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ammonium head group of the surfactant. This seems to favor 
a water structure driven attraction between micelles. The at- 
tractive component of the intermicellar potential becomes dom- 
inant a t  high surfactant concentrations, where monomeric sur- 
factant acts as an background electrolyte, screening electrostatic 
repulsions between micelles. Competition between the attractive 
and respulsive components of the intermicellar potential leads to 
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a high critical volume fraction of micelles. 
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Rose bengal, Rb2-, forms a ground-state complex with N,N'-dimethyl-4,4'-bipyridinium, MV2+, with an association constant 
of K, = I1000 i 1 100 M-I. Static electron-transfer quenching of excited Rb2- occurs in the complex structure, but charge 
separation is eliminated due to rapid back electron transfer in the encounter cage complex of photoproducts. In the presence 
of added Si02 colloid particles the [Rb2--MV2+] complex is separated through the selective association of MV2+ to the negatively 
charged colloid interface. Upon illumination of a solution that includes Rb2-, MV2+, and the sacrificial electron donor 
triethanolamine (TEOA) in the presence of SiO, colloid, the photosensitized formation of MV" proceeds effectively, 4 = 
0. I .  Mechanistic studies reveal that TEOA reduces excited Rb2- in the primary electron-transfer process. The intermediate 
photoproducts, TEOA" and RV3-, are stabilized against back-electron-transfer reactions by means of electrostatic interactions 
with the S O 2  interface, leading to the electrical repulsion of RV3- from the colloid interface. The control of the recombination 
process of the intermediate photoproducts leads to the subsequent effective reduction of MV2+. A xanthene dye-bipyridinium 
complex is also formed between eosin, Eo2-, and N,N'-dibenzyl-3,3'-dimethyl-4,4'-bipyridinium, BMV2+, K, = I7000 i 3400 
M-I. The complex is separated by a SiO, colloid that is immobilized with Pd metal catalyst sites. Separation of the complex 
allows charge separation and subsequent H2 evolution (or hydrogenation of ethylene) upon illumination of the microheterogeneous 
assembly in the presence of TEOA. Mechanistic studies show that the SiO, colloid controls the photoinduced electron-transfer 
process, and stabilization of the intermediate photoproducts against the back-electron-transfer process is achieved. 

Photosensitized electron-transfer reactions (eq 1 )  provide a 
general route for the conversion of light energy into chemical 
potential.'-3 Numerous examples of the subsequent utilization 

( 1 )  

of the redox products in H2 e v ~ l u t i o n , ~ - ~  C 0 2  hy- 
drogenation of unsaturated substrates,l03'l regeneration of natural 

A + D 2 A- + D+ 
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cofactors and subsequent  biotransformation^,'^-^^ and NO< fix- 
ationf5 have been reported in recent years. The photosensitized 
electron-transfer process from the light absorbent, S ,  to an electron 
acceptor, A, is limited by the electron-transfer quenching efficiency 
and separation yield of the primary encounter cage complex of 
photoproducts (eq 2). Subsequently, the back-electron-transfer 
process of the separated photoproducts (eq 3) degrades the energy 

(2) 
k, 4, 

(3) S+ + A- --. S + A 
stored by the photoproducts and limits the yield of usable redox 
products. Various organized microenvironments composed of 
micelles,'618  liposome^,'^*^^ polyelectrolytes,2' charged ~ o l l o i d s , ~ ~ , ~ ~  

S* + A --- [S+.-A-] S+ + A- 
&b 
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or micro emulsion^^^ have been designed to control vectorial 
electron-transfer reactions, i.e., improve the electron-transfer 
quenching, assist the charge separation, and retard the back- 
electron-transfer reactions. In these systems electrostatic and/or 
hydrophilic-hydrophobic interactions between the redox products 
and the organized microenvironment result in controlling effects 
on the photosensitized electron-transfer process. 

F r e q ~ e n t l y , ~ ~  formation of ground-state photosensitizer-electron 
acceptor complexes (eq 4) is a further limitation in photosensitized 
electron-transfer reactions. Formation of such donor-acceptor 
complexes results in static electron-transfer quenching of the 
excited photosensitizer. Although the quenching process is ef- 
ficient, the resulting encounter complex of photoproducts is sta- 
bilized by interactions similar to those operative in the ground 
state, and consequently, rapid recombination in the cage structure 
takes place (eq 5). Previous studies have exemplified that mi- 

celles26 and cyclodextrin2’ receptors can be used as microenvi- 
ronments that effect the separation of such photosensitizer-ac- 
ceptor assemblies. In  these systems selective association of one 
of the complex components to the micellar interface or to the 
cyclodextrin receptor cavity by means of electrostatic or hydro- 
philic interactions results in the complex dissociation. Here we 
wish to report on the formation of ground-state complexes between 
xanthene dyes and bipyridinium salts as electron acceptors.2s We 
demonstrate the effects of Si02 colloids on the separation of these 
complexes and highlight the possibility of driving effective pho- 
tosensitized electron-transfer reactions and subsequent H2 evolution 
in the microheterogeneous organized environment. 

