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Conclusions 
Relative enthalpies for dissociative adsorption of Bronsted acids 

on basic metal oxides cannot be explained solely on the basis of 
gas-phase heterolytic bond dissociation energies. The phenome- 
nological consequence is that in some cases aqueous dissociation 
constants correlate better with relative acidities in gassolid surface 
reactions than do gas-phase acidities. The origin of this effect 
is a strong interaction between adsorbed conjugate base species 
and surface metal cations which results in some covalent bond 
formation, with concomitant reduction or delocalization of the 
negative charge on the conjugate base. The relative strengths of 
such surfaceadsorbate interactions may be explained qualitatively 

based upon the hard or soft acid-base characteristics of each, 
although a quantitative description is, to date, lacking. 
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The CdS-, Ti0,-, and ZnO-photoinduced valence isomerization of hexamethyl-Dewar benzene to hexamethylbenzene has 
been investigated in methylene dichloride solution and found to be very efficient. The reaction appears to follow modified 
Langmuir-Hinshelwood and Eley-Rideal mechanisms. A surface cation radical chain mechanism is proposed since the reaction 
can be efficiently quenched by electron donors, and quantum yields greater than unity were obtained in TiO, and ZnO reactions. 
The quenching also followed modified Langmuir-Hinshelwood and Eley-Rideal pathways, in which the latter predominantly 
contributed to the overall quenching rates. CdS of different origins with different surface areas, purities, and structures 
were used, and the rates varied by a factor of 2.3. None of these functions appear to play a dominant role in the rate of 
reaction. 

Introduction 
The study of semiconductor-mediated photoassisted organic 

reaction is attracting increasing attention. Such reactions now 
include, aside from oxidation/reduction processes: dimeri~at ion,~.~ 
cyclore~ersion,~-~ cis-trans is~merization*-'~ and sigmatropic 
rearrangements7 It has also been reported by Mukai7 and his 
collaborators that hexamethyl-Dewar benzene (HMDB) is isom- 
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M. A. Acc. Chem. Res. 1983,16, 314. (e) Chum, H. L.; Ratacliff, M.; Posey, 
F. L.; Turner, J. A.; Nozik, A. J. J. Phys. Chem. 1983, 87, 3089. (f) Fox, 
M. A.; Chen, C. C.; Younathan, N. J. J.  Org. Chem. 1984, 49, 1969. (g) 
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(7) Okada, K.; Hisamitsu, K.; Takashi, Y.; Hanaoka, T.; Miyashi, T.; 

Mukai, T. Tetrahedron Lett. 1984, 25, 5311. 
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(13) Kodama, S.; Yabuta, M.; Anpo, M.; Kubokawa, Y. Bull. Chem. SOC. 
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Jpn. 1985, 58, 2307. 

erized to hexamethylbenzene (HMB) over CdS, TiO,, and ZnO 
in acetonitrile: A cation radical intermediate was proposed. We 
report here a more detailed study of this semiconductor-induced 
reaction in methylene dichloride, which reveals the occurrence 
of two mechanisms, both in the product formation and in the 
electron-transfer quenching of its formation. 

The primary goals of this study are (a) to generalize a previously 
reported4*" mechanistic model that provides a useful rationalization 
for the mechanism of semiconductor photoinduced reactions, and 
(b) to test for the occurrence of a chain reaction on a surface. 
The selection of valence isomerization of HMDB is based on two 
important facts: (a) HMDB absorbs in a relatively short wave- 
length region (<300 nm), and hence it is possible to test the model 
not only with CdS-photoinduced reaction4*" but also with those 
of TiO, and ZnO; (b) the reaction is known, from previous 
work,I4-l7 to proceed very efficiently (4 >> 1) via a cation radical 
chain mechanism in homogeneous solution, and hence it is possible 
to test for the occurrence of a chain reaction on a surface. 

Experimental Section 
Methylene dichloride was of spectroscopic grade (Fisher) and 

was used without further purification. HMDB (Aldrich) was 
purified by passage rapidly through a very short column (4 X 0.5 
cm) of dry silica gel (Merck, 230-400 mesh); pure HMDB 

~~ ~ 
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SCHEME I" 

SCCht, e-) SC*-/Q'' t B SC t B 

sc t D SC'-/Q'+ t B SC'-/D'* t B 

"SC, SC*, and SC(h+,e-) are the semiconductor in tha ground state, 
the excited state (exciton), and after hole-electron sepdthtion, respec- 
tively. D and B (and their respective ions) are hexahethyl-Dewar 
benzene and hexamethylbenzene (and their ions). Dad t o a d )  and DmI 
(QWJ are hexamethyl-Dewar benzene (the quencher) dh the surface 
and in solution 

(>99%) was obtained as revealed by GC and 
other substances were purified by distillation, 
recrystallization, as appropriate. 

