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POUHOtD

Tha Ilnth DOB Solar Photocheaiatry tasaarch Confaranea spmworad by tha
Division of Chemical Sciences, Offlca of Basic Energy Sciancas, 0.8.
Department of Energy, «*•• held at tha Mohonk Mountain House Coafaraaca
Cantar In Haw PaIts, Kav York, on Juna 3-6, 1985. Tha Mating was hosted by
Morass Sutln's research group of tha Chealstry Department of Brookhaven
National Laboratory.

These annual meetings bring together contractors and grantees of the
Division of Chemical Sciences in its basic ressarch program on solar
photochemical energy conversion to exchange information and discuss problems
of mutual Interest. It also gives Interested government officials a current
picture of the status of research in this field.

At this year's meeting, the impending retirement of Richard J. Kandel from
government service was announced at the opening session. Dr. Kandel was tha
founder of thla program, having engineered its birth from research programs
sponsored by the Division of Physical Research of the Atomic Energy
Commission. Under his guidance the program slowly grew to its present sice
and reputation through often difficult periods of change in the Energy
Research and Development Administration and Its succsssor, the Departaant of
Energy. Warn tributes were paid to Dick at various times during the
conference.

This volume contains tha program of the aseting, the abstracts of 28 formal
presentations and 42 posters, a record of questions and answers following
each presentation, and a list of attendees.

I would like to express ay sincere appreciation to Dr. Bruce Brunschwig Who
did a superb Job of organising and running the meeting. Special thanks are
also due to the following:

Dr. Jeroae ttudls, Assistant Director of Brookhaven National Laboratory,
for his thoughtful welcoming remarks,

Professor Harry B. Gray of the California Institute of Technology for
his rousing plenary lecture,

Mel Chou, David K. Liu, Patrick J. O'Malley, and Jay R. Winkler for
distribution and collection of the discussion sheets, and skilled
operation of the projection equipment,

Nancy Sautkulis for preparing and editing this volume,

Bonnie H. Wesolowski for handling the initial program and
correspondence, as well as logistics support,

and to all the participants for making the aeeting a great success.

Mary E. Grass
Fundamental Interactions Branch
Division of Cheaical Sciences
Office of Basic Energy Sciences



A TRIBUTE TO DICK KANDEL

NINTH SOLAR PHOTOCHEMISTRY CONFERENCE - 1985

I've been asked by the organisers of this conference to act
in behalf of the various participants in extending our thanks and
deepest gratitude for everything you have done to establish an
ongoing and viable research program in the solar-photochemistry
arena. We all feel that in your ten years of affiliation with
this conference and 20 years of service in Washington that you
have done a superb job of fostering basic science programs. We
are indeed grateful. Needless to say the government vitally
needs individuals such as yourself who are willing to devote
their careers to making it possible for others to pursue their
research programs. One of our colleagues was saying the other
evening that he has observed you for a number of years
assiduously taking notes at reviews and meetings on subjects that
in many instances must have bored you nearly to death. Yet you
have attempted to understand our researches in fair detail. It
is our observation that you havo been able to sort the wheat from
the chaff and come up with the decisions necessary to support a
strong overall program. The strong presentations given this week
speak to the results of your efforts. The government cannot
afford to lose your services, particularly at the present
critical juncture, but time marches on and we appreciate your
desire to be able to view the next years from a somewhat greater
distance. As you retire from government service we all wish you
and Jeanne the best in the years ahead. In making this statement
I use the term retirement from government service advisedly
because you have been so active that complete retirement is
clearly impossible. We are sure you will remain active and look
forward to further meetings with you of both a personal and
professional nature.

Now I have one more assignment. You surprised us with your
announcement on Monday so it is only fair that we surprise you
this evening. I think everyone here realises that it is a no-no
to do something behind the back of a government official. I hope
we will be forgiven for a minor indiscretion. While you thought
we were working very hard at the Monday evening poster session we
were in fact sneaking around to sign the enclosed card which
hopefully will, in at. least a minor way, express our thanks. X
present this to you with my personal thanks and those of everyone
at this conference for e< erything you have done to bolster
science. I'm sure that tae others will want to extend their own
thanks this evening individually. We look forward to seeing you
and Jeanne many times in the future.
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ELECTRON TRANSFER AT FIXED DISTANCES IN HETALLOPROTEINS

Harry B. Gray
Arthur Aaos Noyes Laboratory, California Institute of Technology

Pasadena, California 91125

Work in our laboratory has shown that pentaaaainerutheniua(III)
can be attached to histidine 33 in horse heart cytochroae c,1

histidine 83 in Pseudoaonas aeruginoaa «zurin,2 and histidines 12, 48,
81, and 116 in spent whale ayoglobin (Mb).3 Intramolecular electron
transfer froa Ru 2 + to Fe 3 + (or Cu2+) in these derivatives has been
studied over a range of teaperatures by flaah photolysis methods. In
the experiment, the surface a5Ru(His)3+ group is reduced by electronically
excited Ru(bpy)§+ (bpy * 2,2'-bipyridine), and in the presence of
sacrificial donors (to reduce Ru(bpy)j ) this event is followed by intra-
molecular *5Ru(His)2+-*Fe3+ (or Co 2 +) electron transfer. The rate of
asRu(Hi«-33)2++Fe3+ electron transfer in asRu(Kis-33)cytochrome c is
between 20 and 40 i"1 over the temperature range 0 - 80°C. (Above 80°C,
the protein structure changes substantially, and intramolecular electron
transfer is not observed.) The rate of a5Ru(Hi«-83)2+-*Cu2+ electron
transfer in «5Ru(His-83)azurin &lso is temperature-independent (2 »"*
between -10 and 55°C). Analysis of the results for a5Ru(His-33)cyto-
chrome £ and a5Ru(His-83)azurin suggests that the reorganization*!
enthalpies of the protein electron transfer sites are less than 7 kcal
mol'l, which accords with the view that solvation effects are minimal
in these protein interiors. Unlike the results obtained for cytochrome
£ and azurin, the intramolecular electron transfer rate in 35Ru(His-48)Mb
(the closest His-48 to heme distance is 13.3 A) is strongly dependent on
temperature, thereby indicating that the reorganizatinal enthalpy of the
higlvspin heme is 20 kcal mol"1. It is likely that a substantial fraction
of this activation is attributable to partial dissociation of the axial
water ligand in the high-spin ferriheme. The rates of intramolecular
RU2-t*pe3+ electron transfer in the other three asRuMb derivatives fall
well below 0.01 s"1 at 25°C (the closest His-heme distances in these
derivatives are all greater than 19 A).

To elucidate the parameters affecting intramolecular electron
transfer, we have expanded our studies that utilize ruthenium-modified
myoglobins. Substitution of zinc-raesoporphyrin IX into modified myoglobin
allows the long-lived zinc triplet excited state to act as an electron
donor. The protein-bound pentaammineruthenium(III) is then reduced,
and the resulting porphyrin cation radical oxidizes the ruthenium(II),
returning the system to its initial state.

Z n P - R u 3 + *2L - 3ZnP.Ru3+

«\ S*
ZnP+-Ru2+



Triplet decay rate* for the sinc-acso substituted native- and penta-
iinerutheniua(XII)ayogloblns suggest the following kf values: 2000 s"1

for His-4«; 60 a"1 for His-12, 50 i"1 for His-8lj and 20 «"x for Hls-116.
The 60 a"1 value for electron transfer froa 3ZnP to a5*u(His-12)3+ is
surprisingly large, because the edge-to-edge distance is 22 A. (For
comparison, analogous Hls-il and His-116 distances are 19 and 20 A,
respectively.) Ixaaination of the awdiua that intervenes between the
2nP and His-12 rcdox units shows that an aroaatic residue (a tryptophan)
is placed where it aight assist long range electron transfer. Additional
discussion of the factors that control fixed-site electron transfer rates
will be based on teaperature and donor-acceptor variations that are In
progress.

References
1. Mocera, D. C.; Winkler, J. It.; Yocoa, K. M.; Bordignon, E.; Cray,

H. B. J. Aa. Chea. Soc. 1M4, 106, 5145-5150.

2. Margalit, R. i Koseic", N. H.; Che, C.-M.; Blair, D. F. j Chiang,
H.-J.j Pccht, I.t Shelton, J. B.j Shelton, J. R.; Schroeder, W. A.j
Cray, U. B. Proc. Watl. Acad. Sci. (U.S.A.) M M , 84, 6554-6558.

3. Crutchley, t. J.{ Ellis, H. R.; Cray, H. B., unpublished results.

Fe3+ and Fe2+to Ru3* reactions, respectively.



DISCUSSION

HURST:

GEAY:

MILLER:

GRAY:

HOFFMAN:

GRAY:

SPIRC:

What la the origin of the negative AS" for electron transfer to
Interior redox sites In protein? Is there any evidence of
protein conformatlonal change accompanying redox?

We believe that the negative AS* Is due to a general tightening
of the protein structure In the reduced state. In other words,
•any Interchain bonds (e.g., hydrogen bonds) would be tightened
up slightly by the addition of negative charge to the protein
interior (freezing out a number of low frequency vibrations).
Only very small conforaational changes are seen in X-ray crystal
structure analyses (of oxidized and reduced cytochrome c, for
example).

It is very interesting and exciting to have electron transfer
rates in systems with large entropy changes which have been
characterized thermodynamlcally. I'm a little surprised by the
size of the entropy changes. Are they so large because you have
a +2/+3 ion in solution? As a comment, we have (intentionally)
done most of our experiments on systems with nearly zero entropy
changes* Now you are pointing out that this may be a principal
difference between our measurements.

In the ruthenated proteins, the large negative entropies for
Ru 2 + •#• Fe3*" electron transfer are due to the ordering of outer-
sphere water around Ru3*" combined with a general tightening of
the protein structure in the reduced state (see the answer to
Hurst's question). The entropic mismatch of the two sites
probably is one reason our intramolecular electron transfer rates
are much slower than the ones you have studied in less polar
media.

What is the fate of the oxidized-EDTA radicals in the system? Do
the reduclng-EOTA radicals, formed from the oxidized radicals,
reduce the Ru 1 1 1 label or the Fe 1 1 1 center, and in what time
frame?

The radicals reduce some of the Fe3* as well as Ru3* in rapid
reactions. These reactions are over long before the Ru2** + Fe 3 +

intramolecular step has proceeded even a few percent toward
completion, so the processes are well separated. We have done
extensive control experiments to characterize the radical
reactions with the Fe**" in horse heart cytochrome c
(Nocera, 0. G.; Winkler, J. R.; Yocom, X* M.; BordTgnon, E.;
Gray, H. B. J. Am. Chem. Soc. 1984, JL06, 5145-5150).

In connection with the slow e~ transfer rate of high-spin Mb, and
the likelihood that loss of water from Fa3* is the controlling
factor, I note that for the peroxidases, there is good evidence
that H2O is only weakly bound for high-spin Fe

3*". Is there any
evidence for faster e~ transfer to e.g. native CCP?



GRAY: Electron transfer to OCP froa various donors in protein-protein
complexes has been studied by several workers (B. M. Hoffman,
A. M. English, G. L. McLendon). The ratea fit In better with our
results for long distance electron transfer to the low-spin Fe**"
in-cytochrome c than with thoae for the ruthenated ayogloblns.
That is, the rates in the CCP experiments do appear to be faster
than Mould be expected if the dissociation of a water molecule
were required in the electron transfer reaction. Interestingly,
however, Ru(His-48)Hb ia a good model for the intramolecular
electron transfer ( c ^ + d_*̂ ) in P_. aeruginosa cytochrome cd
(Schlchaan, S. A.; Gray, H. B. J. Am. Chew. Soc. 1981, 103,
7794-7795. Makinen, M. W.; Schichman, S. A.; Hill, S. C ;
Gray, H. B. Science 1963, j!22, 929-931).

FAJER: Perhaps I could entice you into repeating your myoglobin
experiment using S. Boxer's chlorophyll-reconstituted protein*
It would be of Interest to compare rates of electron transfer
that involve * radicals, rather than metal redox states. Because
the npin distributions in porphyrlns and chlorophyll cation
radicals differ, X would also expect that the chlorophyll rates
would differ froe those you already have for Zn porphyrina.

GRAY: Jack, I appreciate the suggestion* We will try to do the
experiment with chlorophyll in place of Zn porphyrin. I agree
that it is Important to establish magnitudes of the rate
variations that accompany donor/acceptor wavefunctlon changes in
fixed-distance protein electron transfer experiments.
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Bruca Broaachwig, HonuMi Satin, Carol Crauts, aad Thoaas Metsel

Chemietry Department, Brookhavea Rational Laboratory, Uptoa, MY 11973

This program includes the measurement of thermal aad excited state
electron-transfer rates. In conjunction with the experlmeatal stadias,
detailed aodellag of electron traasfer reactions is being carried out.
The latter studies are aimed at a critical evaluation of current theories
of electron-trensfer reactions aad tha development of asw models.
Experiments are also directed toward determining relevant phyelcal
parameters such aa aetal-llgand bond diatancea aad the effecta of distance
between the redox centers, driving force, temperature, and solvent
properties on the rates of electron-transfer reactions.

By using x-ray diffraction aad extended x-ray abaorptlon fine
structure (SXAFf) techniques, the metal-oxygen bond lengths aad
coordination numbers of aquo aetal coaplexes have been aeaaured. The
direct determination of the MK> structure of Tl(IV) ions in aqueous
solution has alao been achieved by the EXAFS technique* The metal-oxygen
bond lengths for the following aquo complexes have been determined (metal,
d(A)), Ti(XIX), 2.03; Tl(IV), 1.67, 2.03; V(II), 2.14; V(XXI), 1.99;
V(XV), 1.59, 2.06, 2.3; V(V), 1.65, 2.15, 2.3; Eu(lX), 2.53; Eu(XXX),
2.39; Co(IXI), 1.87. The metal-llgand bond lengths in solution have been
used to calculate the Inner-shell barrier to electron-exchange using a
aealclasslcel aodel.

The kinetics of tha reduction of aanganese(XlI) aquo ions by a series
of HLj2* complexes (M - Os, Fe, or Ru) by Fe(&2P>6 *on* •no> by
nickel(XX) complexes were investigated. An electron-exchange rate
constant of I x 10"' M"1 a"1 for the Htt(H20)f2+/3+ couple was astiaated
froa the MLj +/Ma 5 + cross-reaction data using a modified Marcus
relationship. This value is lower than the exchange rate constant of
10"' M"1 s**1 calculated using a nealclassical outer-sphere aodel and is
also lower than the v<lue of 4 x 10~f >Tl •"* calculated froa the
oxidation of Fe(H20)$

z+ by Hn(U20)c'
f. The kinetics of the oxidation of

+ by Co(H20)s*t were also studied and the redox reactions of
2 t and Co(H2O)j3+ ware compared. A novel outer-sphere chemical

mechanism was proposed for certain reactions of these strong oxidants.

Tha dependence of the rate of electron-transfer on distance has been
probed by the use of blue copper proteins (with U. B. Gray). The blue
copper protein plastocyanln binds trls(bipyridine) metal(IIX) coaplexes at
a site ' 12 A froa the copper center. Using flash-photolytls techniques
the rate of intramolecular electron transfer between the Cu(I) protein and
the aetal excited state has bean measured for jplastocyanin, asurin and
stellacyanln with excited states of Cr(phen>33*' and Bu(bpy)32f. The
Intramolecular rate constant for the oxidation of Cu(X) plastocyanln by
Cr(ph*n)j^" la " 3 x 10 s . The rates of the intramolecular electron
transfer lead to an estimate of " 3 x 10"7 for the nonadiabaticity of
these reactions, suggesting a value of * 1.2 A'1 for the coefficient In
the exponential dependence of rate on distance.



Jm alllpaatdal earl 17 medal fcM beam developed (with S. Ehreaeon) to
calculate the contribution of tiM solveat to the reorganisation barrier to
electron transfer, tha Klrkwood-weetthelaer formula for tha work of
chart lag •• allleeeUal cavity baa eaea applied to tha problem of
Inataataaaoaa eharga redistribution ia electron-transfer raaetions* Tha
energy of tha latervalemee absorption baai ia bluuclear metal complexes
and la loo pairs haa haaa ueed aa m taot of thla ellipsoidal model. Tha
aaw ellipsoidal expreeslofas yield reorgaalsatloa aaarglaa that are, In
general, larger tfcaa thoaa of tha Matewa tm-aahara aodel and aaallar than
thoaa of the Caaaea alilpaoidal •oe'el. For the cjrataaa considered the
interreleace traaaltloa varlaa fros. 400 aa to 1000 ia end tha model
calculates reorgaaisatlon eaergias within 2 kcal aol"1 of tfee
axparlaaatally observed valuaa.

Tha above Inner-shell and solvent models have been used in
conjunction with reasonable assumptions about tha distance dependence of
tha electron coupling element to modal tha distance dependence of electron
transfer reactions in solution. It vas found that reactions at moderate
driving force (i.e., in the normal free energy region) can have ret*
maxima at close contact of the rsactents while tha reactions with large
driving force (i.a., in tha Invartad region) have rate maxima at larger
separations* This haa tha following consequences: 1) For a system in the
inverted region a maximum in the rate for intramolecular electron transfer
should be observed as a function of «*paratlon distance when the length of
the bridging group la systematically Increased from the dose-contact
distance at constant driving force. 2) Ia blmolecular reactions that are
photolttduced, the forward (quenching) reaction is usually in the normal
region while the back reaction (to form ground-state reactants) often lies
in tha Inverted region. Consequently, the maxlmua rate for the forward
reaction will generally occur at shorter distances than tha maximum rate
of the back reaction. This difference in the optimum distance for the
forward and back reactions has implications for tha formulation of
steady-stats quenching schemes for the interpretation of cage-escape
yields and for tha design of high-yield photoproduct systems.
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KOSTIC:

BRUMSCHWIG:

KOZAK:

DISCUSSION

What are the limitations or prubl'j*a involved in using the
ellipsoidal cavity model in tsi* limit of one large donor, e.g* a
porphyrin and one small acceptor, e.g. a metal ion?

In order to use the ellipsoidal cavity model the rcactant(s) need
to form a cavity in the solvent that can be realistically modeled
by an ellipsoid. If the two reactants are very different in aize
than the ellipsoid provides a poor approximation. For the data
shown the largest difference in size is for the
Co(Hl3)6

}f |lu(CM)s
<t" ion pair. The outer-sphere reorganization

energy calculated for this pair is in good agreement with
experiment*

1* What is the pH valve for the quenching of the excited state of
Cr(phen)3*** by the reduced plastocyanin? This is important
because one of the Uganda of the Cu(I) is protonated and removed
from the metal in acidic solution*

2* How was ths binding site for *Cr(phen)3
3+ on the surface of

plastocyanln determined?

1. The experimenta were carried out at pH 7 in phosphate buffer
(Ionic strength 0*1 H)» Sykes end workers have measured a pKa
of 6 for reduced plastocyafdn fCu(I)) from the rate of oxidation
of the Cu(I) protein by Co(phen)3**. From x-ray crystnllographic
data, Freeman also suggests a value of about 6 for the pKa of
the reduced protein. Thus at pH 7 the copper center of the
reduced protein Is believed to have two sulfur* and two nitrogens
coordinated to the copper center; the same as for the oxidized
protein*

2. The binding site for Cr(phen)3
3f was located by NMR (by

P. Mt> Hanford at al« and D. J. Cookson et al.) to reside near
tyrosine-83* We have performed computer modeling to try to
ascertain the location of the chromium complex. This modeling
Indicates that the chromium is located at a position 18 A from
the copper and that the bast fit between the Van der Waals
surface of the protein and the chromium complex takes place if
tyrosine-83 is rotated around the bond joining it to the
polyp«i>tlde backbone* This modeling gives 10-11 A for the
electron-transfer distance.

1. Bow sensitive is your calculation to the choice of the
dielectric constant?

2* At the short distances at which you are dealing, what
Juatification is there for using a continuum value of the
dielectric constant?



WtUMSCHWIG:

KOVAL;

BRUNSCHWIG:

SPIRO:

1* The «llip«oid cavity model uses three dielectric constant*«
The static and optical dielectric constants that are also used in
the normal Marcus theory, and an internal dielectric constant for
the "medium" within the.ellipsoidal cavity. The value of this
constant cannot be Measured; however, since the Uganda that
constitute the cavity have no rotational freedom we have chosen a
value that represents the optical dielectric constant of NH 3
(1*76). If the Uganda are primarily aromatic hydrocarbons we
would use a value close to the optical dielectric constant of
naphthalene (1.96). We have tested the model for sensitivity to
the value used for tMs dielectric constant and have found it
small.

2. A model that treats the solvent as a classical dielectric
continuum is not realistic at very short distances. However, we
use a harmonic oscillator model to calculate the energy changes
in the inner coordination shell. To the extent that the seconl
coordination shell is unsaturated, a continuum model is
reasonable.

1* How did you calculate Dj?

2. Is it possible to test your calculation of AoUt by using
data from different solvents?

1* The internal dielectric constant (0^) is not calculated; a
constant value of 1.76 is used in this work. This is the value
of Dop (the square of the refractive index) for liquid NU3. For
the compounds that we are dealing with here this is a reasonable
number since the inside of the cavity is occupied by amines that
can not rotate.

2. Yes. It is possible to test the model in this manner and we
are in the process of doing it.

In reference to the choice of electron-transfer distance, e.g. 11
vs 18 A for *Cr(phen)3

5f-azurin, doesn't this depend on the
nature of the wave function? The *Cr(phen)3

3f is a ligand field
excited state, and the orbital coefficients at the edge of the
rings must be small.



K&33CHWIG: Th« choice of distance is dependent upon how close together you
need to bring the two reaction centers to have sufficient orbital
interaction to ensure that the reaction is adiabatic. The
distance that enters Into the electron-srsnsfer formalism is the
distance between redox sites sinus the distance between these
saae sites when the reaction is adlabatic. Some of the data
presented by Professor Gray would indicate that the copper
proteins have poorer overlap than the iron proteins (i.e., the
copper proteins require the reactants to approach more closely to
react adiabatically). This could account for soae difference in
the dibtance dependence between these proteins* However, one
should be careful in interpreting small differences between
calculated and measured rate constants•

As regards the ligand field excited state of Cr(phen) 3**", only a
small amount of orbital mixing is required to provide significant
electron density at the edge of the rings.

WATTS; Could your ellipsoidal aodel be used to describe solvent effects
on apectroscoplc intramolecular transitions such as the HLCT
transitions in Ru(bpy>32f?

BRUNSCHWIG: The model should be able to describe solvent effects on HLCT
transitions* We are currently investigating some of these
cases. :

TOLLXN: One of the problems in analyzing the copper protein experiments
Is that you have to assutae that electron transfer'proceeds only
via the electrostatic complex. In the case of azurin, there is
no well-defined negatively charged patch to Interact with; for
stellacyanin, the structure is now known.

BRUNSCHWIG: He do not think that the interaction between the Cr(phen)3^* and
the plastocyanin is primarily electrostatic. In the area where
the Cr(phen)3

3+ binds there are a number of hydrophobic
residues. Also since we see binding for both the asurin and
stellacyanin we conclude that binding is controlled by the
hydrophobic interaction of the residues on the surface of the
protein with the phenanthrollne Uganda.

HELLER: The parameter B of the tunneling current's dependence on distance
should depend also on the electric field, and the dielectric
function of the medium. Does this imply that each system has
it's own $ and that there is no reason to expect similarity in 0
for different systems?

BRUNSCHHIG: The parameter 3 Is a measure of the orbital interaction of the
reactants through the intervening medium. To the extent that the
reactants have no solvent between them in the activated complex
the value of 8 should be independent of the solvent properties.
It Is dependent on the extent that the orbitals of one reactant
extend out toward the other reactant. Thus it is expected that $
will be affected by the nature of the reactants.
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MILLER: Your ellipsoidal aodel of solvent reorganization accepts t!ie
dielectric continuum approximation. With this approximation,
isn't the best test of your model a comparison tilth numerical
calculations using the most realistic charge distribution and
reactant shape possible? Have you done such a comparison?

BRUNSCHWIG: He are interested in developing a numerical method to calculate
the outer-shell reorganisation energy for any arbitrary shaped
cavity. However, this is not an easy problem. I would also say
that the teal test of any model is not how it agrees with other
models but how it agrees with experiment.
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D U C T COHVBUKM A » SOLUTION KINETICS

Norman Satin, Carol Creutx, Thomas Netzel, and Bruce Brunschwlg

Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973

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

The mechanism of the quenching of the RuLj2"4" emission by
poiyoyrldinecobaltfll) complexes was investigated. The Interaction of
C0L3** with *RuL3^" is especially complicated because both reactants can
act either as an electron donor or acceptor; in addition, energy transfer,
yielding ground state BuLg^" and a eobalt(II) llgand-field excited state,
may also occur. It was found that, although all three quenching processes
are energetically possible, because of the slow electron transfer rate
associated with the Co(III)-Co(II) couple, only two of these processes,
oxldative quenching and energy-transfer quenching, operate to a
significant extent. With the strongly reducing *Ru(4,7-(CH3>2phen)32+

complex, quenching occurs almost exclusively via excited state oxidation
and the Co(bpy>3+ formed in this system arises from the latter process.

The visible light irradiation of Rul^2* (L - 4,7-dimethyl-l,
10-phenanthrollne), Co(bpy>3^", triethanolamine solutions in 50% aqueous
acetonltrlle yields H 2 with a quantum yield of 0.3 under optimal
conditions. Extensive mechanistic studies indicate that hydrogen is
formed from Che reaction of Co(bpy)3+ (generated by oxidatlve quenching of
**.uL*~+t see *bove) with water and that triethanolamine (TBOA) reduces
RuL3**" to luLs

2*. The quantum Xi*14* for Uj formation display a complex
dependence on TEOA and Co(bpy)3**" concentrations and are a function of the
ratio of these concentrations, signalling a twofold competition between
TBOA and Co(tpy)32+ for the precursors leading to H2, with TEOA promoting
and Co(bpy>3^" preventing H2 formation. This competition arises from the
fact that Co(bpy>3Z+ reduces both IU1L334* and TEOA+ thereby suppressing the
irreversible formation of the strongly reducing N(CH2CH0H)(CH2CH20H)2
radical and introducing Co(bpy)3*+, an extremely effective scavenger of
Co(bpy)j+. At sufficiently high triethanolamine concentration the Ho
yield is limited only by the primary (cage-escape) yield of Co(bpy)3

-F.
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In the above systems cobalt(I) (e.g., Co(l>py)3
+) and

hydridocobalt(III) (e.g., Co(bpy)2(H20)H
2+) are produced as

intermediates. Studies have now begun on the thermal aspects of the
analogous system in which carbon dioxide (or, in water, bicarbonate ion)
is reduced to CO. It was found that, in aqueous bicarbonate solutions
(pH 8.S-10) Co(bpy)3

+ reacts with water to give H 2 and with HCO3~ to give
H2, CO (as the Insoluble [Co(bpy)(CO)2]2), and some HC02", with the extent
of reaction with HCO3~ increasing as IHCO3"] increases. The rate laws for
reaction with H20 and HCO3" are first order in JCo(bpy>3

+] and [H+] and
Inverse in [bpy]. Thus both water and HCX>3~ reactions may involve the
hydride Co(.bpj)2($2°)E «• intermediate. (Of course, kinetically
equivalent pathways—such as, for HCO3~, reaction of Co (bpy) 2(

H2P)2+ with

C02--cannot be ruled out.) In the HCO3" reaction the branching between H 2
and CO depends upon the nature of the buffer and favors H 2 over CO in
about a 3-to-l ratio in borate media.

The effect of the central metal on excited state relaxations in
•tetallo-porphyrlns was examined In oxomethoxomolybd'snum(V)
tetraphenylporphine. The relaxations among the excited states of this dl

porphyrln were shown to be similar to those of related d porphyrins
containing copper(II) and sllver(II). Thus both dx and d9 open-shell
porphyrins exhibit much more rapid relaxations of their Initially formed
excited states (T < 2 ps) as well as more complicated decay routes for
their subsequently populated excited states than closed-shell porphyrins.

Picosecond studies of Ru(NH3)sL^" (L is a pyridine derivative) were
originally undertaken (in collaboration with A. Halm) as blanks for
photolnduced intramolecular electron transfer [e.g.,
(NH3)$RuN@>-@NRu(edta)'f] experiments. However, detailed studies of the
mononudear complexes became necessary due to the Incomplete state of the
current understanding of their excited state manifolds and relaxation
mechanisms. The initially formed excited states of Ru(NH3)5L2+" complexes
clearly arise from a Ru(III)(NH3)s(LT)

2+ configuration. Excellent
correspondence was found between MLCT state absorption features and the
absorption bands of (LT)H+ radicals. Work is currently underway toward a
unified photophysical model accounting for both transient properties and
photochemical yields for these ruthcnium(II) complexes.

13



Publication*.

Ghosh, P. K., Irunschwlg, B. S., Chou, M., Creutz, C , and Sutin, N.
Tbt theraal and light-induced redaction of Ru(bpy)j**" Is aqueous
solution. J. Aa. Chea. Soe. ,106, 4772-83 (1984).

Mok, C.-T., Zanella, A. W., Creutz, C , and Sutin, M. Ground- and
axcltad-atatt electron-transfer raaetlou: Photoinduced redox reactions
of poly(pyridiae)ruthenlua(II) coaplexes and cobalt(III) eaga compounds.
Inorg. Chem. 23, 2891-7 (1984).

Szalda, D. J., Macartney, D. H.» and Sutin, H. Electron-transfer
barriers and aetal-ligand bonding as a function of aetal oxidation state.
3. Crystal and molecular structures of tri«(2,2'-blpyridine)nickel(III)
triperchlorate-2-acetonltrlle-0.5-dlchloromcthanc. Inorg. Chea. 23,
3473-9 (1984).

Creutz, C , Schwarz, H. A., and Sutin, N. Free radical route to
formation of the aetal hydride complex hydrldoaquobls(2,2'-bipyridlnc)
cobalt(III). J. Aa. Chea. Soc. 106, 3036-7 (1984).

Serponc, K., Ledon, H., and Netzel, T. L. Excited state spectra and
lifetime! 'or oxoaethoxoaolybdenua(V) tetraphenylporphln: a coaparison of
dl and d* metalloporphyrin photophysict. Inorg• Chea. £3_, 454-7 (1984).

Sutin, W. Strategies for solar energy converlon utilizing aetal
complexes. Proc. U.S.-Japan Seminar on Solar Energy Conversion, Okazaki,
Japan, March 1984.

Schwarz, H. A., Creutz, C , and Sutin, M. Cobalt(I) polypyridlne
complexes. Kedox and substltutional kinetics and thermodynamics in the
aqueous 2,2f-blpyrldlne and 4,4'-dimethyl-2,2>-blpyrldine series studied
by the pulsc-radiolysis technique. Inorg. Chem., ̂ 4, 433-439 (1985).

Mahajan, D., Creutz, C., and Sutin, N. Homogeneous catalysis of the
water gas shift reaction by polypyridinerhodiua(I) complexes. Inorg.
Chea., in press.

Krishnan, C. V., Brunachwig, B. S., Creutz, C , and Sutin, N.
Homogeneous catalysis of the photoreduction of water. 6* Mediation by
polypyridlne complexes of rutheniua(II) and cobalt(II) in alkaline media.
J. Aa. Chea. Soc., in press*

Creutz, C. and Sutin, H. Photogeneratlon and reactions of cobalt(I)
coaplexes. Coord* Chea. Sar., in press.

Keene, K. F., Creutz, C , and Sutin, N. Reduction of carbon dioxide
by tris(2,2'-bipyridine)cobalt(I). Coord. Chea. Rev., in press.

Creutz, C. Formation of aetal hydride coaplexes: Reaction pathways
in the protonatlon of aetal bases. Comments Inorg. Chea., submitted.

Macartney, D. H. and Sutin, N. The kinetics of the oxidation of
metal complexes by manganese(III) aquo Ions in acidic perchlorate media:
The Mn(H2O)gz+-Mn(H20)g3+ electron exchange rate constant. Inorg. Chea.,
submitted.

Brunschwig, B. S., Delaive, P. J., English, A. M., Goldberg, M.,
Gray, H. B*, Mayo, S., and Sutin, N. Kinetics and aechanisa of electron
transfer between blue copper proteins and electronically excited chromium
and nitheniua complexes* Inorg. Chem., submitted.

14



DISCUSSION

WASIELEWSKI: In your curve depicting rate v». (r - r0) in the inverted
region do you have any models In Bind that could teat the
occurrence of a maximum in the curve at the ahort 2.5 A diatance?

SUTIN:

GRAY:

SUTIN:

MILLER:

He are giving aoae thought to experimental systems that might
reveal the rate maximum. The 2.5 A distance that you refer to
is, of course, an edge-to-edge separation, and the rate maximum
is fairly broad: one possibility for studying this is to
systematically increase the donor-acceptor separation by
introducing acetylene or ethylene groups. The occurrence of the
rate maximum could account for the unusually low 0 values
observed in certain highly exothermic reactions where a linear
dependence of log k on B had been assumed in treating the data.
Put somewhat differently, the low S values for certain highly
exothermic reactions could be a reflection of a more complex
distance dependence for such systems.

How would you expect the self-exchange rate to vary in a series
where X is constant but E* varies? Could thia (the E* variation)
obscure the A correlations you have described?

Although I have focussed on the nuclear configuration (X) changes
for self-exchange reactions, the electronic coupling of the
reactants (H^g) also needs to be considered. The electronic
coupling depends on the overlap of the relevant redox orbitals
and will be sensitive to the degree of ligand-to-metal and/or
metal-to-ligand charge transfer present. The extent and type of
charge transfer will vary with the E° of the metal center so that
some dependence on E* might be anticipated. I would expect this
effect to be small compared with the rate changes arising from X
variations: for the blpyridine series the exchange rates vary by
a fautor 10s and we have found that this variation can be
adequately rationalised in terms of variations in the \ factor.
However, the possibility that factors of 10 or 102 arise from
changes in the electronic factor cannot be excluded at this time.

I'd like to advertise our poster, which helps to answer
Harry Gray's question, about how the distance dependence
parameter (a in Harry's talk, 0 in Norman's & Brace's talks)
changeB with the energy at which the electron Is bound* The
results Indicate a smaller than expected (by simple models)
effect on a* This, along with Norman's point that distances are
very short in his exchange reactions, supports his contention
that he measures mainly the effect of nuclear reorganisation.
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SUTIH:

PAYER:

SUTIN:

PIMENTEL:

I believe that the effects I described are likely to be quite
general: unleaa close approach of the redox centers is prevented
(as in frozen media, certain bridged aysteas, aetalloproteins,
etc.) the electron transfer rates should reflect the aagnltude of
the nuclear reorganization. In dose-contact systems where the
nuclear reorganisation is very small (or where AS* *• X), one
might be able to assess the magnitude of the electronic factor
from the magnitude of the rates but, for bimolecular systems,
this requires detailed knowledge of the diffusion-controlled
rates.

In the inverted region, if we consider a multidimensional
potential surface instead of single parabolas, will the results
be affected?

The potential energy surfaces that I considered are, in fact,
multidimensional surfaces, and the curves shown in my talk were
really one-dimensional sections through such surfaces. In
calculating rate constants the important quantity is the free
energy of activation and, in the model used, it is assumed that
the free energy of the system has a quadratic dependence along
the reaction coordinate* The complex rate dependence in the
inverted region arises from the interplay of AG° and X: the
latter (and the former} contains contributions from all the modes
(intramolecular as well as solvent) that change upon electron
transfer* Changing the number of modes (i.e., the number of
coordinates in the multidimensional space) that are coupled to
the electron transfer will modify the surfaces but, qualitatively
at least, the picture is the same as for the single mode case.

Is it clear that changing distance between minima and moving one
minimum up or down relative to the others are simply related?
Presuming that the significance of the ordinate is the energy
associated with heavy atom reorganization around the charge, then
as the system is made more stable (lowered in energy relative to
some reference state), then it should be more difficult to move
away from the minimum, i.e., as the minimum is lowered, the
curvature should be Increased* This complicates modelling
because lowering the energy of the minimum has the opposite
effect to that of increasing the curvature. Do you feel that
this curvature is independent of the stability of the species (as
seems to be built Into the model)?

L
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SUTIN: The effect* of horicontal and vertical displacement of the
surfaces are simply related provided that the force constants for
the (harmonic) surfaces retain constant: in each case the free
energy barrier is given by

4X

The value of X is equal to f(Axo)2/2 so that the above equation
can be rearranged to give

a*" m
8 2 2f(tao)<

from which the dependence of AS* on AJCQ and AG* lu more readily
apparent* The above expressions hold provided that the
(free-energy) surfaces are harmonic — this is a good assumption
for the outer-sphere electron transfer systems that 1 discussed
because the bond distance changes are small and the effects of
anharaonicity tend to cancel (the reorganization involves
compression of the bonds around one redox center and extension
around the other)* The situation is less complicated than when
bonds are made or broken, &• is the case in "ordinary" chemical
reactions*
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The Photochemistry of Metallo Phthalocy, anines:
Sequential Two Photon Photochemistry

and Magnetic Field Perturbations

Ge Ferraudi

Radiation Laboratory
University of Notre Dane

Notre Dane, Indiana 46556

The sequential biphotonic photochemistry of metallo phthalocyanines
has been investigated with compounds of Rh(III), Al(III) and Si(IV). In
all these cases, the excited state of the phthalocyanines, a llgand
centered 2E U (r.% ), was generated with a laser pulse of a given wave-
length and photolyzad after a given delay time by a second laser pulse
of another wavelength. The biphotonic photochemistry was Investigated
ID a function of the Intensity of the synthesizing and photolyzing
pulses and the delay time between them. For excitations with high
intensities which do not give rise to the biphotonic processes, the
decay of the long lived 2E U of Al(III) and Si(IV) phthalocyanines is not
a pure first order process and obeys a competitive first and second
order kinetics. Such a kinetics for the disappearance of the excited
state is the result of a competition between the unimolecular deactiva-
tlon of the excited state and the triplet-triplet annihilation. The
mechanism of the triplet-triplet annihilation has been investigated as a
function of the solvent. In aprotic solvent the phthalocyanines
exhibited delayed fluorescence with the same lifetime of the triplet
state and in protic solvents the *EU~

 E U traction produces phthalo-
cyanine radicals. The photophyslcs of the 3E U has also been investi-
gated In the presence of intense magnetic fields where we have observed
that the first order process is accelerated and the triplet-triplet
annihilation is retarded. These results are in agreement with a
mechanism that Involves the formation of an exdmer.

The mechanism of the perburbation created by the magnetic field has
Also been Investigated in relationship to the photochemistry of transi-
tion metal coordination complexes. For photolyses of RhCNt^jX2"*" (X «
Cl" and Br~) under Intense magnetic fields, e.g. X*xcit - 360 nm and H -
24 KGauss,, the field quenches the photoaquation of ammonia and enhances
the photoaquation of the acldo llgand, X « Cl~ and Br~, by 10%. The
small change in the photoaquation yields of Rh(III) complexes stand in
contrast with a 100% change of the CN~ yield in the photoaquation
reaction of Co(CN)lr> The magnetic field has no effect on the lifetime
of the (zE)Cr(bipy)j+ but Induces a 10% Increase In its yield. Studies
on the reduction of viologen salts by the excited state of Ru(bipy)3
demonstrate that the yield of the reduced viologen is reduced by up to
25%, e.g. in a field of 70 KGauss. The possible mechanism for the
magnetic perturbation on the reactivity of excited states will be
discussed.
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HOFFMAN:

FERIAUDI:

CONNOLLY:

FERRAUDI;

DISCUSSION

Does the Intrinsic lifetime of *Ru(bpy)3
2f change with applied

magnetic field? If the experiment has not been performed, would
you be willing to predict the effect?

The experiment reported by Crosby et al. shows that the
luminescent state is split by the magnetic field* This and our
experiments suggest that the lifetime of the excited state must
decrease with the magnetic field, e«g* as we have seen with
( Ey) phthalocyanines. A comparison of the quenching of
*Ru(bipy)3

a+ by M ? 2 + with the T-T annihilation of the {*Ru<bipyV
phthalocyanines Indicates, however, that the quenching rate
constant must also be changed by the magnetic field* The
experiments with polarized light and with more time resolution
will be useful for the determination of the various contributions
to the quantum yield of MV+*.
1. Why do you multiply the spin-statistical factor of 1/9 by 1/4
in your analysis of the triplet-triplet annihilation?

2* Do you see any quenching of the triplet phthalocyanines by the
ground state?

1. The spin statistical factor of 1/9 is multiplied by a
"symmetry restriction factor" of 1/4 in order to account for the
required "state symmetry conservation rule". Indeed, of the A^,

B}, B 2 terms corresponding to the coupling of two reactive
states only Aj correlates with the A^ ground state of the

excimer* This is the only reaction path that is expected to be
free of an activation energy* Therefore the use of these factors
in

Kg^)g * ICQ X Eg X Ey X fg<

where ko ~ 10 1 0 and fe. fv and fr represent various
restriction factors, leads to the experimental value of the
annihilation rate constant*

2* We have not seen any dependence of the overall rate constant
on the ground state concentration that one can relate to such a
process* It is possible that the rate constant for the reaction
of ( Eu) phthalocyanine with the ground state is one or two
orders of magnitude smaller than the T-T annihilation rate
constant*
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PHOTO- AND RADIATION CHEMICAL STUDIES OF INTERMEDIATES
INVOLVED IN EXCITED-STATE ELECTRON-TRANSFER REACTIONS

Morton Z. Hoffman

Department of Chemistry
Boston University

Boston, Massachusetts O221S

Scope of the Project. Excited-state inter- and intramolecular electron-
transfer reactions I ie at the heart of most photochemical solar energy conver-
sion schemes. Our research, which has utilized the techniques of continous
and pulsed photolysis and radiolysis, has focused on three general aspects of
these reactions involving transition metal coordination complexes and electron
donor-acceptor complexes: i) the «ffoct of solution medium on the properties
and quenching of the excited states; ii) the control of the quantum yields of
formation of redox products; iii) the mechanisms by which reduced species
interact with water to yield H2 homogeneously and heterogeneously.