Experimental Section 
N,N’-Dibenzyl-3,3’-dimethyl-4,4’-bipyridinium, BMV2+, was 

prepared by the reaction of 3,3’-dimethyL4,4’-bipyridine with 
benzyl bromide. A 500-mg (2.7-mmol) sample of 3,3’-di- 
methyL4,4’-bipyridine was added to I O  mL of benzyl bromide. 
The mixture was refluxed under argon atmosphere for IO h. After 
cooling, acetone was added to the mixture until a white precip- 
itation appeared. The white precipitate was filtered and washed 
three times with acetone (yield 75%). The product gave satis- 
factory elementary analysis. 

All other reagents of the highest purity were of commercial 
source (Aldrich or Sigma) and were used without further puri- 
fication. The colloidal Si02 (1%)  was prepared by diluting a 
commercial 14.5% Si02 colloid (50-A particle diameter, surface 
area 600 m2@, particle concentration 1.7 X IO-* M; Nalco 
Chemical Co., Oak Brook, IL).  

Absorption spectra were recorded with a Uvikon 860 (Kontron) 
spectrophotometer. Emission spectra were obtained with a Uvikon 

~~ ~~~~ _ _ _ ~ ~  ~~ 
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SFM 25 fluorimeter. Flash photolysis experiments were performed 
with a DL 200 (Molectron) dye laser pumped by a UV-14 
(Molectron) nitrogen laser, and the traces were recorded on a 
2430A Tektronix digital oscillocope. Hydrogen analysis was 
performed by gas chromatography (HP  5890) using a SA-MS 
column, thermal conductivity detector, and argon as carrier gas. 
Ethane analysis was performed on a Tracor 540 gas chromato- 
graph using a Porapak T-column, a flame ionization detector, and 
nitrogen as carrier gas. 

Redox potentials of BMV2+ and Rb2- were measured with a 
BAS CV-27 cyclic voltammograph. Electrochemical experiments 
were performed in 0.1 N phosphate buffer aqueous solution (pH 
= 6.5) using paraffin oil-carbon paste electrode (BAS) as working 
electrode and Ag/AgCI as reference electrode. Continuous il- 
luminations were performed with a 250-W xenon arc lamp. (Light 
was filtered through a Kodak 2C filter, X > 400 nm, and infrared 
radiation was filtered through a CuS04  filter.) The incident 
photon flux was determined by Reinecke salt a ~ t i n o m e t r y ~ ~  to be 
(1.7 f 0.5) X einstein.L-’.min-’. Size, shape, and elementary 
composition of Pd/Si02 colloids were determined with a Jeol 200 
CX electron microscope combined with a Link 860. 

Continuous illumination experiments were performed in a glass 
cuvette equipped with a stopper and stirring bar. For MV2+ 
reduction experiments, samples that included 1 % Si02 aqueous 
colloid (3 mL), TEOA ( 1  X IO-’ M), Rb2- ( 1  X M), and 
MV2+ ( 1  X IOy3 M), pH = 9.3, were illuminated under argon 
atmosphere. The systems were not buffered to eliminate high ionic 
strength and reduction of the surface potential of the Si02 colloid. 
No changes in the pH of the systems were detected during the 
course of illumination. Sodium chloride (0 ,  0.005,0.0!, 0.05, and 
0.1 M) was added to the systems to vary ionic strength. Hydrogen 
and ethane evolution experiments were performed in similar cu- 
vettes containing 1% Si02 colloid suspensions (3 mL) that included 
TEOA ( 1  X M), BMV*+ (1 X 

M), and Pd(N03)2.2H20 (1.3 X lod M) (pH = 9.3). Every 
10-15 min, 100-pL gas samples were withdrawn for gas analysis. 
All the experiments were performed after flushing the cuvettes 
with argon for 30 min. Hydrogenation of ethylene was performed 
through injection of ethylene (500 kL) into the gaseous phase (2 
mL) of the H, evolution photosystem. 

Back-electron-transfer reactions and electron-transfer quenching 
were followed by means of laser flash photolysis experiments. For 
electron-transfer quenching of Rb2- by TEOA, an aqueous solution 
(pH = 9.3) that included Rb2- ( 1  X M) in the presence and 
absence of 1% Si02 colloid was flashed at X = 440 nm at different 
TEOA concentrations, and the lifetime of triplet Rb2- was followed 
at X = 630 nm. Back-electron-transfer processes were followed 
in aqueous solutions (pH = 9.3) that included TEOA ( 1  X IO-’ 
M) and Rb2- ( 1  X M) in the absence and presence of 1% 
Si02 colloid. Excitation of the system was at X = 440 nm; Rb’3- 
was followed at X = 415 nm. 

Results and Discussion 
Complex Formation between Rose Bengal and Methylviologen. 