Unless otherwise stated CdS, (Strem, ultrapure, h r face  area 
= 7 g/m2, lot no. 16693-S), T i0 ,  (Fisher, lot no. ?815250), and 
ZnO (Fisher, surface area 5 g/m2, lot no. 7450531 were used 
throughout. 

Typically, 0.05 M HMDB in methylene 
the presence of CdS, TiO,, or ZnO (50 mg) was 
X > 430 nm (Corning filter 3-72) in the case of 
> 360 nm (Corning filter 0-51) for TiO, and Z n d  for 30 min, 
using a 150-W PRA xenon lamp. Prior to irradiatioh the mixture 
was sonicated for 5 min and was constantly sti 
course of the irradiation. Compressed air was 
and a water filter was used to remove IR radiatio 
vessel was open to the atmmphere via a reflux condendt. A known 
amount of n-dodecane, as calibrant, was added to the mixture 
before irradiation. After irradiation, the semicond@tor was re- 
moved by filtration and the filtrate was analyzed wlih a Varian 
3700 gas chromatograph equipped with a flame ioniza bn detector, 
connected to a Hewlett-Packard 3390 A integrator. x nalysis was 
performed on a 2 m X 2 mm column packed with OY.101 (10%) 
on Chromosorb W(HP), 80-100 mesh. Unless othefhise stated, 
conversion for an arbitrary set of conditions was fOproducible 
within <f5% over the period required to complete set of ex- 
periments. For quantum yield determinations a specig aluminum 
block with a window (1 X 1.5 cm) was used to ensdl'e that only 
the light from the lamp reached the reaction vessel, Potassium 
ferrioxalate (0.006 M) was used as actinometer. A CQrning filter 
(CS7-60) was used which transmitted at  320-398 nm with a 
maximum a t  -355 nm. Direct irradiation of H M d b  (0.57 M) 
in methylene dichloride in this wavelength range btoduced no 
reaction. For the calculation of the quantum yield it Cas assumed 
that all radiation entering the reaction vessel was absMbed by the 
semiconductor; Le., the scattered light was ignored 

Results and Discussion 
Irradiation of 0.05 M HMDB in methylene dichl 

for CdS (band gap -530 nm) and at X > 360 nm 
ZnO (band gaps -400 nm) gave, readily, HMB. 

in the presence of CdS, TiO,, or ZnO (50 mg) at  

proceeded cleanly and rapidly: Appropriate control #xperiments 
confirmed that both light and semiconductor were *iequired. 

When a semiconductor particle absorbs light with an energy 
greater than the band gap the formation of an exdton results; 
charge separation may take place creating hole-elktron pairs 
resulting in an injection of electrons into the conductih band and 
"holes" into the valence band.I8 Donation of an elldctron from 
HMDB to the "hole", which is thermodynamically pbssible, (for 

(18) See, for instance: (a) Ebey, J. B.; Teegraden, J. K.; kutton, D. B. 
Phys. Reti. 1959, 116, 1099. (b) Gerischer, H. In Physical Cflemistry-An 
Advanced Treatise; Eyring, H., Henderson, D., Just, W., Ed&; Academic: 
New York 19.10 Vol. 9A. (c) Harris, W.; Wilson, R. Annu. I&~J. Muter. Sci. 
1978, 8,  99. (d) Nozik, A. Annu. Reti. Phys. Chem. 1978. 29, 189. (e) 
Wrighton, M. S .  Acc. Chem. Res. 1979, 12, 303. 

TABLE I: Quantum Yields of Valence Isomerization of HMDB to 
HMB Pbotomediated by CdS, TiO,, and ZnO at Two Different 
HMDB Concentrations" 

semiconductor [HMDB], M quantum yield (&lo'%) 
CdS 

TiOl 

ZnO 

0.13 
0.57 
0.13 
0.57 
0.13 
0.57 

0.29 
0.68 
0.84 
1.23 
0.48 
1.23 

"HMDB solutions in methylene dichloride were irradiated for 30 
min at 320-390 nm (Corning filter CS,7-60) in the presence of 50 rng 
of the semiconductor in air. 

values of ElI2Ox and the valence bands; see "quenching studies" 
below) results in HMDB cation radical formation. In homoge- 
neous solution the photosensitized valence isomerization of HMDB 
to HMB is known to proceed via such a cation and, 
in fact, two cation radicals (HMDB" and HMB") are involved. 
The key step as shown below (S is the sensitizer) is the electron 
transfer from HMDB to HMB": this permits the operation of 
a chain mechanism, as shown 

HMDB HMDB" (+ S*-) 

HMDB'+ - HMB'+ 

HMB" + HMDB - HMDB" + HMB 

This overall mechanism appears to be applicable to the sem- 
iconductor-mediated process, and our views, to be discussed below, 
are summarized in Scheme I. In particular, it should be noted 
that the reaction is proposed to occur bofh entirely on the surface 
of the semiconductor (Langmuir-Hinshelwd, LH, mechanism) 
and by collision of dissolved HMDB with surface-bound cation 
radical (Eley-Rideal, ER, mechanism). 

