for
determining the necessary structural and energetic requirements for these systems
to ultimately achieve efficient charge separation. Electron paramagnetic resonance
(EPR) spectroscopy has been the prime tool for studying these interactions,
beginning over three decades ago with studies mainly of static radical pairs found
in single crystals and randomly oriented in frozen solutions.

With the development of time-resolved EPR methods, it became possible to
indirectly study transient radical pair interactions by monitoring the electron spin
polarization (ESP) found in freely diffusing radicals since the ESP is a reflection
of radical-radical interactions which occur prior to observation of the radicals.
Subsequently, transient interacting radical pairs whi h exhibit ESP have been
directly observed in photosynthetic systems and in radical reactions taking place
in diffusion-restricted systems. As time resolution and sensitivity of EPR
techniques continue to improve, one expects that ESP in interacting radical pairs
will be found in a large number of chemical systems.

Initially the ESP found in interacting radical pairs was treated as if these
pairs were formed directly from an excited precursor without any intervening
radical-radical encounters. A more realistic characterization, particularly in
cases of sequential electron transport, Is that a radical will be a partner in other
radical pairs formed prior to the one which is observed. We have described a
completely general model which treats ESP found in a system in which radical pairs
with different magnetic interactions are formed sequentially. We are applying our
treatment specifically to the ESP found in the bacterial reaction center. Test
cases show clearly how parameters such as structure, lifetime, and magnetic
interactions within the successive radical pairs affect the ESP, and demonstrate
that previous treatments of this problem have been incomplete.

The photosynthetic bacterial reaction center protein is an ideal system for
testing the general model of ESP. The radical pair which exhibits ESP, Pg70Q" (Pj70
is the oxidized, primary electron donor, a bacteriochlorophyll special pair and Q"
is the reduced, primary quinone acceptor) is formed via sequential electron
transport through the intermediary radical pair Pg70I" (I" is the reduced,
intermediary electron acceptor, a bacteriopheophytin). In addition, it is
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possible to experimentally vary most of the important parameters, such as the
lifetime of the intermediary radical pair and the magnetic interactions in each
pair.

We have shown how selective isotopic substitution (*H or 2H) on P870, I, and Q
affects the ESP of the EPP. spectrum of Pg7oQ~. observed at two different microwave
frequencies, in Fe3+-depleted bacterial reaction centers of Rhodobacter sphaeroides
R26. Thus, the relative magnitudes of the magnetic properties (nuclear hyperfine
and g-factor differences) which influence ESP development were varied. The results
support the general model of ESP in that they suggest that the Pg70Q' radical pair
interactions are the dominant source of ESP production in 2H bacterial reaction
centers. However, considering the fact that the lifetime of the intermediary pair
in Fe2+-depleted reaction centers has been reported to be approximately 20 times
longer than in reaction centers containing a divalent metal ion, our model suggests
that the intermediary radical pair may contribute to ESP production in *H bacterial
reaction centers which have larger nuclear hyperf ine coupling terms than JH bacterial
reaction centers. To investigate the importance of Pg7oQ~ radical pair interactions
in *H bacterial reaction centers and the dependence of ESP production on the lifetime
of the intermediary pair, we have conducted time-resolved EPR experiments using *H
bacterial reaction centers in which the divalent metal ion has been replaced either
biochemically or biosynthetically by Zn2+. (This work is in collaboration with Dr.
F. Reiss-Husson, Centre National de la Recherche Scientifique, France and Dr. A. U.
Rutherford, Centre Etudes Nucleaires de Saclay, France.) Since Zri3+ is diamagnetic,
quinone-metal magnetic interactions do not interfere with the observation of the
Pg70Q~ ESP signal, and the lifetime of the intermediary pair in the Zn

2+-reconstituted
reaction centers has been found to be the same as that of the native Fe2+-containing
reaction centers, end is too short for ESP to develop in the intermediary pair. The
spectra we have obtained exhibit g-factor shifts and intensity differences which
qualitatively follow the trends predicted by our general model of ESP development.
The lifetime of the intermediary pair can also be varied by changing the quinone
acceptor or genetically modifying the bacterial reaction center protein. We are
beginning to study how these modifications affect the ESP (in collaboration with M.
Gunner, Columbia University, New York; P. L. Dutton, University of Pennsylvania; D.
Hanson, ANL and D. Youvan, MIT).

Time-resolved EPR experiments on plant photosystem I (PSI) particles give rise
to an ESP-EPR signal similar to that observed for Pg70Q~ in bacterial reaction
centers. We have previously suggested that this signal is due to the oxidized,
primary chlorophyll donor of PSI, P700 and a reduced, quinone-like acceptor. Vitamin
Kj is the only quinone found in stoichiometric quantities in PSI. It can be
extracted with organic solvents from PSI particles. We have demonstrated that the
ESP signal is not observed in a time-resolved EPR experiment on PSI particles in
which vitamin Kx has been extracted. (This work is in collaboration with Prof. J.
Biggins, Brown University.) Addition of vitamin Kj to the sample restores the ESP-
EPR signal in plant PSI. We are presently studying the effects of adding a variety
of quinones to the extracted particles. Our general model of ESP should help in
determining if a quinone acts as an endogenous or exogenous acceptor.
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DISCUSSION

van Willigen: You show the effect of lifetime changes of the RP on
the EPR- The shape of the signal, of course, depends as
well on the value of J and the resonance frequency
difference of the radicals making up the pair. In
practice, how do you sort out which one of these parame-
ters plays a role in changing the signal? For instance,
in the case of the system with and without Zn2+.

Thurnauer: In the calculated spectra we have maintained all para-
meters constant and varied the lifetime of the intermedi-
ary pair. In the case of the reaction centers with and
without Zn2+, we have assumed so far that the structure
does not change with metal removal or replacement. We
would like to check this by studying fully deuterated
Zn2+-containing reaction centers. We know from previous
experiments on the iron-depleted deuterated reaction
centers that the electron spin polarization is due
predominantly to P+Q" magnetic interactions. Thus, if
the structure does not change with iron removal or Zn2+

replacement, we do not expect to see any difference
between the electron spin polarized EPR signal from
iron-depleted deuterated reaction centers and Zn2*
deuterated reaction centers. In practice, one can sort
out how J or Ag affect the shape of the spectrum by
comparing spectra taken at two different microwave
frequencies.

Kevan: Do you see any large changes in ESP intensity among the
wide variety of quinones you have tried in the recon-
stitutions? Is there a correlation with size, for
example.

Thurnauer: We see changes in intensity that we have not yet sorted
out. For instance, the changes may have to do with
linewidth changes due to different hyperf ine couplings or
they may be due to different redox properties. So far we
have not correlated the changes with site of reconstitu-
tion. It may be that some quinones act as exogenous
acceptors at different sites. We just obtained these
data. More work is needed to answer these questions.

Tollin: Do you think that the quinone acceptor is on the pathway
from P700 to the iron-sulfur center? If so, it must have
a very low redox potential.

Thurnauer: The sequence of electron acceptors in photosystem I is
still not clear. A few years ago, we studied the photo-
system I electron spin polarized EPR signal with pulsed
EPR methods. We observed an unexpected electron spin
echo phase shift in these systems. To explain it, we
gave the first description of the spectral consequences
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of having transient interacting radical pairs as I have
just described in my talk. We suggested that the time
dependence of the phase shift gave the rate of transfer
from the interacting pair to the next acceptor. When we
followed this phase-shifted signal as a function of
reduction of the iron-sulfur centers, our results
suggested that the quinone acceptor transfers an electron
to iron sulfur center A and/or B rather than X. It is
true that the redox potential must be low, but the range
of potentials for naphthoquinones is not unreasonable.

Connolly: There seems to be a dependence other than redox potential
in your quinone reconstitution experiments. Would you
please amplify?

Thurnauer: Again, we have not had a chance to correlate the signal
with quinone properties. Whether or not we see a signal
with a given quinone does depend on redox properties of
the quinone, but the signal is also dependent on other
quinone properties which we don't understand yet.
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TIKE RESOLVED FT-EPR STUDY OF EXCITED STATE
ELECTRON TRANSFER REACTIONS

Hans van Willigen
Department of Chemistry, University of Massachusetts/Boston

Boston, Massachusetts 02125

The objective of the research program is to
contribute to the understanding of the factors that affect
photoinduced charge separation reactions. In collaborative
work with the research group of Dr. Dinse of Dortmund
University (FRG), we have shown that Fourier Transform
Electron Paramagnetic Resonance (FT-EPR) measurements can be
a valuable spectroscopic tool in this field of research.

With FT-EPR the identity of transient free radicals
can be established unambiguously and their rate of formation
and decay measured with nanosecond time resolution. The
spectra also give a direct insight into the spin selectivity
of the various steps involved in photoinduced charge
separation. Spin polarization effects give information on the
factors that affect the characteristics of radical pairs and
the rate of cage escape of redox products. An analysis of the
time evolution of the spectra yields data on spin lattice and
spin-spin relaxation rates in transient paramagnetic species.
This serves as a probe of molecular motion and intermolecular
interactions.

The FT-EPR instrument recently constructed at UMB is
used in studies of the photooxidation of porphyrins by
quinones in homogeneous and heterogeneous (micellar)
solutions. The investigation is concerned with the effect of
solvent changes on the electron transfer process. Of interest
as well is the effect of the introduction of charged
substituents on the porphyrins on the characteristics of
radical pair intermediates.

A large number of parameters affect the time
evolution of the spectra. Among them are hyperfine coupling
constants, linewidths, spin lattice relaxation, and spin
selectivity of steps that involve the generation and decay of
paramagnetic molecules. The spectroscopically well
characterized porphyrin/quinone systems have been chosen for
the application of the novel FT-EPR technique so that
suitable methods for data analysis can be developed.

Collaborative work with the Dortmund research group
currently focuses on unusual dispersive signal components
observed under certain conditions. It appears that these stem
from radical pairs present at the time that the microwave
pulse, generating the EPR spectrum, is delivered. The
dispersion signal may provide a direct means to get data on
the dynamics of radical pair formation and decay.

- 33 -



PUBLICATIONS

1) T. Prisner, O. Dobbert, K. P. Dinse, and H. van Willigen,
J. Am. Chem. Soc. 110. 1622 (1988).

2) H. van Willigen, M. Vuolle, and K. P. Dinse, J.Phys.Chem.
£3, 2441 (1989).

3) K. P. Dinse, H. van Willigen, 0. Dobbert, and T. Prisner
in "PULSED EPR: A new field of applications"; C. P. Keijzers,
E. J. Reijerse, J. Schmidtt, eds.: North Holland,
Amsterdam, 1989.

4) M. Pliischau, A. Zahl, K. P. Dinse, and H. van Willigen,
J. Chem. Phys. 90, 3153 (1989).

5) K. P. Dinse, M. Pltischau, G. Kroll, T. Prisner, and
H. van Willigen, Bull. Magn. Res. 11, 174 (1989).

- 34 -



DISCUSSION

Thurnauer: 1. Why do you think you should necessarily see singlet
polarization only when the donor and acceptor are in same
micelle? Doesn't this depend on the size of the micelle?
2. It's surprising you don't see phase shifts in the
micellar systems. We (Thurnauer and Meisel) saw them
several years ago in spin echo experiments in micelles.

van Willigen: 1. If donor and acceptor are in the same micelle,
the probability of an encounter within the lifetime of
the ZnTPP singlet excited state is increased. It is true
that this does not necessarily imply that singlet excited
state electron transfer will make a significant contribu-
tion to the EPR signal. 2. We do see phase shifts, but
they are not pronounced. This is attributed to the fact
that electron transfer apparently does not involve donor
and acceptor molecules confined in a micelle, but takes
place across the interface.

Stevens: Is the lifetime of the radical-ion pair dependent on the
external magnetic field strength, and, if so, can you
vary the field strength to recover this dependence?

van Willigen: The lifetime should be field dependent, because
application of a field will affect the time evolution of
the radical pair spin state. The effect will reach a
limiting value at relatively low field strength. In our
experiment, we cannot vary the field strength to the
extent necessary to observe this affect.

Smalley: In regard to your proposed potential well, have you done
any experiments as a function of temperature in order to
measure its depth?

van Willigen: Measurements were performed as function of tempera-
ture. The depth of the well is of the order of 0.1 eV.

Tollin: 1. What is the physical basis for the formation of two
kinds of radical pairs? 2. Have you looked at negative-
ly charged micelles to see if the opposite result is
obtained, i.e. a lengthening of radical lifetimes?

van Willigen: 1. A small fraction of the cation-anion radical
pairs gets trapped in a shallow potential well (with a
depth of few times kT) generated by Coulomb interaction.
Whether or not an encounter between donor and acceptor
molecules generates this kind of pair will depend on a
variety of factors, such as: relative motion, orienta-
tion, solvation. 2. We have not yet investigated
negatively charged micelles.
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Kevan: You said that the benzoquinone anion you see was in the
aqueous phase in the CTAB micellar system. since
benzoquinrme is more soluble in the micelle, why don't
you also see BQ" in the micelles?

van Willigen: At the concentration used (2xlO"4M ZnTPP, 2xlO'3M BQ,
and about 10"2M surfactant molecule aggregates
(micelles)) the chance of finding both donor and acceptor
in the same micelle is very small. Therefore, electron
transfer from ZnTPP in the hydrophobic phase to BQ in the
hydrophobic phase is an unlikely event. On the other
hand, the solubility of BQ in water is large enough to
generate a concentration of BQ in the aqueous phase of
about 10"^, so that electron transfer across the inter-
face can be reasonably fast.
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Our research program addresses some fundamental aspects of light-induced elec-
tron transfer in model systems leading to the design and assembly of a synthetic
photoreaction center. The approach involves synthetic, structural, spectroscopic,
photophysical and photochemical studies of electron-transfer reactions from excited
states of a variety of organic systems. The experimental focus is mainly on the
properties of porphyrin-containing molecular assemblies. Current investigations are
concerned with tightly linked porphyrin-quinone molecules in which strong electronic
coupling between the donor and acceptor moieties is highly sensitive to small
changes in the dielectric properties of the host matrix. This permits us to probe
the local dielectric environments in liquid and solid media, including natural and
synthetic polymers.

We have previously reported1 the synthesis and characterization of a porphyr-
in- anthraquinone molecule in which the quinone is attached at a meso-position of
tritolylporphyrin. The absorption spectra of both the free-base (H2PAQ) and zinc
(ZnPAQ) forms show pronounced perturbations in the bands of the porphyrin and quin-
one groups that are independent of solvent polarity. The fluorescence spectrum of
H2PAQ is only slightly red-shifted, but the lifetimes and intensities depend mark-
edly on dielectric constant, with the major changes occurring over the range:
4 < es < 9.

The energetics for net electron transfer are not favorable for H2PAQ (the sum
of the redox potentials being essentially isoenergetic with the porphyrin Sx state
in benzonitrile) . However, the sum of the potentials in ZnPAQ is -0.5 eV below the
Sx state, and the onset of fluorescence quenching occurs at a lower dielectric con-
stant (<2.4). The emission spectra of this molecule show evidence of charge-trans-
fer (CT) bands, not observed in absorption, which depend on both the polarity and
the viscosity of the solvent.

Picosecond absorption data for H2PAQ (obtained with M.R. Wasielewski, ANL)
initially suggested that the quenching mechanism involves net electron transfer.
Specifically, in solvents in which strong fluorescence quenching is observed (e.g.,
CH2C12 and pyridine) , we saw rapid formation and slower decay of a species that we
had interpreted1 as the porphyrin radical-cation. The decay kinetics of this band,
analyzed at several wavelengths, were found to be solvent dependent but otherwise
uncomplicated: CH2C12 (rx > 3 ps, r2 - 70 ps), pyridine (r1 ~ 6 ps, T 2 - 130 ps).
However, ps emission data (obtained with A.R. Holzwarth, MPI-Mulheim) show that the
major components (>99%) of the fluorescence decays for H2PAQ in these solvents have
the same lifetimes as the absorption decays. Thus the transient absorption appears

aFulbright Scholar at the Max-Planck-Institut fur Strahlenchemie, Mulheim a.d. Ruhr,
Federal Republic of Germany (1989).

bSabbatical visitor at SERI under the auspices of the Associated Western Universi-
ties (1988-89).
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to represent, not a radical pair, but the growth and decay of the Sx state of the
porphyrin. The two sets of kinetic data can be understood in terms of reversible
interactions between locally excited states of the donor and a transient species,
which we assign as a charge-transfer (CT) state perhaps formed from a vibratienally
unrelaxed excited singlet state of the porphyrin.2

Despite the close proximity between the P and AQ moieties (-1.4 A edge-to-edge),
the fluorescence data for both H2PAQ and ZnPAQ in more than 30 solvents and binary
mixtures correlate surprisingly well with the solvent-dependent reaction energetics
estimated using the Weller treatment.3 These results have interesting implications
for designing molecules to probe the dielectric environments in viscous media, e.g. ,
vesicles and polymers.

Future Plans:

It is conceivable that the transient intermediates in both PAQ molecules are
"TICT" (i.e., twisted intramolecular charge-transfer) states.* Spectroscopic and
photophyslcal studies of rotationally constrained analogues will permit us to de-
termine whether the viscosity effect observed for both H2PAQ and ZnPAQ is due to
nuclear motion or to dielectric relaxation. Time-resolved microwave conductivity
experiments (with J.M. Warman, IRI, Delft) should help in making this assignment.

Because these molecules are highly sensitive probes of the dielectric properties
of nonpolar media, they should be useful in characterizing the microphase dielectric
of ordered structures such as vesicles and microemulsions. In general, the
hydrocarbon regions of these microphases are not well understood,5 with estimates of
dielectric constants ranging from 2 to 15, depending on the method used. Porphyr-
in-quinone dyads have recently been successfully incorporated into synthetic phos-
phatidylcholine vesicles.6

Unlike many techniques, e.g., dielectric relaxation, which determine an average
dielectric of the microphase, PAQ appears to sensitize its local "solvent" environ-
ment. This information is particularly useful for understanding both the nature of
structural perturbations caused by introducing dopant molecules into ordered fluids
and the effect that microstructural organization might have on the intrinsic prop-
erties of the dopant, such as redox reactivities. This work will be done as part of
our ongoing collaboration with J.K. Hurst (Oregon Graduate Institute).

Encapsulation of a relatively small molecule such as H2PAQ (or ZnPAQ) should
also provide a highly sensitive probe of specific protein environments. In a recent
paper,7 Bruce Bowler (Department of Chemistry, University of Denver) reported on
long-range electron transfer from a pentaammineruthenium complex to the heme iron in
a structurally engineered cytochrome c. Such studies are, in a sense, designed to
sample the average dielectric environment of the ~15-A pathway(s) between donor and
acceptor, but cannot reveal any information about the local regions of either. We
are exploring the feasibility of inserting a PAQ-like probe into such a preparation.
Thus, it may be possible to embed the porphyrin end in the heme-cavity of an apomy-
oglobin without greatly perturbing the surrounding protein residues.

The existence of a CT state in such a simple molecule demonstrates that it is
possible to devise more complex systems in which the fraction of excited-state
energy that can ultimately be converted to stored redox energy can be maximized.
Such a CT state could be tuned to the medium and serve as a precursor to formation
of a longer-lived radical-ion-pair.
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DISCUSSION

Wasielewski: As you may remember, we prepared some fixed perpen-
dicular chlorophyll-porphyrin systems which were highly
sensitive to solvent polarity. We presented these
results last year. They showed that CT states are easily
formed at fii'ed perpendicular geometries. Usually, the
decay of these states is completely non-radiative. Can
you think of an experiment to test whether the fluores-
cence shift is not simply due to a time-dependent Stokes-
shift?

Connolly; Actually, for the ZnPAQ molecules, we see two types of
fluorescence shifts. The one I emphasized looks very
much like a CT emission: it is broad, structureless, and
shifts to the red with increasing solvent polarity. The
other, which I called tbe locally excited state fluores-
cence, is somewhat broader than the emission of the model
porphyrin. This may reflect a time-dependent distribu-
tion of (localized) Stokes shifts. Presumably, temporal-
ly resolved fluorescence spectra should tell us whether
this other broadening is static or dynamic.

Meyer: Have you attempted kinetic modeling?

Connolly: In the case of the free-base molecule (H2PAQ), we have
done extensive modeling of the ps fluorescence decay (and
some ps absorption profiles) in a number of solvent
systems, and have obtained quite good agreement with
experiment. The problem with obtaining a unique set of
rate constants to plug into the coupled differential
equations is that one needs (relative) amplitudes as well
as lifetimes from the emission data. To do so, one needs
a lifetime of the short-lived component of > 2Ops. We
have only recently obtained fluorescence lifetime data
for the ZnPAQ system, and we have not yet had a chance to
carry out the modeling calculations. However, the decay
profiles do not readily lend themselves to a simple two-
component fit. Thus, a more complex model may have to be
invoked.

Gust: Have you considered using methyl or other sterically
large groups at the pyrrole 8-positions adjacent to the
quinone in order to limit rotation about the bond in
question?

Connolly: We would very much like to study the molecule you
suggest, but the synthesis is not as facile as for the
system with methyl groups on the quinone. The advantage
of having the blocking group (s) on the porphyrin is that
the change in redox potential would probably not be as
large.
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METALLOPORPHYRINS AS ENERGY TRANSFER CATALYSTS

T. G. Spiro. R. A. Reed, and D. Melamed

Department of Chemistry
Princeton University

Princeton, New Jersey 08544

Metalloporphyrins offer an attractive experimental system for studying the molecular
requirements of photoinduced charge separation. The energetics of the excited states are well
characterized, and can be tuned by substituent modification and by altering the central metal ion. Less
well understood are the structural consequences of photoexcitation. We are applying transient
resonance Raman spectroscopy to the elucidation of metalloporphyrin excited state structures. The
Raman spectral signatures of various porphyrin excited states are also expected to be valuable probes
of electron transfer pathways in porphyrin-based systems designed to facilitate charge separation.

An important goal of our project is to investigate possibilities for increasing the lifetime of
metalloporphyrin charge transfer states sufficiently to permit useful chemistry to be carried out at
the transiently oxidized or reduced metal ion. To this end metalloporphyrins are being prepared with
donor or acceptor substituent designed to produce a charge transfer cascade directed at the metal ion.

I. Transient Raman Spectroscopy.

Since photoexcitation of a metalloporphyrin produces a hole in the porphyrin HOMO and/or an
electron in the LUMO, initial efforts have been directed toward analyzing the RR spectra of porphyrin
radical cations and anions, as well as of high- and low-valent metalloporphyrins. Spectra of both
octaethyl and tetrapheny! porphyrin radical cations have revealed characteristic frequency shifts
which differ qualitatively when the hole is in the a1u (OEP) or aa, (TPP) orbital (5). In addition
vibronic mixing of the low-lying A2u (or A1u) excited state into the ground state was discovered, via the
appearance of anomalously polarized RR bands with frequencies greatly shifted from those of the
neutral porphyrins. Along with other labs, we are currently sorting out radical anion RR spectra, as
well as spectra of porphyrins containing reduced metal ions. RR spectra of high-valent oxo-metal
porphyrins have previously been analyzed (2,3), our efforts focusing on the anomalously weak Mn = 0
bond in manganyl porphyrins.

We have initiated pulse probe RR investigations of metalloporphyrin excited states, beginning
with the triplet state of ZnTPP. Our study has included isotopic substitution and polarization
measurements. The spectra show strong enhancement of phenyl modes in resonance with the high-lying
Tn states, but no shift in the frequency, implying minimal delocalization to the phenyl rings in the T^
state. The skeietai modes show large frequency downshifts, indicating weakening of Cp-Cp as well as Ca-
Cm bonds. In addition one of the excited state B1g modes, v10, has been found to be substantially
polarized, consistent with Jahn-Teller distortion of the T, state along this coordinate. Both singlet and
triplet JC-TC* states of MgTPP are currently under study with nanosecond techniques, and picosecond
pulse probe investigations of nickel and cobalt porphyrins are under way.
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II. Metalloporphyrins with Donor or Acceptor Substituents.

While several other investigators have pioneered the use of donor and acceptor substituents to
induce rapid electron transfer to or from the porphyrin HOMO and LUMO, we wish to extend this
approach to the injection of electrons or holes into the d orbitals of a central metal ion. A number of
porphyrins have been synthesized with acceptor (analine, and phenylenediamine) or donor (quinone or
nitrophenyl) groups attached to an etioporphyrin or tetraphenylporphyrin framework. Fluorescence
quantum efficiencies have been measured for the free bases, to screen for candidates showing strong
quenching. These will be converted to appropriate metal derivatives for excited state characterization
via transient spectroscopy.
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DISCUSSION

Kincaid: In a recent collaborative study (with Tsuboi, Nakamoto &
Turpin), we observed shifts in the marker bands upon
photoexcitation of metalloporphyrins which were interca-
lated in DNA. We called these exciplexes. However,
based on your clear-cut studies of these excited state
spectra, it seems more likely that the intercalated
species are more like cation radicals in as much as the
shifts are smaller than those you observe. Have you
looked at any systems other than the MTPP case?

Spiro: We have preliminary results on MgTPP* which are similar
to those on ZnTPP*. It seems likely to me that you are
right about your spectra being indicative of cation
radical formation. The "exciplex" is probably a charge
transfer product.

Cotton: Have you looked at chlorin cation radicals with respect
to shifts in CB - CB bonds? We have not seen such large
shifts in the chlorophyll cation radicals. Could this be
due to a mixed ground state in the case of chlorins (and
bacteriochlorins)?

Spiro: We have carried out a chlorin normal mode analysis, and
the modes look very much like porphyrin modes. So it is
surprising that the shift pattern is significantly
different. But there can be A1t/A2U mixing in the lower
symmetry, and this might account for your results.

Fayer: Could you clarify the nature of the low frequency modes,
30cm"1 vs 109cm"1? Has the 30cm"1 mode been seen?

Spiro: These are modes calculated on the basis of our no ,iaal
mode analysis. It is very difficult to observe modes at
this low a frequency, due to interference from the
Rayleigh line.

Small: Have you or anyone else attempted FT Raman studies on
single crystals of your porphyrin systems using 1.06 jim
Nd: YAG excitation? Utilization of high optical quality
crystals would allow one to probe the very low frequency
vibrational modes, e.g. at 30cm"1, that the force field
calculations predict.

Spiro: We have done resonance Raman spectroscopy on heme protein
crystals with a Raman microprobe. Porphyrin single
crystals might be too optically dense for RR spectro-
scopy, but the off-resonance experiment with near -IR
excitation should work.
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Newton: Analogous to the two Jahn - Teller distortion modes (b1g
and b2g) for E states, there are two different buckling
modes for distorting D4h to D-, symmetry (they are related
by a 45° rotation). Do purely electronic considerations
tell one which mode is to be expected?

Spiro: The b,g modes are the ones that correlate with a2 in Dkd
symmetry, and the a2 modes are the ones which mix the
(formerly) A, and A2u states. So there is an electronic
reason for picking out the b1g modes.
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REDOX REACTIONS OF IRIDIDM OXIDES AND CATALYTIC OXIDATION OF WATER

P. Neta and G. S. Nahor
Chemical Kinetics Division, National Institute of Standards

and Technology, Gaithersburg, Maryland 20899

and A. Harriman
Center for Fast Kinetics Research, University of Texas,

Austin, Texas 78712.

Hydrous iridium oxide (IrOx.nH2O), prepared from hexachloroiridate ions
by radiolytic or chemical means, are known to be very efficient mediators for
water oxidation. Photooxidation of water to 02 in the presence of Ir0x.nH20
was achieved using ZnTSPP (zinc tetrakis(4-sulfonatophenyl)porphyrin) as
sensitizer. The limitation of this system is the low oxidation potential of
ZnTSPP (0.90 V vs NHE) which permits oxidation of water only in alkaline
solutions. To achieve water oxidation in neutral or acidic pH, it is
necessary to use a metalloporphyrin with a higher oxidation potential.
Modified ZnTSPP, with F or Cl substituents on the phenyl rings, had slightly
higher redox potentials, up to 1.0 V, but showed only limited improvement in
the pH profile. PdTSPP, with E%=1.1 V, gave efficient 02 evolution even in
neutral solution. Further increase in E%, as achieved with InTSPP (E%=1.16
V), lowers the threshold pH for 02 evolution, and pulse radiolysis
experiments confirmed that the radical cation of this porphyrin is the most
reactive, reacting with IrOx.nH2O at diffusion controlled rates even in
acidic solutions. However, the rate of 02 formation with InTSPP was very low
due to the inefficient quenching of this less-reducing porphyrin triplet
state by persulfate ions.

The mechanism for the sequential oxidation of IrOx.nH2O has been studied
by following the changes in optical absorption. IrOx colloids consist of a
mixture of Ir111 and IrIV oxidation states and exhibit a broad absorption
with a peak around 580 nm, which is characteristic of IrIV oxide and is pH
dependent. To follow the spectral changes immediately after oxidation of the
colloids, solutions of IrOx were pulse irradiated under N 20, to observe their
reaction with OH radicals, at 4 representive pH values: 3.6, 6.5, 8.5 and
11.5. The differential spectra monitored after the pulse indicate the
occurrence of three processes in the sub-second time scales.

The first process is complete within several microseconds after the
pulse and is attributed to the reaction of OH with IrOx (k = (7.9±0.2)xl0

9

M'^-s"1 at pH 3.6). The species formed has an absorption peak around 360 nm
at pH>6 and around 410 nm at pH 3. At these pH values and at pH 8.5 little
increase in absorbance was found in the 600 nm range. However, irradiation
of Ir0x solution at pH 11.5 resulted in an additional peak at 580 nm.

The second process was complete within several milliseconds and involves
formation of species which exhibit broad absorptions around 600 nm (the
maximum is pH dependent) and additional sharp peaks around 340 nm, clearly
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different from the peak observed at the end of the first process. This
process seems to be first order with respect to the observed Ir species and
its rate constant is -3x102 s""1.

The third process took place within several hundred milliseconds and
involved a strong increase in absorbance centered at A-600 nm with little
change at A<400 nm. The kinetics of this process fit a first order rate law
with k ~ 7 s"1.

Similar experiments were conducted to follow the spectral changes upon
oxidation of Ir0x.nH20 by the radical cation derived from ZnTSPP, which has
been shown to lead to water oxidation. The rate of decay of ZnTSPP+ at 700
nm was linear with [IrOx]. The spectrum at the end of this decay process, in
the 320-400 nm range, resembled that obtained in the OH/IrOx system and had a
peak at 350 nm. Moreover, the e of the product (measured at 375 nm) was in
very good agreement with the value obtained with OH and IrOx assuming a full
reaction yield. This confirms that IrOx is oxidized by OH to the same
intermediate as during water oxidation.

Oxidation of IrOx by 7-irradiation gave products whose spectra were
similar to those observed by pulse radiolysis at the end of the slow process.
As the extent of radiolytic oxidation increased, the products formed
exhibited increased stability and their reactivity toward ZnTSPP-+ decreased.

Cyclic voltammetric oxidation of IrOx.nH2O exhibited two waves below IV
which were pH dependent. The position of the first wave changed with pH and
indicates protonation of Ir0x.nH20 in acidic solutions. The second wave had
a slope of 60 mV per pH unit indicating that one proton accompanies electron
transfer. Following these waves, a large increase in current was observed,
again pH dependent, indicating the onset of water oxidation. To relate these
results to the spectra obtained in the radiolytic studies, spectroelectro-
chemical experiments are underway.

The results indicate that the stable form of IrOx.nH2O, used as water
oxidation mediator, first undergoes oxidation and uptake of OH" to form the
active catalyst. It appears that the oxidation state of Ir in this species
is, at least in part, Irv.
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DISCUSSION

Feldberg:

Nahor:

Otvos:

Nahor:

Frei:

Nahor:

Crosby:

Nahor:

Hoffman:

Nahor:

Hurst:

Is the relationship between spectral
potential reversible?

response and

As long as we did not go to too high potentials in
spectroelectrochemistry, we were able to reverse the
potential and recover the initial spectrum, with slight
modification as demonstrated for pH 3. However, if we
went into the "wall" the system was not stable when we
decreased the potential. The reasons may lie in forma-
tion of 02 bubbles in the ultra-thin cell or in electrode
modification.

Did you measure the oxygen production directly, and if
so, how?

Yes, in the photochemical experiments we measured 02

production in situ with an oxygen sensing electrode.

Did you try to make real
yes, how do you get them
conduction band potentials?

colloidal particles? If
what are the valence and

The chemically prepared IrOx are quite large in size and
have a colloidal behavior. However, the structure is
quite amorphous and is more like a sponge because a lot
of water/OH is included. Therefore, they cannot be
treated as semiconductors and do not exhibit valence or
conduction bands.

Among the MTSPP compounds that you investigated, the
compound AuTSPP was listed. Is that Au(I) or Au(III)?

It was Au(III). Full details on this porphyrin can be
found in: J. Chem. Soc. Faraday II, (1986), 82., 2337.

Is there any interference of radiation-generated H2O2 in
the formation or stability of the colloid?

IrOx, like many other colloids, catalyzes the decomposi-
tion of H20^, so not much H2O2 is accumulated. We found
HgOg to oxidize IrOx, and, in fact, suspect that it may be
responsible for the 3rd process observed in pulse radio-
lysis. During preparation of IrOx, H2O2 can only help
oxidize IrCl6

3'.

Which oxidation states correlate with the 340nm and 580nm
optical bands observed in iridium oxide colloidal suspen-
sions?
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Nahor:

Schuler:

Nahor:

Heben:

Nahor:

Spiro:

Nahor:

The 580nm band is usually attributed to various forms of
Ir(IV). The 340nm is attributed in our work to the
[Ir(III), Ir(IV)] species and is typical for the near
neutral pH range.

Please clarify the nature of the 340nm absorption
observed in the pulse radiolysis experiments and estimate
the extinction coefficient of the peak.

The peak stems from the product of the first oxidation
step-[Ir(III), Ir(IV)] and is typical for this species at
near neutral pH. e is ca. 2500 M'1 cm"1.

In regards to the number of electrons involved in the
cyclic voltammetry measurements, were the mass transport
properties of the electrochemical cell varied?

The measurements were done within a long period-typically
40 min.-l hour for each oxidation step. We had a large
surface, ~1 cm2 of electrode, and we continuously stirred
the solution. This should eliminate any mass transport
complications.

What are the energetics of persulfate reduction, and why
is quenching of the porphyrin triplet sometimes slow?

The redox potential of S2O8
2' should be around -0.50V.

The oxidation potentials of some of the triplets are
around this level or lower, so that there is minimal
driving force. Specifically, the oxidation potential of
InTSPP is -0.48V, and the rate of quenching is <5xl05 M"1

s*1 which is not fast enough for efficient quenching of
InTSPP* whose lifetime is 90 /JS.
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VECTORIAL PHOTOCURRENTS IN SURFACE-MODIFIED
PHOTOSYNTHETIC MEMBRANES

E. Greenbaum

Chemical Technology Division
Oak Ridge National Laboratory

Oak Ridge, TN 37831-6194

1.0 Scope of Project

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 reconstituted systems composed of isolated spinach chloroplasts, ferredoxin,
and hydrogenase, as well as surface-modified chloroplasts 'a which metallo-catalysts are electronically
linked to light-activated water splitting and the thermodynamically low-potential reducing power of
the Photosystem-I reaction center. The precipitation of colloidal platinum onto the surface of
thylakoid membranes imparts novel electronic properties to it. These properties include
photobiocatalysis, photocurrent generation, improved photoconductivity, and a quantum threshold
response. In addition to research on in vitro photosynthesis, physico-chemical conditions for
controlling the fate of photosynthetic reductant in intact microalgae have been discovered.

2.0 Recent Results

2.1 Vectorial Photocurrents. A novel photobiophysical phenomenon was observed in isolated
spinach chloroplasts that were metallized by precipitating colloidal platinum onto the surface of the
thylakoid membranes. A two-point irradiation and detection system was constructed in which a
continuous beam helium-neon laser (A = 632.8 nm) was used to irradiate the platinized chloroplasts
at varying perpendicular distances from a single linear platinum electrode in pressure contact with
the platinized chloroplasts. No external voltage bias was applied to the system. The key objective
of the experiments was to measure the relative photoconductivity of the chloroplast-metal composite
matrix. Unlike conventional photosynthetic electrochemical cells, in which irradiated chloroplasts
are in close proximity to an electrode or linked to the electrode by an electrode-active mediator,
the flow of photocurrent was through the biocomposite material. A sustained steady-state vec-
torial flow of current in the plane of the entrapped composite from the point of laser irradiation
to the wire electrode was measured. The absolute value of the measured photocurrent and the
maximum perpendicular distance between the point of irradiation and the linear electrode for which
sustained current could be measured depended on the experimental procedure used to prepare the
platinized chloroplasts.

