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F O R E W O R D 

ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the 

American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub
lished at all. Papers are reviewed critically according to ACS 
editorial standards and receive the careful attention and proc
essing characteristic of ACS publications. Volumes in the 
ADVANCES IN CHEMISTRY SERIES maintain the integrity of the 
symposia on which they are based; however, verbatim repro
ductions of previously published papers are not accepted. 
Papers may include reports of research as well as reviews since 
symposia may embrace both types of presentation. 
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P R E F A C E 

Interfaces—solid-liquid, liquid-gas, and solid-solid—are key to impor
tant practical devices. Electronic materials, batteries, heterogeneous 

catalysts, and solar cells, to name a few examples, all depend on inter
faces. It is therefore not too surprising that there is interest in developing 
an understanding of interfaces. This volume comprises the proceedings 
of a symposium which I organized for the Colloid and Surface Chemistry 
Division of the American Chemical Society. The symposium was held in 
Miami, Florida at the Fall, 1978 National Meeting of the American 
Chemical Society. From the title, this symposium was limited to inter-
facial photoprocesses. The aim was to bring together a diverse group of 
chemists interested in exploiting light-induced reactions occurring at 
interfaces. Accordingly, photochemists, surface scientists, organic, and 
inorganic chemists were invited and contributed to the program. 

Interfacial systems, specifically solid semiconductor-liquid junctions, 
provide the best man-contrived chemical systems for solar energy con
version. This area is amply covered by the contributions from A. Heller 
and A. J. Nozik. In chapters by R. W. Murray and M. S. Wrighton syn
theses of photosensitive interfaces by chemical functionalization are 
described offering new approaches to energy conversion materials impor
tant in electrochemistry. Preparing new bulk photosensitive materials 
from molecular solids is the approach described by L . R. Faulkner and 
C. H . Langford, III in their papers on photoinduced charge transfer 
employing thin molecular film electrodes. A. B. Ellis describes an in situ 
technique for characterizing near surface properties of semiconductor 
photoelectrodes used in liquid junction solar cells. Production and char
acterization of radicals by interfacial photochemistry is the subject of 
M. L. Hairs contribution. These contributions reflect a vigorous effort 
toward fundamental understanding of semiconductor-liquid junctions 
and the improvement of energy conversion devices based on them. 

Solid-gas interfaces lend themselves to comprehensive and detailed 
studies aimed at elucidating just what surface reactions can be affected 
by light. G. A. Somorjai summarizes his recent studies of photoeffects at 
semiconductor-gas interfaces, bringing to bear the complete arsenal of 
surface sensitive measuring techniques to characterize important photo
sensitive surfaces. J. M. White's article provides the most definitive work 
to date on photoeffects of bulk metal exposed to carbon monoxide. 
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Unusual organic media—micelles, monolayers, and polymer-anchored 
catalysts and sensitizers—completes the coverage of the symposium. It 
is fair to say that photochemistry in such media has been one of the most 
exciting areas of research in recent years. D. G. Whitten, who can be 
credited with providing much of the stimulus for this area, describes 
his research directed towards manipulating interfacial charge transfer 
processes. Chapters by S. J. Valenty and J. K. Thomas also concern this 
important area. R. R. Hautala and C. U. Pittman, Jr. describe their work 
on polymer-anchored triplet sensitizers and photocatalysts, respectively. 
Photochemistry in unusual media already has wide application in pho
tography. In the years ahead, energy conversion and chemical synthesis 
may become developed. 

I wish to thank the patient contributors to this volume for devoting 
some of their most important work to this effort. 

Massachusetts Institute of Technology MARK S. WRIGHTON 
Cambridge, Massachusetts 02139 
July, 1979 
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1 

Evaluation of Heterogeneous Photosensitizers 

for Use in Energy Storage 

RICHARD R. HAUTALA and JAMES L. LITTLE 

Department of Chemistry, University of Georgia, Athens, GA 30602 

Two solid matrices, polystyrene and silica, have been func-
tionalized with the dimethylaminobenzophenone chromo-
phore, and the resulting immobilized photosensitizers have 
been quantitatively evaluated for their potential use in the 
norbornadiene-quadricyclene energy storage reaction. The 
polystyrene derivative exhibits a high limiting quantum 
efficiency (78%) for this sensitization process (ostensibly 
endothermic energy transfer), whereas the silica func-
tionalized sensitizer is significantly less effective (24%). 
Homogeneous models for both systems are totally efficient 
(100%). The lower effectiveness of the silica derivative is 
attributed to a decrease in triplet yield and a low triplet 
energy, caused by the highly polar silica surface. Absorption 
spectra, emission spectra, and photostationary state isomer 
ratios for stilbene isomerization support this interpretation. 

Interest i n funct iona l i zed inso luble matrices for use as photosensitizers 
has steadily increased i n recent years, p a r a l l e l i n g a s imi lar interest i n 

i m m o b i l i z e d reagents for c h e m i c a l synthesis ( I ) . T h e most obvious 
benefit of us ing inso luble sensitizers for so lut ion photolyses is the ease 
w i t h w h i c h the photoproduct can be isolated f r om the sensitizer. H o w 
ever, there are numerous other potent ia l advantages. Sensitizers that 
t end to se l f -quench i n solution c o u l d , i n p r i n c i p l e , be iso lated o n a matr ix . 
T h e adverse influence of certa in solvents o n sensitizer properties c o u l d 
be m i n i m i z e d b y us ing a matr ix where the format ion of a complete 
solvent cage w o u l d be i m p a i r e d . A n adsorpt ive affinity of the hetero
geneous interface for specific substrates c o u l d result i n more efficient a n d 
selective photochemistry . O t h e r prac t i ca l advantages pert inent to a solar 
energy storage system have been recently deta i led ( 2 ) . 

0-8412-0474-8/80/33-184-001$05.00/0 
© 1980 American Chemical Society 
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2 I N T E R F A C I A L P H O T O P R O C E S S E S 

I n 1964, M o s e r a n d C a s s i d y (3) reported the first example of a p o l y 
m e r i c photosensit izer used i n solution. So luble po lyacry lophenone was 
f o u n d to sensitize the i somerizat ion of 1,3-pentadiene i n benzene. L e e r -
makers a n d James (4) used the p o l y m e r i n a solvent, isopentane, i n 
w h i c h the p o l y m e r is tota l ly insoluble . T h e y successfully demonstrated 
the sensit ized photochemistry of 1,3-pentadiene, norbornadiene , a n d 
myrcene w i t h the system. A significant advance i n this area came f r o m 
the w o r k of Blossey, Neckers , T h a y e r , a n d Schaap (5,6). T h e y covalent ly 
grafted rose benga l onto a pre formed polystyrene bead a n d showed that 
this inso luble p o l y m e r was a n effective sensitizer of s inglet oxygen i n 
solut ion. Blossey a n d Neckers (7 ) also grafted p -benzoy lbenzo ic a c i d 
onto a M e r r i f i e l d p o l y m e r ( ch loromethy lated s tyrene -d iv iny lbenzene 
copo lymer ) a n d demonstrated the sensit ized photod imer i za t i on of c o u -
m a r i n a n d indene a n d the sensit ized cyc l oadd i t i on of tetrachloroethylene 
to cyc lopentadiene. U n f o r t u n a t e l y this p o l y m e r i c analog of benzophenone 
read i l y photodegrades, ostensibly t h r o u g h hydrogen abstract ion f r om the 
p o l y m e r backbone. A more photostable fluorinated vers ion of this p o l y 
mer has recently been reported b y Neckers (1). 

A t the outset of our w o r k , no quant i tat ive character izat ion of an 
i m m o b i l i z e d photosensit izer has been made . Because of our interest i n 
the app l i ca t i on of i m m o b i l i z e d sensitizers i n an energy storage react ion 
(2), the factors of q u a n t u m efficiency a n d long-range stabi l i ty were more 
c r u c i a l than i n synthetic appl icat ions . T h i s chapter is par t of a compre 
hensive study to evaluate the i m m o b i l i z e d d imethy laminobenzophenone 
chromophore as a sensitizer for the conversion of norbornadiene to q u a d -
r i cyc lene , a potent ia l ly attract ive system for the c h e m i c a l storage of 
solar energy (8). 

The Norbornadiene--Quadricy dene Inter conversion 

T h e features of the norbornadiene ( N ) to quadr i cyc lene ( Q ) inter -

conversion that make i t attractive as a potent ia l system for the storage 
of solar energy have been descr ibed prev ious ly (2,8,9). T h e necessity 
of u s i n g a photosensit izer for this react ion derives f r o m the complete lack 
of over lap between the absorpt ion spectrum of N a n d the solar radiance 
spectrum. N u m e r o u s sensitizers effect this transformation, some of w h i c h 
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1. H A U T A L A A N D L I T T L E Photosensitizers in Energy Storage 3 

absorb i n or near the v i s ib le ( A > 400 n m ) spectral reg ion (2,8-11). 
A l l effective sensitizers appear to operate b y energy transfer to populate 
the t r ip le t state of N , w h i c h then is transformed to Q (8,10,11). T h e 
t r ip le t energy of N , about 70 k c a l m o l " 1 (8,11,12), sets a l i m i t , fortunate ly 
a very flexible one, on the longest wave l ength of l i ght that can be used 
i n effecting the photochemica l react ion. T h i s wave length l i m i t is deter
m i n e d b y the onset of the singlet absorpt ion b a n d of the sensitizer. F o r 
those sensitizers w i t h tr iplet energies e q u a l to or exceeding that of N , the 
w a v e l e n g t h l i m i t w o u l d be near 380 n m (equ iva lent to ca . 75 k c a l m o l " 1 

w i t h the excess energy of approx imate ly 5 k c a l • m o l " 1 necessary for the 
energy loss d u r i n g re laxat ion of the sensitizer f rom the singlet to the 
t r ip le t state) . A s ind i ca ted , this l i m i t is not a r igorous one, a n d several 
very efficient sensitizers w i t h tr ip let energies w e l l b e l o w that of N are 
k n o w n . T h e energy deficiency is apparent ly made u p t h r o u g h t h e r m a l 
act ivat ion or " t h e r m a l upconvers ion . " A more deta i led discussion of 
endothermic energy transfer, a long w i t h strong exper imental evidence 
for i t i n analogous systems, has recently been made b y Jones (8). 

Dimethylaminobenzophenone as a Sensitizer 

Several features make 4-(N,N - d imethy lamino )benzophenone a n 
attractive sensitizer for study w i t h the norbornadiene system. U n d e r 
certa in condit ions the q u a n t u m efficiency for sensit ization of Q f rom N 
approaches 1 0 0 % . T h e intense absorpt ion b a n d m a x i m i z i n g between 
300 a n d 400 n m is sufficiently b road to ta i l into the v is ib le spectral reg ion . 
T h e h i g h molar ext inct ion coefficient ( ~ 25,000) of this b a n d al lows for 
the use of very l o w sensitizer concentrations. T h e photophys i ca l , photo 
chemica l , a n d sensi t iz ing properties of this c o m p o u n d are very sensitive 
to m e d i u m po lar i ty . F o r example , the absorpt ion m a x i m u m varies f r om 
332 n m i n cyclohexane to 355 n m i n ethanol . T h e intersystems crossing 
y i e l d ( t r ip le t y i e l d ) falls f r o m 1 0 0 % i n hexane to 6 % i n acetonitr i le , 
p a r a l l e l i n g s imi lar behavior of the parent c o m p o u n d 4 -aminobenzophe-
none (13). T h e tr ip let energy of 4 - ( N , N - d imethy lamino )benzophenone 
( E T < 66 k c a l m o l " 1 ) is also m e d i u m dependent , but i n any case, t r ip le t 
energy transfer to N is c lear ly endothermic . F i n a l l y , re lat ive ly straight
f o r w a r d synthetic techniques are avai lable to a l l ow graf t ing of the 
chromophore onto so l id matrices for i m m o b i l i z a t i o n . T h e exhib i ted sensi
t i v i t y to m e d i u m effects a n d the h i g h ext inct ion coefficient ( a l l o w i n g for 
re lat ive ly l o w l oad ing ) make this chromophore a par t i cu lar ly interest ing 
probe for s tudy ing heterogeneous photosensit izat ion. Structures a n d the 
corresponding acronyms for the sensitizers employed i n this study are 
s h o w n i n F i g u r e 1. S imple derivatives of d imethy laminobenzophenone 
behave s imi lar ly but not ident i ca l ly . T h u s homogeneous models more 
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4 I N T E R F A C I A L P H O T O P R O C E S S E S 

0^ 

MeAK SiAK 

Figure 1. Structures of the sensitizers used in this study 
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1. H A U T A L A A N D L I T T L E Photosensitizers in Energy Storage 5 

closely resembl ing the i m m o b i l i z e d sensitizers were p r e p a r e d a n d are 
i n c l u d e d for comparison. Preparat i on of the polystyrene-grafted sensitizer 
a n d general exper imental procedures have been reported prev ious ly ( 2 ) . 
Prepara t i on of the s i l i ca - funct ional ized sensitizers w i l l be reported else
where , however a react ion scheme is i n d i c a t e d be low. 

- O — S i - O H 

u 0 / 

e c u 

500° 
- 0 -

• 0 ' 

: S i - C l 

B r H @ ) - L i 

60-200 mesh s i l i ca gel 

— 0 — B r 

0 
II 

MeO-C 

wash with C H 3 C 0 2 H , 
E t 3 N and T H F 

n-BuLi 

ether 

1.6 meq CI g"1 

— 0 , 

- 0 -

I—o' 

N(CH 3 ) 2 — 0 

h o - s i - < 0 
o 
C - ^ ^ N ( C H s ) , 

Scheme for Preparation of(§i)-AK 

Quantum Yield Studies 

T h e re lat ionship between q u a n t u m efficiency for Q format ion (<£) 
a n d the concentrat ion of N is g iven b y E q u a t i o n 1 ( 2 ) . T h u s a re c iproca l 
p lo t of q u a n t u m efficiency vs. N concentrat ion should y i e l d a straight l ine 

4> = <M>r ( f c ^ N H ^ ) ( 1 ) 

where : k2 — the effective rate constant for sensi t izat ion 
fci — the composite rate constant for deact ivat ion of the sens i 

t izer ( inc lud ing a b imolecular t e r m for quenching b y 
oxygen) 

<£r = the t r ip l e t y i e l d of the sensitizer 
0 P = the f ract ion of N tr ip lets w h i c h give rise to Q 
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6 I N T E R F A C I A L P H O T O P R O C E S S E S 

w i t h an intercept of 1/<£T<£p a n d a slope of fci/fc2<£T<£p. These parameters 
are qu i te use fu l i n character iz ing the per formance of a sensitizer. T h e 
values for the slopes are dependent on the p u r i t y of the m e d i u m ( d u e to 
q u e n c h i n g b y impur i t i e s ) a n d shou ld not be regarded as values intr ins ic 
to the sensitizer. Consequent ly , this discussion w i l l be l i m i t e d to c o m p a r i 
sons of the intercepts or l i m i t i n g q u a n t u m yie lds . 

D a t a obta ined for the polystyrene sensitizer a n d corresponding m o d e l 
are presented i n F i g u r e 2. C l e a r l y the func t i ona l i zed po lymer , ( ? ) - A K , is 
an effective a n d h i g h l y efficient sensitizer for this conversion. T h e smal l 
inherent inefficiency ( l i m i t i n g q u a n t u m y i e l d of 7 8 % ) is l i k e l y due to 
l i g h t reflection f r o m the p o l y m e r surface rather than to values of less t h a n 
one for <£r or <£P. S i m p l e v i s u a l inspect ion of the p o l y m e r i c beads b a t h e d 
i n benzene reveals some discernib le l i ght reflection f r o m the surface. I n 
dramat i c contrast to the monomer i c m o d e l , ( ? ) - A K is v i r t u a l l y unaffected 
b y a change to po lar solvents. F o r example , the q u a n t u m y i e l d for a 
so lut ion of N i n acetonitr i le ( l A f i n N ) u s i n g @ - A K was f o u n d to be 
0.4, s ignif icantly h igher t h a n the l i m i t i n g q u a n t u m yie lds obta ined i n 
acetonitr i le for any of the monomer i c derivat ives . 

A m o n g the reasons for examin ing the behavior of sensitizers grafted 
to s i l i ca or glass surfaces w e r e expectations of r e d u c i n g any reflective 
l i g h t losses a n d r e d u c i n g the long- term deter iorat ion ( s imi lar to , but far 

12 

10 

8 

o 6 

4 

2 

° 0 2 4 6 8 10 f2 

[Norbornadiene]"1 M"1 

Figure 2. Reciprocal plot of the quantum yield for Q formation as a 
function of N concentration for the polystyrene immobilized sensitizer 
and homogeneous model Solvent: benzene; irradiation wavelength: 
366 nm; conversions: approximately 5 % . Solutions^were not deoxy-

genated. (—O—) MeAK, ( T )(£)-AK. 
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1. H A U T A L A A N D L I T T L E Photosensitizers in Energy Storage 7 

less pronounced t h a n that reported b y Blossey a n d Neckers ( 7 ) ) observed 
w i t h the polystyrene derivat ives . B o t h of these expectations have been 
met. H o w e v e r , as is apparent f r om the data p lo t ted i n F i g u r e 3, ( § ) - A K 
is in fer ior i n compar ison w i t h either ( j ) - A K or the monomer i c s i l i c on 
m o d e l ( l i m i t i n g <f> = 1 0 0 % ) . W e attr ibute the l ower l i m i t i n g efficiency 
( 2 4 % ) to the same factor, inefficient intersystems crossing, that reduces 
the inherent efficiency of the parent chromophore , n a m e l y a po la r 
environment . 

[Nor bor nad iene]"1 M " ] 

Figure 3. Reciprocal plot of the quantum yield for Q formation as a 
function of N concentration for the silica functionalized sensitizer and 
homogeneous model. Solvent: benzene; irradiation wavelength: 366 nm; 
conversions: approximately 5%. Solutions were not deoxygenated. 

(O) SiAK, (V) (S$-AK. 

Spectral Studies 

A b s o r p t i o n data ( T a b l e I ) a n d emission spectra ( F i g u r e 4 ) o f ( g ) - A K 
are rather unexcept ional a n d c losely resemble those of the m o d e l . H o w 
ever, the corresponding spectra for ( § ) - A K are substantial ly red-shi f ted . 
T h e absorpt ion m a x i m u m is i d e n t i c a l to that observed for d i m e t h y l a m i n o 
benzophenone i n ethanol . T h e phosphorescence spectrum ( F i g u r e 5 ) is 
not on ly red-shi f ted but substant ial loss of structure is apparent , w h i c h is 
characterist ic of the more po la r environment . T h e t r ip le t energy of 
( S j ) - A K , ava i lab le f r o m the phosphorescence spectrum, is 57 k c a l m o l " 1 . 
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8 I N T E R F A C I A L P H O T O P R O C E S S E S 

T h u s t r ip le t energy transfer to N should be endothermic b y some 13 
k c a l m o l " 1 , somewhat remarkab le for a system y i e l d i n g measured effi
ciencies as h i g h as 1 5 % . 

Table I. Spectroscopic Properties and Sensitization Performance 
Indices of Heterogeneous Photosensitizers and Models 

Sensitizer 

( | ) - A K 
M e A K 
( S D - A K 
S i A K 

Absorp
tion0 

(Amax, nm) 

336 
337 
355 
341 

Emissionb 

(\maxy nm) 

452 
442 
500 
446 

Triplet 
Energy0 

(kcal mol'1) 

63.1 
64.7 
57.0 
64.1 

Stilbene 
PSSd 

([cis]:[trans]) 

1.50 
1.78 
2.33 
1.86 

<f>lim 
NBD* 

0.78 
1.0 
0.24 
1.0 

• Benzene; benzene-silica slurry for immobilized sensitizers. 
b 0 - 0 band: methylcyclohexane glass at 77 K. 
' From emission spectra. 
* Stilbene isomerization: photostationary state ratio; benzene. 
9 Limiting quantum yield for N to Q isomerization extrapolated to infinite N con

centration; benzene. 

9 0 

Figure 4. Phosphorescence spectra 
of the polystyrene-grafted sensitizer 
and homogeneous model. Spectra 
were taken at 77 K in a methylcyclo
hexane glass. The emission slit width 
was 1.0 nm for the polymer and 1.5 
nm for the homogeneous^sensitizer. 

( ; MeAK, ( )®~AK. Wavelength, nm 
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1. H A U T A L A A N D L I T T L E Photosensitizers in Energy Storage 9 

100 

Wavelength, nm 

Figure 5. Phosphorescence spectra 
of the silica-functionalized sensitizer 
and homogeneous model. Spectra 
were taken at 77 K in a methylcyclo-
hexane glass. The emission slit was 
1.7 nm for the silica and 1.6 nm for 
the homogeneous sensitizer. ( ) 

SiAK, ( ) (§)-AlC 

Sensitization of Stilbene Isomerization 

W e were interested i n us ing a second photochemica l system to e v a l u 
ate the heterogeneous photosensitizers. T h e trans-c is i somer izat ion of 
sti lbene was chosen because: i t is a rather w e l l - s t u d i e d system (14); 
t r ip le t energy transfer to frans-sti lbene ( E T ~ 50 k c a l m o l " 1 ) w o u l d be 
exothermic ; a n d the photostationary state rat io of cis- to frans-sti lbene has 
been correlated w i t h the t r ip le t energies of numerous sensitizers ( 1 5 ) . 
M i n i m a l l y , the measurement of c is : trans photostat ionary state ratios p r o 
vides a check o n our measured t r ip le t energies. A d d i t i o n a l l y , w e a n t i c i 
pa ted the poss ib i l i ty that a n unusua l ly h i g h preference for decay of the 
sti lbene t r ip le t to the sterical ly less -crowded frans-sti lbene m i g h t result 
f rom sensit ization at the c r o w d e d interface of the heterogeneous surfaces. 
C a r e f u l l y measured values of these ratios complete the compi la t i on of 
data presented i n T a b l e I . C o m p a r i s o n w i t h other sensitizers is made i n 
the Sa l t i e l p l o t ( F i g u r e 6 ) . I t is clear that no dramat i c preference for 
format ion of trans-stilbene exists for the i m m o b i l i z e d sensitizers. F u r t h e r 
more , the values obta ined are consistent w i t h the measured t r ip le t 
energies. 
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10 I N T E R F A C I A L P H O T O P R O C E S S E S 

4 0 4 8 5 6 6 4 7 2 
Triplet Energy, Kcal-mole" 1 

Figure 6. Saltiel plot of the photostationary state composition of stilbene 
isomerization sensitized by the immobilized sensitizers and homogeneous 
models. Open circles represent other data taken from Herkstroeter and 
Hammond (15). Photostationary state ratios were obtained using both 
cis- and trans-stilbene with agreement better than ± 1 % . Benzene was 
used as the solvent. (A) MeAK, (O) ® - A K , (V) SiAK, (M) ( S p - A K . 

Adsorptive Affinity of the Polymeric Support 

D u r i n g the process of a n a l y z i n g so lut ion composit ions i n v o l v i n g 
p o l y m e r systems w i t h po lar solvents, w e noted that substrate concentra
tions i n the supernatant l i q u i d changed cons iderably f o l l o w i n g a br ie f 
(15 m i n ) equ i l i b ra t i on p e r i o d w i t h the po lymer . T h e ab i l i t y of the 
po lystyrene ( c ross l inked w i t h 2 0 % d iv iny lbenzene ) to extract N a n d Q 
f r o m a solvent such as methano l or acetonitr i le c a n be apprec iable , as 
i n d i c a t e d i n F i g u r e 7. Cons iderab le caut ion must be taken i n a n a l y z i n g 
photolysis mixtures i n such cases. N o detectable par t i t i on ing was noted 
w h e n benzene was used as the fluid m e d i u m . T h i s phenomenon is of no 
par t i cu lar va lue for the norbornadiene system because the photoproduct 
is adsorbed as w e l l as, i f not better t h a n , the photoreactant, a n d because 
i n a p r a c t i c a l app l i ca t i on , neat N w o u l d be used . H o w e v e r , one can 
easi ly envis ion other photochemica l reactions where advantage of this 
effect c o u l d be taken . I n systems w h e r e the photoproduct exhibits a l o w 
affinity for the so l id support a n d a h i g h affinity for the substrate, h i g h 
l o c a l concentrations of the photoreactant i n the v i c i n i t y of the sensitizer 
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1. H A U T A L A A N D L I T T L E Photosensitizers in Energy Storage 11 

Time, minutes 

Figure 7. Adsorptive affinity of functionalized polystyrene for N and Q. 
The initial substrate concentration was 0.40M in methanol solution. In 
each case, 0.70 mh solution was exposed to 0.28 g polymer. (A) N, (•) Q. 

c o u l d be mainta ined d u r i n g the entire course of the photolysis . T h u s , 
not on ly w o u l d the q u a n t u m efficiency r e m a i n h i g h , b u t undes irable 
secondary photoprocesses c o u l d be avo ided entirely . 

Other Heterogeneous Sensitizers for the Norbornadiene System 

Several other c o m m o n organic chromophores have been grafted onto 
so l id supports such as polystyrene (2,16). P r e l i m i n a r y evaluat ion of 
these i m m o b i l i z e d sensitizers y i e l d e d performances c lear ly infer ior to 
those discussed above. A n o t h e r system under study b y K u t a l a n d G r u t s c h 
deserves ment ion , however . T h e complex I r ( p h e n ) 2 C l 2 + is to ta l ly ineffec
t ive (<f> < 4 X 10" 3) at sensit iz ing the conversion of N to Q i n so lut ion 
( 2 0 % ethanol : 8 0 % cyc lohexane) . W h e n this ca t ion is i on i ca l ly attached 
to a sul fonated polystyrene, i t sensitizes the conversion w i t h a q u a n t u m 
efficiency of approx imate ly 5 % ( 0 . 5 M N i n cyc lohexane) (17). T h e 
i r i d i u m complex cannot be s tud ied under homogeneous condit ions i n 
nonpo lar m e d i a such as cyclohexane due to total inso lub i l i ty . T h e a d d i 
t i o n of alcohols, necessary for so lub i l i zat ion , is apparent ly deleterious to 
the photosensitizer. T h u s even ion ic species, w h i c h otherwise m i g h t be 
incompat ib le w i t h organic systems, can be effective sensitizers w h e n 
i m m o b i l i z e d on so l id supports. 

Conclusion 

T h e use of the d imethy laminobenzophenone chromophore has p r o v e d 
to be an inc is ive probe for heterogeneous photosensit izat ion. R e m a r k a b l y 
h i g h energy transfer efficiencies can be achieved w i t h this technique , 
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12 I N T E R F A C I A L P H O T O P R O C E S S E S 

a n d m a n y advantages ant i c ipated for i m m o b i l i z e d sensitizers have been 
rea l i zed . I n spite of the fact that graf t ing of the sensitizer chromophore 
occurs on ly at or near the surface of the so l id support , the surface 
properties of the so l id support are more in f luent ia l i n de termin ing 
sensitizer behavior than are the properties of the surround ing fluid 
m e d i u m . T h e h i g h observed efficiencies d e m a n d that the fluid m e d i u m 
be read i ly accessible to the attached sensitizer, yet the potent ia l ly adverse 
inf luence of a po lar solvent is not felt b y the sensitizer grafted to p o l y 
styrene. L i k e w i s e a favorable solvent, such as benzene, is unab le to 
overcome the deleterious inf luence of po la r s i l i ca surface. A l t h o u g h i t 
was of no apparent use i n the experiments descr ibed above, the potent ia l 
for u s i n g a specific adsorpt ive affinity of the so l id surface to achieve 
selective photochemistry is excit ing. 
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Photoactivation of Polymer-Anchored Catalysts 

Iron C a r b o n y l C a t a l y z e d Reactions of Alkenes 

ROBERT D. SANNER, RICHARD G. AUSTIN, and 
MARK S. WRIGHTON1 

Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

WILLIAM D. HONNICK and CHARLES U. PITTMAN, JR.1 

Department of Chemistry, University of Alabama, University, AL 35486 

Photoactivation of polymer-anchored iron carbonyl catalysts 
is reported. Prototypic reactions are 1-pentene isomerization 
and reaction of 1-pentene with HSiEt 3, which can be photo-
catalyzed at 25°C by near-UV irradiation of suspensions of 
the polymer-anchored catalyst systems. The basic polymer 
system is a styrene-1% divinylbenzene resin derivatized 
with either -PPh 2 or -P(Ph)CH 2CH 2PPh 2 anchoring sites 
for catalyst precursors. Fe(CO)n's (n = 3, 4) are attached to 
the phosphine sites by reaction with Fe 3(CO) 1 2 . The poly
mer-anchored catalysts show turnover numbers exceeding 
2 X 104 in some cases and observed quantum yields exceed 
unity, indicating the photogeneration of a thermal catalyst. 
From the data we conclude that the anchoring Fe-P bond 
is relatively photoinert and that the catalysis is initiated by 
the photoinduced dissociation of CO. 

Coord inat ive ly unsaturated transit ion meta l organometal l i c complexes 
^ are be l ieved to p l a y a k e y role i n homogeneous cata lyt i c processes 
( I ) . C o o r d i n a t i v e unsaturat ion can be generated photochemica l ly b y 

1 To whom correspondence should be addressed. 

0-8412-0474-8/80/33-184-013$05.00/0 
© 1980 American Chemical Society 
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14 I N T E R F A C I A L P H O T O P R O C E S S E S 

l i g h t - i n d u c e d l i g a n d dissociation a n d m e t a l - m e t a l b o n d cleavage ( 2 , 3 ) . 
S u c h photochemistry has been explo i ted to in i t iate catalyt ic processes 
under re lat ive ly m i l d thermal condit ions ( 4 , 5 , 6 ) . L ight -generated cata
lysts m a y be genuinely u n i q u e since the catalyst is the result of some 
excited-state decay process. F u r t h e r , catalyt ic processes that are r u n at 
l ower temperatures may y i e l d greater p roduc t d i s t r ibut ion select ivity 
w h e n more than one product can be f ormed . L i g h t also offers a degree 
of contro l over cata lyt i c processes not necessarily attainable i n conven
t i o n a l cata lyt i c systems, since the produc t f o rmat ion depends on t w o 
s t i m u l i , l i ght a n d heat. E x a m p l e s of organometal l i c photocatalysis have 
demonstrated the concept of in i t i a t ing catalysis under re lat ive ly m i l d 
condit ions i n the reactions of olefins w i t h h y d r o g e n a n d s i l i con hydr ides 
a n d i n un imolecu lar isomerizat ion reactions of olefins (4,5,6). 

I n this chapter w e summarize our recent findings (7) on the explo i ta 
t i on of photochemica l catalyst generation i n situations where the catalyst 
precursor is anchored to a po lymer . A d d i t i o n a l l y , w e present n e w , data 
to further characterize such systems. A large n u m b e r of examples of 
thermal ly act ivated, po lymer -anchored catalyst systems have been studied 
(8,9,10). A n c h o r i n g a catalyst to a po lymer takes advantage of the 
molecu lar specif icity of organometal l i c catalysts w h i l e s t i l l b e ing able to 
separate the products easily f r om the catalyst system. V i e w i n g the p o l y 
mer as a l i g a n d , albeit an unusua l one, one can also effect some contro l 
over the catalyt ic processes b y the nature of the po lymer -anchor ing 
system. Photochemica l act ivat ion of po lymer -anchored catalyst systems 
a l l o w the generation of u n i q u e catalyst systems. I t has been demonstrated 
that extensive, m u l t i p l e , coordinat ive unsaturat ion can be photogenerated 
b y i r r a d i a t i n g meta l carbonyls i n situations where the complexes are 
matr ix isolated (11,12,13). T h e po lymer -anchored complex can be 
v i e w e d as a s i tuat ion where the complex can be "matr ix i so la ted / ' p r o 
v i d e d the r i g i d i t y of the p o l y m e r is great enough a n d the density of 
complexes on the p o l y m e r is l o w enough to permi t isolat ion. H o m o g e 
neous organometal l i c catalyt ic species have prev ious ly been attached to 
p o l y m e r matrices a n d there is evidence for v a r y i n g degrees of matr ix 
iso lat ion (14-19). H o w e v e r , this a p p r o a c h has never been a p p l i e d to 
photogenerated cata lyt i c species. O f course, the explo i tat ion of any 
photoact ivat ion of a po lymer -anchored catalyst depends on the photo -
inertness of the anchor bond . P h o t o i n d u c e d selective loss of l igands 
other than the p o l y m e r l i g a n d is the objective. 

D e t a i l e d results have been obta ined for F e ( C O ) r t ( n = 3, 4 ) b o u n d 
to a phosph inated s tyrene -d iv iny lbenzene resin. T w o types of anchor ing 
sites have been used a n d are represented i n I a n d I I . M o s t of the w o r k 
thus far has i n v o l v e d the phosphinated p o l y m e r I . T h i s anchor ing system 
approximates a t r iphenylphosphine l i g a n d ; consequently the F e ( C O ) n -
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2. S A N N E R E T A L . Photoactivation of Polymer-Anchored Catalysts 15 

P o l y m e r Po lymer 

I II 

( P P h 3 ) 5 . w ( n = 3, 4 ) complexes have been used as homogeneous models 
for the po lymer -anchored system. A direct compar ison of these phosphine 
derivatives w i t h F e ( C O ) 5 also has been made to assess the effect of 
h a v i n g the phosphine l i g a n d ( s ) i n the coordinat ion sphere. T h e probe 
cata lyt i c chemistry is 1-pentene i somer izat ion a n d react ion w i t h H S i E t 3 . 
B o t h reactions c a n be photocata lyzed us ing F e ( C O ) 5 as the catalyst 
precursor ( 6 ) . 

Experimental 

T h e general procedures a n d synthesis associated w i t h Cata lys t System 
I (see T a b l e I) have been deta i led elsewhere ( 7 ) , i n c l u d i n g the synthesis 
a n d character izat ion of the der ivat i zed po lymer . T h e i r r a d i a t i o n source 

Table I. Analytical Data for Polymer Catalyst Systems 

%of 
Anchoring' Phenyl Rings Catalyst 

System Substituted System %Fe P:Fe 

I 3.3 A 0.92 0.58 2.9 
I 29 B 4.47 4.10 2.0 

II 11.9 C 3.91 6.79 1.0 
II 3.1 D 1.73 1.40 2.2 
II 11.9 E 4.32 1.10 7.1 
II 3.1 F 1.51 0.42 6.5 

aSee text. 
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16 I N T E R F A C I A L P H O T O P R O C E S S E S 

i n the experiments descr ibed here in was a G E B lac ld i t e e q u i p p e d w i t h 
t w o 1 5 - W bulbs w i t h p r i n c i p a l output at 355 n m ; the intensity at the 
sample (s t i rred for p o l y m e r systems) was approx imate ly 1 0 ' 6 e i n / m i n 
measured b y ferrioxalate act inometry ( 7 ) . T h e samples themselves 
were solutions or suspensions of the catalyst precursor i n neat 1-pentene 
( C h e m i c a l Samples C o . , > 9 9 . 9 % ) such that about 1 0 " 3 M F e was present. 
Sample size was typ i ca l l y 1.0 m L ; the al iquots were p laced i n 13 X 
100-mm ampules , f reeze -pump-thaw degassed, a n d hermet ica l ly sealed 
p r i o r to i l l u m i n a t i o n at 298 K . Analyses were a l l b y gas chromatography 
us ing equipment descr ibed prev ious ly ( 7 ) . 

P o l y m e r System II has not been prev ious ly descr ibed a n d its synthesis 
is descr ibed be low. Te t rahydro furan ( T H F ) was d i s t i l l ed f rom potas-
s i u m / b e n z o p h e n o n e under ni trogen. A l l other solvents a n d chemicals 
were used as rece ived, except for d ipheny lv iny lphosph ine , w h i c h was 
prepared b y the react ion of ch lorod ipheny lphosphine w i t h v i n y l m a g 
nes ium bromide accord ing to the l i terature method (23). S t y r e n e - 1 % -
d iv iny lbenzene beads were purchased f rom B i o - R a d Laborator ies ( S X - 1 , 
200-400 mesh) a n d were brominated accord ing to l i terature methods 
(24). M i c r o a n a l y t i c a l analyses were per formed by Schwarzkop f M i c r o -
ana ly t i ca l Laborator ies , W o o d s i d e , N e w York . A l l reactions a n d m a n i p u 
lations i n v o l v i n g phosphines were carr ied out under nitrogen. 

Preparation of C 6 H 5 P ( H ) C H 2 C H 2 P ( Q H 5 ) 2 . A neat so lut ion of 
pheny lphosphine (36.0 g, 0.33 m o l ) a n d d ipheny lv iny lphosph ine (36.8 g, 
0.17 mol) c onta in ing A I B N (0.30 g ) was i r rad ia ted under n i trogen for 2 h r 
w i t h a 100-W H a n o v i a U V lamp. T h e excess d ipheny lphosph ine was 
d i s t i l l ed f rom the resul t ing solut ion at atmospheric pressure a n d the 
l -pheny lphosphino -2 -d ipheny lphosphinoethane was v a c u u m dis t i l l ed at 
190-195°C/0 .05 torr , y i e l d : 35.0 g ( 6 3 % ) . T h e on ly other major b y 
product was bis (2 -d ipheny lphosphinoethy l ) phenylphosphine p r o d u c e d 
b y the react ion of two moles of d i p h e n y l v i n y l p h o s p h i n e per mole of 
phenylphosphine . T h e ratio of the two products f o rmed b y this react ion 
is very sensitive to the rat io of the two reactants, w i t h a n excess of 
pheny lphosphine favor ing produc t i on of bis chelate phosphine . 

Preparation of P - P ( P h ) C H 2 C H 2 P P h 2 . L i t h i u m meta l (5.0 g, 0.72 
m o l ) was suspended i n T H F (25 m L ) a n d a solut ion of 1-phenylphos-
phino -2 -d iphenylphosphinoethane (22.0 g, 68.3 m m o l ) d issolved i n T H F 
(50 m L ) was a d d e d dropwise . A y e l l o w solution i n i t i a l l y f o rmed a n d 
s l owly became dark red . T h e reactants were st irred together for two 
days at room temperature a n d then refluxed for 1 day . T h e excess l i t h i u m 
meta l was removed , a n d the solution was a d d e d dropwise to a b rominated 
s t y r e n e - l % - d i v i n y l b e n z e n e (11.9 g ~ 3 0 % of the po lys tyry l r ings bro 
minated ) . T h e mixture was st irred for 2 days at room temperature a n d 
then refluxed for 1 day. T h e mixture was cooled a n d h y d r o l y z e d s lowly 
w i t h 100 m L of deoxygenated water , filtered, and washed w i t h 500 m L 
portions of the f o l l o w i n g deoxygenated solvents: water , acetone-water 
( 1 : 1 ) , acetone, benzene, a n d methanol . T h e phosphinated resin beads 
were d r i e d i n vacuo at room temperature for 24 hr . Ana lys i s f o u n d 
0 .37% B r a n d 5 .16% P , w h i c h corresponds to 11 .9% of the p o l y s t y r y l 
r ings conta in ing a b o u n d - P ( P h ) C H 2 C H 2 P P h 2 group. 

A s imi lar procedure was f o l l owed to prepare a phosphinated res in 
conta in ing b o u n d - P ( P h ) C H 2 C H 2 P P h 2 groups w i t h 3 . 1 % of the p o l y 
s tyry l r ings substituted. 
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2. S A N N E R E T A L . Photoactivation of Polymer-Anchored Catalysts 17 

Preparation of P - [ P ( P h ) C H 2 C H 2 P P h 2 ] ^ F e ( C O ) n ] y . F e 3 ( C O ) i 2 

(0.55 g, 3.28 m m o l F e ) was disso lved i n 25 m L of T H F a n d reacted w i t h 
1.0 g of phosphinated res in conta in ing b o u n d - P ( P h ) C H 2 C H 2 P P h 2 

groups ( 1 1 . 9 % of the rings subst i tuted, 1.67 m m o l P ) . T h e mixture was 
ref luxed for 1 hr , cooled, a n d filtered. T h e res in beads then were w a s h e d 
repeatedly w i t h alternate port ions of d ry , deoxygenated T H F a n d m e t h 
ano l , a n d then d r i e d i n vacuo at 80 °C for 24 hr . Ana lys i s f o u n d : 3 . 9 1 % 
P a n d 6 .79% F e corresponding to a P : F e rat io of 1.0. 

T h r e e other po lymer-at tached catalyst resins were p r e p a r e d s imi la r l y 
us ing different F e 3 ( C O ) 1 2 : phosphinated res in ratios. Cata lys t resin for 
Cata lys t System D (see T a b l e I ) was prepared b y the react ion of 
F e 3 ( C O ) 1 2 (0.10 g, 5.0 m m o l F e ) w i t h phosphinated res in (2.0 g, 3 . 1 % 
rings subst i tuted, 1.08 m m o l P ) . Cata lys t resin for Cata lys t System E 
(see T a b l e I ) was prepared b y the react ion of F e 3 ( C O ) i 2 (0.032 g, 0.19 
m m o l F e ) w i t h phosphinated resin (1.0 g, 1 1 . 9 % r ings subst i tuted, 1.67 
m m o l P ) . Ca t a lys t resin for Cata lys t System F (see T a b l e I ) was p r e 
p a r e d b y the react ion of F e 3 ( C O ) i 2 (0.023 g, 0.13 m m o l F e ) w i t h 
phosphinated resin (2.0 g, 3 . 1 % rings subst i tuted, 1.08 m m o l P ) . 

Results and Discussion 

Polymer Systems Studied. T h e p o l y m e r used i n this w o r k is a c o m 
merc ia l l y avai lable ( B i o - R a d Laborator ies S X - 1 , 200-400 mesh) s t y r e n e -
1 % d iv iny lbenzene , microporous res in . I t was b rominated a n d func -
t i ona l i zed accord ing to the procedures represented i n E q u a t i o n s 1-3. T h e 

(i) 

(2) 

I 

( ^ B r , i f n ^ ! ( ^ p ( p | i ) C H ! C H ! p p h ! m 

I I 

phosphinated mater ia l I a n d I I were separately reacted thermal ly w i t h 
F e 3 ( C O ) i 2 i n T H F to incorporate F e ( C O ) n ( n = 3, 4 ) b y attachment 
to the phosphine l igands (see E q u a t i o n s 4 a n d 5 ) . T h e r m a l react ion of 
F e 3 ( C O ) i 2 w i t h phosphine l igands is k n o w n to produce mononuc lear 
i r o n carbony l species (20). E l e m e n t a l analyses ( S c h w a r z k o p f M i c r o -
ana ly t i ca l Laborator i es ) a n d I R spectra i n the c a r b o n y l reg ion have been 
used to characterize these systems. 
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18 I N T E R F A C I A L P H O T O P R O C E S S E S 

Fe3(C0)i2 / - ^ 
> ( p V P P h 2 ) B . J e ( C O ) , (4) 

T H F 
n = 3, 4 

II F e 3 ( C Q h
)

2 ( p ) - P ( P h ) C H 2 C H 2 P P h 2 ) I [ F e ( C O ) „ ] v (5) 

aj — l , 2 ; n — 3 , 4 ; y — 1 , 2 
T H F 

T a b l e I summarizes the essential ana ly t i ca l results for the several 
p o l y m e r catalyst systems descr ibed here in , a n d T a b l e I I gives I R spectral 
da ta for p o l y m e r systems a n d other re levant complexes. T h e I R data 
( b a n d positions a n d relat ive intensit ies) for anchor ing system I revea l 
that there is a rat io of ( p ) - P P h 2 F e ( C O ) 4 to frans<f^PPh2)2Fe(CO)3 

between about 2 -6 where the F e ( C O ) 3 u n i t can serve as a cross - l ink ing 

Table II. IR Band Maxima in C O Stretching Region for 
Fe Carbonyl/Phosphine Complexes* 

Complex Band Maxima, cm'1 (e) 

F e ( C O ) 5 2025(5470) ; 2000(11,830) 

F e ( C O ) 4 P P h 3 2054(3500) ; 1978(2310) ; 

1942(4870) 

trans-Fe ( C O ) 3 ( P P h 3 ) 2 1893(5140) 

® - P P h 2 ) 5 . „ F e ( C O ) „ (n — 3,4) ( A and B ) 2 0 4 5 ( — ) ; 1 9 6 8 ( — ) ; 
1932 (—); 1876 (—) 

F e ( C O ) 4 P ( P h ) 2 C H 2 C H 2 P P h 2 F e ( C O ) 4 ' > 2049 (—); 1976 (—); 
1934 (—) 

( P h 2 P C H 2 C H 2 P P h 2 ) F e ( C O ) 3 > 1992 (—); 1923 (—); 
1901 (—) 

® - P (Ph) C H 2 C H 2 P P h 2 ) . [ F e ( C O ) „ ] „ 
( s — l , 2 ; n — 3 , 4 ; y — 1 , 2 ) 

(C ) 2055 ( — ) ; 1 9 8 2 ( — ) ; 
1934 (—) 

( D ) 2050 (—); 1975 (—); 
1935 (—); 1880 (—) 

( E ) 2050 ( — ) ; 1 9 8 0 ( — ) ; 
1935 (—) 

( F ) 2040 ( — ) ; 1 9 7 5 ( — ) ; 
1935 (—); 1885 (—) 

'Polymer systems measured as Nujol mulls; other complexes measured in hydro
carbon solution. 

'Data from Refs. 26 and 26. 
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2. S A N N E R E T A L . Photoactivation of Polymer-Anchored Catalysts 19 

agent. T h e d i s t r ibut ion of F e ( C O ) n species for anchor ing system II is 
more complex, o w i n g to the poss ib i l i ty that the d iphosphine anchor m a y 
or m a y not be a che la t ing reagent. C o m p a r i s o n of the I R spectra for 
catalyst systems IIC-IIF suggest that there are attached F e ( C O ) 4 uni ts . 
T h e b a n d at 1880 or 1885 c m " 1 i n IIB a n d IIF suggests that F e ( C O ) 3 

serves as a cross - l inking reagent as i n system I, m i m i c k i n g the m o d e l 
f r a n $ - F e ( C O ) 3 ( P P h 3 ) 2 species. T h e data seem to r u l e out an important 
contr ibut ion f rom anchor ing system II as a chelate to b i n d F e ( C O ) 3 i n 
the systems s tudied . De l i be ra te var iat ion i n the d i s t r ibut ion of the 
coord inat ion sphere of the attached i ron i n I a n d II is c lear ly achievable 
b y care ful contro l at the funct iona l i zat ion stages, b u t the w o r k to date 
has focused m a i n l y on first establ ishing some of the quant i tat ive photo -
cata lyt i c behavior i n these systems. 

Primary Photoprocesses in Iron Carbonyl Complexes. E q u a t i o n 6 
represents the p r i m a r y c h e m i c a l result of opt i ca l ly exc i t ing F e ( C O ) r , 

hv 
F e ( C O ) 5 > F c ( C O ) 4 + C O (6) 

(2,11,12). T h e react ion occurs efficiently a n d is be l i eved to be the 
p r i m a r y step i n the F e ( C O ) 5 photocata lyzed isomerizat ion (21), h y d r o -
genat ion (21), a n d hydros i la t i on ( 6 ) of alkenes. B u t i n these cases i t has 
been postulated that absorpt ion of an add i t i ona l photon b y some 
F e ( C O ) 4 ( a l k e n e ) or F e ( C O ) 4 ( H ) ( R ) (R = H , S i ( a l k y l ) 3 ) is r e q u i r e d 
to effect the alkene chemistry (6,21). 

T h e c ruc ia l quest ion here w i t h respect to po lymer -anchored F e ( C O ) n 

species is whether the F e - P b o n d is photoinert . I f the F e - P is c l eaved 
photochemica l ly , then the anchored species can be released to the b u l k 
so lut ion a n d s i m p l y effect the same chemistry as that f o u n d b e g i n n i n g 
w i t h F e ( C O ) 5 i n solut ion. T h r e e l ines of evidence support the conc lus ion 
that the F e - P b o n d is re lat ive ly photoinert for the catalyst systems s tudied 
here. F i r s t , E q u a t i o n s 7 a n d 8 represent the chemistry o c c u r r i n g u p o n 

hw, P(OMe) 3 

F e ( C O ) 4 P P h 3 > F e ( C O ) 3 ( P P h 3 ) ( P ( O M e ) 3 ) + C O (7) 
*355nm =0.4 ± 0.04 

(benzene) 

h», HSiEt 3 

F e ( C O ) 4 P P h 3 > F e ( C O ) 3 ( P P h 3 ) ( H ) ( S i E t 3 ) + C O (8) 
n e a r - U V photoexci tat ion of F e ( C O ) 4 P P h 3 i n the presence of P ( O M e ) 3 

a n d H S i E t 3 , respect ively ; i n the former no F e ( C O ) 4 ( P ( O M e ) 3 ) was 
detected a n d i n the latter no F e ( C O ) 4 ( H ) ( S i E t 3 ) was f o u n d ( 7 ) . T h u s , 
for F e ( C O ) 4 ( p h o s p h i n e ) the extrusion of C O is the p r i n c i p a l result of 
op t i ca l excitation. S i m i l a r results were obta ined for F e ( C O ) 3 ( P P h 3 ) 2 , 
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20 I N T E R F A C I A L P H O T O P R O C E S S E S 

b u t loss of P P h 3 here has an efficiency of about one-tenth that of C O 
loss. Second, i r rad ia t i on of the po lymer -anchored F e ( C O ) n species does 
not y i e l d detectable amounts of F e ( C O ) n complexes i n so lut ion, even 
w h e n the solut ion contains P P h 3 as a potent ia l sequestering reagent. 
F i n a l l y , the catalyt ic chemistry for the po lymer -anchored systems is 
inconsistent w i t h that obta ined f rom F e ( C O ) 5 ; the data suggest the 
retention of at least one phosphine i n the coordinat ion sphere d u r i n g 
actual cata lyt i c reactions. 

Qualitative Photocatalytic Behavior. Po lymer -anchored F e ( C O ) n 

species have been shown to serve as photochemica l sources of cata lyt i c -
a l l y act ive species that are capable of effecting 1-pentene i somer izat ion , 
E q u a t i o n 9, a n d 1-pentene react ion w i t h H S i E t 3 , E q u a t i o n 10. T h e 

hp 

V 

catalyt ic chemistry c a n be i n d u c e d w i t h n e a r - U V (355 n m ) i r rad ia t i on 
at 25 ° C where there is no detectable dark react ion ; no p h o t o i n d u c e d 
react ion of the 1-pentene is f o u n d b y i r r a d i a t i n g suspensions of the 
anchor ing mater ia l p r i o r to attachment of the F e ( C O ) n units . Solvent 
interactions are substant ial but have not yet been f u l l y evaluated. T h e 
importance of p o l y m e r solvation is reflected i n the fact that 0 . 1 M 1-pen
tene i n an isooctane suspension of Cata lys t System A (see T a b l e I ) under 
goes m u c h less than 1 % isomerizat ion after 12 h r of i r rad ia t i on , whereas 
more than 2 5 % isomerizat ion results under the same condit ions w i t h 
benzene as the solvent. Benzene is a n excellent swe l l ing solvent. T h e r e 
fore, reactions i n benzene are suitable for compar ison w i t h homogeneous 
cases. F o r the w o r k descr ibed here the solutions are general ly neat 
1-pentene or a neat 1:1 m o l rat io of 1-pentene : H S i E t 3 . 

C a t a l y t i c ac t ion depends o n the r igorous exclusion of 0 2 ; reactions 
were r u n i n hermet i ca l ly sealed, f reeze-pump-thaw-degassed ampules . 
Sustained catalysis requires cont inuous i r r a d i a t i o n ; i.e., w h e n the l i ght is 
t u r n e d off the react ion appears to stop, but i t can be re in i t ia ted b y l ight . 
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2. S A N N E R E T A L . Photoactivation of Polymer-Anchored Catalysts 21 

Q u a n t u m yie lds often exceed u n i t y , though , i n d i c a t i n g that i r rad ia t i on 
produces a thermal ly active catalyst capable of effecting a n u m b e r of 
turnovers before react ivat ion w i t h l ight is necessary. E x c e p t for Cata lys t 
Systems D , E , a n d F (see T a b l e I ) , w e have observed a large amount 
of substrate react ion compared w i t h the n u m b e r of i r o n atoms i n i t i a l l y 
present. W e have observed more than 2 X 10 4 1-pentene molecules 
reacted per i ron atom present. F i n a l l y , the catalyst system is used as a 
st irred suspension i n the substrate solut ion, a n d this results i n di f f iculty 
i n measur ing the q u a n t u m yie lds . Since the suspension m a y scatter l i gh t , 
w e take the react ion q u a n t u m yie lds as the n u m b e r of 1-pentene mole 
cules consumed per photon inc ident on the sample. These q u a n t u m 
yie lds are thus a l ower l i m i t for the ac tua l q u a n t u m y i e l d . T a b l e I I I 
shows the q u a n t u m yields as a funct ion of the amount of Cata lys t System 
B (see T a b l e I ) suspended i n the neat 1-pentene. W i t h i n the range 
10-40 m g there is l i t t l e change i n the observed q u a n t u m y i e l d recorded 
at about 3 0 % conversion. B e l o w 5 m g the q u a n t u m yie lds f a l l off, 
consistent w i t h substantial transmission of the inc ident i r rad ia t i on . E v e n 
t h o u g h suspensions are used, good reproduc ib i l i t y has been achieved . 

Table III. Dependence of Observed Quantum Yield for 1-Pentene 
Reaction on Weight of Polymer Used 0 

Wt of Polymer % Conversion &b (trans:cis) ° 

5 33.8 2.2 1.76 
10 25.4 5.3 1.78 
20 30.8 6.5 1.71 
30 31.6 6.7 1.68 
40 29.4 6.2 1.47 

"Stirred suspensions of Catalyst System B in 1.00 mL of degassed 1-pentene irra
diated at 25°C using a G E Blacklite (355 nm) irradiation source. 

5Observed quantum yield for consumption of 1-pentene; number of 1-pentene 
molecules consumed per photon incident on the sample. 

0 Observed ratio of trans- to cis-2-pentene products. 

1-Pentene Isomerization. D a t a for the photocata lyzed isomerizat ion 
of neat 1-pentene for several catalyst precursors are shown i n T a b l e IV. 
A l l of the catalyst precursors h a v i n g a phosphine i n the coord inat ion 
sphere y i e l d an i n i t i a l ratio of 2-pentenes that is different f r o m that w h e n 
F e ( C O ) 5 is used as the catalyst precursor. T h i s result unequ ivoca l l y 
establishes that the phosphine complexes do re ta in the phosphine i n the 
coord inat ion sphere d u r i n g the actual i somerizat ion process. F u r t h e r , 
the rat io of the 2-pentenes for the p o l y m e r systems is between that f o u n d 
for the F e ( C O ) 4 P P h 3 a n d F e ( C O ) 3 ( P P h 3 ) 2 species, consistent w i t h the 
d i s t r ibut ion of such species anchored to the po lymer . T h e observed 
dec l ine i n i somer izat ion q u a n t u m y i e l d F e ( C O ) 3 ( P P h 3 ) 2 < F e ( C O ) 4 -
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22 I N T E R F A C I A L P H O T O P R O C E S S E S 

Table IV. Photocatalyzed Isomerization of 1-Pentene° 

% Conversion 
(Irradiation 

Catalyst Precursor Time, min) (trans:cis)9 

F e ( C O ) 3 6.2 (2) 117 2.92 
31.5 (15) 96 3.29 

F e ( C O ) 4 P P h 3 7.8 (5) 71 1.11 
36.2 (60) 28 2.12 

F e ( C O ) 3 ( P P h 3 ) 2 * 8.5 (15) 12 0.56 
18.4 (60) 7.7 0.58 

® - P P h 2 ) 5 - „ F e ( C O ) n ( B ) « 3.9 (30) 6.0 0.71 
(n = 3, 4) 33.8 (720) 2.2 1.76 

( g ) - P ( P h ) C H 2 C H 2 P P h 2 ) x [ F e ( C O ) „ ] v 

( x — l , 2 ; n — 3 , 4 ; y — 1 , 2 ) 

( C ) 1.3 (15) 3.8 0.80 
2.5 (30) 3.8 0.86 
7.6 (45) 7.7 1.50 

19.6 (120) 7.5 2.01 

( D ) 2.6 (360) 0.2 0.93 
2.5(1680) 0.04 0.92 

( E ) 3.2 (360) 0.3 0.42 
3.2(1680) 0.06 0.45 

(F ) N o detectable i somerizat ion ( < 0 . 5 % ) . 

° Reactions carried out at 25 °C using 1.0 mL of degassed neat 1-pentene solution 
containing 10"3Af catalyst precursor. Samples were stirred throughout irradiation 
period. The irradiation source was a G E Blacklite (355 nm). 

* Observed quantum yield for 1-pentene consumption; number of molecules of 
1-pentene consumed per photon incident on sample. 

c Ratio of trans- to cis-2-pentene products. 
d Carried out in 5.0M 1-pentene in benzene as cosolvent. 
9 Comparable results obtained for Catalyst System A. 

P P h 3 < F e ( C O ) 5 is interest ing a n d perhaps suggestive, but not q u a n t i 
tat ive ly interpretable i n terms of catalyst turnover rate since there m a y 
be large differences i n the efficiency of catalyst generation. 

A l l of the catalyst precursors s tudied , except Cata lys t Systems D , E , 
a n d F , are capable of effecting substant ia l i somer izat ion of neat 1-pen
tene. T h e inac t iv i ty of Cat a ly s t Systems D , E , a n d F is not easi ly ex
p l a i n e d a n d is current ly u n d e r study. A p laus ib le rat ionale is that the 
amount of uncomplexed d iphosph ine chelate is great enough a n d the 
p o l y m e r sufficiently flexible that the cata lyt i ca l ly act ive sites are c a p p e d 
b y the coord inat ing phosphines . Excess t r ipheny lphosphine i n solut ion 
substantial ly suppresses the i somer izat ion act iv i ty of the homogeneous 
photocatalysts. O n e fact that is very interest ing is that to the extent that 
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2. S A N N E R E T A L . Photoactivation of Polymer-Anchored Catalysts 23 

any i somer izat ion does take p lace on Cata lys t Systems D , E , a n d F w e 
see a trans :c is p roduc t ratio i n accord w i t h the evidence of more than one 
phosphine group i n the F e coord inat ion sphere. 

T a b l e V shows the var ia t ion i n isomerizat ion q u a n t u m yie lds as the 
1-pentene concentrat ion is var i ed for Cata lyst System B us ing benzene as 
cosolvent. T h e r e is more than a ten- fo ld change i n the i n i t i a l q u a n t u m 
yie lds w i t h var ia t ion of 1-pentene concentrat ion. S u c h a n effect has been 
reported previous ly us ing F e ( C O ) 5 i n homogeneous so lut ion (21 ) . T h e r e 
is a modest change i n the i n i t i a l trans:c is rat io w i t h var ia t i on of 1-pentene 
concentrat ion. T h i s effect m a y result f rom differences i n steric effects 
o w i n g to change i n the degree of po lymer swe l l ing b y benzene a n d 
1-pentene. A l te rnat ive ly , the var ia t ion i n trans:c is ratio m a y indicate some 
effect f rom pentene not coordinated to i r o n , perhaps associatively d i rec t 
i n g decay of the proposed (21) 7r-allyl h y d r i d e intermediate for iso
mer izat ion . 

Table V . Dependence of Quantum Yield on 
1-Pentene Concentration 8 

1-Pentene 
Concentration 

(M) % Conversion <*>* (transxis)' 

0.3 9.0 0.3 1.6 
0.3 20.7 0.4 1.6 
1.0 14.7 0.9 1.8 
1.0 19.8 0.8 1.8 
2.5 8.4 1.2 1.7 
2.5 10.3 1.0 1.8 
5.0 8.5 1.7 1.5 
9.1 [neat] 6.4 4.8 0.8 
9.1 [neat] 10.6 4.0 1.0 

"Irradiation of 5 mg of Catalyst System B suspended in 1.0 mL of degassed ben
zene/ 1-pentene solution. Solutions are stirred throughout the irradiation period. Re
action is carried out at 25°C using a GE Blacklite (355 nm) irradiation source. 

* Observed quantum yield for 1-pentene disappearance; number of 1-pentene 
molecules consumed per photon incident on the sample. 

c Ratio of trans- to cts-2-pentene products. 

Photocatalyzed Reaction of 1-Pentene with H S i E t 3 . T a b l e V I 
shows the d i s t r ibut i on of S i - conta in ing products resul t ing f r o m the various 
photocatalysts. E x c e p t for some m i n o r var iat ions , the d i s t r ibut i on of 
products seems to be essentially independent of the catalyst precursor 
or the extent of conversion. T h e amount of n-pentane i n each case is 
i n i t i a l l y equa l to the total ( p e n t e n y l ) S i E t 3 y i e l d . These data testify to 
the ab i l i t y to effect synthetic catalysis of some consequence us ing the 
po lymer -anchored catalyst precursors. T h e interest ing products here are 
the ( p e n t e n y l ) S i E t 3 species, w h i c h are not general ly f o rmed i n ca ta lyzed 
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24 I N T E R F A C I A L P H O T O P R O C E S S E S 

Table V I . Product Distribution in 

Catalyst Precursor % Conversion 

F e ( C O ) 5 2 
80 

F e ( C 0 ) 4 P P h 3 8 
30 

F e ( C O ) 3 ( P P h 3 ) 2 6 
40 

® - P P h 2 ) 5 _ J e ( C O ) / 
(n = 3,4) (A) 

20 
50 

© - P ( P h ) C H 2 C B 2 P P h 2 ) J F e ( C O ) ( C ) e 

( x — l , 2 ; n — 3 , 4 ; y — 1 , 2 ) 
27 

° Numbers given are the percent of all Si-containing products. Products generated 
from irradiation of neat 1:1 alkene:silane solutions containing 10~3M catalyst pre
cursor. Cf. text, Equation 10, for structure of (pentenyl)SiEt3 isomers I I I , I V , and V . 

reactions of alkenes w i t h s i l i con hydr ides (22 ) . Since the produc t 
d i s t r ibut i on does not vary greatly w i t h any of the precursors, w e cannot 
unequ ivoca l l y conc lude that the phosphines are reta ined i n the Fe 
coord inat ion sphere, but there is not any evidence that the phosphine is 
lost. T h e catalyt ic react ion s imply m a y not be too sensitive to catalyst 
structure; the S i - conta in ing products are l i k e l y generated b y compet i t ive 
/?- a n d reduct ive -e l iminat ion processes ( 4 , 6 ) , w h i c h m a y not be as 
sensitive to the steric environment as is the decay of the ?r-allyl h y d r i d e 
intermediate (21) for i somerizat ion . 

Summary 

Polymer -anchored F e ( C O ) n ( n = 3, 4 ) units are effective photo -
catalysts for alkene i somerizat ion a n d react ion w i t h a s i l i con h y d r i d e . 
T h e catalyt ic chemistry paral le ls that f o u n d for appropr iate homogeneous 
m o d e l complexes. P r i m a r y photoprocesses for the models a n d the d i s t r i b u 
t i on of photocatalyt ic products reveal that the anchor ing b o n d at taching 
the catalyst to the po lymer is re lat ive ly photoinert . W h i l e q u a n t u m y ie lds 
for catalyt ic reactions substantial ly exceed un i ty , l ong - l i ved cata lyt i c 
ac t iv i ty i n the dark does not occur, even i n po lymer -anchored systems. 
T h e h i g h turnover numbers ( > 2 X 10 4 ) ind i cate good catalyst l i f e t ime 
for synthetic appl icat ions . 
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2. S A N N E R E T A L . Photoactivation of Polymer-Anchored Catalysts 25 

Photocatalyzed Reaction of 1-Pentene and H S i E t 3
a 

(Pentyl)SiEts' 

(n-Pentyl)SiEts' III IV V 

16.5 21.3 52.4 9.8 
17.5 16.1 51.2 15.2 

8.1 16.2 62.0 13.6 
10.5 16.0 58.1 15.4 

19.8 14.8 50.5 14.8 
11.1 17.3 57.9 13.6 

8.4 21.1 58.7 11.8 
14.7 15.5 55.4 14.4 

11.3 16.4 55.0 17.3 

* Similar product distributions were found for catalysis using Catalyst System B. 
c Experiments with C were conducted in w-xylene solutions of 1.1M 1-pentene 

and I.IM HSiEt 3 . 
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Photoeffects on Reactions over Transition 

Metals 

B. E. KOEL 1 and J. M. WHITE 

Department of Chemistry, University of Texas, Austin, TX 78712 

J. L. ERSKINE and P. R. ANTONIEWICZ 

Department of Physics, University of Texas, Austin, TX 78712 

This chapter reviews experiments and theory related to 
photodesorption and photoreactions over transition metals. 
At wavelengths above 300 nm, photoinduced desorption of 
CO from Ni appears to be thermally induced. Around 250 
nm there appears to be a true quantum effect in the photo-
desorption of CO from W and perhaps from Ni, although 
the latter experiments may be dominated by background 
effects. The theory that can be applied to the photodesorp
tion problem relies heavily on analogies between photo
desorption and electron stimulated desorption. Existing 
models invoke Auger transitions and electron tunneling as 
the key steps. These models are in the very early stages of 
development. For reactions, the only well established case 
of photoenhancement involving small molecules is the CO 
oxidation over Pd at pressures of around 1 torr. At pres
sures of around 10 - 6 torr the photoeffect is no longer 
measurable. 

Photochemistry is an old subject and yet it remains very interesting. 
The use of light to promote chemical reactions and to probe the 

character of chemical species is among the most powerful and incisive 
tools available to the scientist. As the title of this volume suggests, there 
is now a high level of interest in using light to control the rate and 

1 NSF Trainee. 

0-8412-0474-8/80/33-184-027$05.00/0 
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28 I N T E R F A C I A L P H O T O P R O C E S S E S 

specif icity of inter fac ia l processes. N o w h e r e i n industry do in ter fac ia l 
processes p l a y a larger ro le than i n heterogeneous catalysis. Because of 
the tremendous economic consequences, there is an ongo ing effort to 
i m p r o v e catalyt ic ac t iv i ty , efficiency, a n d specif icity. O n e potent ia l route 
for improvement w o u l d use l i g h t instead of heat to promote specific 
reactions. O n a laboratory scale the use of l i ght to promote reactions on 
transi t ion metals has p r o v e d diff icult a n d frustrat ing, as w i l l be noted i n 
the text of this chapter . 

T h e purpose of this chapter is to r ev iew some exper imental photo -
desorpt ion w o r k done at the U n i v e r s i t y of Texas a n d compare it w i t h 
other exper imental w o r k , to describe some of the mechanisms that m a y 
be used i n unders tand ing a n d descr ib ing photodesorpt ion, a n d finally, to 
suggest some direct ions for future research. 

It is p r o b a b l y fa i r to say that the deta i led requirements for observ ing 
photoeffects as the result of d irect a tomic l eve l excitations are not w e l l 
understood either exper imental ly or theoret ical ly . H o w e v e r , the analogy 
w i t h electron s t imulated processes can serve as a good b e g i n n i n g po int . 
T h u s , the latter part of this paper relies heav i ly o n electron s t imulated 
desorption. 

Desorption of CO from Ni 

Since surface react ion rates invo lve the complex in terp lay of adsorp
t i on , migra t i on , b o n d cleavage, b o n d format ion , a n d desorpt ion, some 
s impl i f i cat ion has often been sought a n d systems have been chosen i n 
w h i c h desorpt ion is central . F o r example , the effect of fight o n the 
photodesorpt ion of C O f r o m N i has been s tudied f requent ly , b e g i n n i n g 
w i t h L a n g e a n d R i e m e r s m a ( J ) . T h e i r data ( F i g u r e 1) shows that the 
y i e l d of C O molecules per p h o t o n inc ident o n N i f o i l is 10" 8 -10" 9 a n d 
varies w i t h w a v e l e n g t h b y a factor of twenty i n pass ing f r om 460 to 330 
n m . Subsequent ly , A d a m s a n d D o n a l d s o n (2 ) reported s imi lar results. 
B o t h groups interpret their results i n terms of d irect p h o t o i n d u c e d b o n d 
cleavage, i.e., a q u a n t u m effect. 

A moments considerat ion reveals the di f f iculty of establ ishing o n 
metals that a n observed desorpt ion arises f r o m direct photon-absorpt ion-
induced -chemisorpt ion b o n d cleavage rather t h a n l o ca l or b u l k latt ice 
heat ing . M e c h a n i s t i c a l l y , photodesorpt ion v i a a q u a n t u m effect m a y be 
def ined as the absorpt ion of a photon b y the electron density at the 
adsorbate-substrate interface f o l l owed b y adsorbate desorpt ion w i t h o u t 
equ i l i b ra t i on of the energy i n the surround ing m e t a l latt ice . A t the other 
extreme, latt ice heat ing , the photon energy is absorbed b y the meta l a n d 
heats the latt ice l o ca l ly a n d , b y conduct ion , throughout . Because of the ir 
large U V - v i s i b l e ext inct ion coefficients, metals absorb l i ght very near the 
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3. K O E L E T A L . Photoeffects over Transition Metals 29 

2 .5F 

WAVELENGTH/(nm) 

Transactions of the National Vacuum Symposium 

Figure 1. Wavelength dependence of photodesorption of CO from Ni. 
The results are plotted with probable errors (I). 

surface. I f the photon energy absorbed b y the m e t a l is not r a p i d l y 
d i s t r ibuted throughout the latt ice , a significant temperature gradient c a n 
exist i n the surface reg ion a n d photodesorpt ion m a y occur v i a a l o c a l 
heat ing effect. 

Because a significant amount of w e a k l y b o u n d C O is present i n the 
N i - C O chemisorpt ion system, the separation of t h e r m a l a n d q u a n t u m 
effects is p a r t i c u l a r l y troublesome. I n the p r e l i m i n a r y w o r k ment i oned 
above ( 1 , 2 ) , adequate account was not taken either of the p o w e r 
absorbed o r of the rate at w h i c h the target was heated. Since the arc 
lamps used are r i c h i n U V photons (300-400 n m ) a n d this is just the 
reg ion where the y i e l d tends to max imize , the observed effect m a y more 
near ly reflect the energy d i s t r ibut ion of the l i ght source t h a n the q u a n t u m 
y i e l d d i s t r ibut ion . M c A l l i s t e r a n d W h i t e ( 3 ) have s h o w n that this is 
indeed the case over the range 320-600 n m . U s i n g a filtered h i g h pressure 
m e r c u r y arc a n d account ing for w a v e l e n g t h variat ions i n the ref lection 
coefficient of N i , the photodesorpt ion of C O f r o m a po lycrysta l l ine N i 
f o i l was s tudied at constant absorbed p o w e r f r om various wavelengths 
( 3 ) . T h e f o i l was prepared either b y heat ing i n v a c u u m to 975 K or b y 
A r + b ombardment a n d annea l ing . N o A u g e r e lectron spectroscopy was 
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30 I N T E R F A C I A L P H O T O P R O C E S S E S 

done, but there is evidence that heat ing i n v a c u u m to 975 K w i l l g ive a 
carbon - or su l fur -contaminated surface w h i l e A r + b ombardment w i l l g ive 
a c lean surface (4,5). F i g u r e 2 shows four separate determinations (at 
four wave lengths ) of the energy efficiency at constant absorbed p o w e r 
(19.2 m W c m ' 2 ) f or a f o i l p repared b y heat ing i n v a c u u m . W i t h i n 
exper imental error ( ± 10%) there is no var ia t ion of energy efficiency 
w i t h wave l ength a n d a l though the q u a n t u m y i e l d does increase w i t h 
decreasing wave l ength as shown i n the l ower part of F i g u r e 2, this v a r i a 
t i on is not, b y itself, evidence for a q u a n t u m effect. F u r t h e r evidence 
that q u a n t u m photodesorpt ion plays a m i n i m a l role i n these carbon-
covered N i foils saturated w i t h about 1.5 X 1 0 1 2 C O molecules c m " 2 is 
s h o w n i n F i g u r e 3. H e r e heat ing rates, as measured b y an i ron -constantan 
thermocouple spot -welded to the dark side of the substrate, w e r e sys
temat ica l ly v a r i e d either w i t h neutra l density filters i n the l i ght beam 
or b y v a r y i n g the resistive heat ing current through the substrate. O v e r 
a factor of six, there is no d iscernib le d is t inct ion i n the i n i t i a l desorpt ion 
rate (de termined f rom the mass spectrometrical ly determined C O pres
sure vs. t ime curves) p r o d u c e d b y photons (365 or 680 n m ) a n d resistive 
heat ing . T h u s , on contaminated N i the major p a t h w a y for C O desorpt ion 
is t h e r m a l a n d , since the b u l k temperature is measured i n the above 
experiments, l o ca l heat ing does not predominate . 

A s s h o w n i n F i g u r e s 4 a n d 5 the same s i tuat ion holds for A r + - b o m -
b a r d e d substrates where the amount of adsorbed C O is about 3 X 1 0 1 4 

molecules c m " 2 a n d is t ight ly h e l d (25 k c a l m o l " 1 ) . F u r t h e r experiments 
on the A r + - b o m b a r d e d substrates showed that over the ambient pressure 
range ( 1 0 ' 8 - 1 0 ' 6 t orr ) of C O , 320-nm l ight a n d resistive heat ing gave the 
same desorpt ion rates. A s the ambient pressure increased, the concentra
t i o n of w e a k l y h e l d C O increased a n d the i n i t i a l desorpt ion rates 
increased. It was also shown over this pressure range that the tota l 
n u m b e r of C O molecules desorbed i n transients i n d u c e d b y 320-nm l i ght 
a n d b y resistive heat ing was ident i ca l . 

O n the basis of this data w e estimate that any photodesorpt ion 
q u a n t u m effects i n the C O - N i system over the range 300-600 n m have 
cross sections of less than 1 0 " 2 2 - 1 0 ' 2 3 c m 2 , i f the effect exists at a l l . T h i s 
conc lus ion is i n good agreement w i t h that of B r a i n a r d (6) w h o inves t i 
gated the photodesorpt ion of C O f r o m po lycrys ta l l ine N i surfaces p re 
p a r e d b y A r + bombardment a n d interpreted the results i n terms of b u l k 
heat ing w i t h no significant q u a n t u m desorption. Moreover , w e conc lude 
that the w o r k ment ioned above a n d the extensions thereof to other 
systems l ike F e ( 2 ) , Z r ( 2 ) , a n d W ( 7 , 8 , 9 ) are p r o b a b l y strongly 
contro l led b y thermal effects for any wave length above 300 n m . 

T h i s conc lus ion is also i n good agreement w i t h that of G e n e q u a n d 
(JO) a n d Pa igne ( I I ) , w h o b o t h f ound extremely l o w yie lds of C O above 
300 n m us ing p u l s e d l ight sources to d i s t inguish t h e r m a l a n d q u a n t u m 
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HEATING RATE/Wsec-') 
Journal of Chemical Physics 

Figure 3. The variation of the initial rate of desorption with the bulk 
Ni heating rate: (A) 3650 A light; (M) 6800 A light; (%) electrical cur

rent. The target was prepared by high temperature outgassing (3). 
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5 0 0 7 0 0 

WAVELENCTH/(nm) 

Heat 

Journal of Chemical Physics 

Figure 4. The variation of the initial rate of photodesorption with wave
length at a fixed absorbed power of 20.6 mW cm2. The target was pre
pared by Ar* bombardment. Right side of figure gives the rates of 
desorption produced by equivalent bulk heating with the attenuated full 

arc (arc) and with electrical current (heat) (3). 

effects. T h e y est imated m a x i m u m photodesorpt ion cross sections of 1 0 ~ 2 3 -
10 " 2 4 c m 2 above 300 n m . B e l o w 300 n m , G e n e q u a n d f o u n d a sharply 
r i s i n g y i e l d of C O , w h i c h agrees very n i ce ly w i t h the earl ier w o r k of 
A d a m s a n d D o n a l d s o n (2). F o r compar ison , w e note that K r o n a u e r a n d 
M e n z e l (7 ) f o u n d a sharply r i s i n g photodesorpt ion p r o b a b i l i t y for C O 
off po lycrysta l l ine W as the w a v e l e n g t h d r o p p e d b e l o w 360 n m . T h e y 
reported a y i e l d of 4 X 1 0 ' 7 at 250 n m that is a t t r ibuted to a q u a n t u m 
effect o n the basis of careful ly compensated pho ton - induced temperature 
increases. O n the basis of this data i t appears ( b u t see b e l o w ) that a 
s m a l l q u a n t u m photodesorpt ion effect exists b e l o w 300 n m i n b o t h the 
N i - C O a n d W - C O systems. 

K e e p i n g i n m i n d the very smal l y i e l d (10~ 9 -10~ 7 ) , i t is pert inent to 
consider possible spurious sources of desorpt ion i n b o t h these systems. 
T h i s is p a r t i c u l a r l y re levant i n l i ght of the significant w o r k of L i c h t m a n 
a n d co-workers (12) s h o w i n g that a r o u n d 250 n m the q u a n t u m photo 
desorpt ion of C O f r o m stainless steel becomes qui te strong. A s s h o w n 
i n F i g u r e 6 the y i e l d is about 5 X 10" 3 at 185 n m a n d drops b y at least 
2.5 orders of magni tude as the w a v e l e n g t h increases to 300 n m . T h i s 
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34 I N T E R F A C I A L P H O T O P R O C E S S E S 

Bulk Heating R a t e / ( ° K sec - 1 ) 
Journal of Chemical Physics 

Figure 5. Variation of the initial rate of desorption of CO with bulk Ni 
heating rate: (%) 320-nm light; (M) electrical current. The substrate was 

prepared by Ar + bombardment (3). 

remarkab le q u a n t u m photodesorpt ion proper ty of stainless steel is a t t r ib 
u t e d to the presence of a layer of c h r o m i u m oxide at the surface. T h u s , 
the surface is more l i k e a semiconductor t h a n a meta l , a n d semiconductors 
have w e l l k n o w n photopropert ies re lated to the b a n d gap a n d b a n d 
b e n d i n g at the surface (13-17). T h e re lat ive ly h i g h y i e l d of C O f r o m 
stainless steel raises the poss ib i l i ty that m u c h of the disagreement about 
photodesorpt ion i n C O - m e t a l systems m a y arise f r o m b a c k g r o u n d effects 
due to oxide surfaces, p a r t i c u l a r l y w h e n the meta l is stainless steel. T h i s 
w o u l d not seem to influence the results of K r o n a u e r a n d M e n z e l ( 7 ) , 
w h o used a glass system a n d tested rather thoroughly for b a c k g r o u n d 
effects. N e i t h e r w o u l d i t influence the results of M c A l l i s t e r a n d W h i t e 
(3) w h o d i d no experiments b e l o w 300 n m , where stainless steel back 
g r o u n d effects become important . 
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36 I N T E R F A C I A L P H O T O P R O C E S S E S 

O n the basis of this w o r k several conclusions m a y be d r a w n for the 
C O - N i a n d C O - W systems: (1 ) T h e q u a n t u m photodesorpt ion y i e l d is 
neg l i g ib ly smal l 10" 8) above 300 n m ; (2 ) A r o u n d 250 n m there 
appears to be a threshold for q u a n t u m photodesorpt ion i n b o t h systems, 
w h i c h suggests that future experiments should be done at wavelengths 
into the v a c u u m U V i n an effort to isolate structure i n the y i e l d funct ion . 
S u c h structure w o u l d be use fu l i n g u i d i n g the deve lopment of models 
for the photodesorpt ion process; (3 ) T h e w o r k of L i c h t m a n (12) is very 
interest ing a n d suggests that enhanced q u a n t u m photodesorpt ion m i g h t 
be observed on m e t a l surfaces that are p a r t i a l l y o x i d i z e d or otherwise 
modi f i ed to m i m i c the propert ies of semiconductor or insulator surfaces. 
T h i s w o r k also makes obvious the absolute necessity of account ing for 
desorpt ion f rom sources other t h a n the substrate. 

Pd-Catalyzed Oxidation of CO 

T h e n u m b e r of examples of p h o t o i n d u c e d c h e m i c a l reactions o n 
meta l surfaces is extremely smal l a n d mechanisms are not understood . 
W h i l e there are a f e w isolated reports i n v o l v i n g benza ldehyde on C u 
(18), acetone o n N i (19) a n d ethylene on N i a n d P t ( 2 0 ) , perhaps the 
best data is ava i lab le o n the ox idat ion of C O over P d at pressures i n the 
torr regime. B a d d o u r a n d M o d e l l (21) reported that the rate of C O 
ox idat ion over po lycrysta l l ine P d w i r e c o u l d be photoenhanced tenfo ld 
at 420 K us ing 6.1 torr C O , 14.7 torr 0 2 , a n d 740 torr H e i n a re c i r cu la t ing 
loop reactor. T h i s effect was w a v e l e n g t h dependent w i t h a threshold at 
about 320 n m , w h i c h is reminiscent of the photodesorpt ion of C O f rom 
N i , W , a n d stainless steel. Subsequent ly , C h e n , C lose , a n d W h i t e (22) 
undertook a study of this process at l o w (10" 5 t orr ) a n d h i g h pressures 
w i t h par t i cu lar emphasis on separat ing the thermal a n d p h o t o i n d u c e d 
(254 n m ) rates. A t l o w pressures no photoenhancement was detectable 
for a w i d e var ie ty of exper imenta l condit ions of temperature , p a r t i a l 
pressure, a n d pressure ratios. These condit ions ranged f r o m situations of 
h i g h a n d l o w surface coverage, rate contro l b y 0 2 adsorpt ion , a n d rate 
contro l b y C O co l l i s ion f requency (23,24). R a d i a t i o n f r om 185-600 n m 
was used . 

A t h i g h pressures, however , the results of C h e n , C lose , a n d W h i t e 
(22) a ccord w i t h a n d extend s l ight ly the w o r k of B a d d o u r a n d M o d e l l 
(21). F i g u r e 7 shows the temperature dependence of the thermal a n d 
p h o t o i n d u c e d rates a n d indicates a sharp change i n the temperature 
dependence of b o t h rates between 410 a n d 450 K . B e t w e e n 333 a n d 413 
K the photorate has an apparent act ivat ion energy of 45 k j m o l " 1 (10.8 
k c a l m o l " 1 ) b u t above 413 K the rate deteriorates, suggesting that the 
steady-state p o p u l a t i o n of some species in t imate ly i n v o l v e d i n the photo -
react ion is dec l in ing . T h e data of F i g u r e 7 i n v o l v e d fixed pressures of 
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Journal of Catalysis 

Figure 7. CO production (arbitrary units) during a 12-hr experiment vs. 
the inverse of the temperature (22). (M) Photorate, (X) thermal rate. 

C O a n d 0 2 , 5 a n d 15 torr , respect ively . U n d e r these condit ions the 
t h e r m a l rate is i n h i b i t e d strongly b y C O (25) a n d the surface involves 
signif icant amounts of rather w e a k l y h e l d C O that c a n be removed b y 
heat ing or b y l o w e r i n g the C O p a r t i a l pressure. I R spectroscopic meas
urements suggest two types of adsorbed C O (26,27,28); the more 
w e a k l y h e l d of these species is removed b y heat ing into the temperature 
range 413-493 K . These I R data correlate the temperature dependence 
of the photorate w i t h the loss of w e a k l y h e l d C O . T h e o r i g in of the 
photoeffect itself is then re lated to some other step i n the ox idat ion 
react ion. T h e most l i k e l y candidates appear to be the photoenhancement 
of the rate of 0 2 d issociat ion o n sites that n o r m a l l y do not dissociate 0 2 

or a photocata lyzed react ion between w e a k l y h e l d 0 2 a n d adsorbed C O . 
A t present there is no basis for d i s t inguish ing these t w o paths. 
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Mechanistic Considerations 

Photon and Electron Stimulated Processes, T h e r e are several 
mechanisms that can l ead to pho ton i n d u c e d desorption. These m e c h a 
nisms m a y be separated into the two general classes a lready i n d i c a t e d : 
one i n w h i c h the desorpt ion is thermal ly act ivated, a n d the other i n 
w h i c h atomic - leve l electronic excitations produce desorption. M e c h a 
nisms f a l l i n g into the electronic-excitat ion category are intr ins i ca l ly more 
interest ing because they are more l i k e l y to l ead to useful spectroscopic 
probes of adsorbates. T o date, photodesorpt ion experiments have used, 
for the most part , photon energies of the same order of magni tude as the 
b i n d i n g energies of gases on meta l surfaces (0 .5-6 e V ) . These p h o t o n 
energies give results that w o u l d be expected f rom heat ing of the substrate, 
a n d no re lat ionship between the heat of adsorpt ion a n d the photon energy 
for desorpt ion is f o und ( 3 ) . F o r energies u p to 5 -6 e V neutra l molecule 
desorpt ion appears to dominate . H o w e v e r , at electron energies i n the 
ne ighborhood of 20 e V , posit ive ions are observed to desorb (29,30). T h e 
electron s t imulated desorption of ions is w e l l k n o w n (29-^32), whereas 
photon s t imulated desorption of ions is not. H o w e v e r , the produc t i on of 
a par t i cu lar desorpt ion produc t shou ld not d e p e n d o n the exci tat ion 
mode ( 3 3 ) . 

E v e n t h o u g h i o n desorpt ion represents a very smal l f ract ion of the 
desorbed species i n a photon or electron desorption experiment, measure
ments of neutra l species have not been pursued extensively because of 
the relat ive dif f iculty of detection. U s i n g electrons, excited neutra l C O 
a n d O have been detected b y t ime-of - f l ight methods b y R e d h e a d (34) 
a n d N e w s h a m a n d Sandstrom (31 ) . D e s o r b e d i o n energy distr ibut ions 
(30) a n d angular distr ibut ions (32,35,36) have been observed u s i n g 
electron st imulated desorption, a n d this technique shows promise of 
y i e l d i n g direct in format ion of l o ca l adsorbate geometry. 

A s noted before, i t w o u l d be h e l p f u l to study photodesorpt ion 
for energies greater than 6 e V . Peavey a n d L i c h t m a n (8) have carr i ed 
out some photodesorpt ion experiments us ing synchrotron rad ia t i on , w h i c h 
extend the wave length range into the v a c u u m ultravio let reg ion , a n d these 
experiments ind icate the existence of an intr ins i c q u a n t u m desorpt ion 
mechanism. D e s o r p t i o n of C 0 2 , C O , a n d H 2 was observed f r o m a W 
sample w h e n exposed to the integrated l ight flux (unmonochromat i zed ) 
f rom the Stoughton, W i s c o n s i n storage r i n g . T h e energy d i s t r ibut ion of 
the synchroton rad ia t i on ( 2 4 0 - M e V electron beam energy) extended 
f rom approx imate ly 20 n m into the I R w i t h a m a x i m u m at approx imate ly 
50 n m ( ~ 25 e V ) . A r o u g h estimate of the total beam p o w e r at the 
sample was 5 fiW c m " 2 , w h i c h was judged l o w enough to ru le out ther -
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3. K O E L E T A L . Photoeffects over Transition Metals 39 

m a l l y act ivated desorpt ion processes. N o i o n desorption was observed; 
i t is l i k e l y that stray rad ia t i on interact ing w i t h stainless steel gave rise 
to a significant f ract ion of the observed neutrals . 

