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Eth_yl-, propyl-, and n-butyl-viologens are found to 
be electron carriers for photoinduced hydrogen 
production and also can be cofactors of hydrogenase. 
As these viologens are photoexcited by visible light 
irradiation or sunlight, simpler systems without 
another photosensitizer can be developed for the 
photochemical utilization of solar energy. 

Introduction 

Photochemical redox systems have been developed 
for the purpose of utilization of solar energy. Recent 
works have shown that three component systems 
containing a photosensitizer, an electron donor and 
an electron carrier can be used to evolve hydrogen 
from water when a suitable catalyst is present [ 11. 
Hydrogenase is available as a catalyst for this process. 
The electron carrier employed almost exclusively in 
these studies is methyl viologen (1 ,l ‘-dimethyl4,4’- 
bipyridinium chloride): the reduced form of methyl 
viologen has not only a sufficient redox potential 
to reduce water into hydrogen, but it also serves as 
a cofactor of hydrogenase. It is desirable to explore 
other suitable electron carriers. The aim of the 
present investigation was to determine whether 
materials such as ethyl-, propyl-, and n-butyl- 
viologens can serve as electron carriers for hydro- 
gen production and also can be cofactors of hydro- 
genase . 

Though methyl viologen is not photoexcited by 
visible light irradiation or sunlight, ethyl-, propyl, 
n-butyl-viologens are photoexcited by sunlight radia- 
tion. We report here a system where these viologens 
are photoreduced by visible light in the presence 
of an irreversible electron donor. In this system vio- 
logens serve not only as an electron carrier but also 
as a photosensitizer. We attempted to reduce water 
to hydrogen by the use of the modified electron 
transfer system which combines an electron donor 
and viologen Photo-irradiation system and a catalyst 
for hydrogen production. 
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Experimental 

Materials 
All chemicals were obtained from Tokyo Kasei 

Kogyo Co. and were of the highest available purity. 
Ethyl-, propyl-, and n-butyl-viologens were synthe- 
sized according to the literature [2]. Hydrogenase 
from Desulfouibrio vulgaris (Miyazaki type) was 
purified according to Yagi’s method [3].. The con- 
centration of hydrogenase is not known, but it has 
the ability to produce 1.9 ~01 of hydrogen by the 
reaction system: hydrogenase (0.5 ml) - methyl 
viologen (1.78 X 10” mol) - NazSz04 (2.87 X 
lo-’ mol) in 6.0 ml of 0.1 M Tris-HCl buffer (pH 
7.0) at 30 “C for 10 min. 

Measurement Procedure 
The sample solution consisted of zinc-tetraphenyl- 

porphyrintrisulfonic acid (Zn-TPP$, if included) 
as a photosensitizer, viologen dye, 2-mercaptoethanol 
(RSH) as an electron donor, and hydrogenase (if 
included) in Tris-HCl buffer (PH 7.0). It was 
deaerated by repeated freeze-pump-thaw cycles, and 
irradiated continuously with light from a 200 W tung- 
sten lamp. Light of wavelength less than 350 nm was 
removed by a Toshiba UV-35 filter. A portion of the 
evolved hydrogen was collected via a sampling valve 
and analyzed by g.1.c. 

Results and Discussion 

Hydrogen Evolution from Reduced Viologens with 
Hydrogenase 

The investigation was carried out to determine 
whether ethyl-, propyl-, and n-butyl-viologens can be 
cofactors of hydrogenase. A typical hydrogen evolu- 
tion experiment was performed as follows under 
anaerobic conditions at 30 “C. To viologen dye (ca. 
1.8 X lo7 mol) and NazSz04 (2.87 X low5 mol), 
0.5 ml of hydrogenase was added. The mixture was 
adjusted to 6.0 ml with 0.1 M of Tris-HCl buffer 
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Fig. 1. Time dependence of hydrogen evolution with violo- 
gen - NasS204 (4.79 X 10d3 M) - hydrogenase (0.5 ml) 
system. n : ethyl viologen (3.41 X 10F5 M); 0; propyl violo- 
gen (3.45 x lo-’ M); o: n-butyl viologen (3.31 X lOA5 M). 
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Fig. 2. Dependence of hydrogen evolution rate on viologen 
concentration. n : ethyl viologen; 0: propyl viologen; 0: 
n-butyl viologen; reaction conditions are the same as in 
Fig. 1. 

(pH 7.0; this value is suitable for hydrogenase). 
Time dependence of hydrogen evolution is shown 
in Fig. 1, from which it is evident that all the violo- 
gens used in this experiment can be cofactors of 
hydrogenase. The amount of hydrogen evolved 
increases gradually and reaches a constant value. 

As shown in Fig. 2 the initial rate increases 
with any viologen dye concentration. As viologen 
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Fig. 3. Relation between [S]/fland [S]. l : ethyl viologen; 
.: propyl viologen; o: n-butyl viologen. 

dye is a one electron transfer agent, two molecules 
of viologen are needed for the production of one 
molecule of hydrogen. Consequently, the following 
hydrogen evolution mechanism is considered. 

K 
EtSiEES 

K 
ES+S-ES -2 

k 
ES2 + 2H+- E + 2S,, + H2 

where E is an enzyme, and S and S,, are the reduced 
and oxidized form of the substrate, respectively. 
K is the equilibrium constant and k the rate cons- 
tant. 

At the first step, the substrate combines with the 
enzyme and an ES complex is formed, another sub- 
strate combines with ES to form ES2. It is assumed 
that the equilibrium constants in these two steps are 
the same. The ES2 complex can give two electrons to 
protons to form hydrogen, and the complex itself 
returns to its original form. 