2.2 A Quantum Threshold Biotransducer. Colloidal platinum was prepared, precipitated
directly onto 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 (400 to 700 nm) 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
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across the interface between Photosystem I and the catalyst. When contacted with metal
electrodes, the thylakoid-platinum combination was capable of generating a sustained flow of
current through an external load resistor. Like the non-linear properties of many biological systems,
the optoelectronic response of this system displayed a threshold behavior. This threshold property
can be understood in terms of a cross reaction between the Photosystem I and Photosystem II light
reactions of photosynthesis and thermally activated stabilizing dark reactions. Procedures for
preparing this material and experimental data on its catalytic and electronic properties will be
presented. Also to be presented is an analysis of the flow of photocurrent in terms of the
interfacial electron transfer reactions that occur at the interfaces of the components of the
assembly.

2.3 Control of Photosynthetic Reductant Sustained hydrogen photoevolution from
Chlamydomonas reinhardtu and C. moewusii was measured under an anoxic, CO2-containing
atmosphere. It has been discovered that light intensity and temperature influence the partitioning
of reductant between the hydrogen photoevolution pathway and the Calvin cycle. Under low
incident light intensity (1 to 3 W m'2) or low temperature (approx. 0°C), the flow of photosynthetic
reductant to the Calvin cycle was reduced, and reductant was partitioned to the hydrogen pathway
as evidenced by sustained H2 photoevolution. Under saturating light (25 W m'2) and moderate
temperature (20 ± 5°C), the Calvin cycle became the absolute sink for reductant with the exception
of a burst of Hz occurring at light on. This burst of H2 corresponded to about 450 electrons for
each photosynthetic electron transport chain. These results suggest that the hydrogen pathway and
the Calvin cycle compete for reductant under anoxic conditions and that partitioning between the
two pathways can, to a certain extent, be controlled by the appropriate choice of experimental
conditions.

\0 Future Research

Future research in this project will focus on the fundamental chemistry and chemical physics
of molecular and small-particle processes in platinized chloroplasts. In addition, ultra-structural
studies using scanning electron microscopy will be performed to measure particle size and
distribution parameters and to map these properties against the photosynthetic membrane which
provides the supporting structure for the platinum colloid particles.

4.0 Publications (1988-1990)

1. E. Greenbaum, "Biomolecular Electronics: Observation of Oriented Photocurrents by
Entrapped Platinized Chloroplasts," Bioelectrochem. Bioenerget, 21, 171-177 (1989).

2. E. Greenbaum, "Photobioelectronic Studies with Thylakoid Membranes," Appl. Biochem.
BiotechnoL 20/21, 813-824 (1989).

3. E. Greenbaum, "Photosynthetic Water Splitting," in Photochemical Solar Energy, J. R. Norris
and D. Meisel (Eds.), Elsevier (1989) pp. 184-195.

4. M. E. Reeves and E. Greenbaum, "Stoichiometry of Phoiosynthetic Reaction Centers in
Chlamydomonas," Photosynthetica 23, 1-9 (1989).
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4.0 Publications (continued)

5. J. Woodward, B. Lewis, G. Miracle, and E. Greenbaum, "Comparative Study of the
Photobiochemistry of Chloroplast Membranes and Photosystem II Particles," Appl Biochem.
Biotechnol 20/21, 259-265 (1989).

6. D. A. Graves and E. Greenbaum, "A Simple Apparatus for Screening Absolute
Photosynthetic Rates of Single Algal Colonies in an Anoxic Atmosphere," Plant Physiol 90,
246-250 (1989).
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576 (1989).

8. E. Greenbaum, "Interfacial Photoreactions at the Photosynthetic Membrane Interface: An
Upper Limit for the Number of Platinum Atoms Required to Form a Hydrogen-Evolving
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10. E. Greenbaum, "Hydrogen Production by Algal Water Splitting," in Algae and Human
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304.

11. E. Greenbaum, "Electrical Contact of Molecular Components in a Submicron Biological
Structure," in Molecular Electronic Devices (F. L. Carter, R. E. Siatkowski, and H. Wohltjen,
Eds.) Elsevier, Amsterdam (1988) pp. 575-582.
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in situ, Automated Screening of Sustained Hydrogen Photoproduction by Individual Algal
Colonies," Plant Physiol 76, 603-608 (1988).

13. J. Woodward, M. Reeves, D. Allison, and E. Greenbaum, "The Effect of Exogenously
Added Manganese Chloride on the Operational Stability of the Chloroplast-Ferredoxin-
Hydrogenase System," Enzyme Microb. TechnoL 10, 123-128 (1988).

14. D. A. Graves, G. A. Spradlin, and E. Greenbaum, "Effect of Oxygen on Photoautotrophic
and Heterotrophic Growth by Chlamydomonas reinhardtii in an Anoxic Atmosphere,"
Photochem. Photobiol, in press (1990).
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DISCUSSION

Fendler: Could you elaborate on the morphology of the Pt-coated
photosynthetic membrane in your cell. What is the thick-
ness of the membrane? Does Pt coat only the outer layer
or does it intercalate? What are the effects of changing
the concentrations of the membrane and of the catalyst?

Greenbaum: The thickness of the photosynthetic membrane is 5 ran.
The platinum is precipitated onto the external surface of
the thylakoid membrane. Changing the relative concentra-
tions of membrane and catalyst has an effect on the
ability of the hexachloroplatinate ions to form nucle-
ation centers and precipitate onto the membrane.

Braun: Can you give us some data on the photovoltaic properties
of the platinized chloroplast cells: potentials,
efficiencies?

Greenbaum: Under steady conditions, the cell develops a potential
difference of about 100 mV. Under light-limiting condi-
tions, the energy conversion efficiency is about 1%.

Linschitz: What fraction of the total photosynthetic activity can
you trap either at the hydrogen evolution or electron
current stage?

Greenbaua: Based on the total amount of chlorophyll entrapped on
the fiberglass filter pad and the known rates of electron
transport in normal photosynthesis, I estimate that we
have about 1% of the maximum activity for either hydrogen
evolution or photocurrent.

Fayer: Percolation means that there is always a path connecting
any point to any other point. There is a percolation
threshold. Well below the percolation threshold, there
are only small clusters, and transport is only possible
over very small distances. Just below the percolation
threshold, there are very large clusters (islands of
connectivity) but not yet percolation. Your results on
the distance dependence of conductivity suggest that you
are just below the percolation threshold. Is it possible
to up the density of platinum particles and get above the
threshold? This would appear as a photocurrent at any
distance.

Greenbaum: Your description of percolation models is correct. We
have tried to increase the platinum particle density by
increasing the concentration of hexachloroplatinate ions
in the aqueous phase from which the platinum is precipi-
tated. However, that did not have any increase on the
distance the laser beam could be moved and still observe
photocurrent. One alternative strategy that we plan to
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employ is to deposit a conductive film on the plane of
the entrapped platinized chloroplasts.

Seltzer: Are the wires in the platinum grid close enough to
capture all the photocurrent?

Greenbaum: Most likely not. Hydrogen evolution is observed along
with the photocurrent. Platinum colloid particles that
are located, for example, in the center of a grid will
most likely evolve some hydrogen and get through.

Fitzmaurice: How strong a function of the cross-sectional area of
the irradiating beam are your results in the single Pt
wire experiment?

Greenbaum: These experiments were performed with a laser beam of
only one cross-sectional area (corresponding to a beam
diameter of a few tenths of a millimeter).

Bocarsly: Is it possible that "electron" transport from the Pt-
colloid to the Pt-mesh involves reduction of H* to H2 at
the colloid followed by the reverse reaction at the Pt-
mesh electrode?

Greenbaum: The cell containing the platinized chloroplasts is
continuously purged with ultra-high purity helium. The
concentration of hydrogen never gets above about 1 ppm.
Therefore, it seems unlikely that molecular hydrogen
serves as the "electron" carrier. This is especially
true in the long-distance photoconductivity measurement.
However, you do raise an interesting point with respect
to the deliberate introduction of hydrogen into the cell
which should be investigated. Thank you.

Wasielewski: How much hydrogen is evolved from a deposition of Pt
colloid on filter paper when it's illuminated with no
chloroplasts present?

Greenbaum: None. All of our control experiments indicate that, in
order to observe hydrogen, one needs both platinum
colloid and chloroplasts. Moreover, the platinum has to
be co-precipitated onto the chloroplast membranes in
order to observe hydrogen. Platinum colloid prepared
separately, mixed with a chloroplast suspension, and then
trapped onto the fiberglass pad will not evolve hydrogen.

Heben: Is it possible to employ the H- evolution properties of
platinized Photosystem I sites to deposit further Pt from
PtCl6

+3 solution, thus increasing the conductivity of the
connections to the Photosystem I site?

Greenbaum: Yes. It is possible to photo-precipitate metallic
platinum from aqueous solutions of hexchloroplatinate
ions. Based on the thermodynamic properties of Photo-
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system I of photosynthesis and the measurement of
hydrogen evolution, this precipitation takes place at the
Photosystem I reduction site. See E. Greenbaum, "Inter-
facial Photoreactions at the Photosynthetic Membrane
Interface: An Upper Limit for the Number of Platinum
Atoms Required to Form a Hydrogen-Evolving Platinum Metal
Catalyst," J. Phys. Chem. 92., 4571-74 (1988).
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PH0T01NDUCED CHARGE SEPARATION ACROSS SURFACTANT INTERFACES

OF MICELLES AND VESICLES

Larry Kevan

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

gcope: The structural aspects controlling photoinduced charge separation of
solutes in micelles and vesicles are being studied to optimize the storage of
light energy. Electron spin resonance (ESR) is used to detect the paramagne-
tic photoproduced cations and to probe their surroundings. Interactions
between the photoinduced cation and water as well as other structural infor-
mation can be studied by electron spin echo modulation (ESEM) which
enables the determination of weaker electron-nuclear hyperfine interactions
than one normally detects by ESR.

Photoionization of a solute in micelles or vesicles requires electron
transfer to or through the interface region. Extensive studies have shown
how modification of this interface region in terms of surface charge, surface
charge density, ionic strength and added uosurfactants provide potential
control mechanisms for the photoionization process.

Efficient photoinduced electron transfer in organized molecular assem-
blies such as vesicles and micelles also depends on control of the location of
the electron donor and/or acceptor with respect to the vesicle or micelle
interface. A general approach is to add variable length alkyl chains to the
electron donor or acceptor to control the degree of embedment into the
micelle or vesicle. This can be directly monitored by ESEM methods.

Recent Results: ESR has been used to observe the photoreduction yields of
alkylmethylviologen (AV2+) in rapidly frozen dipalmitoylphosphatidylcholine (DPPC)
neutral vesicles, dioctadecyldimethylammonium chloride (DODAC) cationic vesicles,
and dihexadecylphosphate (DHP) anionic vesicles. The alkylmethylviologen
cation radical (AV+) was observed at short photolysis times and an alkyl radical
from DODAC (DAC) was observed for longer photolysis times. DAC was pro-
duced by radical conversion from AV+ during photoirradiation. The photoioniza-
tion yields were enhanced by a longer alkyl chain and a less hydrated sur-
factant headgroup. ESEM supports a correlation between the degree of inter-
face hydration and the photoionization yield. The highest photoionization yield
was obtained for hexadecylmethylviologen in DODAC which has the longest
alkyl chain length and the least hydrated headgroup among the systems studied.

A series of alkylphenothiazine sulfonates, co-phenothiazin-9-ylalkane-
sulfonate with alkyl = C3H7 , C6H13 and C- |2 H 25 ( PCnS), and
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9-alkylphenothiazine sulfonate with alkyl = CH3 and C12H25 (CnPS), have
been studied as a function of the surfactant alkyl chain length in sodium
alkylsulfate and alkyltrimethylammonium bromide micellar solutions in D2O,
with alkyl = decyl-, dodecyl and tetradecyl. Deuterium modulation effects from
x-doxylstearic acid interactions with water deuteriums indicate that only the
decyl-surfactants form micelles with significant water penetration at the
micellar interface. The efficiency of charge separation mainly depends on the
strength of the phenothiazine cation-water interactions which is partially
controlled by the phenothiazine and surfactant alkyl chain lengths suggesting
that a particular location of the phenothiazine group near the micellar
interface is required to optimize the photoefficiency for charge separation.

The photoionization of alkylphenothiazine (AP) sulfonates has also been
studied in vesicles. In DODAC vesicles with a positive surface charge, the
photoionization yield of PC12S with a sulfonate group at the dodecyl chain
end is higher than that of C-|2pS with a sulfonate group on the phenothiazine
ring. The photoionization yields of AP having the sulfonate group at the alkyl
chain end in DODAC vesicles increase with decreasing alkyl chain length.
ESEM data support a correlation between the distance of PCnS (n = 3,6 and

12) from the vesicle surface and the photoionization yield. The highest
photoionization yield was obtained from PC3S which has the shortest alkyl
chain. The photoionization yield of AP in DHP vesicles with a negative
surface charge was not changed by added alkyl chains or the position of the
sulfonate group in AP. The results are correlated in terms of the alkyl chain
length, the position of the sulfonate group and the vesicle surface charge.

Alkylphenothiazine sulfonate photoionization in AOT reversed micelles
has shown sensitivity to the surfactant alkyl chain branching. The relative
photoionization yields are almost the same for PC3S, POQS and PC12S.
This indicates that the branched surfactant chain allows the alkyl chains of
PCnS to bend so that the chromophore is located near the interface for
the longer alkyl chains. For CnPS molecules the yield is reduced probably
due to back electron transfer. Variable alkyl chain lengths in photoionizable
molecules in reverse micellar sytems do serve to control the photoionization
yield but are moderated by alkyl chain bending and back electron transfer.

Future Plans: Location control of electron donors and acceptors relative to
micelle and vesicle interfaces seems achievable by the addition of variable
length pendant alkyl chains. We plan to assess this goal more quantitatively
with alkylphenothiazine, alkyltrimethylbenzidine and alkyltetraphenylporphyrins
donors and alkylmethylviologen acceptors. The effect of cosurfactants, which
may vary the internal fluidity of the alkyl cores of micellar and vesicles, on
location control will also be investigated.
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DISCUSSION

Fendler: What was the ratio of probes to surfactants in micelles
and vesicles?

Kevan: I think the relevant ratio is the ratio of probes to
micelles or vesicles. In micelle systems, the ratio is
less than one so that the chance of double occupation is
small. But in the much larger vesicles, there are
several probes per vesicle.

Webber: Can the deuterium modulation technique distinguish the
heterogeneity in the depth distribution? Obviously, the
photoradical yield is an average over all penetration
depths.

Kevan: Let's call it a distance distribution instead of a depth
distribution. The dipolar interaction we measure is a
strong r'6 function of distance. If the distance distri-
bution is uniform over some range we measure an r'6

average over the distribution and hence are most sensi-
tive to the closest nuclei. If the distribution is
strongly heterogeneous, say in two shells with about 1.5
A or more separation, we would likely deduce that from a
quantitative simulation of the modulation pattern. This
has been done in looking at the solution structure of
some paramagnetic ions by ESEM. But in organized
assemblies, we do not usually do such simulations because
the interface structure is not well enough defined.

Whitten: I would think you could obtain some interesting modula-
tions of the interface, especially in anionic micelles,
for example, by exchanging counterions, especially those
differing greatly in hydrophobicity (e.g. (CH3)4N*, (Bu)4N*
etc.) . Have you tried this, and if so, what do you see?
What happens in the photoionization of alkylphenothiazine
sulfonates? Where does the electron go and how far?

Kevan: We have studied the degree of water penetration into
dodecyl sulfate micelle interfaces with different
counterions by using a series of x-doxyl stearic acid
nitroxide probes in electron spin echo modulation
measurements. [See L. Kevan in "Photochemical Electron
Transfer, Part B," M. A. Fox and M. Chanon, Eds.;
Elsevier, Amsterdam, 1988; pp. 329-384.] We find large
effects which indicate greater water penetration into the
interface for tetramethyl ammonium counterion compared to
sodium counterions.
In the photoionization of alkylphenothiazine sulfonates,
we think that bulk water near the interface is the
electron acceptor. We don't know how far the electron
goes from the cation, but in the frozen surfactant
solutions at 77K, permanent charge separation is achieved
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for a significant fraction of the photoionizable mole-
cules in some systems.

Chandler: I would think that chain bending in micelles will be no
greater than that in an alkane melt. Perhaps you should
see if your interpretations of your interesting experi-
ments are consistent with that idea.
Perhaps too, you could adopt a different perspective that
might contribute experimental information to augment the
current theoretical understanding of the structure of
micelles and other assemblies. Specifically, micelle
structures fluctuate widely. This fact was first demon-
strated theoretically in the early 1980's, and, more
recently, has been substantiated by Klein and others
using computer simulations. Indeed, for micelles, the
fluctuations are such that an interface between assembly
and solvent is not well defined. For vesicles, the
pronounced fluctuations are of long wavelength; for
micelles, which are smaller, they are of short wave-
length.
These facts, which are "well known" theoretically, hava
not been unambiguously demonstrated experimentally. I
would think that the analysis of your experiments might
provide such information. Is this a possibility?

Kevan: I agree that alkyl chain bending in micelles should be
similar to that in a liquid alkane. In general our
interpretations are consistent with that. However, when
you have electrostatic repulsion between a surfactant
molecule headgroup and a probe headgroup I would expect
looser packing and more chain bending than in a bulk
alkane.
I am familiar with the computer simulations on micelles
by Klein and others. In fact, we have interpretated
previous data on the photoreduction of alkyl methyl-
viologens in sodium dodecyl sulfate micelles and
dihexadecylphosphate vesicles [M. J. Colaneri, L. Kevan,
D. H. P. Thompson and J. K. Hurst, J. Phys. Chem. 9_1,
4072 (1987)] in terms of a larger interface "roughness"
or disorder in micelles versus vesicles. This allows
greater penetration of the alkyl-methyl viologen into a
micellar interface compared to a vesicular interface.
However, in other experiments on tetramethyl ammonium
dodecyl sulfate micelles, we deduce that there is less
surface roughness than for sodium dodecyl sulfate
micelles. [See L. Kevan in "Photochemical Electron
Transfer, Part B," M. A. Fox and M. Chanon, Eds.;
Elsevier, Amsterdam, 1988; pp. 329-384.] It would be
interesting if computer simulations coulfl be made to
explore such counterion effects on the degree of inter-
face fluctuations of micelles. So, I do think that our
experiments provide some experimental evidence on the
structure of micelle interfaces.
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Maroncelli: How do you relate your low temperature experiments to
liquid phase experiments? I would expect that, given the
non-linear distance dependence of electron transfer,
time-dependent fluctuations in vesicles and, especially,
micelles would tend to wash out the effects you see in
frozen solutions.

Kevan: This may be somewhat true in micelles. But in micelles
we generally see only small alkyl chain length effects.
In vesicles, I think the alkyl chain length effects will
be similar in liquids because of the structural integrity
of the vesicles. This is supported by alkyl chain length
effects in vesicles in liquids on electron transfer rates
to alkylraethylviologens by J. Hurst and coworkers. In
fact, the data in the liquid phase prompted our efforts
to use ESEM methods to measure vesicle interface penetra-
tion as a function of alkyl chain length.

vanWilligen: In your discussion of the variations in yield, you
appear to attribute them to back electron transfer only.
Doesn't the environment also affect the probability that
the electron comes off the excited molecule?

Kevan: The yield variations are attributed to net electron
escape from the photoproduced cation. In most cases,
this is phenomenologically described in terms of back
electron transfer, although this does not imply that the
electron is free of the field of the cation. In micelles
and vesicles with a cationic surface charge, the net
yields for a molecule photoionized within the micelle or
vesicle are generally larger than for negative surface
charges. Whether the surface charge influences an
excited molecule or a quasi separated electron which is
still under the influence of the photo-produced cation
field is not distinguishable in our experiments.

Hurst: Have you ever determined the ESEM character of a series
of radical ions with varying alkyl chain lengths in the
absence of microphases?

Kevan: No, we haven't tried to study this. We would need an
appropriate solvent which probably would not be water.
However, I would predict that access of the paramagnetic
center to solvent in bulk solution would be little, if
any, affected by alkyl chain length.
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ENERGY TRANSFER OF NBD IN SPREAD LIPID MONOLAYERS.
THE EFFECTS OF MEDIUM AND CONCENTRATION

Mei Wang and L.K. Patterson
Radiation Laboratory, University of Notre Dame

Notre Dame, Indiana 46556

The effects of molecular organization on singlet energy transfer
in spread monolayers have been examined for nitrobenz-2-oxa-l,3-
diazole, NBD, a common probe of lipid structures. Rhodamine has
been used as a singlet acceptor in this investigation. Both
chromophores were lipid derivatized to assure that they partition
almost exclusively at the air-water interface. It is found that
several types of lipid-lipid and lipid-solvent interactions occur
which mediate the photophysics of the donor, NBD. These not only
must be included in the evaluation of transfer kinetics but can
provide insight into character of the lipid water interface.

The photophysical behavior of NBD is sensitive to solvent
polarity. For the derivatized form of NBD solvent effects on
fluorescence parameters conform to the Lippert equation, cor-
relating Stokes shift to Af, the solvent orientation polariz-
ability in organic solvents and mixed solvents. Fluorescence
intensity and lifetime may also be empirically correlated with
Af. In spread lipid layers, the fluorescence quantum yield was
altered by surface compression, behavior expected in a medium of
decreasing polarity. Plots of quantum yield parameters as a
function of two-dimensional lipid concentration are linear and
consistent with a model of the layer as a mixed lipid-water
solvent of high polarity.

The quantum yield of NBD is concentration dependent at
chromophore mole fractions greater than 0.04 in the layer. This
behavior parallels self-quenching of other chromophores in mono-
layers, notably chlorophyll. Attempts to correlate self-quench-
ing data with Forster transfer to statistical pair traps indi-
cates that energy hoping among NBD sites must be included in
calculation. Fluorescence depolarization measurements, also
found to be concentration dependent, are consistent with that
interpretation.

Both surface polarity and self quenching are taken into
account in modeling energy transfer from NBD to rhodamine. The
efficiency of transfer is further found to vary as a function of
the NBD derivatization. NBD with two hydrocarbon chains at the
amine gives an RQ little different than that predicted from
Forster theory in isotropic media. When NBD is incorporated into
a phospholipid, the RQ of 67 A is consistent with a chromophore
having significant orientation in the layer. It is apparent that
such orientation of the chromophores acts to enhance transfer
between lipid-bound chromophores.
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DISCUSSION

Fendler: In the energy transfer and quenching experiments, did you
observe 1 or 2 exponential decays? In the latter case,
how did you treat it?
ffrnmneiTh' Angle and wavelength dependent reflectivity
measurements would, I believe, provide you with informa-
tion of the refractive index and location of your probes
in the monolayers.

Patterson: In DOL polarity measurements, fluorescence is a single
exponential. In self quenching, the decays are complex
and only exponential at longer times. The quasi
exponential region is applied to the Blumen treatment.
In NBD-Rhodamine, energy transfer parameters are
extracted from intensity measurements and single exponen-
tial lifetimes of NBD alone in DOL monolayers.

Hurst: Have you considered using epifluorescence spectroscopy to
probe for total phase separation of the dye, which might
lead to kinetic complexities, particularly in the region
of the surfactant phase transition?

Patterson: We have not used epi fluorescence in this way. However,
measurements with pyrene and with chlorophyll in dipalmi-
toyl phosphatidylcholine have shown fluorescence behavior
consistent with sequestering or phase separation of these
chromophores as the system passes through the phase
transition.

Fayer: We have shown that in a three dimensional system, the
formation of dye dimers quenches fluorescence with
increasing concentration faster than C2. The dimer
concentration increases as C2, but the rate of excitation
transport also increases. This causes quenching by
dimers with increasing concentration to go approximately
as C3. We have shown this in detail, theoretically and
experimentally. We have detailed theory, which would
apply to your problem, for excitation donor-donor
transport and trapping in two dimensions. This is
reported in a paper by Lor ing and Fayer, and is based on
the infinite order diagrammatic theory of 3-D transport
and trapping by Lor ing, Andersen, and Fayer. More
recently, we have developed a much simpler method to use,
which is also quite accurate, and which could be useful
to you in examining your data.

Patterson: In the systems shown, the C"(n«2) dependence obtained
is an empirical observation. Boulu has treated similar
data from chlorophyll, which also gives an empirical n»2
relationship. With the assumptions of statistical pair
formation (in which trap conc=C[l~e'rt c]) and Forster
transfer among donors, he has fit the data to good values
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of Ro and R . The NBD may or may not be equivalent in
self-quenching to that case. If not, another potential
mediating factor could be efficiency of trapping by the
statistical pair, which, if less than unity because of
back transfer to donors, would lessen the value of n from
predicted values.
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Photoinduced Charge Separation by Polymer-Bound Chromophores

S.E. Webber

Dept. of Chemistry and Center for Polymer Research

University of Texas at Austin

Austin, TX 78712

Overview: Use of Polymers as a Medium for Efficient Charge Separation

A large variety of organized media have been examined with a view to enhancing the

separation of radical pairs following excited state redox quenching. Our work has

emphasized water soluble polymers to which a hydrophobic aromatic chromophore has

been bound using several different viologens as electron acceptor quenchers of the

chromophore excited state. Covalent bonding of the chromophore eliminates the possible

loss of the chromophore to the aqueous environment via microcrystal formation, or the

exchange of chromophores, such as can be the case with micelles. Different choices of the

polymer can modify the charge density and/or hydrophobicity in the vicinity of the

chromophore, which in turn can modify the kinetics of radical pair formation and

recombination as well as the overall yield. For the present studies we have examined

polymethacrylic acid with ca. 1 mol % of chromophore as a function of pH. We find the

requirement for charge separation to depend strongly on the multiplicity of the excited state.

For singlets it is necessary for the polyacid to be collapsed into a relatively compact coil for

charge separation to occur (i.e. low pH), while for triplet states efficient charge separation

occurs at all pHs. While not all combinations of chromophores and multiplicities have been

studied, there has been surprisingly little dependence on the particular aromatic species

examined.

Methodology: Excited State Quenching and Laser Power

In order to understand the mechanism of these photoprocesses the excited state

quenching must be characterized. In particular one wishes to know the fraction of

quenching events that yield separated ion pairs ((j)cs), as detected by transient absorption

spectroscopy. We have found it helpful to distinguish between contact (static) quenching

and dynamic (diffusive) quenching, because for singlet states little or no charge separation

occurs if contact quenching dominates. In the case of the triplet state a very small

concentration of quenchers is required because of the long triplet state lifetime. In order to

be sure that the singlet state is not contributing to ion pair formation it must be verified that

no singlet state quenching is occurring. The transient absorption spectrum of the
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unqu^nched sample must be obtained as a function of laser energy in order to insure that

photoionization of the chromophore is not occurring. Photoionization of an aromatic in an

aqueous environment is often quite facile, especially when bound to a polyanion.

Results: (j^for Systems Studied to Date

The value of <j>cs for a variety of polymethacrylic acid based systems are collected in

Table 1. These values are based on the maximum OD of the anion radical of the

zwitterionic propyl viologen sulfonate (SPV). For singlet states this occurs within the 10

ns laser pulse, while for the triplet state the concentration of SPV"" builds up over 50-100

p.s, depending on the pH. The singlet states exhibit efficient charge separation only at low

pH, while for the triplet state the highest value of <j>cs occurs at higher pH, where the

carboxylate anions can electrostatically repel the SPV"* from the polymer.

Polyelectrolyte-based systems provide a medium for efficient charge separation and

represent an interesting example of polymer-mediated reactions. In order to be

incorporated as part of a cyclic photo-transducer a strategy is required to produce useful

chemical work from the cation and anion radical. It is presumed that this will require the

incorporation of these materials in more complex microheterogeneous structures, which

will be the direction of future research.

Table 1: Charge separation yield (<}>cs) and singlet state quenching

singlet state resultsb Ksv a <ks
diphenylanthracene 20 .30
9-phenylanthracene 50 .44
9-ethylanthracene 62 .35
anthracene 52 .21
perylene 31 .41
ANF 11 .18
pyrene 4 x 104 « 0

triplet state results p H 2 pH 11

K s v a <fcs K s v a ks
phenanthrene 3.2 x lO 2 .47 5.10 x 102 .53
naphthalene 9.4 x lO 2 .59 9.8 x 102 1.0

a. from steady state quenching
b. at pH 2.8 except for pyrene (pH 4)
c. ANI= N-[10-(4^aminonaphmalimide)]-2-methylcrylamide
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DISCUSSION

Hoffman: Does the formation of the viologen radical occur in time
frames consistent with the lifetimes of the excited
states and kq? That is, are there any anomalies in the
flash photolysis data?
What are the lifetimes of the singlet and triplet states,
and what are the values of kq?

Webber: The general time constants of all processes are consis-
tent. There are some "impurity" absorption features that
have prevented a detailed analysis for triplets.
Singlets lifetimes are on the order of 10 ns (anthryl) to
30ns (phenanthrene, naphthalene). For the two triplets
ca. 500 /is. i
(for SPV),

At low pH, k»kdff/10; at high pH, k

Fox: What is your definition of a "macroemulsion", i.e., how
does a raicroeraulsion involving a polyelectrolyte differ
from a macroemulsion? Is there a spectroscopic distinc-
tion between these?
What is the expected distance between Cu2+ (coordinated
with the carboxylates held at the organic/water inter-
face) and excited arenes at the same interface? Is that
separation consistent with the lack of naphthalene
quenching that you observe?

Webber: 1) By macroemulsion is meant a milky-white phase with
large oil: water droplets. I do not know if one is
likely to obtain a microemulsion (which has droplets of
«50 A radius) with polymeric surfactants.
2) The through-space distance might be as large as 8-10
A. While it seems reasonable that quenching would not
occur over this distance, our understanding of these
systems is too primitive to allow definitive answers at
this stage.

Frei: You mentioned that charge separation from the singlet
excited state is only observed at low pH because at high
pH the ion pair is held more tightly together. What is
the precise cause of that, and why does that cause not
exist at low pH?

Webber: At high pH, the quencher tends to be bound strongly to
the polyanion and the chromophore is fully exposed to the
solvent (water) . l± low pH, we believe the polymer coil
collapses around the hydrophobic chromophore and prevents
close approach of chromophore-quencher.

Fitzmaurice: Will you see the same pH dependence for baqk electron
transfer when the polymer is orientated at the interface
between two liquid phases?
Would it be useful to have a continuous phase with the
highest limiting rate constant for diffusion?
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Webber: We speculate that similar "pH effects" (i.e. charge
density) will be observed for polymers at liquid-liquid
interfaces as was found for homogeneous phase polymers
and triplet excited states.
A high diffusion rate to encourage charge separation
would be advantageous.

Fayer: An important point which is relevant to the previous
comments is that the distance dependence of the forward
and back transfer are not necessarily the same. It is
possible to have the rate of forward transfer fall off
more slowly with distance than the rate of back transfer.
When the distance is very small, back transfer can
completely quench the ions. However, if the initial
transfer is forced to be over some significant distance,
the back transfer rate could be close to zero.

Webber: I agree.
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PHOTOINDUCED ELECTRON TRANSFER IN ORDERED POLYMERS:
CHARGE TRANSPORT FOR POLY(AMINO ACIDS) CONTAINING

ELECIROACnVE SIDE CHAINS

Guilford Jones, II and Caitby Weiss-Farahat

Department of Chemistry
Boston University, Boston MA 02215

Electron transfer which occurs over distances that are
potentially quite long (>1.0 nm) for native and modified proteins has
come under intense scrutiny in recent years. Of significant
importance in these studies is the role which is played by amino acid
residues which are positioned at intervening sites between potential
electron donors and acceptors. Much is yet to be learned through the
construction of model peptides which are systematically fashioned in
structure with attention paid not only to an overall linkage span but
also to behavior of amino acid ("spacer") residues which may contain
electroactive side chains. A part of our current work is directed to
identifying the role of tryptophan (Trp) residues in facilitating long
range electron transfer. An objective of the research is the
demonstration of electron transfer between a dye, conjugated with a
polypeptide, and pendant groups native to the biopolymer.
Ultimately, charge migration along the polymer surface among
electroactive groups may be important. The efficiency of electron or
hole migration along the polymer chain is expected to depend on the
peptide conformation (e.g., the prominence of helical structures) and
the (predictable) interaction of neighboring (side chain) functional
groups.

A variety of peptide conjugates have been prepared having
chromophores unambiguously located at the N-terminus of the amino
acid sequence. These light-harvesting groups which are appropriate
for Nd/YAG laser excitation include the xanthene dye, eosin Y, the
pyrenesulfonyl group, and a linked 2,5,-dichloro-p-benzoquinone.
The peptides conjugated in this way include relatively simple
structures consisting of amino acid linkages of 1, 2, and 3 tryptophan
residues, model compounds in which Trp units are replaced with the
non-electroactive spacer residue, alanine, and the synthetic
homopolymer, poly(tryptophan), with 20-22 residues. Peptides have
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also been prepared such that C-terminal substitution with the strong
electron donor moiety, N,N-dimethyl-p-phenylenediamine (DMPD) is
present (linked as the C-terminal amide). A model of the dipeptide
displaying N-terminal pyrenesulfonamide and C-terminal DMPD is
shown above.

Experiments to date include observation of chromophore
fluorescence or triplet quenching by co-bound Trp moieties.
Photobleaching characteristics for conjugates with both electroactive
and non-electroactive side chains, circular dichroism and cyclic
voltammetry for the modified peptides, and electron transfer
phototransients have also been investigated. One protocol involves
the quenching of the excited chromophore by an external electron
acceptor and measurement of the kinetics of hole migration from the
N-terminal label to neighboring Trp groups. The hole transfer
experiment and the possibility for entrainment of charge along a
biopolymer "axis" is depicted in a rudimentary way in the figure
below. Emphasis is placed with these studies on the opportunities
provided with synthetic biopolymers for design of proximal groups
for electron transport and the potential role of secondary polymer
structure for modified biopolymers in controlling the efficiency of
long range charge separation.
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DISCUSSION

Spreer: What evidence do you have that the nitration of the donor
group is not due to a bimolecular reaction between two
polypeptides?

Jones: It is important to know that the hole transfer is in fact
intramolecular and not the result of interaction between
two peptides. We have looked at hole transfer at several
concentrations in the very low range generally used
(about 2-4 micromolar peptide) and observed no effects
associated with intermolecular reaction.

Tollin: What are x.he solubility characteristics of the larger
polymers?

Jones: The homopolymers of the aromatic amino acids are rela-
tively insoluble and offer significant problems in
handling and purification. The shorter peptides are all
easily handled and the copolymers having very different
peptide side chains appear to have fewer solubility
problems.

Wrighton: What is the consequence of the large dipole moment for
these molecules: is there an effective electric field to
assist charge separation?
Comment: Pyrene binds to carbon surfaces - the pyrene
terminated molecules may be oriented onto carbon elec-
trodes by such attachment.

Jones: Although there is no clear demonstration of the helix
dipole directing electron transport, the other consider-
able data on alterations of pK and anion binding show
that the field effect may be useful. The suggestion that
the pyrene end label can be selectively adsorbed on
metals, providing a site specific anchor, is a good one.
We should follow up.

Spiro: Many people worry about CHARM calculations, especially on
small polypeptides, because the solvent is omitted.
Specifically, what is the evidence that something of the
length of your designer peptide will actually form an a-
helix?

Jones: There is a considerable literature which shows that helix
formation is important for simple peptides of the dimen-
sions of about ten residues and higher (perhaps as high
as 100 residues) if the residues chosen are "heliogenic."
We have selected amino acid components (e.g. alanine) as
spacers that tend to be good helix formers.

Seltzer: Did you try to look for any nitration taking place
between TNM and your peptide when pyrene is not attached?
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That is, is there any reaction going through the
tryptophanphan-TNM charge transfer complex?

Jones: At much higher concentrations of amino acid and TNM (ca.
10"2M), a CT complex can be observed; it is photoactive
in terms of oxidation/nitration. In the experiments on
conjugated peptides we use very low concentrations of TNM
(10'4M) and peptide (<10"5M) so that the pyrene group is
the overwhelming light absorbing species.