A s noted above, the phenomena of photodesorpt ion a n d electron 
s t imulated desorpt ion are closely related. C l e a r l y , the excitat ion m e c h a 
nisms are different for photons a n d electrons, but the dynamics that l ead 
to desorpt ion are very s imi lar for the two cases. B o t h processes excite 
the adsorbed molecule -substrate complex to an excited (e lectronic ) state, 
w h i c h m a y then l ead to a final-state molecule or i o n desorbed f r o m the 
surface. T h e details of the excitat ion process a n d the states i n i t i a l l y 
p o p u l a t e d may differ, but the subsequent desorpt ion process i n each case 
is ident i ca l . T h i s is because the mot ion of the excited molecu le is m u c h 
s lower t h a n the electronic re laxat ion to those excited states that l e a d to 
desorpt ion. 

O n e of the ways the two excitation methods differ is that a photon 
must give u p a l l of its energy i n an interact ion process whereas a n 
electron can suffer several inelast ic coll isions before or after i t excites the 
adsorbate. T h e r e is also a d is t inct ion between electron excitation of a 
meta l a n d an insulator . I n a meta l , the electron m o b i l i t y is sufficiently 
large that the electron that stimulates desorpt ion does not r emain i n the 
v i c i n i t y of the excited molecule whereas i n an insulator there m a y be 
charg ing effects. M o m e n t u m transfer to an adsorbate b y a l o w energy 
electron is neg l ig ib le because of the large mass ratio . Therefore , atomic 
l eve l desorption b y either photons or electrons involves energy transfer 
to the electronic structure of the adsorbate. There are several different 
channels that the excited molecule m a y take. It can desorb f r om the 
meta l i n its excited state a n d rad iat ive ly decay or i t can relax i n the 
v i c i n i t y of the surface a n d desorb as a ground-state molecule . I f the 
excited state is i on ic , it can desorb either as an i on or a neutra l (after 
b e i n g neutra l i zed b y an electron tunne l ing f r o m the substrate) ( 3 3 ) . 
F o r h i g h enough excitat ion energies, secondary electrons m a y also con
t r ibute to the excitat ion of the adsorbates. F i n a l l y , there exists the poss i 
b i l i t y that the excitation energy is degraded to heat the surface ( 3 ) . 

Photon-Surface Interaction. I n b o t h t h e r m a l a n d q u a n t u m photo 
desorpt ion processes, the first step involves the interact ion of the inc ident 
b e a m w i t h the surface. M o n o l a y e r coverages of adsorbed atoms represent 
a very smal l perturbat ion o n the reflection a n d transmission processes. 
These perturbations can be ana lyzed b y compar ison w i t h a c lean surface. 
T h e inc ident a n d reflected fields combine to f o rm a s tanding w a v e above 
the surface a n d it is this c o m b i n e d field that acts on an adsorbate atom. 
I t is important to use this field i f one is interested i n c o m p a r i n g the 
desorpt ion efficiencies. D e p e n d i n g on the reflection coefficient, w h i c h is 
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determined b y the wave length , angle of inc idence , p o l a r i z a t i o n a n d 
opt i ca l constants of the mater ia l , the tota l electric field near the surface 
can* be reduced cons iderably f r om the inc ident field va lue . 

T h e transmitted component of e lectr ic field decays exponential ly 
w i t h distance into the b u l k ; the loss of intensity b e i n g accompanied b y 
heat p roduc t i on i n the mater ia l . T h e p o w e r absorbed b y a mater ia l is 
g iven b y 

P(K») -1J Re {/ • EdV) — i (*«) J E2dV 

w h e r e E is the electric field vector i n the mater ia l , / is the current density, 
a n d cr (1)(ft<o) is the rea l par t of the op t i ca l conduct iv i ty . T h e associated 
increase i n temperature of the sample c a n lead to thermal desorption. 
T h i s mechanism must produce a nonl inear effective desorpt ion cross 
section as a funct ion of inc ident beam intensity ( for a fixed w a v e l e n g t h ) . 
T h e dominant nonl inear dependence is the exponent ia l temperature 
dependence associated w i t h thermal act ivat ion processes. 

T w o l i m i t i n g cases can be ana lyzed , one where the inc ident intensity 
is constant a n d a steady state cond i t i on is established a n d a second where 
a short l ight pulse is used. F a b e l , C o x , a n d L i c h t m a n (12) have ana lyzed 
the temperature rise of a thermal ly isolated sample under steady state 
condit ions. I n this case, heat input f rom the l ight beam is equa l to heat 
rad ia ted b y b lack -body rad ia t i on ; to m a i n t a i n temperature changes of 
less than a f ew degrees above ambient temperature (assumed to be 300 
K ) , the total input power must be kept b e l o w 1 m W c m " 2 . 

T h e analysis for a pu lsed l ight source is more diff icult a n d must take 
into account the heat capaci ty of the mater ia l a n d thermal conduct i on 
f rom the opt i ca l penetrat ion layer into the b u l k mater ia l . T h e estimate of 
F a b e l , C o x , a n d L i c h t m a n (12) does not account for the poss ib i l i ty of a 
h igher temperature at the surface because of the smal l penetrat ion d e p t h 
of l ight into the surface; therefore, the analysis on ly appl ies r igorously to 
re lat ive ly t h i n , thermal ly isolated fi lms. T o our knowledge , no compre
hensive ana ly t i ca l treatment of photon - induced t h e r m a l desorpt ion has 
been carr ied out a n d compared w i t h exper imental data. 

Microscopic Desorption Models. T h e basic microscopic m o d e l used 
to discuss electron a n d photodesorpt ion phenomena is accredi ted to 
M e n z e l , G o m e r a n d R e d h e a d ( M G R ) (37,38,39). I n the M G R m o d e l 
a n excitat ion causes a F r a n k - C o n d o n transi t ion f rom the ground state of 
the adsorbate-surface system to a neutra l or ionic ant ibond ing state of 
the complex (adsorbed species p lus the substrate) . A s a consequence 
of this excitation the neutra l or ionic part i c le starts to move a w a y f rom 
the surface. I f de-excitat ion does not occur, either ions or neutrals can 
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3. K O E L E T A L . Photoeffects over Transition Metals 41 

be desorbed, but often the excited state is recaptured b y e lectron t u n n e l 
i n g to fill the o rb i ta l empt i ed b y photon absorpt ion. T h e a n t i b o n d i n g 
states f rom w h i c h desorpt ion occurs must be qu i te h i g h i n energy at the 
pos i t ion of the adsorbed molecule since ions are observed to desorb w i t h 
k inet i c energies of u p to 10 e V . T h e a n t i b o n d i n g states w e r e postulated 
a n d subsequent results a n d elaborations start w i t h this premise . T o our 
knowledge there have been no theoret ical calculat ions of the a n t i b o n d i n g 
states. 

I n semiconductors , the m o d e l proposed b y B a i d y a r o y , Bottoms, a n d 
M a r k (40,41) a n d b y Shap i ra , C o x , a n d L i c h t m a n (42) accounts f or 
most of the observed features. T h e p r i m a r y proper ty of semiconductors 
is a photodesorpt ion threshold at the b a n d gap energy. W h e n a n 
acceptor- l ike adsorbate is on the surface of an n-type semiconductor , 
charge transfer between the surface a n d adsorbate sets u p a po tent ia l 
that helps b o n d the adsorbate to the surface. W h e n photons h a v i n g 
energy above the b a n d gap interact w i t h the surface, e lectron-hole pairs 
are created near the surface. I n the presence of the surface potent ia l , 
holes migrate to the surface where they can neutral ize a n adsorbate; this 
leads to desorpt ion of a neutra l atom. T h i s m o d e l accounts for the 
p r i m a r y feature ( b a n d gap rad ia t i on threshold) but add i t i ona l w o r k is 
needed to investigate the dynamics l e a d i n g to desorpt ion after n e u t r a l i 
zat ion . 

A fundamenta l ly n e w mechanism of e lectron s t imulated desorpt ion 
has been proposed recently b y K n o t e k a n d F e i b e l m a n ( 4 3 ) . T h e y show 
that A u g e r decay of a core hole explains b o t h the desorpt ion thresholds 
a n d the large charge transfer invo lved i n the electron s t imulated desorp
t i on of posit ive ions f r om maximal -va lence trans i t ion-metal oxides. T h e 
M G R m o d e l does not read i ly account for these features. T h e proposed 
A u g e r process w i l l proceed i n the same w a y u p o n p h o t o n creat ion of a 
core hole , but this has not been veri f ied exper imental ly . 

T o understand this process, consider the specific case of T i 0 2 . S ince 
the T i i o n is i n a maximal -va lence state, there are no valence electrons 
ava i lab le for intraatomic A u g e r transitions ( n o r m a l l y the dominant re laxa
t i on c h a n n e l ) . W h e n a 3p electron is ejected f rom the core, interatomic 
A u g e r transit ions can take p lace f r o m the valence levels of a n O i on . 
I n this process the charge o n the O atom changes b y two or three 
electrons, l eav ing a neutra l or pos i t ive ly charged atom. I f this O atom 
or posi t ive i on is at the surface, i t finds itself i n a M a d e l u n g potent ia l 
for a negative i on ( a n d possibly i n an a n t i b o n d i n g state) a n d is therefore 
repe l led f rom the surface. 

T h i s mechanism leads to posi t ive i o n desorpt ion (poss ib ly n e u t r a l 
desorpt ion also, but this apparent ly has not yet been observed exper i 
m e n t a l l y ) a n d more impor tant ly to a specific thresho ld for the process 
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to occur. T h e desorption threshold is associated w i t h the energy necessary 
to create a core hole i n the maximal -va lence posit ive i on . I n the case of 
T i 0 2 , the 3p shel l of the T i atom occurs at 34 e V . T h i s is the energy 
range where synchrotron rad ia t i on provides the most reasonable a p p r o a c h 
for exper imental studies. T h e mechanism c o u l d l ead to an atom-specific , 
valence-sensit ive probe of surfaces. 

A n o t h e r n e w desorption mechanism has been suggested recent ly 
(44). I n the proposed m o d e l a neutra l atom interacts w i t h the substrate 
v i a a potent ia l energy curve that has a steeply repuls ive part as the 
distance between the a tom a n d the substrate becomes smal l a n d a n 
attractive par t that decreases as z~3, where z is the distance f r om the 
substrate. T h e pos i t ion of the m i n i m u m i n the potent ia l curve is approx i 
mate ly g iven b y the sum of the atomic r a d i i of the adsorbate a n d 
substrate atoms. 

I n the desorpt ion sequence an adsorbed atom or molecule is i o n i z e d 
b y a n electron or photon . T h e m i n i m u m energy for this step is the energy 
r e q u i r e d to transfer an electron f rom the adsorbate to the F e r m i l eve l 
of the substrate. D u e to the fact that the i on is m u c h smaller t h a n the 
adsorbate atom, the ion-substrate potent ia l energy curve has its m i n i m u m 
nearer the substrate. T h e force on the i on is t o w a r d the substrate, 
i m p a r t i n g k inet i c energy to the ion . A s the i on comes nearer the surface 
the p r o b a b i l i t y for a n electron to tunne l f rom the substrate to neutral ize 
the i on increases a n d the i o n finally is neutra l i zed . I n the meant ime, the 
a tom has a c q u i r e d k inet i c energy a n d is nearer the substrate t h a n the 
i n i t i a l e q u i l i b r i u m pos i t ion a n d therefore h igher u p on the repuls ive part 
of the potent ia l energy curve . If the sum of the n e w potent ia l energy 
p lus the a cqu i red k inet i c energy is more t h a n the desorpt ion energy, the 
a tom w i l l desorb. T h i s sequence can be seen i n F i g u r e 8. 

T h i s m o d e l works equa l ly w e l l for exp la in ing the p r o d u c t i o n of 
pos i t ive ions. I n this case one needs three potent ia l energy curves : one 
for the neutra l atom, one for the s ingly i on i zed i o n , a n d one for the 
d o u b l y i on i zed i on . A s i n the previous case an i o n is created ( n o w w i t h 
t w o electrons miss ing) a n d is attracted t o w a r d the substrate. T h i s i o n 
can p i c k u p one or two electrons. I f i t p i cks u p one electron then a s ingly 
i o n i z e d i on comes off the surface. I f it p i cks u p two electrons t h e n a 
neutra l atom is desorbed. 

T h i s m o d e l predicts that the threshold for p r o d u c i n g posi t ive ions 
f r o m a surface is equa l to the energy necessary to produce a d o u b l y 
i o n i z e d i on o n the surface. T h i s means that one needs sufficient energy 
to excite a n A u g e r process that w i l l leave an i o n w i t h two valence 
electrons miss ing . N o t e that f o rmat ion of a s ingly charged i o n leads to 
neutra l desorpt ion w h i l e a d o u b l y charged i on leads to b o t h posi t ive i o n 
a n d neutra l desorpt ion. 
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3. K O E L E T A L . Photoeffects over Transition Metals 43 

Figure 8. Depiction of an atomic desorption event The potential energy 
curves represent the total energy of the system consisting of the substrate 
in the ground state and a stationary adsorbate. After excitation to the 
upper state, the adsorbate is accelerated toward the substrate gaining 
kinetic energy; the adsorbate is de-excited to the lower curve by inter-
action with the substrate. It still has the kinetic energy gained in the 
above and now its total energy is greater than the binding energy, conse

quently leading to desorption with kinetic energy KEd. 
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44 I N T E R F A C I A L P H O T O P R O C E S S E S 

Summary 

U s i n g wavelengths above 300 n m , photodesorpt ion of C O f rom N i 
a n d W is dominated b y thermal desorption. I f a q u a n t u m effect exists 
i t must have a cross section be low 10" 2 3 c m 2 . B e g i n n i n g around 250 n m 
a n d extending to shorter wavelengths , there appears to be some q u a n t u m 
effect. T h e results suggest that wavelengths into the v a c u u m U V c o u l d 
be used prof i tably i n future studies designed to search for q u a n t u m 
photodesorpt ion. Spurious b a c k g r o u n d effects due to scattered l i ght must 
be careful ly avo ided as c lear ly ind i ca ted b y the excellent w o r k of L i c h t 
m a n ( 8 ) . T h i s w o r k also indicates that ox id i zed surfaces m a y have m u c h 
stronger photodesorpt ion properties than the metals themselves. 

E l e c t r o n s t imulated desorpt ion of ions a n d neutrals is w e l l k n o w n 
a n d there are analogies that can be d r a w n between pho to induced a n d 
electron s t imulated desorpt ion, p a r t i c u l a r l y at energies above 10 e V . 
Recent ly , f a i r l y deta i led theoret ical models have been proposed for certain 
types of electron i n d u c e d desorpt ion. These invo lve A u g e r transit ions 
a n d tunne l ing . 

W h i l e considerable e lectron s t imulated desorpt ion data exists, r e 
lated photon experiments a n d theoret ical models are i n a very r u d i m e n t a r y 
stage of development . 

V e r y f ew photoenhanced reactions o c curr ing over transi t ion metals 
are k n o w n a n d none are w e l l understood. T h e r e is evidence f r om t w o 
laboratories that the C O oxidat ion react ion over P d can be photoenhanced 
w h e n the reactant pressures are of the order of a f e w torr. T h e mecha 
n i sm of this photoenhancement is not understood. 
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4 
Photochemistry of Surfactant and Hydrophobic 

Compounds in Organizates and at Interfaces 

Effects of Environment and Solute Penetration 
on Excited State Quenching and Reactivity 1 

DAVID G. WHITTEN, JANET A. MERCER-SMITH, 
RUSSELL H. SCHMEHL, and PAUL R. WORSHAM 

Department of Chemistry, University of North Carolina, 
Chapel Hill, NC 27514 

This chapter reviews several photoreactions occurring at 
interfaces and in "organizates" such as monolayer films, 
micelles, and multilayer assemblies. The first section reports 
a study of some functionalized surfactants whose photo-
reactions have been carried out in films at an air-water inter
face, micelles, and assemblies. The reactions observed are 
environment-sensitive and suggest that the molecules studied, 
surfactant ketone and styrene derivatives, could be useful 
environmental probes in other organizates. A second section 
deals with penetration of multilayer assemblies by various 
solutes at an assembly-solution interface, while the third 
section deals with interfacial photoredox reactions that occur 
as a consequence of such penetration phenomena. 

This chapter deals p redominant ly w i t h photoreactions o c c u r r i n g at 
various types of interfaces. I n part i cu lar there is a focus on phenomena 

i n v o l v i n g funct iona l i zed surfactant molecules incorporated into molecu lar 
"organizates ." T h e types of organizates f o rme d f rom these molecules 
i n c l u d e monolayer films at a n a i r - w a t e r interface, mice l les , l iposomes or 
vesicles, l i p i d b i layers , a n d m u l t i l a y e r assemblies; the latter are usua l ly 

1 Photochemical Reactivity in Organized Assemblies, Paper XIII. Paper XII, 
D. G. Whitten, Augewandte Chemie, 1979, 18, 440. 

0-8412-0474-8/80/33-184-047$05.50/0 
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48 I N T E R F A C I A L P H O T O P R O C E S S E S 

constructed b y consecutive depos i t ion o f several monolayers onto a r i g i d 
support . T h e chapter is d i v i d e d into three parts : the first section c o m 
pares photoreact iv i ty observed for some funct i ona l i zed surfactants 
anchored i n monolayer films, miceles , a n d m u l t i l a y e r assemblies. T h i s 
section emphasizes the u t i l i t y of these molecules a n d their react iv i ty as 
env ironmenta l probes a n d also points out some possible synthetic a p p l i c a 
tions. T h e second a n d t h i r d sections dea l w i t h inter fac ia l phenomena 
i n v o l v i n g reactions between a surfactant molecule anchored i n a n as
sembly a n d a solute penetrat ing , contact ing, or otherwise interact ing 
f rom an adjacent l i q u i d or vapor phase. 

There have been numerous reports of reactions proceed ing at rates 
different f r om those observed i n homogeneous solut ion w h e n one or more 
of the reagents is incorporated into an organizate such as a mice l l e ( 1 - 4 ) 
or monolayer film at an a i r - w a t e r interface ( 5 - 9 ) . I n the case of micel les 
this has tr iggered m u c h interest i n the i r use as models for enzyme systems 
(11-16). M o r e recently there has been considerable interest i n photo -
p h y s i c a l a n d photochemica l phenomena oc curr ing i n these phases. I n 
vestigations of photochemica l reactions o c curr ing i n micel les have sug
gested important roles for surface or host charge interactions, selective 
so lub i l i zat ion , l o ca l concentrations, a n d v iscos i ty -or ientat ion effects (17-
20). W h i l e some of these factors undoubted ly p l a y major roles i n the 
more h i g h l y condensed monolayer films a n d m u l t i l a y e r assemblies, i n 
vestigations of photochemica l a n d photophys i ca l phenomena i n these 
phases have ind i ca ted that the t ight p a c k i n g into h i g h l y organized struc
tures i n w h i c h there is l i t t le m o b i l i t y is often of c r i t i c a l importance 
(22-26). 

Properties of Organizates as Probed by the Photoreactions 
of Functionalized Surfactant Molecules 

N u m e r o u s studies of fluorescence behavior i n organizates have p r o 
v i d e d in format ion about the locat ion a n d m o b i l i t y of ' p r o b e " molecules 
i n various organizates (21,27,28). I n a n u m b e r of elegant investigations 
K u h n a n d co-workers have s h o w n that the regular spac ing i n a k n o w n 
a n d contro l l ed mo lecu lar architecture (i .e. , m u l t i l a y e r assemblies f o r m e d 
b y transferral of monolayer films) is w e l l su i ted for studies of distance 
dependence of energy transfer as w e l l as a n u m b e r of other photophys i ca l 
processes (22,23). Investigations f r o m our o w n laboratories have d e m o n 
strated that the microenv i ronment ob ta ined b y monolayer incorporat ion 
c a n produce s t r i k i n g effects on photoreact iv i ty w i t h po lar or h y d r o p h i l i c 
chromophores (24r-30). A s po in ted out above, these effects c a n be a t t r ib 
u t e d to h i g h effective concentrations of reactants, restr icted di f fusion, a n d 
to t ight p a c k i n g into sites i n w h i c h molecu lar m o t i o n is somewhat re -
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4. W H I T T E N E T A L . Surfactant and Hydrophobic Compounds 

str icted . I n recent investigations w e have synthes ized a series of m o l e 
cules such as 1 a n d 2 i n w h i c h the react ive u n i t is i n the h y d r o p h o b i c 
p o r t i o n of a surfactant molecule , such that the anchor ing carboxy l groups 

a n d react ive site are w e l l separated. A frequent a n d often leg i t imate 
c r i t i c i s m of the use of s t ructura l probes i n organizates is that the probes 
themselves either suffi icently d i s rupt the system, l e a d i n g to spurious re 
sults, or reside i n spec ia l sites so on ly a p a r t i c u l a r area is sampled ( 3 1 ) . 
I n 1 a n d 2 as w e l l as i n other systems present ly under investg iat ion w e 
have at tempted to des ign probe molecules compat ib le w i t h s imple sur
factants such as saturated fatty acids . B y u s i n g re lat ive ly s m a l l react ive 
groups w i t h molecu lar d imensions a n d po lar i ty s imi lar to a h y d r o c a r b o n 
c h a i n , i t was ant i c ipated that m i n i m a l d i s rupt i on of the system w o u l d be 
p r o d u c e d b y the probe . A s w i l l be po in ted out, our results suggest that 
b o t h 1 a n d 2 are f a i r l y good probes for organizates i n this respect. 

F o r 1 the chie f in t ramolecu lar photoreactions, ant i c ipated o n the basis 
of so lut ion studies of s tructural ly re lated ketones, w o u l d be the T y p e I 
a n d I I photoe l iminat ion processes ( E q u a t i o n s 1 a n d 2, respec t ive ly ) . 
Intermolecular processes c o u l d i n c l u d e numerous reactions o r ig inat ing v i a 

R - ( C H L , ) n C O O H 

1 2 

1 
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I N T E R F A C I A L P H O T O P R O C E S S E S 

h y d r o g e n atom abstract ion; i n general , however , for ketones possessing a n 
abstractable y hydrogen the dominant process is the T y p e I I e l iminat i on , 
w h i c h w o u l d proceed v i a f ormat ion of d i r a d i c a l 3 i n the case of 1. T h e 
T y p e I I process has been observed for different ketones i n a n u m b e r of 
diverse m e d i a i n c l u d i n g po lymers , solids, melts , a n d micel les ( 3 2 , 3 3 ) . 
R e d u c t i o n i n m o b i l i t y i n po lymers , for example be l ow the glass trans i t ion 

temperature or i n r i g i d crystals , drast ica l ly reduces or el iminates this 
process (34,35,36). These features suggested that incorporat ion of 1 into 
various organizates a n d study of its photoreact iv i ty there in c o u l d furn ish 
useful s tructural in format ion . T h i s was further suggested b y the observa
t ion that the fate of the d iradica ls f o rmed b y y -hydrogen abstract ion is 
extremely solvent-environment sensitive (33,37), a n d thus w i t h 1 m i g h t 
give an ind i ca t i on of the po lar i ty of the ketone microenvironment . T h e r e 
fore, w e have s tudied photoreactions of 1 i n so lut ion, i n deposited m u l t i 
layer assemblies, a n d i n anionic micel les ( 3 8 ) . 

I r rad ia t i on of 1 i n degassed benzene solut ion leads to the produc t i on 
of p-methylacetophenone, the ant i c ipated T y p e I I product , as the o n l y 
vo lat i le product w i t h a reasonable q u a n t u m efficiency (<£n = 0.2) . A l 
t h o u g h 1 is water inso luble , i t can be incorporated into aqueous sod ium 
d o d e c y l sulfate ( S D S ) solutions above the c r i t i ca l mice l le concentrat ion. 
I r rad ia t i on of 1 i n S D S micel les also leads to the T y p e I I e l iminat i on 
product , p -methylacetophenone, as the on ly detectable vo lat i le product . 
H o w e v e r , i n the S D S micel les the efficiency for the process is enhanced 
over that obta ined i n benzene (<f>n = 0.8) . Ketone 1 does not f o rm good 
monolayer films b y itself; films f o rmed b y the ketone show increases i n 
pressure at re lat ive ly large areas. A s these films are further compressed 
a g radua l rise i n the pressure-area curve t y p i c a l of expanded or l i q u i d 
monolayers is observed ( 3 9 ) . T h i s type of behavior is p robab ly due to the 
po lar i ty of the c a r b o n y l groups that are attracted to the water interface i n 
these films of pure ketone since w e have observed this for other c a r b o n y l 
compounds . W h e n 1 is m i x e d w i t h arach id i c a c i d ( n - C 2 o H 4 o 0 2 ) i n ratios 
of 1:5 or greater, the corresponding films exhibit t y p i c a l condensed mono 
layer behavior w i t h very steep pressure-area isotherms. I n these films the 
measured area per molecule of 1 is f ound to be 20 A 2 , w h i c h is nearly the 
same as that for arach id i c a c i d molecules i n pure condensed films ( 3 9 ) . 

• C H - ( C H 2 ) n C O O H 

3 
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4. W H I T T E N E T A L . Surfactant and Hydrophobic Compounds 51 

I r rad ia t i on of m u l t i l a y e r assemblies f o rmed f rom 1 -arachid ic a c i d 
mixtures leads to re lat ive ly s low loss of the c a r b o n y l group (<£_i = 0.06) 
as ind i ca ted b y mon i to r ing the c a r b o n y l transitions i n the I R (6360 n m ) 
or l ong wave length U V (290 n m ) . I n contrast to the behavior of 1 i n 
solut ion or micel les , i r rad ia t i on i n the mul t i l ayer assemblies y i e l d e d very 
smal l amounts of vo lat i le products . O n l y a trace of p-methylacetophenone 
a n d no T y p e I products ( to luene or p -methy lbenza ldehyde ) were de
tected. T h e q u a n t u m y i e l d for the T y p e I I process i n mul t i layers can be 
ca l cu la ted as 0.03-0.0001 a n d thus the b u l k of the photoreact ion must 
invo lve paths other than type I or T y p e I I cleavage. Some nonvolat i le 
surfactant products c o u l d be extracted f rom the assemblies; p r e l i m i n a r y 
analyses suggest that these are alcohols a n d olefins resul t ing f rom r a d i c a l 
c o u p l i n g a n d d isproport ionat ion f o l l o w i n g an intermolecular hydrogen 
abstract ion. 

C o m p a r i s o n of the photobehavior of 1 i n the different m e d i a i n d i 
cates that there must be s t r ik ing differences i n the various m i c r o e n v i r o n -
ments. T h e sharp reduct ion i n the q u a n t u m efficiency of the T y p e I I 
fragmentat ion u p o n go ing f rom solution to the mul t i l ayer assemblies sug
gests that the t i ght ly packed , condensed molecu lar env ironment p r o v i d e d 
b y the latter does not permi t the excited ketone to assume the cyc l i c six-
m e m b e r e d trans i t ion state needed for format ion of b i r a d i c a l 3. T h e area 
per molecule measured for 1 is about the same as that obta ined for a fatty 
a c i d i n monolayers a n d very close to the intermolecular spac ing measured 
for crystal l ine l inear paraffins ( 40 ) . I n the latter the chains are p a c k e d i n 
a regular " z i g z a g " arrangement a n d it has been establ ished that such a n 
arrangement persists i n monolayer films a n d assemblies constructed f rom 
straight -chain saturated fatty acids, esters, a n d alcohols. B o t h the mea 
sured area per molecule a n d photobehavior observed for 1 i n the m u l t i 
layers are consistent w i t h an arrangement w h e r e i n 1 is also extended i n a 
h i g h l y regular structure. T h e lack of m u c h T y p e I I react ion further i n d i 
cates that l i t t le , i f any, rearrangement can occur d u r i n g the excited state 
l i fe t ime. Based on these results the most consistent p i c ture of the h y d r o 
p h o b i c region of the assemblies is a reg ion i n w h i c h re lat ive ly l i t t le mot i on 
can occur. These results suggest that the degree of order a n d / o r restr ic 
t ion of mot ion i n the mult i layers invest igated thus far is greater than that 
i n most po lymers . A l s o , G u i l l e t a n d co-workers have f ound that several 
carbony l - conta in ing po lymers give the T y p e I I react ion bo th above a n d 
be l ow the glass transit ion temperature, a l though w i t h reduced efficiency 
i n the latter case (34,35,36). Since different surfactants a n d mixtures 
thereof can f o rm a variety of monolayer films, w h i c h differ greatly i n 
compress ib i l i ty a n d presumably i n crysta l l in i ty of the h y d r o p h o b i c reg ion 
( 3 9 ) , it m i g h t be expected that corresponding changes i n the photo 
react iv i ty of 1 i n these environments should be observed. W e are cur -
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52 I N T E R F A C I A L P H O T O P R O C E S S E S 

rent ly examin ing the photoreact iv i ty of 1 i n assemblies f o rmed us ing 
different hosts, pure a n d i n mixtures, as a probe of these environments . 
W e are also examin ing the behavior of 1 i n assemblies contacted w i t h 
various aqueous a n d nonaqueous solutions. A s w i l l be po in ted out, 
several investigations have established that solute a n d solvent molecules 
can penetrate assemblies f rom solution contact ing the assembly w i t h o u t 
d isso lv ing or p r o d u c i n g major apparent disrupt ions of the mul t i layer struc
ture (22,23). I n p r e l i m i n a r y studies, w e have f ound that i r rad ia t i on of 
assemblies conta in ing 1 a n d arach id i c a c i d i n contact w i t h organic solvents 
such as methylcyc lohexane leads to pronounced enhancement of T y p e I I 
react iv i ty (41). A l t h o u g h q u a n t u m yie lds have not yet been measured 
for these systems, it seems clear that the observed enhancement indicates 
a change f rom so l id - l ike to more fluid properties for the h y d r o p h o b i c 
reg ion of the assemblies. T h i s occurs w i t h the penetrat ion of the organic 
solvent. 

I n contrast to the results obta ined for 1 i n assemblies, the h i g h q u a n 
t u m yie lds observed i n S D S micel les indicate a h i g h l y mobi le , l i q u i d - l i k e 
environment i n the latter phase. T h i s is not at a l l unreasonable i n v i e w of 
other investigations, w h i c h also suggest a re lat ive ly l o w viscosity for the 
inter ior of micel les (16,20,21). W h a t is perhaps surpr i s ing is that the 
q u a n t u m y i e l d for the S D S micel les is enhanced b y a factor of four over 
the va lue measured for benzene solutions. Studies of solvent effects on 
the T y p e I I react ion of other a r y l ketones have ind i ca ted that q u a n t u m 
efficiencies are general ly enhanced i n po lar , hydrogen -bond ing solvents 
(32-37); this has been at tr ibuted to a hydrogen -bond ing stabi l izat ion of 
the b i r a d i c a l analogous to 3. T h i s s tab i l i zat ion ev ident ly favors p roduc t 
f ormat ion vs. back react ion a n d leads to enhanced efficiencies, approach 
i n g u n i t y i n alcohols or w a t e r - a l c o h o l mixtures . I n previous studies of the 
nonsurfactant ketones octanophenone a n d valerophenone so lub i l i zed i n 
cat ionic micel les , re lat ive ly h i g h q u a n t u m efficiencies for the T y p e I I 
process were obta ined (37). It was conc luded f rom these results that the 
c a r b o n y l group was not exclusively i n a hydrocarbon region of the 
mice l le , but rather i n either the Stern layer or near the mice l lar surface 
(37). T h e efficiencies measured for 1 are close to those obta ined for the 
nonsurfactant ketones a n d thus suggest that 1 must be i n a s imi lar , r e la 
t ive ly po lar environment i n the S D S micel les . W h i l e the results c o u l d 
be interpreted as i n d i c a t i n g that considerable penetrat ion of water into 
the inter ior mice l le occurs, a second interpretat ion might be that the 
po lymethy lene c h a i n i n 1 is most ly bent back so that bo th ends l i e near 
the surface. S u c h f o l d i n g has been suggested to occur i n other cases (42) 
a n d w o u l d p r o b a b l y be reasonable i n v i e w of the h i g h surface-to-volume 
rat io i n micel les , w h i c h strongly favors surface sites for even very w e a k l y 
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4. W H I T T E N E T A L . Surfactant and Hydrophobic Compounds 53 

surface-active molecules ( 4 3 ) . S u c h a p i c ture of a largely fo lded con 
figuration of 1 i n micel les w o u l d also be consistent w i t h the observed 
behavior of 1 w h e n spread i n pure films at a w a t e r - a i r interface. 

T h e photochemica l behavior of 2 also has been invest igated i n a 
var iety of m e d i a i n c l u d i n g solutions, monolayer films at the a i r - w a t e r 
interface, anionic micel les , a n d mul t i l ayer assemblies. T h e pictures of the 
microenv i ronment p r o v i d e d b y the photoreact iv i ty of 2 general ly are 
congruent w i t h those obta ined b y the study of ketone 1. T h e ch ie f 
react ion obta ined for 2 u p o n i r r a d i a t i o n i n so lut ion, the so l id state, a n d a l l 
of the organizates i n w h i c h i t has been s tudied thus far is d i m e r i z a t i o n . I n 
a l l cases the dimers appear to be cyc lobutane structures f o rmed b y cyc lo -
a d d i t i o n across the ethylene units ( 4 4 ) . T h e react ion has bee*i s tud ied 
most extensively w i t h 2 i n monolayer films at an a i r - w a t e r interface a n d 
i n mul t i l ayer assemblies. U n l i k e ketone 1, the p u r e hydrocarbon 2 r ead i ly 
forms monolayer films at an a i r - w a t e r interface, exh ib i t ing the same 
condensed behavior usual ly f o und w i t h l inear saturated fatty acids such 
as arachidate ( 4 5 ) . T h e measured area per molecule i n pure a n d i n m i x e d 
films is ca . 18-19 A 2 i n the compressed (20 d y n e / c m ) films. T h i s area is 
close to that measured for 1 i n m i x e d films a n d the same as observed for 
most fatty acids. T h i s suggests that the po lymethy lene chains of 2 are 
p a c k e d i n a regular arrangement a n d that the chromophore packs w i t h o u t 
caus ing any distort ion. I r rad ia t i on at 254 n m of compressed films of p u r e 
2 at the a i r - w a t e r interface leads to r a p i d format ion of a single ( > 9 5 % ) 
d i m e r i c product . W h e n the i r rad ia t i on is carr i ed out at constant area, 
there is no discernable change i n surface pressure; the converse is true 
w h e n the i r r a d i a t i o n is carr i ed out i n the constant pressure mode. T h e 
lack of pressure or area change w i t h photod imer izat i on suggests that l i t t le 
rearrangement can occur d u r i n g the process a n d that the p a c k i n g of 
monomers i n the monolayer film controls the stereochemistry of the 
produc t formed. 

M u l t i l a y e r assemblies c a n be f o rmed read i ly b y transferral of the 
compressed films of 2 to quartz slides. E x a m i n a t i o n of these assemblies 
w i t h a p o l a r i z i n g microscope indicates that the h y d r o p h o b i c surface is 
h i g h l y regular . I r rad ia t i on of these mult i layers leads to f ormat ion of the 
same produc t obta ined b y i r rad ia t i on of the films; microscopic examina
t i on of mul t i l ayer assemblies f o l l o w i n g i r rad ia t i on indicates no detectable 
d i s rupt i on of the hy dro pho b i c surface. T h e same p r o d u c t is f o rmed i n 
mul t i l ayer assemblies where there is no h y d r o p h o b i c contact between 
layers of 2 a n d where there are adjacent layers of 2. I n b o t h cases the 
react ion m a y be f o l l owed spectroscopical ly a n d the same isosbestic points 
are observed d u r i n g the conversion ( 4 5 ) . T h e N M R spectrum is most 
consistent w i t h 4 as the structure of the predominant photodimers f o rmed 
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54 I N T E R F A C I A L P H O T O P R O C E S S E S 

i n the films a n d assemblies ( 4 5 ) . T h e observation of a w e a k fluorescence 
f r o m the photoproduct s imi lar to that of the intramolecu lar benzene 
exc imer f o rmed i n other fused systems (46) is also consistent w i t h the 
assignment of a t rans - syn - t rans structure (4). 

C H ; j C H 3 

( C H 2 ) 1 3 ( C H 2 ) 1 3 

1 1 
C O O H C O O H 

4 

I r rad ia t i on of 2 i n so lut ion leads to the format ion of several d imer i c 
products that c a n be par t ia l l y separated b y h i g h pressure l i q u i d c h r o m a 
tography ( H P L C ) . T h e presence of more than the four dimers resu l t ing 
f r om s imple combinat i on of two trans-2 units suggests that i r rad ia t i on i n 
acetonitr i le so lut ion y ie lds some t rans - c i s i somer izat ion i n a d d i t i o n to 
d imer izat i on . P r o d u c t 4 is a m o n g the d imers p r o d u c e d i n so lut ion but i t 
does not appear to be the predominant product . I r rad ia t i on of solutions 
conta in ing 2 incorporated i n S D S micel les also leads to d i m e r f o rmat ion 
as the chie f photoreact ion; here, too, there are several d imer i c products 
f o rmed but i t appears that, i n contrast to the so lut ion, 4 is the major 
p roduc t ( 4 4 ) . 

T h e photobehavior of 2 i n the monolayer films a n d assemblies i n d i 
cates a regular so l id - l ike structure i n the h y d r o p h o b i c regions that once 
aga in exerts a remarkable contro l over react iv i ty . I n this case the effect 
takes the f o rm of a topo log ica l contro l ( F o r a discussion of topo log i ca l 
contro l i n so l id state photochemistry , see Ref . 4 7 ) ; thus w h i l e the same 
type of react iv i ty ( d i m e r format ion) as i n solut ion is observed, the reac
t i on i n the films a n d assemblies is stereoselectively contro l led . T h i s is 
s imi lar to some crystal photoreactions where specific monomer p a c k i n g i n 
the crystal leads to selective product f ormat ion ( F o r a discussion of 
topo log ica l contro l i n so l id state photochemistry , see Ref . 4 7 ) . Reac t i on 
of 2 i n S D S micel les leads to several products , w h i c h indicates that there 
is m u c h less order a n d / o r restr ict ion of m o b i l i t y i n the h y d r o p h o b i c 
inter ior of the micel les . H o w e v e r , the ind i ca t i on that there is some 
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4. W H I T T E N E T A L . Surfactant and Hydrophobic Compounds 55 

preference for f o r m i n g produc t 4 i n the micel les c ompared w i t h i n so lu 
t i on suggests that there m a y be either some preferent ia l association of 
the styrene chromophore i n 2 p r i o r to excitat ion or that the chains m a y 
have some tendency to extend so that the chromophores of ne ighbor ing 2 
molecules a l ign . I f the latter is true, this w o u l d indicate rather different 
sites for the react ive chromophores i n 1 a n d 2 i n the S D S micel les . W h i l e 
this m a y be reasonable i n v i e w of the rather different polarit ies of the 
styrene a n d a r y l ketone chromophores , such a result underl ines the 
importance of interpret ing w i t h care experiments us ing reactive molecules 
as probes of the microenvironment i n loosely organized units such as 
micel les . 

Reactions in Multilayer Assemblies: Penetration of the Assembly by 
Various Solutes at an Assembly-Solution Interface 

T h e ab i l i ty to incorporate reactive molecules i n an assembly h a v i n g a 
regular , specified, a n d contro l lable structure suggests numerous poss ib i l 
ities for c a r r y i n g out selective reactions, par t i cu lar ly inter fac ia l processes 
i n w h i c h there is some contro l of the react ive solute's access to the 
anchored reagent. Therefore , i t is of par t i cu lar importance to determine 
what sort of penetrat ion can occur w i t h different types of solutes a n d 
w h a t effects penetrat ion of solute or solvent molecules produces on the 
assemblies. O n e o f the earliest studies of phenomena of this sort was 
b y K u h n a n d co-workers (22,23,48) u s ing an azo dye c o u p l i n g react ion 
as a probe of the ab i l i ty of organic solutes to penetrate a n d react i n an 
assembly constructed f rom mult i layers of fatty a c id . I n this study a 
surfactant d i a z o n i u m i on was p laced i n assemblies a n d covered b y v a r y i n g 
numbers of layers of c a d m i u m arachidate . T h e layers were immersed i n 
a n aqueous solut ion conta in ing 8 -hydroxyquino l ine , w h i c h forms an azo 
dye b y c o u p l i n g w i t h the d i a z o n i u m salt i n solut ion; conversion of the 
assembly -bound d i a z o n i u m salt to azo dye proceeded at the same rate for 
the various parts of the sample , i n d i c a t i n g r a p i d penetrat ion of the 
assembly b y the organic solute. L i t t l e or no al terat ion of the assembly 
was p r o d u c e d b y the penetrat ion or react ion; this was ind i cated b y the 
subsequent deposit ion of a fluorescent dye o n the assembly a n d a study 
of fluorescence q u e n c h i n g b y the n e w l y f o rmed azo dye (22,23). T h e 
extent of fluorescence q u e n c h i n g observed showed the expected d e p e n d 
ence o n the distance between the donor a n d acceptor, w h i c h is deter
m i n e d b y the n u m b e r a n d length of in terven ing fatty a c i d units . 

I n contrast to their findings w i t h neutra l organic solutes, K u h n a n d 
co-workers (22,23) f ound that larger, charged molecules such as the dye 
5 w o u l d not read i ly penetrate mul t i l ayer assemblies. I n the case of 5, 
exposure of an aqueous solut ion of the dye to a mul t i l ayer assembly w i t h 
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56 I N T E R F A C I A L P H O T O P R O C E S S E S 

a h y d r o p h o b i c outer face l e d to adsorpt ion of 5 onto the surface of the 
assembly. T h i s was easi ly checked b y fluorescence q u e n c h i n g exper i 
ments that demonstrated a f a i r l y u n i f o r m coverage of the surface b u t no 
penetrat ion i n an assembly constructed f r o m c a d m i u m arachidate . I n 
add i t i ona l studies w i t h 5 i t was f ound that some penetrat ion c o u l d occur 
w h e n different fatty acids or counter ions were used ( 2 3 ) . E x t e n d e d 
studies w i t h charged surfactants have demonstrated that for these c o m 
pounds exposure of m u l t i l a y e r systems can l ead to the format ion of n e w 
monolayers o n the surface. T h i s occurs w h e n the surfactant has a n 
organizat ion at the molecu lar l eve l s imi lar , but not ident i ca l , to layers 
transferred b y the L a n g m i u r - B l o d g e t t method (49-53). 

C H 3 C H 3 

5 

O u r studies of penetrat ion of m u l t i l a y e r assemblies have i n v o l v e d 
p r e d o m i n a n t l y the anchor ing of porphyr ins a n d the ir meta l complexes i n 
the assemblies. W e have moni tored reactions of the anchored porphyr ins 
w i t h reagents enter ing the assembly f r o m a so lut ion-assembly or g a s -
assembly interface. Several studies have ind i ca ted that gaseous reagents 
such as C O , N 2 , 0 2 , a n d N O can read i ly penetrate even m u l t i p l e layers 
of fatty a c i d such as c a d m i u m arachidate a n d react w i t h porphyr ins or 
meta l loporphyr ins incorporated i n the assemblies (26,45,54,55). P o r 
phyr ins located at either h y d r o p h i l i c or h y d r o p h o b i c sites can read i l y 
react w i t h these neutra l reagents. H o w e v e r , i n photooxidat ion reactions of 
free base pro toporphyr in I X derivat ives , w e have observed the format ion 
of rather different p roduc t d istr ibut ions i n films, micel les , a n d assemblies 
compared w i t h those f o rmed i n fluid so lut ion (56). F o r example , the 
diester 6 gives predominant ly the hydroxya ldehyde 7, w i t h only a trace of 
d i f o r m y l deuteroporphyr in 8, u p o n i r rad ia t i on i n methylene ch lor ide or 
ch loro form. I n contrast, i r rad ia t i on i n the organizates y ie lds 8 as the 
predominant product to the extent of as m u c h as 9 3 % i n dry mult i layers 
( 5 6 ) . T h e source of the difference i n p roduc t d i s t r ibut ion is presently 
under invest igat ion; several factors may be important here, i n c l u d i n g the 
po lar i ty a n d degree of congestion i n the microenvironment . Studies of 
l i g a n d exchange w i t h anchored meta l porphyr ins indicate that smal l , 
neutra l organic l igands such as p y r i d i n e a n d p i p e r i d i n e can read i ly 
penetrate the assemblies f rom a n aqueous solut ion. T h i s agrees w i t h the 
findings of K u h n a n d co-workers (22,23). 
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4 . W H i T T E N E T A L . Surfactant and Hydrophobic Compounds 5 7 

C O O D H C 

C H 2 

I 

C O O D H C C O O D H C 

8 

C H 2 

I 
C O O D H C 

W e have recent ly examined penetrat ion of m u l t i l a y e r assemblies b y 
m e t a l ions b y invest igat ing format ion of meta l loporphyr ins f r o m anchored 
free base porphyr ins i n assemblies ( 5 7 ) . I n this s tudy w e have used 
several different porphyr ins whose subst i tut ion patterns contro l the type 
of site o c cup ied b y the chromophore i n films a n d m u l t i l a y e r assemblies; 
thus i n some cases the p o r p h y r i n r i n g is f o lded into a re lat ive ly h y d r o 
p h o b i c reg ion of the assemblies w h i l e i n others the p o r p h y r i n r i n g lies at 
the h y d r o p h i l i c interface. A l t h o u g h i n several cases the rates of incorpo 
rat ion of different meta l ions differ i n films a n d assemblies f r o m those 
observed i n so lut ion, one of the more s t r ik ing results of this study was 
the finding that on ly porphyr ins located i n h y d r o p h i l i c sites w o u l d incor -
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58 I N T E R F A C I A L P H O T O P R O C E S S E S 

porate meta l ions ( 5 7 ) . T h i s suggests that the meta l ions, present i n the 
f o rm of the ir aquo complexes, either do not penetrate h y d r o p h o b i c regions 
or are not present i n apprec iable concentrations. A study of the assembly 
structure rate dependence of C u 2 + incorporat ion into p o r p h y r i n 9 , w h i c h 
is ind i ca ted to l i e at a h y d r o p h i l i c interface, has furn i shed a d d i t i o n a l 
in format ion concern ing the mechanism a n d extent of meta l i o n penetrat ion 
into these assemblies ( 4 5 , 5 7 ) . F o r p o r p h y r i n 9 , the isomer w h i c h 
has a l l of the h y d r o p h o b i c groups on one side of the p o r p h y r i n r i n g , w e 
find C u 2 + r ead i ly incorporated w h e n the p o r p h y r i n is conta ined i n films at 
a n a i r - w a t e r interface or i n assemblies w i t h the p o r p h y r i n at a n outer 

h y d r o p h i l i c surface. T h e p o r p h y r i n also incorporates C u 2 + w h e n m u l t i 
layer assemblies are immersed i n aqueous C u 2 + solutions. I n these as
semblies the meta l ions must enter the asemblies : ( A ) v i a d irect di f fusion 
t h r o u g h the layers b y d isso lv ing alternately i n h y d r o p h i l i c a n d h y d r o 
p h o b i c port ions , ( B ) b y pass ing t h r o u g h defect channels ("Swiss cheese 
effect") or ( C ) b y enter ing the assemblies at a n edge a n d penetrat ing 
a l ong the h y d r o p h i l i c - h y d r o p h i l i c interface. A study of assemblies c on 
t a i n i n g 9 covered w i t h v a r y i n g numbers of layers of c a d m i u m arachidate 
suggests that b o t h Paths B a n d C operate for the C u 2 + ions b u t that C is 
the major p a t h for assemblies where the meta l ions are separated f r o m the 
in ter fac ia l so lut ion b y several monolayers . I t was f o u n d (see T a b l e I ) 
that w i t h fewer than three cover ing layers of fatty a c i d the rate of m e t a l -
la t i on was dependent u p o n the n u m b e r of cover ing layers. H o w e v e r , w i t h 
greater numbers of layers the rate was constant, i n d i c a t i n g that m e t a l 

9 H 

9 
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4. W H I T T E N E T A L . Surfactant and Hydrophobic Compounds 59 

Table I. Pseudo First-Order Rate Constants for Metallation of 
Porphyrin 9 in Multilayer Assemblies of Different 

Architecture Contacted with Aqueous C u 2 + 

Experi k * 
ment Assembly Configuration" (X 10* sec'1) 

A G • 5 C d - A r • 10 9 - C d - A r 5.6 4.0 
A G • 5 C d - A r • 6 9 - C d - A r • 4 C d - A r 1.4 1.0 
A G • 5 C d - A r • 6 9 - C d - A r • 6 C d - A r 1.4 1.0 
B G • 5 C d - A r • 9 9 - C d - A r • l C d - A r 7.9 3.0 
B G • 5 C d - A r • 9 9 - C d - A r • 3 C d - A r 2.5 0.9 
B G • 5 C d - A r • 9 9 - C d - A r • 5 C d - A r 2.65 1.0 

° G = glass, layers subsequently listed in sequence deposited, thus the first entry 
is glass coated with 5 layers of cadmium arachidate followed by 10 layers of 9-arachi-
date in a 1:5 mixture. 

b Temperature 50°C; [Cu2 +] = 0.001M. 

incorporat ion proceeded as out l ined i n P a t h B . A study of absorpt ion a n d 
fluorescence changes i n assemblies deposited on glass slides also i n d i c a t e d 
that i n assemblies w i t h six cover ing layers of c a d m i u m arachidate spectral , 
changes consistent w i t h meta l incorporat ion occurred first at the edges of 
the sl ide a n d on ly subsequently near the center. 

T o summarize the results of several investigations, i t is c lear that 
s m a l l , neutra l molecules ( 0 2 , N O , C O N 2 ) can diffuse r a p i d l y through 
b o t h h y d r o p h o b i c a n d h y d r o p h i l i c regions of m u l t i l a y e r assemblies w i t h 
out caus ing any not iceable changes i n the assembly. M o d e r a t e l y large , 
neutra l organic molecules can penetrate bo th regions of assemblies, but 
di f fusion is re lat ive ly s low a n d p r o b a b l y involves phase changes or other 
transient d isrupt ions of the assembly w i t h o u t p r o m o t i n g gross rearrange
ment . C h a r g e d molecules exhibi t different behavior depend ing u p o n size 
a n d perhaps several other factors; pos i t ive ly charged meta l ions can enter 
assemblies through edges or defect channels a n d then move r a p i d l y , i n 
the case of an ionic hosts, i n the p lane f ormed b y a h y d r o p h i l i c - h y d r o p h i l i c 
interface. I n contrast larger posi t ive ions m a y either penetrate to some 
extent or s i m p l y adsorb on the surface, de pe nd ing u p o n the system. 

Interfacial Photoinduced Redox Phenomena 

L i g h t - i n d u c e d electron transfer processes i n so lut ion have been the 
subject of intensive invest igat ion ( 5 8 - 8 4 ) . F o r a n u m b e r of substrates, 
i n c l u d i n g dyes, aromatic hydrocarbons , a n d trans i t ion m e t a l complexes, 
q u e n c h i n g of excited states concurrent w i t h one electron transfer can be a 
prominent , r a p i d , a n d efficient process w i t h a n u m b e r of po tent ia l donors 
a n d acceptors. T h e general pat tern of q u e n c h i n g a n d back electron trans-
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60 I N T E R F A C I A L P H O T O P R O C E S S E S 

fer process is s u m m a r i z e d i n E q u a t i o n s 3 - 6 where the q u e n c h i n g p r o c 
esses ( E q u a t i o n s 3 a n d 5 ) can invo lve considerable convers ion of exc i ta 
t i o n energy into h i g h energy products . A l t h o u g h these products m i g h t be 

+ ^ox g n + l _J_ ^redW (3) 

gn + 1 + ^redCTO _> £n + ^ox ( 4 ) 

S«* + jQred S n - 1 + £ox<+) (5) 

S n - 1 + Dox(+) _> S 1 1 + D r e d (6) 

stable u p o n separation, i n so lut ion the n o r m a l fate of the produc t p a i r is 
energy-wast ing back electron transfer ( E q u a t i o n s 4 a n d 6 ) . There has 
been m u c h recent interest i n deve lop ing ways to avert the back e lectron 
transfer processes i n b o t h solut ion a n d other m e d i a so that one or b o t h of 
the h i g h energy products can be d iver ted for use fu l chemistry or be 
stored as a fue l (84-88). A m o n g the methods employed have been the 
use of organizates such as micel les where the sh ie ld ing of one of the 
reagents i n a charged mice l lar environment can result i n significant a l tera
t ion i n rates of bo th q u e n c h i n g a n d back reactions (18 ,19 ,85 ,86 ) . G i v e n 
the capabi l i t ies of a re lat ive ly loose organizate such as a mice l le , i t m i g h t 
be expected that there w o u l d be a n u m b e r of possible ways to des ign 
organized mul t i l ayer assemblies or s o lu t i on -mul t i l ayer systems i n w h i c h 
appropr iate combinat ions of hosts a n d donor -acceptor pairs m i g h t 
promote efficient permanent redox chemistry . 

W e have prev ious ly invest igated l i g h t - i n d u c e d electron transfer reac
tions i n m u l t i l a y e r assemblies u s i n g surfactant analogs of t r i s ( 2 , 2 ' - b i p y r i -
d i n e ) r u t h e n i u m ( I I ) 2 + a n d l , r - d i a l k y l - 4 , 4 / b i p y r i d i n i u m 2 + ( "Paraquat , " 
P Q 2 + ) (10a) as excited donor a n d electron acceptor oxidant , respect ively 
( 8 9 ) . I n our studies w e f o u n d that efficient q u e n c h i n g of the r u t h e n i u m 
complex luminescence occurs w h e n the complex a n d acceptor are arranged 
i n assemblies such that there is near-molecular contact. Subsequent 
experiments b y Seefeld, M o b i u s , a n d K u h n (90) u s i n g the same c o m 
pounds a n d also a var iety of surfactant cyanine dyes such as 11 as exc i ted 
substrates have ind i ca ted q u e n c h i n g of exc i ted states b y 10a c a n occur 
over distances of 10 -75 A . T h e distance for ha l f q u e n c h i n g increases 
monotonica l ly w i t h the est imated exothermicity of the electron transfer 
process. These results are most consistently exp la ined b y a m e c h a n i s m 
i n v o l v i n g electron t u n n e l i n g f r o m the excited substrate to 10a (90,91). 

Essent ia l ly a l l of the luminescence of 11 can be q u e n c h e d b y 10a i n 
monolayer assemblies, w h i c h emphasizes the u t i l i t y of the assemblies for 
observ ing a n d / o r ob ta in ing electron transfer processes not r ead i l y oc
c u r r i n g i n so lut ion. I n so lut ion, q u e n c h i n g of the short - l ived fluorescence 
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4. W H I T T E N E T A L . Surfactant and Hydrophobic Compounds 61 

h- f 
10 a R = C i 8 H 3 7 C 1 8 H 3 7 C i 8 H 3 7 

b R — C H 3 

11 
(92) of 11 is bare ly observable w i t h the highest obtainable concentra
tions of 10b ( the S t e r n - V o l m e r constant, K = 3.2M~1 corresponding to 
about 6% q u e n c h i n g w i t h 0 . 0 2 M 10b). T h e h i g h degree of q u e n c h i n g 
observed w i t h n o r m a l m i x i n g ratios is p r o b a b l y because of the effective 
h i g h quencher concentrat ion i n the assemblies, w h i c h is far i n excess of 
those obtainable i n so lut ion; this suggests that even rather s low processes 
or reactions i n v o l v i n g short - l ived nonemi t t ing excited states as substrates 
(93) c a n be very important i n these systems. 

Recent ly w e have s tudied electron transfer processes i n mult i layers 
a n d at m u l t i l a y e r - s o l u t i o n interfaces u s i n g fluorescent dyes such as 11 
a n d p a l l a d i u m porphyr ins as substrates. F o r the former, w e have focused 
p r i m a r i l y on inter fac ia l q u e n c h i n g phenomena, w h i l e for the latter w e 
have examined permanent redox chemistry o c curr ing u p o n photolysis 
under a var iety of different condit ions i n assemblies. 

Permanent photoreduct ion reactions have been observed prev ious ly 
for a n u m b e r of meta l l oporphyr ins i n so lut ion ( 9 4 - 9 9 ) . T h e general 
course of react ion involves consecutive reduc t i on of t w o double bonds of 
the p o r p h y r i n to y i e l d first a c h l o r i n a n d then a d i h y d r o c h l o r i n or isobac-
ter i o ch lor in der ivat ive ( E q u a t i o n 7 ) . I n studies w i t h several p a l l a 
d i u m ( I I ) a n d p l a t i n u m ( I I ) complexes i n so lut ion, w e have f o u n d reduc 
t ive a d d i t i o n occurs w i t h a var ie ty of amines i n c l u d i n g t r i e thy lamine a n d 
N , N - d i m e t h y l a n i l i n e ( D M A ) (100). T h e react ion proceeds f r o m the 
meta l l oporphyr in tr ip let . T h e ind i ca ted mechanism is ou t l ined i n E q u a 
tions 8-10 for p a l l a d i u m ( I I ) porphyr ins a n d D M A . W e have s tudied the 
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( 8 , 
C H : 

P d P 3 * + ( C H 3 ) 2 N - P d T P P ' 
/ W 

C H 3 

C H ; C H 3 

PdP" — P d P H N 
/ 

• C H 2 

(9) 

C H 3 

\ 
C H 3 

P d P H - - N -
/ 

C H 2 

12, R = - C H 2 - N -

react ion u s i n g two surfactant porphyr ins , the p a l l a d i u m ( I I ) complex of 
9 (14) a n d the p a l l a d i u m ( I I ) complex of the te tra (oc tadecy l ) ester of 
a , A y , M e t r a ( p - c a r b o x y p h e n y l ) p o r p h i n e (15). B o t h of these porphyr ins 
c a n be incorporated read i ly into films a n d assemblies; 15 is ind i ca ted to 
reside i n a h y d r o p h o b i c reg ion i n assemblies w h i l e , as noted earl ier , 14 
lies at the h y d r o p h i l i c interface. 

I r rad ia t i on of b o t h 14 a n d 15 i n monolayer assemblies contacted w i t h 
a n aqueous so lut ion of D M A under argon leads to spectroscopic changes 
consistent w i t h the f ormat ion of reduct ive adducts (see E q u a t i o n 7 ) . N o 
reduc t i on is observed w h e n the assemblies are contacted w i t h water alone 
or i r rad ia ted dry . F o r 15 a w e a k phosphorescence is observed i n mono
layer assemblies; this emission is strongly quenched b y admiss ion of 
oxygen a n d a s imi lar q u e n c h i n g is observed u p o n exposure of the assembly 
to a n aqueous solut ion of D M A . W e f o u n d that 8 0 % of the emiss ion is 
q u e n c h e d b y immers ion of a s l ide conta in ing 26 layers of 15 i n aqueous 
D M A ; thus the q u e n c h i n g is not confined to the outer layers. H o w e v e r , 
the react ion proceeds more r a p i d l y ( ca . 2 X ) i n assemblies i n w h i c h the 
p o r p h y r i n is present on ly i n a n outer layer h a v i n g h y d r o p h i l i c contact 
w i t h the aqueous D M A . I n the case of 15 general ly on ly the first step of 
the reduct ion proceeds; s low decomposi t ion of the mater ia l becomes a 
p r o b l e m before isobacter iochlor in f ormat ion occurs to a n apprec iab le 
extent. I r rad ia t i on of 14 leads to reduct ion ; i n this case i r rad ia t i on of the 
assemblies at an aqueous D M A - a s s e m b l y interface leads to format ion of 
b o t h reduct ive a d d i t i o n products (see E q u a t i o n 7 ) . C h r o m a t o g r a p h i c 
analysis indicates that the products f o rmed are the same products f o rmed 
u p o n i r rad ia t i on of 14 i n organic solvents conta in ing D M A . T h e photo -
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4. W H I T T E N E T A L . Surfactant and Hydrophobic Compounds 63 

reduc t i on proceeds s lowly a n d some decomposi t ion is observed d u r i n g 
the i r rad ia t i on ; however , assemblies where the p o r p h y r i n layers are 
covered w i t h 0, 2, 4, 6, a n d 8 outer layers of c a d m i u m arachidate reduce 
at essentially the same rate y i e l d i n g ident i ca l p roduc t d istr ibut ions . T h e 
results obta ined w i t h 14 a n d 15 a n d D M A agree w i t h the expectat ion 
that re lat ive ly smal l , neutra l organic molecules should easily penetrate 
monolayer assemblies i n concentrations h i g h enough to permi t photo -
react ion. A l t h o u g h w e have not yet measured precise q u a n t u m efficiencies, 
they are ind i ca ted to be re lat ive ly l o w b o t h i n so lut ion a n d i n the 
assemblies. I t is not possible to determine whether react ion is ac tua l ly 
fac i l i tated i n the assemblies. 

T h e reduct ive photoadd i t i on of 14 us ing the surfactant analog ( 1 6 ) 
of D M A i n films a n d assemblies also has been invest igated. U p o n 
i r rad ia t i on of films f o rmed f rom c a d m i u m arachidate , 14, a n d 16 i n a 

2.5:1:1 mixture at an a i r - w a t e r interface, ch lor in - type products f o rmed 
i n very l o w y i e l d . I r rad ia t i on of mul t i layer assemblies f o rmed b y transfer 
of these films, either d r y (under argon) or i n argon-saturated water , 
results i n a l i m i t e d amount of reduct ion to f o rm first ch l o r in a n d then 
isobacter iochlor in . R e d u c t i o n is b y no means complete before a general 
decomposi t ion sets i n ; the major product f o rmed is the doub ly - reduced 
isobacter iochlor in . Assembl ies constructed w i t h adjacent layers conta in 
i n g 14 a n d 16 i n h y d r o p h i l i c contact give s imi lar results; considerable 
reduct ion occurs a n d the predominant product is the doub ly - reduced 
isobacter iochlor in . I n bo th cases react ion w i t h 16 as the reductant is 
substantial ly s lower than w i t h aqueous D M A . A reasonable inference 
f rom the studies w i t h 16 is that the assemblies conta in the p o r p h y r i n i n 
a n u m b e r of different sites, some conta in ing one or more molecules of 16 
close enough to react a n d some where the p o r p h y r i n is more isolated. 
Since 14 phosphoresces only w e a k l y i n solut ion a n d not at a l l i n assem
bl ies , i t has not been possible to correlate q u e n c h i n g w i t h react ion i n this 
case. W e are extending our studies of inter fac ia l photoredox reactions of 
the porphyr ins w i t h other diffusable solute quenchers. Reasonably c lean, 
a l though as yet inefficient, inter fac ia l redox processes occur w i t h re lat ive ly 

16 
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64 I N T E R F A C I A L P H O T O P R O C E S S E S 

h y d r o p h o b i c systems. T h i s suggests the poss ib i l i ty of c a r r y i n g out con
versions i n w h i c h the p o r p h y r i n (or other reagent) c a n func t i on as a 
catalyst, m e d i a t i n g net redox processes between solutes i n the contact ing 
so lut ion (95,101). 

A s po in ted out above, q u e n c h i n g of the fluorescence of 11 b y the 
potent ia l surfactant electron acceptor 10a has been s tudied i n assemblies 
of v a r y i n g molecu lar architecture ( 9 0 ) . W e have examined q u e n c h i n g 
of the fluorescence of 11 b y the nonsurfactant acceptor 10b a n d b y C u 2 + 

ions that are in t roduced b y contact ing the assemblies w i t h aqueous 
solutions. T a b l e I I indicates the different configurations used i n this 
study a n d the q u e n c h i n g observed. T h e r e was no apprec iable q u e n c h i n g 
of the fluorescence of 11 immedia te ly u p o n immers i on of the assemblies 
into aqueous solutions of 10b; this is i n agreement w i t h the expectation 
that the l i fe t ime of 11 is too short to p e r m i t apprec iab le d y n a m i c 
q u e n c h i n g at the concentrations used. H o w e v e r , there is a s low q u e n c h i n g 
whose rate a n d extent depends o n the assembly conf igurat ion; w h i c h 
reaches as h i g h as 4 0 % . T h i s q u e n c h i n g can be reversed b y r ep lac ing 
the aqueous solut ion of 10b w i t h a solut ion of C d 2 + ( 0 . 0 2 5 M ) ; i n several 
cases near ly complete restoration of the o r ig ina l fluorescence can be 
obta ined . S i m i l a r q u e n c h i n g processes can be obta ined us ing C u 2 + ions 
as the inter fac ia l ly in t roduced quencher . 

These results suggest that most of the inter fac ia l e lectron transfer 
q u e n c h i n g of 11 occurs b y p r i o r association of the quencher solute w i t h 
the assembly. T h e s low q u e n c h i n g process is signif icant even for assem
blies where the fluorescing molecule is b u r i e d under several c a d m i u m 
arachidate layers. It almost certa inly occurs through penetrat ion of the 
charged quencher into the assemblies v i a the h y d r o p h i l i c interface s imi lar 
to that observed i n the studies of C u 2 + incorporat ion into porphyr ins ( 5 7 ) . 
T h a t the penetrat ion can occur a n d be reversed i n essentially a n i o n -
exchange process suggests that schemes i n w h i c h penetrat ion , subsequent 
react ion w i t h an anchored catalyst, a n d exit occur sequential ly might be 
useful ly carr ied out i n these assemblies. I n these cases significant q u e n c h 
i n g occurs w i t h solute concentrations m u c h too l o w to g ive apprec iable 

Table II. Fluorescence Quenching of Cyanine Dye 11 in Multilayer 
Assemblies with 5mM Aqueous Paraquat Dichloride 

I/Io 

Assembly Arrangement (immed) (10 min) (20 min) 

C d A = l (1 :5 , l l : C d A ) 1.00 0.63 db 0.01 0.59 ± 0.01 
C d A z = l 0.89 0.60 0.52 
C d A = 3 0.98 0.69 ± 0 . 0 1 0.59 ± 0.02 
C d A = i - • 0.98 0.87 ± 0.05 0.84 ± 0.05 
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4. W H i T T E N E T A L . Surfactant and Hydrophobic Compounds 65 

d y n a m i c q u e n c h i n g i n homogeneous solutions; systems c o u l d be des igned 
to observe a n d perhaps exploit a n u m b e r of processes not observable i n 
solut ion. 

I n b o t h cases descr ibed above w e have seen no evidence that anchor 
i n g of one or bo th of the reagents used i n a l i g h t - i n d u c e d electron transfer 
process can greatly re tard the back e lectron transfer responsible for 
energy w a s t i n g i n these processes. I t is reasonable that i n at least some 
cases the retarded dif fusion of solutes penetrat ing the layers faci l itates 
back reactions. H o w e v e r , i t w o u l d be reasonable to expect that su i tab ly 
des igned systems m i g h t offer advantages over homogeneous so lut ion, 
especial ly for excited substrates contained i n a n outer layer at or near a 
h y d r o p h o b i c surface. F o r such a substrate d y n a m i c q u e n c h i n g b y electron 
donat ion to e.g., a d i cat ion i c acceptor s h o u l d l e a d to ion i c products that 
w o u l d have l i t t le p r o b a b i l i t y of re-encounter, especial ly i f reagents are 
present i n solut ion a n d assembly to ox id ize or otherwise further react 
the acceptor a n d reduce the donor (101). E x per iments des igned to 
accompl i sh this process are current ly i n progress. 
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5 
Characterization and Chemical Reactions of 

Surfactant Monolayer Films 

STEVEN J. VALENTY 

General Electric Company Corporate Research and Development, 
Schenectady, NY 12301 

The study of chemical reactions of suitably functionalized 
surfactant monolayer films is suggested as a corollary ap
proach toward understanding the chemistry of bonding 
modifiers to electrode and catalytic surfaces. Liquid- and 
vapor-phase chromatography have been used in conjunc
tion with absorption, fluorescence, and IR spectrometry to 
detect and quantitate the chemistry occurring in such films 
containing aldehyde or ester molecules. Carboxylic acid 
surfactant derivatives of ruthenium(II)tris(2,2'-bipyridine) 
have been used to assess solid surface acidity. The obser
vation of methylene blue adsorption to photogalvanic elec
trodes is related to the orientation and absorption spectra 
of its surfactant analogs in monolayer films. The effect of 
counterion on luminescence properties of derivatives of 
ruthenium(II)tris(2,2'-bipyridine) are unique to the posi
tively charged interface. 

The study of inter fac ia l photoprocesses emphas i z ing energy convers ion 
a n d c h e m i c a l synthesis is pred i ca ted u p o n the expectation that c on 

s tra in ing spec ia l ly ta i l o red react ion centers to a surface w i l l p roduce 
react ion products or kinet ics different f r o m w h a t is observed i n either of 
the ad jo in ing homogeneous phases alone. I n some exper imenta l ap 
proaches, a surface is modi f i ed b y covalent ly a t tach ing spec ia l i zed mole 
cules whose v a r i e d functions i n c l u d e selective e lectron transfer w i t h a 
specific redox couple i n a n ad jo in ing electrolyte so lut ion , prevent ion of 
electrode corrosion, a n d pre ferent ia l b i n d i n g of reactant molecules . I t 

0-8412-0474-8/80/33-184-069$07.25/0 
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70 I N T E R F A C I A L P H O T O P R O C E S S E S 

is c lear that the chemistry i n v o l v e d i n c o u p l i n g the m o d i f y i n g molecu le 
to the surface a n d the nature of the covalent b o n d so f o rmed are i m p o r 
tant to b o t h the mechanism of the mod i f i e rs act ion a n d its operat ional 
l i f e t ime. A var ie ty of techniques , i n c l u d i n g electron spectroscopy for 
c h e m i c a l analysis ( E S C A ) , a tomic emission spectroscopy ( A E S ) , I R , 
op t i ca l spectroscopy, a n d e lectroanalyt ica l methods, have been used to 
character ize a surface before a n d after c h e m i c a l modi f i cat ion . 

W h e r e a p p l i c a b l e the study of c h e m i c a l reactions of su i tably func 
t i o n a l i z e d surfactant monolayer films at the g a s - w a t e r interface offers 
another approach towards unders tand ing this chemistry . O p e r a t i n g at 
the a i r - w a t e r interface a n d , hence, w i t h i n the constraint of aqueous-
based chemistry , this technique a l lows the preparat ion of a var iety of 
func t i ona l i zed surfaces b y f o r m i n g a monolayer f r o m selected synthetic 
surfactant monomers. F u r t h e r , the use of this par t i cu lar methodology 
a l lows exper imental contro l , to v a r y i n g degrees, of the resul t ing t w o -
d imens iona l films' compos i t ion , or ientat ion, a n d e lectr ica l charge. B e 
cause a monomolecu lar ly t h i n layer is b e i n g dealt w i t h here, a chemica l l y 
modi f i ed film can be recovered f r om the interface a n d separated into 
its mo lecu lar constituents, each of w h i c h can then be quant i ta ted a n d 
character ized . S u c h is not the case where attachment is made to a b u l k 
mater ia l . 

S ince the monolayer film can be transferred f r om the g a s - w a t e r 
interface onto a var ie ty of so l id supports, the w e l l - k n o w n surface analysis 
techniques ment ioned earl ier can be used for character i z ing these films 
as w e l l . I n some instances, such a procedure w o u l d a l l o w quant i tat ive 
ca l i b ra t i on of the surface analysis because the exact amount of mater ia l 
transferred to the so l id surface is k n o w n . T h e efficiency of subsequent 
procedures to phys i ca l l y adsorb or covalent ly attach s imi lar b u t n o n 
surfactant modifiers to this so l id surface b y other means c o u l d be deter
m i n e d d i rec t ly b y reference to the monolayer experiment. 

F u r t h e r , the response of a spec ia l ly ta i l o red surfactant, say to p H as 
observed b y opt i ca l spectroscopy, i n a monolayer at the we l l - charac ter i zed 
g a s - w a t e r interface c o u l d be used to probe the same surface proper ty 
of less k n o w n materials ( i n this case, necessarily transparent to the opt i ca l 
rad ia t i on used) u p o n transferr ing the monolayer to that surface. 

I n support of the preceed ing statements, I shou ld l ike to descr ibe 
w o r k done i n character i z ing monolayer films a n d c h e m i c a l reactions 
o c c u r r i n g i n t h e m at the g a s - w a t e r interface a n d on so l id surfaces b y 
c lassical techniques as w e l l as b y a p p l y i n g newer ana ly t i ca l methods to 
detect a n d quanti tate the smal l amounts of mater ia l conta ined there in . 
W h i l e no n e w photochemistry med ia ted b y monolayers w i l l be discussed, 
a s t r i k i n g example of h o w constra in ing a molecule to a n interface alters 
its photophys i ca l behavior w i l l be presented. 
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5. V A L E N T Y Surfactant Monolayer Films 71 

Experimental 

T h e synthesis a n d character izat ion of C o m p o u n d s I -X have been 
descr ibed ( 1 , 2 , 3 ) . Stearaldehyde ( S t A l d ) (Supe lco , 9 9 + % ) , stearyl 
a l coho l ( S t O H ) ( S i g m a , 9 8 % ) , p o l y - l - l y s i n e ( P L ) (as H B r salt, S i g m a ) , 
3 -methyl -2-benzothiazol inone hydrazone h y d r o c h l o r i d e (reagent, A i d -
r i c h ) , s o d i u m b o r o h y d r i d e ( A l d r i c h ) , inorganic reagents ( a n a l y t i c a l 
g r a d e ) , a n d organic solvents ( B u r d i c k a n d Jackson) were used w i t h o u t 
further pur i f i cat ion . T r i p l y d i s t i l l e d water f r o m a quar tz s t i l l was used 
i n the preparat ion of the monolayer subphase solutions. 

Mono layers of S t A l d a n d methylene b l u e / r u t h e n i u m b i p y r i d y l sur
factant complexes were spread f r o m d i lu te n-hexane a n d ch loro form 
solutions, respectively . 

Surface pressure -area isotherms ( I ) , surface viscosity ( 4 ) , op t i ca l 
spectrometry of glass-supported monolayers ( J ) , emission spectrometry 
of monolayers at the a i r - w a t e r interface ( I ) , h igh-per formance l i q u i d 
chromatographic ( H P L C ) analyses ( 5 ) , vapor-phase chromatography 
( V P C ) analyses for H 2 d isso lved i n water ( 6 ) a n d for S t A l d / S t O H (4 ) 
were done u s i n g apparatus a n d procedures prev ious ly descr ibed . T h e 
F o u r i e r t ransform I R ( F T I R ) spectra of monolayers or I on h y d r o p h i l i c 
g e r m a n i u m attenuated total reflectance ( A T R ) plates ( H e r r i c k Scientif ic , 
50 X 20 X 1 m m , 0 = 45° , single-pass p a r a l l e l - p i p e d , 50 reflections) 
were recorded w i t h a N i c o l e t 7199. T h e A T R - I R spectra of the S t A l d -
P L system were obta ined as descr ibed earl ier ( 4 ) . T h e field desorpt ion 
mass spectra ( F D M S ) were recorded on a V a r i a n - M a t 731 mass spec
trometer. T h e construct ion details a n d operat ion of the mul t i c ompar tment 
t r o u g h have been discussed elsewhere ( 7 ) . 

Results and Discussion 

Chemical Reactions and the Multicompartment Monolayer Trough. 
T h e mechanics of p e r f o r m i n g a c h e m i c a l react ion on a monolayer film 
require several operations: ( a ) the film must be spread at the gas -water 
interface a n d compressed to the des ired surface pressure; ( b ) the reac
t i o n must occur under condit ions where the surface pressure c a n be 
mon i to red a n d h e l d constant i f des i red ; ( c ) the react ion must be 
q u e n c h e d to obta in a chemica l l y stable system such that later analysis 
w i l l reflect the compos i t ion of the film w h i l e i t was s t i l l at the g a s - w a t e r 
interface; a n d ( d ) the film must be recovered as quant i ta t ive ly as pos
sible f r o m the interface. I n order to satisfy these requirements , a m u l t i 
compartment t r o u g h has been used to a l l o w a series of c h e m i c a l reactions 
to be per formed u p o n a we l l -de f ined monolayer . 

T h e mul t i c ompar tment t r o u g h used here is shown i n F i g u r e 1. T h e 
t r o u g h subphase is d i v i d e d into a n u m b e r of i n d i v i d u a l compartments 
b y submerged h y d r o p h i l i c glass barriers that extend the w i d t h of the 
t r o u g h a n d are covered b y ca . 0.5 c m water . T h e several compartments 
c a n be filled a n d e m p t i e d independent ly . Surfactant monolayers are 
constra ined between the h y d r o p h o b i c sides of the t r ough a n d t w o motor-
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5. V A L E N T Y Surfactant Monolayer Films 73 

i z e d h y d r o p h o b i c surface barriers w h i c h c a n be d r i v e n independent ly to 
contro l the surface pressure (as measured b y a W i l h e l m y ba lance ) or 
s imultaneous ly to la tera l ly transport the film at constant area f r o m the 
surface of one compartment to another over the submerged barr ier . 

Borohydride Reduction of StAld. T h e reduc t i on of S t A l d to S t O H 
b y aqueous N a B H 4 i l lustrates the use of this t rough . A mono layer of 
S t A l d (3.2 /xmol, 0.86 m g ) was f o r m e d on C o m p a r t m e n t 1 conta in ing 
5.0 X 1 0 " 3 M borate buffer ( p H 9.0) a n d compressed to n — 10 d y n / c m . 
T h e film was m o v e d to C o m p a r t m e n t 2 ( transfer t ime , 1 m i n ) , w h i c h 
conta ined freshly p r e p a r e d 1.0 X 1 0 ' 2 M N a B H 4 i n aqueous borate buffer. 
A f t e r 30 m i n , the film was m o v e d back to C o m p a r t m e n t 1, compressed 
u n t i l i t co l lapsed into threads, s craped off the surface a n d d isso lved i n 
ch loro form. V P C analysis i n d i c a t e d S t O H corresponding to 84 m o l % of 
the i n i t i a l l y spread S t A l d w i t h 1 m o l % u n r e d u c e d a ldehyde . C o n t r o l 
experiments have s h o w n 85 ± 2 m o l % recovery of e ither the o r i g i n a l 
S t A l d spread a n d m a n i p u l a t e d i n the absence of N a B H 4 or the S t O H 
spread a n d m a n i p u l a t e d i n the presence of N a B H 4 . 

Sequential Chemical Reactions. A more complex series of reactions 
is s h o w n b y the covalent attachment of a dye to a p r e f o r m e d monolayer 
film. I n the presence of a n a ldehyde a n d ferr i c ch lor ide , 3 -methyl -2 -ben-
zoth iazo l inone hydrazone ( M B T H ) forms a deep-b lue-co lored cat ion v i a 
ox idat ive c o u p l i n g of the i n i t i a l l y f o rme d a l d i m i n e w i t h a second mo le 
of M B T H ( 8 , 9 ) . 

CH3
 + 

Q C s > = N - N H ^ 

MBTH + 
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A monolayer of S t A l d (3.0 /rniol ) was f o r med on 5 X 1 0 " 3 M borate 
buffer ( p H 9 ) i n C o m p a r t m e n t 1 a n d compressed (n = 10 d y n / c m ) . 
T h e film was shi f ted onto the surface of C o m p a r t m e n t 2 c onta in ing 
M B T H (1.1 X 1 0 - 2 M i n p H 9 borate buffer) a n d a l l o w e d to s tand for 
30 m i n . T h e film was re turned to C o m p a r t m e n t 1, compressed to col lapse 
the film into w h i t e threads, a n d scraped off the surface to give a h o m o 
geneous so lut ion i n C C 1 4 . V P C analysis showed less t h a n 0.5 m o l % 
unreacted S t A l d a n d t w o major components e l u t i n g at m u c h longer re 
tent ion t imes. V P C - M S (mass spectrometry) showed that these t w o 
components have the same molecu lar i on (m/e = 420) a n d f ragmentat ion 
patterns s imi lar to the f ormat ion of isomeric imines. I n a second react ion 
u s i n g ident i ca l condit ions , the film is shi f ted f r om the M B T H conta in ing 
subphase d i rec t ly (no in terven ing w a s h compar tment ) onto a subphase 
freshly prepared w i t h F e C l 3 d isso lved i n d i s t i l l e d water (1.8 X 1 0 " 3 M ) . 
A f t e r s tand ing 30 m i n , the film is co l lapsed ( a b l u e co lorat ion is appar 
ent ) a n d scraped off the surface to g ive a deep-b lue homogeneous so lu 
t i o n i n C H C 1 3 . V P C analysis i n d i c a t e d 3 m o l % S t A l d unreacted a n d the 
v i s ib le absorpt ion spec trum showed a m a x i m u m at 673 n m w i t h a shou l 
der at 630 n m (1.00:0.83 o.d. rat io ) as reported for s imi lar compounds 
( 8 , 9 ) . U s i n g c

6 7 3 = 5.2 X 10 4 f r o m the l i terature ( 8 ) , the y i e l d of the 
react ion is 9 m o l % based on S t A l d . T h e b l u e color can be b l eached b y 
d i th ion i te a n d recovered b y F e 3 + ox idat ion . Since the i m i n e appears to be 
p r o d u c e d i n h i g h y i e l d i n the i n i t i a l react ion a n d remains i n the b l u e -
co lored f i lm b y V P C analysis , its convers ion to the re lat ive ly larger struc
ture of the dye cat ion is l i m i t i n g overa l l react ion y i e l d . Increas ing the 
surface area ava i lab le per molecule b y us ing one - th i rd the amount of 
S t A l d increased the y i e l d of dye cat ion to ca . 1 5 % . T h e dye-cat ion-con
t a i n i n g monolayer film can be transferred w i t h the two -d imens iona l 
structure intact to a glass s l ide a n d its absorpt ion spec trum can be re 
corded . T h e v i s ib le spec t rum of the dye cat ion i n the monolayer is 
c o m p a r e d w i t h that i n homogeneous so lut ion i n F i g u r e 2. 

Polycondensation Chemistry. I n a n exper imenta l a p p r o a c h seeking 
to synthesize p lanar , u l t r a t h i n p o l y m e r films possessing rubber e last ic i ty 
a n d func t i ona l sites that m i g h t prove useful i n m o d e l l i n g b i o l o g i c a l m e m 
brane structure a n d selective transport capab i l i ty , po lycondensat ion reac
tions i n mono layer films were s tud ied ( 4 ) . T h e synthetic strategy to 
ob ta in such a film grafts surfactant monomers of S t A l d f o rmed i n a 
mono layer array onto l inear , b u t r a n d o m l y co i l ed , water -so luble P L 
chains . A sufficient n u m b e r of unreacted l y s y l amino groups are left to 
f o r m the in tercha in crossl inkage u p o n further condensat ion w i t h a d i a l d e -
h y d e such as g lutara ldehyde . T h u s , the t w o d imens iona l surface act ive 
ne twork is ach ieved . 

T h e measurement of in t r ins i c v iscosity prov ides a convenient i n d i c a 
t i o n of bu lk -phase po lymer izat ions . M o s t of the l i terature c l a i m i n g to 
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76 I N T E R F A C I A L P H O T O P R O C E S S E S 

have prepared monomolecu lar p o l y m e r films has presented some surface 
viscosity measurement i n support ( 4 ) . W h e n a S t A l d mono layer is f o r m e d 
a n d compressed to n = 10 d y n / c m o n a subphase conta in ing 4.2 f t g / m L 
P L at p H 7.0 (phosphate), ^ . r e l increases l inear ly w i t h t ime as i l lus t ra ted i n 
F i g u r e 3. ( N o t e that i / 8

r e l has a l o w constant va lue for S t A l d w i t h o u t P L 
i n the subphase a n d that i t is ca . zero for P L alone a n d i t is not detectable 
for a mono layer of n-octadecanol w i t h P L i n the subphase. ) T h e observa
t i o n of a t ime-dependent re laxat ion i n the surface pressure -area i so therm 
of the reacted film u p o n compress ion-expans ion c y c l i n g where none was 
observed for a S t A l d film alone also indicates a change i n film structure. 
T h e viscosity changes d u r i n g film react ion have been s h o w n to be de 
pendent u p o n P L concentrat ion, P L mo lecu lar we ight , p H , temperature , 
a n d S t A l d surface pressure. T h e measurement of surface viscosity has 

200 

175 

0 10 20 30 40 50 60 
REACTION TIME (MIN) 

Figure 3. A comparison of relative surface viscosity vs. time for StAld 
alone, (O); PL (15K) alone, (H); and St Aid-PL (15K), (A). All measure
ments were obtained on a subphase containing pH 7.0,1.0 X 10~'M phos
phate buffer at 20°C. Where used, the PL (15K) concentration was 4.2 
fig/mL. The measurements for StAld and St Aid-PL (15K) were done at 

a constant U = 10 dyn/cm. 
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5. V A L E N T Y Surfactant Monolayer Films 77 

been used as a r a p i d means of survey ing react ion kinet ics assuming that 
a rise i n the observed viscosity is re lated i n some manner to the degree 
of react ion. 

T h e ordinate of F i g u r e 3 w o u l d be more useful to the chemist i f i t 
were also l a b e l l e d i n percent react ion of start ing mater ia l or percent for
m a t i o n of product . F o r this purpose , the m u l t i c o m p a r t m e n t t r o u g h was 
used to study the gra f t ing react ion between S t A l d a n d P L as s h o w n i n 
F i g u r e 4. A monolayer of S t A l d (3.2 p m o l , 0.86 m g ) was f o r m e d a n d 
compressed to 10 d y n / c m on aqueous borate buffer ( p H 9.0, 5.0 X 10~ 3 M) 
i n C o m p a r t m e n t 1. T h e compressed film is m o v e d la tera l ly over borate 
buffer ( the same as i n C o m p a r t m e n t 1) i n C o m p a r t m e n t 2 onto aqueous 
P L (1.0 f t g / m L , to ta l ca . 2.8 m g , ~ 15,000 m o l w t ) i n C o m p a r t m e n t 3. 
A f t e r a p e r i o d of t ime , the film was passed back over Subphase 2 to w a s h 
out any unat tached P L . T h e react ion is quenched b y reduc t i on w i t h 
aqueous N a B H 4 ( 1 0 " 2 M , p H 9.0, borate buffer, 30 m i n . ) i n C o m p a r t m e n t 
1 a n d transferred w i t h w a s h i n g across C o m p a r t m e n t 2 onto the surface of 
1 0 " 2 M N a O H i n C o m p a r t m e n t 3. A t this stage, or any intermediate one, 
the film m a y be transferred to a so l id support (glass s l ide , C a F 2 a n d G e 
I R plates ) v i a the L a n g m u i r - B l o d g e t t t echnique for spectral observat ion 
or co l lapsed , scraped f r o m the surface, a n d d isso lved i n a n appropr ia te 
solvent for chromatographic a n d spectral character izat ion . 

