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and third states, the nonbonding orbital on the NO2 oxygen atoms 
lies in the NO2 plane and, in the fifth state, the nonbonding orbital 
is perpendicular to the NO2 plane. The fourth state is an n - 
pr~* excitation on the H 0 2  fragment. Our results suggest the 
second and third states, for which excitation energies of 5.61 and 
6.48 eV have been obtained, are responsible for the observed UV 
absorption spectrum. Because these states involve a* excitation 
on the NOz fragment, we speculated photolysis results in removal 
of an oxygen atom or molecule from the NO2 end of the HOzNOz 
molecule. 
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Semiconductor Electrodes. 58. The Effect of Temperature on Photo- and 
Electroluminescence In AI-Doped Self-Activated ZnS Crystals 
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The effect of temperature on the electroluminescence (EL) (in a persulfate-butyronitrile solution) and the time-resolved 
photoluminescence (PL) of Al-doped self-activated ZnS single crystals has been studied. The PL shows a blue emission 
with a short-lived exponential-decay component (lifetime, -3.7 ns) followed by a slow-decay component described by a t-' 
relationship. A model for the PL based on an excited activator generated via electron tunneling between two localized levels 
(donor and acceptor) is proposed. This model is also consistent with the effect of temperature (T) on the EL behavior. The 
half-widths of the EL spectra are proportional to indicating that the transition responsible for the luminescence takes 
place in simple centers. The EL efficiency decreases exponentially with increasing T, with activation energy of 0.20 eV for 
the thermal Quenchinn of EL. This value agrees well with the reported thermal ionization energy of a donor level associated 
with A1 in Z k .  - 

Introduction 
Luminescence techniques have recently been employed actively 

as probes to study photoelectrochemical systems.'-9 The lu- 
minescence is usually characterized by a short-lived component, 
which arises from localized electronic excitation at the luminescent 
centers and usually decays exponentially with time (2). This is 
followed by a long-lived component, which may show either an 
exponential decay, or one that conforms to a power law (Le., 
luminescence intensity (IL) is proportional to f m ) . l 0  In addition 
to phosphorescence or delayed fluorescence caused by triplet states, 
several mechanisms have been proposed to explain the long-lived 
luminescence components. When the rate-determining step of 
the overall luminescence process involves the diffwion of the charge 
carriers or excitons, the luminescence intensity is expected to decay 
as 1, 0: z - ~  with m # 1." When the rate-determining step 
involves the thermal activation of electrons from uniformly dis- 

(1) Beckmann, K. H.; Memming, R. J.  Electrochem. SOC. 1969,116,368. 
(2) Pettinger, B.; Schoppel, H.-R.; Gerischer, H. Ber. Bunsenges. Phys. 

Chem. 1976,80, 849. 
(3) (a) Karas, B. R.; Ellis, A. B. J.  Am. Chem. SOC. 1979, 101, 236. (b) 

Strickert, H. H.; Tong, J.-R.; Ellis, A. B. J .  Am. Chem. Soc. 1982,104,581, 
and references therein. 

(4) Heller, A. Acc. Chem. Res. 1981, 14, 154. 
( 5 )  (a) Bard, A. J. Science 1980, 207, 139. (b) Luttmer, J.  D.; Bard, A. 

J. J. Electrochem. SOC. 1979, 126,414. (c) Noufi, R. N.; Kohl, P. A.; Frank, 
S. N.; Bard, A. J.  J. Electrochem. SOC. 1978, 125, 246. (d) Fan, F.-R. F.; 
Leempocl, P.; Bard, A. J. J. Electrochem. SOC. 1983, 130, 1866. 

