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Abstract

Bisviologen-linked ruthenium(I1) complexes with different methylene chain length between ruthenium complex and
viologen, Ru(bpy),(dcbpy)C, VAC.Vg(m= 2, n=3; m= 3, n = 4), were synthesized and characterized. From luminescence
spectra, the photoexcited state of Ru(bpy),(dcbpy) moiety is oxidatively quenched by the bound viologen, and an
intramolecular electron transfer occurs. Luminescence lifetime measurements show that the electron transfers from the
photoexcited state of ruthenium(l) complex moiety to the bound bisviologen more rapidly than that of monoviologen-linked
ruthenium(l1) complexes. Ru(bpy),(dcbpy)C,VAC,Vg were applied to the photoinduced hydrogen evolution in the system
containing nicotinamide-adenine dinucleotide phosphate (reduced form, NADPH), Ru(bpy),(dchpy)C,V,C Vg and hydroge-
nase under steady state irradiation. In the case of Ru(bpy),(dcbpy)C.V,C Vg, the efficient photoinduced hydrogen evolution

was observed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photoinduced hydrogen evolution from water
has been studied extensively using a system
composed of four components: electron donor
(D), photosensitizer (P), electron carrier (C) and
catalyst as shown in Scheme 1 [1-4]. Among
inorganic photosensitizers, ruthenium trig(2,2'-
bipyridine) derivatives are the suitable com-
pounds for photoinduced hydrogen evolution
system, because ruthenium complexes possess
properties such as photostability in water, high
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extinction coefficients in the visible region, and
relatively long-lived excited states.In this reac-
tion, the reduction of electron carrier is one of
the important steps. In the four-component sys-
tem, however, the diffusional electron transfer
step from photoexcited photosensitizer to elec-
tron carrier occurs leading to the low yield of
charge separation state. To improve this system,
the longer lifetimes of charge separated states
between photosensitizer and electron carrier are
desired. Charge separation processes have been
extensively studied in acceptor-linked photosen-
sitizer systems [5-15]. In these artificial sys
tems, such as a viologen-linked ruthenium(ll)
complex, the intramolecular electron transfer
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Scheme 1. Photoinduced hydrogen evolution system.

from ruthenium complex moiety to binding vio-
logen competes with the rapid back electron
transfer from acceptor to photosensitizer leading
to the shortlived charge separated state [12—14].
To achieve the long-lived charge separated states
in the model systems, the suppression of the
back electron transfer is required. The charge
separation is stabilized by a multistep electron
transfer in a series of acceptors arranged in a
fashion analogous to the electron transfer chain
in photoreaction center. Among the viologen-
linked ruthenium complexes, bisviologen-linked
ruthenium complexes, in which two viologens
with different redox potentials are connected
covaently, are suitable compounds to establish

HOOCG

/

the effective photoinduced hydrogen evolution
system, because photoinduced two-step electron
transfer from photoexcited ruthenium complex
moiety to acceptor may occur, and back elec-
tron transfer is suppressed.

In this paper, bisviologen-linked ruthenium
(I1) complexes, Ru(bpy),(dcbpy)C V,C Vg (m
=2, n=3 m=3, n=4), (the structures are
shown in Fig. 1), were synthesized and charac-
terized by spectroscopic measurements. As the
reduction of NADP to NADPH occurs with the
concomitant oxygen evolution in photosynthe-
sis, NADPH was used as an electron donor in
the artificial photoinduced hydrogen evolution
system. Bisviologen-linked ruthenium(Il) com-

MCONH(CHZ)&D—@J(CHZ)&D—@JCH@

Ru(bpy),(dcbpy)CrVaCrVe
m=2, n=3; m=3, n=4

+ /= =\ +
CONH(CHz)mNQ——@N(CHQ)MCHS

\
N

RuZ Ru(bpy)z(dcbpy)CrVaCy
\ m=2, n=3; m=3, n=4

Fig. 1. Structures of Ru(bpy),(dcbpy)CV,C Vg and Ru(bpy),(dcbpy)C,VAC,..
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plexes were applied to photoinduced hydrogen
evolution system containing NADPH, Ru
(bpy) (dcbpy)C,V,C,V; and hydrogenase.

