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Novel Ru(b)-Ni(b) and Ru(b)-Cu(b) dinuclear complexes have been synthesized and characterized. In these com-
plexes, the ruthenium(b) polypyridyl group and the Ni(b)- or Cu(b)-Schiff base units are fused together by a bridging
ligand, 5,6-di(salicylidenamino)-1,10-phenanthroline. X-ray crystallography on the Ru(b)-Ni(b) dinuclear complex
shows that the Ni(b)-Schiff base unit is distorted against the plane of the phenanthroline ring due to the effect of a steric
repulsion between the phenanthroline ring and the Ni(b)-Schiff base unit. The properties of the excited states of the
dinuclear complexes are discussed by comparing them with that of the Ru(b)-Zn(b) analogue as a reference compound.
These complexes show the emission from the excited state, which is assigned to MLCT0 (the excited state due to the
transition from Ru(b) to the bridging ligand). For the Ru(b)-Cu(b) complex, the lifetime of the emission is found to
be 80 ns, which is identical to that of the Ru(b)-Zn(b) analogue, suggesting that no quenching process exists. On the
contrary, for the Ru(b)-Ni(b) complex, the emission decays very rapid. The energy transfer to the Ni(b)-Schiff base unit
deactivates the MLCT0 excited state.

Much attention has been devoted to the synthesis of poly-
nuclear complexes which conduct the effective intramolecular
electron- or energy-transfer.1 Especially, polynuclear com-
plexes incorporating the ruthenium(b) polypyridyl group are
very interesting,2 since the ruthenium(b) polypyridyl group
has several attractive properties as a photosensitizer and/or
an electron mediator.3 Hence, many kinds of such polynuclear
systems have so far been studied in terms of their photo and/or
redox properties.4 Although most of these studies have been
focused on the basic properties of the complexes, some of
them have been utilized as functional materials,5 such as
photochemical molecular devices6 and metallopolymer.7

Moreover, there are few reports on photochemical reactions
using such polynuclear complexes.8

In our recent paper, we reported on the Ru(b)-Co(c) and
Ru(b)-Ni(b) dinuclear complexes in which two metal centers
are covalently linked by a bisphenanthroline ligand.9 In these
complexes, we expected that the electron acceptor parts, Co(c)
or Ni(b) center, act as a catalyst for CO2 reduction. Actually,
these complexes showed a catalytic ability for the photoreduc-
tion of CO2, though their efficiencies were not high. In order
to realize systems with high efficiency, one must fulfill several
necessary criteria, such as high stabilization of the charge-se-
parated intermediate, high reactivity of the catalytic part and
so on.10 From this point of view, we continued our research
on the design and synthesis of novel photoactive polynuclear
complexes.

A metal-Schiff base complex might be an interesting candi-
date as a component for constructing such photoactive poly-
nuclear systems, since it is expected to act as an electron donor
or acceptor in such systems.11 Furthermore, some metal-Schiff

base complexes have been used as catalysts.12{15 For example,
some manganese(c)-Schiff base complexes catalyze the asym-
metric epoxidation12 and oxidation of water.13 Some cobalt-
(b)-Schiff base complexes can fix CO2

14 and act as a catalyst
for electrochemical CO2 reduction.15

In this paper, we report on the synthesis and photochemical
properties of novel Ru(b)-Ni(b) and Ru(b)-Cu(b) dinuclear
complexes, in which the ruthenium(b) polypyridyl group and
the Ni(b)- or Cu(b)-Schiff base units are fused together by a
bridging ligand, 5,6-di(salicylidenamino)-1,10-phenanthro-
line.16 In these dinuclear complexes, the intramolecular en-
ergy or electron-transfer through the metal-Schiff base unit
can be expected to occur. In order to elucidate the precise
photophysical behavior of the complexes, laser flash-photoly-
sis techniques were used. A Ru(b)-Zn(b) analogue was pre-
pared as a reference compound, and its photochemical proper-
ties were compared with those of the Ru(b)-Ni(b) and Ru(b)-
Cu(b) dinuclear complexes. Based on the results of these stu-
dies, the possibility of the utilization for photoreactions was
also considered.

