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Photoinduced Hydrogen Evolution Using Bipyridinium
Salts as Electron Carrier

Sir:

Photochemical redox systems have been proposed for solar
energy utilization.!2 The systems as illustrated in Scheme I,
including a photosensitizer (S), an electron donor (D), and an
electron carrier (C), have been able to evolve hydrogen from water
when a suitable catalyst can be applied. In the course of our
studies,* we found that zinc meso-tris(sulfonatophenyl)porphyrin
(Zn(TPPS,)) exhibits particularly high activity as a photosensitizer
for the photoredox reaction in the system. The electron carrier
employed almost exclusively in these studies is methylviologen
except for a few cases.>® It is desirable to explore other suitable
electron carriers.

In this paper we describe some bipyridinium salts that are more
suitable electron carriers than methylviologen. To clarify why
hydrogen evolution rates are so high when some bipyridinium salts
are used as electron carriers, kinetic studies were carried out by
laser flash photolysis.

Experimental Section. The bipyridinium compounds used as
electron carriers are shown in Figure 1. The compounds A, B,
C, and D were synthesized according to the literature.”® The
sample solution, which consisted of Zn(TPPS;), electron carrier,
2-mercaptoethanol (RSH) as an electron donor, and hydrogenase
as a catalyst in phosphate buffer (pH 7.0), was deaerated by
repeated freeze-pump—thaw cycles. A typical experiment was
performed under anaerobic reaction conditions as follows: to 2.03
X 1077 mol-dm™ of Zn(TPPS;), 0.197 mol-dm™ of RSH, and 1.27
X 10~ mol-dm™ of bipyridinium compound in water was added
the hydrogenase. In these experiments an excess amount of
hydrogenase was used to make the photoreduction of electron
carriers the rate-determining step of the hydrogen evolution. The
volume of the reaction mixture was adjusted to 6.5 mL with 0.02
mol-dm= phosphate buffer (pH 7.0). In the photolysis with
continuous irradiation, the sample in a Pyrex cell equipped with
a magnetic stirrer was irradiated with light from a 200-W tungsten
lamp. Light of wavelength less than 390 nm was cut off by a
Toshiba L-39 filter.

Conventional laser photolysis was carried out by using a Nd-
YAG laser, Model HY-500 from JK Lasers Ltd., equipped with
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Figure 1. Electron carriers. (Values in parentheses indicate the redox
potentials vs. NHE.)
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Figure 2. Time dependence of hydrogen evolution for a sample solution
containing RSH (0.2 mol-dm™3), Zn(TPPS,) (7.03 X 107" mol-dm™3),
bipyridinium salt (1.27 X 10™* mol-dm™3), and hydrogenase (0.5 mL)
irradiated by visible light at 30 °C,
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the second, third, and fourth harmonic generators. The second
harmonic (532 nm), ca. 100 mJ.cm2 with flash duration of 20
nm, was used for excitation of the sample solutions throughout
this study. Analyzing light beams from a xenon lamp (Ushio
UXL-150 D, 150 W) were intensified by a factor of ca. 20 during
the detection of the transient spectra. Transient spectra having
lifetimes longer than 200 us were measured without intensification
of the analyzing light beams. The light beam, after passage
through a sample cell, came into the extrance slit of a mono-
chromator (Model MC-20 N from Ritsu Applied Optical Co.).
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Table [. Kinetic Parameters Obtained from Laser Flash Photolysis

Communications

MV A

B C D

kq/mol“-dm3~s" (1.5 £0.3) x101'° (2.5 £ 1.8) x10°
ky, (relative values) 100 21

400 ns

T = 100%

(b)

100 ps

Figure 3. Oscilloscopic photographs obtained from laser flash photolysis
of an aqueous solution of Zn(TPPS;) (3.03 X 10~* mol-dm) containing
compound C (2.50 X 10 moldm™). The time scale is different in part
a and part b.
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Figure 4. Second-order plot (OD™! vs. t) based on the data shown in
Figure 3b.

The output from a Hamamatsu photomultiplier (R 758) attached
to the exit slit of the monochromator was displayed on a Tektronix
oscilloscope, Model 7904.

Results and Discussion. When an aqueous solution containing
RSH, Zn(TPPS;), bipyridinium salt, and hydrogenase was irra-
diated, hydrogen evolution with a stationary rate was observed
as shown in Figure 2. It is evident that all the compounds shown
in Figure 1 can serve as electron carriers for photoinduced hy-
drogen evolution. Hydrogen evolution rates of the systems for
electron carriers A, C, and D were much greater than that for
methylviologen.