2. Materials and methods
2.1. Materials

All reagents were of anaytical or of the
highest grade available. 4,4-Dimethyl-2,2"-bi-
pyridine (dmbpy), 4,4'-dicarboxy-2,2'-bipyridine
(dcbpy), hbisviologen-linked 4-carboxy-2,2'-bi-
pyridine-4'-carbodiimide ((dcbpy)C,V,C.V;s)
and Ru(bpy),Cl, - nH,O were prepared as de-
scribed previously [16—19].

2.2. Preparation of bis- and monoviologen-lin-
ked ruthenium(l1) complexes

The tris(bipyridylruthenium(ll) complexes
were prepared by refluxing Ru(bpy),Cl, - nH,O
with either (dcbpy)C.V,C,V; or (dcbpy)-
C,V,C,Vg in 1:1 EtOH:H,0O under argon. The
reaction was monitored by UV-vis spec-
troscopy. The Ru(ll) complexes were applied to
a neutral alumina column to remove the impu-
rity and starting material (1:1 acetone:ethanol).
The product was eluted as a orange band with
methanol eluent. After removal of solvent under
vacuum, the orange compound was dissolved in
25 mmol dm~3 Tris—HCI buffer (Tris, tristhy-
droxymethyl)aminomethane) (pH 7.4) and ap-
plied to a SP Sepharose Fast Flow cation
exchange column (Pharmacia). The desired
product was eluted with alinear gradient from 0
to 1 mol dm~3 NaCl as a single peak. Monovio-
logen-linked ruthenium(ll) complexes (Ru-
(bpy) (dcbpy)C,V,C,) were synthesized analo-
gously to the preparation of bisviologen-linked
ruthenium(I1) complexes.

2.3. Purification of hydrogenase

Hydrogenase was purified from Desulfovib-
rio vulgaris (Miyazaki) according to the litera-

ture [20]. Protein concentration was determined
using the following molar absorption coeffi-
cient: &£ =155 mmol ~* dm® cm~*! at 280 nm.

2.4. Spectroscopic measurements

UV —vis absorption spectra were measured in
25 mmol dm~2 Tris—HCI buffer (pH 7.4) using
a Shimadzu MultiSpec-1500 spectrometer.

'H-NMR spectra were recorded on a Varian
GEMINI-200. The chemical shifts were refer-
enced to the solvent peak calibrated against
tetramethylsilane (TMS).

The luminescence spectra were measured in
25 mmol dm~3 Tris—HCl buffer (pH 7.4) at
room temperature using a Hitachi F-4000 spec-
trometer. The absorbance at the excitation
wavelength was kept constant at 0.3 for all the
sample solutions in these experiments.

Luminescence lifetime measurements were
carried out by using time-correlated single-pho-
ton-counting (Horiba NAES-500 spectrometer)
under argon.

2.5. Photoinduced hydrogen evolution under
steady state irradiation

For the steady-state irradiation, the sample
solution in a Pyrex cell was irradiated using 200
W tungsten lamp (Philips KP-8) at 30°C. Light
of wavelength less than at 390 nm was removed
by Toshiba L-39 cut-off filter. The sample solu-
tion containing NADPH (2.0 mmol dm™3),
Ru(bpy),(dcbpy)C,V,C Vg (10 pwmol dm™3)
and hydrogenase (0.15 wmol dm~3) in 3.0 ml
of 25 mmol dm~3 Tris—HCI buffer (pH 7.4)
was deaerated by repeated freeze-pump-thaw
cycles and then incubated for 5 min under ar-
gon. Evolved hydrogen was detected by gas
chromatography (Shimadzu GC-14B, detector:
TCD, column: active carbon).

2.6. Determination of kinetic parameters

Hydrogen evolution was measured in the
presence of dithionite-reduced Ru(bpy),-
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(dcbpy)C,V,C, Vg in a 5-ml test tube sealed
with Septa at 30°C under argon. The sample
solutions contained Ru(bpy),(dcbpy)C,V,C Vg
and dithionite (20 mmol dm~3) in 4 ml of 25
mmol dm~2 Tris—=HCl buffer (pH 7.4). The
reaction was started by injecting a small volume
of hydrogenase solution (final conc.; 37 nmol
dm™3).