(6) Wrighton, M. S. Acc. Chem. Res. 1979, 12, 303. 
(7) Nozik, A. J. Annu. Rev. Phys. Chem. 1978, 29, 189. 
(8) Tyagai, V. A.; Sheinkman, M. K.; Shtrum, E. L.; Kelbasov, G. Y.; 

Moiseava, N. K. Sou. Phys. Semicond. (Engl. Transl.) 1980, 14, 112. 
(9) Van Ruyven, L. J.; Williams, F. E. Phys. Rev. Lett. 1966, 16, 889. 
(10) Curie, D. 'Luminescence in Crystals", Methuen: London, 1963; 

Chapter 6. 
(11) (a) Soos, Z.  G.; Powell, R. C. Phys.Reu. 1972.86, 4035. (b) Noo- 

landi, J.; Hong, K. M.; Street, R. A. J. Non-cryst. Solids 1980, 35-36, 669. 
(c) Noolandi, J.; Hong, K. M.; Street, R. A. Solid State Commun. 1980, 34, 
45. (d) Hong, K. M.; Noolandi, J.; Street, R. A. Phys. Rev. 1981,238,2967. 
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tributed (in energy) trap levels, an ZL a t-' decay law is observed.12 
We have reinvestigated the origin of the power law decay of 

luminescence and report here that the blue emission from an 
aluminum-doped self-activated ZnS crystal has a short-lived ex- 
ponential-decay component with a lifetime (7) of about 3.7 ns, 
followed by a slow-decay component over a time region longer 
than 1 ps; the latter shows decay kinetics described by a t-m 
relationship, with m = 1.0. The slope of the (IL-' vs. t )  plot 
decreases with increasing excitation light intensity. 

The EL of a ZnS electrode during reduction of S20g2- in 
aqueous solutions (arising from hole injection by the intermediate 
Sop) has previously been described.% We report here extensions 
of the studies with a butyronitrile solution of S2OS2-, which allows 
investigations over an extended range of temperature. We show 
that the half-width of the EL spectrum increases remarkably with 
an increase in temperature, whereas the efficiency of EL increases 
dramatically with a decrease in temperature; the absolute EL 
intensity is less dependent on temperature. Those results are not 
consistent with a model based on the thermal activation of electrons 
from uniformly distributed trap levels or the other models men- 
tioned above. In this report, we suggest a phenomenological model 
based on electron tunneling which has long been applied to explain 
the decay kinetics of ground-state donor/acceptor pair emission 
in  semiconductor^'^ and recombination luminescence in g1a~se.s.l~ 

Experimental Section 
Al-doped (100 ppm) ZnS single crystals (Eagle-Picher In- 

dustries, Inc., Cincinnati, OH) were cut into slices and were heated 

(12) Randall, J .  T.; Wilkins, M. H. F. Proc. R .  Soc. London, Ser. A 1945, 
184, 390. 

(13) (a) Thomas, D. G., Hopfield, J. J. Augustynia, W. M. Phys. Rev. 
1965, A140 202. (b) Prener, J, S.; Williams F. E. J. Electrochem. Soc. 1956, 
103, 342. (c) Redfield, D. Wittke, J. P.; Pankove, J. L. Phys. Rev. 1970,82, 
1830. (d) Street, R. A. Adu. Phys. 1981,30, 593. 

(14) Rice, S.  A.; Pilling, M. J. Prog. React. Kinet. 1978, 9, 93, and ref- 
erences therein. 
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Figure 1. Photoluminescence decay curves at 460 nm of Al-doped self- 
activated ZnS single crystal after laser pulse (YAG, 266 nm, I-ns du- 
ration) excitation. Line 1 has one-half of excitation intensity of line 2. 

in molten zinc (99.9999%, Alfa Products, Danvers, MA) at  900 
OC for 15-20 h. The resulting crystals, with low resistivities 
(10-100 ohm cm), were used in both photoluminescence (PL) and 
electroluminescence (EL) experiments. The crystals were polished 
with carborundum (1-pm grit size) and alumina (0.5-pm particle 
size). In EL experiments, the crystals were provided with ohmic 
contacts, mounted, and etched by the same procedures as reported 
previously. 5d 