On the basis of the above mechanism the rate, V, 
is expressed as follows: 

kK2 [S12 

’ = (1 + K[S] y 

or 
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TABLE I. Kinetic Parameters Calculated from the Slopes and the Intercepts in Fig. 3. 

19 

methyl viologen ethyl viologen propyl viologen n-butyl viologen 
- 

K/lo4 M-’ 1.6 * 0.3 6.9 + 2.2 1.1 + 2.4 5.0 * 1.6 
k/10m7 min-’ mol 6.3 + 1.0 5.6 * 0.8 6.3 + 0.9 5.9 ?; 0.4 
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Fig. 4. Time dependence of reduced viologen concentration 
by the irradiation of viologen-Zn-TPPSs (1.08 X 10e6 
M)-RSH (2.0 X 10-l M) system. 0: ethyl viologen (1.50 X 
10” M); 0: propyl viologen (1.27 X lop4 AI); 0: n-butyl 
viologen (1.22 X lop4 M). 

An [S] /& vs. [S] plot is shown in Fig. 3. Good 
linear relations were obtained, which supports the 
above mentioned mechanism. Although the [S] /V 
vs. [S] plot on the basis of the first order kinetic 
equation, 

WSI 
v= 

1 +K[S] 

was also tried, there were some deviations. From 
the slopes and the intercepts, k (turnover number) 
and K for hydrogen evolution are calculated as shown 
in Table I. Though k values do not depend on the 
types of viologens, K values of ethyl-, propyl-, and 
n-butyl-viologens are larger than that of methyl vio- 
logen. Consequently, ethyl-, propyl-, and n-butyl- 
viologens are apt to form enzyme-substrate 
complexes (ES). 

Photoreduction of Viologens and Hydrogen Evolu- 
tion with Hydrogenase 

When an aqueous solution containing Zn-TPPSs, 
viologen dye and 2-mercaptoethanol (RSH), was 
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Fig. 5. Hydrogen evolution by the irradiation of viologen- 
Zn-TPPSs (1.08 X low6 IV-RSH (2.0 X 10-l M)-hydro- 
genase (0.5 ml) system. n : methyl viologen (4.37 X 10e4 
M); o: ethyl viologen (4.49 X 10e4 Mj; 0: propyl viologen 
(4.45 x 10e4 kf); q : n-butyl viologen (4.89 X 10V4 MI 

irradiated, the growth of the cation radical of 
viologen was observed. As shown in Fig. 4, the con- 
centration of viologen radical increased rapidly at 
the beginning of the reaction and reached a constant 
value. The conversions at constant values are 90%, 
60% and 56% for ethyl-, propyl-, and n-butyl- 
viologens respectively. The difference of the cons- 
tant values with the type of viologens may depend 
on the difference of photoinduced-viologen reduc- 
tion rates and the backward reaction rates. 

As these viologens are photoinduced and can be 
cofactors of hydrogenase, they will serve as elec- 
tron carriers of hydrogen evolution. When hydro- 
genase was added to the solution containing Zn- 
TPPSs, viologen dye and RSH, hydrogen evolu- 
tion was observed (shown in Fig. 5). It is evident 
that all the viologens used in this experiment can 
serve as electron carriers for photoinduced hydrogen 
evolution. Hydrogen evolution rates with the sys- 
tems with methyl- and ethyl-viologens were greater 
than those of propyl- and n-butyl-viologens. The 
rate order is almost the same as the photoreduction 
rates of viologens. Thus the rate determining step 
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TABLE II. Hydrogen Evolution by the Irradiation of Viologen-RSH (3.9 X 10-l M)-Hydrogenase (0.5 ml) System. 

Time/h ethyl viologen propyl viol0 
-$ 

en 
(4.49 x 1o-3 M) (4.54 x 10 M) 

n-butyl viologen 
(4.40 x 1o-3 M) 

8 0.14 bum01 0.14 pm01 0.06 pmol 
16 0.29 0.22 0.15 
24 0.26 0.30 0.16 

3d= 1.06 0.78 0.66 

%radiation of sunlight instead of tungsten lamp. 
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Fig. 6. Time dependence of reduced viologen concentration 
by the irradiation of viologen-RSH (4.3 X 10-l M) system. 
0: ethyl viologens (4.87 X lop3 M);m: propyl viologen (4.93 
X 10e3 M); 0: n-butyl viologen (4.77 X 10m3 M). 

of photoinduced hydrogen evolution is the step of 
the photoreduction of viologens (under our experi- 
mental conditions). 

Photoreduction of Viologen Dyes without Zn-TPPS3 
and Hydrogen Evolution with Hydrogenase 

When an aqueous solution containing viologen 
dyes and RSH was irradiated, the growth of the 
corresponding cation radicals of ethyl-, propyl-, and 
n-butyl-viologens, (respective absorption bands at 
603, 601, 600 nm) were observed. As shown in Fig. 
6, the concentration of the reduced form of viologen 
dyes increased almost linearly with irradiation time. 

These viologens are photoexcited by the irradiation 
of visible light and photoreduced in the presence 
of RSH. 

Hydrogen is evolved as a result of water reduction 
on the addition of hydrogenase to the photo-irradia- 
tion system which contains viologen dye and RSH, 
as shown in Table II. Hydrogen evolution was also 
observed by the irradiation by sunlight instead of 
the tungsten lamp. Thus these viologens serve not 
only as photosensitizers but also as electron carriers, 
and two component redox systems are developed 
for photochemical utilization of solar energy. 
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