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ABSTRACT

A photogalvanie ecell is a battery in which the cell
eoluetion absorbs light divectly to generate species which,
upen back reaction through an external circvit with the
aid of suitable electrodes, produces electric power;
photoacrivation of the electrodes is wot involved. The
charge-carrying species have siorage capacity if they are
long-lived and can be prevented from engaging In degrada-
tive back reactions in bulk soluticen. The efficiency of a
photogalvanic cell for the conversion of photon encriy intc
electrical energy is determined by photochemical and elec-
trochemical factors. Among the latter are the choice of
electrode wmateriais and the kinetics of electron transfer
at the heterogensous surfuces. In rhis PaApET we examing

“the photochewical determinants of the efficiency of photo-

galvanic cell cperation: the absorption spactral charac-
teristics of the cell solution, the efficiency of formation
of separared chazge carriers, and Lhe lifetines of the
carriers toward back elcctron transfer. Modulation of bulk
solution dynamics ¢an be achisved by variatiom of the
solution medium. The photochemical determinants are
discussed wilh particular refarance to the use of thionine
or Ru(hpy)§+ as Lhe light absorbing species.
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INTRODUCTION -

It ig obvious that the practical valve of a2 device
that can eff{ect cthe direei: couverszlion of solar energy into
electricity with the capacity for siorapge would be
enormous. Such a rechargeable soplar battery could have
applicability 3z a mobile spurce and Iin areas isowlated
from an electric grid system. In principle, photogalvanie -
devices can achieve these goals., A photogalvanic cell is
g8 battery in which the cell solution absorbs light diveci-
1y to generate gpecies which, upon back reaction through
an externz] civcuit with the aid of guitablae clectrodes,
produces electric power; photoactivation of the eleccrodes
is not inveolved. In itz simplest terms, photoexcitation
of tha absorbing species leadz to an excited arate which
can undergo reductive or oxidative guenching to form
charge carriers, The conversion of charge carriers te the
original substrales at suiiable electrodes provides elec-
trens that can be driven thirough an external cirewit teo
perform uselul work. The capacity for siorage derives from
the Lrifetimes of the charge carriera; the longer lived the
charge carriers vith respect to energy degradative back
¢leclron Lransfer in Lulk sclution, the greater the oppor-—
tvnity for storage to pass {rom the microtime domain inteo
the macrocine. Efficient storape would be achicved if the
charge carrjers were kinetically stable.

In this paper, the photogalvanic pracess is examined
in terms of the photochemical determinants vhich escablish
the efficiency of such a cel)l with particular yeference to
the use of thionine and Ru(bpy}§+ as the light absorbing
species in sclution., As will be seen, the current state
of the art does not permit the wbilization of photogalvanic
cells as practical solar enerpy devices at the presenl time
but some research appreaches for futuvre development are
presented.

-

THE PIOTOGALVANIC PROCESS

A photogalvanie cell as defincd in the Introduction
is a ¢losed-cyele quantum device which operates without
the net consumption af any chemical component (except
through undesirable side reactions or other lesses). In
a photogalvonic transducer, absorbed quanta drive a redox
reactlon which, in the ground siaie, is enderpic; the
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prompt, spontancous reversal of this Teaction through the
external elecirical elrenit restores the system to its
original composition. In & photogalvanic storage cell,
epontanecus reversal does not take place promptly. Pro-
ducts of Lhe photoradox reaction are stored by some means
for an eszentially infinice period but wnltimately are
caused to react through the exrernal eireoit to restore
the original composition. In 2 photocatalyzed galvanie
eell, production of electricaty is associated with a net
change in the chemical composition of the gyatem. As B
result, Lhe cell cannot be operated in multiple closed
cycles.

There are d4ve fundamental steps inherent insphoteo—
chemical conversion {1): 1) absorplion of light; 2) gemcr-
ation of charge carriers; 3) tramnsport of chaipge carriers
te electrodes; 4) electron exchange between charge carriers
and electrodcs; 5} delivery of current Lo load. Step 1 is
gimple in concept and invelves matching the absorption
spectrum of the cel) solutiem as well as possible to the
insolatien spectrum bty means of the design of abserbing
speclies and scnsicizers., Step 2 may involve one or more
clementary reactiorns arnd must produce <harpe carriers which
can store the energy derived from the solar photons long
enough to allow the fellowing step to cccur. Step 3
requires the Lranspoart of the chatge carriers to the elec-
trodes to compete with Lheir bulk back reacticns in homo-
geneous solution; by neans of device design and chemical
tuning, the solution lifetime of charge carriers can be
maximized. Options available in step 4 include diffusion—
controlled electron transfer at rever=ible electrodes and
efficient blocking of tlhe charge corriers at selective
eleclrodes. Manipulatien of these aptions is essential to
tha vltimale achievement of practical photopalvanic devices.
Yhen the elecirodes ave conductors, step 9 is trivial.
When a semiconductor is used as an clectrode to achieve
selectivicy, resietive losses in the electyode ran be
puhstantial if suitzble precsutions are not takep.

Photopalvanic Devices and Electrical Qutput

A number of anzlyses of the pencral thermodynamic
and kinetie aspects ol Lhe electrical sutpub of photogal-
vanic cells have been published {2-4). It 15 incomvenicit
Lo separate such analyses complelely Erom device spocifics
g2 that in this section we shall discuss the rlectirical
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output of three types of phoetogalvanic converters wcili-
zing the iron-thicnine system: "primitive beaker" cell,
the rotally illuminated chin-iayer (TI-TL} cransducer,
and storage cells.