Addition of N,N’-dimethyl-4,4’-bipyridinium, methylviologen, 
MV2+ ( l ) ,  to an aqueous solution of rose bengal, Rb2- (2), results 

M), eosin Y, Eo2- (1 X 

+.. 71 Y yo:o; Y 
I 

Rl x x 

1 (MV2+):  R ,  = C H , ;  R, = H 
3 (BMV2+):  R, = C H 2 9 ;  R2 = C H I  
4 (BV2+): R ,  = C H 2 9 ;  R, = H 

2 (Rb2-): X = I;  Y = CI 
5 (Eo2-): X = Br; Y = H 

(29) Wenger, E. E.; Adamson, A .  W .  J .  Am. Cfiem. SOC. 1966,88, 394. 
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Figure I .  Absorption spectra (A) and differential absorption spectra (B) 
of rose bengal (5.9 X IOd M) in the presence of methylviologen: (a) 0. 
(b) 2.65 X (d) 1.06 X IO4, (e) 2.12 X IO4, and ( f )  (c) 5.9 X 
3.7 x 10-4 M. 

in the formation of a dye-acceptor complex. The formation of 
the complex can be followed spectroscopically (Figure 1).  It is 
evident that an isosbestic point is formed upon addition of MV2+ 
to the dye solution, implying the formation of a 1:1 complex (eq 
6). From the changes in the absorption spectra of the dye at 

( 6 )  

different MV2+ concentrations, the association constant of the 
complex30 is determined to have a value of K, = 1 1000 f 1100 
M-1. 

The formation of the dye-electron acceptor complex can also 
be followed by the fluorescence quenching process of the dye. 
Figure 2A shows the fluorescence intensity decrease of rose bengal 
upon addition of MV2+. It is reasonable to assume that static 
quenching of the excited dye occurs in the complex structure and 
that the observed fluorescence at different MV2+ concentrations 
originates only from noncomplexed dye. If one uses this as- 
sumption, the fluorescence intensity, F, at any electron acceptor 
concentration (when [MV2+] >> [Rb2-]) will be given by eq 7, 

Rb2- +- MV2+ ,& [RbZ- ...MVZ+] 

F o / F  = K,[MV2+]; [MV"] >> [Rb2-] ( 7 )  

(30) Benesi, H. A.; Hildebrand, J .  H. J .  Am.  Chem. SOC. 1949. 71, 2703. 

[MV"] 1 105M 

Figure 2. (A) Emission spectra of rose bengal (5.9 X IOd M) in the 
presence of methylviologen: (a) 0, (b) 2.6 X (d) 1.04 
X (e) 1.56 X IO4, ( f )  1.82 X IO4, (g) 2.6 X IO4, and ( h )  3.12 X 

M. (B)  Stern-Volmer plot for the fluorescence quenching of rose 
bengal by MV2+: (a) in the absence of Si02 colloid; (b) in the presence 
of 1% w / w  SiOz colloid. 

where Fo is the fluorescence intensity of the dye in the absence 
of quencher and K, is the association constant of the formed 
complex (eq 6). Figure 2B shows the plot of Fo/F  vs the con- 
centration of MV2+. A linear relationship is indeed observed, and 
the derived association constant corresponds to K, = 10800 f 1100 
M-l in excellent agreement with the value derived by the spec- 
trophotometric method. The formation of the [Rb2--.MV2+] 
complex is attributed to electrostatic attraction of the bipyridinium 
salt to the negatively charged dye. 

Addition of a S O 2  colloid to an aqueous solution (pH = 9.3) 
of the complex [Rb2--MV2+] results in the dissociation of the 
complex. This is evidenced by restoring the absorption spectrum 
(Figure 3)  and fluorescence properties of the free dye upon ad- 
dition of the S O 2  colloid. The silanol groups at the surface of 
the Si02particles are partially ionized at pH = 9.3. Consequently, 
the colloid particles are negatively charged and exhibit a surface 
potential of -170 mV.22b,3' Thus, the separation of the 
[Rb2--MV2+] complex by the Si02 colloid is attributed to elec- 
trostatic interactions between the complex components and the 
microheterogeneous environment. The positively charged electron 
acceptor component, MV2+, is attracted by the S O 2  interface while 
the negatively charged component, Rb2-, is repelled by it. As a 
result of the selective association of MV2+ to the colloid particles, 
the complex is separated and the original photophysical properties 

(c) 5.2 X 

(31) (a) The Chemistry ofs i l ica;  Her, R. K., Ed.; Wiley: New York, 
1979. (b) The Electrical Double Layer Around a Spherical Colloid Particle; 
Loeb, A. L., Overbeek, J .  T. G., Wiersema, P. H., Eds.; M.I.T. Press: Cam- 
bridge, MA.  1961. 
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Figure 3. Separation of [ Rbz--.MVZ+] complex. Differential absorption 
spectra of rose bengal (5 X IOd M) in the presence of methylviologen: 
(a)  1.06 X IOms, (b) 2.1 X (c) 4.2 X and (d) 4.2 X M, 
with added 0.15% w / w  SiOz colloid. 

