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I. Introduction 
Photochemical processes in heterogeneous systems 

have gained wide popularity in recent years because of 
their wide applications in xerography, photography, 
chemical synthesis, and conversion and storage of solar 
light energy. Of particular interest are the photo- 
chemical processes on inorganic oxide surfaces. Several 
excellent review articles and books have appeared in 
recent years which highlight the various possible ways 
with which the support materials control the photo- 
chemical behavior of an adsorbed substrate.l-ll Such 
support materials can be broadly classified into two 
categories: (i) nonreactive surfaces, such as silica or 
alumina which provide an ordered two-dimensional 
environment for effecting and controlling photochem- 
ical processes more efficiently than can be attained in 
homogeneous solutions (see for example, refs 7-11); 
(ii) reactive surfaces, such as titania or metal chalco- 
genides, which directly participate in photochemical 
reactions by absorbing the incident photon and trans- 
ferring charge to an adsorbed molecule or by quenching 
the excited state of the adsorbed molecule (see for 
example refs 12-35). The scheme described in Figure 
1 highlights the principle of these two categories. 

The role of a nonreactive support material illustrated 
in Figure l a  is to assist the electron transfer between 
two adsorbed molecules. However, a reactive support 
such as Ti02 can directly quench the excited molecule 
on its surface and then reduce another adsorbed 
molecule (Figure lb). The surface as well as intrinsic 
properties of the support material plays an important 
role in influencing the course of a photochemical 
reaction. A detailed account of the mechanistic and 
kinetic aspects of these surface photochemical processes 
will be covered in this review. In particular, emphasis 
is laid on the discussion related to issues which have 
not been dealt with in past reviews. The surface 
photochemical reactions involving adsorption of simple 
gas-phase molecules on single-crystal surfaces are 
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Figure 1. Role of support material in promoting the 
photochemical process. 

beyond the scope of the present review. Review articles 
which discuss the spectroscopic study of these solid/ 
gas-phase reactions can be found elsewhere (see for 
example refs 36 and 37). 

I I .  Adsorpth of Molecules 

A. Inleradlon ot Sufiace wlth the Adsorbed 
Substrate 

In the particulate form, support materials (e.g., metal 
oxides) are usually covered with hydroxyl groups on 
their surfaces as well as physisorbed water. The 
physisorbed water can be removed from the surface by 
heat treatment (373-1273K). The fractionof hydroxyl 
groups left on the surface can easily be monitored by 
fluorescent molecules like acridine or 9-anthroic acid 
which are excellent probes for Bronsted acidity and 
basicity of the surfaces.37 In colloidal suspensions, the 
surface-activegroupsae useful in promoting adsorption 
via electrostatic, hydrophobic, or hydrogen bonding. 

a. Aggregatbn Effects 

The strong interactions between the surface and the 
adsorbed molecules often lead to aggregation effects. 

., I 
3m 350 400 450 00 

WAVELENGTH (rm) 
Figure 2. Absorption spectra of 2AS (133 pM) in aqueous 
1 X lW M HCI with (-) and without (- - -) aluminasoated 
silica (3.15 g/L) particles. Reprinted from ref 45. Copyright 
1989 American Chemical Society. 

Figure 3. Fluorescence excitation spectra of 50 pM 2AS in 
aqueous 1 X lW M HCI with and without 1.2 glL alumina- 
coated ailica particles. Curve 1 (solid) without SiO?/AIzOJ; 
emission monitored at 435 nm (re1 instrumental sensitivity 
1); curve 2 (dashed) with SiOz/AIz03. emission monitored at 
435 nm (re1 sennitivity 7); and curve 3 (dashed-dotted) with 
SiOZ/A12O3. emission monitored at 560 nm (re1 sensitivity 
900). Reprinted from ref 45. Copyright 1989 American 
Chemical Society. 

Absorption and emission studies of photoactive mol- 
ecules on solid surfaces provide an insight to the 
aggregation process. For example, broadening of the 
absorption as well aa increase in the dimer absorption 
has been observed when dyes such as phenosafranine." 
rose be11gal,3~ thionine,'O diphenylisobenzofuran," 
pyrene,'z rhodamine B,'3 and derivatized Ru( bpy)a2'" 
were adsorbed on silica or alumina surfaces. 

Anthracene-2-sulfonate molecules (ZAS) dimerized 
upon adsorption from aqueous solution onto positively 
charged alumina-coated silica  particle^.'^ The ground- 
state dimerization which occurs even when fewer than 
1% of available adsorption sites are occupied is 
accompanied by an intensification and red-shift (from 
370 to 401 nm) of the 0 absorption band and a large 
decrease in the fluorescence yield (Figures 2 and 3). 
ThespectralpropertiesofthedimerofZAS investigated 
in this study resemble those of the stable dimer of 
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anthracene, in which the long molecular axes in the 
dimer are parallel and the angle between the short axes 
is close to 60°. Anthracene-l,5-disulfonate and an- 
thracene-1-sulfonate molecules adsorbed on these par- 
ticles under similar experimental conditions did not 
dimerize. This suggested that subtle orientational 
effects can be important in controlling dimer formation. 
Similarly, coordination compounds of ruthenium(I1) 
adsorbates with a single eight or twelve carbon atom 
alkyl side chain attached to one bipyridine ligand 
formed close-packed two-dimensional aggregates on 
negative oxide surfaces." Thus adsorption onto par- 
ticles is a convenient means of preparing samples of 
suitable aggregate geometry for the purpose of spec- 
troscopic characterization. For example, the picosecond 
pump-probe technique has been employed to measure 
the electronic energy relaxation in J aggregates of 
pseudoisocyanines on 40-A colloidal silica  particle^.^.^^ 

Aggregation effects are also seen when photoactive 
molecules are incorporated in swollen Clay 
materials such as montmorillonite and kaolinite have 
unique structural features which facilitate intercalation 
of molecules between their layers. Such a strong 
interaction between the neighboring molecules often 
leads to the deactivation of the excited state via self- 
quenching processes.w On the other hand, molecules 
adsorbed on porous Vycor g l a s ~ ~ l - ~ ~  or embedded in 
silica gel glasss' do not exhibit any aggregation even at 
high substrate concentrations. 

b. Charge-Transfer Interacfions 
The hydroxylated surfaces of oxides (e.g., colloidal 

TiOz) are capable of undergoing charge-transfer in- 
teraction with specific functional groups of the adsorbed 
molecule. The charge-transfer interaction between the 
oxide surface and the adsorbed molecule can be probed 
with electronic absorption and emission as the ener- 
getics of the ground and excited states are altered. These 
spectral changes include displacement or broadening 
of the absorption bands, appearance of new charge- 
transfer bands, and changes in the extinction coefficient 
of absorption. For example, the absorption changes 
observed during the interaction of a squaraine dye with 
colloidal Ti02 are shown in Figure 4.55 The red-shifted 
absorption, which corresponds mainly to the dye 
associated with TiOz, has been used to determine the 
association constant by the Benesi-Hildebrand method. 
The values of the associated constants and the spectral 
changes associated with surface interaction are sum- 
marized in Table I. 

Similar charge-transfer surface interactions have 
important implications in improving the photosensi- 
tization properties of the semiconductor material, 
details of which will be discussed in a later section of 
this paper. 

6. Determination of Binding Capacity 
In order to elucidate the kinetics of surface photo- 

chemical process it is essential that one determine the 
concentration of adsorbed material first. There are 
various techniques employed in such studies, a few of 
which will be described here. 
a. Aa3otptbn Isotherms 

Langmuir and Langmuir-Hinshelwood analysis is 
commonly employed to determine the adsorption 
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Figure 4. Absorption spectra of SQ (3 mM) in 40% 
methylene chloride and 60% acetonitrile containing: (a) 0, 
(b) 0.25, (c) 0.5, (d) 1.0, and (e) 2 mM colloidal TiOz. The 
insert shows the fitting of the 670-nm abeorption to the 
Benesi-Hildebrand plot. Reprinted from ref 55. Copyright 
1991 Elsevier Science Publishere, B. V. 

equilibrium between adsorbed and unadsorbed species 
in suspensions containing a support material. The 
principle and technique of this method are described 
elsewhere.1*6z*m Adsorption of Ru(bpy)a2+ and methyl 
viologen derivatives at silica-, alumina-, RuOz-, and 
TiOdaqueous electrolyte interfaces have been studied 
in detail by Furlong and Sasse." 

b. Benesi-Himbrand Method 

This methoda is appropriate when the interaction 
between the surface modifier (S) and the support (M) 
results in a spectroscopically distinguishable absorption 
band of the complex. The absorption changes occurring 

as a result of surface complexation can be utilized to 
obtain the association constant (K,) of equilibrium 1. 
The insert in Figure 4 shows an example of such an 
analysis. The association constants determined by this 
method for several dye/TiOz systems are summarized 
in Table I. 

c. Use of Nonbinding Robes 

This method is similar to the one employed for 
obtaining binding data in micelle and colloidal inorganic 
systems.ss*se The method involves determination of the 
decay rate constant of a nonbinding probe (e.g., 
R~(bpy)3~+* in a positively charged colloidal suspension) 
before and after the addition of a colloidal suspension 
containing the nonbinding probe and the quencher 
which binds to the colloids. For example, positively 
charged SiOdA1203 particles selectively adsorb the 
negatively charged quencher, 2,2'-azinobis(3-ethylben- 
zothiazoline-6-sulfonate) (ABTSz-), molecules so that 
the rate of quenching of a nonbinding probe Ru(bpy)a2+* 
by ABTS2- decreased (see Figure 5).s7 The concen- 
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Table I. Surface Modification of Ti02 Colloids 
apparent aeeociation 

support surface modifier constant (M-') spectral changes ref 
Ti02 SCN- 3.5 x 102 charge transfer band at 285 nm 60 
Ti02 chlorophyllin 2.0 x 109 increase in molar absorbancy 69 
Ti02 anthracene-9-carboxylic acid 6.0 X 109 increase in molar absorbancy and red-shift in 56 

the absorption maxima 
Ti02 thionine 2.15 X 1V red-shift ( - 20 nm) in the absorption maximum 68 
Ti02 bis[4-(dimethylamino)-2-hydroxy- 2.1 x 109 red-shift ( - 20 nm) in the absorption maximum 55 

CdS diethyldithiocarbamate 9 x 102 new absorption band at 610 nm 303 
Si02/A1203 RUL3& (L = bathophenanthroline 1.2 x 104 red-shift ( - 10 nm) in the absorption maximum 143 

phenyllsquaraine 

sulfonate) 

I I I I 1  I I 10 
0 03 06 09 12 

[SiO,/AI,O,], g/L 

Figure 5. Effect of sioz/&o3 on the luminescence decay 
rate constant of Ru(bpy)32+ in aqueous solution containing 
ABTS2- (0). The corresponding values of [ABTS"] bound 
calculated according to eq 2 are also shown (0). The 
concentrations of R~(bpy)3~+  and [ABTS2-] were 40 and 200 
MM respectively. Reprinted from ref 67. Copyright 1989 
American Chemical Society. 

tration of ABTS2-in the solution phase was determined 
from 

where ko is the rate constant for the intrinsic decay of 
Ru(bpy)~~+* and k, is the bimolecular rate constant for 
quenching by ABTS2- in the solution phase. The 
concentration of ABTS2- removed from solution due to 
adsorption, [ABTS2-lbo,d, was thus determined by eq 
2b. The dependence of [ABTS2-]t,,,,d on the concen- 

tration of Si02/Al203 particles is also shown in Figure 
5, the initial slope of which gave the binding capacity 
of these particles for ABTS2-. This capacity was found 
to be 0.42 mmol of ABTS2- per gram of SiOZ/Al203 
particles, which corresponds to 40 A2 of surface area 
per adsorbed molecule. 

ZZZ. Photochemlstry on Nonreactlve Surtaces 
Although research in the area of surface photochem- 

istry was initiated several decades it is still an 
intriguing topic in many respects. Early work on the 
photophysical studies of organic molecules adsorbed 
on oxide supports has been reviewed by Nicholls and 
leer maker^.^^ Although inorganic oxide supports such 
as silica, alumina, or zeolites are photochemically inert, 
they often alter the course of a photochemical reaction. 
Some representative examples which highlight the role 

0' I 

Figure 6. Fluorescence spectra of pyrene in hexane, meth- 
anol, adsorbed on alumina (1 mg/g AlzOs), and adsorbed on 
aluminatogether with dodecanol(100 mglAlnO3). Reprinted 
from ref 91. Copyright 1985 Elsevier Science Publishers, B. 
V. 
of nonreactive surfaces in influencing the excited-state 
behavior of photoactive molecules will be presented. 

A. Exclted-State Propertles 

a. Slngbt Excited State 
In all the surface photochemical work carried out so 

far, pyrene seems to have been the most attractive probe 
molecule because of its long fluorescence lifetime, its 
ability to form excimers, and its spectral sensitivity to 
the polarity of its environment. A wide variety of 
surfaces has been probed with pyrene and its deriva- 
tives. These include silica,- alumina,- zeolites,- 
clays,- and calcium fluoride.73 The vibrational 
structure of pyrene is known to be strongly dependent 
on the polarity of the environment.@ The changes in 
the fluorescence peaks I (370 nm) and I11 (391 nm) are 
commonly used to monitor the polarity or hydrophobic 
microenvironment on the surface of Si02 and A120s.91 
With increasing polarity of the solvent, an increase in 
the fluorescence intensity of peak I is seen as the 
symmetry-forbidden 0-0 band of the SO - SI transition 
is fav~red.~' For example, the decrease in the fluo- 
rescence intensity ratio III/I of pyrene on alumina is 
similar to that observed in polar solvents (e.g., meth- 
anol), suggesting thereby the microenvironment on 
alumina surface is polar (see Figure 6). Coadsorption 
of dodecanol increases the hydrophobicity of the 
alumina surface as indicated by the increase in the 
fluorescence intensity ratio of peaks III/I. Similar 
changes in the surface hydrophobicity of silica which 
were derivatized with tetramethylsilane and poly(di- 
methylsiloxane) have been probed by monitoring the 
intensity changes in the pyrene fluorescence peaks.89 

Tsubomura and his co-workers1w102 and De Mayo 
and his ~ o - w o r k e r s ~ ~ - ~ ~ * ~ ~  have utilized emission prop- 
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granular motion of adsorbate occurred both under static 
and shaking conditions. Although molecules prefer 
certain sites on the silica gel at room temperature, kT 
provides enough energy for the translational motion. 
Pyrene and ita analogues have also been used to probe 
the nature of adsorption sites in solid zeolites and 
 clay^.^^^^* In addition to substantial spectral shifte, 
excimer formation has been observed for pyrenealde- 
hyde adsorbed on Na+-zeolite Y’s. 

Both monomer- and excimer-like emissions of pyrene 
on silica surfaces exhibit multiexponential decay. Such 
a multiexponential decay of the excited state arises from 
the inhomogeneous interaction between pyrene and the 
adsorbing surface.73 An example of an emission-time 
profile of pyrene adsorbed on silica is shown in Figure 
8. The multiexponential decay curves are usually 
analyzed by a nonlinear least-squares procedure fitted 
to the two- or three-component decay law given by 
expression 3. James et al. have developed a method- 

F(t )  = a, exp(-t/T,) + u2 exp(-t/r2) + u3 exp(- t /~~)  
(3) 

ology to determine the average emission lifetime of a 
probe molecule adsorbed on a heterogeneous surface 
(expression 4). Although the values of ul, u2,71,72, etc. 