Quantum Yield Determination. It has been reported that the 
rates of a variety of semiconductor-photoinduced reactions decrease 
nonlinearly with reduction in light i n t e n ~ i t y . " ~ ~ ~ ' ~ ~ ~  This behavior 
has been explained on the basis that under very low light intensity 
the band bending in the space-charge layer of powdered semi- 
conductor is enough to separate all the excitons into hole-electron 
pairs. However, with increasing light intensity the band bending 
tends to be decreased and a strong competition between elec- 
tron-hole recombination in the bulk of the semiconductor and 
electron-hole separation may occur. Thus, at high light intensity 
it is expected that the electron-hole recombination process plays 
the crucial role and a minor portion of the exciton population has 
a chance to separate into electron-hole pairs. The quantum yields 
were, therefore, determined at  relatively low light intensity (ca 
25 m W / ~ m ~ ) : ~ ~  a value of 1.2 (Table I) was obtained for ZnO 
and TiO, (0.57 M HMDB), which, depending, as it does, on 
electron-hole separation efficiency, implies that a chain process 
is involved. In this, an electron transfer occurs from HMDB, either 
adsorbed on the surface or diffusing to the surface, to the HMB 
cation radical on the surface. 

Evans et al.14 have observed, in the photosensitized valence 
isomerization of HMDB with naphthalene, concentration-de- 
pendent quantum yields ranging up to -80. Peacock and 

(19) Cunningham, J.; Hodnett, B. K. J .  Chem. SOC., Faraday Trans. 1 

(20) Harvey, P. R.; Rudham, R.; Ward, S .  J .  Chem. Soc., Faraday Trans. 

(21) Sato, S.  J .  Phys. Chem. 1983, 87, 3531. 
(22) Davidson, R. S.; Slater, R. M.; Meek, R. R. J.  Chem. SOC., Faraday 

(23) Ward, D.; White, J. R.; Bard, A. J. J .  Am. Chem. SOC. 1983, 105, 

1981, 77, 2777. 

1 1983, 79, 1391. 

Trans. I ,  1979, 75, 2507. 

21 _ .  
(24) Gerischer, H. J .  Electrochem. SOC. 1966, 113, 1174. 
(25) Cary, J. H.; Oliver, B. G. Nature (London) 1976, 259, 554. 
(26) Okamoto, K.-I.; Yamamoto, Y.; Tanaka, H.; Itaya, A. Bull. Chem. 

SOC. Jpn. 1985, 58, 2023. 
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Figure 1. Effect of HMDB concentration on rates of HMB formation 
(0) mediated by CdS. The solid curve was calculated from R = 
0.541[D] + 0.506[D]/(1 + 13.83[D]). The overall rates are separated 
into LH (.e .) and ER (---) components. Each sample was irradiated 
at X > 430 nm for 30 min. 

Schuster,I5 in an elegant recent study of the photosensitized valence 
isomerization of HMDB with a variety of sensitizers, have observed 
quantum yields of up to 213. The relatively low quantum yields 
for the semiconductor-photoinduced isomerization of HMDB, in 
comparison with homogeneous solution values, argue against the 
desorption of HMB cation radical into solution. 

Kinetic Analysis. Although several studies have now been 
reported on semiconductor-photoiaduced organic reactions in 
solution, in few cases has a model for the reaction been proposed. 
In an earlier study4 we have discussed our results concerning the 
CdS-mediated dimerization of N-vinylcarbazole (NVC) in terms 
of a combination of the LH model, in which the cation radical 
of NVC reacts with preadsorbed NVC, and the ER model, in 
which a neutral NVC molecule from solution collides with the 
NVC cation radical generated on the surface: a solution equivalent 
to the gas-phase Eley-Rideal process. A similar approach was 
successful in interpreting the quenching of this reaction4 and that 
of the cis-trans isomerization of some 4-substituted stilbenes.” 
We attempt to generalize its application here to include the CdS-, 
Ti02-, and ZnO-mediated isomerization of HMDB. 

The LH kinetic treatment is known to be a good model for the 
description of reactions taking place at  the solid-gas in te r fa~e .~’ -~~ 
In order to extend this model to the solid-liquid interface, mod- 
ification is necessary since the solvent occupies reactive sites. 

The rate of reaction, RLH, a t  the photosatationary state30 will 
be given by equations of the following forms: 

where kLH is the reaction rate constant, OD is the fraction of the 
surface covered by HMDB, K and [D] are the adsorption coef- 
ficient and the initial concentration of HMDB, K, and [SI are 
the adsorption coefficient and the concentration of the solvent, 
and K’ = K/(1 + &.[SI). Since [SI >> [D],  however, K,[S] 
remains essentially constant a t  all HMDB concentrations used. 