F i g u r e 5 shows the results of V P C analysis of r e d u c e d films scraped 
f r o m the water surface a n d extracted w i t h C H C 1 3 to dissolve the S t O H 
( r e d u c t i o n produc t of S t A l d noted p r e v i o u s l y ) . A s the react ion t ime 
lengthens, more H 2 0 - a n d C H C l 3 - i n s o l u b l e w h i t e so l id is obta ined . T h e 
chloro form-so luble f ract ion shows on ly S t O H a n d a s m a l l amount of 
u n r e d u c e d S t A l d ( < 2 % ) . T h e disappearance of S t A l d occurs i n a near ly 
l inear fashion ( 0 . 4 2 % / m i n or 1.3 X 10" 2 / j tmol /min) u n t i l 180 m i n ( ca . 

3,PL/BUFFER 2, BUFFER I, BUFFER 

• v/, 
3, GRAFTING 2 I 

REACTION 

y/A W i^mb NoBH4 V/, 
3 2,WASH (.REDUCTION 

D E , V , 
y A & » & $ m m t i N0BH4 

3, FILM 2,WASH I 
TRANSFER 

Figure 4. Schematic description of 
operations involved in grafting a 
monolayer of StAld onto PL and 
subsequent NaBH4 reduction using 
the multicompartment trough. Op
erations: (A) form monolayer of 
StAld and compress to desired IT on 
surface of buffer in Compartment 1; 
(B) shift film at constant area across 
buffer in second compartment onto 
PL containing subphase to start re
action; (C) shift film at constant area 
across wash buffer in Compartment 
2 onto alkaline NaBH4 in Compart
ment 1 to reduce surface film; (D) 
transfer film across wash compart
ment onto 10 2M NaOH in Compart
ment 1 for film removal from surface. 
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78 I N T E R F A C I A L P H O T O P R O C E S S E S 

I00r 

REACTION TIME (MIN.) 

Figure 5. VPC analysis for unreacted StAld as StOH after NaBH^ re
duction as a function of St Aid-PL reaction time. Conditions: 3.2 fimol 
StAld, 1.0 iLglmL PL (15K), pH 9.0, 5.0 X I 0 * M borate buffer, 22 ± 

2°C, 10 dyn/cm. 

6 6 % consumpt ion ) w h e n the react ion slows m a r k e d l y l e a v i n g some 
1 0 % unreacted S t A l d after 8.5 hr . T h e prec i s ion of the analysis is ± 2 % 
i n the l inear p o r t i o n of the trace. I f the grafted film is co l lapsed a n d 
scraped f r o m the interface before N a B H 4 r educt ion , the prec i s ion of the 
V P C analysis for S t A l d drops to ± 1 5 - 2 0 % a l though the scatter of points 
very near ly reproduces the more precise da ta of F i g u r e 5. A n u m b e r of 
the films were extracted into C C 1 4 , the intensity of the c a r b o n y l stretch 
f requency of S t A l d (1730 cm" 1 ) mon i tored i n a 1.0-cm p a t h l ength ce l l , 
a n d the S t A l d concentrat ion obta ined f r o m a n e m p i r i c a l ca l i b ra t i on curve . 
T h e resultant d a t a for d isappearance of S t A l d fo l lows the V P C - d e r i v e d 
in format ion . T h e greater prec i s ion for the V P C analysis after reduc t i on 
results f r o m " f r eez ing " the compos i t i on of the condensat ion e q u i l i b r i a 
w h i l e the film is s t i l l at the a i r - w a t e r interface. 

G r a f t e d b u t unreduced films were also transferred ( n = 25 d y n / c m , 
10 monolayers per s ide) to a h y d r o p h o b i c G e A T R p late a n d the i r I R 
spectra were obta ined . O f major importance was the disappearance of 
the S t A l d c a r b o n y l stretch f requency (1708 cm" 1 ) w i t h react ion t ime a n d 
the s imultaneous appearance of a broader b a n d at 1645 c m ' 1 , w h i c h can 
be assigned as the c a r b o n y l a m i d e I b a n d of po lypept ides . 

T h e disapperance of reactants ( P L assay descr ibed elsewhere ( 4 ) ) , 
the f o rmat ion of a H 2 0 - a n d C H 3 C l - i n s o l u b l e surface film, a n d the i n 
crease i n surface viscosity w i t h increas ing contact t ime be tween a n 
inso lub le S t A l d mono layer a n d a so lut ion of P L suggest covalent a t tach
ment of the oc tadecy l h y d r o c a r b o n c h a i n to the P L backbone . P r e l i m i 
n a r y quant i tat ive analyses ind icate ca . t w o l y s y l groups per at tached 
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5. V A L E N T Y Surfactant Monolayer Films 79 

oc tadecy l h y d r o c a r b o n c h a i n or one free a m i n o group for each l y s y l 
a m i n o - S t A l d l inkage . C o n t i n u e d w o r k w i l l be r e q u i r e d to d i rec t ly assay 
the n u m b e r of free l y s y l a m i n o groups present i n the grafted film a n d to 
determine its overa l l structure a n d rheo log i ca l properties . V P C analysis 
has p r o v e d to be a most use fu l a n a l y t i c a l t oo l i n m o n i t o r i n g surface film 
reactions a n d has s h o w n c lear ly that condensat ion chemistry continues 
l o n g after the re lat ive surface viscosity has increased to a va lue exceeding 
the range of the constant angu lar ve loc i ty tors ion p e n d u l u m device used 
here. 

Hydrolysis of a Positively Charged Surfactant Ester. C h r o m a t o g 
r a p h y also has been indispensable for the detect ion a n d quant i ta t i on of 
nonvo lat i l e surfactant substances. H P L C is the m e t h o d of choice w h e n 
c o m p a r i n g the hydro lys is k inet ics of the surfactant diester der ivat ive of 
r u t h e n i u m ( I I ) t r i s ( 2 , 2 ' - b y p y r i d i n e ) , I , to that of its water so luble analog , 
I I ( 7 ) . 

I t h a d been observed prev ious ly that the area of a monolayer of I 
spread on a lka l ine subphase a n d h e l d at constant surface pressure de 
creases w i t h t ime whereas that of a monolayer spread on a subphase of 

(bpy)2Ru; 

2* 

OH" 
-ROH (bpy)2Ru 

I* 

OH" 
-ROH 

NSKOO" 
(bpy)2Ru F 

I i R = R =C|gH37 
H, R = R = C2H5 

H , RSC|8H37 
I, R = C 2H 5 

m 

p H < 5 d i d not ( J ) . B y analogy to the chemistry observed for I i n a l k a 
l ine 5 0 % aqueous te t rahydro furan ( T H F ) a n d I I i n a lka l ine aqueous 
so lut ion ( 5 ) , the diester surfactant was expected to h y d r o l y z e to the 
water -so luble d icarboxylate , I I I , a n d n-octadecanol v i a I V . 

F i g u r e 6 shows a schematic of the t r ough operations i n v o l v e d i n the 
hydro lys is of I . T h e i n i t i a l step requires the format ion of a wel l -de f ined 
monolayer film on a n o n h y d r o l y z i n g subphase ( 1 0 " 3 M N a C l ) . A n y ins ta 
b i l i t y i n the film that might occur i f the surfactant were s l ight ly water 
soluble or underwent counter ion exchange w i t h a b u l k subphase can be 
detected a n d d is t inguished f r o m any changes a c c o m p a n y i n g the h y d r o l y 
sis react ion itself. F u r t h e r m o r e , the film can be compressed to the des ired 
surface pressure p r i o r to b r i n g i n g i t into contact w i t h a lka l ine subphase. 
T h i s e l iminates the interva l of t ime ( ca . 5 m i n ) on s ingle -compartment 
troughs start ing w h e n the i n i t i a l d rop of spreading so lut ion touches the 
interface a n d c o n t i n u i n g t h r o u g h solvent evaporat ion u n t i l the des ired 
surface pressure is reached. T h e film then is transported la tera l ly across 
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5. V A L E N T Y Surfactant Monolayer Films 81 

the subsurface wa l l s at constant area onto the a lka l ine subphase (10~ 3M 
N a H C 0 3 / N a C l , p H 8.2) b y s imultaneously m o v i n g the t w o surface b a r 
riers. B y d r i v i n g on ly one of the surface barriers w h i l e u s i n g the other 
as a fixed p l a t f o r m for the surface pressure detector, the film area can be 
adjusted to m a i n t a i n a constant n . T h e hydro lys is react ion is q u e n c h e d 
b y m o v i n g the film across the w a s h compartment to m i n i m i z e the v o l u m e 
of entra ined a l k a l i onto a n ac id - conta in ing subphase (10~ 2 M H C 1 0 4 ) . 
Prev ious studies h a d shown c lear ly that the hydro lys is react ion i n b u l k 
so lut ion is s topped i m m e d i a t e l y b y a c i d q u e n c h i n g (5). I n a d d i t i o n to 
s u p p l y i n g protons, aqueous perch lor i c a c i d was chosen for the perchlorate 
anions ' strong condens ing effect on films of I a n d because I V is k n o w n to 
f o r m stable films on perch lorate - conta in ing subphases ( I ) . F i l m s of I o n 
aqueous perch lor i c a c i d can be co l lapsed into v i s i b l y r edd i sh threads 
w h i l e attempts to do so on aqueous h y d r o c h l o r i c a c i d l e a d to the sub-
phase over f lowing the side wa l l s of the t r o u g h w i t h resultant mater ia l 
loss. T h e co l lapsed , th i cker film of I is easi ly s k i m m e d off u s i n g a spatu la 
s a n d w i c h e d between t w o surface barriers a n d d isso lved i n a n appropr ia te 
solvent for subsequent H P L C analysis . C o n t r o l experiments show the 
absolute recovery for S t O H , I , a n d I V to be 90, 78 ± 5, a n d 90 m o l % , 
respect ively . 

Rate constants der ived for the sequent ia l hydrolyses , I I - » V - » I I I , 
i n homogeneous so lut ion are i n quant i tat ive agreement w i t h s imple con 
secutive pseudo-first order react ion kinet ics (fc_n = 5.0 X 10~3 m i n " 1 , k.y 
— 7.0 X 10"3 m i n ' 1 i n 10 " 3 M N a H C 0 3 / N a C l , p H 8 .2°) . T h e rate laws 
govern ing the monolayer hydrolyses , I -> I V -> I I I )see F i g u r e 7), are 
not as s imple . A p lo t of l o g [I] vs. t ime ( n = 10 d y n / c m , 1.0 X 10~3M 
N a H C 0 3 / N a C l ) shows the disappearance of I as quant i ta t ive ly descr ibed 
b y first-order rate constants, k_i — 5.3 X 10"2 m i n " 1 ( e a r l y ) a n d 1.1 X 
10'2 m i n ' 1 ( l a t e ) , whose straight l ines intersect at t « 45 m i n . T h e d i s 
appearance of I a c cord ing to t w o rate constants m a y reflect the h igher 
surface charge density f o u n d i n the early p o r t i o n of the sequent ia l h y 
drolysis reactions (t < 20 m i n ) , where the d o u b l y charged I p r e d o m i 
nates, over that f o u n d at longer react ion t imes (t > 40 m i n ) , where I is 
on ly a m i n o r component i n the m a i n l y s ing ly charged film. A s the pos i t ive 
surface charge increases, the concentrat ion of h y d r o x i d e anions i n the 
layer of subphase adjacent to the ester monolayer also increases. 

T h e appearance or d isappearance of I V i n this same react ion cannot 
be fitted to a s imple pseudo first-order consecutive react ion rate expres
s ion over any in te rva l of t ime . H o w e v e r , the disappearance of I V (t > 
4 0 m i n ) can be fitted ( o n l y fa i r m a t c h , r 2 — 0.76) to first-order k i 
netics, = 9.0 X 10"3 m i n " 1 . A separate series of experiments s tart ing 
w i t h I V gives a n almost i dent i ca l first-order rate constant, k<$§ = 1.1 X 
10"2 m i n " 1 . These observed rate constants must be corrected for the disso-
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82 I N T E R F A C I A L P H O T O P R O C E S S E S 

HYDROLYSIS TIME (MIN.) 

Figure 7. Relative concentrations of reactant (I, O) and products (IV, 
A ; I I I , during hydrolysis on 1.0 X 10'3M NaHCOs/NaCl (10.0 ± 0.5 
dyn/cm, 22-23°C, initial amount of I is 3.0 X 10'7 mol at a surface con
centration of 6.7 X 1013 molecules/cm2) as determined by HPLC. The 

amounts of III were calculated from 100 — (I + IV). 

l u t i o n of I V into the subphase d u r i n g the hydro lys is as est imated b y the 
first-order film shrinkage (ks$) observed o n 1.0 X 1 0 ' 3 M N a C I ( n — 10 
d y n / c m ) : k_ly = - Jfc«* — (1.1 - 0.4) X 10" 2 m i n " 1 — 7.0 X 10" 3 

m i n " 1 . H P L C analysis of films recovered f r o m var ious subphases c lear ly 
confirms d isso lut ion of I V f r o m the mono layer i n the case of 1.0 X 1 0 " 3 M 
N a C I . 

A compar i son based on ly o n film shr inkage w o u l d suggest a faster 
react ion proceeded at the h igher surface pressure whereas quant i tat ive 
analysis of the recovered films show l i t t l e , i f any , difference. H P L C 
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5. V A L E N T Y Surfactant Monolayer Films 83 

analysis indicates that IV has a very h i g h rate of d isso lut ion at 33.3 
d y n / c m a n d a constant, e q u i l i b r i u m concentrat ion of IV i n the surface 
film is a t ta ined very r a p i d l y i n the hydro lys is react ion start ing w i t h I. 

I t is c lear that the rate of hydro lys is of I constrained to the interface 
proceeds ten times faster t h a n that of its counterpart , II, i n homogeneous 
so lut ion at the same b u l k p H . A l e x a n d e r a n d R i d e a l not i ced no difference 
w h e n the hydro lys is rates of neutra l esters were c ompared i n b o t h e n v i 
ronments ( 1 0 ) . H o w e v e r , the rate enhancement obta ined b y h a v i n g a 
pos i t ive ly charged surface film rather than a neutra l film is s t r ik ing . T o 
achieve exper imental ly reasonable rates for the hydro lys is of e thy l octa-
decanoate, A lexander a n d R i d e a l were r e q u i r e d to employ 12V N a O H 
( p O H = 0!) i n the subphase. T h e hydro lys is rate constant observed, 
k = 2.09 X 1 0 - 2 m i n ' 1 ( 21 .2 °C , 3 d y n / c m ) lies between k.i a n d fc.iv 
ob ta ined i n this s tudy on a subphase h a v i n g a m u c h l ower h y d r o x y l i on 
concentrat ion, p O H 5.8. 

Monolayer Probe for Surface Acidity. T h e k n o w l e d g e that mono
layers of I h y d r o l y z e read i l y on the surface of a lka l ine subphases c a n be 
used to develop a technique for assessing the p H of u n k n o w n h y d r o p h i l i c 
so l id surfaces to w h i c h the surfactant can be adsorbed. F o r instance, 
monolayers of I can be transferred f r om 1 0 " 3 M N a C I onto s o d a - l i m e glass 
slides w h i c h have been pretreated b y sonicat ion i n a lka l ine A l c o n o x or 
strongly ac id i c aqueous so lut ion. Soaking the s l ide i n acetonitr i le c on 
t a i n i n g M e S 0 3 H ( 0 . 0 1 5 M ) a n d H O A c ( 0 . 5 % V / V ) r ead i ly desorbs the 
surfactant a n d a l lows quant i ta t i on b y H P L C of I a n d IV i n the resu l t ing 
so lut ion (98 ± 2 % m o l recovery, p m o l sens i t iv i ty ) . W h e n the s l ide was 
d r i e d i n a dessicator i m m e d i a t e l y after transferr ing the monolayer , 0.5 
m o l % IV was f o u n d on the a lkal ine- treated glass a n d 2 - 3 m o l % IV on 
the ac id -washed glass. H o w e v e r , i f the monolayer coated slides are i m 
mersed i n t r i p l y d i s t i l l e d water , then steadi ly increas ing amounts of IV 
( a n d III) are seen w i t h t ime ; at 4-hr immers ion 6 m o l % IV is desorbed 
f r o m a lka l ine c leaned glass a n d 14-17 m o l % f r o m ac id -c leaned glass. 
Corre lat ions between the hydro lys is rates of I on aqueous subphases of 
k n o w n b u l k p H a n d on so l id surfaces w o u l d a l l o w estimates of the a c id i ty 
of that surface. T h e resu l t ing accuracy is l i m i t e d on ly b y our present 
a b i l i t y to calculate surface p H f r o m b u l k so lut ion p H values. 

I f the so l id is v i sua l l y transparent a n d a surfactant e m p l o y e d whose 
absorpt ion spectrum is p H dependent , then measurements of the op t i ca l 
spec trum of the so l id adsorbed monolayer w i l l l ikewise p rov ide a surface 
a c i d i t y probe . F o r instance, the absorpt ion a n d emission spectra of IV 
are p H dependent. F i g u r e 8 shows a compar ison between the absorpt ion 
spectra of IV a n d its e t h y l ester analog i n 2 0 % aqueous T H F a n d o n 
a c i d or a lka l ine pretreated sl ides. O t h e r surfactant p H indicators are 
k n o w n a n d c o u l d be e m p l o y e d i n this w a y ( I I , 12 ) . 
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0« 1 1 1 1 UllJ 
400 450 500 550 600 

WAVE LENGTH (nm) 

Figure 8. Upper traces: Typical absorption spectra of TV and Ru-
(COOC 18XCOOEt) as single monolayers on both sides of a hydrophilic 
glass slide transferred from 103M NaClO^: (• - -) Ru(COOC 18XCOOEt) 
on acid cleaned glass; ( ) IV on acid cleaned glass, 99 mol % pure; 
and ( ) TV on alconox cleaned glass, also contains 5 mol % I and 10 
mol % n-octadecanol. Lower traces: Absorption spectra of TV and Ru-
(COOCJ8XCOOEt) as ca. equivalent number of molecules in 20% aque
ous THF: 0 ' ') Ru(COOCJ8XCOOEt), 2.9 X I0" 7 M, pH - 6; ( 

TV, 5.5 X I0" 7 M, pH - 6; and ( ) IV, 5.5 X I0" 7 M, pH - 2. 
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5. V A L E N T Y Surfactant Monolayer Films 85 

Orientation of Methylene Blue Adsorption. T h e adsorpt ion of t h i o -
n ine a n d methylene b l u e to electrode surfaces a n d the resu l t ing electro
c h e m i c a l select ivity m a y be c r i t i c a l w h e n these dyes are used to absorb 
a n d convert l i g h t to e lectr ica l energy i n photoga lvanic devices (13,14). 
L i t t l e is k n o w n about the or ientat ion of this adsorpt ion . O n e of the a d 
vantages of the monolayer m o d e l i n s t u d y i n g surface phenomena is the 
exper imenta l contro l that c a n be exercised over or ientat ion b y synthesis 

of the appropr iate surfactant. I n this case, mono layer films s h o w i n g d i f 
ferent mo lecu lar orientations were obta ined f r o m mono-octadecy l , VII, 
a n d d i -oc tadecy l , VIII, der ivat ives of methylene b lue , V I . 

Surface pressure -area curves of VII a n d VIII o n aqueous 1 0 " 3 M 
H C 1 0 4 are s h o w n i n F i g u r e 9. F r o m C o r e y - P a u l i n g - K o l t u n ( C P K ) 

1L - C H 3 

3m> C B H 3 7 - CBH37 

Figure 9. n - A curves for VII and VIII on 103M HC104 recorded at 
23°C and with a compression rate of 6.6 A2/molecule/min 
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86 I N T E R F A C I A L P H O T O P R O C E S S E S 

molecu lar models , the dimensions of the rectangular methylene b l u e r i n g 
system ( i n c l u d i n g the exocyc l i c N , N - d i m e t h y l a m i n o substituents) are 
approx imate ly 14.5 A ( l o n g ) X 7.6 A ( w i d e ) X 5.5 A ( t h i c k ) . T h e three 
bas ic or thogonal cross-sectional areas c a n be obta ined f r o m these va lues : 
ca . 110 A 2 , i n the p lane of the r i n g system; ca . 80 A 2 , a l ong the l o n g axis ; 
a n d ca . 42 A 2 , a l o n g the short axis. 

A compar i son of the exper imenta l ly observed areas at w h i c h n starts 
to rise w i t h the m o d e l d e r i v e d cross-sectional areas suggests that the 
chromophore of VIII (108 A 2 ) l ies near ly cop lanar w i t h the a i r - w a t e r 
interface w h i l e that of VII (30 A 2 ) has its l o n g axis near ly n o r m a l to this 
same interface. I t appears that the mo lecu lar areas ( 2 6 - 3 0 A 2 ) observed 
for films f o r m e d f r o m VII over the entire range of n approximates that 
area (24 A 2 ) ob ta ined w i t h the mo lecu lar models b y in ter l eav ing the 
exocyc l i c N , N - d i m e t h y l a m i n o substituents. T h e l i m i t i n g area measured 
for VII at h i g h n suggests a n or ientat ion i n w h i c h b o t h the p lane a n d 
short axis of the chromophore are more near ly n o r m a l to the interface 
(area de termined f r o m close p a c k e d models is 60 -65 A 2 ) . 

T h e absorpt ion spectra of g lass-supported mono layer arrays of VII 
a n d VIII show differences based on the n u m b e r of h y d r o c a r b o n chains 
at tached to the chromophore , the glass pretreatment, subphase counter-
i on , a n d surface pressure at w h i c h the film was transferred off the sub-
phase onto the glass surface. F o r instance, F i g u r e 10 compares the a b -

I—i 1 1 1 1 1 n 
SOLUTION x \ 

WAVELENGTH (nm) 

Figure 10. Absorption spectra of ( ) VI / , and ( ) VIII, trans-
ferred from 10~3M HCl as a single monolayer on both sides of an acid 
cleaned hydrophilic glass slide; U as labelled in dyn/cm. Absorption 

spectrum of (• • -) VI, in 10~3M HCl, 5 X I0" 7 M, 1.0 cm2 cuvette. 
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5. V A L E N T Y Surfactant Monolayer Films 87 

sorpt ion spectra of monolayers of V I I a n d V I I I t ransferred f r o m 1 0 " 3 M 
H C 1 onto a c i d c leaned glass to ca . equivalent n u m b e r of molecules of V I 
i n homogeneous 1 0 " 3 M H C 1 so lut ion (there is no an ion effect on this set 
of spec tra ) . I t is obvious that the absorpt ion spectrum of V I I is insensi 
t ive to increas ing n w h i l e that of V I I I changes substant ia l ly over the 
same range. T h e absorpt ion spectrum of I i n aqueous so lut ion exhibits 
a concentrat ion dependence that has been interpreted as resu l t ing f r o m 
d i m e r i z a t i o n a n d further aggregat ion of the chromophores ( 1 5 ) . T h e 
l o n g wave l ength b a n d is assigned to the monomer , the short to the d imer , 
a n d further b roaden ing to h igher aggregation. 

I t has been proposed that the d i m e r i z a t i o n of th iaz ine dyes involves 
the face-to-face appos i t ion of the t w o chromophores l y i n g i n adjacent 
p a r a l l e l planes i n w h i c h v a n der W a a l s - L o n d o n interactions prov ide the 
attract ive force (e.g., see R a b i n o w i t c h ( 1 5 ) , S h e p p a r d ( 1 6 ) , a n d T o m i t a 
( 1 7 ) ) . T h e data reported here can be interpreted u s i n g this d i m e r 
geometry. A t l o w n , films conta in ing V I I a lready show strong spectral 
interact ion between the chromophores ( l o n g axis n o r m a l to glass surface) 
w h i l e films of V I I I reflect chromophores l y i n g cop lanar w i t h the glass 
surface that must be compressed to h i g h n before the chromophores are 
i n d u c e d to t i l t a n d take part i n the face-to-face interact ion . 

W h i l e spectroscopic studies us ing p o l a r i z e d l i ght to prec ise ly define 
chromophore or ientat ion on the glass surface have not been done, the 
present in format ion shou ld be useful i n the s tudy of photoga lvanic de 
vices b y : ( 1 ) p r o v i d i n g opt i ca l densities of monolayer dye films w h i c h 
w i l l a l l o w quant i ta t ion of the amount of dye adsorbed f r o m homogeneous 
so lut ion ; ( 2 ) suggesting possible orientations for the dye adsorpt ion ; a n d 
(3 ) s u p p l y i n g monolayer absorpt ion spectra obta ined u n d e r a var ie ty 
of condit ions for corre lat ion w i t h photoe lectrochemical ac t ion spectra. 

Counterion Effects. I I - A I S O T H E R M S . T O the surface chemist , 
monolayers of I are nove l because they conta in the first k n o w n example 
of a d o u b l y charged cat ionic surfactant. T h e hydro lys is behav ior of I at 
the a i r - w a t e r interface demonstrated one aspect of this u n i q u e charac 
terist ic . L a r g e l y to a v o i d the compl icat ions of hydro lys i s w h i l e s t i l l 
r e ta in ing the d o u b l y charged nature of the surfactant molecule , a d i n o n a -
d e c y l ana log of I was synthesized i n w h i c h the a l k y l side chains were 
connected to the b i p y r i d y l l i g a n d b y c a r b o n - c a r b o n single bonds ( 3 ) . 

W h e n monolayers of I a n d I X are f o r m e d on aqueous subphases 
( p H < 5 for I ) , the films exhib i t stable a n d general ly reversible n - A 
curves that are m a r k e d l y dependent on the counterions present i n the 
subphase so lut ion (see F i g u r e 11) (1 ,3 ) . O n subphases g i v i n g the more 
expanded films (e.g. CI' , A c O " ) , the n—A curves are exactly reversible 
a n d do not vary w i t h compression rate or w i t h the t ime the film is h e l d 
at h i g h surface pressure (at least u p to 30 d y n / c m ) . W i t h the more 
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01- * ^ 1 J 01 > ^ X I ^ . U 
60 100 150 200 60 100 150 200 

AREA, A2/ MOLECULE 
Figure 11. II-A curves for I and IX on aqueous subphases 0.01 M in 

NaX, 22-24°C 

strongly condens ing counterions (e.g. C10 4 " ) , some surface pressure 
decay is observed after r a p i d compression to h i g h n a n d there is a smal l 
a m o u n t of compress ion -expans ion hysteresis i n c y c l i n g . T h i s hysteresis 
is large ly reversible , since a second compression curve close a p p r o x i 
mates the i n i t i a l compression. F o r the ions exh ib i t ing intermediate be
h a v i o r ( S C N " , I " ) , there is also some hysteresis, b u t the shape of the 
compress ion curve persists w i t h expansion a n d recompression cycles. 
A l t h o u g h the i r mo lecu lar areas are approx imate ly t w i c e as large , the 
r u t h e n i u m surfactants have n - A curves s imi lar i n shape to a n d s h o w i n g 
the same counter ion specif ic ity as those of such s ing ly charged cat ionic 
surfactants as docosy l t r i m e t h y l a m m o n i u m b r o m i d e (18). 

W h e n films of I are spread on m i x e d c h l o r i d e - p e r c h l o r a t e solutions, 
a h i g h select ivity is observed. T h u s , the curve on 10 " 2 M C I " + 10~ 3M 
C I C V is i dent i ca l to that on C1CV a lone; for 10 " 2 M C I " + 10 " 4 M C10 4 " a 
s m a l l expansion at n < 5 d y n / c m occurs, b u t at h igher n the curve aga in 

I X 

matches that on C10 4 " ; o n 10 " 2 M C I " + 10 " 5 M CIO4", the compress ion 
curve agrees w i t h that ob ta ined on C I " alone, b u t a hysteresis loop is 
observed on expansion i n the range 30 > n > 17 d y n / c m . 
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5. V A L E N T Y Surfactant Monolayer Films 89 

T h e specif ic ity of these d o u b l y charged complexes for CIO4" over C I " 
c a n also be demonstrated b y F T I R analysis of mono layer films of I t rans 
ferred off m i x e d a n i o n subphases onto h y d r o p h i l i c g e r m a n i u m A T R 
plates. A s s h o w n i n F i g u r e 12, even at C 1 0 4 " : C 1 " — 1:1000, the absorp 
t i o n at 1100 c m " 1 a t t r ibutab le to C 1 0 4 " is observed. L i t t l e difference i n 
re lat ive intensities of the C 1 C V is no ted for C 1 0 4 " : C 1 " > 1:100. 

T h e more t i g h t l y b o u n d nature of C I O 4 " re lat ive to C I " is emphas i zed 
i n the field desorpt ion mass spectra ( F D M S ) of s o l i d I X as b o t h the 
perchlorate a n d ch lor ide salt (see F i g u r e 13) . T h e mo lecu lar i o n of the 
ch lo r ide salt shows the loss of b o t h anions ; the mo lecu lar i o n of the per 
chlorate c o m p o u n d shows on ly a loss of one an ion . 

LIGHT MONOLAYER 
L 

Ge 
CRYSTAL 

;c*o 
MONOLAYER ~7~ 

CIO4" 

DETECTOR 

SUBPHASE ciof/cr 

c r ONLY 

M000 

M00 

:|0 

CIO4" ONLY 

Ru(C00C|8)2(CI)2 
ir=30 DYN/CM 

3000 2900 2800 1800 1700 1600 1200 1100 1000 2 1 # c 

WAYENUMBERS 

Figure 12. Partial FTIR of I transferred from 10~3M NaCI, I 0 3 M NaCI/ 
10~6M NaClOh, I0~3M NaCl/10~5M NaClOk9 103M NaCl/l&M NaClOh 

and 10~3M NaClOk aqueous subphases at IT = 30 dyn/cm, 2VC as a 
single monolayer on both sides of a hydrophilic Ge ATR plate. 
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• i r i i 1 1 r 1 1 5 r— 
1090 92 94 96 98 1100 02 04 06 08 1110 

M A S S 

Ru (C,.)2 (CI04)2-1 CI04 

' i l l * I l \ 1 1 " T " ^ 

1190 92 94 96 98 1200 02 04 06 

M A S S 

Figure 13. FDMS of the perchlorate and chloride salts of solid IX 
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5. V A L E N T Y Surfactant Monolayer Films 91 

L U M I N E S C E N C E . T h e most s t r ik ing effect of counterions is the ir major 
inf luence on monolayer luminescence at the a i r - w a t e r interface (see F i g 
ure 14 ) . S u c h differences are u n i q u e to the interface a n d are not f o u n d 
either i n homogeneous aqueous organic solutions of I ( or I X ) w i t h a d d e d 
salts or i n w h o l l y aqueous solutions of I I a n d I I I at levels of 4M K C 1 a n d 
N a C 1 0 4 . Because of the i n a b i l i t y to estimate the q u a n t u m y i e l d of l u m i 
nescence i n the monolayer fluorimeter, i t is not possible to dec ide whether 
the difference i n luminescence intensity results f r o m a reduct i on i n y i e l d 
b y ions such as C I " , or an enhancement b y C 1 0 4 " , as c o m p a r e d w i t h y ie lds 
i n other environments . T h e large solvent effects on luminescence y i e l d of 
R u ( b p y ) 3

2 + der ivat ives (19,20,21) suggest that the environment change 
i n d u c e d b y interact ion w i t h the strongly condens ing C 1 0 4 * ions m i g h t 
enhance luminescence. A n o t h e r case of an ion a l terat ion ( increased l i f e 
t ime , r educed nonradiat ive decay rate) of luminescence properties for a 
t rans i t ion meta l b i p y r i d y l complex has been reported recently (22), 
a l though since i n that s i tuat ion a different type of exc i ted state is affected 
a n d the effect is observed i n aqueous so lut ion, the observations m a y be 
unre lated . 

Fors ter theory calculat ions based on the s m a l l over lap be tween a b 
sorpt ion a n d emission spectra of I i n C H C 1 3 so lut ion ( u s i n g a lumines 
cence q u a n t u m y i e l d , <I>L — 0.18) leads to a n energy transfer distance, 
R0 = 15 A ( I f this va lue is corrected for the monolayer environment b y 
i n t r o d u c i n g <£L — 0.045, as measured for aqueous solutions of the d i m e t h y l 
ester (21), R0 — 12 A ) . I n a close p a c k e d array o c c u p y i n g 85 A 2 / m o l e -

/ \ 
O / A ^ 
/ A 0 0 ^ / * AA \ / A \ 9 * / / a A 7 

_• • D 
D • • • • 

600 700 
X,nm 

800 

Figure 14. Spectral distribution of luminescence from 1 in monolayers 
on aqueous (O) 0.01M NaClO,f; (A) 0.01U NaBFh; and (D) OMM NaCI. 
All at II = 4-6 dyn/cm. Luminescence spectrum of monolayer transferred 
to hydrophilic glass slide from ( ) 10~SM NaClOk, arbitrary intensity 

scale. 
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92 I N T E R F A C I A L P H O T O P R O C E S S E S 

cule , the center-to-center distance is 10.1 A . There fore i t m i g h t be ex
pec ted that a substant ia l amount of energy m i g r a t i o n c o u l d occur i n these 
films. E x p e r i m e n t a l results g ive no evidence of concentrat ion q u e n c h i n g 
as the chromophores are brought closer together i n monolayers o n c h l o 
r ide subphases. 

P h o t o c h e m i c a l reactions i n v o l v i n g the exc i ted state of I or I X w i t h 
counter ion w o u l d also l e a d to a r educ t i on i n luminescence y i e l d . T h e 
ox idat ion of ch l o r ide an ion to a tomic ch lor ine is one such poss ib i l i ty 
that w o u l d appear to be e l i m i n a t e d b y observ ing exactly the same l u m i 
nescence intensity w h e n ch lor ide is r ep laced b y the more easi ly o x i d i z e d 
b romide . W h i l e the presence of i od ide an ion complete ly quenches the 
luminescence of I, this observat ion is c l o u d e d b y the poss ib i l i ty of a n 
al ternat ive react ion w i t h mo lecu lar iod ine , w h i c h m i g h t have been f o r m e d 
i n the freshly p r e p a r e d b u t open aqueous subphase. 

P H O T O L Y S E S . S ing le monolayers of I on h y d r o p h i l i c glass have been 
i r r a d i a t e d w i t h w h i t e (300 -900 n m ) l i g h t i n contact w i t h a var ie ty of 
aqueous solutions. T h e choice of C I " or C 1 0 4 " as counter ion i n the photo -
ly te h a d no effect. T h e average disappearance q u a n t u m y i e l d for I i n 
these experiments is 5 ± 2 X 10" 6 . O t h e r t h a n s m a l l amounts ( 1 - 3 m o l 
% ) of IV, w h i c h are f o u n d i n b o t h the photolysis a n d dark , aqueous c o n 
t r o l , chromatographic analysis u n d e r current ly e m p l o y e d condit ions 
shows no c omponent ( s ) that c o u l d account for the amount of I c onsumed 
i n the photolysis . A b s o r p t i o n spectra of the d r y monolayers taken before 
a n d after photolysis show the deve lopment of a b r o a d b a n d extending 
throughout the v i s ib le spectrum to ca . 700 n m w i t h the o r i g i n a l m a x i m a 
s t i l l at 415 n m a n d 490 n m b u t super imposed on the n e w b a n d a n d of 
d i m i n i s h e d absorpt ion . N e i t h e r H P L C analysis nor absorpt ion spectros
copy of the aqueous photolysis so lut ion show any trace ( < 2 m o l % ) of 
III or any other water so luble R u ( I I ) ( b p y ) 3

2 + der ivat ive . I n no case was 
mo lecu lar h y d r o g e n observed b y V P C i n these photolyses ( i f p r o d u c e d , 
S H 2 £ 1 X l O " 4 ) . 

N E U T R A L M O N O L A Y E R . T O ob ta in a neutra l surfactant mo lecu le 
w i t h s t ructura l a n d pho tophys i ca l characterist ics s imi lar to I a n d IX, one 
of the b i p y r i d i n e l igands i n I X was r ep laced b y t w o cyano l igands to 

X 
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5. V A L E N T Y Surfactant Monolayer Films 93 

100 150 
AREA, A2/MOLECULAR 

Figure IS. II-A curves for X on aqueous subphases 10~3M in NaCI and 
NaCl04,23°C 

give X ( 3 ) . T h i s c o m p o u n d is expected to have propert ies s i m i l a r to 
the water so luble c o m p o u n d , R u ( I I ) ( b p y ) 2 ( C N ) 2 , s t u d i e d b y D e m a s 
et a l . (23). X is a chloro form-so luble m a t e r i a l that gives a strong isotope 
pat tern at mass 998 ( 1 0 2 R u ) i n F D M S for its mo lecu lar i o n . Stable m o n o 
layer films of X c a n be f o r m e d o n a n aqueous subphase a n d show l i t t l e 
se lect iv ity be tween C 1 0 4 ~ a n d C I " i n n - A isotherms (see F i g u r e 15 ) . S i -
gle mono layer films c a n be transferred to h y d r o p h i l i c q u a r t z sl ides. T h e 
absorpt ion a n d uncorrec ted emiss ion spectra of IX a n d X are s h o w n i n 
F i g u r e 16. T h e emiss ion intensi ty of quar tz - suppor ted monolayers of X 
does not d e p e n d o n either the counter ion ( 0 0 4 ~ , C I " ) i n the subphase 

i i 1 1 1 1 1 
ABSORPTION EMISSION 

WAVELENGTH (nm) 
Figure 16. Absorption spectra and uncorrected emission spectra of IX 
and X transferred from 10~3M NaClO^ as a single monolayer on both sides 
of an alkaline sonicated hydrophilic quartz slide at II = 30 dyn/cm, 22°C. 

Excitation at 436 nm and emission band pass is 4.2 nm. 
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94 I N T E R F A C I A L P H O T O P R O C E S S E S 

f r o m w h i c h the monolayer was transferred or the counter ion i n the 
aqueous so lut ion i n contact w i t h the mono layer d u r i n g the measurement. 
U n d e r s imi lar condit ions , b o t h I a n d IX w o u l d show a t w o - to three fo ld 
intensi ty increase w h e n C10 4 " r ep laced C I " . H e n c e , whatever the exact 
nature u n d e r l y i n g the effect of d i f fer ing counterions u p o n the photo -
physics of r u t h e n i u m (II ) tr is(2,2 ' -bpy) complexes, i t is u n i q u e to a n 
inter fac ia l env ironment c a r r y i n g a pos i t ive charge. 

Conclusion 

Some aspects of the d i rec ted synthesis of cata ly t i ca l ly act ive or 
selective surfaces b y c h e m i c a l l y a t tach ing m o d i f y i n g funct ional i t ies can 
be m o d e l l e d b y the study of c h e m i c a l reactions i n monolayer films. A p p l i 
cations of c ommerc ia l l y ava i lab le instrumentat ion have made i t possible 
to ob ta in as complete a n exper imenta l descr ipt ion of the chemistry occur
r i n g i n films of monomolecu lar thickness as for reactions o c c u r r i n g i n 
homogeneous so lut ion. 
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6 

Effect of the Condensed Phase, Homogeneous 

Solution, and Micellar Systems on 

Photoionization 

J. K. THOMAS and P. PICIULO 

Chemistry Department and Radiation Laboratory, University of Notre Dame, 
Notre Dame, IN 46556 

Several physical techniques are used to investigate the 
effect of condensed-phase alkanes, alcohols, and micellar 
systems on the photoionization of arenes and aromatic 
amines. In alkanes the ionization threshold is reduced by 
approximately 2 eV compared with that in the gas phase; 
the decrease can be as large as 4.0 eV in micellar systems. 
The negative surface of anionic micelles helps to separate 
efficiently the ion pair formed in the initial photoionization 
stage. Other micellar systems where photoassisted electrons 
transfer to an acceptor other than water (e.g., quinone) are 
discussed. In many ways these systems offer advantages 
over direct photoionization for storage of energy. 

Increas ing concern w i t h alternate sources of energy over the past f e w 
years has focused attention on the possible u t i l i t y of several photo 

p h y s i c a l a n d photochemica l systems for energy storage (1). T h i s chapter 
presents various aspects of photo ion izat ion of molecules as this process 
c o u l d , under suitable condit ions , l ead to the conversion of l i g h t into 
e lectr ica l energy. Cons iderab le data is a lready avai lable for photo i on i za 
t i o n of molecules i n the gas phase. Unfor tunate ly , the energies r e q u i r e d to 
eject electrons f r o m molecules i n the gas phase are greater t h a n 6 e V a n d 
the corresponding w a v e l e n g t h of l i g h t lies i n the v a c u u m U V par t of the 
spectrum. H o w e v e r , there is evidence (2) that the i on i za t i on potent ia l , 
or onset of i on i za t i on ( I p ) , of a molecu le is reduced i n condensed phases 
c o m p a r e d w i t h that i n the gas phase. A 2-eV drop i n I p is exper ienced i n 
solutes dissolved i n alkane l i q u i d s c ompared w i t h the gas phase (3,4). 

0-8412-0474-8/80/33-184-097$05.00/0 
© 1980 American Chemical Society 
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98 I N T E R F A C I A L P H O T O P R O C E S S E S 

Indeed , i n anionic mice l lar systems the onset of photo - ion izat ion ( I p ) is 
d r o p p e d even further , ( 5 , 6 , 7 ) a n d the mice l l e also helps to efficiently 
separate the ions produced . T h i s latter process occurs as the electron is 
ejected into the w a t e r phase w h i l e the cat ion is s tab i l i zed b y the anionic 
charge of the mice l l e , w h i c h also repels the electron. T h i s latter event 
is observed most c lear ly i n the effect of cat ionic micel les on exciplex 
systems such as p y r e n e - d i m e t h y l a n i l i n e ( 8 , 9 ) . T h e exciplex dissociates 
into pyrene anions a n d d imethy lan i l ine cations at the mice l l e surface. T h e 
cat ion is repe l led f rom the cat ionic mice l l e surface w h i l e the an ion is 
retained. I n this w a y the mice l l e promotes efficient separation of ions 
a n d leads to greatly enhanced i o n l i fet imes compared w i t h homogeneous 
solution. 

T h e condensed phase a n d , i n part i cu lar , micel les enhance the photo -
produc t i on of ions a n d also l e a d to s tabi l izat ion of the ionic products . 
T h e object of this chapter is to reflect on experiments that measure the 
factors in f luenc ing the decrease i n J p of a molecule i n condensed phases 
c ompared w i t h the gas phase ( the u l t imate object b e i n g the des ign of 
systems that m i g h t be useful i n the storage of solar energy ) . T h e format 
of the chapter is to proceed to investigate Iv's of molecules i n alkanes, 
alcohols, a n d aqueous mice l lar solutions a n d to relate the observed data 
to a coherent p i c ture of the photoeject ion process. F i n a l l y , the a d d e d 
u t i l i t y of p r o m o t i n g electron transfer to a second solute rather t h a n to 
the solvent is discussed. 

Experimental 

Materials. A r o m a t i c compounds such as pyrene a n d anthracene 
were recrys ta l l i zed f r om a lcoho l ; solvents such as alkanes were P h i l l i p s 
66 research grade a n d pur i f i ed further b y passage d o w n a 3-ft c o l u m n of 
act ivated a l u m i n a . A l coho l s were d i s t i l l ed f rom the sulfate salt of d i n i t r o -
p h e n y l hydraz ine ; water was s imp ly d i s t i l l ed f rom a n a lkal ine potass ium 
permanganate so lut ion, f o l l o w e d b y d is t i l la t i on f r o m ac id i c potass ium 
d i chromate so lut ion. Surfactants such as s o d i u m l a u r y l sulfate ( N a L S ) , 
a n d c e t y l t r i m e t h y l a m m o n i u m bromide ( C T A B ) , were purchased f r om 
B D H as pure grade, a n d also were recrysta l l i zed f r o m alcohol . 

Techniques. T h e Ip's i n insulators such as alkanes were measured 
b y the photoproduced current generated i n these systems (3,4). Solutions 
were p l a c e d i n 1-cm 3 quartz cells conta in ing p a r a l l e l electrodes of p l a t i 
n u m separated b y 5 m m . A h i g h voltage was a p p l i e d across the electrodes 
a n d the resultant carr ier was measured b y a K e i t h l e y p icoammeter . 
L i g h t f rom a 1000-W xenon l a m p was projected between the electrodes 
after passage through a B a u s c h a n d L o m b f /3 .5 monochromator a n d 
suitable filters to cut out stray l ight . T h e 7 P was detected b y an a b r u p t 
increase i n photocurrent u p o n v a r y i n g the excitat ion wave length . 

T h i s technique does not w o r k for c onduc t ing fluids such as alcohols. 
H e r e a different technique deve loped b y L i p s k y was at tempted (10). 
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6. T H O M A S A N D P I C I U L O Condensed Phase and Micellar Systems 99 

T h e solut ion was excited w i t h l i ght of various wavelengths i n an A m i n c o 
spectrofluorimeter a n d the y i e l d fluorescence at a selected emission w a v e 
l ength was noted. T h i s produces a fluorescence act ivat ion spectrum of 
the molecule . T h e experiment was repeated i n the presence of v a r y i n g 
concentrations of an electron scavenger such as C H C 1 3 . I n hydrocarbons 
the fluorescence y i e l d decreased be low the wave l ength associated w i t h 
Z p . T h i s is expla ined i n the f o l l o w i n g fashion : excitat ion of the molecule A 
leads to the excited state w h i c h is observed v i a its fluorescence. 

A > A * —> fluorescence (1) 

T h e molecule C H C 1 3 has l i t t l e effect on this process. A t short wavelengths 
photo ion izat ion occurs. 

hp 

A > A + + e" (2) 

T h i s is f o l l owed b y recombinat ion to give the excited state of A . 

A + + e" -> A * (3) 
H o w e v e r , i n the presence of C H C 1 3 the electron (e") reacts g i v i n g a 
produc t that does not l ead to excited A . 

e" + C H C 1 3 CHCI2 + C I " (4) 

These processes have been ident i f ied i n photolysis of solutions of N , N ' -
te tramethylparaphenylenediamine ( T M P D ) (JO) a n d i n laser photolysis 
of pyrene solutions (11). T h e C H C 1 3 on ly reduces the fluorescence y i e l d 
i f photo ion izat ion occurs. T h u s the effect of C H C 1 3 on the act ivat ion spec
t r u m can be used to measure Ip of the molecule . T h i s technique was u t i l 
i z e d i n a lcohol ic solutions. 

A q u e o u s mi ce l l a r solutions present spec ia l prob lems r e g a r d i n g 
measurement of Z p 's. T h e technique used consists of p h o t o l y z i n g the 
molecule i n mice l la r so lut ion i n the presence of S F 6 . I f h y d r a t e d electrons 
are p r o d u c e d i n the photo ion izat ion event they react w i t h S F 6 to g ive six 
fluoride ions (12). T h e y i e l d of fluoride i o n , measured b y a fluoride-
sensitive electrode, is also a measure of photo ion izat ion . T h e excited 
singlet or tr ip let states of some of these molecules m a y react w i t h S F 6 , 
p resumably v i a electron transfer, to give F " . H o w e v e r , the rate constants 
for such reactions are s low (k < 10 7 m o l " 1 sec" 1 ) . A l s o such reactions are 
e l iminated by i n t r o d u c i n g 10" 4 m o l 0 2 into the system at [ S F 6 ] of 1 0 ' 4 M . 
U n d e r these condit ions 0 2 efficiently removes the tr ip let state (k = 2.4 X 
1 0 1 0 m o l _ 1 sec ' 1 ) w h i l e 5 0 % of the hydrated electrons react w i t h 0 2 a n d 
5 0 % w i t h S F C ( f c e - + 0 2 = 1.8 X 1 0 1 0 m o l 1 sec" 1, fce- + s F 6 — 1.7 X 1 0 1 0 m o l " 1 

sec" 1 ) . T h e l o w [ S F 6 ] i n mice l lar systems also precludes react ion w i t h the 
excited singlet states of the aromatic amines w h i c h have l i fet imes i n the 
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100 I N T E R F A C I A L P H O T O P R O C E S S E S 

reg ion of 10"8 sec. I t has been suggested that i n radiolysis of aqueous S F 6 

solutions the react ion of e" a q w i t h S F 6 produces six fluoride ions v i a the 
m e c h a n i s m : 

S F 6 + e - A Q - > S F - 5 + F -

S F 5 - + 2 H 2 0 - > O H + F " + H 3 0 + + S F 4 

S F 4 + 9 H 2 0 - > S 0 3
2 " + 4 F " + 6 H 3 0 + 

( 5 ) 

( 6 ) 

(7) 

I n the present w o r k where e" a q is p r o d u c e d photo ly t i ca l l y the same 
mechanism for F " produc t i on is assumed, that one e" a q produces six F " ions. 

L a s e r flash photolysis w i t h l i ght of A = 3471 A also was used to 
ident i fy the ion i c products of photolysis i n some of the mice l lar solutions 
(13). I n some systems the ionic products are sufficiently stable to be used 
as d irect monitors of 7P f o l l o w i n g steady state photolysis . 

Results 

Photoionization in Alkanes. F i g u r e 1 shows t y p i c a l da ta for the 
photo ion izat ion of several molecules i n aerated te t ramethy l si lane ( T M S ) , 
a n d isooctane ( I O ) . T h e photocurrent vs. excitat ion energy is shown a n d 
an extrapolat ion of the current back to the energy axis gives J p . D e o x y -
genation of the solutions b y b u b b l i n g w i t h N 2 on ly increased the smal l 
photocurrents i n the tails of the onset wavelengths , p resumably because 

cr a: 
3 O 

1 
X 0. 

Q 

TMPD I 
4 h PHENOTHIAZINE H 

TMB I 
AMINOPYRENE H 

1 
I x 

5.0 6.0 
ENERGY (eV) 

4.0 5.0 6.0 
ENERGY (eV) 

Figure I . Photoionization of solutes in nonpolar liquids TMPD, TMB, 
Ph and AP in TMS and isooctane 
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6. T H O M A S A N D P I C I U L O Condensed Those and Micellar Systems 101 

Table I. Cation Polarization Energies 

I . (eV) P t 

(TMS) (avg) 
I , (eV) n o ; P + (eV) (eV) v(A) 

T M P D 6.25 4.27 - 1 . 3 7 - 1 . 3 6 2.51 3.73 
4.72 - 1 . 3 6 

T M B 6.40 4.52 - 1 . 2 7 - 1 . 3 2 2.59 4.11 
4.87 - 1 . 3 6 

Phenoth iaz ine 6.96 4.80 - 1 . 5 5 - 1 . 5 7 2.18 3.87 
5.20 - 1 . 5 9 

1 -Aminopyrene 7.02 4.77 - 1 . 6 4 - 1 . 6 7 2.05 4.08 1 -Aminopyrene 
5.15 - 1 . 7 0 

3 -Aminopery lene 6.94 4.75 - 1 . 5 8 - 1 . 6 2 2.11 4.32 
5.12 - 1 . 6 5 

P y r e n e 7.55 5.46 - 1 . 9 1 - 1 . 9 1 1.66 3.98 
Pery lene 6.92 4.82 - 1 . 4 9 - 1 . 5 2 2.25 4.23 

5.20 - 1 . 5 5 
Anthracene 7.42 5.60 - 1 . 2 1 - 1 . 3 0 2.63 3.84 

5.87 - 1 . 3 8 
Tetracene 6.88 4.92 - 1 . 3 3 - 1 . 4 3 2.39 4.18 

5.19 - 1 . 5 2 

of b iphoton i c processes of the tr ip let state ( 4 ) . T h e i on i za t i on onset 
(potent ia l ) data for several compounds i n T M S a n d I O are s u m m a r i z e d i n 
T a b l e I . T h e I p ' s of T M P D i n the t w o solvents were I T M S — 4 . 2 7 e V a n d 
ho = 4 . 7 2 e V , w h i c h compare w e l l w i t h the values repor ted b y H o l r o y d 
et a l . ( 3 ) a n d L i p s k y a n d W u ( 9 ) . 

T h e I 8 of a molecule i n so lut ion is re lated to that i n the gas phase 
b y : 

/ 8 = / g + p + + y 0 

where P+ is the po lar i za t i on energy of the cat ion a n d VQ the energy state 
of the electron i n the l i q u i d . T h e V 0 for several l i q u i d s have been m e a 
sured ( 3 ) , a n d they enable the ca l cu lat ion of P+. These data also are 
s h o w n i n T a b l e I . F o r the most par t P + is i dent i ca l i n b o t h l i q u i d s a l t h o u g h 
the unsubst i tuted arenes, apart f r o m pyrene , t e n d to g ive a s l ight ly larger 
P + i n I O compared w i t h T M S . 

Photoionization in Alcohols. T h e effect of C H C 1 3 o n the fluorescence 
act ivat ion spectrum (descr ibed i n the exper imental section) was i n v e s t i 
gated for several arene a n d aromatic amines i n methanol i c a n d ethanol ic 
solutions. N o effect of C H C 1 3 was observed u p to concentrations of 1 M 
a n d d o w n to wavelengths of 2 2 0 0 A . T h i s technique is successful i n 
" a l k a n e " so lut ion for b o t h one- a n d two -photon photo ion izat ion (10,11) 
at C H C 1 3 concentrations of 0 . 1 M . E lec t rons are not generated o n the 
photolysis of a lcohol ic solutions of te tramethylbenzidene ( T M B ) , a m i n o -
pyrene ( A P ) , tetracene, a n d pyrene at wavelengths greater t h a n 2 2 0 0 A . 
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102 I N T E R F A C I A L P H O T O P R O C E S S E S 

E a r l i e r w o r k o n laser a n d flash photolysis of T M P D i n a lcohol i c 
so lut ion w i t h l i ght of A = 3471 A or 2650 A d i d not produce observable 
y ie lds of electrons (14,15,16). H o w e v e r , a l ong - l i ved species w i t h the 
k inet i c a n d spectral properties of the T M P D cat ion was observed. Recent 
data (5,6) indicate that phenothiaz ine a n d T M B are photo ion ized w e a k l y 
b y one photon of 3471 A l ight . 

Photoionization in Aqueous Micellar Solutions. L a s e r excitat ion of 
molecules i n anionic micel les leads to efficient photo ionizat ion . I n some 
cases the photo ion izat ion is two photon w i t h quanta of wave length 3471 A . 
T h e excited singlet state p r o d u c e d first is subsequently photo ion ized b y 
absorpt ion of a second photon (11,17). T h e molecule is often p u m p e d u p 
to a n energy of 7 e V or close to the Ig a n d photo ion izat ion then occurs 
r ead i l y i n condensed systems. T h i s type of behavior is exhib i ted i n 
unsubst i tuted arenes such as pyrene , tetracene, perylene , a n d a n t h r a -
cence. H o w e v e r , i n some cases such as phenothiazene, ( P h ) , T M B ( 5 ) , 
A P , a n d aminoperylene ( 7 ) , the photo ion izat ion is one photon of A = 
3471 A . T h e energy of photo ionizat ion at 3.6 e V is m u c h less t h a n the Ig 

( ~ 6.5 e V ) for these molecules. T y p i c a l data for laser photolysis of ' A P 
fo l lows. 

Laser Photoionization of A P . F i g u r e 2 shows a g r o u p i n g of spectra 
p r o d u c e d b y the pulse radiolysis or laser photolysis of A P i n various 
solvents. T h e pulse radio lysis technique has been w e l l s tud ied a n d can 
be used to produce tr ip let or i on i c states of a solute under contro l led 
condit ions (18). F o r example, i n the pulse radiolysis of p-xylene on ly 
excited singlets a n d triplets are f o rmed , a n d at times greater than 30 nsec 
the excited singlets cross over, y i e l d i n g tr iplets . T h e p-xylene t r ip le t state 
transfers energy to A P , f o r m i n g the tr ip let state. T h i s spectrum is shown 
i n F i g u r e 2 A , where A m a x = 4200 A . T h e radiolysis of methanol produces 
solvated electrons that have a b road absorpt ion spectrum w i t h A m a x = 
6750 A ; free radicals such as C H 2 O H are p r o d u c e d also b u t have l o w 
react iv i ty i n most systems. Pulse radiolysis of A P i n methano l gives rise to 
the spectrum of solvated electrons w h i c h decay r a p i d l y g i v i n g A P " . These 
data are shown i n the inset of F i g u r e 2 where the e«f at A = 6000 A decays 
r a p i d l y w h i l e the absorpt ion of the A P an ion at A = 5000 A grows. T h e 
immed ia te absorpt ion at this latter wave l ength is caused b y over lap of 
the e 8

_ a n d A P - spectra, A m a x = 4950 A . 
L a s e r photolysis of A P gives rise to different transitory species 

d e p e n d i n g on the solvent. I n hexane ( F i g u r e 2 B ) the spectrum observed 
at 1 /xsec after the pulse is that of the t r ip le t state, w h i c h compares w e l l 
w i t h that f o u n d i n the radio lysis of A P i n p-xylene ( F i g u r e 2 A ) . A P 
fluorescence also is observed as w e l l as a short - l ived absorpt ion i n the 
5250-A region. T h e decays of the fluorescence a n d absorpt ion are i d e n t i 
ca l , w h i c h suggests that the short - l ived absorpt ion is that of the exc i ted 
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104 I N T E R F A C I A L PHOTOPROCESSES 

A 0 4 

B 
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Figure 3. Intensity dependence of cation yield (A) of AP in laser pho
tolysis in NaLS solution and (B) of e{ yield in methanol 

singlet state of A P ( A P S ) . L a s e r excitat ion of A P produces A P S , w h i c h 
decays g i v i n g fluorescence a n d the tr ip let , A P T . F i g u r e 2 B shows the spec
t r a of transitory species f o rmed i n the laser photolysis of A P i n methano l . 
A P fluorescence a n d absorpt ion at tr ibutable to A P 1 at 4100 A are 
observed, but the m a i n features of the spectrum are the peak at 4600 A 
a n d the broad absorpt ion to the red , w h i c h disappears w i t h N 2 0 . T h i s 
latter behavior is t y p i c a l of solvated electrons, w h i c h cause the r e d absorp
t ion . Photo ion izat ion occurs a n d it is suggested that the species w i t h 
A m a x = 4700 A ( the decay of w h i c h is independent of [ 0 2 ] ) is the A P 
cat ion , A P + . L a s e r photolysis i n mice l lar so lut ion accentuates the i o n i z a 
t i on effect ( F i g u r e 2 B ) where bo th the cat ion A P + (X m a x = 4700 A ) a n d 
hydra ted electrons ( A m a x > 6000 A ) are observed, r e m o v i n g the latter 
species b y saturat ing the solut ion w i t h N 2 0 . 

T h e data of F i g u r e 2 show the pronounced effect of phase on the 
nature of the final products (10" 8 sec) i n the photolysis of A P . T h e i o n i z a 
t ion process is two photon i n methano l a n d one photon i n micel les or i n a 
mixture of 1:1 w a t e r - m e t h a n o l . T h i s is shown i n F i g u r e 3 where the 
y i e l d of photo ion izat ion is p lo t ted against laser intensity , I , or laser 
intensity squared ; l inear i ty is obta ined w i t h I i n micel les a n d I 2 i n 
methanol . I t is also pert inent to note that the amino group i n A P changes 
the photo ion izat ion process i n micel les f r om two photon w i t h pyrene to 
one photon w i t h A P . S i m i l a r effects are noted for perylene a n d a m i n o -
pery lene ( 7 ) . 

Onset of Photoionization in Micelles. I t is des irable to obta in some 
estimate of the onset of photo ion izat ion ( I p ) i n mice l la r solut ion. T h i s 
was achieved us ing the S F 6 t echnique i n the presence of 0 2 . T y p i c a l data 
for P h , T M B , a n d A P are shown i n F i g u r e 4. I t is noted that the J p occurs 
close to the onset for absorpt ion of l ight b y these molecules , a n d at a 
w a v e l e n g t h close to 4000 A (3.15 e V ) . 
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106 I N T E R F A C I A L P H O T O P R O C E S S E S 

Table II. Quantum Yields for Photoionization 
in Anionic Micelles 

Solute Method A f i j 4> 
T M B laser 3471 ~ 0.5 (5) 
A m i n o p y r e n e laser 3471 < 4 X 10" 

S F 6 / F - 3500 2 X 10"1 

Phenoth iaz ine laser 3471 ~ 0.5 (5) 
S F c / F - 380 0.3 

415 0.2 
A m i n o p e r y l e n e laser 5300 < 0 . 1 

S F 6 / F " 5300 0.06 

S i m i l a r onset data also were obta ined b y observ ing the final products 
of photo ion izat ion of these molecules , P h g iven as the d i - cat ion , a n d T M B 
g i v i n g the T M B cat ion. These cations are qui te stable i n mice l lar so lut ion , 
p a r t i c u l a r l y i f an electron scavenger such as N 0 3 " is present to remove 
the negative charge (5,6). T h e photoproduct ion of these cations also was 
conf irmed b y observing E P R spectra character izat ion of the phenoth iaz ine 
d i - ca t i on a n d T M B cation i n i r rad ia ted mice l la r solutions of these solutes. 
T a b l e I I shows some data concerning the q u a n t u m yie lds of pho to i on i za 
t i o n of solutes i n anionic micel les measured v i a laser excitat ion or v i a the 
F " method . T h e agreement between the t w o methods is satisfactory. 

Photolysis in the Presence of Benzoquinone. L a s e r photolys is of 
mi ce l l a r solutions conta in ing pyrene or A P a n d benzoquinone ( B Q ) leads 
to f ormat ion of anions of B Q a n d cations of the arenes. T h e fluorescence 

X = 475 nm 

X = 525 nm 

Figure 5. Growth of AP* (\ = 4750 A) and decay of APT (\ = 5250 A) 
in the laser photolysis of AP and BQ in NaLS solutions 
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6. T H O M A S A N D P I C I U L O Condensed Phase and Micellar Systems 107 

of the arenes is d i m i n i s h e d i n the presence of the qu inone , w h i l e the 
tr iplet state decays r a p i d l y l e a d i n g to the arene cat ion a n d B Q anion . 
T y p i c a l data are shown i n F i g u r e 5 for the photolysis of A P a n d B Q i n 
N a L S micel les where a r a p i d decay of A P T is observed at 5250 A . T h i s 
leads to a concomitant increase i n the A P + y i e l d at 4700 A . I n the pres
ence of 0 2 the A P T decays r a p i d l y but no format ion of A P + is observed, 
i n d i c a t i n g that B Q is essential to promote the electron transfer react ion. 

Discussion 

T h e foregoing data i n alkanes a n d aqueous mice l lar solutions r e i n 
force the concept that the 7 P of a molecule i n the condensed phase is 
r educed b y several electron volts c ompared w i t h the gas phase. A c o n 
venient w a y of d iscussing this effect of phase on the 7 P is v i a the cat ion 
po lar i za t i on energy ( P + ) a n d the energy l eve l of the electron i n the 
m e d i u m ( V 0 ) , i.e. 7 8 = 7 g + P + - f V 0 where 7 9 a n d Ig are the i on izat ion 
potentials i n so lut ion a n d the gas phase, respectively . T h e V0

9s for m a n y 
l i q u i d s (3) as w e l l as the 7g's for numerous molecules are k n o w n , a n d 7S is 
measured v i a exper imental data such as those shown i n F i g u r e 1. T h u s P+ 
m a y be ca lcu lated for several molecules of interest, some of w h i c h are 
g iven i n T a b l e I . T w o r a d i i values, r and R , are also i n c l u d e d , the s igni f i 
cance of w h i c h is g iven be low. 

T h e P + m a y be expressed b y the B o r n equat ion : 

where c is the r a p i d d ie lectr ic constant of the m e d i u m a n d is taken to be 
the square of the refractive index , e is the electronic charge, a n d z is a 
radius of the i on i n quest ion. A va lue for r may be obta ined b y us ing the 
radius of a sphere of equa l vo lume to that of the i on ( 7 9 , 2 0 ) . T h i s is 
carr i ed out us ing the expression: 

where N is Avogadro 's number , M the molecu lar we ight , a n d d is the 
density of the molecule considered. T a b l e I lists values of r de r ived f r o m 
the B o r n equat ion a n d values of R f rom the sphere mode l . T h e ca l cu lated 
r a d i i R are a lways larger than the B o r n radius . T h i s m i g h t be expected i f 
the pos i t ive charge of the cat ion is not d i s t r ibuted u n i f o r m l y over the 
molecule . A reg ion where the posit ive charge m a y be h i g h , e.g. i n the 
v i c i n i t y of a n i t rogen atom, leads to a more compact interact ion w i t h the 
solvent molecules , w h i c h is reflected b y a smal ler radius of interact ion. 
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108 I N T E R F A C I A L P H O T O P R O C E S S E S 

A l o n g these l ines the P + ' s for T M P D a n d T M B , w h i c h are d iamines , 
are l ower than P + for the monoamines , A P , aminopery lene , a n d P h . T h i s 
m a y be ra t i ona l i zed as a shar ing of the charge a m o n g t w o N atoms i n the 
d iamines c ompared w i t h one i n the monoamines , w i t h a correspondingly 
decreased interact ion w i t h the solvent. T h i s is ind i ca ted b y a closer agree
ment of r a n d R for the d iamines . I t is surpr i s ing that P+ for pyrene i n 
isooctane is m u c h larger t h a n that for the other molecules. T h e s y m 
metr i ca l nature of pyrene a n d its cat ion , however , m a y l ead to a larger 
interact ion w i t h the solvent i f the charge is l o ca l i zed i n a centra l reg ion 
of the molecule . T h e onsets are rather l o w a n d close to the l imi ts of a c cu 
rate detect ion; the poss ib i l i ty of impur i t ies i n the pyrene p r o d u c i n g the 
cat ion also increases at these l ower wavelengths. H e n c e the P+ for pyrene 
is v i e w e d w i t h caut ion at this stage. 

I n the alkanes P+ p lays the major ro le i n decreasing 7 P b y about 1.5 e V . 
A discussion of P + v i a the B o r n equat ion helps w i t h some qua l i ta t ive 
features of the cat ion solvent interact ion. H o w e v e r , i t is desirable to have 
a more deta i led descr ipt ion of this energy parameter for future discussion. 
Perhaps even a discussion of 7S i n terms of P + a n d V 0 is inadequate 
general ly , a n d the data i n alcohols seem to indicate this . 

T h e photoeject ion of an electron f r om the selected amines a n d alkanes 
i n a lcohol ic so lut ion was not observed i n the present work . T h e r e also is 
some corroborat ion of this observat ion i n the l i terature . T o a first a p p r o x i 
m a t i o n the 7 8 of a molecule i n a lcohol ic solut ion shou ld be s imi lar to that 
i n an alkane. I t has been observed that the absorpt ion spectrum of an 
electron ejected into a lcoho l occurs i n i t i a l l y i n the I R , a n d is qui te s imi lar 
to that i n a n alkane ( 2 7 ) . T h e spectrum subsequently relaxes to g ive the 
n o r m a l e8~ spectrum w i t h an absorpt ion m a x i m u m i n the orange or r e d 
part of the spectrum. T h i s indicates that V 0 i n an a l coho l m a y be s imi lar 
to that i n alkanes. T h e more po lar nature of alcohols c o u l d increase P + , 
aga in l ead ing to a n 7B i n alcohols at longer wavelengths than i n alkanes. 
T h e lack of any observation of strong po lar i za t i on i n the photolysis of 
molecules i n alcohols except at h i g h energies ( > 7.0 e V ) is p u z z l i n g . T h e 
s imple p i c ture of photo ion izat ion i n terms of P + a n d V 0 seems to break 
d o w n a n d specific molecu lar processes l e a d i n g to alternate products have 
to be considered. 

T h e most dramat i c solvent effects on photo ion izat ion appear i n 
mi ce l l a r solut ion. T h e data on A P are t y p i c a l of w h a t has been observed 
prev ious ly for P h a n d T M B i n solut ion. T h e photo ionizat ion w i t h l i ght of 
A = 3471 A is two photon i n alcohols a n d one photon i n anionic micel les . 
T h e 7 P observed v i a e a q " capture b y S F 6 or b y d irect observation of a 
stable p roduc t also indicate 7p's close to the onset of the molecu lar absorp
t i on . T h e 7 8 is approx imate ly 3.0 e V a n d is 3.5-4.0 e V l ower t h a n 7 g . F o r 
aminopery lene , photo ion izat ion at 5300 A has been observed. T h i s corre-
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6. T H O M A S A N D P I C I U L O Condensed Phase and Micellar Systems 109 

sponds to a decrease i n J 8 for Ig of 4.6 e V . E l e c t r o c h e m i c a l values for V 0 

i n water of —1.6 e V have been reported ( 2 2 ) . T h i s requires that P + is 
greater t h a n 2.5 e V to account for the l o w e r i n g of I p b y the mice l l e system. 
T h e values of P + for alkanes were a l l approx imate ly 1.5 e V for the mole 
cules s tud ied (see T a b l e I ) . H o w e v e r , the environment of the molecules 
i n the reg ion of the sulfate head groups of the mice l le c o u l d l e a d to a 
m u c h larger P + i n these systems compared w i t h alkanes. T h e I p ' s of 
anthracene (Ig = 7.2 e V ) a n d pyrene (Ig = 7.5 e V ) are b e y o n d the l i m i t 
of detect ion v i a the S F 6 method , i.e. A < 2300 A (5.5 e V ) . T h i s indicates 
that A l — Ig — I g < 1.7 e V , a n d is s imi lar to that f o u n d i n a h y d r o c a r b o n 
l i q u i d . Mo lecu les conta in ing po lar groups such as A P a n d T M B have 
A l s o f approx imate ly 4.0 e V or greater. I f V 0 is —1.6 e V , then P + is a p 
prox imate ly —2.4 e V , a n d greater than that i n l i q u i d hydrocarbons . B o t h 
pyrene a n d anthracene are located i n the mice l l e inter ior a n d not i n the 
head group region. T h u s the po lar i za t i on energy is on ly that w h i c h is 
f o u n d i n a n alkane, i.e. approx imate ly —1.5 e V ; V 0 must also be smal l . 
T h e po lar amino compounds are located at the mice l l e surface l e a d i n g to 
a n increase i n bo th P + a n d V 0 . T h i s i l lustrates the impor tant ro le p l a y e d 
b y the mice l l e surface i n decreasing I p . T h e mice l l e also p lays a secondary 
role i n r epe l l ing e a q " f r om the mice l l e a n d into the water b u l k , thus 
decreasing i on neutra l izat ion or back react ion of e a q " a n d the solute cat ion. 

I n mice l lar systems V 0 can be large a n d un l ike i n alkanes i t p lays a n 
important role i n r e d u c i n g Z p . F r o m an energy storage po in t of v i e w , u s i n g 
l i ght to produce d irect photo ion izat ion is not as attract ive as photoassisted 
electron transfer. T h e electron affinity of the acceptor solute also helps 
to dr ive the electron transfer react ion. T h i s has been i l lustrated p r e v i 
ously i n the p y r e n e - d i m e t h y l a n i l i n e system of cat ionic micel les . I n the 
present case A P a n d B Q i l lustrate the p r i n c i p l e ; other s imi lar systems u s i n g 
T M B a n d duroquinone have been reported elsewhere ( 5 ) . E x c i t a t i o n of 
A P leads to photo ion izat ion a n d excitat ion y i e l d i n g A P + e a q ", A P S , a n d A P T . 
T h e excited states A P S a n d A P T then react w i t h B Q g i v i n g B Q " a n d A P + . 
T h e e a q~ p r o d u c e d v i a photo ion izat ion also reacts w i t h the quinone , f o r m 
i n g the anion. T h e net process of absorpt ion of l i ght is to produce i o n i z a 
t i on g i v i n g A P + a n d an anion . T h e anionic surface of the mice l l e prevents 
back react ion of the products , a n d leads to efficient separation of the i o n 
p a i r for subsequent use i n the chemistry of the system. 

Conclusion 

T h e r e is a p ronounced effect of solvent on the nature of the photo 
i on izat ion process. T h i s is p a r t l y understood i n alkanes a n d i n mice l la r 
systems i n terms of P+ a n d V 0 for the electron. T h e s i tuation differs i n 
a lcohol ic solutions a n d is not understood at this stage. T h e most dramat i c 
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110 I N T E R F A C I A L P H O T O P R O C E S S E S 

effects reside i n mice l la r systems where the energy r e q u i r e d to eject e lec
trons is l o w a n d c a n be carr ied out w i t h v i s ib le l ight . C h o i c e of a n 
anionic mice l l e also leads to effective separation of the i on i c products . 
F r o m the energy storage systems' v i ewpo in t i t is more use fu l to transfer 
the e" to an acceptor rather than to the water b u l k , a n d several redox 
systems operat ing i n the v i s ib le spectrum then can be used to produce 
ions. F u t u r e w o r k requires that these ions are converted to use fu l forms 
of energy, e.g. decomposi t ion of H 2 0 to H 2 a n d 0 2 or to produce a n 
electr ica l current . M o d i f i c a t i o n of the mice l lar system is r e q u i r e d to 
achieve this end . O n e poss ib i l i ty is to transfer the charges to c o l l o i d a l 
catalysts, w h i c h then c o u l d decompose water ( 23 ) . 
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Glossary of Symbols 

Ip = i on i za t i on potent ia l 
Ig = i on izat i on potent ia l i n gas phase 
7 8 — ion iza t i on potent ia l i n so lut ion 

N a L S = s o d i u m l a u r y l sulfate 
C T A B = c e t y l t r i m e t h y l a m m o n i u m b r o m i d e 

T M P D = N , N ' - t e t r a m e t h y l p a r a p h e n y l e n e d i a m i n e 
T M S = tetramethyls i lane 

P + = po lar i za t i on energy 
T M B = te t ramethy lbenz id ine 

A P = aminopyrene 
A P S = singlet-excited aminopyrene 
A P T = tr ip let -exc i ted aminopyrene 
A P + = aminopyrene cat ion 

P h = phenoth iaz ine 
B Q = benzoquinone 

B Q " = benzoquinone an ion 
I R = in f rared 
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Interfacial Photoprocesses in Molecular Thin 

Film Systems 

LARRY R. FAULKNER 1 , HIROYASU TACHIKAWA, 
FU-REN FAN, and SHIRLEY G. FISCHER 

Department of Chemistry, University of Illinois, Urbana, IL 61801 

Thin films (less than 10,000 Å in thickness) in assemblies 
(several films overlaying one another) allow one to create 
environments where chemical processes can occur under 
special conditions. One important problem is the preven
tion of recombination after light-induced electron transfer. 
Thin film systems offer some promising possibilities block
ing the thermalizing. A related problem concerns the col
lection of light over a large area and transmission of its 
energy to an interfacial reaction center. Thin film systems 
accomplish this in a manner that mimics the antenna func
tion of photosynthetic organisms. New types of electrode 
surfaces can be fabricated by depositing molecular solids 
over surfaces such as gold. Photovoltaic effects correspond-
ing to nearly ideal Schottky junctions have been observed in 
assemblies involving these same materials. 

Controlling chemica l reactions v i a the synthesis of spec ia l environments 
w i l l be a general theme i n the future of c h e m i c a l research. T h e basic 

ideas certa in ly are not new. Researchers i n electrochemistry a n d hetero
geneous catalysis have discussed t h e m for years. S t i l l , the recent past has 
seen a considerable b r o a d e n i n g of interest b e y o n d the groups t rad i t i ona l l y 
associated w i t h surface chemistry . 

T h e r e are several trends cont r ibut ing to this development . B i o 
c h e m i c a l advances have sensit ized m a n y chemists to the enormous i m p a c t 

1 To whom correspondence should be addressed. 

0-8412-0474-8/80/33-184-113$06.50/0 
© 1980 American Chemical Society 
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114 I N T E R F A C I A L P H O T O P R O C E S S E S 

the details of env i ronmenta l structure can have on a react ion. T h e r e also 
have been improvements i n the methods for synthes iz ing large-scale 
structures a n d for character iz ing environments , par t i cu lar ly on surfaces, 
where reactions m i g h t occur. A d d e d mot ivat ion has been concern over 
n e w techniques for energy convers ion, because m u c h of the chemistry of 
conversion is inherent ly in ter fac ia l (e.g., catalyt ic conversion, electro
chemica l storage) or involves intermediates ( s u c h as excited states) that 
have several react ion paths. O n l y one p a t h m a y be useful ; b y cont ro l l ing 
the react ion environment i t m a y be taken exclusively. T h e efficiency of 
charge separation d u r i n g the p r i m a r y events of photosynthesis is a good 
example of a scheme for energy conversion that relies on env ironmenta l 
structure to enforce a favorable result ( 1 - 4 ) . T h i s vo lume testifies to the 
deve l op ing interest i n ' micros t ruc tura l synthesis" a n d its potent ia l . 

I n creat ing a special react ion environment , the usua l intent is the 
in troduct ion of some sort of asymmetry . I n a semiconductor photovo l ta ic 
ce l l , for example , absorbed photons produce e lectron-hole pairs that are 
b o r n into a reg ion i n w h i c h there is an electric field ( 5 , 6 ) . T h i s field 
provides the env ironmenta l asymmetry needed to force the carriers apart 
a n d prevent the loss of energy b y recombinat ion . I n c h e m i c a l systems, 
the easiest w a y to introduce anisotropy at react ion sites is to car ry out 
the reactions at interfaces; thus the p r o b l e m of micros t ruc tura l synthesis 
becomes q u i c k l y associated w i t h aspects of surface chemistry . 

I n our laboratory , an emphasis has been p l a c e d on chemica l processes 
t a k i n g p lace i n assemblies of t h i n films, because these systems permi t 
a ready exper imental stress on inter fac ia l events. W e are interested i n 
appl icat ions of th in - f i lm technology to problems of env i ronmenta l s y n 
thesis. T h i s technology has been extensively deve loped b y industries 
ded icated to electronics a n d opt i ca l coatings ( 7 , 8 , 9 ) . Techn iques a n d 
apparatus are read i ly avai lab le to chemists a n d are app l i cab le to a w i d e 
range of interest ing c h e m i c a l problems. O v e r the past four years, w e 
have explored their prospects i n several areas, a n d i n this chapter w e offer 
a summary of our results a n d a prognosis. I n keep ing w i t h the theme of 
this vo lume , systems i n v o l v i n g photoprocesses are emphasized . 

Experimental Aspects 

I n the experiments descr ibed be low, films of metals a n d smal l mole 
cules were deposited b y evaporat ion at 10" 5 -10~ 7 torr i n a V a r i a n N R C 
M o d e l 3117 be l l jar system. T h e substrates were a lways glass or quar tz 
plates that h a d been c leaned, degreased, a n d treated w i t h a static 
e l iminator . M o l e c u l a r species were evaporated f r om cruc ib les ; metals 
were evaporated f rom boats or filaments. T h e details of various operations 
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7. F A U L K N E R E T A L . Molecular Thin Film Systems 115 

are ava i lab le i n the l i terature (10-15). Patterns were l a i d d o w n b y 
depos i t ing the films t h r o u g h m a c h i n e d masks. Thicknesses were m o n i 
tored a n d contro l led b y a S loan M o d e l D T M - 2 0 0 d i g i t a l thickness moni tor 
based on a quar tz crysta l osci l lator. F o r the metals, p u b l i s h e d densities 
were used i n c o m p u t i n g film thickness; for the molecu lar solids, a w o r k i n g 
densi ty of u n i t y was used. I n general , the rea l thicknesses of mo lecu lar 
films were p r o b a b l y smal ler than the n o m i n a l values quoted be l ow b y 
factors r a n g i n g f r om 1-2. T h e substrate temperature was usua l ly the 
ambient va lue , but for some w o r k a thermoelectr ic c o l d stage was used 
to coo l the substrate to approx imate ly 0 ° C . 

Submonolayer coverages of pery lene were p r o d u c e d b y depos i t ion of 
a c o l d vapor . T o carry out this operat ion, pery lene was first evaporated 
f r om a heated cruc ib le onto the wa l l s of a spec ia l chamber ins ide the 
b e l l jar. T h e n the system was opened a n d substrates to be coated were 
p l a c e d inside the special chamber . T h e system was then re-evacuated to 
operat ing pressure a n d h e l d there for lengths of t ime r a n g i n g f r om 30 m i n 
to several hours . B o t h the chamber a n d the substrates were m a i n t a i n e d 
at ambient temperatures. V a p o r transport of pery lene to the substrates 
was observed under these condit ions. T h e amounts deposi ted were 
assayed b y the methods descr ibed be l ow . 

F i l m s of po lymers a n d dispersions of smal l molecules i n po lymers 
were deposited b y spin-coat ing (9,16). I n this method , a prec leaned 
glass substrate was spun o n an axis n o r m a l to its surface at a rate of 
1000-10,000 r p m . A solut ion of the p o l y m e r ( t y p i c a l l y 4 - 5 % polystyrene 
i n xy lene) was d r o p p e d onto the m o v i n g surface, a n d the w e t t i n g 
phenomenon caused a t h i n film to be b o u n d to the surface. I n most 
cases the solvent was lost f r om the film qui te r a p i d l y ( < 1 m i n ) . Depos i ts 
r a n g i n g f r om 1000 A to several /*m cou ld be made i n this w a y . Dispers ions 
of smal l molecules , such as fluoranthene, were made i n the polystyrene b y 
d isso lv ing them d i rec t ly i n the coat ing solut ion. S u c h dispersions are 
assumed to be homogeneous, but more w i l l be sa id about this po in t later. 

T h e composit ions of various molecu lar films were assayed b y dissolv
i n g the films i n appropr iate solvents a n d p e r f o r m i n g convent ional a n a l y t i 
ca l procedures on the resu l t ing solutions. Measurements were usua l l y 
made b y fluorometry or b y absorpt ion spectroscopy. 

T h e chemicals used i n a l l of the w o r k reported here were general ly 
the best avai lab le c o m m e r c i a l grades a n d were used w i t h o u t pur i f i cat ion . 
T h e phthalocyanines were s u p p l i e d b y E a s t m a n O r g a n i c C h e m i c a l s ; 
A l d r i c h furn ished fluoranthene a n d perylene. Po lystyrene was i n the 
f o rm of beads sold b y Polysciences, Inc . Styrene monomer was removed 
b y repeated dissolut ion i n xylene a n d reprec ip i tat ion w i t h methanol . 

L u m i n e s c e n c e spectra were taken w i t h an A m i n c o - B o w m a n spectro-
photof luorometer v i a procedures descr ibed elsewhere (15,16). A b s o r p 
t ion measurements were made o n a B e c k m a n M o d e l M V I A c t a Spectro
photometer . 

E l e c t r i c a l properties of th in film s a n d w i c h cells a n d e lectrochemical 
characteristics of t h i n film electrodes were evaluated us ing a custom-bui l t 
potentiostatic apparatus or a Pr ince ton A p p l i e d Research M o d e l 173 
potentiostat operated under computer contro l . T h e details of these 
measurements are avai lab le elsewhere (10-13). 
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Exciton Collection from an Antenna System 
into Interfacial Reaction Centers 

O n e diff iculty i n d o i n g photochemistry at ta i l o red react ion centers 
is that the p r o b a b i l i t y of l i g h t absorpt ion at any g iven center, or i n fact 
i n a w h o l e monolayer of centers, is not very h i g h . T h u s efficient u t i l i z a 
t i o n of the inc ident energy is imperat ive whenever react ion centers are 
fabr i cated at interfaces. 

Photosynthet ic organisms c i r cumvent the p r o b l e m b y us ing arrays of 
chromophores , ca l l ed "antenna" chromophores , to absorb a n d transmit 
photon energy to re lat ive ly f ew react ion centers, where the apparatus for 
efficient chemica l use of the energy is l o ca l i zed (1,4,17). T h i s strategy 
lends a certa in s impl i c i ty to the w h o l e system because i t provides for a 
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Journal of the American Chemical Society 

Figure 1. Schematics of film assemblies. Fluoranthene was contained at 
6.5 X 10~9 mol/cm2 (13). 
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h i g h absorpt ion cross-section, but does not require spec ia l c h e m i c a l 
apparatus at each chromophore . Systems of s imi lar nature c o u l d o b v i 
ously be useful i n complete ly synthetic photochemica l devices w i t h 
ta i lored react ion centers. 

W e have recently demonstrated such a n antenna effect i n t h i n film 
systems l ike that shown i n F i g u r e l a (13,15). T h e absorb ing chromo
phore was fluoranthene dispersed homogeneously i n polystyrene at th i ck 
nesses of 1000-3000 A . O n the outer surface of such a film, pery lene was 
deposited at submonolayer coverage f r om a c o l d vapor . T h e luminescence 
f rom these systems was s tudied b y front-face optics, as ind i ca ted i n 
F i g u r e 1. 

F i g u r e 2 shows some of the important results. F r a m e s a a n d b d i sp lay 
emission spectra of fluoranthene i n polystyrene a n d pery lene on the 
polystyrene surface. T h e former is the usua l b road a n d featureless 
emission of fluoranthene, w h i l e the latter is the characterist ic s tructured 
d i s t r ibut ion of isolated perylene molecules (16). B o t h of these spectra 
are essentially indis t inguishable f r o m corresponding ones taken f rom 
molecules dissolved i n xylene solut ion. 

Before the surface layer of pery lene was deposited, the emission 
spectrum of the system corresponded to F i g u r e 2a. A f t e r deposit ion, the 
emission was that shown i n F i g u r e 2c. A m i x e d spectrum was observed, 
but there was a strong perylene component despite the fact that exc i ta
t ion was carr ied out at a deep va l ley i n perylene's absorpt ion spectrum. 
Moreover , fluoranthene molecules outnumbered perylene species i n this 
experiment b y a factor of 180. A t the excitat ion w a v e l e n g t h employed , 
direct excitat ion of perylene can account for no more t h a n 1 % of the 
observed emission. F igures 3 a n d 4 demonstrate that the excitat ion 
spectrum for total emission at 470 n m is that of fluoranthene absorbance 
i n the 300-380 n m region. 

T h e composite emission spectra were d i g i t i z e d at 1-nm intervals a n d 
resolved b y a least-squares method into the t w o p u r e emission c o m 
ponents f r om perylene a n d fluoranthene. I n this manner , w e de termined 
that deposit ion of the perylene h a d a q u e n c h i n g effect o n the fluoran
thene b a n d . T h e size of the effect was 9 - 3 0 % , depend ing on the amount 
of pery lene p l a c e d on the surface, the thickness of the film, a n d the age 
of the perylene deposit . 

These points demonstrate c lear ly that perylene surface traps are 
be ing s u p p l i e d w i t h energy that is absorbed i n i t i a l l y b y fluoranthene. 
T h e fluoranthene-polystyrene layer has increased the effective absorpt ion 
cross section for pery lene at 337 n m b y a factor on the order of 100, hence 
it acts as an antenna zone for photochemistry at the surface sites. T h e 
magn i tude of the q u e n c h i n g effect o n fluoranthene suggests that chromo
phores as far as 500 A f rom the surface are effective at energy transfer 
to the surface layer . 
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Journal of the American Chemical Society 

Figure 2. Fluorescence emission spectra: (a) Fluoranthene in polysty
rene; excitation at 337 nm. (b) Perylene deposited from a cold vapor on 
polystyrene. Coverage, 1.6 ng/cm2; excitation at 390 nm. (c) Fluoran
thene in polystyrene with perylene overlay at 9.1 ng/cm2. Curve (1) is 
emission excited at 337 nm. Curve (2) shows direct excitation of perylene 
surface layer that emits at 478 nm. (d) System in (c) with 20-A gold 
overlay added. Intensity scale is the same as (c). Curves (1) and (2) 

correspond to those in (c) (13). 
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7. F A U L K N E R E T A L . Molecular Thin Film Systems 119 

Figure 3. Excitation spectrum for fluoranthene in polystyrene. Emission 
monitored at 478 nm. 
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UJ 

>-

2 0 0 3 0 0 400 500 

WAVELENGTH, nm 
Figure 4. Excitation spectrum for a typical film assembly. Perylene sur

face layer was ~ 6 ng/cm2; emission monitored at 478 nm. 