I i  Pyrene on SiO, 

Wavelength (nm) 
Figure 7. Emission spectra of adsorbed pyrene as a function 
of surface coverage: (a) at 3 % (L 341 nm), (b) at 1 % (L 
341 nm), (c) at 0.2% (L 341 nm), and (d) at 0.2% (Lx 331 
nm). Reprinted from ref 72. Copyright 1982 American 
Chemical Society. 

erties of naphthalene, pyrene, and anthracene to probe 
the aggregation effects as well as the surface mobility 
of adsorbed molecules. For example, surface coverage 
plays an important role in influencing the emission 
characteristics of these probe molecules. The depen- 
dence of pyrene emission on the surface coverage is 
shown in Figure 7. A t  lower surface coverages, the 
emission spectrum at shorter wavelengths closely 
resembles that of monomer emission observed in 
solutions. A broad excimer-like emission band at longer 
wavelength can also be seen even at  submonolayer 
coverages. This longer wavelength emission is clearly 
enhanced at  higher coverages. Time-resolved emission 
s t ~ d i e s ~ ~ * ~ ~ - ~ ~ # ~ ~  indicate that preferred sites available 
on the silica surface lead to the inhomogeneous dis- 
tribution of pyrene consisting of weakly bound ground- 
state bimolecular association product. Hydrogen- 
bonding interaction with the *-system of the hydro- 
carbon is considered to play an important role in 
stabilizing this bimolecular association of pyrene and 
makes it behave in a manner different from that in 
hydroxylated solvents. Coadsorption of long-chain 
alcohol and polyalcohol which block the accessibility 
of silanol groups on the silica surface, greatly diminishes 
the tendency to bimolecular ground-state association. 
However, a substantial contribution to the dynamic 
excimer emission is observed when a mobile phase (e.g., 
water/methanol) is introdu~ed.~SJ~~ Ground-state as- 
sociation of pyrene has also been observed in zeolites.78 
Excimers in the supercages were found to exist if the 
zeolite has been dehydrated first. 

The mobility of pyrene on chemically modified silica 
surfaces and ita dependence on temperature has been 
studied by measuring the time dependence of pyrene 
excimer formation.@ The rate constant for the excimer 
formation determined in this study was 1.2 X 108 M-’ 
s-l at  room temperature. The apparent activation 
energy for diffusion on silica was determined to be 20 
kJ/mol. The occurrence of inter- and intragranular 
motion of several aromatic hydrocarbons on dry silica 
gel has been demonstrated by Bauer et al.72 Inter- 

varied from one measurement to another, the average 
lifetime ( 7 )  wm reproducible. The average lifetime 
for the monomer emission of pyrene on silica, alumina, 
or CaF2 is in the range of 195-290 ns. The average 
lifetime for the excimer-like emission was in the range 
of 85-125 1x3.’~ 

1,6-Diphenylhexatriene (DPH) exhibits S2-S1 de- 
pendent fluorescence lifetime since ita Sl-So transition 
is sy”etry-forbidden.lo6 As the S& energy differ- 
ence decreases with increasing polarizability of the 
environment, the fluorescence lifetime also decreases. 
The long-lived component of DPH fluorescence on 
alumina is shifted to higher energies by 250 cm-l and 
indicates a reduced polarizing environment. l-(NJV- 
Dimethylamino)-4-benzonitrile adsorbed on silica ex- 
hibita a long wavelength emission, originating from the 
twisted charge-transfer excited state (CT*).lOs The 
apparent surface polarity of the silica surface, estimated 
from the CT* emission frequency, is comparable to that 
of ethanol. 

Probe molecules are also being used to identify the 
acid sites on adsorbenta such as silica, alumina, or 
zeolites. For example, the emission characteristics of 
9,10-diazaphenanthrene embedded in calcinated Vycor 
glass have been used to establish proton transfer from 
the Bronsted acid surface site to a heterocyclic N-atom 
of the adsorbate.’@’JW Oelkrug and his cO-workerslW1l1 
have shown that the photoluminescence and the decay 
of the aromatic bases and acids adsorbed on metal oxides 
are strongly dependent on the pretreatment of the 
adsorbent surface. Similarly, acridone and N-meth- 
ylacridone have been used as probes to establish the 
role of hydrogen bonding in the surface interactions 
with silica.l12 Rhodamine B and other xanthene dyes 
have also been used as probes to investigate the surface 
structure and ita adsorption-site distribution on organic 
single crystals, CaF2, and quartz Absorp 
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Figure 8. Rise and decay curves of the monomer (373 nm) and intramolecular excimer (520 nm) fluorescence of 1,3-di(l- 
pyreny1)propane on silica coadsorbed with 1-octanol, fitted to three exponentials. The excitation pulse is also depicted in each 
case. Reprinted from ref 78. Copyright 1985 American Chemical Society. 

tion characteristics of submonolayers of rhodamine 6G 
on a fused silica surface have been investigated by 
photochemical bleaching and polarization-dependent 
fluorescence measurements for the purpose of probing 
the geometry of the support.'16 

6. Excited Triplet State 

One of the interesting aspects of probing the triplet 
excited state properties of molecules adsorbed on solid 
surfaces is their long survivability with lifetimes often 
approaching the values in rigid solvents. Aromatics 
adsorbed on alumina under high vacuum show phos- 
phorescence with decay times on the order of 
seconds.11611E Such a long-lived excited state is ben- 
eficial in enhancing the efficiency of a photochemical 
or photocatalytic process. Attempts have been made 
to correlate the lifetime of the charge transfer triplet 
state of supported oxides (e.g., VZOS, MOOa, or CrOa 
supported on porous Vycor glass) with their efficiency 
for photoreduction of C0.119 

Triplet excited states of various aromatic molecules 
adsorbed on oxide surfaces have also been characterized 
by fast kinetic spectroscopy (e.g., diffuse reflectance 
laser flash photolysis) or ESR techniques. These 
systems include naphthalene, biphenyl, triphenylene,lm 
acridine,lZ1 phenosafranin,= rose bengalt9 thionine,M 
diphenylpolyenes,lzZ benzophenone,12"12E xanthone,lZ7 
distyrylbenzenes,lZE pyrene,91JmJ2B and fullerenes (Cm130 
and C70131). The T-T absorption spectra of some of 
these aromatic hydrocarbons are strikingly different 
from those observed in homogeneous solutions.lm 
These differences have been attributed to the presence 
of charge-transfer states of the adsorbent-adsorbate 
systems and the occurrence of transitions to these triplet 
charge transfer states. Figure 9 shows the triplet-triplet 
absorption of benzophenone microcrystals deposited 
on a fused silica window. The triplet excited ben- 
zophenone which exhibits a maximum at 540 nm decays 
with mixed first- and second-order kinetics. Phos- 
phorescence emission exhibits similarly a complex 
kinetics. In the case of xanthone adsorbed on silica 
gel, spectral evidence has been presented to show the 
formation of triplet excited state within 800 ps.lZ7 By 
restricting the mobility of 8-phenylpropiophenone in 
the channels of sodalite, Casal and S c a i a n ~ ~ ~ ~ J ~ ~  have 
achieved 5 orders of magnitude enhancement in the 
triplet lifetime. Schoonheydt et al.'% have observed 
emission of proflavine dimers in bentonite clay. 

60 I 
I O o  n 

0 I 

Wavelength (nm) 
Figure 9. Time-resolved difference absorption spectrum of 
benzophenone triplet recorded following the 356-nm laser 
pulse excitation: (a) at maximum absorption, and (b) 1-pa 
and (c) Cpa delay. Reprinted from ref 123. Copyright 1984 
Elsevier Science Publishers, B. V. 

Ru(bpy)aZ+ is one of the most widely studied orga- 
nometallic complexes in surface photochemical pro- 
cesses. Gafney and his co-workers have carried out an 
extensive investigation of photophysical and photo- 
chemical properties of Ru(bpy)s2+ adsorbed on porous 
Vycor glass.11~s1-s3J35137 Irrespective of the site of 
adsorption (interior cavities or into the crevices of 
outermost volume of PVG) the spectroscopic properties 
were unchanged. Slight changes in the absorption 
characteristics were observed between adsorbed Ru- 
(bpy)sZ+ and that in homogeneous solutions. Resonance 
Raman spectra of adsorbed Ru(bpy)s2+ indicate that 
its ground-state structure is equivalent to that in 
aqueous solution, whereas the excited-state structure 
differs from that in water.la7 Although the shapes of 
the emission band are similar in both media, the 
quantum yield and lifetime of Ru(bpy)s2+* emission 
are significantly higher when adsorbed on PVG.11J37 
Adsorption onto PVG leads to an increase in the 
radiative rate constant, thus causing fundamental 
changes in the relaxation processes. The temperature 
dependence of emission quantum yield and lifetime 
for the ruthenium complex adsorbed on PVG has also 
been studied.s3 

The excited-state properties of ruthenium complexes 
have also been studied on a variety of other support 
materials such as silica, clay, and zeolite materials.1sg147 
Absorption and emission properties of Ru(bpy)P and 
Cr(bpy)aZ+ in clay membranes were found to be de- 
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Figure 10. Pulsed UV resonance Raman spectra of zeolite 
Y (a) 33, (b) 161, and (c) 200 pmol/g (excitation at 355 nm). 
Reprinted from ref 147. Copyright 1992 American Chemical 
Society. 
pendent on the water content.141 It was concluded that 
covalently hydrated or slightly distorted bipyridyl 
ligands are formed when Ru(bpyh2+ is adsorbed on the 
clay surface. Similar structural and excited-state 
dynamics have also been observed in 
Ordered arrangement of supercages within the zeolite 
crystal facilitates investigation of intermolecular in- 
teraction between Ru(bpy)a2+ molecules with a con- 
trolled degree of contact. Spectral properties of 
R~(bpy)3~+ synthesized within zeolite Y cages indicate 
major spectral perturbations including a red-shift of 
the metal-to-ligand charge-transfer band by -40 nm, 
shifts in bipyridine ring breathing modes, and quench- 
ing of emi~si0n. l~~ Figure 10 shows UV resonance 
Raman spectra of the 3MLCT state of Ru(bpyh2+ at 
various loadings. Although no frequency changes were 
observed as a function of loading, the intensities were 
weaker at higher loadings. Vibrations corresponding 
to the bpy*- radical anion confirmed the formation of 
a charge localized 3MLCT in these samples."' 

Considerable interest has been shown recently in 
resolving organic and inorganic racemates on chirally 
modified clay ~ u p p o r t s . ' ~ J ~ ~  Ghosh and his co-workers 
have shown the existence of remarkable absorption and 
emission spectral differences between enantiomeric and 
racemic poly(pyridy1)ruthenium complexes by ion 
exchanging the cationic forms of these complexes into 
montmorillonite and hectorite clays.'*lS2 A t  least two 
different types of exchange sites for these clay systems 
have been proposed.152 The distribution of poly(py- 
ridy1)ruthenium (11) ions over these sites is controlled 
by the nature of the clay in question and by an interplay 
of chirality and ligand type of the probe. These 
differentiated sites have varying effects on spectral 
properties and quench the excited Ru(I1) with different 
degrees of efficiency. A,A-Ru(bpy)a2+ resides in non- 
quenching exchange sites, the ions existing as small 
clusters within these zones. As a result of this cluster 
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Figure 11. Schematic diagram of the diffuse reflectance laser 
flash photolysis setup. Reprinted from ref 39. Copyright 
1989 American Chemical Society. 

formation, the preferential self-annihilation of lightly 
loaded A,A-Ru(bpyh2+ has been observed at high- 
excitation flux. Also, coadsorbed Zn(~hen)3~+ was found 
to suppress self-annihilation through pseudoracemic 
interaction with Ru(I1). Chiral molecular recognition 
in intercalated zirconium phosphate has recently been 
demonstrated by Cao et al.lS3 

B. Mechanlsm and Klnetlcs of Surface 
Photochemical Processes 

a. Techniques 

Spectroscopic techniques such as UV-visible ab- 
sorption/diffuse reflectance, emission, FTIR, IR, XPS, 
and resonance Raman have been extensively employed 
to investigate the absorbate-adsorbent interactions as 
well as excited-state dynamics. These techniques are 
also useful in characterizing the products formed during 
the surface photochemical process. For photoactive 
molecules adsorbed on transparent colloids, conven- 
tional laser flash photolysis is convenient to probe the 
surface photochemistry of the adsorbate. However, for 
opaque samples, diffuse reflectance laser flash pho- 
tolysis is regarded as a valuable technique that gives 
useful information regarding the photochemical tran- 
sients as well as the kinetic details of the surface 
photochemical processes. The principle of diffuse 
reflectance laser flash photolysis is illustrated in Figure 
11. 

Theories which correlation the diffuse reflectance 
measurements to optical properties have been reviewed 
by Wendlandt and Hecht.lwJss Diffuse reflectance 
measurements are usually analyzed on the basis of the 
Kubelka-Munk equation: 

(5 )  
where k and s are absorption and scattering coefficients 
respectively and R is the reflectance at the front face. 
F(R) is termed the Kubelka-Munk functionlm and is 
proportional to the concentration of the adsorbate 
molecules. However, for the analysis of the transient 
measurements a modified expression is em- 

If the intensity of analyzing light at 
the analyzing wavelength is10 and the diffusely reflected 
light is Jo, then the diffuse reflectance can be expressed 
as R = Jo/Io. Thus the photoinduced changes in the 
surface concentration can be measured by monitoring 

F(R) = k / s  = (1 - R)2/2R 



274 Chemical Reviews, 1993, Vol. 93, No. 1 

the reflectance R as a function of time. If Re is the 
background reflectance and R, is the total reflectance 
of the sample at the analyzing wavelength, then one 
can equate 

Kamt 

where 1 - Rt corresponds to the transient absorption 
as in the case of transmission flash photolysis. 

Alternatively, if the exciting light is totally absorbed 
by the sample, the intensity of the diffused monitoring 
light from the sample (before and after photolysis) can 
be used to estimate the fractional absorption, Ad, of the 
transient formed at the surface (expression 7).159 For 

Ad = In (RdR,) (7) 

small fractional absorption (A0 << 11, A d  is proportional 
to the concentration of the transient. Thus in a laser 
flash photolysis experiment the transient decay is 
followed by recording the changes in 1 - Rt or A d  with 
time. For a transient decaying by a unimolecular 
pathway, the rate constant can be obtained from the 
slope of a plot of In [l - F(Rt)l vs time (in the case of 
samples where transient concentration falls off expo- 
nentially), or In [F(Rt)l vs time (in the case of samples 
where a homogeneous transient concentration exists 
beneath the sample surface) where F(Rt) is the Kubelka- 
Munk function. Using this procedure the photochem- 
istry of several molecules on various solid supports has 
been investigated. An example of the triplet excited 
spectra of benzophenone deposited on a fused silica 
window is shown in Figure 9. 

The EPR technique has also been widely used to 
investigate the surface photochemical processes. Among 
these studies are photooxidation of quinoline on 
rutile," methyl radicals on Zn0,161 peroxy radicals on 
silica dibenzyl ketone on porous silica,163 and 
carotenoid radicals on silica.lM The forced Rayleigh 
scattering technique has also been employed to measure 
the self-diffusion coefficient of azobenzene in porous 
Vycor glass.165 
b. Interrnokukw Energy- Transfer Process 

The mobility of the adsorbed molecules is greatly 
reduced when they are adsorbed on a solid surface. The 
lateral mobility of at least one of the adsorbed molecules 
is essential for carrying out bimolecular photochemical 
process on solid surfaces. Strong localized surface 
interactions restrict the mobility of the adsorbed 
molecule. Determination of the rate constants of 
exothermic bimolecular processes such as triplet-triplet 
energy transfer can yield valuable information regarding 
the surface diffusion. Turro et al." have demonstrated 
the intermolecular triplet-triplet energy transfer be- 
tween excited benzophenone and naphthalene on silica 
surfaces. By using diffuse reflectance laser flash 
photolysis they have demonstrated that triplet energy 
transfer occurs via both static and dynamic pathways 
on silica. The time-resolved absorption spectra re- 
corded in these experiments are shown in Figure 12. 
Static energy transfer was instantaneous while the rate 
constants for the dynamic energy transfer were 7.3 X 
l O I 5  and 8.5 X 1015 dm2 mol-' s-l on 95- and 225-A- 
diameter silica, respectively. The silica surface was 
treated as a two-dimensional surface for the purpose of 
calculations. The dynamic quenching was attributed 
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Figure 12. (a) Transient absorption spectrum obtained from 
irradiation of benzophenone on 95-A silica 400 na after the 
pulse and (b) transient absorption spectrum obtained from 
irradiation of benzophenone and naphthalene on 95-A silica 
5 pa after the pulse. Reprinted from ref 124. Copyright 1985 
American Chemical Society. 
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Figure 13. Dependence of the yield of the triplet excited 
state of Ox 725 on the concentration of TiO2. The triplet 
yield was monitored by the bleaching of Ox 725 at 660 nm. 
The suspension contained 20 &I 9AC and 5 p M  Ox 726. 
Excitation was at 355 nm where both the adsorbed and 
unadsorbed of 9AC had similar molar extinction coefficients. 
Reprinted from ref 56. Copyright 1987 Elsevier Science 
Publishers, B. V. 

to collision-induced energy transfer resulting from the 
naphthalene surface diffusion. 