(27) Adamson, A. W. Physical Chemistry of Surfaces, 4th ed., Wiley: 

(28) Jaycock, M. J.; Parfitt, G. D. Chemistry of Interfaces; Ellis Horwood: 

(29 )  Laidler, K. J. In Catulysis; Emmett, P. H.; Ed.; Reinhold New York, 

(30) The photostationary state concentration of HMB cation radical is 

New York, 1982; Chapter XVI. 

New York, 1981; Chapter 4. 

1961; Vol. 1, Chapter 4. 

where I is the flux, constant during the experiment. When the rate of electron 
transfer from HMDB to the ‘hole”, k4eD[sC(h+,e-)] is much greater than 
electron-hole recombination, k3[SC(h+,e-)], k, can be neglected vis-a-vis k&, 
then [SC’-/B’+] = constant. 

Figure 2. Effect of HMDB concentration on rates of the HMB formation 
(0) mediated by TiO? The solid curve was calculated from R = 
0.288[D] + 0.732[D]/(l + 13.88[D]). The overall rates are separated 
into LH (...) and ER (---) components. Each sample was irradiated 
at X > 360 nm for 30 min. 

4-  

_ _ - - - -  _ _ _ - - - -  

[HMDB] /lQ2M 

Figure 3. Effect of HMDB concentration on rates of the HMB formation 
(0) mediated by ZnO. The solid curve was calculated from R = 
0.057[D] + 0.826[D]/(l + 15.34[DJ). The overall rates are separated 
in LH (e..) and ER (---) components. kach sample was irradiated at 
X > 360 nm for 30 min. 

Equation 1 is a pseudo-first-order rate equation. 
The ER kinetic treatment29 would imply that reaction occurs 

between HMB cation radical and an HMDR molecule diffusing 
from the solution. The rate of reaction, RER, at the photostationary 
state30 will be given by eq 2 ,  which is a pseudo-first-order rate 
equation. 

If both pathways are operating then the overall rate, R?l should 
be given by eq 3.4 

(3) 

Thus, in a plot of rate vs. concentration, as OD approaches a 
limiting value the overall increase in rate would be expected to 
approach linearity with further increase in HMDB concentration. 

The effect of varying the concentration of HMDB (0.01-0.13 
M) on the rates of isomerization over CdS, Ti02, and ZnO 
(Figures 1-3) was investigated. In all three cases, at concentrations 
higher than -0.06 M the overall rates of valence isomerization 
did, indeed, increase linearly with concentration. Similar ob- 
servations have been reported in, for instance, the CdS-photoin- 
duced dimerization of NVC in acetone4 and the gas-phase pho- 

(3 1) The rates, R, were taken throughout this study as the concentration 
(amount per fixed volume) of product produced after irradiation for particular 
time periods (indicated in the captions to the plots) with constant light flux. 

(32) Thevenet, A,; Juillet, F.; Teichner, S. J. Pioc. Inf. Conf. Solid Sur- 
faces, 2nd 1974, 259. 
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Figure 4. Quenching of valence isomerization of HMDB to MHB: (0) 
1,2,4,5-tetramethoxybnzene, the solid curve was calculated from & O / &  

= 1 + 1492.4[Q] + 716.7[Q]/(1 + 628.6[Q]); (0) 1,2,4-trimethoxy- 
benzene, the solid curve was calculated from &’/& = 1 + 685.9[Q] + 
712.2[Q]/(l + 777.4[Q]); (0) 1,4-dimethoxybenzene. CdS = SO mg, 
HMDB = 0.05 M, 30-min irradiation. 

tooxidation of carbon monoxide over Ti0232 and of propan-2-01 
over Zn0.19 

I t  was possible to fit33 the data of rate vs. concentration for 
CdS-photoinduced valence isomerization of HMDB to a curve 
obtained by insertion of appropriate values for the constants in 
eq 3 (see the caption of Figure 1). Having these values, it became 
possible to separate the overall rates of isomerization into L H  and 
ER components (Figure 1). Evidently, the ER pathway is the 
more important, and its importance increases as the HMDB 
concentration is increased. On the other hand, the fitting of the 
data in Figure 2 for T i 0 2  reaction showed that the L H  pathway 
is favored at  low concentrations of HMDB but becomes compa- 
rable to the ER pathway at  higher concentrations. The data for 
ZnO reaction (Figure 3) showed that, in contrast, the LH pathway 
was the more important contributor over a similar concentration 
range. These differences are not unexpected as the adsorption 
properties of HMDB on CdS, Ti02,  and ZnO surfaces are not 
expected to be the same. 