Recent Results. EDTA is among the most popular sacrificial electron
donors used in model systems. Its role is to scavenge the oxidized form of
the photosensitizer in order to prevent its rapid reaction with the reduced
form of the electron relay species that results from the electron-transfer
quenching of the excited photosensitizer. In systems involving MV2*, the
radicals resulting from the oxidation of EDTA can eventually lead to the gen-
eration of a second equivalent of MV*-; the reducing agent is believed to be a
radical localized on the carbon atom alpha to the carboxylate group. The
reaction of radiolytically-generated OH/H- with EDTA produces this radical
directly via H-abstraction or indirectly via deprotonation of the carbon atom
adjacent to the nitrogen radical site in the oxidized amine moiety; it reduces
MVZ+ with rate constants of 2.8 x 10*, 7.6 x 10*, and 8.5 x K f t r V 1 at
pH 12.5, 8.3, and 4.7, respectively. Degradative decarboxylation of EDTA-
radicals and their back electron-transfer reactions arm enhanced in acidic
solution causing the yield of MV*- to be severely diminished.

The existence of ion-pairs between EDTA and cations in solution causes
the quenching rate constants, the degree of linearity of the Stern-Volmer
luminescence quenching plots, and the yields of redox products in the
Ru(bpy)32*/MV2*/EDTA model system to be functions of pH and the concentrations
of the substrates. The dependence of •(MV*-) on [Ru(bpy)3

2*] at high [EDTA]
in alkaline solution is attributed to the formation of ion-paired aggregates
which, upon excitation and subsequent quenching, yield oxidized photosensi-
ti zer, reduced electron relay, and sacrificial electron donor within the same
solvent cage; the resulting scavenging of Ru(bpy)33* by caged EDTA contributes
to increased overall cage release yi«lds. In the Ru(bpz)3Z*/MV2*/EDTA system,
EDTA acts as a reductive quencher; MV24 is rapidly and quantitatively reduced
by Ru(bpz)3*. Values of t(MV+) as high as 1.4 have been obtained in alkaline
solution at high [EDTA]. Ru(bpz>3* is substitutionsMy labile in the presence
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of EDTA and absence of MV24, resulting in the photochemical inactivation of
the photosensitizer; this deleterious side reaction is avoided in the presence
of Wft*.

Ion-pairing between MV2+ and electron donor anions results in the forma-
tion of charge-transfer complexes; if the oxidation of the donor is irrevers-
ible, as is fche case for EDTA, oxaiate, and a-hydroxycarboxyiates, MV+* builds
up in the solution upon photolysis. Values of •(MV*) as high as 2.0 are
obtained with benzilate as the donor. •(MV*) is a function of the excitation
wavelength, the concentrations of the species in solution, and the fraction of
light absorbed by the complexed and uncomplexed substrates. Mechanistic
models are-considered that involve excitation of the various ground-state
complexes into dissociative excited, states that have wavelength-dependent
efficiencies of cage release of the redox products, and reductive quenching of
excited uncomplexed MV24 by the donor.

In highly alkaline solution, MV2+ is reduced via direct photolysis and
Ru(bpy)324-photosensitization in the absence of any sacrificial donor; it is
highly unlikely that OH" acts as an cjectron donor. The possible importance
of ion-pairing between MV24 and OH" in the photochemical systems is demon-
strated by the dependence of the initial linear rate of formation of MV4- in
the thermal reduction as a function of the concentrations of the reactants.
The reaction is second-order with respect to [MV24]; the dependence on [OH"]
is first-order at low concentrations (0.05M) and second-order at high (1.0M).
A mechanism is proposed involving ion-pair complexes containing one or two
hydroxide ions, followed by pseudo-base formation on the aromatic ring and
reduction of MV24. The rate of the reaction is sharply accelerated in alka-
line methanol where th* kinetics are second-order in [CH30~] (2-20mM) and
ha If-order in [MV24]; the latter dependence is consistent with a mechanism
involving the initial formation of double aggregates of MV24.

Future Plans. The range of redox potentials possessed by Ru(II)-poly-
pyridyl complexes and vioiogens due to structural and substitutions I variation
will permit the yields of redox products to be evaluated as a function of that
parameter. The importance of ion-pairing in the control of product yields
wi11 be investigated further using highly charged polyelectrolytes, solution
organizates, and heteropolyanions. We plan to continue our examination of the
interaction of one-electron reduced viologen radicals with redox catalysts in
order to establish the stabilities of the radicals, the kinetics of electron
transfer to the catalyst, and the relative yields of the H2- and hydrogena-
tion-producing pathways. We recently observed that the lifetimes of the 2Ti/
2E excited states of Cr(III)-polypyrid^l complexes are altered significantly
by changes in solution medium; the effect of ion-pairing on nonradiative de-
cay, photochemical quantum yields, and the rates and efficiencies of excited-
state electron-transfer resctions will be explored.
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PETERSEH:

HOFFMAN:

WASLIEWSKI:

HOFFMAN:

LINSCUITZ:

HOFFMAN:

HURST:

HOFFMAN:

FELOBERG:

HOFFMAN:

1. What do you think is the optima 2+/+ potential to drive the
oxidations that you need?

2. What is the excited state pKa of Ru(bpz)3
2f?

1. More positive than ~ -0.8 V.

2. The pKg is ~ 3.

1. In your nomenclature do you mean to imply that the EDTA
decomposition mechanism is the same &t high and low pH?

2. If not, does the pH dependence of the MV*" quantum yield depend
principally on the deprotonation of EDTA as a function of pH?

1. The symbol nEDTAM (as well as "EDTA" and
represents the species that exist at the pH of the solution*

2» The dependence of #(MV+») on pH derives from the effect of
protonatlon on the reactivity of both Ru(bpz)3

+ and EDTA' toward
MV2+.

Isn't it physically rather unreasonable to refer to radical
confinement in a solvent cage, for a diffuse structure like
EDTA?

Excited-state redox quenching is viewed as occurring via the
intermediacy of a radical pair within a solvent cage; the exact
structure of such an entity is, of course, not known. It is
difficult to comment further on the physical reasonableness of
such a model involving EDTA.

Why is the quantum yield for forming MV+ less for *Ru(bpy)3^?

*Ru(bpy)3
2+ reacts with MV2+ via oxidatlve quenching (but not

with EDTA) with a relative low cage escape yield. *Ru(bpz) 3
2f

reacts with EDTA via reductive quenching (but not with MV 2 +). I
believe that the resulting oxldlzed-EDTA radical undergoes
irreversible transformation within the solvent cage, thereby
resulting in a higher yield.

What are the practical implications of any system involving a
sacrificial species?

A practical solar photochemical system will have to be reversible
except for the conversion of a substance in unlimited supply
(e.g. H20) into its high energy constituents (e.g. H 2 and 0 2 ) .
Model systems Involving sacrificial species cannot be directly
applied; however, they permit the study of the kinetics and
utchanitimo of the reactions of the components of potential
half-cells.
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KILLEMA: Have you considered the pU dependence of EDTA in its various
protonated forms?

HOFFMAN: Yes, of course. The pKa values of EDTA are 0.0, 1.5, 2.0, 2.7,
6.1, and 10.2; the pK* values of EDTAox'

f and EDTA* are not
known, but are probably fairly similar to those of their parent*
The reactivities of these species are dependent on their states
of protonation.

WHITTEN: You mentioned competitive dlsproportionation of EDTA'; you
alluded to a unimolecular deactivation of this reducing radical
via decarboxylation. Can you tell us any more about the details
of these processes, especially the latter?

HOFFMAN: Biaolecular decay of EDTA', which could be disproportionation or
dimerization, will only be important under flash photolysis
conditions. In increasingly acidic solutions, the
decarboxylation of EDTA' (and, perhaps EDTAQX*) is enhanced;
whether or not this process is truly unlmolecular is not known.
The evidence for the reaction comes from the formation of C0 2 in
analogous photochemical and radiation-chemical studies.

MATHESON: Wouldn't it be worthwhile to substitute triethanolamine for EDTA
as sacrificial agent?

HOFFMAN: TEOA is not an efficient electron donor in neutral and acidic
solution. The use of EDTA permits the examination of pH effects
across a wide range, and the effect of ion-pair complexation on
redox yields.
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REDOX REACTIONS OF METALLOPORPHYRINS STUDIED BY PULSE RADIOLYSIS.

CATALYZED DECAY OF ir-RADICAL CATIONS

P. Keta, M. C. Richoux, and A. Harriman*

Center for Chemical Physics, National Bureau of Standards
Gaithersburg, MD 20899, and The Royal Institution, London
W1X 4BS, England

Kinetics and mechanisms of redox reactions of metalloporphyrins in
solution are studied by pulse radiolysis. This presentation will focus on the
reactions of zinc porphyrin ir-radical cations *ith catalysts that may lead to
oxygen production from water. This work is an attempt to mimic PSII of green
plant photosynthesis. Here, It is known that the ir-radlcal cation of
chlorophyll-a is the primary oxidant, water is the ultimate electron donor, and
some unidentified Mn compound plays a key role in connecting the two reactants.

Zinc porphyrins are oxidized readily to the w-radical cations by certain
inorganic and organic radicals in aqueous solution under pulse radiolytic
conditions. Bimolecular rate constants for the oxidation process depend upon
thermodynamic driving forces and Coulombic interactions between the reactants
and lie within the rang-a of 107 - 10'° M"'s"1. The resultant ir-radical cations
exist In aqueous solution in equilibrium with any anions or complexing agents
present in solution. This complexation affects both the absorption spectrum of
the radical cation and its rate of decay. With zinc tetrakis(4-3Ulfonato-
phenyDporphyrin (ZnTPPS), the radical cation is quite persistent (tjg - 6s)
but its rate of decay increases when SCN" ions are present. Positively
charged zinc porphyrins form shorter-lived radical cations and decay on the ms
timescale.

The rate of decay of the zinc porphyrin ir-radical cations was enhanced
upon addition of colloidal Ru02'2H20. For the radical derived from ZnTPPS the
rate constant for decay was a linear function of the concentration of RuO2*2H20
and the bimolecular rate constant for this Interaction was dependent upon pH.
At pH 12 the reaction was diffusion controlled but the rate decreased with
decreasing pH. The form of this pH dependence is consistent with the radical
cation oxidizing water to oxygen on the surface of the Ru02»2H20 colloid.
Photochemical experiments with this colloid and ZnTPPS resulted in the forma-
tion of oxygen and both the rate and the total yield of 0 2 formation were
strongly dependent upon pH. Again, the optimal conditions for oxygen formation
were found at pH 12. No oxygen was formed with zinc tetrakis(N-methyl-i)-
pyridyl)porphyrin (ZnTMPyP), which has a much shorter-lived ir-radical cation.
With the positively charged metalloporphyrlns, decay of the ir-radical cations,
with or without added redox catalyst, results in formation of the doubly
oxidized porphyrin. This dlsproportlonatlon step is catalyzed by Ru02»2H20 and
we see little possibility of using the positively charged porphyrins in oxygen
evolving photosysterns using RuO2 as catalyst.

The search for oxygen-evolving catalysts that are well characterized,
stable, and inexpensive led to experiments with Prussian Blue. Pulse
radiolysis experiments have shown that Prussian Blue catalyzes the decay of
trls(2,2t-bipyridyl)rutheniun(III) in aqueous solution at pH 3.2. The
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bimolecular rate constant is 2x105 M ^ s " 1 , well below the diffusion controlled
limit. The reaction leads to oxidation of water to oxygen. Experiments with
the radical cations of ZnTPPS and ZnTMPyP, on the other hand, showed very slow,
i.t any, reaction with the Prussian Blue and nt significant formation of oxygen
frca water.

The w-r»dical cation derived from ZnTPPS is by far longer-lived than any
of the other corresponding radicals. This long lifetime seems to be the key in
producing a satisfactory water oxidation system. This work will be extended by
studying metallopophyrins in which the oxidizing equivalent is at the central
metal ion (for example Mn), not on the porphyrln ring.
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NETA:

DISCUSSION

1. Lead porphyrins are notoriously unstable towards
deaetallation. Perhaps Pd would be a better choice for higher
oxidation state transients with tetravalent metals.

2. The transients observed on oxidation of some of the para
hydroxy substituted porphyrins are very reminiscent of
isoporphyrins. Is it possible that you have generated such a
species?

1. We are planning to test several other metalloporphyrins,
including the Pd.

2. That spectrum was recorded upon completion of the one-electron
oxidation reaction by Br2~, within < 0.1 as, and under conditions
of only 10-15* conversion of the Zn-porphyrin. Therefore, it
does not appear likely to be a product of a two-electron
oxidation, such as the isoporphyrin.

Would you expect "clean" decay kinetics (either lsfc-order or
2nd-order) when the radical concentrations are as high as you
indicated (-5 x 10" 6 H)? Even when radical-radical
recombination predominates it seems to me that it would be
difficult to avoid pseudo-first-order processes such as slow
reaction with solvent or fast reaction with an Impurity.
Likewise, it is not always easy to "force" the system to
eliminate second-order processes«

Indeed, we observe "clean" second order decay kinetics only for
the short-lived radicals (from ZnTMPyP), but the results for the
long-lived radicals (from ZnTPPS) are given as "first half-lives"
because of difficulties in fitting them to "clean" decay
kinetics.

Can the PbIV species be PbII-doubly oxidized P? Could the
instability of PbIV be at least partially due to a two-electron
intramolecular electron transfer?

It is not likely, because Pb*1?** was found to
disproportionate directly to PbJIP and PbIVP, rather than to

«2+

In view of previous irreproduclbility in the properties of RuO2,
could you compare the activity of your catalysts with other
preparations, using any convenient test system?

The preparation of the catalyst is described in detail in the
paper. It was prepared many times over the past two years and
the kinetic results were reproducible. The same catalyst
preparation was also effective in the photochemical oxygen
evolution measurements.
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FAYER: Some of the time depend curves appears to be non-exponential*
Could you comment on this?

NETA: The slow decay of ZnTPPS** is probably a mixture of different
reactions and was difficult to fit to either second order or
first order kinetics. The fast decay of ZnTMPyP»+ leads to
production of a species, probably a diaer, which absorbs in the
same spectral region and which decays to final products much more
slowly*

SPIRO: Is the sharp increase in RuO2 catalyzed production of 0 2 due to
titration of surface hydroxyl groups on the catalyBt?

NETA: The sharp increase occurs at a pH range where it can be ascribed
to the onset of oxidation either of water (or OH") or the RuO2
catalyst* Oxygen yields indicate high turnover numbers for RuO2,
suggesting oxidation of water.
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I. QUENCHING VS. RADICAL FORMATION IN PHOTOREDUCTION OF ARYL KETONBS BY
SIMPLE IONS

J.K. Hurley, N. Periasamy and H. Linschitz

II. GROUND AND EXCITED STATE PROPERTIES OF ELECTROSTATIC PORPHYRIN AGGREGATES

E. O.fadi, R. Selzer and H. Linschitz

Department of Chemistry, Brandeis University, Waltham, MA 02254

Electron-transfer interaction of excited molecules with appropriate
redox reagents sets up competitive reaction pathways, leading either to energy-
storing separation of radicals or an energy-dissipating transition directly
froa the primary reaction complex to the ground state (quenching). This
primary partition, which limits efficiency of energy conversion, is inherent
in all excited state redox systems, Including those utilizing complex hetero-
geneous structures to inhibit secondary radical recombination. One of our
main research goals is to further our understanding of the factors governing
primary radical yield in endergonic photo-redox processes. In order to character-
ize effects m* clearly »B possible, we are presently studying "simple" systems
in homogeneous solution. This program involves the measurement of reaction
kinetics and radical yields in the photooxidation of inorganic ions by organic
triplets, using flash photolysis methods, In parallel to this, we are conducting
an ongoing study of porphyrin photophysics and photochemistry, particularly
in "diners", as potentially useful sensitizing systems modeled on photosynthetic
reaction centers.

I. Reactions of Ketone Triplets with Simple Ions.

We have shown earlier that some inorganic anions, X", which quench triplet
anthraquinone sulfonate (AQS) efficiently at low [X"J, without radical formation,
give high radical yields at high [X"]. Kinetic studies led to the conclusion
that this concentration effect involved an intermediate "triple excipiex,"
as followst

3A* + X" > 3(A«"...X«°) -£—> 3(A«"...X-°...X") > A •" + X 2
:

I *
A + X" A + 2X"

The known radicals, A* and X£' were identified in the flashed system, at
high fX"J. These findings were interpreted in terms of an "Intra-radlcal
spin-orbit coupling" (IRSOC) effect, attributing quenching of the triplet
reaction complex to spin-orbit interactions in the inorganic radical component.
To test the generality of these ideas, we have studied other triplet systems
with the same quenching aniona.

In aqueous solution, triplet benzophenone-4-carboxylate (3BC) shows
the same qualitative behavior as AQS, altho not so strongly marked. Plots
of (Vrad)"1 v*« fX"]"1 give limiting radical yields of 0.48, 0.23, 0.12 and
0.15 for SCN~, I", Br~ and OH" respectively. Chloride reacts hardly at all
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with 3BC, altho it gives unit radical yield with 3AQS. However, different
behavior is observed in polar, non-aqueous media. Quenching rates and radical
yields were Measured in acetonitrile solution using a variety of triplets
(benzophenonc, anthraquinone, AQS, acridine) as substrates and tetra-
alkylamaonium salts as quenchers. Surprisingly^radicals now appear at low
anion concentration. Thus, triplet benzophenone reacts with tetramethyl
ammonium iodide to give if'rad • 0*16, and flash profiles indicate radical
dissociation fro* the initial exciplex, in contradiction to expectations
from the "IRSOC" theory. Studies have also begun on the interaction of aryl
triplets (benzophenone-4-sulfonate) with cations (Ag+, Mn+2, Co+2, Fe(NK4>244>
NH&* and H3O )in aqueous solution. Very efficient quenching was found with
Ag* and FeUlE^^*** and appreciable interaction with the others, except NH4+.
However, of these, only FediH^^gave significant radicals, even at cation
concentrations up to 0.5 M.

II. Studies on Porphyrina.

Much effort has been directed towards synthesis of "dlmeric" porphyrins,
in attempts to model JLn vivo structures. We have developed a simple approach
to this problem, using spontaneous aggregation of anionic with cationlc
porphyrin units. Mixing aqueous solutions of aeso-tetra-p-sulfonatophenyl
porphyrln (P*~) and aeso-tetra-p-trimethylphenyl porphyrin (P^+) causes
immediate precipitation of the porphyrins. The complex is soluble in mixed
solvents such as ltl water-acetone. Titration and dilution studies establish
ltl stoichiometry and dimer formation with equilibrium constant •*• 1010 M"1.
The properties of such dimers have been characterized as function of solvent,
added salts and complexed metal. ESR studies of the dimeric triplets are
also in progress, in collaboration with Prof. H.v. Willigen.

Work planned for the future involves further extension of the studies
summarized above. Much remains to be learned regarding quenching processes
in cxclplexes, including such factors as charge, spin, redox potential, atomic
number and specific medium effects.

The ready accessibility of mixed porphyrin dimers opens up a wide range
of photochemical and photophysical studies, including the behavior of pairs
with different metals, redox potential* and energy level*. Particularly
attractive is the possibility of pairing aacrocycles in different oxidation
states, porphyrin with chlorin, etc., to establish electron-transfer chains
and broaden the effective absorption spectrum.
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DISCUSSION

FBMDLU: 1. How many of the intermediates did you In fact Identify in the
flash photolysis experiments?

2. Did you try to see the effect of external magnetic field?
This would be inherently interesting and would throw light on
your proposed mechanisms.

3. It would be nice to throw your complexes in vesicles* They
would be maintained at desired properties*

LINSCHITZ: 1. We identify all the intermediates, including the ketone and
qulnone triplets, their neutral or anionic radicals and the
dlhalide or dithlocyanate radicals* Moreover, these are
determined quantitatively, to give the quantum yields we have
quoted for the overall reduction of triplets to radicals*

2. We have not yet looked at any magnetic field effects in these
anion quenching studies* However, we have published such
observations in the reduction of triplet fluorenone by DABCO,
which were in agreement with the assumption that hyperfine
interactions were responsible for spin-relaxation and triplet
quenching in this latter system* Similar studies at higher field
strength would certainly be helpful in testing our spin-orbit
coupling mechanism for quenching by halide ions.

3. I appreciate your suggesting regarding the use of vesicles*
Dr. Hurley in our group has extensive experience with these
preparations and we may get to try some experiments*

WRXGHTONt N3~ was demonstrated to be a very effective quencher. What is
the nature of the resulting N3~ derived product? N2? N6~?

LINSCHITZ: Presumably incipient N 3 radicals are involved in the initial (low
concentration) exciplex. If the organic radical anion is formed
efficiently, as in the triplet AQS case, we must assume the
presence also of azide radicals* In the case of quenching by
aside of triplet benzoyl benzoate, we also find a strong Increase
in ketonc radical anion yield at high azide concentration, just
as with iodide, bromide or thlocyanate, and in addition, an
enhanced transient absorption around 650 nm. By analogy with the
halides, we suspected (but couldn't quite believe!) that this is
N6". Sure enough, there has recently appeared some pulse
radlolysis studies, giving convincing evidence for diazide
radical formed, as in our own work, by the reaction N3. + N3~ +
Ng", and also absorbing at 650 nm* (See Butler et al., Itadiat.
Phys* Cham. 23_, 265 (1985)*) So diazide radical, Ng7, appears to
be reall What happens after that is not yet clear*
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OTVOS:

LINSCHITZ:

FAYER:

LINSCHITZ:

FELDBERG:

LINSCHITZ:

CONNOLLY:

LIMSCHITZ:

In your work Kith porphyrin dlasrs, did you find any indication
of further stacking to font trimere or higher polymers as the
solute concentration is Increased?

Spectrophotometric tltrations of one monomer against the other
always give a 1:1 ratio for the complexes in solution. In 50%
acetone-water, spectral measurements over a range of
concentrations where appreciable dissociation can be seen
« 10"* M) give quite good values of equilibrium constants,
corresponding to 1:1 dimers. While errors in the
spectrophotoactric measurements of dissociation constants can be
very large when the fraction dissociated is small, the data we
now have on six dimer psirs would indicate the occurrence of 1:1
dlmers only*

Have you examined any porphyrin dlmers which were not tetra
substituted, since this could change the structure of the dimer?

We have only examined the tetra substituted species thus far.

1. What is the structure of the dimer?

2. Would the ZnP+ - CuP" and CuP+ - ZnP~ salts give the same
results?

1. The solid aggregates precipitate as finely-divided amorphous
materials. Despite much effort, using a variety of methods, we
have not succeeded in crystallizing any of them. One preparation
of P+CuP" did yield a vague powder pattern. I would assume, for
a starter, that the dimers In solution utilize the full four
peripheral charge centers to form essentially cofacial
structures. There is undoubtedly much water associated with
these, since we find 14-16 waters per dimer unit, even in the
solid aggregate. Dr. van Willigen's ESR measurements on the
copper-copper dimers in solution indicate that the copper centers
are not closer than 7 or 8 A. However, our magnetic
susceptibility measurements on the solid show very strong
copper-copper interactions, typical of much closer distances.
Evidently we need good crystals.

2. The ZnF** - CuP" and ZnP~ - CuF*" salts behave similarly.

What is the fluorescence yield in the free-base porphyrin dimers
*/

In the P+P" dimer, the fluorescence yield is about 20Z of that in
the respective monomers, and the emission is red-shifted by about
200 cm"1.
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SPHOt With r«sp«ct to the presumed cofacial structure of the porphyrin
dlaers, can one tell *nythins from the nature of the exdton
splitting?

LIllSCHITZt In F+P", the Sorct peak Is shifted about 500 at"1 to the blue,
from its position in the respective monomers. The true splitting
Is probably greater than this, since the dimer band is broadened
in both directions* I don't think we can conclude unambiguously
froa this alone that the diner is cofacial, since distances are
not known either. Suffice it to say that the complex is
extreaely stable, as shown directly by the measured dissociation
constants.

FAJEK: The metal to metal distance in the special pair of
bacteriochlorophylls in Jfc. viridis is 7 A* A similar partial
overlap of the two porphyrlns in your diner could explain the
optical shifts you observed and be consistent with the distances
estimated froa the magnetic interactions in the Cu-Cu diner.

L1MSCHXTZ: He certainly can't rule that out at this stage. However, I see
no strong reason why the interaction should not make maximum use
of the available ion-pair binding sites, which implies a more
fully cofacial structure. One of the main problems is the
orientation of the phenyl rings in the dimer.
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Applications of Photoinduced Electron Transfer and Hydrogen Abstraction Reactions
to Chemical and Electrochemical Conversion Processes

David G. WhUten
Department of Chemistry
University of Rochester

Rochester, New York 14627

This project has concentrated largely on two major areas. One of these in-
volves light-Induced redox reactions Involving dyes* metal complexes and amines.
The second has centered around host-guest Inclusion complexes formed between
various amylose (starch) derivatives and hydrophobic reagents, in the latter
Investigations we have examined both the ease and extent of complex formation
between various host-guest combinations as well as reactivity* primarily photo-
chemical, of reagents incorporated into these complexes.

Our studies of photoinduced redox reactions have as their starting point
the "classical" one-electron transfer quenching of an excited state of either
a donor or acceptor (eq. 1). This reaction, well studied by many, 1s usually

A* + D * AT + D* (1)
followed by energy wasting back electron transfer unless intervening scavenging
reagents are added. Our most recent work has involved donors and/or acceptors
which either undergo rapid unimolecular reaction or a tandem reaction with one-
another that in either case competes with or averts back electron transfer.
We found that donors such as amines form, upon one electron oxidation, radical
cations which are highly acidic. At the same time several ketones or dyes such
as thioindigo and related quinoid structures form, upon one electron reduction,
radical anions which are strong bases. For these donor-acceptor pairs an elec-
tron, proton transfer sequence (eqs. 2,3) leads to a neutral radical pair which

A* + :D-H *• AT, -0-H* (2)
Ar, 0-H* AH-, 'DH (3)

can lead subsequently to different products by a variety of paths (eqs. 4-7).
•AH, DH- • :AH", D+ (4)
•AH, DH- •• AH* + DH« (5)
2AH- f AH2 + A (6)
•AH, DH- > A + DH2 (7)

Our studies have shown that the relative importance of the various paths de-
pends upon donor and acceptor structure, redox potentials and solvent effects.
Using a variety of techniques we have made systematic investigations for dif-
ferent acceptor-dyes absorbing 1n the vesicle. If the sequence Involves eqs.
2-4 the net result Is a photochemical hydride transfer; we have recently ob-
served this reaction for several donor-acceptor pairs; key points we seek to
determine include (a) sources of inefficiency in such processes (b) rates of
the various steps and "concertedness" of the "hydride" transfer and (c) limits
on energy conversion possible by these routes.

We have recently designed and synthesized amines which can serve as electron
donors in these reactions but which offer the possibility of undergoing C-C bond
fragmentation in competition with deprotonation. Initial results have shown that
for a number of compounds capable of releasing relatively stable free radicals
such as Ph-CO- or Ph-HC(OH)- the C-C sigma bond cleavage can be the dominant
process occurring upon electron transfer oxidation of the amine. A major thrust
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of future Investigations will be to determine the actual rate constants for these
competitive processes as well as the relative importance of deprotonation and
fragmentation In different donors as a function of structure.

Recent studies of amylose Inclusion complexes with photoreactive molecules
have Included both unimolecular and bimolecular photoreactions of reactants In-
corporated Into the linear polysugars. Hydrophobic and surfactant tmxna (E)
stilbene derivatives form complexes in which the stilbene chromophore exhibits
enhanced fluorescence and reduced teems •*• oia isomerization efficiencies. We
have been able to synthesize compounds, based on the results of our initial
studies* which are completely incorporated into the amylose such that the flu-
orescence yield is unity and isomerization 1s completely Inhibited. We have
examined reactivity of the incorporated fluorescent stilbene towards quenchers
such as Iodide ion; although bimoiecular quenching constants are sharply reduced,
some bimolecular reactivity of the complexed excited state persists. We have
found that hydrophobic quenchers of non-incorporated substrates can also be used
with amylose to modify reactivity; with vioiogen derivatives we find that the
qutnchtr dication Incorporates weakly while the partially reduced monocations
complex more strongly. This results in selective retardation of back electron
transfer rates when viologen derivatives are used as excited state quencher-
oxidants in the presence of amylose or carboxymethylamylose.

We seek 1n future studies to explore more thoroughly bimolecular reactivity
in these complexes; in particular we will focus on the reactivity of chromophores
which can be fully Incorporated such as the stilbenes described above. We are
trying to Isolate crystalline complexes and determine precisely how reactive
chromophores are Incorporated and correlate this structure with different types
of modified photoreactivity. We have recently received several samples of
branched-chain amyloses which may provide an additional array of "guest" sites
for Inclusion complexes; study of complex formation with these materials, here-
tofore unexplored, is planned.

Publications
Y. Hui; J. C. Russell; D. G. Whitten "Host-Guest Interactions in Amylose Inclusion
Complexes: Photochemistry of Surfactant Stilbenes 1n Helical Cavities of Amylose"
J. Am. Chm. Soc, 1983, 105, 1374.
D. G. Whitten "Inorganic Photochemistry: Bioinorganic Aspects" J. Chm. Ed., 1983,
60t 867.
H. Inoue; K, Chandrasekaran; D. G. Whitten "Metalloporphyrin Sensitized Photoredox
Reactions: Mechanistic Studies on the Role of Axial Ligands on Photoreactivity"
J. Photoahm., in press.
K. S. Schanze; C. Giannotti; D. G. Whitten "Photoreduction of Thioindigo: Photo-
initiated Two-Electron Transfer within a Substrate-Quencher Pair" J. Am. Chem, Soc.
1983, 105, 6326.
B. R. Suddaby; R. N. Dominey; Y. Hui; D. G. Whitten "Photochemical Reactions in
Organized Assemblies 40. Amylose and Carboxymethylamylose Inclusion Complexes with
Photoreictive Molecules" Canadian J. Chm., in press.
P. E. Brown; T. MizutanU J. C. Russell; B, R. Suddaby; D. G. Whitten "The Stilbene
Probt. Photochemical and Thermal Reactions of Hydrophobic and Surfactant Stilbenes
In Microneterogeneous Media" ACS Symposium Series, in press.
0. G. Whitten; K. S. Schanze; L. Lee; C. Giannotti "Light Driven One- and Two-Electron
Transfer Reactions of Dyes and Amines as Mechanisms for Net Chemical Photoconversion"
submitted for publication.
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DISCUSSION

WASIELEWSKI: 1. Have you tried eo cleave compounds lacking the C • 0 or
>CH-0H (e.g. >CH2) *« the compound

X

WHITEN:

I I
CH — CH

2. Can you make the cleavage more competitive over deprotonation
by changing the

2 *^2

C —CH — 4 to a

CH3

1. We have not tried such cleavages yet: Griffin has suggested
that electron-transfer quenching of much stronger (UV-actlvated)
acceptor excited states by diphenylethanes leads to cleavage to a
benzyl radical and benzyl cations*

2. W« originally anticipated that C-C cleavage might not be
competitive with deprotonation so we planned to look at systems
with the structure,

NR2

— C

CH3

However, these are much bore difficult to prepare by simple
routes so we tried the

NR2

C _ *

I
compounds and they work* We are planning to look at systems
where deprotonation Is not possible*
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FOX:

WHITTEN:

L. Direct analogy to ar-amine deproconatlon Is loss of a
carbocation. Would It b* possible to cleave stabilized cations
(by C-C cleavage of amine radical cations)? Would you have been
able to distinguish cation from radical cleavage?

2. Could the absence of a stable radical from the acetyl indigo
have been caused by conformational distortion to a dianion
(foroed by two-electron reduction) which would have been rapidly
protonated twice?

1. Probably, in our system with

0
I

R - * — C —

the corresponding cation should not be very stable and the spin
traps should be able to differentiate between the two species
unless rapid electron transfer (R+ + i • R») gives, subsequently
the radicals. With

R - • —CH —

OH

carbocation formation might be more likely. We are looking at
some compounds

R - + — CH —

OR

where it is a definite possibility.

2. I don't think so. That should show up in the
electro-chemistry and the acetyl-lndigo and thio-indigo have
almost Identical electro-chemical behavior.

WRIGHTON: 1.'Under what conditions is the N-benzyldihydropyridine a
"reversible" system?

2. In HjO, can Cn* M-Bz-pyridinium cation be electrochemlcally
reduced to the dlhydro neutral specie*?

WHITTEN: 1. As far as we know the N-benzyldihydronicotinamide should be
reversible whenever strong enough donors are available. The
oxidised product,

SCONH2
is stable to the usual hydrolysis which irreversibly destroys
imlnlum ions*

2. Yes.



ELECTRON TRANSFER REACTIONS OF VESICLE-BOUND VIOLOGENS

Janes K. Hurst

Departaent of Cheaical, Biological, and Enviromentai Sciences
Oregon Graduate Center

feaverton, Oregon 97006-1999

Scope and Background. Experimental evidence for transmembrane oxidation-
reduction across small un1lamellar vesicles has been obtained from studies in
several laboratories. In each Instance the redox partners are thought to be
bound in the Interfadal regions of the opposite vesicle surfaces, comprising
separation distances of, nominally. 40-50 A. The mechanisms by which these
very long-range processes occur Is not yet understood; both electron tunneling
and transverse diffusion of reactants through the hydrocarbon barrier have
been advanced as explanations for net redox in various systems. A potential
complication not recognized in the early work 1s that excitation of vesicle-
bound photosensitizers can in some circumstances lead to mixing of Initially
compartmented reactants in asymmetrically organized vesicles.

An objective of our research 1s to devise simple vesicular assemblies
exhibiting transmembrane redox for which wide variation in system parameters
1s possible and, consequently, which will be useful in identifying the domi-
nant factors controlling reactivity. In our initial experiments, we made use
of amphiphilic 4-alkylpyr1d1nepentaammineruthenium(III) ions, which bound
strongly to egg lecithin liposomes when the alkyl chain exceeded twelve carbon
atoms in length. We observed biphasic reduction upon addition of external
reductants; from the kinetic parameters and reaction stoichiometries measured
we concluded that the slow step arises from transmembrane reduction of the
Ru(II) complex bound to the inner surface. Because no evidence of transverse
diffusion of reaction components could be found on the reaction timescale, we
also provisionally concluded that the slow step measures rate limiting trans-
membrane electron exchange between the surface-bound Ru(I I/III) ions. An
unusual feature of these reactions 1s their low temperature dependence, a
phenomenon which suggests that the ultimate donor and acceptor centers are
only very weakly vibronically coupled.

A second vesicle-based redox system exhibiting apparent transmembrane
electron exchange that 1s+being studied makes use of DHP-bound 4-a1kyl-4*-
methylbipyridinium (CnMV

a+) ions. Indirect evidence suggesting that trans-
membrane electron exchange occurs between the CnMV**'* ions was obtained from
photoredox studies using (5,lO,l5-20-tetrakis(4-su1fonatophenyl)porph1nato
zinc(II) (ZnTPPS*-) as sensitizer. Photoexcitation in the presence of
sacrificial donors gives rise to Immediate formation of the one-electron
reduced alkyl viologen. If Fe(CN) J" 1s occluded within the vesicle, with
ZnTPPS*" in the external solution, a pronounced lag period occurs before
viologen radical Ions accumulate. The magnitude of the lag corresponds to the
time required to generate a quantity of viologen radicals sufficient to
completely reduce the Fe(CN) » Ions. If viologen is only externally bound,
with Fe(CN) «" In the internal aqueous phase, no lag is observed in viologen
radical formation, Indicating that the ion must be bound to both surfaces for
transmembrane redox to occur. Because the photosensitizer is not vesicle-
bound, photostimulated diffusion does not occur in these systems.
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Recent Hesults. In recent months, we have focused our attention upon the
redox behavior of the vioTogen-DHP assemblies. To this end, we have synthe-
sized a series of CnMV2* salts whose alkyl chain length varies from n - 6-20.
Each of these ions binds strongly to the anionic vesicles in aqueous media.
Initial stopped flow kinetic studies indicated that addition of dithionite Ion
to vesicles containing viologen bound to both surfaces gives biphasic behavior
in a manner analogous to that previously seen for phospholipid liposome-bound
(NH,}9Ru-4-alky1pyridine** ions, provided that the alkyl chain exceeds a
critical length of about ten carbon atoms. Furthermore, the rate constant for
reduction of viologen bound to the outer vesicle surface is markedly dependent
upon the chain length, decreasing abruptly by several orders of magnitude at
the point of initiation of biphasic reduction. These results suggest that the
longer chain compounds are bound more deeply within the hydrocarbon layer, and
that transmembrane redox can only occur from this more deeply bound state.

More detailed studies of S30«
a~ ion reduction of externally bound violo-

gens over a wider range of variation of reactant composition has revealed
greater kinetic complexity than previously thought. Specifically, there are
at least two bound species whose relative proportions vary with the extent of
vesicle loading in a manner that suggests a distribution between monomer1c and
aggregated forms. TUe more slowly reacting monomer reacts with S0a" ton,
whereas the aggregates are reduced by S30<,

3~ ion. Since an understanding of
the binding behavior of the viologen is crucial to interpretation of the
apparent transmembrane redox step, we have undertaken additional studies of
the initial reduction step using other reductants. The ZnTPPS*" triplet and
Co(CN)*- ions both exhibit kinetic behavior that parallels reduction by
dithionite ion. Reduction rates decrease markedly with Increasing viologen
alkyl chain length; formation of aggregates at higher vesicle loading is
particularly evident in the reactions of the photoexcited ZnTPPS*' ion, which
samples the more reactive sites present in the particles.

Future Studies. Structural information regarding the topographic
organization of the vesicle-bound reactants will be sought. Equilibrium
transmembrane separation distances of the lecithin-bound ruthenium amphiphiles
will be determined using x-ray scattering methods (in collaboration with
Hoi 11s Hickman at Oregon State University). The prospect of using Larry
Kevan's ESEM methods to determine the depth of penetration of viologen
radicals into the bilayer Interface has been discussed, and we hope to
Initiate these studies shortly. The character of transmembrane redox in the
ruthenium-lecithin and, pending the outcome of studies currently In progress,
the viologen-DHP vesicles will be investigated more thoroughly. Particular
attention will be paid to the effects of barrier width and fluidity, tempera-
ture, reaction free energies and introduction of ir-deloca11zed sites upon
reaction rates. The possibility of using Cu(I) ir-complexes, including Cu(I)-
hepe binuclear ions, In two-photon excitation schemes to enhance transmembrane
redox rate will be explored. The rationale for these studies derives from our
earlier observations that photoexcitation of Cu(I) -• olefinU*) optical bands
can lead to efficient charge transfer to acceptor sites located within a
proximity of about 10 A. Finally, a molecular basis for understanding the
phenomenon of transmembrane diffusion stimulated by bound photoexcited dyes
will be sought using a variety of cationfc, anionic and zwitterionic vesicles.
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WASIELBHSKI:

HURST:

FBLDBER6:

HURST:

TOLLIN:

HURST:

DISCUSSION

Do you see any lnterpretable changes In transaeabrane electron
transfer rate as the length of the alkyl tail on HV*" is
changed? Can these kinetics be separated froa those of the
surface HV3** reduction?

When the alkyl chain length exceeds 12 carbons, a very slow
(ti/2 " 20 seconds) viologen radical formation step is seen
in DHF vesicles loaded on both surfaces that is not seen when
viologen Is only externally bound. There are two concurrent
pathways for reaction of the externally bound viologen with
external reductants, however, one of which is only several-fold
faster than the one we tentatively ascribe to transaeabrane
redox* Correspondingly, quantitative analysis of this step
requires that the kinetics of reduction on the outer surface
first be understood. Now that this has been done, we are turning
our attentions to analysing the "transaeabrane" step. When the
alkyl chain is less than 12 carbons, only one pathway for
reduction of external viologen exists, and no slow step
assignable to transmeabrane redox is seen.

Years ago people varied the thickness of planar liquid bilayers
by varying lipid tail lengths. Can you play the saae gaae? The
assumption that a bilayer is a uniform non-varying slab of
dielectric is probably an oversimplification (see subsequent
coaaent of Cordon Tollin)»

One of our reasons for choosing DHP as the detergent for study is
that chealcal synthesis of analogs with widely varying
hydrocarbon tails is relatively easy, so that these types of
aeasureaents can be aade.

With regard to the calculation of tunneling rates, it is probably
not correct to think of vesicle systems in terms of fixed
distances between rigidly oriented molecules. Rather these are
probably highly dynamic systems with a fair amount of
heterogeneity with respect to location and orientation of
aolecules within the bilayer. For example, we always find a
sizable population of chlorophyll molecules which are
inaccessible to quenching by external quenchers. These could
well serve as bridging aolecules for transbilayer electron
transfer processes involving electron hopping.