After the discovery over {orty years ago {5,6) that
thlonine is reversibly phoatoreduced by Fe2t in acidic
aqueous solution, Rabinowikeh (7) explored the possibilicy -
of utilizing the system in the construetion of a photo-
galvanic cell foar solar enerpgy conversion. In the "prini-
tive besker" cell shown in Fipure 1, che electrodes are
identical with one illuminated and the other in the dark.
The open circuic voltage, Voe, i ideally the difference
in the raversible potentials at the two electrodes. For
the iron-ithionine system, the concentration of leucothio-
pine iz neglipible at the dark electrode 2o that the
gxchanpge current is determined entirely by the ivon coupla.
The potential atc the dark elsctrode is given by the Wernst
expression in equation 1 (B} where ER, is the standard

o

Moy e
E = B, t 0.06lop{[Fe ]/[Fe

darlk (1)

})dark
3+, 2
reduction potential of the Fe™ fFe™ ecouple and the terns
in the square brachkets represent the activities of the
gpecies. The potential at the illuminated electrode is
a conplex funetion and depends on the concentrations of
all the redox species at the slectrode (8). The expression
for this potential can be simplified Eor an ideal electrode
by assuming thal the electron trapsfer rate constants for
all the redox species are the same and further simplified
by assuming that the phortostationary concentration of the
hali-reduced dye, semithionine, is negligible. The result
iz equation 2 where f = FfRT, F is the Tataday in coulombs,
Elight is the potential of the illuminated electrode, E?e

XY e ﬁr):.jﬂ

Thionine, T Leucothionine, L
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Figure 1. "Primitive-beaker" iron-thionirie phetogalvanic cell. TH =
thionine, TH,?* = leucothionine, both at pi 2. The overall light-
.driven eell reactlon and the spontanecus energy-pruducmg reactions
‘at the electrodes are shown.
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Semithionine, §

is the standard reduction potential of the Fe3+IFe2+
couple, EQ,. is the standard potential for the one—elec-
tron reduction of thionine, and Ef,; is the standazd
potential for the one-electron reduction of semithionine.
The terms in the square brackets reprezent the activities

o (P Jexplreg /1) + 2[Tlexp(FES /2) 4y

[Fe2+]exp(-fE;Ef2} + 2[L)exp(-fEg _/2)

nf the various species in the photostacionary state.
Analogous terms would be approprilate for other photoredox
systems. The potential of the "primitive beaker™ ploto-
galvanic cell under open cirruit photostationary conditions
iz equal to Egayi~Eyjop, 28 ¢alculated from equations 1l and
Z.

exp(fE

light’

-

The current praoduced by a "primitive beaker" phato-
palvanic cell with ideally reversibic electrodes depends
on the composition of the bulk golution in the photosta-
tionary state under short-circuit or other conditions of
current withdrawal and on the race of diffwsion of charge
ecarrieres to the glectrodes. This current is related ro
various system paratebers via Nernst's diffusion current
relationship {9), equation 3, where n is the number of
redox equivalents per moele of a given charge carricer, F is
the Faraday, A is the electrode area, D is the diffusion
coefficient of a2 given charge carrier, Cp is the coencentra-

i=mnFAD cb;a (3)

tion of a given charge carrier in bulk selution under
pholostationary condicions, and & is the thickness of che
diffusion layer. The gituation is complicated when
electrodes are reversible to both redox couples {2} sipce
the currene cannet be related ro che bulk concentration of
a sipgle charge carrier at each electrode. A detailed
trcatment of this is beyond the scope of this prescentation.
For "primicive beaker" cells, only very low sunlighc
engineering ©fliciencies (5.E.E. & 10-3%) have been
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reported. The crucial figure of merit in evaluating the
efficiency of solar energy conversion is S5.E.E. as defined
in equation 4 foxr conversion to electrical power or energy.

electrical power or encrey delivered ro load
incident zunlight power or energy

5.E.E. = *® 160

{4)

The eotally illuminaced thin-layer (TI-TL) phorogal-
vanic ceall was firet deseribed by Clark and Eckert (10)
and a number of ztudies of the behavior of the iron-
thionine photoredox system in such cells have been report-
ed (B,11-17). 1In TI-TL cells, at least one electrode is
selective; ideally, a =elective electrods completely
klocks one redox ecouple while it iz esmpletely raversible
ta rhe other. Greatest efficiency would be achieved with
a TI-~-TL cell in which ezach electrode was perfectly seleec-—
tive for a different couple. Figure 2 shows a schematic
draving af a TI-TL iron-thienine cell in which the anode
is n-type 5007 which xespends selectively to the thionine/f
reduced thionine couple while non-selective materials
(such as Pe, indium tin oxide, or CdSnl,) are used as
cathodes. T1-TL cells offer the possibility of develop-
ment as practical area devices anzlegous to solid-state
photeveltaic devices. The best §.E.L. value reportad (12)
for a TI-TL iron-thicnine cell, ~0.06%, iz more thap 100
times less than 5.E.E. values readily achieved with both
golid-atate and ligquid-janction (18) photovoltaic devices,
The theocetical upper limit of 5.E.E. of TI-TL iren—
thienine photogalvanic cells is 2-3X and with sensitiza-
tion to the blue iz 5-10%,

Little research on photegal+vanic storape cells has
been repocted., BSuch devices tequire long-term storaege of
potential energy in a galvanic cell which can be charged
directly by light and recharged by light afrer each cycle
during which i#s potential eperny is withdcawn as electri-
city. The ideal svstem for such srorage would be one in
which the photoredox reaction produced endercic products
which would release theilr free cnergy elficiently upon
back reaction ar rthe electcodes but ar a neglipible rate
by back reaction in bulk medium. The back reaction
throuph electron transfer at sultable electrodes would
take place only when the external electrical circuit was
clozed between thes electredes. Ho zuch sysfem appears to
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Figure 2. Totally illuminated thin-layer (TI-TL) photo=-
galvanic cell. NESA glass has a gurface layar of trans—
parent n-type Sn02. Separation between electrodes is
typically 25-80 um.
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have been reporced. The design of such.systems is an
important apnd exciting challenge to photochemists.

At least two approaches to photogalvanic storage have’
been developed which do not depend upon the inertness of
photoredox products in bulk medium. Borh approaches
invalve physical separation, one of reacrants, the other
of products. The process of charging a photogalvanic
storage cell with reactants separated reguires that light-
driven electron transfier takes place through an external
circuit or an asymmetrie bilayer membrane. Storage via
phyeiral szeparation of photoredox producks requires separ-
ation rechnigques, 2.g., phase separation, which are fase
compared to spontancous back reaction in bulk medipm. The
photoreduction of thionine to leucothionine by FeZ' in the
precence of excess acetate ion, which is irreversible
bacause of the precipitation of ipsoluble ferrie acetate
{19}, could conceivably be the basis for a "products
paparated” photogalvanic storage call; it does not appeat
to have been exploited for this purpose. The relatively
glow rate of the bulk back reaction of leucothionine with
the EDTA complex of Ce(III) has becn expleited in the
extraction of leucothionine into ether from agqueous
nadium; the back reaction of the separated producis wvis
an external circuit hasg been demonstrated (20).