Under the reaction conditions where the rate-determining step
of hydrogen evolution is the step of the photoreduction of electron
carriers, the bipyridinium salts with low redox potentials will be
favorably photoreduced. The order of the rate values, however,
does not always coincide with the order of the redox potentials
of the bipyridinium salts. The rate difference may depend on the

(9.9 £09)x10° (8.7 £1.3) x10° (5.31.2)x10°
38 18 17

efficiency of ion separation of electron transfer from the pho-
toexcited Zn(TPPS;) to the bipyridinium salt, or it may depend
on the difference between the association constants of Zn(TPPS,)
and the bipyridinium salts. The complexes between Zn(TPPS,)
and the viologens such as methylviologen do not take part in the
photoreduction of the viologens, and only uncomplexed Zn(TPPS,)
plays an important role in the reaction.>'> Under the reaction
conditions, however, the greatest part of Zn(TPPS;) is in the
uncomplexed form. To clarify why the rates strongly depend on
the molecular structure of bipyridinium salts, the rate constants
of both the following quenching reaction (eq 1) and the back-
reaction (eq 2) are determined by laser flash photolysis, where

Zn(TPPS;)* + V2* — Zn(TPPS,)* + V* (1)
Zn(TPPS,)* + V* — Zn(TPPS,) + V** )

Zn(TPPS;)* and Zn(TPPS,)* are the photoexcited and oxidized
forms of Zn(TPPS;), respectively, and V2* and V* denote oxidized
and reduced forms of bipyridinium salts, respectively.

As reported previously,'3 the triplet state of Zn(TPPS;) has
markedly long lifetimes, such as 1.6 ms. In the presence of a
bipyridinium salt, the decay rate of the transient spectrum at A,
= 470 nm (the peak wavelength of the T-T absorption band due
to triplet Zn(TPPS;)) increased. In a short period less than 10
us after a laser flash, the decay tendency follows first-order kinetics
(typical oscilloscope traces in the case of compound C are shown
in Figure 3). From the relation between lifetimes and various
concentrations of bipyridinium salts are determined the quenching
rate constants as shown in Table I. These values are close to that
for the diffusion-controlled process.

In the longer periods of more than 10 us, the decay of the
transient spectrum with A, = 470 nm follows second-order
kinetics. A typical oscilloscope trace and the second-order plot
of the curve are shown in Figure 3b and Figure 4. From the
second-order plot (linear plot, OD™! vs. t), the relative back-re-
action rate constants (k) were determined as shown in Table I.
The quenching efficiency of 3Zn(TPPS )* by V2* is expressed as
k,[V**)/(k’ + k,[V**]), where k, is the rate constant for
quenchmg by V2*. As shown in Table I, k, values are close to
those for the diffusion-controlled process, and ko [VE*] > k(6.2
X 10%57Y). So, the quenching efficiency of 3Zn(TPPS3) by V**
is almost unity and does not depend on the types of bipyridinium
salts. On the other hand, k, values strongly depend on them.
When the bipyridinium salts showing the smaller k, values are
used, the higher hydrogen evolution rates were observed. As
compound B does not have enough redox potential to reduce
protons to evolve hydrogen, the hydrogen evolution rate is very
low, though the &, value is relatively small. From the above results,
it is apparent that the back-reaction (recombination reaction) takes
part in the photoinduced hydrogen evolution reaction in these
systems.
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Structural Diversity of Homoleptic Ethane-1,2-dithiolato
Complexes of the First Transition Series
Sir:

The current rapid development of transition-metal thiolate
chemistry has been stimulated primarily by the discovery of a
diversity of structural types with variant nuclearity!™* and the
utility of certain complexes as precursors to new clusters and
cages.>” Despite these advances, the types and structural patterns
of homoleptic thiolate complexes of first transition series elements
in their common oxidation states have not been fully derived. The
present results, in conjunction with previous information,?2:534
provide a close approach to this objective by utilizing as the
common ligand ethane-1,2-dithiolate, whose strong binding leads
to homoleptic species. Because previous complexes of this ligand
have the 2:1 (S,C,H,)*:M™! ratio, this ratio was employed in
the new reaction systems, which are considered in order of in-
creasing atomic number of the metal component. All reactions
and manipulations were performed at ambient temperature under
a pure dinitrogen atmosphere. Structures of reaction products
are shown in Figure 1.