Wasielewski: Your singlet lifetime of pyrene-SO2-ALA is about 10
times smaller than that of pyrene. Is. this an intrinsic
property of pyrene-SO2-OR or of attachment of the ALA?

Jones: The sulfonyl group alone alters the pyrene photophysics
considerably. Attachment of alanine leads to neglible
further changes.

Linschitz: I noticed that the yield of pyrene triplet in a flash
transient spectrum seemed quite ample compared to the
very low yield that one would expect from direct forma-
tion out of the excited singlet. Could this be caused by
charge recombination leading to the triplet?

Jones: No. The slide showed that the triplet was quenched -
that the principal transient is the pyrene radical cation
(450nm) when a moderate concentration of TNM is present
as quencher. The second transient spectrum showed the
depletion of this first radical cation and the appearance
of the second cation site which results from hole
transfer.

Fayer: The sulfur atom on the substituted pyrenes can enhance
intersystem crossing by the heavy atom effect. For
example, chlorobenzene has much greater spin-orbit
coupling than benzene. Benzene has a triplet lifetime of
20 seconds while chlorobenzene has a lifetime of milli-
seconds .

Tones: The photophysics of the pyrene sulfonyl derivatives are
indeed different when compared to the parent pyrene
hydrocarbon (a 20 nsec singlet lifetime vs about 200 nsec
for pyrene) and an effect of the sort you are suggesting
may be important. The size, length of conjugation and
symmetry of the chroaophore are also altered.
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TRANSIENT MODE SYMMETRY EFFECTS ON INTERMOLECULAR
ELECTRON TRANSFER PROCESSES

B. Stevens. W A Glauser and DJ. Raber
Department of Chemistry

University of South Florida
Tampa, FL 33620

Intermolecular electron transfer from an electronically-excited donor D* to acceptor
A is usually described in exclusive electronic terms as in the sequence

D* + A > D*A > D+A~ > D+ + A~ 1

and its reaction coordinate defined with reference to Born-Oppenheimer (nuclear potential
energy) surfaces. In this context the overall process is classified as adiabatic1 if zeroth-order
locally-excited |D*A> and charge-transfer |D+A"> configurations transform identically
under operations appropriate to the point group of the intermediate complex, or as diabatic
if it involves a non-radiative transition (D*A) > (D+A") between surfaces of different
symmetry2 (or spin angular momentum). The adiabatic requirement is expressed as

T( | D*A>)®1\ I D+A->) = r\ 2a

where I\ is the totally-symmetric representation ofthe point group, or in terms of symmetry
species of donor (<|>_2 < ^ < ^* < <|>2*) and acceptor (<J>_2 < ^ < 4>i* < $2 ) frontier
orbitals,

2b

if D* has the electron configuration <J>2_2<t>_i4>i*- Insofar as the adiabatic requirement 2
describes strong exciplex formation since the lowest energy CT configuration | D+A" >
cannot interact with the totally symmetric ground state. In this way selection rules
formulated for adiabatic electron transfer have been related to descriptions of the
intermediate complex as either a ('strong1 or 'weak') exciplex or EDA complex2.

Since however the overall energy Er of a system undergoing reaction must be
conserved, this is subject to a continuous redistribution between nuclear kinetic (Tn) and
Born-Oppenheimer (EBO = Vn + Te + Ve) components as the reaction proceeds. Moreover
as the overall translation^ and rotational components of Tn contain no potential energy
term, the interconversion of nuclear kinetic and potential energy must originate in nuclear
displacements which transform as transient (van der Waals) normal vibrational modes of the
complex. These originate in out-of-phase combinations ofthe original molecular rotational
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term, the interconversion of nuclear kinetic and potential energy must originate in nuclear
displacements which transform as transient (van der Waals) normal vibrational modes of the
complex. These originate in out-of-phase combinations of the original molecular rotational
and translational components of Tn, and transform as torsional (t^tptj, bending (b^by) and
stretching ( s j modes.

Insofar as the Hamiltonian is totally symmetric, the symmetry of the reaction system
must be conserved along the reaction coordinate. This now has orbital (electronic) Fe and
vibrational F ^ contributions to the adiabatic condition:-

A system * « W * vib * v* * 1

where F ^ = F t for all transient modes in even quantum states but transforms as the
appropriate Hermite polynomial for odd quantum states. In this context all processes are
vibronically adiabatic or F^ = Tv and an odd quantum state of a transient mode of
appropriate symmetry can provide a vibronically adiabatic channel for an electronically
diabatic sequence 1 if

DM" >) # I\ = TJi\D*A >)G\TJi\D*A- >) 3

This will be illustrated with reference to intermediate complexes belonging to Cs, C^ and
C^ point groups to form a basis for the general condusions:-

a) efficient photochemical charge separation, subject to the condition AGrt" OX
should be electronically diabatic and vibronicaliy adiabatic (condition 3).

b) inefficient geminate charge recombination should be vibronically diabatic or
(wi thF c ( |DA>)=F 1 )

DM

Since AGCT < < 0 combinations of intermolecular ground state | DA > accepting
modes will generally be available in any symmetry species of the point group in which case
condition 4 is inaccessible to 1:1 complex intermediates. For this reason we are currently
examining electron transfer in D/A systems linked by p- terphenyl or 9,9'-bianthryl groups
which is some cases behave as TICT states.

1. Th. Forster, Pure Appl. Chem. 24, 443 (1970).
2. B. Stevens, Chem. Phys. 122, 347 (1988).
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DISCUSSION

Fayer: 1) If the donor and acceptor are separated by many
solvent molecules, is there any way to apply your
symmetry considerations? 2) In the diffusion-controlled
reaction work, are you dealing with systems that form
complexes prior to electron transfer?

Stevens: 1) Donor-acceptor orbital correlations depend on their
relative orientation and should not be affected by
separation. 2) The only dynamic quenching requirement is
that acceptor and donor undergo a diffusive encounter; to
this extent an "encounter complex" is an electron
transfer intermediate.

Fox: Is the p-amino, p•-nitro-terphenyl not a TICT (twisted
intramolecular charge transfer) state, i.e. representa-
tive of an excited state and a charge transfer state? If
so, does this not violate your symmetry requirement for
rigidity?

Stevens: If the lowest excited state is of charge transfer origin,
it might be expected to have a planar (valence bond
quinonoid) structure. However, it does not exhibit TICT
state behavior insofar as it is quenched by polar
solvents.

Spreer: Would you speculate on the origin of water quenching of
the long wavelength emissions?

Stevens: I would prefer to wait until we know whether the quench-
ing is chemical or physical in nature, but any mechanism
proposed for water quenching should also accommodate
quenching by other polar solvents such as DMSO and
methanol.

Jones: Is there experimental evidence for orbital symmetry
prohibition on the rate of an intermolecular electron
transfer reaction?

Stevens: Not yet, to my knowledge, although rates of intermolecu-
lar electron transfer vary considerably, and donor/
acceptor orientation (and orbital correlations) in rigid
systems should be examined as the independent variable.

Newton: Do you agree that the vibronic model which you have
invoked for radiationless (i.e. electron transfer, etc)
processes, is quite analogous to the Herzberg-Teller
vibronic model for intensity borrowing in cases of
dipole-forbidden radiative processes?

Stevens: Formally they are analogous. However, we have been
concerned with the effect of intermolecular vibrations on
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bimolecular processes whereas intensity borrowing in
molecular absorption is mediated by intramolecular vibra-
tions .
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ENERGY RELATIONS FOR ELECTRON TRANSFER

John R. Miller

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

This program seeks to answer basic questions about how electrons are transferred between
molecular groups: how are rates controlled by distance, energy, angles, and molecular structure?
The goal is a fundamental understanding of these questions which could give us the ability to
design molecular devices to capture and store energy. The experiments use pulse radiolysis, which
is especially suited for quantitative measurements, because the energetics of the charge shift
reactions studied by this technique are practically independent of temperature, solvent polarity and
distance, whereas recent results demonstrate great progress in one aspect but confusion in another.
Current measurements of temperature-dependence of intramolecular electron-transfer (ET) rates are
providing striking confirmation that we have insight into control of ET rates by molecular motions.

The measurements of temperature dependence indicate more clearly than before that high frequency
vibrations of the electron donor and acceptor, which must be described quantum mechanically, are
coupled to the electron-transfer reactions.

Temperature dependence has been studied over the range -90 C to 100 C in 2-methyltetrahydro-
furan (MTHF) for intramolecular reactions of the type

D-SA ^ DSA-

where the donor group, D, is biphenyl, the spacer group, S, is the rigid steroid 3,16-androstane
and the acceptor groups, A, are naphthalene (AG°=-0.06 eV), benzoquinone (AG°=-2.1 eV), and
5-chlorobenzoquinone (AG°=-2.3 eV). For the weakly exoergic transfer to naphthalene, the
temperature-dependence is oredicted quantitatively using reorganization parameters extracted
previously from dependence of rate on AG°. For the highly exoergic electron-transfer reactions to
the quinones, the high-frequency vibrations lead to near temperature-independence of the rates,
which is also predicted by the theory and reorganization parameters used previously. The classical
Marcus theory, on the other hand, would have explained the slow rates of these reactions as due to
the reappearance of activation energies as the reactions enter the "inverted region." The absence of
the expected activation energies can be ascribed to "nuclear tunneling" in the high frequency
skeletal vibrations. Consideration of structural changes of molecules as they gain or lose charge
suggest that temperature-independence is likely to be a common feature of highly exoergic ET
reactions.

Relationships between the rates and the energetics of intramolecular electron-transfer reactions (ET)
for eight bifunctional compounds for which AG° ranges from -0.06 eV to -2.4 eV have been
examined in four solvents: isooctane, n-butyl ether, MTHF and the highly polar solvent
N-methylpyrollidinone {NMP; in this solvent the results are nearly complete). Striking effects of
solvent polarity are seen on the electron-transfer rates, which are in qualitative accord with theory,
but the reorganization energies are not given quantitatively by the dielectric continuum model.
New insights have also been obtained into both the solvent and intramolecular reorganization
energies. Solvent reorganization energies may be slightly smaller than indicated by our previous
experiments, but if so, then errors by dielectric continuum models are even larger than they
appeared to be previously.
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Effects of electronic couplings on electron-transfer rates, which determine both distance-
dependence and orientation-dependence, are much more poorly understood. The distance-
dependence of electronic couplings presents two kinds of problems. The first is that we have not
been able to establish the dependence upon distance precisely enough. The reason for this is that
the distance-dependence of electron transfer rates contains a contribution from the distance-
dependence of solvent reorganization energies. In principle, this contribution can be corrected for
by computing the distance-dependence of solvent reorganization energy by using dielectric
continuum calculations. These calculations have proved unreliable and we have attempted to
measure the distance-dependence of the reorganization energies by measurements of temperature
dependence. To date, the results are interesting, but unclear. Our shortest separation distance,
which uses a 1,3-cyclohexane spacer and our longest distance, the steroid spacer, give a much
weaker dependence on distance than expected by the dielectric continuum model. An immediate
point, however, did not fall directly between these, but there may have been additional
complications. Further measurements will be made in the future.

The second problem with distance-dependence is that, for the system of biphenyl for the donor and
naphthalene as the acceptor, the distance-dependence for electron transfer by anions and hole
transfer by radical cations has been measured to be exactly the same. This result is surprising. So
surprising that we doubt its generality, but don't understand how it is that the distance-dependence
would be the same. There are also substantial puzzles in orientation dependence of electron
transfer rates. For a series of 2,6-decalins, which hold donor and acceptor groups at different
angles, a curious and unexplained pattern of reactivity results which is different for the electron
transfer than it is for the hole transfer rates. In order to begin to understand these results and the
unexplained ones on the distance-dependence of electronic couplings, it will be necessary to join
experiment and theoretical computations of electronic couplings. We are planning to do this in a
method that can sort out the "electron tunneling" from the "hole tunneling" contributions. The new
method would make use of ab-initio techniques, but would attempt to enumerate all the different
pathways by which electronic coupling passes from the donor to the acceptor group.
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DISCUSSION

Linschitz: Wouldn't you expect differences in the behavior of
bridges or in distance dependence of charge transfer,
in trying to compare rates involving anion or cation
radicals, with situations involving photosensitized
reactions. Electron coupling with excited states should
certainly be different from those for the preformed
radicals.

Miller;

Newton:

Miller:

Small:

Yes, although not necessarily large differences, and
measurements we made some years ago for excited state as
well as radical ion reactants in rigid glasses gave
fairly similar charge transfer distances. The super-
exchange model would predict that differences will be due
to different energies for transfer of a charge from the
donor to the bridge to create a virtual intermediate.
The energies of such virtual intermediates vary from
donor to donor, but are not in general very different for
excited states relative to radical ions.

You referred to the use of the semi-empirical AMI molecu-
lar orbital method for estimating "inner-shell11

reorganization energies. Have you also used AMI to shed
some light on the "mysterious" spacer effects (e.g. by
looking at calculated ionization potentials or electron
affinities, or by looking at the degree of delocalization
of donor and acceptor MO's onto the spacers)?

Not yet, except to find that it does not accurately
predict the electronic couplings at long distances.

In the last molecular system you considered based on a
bi-cubane spacer, the electron-transfer rate constant was
somewhat larger than 109 s'1. Could you compare this rate
constant with the earlier discussed system with a steroid
spacer but the same donor and acceptor?

Miller: In the bi-cubane molecule, the rate to phenanthrene was
1.5 x 109 s'1 vs about 1 x 107 s"1 for the steroid. If we
correct for the different lengths (10 saturated bonds for
the steroid vs 9 for the bi-cubane) we conclude that at
the same number of bonds, the rate in the bi-cubane
molecule would be about 30 times larger.

Feldberg: Is it possible that the bonding to the spacer actually
changes the molecular orbitals of the donor or acceptor
and that this is the major effect on the electron or hole
transfer rates?

Miller: Bonding to the saturated hydrocarbon spacers does change
the orbitals of the donor and acceptor groups, but these
changes are very small according to MO calculations.

- 107 -



Fayer: In trying to move an electron through a bridge, there
will be mechanical distortions in the bridge. This will
influence the ability to transmit the electron besides
just the distances. How do you take this into account?
Can't the bridge being "soft" and "trapping" the elec-
tron, as a "soft" lattice slows down a polaron in a
crystal, explain differences in bridges?

Miller: Yes, you correctly point out that superexchange is not a
purely electronic phenomena. It does involve nuclear
(Franck-Condon) questions for the bridges, and we have
always considered that so. But I don't think this will
provide explanations for our "electronic mysteries" such
as stereoelectronic effects (where the bridges are all
the same) or the efficiency of the cubane bridges.

Fitzmaurice: Can differences in rate for a given spacer be related
to the ability of that spacer to locally exclude sol-
vents .

Miller: The abilities of different spacers to exclude solvents
from the donor and acceptor groups are fairly small and
do not vary much for the different spacer groups.

Endicott: One expects the solvent reorganizational energies to
depend on distance. Does the correlation of electron and
energy transfer rates imply similar solvent reorganiza-
tional energies.

Miller: No. The solvent reorganization energies for energy
transfer reactions were found to be negligible, as
expected, by measurement of rates in polar and non-polar
solvents. For the electron and hole transfer processes,
the rates were corrected for distance-dependence of
solvent reorganization energies, making use of the
dielectric continuum model of Marcus. The problem is
that the model works poorly, which causes uncertainty of
about ±10% in the attenuation of electronic coupling with
distance for electron and hole transfer.

Jones: Do your earlier comments regarding the lack of tempera-
ture dependence of electron transfer rate in the steroid-
linked system show that the Marcus inverted region is in
fact not important (in the sense that the predicted
nuclear barrier is not apparent as a activation energy).

Miller: The Marcus inverted region is still important and the
classical Marcus theory correctly predicts the re-
emergence of a barrier to reaction in the inverted
region. But by neglecting quantum mechanical (nuclear
tunneling) effects for the high-frequency molecular
vibrations, the classical theory fails to quantitatively
describe the decrease in rates with driving force, and it
completely fails to predict the temperature dependence.
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Meyer: Comments: l. The question of temperature dependence of
electron transfer in the inverted region depends on
charge type. We have measured the temperature dependence
of reactions where there is change neutralization and the
temperature dependence is large. 2. The applicability
of the classical Marcus theory in the inverted region is
clearly limited to cases where there are no high frequen-
cy modes with displacements or frequencies which respond
to the change in electronic distribution between states.
The problem in the inverted region is the disposal of
excess energy, not thermal activation.

Miller: 1. In the case of charge neutralization in a polar
solvent, the free energy change and solvent reorganiza-
tion energy both depend on temperature. The charge shift
reactions studied by pulse radiolysis more clearly
isolate the effect of a single variable such as tempera-
ture. 2. I agree with you. The results we obtained
were predicted by theory, but many people find them
surprising.

Wrighton: Does the ionization energy of the cubane system drop
significantly as the number of linked cubanes increases?

Miller: I don't know, but would expect only a small drop.

Wasielewski: Comment: I agree with John's assessment that if one
integrates over the total of electron transfer models,
there seems to be a large variability in the dependence
of rates (electronic coupling) on distance. However, the
situation isn't quite so grim. If you measure electron
transfer rates for a series of molecules with a specific
structural type of spacer, you find "islands of consis-
tency" in which the decrease of electronic coupling with
distance is rational. This appears in John's work, our
own work, and that of several others. This simply points
out that electronic coupling depends exquisitely on
structural features of the spacer.

Williams: For ir systems attached to the bridgehead positions of the
bicyclooctane spacer, through-bond coupling would surely
be minimal because these ir orbitals are orthogonal to the
a bonds that facilitate such coupling. Delocalization
between a bonds at the bridgehead positions is very well
illustrated by the equivalence of the two nitrogen atoms
in the diazabicyclooctane (DABCO) radical cation. The
bicyclooctane spacer is therefore ideal for coupling
between a substituents but not between two ir systems.

Miller: We joined you in expecting a small rate for aromatic
groups separated by the bicyclooctane spacer, although
not for the theoretical reason you suggested. Although
a pi orbital attached to the bridgehead would be perpen-
dicular to the three central sigma bonds of
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bicyclooctane, they are not in the same plane. Therefore
I believe coupling is possible. still, we too were
surprised that electron transfer is as fast for this
spacer as for 1,4-cyclohexane, but that is the result of
the measurements.
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ENERGY CONVERSION PROCESSES BASED ON MOLECULAR EXCITED STATES

Thomas J. Meyer

Department of Chemistry, University of North Carolina
Chapel Hill, NC 27599-3290

The utilization of metal-to-ligand charge transfer (MLCT) excited states
in energy conversion processes based on photochemical electron transfer remains
the goal of our research. In the DOE funded portion of this work, we have
investigated the preparation and characterization of new examples of this type
of excited state, of photo-effects in thin polymeric films on conducting
substrates, and on the assembly of complex light absorber/quencher assemblies
in soluble polymers. The emphasis in the current two year period has shifted
from photo-effects in films to learning how to control inframolecular electron
and energy transfer events in soluble polymers. The work with films and now
with polymers has been carried out in parallel with studies on the
photochemical and photophysical properties of MLCT excited states.

METAL-TO-LIGAND CHARGE TRANSFER EXCITED STATES

The goal of this effort is to expand both the available classes of MLCT
excited states and to gain insight into those features at the molecular level
that control excited state reactivity. The goal is to be able to design
excited states with properties that are predictable and can be maximized for
any particular application.

In the area of synthesis, considerable progress has been made. Synthetic
procedures have been developed for the preparation of an extended family of
polypyridyl complexes of Os(II) and a second series based on ligand variations
both in ancillary chromophoric ligands in polypyridyl complexes of Re(I). In
order to meet the needs of the work on excited state design, we have also
developed the synthetic procedures for the preparation of a variety of
substituted polypyridyl ligands.

The work in excited state design has been extended to explore a number of
issues. They include the role of the hydrido ligand in determining the
photochemical and photophysical properties of MLCT excited states, the role of
higher lying MLCT excited states in dictating excited state decay, and the role
of substituent variations on the chromophoric ligand in controlling such
properties as excited state redox potentials and excited state lifetimes.

PHOTO-EFFECTS IN THIN POLYMERIC FILMS

In this area we have been attempting to learn how to construct within
polymeric films photochemical/quencher systems that have been exploited in
solution studies. One goal is to learn how to create structures where
spatially-directed, photochemical charge transfer will occur.
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We have taken two different synthetic approaches to the preparation of
such structures. In the first, thin films of chlorosulfonated polystyrene were
cast onto carbon, platinum, or optically transparent SnO, electrodes. T!ie
chromophore was then added to the film in a second step By the formation of
sulfonamide links. They arise from the reaction between an amino group on the
periphery of the metal complex and the chlorosulfonated sites in the films.
This procedure has been shown to be quite general and has led to the
incorporation of a wide variety of chromophores into the films. In
photoelectrochemical applications, electron transfer quenchers were
incorporated either by chemical bonding or by partial hydrolysis of the
remaining chlorosulfonated groups which provides a cation exchange environment.
The quenchers were then incorporated by a simple ion exchange.

In a second approach, polymeric films were fabricated by
electropolymerization techniques which have been documented in the literature.
They involve either oxidative polymerization of chemically attached pyrrole
groups or reductive polymerization of vinyl groups. In this work, the effects
of variations in the spatial arrays of light absorber and co-polymerized
quencher were investigated both with regard to excited state emission and
lifetime and to photo-current production.

INTRAMOLECUIAR PHOTOCHEMICAL ELECTRON AND ENERGY TRANSFER IN SOLUBLE POLYMERS

In the work with soluble polymers we have also turned to chemically
modified derivatives of polystyrene. In this case the derivatized version
contains chloromethyl groups, which under basic conditions, undergo
displacement of the chloride and provide a basis for the binding of metal
complexes and quenchers via the formation of ether links. The polymer samples
have been characterized by gel permeation chromatography, elemental analysis,
and NMR. In one series of studies, we have investigated the effects of
changing the number of sites which contain bound metal complexes in polymers.
This work, has revealed that the effect on excited state properties of polymer
binding is slight when metal complex loading is low. When the polymer is
highly loaded, multi-photon effects appear, apparently by multiple excitation
and self-quenching.

In the highly loaded polymers, it has been possible to show that multi-
photon events achieved in a laser pulse can be used to achieve multiple
electron transfers. In other experiments, in this case involving the binding
of an osmium polypyridyl complex, it has been possible to show that all of the,
on the average, thirty Os sites can be photooxidized from Os(II) to Os(III)
without significant loss in excited state lifetime or per site emission quantum
yield. This is a significant result since it shows that these systems provide
a basis for the accumulation of multiple redox equivalents in single chemical
assemblies.
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It has also been possible to study intramolecular energy transfer via an
energy transfer cascade. In these experiments a series of samples were
prepared which contained limited amounts of both a ruthenium polypyridyl
complex, and an osmium complex. Excitation at Ru(II) in these samples failed
to give energy transfer to the Os(II) sites. The MLCT excited state of the
Os(II) complex is lower in energy by 0.5 eV. Incorporation of anthryl groups
onto the polymer, however, created a basis for energy transfer between the
metal conplex sites by initial energy transfer hopping to and then amongst the
chemically bound anthryl groups.
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DISCUSSION

Fayer:

Meyer:

Hupp:

Meyer:

Webber:

Meyer:

Wrighton:

Meyer:

Wrighton:

Meyer:

1. In the photophysics non-exponential decays, if the
experiments are done at low enough intensity, are single
exponential decays observed? 2. Have experiments been
considered in which annihilation between two low energy
excited states would produce one high energy state which
would drive an electron transfer that wouldn't be driven
by direct absorption of light.

1. In low polarity solvents (e.g., 1,2-dichloroethane)
at low intensities, the decays are nearly exponential.
2. Yes, such experiments are in progress based on mixed
polymers which contain both a light loading of Ru-bpy
chromophores and a high loading of an anthracene deriva-
tive.

Can you speculate on how one might feed multiple redox
equivalents in from your chromophoric strand to molecular
water oxidation or carbon dioxide reduction catalysts?

If the oxidative or reductive equivalents are held at a
higher potential than the catalytic sites, redox equiva-
lents will be transferred spontaneously to those sites.
We have initiated experiments where chromophores and
catalysts for the reduction of C02 or the oxidation of
organics are attached to soluble polymers.

Have you attempted to build block polymers (or other
similar approaches) to achieve spatially organized
systems?

These experiments are currently under consideration.

With the Ru(bipy),2*- (Anthracene) n system, you
able to pump in the red end of the visible to

Comment:
should be able to pump
excite the Ru(bipy),2* which is quenched by anthracene to
make triplets, T, which undergo T-T annihilation to form
the luminescent singlet excited state of anthracene. The
result is up-conversion of low to high energy light.

The experiment is currently under investigation.

What is the nature of your starting polymer — commercial
or synthetic and have the molecular weights and distribu-
tion been obtained for the metal complex derivatives?

Our polymers are synthetic; they are of higher purity
than commercial samples that we have tried. We have not
yet been able to ascertain molecular weights and distri-
butions after the metal complex has been added.
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Linschitz: Are there any effects in the absorption spectra
indicating couplings of the units in the polymer?

Meyer: The absorption spectra are slightly broadened on the low
energy side. Emission spectral shifts are more dramatic
with both a shift to lower energy and a broadening of the
emission manifold.

Peterson: You initially stated that there are differences in
excited state behavior when the NLCT state is localized
on a terminal ligand vs the ligand tied into the polymer
backbone. While you would expect the lifetime to change
due to solvent accessibility, why would you not expect
the same qualitative non-exponential behavior?

Meyer: Initial results suggest that the non-exponential ity does,
indeed, exist for these samples but a detailed data set
is not yet available for kinetic analysis.
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INTRAMOLECULAR ELECTRON TRANSFER IN
RUTHENIUM-MODIFIED CYTOCHROME C:

DRIVING FORCE EFFECTS

.Tames F. Wishartt. Myung-ok Cho§, Ji Sun§, and Stephan S. Isied§

Departments of Chemistry, tBrookhaven National Laboratory, Upton, NY 11973
and §Rutgers, the State University of New Jersey, New Brunswick, NJ 08903

The mechanisms of electron transfer in cytochrome c have been the center of
considerable interest. The method of covalent attachment of redox-active groups
to surface residues has been applied by several workers to the exploration of the
effects of driving force, distance, temperature, and conformation on the rate of
electron transfer. However, determination of the effect of variation of the driving
force in ruthenium derivatives of the native, iron-containing form of cytochrome
has been problematic due to the limited number of observed rates.

We report here the measurement of intramolecular electron transfer rates in
several cis- and trans- tetraammine(L)-ruthenium-His33-modified horse heart
cytochromes c (L=isonicotinamide, pyridine, iV-methylpyrazinium, and H2O/OH).
Activation parameters have also been obtained for L=isonicotinamide and
pyridine. Only modest rate increases are observed for large changes in driving
force (from L=pyridine to iV-methylpyrazinium).

The heme-to-ruthenium electron transfer rates for L=isonicotinamide,
pyridine, and N-methylpyrazinium were measured by oxidation of the fully
reduced complexes by radiolytically-generated carbonate (CO3-) radical. This is
noteworthy in light of the fact that numerous attempts to measure the electron
transfer rate by reduction of the fully oxidized isonicotinamide complexes with
CO2~ or other leductants have not resulted in any measureable rates (k < .01 s-1).
In similar experiments by two groups, only ruthenium-to-heme electron transfer
was seen in the case of the tetraammine-pyridine complex. Clearly, the oxidative
and reductive methods do not result in production of the same electron transfer
intermediate. Possible reasons for this will be discussed.

It is important to consider the effects of the local protein environment on the
properties of the ruthenium center. There is a general effect of moderation of
reduction potentials; that is to say that protein-bound high-potential complexes
have lower reduction potentials than their small molecule models. The reverse
holds for the low potential complexes. This effect can be a significant source of
error in driving force estimates based on model complexes.
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Identification of the operative electron transfer mechanism remains an
unsolved problem. Efforts will be made to increase the driving force further
(within the constraints of the heme-ruthenium system) to determine the
applicable reorganization parameters. Interpretation will be aided by parallel
investigations into the effects of protein conformation and the distance
dependences of through-bond and through-space electron transfer mechanisms.
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DISCUSSION

Kostic: Your new pulse radiolysis experiments begin with both
cytochrome c and ruthenium in the reduced state, and
Ru(II) complexes are labile. Is the tag falling off from
the protein? Are you perhaps measuring bimolecular
electron transfer? Suggestion; Try [Ru(bpy)3]

3t as an
oxidant. It can be prepared rather cleanly by flash
photolysis.

Wishart: Aquation of ruthenium C&K?-iexes from the modified
proteins has always faaen a point of concern for us,
regardless of the ruthenium oxidation state. In the
preparation phase, a difference spectrum of the freshly
chromatographed modified cytochrome versus the native
fcrsu permits confirmation of the completeness of modifi-
cation. The sample is then taken to Brookhaven under dry
ice and thawed immediately before use, allowing little
time for aquation.
Experimentally, we always check for bimolecular kinetics
by variation of the protein concentration. Since the
aquated ruthenium concentration would be proportional,
invariance of the observed ET rate constants permits us
to be confident that the reaction is intramolecular.
[Ru(bpy)3]

3* can also be prepared by pulse radiolysis
using the carbonate radical. We have used it before to
mediate the oxidizing power of C03~* in other cases, and
we plan to do it in the case of the isonicotinamide
complexes very soon.

Meyer: In the free energy correlation, you utilized redox
couples which have quite different self-exchange charac-
teristics. This could be misleading.

Wishart: Your point is very valid. In describing the slide I did
not stress the distinction between the two families of
electron transfer rate measurements. We hope to use both
groups in complementary ways to probe the reorganization
energetics of the native, iron-containing form of the
protein. In the case of reactions involving the Ru(II/
III) couple the reorganization contribution from the Ru
center is well understood but the range of driving force
is not as wide as we would like. On the other hand, the
ligand-centered-radical reactions provide a wide range of
AG but the ligand reorganization terms must be evaluated
on a nearly case-by-case basis. Certainly, the two sets
of reactions cannot be compared until the reorganization
differences are accounted for.

Jones: What is the stable secondary structure that is formed for
the poly prolines with longer links?
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Wishart: The stable secondary structure adopted by the longer
oligoprolines resembles the fiber structure reported for
poly-trans-L-proline. A crystal structure for a four
proline molecule has also been reported (Matsuzaki, T.
Acta Crvst. 1974 f B30. p 1029). This configuration is
favored over the all-cis form in aqueous solution. We
have done NMR measurements on the family (pro)n-
Co(III) (NH3)5 which show that each proline unit is at
least 98% in the trans configuration. A detailed report
of the Os-isn-(pro) n-Ru work, including the NMR results
mentioned above, has been accepted by J. Am. Chem. Soc.
for publication in the fall.

Hoffman: CO," radicals react quite rapidly with tryptophan and
other peptide residues. Does this possibility produce
any complications in the interpretation of the pulse
radiolysis data in the cytochrome c complex?

Wishart: Our delta extinction coefficients at 550nm (cyt c) and
432 or 504nm (cyt c isosbestics, Ru(II)L absorption
measured here) account for virtually all of the carbonate
radical, which can be observed directly at 600nm. The
observed rates of CO3~* decay and Fe(II) + Ru(II) bleach-
ing are identical. The composite rate for carbonate
radical oxidation of all the other residues in the
protein can be inferred from the rate observed for the
reaction of CO3"» with ferricytochrome c, (2-4xlO

8 M"1 s*1

which is significant but not as fast as ferrocytochrome
c. (lxlO9 M*1 s"1) or Ru(II) isonicotinamide modified
ferrocytochrome c (2.5xlO9 M"' s*1).
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OLIGOMER AND MIXED-METAL COMPOUNDS:
POTENTIAL MULTIELECTRON TRANSFER AGENTS

D. Paul Rillema, Shawn Van Wallendael,
Randy J. Shaver and Charles B. Blanton

Department of Chemistry
The University of North Carolina at Charlotte

Charlotte, NC 28223

Redox processes of practical importance often involve changes
of more than one electron. Examples often cited are oxidation of
water to oxygen (a four electron process) and reduction of C02 to
methane (an eight electron process). These changes place severe
kinetic requirements on systems and act as road blocks against
harnessing solar energy for converting chemicals to higher energy
materials. We are searching for ways to circumvent this problem by
designing new catalysts capable of multielectron transfer. These
new systems are based on monometallic precursors with desirable
photophysical and chemical properties. The monometallic complexes
are then coupled by way of bridging ligands to yield multimetallie
systems having multielectron transfer capability. Since the desired
properties are sensitive to the ligands and coordination
environment, we find it necessary to determine the photophysical
properties of both the monometallic and multimetallic complexes in
order to achieve our research goals.

I. Monometallic Complexes. The excited state properties of
ruthenium(II), rhenium(I) and platinum(II) are controlled by the
coordination environment which can be altered synthetically. For
some ruthenium(II) heterocycles, temperature dependent lifetime
studies indicated the presence of a fourth excited-state lying 400-
800 cm"1 above the 3MLCT state. The consequence of this was loss of
energy through this state rather than the dd state. The
ruthenium(II) complexes that exhibited this phenomena were less
susceptible to photosubstitution and, hence, offer excellent
potential for photocatalytic use. In rhenium(I) complexes, control
of the JTT* energy level of the heterocyclic ligands was demonstrated
by preparing tetracarbonyl complexes rather than the more commonly
isolated tricarbonyl species. Tetracarbonyl complexes [Re(C0)4(L-
L)] +, where L-L is 2,2'-bipyridine (bpy), 4,4'-dimethyl-2,2•-
bipyridine (dmb), 1,10-phenanthroline (o-phen) and 2,2'-bipyrimidine
(bpm) luminesced in acetonitrile at room temperature with excited-
state lifetimes that varied from 0.3 to over 4 /is when excited at
355 nm. The excited state species behaved as powerful oxidizina
agents. For example, dynamic quenching of [Re(C0)4(bpm)]

+ by Cl~
was observed in acetonitrile. In platinum(II) complexes, control of
excited state properties was achieved by the choice of ancillary
ligands coordinated to "Pt(bph)11, where bph is the dianion of
biphenyl. The bis(acetonitrile), bis(diethylsulfide) or
ethylenediamine analogues luminesced strongly in fluid solution with
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lifetimes that ranged from 7 to 14 /is when excited at 355 nm. The
emission contained highly structured vibronic progressions
characteristic of emission from a 3CT state. Excited-state electron
transfer was also observed from this state to electron acceptors
such as MV2+. When "Pt(bph)11 was complexed with bpy, however, the
3MLCT(bpy) state was brought below the 3CT(bph) state and room
temperature luminescence was lost.

II. Bimetallic and Multimetallic Complexes. Assemblies containing
from one to four metals were generally attained with two types of
bidentate bridging ligands. One type consisted of heterocycles with
remote nitrogen atom binding sites (e.g., 2,2'-bipyrimidine); the
other consisted of two heterocycles attached to one another by means
of an alkyl bridge (e.g., l,2-bis(4'-methyl-2,2'-bipyridyl-4-yl)-
ethane, MebpyMebpy). Complexes containing two, three and four metal
centers bridged by neutral and negatively charged ligands with
remote binding sites displayed the rich electrochemistry desired for
catalysts capable of multielectron transfer events. Most of these
complexes did emit, but the intensity was significantly reduced
compared to the monometallic precursors. Bimetallic complexes,
where attachment was affected by means of the heterocycles with the
alkyl bridge, retained their individual identity according to
electrochemical, electronic absorption, and nuclear magnetic
resonance results. However, communication between the metal centers
was displayed by emission properties for [(bpy)2

Ru(MebpyMebpy)-
Re(CO)3py] . When excited at 355 nm, the cation luminesced both at
540 nm and at 610 nm in methylene chloride at room temperature. The
540 nm luminescence was derived from the Re site and the 640 nm
luminescence from the Ru component. More significantly, the
luminescence quantum yields differed from those of the monometallic

for
for

and
0(em,6lo nm) = (0.149 ± 0.003) for the bimetallic complex. The fact
that the Ru based emission in the bimetallic complex increased at
the expense of the Re based emission suggests that the mechanism for
the process may involve energy transfer.
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DISCUSSION

Petersen: 1. Are the monometallic complexes really the best
systems to use for absorption partitioning in the Re-Ru
bridged system? 2. In solvents where you get both Re
and Ru based emissions in (bpy)2Ru(4,4

l-me2bpy)Re(CO)4, do
the lifetimes as a function of wavelength support energy
transfer or localized emission?