Butyronitrile (BN, reagent grade, Alfa Products) was purified 
by procedures reported previ0us1y.l~ Tetra-n-butylammonium 
tetrafluoroborate (TBABF,, polarographic grade, Southwestern 
Analytical Chemicals, Austin, TX) was recrystallized twice from 
methanol and dried in vacuo for 24 h. Neutral alumina 
(ROC/RIC Chemical Co.) was activated in vacuo at  300 OC for 
24 h. Tetra-n-butylammonium persulfate was prepared by mixing 
tetra-n-butylammonium hydroxide (Southwestern Analytical 
Chemicals) and ammonium persulfate (reagent grade, Matheson 
Coleman and Bell) in a 2:l mol ratio in MeOH. The methanolic 
solution was dried on a rotaevaporator. The solid was then re- 
crystallized from methylene chloride. The purified BN was treated 
with activated alumina and transferred to the electrochemical cell 
under nitrogen. The cell used for electrochemical and EL studies 
was a three-electrode type of conventional design, which can be 
fitted to a Dewar flask for low-temperature experiments. The 
apparatus and techniques employed in the EL studies are the same 
as those previously described.5d 

The decay curve of the slow photoluminescence component was 
monitored with a photomultiplier tube (PMT, Hamamatsu R928) 
equipped with a 460-nm band-pass filter. Signals from the PMT 
were amplified by a current-to-voltage converter and displayed 
on a Tektronix 535A oscilloscope. The response time of the whole 
detecting system was less than 1 ~ s .  Luminescence excitation in 
this experiment was accomplished with a YAG (266 nm) pulse 
laser of duration about 1 ns. 

The fast-decay component of the photoluminescence was 
monitored with a single-photon-counting system (PRA 1770 
photon counter) with a response time of about 1 ns. 

Results 
Decay of Photoluminescence. The photoluminescence decay 

of Al-doped self-activated ZnS crystals a t  room temperature in 
air follows an exponential decay law only over a very short time 

(15) Van Duyne, R. P.; Reilley, C. N. Anal. Chem. 1972, 44, 142. 
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Figure 2. Temperature effect on current-potential and EL intensity- 
potential behavior of ZnS (Al) in butyronitrile containing 0.2 M of 
tetrabutylammonium persulfate. Current: curves 1 (23 "C) and 2 (-66 
"C). EL: curves 3 (23 "C) and 4 (-66 "C). Scan rate 10 mV/s. 

range (about 10 ns). The lifetime of this fast-decay component 
was about 3.1 ns, which is close to the value for an allowed 
transition of unit oscillator strength. After this exponential decay, 
the luminescence decay follows an approximately t-' decay law; 
this is demonstrated in Figure 1 where a plot of the reciprocal 
of the photoluminescence intensity (excited at 266 nm at different 
excitation intensity) vs. time is linear with zero intercept. Note 
that doubling the excitation intensity decreases the slope of the 
(IpL-' vs. t )  plot by about one-half. 

Temperature Effect on the Efficiency of Electroluminescence. 
Electroluminescence arises when ZnS electrodes immersed in BN 
containing 0.3 M tetra-n-butylammonium persulfate are swept 
to negative potentials (Figure 2). As shown in Figure 2, both 
the EL intensity-potential (IEL-V) and, especially, the current- 
potential (i-V) curves were strongly temperature dependent. At 
low temperature, e.g., a t  -66 OC, the current increase was very 
sluggish with respect to the change in potential, whereas the EL 
response was only slightly less steep than that a t  higher tem- 
perature, e.g., a t  room temperature. Since the EL efficiency, 4, 
defined as photons emitted per electron passed, is strongly de- 
pendent on current density,sd to demonstrate the temperature effect 
on 6, we normalized IEL to a constant current density, 1 mA/cm2. 
The result is shown in Figure 3. Note that 4EL increases expo- 
nentially with a decrease in temperature and seems to level off 
a t  temperatures below about -70 OC. 4 at  1 mA/cm2 is increased 
a factor of about 50 by decreasing the temperature from room 
temperature to about -80 O C .  For convenience in the following 
discussion, we also plot the logarithm of as a function of 1 / T 
(Figure 3). 