By using anthracene-9-carboxylic acid (9AC) as the 
triplet sensitizer, efficient energy transfer to an oxazine 
dye, NJV'-tetraethyloxonine (0x7251, on the surface of 
colloidal Ti02 has been carried out.66 Static quenching 
was considered to be the dominant process since both 
9AC and 0x725 were polar and strongly adsorbed onto 
the Ti02 surface. The dependence of the 0x725 triplet 
yield on the concentration of Ti02 (Figure 13) high- 
lighted the role of the substrate in influencing the source 
of energy dissipation in heterogeneous systems. The 
energy-transfer efficiency increased steeply at low 
concentrations of Ti02 as an increasing proportion of 
9AC and 0x725 molecules in the system became 
adsorbed to the particles. The decrease in T-T energy 
transfer efficiency observed at higher Ti02 concentra- 
tions is attributed to an increasing average distance 
separating the donor (9AC) and acceptor (0x725) 
molecules on Ti02 particles having submonolayer 
coverages. The maximum yield of 0x725 triplet cor- 
responded to an energy-transfer efficiency of 90 f 5 %. 

Triplet-triplet energy transfer and heteroannihila tion 
of triplet eosin and anthracene on a silica surface has 
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been carried out by Bryukhanov et A concen- 
trating effect of dye molecules in laponite clay sus- 
pensions has resulted in the electronic energy transfer 
from rhodamine 6G to a number of oxazine and thiazine 
dyes.& Both radiative and nonradiative energy-transfer 
mechanisms were found to be operative in the clay 
environment. 

Klafter and B l ~ m e n ' ~ ~  have proposed a generalized 
Fdrster-type equation for the survival probability of 
the donor. This model is commonly used to analyze 
direct energy and electronic energy-transfer processes 
on solid s u r f a ~ e s . ~ ~ J ~ ~  Fluorescence quenching of 
rhodamine B adsorbed on a single crystal of naphthalene 
and on glass, which occurred as a result of energy 
transfer from fluorescing monomer and dimer to 
nonfluorescing aggregate species, has been explained 
on the basis of a Fdrster-type energy transfer process.113 
Levitz et have investigated possible geometrical 
cross-over and experimental constraints generally as- 
sociated with the direct energy-transfer process. The 
singlet-inglet intermolecular electronic energy transfer 
between adsorbed rhodamine B (donor) and malachite 
green (acceptor) on silica surfaces has been analyzed to 
reveal the pore size effects on the fractal distribution 
of adsorbed acceptor molecules and to characterize the 
geometric size distribution of fractal structure of the 
~ u p p o r t . ' ~ * ~ ~ ~  Fractallike exciton annihilation kinetic 
behavior has been observed for naphthalene embedded 
in Vycor glass ~amp1es.l~~ 

A ~ n i r ' ~ ~  has shown how various photophysical and 
photochemical properties of adsorbates are influenced 
by surface geometrical parameters such as intermo- 
lecular distances, surface concentrations, available 
surface for reaction and for excited intermediates, and 
surface heterogeneity. Both classical surface science 
tools and the use of surface science scaling laws which 
have been interpreted as reflecting fractal properties 
of the heterogeneous environment have been suggested 
in this study to correct the analysis of previously 
obtained experimental data from irregular surfaces. 

c. Triplet Quenching by Oxygen 

Interaction between the surface-bound triplet excited 
sensitizer and a gas-phase ground-state triplet oxygen 
molecule can yield important information regarding 
the morphology of the surface and kinetic details of the 
heterogeneous reactions at  the gadsolid interface. 
Characterization and reactivity of molecular oxygen 
species on oxide surfaces have wide applications in 
generating singlet oxygen (reaction 8) as well as in 
elucidating heterogeneous catalytic rea~ti0ns.l~' As 
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the surface site, (d) desorption of the products, and (e) 
diffusion of the products away from the surface.'% The 
problem of the surface diffusion process has been 
discussed in detail by Freeman and D o l P  and by 
Cu~kier . '~~ Apart from the surface diffusion of reactants 
and products, Langmuir-type adsorption/desorption 
processes play an important role in controlling the 
reaction kinetics. Wellner et al.= have shown that the 
pore size has a marked effect on the oxygen quenching 
efficiency of excited aromatic molecules adsorbed on 
porous silica. These researchers demonstrated a new 
surface catalytic effect associated with an increase in 
activity per unit area. Using the theoretical model of 
"target annihilation reactions" proposed by Bluemen 
et al.179 Turro and his co-workers126 have investigated 
the pore size dependence of quenching of triplet 
benzophenone by oxygen on a homologous series of silica 
gels. The benzophenone triplet annihilation rate 
constants were measured for each silica by measuring 
the survival probability @( t ) ,  of benzophenone triplet, 
as a function of oxygen pressure and fitting to a single 
exponential decay law 

3~ens*  + 3 ~ ,  - Sens + lo2* 
shown by Midden and Wang,"lS the use of a sensitizer 
anchored on a silica surface provides a "clean" method 
to generate gas-phase singlet oxygen, by keeping the 
sensitizer away from the solution phase. 

It has already been shown91~'26~132~133~176 that profound 
differences exist between solution and surface quench- 
ing behavior of excited singlet and triplet states by 
gaseous quenchers. The overall kinetics of the reaction 
at  the gadsolid interface involves some combination of 
processes such as (a) diffusion of the reactants to the 
surface, (b) adsorption of the reactants, (c) reaction at 

where 

The dependence of ko, on the oxygen pressure is shown 
in Figure 14a. The slope of this linear plot was used 
to determine the value of the target annihilation rate 
constant, k,. The value of k, was strongly dependent 
on the pore size of the lichrospher series of silica gels, 
the dependence of which is shown in Figure 14b. This 
linear scaling relationship was observed for oxygen 
pressures where the mean free path is greater than the 
mean pore size (Knudsen regime). In the Knudsen 
regime the annihilation reaction was modeled by a 
random walk picture in three dimensions. 

The interaction between singlet oxygen and 1,3- 
diphenylisobenzofuran (DPBF) on an air-equilibrated 
oxide surface has recently been investigated by diffuse 
reflectance laser flash photolysis. The singlet oxygen 
which is produced via energy transfer from singlet and 
triplet excited DPBF reacts rapidly with the ground- 
state DPBF. The transient absorption spectra (Figure 
15) recorded following the 532-nm excitation of DPBF 
adsorbed on Ti02 show an increase in bleaching with 
time as ground-state DPBF reacts with singlet oxygen." 
The half-life of self-sensitized degradation decreases 
as the surface coverage on alumina increases."Jm This 
is attributed to the participation of surface-bound 
oxygen which reacts more efficiently with DPBF than 
does atmospheric oxygen. R~(bpy)3~+-exchanged zeo- 
lite Y has been shown to act as an effective sensitizer.lel 
The photogenerated singlet oxygen freely diffuses to 
solution where it reacts with normal selectivity. The 
performance of zeolite-based sensitizer has been com- 
pared with other sensitizers in the oxygenation of 
l-methyl- l-cyclohexene. 

Oxygen quenching studies of a variety of ketones have 
indicated two different types of sites in the hydrophobic 
sodalite.133 In the first case, the sites are more protected 
and are not readily accessible to oxygen. In the second 
case, quenching by oxygen occurs rapidly and efficiently, 
implying fast diffusion in these regions. This model 
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Figure 15. Time-resolved transient absorption spectra of 
air-equilibrated DPBF on Ti02 recorded following 532-nm 
laser pulse excitation at  (a) 1, (b) 27, and (c) 100 ps. Coverage 
corresponded to monolayer amounts (0.08 mmol of DPBF/g 
of Ti02). Inset shows the bleaching growth corresponding to 
the reaction between singlet oxygen and ground-state DPBF. 
Reprinted from ref 41. Copyright 1992 American Chemical 
Society . 
has been used to analyze the fast and slow component 
of triplet decay, and the results are summarized in Table 
11. 

d. photoionization 

Photoionization of adsorbed molecules (e.g., conju- 
gated hydrocarbons) has been carried out on insulators 
such as a l ~ m i n a . ~ l J ~  Although the ionization potential 
of these adsorbed molecules is greater than 7.5 eV, laser 
pulses with energies of 3-4 eV are able to achieve 
photoionization. The photoionization on these surfaces 
is usually a biphotonic process and the role of surface 
is mainly to stabilize the cation radical. For example, 
active centers (e.g., Lewis acid sites) of the A1203 surface 
which have. the ability to act as strong electron 
acceptors182 facilitate the stabilization of the photo- 
ionization product. Diffuse reflectance laser flash 
photolysis has been extensively employed to charac- 
terize the cation radicals of pyrene and naphthalene?l 
diphenylpolyenes,122 distyrylbenzenes,122 and rose ben- 

Table 11. Quenching of Acetophenone Phosphorescence 
by Oxygen. 

7% fa& 
quenching aubetrate 

acetophenone (20 % ) 
acetophenone (80%) 
benzophenone 
aceta henone/ 

drophenone  
acetophenone/ 

1-phenylhexane 
acetophenone/ 

l-phenyl-3- 
pentanone 

L (nm) 
254 
254 
254/313 
254 

254 
313 
254 
313 

slow fast 
1 .6Xl0'  - 1 0  
2.2 X 10' 
2.9 X 10' 
<3x104 8 x 1 0 s  

6x109  8 X 1 V  
6x103  8 . 3 X l V  
2 X 10' 
2 x 1 0 '  3 x 1 0 s  

2.6 X 1 0  
2.6 X 108 

(1-3 X 1V) 

8 
13 

C 

C 

30 
70 
19 
45 

a Compiled from ref 133. Contribution of faat quenching to 
the total of quenching events. Continuous variation d m  not 
allow a proper separation of the two components. Quenching ie 
essentially complete for 1 atm of oxygen. 

gal39 on oxide surfaces. The photoionization promoted 
by Lewis acid sites on the alumina-coated silica particles 
is found to influence the decay kinetics and the emission 
yield of an anionic ruthenium(I1) complex.61 

Time-resolved diffuse reflectance transient absorp- 
tion spectra recorded following the laser pulse (355 nm) 
excitation of 0-,  m-, and p-distyrylbenzenes (DSB) on 
surfaces of silica and alumina indicate short-lived triplet 
excited states and long-lived radical cations. The 
transient absorption spectra of cation radicals of 0-, 
m-, and p-DSB are shown in Figure 16. Model 
calculations for one- and two-photon excitation pro- 
cesses give predictions that are in good agreement with 
the measurements of triplet excited state and radical 
cation production, respectively. The decay of the 
radical cation is nonexponential, with complete recovery 
taking place in minutes. This decay, which is inde- 
pendent of the coverages of adsorbate and the laser 
intensity, involves recombination of the originally 
produced radical cation-electron pair. 

However in the case of rose bengal the photoionization 
was seen only on alumina and not on silica.39 The 
transient spectra (Figure 17) recorded after 532-nm laser 
pulse excitation of rose bengal dye (RBI adsorbed on 
alumina surface show the formation of 3RB* and radical 
cation RB*+ in the degassed samples. Only the spectral 
features corresponding to RB'+ are retained in air- 
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Figure 16. Diffuse reflectance transient absorption spectra 
of 0-, m-, and p-DSB adsorbed on silica (c = 7 X lo-' mol gl, 
T = 293 K), recorded with a 50-fis delay after laser pulse 
excitation at 354 nm. Reprinted from ref 122. Copyright 
1988 American Chemical Society. 
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Figure 17. Transient absorption spectra of rose bengal dye 
on alumina (0.4 mg/g of Al2O.q) recorded immediately after 
the 532-nm laser pulse excitation: (0) degassed and (0) air- 
equilibrated samples. (Inset show decay traces at 520 and 
660 nm.) Reprinted from ref 39. Copyright 1989 American 
Chemical Society. 

equilibrated samples. The dependence of RB'+ yield 
on the square of excitation intensity confirms that a 
biphotonic process is operative on the A1203 surface 
(reactions 11 and 12). The interaction between RB 

(11) 

(12) 

and the alumina surface plays an important role in 
promoting the photoionization process. This was 
evident from the dependence of RB'+ on the surface 
coverage of the dye. An increase in the RB'+ yield was 
seen with increasing RB surface coverage at submono- 
layer coverages. However, no increase in the RB'+ yield 
was seen at coverages greater than monolayer. Similar 
adsorbate-adsorbent interactions have also been high- 
lighted in the study of diphenylpolyenes adsorbed on 
alumina.122 Surface defects such as A1 ions with 
tetrahedral coordination that have one or two coordi- 
natively unsaturated sites (CUS) can act as electron 
acceptors and the energies of these unoccupied orbitals 
depend strongly on the distortion of the regular surface 
structure. Because of the high degree of hydroxylation 

RB + hv - 'RB* 4 3RB* 

'RB* (or 3RB*) + hv - RB" + e 
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Figure 18. Energy level diagram of alumina showing the 
positions of the valence band (VB) and conduction band (CB) 
and including the approximate energies of the Al surface 
centers with Td and oh coordination. The energy levels of 
DPH relative to ita ionization potential are also shown. 
Reprinted from ref 122. Copyright 1988 American Chemical 
Society. 

of alumina surface very few adsorbate molecules are in 
direct contact with such CUS centers. However, the 
acceptor sites can be populated by electron tunneling, 
electron diffusion, or two photon excitation. It is also 
possible that the electron is taken up into the bulk of 
the alumina itself (Figure 18). 

The quantum yield measurements of photoelectrons 
emitted from rhodamine B layers, which were adsorbed 
on cleaved faces of ionic crystals and on polished faces 
of amorphous quartz, have been used to estimate the 
effective densities of occupied dye states in a small 
energy range below the vacuum level.llk 

e. Cis/Trans Isomerizations 

Since the mobility of the adsorbed molecules is greatly 
restricted in the adsorbed state, the energy of adsorption 
acts as an additional barrier to rotation, vibration, or 
translation.8 However, in many cases the absence of 
viscosity makes the reacting groups behave as if they 
were in vacuum. Many research groups have investi- 
gated the restrictions imposed by the surface adsorption 
on the excited state dynamics of the cis/trans isomer- 
ization process. Cis/trans photoisomerization of stil- 
bene has been extensively studied in this regard.s9Jas-les 
It was demonstrated by Weis et al.6g that the rate of cis - trans and trans - cis isomerization of stilbene on 
the silica surface is much slower than in cyclohexane. 

