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- THEORETICAL STUDIES OF ENERGY TRANSFER'
Lester L. Shipman
CheMthﬁy Divisdion

Arngonne National Laboratony, Angonne, TL 60439

A system of Computer codes has been developed for the
investigation of the photodynamlcal behavior of chlorophyll (Chl)
antennas coupled to phototraps Included in the-klnetlcs are the
population of exc1ted 51ng1et states via laser pulses (e g., 300
fsec, 20 psec, 1.2 nsec FWHM) or- contlnuous 111um1nat10n, uni-
‘molecular decay rates (i.e., 1ntersystem cr0551ng, internal con-
:‘version, fluorescence); -Forster transfer of{singlet excitation;
~and singlet excitation decay inthe phototrap A typicdl popula-'
tion and decay curve 1s shown below; the system con51sts of 0.04
M Chl a in pyridine w1th 2° of the Chl a molecules present as

nonfluorescent phototraps
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The codes. have been used to investigate concentration
quenching of the fluorescence of Chl a and covalently-linked
dimeric Chl a, fluorescence'depolarization, and energy transfer

and trapping by Chls embedded in membranes.
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STEREOELECTRONIC PRCPERTIES OF AGGREGATED CHLOROPEYLL SYSTEMS

'Ralph E. Christoffersen and Gerald M. Maggiora

University of Kansas

Lawrence,-Kansas’ 66045

The overall goal of our theoretical studies is to develop
a detailed understanding of the molecular factors which contribute
to the conversion of light energy 1nto electrochemical energy in
the photoreaction centers'of'plants'and bacteria. To‘do thls we
have undertaken a series of detailed theoretical‘studies of-the
geometric and electronic structure and properties~0f isolated and
aggregated chlorophvll systems |

Since our last report " substantial progress has beéen made
towards thls goal. In particular ab initio self- cons1stent field
configuration interaction (SCF CI) calculations have been completed
on a number of molecules related to chlorophyll, such as chloro-
phvlllde a bacteriochlorophvllide a,‘and thelr corresponding free
bases. These calculations exp11c1tlv 1nclude all macrocyclic ring
substituents. Thus poss1ble electronic structural effects on the
ground and excited states of the above molecules brought about by
ring substituents‘can be assessed-Without resort to ad hoc approx-
imations as is necessary in the ﬂ—electron procedures which have
been'applied until now. A variety of properties of the low-lying
singlet and triplet states of these molecules have been examined,

including state energies, singlet-singlet and triplet-triplet
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transition energies, oscillator Strengths and polarizations, and
electronlc charge dlstrlbutlons Earlier studiestalso examined
the ground state of chlorophvlllde systems | Calculated values of
these propertles compareo very favoraoly w1th avallable experl—
mental data, and also prov1ded a number of 1n51ghts into the
electronic structural features of these systems not obtalned in
earller experlmental measurements For example »a detalled
analysis of the Soret band region 1n chlorophvlllde a and bacterio-
chlorophylllde a 1nd1cates the presence oi a 1arge number of states,
many of whlch possess significant contrlbutlons from doubly (and
some hlgher) exc1ted conflguratlons Earlier calculatlons whlch
ons1dereo r—electrons and 31ng1v excited conflguratlons onlv are
1ncapable of prov1d1ng such detalled data on thls region of the
s1ng1et manifold. Our calculations also show that the S§;«S,
‘transition in bothichlorophyllidefa and-bacteriochlorophyllide a
are clearly V- polarlzed
Due to the 1mportance of -radical spec1es 1n photosynthetlc

energy- conversion, we have also extended our SCF CI calculatlons

to 1nc1ude radical cation doublet states of the varlous chloropnvll
systems studled above Calculatlons have been completed on the
ground and low-lying doublet states of ch]orophylllde 2 and
_ bacterlochlorophylllde a-catlon_radlcals. The calculated results
show excellent agreement with available experlmental data for
doublet state energies, doublet—doublet transition energies, and
relative oscillator strengths.' Polarization data; Which is not
yvet available experimentally, was'also obtained as‘well as Spin
density distributions for the two lowest doublet states. The

calculations also reveal a large number of states of very low



oscillator strength spread across the entire spectial region of.
interest: Many of ‘these states as- well as those carrying ‘measurable
oscillator strength possess Significant contributions from doubly
and triply eXcited configurations These results as well as those
on neutral molecules pOint out . clearlv the need for extenSive CI
in the study of the ek01ted states of chlorophyill systems Studies
are currently under way on the cation radicals of the free base-’
spec1es and on assess1ng the fea81bility of appring our approach
to the corresponding anion raaical systems. |

The results from the above studies provide a clear indication
of the feasibilityIOf'extending\our studies to plant and bacterial
nspecialépair”'dimers;Aand"an‘analysis of the current theoretical
and experimental situation on these special—pair systems‘has'been
presentedf ‘ | | | |

We are pursuingitwo'lines of investigation designed to
characterize the geometric and electronic struoture and properties
of spe01a1 pair dimers | The f1rst involves an assessment of the
reliability of our current SCF CI procedures for the study of
= type dimer systems Ne have chosen a series of cyclophane type
systems (e g : paracyclophanes quinonophanes ‘and porphinophanes)
ior study Since the geometric relationship of the interacting
aromatic rings is particularly well characterized in these systems
due to the covalent linkages between the two rings.‘ SCF CI studies
are currentlv under way on the qu1nonophanes An additional
advantage gained bv our studies on quinone systems is that they
will prov1de a baseline for future studies on quinone systems of

importance in photosyntheSis



The second line of investigation involves the development
and characterization of a set of transferable emplrlcal potential
functions (EPF) suitable for studying the conformatlonal energetics
and properties of snecial—pair dimers. The intramolecular EPF's
are tested by assessing their ability to provide reasonable values
for a w1de range of moleeular properties such as bond angles, ‘bond
lengths, v1brat1ona1 frequenc1es and 1ntens1t1es mean square
amplltudes of vibration, molecular enthalples and barriers to
rotation. Our results to date are very encouraging, and we . are
currently in the process of 1nvest1gat1ng the reliablllty of our
intermolecular EPF s us1ng gas- phase data on aggregated systems
and crystal packlnd ana1v51s.

A summary of the above work will be presented with special
emphas1s being given to the results of the electronic structure
studles along w1th a discuss1on of the applicability of the results

to the study of ox1dlzed and reduced special-pair dimers.
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EXTENDED HUCKEL CALCULATIONS ON PORPHYRINS, CHLORINS
~ AND ISOBACTERIOCHLORINS : CORRELATION WITH OPTICAL AND MAGNETIC RESULLS

L. K. Hanson, P. F. Richardson and J. Fajer
Department of Energy and Environment
Brookhaven National Laboratory:
Upton, New York 11973

Charge iterative. extended Hiickel calculations, which treat both 7 and
o electrons, have been used to guide and interpret work carried out on por-
phyrln transients involved in photosynthetic and metabollc processes. We
describe here applications of these calculations to metalloisobacteriochlorins,
radicals of chlorophyll and pheophytin, and oxygen interactions with manganese
porphyrins. o -

1. Isobacterlochlorlns.'

Isobacteriochlorins (I) have recently elicited con31derable 1nterest be-
cause the prosthetic groups of sulfite and nitrlte reductases have been shown
to contain 31roheme, an 1ron—1sobacter10chlor1n with elght carboxyllc side
chains. The enzymes catalyze the six-electron reduction of sulfite to ‘hydrogen
sulfide and of nitrite to ammonia. In green plants, the latter reaction NO2 +

2

8H+ + 6e +-NH4+H+_2H-O=is light driveq:,photosynthetically reduced pyridine
dinucleotide serves as the electron donor for the reaction: '

Chlorophyll - - NADH - flavoprotein - ferrodoxin + nitrite reductase.

10
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A further biological role has more recently been attributed to isobacterio-
chlorins with the realization that sirohydrochlorins, demetallated sirohemes,
are intermediates in the biosynthetic pathway of the cdfrin, vitamin B1l2. We
have verified the structure of iébbaéteriochlorins,-previously inferred from
spectroscopic measurements, by x-ray diffraction of zinc tetraphenylisobacterio-
chlorin (ZnTPiBC). We are using this compound as a model of the siroheme to
investigate the-chemistry of this class of compounds and to separate the role of
the ligand from-that of the metal. ZnTPiBC is considerably easier to oxi&ize
and harder to reduce than the corresponding porphyrin and chlorin. These redox
properties may dictate.the choice of the isobacteriochlorin skeleton in the
redﬁctaSe enzymes where the prosthetic group must mediate multiple electron
transfer to the substrate. Electron spin resonance spectra have been obtained
t6 map the electronic configuration of the radical. The unpaired spin density
is largely localized at the two saturated rings of the isobacteriochlorin (8
protons, a, = 5.7 G) with smaller densities found at the 3 protons of the other
two pyrrole rings (aH = 0.8 and 1.6 G) and at the nitrogens (aN = 0.9 and 1.8 G)
in agreement with the spin distribution predicted by the Hﬁckel calculations.
Calculations which treat sirohemes and the role of axial ligands are in progress.

2. Chlorophylls, Pheophytins and Chlorins.

Extended Huckel calculations were carried out for anion and cation radicals
of chlorins, chlorophyll and pheophytin. The calculations on the cations predict .
two nearly degenerate ground states 2A2-and 2B2 (sz symmetry) which are separated
. by ~1000 cm“1 and exhibit‘significantly different spin densities. The spin den-
sity profiles of Chl+. and metallochlorin cations have been extensively investi-
gated (see Davis et al.) ahd,ére clearly consonant with the 2A2 state predicted
theoretically (Table 1). Particulérly good agréement is found for the protons
of ring IV, the methyl groups of rings I and III, and the nitrogens of Ch1+.
which have.been determined by selective deuteration, electron-nuclear double
resonance and spin echo measﬁrements (Katz, Norris et al.).

Chlorophyll and chlorin cations interact significantly with their environ-
ment as evidenced by their ESR and ENDOR spectra and by changes of their oxidation
potentials as a function of‘temperature, solvent, and counterion (see Davis,

et al.). These changes may reflect mixing of the two nearly degenerate ground

11



Table 1

ExTenpeD Huckel SPIN DensiTies (ev) For CHL A IN THE
NORMAL '2A2' STATE AND THE Excivep '232' STATE

. PosiTION 5:53521 31£2§2l

1 0,065 0.008
y 0.075 ~0.001
5 0.063 0.099

6 0.042 0.001
7 0.017 0.001
'8 0.009 0.001
9 0.059 ©0.000
10 0.027 0.089
11 ' 0.050 0.001
2 0.024 0.002
13 0.006 0.002
14 T 0.063 0.001
15 0.008 0.070
16 . 0.063 0.000
17 0.042 0.001
18 0.014 0.000

19 © 0.061 0.001
20 . 0.006 0.080
21(N) 0.006 0.106
22(N) 0.055 0.112
230 0.008 0.088
24(N) 0.002 0.032
25 0.00} 0.000
26 0.006 0.000
27 0.000 0.000
28(0) 0.029 0.019

12
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states predlcted theoretlcally The 232 exc1ted" state shows 31gn1f1cantly
smaller spin densities at the a- carbon of the saturated r1ng than the 2A2 state.
If the solvent or counterion 1nduce a suff1c1ent perturbatlon to mix in some
character of the excited state, then the splittlng constants of the g protons
would result in lower values tncn expected for a pure 2A2 ‘ The Huckel calcula—‘
tions actually predict that llgands such as H20 CH30H CH3SH CH3CN and THF
would suppress ‘the exc1ted state below the 2A2 in chlorlns and chlorophyll
Although this is not observed experlmentally, the calculatlons clearly suggest
that interactions between the two states are energetlcally acces31b1e. Changes
in the coordination sphere of the chlorlns provlde a likely mechanism for this
mixing. ' ‘1 ‘

Extrapolation of these results to P680, the primary donor‘of_Photosystem 11,
has led to the proposal that P680 is a monomeric Chl, whose coordination sphere
(possibly by proteln residues), controls its functlon as the phototrap of
Photosystem II via a mixing of the two states we have descrlbed

The anlons of Chl and pheophytln (Pheo) are under con31derat10n as the

primary acceptors of Photosystems I and II. Comparlson of the ESR and ENDOR

" results recently obtained for anions of Chl Pheo and chlorlns again show good

agreement with extended Huckel calculations for these species.