TABLE I: Effect of Ionic Strength on the Photosensitized Reduction 
of MV*+ in the Microheteroeeneous SiO, Photosystem’ 

[NaCI], M )Ir! mV kb: M - ’ d  % free dye 
0 -170 0.10 6.4 X lo8 =IO0 
0.005 -98 0.034 1 X IO9 95.1 
0.0 I -89 0.027 9 X IO9 91.9 
0.05 -69 0.019 1 X 10” 81.4 
0.1 -60 0.012 70.1 
no SiOz colloid 0.0008 4 X IO’O 8.3 

‘In all systems [Rb2-] = 1 X M, [MV2+] = 1 X IO-’ M, and 
[TEOA] = 1 X M; SiOz colloid (1% w/w). *Calculated by 
Gouy-Chapman equation (with Stern modification), eq 8. ‘Calculated 
by the transient decay curves of Rb”- at A = 415 nm. 

of the dye are restored. We confirmed that electrostatic inter- 
actions induced by the Si02 colloid are operative in the separation 
of the complex by altering the ionic strength of the colloid medium. 
The surface potential of the Si02 colloid is strongly affected by 
the ionic strength of the medium.31 The effect of ionic strength 
on the colloid surface potential, qS, is expressed by the Gouy- 
Chapman equation (with Stern’s modification), eq 8, where us 

is the charge density, & the surface potential, D the dielectric 
constant, C the total molar concentration of the electrolyte, F the 
Faraday constant, R the gas constant, and T the absolute tem- 
perature. Thus, the surface potential of the Si02 colloid decreases 
as the ionic strength of the environment increases. Consequently, 
if  separation of the [Rb2--MVZ+] complex by the SiOz colloid 
operates through electrostatic interactions, we anticipate that the 
effectiveness of the complex separation by the colloid should 
decrease as the ionic strength of the medium increases. Namely, 
since addition of the salt reduces the surface potential of the colloid 
particles, the electrostatic interactions between the microhetero- 
geneous system and the complex components are weakened and 
the effectiveness of the complex dissociation is reduced. 

Table I shows the effect of added salt on the surface potential 
of the Si02 colloid and the effects on the separation efficiency 
of the [Rb2--MV2+] complex. Without added salt the surface 
potential of the colloid corresponds to -170 mV, and a complete 
separation of the complex is effected. At a salt concentration of 
[NaCI] = 0.1 M, the surface potential of the SO2 is reduced to 
-60 mV and only 70% of the complex is separated, implying that 
electrostatic interactions are operative in the separation of the 
complex [ Rb2--MV2+]. 
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Figure 4. Rate of MV’+ formation at time intervals of illumination. All 
systems included rose bengal ( 1  X M), TEOA (1 X lo-) M), and 
MV2+ ( 1  X IO-’ M), pH = 9.3: (a) in homogeneous solution; (b) in the 
presence of 1% w/w Si02 colloid; (c) with added salt, [NaCI] = 0.005 
M; (d) with added salt, [NaCI] = 0.01 M; (e) with added salt, [NaCI] 
= 0.05 M. 

Photosensitized Reduction of Mp+ by Rb2- in the Presence 
of 30, Colloid. The possibilities of applying reduced bipyridinium 
salts as electron carriers for hydrogen e v ~ l u t i o n , ~ * ~  COz fixation,’ 
and hydrogenation processesIO in the presence of heterogeneous 
catalysts, Le., Pt, Rh, Pd, and Ru, evoke interest in the development 
of photochemical systems for the reduction of bipyridinium salts. 
Photoreduction of bipyridinium electron acceptors using transi- 
tion-metal complexes, Le., Ru(bpy)?+ or Zn porphyrins, or organic 
dyes, Le., acridines, as photosensitizers and in the presence of 
sacrificial electron donors has been the subject of extensive research 
a ~ t i v i t i e s . ~ ~  

We have examined the photosensitized reduction of MV2+ using 
RbZ- as photosensitizer and triethanolamine as sacrificial electron 
donor. Continuous illumination of this photosystem (A > 400 nm) 
results in the inefficient reduction of MV2+ to MV’+, 4 = 8 X 

(Figure 4a). Thus, although the quenching of the excited 
dye is effective, due to the dye-electron acceptor complex, the 
yield of the separated photoproduct is very low. This originates 
from the rapid recombination of the photoproducts in the en- 
counter cage complex that is stabilized by similar attractive in- 
teractions operative in the ground state (eq 9). On the other hand, 

(9) 

illumination of the photosystem composed of Rb2-, MV2+, and 
triethanolamine in the presence of the S O 2  colloid (1% w/w) 
results in the effective photoreduction of MV2+. Figure 4b shows 
the rate of MV’+ formation at  time intervals of illumination in 
the presence of Si02 colloid. The quantum yield for MV’+ for- 
mation corresponds to + = 1 X IO-1 and is ca. 125-fold higher 
than the quantum efficiency in the homogeneous photosystem that 
lacks the microheterogeneous environment. It is evident that 
separation of the ground-state photosensitizer-electron acceptor 
complex, [Rb2--MV2+], affects the effective photoreduction of 
MV2+. Further experiments that examine the effects of ionic 
strength on the rate of MV’+ formation in the presence of the Si02 
colloid (Figure 4c-e) emphasize the significance of dissociating 
the ground-state complex to obtain effective reduction of MV2+. 
It is evident that as the ionic strength of the system increases, the 
rate of MV2+ reduction in the presence of the Si02 colloid declines. 
These results are consistent with our previous observations where 
increase of ionic strength reduced the capability of the SiOz to 
separate the photosensitizer-relay complex. We thus conclude 
that the formation of the ground-state [RbZ--MV2+] complex is 
destructive toward the reduction of MV2+ (eq 9), but its separation 
by the microheterogeneous Si02 colloid leads to a subsequent 
effective photoreduction of MVZ+. 