A possible step, omitted from the scheme, is the desorption into 
solution of the long-lived H M B  cation radical (solution lifetime 
ca. 4 ps),Is after which reaction may proceed as in the sensitized 
reaction in homogeneous solution. This, from quantum yield 
measurements and from the fact that CdS-photoinduced isom- 
erization of HMDB to H M B  was considerably slower in more 
polar solvents such as methanol, acetone, and acetonitrile (in which 
the homogeneous sensitized reaction proceeds very well) appears 
unlikely. In addition, the semiconductor-mediated reaction re- 
quires the presence of oxygen.’ The function of the oxygen in 
this and other)” semiconductor-mediated reactions is to act as 
an electron trap, thus prolonging the lifetime of the ”hole”. The 
electron is trapped as surface-bound superoxide ion,34 and the 
surface of the semiconductor is thus negatively charged and 
electrostatically opposes the desorption of positively charged 
species, especially in a solvent of medium dielectric constant. 

Quenching Studies. The semiconductor-photoinduced valence 
isomerization of HMDB(E Ox = 1.58 V vs. SCE)I4 to HMB 
(EIl2OX = 1.62 V vs. SCE)’:’&ay be quenched, in principle, by 
(a) donation of an electron by the quencher, Q, to the photo- 
generated “hole” competitively with the reactant, HMDB, and 
(b) interception of the cation radical of HMDB and/or the 
chain-carrying agent H M B  cation radical by the quencher. 
1,4-Dimethoxybenzene (E1/20x = 1.35 V vs. 1,2,4-tri- 
methoxybenzene (EII2OX = 1.12 V vs. SCE),35 1,3,5-trimethoxy- 
benzene (E1/20X = 1.49 V vs. and 1,2,4,5-tetramethoxy- 

(33) A nonlinear least-squares program was used to fit the data. 
(34) (a) Harbour, J. R.; Hair, M. L. J .  Phys. Chem. 1977,81, 1791. (b) 

(35) Siegerman, J. In Techniques of Chemistry; Weinberg, N. L., Ed.; 
Harbour, J. R.; Hair, M. L. J .  Phys. Chem. 1978, 82, 1397. 

Wiley: New York, 1975 Vol. 5, Part 2, p 792. 
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Figure 5. Quenching of valence isomerization of HMDB to HMB: (0) 
1,2,4-trimethoxybenzene, the solid curve was calculated from &*/& = 1 
+ 1101.3[Q] + 1207.9[4]/(1 + 1183.9[Q]); (0) 1,3,S-trimethoxy- 
benzene. Ti02 = 50 mg, HMDB = 0.05 M, 30-min irradiation. 

P 
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Figure 6. Quenching of valence isomerization of HMDB to HMB: (0) 
1,2,4-trimethoxybenzene, the solid curve was calculated from bo/& = 1 
+ 2044.8[Q] + 1285.5[Q]/(1 + 1178.8[Q]); (0) 1,4-dimethoxybenzene. 
ZnO = SO mg, HMDB = 0.05 M, 30-min irradiation. 

benzene (El j zox  = 0.81 V vs. SCE)3s were tested as quenchers for 
CdS (valence band - 1.6 V vs. SCE),36 Ti02 (valence band -2.0 
V vs. SCE),)’ and ZnO (valence band -2.4 V vs. pho- 
toinduced reactions. Plots of $ O / $  vs. [Q] are presented in Figures 

Figure 4 shows that, while 1,2,4-trimethoxybenzene and 
1,2,4,5-tetramethoxybenzene quenched the CdS reaction effi- 
ciently, 1,4-dimethoxybenzene quenched the reaction only up to - 17% over a similar coiicentration range. 

Figure 5 shows that 1,2,4-trimethoxybenzene quenched the Ti02 
reaction even more efficiently than that of the CdS reaction under 
similar conditions, but 1,3,5-trimethoxybenzene, however, did not. 
This was surprising since 1,3,5-trimethoxybenzene was expected 
to quench the “hole” very efficiently, though not the HMDB and 
HMB cation radicals. 

1,2,4-Trimethoxybenzene quenched the ZnO reaction (Figure 
6 )  not only more efficiently than that of the Ti02 and CdS re- 
actions but also more efficiently than the quenching of the CdS 
reaction by 1,2,4,5-tetrarnethoxybenzene. 1,4-Dimethoxybenzene, 
a poor electron donor toward both cation radicals but able, in 
principle, to quench the “hole” very efficiently, quenched the 
reaction up to 50% at  the highest quencher concentration used: 
this is probably not to be attributed to “hole” quenching since this 
should be thermodynamically very efficient. It would thus seem 
that “hole” quenching is not importantly involved in the overall 
quenching process. 

4-6. 