THE ELECTROCHEHICAL DETERMINANTS

Regardless of the type of photopalvanic cell,
efficient clectron transfer must occur bectweenr photo—
chemically-genexated scparated charge carriers and appro—
priate electrodes. The determinants of the electrods
processas in "primicive beaker" cells, in which electrodes
are reversible to all the redeox couples, have been
discussed in the previous section. If practical photo-
galvanic cells are ever achieved, it appears likely thac
electrodes selective to particunlar redox couples will be
emploved. Selectivity iz net, however, the only requires=
ment. In addition, the electrode must not caralyvze back
reaction of charge carrierz on its surface. Such bhack
reaction is equivalent to shorting a circuit in parallel
with lnad. Surface catalysiz of Lhe ovidation of leuco-
thidninz by Fet on its n-Lype Snds selective ancde hag
been identificd as 5 major loss factor in TE-TL iron-
thionine calls (16).




Requirements for Electrode Selectivity

The theory of the phenomena at the interface between
semicondurtors and electrolytic solutions has been devel-
aped by Gerischer {21) and by Levich (22). This theory
hag been applied extenzively to photoelectrochemical
(1iquid-juncticn) devices (23} in vhich quanta are abszorbed
by the semiconductor electrodes, Application te photo-
galvanic devices is simpler becauwse axcitation of the
gemiconductor is not invelved and key features of this
application follew.

1) The efficiency of electron tranafer across the inter-
face batween electrelyte and semiconductor is largely
governed by relacvicnships between the redox potentials of
electrolyte couples and the energies of bands of the semi-
conductor. Reduction potentials on the MHE scale in
aqueous solution can be converted to the energy scale used
for semiconductor levels which takes the enerpgy of a free
electron in vacuum as zero, by reversing Lhe sign of the
reduction potential and subtracting 4.6.

2) Electron transfer between a redox couple and a semi-
conductor electrode is blecked, in whole or in part, if
the redox potential of the couple falls within the gap
between the highest energy level of cthe valence band of
the semiconductor and the lowest enerey level of dts
conduction bard. In general, blecking is more complete
the farther ihe redox potential of the couple is from the
twe band edges. The relationship between redox potential
and semiconducrtor energy levels depends on the magnitude
ol rhe band pap, the encrgy of the valence {or conduc¢tiom
band edge), and the redox potential of the couple under
these conditions of wse, It should be noted that since
the band pap determines the wavelength of light above which
a gemicenductor does nst abszorb lipht, band gaps of 3.5V
or greater (354 om or lesg) are particularly approprizte
for photogalvanic solar devices because essentially 10031
of the insolarion spectrum at sea level is ar wavelengths
longer than thisz value.

3} np-Typc semiconductors are best zsuited for use as
sclective anodes while p-type semiconductors are most
appropriate as seleccive cathedes, The electron enexgy
levels of an n-type senmiconducter bends upwards near the
interface with an electrolytic selution (sce Figure 1)
while band-bending is downward fer a p-type scmiconductor,

n-type semiconducter from & redox couple with a potremtial

Hoffiran and Lickrin
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at or above the bortom edge of the conduction band at the
interface. If the redox potential is below that levael but
at keast 25 high as the flat-band potential of the n-rype
gemiconductor (f.&., the lower edpe of the conduction band
in the bulk of the semiconduclor and sutside the band-

’ bending region), electron transier to the elesctrode may
gtill occur by tummeling as illustrated in Figore 3.
Simflarly, electroens can {low from the conduction band of
a p-type semiconductor Lo a redox couple, the potential -
of which lies below the bortom edee af the condustion band
at the interface or at least below the flat-band poaten-
tial. Hany n-type semiconductors are known which have
large encugh band gaps to be transparent to sunlight
{>31.5V¥) but few, if any, transpatrent p-type semiconductors
are available.

Iron-Thionine TI-TL Cell with Selective
5nﬂ2 Anode and Poorly Selective Cathode

Y1 has been shovn that conversion of visible light to
electricity by the iren-thicnine TI-TL photogalvanic trans-
ducer with n-type Sn0z anede and Pr, indium tin oxide, or
CdaSnly, cathode is largely due to the preference of the
anoda for accepting elecLrons from leucochionine rather
than from Fe2t (14-18). Selectivicy is limited with the
regsull that photogelvanic volbages are substantially
reduced because the anode poteniial reflects a mixed
exchange currcnt. Exchange with the dye couple predomin-
ates but exchange with the iron couple is significant (8)}.
The cathodic voltape reflecis: a mixed potential in which
exchange by the irom couple predominates,

IL has been shown Lhat essentially all charge carriers
generaled in the TI-TL iren-~thioning photogalvaniec cell
reach the slecirodes which are scparated by 25 or 80 um.
Incnmploteness of seleccivity of eleccrode processes does
nor fu]]y account for deliciency of ‘outpur compared to that
caleulated From the photostationary compositions. A loss
factor of 4-8 appears to be due to inefficient cranafer
of electrons between charge carriers and electrodes.  This
inefficicncy has been ascribed Lo complexation of Feit by
levcathionine {24) adsorbed on SnQz Followed by back
reaction of a portion of Lhe adsorbed complexes, desorp-
tion of the other complexes, and diffusion back into the

bulk solution (16).
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THE PHOTOCHEMICAL DETERMINARTS

Even if electron transfer at the electrodes were
perfectly efficient and the maximum current and voltage
from the phocogenerated charge carriers could be achieved,
the efficiency of photogalvanic conversion of solar energy
would be limited by those factors that are part of the
photochemical mechanism: che absorption speciral character-
istics of the cell solution, the efficiency of formation
of the separated charge carriers, and the lifetimes of the
carriers toward back electron transfer. 1In this section
of the paper we shall discuss the general mature of che
photochemical determinants, their limitations with regard
te thioanine and Ru(hpy}§+ {bpy = 2,2"=bipyridine} as the
absorbing species, and some means which are svailable for
varying and optimizing thase parametera. The use of
thionine in photogalvanic cells has been discussed in
previous sections; Ru{bpy) * has also been shoun {25) to
engage in photogalvanic action.