The combination of experimental and theoretical results thus help define
the electronic profile of the primary acceptor and donor species of plant
photosynthesis. '

3. Griffith Model Bonding in Oxygen-Manganese Complexes.

As an additional example of the usefulness of Hickel calculations in treat-
ing axial ligand effects, we consider here the interaction of manganese porphy-
rins with oxygen. Mn(II) porphyrins bind O2 reversibly at -80°C in organic
solvents to form pentacoordinated complexes, in contrast to the hexacoordinated
02 complexes formed by iron and cobalt porphyrins. The reaction with O2 trans—
forms the Mn(II) porphyrin spectrum from the normal to "hyper" type with a split
Soret band.typical of Mn(III) porphyrins. EPR spectra indicate a spin change
from S = 5/2 to S = 3/2 and l70 substitution indicates little unpaired spin den-

sity on the O Analysis of the EPR data1 suggested that the 02 molecule binds

2°
to the Mn in the Griffith mode (edge-on, parallel to the porphyrin plane) and

1B. M. Hoffman, et al., JACS 98, 5473 (1976).
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that the complexes could be formally described as Mn(IV)02=. However, pub-
lished ab initio calculations2 predicted instead that Mn(III)OZ_ should be

the most stable configuration, with O, bound in the Pauling mode (end-on,

bent) . Hiickel calculations were carried out for both the Griffith and:Pauling
modeIS'for 02'Mn porphins, in which the 0-0, Mn-0, out of plane Mn distanoes
and tho 0-0 orientation above the porphinato plane were varied. All of the
experimental results can be-explained_in terms of the Griffith model but not
the Pauling model. Furthermofe,-our calcolations suggest that the ab initio
results may be due to the ose of an incorrect geometry. We conclude therefore
thaf, unlike Co(II) and Fe(II) porphyrins, Mn(II) porphyrins bind oxygen in the
Griffith mode iﬁ a manner similar to that found for Ti.porphyrins.

Relevant Publications:

1. Molecular Orbital Calculations of Chlorophylls and Chlorins, L. K. Hanson,

- M. S. IDavis, I. Fujita and J. Fajer, Biophys. J. 21, 195a (1978) | |

2. Griffith Model B1nd1ng in Oxygen-Manganese Porphyrln Complexes, L. K. Hanson
and B. M. Hoffman, Blophys -J. 25, 185a (1979)

3. Axial ngand Effects on Iron and Manganese Porphyrlns Extended Huckel Cal-

culations of Cytochrome 450 Analogs and of O, Binding to Iron and Manganese,

. v 2
L. K. Hanson, submitted to Intern. J. Quantum Chem.

2 A. Dedieu, et al., JACS.99, 8050 (1977).
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Structural Features of Chlorophyll Complexes In Vitro and In Vivo As Determined
By Triplet State ODMR
Richard H. Clarke

Department of Chemistry, Boston University
Boston, MA 02215

The photoexc1ted trlplet state of the chlorophyll molecule has been the
subject of exten31ve 1nvest1gat10n by a variety of EPR techniques in recent
years. The zero—fleld splittings have been retorted for the commonly occuring
forms of the chlorophyll and bacterlochlorophyll molecules; as well as most of
the important deri&ative structures. In addition, intersystem crossing tates
have been measured for the individual triplet state spin subleyels of many of
these chlorophylls. There has emerged ftom theae efforts a fairly cbmprehensive
‘description of the eleetron distribution in the chlorophyll triplet state and
the mechanisms .active in promoting intersystem crbssing in the chlorophyll mol-
ecule. In our recent work we have suggested that the triﬁletbzero—field split-
ting and intersystem crossing tates could be utilized to provide structural
1nformation in chlorophyll aggregates. Spec1f1cally, the structure of a chloro-
phyll dimer such as might exist in the reaction center special pair" could be
inferred from the trlplet properties as 1nterpreted within the framework of a
simple triplet exc1ton treatment. If the assumptions of the triplet exciton
approach, as applied successfully in the description of trlplet exciton states
in organic molecular solids are applicable to the chlorophyll aggregate, then
both the values of the zero-field splittings and the intersystem crossing rate
constanta in the chlorophyll dimer are expected to be‘directiy dependent on the
relative orientation of the chlorophyll mo}eculee in the pair. We have used
this approach to investigate the makeup of chlorophyll aggregates in vitré and

in vivo.
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The. ability to investigate the structural asoects of specific chloro-
phyll aggregate units within a given sample by triplet state EPR is dependent
on the ability to select and isolate_the.unit of interest from what may be a
complex system. This is particularly important when several forms of the chlo-
rophyll aggregate may ekist simultaneously, as in a solution containing equi-
11br1um mixtures of monomer, dimer, and higher aggregates, or in vivo, where
several chlorophyli aggregate forms are expected in the reaction centers and
antenna systems. In such cases optically detected magnetlc resonance (ODMR),
as developed in our laboratory for application to chlorophylls, allows an
optical screening of the system, monltoring the triplet state EPR’ spectrum-
on fluorescence peaks whlch orlglnate from the unit of interest. And by varying
thevoptical detection Wavelengthiamong the fluorescence peaks, structural
features fron‘different chioroohyll units within the sameAsample may be eval-
uated and compared under 1dent1cal condltlons

We have 1nvest1gated the photoexc1ted triplet state zero-field splittings,
overall tripletillfetlmes and 1nd1v1dua1 spin sublevel intersystem crossing
rate constants at 2K for chlorophyll aggregates in organic solvents and for
naturally occuring chlor ophyll aggregates extracted from green plants, using
ODMR spectroscopy. Work on the in vitro chlorophyll aggregates allowed an
assesment of the applicabillty of the triplet exciton model for structural
evaluation of chlorophyll systens and serves as a basis for 1nterpretation of
ODMR spectra obtained for in vivo chlorophyll units. These data will be dis-
cussed in terms ot the current models for chlorophyll reaction center and an-

tenna structure and the p0351b1e conformation of in vivo chlorophyll aggre-

gates in green plants.
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Excited State Properties of Models for Reaction Center Chlorophyll
by

K. J. Kaufmann, Department of Chemistry, University of I1linois, and
M. J. Pellin and M. R. Wasielewski, Chemistry Division, Argonne National
Laboratory.

The primary role of chlorophyll (Ch1) in photosynthetic organisms
is to convert incfdent solar radiation into chemicé] enérgy. Photons ére
captured by an extended array of Chl molecules known as the antenna. The
electronic excitation produced by the 1light abﬁorption is transmitted via
the antenna Chl to a "special pair" of chTorophy]] molecules. ' This bairvof
molecules traps the excitation energy and then.rapidly'undergoes one-electron
oxidation. The resulting charge separation Subséquent]y generates a chemical
potential gradient within the organism. The special pair and 1fs associated
redox components are contained in a protein'matrix and are_co]]ective1y known
as the reaction center. Although reaétioh centeré of Photosystem 1 (P700)
in green plants have not as yet been jsolated completely free of antenna,
a great deal of information exists regarding their spectroscobic properties.
P700 undergoes bleaching upon illumination with 700 nm 1light. The subse-
quent appearance of a photoinduced electron spin'resonance (esr) signal of
about 7 gauss linewidth with g = 2.0025 results ffom the formation P700T. A
comparison between the signal of monomeric Ch1ra7'L and P7OOT reveals that the

Tinewidth of the signal due to the in vivo species is narrower by Y2 than

+
that of in vitro Chl a’. This result agrees with a theoretical prediction
for the linewidth resulting from a one electron spin delocalized equally

over two Chl molecules.

The finding that two Chl molecules closely interact in vivo to form

P700 has stimulated efforts to prepare an in vitro chlorophyll special pair
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(Ch]s ); Chl a adducts with ehtanol have been prepared that successfully

p
mimic the optical and esr properties of photosystem I reaction center
chloropnyii. These Ch]sp systems‘are assémbled from two monomer units

by cooling a mixture of Chl a and éthano] (or HZO) in hydrotarbon solvents

| to below 100K. .Covalently 1inked dihers of both Chl a and pyrochlorophyll

a (PChl a) have been prepared which also reproduce the spectroscopic and

redox properties of P700. The two chlorophylls are joined in each case at
their propionic acid side chains via an ethylene glycol diester linkage. The
orientation of the chlorophyll macrocycles with respect to one another and
consequently their electronic properties depend strongly on the solvation
conditions. Treating solutions of these covalent dimers in dry non-
nucleophilic solvents, e.g., toluene, CC14, CH2C12 with 10-100 fold molar
excesses of a hydrogen bonding nucleophile (e.g., ROH) results in their

folding into the C2 symmetric ‘conformation depicted below. This folding is
accompanied by shifts of both their longest wavelength absorption band (6€3 nm -

17-18 By

to 694 nm) ‘and in their fluorescence maxima (670 nm to 735 nm).
studying the properties of a model for the P700 special pair we hoped to
gain insight into the primary photosynthetic events.

The pyrochlorophyll dimer was studied usfng time resolved absorption
and time resolved f]Qorescence spectroscopy. Two salient features were |
obserVed in the fluorescence lifetime measurements. At 298K, the lifetime
of the dimer was strongly dependent on the solvent being 3.8 nsec in CC14,

1.5 nsec in CHC1, and 110 psec in CHZC]Z‘ The fluorescence lifetime in

3

CH2C12 varied by more than a factor of 20 between 298K and 200K, yet the

fluorescence quantum yield was insensitive to temperature. Excited state

absorption studies revealed the presence of two ekcited singlet states.

The difference spectrum of one of these states had a bleaching at 700 nm .
19 '



‘The observation of these two states depended strbng1y 6n the nature of the
solvent and the temperature.

Ana]yéis of the data in terms of a.model for the excited state of
the model for Ch]Sp indicateslthat there are.two,singlet excited étates.
The relative populations of these states is controlled not by thermodynamics
as is.usually the case for excited states within the singlet manifold, but
but by kinetics. The dependence of the rate constant for transition from
one state to the other is strongly dependent on the solvent and temperature
and accounts for the observed behavior of the dimer. This two-state model
may have important consequences for photosynthesis. It provides a means by
which the plant can briefly store energy, while waiting for an acceptor
to become oxidized or if necessary to quickly dispose-of‘the excitation
energy 'if the redox chain. is occupied. Such an effect may have a]ready
been observed by others in_B§§_yjrigi§,. Reductjon of the first acceptor
prio?'to 1]1uminationvresu1ts in a singlet lifetime for the bacteriochlorophyll
special pair of only 20 picoseconds. This is in cohtrast to an expected
lifetime of several nanoseconds based on estimates of the radiative lifetime
obtained from. the absorption spectrum. Since.we have found the reia*ation
of the singlet excited state is very sensitive to thé environment, the presence
of the reduced acceptor might be enough of a perturbation to favor the same

short Tived excited singlet state we have reported for the Ch]sp in vitro.

- Recent Publications Related to this Work
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Picosecond Photophysics of Covalently Linked Pyro-Chlorophyllide a
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Singlet State Charge Transfer Reactions in Cofacia1 Diporphyrins1

C. K. Chang,t J. Fajer,T I. FUjita',+ P. quger,* and T. L.'Netze]f

Department of Energy and Environment+ and
Department of Chemistry”
Brookhaven National Laboratory

Upton, NY 11973

Stacked doub1e—macrocyc1ic or cdfacia] diporphyrin (CDP) molecules were
investigated for their ability to transfer charge from their first excited-
singlet state. Several systems at room temperature were examined with the'v
techniques of picosecond absorption spectros;opy. The excited state spectra
in the 550 to 850 nm region were measured after photolysis with a 527 nm
pulse of 6 ps duration (FNHM).

The CDP's studied were comprised of two porphyrin monomers held
rigidly 1h place with two covalently bound side chains (R).

| R = —CHZ—?TN(n—buty1)—CHZ-CHZ—
0
The center-to-center ihter—ring distance was 4.2 + 0.3 B. Three CDP's were
studied: _H2-H2, two free-base units; Mg;HZ, one Mg-porphyrin and one
free-base unit; and Mg-Mg, two Mg-porphyrins. '

The goal of this wérk was to contraét CDP singlet state behaVior with
that of bimolecular porphyrin electron transfer reactions and that of natural
‘photosynthetic systems. Chlorophylis, pheophytins and porphyrins are known
to transfer charge readily fromvtheir lowest triplet states. However, only a
few percent yield of charge transfer (CT) products have been found for singlet
state reactanﬁs. In contrast, reactions (1) and (2) have been found to occur

in photoexcited reaction centers isolated from photosynthetic bacteria.2
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(BCh])ZS Bph(Q* Fe) <10.ps, (gen1), T Bph® (Q°Fe) (1)

2
The}yieldgof (1) is ~100 percent. Importantly, the dark decay:reaction (2) 1is

slow.