Other cis/ trans isomerization reactions studied in- 
clude thioindigo on alumina," thioindigo derivatives 
on silica,lE7 and azo compounds on various 
The adsorption on alumina from a solution containing 
trans- and cis-thioindigo was found to be stereospecific 
for the cis isomer.'& While trans - cis isomerization 
was feasible under photoirradiation, cis-thioindigo was 
stable on the alumina surface and the isomerization 
could not be reversed. An inversion mechanismlgl has 
been proposed for the photoisomerization of trans- 
azobenzene which occurs on the surface at  the same 
rate as in the solution phase. Along with the photo- 
isomerization of tram-azobenzene, a fluorescent prod- 
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Figure 19. Inclusion of trans-stilbene inX type and in ZSM-5 
zeolites. Required free volume for geometric isomerization 
is present in supercages of zeolite X and is absent in ZSM-5 
channels. (V. Ramamurthy, private communication.) 

uct 9,lO-diazaphenanthrene is also formed due to ring 
closure. Similar ring-closure reactions have also been 
observed for trans-stilbene'= and conjugated hydro- 
c a r b o n ~ ~ ~ ~  on alumina. Grutsch and Kutallg3 have 
shown the ability of an ionic transition-metal photo- 
sensitizer such as [Ir(bpy)30H12+ adsorbed on silica to 
efficiently sensitize the valence isomerization of nor- 
bornadiene to quadricyclene. Takagi et have 
observed high quantum yields of Ru(bpy)s2+ sensitized 
cis - trans isomerization of N-methyl-4-@-styrylpyri- 
dinium in colloidal silica suspensions. Similarly Scaiano 
and his co-workers have demonstrated the use of 
silicalite (or dealuminized zeolite) in controlling the 
photostationary ratios in the sensitized cis/trans isomer- 
ization of stilbene." 

h a m u r t h y  et al.lW have shown that a "tight fit" 
between the host (zeolite) and the guest (trans-stilbene) 
can result in marked selectivity of the included rota- 
tional conformers of trans-stilbene. Long-lived excited 
states from the flexible olefins have been observed in 
the faujasite and pentasil zeolites.'@-'JS These two 
zeolites have different void space topologies with large 
spherical cages (diameter - 13 A) for faujasite and only 
interconnecting channels (diameter -5.5 A) for pen- 
tasil. While both cis- and trans-stilbenes can be 
included into faujasites, only the latter was accommo- 
dated by pentasils (Figure 19). A similar difference in 
inclusion was noticed between trans,trans- and trans,- 
cis-diphenylbutadienes. The absence of photoisomer- 
ization indicated fully arrested rotation of trans isomers 
in pentasil while both trans and cis isomers underwent 
geometric isomerization inside the supercages of fau- 
jasites. These studies highlight the control of olefin 
photoisomerization with the void space topology of 
zeolites. 

f. Intermolecular Electron-Transfer Processes 
Achieving an efficient charge separation in a pho- 

tochemical system is of great practical interest, espe- 
cially in the area of conversion and storage of solar 
energy. Highly charged interfaces of oxides can be 
utilized to control the photoinduced electron-transfer 
reactions by regulating the relative reaction rates of 

CI 
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Figure 20. Transient absorption changes corresponding to 
the decay of PVS- followed at 602 nm: (A) in homogeneous 
aqueous phase, pH 9.8; and (B) in a 0.2% Si02 colloidal 
suspension at pH 9.8. Concentrations of Ru(bpy)s2+ and PVSO 
were 36 pM and 4 mM, respectively. Reprinted from ref 138. 
Copyright 1981 American Chemical Society. 

reactants and products. Either one or both of the 
reactants are strongly bound to the surface via elec- 
trostatic interaction. In the case of a photochemical 
system, R~(bpy)3~+, and a zwitterionic electron acceptor, 
propylviologensulfonate (PVSO) , only positively charged 
Ru(bpyh2+ is bound to the negatively charged silica.lM 
The photoinduced electron-transfer reaction is "uphill" 
by about 1.67 V. Therefore the back electron transfer 

Ru(bpy)F + PVSo - Ru(bpy)? + PVS- (13) 

between the photoproducts is an exothermic process. 
In the homogeneous system the back electron transfer 
proceeds with a rate constant close to that of a diffusion- 
controlled process (k = 7.9 X lo@ M-' 8-l). However in 
Si02 suspension the back electron transfer is decreased 
by 2 orders of magnitude (k = 5.7 X lo7 M-l s-l ) as the 
reduced viologen (PVS-) is driven away from the 
negatively charged surface. The effect of Si02 in 
suppressing the back electron transfer is evident from 
the transient absorption decay of PVS-shown in Figure 
20. Thus, by controlling the surface charge, it is feasible 
to suppress back electron transfer process. 

Efforts have also been made to study the photoin- 
duced electron transfer between RuL3" (L = batho- 
phenanthroline disulfonate) and 2,2'-azinobis(3-eth- 
ylbenzothiazoline-6-sulfonate) (ABTS2-), which are 
electrostatically bound to positively charged alumina- 
coated silica particles suspended in water. Transient 
absorption spectra recorded after laser pulse excitation 
(532 nm) of solution containing RuLa4- and ABTS2- in 
the presence and absence of SiOdAl203 particles are 
shown in Figure 21. The absorption bands at 415 and 
between 600 and 750 nm correspond to ABTS2- and 
absorption band at 510 nm to RuL3". The photo- 
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Figurstl. Transient differenceabeorptionspedraobtained 
upon 532-nm laser pulse excitation of aqueous solutions of 
RuL& (40 rM) and ABTW (100 rM) with (spectra a and b) 
and without (spectrum c) siodAz03 particles (3.7 g/W. 
Spectrum a waa obtained immediately and spectra b and c 
wererecordedwitha25-rsdelay. Theinsetashowthekinetic 
traces recorded at 415 and 510 nm of the sample containing 
si02/&03 particles. Reprinted from ref 67. Copyright 1989 
American Chemical Society. 

chemical electron-transfer process is illustrated in 
reaction 14. The electron-transfer yield and quenching 

" .e 

(14) 

Of RuL&* are strongly dependent on the concentration 
of SiOz/A1203 colloids and are maximal when there is 
a monolayer coverage of reactants on the particles. The 
prompt formation of the electron transfer produda (see 
inserts in Figure 21) shows the dominance of static over 
dynamic quenching on the si02/&03 particles pre- 
sumablyas a result of strong, localized interactionswith 
the charged surface of SiOZ/Al203. Thus coadsorption 
onto colloidal SiOdAl~03 particles greatly enhances the 
rate of electron transfer from ABTS" to photoexcited 
RuL3". This enhancement is mainly due to high local 
concentration of the two species on the particle surface. 

Size-exclusion and ion-exchange properties of zeolites 
have been used to promote light-driven vectorial 
transport in artificial photosynthetic  system^.'^"^ 
Mallouk and his co-worker~'"-~~ have assembled 
sensitizer-electron acceptor/donor assemblies in zeolites 
(see, for example, Figure 22). Molecular electron 
transport chains composed of EDTA, zinc tetrakis(N- 
methyl-4pyridyl)porphyrin (ZnTMPyP") and methyl 
viologen (MVZ+), spatially organized by 1-mm-diameter 
zeolite L particles have been designed in this concen- 
tration.'" Under visible light irradiation this com- 
partmentalized, integrated system produces hydrogen 
from water via electron-transfer quenching of the 
excited porphyrin molecule. Spatial separation of the 

Fmre 22. A zeolitebased compartmentalized photoehem- 
i d  syatem. (T. Mallouk, private communication.) 

salution -I+ realite interior 

Figure 23. Possible molecular arrangement of donor 
sensitizer-acceptor triad at the zeolite L/aqueous interface. 
Reprinted from ref 198. Copyright 1988 American Chemical 
Society. 

hydrogen evolution catalyst and oxidized donor mol- 
ecules facilitates the use of nonsacrificial donors in 
similar zeolite-based systems. In another study these 
researchersm have studied photoinduced electron- 
transfer reactions of R~(bpy) ,~+ and MV" ion-ex- 
changed onto/into three different zeolites (L, Y, and 
mordenite). For large-pore Land Y zeolites, in which 
the photoredox pair MV2+/Ru(hpy)32+ is compartmen- 
talized a t  the interface between the zeolite's interior 
volume and external surface, excited-state electron 
transfer is controlled hy the diffusion of MV2+ within 
the zeolite channels. In both zeolites, unexpectedly 
high intrazeolitedffusion coefficients =lW'cm2s-' have 
been observed. The charge recombination kinetics was 
rather complex with a cage escape yield of 7-9%. In 
an earlier study, Dutta and IncavolgG have succeeded 
in retarding the hack electron transfer and stabilizing 
the electron-transfer products Ru(bpy)s3+ and MV+ in 
zeolite supercages. It is likely that the size consider- 
ations play an important role in making the reactanta 
reside in different cages and thus inhibit the back 
electron transfer. Long-lived charge separation has also 
been achieved in a self-assembling molecular triad a t  
the zeolite/aqueous interface (Figure 23).'@ The diquat 
end of this molecule is small enough to fit through the 
12-ring window of zeolite L or Y and is thought to 
protrude into the channel network leaving the size 
excluded Ru complex on the outside. Light-induced 
intramolecular electron transfer within the diad was 
rapid but the back electron transfer was slow. Ion- 
exchanged benzyl viologen (BVZ+) further increased the 
lifetime of the charge-separated Ru3+/BV'+ state to 37 
PS. 

Fluorescence quenching of pyrene by Cu2+ in zeolite 
X has been found to proceed via the Perrin electron- 
tunneling m e ~ h a n i s m . ~ ~  Photophysica and photo- 
chemistry of Ru(bpy)s2+ adsorbed into the layered solid 
zirconium phosphate sulfophenylphosphonate (ZrPS) 
has recently been investigated.2°1,202 The quenching of 
Ru(bpy)32+ by MV2+ occurs in ZrPS environment by 
dynamic and quasistatic quenching mechanisms. Sim- 
ilarly, electron-transfer reactions of reactanta interca- 
lated in clays have been studied by various research 
gro~ps.M.14LlU.2M 
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Figure 24. Plots of the rate constant for decay of triplet 
benzophenone on silica as a function of the concentration of 
the added quencher for (a) benzhydrol, (b) diphenylmethane, 
and (c) naphthalene. Reprinted from ref 206. Copyright 
1991 American Chemical Society. 
g. Photochemistry of other Organic Compounds 

There have been several efforts to explore the novel 
effects imposed by the solid surfaces on the photo- 
chemical pathways by which many organic compounds 
undergo chemical changes. Since these aspects have 
been reviewed in many recent  review^,^^*^^ only a brief 
account will be given here. On the basis of the 
dependence of photochemical behavior of ketones on 
the nature of silica surface, Turro and his co-workers 
have concluded that the silica surface consists of two 
major sites, one consisting of stronger binding sites 
(active silanol groups) and the other consisting of weaker 
binding sites (free silanol groups). The initial location 
of a ketone in one of the two binding sites is an important 
factor in controlling the product distribution on the 
silica surface. A similar effect of OH groups upon the 
excited states of alkyl ketones adsorbed on Vycor glass 
and their secondary radical processes on the surfaces 
has been investigated by IR spectros~opy.~J~ The 
deactivation pathway involving surface OH-assisted 
photoenolization plays a significant role in determining 
the lifetime of the excited triplet state of ketone 
molecules adsorbed on Vycor glass by hydrogen bond- 
ing. 

Johnston and her co-workersZm have studied hydro- 
gen abstraction by triplet benzophenone on the silica 
surface (reaction 15). The triplet decays with expo- 

3Ph2CO* + RH - Ph,'COH + R' (15) 

nential kinetics with rate constants that increase linearly 
with the hydrogen donor concentration (Figure 24). The 
rate constants for hydrogen abstraction (3.9 X 1014 and 
4.4 X 1014 dm2 mol-' s-' for diphenylmethane and 
benzhydrol, respectively) are 1 order of magnitude lower 
than that for energy transfer from triplet benzophenone 
to naphthalene. The ketyl radical formed on the silica 
surface decays slowly with a complex kinetics. 

The photochemical behavior of a variety of ketones 
included in the hydrophobic zeolite, silicalite has been 
examined by Scaiano and his c o - w o r k e r ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~  Di- 
phenylmethyl radicals have been generated by 266-nm 
laser pulse excitation of 1,1,3,3-tetraphenylacetone 
adsorbed on silica gel as well as included in NaX, and 
silicalite zeolites (reaction 16).208 Diphenylmethyl 

Kamat 
hv 

Ph2CHC(0)CHPh2 - 
Ph2CH'CO + Ph,'CH - 2Ph2'CH (16) 

radicals exhibit a very wide range of lifetimes on these 
surfaces. This complex kinetic behavior has been 
explained on the basis of a wide range of possible sites 
or environments on the surface. 

Although the "cage effect" introduced by the support 
material restricts the mobility and rotational and 
translational diffusion of the reactants (as well as 
primary and secondary photoproducts), the probability 
of certain encounters is greatly enhanced. The effect 
of surface adsorption on the dynamics of photolytically 
generated radical pairs has been investigated by several 
research groups (see for example refs 204-2141. Baretz 
and Turrog5 have investigated the temperature and 
magnetic field effeds on the photochemistry of the meso 
and d,l isomers of 2,4-diphenylpentan-3-one (DPP) in 
a variety of "super-cage" environments. Dispropor- 
tionation of Ph'CHCHs radicals produced following the 
photolysis of DPP significantly increased in porous glass 
and silica environments. 

Stable luminescent cations have been formed by 
adsorbing 9-phenylxanthen-9-01 on silica and alumina 
surfaces.215 The observed luminescence has been 
attributed to the direct excitation of the cation as well 
as dehydroxylation of excited singlet of the starting 
material. The fluorescence of the cation (7  = 37 & 2 
ns) is readily quenched by oxygen with a rate constant 
of 1.5 X lo4 Torr-' s-l. 

I V. Photochemistry on Reactlve Surf8ces 
During the past decade, the utilization of semicon- 

ductor particulate systems as a reactive heterogeneous 
medium has seen a tremendous growth in carrying out 
photochemical transformations of organic and inorganic 
compounds. By making use of the principles of 
photoelectrochemistry, semiconductor colloids, parti- 
cles, and films have been employed in the conversion 
of light energy into electrical and chemical energy.12-20 
The application of semiconductor systems in initiating 
and controlling various photocatalytic processes has 
been reviewed recently by several r e s e a r ~ h e r s . ~ ~ - ~ ~ ~ ~ ~ - ~  

Most of the studies reported to date focus on the 
development and characterization of novel photoelec- 
trochemical systems composed of single crystal, poly- 
crystalline and particulate semiconductors, as well as 
elucidation of the photophysical properties of the 
semiconductor colloids and the dynamics of the inter- 
facial processes at the semiconductor-electrolyte 
interface.*% One interesting development in this area 
is the development of 1-10-nm-size semicondudor 
clusters with hybrid molecular solid-state properties.% 
Various semiconductor colloids in this size regime have 
been synthesized to understand their behavior under 
optical excitation. 

Under bandgap excitation semiconductor particles 
act as short-circuited microelectrodes and initiate the 
oxidation and reduction processes of the adsorbed 
substrate (Figure 25a). Alternatively an adsorbed 
molecule can inject charge from its excited state into 
the semiconductor particle and the oxidized form can 
then undergo transformation to give stable products. 
This process, which is commonly referred to as pho- 
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Figure 25. Charge transfer processes at a reactive semiconductor surface: (a) by direct bandgap excitation of the semiconductor 
and (b) by charge injection from excited state of the adsorbed molecule into the conduction band of the semiconductor. 
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Figure 26. Bandgap energies and conduction and valence 
band energy levels of various semiconductors at pH 7. 

tosensitization, is extensively used in photoelectro- 
chemistry and imaging science. The principle of such 
a process is illustrated in Figure 25b. In the first case 
(Figure 25a) excitation of a reactive surface (e.g., 
semiconductor particle) is followed by its participation 
in the charge-transfer process with the adsorbed 
molecules. However in the second case (Figure 25b), 
the reactive surface acts as a quencher by accepting a 
charge from the excited molecule adsorbed on its 
surface. The energies of the conduction and valence 
bands of the semiconductor and redox potential of the 
adsorbed molecule control the reaction course of such 
surface photochemical reactions. The energy levels and 
bandgap energies of several semiconductors are shown 
in Figure 26. The photophysical and photochemical 
properties of submicron size semiconductor particles 
directly control the selectivity and charge-transfer 
efficiency of the reactive surface. 

A. Propertles of Colloldal Semlcondcutors 

a. Reparation and Characterization of Semiconductor 
ColloMs in Homogeneous and Heterogeneous Media 

Most of the semiconductor colloids studied to date 
are oxides and chalcogenides of various 
Usually the preparation involves precipitation of semi- 
conductor colloid from homogeneous solution by con- 
trolled release of anions (or cations) or forced hydrolysis. 
For example, controlled mixing of a metal ion such as 
Cd2+ with sulfide ions yields small colloidal particles of 
metal sulfide.226232~255-259 Similarly, forced hydrolysis 
can be employed for the preparation of metal oxides 
such as Ti02,233-237 Zn0,238-241 W O S , ~ ~  CdO, and 1 1 1 2 0 3 . ~  
The size and distribution of the colloidal particles can 
be controlled by varying the experimental parameters 

such as concentration of reactants, reaction tempera- 
ture, nature of stabilizer, and medium. Other methods 
of colloidal semiconductor synthesis include phase 
transformations (e.g., a-Fe203),2eC247 reaction in the 
vapor phase (e.g., Ti02 and Si),2"8f24g and dissolution of 
crystalline powders of layered semiconductors (e.g., 
MoS2 and WS2).250 A radiolytic method has also been 
used recently in the preparation of Mn02,251 CdS,252. 
and silver halides.2s3 The growth of semiconductor 
particles from molecule to crystal has been probed in 
these studies by pulse radiolysis. GaAs colloidal 
particles have been prepared by refluxing a solution of 
((CH3)3Si)& and GaC13 in toluene- and quinolinewb 
at high temperatures (216-237 "C). A new improved 
procedure to produce quantized GaAs particles has also 
been reported by Nozik and his co-workers.2b 

Characterization of the semiconductor particles is 
usually carried out with absorption and emission 
s p e c t r o ~ c o p y , ~ ~ ~ - ~ ~ ~  TEM,239*268 NMR,260 EDS,2361a 
XRD,261b and STM262 techniques. Structural analysis 
of molecular clusters of encapsulated PbS has been 
carried out with X-ray absorption spectroscopy.= 

Efforts have also been made to prepare ultrasmall 
semiconductor particles in various heterogeneous en- 
vironments. Microencagement of semiconductor par- 
ticles in an organized medium controls not only the 
morphology but also the photocatalytic properties of 
the semiconductors. These include micelles,2w*28(' ves- 
ic1es,2m*267 bilayer m e m b r a n e ~ , 2 ~ ~ 1 ~ ~ ~  zeolites,261*271-n4 
polymer films,2623275-280 Langmuir-Blodgett f i l m ~ , ~ l - ~ ~  
~ l a y s , ~ * ~  and silicate g l a ~ s e s . ~ ~ ~ ~  Such preparations 
provide isolated small semiconductor particles which 
are stabilized in an organized medium. In most of these 
studies, CdS has been the popular choice since it can 
be prepared easily by chemical precipitation and 
characterized readily by its absorption and emission 
spectra. 