3. Results and discussion

3.1. Photophysical properties of Ru(bpy),-
(dcbpy)C, V,C, Vs and Ru(bpy),(dcbpy)C, pAC,

The absorption maxima of Ru(bpy),-
(dcbpy)C,VAC Vg, Ru(bpy),(dcbpy)C, V,C,
and Ru(bpy),(dcbpy) are listed in Table 1. As
an example, the absorption spectra of Ru
(bpy) ,(dcbpy)CVAC Vg, Ru(bpy),(dcbpy)
C.V,C, and Ru(bpy),(dcbpy) are shown in
Fig. 2. The absorption spectra of Ru
(bpy),(dcbpy)C,V,C.Vy and Ru(bpy),
(dcbpy)C,V,C, are similar to that of
Ru(bpy) ,(dcbpy), with exception of the slightly
broadening of MLCT band. Launikonis et al.
[21] reported that the substitution of bpy to
dcbpy leads to the broadening of MLCT band
in ruthenium complexes. In the Ru(bpy),-
(dcbpy)C,V,C Vg and Ru(bpy),(dcbpy)-
CV,C,, MLCT band may be broaden due to
the substitution of dcbpy to (dcbpy)C,V,C V5.
From the absorption spectra, no electronic inter-

Table 1
Wavelength of absorption maxima of Ru(bpy),(dcbpy)
C.VaC,Vg, Ru(bpy),(dcbpy)C VAC,, and Ru(bpy),(dcbpy)

Compound

Wavelength of absorption

maxima (nm)
Ru(bpy),(dcbpy) 244 287 458
Ru(bpy),(dcbpy)C,VACs 249 285 452
Ru(bpy),(dchpy)C4VAC, 254 285 454
Ru(bpy),(dcbpy)CVaCaVe 255 284 454
Ru(bpy),(dchpy)CVAC Vg 255 283 455

25
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Fig. 2. Absorption spectra of Ru(bpy),(dcbpy)CoVAC Vg (@),
Ru(bpy),(dcbpy)C 4V, C, (b) and Ru(bpy),(dcbpy) (c) in 25 mmol
dm™3 Tris—HCI buffer (pH 7.4).

action between the Ru(bpy),(dcbpy) site and the
bound bisviologen may occur in the ground
state. The absorption maximum of the
dithionite-reducedRu(bpy) ,(dcbpy)C ,V,C Vg
was at 540 nm (data not shown). In the case of
the reduced Ru(bpy),(dcbpy)C,V,.C,, the ab-
sorption maximum was at 605 nm. These results
suggest that the intramolecular interaction be-
tween V, and Vg may occur. Similar observa-
tion was demonstrated by Atherton et a. [22]. It
was examined that the intramolecular associa-
tion of covalently linked viologen radical via
methylene chain occurred.

The photoexcited states of Ru(bpy),-
(dcbpy)C,V,CVy and Ru(bpy),(dcbpy)C,. -
V,C,, were studied using the luminescence emi-
ssion spectra. As an example, the luminescence
spectra of Ru(bpy),(dcbpy)C,V,C Vs, Ru
(bpy),(dcbpy)C.V,C, and Ru(bpy).,(dcbpy)
are shown in Fig. 3. For Ru(bpy),(dcbpy)C, V.-
C Vg, the shapes of the luminescence spectra of
Ru(bpy) (dcbpy)C, V,C,Vy were the same as
that of Ru(bpy).(dcbpy). However, the lumines-
cence intensity of Ru(bpy),(dcbpy)C, V,C, Vg
was lower than that of Ru(bpy).(dcbpy). This
result indicates that the photoexcited state of
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Fig. 3. Luminescence spectra of Ru(bpy),(dcbpy)CyVAC Vg (@),
Ru(bpy),(dcbpy)C4V,C, (b) and Ru(bpy),(dcbpy) (c) in 25 mmol
dm~3 Tris-HCI buffer (pH 7.4). The excitation wavelength was
450 nm. Inset shows the magnified Y-axis of Fig. 3.

Ru(bpy)(dcbpy) site is oxidatively quenched by
the bound bisviologen due to an intramolecular
electron transfer and no electronic interaction
occurs between the Ru(bpy) (dcbpy) moiety and
the bound bisviologen in the photoexcited state.
In addition, the intensity of Ru(bpy),(dcbpy)
C,V,C,Vy was lower than that of Ru(bpy),-
(dcbpy)C,V,C,,, indicating that the photoex-
cited ruthenium complex moiety in Ru(bpy).,-
(dcbpy)C,V,C,V; is more efficiently quenched
than that in Ru(bpy)(dcbpy)CV,C..