X agree. The point of ay introductory comments was to illustrate
the lnappropriateness of assuming that the transfer distance
corresponds to the bilayer width. In this context, it is
interesting that conceptual models developed for understanding
transaeabrane diffusion of lipophilic ions and ionophoric
coaplexes place the potential minima for these ions within the
hydrocarbon layer, not in the lnterfacial planes.
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MILLER:

HURST:

FENDLER:

HURST:

KOSTIC:

HURST:

You added an [MV2*] 2 term to account for quenching of the
lifetime of the sloe porphyrln triplet* Were those single
experimental decays? What Is the mechanism for the squared term?

The decay curves were single-exponential to at least four
half-lives* We believe that the squared term arises from either
dlaer formation of the DBF-bound vlologen or from proximity
effects that place the vlologens at adjacent sites in the highly
loaded particles. Strong electrostatic repulsion restricts
encounter between the ZnTPPS1*" triplet and vesicles, but will be
less severe on regions of the surface in the vicinity of two
bound vlologens* Correspondingly, reactivity should be favored
at these sites.
Other explanations that might account for the deviations from
simple Stern behavior (solution phase quenching, exclmer
formation) seem less likely based upon the properties of the
system, i.e. high surface charge, strong allcyl viologen bonding
and large quantum yield for net viologen radical formation.

There is also the possibility of the vlologen flip-flopping
(moving from the outside to the inside or vice versa). For
viologens in DHP it can be on the order of minutes to hours.
Have you considered this for intravesicular e-transfer?

If you accept the premise that the very slow step seen with
S2°i*2~ reduction measures transmembrane redox. then the kinetics
show that no transaembrane diffusion of CnMV2'*"'+ ions occurs
from outside to inside over a period of several days under the
experimental conditions* We cannot say anything about a
mechanism involving a flip-flop transposition of viologens when
initially bound to both surfaces, however. The studies using
different vlologens on opposite sides of the vesicle (see
response #2 to Whitten) are designed in part to test this point.

How do you measure the rate of slow transmembrane electron
exchange in the system containing A5Ru(4-alkylpyridlne) *•" on both
sides of the bilayer?

Sufficient reductant is added externally to reduce all of the
vesicle-bound complex. Formation of Ru(II) is monitored; the
reaction is blphasic* The slow step is first-order, Independent
of the identity and concentration of the added reductant* The
amplitudes of the two steps also correspond to the relative inner
and outer surface areas of the vesicle* If the Ru(III) ion is
added to just the outer vesicle surface, then only the fast step
is observed. This behavior is consistent with the slow step
being transmembrane redox. The assignment of this process to
electron exchange rests on independent kinetic studies
demonstrating that transmembrane diffusion of the Ru(II) and
Ru(III) ions are too slow to account for the transmembrane redox
rate. Details are given in Lee & Hurst, J. Am. Chen. Soc. (1984)
106, 7411-8.
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OTTOS: I can't see how an Increasing chain length on the viologen (a£t«c
• or 8 carbon atoms) can pull the hydrophilic head group further
and further Into the llpid layer. X can see how the energy of
Interaction increase* the binding energy, however.

HOMT: This is our interpretation of the rate behavior, which is
demonstrated for all three anionic reductants used* As the DHP
vesicle surface is also anionic, increasing repulsive interaction
with approaching reductant would be anticipated for viologens
that are increasingly less accessible* Independent structural
evidence to test this point is presently being sought*

(Comment added in proof:} You correctly infer that other
mechanisms are possible* For example, each pathway could be
described by a model wherein viologens bind to the vesicle
surface in two states that are in rapid equilibrium., e.g.,
surface localised and Intercalated within the bllayer. Assuming
the kinetics of reduction are different for each state, the
overall rate would be dependent upon the equilibriua distribution
of bound viologen, which should vary systematically with length
of the alkyl tail.

WHITTEN: 1. At what levels (vlologen/DHP) do you see (or eliminate)
viologen association?

2* Have you considered using mixtures of viologens at various
concentration levels?

HURST: 1. Reduction of highly loaded vesicles (DHP/CnMV
2+ £ 20/1)

gives some formation of the aggregated viologen radical, as
determined from the absorption spectrum, although the predominant
form remains monomeric. Koughly the same concentration level
also gives substantial contribution from the third-order kinetic
constant in oxldatlve quenching of the ZnTPPS1*"" triplet ion by
CnKV2+-DHP. Under the conditions of the chemical kinetic
experiments (DHP/CnKV2*_> 100), no evidence of aggregation,
kinetic or spectral, is Tound.

2. He are presently attempting to prepare DUP vesicles containing
dlvlologens. The spectra of the radical cations of these species
arc different from those of monomerlc species. The system will
allow us in a single experiment to identify unambiguously
transmembrane redox and to establish whether or not it is carried
by transmembrane viologen diffusion*

LINSCHITZ: Can you rule out complications due to vesicle-vesicle
interactions?

HUR3T: We have no evidence for association. In particular, it isn't
evident from the concentration dependence of hydrodynamic sices
measured by quasielastic light scattering* The DHP vesicles are
highly negatively charged, so that charge repulsion should
prevent aggregation, especially since we use low ionic strength
media (I - 0.05 M ) .

46



TOLLIN; With regard to John Otvoa' comment, we have alao looked at a
aeries of alkyl vlologens of varying chain lengths with respect
to their ability to quench chlorophyll triplets in PC bllaysrs
and to transfer the electrons to an external acceptor. We also
see a chain length dependence, but this is largely completed by
n • 5 or 6.

HURST! I don't think you should expect parallel behavior with respect to
chain length. For example, the surface charges of the vesicles
are entirely different, as Is the reaction topology.
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• PHOTOCHEMICAL SOUK ENERGY CONVERSION IN POLYMERIZED SURFACTANT AGGREGATES

Janos H. Fendler

Department of Chemistry, Clarkson University, Potsdam, NY 13676

Soope. Surfactant vesicle and polymerized surfactant vesicle entrapped
catalyst coated colloidal semiconductors continue to be utilized in
photosensitized sacrificial water reductions. Surfactant vesicles act as
compartments for the in situ generation of small, uniform and monodispersed
colloidal semiconductors. They also stabilize colloidal semiconductors and
provide needed potentials for retarding undesirable electron - hole
recombinations. The central issue of our research program is the optimization
of the required parameters for sacrificial photosensitized water reductions
which leads to the development of completely cyclic water splitting systems.

Recent Results. Colloidal cadmium sulfide particles generated in situ in
negatively charged dihexadecylphosphate (DHP) surfactant vesicles continue to
be used for the optimization of sacrificial photosensitized hydrogen
generating systems. The sizes of the colloidal semiconductor particles and
their efficiencies for hydrogen generation were found to depend critically
upon the amount and mode of hydrogen sulfide addition. Systematic
investigations have revealed the need for careful control of experimental
conditions. Different conditions led to the production of semiconductor
particles with different band gaps and electron transfer efficiencies.

Efforts have focussed on finding an electron donor more efficient than
thiophenol. The oxidation product of thiophenol, PhSSPh, was shown to destroy
surfactant vesicles. A thiol containing surfactant, ^n"cisH3i'2
N (CH-JCHLCH-SH, Br~ (RSH), has been synthesized to serve both as a host for
semiconductors and as an electron donor. Advantage has been taken of the
oxidation reduction properties (RSH ^•"=sd> RSSR) of the surfactant.
Photoexcitation of rhodium coated CdS particled led to the formation of
hydrogen and to the simultaneous oxidation of the surfactant. The oxidized
surfactant, RSSR, could be chemically reduced and be utilized for additional
hydrogen generation. Although this approach is advantageous, the low yields
of photosensitized hydrogen formation has detracted from the utility of thiol
functionalized surfactant vesicles.

More efficient hydrogen formation was realized in cationic polymerized
vesicles prepared from a surfactant containing a polymerizable styrene
moiety: [n-C15H31CO2(CH2)2]N [CH3][CH2C6H4CH=CH2], Cl" U ). Band gap
excitation of rnoalum coated CdS in JL vesicles, in the presence of 1%
benzylalcohol, lead to 200 Mmol/h (4.5 ml/h) of hydrogen production:



C6TA

Inside OuUitft

Under these conditions, the overall quantum yield of hydrogen generation at
400 nm was 10%. Consumption of up to 50% benzylalcohol was obtained,
corresponding to turnover numbers of 470 and 2380 electrons per CdS molecule
and Rh atom, respectively.

Future Plans. The recent results indicate the need for obtaining an
understanding of the parameters which influence the optimization of
polymerized surfactant vesicle entrapped semiconductors for artificial
photosynthesis. We will be examining the relationship between the sizes of
colloidal semiconductors {cadmium and zinc sulfide and their mixtures) and the
efficiencies of photosensitized electron transfer processes. A large variety
of conditions will be used for the in situ generation of colloidal catalyst
coated semiconductors. The amount of reagents added, the temperature, the pH,
and the incubation time will be all carefully controlled. Sizes of vesicles
will be determined by light scattering. Only those vesicles will be used
whose sizes are not appreciably affected by the incorporation of
semiconductors. Nanosecond laser flash photolysis will be utilized for
monitoring the kinetics of electron transfer to and from photosensitized
semiconductors. Absorption and emission spectra will provide information on
band gaps and on electron - hole recomination efficiencies. Emphasis will be
placed on achieving morphology control by constructing surface clefts on
vesicles. These will, in turn, act as hosts for the catalyst coated
semiconductors and will facilitate charge separation and hydrogen generation.
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WASLIELEWSKI:

PENDLER:

WRIGBTON:

FENDLBR:

SPREER:

FBNDLER:

SOHORJAI:

DISCUSSION

I disagree with your interpretation that the high yield of
PhCHjOH • PhCBO is due to the hydrophobicity of PhCH^H. I think
that the high yield is due to the fact that the oxidation
mechanism of PhCH^OH involves much lower energy intermediates
than those involved in oxidizing a saturated R-CH4OH.

You may be right. We have not systematically varied the nature
of the electron donor or studied the mechanism in detail (see
also response to Henry Linschitz).

In the long run how do you propose to avoid back reaction of 0 2

and H 2 when you actually get to the water splitting process?

The dream is to arrange 2 sets of semiconductors on the opposite
sides of the bilayer. One capable of water reduction, the other
of water oxldztion. If needed these semiconductors could be
connected by a molecular wire. The bilayer could be flattened
(BLM). In this case 0 2 and H2 could be bubbled-off from the two
halves of a container separated by the BCM. This would not, of
course, provide as high a surface area as that provideed by the
dispersed vesicular systems. Separation of H2 and 0 2 is less
straightforward in the vesicles. One has to balance the
advantages and disadvantages of the two systems. In any event
there are lots of basic problems which need to be solved prior to
the construction of a cyclic water splitting apparatus.

Your cartoons implied a CdS particle of roughly 20-50 A
diameter. Is this correct? Also do the CdS particles extend
through the bilayer?

Spectroscopic (fluorescence and absorption) and quantitative
experiments in the differently organised systems indicate that
CdS is partially in the bilayer and that its diameter is
50±30 A. Although we have some EH data we have not quantified
the precise morphology of these systems.

The combination of metal-semiconductor and surfactant polymer
particles appears to be a fascinating photocatalytic system. It
is difficult however, to measure rates quantitative when using
such a colloid system. How do you measure the illuminated area
to compute the number of product molecules per illuminated
surface site per second?
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FENDLSR:

FRANK:

FENDLER:

LINSCHITZ:

FENDLER:

STHUVE:

FENDLER:

Quantum yields were aeasured with 400 na aonochroaatic light
(Oriel Interference filter having transaittance of 0.45 at 400 na
and a full bandpath of 5 na at half aaximua power). The light
power transmitted by the filter was 35±2 an, aeasured with a
Scientec power aeter, and checked with an Eppley theraopile
(Model EG) equipped with a calibrated Dig!tec aeter. Good
agreeaent was found between the two meters* The fraction of
light absorbed by CdS was determined froa the absorption spectra,
the depth of the saaple being 4.5 cm. The total absorbance, due
to vesicle scattering and CdS absorption was ca. 2. The absorbed
light was aeasured behind this cell.

I would like to comment on the point raised by Prof* Wrighton
regarding the low efficiency due to recombination when H 2 and 0 2

are generated in close proximity on the surface of semiconducting
particles* Prof. Gra*t*\>l has reported that the problem Is
alleviated somewhat whet, the semiconducting particles are
illuminated at the temperature where water boils* In such a
casei H2 and 0 2 are purged from solution before they have a
chance to recombine on the surface of the particles and in the
bulk solution*

We found a rather pronounced temperature dependence in the H2

formation efficiency in the sacrificial H 2 generating system.
40 *C appeared to be optimal.

Would you venture to enumerate the possible sources of
inefficiency in your systems? In particular, wculd the striking
improvement seen using benzyl alcohol indicate that s>, major loss
involves the supply of sacrificial donor to the catalyst surface?

The sacrificial donor provides electrons to the photogenerated
holes of the semiconductor, entrapped in the vesicles. The donor
has to have good contact with the hole for efficient transfer and
the product, PhCHO, has to be removed from the semiconductor.
Also the vesicle-semiconductor system has to remain stable in the
presence of the donor and its oxidized product. These
requirements demand a donor which has the desired (a) reaction
potential, (b) hydrophobic-hydrophilic balance, (c) appropriate
charges and chemical properties which does not Interfere with the
stability of the vesicle, and (d) appropriate transport
properties. To date benzyl alcohol appears to fit these
requirements the best.

Could you give some details on the preparation of the dye covered
semiconductor and its morphology?

These have been published, see J. Am. Chem. Soc. 106, 7359
(1984), J. Phys. Chem. 89_, 533 (1985).
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Photochemistry of Chlorophyll in a Particulate Model System

G. R. Seely

Battelie-C.F. Kettering Research Laboratory
Yellow Springs, Ohio 45387

The model system under Investigation is based on chlorophyll and other amphiphiies
adsorbed to particles of polyethylene which have been swollen with hydrocarbon
diluents. The rationale for this system rests on the presumption that in
the photosynthettc apparatus, attachment of chlorophylls to proteins effectively
immobilizes them and spaces them so as to prevent quenching of photochemically
reactive singlet excited states until the energy reaches the reaction center.
It Is hoped that the viscous, swollen polymer matrix, and the ligating amphiphiles
adsorbed along with the chlorophyll, will perform the same functions in the
model system and permit study of singlet excited state reactions of chlorophyll
there. The model system 1s completed by suspending the hydrocarbon particles
with chlorophyll on them in a buffered aqueous medium, and adding oxidants,
reductants, and other substances as required.

In a photochemically functioning model, we expect to see electrons pumped
from one phase {hydrocarbon particle or aqueous suspending medium) to the
other, in reactions energized by the singlet excited state of chlorophyll.
Our present efforts are directed toward mimicking Photosystem II, in which
electrons are pumped from an aqueous phase into the plastoquinone pool of
the membrane. As in photosynthesis, we anticipate that electrons must be
passed through series of acceptors and donors built into the model in order
to achieve efficient charge separation. Conceptually, oxidants can be regarded
as primary, secondary, or ultimate acceptors analogously to those of green
plant Photosystem II. Primary acceptors, in our dispensation, are amphiphiles
which have basic groups that can ligate the Mg of chlorophyll, and also reducible
groups of low potential such as amino quinone or nitropheny] residues. They
quench the fluorescence of chlorophyll bound to them, presumably forming
radical-Ion pairs. In a properly functioning system, a secondary acceptor
would be one which is attracted to the particle surface in its oxidized state
but repelled from the surface when reduced. It does not bind to chlorophyll,
but Is present at the surface to reoxidize the reduced primary acceptor.
An alkylated dye, dodecylated neutral red, was tested in this capacity but
It aggregates too much to be promising. An ultimate acceptor is ideally
one which 1s soluble in the Interior of the particle in both Its reduced
and oxidized states, and is repelled from the surface. The photosynthetic
quinones of green plants and bacteria are exemplary, but less highly alkylated
quinones and nitro compounds should serve also. The ultimate acceptor is
reduced by the secondary acceptor in the interior of the particle. Similar
distinctions can be made among reductants, where a secondary donor would
be one which transports a "hole" from the particle surface into the aqueous
phase.

At present, we are examining a system which embodies some of this concepts.
Chlorophyll a is adsorbed to the particle surface with N,N-d1methylmyr1stamide,
a good 11garni" for Mg, and with N-(3-capramidopropyl) aminobenzoquinone, a
primary acceptor which quencher chlorophyll fluorescence. The ultimate (and
secondary) acceptor Is p-dinitrobenzene, and the reductant Is hydrazobenzene.
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Progress of the photoreduction can be followed by the Increase in azobenzene
and reduction product bands in the ultraviolet region* and the reaction is
vigorous even when particles are used in which chlorophyll fluorescence is
largely quenched. Present estimates of the quantum yield for dinitrobenzene
reduction are around 6%, which is not bad if the reaction Is Indeed initiated
by singlet excited chlorophyll. The current state of our investigation of
this reaction will be discussed.
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SEELY:

WASIELEWSKI:

SEELY:

DISCUSSION

What are the ligands of the Chi _a nagnesiua? Do you think that
there Is any ligand exchange during the irradiation and/or
subsequent redox reactions?

Chlorophyll oust be ligated through Mg to the amide carbonyl of
at least one surfactant aolecule. The sixth position of Mg is
probably occupied by water. The association of
4-nitro-hydrazobenzene with chlorophyll does not seem to disrupt
the manner of ligation of the Wfe, and is probably of a n-complex
nature, as is known for chlorophyll and certain other molecules,
but not expected for this one.

In the presence of the myriad redox reactions occurring in your
system does the Chi a_ survive with its ring V functionality
intact? The small Chi £ spectral changes that you see could be
Interpreted as a due to a variety of Chi a_ alteration products.
Did you try to use pyroChl ji in your system? This molecule could
help to sort out these spectral changes.

We are indeed concerned with the integrity of chlorophyll and
other sensitizing pigments such as porphyrin. From the
appearance of the spectrum, chlorophyll is remarkably well
preserved through most sensitized redox reactions. The case
illustrated (reduction of 4-nitroazobenzene to
4-nitrohydrazobenzene) is an exception. We have no immediate
explanation for the small loss of chlorophyll absorption near the
beginning of the reaction. There is no other indication (e.g.,
increase or displacement of the Soret band) that the pigment has
changed its chemical nature, and though that is possible, it is
not likely* Sometimes small changes in the red band suggest a
change in the state of aggregation or association of chlorophyll
during a reaction, and that seems to be the case with
4-nitrohydrazobenzene•

Sometimes changes do occur in the spectra of photosensitizing
pigments, the most common being the loss of Mg from chlorophyll,
forming pheophytin. He do not usually spend much time on these
reactions*

We have not as yet used pyrochlorophyll, but its use would indeed
clarify questions concerning the integrity of ring V. On the
whole, chlorophyll appears much more stable in these systems than
we have any right to expect.
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How do the quantum yields obtained with theae participates
compare with those found for the same sensitized redox systems in
homogeneous solution?

Quantum yields for nitro compound reduction in the particulate
system are about one-fifth those we reported for the saae
compounds in polar organic solvents. (N.B.: previously reported
values were bated on azobenzene production, present ones are
based on phenylhydroxylamine production, and are therefore
smaller by a factor of 2.) In both systems the reduction of
p-dinitrobenzene is most probably a triplet chlorophyll
sensitized reaction, limited in the particulate system by
inefficiency of triplet state production or by separation of
products* Greater interest attaches to those reactions which
appear inaccessible to triplet state sensitlzation, such as the
reduction of o-nitroaniline, p-nitrophenylhydroxylanlne, and
4-nitrohydrazobenzene•

Does the photochemistry of nitrobenzenes and hydrazobenzene in
homogeneous solution involve ground state (C7) complexes?

So far as we could determine, they did not. We did report
evidence of a charge-transfer complex between p-dinitrobenzene
and hydrazobenzene in nitromethane, but only at higher
concentrations than normally used in photochemical reactions.

Why do you use an aminobenzoquinone as the primary electron
acceptor? If the Chi a_ and quinone are very close, reactions
leading from lAChl ji would have a much higher yield of ions if
the driving force o? the reaction ^Chl + Q •• Chl+ + Q~ were
somewhat larger than that available using the aminobenzoquinone.

We wish to conserve as much energy as possible in the early
electron transfer steps. The aminoquinone surfactants we have
used quench chlorophyll fluorescence effectively, and I believe
they are quite suitable for the purpose. At present I believe
the bottleneck in the reaction sequence is removal of the
electron from the Chl+ Q~ ion pair and we hope to achieve that
through stronger coupling to secondary oxidants.
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Effect* of Molecular Organization on the Photophysical Behavior
of Chlorophyll Pigments in Lipid Monolayers

L.K« Patterson, J.-P. Chauvet and M. Agrawal

Radiation Laboratory and Department of Chemistry
University of Notre Dane

Notre Dame, Indiana 46556

The photophysical behavior of chlorophyll a^(Chla) and chlorophyll Jb
(Chlb) has been investigated in spread monolayers of lipid at the
nitrogen-water interface* Effects of both pigment concentration, nature
of the lipid host mediua and organisation on fluorescence lifetime as
well as fluorescence yield of chlorophyll have been measured.

Both pigments in dioleyllecithin (DOL) exhibit unstructured
emission bands with maxima at 678 nm and 661 m> for Chla and Chlb
respectively. These results indicate that the monomer is the
predominant fluorescent form of each pigment. In each case the
excitation spectrum was shifted to the red relative to the corresponding
spectrum in benzene. Single exponential decay was observed from
lifetime measurements of Chla while some evidence for biexponential
decay was found in Chlb. At concentrations of
~ 1C-12 molecules/cm2 of Chla, a lifetime of 4.3 nsec was observed; this
decreased to 1*0 nsec at concentrations ~ 10 1 3 m/cm . The long compo-
nent lifetime of Chlb decreased in the same concentration range from
3.5 nsec to 1.8 nsec.

Plots of both fluorescence intensities and lifetimes normalized to
values obtained at infinite dilution have been compared. They coincide
quite closely for Chla with a half-quenching concentration value for
both types of data of 4.9 x 10 1 2 Chla molecules/cm2. These data indi-
cate the dominance of dynamic quenching for the Chla-DOL system; they
may be interpreted in terms of the well established concentration
quenching behavior for this pigment* We have observed a different
concentration dependence for the reduction of fluorescence and intensity
in Chlb. The half-quenching concentration for lifetime data is three
times higher than for the intensity data. These results suggest
involvement of a more complex mechanism for self-quenching in Chlb.

Fluorescence lifetimes and intensities of Chla have also been mea-
sured in an analogous dipalmitoyllecithln (DPL) system. Significant
decreases in the fluorescence parameters of the pigment are observed as
the system is compressed from the liquid - expanded to the liquid-
condensed phase. Further changes are observed on compression from the
liquid -condensed to solid -condensed phase. While only one phase is
involved in the DOL monolayer studies, the behavior of the self-
quenchlng data in DPL suggest marked sensitivity to the structure of the
lipid phase.
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DISCUSSION

CONNOLLY: I realise that these are not easy experiments to do, and so I
don't want my question to be taken as a criticism: Are you able
to measure the fluorescence spectra ad well as the lifetimes as
functions of surface compression? Also can you rule out that the
1 ns component seen In the DPL monolayers arises from a different
spectral component?

PATTERSON: Yes, we may measure the spectrum at any surface pressure provided
the monolayer Is stable over the period of such measurement; such
criteria are met for 11pld-chlorophyll systems• The observation
of the second component in Chi a-OPL was made with the lifetime
apparatus just prior to this conference* The spectral
information which will provide the answer to this question is
being gathered.

TOLLIN: What do you think is the quenching mechanism in the condensed
phase of the DPL layers?

PATTERSON: We have not gathered sufficient data to provide a definitive
answer to that question* One may speculate that some
sequestering of the chlorophyll in the liquid condensed domains
occurs* This would bring Chi a_ molecules into close proximity
and could facilitate aggregation into non-fluorescent species*
However, as noted on the last slide, further compression into the
solid condensed phase gives rise to a short-lived fluorescent
component which complicates the picture.

FELDBERG: Do you see any hysteresis associated with the phase changes you
propose?

PATTERSON: Should the compression be carried out under nonreversable
conditions, i.e. too rapidly, considerable hysteresis can be
observed* If. however, the compression takes place slowly, so
that the system is not relaxing when the motion of the barrier is
Interrupted, then hysteresis is minimized.

FAYER: A few years ago we studied fluorescence quenching by formation of
dlmers In concentrated solution of dye molecules. We found that
the process involves excitation transport, trapping and then
radiationleas relaxation by the dimer. Is this consistent with
your experiments?

PATTERSON: In part yes and in part no. Chi £ quenching indeed proceeds by a
second order dependence on chlorophyll concentration although the
mechanism, which might involve electron transfer, is not clear*
For chlorophyll B the concentration dependence is not second
order* Also in the compressed liquid phase for PDL the viscosity
should be higher yet the quenching unlike the behavior of your
systems is greater*
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FENOLER: Can you assess domain formation by studying monomer-exclmer
dynamics in monolayers. Presumably by judicious adjustment of an
appropriate probe this information is obtainable* Similar
studies have been made in vesicles.

PATTERSON: One say detcmlnc diffusion constants in monolayers from exiaer
formation as we have reported using pyrene labeled lipids.
Should there be domains of two coexistent phases, one would
expect that to be reflected in the excimer formation, presumably
by two components in fluorescence lifetime data.
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Ifcotophpalcal ami Smectroaeopic Stodl«s of Covalently Linked
Borphyrla-Qiiiaoa*. Molecules

John S* Connolly, Kenneth L. Hersh end Douglas R. Cook
Photoconversion Research Branch
Solar Energy Research Institute

Golden, Colorado 80401

James R. Bolton, Alan R. Mclntosh, Aleksander Sieaiarc2uk,
Te-Fu Ho and Alan C. Heedon

Photochemistry Unit, Department of Chemistry
The University of Western Ontario

London, Ontario N6A 5B7

As part of a continuing investigation of light-induced Intramolecular
electron transfer, we have carried out parallel photophysical and BPR
spectroscopic studies of porphyrin triplet states in a series of meso-
tetratolylporphyrins (TTP) to which certain molecular moieties have been
attached via diamide linkages, the two amides being separated by n methylene
groups (n * 2,3,4). The attached end groups Include nethyl-jv-benzoquinone and
the corresponding hydroquinone and diaethoxybenzene; we designate these
systems as PAnAQ, PAnA(QHo) and PAnA(DHB), respectively. Comparisons were
made against TTP itself and its aonocarboxylic acid (TTPa).

Over the range of 80-110 K in 2-methyltetrahydrofuran (mTHF), laser flash
photolysis experiments with time-resolved optical detection reveal decay
kinetics for the linked molecules which reflect the existence of two distinct
porphyrin environments. This is consistent with our earlier interpretations
(1) of absorption and fluorescence spectra and fluorescence lifetimes that
these molecules exist in two conformeric families: "complexed", in which the
benzenold substltuent is folded back on the macrocycle in such a way as the
perturb its spectral and photophysical properties; and "extended", in which
the two moieties are sufficiently far apart that they do not interact.

Parallel flash photolysis studies with EPR detection carried out over the
90-130 K range also show the existence of two, and only two, spin-polarized
triplets in the linked molecules, as indicated by different D and E values.
Different population ratios of the two triplet states can be induced by
wavelength photoselectlon within the perturbed Soret band of the porphyrin.
One of these triplets is indistinguishable from the one species seen In
control experiments performed on TTPa. What is particularly interesting is
that we see only two EPR-active triplet species, even at temperatures as high
as 130 Kj I.e., there is no evidence of a broad distribution of
conformations. Even at room temperature, the optical flash data clearly show
the existence of more than one transient species, which suggests that
lnterconversion between conformers is surprisingly slow (>100 us).

The optical evidence for two distinct porphyrin triplets is most clear at
80 X where the viscosity of mTHF (2) is very high (r\ > 10 2 0 poise) and second-
order interactions can be safely neglected. At 110 K, however, mTHF is
considerably more fluid (n < 103 poise), and we.have observed behavior which
may have Important implications on our photophysical and photochemical studies
of these linked PAnAR molecules in "soft" solvent matrices (1,3).
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The first la relaxation of optical polarisation anistropy Induced by the
(vertically) polarized laaer light uaed to excite the samples. By Interposing
a plane-polariz«r in the Monitoring light path (which Is perpendicular to the
excitation beam), we have been able to resolve the polarized components of the
porphyrin triplet-triplet (T-T) absorption spectrum and to measure rotational
relaxation times* Preliminary analyses Indicate that the rotational
relaxation time of PA3A(DMB) is ~5O-6O us at 110 K. To our knowledge, this is
the first time that polarisation anistropy has been observed for a porphyrin
triplet state, although it is a well-established phenomenon for other large
molecules in rigid solvent environments (4).

In the PAnA(QH2> molecules, in addition to the two triplets mentioned
previously, we see a strongly temperature-dependent formation of a third
species which is observable by optical absorption but not by EPR. Whereas at
80 K the Initial difference spectrum (i.e., Immediately following the flash)
is clearly that of the porphyrin triplet state(s), the initial transient
spectrum obtained at 110 K is distinctly different. Significant red shifts of
the absorption bands together with a much shorter lifetime (~80 us vs. >300 (is
for the perturbed triplet) suggest that this species is some form of an
excited-state complex. We found only weak evidence for such a species in the
case of the PAnA(DMB) molecules, which also show much weaker perturbations of
absorption spectra and fluorescence behavior (1) than do the analogous
porphyrln-hydroqulnones. Since this complex is not observed at 80 K for any
of the linked porphyrin systems, we tentatively identify it as a triplet
exclplex formed between the porphyrin and its attached benzenoid end group,
but only under conditions where intramolecular motion is possible.

The fate of this presumed exciplex is uncertain. However, a similar
species is seen following laser flash excitation of the quinone forms of these
linked porphyriAS in soft glasses. In this case it is clear that electron
transfer is not a major decay pathway of this complex, which we think accounts
for the relatively low quantum yields (<3Z) of radical ions detected by EPR
(3). It is noteworthy that the total yield of the radical ions never exceeds
the quantum yield by more than a factor of two. This could indicate that the
quantum yield is relatively high (perhaps as high as 50%), but only for a
small population of the molecules. Thus, tightly complexed porphyrin-quinone
forms lead only to exciplex formation, while in extended conformers measurable
quenching of porphyrin excited states does not occur. Light-induced formation
of detectable radical ions is observed only for those loosely complexed
conformers in which intramolecular motion can occur following initial electron
transfer. In this model, solvation must play a significant role in
stabilizing the radical Ions.

Additional structural investigations of these flexibly linked systems
should lead to a better understanding of the geometric factors affecting both
forward electron transfer and geminate recombination. However, such studies
can be expected to yield only inferential information. Accordingly, in both
laboratories, we are synthesizing new model compounds which we hope will lead
to more direct conclusions regarding (a) the influence of orientation between
donor and acceptor on electron-transfer rates, and (b) distinctions between
through-bond and through-space interactions. Preliminary data have been
acquired and up-to-date results will be presented.
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DISCUSSION

FAYER: 1. What Is the mechanism of the fluorescence depolarization?

2. Did you make measurements at the magic angle?

CONNOLLY: 1* The depolarization kinetics are due to molecular rotation in
this soft (n < 10 2 poise) glass at 110 K. The trend in the
relaxation lifetimes is TTP < TTPa < PA3A(DMB), and so is
clearly associated with molecular size. However, the relaxation
of PA3A(QH2) is slower than that of the dimethoxy analogue and
this confirms our earlier assignment of intramolecular
complexation in the former but not the latter.

2. We have not even come close to optimizing our setup for these
studies. In the course of doing so, we certainly plan to do the
magic-angle measurement.

MILLER: In your new porphyrin-ester-anthraquinone molecule, I don't think
the 3 x 109 M"1 s"1 rate constant for lntermolecular quenching
should have led you to expect rapid Intramolecular quenching.
The lntermolecular rate is less than diffusion-controlled rates
of about 1.5 x 10 1 0 for this type of reaction. The reaction is
energetically marginal and is certainly helped in the
intermolecular case by very close (e.g., sandwich) collision
complexes in which the (D+A~) state has a substantially lower
energy. Thus, the slow intramolecular rate in the difunctional
molecule show that this molecule cannot easily achieve a sandwich
configuration.

CONNOLLY: I am happy to hear you say that a factor of 5 or so below the
diffusion-controlled limit should not be dismissed lightly.
Indeed, this suggests that in our bimolecular control experiments
(I.e., non-linked TTP and anthraquinone in CU2C12) there is an
energy deficit of "40 mV in lP* with respect to F^«Q~«.
However, this value is only about 1.5 kT, and so ought to be
easily surmounted by thermal fluctuations. As noted in my
replies to Harry Gray and Hike Wasielewskl, the available
electrochemical data (in other solvents) suggest that there is a
surplus of excited state energy of perhaps 70 mV. Thus, it was
not unreasonable to expect that the rate in the linked molecule
should be considerably faster than -2 x 10 6 s~l which is about
the lower limit that could be extracted from changes in a
• 9 M lifetime. While it is not unreasonable to assume that
there Is some kind of "sandwich" configuration involved in a
collision complex between unlinked porphyrln and anthraquinone,
we have no proof for the existence of such configurations. In
any case, you and I are saying the same thing here: namely,
mutual orientation between donor and acceptor can be very
important — even at close intramolecular distances — when the
excited-state energy is closely matched to that of the product
radical-pair.
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GRAY:

CONNOLLY:

WASX8LSWSKI:

CONNOLLY:

Have you considered that the P-Q system for Which you see no
electron transfer is too far uphill (lP-Q • %*-^r)?t This
could be an alternative to the "non-productive orientation"
explanation*

For that to be the case, the energy gap would have to be
something like 400 mV (for k < 2 x l O 6 * " 1 ) . From the data
available on the redox potentials of the two unlinked
constituents (TCP and anthraqulnone), we estinated that the
driving force night be as much as 70 MV, although the
slower-than-diffusion-controlled fluorescence quenching in the
unlinked control experiment (see reply to John Miller) suggests
that there is an energy gap of about 40 aV. Of course, it is
essential to do the electrochemistry under the same conditions as
the photophysics, I.e., on the linked molecules in the same
solvent* Although we have not yet done this, it would be very
surprising If, for these particular systems, the links would
effect the potentials by more than about SO mV one way or the
other*

1. The covalently linked TPP-AQ compound has a marginal amount of
driving force for intramolecular electron transfer* It may even
be endoerglc: TPPAQ + TPP+ + AQ~ 1.95 eV, S 1 of TPP 1.92 eV. I
don't think it is very productive to pursue small differences in
this molecule, you should move on to the much more useful
ZnTPP-AQ compound*

2. Also, aultiphoton radical formation is always a danger in
CU2C12* Could you briefly describe your precautions to avoid
this possibility? Perhaps a better solvent would be an alkyl
nltrile, (e.g. propionitrile or butyronitrile).

1. First of all the excitation energy is closer to 1*89 eV for
the Si state of tetratolylporphin (i.e., TIP not TPP). Also,
your electrochemical potentials combined with those of Archer and
coworkers indicate that the energy of the radical-pair state
could be as low as 1*82 eV. Thus, the driving force could be as
high as - 70 aV, although the control experiment on the
unlinked constituents (see reply to John Miller) suggests that
blmolecular quenching of fluorescence is slightly uphill.
Second, I disagree with you about whether it will be productive
to study the free-base porphyrln-anthraquinone any further. As I
indicated in one vicwgraph, we arc certainly aware that the
driving force In the case of the ZnTTP-AQ Is much greater, and we
definitely plan to pursue those studies, but not at the expense
of glossing over a aore detailed understanding of the present
systea. Besides, I think we all need to explore a wide variety
of systems from the standpoint of maximizing the fraction of
excited-singlet state energy that can be stored as redox energy.
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CONNOLLY:

2. Th« aajor problem with the last two solvents you mentioned is
that they contain impurities that absorb strongly in the UV and
are difficult to remove. We have not identified these Impurities
so it is not possible to know their concentrations, but we can
estimate 1O"3-1O"5 M, i.e., comparable to the porphyrin
concentrations we both use. For the case of CH2Cl2> we have not
observed two-photon ionization of any of our free-base porphyrins
except for excitation at 355 nm. We routinely use 532 rat laser
light or dye laser emission further to the red. Even at
- 400 vJ/pulse (at 532 nm), we observe J M degradation of our
porphyrin in CH2C12 as long as it is thoroughly degassed. We
distill the solvent by standard techniques, store it over K2CO3
and use it within a few weeks. Otherwise we have not found it
necessary to take any special precautions. Perhaps the
difference between your experiments and ours is due to power
density. We rarely exceed 100 KW/cm2 (i.e., 100 vJ/10 ns on
1 cm2) while in your experiments the power density could be much
higher (e.g., 10 MW/cm2 - 2 »J/2 ps on 0.1 cm 2).

1. In your DMA-DAP-quinone system, several isouers are possible.
There are two pairs of diastereomers, with the DMA and quinone
"de-old" in one and "trans-old" in the other. First, can you
separate these isoaers?

2. Second, since the average distances between DMA and quinone
are different in the two sees of molecules, might you expect to
see different electron transfer rates, especially for charge
recombination?

3. Thirdly, can you see forward transfer electron at low
temperatures?

WASIBLEWSKI: 1. Yes.

2. The difference in average distance for the two isomers is less
than 1 A* We have measured the rate constants for both forward
and reverse electron transfer for both isomers. The values
obtained are the same within experimental error.

3. Electron transfer occurs only in polar fluid media. Freezing
a polar solvent, irrespective of what temperature freezing
occurs, results in a rate of electron transfer that is too slow
to compete with ordinary spin-orbit induced intersysten crossing
of the porphyrin. This occurs most probably because dipole
rotations of the solvent are eleminated in the solid. Since the
solvent cannot reorganize to accomodate charge separation the
rate of this process is greatly diminished.
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NEWTON: You h*ve uoted the likely role of conforaational degrees of
freedom in controlling electron-transfer kinetics. Isn't it
possible to model the relevant conforaational energetics for
systems of the type you are considering, using "molecular
mechanics" techniques?

CONNOLLY: Discussions with several experts in the computer-modelling area
indicate that this should be possible. However, we lack this
capability and shall have to find someone to collaborate with on
this problem.

PAJER: Could you alter the quinone so as to generate a system that
mimics part of photosystem II of green plants: i.e., the
generation of a quinone cation that is a strong oxidizing agent:
i.e., P-Q + P" + Q+.

CONNOLLY: In principle, yes. However, one probably would want to use
something other than quinone as the electron donor, in this
case. A free-base porphyrin is about as difficult to reduce as
to oxidize (U*l " 1.0 Vsce) and so a donor with an oxidation
potential of £ 0.9 Vsce ought to show electron transfer in the
direction you~~suggest« One would have to worry about the
stability of the resulting P~*, which would have to be detected
spectroscopically to demonstrate that net electron transfer had
occurred. In the case of the metalloporphyrins (e.g., ZnTPP)
which are more difficult to reduce by an additional 0.2 eV or so,
the potential of the donor may have to be varied to assure a
measurable driving force from the excited singlet state.

SEELY: Could you possibly have static quenching in the case of unlinked
porphyrin and anthroquinone in solution?

CONNOLLY: We have not yet measured the fluorescence intensities in a
careful, systematic way. In the course of our lifetime studies,
we did measure the emission spectra over a full range of quibone
concentrations under closely similar conditions and saw no
obvious intensity changes. Similar studies of the linked systems
likewise shows no evidence of static quenching. (Note added in
proof: We have recently performed picosecond fluorescence
lifetime studies on the linked ZnTTP-AQ system and have found no
short-lived component, i.e., < 1 ns, either in dichloronethane or
in butyronitrile.)
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BIOMIHBTIC SOLAR OHBGY COMVBSSIOH SYSTEMS

Gerald N. Maggiora t Jaaes D. Petk*
Univers i ty of Kansas

Lawrence, Kansas 66045

Over the last two years extensive effort has been directed towards the
application of ab init io quantum mechanical methods for the design and
study of biomimetic solar energy conversion systems. The work divides
naturally along two lines: (1) studies of model porphlne-magnesium
porphine, P-MgP, and other dlmer systems, and (2) studies of photo-reaction
center and antenna species in photosynthetic systems. In addition, a
significant amount of work has been and is currently being carried out in
an effort to develop and characterize additional theoretical tools for the
study of model solar energy conversion systems.

Porphyrln Dlaer Studies

The results of preliminary studies of P-(fgP dimers have been published
[1], and an account of our la ter , more extensive work on the effect(s) of
geometry variation on the location of charge-transfer (CT) states was
presented at las t year's conference and is currently being readied for
publication [8].

The results suggest that an approximately face-to-face arrangement
with an inter-ring separation of 4,0-4.5 A would be optimal, a structure
very similar to that suggested by the work of Netael and his colleagues
CChem. Phys. Letts. 67, 223 (1979); J. Phys. Chem. 86, 3754 (1982); J. Am.
Chetn. Soc. 104, 1952 (1982)] In addition, the binding of Cl" also exerts a
profound effect, lowering the pair of 'CT states by several thousands gf
cm until they l i e in the neighborhood of the two lowest-lying (ir.ir )
states. Estimates of the effect of solvent polarity, based on a dielectric
cavity model, also show that the proper interplay of these two factors can
easily produce a stabilization of sufficient magnitude to insure that at
least one of the two lowest-lying XT states will also be the lowest-lying
singlet state. Such a situation is consistent with that observed by Netzel
et a l . [ibid] as being responsible for the changes they detected in the
transient absorption spectra of P-MgP dimer3 in CHpCl? in the presence of
Cl".