The 2:1:1 Na,(S,C,H,):TiCl,:Et,NBr® reaction system in 50
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Figure 1. Structures of [Ti(S,C,H,)3]1%, [Co(S,C,H,),1%, (Co(S,Co-
H,),]™, and [Cr(S,C,H,),}*", showing 50% probability ellipsoids, atom-
labeling schemes, and selected bond angles and distances.

mL of acetonitrile—after 2 days of stirring and addition of ether
to the cold concentrated filtrate—afforded orange diamagnetic
(Et,N),[Ti(S,C,H,)3].** With this stoichiometry established,
the compound (45%) was prepared more rationally in the 3:1:2
Na,(S,C,H,): TiCl4Et,NBr system in acetonitrile after similar
workup and recrystallization from acetonitrile/ether. Despite the
reaction ratio and anaerobic conditions, the (isolable) product is
a tris-chelate Ti(IV) complex. The oxidation state is an apparent
consequence of the extreme oxidative instability of the Ti(III)
species (E,. = -2.0 V vs. SCE, acetonitrile). (Et,N),[Ti-
(S,C,H,),] crystallizes in orthorhombic space group Pna2, with
a=21.151 (4) A, 5 =9.671 (1) A, c=15.046 3) A,and Z =
4.1%  The anion structure approaches C; symmetry, as evident
from these ranges of angles related under this symmetry, with
one member of a set specified: S(1)-Ti-S(2), 3 at 82.8 (1)-82.9
(1)°; S(1)~Ti-S(3), 6 at 85.8 (1)-89.1 (1)°; S(1)-Ti-S(4), 3 at
105.1 (1)-108.3 (1)°; S(1)-Ti-S(6), 3 at 161.2 (1)-164.7 (1)°.
Distances similarly divide into the sets Ti-S(1,3,5) and Ti-S(2,4,6)
with mean values of 2.434 (4) and 2.419 (1) A. The two S, planes
are nearly parallel (dihedral angle 1.8°), and the projected twist
angles ¢ = 35-42° indicate substantial distortion from octahedral
(¢ = 60°) toward trigonal-prismatic (¢ = 0°) stereochemistry.
The 2:1:2 Na,(S,C,H,):CrCl,:Et,NCI? reaction system in 100
mL of acetonitrile—after 2!/, days of stirring and workup similar
to that of the Ti system—gave violet, highly air-sensitive
(Et,N),[Cr(S,C;H,),]% (45%) upon recrystallization from ace-
tonitrile/ether. The compound occurs in monoclinic space group
C2/cwitha=13.023 (2) A, b =17.369 3) A, c = 12.825 (2)
A, 8=10397 (1)°, and Z = 4.!% Mononuclear [Cr(S,C,H,),]*

(9) Absorption spectra, Ap.., M (ey): (a) (EtyN),[Ti(S,C,H,)3) (aceto-
nitrile) 230 (38 900), 276 (sh, 8480), 355 (9810), 414 (10400), 476 (sh,
4570); (b) (Et,N),[Cr(S,C,;H,),] (DMF) 556 (67), 620 (sh, 52); (c)
(MegN),[Cr,(S,C;Hy),,] (Me,SO) 296 (16 000), S00 (400), 560 (340),
660 (260) (calculated for n = 2); (d) (MeyN);[Co,(S,C,H,)4] (aceto-
nitrile) 316 (15200), 360 (8050), 417 (5070), ~500 (sh, 580), 676
(2920), 708 (sh, 1900), 970 (200), 1200 (180); (e) (n-BuyN),[Ni,-
(S,C,H,);] (acetonitrile) 448 (900), 592 (400).

(10) Data were collected at ambient temperature on a Nicolet R3m or P3F
diffractometer with graphite-monochromatized Mo Ka radiation. Em-
pirical absorption corrections were applied. Structures were solved by
a combination of direct methods and subsequent difference Fourier maps
followed by full-matrix least-squares refinement. Calculations were
performed with use of SHELXTL programs: (a) (Et,N),[Ti(S,C,H,);],
1865 unique data (F,2 > 2.00(F,})), R(R,) = 3.4 (3.4)%; (b)
(Et,N),[Cr(S,C,H,),], 1631 unique data (F,2 > 3a(F,2)), R (R,) = 4.5
(6.0)%; (c) (MegN);[Co,(S,C,Hy)4l, 1695 unique data (7 >2.54(1)),
R (R,) = 5.4 (5.3)%.
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