Rillema:

Meyer:

Rillema:

Meyer:

Rillema:

Wrighton:

1. Monometallic complexes are adequately suited for use
in partitioning arguments. The extinction coefficients
of the Ru/Re bimetallic complex is approximately the sum
of the extinction coefficients for the individual
ruthenium and rhenium monometallic complexes at 355nm.
The extinction coefficients for the Re/Re and Ru/Ru
bimetallic complexes are roughly twice those of the
corresponding monometallic species. Thus, there appears
to be no real significant metal-metal interaction effects
on visible/UV spectra.
2. The question is an interesting one. We observe an
increase in the excited state lifetime of the ruthenium
component as expected but the lifetime of the rhenium
side does not decrease as much as expected. While no
rational explanation can be given at this time, similar
results have been observed by others for different
systems.

Comment: Other examples of energy transfer sensitization
in ligand-bridged complexes have been reported.

It is true that other examples of energy transfer
sensitization in ligand-bridged complexes have been
observed. However, in our case luminescence is observed
from both metal centers simultaneously and we show that
loss of luminescence from one center ends up as lumines-
cence from the other.

Do you have any evidence for CO loss photochemistry?
loss from Re(bpy) (C0)4

+ has been observed.
CO

We plan to study ligand loss photochemistry of the
rhenium (I) tricarbonyl and tetracarbonyl complexes. Jim
Kincaid is examining the Resonance Raman spectra of these
complexes and finds that ligand loss photochemistry
occurs. As you suggest, the most likely source of this
is CO loss. This observation, I believe, has been
reported for tricarbonyl species, not the tetracarbonyl
complex suggested.

Comment: We have examined the emission of (4-benzoyl-
pyridine)Re(CO),(2,2'-bipy) + and find the n-?r* benzoyl-
pyridine triplet to be the lowest excited state.
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Rillema; We confined our investigations to nonsubstituted pyridine
adducts of [ (py)Re(CO)3) (2-2'-bpy) ]*. Ground state redox
processes indicated that the lowest w* energy level
resides on 2-2'-bpy. Nevertheless, the comment offers
another way of controlling excited state dynamics in
rhenium(I) tricarbonyl complexes.

Wrighton: I. Concerning the oxidative addition of CH2C12, do you
see quenching of the luminescence of the Pt species? 2.
Is the (biphenyl)2" •* Pt n CT close enough in energy to be
accessible for the oxidative addition?

Rillema: 1. The luminescence study of Pt(bph) (en) was examined in
CH2C12, but quenching was not considered due to the
already intense luminescence. If quenching were
occurring, it would of necessity be weak. The number of
solvents available for use in these studies is limited
due to solubility problems. The question is important
for mechanistic arguments and attempts will be made to
use this approach as a probe to better understand the
oxidative addition process. 2. The bph •+ Pt(II) CT lies
2.5 V above the ground state and the energy certainly is
available for the oxidative addition process if methylene
chloride behaves as an energy acceptor.

Eisenberg: 1. Has the nature of the photochemical oxidative
addition of alkyl halides been probed by varying RX?
2. Could the nature of the band at «450nm in the absorp-
tion spectrum of Pt(bph)(phen) be due to inter ligand CT
rather than MLCT.

Rillema: 1. We have not yet varied RX, but have only examined
oxidative addition of CH2C12. This was done in order to
compare our results to those of von Zelewski and
coworkers. 2. The question is an intriguing one. The
emission, however, appears to be 3MLCT in origin when
compared to other bidentate heterocyclic ligand
complexes. Thus, it would appear that the assignment of
a dir -» f * transition given by von Zelewski is probably a
correct one for the absorption assignment.

Watts: In the oxidative addition photochemistry of Pt(ll), why
do you invoke a LF excited state as the reactive state?
Shouldn't a LF excitation of a d8 species remove electron
density from the z-axis, where the oxidative addition
presumably would occur, and enhance electron density in
the plane of the bonded ligands. That would seem to work
against oxidative addition along the z-axis.

Rillema: The mechanism of oxidative addition is unknown and the
ligand field state was invoked as a possible explanation.
If the reaction is a concerted process, an unpaired
electron is needed to initiate the process. Other
possible mechanisms involve formation of platinum(III)
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and reduced methylene chloride by way of excited state
electron transfer or a charge transfer to solvent
process.

Nahor: Have you tried to excite the Ru end of the bimetallic
complex? How does it compare with the monometallic Ru?

Rillema: We have carried out an exhaustive study of emission
quantum yield determinations for the monometallic
ruthenium complex and the bimetallic Ru/Re complex at Aex
= 436nm. Our results indicate that the emission quantum
yields of the Ru/Re dimer are slightly larger than for
the Ru monomer. The increase, however, is a small one
and does not compare to the increase observed at Aex =
355nm.
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PHOTOINDUCED ENERGY AND ELECTRON TRANSFER IN MULTINUCLEAR

TRANSITION METAL COMPLEXES

John F. Endicott

Department of Chemistry
Wayne State University

Detroit, MI 48202
Photoinduced electron and energy transfer processes have been a fundamental and practical

concern for some time. Much of our research effort has been directed towards elucidation of
factors governing the primary, donor-acceptor electron or energy transfer step in dinuclear and
trinuclear coordination complexes. We have initially focused on systems in which the excited state
electronic structure and/or photophysical behavior is well characterized for the mononuclear
component complexes. In connection with this, we have also synthesized and photophysically
characterized a large number of mononuclear complexes with a view to the characterization of their
relaxation mechanisms.

I. Relaxation mechanisms of metal centered (d-d) excited states: Cr(III)
complexes. We have made some systematic studies of the radiative and non-radiative relaxation
pathways available to the lowest energy excited state(s) of Cr(m) complexes. Some of this work
has been published [1-6] or is being written up for publication [7]. This work has demonstrated
that stereochemical factors, imposed by the complex ligand systems, can be a major factor in
promoting or inhibiting thermally activated, non-radiative relaxation of (2E)Cr(III) excited states.
As a consequence ligand stereochemistry may be employed to regulate excited state lifetimes in
some complexes. A major thrust of the stereochemical studies has involved ligands with a
propensity for trigonal distortions. By synthesizing Cr(JU) complexes with different tendencies to
twist along a trigonal axis we have been able to vary ambient (aqueous) (^E)Cr(UI) lifetimes from
less than 10 ps to a few ms [5,6]. The clearest example of the effect has been found in the
N,N',N"-tris-alkylamine-1,4,7—triazacyclononane complexes of Cr(III) for which the
spectroscopic characteristics of the propyl- and ethylamine complexes are very similar, but the
ambient 2E lifetimes differ by about a factor of 2xlO4 (about 105 for the perdeutereo
complexes) [6]. The longer lifetime of the tris-propylamine complex is correlated to a marked
increase in non-bonding repulsions in the very congested coordination sphere when the ligand is
twisted, while the short lifetime of the tris-ethylamine complex can be correlated with a relaxation
of steric repulsions when this ligand twists [6].

Studies at 77K have demonstrated that radiative (?E)Cr(ni) lifetimes are largely a function
of spin-orbit coupling to higher energy quartet excited states, and that this factor is also important
in the low temperature, non-radiative relaxation rates of proteo complexes [4,5]. Many details of
the contributions of the electronic matrix element, high and low frequency vibrational modes and
stereochemical factors to the relaxation rate constants are still being examined, and we have made
some preliminary surveys to determine the extent to which these factors contribute to excited state
relaxation of other transition metal complexes.

II. Photophysics of multinuclear complexes. Excited state relaxation pathways
have been examined for some bi-and tri-nuclear transition metal complexes containing the
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Ru(bpy)22+ chromophore linked, or metallated through cyanide to ammine chromium(III),
rhodium(III), ruthenium(H[) or cobalt(III) complexes. The (3CT)Ru(bpy)22+ absorption and
emission maxima, and the Ru(m)-(II) reduction potentials all increase in energy with metallation.
The Cr(m) and Rh(III) centers can quench the (3CT)Ru(bpy)22+ excited state only by energy
transfer. In most of the Rh(HI) metallates, energy migration from the initially excited ruthenium
center to the rhodium centers occurs in discrete steps analogous to elementary chemical reactions
between independent :.:olecular species. The migration of energy is manifested by quenching of
(3CT)Ru donor emission accompanied either by ^EJCrflU) phosphorescence emission in the
chromium metallates or by the growth of a metal-to-metal charge transfer absorption in the Ru-Rh
mono metallate. Picosecond flash photolysis has been used to observe the equilibration (in about 1
ns) between the (3CT)Ru(bpy)22+ and the triplet ligand field excited states of Rh(NH3)53+. The
strongly temperature dependent (3CT)Ru(bpy)22+ emission lifetimes of the Rh(NH3)s3+ metallates
are simply described by two competing relaxation channels, one involving unmetallated cyanide
(kRU) and the other involving energy transfer to Rh(m)(kRh); in principle, one should also allow
for a Ru(D) centered relaxation pathway of the fully metallated complex (1CM « kRu). so that T-1 =
kM + (2-n)kRU + nkRh where n is the number of metallated cyanides. Based on the photophysical
behavior, (77-298K) of the parent rhodium hexaammine complex, the (3CT)Ru(bpy)22+ donor is
inferred to be strongly coupled to the Rh(NH3)s3+ and Rh(NH3)4X2+ (X = CN, Br, I) acceptor
centers, but electronically independent unless the donor and acceptor energies become comparable.
Thus there may be appreciable donor-acceptor mixing for the RhCNHs)^"1" metallate [8].

The Cr(NH3)53+ metallates are exceptionally photosensitive under ambient solution
conditions and ps flash photolysis results suggest that (3CT)Ru(bpy)22+ quenching at 298K
populates the (4T2)Cr(m) excited state; this inference is based on the very similar donor and
acceptor excited state energies and on the apparently "prompt" (< 50 ps) demetallation of the
substrate.

The potential electron transfer systems, the Co(NH3)53+ and Ru(NH3)s3+ metallates, have
proved to be interesting. The Ru-Ru metallates were reported some time ago by Scandola and
coworkers (JACS, 1985) who found the (3CT)Ru(bpy)22+ excited state to be totally quenched
under ambient conditions. We find that the luminescence quenching is comparably efficient at
77K, and that the electronically excited system regenerates the ground state in < 25 ps under
ambient conditions. Some transient absorption changes were found for Co(III) metallates in the
very short ns time regime. The observations suggest that it may not be appropriate to describe the
relaxation of the Ru-Ru complexes in terms of "electron transfer", while transient electron transfer
states may be vibronically trapped in the Ru-Co complexes.

For purposes of comparison, we have commenced studies of the (bpy)2Rub-bCo(bpy)25+

complex (b-b = l,2-bis[4-(4 -methyl-2,2'-bipyridyl)]ethane) in collaboration with Professor D. P.
Rillema. Electron transfer quenching is much slower in this complex than in the Co(NH3)s3+

metallates of Ru(bpy)2(CN)2-
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DISCUSSION

Hupp: Is there an obvious resonance Raman experiment one might
carry out to gain quantitative information about the
twisting motions involved in deactivating the excited
state?

Endicott: Possible but not obvious: (a) (2E) Cr(III) absorptions
are small - molar absorptivities of 0.1 or less; (b)
excited state Raman would be possible for complexes with
little tendency to distort along a trigonal axis.

Connolly: What type of acoustic detector do you use and what is the
time response? That is, at what lifetime do you have to
worry about the decay of the transient species whose
energy you are measuring?

Endicott: We use a Panametrics A110S transducer with a nominal 5
MHz frequency. We have shown that this transducer gives
a flat response for transients with lifetimes longer than
300ns.

- 135 -



SPECTROSCOPIC AND STRUCTURAL INVESTIGATIONS OF METAL
COMPLEXES WITH CLOSED-SHELL CONFIGURATIONS

G. A. Crosby

Department of Chemistry and Chemical Physics Program
Washington State University

Put Iman, WA 99164-4630

Although the electronic excited state properties of metal complexes containing
open-shell ions are well investigated, there is little known about the excited
states of complexes containing closed-shell metal ions. When a central ion is
heterocoordinated with both ir-donor and ir-acceptor ligands, a host of nearly-
degenerate excited configurations is theoretically possible leading to
clusters of excited states of both singlet and triplet spin signatures and
disparate orbital types. Moreover, because the closed-shell nature of the
systems excludes low-energy electronic states, radiationless decay completely
to the ground state is inefficent and the complexes display strong
luminescence spectra that can be monitored both in glasses and crystals,

CURRENT INVESTIGATIONS

Research has been focused mainly on three areas: (a) the investigation of the
excited state properties of copper(I) complexes in glass matrices, (b) the
study of structure-property relationships of zinc(II) systems that display
several crystalline phases, and (c) initiation of computations to rationalize
the substantial changes in emission energies that accompany these phase
changes.

I. Copper(I) Complexes. Photo luminescence has been observed from coordination
compI exes of copper(I) conta i n i ng both N, N-heterocyc1e and phosph i ne 1 igands.
The 77 K luminescence spectrum exhibits two distinct components, a
phosphorescence arising from a 3IMT* level of the N,N-heterocycle and a broad-
band emission that iies several hundred cm"1 lower in energy. A series of
complexes in which the N,N-heterocycle was 4,7-Me2-l,10-phenanthroline and the
phosph I ne was (s-PhKP, where s= 4-C1, 4-H, 4-He, 4-MeO, or cyclohexyl, was
synthesized and spectroscopical ly examined from 4 K to room temperature. It
has been demonstrated that the two emitting levels are not in thermal
communication and that each is populated through separate pathways. The broad
77 K emission has been identified, through a combination of experiment and
semi-empirical calculations, to arise from a configuration involving a n*
orbital localized on the N-heterocycle and a hybrid orbital that exhibits both
Cu(I) d-orbital and N-heterocycle character.

II. Structure-Property Relationships. Changes in luminescence spectra and
lifetimes of crystalline samples of bis(s-benzenethiol)(2,9-dimethyl-l,lO-
phenanthroline)zinc(II) at 77 K can be correlated with phase changes of the
solids. The ease of conversion among phases is a general property of this
class of materials. For bis(benzenethiol)(2,9-dimethyl-1,10-phenanthroline)-
zinc(II) complete structure determinations have been made of two phases. The
attendant changes of optical properties are ascribed to rotation of the planes
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of the two thtol rings on a single zinc ion from an approximately
perpendicular to a nearly face-to-face conformation as the slowly heated
crystal undergoes the phase change. There is possible relevance of these
results to the problem of charge-separation In solids.

III. Extended Huckel Calculations. A series of calculations on both
crystalline phases of bis(PhS)(2,9-Me2-l,10-phenanthrol1ne)zfnc(II) yields
energy minima near the experimentally determined phenyl ring orientations.
These calculations also correctly predicted that the Pcba phase is more stable
than the C2/c phase* and that charge-transfer transitions should appear at
lower energy in the Pcba phase, w—IT* transitions were predicted to occur near
their observed energies. An analysis of the HOMO and LUMO of the complexes
indicates that the lowest energy transitions are Indeed from the sulfur atom
to the IT* orbital of the N-heterocyc1e in agreement with the LLCT assignment.

FUTURE INVESTIGATIONS

More examples of complexes that show multiple crystalline phases will be
studied optically to ascertain whether the rotation of the phenyl rings is the
dominant structural modification that accompanies the gross changes in the
optical properties. Additional compounds that are predicted to display
thermally-surmountable barriers between electronic states of disparate orbital
parentages will also be synthesized and investigated optically. Extension of
the project to compounds of cadmium is planned. In addition to the closed-
shell complexes, a series of iridium(III) and rhodium(III) complexes that have
been designed to possess near-degenerate excited states will be studied by
thermal modulation spectroscopy to elucidate the nature of the barriers
separating the emitting states. Finally, it is our intention to upgrade our
computer programs and extend them to accommodate molecules and complexes of
larger size.
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1054, 214-216 (1989).

K. J. Jordan, W. F. Wacholtz, G. A. Crosby, "Structural Dependence of the
Lum i nescence from B i s(subst i tuted-benzeneth i o1)(2,9-d i methy 1-1,10-phenanthro-
line)zinc(II) Complexes", Inorganic Chemistry, submitted.

W. L. Parker and G. A. Crosby, "Charge-Transfer Intensity of Complexes with
Symmetrically Equivalent Acceptors", International Journal of Quantum
Chemistry, submitted.
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DISCUSSION

Barkigia:

Crosby:

Small:

Crosby:

Zerner:

Crosby:

What are the differences in conditions that produce the
orthorhombic and monoclinic phases? Can you interconvert
one to the other as a function of temperature?

Obtaining the orthorhombic phase is difficult. It should
drop out of solution at low temperature, since it is the
low temperature phase. Yet, one generally obtains the
other form. One can, however, convert the low tempera-
ture phase to the high temperature one by careful
heating. We also have evidence for more than two phases
in some of our other materials.

Concerning the two crystalline forms of your interesting
Zn(II) complex which are interconvertible via heat
pulses, would it be possible, do you think, to achieve a
photo-induced solid state phase transition? You pointed
out that the mode associated with the phase transition is
soft.

First, let me clarify that the heat pulses at low
temperature drive the system from a zirw* state on the
phenanthroline ligand to a 3CT configuration characteris-
tic of the entire complex. This is not, necessarily, a
phase transition. We might, however, be creating defects
in the crystal occupied by molecules that have been
converted to the other conformation characteristic of the
second phass. In a sense, this could be the beginning of
a phase transition. Our first goal is to obtain crystals
that are as uniform as possible of both phases and then
look at conversion processes.

In the Zn ligand-to-ligand charge transfer compounds,
what is the donating ligand and what is the acceptor
ligand? What is the initial absorbing state, and how
does the charge transfer behave as a function of the
absorption frequency?

By putting electron donating/withdrawing substituents on
the thiol ligands, we can tune the frequency of the 3LLCT
emission. The correlation is clear: the thiol moiety is
the donor and the phenanthroline ligand is the acceptor
in the excitation process. The initial absorbing state
depends on the excitation frequency. In general, we
excite both Vir* and 1LLCT states simultaneously and
obtain both 3JTJT* and LLCT emissions. By moving the
excitation line to the very lowest edge (long wavelength)
of the absorption, we can obtain primarily LLCT emission.
This agrees with the assignment of the long wavelength
absorption to a LLCT band.
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Eisenberg: Do you see any substantial differences in the packing
between the monoclinic and orthorhombic forms of the
Zn(S-Ar)2(phen) complex since the molecular structural
change is very subtle?

Crosby: No, the packing appears to be similar and the crystals
are very soft. This signals to us that an electronic
mechanism is the dominant one determining the barrier
between the two molecular conformations in the crystal.

Spreer: What role do the metal orbitals play in the ligand-to-
ligand charge transfer? For instance, what happens if
cadmium is substituted for zinc?

Crosby: Determining the role of the metal orbitals is a main
focus of our studies. Our preliminary calculations of
the zero-field splitting of the 3CT sublevels give values
of the splitting that are much too small, if we confine
the electron and hole on the two separate ligands,
respectively. To obtain zero-field splittings in
agreement with experiment, one must include contributions
of zinc d and p orbitals to the MO's. Cadmium can be
substituted for zinc and the results are similar. The
lifetime of the 3CT appears to be longer and not shorter
than that of zinc for the same ligands. This can be
traced, we believe, to the differences in metal-orbital
participation.

Systems have also been found, e.g., (4,4'-(NHL) 2~
bpy)Re(CO), (py)+, in which the ww* excited state at the
ligand is lower than the lowest MLCT state and, yet, MLCT
emission occurs. At lower temperatures, the intercon-
version between states is limited by a barrier between
them.

Crosby: Yes, there are several cases of this type, both involving
ww* and MLCT and also irtr* and dd excited states. Nearly
degenerate 3JMT* and LLCT states can be engineered with
ease, however, and this opens up the field to the study
of the subtleties of the barriers that separate them.

Watts: A good deal of electrochemistry has been done on systems
with MLCT excited states in order to correlate metal
oxidation potentials and ligand reduction potentials with
MLCT energies. Has there been any work with the electro-
chemistry of the systems with ligand-ligand CT to attempt
correlation of their energies with ligand oxidation and
reduction potentials?

Crosby: I know of no such studies. It seems to me, however, that
the first oxidation wave should be related to the thiol
moiety and the first reduction wave to the diimmine
ligand. This would be interesting to probe experi-
mentally.

Meyer:
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CHARACTERIZATIONS OF METAL-CARBON AND METAL-SILICON BONDED
COMPLEXES OF d6 AND d8 TRANSITION METAL IONS
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F. Garces, G. Carlson and A. Safir

Department of Chemistry
University of California
Santa Barbara, CA 93106

6 8
Complexes of many of the d and d metal ions of the second

and third transition series have proven to be valuable photosensi-
tizers. A good deal of their utility is a result of the ability of
many of these to act as photooxidants or photoreductants following
visible excitation. While a few complexes, such as [Ru(bpy)3] ,
have been carefully studied and widely used as photocatalysts in
model photoconversion schemes, relatively little is known about the
photoproperties of a vast number of metal complexes which might be
superior to the photocatalysts presently being used. It is the
goal of this research to find new metal complexes which might be
useful in photocatalysis and to provide characterizations of their
photoproperties which demonstrate their advantages or disadvan-
tages .

Toward this goal, the program has focused primarily on studies
of metal-carbon bonded complexes formed in ortho-metalation react-
ions. A large number of transition metal ions undergo this type of
reactivity to form stable species with strong metal-carbon CT-bonds
in their coordination spheres. The anionic nature of the ortho-
metalated ligand as well as the strong <X -donor character of the
metal-carbon bond in these complexes renders the metal electron-
rich and leads to complexes which are often easily oxidizible in
their ground states. As a result, in cases where excited states
appropriate for electron transfer reactions can be formed by ab-
sorption of visible light, these excited state species can some-
times function as strong photo-reducing agents. This rational has
provided a basis for the program to explore the photo-properties of
ortho-metalated complexes. Similar reasoning has led recently to
attempts to expand the program to incorporate studies of complexes
containing metal-silicon C-bonds. This type of bonding should
provide at least as strong o*-donor character as metal-carbon O*-
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bonding, and will undoubtedly introduce chemical reactivity pat-
terns distinct from those encountered in the metal-carbon bonded
species.

Two projects of particular significance in this program at the
present time are: 1) preparation and characterization of tris-
ortho-metalated complexes of Ir(III); and 2) preparation and char-
acterization of complexes formed by metallation of 8-(silyl-substi-
tuted) quinoline ligands. The strongly reducing nature of the
excited state of Ir(ppy)3 [ppy = 2-phenylpyridine; E°
Ir(ppy)3

+/ Ir(ppy)3 = -1.8 V vs SCE] was reported in prior work.
However, at that time the tris-product formed as only a minor side-
product to the dichloro-bridged dimer in the synthetic route which
was utilized. Since that time, synthetic methods have been found
to prepare the tris-species in high yields (50-75%). A variety of
these tris-ortho-metalated Ir(III) complexes with 2-phenylpyridine
derivatives in which a hydrogen of the phenyl ring has been re-
placed with a substituent group have now been prepared, and their
spectroscopic properties are under investigation.

The approach which has been taken to begin studies of metal-
silicon bonded complexes has been in attempts to synthesize metal-
lated derivatives of the silylquinoline ligands illustrated below.

bis-MESIQN MESIQN PHSIQN

These ligands have been prepared by reaction of the appropriate si-
lane with 8-bromoquinoline. Attempts are presently underway to
isolate and to identify products formed in the reaction of these
ligands with several transition metal ion starting materials, in-
cluding Ir(III), Rh(III) and Re(I). At the present time it appears
that the MESIQN ligand reacts with both Ir(III) and Rh(III) start-
ing materials to form metal-silicon bonded dichloro-bridged dimers
similar in structure to the ortho-metalated dichloro-bridged dimers
formed in reactions of these metal ions with 2-phenylpyridine.
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DISCUSSION

Crosby: What is the formal oxidation state of the metal ion in
the very electron-rich complexes? Is the metal ion still
Ir(III)?

Watts: The absorption and emission spectroscopy of the electron
rich Ir(III) species we have studied is entirely consis-
tent with a formal + 3 oxidation state, strong field d6

species. However, the oxidation potential is quite low
compared to most Ir(III) complexes. Perhaps the insta-
bility of a formal d7 Ir(II) species and the inaccessi-
bility of a formal d8 lr(I) species with 4-coordinate
square planar geometry "traps" the system in an overly
electron rich Ir(III) situation.

Petersen: To get more reducing power in your phenylpyridine you
mentioned adding electron donating substituents to the
pyridyl rings. Do you contemplate more radical modifica-
tions that involve that ring?

Watts: Since we are close to optimizing phenylpyridine Ir(III)
complexes as photoreducing agents, we will stick to
simple substituent effects, for now, in hopes of retain-
ing the favorable qualities of Ir(ppy)3. It is reason-
able to expect that other, more major, modifications
might yield greater improvements, but we want to ensure
optimization of the Ir(ppy)3 system before we try to
undertake any major structural changes.

Rillema: You mentioned that you would like iridium to have a large
number of metal-carbon bonds. Have you ever tried
biphenyl as a ligand?

Watts: Yes, we have tried this without success. We are aware of
von Zelewsky's success with binding biphenyl to Pt(II),
but we have been unable to prepare similar Ir(III)
species.

Wrighton: 1. Are there any organic molecules which could be super,
one-electron excited state reductants? I'm not acquaint-
ed with these but Mike Wasielewski commented on organic
photo-reductants. 2. Has anyone seen quenching of
excited states by C02?

Watts: 1. See Wasielewski• s comment. 2. We tried this some
time ago with Ir^ppy)3 at your suggestion and found no
quenching. We will try this with the substituted
complexes we have recently prepared and reported today,
and hope to have some results next year. I'm not aware
of any reports of luminescence quenching by C02.
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Wasielewski: Response to Wrighton's Com«j>pt; An aromatic molecule
with a reasonably high excited singlet state energy («2.7
eV) and low oxidation potential («+0.7 V vs SCE) is
perylene. I am not aware of any attempts to reduce C02
with this material. It might be worth a try.

Eisenberg: Are there any examples of Si-Si oxidative addition in
which the disilane is not tethered to the metal complex
by coordination prior to Si-Si cleavage?

Watts: Although I am not familiar with specifics, I believe that
metal complexes have been used to cleave polysilanes via
oxidative addition to Si-Si bonds. I have also heard
reports that photolysis of iron complexes of disilanes
results in cleavage of Si-Si bonds in the coordinated
disilane with elimination of monosilane leaving one
monosilane coordinated to Fe.

- 146 -



Session VII

C. Michael Elliott, Chairman



KINETIC ISOTOPE EFFECTS AS MECHANSITIC PROBES IN PURPLE MEMBRANE
AND ENZYME-CATALYZED CIS-TRANS ISOMERIZATION

Stanley Seltzer

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

The purple membrane of Halobacteria is an energy transducer. It converts solar energy to
chemical energy through its light-driven proton pump. Absorption of light causes protons to be pumped
from the inner side of the membrane to its outer side and the proton gradient that results is used by the
bacterium to drive the synthesis of ATP which in turn is used as an energy source to drive the synthesis
of other molecules. The mechanism of solar energy conversion by the purple membrane is under intense
investigation.

The light absorbing chromophore of this system is all-trans-retinal. bound to the membrane's only
protein, bacteriorhodopsin, through a protonated Schiff base with its lysine-216. Photoisomerization of
all-trans-retinal to its 13-cjs-isomer in the first step of the photocycle is obligatory for proton pumping.
Reisomerization of the bound retinal to the all-trans-isomer. a non-photolytic process in the last step of the
cycle is consequently also necessary for repetitive light-driven proton pumping. Another thermal cis-
trans isomerization occurs during dark adaptation. Our research is currently focussed on the mechanisms
of the non-photolytic cis-trans isomerization of bacteriorhodopsin-bound retinal. As a guide another
protein-catalyzed cis-trans isomerization system, yjz, maleylacetone cis-trans isomerase, is being studied
for comparison.

Secondary deuterium isotope effects have been employed to gain greater detail of the nature of the
transition states of the rate controlling steps in purple membrane and enzyme-catalyzed cis-trans
isomerizations.

Light-driven purple membrane proton pump. During dark adaptation protein-bound
retmal undergoes a thermal one-step double cis-trans isomerization.

i *>
1 3

kA *
13-ds,15-iyn

Previous MNDO calculations support an electrostatic mechanism wherein a protein-bound anionic group
(e.g. the carboxylate group of aspartate-212) by its movement from the region of the protonated Schiff
base nitrogen to the vicinity of retinal's C13 stabilizes positive charge development at that atom and results
in lowering of the barrier of isomerization. Charge development at C13 in the light to dark adaptation
reaction was examined through measurement of the secondary p-deuterium kinetic isotope effect, all-
fi2ns-Retinal-20,20,20-d3 was synthesized and was used to reconstitute bleached purple membrane. The
kinetics of dark adaptation for this sample as well as one constituted with natural retinal were measured
spectrophotometrically and result in a ratio of essentially unity for kj^kp. The implication of these results
will be discussed.
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Maleylacetone cis-trans isomerase. Previous studies in our laboratory have shown that the
enzyme-catalyzed cis-trans isomerization of maleylacetone proceeds by a nucleophilic mechanism.
Glutathione, a coenzyme required for enzymatic reaction, adds reversibly to C2 of maleylacetone thereby
converting double bonds to single and single to double allowing one double bond or concerted two double
bond isomerization. The results of recent studies suggested that glutathione addition is rate controlling.
This was tested in a secondary a-deuterium isotope effect experiment. Maleylacetone-2-d and -3-d were
synthesized and subjected to enzymatic cis-trans isomerization. Isotopic abundance was monitored by *H
NMR. Enzyme-catalyzed isomerization of maleylacetone-2-d proceeds at a faster rate than that for
maleylacetone-3-d. The conclusion drawn from this result will be discussed.

Future Plans. Previous studies of retinal isomerization catalyzed by models designed to mimic
the retinal binding site of bacteriorhodopsin, could not distinguish between an electrostatic or nucleophilic
mechanism. Studies with newer models to distinguish between the two are being implemented.

A structural analogue of retinal designed to probe for the presence of a nucleophile in the vicinity
of retinal's C13 atom is being examined.

Relevant Publications.

Seltzer, S. and Hane, J. Maleylacetoacetate cis-trans isomerase. One-step double cis-trans
isomerization of monomethylmuconate and the enzyme's probable role in benzene metabolism.
Bicorganic Chem. 16, 394-407 (1988).

Seltzer, S. Maleylacetoacetate cis-trans isomerase. in Coenzymes and Cofactors. Vol. 3,
Part A, Chapter 17, p. 733-751, D. Dolphin, R. Poulson, and O. Avramovic, Editors,
J. Wiley & Sons, New York, 1989.

Lee, H. E. and Seltzer, S. cis-|$-Acetylacrylate is a substrate for maleylacetoacetate cis-trans
isomerase. Mechanistic implications. Biochem. Intl 1&, 91-97 (1989).

Seltzer, S. Models for bacteriorhodopsin-catalyzed dark cis-trans isomerization of bound-retinal.
J. Am. Chem. Soc., in press.
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DISCUSSION

Toll in: 1. How do you account for the difference in the isotope
effect observed with the BSA-treated material. 2. Have
any of the aspartate mutants made by Khorana been
examined for dark adaptation activity?

Seltzer: 1. The preparation which was extensively washed with
fatty acid-free bovine serum albumin (BSA) is suspect.
BSA has strong affinity for lipids and it might be that
some lipids are also removed from the membrane while the
retinal oxime is removed. The dark adaptation rate for
this preparation is about 20% slower. The activation
energy for dark adaptation is about 1 kcal/mol higher
than for native material and it appears not to reconsti-
tute as well (i.e. to the same degree) as the preparation
with retinal oxime still present. 2. To my knowledge,
this has not been done by Khorana and his coworkers.

Hurst: Are there implications for proton pumping that would seem
to require (or be better served) by a nucleophilic,
rather than electrostatic, mechanism?

Seltzer: The electrostatic and nucleophilic mechanisms presented
are really extremes; the mechanism can be a mixture of
the two. While the carboxylate anion of aspartate has a
negative charge, a certain degree of bond making with
retinal's C13 could take place provided that the C13-0
distance is reduced sufficiently and C13 is allowed to
approach tetrahedral geometry. The stronger the C13-0
bond becomes at the transition state, the lower will be
the barrier to isomerization about C13-C14. Balanced
with that, however, will be the possible cost in energy
of bringing the nucleophilic oxygen close to the C13
atom.

Kispert: Does isomerization occur at any other position (11 or 9),
and why not?

Seltzer: In bacteriorhodopsin, isomerization in bound retinal
occurs only about the C13-C14 and C15-N double bonds.
Current hypotheses suggest that the proton being pumped
is the proton on the Schiff base nitrogen. Recent
results of Khorana and his coworkers suggest that the
proton is given up to aspartate-8 5 and a new one donated
to the nitrogen by aspartate-96. It may be that close
approach of the protonated nitrogen to each of these is
attained by going back and forth between all-trans and
13-cis. Isomerization at additional sites may provide
poorer fits between aspartates and the Schiff base
nitrogen. Our mechanism of nucleophilic attack at C13 is
in agreement with the observed regiospecificity.
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SIMULATION OF ELECTROCHEMICAL AND PHOTOELECTROCHEMICAL PHENOMENA

Stephen W. Feldberg
Chemical Sciences Division, Department of Applied Science

Brookhaven National Laboratory, Upton, NY 11973

The scope of this program comprises experimental and theoretical studies of
electrochemical and photoelectrochemical phenomena. Over the last several years the
experimental work has focused on the development and application of an indirect laser-
induced-temperature—jump method for characterizing fast (sub-microsecond) interfacial
phenomena. Current studies examine the relaxation of the electrical double layer- a
phenomenon that is intimately involved with interfacial electron transfer and the
measurement of the rates of interfacial electron transfer. Theoretical studies
comprise, for the most part, computer simulations of a wide range of electrochemical
and photoelectrochemical systems. A new simulation method has been developed which can
enhance the speed of computation by many orders of magnitude. This presentation will
describe the new computational method and its application to the analyses of
electrochemical and photoelectrochemical phenomena.

For over twenty years the classical explicit finite difference (EFD) algorithm
has proved to be a valuable tool for computer simulation of complicated electrochemical
and photoelectrochemical phenomena. Its virtues (and the basis of its appeal) are it*
simplicity, generality, and ease of encoding. Its most serious shortcoming has been
computational inefficiency in dealing with stiff problems- an inefficiency which, for
many problems of interest, can easily transcend the capability of a supercomputer. A
number of sophisticated approaches and tricks have been developed to "soften" the stiff
problems. These approaches, however, are neither simple nor general.

The formalism that is the basis of the new method utilizes the well characterized
but seldom used DuFort-Frankel (DF) algorithm (closely related to the Hopscotch
algorithm). The salient feature of the DF algorithm is the relaxation of the stability
limits for the familiar finite difference variable, DAt/Ax2: For the EFD algorithm
stability is maintained only when DAt/Ax2 < 0.5; for the DF algorithm DAt/Ax2 may
assume any value. However, the use of the DF algorithm is, by itself, hardly new. The
significant improvement in the performance of the algorithm evolves from the
recognition, analysis, and alleviation, of the problem of propagational inadequacy.
In simulations of electrochemical phenomena, propagational inadequacy arises when the
computation cannot propagate through the spatial grid as fast as the physical process
which is being simulated. Propagational inadequacy is exacerbated by increasing values
of DAt/Ax2 and this compromises the advantages associated with the much larger values
of DAt/Ax2 sustained by the DF algorithm. By utilizing an exponential space grid and,
in some cases, an exponential time grid, the problem of propagational inadequacy is
significantly alleviated and an unprecedented enhancement in computational speed can
be attained. Perhaps equally important is that the virtues of the EFD method
(simplicity, generality, and ease of encoding) are not compromised. The underlying
principles of the method will be discussed and some applications to the simulation of
cyclic voltammetric and photoelectrochemical problems will be presented.
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An immediate development of the new approach has been the simulation of the
cyclic voltammetric behavior of a variety of electrochemical mechanisms. The codes are
"user friendly" and have been used successfully by a number of workers. A more
ambitious goal is the development of code that will permit the user to simply indicate
the electrochemical mechanism to be simulated- the computer program will then generate
the code required to carry out the simulation.

A successful application of the new approach to the simulation of
diffusion/migration phenomena at a microelectrode presages its successful application
to semiconductor electrode phenomena; this work is presently underway. The objective
is the development of a generalized simulation of phenomena occurring in and at
semiconductor electrodes.