To account for the effective photoreduction of MV2+ in the 
presence of the Si02 colloid, we have characterized the photo- 

hu 

k b  
[RbZ- ...MV2+] e [Rb*- ...MV*+] 

~~ 

(32) (a) Kalyanasundaram, K. Cmrd .  Chem. Reu. 1982, 46, 159. (b) 
Harriman, A.; Porter, G.; Richoux, M.-C. J .  Chem. Soc., Faraday Truns. 2 
1981,77,833. (c) Kalyanasundaram, K.; Dung, D. J. Chem. Phys. 1980,84, 
2551. (d) Krasna, A. I. Photochem. Photobiol. 1979, 29, 261. 
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Figure 5. Transient decay of semireduced rose bengal, RV3- to Rb2- 
followed at X = 415 nm ([Rb2-] = 1 X lO-'M; [TEOA] = 1 X IO-' M): 
(a) in aqueous 1 %  w / w  Si02 colloid, pH = 9.3; (b) with added me- 
thylviologen, I X IO-' M .  pH = 9.3. 

physical properties of Rb2- as well as the sequential electron- 
transfer process in  the microheterogeneous system by means of 
laser flash photolysis. The triplet lifetime of Rb2- in a homoge- 
neous aqueous phase (pH = 9.3) is T = 61 K S .  In the presence 
of the Si02 colloid ( 1  '70) the lifetime of the excited triplet state 
is slightly shortened to the value T = 43 M S .  Quenching experi- 
ments reveal that the triplet excited Rb2- is quenched by MVZ+ 
(eq I O ) ,  as well as by TEOA (eq 1 I ) ,  in the microheterogeneous 
SiOz assembly. The quenching rate constants of triplet Rb2- by 
MV2+ and TEOA are 1.18 X I O 7  and 2.9 X IO7 M-'.s-I, re- 
spectively. The oxidative quenching process of the triplet Rb2- 
by MV2+ (eq 10) does not yield any transient photoproducts, 
presumably due to rapid back electron transfer in  the encounter 
cage complex of photoproducts. Reductive quenching of triplet 
Rb2- by TEOA (eq 1 1 )  is kinetically favored over the oxidative 

3RbZ- + MV2+ [Rb'- ...MV'f] (10) 

3Rb2- + TEOA - RV3- + TEOA" ( 1  1) 

process and indeed leads to separated photoproducts. The reduced 
dye, Rb'3-, is thermodynamically capable of reducing MV2+ 
[Eo(RW3-/Rb2-) = -0.6 V; Eo(MV'+/MV2+) = 0.42 VI, and thus 
the dark reduction of the electron acceptor (eq 12) follows the 
primary electron-transfer process. Figure 5a shows the transient 
absorbance of Rb"- (followed at h = 415 nm), formed upon 
flashing the dye in the presence of TEOA. Figure 5b shows the 
transient absorbance of the reduced dye, Rb'3-, formed upon 
flashing the photosensitizer in the presence of TEOA and added 
MVZ+. We see that in  the presence of MV2+ a rapid decay of 
the reduced dye occurs (koh = 3.4 X IO7 M - k ] ) .  The decay of 
the reduced dye is thus attributed to the reduction of the electron 
acceptor, MV2+, by Rbo3- (eq 12).  

Rbg3- + MV2+ - Rb2- + MV" 

We note that the photoproducts formed in the primary elec- 
tron-transfer quenching process (eq 1 1) exhibit opposite electric 
charges. Thus, we anticipate that the charged microheterogeneous 
system will electrostatically interact with the photoproducts: the 
oxidized photoproduct, TEOA", will be attracted by the Si02 
interface, while the reduced photoproduct, Rb'3-, will be repelled 
by the interface. Such electrostatic interactions could significantly 
effect the recombination of the intermediate primary photopro- 
ducts (eq 13). As the reduced photoproduct is repelled by the 

(13) Rb'3- + TEOA" - RbZ- + TEOA 

colloid interface, the back-electron-transfer reaction of the in- 
termediate photoproducts is anticipated to be retarded. Figure 
6a shows the transient absorbance of Rb*)- in the microhetero- 

(12) 

kb 
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Figure 6.  Transient decay of semireduced rose bengal, Rb"- to Rb2- 
followed at X = 415 nm ([Rb2-] = I X M; [TEOA] = 1 X IO-' M): 
(a) i n  the presence of 1% w/w Si02 colloid, pH = 9.3; (b) with added 
salt, [NaCI] = 5 X M, pH = 9.3; (c) in a homogeneous aqueous 
solution, pH = 9.3. 