Results and Discussion

Synthesis of the Dinuclear Complexes. The synthetic
route of the complexes is summarized in Scheme 1. 5,6-Di-
amino-1,10-phenanthroline was used for bridging between
two metals, and its ruthenium(b) complex 1 was prepared by
a reported method.17 The dinuclear complexes 2a–c were
synthesized in one pot by reacting two equivalents of salicyl-
aldehyde with nickel(b), copper(b) or zinc(b) acetate and 1 in
ethanol. This reaction needed a longer reaction time and a
higher temperature than those necessary for preparing common
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metal-Schiff base complexes. This may be attributed to the
low nucleophilicity of the diamino groups caused by the elec-
tron-withdrawing effect of the cationic ruthenium(b) ion and
the strain of the metal-Schiff base ligand formed. The ob-
tained complexes 2a,b were characterized by elemental analy-
sis, NMR and ES-Mass spectroscopies. The 1HNMR spec-
trum of 2a in CD3CN showed a singlet at 8.44 ppm, which
was assigned to the two imide protons in the metal-Schiff base
part, though a 1HNMR measurement was impossible for 2b
due to the paramagnetic character of the Cu(b) ion. On the
other hand, 2c was obtained in low yield, and could not be
purified thoroughly because of its instability.

Attempts to synthesize the same type complexes containing
other metal-Schiff base units, such as Co(b), were unsuc-
cessful. Furthermore, when the reaction of 1 with salicylalde-
hyde was carried out without metal acetates, a mononuclear
ruthenium(b) complex containing the Schiff-base ligand could
not be obtained. This clearly demonstrates that the template
effect of metal ions is important for constructing the metal-
Schiff base unit in these complexes.

Crystal Structure of 2a. Recrystallization of 2a from C2-
H5OH–CH3CN gave crystals suitable for X-ray crystal-
lography. An ORTEP drawing of 2a with an atomic number-
ing scheme is illustrated in Fig. 1. The crystal data and the ex-
perimental details are listed in Table 1. Selected bond lengths
and angles are summarized in Table 2. In the dinuclear com-
plex 2a, the Ni(b)-Schiff base unit is distorted against the plane
of the phenanthroline ring due to the effect of a steric repulsion
between the phenanthroline ring and the Ni(b)-Schiff base unit.
A dihedral angle of 23.5� is formed between the plane of the

phenanthroline ring (C(4–7)–C(11,12)) and the plane of the
Ni(b)-Schiff base unit (C(5)–C(6)–N(8)–Ni–N(7)). The ruthe-
nium center has a slightly distorted octahedral configuration.
The bond angle of N(1)–Ru–N(2) is 78.6(5)�, which is smaller
than that of N(4)–Ru–N(5) (87.4(5)�) with the average Ru–N

Scheme 1. Synthesis of the Ru(b)-Ni(b), Ru(b)-Cu(b) and
Ru(b)-Zn(b) dinuclear complexes.

Fig. 1. ORTEP drawing of 2a (hydrogen atoms and ClO4

are not shown for clarity).

Table 1. Crystal Data and Parameters of Data Collection for
Complex 2a

Formula C46H32N8O10Cl2RuNi�H2O
Molecular weight 1105.50
Crystal system Triclinic
Space group P�11

a/ �A 9.525(2)
b/ �A 12.208(3)
c/ �A 20.436(5)
�/� 96.69(2)
�/� 90.55(2)
�/� 99.94(2)
V/ �A3 2323.5(9)
Z 2
Fð000Þ 1099
Dc/g cm

�3 1.55
Colour Orange
�/mm�1 9.053
Crystal size/mm 0:45� 0:10� 0:20
T/K 298
Radiation (�/ �A) MoK� (0.71073)
Refinement on F

No. measured reflections 8679
No. independent reflections 8172
No. reflections in refinement 3788 (jFoj � 3�jFoj)
No. variables 622
Final R 0.068
Final Rw 0.108
Maximum, minimum in electron 1.24, �0:59
density difference map/e �A�3