Relevant references:

Feldberg, S. V. Digital simulation: A general method for solving electrochemical
diffusion-kinetic problems. In Electroanalvtical Chemistry. A Series of Advances Vol
3, A. J. Bard, Ed., Marcel Dekker, NY, 1969, pp. 199-196.

Feldberg, S. W. Digital simulation of electrochemical surface boundary phenomena:
Multiple electron transfer and adsorption. In Electrochemistry: Calculations.
Simulation, and Instrumentation. Vol. 2. J. S. Mattson, H. B. Mark, and H. C.
MacDonald, Jr., Editors, Marcel Dekker, NY, 1972, pp 185-215.

Feldberg, S. W. Optimization of explicit finite-difference simulation of
electrochemical phenomena utilizing an exponentially expanded space grid. Refinement
of the Joslin-Pletcher algorithm. J. Electroanal. Chem., 127. 1-10 (1981).

Gottesfeld, S. and Feldberg, S. W. A theoretical analysis of the relaxation of an open-
circuit photopotential in a highly biased n-type semiconductor electrode. Part I. No
interfacial electron or hole transfer. J. Electroanal. Chem., 146. 47-69 (1983).

Feldberg, S. W., Evenor, M., Huppert, D., and Gottesfeld, S. Analysis of the decay of
picosecond fluorescence in semiconductors: Criteria for the presumption of
electroneutrality during the decay of an exponential electron-hole profile. J.
Electroanal. Chem., 185, 209-228 (1985).

Feldberg, S. W. Fropagational inadequacy of the hopscotch finite difference algorithm:
The enhancement of performance when used with an exponentially expanding grid for
simulation of electrochemical diffusion problems. J. Electroanal. Chem., 222. 101-106
(1987) .

Feldberg, S. W. A fast quasi-explicit finite difference method for simulating
electrochemical phenomena: I. Application to cyclic voltammetric problems.
J. Electroanal. Chem., in press.

Norton, J. D., White, H. S. and Feldberg, S. W. Effect of the electrical double layer
on voltammetry at microelectrodes. J. Phys. Chem., in press.

- 154 -



Publications over the last two years:

1. Smalley, J. F. , Krishnan, C. V., Goldman, M. , Feldberg, S. W. , and Ruzic, I.
Laser-induced temperature-jump coulostatics for the investigation of
electrochemical rate processes: Theory and application. J. Electroanal. Chem.
248. 255 (1988).

2. Sraalley, J. F., MacFarquhar, R. A., and Feldberg, S. W. A serendipitous Soret
effect associated with a laser-induced interfacial temperature-jump in an
electrochemical system. J. Electroanal. Chem. 256. 21 (1988).

3. Moulton, R. D. , Bard, A. J., and Feldberg, S. W. Digital simulations of cyclic
voltammetry for the CEa and CE^C^ mechanisms. J. Electroanal. Chem., 256. 291-
307 (1988).

4. Gottesfeld, S., Redondo, A., Rubinstein, I., and Feldberg, S. W. Resistance-
induced peaks in cyclic voltammograms of systems that can be electrochemically
switched between an insulating and conducting state. J. Electroanal. Chem. , 265.
15-22 (1989).

5. Smalley, J. F. , Feldberg, S. W. , and Wool, S. H. Asymmetric photogeneraticn of
the magnesium octaethylporphyrin cation in vesicular bilayers. J. Phys. Chem.,
93, 2570-75 (1989).

6. Baldy, C. J., Elliott, C. M. , and Feldberg, S. W. Electron hopping in immobilized
polyvalent and/or multi-couple redox systems. J. Electroanal. Chem., in press.

7. Feldberg, S. W. A fast quasi-explicit finite difference method for simulating
electrochemical phenomena: I. Application to cyclic voltammetric problems.
J. Electroanal. Chem., in press.

8. Norton, J. D., White, H. S. and Feldberg, S. W. Effect of the electrical double
layer on voltammetry at microelectrodes. J. Phys. Chem., in press.

9. Smalley, J. S. and Klemm, R. B. Calculation of rate constants for the reactions
of 0(3P) with olefins using a non-adiabatic electronic tunneling model. J. Phys.
Chem., 94, 3358-3361 (1990).
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Braun:

DISCUSSION

Can you tell us a little about how the Quasi Explicit
Finite Difference algorithm "looks ahead" to see how
large a step is practicable?

Feldberg: I use the DuFor^-Frankel algorithm which is discussed in
any good reference on numerical analysis e.g., J.
Ferziger "Numerical Methods for Engineering Application,"
Wiley (1981). The original reference is E. C. Dufort and
S. P. Frankel, Math. Tables Aids Comput., 1, 135 (1953).
However, the unique effectiveness which I obtain is due
to additional tricks, some of which will be described in
a forthcoming article in the Journal of Electroanalytical
Chemistry (see response to Otvos's question).

Otvos: What is the fundamental feature of your new algorithm
that is responsible for the enormous increase in speed
that you have achieved?

Feldberg: The algorithm, as I use it, can tolerate very large step
sizes. The trick is allowing the step size to increase
gradually.

Schuler: How does this approach relate to previous work on
chemical oscillators?

Feldberg: It probably doesn't. The problems I deal with involve
concentration gradients and therefore diffusion (and/or
migration); I believe the chemical oscillators involve
spatially homogeneous solutions.

Webber: How do we (non-electrochemists included) obtain copies of
this code?

Feldberg: As yet, I have established no formal protocol. I can,
however, provide some specific programs (e.g., a square
scheme). I can also customize programs, but then I try
to involve the users so that they can learn how to encode
their own modifications.

Elliott: Are there examples that you have encountered where the
implicit approach still does not fix the problem?

Feldberg: Yes, but we can solve a lot of heretofore troublesome
problems.
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CHEMICAL EVIDENCE FOR HOT ELECTRON REACTIONS
AT THE SEMICONDUCTOR-SOLUTION INTERFACE

Carl A. Koval. P.R. Segar, G.N. Brown, J. Howard, B.B. Smith, R. Torres

Department of Chemistry and Biochemistry
University of Colorado, Boulder, CO 80026

As indicated in our publication list, current interests in fundamental aspects of
photoelectrochemical cells include: kinetics of electron transfer at ideal semiconductor
solution interfaces, nonlocal electrostatic theory for describing electrical interactions at
interfaces, spacially-resolved photoelectrochemistry as applied to analytical chemistry,
and chemical probes for hot carrier processes. The majority of this presentation will
describe our research on hot electron reactions at the p-lnP/acetonitrile interface.

When a p-type electrode in depletion is illuminated with photons having energies
greater than the band gap of the semiconductor, it is generally thought that the excited
electrons are thermalized as they travel through the depletion region, ultimately being
ejected into the solution at the energy of either the conduction band edge or of surface
states within the bandgap. Thermalization represents one of the greatest contributions to
power loss in photoelectrochemical cells (PEC's). In hot carrier processes, the electron is
ejected with a conservation of a greater fraction of the initial photon energy. Prior to our
work, hot carrier effects were predicted to occur in photoelectrochemical systems and
there was experimental evidence by Nozik and co-workers that hot carrier effects resulted
in enhanced photocurrents in Ill-V semiconductor system. However, no distinct chemical
product produced by hot carriers had been reported.

We use irreversible chemical reactions to trap hot electrons produced at the p-lnP
acetonitrile interface. One example of such a probe is Cu(l)(trans-diene)+. The Cu(l)
complex can be reduced by one electron at potentials significantly negative of the InP
conduction band edge. This irreversible reaction results in plating of copper metal on the
surface of the electrode. Anodically stripping this film is a highly sensitive means of
determining the exact amount of Cu(0) product produced via reaction with hot electrons.
Supra-band edge production of Cu(0) occurs at high doped p-lnP, but was not observed
at low doped samples. For the high doped electrodes, hot carrier q jantum yields of 0.30
% were measured initially, but these measurements represent a lower limit, since the hot
carrier probe reaction must compete with other processes.
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The ability to detect hot electron reactions by our procedure is critically dependent
on the ability to attain stable, known interfacial energetics under illumination with up to
0.8 V of band bending. For this reason we undertook a co/nprehensive investigation of
etched p-lnP interfaces. The physical and chemical composition of p-lnP surfaces
prepared with HCI and Br2/NH3(aq) etches were investigated using SEM and XPS, and
the interfacial energetics were studied using capacitance and open circuit photovoltage
measurements. The Br2/NH3(aq) etch produces a microscopically smooth surface with a
surface layer containing less than a monoiayer of impurities, composed primarily of InPCU
with some ln(OH)3 and some adsorbed hydroxyl species. The HCI etch produces a rough,
crystalline surface with a 1-2 monoiayer indium rich surface layer which is heavily
hydrated and contains ln2O3 or ln(OH)3 and adsorbed hydroxyl species.

Capacitance measurements of the p-lnP/acetonitrile interface reveal that the
interfacial energetics of Br2/NH3(aq) etched electrodes are controlled by filling of empty
surface states by solution redox couples. The Br2/NH3(aq) etch yields a p-lnP surface
which allows efficient electron transfer to the solution resulting in a deep depletion
energetic condition under extreme reverse bias conditions. These studies reveal that the
behavior of p-lnP photoelectrochemical cells is determined largely by the method of
surface pretreatment. Even when the surface films are only a few monolayers thick, their
effect on the surface energetics are dramatic.

Additional experiments directed towards understanding the mechanistic aspects of
the supra-band edge reduction of copper(!)(trans-diene)+ to copper metal were also
undertaken. Results for experiments performed over a much wider range of conditions
ellucidated a number of features of the process. Lower limits for hot electron quantum
efficiencies up to 2.6 % were measured at high doped p-lnP photoelectrodes. A strong
dependence of the quantum efficiency on the acceptor concentration confirmed that
electron transfer to Cu(l)(trans-diene)+ is the rate determining step in the process. The
reduction of Cu(l)(trans-diene)+ to Cu(0) is not mediated by the supporting electrolyte,
and copper metal does not significantly catalyze the reduction of the copper complex. No
products of hot electron reductions are observed at low doped p-lnP electrodes under
any conditions. Electrolysis experiments at n-lnP electrodes indicate that only 7 % of the
Cu(l)(trans-diene)+ which is reduced results in surface-bound copper metal. This result
indicates that the true hot carrier quantum efficiency may be as high as 2.6/0.07 = 37%.
Based on this possibility, we are attempting to investigate other probe systems that
produce soluble reduction products.
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DISCUSSION

Frei: Did you attempt oxidation of a species, with hot holes,
that has a potential more positive than the valence band
edge (using an n-type semiconductor electrode)?

Koval: We have not done this, although there is no reason why we
could not do so, in principle (with different redox
reactions). One problem is the anodic corrosion reac-
tions that often occur with n-type electrodes.

Newton: Regarding your improvements of models for reorganization
energy for heterogeneous systems, is it correct to
conclude the following: the Marcus expression for X, in
its general classical continuum form using field vectors,
is as valid today as it was in 1956; however, in imple-
menting it, one must be careful in assigning dielectric
constants to the different regions of a heterogeneous
system.

Koval: This is a correct. The formalism we developed is a first
attempt to model the appropriate electrostatics more
accurately and to treat both sides of the interface more
evenly. Our formalism incorporates several modern ideas
from solid -and liquid state physics.

Wrighton: 1. For n-InP, what is the reason for only 7% deposition
of Cu? 2. By using glancing incidence photoexcitation
to absorb more photons in the strong field region do you
think you would see a wavelength effect on the relative
yield of hot carrier products?

Koval: 1. The initial product of reduction of Cu(I)TD* must be
Cu(O)TD. This species then reacts at the surface to
produce Cu(O) + TD. At Pt electrodes, this reaction is
efficient. At glassy carbon and n-InP it is not. 2.
This could also be done with photons having shorter
wavelengths which would be absorbed closer to the
surface. Our early red vs green light experiments showed
no wavelength dependence for <p hot, but we should look at
shorter wavelengths and/or do the experiment you suggest.
If we created Type II hot carriers, we should see an
effect.

Mallouk: Since you know the width of the depletion layer in your
highly doped p-InP electrodes, the carrier mobility, and
the electric field, can you estimate the timescale for
hot carriers moving to the interface?

Koval: Yes, it would be less than 1 ps.

Braun: Given the repulsive potential for an ion approaching the
electrolyte-semiconductor interface that you initially
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described, and the likely fast electron thermalization
that you just mentioned, it seems amazing that at
millimolar Cu(I) concentrations, you can get quantum
efficiencies for hot electron product anywhere near as
high as those you observe.

Koval: First, recall that high (35%) quantum efficiencies were
only inferred and that we do not know the ion concentra-
tions near the surface. Nevertheless, I would agree that
one would not expect high efficiencies for hot carrier
processes, at least within the context of the usual model
for the interface. However, at high-doping levels the
model for the interface is probably not accurate. For
example, the hot electrons may be able to tunnel from
below the surface.
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THE EFFECTS OF SURFACE OVERLAYER MICROSTRUCTURE ON THE PROPERTIES
OF CADMIUM CHALCONIDE BASED PHOTOELECTROCHEMICAL CELLS

Andrew B. Bocarslv. Jonathan Chun, Gayatri Shahadri, and Youlin Chen

Department of Chemistry
Princeton University

Princeton, New Jersey 08544-1009

Irradiation of the chalconide rich (0001) face of n-CdS or n-CdSe photoanodes in the
presence of a cyanometallate containing electrolyte gives rise to a mixed metal cyanide bridged
overlayer. This overlayer is formed by the initial photodecomposition of the cadmium chalconide
electrode to generate Cd2+ ions which then reacts with the dissolved cyanometallate complex to
form an electrode confined polycrystalline precipitate of the Prussian Blue type. Such overlayers
are found to stabilize the electrode against photodecomposition. In addition, the overlayer provides
an interface which produces quantum yields for electron flow approaching unity and high
efficiencies for the conversion of optical energy to electricity. The formation of a cadmium
ferricyanide overlayer upon irradiation of a cadmium sulfide (selenide) electrode in an electrolyte
composed of both ferri and ferrocyanide is prototypic with respect to this effect. The observed
surface chemistry appears to be crystal face specific. The surface lattice formed by this type of
reaction is net anionic and is found to incorporate available cations. X-ray diffraction powder
patterns, scanning electron microscopy, and FTIR studies of these overlayers indicate that the
crystal morphology and molecular geommetry of such layers are strongly dependent on the type of
intercalated cation(s). Electrochemical cycling between the Fe(Uj and Fe(UI) oxidation states
allows for cation exchange to be carried out leading to a mechanism for exerting morphological
control over the surface confined material. In addition, the cadmium ferricyanide overlayer is
found to be photoactive, undergoing ligand substitution reactions upon irradiated with wave
lengths less than 550 nm. Such photoinduced reactions also give rise to surface morphology
changes.

The photoinduced heterogeneous interfacial charge transfer rate at the cadmium
chalconide/[Cd(NC)Fe(CN)5]2- /*- interface is a strong function of overlayer morphology and
thus, the amount and type of cation intercalated into the overlayer. Appropriate choices of cations
have allowed for the development of cadmium sulfide base photoelectrochemical cells which yield
optical energy conversion efficiencies (at 488 nm) in excess of 20% with fill factors of
approximately 65%. For the case of n-CdSe based cells, efficiencies at 633 nm have exceeded
40%. In addition to the interaction of the overlayer with the semiconductor, it is found that the
morphology of the overlayer must support rapid charge transport of holes as well as facile
bimolecular charge transfer between the overlayer and solution species. We have observed CdSe
based cells with [CdFe(CN)62"/1"' overlayers to operate in excess of 70 hours with no observable
decay in the current time profile, suggesting overall electrode stability for this time period.

Substitution of [Mo(CN)8]4' for [Fe(CN)6]4- in the interfacial layer is found to improve the
observed photovoltage onset potential. However, the [Cd(NC)Mo(CN)7]2- overlayer is found to
limit the maximum observable photocurrent quantum yield. Formation of a overlayer on n-CdSe
electrodes composed of a mixture of [Cd(NC)Fe(CN)s]2- and [Cd(NC)Mo(CN)7]2- appears to
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yield an optimal result, with respect to optical energy conversion efficiencies, allowing for a high
limiting quantum yields along with a large open circuit photovoltage.

Independent of the modifying agent employed, it is found that the history of the electrode
with respect to any etching processes undertaken (or prior photolysis) strongly affects the
formation and stability of the surface overlayer. Surface analysis of electrodes which have been
etched with four literature prescribed etchants: concentrated HC1,5% bromine methanol, aqua
regia and photoetching in the presence of a sulfate containing supporting electrolyte, indicates that
the first two etching procedures give rise to an insoluble cadmium halide surface layer which is not
easily removed. The latter two etching procedures give rise to a cadmium sulfate surface layer
which is soluble in aqueous solution. The presence of the insoluble cadmium salt is found to be
beneficial to the formation of a stable cadmium ferricyanide overlayer. Persumably since it allows
for initial overlayer formation to occur via a thermal transmetallation reaction.

In addition to dramatically improving interfacial charge transfer efficiency and stability of the
n-CdS(Se)/electrolyte interface, utilization of a mixed metal cyanometallate overlayer also allows
one to employ a wide variety of electroactive species in solution while maintaining electrode
stability. Thus, the highly colored cyanometallate complexes can be removed from solution and
replaced with a transparent electroactive species, further improving photoelectrrochemical cell
conversion efficiency. To this end, we have investigated hydrazine and ascorbate interactions at
the chemically modified interface. These species are chosen not only because of their optical
properties but because of their observed electrocatalytic oxidation at cyanometallate derivatizing
layers generated on metal electrodes. Control experiments seeking to establish the interaction of
ascorbate in the absence of the derivatizing cyanometallate layer have produced a totally unexpected
effect. These experiments indicate that the naturally occuring /- ascorbate is capable of partially
stabilizing the n-CdS photoelectrode directly. However, the d-ascorbate enantiomer provides
almost no protection against photodecomposition. This effect is not present on the (0001)_face of
CdSe or on cadmium ferricyanide derivatized interfaces. It therefore appears that the(0001) face of
the CdS electrode can discriminate between these two optical isomers. The detailed nature of this
discrimination is unclear, however, an adsorptive interaction between the electroactive species and
the semiconductor surface is indicated. The details of this interaction are currently under
investigation.

- 168 -



PUBLICATIONS

"Characterization of the CsxKyCdFe(CN)6 Overlayers on Platinum Electrodes: Mechanistic
Aspects of Protection Against Decomposition", D. J. Arent, C. Luangdilok, L. J. Amos, and A.
B. Bocarsly, submitted to J. Electrochem. Soc.. 1990.

"Silicon and Germanium", N. S. Lewis and A. B. Bocarsly, Semiconductor Electrodes. H. O.
Finklea, Ed., Elsevier Science Publishers, 1988, Chapter 5, 241-276.

"Mechanistic Aspects of the Photooxidation of Water at the n~TK)2/Aqueous Interface: Optically
Induced Transients as a Kinetic Probe:, A. P. Norton, S. L. Bernasek, and A. B. Bocarsly, L
Physical Chem.. 1988, 9.2, 6009.

"Stereoselective Reactivity in the Oxidation of Ascorbate at the Illuminated n-CdS Electrode", Y.
Chen, J. Chun, and A. B. Bocarsly, submitted 1990.

"The Interaction of Overlayer Dynamic Microstructure and Apparent Diffusion Processes: AC
Impedance Responses of Nickel Hexacyanoferrate Derivatized Electrodes", D. J. Arent, R.
Judson, and A. B. Bocarsly, submitted, J. Electroanal. Chem. 1990.

169 -



Small:

DISCUSSION

What is your_current thinking on possible chiral centers
of CdS (0001) which can provide stereoselectivity for
reactions with ascorbate?

Bocarsly: The CdS surface is chiral. However, in this case, we are
dealing with diasteriomers (R,R, vs R,S) thus a chirial
template is not necessary.

Wrighton: Comment: Regarding D-L-ascorbate, we attempted some
oxidations of a similar sort and gained preliminary
results showing selectivity after corroding a photoanode
in the presence of an optically active material.
Can the CN* merely serve as a species which shifts the
flat band and mediates the oxidation of Fe(CN)6

4".

Bocarsly: While chemisorption of CN* is quite reasonable, the
current-potential response in pure NaCN electrolyte along
with the observed Cs* ion effect indicate CN" is oxidized
at the CdSe electrolyte. Current-voltage onset potential
and open circuit potentials also suggest that a CN'
mediated oxidation of Fe(CN)6

4" is not predominating the
observed chemistry. Our experiments indicate that CN*
binding, if it occurs, does not appreciably shift the
flatband potential (±100mV).

Fitzmaurice: Would an experiment of the following type be informa-
tive: place an electrode in a racemic solution and by
monitoring the optical rotation of the solution, observe
directly the kinetics of chirally discriminating adsorp-
tion?

Bocarsly: The chemically instability of the products means that
several optically active species are present at any given
time, making this measurement unusable.

Fitzmaurice: Could it be used for resolution?

Bocarsly: The utility of this observation (if any) is unclear at
this time.
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FUNDAMENTAL ELECTRON TRANSFER PROCESSES AT THE SINGLE CRYSTAL

SEMICONDUCTOR/LIQUID INTERFACE

Nathan S. Lewis

Division of Chemistry and Chemical Engineering
California Institute of Technology

Pasadena, California 91125

We have developed a novel method for investigating interfacial electron transfer
rates at semiconductor/liquid interfaces, based on the spectral response at extremely short
photor wavelengths. The key feature of this wavelength region is the short penetration
depth for the absorbed photon (less than 100 A), which allows a direct measurement of the
majority carrier collection velocity at the solid/liquid interface. Photocurrent quantum
yield measurements in the short wavelength region of the spectrum have been obtained
for semiconductor/liquid, semiconductor/metal and semiconductor/insulator/metal devices
fabricated on a variety of semiconductor materials. For all the semiconductors studied
(n-Si, p-Si, n-GaAs, n-inP, a-Si:H), the spectral response of the liquid junctions showed
higher quantum yields than the metal junctions. The collection velocities at the
semiconductor/metal interfaces were in all cases at least one order of magnitude greater
than those at the corresponding semiconductor/ l iquid junct ions. The
semiconductor/insulator/metal system yielded behavior similar to the liquid junctions. This
general trend was independent of redox species, solvent, supporting electrolyte, and metal
oyerlayer. The short wavelength spectral response method has also been used to
distinguish Schottky barrier behavior from electrocatalytic behavior of metal overlayers for
several systems.

We have also continued work on the theory and experimental application of cyclic
voltammetry at semiconductor electrodes. A model circuit, consisting of an ideal
photodiode in series with a metal electrode, has been utilized to describe the cyclic
voltammetric response of a photoelectrode with a surface attached reversible redox
system. This model circuit has also been utilized to describe the cyclic voltammetric
behavior of a freely diffusing reversible redox system at a rotating semiconductor disk
electrode. The solution for the diode/electrode current-voltage characteristics has been
determined numerically. The current-voltage simulations for the rotating semiconductor
disk electrode have been obtained under varying conditions of illumination, voltage scan
rate, diode barrier height, redox species concentration, and rotation velocity. Chopped
scans have also been simulated where the forward scan is in the light and the reverse scan is
in the dark. Emphasis has been placed on modelling cyclic voltammetric data under
common experimental conditions, in order to provide a basis for comparison with
experiments in the literature.

We have also completed a detailed study of the chemical interactions at GaAs/liquid
interfaces that have been modified with chemisorbed transition metal ions. Although
chemical modification of semiconductor surfaces has been shown to have a significant
impact on the behavior of photoelectrochemical cells, advanced optoelectronic devices,
and chemical sensors, prior to our work there was no information concerning the chemical
state of any bound metal complex at a semiconductor surface. Complexes such as
[M(lll)(NH3)5X]n+ (M = Co, Rh, Ir, Ru; X = NH3, N3-, CI-, Br, H2O, pyr) have been shown by
our group to adsorb onto GaAs electrode surfaces. Furthermore, these treatments have
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been shown to yield extremely high (14-16%) solar to electrical conversion efficiencies in n-
GaAs/KOH-Se-/2- photoelectrochemical cells. Questions of interest concern the oxidation
state and ligand environment of the bound metal ion, the mechanism of metal ion
coordination, the nature of the surface ligating atoms, and the quantity of adsorbed metal.
To address these issues, the chemisorption of Co(ll) and Co(lll) complexes onto GaAs
surfaces has been investigated by x-ray photoelectron spectroscopy (XPS), x-ray absorption
spectroscopy, and radiotracer techniques. XPS of (lOO)-oriented n-GaAs single crystals
exposed to aqueous (pH > 10) [Co(lll)(NH3)5X]n + (x = NH3, Br-, OH-) solutions indicated the
deposition of a Co(ll)-oxo overlayer of approximate stoichiometry Co(OH)2, wi th a
coverage of (0.2-2.4) x 10-8 mo) Co/cm2. The reaction stoichiometry between Co(lll) and
GaAs was confirmed by quantitative chemical analysis and x-ray fluorescence analysis.
X-ray absorption spectroscopy indicated that the adsorbed Co was Co(ll). Extended x-ray
absorption fine structure (EXAFS) spectroscopy in aqueous 0.010 M KOH indicated that the
Co had 6 ± 1 O or N scatterers at 2.08 ± 0.05 A and 6 ± 1 Co (or possibly Ga or As) scatterers
at 3.14 ±0.05 A. EXAFS and XPS methods also indicated that exposure of the Co-GaAs
surfaces to 1.0M KOH-0.8 M Se2- 0.1 M. Se22- for photoelectrochemical measurements
yielded a new Co surface pTTase, with an approximate composition of CoSei.s- These
results, and other recent advances in this area, wil l be discussed at the DOE meeting.
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DISCUSSION

Nozik: This is a comment on the use of the term "thermaliza-
tion." After the creation of a hot electron distribution
by a high energy laser pulse, the carriers relax in two
stages. The first, termed "thermalization" results in
the formation of a Maxwell-Boltzmann distribution with a
temperature much higher than the lattice temperature;
this occurs in the sub-picosecond timescale. The second
process, relevant to the competition with respect to
electron transfer, is the cooling of the hot Boltzmann
distribution to the lattice temperature by LO phonon-
electron interaction. This cooling process can take up
to 40-50 psecs even in bulk semiconductors. Thus, it
should be possible for electron transfer to compete with
full electron relaxation if the former is in the 10's of
psec. timescale. Quantization effects will slow the
carrier cooling even further, and improve the probability
of hot electron transfer for characteristic times of
100's of psecs. However, I agree that your results imply
that the electron transfer rate for majority carriers in
your experiment cannot be in the 10's to 100's psec time
scale. Of course, this may be due to the opposing field
and may not be a general limitation for electron transfer
at semiconductor-liquid interfaces.

Lewis: This is certainly not a general restriction for minority
carriers, which are not directly probed by our experi-
ments. It does appear that there is not a higher
majority carrier loss in the general case.

Koval: Our experiments only indicate that the energies of
minority carriers are different for low and high doped
electrodes and say nothing directly about timescale. Do
you agree?

Lewis: Absolutely. It also does imply that the timescale for
interfacial charge transfer must be relatively faster
than those we observe. Perhaps the redox couple is
adsorbed. Perhaps our systems are not truly representa-
tive. We need more work to arrive at the answer.

Fayer: Hot electrons can come into Boltzman equilibrium quickly
in the electron bath. As pointed out previously, it can
take far longer to come to equilibrium with the lattice
phonons. An additional consideration is the possibility
of a phonon bottleneck. A region of the phonon density
of states can strongly couple to the electrons. Due to
low phonon anharmonicity, the phonons would not come
rapidly to equilibrium. One region of the phonon density
of states heats up: phonon bottleneck. This can greatly
slow the electron cooling.
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Lewis: I agree. If the timescale for thermalization is made
longer than our conservative estimates, then the observed
>95% reflection places an even more stringent upper limit
on the interfacial charge transfer timescales.

Wrighton: Have you demonstrated that metal islands on p-Si (or p-
InP) are "catalytic" and not forming Schottky junctions
in aqueous acid?

Lewis: We have not yet done this. We used the non-aqueous
electrolytes because the current-voltage curves provided
an independent check on the spectral response method. It
would be a good idea to try.
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INTERFACIAL SYSTEMS FOR PHOTOCHEMICAL ENERGY CONVERSION

Mark S. Wrighton
Department of Chemistry

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Work during the past year has focused on (1) surface chemistry of semiconductor
photoelectrodes (CdS, CdSe); (2) study of inter- and intramolecular excited state electron
transfer involving multicomponent molecules; (3) synthesis and characterization of new
electrode-confined redox reagents; and (4) multi-enzyme systems for electrocatalysis.
Some of the highlights of the research effort are given in the paragraphs below.

1. Surface Chemistry of CdX (X = S. Se). Extensive surface spectroscopic studies show
that anionic S-donors interact selectively with the Cd-rich fact., of oriented single
crystals of n-type CdX. During the past year the studies have been extended to
demonstrate that the face selective chemistry is important in governing
photoelectrochemical behavior. Reproducible results have now been obtained showing
that the photocurrent-voltage characteristics and flat-band potentials of the Cd-rich face
of CdX are dramatically affected by the anionic S-donors and that the X-rich face is
significantly less affected. The results are consistent with selective adsorption of the
anionic S-donor onto the Cd sites which are more abundant on the Cd-rich face.
Repeated etching of the X-rich face without polishing, however, yields electrochemical
characteristics which are similar to those for the Cd-rich face.

2. Excited State Electron Transfer. Studies of the photophysics of ferrocene-porphyrin
and appropriate porphyrin models show that the singlet state of the porphyrin can be
quenched either inter- or intramolecularly by ferrocene centers. However, obtaining
direct evidence for electron transfer quenching by ferrocene has proven difficult in any
situation, owing to the lack of large optical or Raman spectral changes upon formation
of ferrocenium. Investigation of N.NjN'.N'-tetramethyl-p-phenylenediamine (TMPD) as
an electron donor have been undertaken, because TMPD+ is easily detected by transient
visible absorption or Raman. Synthetic work is now directed toward a TMPD-porphyrin-
viologen molecule where ths oxidized donor (TMPD+) and the reduced acceptor
(viologen) should both be detected in a transient Raman spectrum and both are durable.
The synthetic strategy allows the molecule to be anchored to the electrode surfaces via a
terminal -Si(OMe)3 group on the viologen.

3. Preparation of Surface-Confined Redox Derivatives of Octamethylferrocene.
Derivatives of octamethylferrocyne have been prepared via the reaction of the
carbocatinn I with nucleophiles. Derivatives with -Si(OMe)s, -SH, or -NC surface
attachment groups have been prepared. The carbocation I is isolable and convenient as
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CH2
+BF4

a synthetic reagent. Electrode-confined octamethylferrocene can be prepared as
represented in the following process:

i

Studies of octomethylferrocene-modified electrodes for photoelectrochemical oxidation
and reduction of bioraolecules are planned.

4. Multi-Enzvme System for Catalytic Reduction Using Ho As the Reducing Agent. A
viologea polymer into which Pt (or Pd) is dispersed has previously been shown to
equilibrate with the H2O/H2 redox system such that the H2 is, in effect, transformed into
one-electron, outer-sphere reducing equivalents in the form of the reduced viologen
centers. Recent results show that hydrogenase from Methanobacterium
thermoautotrophicum AH immobilized onto the viologen polymer will also serve as a
catalyst to effect transformation of the H2 to reducing equivalents in the form of the
reduced viologen centers. Co-immobilization of hydrogenase, lipoamide dehydrogenase,
and L-lactate dehydrogenase yields a "system" for reducing pyruvate to L-lactate (in the
presence of NAD+) with high chemical yield and high enantiomeric excess. Studies of
such "systems" for photoelectrochemical reductions are in progress.
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DISCUSSION

Miller: I loved your scheme of aligning long molecules between
two island ("wires") of different materials on elec-
trodes. You mentioned e-beam lithography which might get
50 A resolution. Couldn't you electrochemists do the
whole thing yourselves? Nate Lewis has some very small
electrodes.

Wrighton: Preparation of closely spaced, nanoscale electrodes by
any one of several techniques (e-beam, ion beam, shadow
deposition, STM/electrochemistry) is now possible, and it
should be possible to prepare molecules of sufficient
dimension to "bridge" two individually addressable elec-
trodes .

Elliott: What are the potential limits that the dithiocarbamate
will tolerate on gold?

Wrighton: The potential limits have not been completely defined; in
CHjCN/electrolyte -0.5 to +0.6 V vs. SCE appears to be
easily accessible. The strong Au/dithiocarbamate
interaction precludes the easy oxidation to the thiuram
disulfide found in fluid solution and found to be
mediated by the ferrocenium/ferrocene redox couple.

Spiro: Can you comment on the film properties of dithio-
carbamates in comparison with the thiolate films?

Wrighton: The short link between the ferrocenyl group and the -CS2'
attachment site probably precludes the high degree of
order found for long chain alkyl thiols on Au surfaces.
We have plans to make long chain dithiocarbamates for
more direct comparisons.

Feldberg: What are the lengths of the rigid rods and the spacing
and dimensions of the electrodes?

Wrighton: Our shortest electrode spacings are «500 A, and rigid
rods of average molecular weight (from GPC) to »75,000
have been made the longest molecules could exceed
hundreds of Angstroms in linear dimension, assuming they
do not bend.

Wasielewski: Does the luminescence from your phenyl acetylene
rigid-rod polymers exhibit significant medium dependence
of the emission wavelength?

Wrighton: There is relatively little solvent dependence, but the
pure solid is qualitatively less emissive. These
photophysical studies are still in progress.

Eisenfcerg: For your rigid rod bridging agents, will the capping
agents which have -(CH2-)n units pose a problem for

- 183 -



conductivity through the saturated chains?

Wrighton: The -(CH2-)n are sufficiently short and flexible that
"conductivity" is not anticipated to be a major problem.
There are now numerous examples of long chains used to
attach redox active molecules to electrodes, and there
are no indications that the heterogeneous kinetics are a
problem. Preparation of rigid, well-defined structures,
however, is needed in order to evaluate the properties of
the attachment linkage.

Lewis: I just have a comment. The very small distances of 50 -
100 A are not out of the question. In fact, using
scanning tunneling microscopy methods, features can be
created that are «10 A wide with electrodes that are «10
A in radius. Functionalization of these "spots" is
likely, and will be possible soon, I believe. This
should enable attachment of the nice molecules synthe-
sized by the Wrighton group in the proposed orientations.
I do not believe the distances Wrighton requires are
unattainable; in fact, they might well be available
within the next few years, purely by chemical and
electrochemical methods.

Wrighton: We agree!
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SURFACE MODIFICATION OF ELECTRODES WITH SPECIFICALLY DESIGNED
POLYMERS : ELECTROCATALYSIS AND PHOTOCATALYSIS

Marye Anne Foxr David Collard, Walter Torres, and Daniel A. Chandler

Department of Chemistry
University of Texas at Austin

Austin, TX 78712

Photoinduced electron transfer at the semiconductor-electrolyte interface constitutes
a principal route for redox activation of both organic and inorganic adsorbates. Although
the efficiency for electron-hole pair formation is high, the quantum yields of oxidation and
reduction products formed by trapping of these charge carriers is often much lower.
Selectivity in these redox reactions is determined by the rates of reaction of intermediates
formed near the surface of the photocatalyst and by adsorption equilibria of reactants and
products. The rates of back electron transfer, both in the photogenerated electron-hole pair
and from the oxidized or reduced reactants adsorbed at the activated semiconductor surface,
also figure significantly in the control of these reactions. Since surface modification by
redox active species can alter the physical properties of the photoresponsive surface, such
perturbations will also influence the chemical control which can be attained.

A major goal of our research program is to establish the mechanisms of organic
redox reactions which occur on native and chemically modified semiconductor surfaces,
both in the dark and under illumination. We specifically seek catalysts which modify
surface reactivity and can act as relays for multiple electron transfer. Organometallic
coordination polymers, electroactive polyelectrolytes, functionalized organic conducting
polymer multilayers, and self-assembling monolayers constructed from electroactive thiols
have been investigated as surface modifications for controlling redox reactions in solution.
Techniques for anchoring these materials include covalent binding, electrosorption, and
chemisorption. Such modified electrodes are being evaluated as vehicles for efficient light
collection and for vectorial energy and electron migration.

I. Organometallic Coordination Polymers. Two methods for preparing
surface-bound bis- or tetrakis- phosphinobenzene complexes of electrocatalytically active
nickel salts have been examined: ligand functionalization with "chemical handles" to permit
covalent bonding to the surface and formation of polymeric ligands. Triethoxysilane,
benzyl alcohol, and ethyl amine groups could effectively anchor the phosphino ligand, but
were not electrochemically inert, causing instead a sequestering of the metal center. Better
electroactivity was observed with polymers formed from polyvinyl benzyl chloride
modified with pendant bisphosphinobenzene groups, polymers with bisphosphinobenzene
in the backbone, and coordination polymers.

