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Aspects of Artificial Photosynthesis.
Energy Transfer in Cationic Surfactant Vesicles
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Abstract: Intermolecular Forster-type energy transfer has been observed in completely synthetic dioctadecyldimethylammon-
ium chloride (DODAC) surfactant vesicles. The donor, lysopyrene, was localized in the hydrophobic bilayer of the vesicles.
The acceptor, pyranine, having four negative charges, was attracted electrostatically to the outer surface of the positively
charged DODAC vesicles. Depending on the concentration of pyranine, energy-transfer efficiencies up to 43% have been ob-
served. Conversely, energy-transfer efficiencies in the absence of vesicles were less than 3%. Pyranine quenched the fluores-
cence intensity of DODAC intercalated lysopyrene. The second-order rate constant for the quenching, Kq, was calculated from
a linear Stern-Volmer plot to be 6.2 X 10" M~!s~!, This apparently high value is a consequence of an approximate 1000-fold
acceptor concentration on the surface of the vesicles. The second-order rate constant for energy transfer, k’gT, was calculated
tobe 4.9 X 10" M~Ts~1, Agreement between Kqand kgt values implies that energy transfer to pyranine is responsible entire-
ly for quenching the lysopyrene fluorescence in DODAC vesicles. Resonication resulted in a redistribution of pyranine between
the outer and inner surface of DODAC vesicles, which was manifested in changes in energy-transfer efficiencies. Dependencies
of these changes were used to substantiate the proposed structure of the vesicles. The organizational ability of DODAC vesicles

and its relevance to photochemical solar energy conversion are discussed.

Introduction

Completely synthetic surfactant vesicles are increasingly
being utilized as membrane mimetic agents.* Sonic dispersal
of long-chain dialkyldimethylammonium halides,*>-? dialkyl
phosphates,!®!1 sulfonates, carboxylates,!! and even single-
chain fatty acids'? results in vesicle formation. Dioctadecyl-
dimethylammonium chloride (DODAC) vesicles have been
characterized most extensively. Well-sonicated DODAC gives
fairly uniform single bilayer prolate ellipsoid vesicles having
weight-averaged molecular weights of (1-2) X 107,13 DODAC
vesicles are stable for weeks in the pH 2-12 range, have phase
transition temperatures at 30.0 and at 36.2 °C, and are
osmotically active and able to entrap apolar molecules.*?

Surfactant vesicles have provided useful media for mim-
icking photosynthesis.!4-16 Photoionization,!* electron
transfer,!® and efficient charge separation!é have been dem-
onstrated. Efficient electron transfer was observed from
DODAC vesicle intercalated N-methylphenothiazine to
photoexcited tris(2,2’-bipyridine)ruthenium?* ion, anchored
onto the surface of the vesicles by a long hydrocarbon chain.!®
The N-methylphenothiazine radicals formed were readily
expelled both into the vesicle entrapped and into bulk water.
Electrostatic repulsions between the cation radicals and the
positively charged vesicle surface hindered undesirable charge
recombinations. Parts of the N-methylphenothiazine cation
radical which escaped from the vesicle into the bulk aqueous
solution survived for extended periods (>>1 ms).!¢ Inter-
estingly, judicious addition of sodium chloride profoundly
affected the lifetime of the cation radical and its partitioning
between the aqueous inner core of the vesicles and bulk
water.!6

An important function of biological membranes is to orga-
nize molecules in their environments. Energy transfer in in vivo
photosynthesis is largely dependent, for example, on the precise
location of chlorophyll molecules in the chloroplast.!? Efficient
intermolecular energy transfer has been observed in DODAC
vesicles in the present work. The donor, pyrene, was localized
in the hydrophobic bilayer of the vesicles by a long hydrocarbon
chain terminating in a polar choline group. The acceptor, py-
ranine, was electrostatically attracted to the outer charged
surface of the DODAC vesicles. In the absence of vesicles (in
alcohol), no energy transfer was observed. The obtained data
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provided additional confirmation of the proposed morphology!3
of DODAC vesicles.