T h e most s tra ight forward explanat ion for our observations is to 
propose that excitons migrate (18,19,20) among fluoranthene sites u n t i l 
they approach the surface sufficiently closely to be t r a p p e d , p r o b a b l y b y 
F o r s t e r s transfer (20,21), i n a pery lene site. Since the singlet of pery lene 
lies about 0.3 e V be l ow that of fluoranthene, the t r a p p i n g effect shou ld 
be essentially i rrevers ible . Surface t r a p p i n g effects of this type have been 
used to evaluate exc i ton di f fusion lengths i n single mo lecu lar crystals 
( 2 2 , 2 3 ) , but no reports have descr ibed s imi lar effects i n systems of 
randomly -or iented , dispersed chromophores l ike those i n v o l v e d here. 

T h i s interpretat ion of the antenna effect c o u l d be compl i ca ted b y 
dif fusion of pery lene molecules into the b u l k polystyrene to produce 
homogeneous, rather t h a n heterogeneous, t r a p p i n g centers. T h i s issue 
was addressed v i a experiments i n w h i c h the assemblies o f F i g u r e l a were 
over la id b y g o l d at 2 0 - A n o m i n a l thickness, as shown i n F i g u r e s l b a n d l c . 
F i g u r e s 2c a n d 2 d , b o t h recorded for the same sample , show the effect. 
P lacement of the g o l d select ively removes the pery lene components f r o m 
the emission a n d excitat ion spectra of the assembly. Ana lys i s of the final 
assemblies b y dissolut ion a n d fluorometry revealed that about ha l f the 
pery lene was lost d u r i n g depos i t ion of the go ld . A p p a r e n t l y the hot 
i n c o m i n g g o l d atoms i m p a r t e d enough energy to etch some pery lene 
molecules f r o m the surface. Select ive tota l q u e n c h i n g of the r e m a i n i n g 
pery lene indicates that i t lies near the g o l d surface a n d is not homogene
ously d i s t r ibuted throughout the film. F i g u r e 5 shows that age ing of the 
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complete assembly over a n e ight -day p e r i o d d i d not result i n a reappear
ance of perylene's luminescence components . T h e s u m of these observa
tions provides strong support for the idea that pery lene is i n d e e d a surface 
t r a p p i n g center i n our experiments a n d that i t remains so for at least 
several days. 

T h e est imated range of exciton co l lect ion c i ted above rests essentially 
o n a n assumption that excitons are i n i t i a l l y created u n i f o r m l y throughout 
the fluoranthene-polystyrene film. T h i s assumpt ion is not v i t i a t e d b y 
op t i ca l attenuation of the excitat ion b e a m as i t passes through the sample , 
because the film has a l o w absorbance at 337 n m . Besides , exc i tat ion 
takes p lace f rom the side opposite the t r a p p i n g layer . O n the other h a n d , 
there is a poss ib i l i ty that the true antenna zone is a surface excess of 
fluoranthene; about 2 0 % q u e n c h i n g c o u l d be effected w i t h i n a short 
distance of the surface layer . 

A t the moment , w e are unab le to ent ire ly ru le out this poss ib i l i ty , 
but w e have conducted some experiments bear ing on the issue. I n one 
set of experiments, w e cast fluoranthene-polystyrene films of various 
thicknesses, redissolved them i n ch loro form, a n d measured the amounts 
of bo th components i n the ac tua l films. T h e measurements were made b y 
absorpt ion spectroscopy at 360 n m , where on ly fluoranthene absorbs, a n d 
at 262 n m , where bo th absorb. A p lot of fluoranthene content vs. p o l y 
styrene content ( b o t h i n moles ) was l inear a n d showed a zero intercept 
w i t h i n one s tandard dev iat ion . T h e v i r t u a l l y zero intercept indicates that 
there is no intr ins ic excess or deficiency created i n the overa l l fluoranthene 
content d u r i n g the coat ing process. T h e slope of the p lo t was (2.1 db 
0.1) X 10" 2 , w h i c h is i n good agreement w i t h the mole rat io of 2.1 X 10" 2 

used i n the coat ing solution. These results show that the overa l l compos i 
t i on of the films is the same as that of the coat ing solut ion. I f a surface 
excess of fluoranthene arises, i t is created d u r i n g the d r y i n g process. 

P r e l i m i n a r y results are avai lab le f r o m another set of experiments i n 
w h i c h w e measured the q u e n c h i n g of fluoranthene's fluorescence b y a 
2 0 - A go ld surface layer. T w o configurations were examined : ( a ) glass 
substrate covered b y fluoranthene-polystyrene covered b y go ld a n d ( b ) 
glass substrate covered b y go ld covered b y fluoranthene-polystyrene. I n 
general , the q u e n c h i n g effect i n Conf igurat ion b is about one - th ird smal ler 
than i n Conf igurat ion a. T h e effects i n b o t h cases are 1 0 - 3 0 % , d e p e n d i n g 
o n the thickness of the fluoranthene-polystyrene phase. T h e difference i n 
q u e n c h i n g effect might reflect a surface excess at the outer b o u n d a r y of 
fluoranthene-polystyrene. H o w e v e r , it c o u l d also arise f rom differences 
i n the g o l d layer (e.g., average " i s l a n d " s ize) on glass vs. po lystyrene or 
f r o m differences i n coat ing on a glass surface vs. a go ld-covered surface. 
F u r t h e r study is r equ i red to resolve these points . T h e comparab i l i t y i n 
the q u e n c h i n g effect for Conf igurat ions a a n d b suggests that the effec-
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7. F A U L K N E R E T A L . Molecular Thin Film Systems 1 2 3 

tiveness of the antenna func t i on i n fluoranthene-polystyrene-perylene 
systems is not w h o l l y based o n a compact surface excess of fluoranthene 
at the outer surface, a l though some inhomogenei ty i n concentrat ion m a y 
exist. 

T h e molecu lar requirements for an effective antenna system is a top i c 
of extensive current research (4,17,19,24). E m p h a s i s is b e i n g p l a c e d o n 
photosynthet ic systems a n d o n models of photosynthet ic apparatus ; the 
points of major concern are the r e q u i r e d concentrations of chromophores 
a n d the condit ions of re lat ive a l ignment . T h e exc i ton co l lec t ion distance 
i n d i c a t e d b y our w o r k is surpr i s ing ly large for a system of d ispersed, 
r a n d o m l y or iented chromophores . I f ver i f ied b y a d d i t i o n a l w o r k , i t w o u l d 
suggest that effective antenna regions c a n be synthes ized w i t h o u t spec ia l 
a l ignments a m o n g chromophores a n d w i t h o u t very h i g h chromophore 
concentrations. 

T h e contr ibut ion of t h i n f i lm techniques to this p r o b l e m is i n the 
p r o d u c t i o n of accessible t r a p p i n g centers. O n e is left here w i t h consider
able freedom to assemble add i t i o na l apparatus to ensure that the t r a p p e d 
energy is used effectively. T h e technique is f a i r l y general a n d lends itself 
to further development . 

Photovoltaic Activity from Scbottky Barrier Cells 
Based on Phthalocyanine Films 

A general p r o b l e m of interest to us is the separation of the h i g h -
energy intermediates p r o d u c e d i n a l i g h t - i n d u c e d electron-transfer reac
t i on . F o r example , consider an electron acceptor A a n d a donor species 
D; a classic case is anthracene as A a n d d i m e t h y l a n i l i n e as D (20,25, 
26). These species do not react i n the g round state, but undergo a ready 
charge transfer after l ight absorpt ion to y i e l d the i o n p a i r A - " D - + , 

hp 
A + D > lA* -f- D - » A - ~ D - + 

T h i s " carr ier p a i r " is a chemica l embod iment of the p h o t o n energy, a n d 
i f the reagents c o u l d be separated a n d stored for later use, such a process 
c o u l d prov ide important approaches to energy conversion. H o w e v e r , i n 
a n isotropic m e d i u m , A - ' D - + w i l l e ither recombine q u i c k l y or dissociate 
to have the separate carriers recombine w i t h other counter carriers else
where (20,25,26), 

A-D- + -+ A + D + hv 

T h u s the photon energy is lost to heat. M u c h of this vo lume concerns 
the search for general means to separate photoredox carr ier pairs before 
they can recombine . 
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124 I N T E R F A C I A L P H O T O P R O C E S S E S 

T h e only technolog ica l ly useful so lut ion at present is f ound i n semi 
conductor devices, where l i ght produces e lectron-hole pairs w i t h a s imi lar 
propensi ty to recombinat i on ( 5 , 6 ) , 

L i g h t (photon) - » n + V - » H e a t (phonons) 

R e c o m b i n a t i o n is successfully prevented b y creat ing the carr ier p a i r i n a 
reg ion immersed i n an electric field, where the electron moves i n one 
d i rec t i on a n d the hole i n another. T h e fields are generated near interfaces 
(or junct ions) w i t h other phases. 

E v e n i n a convent ional semiconductor device , such as a s i l i con solar 
ce l l , there is a close analogy between the p r o b l e m of carr ier separation 
after l ight absorpt ion a n d the p r o b l e m of redox p a i r separation i n a 
c h e m i c a l system. T h e analogy is even closer i n a semiconductor device 
based on a molecu lar so l id , w h i c h is b o u n d together b y re lat ive ly w e a k 
v a n der W a a l s forces. I n these solids, carriers are i n m a n y ways s imi lar 
to r a d i c a l ions i n a concentrated solut ion. 

W e have recently comple ted ( J J , 12) a study of photovol ta ic ac t iv i ty 
i n some devices based on metal-free a n d z inc phthalocyanines ( H 2 P c a n d 
Z n P c ) , w h i c h are w i d e l y s tud ied molecular solids (27-34,36,37). T h e y 
have a natura l p - type semiconduct iv i ty , w h i c h seems to arise largely f r o m 
the incorporat ion of oxygen a n d water f r om the atmosphere (10,29,30, 
31). A p p a r e n t l y the oxygen acts as an acceptor i m p u r i t y a n d results i n 
m o b i l e holes i n the latt ice. I n our work , the phthalocyanines were s tud ied 
as evaporated films 100-3000 A thick. These films are very smooth a n d 
comprise very s m a l l grains ( ~ 200 A t y p i c a l d imens ion ) of the a c rysta l 
modi f i cat ion (32,33). 

F i g u r e 6 shows a t y p i c a l device used for s t u d y i n g photovo l ta ic 
act iv i ty . T h e substrate was glass a n d the l ower meta l contact M i , go ld . 
T h e top contact was i n d i u m i n the w o r k discussed here. T h e current p a t h 
t h r o u g h the c e l l was the c i r cu lar over lap reg ion i n the center. 

A meta l w i t h a l o w w o r k func t i on ( re lat ive ly h i g h electron e n e r g y ) , 
such as i n d i u m , w i l l f o rm a " b l o c k i n g " contact w i t h a p-type semicon
ductor ( 5 , 6 ) , because its electrons tend to fill i n the holes. T h u s there are 
f e w carriers i n the inter fac ia l reg ion , a n d conduct iv i ty is l ow . A bias 
voltage a p p l i e d external ly tends to intensi fy the effect i f the m e t a l is 
pos i t ive , but tends to overcome it w i t h the opposite po lar i ty . T h u s current 
flow becomes m a r k e d l y nonl inear a n d recti f ication effects are observed. 
T h e i n i t i a l interact ion between the m e t a l a n d the semiconductor results 
i n a charge separation at the interface, hence there is a n electric field 
ins ide the semiconductor at the b l o c k i n g contact. T h i s field is a mani festa 
t i on of the barr ier to current flow, w h i c h is k n o w n as a "Schot tky barr i e r . " 
T h e who le assembly is a "Schot tky junc t i on . " 
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evaporated metal film v / . A , 
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quartz or pyrex square 

Journal of Chemical Physics 

Figure 6. Arrangement of films in metal-phthalocyanine-metal sand
wich cells. Substrates are 1 X 1 in. glass plates, (a) Top view, (b) Side 

view (11). 

A meta l w i t h h i g h w o r k func t i on ( re lat ive ly l o w electron e n e r g y ) , 
s u c h as go ld , w i l l f o r m a n " o h m i c " contact w i t h a p - type mater ia l (5,6); 
i t tends to extract electrons f r o m the semiconductor a n d leave a n excess 
of holes at the interface. P l e n t y of carriers are avai lable , hence there is 
ready charge transfer at the boundary . 

I n a device l ike that s h o w n i n F i g u r e 6, the propert ies of the system 
are contro l led b y the Schottky barr ier at the i n d i u m - p h t h a l o c y a n i n e 
junc t i on (11,12,34) because i t l imi ts e lectron flow. W h e n e v e r a Schottky 
junc t i on exists, photovol ta ic ac t iv i ty f r o m photons absorbed i n the s p a c e -
charge reg ion or f r o m excitons di f fus ing into i t c a n be expected (5,6) 
because, ( a ) there are f e w holes there to annih i late the l i g h t - i n d u c e d 
electrons a n d ( b ) the electric field there tends to p u l l the photogenerated 
hole into the b u l k semiconductor a n d the photogenerated e lectron into 
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Journal of Chemical Physics 

Figure 7. Current-voltage characteristics of sandwich cells in the dark: 
(a) (Al-HgPc-Au) cell; (b) (Al-ZnPc-Au) cell; (c) (In-H2Pc-Au) cell; 
(d) (In-ZnPc-Au) cell Phthalocyanine film thickness, ~ 3000 A; (a) and 

(b) use left hand scale; (c) and (a) use right hand scale (11). 

the meta l . T h i s act ion effects a safe storage of these excess carriers u n t i l 
they can be recombined i n a contro l led ( a n d useful ) manner v i a a n 
external c i rcui t . 

T h e actual performance of s a n d w i c h cells based o n H 2 P c a n d Z n P c is 
h i g h l i g h t e d i n F igures 7 -11 . T h e first of these i l lustrates the rect i f icat ion 
effects observed i n the cells i n the dark. I n general , devices w i t h a l u m i 
n u m top layers are defective because an A 1 2 0 3 layer intervenes between 
the meta l a n d the phthalocyanine phases (11,12); they w i l l not be 
discussed further here. I n d i u m contacts are m u c h closer to idea l . 

T r u e Schottky junctions shou ld pass current u n d e r f o r w a r d bias 
accord ing to a modi f ied Shockley equat ion (5,6), 

J — JQ[exp (eV/mkT) - 1] 
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7. F A U L K N E R E T A L . Molecular Thin Film Systems 127 

where / is the current density , J 0 is the reverse saturat ion current density , 
V is the bias, a n d m is the modi f i cat ion factor account ing for certa in 
nonideal i t ies i n the junct ion . T h e other parameters are def ined i n the 
usua l w a y . F o r bias voltages greater than mkT/e ( several tens of m i l l i 
v o l t s ) , the first t e r m overwhelms the second, a n d a l inear semi logar i thmic 
p lo t of / vs. V is expected. F i g u r e 8 shows that such behav ior is ac tua l ly 
observed i n the phtha locyanine cells for bias voltages less t h a n 250 m V . 
A t h igher voltages, the current falls b e l o w the modi f i ed Shockley values , 
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Journal of Chemical Physics 

Figure 8. Semilogarithmic plots of the forward-biased dark current-
voltage characteristics: (a) (In-H2Pc-Au) cell, using right hand scale; 
(b) (In-ZnPc-Au) cell, using left hand scale. Phthalocyanine film thick

ness, ~ 3000 A (11). 
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I I I I I I I I I 
350 400 450 500 550 600 650 

X(nm) 
Figure 9. Absorption spectrum of a 3000-A H2Pc film (O) and action 
spectra of the short-circuit photocurrent of an (In-H2Pc-Au) cell Illumi
nation at 6328 A on the In contact; (A) experimental action spectrum, 

(A) theoretical points calculated according to Ref. 12. 

p r o b a b l y because resistance losses i n the b u l k phthalocyanines become 
apprec iab le (11,28-31). T h e slopes of the l inear segments p rov ide m = 
1.3-1.5, w h i c h are reasonable values, even for Schottky barr ier devices 
based on convent ional materials (6). T h e reverse saturation current 
density J0 y ie lds estimates of the barr ier height (6,35) that agree very 
w e l l w i t h predict ions based o n independent measurements of the w o r k 
func t i on of i n d i u m a n d the i on izat ion potentials of the phthalocyanines 
(12,35-38). 

O f par t i cu lar interest here is the photovol ta ic ac t iv i ty (12,34). L i g h t 
produces a photovoltage at open c i rcu i t or under l o a d a n d the po lar i ty 
is such that i n d i u m is a lways negative, i n accord w i t h expectations for 
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7. F A U L K N E R E T A L . Molecular Thin Film Systems 129 

the ant i c ipated Schottky junct ion . T h e photocurrent at short c i r c u i t is 
str ict ly l inear w i t h the intensi ty of i r r a d i a t i o n i n devices based o n Z n P c , 
a n d i t is near ly l inear w i t h intensi ty i n cells i n v o l v i n g H 2 P c . 

T h e act ion spectra of the system prov ide strong evidence that photo 
vo l ta ic ac t iv i ty arises f r om a zone v e r y near the i n d i u m contact. F i g u r e s 
9 a n d 10 d isp lay the results. T h e ordinate i n each case is the rat io of 
photocurrent to the l i ght intensi ty ac tual ly r each ing the phtha locyanine . 
Correct ions were m a d e to compensate for the filtering effects of the m e t a l 
layers. W h e n i l l u m i n a t i o n was t h r o u g h i n d i u m , the ac t ion spec trum 

I l I 
350 400 450 500 

X (nm) 

J _ 
550 600 650 

Journal of Chemical Physics 

Figure 10. Experimental (A) and calculated (A) action spectra of the 
short-circuit photocurrent of an (In-HgPc-Au) cell. Illumination at 6328 
A on the Au contact; (O) show the absorption spectrum of an H2Pc film 

of 3000-A thickness (12). 
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130 I N T E R F A C I A L P H O T O P R O C E S S E S 

f o l l owed the absorpt ion spectrum of the phtha locyanine film. I n contrast, 
i l l u m i n a t i o n through the g o l d contact y i e l d e d an act ion spectrum w i t h 
peaks at the inflections of phtha locyanine absorpt ion. 

T h e latter behavior arises f rom an opt i ca l filtering effect of the 
phtha locyanine phase (12,34,39,40). Photons must be absorbed i n or 
near the field-containing reg ion of the Schottky junct ion to produce a 
photocurrent . Strongly absorbed l i ght inc ident on the back surface pene
trates only w e a k l y to the junct ion . W e a k l y absorbed l ight penetrates, b u t 
is ineffective i n p r o d u c i n g act ion. T h e strongest effect is therefore seen 
i n regions of moderate absorpt ion , because those wavelengths offer the 
o p t i m a l compromise between penetrat ing p o w e r a n d a capac i ty for act ion. 
W h e n the junct ion is i l l u m i n a t e d d irect ly , there is no filtering effect, hence 
the act ion spectrum fol lows the phthalocyanine 's absorpt iv i ty . 

T h e expected re lat ionship between the open-c i rcu i t photovoltage 
V o c a n d the short -c ircuit photocurrent density J 8 C is (6) as f o l l ows : 

V o c - ^ - l n (JscA/o + D 

U n d e r ord inary i l l u m i n a t i o n intensities, J s c is m u c h greater than J 0 , a n d 
J 8 C is propor t i ona l to intensity , hence there should be a semi logar i thmic 
re lat ionship between intensity a n d Voc. F i g u r e 11 shows that our phtha lo 
cyanine s a n d w i c h cells do adhere to this expectation. Moreover , the 
slopes of the plots y i e l d values of m that are i n good agreement w i t h 
values obta ined separately f rom Shockley plots (11,12). 

T h e q u a n t u m efficiencies of these cells are surpr is ing ly h i g h . I n the 
case of an I n - Z n P c - A u device i r rad ia ted at 6328 A , w e find the photons 
inc ident on the Z n P c phase to have a 1 4 % efficiency i n p r o d u c i n g carriers 
for the external c i r cu i t . T h e r e is some evidence that the efficiency for 
photons actual ly absorbed i n the junct ion reg ion approaches u n i t y (12). 

T h i s discussion provides strong support for the idea that re lat ive ly 
we l l - behaved Schottky junctions can be formed at phtha locyanine sur
faces. T o our knowledge , these data supp ly the first extensive evidence 
that even the expected quant i tat ive relationships can be observed i n 
devices fabr i cated f rom molecular solids, though b l o c k i n g meta l l i c c on 
tacts to molecu lar materials has been k n o w n for some t ime (27,34,39, 
40,41). T h e phthalocyanines general ly seem to be far better semicon
ductors than one might expect f rom reports i n the l i terature. E v e n more 
idea l so l id state properties c o u l d p r o b a b l y be obta ined for them i f more 
contro l lable d o p i n g techniques c o u l d be a p p l i e d a n d i f larger g ra in sizes 
c ou ld be produced . 

T h e chie f va lue of this w o r k to chemists is i n c a l l i n g attention to the 
importance a n d pred i c tab i l i t y of solid-state electronic properties i n one 
class of molecu lar solids. These propert ies m a y be very important to 
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V 0 c, volt 

Journal of Chemical Physics 

Figure 11. Semilogarithmic plots of the relative light intensity vs. open-
circuit photovoltage. (O) (In-ZnPc-Au), using top scale; (A) (In-H2Pc-

Au), using bottom scale. Irradiation at 6328 A (12). 

c h e m i c a l processes (e.g., catalysis) t a k i n g p lace o n surfaces of materials 
l i k e the phthalocyanines . I n the future , i t m a y also be of interest to 
explo i t the contro l lable electric fields at molecu lar semiconductor junc 
tions b y construct ing ta i l o red c h e m i c a l react ion centers susceptible to 
the ir influence. 

Pbotoelectrocbemistry at Phthalocyanine Electrodes 

Elec t rochemis t ry at phtha locyanine electrodes has rece ived m u c h 
attent ion late ly because some of these materials catalyze the e lectroreduc-
t ion of mo lecu lar oxygen (42-46). E lec trodes of various types have been 
employed . Phthalocyanines have been coated t h i n l y onto convent ional 
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132 I N T E R F A C I A L P H O T O P R O C E S S E S 

electrode materials by adsorpt ion f rom solut ion (45), b y c h e m i c a l vapor 
deposi t ion (44), or b y vapor phase transport (44); powders have been 
compressed w i t h carbon or meta l powders to give composite electrodes 
(42,44); a n d th i ck phtha locyanine films ( > 100 A ) have been deposited 
b y evaporat ion onto go ld substrates or glass covered w i t h go ld (10,43, 
47). I n m a n y of these systems, i t is not k n o w n whether or not the phtha lo 
cyanines are i n v o l v e d i n the actual charge transfer events. Studies 
i n v o l v i n g t h i n films offer greater contro l of the system, i n terms of l i m i t i n g 
d irect contact between the electrolyte a n d the conduc t ing under layer , 
a n d they have accord ing ly p r o v i d e d the most extensive in format ion about 
faradaic act iv i ty d irect ly on phthalocyanine surfaces. It is clear n o w that 
even reversible vo l tammetry can be observed at these interfaces ( J O ) . 

G i v e n the evidence of the previous section, one might expect p h t h a l o 
cyanine electrodes to show e lectrochemical behavior concordant w i t h its 
observed p- type character (48,49,50). Extens ive studies of H 2 P c a n d 
Z n P c i n our laboratory have borne out this expectation (10,14). 

O u r electrodes are fabr i ca ted b y depos i t ing first a patterned C r 
under layer at 40 -70 A on a c leaned glass substrate, then a co inc ident ly 
patterned go ld contact layer at 200-300 A thickness over the C r , w h i c h 
serves only to improve adhesion, a n d lastly a general phthalocyanine 
overlayer of 100-3000 A thickness (10,14). T h e w o r k i n g electrode is the 
por t i on of the phthalocyanine that d i rec t ly overlies a go ld disk of 
0 .3 -cm 2 area. 

T h e start ing po int for our discussion of results is the dark electro
chemistry . C o n s i d e r F i g u r e 12, w h i c h shows cyc l i c vo l tammograms (14) 
for six complexes of F e ( I I ) . T h e couples invo lved are a l l v i r t u a l l y 
reversible at P t electrodes a n d have s tandard potentials r a n g i n g f r o m 
— 0.13-0.82 V vs. S C E . A t H 2 P c electrodes, there is a systematic i m p r o v e 
ment i n revers ib i l i ty as E 0 / becomes more posit ive. T h e most negative 
couple , F e ( E D T A ) _ / 2 ~ , shows essentially complete i rrevers ib i l i ty . T h e 
F e ( I I ) species can be ox id i zed , but the resul t ing F e ( I I I ) complex is 
h a r d l y reduced . A steady improvement of k inet i c per formance is observed 
for more posi t ive E ° ' values, a n d one sees v i r t u a l l y reversible responses 
for complexes i n v o l v i n g 4 ,4 ' -b ipyr id ine a n d 1,10-phenanthroline. W e 
have been unable to observe faradaic act iv i ty at potentials more negative 
t h a n + 0.3 V vs. S C E , aside f r o m a large current rise y i e l d i n g catastrophic 
fa i lure of the electrode at potentials on the order of — 1 V vs. S C E . 

These vo l tammetr i c characteristics are general ly concordant w i t h a 
v i e w of the phthalocyanines as p - type semiconductor electrodes h a v i n g a 
flatband cond i t i on near 0.3 V vs. S C E . A t more negative potentials , 
carriers are removed f r o m the electrode surface a n d a deplet ion layer is 
f o r m e d i n the mater ia l . T h i s cond i t i on is a fata l i m p e d i m e n t to faradaic 
act iv i ty . A t potentials more pos i t ive t h a n 0.3 V , carriers accumulate i n 
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Journal of the American Chemical Society 

Figure 12. Cyclic vokammograms of six iron complexes at H2Pc elec
trodes: (a) l.OOmM Fe (EDTA)2'; (b) l.OOmM Fe(CN)6

4~; (c) 0.45mM 
Fe(3,4,7,8-tetramethyl-l,10-phenanthroline)s

2+; (d) 0.55mM Fe(4,7-di-
methyl-l,10-phenanthroline)s

2+; (e) l.OOmM Fe(2,2f-bipyridine)s
2+; (f) 

l.OOmM Fe(l,10-phenanthroline)3
2+. Supporting electrolyte was 1M 

KNOs, except for (c) and (d), which involved 0.5M K 2 S O A ; scan rate = 
100 mv/sec (14). 

excess at the interface, a n d electrochemistry is fac i le . I n this reg ion , the 
over lap between electronic states i n the semiconductor a n d the so lut ion 
is also more conduc ive to charge transfer (14,48,49,50). 

F i g u r e 13 shows a p lot of di f ferential capacitance suppor t ing this 
interpretat ion . A t potentials where a dep le t ion reg ion exists, the c a p a c i 
tance is contro l l ed b y the re lat ive ly smal l space-charge components i n 
series w i t h the double - layer capacitance (50). A t the flatband po tent ia l 
a sharp rise i n capacitance is expected because the restrictions imposed 
b y the dep le t ion layer are removed . O n e sees such a rise near 0.3 V i n 
the figure. T h e peak at 0.0 V c a n be ascr ibed to a b a n d of intermediate 
levels located i n the b a n d gap (14,50). T h e i r ro le i n the electrochemistry 
seems substantial (14), b u t is b e y o n d our scope here. 

I f the interpretat ion advanced here is correct , then one ought to be 
able to see photoelectrochemistry at the electrode whenever a dep le t ion 
reg ion exists at the e lectrode-so lut ion interface. T h e basis is exactly the 
same as for the Schottky junctions discussed above. T h u s , there ought 
to be a photoreduct ion of F e ( E D T A ) " , even t h o u g h that r educ t i on does 
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Figure 13. Differential capacitance of H2Pc electrodes in 1M KNOs at 
various excitation frequencies: (a) 100 Hz, (b) 350 Hz, (c) 1 kHz, (d) 3.5 

kHz, (e) 10 kHz. H2Pc film thickness was 500 A (14). 

not proceed i n the dark. Moreover , the onset of photoreduct ion shou ld 
be at the flatband potent ia l of + 0.3 V vs. S C E . F i g u r e 14 shows that the 
r e a l system ac tua l ly does meet these expectations. I t seems l i k e l y that 
other photoeffects reported for phtha locyanine electrodes are rooted i n 
the i r propert ies as semiconductors (10,46,47). 
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7. F A U L K N E B E T A L . Molecular Thin Film Systems 135 

Journal of the American Chemical Society 

Figure 14. Photoelectrochemical effect at an H.Pc electrode. Irradiation 
at 6328 A; ( ) data taken in the dark, ( ) data taken under illumina
tion: (a) and (b), WmM KsFe(CN)6 plus 1.0M KNOs; (c) and (d), 1.0M 

KNOs; scan rate = 100 mV/sec; H2Pc film thickness = 3000 A (14). 

T h e message of these results is m u c h the same as that of the p r e 
c e d i n g section. M o l e c u l a r solids can behave fa i r ly w e l l as semiconduct ing 
materials a n d the i r so l id state properties m a y have to be taken into 
account i n studies of their c h e m i c a l behavior . These results also h i g h l i g h t 
the po int that mo lecu lar solids i n t h i n films can prov ide n e w e lectrochem
i c a l surfaces w i t h interest ing spec ia l properties . T h e a b i l i t y of C o P c films 
to reduce oxygen cata lyt i ca l ly is an example (44, 51). 

Prognosis 

W e have endeavored here to i l lustrate the u t i l i t y of th in - f i lm t e ch 
niques for creat ing special react ion environments a n d for character iz ing 
materials of c h e m i c a l interest. T h e technology of t h i n films is w e l l -
deve loped ; yet chemists have explo i ted i t re lat ive ly l i t t le for any purpose 
a n d h a r d l y at a l l to create complex assemblies i n a synthetic manner . A 
great dea l of r oom for deve lopment exists. 
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O f course, there are drawbacks to this exper imental approach . E v e n 
t h o u g h film technology is deve loped i n a general sense a n d sophist icated 
apparatus is ava i lab le a n d is inexpensive , the l i terature o v e r w h e l m i n g l y 
stresses convent ional semiconductors , metals , a n d insulators. T h e fabr i ca 
t ion of films of mo lecu lar materials is usua l ly r e q u i r e d i n studies of 
c h e m i c a l interst ; therefore the experimenter must deve lop his o w n tech 
no logy as he proceeds. F i l m s of most substances are i m p r a c t i c a l for 
v a c u u m processing because they are too volat i le . E v e n perylene , w h i c h 
for most chemica l purposes is qu i te invo lat i le , is dif f icult to handle i n a 
film processor for this reason. Cas t films, l i k e our spin-coated examples, 
are easy to prepare , bu t on ly materials w i t h v i r t u a l l y no tendency to 
crystal l ize can be deposited i n that manner . Moreover , i t remains unc lear 
i f homogeneous dispersions are obta ined for smal l molecules i n c l u d e d i n 
the cast ing. Some of these problems are b o u n d to be solved, a n d others 
w i l l be c i r cumvented as experience grows; but for the present they are 
significant obstacles. 

H e r e w e advance th in - f i lm methods essentially as archi tectura l tools, 
b u t i n the interest of balance w e must also po int out that present p r o 
cedures are not usual ly capable of architecture o n the molecu lar l eve l . 
Isolated species tend to migrate a n d agglomerate on surfaces ( 7 , 8 ) , 
hence one is h a r d pressed to deposit submonolayer to monolayer coverage 
b y convent ional v a c u u m deposit ion techniques. A r c h i t e c t u r a l contro l can 
be mainta ined only on a 50 -100 -A distance scale i n most c ircumstances. 
M o n o l a y e r assembly b y the L a n g m u i r - B l o d g e t t method (52 -55) or 
assembly b y covalent reactions on surfaces ( 56 ,57 ) has m u c h finer reso lu
t i on , but bo th methods have difficulties i n creat ing a phase of any 
apprec iab le thickness. T h e deposi t ion of t h i n films under u l t r a h i g h 
v a c u u m condit ions w i t h molecu lar b e a m sources d i rec ted at cooled 
substrates promises to prov ide a route to archi tectura l contro l on the 
molecular leve l , but developments a long this l ine are s t i l l i n the future . 
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8 
Photoelectrochemistry and Spectroscopy of 

Metal Phthalocyanine Films on a Transparent 

Semiconducting Electrode 

COOPER H. LANGFORD, BRYAN R. HOLLEBONE, 
and THEODORE VANDERNOOT 

Metal Ions Group, Chemistry Department, Carleton University, 
Ottawa, Canada K1S 5B6 

The photoelectrochemistry of Mg, Fe, Ni, and Zn phthalo
cyanine films on transparent n-type tin oxide electrodes is 
reported. Photocurrents of a type expected from a p-type 
semiconducting film are observed in all cases. These currents 
are small; slow electron transfer is indicated. There is some 
evidence of the retardation of the "dark couple" reaction 
without inhibition of the "photocouple" at the photoelec-
trode. The most effective film is one containing the β-crystal 
modification of zinc phthalocyanine. This result is clarified 
by examination of magnetic circular dichroism spectra of 
metal phthalocyanine films. The broad line spectra reveal 
the solid state character of the films. Requirements for effi
cient photoelectrochemistry in terms of electronic states are 
discussed. 

A l b e r y a n d A r c h e r have ana lyzed the i d e a l d i f fusion-control led photo -
ga lvanic c e l l a n d i n d i c a t e d that i t c o u l d achieve a n efficiency 

comparable w i t h that of good photovo l ta ic devices (1,2). I n i t there are 
t w o redox couples, A/Β a n d Y / Z , w h e r e the excited state of A ( A * ) is 
the photoreact ive species i n the ce l l . T h e reactions i n the c e l l c a n be 
s u m m a r i z e d as fo l lows. 

hp 
A >A* (1) 

A* + Ζ - » Β + Y o ccurr ing near i l l u m i n a t e d electrode (2) 

0-8412-0474-8/80/33-184-139$05.00/0 
© 1980 American Chemical Society 
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140 I N T E R F A C I A L P H O T O P R O C E S S E S 

(B + y —> A + Z) energy wasting (3) 

B ± c" —» A occurring at illuminated electrode (4) 

Y Z ± e~ occuring at dark electrode (5) 

F o r the operat ion of a n efficient ce l l , condit ions should i n c l u d e a n 
i l l u m i n a t e d electrode that can mediate the A/B couple but that is unre -
act ive to the Y / Z couple p a i r e d w i t h a dark electrode that can mediate 
the Y / Z couple . A d d i t i o n a l l y , the back react ion ( R e a c t i o n 3) must be 
inefficient. Ana lys i s of the kinet ics of homogeneous systems a i d e d b y 
the M a r c u s - W e l l e r theory (3,4) of e lectron transfer react ion rates 
suggests that these cr i ter ia are very h a r d to satisfy. W e must look for 
" n o n - M a r c u s i a n " electron transfer. A n add i t i ona l feature is that i t is 
desirable to have l i ght absorpt ion occur i n a l i m i t e d zone near the 
i l l u m i n a t e d electrode. Together , a l l of these features suggest a hetero
geneous system w i t h the A/B couple incorporated into a surface layer of 
the i l l u m i n a t e d electrode. S u c h a ce l l approaches the regenerative semi 
conductor cells (5) based on C d S or G a P a n d discussed elsewhere i n 
this vo lume , b u t the use of molecu lar layers as absorbers has d is t inct ive 
features that l ead us to prefer m o d e l l i n g our discussions on the c o m 
par ison to homogeneous cells. A t h i r d mode l , a c o n d u c t o r - i n s u l a t o r -
conductor s a n d w i c h has recently been considered b y L y o n ' s group (6). 

It turns out that there are re lated requirements that can be specif ied 
for a system that w i l l carry out efficient photochemica l synthesis. Ef f ic ient 
synthesis requires concentrat ion of l i ght absorpt ion into a narrow zone to 
avo id costly catalyst recovery. It also requires means of favor ing revers i 
b i l i t y . Moreover , e lectrochemical ly med ia ted syntheses m a y p e r m i t a 
l i g h t react ion on a w i d e area col lector to be coup led to a more compact 
a n d manageable dark electrode react ion where the des ired product is to 
be col lected. (It 's attractive to th ink that the m a i n l i n k to a large solar 
co l lector field c o u l d be electrolyte a n d wires o n l y ) . A g a i n , an attract ive 
response to these requirements is to attempt to b u i l d photosynthet ic 
e lectrochemical cells based on heterogeneous systems. 

I t is c lear i n the photogalvanic ce l l case a n d probab le i n the synthesis 
case, that the requirements specif ied l ead to the invest igat ion of ways of 
p r o d u c i n g a sort of " re c t i f i ca t i on ' at a photoelectrode. T h e subject of this 
chapter is our p r e l i m i n a r y w o r k on such rect i f icat ion a n d its re lat ionship 
to the e lectronic propert ies of " s e m i s o l i d " materials as revealed b y the i r 
e lectronic spectra u n d e r magnet i c c i r cu lar d i chro i sm ( M C D ) invest iga
t i on . Relat ions of react iv i ty to spectroscopic in format ion on electronic 
structure is a lways important to effective photochemica l advance. These 
experiments have employed meta l phtha locyanine ( P c ) dyes. 
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8. L A N G F O R D E T A L . Metal Phthaloctjanine Films 141 

T h e choice of Pc's was made for several reasons. Pc 's have attracted 
attention as organic semiconductors f rom an early date (7,8) a n d the 
r i c h l i terature concerning mechanism of charge transport i n these f i lms 
invites attention. Photovo l ta ic cells based on Pc's have been explored for 
some t ime a n d several mechanisms for photovol ta ic act ion have been 
proposed. These inc lude models based on Shottky barr ier theory for 
d o p e d insulators (9,10,11). H o w e v e r , results have been reported that 
do not indicate appropr iate dependence on w o r k funct ion of electrode 
metals a n d this leads to an alternative m o d e l based o n single carr ier 
theory (6). O u r photogalvanic w o r k to date does not l e a d to a specific 
connect ion w i t h photovo l ta ic experiments a l though suggestive connections 
exist. T h e m a i n factors relevent to our present choice of Pc's for study 
of heterogeneous photogalvanic a n d photosynthet ic effects are the f o l l ow
i n g . F i r s t , these materials are interest ing spectroscopical ly . Second, they 
bear a re lat ionship to bo th photosynthet ic p igments a n d the meta l d i i m i n e 
complexes, w h i c h have attracted m u c h recent attention as photochemica l 
e lectron transfer agents. A d d i t i o n a l l y , they are convenient c ommerc ia l 
dyes. T h e results suggest that there remains considerable scope for 
synthetic investigations. W e emphasize that on ly the barest start has 
been made i n the field of organometal l i c film photoelectrodes. 

Theoretical Remarks 

T h e characteristics of a heterogeneous system meet ing the A l b e r y -
A r c h e r cr i ter ia can be sketched, at least i n part . Let ' s suppose that 
Reac t i on 2 is reduct ion of Z b y a n excited dye A * i n the cathode. A 
convenient w a y to b lock reoxidat ion of Y w o u l d be for the cathode to be a 
p- type semiconductor w i t h the b a n d bent to deplete the surface layer of 
holes. T h i s is just the cond i t i on for a p-type semiconductor to act as a 
photoreductant ( 5 ) . Semiconductor photoelectrochemistry is p romoted 
w h e n the h o l e - e l e c t r o n p a i r created b y photon absorpt ion is prevented 
f r om r e c o m b i n i n g b y migrat i on of the major i ty carrier to the inter ior a n d 
the minor i ty carr ier (electrons i n our case) to the surface to react w i t h 
the electrolyte. N o t e also, that photons absorbed at various depths i n the 
space change layer can be harvested a n d de l ivered to the react ive site 
(surface) i f this mechan ism is sufficiently efficient. T h e r e is an element 
funct iona l ly analogous to l ight harvest ing i n photosynthesis. 

F o r B to regenerate A , i t is necessary to have a n electron source 
u n d e r l y i n g the semiconduct ing dye film. T h i s m a y be either a m e t a l or 
an n-type semiconductor . T h e latter poss ib i l i ty offers the prospect of an 
n - p junct ion rectif ier u n d e r l y i n g the p-electrolyte junct ion to enhance 
recti f ication. T h e B Y was t ing react ion is also i n h i b i t e d i f B is associ
ated w i t h a hole that migrates t o w a r d the semiconductor inter ior a n d 
a w a y f r om Y . 
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A n i d e a l c e l l is conceivable as a n i l l u m i n a t e d electrode composed of 
a n n-type semiconductor ( o r perhaps a meta l ) coated b y a p- type d y e 
layer that is photochemica l ly act ive ( the A/B c oup le ) i n contact w i t h an 
electrolyte conta in ing the Y / Z couple . T h e electrolyte makes contact 
w i t h a meta l electrode at w h i c h the Y / Z couple is revers ible . A n efficient 
c e l l based o n the dif fusion of the Y / Z couple shou ld be t h i n a n d the 
meta l electrode is rare ly transparent. Therefore , i t is use fu l to consider 
transparent n-type semiconductors coated o n glass as supports for the 
dye layer a n d entry of l i ght to the i l l u m i n a t e d electrode f r o m the support 
s ide rather than the electrolyte side. T h i s has the a d d e d advantage of 
a l l o w i n g the use of co lored electrolytes. 

I n the experiments descr ibed be low, the barest skeleton of such a n 
i d e a l c e l l is v i s ib le . a - C r y s t a l modi f i cat ion m e t a l phtha locyan ine dye films 
have p- type semiconduct ing propert ies w h e n e q u i l i b r a t e d w i t h a i r / 
moisture ( I I ) . ( T h i s is ind i ca ted i n F i g u r e 1.) W h e n they are s u b l i m e d 
onto transparent n -doped conduc t ing S n 0 2 on glass electrodes, a photo 
act ive p- type semiconductor is formed . Contac t of this so l id a n d semi 
so l id ( the dye layer ) rectifier layer cake w i t h an electrolyte c onta in ing a 
couple such as q u i n o n e / h y d r o q u i n o n e ( i n 1 . 0 M K C 1 as suppor t ing elec
t r o l y t e ) , i n t u r n i n contact w i t h P t , completes a potent ia l rea l i zat ion of 
the " i d e a l " ce l l . A few of the idea l features are r ea l i zed i n this c e l l b u t 
m a n y others are not. E s p e c i a l l y , the react ion of reduc t i on remains a s low 
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8. L A N G F O R D E T A L . Metal Phthalocyanine Films 143 

photoprocess at the electrodes. T h i s cannot be to lerated for an efficient 
pho ton energy converter. ( I t is also possible that the flaw i n the i d e a l 
analysis as a p p l i e d to this c e l l is the use of the m o d e l of Ref . 5 rather 
t h a n the m o d e l of Ref . 6.) 

Experimental 

Materials. M e t a l Pc's were obta ined f r o m E a s t m a n O r g a n i c C h e m i 
cals a n d pur i f i ed b y sub l imat ion . T h e d o p e d S n 0 2 - c o a t e d glass was 
obta ined f rom O . H . Johns L t d . T h e resistance was u n d e r 100 O m~ 2 

a n d l i ght transmission i n the v i s ib le reg ion exceeded 8 0 % . E le c t ro ly te 
components were prepared f r o m reagent grade chemicals w i t h o u t spec ia l 
pur i f i cat ion . W a t e r was red is t i l l ed f rom potass ium permanganate . 

Electrode Preparation. F i l m s of phtha locyanine were deposi ted o n 
n-doped S n 0 2 - c o a t e d glass (or i n one experiment, glass) b y sub l imat i on 
f rom a quartz vessel i n a tube furnace. T h e v a c u u m l ine was evacuated 
w i t h an o i l di f fusion p u m p ( m i n i m u m pressure = 1 0 ' 6 t o r r ) except i n 
experiments in tended to produce the green « modi f i cat ion of Z n P c . T h e 
electrode substrate was mounted on a " s l e d " that c o u l d be magnet i ca l ly 
pus h ed past a h i n g e d barr ier to the m o u t h of the tube furnace. A t the 
(undetermined ) operat ing temperature , films of approx imate ly 500 -A 
thickness were deposited i n just over 15 m i n ; 1000-A films r e q u i r e d 
near ly 30 m i n . F i l m thickness was est imated f rom absorbance at the 
wave length of m a x i m u m absorbance u s i n g ext inct ion coefficient data 
f rom Ref . 12 a n d a n assumed film density of 1.5 g c m ' 3 . T h u s , the t h i c k 
nesses c i ted are qu i te approximate . T h i s seems appropr iate since the 
films were , unfortunately , recognizab ly nonuni form. R e p r o d u c i b i l i t y f r o m 
one phtha locyanine to another is better. 

Electrochemical Studies. T h e ce l l was fabr i cated f r o m Tef lon w i t h 
an open ing to w h i c h the transparent electrode c o u l d be h e l d b y a brass 
plate . E l e c t r i c a l contact to the S n 0 2 was establ ished b y a brass r i n g of 
d iameter larger t h a n the open ing i n the ce l l . A neoprene O - r i n g a n d 
si l icone grease ensured a seal f rom the electrolyte. T h e c e l l admi t t ed a 
n i trogen bubb ler p l a c e d to sparge the electrode surface; a saturated 
ca lomel reference electrode was used i n the potentiostatic c i r cu i t a n d a 
br ight , large area, p l a t i n u m electrode f o rmed the counter electrode. 
C u r r e n t - v o l t a g e curves were recorded w i t h the a i d of a P A R M o d e l 364 
po larograph operated at a scan rate of 2 m V / s e c . 

S m a l l back g round waves were observed w h e n dye coated electrodes 
were ana lyzed i n K C 1 solution. These appeared to be t ime dependent 
a n d l e d to adopt ion of a procedure i n w h i c h the first scan of any 
e lectrode-electrolyte combinat i on was ignored . 

Photochemical Aspects. T h e l i ght source i r r a d i a t i n g the m e t a l 
phthalocyanine films through the glass a n d S n 0 2 p late was a 1000-W 
H g - X e arc l amp . F i l t e r s were p laced i n the l i ght p a t h as fo l lows. A 
10-cm p a t h , water - f i l l ed quar tz absorpt ion c e l l r educed I R a n d h e a t i n g 
effects; a n d a U V cutoff filter that was tested to establ ish that i t e l i m i n a t e d 
the photoeffects that arise f r om S n 0 2 b a n d gap absorpt ion . T h e intensity 
of the l i g h t reach ing the film was est imated u s i n g b r o a d b a n d Reineckate 
chemica l act inometry (13) as 1.6 X 10" 6 e instein sec" 1. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
0-

01
84

.c
h0

08



144 I N T E R F A C I A L P H O T O P R O C E S S E S 

M.C.D. FLOWCHART OF DATA AQUISITION 

STEPPING SCAN 
MOTOR 

POLARIZER 
MODULATOR 

MAGNET 

SIGNAL 

Operation Programme 

i ) Calculates and Sets position of 
Scan Motor and Modulator 
Control Volts 

i i ) Reads Data at Fixed Scan 
Position 

i i i ) Calculates Data Mean and S.D. 

iv) Stores Data point and uses S.D. 
to calculate scan rate for ( i ) . 

Data Processing 

i ) Assembles spectrum on l i n e a r 
energy axis with cal ibrat ion 
points ready for plott ing 

i i ) Allows t r i a l f i t t i n g of spectrum 
with proposed assignment v ia 
MCDFIT 

i i i ) Calculation of L.F. parameters 
from band positions 

iv) Calculation of x, etc. by Moments 
integration 

Figure 2. Block diagram of the MCD spectrometer 

M C D Spec t ra . M C D spectra were recorded o n a n i m p r o v e d des ign 
of the cryomagnet instrument descr ibed i n Ref . 12. Its general features 
are i n d i c a t e d i n F i g u r e 2. T h e spectra w e r e obta ined at a field o f 4.7T. 
A b s o r p t i o n spectra were recorded on a C a r y 14 spectrophotometer. M C D 
spectra w e r e recorded for films o n quar tz plates. T h e technique of p r e p 
arat ion was s imi lar to that adopted for electrode preparat ion . 

Survey of Photoelectrochemistry 

C u r r e n t - v o l t a g e curves have been recorded for n - S n 0 2 electrodes 
coated w i t h a - M g P c , a - F e P c , a - N i P c , a -ZnPc , a n d £-ZnPc. I n a l l cases, 
the suppor t ing electrolyte was L O O M K C 1 a n d react ive species i n the 
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8. L A N G F O R D E T A L . Metal Phthalocyanine Films 145 

so lut ion i n c l u d e d the q u i n o n e / h y d r o q u i n o n e couple , the f e r r i c y a n i d e / 
f err i cyanide couple , f m ( e t h y l e n e d i a m i n e ) cobalt ( I I I ) , a n d N,N' d i h e p t y l -
5,5' d i p y r i d i n e (hep ty lv i o l ogen ) . T h e general features are s imi lar o n a l l 
n - S n 0 2 electrodes; F i g u r e s 3, 4, a n d 5 p r o v i d e a summary . A curve o n 
a - M g P c , w h i c h is representative for " t h i n " films of approx imate ly 500 A , 
is s h o w n i n F i g u r e 3. F i g u r e 4 shows results on N i P c that p rov ide a 
compar ison of films of 500 A a n d 1000 A a n d F i g u r e 5 displays results 
for the ^ - c rys ta l modi f i cat ion of Z n P c . Several general observations m a y 
be made . 

1. Photocurrents of the sort expected for p-type semiconduct 
i n g films are seen i n a l l cases. I t should be noted especial ly 
that this inc ludes the l ower conduct iv i ty /J -ZnPc film. 

4 5 0 -

4 0 0 -

Figure 3. Current-voltage curves for 5.00 X 10~4 quinone/hydroqui
none solutions in LOOM KCl at Mg and "green" (a) ZnPc electrodes. 
Curves are labelled as follows: (A) photo Zn; (B) dark Zn; (C) photo Mg; 
(D) dark Mg. The film thickness is near 500 A in both cases; V is in mV, 

I is in fiA. 
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146 I N T E R F A C I A L P H O T O P R O C E S S E S 

2. T h e photocurrents are s m a l l a n d the morpho logy of the 
current -vo l tage curve impl ies k ine t i ca l l y s low electron trans
fer i n a l l cases—both photo a n d dark. T h i s is the l i m i t i n g 
feature of the per formance of these electrodes. 

3. T h e photoenhancement of currents i n the l i m i t i n g reg ion 
suggest that the carr ier generation process p lays a par t i n 
establ ishing the l i m i t i n g current . T h i s is conf irmed b y l i g h t 
intensity dependence that is l inear w i t h a slope a l i t t le less 
t h a n one i n the l i m i t i n g region. 

4. T h e r e is very l i t t le dependence o n the meta l i n the phtha lo 
cyanine over the range M g , F e ( I I ) , N i , a n d Z n . T h e on ly 
u n i q u e m e t a l feature observed o c curred w i t h F e ( I I ) . I n 

- 2 0 0 

4 0 -

i i i i 
-200 -400 -600 -800 

Figure 4. Current (in fxA) vs. voltage (in mV) for the quinone/hydro-
quinone electrolyte described in Figure 3 at NiPc electrodes. Curve (A) 
photo and (B) dark were recorded on an electrode with a 500-A film. 

Curve (C) photo and (D) dark on a 1000-A film. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
0-

01
84

.c
h0

08



8. L A N G F O R D E T A L . Metal Phthalocyanine Films 147 

a n i r regu lar ( a n d undiagnosed) event, i l l u m i n a t e d elec
trodes exhib i ted a catastrophic current increase a c compan ied 
b y loss of the i l l u m i n a t e d zone of the film. W e suspect 
conversion to F e ( I I I ) a c companied b y a x i a l l i ga t i on m a y 
be i n v o l v e d . 

T h e major variables l e a d i n g to signif icant changes of behav ior w e r e 
film thickness a n d phtha locyna ine c rys ta l modi f i cat ion . Increas ing film 
thickness decreases t h e r m a l currents as h igher resistance m i g h t i m p l y . 
B u t the decrease of photocurrent is not p ropor t i ona l to the decrease i n 
dark current . A l s o , larger open c i r cu i t photoga lvanic potentials w e r e 
recorded for the 1000-A films. A change f r o m the a - to ̂ - c r y s t a l modi f i ca -

- 2 0 0 " 

-180 -

-160 -

20 

40 -

600 400 200 -200 - 4 0 0 
l I I 

-600 -800 -1000 

Figure 5. Current (in fiA) vs. voltage (in mV) for electrolytes at a "blue" 
(P) ZnPc electrode. Curves (A) photo and (B) dark are for the quinone/ 
hydroquinone electrolyte described above. Curves (C) photo and (D) dark 
are for a similar concentration of KsFe(CN)6KiFe(CN)6 in KCl. Although 
the present scale suppresses detail in (C) and (D), limiting regions at 

cathodia potential were observed. 
American Chemical 

Society Library 
1155 16th St. N. W. 

Washington, D. C. 20036 
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148 I N T E R F A C I A L P H O T O P R O C E S S E S 

t i o n p r o d u c e d s imi lar b u t emphas ized effects. T h e photoga lvanic open 
c i r cu i t voltage v a r i e d f r om 40-80 m V on a films. I t reached 180 m V on 
the p films. T h i s leads to the most interest ing issue, w h a t is the advantage 
of ^ - c rys ta l modif icat ion? W e re turn to this quest ion i n the spectroscopic 
discussion be low. 

A final experiment is w o r t h record ing . T o attempt eva luat ing the 
role of n - S n 0 2 a film of Z n P c was deposited o n glass. I n this experiment, 
the e lectr ical contact, w h i c h was the brass ring used i n other experiments, 
was at the same front surface of the film that was i n contact w i t h the 
electrolyte. T h e defect on this exper imental arrangement is that the film 
was po lar i zed rad ia l ly . Nonetheless, the result is interest ing; the poor ly 
c o n d u c t i n g (11) ^ - c rys ta l modi f i cat ion acts as a photocatalyst for b o t h 
ox idat ion a n d reduct ion of the q u i n o n e / h y d r o q u i n o n e couple . T h e open 
c i r cu i t photogalvanic potent ia l is essentially zero. T h i s emphasizes the 
molecu lar photochemistry of w h i c h this film is capable . T r e a t i n g organo
meta l l i c films as semiconductors is on ly part of an appropr iate perspect ive 
(see Ref . 6 ) . T h i s po int is conf i rmed b y the l i m i t e d ( i f large w i d t h of) 
spectral b a n d to be discussed be low. A suggestion for future development 
is contro l led d o p i n g of the films to t ry to produce b o t h n - a n d p-semicon-
d u c t i n g properties . 

T h e reduct ion of the ' V i o l o g e n " re lat ive is also significant. R e d u c e d 
viologens c a n cata ly t i ca l ly ( c o l l o i d a l P t ) generate H 2 (14) f r o m water . 
O n e electrode for the photoelectrolysis of water is i m p l i e d . 

Spectroscopy and Structure 

C o m p a r i s o n of absorpt ion a n d M C D spectra of phthalocyanines i n 
so lut ion w i t h those i n the so l id state reveals m a n y substantial differences. 
Changes occur i n b a n d centers, w i d t h s , a n d re lat ive intensities that exceed 
those associated w i t h a state change of a n isolated chromophore . Several 
different regions of these spectra have been examined i n deta i l a n d the 
differences between gas phase or so lut ion spectra on one h a n d a n d so l id 
state spectra on the other have been at t r ibuted to po lymer i za t i on i n 
various forms i n the so l id state ( 15 ) . 

These effects are read i ly observed i n the Q b a n d , a series of adsorp
tions i n the r e d region. I n solut ion spectra a sharp strong transi t ion , often 
l abe l l ed a, at l o w energy is f o l l o w e d b y one or more less intense bands , 
l abe l l ed 0, to the h i g h energy side. These are usua l ly assigned as a 
v i b r o n i c series a n d M C D spectrum shows that the 0 -0 transit ion leads 
to a degenerate excited state w h i l e the 0 - 1 , 0 -2 , etc. bands y i e l d a 
nondegenerate system ( 1 6 ) . F r o m this i t is c lear that the 0 -0 b a n d is the 
" l o n g axis" transi t ion po lar i zed i n the p lane , w h i l e the 0-2 are "short 
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Figure 6. Absorption (upper) and MCD (lower) Q band region of a-NiPc 
on a glass support. The resolution of the envelope (after Ref. 12) is shown. 

axis" or perpend i cu lar transit ions. T h e 0-0 b a n d c a n thus be assigned as 
1Alg - » i n the D 4 h po int group. T h i s is usua l ly further interpreted , 
f rom extended H i i c k e l calculat ions, as a ( a m ) 1 (egy exc i tat ion w i t h l i t t l e 
c ont r ibut i on f r o m other configurations. (17). 

T h e so l id state spectra are qu i te different; F i g u r e 6 presents the 
a - N i P c Q b a n d as representative. F i l m s prepared at l o w temperature 
a n d pressure show a single b r o a d adsorpt ion i n the Q reg ion w i t h a low r 

energy shoulder. T h i s reversal of re lat ive intensities is a c companied b y 
energy shifts a n d a considerable broaden ing f r o m a f e w h u n d r e d to a 
f ew thousand w a v e numbers . Recent M C D results (12) show that t w o 
pairs of transitions occur under this envelope. O n e p a i r of transitions is 
represented b y A terms i m p l y i n g degenerate exc i ted states w h i l e the 
second p a i r , d i s p l a y i n g B terms, are nondegenerate. 
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150 I N T E R F A C I A L P H O T O P R O C E S S E S 

T h i s observation can be interpreted most easily as a strong interact ion 
between molecu lar pairs on ident i ca l symmetry sites i n the u n i t c e l l . T h e 
states of such pairs are r ead i l y der ived us ing a D a v y d o v m o d e l . T h e 
degenerate states of the monomers m a y be l inear ly c o m b i n e d to 
p r o v i d e two degenerate states i n the site group of the un i t c e l l . T h e 
nondegenerate states m a y be re combined s imi lar ly , p r o d u c i n g t w o states 
of the d imer . 

T h e sp l i t t ing between states i n either p a i r c a n be parameter i zed i n a 
po in t d ipo le m o d e l or treated more complete ly i n a molecu lar o rb i ta l 
ca lculat ion . W h i l e the latter is usual ly a better approx imat ion , the po int 
d ipo le h ighl ights the role p l a y e d b y re lat ive or ientat ion of the d imer 
molecules a n d is useful i n p r e d i c t i n g s tructura l features of the so l id . 

I n the simplest m o d e l (18) us ing two molecules per u n i t c e l l on 
i d e n t i c a l sites, the magni tude of the sp l i t t ing between pairs of states 
becomes; 

V — ^ [sin 0 s i n <f> cos (0 — <j>) — 2cos 6 cos <j>] 
aab 

i n w h i c h pa a n d pb are the transit ion d ipo le moments for molecules a a n d 
b9 is the distance between d ipo le centers, a n d 6 a n d <f> are the angles 
f o r m e d b y the dipoles on a a n d b, respectively, w i t h the d isp lacement 
vector. W h e n 0 = <j> = 0 ° , the dipoles are col inear a n d w h e n 0 = <f> 
7r/2, they are coparal le l . A t the co l inear l i m i t V ~ ~ = papb/<t>9 a n d the 
transit ion dipoles become; p + = 0 a n d p. =2Pa where p+ is the d ipo le of 
the transi t ion to the symmetr i c combinat i on w h i l e p. refers to the a n t i 
symmetr i c state. 

I n contrast at the copara l l e l l i m i t e d V = b = papb/d3 a n d the transi t ion 
dipoles become; p + = 2 P a a n d p. = 0. 

T h u s a near ly copara l le l or " s a n d w i c h " d i m e r w o u l d d i sp lay two 
bands, one strong to h i g h energy of a monomer transi t ion b y V= f t a n d 
one weak to l o w energy. I n contrast, a near ly co l inear d i m e r w o u l d 
y i e l d two bands one w e a k to h i g h energy b y V " ^ a n d one strong to l o w 
energy. Since V = 6 = V i V ~ ~ for ident i ca l molecules (a = & ) , the d i m e r 
geometries not on ly y i e l d a reversal of intensities but the interact ion 
energy doubles on chang ing f rom the copara l le l to co l inear l imi t s . B e 
tween these l imi ts the angle between dipoles can be est imated f r o m the 
complete expression for V a & . Est imates of angles f r om relat ive intensity 
measurements are compl i cated b y v ibron i c enhancement of f o rb idden 
d ipo le terms. 

A p p l i c a t i o n of this m o d e l to the l o w temperature crystal f o rm of 
phthalocyanines , usual ly l abe l l ed a, indicates that i t is a copara l le l d i m e r 
conformation i n the un i t c e l l ( 1 2 ) . T h e two in -p lane dipoles d i sp lay a 
strong h i g h energy a n d weak l o w energy spectrum; the t w o perpend i cu lar 
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8. L A N G F O R D E T A L . Metal Phthalocyanine Films 151 

Figure 7. The absorption (upper) and MCD (lower) spectra of fi-ZnPc 
in the Q band region. 

bands have reversed intensities a n d a separat ion 1.5 t imes as large as the 
in -p lane transitions. 

A second crysta l modi f i cat ion g r o w n at h igher temperatures a n d 
pressures, usua l ly labe l l ed /?, displays a very different spectrum. H e r e 
the in -p lane transit ion intensities are the reverse of those observed i n the 
a f o r m a n d the separation is larger (15). T h i s impl ies a more co l inear 
arrangement of the d imer , w h i c h is perhaps der ived f r o m the a f o r m b y 
m a i n t a i n i n g a constant va lue of dab but r e d u c i n g the angles 0 a n d <t>. T h i s 
cannot, inc identa l ly , be conf i rmed b y crysta l lography since the a phase 
is a lways microcrysta l l ine . 

I n any case the increased interact ion energy indicates that the 0 
modi f i cat ion is a more compact latt ice than the a a n d the stacking angle 
$ = <f> = 46° has been estimated for the p f o rm (15). T h i s complements 
the observations of T a c h i k a w a a n d F a u l k n e r (11) o n the h i g h resistance 
of the /3 f o rm. 
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I n a l l present experiments films have been aged b y exposure to the 
atmosphere. T h i s ag ing increases the conduct iv i ty of s u b l i m e d films. 
T h e mechanism for this increase is not w e l l understood. A s imple m o d e l 
w o u l d be based on ox idat ion of some phtha locyanine molecules i n the 
film creat ing conduct ing holes i n the latt ice . E v i d e n c e of this is not 
observed i n the M C D spectra. A substantial concentrat ion of such 
ox id i zed species w o u l d l ead to temperature-sensit ive mo lar e l l ipt ic i t ies 
c a l l e d C terms associated w i t h the sp in degenerate g r o u n d states. Spectra 
of aged a-modif icat ion films at 6 a n d 300 K showed no apprec iab le 
differences. 

H o w e v e r , it is c lear f rom present results that the conduct iv i ty of aged 
films depends on the latt ice modi f icat ion. T h e conduct iv i ty of the f$ films 
examined is substantial ly reduced i n compar ison w i t h the a films ( I I ) . 
It seems clear that whatever the atmospheric react ion m a y be, that 
conduct iv i ty depends u p o n penetrat ion of 0 2 a n d H 2 0 molecules into the 
latt ice a n d that the more compact /? f o rm is more resistant to such attack. 

Spectroscopy and Photochemical Properties 

I n the absence of the dopants, the M C D spectra of the pure films 
c a n give some ind i ca t i on of the type of photoelectr ic behavior to be 
expected. T h e valence b a n d corresponds to the molecular *Aig state, 
w h i l e promot ion to the first conductor b a n d corresponds to excitation to 
the *£„ state i n the isolated molecule . T h e effects of the latt ice i n this 
state have just been discussed but it is c lear f rom the d i s t r ibut ion of 
charge i n the 0 - » 0 excited state of the isolated species that the electrons 
w o u l d r e m a i n l oca l i zed i n the so l id . T h e transit ion d ipo le resides i n the 
p lane of the r i n g a n d provides l i t t le movement of e lectron density a w a y 
f r o m the p lane towards the ne ighbor ing molecule . T h i s i n t u r n means 
that the latt ice is a good insulator i n b o t h the valence a n d conduct ion 
bands. I n contrast to this analysis of the 0 -0 b a n d the v ib ron i c overtones 
observed i n the M C D are nondegenerate. T h i s must i m p l y an act ive 
v i b r a t i o n , or other per turbat ion , of a n e g symmetry . A l l nondegenerate 
transi t ion moments bear some out of p lane components a n d the on ly w a y 
such components can arise is f rom the c o u p l i n g , ind irec t product notat ion , 
J E U X e g c A i u + A 2 u + B i u + B 2 u . T h i s out-of -plane transit ion moment 
is capable of m o v i n g charge towards ne ighbor ing molecules a n d hence 
r e d u c i n g film resistance. 

Recent theoret ical analysis of t rans i t ion moments i n v i b r o n i c t rans i 
tions of s imple c h r o m i u m complexes show that the overa l l v i b r o n i c 
selection ru le should be at least octupolar i n character ( 1 9 ) . T h i s impl ies 
that w h i l e the 0 -0 b a n d , w h i c h is p u r e l y electronic , is a l l o w e d to be 
d ipo lar , the succeeding v i b r o n i c progression must d i sp lay the octupole 
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8. L A N G F O R D E T A L . Metal Phthalocyanine Films 153 

trans i t ion ru le . U n d e r this assumption the generative l a b e l (19) to be 
used to characterize the complete v ib ra t i ona l basis vector should be at 
least 2, a conclus ion complete ly consistant w i t h the use of an e g v i b ra t i on . 
T h i s does mean , however , that the proper assignment of the v i b r a t i o n a l 
progression is p r o b a b l y J A l g ^ ( O - O ) , 1 E u ( 0 - 2 ) , 1 E u ( 0 - 4 ) , . . . i n first 
order , assuming the 0 - » o d d transit ion moments are neg l ig ib le since they 
w o u l d require g - » g transitions. T h i s conc lus ion provides a n answer to 
a l o n g s tanding dif f iculty i n the v i b r o n i c assignment of phthalocyanines . 
T h e observable separation i n the progression is 1100 c m ' 1 or more , w h i c h 
is very h i g h for a r i n g v i b r a t i o n assignment. C l e a r l y this v i b r a t i o n m a y 
n o w be assigned the more reasonable va lue of approx imate ly 550 c m " 1 . 

I f the phthalocyanine film is to be modi f ied to improve the con 
d u c t i v i t y of the conductance b a n d , two factors emerge f rom the foregoing 
analysis. F i r s t , the nature of the state c o u l d be changed b y p r e p a r a 
t i on of heavy meta l derivatives . T h i s w o u l d prov ide stronger d e r e a l i z a 
t i on of charge i n the e g * orb i ta l of the r i n g through over lap w i t h filled 
dir* orbitals of the meta l . Secondly , the a m p l i t u d e of the e g v i b r a t i o n 
c o u l d be increased b y heavy nonmeta l substituent groups on the pyrote 
r ings . E a c h of these substitutions w o u l d increase the magni tude of the 
i n d i v i d u a l transit ion moments , w h i c h w o u l d i n t u r n be reflected i n the 
magni tude of the out-of -plane moment formed as the vector cross product . 
S u c h effects w o u l d be c lear ly v is ib le i n M C D spectrum of the exciton 
structure. I n part i cu lar , the h i g h energy nondegenerate transi t ion w o u l d 
increase i n rotat ional strength because of increased magnet ic a n d electric 
dipoles i n the ant isymmetr ic state. 
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9 
Charge Transfer at Illuminated 

Semiconductor-Electrolyte Interfaces 

A. J. NOZIK1, D. S. BOUDREAUX, and R. R. CHANCE 

Corporate Research Center, Allied Chemical Corporation, 
Morristown, NJ 07960 

FERD WILLIAMS 

Department of Physics, University of Delaware, Newark, DE 19711 

A new heterojunction model for the semiconductor-electro
lyte interface is presented that considers the electrolyte as a 
doped semiconductor and that predicts that hot photogen
erated minority carriers can be infected into the electrolyte. 
Preliminary calculations are presented in support of the hot 
carrier injection hypothesis. Recent experimental results on 
the photoenhanced reduction of N2 on p-GaP cathodes are 
discussed and they appear to provide experimental evidence 
for hot electron injection. The importance of hot carrier 
injection for photoelectrochemical cells is also discussed. 

In recent years a great dea l of interest has deve loped i n the field of 
photoelectrochemistry based on photoact ive semiconduct ing elec

trodes, especial ly i n the app l i ca t i on of these systems to solar energy 
conversion a n d c h e m i c a l synthesis (1-9). I n F i g u r e 1, a classif ication 
scheme is presented for the various types of photoe lectrochemica l cells . 
T h e first d iv i s i on is i n t o : ( a ) cells w h e r e i n the free energy change i n the 
electrolyte is zero (e lec trochemica l photovo l ta ic c e l l s ) , a n d ( b ) cells 
w h e r e i n the free energy i n the electrolyte is nonzero (photoe lectrosyn-
thetic c e l l s ) . I n the former ce l l , on ly one effective redox couple is present 
i n the e lectro lyte—the ox idat ion a n d reduc t i on reactions at the anode 
a n d cathode are inverse to each other. T h e net photoeffect is thus the 

1 Present address: Solar Energy Research Institute, Golden, CO 80401. 

0-8412-0474-8/80/33-184-155$05.00/0 
© 1980 American Chemical Society 
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/ 
ELECTROCHEMICAL PHOTOVOLTAIC CELLS 

' (LIQUID JUNCTION SOLAR CELLS) 

AG=0 

/ 
PHOTOELECTROCHEMICAL 

CELLS \ \ 
AG#0 

PHOTOELECTROLYSIS CELLS 
/ (ENERGY STORING) 

r(t*.H I0-H 8+tC^) 1 
[CC^+HgO-CHgO+OgJ PHOTOELECTROSYNTHETIC 

CELLS 

PHOTOCATALYTIC CELLS 
(e.g.,N2+3H2—2NH3) 

Figure 1. Classification scheme for photoelectrochemical cells 

c i r cu la t i on of charge external to the c e l l , p r o d u c i n g a n external photo -
voltage a n d photocurrent ( a l i q u i d junc t i on solar c e l l ) ; no c h e m i c a l 
change occurs i n the electrolyte. 

I n the photoelectrosynthetic ce l l , two effective redox couples are 
present i n the electrolyte a n d a net c h e m i c a l change occurs u p o n i l l u m i n a 
t i on . I f the free energy change of the net electrolyte react ion is posit ive , 
op t i ca l energy is converted into c h e m i c a l energy a n d the process is 
labe led photoelectrolysis . O n the other h a n d , i f the net electrolyte 
react ion has a negative free energy change, opt i ca l energy provides the 
act ivat ion energy for the react ion, a n d the process is labe led photo -
catalysis. E n e r g y l eve l d iagrams for these three types of cells are shown 
i n F i g u r e s 2 a n d 3. 

T h e most impor tant aspects o f a l l photoe lectrochemica l cells are 
the nature of the semiconductor -e lectro lyte junc t i on a n d the photo 
i n d u c e d charge transfer process across the junct ion . A n e w m o d e l for 

ANODE 

C + h + C + C++ e~—•C 

e 
- CATHODE 

A G = 0 

Figure 2. Energy level diagram for electrochemical photovoltaic cells. 
C + / C is a redox couple in the electrolyte that produces the indicated 
anodic and cathodic reactions such that no net chemical change occurs. 
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158 I N T E R F A C I A L P H O T O P R O C E S S E S 

this charge transfer process has been suggested ( 1 0 ) ; one feature of this 
m o d e l is the poss ib i l i ty of "hot carr ier in ject ion . " T h e n e w m o d e l a n d 
the l i k e l i h o o d of hot carr ier in ject ion are discussed further here a n d 
qual i tat ive exper imental evidence is presented i n support of hot carr ier 
in ject ion d u r i n g photoe lectrochemical charge transfer. T h i s evidence is 
based o n exper imental studies of photoenhanced N 2 r educ t i on o n p - G a P 
cathodes. 

Heterojunction Model of Semiconductor—Electrolyte Junctions 

I n a l l previous models for the semiconductor -e lectro lyte junct ion , 
the electrolyte is considered to behave l i k e a meta l a n d the electrolyte 
redox potent ia l is equated to the F e r m i l eve l of the electrolyte, w h i c h is 
analogous to the m e t a l w o r k func t i on ( 1 - 9 ) . I n a different m o d e l p r o 
posed recently ( 1 0 ) , aqueous electrolyte is considered a semiconductor 
(11) a n d the semiconductor -e lectro lyte junct ion is treated l ike a hetero-
junct ion between t w o different semiconductors . A n energy l eve l d i a g r a m 
for this m o d e l is shown i n F i g u r e 4. T h e b a n d gap of H 2 0 is taken as 
about 9 e V a n d its electron affinity is 0.5 e V (11). Redox couples i n the 
aqueous electrolyte are treated as extrinsic electronic states. 

FERMI LEVEL 

n-TYPE SEMICONDUCTOR 
(e.g.Tio2(Eg=3.oev)) 

H7H2 - FERMI LEVEL 
H 

AQUEOUS ELECTROLYTE 
(EgS9eV) 

Figure 4. Energy diagram of heterojunction model for semiconductor-
electrolyte interface 
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9. N O Z I K E T A L . Charge Transfer at Interfaces 159 

y 

u Figure 5. Potential well in deple
tion layer at semiconductor-electro
lyte interface for n-type semicon
ductors. t r e c is recombination time 
for electrons and holes. For hot hole 
injection out of the well, rT < t t h , d — . Valence Band 

Edge of Ht0 trec* 

I n the heterojunct ion mode l , photogenerated m i n o r i t y carriers created 
i n the dep le t ion layer ( l / « < w, where a is the absorpt ion coefficient 
a n d w is the deplet ion layer w i d t h ) find themselves i n an asymmetr ic 
po tent ia l w e l l (see F i g u r e 5). O n e side of the w e l l has a parabo l i c 
shape w i t h a height equa l to the b a n d b e n d i n g ( V B ) ; the other side is 
a ver t i ca l w a l l w i t h a height ( t7) e q u a l to either the difference between 
the va lence -band edge of water a n d the va lence -band edge of the semi 
conductor ( for n-type semiconductors) or the difference between the 
conduct i on -band edge of water a n d the conduct ion -band edge of the 
semiconductor ( for p- type semiconductors ) . T h e thickness of the ver t i ca l 
barr ier (d) depends u p o n the distance f r o m the semiconductor surface 
of the re levant electrolyte species p a r t i c i p a t i n g i n the charge transfer 
react ion. F o r adsorbed species, this distance is 2 - 3 A . 

I n this mode l , charge transfer of photogenerated m i n o r i t y carriers 
c a n be considered to proceed v i a q u a n t u m m e c h a n i c a l t u n n e l i n g f r o m the 
potent ia l w e l l of the deplet ion layer into the electrolyte. T o make the 
m o d e l amenable to a q u a n t u m mechan i ca l treatment, the parabo l i c w a l l 
is approx imated b y a l inear potent ia l , w h i c h makes the w e l l t r iangular i n 
shape; the effects of the per iod i c potent ia l i n the w e l l are h a n d l e d v i a 
the effective mass approx imat ion . These approximations p e r m i t separa
t i on of variables a n d the transformation to a one-d imensional m o d e l i n 
w h i c h the Schrodinger equat ion is exactly solvable. 

Inside the electrode surface the Schrodinger equat ion (after a change 
of var iab les ) takes the f o r m of the A i r y equat ion (12): d2i///dZ2 — Zi/r 
== 0, where Z, the transformed var iab le , is a func t i on of the w e l l d i m e n -
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160 I N T E R F A C I A L P H O T O P R O C E S S E S 

sions. I n the barr ier , the potent ia l is assumed to be constant at the 
v a c u u m leve l a n d the w a v e funct ion has the f o rm of a decay ing exponen
t i a l funct ion . I n the electrolyte, l o ca l i zed b o u n d states are assumed. 

Since there are no analyt i c representations of the A i r y funct ions, the 
connect ion of the solutions at the boundaries of the t r iangular w e l l must 
be done numer i ca l ly . T h e result is a set of q u a n t i z e d stationary states i n 
the t r iangular w e l l . T h e spac ing of the quant i zed levels is de termined 
b y the w i d t h of the dep le t ion layer , the amount of b a n d b e n d i n g i n the 
dep le t ion layer , a n d the effective mass of the m i n o r i t y carriers. 

T u n n e l i n g probabi l i t ies are ca l cu la ted f rom the q u a n t i z e d levels i n 
the deplet ion layer to isoenergetic electrolyte states. T h e usua l t u n n e l i n g 
p r o b i l i t y depends u p o n the barr ier he ight a n d thickness, a n d the effective 
mass of the tunne l ing part i c le . A better ca l cu lat ion considers the electro
lyte site into w h i c h tunne l ing occurs to be represented b y a narrow square 
w e l l ( 2 A i n w i d t h ) w i t h the depth adjusted to put the lowest state at 
the same energy leve l as that i n the dep le t ion layer . T h i s ca l cu lat ion 
then takes into account resonance t u n n e l i n g effects between the dep le t ion 
layer states a n d b o u n d states i n the narrow w e l l of the electrolyte. Deta i l s 
of these calculat ions w i l l be p u b l i s h e d elsewhere ( 1 3 ) . 

I n the f o l l o w i n g section, the characterist ic times to tunne l f rom the 
q u a n t i z e d states i n the deplet ion layer into the electrolyte states are 
ca l cu lated a n d compared w i t h thermal i za t i on times to establish the 
l i k e l i h o o d of a hot carr ier inject ion process across the s e m i c o n d u c t o r -
electrolyte interface. 

Hot Carrier Injection Across Semiconductor—Electrolyte Interfaces 

H o t carrier in ject ion is def ined as a process w h e r e i n photogenerated 
m i n o r i t y carriers are injected into the electrolyte before they undergo 
complete in t raband relaxat ion ( thermal i zat i on ) i n the semiconductor 
deplet ion layer . T h e tota l t ime for thermal i za t i on ( T T H ) is the t ime 
r e q u i r e d for m i n o r i t y carriers to dissipate a l l of the b a n d - b e n d i n g poten
t i a l energy t h r o u g h c a r r i e r - p h o n o n coll isions. I f the thermal izat ion t ime 
is greater than the effective residence t ime of the m i n o r i t y carriers ( T ) 
i n the deplet ion layer , then hot carrier in ject ion can occur. 

T h e T is determined b y the t ime r e q u i r e d to transfer the photo 
generated carr ier out of the dep le t ion layer a n d the re laxat ion t ime ( T R ) 
of the extrinsic electrolyte state i n go ing f r om an i n i t i a l state of o c cu 
pancy to a final state of occupancy such that reverse charge transfer f r om 
the electrolyte back into the semiconductor is prevented . 

I n the q u a n t u m mechan i ca l treatment, the t ime to transfer the 
photogenerated carriers out of the deplet ion region a n d into the electro
lyte is the tunne l ing t ime ( T T ) . A l t e rnat ive ly , this charge transfer t ime 
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9. N O Z I K E T A L . Charge Transfer at Interfaces 161 

Fermi 
Level 

Figure 6. Competing processes for the fate of the photogenerated hole 
in n-type semiconductor electrodes. 

c a n be ca l cu lated c lassical ly as the s u m of the t i m e r e q u i r e d for the 
carr ier to diffuse across the dep le t ion layer ( T D ) p lus the t ime r e q u i r e d 
for the carr ier to dr i f t across the semiconductor -e lectro lyte interface 
( T S E ) . Since the charge transfer process f r o m the deplet ion layer a n d 
the re laxat ion process i n the electrolyte are i n series, they b o t h must be 
faster t h a n the thermal i za t i on process i n the deple t ion layer f or hot 
carr ier in ject ion to be possible ; i .e., for hot carr ier in ject ion, T T H > T T , 
T r or T T H > T d , TgE, T r . A schematic representation of these c o m p e t i n g 
processes is dep i c ted i n F i g u r e 6 for n-type semiconductors . 

» - T i 0 2 . H O L E T U N N E L I N G T I M E S . Q u a n t u m m e c h a n i c a l t u n n e l i n g 
times were ca lcu lated f r o m the quasic lass ical f requency factor o f the 
q u a n t i z e d states i n the dep le t ion layer a n d the ir t u n n e l i n g probabi l i t i es 
(13). T h e calculat ions depend u p o n the m i n o r i t y carr ier effective mass 
a n d the barr ier thickness. D e t a i l e d calculat ions have been made for the 
case of n - T i 0 2 i n w h i c h d is taken as 10 A , a n d values of 0.01 a n d 0.1 
are used for the hole effective mass ( r a h * ) . 

A d of 10 A represents an u p p e r l i m i t that y ie lds very conservative 
estimates of the t u n n e l i n g t ime ; more probab le values of d are f r o m 2 -4 
A . T h e correct va lue of m h * for T i 0 2 is not k n o w n , but i t is expected to 
be l o w because the valence b a n d of T i 0 2 is a very w i d e 2p oxygen b a n d ; 
a va lue of mh* = 10" 2 for T i 0 2 has been p u b l i s h e d (14). Present c a l c u -
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162 I N T E R F A C I A L P H O T O P R O C E S S E S 

lations use values of 0.1 a n d 0.01 for rah* to test the sensit ivity of the 
results to m h * . T h e dimensions of the potent ia l w e l l for the case of n - T i 0 2 

i n aqueous electrolyte are U = 3 e V (10), V B — 1 e V , w = 200 A (10). 
T h e results of calculat ions for n - T i 0 2 that were made b y s i m p l y 

m u l t i p y l i n g the f requency factor of the quant i zed state i n the deplet ion 
layer b y the transmission coefficient for the potent ia l barr ier show that 
for the case where m h * — 0.1, quant i zed states near the bot tom of the 
w e l l have a t u n n e l i n g t ime of about 5 X 10" 1 3 sec; the spac ing between 
levels is about 0.04 e V . Q u a n t i z e d states near the top of the w e l l show 
t u n n e l i n g times of about 1 X 10" 1 2 sec, a n d are spaced about 0.01 e V 
apart . W h e n the va lue of m h * is reduced to 0.01, on ly one state appears 
i n the w e l l w i t h an energy l eve l 0.56 e V f r o m the w e l l bot tom; for this 
state r T — 1 X 10" 1 4 sec. 

Ca l cu la t i ons based o n resonance tunne l ing between the semicon
duc tor a n d electrolyte po tent ia l wel l s show that for m h * — 0.1 T t = 2 
X 10' 1 3 sec at the bot tom of the semiconductor w e l l ; for a state of 0.5 e V 
f r o m the bo t tom of the semiconductor w e l l T T — 3 X 10" 1 3 sec. R e d u c t i o n 
of the hole effective mass to 0.05 reduces the t u n n e l i n g t ime for the state 
near the bo t t om of the semiconductor w e l l to 1 X 10" 1 3 sec. 

T h u s , i f i t is assumed that m h * lies between 0.1 a n d 0.05, then one 
w o u l d expect T T ' S to be of the order of 5 X 10"1 3 sec for cTs of 10 A , a n d 
energy leve l spacings to be of the order of 0.1 e V . 

Va lues of d less than 10 A decrease the T T ' S accord ing ly . F o r a d of 
3 A a n d w i t h m h * = 0.1, T T — 3 X 10' 1 4 sec for s imple tunne l ing , a n d 
T T = 3 X 10"1 3 sec for resonance t u n n e l i n g for states near the top of the 
semiconductor w e l l . I f m h * is reduced to 0.01, then the respective T T ' S 
for the 3 -A barr ier are r e d u c e d to 3 X 10" 1 5 sec a n d 4 X 10" 1 4 sec for the 
single state i n the semiconductor w e l l . T h u s , i f m h * lies between 0.1 a n d 
0.01, then one w o u l d expect T T ' S to be of the order of about 5 X 10" 1 4 

sec for a d of 3 A . 
H O L E D I F F U S I O N T I M E S . T h e t ime for photogenerated m i n o r i t y 

carriers to diffuse across the deplet ion layer under the influence of the 
in terna l electric field ( T d ) , a n d be transferred to the electrolyte across 
the semiconductor electrolyte interface ( T S E ) can be est imated u s i n g a 
classical m o d e l a n d compared w i t h the q u a n t u m m e c h a n i c a l t u n n e l i n g 
t ime . T h e dr i f t ve loc i ty ( V D ) i n the dep le t ion layer is V D — fiE, where 
E is the electric field ( E = V B / u ; ) i n the deplet ion layer , a n d p is m i n o r i t y 
carr ier m o b i l i t y . H e n c e , T D — w/VD — u ; 2 / / i , V B . T h e t ime r e q u i r e d to 
cross the semiconductor -e lectro lyte interface ( T s e ) is d/VT, where V T is 
the thermal ve loc i ty of the carrier . I f i t is assumed that the hole m o b i l i t y , 
/ i h , for T i 0 2 is at least 100 c m 2 / V sec (14), a n d that V B — 1 e V , d — 
10 A , a n d w — 200 A , then the results y i e l d T D — 4 X 10" 1 4 sec, a n d 
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9. N O Z I K E T A L . Charge Transfer at Interfaces 163 

T S E = 3 X 10" 1 5 sec. T h u s , the c lassical di f fusion t imes are of the same 
order of magni tude as the t u n n e l i n g times for barr ier thicknesses of the 
order of 3-5 A , a n d effective hole masses be tween 0.01 a n d 0.1. 

H O L E T H E R M A L I Z A T I O N T I M E S . I f i t is assumed that thermal i za t i on 
of m i n o r i t y carriers i n the dep le t ion layer occurs v i a consecutive s ingle 
p h o n o n - c a r r i e r col l is ions, then T T H w i l l be e q u a l to the n u m b e r of such 
col l is ions r e q u i r e d to dissipate the b a n d b e n d i n g po tent ia l energy m u l t i 
p l i e d b y the characterist ic t ime between c a r r i e r - p h o n o n col l is ions. T h e 
latter t ime is ca l l ed the scattering t ime ( T 8 c a t ) a n d b y def ini t ion , T 8 c a t = 
mh*fi/e. I f the energy loss per single p h o n o n - c a r r i e r co l l i s ion is taken 
to be 0.06 e V ( 1 5 ) , then T T H v i a single p h o n o n interactions is T T H — 
V B m h V / 0 . 0 6 e . F o r n - T i 0 2 w i t h V B — 1 e V , m h * — 0.1, a n d ^ h = 100 
c m 2 / V sec, this y ie lds T T H — 1 X 10" 1 3 sec. 

Cons idera t i on of the quant i za t i on of energy levels i n the dep le t ion 
layer leads to longer T T H S . T h i s occurs w h e n the spac ing between q u a n 
t i z e d levels is greater than the p h o n o n energy, such that m u l t i p l e 
phonon - car r i e r interactions are r e q u i r e d to dissipate energy. T h e p r o b 
a b i l i t y of m u l t i p l e phonon - car r i e r col l isions is m u c h smaller than that of 
single p h o n o n - c a r r i e r col l is ions, a n d the corresponding characterist ic 
t ime constants are longer. I n i t i a l estimates indicate that q u a n t i z e d l eve l 
spacings of about 0.1 e V produce T T H ' S of the order of 10" 1 1 sec. 