Table 2. Selected Bond Lengths ( �A) and Angles (�) of 2a

Ru–N(1) 2.07(1) Ru–N(2) 2.04(1)
Ru–N(3) 2.07(1) Ru–N(4) 2.04(1)
Ru–N(5) 2.07(1) Ru–N(6) 2.05(1)
Ni–O(1) 1.84(1) Ni–O(2) 1.84(1)
Ni–N(7) 1.87(1) Ni–N(8) 1.84(1)
O(1)–C(33) 1.31(3) O(2)–C(40) 1.32(2)
N(7)–C(5) 1.42(2) N(7)–C(39) 1.32(2)
N(8)–C(6) 1.43(2) N(8)–C(46) 1.31(2)

N(1)–Ru–N(2) 78.6(5) N(1)–Ru–N(3) 93.9(5)
N(1)–Ru–N(4) 172.6(5) N(1)–Ru–N(5) 97.6(5)
N(1)–Ru–N(6) 89.9(5) N(2)–Ru–N(3) 90.5(5)
N(2)–Ru–N(4) 96.9(5) N(2)–Ru–N(5) 173.3(5)
N(2)–Ru–N(6) 96.6(5) N(3)–Ru–N(4) 80.2(5)
N(3)–Ru–N(5) 95.3(5) N(3)–Ru–N(6) 172.6(5)
N(4)–Ru–N(5) 87.4(5) N(4)–Ru–N(6) 96.5(5)
N(5)–Ru–N(6) 77.9(5) O(1)–Ni–O(2) 82.8(5)
O(1)–Ni–N(7) 95.5(5) O(1)–Ni–N(8) 171.3(5)
O(2)–Ni–N(7) 172.0(5) O(2)–Ni–N(8) 96.3(5)
N(7)–Ni–N(8) 86.6(5) N(7)–C(5)–C(6) 115.2(12)
N(8)–C(6)–C(5) 112.8(11)
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bond length (2.06(1) �A) close to the normal range for
[Ru(bpy)2(phen)]

2þ (bpy = 2,20-bipyridine, phen = 1,10-
phenanthoroline).18 The Ni(b) center has an approximately
square-planar low-spin four-coordinate structure. The average
Ni–N and Ni–O bond lengths are 1.86(1) �A and 1.84(1) �A, re-
spectively, which are in agreement with those of [Nib(saloph);
saloph = N,N0-o-phenylenebis(salicylidenaminato)], respec-
tively.19 The spatial distance between Ru and Ni is 7.88(1) �A.

Electrochemical Studies. The electrochemical data for all
of the complexes are summarized in Table 3. Cyclic voltam-
mograms of 2a,b are shown in Fig. 2. 2a and 2b show quasi-
reversible redox waves at þ0:87 and 0.94 V vs Fc/Fcþ for the
Ru(b)/Ru(c), respectively, which are almost equal to that of 1.
The reduction potentials, both of the Ni(a)/Ni(b) for 2a (�1:38
V) and Cu(a)/Cu(b) for 2b (�1:14 V), are observed more po-
sitively than those of [Nib(saloph)] (�1:82 V) and [Cub-
(saloph)] (�1:57 V), respectively. This may be due to the con-
ventional substituent inductive effect upon the coordinated
ruthenium(b) ion. Thus, the positively charged ruthenium(b)
polypyridyl group should exert a substantial electron-with-
drawing effect,20 making the reductions of the Ni(b)/Ni(a)
and Cu(b)/Cu(a) easier, and thereby shifting E1=2 in the posi-
tive directions.

Absorption Spectra. The absorption spectra of 1, 2a–c
and the reference compounds are shown in Fig. 3, and the data
are summarized in Table 4. Assignments of the absorption

bands are made from the peak positions and intensities of
MLCT (metal-to-ligand charge transfer) and LC (ligand-cen-
tered) transition bands observed for other ruthenium(b) poly-
pyridyl complexes.2 The absorption bands of 2a–c in the
250–300 nm region are attributed to the LC transitions cen-
tered on the bipyridine ligand. The two broadened peaks ob-
served in the region 300–400 nm for 2a (�max 320, 340 nm),
2b (�max 318, 349 nm) and 2c (�max 351, 370 nm) can be as-
signed to the LC transitions centered on the bridging ligand,
because such peaks are absent in the spectra of [Ru(bpy)3]Cl2

Table 3. Electrochemical Data (E1=2/V vs Fc/Fcþ)aÞ

Oxidation ReductionbÞ

Compound 1 2

1 +1.01
2a þ0:87 þ0:52 �1:38
2b þ0:94 �1:14

[Ru(bpy)3]Cl2 þ0:88
[Nib(saloph)] þ0:55 �1:82
[Cub(saloph)] �1:57

a) The cyclic voltammetry was conducted with glassy C, Pt
and Ag/Agþ as working, counter and reference electrodes, re-
spectively, under a N2 atmosphere. The concentration was
kept at 1 mM in CH3CN with 0.1 M TBAP. Scan rate =
100 mV/s. b) Peak potentials.