Experimental Section

Preparation, purification, and characterization of dioctadecyldi-
methylammonium chloride (DODAC) have been described.!8.1?
Trisodium 8-hydroxy-1,3,6-pyrenetrisulfonate (pyranine, Eastman)
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was purified by recrystallization from acetone-water (2:1 v/v, using
charcoal. 2-Hydroxy-1-[w-(1-pyreno)decanoyl}-sn-glycero-3-phos-
phatidylcholine (lysopyrene) was synthesized according to the method
of Sunamoto.2° Lysopyrene was purified by column chromatography
(1.8-cm diameter, 70-cm long; silica gel, Wakogel C-100), using
chloroform-methanol-water (65:25:4 v/v) as eluent, and by subse-
quent recrystallization from chloroform. The obtained white crystals
melted at 206 °C dec. Infrared and 'H NMR spectra confirmed the
structure of lysopyrene. Anal. Cald for C3,H4607 NP-4H,0 (MV =
683.8): C, 59.7; H, 7.96; N, 2.05. Found: C, 59.3: H, 7.96; N, 2.08.

Surfactant vesicles were typically prepared as follows. A methanolic
solution (70 uL) of 5.8 X 10~4 M lysopyrene was evaporated to dry-
ness in a glass tube by a gentle stream of nitrogen gas. DODAC (12.0
mg) and 2.0 mL of doubly distilled water were put into the tube con-
taining the thin film of lysopyrene. Dispersion was carried out by
sonication for 15 min at 60 °C by means of the microprobe of a
Bransonic 1510 sonifier set at 70 W, Titanium particles were removed
by centrifugation for 15 min in a clinical centrifuge. The vesicle so-
lution was passed through a Sephadex G-50 column. The vesicle
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fraction, ca. 5.0 mL, was diluted to 15 mL, and its pH was adjusted
to 8.75 by aqueous NaOH. Concentration of the vesicle-entrapped
lysopyrene was determined spectrophotometrically, taking €345nm 3.5
X 10* M~1 cm~!1. Pyranine was added externally; its concentration
was also determined spectrophotometrically taking €450nm 2.7 X 10°
M-Tem—!,

Absorption spectra were taken on a Cary 118-C spectrophotometer.
Steady-state fluorescence excitation and emission spectra were ab-
tained on a SPEX Fluorolog spectrofluorimeter using the E/R mode.
Front-face angle illumination was used to minimize inner filter effects.
Generally, 2.5-mm slits and 10-nm band path were used. Fluorescence
lifetimes were determined by means of a modified ORTEC 9200 single
photon counting nanosecond time resolved fluorescence spectrometer
with the output displayed on a multichannel analyzer.2!22 Excitation
wavelengths were selected by the use of appropriate filters (Ditric
Optics, Inc.) having 5.0-nm half-height bandwidths. Fluorescence
lifetimes were calculated on an on-line Digital PDP-11/10 computer
using the method-of-moments program.2! All spectral measurements
were carried out at 26.0 £ 1.0 °C.

The vesicle samples in a sealed fluorescence cell were deaerated by
purging with purified N gas for 30 min. Methanol solutions were
degassed on a high vacuum line by repeated freeze-pump-thaw cy-
cles.

Results

Figure 1 shows the excitation and emission spectra of 6.9
X 10=7 M lysopyrene entrapped in DODAC vesicles (8.0 X
10~* M stoichiometric surfactant concentration) at a bulk pH
of 8.75. These spectra are similar to those in methanol. Ap-
parently, lysopyrene is not a sensitive probe for reporting its
microenvironment. Figure | also shows the excitation spectra
0f 9.13 X 1073 M pyranine in the same DODAC vesicles. Both
the excitation and the emission spectrum of pyranine are
identical with those reported previously in phospholipid lipo-
somes.23 Ratios of excitation intensities of 450:400 nm, ob-
served at an emission of 510 nm, of pyranine have been shown
to be extremely sensitive to pH changes.?? Using the published
calibration curve?? pyranine reported pH values exceeding 10
in the presence of DODAC vesicles, whose bulk pH had been
adjusted to 8.75. This result is explicable in terms of increased
local hydroxide ion concentration at the vesicle surface, re-
sulting from a partial replacement of chloride by hydroxide
ions on DODAC. Further implication of the apparent higher
hydroxide concentration reported by the probe is that the
completely ionized pyranine (having four negative charges)
is localized at the charged surface of the vesicles.