(Br;rn)zT Bph7(Q°Fe) 1015, (gcn1), Bph(Q'Fe) (2)

For all three CDP's in-THF, only sing]et'téﬂtriplet,state behavior
was fOUnd (K > ~2 x 108 s'l). When the solvent was changed to CH2C12 a
" completely new transient absorption spectrum at t = 0 +4 ps was observed
for the Mg—H2 diporphyrin. It was much more peaked and absorbed more strongly

‘than the corresponding singlet in THF. The Ma at 660 nm agreed well with

X
the expected absorptions of a Mg-OEPJ'r and HZQOEP7 (OEP = octaethylporphin) type
of CT pfoduct. It decayed in 380 + 40 ps to a long lived frﬁp]et state. When

0.1 M Et,NCT was éddedAfo Mg—H2 in CH,C1,, the same CT state was found again.
Now, however, it decayed in 620 + 20 ps directly to the ground state.

| These results can be analyzed in terms of a scheme closely modeled
after one described by See]ey.3 The purpose is to relate spectroscopic and
electrochemical measurements to establish necessary conditions for $; — CT
reactjons. The chief virtue'bf this analysis is that it focuses consideration

“on the molecular interactions controlling these reactions. Presently available
expressions for ca]cu]atinglion—so]vent interactions are rough approximations,
but they can be used as guides for designing efficient 1ight harvesting
molecules. |

A diporphyrin system, such as Mg-Hz, has a geometrical advantage over
a bimolecular CT reaction. This is, for the bimolecular éase donor® and
acceptor collisions can occur with a great variety of orientations. Only a
few of these may be effective in producing a CT product. This can make the
CT reaction an inefficient competitor to 1ntersystemlcros$ing. Current CDP

studies are examining the effect of chain length and relative orientation on

the probability of producing a CT product and on controlling its Tifetime.
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Footnotes

1. This work was carried out under contract with thé U.S. Department of
Energy‘and suppdrted by its Offfce of Basic Energy Sciénces.

2. (BCh1)2S js a Bacteriochlorophyll-a dimer singlet state; Bph is a
Bachteriopheophytin-g'mo]écuie; and’(Q:Fe) is a qufnone molecule in
association with a non—héme iron that is maintained in a reduced
condition.

3. G. R. Seeley, Photochem. Photobiol. (1978) 27, 639-654.

Recent Publications

Early events and transient chemistry in the photohomolysis of alkyl-cobalamins,

J. F. Endicott and T. L. Netzel, J. Am. Chem. Soc. (submitted).

Cofacial diporphyrin charge transfer reactions, C. K. Chang, J. Fajer,

I. Fujita, P. Kroger, and T. L. Netzel (in preparation).
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I - THE EFFICIENCY OF PHOTO-REDOX REACTIONS IN SOLUTION
II - PHOTOPROCESSES IN CHLOROPHYLL AGGREGATES
Henry Linschitz
Dept. of Chemistry, Brandeis University

Waltham, Mass. 02154

I - Photo-Redox Reactions in Solution - Photosynthesis and related processes

for conversion of light into chemical or electrical energy confront the
general problem of dissipétive side-reactions. 1In the case of photo-redox
processes leading to a radical pair, energy dissipation may occur in the |
initial reaction complex (quenching) or via back-reactions prior to
stabilization of the high-energy products. To help guide development of
systems designed to avoid these 1osses; we are stﬁdying competitive quenching
"and radical separation processes in solution. As test reactions we have
been using photo-reduction of ketones and photo-oxidation‘of porphyrins.
The rates of excited state (triplet) redox reactions and the yields of
separated radicals or radical-ions are measured by laser-flash photolysis
techniques. Methods have been developed for determin’ng radical yields
even when extinction co-efficients are not initially available.

In both ketone and porphyrin redox systems, it is found that decreas-
ing the solvent polarity from acetonitrile to benzene changes the radical
yield from essentially unity to zero, with relatively minor changes in the
rate of (triplet) interaction. A similar drop in yield is found (for the
triplet fluorenone-DABCO reaction) when the diffusion parameter, T 1/2/n
is decreased. 1In the transition region where this drop occurs, rather

weak (~ 500 Gauss) magnetic fields partially restore the radical yield.
Singlet excited states, reacting with the same redox reagents, give much
lower yields than triplets.

These results are in accord with an intuitively simple picture of the
reaction. This involves initial formation of a more-or-less polar excited
reaction complex, charge transfer within this complex and escape of radical-
ions from the cage within a time limit imposed by the competing radiationless
conversion to the ground state. This time is much longer for triplet than
for singlet pairs, emphasizing the problem of understanding high redox

yields from singlet chlorophylllig vivo.
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II - PhotoprocesseS in Chlorophyll Aggregates - Models of the 695 nm

"reaction center'" of photosynthesis have been prepared by covalently
linking . pyrochlorophyll units, or by inducing chlorophyll association
by controlling the temperature and solQent. ’Flash excitation leads
to "opening" of the dimer and formation of a triplet - ground state
pair. Refolding can be directly observed.

Studies on "dry" chlorophyll-a solutiens, using such activators

s "Eu(fod);" or hexafluoro;isopropanol, demonstrate a specific, weak

fluorescence at 6738 nm, correspending to absorptioh at 450 nm and
assignable to a "donor statd' of chlorophyll. | |

Work planned for ‘the future involves extension of the program on
radical yields to other variables, including strong electric fields,
redox potentials and specifically structured solvent cages. Expetiments _
on heterogeneous systems and photo-redox studies on chlorophyll dimers' |

will also be undertaken.
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4 - "Photoprocesses in Covalently Linked Pyrochlorophylllde Dimer'",
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Fluorenone by DABCO", N. Periasamy and H. Linschitz, Chem. Phys.
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MULTIPHOTON REDOX PHOTOCHEMISTRY

John S. Connolly, James C. Smart and Arthur J. Frank
Solar Energy Research Institute*
Golden, Colorado

Introduction

Utilization of solar energy to generate fuels and chemicals from abundant and
renewable resources will make a significant impact on future world energy
supplies. .Our long-term goals are directed toward photoreduction of carbon
dioxide to methanol and methane and of molecular nitrogen to ammonia. 1In the
process, however, it is necessary to understand somewhat simpler processes,
and our shorter term goal is to achieve photochemical splitting of water using
visible light. All of the above reactions can be driven, in principle, with
light in the 610 to 670 nm region. :

The key elements of our research program at SERI are:
o calculations of optimal solar efficiencieés of multiphoton processes;
-0 photophysical and photochemical studies of sensitizers;

o synthesis and characterization of redox catalysts and coupling to
photosensitizers; and : . ,

o incorporation of coupled systems into molecular assemblies.

Each of these is discussed in turn in the following sections.

Solar Efficiencies of Multiphoton Processes

Bolton [1] has calculated the theoretical solar efficiencies of photochemical
processes utilizing one, two and three photons. For two photous, the
optimally efficient combination of solar wavelengths is 730 and 1320 nm, for
which the calculated ideal efficiency is ~44%. 1In contrast, the efficiency
of a single photon of the same total energy (2.64 eV, 470 nm) is only about
11%. Similarly, the optimum wavelength combination of three photons is 570,
820 and 1330 nm which yields a calculated efficiency of about 50%. We are
extending Bolton’s calculations for four-, six- and eight-photon processes.
For n > 4, the calculations of optimal wavelengths are more cumbersome, but
our vesults to date indicate that the incremental increase in theoretical

*

A Division of Midwest Research Institute. Operated for the Department of
Energy under Contract EG-77-C-01-4042. ' '
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solar efficiency for each additional photon coaverges rapidly for n > 3 to
about 60%.  We shall present the results of calculations in the context of
water splitting (n = 4), nitrogen fixation (n = 6) and reduction of carbon
dioxide (n = 8). : :

Photosensitizers

For reasons discussed previously [2, 3], we consider bacteriochlorophyll a
(BChl a) a model photosensitizer. Briefly, the available experimental
evidence [4] indicates that the lowest triplet energy of this pigment is less
than half the singlet excitation energy, and that electrou transfer between
triplets is an energetically favorable process. ‘

Current investigations are focused on a search for evidence of charge-transfer
quenching in the highly efficient triplet-triplet annihilation K process.
Specifically, we have undertaken laser flash photolysis studies [5] employing
a fast infrared dectector in order to examine the 900 to 950 nm region where
both the radical-=cation and radical-anion have significant
absorption [6, 7]. Solvent systems include pyridine, ethanol, acetonitrile
and aqueous micelles (SDS). As of this writing, the IR photodiode has just
been installed and the detailed spectral studies are yet to be carried out.
However, several interesting effects have been observed in the aqueous
micelles. 0f particular interest is our observation of two, and perhaps
three, laser-induced transient species in BChl g dissolved in SDS at ~10
times the critical micelle concentration. The decay kinetics appear to bhe
first-order with well-separated lifetimes; spectra taken at 20-40 nsec and
400 nsec after the laser pulse are closely similar and differ only in
magnitude. These investigations are being continued. _—

Synthesis and Characterization of Redox Catalysts

Coordinatively unsaturated metallocene derivatives of early traansition metals
have been particularly important in homogenous reduction, both stoichiometric
and catalytic, of substrates such as N,, CO, COZ’ olefins and acetylenes to
yield reduced, hydrogenated and coupled products. We are pursuing synthetic
and reaction studies of a class of .dinuclear complexes containing the bridging
fulvalene ligand [8]. The results indicate that metallofulvalene complexes
can exist 1in a  much wider range of oxidation states than the parent
metallocenes [9], and that metal-metal bonding and coordination of small
molecules between metal centers is a prominent feature of these complexes.
This indicates that these complexes are ideal candidates for Dboth
multielectron storage and activation and reduction of small molecules.

We have also observed [10] that both electron-rich and electron-deficient
metallofulvalene complexes exhibit intense absorption bands in the visible to
near IR region that overlap quite well with the solar spectrum. These low-
energy transitions are characteristic of the dinuclear metallofulvalene
structures and are absent in the parent metallocenes and ring-substituted
derivatives.
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The combined features of this class of compounds, together with our ability to
systematically vary the nature of the bridging ligand as well as the geometry
and electronic structures of a wide variety of tranmsition metal derivatives,
indicate. that these systems are 1ideal candidates for consideration as
,photoredox systems, by both direct and sensitized processes. This program of
specific synthesis and characterization will include detailed investigations
of their photophysical, photochemical and electrochemical properties.

Initially, we are concentrating on compounds related to bis (fulvalene)
dimetal complexes containing cobalt and vanadium moieties. In addition, we
shall investigate other organometallic .systems including coordination
complexes with delocalized ligaunds, metalecluster compounds and molecules
containing both organic dyes and coordinatively unsaturated metal centers.

Coupled Systems in Molecular Assemblies

In the last few years, several important advances in photochemical solar
energy conversion have taken place. Several research groups [l1] have reduced
water to molecular hydrogen using visible light. Similarly, Creutz and
Sutin [12], and later Harriman and Porter [13], reported evolution of oxygen
from water using- visible light. 1In each of these systems, an irreversible
redox couple was required either to generate or to consume the transferred
electrons. In order to couple the hydrogen- and oxygen-producing systems,
some means must be.developed to prevent the back reaction between the labile,
primary charge carriers. One method of inhibiting reverse electron transfer
is to select redox systems in which the back reaction, although

thermodynamically favored, is kinetically slow. The basis for such a
selection is a salient feature of the electron-transfer theory of Marcus [14]
for which there is a growing body of experimental support [15]. Another

alternative is to search. for redox systems in which the labile intermediates
formed in the forward reaction are converted to stable products before
geminate recombination of the primary charges can occur.

A third method to suppress back electron transfer is to use membranes. The
advantages of this approach over other alternatives include:

o the possibility of accomodating chemical speéies with markedly
different solubilities, thus making available a wider range of
reversible redox couples; :

o  the ability to separate stable chemical end-products;

o the possibility of ordering and orienting molecular systems in the
membrane to facilitate both charge- and energy-transfer; and

o the possibility of varying the distance between reaction components
in order to promote one conversion mechanism over another (charge-
vs. energy-transfer) and also to enhance the efficiency of quantum
utilization. For example, by placing the light-absorbing species and
its reaction partner in close proximity, the excited singlet state
rather than the triplet state may be used to drive a redox reaction,
thus precluding loss of the singlet-triplet energy [16].
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Overcoming these difficulties, particularly the last two, rests on our ability
to answer some fundamental questions on electron- and energy-transfer and to
manipulate the molecular architecture by specific synthesis. Exploration of
these factors in the water-splitting reaction will form the basis of this
aspect of our research program. : 4

Acknowledgments

One of us (J3C) would like to thank Professor Henry Linschitz for his generous
hospitality during frequent visits to Brandeis iUniversity where the laser
flash photolysis and micelle studies were conducted. The bacteriochlorophyll
was a gift from Dr. Joseph J. Katz, Chemistry Division, Argonne WNational
Laboratory.

References
1. J. R. Bolton, Science 202, 705 (1978). -

2. J. S. Connolly, Abstract; First Int. Conf. Photochem. Conv. Stor. Solar
Energy, London, Ontario, July 1976. : :

3. J. S. Connolly, Abstract, Second Int. Conf. Photochem. Conv. Stor. Solar
' Energy, Cambridge, U.K., August 1978. -

4. J. S. Connolly, D. S. Gorman and G. R. Seely, Proc. N.Y. Acad. Sci. 206,
649 (1973). o

5. Experiments’ conducted in the laboratories of Professor Henry Linschitz,
Brandeis University. '

6. J. Fajer, D. C. Borg, A. Forman, R. H. Felton, D. Dolphin and T.. Vegh,
Proc. Nat. Acad. Sci. USA __7_1_, 994 (1974)0

7. J. Fajer, D. C. Borg,‘A. Forman, D. Dolphin and R. H.VFelton; J. Amer.
Chem. Soc. 95, 2739 (1973). ' '

8. J. C. Smart and B. L. Pinsky, J. Amer. Chem. Soc., 99, 956 (1977); J. C.
Smart and C. J. Curtis, J. Inorg. Chem. 16, 1788 (1977).