geneous Si02 system. The decay curve represents the back- 
electron-transfer process with the oxidized photoproduct. The 
bimolecular back-electron-transfer rate constant corresponds to 
kb = 6.4 X IO8 M-'.s-'. Figure 6b shows the effect of added salt 
on the transient decay of RW3- in the microheterogeneous system. 
The recombination rate constant at [NaCI] = 5 X M is 1 
X 1Olo M - ' d  and is 1.6-fold higher than the recombination rate 
in the absence of added salt. For comparison, the decay curve 
of Rb'3- with TEOA" in a homogeneous phase is given in Figure 
6c and corresponds to a recombination rate constant kb = 4.0 X 
IO'O. We thus conclude that the recombination process of the 
photoproducts is also controlled by means of the Si02 colloid: The 
negatively charged microheterogeneous interface attracts the 
oxidized photoproduct while the reduced photoproduct is repelled 
by the colloid interface. These selective electrostatic interactions 
retard the back-electron-transfer rate and stabilize the photo- 
products against recombination. Consequently, the subsequent 
reduction of MV2+ by RW3- (eq 12) competes effectively with the 
back-electron-transfer process. The effect of added salt on the 
recombination rate constants highlights the importance of these 
electrostatic interactions in controlling the back-electron-transfer 
process. At high ionic strength the surface potential of the SiOz 
colloid is reduced, and therefore the electrostatic attractive/re- 
pulsive interactions with the photoproducts are weakened. This 
leads to enhanced back electron transfer of the primary photo- 
products. 

Table I summarizes the quantum yields of MV" formation 
under steady continuous illumination, the percentage of free 
photosensitizer, and the recombination rate constants of the 
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interface effects the dimerization process. From the dimerization 
equilibrium constant and the absorbance of the dimer band at  X 
= 366 nm, we estimate that the mean concentration of MV'+ in 
the diffuse double layer of the S O 2  colloid is 0.12 M. The MV'+ 
attracted by the Si02 colloid is not in geminate contact with the 
negatively charged groups of the Si02 colloid. We view the 
concentration of MV'+ at the SO2 interface as a diffuse double 
layer in the vicinity of charged colloid particles.30b The production 
of localized, highly concentrated regions of the reduced photo- 
product in the microheterogeneous system might be of substantial 
value for subsequent catalytic transformations. Immobilization 
of metal catalysts onto the Si02 colloid and localization of the 
reduced photoproduct at the colloid interface provide an organized 
assembly for effective sequential catalytic electron-transfer pro- 
cesses. 

Eosin Photosensitized H 2  Evolution from the Microhetero- 
geneous S i02  Colloid. The Si02 colloid operates in  controlling 
the photosensitized reduction of bipyridinium relay compounds 
by xanthene dyes in basic aqueous media (pH > 9). To effect 
H2 evolution at this pH the reduced relay should exhibit a re- 
duction potential of EO = -0 .531  v vs NHE as a thermodynamic 
requirement. N,N'-Dimethyl-4,4'-bi~yridinium radical cation, 
MV'+, does not exhibit the corresponding reduction potential 
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Figure 7. Absorption spectra of the photoproducts of MV2+ obtained at 
15-s time intervals of illumination of an aqueous solution containing 1% 
w/w Si02 colloid, pH = 9.3. [Rb2-l = 1 X lo-' M; WOAI = 1 x lo-' 
M. 

primary photoproducts in the microheterogeneous Si02 photo- 
system that includes different concentrations of added salt. The 
surface potential of the Si02 colloid in the different systems is 
also provided. It is evident that as the ionic strength of the system 
increases, the surface potential of the colloid decreases. We also 
note that as the surface potential of the colloid is reduced, the 
quantum yield for MV'+ formation decreases, the percentage of 
separated photosensitizer from the ground-state [Rb2--MV2+] 
complex is reduced, and the recombination rate constant of the 
primary photoproducts is enhanced. Thus, we conclude that the 
microheterogeneous Si02 system provides two important com- 
plementary functions in controlling the photosensitized reduction 
of MV2+ in the photosystem that includes Rb2- as photosensitizer: 
(i) i t  effects the separation of the ground-state complex 
[Rb2--MV2+]. Separation of this complex occurs through selective 
electrostatic interactions between the charged colloid interface 
and the complex components. The separation of the complex 
eliminates internal cage recombination and allows charge sepa- 
ration. (ii) The charged Si02 colloid stabilizes the primary 
photoproducts against back-electron-transfer reactions through 
the selective repulsion of the reduced photoproduct from the colloid 
interface that attracts the positively charged oxidized products. 
These two functions complement one another in effecting the high 
quantum yield for MV'+ in the microheterogeneous environment. 