The basis of the Cl" effect appears to be primarily electrostatic in
nature, and involves a significant destabilization of the two highest-
occupied molecular orbitals of the "donor" HgP and tne relatively modest
destabilization of the two lowest-unoccupied molecular orbitals of the
"acceptor11 P. In order to assess the effect of local electr ic fields on
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the location of CT states in a more general fashion, we intend to undertake
a systematic study of CT states in constant electric fields and in electric
fields produced by the proximity of ionic species in the neighborhood of
the porphyrin dimers. I t is well known that charge imbalances across
biological membranes can produce substantial electric fields that give
rise, for example, to significant electrochromic effects. Due to the
highly polar nature of CT states, their energies should be very sensitive
to the magnitude and direction of external electric fields. Moreover,
electric fields may prove to be useful tools for controlling the photo-
dynamics, and thus the solar energy conversion characteristics, of
biomimetic systems such as discussed above.

Schiff Base Chlorophyll Model Syst

Recently, we synthesized the Schiff base of Ni(II) pyrochlorophyll
131. Preliminary results, which were presented at the DOE Conference two
years ago, showed that the Schiff base did possess a reversible spectral
red shift upon protonetlon of the proper magnitude. Additional studies
carried out since that time [4] show that a concomitant increase in ox±na-
tion potential of about 200 mV also occurs upon protonation. Two important
features of P660, the photoactive species of photosystem II in plants, that
are difficult to provide simultaneously in a chemical model are i ts
observed spectral red shift (670 nm to 680 nm) and i ts significantly
increased oxidation potential (ca. 0.5 V to 0.8 V) both relative to
monomeric chlorophyll. As a general rule spectral red shifts are produced
simply by destabilizing the highest occupied molecular orbital. However,
in the present situation this would lead to a decrease in the oxidation
potential, a clear violation of experimental observation. Thus, the
results of the 3tudy suggest that Schiff ba3e chlorophyll is a system
worthy of further investigation as a possible model for P680.

A quantum chemical analysis £53 of the electronic basis of the
spectral red shift of a related formyl, vinyl porphyrin system provided a
number of useful insights, but a similar analysis of the pyrochlorophyll
system was less conclusive [4]. The essential electronic feature
responsible for the spectral shift in the protonated Schiff Base porphyrin
is a very specific differential stabilization of particular occupied and
virtual molecular orbitals which are significant contributors to the
electronic transition [4,5], However, the molecular orbital splittings are
different in the case of pyrochlorophyll due to the presence of the reduced
pyrrole ring, and thus the interactions which effect the observed spect.al
shifts are not the same In this case.

Quanttai Mechanical studies of Pnotosynthetic Diaer Systeas

A major quantum mechanical investigation of the electronic states of
dimers of the photosynthetlc pigments has been initiated for the purpose of
understanding the factors responsible for their electronic and spectral
properties. Ini t ial studies have focused on the bacteriopheophorbide ja
dimer due to the relatively large spectral red shifts (ca. 1000 cm"1)
observed for i t s lowest-energy absorption band. A configuration inter-
action calculation of the low-lying excited-states of one such dimer has
been completed, and the results are currently being analyzed. Results of
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the calculations will be reported.

In addition, as a more flexible approach, ••<» have modified the
formal!SB and are currently implementing the -: -•.,. sr code to perform
rigorous exciton-type calculations on aggregat «.-.--.tma. Our treatment
differs from earlier treatments in its inclusion <.. ,-y î 3oir«t and visible
states [cf. Scherz & Parsons. Biochem. Biophys. Aefca 766, 666 (1984)] and
in i t s treatment ot the required matrix elements. Evaluation of matrix
elements, in particular, involves the use of dipole-moment conserving
point-charge representations of electron and transit ion densities
calculated quantum mechanically, as opposed to the usual dlpole-dipole
approximation. He anticipate applying these methods to bacterio-
pheophorbide and similar dimers in a wide variety of geometries and
environments.
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MAGGIORA:

DISCUSSION

First, have you included the "crystal shift" in your
calculations* This can give an additional shift? Second, what
effect will doing a multidimensional calculation have instead of
a 1-D chain. Third, in systeas such as naphthalene crystals,
octapole-octapole interactions have been shorn to dominate, i.e.,
people do not consider only dipole-dipole terms•

The "crystal shift" has been included as part of the sum of all
the terms. We have done some 3-D calculations but they do not
produce a large amount of additional shift*

Wouldn't it be feasible and useful to reach a compromise between
the very large number of terms generated by the Hail point-charge
model, on the one hand, and the limiting case where one (or a
small number of) aultipole is placed at the center of one of your
large monomer units; e.g., one could fit the wavefunction data so
that each atomic center had one point charge or a small set of
point multipoles.

Yes! We have given some thought to some of your points• In
fact, my colleague Jim Petke has already developed a modification
of the Hall-Shlpman point-charge model approach for floating
spherical Gaussian orbitals. His method provides a means for
generating a large number of point-charge models similar in
spirit to those obtained by the Hall-Shipman approach. The
theory he has developed will allow us to develop optimal point-
charge models with minimal numbers of point-charges. Recently,
Martin and Hall have generalized the Hall point-charge model to
cartesian Gaussians. Their modified approach essentially yields
point multipoles at the atomic centers, as you suggested in you
question. In addition, they have shown that p-type Gaussians
preserve quadrupole moments, d-type octapole moments, etc.

Do you optimize the geometrical structures of the monomers? At
distances of 3.5 A between the rings, distortions are likely.

Mo. while some geometric changes may occur we have assumed that
they will be small enough to safely neglect.

Can you comment on the Parson and Scherz model of BChl-BChl
interactions that Invoke Soret states to describe the
interaction?

As shown in my talk, the dipole approximation fails badly in
predicting the intermolecular interactions in the region
investigated by Parsons and Scherz. In addition, the
intermolecular separations they considered are much too short.
Bacteriopheopiiorbide molecules could never approach that closely
due to the presence of very strong intermolecular repulsive
interactions.
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Comment to question by Kostic: ihe BPhide crystals do not absorb
light polarized perpendicular to the macrocycles, therefore, if
there is any Molecular rearrangement or distortion upon light
absorption, it is not enough to induce an observable Z-coaponent
to the transition dipole*.

Do your calculations repoduce any of the other features observed
in the crystal spectra* of BPhide, i.e., the increase in Qy
Intensity relative to that of the Soret and the loss of Qx

intensity?

With regard to your second point, we do find some hypo and
hyperchromic effects in the Qx and Qy band regions. However,
interactions of these states with Soret band states are
essentially negligible, and thus we have not observed the
dramatic effects described by Scherz and Parsons. In fact, we
find that, as described in my talk, the dipole approximation
tends to exaggerate interactions of the Soret states with the
visible states*

You mentioned that exciton theory does not allow for electron
exchange. This is not correct as the interaction has two parts,
the coulomb term, which gives rise to the point charge or dipole
interaction which you discussed and the other is the exchange
term. This might be neglected for singlet singlet transfer but
it is the term that gives rise to the triplet exciton.

Yes, you are absolutely correct. I should have explicitly stated
that we were studying only singlet-singlet transitions. In this
regard, I might also point out that such exchange interactions
can easily be handled within the form (i.e. point-charge models)
of exciton theory described in my talk using statistical exchange
procedures as developed by Slater a number of years ago.
However, I'm not sure such an approach has been tried yet.

Did you take into account the effect of the environmental shift
in photosynthetic bacteria. A substantial red shift occurs for
monomer Bchl in proteins compared to corresponding solution
chlorophylls.

We have not Investigated the application of our approach to
actual biological systems (such as the Virldis reaction center)
as we feel that the protein environment surrounding the Chi
components is still too ill-defined with regard to the placement
and charges of the amino acids found in the region of the Chi
components.

Since you neglect the dispersion (crystal) shift in your exciton
calculations it may well be that your calculations (insofar as
they go) may be in closer agreement than you think.
Additionally, I believe that when you extend your calculations to
three dimensions it will be just as important to Include the
"diagonal" or dispersion type integrals.
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MAGGIOKA: Our calculation Include (at least soae of) the crystal shift
coaponents, and thus I don't think the source of the disagreement
is due to the omission of such terms*

FELDBERG: I noticed that the dlpole model actually predicts the shift in
wavenumber more accurately than the Shipoan PCM model* Why?

MAGGIORA: While the dlpole-dipole approximation produces results which
appear to agree well with experiment, the agreement is illusory
since the dipole-dlpole approximation does not adequately
represent the interaction of two such spatially extended
molecular charge distributions over the distances of interest*
In essence, the dipole-dipole approximation has produced an
apparent agreement with experiment through some type of
fortuitous cancellation of errors.
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ELECTRON TRANSPORT MEDIATED BT PORPHYRIES

K. N. Barkigia, B. Fujita, L.K. Hanson,
T. Horning, P. 0*Halley and J. Fa Jar

Brookhavan National Laboratory
Upton, Maw York 11973

Thia progran addr«c«cs the function of chlorophylls in the photosynthetic
transduetion of light into chemical energy, the catalytic role of porphyrins
in bioenergetic enzymic reactions, and the potential application of these
reactions to synthetic multi-electron photocatalysts. The work encompasses
synthetic, structural, physical, and theoretical chemistry, and presently
includes the storage of oxidising equivalents in photosystem II and the nature
of primary electron carriers in green plants; the conversion of carbon dioxide
to aethanc by corphlns; the six-electron reduction of nitrite to ammonia
•adiated by isobacteriochlorina; light-harvesting in photosynthetic bacteria;
theoretical and experimental rodeling of environmental effects on the proper-
ties of porphyrins, chlorophylls and their radicals; X-ray diffraction of
porphyrin, chlorln and isobacteriochlorln derivatives as models of jji vivo
architecture; and picosecond electron transfers in reaction centers and in
covalently-linkcd porphyrins modeled on the mechanisms postulated for photo-
synthetic organisms.

A. Structural

The thrust of these studies is to provide bond distances, molecular
arrangements and spatial conformations for synthetic models at a level of
resolution much higher than is attainable with jLn_ vivo systems.

Compounds whose structures have been solved by X-ray diffraction include
5,20-dimethyl-octaethylehlorin, a nickel isobacteriochlorin derived from a
chlorophyll (see poster by Barkigia, et al.), and a derivative of nethyl-
bacteriopheophorbide d. The results provide evidence of hydrogen bonding
between molecules that helps determine their relative orientation and of sig-
nificant variations in planarity, properties that are characteristic of many
hydroporphyrlns, i.e., chlorins, bacterlochlorins and isobacteriochlorins.
This flexibility of the hydroporphyrln skeletons may provide a structural
molecular switch by which conformation changes following electron transfer
alter distances between reactants and thereby control rates of back reactions.

B. Theoretical

Molecular orbital calculations are used to predict redox properties,
map charge and spin densities, and probe the effect of llgands and peripheral
interactions (charges, hydrogen bonding). In collaboration with M.C. Zerner
at the Univ. of Florida, an additional computational technique (INDO-CI) is
being developed to treat radicals of dimers and higher aggregates, and
radicals that incorporate paramagnetic metals.
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The M.O. calculations have also b«*n used to predict the properties of
baeterlochlorophyll g. The recently isolated new BChl (Gest and Paving*r,
Arch. Microblol. U6, 11 (1963)) exhibits spectral features that differ sig-
nificantly from other BChls ̂ n_ vivo and appears to be a monomer. Green plant
chlorophylls, which are also postulated to exist as monomers in the photo-
systems that fix C02 aad evolve oxygen, P660 and P700 respectively, also pos-
sess the vinyl group on ring I found in BChl g but not in BChls a and b. The
acetyl group of BChls a and b may thus help stabilize the special pairs in
bacteria that contain those chronopheres. The properties of BChl g _in vivo
will afford acid tests of many assumptions regarding the effects of aggrega-
tion versus those due to ligation and environment. (See poster by Hanson
et al.)

The initial photochemical event in bacterial photosynthesis leaves a BChl
cation radical. This radical is reduced by an iron(II)porphyrin, (cytochrome)
in order to start the cycle again. Calculations suggest the possibility that
reduction of the resulting oxidised cyt (Fe(lII)P+) could occur via an iron d
orbital that is delocalized onto a protruding thioether bridge which binds the
hern* to the protein. X-ray data show this sulfur to be very exposed so that
it could provide a bridge for e" transfer to the macrocycle.

C. Experimental

This portion of the program attempts to characterise transients that have
been Identified, implicated or intuited in electron transport in photosyn-
thetic or enzymatic reactions. The information sought includes redox data,
optical signatures, ESR and ENDCR diagnostics, and the effects of the environ-
ment (ligands, counterions, hydrogen bonding) on these properties. Radicals
that have been investigated *» models for photosynthetic chromophores include
anlon and cations of chlorins, anlons of bacteriochlorins and cations of BChi
and bacteriopheophytin a. (See poster by Horning, et al.) Radicals of
cobalt, nickel and free base isobacteriochlorins have also been characterized
as simple models for intermediates in nitrite and sulfite reductases, and
me thanogene sis*

In combination with the recent X-ray results on bacterial reaction
centers (Deisenhofer et al., J. Nol. Biol. J80, 385 (1984)), the electronic
profiles deduced from the experimental and theoretical probes of these por-
phyrin radicals now allow the redox pathways in photosynthetic (and enzymic)
reactions to be described in considerable detail.

76



Publication*

Baxkigia, K. N., Spaulding, L. K., and Fajer, J. Structural Consequence* of
Oxidation in Photosynthetle Models. The Crystal Structure of Perchlorato-
(5,10,15,20-tetraphenylporphinato)Magneslu* (II). Znorg. Chem. !22, 349
(1983).

Smith, K. M., Kehres, L. A., and Fajer, J. Aggregation of the Bacterio-
chlorophylls c, d and e. Models for the Antenna Chlorophylls of Green and
Brown Photosynthetlc Bacteria. J. AM. Chen. Soc. 105, 1387 (1983).

Salth, K. M., Goff, D. A., Fajer, J., and Barklgla, X. M. Isolation and
Characterization of Two New Bacteriochlorophylls d Bearing Neopentyl Substi-
tucnts. J. Am. Chen. Soc. J£5, 1674 (1983).

Fujita, I., Hanson, L, K., Walker, F. A., and Fajer, J. Models for Compounds
I of Peroxidases: Axial Ligand Effects. J. As. Chem. Soc. -1?_5, 3296 (1983).

Fajer, J., Fujita, I., Forman, A., Hanson, L. K., Craig, G. S,, Goff, D. A.,
Kehres, L. A., and Smith, K. M. Anion Radicals of Bacteriochlorophylls c, d
and e. Likely Electron Acceptors in the Primary Photochemistry of Green and
Brown Photosynthetic Bacteria. J« Am. Chem. Soc. 105, 3837 (1983).

Fujita, E. and Fajer, J. Models for Nitrite Reductases. Redox Chemistry of
Iron Nitrosyl Porphyrins, Chlorins, and Isobacteriochlorins and it Cation
Radicals of Cobalt Nitrosyl Isobacteriochlorins. J. Am. Chem. Soc. 105, 6743
(1983).

Hanson, L. K., Chang, C. K., Ward, B«, Callahan, P. M., Babcock, G. T., and
Head, J. D. Spectral Properties of Protonated Schiff Base Porphyrins an]
Chlorins.- INDO-CI Calculations and Resonance Raman Studies. J. Am. Chem.
Soc. JXI6, 3950 (1984).

Barklgia, K. M., Fajer, J., Chang, C. K., and Young, R. Models of Photosyn-
thetic Chromophores. Molecular Structure and Aggregation of a Bacterio-
chlorin. J. Am. Chem. Soc. 106, 6457 (1984).

Fujita, I. and Chang, C. K. Microcell for Cyclic Voltammetry. J. Chem. Ed.
61, 913 (1984).

Hanson, L. K. and Hofrlchter, J. Absorption of Methylbacteriopheophorbide a
Single Crystals. Spectral Shifts Due to nr-ir Interactions. Photochem. ~
Photobiol. 41, 247 (1985)

Fujita, E., Chang, C. K., and Fajer, J. Cobalt(ll)nltrosyl Cation Radicals
of Porphyrins, Chlorins and Isobacteriochlorins. Models for Nitrite and
Sulflte Reductases and Implications for Aiu Heme Radicals. J. Am. Chem.
Soc., in press.

Barklgia, K« M., Koetzle, T. F., Smith, K. M., and Fajer, J. Architecture of
Phov tynthetlc Chromophores. Neutron Diffraction Studies of a Chlorobium
Pheo./»ytin Dimer. Submitted. ———__«.

77



LIM:

FAJER:

TZEOE:

SPZRO:

FAJER:

DISCUSSION

Do you care to speculate why qulnons Is only on one side of the
C 2 symmetry axis of the bacterial reaction center (as deduced by
the x-ray structure analysis of the German group)?

The second qulnone in the reaction center is nore labile and has
probably been lost during the isolation procedure* It appears to
be associated with the second arm or path of the C 2 axis. David
Tiede has recently published some results that suggest that only
one side of the reaction center is active.

COMMENT: In response to Dr. Lin's question, there is some
evidence which suggests that the second qulnone is a part of the
reaction center C 2 syometry, being associated with the apparently
photochealcally inactive BChl and BPh. Why this should be so
really is not known. But present evidence does show that only
one of the two BChl-BPh pairs can act as an electron acceptor for
the bactcrlochlorophyll diaer. We have shown this by reduction
of the BPh associated with the MLH protein sub-unit, which then
prevents the subsequent photo-oxidation of the
bacterlochlorophyll diver, even though the second BPh (associated
with the HMH protein subunit) is still oxidized. Conversely,
preliminary evidence suggests that with the BPh on the H subunit
previously reduced, photo-oxidation of the bacterlochlorophyll
diaer still occurs. It appears, then, that the photochemistry
involves only the molecules in the L protein subunit, in spite of
the geometrical equivalence of the two BCh-BPh pairs. This may
mean that the different protein environments of the L and H
subunits specify the direction of the electron transfer. I would
like also to add, in response to Jack Fajer's predictions for
conformational changes accompanying redox chemistry, that we have
shown in our poster at this meeting, that confonaatlonal
relaxations do occur within the BChl-BPh molecules following the
B 2 + BPh electron transfer in reaction centers.

In connection with the relevance of axial ligation to
chlorophylls in vivo, you mention that ligation plays little role
in the spin density distribution of the radical. I recall,
however, significant spin density effects of ligation on Zn
porphyrin radicals in your earlier work. Is this a Mg/Zn
difference?

The bacteriochlorophyll cation radicals I discussed belong to the
"•lu" class of radicals in which we find little evidence of
axial ligand interactions, even in sine porphyrlns. As you
noted, we did observe significant interactions of ligands with
M«2u" porphyrin cations. Axial ligation is also evident in
chlorophyll (as opposed to bacterlochlorophyll) cations and we
have suggested that it may differentiate the chlorophylls of
photosystems I and II of green plans.

78



JCATZ:

PAJER:

S0MORJA1:

PAJER:

FENDLER:

FAJER:

There are a number of debatable points raited by Or. Fajer. I
would like to addresa two of these: 1. The matrix in which the
special pair is embedded is not exclusively protein. In the
process of preparing the reaction centers, the intact
photosynthetic bacteria are treated with detergent that
selectively removes the llpids that are present in large amount
in the living organise.. The lipids normally present are in fact
replaced by the detergent.

2. Bacteriochlorophyll g_ has never been isolated. Although
BChl £ has been assigned a structure very sinilar to that of
BChl J>, the chemical properties of the two are very different,
for as yet unexplained reasons. Caution should be exercised in
applying information about one of these to the others.

1. Many of the spectral properties of chromatophores and whole
cells are also observed in reaction centers. This would imply
that the detergent-isolated reaction centers retain their
"natural" arrangement and environment.

2. We have tried to predict and explain the properties of BChl £
jLn vitro and in vivo, based on its presently postulated
structure. iTelieve that the molecular structure we have
assumed in our theoretical calculations does not conflict with
the results froa y>ur laboratory.

I would like to express my gratitude for this excellent
overview. Those of us who do not work in the field very much
needed this. Were the crystal structures presented obtained with
or without the surrounding protein?

Thank you. The crystals of reaction centers obtained by Michel,
Feher, Norris and their coworkers all Include protein (H.W.
"10 s). The amino acid sequencing of the BChl Jb reaction center
is almost completed.

Could you clarify your statement that some of the spectral data
predicted the x-ray structure data. How good a model is the
Isolated crystal for the real situation In vivo? In other words,
how are the crystal structure determinations and spectra tied
together?

What I was trying to say was that the identity, sequence and
arrangements of the donors and acceptors in the reaction center,
deduced on the basis of spectroscopic evidence, agree well with
the crystallographlc data. I find that very encouraging as we
attack new biological models.

Many of the optical and EPR features observed for "natural
systems" are reproduced in the reaction center crystals. Some of
these, particularly the triplet properties, will be discussed by
Jim Norris.
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ENERGY TRAPPING IN PHOTOSYNTHESIS

J. Korris, M. Bowman, D. Budil, S. Kolaczkowski, C. Lin,
M. Schiffer», U. Smith, J. Tang, D. Tiede and M. Wasielewski

Chemistry Division, Argonne National Laboratory,
Argonne, Illinois 60439

In bacterial systems the first photo-induced charge
separation is completed in about four picoseconds (ps) and
results in a radical pair, an excited state composed primarily
of bacteriochlorophyll cation (M Mg) + and bacteriopheophytin
anion (H-HA)~ imbedded in the reaction center protein complex
(Figure 1). Immediately following the initial radical pair
formation, the electron on the primary acceptor, (H-Hft),
transfers to an additional acceptor molecule, a quinone-1ike
moiety (Q,), In "150 ps. However, if the secondary quinone
acceptor QA is removed or blocked, the initial radical pair
lives "15 ns.

A major aspect of chemical trapping concerns the mechanism
whereby charge separation can occur within " 4 ps in a system
in which the reverse step can be prevented for longer than "15
ns. These observations on the formation of PF can be explained
in terms of an additional, intermediate state that precedes
stable radical pair formation. Such an intermediate state Is
believed to be an additional chlorophyll acceptor MgA that
mediates electron transfer from the primary donor,
bacteriochlorophyll, M Mg, to the primary acceptor, bacterio-
pheophytin, K-HA (see also Tiede and Breton of these
proceedings). Removal of this intervening bridge without
altering the location of donor or acceptor would likely result
in slow or negligible electron transfer. Model compounds that

•Biological and Medical Research Division, ANL.
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mimic photosynthetic charge separation also work by means of a
"bridging" moiety (see Waslelewski et al. of these
proceedings). The extent of charge separation associated with
the Initial radical pair is too small to ensure "permanent"
chemical trapping. Consequently, additional electron transfer
involving quinone-like molecules, (QA) and (QB), mediated by
Fe + + quinone-like molecules, Is essential to complete the
energy trapping of photosynthesis.

The geometry of the primary donor, the bridging
intermediate, and the primary acceptor is crucial to the
pseudo-localization of energy in the reaction center trap as
well as the "permanent" trapping of this energy as charge
separation. Figure 1 contains the structural features of the
electron transfer agents believed necessary for charge
separation. However, the role of protein in the overall
photochemical act remains uncharacterized. Protein involvement
is best probed by x-ray diffraction studies of our single
crystals of R. sphaeroides reaction centers. The structure and
mechanism will be refined by a combination of x-ray diffraction
techniques, theoretical time-domain and structural
computations, magnetic resonance and optical spectroscopy on
photosynthetic reaction centers.

Publications

THEORETICAL CALCULATIONS OF MICROWAVE EFFECTS ON THE TRIPLET
fISLD IN PHOTOSYNTHETIC REACTION CENTERS

J. Tang and J. R. Norris
Chen. Phys. Lett. 9_U (1), 77-80 (1983)

MODULATION EFFECTS OF METAL NUCLEI IN THE SPIN ECHO OF
ELECTRONS TRAPPED IN ALKALINE GLASSES

S. A. Dikanov, Yu. D. Tsvetkov, A. V. Astashkin and M. K.-
Bowman
Chem. Phys. Lett. 9± (2), 231-234 (1983)

AN ELECTRON SPIN ECHO ENVELOPE MODULATION STUDY OF LITHIUM
NUCLEAR HYPERFINE AND QUADRUPOLE COUPLING IN THE A(Ti-Li)
CENTER OF a-QUARTZ

J. Isoya, M. K. Bowman, J. R. Norris and J. A. Weil
J. Chera. Phys. £8 (4), 1735-1746 (1983)

TIME-DOMAIN ANALYSIS OF EPR MEASUREMENTS OF POLYACETYLENE AND
SOLITON DIFFUSION

J. Tang, C. P. Lin, M. K. Bowman, J. R. Norris, J. Isoya and
H. Shirakawa
Phys. Rev. B 28 (5), 23H5-2847 (1983)

ORIENTATION OF THE PRIMARY DONOR IN SINGLE CRYSTALS OF
RHODOPSEUDOMONAS VIRIDIS REACTION CENTRES

P. Gast, M. R. Wasielewski, M. Schiffer and J. R. Norris
Nature £05. (5933). 451-452 (1983)

NUCLEAR QUADRUPOLE PROBES OF PARAMAGNETIC MOLECULES USING
ELECTRON SPIN ECHOES

M. K. Bowman, A. Kostka and J. R. Norris
Bull. Mag. Resonance 5_ (3/4), 188 (1983)
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MAGNETIC RESONANCE DURING THE PRIMARY EVENTS OF PHOTOSYNTHESIS
J. R. Norris
"Photosynthesis". McGraw-Hill Yearbook of Science and
Technology, 344-346, 1984, McGraw-Hill Book Co., New York,
Sybil P. Parker, Ed. in Chief.

NANOSECOND TIME RESOLVED MAGNETIC RESONANCE SPECTRA OF PF IN
R. SPHAEROIDES AND IN R. VIRIDIS REACTION CENTERS. ORIENTATION
OF THE PRIMARY DONOR IN SINGLE CRYSTALS OF R. VIRIDIS
REACTION CENTERS.

M.R. Wasielewski, P. Gast, and J.R. Norris
Advances in Photosynthesis Research, Vol 1, p211-2!4,
1984, Kluwer Academic Publishers, The Hague.

EPR DETECTED TRIPLET FORMATION IN A SINGLE CRYSTAL OF REACTION
CENTER PROTEIN FROM THE PHOTOSYNTHETIC BACTERIUM
RHODOPSEUDOMONAS SPHAEROIDES R-26

P. Gast and J. R. Norris
FEBS Lett., 177, 277-280 (1984)

DETERMINATION OF THE AMOUNT AND THE TYPE OF QUINONES PRESENT IN
SINGLE CRYSTALS FROM REACTION CENTER PROTEIN FROM THE
PHOTOSYNTHETIC BACTERIUM RHODOPSEUDOMONAS VIRIDIS
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FEBS Lett. 179, 325-328 (1984)
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G. Berger, D. M. Tiede and J. Breton
Biochem. Biophys. Res. Comm., 121, 47-54 (1984)

25Mg ENDOR AND TRIPLET RESONANCE IN LIQUID SOLUTION OF THE
BACTERIOCHLOROPHYLL a CATION AND ANION RADICALS

F. Lendzian, K. Mobius, M. Plato, U. H. Smith, M. C.
Thurnauer and W. Lubitz
Chem. Phys. Lett. 111 (6), 583-588 (1984)

TIME DOMAIN MAGNETIC RESONANCE STUDIES OF SHORT LIVED RADICAL
PAIRS IN LIQUID SOLUTION.

M.R. Wasielewski, J.R. Norris, and M.K. Bowman
in "Free Radicals**, Faraday Discuss. Chem. Soc. (in press).

BRIDGING THE GAP BETWEEN NATURAL AND ARTIFICIAL PHOTOSYNTHESIS
J. R. Norris and P. Gast
J. Photochem. (in press).
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STRUCTURE, ESR CHARACTERISTICS AND ELECTRICAL PROPERTIES OF
BEDT-TTF SYNTHETIC METALS
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TRIPLET SPIN DYNAMICS OF BACTERIAL CHLOROPHYLL A FROM TRANSIENT
EPR LINE SHAPE ANALYSIS

0. Gonen, A. Regev, H. Levanon, M. Thurnauer, J.R. Norris
and G. Closs
Chera. Phys. Lett, (in press).

AN ALTERNATIVE TO FOURIER TRANSFORM SPECTRAL ANALYSIS WITH
IMPROVED RESOLUTION

J. Tang, C. P. Lin, M. K. Bowman and J. R. Norris
J. Magnetic Resonance (in press).

GEOMETRY FOR THE PRIMARY ELECTRON DONOR AND THE
BACTERIOPHEOPHYTIN ACCEPTOR IN RPS. VIRIDIS

D. M. Tiede, Y. Choquet and J. Breton
Biophys. J. (in pre3s).

SELECTIVE PHOTOCHEMICAL REDUCTION OF EITHER OF THE TWO
BACTERIOPHEOPHYTINS IN REACTION CENTERS OF RPS. SPHAEROIDES
R-26

B. Robert, M. Lutz and D. M. Tiede
FEBS Lett, (in press).

REDOX CENTER AND SECONDARY PROTEIN STRUCTURE ORGANIZATION IN
BACTERIAL REACTION CENTERS AND THE CYTOCHROME b/c COMPLEXES

D. M. Tiede
"Photosynthetic Membranes", the Encyclopedia of Plant
Physiology Series, (C. Arntzen and A. Staehelin, Eds.)
Springer, Verlag (in press).
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HANSON:

NORRIS:

HELLER:

NORRIS:

DISCUSSION

You argue that the single electron transfer pathway in the
reaction centers of .R* viridis arises in the asymmetrical special
pair — does the symmetric special pair of It. sphaeroides imply
two pathways for these organisms?

I believe the occurrence of a second pathway in Sphaeroides and
Rubrum is more likely than in Viridis. However, no direct
chemical evidence supports a two pathway model. These direct
measurements cannot rule out 10 to 20Z of the reactions occurring
by a second route. Also keep in miad the possibility that the C2
symmetry is broken differently in Sphaeroides and Rubrum than in
Viridis.

From your data it Is obvious that there must be an electric field
that causes the charge separation in the special pair. Do you
understand the local chemistry that produces this electric, field?

No. Too little is known about the local environment of the
bacterlochlorophylls. By B+B~ I wish to invoke « mixed state.
The triplet states we observe could be due to, for example,

- 90X 3Bfl* B^ + - 103K B H + BJ/".
Similarly the singlet excited state could be described as, again
as an example,

- 80% *BM* BL + - 20Z B M + BL".
Given sufficient interaction between By and B^ the energy of
pure B*B~ could actually residue above the singlet state of

Bj(. The important point I wish to make is that % is
different from BL and that this asymmetry must be Included in
descriptions of the photochemistry and such asymmetry is
consistent with a single pathway. A mixed state such as

view* Such states have been invoked in the past.
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GRAY:

NORRIS:

Would you c
1 pa and 5 pa

nt on the evidonce for alectron transfer In th«
procaaaca" In the photoaynthetic reaction center?

THURNAUER:

NORRIS:

SPREER:

MORRIS:

FELDBERG:

The Klaer group of Munich has 80 face data at a single wavelength
in reaction center proteins of K. vlridia. They obaerve an
offacale tranalent of optical absorption which first decaya
within a 150 faec lifetime to near the baseline and then a
1.5 paec optical transient is recorded. The 150 fsec event is
attributed to the decay of (special pair}*, i.e. charge
separation in the special pair molecules. The 150 fsec
represents the time it takes the apecial pair to reduce the
bridging intermediate BChl located between the apecial pair and
the bacteriopheophytin. The electron resides on the bridging
molecules for "1.5 psec until it reduces bacteriopheophytin.
The process can be summarized in R. virldis aa

150 Fs ""l.Tpa
(BB)+ B"P

The kinetics of R. sphaeroides ia different; however,only 300 Fs
light pulses have been applied to theaa proteins* Here Parson
(Washington) and Hoiten (St. Louis) see only

4 ps
(BB)BP » (BB)+ BP" .

In other words, no evidence of bridging bacteriochlorophyll
exiata in current psec spectroscopy of R.. sphaeroidea.

Han it been shown in a bacterial photosynthetic system in which
both quinones are present that the primary light reactions go by
one pathway.

Even in bacteria with identical quinones for Q^ and Qg the
bulk of the evidence supports only a single pathway.

Would you comment on the reason or purpose behind a branched
atructure if there la only one pathway for electron transport?

An explanation has been offered by H. Michel of the Munich
group. They suggest that once in the evolutionary development of
photosynthetic bacteria a single protein subunlt containing a
single pathway exlated. Eventually evolution combined two
identical subunits to form the structure with two potential
pathways. This explanation la speculative and offers no physical
function for the second set of chromophorea*

Previous attempts to nodal a fast (ps) electron tranafer by
Argonne and BNL groups fashioned a diner whose configuration was
quite different from what the Munich atructure (for Viridis) now
indicates is correct. How does this new information conform to
current thinking about electron tranafer ratea and distance,
orientation and atructure?
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NOKRIS:

SPIRO:

NORRIS:

FAJER:

NORRISs

LINSCHITZ:

NORRIS:

In the slide* I have used In the past only one najor structural
change Is needed to agree with the Munich structure. This change
Involved tlie bridging Molecule whose function, even now, is
highly debatable* The mechanisms we were advocating are still
the

With respect to the question of which of the two electron
pathways is followed, is it possible that this is determined
dynamically by fluctuations in the protein structure, and that
the excited state spectroscopy reflects local traps?

I believe that is possible. Certain changes may occur as a
result of excitation. However, more likely in ray opinion, the
static, local environment of the protein determines the pathway
followed by the photochemistry.

The crystal structure of jl. viridis does not seem to allow an
antenna complex to dock near the special pair. Perhaps the
"bridge" chroaophores act as antenna (i.e. excitation) complexes
rather than electron transport intermediates.

Yet* this is possible, but I believe the major purpose of the
"bridging" BChls is to pass the electron from the special pair to
the BPheo. In other words, chemical removal of the L bridging
molecule would greatly alter the photochemistry.

There is some question regarding the formal methodology of this
study — in that you are using a system in which overall electron
flow is blocked to obtain your triplets, and comparing this with
the unblocked case. To what extent may the blocking process
disturb the original structure?

Technically you are correct. Studying the triplet does not
necessarily probe the symmetry of the ground state, the first
excited singlet state, or the doublet cation state. However, I
could mention some additional factors that support the view that
if the triplet state is asymmetrical the other states are also
asymmetrical. First Is the single pathway,certainly a result of
a lack of C2 symmetry. Second the cation and triplet have
approximately the same EPR linewidth. This Indicates, by my
general special pair model that both the triplet and the cation
are asymmetrical. And finally, unpublished results of the Munich
group show by x-ray studies no detectable structural changes
between ground state and cation. 1 take these observations to
indicate that our results of symmetry loss in the triplet state
is evidence for a general loss of this "apparent" local C2
symmetry.
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HIGH QUANTUM YIELD LONG LIVED CHARGE SEPARATION IN A
PHOTOSYNTHETIC REACTION CENTER MODEL

M. R. Wasielewaki, H. P. Niemczyk, W. A. Svec, and E. B. Pswitt
Chemistry Division, Argonne National Laboratory,

Argonne, Illinois 6O»»39

The high quantum efficiency of photosynthetic charge
separation depends on favorable electron transfer rates between
electron donors and acceptors that are positioned in precise
spat ia l re lat ionships r e l a t ive to one another and that possess
redox potentials which resu l t in movement of an electron down a
stepped potential gradient. We have recently measured the
dependence of photoinduced electron transfer rates and subsequent
dark charge recombination rates on the free energy of reaction in
res t r ic ted distance porphyrin donor-quinone acceptor molecules.
Using this information we have now synthesized a molecule for
which the donor-acceptor electron transfer rates are designed to
promote efficient two step charge separation over a known long
distance. In addition to a primary porphyrin-quinone donor-
acceptor pair , th is molecule possesses a secondary N,M-
dlmethylaniline donor, U The donor-acceptor distances and
orientat ions in J_ are 3trongly res t r ic ted oy the polycyclic cage
structures between them. The center-ro-center distances are;
porphyrin-quinone, 10.5 A; ani1ine-porphyrin, to A; and an i l ine-
qui none , 25 A.

In compound ]_ the energy of P+Q~ 13 K53 eV above the ground
s t a t e , while that of D*PQ~ is 1.39 eV above the ground s t a t e ,
where P « porphyrin, Q - quinone, and D » N,N-dimethy1ani1ine.
Since the lowest excited s inglet s ta te of these molecules is the
1.95 eV singlet s ta te of the porphyrin, the exothermicity of the
reaction ' PQ -> P + Q~ is OJ',2 eV and that of the reaction DP + Q~ -
> D*PQ~ is 0.1 k eV. Using our measured rate vs free energy data
for porphyrin-quinone molecules possessing very similar molecular
structure and v i r tua l ly the same donor-acceptor distances, we
predict this following reaction rate constants: ' PQ -> P Q~ ,
1 p n s " 1 ; P*Q" -> PQ, 8 x 109 s"1} and DP*Q" -> D+PQ", 2.5 x 1010

s . Thus, the secondary electron transfer reaction DP*Q" ->
D*PQ~ should be able to compete very effect ively with the DP+Q~ -
> DPQ charge recombination reaction in 1_.

E x c i t a t i o n of the porphyr in with 600 nm l i g h t r e s u l t s in
format ion of the porphyrin c a t i o n - q u i n o n e anion r a d i c a l pa i r in 9
ps v ia o x i d a t i o n of the lowes t e x c i t e d s i n g l e t s t a t e of the
porphyr in by the quinone. This i n i t i a l r a d i c a l pa i r i s formed
with > 99% quantum e f f i c i e n c y and decays in 70 ps by dark
e l e c t r o n t r a n s f e r from the N , N - d i m e t h y l a n i l i n e to the porphyr in
c a t i o n . This r e s u l t s in format ion of the N,N-d ime thy lan i1 in i urn
c a t i o n - q u i n o n e anion r a d i c a l p a i r in 71 % y i e l d . The N,N-
d ime thy lan i1 in ium c a t i o n - q u i n o n e anion r a d i c a l pa i r s t o r e s 1.4 eV
of f r e e e n e r g y and l i v e s fo r 2.1*5 us b e f o r e back e l e c t r o n
t r a n s f e r l e a d s to the n e u t r a l ground e l e c t r o n i c s t a t e s of the
donors and a c c e p t o r . The o v e r a l l quantum y i e l d of the charge
s e p a r a t i o n i s VOt.
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The measured e lec t ron t ransfer ra te constants for _1_ a l l agree
within a f ac to r of two with the va lues p r ed i c t ed by oUr r a t e vs
free energy of react ion data. Thus, our r e s u l t s show that i t i s
possible to design molecules that produce high quantum yie ld long
l ived charge separat ion provided that three requirements are met.
F i r s t , the distances between the various donors and acceptors
must be highly r e s t r i c t e d . Second, for a given donor-acceptor
distance the dependence of the e lec t ron t ransfer ra tes on the
free energy of react ion must be known. Third, more than a s ing le
optimized e lec t ron t ransfer step is necessary to achieve long-
l ived r ad i ca l ion pair s t a t e s in a manner analogous to
photosynthesis .

t. Dependence of Rate Constants for Photoinduced Charge
Separation and Dark Charge Recombination on the Free Energy of
Reaction in Restr ic ted Distance Porphyrin-Quinone Molecules.
M.R. Wasielewski, M.P. Niemczyk, W.A. Svec, and E.B. Pewitt
J . Am. Chera. Soc. 1985, 107, 1080.
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R . E . O v e r f i e l d , K . J . K a u f m a n n , a n d M.R. W a s i e l e w 3 k i
J . Am. Chem. S o c . 1 0 5 , ( 1 3 ) , Hdbo-HZoO (i 1 9 3 3 ) .

ELECTRON TRANSFER REACTIONS IN CHLOROPHYLLIDE - PHEOPHORBIDE
MODELS OF PHOTOSYNTHETIC REACTION CENTERS.
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M . R , W a s t e l e w s k l
J . A m . C h e m . S o c . 1 0 5 , ( 1 8 ) , 5 7 4 7 - 5 7 5 2 ( 1 9 3 3 ) .

NANOSECOND TIME RESOLVED MAGNETIC RESONANCE OF THE PRIMARY
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71 fit JOM«..V MaGiVETlC ftSSOHANCE STUDIES OF SHORT LIVED HADICAL
?AIR3 IN LIQUID SOLUTION.

M.H. W a s i e l a w s k i , J . R . N o r r i s , and M.K. Bowman
F a r a d a y D i s c u s s . Chem. S o c . , ) 9 B t , ( i n p r e s s ) .

CHEMISTRY OF EXC1PLEXES 19 . EXCIPLEX PROMOTED ELECTRON
TRANSFER IN 1- ( N-PHEN'YLAMINO ) - 3 ~ ( 9-ANTHRY L) PROPANES.

N . C . Y a n g , R. G e r a l d , and M.R. W a s i e l e w s k i
J . Am. Chem. Soc. ( i n press) .

ULTRAFAST ELECTRON TRANSFER IN BIOMIMETIC MODELS
OF PHOTOSYNTHETIC REACTION CENTERS

M.R. Wasielewski
"Antennas and Reaction Centers of Photosynthetic
Bacteria - Structure, Interactions, and Dynamics"
M.E. Mlchel-Beyerle , ed., Springer Verlag,
Berlin, 1985 (in press).

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

M.R. Wasielewski, M.P. Niemozyk, W.A. Svec, and
E. Bradley Pewitt
<J. Am. Chem. Soc. (in pr^ss^.