Overlap of the emission spectrum of lysopyrene with the
excitation spectrum of pyranine (Figure 1) indicates the pos-
sibility of Forster-type intermolecular energy transfer from
lysopyrene to pyranine. Such energy transfer could be ob-
served, in fact, in the presence of DODAC vesicles and is il-
lustrated in Figure 1. Excitation at 345 nm (where direct en-
ergy absorption by pyranine is minimal) resulted in enhanced
emission of pyranine at 510 nm, parallel with decreased lyso-
pyrene emission at 380, 400, and 420 nm. Energy transfer was
further substantiated by the observed nanosecond time resolved
intensity changes at 510 nm, following excitation by 1-ns pulses
of light at 334 nm. A typical buildup and decay of pyranine
emission is shown in the insert in Figure 1.

Pyranine quenched the fluorescence intensity of DODAC-
intercalated lysopyrene. Increasing concentrations of added
pyranine resulted in decreased fluorescence of lysopyrene at
380 nm. The concentration quenching obeyed the Stern-
Volmer relationship:

Iy/I — 1 = Ky [pyranine] )]

(where Iy and [ are emission intensities of lysopyrene in the
absence and in the presence of pyranine and K, is the Stern-
Volmer quenching constant) up to a stoichiometric pyranine
concentration of 2.0 X 107> M. Beyond this concentration
inner filter effects caused complications. Quenching data are
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Figure 1. Excitation spectrum of 6.9 X 10=7-M lysopyrene intercalated
in 8.0 X 10~4 M stoichiometric DODAC in the absence of energy transfer
monitored at 380 nm (1, -+--- ). emission spectrum of 6.9 X 1077 M lyso-
pyrene intercalated in 8.0 X 10=% M stoichiometric DODAC in the ab-
sence of energy transfer excited at 345 nm (', ——-- ); note that the intensity
scales for spectra | and 1” are reduced by a factor of /. Excitation spec-
trum of 9.13 X 10=3 M pyranine in the presence of 8.0 X 10™* M stoi-
chiometric DODAC monitored at 510 nm (2, ---); emission spectrum of
9.13 X 107% M pyranine in the presence of 8.0 X 10~ M stoichiometric
DODAC, excited at 345 nm (2’, ---). Excitation spectrum of 6.9 X 10~7
M lysopyrene intercalated in 8.0 X 10=4 M stoichiometric DODAC in the
presence of 9.13 X 10~ M pyranine, monitored at 510 nm (3, —).
Emission spectrum of 6.9 X 10~7 M lysopyrene intercalated in 8.0 X 1074
M stoichiometric DODAC in the presence of 9.13 X 10~% M pyranine,
excited at 345 nm (3’, —). The insert shows the time-dependent buildup
and decay of the pyranine fluorescence at 510 nm. Conditions are the same
as that for 3.

plotted according to eq 1 in Figure 2. The slope of this plot gives
Ke =1.19 X 10> M~!, Using

st = KqTo (2)

(where 7 is the natural lifetime of lysopyrene, determined to
be 190 ns) the apparent second-order rate constant for the
quenching of the fluorescence of DODAC-intercalated lyso-
pyrene by pyranine, concentrated on the surface of the vesicles,
Kg, was calculated to be 6.2 X 101! M~! s~1, This value is
considerably higher than that associated with Forster-type
quenching constants and is the consequence of using stoi-
chiometric rather than “local” pyranine concentrations. Under
the present experimental conditions, DODAC vesicles con-
centrate pyranine on their surfaces approximately 1000-
fold.

Energy-transfer efficiencies, ET values, were calculated
from the equation?*

ET = 4/Ap(Fp/F = 1) (3)

where Ap and A4 are absorbances at 345 nm in the presence and
in the absence of lysopyrene; Fp and F are the relative emission
intensities at 510 nm in the presence and in the absence of ly-
sopyrene. Table I summarizes ET values at different pyranine
concentrations. Fluorescence efficiencies of lysopyrene in
DODAC vesicles in the presence of transfer, ® r, were related
to that of pyrene in cyclohexane, ®p, by the equation??

. LpepbprpArLpnLp? @)
LypeLpbrLpCLpApnP?

where L is the lamp intensity, € is the molar absorptivity at 345

nm, b is the path length of the cell in em, C is the stoichiometric

concentration of the substrate (lysopyrene or pyrene), A is the

area under the emission peak 380 nm, and 7 is the refractive
index of the solvent; subscripts LP and L refer to that of lyso-
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Figure 2. Stern-Volmer plot of lysopyrene quenching by pyranine in
DODAC vesicles, according to eq 1 (O): a plot of energy-transfer rate
constants against pyranine concentrations in DODAC vesicles (O).

pyrene in DODAC vesicles and to pyrene in cyclohexane, re-
spectively. The following values were used: e, p = 3.5 X 10*
M-lem™! e, =49 X 104 M~ em=1 24 n p = 1.33, np = 1.44,
dp = 0.65,%4 Cp = 3.2 X 1077 M. As expected, increasing
concentrations of pyranine resulted in decreased lysopyrene
fluorescence efficiencies (Table I).