9. B. L. Pinsky, Ph.D Thesis, Univ. Calif., Berkeley (1979).

10. J. C. Smart, B. L. Pinsky, M. F. Frederick and V. W. Day, J. Amer. Chem.
Soc. 101, 000 (1979).

11. B. V. Koriakin, T. S. Dzhabiev and A. E. Shilov, Dokl. Akad Nauk. S.S5.S.R.
223, 620 (1970); J. -M. Lehn and J.-P. Sauvage, Nouv. J. Chim. 1, 449
(1977); A. Moradpour, E. Amouyal, P. Keller, and H. Kagan, tbid., 2, 447
(1978); K. Kalyanasundaram, J. Kiwi and M, Gritzel, Helv. Chim. Acta 61,
2720 (1978). '

30



12.

13.

14.

15.

16.

C. Creutz and N. Sutin, Proc. Nat. Acad. Sci. USA 72, 2858 (1975).

‘A. Harriman and G. Porter, to be published.

R. A. Marcus, Ann. Rev. Phys. Chem. 15, 155 (1966).

A. J. Frank, M. Grﬁtéel, A. Henglein and E. Janata, Ber. Bﬁnsenges Phys.
Chem. 80, 547 (1976); C. Creutz and N. Sutin, J. Amer. Chem. Soc. 99, 241
(1977); C. D. Jonah, M. S. Matheson and D. Meisel, %bid., 100, 1449
(1978). .

A. J. Frank, J. W. Otvos and M. Calvin, J. Phys. Chem., 1in press;
Abstract, Second Int. Conf. Photochem. Conv. Stor. Solar Energy,
Cambridge, U.K., August 1978.

'PUBLICATIONS AND PRESENTATIONS
1978-1979

Seibert, M.; J. S. Connolly and J. R. Bolton. The Efficiency of Solar
Energy Conversion in Photosynthesis, 6th Annual Meeting, American Society
forPhotobiology, Burlington, Vermont, June '1978.

Connolly, J. S. and M. Seibert. Photochemistry and Photobiology at
SERI. Abstr., 2nd International Conference on - the Photochemical
Conversion and Storage of Solar Energy. Cambridge, England, August 1978,
pp. 1-2.

Connolly, J. S., Photophysical -and Photochemical - Properties of
Bacteriochlorophyll. ibid., pp. 4-6. Also presented at CNRS, Saclay,
France. August 1978. ’ :

Connolly, J. S., R. E. Inman, T. A. Milne, T. B. Reed and M. Seibert.
Research Directions in the Biology and Chemical Conversion Branch at
SERI. Proc. of the 1978 Ann. Meetings - AS/ISES. pp. 53-55. August
1978.

Connolly, J. S.,  Solar Photochemistry. Biennial Meeting of American
Section, International Solar Energy Society, Denver, Colorado. August
1978 (in press).

Milne, T. A.,J. S. Connolly, R. E. Inman, T. B. Reed and M. Seibert.
Research Overview of Biological and Chemical Conversion Methods and
Jdentification of Key Research .Areas for SERI. SERI/TR-33-067.
September 1978.

Connolly, J. S. and J. C. Grosskreutz. The Role of SERI. Symposium on
Conversion and Storage of Solar Energy, 30th Southeastern Regional
Meeting, American Chemical Society. Savannah, Georgia, November 1978.

Seibert, M., J. S. Connolly, T. A. Milne and T. B. Reed. Biological and
Chemical Conversion of Solar Energy at SERIL. AIChE Symposium Series,
181, Vol. 74, p. 42 (1978). '

‘ 31



*9.

*10.

*11.

*12.

*13.
*14.
*15.
*16.
*17.

*18.-

*19,

Frank, A. J., J. W. Otvos and M. Calvin. The Quenéhing of Rhodamine 101
Emission in Methanol and in Colloidal Suspensions of Latex Particles. J.
Phys. Chem. (accepted).

Frank, A. J. and R. J. Hanrahan. The Gas Phase Photolysis of ‘Ethyl
Bromide at 253.7 nm. J. Phys. Chem. 82, 2194 (1978).

Frank, A. J. and M. Gr¥tzel. Storage of Light Energy via Photoreduction
of WNitrate by Organic Donor Systems in Homogenous and WMicellar
Solutions. Submitted to Zeitschrift flir Naturwissenschaften.

Frank, A. J., J. W. Otvos and M. Calvin. On the Excited Singlet State of
Rhodamine 101 and the Surface Effects of Latex Particles in the Promotion
of Electron Transfer. Proceedings of the 2nd International -Conf. on
Photochem. Conv. and Storage of Solar Energy. Cambridge, England, August
1978.

Smart, J. C. and J. L. Robbins. A Low Spin Manganocene and Its Novel
Anionic Deriviatives. Synthesis and Characterization of
Decomethylmanganocene Complexes. J. Amer. Chem. Soc., 100, 3936 (1978).

Smart, J. €. and C. J. Curtis. Bridging Ligands in Organometallic
Chemistry. . 2. Synthesis and Reactivity -of the Green Dimer  of
Molybdenocene Containing a Bridging Fulvalene Ligand. Inorg. Chem. 17,
3290 (1978). '

Smart, J. C.. Chemistry of Metallofulvalene Complexes. Presented at
Department of: Chemistry, University of Denver, Colorado, Wovember 1978.

Smart, J. C. Chemistry of Metallofulvalene Complexes. Presented at
Science Center,. Rockwell International, Thousand Qaks, California,
November '1978..

Smart, J. C. Chemistry of Metallofulvalene'Complexes."Presented’at JPL
Pasadena, California, December 1978.

Raymond, XK. N., D. P. Freyberg, J. L. Robbins and J. C. Smart. The
Crystal and Moleuclar Structures of Decamethylmetallocenas: - Static
Jahn-Teller Distortion and Other Effects. ACS/CSJ Chemical Congress,
Honolulu, Hawaii. April 1979. Abstr. No. INOR 75.

Smart, J. C.f B. L. Pinsky. Coordinatively Unsaturated Metallofulvalene
Complexes of Vanadium. ACS/CSJ Chemical Congress, Hoaolulu, Hawaii.
April 1979. Abstr. No. INOR 504.

*Work done elsewhere related to SERT program.

32



PHOTOSENSITIZED REDOX REACTIONS ACROSS VESICLE MEMBRANES

W. E. Ford* J. W. Otvos, and Melvin Calvin

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

- We have continued investigation of a model system driginally proposed1
as an example of a dye-photosensitized redox reaction across the walls of
phospholipid.single-bilayer vesicles (see figure).

Representation of Vesicle Cross-Section

001 M CV2*or CN2*

018M Zn?*

9 M NH, OAc
(pH8.5)

~200 molecules Ru

The irreversible oxidation of EDTA (3-) ions, dissolved in the inner aqueous
compartments of the vesicle suspension, and one-electron reduction of methyl-
or heptylviologen (2+) ions, dissolved in the continuous aqueous phase, is
catalyzed by_thevphotoexcited state of a derivative of tris(2,2'-bipyridine)-
ruthenium (2+) ion that is incorporated into the vesicle walls. The vesicle
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walls, which are barriers to ions, prevent comp1ex formation between EDTA
and zinc (2+) ions, which inhibits the oxidation of EDTA. 1 The concentration
of viologen radical cation formed during intervals -of. continuous illumination
has a sigmoid dependence on the cumulative illumination time. The relative
‘maximum rates of viologen reduction for five cases are tabulated below.

Effect of Vesicle Composition on Relative Maximum Rate
of Viologen Radical Formation? |

Additional Viologen (1 mM) Color of Relative

Membrane ' in Continuous Incident Maximum
Components Aqueous Phase Light Rate
none GV whitel 15 + 3
none ooy o blueS 105 + 20
C V(.01 m) eV " white, blue 100 + 20
| c]6v( 01 mM) | |

K (.1 mM) CyV R " white - 80+ 15
B (.01 mM) | = - .
CrgV(.2 mM) none | blue 1300 +250

3yesicle suspensions contained 2 mM. PC and .1 mM Ru;'cdhcentrations represent
bulk values; pH = 8.5 | |

A approximately 420 nm to 600 nm.

) approximately 440 nm to 550 nm, with maximum at 460 nm; incident photon flux

was 5- 8 x 10° -7 einsteins sec -1 cm'2

b

When the vesicles are composed of PC, Ru, and’C]6V(mo1e ratios 200:10:1)
and C]V is dissolved in the continuous aqueous phase (pH 8. 5), the maximum
_quantum yield is .0003 and the reaction rate depends linearly on 11ght 1nten-
sity. The relative effects of C16V’ C7V and C]V cations on the reaction rate
can be rationalized on the basis of their different degrees of association
with the vesicles. Our results suggest that charge transfer across the vesi-
cle walls is electronic in nature since we observe transmembrane redox reactions

in the absence of likely diffusional electron carriers.
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Abbreviations
EDTA  ethylenediamine-N,N,N',N'-tetraacetate (3-) ion

GV methylviologen = 1,1'-dimethyl-4,4'-bipyridinium (2+) ion
C7V heptylviologen '

CigV hexadecylviologen

P& egg yolk phosphatidylcholine

Ru surfactant tris(2,2'-bipyridine)ruthenium (2+) derivative
NHa0Ac  ammonium acetate

VK vitamin K, quinone

B decachloro-m-carborane
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Photoinduced Electron Transfer Across a Water-0il Boundary:

A ModeT foh:afRedox-Coup1e Sepaﬁationﬂ
1. Willner,* W. E. Ford, J. W. Otvos, and Me1v1n Ca1v1n

Laboratory of Chemical B1odynam1cs, Lawrence Berke]ey
Laboratory, Berkeley, Ca11forn1a 94720

One approach to the photolysis of water with visib]e 1ight involves the
generation of ‘a redox:couple by the use of.a mediating sensitizer. HoweQer,"
back reactions of the redox couple represent é bésic Timitation fo the efficiency
of these systems. In an attempt to prevent such back reactions, the separation
of the redox components in water-oil microemulsions was investigated. The
water-in-oil microemulsions were prepared by entrapping water droplets into
reversed micelles of dodecylammonium probionate in toluene. The electron trans-
fer process from the aqueous phase into an acceptor. located in the interphase
region was studied in a system with tris(2,2'- bipyridine)ruthenium(IT)
(Ru(b1py) 2+ ) and EDTA in the water phase as photosensitizer and donor, respec-
tively, and hexadecylviologen (HV2 ) in the interphase as acceptor. Upon
illumination of the system with blue light, the formation of hexadecylviologen
radical-cation (HVf) was observed and monitored by its absorption at 735 nm.

The maximum quantum yield obtained was 1.4 + 0.4%. The results are rationalized
by a cyclic redox mechanism mediated by the excited Ru(bipy)32+ (Figure 1).

The further step of electron transfer across the interphase and into the
continuous organic phase is ncessary to achieve a more complete separation of
redox components. This process was investigated using two coupled acceptors,
viz, 1-benzylnicotinamide (BNA+), Jocated in the interphase boundary and 4-
dimethylaminoazobenzene (Dye) as a solute in the toluene phase. The water
droplets again included Ru(bipy)32+ and EDTA as sensitizer and donor, respec-
tively. Upon illumination, the reduction of the dye into its corresponding
hydrazo derivative was observed. Control experiments revealed that all the
components inc]uded_in the system are required for the photoreduction process.
A cyclic mechanism is suggested in which the 1lipophitic, reduced nicotinamide
mediates the reduction of the dye in the o0il phase (Figure 2). The net reduc-
tion of the dye by EDTA is a process that is uphill in free energy (AGO36 kcal/
mole).

The importance of electron transfer processes across water-oil interfaces
and their possible utilization in the photolysis of water will be discussed.
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Physical and Chemical Studies

of Chlorophyll in Microemulsions

" Raymond A. Mackay
Associate Professor

Department of Chemistry
Drexel University
Philadelphia, PA 19104

The overall objective of this @:k .is to investigate the utility of micro-
emulsions as solvent medié. for absorbers of solar energy which can act as photo—-
sensitizers of redox reactions. These studies will provide fundamental infomlé_tion
on the nature of interactions and (photo)reactions at microscopic oil-water interj-
faces, as well as basis for photochemical energy conversion methods. To this end
we have employed the chloi:ojéhyll n\edia@ photoreduction of dyes, principally methyl
red, by ascorbate‘ in oil in water (o/w) micellar emilsions as our model system.

Previcus work (1) has shown that chlorophyll dissolved in an anionic oinater
microamlsion degrades slowly urder white ]ight irradiation, but is protected by
the presence of | a redox system or couple such as azzibenzéne/hydrazoberizene. Because
of .its sfxuctﬁre, and thl_ls solubi].ity charactéristics, the chléf_ciphyll is located
in the surfacé region of the microdrop]_.et. | .