CONTROLLING THE DURATION JF PHOTOSYNTHETIC CHARGE SEPARATION
USING MICROWAVE RADIATION.

M.R. Wasielewski, C.H. Bock, M.K. Bowman, and
J.R. Norris
Nature 303, (5917), 520-522 (9 June 1983).

ORIENTATION OF "iHE PRIMARY DONOR IN SINGLE CRYSTALS OF R.
VIRIDIS REACTION CENTRES.

P.Cast. M.R. Wasielewski, M. Schiffer, and J.R. Norris
Nature 305, (5933) <451-^52 29 September 1983-

NANOSECOND TIME RESOLVED MAGNETIC RESONANCE SPECTRA OF PF IN
R. SPHAEROIDES AND IN R. VIRIDIS REACTION CENTERS. ORIENTATION
OF THE PRIMARY DONOR IN SINGLE CRYSTALS OF R. VIRIDIS
REACTION CENTERS.

M.R. Wasielewski, P. Gast, and J.R. Norris
Advances in Photosynthesis Research, Vol t, p<?n-2)4,
1984, Kluwer Academic Publishers, The Hague.

PHOTOINDUCED ELECTRON TRANSFER IN MESO-TRIPHENYLTRIPTYCENE-
QUINONE PORPHYRINS. RESTRICTING DONOR-ACCEPTOR DISTANCES AND
ORIENTATIONS.

M.R. Wasielewski and M.P. Niemczyk
J. Am. Chem. Soc., 106, 5043-50^5 (1984).

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

M.R. Wasielewski, M.P. Niemczyk, W.A. Svec, and
E. Bradley Pewitt
J . Am. C h e m . S o c . , 1 0 7 , 1 0 8 0 - 1 0 8 2 ( 1 9 8 5 ) .
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KOVAL:

WASIELEWSKI:

JONES:

WASIELEWSKI:

LINSCHITZ:

WASIELEWSKI:

SUTIN:

WASIELEWSKI:

DISCUSSION

Using microelectrodes, you could measure your E*s directly in
toluene. Since Xin • 0 for these systems, X * Xout.
Therefore, isn't it surprising that your data for toluene and
butyronitrile can be plotted on the same curve.

The apparent lack of solvent dependence on the electron transfer
rate may be due to the correction applied to AG° measured in PrCN
that we use for the value of dG° in toluene. Charge separation
and recombination electron transfer processes may have
intrinsically different solvent dependencies than single electron
or hole transfers.

Have you attempted to sensitize the electron transfer from the
porphyrin using an external triplet photosensitizer? One would
expect very different driving forces and lifetimes of
intermediates.

No, not yet.

The high yield of radicals from the excited singlet state is
really impressive. However, don't you pay a price for this in
terms of the energy stored per photon? In general, one would
expect this to be the case, and we will have to accept some
compromise between radical yield and radical-pair energy in the
primary excited state redox reaction.

The photon energy of the lowest excited singlet state of the
porphyrin is 1.95 V. We store 1.39 V so that 0.56 V is lost. We
store 71% of the photon energy based on these numbers. Our
measured quantum yield of charge separation is 70±5%. Thus, this
system achieves the thermodynamic limit for energy storage within
experimental error. We expected this only because we designed
the molecule using the information derived from our set of single
donor-single acceptor porphyrin qulnone molecules.

The maximum rate at £G* - -X provides information about the
electronic factor {nonadiabaticity) of the reaction: This in
turn provides an estimate of 0 (in k ^ x * 10 1 3 exp(-0d)) for
the reaction. Have you compared the value 0 obtained in this
manner with your other 8 estimates?

Using the above equation with k ^ x » 3 x 10 1 1 and d • 2.4 A,
8 • 1.5 A*"1. This value is somewhat larger than 0 obtained by
other workers.
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MILLER: Your rate versus id curve seems very puzzeling. The lack of
solvent polarity effect which Carl Koval Mentioned can't be due
to slow solvent relaxation, since your recombination rate
constants of a few times 10 9 a""1 are surely slower than solvent
dielectric relaxation* Also the curve seeus really to be a step
function in the highly exothermic region. Even viewed as a curve
with scatter that aa'.ea it look like a step function, it is
steeper than the rise in the weakly exothermic region. I know of
no theory which can explain that, since it seems likely that the
reorganization energy is mostly in the solvent and therefore
similar for foreward and reverse reactions. It may be necessary
to construct new theories to understand your data. It is also
important that the experiments be clear. How do you know that
your transient absorptions are really entirely due to P+Q~ ion
pairs?

WASIELEWSKI: Answering the question first: The radical ion spectra of P+ and
Q~ are well known from spectroelectrocheraical experiments. Our
transient spectra agree quite well with these published ion
spectra. Mow, replying to the comment. The apparent steepness
of the highly exothermic region should be viewed in light of the
fact that the forward reaction **PQ + P+Q" is different than the
reverse reaction F*Q~ + PQ, i.e., the states involved are
different. There is no a priori reason to expect the rate vs t£°
dependence to follow theoretical predictions for electron
transfer involving a single reaction. It is in fact interesting
that the total reorganization energies for these two separate
reactions are so similar. This behavior reflects perhaps the
fact that the vibrational energy level structure of **P and P are
not very different.

Does the N,N-diaethylaniline transfer an electron to the
photoexclted porphyrin?

No. The porphyrin is reduced at -1.41 V vs SCE whereas the
N.N-dimethylanillne is oxidized at +0.78 V vs SCE. So at best
the rdical pair state lies at 2.19 V. Since the lowest excited
singlet state of the porphyrin is 1.95 V, the hypothetical charge
separation has a positive AG* - 0.24 V.

CONNOLLY: In your DMA-DAP~quinone systems, several isomers are possible.
There are two pairs of diastereomers, Nr with the DMA and quinone
"cis-oid" in one and "trans-old" in the other. First, can you
separate these isomers? SEcond, since the average distance
between DMA and quinone is different in the two sets of
molecules, might you expect to see different electron-transfer
rates, especially for charge recombination? Third, can you see
forward electron transfer at low temperatures?

WRIGHTON:

WASIELEWSKI:
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WASISLEWSKI: 1) The DMA-porphyrin-quinone nolecule possess 2 diastereoaers
which In turn consist of enantioaeric pairs. The 2 diastereomers
are separable by HPLC. 2} The center-to-center distance changes
by at aost 1 A, while the edge-to-edge distances do not change at
all. Measurements on each diastereomer result in identical
numbers within experimental error. 3) At the freezing point of
the solvent electron transfer is so slow that ordinary spin-orbit
induced intersystea crossing from *P •»• *P completely dominates*
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PLATINIZED CHLOROPLASTS: A NOVEL PHOTOCATALYTIC MATERIAL

E. Greenbaum

Chemical Technology Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

1.0 SCOPE OF PROJECT

D0E-8upported photosynthesis research in the Chemical Technology
Division of Oak Ridge National Laboratory is focused on the physico-
chemical mechanisms of artificial photosynthetic systems. These include
the reconstituted in vitro system composed of isolated spinach chloro-
plasts, ferredoxln, and hydrogenase (CFH), as well as substituted systems
in which nonblological catalysts are electronically linked to water
splitting and chloroplast-reducing power. We have performed the first
measurements of the simultaneous photoproduction of molecular hydrogen
and oxygen using the reconstituted in vitro CFH system. This reaction
can be driven throughout the entire visible portion of the electromagnetic
spectrum, Including the long-wavelength 700-nm region. No external energy
sources are required. This thermodynamically interesting system and
substituted analogs are used as models for fundamental studies of the
conversion of light energy into chemical energy.

2.0 RESULTS

2.1 Platinized Chloroplasts. Colloidal platinum has been prepared
and precipitated directly onto chloroplast photosynthetic membranes.
This system is capable of the simultaneous photoevolution of hydrogen and
oxygen. There are three noteworthy aspects of this result: (1) this
two-component system is among the simplest yet devised for photosynthe-
tically splitting water into molecular hydrogen and oxygen; (2) it elimi-
nates the need for an electron relay (such as ferredoxln or methyl viologen)
between the oxygen-evolving chloroplasts and the hydrogen-evolving catalyst;
and (3) it demonstrates direct interaction of a nonbiological catalyst on
a biological membrane w«.th preservation of functional electron transfer
between the biological and nonbiological components. Experimental results
and details for preparation of the chloroplast-platinum photocatalytic
material will form the main topic of this presentation.

2.2 Light Saturation Studies. Photosynthetic light saturation
curves for the steady-state simultaneous photoproduction of molecular
hydrogen and oxygen for the CFH system have been measured for the first
time. The following results have been obtained: (1) the stoichlometric
ratio of hydrogen to oxygen is light-dependent and, in general, not equal
to two; (2) the ratios of the light-saturated rates were greater than two
for all of the systems studied; (3) far-red (>700-nm) light, as expected,
greatly increased the ratio of hydrogen to oxygen; and (4) the light-
saturation curves for the simultaneous photoproduction of hydrogen and
oxygen do not have the same analytical shapes; a higher light intensity
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is required Co saturate the hydrogen curve than is required for the
oxygen curve. Although the aeasured light-saturated rate of electron
transport in the biophotolytic mode (hydrogen and oxygen evolution) is
much less than that of noraal photosynthesis, these experiments indicate
that the biophotolysls of water is a strict analog of normal photosynthesis.

2.3 Separation of the Light Reactions of Photosynthesis. An
interesting and important question in current photosynthesis research
concerns the partitioning of the two light reactions of photosynthesis
between the grana stacks and strona lamellae. Using standard procedures
for fractionating and separating photosynthetic membranes, we have pre-
pared subchloroplast fractions that are predominantly grana stacks or
atroma lamellae membranes. Our results indicate that, although the grana
fraction is capable of simultaneous hydrogen and oxygen evolution, the
stroma lamellae possess no photoactivity unless an artificial electron
donor (which can donate electrons to Photosystem I) is added. These
results are consistent with current thinking on the structure of photo-
syuthetic membranes in which there is a partitioning of the photoreac-
tions of photosynthesis between the morphologically distinct components
of the thylakold membranes.

PUBLICATIONS:

1. E. Greenbaum, "Biophctolysis of Water: The Light Saturation Curves,"
Photobioahem. and Hiotobiophye., in press (1985).

2. M. E. Reeves and E. Greenbaum, "Long-Term Endurance and Selection
Studies in Hydrogen and Oxygen Photoproduction by Chlamydomonas
reinhaydtii," Enzyme and Micvobial Technol., in press (1985).

3. E. Greenbaum, "Photosynthetic Water Splitting," ORNL Review, Number 4,
14-19 (1984).

4. E. Greenbaum, R. R. L. Guillard, and W. G. Sunda, "Biological Solar
Energy Production with Marine Algae," BioSoien&e _33, 584-585 (1983).

5. E. Greenbaum, R. R. L. Guillard, and W. G. Sunda, "Hydrogen and Oxygen
Photoproduction by Marine Algae," Photoohem* Photobiol., 37, 649-655
(1983).

6* E. Greenbaum and J. Ramus, "Survey of Selected Seaweeds for the
Simultaneous Photoproduction of Hydrogen and Oxygen," J. fiiyeol. 19,
53-57 (1983).

7. J. Woodward and E. Greenbaum, "An Immobilized Chloroplast-Ferredoxin-
Hydrogenase System for the Simultaneous Photoproduction of Hydrogen
and Oxygen," Bioteehnol. Bioengin* Symp. IS, 271-276 (1983).

8. B. Greenbaum, "Application of Intact Algae to the Blophotolysis Problem,"
Bioteehnol. Bioeng. Symp. IS, 469-474 (1982).

9. E. Greenbaum, "Photosynthetic Hydrogen and Oxygen Production: Kinetic
Studies," Science JJ15, 291-293 (1982).

10. E. Greenbaum, "Biosolar Hydrogen and Oxygen Production," in Hydrogen
Energy Progrese IV, T. N. Veziroglu, W. D. Van Vorst, and J. H. Kelley
(Eds.), Pergamon Press (1982) pp. 763-769.
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DISCUSSION

1. Have you added Hj and O 2 to test for the rate of the
back-reaction?

2. How much of the platinum Is inside, how much is on the
external surface of the chloroplast?

3. What is the rate of the reaction in terms of H 2 or 0 2
molecules produced per exposed site per second or in terms of H 2
produced per photon incident?

1. No. However, from earlier work on the chloroplast -
ferredoxln - hydrogenase system, I would expect back-reactions to
be a major pathway for losses* He verified this for the CFH
system by demonstrating an enhanced rate of H 2 evolution using an
artiflcal Photosystem I electron donor and suppressing Or,
evolution*

2. I believe that virtually all of the platinum is on the
external surface*

3. The only rate I can quote at this time is
20 nmole H2*Qg chl~ *hr.

1. Is there an optimum Ft coverage to maximize II2 evolution?

2. Is the Pt deposit as an even raonolayer or as metallic
islands? If the latter, what mechanism allows for electron
migration to the metal center?

1. Yes* The value that I mentioned during the presentation,
- 100 ug Pt in 5 ml, is optimum under our experimental
conditions*

2. I can't answer that question since we haven't done electron
microscopy studies on this material yet.

I'm having a problem with terminology. When you speak of using
chloroplaats are you in fact using purified thylakoid membranes?

They are thylakoid membranes, although they are not purified.
These membranes have been obtained by rupturing the outer
chloroplast envelope, thereby exposing them to the ionic species
that are in aqueous solution.
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CORRELATION OF MACROMOLECULAR STRUCTURE AND ENERGY TRANSFER FUNCTION IN THE
PKYCOBILISOME LIGHT-HARVESTING SYSTEM

John H. Clark
Laboratory of Chemical Blodynamics, Lawrence Berkeley Laboratory

University of California, Berkeley, CA 94720

In cyanobacteria and red algae, light spanning nearly the entire visible spectrum
(450-650 na) is utilized efficiently in photosynthesis. The light harvesting over this
wavelength range is performed by a faaily of intensely colored proteins, biliproteins,
that carry covalently attached, open-chain tetrapyrrole prosthetic groups [1]. The
biliproteins are organized within macromolecular complexes called phycobllisones.
These large particles are attached in regular arrays to the outer surfaces of the
thylakoid membranes. Energy absorbed by the phycobillsomes Is transferred to reaction
centers within the membranes with high efficiency [1]. Detailed information is
available on the structure of two cyanobacterial phycohilisomes [2,3]. A schematic
representation of one of these particles, the chycobilisome of Synechocystis 6701,
Is shown in Fig,, 1. These phycobi11somes have molecular weights of about 7 x 10°
daltons and contain ^625 billn chromophores. Energy absorbed by any one of these
chromophores Is transferred to the terminal acceptors within the phycobilisome (see
Fig. 1) with an efficiency greater than 977, with respect to the fluorescence of
isolated phycobiliprotelns [4]»

Fig. 1. Schematic diagram of the
structure of the wild-type phyco-
bilisome from Syneehocystis 6701
(A), and of incomplete phycobili-
somes from the mutant strains
CM25 (B) and UV16 (C). The
abbreviations used for the bllin
chromophores are PEB, phyco-
erythrobilin; and PCB, phyco-
cyanobilin. The number of bilins
present in each domain of the
structure is shown in parentheses.
Other abbreviation are: <r
and |JPE, a and tf subunits of
phycoerythrin; â ** and 0PC,
a and 0 subunits of phyco-
cyanin; AP, allophycocyanin;
orPB, a subunit of AP B;
L denotes a linker polypeptide,
the subscript Its location
(R, rod; RC, rod-core junction;
C, core; CM, core-membrane
junction), the superscript its
molecular weight x 10~*J (for
details, see [1,3]); x £ -
wavelength of the emission maximum.

CNCttGV TRANSFER IWTHWAY IN THE ROD SUBSTRUCTURES

* • « • » 97C 97« «42 « 4 t

ENERGY TRANSFER PATHWAY WITHIN THE CORE

»L. MOM. ki». MO
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As indicated in Fig. 1, phycobilisomes are made up of two distinct kinds of
substructures: rods consisting of stacked, 60 A thick by 120 A diameter disks of
biliprotein hexamers, and a core consisting of three cylinders arranged in an equi-
lateral array. The axis of the core cylinders lies at right angles to the cylindrical
axis of the rods* Four rods are attached to the upper core cylinder and one rod is
attached to each of the basal core cylinders. Each of the core cylinders is made up
of four, 30 A thick by 115 A diameter, "trimerlc" allophycocyanin complexes [3,5,6].

We have examined the kinetics of energy flow within the rod substructures of the
Synechocystis 6701 phycobilisome, both for wild-type particles (Fig. 1A) and for the
Butant strain CM25 that lacks the two, outermost, phycoerythrin disks (Fig. IB).
The energy transfer dynamics within isolated, purified billproteins were also examined.
The tine required for energy to flow out of the phycoerythrin pigment bed was found
to be 28 ± 4 ps from measurements of the decay of phycoerythrin emission at 570 nra
in wild-type particles, and to be 30 ± 5 ps from measurements of the difference in
the rise tines of the 680-nm terminal acceptor emission observed from the wild-type
and CM25 particles* Under the assumption that the phycoerythrin to phycoerythrin
and phycoerythrin to phycocyanin transfer times are equal, the average disk-to-disk
transfer time in wild-type phycobilisomes is calculated to be 24 ±4 ps. For 620-nm
excitation of phycocyanin in CM25 phycobillsoraes, the rise time of terminal acceptor
emission at 680 nm was 25 t 4 ps. This risetirae must include delays arising from
disk-to-disk transfer from phycocyanin to phycocyanin and from phycocyanin to allo-
phycocyanin, as well as from any energy transfer within the core. If the phycocyanin
to phycocyanin energy transfer time in the rods and the phycocyanin to allophycocyanin
transfer time between the rods and the core are similar to the average phycoerythrin
to phycoerythrin and phycoerythrin to phycocyanin disk-to-disk transfer time, then
the transfer of energy from allophycocyanin to the terminal acceptors within the
core must be very rapid, taking place in under 10 ps. This is a remarkable prediction,
since the core, an assembly cf molecular weight 1.5 x 10° daltons, contains 68
allophycocyanin chromophores and only 4 terminal acceptor chronophores.

An experimental test of this prediction was made possible by the isolation of
phycoblllsone cores greatly depleted of rod components from a recently described
mutant of Synechocystis 6701, strain UV16 [6]. These cores were morphologically and
spectroscopically indistinguishable from those of the wild-type phycobilisome. The
tine-resolved emission profile obtained upon excitation of purified cores with 620-nm
light showed a prompt, 6-ps rise (instrument limited) of the 680-nm emission emanating
from the terminal acceptors. Through the use of a simple kinetic model based on
known structural features of the core, it is shown that the maximum transfer time
from the donor chromophores to the terminal acceptors within Intact cores that is
consistent with these experimental results is <11 ps. This stands in contrast
with the 24 ± 4 ps average interdisk transfer time for the rod substructures. In
combination, these results show that the 72 bilin chromophores of the 1.5 x 106

dalton core function as a single unit with respect to the rate-limiting processes
for energy flow in phycobilisooes, and that disk-to-disk transfer is the rate-limiting
step for energy flow in the Synechocystis 6701 phycobilisome [4].

1* A. N. Glazer, in The Biochemistry of Plants, M. D. Hatch and N. K. Boardman,
eds. (Academic Press, New York, 1982), Vol. 8, pp. 51-96; A. N. Glazer, Biochim.
Blophys. Acta 768, 29(1984).

2. A. N. Glazer, D. J. Lundell, G. Yamanaka, and R. C. Williams, Ann. Microblol.
(Inut. Pasteur) 134B, 159(1983).

3. J. C. Gingrich, D. J. Lundell, and A. N. Glazer, J. Cell. Biochem. 22_, 1(1983).
4. A. N. Glazer, S. W. Yeh, S. P. Webb, and J. H. Clark, Science 227_, 419(1985).
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DISCUSSION

MILLER:

CLARK:

PIMENTEL:

CLARK:

WASIELEWSKI:

CLARK:

NETZfiL:

CLARK:

KATZ:

CLARK:

Within * disk, fluorescence coues out with * risetime within the
rlsetiae of your equipment. Is It true also that there is no
delay in the onset of the emission?

Though the use of a sample such a Rhodaaine 6G, where the
fluorescence riactime and the delay of fluorescence is known to
be less than 0.2 ps, v have determined that there are no
detectable delays in the onset of the phycobiliprotein emission.

Is it correct that the agreement between the observations mads on
wild types and mutants and the model leads to the conclusion that
the quantum yield for energy transfer must be unity or extremely
close Co unity?

Yes. Baaed on our results, the quantum yield for energy transfer
is greater than 0.97.

Ac you know, people who study energy transfer in green plant
photosystems worry a great deal about the energy of the laser
excitation in their measurements. Do you find that your results
with phycobllisome are more or less sensitive to laser energy
than green plant chlorophyll energy transfer?

Experimental artifacts at high laser intensities are known to
occur in phycobilisomes. Our measurements were carried out at
intensities 10-10"* times below the known threshold for
intensity-dependent effects.

1. Could you comment on PEt and PE 2 energy-transfer times versus
PE to PC transfers?
2. At present could your data be interpreted by assuming the PE
to PC and PC to AP steps are rate limiting with PE to PE and PC
to PC steps being much faster?

1* We can't yet distinguish the two experimentally. Our model
currently assumes they are equal. Alex Glazer is currently
growing a batch of a mutant that has only one PE dish per rod.
Experiments on that mutant will give the PE to PC rate directly.
In combination with the present studies, we can then extract the
PEi and PE2 rate.
2. Yes. We as yet have no data proving that PE to PE or PC to
PC is slow. The experiments described above are aimed at
determining the PE to PE rates. I believe Alex has a mutant that
can similarly be used to determine the PC to PC rates.

Cyanobacterla contain chlorophyll a_ and antenna chlorophyll a_.
Antenna Chi j» harvests light all across the spectrum in green"
plants. tthy~should cyanobacterla require such elaborate energy
transfer from the phycobilins?

The phycobilisomes have very large molar extinction coefficients
(e « 106) compared to chlorophyll. Perhaps this is Important to
single-celled organisms because of their small thickness compared
to the leaf of a green plant.
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On the Molecular Mechanism(s) of the Deprotonation of the Frotonated
Schiff Base and Tyrosine During the Proton Pump Cycle of Bacteriorhodopsin

M. A. El-Sayed
Department of Chemistry and Biochemistry

University of California
Los Angeles, California 90024

Bacteriorhodopsin (bR), the other photosynthetic system besides
chlorophyll, i s a protein found in the ce l l membrane of the halophile
Halobacteriun halobiua that transforms v i s ib l e l ight into chemical
energy.''1) I t is composed of one molecule of retinal covalently bound to
the e-amino group of a lysine residue in the surrounding protein via a
protonated Schiff base linkage. When bR absorbs light, i t undergoes the
following simplified photochemical cycle:

ps 2 ps 40 )JS mis
b&570 — >K6io — > L550 +~> M412 --> 06 4 0 — > DR570.

« -H +H I

Following the L550 — > M412 transformation, protons are ejected from the
cell, thus generating an electrochemical gradient. This proton gradient
directly drives some metabolic processes such as ATP synthesis and other
endergonic processes."'

The exact mechanism of this proton pump still remains unclear.
However, accumulated evidence indicates that the M412 intermediate plays a
key role in the photochemical cycle of bR.^' M412 is unique in the
unprotonated nature of its retinal-lyaine Schiff base bond, as compared with
the protonatsd structure characterizing the parent pigment and all other
intermediates^ " Some studies have inferred that the Schiff base
deprotonation is closely associated with the proton pump mechanism. Studies
of the effect of chemically modified tyrosines on the rate of decay of M412
suggest a coupling between some tyrosine residues and M412' '̂

Our research is aimed at understanding the molecular mechanisms of the
deprotonation of the protonated Schiff base and tyrosine. Both of these
weak acids have a pKa value ^10, yet somehow during the L550 ~> M^j2

step of the cycle they ionize, even though the pH of the medium is ~ 7.0!

In our studies, the simultaneous rates of the deprotonation processes
of both the Schiff base and the tyroaine are studied at different
temperatures, pH and different salt concentrations.

The important results are found to be described in terms of a
simple model.'*' In this model, the deprotonation of both weak acids is
assumed to result from a reduction of their pKa values as a result of

interaction with a cation bound to the protein. The reduction of the pKa
value of the Schiff base results from the repulsion between the cation and
the positively charged protonated Schiff base. The reduction of the pKa
value of tyrocine results from the attraction between the cation and the
negatively charged tyrosinate ion formed in the deprotonation process.
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This aod»l is discussed in the light of the observed rejults**' as
veil as of the more recent results on the effect of removing the cations on
the deprotonation process.*5,6)
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DISCUSSION

PAYER: Can you use r&man spectroscopy to determine whether the removable
Ion is directly involved or if it causes conformational changes
that are responsible for the effect?

EL-SAYED: R. Mathies and T. Bbrey have independently shown that as you
remove the ions from bacteriorhodopsin, the light-adapted fora is
found to have a large contribution from the 13-Cis isomer.

BARKIGIA: What happens to the protein as the pli is changed?

EL-SAYED: It is known that it is stable up to a pH - 12.0.

SELTZER: This is very nice work. With respect to your discussion as to
whether the calcium or oagnesium ions affect the pKa of
tyrosine indirectly, by causing a conformational chnnge, or
directly, by association with a nearby group, the fact that
papain-cleavage at the C-termlnal end results in considerably
reduced binding of these cations would suggest that cation
binding changes the tyrosine pKa by a conformational change
because of the belief that the residues in the C-termtnal end are
far from a tyrosine neighbor of a Schiff base.

EL-SAYED: You are very correct. As we have mentioned in our paper that
should appear in PNAS soon, the fact that the regeneration with
cations is ion nonspecific. Further, we prefer the Indirect
mechanism that the Ca*4" and Mg + + affects the protein confirmation
to allow another cation to do the job.

WASIELEWSKI: Has the effect of divalent ions other than Ca2* and Mg**" been
used to study the effect of tyrosine on proton transfer? If so,
can one tell how big the site of this interaction is from which
metal fits in the site?

EL-SAYED: A number of experiments are being done by a number of people,
using different metal ions. Soon there will be a number of
papers with the association constant for different metal ions.
Qualitatively, we have observed large variation in the amount of
the cations required to restore deionized bacterlorhopsin to its
normal vtate.
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CHEMISTRY ON ELECTRONIC HYPERSURFACES:

A KEY ASPECT OF PHOTOSYNTHETIC ENERGY STORAGE

George C. Pimentel

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

Every photosynthetic process by which solar energy is stored in the
form of chemical energy depends at some stage upon the change in
reactivity associated with electronic excitation. The mere possession
of additional energy is not the key aspect of this change. Instead,
what matters is the fact that the excited state, with its different
orbital occupancies, behaves as a different chemical species from the
ground state. The difference will be reflected in such important
properties as electron affinity, ionization potential, charge
distribution, solvation, acid-base character, equilibrium structure,
activation energy barriers, and reaction mechanisms. Not a great deal is
yet known about these properties for electronically excited molecules,
though they are crucial to the understanding and design of photosynthetic
energy-storage systems.

We are exploring a variety of photo-induced chemical changes that
furnish interesting prototypes and that reveal the nature of the reaction
hyperaurface. The matrix isolation technique is of particular usefulness
in a number of way3. First, it permits retention and leisurely
spectroscopic study of relatively reactive species. Second, it enhances
radiative processes relative to radiationless relaxation, which adds
substantial spectroscopic evidence about the excited molecule. Next, it
gives opportunity for prolonged radiative excitation of low quantum
yield reaction channels. All of these open the possibility of mapping
reaction surfaces for electronically excited molecules.

Prototype examples under study in our laboratory will be discussed.
A unimolecular reaction prototype is furnished by the photochromic azirine-
ylide systems. A number of bimolecular reactions are under study including
reactions of electronically excited 0. with furans, NH with acetylenes, and
mercury atoms with olefins. These studies already show that singlet-
triplet surface crossing (or lack thereof) will be a crucial and frequently
encountered issue in chemistry on electronic hypersu^faces. These examples
and the relevant experimental techniques will be discussed in detail.
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DISCUSSION

KEVAN: You aentloned that excited Hg only Inserts into the C-ni feond and
doesn't fora a w-coaplex. Do you have an explanation i>, • why
there isn't also a pathway leading to a r-complex, «V«P as an
intermediate?

PIMENTfiLr The spectral evidence shows that in absence of excitation, the
mercury-olefin interaction is extremely weak (small shifts of the
olefin vibratlonal frequencies and the Hg electronic frequency)•
Hence the ground state interaction seems to be non-bonding. Upon
excitation to the jPj state, the Hg atom undoubtedly does
interact strongly and probably in a w-complex. However, this
interaction thus can be described as an exciplex and it can,
presumably, relax to its ground, van der Waals state*

PAYER: Do you see effects arising from the differences between the
electron correlation of singlets and triplets on the chemistry,
rather than effects arising from spin multiplicity effects?

PIMENTEL: Our experiments cannot reveal evidence of such effects, although
I believe there should be such effects•

JONES: The usual view of hyper-surfaces for organic photochemical
reactions Is that starting excited states proceed to products via
intermediates (e.g. diradlcals) rather than give the excited
states of products. (There are a number of documented
exceptions.) The singlet vs triplet photochemistry then depends
on differential behavior of singlet vs triplet biradical
intermediates (e.g., NH + RCECR •»• RNHOC - C R , spins paired vs
unpaired).

FIMENTEL: The fact that exciting Hg to the triplet state eliminates the
singlet product, HC1 elimination, and substitutes new products,
Cl 2 elimination and Hg insertion, does not encourage a
biradicaloid intermediate model. Instead, the data suggest that
the products are determined by the reaction surface rather than
by a branching of a biradicaloid common intermediate.

HOFFMAN: 1. Could you comment on the comparison of the chemistry of
mercury photosensitlzation in low temperature matrices with that
in gas and liquid phases?

2. Would you expect there to be a difference in the chemistry
driven by the lowest excited triplet mercury atom with that from
the lowest excited singlet state? Would not that comparison
Impact on the behavior of singlet and triplet surfaces?

3* There is spectroscopic evidence for mercury compounds as
intermediates in gas phase metcury photosensitization. How do
such intermediates compare with those obtained in your matrix
systems?

105



PIMENTEL: 1. In the gas phase, HC1 elimination takes place for the
chloro-olefiti8, which we do observe. However, neither the Cl 2
elimination nor insertion has been reported for the gas phase Hg
photosensitization.

2. We have not been able to examine the singlet Hg chemistry
because it is buried under the olefin absorption at about
185 nm. We can, however, carry out that experiment for Cd and
Zn, whose singlet transitions lie at longer wavelengths* We do
not have much information yet, but the evidence we have indicates
that the chemistry is different.

3. We believe that the gas phase intermediates are * complexes
rather than the insertion products we observe. Presumably they
are exciplex compounds that dissociate if they do not initiate
chemistry.
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Excitation and Electron Transport in Disordered and
Finite Volume Syateas

H. D. Fayer
Department of Chemistry

Stanford University, Stanford, California 94305

A number of areas involving excitation transport and electron transfer in
disordered and finite voluae aysteas have been exaained both experimentally and
theoretically. Experiaental and theoretical work on excitation transport has
focused on finite voluae, clustered chroaophore systems. In such systeas there
are a relatively saall nuaber (on the order of KM-IO^) of chroaophores in a
very saall voluae. Recently we exaained dye aoleculea randoaly distributed on
the surface of aicelles. Currently we are focusing our attention on chromo-
phores attached to the backbone of small polymer coils in polymer blends.

The polymer problea is a challenging fundamental research problem as well
as having important implications for solar energy conversion. First, we have
developed an initial analytical theoretical description of excitation transport
in polymer blends. This is the first theoretical treatment of excitation
transport that considers a specific disordered, but nonrandom, distribution of
chioaophores in a finite volume. Thia type of theory permits detailed
structural information to be obtained about the system of chromophores. It will
also perait quantitative calculation of excitation dynamics in polymer systeas
containing chromophores.

Qualitatively, it is easy to appreciate the relationship between polymer
coil size, <Rg

2>l'2, and the rate of excitation transport. If isolated
polyaer coils containing a small fraction of chroaophores are dispersed in a
host polyaer with which they have favorable thermodynamic interactions, they
will assume extended configurations with a large average interchromophore
separation. Since the rate of excitation transport is a strong function of
distance, an extended configuration results in a relatively slow rate of
transport. If the guest polymer-host polymer interactions are less favorable,
the Isolated coils will contract and excitation transport will become faster.

We have recently completed the first detailed experimental study and
comparison to theory of this approach. We exaained excitation transport in
systems of copolymers of methyl methacrylate and 2-vinyl naphthalene dispersed
in poly(aethyl aethacrylate) (PNMA) and poly(ethyl methacrylate) (PEMA) hosts.
The experimental results were compared to the recent theoretical treatments.
Comparison of the theory to the data showed that it correctly reproduced the
functional form of the tiae dependent fluorescence depolarization curves. This
is in contrast to even the most sophisticated theories for energy transport in
solution, which are Incapable of calculating the correct time dependence. It is
clearly necessary to properly incorporate polyaer statistics into the
theoretical analysis.
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Although the theory correctly describee the time dependence, it ia in error
by ~ 35% in determining the size of the polymer coil. We are currently extend-
ing the theory to incorporate a More realistic pair correlation function.
Although this is a complex problem, we have made considerable progress, and we
expect to have a quantitatively accurate theory soon.

We have also observed the effects of phase separation on the depolarization
observable by examining the same copolyser in PEMA. Phase separation was
observed at concentrations of ~ 0.1%, a range in which methods such as neutron
scattering lose their sensitivity. Excitation transport increases dramatically
in the phase separated domains. Thus a chromophore containing coil can have its
transport characteristics tailored by choice of polymer host material. Future
theoretical work will quantitatively connect the energy transport observables to
the structure of phase separated domains.

A theoretical and experimental stydy of electron transfer from a donor to
randomly distributed acceptors in a glfc&*y medium is presented. The influence
on time dependent observables of an electron transfer rate which is dependent on
the orientation of donor and acceptors with random distance and angular
distributions is examined. It is formally proven that an angular dependent
electron transfer rate will affect the ensemble averaged functional form of the
time dependence of donor fluorescence. Calculations based on models of
p-orbital-p-orbital and p-orbital-s-orbital angular overlap factors demonstrate
that only at short times (0-100 psec) does the tine dependence deviate from that
predicted by the angle independent Inokuti-Kirayatna theory. At longer times
{> 1 nsec) angle independent electron transfer parameters can be extracted from
time dependent data. Experimentally, systems of pentacene (donor) and
duroquinone (acceptors) in sucrose-octa-acetate glass are examined. Excitation
of pentacene to its first singlet state initiates the electron transfer which ia
monitored by observing the time dependence of fluorescence emission. The
transfer parameters, RQ and f,, are extracted from the time dependent curves
and are used to reproduce the results of steady state fluorescence quenching
measurements on the same system. Values of RQ • 14.3 A and Jt • 0.70 A are
obtained. This is the first independent comparison between time dependent and
steady state measurements of electron transfer.
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11. "Picosecond Transient Grating Measurements of Singlet Exciton Transport in
Anthracene Single Crystals," Todd S. Rose, Roberto Righini, and M. D. Fayer,
Chem. Phys. Lett. 106, 13 (1984).

12. "Determination of the Guest Radius of Gyration in Polymer Blends:
Excitation Transport Induced Time Resolved Fluorescence Depolarization,"
M. D. Ediger, R. P. Domingue, K. A. Peterson, and M. D. Fayer,
Macromolecules, accepted (1985).
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Would you please tell us a little about the pair correlation
function you are now using with polymer blends in your finite
volume energy transfer studies•

In the original theory and experiments, which have been
published, we did not explicitly consider the form of the pair
correlation function* We matched the second moment of our model
to that given by standard polymer theories* However, the
experiments showed that the pair correlation function was the key
to a quantitative excitation transport theory. We have now
explicitly used a pair correlation function which is appropriate
to the experimental systems being studied.

If there is an orientation dependence for fluorescence quenching
by electron transfer, would you predict a transient dichroism in
the acceptor anion spectrum if you excite with linearly polarized
light?

This is an interesting possibility which we have not calculated*
I expect that the angular anisotropy will be washed out because
of the averaging the system does over distance. We are preparing
to look at the formation of the ions with transient grating
experiments. These experiments will permit the anisotropy, if
any, to be examined.

In determining the transition dipole moment of Chl-hemoglobin,
how do you know what the Chi orientation is in the heme product?

The group of Prof. Steven Boxer prepared the samples. They have
done extensive characterization of these samples using NMR,
optical spectroscopy and x-ray crystal structures. To a high
degree of accuracy, the Boxer group believes that the chlorophyll
goes in substitutionally for the heme in the hemoglobin protein.

Vinyl naphthalene and methyl methacrylate may have some tendency
to alternate in polymerization. This could give non-random
distribution of chromophores along polymer and between polymer
chains. Was this significant?

The available information on the reactivities of the methyl
methacrylate and vinyl naphthelene are so similar that the
resulting chains should have the naphthalene groups randomly
distributed.

Did you include in your calculations of electron transfer
fluorescence quenching in glasses all possible angular
configurations? For example, if the closest acceptor has a very
bad orientation for electron transfer, the second-nearest
acceptor can have a better orientation.

The theory properly averages over all distances and all angles.
A donor interacts with an infinite number of acceptors and the
averages are performed over all spatial and angular
configurations.
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KXCITED-STATK OTIMflCS AMD flEBGETICS OF SLECTIM OOMt-AGCBRCR COOIJXIS

JSdvard C. Urn
Department of Chemistry, Wayne State University

Detroit, Michigan 48202

This is a progress report on a part of the research project "Dynamics of
Charge-Transfer Excited States Relevant to Photochemical Energy Conversion"
which began in June, 1983. The primary objectives of the overall research
program is to gain fundamental understanding of the energetics and dynamics
of charge-transfer (CT) excited states, and the factors which control the
efficiency of "charge separation" and "charge recombination".

Electron donor-acceptor (EDA) complexes between ir-donors and ^-acceptors
represent rather old, but still important, examples of the molecular systems
whose excited-state dynamics provide valuable information concerning CT pro-
cesses. A systematic study of fluorescence, transient absorption and phos-
phorescence for EDA complexes of alkyl beneenes with tetracyanobenzene and
tetracyanoathylene, in condensed phase, lead to the following conclusions:

1. The emitting species is a 1:1 complex (DA) for low concentrations of
the donor molecules (D), but a 2:1 complex (D£A) of sequence DDA for
high concentrations of D.

2. The DDA structure of the termolecular complex is favored over the
DAD structure due to the D+ - D ** D - D+ charge resonance stabilization,
which is greater when the two donor molecular are close together.

3. At elevated temperatures, the dominant decay channel of the CT exci-
ted singlet state of DA and D£A is the internal conversion, or the
"charge recombination", leading to the formation of D and A in their
ground electronic states.

4. The "charge recombination" is much more efficient in DA than in

5. The "charge recombination" in DA is more greatly affected (i.e.,
slowed down) by methyl deuteration than by ring deuteration of the donor
molecule, in sharp contrast to the greater ring deuteration effect in
02A.

6. Theoretical considerations reveal that observations (4) and (5) are
the results of the charge resonance in D*, which decreases the effi-
ciency of the ''charge recombination" and the magnitude of the methyl
hyperconjugation.

7. Strong temperature dependence of the "charge recombination" process
suggests the important role the interchromophore vibrations play in the
CT process.

8. The equilibrium conformation of the CT excited state ia different
from that of the ground-state EDA complex.
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9. Radiative decay rat* of the CT excited ainglet state depends aenai-
tivaly on the extant of ita mixing with locally excited singlet atates
of component Molecules (D and A).

10. Intersyatea croaaing froa the CT kinglet state of the EDA complexes
is efficient only when a locally excited triplet state of a component
molecule lies below the CT ainglet state, or when the CT excited atates
are strongly mixed with locally excited states. This propensity rule is
a direct conaequenca of the vaniahingly small spin-orbit coupling
between the CT ainglet and CT triplet atates.

The work leading to the above conclusions, which had its origin in some
of our earlier observationsa^~* are presently being readied for publication.
Current studies on these EDA coaplexes involve the study of the nhotophysical
properties of jet-cooled molecules, for comparison with those in condensed
phase, and ultrafast (£ 10 psec.) spectral probe of the conformational
changes aasociated with the conversion of the "Franck-Condon" CT state into
the "equilibrium" CT state.

In the very near future, we will begin to examine the energetics and
dynamics of the aetal-to-llgand CT atatea of transition metal complexes
using, among others, mass-selected two-color photolonization in supersonic

1. 5. Okajima, fi.T. Lift and E.C. Lla, J. Cham. Phys. 73, 3512 (1980).

2. B.T. Lia, S. Okajima, A.K. Chandra and E. C. Lim, Cfiem. Phys. Lett.
79, 22 (1981).

3. S. Okajima and E.C. Lia, J. Phys. Cham. 86, 4120 (1932).

4. B.T. Lla, S. Okajiaa, A.K. Chandra and E.C. Lia, J. Ch»m. Phys. 77,
3902 (1982).
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Did Mataga or did you consider using paracyclophane as a donor to
test for the presence of effectively termolecular complexes while
maintaining relatively low donor-acceptor concentrations?

Yes. We did indeed consider this possibility, but we did not get
around to doing the experiment yet* I do not know if Mataga has
considered the sane.

In your model where *CT -X-* 3CT you must assume that the DA
complex never comes apart* Is that true for these compounds?