Rate constants for the energy transfer, kg, were calculated
from the equation

__ET
®yp70

ket (%)
ket values plotted linearly with stoichiometric pyranine con-
centrations (Figure 2). The shape of this plot gives an apparent
second-order rate constant for energy transfer, kgt = 4.9 X
10" M~1s~1 Once again, this value is very much higher than
that found for intermolecular energy transfers in homogeneous
solutions, and is a consequence of greatly enhanced pyranine
concentrations at the vesicle surface. More importantly, the
good agreement between K and k’gr values implies that en-
ergy transfer to pyranine is responsible entirely for quenching
the lysopyrene fluorescence in DODAC vesicles.

Since pyranine was externally added to the already formed
lysopyrene carrying DODAC vesicles it is expected to reside
on the outer surface. Heating above the phase transition
temperature (36 °C) or sonicating results in melting and re-
forming of the vesicles with the concomitant distribution of the
quencher between the inner and the outer surfaces. Energy
transfer and quantum efficiencies were indeed changed upon
heating or sonicating the DODAC vesicles. Pertinent data are
also included in Table I.

Significantly, less than 3% energy transfer was observed if
the donor and the acceptor were dissolved in methanolic 0.206
M sodium methoxide. In these experiments the concentration
of lysopyrene was kept at 8.0 X 10~7 M and that of pyrene
varied between 4.4 and 26.0 X 106 M. Owing to inner filter
effects, higher concentrations of pyranine could not be used.
Fluorescence intensities of DODAC vesicle intercalated 8.9
X 10~7 M lysopyrene were not quenched by the addition of
(1-6) X 107% M Nal or NaBr.

Discussion

The most significant result of the present work is the dem-
onstration of the organizational ability of completely synthetic
DODAC surfactant vesicles. Lysopyrene molecules are an-
chored at the inner and outer surface of the vesicles by their
polar head groups, while the pyrene moieties of the probes are
intercalated among the hydrophobic hydrocarbon chain of
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Table I. Quantum and Energy Transfer Efficiencies of DODAC-
Intercalated Lysopyrene as a Function of Added Pyranine®

10%[pyranine], M ET, % @) pb
1.38 38 0.535
2.38 36 0.491
4.60 43 0.422
7.47 39 0.313
11.20 30 0.273
13.60 34 0.241
16.00 36 0.172
20.40 33 0.173
22.40 28 0.126
24.60 23 0.084
26.80 13 0.062
31.20 20 0.053
35.60 15 0.035
11.20¢ 28 0.479
11.20¢4 39 0.313
18.50¢ 29 0.249
18.50¢4 42 0.187
24.50¢ 32 0.159
24.50¢d 27 0.121

a Stoichiometric lysopyrene concentration = 6.9 X 10~7 M, unless
stated otherwise; stoichiometric DODAC concentration is 8.0 X 1074
M. ? Defined by eq 4. ¢ Stoichiometric lysopyrene concentration is
9.4 X 1077 M. 9 Following resonication, subsequent to the addition
of pyranine.

DODAC. Under the present experimental conditions each
vesicle contains less than six molecules of lysopyrene and is
associated with up to 2800 molecules of pyranine. Although
corresponding concentrations of donors (8.0 X 10~7 M) and
acceptors ((4-26) X 1078 M) are insufficient for energy
transfer in homogeneous solutions, localization of them in the
vesicles, themselves present at very low concentrations (1.4 X
10~8 M), renders this process efficient.