The same method of arrested precipitation can be 
employed to prepare metal chalcogenides in other 
organized systems such as clays and zeolites. The 
methods of preparation of semiconductor clusters in 
various mimetic membranes have been well documentsd 
by Fendler.31 Phenyl-capped CdSe particles290 and 
tailored semiconductor-receptor systems in cyclodex- 
trinml have also been prepared. Biosynthesis of CdS 
quantum clusters in yeasts has also been attempted.2B2 
The peptide-capped intracellular CdS particles (di- 
ameter -20 A) are found to be more monodisperse 
than CdS particles synthesized chemically. 

6. Surface Modlflcatlon of Semiconductor Partlcies 

i. Deposition of Noble Metals. The selectivity and 
efficiency of a photoelectrochemical reaction can be 
improved by modifying the surface of the semiconductor 
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Figure 27. Absorption spectra of (a) 0.005 M SCN- (vs 
acetonitrile as reference) and 0.005 M SCN- and 28 p M  Ti02 
(vs 28 pM Ti02 in acetonitrile as reference). Insert shows the 
Benesi-Hildebrand plot for the determination of the apparent 
association constant for the association between Ti02 and 
SCN-. Reprinted from ref 60. Copyright 1985 American 
Chemical Society. 

particle with a suitable noble metal. For example, an 
order of magnitude enhancement in the efficiency of 
photocatalytic hydrogen production from water has 
been achieved upon platinization of semiconductor 
particles. The metal deposit on the semiconductor acts 
as a sink for the photogenerated electron and catalyzes 
the production of hydrogen. Platinization can be done 
by direct photoreduction of PtCb2- on the semicon- 
ductor particle,m stirring the suspensions of semicon- 
ductor colloids and platinum colloids together,294-m or 
grinding the two powders (semiconductor and Pt black) 
in an agate mortar.%* Other noble metals and metal 
oxides (e.g., RuO2) have ala0 been deposited on semi- 
conductor particles to improve the efficiency of the 
photocatalytic reactions.29ev300 

ii. Complexation with Redox Couples and Semi- 
tizer. Redox species that strongly interact with a 
semiconductor surface are of great interest in improving 
the performance of photoelectrochemical activity of the 
semiconductor system.301 Such interactions are also 
useful in controlling the size of the colloidal particle as 
observed for the colloidal CdS preparation in the 
presence of various thiols.252~302-305 The interaction 
between the semiconductor surface and surface modifier 
alters their absorption characteristics. These spectral 
changes include displacement or broadening of the 
absorption bands, appearance of new charge transfer 
bands, and changes in the extinction coefficient of 
absorption. For example, surface complexation of Ti02 
colloid with SCN- results in the appearance of a new 
absorption band at 285 nm (Figure 27).60 The apparent 
association constant as determined by the Benesi- 
Hildebrand method is 350 M-l. Similarly, complexation 
of Ti02 colloids with Fe(CN)64-,306" CdS colloids with 
ferrocene derivatives,306b and CdSe singlecrystal surface 
with 7,7,8,8-tetracyanoquinodimethanem has also been 
observed. 

Semiconductor surface modification which involves 
attachment of a sensitizer molecule to extend the 
photoresponse of the large bandgap semiconductor has 
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Figure 28. Absorption spectra of ZnO particles in ethanol. 
Reprinted from ref 241. Copyright 1992 American Chemical 
Society. 

ala0 been studied extensively. Ti02 colloids have been 
modified with sensitizers such as squaraines,66 eryth- 
rosin B,307 eosin Y rose bengal,31° anthracene-9- 
carboxylic a ~ i d , ~ . ~ '  chl~rophyllin,~~ and zinc porphy- 
r i n ~ . ~ ~ ~  The interaction between the semiconductor 
surface and the sensitizer can be probed with the 
electronic absorption and emission spectra of the 
sensitizer as the energetics of the ground and excited 
states are altered. For example, the absorption changes 
observed during the association of a squaraine dye with 
colloidal Ti02 involved a red shift in the absorption 
maxima.66 These spectral changes are shown in Figure 
4. The values of association constants and the spectral 
changes observed during the surface modification of 
Ti02 colloids with various dyes and redox couples are 
summarized in Table I. 

e. Quantum Size Effects 

Semiconductor particles which exhibit size-depen- 
dent optical and electronic properties are termed 
quantized particles (or Q particles) or semiconductor 
clusters. The particles with diameters 1 150 A typically 
behave as bulk semiconductors. However, similarly 
prepared crystallites of 15-50-A diameter which possess 
some bulk lattice structures differ considerably in 
electronic properties. These crystallites are molecular 
clusters in which complete electron delocalization has 
not yet occurred. 

The experimental observation of the transformation 
from solid-state electronic properties of various semi- 
c o n d u c t o r ~ ~ ~ ~ - ~ ~ '  has been the focus of many recent 
papers. The absorption spectra of ZnO colloids of 
various particle sizes are compared in Figure 28.241 The 
onset of absorption for larger colloids closely matches 
the absorption edge of bulk ZnO. The absorption edge 
shifts to blue for smaller size particles as a result of 
increase in the effective bandgap. 

Quantization in these ultrafine particles arises from 
the confinements of charge carriers in semiconductors 
with potential wells of small dimensions (less than the 
DeBroglie wavelength of the electrons and holes). 
Under these conditions the energy levels available for 
the electrons and holes in the conduction and valence 
bands become discrete. B r ~ s , 3 ~ ~ * ~ ~ ~  Henglein,319*320 and 
FriesneP" and their c o - ~ o r k e r s ~ ~ ~ ~ ~ ~  have modified the 
above quantum mechanical treatment to explain the 
various experimental results of wavelength threshold 
as a function of the diameter of CdS particles. The 
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Figure 29. Wavelength X w o l d  as a function of diameter, 
2R, of CdS particle; X is the wavelength for macrocrystalline 
material. Points: experimental data. Curves: calculated fib. 
Reprinted from ref 320. Copyright 1986 Elsevier Science 
Publishers, B. V. 

comparison of various models and the experimental 
results are shown in Figure 29. The plot of wavelength 
of onset of absorption vs the function of particle 
diameter seems to agree well with the model proposed 
by Henglein and his c o - w o r k e r ~ . ~ ~ ~ ~ ~ ~  The particle size 
dependence of other experimental data is also shown. 

tw0:28v329 
or three dimensions.3m344 Optical effects due to size 
quantization in layered-type semiconductors have also 
been r e p ~ r t e d . ~ f ~ w v ~  The transition from molecular 
to crystalline aggregates of AgI and CdS has been probed 
by pulse radiolysisz2-m and multichannel spectropho- 
t ~ m e t r y . ~ ~  In addition to its very large effects on optical 
properties, size quantization also leads to major changes 
in the effective redox potential of the photogenerated 
carriers.325 

Quantum confinement can occur in 

d. EmiSSiOn Characteristics 

i. Spectral Characteristics and Yields. Photolu- 
minescence in semiconductors occurs when a photo- 
generated minority carrier recombines with a previously 
existing majority carrier. Considerable attention has 
been given in recent years to the emission of various 
semiconductor colloids: Zn0,238-241 ZnS,231*348 
CdS,306*344.353w and CdSe.289*353 The measurements give 
valuable information regarding the nature of surface 
states and the recombination of charge carriers. 

The emission spectra of ZnO colloids recorded under 
steady-state irradiation and laser pulse excitation are 
shown in Figure 30, parta a and b, respectively. Under 
steady-state irradiation conditions, these colloids ex- 
hibit green emission with a maximum dependent on 
the particle size. With laser pulse excitation a new band 
at  380 nm corresponding to the excitonic emission can 
also be observed. This short-lived excitonic emission 
is seen only when a high concentration of charge carriers 
is attained with laser excitations. 

Enhancement in the emission yield has been achieved 
by modifying the colloidal CdS surface with triethyl- 
amine and mercapt~ethylamine~~~ or by activation of 
the surface with Ag2S or Cd2+ ions.367*3S8 Similarly, 
addition of unsaturated hydrocarbons such as 1-C4H8 

I 

Wavelength (nm) 
Figure 30. (A) Steady-state emission spectra of ZnO colloida 
in ethanol. The particle size of these colloids were (a) 20, (b) 
30, and (c) 40 A. (B) Time-resolved emission spectra of 1 
mM ZnO colloids in ethanol. The spectra were recorded 
following the 355-nm laser pulse excitation of ZnO colloida 
at time intervals: (a) 0, (b) 7.6, (c) 26.6, and (d) 266 ne. 
Reprinted from ref 241. Copyright 1992 American Chemical 
Society. 

and C2HsC4H onto the Ti02 catalyst enhanced the 
luminescence intensity of the semiconductor.369 Surface 
defects which promote radiationless recombination of 
the charge carriers can be blocked upon such modifi- 
cations. 

Charge transfer to an adsorbed substrate usually 
results in the decrease of the emission yield of the 
semiconductor colloid. The quenching phenomenon 
provides an interfacial charge transfer process. I t  has 
been shown that viologen compounds or thiazine dyes 
can efficiently quench the emission of CdS colloids, 
and by using Poisson statistics, one can determine the 
number of molecules aggregated in the CdS col- 
loid.m12Gv3m9352 However, in the case of ZnO colloid, 
hole scavengers such as I- or SCN- quenched its green 
emission as they interacted with the surface anionic 
vacancies.241 

ii. Emission Lifetimes. The analysis of luminescence 
decay gives important information regarding kinetic 
and mechanistic details of charge carrier recombination 
in colloidal semiconductors. The decay profiles of CdS 
emission at different wavelengths are shown in Figure 
31. A distribution of excited states emitting with 
different lifetimes and a substantial overlap of emission 
spectra were noted in these experiments.363 The 
shorter-lived states were found to emit at  higher energy. 
Similar wavelength dependence of emission lifetime 
has been observed for ZnOF41 ZnS,318 and CdSe,289 
colloids. The wavelength dependence of the emiseion 
lifetime arises from the contribution of the Coulombic 
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Figure 31. Time dependence and biexponential fits to the 
luminescence decay of the 2 2 4  clusters at 10 K, a~ a function 
of wavelength. Reprinted from ref 333. Copyright 1986 
American Chemical Society. 

energy of interaction of the electron-hole pair to the 
total energy of the emitted photon333 

hv = E, - (D, - D-) + e2/& (17) 
where D+ and D- are the trap depths for the electron 
and hole separated by a distance R measured with 
respect to the lowest delocalized state, E,. E,, D+, and 
D- depend upon particle diameter. In a purely radiative 
tunneling decay, close pairs with a small separating 
distance, R, emit faster and at higher energy than distant 
pairs for a fixed particle diameter. The distribution of 
tunneling distance R was found to be independent of 
cluster size. 

A decrease in the emission lifetime of semiconductor 
colloids is observed when an electron acceptor318 or a 
surface modifierw3 is adsorbed onto the semiconductor 
surface. The average emission lifetime of CdS colloids 
in acetonitrile at  640 nm decreased from 156 to 26 ns 
when the semiconductor surface was modified with the 
diethyldithiocarbamate A decrease in the 
emission lifetime observed upon adsorption of Cu2+, 
13-, and S2- ions on a CdS surface has been explained 
on the basis of increased surface recombination veloc- 
ity.360 On the other hand surface complexation of CdS 
colloids with mercaptoethylamine leads to the en- 
hancement in the emission lifetimes.w5 

e. Nonlinear Optical properties 
Recently, small semiconductor particles as materials 

for generating nonlinear optical effects have drawn the 
attention of many researchers. Commercially available 
CdS,Sel-, glasses (with particles of diameter 1~1OOO 
A) have already been investigated in this context (see, 
for example, refs 362 and 363). Photoinduced blue 
shifts in the absorption have also been reported for the 
colloids of CdS,2w*361*w-372 Cd3P2,373 PbS,S24 
CdSe,289*374*375In2Se3258Se,97sTi02,236andZn0.377 Such 
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Figure 32. Transient photobleaching of CdS colloids. AA 
vs wavelength recorded at different times following the 366- 
nm h e r  pulse excitation (pulse width 18 ps). Reprinted from 
ref 361. Copyright 1989 American Chemical Society. 

photoinduced blue shifts appear as bleaching in the 
transient absorption spectrum. 

Figure 32 shows the change in the absorbance as a 
function of wavelength at various times following a 355- 
nm laser pulse excitation of CdS colloids in acetonitrile. 
The transient absorption spectra exhibit strong bleach- 
ing at wavelengths below 500 nm. The bleaching 
appears within the laser pulse duration of 18 pa and 
exhibits multiexponential decay with time constants 
ranging into the nanosecond regime. The origin of this 
photoinduced blue-shift has been attributed to different 
mechanisms which included (1) band filling due to 
excess conduction band electrons or dynamic Burstein- 
MOM (2) a decrease in the oscillator strength 
of the excitonic transitions due to trapped electrons 
and ho1es,384-386 (3) increase in excitonic energy due to 
surface-trapped  electron^,^^^^^ and (4) Coulombic 
screening by photogenerated free carriers.380 

f. Trapping of Charge Carriers 
Colloidal semiconductor particles contain a high 

density of defect sites, usually at the semiconductor 
surface, and the nature of these defect sites depends 
strongly on the method of chemical synthesis. Upon 
optical excitation, the free carriers are rapidly trapped 
at the defect sites and these trapped charge carriers 
further undergo radiative and radiationless recombi- 
nation. For example, the lack of direct recombination 
emission and the observation of strong red emission in 
CdS colloids show the dominant role of the sulfur 
vacancies in the trapping of photogenerated charge 
carriers. 

i. Photochemical Changes Associated with Trapping 
of Electrons. By selectively scavenging the photoge- 
nerated holes in a semiconductor colloid, it is possible 
to monitor the behavior of trapped electrons. EPR 
studies of photoexcited anatase Ti02 particles have 
shown that the photogenerated electrons are trapped 
at Ti4+ sites within the bulkm (reactions 18a and b). 

TiO, + hv -, Ti02 (e& + h&B) (18a) 

ecB e, (18b) 

Rothenberger et al.- have time-resolved the transient 
absorption due to trapped electron in colloidal Ti02 
and interpreted their results based on a stochastic 
kinetic model. As can be seen from Figure 33, the 
absorption spectrum of the trapped electron appears 
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Figure 33. Trapped electrons in Ti02 colloids. Transient 
absorption spectra observed at various time intervals after 
laser pulse excitation of aqueous colloidal Ti02 (17 g/L, pH 
2.7) deaerated with Ar. Average number of electron-hole 
paire present initidy in one Ti02 particle is 67. Reprinted 
from ref 384. Copyright 1986 American Chemical Society. 

within the leading edge of the 30-ps laser pulse. The 
rate constant for the recombination between trapped 
electrons and holes was determined to be 3.2 M . 4 )  X 
lo-" cm3 s-l. The effect of hole scavengers in extending 
the lifetime of the trapped electron in colloidal Ti02 
has also been demonstrated recently.= Electron- 
trapping process has been shown to control the elec- 
trochromic and photoelectrochromic properties of WO3 
colloids.a2b 

Similarly, trapped electrons in colloidal metal chal- 
cogenides such as CdS undergo chemical changes by 
reacting with Cd2+ sites. Unfortunately the chemical 
changes associated with this process cannot be detected 
from the absorption in the visible region. However, 
the formation of Cdo has been indirectly confirmed in 
the steady-state photolysis of CdS.= Such an accu- 
mulation of charges in the minute reaction space of a 
semiconductor colloid is important in improving the 
efficiency of interfacial redox reactions. 