Temperature Effect on the Shape of the Electroluminescence 
Spectrum. EL spectra at several temperatures are shown in Figure 
4. In these experiments, the EL spectra were recorded at nearly 
the same intensity by adjustment of the current. The peak position 
of the EL spectrum was essentially independent of temperature 
over the temperature range studied (-85 to 25 "C). The width 
of the EL spectrum increased significantly with increasing tem- 
perature. The width at half-height changed linearly with T1i2 
at  the lower end of the temperature range studied (see Figure 5). 
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Figure 3. Temperature effect on the EL efficiency of ZnS (AI) in BN 
containing 0.2 M (TBA)2-S208. 
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Figure 4. Temperature effect on the EL spectrum of ZnS (AI) in BN 
containing 0.2 M (TBA)2-S208. Curve 1: 10 O C ;  curve 2: -30 OC; curve 
3: -85 OC. 

Discussion 
Decay of Photoluminescence. Several mechanisms can be 

proposed to explain the observed Z, 0: t-I behavior for the lu- 
minescence decay: thermal activation of electrons,'* second-order 
recombination, and electron t~nnel ing . '~  In the first model, the 
sub-band-gap luminescence is assumed to be caused by an elec- 
tronic transition between an energy band and a localized activator 
level. The rate-determining step of the overall process involves 
the thermal activation of electrons (or holes) from donors (or 
acceptors) that are uniformly distributed (in energy). Our results 
for the temperature effect on the electroluminescence cannot be 
explained by this model, since it predicts a higher efficiency at  
higher temperature. However, thermal activation of electrons from 
donors might be responsible for nonradiative recombination 
(considered in the following discussion). The ZL 0: fl decay law 
can also be derived by assuming that there is a predominant 
recombination. The former is assumed to be either a nonradiative 
process or a radiative process which emits photons of a different 

0 . 6 5  
2 0 0 1  1 

P 3  

0 5 0  L 
1 0  1 5  2 0  

l i l  l i Z  
( T e m p e r a t u r e )  , ( % )  

Figure 5. Half-width of the EL spectrum of ZnS (Al) in BN containing 
0.2 M (TBA)2-S208 as a function of temperature. 1: 25 OC; 2: 10 O C ;  
3: -2 O C ;  4: -30 OC; 5 :  -55 " C ;  6 :  -85 OC. 

energy. This process would be more important at high intensities 
of excitation light and at  the beginning of a decay curve, where 
a higher concentration of excited states is available. Thus, one 
would expect from this model that the luminescence intensity after 
short-pulse excitation should follow a power decay law at  the 
beginning, followed by an exponential decay law, when first-order 
processes predominate. This is not observed, however. 

The model which can explain the experimental results self- 
consistently is based on electron tunneling between two localized 
states (donor and acceptor) to generate an excited state which 
undergoes radiative recombination along with the thermal 
deactivation of the excited states by release of electrons from 
donors to the conduction band or to other nonradiative recom- 
bination centers. The reaction scheme can be described as follows: 

e- + D+ D (2) 

(3) 

(4) 

(5) 

in which SC is the semiconductor, h+ and e- are holes and elec- 
trons, D and A are electron donor and acceptor centers in the ZnS; 
D+ and A- are their higher and lower oxidation states, respectively; 
Eg is the band gap of the semiconductor; A-* is the excited state 
of A-; h is Planck's constant, u, and vL are the frequencies of the 
excitation light and the luminescence, and ket and kL are the rate 
constants for electron transfer and luminescence, respectively. 
According to the tunneling model, process 4 is assumed to be the 
rate-determining step for the overall process. This model is 
analogous to one used in solution-phase electrogenerated chem- 
iluminescence (ec1).I6 After production of electrons in the con- 
duction band and holes in the valence band (eq l), a "reduced" 
state of the ionized donor, D, and an "oxidized" state of the 
acceptor, A, are formed (eq 2 and 3). Representation of the 
ionized states as D+ and A- is arbitrary. The electron-transfer 
reaction, eq 4, is suffuciently energetic to generate the excited 
state of the acceptor species, written A-* (eq 4). 