Fig. 2. Cyclic voltammograms of 2a,b (1 mM) in CH3CN
(0.1 M TBAP) at a grassy carbon electrode vs Fc/Fcþ in-
ternal reference. Scan rate = 100 mV s�1.

Fig. 3. (a) Absorption spectra of 1, 2a and [Nib(saloph)],
(b) 1, 2b and [Cub(saloph)], (c) 1, 2c and [Znb(saloph)]
in CH3CN except for [Znb(saloph)] in CH3CN. The "
of 2c may be inaccurate due to impurity.
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and the metal-Schiff base complexes, [M(saloph); M = Ni(b),
Cu(b), Zn(b)]. Furthermore, the same absorptions are ob-
served for the heteroleptic ruthenium(b) complexes having a
bridging ligand, like tpphz (tetrapyrido[3,2-a:20,30-c:300,200-
h:200,300-j]phenazine).21 The absorption bands for 2a–c in
the 400–650 nm region include the MLCT transitions, and
are more broadened compared to that of the mononuclear com-
plex, 1. This result suggests the presence of p-conjugation be-
tween the phenanthroline ring and the Schiff base unit. The
extinction coefficients of the MLCT bands of 2a–c are appar-
ently larger than that of the mononuclear complex 1. This may
be due to the involvement of the absorption bands of the Ni(b)-
(�max 474 nm), Cu(b)- (�max 419 nm) or Zn(b)-Schiff base unit
(�max 389, 450 nm) into that of the ruthenium(b) component of
2a–c.

Emission Spectra. As we have already reported, the emis-
sions of 2a,b are hardly detected with a steady-state lumines-
cence spectrometer, since their intensities are considerably re-
duced to ca. 2% of that of [Ru(bpy)3]

2þ.16 Two explanations
might be possible for this result. One is the formation of a
short-lived MLCT state which is different from that of
[Ru(bpy)3]

2þ (Ru(b)!bpy); the other is efficient quenching
of the excited state by virtue of the intramolecularly attached
the Ni(b)- or Cu(b)-Schiff base units.

In order to elucidate more precise photophysical behaviors,
time-resolved measurements were carried out. The decay

curves of the emission for 2a–c observed in a CH3CN solution
at room temperature are shown in Fig. 4. The decay can be
fitted by a double exponential function (2a; � < 10 ns and 1
ms, 2b,c; � 80 ns and 1 ms). In order to distinguish two emis-
sion components, we plotted the amplitude of these compo-
nents as a function of the wavelength (Fig. 5, emission).22

Table 4. Photochemical DataaÞ

Absorption EmissionbÞ

Compound �max/nm ("/104 M�1 cm�1) �max/nm �/ns

1 243 (3.4), 286 (6.6), 350 (0.9sh), 367 (0.9sh), 438 (1.5) 620 980
2a 254 (5.8), 288 (8.0), 320 (3.6sh), 340 (2.7sh), 449 (2.8) 680 < 10
2b 254 (4.9), 287 (9.2), 318 (4.5), 349 (2.7sh), 458 (4.1) 660 80
2c 254, 284, 351, 370, 448 660 80

½Ru(bpy)3]Cl2 254 (2.2), 287 (8.5), 450 (1.5) 618 870
½Nib(saloph)] 258 (4.8), 289 (1.9), 374 (2.7), 474 (0.9) —cÞ

½Cub(saloph)] 261 (2.7), 306 (2.7), 419 (2.2) —cÞ

½Znb(saloph)] 242 (3.1), 295 (2.7), 389(2.3), 450 (1.4sh) —cÞ

a) Absorption and emission spectra were measured in CH3CN except for [Zn(saloph)] in CH3OH at
room temperature. b) Emission spectra excited at 450 nm were corrected for spectral response by ca-
librating the fluorimeter with a standard lamp. The concentrations of all measured samples were
1:0� 10�5 M. c) No emission.