Absorption of Lizhe

The essential requisite for any photothemical process
ie the absorption of lighti the ideal solar energy
ghzorber 1is one which could abszorb all the photons from
the sun that impinge upon it with the concommitant gener-
ation of the reactive excited seates that lead te the
geparaced charge carriers. In reality, not all the
photons will be absorbed nor will they all, even if
absoxbed, lead to the veactive edcited ziates and charge
carviers., The absorpticn of light is a wavelength-depen-
dent phenomenon governsd by the Beer-Lambert law, &) =
efe, where 43 is the absorbance of the solution at a
particular wavelength, &3 is the molar absorptivity
(M~ lemm 1Y of the selution at that wavelength, 2 is the
pathlength {cm) of the absorbing solution, and ¢ is rhe
_concentration (moles liter—1l) of the absorbing species,
If the absorbance of the solution were unicy at all wave-
lengths, 90% of the sunlight would be abgorbhed; if A = 2,
99% of the sunlipht would be absorbed. In order ta
achieve that high abscorpiion of all the wavelengchs of
sunlight, the pathlength and/or concentration of the
absorbing solution would have to be large ensugh to ofiset
the low valuas of ¢ ar some wavelengthz. Since ¢ is not
uvniform across the wavelengtih range, the very high absor-
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bancies that must occur at some wavelenpgths can be limie-
ing factors; absorption of light would be virtuwally
complete in a very smal) depth (perhaps less than lmm) at
the window. The resultant inhomogeneity of excited state
and charge carrier concentration across the bulk of the
golution would create kinetie and diffusional limirtations.
Long pathlengths present the potential problem of the
diffusion of charge carriers through 2 large bulk of
solution. From the practical standpoint, large cell path-
lengths will inerease tha volume and weight of sclutien
that must be ¢ontained and high comcentrations of absorbers
¢an be equated with a high cost of expensive wmaterials.

Assuming rthat =z gath]ength of 10 cm and an absorber
concentration of «10-*M probably represent upper limics,

an abserbance of unity is achieved for g; 3 1624-len1,

In practice, £3 values of <103M~lem~1 ave probably not

very useful for reasonable pathlengths., This is not to

say that weakly absorbing materials, due te low values of

€ of ¢ cannat be used; cells could be sracked so as te
achieve 3 long elfective palthlength. Such zn approach.
however, may pose severe engineering problems.

Yalues of g3 > 103H 1cm 1 are chavacteristic of highly
allowed electronic transitions (charge transfer, w-w¥)
vhich will have threshold energies corresponding to che
0-0 fransitison. While chere may be forbidden (d-d, 5T}
trangitions ar energie= lower than the highly allowed
transition, their forbiddenncess causes £; to be low and
renders them of limited practical wtilicy. Clearly, the
moet effective materials for usze a= esolar harvesters will
be thoge that absorb strongly in the vizible and near-uy
regions of the specrtrum. Figure &4 shows the absoerptiom
gpectra of thionire and Ruilbpy)2+ in 2quecus solution. Tt
is eazy to see why thess malLerizlg have been popular seolar
absorbers; yet, even under the most favorable conditions
of pathlength and concentratien, only a small fraction of
the solar radiation at air maszs 1 (¥igure 5) could be
abgorbed., Even if all the other characteristies of photo-
galvanic cells employving these materials vere pecrfectly
efficient, such cells would Le limited by the fraction of
the solar output absorbed by the solution.

It being a shame to waste all those potentially
pecfectly good solar pholens, appreaches nwst be taken to
improve the absorplion cheracteristics of the medium,
especially te the red; there iz no lack of chromophores

14
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for the uv region. Molecular modificatvion of thionine to
methylene blue results in a substancial shift of dgpax to
665 nm (emax 8-0x 104 Lem~1), For Ru(bpy)%¥, substicu-
tion of phen (=1, 10-phenanthraline} for bpy or substitu-
tien on the polypyridyl vings has little effect on gy, or
the shape of the visible absorption envelape (26,27).

Some red shift of Apgy to 473 and 501 nm is observed for
Ru{terpy}3+ and Ru(TETZ]§+ {terpy = 2,2',2"<terpyridine; _
TPTZ = 2,4,6-tri{2-pyridyl-a-ctriazine)) (26). These
effects are very modest but they show rhat alternacion

of the lirand structute is a reasonable approach,
Recently, Dose and Wilson (28} prepared mono- and binu-
clear Bu{II) complexes containing H-bound aromatic ligands
which show Apay cloze to &0 nm., Whether these or other
complexes yet to be synthesized will po=sess the other
qualities necessary for photogalvanic comversion remains
to be seen.

In most cages, the intense vigible absorption banda
amdd those further to the blue are separated by regions of
gipgnificautly lower absorbance., In order to utilize those
golar photonsz, sensitizers ecan be employed to sbsorb light
and transler energy from the excited state of the sensi-
tizer to the photochemically aclive species, The require-
ment is for the enerpgy of the exeited state of the donor
to be higher than the ensrgy required to reach the popula-
ted excired state of the aceeptor. Az a result, sensitiza-
tion ko the blue of the intense absorption band of the
acceptor can be achieved 23 has been demonsirated for
mixtures of dyes with thionine and methvlene blue {29},
Sensitization ro the red of the intensa singlet absorpeion
band 1z limited by the enerpetics of the lowest, and
presumably reactive, excited state.

Fermation of Separated Charge Carriers

There are many physical and chenical steps between
the forwmation of the inicial excited state as a result of
the light-abhsorpfion process and the scparated charge
carriers. 1In the firsL place, the inicial excited state
may not be che reactive state that is the precurser of
rhe charge carriers. If rhe absorber is an organic
molecule, excitation in the iniense absorption band pro-
duces the lowest excited dinglet state, the lifetime of
which is of rhe order of 10~%s. A lifetime that short
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precludes efficient quenching; even if the quenching

rate constant were in the diffusion-controlled region
(v10lu-15-1y 2 quencher concentrztion of 1M would be
required in order to intercept "G0Y of the excited state.
Intersystem crossing from the lovest sinplet excited state
to the lowest Eriplel excited state, which, being longer
livaed than the singlet is more likely to be Lhe reactive
excited state that leads to the rharpe carriers, competes
with radiative and norn-tadiative internal conversion back
te the pround state and degradative reactive modes. Using
the symbols G, *E, and =R for the ground, inltialuiy
exefted, and reactive excited statez, respeccively, the
scheme can be generalized with kpeg, kpp, Ry, and kjge
representing the rzte constants for radiative, non-radia-
tive, reactive, and Jntersyslem crossing decay of *E,
respactively. Inasmuch as the quantum yield of formation
of the exciled state populated in the absorption procesa
must be unity, the quantum yield of formation of *R is
dictated by Lhe efficiency of the intersystem crossing
stap {njge) in competition with the enecrgy degradaction
mades: Ny, = kige/(krg + Bpr + kyyx + kiged: Tor rhionine
az for avomialic molecules in general, the major meode of
decay of the lowest excitled singlet srtate Is intersystem
crossing to_the rriplet state so that njge = dxp + 1.