Initial studies have been designed to provide basic infarmation on sensitized
photéreactions in microemlsions. The photoreduction of methyl red and crystal
violet has been examined in a sodium cetyl sulfate/pentanol/mineral oil o/w system.
Using ascorbate as the water solublg reducing agent and pigment _concentrations of
less than one per drop (< 10 yM), the reaction was found to exhibit a pseudo first
order deperdence on crystal violet, hut a pseudo zero order dependence on lethyl red.

The effect of sensitizer, ascarbate concentration and light intensity on the,quantwn
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yield has also been examined (2). Fram the results of these and auxiliary studies,

a reaction mechanism is proposed which involves the formation of a chlorophyll-dye
triplet exciplex rather than any direct intermediacy of an oxidized or reduced

pigment species. Based on this scheme, a number of rate constanté‘ have been estimated
@ |

Same studies have been performed with cationic and nonionic surfactant-stabilized
microemilsions. In the non-ionic system, a limiting quantum yield ccmparéble to that
in the SCS systam has been obtained. A principal difference is that the limiting
value is reached at somewhat lower reductant concentrations, consistent with the
efféct of surface charge on the ascorbate. énion. In the cationic system, the limiting
value is about threefold les.é. Present results indicate that the principal effect
of surfactant type on the limiting quantum yield is due to surface pH.

A few preliminary studies using other éhlorins, principaliy pheophytih- a, have
been carriedout. The kinetics show evidence of product catalysis, becaming zero
order in methyl red only after reaction product has accumulated. The limiting quantum
yields are camparable to those obtained with chlorophyll a. In addition, increasing
the pH tends tovproduce zero order kinetics earlier in time but yie]:ds a lower limiting
quantum yield. For both pigments, oxygen has no net effect on the reaction other then
to consume some .reducing' agent and produce an "induction period". Product accumulation
also elimj_nates; the induction period. Work is still in progreés, but it appears that
the potential reaction product N,N—dinethylphenylened'iamine is responsible.

We v}ill continue our investigations of the ‘effect of surface charge, pH and
reaction product on the quantum yield of our test systar, the chlorophyll sensitized
photbreduction of methyl red by ascorbate. We also plan to extend this work to include
reversible redox systems, since it is of considerable interest and /importance to also
control the rate of recambination (back reaction) for practical use as an energy con-

version system. The former studies will provide information on the effect of surface
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charge and lpolarity en the mtrlnsn.c reaction fate. Since metal-free chlorin is

an effective sensitizer, we will also examine various synthetic porphyrins. Finally,

~ we plan to conduct laser flash photolysis studies to examine in greater detail the

reaction mechanism. For example, our steady—state kinetic results are consz.ste.nt

with the formation of chlorphyll—omdant triplet exciplex, and it should be possible

to obtain dﬁmt experj.mehtal evidence bearmg on this point. .Clearly., it is important

to elucidate the operative .mechanisms since this will permit the extension of the

research to other more utilitarian systems.

References | | |

l. C. E. Jones and R. A. Mackay, J. Phys. Chem., 82, 63 (1978).

2. C. E. Jones ard R. A. Mackay in "Parphyrin Chemistry; the Symposium held at the
MARM of the ACS," F. R. Longo, Bd., Ann Arbor Press (1979).

3. C. E Jones, C. A. Jones and R. A. Mackay, J. Phys. Chem., (1979) .

40



LIGHT ENERGY CONVERSION BY BACTERIORHODOPSIN

Lester Packer, Rolf J. MehThorn and Alexandre T. Quintanilha

- Membrane Bioenergetics Gkoup
Energy and Environment Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California

This program'ma1n1y seeks to characterize the photochemfca1‘conversion
of solar energy by bacteriorhodopsin; a protein pigment derived from purple
membranes df Halobacteria. UnTike photosynthesis, which depends on redox
reactions, bacteriorhodopsin oberates via a phbtocyc]e to develop a proton
gradient directTy. Bacteriorhodopsin is‘the simplest and most stable
naturally occurring light energy converter presently known. Its photocycle
is completed in about 7 msec after light absorption and involves the for-
mation of a qumber of distincf spectral {ntermediates which indicate that
the environment of the cHromophbre changes; The essenee of the light
energy conQersioﬁ is a vectorial 1ight driven brofon translocation coupled
to this photocycle. | H

afo find out how prbtons move in time and space across the.membfane
which bacteriorhodopsfn spans, we have been chemica]iy modifying specific
amino acid residues. Thus far we have found that tryptophans appear
important for the environment'of the chromophorevaed efficient proton
pumping. Another aromatic amino acid has also beenlimp1icated as important
for activity; One of the e1even tyrosines which are 1n‘the molecule has
special importance. We will show evidence that this tyrosine is near the
surface of the molecule. Five of the six lysines present in the molecule
are not important for acfivity. There s one remaining lysine residue

which is believed to be near the retinal chromophore. Future studies will
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prove the probable importance of this residue as a 1ink in the proton con-
duction-through the molecule and the light energy conversion.

Retinal can be reversibly removed from bacteriorhodopsin. Our
studies have identified in bleached bacteriorhodopsin the presence of a
prdton channel that works, albeit it slowly, in the dérk against an elec-
trical energy gradient. We have also carried out studies with tritium and
deuterium exchange which reveal that dark adapted and 1ight adapted forms
of bacteriorhodopsin'have a diffefent conformation or struéture. Our
studies have shown thét the 1ight adapted structure is bétfer abie to con-
duct protons. Based on the studies we have carried out thus far and other
work 1in the 1itefature, we have de9e1opedva tentative working hypothesis
for the chemical mechanism for'the vectorialbproton conductfon as related
to the maih'pﬁofbtransienté developed in the photbcyc]e.

An important aspect of our progrém'is the use of EPR methods together
with spin probes to'monitor the electrical properties developed as a‘resu]t
of proton conduction'byﬁbacferiorhodbpsin. Using a Unique chérged but a]so
hydrophobic épinvprobe, we haQe been abfe to show that éhanges in surface
charge accompany 111uminatiqn and are important in the efficiency of the
proton conduétion. VWe have been deve]obing a lipid impregnatéd millipore
filter system ag an éésay fok_the proton.current deve1oped by bacteriorho-
dopsin and a modé1 of avphotovo1taic cell has been constructed. E]ectrica1
studies w%11 be'ahbjméortahf‘aspect vaour.future endeavors.

Future sfudies will éqntinue to attempt to unravel the mechanism of |
the light eneréy'convérsion in bacter{orhodopéin. A newly discdvered-
Tight energy coﬁveftér in a red mutant stréin of ha1bbacter1a whose
membrane pumps protons in an inward.direction has been proposed to be a
direct mechéhism for pumping salt (sddiuh) will also be studied by similar
methods; Fﬁture studies will consider ﬁhe usefulness of such direct

methods for salt pumping systems and models of photodesalination.
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Time Resolved Resonance Raman and Fluorescence Studies

of the Photosynthetic Proton Pump System of Bac;eriorhodopsin

M. A. El-Sayed, James Terner and Joseph Fukumoto
: Department of Chemistry-
University of California
Los Angeles, California 90024

Bacteriorhodopsin, a retinal-protein gomplex similar in structufe to the
visual pigments (1), is the only biological system known to convert light into
chemical energy (2), other than the chlorophylls.; Bacteriorhodopsin is thought
to carry out photosynthesis using a proton pump mechanism by pumping profons across
the bacterial c¢ell membrane to produce an electrochemical gradient which drives
the synthesis of ATP (3) .according to the chemiosmotic theory of Mitchell (4).

The intermediates of the bacteriorhodbpsin cycle (Fig; 1) have been extensively
characterized by flash photolytic techniques (5). Singe the ;ransient absorptions
obtained by these techpiques are broad, mostly rise and lifetime kinetic data are
obtained by these techniques in addition to the_position of the visible.absorption
maxima of the different intermediates. Thus information concerning structurél
'changes (which is necessary for an understanding of the mechanism of the proton
pumping process) is usually lacking for the time resolved optical studies. Time
resolved vibration spectroscopy (e.g., time resolved Raman spectroscopy) should
yield more structural inférmation and can thus contribute to our upderstanding
of the primary processes.of the photosynthesis of bacteriorhodopsin.

The intermediates of baé;eriorhodopsin are now being investigated by resonance
Raman spectroscopy which provides detailed vibrational information abcut the retinal
chromophore. The earliest resonanée Raman studies of bacteriorhodopsin concen;raped
on the bM412 and bR570 forms which péssessed the largest steady state concentrations
when a stationary sample was illuminated by continuous wave (c;w.) laser. irradi-

ation (6-9). More recently, time-resolved or kinetic resonance Raman spectroscopy
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in our as well as in other laboratories usiﬁg pulsed laser (10-14) as well as

flow techniques (15-18) has produced complete spectra of bRggb (13,17,18) and

its component isomers (17,18), bL550 (18), bM412 (11,16,17), b06:40 (14) and

bK590 (19). 'In order to obtain these speétra, we have been developing new laser
techniques to determine resonance Raman spectroscopy for shért lived intermedi-
ates (20). The techniques used vary depending on the lifetime of the intermediate
to be stﬁdied. rAll the téchniques use lasers as the exciting source, but both

c.w. and éulsed lasefs are used, depending on whether a flow technique is»ﬁéed

or not.’ In'the.micro-millisecond time scale, we have developed a technique using
a c.w. laser which is‘amplitﬁde'm03u1ated by using rotating choppers (11,12}

with one or téo slits of variable widths and Separated by variable distances.

In the micfosecéndftens of nanosecond time scale we have used two methods. 1In

one a tightly focused c.w. laser in conjunction with the sample flow technique (19)
was used. In the other, a pulsed nanoseéond laser'was employed (10). 1In all these
methods, én optical multichannel analyzer was used for detection.

In order to determiﬁe the retinal Raman spectrum of a specific intermediate,
the fdilbwiné procedure was followed: i) we used the technique appropriate for
the rise and decéy times of the specific intermediates, 2) a laser wavelength was
used to seleétively enhance the Raman spectrum of the intermediate studied, and 3)
by increasing the laser power one increases the fraction of the photolyzed parent
molecule. By using this procedure together with computer subtraction techniques
the spectrum of the intermediaée under investiéation can be ‘extracted.

The time resolQed resonance Raman spectra of the retinal in the different
interﬁediafes were examined in order to answer the following two questions:

1. Does retinal undergo large conformational changes as thg bR molecule goes
frbm ohé intefmediéte to the other? 2) When in the cycle is the Séhiff base

proton ionized?
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The first question is answered by following the changes in the 900-1400 cmhl,

the so-called fingerprint region of the polyene vibration spectroscopy. The second-

+
question can be answered by following the disappearance of the protonated -C=NH

vibration at ~ 1640-1620 c:m_'1 which is also sensitive to deuteration.

Fig. 2 shows the spectra of the retinal in the different intermediates in the
fingerprint region. The proton pump cycle starts with the b3570 P bKSQO > bL550
-+ bMAlZ' During this part of the cycle two protons are believed to be ionized to

the medium outside the cell bacteria. From Fig. 2, it is clear that the largest

change in the fingerprint region occurs during the first step, i.e., changing

hv

-+
bR570 > bK590' From the -C=NH vibration region, one reaches the conclusion (19)-
that the bK590 is protonated, as is the bLSSO but not the PM412' This suggests

that the Schiff base proton is ionized in the bL550 -+ bM412 transformation.

The above results indicate that the process of the photon absorption is
accbmpanied by retinal conformational changes (just_as in rhodopsin). . This seems
to trigger protein conformational changes that assist in pumping the two protons
to the cell exterior. |

Recently, we have focused our attention on the time resolved fluorescence
spectroscopy of the protein. In fhis study-(Zl) two'pulsed lasers are used? one to
initiate the cycle and the second, delayed by variable amounts of time, to excite
the protein fluorescence. The results indicate that no fluorescence intensity
changes take plaee during the first step in the cycle, but in.bK590-+ bLSSO'* bMaIZ
steps the fluorescence intensity decreases to a maximum value at the bMdlZ inter-
mediate. Combining these results with ;hose carried out on the observed changes
in the protein absorption (22) (which was explained (22) by a change in 60% of the
tyrosine and tryptophan from hydrophobic to.hydrophiliC medium), one is forced to
propose that an effective fluorescence quenching mechanism must accompany the change
in the protein environment, e.g., ionization of a proton {rom tyrosine, protonation
of tryptophan or energy transfer from tryptophan to the fetinal. The first two

are'appealing in that they might be involved in the proton translocation process.
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CONCENTRATION QUENCHING OF CHLOROPHYLL

FLUORESCENCE AND THE QUESTION OF GREEN PLANT ANTENNA

J. C. Hindman, M. J. Yuen, and J. J. Katz
Chemis try Divébion

Arngonne National Laboﬁatong, Arngonne, - 1L 60439

In vVivo green plant fluorescence at room temperature is
characterized by emission at 685 nm with a low fluorescence quantum
yield and a short fluorescence lifetime. As the temperature of a
"spinach chloroplast is decreased to 100 K there is an increased
"fluoreSCencebat 735 nanometers and it becomes possible to measure
the rates of fluorescence decay for the two different emissions.