T h u s , for n - T i 0 2 i n aqueous electrolyte, the T T H ' S i n the semicon
ductor , i n v o l v i n g either single p h o n o n - c a r r i e r col l is ions ( T T H ~ 10" 1 3 sec) 
or m u l t i p l e p h o n o n - c a r r i e r col l is ions ( T T H ~ 10" 1 1 sec ) , are expected to 
be longer than either the expected t u n n e l i n g t ime ( T T ^ 10" 1 4 ) or the 
classical dif fusion t ime across the deplet ion layer ( T d ^ 4 X 10" 1 4 sec ) . 
T h i s means that hot photogenerated holes can be expected to reach the 
T i 0 2 surface. T h e i r in ject ion into the electrolyte as hot holes w i l l finally 
depend u p o n T r b e i n g faster t h a n T T H « 

R E L A X A T I O N T I M E S I N E L E C T R O L Y T E . F o r complete d ipo lar re laxat ion 
i n aqueous electrolyte, the characterist ic t ime constant is 10" 1 1 to 10" 1 2 

sec (16,17); this is the t ime r e q u i r e d for H 2 0 molecules to reorient t h e m 
selves into a n e w e q u i l i b r i u m solvation structure a r o u n d a donor or 
acceptor species after the species has p a r t i c i p a t e d i n a charge transfer 
process. H o w e v e r , complete re laxat ion is not r e q u i r e d to prevent reverse 
charge transfer f r o m the electrolyte to the semiconductor . T h e re laxat ion 
need on ly be sufficient to produce misa l ignment w i t h the q u a n t i z e d 
energy levels i n the dep le t ion layer , or at most to b r i n g the electrolyte 
energy l eve l outside the energy range of the dep le t ion layer . 

F o r the case of n - T i 0 2 w i t h large separation between the q u a n t i z e d 
levels i n the dep le t i on layer ( T T H ~ 10" 1 1 sec ) , the effective T r is expected 
to be faster (13) t h a n T T H , SO hot carr ier in ject ion is feasible. F o r the 
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164 I N T E R F A C I A L P H O T O P R O C E S S E S 

case where thermal i za t i on occurs v i a single p h o n o n - c a r r i e r col l is ions 
( T T H ~ 10" 1 3 sec ) , i t has not yet been establ ished i f T r is faster t h a n T T H ; 
calculat ions on this p r o b l e m are i n progress ( 1 3 ) . 

H o t hole in ject ion f rom m e t a l electrodes into l i q u i d electrolyte has 
been exper imental ly observed ( 1 8 ) . T h i s supports the i d e a that effective 
re laxat ion processes i n l i q u i d electrolyte can be fast c ompared to elec
tronic re laxation processes i n solids. 

£ -GaP. T h e occurrence of hot electron in ject ion f r o m p - G a P photo -
cathodes into v a c u u m is w e l l k n o w n i n so l id state physics (19,20,21). 
T h i s effect is p r o d u c e d i n semiconductors that have a surface layer w i t h 
a s m a l l w o r k funct ion (e.g., C s or C s 2 0 ) such that a large degree of b a n d 
b e n d i n g is i n d u c e d i n the semiconductor ; such systems are labe led "nega
t ive electron affinity photocathodes" (19,20,21). I n F i g u r e 7, a n energy 
l eve l d iagram is shown for a p - G a P photocathode w i t h a C s 2 0 surface 
layer . T h e large b a n d b e n d i n g p r o d u c e d b y the C s 2 0 layer places the 
energy of the conduct ion b a n d ( E c ) of b u l k p - G a P above the v a c u u m 
l e v e l ( this creates a cond i t i on of negative electron a f f in i ty ) . Photogen
erated electrons subsequently in jected into v a c u u m suffer on ly a f e w 
e lec t ron -phonon coll isions a n d are emitted w i t h a hot energy d i s t r ibut ion 
as shown i n F i g u r e 7. 

I n the next section, exper imental results are reported for a p - G a P 
electrode that p r o v i d e qua l i ta t ive support for a photoe lectrochemical 
hot electron in ject ion process. I n this experiment, the carr ier density of 
the p - G a P is 5 X 1 0 1 7 c m - 3 a n d V B = 2.5 e V . Therefore , the f o l l o w i n g 
calculat ions on dif fusion a n d thermal i zat ion times are based on these 
parameters. T u n n e l i n g times have not yet been ca l cu lated for the p - G a P 
case. 

E L E C T R O N D I F F U S I O N T I M E S . F o r p - G a P , rae* = 0.5 a n d /* — 100 
c m 2 / V sec ( 2 2 ) ; w i t h N — 5 X 1 0 1 7 c m " 3 a n d V B = 2.5 e V , w — 700 A . 
H e n c e , T D — w2/fxVB = 2 X I O - 1 8 sec. A l s o , T S E — d/VT = 7 X 10" 1 5 sec 
f o r d = 10 A . 

E L E C T R O N T H E R M A L I Z A T I O N T I M E S . F o r consecutive single p h o n o n -
electron col l is ions, the energy loss per co l l i s ion is 0.05 e V (20). H e n c e , 
T T H — ( V B / 0 . 0 5 ) T S e a t — V B / * m e * / 0 . 0 5 e — 2 X I O " 1 2 sec; w — 3 X 
I O " 1 4 sec. 

T h u s , for the p - G a P case, T T H is longer t h a n the T d , a n d hot electrons 
arr ive at the semiconductor -e lectro lyte interface. F o r this case, the 
ac tua l n u m b e r of single phonon-e l e c t ron col l is ions resu l t ing f r o m dif fusion 
across the dep le t ion layer is e q u a l to T D / T 8 C a t = 7 co l l is ions ; hence on ly 
about 0.35 e V of the 2.5 e V avai lable f r om the b a n d - b e n d i n g potent ia l 
is d iss ipated . 
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9. N O Z I K E T A L . Charge Transfer at Interfaces 165 

CSgO 
LAYER 

Figure 7. Hot electron injection from a negative electron affinity photo-
cathode (Cs20 on p-GaP) (19) 

T h e T T H for single phonon-e le c t ron coll isions (2 X 10" 1 2 sec) is 
s lower than that for the n - T i 0 2 case, a n d quant i za t i on effects c o u l d s low 
i t d o w n even further as prev ious ly discussed. Therefore , T r i n the elec
tro lyte can be faster than the T T H i n the semiconductor for the reasons 
discussed earlier. T h i s means that hot electron in ject ion f r o m p - G a P 
electrodes into l i q u i d electrolyte should be possible. 

Photoenhanced Reduction of N2 on p - G a P Cathodes 

Recent experiments (23) o n the photoenhanced reduct i on of N 2 i n 
a photoe lectrochemical c e l l appear to p r o v i d e qua l i ta t ive evidence for a 
hot electron in ject ion process. T h e system s tud ied is a photoelectro
c h e m i c a l c e l l w h i c h contains a p - G a P cathode a n d a n A l - m e t a l anode 
i m m e r s e d i n a nonaqueous electrolyte of t i t a n i u m tetraisopropoxide a n d 
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166 I N T E R F A C I A L P H O T O P R O C E S S E S 

AICI3 d isso lved i n g lyme (1 ,2 -d imethoxyethane) . W h e n N 2 is passed 
t h r o u g h the electrolyte a n d the p - G a P electrode is i l l u m i n a t e d w i t h 
b a n d gap l ight , the N 2 is reduced a n d is recovered as N H 3 ; A l is 
consumed i n the process a n d acts as the r e d u c i n g agent. A l t h o u g h the 
reduc t i on of N 2 to N H 3 w i t h A l is t h e r m o d y n a m i c a l l y favored ( A G < 0 ) , 
the c e l l react ion does not proceed i n the dark. T h e act ivat ion energy for 
the process is p r o v i d e d b y l i ght absorbed i n the p - G a P electrode; hence, 
this system is an example of photocatalysis i n a photoe lectrochemical c e l l . 
T h e c e l l has been successfully operated i n b o t h flow a n d static modes; i n 
the former, N 2 is cont inuous ly b u b b l e d through the electrolyte. E x p e r i 
ments us ing 1 5 N 2 have also been carr i ed out a n d 1 5 N H 3 has been ident i f ied 
f r o m F T I R spectra. 

T h e ce l l a n d electrolyte used i n this w o r k are closely re lated to those 
used b y V a n T a m e l e n a n d co-workers (24,25,26) to demonstrate n o r m a l 
e lectrolyt ic fixation of N 2 . I n those previous experiments, an external 
voltage source was used w i t h either two P t electrodes (24) or w i t h a n A l 
anode a n d a n i chrome cathode (25) to fix N 2 . I n the photoe lectrochemi
ca l system, no external voltage source is r equ i red to achieve N 2 fixation; 
the act ivat ion energy for the react ion is p r o v i d e d b y l i ght alone. 

I n t y p i c a l flow runs, the reduced nitrogen y ie lds , expressed as 
moles N H 4

+ per mole of T i i on , var i ed between about 2 % - 5 % ; this 
corresponded to react ion rates of about 10" 4 m o l N H 3 / h r / c m 2 electrode 
(23). B l a n k runs, i n w h i c h either N 2 was rep laced b y A r , p - G a P was 
rep laced b y P t , or no l ight was used, p r o d u c e d insignif icant y ie lds of 
N H 4

+ (20). 
T h e chemica l processes o c curr ing i n the ce l l are equivalent to those 

for the pure electrolyt ic case as descr ibed b y V a n T a m e l e n et a l . (24,25, 
26). T i t a n i u m ( I V ) isopropoxide is first r educed to a state w h e r e i n 
molecu lar N 2 can be b o u n d ; this is ev idenced b y the development of an 
intense b l u e - b l a c k color w h i c h is a t tr ibuted to a T i ( I I ) complex. T h e 
reduced t i t a n i u m - m o l e c u l a r ni trogen complex is then reduced further 
to produce a reduced n i t rogen - reduced t i t a n i u m complex. F i n a l l y , N H 3 

is p r o d u c e d through protonat ion of the reduced n i t rogen - reduced t i t a 
n i u m complex. A l te rnat ive ly , V a n T a m e l e n h a d suggested that r educed 
ni trogen i n the reduced complex is transferred to an A l ( I I I ) complex , 
then N H 3 is p roduced v i a protonat ion of the reduced n i t r o g e n - a l u m i 
n u m ( I I I ) complex (24,25,26) . 

T h e overa l l react ion i n the ce l l can be represented as: 

hv 

N 2 + 2A1 + 6 H + > 2 N H 3 + 2 A P , AG/e* = -1.72 eV (1) 

A l t h o u g h React ion 1 is favored i n the dark , it does not proceed because 
of the h i g h act ivat ion energy of intermediate steps. T h e occurrence of 
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(a) 

ENERGY SCALE, 
VOLTS (vs. NHE) 

—3.0 

N?/NH} ± 

ELECTROLYTE 

W 
Fermi 

\ AEF Level 
LL 

p-Type SEMICONDUCTOR 

H + /H2 

Pk + 2 l f - 2 H * 

7 
H2 

ELECTROLYTE 

-—1.0 Al + 3h+ —Al 

+1.0 

ELECTROLYTE I p-Type SEMICONDUCTOR fU ELECTROLYTE 
OHMIC CONTACT \ METAL ANODE OHMIC CONTACT ^ALUMINUM ANODE 

Figure 8. Energy diagram for photoenhanced reduction on p -GaP elec
trodes, (a) Anode reaction is oxidation of H2 to H + and thermalized elec
tron is injected at the Ec; (b) anode reaction is the oxidation of Al to 
Al*3 and a hot electron is injected above Ec. Redox potential for the re
duction of N2 is below H*/H2 (AG < O); system is therefore catalytic and 
light provides the activation energy for the reaction, e is the photoen
hanced reduction potential available for thermalized electrons; eh is that 
for hot electrons. Thermalized electrons are available for reduction at Ec, 
independent of the anode reaction. Dependence of the cathode reaction 
on the nature of the anode reaction indicates that a hot electron process 

is involved. 

React i on 1 under i l l u m i n a t i o n is an example of a photocata lyzed r e d u c 
t i on process. 

T h e energetics of general photoenhanced reduct i on on p- type semi 
conductors is represented i n F i g u r e 8, a n d is based o n the usua l pr inc ip les 
of photoelectrochemistry w i t h semiconductor electrodes ( 2 ) . I n F i g u r e 
8a, the energy l eve l scheme is shown for the case where the r e d u c i n g 
agent (e.g., H 2 ) has a redox potent ia l that l ies w i t h i n the b a n d gap of the 
semiconductor (e.g., p - G a P ) . I l l u m i n a t i o n of the semiconductor w i t h 
b a n d gap l i ght creates electrons i n the semiconductor that are ava i lab le 
for reduct i on at a redox potent ia l more negative than the s tandard redox 
potent ia l of the r e d u c i n g agent o x i d i z e d at the anode. T h u s , the system 
produces a photoenhanced reduct i on effect. 

I f the standard redox potent ia l of the cathodic react ion is more 
pos i t ive than that of the anodic react ion, then the overa l l react ion is 
thermodynamica l l y favored i n the dark a n d the l i g h t - d r i v e n react ion is 
photocatalyt ic ( this is the s i tuat ion w i t h the present c e l l d r i v i n g Reac t i on 
1 ) . O n the other h a n d , i f the standard redox potent ia l of the cathodic 
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168 I N T E R F A C I A L P H O T O P R O C E S S E S 

react ion is more negative than that of the anodic react ion, then the 
overa l l photoenhanced reduct ion react ion w o u l d be endoergic a n d l i ght 
w o u l d be converted into stored chemica l free energy (photoe lectro lys is ) . 
T h i s w o u l d be the case, for example , w i t h the f o l l o w i n g reac t ion : 

hp 
N 2 + 3 H 2 0 • 2 N H 3 + 3 / 2 0 2 A(?/e* = +1.17 e V (2) 

T h e important exper imental result that provides evidence for hot 
e lectron inject ion f rom the p - G a P cathode is that subst i tut ion of a H 2 / P t 
anode for the A l anode d i d not result i n N 2 r educ t i on at the p - G a P 
cathode (23). A s seen i n F i g u r e 8, for thermal i zed inject ion the energy 
of the injected electrons ( a n d , hence, the nature of the a l l o w e d cathodic 
react ion) is independent of the nature of the anodic react ion ( a n d , hence, 
independent of V B ) since the energy l eve l of E c is p i n n e d at the semi 
conductor -e lec tro lyte interface. T h a t is , the cathodic react ion o c c u r r i n g 
at the p - G a P electrode should be independent of the ident i ty of the 
anode i f the photogenerated electrons i n the p - G a P cathode were ther 
m a l i z e d i n the deplet ion layer before be ing injected into the electrolyte. 
Therefore , the observation that N 2 is on ly reduced w i t h an A l anode a n d 
not w i t h a H 2 / P t anode indicates that the cathodic react ion is dependent 
u p o n V B , a n d that a hot electron inject ion process is p r o b a b l y i n v o l v e d . 

A l t h o u g h F i g u r e 8 is based on aqueous electrolyte a n d the experiment 
was per f o rmed i n nonaqueous electrolyte, the above arguments are 
nevertheless v a l i d since the relat ive differences between the energetics 
for the H 2 / P t anode a n d the A l anode w o u l d be about the same for the 
two electrolytes. T h a t is, the V B for p - G a P us ing the H 2 / P t anode w i l l 
be m u c h smaller than that p r o d u c e d us ing the A l anode i n both aqueous 
a n d nonaqueous electrolyte. H o w e v e r , further exper imental w o r k is 
r e q u i r e d to establ ish the existence of hot carr ier in ject ion w i t h more 
certainty. 

Summary and Conclusions 

T h e hetero junct ion m o d e l for the semiconductor -aqueous electrolyte 
interface considers aqueous electrolyte as a doped semiconductor w i t h 
a b a n d gap of 9 e V a n d an electron affinity of 0.5 e V . T h e resu l t ing 
hetero junct ion creates an asymmetr i c po tent ia l w e l l for m i n o r i t y carriers. 
O n e side of the w e l l has a parabo l i c shape w i t h a he ight e q u a l to the 
b a n d b e n d i n g i n the semiconductor ; the other side is a ver t i ca l w a l l w i t h 
a he ight e q u a l to the absolute difference between the m i n o r i t y b a n d 
edge of the semiconductor a n d the corresponding b a n d edge of water . 
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I n the m o d e l , charge transfer of photogenerated m i n o r i t y carriers is 
cons idered to occur v i a tunne l ing f rom the potent ia l w e l l i n the semi 
conductor deplet ion layer into the electrolyte. P r e l i m i n a r y estimates of 
the effective m i n o r i t y carrier residence t ime i n the dep le t ion layer , the 
thermal i za t i on t ime i n the dep le t ion layer , a n d the re laxat ion t ime i n the 
electrolyte ind icate that hot m i n o r i t y carr ier in ject ion into the electrolyte 
is feasible. T h i s is a charge transfer process w h e r e i n the photogenerated 
m i n o r i t y carriers are in jected into the electrolyte before they undergo 
complete i n t r a b a n d re laxat ion ( thermal i za t i on ) i n the semiconductor 
dep le t ion layer . T h e calculat ions , made for n - T i 0 2 anodes a n d p - G a P 
cathodes, conta in m a n y s i m p l i f y i n g assumptions a n d uncertaint ies ; more 
ref ined calculat ions are r e q u i r e d to establ ish the theoret ica l f oundat ion 
for hot carr ier in ject ion into electrolytes w i t h more certainty . T h e effect 
is w e l l k n o w n for photoemiss ion into v a c u u m f rom certa in p - type semi 
conductor photocathodes ( k n o w n as negative electron affinity photo -
cathodes ) , but analogous effects i n electrolyte require re laxat ion processes 
i n the electrolyte that are fast compared w i t h thermal i za t i on i n the semi 
conductor . Effects of quant i za t i on i n the potent ia l w e l l i n the dep le t ion 
layer w i l l tend to favor the latter requirement ; further theoret ica l deve lop 
ment of this par t i cu lar p r o b l e m is r e q u i r e d a n d is i n progress. 

Exp e r i me nts on the photoenhanced reduct i on of N 2 i n a photo 
e lectrochemical c e l l p rov ide qual i tat ive evidence for hot e lectron inject ion. 
These experiments showed that the cathodic react ion on p - G a P depends 
u p o n the amount of b a n d b e n d i n g i n the dep le t ion layer ; this is the 
expected behavior for hot carr ier inject ion. F o r t h e r m a l i z e d in ject ion, 
the energy of the injected electron, ( a n d , hence, the nature of the 
cathod ic react ion) is independent of the b a n d b e n d i n g since the energy 
l eve l of the conduct i on -band edge is p i n n e d at semiconductor -e lec tro lyte 
interface. 

T h e occurrence of hot carr ier in ject ion i n photoe lectrochemical 
reactions w o u l d be very signif icant for the f o l l o w i n g reasons: (1) the 
nature of the p e r m i t t e d pho to induced reactions at semiconductor elec
trodes c o u l d be contro l led either b y the nature of the anode react ion or 
b y an external b ias ; (2) the photogenerated carriers w o u l d not be i n 
t h e r m a l e q u i l i b r i u m i n their respective bands so that quas i thermodynamic 
arguments , such as the use of the q u a s i F e r m i l eve l to descr ibe the 
energetics of photoe lectrochemical reactions (3), w o u l d not be v a l i d ; (3) 
the influence of surface states w o u l d be restr icted to the class of states 
o r i g i n a t i n g f r om the c h e m i c a l interact ion of the electrolyte w i t h the 
semiconductor surface; a n d (4) the m a x i m u m theoret ica l convers ion 
efficiency for photoe lectrochemica l energy conversion w o u l d be different 
c o m p a r e d w i t h the case of thermal i zed inject ion. F u r t h e r exper imenta l 
a n d theoret ica l w o r k is r e q u i r e d to firmly establ ish the importance of 
hot carr ier in ject ion i n photoe lectrochemical systems. 
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Glossary of Symbols 

d = thickness of potent ia l barr ier , A 
e — electron charge, co lombs 

E = electric field, e V / c m 
AG = free energy change, e V 

m e * = electron effective mass 
m h * = ho le effective mass 

N = carr ier density , c m " 3 

U = po tent ia l barr ier to tunne l ing , e V 
V B = b a n d b e n d i n g i n dep le t ion layer , e V 
V D = dr i f t ve loc i ty , c m / s e c 
V T = t h e r m a l ve loc i ty of m i n o r i t y carr ier , c m / s e c 
w = dep le t i on layer w i d t h , A 

a = op t i ca l absorpt ion coefficient, c m " 1 

ix = m o b i l i t y of m i n o r i t y carriers , c m 2 / V sec 
T = effective residence t ime of the m i n o r i t y carriers i n dep le t ion 

layer , sec 
T d = t ime for m i n o r i t y carriers to dr i f t across dep le t i on layer , sec 
T R = re laxat ion t ime of extrinsic electrolyte state r e q u i r e d to prevent 

reverse charge transfer f r o m electrolyte to semiconductor , sec 
T R E C — r e combinat ion t ime of electrons a n d holes, sec 
T s c a t = scattering t ime of m i n o r i t y carr ier , sec 
T g E = t ime for m i n o r i t y carriers to cross semiconductor -e lec t ro ly te 

interface, sec 
TT — t u n n e l i n g t ime f r o m dep le t i on layer to electrolyte, sec 

T T H = thermal i za t i on t ime of m i n o r i t y carriers i n dep le t i on layer , sec 
\p = w a v e func t i on 
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Short-Lived Radicals at Photoactive Surfaces 

Spin T r a p p i n g and Mechanistic Consequences 

M. L. HAIR and J. R. HARBOUR 

Xerox Research Centre of Canada, 2480 Dunwin Drive, 
Mississauga, Ontario, Canada L5L 1J9 

The technique of spin trapping has been applied success-
fully to the study of radicals produced when photoactive 
particles are suspended in either aqueous or insulating fluids 
and irradiated in the presence of O2. This trapping technique 
is reviewed with particular emphasis on the detection and 
identification of the superoxide anion and hydroxyl radicals. 
Results are interpreted within the framework of a simple 
band model for semiconductors. The effects of both anionic 
and cationic surfactants on the photoprocess are described. 
The addition of electron-donating molecules to the suspen
sion results in a reaction (in the fluid) that is "pumped" by 
application of band gap radiation to the solid particle. The 
radicals that have been identified on irradiating several 
different photoactive particles are described. The ability 
to identify these radical intermediates is important in deter
mining the exact reaction mechanism, as exemplified by a 
discussion of the photosynthesis of H2O2 on zinc oxide. 

T V J " a n y solar energy conversion devices based u p o n the interact ion of 
l ight w i t h semiconductors have been proposed. These i n c l u d e 

photovol ta ic devices, photoe lectrochemical cells that c a n d i rec t ly gen
erate e lectr ic i ty or produce a fue l , a n d p i g m e n t dispersions, w h i c h also 
can produce a fue l ( J ) or photodecompose a po l lutant (2). 

I n systems where the semiconductor interfaces w i t h a solut ion, the 
proposed photochemica l mechanisms general ly invo lve r a d i c a l in ter 
mediates. H o w e v e r , there is very l i t t le evidence of r a d i c a l par t i c ipa t i on 
or identi f icat ion. W e have therefore b e g u n an exper imental p r o g r a m 
a i m e d at i d e n t i f y i n g the radicals photoproduced as a result of i r rad ia t i on 

0-8412-0474-8/80/33-184-173$05.00/0 
© 1980 American Chemical Society 
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174 I N T E R F A C I A L P H O T O P R O C E S S E S 

of various p igment dispersions ( 3 ) . A better unders tanding of these 
intermediates a n d the factors that influence the ir p r o d u c t i o n a n d destruc
t i o n should contr ibute to the development of these types of solar energy 
converters. These factors inc lude a deta i led knowledge of the ro le that 
the surfactant p lays . T h e surfactant is a d d e d to p igment dispersions to 
prevent flocculation of the part ic les . T h i s is important since such floccula-
t i on causes a reduct i on i n surface area as w e l l as an increase i n the rate 
of sett l ing. H o w e v e r , i n a l l these photoact ive systems the surfactant 
p lays a d u a l role a n d a lways affects the surface charge as i t stabil izes 
the system. 

It is speculated that the photochemistry at a n interface occurs 
through r a d i c a l intermediates ( 4 ) . I n p r i n c i p l e , e lectron sp in resonance 
( E S R ) spectroscopy w o u l d be the idea l method for examin ing this type 
of inter fac ia l photochemistry . Unfor tunate ly , the d i rec t detect ion a n d 
identi f icat ion of radicals b y this technique is possible on ly i f the radica ls 
are p r o d u c e d i n re lat ive ly h i g h concentrations i n the E S R cav i ty a n d are 
sufficiently l ong - l i ved to be detected. I n most systems of p rac t i ca l interest 
there w i l l be re lat ive ly large concentrations of bo th 0 2 a n d H 2 0 . T h e r e 
fore, there is a h i g h p r o b a b i l i t y that superoxide ( 0 2 " ) or h y d r o x y l (• O H ) 
radicals w i l l be f o rmed under n o r m a l ambient condit ions. T h e hal f - l ives 
of these radicals (or the ir sp in latt ice re laxat ion t imes T i ) are sufficiently 
short that d irect detect ion of them is not a lways possible. I n order to 
c i r cumvent this p r o b l e m w e have successfully a p p l i e d the technique of 
sp in t r a p p i n g to photoact ive part i cu late dispersions. 

T h e use of a r a d i c a l a d d i t i o n react ion to detect short - l ived radicals 
was first proposed b y l a n z e n (5 ) i n 1965. E a r l y w o r k o n this technique 
centered on the interactions of nitrones w i t h radicals a n d the consequent 
produc t i on of stable nitroxides. T h e reader is re ferred to a r e v i e w b y 
Janzen (6 ) w h i c h covers the development of the sp in - t rapp ing reactions 
p r i o r to 1971. A major advance i n the u t i l i t y of this technique came i n 
1973 w h e n J a n z e n a n d L i u (7 ) descr ibed the use of a five-membered 
r i n g nitrone 5 , 5 - d i m e t h y l - l - p y r o l i n e - l - o x i d e ( D M P O ) . T h i s acted as a 
sp in trap i n the f o l l o w i n g manner : 

(1) 

T h e sp in adduct of D M P O has the advantage that the hyperf ine sp l i t t ing 
constants are strongly dependent u p o n the nature of the complexed 
r a d i c a l a n d are sufficiently separated that ready ident i f i cat ion of the 
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10. H A I R A N D H A R B O U R Radicals at Photoactive Surfaces 175 

r a d i c a l is general ly possible . H a r b o u r a n d B o l t o n (8,9) have a p p l i e d this 
s p i n - t r a p p i n g technique to i n v i v o studies of chloroplasts a n d chromato-
phores. T h e y f o u n d that w h e n these systems were i l l u m i n a t e d b o t h 0 2 ~ 
a n d - O H c o u l d be ident i f ied f r o m the spectra of the r a d i c a l adducts . 
A p p l i c a t i o n to part i cu late dispersions of photoconduct ing part ic les was 
first reported i n 1977 b y H a r b o u r a n d H a i r (3 ) w h o showed that w h e n 
aqueous suspensions of c a d m i u m sulfide were i r rad ia ted i n the presence 
of D M P O the 0 2 ~ sp in adduct was read i ly observed. 

Experimental 

T h r e e types of photoconduct ing part ic les have been used i n this 
w o r k . C a d m i u m sulfide, an n-type semiconductor , was obta ined f r o m 
F i s h e r a n d used w i t h o u t further treatment ( 3 ) . I t consisted of part ic les 
approx imate ly 0.5 /xm i n d iameter w i t h a B E T ( N 2 ) surface area of 10 
m 2 / g . Meta l - f ree phtha locyanine , an organic photoconduct ing p i g m e n t 
that is often taken as an analog of c h l o r o p h y l l , was i n the x-crystal l ine 
f o rm. T h i s inso luble p o w d e r consisted of part ic les less t h a n 1 / i m i n 
d iameter w i t h a B E T surface area of 70 m 2 / g . D i s t i l l e d water was red is 
t i l l e d f r o m an all-glass apparatus. T h e sp in trap D M P O was synthesized 
a n d pur i f i ed pr ior to use b y bu lb - t o -bu lb d is t i l la t ion o n a v a c u u m system 
a n d a d d e d d irec t ly to the dispersion ( ~ 0 . 1 M ) . 

I n a l l cases the p igment suspensions were p r e p a r e d b y ultrasonic 
d ispers ion. T h e samples were i l l u m i n a t e d i n s i tu w i t h a tungsten-quartz -
i od ide l a m p descr ibed elsewhere (JO) or w i t h a H a n o v i a M o d e l 997B-
1 K W H g - X e l a m p i n a Schoeffel M o d e l L H 1 5 1 N l a m p hous ing w i t h 
appropr iate filters. T h e E S R spectra w e r e obta ined on a V a r i a n E 1 2 
E S R spectrometer. I n cer ta in cases either a cat ionic surfactant, c e ty l t r i -
m e t h y l a m m o n i u m bromide ( C T A B ) f rom S igma , or an an ion i c surfactant, 
Aeroso l O T ( A O T ) f r o m A m e r i c a n C y a n a m i d , was a d d e d to a i d d i s 
pers ion a n d / o r to observe the effect of the adsorbed molecules on 
photochemistry . 

Results and Discussion 

• O H A d d u c t . T h e f o rmat ion a n d ident i f i cat ion of the - O H a d d u c t 
of D M P O was first reported b y H a r b o u r , C h o w , a n d B o l t o n i n 1974 (11). 
These authors prepared the - O H r a d i c a l b y U V photolysis of d i lu te 
aqueous H 2 0 2 so lut ion. 

hv 
2 H 2 0 2 >2 - O H (2) 

I n the presence of D M P O the s ignal shown i n F i g u r e 1 was recorded . 
T h e s ignal was character ized b y g = 2.0060 ± 0.0002 a n d a N = a ^ H = 
14.9 G . T h e acc identa l equal i ty of aN a n d apK gives rise to the 1:2:2:1 
quartet . T h i s assignment has been conf irmed b y Sargent a n d G a r d y (12) 
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- 10G 

Figure 1. The ESR spectrum of the OH adduct of DMPO in water at 
25°C 

w h o prepared - O H b y radio lys is of deoxygenated water u s i n g 3 M e V 
electrons. T h e y obta ined an i d e n t i c a l E S R spectrum u s i n g the s p i n t rap 
D M P O . 

A s w i l l be discussed i n more deta i l later, b a n d gap i r rad ia t i on of z i n c 
oxide suspended i n water gives rise to a s ignal i d e n t i c a l to that s h o w n 
i n F i g u r e 1. 

0 2 " A d d u c t . T h e O a " a d d u c t was the major p r o d u c t observed b y 
H a r b o u r , C h o w , a n d B o l t o n (11) w h e n concentrated aqueous solutions 
of H 2 0 2 - c o n t a i n i n g D M P O were photo lyzed . 

• O H + H 2 0 2 - > H 2 0 + H 0 2 (3) 

T h e D M P O adduct i n water gives a n E S R spectrum w i t h g = 2.0061, 
a N = 14.1 G , — 11.3 G a n d a y

H 1.25 G . 
I n aqueous systems the 0 2 ~ r a d i c a l is i n e q u i l i b r i u m w i t h the H 0 2 

r a d i c a l . 

H 0 2 ^± H + + 0 2 (4) 

T h e p K a for this e q u i l i b r i u m is 4.4 ± 0.4 ( 1 3 ) . H o w e v e r , the p K a of the 
sp in adduct i on izat ion is not k n o w n . T h u s i t is not possible to d i s t inguish 
between 0 2 ~ a n d its protonated f o rm w h e n the radicals are incorporated 
into the D M P O adduct . 

F u r t h e r proof of the correct identi f icat ion of this sp in adduct also 
has been obta ined b y independent ly generat ing 0 2 ~ b y s o l u b i l i z i n g potas
s i u m superoxide w i t h the K + - se lec t ive 18-crown-6-ether ( C E ) (14) (see 
F i g u r e 2 ) . 

K 0 2 + C E — C E K + + 0 2 - (5) 
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-10G-

Figure 2. The ESR spectrum of 02' adduct in propylene carbonate at 
25°C 

T h i s technique has been extended to other solvents a n d the 0 2 ~ a d d u c t 
has been ident i f ied i n a series of solvents w i t h polar i t ies r a n g i n g f r o m 
that of water to that of benzene. T h e n i t rogen a n d ^ - h y d r o g e n spl i t t ings 
have been determined as a func t i on of solvent po lar i ty . T h i s enables the 
extension of the sp in - t rapp ing technique to any solvent system. F u r t h e r 
evidence that 0 2 ~ was actua l ly present i n those systems was obta ined 
b y r a p i d f reez ing experiments i n the absence of the s p i n t rap . A n E S R 
s ignal consistent w i t h the p r o d u c t i o n of a n ax ia l l y symmetr i c r a d i c a l was 
obta ined ( g M = 2.08 a n d g± = 2.00) . 

Application to Dispersions. A q u e o u s dispersions of either c a d m i u m 
sulfide or x -phthalocyanine gave no E S R s igna l u p o n a d d i t i o n of D M P O 
to the system. H o w e v e r , i l l u m i n a t i o n w i t h b a n d gap i r rad ia t i on y i e l d e d 
a smal l E S R s ignal . T h i s was s imi lar to the spectrum s h o w n i n F i g u r e 2 
a n d is read i ly ident i f ied as b e i n g that of the D M P O / 0 2 ~ s p i n adduct . T h e 
sp in adduct does not f o rm i n the absence of 0 2 a n d the amount of p r o d u c t 
is dependent u p o n the 0 2 p a r t i a l pressure. Its f o rmat ion is consistent 
w i t h a one-electron transfer f r o m the i r rad ia ted so l id to the disso lved 
0 2 . I n the absence of surfactants or other addi t ives , the intensity of the 
E S R s ignal is never very great a n d thus the apparent efficiency o f the 
photogenerat ion is qu i te l ow . 
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178 I N T E R F A C I A L P H O T O P R O C E S S E S 

D u r i n g i l l u m i n a t i o n i n oxygenated non-aqueous suspensions, the 
s ignal shows a cont inua l n a r r o w i n g of the spectral l ines. T h i s is c on 
sistent w i t h the remova l of 0 2 f rom the so lut ion t h r o u g h reduc t i on of 0 2 

to 0 2 ~ a n d subsequent t r a p p i n g b y the D M P O . A l s o d u r i n g i l l u m i n a t i o n , 
however , the increase i n s ignal intensity is f o l l owed b y a s low decay. 
A f t e r t u r n i n g off the l ight the s ignal shows a further decay. T h i s indicates 
that the 0 2 ~ sp in adduct is somewhat unstable i n these systems, prevent 
i n g an accurate quant i tat ive determinat ion of the 0 2 ~ adduct concentra
t i on . T h e - O H adduct is m u c h more stable i n b o t h l i g h t a n d dark 
condit ions . I n i t i a l experiments a i m e d at q u a n t i f y i n g r a d i c a l f o rmat ion i n 
the aqueous z i n c oxide system are descr ibed elsewhere ( 1 5 ) . 

T h e results obta ined above are consistent w i t h a mechan ism such 
as i n F i g u r e 3 ( 1 6 ) . T h e inc ident photon creates an e lectron-hole p a i r 
a n d , i f an acceptor state lies be l ow the conduct ion b a n d , electron transfer 
to the acceptor l eve l is thermodynamica l l y favorable . T h e redox l eve l 
for the 0 2 / 0 2 " couple is b e l o w the conduc t i on b a n d for b o t h c a d m i u m 
sulfide a n d x -phthalocyanine , so f ormat ion of 0 2 " is not unexpected. 

T h e direct detect ion of an electron transfer react ion i n the C d S - H 2 0 
system can be ach ieved b y r ep lac ing molecular oxygen w i t h a molecule 
whose reduced f o r m is re lat ive ly stable. M e t h y l v io logen ( M V + 2 ) is 
such a c o m p o u n d . It is water soluble , exists as a colorless cat ion w h i c h 
has a redox potent ia l of —0.44 (vs. N H E ) a n d can be r educed to a 
stable b lue cat ion r a d i c a l p r o v i d e d 0 2 is not present. A d d i t i o n of M V + 2 

to a c a d m i u m sulfide dispers ion under N 2 p u r g i n g a n d i l l u m i n a t i o n d i d 
indeed give rise to the M V + s ignal . 

A 

D 

Figure 3. A photon (hv) of light causes the excitation of an electron 
from the valence band (VB) to the conduction band (CB). If the energy 
level of the acceptor (A) is below that of the CB then electron transfer can 
occur as indicated by the arrow. Similarly, if the donor (D) state is above 

that of the VB electron transfer to the hole can occur. 
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10. H A I R A N D H A R B O U R Radicals at Photoactive Surfaces 179 

A d irect consequence of the above m o d e l is that w h e n l i g h t is 
absorbed a hole also must be created. I n i t i a l l y the hole m a y be t r a p p e d 
i n the photoconduct ing part ic le . I n this case the part i c le m a y assume a 
reversed charge a n d this type of charge reversal ( i n nonaqueous systems 
a n d w i t h large a p p l i e d electric field) forms the basis of a nove l type 
of e lectrophotographic i m a g i n g ( 1 7 ) . O v e r a p e r i o d of t ime , however , 
the c a d m i u m sulfide w i l l undergo sel f -oxidation (18) or the hole w i l l 
react w i t h an electron donor i n the surround ing so lut ion. It is w e l l 
establ ished that E D T A is photoox id ized very efficiently ( 1 9 ) . A d d i t i o n 
of E D T A to the C d S - D M P O suspension greatly increases the E S R s igna l 
of the 0 2 ~ r a d i c a l adduct . T h e c a d m i u m sulfide part ic les are thus ac t ing 
as a p h o t o p u m p a n d d r i v i n g electrons f rom E D T A to 0 2 . A s imi lar large 
increase i n intensity of the s ignal due to the M V + r a d i c a l cat ion was 
observed w h e n E D T A was a d d e d to the i l l u m i n a t e d M V + 2 - C d S suspen
sion, thus p r o v i d i n g further c red ib i l i t y to the mechanism. 

Ef fect of S u r f a c t a n t s . F o r any p r a c t i c a l system i n v o l v i n g photo 
act ive p igment dispersions i t is almost certain that a surfactant w o u l d be 
r e q u i r e d to prevent flocculation of the part ic les . M a n y of the surfactants 
used i n aqueous systems are ionic a n d can charge the partic les either 
pos i t ive ly or negatively . T h e effect of a l ter ing the surface charge can be 
pred i c ted f rom F i g u r e 3. T h e degree of b a n d b e n d i n g at the interface 
defines the space charge reg ion w i t h i n the photoconductor . W h e n the 
hole a n d electron are created by absorpt ion of a photon , the holes a n d 
electrons migrate oppositely under the inf luence of the field. I f a pos i t ive 
surface charge exists, electrons w i l l migrate more read i ly towards the 
interface a n d w i l l act more efficiently as r e d u c i n g agents for the molecu lar 
oxygen. H o w e v e r , i f the surface is negat ively charged , the opposite effect 
w o u l d be ant i c ipated a n d electron transfer i m p e d e d . T o test these p r e 
dict ions sp in - t rapp ing experiments have been per formed us ing p h t h a l o 
cyanine suspensions w h i c h have been dispersed b y adsorbed monolayers 
of e ither C T A B ( w h i c h adsorbs v i a the b u l k y hydrocarbon moiety to 
g ive a posit ive surface) or A O T ( w h i c h adsorbs to give a negative surface) 
( 20 ) . O n i r rad ia t i on , the y i e l d of the 0 2 ~ adduct is greatly increased for 
the system that has the increased posit ive charge a n d is s igni f icantly 
decreased w h e n the surface assumes a negative charge. T h e mono layer 
of surfactant does not prevent the electron transfer f r om oc curr ing a n d 
the effect of the surface charge is more noticeable i n the case of the 
phtha locyanine than the C d S . T h u s , i n these cases, the surface charge 
does not s ignif icantly alter the p r i m a r y photochemistry . H o w e v e r , the 
role of surfactant is c r u c i a l a n d , as w i l l be descr ibed elsewhere (21), 
a c ombinat i on of " r i g h t " propert ies of surfactant a n d electron donor 
can be used to achieve photosynthesis of H 2 0 2 on a phtha locyanine 
surface. 
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A p p l i c a t i o n to Photosynthesis of H 2 0 2 . W h e n z i n c oxide p o w d e r is 
suspended i n H 2 0 a n d i r rad ia ted w i t h l i ght of wave l ength less t h a n 380 
n m i n the presence of D M P O , a large E S R s ignal is observed. T h i s is 
i dent i ca l to that shown i n F i g u r e 1 a n d can therefore be identi f ied as the 
adduct of D M P O a n d a n - O H . H 2 0 2 is photogenerated u n d e r these 
exper imental condit ions a n d the efficiency of the photoreact ion is i n 
creased by the add i t i o n of compounds such as formate a n d oxalate ( 4 ) . 
M a n y mechanisms have been proposed to account for this synthesis of 
H 2 0 2 , a n d a l t h o u g h r a d i c a l intermediates are often proposed, these s p i n -
t r a p p i n g studies prov ide the first direct evidence for the ir presence. W e 
have recently conc luded a study on the photosynthesis of h y d r o g e n 
peroxide on z i n c oxide c o m b i n i n g sp in - t rapp ing experiments, quant i tat ive 
measurement of oxygen uptake studies, a n d peroxide format ion i n a n 
attempt to define the react ion pa th . F u l l details are p u b l i s h e d elsewhere 
(15) but a summary is pert inent because the sp in - t rapp ing experiments 
revea l the major effect of the carboxylate-type addit ives on the system. 
T h e salient points are as f o l l ows : 

( A ) A quant i tat ive compar ison between product f o rmat ion a n d 
r a d i c a l concentrat ion demonstrated that the radicals were major p a r t i c i 
pants i n the react ion mechanism. 

( B ) W h e n z i n c oxide suspensions are i l l u m i n a t e d i n the absence of 
addit ives on ly the - O H r a d i c a l adduct is observed. T h e 0 2 ~ adduct is 
never observed i n these experiments a n d therefore does not exist as a 
free entity i n the external solut ion. ( A l t h o u g h this does not ru le out its 
presence as a surface species.) T h e t ime dependence of the r a d i c a l 
adduct f ormat ion is shown i n F i g u r e 4. T h e intensity peaks w i t h t ime , 
p r o b a b l y caused b y photo induced destruct ion of the r a d i c a l adduct since 
the intensity levels off w h e n i l l u m i n a t i o n is b locked . 

( C ) Desp i t e the fact that 0 2 " is never observed i n free so lut ion the 
k inet i c curves show that the rate of ' O H p r o d u c t i o n is dependent u p o n 
the 0 2 concentrat ion i n the solut ion. Moreover , previous tracer studies 
show that the oxygen that is incorporated into H 2 0 2 comes f r om the 
molecu lar oxygen a n d not water (22). 

( D ) W h e n formate is a d d e d to the aqueous z i n c oxide system a n d 
i r r a d i a t e d i n the presence of D M P O , the - O H adduct is no longer 
observed, but is rep laced b y the large s ignal shown i n F i g u r e 5. T h i s 
n e w s ignal has g — 2.006, a N — 15.6 G , a n d a^u — 18.7 G . B y a series of 
experiments analogous to those descr ibed earlier for 0 2 ~ a n d * O H this 
s ignal can be ident i f ied as b e i n g caused b y the D M P O / - C 0 2 " r a d i c a l 
adduct . T h e l i m i t i n g concentrat ion of H 2 0 2 f o rmed increases f r o m 1 X 
1 0 " 4 M to 8 X 1 0 " 4 M . 
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i i i i i i i 1 1 
12 36 60 84 108 

Time (sec.) 
Figure 4. The time dependence of the amplitude of the -OH adduct 
signal as a function of illumination. The field is fixed at the point indi

cated by the arrow in the upper-right portion of the figure. 

Figure 5. The ESR spectrum of the 'C02~ adduct of DMPO in water 
at 25°C 
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182 I N T E R F A C I A L P H O T O P R O C E S S E S 

These observations are consistent w i t h the f o l l o w i n g mechanism. 

ZnO + hv^± ® + e (6) 
hole electron 

T h e i n i t i a l step is a photoreduct ion of mo lecu lar oxygen, w h e r e (s) 
denotes a surface species. 

H + 

0 2 ( . ) + e" -> 0 2 " ( . ) ^ H 0 2 U ) (7) 

These must be surface species because they are never detected b y the 
s p i n trap . T h i s proposa l is supported b y the separate observat ion that 
the rate of 0 2 uptake is a funct ion of the square root of 0 2 concentrat ion, 
suggesting a surface effect. 

T h e H 0 2 ( , ) species c a n then be r educed b y a second photoproduced 
electron to generate H 2 0 2 . 

H + 

H 0 2 U ) + e" - » H 0 2 ' ^ H 2 0 2 (8) 

A l t e rnat ive ly , since H 0 2 is k n o w n to d ismutate i n so lut ion to g ive H 2 0 2 , 
the f o l l o w i n g react ion c o u l d also occur : 

2 H 0 2 ( 8 ) -> H 2 0 2 + 0 2 (9) 

F o r the concurrent ox idat ion i t is c lear that - O H radicals must be p r o 
d u c e d , a n d this can occur most easily b y either of the f o l l o w i n g react ions : 

( H 2 0 ) O H - + ® - > - O H (10) 

or 

Z n — O H ( i , + 0 -> Z n 2 + + - O H (11) 

I f E q u a t i o n (10) is o c curr ing , the react ion converts solar energy to 
c h e m i c a l free energy since the react ion H 2 0 + 0 2 - » H 2 0 2 , has a pos i t ive 
free energy ( + 2 5 k c a l ) ( 1 ) . T h e ox idat ion of z i n c oxide i tsel f ( E q u a 
t i o n 11) w o u l d be a photocorros ion react ion as discussed b y D i x o n a n d 
H e a l y ( 2 3 ) . T h e l i m i t i n g concentrat ion of H 2 0 2 is then proposed to 
f o l l ow f r o m the react ion 

H 2 0 2 ( „ + - O H -> H 2 0 + H 0 2 ( a ) (12) 

T h e formate is proposed to funct ion , at least i n part , as a getter for 
the - O H r a d i c a l since no - O H adduc t c a n be observed. I t also c a n 
f u n c t i o n as a reductant . 
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10. H A I R A N D H A R B O U R Radicals at Photoactive Surfaces 183 

•OH + H C 0 2 " - > - C 0 2 - + H 2 0 (13) 

or 

H C 0 2 - + ® ^ - C 0 2 " + H + (14) 

T h e experiments descr ibed here c lear ly demonstrate the u t i l i t y of 
the sp in - t rapp ing technique as a method for ident i f y ing r a d i c a l in ter 
mediates i n photoact ive systems. T h e study of the photosynthesis of 
H 2 0 2 o n z i n c ox ide reveals the d is t inct ly different mechanist ic p a t h w a y 
w h i c h occurs i n the presence of addit ives . W e have a p p l i e d the s p i n -
t r a p p i n g method to s imple photoproduced reactions o c c u r r i n g across the 
s o l i d - l i q u i d interface i n photoact ive p i g m e n t dispersions. T h e m e t h o d 
is also c lear ly app l i cab le to photoe lectrochemical cells (18,24) a n d any 
other heterogeneous system i n v o l v i n g inter fac ia l charge transfer. 
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11 
Luminescent Properties of Semiconductor 

Photoelectrodes 

ARTHUR B. ELLIS1 and BRADLEY R. KARAS 

Department of Chemistry, University of Wisconsin, Madison, WI 53706 

The use of luminescent, n-type 5-1000-ppm CdS:Te and 10 
ppm-CdS:Ag polycrystalline photoelectrodes as probes of 
recombination in photoelectrochemical cells is reported. 
Except for intensity, the emission spectra (λmax, 600-700 nm) 
are insensitive to the presence of S2-/Sn

2- electrolyte and to 
the excitation wavelengths and electrode potentials em
ployed. With ultraband gap irradiation (λ ≤ 500 nm) and 
aqueous S2-/Sn

2- or Te2-/Te2

2- electrolytes, optical energy is 
converted to electricity at 0.1-6% efficiency and to lumi
nescence at 0.01-1.0% efficiency; the effects of surface prep
aration and grain boundaries in determining efficiency are 
discussed. Increasingly negative bias applied to CdS:Te 
and CdS:Ag photoanodes increases emission intensity by 
15-100% while the photocurrent simultaneously declines to 
zero. Band gap edge 514.5-nm excitation yields smaller 
photocurrents and larger but much less potential dependent 
emission intensity. These results are consistent with the band 
bending model presently used to describe photoelectro
chemical phenomena. 

The desire to convert opt i ca l energy d i rec t ly into fuels or e lectr ic i ty has 
M e d to the r a p i d development of photoe lectrochemical cells ( P E C s ) . 

A t y p i c a l P E C consists s i m p l y of a semiconductor electrode, a counter-
electrode, a n d an electrolyte. T h e semiconductor is the k e y element of 
the P E C , since i t serves i n the d u a l capac i ty of photoreceptor a n d 
electrode. L i g h t absorbed b y the semiconductor can be channeled into 

1 Author to whom inquiries should be addressed. 

0-8412-0474-8/80/33-184-185$07.25/0 
© 1980 American Chemical Society 
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186 I N T E R F A C I A L P H O T O P R O C E S S E S 

e lectrochemical processes l e a d i n g to the aforementioned energy conver
sions. A l t h o u g h the physics govern ing photoe lectrochemical phenomena 
has been elegantly r e v i e w e d ( 1 , 2 ) , a br ie f descr ipt ion is i n order. 

Photoe lec trochemica l events are i n i t i a t e d b y u l t r a b a n d gap photons 
that , w h e n absorbed b y the semiconductor , produce a conduc t i on b a n d 
e lectron a n d valence b a n d hole . T h e difference be tween the dark a n d 
i l l u m i n a t e d electrodes is rea l ly the difference between g r o u n d a n d exc i ted 
states, respect ively . F i g u r e 1 i l lustrates this d i s t inc t i on for a n n-type semi 
conductor . T h e semiconductor bands are bent i n p a r a l l e l ; this is a conse
quence of the m i s m a t c h i n c h e m i c a l potentials be tween the electrolyte 
( redox potent ia l ) a n d semiconductor ( F e r m i l e v e l ) . B a n d b e n d i n g occurs 
over a short distance ( ~ 1 ^) f r om the semiconductor -e lectro lyte in ter 
face into the semiconductor b u l k a n d equi l ibrates the chemica l potentials 
of the two phases. T h e distance over w h i c h b a n d b e n d i n g occurs is 
t e r m e d the deplet ion or space-charge region. 

O n c e the semiconductor excited state has been popu la ted , b a n d 
b e n d i n g exerts considerable influence over the attendant deact ivat ion 
processes. I n part i cu lar , the potent ia l gradient inhib i ts the recombinat ion 
of e lectron-hole pairs a n d promotes their separat ion . T h e conduct ion 
b a n d electron migrates to the counterelectrode where it reduces an 
electroactive electrolyte species, a n d the valence b a n d hole migrates to 
the semiconductor -e lectro lyte interface where i t accepts an electron f r o m 
an electroactive species, thereby o x i d i z i n g i t . n - T y p e semiconductors , the 
most c o m m o n l y used photoelectrodes, are thus photoanodes a n d dark 
cathodes. 

A major obstacle to the prac t i ca l u t i l i za t i on of these concepts is the 
undesirable ox idat ion of the n-type semiconductor electrode itself. T y p i c a l 
is the case of C d S , w h i c h undergoes photoanodic decomposi t ion v i a 
E q u a t i o n 1 ( 3 ) . T h e p r o b l e m is m i n i m i z e d b y choosing electroactive 

hp 
CdS > C d + 2 + S + 2e" (1) 

electrolyte species whose ox idat ion is k ine t i ca l l y r a p i d enough to q u e n c h 
R e a c t i o n 1. F o r example , sulfide (S 2~) or polysul f ide ( S n

2 " ) electrolytes 
greatly i n h i b i t the photoanodic dissolut ion of C d S ( 4 - 8 ) . Polysul f ide 
species can be ox id i zed at the photoanode a n d s imultaneously r e d u c e d 
at the counterelectrode to y i e l d a P E C that exhibits l i t t le change i n 
electrolyte or electrode composi t ion , thus p e r m i t t i n g the sustained c o n 
vers ion of op t i ca l energy to e lectr ic i ty . T h i s concept has been used to 
construct P E C s e m p l o y i n g a var iety of photoanodes a n d electrolytes 
( 9 - 2 8 ) . 
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Conduction Band 

(a) 

Valence Band 

r 
'"BG 

Depletion 
Region 

redox 

Semiconductor E l e c t r o l y t e 

Conduction Band 

(b) 

Valence Band 

I e 

t 
I hv 

I 

redox 

Figure 1. (a) Representation of the dark semiconductor electrode corre
sponding to the ground state; (b) irradiation of the electrode produces 
the excited state, which is deactivated here by redox reactions. EF and 
EBO are the Fermi level and semiconductor band gap, respectively. 
Eredox ™ the electrolyte redox potential. Rand bending characteristic of 
the depletion region formed at the n-type semiconductor-electrolyte inter

face is also shown. 
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188 I N T E R F A C I A L P H O T O P R O C E S S E S 

A. 
Ed 

—SEMICONDUCTOR ELECTROLYTE— 

Figure 2. Excited state deactivation pathways of the semiconductor 
electrode. Wavy arrows signify nonradiative decay routes: kl9 k d, and 
correspond to electron-hole recombination leading to heat, electron-hole 
separation leading to photoanodic decomposition, and electron-hole sepa
ration leading to electrolyte redox reactions, respectively. The straight 
arrow and k r correspond to radiative recombination, the source of lumi
nescence. Ed is the thermodynamic potential for anodic decomposition. 
Intraband gap states and defects that might play a role in the various 

deactivation routes have been omitted for simplicity. 

A major thrust of current P E C research is the improvement of energy 
conversion efficiency. C e n t r a l to this goa l is a n unders tand ing of the 
semiconductor excited state, par t i cu lar ly the extent to w h i c h its deact iva 
t i o n routes m i g h t be amenable to exper imenta l contro l . T h e semicon
ductor excited state part i t ions i n p u t op t i ca l energy into several pathways , 
as p i c t u r e d i n F i g u r e 2. A b r o a d d iv i s i on into nonradiat ive a n d rad iat ive 
re laxat ion routes is especial ly convenient . 

A t least three nonradiat ive mechanisms for deact ivat ion are k n o w n : 
heat ( latt ice v i b r a t i o n s ) , electrode decomposi t ion , a n d electrolyte redox 
reactions w i t h corresponding rate constants k\, fcd, a n d kx, respect ively . 
H e a t results f r o m the nonradiat ive recombinat ion of photogenerated 
e l e c t ron -ho le pairs a n d its ro le i n P E C s has been exp lored b y photo -
t h e r m a l spectroscopy (67). E l e c t r o d e decompos i t i on a n d electrolyte 
redox reactions are also nonrad iat ive b u t result f r o m separation of elec
t r o n - h o l e pa irs , as descr ibed above. T h e re lat ionship of kd to kx is 
strongly in f luenced b y the choice of electrolyte (29-32). T h e s u m (kd + 
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11. E L L I S A N D K A R A S Luminescent Properties of Photoelectrodes 189 

kx) is reflected i n the current passed i n the external c i r cu i t , b u t c h e m i c a l 
methods of analysis are r e q u i r e d to differentiate be tween the t w o current 
sources. F o r C d S - b a s e d P E C s kd dominates kx i n O H " electrolyte, whereas 
the opposite is true i n polysul f ide m e d i a . T h e r e are t h e r m o d y n a m i c 
potentials ( E d a n d E r e dox) associated w i t h these reactions (29,33,34); 
however , the signif icance of kinet ics is underscored b y the observat ion 
that di f fusion-dependent electrolyte redox processes c a n compete w i t h 
electrode l o c a l i z e d decomposi t ion . O t h e r exper imenta l factors that c a n 
affect kd a n d kx are excitat ion intensity a n d electrode potent ia l (1,5,6, 
33,34). 

Agains t this b a c k g r o u n d w e introduce kr, w h i c h represents rad iat ive 
deact ivat ion resu l t ing f rom e lectron-hole p a i r recombinat ion processes. 
Luminescence is a p o w e r f u l too l for character i z ing excited states, be they 
organic , organometal l i c , or so l id state i n nature. E m i s s i v e propert ies 
i n c l u d i n g spectral d i s t r ibut i on , l i fe t ime, a n d q u a n t u m y i e l d permi t the 
ca lcu lat ion of rate constants a n d the assessment of whether a g iven 
react ion is possible d u r i n g the excited state l i fet ime. A l t h o u g h a vast 
l i terature exists for luminescent semiconductors (36,37), v e r y l i t t le is 
k n o w n about rad iat ive decay i n the context of a P E C . Studies that have 
been carr ied out focus on electroluminescence resul t ing f r o m in ject ion 
processes at extreme potentials or i n strongly o x i d i z i n g or r e d u c i n g m e d i a 
(38-44). These are f requent ly transient effects w h i c h are not appropr iate 
for sustained op t i ca l energy conversion. Photo luminescence studies that 
predate our w o r k use n - a n d p-type G a P (44), n-type Z n O , a n d C u - d o p e d 
Z n O ( Z n O : C u ) photoelectrodes (68). A l t h o u g h only p - G a P was photo 
inert , these systems prov ide important comparisons w i t h our studies, as 
w i l l be discussed later. 

W h a t w e h a d h o p e d to find are electrodes that emit w h i l e m i m i c k i n g 
the essential features o f electrodes used i n operat ing P E C s . A s s h o w n i n 
F i g u r e 3, C d S doped w i t h either T e or A g ( C d S : T e , C d S : A g ) acts as 
just such a d u a l e lectrode-emitter . W e find that C d S : T e a n d C d S : A g 
are s imi lar to u n d o p e d C d S electrodes i n the i r ab i l i t y to ox id ize aqueous 
polysul f ide a n d d i te l lur ide species as part of degenerate electrolysis 
schemes l ead ing to sustained conversion of opt i ca l energy to electr ic i ty . 

E m i s s i o n f rom C d S : T e a n d C d S : A g involves i n t r a b a n d gap electronic 
states in t roduced b y the dopant . T e l l u r i u m is thought to substitute at S 
sites a n d to y i e l d states approx imate ly 0.2 e V above the valence b a n d 
( 45 -52 , 69). A s a n isoelectronic dopant , T e is not expected to alter the 
electr ica l properties of C d S apprec iab ly . Because i t has a smaller e lectron 
affinity than S, T e serves as a trap for holes that then c a n b i n d cou lomb-
i c a l l y a n electron i n or near the conduc t i on b a n d , thus f o r m i n g a n exciton. 
T h e exciton's b i n d i n g energy is about 0.22 e V ; apprec iab le exciton c o n 
centrations w i l l exist at r o o m temperature . A t h igher T e d o p i n g levels 
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the exciton is thought to be l o c a l i z e d over several nearest ne ighbor T e 
atoms w i t h a h igher b i n d i n g energy (47,48). R a d i a t i v e col lapse of the 
exc i ton produces the observed luminescence. W e have used me l t - g rown , 
po lycrys ta l l ine mater ia l that is n o m i n a l l y 5 -1000 -ppm T e . 

T h e mechanism b y w h i c h C d S : A g emits is more complex a n d depends 
b o t h on the presence of add i t i ona l impur i t ies a n d on whether A g subst i 
tutes at C d sites or interst i t ia l ly (53-59). Subst i tut ion for C d w o u l d m a k e 
A g a n acceptor a n d thus par t ia l l y compensate the mater ia l . W e have 
used mel t -grown, po lycrysta l l ine 10-ppm C d S : A g , a n d the resist ivity of 
approx imate ly 10 3 O -cm c o m p a r e d w i t h approximate ly 1 O -cm for u n -
doped C d S ( a n d C d S : T e ) is consistent w i t h this role for A g . 

T o exploit the emissive properties of C d S : T e - a n d C d S : A g - b a s e d 
P E C s , the ce l l is assembled i n the emission compartment of a spectro-
photofluorometer. I n c l i n i n g the photoelectrode at about 45° to b o t h a 
laser excitation source a n d the emission detect ion optics permits the 
s a m p l i n g of front surface emission d u r i n g the course of photoelectro
c h e m i c a l events. T h u s , changes i n the emission spectrum (5 -nm reso lu
t ion ) a n d intensity can be moni tored i n s i tu . T h e excitat ion source is 
the continuous output of an A r i on laser. Genera l l y , the inc ident p o w e r 
was 1-15 m W , w h i c h i n the approximate ly 3 - m m diameter beam corre
sponds to intensities of 14-212 m W / c m 2 . A l l data were obta ined w i t h 
po lycrysta l l ine C d S . T e a n d C d S . A g samples f rom E a g l e - P i c h e r Industries , 
M i a m i , O k l a h o m a . T h e gra in sizes i n the po lycrysta l l ine samples are 
est imated to be 3-8 m m . Preparat i on a n d h a n d l i n g of the polysulf ide a n d 
d i te l lur ide electrolytes has been descr ibed previous ly a n d differs i n the 
use of N 2 rather than A r for p u r g i n g (6). 

A s w i l l be descr ibed be low, the key finding that w e have made is 
that the emission f r om C d S : T e a n d C d S : A g photoelectrodes is a v e r y 
sensitive probe of recombinat ion processes w i t h i n the deplet ion reg ion 
a n d hence of the semiconductor excited state. O u r results thus far are 
consistent w i t h the aforementioned b a n d b e n d i n g arguments used to 
interpret photoe lectrochemical phenomena. Important ly , w e present 
evidence that exper imental parameters such as electrode potent ia l , e lec
trolyte , a n d excitat ion wave length may be used to manipu la te the 
semiconductor excited state processes a n d thus influence the course of 
op t i ca l energy conversion. 

Results and Discussion 

S t a b i l i t y . A s a first step i n character i z ing C d S : T e - a n d C d S : A g -
based P E C s , w e w i s h e d to determine the extent to w h i c h the ir electro
chemistry resembles that of u n d o p e d C d S . A l l three electrode materials 
undergo photoanodic d isso lut ion i n O H " electrolyte a c cord ing to E q u a -
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192 I N T E R F A C I A L P H O T O P R O C E S S E S 

t i on 1. Since C d S photoelectrodes are s tab i l i z ed b y po lysul f ide a n d 
d i t e l l u r i d e electrolytes, w e invest igated whether or not C d s r T e a n d 
C d S : A g are rendered stable b y these m e d i a us ing variat ions i n electrode 
we ight , surface qua l i ty , photocurrent , a n d luminescence as cr i ter ia . I n 
the k inet i c scheme of F i g u r e 2, w e are seeking evidence that kx is m u c h 
greater than fcd. 

T h e first cr i ter ion of stabi l i ty is met i f there is no apprec iab le w e i g h t 
loss after sufficient current has passed i n the external c i r cu i t to decompose 
part or a l l of the electrode. D a t a i n T a b l e I ind icate that this is the case 
for C d S : T e a n d C d S : A g electrodes i n S 2 V S n

2 " a n d T e 2 V T e 2
2 " electrolytes. 

T h e m i n i m a l we ight losses observed result p r i m a r i l y f r o m c h i p p i n g of 
the electrode w h e n it is demounted . A l l of the experiments l i s ted i n 
T a b l e I were conducted w i t h the electrode at zero or negative b ias ; u n d e r 
these condit ions opt i ca l energy is converted to e lectr ic i ty , i f the on ly 
electrochemistry corresponds to offsetting ox idat ion a n d reduct ion of 
po lychalcogenide species ( F i g u r e 3 ) . 

A discussion of surface q u a l i t y should be pre faced w i t h a descr ipt ion 
of sample preparat ion . T h e "as rece ived" po lycrysta l l ine samples of C d S : 
T e a n d C d S : A g used i n this study were etched i n concentrated H C 1 p r i o r 
to b e i n g used as electrodes. T h i s general ly has the effect of increas ing 
emission intensity w h i l e l eav ing the spectral d i s t r ibut ion intact . 

D e p e n d i n g u p o n the P E C condit ions a n d the sample employed , w e 
see var iab le degrees of surface damage. A t sufficiently h i g h l i g h t in tens i 
ties (^ 50 m W / c m 2 ) and posit ive voltages (^ — 0.3 V vs. S C E ) i n p o l y 
sulfide electrolytes, w e occasional ly encounter d a r k e n i n g of C d S : A g a n d 

Table I. Stability of **-Type CdS:Te and C d S : A g 

Electrode (mol XIO4)' 

Electrodeb Electrolyte0 Before After 

C d S : T e 1000 p p m s n
2 ; 0.847 0.820 

C d S r A g 10 p p m S n
2 1.87 1.70 

C d S : T e 100 p p m S„ 2 " 136.7 136.7 
C d S r A g 10 p p m T e „ 2 - 1.27 1.26 
C d S : T e 100 p p m T e t t

2 " 9.36 8.75* 
° Photoelectrochemical cell with the indicated electrode as photoanode. For the 

experiments in Sn2" electrolyte, a power supply was used as the load (cf. Figure 3). 
For C d S : A g in T e n

2 " electrolyte, a third, reference electrode was also used in con
junction with a potentiostat. Pt foil served as the counterelectrode in all cases. 

* Electrodes were etched in concentrated HC1 prior to use. They are melt-grown, 
polycrystalline samples from Eagle-Picher Industries. The C d S : T e and C d S : A g 
specimens have resistivities of ~1 and 2000 fl-cm, respectively, and were used in 
irregular shapes. 

c Electrolyte is 1M O H ' / I M S 2 70.2M S (S»2") or 5 M K O H / 0 . 0 5 M Te 2 70.01M 
T e 2

2 ~ (Te« 2 ' ) . The polysulfide electrolyte was purged with N 2 and the electrode was 
held at ~ —0.05 V vs. the counterelectrode; the negative lead of the power supply 
was connected to the photoelectrode. Several of the experiments in Sn2" were peri-
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11. E L L I S A N D K A R A S Luminescent Properties of Photoelectrodes 193 

C d S : T e surfaces. E v e n a v o i d i n g these condit ions , though , there is l i k e l y 
some surface reorganizat ion a n d w e sometimes see d isco lored electrode 
surfaces. Recent studies of C d S e electrodes i n polysul f ide electrolyte 
indicate that subst i tut ion of surface Se sites b y S occurs ( 1 9 , 6 0 ) . A 
s imi lar exchange i n v o l v i n g T e is p laus ib le as is another surface reorgani 
zat ion mechanism based on the propensi ty of C d T e to undergo photo 
anodic dissolut ion i n polysul f ide m e d i a v i a E q u a t i o n 2 ( 6 , 9 ) . I t is 

hw 
C d T e > C d + 2 + T e + 2e" (2) 

possible that the H C 1 etch leaves a T e - r i c h surface, w h i c h c o u l d then 
undergo exchange a n d / o r photoanodic decomposit ion. Consistent w i t h 
the latter mechanism is the relat ive lack of surface damage w e observe 
i n d i t e l lur ide med ia . B o t h C d S a n d C d T e are k n o w n to be s tab i l i zed b y 
T e 2 " a n d T e 2 / T e 2

2 - electrolytes ( 6 ) . W e find, however , that C d S : A g a n d 
C d S : T e exhib i t s i m i l a r propert ies w i t h r egard to surface s tab i l i ty so that 
the role of T e is not resolved. 

T h e var iat ion i n surface stabi l i ty is repeated i n the t e m p o r a l charac 
teristics of photocurrent a n d luminescence. I n polysul f ide electrolyte 
n o m i n a l l y ident i ca l samples of C d S : T e or C d S r A g have d i sp layed b o t h 
stable a n d unstable photocurrents a n d emissive propert ies . D e c l i n i n g 
photocurrents a n d emission intensity are usua l ly accompanied b y the 
aforementioned surface deteriorat ion. C e r t a i n l y one of the disadvantages 
of the po lycrysta l l ine mater ia l used i n this s tudy is its nonuni f o rmi ty . 
I n par t i cu lar , g ra in boundaries are notorious sources of discontinuous 

Photoelectrodes in Aqueous Polychalcogenide Electrolytes 0 

Electrons 
(mol X 104)' Average\h (mA) Time (hr) Source* 

1.73 0.069 67.2 H g 
5.14 0.117 117.8 H g 
5.17 0.066 210.0 H g 
1.31 0.086 40.8 X e 
3.96 0.259 41.0 X e 

odically interrupted to renew the electrolyte, since even with N 2 purging there is slow 
decomposition from impurities. For the C d S : A g experiment in Ten 2 " , the photo-
electrode was held at —1.04 V vs. S C E , the value measured for J^do*; the C d S : T e 
experiment in Te« 2" was run at 0.00 V vs. the counterelectrode. 

* H g is a UV-filtered 200-W, super high pressure H g arc lamp; Xe is an unfiltered 
150-W X e lamp. 

* Crystal chipped badly upon demounting and not all of it could be recovered. 
1 Moles of crystal determined by weight before and after the experiment. 
9 Moles of electrons passed during the experiment as determined by integrating 

photocurrent vs. time plots. 
* Average current during experiment; current densities in m A / c m 2 are roughly a 

factor of 1-15 larger. 
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194 I N T E R F A C I A L P H O T O P R O C E S S E S 

behav ior (61). Since w e do not k n o w the surface compos i t ion of the 
e t ched C d S : T e a n d C d S : A g electrodes, w e are re luctant to make a de f in i 
t ive statement r egard ing the ir s tabi l i ty i n polysul f ide med ia . I t can 
certa in ly be argued that the in t raband gap states m i g h t influence the kx-
fcd compet i t ion . W e suspect that the samples that y i e l d the most stable 
propert ies m a y have surfaces m u c h l ike u n d o p e d C d S . D o p e d materials 
w i t h these surfaces c o u l d s t i l l emit , since the b u l k of the excitat ion b e a m 
is absorbed beneath the surface. T h e studies reported here for polysul f ide 
electrolytes were conduc ted w i t h samples exh ib i t ing stable, reproduc ib le , 
photocurrent a n d emissive properties . 

T h e r e is less a m b i g u i t y i n d i t e l lur ide electrolyte. W e general ly see 
stable photocurrents , emission, a n d surface propert ies , a l though at h igher 
intensities there are often s low monotonic declines i n photocurrent a n d 
luminescence. T h e r e is obvious evidence for the compet i t ive ox idat ion 
of colorless T e 2 " to p u r p l e T e 2

2 " or of e i ther T e 2 - or T e 2
2 " to T e . A t h i g h 

l i ght intensities the emission is masked b y a layer of T e a n d / o r T e 2
2 " that 

c a n be swept a w a y b y greater s t i r r ing rates. T h e v i s u a l evidence for 
ox idat ion of S n

2 ~ is obscured because the emi t t ing electrode a n d electro
l y te are of s imi lar color. H o w e v e r , w e have observed y e l l o w i n g of the 
i n i t i a l l y colorless S 2 " solutions as S n

2 ~ forms under P E C condit ions . T a k e n 
as a un i t , the data argue strongly for stabi l i ty of C d S : T e a n d C d S r A g i n 
d i t e l lur ide electrolytes; for polysul f ide electrolytes sustained photocurrents 
a n d m i n i m a l w e i g h t loss w i t h these electrodes may be obta ined , but there 
is strong evidence that surface reorganizat ion processes are invo lved . 
Exp e r i me nts des igned to c lar i fy the compl icat ions observed i n polysul f ide 
m e d i a are i n progress. 

Optical Properties. A s descr ibed i n the in t roduc t i on , the semicon
ductor excited state is reached b y absorpt ion of u l t r a b a n d gap photons. 
U n d o p e d C d S has a b a n d gap of approx imate ly 2.4 e V a n d hence a 
fundamenta l absorpt ion edge at about 520 n m (62). T h e absorpt ion 
onset is very sharp because C d S is a d irect b a n d gap mater ia l . A b s o r p t i o n 
spectra of s ingle crysta l C d S : T e samples have the ir onset red-shi f ted b y 
an absorpt ion shoulder ; the effect of increas ing T e concentrat ion is to 
extend this shoulder deeper into the r e d (46,47,48, 62, 69). Spectra that 
w e have ob ta ined for 100-and 1000-ppm C d S : T e are presented i n F i g u r e 
4. A l t h o u g h these spectra were obta ined f r o m po lycrys ta l l ine samples, 
they are at least qua l i ta t ive ly i n agreement w i t h the reported s ingle crys 
t a l da ta i n shape a n d color ; there is a n obvious v i s u a l difference, since the 
y e l l o w u n d o p e d C d S becomes orange at 5 -100 -ppm C d S r T e a n d r e d at 
1000-ppm C d S : T e . S i m i l a r l y , 10 -ppm C d S : A g is r e d a n d 100-ppm is 
b rown-b lack . I n effect the shoulder masks the b a n d edge a n d the b a n d 
gap energy (EBG). 
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11. E L L I S A N D K A R A S Luminescent Properties of Photoelectrodes 195 

500 600 700 800 900 
WAVELENGTH, nm 

Figure 4. Optical density of polycrystalline 100-ppm CdS:Te (D) and 
1000-ppm CclS.Te (O). Thicknesses are 2.0 and 2.2 mm, respectively, 
and samples have been polished with 1-jx alumina. The x is a literature 
value optical density of a 2-mm thick, undoped, polished CdS single 

crystal (5). 

W h a t p r i m a r i l y dist inguishes C d S : T e a n d C d S r A g f r o m u n d o p e d 
C d S is their a b i l i t y to emit w h i l e they serve as electrodes. I n F i g u r e 5 w e 
present emission spectra taken at 293 K for 5-, 100-, a n d 1000-ppm 
po lycrys ta l l ine C d S r T e a n d for 10 -ppm po lycrys ta l l ine C d S r A g . A sys
tematic study of single c rysta l C d S : T e emission spectra has shown that 
peak pos i t ion a n d ha l f w i d t h m a y be corre lated w i t h d o p i n g levels i n 
these samples (48). O u r results, though uncorrected for detector response, 
are qua l i ta t ive ly i n agreement: the 5- a n d 100-ppm emission spectra are 
very s imi lar , w i t h a peak m a x i m u m at a round 600 n m , b u t there is a 
definite r e d shift of the emission m a x i m u m to a round 650 n m for 1000-ppm 
C d S : T e . T h e emission itself varies f r om ye l low-orange to red-orange i n 
pass ing f r o m the 5-, 100-ppm to the 1000-ppm C d S : T e . F o r C d S r A g w e 
observe r edd i sh emission a n d the b a n d m a x i m u m appears near 690 n m . 
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J I L 

U I i I I I U 
500 600 700 800 

WAVELENGTH, nm 

Figure 5. Typical 295 K emission spectra of 5-, 100-, 1000-ppm CdS:Te 
ana 10-ppm CdS:Ag. The CdS:Te samples were excited at 488.0 nm and 

the CdS:Ag sample at 514.5 nm. Spectra are uncorrected. 
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11. E L L I S A N D K A R A S Luminescent Properties of Photoelectrodes 197 

W e were par t i cu lar ly interested i n d e t e r m i n i n g i f the P E C env i ron 
ment p e r t u r b e d the emission spectra of the d o p e d C d S samples. T y p i c a l 
results are g iven i n F i g u r e 6, w h i c h shows a sequence of emission spectra 
for 5 -ppm C d S : T e taken w i t h o u t electrolyte, w i t h polysul f ide electrolyte 
( 1 M O H " / l M S 2 ~ / 1 M S ) b u t ou t - o f - c i r cu i t , a n d i n - c i r c u i t i n the same 
electrolyte at — 0.74 V vs. S C E . E x c e p t for the change i n intensity , the 
emission spectra are essentially ident i ca l . W e interpret this to m e a n that 
the i n t r a b a n d gap states responsible for luminescence are inf luenced i n 
the same manner as the conduct i on a n d valence bands a n d thus w o u l d 
undergo p a r a l l e l b a n d bend ing . 

Figure 6. Uncorrected emission spectra of 5-ppm CdS.Te in various 
environments but in a fixed geometry relative to the 488.0-nm laser ex
citation source and emission detection optics. For Curve A no electrolyte 
was present; Curves B and C were both taken with the electrode im
mersed in I M OH'/IM S 2 ' / I M S polysulfide electrolyte but out-of-circuit 
and in-circuit at —0.74 V vs. SCE, respectively. The sharp intensity drop 
from AtoB and C is the result of electrolyte absorption; baseline is not 
preserved at the high energy end of the emission spectrum due to overlap 

with the tail of the excitation line. 
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EXCITATION 
(x 1/10) CdS'T* 100 PPM 

A. -0.3 V VS. SCE 
B. -0.8 V VS. SCE 
C. -I.O V VS. SCE 

J _ 
400 500 600 700 

WAVELENGTH, nm 
800 

Figure 7. Uncorrected emission spectra of a 100-ppm CdS:Te electrode 
at several potentials in I M 0H~/1M S2'/0.2M S electrolyte. Curves A , B, 
and C correspond to identical experimental conditions except for electrode 
potentials of —0.3, —0.8, and —1.0 V vs. SCE, respectively. The excita

tion wavelength is 496.5 nm. 

A d d i t i o n a l ev idence suppor t ing this interpretat ion is p r o v i d e d b y 
F i g u r e 7. H e r e the emission of a 100-ppm C d S : T e photoelectrode is 
recorded at — 0.3, — 0.8, a n d — 1.0 V vs. S C E i n polysul f ide electrolyte. 
A g a i n , a l though the emission intensity changes, the spectrum does not. 
A p p l i c a t i o n of negative bias to an n-type semiconductor d iminishes the 
amount of b a n d bend ing ; conversely, pos i t ive bias increases b a n d b e n d 
i n g ( 1 ) . Invar iance of the emission spectrum u n d e r condit ions where 
b a n d b e n d i n g has been al tered is thus consistent w i t h p a r a l l e l behav ior 
between dopant states a n d the valence a n d conduct i on bands. T h e 
spectral d i s t r ibut i on of emission appears to be independent of excitat ion 
wave length for the laser l ines w e n o r m a l l y employ : 488.0, 496.5, 501.7, 
a n d 514.5 n m . 

W e have used these wavelengths as the basis of photoact ion a n d 
excitat ion spectra ( T a b l e I I ) . There is general ly a m a r k e d dec l ine i n 
photocurrent i n passing f r o m w h a t are certa in ly u l t r a b a n d gap energies 
(488.0, 496.5, 501.7 n m ) to 514.5 n m . T h e data i n T a b l e I I were 
obta ined i n opt i ca l ly transparent sulfide electrolyte at — 0.4 V vs. S C E 
at r ough ly equivalent intensities for each of the four wavelengths . Pho to 
currents f rom 501.7-nm excitat ion are about 4.5 to 10 times those resu l t ing 
f r o m 514.5-nm excitat ion (see T a b l e I I ) . F o r u n d o p e d single crystal C d S 
the corresponding experiment was reported to y i e l d a s imi lar photocur -
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11. E L L I S A N D K A R A S Luminescent Properties of Photoelectrodes 199 

rent rat io of 7 -13 for exc i tat ion at these same t w o wavelengths ( 5 ) . 
Therefore , a l t h o u g h the absorpt ion spectra of d o p e d a n d u n d o p e d C d S 
differ, the fundamenta l absorpt ion edge m a y have the same w a v e l e n g t h 
dependence ; that is, the b a n d gaps m i g h t be ident i ca l . C o m p l e t e photo -
act ion a n d excitat ion spectra must be obta ined to c lar i fy this po int , h o w 
ever, a n d such studies are i n progress. 

B y measur ing the emission intensity a n d photocurrent s imultaneously , 
the i r re lat ionship as a funct ion of wave length can be examined. A l o n g 
side the photocurrent data i n T a b l e II are the corresponding emission 
intensities measured bo th i n - a n d out -o f - c i r cu i t . T w o general trends are 
discernible . O n e is that the emission intensity increases w i t h wave length 
a n d the other is that the in - c i r cu i t values are substantial ly l ower than 
out -o f -c ircuit values, except at 514.5 n m where the difference is smal l . 

Table II. Wavelength Dependence of Emission and Photocurrent 0 

Relative Emission Intensity 
(arbitrary units)' Fnoto-

current 
Electrode" \ (nm) Out of Circuit In Circuit w 

1. C d S : T e 514.5 235 232 12 
5 p p m 501.7 187 147 85 

496.5 147 106 84 
488.0 116 88 72 

2. C d S : T e 514.5 300 295 5 
1000 p p m 501.7 310 281 22 1000 p p m 

496.5 236 204 28 
488.0 187 158 34 

3. C d S : A g 514.5 1623 1612 38 
10 p p m 501.7 355 305 395 

496.5 227 170 347 
488.0 158 115 287 

" T h e experiments were conducted in optically transparent 1A/ O H " / l M S 2 " 
electrolyte with the electrodes at —0.4 V vs. S C E . At this potential the photocurrent 
is saturated with respect to potential. Electrodes were excited by an ~ 3-mm diame
ter Ar ion laser beam of ~ 3 mW. 

6 Electrodes are irregularly shaped. The surface area exposed to the electrolyte is 
0.15, 0.075, and 0.18 cm 2 for Electrodes 1, 2, and 3, respectively. The fraction of the 
electrode illuminated can be estimated by dividing these numbers into 0.071 cm 2 , the 
laser beam area. 

c Relative emission intensity was measured with a flat wavelength response radi
ometer that was filtered to eliminate the exciting wavelengths and positioned to sam
ple front surface electrode emission. A switch on the P A R potentiostat permitted the 
P E C to be brought in and out of circuit without disturbing the geometry. For a 
given electrode experimental conditions are identical except for the exciting wave
length. The emission values have been corrected to the same number of einsteins/sec 
at each wavelength; however, values between electrodes cannot be compared because 
different geometries and light intensities were employed. 

d Photocurrents have been corrected for each electrode to equivalent einsteins/ 
sec. For a given electrode experimental conditions are identical except for the excit
ing wavelength. Values between electrodes are not comparable (cf. Footnote c). 
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I n the reg ion of w h a t appears to be the b a n d gap, then , there is a n 
inverse re lat ionship between photocurrent a n d luminescence intensity . 
T h e penetrat ion depth of the excitat ion beam is a significant factor i n 
exp la in ing a l l of the phenomena w e observe. L i t e r a t u r e values for u n 
d o p e d C d S a n d C d S : T e ind icate that the 300 K absorpt iv i ty (a) at 514 
n m is about 10 3 c m ' 1 vs. 1 0 4 - 1 0 5 c m " 1 at 502 n m a n d shorter wavelengths 
(46,47,62,69). E le c t roabsorpt i on measurements on u n d o p e d C d S sug
gest that there shou ld be l i t t l e var ia t i on of a w i t h electrode potent ia l for 
most of the excitat ion wavelengths used (63). T h e exc i ted state deac t iva 
t i o n rate constants p i c t u r e d i n F i g u r e 2 shou ld be very dependent on 
pos i t ion , since b a n d b e n d i n g decreases w i t h distance f r o m the semicon
duc tor -e l e c t ro ly te interface. W e w o u l d a p r i o r i pred i c t that e l e c t ron -ho le 
pairs p r o d u c e d outside the dep le t ion reg ion are more l i k e l y to rad ia t ive ly 
recombine than those p r o d u c e d w i t h i n the dep le t ion region, w h i c h can 
more read i ly separate to produce photocurrent . Since a greater f ract ion 
of 514.5-nm than u l t r a b a n d gap l i ght w i l l be absorbed outside the deple 
t i o n region, the l o w energy photons shou ld be more effective at y i e l d i n g 
emission a n d less effective at p r o d u c i n g photocurrent than u l t r a b a n d gap 
photons. 

T h e i n - a n d out-o f -c ircuit trends may also be interpreted i n this 
manner . T a k i n g the electrode out of c i r cu i t removes deact ivat ion routes 
corresponding to e lectron-hole separation a n d thus increases the p r o b 
ab i l i ty for deact ivat ion v i a the r e m a i n i n g pathways . Since photocurrent 
is least important as a decay route for 514.5-nm excitat ion, the difference 
between i n - a n d out-of -c ircuit emission should be smallest, as is observed. 
A l t h o u g h this logic intimates at a d irect trade-off between emission a n d 
photocurrent , the data i n T a b l e I I are evidence that this need not be so. 
T h e decl ines i n emission intensity w i t h wave length m a y w e l l be due to 
surface traps that promote nonradiat ive e lectron-hole p a i r recombinat ion 
(64). Surface q u a l i t y can be expected to p l a y a more significant role as 
the penetrat ion d e p t h decreases. 

O n e further po int concerns the l ong wave l ength extreme. W e have 
ac tua l ly observed emission wavelengths as l ong as 540 n m b e y o n d w h i c h 
emission intensity becomes l i m i t e d b y the opt i ca l density of the sample . 
T h i s is possible evidence that the absorpt ion shoulder corresponds to the 
emi t t ing excited state. I f this were the case, then an alternate explanat ion 
for the dec l ine of emission intensity w i t h wave length is s i m p l y that the 
absorpt ion b a n d l ead ing to emission has peaked a n d fa l len . A complete 
excitat ion spectrum c o u l d reveal the shape of this b a n d , since most of i t 
is b u r i e d beneath the d irect b a n d gap transi t ion . 

Current-Voltage-Emission Properties. U n d o u b t e d l y the most s i g 
nificant feature of the luminescent photoelectrodes is the opportuni ty they 
afford to examine the interp lay of radiat ive a n d nonradiat ive excited state 
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11. E L L I S A N D K A R A S Luminescent Properties of Photoelectrodes 201 

deact ivat ion routes. A s descr ibed i n the in troduct ion , the P E C c a n be 
assembled inside the sample chamber of a n emission spectrophotofluo-
rometer so that front surface emission m a y be moni tored d u r i n g P E C 
operat ion. A s tandard three-electrode geometry was used i n con junct ion 
w i t h a P A R potentiostat that regulates the photoelectrode potent ia l vs. 
a n S C E . A 1.5 X 0.9-cm P t f o i l served as the counterelectrode. T h e 
photoelectrodes were i r regu lar ly shaped but often s m a l l enough to be 
complete ly i l l u m i n a t e d b y the 3 -mm diameter laser beam. 