The specific rate k,, depends on the distance, R, between D and 
A and is usually expressed as1' 

kr 

h+ + A- - A 

D + A -% D+ + A-* 

kL 
A-* - A- + huL 

k,,(R) = ko exp(-2R/a) (6) 

(16) Bard, A. J.; Faulkner, L. R. "Electroanalytical Chemistry", Bard, A. 
J.  Ed.; Marcel Dekker: New York, 1977; Vol. 10, p 1 .  
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ED at  temperature T i s  of the form19 

PT = S exp(-ED/kT) (18) 

in which s is a constant which varies very slightly with temperature 
and k is Boltzmann’s constant. I#J can be expressed as 

(19) 

where PL is the probability that an electron in D takes part in the 
luminescent process and is a function of k,, and kL, which are both 
assumed to be temperature insensitive. 

Since &L << 1 over the temperature range studied, this implies 
that PT >> PL, so eq 19 reduces to 

$EL = PL/PT (20) 

+EL = P L / ( ~ L  + PT) 

Combining eq 18 and 20 yields 

@EL = (PL/s) ~ X P ( E D / ~ T )  

log (&L) = log (PL/S) + E ~ / 2 . 3 0 3 k T  

or 

(21) 

As indicated by eq 21, the plot of the logarithm of +EL vs. 1 / T  
will give a straight line with the slope containing information about 
E D .  Such a plot for Al-doped ZnS is shown in Figure 3. From 
its slope, we obtain E D  = 0.20 eV. 

The thermal quenching of the EL efficiency might also be 
caused by ionization or other nonradiative processes of the excited 
states of activator, A-*. The same equations as eq 18-21 are 
applicable to this case with ED replaced by the activation energy 
for thermal quenching of A-*, EQ We are unable to differentiate 
these two mechanisms simply based on the results reported here. 
However, we can compare the ED value determined here with the 
thermal ionization energy, Ethr of A1 in ZnS, as obtained by 
thermally stimulated luminescence or conductivity.20a~b Klasens 
and Hoogenstraten reported E,,, = 0.25 eV, while Shionoya et al. 
reported Eth = 0.074 f 0.02 eV (obtained by UV-induced infrared 
absorption or by infrared photoconductivity techniques).2h 

Note also that the temperature dependence of the half-width, 
WEL, of the EL spectrum shown in Figure 4 can be explained by 
the simplified configurational coordinate model used for the 
transition in simple centers,21 which yield the expression 

(22) 

in which Wo is a constant involving force constants of the ground 
state and the excited state, the displacement of the minimum of 
the excited state from that of the ground state, and the vibrational 
frequency, u, of the excited state. At high temperature, eq 22 
reduces to 

WE, = Wo[coth ( h ~ / 2 k T ) ]  ‘1’ 

WE, = Wo(2kT/h~)’/* (23) 

Our results shown in Figure 4 agree fairly well with this relation. 
This suggests that the blue EL emission from Al-doped self-ac- 
tivated ZnS occurs between two localized levels rather than be- 
tween an energy band and a localized level. 

In conclusion, our results on the blue emission from Al-doped 
self-activated ZnS are similar to those found with C1-doped 
self-activated ZnS,22 which originates from the excited state (A-*) 
of an acceptor whose energy levels are located within the forbidden 
gap of ZnS. The slow-decay component of the luminescence is 
associated with electron tunneling from a shallow donor level to 

where a is the effective radius for overlap of the wave function 
of D with that of A and ko is proportional to the fraction of the 
D-A pairs in a tunneling state. Let P(R)  be the distribution 
function of D around an A a t  time, t; P(R) be the total donor 
species (D+ and D) around an acceptor species (A or A-); k,, the 
proportionality constant for the generation of the D-A pair; Z, the 
excitation intensity and let us assume that the generation rate of 
the D-A pair is proportional to I. The rate equation for P(R) 
during excitation is given by 

dP(R)/dt = k,Z[P(R) - P(R)] - kLk,t P ( R )  (7) 