(36 )  Kohl, P. A.; Bard, A. J. J .  Am. Chem. SOC. 1977, 99, 7531. 
(37) Kraeutler, B.; Bard, A. J. J .  Am. Chem. SOC. 1978, 100, 5985 
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Peacock and SchusterI5 and Roth et a1.16 have suggested that 
the lifetime of the HMDB cation radical in homogeneous solution 
is of the order of n a n ~ s e c o n d s , ' ~ ~ ~ ~  while that of the HMB cation 
radical is of that of  microsecond^.^^ On the assumption that 
surface does not drastically change the difference in the lifetimes 
of HMDB and HMB cation radicals it seems improbable that the 
HMDB cation radical be appreciably involved in the quenching 
of the CdS, Ti02, and ZnO reactions. Accordingly, the quenching 
of the CdS-, T i02- ,  and ZnO-mediated reactions with 1,2,4- 
trimethoxybenzene and 1,2,4,5-tetrarnethoxybenzene involves 
essentially the cation radical of HMB. 

Figures 4-6 show that a t  concentration higher than -0.002 
M of 1,2,4-trimethoxybenzene and 1,2,4,5-tetramethoxybenzene 
the rate of quenching of CdS, Ti02,  and ZnO reactions increases 
linearly with the quencher c ~ n c e n t r a t i o n . ~ ~ ~ ~  The data may be 
rationalized in terms of an L H  mechanism, in which the cation 
radical of HMB is quenched by the preadsorbed quencher on the 
surface, together with an ER mechanism, in which the HMB 
cation radical is quenched by diffusion of the quencher from the 
solution and not the reverse. 

Application of the steady-state hypothesis for the excited state 
and reactive intermediates leads to the quantum yield expression 
for the (chain pathway) product, in the absence of quencher 

(4) 
k2 k4ODo k6 k8°D0 + b [ D I  ($0 = - 

k ,  + k2 k3 + k40D0 k5 + k6 k7 + k@Do + kg[D] 

where ODo is the fraction of the surface covered by the reactant, 
D, in the absence of the quencher. The formation of H M B  via 
back electron transfer, by k7[SC'-/B*+], should depress the chain 
reaction. 

The quantum yield expression, in the presence of the quencher 
is shown in eq 5. 

4=- X 
k2 k4°D k6 

k l  + k2 k3 + k40D k5 + k6 

(5) 
 SOD + kg[D] 

k7 +   SOD + kg[D] + kio[QI + kiioq 

The surface coverage, OD, in the presence of the quencher may 
be expressed in two extreme forms: either adsorption is site- 
competitive or it is not. When both the reactant, D, and the 
quencher, Q, are adsorbed on the surface without competing for 
the same sites but are competing independently with a constant 
concentration of the solvent, OD is considered to be constant (i.e., 
ODo = OD) and takes the form in eq 1 while 0, takes the following 
forms: 

(6) 
- K" [QI - KqrQl 

1 + K,[Ql + KJSI 1 + WQ1 os = 

where Kq is the adsorption coefficient of the quencher and K f f  = 
kq/( 1 + K J S ] ) .  Thus, eq 7 can be obtained when the quencher 
is adsorbed on the surface independently of the reactant, 
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(7) 

where A = kIo/(k7 + k80D0 + k9[D]), B = kllKff/(k7 + ksODO + 
kg[D]), and C = K". 

Equation 7 has the same general form of the equation derived 
p r e v i o ~ s l y . ~ J ~  

The data of quenching of CdS, TiOz, and ZnO reactions by 
1,2,4-trimethoxybenzene fit33 curves obtained with appropriate 
sets of constants,in eq 7 as do the data of quenching of the CdS 
reaction by 1,2,4,5-tetramethoxybnzene (see captions to Figures 
4-6). From the values of C and the ratios A/B, the quenching 
constants ratio klo/kl l  for CdS-, TiOz-, and ZnO-mediated re- 
actions, quenched by 1,2,4-trimethoxybenzene, are estimated to 
be -750, -1080, and 1870, respectively. Clearly, this shows that 
the ER pathway plays a crucial role in the quenching process. 

Since the quenching constant klo for the same quencher is 
expected to be the same for the CdS-, Ti02-, and ZnO-mediated 

TABLE II: Valence Isomerization of HMDB to HMB Initiated by 
CdS of Different Prowrties' 

~ ~~ 

surf. area,b cryst 
CdS supplier purity, '3% m2/g structb yield, '3% 

Strem (lot no. 399.99 7.1 a + P (-1:l) 90 
166934)  

Fisher (lot no. 99 12 P 73 
792913) 

NATL) 

053087) 

Strem (lot no. 99.99 0.5 cy 70 

Aldrich (lot no. 98.8 I P 68 

Fluka (lot no. 99.999 1.4 (Y 64 

Strem (lot no. 99 32.4 polytype 50 

Aldrich (lot no. 99.999 1.2 a 48 

249326-684) 

NATL) 

1721 PJ) 
Strem (lot no. 299.99 44 polytype 39 

16027-SI) 

'0.062 M of HMDB in CH2Cl2 (5 mL) was irradiated in the pres- 
ence of CdS (50 mg) at X > 430 nm for 30 min with a 150-W xenon 
lamp. bSee ref 43. 

reactions,38 the lifetime of the HMB cation radical on the CdS, 
Ti02, and ZnO surfaces should decrease in the following order: 
ZnO > Ti02 > CdS, as indicated by the slopes of the linear section 
of the quenching plots ( A  values in eq 7; see captions to Figures 
4-6). The fact that the lifetime of HMB cation radical on ZnO 
surface is then indicated to be longer than that on CdS provides 
one rationalization as to why 1 ,4-dimethoxybenzene quenched up 
to 50% of the ZnO reaction but only - 17% of the CdS reaction 
at  a similar quencher concentration. 