Electrodes larger than the excitat ion beam were also used. I n this 
case excitation at a spot on the surface results i n emission over the entire 
sample surface. T h e r e are at least three explanations for this. T h e first 
is that excitons m a y migrate a n d rad iat ive ly recombine throughout the 
sample. W e expect exciton di f fusion lengths to be smal l at room tempera 
ture , but to our knowledge they have not been measured for C d S : T e a n d 
C d S r A g . W e cannot, therefore, ru le this out. A second poss ib i l i ty involves 
reabsorpt ion a n d reemission of emit ted l i ght enough t imes to transport 
i t throughout the sample. Since most of the emit ted l i ght is not appre 
c i a b l y absorbed b y the sample , w e th ink that this , too, is u n l i k e l y b u t 
s t i l l possible. T h e most p laus ib l e explanat ion, w e feel , is s i m p l y that 
the emitted l ight is scattered to the extent that i t emerges throughout the 
sample. Some role m a y be p l a y e d b y gra in boundaries i n this process. 
I n several samples where obvious gra in boundaries exist, w e find l u m i 
nescence only w i t h i n the i r rad ia ted gra in ; emission ceases abrupt ly at 
the boundary . I n this sense the b o u n d a r y m a y be ac t ing as a site of 
nonradiat ive recombinat ion i f migrat i on processes are invo lved or as a 
ref lect ing or absorb ing surface i f scattering is the dominant mechanism. 
I n either case, g ra in boundaries are not a requirement for emission; w e 
have recently obta ined single crystals of 100-ppm C d S : T e ( v ide in f ra ) 
that exhib i t the same emission spectrum a n d this same phenomenon of 
g l oba l emission f r o m l o ca l excitat ion. 

T h e c ruc ia l finding w i t h regard to P E C s is that electrode potent ia l 
influences both photocurrent a n d luminescence efficiency. A t y p i c a l set 
of results is presented i n F i g u r e 8 for a 100-ppm C d S : T e photoelectrode 
a n d 1 M O H V 1 M S 2 / 0 . 2 M S electrolyte. W i t h 496.5-nm u l t r a b a n d gap 
excitat ion the photocurrent decl ines w i t h increas ingly negative potent ia l , 
eventual ly reach ing zero a r o u n d —1.1 V vs. S C E . O v e r the same poten 
t i a l range the emission intensity more t h a n doubles . W e have chosen the 
expedient of mon i t o r ing emission intensity at the b a n d m a x i m u m of 600 
n m , since the spectrum is independent of potent ia l ( v ide s u p r a ) . 

T h e emission data presented i n F i g u r e 8 are s imi lar to the results 
presented i n the preced ing section. Out -o f - c i r cu i t emission values such 
as those g iven i n T a b l e I I shou ld correspond to the emission intensity at 
zero photocurrent , the po int where the current -vo l tage curve intercepts 
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Figure 8. Dependence of photocurrent ( , left hand scale) and rela
tive emission intensity ( , right hand scale; monitored at 600 nm) on 
electrode potential for a 100-ppm CdS:Te-based PEC using I M 0H~/1M 
S2'/0.2M S electrolyte. Both measurements were made simultaneously at 
a sweep rate of 13 mV/sec starting at —0.3 V vs. SCE. Electrolyte redox 
potential is —0.70 V vs. SCE. The 3-mm diameter laser beam only filled 
part of the irregularly shaped 0.54-cm2 electrode surface. Because of 
electrolyte absorption, only an upper limit of approximately 4 mW for 

the incident 496.5-nm excitation can be given. 

the voltage axis. R e c a l l that the out -o f -c ircuit a n d in - c i r cu i t values were 
most s imi lar for 514.5-nm excitat ion a n d qui te disparate for u l t r a b a n d 
gap i r rad ia t i on . C o m p l e t e c u r r e n t - v o l t a g e - e m i s s i o n data shou ld reflect 
this re lat ionship . 

T h e d irect compar ison is s h o w n i n F i g u r e 9, w h i c h is based o n a 
10 -ppm C d S r A g photoelectrode i n 1 M O H ' / I M S270.2M S electrolyte. 
C o m p a r a b l e intensities of 496.5- a n d 514.5-nm excitat ion result i n dramat 
i c a l l y different photocurrent - luminescence properties . W i t h respect to 
photocurrent , u l t r a b a n d gap 496.5-nm excitat ion y ie lds substantial ly 
larger photocurrents than b a n d gap edge 514.5-nm l ight . T h e m a x i m u m 
output voltage for a g iven intensity ( E v ) , def ined as the difference 
between the voltage at w h i c h zero photocurrent obtains a n d the va lue of 
Eredox, is about 500 m V for 496.5-nm l i g h t a n d 320 m V for 514.5-nm 
excitat ion ( f r om F i g u r e 9 ) . T h e wave length dependence of photocurrent 
a n d output voltage has been reported for several n-type semiconductor 
photoelectrodes; larger values for b o t h are obta ined w i t h u l t r a b a n d gap 
photons than w i t h b a n d gap edge photons because of the different 
fractions of l i ght absorbed w i t h i n the deplet ion reg ion (5,6,10). 
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11. E L L I S A N D K A R A S Luminescent Properties of Photoelectrodes 203 

A s the photocurrent i n F i g u r e 9 declines to zero i n pass ing to 
increas ingly negative potentials , the emission intensity increases b y u p 
to 5 0 % w i t h 496.5-nm excitat ion, a n d drops s l ight ly ( ~ 6 % ) w i t h 
514.5-nm excitat ion. T h e emission intensities at the t w o wavelengths of 
F i g u r e 9 are about the same because the 496.5-nm exci tat ion is somewhat 

POTENTIAL, VOLTS VS. SCE 

Figure 9. Photocurrent ( , left hand scale) and relative emission in-
tensity ( , right hand scale) as a function of electrode potential for a 
10-ppm CdSiAg-based PEC in 1M OH'/IU S2~/0.2U S electrolyte. 
Experimental conditions in the top and bottom figures are identical except 
that ~15 mW of 496.5-nm light was used in the former and ~11 mW of 
514.5-nm light in the latter. Intensities are upper limits since they are not 
corrected for electrolyte absorption. Emission intensity in both cases was 
monitored at 670 nm; the points labelled "100" on the relative emission 
intensity scales are about the same absolute intensity. Photocurrent and 
emission intensity measurements were made simultaneously at a sweep 
rate of 13 mV/sec starting at —0.3 V vs. SCE. The electrolyte redox 
potential is —0.70 V vs. SCE. Electrode surface area exposed to the elec
trolyte is ~0.21 cm2 and only partially filled by the 3-mm diameter laser 

beam. 
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more intense. F o r ident i ca l excitat ion intensities w e n o r m a l l y see less 
luminescence intensity at 496.5 n m t h a n at 514.5 n m ( T a b l e I I ) . T h e 
dramat i c difference i n luminescence intensity w i t h electrode potent ia l at 
these t w o wavelengths has been observed b y us w i t h a l l of the electrode 
materials used a n d i n b o t h sulfide a n d polysul f ide electrolytes. G e n e r a l l y , 
the percentage increase i n luminescence i n pass ing to the negative ex
treme of the current -vo l tage curve is 1 5 - 1 0 0 % w i t h u l t r a b a n d gap 
exci tat ion wavelengths of 488.0, 496.5, a n d 501.7 n m . E x c i t a t i o n w i t h 
514.5 n m y ie lds less than 6 % changes a n d these are often declines. T h i s 
t r e n d persists even at 514.5-nm l ight intensities that are sufficiently h i g h 
to produce photocurrents comparab le to those ach ieved w i t h l ower in ten 
sity u l t r a b a n d gap excitat ion. A g a i n , w e ascribe this difference to the 
smal ler f ract ion of inc ident l i ght absorbed w i t h i n the deplet ion reg ion . 
Essent ia l l y , a greater f ract ion of l i ght is then absorbed i n a reg ion of less 
b a n d b e n d i n g , a reg ion where the exc i ted state deact ivat ion rate con 
stants shou ld be more insensit ive to changes i n electrode potent ia l . 

T o further probe the general ity of this phenomenon , a s imi lar exper i 
ment was conducted i n d i t e l lur ide electrolyte ( F i g u r e 10) . T h e electrode 
is 5 - p p m C d S : T e . A t comparable inc ident intensities of 496.5- a n d 
514.5-nm l ight , approx imate ly 2 0 % a n d 3 % increases i n emission intensity 
occur over the range of — 0.7-— 1.2 V vs. S C E , respectively. I t w o u l d 
be diff icult to pred i c t a p r i o r i h o w the luminescence i n d i te l lur ide w o u l d 
differ f rom that observed i n polysulf ide. I f a l l of the rate constants of 
F i g u r e 2 were ident i ca l for the two electrolytes, then there should be an 
exact correspondence between the current -vo l tage -emiss ion curves. T h i s 
assertion assumes that C d S : T e a n d C d S : A g behave as undoped C d S , for 
w h i c h the conduct i on a n d valence b a n d energies are re lat ive ly i n d e 
pendent of po lychalcogenide electrolyte (6). O f course, the a p p r o x i 
mate ly 0.4 V difference i n Eredox energies means that output voltages i n 
T e 2 ' / T e 2

2 ' e lectrolyte w i l l be cons iderably r e d u c e d re lat ive to po lysul f ide 
m e d i a . O u r data thus far ind icate s imi lar features for the t w o electro
lytes, b u t cons iderably more data need to be co l lected before comparisons 
c a n be comfortab ly made . 

T w o features of the range of condit ions used are p a r t i c u l a r l y note
wor thy . F i r s t , the k inds of percentage increases i n emission that w e 
observe have been obta ined at various sweep rates a n d w i t h po in t -by -
po in t equ i l ib ra t i on . T h e difference i n emission at m a x i m u m a n d near-zero 
photocurrents is easily observed v i sua l ly b y p u l s i n g the electrode be tween 
the appropr iate potentials . W e also have confidence that the effect is 
rea l because it is reproduc ib le either i n po int -by -po int or i n the reverse 
sweep ing of potent ia l . I n some cases w e have swept t h r o u g h the po tent ia l 
range m a n y times i n succession a n d s t i l l see the same var ia t ion i n emission 
a n d photocurrent . 
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Figure 10. Photocurrent left hand scale) and relative emission in
tensity (O, right hand scale) as a function of electrode potential for a 5-
ppm CdS:Te electrode in 5M KOH/0.05M Te2-/0.01M Tet

2' electrolyte. 
Emission intensity was monitored with a flat response radiometer suitably 
filtered to eliminate the excitation lines of 496.5-nm (top figure) and 
514.5-nm (bottom figure). The emission intensity pointy labelled "100" 
on the top figure is approximately V2 the value of "100" on the bottom 
figure. Excitation intensities are comparable at ~10 raW, uncorrected for 
electrolyte absorption. The electrolyte redox potential is —1.04 V vs. SCE. 
Electrode surface area exposed to the elctrolyte is ~0.12 cm2 and about 

half filled by the 2-mm diameter laser beam. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
0-

01
84

.c
h0

11



206 I N T E R F A C I A L P H O T O P R O C E S S E S 

T h e other feature of interest is that the different d o p i n g levels of 
C d S : T e a n d 10-ppm C d S : A g a l l show s imi lar effects. W e bel ieve that 
the mechan ism b y w h i c h luminescence occurs is l i k e l y different for the 
t w o dopants, a n d it is therefore significant that they exhibi t the same 
k inds of potent ia l a n d wave l ength dependence of emission intensity. T h i s 
observation leads us to bel ieve that luminescence w i l l be a very general 
probe of recombinat ion processes i n P E C s . 

Ef f ic iency. A complete character izat ion of the semiconductor ex
c i t ed state requires a deta i led energy balance. A l t h o u g h the i n p u t opt i ca l 
energy is easily measured w i t h a radiometer , each of the d iss ipat ion 
pathways shown i n F i g u r e 2 involves a different technique for its deter
m i n a t i o n . A t this po int w e are able to accurately determine the efficiency 
of e lectrochemical redox processes a n d to estimate the efficiency of l u m i 
nescence, processes governed b y kx a n d fcr, respectively. I n p r i n c i p l e , the 
efficiency of nonradiat ive recombinat ion c o u l d be est imated b y difference, 
assuming that kly kx, a n d kr represent the only significant deact ivat ion 
routes. 

F o r the degenerate electrolysis p i c t u r e d i n F i g u r e 3, the c u r r e n t -
voltage curve permits ca l cu lat ion of the efficiency at w h i c h opt i ca l energy 
is converted d i rec t ly to e lectr ic i ty . Since the P t counterelectrode is at 
Erodox, passage of photoanodic current at potentials e q u a l to or negative 
of this va lue represents opt i ca l energy conversion ( 4 ) . T h e m a x i m u m 
product of photocurrent a n d output voltage is the m a x i m u m p o w e r 
output , a n d d iv i s i on by input opt i ca l p o w e r y ie lds the efficiency (rj). 

I n T a b l e I I I w e have c o m p i l e d t y p i c a l efficiencies for C d S : T e - a n d 
C d S : A g - b a s e d P E C s i n polysul f ide media . I n general they do not exceed 
1 % a n d are therefore signif icantly l ower than the approx imate ly 5 % 
efficiency observed for 500-nm monochromat i c l i g h t w i t h s ingle crysta l 
u n d o p e d C d S electrodes ( 5 ) . W e attr ibute this to b o t h the po ly c rys ta l -
l i n i t y of the materials a n d the surface qua l i ty . O n occasion w e have seen 
efficiencies that are comparab le w i t h the u n d o p e d single crysta l values ; 
they have been more the exception t h a n the rule , however . 

T h e efficiency is g iven b y E q u a t i o n 3 where $ x is the q u a n t u m effi-

<M7v ( 3 ) 

E BG 

c iency for e lectron flow i n the external c i rcu i t . T h e m a x i m u m va lue of & x 

is 1.0; for Ey i t is the b a n d gap value , EBG. T a b l e I I I reveals that b o t h 
<fcx a n d Ey are at best one tenth of the m a x i m u m values a n d are thus 
j o int ly responsible for the poor efficiencies. M u c h l ower efficiency i n 
T e 2 ' / T e 2

2 ' re lat ive to S 2 ' / S n
2 ' is expected on the basis of less b a n d b e n d 

i n g , a result of the more negative va lue of E r e d 0 x (—1-1 vs. —0.7 V vs. 
S C E , respec t ive ly ) . 
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Table III. Energy Conversion Characteristics 0 

CdS:Te-, Undoped 
Property CdS:Ag-based PEC * CdS-based PECb 

W 0 . 1 - 1 % 3 - 7 % 
Ev at V m a x

d 0.2^0.3 V 0.3-0.4 V 
*x a t 0.01-0.1 0.3-O.5 
* x ( m a x ) f 0.1-0.3 0.8-1.0 
L u m V 0 . 0 1 - 1 % — 
O r (max )* 0.01-0.1 — 

° Measures of efficiency for the conversion of ^10 mW/cm2, ~ 500-nm mono
chromatic input optical energy to electricity and/or luminescence in aqueous poly
sulfide media. Listed values are meant to be representative. 

b The indicated electrodes serve as the photoanodes of a PEC like that shown in 
Figure 3. Data were also obtained with a third, reference electrode and a potentio-
stat. Undoped CdS data were taken from Refs. 5 and 6. All measurements were 
made with samples etched in concentrated HC1. 

c Maximum efficiency for the conversion of optical energy to electricity. Ob
tained from current-voltage curves like those shown in Figures 8-10 by maximizing 
the product of output voltage (cf. text and Footnote d) and photocurrent, then 
dividing by input optical power. 

d Output voltage at maximum efficiency. The output voltage is the absolute value 
of the difference between the electrode potential on the current-voltage curve and 
2?redox. For the two-electrode cell shown in Figure 3, Ey is the electrode potential, 
since 0.0 V is^r.dox (4). 

e*x is the quantum yield for electron flow in the external circuit, measured here 
at the potential corresponding to maximum efficiency. 

1 The maximum value of * x , usually measured at up to 0.5 V positive of Er*&ox, 
where the photocurrent is saturated with respect to potential. 

8 Efficiency for the conversion of optical energy to luminescence, defined here as 
(energy emitted)/(energy absorbed). A flat wavelength response radiometer is used 
to estimate the energy emitted (cf. text). 

h Estimated maximum emission quantum efficiency. Low temperature emission 
spectra of unmounted CdS:Te and CdS:Ag samples were used for this estimate (see 
Figure 11 and text). 

D e t e r m i n i n g the luminescence efficiency is diff icult because of its 
spat ia l ly diffuse nature. W e have used two techniques for est imat ing its 
magni tude . T h e first method provides an upper l i m i t of emission efficiency 
b y finding p h y s i c a l condit ions that produce more intense emission f r om 
the same excitat ion intensity. I n agreement w i t h the l i terature (46 ,47 , 
4 8 ) , w e have f o u n d that s i m p l y l ower ing the temperature to 77 K 
general ly produces such changes. F i g u r e 11 depicts the emission spectral 
changes resul t ing f rom decreasing the temperature. A l t h o u g h the peak 
pos i t ion of the 50 -ppm C d S : T e sample does not change very m u c h , the 
peak sharpens a n d increases i n intensity dramat i ca l ly . Integrat ion of the 
peak areas indicates an approx imate ly 40 - fo ld increase i n intensity u p o n 
coo l ing a n d thus sets a n u p p e r l i m i t of 0.025 for emission q u a n t u m 
efficiency at room temperature. D a t a i n T a b l e I I I show that for the 
samples examined, m a x i m u m values of O r de termined i n this manner 
are 0.01-0.1. T h i s shou ld be regarded as a c rude estimate i n that no effort 
was made to compensate for the differences i n opt i ca l penerat ion d e p t h 
( a ) at the t w o temperatures ( 6 2 , 6 9 ) . 
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EXCITATION 
Cx 1/100) 

J I I I I I | |_J 
500 600 700 800 

WAVELENGTH, nm 

Figure 11. Uncorrected emission spectra of 50-ppm CdS:Te at 77 K 
( ) and 295K ( ; I OX scale expansion). The sample was excited 

with identical intensities of 488.0-nm light at the two temperatures. 

W e have effectively defined the emission q u a n t u m y i e l d as (photons 
e m i t t e d ) / ( p h o t o n s absorbed) . H o w e v e r , i n the context of a P E C a n 
equal ly sat is fying measure w o u l d be (energy e m i t t e d ) / ( e n e r g y absorbed) . 
T h e d irect interconversion of definitions necessitates integrat ion over the 
spectral d i s t r ibut ion of emitted l ight . W e have s idestepped this p r o b l e m 
b y u s i n g a radiometer w i t h flat wave l ength response to sample the emit ted 
l i ght f rom the back side of a flat electrode. C o r r e c t i n g for the f ract ion of 
emit ted l i ght sampled a n d assuming isotropic luminescence , w e then 
t y p i c a l l y find values of 0 . 1 - 1 % efficiency for the convers ion of i n p u t 
op t i ca l energy to emission i n electrolytes of polysulf ide. T h i s range is 
certa in ly consistent w i t h the u p p e r l imi ts set f or th i n T a b l e I I I a n d reflects 
dependence on sample , excitat ion wave length , a n d potent ia l . T h o u g h it is 
not the dominant p a t h w a y , rad iat ive deact ivat ion c a n be a signif icant 
route for energy d iss ipat ion for the C d S : T e a n d C d S : A g excited states. 

T h e dominant deact ivat ion mechanism is nonradiat ive e lec tron-ho le 
recombinat ion based on the l o w efficiencies of emission a n d photocurrent . 
As was ment ioned before, i t is this feature w h i c h masks the extent to 
w h i c h energy trade-offs exist between luminescence a n d photocurrent . 
F i g u r e s 8-10 confirm the data of T a b l e I I , w h i c h show that an inverse 
potent ia l dependence between emission a n d photocurrent does not a lways 
exist. A t h i g h excitat ion intensities w e have seen occasional ly the emission 
intensi ty p lateau at negative potentials (see F i g u r e 9 ) or peak a n d then 
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11. E L L I S A N D K A R A S Luminescent Properties of Photoelectrodes 209 

dec l ine at s t i l l more negative potentials . I t is i n t r i g u i n g , however , that 
there is a large potent ia l a n d hence b a n d b e n d i n g range over w h i c h b o t h 
photocurrent a n d emission intensity are re lat ive ly constant a n d that b o t h 
deviate f r om this p la teau at about the same potent ia l . A complete inter 
pre tat ion of these observations awaits the eva luat ion of a l l the rate 
constants of F i g u r e 2. 

Summary and Perspective 

W e bel ieve that the luminescent properties of semiconductor photo 
electrodes represent a p o w e r f u l technique for p r o b i n g recombinat i on 
processes i n operat ing P E C s . T h e key finding is that bo th emission 
intensity a n d photocurrent of n-type C d S : T e a n d C d S : A g photoelectrodes 
are inf luenced b y exper imental P E C parameters i n a manner consistent 
w i t h b a n d b e n d i n g arguments c o m m o n l y used to descr ibe photoelectro
chemica l phenomena. Increases i n emission intensity of about 1 5 - 1 0 0 % 
w i t h u l t r a b a n d gap (A ^ 500 n m ) i r rad ia t i on are observed w i t h increas
ing ly negative potentials ; s imultaneously , over the same potent ia l range 
the photocurrents i n aqueous S 2 " / S n

2 " or T e 2 " / T e 2
2 " electrolytes dec l ine 

to zero a n d underscore the significance of the deplet ion reg ion i n deter
m i n i n g the relat ive rates of e lectron-hole separation a n d recombinat ion . 
S i m p l y put , w e find that condit ions m i n i m i z i n g b a n d b e n d i n g i n C d S : T e 
a n d C d S : A g photoelectrodes l ead to increased emission intensity a n d 
reduced photocurrents . U l t r a b a n d gap photons are more effective at 
p r o d u c i n g photocurrent a n d less effective at y i e l d i n g emission t h a n b a n d 
gap edge 514.5-nm l ight because a greater f ract ion is absorbed w i t h i n the 
dep le t ion region. It is grat i fy ing to us that two different materials , C d S : T e 
a n d C d S r A g , w i t h different emission spectra a n d p r e s u m a b l y different 
emissive mechanisms, b o t h give emissive properties corresponding to this 
s imple mode l . 

T h e po lycrys ta l l in i ty of the me l t -g rown C d S : T e a n d C d S r A g samples 
a n d lack of knowledge of their surface compos i t ion prec ludes def init ive 
conclusions regard ing their P E C properties relat ive to those of u n d o p e d 
C d S . H o w e v e r , w e have recently made several observations that cast 
some l ight i n this d i rec t ion . F i r s t , w e have f o u n d that B r 2 / M e O H etch ing 
leads to vast ly superior P E C properties re lat ive to H C 1 e t ch ing ( 6 5 , 6 6 ) . 
W i t h respect to T a b l e I I I , the B r 2 / M e O H etchant leads to 3 - 5 % for V m a x 

w i t h approx imate ly 500-nm i n p u t l ight . O u t p u t voltages of 0.45 V a n d 
q u a n t u m efficiencies for electron f low of 0.25 (at rjmax) a n d 0.35 m a x i m u m 
are typ i ca l . These values are almost as good as those prev ious ly reported 
for u n d o p e d single crystal C d S samples ( 5 , 6 ) . A d d i t i o n a l l y , the B r 2 / 
M e O H treatment leads to greater photocurrent s tabi l i ty a n d far less 
surface degradat ion under comparable P E C condit ions (see S tab i l i ty 
sec t ion) . 
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These observations l ead us to bel ieve that the surface p r o d u c e d by 
H C 1 etch ing is the p r i n c i p a l source of poor P E C properties . C h e m i c a l l y , 
T e a n d A g are re lat ive ly inert to H C 1 compared w i t h B r 2 / M e O H a n d 
the former etchant may not produce as u n i f o r m a surface. T h e differences 
i n etchants seem to be rea l a n d r e p r o d u c i b l e — a sample etched w i t h H C 1 
a n d exh ib i t ing poor current -vo l tage properties can be etched w i t h B r 2 / 
M e O H to y i e l d good properties and subsequently re-etched w i t h H C 1 to 
regenerate the infer ior current -vo l tage curves. 

A second observation w e have made concerns experiments w i t h 
s ingle crysta l 100-ppm C d S : T e . A s descr ibed i n the section on O p t i c a l 
Propert ies , the emission spectrum of the single crystal mater ia l matches 
that of the po lycrysta l l ine 100-ppm samples and , i n fact, the luminescence 
efficiencies are very s imi lar . T h e P E C output parameters of the single 
crystals ( B r 2 / M e O H etch) are, however , marked ly better. F o r example , 
w e have observed efficiencies of 7 .5% (^ m a x ) , ou tput voltages at rjmax of 
0.60 V , a n d q u a n t u m efficiencies (<£ x) at -qmax of 0.45. These values 
ind icate that gra in boundaries m a y exert some influence on output p a r a m 
eters. A more dramat ic i l lustrat ion is our observation that the 1 5 - 1 0 0 % 
increases i n emission intensity w i t h potent ia l seen w i t h po lycrysta l l ine 
100-ppm C d S : T e become u p to 5 0 0 % increases w i t h single crysta l 
samples. A g a i n , this effect is observed w i t h u l t r a b a n d gap wavelengths ; 
at 514.5 n m w e see the same independence of emission intensity on 
potent ia l observed w i t h po lycrysta l l ine samples. 

W e w o u l d predic t that the effect of gra in boundaries on P E C 
properties w o u l d be most pronounced i f they occur w i t h i n the dep le t ion 
or opt i ca l penetrat ion regions of the semiconductor . T h e gra in size of 
3 -8 m m i n our po lycrysta l l ine samples is a v i s u a l surface measurement 
a n d t h o u g h this d imens ion is far larger t h a n the 10" 4 - 10 " 2 -mm depths 
relevant to b a n d b e n d i n g a n d opt i ca l absorpt ion, w e have no w a y of 
k n o w i n g whether gra in boundaries exist beneath the surface at these 
depths. E v e n beyond these depths, the boundaries may serve as n o n 
rad iat ive recombinat ion sites a n d q u e n c h emission a n d / o r photocurrent . 
F u r t h e r studies on the role of gra in boundaries are i n progress but at 
this po int our observations serve to emphasize the extent to w h i c h 
current -vo l tage - luminescence properties are independent of sample 
preparat ion . 

T w o previous efforts were made to observe the luminescent phe 
nomena descr ibed i n this chapter , a n d they i l lustrate the potent ia l gener
a l i t y of the technique . M e m m i n g a n d B e c k m a n n s tud ied photocathodic 
evo lut ion of H 2 f r o m p - G a P electrodes i n a c i d m e d i u m ( 4 4 ) . T h e y sought 
evidence for the q u e n c h i n g of photo luminescence b y the passage of 
photocurrent b u t f o u n d differences i n emission intensi ty of on ly a f ew 
percent over the potent ia l range examined . A more sensitive di f ferential 
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luminescence technique conf irmed their observation. n - T y p e Z n O a n d 
Z n O : C u exhib i ted potent ia l -dependent emiss ion intensity , w h i c h under 
some condit ions bore a near ly mirror - image re lat ionship to the photo -
current -vo l tage curve ; a der ivat i on presented to account for this m a y be 
app l i cab le to other systems at h i g h values of 3>x ( 6 8 ) . T h e e lectrochem
istry i n the Z n O study is photocorros ion l e a d i n g to Z n + 2 a n d 0 2 ( 6 8 ) . 
These examples i l lustrate the range of materials a n d electrode processes 
w i t h w h i c h luminescent P E C s can be constructed. I n fact, m a n y of the 
materials n o w commonly used i n P E C studies are either luminescent at 
room temperature or may be doped to induce emission, as has been done 
w i t h C d S . 

C a r e must be exercised i n extending results for doped semiconductor 
photoelectrodes to u n d o p e d systems. W e are encouraged b y the insensi -
t i v i ty of the emission spectra of C d S : T e a n d C d S : A g to a var iety of 
exper imental condit ions i n c l u d i n g the excitat ion wave length , the electrode 
potent ia l , a n d the presence of S 2 " / S n

2 " electrolyte. W e feel that this is 
strong evidence that the dopant i n d u c e d states a n d valence a n d conduc 
t ion bands a l l undergo para l l e l b a n d bend ing . I t is possible that the 
dopant states can influence inter fac ia l e lectron transfer processes, b u t 
more systems need to be examined to determine h o w important this 
effect w i l l be. W e feel , however , that at this po int there are enough 
correlations between the doped a n d u n d o p e d C d S - b a s e d P E C s to m a k e 
the pursu i t of these systems w o r t h w h i l e . 
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12 
Photoelectrochemical Solar Cells 

Chemistry of the S e m i c o n d u c t o r - L i q u i d J u n c t i o n 

A. HELLER and B. MILLER 

Bell Laboratories, Murray Hill, NJ 07974 

The energy conversion efficiency and stability of semicon
ductor-liquid junction solar cells are critically dependent on 
the chemistry at the photoactive junction. Improvement of 
the GaAs | selenide-polyselenide | C cell to 12% solar effi
ciency and stabilization of the CdS | sulfide-polysulfide | C 
cells will be discussed in this context. For the GaAs cell, 
adsorption of ruthenium on the surface has considerably 
improved the fill factor. Combined with an etching pro-
cedure leading to a matte, nonreflective surface, this treat
ment is responsible for the output enhancement. In the 
CdSe cell, stability is materially improved by addition of 
selenium to the redox electrolyte to suppress deleterious 
ion exchange processes otherwise occurring under high light 
intensity photoanodic operation. 

Junctions between semiconductors a n d l i qu ids f o r m spontaneously; semi 
c o n d u c t o r - l i q u i d junct ion solar cells are s impler to make than other 

types of solar cells. T h e q u i d p r o quo is exposure of the junct ion to 
c h e m i c a l processes, such as corrosion, i on exchange, a n d adsorpt ion of 
impur i t i es , w h i c h m a y alter the junct ion a n d affect the l i fe a n d output of 
the cells. H o w e v e r , del iberate modi f i cat ion of the surface to improve 
per formance is possible. W e summarize here studies of s e m i c o n d u c t o r -
redox electrolyte combinat ions i n w h i c h l i fe has been extended substan
t i a l l y a n d output impor tant ly i m p r o v e d b y analysis of the junct i on 
chemistry . 

T h e most efficient s e m i c o n d u c t o r - l i q u i d junct ion solar cells m a d e i n 
our laboratory n o w convert solar to e lectr ica l p o w e r w i t h a 1 2 % efficiency 
( 1 , 2 ) , w h i c h br ings them into the range of solid-state junct ion devices. 
T h i s efficiency was reached b y m o d i f y i n g bo th the surface chemistry a n d 

0-8412-0474-8/80/33-184-215$05.00/0 
© 1980 American Chemical Society 
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the surface topography of g a l l i u m arsenide ( G a A s ) . B y contro l l ing the 
topography (3), i t was possible to reduce reflection losses (1,2,8) at the 
semiconductor - l i qu id interface. These aspects of surface modi f i cat ion w i l l 
be discussed i n this chapter. 

A n o t h e r c r i t i ca l factor w e w i s h to discuss i n the context of our w o r k 
on n - c a d m i u m se lenide-sul f ide -po lysul f ide cells is the i o n exchange ( I I -
14) process at the semiconductor -e lectro lyte junct ion a n d the suppression 
of l i f e - l i m i t i n g reactions b y chang ing electrolyte chemistry . W e cite some 
pert inent aspects of the p h y s i c a l chemica l a n d structural properties of 
junctions between n-type semiconductors a n d redox couple solutions to 
establ ish the b a c k g r o u n d of these developments. 

Efficiency and Stability to Dissolution 

T h e theoretical l i m i t i n g open-c ircuit photovoltage achievable i n semi 
c o n d u c t o r - l i q u i d junct ion solar cells under intense i l l u m i n a t i o n is a ppr ox i 
mate ly the difference between the f e r m i l eve l of the semiconductor a n d 
the potent ia l of the redox couple i n solut ion (4,5), as l o n g as this 
potent ia l is w i t h i n the semiconductor s b a n d gap. I f the redox potent ia l 
becomes o x i d i z i n g w i t h respect to the valence b a n d , the semiconductor 
is i rrevers ib ly ox id i zed even i n the dark. I f the potent ia l is too r e d u c i n g , 
the redox potent ia l w i l l approach the f e r m i leve l of the n-type semicon
ductor , w h i c h is located w i t h i n approx imate ly 0.2 e V of the conduct i on 
b a n d i n our materials . T h e photovoltage w i l l then be smal l a n d the c e l l 
w i l l be inefficient. 

I l l u m i n a t i o n of the n-type semiconductor causes holes to move to 
the interface ( F i g u r e 1). T h e holes oxidize the semiconductor unless such 
ox idat ion is thermodynamica l ly p r o h i b i t e d or unless the holes selectively 
react w i t h the adsorbed, r e d u c i n g m e m b e r of the redox couple . F o r 
semiconductors w i t h b a n d gaps near the o p t i m u m for one-step solar 
energy conversion (1.4 ± 0.4 e V ) there are no thermodynamica l l y stable 
systems w i t h sufficiently o x i d i z i n g redox couples that a l l ow photovoltages 
i n excess of about ha l f the b a n d gap. A s a result , the simultaneous 
achievement of solar-to-electrical conversion a n d stabi l i ty to ox idat ion 
requires contro l of the kinetics to achieve a s ituation for w h i c h the rate 
of ox idat ion of the adsorbed member of a redox couple greatly exceeds 
the ox idat ion of the i l l u m i n a t e d semiconductor surface. 

A n example of contro l led kinet ics is the case of the n - G a A s | K 2 S e -
K 2 S e 2 - K O H | C ce l l (6). G a A s photocorrodes i n basic aqueous solutions 
u n d e r i l l u m i n a t i o n b y React ion 1 (7 ) (where h* = h o l e ) . I n the n - G a A s | 

GaAs + 6h + + 8 0 H " G a ( O H ) 4 - + A s 0 2 - + 2 H 2 0 (1) 
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•WW 

2fc4+2Se2"—Se*" AMOOE 

tt~+(ifP» 2Si2" CATHODE 

Figure 1. Schematic of a semiconductor-liquid junction solar cell. The 
cell, with the illuminated anode, is shown on the right. Electrode reac
tions for the n-GaAs\K2Se-K2Se2-KOH\C cell are shown at the bottom. 
The diagram on the left shows the bending of the bands at the interface, 
which results in an electric field near the junction. Absorbed photons 
produce electron-hole pairs, which are separated in the field. The holes 
move to the liquid interface and oxidize the redox couple. The electrons 
move through the semiconductor, the back metal contact, and the external 

load to the carbon cathode, where they reduce the redox couple. 

K 2 S e - K 2 S e 2 - K O H | C cells (13) the selenide i on combines w i t h the holes 
at a rate that greatly exceeds the photocorrosion react ion w h e n the 
selenide concentrat ion is sufficiently h i g h , a n d the des ired anodic react ion 
( R e a c t i o n 2) dominates. T h e S e 2 " / S e 2

2 ' couple is s t i l l sufficiently o x i d i z -

2Se2" + 2h + -> Se 2
2 ' (2) 

i n g re lat ive to the flat b a n d i n this electrolyte to a l l o w a photovoltage 
above 0.7 V . 

T h e kinetics of electrolyte ox idat ion a n d semiconductor photocor 
ros ion are different for each semiconductor redox couple system. G e n e r 
a l i z e d k ine t i c models to pred i c t i l l u m i n a t e d semiconductor s tab i l i ty i n 
different redox couples a n d at different redox couple concentrations do 
not exist as yet. 

Prevent ion of reflection losses is essential to obta in a h i g h overa l l 
energy conversion efficiency. E t c h i n g of a semiconductor surface to 
produce h i l locks of m i c r o n or submicron size (1,2) ( F i g u r e 2) increases 
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218 I N T E R F A C I A L P H O T O P R O C E S S E S 

Figure 2. Scanning electron micrograph of a GaAs(lOO) face etched by 
a stationary film of a 1:1 30% H202-H2SOh solution. Because of the sub-
micron size structure ("hillocks"), the reflection of light is substantially 
reduced. Introduction of the hillocks produces an effect similar to the 
conversion of "shiny" platinum to platinum "black" upon particle size 

reduction. 

the current efficiency. T h i s increases the overa l l convers ion efficiency, 
since photons, w h i c h w o u l d have been reflected because of the difference 
i n index of re fract ion between the semiconductor a n d the so lut ion, are 
t r a p p e d between the h i l locks . T h e resul t ing increase i n current efficiency 
is shown i n F i g u r e 3 (8). 

Stability to Ion Exchange 

O p e r a t i o n of a s e m i c o n d u c t o r - l i q u i d junct ion solar ce l l , or even 
mere immers ion of a semiconductor i n a redox couple solut ion, m a y l e a d 
to i o n exchange between the semiconductor surface a n d the so lut ion. I f 
the exchange results i n an ep i tax ia l layer of a n e w c o m p o u n d , the t h i c k -
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2.0 -

The Electrochemical Society, Inc. 

Figure 3. Effects of introduction of surface structure and of Ru(III) 
treatment in the n-GaAs photoanode on the current-voltage characteristics 
of the n-GaAs\K2Se-K2Se2-KOH\C cell. Curves 1 and 2, "shiny" smooth 
electrodes; Curves 3 and 4, "matte" electrodes with hillocks. Curves 1 and 
3, untreated electrodes; Curves 2 and 4, Ru(III) treated electrodes. Cur
rent (I J is normalized to the maximum value (I J for the "shiny" electrodes 

(*)• 

ness of w h i c h exceeds the electron tunne l ing thickness (30 -50 A ) , a n 
a d d e d junct ion w i l l exist i n the semiconductor . S u c h a junc t i on m a y 
b lock the flow of holes to the l i q u i d interface, as shown i n F i g u r e 4 
for the n - C d S e | l M S - 2 - l M S ° - l M N a O H | C ce l l ( 8 , 9 ) i n w h i c h i o n 
exchange results i n a C d S layer o n the photoanode (10-13). I n the 
resul t ing structure the valence b a n d of C d S is about 0.5 e V be l ow that 
of C d S e (10). 

T h e 0.5-eV barr ier to hole flow produces a drop i n photocurrent 
( F i g u r e 5 ) w h e n a C d S layer exceeding tunne l ing thickness results f r om 
surface i on exchange. T h e i on exchange process is promoted b y l ight a n d 
circumstances w h e r e i n a photocorrosion step (Reac t i on 3 ) can take p lace . 
T h i s step is f o l l o w e d b y Se° d isso lut ion ( R e a c t i o n 4 ) a n d C d S r e p r e c i p i -
tat ion ( R e a c t i o n 5 ) . 

C d S e + 2 h + C d 2 + + Se° (3) 
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CdSe 
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c d s — - E F - — - - E F E F - * 

2.4 ev 
i.7ev 

V B (cdse) 

o.sev 

VB(CdS) 

o.2ev 

REDOX 

The Electrochemical Society, Inc. 

Figure 4. Schematic showing a barrier for hole transport from an n-
CaSe photoanode to a redox couple solution created by an n-CdS surface 
layer under short-circuit conditions. For simplicity, band bending near 
the liquid interface is not shown. CB, VB, and EF are, respectively, con

duction bands, valence bands, and fermi levels (11). 

2-Se° + S* 2 - ->SeS* ' 

C d 2 + + S 2 - - > C d S 

(4) 

(5) 

A t l o w l ight levels a l l holes are effectively c a p t u r e d b y the redox couple , 
ox idat ion of the semiconductor b y Reac t i on 3 does not take p lace a n d 
there is l i t t le deter iorat ion i n photocurrent . I f the intens i ty is increased 
to a p o i n t w h e r e charge transport to the redox couple no longer copes 
w i t h a l l the holes a r r i v i n g at the interface, R e a c t i o n 3 a n d thus i o n 
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12. H E L L E R A N D M I L L E R Photoelectrochemical Solar Cells 221 

exchange a n d photocurrent deter iorat ion are r a p i d . R a p i d s t i r r ing assists 
i n m a i n t a i n i n g the surface concentrat ion of active species for the des ired 
route of solut ion ox idat ion ; thus the rate of deter iorat ion is d i m i n i s h e d . 
A d d i t i o n of e lemental se lenium to the so lut ion represses the C d S e -> C d S 
conversion. A possible mode of this ac t i on is the f ormat ion of SeS 2 " ions, 
w h i c h react w i t h d i sso lv ing C d 2 + ions to f o r m a CdSei .^Sa. layer . A t 
sufficiently l o w values of x such a layer has a b a n d gap close to that of 
C d S e itself a n d does not b lock the transport of holes to the l i q u i d inter 
face. A t Se° concentrations above 0 . 0 7 M the n - C d S e | l M N a 2 S - l M S ° -
l M N a O H | C ce l l is stable to deter iorat ion u p o n passage of 20,000 C / c m 2 

100 r 1 

80 -

60 - <0001> FACE 

<1120> FACE 
40 -

11 I I l l I I I 
100 200 300 400 500 600 700 

COULOMBS/Cm2 

The Electrochemical Society, Inc. 

Figure 5. Formation of a CdS surface layer on CdSe results in a decrease 
in the short circuit current in the n-CdSe\NagS-S°-NaOH\C cell The 
decrease is much faster at higher light intensities where the rate of hole 
transport to (oxidation of) the redox couple no longer matches the rate at 
which holes arrive at the interface. The curves show short circuit currents 
as a function of charge passage for light intensities defined by the zero 

time current level (11). 
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STABILIZATION OF THE 
n - c d s e / i M Na 2s - IMS°-IM NaOH/c C E L L 

0 . 0 7 MSe° 
P . 0 2 M se° 

< 1 1 5 0 > FACE 

COULOMBS/cm2 

1 2 , 0 0 0 1 6 , 0 0 0 2 0 , 0 0 0 
A , L_ 

4 0 5 0 6 0 

EQUIVALENT DAYS IN SUNLIGHT 

Figure 6. Effect of Se addition on the short-circuit output stability of 
the n-CdSe\Na2S-S°-NaOH\C cell In the presence of 0.07M Se, dis
solved as SeS2', the blocking CdS layer is no longer formed and the opt-

put is stable. 

1 5 

1 0 

5 

CVJ 
E 
o 0 

< 
E 15 

SUNLIGHT , 6 4 . 6 mW/Cm2 

7.4 m A/cm 2 _ _ _ / 6 . 9 % 

0 . 0 7 5 M se° ! 0 . 6 V \ 

— S U N L I G H T , 6 4 . 2 mW/Cm2 

- 9.1 IT1A/Cm2 
.7.1 % 

' — " — " ^ i ^ 

NO se° 
| Y 0 . 5 V >v 

1 1 1 
| Y 0 . 5 V >v 

1 0 -

0.1 0.2 0.3 0 . 4 0.5 

V O L T S 

0.6 0.7 0 . 8 

The Electrochemical Society, Inc. 
Figure 7. Current-voltage curves, under 64 mW/cm2 solar irradiance, 
for the same n-CdSe crystal run in I M Na2S-lM S°-1M NaOH with (top) 
and without (bottom) 0.075M Se present. Maximum efficiency parame

ters are indicated (11). 
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12. H E L L E R A N D M I L L E R Photoelectrochemical Solar Cells 223 

( F i g u r e 6 ) , the equivalent of 2 months of operat ion i n sunl ight ( I I ) . 
T h e current -vo l tage characteristics of the 7 % efficient Se° s tab i l i zed a n d 
fresh, unstab i l i zed cells are shown i n F i g u r e 7 ( 1 0 ) . 

T h e p r o b l e m of i on exchange can be avo ided b y choosing systems i n 
w h i c h the anions of the semiconductor latt ice a n d the solut ion are 
ident i ca l or systems i n w h i c h the c o m p o u n d resul t ing f r o m the react ion 
of the latt ice cat ion a n d the solut ion an ion does not grow epi tax ia l ly o n 
the semiconductor latt ice. A n example of a c e l l w i t h a c o m m o n i o n , i n 
w h i c h the semiconductor is stable to bo th photocorrosion a n d i on exchange 
is the n - C u I n S 2 | l M N a 2 S - l M S ° - l M K O H | C c e l l (14). N o deter iorat ion 
i n ce l l per formance is observed f o l l o w i n g passage of 2 X 10 4 C / c m 2 . T h e 
b a n d gap of n - C u I n S 2 is 1.53 e V , close to the o p t i m u m for solar energy 
conversion, a n d the efficiency of the ce l l at 7 0 ° C is 6%. Because of poor 
kinet ics , the efficiency of this c e l l decreases at l ower temperatures ( F i g 
ure 8 ) . 

A n example of a ce l l i n w h i c h the product of the latt ice cat ion a n d 
the so lut ion an ion does not g r o w o n the semiconductor , is the n - G a A s | 
K 2 S e - K O H | C ce l l . H e r e the se lenium-conta in ing layer remains less t h a n 
a f ew monolayers th ick after passage of 2 X 10 4 C / c m 2 . 
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Surface States and Stability to Adsorbed Impurities 

Semiconductor -based devices are i n v a r i a b l y sensitive to impur i t i es 
and 5 are c r i t i ca l l y sensitive to changes i n the chemistry at their junctions. 
T h u s , at first glance i t appears d o u b t f u l that the p o w e r output of an 
exposed- junction s e m i c o n d u c t o r - l i q u i d junct ion solar ce l l , made w i t h 
c o m m o n 8 5 % borosi l icate glass a n d a strong base a n d other chemicals 
(reagent g r a d e ) , c o u l d be stable for a reasonable p e r i o d of t ime . I n d e e d 
one does note r a p i d deter iorat ion i n per formance of most cells i n the 
presence of certa in impur i t ies . F o r example, traces of se lenium i n solut ion 
damage the output of the n -CuInS 2 1 N a 2 S - S ° - N a O H | C ce l l a n d the 
per formance of the n - G a A s | K 2 S e - K 2 S e 2 - K O H | C c e l l is adversely 
affected b y cations such as B i 3 + or P d 2 \ 

W e find, however , that incorporat ion of some impur i t i es i n the surface 
has a benefic ial effect ( 1 , 2 , 8 ) . Incorporat ion of r u t h e n i u m i n the surface 
of n - G a A s photoanodes produces a h igher open c i r cu i t potent ia l a n d a 
h igher fill factor, a n d cons iderably reduces hysteresis. M a x i m u m effect 
is ga ined b y d i p p i n g the n - G a A s electrode that h a d prev ious ly been i n 
the selenide electrolyte into a R u ( I I I ) so lut ion. A d d i t i o n of R u ( I I I ) at 
the 1 0 " 5 - " 6 M leve l to the ce l l electrolyte produces a s low improvement 
for a n untreated electrode b y R u adsorpt ion , though not to the l eve l or 
permanence of the pretreatment method . 

W e attr ibute the improvement to an alteration of the surface states 
at the G a A s - s o l u t i o n interface b y strongly chemisorbed r u t h e n i u m . T h e 
presence of surface states at adsorbate-free a n d chemica l ly modi f ied G a A s 
surfaces is w e l l recognized (see Ref . 16 ) . Recent ly , surface states at 
G a A s i n nonaqueous electrolytes have been i n v o k e d to exp la in v o l t a m -
metr i c behavior w i t h redox couples (17,18). T h e surface of etched 
n - G a A s i n our cells has at least three types of c h e m i c a l entities w i t h 
w h i c h surface states m a y be associated: hydroxides , selenides, a n d 
nonsto ichiometr ic composit ions of g a l l i u m a n d arsenic. I f one of the 
resu l t ing surface states occupies a pos i t ion ( E 8 8 ) be l ow the edge of the 
conduct ion b a n d , as shown i n F i g u r e 9, a loss i n photovoltage or fill factor 
m a y result i f electrons tunne l f rom the conduct i on b a n d of the i l l u m i n a t e d 
photoanode ( E c b * ) to the surface state, p r o v i d e d the thickness of the 
barr ier (A) a l lows such tunne l ing . I n the absence of such a surface state, 
the pos i t ion of the conduct ion b a n d i n the b u l k of the semiconductor 
moves f rom E o b to Ecb* a n d a photovoltage V p h results. ( A vo l tammetr i c 
curve , for a we l l -behaved photoanode is shown schematical ly i n C u r v e a 
of F i g u r e 10 ) . I f t u n n e l i n g can take p lace a n d is very r a p i d , a perfect 
shunt is created a n d the photovoltage w i l l not exceed E 8 8 — E c b ( F i g u r e 
9 ) , as electrons raised above E 8 8 w i l l s p i l l into the surface state. S u c h a 
s i tuat ion is re ferred to i n Schottky junct ion cells as " p i n n i n g " b y surface 
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A E 

Eredox 

DISTANCE FROM THE INTERFACE 

The Electrochemical Society, Inc. 

Figure 9. Shunting of a liquid junction solar cell by a surface state near 
the conduction band, cb, vb, ss, and redox refer to the conduction band, 
valence band, surface state, and solution redox potential, respectively. 
The positions of the energy levels in an intensely illuminated cell are 
shown in dashed lines and are marked by an asterisk. is the highest 
photovoltage that can be reached in the absence of a surface state (S). 

states a n d leads to the vo l tammetr i c behav ior shown, schematical ly , i n 
F i g u r e 10, C u r v e b . I n our experiments, w e f o u n d such behav ior w i t h 
n - G a A s photoanodes d i p p e d i n P d ( I I ) solutions, a treatment resu l t ing i n 
meta l l i c P d o n the surface. 

I f the rate at w h i c h electrons transfer to the surface state is not 
sufficiently r a p i d , a photovoltage V p n of £ c b * — Ech m a y s t i l l be ap 
proached , b u t current w i l l be lost a n d the fill factor w i l l be reduced . 
Hysteres is w i l l also be observed i n cyc l i c scans, schematica l ly represented 
b y F i g u r e 10, C u r v e c, a n d i n pract i ce , w i t h freshly etched b u t otherwise 
untreated n - G a A s photoanodes ( F i g u r e 3, C u r v e s 1 a n d 3 ) . 

A chemisorbed i o n m a y change the pos i t i on of a surface state either 
b y electrostatic interact ion w i t h the surface species or b y f o r m i n g a b o n d 
i n w h i c h electrons are shared. 
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t A 

v 

The Electrochemical Society, Inc. 

Figure 10. Current-voltage curves for idealized cells with (a) no sur
face states near the conduction band, (b) perfectly shunting surface states, 

and (c) imperfectly shunting surface states (S). 

I f the electrostatic interact ion is weak , or i f the sp l i t t ing that results 
f r om the format ion of the n e w b o n d is s l ight ( F i g u r e 11) the photovoltage 
a n d the fill factor m a y deteriorate further . T h e reason for this is the 
in t roduc t i on of a n e w surface state closer to e ct» the pos i t i on of the 
conduct ion b a n d i n the dark i n the b u l k of the semiconductor , w h i c h is 
the potent ia l of the counterelectrode, neg lec t ing iR effects. T h e t u n n e l i n g 
thickness (A) w idens for the n e w l ower state a n d thus the photovoltage 
is r educed a n d hysteresis is increased. Since the interact ion is weak , the 
adsorbed species m a y be s l owly desorbed. These phenomena are i n d e e d 
observed w i t h ions such as B i ( I I I ) . B i ( I I I ) lowers the photovoltage, 
increases hysteresis ( F i g u r e 12 ) , a n d is s l owly desorbed. 

I f the electrostatic interact ion is strong, or i f a strong c h e m i c a l b o n d 
is f o r m e d b y shar ing of electrons, strong chemisorpt ion is i m p l i e d . I f 
the interact ion is electrostatic, the surface state w i l l m o v e substantial ly 
closer to the valence b a n d . I f electrons are shared, a sp l i t t ing results that 
m a y be adequate to raise the n e w u p p e r state to a pos i t ion above the 
edge of the conduct i on b a n d a n d to l ower the l ower state to a pos i t i on 
where A becomes excessive for t u n n e l i n g to take p lace ( F i g u r e 13 ) . I f 
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12. H E L L E R A N D M I L L E R Photoelectrochemical Solar Cells 227 

such a situation is achieved , major improvements i n c e l l per formance are 
expected as a consequence: the photovoltage a n d fill factor increase; 
hysteresis decreases; a n d the sensit ivity to w e a k l y in terac t ing impur i t i es , 
w h i c h cause per formance deter iorat ion, also decreases. A l l of the above 
are indeed observed w h e n R u ( I I I ) is chemisorbed o n G a A s : the photo 
voltage a n d fill factor increase; hysteresis decreases ( F i g u r e 3 C u r v e s 
2 a n d 4, a n d F i g u r e 1 2 ) ; the improvement persists; a n d exposure to B i ( I I I ) 
no longer causes the deteriorat ion of per formance as seen i n F i g u r e 12. 

I n summary , r u t h e n i u m incorporat ion i n n - G a A s improves c e l l per 
formance b y s tab i l i z ing a n e w surface composi t ion that produces a shift 
of surface state energies so as to defeat the p o w e r loss mechanisms. 
Essent ia l ly , the G a A s surface is made to closely approach the i d e a l of no 
inter fer ing surface states i n the b a n d gap b y del iberate c h e m i c a l mo d i f i -

i 

E c b r ^>E(SS-ION) 

^^(SS-ION) 

Eredox 

Evb 

Evb 

DISTANCE FROM THE INTERFACE 

The Electrochemical Society, Inc. 

Figure I I . Weak interaction of a surface entity with an ion splits the 
original state into two new states with energies E'(88tion) and E(88fion). If 
tunneling from the conduction band to E88 is possible, the fill factor is 
reduced or the photovoltage is limited to E(88tion) — E c 6 , a value lower 

than E88 — E c & by about 1 \2 of the splitting (8). 
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.8 

CELL VOLTAGE 

Applied Physics Letters 

Figure 12. Normalized current-voltage curves for the n-GaAs\0.8M 
K2Se-0.1M K2Se2-lM KOH\C cell after (a) etching, (b) etching, dip in the 
redox couple solution, followed by dip in 0.01 M Bi(lII)-0.1M HNOs, and 
(c) etching, dip in the redox couple solution, followed by dip in 0.01 M 

Ru(IU)-0.1MHN03(2). 

cat ion. F i g u r e 14 shows the ac tua l current -vo l tage curve for the n - G a A s | 
0 . 8 M K 2 S e - 0 . 1 M K 2 S e 2 - l M K O H | C c e l l w i t h the ruthenium-treated p h o 
toanode ( 1 , 2 ) . T h e ce l l converted sunl ight to e lec tr i ca l p o w e r w i t h a 
1 2 % efficiency a n d m a i n t a i n e d this per formance for several months . 
U l t i m a t e c e l l fa i lure was caused b y leakage of the p last i c encapsulant of 
the photoanode. 

T h e 1 2 % external efficiency was rea l i zed w h i l e the overa l l q u a n t u m 
( current ) efficiency was on ly 6 5 - 7 0 % . T h e loss i n q u a n t u m efficiency 
is m a i n l y traceable to absorpt ion b y the electrolyte a n d r e s i d u a l ref lect ion 
at the a i r - sys tem a n d s e m i c o n d u c t o r - l i q u i d interfaces. I f a l l inc ident 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
0-

01
84

.c
h0

12



12. H E L L E R A N D M I L L E R Photoelectrochemical Solar Cells 229 

photons w i t h energies exceeding the b a n d gap were ac tua l ly absorbed 
b y the semiconductor , the solar to e lec tr i ca l convers ion efficiency w o u l d 
have exceeded 1 7 % . W h i l e l o w e r t h a n the efficiency of several s o l i d -
so l id junc t i on solar cells the 1 2 % external conversion efficiency r e a l i z e d 
is the highest reported for photoe lectrochemical or photochemica l systems, 
i n c l u d i n g photob io log i ca l systems. 

A l t h o u g h the possible combinat ions of semiconductors a n d redox 
couples seem very large, the various requirements for output a n d stabi l i ty 
severely reduce the l ist of candidates . Therefore , close scrut iny of the 
latter to obta in the m a x i m u m stabi l i ty a n d efficiency a l ong the l ines of 
the experience repor ted above w i l l be impor tant i n the future . W e 
ant ic ipate that a very close unders tand ing of the in ter fac ia l chemistry 
w i l l be r e q u i r e d for achievement of p r a c t i c a l v i a b i l i t y . 

DISTANCE FROM THE INTERFACE 
The Electrochemical Society, Inc. 

Figure 13. Strong interaction of a surface entity with an ion splits the 
original state to E'(88tion) and E(88tion). Electrons cannot tunnel to 
E'(88tion) because the barrier is too thick. E'(88tion) is above the conduc
tion band edge and cannot capture electrons. The split surface state no 

longer reduces the photovoltage or the fill factor (8). 
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230 I N T E R F A C I A L P H O T O P R O C E S S E S 

CELL VOLTAGE (mV) 

Figure 14. Current density^ooltage curve under 95 mW/cm2 sunlight for 
the cell n-GaAs\0.8M K2Se-0.1M KoSeg-lM KOH\C with matte-etched, 
Ru(III) treated n-GaAs(100) face ana 6 X 1016 cm'9 carrier concentration. 
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13 
Photochemical Processes at the Solid-Gas 

Interface 

T h e Adsorpt ion and Reactions of Gaseous CO2 and 
H2O on Pt-SrTiO3 S ing le -Crysta l Sandwiches 

J. C. HEMMINGER 1, R. CARR, W. J. LO 2 , and G. A. SOMORJAI 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
Department of Chemistry, University of California, Berkeley, CA 94720 

We have observed the photoassisted production of CH4 from 
CO2 and H2O vapor in contact with a sandwich consisting 
of single-crystal SrTiO3 and Pt foil. In an attempt to eluci
date the fundamental chemical processes involved in this 
reaction, we have studied the chemisorption of H2O, O2, 
CO, and CO2 on SrTiO3 (111) crystals. The mechanism of 
CH4 production is discussed in light of the chemisorption 
results. 

The purpose of our studies is to carry out thermodynamica l l y u p h i l l 
chemica l reactions at so l id surfaces w i t h l ight as the energy source. 

T h e r e are two ways b y w h i c h these reactions m a y occur. T h e y m a y be 
carr i ed out b y excitat ion of the so l id b y l ight . T h i s creates m o b i l e 
electrons or e lectron-hole pairs that m a y be avai lable to the adsorbates at 
the surface. B y transfer of the excited electrons to or f r o m the adsorbed 
molecules the surface c h e m i c a l reactions become energetical ly feasible. 
These reactions also m a y occur v i a direct excitat ion of the adsorbed 
molecules b y l ight . W h e n the stable molecules are p l a c e d i n an exc i ted 
electronic or v i b r a t i o n a l state they m a y become energetic enough to m a k e 
the ir surface reactions thermodynamica l l y feasible. 

1 Present address: Department of Chemistry, U. C. Irvine, CA 92717. 
2 Present address: University of West Virginia, Morgantown, WV 26506. 

0-8412-0474-8/80/33-184-233$05.00/0 
© 1980 American Chemical Society 
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234 I N T E R F A C I A L P H O T O P R O C E S S E S 

O n e of the simplest reactions of the first type descr ibed above is the 
dissociat ion of H 2 0 : 

H 2 0 - H 2 + |o2 AG° — 2.46 eV; Ac° — 1.23. 

I n this react ion the reactant molecule is b o t h o x i d i z e d a n d reduced to 
produce H 2 a n d 0 2 . 

W e have chosen to investigate those surface reactions where l i g h t is 
used to excite the so l id near the surface. B y us ing b a n d gap rad ia t i on , 
l i ght can be converted efficiently to excited e lec tron-ho le pairs at semi 
conductor surfaces that m a y be t rapped b y the adsorbed molecules before 
the ir recombinat ion c o u l d occur. T h e photographic process is a good 
example of such a surface react ion where the photoexc i ted mobi le charge 
carriers cause decomposi t ion of the so l id i n the near-surface region. A f t e r 
charge capture l e a d i n g to ox idat ion a n d reduc t i on that produce s i lver a n d 
halogen atoms, a di f fusion-control led aggregation of s i lver atoms a n d the 
r e m o v a l of the halogen molecules leads to irreversible photodecompos i -
t i on . I n our case, however , w e attempt to transfer charges to a n d carry 
out reactions of adsorbed molecules instead of atoms i n the so l id surface. 

A n o t h e r react ion that is more complex than the H 2 0 dissociation is 
the one between gaseous H 2 0 a n d C 0 2 . 

C 0 2 + 2 H 2 0 = C H 4 + 2 0 2 A G 0 = 8.30 
e V . 

m o f ' 
At° = 1.04 

e V 
electron 

C 0 2 + 2 H 2 0 = C H 3 O H + 3 
2 o2 AG° = 7.15 e V 

m o l ' 
Ae° = 1.19 

e V 
electron 

C 0 2 + H 2 0 = = H 2 C O + 0 2 AG° = 5.32 e V . 
m o l ' 

A«° = 1.33 
e V 

electron 

C 0 2 + H 2 0 = = H C O O H + 1 
2 o2 AG° = 2.98 

e V 
m o l ' 

A £ ° = 1.49 
e V 

electron 

T h e r e are several different types of organic molecules that m a y be 
p r o d u c e d b y this photosynthet ic process, though 0 2 is a lways l iberated . 
A l t h o u g h the s tandard free energies ( A G ° ) a n d the free energies per 
electron transfer ( A c ° ) are a l l posit ive they are of different magnitudes . 
U n l i k e photosynthesis that leads to the p r o d u c t i o n of complex h i g h -
molecu lar -we ight carbohydrates , the above reactions l ead to the f o rmat ion 
of sma l l organic molecules of h i g h vapor pressure. Since a l l of the 
reactants a n d products are gaseous, these reactions may be read i l y 
invest igated at the s o l i d - v a p o r interface. 

M u c h of the past research that is concerned w i t h thermodynamica l l y 
u p h i l l photochemica l reactions has concentrated o n photosynthesis—the 
ox idat ion a n d reduct i on cycles a n d the e lementary charge transfer steps. 
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13. H E M M I N G E R E T A L . Photochemistry at Solid-Gas Interfaces 235 

O n l y recently has photoelectrochemistry p r o v i d e d a n e w d i rec t ion for the 
investigations of pos i t ive free energy processes ( 1 - 5 ) . N o z i k recently has 
r e v i e w e d extensively the field of photoassisted processes i n e lectrochemi
c a l cells ( 3 ) . 

Surpr is ing ly , very l i t t le effort has been made to study photoassisted 
processes that produce smal l molecules at the s o l i d - v a p o r interface. 
T h e r e are major advantages i n c a r r y i n g out photoreactions us ing gaseous 
reactants a n d products as c ompared w i t h studies at the s o l i d - l i q u i d in ter 
face. T h e surface composi t ion a n d its changes can be ana lyzed r ead i l y 
b y the m o d e r n diagnost ic techniques of surface science that require h i g h 
v a c u u m . T h u s the react ion mechanisms can be s tudied more easily. T h e 
c h e m i c a l d issolut ion of the act ive surface a n d the absorpt ion of the 
inc ident l ight b y the electrolyte are absent. Moreover , the di f fusion of 
reactants a n d products to a n d f rom the surface is more r a p i d , perhaps 
a n important considerat ion affecting the rate of the photochemica l 
react ion. 

U n l i k e photoe lectrochemical reactions at the s o l i d - l i q u i d interface, 
however , one cannot a p p l y a var iab le external potent ia l to fac i l i tate 
c h e m i c a l reactions at the so l id -gas interface. Recent ly , there have been 
successful attempts to dissociate H 2 0 i n an e lectrochemical ce l l b y u s i n g 
on ly l i ght instead of an external potent ia l ( 3 ) . 0 2 evolves at the oxide 
( S r T i 0 3 , T i 0 2 ) anode a n d H 2 at the cathode ( P t or p - type G a P ) f r o m a 
basic aqueous electrolyte us ing b a n d gap rad ia t i on ( ~ 3 e V ) to i l l u m i 
nate the anode surface. I n fact, H 2 a n d 0 2 evolve at the aqueous electro
l y t e - s o l i d interface even w h e n the anode a n d cathode are short c i r cu i t ed , 
i.e., t ouch ing each other. 

T h e success of the photoe lectrochemical dissociation of H 2 0 w i t h o u t 
us ing an external potent ia l ind i ca ted the i n t r i g u i n g poss ib i l i ty of c a r r y i n g 
out photochemica l surface reactions w i t h gaseous reactants. T h e p r o d u c 
t i o n of H 2 a n d 0 2 w i t h bo th separated a n d t ouch ing oxide ( a n o d e ) - m e t a l 
( cathode ) surfaces shows that there m a y be several mechanisms for 
the same photochemica l react ion. I n exp la in ing the operat ion of the 
photoe lectrochemical ce l l , the importance of a Schottky barr ier that forms 
at the ox ide-e lectro lyte interface is invoked . Since photodissoc iat ion of 
H 2 0 occurs at the surface w h e n P t a n d S r T i 0 3 crystall ites are m i x e d 
a n d pressed into a pel let , i .e., i n a short -c ircuit conf iguration, charge 
transfer at the meta l - semiconductor interfaces also m a y cause sufficient 
charge separation a n d the f ormat ion of a space charge barr ier at the 
surface to induce H 2 0 photodissociat ion. T h u s , the electrolyte m a y not 
be necessary as an active e lectr ica l c i r cu i t component w h e n the oxide 
semiconductor a n d the meta l are touching . 

Nevertheless , u s i n g gaseous H 2 0 as a reactant instead of an aqueous 
electrolyte so lut ion is a major departure f rom the exper imental condit ions 
used i n photoelectrochemistry. W h i l e large concentrations of O H " ions 
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are present i n the basic so lut ion, the H 2 0 molecules adsorb ing o n the 
oxide surface f rom the gas phase must be dissociated; this a d d e d react ion 
step is r equ i red for the success of the photochemica l process. I n add i t i on , 
certa in react ion intermediates may be s tab i l i zed i n solution that w o u l d 
not be stable i n the vapor phase. 

W e have invest igated the adsorption characteristics of C 0 2 , H 2 0 , 
C O , a n d 0 2 on S r T i O a a n d T i 0 2 s ingle-crystal surfaces b y a combinat i on 
of techniques that inc lude electron loss spectroscopy ( E L S ) , U V photo -
electron spectroscopy ( U P S ) , A u g e r electron spectroscopy ( A E S ) , a n d 
low-energy electron di f fract ion ( L E E D ) . S imultaneously , w e have inves 
t igated the surface chemica l reactions of gaseous C 0 2 a n d H 2 0 at the 
surfaces of an o x i d e - m e t a l s a n d w i c h ( S r T i 0 3 - P t ) . T h i s was carr i ed o n 
i n 30-torr ambient pressure of the reactants at 300 K w h i l e i l l u m i n a t i n g 
the oxide b y b a n d gap ( > 3 e V ) rad iat ion f rom a filtered mercury l a m p . 
W e have used a small -surface-area ( ~ 1 c m 2 ) s ingle-crystal oxide sample 
that was c leaned a n d w e l l character ized b y A E S before a n d after the 
experiments. T h e use of w e l l character ized s ingle-crystal surfaces instead 
of higher-surface-area powders was deemed necessary because of the 
possible side reactions caused b y contaminants , m a i n l y carbon. T h e 
format ion of C H 4 b y the near ly thermoneutra l react ion 2 C + 2 H 2 0 - » 
C H 4 + C 0 2 , A G 0 = + 2 . 8 7 k c a l / m o l has been observed ( 1 6 ) . W h i l e 
large-surface-area powders or po lycrysta l l ine deposits are a lways carbon 
contaminated , the smal l -area , h i g h - p u r i t y , s ingle-crystal sample is r ead i ly 
c leaned b y a combinat i on of i on bombardments a n d chemica l treatments 
before the experiments, thus e l i m i n a t i n g the poss ib i l i ty of uncontro l l ed 
side reactions. H o w e v e r , as a result of the smal l surface area of our 
s ingle-crystal oxide samples i t is dif f icult to obta in products i n detectable 
concentrations. T h e photon-assisted react ion is carr ied out at near atmos
pher i c pressure i n a special ly constructed isolat ion c e l l that is located i n 
the center of an u l t r a h i g h v a c u u m ( U H V ) chamber (see F i g u r e 1 ) . 
W h e n the c e l l is open the sample c o u l d be c leaned i n s i tu b y i o n b o m 
bardment or b y c h e m i c a l treatments at l o w pressures a n d the surface 
compos i t ion c o u l d be a n a l y z e d b y A E S . T h e ce l l is c losed a r o u n d the 
sample , then i t is pressur ized b y i n t r o d u c i n g the reactants ( C 0 2 a n d 
H 2 0 ) . T h e c h e m i c a l react ion is car r i ed out at any des ired surface t e m 
perature w h i l e the sample is i l l u m i n a t e d t h r o u g h a sapphire w i n d o w . 

U s i n g this exper imental conf iguration w e have f o u n d evidence for 
the p r o d u c t i o n of C H 4 f rom gaseous C 0 2 a n d H 2 0 at the surfaces of the 
S r T i 0 3 - P t sandwich . T o ver i fy the elementary steps of the complex 
photoreact ion the chemisorpt ion studies w i l l be descr ibed first. T h e n the 
photochemica l reactions of C 0 2 a n d H 2 0 w i l l be discussed a long w i t h 
the b lank experiments that were carr ied out to ident i fy the photo -
chemica l ly act ive system. 
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Experimental 

Equipment. A l l the chemisorpt ion experiments were per f o rmed i n 
a stainless steel U H V chamber evacuated b y i o n - a n d water -coo led 
t i t a n i u m sub l imat ion pumps . T h e base pressure i n the system was i n 
the l o w 10" 1 0 - torr range. 

A double-pass c y l i n d r i c a l m i r r o r analyzer ( C M A ) w i t h a coaxia l 
e lectron g u n was the p r i m a r y electron source a n d electron energy 
analyzer by w h i c h electrons emi t ted into a con ica l segment w i t h a ha l f 
angle of 42.3° f r o m the axis of the analyzer were co l lected. I n a l l A E S , 
the C M A was operated at a constant resolution of 1.5 e V . I n this w a y 
w e c o u l d resolve de ta i l ed structures of the peaks i n the dN/dE A u g e r 
spectra a n d give re l iable estimates of strontium-to-oxygen a n d oxygen-to-
t i t a n i u m ratios under different condit ions of surface preparat ion . 

A p r i m a r y electron beam w i t h energies between 60-180 e V was used 
i n the electron energy loss experiments. T h e E L S were obta ined either 
b y d i rec t ly measur ing the electron energy d i s t r ibut ion N(E) as a funct ion 
of energy loss or its second der ivat ive —d?N/dE2. B o t h methods y i e l d e d 
the same loss peaks except that the features i n the E L S —d2N/dE2 

spectra were enhanced. T h e C M A was operated i n the retarded mode 
w i t h pass energy at 50 e V . H o w e v e r , since the p r i m a r y electron beam 
was not energy ana lyzed , the u l t imate resolut ion was l i m i t e d b y the 
t h e r m a l energy spread of the inc ident electrons, w h i c h was about 0.5 e V . 
T h e energy positions of the loss peaks w e r e independent of inc ident 
electron energies i n the range of 60-180 e V . A l l energy loss spectra 
reported i n this chapter were obta ined w i t h inc ident energies of a p p r o x i 
mate ly 100 e V . T h e features of these spectra were very surface sensitive. 

I n the U P S studies, the co ld cathode discharge l a m p was operated 
to generate the H e l spectral l ine at 21.2 e V . A two-stage di f ferential 
p u m p i n g m a n i f o l d was used to m i n i m i z e the h e l i u m leak f low f rom the 
discharge l a m p into the U H V chamber w h i c h m a i n t a i n e d a pressure of 
1-2 X 10" 9 torr d u r i n g a l l U P S experiments. T h e mass spectrometer 
ind i ca ted that the pressure rise was caused b y the increase of h e l i u m 
p a r t i a l pressure i n the chamber . T h e spec imen was pos i t ioned w i t h its 
surface n o r m a l co inc ident w i t h the axis of C M A . T h e angle of inc idence 
of the photons on the spec imen was 75° f r om the n o r m a l . T h e analyzer 
was operated w i t h a constant resolut ion of 0.035 e V . T y p i c a l l y , a 
spectrum c o u l d be obta ined w i t h i n 5 m i n . 

Sample Preparation and Experimental Procedure. F o r the c h e m i 
sorpt ion studies the spec imen used was a 99 .99% u n d o p e d S r T i 0 3 s ingle 
crysta l w i t h perovskite structure. Samples of (111) or ientat ion, as deter
m i n e d b y the L a u e back reflection technique , were cut f rom this crysta l 
a n d mechanica l ly po l i shed us ing 0.05-^m A 1 2 0 3 powders . T h e spec imen 
then was r insed i n d i s t i l l ed H 2 0 a n d mounted on a h igh-dens i ty a l u m i n a 
ho lder , w h i c h h a d a tungsten heater w i r e located at the back of the 
sample to a l l ow radiat ive heat ing of the crystal . A L E E D optics made 
b y P h y s i c a l E lec t ron i cs was used to study the surface structure after 
anneal ing . T w o samples of (111) or ientat ion h a d been prepared a n d 
b o t h gave essentially the same results. 

F o r A r + b o m b a r d m e n t of S r T i 0 3 surfaces, the v a c u u m chamber was 
back- f i l l ed w i t h A r to a pressure of 6 X 10" 5 torr. W i t h an accelerat ing 
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13. H E M M I N G E R E T A L . Photochemistry at Solid-Gas Interfaces 239 

voltage of 2 k e V , the i o n bombardment typ i ca l l y c o u l d de l iver a n A r * 
beam of 20 fiA to the sample surface. 

F o r the photochemica l react ion studies, the S r T i 0 3 c rysta l samples 
(1-cm diameter a n d 1-mm th i ck disks) were m o u n t e d on a disk of 0.001-in. 
th i ck P t f o i l a n d were h e l d i n p lace b y two straps of P t f o i l ( 1 - m m w i d e ) 
that were spot w e l d e d to the P t f o i l b a c k i n g (see F i g u r e 2 ) . A l t h o u g h 
the o x i d e - m e t a l contact was secure, i t was on ly a re lat ive ly poor m e c h a n 
i c a l e lectr ical contact. T h e o x i d e - m e t a l s a n d w i c h so prepared was 
m o u n t e d i n the U H V chamber . T h e sample was c leaned b y i o n b o n ^ w d -
ment of b o t h sides f o l l owed b y heat ing i n 0 2 . T h i s heat ing h a >een 
used rout ine ly for r e m o v i n g carbon a n d sul fur f r om P t samples this 
laboratory , a n d was the only c l eaning technique app l i cab le to the side of 
the P t f o i l i n contact w i t h the S r T i 0 3 . F o l l o w i n g the c l ean ing procedure , 
the sample was annealed b y heat ing i n v a c u u m . A u g e r spectra of b o t h 
sides of the sample w e r e then taken to determine the surface composi t ion . 
A t this po in t the iso lat ion c e l l was c losed a n d pressur ized w i t h the 
reactant gases. T h e C 0 2 was M a t h e s o n Research G r a d e a n d was used 
w i t h o u t further pur i f i cat ion . I t conta ined a C H 4 i m p u r i t y that was smal l 
c ompared w i t h the C H 4 p roduced . T h e pure H 2 0 was obta ined f r o m 
Scientif ic Products a n d was used after several cycles of outgassing b y 
freez ing w i t h l i q u i d N 2 w h i l e p u m p i n g on the sample. N o impur i t i es 
were detectable i n the H 2 0 b y gas chromatography ( G C ) or mass 
spectroscopy ( M S ) . 

B a n d gap rad ia t i on was p r o v i d e d b y a 5 0 0 - W high-pressure m e r c u r y 
l a m p i n a water -coo led housing . L i g h t f rom the l a m p was co l l imated a n d 
focused on the sample w i t h two quartz lenses. A n I R filter consist ing o f 
a quartz ce l l filled w i t h N i S 0 4 so lut ion was p l a c e d between the m e r c u r y 
l a m p a n d the react ion ce l l to absorb the heat a n d transmit the near U V . 
W i t h this arrangement w e were able to obta in a photon flux of a p p r o x i 
mate ly 1 0 1 7 photons / sec o n the 1-cm 2 c rystal surface. 

T o obta in quant i tat ive determinat ion of the react ion produc t con 
centrat ion, the gas chromatograph was ca l ibrated us ing pure C H 4 . 

Imm 

Side View Front View 

Figure 2. Schematic of the SrTi03(111)-Pt foil sample 
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240 I N T E R F A C I A L P H O T O P R O C E S S E S 

Results 

Selected Properties of the Clean S r T i 0 3 Crystal Surface. S to i ch io 
metr i c S r T i 0 3 is an insulator , transparent to v is ib le l i ght ( b a n d gap = 
3 e V ) . It is cub ic (perovskite structure) at 300 K , but becomes tetra 
gonal at about 110 K . W h e n the 99 .99% u n d o p e d S r T i 0 3 ob ta ined f r o m 
the N a t i o n a l L e a d C o m p a n y is reduced b y heat ing i n a flow of H 2 at 
1000 K for 2 h r i t turns b lack a n d exhibits a dark conduct iv i ty of approx i 
mate ly 1.0 ( o h m / c m ) " 1 . T h e A E S a n d U P S spectra w e r e obta ined after 
i o n bombardment at 300 K to remove the impur i t i es (most ly carbon) 
f o l l owed b y anneal ing at 900 K . T h e A E S spectra obta ined at 300 K 
give peak-to-peak ratios of S r ( 6 5 e V ) / O ( 5 1 0 e V ) a n d O ( 5 1 0 e V ) / T i ( 3 8 9 
e V ) of 1.5 a n d 2.0, respectively, for both the sto ichiometric a n d reduced 
samples. H o w e v e r , it appears that the surface composi t ion of the stoichio
metr ic oxide is altered by electron bombardment a n d i t becomes reduced . 
T h u s the s imi lar i ty of the A E S spectra of the stoichiometric a n d reduced 
crystals may be caused b y electron bombardment reduct ion of the 
sto ichiometric crystal d u r i n g the t ime necessary to obta in the spectra. 
T h i s does not affect the use of the A E S as an ana ly t i ca l too l for the 
determinat ion of the surface cleanliness. T h e surface composi t ion of 
S r T i 0 3 is temperature dependent as shown i n a recent study ( 6 ) . T h e 
(111) crystal face exhibits a (1 X 1) L E E D pattern w h e n ordered. 
O r d e r i n g , however , requires heat ing to 900 K after i o n bombardment . 
T h e chemisorpt ion studies were carr ied out mostly on d isordered surfaces 
o w i n g to our inab i l i t y to anneal the oxide surface at a h i g h enough 
temperature because of poor thermal contacts. T h e A u g e r peak-to-peak 
ratios were not affected by the different degree of o rder ing of the (111) 
surface. 

T h e U P S spectra were different for the stoichiometric a n d reduced 
(111) surfaces of S r T i O * as shown i n F i g u r e 3. B o t h the stoichiometric 
a n d reduced crystals have large concentrations of T i 3 + ions. T h i s is 
different f rom the results f ound for T i O o , where the sto ichiometric sample 
has no observable T i 3 + concentrat ion. T h e transit ion i n the E L S (see 
F i g u r e 4 ) caused by T P i n the reduced S r T i 0 3 sample is s ignif icantly 
broadened, i n d i c a t i n g the poss ib i l i ty of b a n d formation. T h i s broaden ing 
is also apparent i n the U P S spectra, w h i c h is w h y the T i 3 + t ransi t ion at 
— 0.6 V is not as obvious i n the spectrum obta ined f rom the r educed 
sample (see F i g u r e 3 ) . T h e r e is an add i t i ona l transit ion i n the U P S 
(see F i g u r e 3) for the reduced sample near 11 e V i n d i c a t i n g differences 
i n the valence b a n d structure. 

Chemisorption of H 2 0 , 0 2 , C O , and COo on the S r T i 3 0 (111) Crys
tal Face in Dark and in Light. W h e n gaseous H o O is in t roduced into the 
v a c u u m chamber at pressures of 10" 6 torr , adsorpt ion on the oxide surface 
occurs. T y p i c a l exposures were about 10 4 L a n g m u i r ( L ) . T h e U P S N(E) 
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ELS for: 

I I I I I 1 I 
16 12 8 4 0 

Energy Less (eV) 

Figure 4. ELS spectra in the region of the Ti3+ transition for stoichio
metric and reduced SrTiOs 

spectra i n the reg ion of the T i 3 + t rans i t ion are s h o w n i n F i g u r e 5. T h e 
s igna l caused b y the presence of T i 3 + ions i n the surface decreases u p o n 
H 2 0 adsorpt ion, i n d i c a t i n g that m u c h of the T i 3 + is ox id i zed to T i 4 + b y 
the adsorbed H 2 0 molecule . T h e w o r k func t i on increases 0.4 e V as a 
result of H 2 0 adsorpt ion. T h i s m a y be caused b y a n increase i n the 
b a n d b e n d i n g near the surface. T h i s is i n s t r ik ing contrast to H 2 0 
adsorpt ion o n T i 0 2 , w h i c h causes a decrease of 0.8 e V i n the w o r k 
func t i on ( 7 ) . 

W h e n H 2 0 adsorpt ion is f o l l owed b y i l l u m i n a t i o n of the surface w i t h 
b a n d gap rad ia t i on , the T i 3 + s ignal is regenerated o n l y par t ia l l y , as s h o w n 
i n F i g u r e 5. T h e w o r k func t i on is not affected. 

T h e U P S difference spectra for H 2 0 adsorpt ion o n S r T i 0 3 (111) 
( l X l ) a n d a T i 0 2 surface that was r educed b y A r + b o m b a r d m e n t are 
s h o w n i n F i g u r e 6. T h e t w o spectra are qu i te s imi lar , but they are qu i te 
different f r o m that of undissoc iated H 2 0 ( 7 ) . Recent calculat ions b y 
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13. H E M M I N G E R E T A L . Photochemistry at Solid-Gas Interfaces 243 

N(E) 

UPS Spectro ot 27 C for: 

(o) Cleon S r T i 0 3 (lll)-(|x|) surface 

-0.6 eV 
o> =4.0 eV 

(b) S r T i 0 3 (Ill)-(lx|)+5xl04 L H 2 0 surfoce 

4> » 4.4eV 
Ao> = +0.4eV 

(c) After 10 sec U V Illuminotion on the 
SrTi03(lll)-(|x|) + 5xl0 4 LH20 surfoce 

o> « 4.4 eV 
Ao> = + 0 .4eV 

- 4 

Electron Binding Energy (eV) 

Figure 5. UPS N(E) spectra in the region of the Ti?+ transition for H20 
adsorbed on SrTiOs> before and after illumination 
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244 I N T E R F A C I A L P H O T O P R O C E S S E S 

Ar sputtered Ti02(lOO)+IO LH 20 

AN(E) 

AN(E) Ao>=+0.4eV 

-12 - 8 -4 
Electron Binding Energy (eV) : E F = 0 

Figure 6. UPS difference spectra for H20 adsorbed on Ti02 reduced by 
Ar + bombardment ana on stoichiometric SrTiOs 

T s u k a d a et a l . indicate that O H " m a y be formed on the reduced T i 0 2 

surface ( 8 ) . F r o m our results i t appears that the H 2 0 adsorbs dissocia-
t i v e l y on surfaces of T i 0 2 a n d S r T i 0 3 that have signif icant T i 3 + concen
trations ( 6 , 7 ) . T h u s , H 2 0 adsorbs dissociat ively o n reduced T i 0 2 a n d 
b o t h sto ichiometr ic a n d r e d u c e d S r T i 0 3 . I n the process of dissociative 
adsorpt ion of H 2 0 , the T i 3 + sites are ox id i zed to T i 4 \ 

0 2 chemisorpt ion o n the S r T i 0 3 (111) crystal face after exposure to 
approx imate ly 5 X 10 4 L increases the w o r k func t i on b y A</> = 0.9 e V . 
T h e T i 3 + s ignal is removed complete ly b y chemisorbed 0 2 . T h i s is shown 
i n the U P S N(E) spectra that is d i sp layed i n F i g u r e 7. I l l u m i n a t i o n of 
the surface w i t h b a n d gap rad ia t i on , after 0 2 adsorpt ion , regenerates a 
significant amount of T i 3 + as s h o w n i n F i g u r e 7. H o w e v e r , u p o n i l l u m i n a 
t i o n of the 0 2 - c o v e r e d surface the w o r k funct ion is reduced b y on ly 0.2 
e V , w h i c h is s t i l l 0.7 e V greater than the w o r k funct ion of the c lean 
sto ichiometric sample. T h e fact that the w o r k func t i on does not re turn 
to the va lue of the c lean sto ichiometric sample u p o n i l l u m i n a t i o n i n d i 
cates that not a l l of the adsorbed 0 2 is r emoved b y photodesorpt ion. 

B o t h C O a n d C 0 2 g ive rise to the same U P S difference spectra w h e n 
adsorbed o n the S r T i 0 3 surface. T h e spectrum is shown i n F i g u r e 8. T h e 
measurements w e r e taken after exposure of the surface to 5 X 10 4 L of 
these gases. T h e w o r k func t i on increases 0.4 e V u p o n adsorpt ion of C 0 2 . 
T h e T i 3 + s ignal is decreased signif icantly. U p o n i l l u m i n a t i o n there is no 
not iceable change i n either the w o r k func t i on or the T i 3 + s ignal . 

W h i l e heat ing the sample after C O adsorpt ion on ly C 0 2 is observed 
to desorb, i n d i c a t i n g that C O m a y be efficiently converted to C 0 2 o n the 
ox ide surface. 
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13. H E M M I N G E R E T A L . Photochemistry at Solid-Gas Interfaces 245 

U P S Spectra at 27 °C for: 

(a) Clean S r T i 0 3 (III)-(|x|) surface 

-0.6ev 

(b) SrTi0 3(lll)-(lx|) + 5 x l 0 4 L 0 2 surface 

Electron Binding Energy (eV) 

Figure 7. UPS N(E) spectra in the region of the transition for 02 

adsorbed on SrTiOs, before and after illumination 
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A N ( E ) 

1 1 1 

-11.7 

I 1 1 1 1 

U P S for S r T i 0 3 ( N I ) - ( l x | ) + 5 x l 0 4 C 0 

1 A <f> = + 0 . 5 eV 

- 6 . 8 

1 1 1 i • i i i 
1 1 1 1 1 1 1 1 

U P S for S r T i 0 3 ( I I I ) - ( l * l ) + 5 * I 0 4 C 0 2 

1 1 1 

A ^ = + 0 . 4 e V 

1 1 i X 1 1 
-12 - 8 - 4 E F = 0 

E l e c t r o n B i n d i n g Energy (eV) 

Figure 8. UPS difference spectra for C02 and CO adsorbed on stoichio
metric SrTiOs. 

T h e r e is considerable exper imental evidence i n d i c a t i n g that C O is 
r ead i l y o x i d i z e d to C 0 2 over several transi t ion meta l oxide surfaces i n 
a d d i t i o n to S r T i 0 3 ( 9 ) . A n oxygen i o n f r o m the crystal latt ice is l i k e l y 
to be used for this purpose. T h e reduct i on of C 0 2 to C O that c ommonly 
is observed o n m a n y transit ion meta l surfaces does not appear to occur 
o n the oxide surface. A n o t h e r react ion that m a y occur that converts C O 
to C 0 2 is its d isproport ionat ion where 2 C O -> C + C 0 2 . W e cannot 
ru l e out this react ion as a possible p a t h to convert C O to C 0 2 , a l though 
w e do not see the accumulat i on of m u c h carbon on the oxide surface. 
U n d e r react ion condit ions carbon never accumulates on the r educed 
S r T i 0 3 that presents a n 0 2 - d e f i c i e n t surface to the i n c o m i n g reactants. 
W o r k o n photodesorpt ion f rom oxide surfaces indicates that C 0 2 ( rather 
than C O ) is the p r i m a r y species observed (16,17). T h i s c o m b i n e d 
ev ide -»e leads us to conc lude that conversion of C 0 2 to C O is not 
i n v o h i n the mechan ism of C H 4 f o rmat ion . 