Fig. 4. Fluorescence decays of 2a–c in CH3CN excited at
532 nm and observed at 700 nm.

Fig. 5. Time-resolved excitation (�obs ¼ 680 nm,
shorter-lived components, longer-lived component)
and emission spectra (�ex ¼ 500 nm, right side) in
CH3CN including absorption spectra (left side) of (a) 2a
(—), (b) 2b (- - -), and 1 (——). Time-resolved excitation
and emission spectra are arbitrary scale.
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This result shows that the emission spectra of the short- and
long-lived components are different from each other. The
emission maxima of the short-lived species are observed at a
longer wavelength (2a; �max 680 nm, 2b; �max 660 nm) com-
pared with those of the long-lived species (�max 620 nm). This
indicates that the short- and long-lived species come from dif-
ferent emitted species.

In order to elucidate the origin of the emitted species, we
analyzed the decay profiles (�obs 680 nm) recorded as a func-
tion of the excitation wavelength (Fig. 5, excitation).23 Thus,
the excitation spectra of the short- and long-lived species can
be obtained, and these can be compared with the absorption
spectra. The excitation spectra of the short-lived species are
different from those of the long-lived species. Moreover, they
are similar to the absorption spectra of 2a,b, respectively,
while the long-lived species are quite similar to the absorption
spectrum of the mononuclear ruthenium(b) complex 1, which
is also shown in Fig. 5. Thus, it turns out that the short-lived
species originated from the dinuclear complexes, 2a,b. On the
other hand, the luminescence of the long-lived species can be
attributed to a small amount of the ruthenium(b) polypyridyl
complexes carried through from the synthesis, since the emis-
sion lifetime of the longer one is almost equal to that of the
mononuclear ruthenium(b) polypyridyl complexes,2 and their
emission intensity varied for each of the different samples of
2a,b.24

In general, the Zn(b) analogues have an electrostatic effect
similar to those of the Cu(b) and Ni(b) complexes, but cannot
participate in either electron- or energy-transfer quenching,
since the Zn(b) center lacks the d–d transition,25 and therefore
the lifetime of 2c might indicate the intrinsic deactivation rate
of the ruthenium(b) chromophore in these systems. The emis-
sion maximum of 2c was shown at 660 nm, and the lifetime
was found to be 80 ns. In the case of [Ru(bpy)3]

2þ, the emis-
sion (�max 620 nm) is already assigned to the Ru(b)!bpy
MLCT state.3 On the other hand, the emission peaks of 2a–
c are red-shifted from those of 1 and [Ru(bpy)3]

2þ. This
clearly shows that the emissions of 2a–c are supposed to come
from the MLCT excited state due to the transition from Ru(b)
to a ligand other than bpy, namely the transition of the
Ru(b)!bridging ligand (herein after MLCT0). The lifetime
of 2b (80 ns) is equal to that of the Ru(b)-Zn(b) analogue
2c; namely, the 80 ns emission at 660 nm of 2b can be consid-
ered to be residual emission from the MLCT0 state. Further-
more, this suggests that no additional quenching process is
likely to occur. On the other hand, in the case of 2a, the life-
time (< 10 ns) is apparently shorter than that of 2c, with indi-
cates that some additional quenching process may proceed.

From a consideration of the redox potentials for 2a,b de-
scribed above, electron-transfer can be ruled out, since both
of the Ni(a)/Ni(b) and Cu(a)/Cu(b) couples are very negative
compared with E1=2 for �Ru(b)/Ru(c).26 Therefore, in the
case of 2a, energy-transfer, rather than electron-transfer, may
take place as an additional quenching process.