It is to be noted that high intensity laser pulse 
excitation of small semiconductor particles can lead to 
the emission of electrons. This multiphoton process 
has been studied by monitoring the absorption of 
hydrated electrons and the holes trapped at  the 
semiconductor surface. Colloidal semiconductors of 
CdS,970 Cd~P2,3~~ and Zn0377 have been investigated to 
characterize the chemical effects associated with the 
photoelectron emission from the semiconductor. 

ii. Photochemical Changes Associated with Trap- 
ping of Holes. The basic hydroxide groups at the 
surface of Ti02 can be considered deep traps for valence 
band holes. The chemical identity of the trapped hole 
is considered to be an 0- radical anion at the Ti02 
sUrface.m*383 The process of hole trapping in colloidal 
Ti02 has been considered to be slower than the trapping 
of electrons and requires - 250 ns to complete.= While 
the majority of these trapped holes recombine with 
conduction band and trapped electrons, a small fraction 
of 0- undergoes dimerization at the surface to form 
stable titanium peroxide. 

The chemical changes associated with trapping of 
charge carriers in CdS and CdSe have been time- 
resolved r e ~ e n t l y . ~ ~ ~ ~ ~ ~  The time-resolved transient 
absorption spectra recorded after 355-nm laser pulse 
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Figure 34. Formation of Sid Transient absorption spec- 
tra recorded at different time intervals following the 366-nm 
laser pulse excitation (pulse width 18 ps) of 0.2 m M  colloidal 
CdS in acetonitrile. Reprinted from ref 387. Copyright 1989 
Elsevier Science Publishers, B. V. 

excitation of CdS colloids are shown in Figure 34. The 
observed growth in the absorption at  wavelengths 
greater than 460 nm is attributed to the formation of 
s'- at the CdS surface (reaction 19), the identity of 
which had been confirmed earlier by pulse radiolysis 
measurements.= A high quantum yield (4 = 0.77) of 

(CdS), + - [(CdS),-,Cd2+Sifl (19) 

Si, formation indicates that a majority of the pho- 
togenerated holes are trapped at the CdS surface. The 
pseudo-first-order kinetic analysis indicates the rate 
constant for the formation of Sid in CdS colloids to be 
5 X 108 8-l and Seid in CdSe colloids to be 1.1 X 1Og 
s-l. The recombination coefficient of electron-hole 
pairs in CdS particles has been determined to be (9 i 
4) X lo-" cm3 s-l by Nosaka and Fox.= Kumar et al.380 
have also observed annihilation of Sid to yield Si- (or 
s + S2-). 

The doping of semiconductors with transition metal 
ions such as Fe(II1) leads to the drastic retardation of 
the electron-hole recombination rate.391 Formation of 
substitutional Fe(II1) on Ti(1V) lattice sites leads to 
the trapping of valence band holes while the charge- 
compensating oxygen vacancies scavenge conduction 
band electrons. As a result, the trapped charge carriers 
survive for a long period of time. 

B. Charge-Transfer Processes In Colloldai 
Semiconductor Systems 

The principle of electron and hole transfer at the 
photoexcited semiconductor particle has already been 
described in Figure 25a. Both free and trapped charge 
carriers participate in these interfacial redox processes. 
By decreasing the particle size, it is possible to shift the 
conduction band to more negative potentials and the 
valence band to more positive potentials as a result of 
quantization effects. Hence, redox processes that 
cannot occur in bulk materials can be facilitated in 
quantized semiconductor particles. Fast kinetic spec- 
troscopy techniques such as laser flash photolysis and 
pulse radiolysis are found to be useful in elucidating 
the interfacial charge-transfer dynamics in colloidal 
semiconductor systems. Other techniques such as 
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Figure 35. Reduction of zwitterionic viologen in colloidal 
InzS3 suspension. Time-resolved difference absorption re- 
corded following 355-nm laser pulse excitation of a 0.1 mM 
colloidal suepaneion Ink& containing 4 mM ZV in Ar-saturated 
14/86 v/v% waterlacetonitrile. The spectra were recorded 
(0) immediately after and (A) at 7 @ after the laser pulse 
excitation. Absorption-time profiles are shown in the inserts. 
Reprinted from ref 259. Copyright 1988 American Chemical 
Society. 

microwave absorption,31°* transient grating,s3 EPR,383 
diffuse r e f l e c t a n ~ e , ~ ~ l J ~ ~ ~ * ~ ~  and resonance Raman 
spectro~copy3~~ have also been employed. 

a. Reduction with photoexcited Semiconductor 
Particles 

i .  Mechanistic and Kinetic Aspects of Electron 
Transfer. Several organic compounds have been ex- 
tensively used by several researchers to investigate the 
factors that control electron transfer at the semicon- 
ductor colloid. Both p i c o s e c ~ n d ~ * ~ ~ * ~ ~  and nano- 
second2291230~234~231~~~1-408 laser flash photolysis have 
been employed to time resolve the heterogeneous 
electron-transfer process. For example, the transient 
absorption spectra in Figure 35 shows the reduction of 
a zwitterionic viologen, ZV, in a colloidal In& sus- 
pension. The transient absorption with maxima around 
395 and 600 nm was attributed to the reduced product, 
ZV- (reaction 20 and 21). Picosecond laser flash 

In2S3 + hv - In,S, (e&--h&,) - In2S3 (e?-q) (20) 

e& (or e;) + ZV - ZV'- (21) 

photolysis of the CdS-ZV system has indicated the 
risetime of ZV- formation to be less than 20 ps. 
Therefore, the rate constant for the interfacial electron 
transfer should be greater than 5 X 1Olo s-l. This 
estimate is in good agreement with the value (k = 2 X 
10s to 5 X 1O*O s-l) proposed by Rosetti and Brus in 
their picosecond resonance Raman e~periments.3~~ Such 
a large value of the rate constant indicates a rapid 
interfacial electron transfer from the photoexcited CdS 
to the adsorbed viologen. Strong adsorbate-adsorbent 
interaction is essential to carry out the reduction 
process. 

A major fraction of ZV-  decays within 500 ps as a 
result of its reaction with trapped holes (or Sid). A 
fraction of ZV-  survives as it diffuses away from the 
surface (see inserts in Figure 35). Negatively charged 
Ndion, which is used to stabilize the colloids, drives 
ZV'- away from the particle surface by electrostatic 
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Figure 36. Calculated rate constants (solid line) baaed on 
the electrophoretic data are compared with the experimental 
reaulta for the electron transfer between iron(1II) oxide colloids 
and (a) ZV- (0) and (b) MV+ (D). Reprinted from ref 247. 
Copyright 1988 American Chemical Society. 

repulsion. The role of ionic charge of the polymeric 
stabilizer in influencing the rate of heterogeneous 
electron transfer has been studied The 
influence of electrostatic interaction on the stabilization 
of viologen radical in negatively charged Si021981410 and 
Ti02-coated SiOZ4l0 colloidal systems and in micellar 
systems411 has also been discussed. The dimerization 
of Mv'+ has been noted in some experiments.3"tm The 
desirable experimental conditions for efficient reduction 
on a semiconductor particle have been discussed by 
Gerischere412 A large increase in reduction efficiency 
can be achieved by locally contacting the particles with 
suitable metals, due to the formation of an accumulation 
layer at this contact. The reduction process is quite 
efficient when the acceptor molecule is adsorbed on 
the semiconductor particle. In a few cases dynamic 
electron transfer has also been reported (e.g., reduction 
of tetranitromethanea2 and methyl v i o l ~ g e n ~ ~ ~ ~ ~  in 
aqueous Ti02 solvents). 

Albery et aL414 have proposed a general model which 
considered a Gaussian distribution of the logarithm of 
the rate constant about some mean and the width of 
distribution as an additional parameter. In the case of 
colloidal semiconductors, the dispersion in the kinetic 
transients is caused by the dispersion in the radii. A 
good agreement for the radial dispersion between the 
value found from dynamic light scattering and the value 
found from kinetic analysis has been demonstrated for 
colloidal semiconductor systems. 

However, Darwent and his co-workersw and Meisel 
and his c o - ~ o r k e r s ~ ~ ~  have shown that the potential 
distribution around colloidal oxides coupled with the 
charge of the reducing species could significantly affect 
the rate of electron transfer to and from the colloid. 
Figure 36 shows good agreement between the calculated 
rate constants based on electrophoretic data and the 
experimentally obtained rate constant for the electron 
transfer between ZV- (or MV+) and iron(II1) oxide 
colloids at various pH. The manipulation of the surface 
potential by control of pH and ionic strength can 
improve the efficiency of charge transfer process. The 
discrete range of particle sizes in a colloidal semicon- 
ductor system leads to a multiexponential kinetic 
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Table 111. Photocatalytic Beduction in Colloidal 
Semiconductor Syrtems 
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Figure 37. Time-resolved difference absorption spectra 
recorded following 3Wnm laser pulse excitation of a 5 mM 
ZnO colloidal suspension containing (A) CSO and (B) c70 in 
50/50 (v/v 7%) benzeneethanol. The concentration of 
fullerene was kept around 30 rM. The spectra were recorded 
at (a; 0)  1 f l  and (b, 0) 66 pa after the laeer pulse excitation. 
Examples of absorption-time profiles at different monitoring 
wavelengths (aee inserts) show the formation of fullerene anion 
only in the presence of ZnO. Reprinted from ref 403. 
Copyright 1991 American Chemical Society. 

behavior for the heterogeneous electron transfer since 
ket is dependent on the particle size. 

ii. Quantum Efficiency of Reduction. Laser flash 
photolysis techniques have also been used to probe the 
reduction of organic dyes such as thiazine, oxazine, 
phenazine, squaraine, and methyl orange in various 
colloidal semiconductors: Ti02,12-16~403~404~416-417~420 
CdS,290*416*418 In&,zss and InzSe~.4~~ Bandgap excitation 
of the semiconductor leads to one-electron reduction 
of the dye to yield semireduced dye, which then 
disproportionates to yield a two-electron reduction 
product (leuco dye). Multielectron transfer on a single 
semiconductor particle is not so commonly observed. 
Recently, one-electron reduction of fullerenes (CSO and 
C~O)  has also been carried out in colloidal ZnO SUB- 
pension.- Figure 37 shows the absorption spectra of 
triplet excited states (short-time spectra) and radical 
anions (long-time spectra) of CSO and C,O after 355-nm 
laser pulse excitation of a ZnO colloidal suspension 
containingthe respective fullerene. The anion is formed 
as a result of direct reduction of fullerene at the excited 
ZnO surface. The triplet excited states of fullerenes 
were observed as a result of simultaneous excitation of 
fullerenes along with ZnO colloids. The values of 

~~ 

semi- EOWA-1 
conductor substrate (VvaNHE) K. 6 ref 
TiOl methyl viologen 

phenoeafranin 
thionine 
methylene blue 
oxazine 725 
nile blue A 
tetranitromethane 

WOS oxazine 725 
CdS methyl viologen 

phenoeafranin 
methylene blue 
oxazine 725 
nile blue A 

CdSe zwitterionic 
viologen 

Inds zwitterionic 
viologen 
oxazine 725 
nile blue A 

Indes zwitterionic 
viologen 

CdS/TiOl methyl violonen 

-0.44 

0.25 
0.064 
0.01 

4.02 
-0.10 

-0.02 
-0.44 
0.25 
0.01 

-0.02 
-0.10 
-0.44 

-0.44 

-0.02 
-0.10 
-0.44 

0.44 

1.0 229 
0.35 402 

2.1 0.05 415 

7.2 0.06 404 
5.2 0.05 404 

14.3 0.03 404 
0.17 402 
0.5 24213 
0.6 229 
0.02 415 

0.7 0.08 230 
1.5 0.05 230 
3.0 0.04 230 
4.3 0.1 374 

30.0 0.07 419 

1.5 0.04 419 
2.7 0.02 419 

0.01 419 

0.95 437 

29.0 0.10 58 

ZnO(e) + C, (or C,o) - ZnO + C,- (or C7L) (22) 

quantum yield of reduction and equilibrium constant 
(K,,) for the association between the semiconductor and 
the electron acceptors for various colloidal semicon- 
ductor systems are summarized in Table 111. The 
quantum yield of reduction is dependent both on K, 
and on the energetics of the semiconductor conduction 
band and the redox couple. The difference between 
the semiconductor conduction band and the reduction 
potential of the redox couple (AE = ECB - EO&,) acts 
as a driving force for the heterogeneous electron transfer 
at the semiconductor colloid. 

Electron transfer reactions of semiconductor colloids 
have also been investigated in other media such as 
micellar solutions, vesicles, BLMs, polymer films and 
zeolites. There have been several studies which address 
the topic of generating H2 from water by utilizing a 
relay compound such as methyl viologen. This topic, 
by itself, has become another major aspect of semi- 
conductor-assisted photocatalysis, the details of which 
can be found in earlier review articles.12~31~217~21B 

b. OxAdation with photoexcited Semiconductor Particles 
Photogenerated holes can be utilized to oxidize 

substrates at the semiconductor surface. The holes 
trapped at the Ti02 surface can survive for a duration 
of microseconds to millisecondsa~M and can react with 
OH- to generate OH' radicals in aqueous medium. These 
OH' radicals can also participate in the oxidation 
process. One of the initial studies of the oxidative 
process involves laser flash photolysis of the colloidal 
TiOdthiocyanate system.229 The oxidation product 
(SCN)2'- was characterized from its absorbance at 480 
nm. The formation of (SCN)2*- was completed within 

(SCN-)  
h& (or l$) + S C N  - SCN' - (SCN),'- (23) 

the laser pulse duration as a result of the association 



266 Chemical Reviews. 1993, Vd. 93, No. 1 

Table IV. Photocatalytic Oxidation in Colloidal 
Semiconductor Systems 

Kamt 

0.5b 
~ ~ 

semi- sub- EO(X*'-/2X-) K. 
conductor strate (Vvs  NHE) (10'M-l) $ ref(& 

Ti02 SCN- 
I- 
Br- ~~ 

c1- 
CdS EtoNCS2- - -  
In& I- 
Infie3 I- 
ZnO SCN- 
ZnOJZnS SCN- 
ZnO/ZnSe SCN- 

1.3 
1.0 
1.7 
2.3 
0.05 
1.0 
1.0 
1.3 
1.3 
1.3 

350 0.04 
0.8 
0.16 
0.08 

1900,170 0.28 
0.15 
0.03 
0.035 
0.09 
0.32 

60 
421 
422 
421 
303,381 
259,419 
419 
241b 
241b 
241a 

of SCN- with Ti02.305 Scavenging of holes by SCN- 
had a marked effect on the reduction of tetrani- 
tromethanem2 and oxazine dyesm in the Ti02 colloidal 
system. Simultaneous capture of holes and electrons 
at the Ti02 surface with suitable scavengers enhanced 
the efficiency of interfacial charge transfer by a factor 
of 2. 

Similarly, oxidation of halide ions was investigated 
in various colloidal semiconductor suspensions by laser 
flash photolysis.230~259~402~421 The quantum yields of 
various oxidation processes are summarized in Table 
IV. The energetics of the semiconductor valence band 
and the oxidation potential of the redox couple influence 
the photocatalytic o x i d a t i ~ n . ~ ~ ~ ~ ~ ~  For example, the 
enhancement in the efficiency of halide oxidation at 
Ti02 follows the sequence C1- < Br- < I-, correlating 
with the decrease in the oxidation potential. By 
decreasing the pH it is possible to shift the valence 
band of Ti02 to more positive potentials, and thus 
to enhance the quantum efficiency of halide oxidation. 