I n summary , H 2 0 dissociates at least par t ia l l y u p o n adsorpt ion as 
i n d i c a t e d b y the electron spectra a n d oxidizes T i 3 + to T i 4 + i n the process. 
T i 3 + is on ly par t ly regenerated b y b a n d gap rad ia t i on . 0 2 adsorbs i n 
several states o n the surface. I t desorbs f r o m the state that is associated 
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13. H E M M I N G E R E T A L . Photochemistry at Solid-Gas Interfaces 247 

w i t h the ox idat ion of T P to T i 4 + a n d the T i 3 + sites are regenerated. O t h e r 
types of chemisorbed 0 2 r e m a i n o n the surface d u r i n g i l l u m i n a t i o n , as 
ind i ca ted b y the w o r k funct ion change. C O a n d C 0 2 g ive rise to the 
same changes i n the electron spectra, ind i ca t ing that they f o rm the same 
surface species on the oxide surface. It appears that C O is converted to 
C 0 2 b y a s low surface react ion. 

Chemisorption of H 2 0 , 0 2 , C O , and CO^ on Pt Surfaces. H 2 0 is 
k n o w n to chemisorb only poor ly on P t surfaces at l o w pressures. I t 
remains molecular on the surface a n d is b o u n d only w e a k l y (19,20,21). 
E v a c u a t i o n of the react ion chamber after exposure of the P t to h i g h 
pressures (several torr ) of H 2 0 resulted i n total r emova l of the H 2 0 at 
room temperature, c lear ly i n d i c a t i n g weak b i n d i n g . T h e r e was no 
evidence for H 2 0 dissociation on the P t surface even at these h igher 
pressures. 

0 2 chemisorbs on P t single-crystal a n d po lycrysta l l ine f o i l surfaces 
at l o w a n d h i g h pressures. T h e r e is evidence for the presence of c h e m i 
sorbed 0 2 as w e l l as for the formation of oxide under appropr iate exper i 
menta l condit ions (10,11). U n d e r condit ions of the photochemica l 
react ion studied here, 0 2 should be mostly i n the chemisorbed state. 

C h e m i s o r b e d 0 2 also interacts strongly w i t h carbon or adsorbed C O 
on the P t surface. T h e kinet ics of ox idat ion of C or C O on P t have been 
s tudied extensively (12,13). 

C O chemisorbs on P t w i t h a s t i ck ing p r o b a b i l i t y of un i ty even at 
very l o w pressures ( ~ 10" 9 t o r r ) . It stays molecular but strongly b o u n d 
o n the meta l a n d it exhibits m a n y b i n d i n g states w i t h d ist inguishable 
heats of adsorpt ion that vary f rom 32 to 14 k c a l / m o l (14). O n l y surface 
k i n k sites w i l l dissociate C O to C a n d O on P t as ind i ca ted b y P E S 
studies ( 15 ) . Since the concentrat ion of k i n k sites is a smal l f ract ion of 
the total number of surface sites, most of the C O adsorbed o n the P t 
surface should r e m a i n molecular . 

C 0 2 adsorbs poor ly w i t h a l o w st i ck ing p r o b a b i l i t y o n P t at l o w 
pressures ( ~ 1 0 ~ 6 torr ) (22). A t pressures of several torr, w h i c h are 
used i n our photochemica l studies, C 0 2 adsorbs as ind i ca ted b y subse
quent thermal desorption w h e n only a P t f o i l sample is used. O n l y C 0 2 

is observed i n our thermal desorpt ion experiments. N o carbon b u i l d u p 
on the P t is observed by A E S after exposure to 15-torr C 0 2 i n the dark . 
T h u s i t appears that C 0 2 remains largely molecu lar o n the P t surface 
i n the absence of H 2 a n d l ight a n d is w e a k l y bound . W e find no evidence 
for the dissociation of C 0 2 to C O a n d O . 

The Photochemical Reaction of Gaseous H 2 0 and C 0 2 to Produce 
C H 4 over S r T i 0 3 - P t Sandwiches. T h e reduced-oxide S r T i 0 3 - P t sand 
w i c h , after c l ean ing b y i on bombardment a n d heat treatments, is ana 
l y z e d b y A E S a n d then enclosed i n the isolat ion ce l l . T h e ce l l is filled 
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248 I N T E R F A C I A L P H O T O P R O C E S S E S 

w i t h 15-torr H 2 0 a n d 15-torr C 0 2 . T h e gas compos i t ion is ana lyzed 
b y G C a n d then the experiment commences. T h e oxide side of the 
s a n d w i c h is i l l u m i n a t e d b y l ight of b a n d gap or larger energy us ing a 
5 0 0 - W H g l a m p . A N i S 0 4 filter is used to screen out the I R rad ia t i on to 
a v o i d heat ing the sample. T h e thermocouple that is attached to the 
s a n d w i c h registers less than a 10° temperature rise throughout the 
experiments at 300 K . 

C H 4 gas is p r o d u c e d for the first 10 m i n of the i l l u m i n a t i o n a n d is 
detected read i ly b y the chromatograph. T h e n u m b e r of C H 4 molecules 
f o rmed is p lo t ted as a funct ion of t ime i n F i g u r e 9. T h e i n i t i a l rate of 
format ion is 2 X 1 0 1 4 m o l e c u l e s / m i n , w h i c h corresponds to a q u a n t u m 
y i e l d of one molecule of C H 4 per 10 4 photons. T h e total amount of C H 4 

f o rmed is approx imate ly 10" 9 m o l , w h i c h corresponds to about one mono 
layer. T h e produc t i on of C H 4 slows d o w n w i t h t ime a n d then stops after 
10 m i n . T h i s react ion i n h i b i t i o n is caused b y a tenacious ' p o i s o n , " since 
p u m p i n g out the reactants a n d re in t roduc ing fresh H 2 0 a n d C 0 2 does 
not regenerate the c h e m i c a l ac t iv i ty of the surfaces. T h e photochemica l 
ac t iv i ty is regenerated, however , b y renewed i on bombardment a n d 
annea l ing (i .e. , complete c l ean ing of the m e t a l a n d oxide surfaces) . 
A E S indicates the b u i l d u p of a monolayer of carbon on the P t . 

15 

O I I L 
0 5 IO 

Initial Rote ~ 2*\CtA molecules/minute 

= 17 torr 

= 15 torr 

15 20 
Time (minutes) 

Figure 9. CHff production as a function of time of illumination of the 
SrTiOs-Pt sandwhich in the presence of C02 and H20 
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13. H E M M I N G E R E T A L . Photochemistry at Solid-Gas Interfaces 249 

T h e r e is a t h e r m a l generation of C H 4 w h e n a r educed S r T i 0 3 

sample is used i n the o x i d e - m e t a l sandwich . U p o n heat ing to 600 K i n 
the dark , a monolayer of C H 4 can be generated just as i n l ight at 300 K . 
I n bo th cases C H 4 p roduc t i on stops after the format ion of about a mono
layer . It appears that the po i son ing react ion is the same i n the l i g h t -
d r i v e n a n d thermal ly d r i v e n reactions, a n d w e detect a monolayer deposit 
of carbon o n the P t i n bo th cases. Subst i tut ion of C O for C 0 2 i n the 
react ion mixture does not increase the C H 4 y i e l d . T h i s observation, 
c o m b i n e d w i t h the evidence favor ing C 0 2 over oxides i n the C O / C 0 2 

e q u i l i b r i u m , seems to ru le out C O as an important intermediate i n the 
react ion paths of C H 4 f ormation. 

T h e f o l l o w i n g experiments were carr ied out to prove that C H 4 

produc t i on was indeed the property of the m e t a l - o x i d e contact. T h e 
f o l l o w i n g experiments a l l p r o d u c e d no detectable amount of C H 4 above 
b a c k g r o u n d : 

( 1 ) the S r T i O a - P t sample w i t h only C 0 2 (no H 2 0 ) i n the presence 
of l i ght a n d b y heat ing the sample to 450 K ; 

(2 ) the S r T i 0 3 c rystal w i t h o u t the P t f o i l u s i n g C 0 2 a n d H 2 0 
mixtures a n d i l l u m i n a t i o n ; 

( 3 ) the P t f o i l alone us ing C 0 2 a n d H 2 0 mixtures , b o t h w i t h i l l u m i 
nat i on , a n d b y heat ing the P t f o i l to 450 K ; a n d 

(4 ) the S r T i 0 3 - P t sample i n a C 0 2 a n d H 2 0 mixture us ing i l l u m i n a 
t i o n w i t h l ight of energy less than the b a n d gap of S r T i 0 3 ( l i ght w i t h 
energy less than the b a n d gap was obta ined b y p l a c i n g a C o r n i n g glass 
filter between the N i S 0 4 so lut ion filter a n d the react ion c e l l ) . 

T h e last experiment indicates that b a n d gap rad ia t i on is necessary 
for the photoassisted p r o d u c t i o n of C H 4 f r o m C 0 2 a n d H 2 0 . T h i s is 
consistent w i t h the observed necessity for b a n d gap rad ia t i on to dissociate 
H 2 0 i n the e lectrochemical c e l l experiments. These experiments establ ish 
that the photon-assisted react ion is a property of the r e d u c e d o x i d e - m e t a l 
contact system. 

Discussion 

T h e r e are several important observations that he lp us to unders tand 
the photon-assisted process l e a d i n g to the f ormat ion of C H 4 f r o m C 0 2 

a n d H 2 0 . B o t h the oxide S r T i 0 3 a n d the meta l are needed to observe 
the produc t i on of C H 4 . T h e photochemica l react ion poisons i n 10 m i n at 
300 K i n the reactant mixture . Surface analysis indicates carbon depos i 
t i on at the P t surface w h i l e the reduced-oxide surface remains free of 
carbon . A thermal react ion exists that also produces C H 4 . H 2 0 adsorbs 
dissociat ively on the oxide surface w h i l e it remains molecu lar o n the P t 
surface. C O is ox id i zed to C 0 2 on the oxide surface. 0 2 chemisorbs o n 
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250 I N T E R F A C I A L P H O T O P R O C E S S E S 

b o t h oxide a n d meta l surfaces. P a r t of the chemisorbed 0 2 that is used 
for the ox idat ion of T P ions to T i 4 + photodesorbs a n d the T P sites are 
regenerated. B a n d gap rad ia t i on is necessary to carry out the photo 
c h e m i c a l react ion. T h e energy needed to c a r r y out the p r o d u c t i o n of 
C H 4 f r o m C 0 2 a n d H 2 0 is m u c h larger t h a n the b a n d gap of S r T i 0 3 , 
i n d i c a t i n g that the process must occur i n a stepwise manner . 

T h e presence of the meta l , P t i n our case, appears to be necessary 
for b o t h catalyt ic a n d e lectr ica l reasons. Separat ion of the photon -
generated electrons a n d holes at the oxide surface is l i k e l y to be enhanced 
b y the meta l - ox ide contact. P t appears to part i c ipate i n the C 0 2 r educ 
t i o n process, as ind i ca ted b y the carbon deposi t ion on the meta l surface, 
most l i k e l y t h r o u g h its hydrogenat ion of the molecule , w h i c h p r o b a b l y 
occurs through one or more par t ia l l y r educed intermediates . 

W h i l e the chemisorpt ion studies ind icate that H 2 0 dissociates o n 
the oxide surface, at this po in t there is l i t t le in format ion on the m e c h a 
n i s m of C 0 2 reduct ion . Since carbon accumulates at the meta l surface 
i t appears that at least par t of the carbon cyc le i n v o l v e d i n the reduc t i on 
of C 0 2 to C H 4 takes p lace at the meta l surface. O n e possible reduc t i on 
scheme w o u l d be the conversion of C 0 2 to C O a n d then into dissociated 
oxygen a n d carbon. T h e rehydrogenat ion of carbon to C H 4 that is 
obta ined b y the dissociat ion of C O on N i , F e , a n d R h surfaces appears 
to be an important mechanism for methanat ion f r om C O a n d H 2 on 
these transit ion meta l surfaces. P t , however , dissociates C O only at k i n k 
sites that are present i n l o w surface concentrations, a n d this process is 
not l i k e l y to account for the format ion of the carbon monolayer . M o r e 
over, w h e n C O was subst i tuted for C 0 2 the photochemica l react ion was 
not enhanced a n d there is evidence for the ox idat ion of C O to C 0 2 at the 
S r T i 0 3 surface. T h u s w e are tempted to ru le out this reduct ion scheme. 

A more l i k e l y react ion p a t h l ead ing to C H 4 f o rmat ion m a y be the 
hydrogenat ion of C 0 2 to f ormic a c i d ( H C O O H ) or f o rmaldehyde 
( H 2 C O ) w i t h further reduct i on to C H 4 . F u t u r e studies w i l l be d i rec ted 
t o w a r d ver i f y ing the react ion intermediates—the carbon cyc le l e a d i n g to 
C H 4 p roduc t i on . I n this scheme, the carbon layer on the P t w o u l d be 
f o rmed b y f ragmentat ion of the as yet unident i f ied hydrocarbon inter 
mediates. T h e compet i t i on between fragmentat ion a n d further h y d r o 
genation then w o u l d be an important factor i n the rate of b u i l d u p of 
the carbon layer . 

W e propose a tentative react ion sequence l e a d i n g to the f o rmat ion 
of C H 4 f r om C 0 2 a n d H 2 0 o n the o x i d e - m e t a l s a n d w i c h . H 2 0 adsorbs 
dissoc iat ively on the S r T i 0 3 surface. T h e photoelectrons a n d holes 
produce H atoms (or H + ions) a n d 0 2 molecules . 

T P + H 2 0 — Ti 4 - + O H " + H ( H 2 ) 
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13. H E M M I N G E R E T A L . Photochemistry at Solid-Gas Interfaces 251 

T i 4 - + 2 0 H " + hv — T i 3 + + | 0 2 + H 2 0 

W h i l e 0 2 photodesorbs, at least i n par t (there is evidence f r o m our 
U P S studies that not a l l of the chemisorbed 0 2 is r emoved b y photo 
desorpt ion ) , the H atoms or H + ions migrate onto the P t surface w h e r e 
the hydrogenat ion of C 0 2 a n d subsequently that of the react ion inter 
mediates occur. Based o n the presently avai lab le exper imental evidence 
w e cannot ru le out the poss ib i l i ty that the reduct ion of C 0 2 m a y be 
o c c u r r i n g at the oxide surface. T h e deposit ion of carbon o n the P t 
surface is ind i cat ive of the importance of the P t i n the C 0 2 chemistry . 

C H 4 may be p r o d u c e d i n the dark over reduced S r T i 0 3 meta l sand
wiches . Since the po ison ing mechanism seems to be the same as d u r i n g 
the photon-assisted process, further investigations m a y permi t the steady-
state p roduc t i on of C H 4 i n this c i rcumstance as w e l l . U n d e r cer ta in 
condit ions i t c a n be advantageous to carry out this react ion i n the t h e r m a l 
mode instead of under i l l u m i n a t i o n . A n a d d e d p r o b l e m , of course, is the 
need to stabi l ize the nonstoichiometric composi t ion i n the near-surface 
region. O u r U P S studies revealed the l i k e l y presence of a T i 3 + i m p u r i t y 
b a n d that appears to be the cause of the thermal ly generated electrons 
a n d holes that prov ide the d r i v i n g force for this t h e r m o d y n a m i c a l l y 
u p h i l l react ion. 

Perhaps the m a i n difference i n c a r r y i n g out the photochemica l 
surface react ion w i t h adsorbed H 2 0 vapor as compared w i t h a basic 
aqueous solut ion is the necessity for dissociative adsorpt ion. H y d r o x y l 
ions that are a lready present i n large concentrat ion i n the electrolyte 
have to be p r o d u c e d first w h e n gaseous H 2 0 adsorbs. It is important to 
compare the rate of H 2 0 dissociat ion at the so l id -gas a n d s o l i d - l i q u i d 
interfaces us ing the same exper imental geometry to evaluate this effect. 
A t present w e are tempted to v i e w the photochemica l process l e a d i n g to 
the f ormat ion of C H 4 as consist ing of two parts : (1 ) H 2 0 dissoc iat ion 
to 0 2 a n d H 2 a n d (2 ) the reduct ion of C 0 2 w i t h the H 2 . A l t h o u g h the 
first part y ie lds perhaps the same net react ion as the photoe lec trochemica l 
process, its mechan ism m a y be entirely different. B o t h ox idat ion a n d 
reduc t i on m a y occur on the same oxide surface s imi lar to that i n the 
photographic process. T h e second process is s imi lar to a methanat ion 
reac t i on : C 0 2 + 4 H 2 ^± C H 4 + 2 H 2 0 , A G ° = - 1 . 4 e V a n d is thermo
d y n a m i c a l l y a l l owed . Its mechan ism m a y be very complex , consist ing of 
several steps. 

T h e r e are m a n y future experiments necessary to ver i fy the m e c h a 
n i s m of this photosynthet ic react ion over the o x i d e - m e t a l contacts. T h e 
role of the meta l , e lectronic or catalyt ic , should be ver i f ied . T h e effect 
shou ld be tested u s i n g other oxides a n d other metals as the photo 
chemistry m a y be changed m a r k e d l y i n this w a y . 
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252 I N T E R F A C I A L P H O T O P R O C E S S E S 

It is l i k e l y that other molecules , i n a d d i t i o n to C H 4 , m a y be p r o d u c e d 
also u s i n g appropr iate o x i d e - m e t a l contacts, l i ght of suitable wave length , 
a n d gas mixtures of C 0 2 , H 2 0 , a n d N 2 . Indeed , l ight-assisted reactions 
over o x i d e - m e t a l contacts m a y prov ide a n e w route for the p r o d u c t i o n 
of m a n y different smal l molecules . 

Since the format ion of C H 4 f r om C 0 2 a n d H 2 0 is obv ious ly a 
mult is tep process, semiconductors w i t h smal ler b a n d gaps should not be 
r u l e d out as photoassisted agents i n these types of reactions. 
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14 
Titanium Dioxide and Platinum/Platinum 

Oxide Chemically Modified Electrodes with 

Tailormade Surface States 

H. O. FINKLEA, H. ABRUNA, and ROYCE W. MURRAY 

Department of Chemistry, University of North Carolina, 
Chapel Hill, NC 27514 

Nitroaromatic and ruthenium bipyridine complexes are 
covalently linked to PtO and TiO2 electrodes using organo-
silane reagents. Cathodic electrochemical reactions of these 
species occur at potentials more negative than the TiO2 flat 
band potential and corresponding reductions occur at similar 
potentials on both Pt and TiO2 electrodes. There are, how
ever, marked chemical differences in the chemical stability 
of the reduction products on the two electrodes. 

Chloro - a n d alkoxy-organosilanes react w i t h a n d b i n d to meta l oxide 
electrode surfaces, i n c l u d i n g S n 0 2 (IS), T i 0 2 (3,5,6), R u 0 2 ( 9 ) , 

P t / P t O (10,11), A u / A u O (12), a n d S i / S i O (13). T h e oxide thickness 
o n the S n 0 2 , T i 0 2 , a n d R u 0 2 electrodes is re lat ive ly large; these d i sp lay 
electronic properties characterist ic of the b u l k oxide. T h e oxide layer o n 
the P t / P t O , A u / A u O , a n d S i / S i O electrodes is, on the other h a n d , v e r y 
t h i n , poss ib ly monomolecular , a n d the electronic properties of these 
electrodes seem to be dominated b y the b u l k mater ia l (e.g., P t , A u , a n d 
S i ) . E l e c t r o d e characteristics can thus be chosen i n electrode modi f i cat ion 
w o r k r a n g i n g f r o m meta l l i c ( P t , A u ) , h i g h l y c o n d u c t i n g oxide ( R u 0 2 , 
h i g h l y doped S n 0 2 ) , large-band-gap semiconductor oxide ( S n 0 2 , T i 0 2 ) , 
a n d smal l -band-gap semiconductor ( S i ) . I t is useful to consider explo it 
i n g properties that can be achieved b y proper combinat ions of electrode 
mater ia l a n d chemica l substance attached to the oxide surface us ing the 
s i lanizat ion react ion. T h i s paper describes attachment chemistry for some 
electroactive moieties on P t / P t O a n d η-type T i 0 2 a n d some electro
c h e m i c a l results obta ined i n the potent ia l range where T i 0 2 is meta l - l ike , 
that is, negative of its flat b a n d potent ia l , V F B . 

0-8412-0474-8/80/33-184-253$05.00/0 
© 1980 American Chemical Society 
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2 5 4 I N T E R F A C I A L P H O T O P R O C E S S E S 

Si lan iza t i on c a n be w r i t t e n as a react ion w i t h surface hydroxy ls 

M - O H + X — S i X 2 R M O S i R 

w h e r e the n u m b e r of surface - M O S i - bonds has been speculated (14) to 
be two. T h e - M O S i - b o n d seems to be h y d r o l y t i c a l l y stable a l though its 
rea l s tabi l i ty l imi ts on the various oxide surfaces are as yet on ly vague ly 
defined. T h e " R " group c a n bear amine , p y r i d y l , cyano, a c i d ch lor ide , 
etc., funct ional i t ies ; surface structures a n d shorthand designations of the 
former t w o are : 

M - O S i ( C H 2 ) 8 N H ( C H 2 ) 2 N H 2 M O - O S i ( C H 2 ) 2 H f ^ N 

(MO/en surface) (MO/py surface) 

Subsequent surface synthetic steps can i n c l u d e amid i za t i on of the amine 
a n d m e t a l coord inat ion of the p y r i d i n e . 

Invest igat ion of the s i lanizat ion chemistry is mater ia l ly a ided b y x-ray 
photoelectron spectroscopy ( X P E S ) . F i g u r e 1 i l lustrates t y p i c a l before 
a n d after spectra for T i 0 2 . T h e po lycrysta l l ine mater ia l was v a c u u m 
oven-dr ied a n d reacted w i t h 1 0 % v / v 3 - ( 2 - a m i n o e t h y l a m i n o ) p r o p y l - t r i -
methoxysi lane (en s i lane) i n anhydrous benzene at r oom temperature 
f o l l o w e d b y thorough r i n s i n g w i t h fresh benzene. U n d e r these m i l d 
react ion condit ions, approx imate ly a monolayer of si lane is thought to be 
attached (15) w i t h o u t silane degradat ion (14). Consistent w i t h this 
expectation, a reduc t i on of about 5 0 % occurs i n the T i 2p peak (area) 
intensity on the T i 0 2 / e n surface. I n a d d i t i o n to s i l i con a n d n i t rogen 
peaks, a h igher b i n d i n g energy O Is peak appears on T i 0 2 / e n ; this has 
been assigned to s i l i con -bonded oxygen (14). B o n d i n g of more t h a n a 
mono layer of si lane as b y f o rmat ion of si loxane p o l y m e r is detected i n a n 
approximate w a y b y a more severe d i m u n i t i o n of the T i 2p peaks a n d the 
presence of large S i 2p peaks. 

H i g h l y precise in format ion about the silane coverage is diff icult to 
obta in because of c o m b i n e d uncertainties of absolute b a n d intensity 
r eproduc ib i l i t y , photoelectron escape depths, a n d contaminant b a c k g r o u n d 
peaks. M o r e re l iab le in format ion is obta ined f rom relat ive peak areas o n 
a g iven sample than b y c o m p a r i n g intensities o n different samples. F o r 
example , the ratio of n i trogen to s i l i con peak areas on en s i lan ized ox ide 
can , after corrections for cross-sections, be used to ascertain whether the 
si lane is s to ichiometr ica l ly intact or i f degradat ion l e a d i n g to n i t rogen-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
0-

01
84

.c
h0

14



Si
 

2p
 

39
0 

1
1

0 
1

0
0 

90
eV

 

Fi
gu

re
 

1.
 

XP
ES

 
sp

ec
tr

a 
of

 p
ol

yc
ry

st
al

lin
e 

T
»0

2 
el

ec
tr

od
e 

be
fo

re
 (

lo
w

er
 t

ra
ce

s)
 a

nd
 a

fte
r 

(u
pp

er
 

tr
ac

es
) 

re
ac

tio
n 

w
ith

 e
n 

si
la

ne
. 

To
p 

tr
ac

e 
of

 N
 I

s 
is

 a
fte

r 
fu

rt
he

r 
re

ac
tio

n 
w

ith
 3

,5
-d

in
itr

ob
en

zo
ic

 
ac

id
. 

Sp
ec

tr
a 

re
co

rd
ed

 
on

 D
uP

on
t 

65
0B

 
sp

ec
tr

om
et

er
 

w
ith

 
M

g 
an

od
e.

 
Ba

rs
 

re
pr

es
en

t 
un

it 
se

ns
iti

vi
ty

 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
0-

01
84

.c
h0

14



256 I N T E R F A C I A L P H O T O P R O C E S S E S 

poor or s i l i con - r i ch surfaces has occurred (14). F o r en-s i lanized T i 0 2 , a n 
N : S i a tom rat io of 1.51 ± 0.37 (15 samples) was measured as c o m p a r e d 
w i t h the 2.0 sto ichiometric i dea l . T h e determined N : S i atom rat io o n 
F i g u r e 1 is 1.62. S i m i l a r results were obta ined for pt / -s i lanized T i 0 2 , 
w h e r e N : S i was 0.84 ± 0.19 (9 samples) c ompared w i t h a sto ichiometric 
i dea l of 1.0. 

Re la t ive X P E S peak intensities can also be used to study c o u p l i n g 
reactions such as a m i d i z a t i o n w h e n the a d d e d moiety adds a d is t inct ive 
n e w peak to the X P E S spectrum. T h e percentage of act ive amine i n 
a lky lamines i lane layers u p o n a m i d i z a t i o n w i t h 3,5-dinitrobenzoic a c i d or 
its a c i d ch lor ide is thus determined . T h e top trace i n the N Is p a n e l of 
F i g u r e 1 i l lustrates the appearance of nitro N Is at 406.2 e V b i n d i n g 
energy, w e l l separated f r om the (amine p lus amide ) N R 2 peak at about 
400 e V . T h e ratio of these peak areas y ie lds the amide y i e l d , w h i c h i n 
F i g u r e 1 is about 2 4 % . F o r en si lane, the percentage of active amine 
se ldom exceeds 5 0 % , suggesting that the t e rmina l amine is m u c h more 
reactive t o w a r d amid i za t i on than the secondary amine ( 1 4 ) . 

W h e n T i O o is i r rad ia ted w i t h photons of energy greater t h a n the 
b a n d gap (3.0 e V = 420 n m ) , an excess popu la t i on of holes is generated 
at the surface. A t potentials more posi t ive than V F B , the holes migrate 
to the surface a n d react w i t h avai lable r e d u c i n g agents. Because of the 
large b a n d gap, the holes have a n o x i d i z i n g potent ia l on the order of 
+ 2.0 V vs. S C E a n d are capable of o x i d i z i n g water , suppor t ing electro
lyte , a n d other solutes. Consequent ly , a study of the stabi l i ty of the silane 
surface layer t o w a r d hole generation was made. I n bo th water (16) a n d 
acetonitr i le , X P E S spectra reveal no significant changes i n the T i 2p , O 
Is, S i 2p , or N Is peaks after extensive hole generation ( > 6 X 1 0 1 7 

h o l e s / c m 2 ) at a potent ia l 2 V more posit ive than V F B . I n par t i cu lar , there 
is, as shown i n F i g u r e 2, essentially no loss of S i 2p peak area or shape 
change i n the O Is doublet . Consequent ly , the T i - O - S i - l inkage appears 
to resist hole ox idat ion , an important fact w h e n sensit iz ing molecules are 
attached to semiconductors (5,6,8,11). 

T h i s laboratory's research on various s i lanized meta l oxide electrodes 
is evo lv ing a l i b r a r y of surface synthetic a n d e lectrochemical in format ion 
w i t h i n w h i c h i t is of interest to ask (1 ) whether synthetic chemistry 
deve loped on one meta l oxide can be read i l y transposed to another, a n d 
(2 ) to what extent are the e lectrochemical a n d c h e m i c a l properties of 
attached species affected dif ferently, i f at a l l , b y the different m e t a l oxide 
substrates. These questions were explored w i t h compar ison experiments 
on s i lan ized P t / P t O a n d T i 0 2 surfaces. 

T h e s i lan ized P t / P t O surface is w e l l behaved for studies of e lectron 
transfer reactions of surface b o u n d species. C o n t r o l l e d anodizat ion gen
erates the t h i n oxide layer to w h i c h the si lane is b o u n d . A n electro-
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14. F I N K L E A E T A L . TiQ2 and Pt/PtO Electrodes 257 

Si 2p O 1s 

110 100 90 540 530 520 eV 

Figure 2. XPES spectra of polycrystalline Ti02 reacted with en silane. 
(bottom trace) Freshly silanized; (top trace) after > 6 X 1017 holes /cm2 

of photocurrent generated in 0.1M TEAP/CH3CN. 

c h e m i c a l w i n d o w of about 4 V is avai lable i n acetonitr i le solvent, since 
s i lanizat ion suppresses the oxide reduct ion at negative potentials . Some 
of the most stable surface couples to date have been synthesized o n P t . 
A n example of surface couple c y c l i c vo l tammetry is g iven i n F i g u r e 3 . 
T h e P t / P t O surface has been reacted w i t h en s i lane a n d t h e n a m i d i z e d 
w i t h a k n o w n composi t ion mixture of two iso-nicot inic a c i d complexes of 
r u t h e n i u m , cis- ( b p y ) 2 R u C l ( i s o - n i c ) 1 + a n d c i s - ( b p y ) 2 R u ( w o - n i c ) 2

2 + , (bpy 
= 2 ,2 ' - b ipyr id ine ) , i n the presence of the c o u p l i n g reagent d i cyc l ohexy l -
c a r b o d i i m i d e ( D C C ) . T h e surface waves exhib i t the characterist ic 
symmetr i ca l shape a n d s m a l l peak potent ia l separation, w i t h f o r m a l 
potentials E 0 / close to the so lut ion values. T h e solut ion electrochemistry 
corresponds to a R u 3 + 2 + couple , a n d i t is assumed that the electrochemistry 
of the i m m o b i l i z e d complexes is the same. Coverages are read i ly obta ined 
f rom peak areas. A f t e r correct ing for the 1.3 surface roughness factor 
ob ta ined f rom integrated hydrogen adsorpt ion waves ( 1 1 ) , T for the t w o 
waves of F i g u r e 3 is 0.53 (more cathodic wave) a n d 0.71 X I O 1 0 m o l / c m 2 , 
w h i c h is about 4 0 % r icher i n the bis-(iso-nic) complex than the reactant 
so lut ion mixture . T h i s is a smal l react iv i ty difference cons ider ing that 
the bis-(iso-nic) complex has two potent ia l c o u p l i n g sites, a n d a different 
charge. 
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14. F I N K L E A E T A L . TiOB and Pt/PtO Electrodes 259 

T i 0 2 electrodes differ considerably f r om P t / P t O electrodes i n electro
c h e m i c a l behavior because of the fundamenta l differences between a 
semiconductor a n d a meta l . F o r an n-type semiconductor , e lectron 
transfer across the e lectrode-e lectrolyte interface is b l o c k e d w h e n the 
electrode is b iased posit ive of the flat-band potent ia l ( V F B ) (18,19). 
O n l y w h e n the a p p l i e d potent ia l moves negative of V F B does one ob ta in 
quasirevers ib le e lectron transfer. Since V F B for T i 0 2 is t y p i c a l l y near the 
h y d r o g e n reduct ion potent ia l i n aqueous electrolyte ( 2 0 ) , e lectrochemical 
reactions are best observed i n nonaqueous electrolytes at negative po ten 
t ials . F i g u r e 4 i l lustrates this w i t h cy c l i c vo l tammograms of the C r ( b p y ) 3

3 + 

complex d isso lved i n acetonitri le . W i t h a P t electrode, three revers ib le 
waves are present w i t h f o rmal potentials of — 0.26, — 0.78, a n d — 1.37 V 
vs. S S C E ( N a C l - s a t u r a t e d S C E ) . A fourth reduct ion step at about - 1.95 
V appears to cause decomposi t ion of the complex . O n T i 0 2 , the t w o most 
pos i t ive reoxidat ion peaks are poor ly developed. O n l y the t h i r d e lectron 
transfer step proceeds fac i le ly i n bo th direct ions, w i t h peak potentials 
c losely m a t c h i n g those o n P t . Consequent ly quasireversible e lectron 
transfer c a n on ly be ob ta ined for couples w i t h redox potentials negat ive 
of a r o u n d —1.0 V , the approx imate V F B of T i 0 2 i n acetonitr i le (19). 

Immobilized Nitroaromatics 

C o u p l i n g of 3 ,5-dinitrobenzoic a c i d w i t h a P t / P t O / e n surface b y 
exposure to an acetonitr i le so lut ion of the a c id p lus excess D C C gives 
(10) reversible surface waves w i t h E ° ' of - 0.77 a n d - 1.14 V vs. S C E . 
T h e solut ion ( a m i d e ) analog is r educed to an ion r a d i c a l a n d d i a n i o n at 
— 0.72 a n d — 1.12 V vs. S C E , respectively. Surface coverage of the 
c ou p l ed ni troaromatic amounts to ca . 2 X 10" 1 0 m o l / c m 2 . T h e surface 
waves decay to b a c k g r o u n d i n 20-50 potent ia l cycles a n d persist longer i f 
on ly the r a d i c a l an ion is generated. W h e n the same c o u p l i n g chemistry is 
car r i ed out on T i 0 2 , on ly b road a n d i l l -de f ined reduct i on waves appear o n 
the i n i t i a l po tent ia l scan ( F i g u r e 5 A ) . These waves are gone on the second 
cathodic sweep. R e d u c t i o n to the more stable an ion r a d i c a l on ly is 
t h w a r t e d b y the l o w surface electron density on the T i 0 2 at potentials 
more posit ive than — 1.0 V , w h i l e generation of the d i a n i o n leads to 
immedia te loss of the ni tro group electrochemistry as stated. W h e n 
examined b y X P E S , the cyc l ed electrode y ie lds spectra demonstrat ing 
retent ion of the si lane but complete loss of the nitro N Is, as was shown 
to be the case on the P t / P t O surface ( 1 0 ) . 

O n e possible mechanism for the r a p i d loss of the n i troaromatic m a y 
be a m i d e b o n d cleavage. T o avo id any des tab i l i z ing effect of the n i t ro 
aromat ic an ion on the amide b o n d , the three n i t rophenylacet i c a c i d 
isomers were at tached to T i 0 2 , i n effect insert ing a n iso lat ing methylene 
l inkage . I n F i g u r e 5, a cyc l i c v o l t a m m o g r a m of sur face -bound m-n i t ro -
pheny lacet i c a c i d is i l lustrated . B o t h cathodic a n d anodic peaks are n o w 
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260 I N T E R F A C I A L P H O T O P R O C E S S E S 

-1.0 - 2 . 0 V 

Figure 5. Electrochemistry of surface-attached nitroaromatics on poly
crystalline Ti02/en electrodes. (Curve A) 3,5-Dinitrobenzamide; (Curve 
B) 3-nitrophenylacetamide; (Curve C) 3-nitrophenylacetamide on spin-
coated Ti02/en electrode. O . I M TEAP/CHSCN, 0.1 V/sec, V vs. SSCE. 

obta ined , a l though these decay to i n v i s i b i l i t y i n five cycles. T h e E0' 
(— 1.17 V ) obta ined o n the first sweep matches the so lut ion f o r m a l 
potent ia l of m-nitroto luene (— 1.18 V ) . T h e ortho- a n d para-isomers 
w e r e also examined a n d p r o d u c e d surface r educ t i on waves , but on ly o n 
the first scan, w i t h no reox idat ion waves apparent . I n C u r v e 5 B , the 
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14. F I N K L E A E T A L . Ti02 and Pt/PtO Electrodes 261 

integrated peak area on the first scan corresponds to a coverage of 1.7 
X 10" 9 m o l / c m 2 . T h i s rather h i g h value was ca l cu la ted assuming u n i t y 
roughness factor, a n d may only correspond to a monolayer on the p o l y 
crystal l ine T i 0 2 . 

A m a r k e d improvement i n e lectrochemical s tabi l i ty was achieved b y 
f o r m i n g silane mult i layers . A l t h o u g h siloxane p o l y m e r format ion i n our 
laboratory has m a i n l y been i n d u c e d b y water in t roduc t i on into the 
s i lanizat ion react ion m e d i u m , sp in coat ing m a y be a more control lable 
technique for b u i l d i n g mult i layers . T h i s technique has only recently been 
in t roduced to chemica l ly modi f ied electrodes ( 2 1 ) . A n example of its 
app l i ca t i on to silanes is g iven i n F i g u r e 5 C . O n e drop of a 5 % so lut ion 
of en s i lane i n xylene was p l a c e d on the T i 0 2 surface a n d the electrode 
spun at approx imate ly 25,000 r p m for 15 sec. It was exposed to a ir a n d 
c u r e d at 50°C i n v a c u u m for one hour , then reacted w i t h m - n i t r o p h e n y l -
acetic a c i d w i t h D C C as c o u p l i n g agent. T h e cyc l i c vo l tammograms 
exhibi t the same ha l fwave potent ia l (— 1.19 V vs. S S C E ) as the "mono
layer ' ' vers ion, but show smaller peak potent ia l separation ( A E P = 80 
m V on the first scan as opposed to 185 m V i n F i g u r e 5 B ) a n d greater 
e lectrochemical stabi l i ty . A f t e r 20 cycles, the current peaks have decayed 
to about 2 0 % of their o r ig ina l height . 

X P E S spectra ind icate that the out l ined sp in coat ing procedure 
deposits a silane layer somewhat th icker on the average t h a n the 
anhydrous solut ion react ion procedure . I n par t i cu lar , the T i 2p peak 
areas are reduced to about 2 0 % of their o r i g i n a l va lue . T h e o r i g i n a l 
N 0 2 : N R 2 peak area ratio is 0.1. T h u s the si lane layer is 2 - 3 t imes 
th icker , but the c o u p l i n g y i e l d is s imi lar ( 2 0 % of t e r m i n a l amine groups 
c o u p l e ) . It is interest ing that the quant i ty of electroactive n i troaromatic 
f rom the spin-coated surface ( C u r v e 5 C ) measured at 0.1 V / s e c , r = 
1.2 X 1 0 ' 9 m o l / c m 2 , remains about the same as that f r om the monolayer 
vers ion ( C u r v e 5 B ) , r = 1.7 X 10" 9 m o l / c m 2 . 

W h i l e the X P E S - d e t e c t e d amide c o u p l i n g of nitroaromatics seems to 
proceed s imi lar ly o n P t / P t O / e n a n d T i 0 2 surfaces, a n d the electro
chemica l f o r m a l potentials of i m m o b i l i z e d couples are s imi lar , the s tabi l i ty 
of the reduced n i troaromat ic is substantial ly l ower on the T i 0 2 surface 
t h a n on the P t / P t O surface. T h e reasons for this are not k n o w n b u t 
so lut ion experiments o n R u O x (22) show that n i troaromat ic r educ t i on is 
very sensitive to water , a n d nitroaromatics i m m o b i l i z e d o n S n 0 2 (23) b y 
s imi lar chemistry are equa l ly unstable . W h e n the n i troaromat ic is i m m o 
b i l i z e d at sites phys i ca l l y more remote f rom the surface, as w e infer is the 
case on the sp in coated T i 0 2 / e n electrode, its s tabi l i ty rises. T h e k ine t i c 
prerequisites for charge transport through a siloxane p o l y m e r matr ix a n d 
t h r o u g h other electrodes coated w i t h the electroactive po lymers (12,13, 
14,24-27) are of obvious future interest. 
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262 I N T E R F A C I A L P H O T O P R O C E S S E S 

Immobilized Ruthenium Complexes 

Bis- ( b i p y r i d y l ) L 2 R u complexes offer a w i d e range of reversible 
couples encompassing b o t h ox idat ion a n d reduct ion . T h e reduct ions 
meet the cathodic V F B l i m i t requirements of T i 0 2 . A t t empts to synthesize 
sur face -bound R u complexes have demonstrated differences i n successful 
procedures for T i 0 2 a n d P t / P t O surfaces. I n T a b l e I , two synthetic 
phi losophies are exempli f ied b y React ions 1-4 a n d 5-8 . T h e first method 
entails amide c o u p l i n g of the amine moiety o n a n attached en si lane w i t h 
a suitable carboxy l i c a c i d o n the R u complex . W h i l e successful o n P t / 
P t O / e n , this chemistry p r o d u c e d on ly trace coverages o n T i 0 2 . T h e more 
successful procedure o n T i 0 2 i n v o l v e d d i sp lac ing a lab i l e l i g a n d i n a 

T a b l e I. Syntheses of 

Reaction0 

(1) MO/en + ( b p y ) 2 R u ( 2 , 2 ' - b p y - 4 , 4 ' - ( C O O H ) 2
2 + 

(2) M O / e n + ( b p y ) 2 R u ( 2 , 2 ' - b p y - 4 , 4 , - ( C 0 C l ) 2 ) 2 + 

(3) MO/en + (bpy) 2 R u (iso-nic) 2
2 + 

(4) MO/en + (2 ,2 ' -bpy-4 ,4 ' - ( C O O H ) 2 ) ^ u (CI) 2 

(5) MO/en + (bpy) 2 R u ( D M E ) 2 + 

(6) MO/en + (bpy) 2 R u (acetone) 2
2 + 

(7) MO/py + (bpy) 2 R u ( C l 2 ) R u (bpy) 2
2 + 

(8) MO/py + ( b p y ) 2 R u ( D M E ) 2 + 

C H 3 C N 

D C C 
C H 3 C N 

> 
or B u C N 

C H 3 C N or 
B u C N 

D C C 

C H 3 C N 

D C C 

D M E 

acetone 
> 

propylene 
carbonate 

> 
or acetone 

D M E 

(CI") ' 
• Observable Ru 3cfe/2 peak. 
6 Electrochemical surface waves present at potentials matching a solution analog. 
c Pt/PtO or T i 0 2 silanized with 3-(3-aminoethylamino)propyltrimethoxysilane 

(en silane) is Mo/en and with trichlorosilyl-4-ethylpyridine (py silane) is MO/py. 
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14. F I N K L E A E T A L . Ti02 and Pt/PtO Electrodes 263 

suitable complex w i t h a p y r i d i n e l i g a n d a lready attached to the s i lan ized 
electrode surface. I n Reactions 5, 6, a n d 8, the R u complex was prepared 
b y react ing ( b p y ) 2 R u ( C l ) 2 w i t h a stoichiometric quant i ty of A g P F 6 i n 
the appropr iate degassed solvent. Detec t i on of R u b y X P E S is c o m p l i 
cated b y over lap of its 3d bands w i t h the ub iqu i tous C Is peak a n d the 
R u 3 p 3 / 2 w i t h the T i 2p peaks, b u t as F i g u r e 6 demonstrates, the react ion 
w i t h P t / P t O / p t / as w e l l as T i 0 2 / p t / y ie lds a c lear ly observable R u 3 d 5 / 2 

peak at 280.6 e V , consistent w i t h the b i n d i n g energy of p o w d e r samples 
of ( b p y ) 2 R u ( C l ) ( p y ) 1 + (280.7 e V ) . O n P t / P t O , e lectrochemical detec
t i on b y the R u ox idat ion w a v e is possible a n d aids i n conf i rming the 
surface coordinat ion as i l lustrated i n F i g u r e 3. Some of the P t / P t O / p y 
b o u n d complexes exhib i t extraordinary stabi l i ty , pers ist ing for over 15,000 

Surf ace-Attached R u Complexes 
Ti02—Ru Present? Pt/PtO—Ru Present? 

ESCA* ECb ESCAa ECb 

N o N o Y e s Y e s 

N o N o — — 

N o ? d Y e s ? d Y e s Y e s 

— — — Y e s 

— — — Y e s 

Y e s ? d N o ? d — — 

Y e s Y e s — Y e s ? ' 

Y e s Y e s Y e s Y e s 

* Queries represent equivocal XPES or electrochemical results, bpy = 2,2'-bipyri-
dine, D M E = 1,2-dimethoxyethane, DCC = dicyclohexylcarbodiimide. 
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C 1S 

. . . . I . . . . I . . . . I . . . . 
290 280 

BINDING ENERGY (e.v.) 

Figure 6. C Is and 3d5/2XPES spectra of Pt/PtO/py (upper trace) and 
Ti02/py (lower trace) electrodes. Both surfaces were reacted with (bpy)2-

Ru(DMEy** as in Reaction 8. 

complete conversions at 0.1 sec" 1 be tween the R u 3 + a n d R u 2 + ox idat ion 
states ( 2 8 ) . O n the other h a n d , r educ t i on of the complexes leads to 
moderate ly r a p i d decay. B l a n k experiments per f o rmed w i t h nons i lan ized 
T i 0 2 a n d P t / P t O electrodes have general ly shown l i t t l e or no electro
c h e m i c a l waves due to adsorpt ion of the R u complexes. 

Reac t i on 7 i n T a b l e I involves symmetr i ca l c leavage of the b r i d g i n g 
chlorides i n the R u d i m e r f o l l owed b y insert ion of the des ired l i g a n d : 

CI c i 
/ \ A 

(bpy) 2 Ru Ru(bpy) 2 - » 2(bpy) 2 Ru 

M - -OSi(CH 2) 2py 

^ C l 
(bpy) 2 Ru | 

^ p y ( C H 2 ) 2 S i 0 - - M 
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14. F I N K L E A E T A L . Ti02 and Pt/PtO Electrodes 265 

Interest ingly , React ions 7 a n d 8 seem to l e a d to the same surface complex . 
O n P t / P t O / p t / , Reac t i on 8 results i n a surface w a v e w i t h ox idat ion E 0 / 

at + 0-76 V vs. S S C E ; its po tent ia l a n d general behavior are appropr iate 
for the ch lorocoord inated P t / P t O / p t / - R u ( b p y ) 2 ( C l ) 1 * species. T h e so lu 
t i o n complex ( b p y ) 2 R u ( C l ) ( p y ) 1 + has E ° ' [-0.80 V vs. S S C E i n 
acetonitri le . Potentials i n F i g u r e 3 are also very s imi lar to this . T h e 
so lut ion species, ( b p y ) 2 R u ( C l ) ( p y ) 1 + exhibits ( F i g u r e 7A) t w o r e d u c -

Figure 7. Electrochemistry of surface-bound ruthenium complexes. 
(Curve A) Solution of (bpy)2Ru(pyXCl)1+ at Pt; (Curve B) product of 
Reaction 8 with Pt/PtO/py; (Curve C) product of Reaction 7 with TiOJ 
py single crystal; (Curve D) product of Reaction 8 with polycrystalline 

Ti02/py. 0.1 M TEAP/CH3CN, 0.1 V/sec, V vs. SSCE. 
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266 I N T E R F A C I A L P H O T O P R O C E S S E S 

Table I I . Summary of E ° ' Values 

Species 

( b p y ) 2 R u ( p y ) 2
2 + (soln)» 

( b p y ) 2 R u ( C l ) ( p y ) 1 + ( s o l n ) b 

( b p y ) 2 R u ( C I ) ( p y - C H 2 C H 2 S i - 0 - | - P t ) 1 + ( C u r v e 7B) 
( b p y ) 2 R u ( C l ) ( p y - C H 2 C H 2 S i - 0 - f e - T i ) 1 + ( C u r v e 7C) 

( b p y ) 2 R u ( C l ) ( p y - C H 2 C H 2 S i - 0 - ^ T i ) 1 + ( C u r v e 7D) 
a Potentials in V vs. SSCE (NaCl-saturated SCE), measured in 0.1M T E A P / 

C H 3 C N . Ep and E°' are respectively the cathodic sweep reduction peak potentials 
and formal potentials. Formal potential E°' is average of cathodic and anodic peak 
potentials. 

t i o n waves at — 1.54 a n d — 1.77 V , the second t y p i c a l l y be ing irreversible . 
T h e reduct i on E0/ values o n P t / P t O / e n f o l l o w i n g Reac t i on 8 are con 
sistent w i t h the solut ion data , a l though s l ight ly shi f ted anod i ca l ly ( F i g u r e 
7 B a n d T a b l e I I ) . Sources of the ch lor ide i n Reac t i on 8 c o u l d be 
res idua l ch lor ide f r o m the chloros i lane or excess ( b p y ) 2 R u ( C l ) 2 left over 
f r o m preparat ion of the D M E complex. W e have not as yet observed a 
few-surface pyr id ine - coord inated product f r om Reac t i on 8. T h e ch lor ide 
can however be subsequently d i sp laced b y other l igands f r o m the 
i m m o b i l i z e d complex w h i c h is synthet ical ly useful . 

F o r T i 0 2 , the p roduc t of Reac t i on 7 also has two reduct ion waves 
( F i g u r e 7 C ) , total ly irrevers ible , w i t h peaks sufficiently close to the 
( b p y ) 2 R u ( C l ) ( p y ) 1 + values as to rule out the alternative poss ib i l i ty of a 
c oup led foispyridine complex ( T a b l e I I ) . Subsequent cyc l i c scans reveal 
a r a p i d decay a n d cathodic shift of the waves. S t i r r i n g the solut ion 
accelerates the decay. A s w i t h nitroaromatics , the reduced , i m m o b i l i z e d 
R u species exhibits a l owered stabi l i ty on T i 0 2 as c ompared w i t h P t / P t O . 
Interference b y adsorbed complex cannot be entirely r u l e d out as a trace 
of adsorbed mater ia l is detectable b y X P E S on T i 0 2 surfaces exposed to 
the R u complex b u t bear ing no si lane. O x i d a t i o n of the surface complex 
o n T i 0 2 is not e lectrochemical ly observable as its ha l fwave potent ia l 
( + 0.76 V ) occurs w e l l posit ive of V F B . 

I n F i g u r e 7 D , it is evident that o n T i 0 2 l ower coverage was obta ined 
i n Reac t i on 8, a n d the sequent ia l reduct ions are not dist inct . H o w e v e r , 
traces of reox idat ion waves are n o w v is ib le . T h e est imated f o r m a l po ten 
tials ind icate that again the dominant surface species is the ( b p y ) 2 R u ( C l ) -
(py ) 1 + complex. A s before, very r a p i d decay of the surface waves is 
observed. 

I n answer to the two questions posed earl ier , synthesis of a specific 
surface species v i a s i lane l inkages is often read i ly transposable f r o m one 
m e t a l oxide surface to another. A l t h o u g h redox f o r m a l potentials of 
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14. F I N K L E A E T A L . Ti02 and Pt/PtO Electrodes 267 

and Reduction Peak Potentials 0 

EP[1] EJt] E°'[l] E°'[2] 

-1 .38 -1 .59 
-1.54 -1 .77 
-1 .46 -1 .77 
-1.48* -1.70* 
- 1 . 5 2 ' -1.76* 
- 1 . 6 - 1 . 8 

-1 .35 
-1.51 
-1 .45 

- 1 . 5 

-1 .56 
(-1.73) • 
-1 .66 
- 1 . 7 

* Measured at Pt electrode. 
c Irreversible reduction. 
d First cyclic scan. 
e Second cyclic scan. 

i m m o b i l i z e d species r e m a i n constant u p o n surface transposit ion, major 
differences i n c h e m i c a l a n d electrochemical s tabi l i ty become apparent 
between the T i 0 2 a n d P t / P t O surfaces. T h e extent to w h i c h this is a 
funct i on of intr ins i c surface properties of the electrode as opposed to 
differences i n the silane structure at the t w o interfaces remains unclear . 
C e r t a i n l y surface species on T i 0 2 exhibit an undes irable l eve l of reduct ive 
instab i l i ty . I t does not necessarily f o l l ow however that oxidations of 
surface species on T i 0 2 w i l l be s imi lar ly unstable . P r o v i d e d ox idat ive 
stabi l i ty of attached molecules o n T i 0 2 is achieved , the surface synthetic 
p i c ture appears good for synthesis of molecu lar surface states to act as 
photosensitizers, to catalyze electron transfer between so lut ion species 
a n d the conduct ion of valence bands, or to i n h i b i t surface decompos i t ion 
i n l i q u i d junct ion solar cells ( 1 4 ) . 
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15 
Chemically Derivatized Semiconductor 
Photoelectrodes 
A Technique for the Stabilization of 
n-Type Semiconductors 

MARK S. WRIGHTON 1, ANDREW B. BOCARSLY, JEFFREY M. BOLTS, 
MARK G. BRADLEY, ALAN B. FISCHER, NATHAN S. LEWIS, 
MICHAEL C. PALAZZOTTO, and ERICK G. WALTON 

Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

Pretreated Au, Pt, n-type Si, and n-type Ge can be deriva
tized with trichlorosilylferrocene, (1,1'-ferrocenediyl)dichlo-
rosilane, and 1,1'-bis(triethoxysilyl)ferrocene to yield elec
troactive, surface-attached, oligomeric ferrocene material. 
Derivatized, n-type semiconductors exhibit photoeffects 
expected for such an electrode material; irradiated deriva
tized n-type Si can be used to effect the oxidation of solution 
reductants by mediated electron transfer, unique proof for 
which comes from the semiconductor electrode that re-
sponds to two stimuli, light and potential. The sustained, 
mediated oxidation of Fe(CN)6

4- in aqueous solution in an 
uphill sense by irradiation of derivatized n-type Si is pos
sible whereas a naked n-type Si undergoes decomposition 
to SiOx at a rate too fast to allow sustained energy conver
sion. This establishes the principle of manipulating inter
facial charge-transfer kinetics for practical applications. 

Semiconductor -based photoe lec trochemica l cells have p r o v e d to g ive 
the highest efficiency op t i ca l to c h e m i c a l ( 1 , 2 , 3 ) a n d e lectr i ca l ( 4 ) 

energy convers ion of any w e t c h e m i c a l system. T h e highest solar energy 
convers ion efficiency c l a i m e d (4 ) thus far is 1 2 % for a n n-type G a A s -

1 Author to whom inquiries are to be addressed. 

0-8412-0474-8/80/33-184-269$06.75/0 
© 1980 American Chemical Society 
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270 I N T E R F A C I A L P H O T O P R O C E S S E S 

based c e l l e m p l o y i n g a n aqueous electrolyte so lut ion of Se n
2 " . Susta ined 

convers ion of l i g h t to e lectr ic i ty i n a l i q u i d junct ion device e m p l o y i n g a 
non-oxide n-type semiconductor has d e p e n d e d o n the discovery ( 5 - 1 2 ) 
of reductants that are capable of c a p t u r i n g photogenerated holes at a 
rate that prec ludes photoanodic decompos i t ion of the semiconductor . 
Photoanod i c decompos i t ion is energet ical ly possible (13,14) for any 
n-type semiconductor i m m e r s e d i n a l i q u i d electrolyte exposed to b a n d 
gap, or greater, energy l ight . F o r a l l non-oxides s tud ied thus far , H 2 0 is 
not o x i d i z e d inter fac ia l ly at a rate that competes w i t h the omnipresent 
photoanodic decomposi t ion . 

T h e technique of n-type semiconductor s tab i l i zat ion b y a d d i n g re 
ductants to the so lut ion does not a l l o w the electrode to be used to 
d i rec t ly dr ive any other ox idat ion react ion other t h a n the ox idat ion of 
the add i t ive . B y w a y of contrast, the k ine t i ca l l y inert n-type semiconduct 
i n g oxides such as T i 0 2 can be used to effect a n u m b e r of oxidations 
i n c l u d i n g ox idat ion of H 2 0 (15-20) a n d hal ides (21,22). B u t the oxides 
suffer f r om either h a v i n g such a large b a n d gap that only short w a v e 
l ength l i ght is effective or h a v i n g a set of energy levels i m p r o p e r l y 
m a t c h e d to the redox reactions of interest (23,24). Inert oxide-based 
cells do not require r igorous protect ion f r o m 0 2 as do cells e m p l o y i n g 
h i g h l y r e d u c e d s t a b i l i z i n g reagents such as S 2 " , Se 2 " , a n d Te 2 * (4,5-11). 
Nonaqueous electrolyte solutions m a y offer some advantages w i t h respect 
to b o t h energetics a n d kinet ics at the interface (12,13,25-28), b u t l ower 
so lut ion conduc t iv i ty c o m p a r e d w i t h aqueous electrolyte systems is a 
po tent ia l di f f iculty. A l s o , i n nonaqueous electrolyte systems protect ion 
f r o m b o t h 0 2 a n d H 2 0 m a y be r e q u i r e d for l ong t e r m constant operat ion. 

I n this chapter w e out l ine our results concern ing a n e w technique 
a i m e d at u l t imate ly y i e l d i n g stable s e m i c o n d u c t o r - l i q u i d interfaces for 
op t i ca l energy t ransduct ion . Bas i ca l ly , our a p p r o a c h is to covalent ly 
at tach a r e d u c i n g reagent ( A ) to the surface of the semiconductor such 
that the photogenerated ho le r a p i d l y y ie lds A + , w h i c h i n t u r n oxidizes 
some so lut ion reductant (B) f o r m i n g B\ thus regenerat ing the surface 
reductant . T h e c r u c i a l difference between a " n a k e d " a n d a " d e r i v a t i z e d " 
electrode is that the net ox idat ion , B -> B + , is effected b y a hole l o c a l i z e d 
i n semiconductor electronic levels i n the former a n d b y a discrete m o l e c u 
lar ox idant i n the latter. W h i l e the photogenerated hole i n either case 
is a sufficiently p o w e r f u l ox idant that the B - » B + react ion is thermody 
n a m i c a l l y possible , the kinet ics for net ox idat ion of B to B + w i l l be d i f 
ferent i n the t w o cases. A n important advantage of the d e r i v a t i z e d 
electrodes is that the structure of A c a n be very w e l l k n o w n , since A m a y 
be a s m a l l molecule . M a n i p u l a t i n g the nature of A , a n d hence the nature 
of the surface exposed to the so lut ion, m a y result i n major changes i n the 
kinet ics of the net inter fac ia l charge-transfer reactions. 
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15. W R I G H T O N E T A L . Derivatized Semiconductor Photoelectrodes 271 

E l e c t r o a n a l y t i c a l (25-28) a n d surface analysis (29,30,81) ind i cate 
that e lectronic levels at the surface fac i l i tate e lectron transfer to so lut ion 
species. S u c h surface states m a y contro l b o t h energetics a n d kinet ics . 
D e r i v a t i z i n g electrode surfaces w i t h electroactive molecules c a n be 
v i e w e d as a des igned in t roduc t i on of surface states that can be w e l l 
character ized f r o m the po int of v i e w of structure, k inet ics , a n d energetics. 

D e r i v a t i z e d surfaces are interest ing i n a d d i t i o n a l ways re lated to the 
s tab i l i zat ion a n d efficient u t i l i z a t i o n of s e m i c o n d u c t o r - l i q u i d interfaces. 
F i r s t , der ivat i za t i on of the surface w i t h molecules endows the surface 
w i t h molecu lar specific propert ies . A s a prototype , note that d e r i v a t i z a 
t i o n of a convent ional electrode surface w i t h a c h i r a l molecu le results i n 
a n a b i l i t y to produce opt i ca l ly act ive e lec trochemica l products ( 3 2 ) . 
Second, the achievement (4) of a 12%-ef f ic ient , n-type G a A s - b a s e d 
l i q u i d junct ion c e l l depends o n a surface pretreatment that changes the 
interface electronic states so that a h igher output voltage can be obta ined . 
D e r i v a t i z a t i o n m a y y i e l d s imi lar effects, i n a d d i t i o n to a l l o w i n g des igned 
m a n i p u l a t i o n of charge-transfer kinet ics . F i n a l l y , b y phys i ca l l y separat
i n g the semiconductor surface f r o m the l i q u i d a n d / o r t a k i n g advantage 
of h y d r o p h o b i c - h y d r o p h i l i c barriers to charge transfer a n d solvent acces
s ib i l i ty , der ivat i za t i on of surfaces w i t h po lymers (e lectroact ive or not ) 
m a y a l l o w the des ign of interfaces h a v i n g very different properties . F o r 
example , micel les have demonstrated (33) efficient p h o t o i n d u c e d elec
t ron transfer w i t h s low back react ion, b u t have not been prac t i ca l l y 
useful since the photoseparated charges c o u l d not be co l lected. T h e 
d er iva t i zed electrode surfaces m a y a l l o w the explo i tat ion of such effects. 

I n our studies to date w e have been m a i n l y concerned w i t h d e r i v a 
t i z i n g s m a l l b a n d gap materials w i t h the a i m of m a n i p u l a t i n g charge-
transfer kinet ics to prevent photoanodic decompos i t ion of the semicon
ductor . O t h e r workers have under taken the der ivat i za t i on of inert , b u t 
w i d e b a n d gap, oxides such as S n 0 2 a n d T i 0 2 w i t h v i s ib le - l i ght -absorb ing 
dye molecules (34-^37). T h e par t i cu lar emphasis i n these systems has 
been to sensitize the w i d e b a n d gap oxides to v i s ib le l i g h t for the H 2 0 
sp l i t t ing react ion, b u t the o x i d i z e d f o r m of dye molecules p r o d u c e d b y 
op t i ca l exc i tat ion o n the surface is general ly incapab le of evo lv ing 0 2 

f r o m H 2 0 . F u r t h e r , i n one pass of the l ight , t h i n layers of dye molecules 
are incapab le of absorb ing a large f ract ion of the inc ident i r rad ia t i on . 
I t is also not c lear whether the efficiency of generat ion of separated 
e lec t ron -ho le pairs w i l l be h i g h , o w i n g to the fact that the e l ec t ron -ho le 
pairs are generated i n the dye molecule a n d transfer of a n e lectron to 
the conduct i on b a n d of the semiconductor m a y not be complete ly effi
cient. I n our experiments thus far the a i m has been to der ivat ize elec
trodes w i t h a redox couple A*/A that is transparent to v i s ib le l i g h t so 
that l i ght absorpt ion results i n e l ec t ron -ho le p a i r generat ion i n a reg ion 
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272 I N T E R F A C I A L P H O T O P R O C E S S E S 

of h i g h field near the surface of the semiconductor . T h e systems w h i c h 
have rece ived deta i l ed study at this po in t are n-type G e (38) a n d S i (39, 
40) h a v i n g b a n d gaps of 0.7 a n d 1.1 e V (41), respect ively , de r i v a t i zed 

S i C l 2 

( E t O ) s S i 

( O E t ) a 

F e 

II III 

w i t h the h y d r o l y t i c a l l y unstable ferrocenes tr ichloros i ly l ferrocene (I), 
( l , r - f e r r o c e n e d i y l ) d i c h l o r o s i l a n e (II), a n d l , l / - f o w ( t r i e t h o x y s i l y l ) ferro
cene (III). F o r purposes of compar ison i n terms of e lec trochemica l be 
hav ior , A u (42) a n d P t (43,44) electrodes have been der iv a t i zed w i t h 
I, II, a n d III a n d character ized b y e lectroanalyt i ca l techniques. 

Working Hypotheses 

W e set out to i l lustrate the pr inc ip les of photoe lectroact iv i ty of 
surface-attached redox couples where the surface is a n n-type semicon
ductor . O u r w o r k i n g hypotheses center about the m o d e l for the ener
getics of the n-type s e m i c o n d u c t o r - l i q u i d interface (44). F i g u r e 1 shows 
a compar ison of the inter fac ia l energetics for a n a k e d n-type semicon
ductor a n d for the same semiconductor d e r i v a t i z e d w i t h a redox couple , 
A*/A, where EBG is the semiconductor b a n d gap, Et is the f e r m i l eve l , or 
e lec trochemica l po tent ia l of the semiconductor , Eredox (A*/A) a n d E r e dox 
(B+/B) are the e lectrochemcia l potentials of at tached a n d so lut ion cou 
ples, respectively, a n d £ V B a n d E C B are the va lence -band a n d conduc t i on -
b a n d posit ions, respect ively , on an e lec trochemica l po tent ia l scale. W e 
assume here a n i d e a l s i tuat ion where there are no surface states be tween 
E V B a n d E C B a n d the pos i t ion of E V B a n d E C B is independent of whether 
or not the A + / A couple is attached. A t charge-transfer e q u i l i b r i u m i n the 
dark , E F , Eredox (A /A), a n d E r e d 0 X (B+/B) must a l l be the same, b u t 
u p o n i l l u m i n a t i o n at open-c ircuit w i t h photons w i t h potentials greater 
than E B G the va lue of Et approaches the so-cal led flat-band potent ia l , 
E F B , a n d | E r e d 0 x (B+/B) — E F B | represents the m a x i m u m photovoltage . 
T h e va lue of E R E D O X (A+/A) c a n be no more pos i t ive t h a n E V B , a n d repre 
sents the m a x i m u m o x i d i z i n g p o w e r that c a n be ach ieved u n d e r i l l u m i n a 
t i on . T h e pos i t i on of E r e d o x (A*/A) is d iscussed i n more d e t a i l be l ow . A s 
is often f o u n d , w e assume that the n-type semiconductor electrode is 
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274 I N T E R F A C I A L P H O T O P R O C E S S E S 

b l o c k i n g to ox idat ion reactions i n the dark , even for the surface-attached 
couple . O w i n g to the barr ier to e lectron transfer, reduct ions at the n-type 
semiconductor are s lugg ish for Et more pos i t ive t h a n E F B , even t h o u g h 
the va lue of Et m a y be more negative t h a n E r e d 0 x . T h i s rec t i f y ing junc 
t i o n is s imi lar to a Schottky barr ier w h e r e the l i q u i d p lays the role of a 
m e t a l h a v i n g Et = E r e d o x ( B + / B ) . I n this i d e a l m o d e l , the m a x i m u m out
puts for the n a k e d a n d der iva t i zed electrodes are the same. A t short 
c i r c u i t u n d e r i l l u m i n a t i o n , the in ter fac ia l energetics are the same as i n 
the dark at charge transfer e q u i l i b r i u m , for fast e q u i l i b r a t i o n of A + / A 
w i t h B + / B . 

W h e n ac tua l ly operat ing , the objective is to m a x i m i z e the va lue of 
q u a n t u m y i e l d for e lectron flow (<~>e) t imes the output voltage | E f — 
Eredox ( B + / B ) | , where Et is more negat ive t h a n Eredox (B*/B) on the 
e lec trochemica l scale. Since there must be some amount of b a n d b e n d i n g 
to separate e l e c t ron -ho le pairs a n d to prevent back electron transfer, E f 

must be somewhat more pos i t ive t h a n E F B . N e t B —» B + convers ion is i n 
compet i t i on w i t h direct e l e c t ron -ho le re combinat i on i n the semiconductor 
a n d back e lectron transfer to reduce B + back to B . S e m i c o n d u c t o r - l i q u i d 
interface d iagrams for a c e l l i n operat ion are i n c l u d e d i n F i g u r e 1. F o r 
the der iva t i zed electrode, the va lue of E r e d ox ( A + / A ) d u r i n g operat ion 
must be s i tuated between E r e d o x ( B + / B ) a n d E V B , b u t the pos i t i on w i l l 
d e p e n d on the rate of e q u i l i b r a t i o n w i t h the B + / B couple re lat ive to the 
rate of ox idat ion b y photogenerated holes. I t is des irable that the reac
t i o n A + - f B - » B + proceeds at a rate faster t h a n that for the hole ox idat ion 
of B for the n a k e d semiconductor case. B u t the u l t imate advantages a n d 
u t i l i t y do not necessarily d e p e n d on this property , since molecu lar spec i 
ficity, for example , need not invo lve fast rates. 

Rationale for Choice of Systems Studied 

Several factors governed our choice of i n i t i a l systems for study. 
F i r s t , studies i n this laboratory (12) establ ished that ferrocene is capable 
of c a p t u r i n g photogenerated holes at n-type S i at a rate that w o u l d pre 
c l u d e photoanod ic surface react ion to produce insu la t ing SiO^. layers i n 
a nonaqueous electrolyte so lut ion. F u r t h e r , the surface of S i bears func 
t i o n a l groups that a l l o w covalent attachment of substances such as I, II, 

A 
s u r f a c e — O H + R ^ R a S i — C I s u r f a c e — 0 — S i R i R 2 R 3 + H C 1 (1) 

A 
s u r f a c e — O H + R 1 R 2 R 3 S i — 0 R 4 -> s u r f a c e — 0 — S i R i R 2 R 3 + R 4 0 H (2) 

or III b y the general react ion i n d i c a t e d i n E q u a t i o n s 1 or 2. S u c h surface 
der iva t i za t i on chemistry has a m p l e precedence i n a n u m b e r of areas (45, 
46,47) i n c l u d i n g der iva t i za t i on of reversible electrodes (48,49,50). 
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15. W R I G H T O N E T A L . Derivatized Semiconductor Photoelectrodes 275 

T h u s , w e have c o m b i n e d the general chemistry represented i n E q u a t i o n s 
1 a n d 2 w i t h the finding that ferrocene neutral izes holes at S i at a fast 
rate ( 1 2 ) . W e also began w i t h the k n o w l e d g e that s imple derivat ives 
of ferrocene a n d ferrocene itself do not have substant ia l ly different redox 
propert ies (k inet ics a n d energetics) ( 5 1 ) . E x a m i n i n g der iva t i zed G e 
(38) was a n o u t g r o w t h of the w o r k on S i (49,40), a n d the w o r k o n A u 
(42) a n d P t (42,43) surfaces was under taken to establ ish some points 
of reference w i t h respect to energetics a n d kinet ics of e lectron transfer 
of at tached forms of ferrocene f r o m react ion of I, II, or III w i t h the 
func t i ona l i zed surface. 

T h e systems that are discussed here are pro to typ i c ; a n u m b e r of 
different systems c a n n o w be envis ioned a n d w o r k is u n d e r w a y to e labo
rate the concepts descr ibed here in . O u r a i m has been to i l lustrate some 
n e w techniques for potent ia l u t i l i z a t i o n , conversion, a n d storage of o p t i 
c a l energy. 

Results and Discussion 

Derivatized A u and Pt Electrodes (42,43). R e a c t i o n of pretreated 
( a n o d i z e d ) A u or P t electrode surfaces w i t h isooctane solutions of I , II, 
or III at r oom temperature results i n the attachment of e lectroactive 
mater ia l . T h i s is de termined b y cyc l i c vo l tammetry of the der iva t i zed 
electrodes i n nonaqueous electrolyte solutions conta in ing no de l iberate ly 
a d d e d electroactive materials . Some representative e lectroanalyt i ca l da ta 
(42,43) are i n c l u d e d i n T a b l e I, a n d the cy c l i c vo l tammetr i c scans i n 
F i g u r e 2 are t y p i c a l . T h e essential findings are as f o l l ows : the electro
act ive mater ia l is l i k e l y o l igomer ic , essentially revers ib ly electroactive, 
a n d persistently at tached; i n most respects, the properties of the d e r i v a 
t i z e d surfaces are as expected (52) for a surface-attached, reversible , 

Table I. Anodic Peak Positions for Derivatized Electrodes 

Electrode Derivatizing 
Material Reagent EiPA CV vs. SCE) 

Pt° I 0.53 (avg. of 7 electrodes) 
P t a II 0.51 (avg. of 10 electrodes) 
Pt° III 0.60 (avg. of 7 electrodes) 
Au° II 0.47 (avg. of 20 electrodes) 

n - type G e * I - 0 . 3 
n - type G e * II - 0 . 3 
n - type S i * I - 0 . 1 
n - type S i * II - 0 . 0 5 

" M e t a l electrodes are for C H 3 C N / 0 . 1 M [n-Bu 4 N ]C10 4 electrolyte solution. 
Cyclic voltammetry reveals reversible behavior. 

b F o r semiconductor electrodes the most negative photoanodic peaks are given 
for E t O H / O . l M "n-Bu 4 N ]C10 4 electrolyte solution. 
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276 I N T E R F A C I A L P H O T O P R O C E S S E S 

T 

I I I I I I i I 
-0.2 Q0 +0.2 +0.4 +0.6 +0.8 

Potential, V vs SCE 

Figure 2. Cyclic voltammograms for Au derivatized with 11 as a function 
of scan rate in 0.1 M [n-Bu4N]Cl04 in CHSCN at 298 K. Coverage of 
electroactive material is 6.2 X 10~9 mol/cm2. The inset shows a plot of 

peak anodic current against scan rate. 

one-electron redox couple . C y c l i c vo l tammetry reveals that e lectroact ive 
surfaces r e m a i n essential ly u n c h a n g e d for e ight weeks of shelf storage 
a n d c a n be c y c l e d be tween o x i d i z e d a n d r e d u c e d f o r m thousands of 
t imes w i t h o u t deter iorat ion . F o r t y p i c a l electrodes the E° for the at
t a c h e d m a t e r i a l is w i t h i n 100 m V of the va lue (51) for E ° ( f e r r i c e n i u m / 
ferrocene) i n so lut ion , as has been general ly f o u n d for other d e r i v a t i z e d 
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15. W R I G H T O N E T A L . Derivatized Semiconductor Photoelectrodes 277 

electrodes. G e n e r a l l y the peak current is d i rec t ly propor t i ona l to scan 
rate, at least u p to 200 m V / s e c . T h o u g h the separation of the anodic a n d 
cathodic current peaks general ly increases at fast scan rates, the peak-to -
peak separat ion c a n be near ly zero a n d w e l l b e l o w 60 m V for scan rates 
as h i g h as 500 m V / s e c . 

T h e r e is at least one proper ty of the der iva t i zed P t a n d A u electrodes 
that is not i n accord w i t h the no t i on of a reversible , one-electron redox 
couple b o u n d to the surface of a reversible e lectrode—the f u l l w i d t h of 
the cyc l i c vo l tammetr i c waves at ha l f he ight is t y p i c a l l y i n the range of 
200-300 m V rather t h a n the 90 m V theoret ica l ly expected ( 5 2 ) . V a l u e s 
near the theoret ica l va lue of 90 m V have been obta ined i n other systems; 
i n par t i cu lar , po lyv iny l ferrocene on P t gives cyc l i c vo l tammetr i c waves 
that are cons iderably sharper (53) than those w e have f o u n d for d e r i v a 
t i za t i on of A u a n d P t w i t h I, II, a n d II. 

P t a n d A u electrodes der iva t i z ed w i t h II have been subjected to 
analysis b y e lectron spectroscopy (54); these results a n d those f r o m the 
e lectroanalyt ica l character izat ion are i n accord w i t h a surface that has 
ol igomers of the electroactive ferrocene units l i n k e d b y - S i - O - S i - bonds . 
T h e electron spectroscopy of der iva t i zed surfaces a n d e lemental analyses 
of substances f o r m e d b y exposing II to a i r a n d moisture indicate that the 
ferrocene units do not r e m a i n complete ly intact u p o n react ion. T h e data 
ind icate loss of i r o n f r o m the mater ia l , a fact not inconsistent w i t h k n o w n 
suscept ib i l i ty of ferrocenes to decompos i t ion i n nonaqueous solutions con 
t a i n i n g nucleophi les ( 5 5 ) . Nonetheless , the cyc l i c vo l tammetry demands 
the presence of electroactive mater ia l persistently at tached to the surface. 
T h e loss of i r o n a n d the various possible o l igomer ic structures l i k e l y cause 
the rather b r o a d cyc l i c vo l tammetr i c waves on A u a n d Pt . W e have 
adopted the interpretat ion that there is a var iety of ferrocene units on the 
surface, essentially independent of surface coverage, each w i t h its o w n E ° . 

D e r i v a t i z e d w-Type S i ( 3 9 , 4 0 ) . R e a c t i o n of s ingle crystal S i a n d 
G e surfaces w i t h I, II, a n d III results i n the persistent attachment of 
e lectroactive mater ia l . T a b l e I inc ludes some e lectroanalyt ica l data for 
these der iva t i zed surfaces. F i g u r e s 3, 4, a n d 5 show a representative 
e lectroanalyt ica l character izat ion of a der iva t i zed n-type S i electrode; F i g 
ure 6 shows the comparab le data for a n a k e d n-type S i electrode i n the 
same electrolyte so lut ion. T h e cyc l i c vo l tammograms of the n a k e d elec
trode i n the electrolyte so lut ion i l lustrate the p r o b l e m w i t h n-type photo 
anodes; the photoanodic current corresponds to the g r o w t h of a n i n s u 
l a t i n g layer of oxide mater ia l ( S i O * ) that cannot be r educed over the 
potent ia l range scanned. I t is this react ion that must be suppressed i n 
the use of n-type S i as a photoanode. T h e solvent i n F i g u r e 6 is C H 3 C N 
a n d the source of the oxide oxygen is trace H 2 0 i n so lut ion. A l s o , n a k e d 
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278 I N T E R F A C I A L P H O T O P R O C E S S E S 

Potential , V vs SCE 

Figure 3. Cyclic voltammograms for derivatized n-type Si showing quali
tative effects of light intensity. "Mono-Claw" is reagent I. 

S i bears an oxide layer of some thickness that apparent ly does not p re 
c lude electron transfer. U n d e r the condit ions shown, less than 10" 2 C / c m 2 

effectively passivates the surface to the flow of photoanodic current . C o n 
sequently , protect ion of n-type S i f r o m surface photoanodic react ion 
depends on extremely compet i t ive hole capture processes. F o r example , 
assuming that ambient solar intensity w o u l d y i e l d about 40 m A / c m 2 of 
current density , a ho le capture process that was on ly 99 .99% efficient 
c o u l d s t i l l l ead to S i O * f o rmat ion at a rate that w o u l d render the c e l l use
less i n approx imate ly 1 hour . 

T h e cyc l i c vo l tammetry data i n c l u d e d i n F i g u r e s 3, 4, a n d 5 can be 
repeated a n u m b e r of t imes w i t h o u t signif icant var ia t i on i n the essential 
propert ies , ev idenc ing protect ion f r o m gross oxide g r o w t h f o u n d for the 
n a k e d electrode under the same condit ions . W e w i l l a m p l i f y this po in t 
be low. 

D e r i v a t i z e d n-type S i exhibits l i t t l e or no anodic current i n the dark , 
b u t i l l u m i n a t i o n w i t h l i ght of greater t h a n £ B G results i n the flow of 
anod ic current . T h e cathodic re turn peak is observed whether the l i g h t 
is on or not, b u t the cathodic current peak pos i t ion is l i g h t dependent , 
since the net current flow w h e n the l i ght is on is the s u m of dark cathod ic 
p lus photoanodic current . A t a sufficiently h i g h l i ght intensity , the peak 
anod ic current is d i rec t ly propor t i ona l to scan rate, as expected for a 
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15. W R I G H T O N E T A L . Derivatized Semiconductor Photoelectrodes 279 

surface-attached redox couple , whereas the peak current varies w i t h the 
square root of the scan rate for a n a k e d S i electrode i l l u m i n a t e d i n a 
nonaqueous electrolyte so lut ion conta in ing ferrocene. 

T h e peak potentials c a n be substant ia l ly more negative t h a n E ° 
( f e r r i c en ium/ f e r rocene ) for i l l u m i n a t e d n-type S i , i n contrast to the 
s i tuat ion for P t or A u . T h e peak potentials correspond closely to those 
for n a k e d n-type S i i n a nonaqueous electrolyte so lut ion of ferrocene. 
T h e extent to w h i c h the surface-attached ferrocene mater ia l c a n be 
o x i d i z e d at a potent ia l more negative than on a reversible electrode is a 
measure of the output voltage for a ce l l us ing such a photoelectrode. I f 
the photoanodic current peak is symmetr i ca l , the peak potent ia l repre 
sents the potent ia l at w h i c h the surface-attached mater ia l is 5 0 % ox i 
d i z e d a n d is thus the electrode potent ia l , E f , at w h i c h Eredox for the 
surface-attached species is equa l to the f o r m a l potent ia l , E ° . W e have 
observed photoanodic peak potentials for der iva t i zed n-type S i as nega
t ive as approx imate ly —0.1 V vs. S C E , b u t the va lue is t y p i c a l l y a r o u n d 
+ 0 . 1 V vs. S C E . A n o d i c peak potentials for der iva t i zed P t a n d A u are 
i n the range + 0 . 4 - 0 . 6 V vs. S C E . T h u s , the output voltage for de r iva t i ze d 
n-type S i photoelectrodes is i n the range 300-700 m V , assuming that the 
thermodynamics for the various surface-attached substances are inde 
pendent of the surface. T h i s assumption shou ld be v a l i d w i t h i n 100 m V 
(56). 

i 1 1 r 

n-Type Si lOOmV/sec 

- 0 . 4 0.0 +0.4 
Potential, V vs SCE 

Figure 4. As in Figure 3 except light is turned off at the anodic limit 
(+ 0.6 V) to show that the cathodic peak does not require illumination; 

( ) result obtained when the light is left on for the entire scan. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
0-

01
84

.c
h0

15



280 I N T E R F A C I A L P H O T O P R O C E S S E S 

i i r 

Potential , V vs SCE 

Figure 5. Scan rate dependence of cyclic voltammograms for same elec
trode and electrolyte solution as in Figures 3 and 4. 

t o 
<-> O 

1 1 1 
n - Type S i , lOOmV/sec 

i i 

632.8nm Illumination 
C H 3 C N , 0.1 M C n - B u 4 N ] C I 0 4 1st Scan 

T / / IO/XA y 1 2nd Scan 
^^^^L 3rd Scan 

i i i I I 
- 0 . 8 - 0 . 4 0.0 +0.4 +0.8 

Potential, V vs S C E 

Figure 6. Cyclic voltammograms for naked n-type Si in same electro
lyte and under same illumination conditions as for derivatized electrode 
in Figure 5. Note the lack of a cathodic wave and the declining photo

anodic current on the successive scans reflecting SiOa growth. 
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15. W R I G H T O N E T A L . Derivatized Semiconductor Photoelectrodes 281 

T h e energetics establ ished above correspond w e l l w i t h those f o u n d 
for a n a k e d n-type S i exposed to a nonaqueous electrolyte so lut ion of 
f e r r i cen ium/ fer rocene . A t least for this semiconductor photoelectrode, 
then , the covalent attachment of the electroactive mater ia l does not 
s igni f icantly alter the interface energetics, as is general ly t rue for revers i 
b le electrode systems ( 5 6 ) . T h e potent ia l onset for photoanod ic current 
at the highest l i g h t intensity is a reasonable approx imat i on of E F B ; w e 
often find that the cathodic current peak i n the dark is substant ia l ly 
more posi t ive t h a n E F B . T h i s observation i n other systems (25,26,27) 
has been taken to ind i cate that there are interface or surface states of the 
semiconductor that can be filled w i t h electrons at a potent ia l more p o s i 
t ive t h a n E F B . W e adopt this interpretat ion a n d note that the c r u c i a l 
interface states seem to be present for b o t h n a k e d a n d der iv a t i zed S i . 
T h i s finding is consistent w i t h the conc lus ion that such interface states 
are l i k e l y associated w i t h the S iOj . layer that is i n v a r i a b l y present on S i 
a n d on w h i c h the d e r i v a t i z i n g layer is b u i l t . Idea l ly , such interface states 
c o u l d be m a n i p u l a t e d to p rec lude reduct i on of f e r r i c en ium at potentials 
more posi t ive t h a n E F B ; photoanodic a n d cathodic peaks w o u l d be s i t u 
a ted more or less symmetr i ca l l y about E F B . T h e importance of a n oxide 
layer between n-type G a A s a n d A u is ev ident i n a Schot tky barr ier solar 
c e l l , where signif icant changes i n solar efficiency were f o u n d w i t h v a r i a 
t i o n i n the oxide layer ( 5 7 ) . 

T h e shape of the cyc l i c vo l tammetr i c waves for der i v a t i zed S i is 
qu i te var iab le , d e p e n d i n g on the exact procedure for der ivat i zat i on , scan 
rate, a n d l i ght intensity . Peak wid ths at ha l f he ight as n a r r o w as 110 m V 
have been observed, b u t more t y p i c a l values are i n a range s imi lar to 
that for der iva t i zed P t a n d A u . T h e peak potentials v a r y w i t h scan 
rate, d e p e n d i n g on coverage a n d l i ght intensity ; h igher coverages a n d 
l o w e r l i ght intensity y i e l d photoanodic current peaks that are more anod i c 
at the faster scan rates. T h e dark c u r r e n t - p o t e n t i a l propert ies are also 
qu i te var iab le , d e p e n d i n g on the preparat ion procedure ; general ly there 
is no signif icant dark anod ic current for potentials more negative t h a n 
about + 0 . 6 V . Some der iva t i zed electrodes have been prepared that 
exhib i t no dark ox idat ion current at potentials as pos i t ive as +10 .0 V 
vs. S C E . B u t t y p i c a l l y , surface-attached ferrocenes can be o x i d i z e d i n the 
dark at potentials of a r o u n d + 1 . 0 V vs. S C E , s t i l l substant ia l ly more 
anod i c t h a n for P t or A u . 

C l e a r l y , der ivat i za t i on of n-type S i can protect the surface f r o m s ig 
nif icant photoanodic S i O x f ormat ion . T h i s conc lus ion is based on the 
observat ion that the cyc l i c vo l tammetr i c waves for the i l l u m i n a t e d d e r i v a 
t i z e d surface are essentially unchanged for m a n y scans. I f the S i O * layer 
were g r o w i n g s igni f icantly the photoanodic peak w o u l d be more anod i c 
w i t h the th i cker oxide layer , w h i l e the cathodic peak w o u l d be more 
negative. These changes are observed for pro longed c y c l i n g a n d are 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
0-

01
84

.c
h0

15



282 I N T E R F A C I A L P H O T O P R O C E S S E S 

p a r t i c u l a r l y gross at very anod i c potentials under i l l u m i n a t i o n . These 
observations suggest that the oxide g r o w t h rate is, not unexpectedly , a 
func t i on of b o t h l i g h t intensity a n d potent ia l . T h e important finding is 
that substant ia l ly more t h a n 10"2 C / c m 2 of photoanodic current c a n pass 
t h r o u g h the der iva t i zed electrode interface w i t h o u t pass ivat ing the elec
trode. Less t h a n 10"2 C / c m 2 passivates the n a k e d electrode. 

Protec t i on f r o m S i O * g r o w t h d u r i n g c e l l operat ion w i l l be discussed 
be low, but the rat ionale for the d u r a b i l i t y of the der iva t i zed surface w i l l 
be ment ioned here. Photogenerated holes i n the valence b a n d of S i are 
transferred r a p i d l y to the surface-attached ferrocene centers. T h e rate of 
transfer to the ferrocenes is apparent ly fast enough to prec lude p r o m p t 
oxide format ion . W h e n the l i ght intensity is l o w enough a n d the coverage 
of ferrocene great enough this r a p i d ho le transfer to f o r m f e r r i c en ium 
centers can be regarded as essentially i rrevers ib le , since E V B is m u c h 
more pos i t ive t h a n E r e d o x for the attached species w h e n there is l o w 
f rac t iona l convers ion of ferrocene to f e r r i cen ium. B u t for situations where 
Eredox for the surface-attached species is pos i t ive enough, there m a y be a 
signif icant steady-state hole concentrat ion on the S i . F o r this s i tuat ion 
w e conc lude that oxide g r o w t h is k ine t i ca l l y i n h i b i t e d b y the inaccessi 
b i l i t y of the holes to attack b y H 2 0 . T h u s , the o l igomer ic ferrocene layer 
p h y s i c a l l y protects the u n d e r l y i n g S i / S i O * surface, as w e l l as p r o v i d i n g 
a system that can r a p i d l y accept photogenerated holes. 