The absorptions of 2a,b at longer wavelength are supposed
to contain the d–d transitions of the Ni(b)- or Cu(b)-Schiff base
unit, since those of [Nib(saloph)] and [Cub(saloph)] are re-
ported to appear at very low-energy regions.11;27 Even though
the extinction coefficients due to the d–d transitions for 2a,b

are very small, energy transfer could occur if the complexes
have d–d transitions that match the excitation energy of the
ruthenium(b) chromophore.25 Therefore, the energy transfer
from the MLCT0 state to the d–d transitions of the metal-
Schiff base unit could be expected to occur in both 2a,b. How-
ever, this was not observed for 2b; 2a shows absorption at a
longer wavelength (> 600 nm) than that of 2b (Fig. 3). This
implies that the energy level of the d–d transition state of 2a
is lower than that of 2b. Although this difference is not always

Fig. 6. Transient absorption spectra of 2b at 0 and 30 ns
after excitation at 355 nm in CH3CN at room temperature.

Fig. 7. Transient absorption signals of 2b observed at (a)
525 nm and (b) 600 nm.
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reflected for the energy level of the triplet state, energy-trans-
fer from the MLCT0 state may take place easily for 2a, but not
for 2b.

Transient Absorption Spectra. The transient absorption
spectra of 2b at 0 and 30 ns after excitation are shown in
Fig. 6. In these spectra, bleaching is observed in the 425–
500 nm region, which reflects a decrease of the ground-state
MLCT absorption. In addition, two weak absorption peaks
at around 520 and 600 nm are observed at 0 ns, and the peak
at 520 nm disappears after 30 ns. The time profiles of the tran-
sient absorption of 2b observed at 525 and 600 nm are shown
in Fig. 7. The decay rate of the absorption observed at 600 nm
is 80 ns, which is the same as the luminescence lifetime of 2b.
The small component having a lifetime of 1 ms may come from
the ruthenium(b) polypyridyl impurity, as already discussed.
At 525 nm, the decay is composed of two lifetimes, < 10 ns
and 80 ns. This indicates that another excited species having
a short lifetime exist in addition to MLCT0 (80 ns) and an im-
purity (�1 ms). As for the decay curve observed at 525 nm, the
ratios of two components (80 ns and < 10 ns) are different
from each other, depending on the excitation wavelengths,
suggesting that these species are generated simultaneously un-
der light irradiation. The decay of the transient absorption
(Fig. 7a) shows that the shorter-component (< 10 ns) is predo-
minant for excitation at 355 nm. This indicates that the differ-
ent species of the excited states are generated depending on the
excitation wavelength. As shown in Fig. 3b, the absorption by
the Cu(b)-Schiff base unit is predominant at 355 nm, while the
absorption by the ruthenium(b) polypyridyl group is predomi-
nant at 532 nm. Therefore, the shorter-lived component (< 10

ns) can be assigned to the absorption originating from the ex-
cited state of the Cu(b)-Schiff base unit, while the component
having a lifetime of 80 ns can be assigned to the absorption
originating from the MLCT0 state (reaction 1 in Chart 1).

The transient absorption spectrum and the decay profile of
2a are shown in Fig. 8 and Fig. 9, respectively. These spectra
are different from those of 2b. The transient absorption signal
decays within the time resolution of our apparatus, indicating
that the excited state decays with very short lifetime (< 10

ns). This may reflect fast energy-transfer from the MLCT0

state to the Ni(b)-Schiff base unit. Consequently, the Ru(b)-
Ni(b)� state, which is a product of the energy-transfer reaction,
can be observed (reaction 2 in Chart 1). The bleaching at 550
nm corresponds to a loss of the ground state,11 and the 500 nm
transition can be assigned to short-lived absorption associated
with the Ru(b)-Ni(b)� (Fig. 8). It could be analogous to the
transition at 525 nm seen for the Ru(b)-Cu(b) dinuclear com-
plex 2b. These assignments are consistent with the fact that
the d–d excited states do not live long.25

In general, energy transfer can be mediated either through a

Chart 1.

Fig. 8. Transient absorption spectrum of 2a at 0 ns after ex-
citation at 355 nm in CH3CN at room temperature.

Fig. 9. Transient absorption signals of 2a observed at (a)
450 nm and (b) 570 nm.
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dipole–dipole interaction (Forster’s mechanism) or an ex-
change interaction (Dexter’s mechanism). In view of the pre-
sence of a heavy atom in both the ruthenium(b) chromophore
and the Ni(b)-Schiff base unit of 2a, the latter seems to be the
most likely. Dexter’s mechanism can be viewed as a dual
electron-transfer process, necessitating an orbital overlap be-
tween the excited state of the chromophore and the
quencher.25 Because of spatial distance between Ru and Ni
is very close in the crystal structure of 2a, the required orbital
overlap will exist.