3.2. Luminescence lifetimes of Ru(bpy).,-
(dcbpy)C, V.C.V;

The photoexcited state lifetime of Ru(bpy),-
(dcbpy)C,V,C,V; was measured by time-corre-
lated single photon counting. The results are

Table 2

listed in Table 2. As an example, the lumines-
cence decays of Ru(bpy),(dcbpy)CV,C Vg
and Ru(bpy),(dcbpy)C,V,C, are shown in Fig.
4. For Ru(bpy),(dcbpy), the luminescence de-
cay was first order kinetics and the excited
lifetime was determined as 507 ns. For the
mono- and bisviologen-linked ruthenium com-
plexes, the Iuminescence decays of Ru
(bpy) (dcbpy)C,V,C.V; and Ru(bpy),(dcbpy)
C.V,C, were much shorter than that of
Ru(bpy)(dcbpy) due to the quenching of pho-
toexcited Ru(bpy),(dcbpy) moiety by the bound
viologen. This result also indicates that the ox-
idative quenching of photoexcited state of Ru
(bpy)(dcbpy) site is the major deactivation
pathway of the photoexcited state. In the case of
mono- and bisviologen-linked ruthenium com-
plexes, the decays obeyed double exponential
kinetics. The reason of two components of life-
time is explained as follows. For the mono- and
bisviologen-linked ruthenium complexes, there
may be two conformers. In quinone-linked por-
phyrins and viologen-linked porphyrins, two
conformers are proposed by Siemiarczuk et al.
[23] and Batteas et a. [24]. The proposed con-
formation is as follows. The fast process may be
attributed to electron transfer between proximal
partners. In this conformation, the acceptor is
held in close proximity to porphyrin, so that
rapid process occurs. On the other hand, the
slow process may be associated with conforma:
tion in which the bound acceptor is kept some
distance away from the porphyrin.

The shorter component of photoexcited life-
times (7,) of Ru(bpy),(dcbpy)C V,C Vg is
shorter than that of Ru(bpy).(dcbpy)C, V,C,,
indicating that the photoexcited ruthenium com-
plex moiety in Ru(bpy),(dcbpy)C, V,C.V; is

Luminescence lifetimes of Ru(bpy),(dcbpy)C,VAC,Vg and Ru(bpy),(dcbpy) C,VAC,

Compound Toono (10729

This (107°9)

Ru(bpy),(dchbpy)C,V,Cq
Ru(bpy),(dcbpy)C4V,C,
Ru(bpy),(dcbpy)C,V,CaVg
Ru(bpy),(dcbpy)CaV,AC Vg

7. 3.9 (86%), 7,: 11.6 (14%)
7. 3.7(83%), 7,1 18.6 (17%)

75 1.5(86%), 7,: 6.9 (14%)
7o 1.2 (76%), 7,: 20.9 (24%)
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Fig. 4. Luminescence decays of Ru(bpy),(dcbpy)C.VAC Vg (8
and Ru(bpy),(dcbpy)CuVAC, (b) in 25 mmol dm™3 Tris—HCl
buffer (pH 7.4). The excitation wavelength was 350 nm.

quenched by V, and Vg as shown in Scheme 2,
where Ru®" represents Ru(bpy).(dcbpy) moi-
ety.

From Scheme 2, the intramolecular electron
transfer rate constants (Ko, Kop) Can be deter-
mined from the measured lifetime of photoex-
cited ruthenium complexes according to Egs.
(1) and (2).

1 1 )
This,s  Td
1 1
k .= - — (2)

7-mono, s 7-d

kbis = koql + koq2 =

where 7, is the excited state lifetime of the
viologen free ruthenium(l1) complex. 7., ad
Thiss A€ the shorter components of excited state
lifetimes of the mono- and bisviologen-linked

Kog1
(Ru2+)*Vp-Vg — & (Ru2+)*-Vo™-Vp

L
(Ru2+)*-Vp-Vg~

Scheme 2.