After integration with P(R) = 0 at  t = 0 
P(R) = C P(R)[ 1 - exp(-C’t)] 

c = k,Z/(kJ + kLket) 

C’ = k,Z + kLk,, 

(8) 

(9) 

(10) 

Since the excitation duration, 6t, is short ( N 1 ns) compared 
to the time scale of the slow component of the luminescence (>lo 
M), we can assume that C’6t = 0. Thus, the distribution function 
of D around an acceptor A right after the laser pulse is 

where 

Po(R) = k,ZP(R) 62 (11) 

After excitation, Z = 0, and the rate equation for P(R) is given 

dP(R) /dt = -kLk,t P(R) (12) 

P(R) = Po(R) exP(-kLkett) (13) 

(14) 

by 

Integrating P(R) with respect to t, we obtain 

Equations 11 and 13 yield 
P(R) = k,Z P(R) 6t exp(-kLkett) 

The total luminescence intensity as a function o f t  is obtained by 
integrating P(R)ke,kL over all R. Assuming that P(R) is a slowly 
varying function of R as compared to exp(-kLk,t, we can replace 
it by its mean value, R0,18 thus 

ZL = &-P0k,Z 62 ke,kL exp(-kLkctt) dR (15) 

or, with eq 6 and R‘ = kLk,,t 

IL = (a /2t)kdPO 6t J k L k d  exp(-R’) dR’ (15a) 

After integration 
IL = (a/2t)k,ZPo 6t[l - exp(-kokLt)] (16) 

Since ko can be of the order of 1015 s-’,~’~ and if kL is not too small, 
the times of interest kokLt >> 1 and eq 16 reduces to 

1, = (a/2t)k,Po 6t (17) 

As suggested by this equation, the luminescence should follow an 
ZL a l / t  decay law with the slope proportional to the excitation 
light intensity and the intercepts close to the origin, as shown in 
Figure 1 .  

The Temperature Effect on Electroluminescence. As suggested 
in the reaction scheme described above (eq 2), an electron trapped 
at  a donor site, D+, can also be thermally activated back to the 
conduction band; from here nonradiative processes could take 
place. Thus, the EL efficiency, &L, is expected to decrease with 
increasing temperature, as shown in Figure 2. We can also 
calculate the thermal ionization energy, ED, of this donor state. 
The probability, PT, of an electron escaping from a donor of depth 

(17) (a) Tachiya, M.; Mozumder, A. Chem. Phys. Len. 1974,28, 87. (b) 
Miller, A.; Abraham, E. Phys. Reo. 1960,120,745. (c) Mott, F. Phil. Mag. 
1969, 19, 835. 

(18) The decay kinetics are rather insensitive to the distribution function 
P(R) .  See Tachiya, M.; Mozumder, A. Chem. Phys. Left. 1975, 34, 77. 

(19) Mott, N.  F.; Gurney, R. W. “Electronic Processes in Ionic Crystals”, 
University Press: Oxford, 1940; p 136. 

(20) (a) Klasens, H. A. J .  Electrochem. SOC. 100, 72 (1953). (b) Hoo- 
genstraten, Philips Res. Rep. 13, 515 (1958). (c) Shionoya, S.  11-VI Semi- 
conducting Compounds, Thomas, D. G., Ed. Benjamin: New York, 1967; p 
24. 

(21) (a) Klick, C. C.; Schulman, J.  H. ‘Solid State Physics”, Seitz, F., 
Turnbull, D., Ed.; Academic Press: New York, 1957; Vol. 5, p 110. (b) Curie, 
D. “Luminescence in Crystals”; Methuen: London, 1963; Chapter 2. 