In both 2a,b, no transient absorption could be observed after
100 ns. This indicates that long-lived charge-separated species
are not generated in both systems. Therefore, the direct appli-
cation of these dinuclear complexes to photochemical reac-
tions seems to be rather difficult, although the experimental
conditions for such reactions differ from those in the present
work.

Conclusion

We have prepared novel Ru(b)-Ni(b) and Ru(b)-Cu(b) di-
nuclear complexes 2a,b, in which the ruthenium(b) polypyri-
dyl group and the Ni(b)- or Cu(b)-Schiff base units are fused
together. Photochemical studies have revealed that the lumi-
nescence behaviors of the Ru(b)-Ni(b) and Ru(b)-Cu(b) dinu-
clear complexes are different from each other. Energy transfer
from the excited state of the ruthenium(b) chromophore
(MLCT0) to the Ni(b)-Schiff base unit is likely to occur,
though that from MLCT0 to the Cu(b)-Schiff base unit may
not. In both cases, the formation of a long-lived charge-sepa-
rated intermediate was not observed. These facts imply that
the dinuclear complexes 2a,b may not be applicable to the
photoreaction system directly. For realizing such systems, ef-
forts to modify the structure of the complexes are now under
way.

Experimental

All of the synthetic reactions were carried out under a nitrogen
atmosphere. The melting points were measured on a Mettler
FP62, and were uncorrected. 1HNMR spectra were measured at
300 MHz in CD3CN on a Varian Gemini 300 BB spectrometer,
using tetramethylsilane (TMS) as an internal standard. The J-va-
lues are given in Hz. Electrospray ionization mass spectrometry
was performed with a Micromass QUATTRO b spectrometer.
An elemental analysis was carried out using an Eager 200
instrument. Unless stated, commercial-grade chemicals were used
without further purification. A mononuclear Ru(b) complex 1 was
prepared by the reported method.17 [M(saloph)] (M = Ni(b),
Cu(b), Zn(b)) was prepared according to a literature procedure.28

(Warning: Because the perchlorate salts used in this study may be
explosive and potentially hazardous, one should handle them with
special care.)

Preparation of Ru(b)-Ni(b) Dinuclear Complex (2a). Mono-
nuclear ruthenium(b) complex 1 (250 mg, 0.30 mmol) was reacted
with nickel(b) acetate (75 mg, 0.30 mmol) and two equivalents of
salicylaldehyde (74 mg, 0.60 mmol) in 20 mL of EtOH. After re-
fluxing for about 8 h, the resulting mixture was evaporated to give
a dark-red solid, which was dissolved in 10 mL of water. To this
solution, a dropwise addition of lithium perchlorate (160 mg, 1.50
mmol) in water produced red precipitates, which were purified by
column chromatography on alumina with a CH3CN/H2O/sat.

KNO3 aqueous solution (v/v/v = 100/10/1) as an eluate. A
dark-red product was obtained in 47% yield (154 mg). mp >
250 �C (dec). Anal. Calcd for C46H32N8O10Cl2RuNi�H2O: C,
49.98; H, 3.10; N, 10.14%. Found: C, 49.80; H, 3.22; N,
10.02%. ESIMS m=z 987 [M � ClO4]

þ. 1HNMR (300 MHz,
CD3CN) � 8.77 (d, J ¼ 8:5 Hz, 2H), 8.57 (t, J ¼ 8:4 Hz, 4H),
8.44 (s, 2H), 8.16–8.02 (m, 6H), 7.86 (d, J ¼ 4:9 Hz, 2H), 7.74
(d, J ¼ 5:8 Hz, 2H), 7.66 (d, J ¼ 8:5 Hz, 1H), 7.64 (d, J ¼ 8:5
Hz, 1H), 7.51–7.42 (m, 4H), 7.37–7.32 (m, 2H), 7.19–7.15 (m,
2H), 6.63 (t, J ¼ 7:0 Hz, 2H), 6.39 (d, J ¼ 8:8 Hz, 2H).