A further aspect to consider involves the distribution of the 
reduced product, MV'+, in the microheterogeneous Si02 system. 
The reduced product is positively charged and thus is anticipated 
to be associated with the colloid interface. Figure 7 shows the 
spectral properties of the reduced product a t  time intervals of 
illumination. Interestingly, the absorbance spectra of the pho- 
togenerated products are composed of bands at X = 394 and 602 
nm characteristic of MV'+ and an additional band at X = 366 
nm. This latter band has been previously ascribed33 to a dimer 
aggregate of MV", (MV'+),. In a homogeneous aqueous phase 
aggregation is observable only at high concentration of the mo- 
nomer radical. The equilibrium constant for the aggregation 
process has the value Kd = 385 M-' 34 (eq 14). We realize that 

aggregation of the reduced photoproduct to form the dimer 
( MV'+)2 indeed occurs in the microheterogeneous system. The 
aggregation originates from electrostatic association of the reduced 
photoproduct at the negatively charged Si02 interface. This results 
in a nonuniform distribution of MV'+ in the microheterogeneous 
system, and the high local concentration of MV'+ at the colloid 

(33 )  Neta, P.; Richoux, M.-C. J .  Chem. Soc., Faraduy Trans. 2 1985.81, 
1427. 

(Eo(MV'+/MV2+) = -0.42 V), and thus its applicatidn in this 
system as electron-transfer mediator for H2 evolution should be 
excluded. We have designed an approach to tailor the reduction 
potentials of viologen type electron acceptors by means of sub- 
stituents of steric hindrance in positions 3 and 3' of the bi- 
pyridinium backbone. Steric hindrance in positions 3 and 3' is 
anticipated to distort the two pyridinium rings from planarity.3s 
Upon reduction of the bipyridinium array, the two rings are forced, 
however, to a planar configuration to maintain effective T-T 

overlap and resonance delocalization. Thus, bulky substituents 
at positions 3 and 3' of the bipyridinium salt introduce steric 
hindrance for the planar conformation, and consequently the 
reduction process of the bipyridinium salt is more difficult. 
Namely, the reduced photoproduct should exhibit a more negative 
reduction potential as compared to the unsubstituted relay. 
Following this rationale, we have synthesized N,N'-dibenzyl- 
3,3'-dimethyL4,4'-bipyridinium dibromide, BMV2+ (3), by al- 
kylation of 3,3'-dimethyL4,4'-bipyridine with benzyl bromide. The 
reduction potential of BMV2+ corresponds to Eo(BMV'+/BMV2+) 
= -0.670 V vs NHE. For comparison, the reduction potential 
of N,N'-dibenzyL4,4'-bipyridinium, BV2+ (4), is Eo(BV'+/BV2+) 
= -0.340 V, implying that steric hindrance in the bipyridinium 
backbone indeed lowers the reduction potential of the resulting 
radical. Thus, BMV2+ could act as electron acceptor in micro- 
heterogeneous Si02 colloids (pH = 9.3), and its reduced photo- 
product, BMV'+, is thermodynamically capable of mediating H2 
evolution from this basic environment. Rose bengal in its reduced 
form, Rb'3-, is, however, not capable of reducing BMV2+ ( E O -  

(Rb'*/Rb2-) = -0.60 V vs NHE). Thus, the xanthene dye, Rb2-, 
was substituted by eosin Y ,  Eo2- (5), which exhibits in its reduced 
form a proper thermodynamic potential to reduce BMV2+, E o  
= (Eo+/Eo2-) = -0.8 V vs NHE.36 Eosin, Eo2- (5), forms a 
ground-state complex with BMV2+ (eq 15). The association 

Eo2- + BMVz+ [Eo2--BMV2+] (15)  

constant of the complex [ Eo2--BMV2+] has been determined 
spectroscopically and by fluorescence quenching to have the value 
K ,  = 17000 f 3400 M-I. The complex is separated by the SiO, 
colloid through selective association of 3 to the colloid interface 
and concomitant repulsion of the xanthene dye. Illumination of 
an aqueous SiO, colloid that includes eosin, Eo2-, as photosen- 
sitizer, BMV*+ as electron acceptor, and TEOA as sacrificial 
electron donor results in the formation of BMV'+ through a 
sequence of reactions outlined in eqs 16 and 17. 

(34) Kosower, E. M.; Cottes, J .  L. J .  Am. Chem. SOC. 1964, 86, 5224. 
(35)  (a) Hunig, S.; Gross, J.; Schenk, W. Justus Liebigs Ann. Chem. 1973, 

(36) Moser, J . ;  Gratzel, M .  J .  Am. Chem. Soc. 1984, 106, 6557. 
324. (b) Hunig, S.; Gross, J .  Tetrahedron Leu. 1968, 2599. 
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Eo2- + TEOA - Eo'3- + TEOA" (16) 

Eoa3- + BMV2+ - Eo2- + BMV" (17) 