It has been suggested’that the 685 nm emission arises from photo-
system .II (antenna and whatever chlorophyll forms the active center
for this photosystem) and the 735 emission comes from the P700
speclal pair of photosystem I.

The low fluorescence quantum yield and the short fluorescence
11fet1me (0.6 usec) in vivo has been attributed to concentration
quenching by the high concentratlon of chlorophyll (~0.2 M) in
the chloroplast "To determine whether or not this is a reasonable
possibility we have undertaken a systematlc study of concentration
effects on fluorescence lifetimes for in vitro solutions of chloro-
phyll a, pheothtin a, pyropheophytin a and their covalently
linked dimers. For pheophytln a and chlorophyll a the empirical

rate equations suggest quenching via energy transfer to weakly or
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non-fluorescent dimers. For the covalently linked dimers and
pyropheophyfin a, the data suggest quenching may result from
a collisional interaction'betwéenvthé'excited’si states and
ground state ﬁolecules. The linked dimers are efficient quenching
species. Calculation of a fluoreécence lifetime for a hypothetical
0.1 M chlorophyll a solution by extrapolation of our data for
either chlorophyll a or the covalently linked dimers’yields values
close to that observed in vivo. These fesults support the idea
that the short in vivo lifetime could{result from-interactions
between éhlorophyll moiecules”that lead to the formatioﬁ of quench;
ing species. o | |
Spectroscopic'ébservatiqns on solutions bf chlorophylls in
methylcyclohexane or,toluené containing ethanol aé a nucleéﬁﬁile
have shown thatrcoolinguresﬁlts in the formation Qf chlorophyll
species with_opt}qalﬂp}opertiés resembling éhose of fﬁe special
pair of photosystem I. Thg_pdgsibility fhat in vivo reactions
centers may also be "self—aésembled” is s@ggested by fhe increased
fluorescence'yieid at the dimer émission wavelength in Chloroplasfs
cooled to low temperatures.  Thevexperiménta1 cbndifions required
for the formation of thése‘"seif?assembled" P700 Species have Been
defined, énd it has Been‘observed that the optical properties '
of these '"'self-assembled" species are similar»fo those reportéd
for reaction center special pairs and for the folded forms of
the covalently linked chlorophyll diﬁer. The optical data suggest
that more than a singie sﬁecies may be formed. Efficient energy
.transfer from chlorophyll monomer to the P700 ;pecies'in these

systems occurs.
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In a continuation of our work.on the photophysics of excited
chlorophyll states we have measured the absqrption spectra of
the excited singlet, Sl’ and'the triplet, TO’ states.. The
singlet spectrum we measured was found to havevfeaturés that may
be highly signifiéant for‘energy transfer in photosynthesis. The
chlorophyll singlet shows little or no absorption in the wave-
length region where S1 emission (fluorescence) occurs. The lack
of significant overlap between the emission and absorption spectrum
of the excited Stafe>will signifiéantly reduce the prbbability for
resonance energy transfer between two excited singlet molecules and
thus decrease the probability for exciton annihilation processes
that have been cited as responsible for fluorescence quenching
vand lifetimevshortening in vivo at high photon densities. In
related experiments we havevfound that non-linear absorption and
fluorescence quenching in solﬁfions of chlorophyll a irradiated in
the region. of flﬁoreécence emission can be accounted for by excited
state, primérily triplet, absofption.

Chlorophyll b is present in all higher green plants and green
algae, but very little is known about its optical properties or the
nature of its interactions with chlorophyll é. We have therefore
undertaken an examination of the optical properties of chlorophyll‘
b, Chl a/Chl b mixtures, and hydrated Chlia/Chl b systems. A |
strongly cooled solution of Chl b in ethanol is red-shifted to 662
nm, suggesting the poséibility of cross-linked Chl b species that

absorb at the Xmax of Chl a. Hydrated Chl b absorbs maximally at
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685'hm and fluoresces at‘690 nin at -85°C. An anhydrous

»Chl a/Chl'b'mixture absorbs at 672 nm and fluoresces weakly at
695 nm. These absorbances and emissions are often associated
with‘photosystem II activity and further study of Chl a/Chl b

systems is clearly required{
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MECHANISMS OF PHOTOCHEMICAL ENERGY CONVERSION
, BY CHLOROPHYLL

Gordon Tollin, Francesco Caste111, G]en Cheddar & John Hurley

‘ Department of Biochemistry,
University of Arizona,
~ Tucson, Arizona 85721

Erevious work in this laboratory hés elucidated various aspects
of the mechanism of Ch]orophy]]fphotosensitized one-electron transfer
reactions in fluid solutions. Our present goals are to explore strategies
for increasing‘the yiélds of the ion-radical products of such reactions,
and for decreasing the probability of product recombinétion, thereby
enhancing thé‘iikelihood of secondary electron transfer to species which 4
can be made to do useful work. The systems we are present]yAstudying
include chlorophyll dfsso]ved in 1ipid bi]ayer membranes (11pos§mes) and
'in po]ymek'fiims; Asvé}ectron donors and acceptors, we are using:q01nones,
~hydroquinones, vio]ogens and 1ron comoounds Electron spin resonance and
laser photo]ys1s techniques are being emp]oyed in the 1nvest1gat1on of these
reactions. The major focus of this work is to increase our understand1ng
of the fundamental mechanisms of chlorophyll one-electron photochemistry
'and to develoo syétems.which may prove useful for practical solar energy
conversion. |

Qur most recent work in this area Has involved the study of the
yields and decay kinetics of the chlorophyll trip]ef state and the
chlorophyll cation radical (produced by electron transfer from the triplet
state to quinones) in phosphatidyl choline vesicles and in cellulose acetate
films. When chlorophyll is dissolved at low concentrations in either of

these media, a chlorophyll triplet state transient is easily detectable by
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laser f]asn photo1ys1s The tr1p1et state decays by str1ct1y f1rst order
kinetics and has a 11fet1me wh1ch 1s apprec1ab1y 1onger than 1n so]ut1on
(850 us in the ves1c1es and 1500 us 1n the f11ms vs. 250 us in degassed

ethano]) When tne ch]orophy]] concentrat1on is 1ncreased the tr1p1et

lifetime.in the ves1c]es becomes shorter and the decay dev1ates from
first order_k1net1cs _The triplet y1e]d is a]so d1m1n1shed at h1gher h
" chlorophyll- concentrat1ons On the other hand the ch1orophy11 tr1p1et
Tifetime and. decay knetics 1n the t11ms is 1nvar1ant w1th ch]orophy]]
‘concentration, a]though the y1e1d does decrease at h1gher concentrat1ons
A comparison of these resu]ts w1th the ch]orophy]] f]uorescence y1e1ds
suggests the fo11ow1ng In the semi-fluid env1ronment of the 11p1d ves1c1es,
d1ffus1on of ch]orophy]] mo]ecu]es can occur du1ng the tr1p1et 11fet1me |
resu1t1ng 1n quench1ng by tr1p1et -ground state 1nteract1on In the more
rigid f11m, such d1ffus1on cannot occur and hence quench1ng is not
- possible at the triplet 1eve1,‘ In both cases, quench1ng at the s1ng1et
level, probably via energy transfer to trapp1ng centers, can take p]ace
and tnus the triplet yield decreases at high ch]orophy]] concentrat1ons.

In the vesicles, triplet quenching becomes observab]e as ~soon as
one introduces more than one ch1orophy11 mo]ecu]e 1nto the ves1c1e | Beyond
about 10 chlorophylls per vesicle, the Tifetime becomes independent of
chlorophyll concentration, even though the triplet yield continues to
diminish. Th1s is a consequence of the fact that s1ng1et quench1no occurs
as soon as. the ch]orophy]] mo]ecu]os are w1th1n a certa1n critical d1stance
of each other. This, of course, precludes” tr1p1et format1on and thus the
triplet 1ifetime must reach“a Timiting va]ue As expected ‘we. a]so observe
a return to first order decay under these cond1t1ons

When quinones are present, either dissolved within the Tipid vesicle -

or in the surrounding aqueous medium,- chlorophyll cation radical formation
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is observed The y1e1d of radical format1on from the triplet is apprec1ab1y
less than it 15 in so]ut1on (5 10 t1mes) but the radical 11fet1me is’
cons1derab1y longer (the second order rate constant assuming that |

the reverse e]ectron transfer react1on occurs within the 11posome,

3 t1mes sma]]er) In the f11ms, radical formation

is approx1mate1y 10

does not occur when quinone 1s also dissolved within the film (presumab]y
J due to the h1gh v1scos1ty) but rad1ca1s are produced when quinone 1s
¢d1sso1ved in an aqueous so]ut1on in contact with the film. | In this case
also, y1e1ds are slightly lower than in solution (3- 5 times) whereas
second order rate constants are 103 times smaller. |

On the bas1s of the above resuits, 1t wou]d appear that p1ac1ng ,

”ch]orophy11'1n'a more v1scous medium provides a definite advantage over
f1u1d so]ut1ons w1th respect to poss1b111t1es for energy convers1on,

i.e. rad1ca1 recomb1nat1on rates are decreased to a much 1arger extent
than are rad1ca1 yields. | "We are presently work1ng on determ1n1ng the
effects of ch]orophy]] concentrat1on, qu1none concentration and structure,
and 11posome and film compos1t1on on the y1e]ds ‘and 11fet1mes of the

rad1ca1 products We hope th1s will allow us to determine the opt1mum

cond]t1ons for energy conversion.
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ELECTRON SPIN ECHO SPECTROSCOPIC STUDIES

‘OF PHOTO-REACTION CENTERS

M. K. Bowman and J. R. Norris

Chemistrny Division

Argonne National Laboratony, Angonne, IL 60439

The structural nature of the photosynthetic reaction centers
in which light energy is converted into chemical energy is poorly
understood. Even the idehtity of all reaction center components
has not been established cpﬁpletely. These.photo-reaction cen-
ters at one time,ér-another involve the chemistry of free radicals
or other paramagnetic species and thus have;been explored, almost
exhaustively, by application of conventional electron paramagnetic
resonance (EPR). Such studies have been most helpful in identifying
the participants of photosynthesis such as the';hlorophyll special
pair but as yet little precise structural information has been
provided by EPR or any other method. Conventional EPR in the
frequency domain has been an extremely powerful technique for the
study of free radicals since the EPR spectrum prpyides a wealth
of information about static interactiohs and static properties of
radical systems. EPR in_the'time‘domain{ however, records comple-
mentary information bn the dynamics of the radical and the time
dependent properties of the radical system. Thus in drder to

provide a new approach to the study of photosynthesis we are
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making extensive use of electron spin echq (ESE) Spectroscopy,
an advanced form of time domain EPR. ESEksﬁectroscopy
obtains structural informéfion in a faifly straightforward
~manner from the dynamics of the'radicals'involved in photosyn-
thesis - data that is difficult if not impossible to obtain otherwise.
We have applied ESE in the'investigation~df several questions
in photosyntheéis. One aspect. in thé photosynthetic process 1is
the:idéntity of the components of the 'primary event!" electron
transport chain and fhéienvironment of those components. We have
investigated this prdbiemvby exploiting the nuclear modulation that
appears on most ESE spectra. -Nuclei which interact weakly with -
the radical spin produce a modulation governed in part by the -
hyperfine. These nuclei, which are in or near a free radical,
include the ‘hitrogen and magnesium of the chlorophylls. We have
14N;‘15N énd~25

measured Mg modulation from a number of chlorophyll

and pheophytin énionérand‘cations in" vitro and can distinguish-
between them. Since the radicals in photosynthetic organisms also
exhibit nuciéar'modulatibn, we ‘should be able to conclusively:
'idéntify a number of spéCies-inVOIVed in electron transfer. As an
example of a previously unknown aspect of bacterial photosynthesis,
the ﬁﬁéleafimddﬁlétidn effect indicates that a nitrogen containing
ligand isvaséoéiétéd"withfthé quiﬁone'acceptor in bacterial reac-
tion ;entefé; PoSSiBlé”éandidafeS*for'the'hitrogen'containing'

ligand include bacteriochlorophyll, bacteriopheophytin, or protein.
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A second question in photosynthesis is the spatial arrahge-
ment in the photosynthetic unit. Very little is known about this
subject. We have observed the influence of spin lattice relaxation
of the iron acceptor on_the‘relaxation of the“speciai pair donor
in bacterial reaction centers. . Since the size of the effect
depends on distance, we have determined the distance between the_
tWo-components to be about 20 R.‘ This technique allews us not only
to determine distances between ofher components of the electrOn
~transport chain but also to determine the location of the special
pair within the reaction center.

| A,third aspect in photosynthesis is the structure of the in
.; Xixggepecial pair. The anisotropy of’the triplet state of both the

‘speciai pair and the chlorbphylls’ig_yi&zg‘make the triplet attrac-
tive for studying this question. The intersystem.crossing (ISC)
rates from T1 to SO provides some information on the physical as
well as electronic structure of the special pair. The ESE tech-
nique is a convenient method of measuring the ISC rates with fewer
complications and errors than conventional EPR and currently has
~a time resoiution of about 6 nsec. In addition the anisotropic
nuclear'modulatioﬁ we have observed on ESE spectra of the special

pair triplet provides a further probe of its physical structure.
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PRIMARY EVENTS IN GREEN PLANT PHOTOSYNTHESIS BY TIME-RESOLVED EPR

.Marion C; Thnrnauer
Chemikt&y Division

Angonne National Laboratorny, Argonne, TL 60439

fOne‘Of»the'important~prob1ems;in‘photosynthesis is determining
_the reactions which initially convert the energy of light_to'useful
chemical energy. An understandlno of these reactions is requlred

in order to construct useful art1f1c1a1 solar energy dev1ces In
the last few years there ‘has been rapid progresszlnfworklng.out the
primary reactions in bacterial_photosynthesis.v This .is mainly. the
result of applications of new approachesleuch as picosecond‘optical
spectroscopy. The recent applications of time resolved magnetic
resonance to green plant photosynthe51s1 also.snow great promise.
The magnetlc resonance approach offers several advantages over
optlcalttechnlques,evenxthough,the dachievement of picosecond .time
resolution is not possible. For example, magnetic,reeonance studies
provide the opportunity to study intact photosynthetic units, and
the data yields structural information more readily than optical
techniques. In addition, the spin polarization (CIDEP) which is
observed in the transient radicals of photosynthesis, provides
kinetic and mechanistic information. Yet, there are several
'problems encountered with conventional time resolved epr methods.