(22) Shionoya, S. “Luminescence of Inorganic Solids”, Goldoerg, P., Ed.; 
Academic Press: New York, 1966; p 205. 
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an empty acceptor level to generate an excited state (A-*). The 
thermal quenching of the EL efficiency is probably caused by the 
thermal activation of electrons from the donor states to the 
conduction band. counting experiment. 
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Incorporation of a Recyclable Surface-Active Electron Donor in Synthetic Vesicles: 
Application to Photosensitized Hydrogen Formation by Vesicle-Stabilized Rh-Coated 
Colloidal CdS Particles 

Rafael Rafaeloff,' Yves-M. Tricot, Faruk Nome: Pietro Tundo: and Janos H. Fendler* 

Department of Chemistry and Institute sf Colloid and Surface Science, Clarkson University, 
Potsdam, New York 13676 (Received: October 4 ,  1984) 

Colloidal rhodium-coated CdS particles were in situ generated in thiol-functionalized surfactant/dioctadecyldimethylammonium 
chloride (DODAC) mixed vesicles. Upon visible light irradiation, the thiol-functionalized surfactant acted as a recyclable 
electron donor and promoted hydrogen generation. This vesicle-integrated electron donor could be chemically regenerated 
to resume hydrogen production at the same rate as during its first oxidation. This is a new concept in surfactant stabilized 
colloidal semiconductor systems, making possible a cyclic process of hydrogen generation. 

Introduction 
Artifical photosynthesis continues to be an area of intense 

interest.&' One approach involves the utilization of catalyst- 
coated colloidal semiconductors in photosensitized relayless water 
r e d ~ c t i o n . ~ - ' ~  Light absorption (Le., band-gap excitation) leads 
to the promotion of an electron from the valence to the conduction 
band and, hence, to the creation of an electron-hole pair in the 
semiconductor. Intercepting electron-hole recombinations by 
appropriate electron donors results, in turn, in water reduction 

(1) On leave from Israel Atomic Energy Commission, Soreq Nuclear 

(2) Permanent Address: Depto. de Quimica, Universidade Federal de 

(3) Permanent Address: Istituto di Chimica Organica della Universita de 

(4) Gritzel, M. Acc. Chem. Res. 1981, 14, 376-384. 
(5) Porter, G. Proc. R.  SOC. London, Ser. A .  1978, 362, 281-303. 
(6) Calvin, M. Acc. Chem. Res. 1978, 11, 369-374. 
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at the catalyst-water interface. The extremely short electron-hole 
lifetime (<1 ns)20.21 requires the presence of uniform and small 
(ca. 40 A diameter) semiconductor particles and high concen- 
trations of electron and/or hole transfer agents in close proximity. 
This requirement cannot be easily met in homogeneous solutions. 
It has been difficult to maintain small uniform colloidal semi- 
conductors in homogeneous solutions even in the presence of 
stabilizers. 

Recently, we have demonstrated the feasibility of in situ gen- 
eration of small (ca. 40 A diameter) uniform catalyst-coated 
colloidal CdS particles in ca. 1000-A-diameter dihexadecyl 
phosphate (DHP) and dioctadecyldimethylammonium chloride 
(DODAC) surfactant  vesicle^.^^-^^ Surfactant-vesicle-incorpo- 
rated, Rh-coated, colloidal CdS particles remained stable for 
several months and have sensitized water photoreduction by a 
membrane permeable electron donor, thiophenol (PhSH). Ac- 
cumulation of the oxidized electron donor, PhSSPh, in the vesicle 
bilayer has precluded, however, the realization of the full potential 
of vesicle entrapped colloidal semiconductors in artificial photo- 
synthesis. 

A new approach is reported in the present work. A surface- 
active reusable electron donor, (n-ClsH37)2N+(CH3)- 
CH2CH2SH,Br- (RSH), has been incorporated into DODAC 
vesicles. Band-gap excitation of Rh-coated CdS, in DODAC- 
RSH vesicles, resulted in hydrogen formation at  the expense of 
RSH oxidation to the disulfide RSSR. Reduction by NaBH4 of 
the disulfide lead to the regeneration of the active electron donor, 
RSH, which could be reused for additional colloidal semiconductor 
photosensitized water splitting. 
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