Yes, it is true for the EDA complexes we have studied•

Upon excitation into the CT excited singlet state, you observe an
emission spectrum which, on the nanosecond time scale, shifts to
longer wavelength due to conformational relaxation. As you
follow the time evolution of that spectrum, do you observe an
iaosbestic point?

We have not done a careful study of this yet. However, the
results to date show that there is no clean isosbestic point for
experiments done in ether-isopentane at -160 °C. The rise time
of the relaxed fluorescence is at least several nanoseconds, and
we get different emission maximum for the "relaxed" fluorescence,
depending on the time window of the observation. In view of
this, and the associated solvent relaxation, it is not surprising
that we do not observe a clean isosbestic point. It is also
possible that there is no large potential barrier (intrinsic or
matrix-dependent) separating the two possible minima under the
experimental conditions used.

Your time-resolved fluorescence studies establish relaxed
fluorescence for the charge-transfer state. To what extent does
glass relaxation contribute to the spectral shift which occurs
with time?

.I believe that the spectral shift due to the solvent relaxation
is small relative to that caused by the conformational relaxation
of the complex.

In your calculation of the CT spin-orbit coupling, did you take
the molecular wavefunctions to be orthogonal? He did a
theoretical treatment of spin-orbit coupling of molecular dimers
and found spin-orbit terms if the wavefunctions of the molecules
were properly orthogonalized?

Yes, We took the molecular wavefunction to be orthogonal.
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NEWTON: The isotope effects which you have attributed to methyl group
hyperconjug&tion appear to be consistent with secondary H/D
equilibrium Isotope effects for reactions involving methyl groups
adjacent to charged centers. It is Interesting to note that
aethyl group hyperconjugatlon is significant for cases of both
negative and positive charge.

LIK: It is well known that the electron density can be transferred
from the aethyl C-H to the n-systen, as well as in the reverse
direction, in the hyperconjugative interactions.
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Picosecond Fluorescence Spectroscopy of Dyes
on Surfaces: Excitation Trapping and
Nonradfative Decay Into Surface Modes

W. S. Struve
Department of Chemistry and Ames Laboratory

Iowa State University
Ames, Iowa 50011

We have been studying dye monomer excited state decay processes on quartz
and on single-crystal semiconductors. Subnanosecond time-correlated photon
counting is used to monitor the fluorescing dye state, which can decay via

(a) Intramolecular radiative and nonradiative relaxation from the
monomer excited state;

(b) monomer-monomer and monomer-trap excitation transport on the
surface, leading to trapping of electronic excitation at dye dimer and
other defect sites;

(c) nonradiative excitation decay into surface modes (e.g. surface
plasmons 1n metals, surface polaritons In semiconductors); and

(d) electron injection Into the semiconductor space-charge region.

Since photocurrent yields for dye monomers on single-crystal semiconductors
are generally low (~10~z), we have concentrated on assessing the potential
significance of excitation decay modes (b) and (c). The Intramolecular
processes (a), which also occur In isolated monomers, have already been well
characterized for many dyes.

Two-dimensional excitation transport and trapping can be isolated and
monitored on insulators on which processes (c) and (d) cannot occur. We have
recently done this for cresyi violet (CV) on quartz [J. Phys. Chem. 88, 5873
(1984)J for subrnonolayer surface densities between ~ 1 0 u and 2 x 10l7~cm"2.
Because CV dimerizes extensively on quartz, efficient excitation trapping by
CV dimers reduces the monomer fluorescence 1/e lifetime to <400 ps at the
highest surface coverage, vs. ~ 3000 ps at the lowest coverage. The monomer
fluorescence decay is neither single- nor biexponentiai, but closely follows
nn analytic decay law

Ioexp(-tA - 1.354 CT(t/T)
l/3J.

This 1s expected for two-dimensional excitation trapping in the limit where
the reduced trap (I.e. dimer) coverage CT greatly exceeds the reduced monomer
coverage CM, so that CV monomer excitation typically decays via a single
monomer-to-trap excitation hop.
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In practical dye sensitization of semiconductors* the trap coverage
cannot be large compared to CM. The monomer fluorescence decay law then
becomes nonanalytic, since electronic excitation can migrate from monomer to
monomer with topoiogicaily varied trajectories. An accurate
transport/trapping theory is considerably more difficult in this regime for
two than for three dimensions (the latter case is well handled by the theory
of Loring, Anderson, and Payer, and has been studied experimentally in
solution by Fayer and coworkers). We have been measuring precise fluorescence
decays of rhodamine 6G monomers under trapping by Nile Blue on quartz with
independently varied C^ and Cj, with the intent of stimulating development of
a higher-order two-dimensional transport/trapping theory.

It has long been appreciated that electronic excitation of dyes on metals
can rapidly decay nonradiatively into metal surface plasmons, reducing the
electron injection efficiency. Silbey and coworkers developed a classical
electromagnetic theory for excitation decay in a molecule near any dielectric
surface with complex refractive index n • n + i<2 at the fluorescence
wavelength \. For molecule-surface separations d « \, the surface
accelerates the nonradiative decay rate by a factor

(>V + n2
2 - s

2 ) + 4 n 2 \
2

where n is the refractive index of the medium above the surface. This factor
is numerically similar for visible x on both metals (large K , small n ) and
semiconductors (large n2, small < ); the theory predicts ultrashort CV
lifetimes for d < 10 k on TiO2 and ZnO as well as on Au and Ag. We have been
examining fluorescence profiles of dyes separated from TiO by variable
numbers of eicosanoic acid spacers, and comparing them witn the theoretical
d-dependence of the dye-surface nonradiative decay rate in order to determine
the relative importance of this decay mode.

Relevant Publications

1) "Excitation Transport and Trapping in a Two-Dimensional Disordered
System: Cresyl Violet on Quartz; P. Anfinrud, R. L. Crackel, and W. S.
Struve, J. Phys. Chem. 88, 5873 (1984).

2) "Transient Photocurrents in WSe2 and MoSe2 Photoanodes", S. Prybyla,
W. S. Struve, and B. A. Parkinson, J. Electrochem. Soc. ,131, 1587 (1984).

3) "Excitation Transport and Trapping in a Two-Dimensional Disordered
System: Cresyl Violet on Quartz", P. Anfinrud, R. L. Crackel, and W. S.
Struve, Proceedings Ultrafast Phenomena IV, 193 (1984).
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DISCUSSION

GREENBAUM: Would you expect any degree of orientation of the transition
moments of the dyes If you used single quartz crystals as the
support Material?

STRUVE: There Is already considerably orientation of the transition
moaents on fused quartz (as demonstrated by the SAG anisotropy
experiments of Lazzaro et al., Chera. Phys. Lett. 114, 103 (1985),
mentioned in the talk): they are aligned at a fixed angle 6 with
respect to the surface normal, but are randomly oriented in the
azlmuthal angle $. It is possible that preferred + as well as 8
orientations would be exhibited on a single crystal surface, but
this has not been verified to my knowledge*

EL-SAYED: The problems with Silbey's theory would result in bad predictions
on the surface* Your result right on the surface (with no
spacer) was in good agreement with predictions but the next
result (a bit further away) was not in good agreement.

STRUVE: Silbey's theory predicts the adsorbed dye excited state lifetime
as a function of distance from the dielectric surface (in our
case TiO2)> which is presumed to be flat. The lifetime is very
short (-30 ps) for the directly adsorbed dye, so large
disagreements at this close separation don't look important on
the linear scale of the plot (x » 0 to 3000 ps). The
disagreement at the next point (using three 26.5 A spacers)
appeared larger because the measured lifetime there (" 1 ns) is
much longer than right on the surface.

It came to my attention after the conference that the TiO2
absorption coefficient tc2 (which is very small for this
wide-bandgap semiconductor at cresyl violet's fluorescence
wavelength, 6300 A) is considerably smaller than the one we used
(Cardona and Harbeke, Phys. Rev. U7_, 1467 (1963)) when
calculating lifetimes from Silbey's theory. When a correct value
of <2 is used, much better agreement is obtained.

A priori, it is possible that good agreement with no spacers and
poor agreement with a small number of spacers can be obtained, if
the surface were so rough that substantial crevices existed under
the spacer layers. I do not believe that this is the situation
in our experiment!
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Quantisation Iffacts in Photo«lectrochemical System*

A. J. Nozik, J. A. Turner/ B. Blacker, and T. Fajh

Solar Energy Research Institute
Golden, CO 80401

Quantization effects have been demonstrated in two physically distinct
photoelectrochemical systems. In one, semiconductor particles of very small
sice have been generated as both aqueous and non-aqueous colloids?
quantization due to carrier confinement in a 3-dimensional potential well
leads to discrete energy levels in the conduction and valence bands. The
absorption and emission spectroscopy of these quantized levels, as well as
their photochemical properties, have been investigated for CdS colloids* The
kinetics of particle growth, and the associated quantum size effects, have
also been studied using a stopped-flow spectrometer* Details of this work are
presented in a separate poster at this meeting*

In the second mystem, superlattice photoelectrodes have been used in
photoelectrochemlcal cells for the first time to produce large quantum size
effects* The effects are manifested as a series of photocurrent peaks in the
photocurrent-wavelength spectra* The first samples consisted of alternating
layers of GaAs and GaA«i_xPx, each 250 A thick and produced by metal organic
vapor deposition (samples made by J. Olson at SERI). This structure produces
a strained-layer superlattice (SLS) with 250 A GaAs quantum wells and
GaAsi_xPx barriers; with x * 0.5, the electron and hole barrisrs are 0.28 and
0.3 eV, respectively.

The photocurrent action spectra of the SLS electrodes show remarkable
structure that fit very well to a sum of Gaussian peaks. For the first (x •
0*5) sample, seven peaks were found that had a linewidth of 19.4 eV. The
theoretical energy level scheme for the quantum well was calculated; seven
quantum levels were found for the conduction band and eight quantum levels for
the valence band. The first six peaks in the experimental photocurrent
spectra matched the first six allowed transitions (An • 0) of the theoretical
energy level scheme extremely well. The seventh peak matched the non-allowed,
An - 1 transition from the n • 7 level in the valence band to the n « 6 level
in the conduction band. The intensities of the peaks varied with sample
position, but the peak positions were constant; this means that the layer
spacings are constant but the probability for electron transfer into solution
varies with position. This result is consistent with SEH photos showing
equidistant layers and irregular outer surfaces.

The photocurrent response in initial GaAs/GaAsi_xPx superlattices falls
to zero at 680 nm, and remains near zero down to 400 run. This drop-off could
be due to either (1) poor overlap of the higher lying discrete energy levels
in the conduction band quantum well with the electrolyte energy levels, or (2)
to greater e"-h+ recombination rates at the outer surface layers caused by
higher strain and layer distortion. The quantvn efficiencies (1-20%) for the
photocurrent over the wavelengths of interest and at electrode potentials of
-0*8 to -1*0 V (vs SCI) indicate significant tunneling through the rather
thick (250 A) GaA*0<5pQ#5 barrier. This could be the result of strain-induced
defect states that assist tunneling.
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It is quit* surprising that the photocurrent spectra are so well-
resolved, even at roosi temperature. Further experiments are planned to study
th« affects of SL composition, wall and barriar dimensions, temperature,
lattice-mismatch between layers, electrolyte redox potential, and catalytic
metals on the surface.

The ability of auperlattices and sultiple quantum wells to absorb light
at discrate quantum levels and permit charge transfer from these levels
provides a potential mechanism for achieving the very high theoretical
conversion efficiencies predicted by Ross and Nozik for hot carrier injection
processes. This is because carrier relaxation to the semiconductor band edges
or to the bottom of the quantum well, with its attendant thermal less, is
inhibited by the presence of discrete energy levels with relatively large
separation. Further work is planned to explore charge transfer processes from
the higher lying quantised levels in superlattices and multiple quantum wells,
and to measure the thermalisation times directly in such structures. Efforts
will be made to understand and prevent the photocurrent drop-off at higher
photon energies so that the higher conversion efficiencies may ultimately be
achieved.

P0BLZCATIOWS (ftt3-1985)
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Cham. 1985 (in press), "Quantum Size Effects in Small Semiconductor
Particles."

2. J. D. Brown, D. L. Williamson, and A. J. Nozik, J. Phys. Chem., 1985 (in
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In your calculation of the photocurrent spectrum of GaAs is the
well width in your nodel treated as a parameter. What physical
well width did you use?

The energy levels depend upon the well thickness and the barrier
height. The well thickness is set experimentally by the
deposition process and was 250 A* The barrier heights were taken
fron literature data as 0.28 eV for electrons and 0.3 eV for
holes.

1. What does the photoluminescence spectrum show. Wouldn't "hot
electron" injection imply emission from upper excited states?

2. Should we think of these photoelectrodes as being "Intrinsic"
to account for the observation of photocathodic and photoanodic
currents.

The photoluminescence spectra show "hot" luminescence from higher
erccited states in the quantum wells. Some spectra show emission
peaks that match the energy level scheme. The doping density is
low in the superlattice samples, and one could consider them to
be near-intrinsic.

What kind of wavefunction did you use in order to get the As « 0
selection rules?

The wavefunctions are the expected ones for solution of the
particle in a one-dimensional box problem except that it includes
the lattice-periodic Bloch functions* As a result only interband
dipole matrix elements with the same n value are large since the
overlap between wavefunctions with different n values makes the
dipole matrix elements very small.

Given that the hole effective mass is almost ten times the
electron effective mass, why is the energy level spacing in the
valence band so similar to that in the conduction band?

The valence band actually is comprised of heavy holes and light
holes; there is an energy degeneracy at k • 0. Under the effects
of large lattice strain, the heavy and light holes are mixed and
the states are better described by the angular momenta J and
mj. The |3/2, 3/2> state Is one controlling the transitions
and its effective mass is reduced from the heavy value for bulk
material by about a factor of 5-6. This then leads to the energy
level scheme that was presented for the valence band well.

What Is the magnitude of the photocurrent compared to that for a
simple semiconductor? Is there a very different quantum yield?

The quantum yields for our strained layer superlattice samples
range from 10 to 50% of the value obtained for single crystal
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SMALL: Can one do low-temperature high-resolution optical spectroscopy
on these layered compounds so as to better assess the quality of
perfection of the lamellar structure*

NOZIK: Yes. These types of experiments have been reported in the
literature.

SPREER: To what do you attribute the differences in intensity of the
absorbance as you look at different regions of the sample?

NOZIK: It is not the absorbance that is different for different regions
of the sample; I expect that is constant* The photocurrent we
measure is a combination of absorption and charge transport. ^
believe the changes in intensity for different peaks is due to
differences in charge transfer at the interface and in the
superlattice.
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Resonance Raman and SERS Studies of Metalloporphyrin Redox Processes

Thomas G. Spiro, Luis Sanchez, Dongho Kim, and Lisa Miller

Department of Chemistry

Princeton University
Princeton, New Jersey 08544

Preliminary results are reported in a program to study metalloporphyrin
redox processes with Raman spectroscopy. The technique is canable of providing
detailed structural information, which can be expected to yield useful in-
sights regarding the photocatalytic properties of metalloporphyrins. Resonance
enhancement provides high sensitivity for metalloporphyrin signals, and the
SERS (surface enhanced Raman scattering) effect can give additional enhance-
ment for metalloporphyrins adsorbed onto the surface of silver, gold, or copper
particles.

SERS spectra have been obtained for roughened silver electrodes in con-
tact with hemin chloride in aqueous solution (present as the y-oxo dimer) and
of its dimethyl ester in acetonitrile. Porphyrin mode frequency shifts are
observed which suggest that the protoheme vinyl groups interact with the silver
surface in the case of the dimethyl ester in acetonitrile, whereas the free
proprionate groups interact with the surface for aqueous hemin. When the excitation
wavelength is varied, the Raman enhancement pattern shifts from one characteristic
of Franck-Condon (A term) scattering in resonance with the allowed B (Soret) band,
to one showing vibronic (B term) scattering in resonance with the quasi-forbidden Q
(a,8) bands. This finding demonstrates that the metalloporphyrin excited states are
not greatly perturbed by adsorption to the silver surface, and that the SERS effect
is primarily an electromagnetic amplification of the normal resonance Raman signal.
When the electrode potential is changed from +0.3 to -0.6V (vs SCE) the spectrum
of the Fe111 porphyrin is replaced by one characteristic of Fe11 porphyrin;
thus both redox partners can be monitored at the electrode surface via the SERS
technique. A plot of the Fe1:II/Fe11 concentrations, as determined from the SERS
intensities vs electrode potential, shows a midpoint coinciding with the hemin
reduction potential, as determined by cyclic voltammetry, but the transition is
much more gradual than predicted by the Nernst equation. This is attributed to
slow adsorption-desorption processes.

Electropolymerlzed metalloprotoporphyrin films have been prepared on
silver and gold electrodes, for examination by SERS, and on platinum electrodes,
for bulk resonance Raman characterization. Cobalt protoporphyrin films are electro-
active in contact with nonaqueous electrolytes; in aqueous solutions, scanning to
negative potentials produces a catalytic H2 current, but the electrode is inactive
on subsequent scans. The SERS spectra of films before and after inactivation show
no pronounced differences, and are similar to bulk film spectra. The inactivation
is therefore believed to involve interference with the electrode-film contact,rather
than chemical modification of the porphyrin units at the electrode surface.

Resonance Raman spectra have been obtained for a number of radical cations
of metallo-octaethylporphyrins, prepared electrochemically and by chemical oxi-
dation. These include radicals which have been characterized as arising from electron
removal from different porphyrin orbitals: Aiu (Mg, Zn, Co with bromide ligand).
and A2U (Ni, Cu, Co with perchlorate ligand). Distinct frequency shifts are
observed, which cleanly fall into two different patterns for A^u and Agu radicals,

123



although some variation with the central metal atom can also be observed.
When the normal mode compositions are examined, the pattern of frequency
shifts is found not to be consonant with the nodal pattern of the orbitals
from which the electron is removed. This discrepancy is currently under
study. In the case of nickel tetraphenylporphine, the Raman spectra are
in full accord with previous proposals based on optical and ESR spectroscopy
that oxidation produces a N i ^ radical cation in solution at room temperature,
which however converts to NiHlTPP upon lowering the temperature to 77K.

Publications

1. "Porphyrin Electrode Films Prepared by Electrooxidation of Metallo-
protoporphyrins," K.A. Macor and T.G. Spiro, J. Am. Chem. Soc. (1983)
105, 5601-5607.

2. "Oxidative Electrochemistry of Electropolymerized Metalloprotoporphyrin
Films," K.A. Macor and T.G. Spiro, J. Electroanal. Chem. (1984) 163,
223-236.

3. "Surface Enhanced Raman Spectroscopy as a Monitor of F e ^ Protoporphyrin
Reduction at a Silver Electrode in Aqueous and Acetonitrile Solutions:
Vibronic Resonance Enhancement Amplified By Surface Enhancement," L.A. Sanchez
and T.G. Spiro, J. Phys. Chem. (1985) 89, 763.

4. "Cobalt(I) Porphyrin Catalysis of Hydrogen Production From Water,"
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DISCUSSION

WRIGUION:

SPIRO:

WASIELEWSKI:

SPIRO:

WOODRUFF:

SPIRO:

COTTON:

SPIRO:

FAJER:

SPIRO:

What was the relative amount of bound and unbound glucose oxidase
in the Ag sols experiment and what was the enzymatic activity?

At a Ag concentration of 0.33 mH there is no fluorescence up to
0.5 uM protein, suggesting - 20 tight binding sites per
particle (~ 75 A diameter). The measure of enzyme activity was
85Z of the native activity.

How does the SERS effect depend on distance from the Ag? Does
the distance dependence affect the spectra one sees for large
molecules such as proteins? That is, does the part of the
protein closer to the Ag display a much bigger effect than that
further from the Ag?

A rather sharp fall-off with distance is expected on the basis of
electromagnetic theory. If a chemical mechanism is operative,
extra enhancement is also expected for those molecules in contact
with the surface.

Considering that 406.9 ran excitation is near the T-T absorption
maximum of ZnGEP and that the triplet lifetime of ZnOEP is
appreciable, do you observe any indication of an excited state
resonance Raman spectrum in the zinc systems?

Not if the sample is rotated through the laser. For stationary
samples we do see a triplet contribution for ZnTPP, not yet for
ZnOEP.

With respect to the question asked by M. Wasielewski concerning
the distance dependence of the SERS effect:
According to electromagnetic theory, the distance dependence can
be tailored by changing the surface roughness on Ag or the
colloid particle size. The smaller particles exhibit greater
surface sensitivity. The enhancement effect falls off as (a/r) 12

where a is the radius of the sphere and r is the distance of the
adsorbate from the center of the sphere.

Could (the slow) electron transfer in adsorbed PPIX be due to
multilayer formation and electron transfer thru layers?

This is quite possible.

We have suggested that control of orbital occupancy by axial
ligation is also important in modulating properties of
chlorophyll cation radicals. Have you extended your resonance
raman experiments to chlorophyll or chlorine radicals. It would
be of interest to find diagnostic marker bands for the chlorin
equivalents of "aiu" and "B2\i" states.

No. There has been some work on chlorophyll radicals by Cotton
and van Duyne, and also by Lutz and his group.
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LINSCHITZ: What happens to the luminescence of the porphyrlns upon
adsorption to the silver surface?

SPXRO: This Is quenched.
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PHOTOCHEMICAL ENERGY STORAGE: STUDIES

OF INORGANIC PHOTOASSISTANCE AGENTS

M.S. Hrighton

Department of Chemistry
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139
Progress has been made on two aspects of a research program to effect

light-driven, energy-storing chemical reactions. First, functional1 zed p-InP
photocathodes for H2 generation have been characterized and show
substantially better overall energy conversion efficiency than analogously
modified p-Si photocathodes. Second, n-CdS and n-CdSe have been found to
interact strongly with S-donor substances other than S n

2" 1n such a way that
efficient photoanodic process can be effected. Progress in these areas and
new systems for light-driven redox processes are outlined in the sections that
follow.
Catalytic p-InP Photocathodes. Derivatization of p-InP with a
cobaltlceniurn-based reagent, I, can be effected such thaif a uniform film on

the p-InP is achieved. The CCo{CpR)2+'o!In polymer can then be coated with
a small amount of a noble metal, Rh, Pt, or Pd, to yield a catalytic
photocathode for H2 evolution. Low light Intensity 632.8 nm light efficiency
for the generation of H2 exceeds 10%. Under the same conditions similarly
modified p-Si photocathodes give efficiencies typically below 5S. At high
light Intensity the efficiencies are limited by the relatively low cav.alytic
activity of the noble metal deposited onto the polymer. Better
polymer/catalyst assemblies are needed to improve the overall efficiencies and
to achieve efficient durable catalytic photocathodes at high light intensity.

Perhaps the most significant finding concerning the p-InP relates to the
development of methodology for the attachment of molecular reagents to the
surface. One strategy has been to regard the <111>B face (P exposed) as a
surface of P centers that can be alkylated. Comparisons of the reactivity of
RX with <111>B and <U1>A InP do show substantial differences that would
appear to be consistent with the hypothesis that accessible surface P atoms
can be alkylated. Results from reactions of the two <lil> faces with the
alkyiating reagent II have been most compelling in this regard. Surface
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science techniques (XPS, Auger) show that S is present on the B, but not the
A, face of the same crystal after the alkylation treatment using II. Other
uniquely labelled aikylating reagents are under study, e.g. F substituted
benzyl halides. Additionally, model studies of surface P alkylation are
underway using oxide surfaces, Si/SiO2, functional!zed with U± or JW.

Ill __

Interaction of II-VI Semiconductors with Organic S-Donors. Some of the more
impressive examples of progress in semi conductor photoelectrochemistry involve
situations where a species in solution interacts strongly with the
semiconductor in such a way that the flat band potential, Epg, is shifted
substantially. A case In point is n-CdS in the presence of Sn^~. Interaction
of R2NCS2" with n-CdS and CdSe has been discovered to be very substantial.
The diversity of R2NCS2" species allows a detailed investigation of factors
that Influence the shift in Epe as a consequencce of excess anion adsorption
onto the semiconductor surface. The shift in EFB is substantial, ~0.8V, in
CH3CN/0.1MNaC104. The photoanodic oxidation of Et2NCS2~ yields <Et2NC(S)S-)2
with quantitative efficiency and the electrodes are durable; synthetic
quanties of (Et2NC(S)S~)2 can be produced. The R and concentration dependence
of the shift in Epg are substantial. Interface capacitance studies allow a
quantitative assessment of the adsorption phenomena. In some cases the
maximum shift in Epg can be achieved below 10"* M_ in R2NCS2" concentrations.
Large Eps shifts, the clean chemistry, and the durable n-CdX electrodes allow
the demonstration of very efficient photoelectrochemical devices.
A Molecular Approach to Light-Driven Redox Reactions. A new research thrust
is to undertake the synthesis of macromolecules that can serve the function of
semiconductor electrodes. The basic idea is given in Scheme I showing a
macromolecular assembly, anchored to an electrode, say SnO2, consisting of a
light adsorber, two donors, and two acceptors. Progress on such a system will
be reported with reference to large molecules consisting of an ordered
arrangement of linked redox centers.

Ettctra*

I

Links

Eltetroo
Oonorj

Scheme I. Architecture of a molecular system for light adsorption followed by
unidirectional electron transfer.
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DISCUSSION

SOMORJAI: Please cosnent on the rates of hydrogen evolution from the
photoelectrocheaical reaction of water, poisoning and turnover
number. Also, what are the rates of carbonate reduction, and
poisoning rates of the Pd catalysts?

WRIGHTON: The rates of H 2 evolution are given by the currents for the
reduction. Details are given in our paper: J. Phys. Chem. J}8_,
3932 (1984). The rates of the CO^-/HCO2~ reaction on Pd are
given in J. An. Chem. Soc. 1 % , 2723 (1984). For both reactions,
reduction of HgQ and reduction of CO3H-, poisoning of the noble
metal is a problem.

CONNOLLY: 1. Did you indicate that the step-wise potentials of a linear
triaer of acceptors (e.g., benzyl vlologens) attached
perpendicularly to the electrode surface would be different?

2. Would there be any inherent advantage in depositing these
linear acceptor arrays oi'.to the electrode surface from a
Kuhn-type oriented monolayer?

WRIGHTON: 1. The linear "trimer" of viologens should have 3 one-electron
potentials, but they differ by < 100 mV and will be difficult to
detect by cyclic voltammetty.

2. The "Kuhn-type" multilayers represent another, perhaps better,
strategy for synthesizing ordered arrangements of redox units.
We will be watching this field as we proceed to evaluate the
virtues of each approach.
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A SELECTED TOPIC IN ELECTROCHEMISTRY AND PHOTO-ELECTROCHEMISTRY:
Electrochemistry and Spectroelectrocherolstry of Polypyrrole

Stephen W. Feidberg and Terje Skotheltn
Division of Chemical Sciences
Department of Applied Science
Brookhaven National Laboratory

Upton, NY 11973

The objective of this program is the understanding of a variety of electro-
chemcal and photoelectrochemical phenomena. Areas of interest comprise both
theory and experiment. Theoretical studies comprise an analysis of square-wave
and sine-wave perturbations in semi-finite diffusion; Analyses of the effect of
picosecond Irradiations of semiconductor systems (elucidation of factors affect-
ing bulk and surface electron-hole recombination); an analysis of an unusual
electro-catalytic system; and simulation of the rotating ring disc electrode.
Experimental studies comprise investigations of photoelectrochemical cells
utilizing junctions between polypyrrole coated semiconductors and poiy-(ethylene
oxide) doped with KX/l2» a solvent-free solid polymer electrolyte; investiga-
tions of the use of doped poly-(ethylene oxide) in electrochemical cells compat-
ible with the ultra high vacuum required by spectroscopic techniques such as
ESCA, SEXAFS and NEXAFS; investigation of the spectroelectrochemistry of poly-
pyrrole in order to elucidate the mechanism of electrochemical switching; and
characterization of (oxidized) popyrrole stabilized with a sulfonated metallo-
phthalocyanine counterion.

Electrochemistry and Spectroelectrocheaistry of Polypyrrole. The eiectrochemis-
try of polypyrrole may reveal some interesting (and mysterious) properties of
this conducting polymer. The theory underlying the electrochemistry presumes
that there are two distinguishable charging phenomena which can occur during
electrochemical switching between the oxidized (conducting) and reduced
(insulating-alnost) forms of the polymer: 1. a faradaic process which actually
effect! the transformation and 2. a capacitive (double-layer) charging which
maintains the electrostatic equilibrium between the conducting, metal-like,
oxidized polymer and the bathing electrolyte. The behavior of the (oxidized)
polymer can be shown to be consistent with that of a porous electrode with a
high surface-to-volume ratio- ~10? ctn^/gm (if the polymer were comprised of
rod-like structures the radius of those rods would be about 2 x 10"7 cm).

The question arises as to whether or not a real distinction can be made
between the faradaic and capacitive charges. Optical absorption data obtained
during a cyclic voltammetric perturbation indicate that there are indeed two
kinds of charge consistent with the aforementioned theory. The data also
suggest that the optical response is defined by the total charge passed during
switching- the hysteresis of optical response observed as a function of poten-
tial during the cyclic voltammetric perturbation is virtually removed.

The cyclic voltammetric hysteresis (also observed with polyphenylene) is
unusual for a system without diffusion control (diffusion control can present an
apparent hysteresis) in that it is independent of the cyclic voltammetric sweep
rate (at less than 100 mv/s). A hysteresis effected by quasireversible electron
transfer or by iR drop would exhibit a well defined dependency upon the sweep
rate. Possibly analagous "non-kinetic" hystereses have been observed in inter-
calation of atoms of alkali metals into graphite or in the formation of metallic
hydrides. The theory describing these latter systems may be applicable to poly-
pyrrole and other conducting polymer systems which "intercalate" counter-ions.
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DISCUSSION

KAMAT: Have you observed any effect of various counter-Ions which might
Influence the charging of polypyrrole film?

FELDBERG: We have not carried out a detailed study of the effects of
counter ions* Diaz and coworkers have and effects are noted but
not explained.

KOZAK: Does your two-charge model have a critical point? If so, there
is a whole category of physical phenomena (critical slowing down,
fluctuations, power law scaling) that should characterize the
approach to the critical point.

FELDBERG: If one accepts the notion of "N" shape curve relating free energy
and charging there Is a "critical" point where the curve ceases
to be "N" shape and at which point the hysteresis ought to
disappear. This could happen wich increasing temperature, but we
haven't done those experiments. Such a "critical" transition
does occur in hydride formation*
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CRYSTAL AMD MOLECULAR STRUCTURE OF AH 1SOBACTERIOCHLORIN
DERIVED FROM A CHLOROPHYLL.

K. M. B a r k i g i a , J . F a j e x , D. A. Goff and K. M. Smith
Brookhavcn N a t i o n a l Laboratory

Upton, New York 11973

In addition to the well-established roles of chlorophylls and bacterio-
chlorophylls in photosynthesis, an increasing body of evidence indicates that
reduced porphyrins (hydroporphyrins) also mediate diverse biological functions
such as catalatic decomposition of peroxide as well as agsimilatory and dls-
similatory reductions of n i t r i t e s and su l f i tes . The prosthetic groups of
su l f i t e and nitr i te reductases, enzymes which catalyze the six-electron reduc-
tions of sulf i te and ni tr i te to H2S and NH3 respectively, have been character-
iced as iron lsobacteriochlorins or sirohemes. The demetalated form of slro-
heme, sirohydrochlorin, has been further identified i s a precursor to vitamin
Bj2 and thus may bridge the evolutionary roles of the porphyrin and corrln
nacrocycles. In addition, F430, a nickel-containing macrocycle related to
Bi2» has recently been shown to participate in the conversion of CO2 into
methane by methanogenic bacteria.

A nickel isobacteriochlorin, synthesized by the Raney nickel reduction of
methyl mesopyropheophorbide a, has been crystallized and i t s structure solved
by X-ray diffraction. Because of i t s hybrid nature, the compound serves as a
model for chlorophylls, isobacteriochlorins and FA30. I ts particularly dis-
torted conformation provides clear evidence of the f l ex ib i l i ty of the hydro-
porphyrln skeleton. Such conformational variations following electron trans-
fer may provide a mechanism for altering distances between molecules in vivo
and thereby control back reaction rates.

H 3 C - C2H5

H3C -
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PICOSECOND RECOMBINATION KINETICS OP GEMINATE CATION-ELECTRON
PAIRS IN LIQUID HEXANE

C.L. Braun, Dartmouth College, Hanover, NH 03755

T.W. Scott/ Exxon Research and Engineering Laboratory,
Annandale, NJ 08801

Photoionization of a molecule in a liquid or solid results
in geminate charge pairs in which the electron and cation inter-
act via their coulombic field. The process may be depicted as
follows:

M + hv • <M+, O g e m i n a t e
 e s c aP e». free charges

I recombination

M (+ hv)

Recently, we have for the first time resolved the full time
dependence of the geminate pair decay. This provides direct
proof that the time evolution of geminate charge pairs is
governed by Brownian motion of the two particles in their
coulombic potential energy well.

The pulse-probe experiment utilizes sequential absorption of
two UV photons by dilute anthracene in liquid hexane to produce a
ca 10~9 M population of charge pairs. At a chosen delay time, an
intense IR pulse samples the surviving pairs. Electrons in the
pairs absorb IR photons and thus have increased probability of
escaping from the coulomb well. This gives rise to an infrared
stimulated contribution to a photocurrent which is measured with
conventional, low time-resolution (millisecond) techniques. The
IR stimulated photocurrent thus gives a measure of the population
of geminate pairs which can be followed on a picosecond time
scale by changing the delay between the UV and IR pulses.

The most important conclusions of the present work are:

1) The time dependent diffusion theory of Hong and
Noolandi fits the data provided a broad distribution
of initial geminate pair radii is assumed*

2} Electron mobilities measured in hexane on the
microsecond time scale also govern the time and
temperature dependence of the geminate pair decay
Kinetics on the picosecond time scale.
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Carotenoid Photoprotection
in Bacterial PhotO3ynthetic Reaction Centers

M. K. Bowman, S. Kolaczkowski, A. J. Kostka. C. P. Lin, R. J.
Massoth and J. R. Norris Chemistry Division, Argonne National
Laboratory, Argonne, Illinois 60439

Conjugated, long chain polyenes called carotenoids are found
almost ubiquitously in natural photosynthetic systems. One of
their functions is as an auxiliary light harvesting pigment to
help increase the light gathering efficiency of the organism. A
second carotenoid function is the quenching of unwanted and
potentially damaging excited states in the organism.
Photosynthetic bacteria containing carotenoids are not damaged by
high light intensities to the degree that carotenoid-free
bacteria are. The carotenoid seems to prevent photodegradation
of the reaction center and seems to be a principle that should be
incorporated into artificial solar energy conversion devices.

We have prepared reaction centers of Rhodopseudomonas sphaeroides
without carotenoids and with sphaeroidene, sphaeroidenone or
neuro3porene in order to understand the mechanism of excited
state quenching ijn vi^vo. Ail three of the above carotenoids
prevent the accumul"a"tTon of the excited triplet special pair
triplet P at physiological temperatures even though they have
different optical absorption spectra and energy levels. We find
a strong temperature dependence between 4 and 300K on the
quenching efficiency implying a temperature activated mechanism.

The rate of carotenold triplet formation at room temperature
equals the rate of PR formation in carotenoid free systems. In
addition, magnetic field effects on carotenoid triplet yield
differ from those for P" yield, suggesting that the carotenoid is
intercepting a transient precursor to P . Should this be the
case, the carotenoid is a photoprotective mechanism which not
only prevents formation of long-lived excited states but also
helps reduce P+. A biomimetic approach would suggest that
artificial systems not only include a mechanism for quenching
unwanted reactions, but also that the initial reactants should be
regenerated in the same step.
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PLASMA SPRAYED SEMICONDUCTOR ELECTRODES:
PHOTOELECTROCHEMICAL PROPERTIES OF TiO2

J . P . Dodelet a , L. Parenta and S. D a l l a i r e b

a: INRS-Energie, C.P. 1020, Varennes, P.Q. Canada JOL 2P0
b: IGM, 75 de Mortagne, Bouchervi l le , P.Q. Canada J4B 6Y4

T;02 photoanodes have been prepared by the plasma spray techni-
que on t i tanium, graphite and alumina subs tra tes . 25 to 30 m̂ thick
coat ings display a good adhesion to the substrate and a highly textured
surface . Dark and photoelectrochemical propert ies of the photoanodes
have been measured in NaOH and H2S0l< so lut ions saturated with oxygen.
I t i s shown that the performances of the e lec trodes are quite i n s e n s i -
t i v e to the plasma power or to the TiO2 powder granulation but are very
s e n s i t i v e to the purity of the spraying materia l , to the substrate and
a l s o to a treatment in H2 a t temperatures above 400°C. The maximum
quantum y i e l d i s obtained at 300 nm for H 2-treated TiO2 . I t i s about
40% on alumina and 70% on titanium. The substrate a l s o inf luences the
dark behavior of the semiconductor. On conductive subs tra te s , a large
dark current t y p i c a l l y appears a t a potent ia l 1.6 to 1.7 V more anodic
than the onset p o t e n t i a l . On insu la t ing subs tra te s , there i s a large
di f ference between the behavior of untreated and H 2 - treated plasma
sprayed TiO2 . For untreated e l e c t r o d e s , the J-V c h a r a c t e r i s t i c s resem-
b les the ones described for e lec trodes with conductive subs tra tes . For
the H 2 - treated TiO2 , on the other hand, anodic voltages as high as 9.5
y vs SCE can be applied to the e lectrode before generating large dark
currents . The ex i s tence of two p'H-dependent surface s t a t e s i s postula-
t e d in order to explain the J-V curves of H2-treated TiO2 in the dark.
These surface s t a t e s are s i tuated a t about 1.6 to 1.7 V and 3.0 to 3.1
V below Vfb and are re lated to chemisorbed HO". I t i s concluded that
p o l y c r y s t a l l i n e TiO2 coat ings , produced by the plasma spray technique,
can display photoelectrochemical and dark c h a r a c t e r i s t i c s s imi lar to
the ones obtained with s i n g l e crystal material .
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Solvent Reorganization Energy Models
•for Electron Transfer Processes Redux

B. Brunschwig, S. Ehrenson and N. Sutin, Department of Chemistry,
Brookhaven National Laboratory, Upton, NY 11973

Increasing interest in electron transfer processes where the
donor and acceptor sites occupy well-defined positions in the
same molecule has prompted ree:: ami nation of various models for
the accompanying reorganization of solvent, i.e., the outer—shell
reorganization energy. Of principal interest among these are the
single cavity, continuum solvent models.

Following the Kirkwood-Westheimer " approach relating the
changes of mutual electrostatic interaction energies to free
energies, we have constructed thermodynamic cycles where the
vibrational-orientational and electronic polarizations of the
solvent are distinguishable. This approach leads to relatively
simple reorganisation energy expressions for completely arbitrary
transfer site locations in spherical cavities and any on--ax is
locations in prolate ellipsoidal cavities. The expressions which
are multipole sum functions explicitly recognising the dielectric
nature of the cavity, whose presence contributes to the reaction
fields, are likewise correct to all multipole orders, in contrast
to the dipole approximation model used, for example, by Cannon.

Application of these expressions to intervalence charge
transfer processes of ruthenium, iron, cobalt, and osmium
complexes, where the systems are plausibly modeled in terms of
ellipsoidal cavities, reveals the reorganization energies to be
generally smaller than those forthcoming from the Cannon
approximation, but somewhat larger than the conducting sphere
( Marcus ) model results. Correlation by the present method of
the experimental solvent shift values are also usually found to
be superior. Other noteworthy features of the model include the
relative insensitivity of the computed solvation energies to a)
modest dissymmetry of site location within the cavity, and b) to
the small differences between the internal dielectric of the
cavity and -he optical dieloctric, expressing the electronic
polarization, of the solvent.
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Multicolor Electrochromic Polymer Modified Electrode

C. Michael Elliott
and

J.G. Redepenning

Relative to the parent ligand 2,2'-bipyridine, substitution in either
the 4,i»'- or 5,5'- positions with electron withdrawing groups such as COOR
causes significant changes in.the redox chemistry of the ligand and of metal
complexes formed therefrom. For example, tris ruthenum complexes of
these ligands can exist in eight formal oxidation states (+3 to -4).
Additionally, when substituted in 5,5'- positions with ester functions each
oxidation state possess a distinctively different visible color.

We have extended this chemistry to prepare a thermally polymerizable
monomer which when polymerized maintains both the electrochemical properties
and spectral properties of the monomer1'.

Ru

o

The stability and response characteristics of this polymer coated on an
optically transparent thin layer SnOp electrode will be discussed. Also,
the details of ion transport within the polymer under electrochemical
conditions will be considered.