The observed intermolecular energy transfer from lysopy-
rene to pyranine, in DODAC vesicles, can be analyzed in terms
of interchromophoric distances. The average distance between
a donor and an acceptor, (R}, is calculated from the Forster
equation:2*

- 9(In 10)K?
12873N*{R8) 10

where K is the dipole-dipole orientation factor, NV is Avoga-
dro’s number, 7 is the refractive index of the medium, and J
is the overlap integral. Using the calculated values for kgt
(Table 1) and those for the overlap integrals (not given), and
assuming K? = 2526 and n = 1.33, allowed the assessment of
{R) (Figure 3). The maximum average distance, at the lowest
pyranine concentration, between the donor and acceptor is 60
A. Increasing concentrations of added pyranine results in de-
creased (R) values. Inner filter effects precluded the extension
of energy-transfer experiments to higher pyranine concen-
trations {vide supra). The shortest determined interchromo-
phoric distance, 45 A, can be considered to approximate half
the thickness of a bilayer in a DODAC vesicle. This approxi-
mation should be compared with the value previously deter-
mined by low angle laser light scattering and photon correla-
tion spectroscopy.!3 The results of this latter work indicated
well-sonicated DODAC vesicles to be prolate ellipsoids with
axes of 812 and 126 A and bilayer thickness of 50 £.13 Taking
these values, the surface area of a DODAC vesicle is calculated
to be 1.0 X 108 A2, Further, taking into consideration charge
repulsions, the average area of a pyranine molecule is estimated
to be 400 A2, Accordingly, it takes 2.6 X 10% molecules of
pyranine to cover completely the outside surface of a DODAC
vesicle. At the present experimental condition, 8.0 X 10~4 M
stoichiometric DODAC, the vesicle concentration is 1.0 X 1078
M (av mol wt of a vesicle is ~3.15 X 106).13 Thus all the

(6)

ket
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Figure 3. Lower portion: plot of ( R) values, for the intermolecular energy
transfer from DODAC-intercalated lysopyrene to pyranine (localized at
the surface of the vesicles), against pyranine concentrations, according
to eq 6. In the upper portion, the arrows indicate the effects of sonication
at given pyranine concentrations.

available outer surface of the vesicles is expected to be covered
at a stoichiometric pyranine concentration of 3.6 X 107> M.

The validity of these morphological approximations was
tested by examining changes in energy-transfer efficiencies
subsequent to resonicating the lysopyrene intercalated py-
ranine-carrying DODAC vesicles (Table I). The upper part
of Figure 3 illustrates the obtained results in terms of (R)
values. The average interchromophoric distance between donor
and acceptor molecules is seen to decrease from 62 to 55 A
subsequent to resonication in the presence of 11.2 X 10=¢ M
pyranine. The corresponding decrease at 18.5 X 107¢ M py-
ranine is somewhat smaller (from 55 to 50 A). At a stoichio-
metric pyranine concentration of 24.6 X 10~® M or higher,
resonication did not alter energy-transfer efficiencies. These
results are rationalized by assuming that pyranine adds to the
outer surface of the vesicles and does not penetrate across their
bilayers. The bulkiness and charge density of pyranine render
this interpretation reasonable. Resonication opens up and re-
seals the vesicles and hence it results in a distribution of py-
ranine between the inner and outer surface. At lower pyranine
concentrations the consequence of the redistribution is a sta-
tistical decrease of the average interchromophoric distance
between the donors and acceptors. At 24.6 X 10~ M pyranine
concentration, the outer surface of the vesicles is covered to
such an extent that redistribution does not lower further the
effective interchromophoric distances. Bearing in mind the
approximations involved, this value is considered to be in a good
agreement with that calculated for the concentration of py-
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Table I1. Experimental and Theoretical Quenching Parameters®

Il
10¢[pyranine], M ab caled¢ found
1.38 0.294 0.87 0.87

2.31 0.493 0.79 0.82

4.60 0.981 0.64 0.71

7.41 1.590 0.50 0.53

11.20 2.400 0.38 0.46
13.50 2910 0.33 0.40
16.00 3410 0.28 0.30
20.40 4.340 0.23 0.30

a Stoichiometric lysopyrene concentration = 9.4 X 107 M; stoi-
chiometric DODAC concentration = 8.0 X 10=% M. ? Average
number of acceptors within v/2.6R of donor, as defined by eq 7.
¢ Calculated by means of eq 7 as described in the Discussion.

ranine needed for covering the surface of all available DODAC
vesicles (3.6 X 10~° M). These results lend credence to the
proposed shape and size of DODAC vesicles. Figure 4 sche-
matically shows a lysopyrene-containing DODAC vesicle in
the presence of added pyranine.