Preparation of Ru(b)-Cu(b) Dinuclear Complex (2b). This
compound was synthesized following the same method as for 2a
using copper(b) acetate instead of nickel(b) acetate, and obtained
as a dark-red powder. Yield 36%. mp > 250 �C (dec). Anal.
Calcd for C46H32N8O10Cl2RuCu�2H2O: C, 48.97; H, 3.22; N,
9.93%. Found: C, 48.72; H, 3.14; N, 9.84%. ESIMS m=z 994
[M � ClO4]

þ.
Preparation of Ru(b)-Zn(b) Dinuclear Complex (2c). This

compound was synthesized following the same method as for 2a
using zinc(b) acetate instead of nickel(b) acetate, though purifica-
tion by column chromatography on alumina was incomplete be-
cause of instability. The product was recrystallized from CH3OH,
and obtained as an orange powder. Yield 21%. mp > 250 �C

(dec). Anal. Calcd for C46H32N8O10Cl2RuZn�4H2O: C, 47.37;
H, 3.46; N, 9.61%. Found: C, 47.86; H, 3.06; N, 9.19%. ESIMS
m=z 995 [M � ClO4]

þ.
Electrochemical Measurements. Cyclic voltammetric mea-

surements were performed with an ALS606 instrument in CH3CN
with 0.10 M tetrabutylammonium perchlorate (TBAP) as a sup-
porting electrolyte, and the solution was bubbled with pure nitro-
gen gas saturated with CH3CN. A three-electrode system was
used: a glassy carbon electrode as the working electrode, a Pt wire
as the counter electrode, and an Ag/Agþ electrode (BAS Co.) as
the reference electrode. Ferrocene was used as an internal
reference. Cyclic voltammograms, with a scan rate of 100 mV/
s, were evaluated graphically. The concentrations of all sample
solutions were kept at 1.0 mM.

X-ray Crystallography. The crystal data for 2a was collected
at room temperature in the 	=2	 scan mode with a crystal of
0:45� 0:10� 0:20 mm3 dimensions on a Mac Science MXC18
diffractometer using graphite-monochromated MoK� (� ¼
0:71073 �A). The experimental data are given in Table 1. A total
of 8172 independent reflections were collected over the range
3� < 	 < 50�; 3788 (jFoj � 3�jFoj) reflections were used. The
structure was solved by a direct method and refined by full-matrix
least-square techniques. All of hydrogen atoms were included at
calculated positions with fixed thermal parameters. All non-hy-
drogen atoms were refined anisotropically. Crystallographic data
have been deposited at the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK and copies can be obtained on request, free of
charge, by quoting the publication citation and the deposition
number 182808.

Photochemical Measurements. Absorption and lumines-
cence spectra were measured with a Jasco V-550 spectrometer
and a Hitachi F-4500 spectrofluorimeter, respectively. The time
profiles of the fluorescence were measured with a nanosecond
pulsed laser. Laser light pulses of various wavelengths were gen-
erated with an optical parametric oscillator (Continuum, Surelite
OPO) pumped with a Nd3þ:YAG laser (Continuum, Sureliteb).
The pulse duration of the laser was 8 ns. The fluorescence from
a sample in a 1 cm quartz cell was detected with a photomultiplier
(Hamamatsu, R928) after being dispersed by a monochromator
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(JASCO, CT-10). The signals were processed with a digital oscil-
loscope (Tektronix, TDS680C) and analyzed with a computer.
For measurements of the transient absorption, a 3rd-harmonic
pulse (355 nm) from a Nd3þ:YAG laser (Continuum, Sureliteb)
was used as the pumping light. The pulse duration of the laser
was 8 ns. The sample solution was put into a 1 cm quartz cell.
A Xe flash lamp (Hamamatsu, L4642, 2 ms pulse duration) was
used as the probe light source. The spectrum of the probe light
transmitted through the sample was measured simultaneously with
a gated CCD camera (Roper Scientific, ICCD-MAX) after being
dispersed by a monochromator (Roper Scientific, SP-308) con-
trolled with a computer. For measurements of the decay profiles,
the probe light was detected by a photodiode with a monochroma-
tor (JASCO, CT-10). A Si-photodiode (Hamamatsu, S-1722) was
used for detection. Signals were processed with a digital oscillo-
scope (Tektronix, TDS680C) and analyzed by a computer.
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