1. C M . Elliott, J.C.S., Chem. Commun., 261̂  (1980).

2. C M . Elliott and E.J. Hershenhart, J. Am. Chem. Soc,

3. Chemical and Engineering News, 61_ (1983) p. 21

(1982) 7519
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Photosensitized Charge Injection Into TIO2 Particles
as Studied by Microwave Absorption

Richard W. Pessenden and Prashant V. Kamat

Radiation Laboratory and Department of Chealstry
University of Notre Dame
Notre Dame, IN 46556

Tiae-resolved measurement of microwave absorption provides a sensitive
method to detect mobile charge carriers. This method has been used to study
both direct and photosensitized charge Injection Into TIO2 particles suspended
In* benzene as well as crystals of T102* As reported by Warman et_ ajL. [Nature,
1984, 310 (5975), 306] direct photolysis of TiO2 particles (at 337 or 355 nm)
produces charge carriers which decay over a relatively long time scale
extending to milliseconds. Our studies show that if the dye rose bengal Is
adsorbed on the surface of these particles then charge carriers can also be
produced by light at 532 nm* Optical studies show that the fluorescence of
the dye under these conditions is quenched by 962. The microwave absorption
signal in this sensitized system decays with time In a fashion similar to that
for the direct photolysis. However, the injection process is different in
that the initial amplitude depends on the square root of the intensity for
direct photolysis while approximately linear behavior is found with the dye.
TIO2 crystal behaves very differently In that direct photolysis produces a
transient which decays exponentially in about 100 nsec. The amplitude of this
transient is approximately linear with dose. In all cases, the microwave
absorption signals are much larger than those associated with production of
dipolar molecules so mobile charge carriers must be involved. Experiments
with enhanced time resolution show that the absorption signals are produced
with less than 1 nsec delay following the laser pulse so that any intermediate
surface states between the excited singlet dye molecule and the final charge
carriers must have a lifetime shorter than this value.
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ELECTROCHEMICAL REDUCTIONS OF OLEFINS

CATALYZED BY NICKEL COMPLEXES

Marye Anne Fox and Gary Reitz

Department of Chemistry
University of Texas
Austin, TX 78712

Many electrocatalytic reactions occur on the surface of modified electrodes which
take place inefficiently or not at all under normal electrochemical conditions.
Investigation of the mechanism for the catalytic reduction of olefins mediated by
controlled reduction of nickel complexes of varying structure and reduction potential
revealed that electrochemical generation of radical ions initiates polymerization of
acrylonitrile. The complexes examined were NILjCl- complexes, where L = bipyridine
(bpy), substituted bipyridines, phenanthroline fphen), substituted phenanthrolines,
biquinoline, substituted biquinolines, and a tetraazamacrocycle Jk Although all nickel
complexes employed can catalyze the cathodic reduction of acrylonitrile, only four (
with L * bpy, 4,4-diMe(bpy), phen, and 4,7-diMe(phen) demonstrate sufficient chemical
reversibility to be useful on a preparative scale. The contrasting catalytic reactivity
of these complexes in solution and when attached to the surface of a semiconductor
electrode will be discussed.
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Ion and U«ctron Transport through Electronically Conductive

Poly(3-Mthylthioph«n«) Polymer Ooated Electrodes

Pu-Jann Fern and Arthur J. Frank

Solar Energy Research Institute
1617 Oole Boulevard
Golden, CO 80401

An important consideration for selecting electronically conductive
polymers as protective coating for semiconductors is that the polymer must be
able to channel a high density of photogenerated minority carriers from the
semiconductor to desirable redox species in the electrolyte at a rate greatly
exceeding the rate of photodecomposition. There is an urgent need for better
understanding the energetics and dynamics of charge transport in
electronically conductive polymer layers on electrode surfaces. As a
consequence we are investigating by electrochemical (cyclic voltammetry,
chronoamperometry, chronocoulometry) and spectrophotometric (uv-vis-ir)
techniques the charge transport properties of poly(3-methylthiophene) [PMT]
and related materials on electrode surfaces in aqueous and acetonitrile
solutions• This study is providing fundamental insight into the character of
electronic and ionic charge transport through conductive polymer films.

The electrochemical activity of poly(3-methylthiophene) [PMT] results
from the transport of electrons and charge compensating ions through the
film. The size of the counterion, the solvent, and the applied potential have
a profound effect on the structure and charge transport properties of the
polymer films on electrode surfaces. Small counterions (e.g., clO4~, BF4~)
were found to diffuse through the oxidized PMT films more rapidly than large
ions (e.g., PFg~# CP3SO3">» Water has an adverse effect on the redox behavior
of PMT compared with aceotnitrile. Structural features of the polymer matrix
exert a kinetic barrier to the diffusion of ions through the film. In aqueous
solution, for example, the PMT-coated electrode displays poor charge transfer
properties to electroactive species such as Fe(CN6)

4". In order to obtain
reversible redox behavior of such electroactive species in aqueous solution,
the electrodes covered with PMT must be either poised at some positive
potential for a certain period or cycled several times at potentials where the
film is oxidized. In CH3CN solutions, the film does not need to be activated
to show good redox behavior. Data analysis suggest that the polymer
morphology undergoes an alteration during oxidation-reduction cycles* During
oxidation, imperfections (channels or pinholes) develop in the film which can
accommodate the influx of counterions from bulk solution. When the film is
reduced, the channels persist for a period and provide a mechanism for charge
transport through the reduced, electronically insulating film. Impedance
measurements show that the kinetics of oxidation is limited by ionic diffusion
in the polymer. These results and others will be presented.

Reference

1. A. J. Frank, in Energy Resources Through Photochemistry and Catalysis,
M. Gratzel, ed>, Academic Press, pp. 467-505 (1983).
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PHOTON CONVERSION THROUGH STORAGE OF LONG LIVED ELECTRONICALLY

EXCITED MOLECULES

Peter Chou and Heinz Frei

Chemical Biodynamics D i v i s i o n , Lawrence Berkeley Laboratory
U n i v e r s i t y of C a l i f o r n i a , Berkeley, CA 94720

The goal of our p r o j e c t i s t o f ind chemical systems which permit
indefinite storage of long lived electronically excited molecules.
Chemical storage of such electronically excited species has great
potential for efficient, indefinite storage of solar photon energy,
including energy at near infrared wavelengths. Energy stored in the form
of an electron!caly excited molecule can, in principle, be converted
into useful energy with much higher efficiency than by traditional methods
that are based on mere use of the 3tored enthalpy in the form of
heat in a Carnot engine.

Of key interest are singlet oxygen reactions with cyclic dimers
like substituted furans, since certain furans like 2,5-diphenyl-furan
are known to form endoperoxides which.quantitatively regenerate
electronicaly excited, metastable OA A ) upon thermal decomposition.
Thus, such photochemical endoperoxiae synthesis and thermal decomposition
pathways constitute a simple example of the reversible photochemical
generation and indefinite storage of a long lived electronically excited
molecule. We have recently studied the efficiency of the reaction of
selective vibronically prepared A and E 02 molecules with furan,
2-methylfuran, and 2,5-dimethylfurIn in cryogenic matrices and found
that the reactions proceed with very high quantum yields even for the
zero point vibrational level of 0p( A ) at 8000 cm (1.25 y): 0.4 for furan,
0.6 for methylfuran, and 1.0 for 2,5-nimethylfuran.

We are currently setting up experiments which will permit us to
study the back reaction of substituted furan + 02 and naphthalene +
0, systems, i . e . the decomposition of endoperoxides into parent
hydrocarbon and 0A A ), and to search for new molecules which expel
a long lived electronically excited molecule upon unimolecular decay on
the ground s tate surface. The techniques used are high overtone local
mode excitation of endoperoxides and other candidate molecules inside the
cavity of a cw dye laser, followed by search for photolysis products by
infrared spectroscopy. A near infrared photon detection system is being
installed which allows us to monitor chemiluninescence so as to obtain
direct evidence for appearance of electronically excited products. This
laser technique will yield thermodynamic data and quantum efficiencies of
auch storage reactions. We will discuss results of f i r s t systems under
study, the decomposition of thiirane oxide to SO and ethylene, and the
decomposition of methyl substituted maphthalene endoperoxides to 0A A )
and parent naphthalene. g
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ESR AND ENDOR OF BACTERIOPHEOPHYTIN a RADICALS.
IMPLICATIONS FOR BACTERIOCHLOROPHYLLS IN VIVO.

T. Horning, E. Fujita and J. F«j«r
Department of Applitd Selene*

Brookhavcn National Laboratory, Upton, NY 11973

Assignments of the radicals observed on oxidation of bacterial reaction
centers to dlaeric bacteriochlorophylls a (P870+) or b (P960+) are based on
comparisons of ESR and ENDOR characteristics in vivo with those observed for
BChl+ a and b in vitro. Recent X-ray results of the R. virldts reaction
center (BChl b) support the diner fornuiation for its primary donor, P960, and
provide evidence of Interactions between the magnesium and the oxygen of a
nearby 2-acetyl group, as well ta of probable ligation by neighboring protein
residues. Chlorophylls further interact with their environment by hydrogen
bonding of their peripheral carbonyl groups, as evidenced by resonance Raman
data. To separate ligation and/or hydrogen bonding effects from the
"intrinsic*1 unpaired spin distributions of BChl radicals, the ENDOR parameters
of the cation radical of bactcriopheophytin a (BPheo, a metal-free BChl) have
been measured as a function of solvent and temperature.

1) In CH3OH/CH2C12* in which the Hg is complexed and the oxygen functions
of the macrocycles are hydrogen-bonded by the methanol, ENDOR results are
comparable for BChl a+ and BPheo a+. The differences that do exist in the 6
proton coupling constants are also observed in synthetic bacteriochlorlns and
are predicted theoretically.

2} In "non-bonding" CH2CI2 solutions, the coupling constants of BPheo a+

agree within 2% with those observed in the alcoholic solvent, indicating that
hydrogen bonding has little effect on the spin distributions of the radicals.
(Comparison of BChl a+ in CH2CI2 and CH3OH is complicated by the formation of
aggregates in C )

The combination of 1) and 2) suggests therefore that oxygen ligation of
the Ng in BChls and/or hydrogen bonding of the oxygen peripheral groups do not
significantly alter the spin profiles of BChl a+ in vitro and, by extrapola-
tion, of P870+ and P960+ in vivo.

3) Computer signal averaging yields a partially resolved ESR spectrum of
BPheo a+ with 40 or more lines. This spectrum can be satisfactorily simulated
using the observed proton and nitrogen ENDOR coupling constants. These re-
sults also provide additional support for the similar spin profiles predicted
by H.O. calculations for the BPheo and BChl cations.

4) Changes in the coupling constants of BPheo a+ can- be induced near the
frcexing point of CH3OH/CH2CI2 mixtures. However, only the protons of rings
II and IV are significantly affected. The effect observed is attributable to
conformatlonal changes (twisting) of the flexible saturated rings induced by
the glassy matrix. Similar effects could be Induced by packing and protein
interactions In vivo and explain some of the ESR variations observed in
different photosynthetie bacteria.
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REDOX, OPTICAL AND RADICAL PROPERTIES OP BACTERIOCHLOROPHYLL g:
THEORETICAL PREDICTIONS FOR THE CHROHOPHORE OP HELIOBACTERIUM CHLORUH.

Louisa K. Hanson and Jack Fajar
Department of Applied Scl«nct

Brookhaven National Laboratory, Upton, NY 11973

and

John D. Haad and Michael C. Zerner
Quantum Thaory Project

Univ. of Florida, Gainesville, FL 32611

The attoxygenlc photosynthetic bacterium Keliobactarium chlorum contains^
a new bacteriochlorophyll (BChl) labelled Hg" with a proposed* structure
slsillar to that of BChl b except for the substitution of a vinyl group for the
acetyl function found on ring I in BChls b and a. Unlike organisms that con-
tain BChl b or a, H. chlorua exhibits a low energy absorption band at 786 nm,
and a reversible bleaching occurs at 798 nm on exposure to light.3 INDO-CI
calculations of the optical spectra of BChls b and g correctly predict the
trends observed for the pigments in vitro. The saall spectral differences
found1*2 between BChl g In vitro and in vivo are unique for any organism
containing BChls, MO far, and suggest that H. chlorusi contains a mononeric
BChl in its reaction center. (Other possibilities are considered; however,
green plant chlorophylls, which are alto postulated to exist »a monomers in
P680 and P700, sinilarly possess vinyl instead of acetyl groups on ring I.
Acetyl groups way thus help stabilize the "special pairs" in bacteria that
contain BChls a and b). Extended Hdckel calculations predict that cation and
anion radicals of BChl g, the presuned primary donors and acceptors of FL_
chlorua, would exhibit ESR and ENDOR properties similar to those of BChl b
radicals in vitro. Optical spectra and redox properties of the radicals are
also predicted to be similar.

1) Gest, H. and Favingar, J.L. Arch. Microbiol. (1983) 136, 11.
2) Brockaann, H. and Llpinski, A. ibid. (1983) J^, 17.
3) Blankenship, R.E., Fuller, R.C. and Gest, H., private communication.
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Enzymatic Synthesis of Chlorophyll Diner Intermediates
Mixed Linked Chlorophyll j»/Chlorophyll J>_ Pairs

T. J. Michalski, J. E. Hunt, J. J. Katz
Chemistry Division* Argonne National Laboratory

Argonne, IL 60439

The special pair model for photoreaction center chlorophyll evolved
largely from Magnetic resonance studies on photoreactive chlorophyll-water
aggregates. Various procedures have been developed to synthesize model
chlorophyll systeas intended to mimic important aspects of _in_ vivo photo-
reactive chlorophyll. The conventional approach to covalently linking two
aagnesium-free chlorophyll macrocycles is initiated by removing the alcohol
chain at the uropionic acid position. Then one macrocycle is esterified with
a suitable glycol and the remaining unreacted hydroxyl group is esterified to
the propionic acid side chain of the second macrocycle. We have developed new
enzymatic techniques for making linked pairs of chlorophylls without loss of
magnesium from the macrocycle.

In agreement with our earlier prediction, we have found that chlorophyll-
ase can catalyze transesterification of chlorophylls with bifunctlonal
alcohols, i.e. glycols. Both Chi _a and Chi jb and their decarbomethoxylated
derivatives were transesterified with ethylene glycol and butylene glycol,
yielding convenient intermediates in the synthesis of chlorophyll dimers.
Pyrochl a_ or Fyrochl b_ was transesterified with 2-hydroxyethyl disulfide.
Reduction of the disulfide groups gave the free sulfhydroxyl moiety which upon
oxidation lead to the formation of both (Fyrochl a_ -S-S- Fyrochl b) mixed
dlmer (figure below) and (Pyrochl j^-S-S- Pyrochl a) dimer whose structure was
established by ^-NMR and 2s2Cf-PDMS spectroscopies. Because enzymatic trans-
formation with chlorophyllase can be conducted in acetone/water solution, use
of other types of linking alcohols is practical.

We have also found that enzymatic transesterification is possible with
alkyl disulfides containing terminal hydroxyl groups. These new types of
chlorophyll derivatives offers excellent substrates for dimerization of
chlorophylls as well as a substrate for attachment to proteins. Such chloro-
phyll-protein models will allow us to study the optical properties of chloro-
phyll in an environment more closely resembling those encountered in biolog-
ical membranes.

OC,

's-s"
Pyrochlorophyll a -S-S- Pyrochlorophyll b_
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UNUSUAL PHOTOCHEMICAL PROPERTIES OF CATIONIC DYES
AGGREGATED IN AQUEOUS PDLYACRYLTC ACID

Guilford Jones, II and Kisholcy Goswaai
Departaent of Cheaistry

Boston Univeristy
Boston, Massachusetts 02215

Addition of polyacrylic acid (PAA) to aqueous solutions of the organic
dye, crystal violet (CV), leads to unusual shifts in the visible absorption
band (500-600 na region) and the appearance of emission for this typically
non-luainescent triarylaethane dye. Most draaatic is the characteristic blue
shift of absorption on interaction of the dye with aodest aaounts of PAA
(ratio of polyaer residues to dye, P/D = ca. 10) at a pH range near
neutrality, where aost polyaer carboxyl groups are ionised. These effects can
be ascribed to diserization of CV cations which are associated with the
polyaer chain through electrostatic and other interaction. These results for
dye bound to an extended conforaation of the polyelectrolyte contrast with
acre aodest effects resulting froa binding of the dye with a large excess of
polyaer or interaction at lower pH (e.g., ca. 3.0) where the polyaer is
largely unionised and coiled.

Laser flash photolysis of polyaer-bound CV diners reveals enhanced
yields of the CV triplet state. In addition, flash or steady irradiation of
CV bound to PAA in the presence of methyl viologen (MV) leads to appearance of
the MV radical and net oxidation of the polyaer (decarboxylation). This
electron transfer sequence aust be associated with MV co-bound with CV diners;
i.e., a new absorption band appears in the uv ascribed to a charge-transfer
transition for MV-CV-CV. Data concerning the alternative electron transfer
scheae for polyaer-bound CV have also been obtained using the electron donors,
phenol, aniline, EDTA, and ascorbic acid.

Further comparison of CV-PAA is Bade with (1) the polyelectrolyte
binding of another (aore hydrophobic) triarylmethane dye, ethyl violet, (2)
the alternative polyelectrolyte, polynethacrylie acid, and (3) the behavior of
a bound cyanine dye which appears to fora J-type aggregates on interaction
with PAA.
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PHOTOELECTROCHEMISTRY WITH POLYMER AND CLAY-MODIFIED ELECTRODES

Prashsnt V. Kamat
Radiation Laboratory, University of Notre Dane

Notre Dane, IN 46S56

PolyCp-phenylene sulfide), PPS, which is oelt processibis and solution
processible, can be made conducting upon chemical doping. The sulfur acorn in
PPS is known to play an important role in providing the continuous overlap of
orbital* along the chain of PPS. Conducting SnO2 and Ft electrode surfaces were
coated with thin PPS film (<l \xa) by dipping them in a 0.5% PPS solution in
diphenyl ether maintained at 250°C. An irreversible oxidation peak was observed
at + 1.7 V versus SSCE with PPS coated electrodes (SnO^/PPS and Pt/PPS). These
electrodes were found to attain p-type semiconducting properties upon repetitive
anodic cycling in presence of ClO^. A photoelectrochemical cell constructed
with Pt/PPS or SnO2/PPS photocathode exhibited photoelectrochemical effect upon
illumination with visible light. The generation of cathodic photocurrent con-
fined the semiconductor properties of the "doped" PPS film as a p-type. The
observed photoelectrochemical effect was predominant at wavelengths less than
500 na which indicated that the bandgap energy of the electrochemical doped PPS
is around 2.5 eV, Efforts are directed towards employing these PPS films in the
stabilization of short bandgap semiconductors such as Si and GaAs.

Expandable layers and cation exchange properties of montcmonillonlte clay
is made use in adsorbing cationic dyes (thionlne, rhodamine B) on the surface of
conducting SnO? electrodes* The dye incorporated clay-modified electrcde
exhibited cyclic voltammograms corresponding to the dyes. The diffusion type
cyclic voltammetric behavior observed with the dye incorporated clay films indi-
cated that the charge transport within the fibs is limited either by the diffu-
sion of the electroactive dye to the electrode surface or by an electron hopping
process within the clay film* Generation of the photogalvanic effect was
observed when the dye incorporated clay-aodi.fied electrode in contact with the
deaerated EDTA solution was illuminated in the absorption band of the dye
(500-630 r.m). The excited dye in the clay film which was reduced in the
presence of an electron donor like EDTA, led to the generation of photogalvanic
effect. Though the sunlight engineering efficiency of this system is very poor
« 0*0012) the modification with the clay films can provide a method to achieve
a high concentration of sensitlzer molecules at the elctrode surface. Better
understanding of the interaction between the clay and the dye is necessary in
order to improve the performance of such photogalvanic transducers.
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EFFECT OF THE CONDON APPROXIMATION ON LONG RANGE
ELECTRON TRANSFER RATES IN GLASSES

Neil R. Kestner and Itzhak Webman
Chemistry Department

Louisiana State University
Baton Rouge, Louisiana 70803

Using semiclassical models of the electron transfer process and
both quantum and classical modes, an expression is derived for the
effect of the failure of the Condon Approximation, i.e. the dependence
of the electronic matrix elements on the classical coordinates. This
expression is applied to electron transfer rate expressions in liquids
and especially in glasses. The resulting rate expressions are quite
complex and involve an interaction of the rate constant and the
activation energy with time. The effects are most noticeable for weakly
bound electronic states such as those involving solvated electrons. Our
results are then compared with recent related works by Marcus,
Kuznetsov, Ulstrup, van Leeuwen and Levine, Hopfield and Goldanskii.
Each group has studied the problem from a different point of view but
many conclusions are similar. In glasses we will also indicate the
effect of trap distribution on the complexity of the final results;
there can even result a change in activation energy with time, and
nonexponentia1 dependences of the electron transfer probability on
distance.
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ELECTRON SPIN RESONANCE AND ELECTRON SPIN ECHO STUDIES OF CHLOROPHYLL-a
CATION RADICAL IN FROZEN VESICLE SOLUTIONS

Larry Kevan and Nobuaki Ohta
Department of Chemistry, University of Houston

Houston, Texas 77004

Electron spin resonance (ESR) studies of chlorophyll-a (Chla) cation radical
(Chla^) produced by photoirradiation have been carried out in frozen Dl-a-dipal-
mitoylphosphatidylcholine (DPPC) vesicle solutions with and without electron scavengers.
Photoinduced Chla+ was observed by ESR in DPPC vesicle solutions with no electron
scavenger at 77 K for the first time. In the presence of an electron scavenger,
simultaneous photoinduced formation of Chla+ and some scavenger anions was observed.

ESR and electron spin echo (ESE) studies of Chlorophyll-a cation radical
produced by photoirradiation and chemical oxidation have been carried out in frozen
DPPC vesicular solutions and in methylene chloride-methanol glassy solutions. The
Fourier transformation of the ESE modulation spectra of Chla+ shows several modula-
tion frequencies of nitrogen nuclei in the pyrrole rings of Chla+ which differ
somewhat between the two types of frozen solutions. Such differences are interpreted
by different quadrupole interactions of the nitrogen nuclei; the interaction in
the vesicular solutions can be interpreted as nearly axially symmetric while the
interaction in the frozen solutions cannot.

Photoionization of Chla and N,N,N',N'-tetramethylbenzidine (TMB) in rapidly
frozen vesicle and micelle solutions at 77 K has been studied with detection of
the Chla and TMB cation radicals by ESR. The photoionization threshold of Chla
in DPPC vesicles is about 0.2 eV less than the threshold in anionic and cationic
micelles. The decrease is discussed in terms of differences in the cation polari-
zation energy and the quasi-free electron energy level. The photoionization threshold
of TMB is similar in micelles and vesicles. The difference between Chla and TMB
may be due to different extents of their penetration into micelles and vesicles.

153



THE SEARCH FOR CAROTENOID CATION RADICALS: EPR
STUDY OF POLYENE RADICAL CATIONS

Joy Joseph and Lowell D. Kispert
Chemistry Department, The University of Alabama

Tuscaloosa, Alabama 35486

Carotenoids not only serve as a light harvesting antenna and photo protect
devices in plant photosynthesis but they are also believed to serve other
functions thanks to the extended ^-electron system. These functions include
enhanced electron (hole) transport or electron tunneling through membranes. In
the early stages of the photosynthetic sequence, it is known that a charge
transfer donor-acceptor pair involving carotene is formed. In fact, recently it
was reported [1] that a triad molecule consisting of a porphyrin moiety
juxtaposed between a carotene and a quinone upon light irradiation generated
such a long-lived donor-acceptor pair involving a carotene radical cation.
Therefore, it is importanc to study the structure of carotene radical cations
not only to further understand the intricacies of photosynthesis but to develop
better photoprotect devices in solar energy converters.

Radical cations and anions of polyenes have usually been generated by pulse
radiolysis and studied by UV-visible absorption spectrometry. Thus far no EPR
study has been reported on the radical ions derived from carotenoids or other
polyenes. We have recently used freon matrices as a host in an attempt to
stabilize carotenoid radical cations. So far we have been unable to detect by
EPR methods, carotenoid cation radicals in a frozen solution of CFC13 or
mixtures of CFCI3 and CF2BrCF2Br X-ray irradiated at 77 K and subsequently
observed between 77 K and near the melting point of the frozen glass. It is
assumed that the large size of g-carotene prevents rotation of the radicals in
the freon matrices making detection difficult. Therefore smaller polyenes such
as 1,6-diphenylhexatriene and 1,8-diphenyloctatraene were also studied. Never-
theless no powder EPR lines could be attributed to a polyene cation at 77 K.
However upon warming all samples, two EPR doublets with couplings of 63 to 65
Gauss were observed that have been attributed to a vinyl type radical possibly
formed by the removal of a proton from the radical cation of the polyene; thus
offering indirect evidence of radical cation formation. Furthermore, a similar
vinyl radical observed in irradiated g-carotene has been reported [2].

Recently, we were successful in trapping polyene cations by irradiating
single crystals of a halogenated hydrocarbon containing separately 6-carotene or
polyenes $-(CH=CH)n-<{> where n = 2, 3 or 4. The EPR intensity of the radical
cation varied with polyene. In order to obtain a complete analysis of the EPR
spectra; ENDOR and ELDOR measurements are currently in progress.

1. T. A. Moore et al., Nature, 307, 630 (1984).

2. J. Joseph, P-0. Samskog, S-H. Lee and L. D. Kispert, J. Phys. Chem.
89, 000 (1985), June.
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The Effects of Surface Energetics and Surface Oxide Formation on
the Cyclic Voltammetry of Metallocenes at Nonilluminated p-Type
and n-Type Indium Phosphide Electrodes

Carl A. Koval and Robin L. Austermann
Department of Chemistry, University of Colorado, Boulder, CO 80309

Electron transfer processes at p-InP electrodes of high to moderate doping
density and at n-InP electrodes of moderate to low doping density were investigated
by monitoring the cyclic voltammetric (CV) dark currents of a series of metallocenes
in acetonitrile solutions. The reduction potentials for the +,o redox couples of
the metallocenes span the band gap of InP, allowing a comparison of the cyclic
voltammetric response as a function of the reduction potential and the energetic
condition of the electrode surface. The redox processes for all of the metallocenes
were electrochemically reversible on the timescale of cyclic voltammetry at a
platinum electrode. For that reason, kinetic control of electron transfer processes
at the InP electrodes, as discerned by the cyclic voltammetric response, was
attributed to the specific interaction between the given metallocene and the semi-
conductor.

The energetic condition of the electrode surface during the cyclic voltammetric
experiments was monitored by measurements of the capacitance of the space charge
region. A simple chemical etching and electrochemical cycling procedure yielded
reproducible surface energetics, and the depleted InP/acetonitrile interface responded
ideally to changes in electrode potential, as evidenced by linear Mott-Schottky plots,
over a range of 0.9 V. For p-InP, it was possible to observe electrochemical processes
at potentials where the interface was either depleted or inverted. For n-InP, it
was possible to observe electrochemical processes under accumulation, depletion and
deep depletion conditions.

For metallocene couples with reduction potentials located within the band gap
of InP, CV behavior ranging from reversible to irreversible behavior can be observed
depending upon the doping density and amount of band bending. In addition, formation
of a surface oxide at p-InP causes irreversible CV behavior. Reversible CV behavior
is observed at n-InP electrodes under accumulation conditions. The shapes of waves
observed at potentials where the electrodes are under inversion or deep depletion
conditions depend on the doping density.

In most respects, the results of this study are in qualitative agreement with
the Gerischer model that describes electron transfer processes at nonilluminated
semiconductor/solution interfaces.
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Diffusion-Controlled Kinetic Processes in Structured Media

John J. Kozak

Department of Chemistry and Radiation Laboratory
University of Notre Dame
Notre Dame, IN 46556

Almost every experimental system that has been designed to probe the
possibilities of water cleavage has involved the use of compartmentalized
systems (micelles or vesicles) or heterogeneous catalysts (the latter either
colloidally dispersed in solution or canonically supported) or both. The
theoretical understanding of diffusion-controlled kinetic processes in such
structured media has lagged far behind the experimental work in this area,
largely because of the mathematical difficulties in treating problems with
irregular boundaries or internal structure. We have developed a powerful new
method, based on the theory of finite Markov processes, to deal with these
difficulties. We shall present the results of exact calculations of the
reaction efficiency on two important diffusion-controlled processes which are
integral components of experimental water cleavage systems.

(1) We shall assess how different configurations of reaction centers can, by
virtue of their disposition in a two-dimensional reaction space, influ-
ence the efficiency of a diffusion-controlled kinetic process on a
surface. From the results presented, we will identify trends in the data
which highlight the importance of configurational/geometrical factors in
influencing surface processes and show how these trends may be used to
interpret the consequences of Heller-type "islands" on Pt mlcrocatalysts.

(2) We shall quantify the changes in reaction efficiency when kinetic
processes ate mediated by a structured, say vesicular, medium. The
degree to which the Internal structure is fluid or channeled and the
influence of such structures on the transport and eventual reaction of
donors/acceptors/sensitizers on the conversion efficiency at phase
boundaries will be documented quantitatively (and exactly).

1. P.A. Politowicz and J.J. Kozak, Phys. Rev. B J8_, 5549 (1983).
2. M.K. Wusho and J.J. Kozak, J. Chem. Phys. ]9> 1942 (1983).
3. M.K. Musho and J.J. Xozak, J. Chem. Phys. J30, 159 (1984).
4. P.H. Lee and J.J. Kozak, J. Chem. Phys. jJO, 705 (1984).
5. M.K. Musho and J.J. Kozak, J. Chen. Phys. 81, 3229 (1984).
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KINETIC STUDIES OF THE o-GaAs/CH3CN INTERFACE

Nathan S. Lewis
Department of Chemistry, Stanford University

Stanford, California 94305

Our goal in this work is to understand the kinetic processes which can
operate at a semiconductor/liquid interface, and to develop methodologies
to observe, quantify, and understand these processes in detail. We have
thus performed investigations of the kinetic processes which control the
open circuit voltage of a prototypical semiconductor/liquid junction
system, n-GaAs photoanodes in acetonitrile solvent. This system is
particularly Interesting because n-GaAs surfaces have been claimed to have
fundamental efficiency limitations due to pinning of the surface Fermi
level at liquid junctions, and because solid state theories of contact
formation, such as the Unified Defect Model of Lindau, Planetta, and Spicer
also predict such pinning behavior at oxidized GaAs surfaces*
Investigations of the behavior of these semiconductor/liquid junctions are
thus relevant to both of these theories.

Key experimental variables which have been investigated are the
semiconductor dopant density, the minority carrier diffusion length, the
cell temperature, the short circuit photocurrent density, and the open
circuit photovoltage of the interface* We have developed a methodology for
determining the activation energy of the rate determining process at the
semiconductor/liquid junction, and plots of the open circuit voltage vs.
cell temperature yield activation energies equal to the semiconductor band
gap for the n-GaAs/CH,CN interface. We have also performed current-voltage
plots as a function of temperature, and find that our data are inconsistent
with a recombination-tunnelling process or with a multistep tunnelling
mechanism* The open circuit photovoltage which can be attained at low
temperature and at high light intensity exceeds 1.05 V, indicating that the
Fermi level position at these junctions is different than either of the two
possible Fermi level positions predicted by the Unified Defect Model. We
also observe a strong variation of the open circuit voltage (at constant
photocurrent density) in response to variation in the electrochemical
potential of the solution, as poised by different redox couples. Our
findings indicate that Fermi level pinning predictions of solid state
junctions do not satisfactorily describe the kinetic behavior of the
n-GaAs/CHjCN interface, and that liquid junction systems can be designed
with properties superior to those of simple Schottky contacts between
metals and semiconductor surfaces.
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THROUGH-BOND ORBITAL INTERACTIONS IN O-BONDED MOLECULES

L. D. Snow and F. Williams
Department of Chemistry, University of Tennessee

Knoxvllle, Tennessee 37996-1600

D. Kapp and S* F. Nelsen
Department of Chemistry, University of Wisconsin

Madison, Wisconsin 53706

Recent elegant work on the rates of intramolecular electron
transfer in radical anions possessing two ir-electron groups linked by
steroidal spacers (L. T. Calcaterra, G. L. Closs, and J. R. Miller,
J. An. Chem. Soc, K)5, 670 (1983); 206, 3047 (1984)) has prompted a
discussion on the relative Importance of through-bond and through-
space exchange interactions in facilitating long-range electron
transfer (Proc. Eighth DOE Solar Photochemistry Research Conf•, Lake
Geneva, Wisconsin, Report ANL-84-95, CONF-8406218, pp. 78-83
(1984)). In this presentation, we report ESR evidence for long-range
H hyperfine couplings in radical cations of rigid ketones and show
that these couplings are highly stereospecific. These results
support the thesis that through-bond orbital interactions can contri-
bute significantly to the efficiency of long-range electron transfer
through a suitable o-bonded framework.

Long-range proton hyperfine couplings are found to be surpris-
ingly large in the radical cations of acyclic, cyclic, and polycyclic
ketones. For example, a coupling of 27.5 G is observed for two
equivalent protons in the cyclohexanone radical cation. These
strongly coupled protons have been identified by deuterium substitu-
tion as one of the '£' equatorial or axial pairs at C-3 and C-5
rather than one of the 'y' pairs at C-2 and C-6. Also, the results
for acyclic radical cations indicate that each of the strongly
coupled protons is associated with a stereospecific position in a
locked methyl group. Thus, the loss of the single large 5-hydrogen
coupling in the propionaldehyde radical cation at higher temperature
is accompanied by the onset of methyl group rotation. The confortna-
tional requirements for these long-range couplings can be consistent-
ly explained in terms of a trans arrangement of C-C and C-H bonds
between the site of the unpaired electron and the strongly coupled
proton(s), Recently we have verified this trans rule by the use of
stereospecifically labelled monodeuteroadamantan-2-ones, the ESR
results showing unequivocally that the strongly coupled protons are
in the '6"1 equatorial positions.

(1) L» D. Snow and F. Williams, J. Chem. Soc, Chem. Commun., 1090
(1983)

(2) L. D. Snow and F. Williams, Faraday Discuss. Chem. Joe., No. 78,
in press.
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Photoexcitation of Radicals in Solution
D. Meisel and K. H. Schmidt

Chemistry Division, Argonne National Laboratory* Argonhe, IL 60439

We have recently initiated a systematic study to gain insight into the practic-
ally unknown field of excited states of radicals in solution* Radicals are prepared
by pulse radiolysiu and are then excited by a frequency doubled ruby laser pulse.
The excited states of the radicals are followed either by monitoring their fluores-
cence or their doublet-doublet absorption from the excited state. Fluorescence
spectra from the excited state and absorption spectra of the excited radical provide
information on the energy levels of the radicals. Lifetime and quantum yield
measurements provide information on deactiviation processes and on photoreactivities
of the excited radicals.

Efforts so far have resulted in detailed Information regarding the photophysics
and photochemistry of benzyl-type radicals and anillno type radicals. The series of
benzyl-type radicals studied Include: +2^, $2CCH3» (^2C~e3 * ̂ 3C an(* dibenzosu-
berane (DBHP) radicals. These could be divided into two groups according to their
behavior following photoexcitation. +-CH and DBHP radical have long-lived
^Tl/2~300ns) fir8t excited doublet states. Efficient fluorescence (quantum yield
~0*3) but no spontaneous photochemistry is observed upon relaxation of this state to
the ground state. On the other hand, the other three radicals of this series
{+2CCH3, +7C-O and ^-C) are efficiently photolized (quantum yield ~1) when exci-
ted to their first excited doublet state. Paradoxially this second group is even
stronger fluorescent than the first group when excited to the lowest excited state
at 77 K. An hypothesis which provides rationalization to this paradoxial behavior
is proposed to result from differences in the twist angles of the phenyl moieties
between the two groups of radicals. This hypothesis Is further substantiated by
spectroscopic analysis of the whole series of radicals at 77 K.

The two arylmethyl radicals which have long-lived excited states (<J>2CH and
DBHP) provide an opportunity to study their reactivity in excited states higher
than the first excited doublet state. At high laser intensities, a large fraction
of these radicals is excited to the lowest excited state, which then absorbs another
photon. This consecutive biphotonic excitation results in efficient photochemistry,
which is proposed to lead to formation of radical (or atom) - carbene pair.

Another group of radicals studied by the pulse-radiolysis/flashphotolysis tech-
nique are the radicals obtained by the reaction of OH with diphenylamine (DPA) in
aqueous solutions at various pH's. The excited diphenylamino radical and its conju-
gated acid radical cation are too short-lived to follow with our present instrumen-
tation. Furthermore, they do not show any laser induced pH jump effect. This,
along with Forster cycle considerations, lead to the conclusion that ApKa* for the
radicals 1B much smaller than for the parent molecule. On the other hand the OH ad-
duct radical, DPA-OH, eliminates OH" upon excitation to produce the amino radical
cation. Thus, a perturbation of the acid-base equilibrium is imposed on the system,
which allows determination of rate parameters of the dark equilibration reaction.
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Long Dlstoce Electron Traasfer: Sow Questions About the Role of the "Stuff
In Between"*
J. R. Miller. V. Krongauz and R. K. Huddleston, Chemistry Division, Argonne
National Laboratory, Argonne, IL 60439

The rates of long distance electron transfer decrease exponentially with
distance k(r) - vexp - a (r-r_) due principally to the strong dependence of
the electron exchange interaction on distance. The electron exchange interac-
tion is expected to depend on the nature of the material between the electron
donor and acceptor. This poster describes measurements of the attenuation
coefficient, a, and its dependence on the electron tunneling "barrier height".
This is one aspect of the larger question of the effect of the medium on long
distance electron transfer rates.

The electron tunneling barrier height is the energy difference between
the state in which the electron resides on the donor and the virtual states
which place the electron in the medium between the donor and acceptor. We
used pulse radiolysis to measure rate as a function of distance for electron
transfer from radical anlons to molecules with higher electron affinities.
The binding energies (barrier heights) were changed by changing the donor
rather than changing the medium. For each donor it was necessary to make
measurements with more than one acceptor (typically 4-6 were used) to sort out
complications due to time dependent Franck-Condon factors, which can look like
changing values of a.

For binding energies, B, from 2 to 4 eV, a changed from "1.15 to
"1.35, a much smaller variation than expected from the oft-used relation

a - 2(2mB)1/2/h.

Instead, the measurements are much better accommodated with the relation

a - (2/d) In (B/B),

which is based on the idea of superexchange, which considers the medium to
consist of states, rather Just a region of higher potential.

•KFBRBHCBS

1. Redi, M.; Mopfleld, J. J. Chem. Phys. (1980), _72.» 6651.
2. Rice, S. A; Pilling, H. J. Proc. React. Klnet. (1978) 9, 93.
3. Beitz, J. V.i Miller, J. R. J. Chem. Phys. (1979) Ti, 4579.
4. Chance, B.; DeVault, D.; Frauenfelder, H.; Marcus, R.; Schrieffer, J.;

Sutin, N. "Tunneling In Biological Systems" Academic Press, New York,
1979.

5. Miller, J. R.; Beltz, J. V. J. Chem. Phys. (1981) J74_, 6746.
6. McConnel, H. J. Chem. Phys. (1961) 35.. 508.
7. Beratan, D. N.; Hopfield, J. J. J. Am. Chem. Soc. (1984) 106, 1584.
8. Kuznetsov, A. M.; Ulstrup, J. J. Chem. Phys. (1981) _7_5_» 2047.

9. Lars«on, S. J. Am. Chem. Soc. (1981) 103. 4034; J. Phys. Chem. (1984) 88,
1321. —

10. Please see other references listed in 5.
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Ab lnltio Studies of Transition Metal Complex**
and Belated Electron Transfer Properties

Marshall D. Newton
Chemistry Department

Brookhaven National Laboratory, Upton, NY 11973

Ab lnltio electronic structure calculations have been carried
out for various aquo and ammine complexes of Fe, Co, and Ru in
their 2+ and 3+ oxidation states* The results of these
calculations are used in assessing a variety of factors
controlling electron transfer kinetics including the charge-state
dependence of various inner shell geometrical parameters and
associated vibrational frequencies (metal-ligand and intra-ligand
stretching modes, and librational modes), and the dependence of
electron transfer matrix elements on the nature of the ligand and
the metal orbital type (t2g vs. eg). The charge-state
dependence of the OH bond lengths in hexa-aquo ions is predicted
to yield H/D isotope effects (i.e., fractionation between bulk and
first shell water), which should be detectable by neutron
scattering experiments on appropriate aqueous solutions
(H. D. Newton and H. L. Friedman, to be published). The
relationship between these thermodynamlc isotope effects, which
depend critically on strong OH ••• 0 hydrogen bonding between
first and second-shell water molecules, and kinetic H/0 isotope
effects in electron exchange involving hexa-aquo ions will be
discussed.

References to Belated Work

The Theory of the Fe^-Fe3* Electron Exchange in Water
H. L. Friedman and H. D. Newton
Faraday Disc. 74, 73 (1983)

Ab Initio Study of Electronic Coupling in the Aqueous Fe2+-Fe3+

Electron Exchange Processes
J. Logan and M. D. Newton
J. Chem. Phys. 78, 4086-91 (1983)

Potential Energy Calculations for Various Water Diraer
Configurations

N. R. Kestner, H. i). Newton, and T. Mathers
Int. J. Quant. Chem. Symp. \]_, 583 (1983)

Electron Transfer Reactions in Condensed Phases
H. D. Newton and N. Sutin
Ann. Rev. Phys. Chem. 35, 437-480 (1984)

Factors Governing Electronic Localization in Transition Metal
Clusters and Complexes

J. Logan, M. D. Newton and J. 0. Noell
Inc. J. Quant. Chem. Symp. 18, 213 (1984)

161



investigation of the Order-Disorder Transition in ZnSnP2 with
t l9Sn rwssoauer, " P Htm and Phototlectrochemistry

M. A Ryan, D. L. Williamson*, J. A Turner and 8. A Parkinson

Photaanverston Research Branch "Department of Physics
1607 Cole Boutard Colorado School of Mines

Solar Energy Research Institute Golden CO 80401
Oolden.CO 60401

We have recently begun to investtgatt members of the H-IV-Y2 family of semiconductors as
alternatfves to the I l l -Y compounds. These materials cystaiiize in the cheloopyrtte structure
(Figure 1) with all atoms in a tetrahedrai geometry. We have prepared crystals of ZnSnP2 by
disoWing zinc and phosphorus ina tin matt at 950* C and cooling. Ithas bean reported that tin and
zinccendtardr In the tettto if t l * coolie We

have used photoelectrochemicel techniques to measure the bandgap, doping levels end to determine
the neAur* of t l * electronic t rw i t ion of phejeawM Odorder reduces the
bandgap from the value for the completely ordered phase (1.66 aV) to 1.24 eV and Imparts an
indirect nature to the transition ee summarised in Table t.

n ^ M * e b « j r s p e c t r o s o o p y was also used to characterize the materials. The spectra show a
definite broadening of the resonance line with Increasing disorder (Table 1). The table also shows a
relative order parameter as determined with X-ray diffraction. Since the first nearest neighbors of
the Sn ere the seme ( 4 phosphorus atoms) the broadening of the resonance in the disordered
materials must be due to second nearest neighbor interactions. Such second nearest neighbor effects
are relatively unknown in Mdaabauer spectroscopy.