I n the l i m i t of very large, p o l y m e r i c coverages or at sufficiently l o w 
l i g h t intensity , the de r iv a t i ze d n-type S i electrode behaves l ike a n a k e d 
electrode exposed to an electrolyte so lut ion that contains a reductant 
capable of i r revers ib ly a n d r a p i d l y c a p t u r i n g every photogenerated hole . 
F o r l o w coverages of sur face -a t tached mater ia l w e t y p i c a l l y observe 
"break i n " changes i n the cy c l i c vo l tammetry that correspond to oxide 
g r o w t h a n d pass ivat ion i n areas of the surface where there is no, or l o w , 
coverage. T h e first f ew scans show large photoanodic currents, b u t there 
is no s imi lar amount of cathodic current ; the amount of such photoanodic 
current decl ines w i t h each successive scan u n t i l the current -vo l tage p r o p 
erties become essentially constant a n d the integrated photoanodic a n d 
cathodic currents are equal . T h e large photoanodic current l i k e l y corre
sponds to SiOx g r o w t h on nonder iva t i zed areas of the electrode surface. 
T h e f ract ion of the surface that is nonder ivat i zed is, of course, var iab le 
b u t can be insignif icant as de termined b y the re lat ive current density at 
n a k e d a n d der iva t i ze d electrodes. T h e oxide that grows on the n o n 
der iva t i zed electrode areas does not s ignif icantly alter the properties of 
the attached electroactive mater ia l ; the amount of m a t e r i a l a n d the peak 
potentials are re lat ive ly constant d u r i n g the break - in of a good electrode 
as de termined b y the pos i t ion a n d area under the cathod ic peak. 

Persistent attachment of electroactive mater ia l a n d constancy of 
energetics for the der iva t i zed n-type S i have been i l lus t rated i n several 
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15. W R I G H T O N E T A L . Derivatized Semiconductor Photoelectrodes 283 

ways . F i r s t , de r i va t i z ed electrodes have good shelf l i f e ; they have been 
stored for weeks a n d have s t i l l exh ib i t ed photoe lectroact iv i ty associated 
w i t h a n attached ferrocene der ivat ive . Second, i l l u m i n a t e d , d e r i v a t i z e d 
electrodes can be c y c l e d at l O O m V / s e c be tween po tent ia l l imi ts corre
s p o n d i n g to c y c l i c a l ox idat ion a n d reduct i on of the at tached mater ia l . 
T h e at tached electroactive mater ia l is lost s l owly (hundreds of c y c l e s ) , 
ev idenced b y d e c l i n i n g integrated peak areas, w i t h o u t signif icant shift 
i n the peak posit ions. G e n e r a l l y , though , the effect of p ro l onged use is 
a shift of the photoanodic peak to more pos i t ive potentials a n d of the 
cathodic peak to more negative potentials . T h e peak sh i f t ing is p r o b a b l y 
a consequence of the g r o w t h of some u n d e r m i n i n g S i O * layer , w h i l e the 
s imple loss of electroactive mater ia l is l i k e l y due to decompos i t ion of the 
f e r r i c e n i u m fo rm. T h e d u r a b i l i t y of the surface is also i l lus t rated b y 
c h o p p i n g the exc i tat ion b e a m w h i l e h o l d i n g the de r iva t i ze d electrode at a 
potent ia l where photoanodic current a n d dark cathodic current occur . 
F i g u r e 7 i l lustrates the results for a c h o p p i n g frequency of about 1 H z . 
W h i l e m u c h in format ion can be g leaned f r o m such data , the m a i n po in t 
here is that response of the der iva t i zed electrode is essentially the same 
for a large n u m b e r of cycles w h e r e there is essentially complete ox idat ion 
of a l l surface-attached electroactive mater ia l w h e n the l i g h t is t u r n e d on . 

A l l discussion thus far has concerned results for de r iva t i ze d S i char 
ac ter i zed i n nonaqueous solutions. T h e der iva t i zed electrodes are d u r a b l e 
i n aqueous electrolyte solutions as w e l l , since persistent cyc l i c v o l t a m 
metr i c waves can be observed i n aqueous electrolyte solutions. A l k a l i n e 

i 1 1 r 
0.5^A 

i i r 
.Light 

\ -0.8 
J I I L 

N_ight 
J I L 

-0.4 0.0 +0.4 
Potential, V vs SCE 

12 16 
Time, sec 

Figure 7. Cyclic voltammograms for n-type Si derivatized with 11 (top) 
and current at + 0.35 V vs. SCE against time while chopping the 
illumination source at ~1 Hz in CH3CN solution of 0.1M [n-Bu^JClO^. 
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284 I N T E R F A C I A L P H O T O P R O C E S S E S 

Figure 8. Cyclic voltammograms 
for naked n-type Ge in the presence 
of 2 X 10~'M ferrocene (top) and for 
n-type Ge derivatized with I in 
absence of any electroactive solu
tion species. Electrolyte solution is 

CH3CN/0.1M [n-Bu4N]ClQ4. 

l 1 1 r 

-0.2 0.0 +0.2 +0.4 +0.6 
Potential, V vs SCE 
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15. W R I G H T O N E T A L . Derivatized Semiconductor Photoelectrodes 285 

solutions are a v o i d e d o w i n g to the k n o w n sensit ivity of f e r r i c en ium to 
basic m e d i a ( 5 5 ) . T h e persistent photoelectroact iv i ty of the der iv a t i zed 
electrode i n aqueous so lut ion is par t i cu lar ly noteworthy since H 2 0 is 
very l i k e l y the source of the oxygen i n S i O * format ion . 

Derivatized »-Type Ge ( 3 7 ) . n - T y p e G e c a n be der iva t i zed i n a 
manner s imi lar to that for n-type S i . B u t u n l i k e S i , the der iv a t i zed n-type 
G e surfaces that w e have s tud ied exhib i t sufficient dark currents that 
good cyc l i c vo l tammetr i c waves for at tached ferrocene can be observed 
i n the dark. I l l u m i n a t i o n results i n a more negative anod ic current onset, 
a n d the peak of the photoanodic w a v e can be shi f ted b y u p to a r o u n d 
200 m V , representing the m a x i m u m output photovoltage atta inable for 
der iva t i zed n-type G e . T h i s va lue accords w e l l w i t h the va lue of E F B 

f o u n d f r o m the m a x i m u m open-c ircui t photovoltage for a n a k e d n-type 
G e electrode exposed to a so lut ion of f e r r i cen ium/ ferrocene . F u r t h e r , the 
n a k e d n-type G e exhibits dark anod ic current i n the presence of ferrocene 
w i t h a cyc l i c vo l tammetr i c peak near ly the same as that for the d e r i v a 
t i z e d electrode ( F i g u r e 8 ) . T h u s , as for S i , der ivat i za t i on does not appear 
to apprec iab ly alter interface energetics or kinet ics for ferrocene ox ida 
t i o n a n d the d u r a b i l i t y of der iva t i zed n-type G e is s i m i l a r to that for 
n-type S i . 

T h e observation of signif icant dark anod ic current at n-type G e l i k e l y 
reflects the presence of a h i g h density of surface states at the G e / G e O * 
interface that are not inf luenced b y the attachment of ferrocene d e r i v a 
tives to the surface oxide. W h i l e ferrocene i n so lut ion protects n-type G e 
f r o m deleterious oxide format ion , the l o w output voltage precludes a n 
efficient opt i ca l energy conversion device ; w e have accord ing ly concen
trated more effort on the use of der iva t i zed n-type S i to i l lustrate the 
potent ia l u t i l i t y of mo lecu lar ly modi f ied photoelectrodes i n energy con 
vers ion experiments. 

Proof of Mediated Electron Transfer Using Derivatized if-Type Si. 
O n e of the u n i q u e features of a der iva t i zed semiconductor photoelectrode, 
c o m p a r e d w i t h a der iva t i zed meta l electrode, is that the rat io of o x i d i z e d 
to r educed mater ia l depends on b o t h l i g h t a n d potent ia l . B y def in i t ion , 
the rat io of o x i d i z e d to r e d u c e d mater ia l o n the surface of a reversible 
electrode depends on ly on potent ia l . T h e t w o - s t i m u l i response of the 
semiconductor depends on its rec t i fy ing property a n d a l lows us to ob ta in 
d irect evidence for m e d i a t e d ox idat ion of so lut ion reductants . B y m e d i 
ated w e mean that the ox idat ion of the so lut ion species proceeds b y 
electron transfer to a hole l o c a l i z e d on the sur face -at tached molecule . 
I n the case of the semiconductor , the hole is generated b y photoexc i tat ion 
a n d transferred f r o m the valence b a n d to the surface-attached species. 
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M e d i a t e d ox idat ion is i n contrast to a d i rect e lectron transfer to a ho le 
l o c a l i z e d o n the electrode surface; w h e n the electrode is d e r i v a t i z e d 
e ither mechan i sm for net ox idat ion of the so lut ion species m a y y i e l d a 
rate that is different t h a n for a n a k e d electrode. A p r i o r i , a true m e d i a t e d 
e lectron transfer mechan ism w o u l d seemingly y i e l d a surface h a v i n g 
greater mo lecu lar specif icity, p a r t i c u l a r l y i f the med ia ted ox idat ion occurs 
b y w h a t w o u l d be analogous to a n inner-sphere e lectron transfer m e c h a 
n i s m i n v o l v i n g p r i o r complexat ion of the so lut ion reductant a n d the sur
face redox reagent. 

F i g u r e 9 shows e lectroanalyt ica l proof for med ia ted ox idat ion of 
so lut ion ferrocene b y der iva t i zed n-type S i . T h e key points are as fo l lows. 
F i r s t , i l l u m i n a t i o n of the der iva t i zed n-type S i i n the electrolyte so lut ion 
i n the absence of ferrocene y ie lds the usua l cyc l i c v o l t a m m o g r a m that is 
independent of whether or not the electrolyte so lut ion is s t i rred , since 
the electroactive mater ia l is at tached to the electrode surface. Second, 
the a d d i t i o n of ferrocene to the so lut ion results i n enhanced photoanodic 
current such that di f fusion l i m i t e d current is ob ta ined i n quiet so lut ion, 
w h i l e a ho le ( l i g h t intensi ty ) l i m i t e d current is reached w h e n the so lu 
t i o n is s t i rred . A n d t h i r d , w h e n the l i ght is sw i t ched off at the anod ic 
l i m i t a n d the electrolyte is s t i rred , there is l i t t le detectable surface-
at tached o x i d i z e d mater ia l since there is l i t t l e observable, cathodic c u r 
rent. T h a t is , w h e n the l i ght is sw i t ched off at the anodic l i m i t , ho le 
generat ion ceases a n d the reductant i n so lut ion reacts w i t h the surface-
at tached oxidant at a rate that is fast c o m p a r e d w i t h the re turn scan t ime 
i n the dark. A t sufficiently fast scan rates a n d l o w concentrat ion of so lu 
t i o n reductant a cathodic re turn peak for the surface-attached oxidant is 
observed. I n p r i n c i p l e , such data w i l l a l l o w measurement of heterogene
ous e lectron transfer rates between the so lut ion reductant a n d attached 
oxidant . M e a s u r i n g the consumpt ion of attached oxidant i n this manner 
o n a reversible electrode is imposs ib le , since w h e n a n attached ox idant 
reacts w i t h a so lut ion reductant the rat io of surface-attached o x i d i z e d to 
r e d u c e d mater ia l is instantaneously re-establ ished to a va lue that depends 
on ly o n the electrode potent ia l . 

Proo f of m e d i a t e d ox idat ion of so lut ion reductants other t h a n ferro
cene has been obta ined . I n par t i cu lar , der iva t i zed n-type S i can be used 
to effect the photoe lectrochemica l ox idat ion of F e ( C N ) 6

4 " i n a n aqueous 
electrolyte so lut ion ( F i g u r e 10) . U s i n g the der iva t i zed electrode i n the 
aqueous electrolyte so lut ion is interest ing for several reasons: efficient 
d i rect ox idat ion of a n y t h i n g i n H 2 0 us ing n a k e d n-type S i is u n l i k e l y 
o w i n g to the S i O * p r o b l e m ; ferrocene c o u l d not be used as a so lut ion 
mediator , since i t is inso lub le i n H 2 0 ; a n d an aqueous electrolyte so lut ion 
has h igher conduc t iv i ty t h a n nonaqueous systems. 
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-0.6 -0 .4 -0.2 0.0 *0.2 
El tetrode Potential, V vs SCE 

Figure 9. (a) Cyclic voltammograms 
for n-type Si derivatized with II in 
stirred EtOH/O.lM [n-BukN]ClOk 

solutions; ( ) light switched off at 
+ 0.25 V vs. SCE. (b) Cyclic vol
tammetry for electrode in (a) in same 
electrolyte solution but containing 
5 X 10~4M ferrocene: ( ) quiet 
solution with illumination for entire 
scan; ( ) quiet solution light 
switched off at + 0.25 V; ( ; 
stirred solution light switched off at 

+ 0.25 V. 
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-0 .8 - 0 . 4 0.0 0.4 
Potent ia l , V vs SCE 

Figure 10. Cyclic voltammograms at 100 mV/sec of n-type Si derivatized 
with 11 in aqueous electrolytes. The electrode is illuminated with a 
tungsten halogen source during the anodic scans; the cathodic, return 
scans are in the dark, (a) Cyclic voltammograms in quiet solutions: ( ) 
0.1M NaClOk/H20 showing surface waves at + 0.3 V (photooxidation) 
and - 0.1 V (reduction); ( ) with 9 X 10~4M KhFe(CN)6 added. 
(b) The effect of stirring on cyclic voltammogram in 9 X 10~4M KhFe(CN)6 

electrolyte. Note the reverse scan current scale is expanded by 10 times 
the forward scan scale, (c) Repeat of (a); ( ) after completing (b). 
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15. W R I G H T O N E T A L . Derivatized Semiconductor Photoelectrodes 289 

Use of Derivatized »-Type Si in a Ful l Cell Configuration; E q u i 
librium Current-Potential Curves. I n sufficiently d r y E t O H electrolyte 
solutions c o n t a i n i n g f e r r i c en ium/ f e r rocene w e have been ab le to sustain 
the convers ion of l i g h t to e lectr i c i ty i n a c e l l l i k e that d e p i c t e d i n Scheme 
I u s i n g a n a k e d n-type S i photoelectrode. A compar i son of the e q u i 
l i b r i u m c u r r e n t - p o t e n t i a l propert ies of a n a k e d a n d d e r i v a t i z e d electrode 
are g iven i n F i g u r e 11 for such a c e l l . T h e po tent ia l is g i v e n re lat ive to 
the S C E b u t the photocurrent at E r e d o x c a n be taken as the u s u a l short-
c i r c u i t va lue ; current at any po tent ia l more negat ive t h a n E r e d o x reflects 

-0.6 -0.4 -0.2 +0.2 +0.4 +0.6 - 0 . 6 - 0 . 4 - Q 2 
P O T E N T I A L . V vs S C E 

+ 0.2 +0.4 +0.6 

Figure 11. Current-voltage curves at 2 mV/sec for n-Si photoelectrode 
in stirred EtOH solution of 5 X 10~2M ferrocene, 2.9 X 10 3M ferricenium 
as the PF6~ salt and 0.1 M [n-BuhN]ClOh. Uniform irradiation with 
632.8-nm light at the indicated power. Solution Ered0- = + 0.32 V vs. 
SCE. (a) Naked electrode freshly etched with HF; (b) same electrode 

after derivatization with II. 
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convers ion of l i g h t to e lectr ic i ty . F r o m data l ike that i n F i g u r e 11 w e 
conc lude that the der iva t i z ed electrode is certa in ly no worse, a n d perhaps 
a l i t t l e better, t h a n the n a k e d electrode i n terms of efficiency. E a c h elec
trode suffers f r o m l o w output voltages at l o w l i g h t intensity a n d f r o m 
poor fill factors a n d q u a n t u m efficiencies at the h igher intensities. I m 
portant ly , the der iva t i z ed electrode surfaces r e m a i n intact (coverage a n d 
peak pos i t ions) d u r i n g the exper imentat ion represented i n F i g u r e 11, as 
de termined b y cyc l i c vo l tammetry before a n d after r e cord ing the data i n 
F i g u r e 11. A s s u m i n g that a l l of the photocurrent occurs b y m e d i a t i o n , 
w e c l a i m that each at tached redox center can conservat ively pass more 
t h a n 10 4 electrons w i t h o u t deter iorat ion of propert ies . 

F i g u r e 12 shows the photocurrent against t ime for a n a k e d a n d a 
der iva t i zed n-type S i photoelectrode i n a n aqueous so lut ion of F e ( C N ) 6

4 " . 
T h e improvement i n the constancy of the output parameters i n the de 
r i v a t i z e d case is obvious. E q u i l i b r i u m c u r r e n t - p o t e n t i a l curves are s h o w n 
i n F i g u r e 13; such curves are not obta inable for the n a k e d electrode, 
since the f o rmat ion of S i O * is too r a p i d . T h e opt ica l - to -e lectr ica l energy 
convers ion efficiency is s t i l l l o w i n the aqueous electrolyte so lut ion, b u t 
i t s h o u l d be emphas i zed that the der iva t i z ed electrode a l lows sustained 
energy convers ion whereas the n a k e d electrode undergoes decompos i t ion 

4 0 -

3 

TIME , MINUTES 

Figure 12. Plots of photocurrent against time for a single n-Si electrode 
illuminated with 632.8-nm light at ~ 6 mW. Photoelectrode held at 
+ 0.2 V vs. SCE in stirred solutions. Supporting electrolyte is 0.1 M 
NaClOt in doubly distilled, deionized H20. (A) Run 1, HF-etched naked 
electrode in supporting electrolyte only; (O) Run 2, naked electrode re-
etched with HF, in supporting electrolyte plus 4 X 1 0 " 3 M Fe(CN)6

4~; 
(•) Run 3, electrode derivatized with II in same solution as Run 2. 
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+ 180 — 

-Q4 -0.2 0 +Q2 +Q4 +Q6 
POTENTIAL, W l SCE 

Figure 13. Current-voltage curves 
for n-Si photoelectrode derivatized 
with II in stirred 0.1 M Fe(CN)6

4'9 

0.01M Fe(CN)6*', in doubly distilled, 
deionized HgO. n-Si illuminated at 
632.8 nm at the indicated power. 
Solution Eredow = + 0.13 V vs. SCE; 

scan rate 5 mV/sec. 
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at a rate that prec ludes sustained c e l l operat ion. These results establ ish 
the p r i n c i p l e of m a n i p u l a t i n g interface propert ies for p r a c t i c a l a p p l i 
cations. 

Summary 

n - T y p e S i a n d G e semiconductors a n d A u a n d P t m e t a l electrodes 
c a n be d e r i va t i zed w i t h h y d r o l y t i c a l l y unstable ferrocenes such that 
o l igomer ic amounts of essential ly revers ib ly electroactive m a t e r i a l are 
persistently attached. I n a l l cases i t appears that attachment leads to 
l i t t le change i n the energetics for electron transfer. D e r i v a t i z e d n-type 
S i has been used to p rov ide d irect evidence for m e d i a t e d e lectron transfer , 
the first such evidence for any der iva t i zed electrode. M o s t i m p o r t a n t l y , 
der iva t i zed n-type S i can be used to i l lustrate the m a n i p u l a t i o n of in ter 
f a c i a l charge transfer kinet ics i n such a w a y that the d e r i v a t i z e d electrode 
is use fu l i n energy convers ion appl i cat ions under condit ions w h e r e the 
n a k e d electrode is not. 
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A 
Absorption 

band of sensitizers, singlet 3 
coefficient 159 
cross section 117 
in depletion region 202 
of polystyrene immobilized 

sensitizer 7-9 
0 band region of a-NiPc 149/ 
of silica-functionalized sensitizer 7—9 
spectra 84/, 86/, 93/ 

of phthalocyanines 148-152 
of stearaldehyde-MBTH 75/ 
of 0-ZnPc 151/ 

spectroscopy 115,122 
spectrum of sandwich cell . . 128/, 129/ 

Absorptivity of CdS 200 
Acceptor impurity 124 
Acetonitrile solution 54 
Acid quenching 81 
Actinometry, Reineckate chemical . 143 
Action spectra of sandwich cell . . . 129/ 
Activation of polymer-anchored 

catalysts, photo- 13-25 
Active semiconducting electrodes, 

photo- 155 
Addition, reductive photo- 63 
Adduct formation, time dependence 

of radical 181/ 
Adsorption 

characteristics of CO2, H2O, C O , 
and 0 2 on S r T i 0 3 237 

characteristics of C 0 2 , H 2 0 , C O , 
and 0 2 on T1O3 236 

of C 0 2 and H 2 0 on P t -
S r T i 0 3 233-252 

heat 38 
of C O on Pt 247 

H 2 0 242 
on SrTiOs reduced by A r + 

bombardment, UPS dif
ference spectra 242-244 

on T i 0 2 surface reduced by 
A r + bombardment, UPS 
difference spectra . . . . 242-244 

Adsorptive affinity of polystyrene 10,11/ 
Aerosol O T ( A O T ) 175,179 
Air-water interface 47-48,53, 

63, 70, 87 
Airy equation 159-160 
Albery-Archer criteria 139-143 
Alcohols, photoionization in . . . . 101-102 
Alkanes, photoionization in . . . . 100-101 
Alkene chemistry 19 
Alkene reactions, iron-carbonyl-

catalyzed 13-25 

7r-Allyl hydride intermediate for 
isomerization 23-24 

Aluminum 
CI3 dissolved in (1,2-dimethoxy-

ethane), titantium tetraiso-
propoxide 165 

- H 2 P c - A u A l - Z n P c - A u cell, 
current-voltage character
istics 126 

Amide bond cleavage 259 
Amidization, XPES study of 256 
Aminoperylene 102, 104 

cation polarization energy for . . 108 
Aminopyrene (AP) 101-109 

cation polarization energy for . . . 108 
laser photoionization of 102-104 
after laser photolysis 103/ 
pulse radiolysis of 102 
singlet state 104 
triplet state 102-103 

Anion alteration 91 
Anionic micelles, quantum yields 

for photoionization in 106* 
Anodic 

current, dark 281,285 
current, photo- 282-283,286 
decomposition, photo-

of cadmium sulfide 186 
prevention of 271 
of n-type semiconductor . . . . 270 

Anodization, controlled 256 
Antenna chromophores 116-117 
Antenna effect in thin-film systems 117 
Anthracene 98,123 

ionization potential of 109 
Antibonding states 41 
A O T (Aerosol O T ) 175,179 
AP (see Aminopyrene) 
Aquo complexes of metal ions . . . . 58 
Arachidic acid 50-53 
Arenes, triplet state of 107 
Argon ion bombardment . . .29, 238-239 
Argon ion laser 191 

UPS difference spectra for H 2 0 
adsorption on T i 0 2 surface 
reduced by 242-244 

UPS spectra for H 2 0 adsorption 
on SrTiOs reduced by . .242-244 

Array, close-packed 91 
Assays, film composition 115 
Assembly-solution interface, solute 

penetration at 55-59 
Atmosphere, effect of exposure of 

cells to 142/ 
Atomic desorption 43/ 
Atomic emission spectroscopy . . . . 70 
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Auger 
decay of a core hole 41 
electron spectroscopy 

(AES) 29-30,236,238,247 
peak-to-peak ratios of SrTiC>3 240 
spectra of stoichiometric and 

reduced SrTi0 3 241/ 
transitions 42 

intraatomic 41 
Azo dye coupling reaction 55 

B 

Back electron transfer 60 
Band 

bending 159,206 
effect on emission from doped 

CdS 198 
of p-GaP, valence 164 
parallel 197 
potential 164 

energy 160,163 
to prevent back electron 

transfer 274 
to separate electron-hole pairs 274 

gap of CdS 194 
gap energy 41 
gap of H 2 0 158 

Barrier to electron transfer 274 
Benzene excimer 54 
Benzoic acid, p-benzoyl 2 
Benzoquinone, photolysis in . . . 106-107 
Binding energy of (bpy)2Ru(Cl)-

(py) 1 + 263 
Binding energy, excitation 189-191 
Biological membrane models 74 
Bipyridine ligands 92 
4,4'-Bipyridine 132 
Blocking contact 124 
Bond cleavage, metal-metal 14 
Borate buffer 73-94 
Born equation 107-108 

C 

Cadmium arachidate 55 
Cadmium selenide (CdSe) cell, 

short-circuit output stability of 222/ 
Cadmium selenide (CdSe), cur

rent-voltage curves for 222/ 
Cadmium sulfide (CdS) 175 

absorbtivity of 200 
band gap of 194 
difference between in- and out-

of-circuit emission for . . . 200, 202 
doped 

current-voltage-emission 
curves for 202/, 203/, 205/ 

effect of band bending on 
emission from 198 

effect of electrolytes on 
emission from 197-198 

Cadmium sulfide (CdS) (continued) 
doped (continued) 

efficiency of 206-209 
electrode, Te- 189-211 
electrodes, stability of 191-194 
emission spectra of 196/, 197/, 

198/, 208/ 
energy conversion character

istics for 207* 
optical density of polycrystal

line 195/ 
wavelength dependence of 

emission and photocur
rent from 199* 

effect of temperature on emis
sion from 207 

electrodes, optical properties of . 194 
photoanodic decomposition of . . 186 
spin trapping on aqueous disper

sion of 177 
valence band of 219 

Calibration curve for stearaldehyde 
concentration 78 

Carbon 
dioxide (C0 2 ) 

chemisorption on SrTiC>3 . . . . 244 
and CO adsorbed on stoichio

metric SiTi0 3, UPS differ
ence spectra for 246/ 

CO disproportionate to . . . . 246 
H 2 0 , CO, and 0 2 on SrTi0 3, 

adsorption characteristics 
of 236 

H 2 0 , methane production 
from 236 

and H 2 0 on Pt-SrTi0 3, 
adsorption and reactions 
of 233-252 

on Pt surfaces, chemisorption 
of 247 

on SrTi0 3 ( l l l ) crystal face, 
chemisorption of H 2 0 , 
0 2 , CO and 240-247 

over SrTiOs-Pt, C H 4 produc
tion from H 2 0 and . . .247-249 

over transition metal surfaces, 
CO oxidation to 246 

monoxide (CO) 
adsorbed on stoichiometric 

SiTiOs, UPS difference 
spectra for C 0 2 and 246/ 

desorption 28-36 
rates 30 
from stainless steel 33-34 
from W 33 

disproportionation to C 0 2 . . . 246 
extrusion of 19 
from nickel 28-36 
oxidation to C 0 2 over transi

tion metal surfaces 246 
Pc films 135 
Pd-catalvzed oxidation of . . . . 36-37 
on Pt, chemisorption of 247 
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Carbon (continued) 
monoxide (continued) 

on SrTi0 3, adsorption 
characteristics of CO2, 
H 2 0 , 0 2 , and 236 

on SrTi0 3 ( l l l ) crystal face, 
chemisorption of H2O, 
0 2 , CO2, and 240-247 

and sulfur removal from Pt 
samples by heating in 0 2 . 239 

Carbonyl transitions, monitoring of 51 
Carrier(s) 

collisions, phonon- 163-164 
density of p-GaP 164 
effective mass of minority 160 
pairs, photoredox 123-124 
-phonon collisions 160 
separation 124 
thermal velocity 162 

Catalysis 
heterogeneous 28-43 
homogeneous 13 
photo- 156 

organometallic 13-25 
Catalyses) 

light-generated 14 
photoactivation of polymer-

anchored 13-25 
precursors 21-23 
resin 17 
turnover rate 22 

Catalytic chemistry, probe 15 
Catalytic cells, energy level dia

grams for photoelectrolytic 
and photo- 157/ 

Cathode discharge lamp 238 
Cathodes, photoenhanced reduction 

of No on p-GaP 165-168 
Cathodes, p-GaP photo- 164-165 
Cathodic current 282,286 

dark 283 
peak 281 

Cathodic return for surface-
attached oxidant 286 

Cation(s) 
photoproduction of 106 
polarization energy (ies) 101*, 107-109 
solvent interaction 108 
yield, intensity dependence of . . 104/ 

Cationic micelles 98, 109 
Cationic surfactant 87 
CdS (see Cadmium sulfide) 
Cell(s) 

atmospheric exposure, effect of . 142/ 
configuration, derivatized n-type 

Si in 289-292 
CuInS2, current-voltage curves . 223/ 
current-voltage curves for 

idealized 226/ 
diffusion-controlled photo

galvanic 139-141 
dissociation of H2O in an electro

chemical 235 
electrochemical photovoltaic .155-156 

Cell(s) (continued) 
fabrication 143 
ideal 142 
inert oxide-based 270 
performance, improvements 

in 226-228 
photoelectrochemical 155-156, 

165,185-211 
solar 215-230 

photoelectrosynthetic 155-156 
reaction kinetics, controlled ..216-218 
regenerative semiconductor . . . . 140 
Schottky Junction 124-125 
short-circuit output stability of 

CdSe 222/ 
solar, liquid junction 155-156 

shunting of by surface state . . 225/ 
solar, photoelectrochemical ..215-230 
solar, Schottky barrier 281 
solar energy conversion efficiency 

for n-type GaAs . . .269-270,271 
Teflon 143 

Cetyltrimethylammonium bromide 
(CTAB) 98,175,179 

Characterization 
chromatographic and spectral . . 77 
of electrodes 191-209 
luminescent, of excited states . . . 189 

Charge 
derealization of 153 
separation at interfaces 124 
space-, components 133 
space-, region 125,179 
transfer 161 

equilibrium 272-274 
at metal-semiconductor inter

faces 235 
reactions, manipulation of 

interfacial 270-271 
reverse 163 
semiconductor-electrolyte 

interfaces 155-169 
Chelate, diphosphine 22 
Chelating reagent 19 
Chemical electron transfer agents, 

photo- 141 
Chemical properties, spectroscopy 

and photo- 152 
Chemisorption 

of H 2 0, Oo, CO, and CO2 on Pt 
surfaces 247 

of HoO, 0 2 , CO and C 0 2 on 
SrTi0 3 crystal face 240-241 

on Pt polycrystalline foil surfaces, 
Oo 247 

on Srfi0 3 . C 0 2 and 0 2 244 
Chemistry, photo-, radical inter

mediates 173-183 
Chemistry, photo-, solid-gas inter

face 233-252 
Chloride salts, FDMS of perchlor-

ate and 90/ 
Chromatographic analysis 92 
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300 I N T E R F A C I A L P H O T O P R O C E S S E S 

Chromium complex, voltammo
grams of 258/ 

Chromium, deposition of 132 
Chromophore(s) 

antenna 116-117 
aryl ketone 55 
dimerization of 87 
hydrophilic 48 
orientation 86 
polar 48 
styrene 55 

CO (see Carbon monoxide) 
CO2 (see Carbon dioxide) 
Compression 

-expansion cycling 76 
-expansion hysteresis 88 
rate 87 

Concentration quenching 92 
Condensed phase effect on photo

ionization 97-110 
Conduction band 178,224 

dark 226 
of p-GaP 164 

Conduction, thermal 40 
Conductivity, dark 240 
Conductivity dependence on lattice 

modification 152 
Conversion efficiency 216-218 
Coordination sphere, Fe 19-24 
Copper-InS2 cell, current-voltage 

curves for 223/ 
Core hole, Auger decay of a 41 
Corey-Pauling-Koltun (CPK) 

molecular models 85-86 
Corrosion, photo-, of GaAs 216 
Corrosion, photo-, reaction 182 
Counterelectrode potential 226 
Counterelectrode, Pt foil 201 
Counterion effects 87-94 
Counterion exchange 79 
Coupling agent 257,261 
Cross 

-linking agent 18-19 
section(s) 

absorption 117 
desorption 40 
photodesorption 30,33 

-sectional areas, orthogonal . . . . 86 
Crosslinkage, interchain 74 
Crystal 

modification, phthalocyanine .147-148 
ordering 240 
photoreactions 54 

a-Crystal modification 150-152 
0-Crystal modification 148,151 
Crystalline linear paraffins, packing 

of 51 
CTAB (Cetyltrimethylammonium 

bromide) 98,175,179 
C terms 152 
Current 

dark anodic 278 
density 127 

reverse saturation 127-128 
voltage curve for GaAs 230/ 

Current (continued) 
efficiency (see also Quantum 

efficiency) 
flow, electrode weight loss after 

external 192 
photo-

density, short-circuit 130 
deterioration 221 
effect on emission intensity .203-204 
effect of excitation intensity on 202 
enhancement of 146 
from n-type Si electrode, time 

dependency from 290/ 
-potential curves, equilibrium .289-292 
-potential properties for 

derivatized Si, dark 281 
short circuit 221/ 
-voltage 

characteristics of sandwich 
cells 126/, 127/ 

curves 143 
for CdSe 222/ 
for CuInS2 cell 223/ 
for derivatized n-Si photo

electrode 291/ 
for etched GaAs 228/ 
for idealized cells 226/ 
for n-Sn02 electrodes . . . 144-148 

-emission curves for doped 
Cd 202/, 203/, 205/ 

-emission properties of 
doped CdS 200-206 

Cyanine dye in multilayer assem
blies, fluorescence quenching 
of 64 

Cylindrical mirror analyzer 
(CMA) 238 

D 

Dark 
conductivity 240 
electrochemistry 132 
electrode 140 
semiconductor electrode 187/ 

Davydov model 150 
Deactivation, excited state 

mechanisms for 188-189 
rate constants 200 
routes, competition between .200-209 
of semiconductor electrodes . . . . 188/ 

Defect channels in multilayer 
assemblies 58-59 

Degenerate electrolysis 206 
Degenerate excited state 148-149 
Degree of congestion in micro-

environment 56 
Degree of order in multilayers . . . 51 
Derealization of charge 153 
Density filters 30 
Depletion region 

absorption in 202 
at electrode-solution interface 133-134 
at n-type semiconductor-electro

lyte interface 187/ 
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I N D E X 301 

Desorption 
efficiencies 39-40 
energy 42 
models, microscopic 40 
photo- 38-39 

cross sections 30, 33 
from oxide surfaces 246 
via quantum effect 28-36 

threshold 42 
l,l-Dialkyl-4,4' bypyridinium2* . . . 60 
Diazonium salt 55 
Dicyclohexylcarbodiimide 257 
Dielectric constant 107 
Differential capacitance of H2PC 

electrodes 134/ 
Diffusion 

-controlled photogalvanic cell . 139-141 
lengths, exciton 201 
limited current 286 
times, p-GaP electron 164 
times, n-Ti0 2 hole 162 

N,N'Diheptyl-5,5' dipyridine (hep-
tylviologen) 145 

Dimerization 53 
of chromophores 87 
photo- 53-54 
of thiazine dyes 87 

Dimethylaminobenzophenone 
chromophore 2 

as a sensitizer 3-5 
N,N-Dimethylaniline (DMA) 61-63,123 
5,5-Dimethyl-1 -py roline-1 -oxide 

(DMPO) 174 
hydroxyl radical adduct of . . . 175-176 
super oxide radical adduct of . 176-177 

Diphenylvinylphosphine 16 
Dipolar relaxation 163 
Dipole terms, forbidden 150 
Dipole transition 152 

moments 150 
Discharge lamp, cathode 238 
Dismutation of H 0 2 182 
Dispersion(s) 

application of spin trapping 
to 177-179 

of CdS, spin trapping on 
aqueous 177 

of phthalocyanine, spin trapping 
on aqueous 177 

of pigments, ultrasonic 175 
prevention of flocculation in 

pigment 179 
spin trapping in oxygenated 

nonaqueous 178 
Dissolution, photoanodic 191 
Ditelluride electrolyte 192 
Dithionite 74 
DMPO («?e5,5-Dimethyl-l-

py roline-1 -oxide) 
Docosyl trimethylammonium 

bromide 88 
Donor-acceptor pairs 60 
Dye films, optical densities of 

monolayer 87 

E 
Effective mass of minority carriers . 160 
Efficiency 

of doped CdS 206-209 
optical-to-electrical energy 

conversion . . . . 290-292 
for n-type GaAs cell, solar energy 

conversion 269-271 
Ejection, photo-, of electrons 108 
Ejection, photo-, process 98 
Electric field 40 
Electric effect at H 2Pc electrode, 

photo- 135/ 
Electrochemical 

cell, dissociation of H 2 0 in an . . 235 
cells, photo- . . .155-156,165,185-211 

solar 215-230 
cells, photovoltaic 155-156 
selectivity 85 
stability by silane multilayers, 

improving 261 
storage 114 

Electrochemistry, dark 132 
photo-

of metal phthalocyanine 
films 139-154 

at phthalocyanine elec
trodes 131-135 

physics of 186 
Electrode(s) 

characterization of 191-209 
composite 132 
corrosion, prevention of 69 
current-voltage curves 

for Mg 145/ 
for NiPc 145/ 
for n-Sn02 144-148 
for a-ZnPc 145/ 
for /3-ZnPc 147/ 

dark 140 
semiconductor 187/ 

derivatization, effect of 270 
derivatized 

anodic peak positions for . . . . 275* 
equilibrium current-potential 

properties of naked and . 289 
interfacial energetics for . . . 272-274 
in nonaqueous electrolyte, 

cyclic 275-277 
output voltage for n-type 

Si 279 
Pt 275-277 
semiconductor 269-292 
shelf life of 283 

etching 192,217-219 
excited state deactivation of 

semiconductor 188/ 
fluoride sensitive 99 
GaAs 216 
p-GaP, enhanced reduction on 

photoelectrolysis 167/ 
H 2Pc, differential capacitance 

of 134/ 
H 2Pc, electric effect at photo- . . 135 
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302 I N T E R F A C I A L P H O T O P R O C E S S E S 

Electrode (s) (continued) 
Mg, current-voltage curves for . 145/ 
NiPc, current-voltage curves for 146/ 
paramagnetic resonance (EPR) 

spectra characterization . . . 106 
photo

active semiconducting 155 
electric effect at H 2Pc 135/ 
electrochemistry at phthalo

cyanine 131-135 
electrolysis 156,168 
electrolytic and photocatalytic 

cells, energy level dia
grams for 157/ 

electrosynthetic cells 155-156 
elimination processes, Type I 

and II 49-52 
enhanced reduction on p-GaP 167/ 
enhanced reduction on p-type 

semiconductors, energetics 
of 167-168 

enhancement of current 146 
generated hole in n-type semi

conductor 161/ 
luminescent properties of semi

conductor 185-211 
potential on luminescence, effect 

of 204 
potential on photocurrent and 

luminescence efficiency, 
effect of 201 

preparation 143 
properties of thin film 115 
Pt, derivatized 275-277 
Pt-PtO modified 253-267 
quantum efficiencies at high 

intensities 290 
reactions, effects of light 

intensity on 278/ 
reactions, effect of oxide layer 

on 281-282 
semiconducting 139-154 
p-type semiconductor 132 
shelf life of derivatized 283 
n-type Si 

cyclic voltrammetry of 277-280 
output vokage for 279 
time dependency of photo

current from 290/ 
n-Sn02, current—voltage curves 

for 144-148 
-solution interface, depletion 

region at 133-134 
stability to adsorbed 

impurities 224-230 
surface modification 215 
surface states 224-230 
syntheses of 131-132 
tailormade surfaces, modified .253-267 
T i 0 2 

electrochemical behavior of . . 259 
modified 253-267 
XPES, spectra before and after 

silanization 255/ 

Electrode (s) (continued) 
weight loss after derivatized 

electrodes 275-277 
ZnPc, current-voltage curves 

for 145,147 
Electrolysis, degenerate 206 
Electrolyte 

cyclic voltammetry of 
derivatized electrodes in 
nonaqueous 275-277 

ditelluride 192 
on emission from doped CdS, 

effect of 197-198 
Fermi level, electrolyte redox 

potential and 158 
interfaces, charge transfer 

semiconductor- 155-169 
interface, depletion region at 

n-type semiconductor- . . . . 187/ 
nonaqueous 165 
polysulfide 193 
redox potential and electrolyte 

Fermi level 158 
redox reactions 188 
supporting 132-133 

Electrolytic fixation of N 2 166 
Electron 

affinity of H 2 0 158 
affinity of solutes 109 
bombardment, surface composi

tion alteration from 240 
density 28 
diffraction (LEED), low-energy 236 
diffusion times, p-GaP 164 
energy(ies) 38,124 

distribution 238 
excitation of an insulator 39 
excitation of metal 39 
flow in external circuit, quantum 

efficiency for 206 
flow, quantum yield for 274 
gun, coaxial 238 
-hole pair( s) 141,178,200,233 

band bending to separate . . . . 274 
recombination 188,200 

inhibition of 186 
separation of 271 

injection, hot 164-165 
loss spectroscopy (ELS) . 236, 238,240 

spectra for stoichiometric and 
reduced SrTi0 3 242/ 

micrograph of etched GaAs . . . . 218/ 
-phonon collisions 164 
photoejection of 108 
scavenger 106 
spectroscopy 277 

for chemical analysis (ESCA) 70 
spin resonance (ESR) 174 

spectrum 
of C 0 2 adduct of DMPO 181/ 
0 2 adduct of DMPO . . . . 177/ 
of OH adduct of DMPO . 176/ 

splittings, 0-hydrogen 177 
splittings, nitrogen 177 
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I N D E X 303 

Electron (continued) 
stimulated desorption 38-39 
thermalization times, p-GaP . . 164-165 
transfer 99,146,233 

agents, photochemical 141 
band bending to prevent back 274 
barrier to 274 
inner-sphere 286 
mediated 285-288 
oxidation of solution species by 285 
photoassisted 109 
processes 59-65, 123 

detection of 178 
rates, Marcus-Weller theory 

of 140 
selective 69 
in n-type semiconductor 259 

tunneling 39,41,42,224 
thickness 219 

Electronic charge 107 
Electronic states, intraband 

gap 189-191,194,197 
Electrophotographic imaging 179 
Electroreduction of molecular 

oxygen 131 
Electrostatic interaction, 

strong 226,229/ 
Electrostatic interaction, 

weak 226,227/ 
Elimination processes, 0- and 

reductive- 24 
ELS (see Electron loss spectros

copy) 
Emission 

for CdS, difference between in-
and out-of-circuit 200,202 

from CdS, effect of temperature 
on 207 

curves for doped CdS, current-
voltage- 202/, 203/, 205/ 

from doped CdS, effect of 
band bending on 198 

from doped CdS, effect of 
electrolytes on 197-198 

efficiency 207 
intensity, effect of photocurrent 

on 203-204 
properties of doped CdS, cur

rent-voltage- 200-206 
quantum yield 208 
spectra 93/ 

of assemblies 121/ 
of doped CdS . 196/, 197/, 198/, 208/ 
of fluoranthene 117,118/ 
of polystyrene immobilized 

sensitizer 7-9 
of silica-functionalized 

sensitizer 7-9 
Energetics for derivatized electrode, 

interfacial 272-274 
Energetics of photoenhanced 

reduction on p-type semi
conductors 167-168 

Energy 
conversion characteristics for 

doped CdS 207f 
conversion efficiency, optical-

to-electrical 290-292 
diagram of heterojunction model 158/ 
efficiency 30,31/ 
electron 124 
interaction 151 
level diagram 

for electrochemical photo
voltaic cells 156/ 

for p-GaP photocathode 164 
for photoelectrolytic and 

photocatalytic cells 157/ 
migration 92 
of photoionization 102 
photon 116-117,123 
storage, heterogeneous photo

sensitizers for 1-12 
storage system, solar 1-12 
transfer distance 91 

dependence of 48 
utilization of incident 116 

Environments, synthetic reaction 113-136 
Enzyme systems models 48 
Epitaxial growth 223 
Equilibrium current-potential 

curves 289-292 
Equilibrium solvation structures . . 163 
ESCA (Electron spectroscopy for 

chemical analysis) 70 
ESR (Electron spin resonance) . . . 174 
Ethane, preparation of 1-phenyl-

phosphino-2-diphenylphos-
phino 16 

Ether (CE), 18-crown-6- . . 176 
t ris( ethylenediamine) cobalt (III) . 145 
Ethylenediamineteraacetic acid 

(EDTA), photooxidation of . 179 
Ethyl octadecanoate, hydrolysis of . 83 
Exciplex systems 98 
Excitation 

(ai«)i(eK)i 149 
beam, chopping of 283 
beam, penetration depth of . . . . 200 
energy 60,100 
intensity on photocurrent, effect 

of 202 
of photoelectrodes, laser 191 
spectra of assemblies 120/, 121/ 
spectrum for fluoranthene 119/ 

Excited state(s) 
deactivation 

mechanisms for 188-189 
rate constants 200 
routes, competition 

between 200-209 
of semiconductor electrodes . . 188/ 

degenerate 148-149 
luminescent characterization of . 189 
quenching 47-65 
reactions 92 
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304 I N T E R F A C I A L P H O T O P R O C E S S E S 

Exciton 
collection 116-123 

distance 123 
diffusion lengths 120,220 
formation 189 
trapping 120 

Excitonic binding energy 189-191 
Extinction coefficient 3-5 

of metals 28-29 
Extrusion of C O 19-20 

Faradaic activity 132 
Fatty acids, saturated 49,53 
F D M S (see Field desorption mass 

spectra) 
Fermi level 42,158/, 161/, 186,272 

electrolyte redox potential and 
electrolyte 158 

semiconductor 216 
Ferricyanide/ferricyanide couple . 145 
Ferrocene(s) 

derivatization with 272 
oxidation of surface-attached . . . 279 
units, oligomers of electroactive . 277 

Ferricenium centers, hole transfer 
to form 282 

Field desorption mass spectra 
( F D M S ) 89,93 

of perchlorate and chloride salts . 90/ 
Film shrinkage, first-order 82 
Filtering effect, optical 130 
Flash photolysis of T M P D 102 
Flat-band potential 272 

of phthaloxycyanine elec
trodes 132-134 

Flocculation in pigment dispersions, 
prevention of 179 

Fluoranthene 115 
emission spectra of 117, 118/ 

Fluorescence 
activation spectrum 101 
quenching 55-56,64,120-123 

effect of selectively placed 
Au on 121-122 

yield 99 
Fluorescent dyes 61 
Fluoride-sensitive electrode 99 
Fluorimeter, monolayer 91 
Fluorometry 115 
Forbidden dipole terms 150 
Forster theory calculations 91 
Fdrster's transfer 120 
Fourier transform IR (FTIR) 89/ 

spectroscopy 71 
Frank-Condon transition 40 
Frequency factor of the quantized 

states 161 
FTIR (see Fourier transform IR) 

Gallium arsenide 
cell, solar energy conversion 

efficiency for n-type 269-270, 271 
current density-voltage curve for 230/ 

Gallium arsenide (continued) 
electrode 216 
etched 219/, 224 

current-voltage curves for . . . 228/ 
electron micrograph of 218/ 

photocorrosion of 216 
Ru(II) chemisorption 227 
surface states 224 

Galvanic 
cell, photo-, diffusion-

controlled 139-141 
-devices, photo- 85-87 
photo-, open circuit voltage . . 147-148 
systems, photo-, potential 97-110 

p-Gallium phosphide 
carrier density of 164 
cathodes, photoenhanced reduc

tion of N2 on 165-168 
conduction band of 164 
electrodes, photoenhanced reduc

tion on 167/ 
electron diffusion times 164 
electron thermalization times . 164-165 
photocathodes 164-165 
valence band bending of 164 

Gas 
-assembly-interface 56 
chromatography 16, 248 
interface, photochemistry at the 

solid- 233-252 
-phase spectra 148-149 
-water interface 70 

Generated, photo-, hole in n-type 
semiconductor electrodes . . . . 161/ 

Germanium 
attenuated total reflectance 

(ATR) plates 71-73,89 
derivatized n-type 285 
voltammograms for n-type 284/ 

Glass, sensitizers grafted to 
silica or 6-7 

Class transition temperature 50,51 
Glutaraldehyde 74 
Gold 

contact 124 
derivatized 275-277 
on fluorescence quenching, 

effect of selectivity 
placed 121-122 

Grain boundaries in polycrystalline 
electrodes 193-194,201 

Grafting of chromophore - 3 
Grafting monolayers 77/ 
Ground states, spin degenerate . . . 152 

H 
Heat capacity 40 
Heating rate on desorption, 

effect of 32/, 34/ 
Heats of adsorption of C O on Pt . . 247 
Heptylviologen 145 
Heterogeneous catalysis 28-43 
Heterojunction model of semicon

ductor-electrolyte junctions 158-160 
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I N D E X 305 

High performance liquid chroma
tography (HPLC) 79 

analysis 81-82,92 
H 2 0 (see Water) 
Hole(s) 

capture processes, competitive . . 278 
diffusion times, n-Ti0 2 162 
-electron pair 141 

band bending to separate 274 
electron- 178,200,233 

recombination of 188, 200 
recombination inhibition . . . 186 
separation of 271 

generation, stability of silane 
surface layer toward 256 

injection, hot 164 
limited current 286 
migration 216 

barrier to 220/ 
mobility 162 
thermalization times, n-Ti0 2 . . . 163 
transfer 285 

to form ferricenium centers . . 282 
tunneling times, n-Ti0 2 161-162 
in valence band, photogenerated 282 

Homogeneous catalysis 13 
Homogeneous solution effect on 

photoionization 97-110 
Hot 

carrier injection 58 
across semiconductor-electro

lyte interfaces 160-165 
electron injection 164-165 
hole injection 164 

HPLC (High performance liquid 
chromatography) 79 

Hiickel calculations, extended . . . . 149 
Hydrogen 

abstraction 2,50,51 
-bonding solvents 52 
peroxide (H 2 0 2 ) , application of 

spin trapping to photo
synthesis of 180-183 

phthalocyanine electrode, photo
electric effect at 135/ 

phthalocyanine electrodes, differ
ential capacitance of 134/ 

7 hydrogen 50 
/3-hydrogen ESR splittings 177 
Hydrogenation of alkenes 19 
Hydrolysis kinetics 79 
Hydrophobic compounds at inter

faces, reactions of surfactant 
and 47-65 

Hydrophobic compounds in organi
zates, reactions of surfactant 
and 47-65 

Hydrosilation of alkenes 19 
Hydroxyl radical(s) 174 

adduct of DMPO 175-176 
8-Hydroxyquinoline 55 
Hysteresis 

compression-expansion 88 
in cyclic scans 225 
loop 88 

Ideal cell 142 
Indium 

contact 124 
-H 2 Pc-Au cells 124 
-ZnPc-Au cells 124-131 

Induced, redox processes, photo-, 
interfacial 59-65 

Infrared (IR) 
assignments for iron carbonyl-

phosphine complexes 18* 
filter 239,248 
spectroscopy 37, 70 

Insulatory, electron excitation of . . 39 
Intensity dependence of cation 

yield 104/ 
Intensity in sodium lauryl sulfate 

solution 105/ 
Interaction energy 151 
Interfaced) 

air-water 47-48, 53, 63, 70, 87 
charge 

separation at 124 
transfer at metal-semicon

ductor 235 
transfer semiconductor-

electrolyte 155-169 
depletion region at electrode-

solution 133-134 
depletion region at n-type semi

conductor-electrode 187/ 
gas-assembly 56 
gas-water 70 
photochemistry at the solid-

gas 233-252 
reactions of surfactant and hydro

phobic compounds at 47-65 
solute penetration at assembly-

solution 55-59 
solution-assembly 56 
states, semiconductor 281 

Interfacial potential well for n-type 
semiconductors 159/ 

Intermolecular photoreactions . . . .49-52 
Intraband relaxation 160 
Intramolecular photoreactions . . . .49-52 
Ion 

bombardment 238-240 
cleaning by ion 247 
in situ surface cleaning by . . . 236 

desorption 39 
exchange between semiconductor 

surface and solution . . . .218-223 
on surface states, effect of 

chemisorbed 225-227 
Ionic radius 107 
Ionization, photo-

in alcohols 101-102 
in alkanes 100-101 
in anionic micelles, quantum 

yields for 106* 
of AP, laser 102-104 
condensed phase effect on . . . .97-110 
energy of 102 
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306 I N T E R F A C I A L P H O T O P R O C E S S E S 

Ionization, photo- (continued) 
homogeneous solution effect 

on 97-110 
micellar systems effect on 97-110 
onset of 98 
onset in micelles 104-106 
of solutes in nonpolar liquids . . 100/ 

Ionization, potential 97-110 
of anthracene 109 
in the gas phase 107 
of pyrene 109 
in solution 107 
of TMPD 101 

Iridium complex sensitizer 11 
Iron 

carbonyl 
catalyzed alkene reactions . . . 13-25 
complexes, photoprocesses in . 19-20 
-phosphine complexes, IR 

assignments for 18* 
complexes, cyclic voltammograms 133/ 
coordination sphere 19-24 

Isobacteriochlorin 62-63 
Isomerization 

of alkenes 19 
ir-allyl hydride intermediate for . 23, 24 
1-pentene 20-23 
quantum yield 21-23 
trans-cis 54 

Isooctane 100 
Isosbestic points 53 

K 

Keithley picoammeter 98 
Kinetics 

controlled cell reaction 216-218 
first-order 81 
hydrolysis 79 
reaction 81 

Langmuir-Blodgett technique 56,77 
Laser 

Ar ion 191 
excitation 106 

of photoelectrodes 191 
photoionization of AP 102-104 
photolysis 99 

AP after 103/ 
flash 100 
of TMPD 102 

Lattice 
heating 28-36 
modification, conductivity 

dependence on 152 
vibrations 188 

Least-squares method of resolution 117 
L E E D (see Low energy electron 

diffraction) 

Ligand(s) 
displacement 262 
dissociation 14 
exchange with anchored 

metalloporphyrins 56 
phosphine 17-18 

Light 
intensity on electrode reactions, 

effects of 278/ 
intensity vs. open-circuit 

photovoltage in sandwich 
cells 131/ 

reabsorption and reemission of 
emitted 201 

Lipid bilayers 47 
Liposomes 47 
Liquid 

chromatography (HPLC), high 
performance 54 

junction chemistry, semicon
ductor 215-230 

junction solar cell 155-156 
shunting of by a surface state 225/ 

Low energy electron diffraction 
(LEED) 236 

optics 238 
pattern 240 

Luminescence 91 
effect of electrode potential on . 204 
efficiency, determination of . . . . 207 
quantum yield 91 

Luminescent 
characterization of excited states 189 
doped electrode 190/ 
properties of semiconductor 

photoelectrodes 185-211 

M 
Madelung potential 41 
Magnetic circular dichroism 

(MCD) 140 
Magnesium electrode, current-

voltage curves for 145/ 
Q band region of a-NiPc 149/ 
spectra 148-149,152 

of phthalocyanines 148-152 
of 0-ZnPc 151/ 

spectrometer 144/ 
Marcus-Weller theory of electron 

transfer reaction rates 140 
Mass spectra, field desorption 

(FDMS) 89 
Mass spectroscopy, vapor-phase 

chormatography- 74 
Matrices, functionalized insoluble . 1 
Matrix isolation 14 
MCD (see Magnetic circular 

dichroism) 
Mechanistic consequences of short

lived radicals at surfaces . . 173-183 
Mercury 248 

lamp 239 
-Xenon arc lamp 143 

Merrifield polymer 2 
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I N D E X 307 

Metal(s) 
diimine complexes 141 
electron excitation of 39 
extinction coefficients of 28-29 
ions, aquo complexes of 58 
-metal bond cleavage 14 
phthalocyanine films 139-154 

photoelectrochemistry of . . 139-154 
spectroscopy of 139-154 

-semiconductor interfaces, charge 
transfer at 235 

work function of . . . 124-125,141, 158 
Metallation, rate of 58-59 
Metallic films, deposition of ...114-115 
Metalloporphyrins 56,61-64 

ligand exchange with anchored . 56 
Methane production from CO2 

and H 2 0 236 
over SrTi0 3 -Pt 247-249 

Methane, thermal generation of . . . 249 
Methanol, radiolysis of 102 
p-Methylacetophenone 50-51 
3-Methyl-2-benzothiazolinone 

hydrazone (MBTH) 73-74 
absorption spectra of stear-

aldehyde- 75/ 
hydrochloride 71 

Methylcyclohexane 52 
Methylene blue 71 
Methylene blue adsorption, 

orientation of 85-87 
MGR model 40-43 
Micelles (see also Organizates) . . . . 47-

48, 271 
cationic 98,109 
photoionization onset in 104-106 
quantum yields for photoioniza

tion in anionic 106* 
SDS 52 

quantum yield for 52 
sodium lauryl sulfate 107 

Micellar systems effect on photo
ionization 97-110 

Microenvironment(s) 51 
degree of congestion 56 
ketone 50 

Microscope, polarizing 53 
Molecular 

absorption, onset of 108 
films, deposition of 114—115 
models, Corey-Pauling-Koltun 

(CPK) 85-86 
orbital calculation 150 

Monochromator 98 
Monolayer(s) 

dye films, optical densities of . . . 87 
film(s) 

characterization and reactions 
of surfactant 69-94 

operations 77/, 80/ 
techniques 71-94 

fluorimeter 91 
quartz-supported 93 
trough, multicompartment 71-73 

Multilayer(s) 
assemblies 47-55 

defect channels in 58-59 
fluorescence quenching of 

cyanine dye in 64 
reactions in 55-59 

degree of order in 51 
restriction of motion in 51 

N 

Nickel, CO desorption 28-36 
Nickel phthalocyanine (NiPc) 

electrodes, current-voltage 
curves for 146/ 

a-Nickel phthalocyanine (a-NiPc) 
absorption 0 band region of . . . 149/ 
MCD Q band region of 149/ 
Q band 149 

Nitroaromatics on silanized poly
crystalline Ti02, voltammo
grams of surfaced-attached . . 260/ 

Nitroaromatics, surface- attached 259-261 
Nitrogen (N2) 

electrolytic fixation of 166 
ESR splittings 177 
on p-GaP cathodes, photoen

hanced reduction of . . . . 165-168 
m-Nitrotoluene, solution formal 

potential of 260 
Norbornadiene 

conversion to quadricyclene . . . . 1-12 
triplet energy of 3 

O 
n-Octadecanol 76, 79 
Octanophenone 52 
Octupole transition rule 152-153 
Ohmic contact 125 
Oil diffusion pump 143 
Oligomers of electroactive ferro

cene units 277 
Open-circuit photovoltage 130 

limiting 216 
in sandwich cells, light 

intensity vs 131/ 
Open circuit voltage, photo

galvanic 147-148 
Optical 

conductivity 40 
densities of monolayer dye films . 87 
density of polycrystalline doped 

CdS 195/ 
energy conversion 206 

efficiency 208 
sustained 189 

filtering effect 130 
properties of doped CdS 

electrodes 194 
spectroscopy 70 

Optics, front-face 117 
Optics, LEED 238 
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308 I N T E R F A C I A L P H O T O P R O C E S S E S 

Optimum band gaps for one-step 
solar energy conversion 216 

Organic semiconductors 141 
Organizates (see also Micelles) 

probe molecules in 48-55 
properties of 48-55 
reactions of surfactant and 

hydrophobic compounds in 47-65 
Organometallic complexes, transi

tion metal 13 
Organometallic photocatalysis . . . . 13-25 
Orientation, chromaphore 86 
Orthogonal cross-sectional areas . . . 86 
Oscillator, quartz crystal 115 
Output stability of CdSe cell, 

short-circuit 222/ 
Oxidation 

of CO, Pd-catalyzed 36-37 
current, dark 281 
mediated 286 
photo- 56 
of solution species by electron 

transfer 285 
of surface-attached ferrocene . . . 279 

Oxide 
growth, kinetic inhibition of . . . . 282 
growth, peak shifting from . . . . 283 
surfaces, photodesorption from . 246 

Oxygen (0 2) 
adsorbed on SrTiOs, UPS 

spectra for 245/ 
chemisorption on Pt polycrystal

line foil surfaces 247 
chemisorption on SrTi03(III) 

crystal face 240-247 
chemisorption on SrTi03, work 

function 244 
dissociation 37 
electroduction of molecular . . . . 131 
photoreduction, rate of 182 
on Pt surfaces , chemisorption of 247 
on SrTi03 adsorption character

istics of 236 

P 
Palladium-catalyzed oxidation of 

carbon monoxide 36-37 
Palladium porphyrin substrates . . . 61 
Paraffins, packing of crystalline 

linear 51 
Paraquat 60 
Peak 

-to-peak ratios of SrTi0 3, AES . . 240 
positions for derivatized elec

trodes, anodic 275* 
shifting in derivatized Ge 285 
shifting from oxide growth . . . . 283 
widths at half height, deriva

tized Si 281 
1-Pentene 

isomerization 20, 22*, 21-23 
reaction, quantum yield for . . . . 21 
with silicon hydrides, reaction 

of 23-25 

Penetration depth of excitation 
beam 200 

Perchlorate and chloride salts, 
F D M S of 90/ 

Perovskite structure 240 
Perylene 104, 115 

diffusion of 120 
excitation of 117 

1,10-Phenanthroline 132 
Phenothiazine 102 

cation polarization energy for . . 108 
di-cation 106 

l-Phenylphosphino-2-diphenyl-
phosphino ethane, prepara
tion of 16 

Phonon-carrier collisions . . 160,163-164 
Phonon-electron collisions 164 
Phosphorescence spectra of silica-

functionalized sensitizer 7-9 
Photolysis 92 

in benzoquinone 106-107 
laser 99 

A P after 103/ 
flash 100 
of T M P D 102 

steady state 100 
Photon(s) 

absorption 41 
-assisted reaction of reduced 

oxide-metal contact system 249 
energy (ies) 29, 38, 

116-117, 123 
flux 239 
-induced desorption 38-39 
low energy 200 
surface interaction 39—40 

Phthalocyanine(s) (Pc) 115,175 
absorption spectra of 148-152 
crystal modification 147-148 
deposition of 143 
determination 148-152 
electrodes, photoelectrochem

istry at 131-135 
films 123-131 

metal 139-154 
M C D spectra of 148-152 
spin trapping on aqueous 

dispersions of 177 
vibronic assignment of 153 

Physics of photoelectrochemistry . 186 
Picoammeter, Keithley 98 
Pigment dispersions, prevention of 

flocculation in 179 
Pigments, ultrasonic dispersion of . 175 
Piperidine 56 
Platinum (Pt) 

CH4 production from H2O, and 
C 0 2 over SrTi03- 247-249 

chemisorption of H2O, O2, C O , 
and CO2 from 247 

electrodes, derivatized 275-277 
foil conterelectrode 201 
heats of adsorption of C O on . . . 247 
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I N D E X 309 

Platinum (Pt) (continued) 
polycrystalline foil surfaces, O2 

chemisorption on 247 
-PtO modified electrodes 253-267 
-PtO-py, XPES spectra of 264/ 
-PtO surface, silanized 256-258 
sulfur and carbon removal from . 239 
-SrTiOa, adsorption and reactions 

of C 0 2 and H 2 0 on 233-252 
-SrTi0 3 , foil sample 239/ 

Point dipole model 150 
Polyacrylophenone 2 
Polarization energy (ies), 

cation 101*, 107-109 
Polycondensation chemistry 74-79 
Polycrystalline doped CdS, optical 

density of 195/ 
Polycrystalline electrodes, grain 

boundaries in 193-194,201 
Polymer 

-anchored catalysts, photoactiva
tion of 13-25 

anchoring system(s) 14-15,19 
catalyst systems 15* 
swelling 23 

Polymeric films 115 
Polypeptides 78 
Polystyrene 115 

adsorptive affinity of 10,11/ 
immobilized sensitizer 6-12 

Polysulfide electrolyte 193 
Porphine, tetra (octadecyl) ester 

of a,£,7,5-tetra(p-carboxy-
phenyl) 62 

Porphyrin(s) 
anchored 56 
rate constants for metallation of . 59 
substrates, Pd 61 

Potassium Chloride (KC1) as sup
porting electrolyte 142-144 

Potential 
barrier, transmission coefficient 

for 162 
curves, equilibrium current- .289-292 
energy, band-bending 160,163 
energy curve 42 
properties for derivatized Si, 

dark current- 281 
well dimensions for n-Ti02 . . . . 162 
well for n-type semiconductors, 

interfacial 159/ 
Preferential binding of reactant 

molecules 69 
Pressure-area curve (s) 50, 85/, 93/ 
Pressure-area isotherms 50,71,76 
Probe catalytic chemistry 15 
Probe molecules in organizates . . . 48-55 
Produced current, photo- 98 
Production of cations, photo- . . . . 106 
Pt (see Platinum) 
Pulse radiolysis of AP 102 
Pulse radiolysis of p-xylene 102 
Pump, photo- 179 

Pyrene 98,101,106 
cation polarization energy for . . 108 
ionization potential of 109 

Pyridine 56 

Q 
Q band 148-152 
Quadricyclene 

formation, quantum efficiency for 5-7 
norbornadiene conversion to . . . 1-12 
-norbornadiene interconversion . 2-3 

Quantized states, frequency factor 
of the 161 

Quantum 
effect, photodesorption via 28-36 
efficiency (ies) (see also Current 

efficiency) 50 
for electron flow in external 

circuit 206 
at high intensities, electrode . . . 290 

for quadricyclene formation . 5-7 
of sandwich cells 130 

mechanical tunneling 159-165 
yield(s) 5-7 

for electron flow 274 
isomerization 21-23 
luminescence 91 
for 1-pentene reaction 21 
for photoionization in anionic 

micelles 106* 
for photolyses 92 
for SDS micelles 52 

Quartz crystal oscillator 115 
Quartz-supported monolayers . . . . 93 
Ouenchers, diffusable solute 
Quenching 

acid 81 
concentration 92 
excited-state 47-65 
fluorescence 55-56,64,120-123 

effect of selectively placed 
Au on 121-122 

by impurities 6 
interfacial 61 
by reduction 77 

Quinone/hydroquinone couple .145-148 

R 
Radical(s) 

addition reaction, short-lived 
radical detection by 174 

adduct 
of DMPO, hydroxyl 175-176 
of DMPO, superoxide 176-177 
formation, time dependence of 181/ 

hydroxyl 174 
intermediates in photo

chemistry 173-183 
superoxide 174 
at surfaces, mechanistic conse

quences of short-lived . . 173-183 
at surfaces, spin trapping of 

short-lived 173-183 
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310 I N T E R F A C I A L P H O T O P R O C E S S E S 

Radiolysis 
of AP, pulse 102 
of aqueous SFc 100 
of methanol 102 
of p-xylene, pulse 102 

Rate constants 99 
first-order 81 
for metallation of porphyrins . . . 59 

Rate enhancement 83 
Reactant molecules, preferential 

binding of 69 
Reactants in surface studies, 

advantages of gaseous 235 
Reaction 

kinetics 81 
path of H2O2 photosynthesis . . . 180 
photo-, of functionalized sur

factant molecules 48-55 
Reactivity 47-65 
Rectification of photoelectrodes . 140-153 
Redox 

carrier pairs, photo- 123-124 
chemistry 60 
couple( s) 139-140,155-156, 

216, 272 
derivatization with 271-272 
voltammetric behavior with . . 224 

potential 186,216 
electrolyte, and electrolyte 

Fermi level 158 
processes, interfacial photo

induced 59-65 
reactions, electrolyte 188 

Red shifting in emission and 
absorption spectra 149-195 

Reducing agent 166-167 
Reduction 

on p-GaP electrodes, photo
enhanced 167/ 

of N2 on p-GaP cathodes, 
photoenhanced 165-168 

photo-, rate of oxygen 182 
of titanium tetraisopropoxide, 

stepwise 166 
on p-type semiconductors, ener

getics of photoenhanced 167-168 
Reductive photoaddition 63 
Refractive index 107 
Reineckate chemical actionometry . 143 
Relaxation 

dipolar 163 
intraband 160 
time(s) 160 

in electrolyte, n-Ti0 2 163-164 
Resin 

catalyst 17 
phosphinated 14,16-17 
styrene-divinylbenzene 14-17 

Resistive heating 30 
Resonance tunneling calculations . 162 
Resonance tunneling effects 160 
Reverse 

charge transfer 163 
saturation current density . . . 127-128 
tunneling .163-164 

Reversible voltammetry 132 
Ruthenium (Ru) 

(II) tris( 2,2'-bipyridine), 
analogs of 79 

(II)2+fm(2,2'-bipyridine) 60 
(II) chemisorption on GaAs . . . 227 
complexes 

(II)*ro(2,2'-bpy) photo-
physics of 94 

E 0 ' values and reduction peak 
potentials for surface-
attached 266J-267* 

stability of 266 
surface-attached 262-267 
voltammograms of 258/ 

of surface-bound 265/ 
surfactants 88 
by XPES, detection of 263 

S 
Saltiel plot of stilbene isomeriza

tion 10/ 
Sandwich cells 124-131 

current-voltage characteristics 
of 126-127/ 

Saturated fatty acids 49 
Scattering time 163 
Schottky barrier 235,274 

cells, photovoltaic activity 
from 123-131 

solar cell 281 
theory 141 

Schottky junction 124-131 
cells 224-225 

Schrodinger equation 159 
SDS (see Sodium dodecyl sulfate) 
Selectivity, electrochemical 85 
Selectivity transport ability 74 
Semiconducting electrode(s) ..139-154 

photoactive 155 
Semiconducting oxides, kinetically 

inert n-type 270 
Semiconductor (s) 

cells, regenerative 140 
devices 124 
electrode(s) 

dark 187/ 
photogenerated hole in 

n-type 161/ 
p-type 132 

-electrolyte interfaces, charge 
transfer 155-169 

energetics of photoenhanced 
reduction on p-type 167-168 

induced bending in 164 
interfaces, charge transfer at 

metal- 235 
interface states 281 
-liquid junction chemistry . . .215-230 
organic 141 
photoelectrodes, chemically 

derivatized 269-292 
photoelectrodes, luminescent 

properties of 185-211 
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I N D E X 311 

Semiconductor (s) (continued) 
photovoltaic cell 114 
surface and solution, ion 

exchange between 218-223 
n-type 41,141-142, 186 

-electrolyte interface, deple
tion region at 187/ 

electron transfer in 259 
interfacial potential well for . . 159/ 
photoanodic decomposition of 270 
a technique for the stabiliza

tion of 269-292 
p-type 124,141-142 
two-stimuli response of 285 

Sensitization indices of hetero
geneous photosensitizers and 
models St 

Sensitization of stilbene isomeri
zation 9-10 

Sensitizer (s) 
dimethylaminobenzophenone 

as a 3-5 
grafted to silica or glass 6-7 
iridium complex 11 
photo-, heterogeneous, for 

energy storage 1-12 
polystyrene immobilized 6-12 
self-quenching 1 
silica-functionalized 5-12 
singlet absorption band of 3 
structure of 4/ 

Sequential hydrolyses 81 
Sequential chemical reactions . . . .73-74 
Sequestering reagent 20 
Shelf life of derivatized 

electrodes 283 
Shockley equation, modified . . . 126-128 
Short-circuit photocurrent density . 130 
Short-lived radical detection by 

radical addition reaction . . . . 174 
Si (see Silicon) 
Silane 

3-( 2-aminoethylamion )propyl-
tridilane, 3-(2-methoxy) . . 254 

coverage of oxides, determina
tion of 254-256 

multilayers, stability of 261 
Silanization reaction 254 
Silanization, XPES spectra of poly

crystalline T1O2 electrode 
before and after 255/ 

Silica-functionalized sensitizers . . . 5-12 
Silica, sensitizers grafted to 6-7 
Silicon (Si) 

dark current-potential properties 
for derivatized 281 

hydrides, reaction of 1-pentene 
with 23-25 

peak widths at half height, 
derivatized 281 

solar cell 124 
-TiOa, UPS difference spectra for 

CO2 and CO adsorbed on 
stoichiometric 246/ 

Silicon (Si) (continued) 
n-type 

derivatized 277-288 
in cell configuration . . . .289-292 
with chopped excitation 

beam, voltammograms 
for 283/ 

photoelectrodes, current-
voltage curves for . . . . 291/ 

photoelectrodes, output 
voltage for 279 

voltammograms for ...287/,288/ 
electrode, cyclic voltammetry 

of 277-280 
electrode, time dependency of 

photocurrent from 290/ 
Singlet absorption band of 

sensitizers 3 
Sodium 

borohydride 71 
dodecyl sulfate (SDS) 50 

micelles 52 
quantum yield for 52 

lauryl sulfate 98 
micelles 107 
solution, intensity in 105/ 

Solar cell(s) 
liquid junction 155-156 

shunting of by surface state . 225 
photoelectrochemical 215-230 
Schottky barrier 281 
silicon 124 

Solar energy 
conversion 155 

efficiency for n-type GaAs 
cell 269-270,271 

optimum band gaps for one-
step 216 

converters 174 
storage system 1-12 

Solid-gas interface, photochemistry 
at the 233-252 

Solid-state spectra 148-149 
Solute penetration at assembly-

solution interface 55-59 
Solution-assembly interface 56 
Solution spectra 148-149 
Solvation structures, equilibrium . . 163 
Solvent 

effects on luminescence 91 
effect on photoionization 108 
interaction(s) 20 

cation- 108 
Space—charge components 133 
Space-charge region 125,179 
Spectral distribution of lumines

cence 91/ 
Spectrophotofluorometer 115,191 

emission 201 
Spectrophotometer 144 
Spectroscopic properties of hetero

geneous photosensitizers and 
models St 

Spectroscopy, IR 37 
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312 I N T E R F A C I A L P H O T O P R O C E S S E S 

Spectroscopy of metal phthalo
cyanine films 139-154 

Spectroflourimeter 99 
Spin 

coating, deposition by 115 
coating to form multilayers . . . . 261 
degenerate ground states 152 
trapping 

application to photosynthesis 
of H 2 0 2 180-183 

on aqueous dispersions of CdS 177 
on aqueous dispersions of 

phthalocyanine 177 
to dispersions, application 

of 177-179 
effect of surfactants on 179 
mechanism 178/ 

in oxygenated nonaqueous 
dispersions 178 

reactions 174-175 
of short-lived radicals at 

surfaces 173-183 
SrTiOs (see Stronium titanium 

trioxide) 
Stability 

to adsorbed impurities, elec
trode 224-230 

of doped CdS electrodes 191-194 
of electroactive surfaces 275-277 
of ruthenium complexes 266 

Stabilization of n-type semiconduc
tors, technique for 269-292 

Stainless steel, CO desorption from 33-34 
Standing wave 39 
Stationary, photo-state composition 

of stilbene isomerization 10/ 
Steady-state photolysis 100 
Stearaldehyde 71 

concentration, calibration curve 
-MBTH, absorption spectra of . . 75/ 

for 78 
reduction of 73 
surface viscosity of 76/ 

Stearyl alcohol 71 
Stern layer 52 
Stern-Vohner constant 61 
Stereoselectivity 54 
Stilbene isomerization, sensitiza

tion of 9-10 
Strontium titanium trioxide 

(SrTiOs) 
adsorption characteristics of CO2, 

H 2 0 , CO, and 0 2 on 236 
AES peak-to-peak ratios of 240 
CO2 chemisorption 244 
(111) crystal face, chemisorption 

of H 2 0, 0 2 , CO, and 
CO2 on 240-247 

crystal surface, properties of . . . . 240 
-Pt, CH4 production from H2O 

and CO2 over 247-249 
-Pt foil sample 239/ 

Strontium titanium trioxide (SrTiOa) 
(continued) 

reduced 
AES spectra of stoichiometric 

and 241/ 
by Ar + bombardment, UPS 

difference spectra for 
H 2 0 adsorption on .242-244 

ELS spectra for stoichio
metric and 242/ 

UPS spectra of stoichio
metric and 241/ 

single-crystal samples, prepara
tion of 238-239 

UPS spectra for H 2 0 adsorbed on 243/ 
UPS spectra for O2 adsorbed on . 245/ 
work function 244 

effect of T i 3 + on 242 
Styrene-divinylbenzene resin . . . . 14-17 
Sublimation, deposition by 143 
Sulfur and carbon removal from 

Pt samples by heating in O2 . 239 
Superoxide radical(s) 174 

adduct of DMPO 176-177 
- H 2 O radical equilibrium 176 

Supporting electrolyte, KC1 as .142-144 
Surface 

acidity probe 83-84 
active network, two-dimensional 74 
analysis chamber, UHV 237/ 
-area curves 87, 88/ 
-attached 

ferrocene, oxidation of 279 
nitroaromatics 259-261 
oxidant, cathodic return peak 

for 286 
ruthenium complexes 262-267 
E 0 ' values and reduction peak 

potentials for 266f-267* 
-bound ruthenium complexes, 

voltammograms of 265/ 
characterization 114 
charge density 81 
cleaning by ion bombardments, 

in situ 236 
composite alteration from elec

tron bombardment 240 
composition determination 239 
durability of derivatized 282 
incorporation of impurities, 

beneficial 224 
mechanistic consequences of 

short-lived radicals at . . . 173-183 
modification, electrode 215 
modified electrodes, tailor-

made 253-267 
potential 41 
properties of SrTi03 crystal . . . . 240 
quality, electrode 192-193 
reactions 233-252 

methods for following 236 
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I N D E X 313 

Surface (continued) 
spin trapping of short-lived 

radicals at 173-183 
stability of electroactive 275-277 
state(s) 

effect of chemisorbed ions 
on 225-227 

electrode 224-230 
shunting of liquid-junction 

solar cell by 225/ 
studies, advantages of gaseous 

reactants in 235 
traps 200 
viscosity 71 

of stearaldehyde 76/ 
Surfactant 

cationic 87 
ester hydrolysis 79-83 
molecules 

functionalized 47-65 
neutral 92-94 
photoreactions of func

tionalized 48-55 
products, nonvolatile 51 
reactions of 

and hydrophobic compounds 
at interfaces 47-65 

and hydrophobic compounds 
in organizates 47-65 

monolayer films, characteriza
tion and 69-94 

ruthenium 88 
on spin trapping, effect of 179 
tailored 70 

Symmetry, e* 152-153 
Symmetry sites in unit cell 150 
Synchrotrom radiation 38-39,42 
Synthesis (ses) 

photo-, of H2O2, application of 
spin trapping to 180-183 

photo-, yielding small organic 
molecules 234 

of surface-attached Ru complexes 262* 
Synthetic reaction environments 113-136 

T 
Teflon cell 143 
Tellurium-doped CdS electrode 189-211 
Temperature 

dependence of CO oxidation . . . 36-37 
on emission from CdS, effect of . 207 
gradient 29 

Tetracene 101 
Tetrahydrofuran (THF) 16,79,83 
Tetramethylbenzidene (TMB) .101-109 

cation 
polarization energy for 108 

2V,N'-Tetramethylparaphenylene-
diamine (TMPD) 

cation 102 
polarization energy for 108 

N,AT-Tetramethylparaphenylene-
diamine (TMPD) (continued) 

flash photolysis of 102 
ionization potentials of 101 
laser photolysis of 102 

Tetramethylsilane (TMS) 100-101 
Thermal 

conduction 40 
desorption 40 
generation of CH4 249 
velocity, carrier 162 

Thermalization 160 
time(s) 160 

p-GaP electron 164-165 
n - T i 0 2 hole 163 

Thermalized injection 168 
Thermocouple, iron-constantan . . . 30 
Thermodynamic potentials for 

excited state deactivation 
reactions 189 

Thermoelectric cold stage 115 
THF (Tetrahydrofuran) 16,79,83 
Thiazine dyes, dimerization of . . . 87 
Thiazine, photo- 104 
Thickness monitor 115 
Thin film systems 113-136 

antenna effect in 117 
Thionine, adsorption of 85 
Time 

dependence of CH4 production 
over metal sandwich 248/ 

dependence of photocurrent from 
n-type Si electrode 290/ 

dependence of radical adduct 
formation 181/ 

-dependent relaxation 76 
-of-flight methods for desorp

tion detection 38 
Tin dioxide (Sn02)-coated glass . . 143 
n-Tin dioxide (n-Sn02) 

electrodes, current-voltage 
curves for 144-148 

Titanium dioxide (T1O2) 
adsorption characteristics of C 0 2 , 

H 2 0 , CO, and O2 on 236 
electrodes, electrochemical be

havior of 259 
electrode before and after salani-

zation, XPES spectra of 
polycrystalline 255/ 

modified electrodes 253-267 
surface reduced by Ar + 

bombardment, UPS 
difference spectra for 
H 2 0 adsorption on 242-244 

valance band of 161 
voltammograms of surface-

attached nitroaromatics on 
silanized polycrvstalline . . . 260/ 

XPES spectra of polycrystalline, 
silanized 257/ 

-py, XPES spectra of 264/ 
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n-Titanium dioxide 
hole 

diffusion times 162 
thermalization times 163 
tunneling times 161-162 

potential well dimensions for . . . 162 
relaxation times in electrolyte 163-164 

[Ti 3 +] on SrTi0 3 work function, 
effect of 242 

Titanium tetraisopropoxide and 
AICI3 dissolved in 1,2-di-
methoxy ethane 165 

Titanium tetraisopropoxide, step
wise reduction of 166 

TMB (see Tetramethylbenzidene) 
TMPD (see N,N'-Tetramethylpara-

phenylenediamine) 
TMS (Tetramethylsilane) 100-101 
Topological control 54 
Transition(s) 

dipole 152 
moments 150 

in-plane 151 
long axis 148 
metal(s) 

organometallic complexes . . . 13 
reactions over 27-43 
surfaces, CO oxidation to 

C 0 2 over 246 
out-of-plane 152-153 
rule, octupole 152-153 
short axis 148-149 
vibronic 152 

0-0 Transition 148,152-153 
Transmission coefficient for 

potential barrier 162 
Triethylamine 61 
Triphenylphosphine 22 
Triplet energy 

of dimethylaminobenzophenone . 3 
of norbornadiene 3 
of silica-functionalized sensitizer 7 
of stilbene 9 

Tungsten, CO desorption from . . . 33 
Tunneling 

electron 224 
probabilities 160 
quantum mechanical 159-165 
resonance, calculations 162 
resonance, effects 160 
reverse 163-164 
time(s) 160 

quantum mechanical 162-163 
n-Ti0 2 hole 161-162 

thickness, electron 219 
n-Type semiconductor s) . .141-142,186 

electrodes, photogenerated 
hole in 161/ 

interfacial potential well for . . . 159/ 
p-Type semiconductor s) . .124,141-142 

electrodes 132 
energetics of photoenhanced 

reduction on 167-168 

U 
Ultrahigh vacuum (UHV) 

chamber 236 
photoelectron spectroscopy 

(UPS) 236,238,240 
difference spectra 

for CO2 and CO adsorbed 
on stoichiometric 
SiTi0 3 246/ 

for H2O adsorption on 
SrTi0 3 reduced by 
Ar + bombardment . .242-244 

for H2O adsorption on 
TK>2 surface reduced 

by Ar + bombardment . . .242-244 
spectra 

for H2O absorbed on 
SrTi0 3 243/ 

for 0 2 adsorbed on SrTi0 3 245/ 
of stoichiometric and 

reduced SrTi0 3 241/ 
surface analysis chamber 237/ 

Ultrasonic dispersion of pigments . 175 
Unit cell, symmetry sites in 150 
Unsaturation, coordinative 13-25 
UPS (see Ultrahigh vacuum 

photoelectron spectroscopy) 

V 

Vacuum (UHV) chamber, 
ultrahigh 236 

Valence band 
of CdS 219 
bending of p-GaP 164 
photogenerated holes in 282 
structure 240 
of T1O2 161 

Valerophenone 52 
van der Waals forces 124 
van der Waals-London interactions 87 
Vapor-phase chromatography 

(VPC) 71,73-74,92 
analysis 78/, 79 
-mass spectroscopy 74 

Vesicles 47 
Vibration, eg . 153 
Vibronic 

assignment of phthyalocyanines . 153 
selection rule 152 
series 148 
transitions 152 

Viologen, methyl 178 
Viscosity, surface 71 
Voltage, current-

characteristics of sandwich 
cells 126/, 127/ 

curves 143 
for CdSe 222/ 
for CuInS2 cell 223/ 
for derivatized n-Si photo

electrode 291/ 
for etched GaAs 228/ 
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Voltage current (continued) 
curves (continued) 

for idealized cell 226/ 
for n-SnC>2 electrodes 144-148 

density curve for GaAs 230/ 
-emission curves for doped 

CdS 202/, 203/, 205/ 
-emission properties of doped 

CdS 200-206 
Voltage, photo-

open-circuit 130 
limiting 216 

in sandwich cells, light 
intensity vs 131/ 

Voltaic, photo-
activity from Schottky barrier 

cells 123-131 
cell, semiconductor 114 
cells, electrochemical 155-156 
devices 139-141 

Voltammetric behavior with 
redox couples 224 

Voltammetry 
cyclic 

of derivatized electrodes in 
nonaqueous electrolyte 275-277 

of n-type Si electrode 277-280 
reversible 132 

Voltammograms 132 
complex (es) 

of a chromium 258/ 
of iron, cyclic 133/ 
of ruthenium 258/ 
of surface-bound ruthenium . 265/ 

for derivatized n-type Si . . .287/, 288/ 
for derivatized n-type Si with 

chopped excitation beam . . 283/ 
of surface-attached nitroaro

matics on silanized poly
crystalline T i 0 2 260/ 

for n-type Ge 284/ 
VPC (see Vapor-phase chroma

tography) 

W 
Water (H 2 0) 

adsorbed on SrTi0 3, UPS 
spectra for 243/ 

adsorption 242 
on SrTi0 3 reduced by Ar + 

bombardment, UPS dif
ference spectra for . . .242-244 

on T i 0 2 surface reduced by 
Ar + bombardment, UPS 
difference spectra for .242-244 

Water (H 2 0) (continued) 
band gap of 158 
CH4 production from C 0 2 and . 236 
CO, C 0 2 , and 0 2 on SrTi0 3, 

adsorption characteristics . . 236 
and C 0 2 over SrTi0 3-Pt, C H 4 

production from 247-249 
dissociation of 234 
in an electrochemical cell, 

dissociation of 235 
electron affinity of 158 
0 2 , CO, and C 0 2 on 

SrTi0 3( 111) crystal face, 
chemisorption of 240-247 

on Pt-SrTi0 3, adsorption and 
reactions of C 0 2 and . . .233-252 

on Pt surfaces, chemisorption of 247 
Wave function 159-160 
Wavelength dependence of emis

sion and photocurrent from 
doped CdS 199* 

Wavelength on desorption, effect 
of 33/, 35/ 

Wilhelmy balance 73 
Work function(s) 

effect of [Ti3 +] on SrTi0 3 242 
metal 124-125,141,158 
SrTi0 3 244 

X-Ray photoelectron spectroscopy 
(XPES) 254,259,261,266 

amidization to study, use of . . . . 256 
detection of ruthenium by 263 
spectra 

of polycrystalline, silanized 
T i 0 2 257/ 

of polycrystalline T i 0 2 elec
trode before and after 
after silanization 255/ 

of Pt-PtO-py 264/ 
of TiO^py 264/ 

n-Xylene, pulse radiolysis of 102 
p-Xylene triplet state 102 

Zinc phthalocyanines (ZnPc) ..124-131 
electrode, current-voltage curves 

for 145/, 147/ 
MCD spectra of 151/ 
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