Table 3

Intramolecular electron transfer rates of Ru(bpy), (dcbpy)-
C,VAC Vg and Ru(bpy),(dcbpy)C,VAC,

Compound Kogr (108 s71)  Kyqp (10% 571
Ru(bpy),(dcbpy)C,V,Cq 2.54

Ru(bpy),(dcbpy)C,VAC, 2.68

Ru(bpy),(dcbpy)C,V,CoVy  2.54 4.10
Ru(bpy),(dcbpy)C3V,C, Vg 2.68 5.63

ruthenium complexes, respectively. The appar-
ent intramolecular electron transfer rate (k) in
Ru(bpy),(dcbpy)C,V,C,V; represents as fol-
lows, Kpis = Kog1 + Kogo- Asthe ko valueisthe
same as the intramolecular electron transfer rate
in Ru(bpy),(dcbpy)C,VAC,,, Koq represents as
shown in Eq. (2). The intramolecular electron
transfer rate constants are given in Table 3.

The electrochemical measurements showed
that the two step electron transfer from the
photoexcited state of ruthenium complex to
bisviologen may occur [18]. On the other hand,
the luminescence lifetime measurements suggest
that the electron transfers from the photoexcited
ruthenium complex moiety to V, and V. These
results indicate that the two step electron trans-
fer may occur with the concomitant electron
transfer from the photoexcited state of ruthe-
nium complex moiety to V, and Vg.

3.3. Photoreduction of bound viologen in
Ru(bpy).(dcbpy)C, V,C, Vs

When the solution containing NADPH and
Ru(bpy) (dcbpy)C, V,C .V, was irradiated, the
absorbance due to reduced bisviologen in-
creased. As an example, the absorption spec-
trum change of Ru(bpy),(dcbpy)CV,CV; at
540 nm is shown in Fig. 5. The reaction was
completed within 6 min. On the other hand,
when Ru(bpy),(dcbpy)C,V,C, was used, no re-
duction of the bound viologen was observed.
These results suggest that the bound bisviologen
in  Ru(bpy),(dcbpy)C,V,C.V; molecule is
more easily reduced than that in Ru(bpy),-
(dcbpy)C,V,C,, due to the suppression of the
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Fig. 5. Time dependence of the absorption change of
Ru(bpy),(dcbpy)C,V,C Vg under steady-state irradiation moni-
tored at 540 nm. The solution contains 2.0 mmol dm~3 of
NADPH and 10 wmol dm~2 of Ru(bpy),(dcbpy)CVAC Vg in 25
mmol dm~2 Tris—HCl buffer (pH 7.4).

back electron transfer from reduced viologen to
the ruthenium complex moiety.

3.4. Photoinduced hydrogen evolution with hy-
drogenase

When the solution containing NADPH,
Ru(bpy),(dcbpy)CV,C Vg and hydrogenase
was irradiated, the photoinduced hydrogen evo-
lution was observed. Fig. 6 shows the time
dependence of the photoinduced hydrogen
evolution. In the case of Ru(bpy),(dcbpy)-
CV,CVg, however, no photoinduced hy-
drogen evolution was observed. For Ru
(bpy),(dcbpy)C,V,C.Vg, as the distance be-
tween Ru(bpy),(dcbpy) moiety and the bound
viologen is shorter than that of Ru(bpy),-
(dcbpy)CV,C Vg, the steric hindrance of Ru
(bpy),(dcbpy)C,V,C.V; may be larger than that
of Ru(bpy),(dcbpy)C.V,C,Vg. This result indi-
cates that Ru(bpy),(dcbpy)CV,C Vg may be
the more suitable substrate for hydrogenase than
Ru(bpy),(dcbpy)C_V,C.V;. By using the sys
tem containing NADPH, Ru(bpy),(dcbpy)-
C,.V,C, Vg and hydrogenase, the effective pho-
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Fig. 6. Time dependence of photoinduced hydrogen evolution
under steady state irradiation. The solution contains 2.0 mmol
dm~2 of NADPH, 10 wmol dm~2 of Ru(bpy),(dcbpy)CVAC Vg
and 0.15 wmol dm~2 of hydrogenase in 25 mmol dm~—2 Tris—HCl
buffer (pH7.4) (@). For the monoviologen linked ruthenium
complex system, the solution contains 2.0 mmol dm~2 of NADPH,
10 pmol dm~2 of Ru(bpy),(dcbpy)CVAC, and 0.15 wmol dm~3
of hydrogenase (a).

toinduced hydrogen evolution was accom-
plished compared with the Ru(bpy)(dcbpy)C -
V,C, system.