For Ru{bpy}%+, where *R corresponde to a metal-to-ligand
charge Lransfer excited ztate invelving promotion of a
metal-centered d eleciron inte highly delocalized n*
lipand orbitals, populaiion of *R occurs with nearly
unitary elficiency (30). 1In thesc systems, thc quantum
yield of formation of #R cannoc Le viewad as a sevare
limitation Lo the efficiency of photogalvanic conversion
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as long as the degradation of *E to some inactive product
does not occur to any meaningful extent. Such degradaticn
would preclude the use of the aystem in the raquired
cypclic manmer. However, if an interesting photogalvanic
system were developed in which nj.. were not nearly unity,
the internal or external heavy-ztem effect could be used
to ephance intersystem crossing.

With the quantum yield of formation of the reactive
excited state, ¢=g, approximately unity, attention must
be focused on the redox reaciions thabt quench *R and
generate the separated charge carriers. In the absence
of redox gquencher, the decay of *R is via radiative, non-
radiative, and reactive modes with kpg, kip, and k.,
representing the rate constants of those processes. The
intrinsic lifetime of *R is diccated by those values of k':
TgR = L/ (kiy + Kby + k)i it is assumed that *R is the
lowest electronically excited state of the absorber so that
transitions to other excited states can be tuled gut. 1In
the presence of the guencher at a concentration [Q], the
fjluenching reaction, with a second-order rate constant of
k!, competes with the Intrimsic modes so chat the lifecime
of 8 iz reduced: Tap = 1/{kly * Koy * kg k(2] . The
efficlency of the quenching reaction, ng. is given simply
as 1% k'[ﬂ]ngnga{QJ 4+ 1). It is easy £o see that n, +1
az [Q _?ncreases so that 1 k'fa) »> 1. Thus, if ™9 is
emall, a high cuncentratianﬂﬁﬁ 0 and a large valua of 5&
must be coinbined in ovrder for the quenching reaction to
compete. For examnple, in order Eo queanch 90X of *E,
TQREﬁ[Q} ~ 104 4f 1§, v 107 "s and ky were in che diffusion-
controlled region {mEﬂlﬂH'ls_l), [Qi has to be of the
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order of 1D*3H. In order to guench 29 of *R, [a] would
have to be N1ﬂ'2M; if Eﬁ were lass than mlﬂlUH“ls'l,
proportionally higher concentrations of Q woeuld have o
be vzed.

It iz elear that the parameters available to contrel
ng are tEE and the product E&[Q]. It iz advantapeous
to have 10, and k; as large as possible =0 as to be able -
to querch ER without requiring the concentration of 0
to be 20 large as to exceed its zelubfility limie, Inter-
fere with the light abscrption precess, or interfere wich
the electrochemical) aspects of the cell.

The value of Th, for a particular excited atate is
Iixed by nature although moleacular environment can have
an effect due to changes in the rate constants of oon-
radiative and rveactive modes; radiacive decay, where it
exists at all in fluid wmedia, is generally a small fraction
of the toral decay paths and is relatively insensitive Lo
mplecular envivonment. For thicpine, the intrinsic life-
time of the lowest triplet state is 7-8 us {31)}. For
Ru(bpy}§+, the Iiferdme of the charge transfer oxciced
gtate iz litrle afiected by changes in the splution
medium; t° ranges irom 0.60 us in aguecus sclution {32)
to 1.0 ps dn D20 (33) and is .76 ws in CH40H (32).
Yariavion of the substituent nature of Lhe palvypyridel
ligands deoos_result in moedest changos in 9 with 0.92 us
for Ru{phen}§+, 1.8 us for Ru{S,ﬁ-(CH3}2phen)3+ (34), and
w ps foxr Ru{lIIl) complexes containing hydrephobic ligands
{2%%. Unfortunately, the move promising conplexes from
the point of view of their absorpcion characteristics,
Ru{terpy)5+ and Ru{TPTZ}3+, have very short intrimnsic
excited s1ate lifecines of <5 we (26,35) which effactively
rule gut their appiicability as efficient penerators of
separated charge carriers.

Any depradative reactions of *R that do not lead to
separated charge carriers and are competitive with the
desired redox quenching reaction are wasteful. Theze
include energy transfer quenching and interaction with the
sgolvent and other solutes. For exeited triplet states of
aromatic molecvles and the excited states ol metal com-
plexes, rapid energy tranfer quenching by 0o (k ~ 10%-1010
M-1s=1) {36) must be aveided., ‘hile triplet thicnine
appears to be insensitive re interaction with selvent
or ocher sodules in a degradative manncr, although -
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detailed studies directed toward that issue have not been

conducted, *Ru{bpy}§+ has been found to engage in Y
remperature-dependent photsanation reactions, albeie with

low (dlD‘a) quantum yields (37,38). Although the desir-

ahle redox quenching reaction can be made to overwhelm

energy wasteage modes, the existence of even a very low

rezidual gquantum yield {~10-6) of these degradative

reactions can rendex the photochemical system useless for -

the required operation over many million cycles.

The parameters alfecting the values of k&, the rate
constant of redox quenching, have been the subject of
increasing numbers of studies with the conversion of light
energy into chemical energy as ome of the underlying
interests. ERebhm and Weller (3%) have discussed in detail
the kinetic and thermodypamic aspects of the quenching
process and have dervived velationships between Eﬁ and the
overall free energy change of the excited state rveaciion;
ky increases as AGH becomes more negative reaching a
;iateau value at veéry negative 467 values corresponding
to the diffusion-contralled limit, Other approaches have
used the Harcus theory of outer-sphere electron transfer
reactions {40) which predicts an inverted region where
g& drops from the plateau value when ﬁﬁﬂ becomes very
negative. "Vestiges" of the inverted region have been
found in the guenching of *Ru{bpy}§+ (41} but not in the
quenching of triplec thicnine (42). Irrespective of the
intricacies of these theoriez, the analysiz performed
above shows that for short-lived execited statres {TQR “
1078 5), reaction with k' at or near the diffusion-
conlrolled timit 12 necesgary for efficient conversion
of *E ro separated charge carriers. Therafore, AGY must
be very negative and knowledge and contral of the redox
potenLial of *R is requirgd. Ope important conseguance of
electronic excitation is the increase of the electron
aifinity and decrezase of the ionization patential of the
molecula. Therefore, the olectronically excited state is
expected to be both a better reduccant and a batter oxidant
than the ground state. By assuming that differences in
ghape, size, solution, and entropy of the ground and
excited states are small, the redox potentianls of the
excited state are fairly well approximated by equations
5 and 6 (43).