Equations have been derived to predict the quenching of
fluorescence due to energy transfer between randomly dis-
tributed donors and acceptors in planar monolayers?’ and lipid
vesicles.?® Interestingly, fractional fluorescence intensities, ///¢
values, were accurately predicted both for planar bilayers and
spherical vesicles.?® This was an apparent consequence of the
insensitivity of K to vesicle curvatures. An agreement between
predicted and calculated 7/1p values for energy-transfer
quenching in DODAC vesicles would, therefore, justify the use
of K? = 2/, originally derived for spherical particles having
rapid isotropic reorientation during the donor emission life-
time.??30 I /I values were calculated by means of the equa-
tion??

— pd)
1/1y = e (7)
a
where a, is the average number of acceptors within R4 distance
of a donor. Letting the average number of acceptors be 7 per
unit area, a; = 7nR4>. The average number of acceptors per
A2 was calculated by multiplying one-half of the ratio of py-
ranine to DODAC molecules by the area occupied by one
DODAC molecule. An area of 71.7 A2 was taken for each
DODAC molecule: R4, an adjustable parameter, was taken
to be v/2.6R(,2® where Ry, the distance at which the rate
constant for energy transfer equals the rate constant for
deactivation of the excited state in the absence of acceptors,
was calculated to be 38.7 A. It is seen in Table Il that eq 7
predicts well the quenching of DODAC-entrapped lysopyrene

I lysopyrene

Q
~)> Ppyranine
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Ralele o leele

ooo.iO.

2O LR

25 R

Figure 4. Schematic illustration of a DODAC surfactant vesicle containing lysopyrene and pyranine.
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fluorescence intensities by pyranine. These data lend credence,
therefore, to the assessment of average intermolecular dis-
tances from the rate constants for energy transfer.

The enhanced energy transfer reported in the present work
is entirely due to a Forster-type mechanism. The lack of ob-
servable quenching of vesicle-entrapped donor fluorescence
by added iodide or bromide ions (see above) obviates the pos-
sibility of energy transfer by the encountering of donor and
acceptor molecules at the vesicle surface. The acceptable
correlation between the observed and calculated fluorescence
quenching as well as the insignificant energy transfer in
methanol is also in accord with the proposed Forster-type
mechanism. Orientation of dipoles at appropriate distances
and compartmentalization of donor and acceptor molecules
are responsible for the enhanced energy transfer.

Taken together, the present work justifies the use of com-
pletely synthetic surfactant vesicles as membrane models. They
possess all the desirable functions of the more complex lipo-
somes, without their chemical instability. Most importantly,
they can be readily manipulated and functionalized. These
properties will find increasing use in photochemical solar en-
ergy conversions.
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Abstract: The photoelectrochemical (PEC) behavior of N,N’-dimethyl-4,4’-bipyridinium (methylviologen, MV2+) at p- and
n-type GaAs electrodes in aqueous solutions was studied. The reduction of MV2+ at irradiated p-GaAs occurs at potentials
~450 mV less negative than those found at a Pt electrode. The catalyzed reaction of the photogenerated MV *. with water to
produce hydrogen by irradiation of p-GaAs was demonstrated and the use of the MV system as an intermediate in the photo-
assisted generation of hydrogen at semiconductors with high hydrogen overpotentials suggested. The photooxidation of MV *.
at n-GaAs occurred at potentials ~0.8 V less positive to those where the oxidation takes place at Pt. PEC cells of the form n-

GaAs or p-GaAs/MV2*+ MV*./M were also constructed.

Introduction

Attempts to promote the photodecomposition of water at
semiconductor electrodes are based on the reduction of protons
to hydrogen at p-type and the oxidation of water to oxygen at
n-type materials. In the design of such systems difficulties arise
from instability of the semiconductor electrodes themselves
under irradiation and low rates of hydrogen or oxygen evolu-
tion at the semiconductor surfaces. The large band gap n-type
semiconductors which are stable and provide the needed ov-
erpotential for oxygen evolution, e.g , TiO,! or SrTiO3,2 do not
utilize solar energy very efficiently. The use of p-type materials
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in such cells has been less studied. Generally the efficiencies
of p-type materials are low and they are apparently poor
photocathodes for hydrogen evolution.?

We recently discussed the behavior of p-GaAs in aqueous
solutions containing a number of redox couples and showed
that stable operation of photoelectrochemical (PEC) cells for
the conversion of radiant to electrical energy was possible.* A
number of studies have described the production of hydrogen
by reaction of the radical cation of N,N’-dimethyl-4,4’-bipy-
ridinium (also known as methylviologen, MV2+) with protons
in the presence of a suitable catalyst (e.g., PtO,).% In such

© 1980 American Chemical Society