In order to avoid these problems we are applying to the study of
photosynthesis time resolved electron spin echo (ESE) methods

which were recently developed at Argonne National Laboratory.
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Time resolved ESE avoids the following'problems encountered
with conventlonal EPR: (1) inadequate time resolution (our ESE
spectrometer has a time resolutlon of 20 nsec), (2) 1aser flash
interference; (3) artifacts in chem1cal'k1net1cs due to magnetic
relaxation phenomena; and (4) the cemplications_eneeuntered in
the proper theoretical treatment of high_frequency field modula-
tion EPR. At the samevtime4new data‘not.attainable by conventional
EPR is provided. ESE envelope modulation (EéEEM) has been observed
in photo induced transient radicale in algae. ESEEM is a new
means to directly identify the observed transient radicals by their
characteristic modulation pattern. Aleo a new phenomenon, en echo
phase shift (EPS) effect has been discovered‘in the course‘of these
'investigations. All interpretations of this‘EPS imply that it is
quite relevant to interpreting the CIDEP observed in these systems
and ultimately the mechanism of the initial photoact.

Using time resolved ESE, we have observed within 40 nsec of
laser excitation spin polarized EPR signals in fully deuterated

Synechoccus lividis and wild type §, 1ividie., 'Because of the

unique propertles of the spin echo technique combined with its
1nnerent1y superior time resolutlon, ESE studles have prov1ded

the most direct evidence for the exiStence,of‘seVeral radicals 1in
the early events of green ﬁlant photesyntheeis. ' The lifetime of
at least one of the early intermediates ieldetermined by the EPS
effect to be 300 nsec, well below the time resolution of previous
studies. We will use examples prlmarlly from our studies of the
blue green alga S. 11V1d15 (grown in H,0 and D,0) to describe

the technique.
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A REVISED Z-SCHEME FOR PLANT PHOTOSYNTHESIS

M. S. Davis, I. Fujita and J. Fajer
"7 Division of Chemical Sciences
Department of Energy and Environment
Brookhaven National Laboratory.
Upton, New York 11973

1. Primary Acceptors in Photosystems I and II

Photosynthesis in algae and green plants functions via two chlorophyll-
mediated systems which cooperatively oxidize 'water (photosystem Ii PS.1II)
and reduce carbon dioxide (PS I). PS I utlllzes far red photons (2700 nm)
to yield an oxidized chlorophyll pair, P700 ’ (mldp01nt“poteot1al, Em%+0.4
to 0.5 V vs. NHE) and a strong reductant, a bound ferrodoxin with Em%—Q.54
to -0.59 V, which is capable of reducing the nicotinamide adenine dinucleo-

tide requlred to fix CO PS 11 operates in red 1ight'(k < 680 nm) to gen—

erate a second chlorophill cation (P680 *) sufficiently electr0p031t1ve to
oxidize water to oxygen (Em 2 0.8 V) and a weak reductant,(Em =0 to —0.2 V)
believed to be a plastoquinone anion radical.

~ However, recent redox, optical, and magnetic results indicate that addi—
tional electron acceptors mediate the transfer of charge from P680- to plasto—
quinone.and from P700 to the 1ron —sulfur protein. "

Substantial evidence exists that monomeric bacteriopheophytin acts as a

‘ primary electron acceptor, on a picosecond time scale; in bacterialpphotosyn—
thesis. Extrapolation to algae and green plants suggests that Pheo or Chl
may fulfill a similar role. Redox data indicate that a iightéinduced charge
separation into oxidized Chls (P680+' or P700+')_end reduced Pheo is energet-
ically feasible for a single photon event in PS I and IT, whereas reduction of
Chl is energetically accessible in PS I but less favorable in PS II;,if one
assumes minimum oxidation potentials of +0.8 V (vs. NHE) for ?680 and 0.4 V
for P700 and uses in vitro polarographic El/Z of -0.88 V for Chl and -0.64 V
for Pheo (in DMF). In PS I, the reaction

light

+. -
P700 + Chl 200 om P700 ° + Chl .

would result in an energy change, AE, of ~1.3 V and for

P700 + Pheo -+ P7007° + Pheo”
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AE ~1 V. In PS II, for

+, -.
P680 + Chl 686*nm P680 ° + Chl

AE ~n1.7 V and for
P680 + Pheo - P680"° + Pheo

AE ~1.4 V. (Photons of 700 and 680 nm represent energies of 1.77 and 1.82 eV.)

Klimov et al.(l)

noted that the illumination of a Chl protein of PS II,
poised at potentials low enough to reduce the canonical plastoquinone acceptor,
yields optical changes attributable to reduction of Pheo. Difference spectra
for reduction of Pheo and Chl that we have obtained parallel those observed
in vivo but a shift of 20 nm of the Pheovspectrum yields coincidence with

- nearly all the peaks of PS II. If, as in bacteria, part of the energy of the
incident photon is d1551pated to effect the rapid prlmary charge separation,
then Pheo rather than Chl seems the acceptor of choice by,transducing the
1.82 eV of the impinging photon into 1.4 V of chemical energy. With an esti-
“mated reduction potential of -0.64 V, Pheo ° is easily capable of reducing
the next electron acceptor, tﬁe plasthuinone, with E of 0 to —0v2 V. 1In

PS I, Chl, with an in vitro E1/2 of ~-0.9 vV, appears the better choice to re-
. duce the bound ferrodoxins, which are the next components in the electron
transport chain, with reported Em as high as -0.59 V. Dynamic polarization
effects have been elicited from PS I and are readily ascribed to a radical-
radical recombination mechanism involving P700+' and Cﬁ1-°. Comparison of
the optical, magnetic and redox characteristics of Chl 'and Pheo  we have
obtained in vitro, with those attributed to the short-lived acceptors of PS I
and II leads us to conclude that the first reduced chemical products of green
plant photosynthesis are the anions of pheophytin in PS II and chlorophyll in
~PS I. Such a mechanisﬁ represents a significantly more efficient conversion
of incident light into chemical energy than previously assumed and yields

strong reductants to drive the biochemistry of both photosystems I and II.

(l)V V. Kllmov, A. V. Klevanik, V. A. Shuvalov, and A. A. Krasnovskii,

FEBS Lett. 82 183 (1977).
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2. The Prlmary Donor of Photosystem 11

'Magnesium and zinc tetraphenyl chlorins, synthetlc models for chloro-
phyll exhibit significant variations in the unpaired spin densities of their
cation radicals with concomitant changes in oxidation potentials, as a func-
tion of solvent and axial ligand. Similar effects are observed for chloro-
phyll a and its cation radicals. Oxidation potentials for Chl - Chl+'as high
as +0.9 V (vs. NHE) are observed in nonaqueous solvents withvlinewidths of
the ESR signals of monomeric Ch1+°ranging between 9.2 and 7.8 G in solution.
The changes -in electronic configuration and ease of oxidation are attributed
to mixing of two nearly degenerate ground states of the radicals predicted by
molecular orbital calculations. - » ‘

Extension of these results to P680 the primary donor of PS II, leads
us to the following conclusions: ' B ' -
1) since reductions in the linewidth of Chl can be achieved by changes in
solvent, the llnew1dth alone cannot be ‘used as a rlgorous indicator of the struc-
tural nature‘of Chl in vivo. Without substantiation by other techniques; such
as ENDOR, the ESR results reported for P680 do not, alone, justify the con-
clusion that it is a dimer. 2) comparison of the optical difference spectrum
aécribed to oxidation of P680 with that obtained for the.OXidation;of monomeric
Chl in_CHZClZ:THF shows reasonable agreement if the shift from 670 to 680 nm
in P680 is attributed ‘to a different coordination of the Chl of P680, possibly
involving nearby ﬁrotein residues. 3) the oxidation potentialé found in vitro
for monomeric Chl (as'high as 0.9 V) approach the limits required for the func-
tion of P680 in oxygen evolution. The optical,'magnetic and redox properties
of ligated, monomeric Chl are thus not inconsistent with those attributed to
P680. We, suggest, therefere, that P680 is a monomeric chlorophyll whose physical
and chemical eharecteristics, and function as the phototrap of photosystem 11
are determined by its immediate (protein?) environment. We have incorporated
this idea and the'ﬁostulates regarding the primary acceptors of PS I and II into
the revised Z scheme shown in Figure 1 to describe the gross features of elec-

tron transport in plant photosynthesis.

Relevant Publications:

Chlorophyll Radicals and Primary Events, J. Fajer, M. S. Davis, D. C. Brune,
L. D. Spaulding, D. C. Borg and A. Forman, Brookhaven Symp. Biol. 28, 74 (1977).
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J. P. Thornber, J. Amer. Chem. Soc. 100, 1918 (1978).

Photosynthesis at 1000 nm: Primary Dondrs and Acceptors, J. Fajer, M. S.
Davis, J. P. Thornber and A. Forman, in "Porphyrin Chemistry Advances,"
F. Longo, Ed., Ann Arbor Science Publishers, Ann Arbor, Michigan, pg. 89
(1978). |

Isolated Photochemical Reaction Centers from Bacteriochlorophyll b-Containing
Organisms, J. P. Thornber, P. L. Dutton, J. Fajer, A. Forman, D. Holten,

'J. M. Olson, W. W. Parson, R. C. Prince, D. H. Tiede and W. W. Windsor in
"Photosynthesis 77," D. O. Hall, J. Coombs and T. W. Goodwin, Eds., The Bio-
chemical Soc., London, pg. 55 (1978). ’
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Dye-Sensitized Photovoltaic Cells

Terje Skotheim* John w Otvos and Me1vin P. Klein

Laboratory of Chemical B1odynam1cs, Lawrence Berkeley
Laboratory, Berkeley, Ca11forn1a 94720

The dye-sensitized photovo1taic cell consists of a wide band-gap, n-type
semiconductor substrate (T1'02 CdS), a thin layer of sensitizer (organic dye)_‘
and a semitransparent metal film (Au) evaporated under vacuum on top of the
dye. The dye film can be sublimed or cast from solution. The metal is chosen
to have a high work function and forms a Schottky barrier when in contact with
the semiconductor substrate. The enérgy'levels of the dye are such as to allow
tunneling of an electron from the photoexcited dye into the conduction band of
the Semicohductor where the electric field in the depletion layer pulls it
away from the surface (Figure'1).

Most of our work has been done using dyes of the phtha]ocyanlne fam11y
(metal free, Cu, Mg) for the following reasons: i) The main absorption in the
visible 1lies in the red and the dyes are transparent in the blue. CoUpled with

a semiconductor that absorbs in the blue (CdS) the total absorption extends
" across the entire visible spectrum and the absorption in the semiconductor
occurs in the junction region with highly efficient charge seoaration. i)
The high extinction coefficient (e = 2 x 105cm-]) makes it possible to use
very thin fi]ms'(a few hundred angstroms), which increases the efficiency of
charge injection. This paper is a discussion of our work with Mg-phthalocya-
nine sandwiched‘between a T1‘02 single crystaT substrate and a semitransparent
go]d film. '

_ The photovo1ta1c action spectra indicate that the main charge-separating
barrier is located at the dye/semiconductor interface. For very thin films
(100 R), the photocurrent action spectra for monochromatic light incident
through the semiconductor and for light incident through the semitransparent
gold film both coincide with the absorption spectrum.