ot My = 2ol - Eu_'D(H—*H] {5)
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Ry = Bmary + 5" (&)

Here ED{H+HJ and EO(HIH_} are the standard reduction
potentials of the .one-electron ox1datlnn product and the
ground state, regpectively, and Eﬁhn{H- M} 4z the one-
electron potentizl corresponding to Lhe zero—zero spectro-
scopic energy of the excited state. Potentizls are, of
course, affected by acid-base reactions of rhe ground and
excived states so that 3& can have pH dependences of
consequence., Excited state potentials can zlso be evalu-
atcd from gquenching measuremsnts using a2 series of quench-
ers of Ennwn polentials {44). For Ru(bpy)§+ uhere
Eo-n(H- M) = 2.12¥, ES(MT/*M) = -0.B4V and EC("M/H) =
+0.84%; in comparison, E®{H/HM) = +L.26V and E°(M/M7) =
=1.28v (34)}. Variacion of substituwents on the polypyridyl
ring=z, including bydrophobic groups, ran slecer the values
- of B9 by as much as 0.3V (27,34) vhich can resultr in
variations of k! of more than a factor of 10 when below
the diffusion-contrclled plateau (&453).

The value of k' for *Ru{hpy]§+ can also be varied by
the solution medium. Meisel and coworkers (46) have shown
that incorporation of Ru{bpv)§+ into sedium dadecyl gul-
fate micelles increases the rate of kg for Cu® by a
factor of rwo. Thls effect is madesl compared to the
factor of 2000 increasze in E& when pelyvinylsuifate is
present in the snlutizg (47). Here, very efficient
quenching of *Ru(bpyl% by cu?® seenrs in the potentizl
£ield domains of the pol§+lectrolyte; a similar effect is
geen for quenching by Fe T (48).

The redox potentials of both the ground and lowest
friplet states of thiecnine are pH deopendent becauvee of the
participation of these states, as well as the semi-reduced
and fully-reduced species, in rapid, ceversible protenic
reactions. Relevant pl; values in aguepus solution are
glven in equations 7-13, The dependence upon pH of the

pround stale thionine

== ™ + 0 K 0.7 (49) (n

o= 1o+ 6k 119 (8)
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triplet thlonine

32t 3.t +
™, == T8 + 1 pk, 6.3 (50) {9)
3+ 3 +
™M = T + H pK 8.9 (51) {10)
semithicnine
-+ o+
TH,” == TH+ + H pK_ 8.2 (52) {11}
leuvcothionine
== TH' + W pK, 6.4 (53) (12)
+ + .
TH, == TH, + R pE_ 5.3 {53) {13}

ground state twowglectron reduction potential (ve NHE) in
agqueous solution at 25°C is given by edquation 14 (53} where
T and L reprosent the sums of all forms of thionine and
levcorhionine, respeetively. The equilibrivm pocentials
1
E;',__L = 0.563 - 0.09 pH + 0.03 log([TI/[L]) (14)
¥

of the two one-clectron touples at pH2 in water are

0. 192? and E&;L = 0.575V {54}, The reduction pntenti&fsfor
the 3T/8 couple at pHZ can be estimated from E 45 znd
ED_D{T—3T}, this latter quentity for 3TH%+, ¢ predomin-
ant form of trirmlet thlﬂnlﬂE at pH2, dis 1.240,1v (55}
(compared with E,_, for THY = 1.7£0,1V). The result
is 9’ = 1.4510.1 ¥ at pH2,
318

The intrinsic lifetime of triplet thionine is depen-
dent on its state of proronation. In dilute agqueous
solution at pll?, where 3TH§+ predominaces, 1° = 7.7 us {31)
while in neutral sclution, whers 3TH+ predominates, 1%~
60 us {56). The value of 1% of TH3+ remains essencially
constant when the solvent is changed from water to 30 v/vi
agueous CH3CH and the counter ions are changed from
Hﬂﬂﬁ'fSDﬁz— to CFy503° (31). The lifetime of che praton-
ated form of triplel methylene Lilue (""HBH2 7 has been
examined over a widev range of ceonditions {31) and has
Leen found ko he esseniially eonsitant {4, 520.5 ps) in water
and 50 v/vZL agueous Cl3CN in the prescnce of 0. - 0.001 M
acid, wich NS0, .-’Sﬂg, + CF380537, ot €17 (37} as counter
iong, and at ionie strengehs between 0.1 and 1.0 M,
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The values of k! for the quenching1bf 3TH2+ and EHBH2+

by Fe§+ are sharply_gependent on the nature of the counter
fons and, in the presencg of HSGQ‘ISDQE‘ {but not CF35057)
upon sclvent (31}, For 2t + Fegg, k! = 6.020.5 x lﬂg
M- 1571 in both water and 50 v/vy aqu&oig CH4CH with
CF3505~ as the councer ion bui is & x 10 M-ls=1 4n vater
and 5 18 #ls71 1o 50 v/vE aqueous CHaCN with

HS0,4~ /50y a5 the counter ion. WValues of Eﬁ for 3MBHZF -
+ FE§+ are about 15% of che above values under identical
conditions. The observed dependences of k! on solution
nedium are rationszlized in rerms of the eleactrostatic
association of Sﬂaz' with Fea+ andfor the dipositive dve
cations {31). 'The hipgh sensitivity of k! of the triplet
dye molecules to the nature of the solution medium,
coupled with the insensitivity of their intringic life-
time=, makes it possible ko adjuse conditions for optimum
guenching of the reactive axcited states. For example,

in 50 givi aqueous CH3CN in sulfate medium at pHZ, 97.5%

of 3TH2 and 76% of 3MBHZT is quenched by 0.01M Fe§+. In
order to take advantage of {he much longer valyes ng 0

for the deprotonated triplet soates, JrHt and MEY, the
uge of quenchers are required which, unlile Fe§+, are
compatible with neutral or alkaline solucion. uch
guenching resctione are under investigation in osur lakora-

toxry at the prezent time.