4

w
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Fig. 7. Dependence of hydrogen evolution rate on the concentra-
tion of dithionite-reduced Ru(bpy),(dcbpy)C,VAC Vg (B: m= 2,
n=3 @ m=3 n=4). The sample solutions contains
Ru(bpy),(dcbpy)C,VAC, Vg, dithionite (20 mmol dm~2) and hy-
drogenase (37 nmol dm~2) in 4.0 ml of 25 mmol dm~2 Tris—HCl
(pH 7.4).
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Fig. 8. Lineweaver—Burk plot for hydrogen evolution rate of
hydrogenase with dithionite-reduced Ru(bpy),(dcbpy)C VAC Vg
(m: m=2n=3 @ m=3 n=4).

3.5. Substrate affinity of
(dcbpy)C,,V,C,V; for hydrogenase

Ru(bpy).,-

For the more detailed information on pho-
toinduced hydrogen evolution using Ru
(bpy) (dcbpy)C,V,C,V; and hydrogenase, ki-
netic studies were carried out. In the presence of
dithionite-reduced Ru(bpy),(dcbpy)C  V,-
C,Vg, hydrogen evolution with hydrogenase
was observed. Hydrogen evolved linearly with
reaction time. Fig. 7 shows the dependence
of the initial rate of hydrogen evolution on
the concentration of dithionite-reduced Ru
(bpy),-(dcbpy)C,V,C V. Theinitia rate of hy-
drogen evolution increased with increasing the

concentration of Ru(bpy),(dcbpy)C, V,C Vg
and reached constant values. In the system
containing dithionite-reduced Ru(bpy),(dcbpy)-
C.VAC, Vg and hydrogenase, the substrate
affinity constants (K,,), maximum velocity
(V. 5), catalytic constants (k) and catalytic
efficiency (k. /K,,) were determined from the
double reciprocal plots as shown in Fig. 8. The
results are listed in Table 4. The k_,/K,, value
of Ru(bpy),(dcbpy)C,V,C,V; is higher than
that of Ru(bpy),(dcbpy)C,V,C,Vg, indicating
that Ru(bpy)(dcbpy)C,V,C,Vg is more suit-
able compound for hydrogen evolution than Ru
(bpy) (dcbpy)C,V,C,V;. From these results, as
Ru(bpy) (dcbpy)C,V,C,V; has high affinity for
hydrogenase compared with Ru(bpy).(dcbpy)
C,V,C,Vg, the efficient hydrogen evolution
proceeded by using Ru(bpy)(dcbpy)C,V,C,V;.
This result coincides with that of photoinduced
hydrogen evolution in the system containing
Ru(bpy) (dcbpy)C,,V,C,Vy and hydrogenase.
In the case of Ru(bpy),(dcbpy)C,V,C,Vg, as
the distance between the ruthenium complex
moiety and the bound viologen is long enough,
the bound viologen can be easily away from the
ruthenium complex moiety leading to the higher
affinity for hydrogenase by little steric hin-
drance among the ruthenium complex moiety,
the bound viologen and hydrogenase. In the
case of Ru(bpy)(dcbpy)C,V,C,Vg, on the other
hand, as the distance between ruthenium com-
plex moiety and the bound viologen is short, the
approach of bound viologen to ruthenium com-
plex moiety may be more easily than that of
Ru(bpy) (dcbpy)C,V,C,Vg, so that steric hin-
drance is large.

Table 4
Kinetic parameters for hydrogen evolution with dithionite-reduced bisviologen linked ruthenium complexes and hydrogenase
Substrate Km Vinax Keat Keat/Km

(107 mol dm~2) (10~ " mol dm=3s7 ) s (10° mol =t dm3s™ )
Ru(bpy),(dcbpy)C,VACaVy 6.77 2.16 5.87 8.67
Ru(bpy),(dcbpy)C,V,C Vg 3.30 424 115 34.8

The kinetic parameters were determined by fitting to the Michaelis—Menten equation.
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