One of these coordination polymers, l,2,4,5-tetrakis(methylphosphino)benzene
nickel (IT), is itself a semiconductor. Its observed conductivity was sensitive to relative
humidity. Glow curves indicate the importance of a space-charge trap at 1.17 eV, but only
weak photoresponsiveness.
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II. Electroactive Polyelectrolytes. Chemically modified electrodes were
prepared by static (dip coating) and dynamic (electrochemically assisted) adsorption
techniques to deposit poly-(4,4'-dipyridyl-p-xyxlene) dichloride onto metal or
semconductor surfaces. Significant variation in cyclic voltammetric response was observed
with different electrode materials and adsorption conditions. Two distinct surface phases
could be characterized involving respectively strong viologen-surface interactions and
strong viologen-viologen interactions. Spectroelectrochemistry established that all the
immobilized viologen was electrochemically accessible.

The facility with which these viologen polymers block solute transport is sensitive
to film solvation and electrolyte counterion. Permeability of both neutral (hydroxymethyl
ferrocene) and cationic (Ru(NH3)6)2+) redox couples argues for permeation and diffusion
as routes for electroactivation rather than electrode blockage. The dependence of the
heterogeneous electron transfer rate on observed double layer potential can then be
understood.

III. Functionalized Organic Conducting Polymer Multilayers. Layered
structures can be prepared by sequential anodic electropolymerization of functionalized
thiophenes and pyrroles. The electrochemical properties of the junction between the layers
show that rectification can be attained in this composite material and that trapped charge can
be released by a solution phase redox couple with an appropriate potential. Structural
reorganization as a function of the oxidation state of the polymeric layer causes an altered
cyclic voltammetric response. Several new conducting polymers generated from
functionalized pyrrole and thiophene monomers have also been investigated.

IV. Self-assembling Thiol Monolayers. Electroactivity of a solution-
dispersed redox probe can also be altered by the presence of surfactants interacting with a
self-assembled octadecylmercaptan layer on gold in aqueous solution. Contact angle
measurements, ellipsometry, and surface spectroscopy are all consistent with reversible
formation of a bilayer structure in which blocking layer thickness can be synthetically
controlled. A functionalized viologen surfactant will enhance physical blocking for direct
reduction of the redox probe while simultaneously mediating an indirect reduction.
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DISCUSSION

Mallouk: 1. Why is the reduction of your surfactant viologen
completely irreversible in cyclic voltammetry. 2. Does
the electrochemistry depend on the anion you use, and
where do you think the counterions for the viologen**'*
couple are located?

Fox: 1. It is surprising that the organized layer apparently
permits easier reduction than re-oxidation of the
viologen probe. 2. The cyclic voltammetric peak shapes
do depend on counterion, leading us to assume that
electron transfer must be accompanied by ion migration
within these layers.

Wrighton: Is the exchange chemistry such that the molecules on the
surface maintain their relationship to each other, i.e.,
do the incoming molecules occupy the sa&.°> sites opened by
the leaving groups?

Fox:

Spiro:

Fox:

Although we cannot definitively say so, the high degree
of quantitative reversibility of exchange indicates that
the same number of exchanged thiols can move on and off
the surface. The simplest explanation would suggest this
occurs at a defined exchangeable site, presumably at a
defect.

In your defect model for the exchangeable sites, if 1/3
of the molecules are exchangeable, the domain size must
be very small. Have you worried about this?

A statistical analysis for microdomains tilted at 30°
with a random orientation would predict approximately the
results we observe.

Linschitz: The "charge relay" function is presumably via thru-
space transfer. Over what distance can this operate?
What is the value of the experimental fall-off in the
rate?

Fox:

Seltzer:

Our layers are approximately 20 A thick, as established
by ellipsometry. Whether we can picture the charge relay
as occurring through space, through defects, or mediated
either by mobile carriers or associated counterions is
less clear. We do not yet have sufficient data to permit
us to define spatial dependence for the observed electro-
chemistry, although both C. Chidsey and. M. Weaver have
addressed this topic.

Does the degree of exchangeability correlate with the
amount of defects in the gold surface?
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Fox: It is difficult to quantitatively characterize the degree
of disorder attained on gold. We obtain similar (but not
absolutely quantitatively precise) results on the evapo-
rated and sputtered gold, with or without annealing. A
silver or copper surface is much more sensitive to
preparation conditions.

Nahor: How strongly are the mercapto groups bound to the gold
surface? What does it take to get them off the surface?

Fox: It seems likely that the Ag-S bound is a covalent linkage
which is extremely difficult to cleave. Certainly,
washing with polar or non-polar solvents does not
dislodge these organized layers, particularly with simple
aliphatic thiols which pack tightly.

Small: Have you applied surface infrared spectroscopy to
qualitatively characterize structural ordering of your
thiols on surfaces, e.g. bandwidths (infrared) should be
a good indication of structural heterogeniety.

Fox: You are correct. Such experiments are planned.
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ORGANIC CONDUCTIVE POLYMER FILMS

A. J. Frank. S. Glenis, F.-J. Pern, and Z. W. Sun

Solar Energy Research Institute
Golden, Colorado 80401

Charge-carrier dynamics and interfacial processes in semiconductor-like and metal-like
conjugated polymer films are being investigated from the perspective of photoelectrochemistry.
During this reporting period, the research has focused on (1) the nature of the junction
between poly(3-methylthiophene) (PMeT) and n-CdS when the polymer is in the metallic or
the semiconductive state; (2) the basis for the redox and optical properties of PMeT films on
conductive electrodes; and (3) the role of novel excitations, such as polarons and bipolarons,
in solid-state films of PMeT. Aspects of these studies are summarized below.

Junction Formation Between Polvf3-methvlthiophene') and n-CdS

Solid-state and electrochemical measurements have established that highly doped
(metallic-like) and undoped (semiconductor-like) films of PMeT give rise to a Schottky barrier
and a p-n heterojunction, respectively, when the polymer makes electronic contact with n-CdS.
The photovoltaic characteristics of the PMeT(doped):n-CdS junction compare favorably with
those of metal:n-CdS Schottky barrier devices. The characteristics of the PMeT(doped):n-CdS
junction are not altered appreciably by the aqueous redox electrolyte. Auger depth profile
studies show that the doped PMeT films is relatively impermeable to redox species in solution.
An energy-band model that accounts for these experimental results is invoked. Measurements
of the open-circuit photovoltage suggest that a large surface-state density limits the barrier
height at the PMeT(doped):n-CdS contact. The Fermi level in the film is controlled by the
redox electrolyte and is not altered by the semiconductor. Potential measurements indicate that
the steady-state density of holes in the film, during band-gap illumination of the
PMeT(doped):n-CdS liquid junction cell, depends on the concentration of hole scavengers at the
polymer-solution interface. These studies provide important insight into the role that conductive
polymer coatings play in interfacial charge-transfer processes and in protecting n-type
semiconductor electrodes against photodegradation.

The rectification ratio and quality factor of the p-PMeT:n-CdS heterojunction compare
favorably with those of the doped-PMeT:n-CdS Schottky barrier device. Studies of the
p-PMeT:n-CdS:Au device imply that the depletion of PMeT can be predicted from simple
theoretical equations in spite of the complex fibril morphology of the polymer. The J-V
characteristics of the heteiojunction under illumination appear stable, showing little sign of
deterioration over a five-day period of observation. Current-voltage characteristics of the
illuminated junction suggest the presence of charge recombination centers at the p-PMeT:n-CdS
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interface and in the bulk. The photoresponse spectrum of the p-PMeT:n-CdS:Au cell indicates
that the observed photocurrent is mainly due to hole generation in n-CdS.

Electrochemical and Optical Characterization of Poly(3-methylthiophene)

Extensive electroanalytical (cyclic voltammetry, chronoamperometry, chronocoulometry,
electrode admittance) measurements show that the nature of the charge-compensating dopant
anion, the solvent (acetonitrile vs water), and the applied potential have a pronounced effect
on the electrochemical behavior of the film. The ease of oxidation (doping) of PMeT films, in
contrast to its reduction (undoping), depends on the size of the dopants (BF4~, CIO*", PF6",
CF33O3") and the nature of the solvent. The film suffers irreversible loss of electrochemical
activity, to varying degrees, in aqueous solutions with anions, such as P<V", SO4

2", CH3COO',
and phthalate. Ion trapping and slow structural relaxation in the polymeric films introduce
hysteresis in the electrochemical and optical data. The structural relaxation time of the
polymer, associated with its oxidation and reduction, depends strongly on the solvent. The
electrochemical activity of PMeT films, in their electronically insulative state, is found to display
an unusual dependence on the solvent and the applied potential.

Intrachain Charge-Generation Mechanism

The precise electronic and physical changes that accompany doping in conductive
polymers are still a matter of debate. In collaboration with Prof. E. Ehrenfreund at Technion-
Israel Institute of Technology, we are investigating the charge-transport mechanism and
properties generated by light in undoped (semiconductor-like) PMeT by applying photolumines-
cence, resonance Raman scattering, and photoinduced absorption spectroscopy. These
spectroscopic techniques, when correlated with light-induced esr data, suggest that the
predominant photocarriers generated in PMeT are bipolarons (charge = ± 2e; spin = 0)
Spectral analysis indicates two electronic levels localized in the gap. Analysis of these subgap
transitions yields a Coulombic repulsion energy of 0.26 eV, resulting from the confinement of
charged bipolarons along the conjugated pi-electron backbone of the polymer. Since the
electrostatic repulsion energy is small compared to the electronic structural reorganization
energy, the bipolarons appear quite stable. Optically induced infrared active vibrations are
observed in undoped PMeT, which are similar to those found in electrochemically doped
conjugated polymers. Such vibrational structures have been attributed to bipolaron states.
Theoretical analysis of the symmetric Raman and photoinduced infrared active vibrational
modes of PMeT, using the Amplitude Mode model, indicates a one-dimensional gap of 2.2 eV,
which arises from the alteration of bond lengths between single and double bond values
(2.0 eV) and from the contribution of photogenerated bipolarons states (0.2 eV). From the cw
photoluminescence excitation profile, it is also concluded that weakly bound excitons (binding
energy = 0.3 eV) are present just below the conduction band of the polymer.

In order to obtain further understanding of the intrachain charge-carrier generation
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mechanism, we are also performing optical absorption studies of PMeT as a function of the
dopant and the solvent used in film preparation. The optical data are being analyzed in the
framework of the polaron-bipolaron transition state model. At very low dopant concentrations
(< 2%), the spectral features of PMeT are inconsistent with this model, which predicts the
formation of polarons (charge = ±e, spin = 1/2) and the associated intragap states. In this
dopant concentration domain, XPS studies indicate structural disorder in the film (e.g., cross-
linking, chain termination, coupling at the a-p carbon atoms of the ring). At higher dopant
concentrations (> 2%), theoretical analysis of the data indicate that spinless bipolarons are the
principal charge earners in the film. All of the gap parameters of the doped polymer are in
close accord with the numbers evaluated from photoinduced absorption measurements of the
undoped polymer. However, major differences exist between the doped and the undoped
material that can be ascribed to the Coulombic interaction between the positively charged
bipolarons and the negatively charged dopant anions. These differences cannot be understood
within the scope of the theory.
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DISCUSSION

Braun: 1. Is the dielectric constant of 10 for the doped
polymer an experimental number? 2. Would you expect the
same value for the undoped polymer? Are the ir-electrons
really that polarizable? 3. With bipolarons delocalized
over 5 thiophene units and doping at levels up to 0.25
acceptors per thiophene, shouldn't you see effects from
spatially overlapping bipolarons?

Frank: 1. There are no experimental measurements of the static
dielectric constant of the polythiophenes because of
technical problems. The value of 10, used for the static
dielectric constant, is an estimate given in the litera-
ture. The only measured static dielectric constant of a
conductive polymer is that of chemically synthesized
polyacetylene, where the determination yielded a value of
5. The static dielectric constant of poly(3-methylthio-
phene) is expected to be larger than 5 because the dipole
moment of thiophene is greater than that of acetylene.
2. Based on experimental data of chemically synthesized

polyacetylene, no substantial difference is expected
between the static dielectric constant of doped and
undoped poly (3-methylthiophene). The polarization of the
jr-electrons is only one component of the static dielec-
tric constant. 3. Optical effects from spatially
overlapping bipolarons are observed for polythiophene,
but not for the poly(3-alkylthiophenes). Perhaps the
presence of the alkyl group limits the extent of overlap
of the bipolaron wave functions.

Crosby: What is the principal experimental signature that identi-
fies the presence of bipolarons? 2. What physical
mechanisms favor a bipolaron vs a polaron for long time
stability?

Frank: 1. The polaron has a spin of 1/2 and shows three optical
transitions below the interband threshold, whereas the
bipolaron has a spin of 0 and displays only two subgap
transitions. 2. A stronger lattice distortion
(electron-phonon interaction) compared with the Coulomb
repulsion within a soliton pair (electron-electron
interaction) will thermodynamically favor bipolarons over
polarons.

Kispert: What is the typical chain length? What is the conductiv-
ity of the films? Have you observed any unpaired spins
at low dopant concentrations from EPR measurements?

Frank: The typical chain length of the polymer is 40-50 monomer
units. The electrical conductivity of the as-grown film
is on the order of 102 S cm"1. Unpaired spins at low
dopant concentration are observed. Currently, we are
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investigating the correlation between the spin
concentration in the low doping regime and the extent of
structural defect-related traps.

Zerner: You mentioned that in the polaron model the delocaliza-
tion was over about 5 monomer units. Is this also true
for the bipolaron?

Frank: Calculations within the framework of the Hiickel
approximation predict that both the polaron and bipolaron
are delocalized over 5-6 monomer units. However, the
amplitude of deformation of the bond lengths (per cent of
maximal deformation) associated with the bipolaron is
about twice that of the polaron.
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HYDROGEN BONDING AND SUBSTITUENT CONTROL OF CONFORMATIONS.
CRYSTALLOGRAPHIC STUDIES OF NON-PLANAR PORPHYRINS.

K. M. Barkiaia. M. Miura, K. M. Smith and J. Fajer
Department of Applied Science
Brookhaven National Laboratory

Upton, New York 11973

Examples of conformational distortions of porphinoid macrocycles
are becoming increasingly common. The consequences of these
distortions on photosynthetic chromophores and biominetic
photosensitizers are intriguing: changes in optical, redox, ESR
and excited state properties have been shown to result from
porphyrin skeletal deformations. The conformational variations can
be imposed by crystal packing, substituent crowding and hydrogen
bonding in vitro or by protein constraints such as ligands,
hydrogen bonds and nearby residues in vivo. Such effects on the
planarity of the macrocycles are illustrated by crystallographic
studies of a series of synthetic porphyrins: the bis (perchlorate)
salt of diprotonated 2,3,7,8,12,13,17,18-octaethylporphyrin (Fig.
1), and the Ni(II), free base and diprotonated salt of
2,3,7,8,12,13,17,l8-octaethyl-5,10,15,20-tetraphenylporphyrin.

Fig. 1 H4OEP
+2.2C1O4". Each anion is hydrogen bonded to two N-H

protons.
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CHARACTERIZATION OF THE SPIN MULTIPLICITY OF AN ELECTRON TRANSFER REACTION

M. K. Bowman. H. Levanon*, A. Angerhofer, K. Hasharoni*, J. Tang,
T. J, Michalski and J. R. Norris

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

•Department of Physical Chemistry, Hebrew University, Jerusalem, Israel

The primary photoinduced charge separation in bacterial, and probably, in
green plant photosynthesis occurs via a singlet radical-pair state. Simple model
photosynthetic systems fail to mimic the nature one in that either electron
transfer proceeds via a triplet state or charge recombination reactions are too
fast to allow efficient harvesting of the trapped energy. The new multi-
component molecules that can undergo multi-step electron transfer come much
closer to duplicating natural photosynthesis. This new class of compounds
presents real problems in the characterization of their intermediate charge
separated states. In particular, conclusive determination of whether reaction
occurs via a singlet or a triplet mechanism is problematic for optical
spectroscopy.

Characterization of spin states is the natural province of EPR
spectroscopy. However, the intermediate charge-separated species of interest
generally have too short a lifetime for study by conventional EPR. We have
developed strategies using Fourier Transform EPR to characterize these
intermediate states.

The first strategy exploits the spin memory of the products of a reaction.
Spin angular momentum is usually conserved in an electron transfer reaction so
that the final free radical products retain a memory of the spin state of the
preceding intermediates. This is very diagnostic for a triplet state reaction
product since the non-Boltzmann spin polarization produced in most photoexcited
triplet molecules is passed on to free radical products. In order to reliably
detect this triplet spin angular momentum, one should ideally measure the EPR
spectrum from radicals born during a time shorter than the spin lattice
relaxation time of the triplet. Since this is on the order of a few dozen
nanoseconds, FT-EPR must be used to measure the EPR spectrum at such early times.

The second strategy involves the measurement of spin nutational frequencies
using FT-EPR. Spin nutation experiments measure the rotating frame spin
Hamiltonian and show whether the charge separated electrons are still interacting
with each other or not. If the spins are still interacting, then the spin
multiplicity of the reaction can be determined by applying simple sign rules to
the experimentally measured FT-EPR spectrum.
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PICOSECOND MEASUREMENTS OF GEMINATE CHARGE PAIR
RECOMBINATION IN LIQUID HEXANE

Charles L Braun and Sergei Smirnov
Department of Chemistry, Dartmouth College, Hanover, NH 03755

Thomas W. Scott
Exxon Research and Engineering Company, Annandale, NJ 08801

The escape and recombination of charge pairs produced by
photoioiiization of organic molecules is studied in solids and liquids.
Two experimental approaches are used to resolve the picosecond
time scale recombination of the geminate charge pairs formed by
laser photoionization of solute molecules in liquid hexane. A pump-
probe conductivity technique gives useful results but appears to
introduce modest measurement bias when compared with decay
kinetics recorded by the less-sensitive transient absorption method.
The observed decay kinetics are studied as a function of temperature
and photon energy and are found to be consistent with a detailed
theory of Coulomb-field-dominated, diffusive recombination of
geminate electron-cation pairs. The kinetic measurements give
direct information about the initial distribution of electron-cation
radii in the thermalized charge pairs.

In the transient absorption approach, solutes in liquid hexane
are ionized by two-photon excitation usually at 266 nm. Inevitably, a
large number of neutral excited states are produced along with the
geminate charge pairs, and correction for absorption by the neutrals
is required. Benzene and its methyl-substituted derivatives have
proved to be the most useful solutes, and recently we have found that
for tetramethylbenzene (durene), the initial absorption by geminate
electrons at 1066 nm exceeds that of the neutrals by 10:1. We
estimate the background neutral contribution by rapid scavenging of
the geminate electrons using perfluorohexane.

The observed geminate pair decay is fit by the time-dependent
diffusion theory of Hong and Noolandi. We find that at 208 K for
photoionized durene, the mean radius of the just-thermalized pairs in
hexane is 5.9 nm when we assume that the radius distribution
function is a spherical exponential. The data quality is beginning to
be adequate to discriminate against other often-used forms of the
radius distribution function.
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TUNNELING PATHS OF NUCLEI AS WELL AS ELECTRONS
IN ELECTRON TRANSFER

Joel Bader, Massimo Marchi and David Chandler
Department of Chemistry

University of California, Berkeley, CA 94720

In our theoretical studies of the ferrous-ferric exchange in water, we have
discovered that the pathways to the electron transfer are dominated by nuclear tunneling.
The coordinates that perform this tunneling are collective librations involving hundreds of
water molecules. When the quantal fluctuations of the solvent are artificially quenched
causing the water to evolve according to classical dynamics, the rate of transfer is reduced
by two orders of magnitude.

Concerning our work on the primary electron transfer in a bacterial photosynthetic
reaction center, which has just begun, we have devised and tested a quantitative path
integral procedure for computing the transfer coupling matrix elements in a complex
system.

This poster will discuss both topics — the discovery and the technical advance
necessary to examine the reaction center.
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SURFACE-ENHANCED RESONANCE RAMAN SPECTROSCOPY
OF CHLOROPHYLL-a

L. L. Thomas, J . -H . Kim and T. M. Cotton
Ames Laboratory

Iowa Sta te Univers i ty , Ames, Iowa 50011

Complete information regarding the spectral characteristics of chlorophylls is
essential for elucidation of their roles in reaction centers as well as for the
construction of realistic biomimetic models. Previous spectral studies have
produced considerable information without, however, providing a complete
and detailed analysis. Red-excited resonance Raman spectra for chlorophyll
a have never been reported because of intense interfering fluorescence
backgrounds. Spectra obtained with excitation into the lowest ft-** states are
essential to an understanding of Chi a electronic and vibrational properties
and these were obtained in the present study.

Surface enhanced resonance Raman scattering (SERRS) from Chi a on
roughened silver electrodes was used to obtain highly resolved spectra. The
similarity of Chi a resonance Raman spectra to SERRS spectra indicates that
structural degradation of Chi a does not occur on the metal surface. More
significantly, interfering fluorescence is quenched by interaction with the
metal surface, enabling acquisition of a richly detailed SERRS spectrum of
Chi a. Photodegradation of Chi a was minimized by maintaining samples at
77 K.

Pronounced changes in the vibrational mode enhancements were observed in
the high frequency region (1500-1600 cm'1) as well as in bands below 1300
cm*1. In the latter region, change of the excitation wavelength from blue to
red produced marked changes in band intensities. Additionally, excitation
into the lowest (Qy) transition produced spectra not previously observed, and
permits a more extensive analysis of the nature of electronic-vibrational
coupling.
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ELECTROCHEMICAL APPLICATIONS OF SOLUBLE POLYELECTROLYTES

S. James Schmittle, Ronald B. Sprinkle and C Michael Elliott
Department of Chemistry

Colorado State University
Fort Collins, CO 80523

In any voltammetric experiment it is necessary that ions be present in solution
for that solution to be conductive. Ordinarily, some non-redox-active salt (a so-
called "supporting electrolyte") is added to solution to make the solution
conductive and to minimize migration currents. A typical supporting electrolyte for
use in non-aqueous solvents is a tetraalkylammonium hexafluorophosphate. In the
case of such an electrolyte the transference numbers for the cation and the anion
are approximately equal, i. e. roughly half of the current is carried by ions of
each charge type. When an interface is formed between an electrolyte solution and a
iedox active ion exchange polymer coated electrode, however, ion transport within
the polymer may be almost exclusively due to one charge type of ion (for reasons of
Donnan exclusion and charge balance).

Recently we have developed several organic-soluble polymer electrolytes that
can be used as supporting electrolytes in voltammetric experiments. Included in our
studies are polyelectrolytes of both charge types, for example,
polytetraalkylammonium hexafluorophosphate and a tetraalkylammonium
polystyrenesulfonate. These polyelectrolytes have a number of unique properties
especially when employed in conjunction with redox active polymer films, either in
their formation or their subsequent voltammetry. When an electroactive polymer is
formed in the presence of a polyelectrolyte counter ion the polyelectrolyte may
become incorporated into the polymer film such that a stable molecular composite
forms (i.e. the polyelectrolyte is trapped and remains in the film irrespective of
the redox state and charge of electroactive moieties). Additionally, for reasons of
steric bulk, polyelectrolytes are often excluded from entering already formed redox
active polymer films. As a consequence it is possible to "shut off certain redox
processes within polymer films by virtue of sterically excluding ion types necessary
to maintain charge neutrality.
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EXCITATION TRANSPORT IN AGGREGATES OF CHROMOPHORE TAGGED POLYMERS

Michael D. Fayer
Chemistry Department, Stanford University, Stanford, CA 94305

In polymeric solids in which the host polymer is not a good solvent for
the chromophore tagged guest or in poor liquid solvents, not only will the guest
chains contract, but they will also tend to aggregate at very low
concentrations. The aggregation of a small number of guest chains in a host
polymeric solid is referred to as microphase separation. When tagged chains
microphase separate, the rate of excitation transport can be dramatically
increased. In a region of microphase separation interchain energy transport
will add to the intrachain transport. Even microphase separation of two or
three chains can have a profound effect on the rate of excitation transport.

Recently the influence of microphase separation on electronic excitation
transport using time resolved fluorescence depolarization has been under study.
Polymer blends of poly(methyl methacrylate) (PMMA) in poly(vinyl acetate) (PVAc)
were investigated for various concentrations of PMMA. The PMMA was tagged with
naphthalene chromophores by synthesizing the copolymer poly(2-vinylnaphthalene-
co-methyl methacrylate). At very low concentrations, below 0.05 wt %, the
excitation transport is concentration independent and characteristic of the
intrachain transport dynamics. When the concentration is increased above 0.05
wt % there is a dramatic increase in the rate of excitation transport as
monitored by the time dependence of fluorescence depolarization.

Microphase separation not only causes the fluorescence anisotropy decays
to become faster, but the shape of the decay changes. Microphase separation
adds interchain transport which gives rise to a new spatial nature to the
problem. There is now a cluster of individual chains witih a distribution of
interchain spacings. This greatly increases the theoretical complexity of
describing the excitation transport dynamics. The theoretical method, which has
been quantitatively successful in describing intrachain transport, is being
extended to the combined problem of interchain and intrachain transport. The
formalism is based on a cummulant expansion of the solution to the excitation
transport master equation. The problem is to take two Gaussian chains separated
at some distance and calculate the energy transport from a starting position on
chain 1 to any final position on chain two. Then it is necessary to average
over all starting positions on chain 1. Finally a distribution of interchain
separations is averaged over. This piece of the excitation transport problem is
combined with the intrachain transport. Microphase separation means that there
is a correlation among the locations of the chains. They are not randomly
distributed in space but rather the distribution is skewed toward small
distances. Comparison of theory and experiments should provide detailed insight
into the nature of microphase separation.

The results of these studies, experimental and theoretical, will lead to
greater understanding of rapid excitation transport in complex clustered
chromophore systems. By controlling the concentration of tagged chains and the
differences in the thermodynamic interactions of the host and the chromophore
containing guest, it should be possible to tailor the rate and extent of
excitation transport while avoiding problems such as excitation quenching by
chromophore aggregates in concentrated randomly distributed chromophore
solutions.
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SIZE-QUANTIZED SEMICONDUCTOR PARTICLES
FORMED AT MONOLAYER SURFACES

Xiao Kang Zhao and Janos H. Fendler
Department of Chemistry

Syracuse University, Syracuse, New York 13244-4100

Infusion of H2S onto cadmium and
zinc arachidate monolayers resulted in
the formation of size-quantized CdS and
ZnS particles which could be transferred,
essentially intact, to solid substrates at
different stages of their growth.
Reflectivity,absorption, spectrophotometry,
transmission electron microscopy, and X-
ray diffraction measurements established
the presence of porous semiconductor
particulate films. Scanning tunneling
microscopy (STM) allowed the
observation of the earliest stages of
particle growth. The initially formed
microclusters, as small as 5 A diameter,
aligned themselves and grew laterally to
linked, 50-150 A diameter, 20-30 A thick, disk-shaped polyparticles. With continued H2S
infusion, these polyparticles formed an interconnected semiconductor particulate film whose
thickness grew to a limiting value.

Semiconductor

Schematics of the experimental arrangement used
for the generation of semiconductor particles.

STM microscopic images on highly oriented pyrolytic graphite of
ZnS particles, in situ formed on zinc arachidate monolayers.
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MAGNETIC FIELD EFFECTS IN Cr(III) COMPLEXES

G. Ferraudi

Radiation Laboratory
University of Notre Dame
Notre Dame, IN 46556

Magnetic field effects on the photophysics of Cr(III) com-

plexes with polypyridine, amine and macrocyclic ligands have been

investigated. Intense magnetic fields, 1<H<P Tesla, are found to

induce changes in the emission spectra and nonradiative relaxation

rates of the (2Tlf
2E), long-lived excited states. Such fields

produce enhanced intensities at wavelengths off the band maximum

and at the onset of the emission spectrum of Cr(fl4]aneN4)(CN)2
+.

This increase in phosphorescence intensity exhibits a linear

dependence on the magnetic field. In addition to spectral

changes, larger rates for nonradiative relaxation in a 3 Tesla

magnetic field have been measured. For example, the rate constant

for the relaxation of the (2T1,
2E)Cr(CN)6

3" exhibits a quadratic

dependence on the field intensity. The difference between the

rate constants measured under 0 and 3 Tesla increases with temper-

ature, a behavior consistent with relatively large coupling of the
2T-j_ state to the field. However, such magnetic field effects are

small when compared with those measured in the photoaquation and

the radiationless relaxation of (3T1)Co(CN)6
3~. These results

suggest that the mechanism of spectral behavior, which reflect

changes in nonradiative relaxation, must be related to field-

induced perturbation of the competitive population and depopula-

tion of the low-lying states.
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Pico- and Nanosecond Studies of the Photoreduction of Bensophenone
by Tertiary Amines

C Devadoss and R. W. Fessenden

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

Time-resolved microwave absorption experiments have shown that a polar intermediate
of 50 ns lifetime is formed in the quencMng of triplet benzophenone by DABCO. No such
intermediate is formed in saturated hydrocarbons or with similar aliphatic amines such as
triethyl amine or N,N-dimethyl piperazine. The present work was undertaken to study
the behavior of this intermediate in a wide variety of solvents and to determine its mode
of decay. The spectrum of the intermediate is like that of benzophenone anion so the
intermediate is a triplet ion pair (BP* DABCO"1"). Experiments in a wide range of
solvents show the ion pair to decay by first-order kinetics in all cases including such polar
solvents as acetonitrile. Thus, the ion pair must not significantly dissociate into free ions.
In low-polarity solvents and simple alcohols the ion pair decays into neutral radicals but
in more polar solvents like acetonitrile and acetone, back electron transfer is predominant
giving little neutral ketyi radical. Picosecond absorption spectra show shifts in peak
postion with time for alcohols (to the blue) and acetonitrile (to the red) but none for
benzene. These shifts indicate the development of H-bonds or the transformation of a
contact ion pair into a solvent-separated ion pair. Clear evidence for an ion pair of 80 ps
lifetime was found in cyclohexane. The observations show that a contact ion pair is first
formed by electron transfer in all solvents and that, in solvents of e> 10, conversion to a
solvent-separated pair occurs. A number of experiments on quenching of the ion pair by
paramagnetic agents and the effects of H-bonding additives have been used to help define
the decay pathway. Decay of the ion pair to starting material or neutral radicals is
controlled by a subtle interplay among intersystem crossing, proton and back electron
transfer. Picosecond measurements with diethylarnine also show clear evidence for
electron transfer but the ion pair so formed is much shorter-lived than with DABCO.
Experiments in methanol and methanol-OD show that transfer of a proton from the
alcohol occurs. Picosecond experiments with triethyl amine show formation of some very
shortlived ion pairs on the 100 ps time scale even though fast proton transfer leads to
ketyl radical at longer times.
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Transient Near Infrared Spectroscopy of Visible Light Sensitized
Oxidation of I' at Colloidal TiO2

Donald Fitzmaurice and Heinz Frei

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

Halide to halogen oxidation by visible light photosensitization of stable oxide semiconductor
materials has attracted considerable attention because of its potential use for chemical storage of
solar photon energy, and for light to electrical energy conversion in photodriven regenerative
electrochemical cells. Particularly promising is photooxidation of halide by dye sensitization of
TiC*2 (band gap 3.2 eV). Since 75% of the solar irradiance at ground level lies in the red and near
infrared spectral range (A. >600 nm), an important goal is to extend the wavelength response of
sensitizer coated TiO2 further into this spectral range critical for energy conversion. Photo-
sensitization by long wavelength visible and near infrared photons allows for only modest driving
forces for halide oxidation. Hence knowledge of elementary reaction steps, their energetics and
rates will be important for the design of suitable systems. Such detailed studies of halide to
molecular halogen oxidation have been conducted by Henglein and Graizel in the case of direct
band gap excitation of TiQj colloids at 350 nm, but no such studies on the reaction path of halide
oxidation at dye loaded TiO2 have been reported to date.

Taking advantage of our sensitive near infrared transient absorption spectrometer based on a cw
probe laser, we have attempted to monitor in real time the build-up and decay of I2, the expected
product following one electron oxidation of I" at dye sensitized colloidal TiC>2 particles (sensitizer:
phenylfluorone (PF), solvent: ethanol or water). I2 has a characteristic absorption in the 700-800
nm region ÎTgr <_ 2£u) which can be used to monitor radical concentration if the visible and UV
spectral range is not suitable for optical measurements due to strong sensitizer absorption. A
transient was observed between 700 nm and 800 nm following nanosecond laser excitation at 532
nm which exhibits a broad band widi a maximum at about 750 nm. The decay of the transient
followed a second order law with a rate constant of (3 ± 1) x 109 1 sec"^ mol-1. These
observations are consistent with the transient species being I2 and with it decaying by
disproportionation to give I3 and I". The extinction coefficient calculated for the transient species
from the steady state yield of h is 2800 mol"1 cm"1 at 750 nm, also consistent with assignment to
I2. At low iodide concentration the signal rise could be resolved for the first time, and was found
to be linear in [I"] with k=(1.3+ O.lJxlO8 1 moH sec1. The most probable explanation for the
observed rise is reaction of surface adsorbed I atoms, formed by reaction of oxidized sensitizer
with surface adsorbed I", with I" from bulk solution to give I2 . The far lower efficiency of I" ion
photooxidation at PF/TiO2 colloidal particle compared to a corresponding efficiency at PF/TiC>2
polycrystalline electrode is explained by recapture of photoinjected conduction band electrons by
adsorbed I atoms. The I2 yield as a function of I" concentration exhibits a marked deviation from
a monotoneous increase over the range 10"4 M to 0.2 M. We propose as the most probable
explanation heterogeneity in the rates of electron recapture by adsorbed I atoms. This implies that
iodide photooxidation efficiencies in sensitized colloids depend critically on the specific
environment in which the primary oxidation product (I atom) is formed.

- 209 -



PHOTOPHYSICAL PROPERTIES AND RESONANCE RAMAN

SPECTRA OF MESO-SUBSTITUTED PORPHYRINS

Harold N. Fonda and John S. Connolly

Photoconversion Research Branch,

Solar Energy Research Institute

Golden, Colorado 80401

Studies of photoinduced electron transfer in linked porphyrin-quinone molecules

have led to investigations the spectroscopic, photophysical and electrochemical properties

of a number of porphyrin model compounds with aromatic substituents at the meso

positions. The object of this work is to incorporate substituents that increase the

efficiency of charge-separation into the design of new porphyrin-quinone molecules.

Spectroscopic and photophysical data indicate reduced conjugation of the naphthyl

substituents with the porphyrin macrocycle in tetra(l'-naphthyl)porphine (T1NP)

compared to tetra(2'-naphthyl)porphine (T2NP). These results are supported by

electrochemical measurements that show a higher ring oxidation potential for T1NP (1.03

volts vs. see) than for T2NP (0.92 volts vs. see). Also, substitution with l'-naphthyl

appears to cause distortion of the porphyrin ring. To investigate this possibility, we have

measured the resonance Raman spectra of T1NP and T2NP in CH2C12 solution with Soret

excitation at 406.7 nm. The resonance Raman spectra show distinct differences between

T1NP and T2NP both in the number of bands and in the vibrational progressions. This

is particularly evident in the frequency region between 1000 and 1300 cm"1 where

contributions from the; aromatic substituents are expected. Interestingly, unlike

tetraphenylporphine (TPP), both T1NP and T2NP were completely resistant to

protonation of the pyrrole nitrogens under these conditions.
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Red Light Induced Oxidation of Unsaturated Hydrocarbons in a Matrix

Heinz Frei

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

We have expanded our work oa product specific photooxidation by NO2 of small unsaturated
hydrocarbons to cycloalkenes, allene, and small alkynes. The purpose of these studies is to
explore controlled photocatalysis of hydrocarbca oxidation belong wavelength photons that uses
NO as catalyst and O2 as terminal oxidjint (alkene + NO2 _» epoxide + NO, followed by the
spontaneous reaction NO + -5-O2 —*- NO2).