It is clear that conditions can aasily be arranged
guch that the efficiency of guenching of the reactive
ercited slate is wirtually unily. The bimolecular guench-
ing ol an exciied state can cccur via electron transier, -
energy transfer, or deagtivation by some catalytic action
and ic is only the redox mode chat can lecad efficiently to
the seprrated charge cerrvicrs. Catalytic deacrivation
PFrocesses are genevally slow (58) so Lhat the most impor-
tant modes are electron and enerpgy tronsfer. As long as
the elcctronic energy requirement of the acceptor is less
than the epergy avallable from the donov, energy iransfer
is thermodynamically allowed; spin restriccionz may cause
the reactlon to bhe kinetically hindered. It is only by
the direct obscrvation of the products of the reaction,
redox or excited, that evaluation of che proporiion of
each process can be made. ¥From the standpoint of enerpy
convorsion, it ig essential that the efficiancy of the
redox process, Npedex. e as close Lo unity as possible,
The yeaction of triplet thionine with Fejd yields semi-
thicnine, the oac-clestron reduction product, essentially
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quantitatively as determined by flash photolysis (56).

Far *Ru{bpy}%t it iz now well established {42 that
axidative and reductive quenching leads to the virtually
quanticative generation of Ru{bpy}§+ and Ru(bpy}ﬁ,
respectively, and the corvesponding raduced and oxidized
forms of the quencher. Depending upon cthe nature of the .
quencher, the derived product can be 2 stable oxidation
stare of a wetal complex o1 2an vnstable f[ree radical. The
vield of these separated charge carriers depends upon the
fraction of the redox compenent of the quenching step
(Myedox) and the efficiency of separation of the species
from ctheir initially formed solvent cage (nge}; for
*Ru(bpy}§+, Mredox ™ 1 {32). Because the products of
electron transfer guenching are high cnergy speciocs, they
can engage in immediate back electron tranafer in Lhe
succeszor complex within the zalvent cage. The crirical
parameters in the establisbment ef ny, are the rate of
breakdown of the solvent cape and the rate of capge recom-
bination. The fdctors that govern the events in the
solvent cape have been discussed (59); micelles (46} and
polyelectrolytes (60} have been used to alter the structure

- of the sclvent cage vhich causes the yield of solvent
separated charge carriers to be altered.

There have beenr a few determinations of the toral
quantum yialds of formation of the separated charpe
cartiers ($..) from the oxidative quenching of *Ru{bpy)§+.
The quenchers have been Co{lll} complexcs which, upon
reduction by *Ru(hpy)§+, underge raplid spin equilibration
{61} and ligand labilizacion {62) in competition with cage
recombination. For example, $.,. valvues for the formation
of Euga from Cufﬂzﬂg)i‘ (63} and CD{NH3)5C12+ {64} are
~ (.85, 1In general, for Co{lIl) complexes (63),; dpe
appears to be betwecen 0.5 and 1.0. However, because of the
irreversible nature of the reduction of these and analogous
Co{III} systoms, their utilization in reversible photogal-
vanle cells is not praccical {66).

What are required gre experiments involving the fast
. 2 . -

generacion of *Ru{bpy}j , triplet thienine, or any orher
potential reacrive excired scates by laser flash photalvsis
and the quanticative determination of the spectra of the
redox nroducts before any appreciable bask eleetron trans-
fer takes place in th2 bulk selutian, In that way, 4.,
cant be datermincd for the relevant photopalvanic chemical

[ ™ rwE LGy e e = s 8w -— r-
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gystems and controlled by means of the alteratiom of
golution medium. .

Behavior of the Separated Charge Carriers

The quantun yield of separated charge carriers can be
expressed in terms of the efficiencies of the varicus
processes that lead ultimately te their formation Lequa-
tionm 15). We have seen that far thionine and Ru{bp}r}3 '

¢cc - 1#""P{T'qr'r:e::lr:r:w:'"'s:n': 15)

$oc v 1 for semithionine and Ru{hpy)%+ or Ru{bpylg- If
theze speciez and the complemearary products fiom the
guenching step were capable of diffusing to the anpropri-
atc electrodes without engaging in further reactiono, a
successfully efficient photogalvanic cell would have
already been created. It is, however, the necessiiy of
preventing back electron transfer rcactions beiween energzy-
rich specles in bulk solution chat challenzes the

ingenulcy of chemists. 1t is fmportant that thermal back
electron translier reactions be slow compared Lo the diffu-
sion of the species to the electrodes and electron transfer
processeE thereon even in order Lo achieve storage in
microtime and transduction of light inte eieccriciey.

The options for achieving praciical photopalvanilc 'storage
would be enormously broadened if the race of thermal back
resctions were measurable in hours or daye. Some varia-
tion in the rate of bulk back eleckron transfer can be
achieved by molecular manipulation of Lhe redox couple and
variacion of solution medium., Perlaps a more effective
way t¢ reduece back electron transfer s to build in an
alternative pathway which diverts one or both of the
producte of the redox quenching. Although contributing to
gome anergy loss, such a diversion can be achieved through
ather bimelecular reactions or interaction ac an interface.

An interesring example of successful competition with
prompt reversal of the photoredox step occurs with semi-
thicuine which undergecs bimolecular disproportionation
to Lhionine and leucothioning in com ct1t1¢n with bimole~
cular back electron transfer with Feyt generated in the
redox gquenching step ol che irnn—thinninc photepalvanic
¢cll, The rate constants of these bimolecular reactions
are somcwhat dependent on salution wmedium =0 Lhat it is
pessilble to anploy solvent ard counter ions to maximize

- = - uw
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the disproportionation. Rate constants for disproportion—
ation ol semithionine typically fall in the range of 107 -
10? M-1s71 and, in faet, have been correlatad quantirta-
tively with Kosower's sclvent parameter, 2 (&7). Less is
known zbout the variation of the second-order rate constant
for the oxidation of semithionine by Fed* with solution
medium. Valuesz in the ranpe Exlﬂﬁ - 9xiﬂ5 H‘ls*l have
been reported at pH2, depending on beth sclvent and
counrter len (24). Condiclons ave, therefore, readily
available for reducing the prompt baek electron Eransfer
reaction ke 2 negligible level. Diversion via dispropor-
ticnation is a promisang means of obtaining charge carviers
which are stable in rhe microtine domain becauss of two
factors: 1) synproporticomation, the reverse of dispropor-
tionation, is much =lower than the latter process: the
ra%e constants of syoproporticvnation are of the order of
104-103 M-1571, depending on soluticn medium (547