In the case of thicker films (1000 A), when the 11ght is incident through
the gold layer, there is a minimum in the action spectrum at wavelengths near
the peak of absorption. Light near ‘the peak will, on the average, be absorbed
closer to the metal surface where the excitation is quenched. The quantum
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yields, defined as the number of electrons per photon incident on the dye
layer, are strongly field dependent in accordance with the Onsager theory
" of geminate recombination. By applying a reverse bias the quantum yield

increases to approximately 10% with a field of 4 x 105

volts/cm.

There is also an increase in the quantum yield as the'film thickness
decreases (Figure 2). This is mainly due to the increase in the electric
field in the dye layer as we decrease the thickness. Our research éimed at
improving the yield is two-fold: . ' o o

1) Doping of dyes. It has been known forAsome‘timé that doping p-type

molecular solids with electron acceptors increases both dark- and photo-
conductivity. We have done some initia]_experiments on doping Mg-phthalocya-
nine films with iodine by exposing the film to iodine vapor before the gold
overlayer is deposited. The best resuTts so far have been a five-fo}d increase
in the quantum yield (Figure 3). This ihdicates that excitons dissociate upon
collision with acceptor impurities as well as at the surface. -We are |
present]y.determfning the optimum dopant concentrations. |

2) Exciton quenching at the metal surface. “Excitons, upon migrating to

the metal surface are quenched very effectively via-energy transfer to the
metal. The introductfon of a thin film of a transparent organic electron
donor (2,5 di-tert. Butyl hydroquinone) between the dye and the metal increases
the quantum yield. The effect is anomalously large (a'factof of 10) for solu-
tions cast films which are known to haveTarge pinholes. The eVaporated' _
electron donor film therefore prevents the metal from shorting out the dye
and provides for a charge separating electric field across the dye. :

In the case of sublimed dye films the effect is considerably smaller.
Work s in progress to determine the materials conditions, and electronic proper-
ties of thin films of electron donors and the interaction between the electron
donors and the dye film.
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Figure 1.

Figure 2.

Figure 3.
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REDOX REACTIONS AT PHOTOELECTRODES PREPARED FROM
PHOTOREACTION CENTER MODELS
Michael R. Wasielewski

Chemistny Divisdion
Angonne National Laboratonry, Angonne,»IL 60439

Over the past two years we have developed a series of dimeric
chlorophyll derivatives designed tQ mimic photoreaction center
function in.photos&nthetic organisms. We afe currently studying
an extension of these models to include electron acceptors with the
aim of producing sustained charge sepération. An important facet
of this work focusés’on the use of these méterials aé semicondﬁcting
‘electrodes in*phofoelectrochemical cells designed to catalyze redox
reactions for solar'energy conversion.

There have been several reports of photoelectrochemical experi-
ments employing chlorophylls a and b, often crude mixtures of the
two, to catalyze re&ox reactions. ‘Large light fluxes are often
needed to prodﬁce'smallyﬁhotocurrents with the result that cell
perfbrmance degrades as the chlorophyll is photolyzed over time.

In our studies we héve employed highly stable photoreaction center
model compounds that eliminate most of the degradative pathways
open to natural chlorophylls, yef retain and af times even improve
upon the desirable electronic pfoperties of the parent chlorophylls.

Models thus far examined include magnesium and zinc substitﬁted

bis(chlorophyll) cyclbphanes, the bis(pyropheophorbide a ethylene
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glycol monoester) adduct of the pyrochlorophyll a-dimer, and
several monomeric analogs of these- compounds

In a typical experiment ‘approximately. 5-10 nanomoles of model
compound‘is solvent deposited onto a1 cm2 polished-platinum disc.
The resulting photoelectrode is either potentiostated,relativé to
an SCE reference electrode'using al cm2 platinum counter electrode
or is connected in series with a load resistor and the counter
electrode. In the potentiostated mode photocurrents-are measured
as a function of tedox «couple, pH, poised potential, light flux,
and wavelength. Open circuit photovoltages are also obtained with

a potentiometer. Similar measureménts$ are made with a load resistor

and the two electrode configuration to obtain the power. output of a

given system.

The bis'(chlorophyll) cyclophane possessing: one magnesium
containing macrocycle and one metal-free macrocycle may be used
to iIlUstrate the type of data obtained in these experiments. When
a photoeiectrode preparcd from this material is potentiostated at
O V vs 'SCE in pH 6.9 phosphate buffer and,illuminated with a. few
milliwatts of light with A > 450 nm small (~0.1 pA) transient
cathodic photocurrents :are produced. These result from some as
yet unknown process but are reminiscent of claims made by other
workers for the reduction of water. However, the addition of 1
mM reducing agent such as hydroquinone to the buffered medium
produces an anodic photocurrent of ~10.pA. It is likely that the
hydroquinone is being photocatalytically oxidized-at the photo-

electrode.. Benzoquinone in equal .concentrations does not yield a
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similar photocurrént. An action spectrum of these effects shows
that the photoreaction cenﬁer model ié‘the active photocatalyst.
Interestingly, the pigment layer is behaving as an n-type semi-
conductor whereas the‘great majority of other observations of
chlorophyll photoelectrode behavior have noted p-type semiconductor
activity. | |

In an experiment utilizing a 100 Q load resistor the photocur-
rent produced by the two electrode cell decreases ovér a period
of several minutes. If Qn‘the other hand an equimolar amount of
benzoquinone is added to the solution a constant photocurrent
density of 8 uA/cm2 at a. 30 mV photovoltage may be sustained for
'a; least 2 hours. We expect the quantum efficiency of this photo-
conversion process to be relatively high because only a small.fréc—
tion‘of the 1igh£ is absorbed by the model compound film. We. are
presently determining this efficiency. The oxidation and reduction
of a redox couple at two different electrodes in the same solution
with no net loss in oxidized or reduced species yields a liquid.
junction solar cell which can be used to drive current~through an
external 1load.

Several other redox systems have been examined including
polysulfide anion, ferri-ferrocyanide, and éeveral ferrocene deriva-
tives. For exampie, the photoelectrodes respond very well in the
polysulfide anion medium yielding current densities of about 10
uA/cm2 at photovoltages of 50-75 mV. This‘power output is sustained
for several hours with no apparent degradation of the model compound.
These results suggest that photoreaction center models may be
successfully employed as polycrystalline semiconducting films 1in

liquid ‘junction solar cells.
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» PHOTOELECTROCHEMICAL PROPERTIES OF METALLOPORPHYRINS

F. J. Kampas, K. Yamashita, C. K. Chang, and’ J. Fajer
Department of Energy and Enviromment
Brookhaven National Laboratory
Upton, New York 11973

The primary events of photésYﬁtheéis consist of the trapping, transfer and
transductlon of light into chemical energy within a nanosecond time domain. This
is accompllshed via an antennae system which funnels the gathered light into re-
action centers where rapid charge separation results in electrochemical potential
generation and a cyclic electron flow from which useful work evolves. 1In photo—
synthetic bacteria, photooxidation occurs with a quantum yield of unity and an
initial energy conversion of $7OZ. Recent results sﬁggest that green plant photo-
synthesis is equally efficient. The information obtained from photosynthesis
studies on the identity,'elettrbnic configuration, sequence of appeafance, kinet-
ics and energetics of the species involved in' this very efficient use of light -
provides the gﬁidelines to devise in vitro photosystems modeled on the.biological
antennae function and electron transport. In addition, the inherent chemical
fragility of chlorophyll derivatives in vitro can be avoided by replacing the
naturally occurring pigments with synthetic porphyrins whose chemical and physical .
properties are readily altered by varying their metal and/or organic framework.
Among the many attempts at m1m1ck1ng the photosynthetlc apparatus, Wang( ) des-
cribed a photoelectrochemical cell which exhibited open circuit photovoltages of

n1 V and short circuit microamp. currents per cm? upon illumination with amber

light:

70 monoiayeré of zinc Fe(CN)6—
- Al P
tetraphenylporphyrin Fe(CN)6 ‘

Two such cells in series were reported to oxidize water to oxygen.'
The Wang cell and a simpler Aglporphyrln[Al sandwich cell provide rela-
tively easy exper1menta1 methods of systematlcally screening porphyrins’ (and

other organometalllcs) for desirable photovoltalc effects.

v(l)J. H. Wang, Proc. Natl. Acad. Sci. U.S.A. 62, 653 (1969). -~
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To avoid the difficulties associated with multiple Langmuir layers, sam-
ples were prepared instead by depositing porphyrin films with a photoresist
spinner using dichloromethane as the volatile solvenc or by direct sublimation
of the porphyrins; . '

The photoelectrochemical properties of thin films of porphyrins were thus 8,
investigated in Allporphyrin[Ag and Al|porphyrin|Fe(CN)6—3, Fe(CN)6—4|Pt cells.
Action spectra indicate that the photoactive region is the porphyrin-aluminum g
electrode (Fig. 1). The dark current-voltage (I—V) characterlstlcs of the
cells resemble those of a metal—1nsulator—sem1conductor diode and are. attrlbuted
to an Al—A1203 porphyrin interface in which the porphyrin acts as a p-type
semiconductor and forms a Schottky barrier with the aluminum electrode. The
I-V responses to changes in film thickness are consistent with an exponential
trap -distribution in the porphyrin film.. . o

The physical and chemical properties of the ﬁorpﬁyrins werelsyeteﬁatically
altefed by varying the metal and .organic framework of the porphyrins. The photo-
voltaic- behavior of ms tecraphenyl—, ms. tetrapropyl- and octaethyl porphyrins,
porphins, chlorins, co-facial diporphyrins and mesoporphyrin esters were inves-
tigated. . Peak quantum yields (calculated for short-circuit currents obtained on
illumination through the semi-transparent aluminum electrode at. the maJor absorp-
tion band of the porphyrins) ranged from 10 -1 to 10 at wavelengths of 400-

450 nm (Fig. 2). Films prepared by rapid evaporation of concentrated porphyrin
solutions ﬁere v50% more effective than films prepared by sublimatioﬁ.. The lat-
.ter were found to be microcé¢rystalline by electron microscopy at 20,000-fold mag-
nification; For a given ligand, quantum efficiencies of the photocurrents
peralleled the first oxidation potential of the porphyrins: the more easily
oxidized compounds exhibited the higher quantum yields (Fig. 3). No obvious
correlations were discernedbbetween quaﬁtum yields and luminescent properties

of the porphyrins. Power conversion efficiencies varied from 10-2 to lO_6 for
monochromatic light with magnesium tetraphenyl porphyrin and cadmium porphin W
yielding open circuit voltages of ~1 volt and V1% power conversions. The effects
of film morphology, the use of other metals of low work functions, of semicon-
ductor electrodes and of porphyrin with expanded m systems such as tetrabenzpor—

phyrins, are under investigation.

82



©ailmg TPP | Fo (CNIF", Fo (CNIE 1@

Fig. 1. Comparison of the.

0.06 — T — — optical spectrum of a mag-
0.03 - ILLUMINATION THROUGH ELECTROLYTE {4 npnesium tetraphenylporphy—
.02 | 4 rin film with the action-

o 0.0 | | spectra obtained for the

N - cell shown on illumination

3 05 1 of the Al/porphyrin and

g °- ol - ILLUMINATION THROUGH ALUMINUM Pt/elec trolyte/porphyrin

e electrodes. Note the large
0.0s J differences in photocurrent

quantum yields at the two
° + v + interfaces.

e} .

]

& 1.2p 4
o
3 o8 4
Q
o 0.4 .

o

o 1
400 300 600 700
‘WAVELENGTH (am) '
. Fe(CN) 3
AL | PoRPHYRIN FE(CN)BI‘_ . , . .
Peax QuanTum YIELDS

Compound WAVELENGTH (NM) Quantum YIELD
— 10 10 1w ! b Mg TPP\ o ~
CoP g . InTPiBC .

P 420 .18 .

P 420 .09 MaTPC

PeTPP uus 10 2,02 -
CoTPP * 450 .04l 2T

InTPP 440 .0o48 3

PolPP 440 .0o12 z

HyTPP 445 .00071 E

CuTPP 430 00066 MITRIS -
CoTPP 430 -00012 v

PrTPP 430 .00007

MaTPC 440 044

INTPC 435 .012 ot b J
InTP1BC 025 .055

INOEP 400 .024

PRGOEP %20 .015

PoOEP 405 .014 \ o‘: ! 1 ! 1 ! it

PTOEP 390 .0095 o 02 04 06 08 10 1.2 14
HaCEP 415 .0038 FIRST RING OXIDATION POTENTIAL ve.S.C.E.
MoOEC 020 .014

P = PorPuiN; TPP = TETRAPHENYLPORPHIN )
TPC = TETRAPHENYLCHLORIN; TP1BC = TETRAPHENYLISOBACTERIOCHLORIN
OEP = OCTAETHYLPORPHIN; OEC = OCTAETHYLCHLORIN

Fig. 2. Photocurrent quantum yields
at the wavelength of maximum absorp-

tion for

the cell shown as a function

of porphyrin and metal.
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the first oxidation potential
of the porphyrins in nonaque-
ous solvents and peak quantum
yields.
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