The oxidation of diethyldithiocarbamate anion 
(NCEtzSz-) in colloidal CdS suspension has been 
i n v e ~ t i g a t e d ~ ~ * ~ ~ ~ ~ ~ ~ ~  to resolve the kinetic components 
of reactions of valence band and trapped holes (reactions 
24 and 25). 

h& + Et2NCSL - Et2NCS2' (24) 

b' + Et2NCS; - Et2NCS2' (25) 

The formation of Et2NCS2' following the laser pulse 
excitation of CdS colloids can be monitored from its 
absorption band at 600 nm (Figure 38). The rate 
constants for these two processes, reactions 24 and 25, 
are estimated to be >5 X 1O1O s-l and -lolo s-l, 
respectively. Only a small fraction ( - 15 % ) of NCEt2S2' 
decayed during the time period of 1 ns, probably by 
reacting with trapped electrons, and the rest undergoes 
dimerization as it diffuses away from the CdS surface 

The oxidation of several other organic compounds 
such as 2 - p r o p a n 0 1 , ~ ~ ~ ~  cy~tein,4~ and methyl orange4I7 
has also been investigated. The oxidation of N3- to N3* 
radical in CdS and ZnO suspension has been investi- 
gated by the ESR spin-trapping technique using phenyl- 
tert-butylnitrone (PBN) as a spin trap.424 Draper and 

have employed diffuse reflectance laser flash 
photolysis to elucidate the mechanism of oxidation of 
several inorganic and organic compounds in Ti02 
particulate systems. 

Charge-transfer processes of various colloidal semi- 
conductors with radiolytically generated reducing spe- 

(k = 4.6 x 109 ~ - 1  s-9.303 
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Figure 38. Formation of EhNCS2 in colloidal CdS suspen- 
sion. Transient absorption spectra recorded immediately 
after the 355-nm laser pulse excitation of 0.2 mM colloidal 
CdS in acetonitrile containing (a) no EkNCS2- and (b) 2.5 
mM EhNCSz-. Reprinted from ref 303. Copyright 1989 
American Chemical Society. 

cies such as hydrated electrons, COO'-, (CH3)2CO'H, 
or oxidizing species such as OH', (SCN)f-, I2+, Br2*-, 
or Cl2'- radicals have been investigated by various 
r e s e a r ~ h e r s . ~ ~ L ~ 3 ~ ~ ~ ~ 1 ~ ~ ~ ~  These studies are useful 
in understanding the behavior of trapped charge carriers 
and the optical and chemical effects caused as a result 
of charge trapping. 

c. Photocorrosion of Semiconductor Surfaces 

Trapped charge carriers, if not quickly scavenged with 
a suitable redox couple, can induce irreversible chemical 
changes at the semiconductor surface. Characterization 
of photochemical events that lead to the corrosion of 
the semiconductor is important for improving the 
photostability of the colloidal semiconductor system. 
Photocorrosion processes in the metal sulfides and 
selenides have been investigated by several research 

Photolysis and pulse radiolysis experiments have been 
carried out to demonstrate the dependence of semi- 
conductor corrosion on the size of the ~ o l l o i d . ~ * ~ ~ ~ 3 M @ ~  
Enhanced photoredox chemistry of quantized particles 
has a pronounced effect on the photocorrosion process. 
Because of the increase in the effective bandgap, the 
band edges of the quantized semiconductor particle 
attain new positions relative to the cathodicand anodic 
corrosion potentials. Cathodic and anodic corrosion 
processes in extremely small particles are energetically 
favored when the conduction band moves above the 
cathodic corrosion potential and the valence band below 
the anodic corrosion potential, respectively. 

d. Coupled Semiconductors 

An interesting approach for achieving a better charge 
separation in semiconductor particulate systems in- 
volves coupling of two semiconductor colloids with 
different energy levels. For example, in a colloidal CdS/ 
Ti02 system a photogenerated electron can be injected 
from CdS into a Ti02 particle while the holes remain 
in the CdS particle (Figure 39). The difference in the 
energy levels of the two semiconductor systems plays 
an important role in achieving such a charge separation. 
The feasibility of sensitizing the large bandgap aemi- 

groups.228,2b8,399,4,432-435 
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Figure 33 and corresponds to the charge trapped at  the 
Ti4+ site of Ti02 colloid. This transient formation is 
completed within the laser pulse duration of 18 ps. This 
suggests that the rate constant for the charge injection 
process is >5 X 1Olo s-l. 

The improved charge separation in coupled semi- 
conductor also enhances the process of hole trapping 
and this process can be followed by monitoring the 
absorbance of Sid As a result of improved hole 
trapping efficiency an increase in the photoanodic 
corrosion has been observed in aerated suspensions of 
the CdS/TiO2 system.432 However, by using a suitable 
redox couple it is possible to suppress the photoanodic 
corrosion and carry out a useful oxidation process. The 
photocatalytic applications of coupled semiconductor 
systems have yet to be explored. But it is evident 
that the rectification properties of these coupled 
semiconductor systems are attractive enough to lead 
us to explore their feasibility in designing molecular 
devices and integrated chemical systems for solar energy 
conversion. The use of coupled particles in improving 
the performance of semiconductor electrodes has been 
demonstrated recently.a11a2 

e. phototransformations of Organic Compounds 

Early contributions in the area of organic pho- 
totransformations came from Bard and his co- 
w o r k e r ~ . ~ ~ ~  Photocatalytic processes such as the 
photo-Kolbe reaction and amino acid synthesis have 
been performed with platinized Ti02 under bandgap 
excitation. Heterogeneous photocatalysis has also been 
employed in the polymerization of methyl methacrylate 
and l - ~ i n y l p y r e n e . ~ ~ ~ - ~ ~ ~  DeMayo and his co- 
workersM7 have reported CdS powder mediated cis- 
trans isomerization of several derivatives of styrene. 
The conversion of cis to trans isomer proceeds via the 
olefin radical cation intermediate which is formed at 
the photoexcited CdS surface. The role of various 
semiconductors in initiating and controlling organic 
reactivity has been explored by several research workers. 
Such transformations on photoexcited semiconductor 
surfaces include oxidation of olefins, arenes, alkanes, 
amines and alcohols, alcohols, cycloadditions and 
retrocycloadditions, and geometric isomerizations. Var- 
ious developments in this area have been reviewed 
recently by  FOX.^^"'*^^^^ 

f. photocQtalytlc Degradation of Chemical 
Contaminants 

Semiconductor particulate systems can provide a 
cheap and convenient way of treating several unde- 
sirable chemicals. The principle of such a treatment 
lies in initiating an oxidation or reduction process at 
the semiconductor surface. Addition of other reactanta 
can drive the secondary chemical reactions to yield a 
desirable product. 

For example, HzS, which is a byproduct in the coal 
and petroleum industry, can be oxidized to S at  the 
CdS semiconductor surface.m A quantum yield of 
-50% has been reported for the reaction between 
sulfide anions and photogenerated valence band holes 
in CdS suspensions. The oxidation of S2- and HS- in 
colloidal In& suspension has been demonstrated by 
laser flash photolysis.26g Loading of CdS particles with 
RuO2 enhances the efficiency of H2S cleavage.- 

CdS 

W 

(a) (b) 

Figure 39. Schematic diagram representing the interaction 
between two semiconductor colloids: (a) CdS/TiO2 and (b) 
ZnO/CdSe coupled semiconductor systems. Reprinted from 
ref 241. Copyright 1992 American Chemical Society. 
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Figure 40. Transient absorption spectra recorded imme- 
diately after the 355-nm laser pulse (pulse width 18 pa) 
excitation of colloidal suspension containing (a) CdS (0.75 
mM)/TiOz (1.5 mM), (b) CdS alone (0.75 mM), and (c) Ti02 
alone (1.5 mM). Reprinted from ref 440. Copyright 1990 
American Chemical Society. 

conductor ZnO with a deposit of CdS film has been 
demonstrated by Gerischer and L ~ i b k e . ~ ~  

These coupled semiconductor systems have been 
referred to as “sandwich structures” in the past.4379a 
Enhanced yields of H2 from the reduction of H2S has 
been observed in the CdS particulate system upon 
addition of Ti02 powder.439 Recently, charge-transfer 
processes in several mixed colloidal semiconductor 
systems, CdS/Ti02,386~437~440~u1 CdS/Zn0,’37*a2 CdS/ 
AgI,M Cd&/TiO2 and Cd3P2/Zn0,438 ZnO/ZnS,443 ZnO/ 
ZnSe,241 and AgI/Ag2SU have been reported. 

The charge injection process in a coupled semicon- 
ductor system has been further demonstrated by 
carrying out methyl viologen reduction at  the Ti02 
semiconductor particle, but with excitation of CdS 
semiconductor in the CdS/TiOz system.’37 The efficient 
quenching of CdS emission and high quantum yield for 
reduction of MV2+ in the presence of colloidal Ti02 
indicates an efficient charge injection process with a 
quantum efficiency of 100%. The electron injection 
into ZnO has been found to be less efficient and occurs 
only in the case of Q-CdS particles. Similarly, enhanced 
efficiency of SCN-oxidation has been observed in ZnO/ 
ZnSe and ZnO/ZnS coupled semiconductor systems 
(Table IV). 

The primary photochemical events associated with 
charge separation in the CdS/TiO2 system can be probed 
with transient absorption measurementsew The tran- 
sient absorption spectra recorded immediately after 
the laser pulse excitation of CdS in a CdS/TiO2 system 
are shown in Figure 40. The broad absorption in the 
region of 500-760 nm is similar to the one shown in 
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Figure 41. Degradation of 4-CP (e) and the formation and 
degradation of HQ (0) as a function of irradiation time. Initial 
[4-CP] = 63 pM. Other conditions are as follows: initial pH, 
5.85; flow rate, 250 mL min-1; temperature, 30 f 2 O C .  

Reprinted from ref 478b. Copyright 1989 American Chemical 
Society. 

Addition of sulfite also facilitates the H2S cleavage 
process by removing S from this surface to generate a 
desirable product, thiosulfate.46143 In a similar way, 

s + sot- - s20,2- (26) 

the photocatalytic transformation of CN- to SCN- has 
been carried out in Rh-loaded CdS particulate sys- 
tems.* 

Photoassisted catalytic degradation of organic ma- 
terials such as hydrocarbons,* halo aromatic^,^^^^^ 
phenols,4I2 halogenated biphenyls,"73 chlorinated or- 
ganic~:~~ surfa~tants,'~~ and diethylnitrophenyl phos- 
 hate^^^ in Ti02 suspensions has been carried out. For 
example, complete mineralization of chlorophenols into 
C02 and HCl can be achieved upon bandgap excitation 
of the semiconductor with sunlight for a few hours. 
The photodegradation of chlorophenols has been the 
topic of many recent investigations. Figure 41 illus- 
trates one such example of photodegradation of 4-chlo- 
rophenol in a Ti02 suspension. The above cited 
references are only a few representative examples. For 
further details, readers are advised to refer to recent 
reviews in this area.27-29,411 

While many studies have addressed the kinetic details 
of photocatalytic p r o c e ~ s e s , - ~ ~ ~ ~ ~ ~ ~ *  efforta are still being 
made to establish the reaction mechanism controlling 
the mineralization of chlorophenol and other aromatics. 
Most of the mechanistic studies suggest the hydroxyl 
free radical (formed as a result of hole scavenging by 
OH- at the Ti02 surface) as the primary charge-transfer 
intermediate (see for example ref 478) and consider 
the essential role of oxygen479 to be electron scavenging. 
Some recent studiea have questioned this approach.- 
For example, Draper and failed to detect any 
of the expected intermediate OH adducts of the 
aromatics on the Ti02 surface. A recent FTIR study 
(Figure 42) shows direct evidence for the formation of 
hydroquinone during the UV photolysis of dry Ti02 
powder on which 4-chlorophenol was chemisorbed. 
Further studies in this area are essential to establish 
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Figure 42. Diffuse reflectance FTIR spectra recorded during 
the photodegradation of 4-chlorophenol adsorbed on T i 0 2 .  
The samples were analyzed following the W irradiation for 
(a) 0, (b) 2, and (c) 20 h. Spectrum a corresponds to the 
chemisorbed chlorophenol, spectrum b corresponds to the 
reaction intermediates (e.g., hydroquinone), and spectrum c 
shows the disappearance of organic molecules bound to the 
Ti02 surface. Reprinted from ref 482. Copyright 1992 
Eleevier Science Publishers, B. V. 
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WAVELENGTH(nm) 

Figure 44. Fluorescence emission spectra of 20 mM an- 
thracene-9-carboxylic acid in acetonitrile at various concen- 
trations of TiOz: (a) 0, (b) 0.05, (c) 0.1, (d) 0.25, (e) 0.5, and 
( f )  1 mM. The excitation wavelength was at 355 nm, and the 
spectra were corrected for the photomultiplier response. Insert 
shows the dependence of l/(W'f- Wobsd)) on the reciprocal 
concentration of Ti02 (see eq 28 for details). Reprinted from 
ref 57. Copyright 1989 American Chemical Society. 

laser flash photolysis, diffuse reflectance laser flash 
photolysis,%l microwave a b ~ o r p t i o n , 3 ~ ~ . ~ ~ ~  and internal 
reflection flash photolysis492 have been employed to 
investigate the interaction between an excited sensitizer 
and the reactive semiconductor surface. The mecha- 
nistic and kinetic information gathered from these 
studies will be discussed. 

Dyes such as erythrosin B,307 e o ~ i n , ~ ~ ~ ~ ~  rose ben- 
ga1,391310 rhodamine B,433493-495 cresyl violet,4N thio- 
nine,@'sm chlorophyllin,59 anthra~ene-9-carboxylate~~@ 
porphyrina,311*499 phthalocyanin~,soo ~ a r b ~ ~ ~ a n i n e ~ , ~ ~ ~ ~  
Ru(bpy)p and its  analogue^,^^^^-^^ and phenylfluo- 
rone,508 which have high extinction coefficients in the 
visible, are often employed to extend the photoresponse 
of the semiconductor in the photoelectrochemical 
systems. One of the important criteria for achieving 
efficient excited-state quenching is to adsorb these dyes 
on the semiconductor surface with an electrostatic, 
hydrophobic, or chemical interaction. The interaction 
between the sensitizer and the semiconductor surface 
can be probed with the electronic absorption and 
emission spectra of the sensitizer as the energetics of 
its ground and excited states are altered. One such 
example has been demonstrated in the case of the 
squaraine dye/Ti02 system (Figure 4). 

A. Exclted-State Ouenching by the 
Semiconductor Colloids 

The quenching of singlet excited sensitizer by a 
colloidal semiconductor such as Ti02 is probed by 
measuring the emission yield and emission lifetime 
measurements. For example, the quenching of the 
excited singlet of anthracene-9-carboxylic acid by 
colloidal Ti02 is shown in Figure 44. As indicated by 
these and other s t ~ d i e s , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  the quenching 
mechanism involves electron injection from the excited 
singlet of the sensitizer into the conduction band of the 
semiconductor. However, in the case of the eosin/Ti02 
system, it has been shown that self-quenching can also 
contribute to the decrease in the emission yield at high 
dye  coverage^.^^ 

ER(V v SCE) 
Figure 45. Dependence of @et on the electrochemical 
reduction potential of the sensitizing dye. The solid curve 
is derived from Marcus theory (see ref 509 for experimental 
details). Reprinted from ref 57. Copyright 1989 American 
Chemical Society. 

The quenching data have been treated by considering 
an equilibrium between the associated and unaseociated 
dye with an apparent association constant Kapp.67'e The 
observed fluorescence quantum yield, 4r(obsd), of the 
sensitizer in colloidal Ti02 can then be related to the 
fluorescence yields of unadsorbed (dot) and adsorbed 
(d'f) sensitizer molecules by 

4f(obsd) = (1 - CY) 4 O f  + @'t (27) 

where a is the degree of association between the 
semiconductor and sensitizer. At  relatively high semi- 
conductor colloid (e.g., TiO2) concentrations, a can be 
equatedto (Kapp[Ti021)/(1 -Kapp[Ti021) and eq 27 can 
be simplified to 

1 =- l +  1 
4' - 4f(obsd) 4'f- d'f KaPp(4Of - 4'f)[Ti021 

(28) 
The validity of this treatment has been demonstrated 
in Ti0dchlorophyllinm and Ti0d9AC312 systems where 
the plot of 1/(4" - 4dobsd)) vs l/[TiOzl was shown to 
be linear (see for example insert in Figure 44). This 
method enables one to determine the association 
constant and the quantum yield of the sensitizer in the 
adsorbed state. The net quenching efficiency expressed 
as ( 4 O t  - 4'f)/dor was in the range of 70 to -100% for 
several different systems and was dependent on the 
energy difference between the semiconductor conduc- 
tion band and the oxidation potential of the excited 
sensitizer. 