Since the quenching of the HMB cation radical should inhibit 
the chain but, nonetheless, gives the HMB produced from the 
HMDB cation radical, by k6[SC'-/D'+] and since up to -96% 
of the reaction was quenchable, then extremely low concentrations 
of HMB cation radical should be produced by this route. This 
can be essentially rationalized in terms of the, generally ac- 
~eptedd,4*~9"~~ view that only a small fraction of excitons generated 
have a chance to separate into hole-electron pairs a t  high light 
intensity (Le., k,, in Scheme I, is greater than k2). Thus, the fact 
that the reaction is extremely efficient (see Table I) supports the 
view that the reaction proceeds via a chain mechanism. 

However, in contrast to the foregoing, when the reactant and 
quencher rate adsorbed competitively on the same sites together 
with the constant coverage of the solvent, the kinetic quenching 
treatment gives a power-series polynomial e q ~ a t i o n , ~  which we 
were unable to fit to our data. Thus, the compatibility of the 
noncompetitive adsorption model with the isomerization quenching 
data suggests that the noncompetitive adsorption extreme ap- 

~ ~~ ~ ~ 

(38) According to the Einstien-Smoluchowski diffusion theory, and its 
approximation omitting the transfer component, and with the assumption of 
the applicability of Stokes law, the bimolecular quenching constant, klo ,  of 
HMB cation radical adsorbed on the semiconductor by quenching by mole- 
cules discharged from solution is given approximately by39 

where T i s  the temperature, 9 is the solvent viscosity, r, and rq afe the in- 
teraction radii of the HMB cation radical and the quencher, respectively, and 
%and 4 are the Stokes radii for the quencher and the semiconductor particle. 
If we assume, as in homogeneous solution, that r, = rq = R, = a, since R, >> 
a, then eq ii takes the form 

4RT 
30007 

k l o  = - (M-' S I )  (iii) 

in which k l o  is equivalent to half the usual expression and independent of the 
exact size of the semiconductor particle. Accordingly, prouided that the 
quenching efficiencies on contact be the same, the quenching constant, klo,  
for the same quencher would be. expected to be. the same for CdS-, TiO,-, and 
ZnO-mediated reactions. 

(39) (a) Birks, J. B. In Photophysics of Aromatic Molecules; Wiley: New 
York, 1970; p 312. (b) Alwattar, A. H.; Lumb, M. D.; Birk, J. B. In Organic 
Molecular Photophysics; Birks, J. B.; Ed.; Wiley: New York, 1973; p 403. 
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proximates the actual situation on the surface. 
Effects of CdS Samples. CdS of hexagonal (a) and cubic ( p )  

(- 1:l) crystalline forms (Strem, ultrapure, lot no. 16693-S) was 
used in the above experiments. Mau et a].@ have found that the 
crystal structure of the CdS particle influences the yield of hy- 
drogen, with cubic P-CdS acting as a more active catalyst than 
hexagonal a-CdS. Conversely, Matsumura et have observed 
that CdS powder having a hexagonal crystal structure is much 
more efficient as a photocatalyst than that having a cubic one. 
Harvey et have reported different rates and activation energies 
for the oxidation of liquid propan-2-01 on pure anatase, five doped 
rutile, and coated anatase and rutile pigments. Yanagida et al.42 
have reported that ZnS with different surface areas, purities, 
particle sizes, and crystalline forms gave different quantum yields 
for hydrogen production in water/methanol systems. In a previous 
s t ~ d y , ~  we have tested the dimerization of NVC on CdS from 
different sources with different structures, surface areas, and 
purities and have found that the rates varied by a factor of 4, with 
no direct relationship to either the surface areas or the purities 
of the samples. With the same CdS samples the reaction rates 

(40) Mau, A. W.-H.; Hugan, G.-B.; Kakuta, N.; Bard, A. J.; Campion, 
A.; Fox, M. A,; White, J. M. Webber, S. E. J .  Am. Chem. Soc. 1984, 106, 
6537. 

(41) Matsumura, M.; Furukawa, S.; Saho, Y.; Tsubomura, H. J .  Phys. 

(42) Yanaaida, S.; Kawakami. H.; Hashimoto, K.; Sakata, T.; Pac, D.; 
Chem. 1985,89, 1327. 