Solid state 3 JP MMR was also used to investigate the phosphorus environments in crystals with
differing order. Peaks with chemical shifts indicative of the five possible phosphorus environments
in the disordered systems were observed.
Acknowledgements- This work was supported by the directors development fund of the Solar
Energy Research Institute. Discussions with J. C. W. Folmar ware pivotal to this work.

TABLE 1
6ANDMP, DOPING LEVEL AND rtiSSBAUER DATA FOR ZnSnP2

SAMPLE IMDIB DIR DQP1NB LEVEL ISO SHIFT* LINE WIDTH ORDER**

1.41 0.4-4.0x10 « 1.596(7) 0.94(2) 0.011

1.63 3.0x10t6 1.589(4) 0.87(1) 0.024

1.64 0.6-2.0x10 l 7 1.586(3) 0.83(1) 0.045

• Relative to Ce8nO3

* • The ratio of tht ( I O V 2 ) to ( I I D peaks in the X-ray powder
diffraction pattern 162

VI

VII

VIII

1.24

1.47



INTRAMOLECULAR ENERGY TRANSFER
REACTIONS IN FOLYMETALLIC COMPLEXES

John D. Petersen

Department of Chemistry, Clenson University
Clemson, SC 29631

In our development of a single molecular system for visible-light,

photon absorption and photoproduction of hydrogen, we have found com-

ponents for the system which will accomplish this goal. The reaction

of interest is shown in equation 1.

Co(bpy)(PEt2Ph)2 H 2
+ — ^ L

Direct irradiation at wavelengths less than 450 nm results is the for-

mation of molecular hydrogen with a quantum yield of 0.1 raols/ein. In

the presence of the highly, visible-light absorbing Fe(II) complex,

Fe(bpy).(CN)., reaction 1 can be sensitized with 577 nm light. The

limiting quantum yield of 0.13 mols/ein for the production of H_ can

be determined from the Stern-Volmer plot. The Stern-Volmer quenching

constant was 680M~ . Assuming a diffusion-controlled upper limit for

the bimolecular quenching process, a lower limit of 50 ns can be cal-

culated for the lifetime of the donor state in Fe(bpy)?(CN)-. We have

prepared the 2,2t-bipyrimidine (bpym) derivatives, Fe(bpym)-(CN)9 and
+

Co(bpym){PEt_Ph)2H2 , and are currently attempting the synthesis of

fbpym) (CN) 2Fe (bpym) CoCPEt^h)^*.

Additional dilmlne ligands, capable of chelating two metal centers

simultaneously, have been Incorporated into our studies. In addition

to the dianionlc series of substituted 2,2'-biimidazolate ligands,

neutral ligands such as 2,3-bis(2-pyridyl)pyrazine (dpp), 2,3-bis(2-

pyridyl)quinoxallne(dpq), and the multidendate ligand, 2,4,6-tris-(2-

pyrldyl)triazine have been used. Electrochemical studies on the mono-

and bimetallic complexes of these ligands will be used to illustrate

the communicating ability of the bridging ligand.

Lastly, a brief series of unsymmetrical (both heterometallic and/or

different terminal ligand) bimetallic complexes will be presented cen-

tered around a dliron system containing high-spin Fe(IT) and low-spin

Fe(ll) in close proximity.
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DESIGN AND PROPERTIES OF A SERIES OF RUTHENIUM PHOTOCHROMOPHORES
BASED ON THE LIGAND 2,3-j3IS(2l-PY.RIDY.L)QUINOXALINE

D. Paul Rillema, Department of Chemistry, The University of North Carolina at
Charlotte, Charlotte, NC 28223

The series of complexes [Ru(BL)_](PF,)2, [Ru(BL)2b](PF6)_ and [Rub?(BL)]-
(PFg) , where BL is 2,3-Jsis(2

1-pyridyl)quinoxaline ana b is 272l-bipyricline,
were synthesized as "photo-antenae" fog designing luminescing mixed-metal
complexes. The complexes exhibit dir-ir (BL) transitions at 500 nm (e»1.6 x
10 }, 512 nm (e-1.0 x 10 ), and at 517 nm (e-8.9 x 10^) and luminescence maxima
at 714 nm, 73-4 nm, and 760 nm, respectively. Excited state lifetimes were 300
ns and 400 ns for the-firs^ two compounds, respectively. Excited state redox
potentials for the Ru| +^ + couple were -0.04V - 0,16V, and -0.24V and the
potentials for the Ru couple were 1.14V, 0.87V, and 0.61V vs. SSCE,
respectively.

The one_electron oxidation of [Rub_(BL)] was studied in some detail.
The Rub2(BL) couple is reversible on the cyclic voltammetric time scale.
However, if the complex in a 0.10M TEAP (tetraethylammonium perchlorate)
acetonitrile solution was oxidized coulometrically by one electron per complex,
the initial color of the solution slowly changed from pale green to purple over
the period of about one hour. The rate of color change was followed using
visible spectrophotometric techniques and the observed reaction was found to
follow first order kinetics. Repetitive scanning by cyclic voltammetry during
the course of the reaction resulted in the appearance of a new oxidation step
at 1.54V compared to 1.41V vs. SSCE for the original complex. The oxidation
wave at 1.54V was found to increase with time whereas the one at 1.41V was
found to decrease. In addition .tjje diffusion currents of the new oxidation
step and that of the Rub?(BL) couple were approximately 1:1 after
completion of the reaction. The data indicate that one half of the original
ruthenium complex was converted into a new species. Coulometric reduction of
this solution at +1,0V resulted in very little current flow indicating that the
ruthenium centers were now in the +2 oxidation state. Thus, the new product is
believed to contain oxidized ligand. Bulk electrolysis of Rubp(BL) and the
subsequent isolation of the oxidized product leads to the conclusion that the
new material is most likely a pyridine-n-oxide derivative.
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Dynamic cis—trans Isomerization of Retinal in Dark—Adapted
Bacteriorhodopsin

Stanley Seltzer

Chemistry Department, Brookhaven National Laboratory,
Upton. New York 11O7J

The dark reaction <eq 1> wherein light—adapted
bacteriorhodopsin <bR^A> reverts to resting, dark—adapted
bacteriorhodopsin <bR^A), has been investigated.

bRLA ^ bRDA

light
<1OO» all-trans) (1:1 13-cis/all-trans)

The unusually high percentage of 13—da.—retinal in
(509S) compared to that of equilibrated retinal solutions (.20—
2595) in polar or in nonpolar solvents and the reported non first
order process of dark adaptation, has led to the notion that a
1:1 mixture of 13—c'ts— and all—trans—re finals might be there to
allow the trimer bacteriorhodopsin structure of bRDA to reach a
more stable, hence lower energy conformation. The possibility
that there may be present an equal number of relatively fixed
complementary binding sites for 13—cjs and for all—trans—retinal
to provide a stabilizing factor in bR^A, has been examined.

Apo membrane was converted directly into bR^A by
reconstitution with a 1:1 mixture of 13—cis— and radiolabeled
all—trans—retinal. Extraction of the chromophore at various
times and examination of the iaomeric and isotopic content
indicates that equilibration of label and cis—trans isomerization
continues in resting bR^Ain the dark.
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COHERENT AND ULTRA-FAST DONOR EXCITON TO TRAP ENERGY TRANSFER
IN A MOLECULAR AGGREGATE

G. J. Small and M. Connolly
Ames Laboracory-USDOE and Department of Chemistry

Iowa State University, Ames, Iowa 50011

Coherent electronic energy transfer (ET) in molecular aggregates and
solids, as well as the transition from coherent to random hopping ET are
still subjects of current study [1]. It is generally accepted that if the
exciton coherence length, £ c o n * v • T, is greater than the distance
between neighboring molecules in tne aggregate then one is in the coherent
transport regime. Here v_ is the exciton group velocity and T is the exci-
ton scattering time. The difficulty with the majority of experiments which
have explored coherent ET (e.g. via donor to acceptor molecule ET measure-
ments) is that the donor exciton is not coherently prepared. That is, v_ is
not well defined. Nor has it been possible to "tune" v» in a continuous
fashion. Both problems have recently been solved by utilizing phase-matched
two-photon excitation of ultra-fast excitons [2]. Theae excitons are light-
ly dressed with photon character and group velocities ranging between
* 5 x 10s and 5 x 108 cm s"1 have been generated in naphthalene. These
velocities should be compared with "normal" exciton velocities of ** 103 cm
s"1. Noting that in good crystals T can be as long as ~ 10" 1 0 s, it can be
seen that the £ c o n f°

r ultra-fast excitons can be made impressively long,
~ 100 urn.

In this paper the experimental approach for generation and tuning of
ultra-fast excitons is reviewed. Following that novel experimental data on'
ultra-fast donor to acceptor ET in naphthalene crystals doped with anthra-
cene are presented. In the experiments it is possible to have icoh " <R>>
where <R> is the average donor-acceptor distance, even for quite dilute
mixed crystals. The principal question being asked is whether direct uni-
directional donor to acceptor ET is possible. This potentially efficient
mechanism may be thwarted by scattering of the exciton by the acceptor
defect structure, i.e. leading to a diffusive ET process.

References:

1. R. Silbey, in "Spectroscopy and Excitation Dynamics of Condensed Molecu-
lar Systems"; V. Agranovich and R. Hochstrasser, Eds.; North-Holland
Publishing Co., 1983.

2. S. H. Stevenson and G. J. Small, Chem. Phys. Lett. 100, 334 (1983).
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CHARACTERIZATION AND PHOTOELECTROCHEHICAL PROPERTIES
OF DOPEO IRON OXIDE CRYSTALS. SINTERED OISKS AND SMALL PARTICLES

J. Turner, C. Sanchez, K.D. Sieber, M. Hendewerk,
H. Nakanishi and G.A. Somorjai

Materials and Molecular Research Division,
Lawrence Berkeley Laboratory and

Department of Chemistry
University of California

Berkeley, California 94720 U.S.A.

Connected Mg-doped and Si-doped Fe«03 sintered disks exhibit photocurrent
and hydrogen evolution in aqueous solution when illuminated by light of band
gap (2.2ev) or greater energy. The p-type behavior of the Mg-doped is due to

2+
the presence of Fe cations resulting from formation of a spinel phase

i hi h
p g p
. Jig 0.) in the corundum <*-Feo0. matrix. This phase was concentrated in
"*X X 4 C O

the near surface region and could be removed by abrasion. Mg-doped iron oxide
particles when dispersed in an aqueous solution exhibit hydrogen evolution
when Illuminated with band gap radiation. The presence of platinum enhances
the hydrogen yield which is however, still about in order of magnitude less
than for the connected, doped, sintered disks. Photocatalyzed hydrogen
evolution is readily observed with high yield from a water-methanol solution.
The optimum hydrogen production rate 1s obtained when the spinel Fe3_x

M9x°4
pha;e/a-Fe2O3 corundum phase ratio 1s 0.37,

Ge-doped a-Fe.O- single crystals were grown and characterized. Their
photocurrents were not much higher than those of the sintered disks indicating
that surface rather than bulk properties of iron oxide control the quantum
efficiency of the photoreaction.
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Small Angle Neutron Scattering Study of Chlorophyll Micelles

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

Argonne, IL 60439

The chlorophylls are known to show remarkable self-aggregating
properties, either by direct interaction with other chlorophyll molecules, or
by coordination interactions mediated by nucleophiles such as water. The
aggregates formed by these coordination interactions range in size from dtraers
up to large entities of colloidal dimensions. Aggregate formation is
accompanied by a red shift of the visible absorption spectrum, and has
attracted much interest in photosynthesis research because similarly red-
shifted species are well-known to occur in green plant and photosynthetic
bacterial reaction center and antenna chlorophylls.

The structure of red-shifted chlorophyll aggregates remains a matter of
conjecture, as conventional x-ray diffraction methods cannot be applied
because of the absence of long-range order in the aggregates. We have there-
fore applied small angle neutron scattering (SANS) using neutrons from the
Intense Pulsed Neutron Source at Argonne to study the size and shape of the
red-shifted chlorophyll aggregates that can be prepared in the laboratory.

Neutron scattering data have been obtained for bacteriochlorophyll ju
chlorophyll _a, chloroblum chlorophyll, and pheophytin a_, and preliminary
observations have been made on chlorophyll b_ and bacteriochlorophyll b» The
solvent system consist of an octane/toluene mixture. The micelle size of the
scattering species was dependent on chlorophyll type and extent of hydration,
with larger micelles forming when larger amounts of water are present. The
scattering data on chlorophyll ji/water micelles (P740) indicate that the
micelles are cylindrical. Chlorophyll _a_ micelles at low hydration are
oriented by a magnetic field (1*7 Tesla), supporting the conclusion that these
micelles are not spherically symmetrical.

Under certain hydration and preparative conditions, we have prepared
bacteriochlorophyll/water that gave neutron scattering curves with clear
secondary scattering maxima in the scattering pattern, indicative of micelles
of very uniform size and shape. These ?:e spherical, Inverted micelles, 20 nm
in diameter, with a water core, stabilized by the Bchl ja/water aggregate,
arranged in such a way that the phytyl chains of the chlorophyll extend into
the octane/toluene medium. The Bchl_a_ macrocycles, cross-linked by water, are
at the miceliar interface* Because these micelles have an absorption maxima
in the red at 865 nm, we believe that the inverted Bchl ^a/water micelles
provide a valid model for the bulk chlorophyll in purple non-sulfur photosyn-
thetic bacteria, which exhibits very similar optical properties.
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Hot Hole Injection by Oxazine Dyes
at n-GaP Semiconductor Electrodes

Mark T. Spitler
Department of Chemistry
Mount Holyoke College
South Hadley, MA 01075

The photoreduction of a series of oxazine dyes has been studied
at the surface of n-type GaP single crystal electrodes with the
conclusion that photocurrent is produced through hot hole injection by
the excited dye into the valence band of the GaP. This current is
produced in a depletion regime through recombination of the holes with
electrons in the bulk of the semiconductor. A mathematical model for
the current flow has been developed to predict the form of the
photocurrent-voltage curves.

In these experiments the dyes oxazine 725, cresyl violet, and
nile blue were used in a 0.1 M LiCl aqueous electrolyte to sensitize
the substrate semiconductor. In this electrolyte, the dyes were found
to undergo a reversible, two-electron reduction at Pt at potentials of
-0.37, -0.49, and -0.50 V (vs. SCE) which placed their excited
acceptor states more positive than the GaP valence band. They
produced photocurrent action spectra attributable to the monomer forms
of the dye. Photocurrent could only be produced at highly doped
electrodes (2x10 /cc) where the injected hole could diffuse
through the depletion region before thermalization. Studies of the pH
dependence of the photocurrent-voltage curves precluded surface
recombination as a mechanism for current production.

A one dimensional Onsager model was .dapted to this system to
describe the current flow of the holes after thermalization. This
flow was found to be dependent on the band bending of the
semiconductor and the energy of the dye's acceptor state relative to
the valence band edge. Using a gaussian distribution of acceptor
states for the dyes, this model was used to fit the
photocurrent-voltage data observed for each dye.

169



OXIDATION CATALYSTS

Larry 0. Spreer, Anthony Maliyackei, J. W. Otvos and Melvin Calvin

Chemical Biodynamics Division
Lawrence Berkeley Laboratory
Berkeley, California 94720

In connection with our goal of finding appropriate catalysts for
the oxidation side of the artificial photosynthesis assembly, we have
examined various oxidized manganese porphyrin species in both aqueous
and nonaqueous media. Chemical or electrochemical oxidation of Mn(III)
tetramethylpyridyl porphyrin [Mn{III)TMPyP] in alkaline aqueous solution
produces a new species, which has an absorption maximum near 428 nm and
whose structure is still unknown. Me designate it as M428. It reverts to
the original Mn(III)TMPyP at rates dependent on pH (faster at lower pH).
The species M428 can also be formed by reaction of Mn(II)TMPyP with 02.
We have established that M428 is a dimeric species through the use of
gel filtration chromatography and conclude that the most reasonable
forms are

PMnIV-([-IVMnP P M n 1 1 1 - ? - ^ 1 1 ^ ? (P=TMPyP)

In organic media, depending on the solvent, oxidant and ligands
present, various oxidized manganese porphyrin species are observed.
When Mn(III}tetraphenylporphyrin [Mn{III)TPP] undergoes one-electron
oxidation, either electrochemically or with phenoxathiin hexa-
chloroantimonate in methylene chloride, a species having a Soret band at
386 nm is produced (M386). The X-ray crystal structure determination and
magnetic susceptibility measurements (solid and solution) support
identification of M386 as a MndlIJTPP** pi cation radical with the
unusual property of independent spins of the paramagnetic metal ion and
porphyrin radical. The site of oxidation appears to be affected by the
ligands present. Addition of sodium methoxide in methanol to a solution
of M386 in CH,C19 produces a species which has been identified by other
workers as MnfIvfrPP{OCH3)2.

A different oxidized species is produced when Mn(II)TPP is oxidized
with iodosobenzene in benzene or toluene as solvent. This species has a
Soret band at 464 nm (M464) and appears to react with olefinic hydro-
carbons such as cyciohexene to form Mn(III)TPP. The M464 species can
also be formed, through some intermediate, by reaction of Mn(II)TPP with
0 ?. This and other evidence suggests that M464 is a monomeric manganyl
species with oxygen coordinated to a manganese in the +4 oxidation
state. Oxometalloporphyrin species have been proposed as intermediates
in the activation of oxygen by cytochrome P-450 enzyme and a high-valent
oxo-manganese species may be involved in oxygen evolution in the
photosynthetic process.
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ALTERNATIVES TO_FOURIER TRANSFORM_SPECTRAL ANALYSIS AND THEIR

j7Tang7""c7~P7~Lin7~M7~KT"^o~wm"a"n"and J. R. N o r r i s
Chemistry division, Argonne National Laboratory, Argonne,
Illinois, 6Q439

The fast Fourier transformation (FFT) was widely used in
spectral analysis of magnetic resonance signals. However,
there are several inherent performance limitations such as
resolution, phase distoration due to spectrometer deadtime
and sidelobe masking from nearby stronger signals. To over-
come these difficulties, we have developed a novel numerical
technique (LPQRD) to analyze time-domain signals. This tech-
nique is a linear least squares fit method based on linear
prediction principle and the Householder decomposition. It
has better resolution than the FFT and can also be applied as
a digital noise filter. By applying the LPQRD method, one
obtains directly a table of magnetic parameters (amplitude,
frequency, lifetime, and phase). One can apply it to remove
strong zero frequency components in electron spin echo (ESE)
envelope modulation and strong solvent peaks in NMR. One may
also obtain lost signal in the deadtime zone by backward
prediction and thus minimize phase distortion due to spec-
trometer deadtime.

In addition to the LPQRD method, we have also developed a
better and more reliable method for the analysis of electron
spin echo envelope modulation. With these techniques, we are
able to obtain the hyperfine couplings of the lsN in
bacteriochlorophyll a radical cation and the primary donor
P+-860.
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OH THE SIGH OF THE ELBCROH EXCHANGE COUPLING IN RANDOM RADICAL ENCOUNTER PAIRS
IM SOLUTION Marion C. Thurnauer, Tak-Mlng Chiu and Alexander D. Trifunac
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 USA

An important parameter in the study of reacting radical systems is the
electron exchange interaction, J. The properties of interest are the sign and
magnitude of J, and its functional dependence on distance between radicals. One
source of information about J is from understanding the Chemically Induced
Dynamic Electron Polarization (CIDEP) which is observed in the EPR spectra of
reactive radical systems1* For radicals reacting in solution to form new coval-
ent bonds, it has generally been found that J<0, where the radical pair singlet
state (S) lies lower in energy than the triplet state (TQ) in the magnetic field
of the EPR experiment.

Recent unusual CIDEP observations2'3 in radical systems generated by
photolysis led to the suggestion that in radical pairs formed by random encoun-
ters of independently generated radicals (F-pairs), that J>02>1+. It is sugges-
ted that F-pairs react at a separation greater than that at which spin correla-
ted (geminate) pairs of the same radicals are formed, so that the intervening
solvent molecules become Involved in the exchange interaction giving rise to J>0
via some sort of auperexchange process. This is an interesting proposition
since superexchange via "solvent" molecules may play a role in rates of long-
distance electron transfer reactions and in the electron transfer reactions of
photosynthesis5. However, the model suggested2'** runs contrary to all F-pair
CIDEP observed to date where it is well known that only independently generated
radicals are produced6'7* In order to clarify this important point, we present
here a definitive study in which we examine several systems of radicals genera-
ted independently (exclusive F-pairs) by pulsed laser photolysis and pulsed ra-
diolysis in aqueous, alcoholic and hydrocarbon solvents. In particular, we ex-
amine the CIDEP of the cyclohexyl and cyclopentyl radicals formed by radiolysis
of neat cyclohexane and cyclopentane and by photolysis of dl-tert-butyl peroxide
in cyclohexane and cyclopentane, respectively. We also present examples of F-
pair CIDEP in the acetone ketyl radical generated photolytically in both aqueous
and alcoholic solutions. In all cases, we observe exclusively CIDEP patterns
for the case, J<0« Therefore, the unusual polarization which was observed2'3

and attributed to F-pair polarization requires another explanation. It is essen-
tial to fully understand the chemistry of the radical reaction system before
suggesting effects which are contrary to a body of experimental evidence. We
will present examples from our photolysis experiments which support this caveat.

REFERENCES
1F.J. Adrian. Rev. Chem. Int. 3_ (1979) 3. 2I. Carmichael and H. Paul,

Chem. Phys. Lett. 67. (1979) 519. 3S. Basu, A. I. Grant and K. A. McLauchlan,
Chem. Phys. Lett. 9± (1983) 517. '•A.I. Grant, N.J.B. Green, P.J. Hore and K.A.
McLauchlan, Chem. Phys. Lett. HO. (1984) 280. 5A.J. Hoff and P.J. Hore, Chem.
Phys. Lett. 108 (1984) 104. "see ref. In A.D. Trifunac and M.C. Thurnauer in
Time Domain Electron Spin Resonance, eds. Kevan and R.N. Schwartz (John Wiley &
Sons, Inc., 1979). 'A. Anpo, K.U. Ingold and J.K.S. Wan, J. Phys. Chem. 87
(1983) 1674.
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TEMPERATURE DEPENDENT INTERACTIONS BETWEEN BACTERIOCHLOROPHY.LL
AND BACTERIOPHEOPHYTIN IN PHOTOSXNTHETIC REACTION CENTERS

D. M. Tiede
Chemistry Division, Argonne National Laboratory,

Argonne, Illinois 60439

and

J. Breton
Service de Biophysique, CEN de Saclay,

91191 Gif-sur-Yvette, France

The chemical identity for the early electron acceptors for
the bacterlochlorophyll dimer, Bg, in bacterial reaction
centers remains obscure. The_ earliest, generally recognized
charge separated state [B2

+I~] is formed in < 10 ps after
excitation. Absorption changes associated with reduction of
the acceptor, I, suggest the involvement of a bacteriopheo-
phytin, H, in close association with a monomeric
bacteriochlorophyll, B. Temperature dependent studies of the
near-infrared optical spectra for the transient [B2

+I~] state
in Rps. sphaeroides (1) have led to the proposal that the B and
H are in a redox equilibrium: Bs+B~H v* B2

+BH~ with the B2
+B~H

state lying 0.025 eV above B2
 + BH (1).

We have examined the temperature dependent spectroscopic
properties of the trapped B2I~ state (2,3) formed at 100K in
reaction centers of Rps. viridis. Warming the sample to 200K
elicits changes in the I" optical spectrum which are analogous
to those seen for the transient B2

+I~ state in ftps,
sphaeroides, interpretable with the hypothesis above as a
thermal re-population of the B2B~H state. These features are
also seen in the Rps. viridis transient [B2

+I~] spectra (see
Wasielewskl et al, these proceedings). However, recooling the
trapped [B2I"J sample back to 100K does not reverse the optical
absorbanee changes Furthermore, EPR assays show that these
temperature dependent alterations do not modify the magnetic
coupling between I" and the Q~Fe acceptor, suggesting that the
electron on the I" acceptor has not moved to a site more
distant to the Q~Fe. We conclude that the B and H are noib in a
temperature dependent redox equilibrium, but rather thaFThe
optical absorbance changes reflect a temperature dependent,
conformational relaxation which occurs within the I complex
following its reduction.

1. Shuvalov, V.A. and Parson, W.W. (1981) PNAS 78, 957-961.

2. Tiede, D.M., Prince, R.C. and Dutton, P.L. (1976) BBA 449,
447-469.

3. Prince, R.C., Tiede, D.M., Thornber, J.P. and Dutton, P.L.
(1977) BBA 462, 467-490.
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PHOTOCHEMICAL ENERGY CONVERSION BY CHLOROPHYLL IN LIPID BILAYER VESICLES
W.E. Ford, V. Senthilathipan and G. Tollin

Department of Biochemistry, University of Arizona
Tucson, Arizona, 85721

Effects pn Elacferort Transfer PAW/'jHnns using Charged
? Vgsieian (with V. Senthilathipan)
The effects of electrostatic interactions on the dynamics of photoinduced

electron transfer reactions involving chlorophyll and electrically charged
acceptors (either positively charged methyl viologen or negatively charged
sulfonated quinones) were investigated by laser flash photolysis in lipid bilayer
vesicles into which varying anovnts (0 - 30 mole percent) of positively or
negatively charged surfactants were incorporated. Chlorophyll triplet decay
kinetics were modified due both to vesicle expansion caused by charge repulsion
effects, and to changes in the local concentration of quencher resulting from
attractive or repulsive interactions with the vesicle surface. Radical yields
were either increased or decreased as a result of electrostatic interactions which
occurred between the radical products of triplet quenching and the charged
surface, and which acted upon the radical ion-pair separation process. In some
cases, these effects were quite large. Radical lifetimes were also changed by
large amounts as a consequence of either attractive or repulsive forces acting
upon the acceptor ion-radical species, which influenced its ability to undergo
reverse electron transfer to oxidized chlorophyll. In the most favorable case,
approximately 1001 of the chlorophyll triplets produced by pulsed laser excitation
were converted into radicals, which decayed by reverse electron transfer with the
quite long half time of 70 ras. This result has important implications for
improving the efficiency of energy conversion in these systems.

H i Parawfcers aivi fini jfoi 1 i H pp ofp
Acceptors in Bilayer Vesicles (with W.E. Ford).

The effects of acceptor solubility on photosensitized electron transfer
reactions in vesicle systems was probed using viologen derivatives. The
effectiveness of the viologen as a chlorophyll triplet quencher increased in a
predictable way as the water-solubility of the viologen decreased, but it was also
sensitive to the location and mobility of the viologen in the membrane phase,
which have less predictable dependencies on solubility.

The most important result of this work is the correlation between the
efficiency of charge separation and the rate of escape of the viologen radical
from the membrane to the aqueous phase. This escape process has to compete
effectively with recombination within the radical pair complex in order for charge
separation to be efficient. The rate of escape decreases in a predictable way as
the water-solubility of the viologen radical decreases. Thus, a reciprocal
relationship exists between the efficiencies of triplet quenching and charge
separation.

Increasing the water-solubility of the viologen radical not only increases
the probability that it escapes from the membrane to the aqueous phase, but it
also decreases the probability that the radical returns to the membrane, where it
can recombine with the Chi radical. Thus, a direct relationship exists between
the efficiency of charge separation and the rate of radical recombination.

While this study demonstrates that the kinetics of photosensitized electron
transfer reactions in vesicle systems can be controlled by adjusting the
solubility properties of the quencher, it is evident that the kinetics are also
very sensitive to electrostatic effects at the interface (see above). By learning
how to utilize both solubility and charge effects, it should be possible to design
quite efficient solar energy-converting devices.
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SIZE QUANTIZATION IN SMALL SEMICONDUCTOR PARTICLES

T. Rajh, J. A. Turner, and A. J. Nozik
Solar Energy Research Institute

Golden, CO 80401

and

M. T. Nenadovid and O. I. Micic
Boris Kidric Institute of Nuclear Sciences

Belgrade, Yugoslavia 11001

Size quantization effects in semiconductors have been well-studied in
1-dimencional systems (superlattices and multiple quantum wells) and observed
in 2-dimensional systems (quantum wires). He report here effects due to size
quantization in three dimensions, present in small colloidal particles of CdS
in aqueous and nonaqueous liquids. At particle sizes < 50 A, discrete quantum
levels are produced in the valence and conduction bands*

The absorption and emission spectra of small particle CdS colloids
reflect the existence cf quantum levels, exhibiting characteristic
structure. For particles ~40 A, the emission peak is blue shifted to 320 run
(compared to 520 nm for large particles) with excitation at 275 nm. The
excitation spectra at the emission maximum coincide with the absorption
spectra.

Stopped-flow spectrometry was used to follow the growth and optical
absorption of small CdS colloidal particles in the millisecond time scale.
These spectra produced the most structured spectra; the evolution of the
spectra was followed from 1 ms to 26 sec. and reflected particle aggregation.

The experimental results could be explained by optical transitions from
the various discrete quantum levels in the valence band to the first quantum
level in the conduction band; the experimental transitions were consistent
with an electron effective mass of 0.17 and a hole effective mass of 1.12.

Photochemical studies of small particle colloids are also consistent with
a large blue shift of the conduction band edge, with sufficiently small CdS
particles, photocathodic reduction to cadmium metal occurs. This reaction is
quenched by a fast electron acceptor in solution. Flash photolysis was used
to follow the electron transfer processes.
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DINEUZATION EFFECTS ON THE PBOTOEXCITED TRIPLET STATE OF PORPHYRINS

Haas vaa Willigen, T. E. Cheadrashekar, U. Da*. M. H. Ebersole
University of Maasachasetts at Bostoa, Boston, MA 0212S

Chlorophyll dimers are believed to be involved ia the primary eveats
takiag place ia reaetioa centers of photosynthetic bacteria aad greea
plasts. Magnetic resonance studies of photoezcited triplets of reaction
center chlorophyll and monomer chlorophylls revealed profouad differences in
characteristics of the in vivo and in vitrq systems. The interpretation of
these data requires an understanding of the factors that can affect triplet
state properties of tetrapyrroles. To contribute to the insight into the
relation between atrueture aad triplet characteristics, a study was made of
the effeot of porphyrin dimerization on triplet BSR spectra.

The study was concerned with the following systems.

R

I. R • benzo-lS-crown-5

II. R * 4-trimethylammonium phenyl

III. R * 4-sulfonato phenyl

R
(a) The aonomers and dimers of crown ether porphyrin (I, TCP).
<b> The aonomers and diners of cationic (II, TTAP) and anionic (III, TPPS)

water soluble porphyrins.
TCP (and ZnTCP) monomers can be converted quantitatively to cofaeial dimers
upon addition of trace amounts of alkali ions. Admixture of stoichiometrie
amounts of TTAP (or 2JTTAP) and TPPS lot MTPPS) also results la quantitative
dimerization.

ESR studies of the photoezcited triplets give the values of the zero
field splitting parameters and the rate constants of decay to the ground
state. The ezperimental data give an insight into the mechanism that gives
rise to the diaerization effects on the triplet state parameters.
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ULTRAFAST ELECTRON TRANSFER REACTIONS IN PHOTOSY.NTHETIC
REACTION CENTERS. PROTEIN AND MODEL SYSTEM STUDIES.

Michael R. Wasielewski, David M. tiede, Mark. P. Niemczyk,
and Walter A. Svec

Chemistry Division, Argonne National Laboratory,
Argonne, IL 60439

The primary electron transfer reactions in photosynthetic
reaction centers occur on a time scale of a few picoseconds to a
few hundred picoseconds. The recent crystal structure of the
reaction center protein from R. viridis reveals that a BChl b
molecule occupies a position between the primary (BChl b) 2 donor
and a BPheo a molecule. There is a great deal of uncertainty as
to whether the primary acceptor in R. viridis, I", is the
intermediary BChl b, the BPheo a, or a supermolecule consisting
of both of these chromophores. In addition, other workers have
noted that the nature of I" changes as a function of temperature.

We have now measured the transient absorbance changes that
occur in R. viridis reaction centers as a function of temperature
after excitation with a 500 fs laser pulse. At 110 K we observe a
transient with a lifetime of 2 ps in which the reaction center
spectrum exhibits bleached bands at both 830 nm and at 850 nm.
This transient evolves into a strong positive absorbance at 810
nm and a broad bleach at 835 nm with only a shoulder at 850 nm.
The 850 nm band may be the blue exciton component of the primary
donor band, while it is clear that the 830 nm band belongs solely
to the single BChl b molecule. Our working hypothesis based on
our data is that the BChl b accepts the electron from the primary
donor in < 2 ps and retains the electron for about 2 ps.
Following this event the electron resides partially on the BChl b
and partially on the BPheo a. The spectrum of I" suggests that
the BChl b molecule participates more strongly than does the
BPheo a.

We have recently measured the dependence of photolnduced
electron transfer rates and subsequent dark charge recombination
rates on the free energy of reaction in restricted distance
porphyrin-quinone donor-acceptor molecules. We have extended this
work to study the influence of different molecular spacers on the
reaction rate while maintaining the driving force of the reaction
and the donor-acceptor distance constant. This study addresses
the problem of the protein backbone as a participant in the
electron transfer reaction.

We have also prepared a fixed distance porphyrin donor -
quinone acceptor molecule possessing fixed, oriented dipoles
surrounding the porphyrin to test the influence of these dipoles
on the reaction rate. It is well known that the rate of electron
transfer in model photosynthetlc systems becomes exceedingly slow
in frozen media in which rotational reorientation of the solvent
dipoles can no longer stabilize a charge separation. This ia not
the case in photosynthetic bacteria wherein the primary electron
transfer events occur readily at 2 K. It is possible that
electric field generated by the fixed orientation charged groups
in the reaction center protein stabilize the photochemical charge
separation at all temperatures.
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EXCITEO STATE PROPERTIES OF MONONUCLEAR ORTHO-METALATEO Ir(III) COMPLEXES

Kevin A. King and Richard J. Watts

Department of Chemistry and Quantum Institute
University of California at Santa Barbara

Santa Barbara, CA 93106

A series of mononuclear ortho-metalated complexes of Ir(III) of the type
[Ir(NC)x(NN)3_x]*

3~x)+, where NC = 2-phenylpyridine or benzo[h]quirsoline and NN
* 2,2'-bipyridine or 1,10-phenanthroline have been prepared and characterized.
Their emission spectra, luminescence lifetimes, and absorption and excitation
spectra Indicate the presence of low-energy metal-to-ligand charge-transfer
excited states except where x * 0. Cyclic voltammetric results confirm that
charge is transferred from the Ir(III) center to the chelating (NN) ligand in
these low-energy excited states. Examples of dual emission from close-lying
thermally non-equilibrated states have been found in some of these complexes in
studies of their low-temperature (77K) emissions.

Studies of Stern-Volmer quenching of these complexes with oxidative
quenchers have been performed to provide estimates of their excited state
oxidation potentials. Values obtained from these studies are generally in good
agreement with estimates based upon combined spectroscopic-cyclic voltammetric
measurements. Both sets of results indicate that the ease of oxidation at the
metal center increases with the number of Ir-C bonds whereas the ease of
reduction at a coordinated ligand increases with the number of Ir-N bonds. The
partitioning of excitation energy between free energy available for reduction
by the Ir(III) excited state and the free energy available for oxidation by the
resultant Ir(IV) intermediate can be adjusted in an empirically predictable
manner by appropriate choices of the number of ortho-metaiating and chelating
ligands.
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NINTH DOE SOLAR PHOTOCHEMISTET RESEARCH CONFERENCE

June 3 - 6 , 1985

Mohonk Conference Center, New Paltz, New York

Program

Monday Morning, June 3

9:00 a.m. Welcome Co the Conference

Jerome Hudis - Assistant Director,
Brookhaven National Laboratory

Introductory Comments

Richard J. Kandel - U. S. Department of Energy

Bruce S. Brunschwig - Brookhaven National
Laboratory

SESSION I
Mary E. Gress, Chairman

9:30 a.m. Plenary Lecture: Electron Transfer at Fixed Distances in
Metalloproteins

Harry B. Gray - California Institute of Technology

10:30 a.m. Coffee Break

11:00 a.m. Thermal and Photoinduced Electron-Transfer Reactions in
Solution

Bruce S. Brunschwig - Brookhavsn National
Laboratory

11:30 a.m. Photochemical Energy Conversion and Solution Kinetics

Norman Sutin - Brookhaven National Laboratory

12:00 p.m. The Photochemistry of Metallo Phthalocyanines:
Sequential Two-Photon Photochemistry and Magnetic Field
Perturbations

Gulllerao J. Ferraudi - Notre Daae Radiation
Laboratory
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Wednesday Morning, June 5

SESSION V
Michael R. Wasielewski, Chairman

9:00 a.m. Electron Transport Mediated by Forphyrlns

Jack Fajer - Brookhaven National Laboratory

9:30 a.m. Energy Trapping In Photosynthesis

James R. Norrls - Argonne National Laboratory

10:00 a.m. High Quantum Yield Long Lived Charge Separation in a
Photosynthetic Reaction Center Model

Michael R. Wasielewski - Argonne National

Laboratory

10:30 a.m. Coffee Break

11:00 a.m. Platinized Chloroplasts: A Novel Photocatalytic Material

Elias Greenbaum - Oak Ridge National Laboratory

11:30 a.m. Correlation of Macronolecular Structure and Energy
Transfer Function in the Phycobllosome Light-Harvesting
System

John H. Clark - Lawrence Berkeley Laboratory

12:00 p.m. On the Molecular Mechanisn(s) of the Deprotonation of the
Protonated Schiff Base and Tyroslne During the Proton
Pump Cycle of Bacteriorhodopsin

Mottafa A. El-Sayed - University of California,
Los Angeles
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Wednesday Afternoon, June 5

SESSION VI
Larry Kcvan, Chairaan

2:00 p.a. Cheaistry on Electronic Hypersurfaces: A Key Aspect of
Photosynthetic Energy Storage

George C. Fiaentel - Lawrence Berkeley Laboratory

2:30 p.a. Excitation and Electron Transport in Disordered and
Finite Volume Systeas

Michael 0. Fayer - Stanford University

3:00 p.a. Excited-State Dynamics and Energetics of Electron
Donor-Acceptor Coaplexes

Edward C. Lin - Wayne State University

Thursday Morning, June 6

SESSION VII
Marye Anne Fox, Chairaan

8:30 a.a. Picosecond Fluorescence Spectroscopy of Dyes on Surfaces
Excitation Trapping and Nonradiative Decay into Surface
Modes

Walter S. Struve - Iowa State University

9:00 a.m« Quantisation Effects in Photoelectrocheaical Systeas

Arthur J. Nozik - Solar Energy Research Institute

9:30 a.a. Coffee Break

10:00 i.t. Resonance Raaan and SERS Studies of Metalloporphyrin
Redox Processes

Thoaas G. Spiro - Princeton University
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Thursday Morning. June 6, Session VII, continued

10:30 «••* Photochemical Energy Storage: Studies of Inorganic
Photoassistance Agents

Hark S. Wrighton - Massachusetts Institute of
Technology

11:00 a.si. k Selected Topic in Electrochemistry and
Photoelectrocheaistry: Electrochemistry and
Spectroelectrocheaistry of Polypyrrole

Stephen W. Feldberg - Brookhaven National
Laboratory
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Pester Sessloae

Monday Evening, June 3, 9:00 p.a. (odd nuabers)

Tuesday Evening, June 4, 9:00 p.a. (even nuabers)

1. Crystal and Molecular Structure of an Isobacteriochlorin Derived
froa a Chlorophyll

K. M. larkigia. J. Fajer, D. A. Goff and K. M. Saith

2. Picosecond Recoabination Kinetics of Geainate Cation-Electron
Pairs In Liquid Hexane

C. L» Braun and T. W. Scott

3* Carotenoid Photoprotection In Bacterial Photosynthetic Reaction
Centers

M. K. lowitt, S. Kolaczkowski, A. J. Kostka, C. P. Lin,
R. J. Massoth and J> R. Norris

4. Plasaa Sprayed Seaiconductor Electrodes: Photoelectrochenical
Properties of TiO2

J. P. Dodelet, L. Parent and S. Dallaire

5* Solvent Reorganization Energy Models for Electron Transfer
Processes Redux

B. S* Brunschvig, S. Enrenson and N. Sutin

6. Multicolor Electrochroalc Polyaer Modified Electrode
C# M. Elliott and J. G« Redepenning

7« Photosensitized Charge Injection into TiO2 Particles as Studied
by Microwave Absorption
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