Tani and his co-workers have observed that the 
quantum efficiency (dst) of photoinduced electron 
transfer from sensitizing dyes (cyanine dyes) to silver 
bromide microcrystals is dependent on the sensitizer 
reduction potential.509 The dependence of &t on the 
reduction potential of the dye (Figure 45) haa been 
explained on the basis of Marcus theory with a small 
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Figure 46. Production of dye cation radical in TiOdSq 
system. Time-resolved transient absorption spectra recorded 
after 532-nm laser pulse excitation of SQ in 50/50 (v/v%) 
dichloromethane-acetonitrile containing 2.5 mM colloidal 
TiO2. The absorption maxima at 475 and 580 nm corre- 
spond to the unadsorbed *Sq* and Sq+ respectively. Re- 
printed from ref 55. Copyright 1991 Elsevier Science Pub- 
lishers, B. V. 

rearrangement energy (0.05 eV) and without the 
inverted region. SpitlePO has employed a quantitative 
photoconductive model to explain the data of Tani et 
aL509 The model predicts an energetic threshold for 
spectral sensitization, correlating to a high speed of 
spectral sensitization of a dye with a highly negative 
electrochemical reduction potential. 

B. Transient Absorbance Studles 

a. Quenching of Singlet Excited State 

The identification of the electron transfer product in 
a charge injection process (eq 29) was first attempted 
by Moser and G r i i t ~ e l , ~ ~  where S represents the 

Ti02 + IS* - Ti02(e) + S" (29) 

sensitizer molecule. Recently, picosecond laser flash 
photolysis of squaraine dye (Sq) in colloidal Ti02 
suspensions has been carried out to investigate the 
ultrafast photochemical events associated with the 
charge injection process. The absorption peak of the 
transient at  580 nm obtained upon 532-nm laser 
excitation of the dye (Figure 46) confirms the formation 
of squaraine cation radical. The mechanism of cation 
radical formation in the colloidal TiOdeosin system 
has also been established by time-resolved resonance 
Raman spectroscopy.309 The net charge-transfer effi- 
ciency in the case of the eosin/TiOz system is -38 % .3m 
However, much smaller (<1% ) efficiencies have been 
observed when 9ACS7 or chlorophyllinS9 is chosen as a 
sensitizer. 

b. Quenching of Triplet Excited State 
In most of the examples discussed above, only the 

singlet excited state of the sensitizer is able to partic- 
ipate in the charge injection process. The yield and 
lifetime of the triplet excited state are relatively 
unaffected in the presence of TiO2. In some cases, the 
poor reactivity of the triplet excited state has been 
attributed to the lack of a driving force for the triplet 
sensitizer (e.g. AE = 0.1 V for the 9AC/Ti02 system) 

k*t 

at I 
4+ 
4 
-&- 

400 500  600 700 
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Figure 47. Quenching of triplet excited state thionine on 
ZnO surface. Time-resolved transient absorption spectra 
recorded following the 532-nm excitation of 25 pM thionine 
and 7 mM ZnO colloids in ethanol. Inserta show the decay 
of TH+* at 420 nm and the formation of TH2+ at 500 nm, 
respectively. Reprinted from ref 498. Copyright 1992 
American Chemical Society. 

\ 

a. With Intoraction/ b. With no direct 

Figure 48. Possible modes of interaction between sensitizer 
and the semiconductor colloid. (a) Static quenching of the 
sensitizer can occur when its interaction with the semicon- 
ductor surface is strong. (b) Dynamic quenching can occur 
when there is no direct interaction between the semicondudor 
and the sensitizer. Reprinted from ref 498. Copyright 1992 
American Chemical Society. 

Adsorptlon Intoractlon 

to inject an electron into the conduction band of the 
semiconductor. 

However, recently charge injection via triplet excited 
state has been observed in the eosin (EO)/Ti024g2 and 
thionine (TH+)/Zn0498 systems. The transient ab- 
sorption spectra recorded in Figure 47 indicate the 
formation of dye cation radical (absorption maximum 
at 500 nm) as the triplet excited state (absorption 
maximum at 420 nm) is quenched by ZnO. The 

(30) 3TH+* + ZnO - TH'2+ + ZnO(e) 

maximum quantum efficiency for the net charge 
transfer is 10%. Surprisingly, no such electron-transfer 
quenching can be observed for the singlet excited state. 
The difference in reactivity of the two excited states in 
different colloidal semiconductor systems has been 
summarized on the basis of interaction between the 
sensitizer and the semiconductor (Figure 48). In the 
first category, the sensitizer is strongly bound to the 
semiconductor (e.g. t h ion ine /T iO~~~  or Sq/TiOP) and 
the charge injection process proceeds via the singlet 
excited state. In the second category, when there is no 
direct interaction between the sensitizer and the 
semiconductor (e.g., thionine/ZnO system49, one can 
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Figure 49. Dependence of the relative yield of RB+ (as 
measured from L?vld at 400 nm) on the laser pulse intensity: 
(0) rose bengal adsorbed on Ti02 (0.4 mg/g of Ti021 and (0) 
rose bengal adsorbed on alumina (0.4 mg/g of Al203). The 
dashed curve representa the dependence of yield of RB+ on 
the square of excitation intensity. Reprinted from ref 39. 
Copyright 1989 American Chemical Society. 

expect the triplet excited state to participate in a 
diffusion-controlled charge injection process. 

The charge injection process on a semiconductor 
surface (reaction 29) as well as the photoionization of 
adsorbed molecules on a nonreactive surface (reaction 
12) yields the same reaction product (i.e., cation radical 
of the adsorbate). But it should be noted that the 
former (charge injection) process is monophotonic while 
the latter (photoionization) is biphotonic. The depen- 
dence of the rose bengal cation radical yield on the 
laser intensity (Figure 49) are distinctly different for 
Ti02 and A1203 samples. This example shows how the 
reactive and nonreactive surfaces can control the 
photochemical behavior of the adsorbed  molecule^.^^ 
Similar influence of support material has also been 
observed in the degradation of 2,3-diphenylisobenzo- 
furan on alumina and Ti02.41 

C. Kinetics of Charge-Transfer. Processes 

a. Forward EIectron Transfer 

The sensitizer molecules adsorbed on the Ti02 surface 
have a significantly shorter fluorescence lifetime than 
in the homogeneous solution and this decrease in 
lifetime can be correlated with the charge injection 
process. If we assume that the observed decrease in 
the fluorescence lifetime is entirely due to the electron 
injection process (reaction 29) and that the other 
radiative and nonradiative decay processes of the 
sensitizer associated with Ti02 colloid occur at the same 
rate as in neat solvent, we can correlate the observed 
lifetime by the expression 

l/7,& = 1/7 + k,, (31) 
where 7 and ~ ~ d s  are the lifetimes of the sensitizer in a 
neat solvent and adsorbed on Ti02 surface, respectively, 
and k,t is the specific rate constant of the charge 
injection process. For example, fluorescence lifetimes 
of 400 and 150 pa are observed for chlorophyllin in the 
unadsorbed and adsorbed state.59 The value of k,t 
obtained from eq 31 then corresponds to 4.2 X lo9 s-l. 
This high value of the rate constant for the heteroge- 

0 200 400 600 800 
Channel Numbers 

Figure SO. Fluorescence decays of Rh B adsorbed on metal 
oxide powders in vacuo (4.88 ps/channel). The excitation 
pulse (dotted line) shape is also shown. Reprinted from ref 
495. Copyright 1988 Elsevier Science Publishers, B. V. 

neous electron transfer is very similar to that deter- 
mined for the eosin/Ti02 system using picosecond laser 
flash p h o t o l y s i ~ . ~ ~  In these studies the rate of EO+ 
formation (hob) is related to k,t by the expression 

(32) 
The rate constant for charge injection from excited eosin 
into the conduction band of Ti02 colloid has been 
determined to be 2 X lo9 s-l. 

A recent picosecond laser flash photolysis study'w 
has indicated prompt appearance of sensitizer cation 
radical, 9AC'+ (abs mas 720 nm) following 355-nm laser 
pulse excitation (pulse duration - 18 ps). The rate 
constant for the charge injection process is estimated 
as 2 5  X 1Olo s-l. Such a rate constant indicates a strong 
exchange coupling between the excited singlet state of 
the sensitizer and the d-band states of the Ti02 
conduction band.219 

The fluorescence decay of rhodamine B (Rh B) 
adsorbed on various oxide semiconductor powders has 
been measured in vacuo to establish the dependence of 
electron transfer rates on the type of semiconductor 
sub~trate .4~~ The fluorescence decay curve of Rh B on 
various substrates are compared in Figure 50. The 
electron-transfer rates increase from 5.6 X 108 s-l to 2 
X 1O1O s-l as the energy difference of the singlet excited 
state oxidation potential (,?i&,J and the conduction 
band of the semiconductor (E,) increases from 0.03 eV 
(for ZnO) to 1.56 eV (for WO3). 

According to the model proposed by G e r i ~ c h e P l l * ~ ~ ~  
and S p i t l e F  the probability of an electron transfer 
G,) from conduction band with an energy level E, is 
proportional to an exponential factor described by the 
expression 

( (E, - E;,,+)~) 
4L*kT j ,  a exp - (33) 

where L* represents the reorganization energy in the 
excited state and is in the range of 0.5-1.5 eV. The 
energy difference (E, - E;,,,,) acta as a driving force 
for the charge injection process and governs the 
efficiency of sensitization. The pH dependence of the 
sensitization efficiency has also been explained on the 
basis of similar thermodynamic  consideration^.^@ 
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Figure 51. Charge separation in aseneitizel-semicondudor- 
acceptor system. The semiconductor colloid acta aa a mediator 
in promoting the sensitizing reduction of the acceptor 
molecule. Reprinted from ref 57. Copyright 1989 American 
Chemical Society. 

b. Back Electron Transfer 

The time-resolved absorption spectra recorded in 
Figure 46 also indicate the decay of Sq'+ in the 
subnanosecond time domain (k = 1O'O s-l) as a result 
of its reaction with the injected charge (reaction 34). 

(34) 

Less than 10% of Sq survived this back-reaction by 
diffusing away from the Ti02 surface. In the case of 
the eosin/TiOz system, a biphasic decay has been 
observed for the radical, EO'. The initial fast com- 
ponent of this decay is attributed to the recombination 
of EO' with the injected charge. The rate constant for 
this process is determined to be 2 X los s-l which is lo4 
times slower than that for the electron injection process. 
The fraction of EO' ( -50 % ) that has survived the back 
electron transfer desorbs from the Ti02 surface and 
undergoes bulk recombination. Similarly, a much 
slower back electron transfer (k = (1-5) X lo6 s-l) has 
been observed for sensitizers such as  porphyrin^,^" 
Ru(bpy)3,+ and its analogues,= and F ~ ( C N ) G ~ - . ~ ~  

In the case of the thionine/ZnO system, the back 
electron transfer, which is dependent on the ZnO 
concentration, varies from 1.77 X lo4 to 5.72 X lo4 s-l. 
This lower value of the rate constant is attributed to 
the weak interaction between the sensitizer and the 
semiconductor colloid. 

This shows that suppression of the back electron 
transfer process is an important aspect of achieving an 
efficient charge separation. There are two different 
approaches for improving the efficiency of charge 
separation: (1) depositing a noble metal on the 
semiconductor surface, such that it acts as a trap for 
the injected electrons and (2) employing a sacrificial 
electron donor which rapidly regenerates the sensitizer 
at the semiconductor surface. These aspects need to 
be addressed further before one can consider sensitizer/ 
semiconductor systems for the design of photoactive 
molecular assemblies. 

Sq" + TiO,(e) - Sq + TiO, 

D. Utilization of Charge Injected into the 
Semiconductor 

As mentioned earlier, the application of a photosen- 
sitization process involves the utilization of the charge 
injected into the semiconductor. This aspect has 
conveniently been studied in photoelectrochemical cells 
by driving away the injected charge via an external 
circuit (see for example refs 311, 486, 503, 505, and 
514). By monitoring the sensitized photocurrent under 
controlled experimental conditions, one can elucidate 
the mechanistic details of photosensitization in such 
systems. 

It is of interest to see how the charge injected into 
the semiconductor particle can be utilized to reduce 
another substrate. One can also compare this approach 
of charge separation (Figure 51) in the colloidal 
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Figure 52. Sensitized reduction of 0x725. Transient ab- 
sorption spectra recorded upon 355-nm laser pulse excitation 
of 20 pM 9AC and 5 mM 0x725: (a, 0) in acetonitrile and 
(b, 0) in acetonitrile containing 2 mM TiOz. The spectra 
were recorded 110 ps after the laser pulse excitation. Ineerta 
show the formation of Ox- (395 nm) and depletion of 0x725 
(640 nm) in Ti02 suspensions. Reprinted from ref 57. 
Copyright 1989 American Chemical Society. 

semiconductor system (S*+-SC-A'-), to the concept of 
achieving charge separation in a carotenoid-porphyrin- 
quinone triad (C'+-P-Q*-).sls The feasibility of the 
scheme presented in Figure 51 has recently been 
demonstrateds7 in the photosensitized reduction of 
NJVJVJV-tetraethyloxonine perchlorate (Ox+) in the 
colloidal Ti02 system (reaction 35). Figure 52 shows 

(35) 

the transient absorption spectra recorded following the 
excitation of 9AC and Ox 725 in the absence and 
presence of Ti02 colloids. The formation of Ox' on the 
Ti02 surface (abs max 420 nm) as characterized in laser 
flash photolysis experiments, is completed in - 100 ps. 
No such reduction was seen when the sensitizer was 
excluded. The dependence of reduction yield on the 
Ti02 concentration has highlighted the role of the 
semiconductor and the sensitizer in promoting the 
electron transfer in the microheterogeneous system. A 
maximum quantum efficiency of 1.5% has been 
achieved for the sensitized reduction of Ox+ in these 
experiments. 

By using a similar principle, visible-light-induced 
photooxidation of iodide in a dye-sensitized Ti02 colloid 
system has been carried out.s16 The dye sensitization 
of semiconductor particles has also been extended to 
other redox processes. A bifunctional redox catalyst 
composed of Pt and RuO2 codeposited on the colloidal 
Ti02 semicondudor has been sensitized with Ru(bpy)s2+ 
for the purpose of water cleavage.220~617~618 The electron 
which is injected from the sensitizer into the semicon- 
ductor migrates to the Pt deposit where H2 evolution 
occurs. The oxidized form of the sensitizer (Ru(bpy)s3+) 
generates oxygen from water. This aspect has also been 
demonstrated in electrochemical experimenta by sen- 
sitizing a SnO2 electrode.s1s Various other inorganic 
and organic sensitizers have also been used to produce 
H2 from water in Ti02 and Pt/TiO2 particulate sys- 
tems.s20 A maximum quantum efficiency of 0.1 has 
been reported for Hz production with Ru(bpy)s2+ as 
sensitizer in these studies. Visible-light photolysis of 
hydrogen iodide using sensitized layered semicondudor 

TiO,(e) + Ox+ - Ti02 + Ox' 
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particles has also been reported.521 Efforts are also being 
made to employ naturally occurring humic substances 
as sensitizers to carry out the reduction of dyes and 
other organic compounds with visible light.522 
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VI .  Concluding Remarks 

This review has sought to highlight the photophysical 
and photochemical processes of molecules adsorbed on 
reactive and nonreactive surfaces, the reactivity being 
controlled by the surface morphology and the intrinsic 
properties of the support material. Site-specific in- 
teractions, pore-size effects, electrostatic effects, surface 
mobility of the adsorbed molecules, and redox prop- 
erties are some of the parameters that influence the 
mechanism and kinetics of photochemical processes 
on solid surfaces. Surface photochemistry has already 
grown out of its infancy and now emerges as a major 
field in photochemical research. The recent develop- 
ment of ultrafine semiconductor particles with many 
interesting photocatalytic properties has added a new 
dimension to the challenges of the future. The ability 
of such semiconductor microelectrodes to carry out 
redox processes with greater efficiency and selectivity 
than in homogeneous solutions has made them potential 
candidates for the conversion and storage of solar 
energy, and in the mineralization of chemical pollutanta. 
The challenge for the next decade lies not only in 
developing new experimental and theoretical approach- 
es to better understand the mechanistic and kinetic 
details of the surface photochemical processes, but also 
in designing novel microheterogeneous assemblies 
which promote an efficient photoinduced charge sep- 
aration and mimic the natural photosynthetic system. 
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