When irradiating allene»NO2 pairs isolated in solid Ar with long wavelength visible light, allene
oxide and cyclopropanone were obtained as sole oxidation products. These correspond to the
two possible ways by which transient oxirane biradical (I) can stabilize itself without atom
rearrangement

6
CH2=C-CH2 (I)

Formation of the biradical (psec lifetime) was inferred from observation of the nitrite radical CH2
= C(ONO)-CH2 by FT-IR spectroscopy. The nitrite radical is (I) chemically trapped by reaction
with NO cage neighbor.

In contrast, photolysis of substituted acetylene«NO2 pairs led to trapping of different species,
namely iminoxy radicals. For example, CH3-C(=N-6)CO-CH3 was observed together with
dimethylketene when inducing dimethyl acetylene + NO2 reaction at 600 nm. The structure of
the former was established by analysis of the vibrational spectra of 18O and 15N isotopic species.
We infer from the iminoxy structure of the trapped radical that vibronically induced O atom
transfer from NO2 to a CC triple bond leads to a ketocarbene (II)

O
. . I I

CH3-C-C-CH3 (n)

and not, as expected, to an oxirene biradical. These results establish unequivocally that the initial
reaction steps of alkene, allene, and alkyne + NO2 photochemistry in a matrix is O atom transfer
that results in formation of transient oxirane or ketocarbene biradicals. This is the first time that
such primary transients formed upon O atom transfer to unsaturated hydrocarbons have been
detected. These reactions further support the conclusion of our previous work with ethylene and
2-butenes that red light induced hydrocarbon oxidations with NO2 are extremely mild.

Cyclohexyl nitrite radical was trapped concurrently with cyclohexene oxide when irradiating
cyclohexene»NO2 pairs in solid Ar at 600 nm. Wavelength selective photolysis and vibrational
analysis revealed that the nitrite radical was trapped in two stereoisomeric forms, namely one
with the hexyl ring in the chair, the other in the twist-boat conformation. This allowed us to
establish the detailed stereochemical path of this cycloalkene epoxidation.
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Carbon Dioxide Activation by Co(I) macrocycles:
Factors Affecting CO2 and CO Binding

Etsuko Fujita. Bruce S. Brunschwig, Carol Creutz, and Norman Sutin

Chemistry Department

Brookhaven National Laboratory, Upton, NY 11973

We recently characterized the reversible binding of CO2, CO and H to meso- and

racemic-[Co(X)i-5\ in H2O (in collaboration with H. Schwarz and J. Wishart) and in CH3CN.

The CO2 binding constant for the racemic isomer is about one-hundred times greater than for the

meso isomer in both solvents. The difference seems due to steric and hydrogen-bonding

interactions between the bound CO2 and the macrocycle. We also characterized a binuclear

species containing the Co-C(OH)-O-Co moiety (in which hydrogen bonding exists between the

bound CO2H and amine hydrogens of the macrocycle) and studied a CO2 reduction pathway

involving two cobalt centers which takes place during the slow decomposition of the

[Co(I)L5CO2]+ complex to Co(II)L52+, CO, H2, HCO2", and HCO3" in CH3CN.

We have extended our work by using various 14-membered cobalt macrocycles to

investigate factors affecting CO2 and CO binding, catalytic activity and kinetics of thermal

decomposition of CO2 complexes.

f

r N HN

N HN

U

Some properties of the Co(I), Co(I)-CO2 and Co(I)-CO complexes, the correlations

between the reduction potentials and the binding constants, and some deviations due to the high

stability of the CO2 adduct arising from hydrogen bonding and steric effects will be described.
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STRUCTURAL CONSEQUENCES OF REDOX REACTIONS

L. R. Furenlid.* M. W. Renner*, E. Fujita,+
D. J. Szalda,+ and J. Fajer*

'Department of Applied Science and ^Chemistry Department
Brookhaven National Laboratory

Upton, New York 11973

The structural consequences of electron transfer on macrccycles
that carry out photochemistry or photocatalysis are important in
order to assess overlap between donors and acceptors, and ligand,
solvent (or protein) as well as skeletal reorganization. EXAFS
avoids some of the difficulties associated with trying to
crystallize reactive intermediates, and we have thus recently
developed cells that allow ESR, optical and EXAFS measurements to
be obtained on the same sample under anaerobic and anhydrous
conditions/1' The cells were used to assess the structural effects
of macrocycle vs metal reductions in a series of Ni porphyrin
derivatives used to model the final stages of C02 conversion to
methane. Macrocycle reductions were found to leave the metal
environment in the radicals unperturbed (±0.02A) whereas reduction
of Ni(II) to Ni(I) induced significant distortions around the metal
(±0.1A) .(2)

The technique has been extended to Ni(II), Ni(I) and Ni(I)CO
tetraaza compounds, Ni(II) and Ni(I) thiaporphyrins, Ag(II) and
Ag(III) porphyrins, and the cation radical of a Zn porphyrin. The
results thus provide the first insights into the structures of
these reactive intermediates in solution. In addition, good
agreement is found between the EXAFS and crystallographic results,
when the latter are available, confirming the validity of the EXAFS
technique.

1. Furenlid, Renner and Fajer. Rev. Sci. Instr. j61, 1326 (1990).
2. Furenlid, Renner, Smith and Fajer. J. Am. Chem. Soc. 112.

1634 (1990).
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MULTISTEP PHOTOINITIATED ELECTRON TRANSFER
IN MOLECULAR PENTADS AND TETRADS

Devens Gust. Thomas A. Moore. Ana L. Moore, Seung-Joo Lee,
Edith Bittersmann, David K. Luttrull, Janice M. DeGraziano,

Xiaochun C. Ma, and Feng Gao

Department of Chemistry, Arizona State University
Tempe, Arizona 85287, USA

A variety of synthetic molecular devices which use a multistep electron transfer
strategy similar to that of photosynthetic organisms to capture light energy and
convert it to chemical potential in the form of long-lived charge separation have been
prepared. For example, the synthesis of pentad 1 has recently been completed. It
consists of two covalently linked porphyrin moieties, one containing a zinc ion (Pzn)
and the other present as the free base (P). The metallated porphyrin bears a

T * V
carotenoid polyene (C) and the other adiquinone species ( Q ^ 'Q B ) -

Excitation of the free base porphyrin in a chloroform solution of 1 yields an
initial charge separated ?iate C - P ^ U - P ' ^ Q ^ ' Q B W * ^

 a quantum yield of 0.85. A
network of subsequent electron transfer steps converges to a final charge separated
state, C*+-Pzn-P-Q^-Qg*~, which is formed with an overall quantum yield of 0.83,
and has a lifetime of 55 /zs. Irradiation of the free base form of the pentad, C-P-P-
Q^-Qg, gives a similar charge separated state with a lower quantum yield (0.15 in
dichloromethane). In this case, the lifetime is increased to 340 /xs. The artificial
photosynthetic system preserves a significant fraction (-1.0 eV) of the initial 1.9 eV
excitation energy in the long-lived charge separated state.

A series of related C-P-Q^-Qg tetrad molecules have also been prepared and
studied using transient absorption and time-resolved fluorescence emission
techniques. The results suggest ways in which the structure of 1 could be modified in
order to increase the quantum yield of the initial C-Pzn-P

#+-QA*~-QB s t a t e t 0 n e a r

unity. Such modifications are now in progress.
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CHARACTERIZATION OF ONE-ELECTRON REDUCED Ru(H) PHOTOSENSITIZERS

Quinto G. Mulazzani, Margherita Venturi, Mila DJ Angelantonio, Mauro Ciano

Istituto FRAE-CNR, 40126 Bologna, Italy

and

Morton Z. Hoffman

Department of Chemistry, Boston University, Boston, Massachusetts 022 IS

A very large number of complexes of Ru(H) that possess Ot-diimine ligands (RuL2+)

have been synthesized and characterized with respect to their potentiality for use as

photosensitizers. The variations of the structures of, and substituents on, the ligands

enables important photophysical properties, such as excited-state energies, lifetimes,

redox potentials, and stabilities toward ligand labilization to be fine-tuned. The reduc-

tive quenching of the lowest excited states of the complexes (*RuL2+) generates a one-

electron reduced species that can be described as a ligand-radical coordinated to the

Ru(H) center (RuL+). In order to utilize the photosensitizers, and evaluate the energy

gap dependence of the cage escape yield from the reductive quenching process, it is

necessary to characterize the spectral, kinetic, and thermodynamic properties of the

reduced complexes.

Radiation chemical and electrochemical techniques have been used to effect the

one-electron reduction in aqueous solution of ten Ru(II) complexes of the form

Ru(bpy)3.m.2(bpm)m(bpz)J,
21' (m,z = 0,1,2,3 and m + z 5 3) where bpy = 2,2'-bipyridine,

bpm = 2,2'-bipyrimidine, and bpz = 2,2'-bipyrazine. The following information has been

obtained: rate constants of the reaction of CO2"
- with RuL2+ to produce RuL+-; absorp-

tion spectra of RuL+- and their conjugate acids (RuLH2+); p*Ta of RuLH2+-; stabilities

and redox potentials of RuL+- and RuLH2+"; rate constants of the electron transfer reac-

tions of RuL+- and RuLH2+- with MV2+, and the reverse processes between MV+- and

RuL2+. Correlations are made between the observed properties and the redox potentials;

in particular, Marcus theory has been applied to the variation of the rate constants

with the associated free energy changes in order to obtain the electron transfer parameters.
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Quenching of Triplet States of Aromatic Hydrocarbons

by Ketyl Radicals

H. Hiratsuka, P. K. Das, R. W. Ftsstndtn, and G.L.Hug

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

The triplet state quenching of aromatic hydrocarbons by benzophenone ketyl
radicals has been studied. Investigations were made with ten different aromatic
hydrocarbons that have triplet energies between the 0-0 band of the ketyl radical
and the triplet energy of benzophenone. In the majority of cases, sensitized
fluorescence of the ketyl radical was observed as a result of its quenching of the
various triplet states which indicates the existence of an energy-transfer quenching
mechanism. Both the sensitized fluorescence traces of the ketyl radical and
absorption decays of the triplet states were analysed. The measured quenching rate
constants kq were (5-10) X10* M"1 s"1. The quenching rates correlated with tri-
plet energy Ef of the donor. The predominance of the energy-transfer mechanism
was studied by a consideration of the yields of the sensitized fluorescence. In order
to do this, a method was developed to obtain the product [f&f Jbrf) of the fluores-
cence quantum yield of the ketyl radical and the true energy-transfer quenching
rate. Consideration of these results lead to the conclusion that that energy transfer
accounts for a major part of the quenching in some of these systems.
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DIRECT MEASUREMENTS OF INTRAMOLECULAR ELECTRON TRANSFER
RATES IN LIGAND-BRIDGED MIXED-VALENCE SYSTEMS

Robert Blackbourn, James Bebel, Yuhua Dong,
Steve Doom, Jody Roberts and Joseph Hupp

Department of Chemistry
Northwestern University, Evanston, Illinois 60208-3113

A longstanding goal in redox and photoredox chemistry has been to obtain intramolecular
electron transfer rate data for systems which also exhibit optical intervalence
transitions. The idea, of course, is to construct direct confrontations between
electron transfer (ET) experiment and theory by using the optical intervalence
measurement to provide the necessary theoretical input parameters (i.e. H^, A, AG,
etc.). With the exception of an early report by Creutz, Kroger, Matsubara, Netzel and
Sutin fJ. Am. Chem. Soc. . 1979, 101. 5442) this goal has been an elusive one. We now
wish to report, however, the direct measurement (by transient absorbance) of thermal
intramolecular electron-transfer rate constants (ket) via the sequence shown in eq. 1:

(bpy)2Cl0s
XI1

 N O ) - V C ) N RUII(NH3)5
A+ * (bpy)zC10s

11
 N Q T - O N RUIII(NH3)5*

+*

k
— — > (bpy)2C10s

m N ( 3 ^ Q N Run(NH3)5*
+ (solvent - CH3CN) (1)

We also have studied the microscopic reverse process:

/—\ /-^ hi/(1064 nm) ,-N /—\
(bpy)2C10s

11 TsQ^QlS Rum(HH3)5*
+ » (bpy)2ClOs

m N G ^ Q N BUII(NH3)S*
+*

—^-* (bpy)2Cl0s
u N ( 3 ^ 5 N Runi(NH3)5*

+ (solvent - MeOH) (2)

For eq. 1, thermal ET occurs in about 120 ns. We believe that the reaction is
measurably slow, in part, because of the very low driving force. A more detailed
analysis, within the context of the available optical ET data, will be offered.

This poster will also present preliminary results for the study of longer range
intramolecular ET by microsecond mixing (pulsed-accelerated flow) methods. The mixing
experiment relies upon selective solvation and an accompanying redox isomerization,
e.g.:

(bpy)2C10s
III-bridge-RuII(NH3)4(pyridine) (100% propylene carbonate)

30% DMF
(bpy)C10s1"-bridge-Ru"(NH3)4(py) «DMF

rapid mixing

— — - (bpy)C10sn-bridge-Runi(NH3)4(py).DMF (3)
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OXO-BRIDGED RUTHENIUM IONS AS HOMOGENEOUS CATALYSTS FOR WATER OXIDATION

Jinzhong Zhou and James K. Burst
Department of Chemical and Biological Sciences

Oregon Graduate Institute, Beaverton, Oregon 97006-1999

One major problem encountered in attempts to develop regenerative systems for water
photolysis is the dearth of catalysts for the oxidative half-cycle. The /u-oxo ion,
(Ru(bpy)2(OtL ) a ]O*

+, has been shown [1] to be capable of oxidizing water to O2 from
its higher (IV,V and V,V) oxidation states and to act as a catalyst for electro-
chemical or chemical oxidations. The catalyzed reactions are sluggish and their
reaction mechanisms are not well understood. A structurally similar ion,
[Ru(edta)]2O

3~, had also been reported by others as capable of catalyzing water
oxidation, but we found no evidence for this reaction [2].

To better characterize these reactions, we have synthesized and studied the
reactivity and redox properties of a series of structural analogs [3] to the
[Ru(bpy)2(OH ) 2 ]O

4+ ion in which the bipyridine ligand was derivatized by attaching
electron-withdrawing (-000H, -COOCHj) or electron-donating (-OOL ) groups to the
ring 4- or 5-positions. Ru 1 1 1' 1 1 reduction potentials for the cis-Ru(bpy) (OH2 )**
precursor ions increased progressively over a range of ~500 mV as the electron-
withdrawing character of the substituent increased. Initial rates of O2 evolution
in /u-oxo ion-catalyzed Co3+ oxidation of water increased progressively with
electron-donating character of the ligand. For all ions except the dimethoxy
derivative, O formation was quantitative with respect to added oxidant; for the
latter ion, ligand oxidation was extensive. The results indicate the involvement
of catalyst higher oxidation states, the accessibility of which is energetically
limited. Mass spectrometric analyses of gases obtained in single-turnover
experiments using 18O-labeled complex ions showed very little incorporation of
isotopic label in the product O 2, indicating either that the oxygen ligands are not
the source of oxygen atoms or exchange with solvent is rapid in an intermediary
oxidation state. Resonance Raman (RR) spectroscopy established that the bridging
oxo atom was not substituted during catalytic cycling, but this technique could not
be used to identify the isotopic composition of the cis-coordinated H2O ligands in
the oxidation states investigated (III,III and III,IV). RR spectroscopy was also
used to determine the Ru-O-Ru bonding angle in the bridging ligand, a feature
critical to understanding mechanisms. The combined data appear to exclude
mechanisms involving oxidative elimination of coordinated oxo ions as H2O, or O 2.
Ongoing studies include structural characterization of higher oxidation states and
determination of rate laws for O2 evolution.

1. S. J. Raven and T. J. Meyer, Inorg. Chem. 1988, 27, 4478-4483, and references
therein.
2. J. Zhou, W. Xi, and J. K. Hurst, Inorg. Chem. 1990, 29, 160-167, and references
therein.
3. Initial \?jrk in collaboration with A. J. Frank (SERI) and M. GrStzel (EPFL).
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SURFACE-MODIFIED AND COUPLED SEMICONDUCTOR COLLOIDS

Praahant V. Kamat
Radiation Laboratory, University of Notre Dame, IN 46556, U.S.A.

One of the limiting factors that control the efficiency of photocatalysis is the rapid
recombination between photoinduced charge carriers in semiconductor particulate
systems. Modification of a semiconductor surface with a suitable redox couple can
influence the charge carrier recombination at the surface and the interfacial charge
transfer processes in colloidal semiconductor systems. Surface modifiers such as
diethyldithiocarbamic acid and mercaptoethylamine have been employed in the present
study to alter the photocatalytic properties of CdS and PbS colloids. These surface
modifiers also enable sire control of semiconductor colloids in the quantum size regime.

Another interesting approach for achieving efficient charge separation involves
coupling of two semiconductor particles with different energy levels. Coupling of a large
bandgap semiconductor with a short bandgap semiconductor also extends the
photoresponse of the large bandgap semiconductor.

C d S , VB

Charge injection processes in CdS-TiO2 and CdS-AgI coupled semiconductor
systems have been investigated to study the rectifying properties of coupled
semiconductor systems. The interaction between the two colloids leads to the quenching
of CdS emission as indicated by the decrease in the CdS emission yield. The rate
constants for injection from excited CdS into the conduction band of Agl and TiO2

colloids were estimated to be 2.2 x 107 s"1 and > 5 X 1010 s"1, respectively. The trapped
charge at the TiO2 surface (Ti4+ site) was characterized from its broad absorption in the
region of 500-760 nm. The extended lifetime of these trapped charge carriers indicated an
improved charge separation in the coupled semiconductor system. The rectification
properties of such coupled semiconductor systems are important in' designing integrated
chemical systems for photoelectrochemical conversion of solar energy.
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DIAMETER QUANTIZATION IN CYLINDRICAL AGGREGATES OF CHLOROPHYLLS

D.L Worcester, T.J. Michalski, M.K. Bowman and J.J. Katz
Chemistry Division, Argonne National Laboratory

Argonne IL 60439

Neutron small angle scattering measurements of several different chlorophyll/water
micelles dispersed in n-octane-d18/toluene-d8 media show that highly characteristic long,
hollow cylinders are present. Clearly defined secondary maxima are evident in the
scattering data, indicating that in any given sample, all of the cylinders have the same
diameter. The cylinder diameters depend on the chlorophyll type. The large amount of
data we have collected on numerous samples of the various chlorophylls provide
convincing evidence that the cylinders have only discrete values for the diameters, which
are very nearly in the ratio of small integers. Thus, cylinders of chlorophyll a (Chla) and
bacteriochlorophyll a (Bchlc) are 11 nm in diameter, whereas cylinders of Bchla and
2-acetylchlorophyll a 21 nm in diameter. Bchla also can form cylinders that are 40-43nm
diameter. Substantial variability in size was found only for cylinders formed from hydrated
Chla/Chto mixtures (35-50nm diameter).

The quantization of diameters can be accounted on structural grounds, !f water
molecules coordinate to the central Mg atom only on one side of the Chla macrocycle,
but on either side of the of the Bchla and 2-acetylChla macrocycles. The acetyl group
in these two chlorophylls probably is involved in hydrogen bonding with water coordinated
on only one face of the macrocycle. The larger cylinders thus contain two different types
of water coordinated to the macrocycle, and they must occur as homo-dimers or higher
even numbered aggregates in order to permit the curvature needed for cylinders. The
curvature of the small aggregates from which the surface of the cylinders is constituted
is mainly due to the intrinsic macrocycle curvature in 5-coordinated Mg.

Water coordination on either face of the macrocycles, together with regulation of
macrocycle stacking by the steric hinderance by presence of the C-10 carbomethoxy
group, can change the direction of curvature and prevent the formation of cylinders.
Hence longer small macrocycle units are needed to complete a full turn and the cylinders
have a larger diameter. Lastly, a necessary feature is that all chlorophyll macrocycles are
equivalent in Chla cylinders, but in the larger structures, pairs of macrocycles are the
smallest structural units.

We believe these structural features of the cylindrical micelles are relevant to the
organization of in vivo chlorophyll.
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Resonance Raman Studies of tue Ground
and 3MLCT Excited States of Heteroleptic Complexes of

Ruthenium II with Bipyridine and Bipyrazine

Gerald D. Danzer and James R. Kincaid
Department of Chemistry

Marquette University, Milwaukee, WI 53233

Interest in the reactivity and photophysics of excited states of ruthenium(II)
complexes of bipyrazine provides impetus for detailed spectroscopic studies of such
species. The utility of resonance Raman (RR) and time-resolved resonance Raman
(TR3) techniques for investigation of the ground and excited state photophysics of
such systems has been well documented.

In the present work, a systematic study of the RR spectra of the tris-ligated
complexes comprised of bipyridine and bipyrazine is reported. The ground state
RR spectral results verify assignments of the MLCT electronic absorption bands.
The TR3 spectrum of the 3MLCT state of the tris-bipyrazine complex exhibits two
sets of bands. One set exhibits frequencies and relative intensities which are
comparable to the ground state RR spectrum, while the other bands are, in general,
shifted to lower frequencies. This behavior is analogous to that observed for
Ru(bpy)3

2+ and indicative of a single-ligand localized 3MLCT state. The analysis
of the TR3 spectra of the two bis-heteroleptic complexes provides unambiguous
evidence for specific localization of the optical electron on the bipyrazine fragment
in each complex. For example, in the case of Ru(bpy)3(bpz)2+, features attributable
to bpz* and bpy° (but no features attributable to bpy" or bpz°) are observed. For
both the ground and excited states, RR spectral features are shown to be sensitive
to subtle alterations in the degree of dn-K* backbonding as the ligand composition
is varied.

Finally, the extensive set of TR3 data obtained for these complexes provided
an opportunity to resolve a current controversy concerning the interpretation of the
TR3 spectra of this class of complexes. Thus, the present results provide
unambiguous support for the original interpretation of the TR3 spectrum of
Ru(bpy)3

2+ and are not consistent with a recently published alternative
interpretation of that spectrum.
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SIMULTANEOUS ELECTROCHEMICAL - ELECTRON SPIN RESONANCE
STUDIES OF CAROTENOID CATION RADICALS AND DICATIONS

Mazen Khaled, Andreas Hadjipetrou, Xinhai Chen and Lowell Kispert
Department of Chemistry

University of Alabama, Tuscaloosa, AL 35487

Carotenoids are present in the chloroplasts of photosynthetic green plants and serve
as photoprotect devices and antenna pigments. Additionally they have been
suggested to play an active role in the photosynthetic electron-transport chain with
the carotenoid cation radical as an integral part of the electron-transfer process.
Thus a detailed examination of the structure, formation, and decay behavior of the
carotenoid cation radical is of importance.

Our research has confirmed that carotenoid cation radicals have a lifetime that is
sensitive to solvent, being longest in CH2C12 and are bf.st prepared
electrochemically. Semiempirical AMI and INDO calculations of the irans and cis
isomers of p-carotene, canthaxanthin and p-apo-8'-carotenal cation radicals
predicted the unresolved EPR line whose linewidth varies to a measurable degree
with carotenoid, which our subsequent experimental observations affirmed.
Simultaneous electrochemical - electron spin resonance studies of carotenoid cation
radicals and dications have shown the radicals detected by EPR are formed by the
one electron oxidation of the carotenoid, that dimers are not formed upon decay of
the radical cations and an estimate of the rate of comproportionation for the
equilibrium CAR++ + CAR==i2CAR+- as a function of carotenoid can be given.
The formal rate constant k°' for heterogeneous electron transfer rate at the
electrode surface has been deduced from rotating disc experiments. Upon
deuteration, and in the presence of excess p-carotene, the half-life for decay of the
carotenoid radical cation increased an order of magnitude due to the reaction
between diffusion carotenoid dications and carotenoids to form additional radical
cations. The carotenoid diffusion coefficients deduced by chronocoulometry
substantiates this measurement. The products formed upon electrochemical studies
are being studied by HPLC and the isomers formed thermally are being separated.
Additional radical reactions are currently being studied by EPR and
electrochemical methods.
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GROUND-STATE AND EXCITED-STATE ELECTRON
TRANSFER IN NiETALLOFROTEIN COMPLEXES

Jian S. Zhou, Herb M Brothers II,
Venkatesh M. Shanbag, and Nenad M. Kostic

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

Complexes between cytochrome c, an iron heme protein, and plastocyanin, a
blue copper protein, are well-suited for. kinetic and mechanistic studies of electron-
transfer reactions (Equation 1) because the metal atoms (the donor and the acceptor)

cyt(II)/pc(II) • - cyt(III)/pc(I) ( 1 )

in them are fixed in fully-characterized environments. We are measuring
spectroscopically the stability of the electrostatic diprotein complex, which is
flexible, in order to verify the rearrangement of the donor and the acceptor prior to
electron transfer. We have prepared and characterized covalent complexes in which
the donor and the acceptor are attached semirigidly to each other by tethers of
different length. Kinetic studies of intracomplex ground-state reactions in these
covalent complexes, under strict first-order conditions, will again show whether
electron transfer requires a particular donor-acceptor orientation.

We are studying, by laser flash photolysis, electron transfer from the triplet
excited stats of the zinc-substituted cytochrome c to the ground state of
cupripiastocyanin. This excited state decays by two electron-transfer reactions. The
rate constant for the fast reaction (Equation 2) is 2.5 x 10^ s"1 and does not depend
on the acceptor concentration and on the ionic strength; this

3Zncyt/pc(II) »• Zncyt+/pc(I) (2)

unimoiecular reaction occurs within the electrostatically-stabilized donor-acceptor
complex. The rate constant for the slow reaction depends on the acceptor
concentration and on the ionic strength in the correct way; this bimolecular
reaction (Equation 3) involves formation of the transient donor-acceptor complex

3Zncyt + pc(II) *- Zncyt+ + pc(I) (3)

and subsequent electron transfer. Transient absorption spectra confirm that the
excited state is quenched by electron transfer.
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LONG DISTANCE ELECTRON TRANSFER REACTIONS IN MICROPOROUS SOLIDS

Yeong II Kim, Edward H. Yonemoto, Jason B. Shear,
Jonathan S. Knieger, and Thomas E. Mallouk

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

Learning to control the rates of electron and energy transfer reactions between molecules is important
for both fundamental and practical reasons. Considerable theoretical and experimental work has been
done to determine the physical parameters (thermodynamic driving force, distance, molecular orientation,
solvation, and through-bond interactions) which control the rate of electron transfer in solution and in
natural electron transfer processes. An important issue in this area is the role of superexchange
interactions in accelerating electron transfer. The superexchange mechanism has been implicated in the
ultrafast initial charge separation steps of photosynthesis and in synthetic systems in which donors and
acceptors are separated by solvent or molecular spacers.

We will discuss two composite molecular/solid state systems in which long-distance electron transfer
is mediated via oxide semiconductors. In one system a linear channel zeolite (L or mordenite) is reacted
with either titanium isopropoxide or TiCU to give a zeolite/Ti(>2 composite. The absorption onset of
these particles is blue-shifted relative to bulk rutile or anatase TiO2, indicating that the largest particles
formed have dimensions of 10-30 A. Bandgap excitation of these composites causes reduction of
methylviologen (MV2+) ion-exchanged into the zeolite. When the composite contains internally sited
PtP clusters, hydrogen evolution from aqueous EDTA solution occurs under steady state illumination in
competition with back electron transfer from MV+- to TiO2-

Size-excluded photosensitizers, such as RuL32+ (L = 4,4l-dicarboxy-2,2'-bipyridine), bind strongly
to the zeolite/TiO2 composites. The luminescence of RuL32+is quenched at pH 4.0, and visible
illumination of RuL32+/M/TiO2/ MV^/Pt in aqueous EDTA or triethanolamine suspensions gives
hydrogen in about 0.3% quantum yield. Electron transfer from photoexcited RuL32+ to (internally sited)
MV2* cannot be detected spectroscopically, but electron transfer to dicyanomethylviologen (DCV2*) is
observed with 5-10% quantum efficiency. The oxidized sensitizer-DCV+- state decays with a lifetime of
ca. 120 us. We postulate that electrons injected by the sensitizer are rapidly trapped in states positive of
the TiO2 conduction band edge, and that electron transfer to DCV2* (but not to MV2*) c A occur from
these traps. These results suggest a possible role of the semiconductor conduction band in mediating
electron transfer between the traps and electron acceptor molecules.

In order to test this hypothesis, the rate of electron transfer between photoexcited electron donors
(bpy2Ru(bpy[CCK)H]n)

2+, n = 0-2) and electron acceptors (methyl- and benzylviologen) co-adsorbed on
the surface of nonporous semiconductor particles was studied. The dependence of steady-state emission
intensity on acceptor concentration fits a Perrin model, indicating a random distribution of donor and
acceptor molecules on the surface of SrTiO3, MgTiCg, CaTiO3, SrNb2p6, and Ta2Os. Interestingly,
these oxide semiconductors enhance significantly the rate of electron transfer between adsorbed electron
donor and acceptor molecules. At 25^C the critical center-to-center distance (Re) for emission quenching
decreases smoothly from ca. 25 A (with SrTiCg) as the conduction band-edge potential of the
semiconductor is made more negative, to the sum of the donor and acceptor radii (10-11 A) wit 2
Electron superexchange is proposed to explain the larger Re values observed with SrTiO3, MgTiOg,
CaTiO3, and SrNb^g. Time-resolved and variable-temperature experiments, which should provide a
stringent test of the superexchange model, are currently in progress and will be discussed
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Time-Dependent Spectral Shifts at Low Temperatures:
Solvent Relaxation versus Non-Dynamical Mechanisms

Richard S. Fee, John A. Milsom, and Mark Maroncelli
Department of Chemistry

The Pennsylvania State University, University Park, PA 16802

Time-resolved fluorescence measurements have been widely employed in the study of

solute-solvent relaxation processes. In such measurements, fluorescence probe molecules

are chosen to have strong interactions with the solvent, in order that their fluorescence

spectra exhibit large steady-state and time-resolved Stokes shifts. A general feature of

such probes, not previously considered, is that part of their time-dependent shift may not

be relaxational in origin, but may instead be due to the existence of an inhomogeneous

distribution of solvent environments. Even in the absence of solvent relaxation, if the

spectrum is inhomogeneously broadened, and if the fluorescence decay rate is a function

of solvent environment, time-dependent shift in fluorescence spectrum can be observed

due to the non-uniform decay of different parts of the spectrum. Both of these conditions

are met in commonly used probe molecules such that they do indeed show substantial

time-dependent shifts that do not reflect relaxation processes. These shifts occur on time

scales close to that of the fluorescence decay time and do not interfere with measurements

of solvent dynamics occurring on much faster time scales. However, such effects

complicate attempts to measure solvent relaxation at low temperatures, and it appears

likely that previous literature results for low-temperature alcohol solvation dynamics need

to be re-interpreted. We will discuss the causes and manifestations of non-relaxational

time-dependent shifts, their effect on solvation dynamics measurements, and their use for

probing solvent perturbations of solute electronic states.
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CAPPED AND DOPED SEMICONDUCTOR PARTICLES

Dan Meisel and David Hayes

Chemistry Division, Argonne National Laboratory

Argonne, IL 60439

Recent applications of semiconductor colloidal particles in photochemical energy conversion
studies has led to attempts to modify and control the properties of the particles by two approaches:
capping and doping. Several advantages can be expected to result from capping of the particles.
We have shown that the addition of capping agents, thiols for the preparation of sulfide particles,
will control the size of the resulting particles. Higher thiol concentrations will lead to smaller sizes
and thus a continuous control of the particles from bulk sized particles to molecular sized clusters
could be generated. A mechanism to rationalize the effect of the capping agent based on
competitive surface metal ions complexation by the thiol vs. their continued growth by reaction
with sulfide ions has been developed for CdS. Another benefit of the capping agent seems to be its
protection against photocorrosion. As a result of the thiol complexation at the surface, the
longevity of the particles under light irradiation is substantially increased, albeit via sacrificial
donation of electrons. Third, the cap is amenable to surface modification via attachment of
modified mercaptanes which may provide several desired funcationalities. For example, increased
hydrophobicity of the particles was observed via attachment of long-chain alkyl thiols to the
surface which allows "solubilization" in nonpolar solvents without any loss of the particles1

parameters (size or spectral characteristics). Similarly, binding of dye-modified thiols to the
surface has been shown to result in quenching of the dye fluorescence and charge transfer to the
particle. The photophysics and photochemistry of these particles, the effect of the capping agent
on charge (presumably trapped) recombination within the particle and the effect of light intensity
have all been studied. Fluorescence lifetimes and recovery of bleaching due to the formation of
excess charge were compared on the same parades. These, in turn, were compared with the effect
of electrons, externally injected into the particle, via pulse radiolysis.

Recently, in collaboration with N. Serpone and D. Lawless of Concordia University, we
initiated a study of the effect of the dopants on the photophysics of TIO2 particles. The goals here
are to extend the spectral response of the material into the visible range and to affect the
recombination rates of the charge carriers. A variety of metal ions were used as dopants (including
Cr(m), Fe(m), Ni(H), Cu(II), Pt(IV), Pd(IV) and others). It was verified using EDAX, electron
and X-ray diffraction, and TEM techniques that in all cases, even when the doping level was as
high as 20% (e.g., for Cr(III)), homogeneous single phase was obtained without any segregation.
The effect of the dopant on the absorption and emission spectra of these particles was studied.
While pronounced shifts were observed, it is not clear at this stage whether these changes are due
to localized transitions or genuine effects on the bandgap. The reaction of OH radicals with these
particles leads to the production of a species absorbing in the UV range. This species, similar to
the one observed upon excitation of the particles in the presence of electron acceptors, was identical
regardless of the dopant or the doping level. However, its lifetime was dependent on the dopant.
Most notably in the presence of Pd(D) as a dopant, no decay of the injected charge (surface
hydroxyl) could be observed up to a milisecond. Flash photolysis studies of the same particles are
now underway.
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STUDIES OF THE BACTERIOCHLOROPHYLL BINDING SITE BY
RECONSTITUTION OF LH COMPLEX OF RHODOSPIRILLUM RUBRUM

WITH BACTERIOGHLOROPHYLL a DERIVATIVES

T. J. Miehalski. P. S. Parkes-Loach* and P. A. Loach*

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439
'Department of Biochemistry, Molecular Biology and Cell Biology,

Northwestern University, Evanston, Illinois 60208

Light energy is delivered to reaction centers of photosynthetic species through LH
complexes. The core LH complex of £. rubrum has been isolated and its two membrane
bound polypeptides, B881-a and B881-B have been sequenced. Recently, reconstitution
of B873 LH complex to its in vivo absorbance from polypeptides and pigments has been
achieved (by Prof. P.A. Loach, Northwestern University). We have studied how the
reconstitution assay can be used to probe the structure-function relationship of Bchl's
and their analogs in binding to proteins. The bacteriochloropfryll-protein complex is
best characterized by the red shift in its absorption spectrum. The role of Mg, the
structure of ring V, C-2 carbonyl group and other nucleophilic functions, as well as
the character of the esterifying alcohol, were examined.

We found that Bchl b (different from Bchl a by the presence of the ethylidine group)
does reconstitute with a,B-polypeptides from R. rubrum. This results in the red shift
from 890 to 905 nm. The circular dichroism spectrum of this system is similar to that
of Bchl a with the same proteins. Substitution of chlorophylls in such complexes by
their derivatives modified at the propionic acid chain, or by chlorophylls possessing
different functional groups, can help to understand pigment binding sites and
requirements for complex formation. We have found that the binding site is very
specific. The Mg atom, the carbomethoxy group of ring V, and the C-2 acetyl group were
shown in the reconstitution experiments to be required for proper binding to protein.
Changing the esterifying alcohol at the propionic acid chain from geranylgeranyl to
phytyl or ethyl had only a small effect on complex stability. Bacteriochlorophyll g
(different from the Bchl a by an esterifying alcohol and vinyl group in place of acetyl
function) does not reconstitute and is being further investigated. Also unreactive were
132-hydroxybacteriochlorophyll a and 3-acetylchlorophyll a.

Additional structural features of chlorophylls will be tested to address similarity
in bacteriochlorophyll binding sites with polypeptides from bacteria other than R.
rubrum.
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THE COMBINED INFLUENCES OF ELECTRONIC STRUCTURE, SOLVENT
ENERGETICS AND SOLVENT DYNAMICS ON ELECTRON TRANSFER KINETICS

M. D» Newton

Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973

The mechanisms of electron transfer reactions are analyzed
theoretically, with particular emphasis on the role of electronic
structure and the manner in which its influence may be affected by
energetic and dynamical properties of the medium in which the reaction
occurs. Theoretical techniques are developed both for calculating and
interpreting the extent of donor/acceptor coupling in terms of
superexchange models. The role of solvent is studied in a variety of
ways, including the use of (1) supermolecule clusters containing
"inner-shell" solvent, (2) continuum reaction field models, and (3)
classical molecular dynamics simulation of solvated ions.