2} oxidation of leucorhionine by Fegg is much slower than
the aoxldacion of semirhionine by this reagent; the rate
constants of the leucochionine + Feg+ reaction are in the
range 3x102-2x103 u-15-1 depending on solution median {24).
Leucothionine is, accordingly, the dominant reduced dye
species in photobleached iron~thionine solutions under
conveniently achieved conditions (7,54). At the photo-
stalionary staie under sunlight intensities. leucothionine
constitutes more than 99% of reduced dve (7). The life-
time of lewvcothionine under these conditions, determioeed
by measuring the rate of relawation of the photoscationary
gtare, varies invorsely with the dark concentration of dyve
and is dependent vpon solution medium; T A ls when [TH+],
%~ 1073 M in 50 v/vi aqueous CH3CN at pH? with HS0,~/50;2-
ags counter ion (13}, Such a liferime 13 sufficient to
permit diffusion of wvirtually all phologenerated charge
carriore to dilfusze to the electreodes in TI-TL photoegal-
vanic trangducers {16). ExLension of this classical but
nevertheless, promising system from elfectlve scorage in
microtime toward slLorape in macrotime may evolve from
research involving modilicaition of the structure of the
thionine, use of other classes of redox dves, use of metal
complexes other than those ef iren, variation of the
ligands around the matal conter, variataion of solution
medium, and use of organlizates.

+
Ru(bpy}%+ and ‘ihn.:(l:q:-gr},i are very powerful one-clectrom

oxidizing and redvcing agents with standard reduct lon
pocentials of +1.26 aad -1.28Y, respectively. As a result,

A e i T m—— 9 . .
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their back electreon transfer reacticons are very rapid with
k 107-10? M~15-1 (34) and their storage capability is
negligible even in microtime. Furthermore, Rulbpy) * is
kinetically unstable in aquecus solutions that are any-
thing except highly acidicj the reductien, which generates
02 over a very narrow pH range in alkaline sﬂlutiun,fis
mechanistically very complicated (68). Ru{bpy}g is stable
in deaeraled acetonidtrile solution whers it can be gener-
ated electrochemically in the controlled-potencial reduc-
tion of Ru(bpy]§+ (69} but ir is unstcable iz agueous
medium, apparently undergoing slow (k ~ 0.2 s7%) inter-
action with water (70}, The instabiliries of Eu(hpy]§+
and Ru(bpy}§ in aguecus soluticn resirict their use as
charge carrier=s in aqueous photegalvanic cells; investi-
pgations of their roles in non=aqueoous cells should be
carried put in che Future, Ewven =0, long-term storage of
Ru(bpy) 4 may not be feasible because of its disproportion-
ation reaction to Ruibpy}% alilhough the latler szpecies may
be kinetically more s=tahle due to the two-electron nature
af its return co the originally absorbing substrate. PBack
electron trangfer invelving Ru(hpy}§+ has been showm to be
effertively retarded by several orders of magnitude by the
presence of polywvinylsulfate {60) and research wiltl
certainly continve in thae direction. The uze of hydro-
phobie 1igands in Ru{JI) ecomplexes, monolayer assemblies,
and liguid-solid interiaces has been dirscied toward Hp
fermation (71) but its applicalility for photeogalvanic
conversion should Le recopnized.

CONCLUETONS

It is readily seen that the value of .. is not the
limiting photochemical determinant of Lhe cfFiciency of
photogalvanic cells but that the storage of separated
charge carriers in microtime and macrotime domain is the
compelling challenge. There is no quastion that research
will continue for some time o come on quenching reaciions,
cage recombination, and Lhe chemistry of the charge
carriers for svstems cleosely related Lo thionine and
Ru(bpy}4t. Perhaps those investigations will produce
insight dnto the desiegn of more complex and more successful
photogalvanic systems. Solution of the back electron
transfer prablem i= zbzolutely essential and should invelve
basic research Tovestigalions inte the construction of
systems whore highly cxergic electron transfer reactions




29
Hoffman and Liechein

can be rendered stow, even in the microtime domain. Hovel
means must be sought of diverting the immediate products
of the rcdeox quenching step via pathways, such as dispro-
portionation, which preoduce separated charge carriers
stable in the mwicrotime, a2nd even macrotime, domain. Such
diverted spacies will be two-eleciron ctransfer species:
theories of two=electron transfer must be developed to the
same level of underscanding as those of one-electron -
tranzfer. Potential charge carriers can be generated by
radiolytic or electrolytic techniques so that their
chemistry can be investigated in the absence of photo-
chemical constraints; discovery of kinetically stable
charge carriers would then lead to attempts to create the
photechemiczl conditions zuch that ¢..+L. Resesarch
progeams for the application of the techniyues of incer-
facial chemistry ro photogalvanic cells should provide
many answers to the problem.

Naturally, the guest for new photochemical systems
which can be uvced in photopalvanic cells: must continue.
The poteniiazlity of Ru(li)-pelypyridyl complexes for solar
eneepy convergion haz led eo inereased interest in
polypyridyl complexes of other transiticon metals, The
disadvantages of the very short lifetimeas (12 ~ 20us) of
*Fe(bpy)3* (72) and *0s (bpy) 4t (34) in aqueous solution
may be oifset by advantages in energetics and kinetics;
*Ds{bpy}§+ iz a better reduging agent but & weaker oxidi-
zing agenk than is *Ru(bpy}§ and 03(bpr)%+ is a weaker
uxidizigg agent than Ru{bpy}§+ {34). Furthermore,
Gs(hpy)3 absorbs strongly (e > 10 H‘lcmfl} in the 300-
200 om region {GB) which makes it awn atecractive light
harvesting material. Although Cr(bpy}3+ does net absorb
strongly {e < 102 Miem=1} ac 2 > £00nm, its lowest
exclted stace, which is a2 meLal-centered doubkler, has a
lifetime in aqueous sclution of 63us {73} which can be
prolonged by uwp to a facter of ten by altering the solution
medivm or incorperating phen ligands {14). *Cr(bpy}§+ is
a much better oxidizing agent than is *Ru(bpy}§+ and under-
goes [acile reductive quenching (75} in cowpeticion with
rather complex photochemistry {76). The very low
ED_D(HH*H} value of 1.71¥ supgests thar che absorption
epecltrun of molecularly wmodified Cr{I1I}-polypyridyl
complexes can be shifted sipnificantly into the wvisible.

It iz clear that there js a very long way to go before
an eflicient and economically competitive photogalvanic
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cell can be put into aperation. Such a goal may never be
achieved but it should not be said that this oceurred
through lack of effort, The studias made in understanding
the natura of elactron transfer reactions of axcited sctates
within this past decade augurs well for the understanding
of ather faetors that comprise the photochemical deter-
minants.
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