To design the photocatalytic microheterogeneous assembly for 
H2 evolution, immobilization of a metal catalyst onto the Si02 
colloid is desired. Illumination of an aqueous SiO, colloid that 
includes Eo2- as photosensitizer, BMV2+ as electron acceptor, and 
TEOA as sacrificial electron donor in the presence of Pd2+ ions 
(1.3 X IOd M Pd(NO&) results in the formation of a brown 
colloid and concomitant H2 evolution from the system. The rate 
of H2 evolution from the system is displayed in Figure 8.  The 
brown colloid formed upon illumination of the system was dialyzed 
after H2 evolution commenced, and the resulting colloid was 
analyzed by electron microscopy. The TEM picture of the colloid 
reveals that the Si02 particles (40-70-A diameter) are covered 
with dark spots and often several Si02 particles aggregate around 
a dark catalyst site. No separated free dark particles are detected 
in the TEM. Electron dispersion spectroscopic analysis of the 
particles shows that the dark spots are composed of Pd. Thus, 
the Pd catalyst is immobilized onto the Si02 particles upon illu- 
mination of the photosystem. The selective immobilization of the 
metal catalyst (Pd) on the Si02 particles originates from elec- 
trostatic attraction of Pd2+ ions to the microheterogeneous in- 
terface. The reduced photoproduct formed upon the photosen- 
sitized electron-transfer process, BMV", reduces the Pd2+ asso- 
ciated with the Si02 surface (eq 18) and results in  the micro- 

2BMV'+ + Pd2+ - 2BMV2+ + Pdo (18) 

heterogeneous catalytic assembly. Introduction of the dialyzed 
Si02-Pd colloid into an aqueous photosystem that includes Eo2-, 
the electron acceptor, BMV2+, and TEOA results, upon illumi- 
nation, in H2 evolution, implying that the colloid composed of Pd 
deposited onto Si02 acts as the H2 evolution catalyst. 

In view of the previous discussion, the effect of the Pd/Si02 
colloid on H2 evolution can be summarized as follows: The SiOa 
colloid effects, by means of electrostatic interactions, the separation 
of ground-state eosin-relay complex (eq 15) and subsequently 
retards the recombination rate of the photogenerated photopro- 
ducts (eq 19). The stabilization of the photoproducts against back 
electron transfer allows the effective formation of BMV'+ which 
mediates H2 evolution in the presence of the Pdo catalyst (eq 20). 

Eo''- + TEOA" - Eo2- + TEOA (19)  

(20) 2BMV'+ + 2H+ - 2BMV2+ + H2 
The mechanism of H2 evolution at metal interfaces has been 

extensively explored. It involves the primary charging of the metal 
with electrons transferred by the reduced relay.37 The charged 
metal, acting as electron sink, reduces protons to form metal bound 
H atoms. Dimerization of hydrogen atoms at  the metal surface 
leads to H2 evolution. Kinetic studies have indicated that the 
dimerization of hydrogen atoms on the metal surface is a relatively 
slow proce~s. l~*~'  Thus, in the presence of a substrate that utilizes 
effectively the metal bound H atoms, hydrogenation of the sub- 

Pdo 

Willner et al. 

(37)  Willner, 1.; Mandler, D. J .  Am.  Chem. Sac. 1989, 111, 1330. 
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Figure 8. Rate of hydrogen production at time intervals of illumination 
of aqueous systems containing eosin Y ( 1  X M), TEOA (1  X 1 0-3 
M), and BMV2+ ( I  X M), pH = 9.3: (a) in the presence of 1 %  w/w 
S O 2  colloid; (b) in a homogeneous solution. 

strate competes with the H2 evolution process. This characteristic 
of the H2 evolution process has been applied in the photoinduced 
hydrogenation of unsaturated substrates and hydrogenation of 
HCO< to formate. We find that the microheterogeneous Si02-Pd 
assembly that includes Eo" as photosensitizer, BMV2+ as electron 
acceptor, and TEOA as sacrificial electron donor can be similarly 
applied for the effective hydrogenation of ethylene. Illumination 
of this photosystem in the presence of ethylene results in the 
effective formation of ethylene (C2H6), 9 = 1.1 X IOe3, and no 
H2 evolution occurs. The effective formation of ethane is at- 
tributed to hydrogenation of ethylene by "in situ" generated Pd-H 
species, a process that competes with the H2 evolution process. 

Conclusions 
Xanthene dyes form ground-state dye-bipyridinium complexes 

that eliminate the application of these dyes as photosensitizers 
for the photoreduction of bipyridinium electron acceptors. A 
microheterogeneous Si02 colloid provides an organized micro- 
environment for controlling the photosensitized reduction of bi- 
pyridinium electron acceptors with xanthene dyes. (i) The mi- 
croheterogeneous assembly separates the ground-state dyeelectron 
acceptor complex by the selective attraction of the positively 
charged complex component to the colloid interface. (ii) The 
microheterogeneous system provides a means to stabilize the 
photoproducts against back-electron-transfer reactions, and (iii) 
it localizes the reduced photoproduct at the colloid interface. These 
functions lead to the effective photoreduction of the bipyridinium 
salts. 

We have also revealed photochemical means for the immobi- 
lization of metal catalyst onto Si02 colloids. Concentration of 
the reduced electron acceptor at the colloid-metal interface, 
through electrostatic interactions, provides an organized catalytic 
assembly for H2 evolution and photohydrogenation processes. 
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