Electronic structure computations based on ab initio or semi-
empirical (INDO) orbital models have been applied to redox processes
involving metal ions complexed to various ligend.3, including the porphyrin
macrocyle. Studies of metallocene/metallociniura (Cp2M/Cp2M+) redox
pairs have identified an interesting mechanistic contrast for the cases of
M =• Fe and M = Co, which are found to be controlled, respectively, by
superexchange mechanisms of the "electron""and "hole" type. The
electronic coupling was demonstrated to conform quantitatively (to within
95Z) to a 1-electron model. The electronic coupling is also
strongly-dependent on relative orientation of reactants, and the relative
energetics of these orientations are in turn, strongly influenced by the
nature of the medium.

Analysis of the properties of aqueous ferrous and ferric ions in
terms of equilibrium H/D isotope effects have been carried out (with
H. Friedman, SUNY Brook) by exploiting classical molecular dynamics
techniques, in conjunction with the MFE supercomputing facilities.
Simulations using flexible molecular models for Fe^+ and Fe^+ in water
(L2O - H2O or D2O) have be' n used to generate various correlation
functions that characterize the respective hydrated hexaaquo complexes.
Velocity autocorrelation functions and corresponding power spectra were
generated and analyzed for those modes of hydration-shell water molecules
whose reduced masses are most sensitive to the changes from H2O to D2O,
including intramolecular stretching and bending, and hindered rotations
(librations). Various approximations were applied to these data to
calculate the solvent isotope effect on the difference in hydration free
energies for Fe 2 + and Fe 3 +. The net solvent isotope effect is quite small
(• 1 kcal/mol), in agreement with experimental data, and reflects a large
degree of cancellation between the 0-L stretching modes and the
librational modes.
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ELECTRON RELAXATION AND ELECTRON TRANSFER PROCESSES IN
PHOTOEXCITED SEMICONDUCTOR ELECTRODES WITH QUANTUM WELL STRUCTURES

D. Szmyd, D. Levi, B.R. Thacker, J.A. Turner, and A.J. Nozik
Solar Energy Research Institute

Golden, Colorado 80401

Quantized semiconductors in the form of single quantum wells
(SQWs) , multiple quantum wells (MQWs), and superlattices (SLs) have
been studied as electrodes in photoelectrochemical cells. Of
primary interest in these systems is the relative rates of electron
relaxation versus electron transfer for photoexcited carriers that
are created with excess kinetic energy (i.e., "hot" carriers).

The presence of discrete states in quantum wells has been shown to
reduce the rate at which the excess kinetic energy of hot carriers
is dissipated as heat through phonon emission. The stages of
carrier relaxation first involve formation (in the femtosecond time
regime) of a carrier plasma with a Maxwellian distribution
characterized by an electron temperature much higher than the
lattice temperature, followed by cooling of the electron plasma to
the lattice temperature in a time scale of 10's to 100's of psecs.
These relaxation stages have been monitored using both time-
resolved and time-integrated photoluminescence spectroscopy in
collaboration with C.L. Tang and F.W. Wise at Cornell. A
controversy concerning the relative relaxation rates between bulk
and quantized GaAs structures has been addressed in detail. The
effects on carrier relaxation of electron delocalization through
miniband formation in SLs produced by strong electronic coupling
between quantum wells separated by thin barriers ( 17 A) have also
been established; this is very important for hot carrier transport.

Photoelectrochemical studies of quantum well electrodes are being
conducted to examine the kinetics and energetics of electron
transfer to redox species in solution. SQW electrodes were found
to exhibit all the required experimental responses (such as, hot
photoluminescence, photoreflectance, photocurrent spectra, well-
behaved Mott-Schottky data); the ability to work with SQWs for the
photoelectrochemcial studies greatly simplifies the analysis of the
data. Various types of both time-resolved and steady state
experiments involving photoinduced electron transfer are being
studied to determine the fundamental rates of fully thermalized and
non-thermalized electron transfer across semiconductor-electrolyte
interfaces.
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THE ELECTRONIC AND STRUCTURAL PARAMETERS THAT
AFFECT BRIDGING LIGAND COMMUNICATION IN

POLYMETALLIC COMPLEXES

Mark A. Billadeau, Ashok K. Kabi Satpathy and John P. Petersen
Department of Chemistry

Clemson University, Clemson, South Carolina 29631-1905

The use of polydentate, aromatic, nitrogen-heterocyclic ligands to bridge
transition metal centers has shown great utility for the study of
intramolecular energy- and electron-transfer reactions. Much of our
recent work has focused on the bidentate ligands 2,2'-bipyrimidine (bpm),
2,3-bis(2'-pyridyl)pyrazine (dpp) and 2,3-bis(2'-pyridyl)quinoxaline (dpq)
and the tridentate ligand 2,3,5,6-tetrakis(2'-pyridyl)pyrazine (tpp) , the
latter three shown below. The ability of these ligands to couple transition
metal centers together has been the subject of electrochemical, resonance
Raman, luminescence and photochemical studies.

We will report the electronic and structural properties of these ligands in
the context of the more commonly studied, 2,2'-bipyridine (bpy) and
2,2':6l,2"-terpyridine monometallic ligands. The electronic interaction of
the bridge will be discussed in the context of electrochemical, esr, and
resonance Raman studies of mono- and direduced bridging ligands in
bimetallic complexes."1 The structural constaints that are inherent with
these ligands will be discussed in context with the crystal structures of
various mono- and bimetallic complexes with these ligands. The results of
these studies indicate that conformation, size, and degree of delocali-zation
are all important in the communication ability of the ligand.

* Collaboration with Professor D. W. Wertz, North Carolina State University
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CONFORMATIONS, AND SUBSTITUENT EFFECTS ON
SPIN DISTRIBUTIONS IN CATION RADICALS

M. w. Renner. C. K. Chang, R.-J. Cheng, and J. Fajer
Department of Applied Science
Brookhaven National Laboratory

Upton, New York 11973

Donor-acceptor complexes covalently linked by aromatic or aliphatic
bridges are extensively studied to investigate the distance and
energy dependences of electron transfer. ESR and ENDOR studies of
model anion and cation radicals have demonstrated that the unpaired
spin densities "leak" from the n system of the radicals onto the
substituents thereby effectively shortening the distances between
the donors and acceptors. In addition, the introduction of
covalent linkages may induce conformational changes in the
macrocycles themselves, with concomitant redistribution of unpaired
spin densities/1*

These effects are readily demonstrated by ESR results for chlorin,
isobacteriochlorin and bacteriochlorin radicals in which
abstraction of an electron occurs from the a1u highest occupied
orbital (HOMO) leading to l|2A1u" radicals. In porphyrins, the HOMOs
are nearly degenerate resulting in 2A1u or

 2A2U radicals, depending
on the substituents, with significantly different spin
distributions as exemplified by Zn tetraphenylporphyrin (2A2u) and
Zn tetrabenzporphyrin (2A1u). The consequences of additional
peripheral substituents are clearly evident in the hybrid molecule,
Zn tetraphenyl-tetrabenzporphyrin which becomes puckered to
minimize steric interactions between substituents, as evidenced by
crystallographic results. The cumulative effects of conformational
changes and substituent addition are reflected in the red-shifted
optical spectra of the parent compound. Furthermore, the optical
and ESR spectra of the radical reflect a spin redistribution from
a1u to a2u character, in good agreement with molecular orbital
calculations.

1) Renner et al. Isr. J. Chem. 29, 57 (1989); J. Am. Chem. Soc.
111. 8618 (1989) and references therein.
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ELECTRON TRANSFER REACTIONS OF AROMATIC SULFUR RADICALS

Q. Sun, D. Armstrong, G.N.R. Tripathi and R.H. Schuler

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

The 3p electrons on sulfur atom have significantly lower
energy than the 2p electrons on oxygen or nitrogen atoms. Conju-
gation of sulfur with the aromatic systems should, therefore,
lead to substantial reduction in the ionization potential and
result in enhancement of the electron transfer rates. We have
examined the electron transfer properties of several aromatic
sulfur systems by pulse radiolysis using time-resolved optical
absorption and resonance Raman techniques. The redox properties,
as measured by the electron transfer rates and equilibria, can be
correlated with the vibrational structure observed in the Raman
experiments. These Raman studies supply important supplementary
information since, because of line broadening, the unpaired spin
distribution in the sulfur radicals cannot be determined directly
from ESR measurements.

Thiophenoxide ($S~) efficiently transfers an electron to
phenoxyl radical (<j>Q«) at a near to diffusion controllsa rate
(k = 1.5 x 109 M^s x ) . The equilibrium,

favors the thiophenoxyl radical (K=53). The redox potential for
the thiophenoxyl radical (<frS»/*S~) was determined to be ~ 0.7V,
0.1V lower than that of the phenoxyl radical (<frO*/$O~). Its
vibrational frequencies as observed by resonance Raman, are very
similar to those of thiophenol, suggesting that the unpaired
electron is largely on the sulfur atom. In contrast, the CO
stretching frequency in the phenoxyl radical1 is - 250 cm"1

higher than in phenol and the unpaired spin is mostly on the
ring. The structure of the $S* radical is, therefore, ener-
getically less stable than that of $0*, which is presumably the
reason why the redox potential of the <t>S* radical is only
slightly lower than that of <j>0*.

An interesting consequence of localization of unpaired elec-
tron on the sulfur atom arises in the reaction

0"(|)S' + 0">0~ - — ^ 0"4>S" + 0~<|>0'.

Here, in contrast to the above, the equilibrium favors the p-
benzosemiquinone radical anion (0~<j>0*) because, in the latter
case, the unpaired electron is delocalized and shared equally by
the two CO bonds.z'3 The redox potential of the O~$S» radical,
where the Raman spectrum shows the electron to be localized on
the sulfur atom, was found to be - 0.12 V, - 0.1 V higher than
tfcat of the O~$O* (semiquinone anion) radical.

- 232 -



A PHOTOCHEMICALLY ACTIVE SELF-ASSEMBLED INTERFACIAL
PARTICULATE CHLOROPHYLL MODEL SYSTEM

Gilbert R. Seely and Aden A. Rehms

Department of Chemistry
and

Center for the Study of Early Events in Photosynthesis
Arizona ^tats University
Temps.. Arizona 85287-1604

This model system is designed with the intention of building in enough
rigidity to permit observation of singlet state photochemistry of chlorophyll,
ana of achieving separation of reaction products into different phases.
First, chlorophyll and dodecylpyridinium iodide are adsorbed to 1:3
polyethylenertetradecane particles from aqueous methanol. Next, one of a
number of amphiphiles prepared by derivatizing histamine, some with oxidizing
(nitro) substituents and some not, is added to a sample of the particles, and
its spectral and fluorescence properties are examined. Finally, 5,5'-
dithiobis (2-nitrobenzoate) (DTNB) and hydrazobenzene are added, and the
chlorophyll-sensitized photochemistry of the particles in a thickened aqueous
suspension are examined.

Ligation of chlorophyll by histamine-derived amphiphiles is indicated by
changes in the absorption and fluorescence spectra. Analysis of fluorescence
lifetimes, together with quantum yields, reveals that most of the chlorophyll
singlet states are quenched rather quickly, while a small fraction (ca. 10%),
are quenched slowly or not at all. When chlorophyll is ligated with oxidizing
amphiphiles, the quantum yield of fluorescence correlates with the redox
potential of the amphiphile.

All preparations sensitize the reduction of DTNB by hydrazobenzene, but at
different rates. The products, a thiolate ion and azobenzene, concentrate in
the water and the particulate phase respectively. In the presence of non-
oxidizing amphiphiles, the lack of correlation between quantum yields of
photoreaction and fluorescence suggests that an intermediate other than the
triplet state is important. In the presence of mononitro substituted
histamine amphiphiles, whose redox potentials are lower than that of DTNB,
photoreduction of the latter begins right away. In the presence of dinitro
substituted amphiphiles, whose redox potentials are higher than that of DTNB,
reduction of the latter is suppressed until about half of the amphiphile is
reduced. Rates of these reactions and their appropriate controls are more
consistent with singlet state than with triplet state photochemistry.
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SPECTRAL HOLE BURNING STUDIES OF DIFFERENT PS II
REACTION CENTER PREPARATIONS AND THE EFFECTS OF DETERGENT

D. Tang*, R. Jankowiak*, C. Yocumb, G. J. Small*, and M. Seibert0

"Ames Laboratory-USDOE, Iowa State University, Ames, IA 50011
department of Biology, University of Michigan, Ann Arbor, MI 48109

cPhotoconversion Research Branch, Solar Energy Research Institute, Golden, CO 80401

Since its isolation in 1987 [1], the reaction center (RC) of PSII has been the subject of
numerous structure/function studies, and similarities to RC of purple bacteria (e.g., Rb.
sphaeroides) have been noted. The paper at this conference by Small et al. explores the
question of similarity from the viewpoints of excited electronic state structure and both energy
and electron transfer dynamics. The present paper was stimulated, in part, by the current
controversy concerning the pigment composition of the Dl-D2-Cyt b-559 PSII RC complex.
For example, the original analysis for the Nariba-Satoh preparation (which utilizes the
detergent Triton X-100) yielded 4-5 Chi a, 2 Pheo a, and 1 heme of Cyt b-559 per RC. Later
Seibert and co-workers questioned the stability of this preparation and then improved it by
removing Triton during the final stage of isolation using PEG [2,3]. Subsequently, Yocum and
coworkers reported on a distinctly different preparation which utilizes the detergent dodecyl
maltoside [4]. Pigment analysis yielded 10-12 Chi a, 2-3 Pheo a, and 2 hemes of Cyt b-559
per RC. The possibility that Triton extracts pigments from the RC was raised as a result of
the apparent difference in stoichiometries.

We report 4.2 K absorption and persistent, nonphotochemical hole burned spectra (for a wide
range of burn wavelengths) for both preparations (in buffered glycerol/H2O glass without
added detergent). The spectra are essentially identical, even to the point of the hole burning
efficiency and satellite hole burning of the active Pheo a produced by downward energy
transfer from accessory Chi a. The same is true for the transient, photochemical hole spectra
of P680, the primary donor state absorption. The results prove that the pigment composition
of the two preparations is identical (difficulties associated with pigment analysis are
discussed).

Equally important is the finding that the addition of Triton to the solvent disrupts a major
energy transfer pathway originating from the accessory Chi a, but without extraction of
pigments from the RC. That is, the disruption has its origin in a structural perturbation
produced by Triton, but energy transfer can be restored by removing the Triton. In sharp
contrast, dodecyl maltoside does not significantly affect the integrity of the PSII RC.

[1] O. Nanba and K. Satoh, PNAS, USA 84, 109 (1987). [2] M. Seibert et al., Plant Phvsiol.
8Z, 303 (1988). [3j H. McTavish et al., Plant Phvsiol. 89_ 452 (1989). [4] J. P. Dekker et
al., FEBS Lett. 254. 150 (1989).
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CHARACTERIZATION OF A NOVEL IRON CHROMOPHORE WITH AN INTENSE
NEAR-INFRARED ABSORPTION BAND

H. Scott Mountford, Larry 0. Spreer (Department of Chemistry, University
of the Pacific, Stockton, CA 95211), John W. Otvos and Melvin Calvin,
Chemical Siodynamics Division, Lawrence Berkeley Laboratory, Berkeley,
CA 94720)

We have isolated a new iron complex, which is quite unusual in that
it exhibits an intense absorption band in the near infrared. This green
compound is formed when [Fe(0H )l(C10.) ±s combined with the macro-
cycle, 1,4,8,11-tetraazacyclotetradecane (14-ane N.) in acetonitrile.
Over several days dark, green crystals precipitate.,

The electronic spectrum consists of three prominent bands at 240,
340, and 874 nm (in CH-CN). All of these.bands have molar extinction
coefficients between 6,000 and 7,500 M cm per iron-macrocycle moiety.
The strong absorptions indicate that these bands are not d-d
transitions. The green color results from the near-infrared peak
tailing into the visible.

A number of previous studies have established that, in the presence
of oxygen, iron promotes the oxidative dehydrogenation of saturated
nitrogen-containing macrocycles. These reactions produce macrocycles
with one to four carbon-nitrogen double bonds. Many of the possible
isomers have been characterized. The visible spectra of these lron(II)-
imine species are always dominated by a metal-to-ligand charge transfer
band in the 400-650 nm region. However, none of the previously reported
monomeric iron(II) unsaturated tetraaza macrocycles exhibits an intense
near-infrared transition. This illustrates the unique nature of our new
iron species.

An X-ray structure determination reveals (see below) that in the
synthesis a novel coupling reaction has occurred, producing a planar
ligand in which two macrocycles are fused by a conjugated tetraimino-
ethylene moiety. Each iron also has two coordinated, axial aceto-
nitrile molecules (not shown in the figure). This conjugated ligand
allows interaction between the two metal atoms, while the macrocyclic
nature of the metal binding sites provides inertness to dissociation.

4+
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ULTRAFAST PUMP-PROBE SPECTROSCOPY OF PHOTOSYNTHETIC
ANTENNA SYSTEMS

Paul A. Lyle and Walter S. Struve

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

We are studying the electronic excitation transport (EET) dynamics in
several photosynthetic antennae. One system of interest is the 809 nm Qy
system of the BChl a-protein from Prosthecochloris aestuarii. Even though
this isolated complex has a well-characterized chromophore organization which
is thought to resemble the Chi a chromophore clustering in the PS I antenna,
its polarized pump-probe spectroscopy (and also its spectral hole-burning
behavior) exhibits unexpected complexity. Unlike the PS I Chi a core antenna
[1,2], the P. aestuarii Qy photobleachingat early times (with -1 ps resolu-
tion) exhibits a wavelength-dependent parallel/perpendicular ratio of consid-
erably less than 3. In addition, the polarized Qy profiles in P. aestuarii
are anomalous among the photosynthetic systems we have studied in that they
cannot be even approximately described with expressions of the form

l + 0.8[(l-a)r(t) + a]}

x l - 0.4[(l-a)r(t) + a]}

where P(t) and r(t) are the magic-angle and anisotropy decay functions
respectively.

Other current projects in this program are a study of the temperature
dependence [3] of polarized photobleaching in native PSI-200 particles from
spinach, and a dynamic EET study of PS II reaction centers.

1. T. P. Causgrove, S. Yang, and W. S. Struve, J. Phys. Chem. 93, 6844 (1989).
2. T. P. Causgrove, S. Yang, and W. S. Struve, J. Phys. Chem. 9g, 6121 (1988).
3. J. K. Gillie, G. J. Small, and J. H. Golbeck, J. Phys. Chem. 93, 1620 (1989;
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THEORETICAL MODELING OF ELECTRON SPIN POLARIZATION
FOR INTERACTING RADICAL PAIRS IN NATURAL AND ARTIFICIAL PHOTOSYNTHESIS

J. Tane. A. L. Morris*, M. C. Thurnauer and J. R. Norris,
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

'Department of Chemistry, The University of Chicago, Chicago, IL 60637

A general theoretical description of electron spin polarization arising from interacting radical
pairs will be presented. In previous treatments, the conventional vector model can only be applied
to systems in which the electron spin-spin interaction is not operating at the time of examination by
EPR. With the recent advancements in EPR time resolution such as our FT-EPR, radical pair
photochemistry can be probed at much earlier stages where the diffusion or electron transfer process
does not have sufficient time for full separation. Thus, the general assumption of isolated radicals
in previous treatments is not always valid. For example, existing methods of calculating electron spin
polarization are not fully applicable to describing the sequential electron transfer reactions of
photosynthesis. In our treatment, a more general model using a vector diagram is formulated for
calculating and visualizing the evolution of electron spin polarization. Both of the cases of singlet and
triplet precursor chemistry are also included for consideration. This type of treatment has been
applied to explore the interacting radical pairs in natural and artificial photosynthesis. Of particular
value is the ability of this approach in visualization of the process of electron spin polarization such
that the experiments of natural and artificial photosynthesis can be better understood by the
experimentalist.

1. J. R. Norris, A. L. Morris, M. C. Thurnauer and J. Tang, J. Chem. Phys. 92, 4239 (1990).

2. K. Hasharoni, H. Levanon, J. Tang, M. K. Bowman, J. R. Norris, D. Gust, T. A. Moore, and
A. L. Moore, J. Am. Chem. Soc. (in press).
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XS8EMBLY OF REACTION CENTER-CYTOCHROME C
ELECTRON TRANSFER COMPLEXES

David M. Tiede and Annie-Claude J. Vashishta
Chemistry Division D-200

Argonne National Laboratory, Argonne, Illinois 60439

Water-soluble c-cytochromes serve as the physiological electron
donor to the photochemical ly generated cation in bacterial reaction
centers. These reactions provide a model for polymer mediated
assembly of energy and electron transfer complexes. Previous
studies of the ionic strength dependence of electron transfer from
cytochrome to the reaction center indicate that the electron
transfer complex formation is predominately driven by electrostatic
forces. The complex kinetics and optical dichroism suggest that
there are multiple configurations for the reaction center-
cytochrome complex with differing electron transfer kinetics. We
are examining the mechanisms which drive the self-assembly of
reaction center-cytochrome complexes in more detail by analyzing
electron transfer as a function of structural or charge
modification in the reaction center and cytochrome proteins. We
have begun by measuring the efficiency of electron transfer between
the Rhodobacter sphaeroides reaction center and a series of
structurally homologous c-cytochromes. We have characterized
electron transfer efficiency by determining the equilibrium
constant for the formation of the reaction center-cytochrome
complex and the first order rate of electron transfer within this
complex. These results are being compared to electrostatic models
for molecular association.

We have found the following c-cytochromes differ in the efficiency
for electron transfer to the reaction center according to the
order: tuna > Rb sphaeroides > horse > yeast, Rhodopseudomonas
viridis. Rhodospirilium rubrum. We are currently characterizing
electron transfer with the Rb capsulatus and Pseudomonas aeruainosa
cytochrome c551. Each of these cytochromes have the same core
structure, but differ primarily in the presence or absence of up to
three small ( 3 - 8 ) amino acid insertions and in the distribution
of charged residues. Our calculations of net charge and dipole
moment suggest that these "global" electrostatic properties are not
responsible for the observed order of reactivity. However,
preliminary calculations electrostatic fields suggest a possible
correlation between the positive field strength on the cytochrome
surface above the heme cleft and the efficiency of electron
transfer complex formation.
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REDOX PROTEINS AS ELECTRON ACCEPTORS FROM CHLOROPHYLL TRIPLET
STATE IN LIPID BILAYER VESICLES: KINETICS OF REDUCTION OF
MEMBRANE RECONSTITUTED CYTOCHROME £ OXIDASE MEDIATED BY

2,5-DI-T-BUTYLBENZOQUINONE AND CYTOCHROME C

V.G. Chamupathi, D.M. Moezzi and G. Tollin
Department of Biochemistry

University of Arizona, Tucson, AZ 85721

As part of a continuing effort to develop strategies for
interfacing redox proteins to chlorophyll-containing lipid
bilayers so as to provide novel means for converting light
energy into useful products, we have carried out experiments
with the integral membrane protein cytochrome c oxidase.
Laser flash photolysis was used to determine the kinetics of
electron transfer between membrane-bound triplet chlorophyll
( C), cytochrome c (cyt c) located in the external water
phase, and vesicle-reconstituted cytochrome c oxidase (CCO).
2,5-Di-t-butyl benzoquinone (2,5 TBQ) was used as an
electron transfer mediator between C and cyt c. A light-
induced cyclic electron transfer sequence between the redox
components was observed to occur (3C — > 2,5 TBQ — > cyt c
— > CCO — > C+") . Under optimum conditions of membrane
surface charge and ionic strength, the overall efficiency of
CCO reduction (based on C generated by the laser flash) was
14%. Under the anaerobic conditions used, CCO reoxidation
(occurring via electron transfer to C+") was quite slow
(halftime approximately 1 s at 75 E M ionic strength). The
multicomponent system displayed a high level of stability,
as indicated by its ability to undergo many cycles of
reduction and redoxidation without any apparent degradation
of the components. These results demonstrate the
feasibility of constructing complex electron transfer
chains, including both soluble and membrane-bound redox
proteins, in artificial lipid bilayers, whose properties can
be readily controlled by manipulating parameters such as
ionic strength and membrane composition.
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ASYMMETRIC POLYMERIC PORPHYRIN FILMS
BY INTERFACIAL POLYMERIZATION

Carl C. Wamser
Department of Chemistry
Portland State University

Portland, Oregon 97207-0751

Thin polymeric porphyrin films have been prepared by interfacial
polymerization of a pair of reactive comonomers, one or both of which are
derivatized tetraphenylporphyrins. Typical monomer pairs include the
following: tetra(p-aminophenyl)porphyrin (TAPP) in DMSO with
tetra(p-chlorocarbonylphenyl)porphyrin (TCCPP) in ethyl acetate,
tetra(p-hydroxyphenyl) porphyrin (THPP) in aqueous base with TCCPP in
chloroform, various aliphatic diamines in water with TCCPP in chloroform,
various aliphatic diacyl chlorides in hexane with TAPP in DMSO, and
ZnTHPP in aqueous base with CuTCCPP in chloroform. Typical film
thicknesses are in the range 0.01 - 10 \im. The films display a unique
chemical asymmetry, in the sense that opposite surfaces of the films show
distinctive differences in the concentration and type of functional groups
that are present, demonstrated by X-ray photoelectron spectroscopy (XPS)
and by contact angle studies. This asymmetry is a consequence of the
interfacial polymerization method; for example, the surface formed in
contact with TAPP solution has an excess of unreacted amine groups, while
the surface formed in contact with TCCPP solution has an excess of
unreacted acid chloride groups, which become carboxylic acid groups after
the usual aqueous workup. When placed between semitransparent
electrodes and irradiated with either steady-state broad-band light or a
pulsed laser, these films develop directional photopotentials, whereby the
film surface that was prepared in contact with the TCCPP solution (the acid
surface) develops a more negative potential than the opposite (amine or
hydroxyl) surface. Maximum photopotentials are currently about 25 mV.
We consider the directional photopotentials to be a manifestation of the
chemical asymmetry of these interfacial films - that is, photoinduced
charge separation involves electron transfer towards the acid surface of
the film, which corresponds to the predicted trends of oxidation and
reduction potentials of the various porphyrins within the polymer film.

- 240 -



PHOTOINDUCED SPIN-POLARIZED RADICAL ION PAIR FORMATION
IN A FIXED-DISTANCE PHOTOSYNTHETIC MODEL SYSTEM AT 5 K.

Michael R. Wasielewski. George L. Gaines, Michael P. O'Neil,
Walter A. Svec, and Mark P. Niemczyk

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

Photoinduced, multi-step charge separation in bacterial photosynthetic reaction centers
proceeds from the lowest excited singlet state of the dimeric bacteriochlorophyll electron donor in
two steps to yield a weakly interacting dimer cation - quinone anion radical pair, P+-Q", separated
by 28 A. At long distances the electron-electron exchange interaction, J, between radicals within a
charge separated ion pair is sufficiently weak that differences in local magnetic fields surrounding
each radical result in S-To mixing of the radical pair spin sublevels. This mixing produces a non-
Boltzmann population of the spin sublevels of the radical pair and may result in the appearance of
spin-polarized EPR spectra. Such spectra have been reported extensively for both bacterial and green
plant reaction centers, but have not been observed previously in rigid model systems. We now report
the synthesis of 1, TAPD-ZP-NQ, which undergoes two-step, sequential charge separation at 5 K
to yield a radical ion pair which possesses an overall 23 A center-to-center distance, a 3.8 ms lifetime,
and spin-polarization as indicated by EPR.

Picosecond transient absorptjon and emission measurements at cryogenic temperatures show
that the primary reaction, TAPD-1 ZP-NQ -> TAPD-ZP+-NQ", occurs with r = 5 ps, while the
secondary reaction, TAPD-ZP+-NQ' -> TAPD+-ZP-NQ", occurs with r - 530 ps.

The time-resolved EPR spectrum of 1 can be attributed to two radicals: TAPD+ with a broad
linewidth at lower g-factor and NQ" with a narrow linewidth at higher g-factor. Spin polarization
of TAPD+-ZP-NQ" can result from two mechanisms. The first mechanism is the usual radical pair
mechanism, RPM, of CIDEP. S-Tg mixing in TAPD-ZP+-NQ" is followed by polarization transfer
to a non-interacting radical pair TAPD+-ZP-NQ", i.e. / = 0. The second mechanism assumes that
TAPD+-ZP-NQ" is itself an interacting spin correlated radical pair, i.e. | J |~ 0.1 - 10 G. In this case
S-To mixing in TAPD+-ZP-NQ~ can also produce polarized spectra. The spectrum that we observe
is best described as a pair of partially overlapping anti-phase doublets as is expected for the
correlated radical pair model. This mechanism gives rise to a polarization pattern similar to that
observed for 1 and for P+-Q" in bacterial reaction centers.

Our results show that it is now possible to study charge separation over fixed distances and
orientations using time resolved magnetic resonance in conjunction with optical studies.
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PHOTOINDUCED ELECTRON-TRANSFER INDUCED BOND-CLE AVAGE REACTIONS
OF SUBSTITUTED AMINES

X. Ci, M. KeUeo, C. Haugen, W. Bergmark andD.Whiuen
Department of Chemistry

University of Rochester, Rochester, New York 14627

We have found that organic amines containing suitable substitution on the 0-carbon can undergo novel photofragmentation
reactions, le^Icig to high chemical yields of 2-electron redox products. In the present paper we will report specifically on
three different aspects of the overall reaction.

(1) Aminoketone C-C Bond Cleavage Reactions. Aminoketones such as 1 and 2 undergo selective cleavage via

b 1: R,-R2- An R,-H

r""^ 2: R.-RfR, -CH,
o

photoinduced SET activation of appropriate electron acceptors giving rise to a number of different products, depending
upon acceptor and solvent, arising from initial attack of reduced acceptor (A •) on oxidized donor (eq 1). Permanent

A - '
products arising from subsequent dark reactions include the corresponding amides (eq 2) and the carbonyl product
R2R3CO.

• AH, (2)
A.HiO(lr) ' I ]

o'
(2) Photosensitized Oxidations of Aminoketones. A special case of the above reaction involves singlet oxygen as the
excited acceptor. In this case attack of O2 • on oxidized donor leads to cleavage at the acyl carbon and formation of a
peracid derivative. Overall reaction leads to the products summarized in eq 3.

o n. m

- .A
• - >H o—or j"™-*.

c; s°- 0
(3) Intramolecular "Photosensitized'' SET Cleavage of Aminoalcohols. Aminoalcohols containing a tethered light-
absorbing acceptor such as compounds 3-5 have recently been synthesized and their photophysics and photoreaclivity

OH ?" OH
Ar

(3)

are under investigation. All three compounds are rapidly decomposed on photolysis with light absorbed only by the
acceptor. Compound 5 exhibits intramolecular "exciplex" fluorescence and a moderate efficiency for photolysis to
generate benzaldehyde as the chief product isolated thus far. Compounds 3 and 4 are even more photolabile and rapid
reaction during purification procedures has posed a problem in characterizing their overall reactivity.
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PHOTOINDUCED ELECTROCYCLIC 1,5-CLOSURE OF THE RADICAL CATION OF
CYCLOOCTATETRAENE TO A BRIDGED 1,4-BISHOMOBENZENE

(BICYCLO[33.0]OCTA-2,6-DIENE-4,8-DIYL) RADICAL CATION

Sheng Dai, Jih Tzong Wang, and Ffrancon Williams
Department of Chemistry

University of Tennessee, Knoxville, Tennessee 37996-1600

As a consequence of their open-shell structure, radical ions are easily promoted to a rich
variety of electronically excited states whose reactivity is the subject of increasing
attention. While the ability to induce photochemical reactions of radical ions, especially
by visible light, is naturally of direct interest to the goal of harnessing solar energy, it is
also relevant to the role of these species as transient intermediates in photoinduced
transformations proceeding by electron transfer mechanisms. Here we report the
photoinduced conversion of a monocyclic radical cation to a novel bicyclic species in
rigid matrices at low temperatures.

On exposure to red light (A > 480 run), the cyclooctatetraeT5, radical cation trapped in
Freon matrices isomerizes by 1,5-closure to the bicyclo|3.3.0]octa-2,6-diene-4,8-diyl
radical cation.1 The product radical cation was identified by comparison of both its ESR
and electronic absorption spectra with authentic spectra derived from the radiolytic
oxidation of semibullvalene. This photoisomerization is accompanied by a striking
photochromic effect, a strong absorption band at 507 nm being replaced by a broader
band at 635 nm with the sample color changing from a bright red to a royal blue. The
transformation can be represented as a symmetry-allowed electrocyclic reaction in which
the lowest Koopmans (2E) excited state of the cyclooctatetraene radical cation correlates
adiabatically with the 2B2 ground state of the product radical cation. A feature of the
isomerization is that the nonaromatic it7 electrons of the reactant are converted into a
CTZ7T5 occupancy in the product with bishomoaromatization of the n5 electrons. The
product radical cation was characterized as a bridged 1,4-bishomobenzene structure by
ESR and electronic absorption spectroscopy.

XS. Dai, J.T. Wang, and F. Williams, J. Am. Chem. Soc. 1990,112, 2835-2837 and 2837-
2839.
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LONG-RANGE ELECTRON TRANSFER
IN RUTHENIUM-MODIFIED CYTOCHROME c

Michael J. Therien,* Harry B. Gray,* I-Jy Chang, and Jay R. Winkler
Department of Chemistry

Brookhaven National Laboratory, Upton NY 11973

Experiments in several laboratories have shown that electron transfer (ET) can take
place at appreciable rates over long distances (> 10 A) in organic and inorganic
molecules and in proteins. In non-protein systems, the evidence suggests that ET
rates depend upon the number of covalent bonds separating the donor and acceptor,
rather than upon their direct separation distance. There is a bewildering array of
ET pathways in proteins; interestingly the through-peptide routes (if there are any!)
generally involve so many bonds that they cannot possibly account for the observed
rates. Pathways that include ionic contacts (e.g. hydrogen bonds) or small through-
space jumps often can be found, and it has been postulated that such shortcuts greatly
enhance the donor-acceptor electronic coupling.

In order to assess the relative importance of various donor-acceptor coupling pathways
in proteins, we have prepared ruthenium ammine derivatives of Zn-substituted cy-
tochrome c (Zn-cyt c) from three different species: horse, Candida krusei yeast (C.k.),

and Saccharomyces cerevisiae yeast (S.c). The rates of both excited state ET and ther-
mal recombination are approximately three times greater in C.k. Ru(His-39)-Zn-cyt c
than the rates of corresponding reactions in horse-heart Ru(His-33)-Zn-cyt c. Analo-
gous reactions in S.c. Ru(His-62)-Zn-cyt c are roughly two orders of magnitude slower
than in the His-33 modified protein. Driving-force studies suggest that these wide
variations in ET rates arise from differences in donor-acceptor electronic couplings.

*Department of Chemistry, California Institute of Technology
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SOLVENT AND TEMPERATURE DEPENDENCE OF THE LUMINESCENCE

PROPERTIES OF BINUCLEAR TRANSITION METAL COMPLEXES

Xun Zhang. Norman Sutin and Jay R. Winkler

Chemistry Department

Brookhaven National Laboratory, Upton, New York 11973

The steady-state absorption and luminescence spectra of a quadruply bonded

binuclear molybdenum complex, Mo2CU(P(CH3)3)4, have been measured in a number of

aprotic organic solvents at temperatures between 10 and 295 K. The energetics of solvent

reorganization associated with the formation of the excited metal complex have been

evaluated from analyses of these spectra. The variation in reorganization energy with

solvent polarity has been interpreted using dielectric continuum models. The temporal

evolution of the fluorescence spectra of the complex has been examined in both fluid and

glassy butyronitrile solutions by picosecond time-resolved emission spectroscopy (TRES).

The results of the TRES studies, in combination with the solute rotational dynamics data

from fluorescence depolarization measurements, are used to characterize the dynamics of

solvent relaxation about the excited solute. Studies have been also conducted with

butyronitrile solutions of a d8-d8 binuclear indium complex in which a luminescent metal-

localized excited state decays by intramolecular electron transfer (ET) to a covalently bound

electron acceptor. The rates of ET in the diiridium complex are compared with the solvent

reorganization dynamics inferred from the measurements with the dimolybdenum complex.
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