Sakurai, H. (?hem. Lert. 1984, 1449. 
(43) Ilyas, M.; de Mayo, P. J .  Am. Chem. SOC. 1985, 107, SO93 

for valence isomerization are presented in Table 11; they varied 
by a factor of only 2.3, again with no direct correlation with any 
of the physical properties. 

Conclusions 
The CdS-, Ti02-, and ZnO-photomediated valence isomeri- 

zation of hexamethyl-Dewar benzene to hexamethylbenzene has 
been investigated in methylene dichloride and found to be very 
efficient in all three cases. The effect of varying the concentration 
of HMDB on the rate of reaction at constant semiconductor mass 
showed mixed behavior. This behavior may be rationalized in 
terms of modified LH and ER pathways. A surface cation radical 
chain mechanism, as found in homogeneous systems, has been 
proposed as quantum yields greater than unity were obtained in 
the cases of T i 0 2  and ZnO reactions, and the reaction can be 
quenched very efficiently by electron donors (methoxybenzenes). 
The quenching data has also been rationalized with LH and ER 
pathways; the latter contributed importantly to the overall 
quenching rates. CdS samples with different structures, surface 
areas, and purities were tested and found to affect the reaction 
rates by a factor of 2.3. 
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Temperature-Programmed DesorptPon Study of H2-D2 Exchange on Pt( 11 1) and the 
Role of Subsurface Sites 
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The adsorption of H2 and Dz has been studied on Pt(ll1) by temperature-programmed desorption. Exposures of at least 
1000 Langmuir are required to saturate the surface. Below 120 K there is no exchange between H2(g) (or D2(g)) and D(a) 
(or H(a)) on a fully saturated surface. Above 120 K, isotope exchange occurs readily with an activation energy of 1.1 k 
0.1 kcal mol-’. When the substrate is dosed at temperatures below 250 K the desorption of D, is complete at temperatures 
significantly below those for H2 and HD irrespective of the order of adsorption. This isotope effect is attributed to the preferential 
accommodation of H into the near-surface region of Pt. There is no isotope effect in desorption after dosing above 250 K. 
This is interpreted in terms of surface-subsurface exchange (equilibration) during dosing. Within the framework of this 
model, the activation energy for recombination involving at least one subsurface H or D atom is 1.6 i 0.1 kcal mol-’. 

Introduction 
There is growing evidence for the formation of significant 

amounts of subsurface hydrogen during adsorption and desorption 
of H2 on group VI11 (groups 8-10)16 transition metals (other than 
Pd which is well-known to take up large quantities of hydrogen). 
Recently, Yates and co-workers’ have reported the subsurface 
penetration of hydrogen isotopes into the (0001) surface of Ru. 
In temperature-programmed desorption (TPD) they observed that 
the high-temperature sides of the TPD curves for each of the 
hydrogen isotopes were clearly different. This difference was 
attributed to the preferential accommodation of H atoms into a 
subsurface site. 

The adsorption of hydrogen in sites beneath the surface has 
also been suggested on Cu(lOO), Cu( l1  l), polycrystalline Ni, 
Ni( l1  l ) ,  and Pd(l10) by C o m a  and co-workers2-6 on the basis 
of the velocity distributions measured for desorbing H, and D,. 

(1) Yates, J. T., Jr.; Peden, C. H. F.; Houston, J. E.; Goodman, D. W. 
Surf. Sci. 1985, 160, 37. 

0022-3654/86/2090-4080$0 1.50/0 

C o m a  concluded that the “fast” velocity distribution measured 
was attributable to an elevated potential energy region that existed 
beneath the surface of the metal. 

(2) Comsa, G.; David, R. Surf. Sci. 1982, 117 ,  1 7 .  
(3) Comsa, G.; David, R.; Schumacher, B.-J. Surf. Sci. 1980, 95, L210. 
(4) Comsa, G.; David, R.; Schumacher, B.-J. Surf. Sci. 1979, 85, 45. 
(5) Comsa, G.; David, R. Chem. Phys. Lett. 1977, 49, 512. 
(6) Comsa, G.; David, R.; Rendulic, K. D. Phys. Rev. Letr. 1977, 38, 775. 
(7) Behm, R. J.; Penka, V.; Cattania, M.-G.; Christmann, K.; Ertl, G. J .  

(8) Greuter, F.; Plummer, E. W. Solid State Commun. 1983, 48, 37. 
(9) Eberhardt, W.; Louie, S. G.; Plummer, E. W. Phys. Reu. B. 1983, 28, 

(10) Berhardt, W.; Greuter, F.; Plummer, E. W. Phys. Reu. Lett. 1981, 

( I  1) Greuter, F.; Eberhardt, W.; DiNardo, J.; Plummer, E. W. J .  Vac. Sci. 

(12) Summers, R. L., NASA TN-D5285, NASA, Washington, DC, June 

(13) Christmann, K.; Ertl, G.; Pignet, T. Surf, Sci. 1976, 54, 365. 
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