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Novel complexes 1 and 2 based on N-heterocyclic carbenes, which
are analogous to Ru(bpy)3

2+ and Ru(terpy)2
2+, respectively, were

synthesized. The complex, which is analogous to Ru(terpy)2
2+,

exhibited promising photoluminescence properties with a long
lifetime of 820 ns in acetonitrile and 3100 ns in water at room
temperature, respectively. In addition, ab initio calculations were
carried out.

Complex Ru(bpy)32+ and its derivatives have received
considerable attention as potential chromophoric components
in such diverse research fields such as light emitting devices,
artificial photosynthesis, light emitting sensors, etc.1 How-
ever, complexes of the Ru(bpy)3

2+ family are unsuitable for
the construction of supramolecular systems, from geometric
and synthetic viewpoints.2 From the purely structural and
synthetic viewpoints, terpyridine-based ligands are particu-

larly useful for the design of linear multimetallic component
systems. However, in contrast to Ru(bpy)3

2+, the complex
Ru(terpy)22+ has not attracted a great deal of attention as a
result of its poor photochemical properties (in particular, very
weak luminescence and short excited state lifetimes at room
temperature, rt). In order to improve the lifetime of the
excited state of Ru(terpy)2

2+ at rt, many theoretical explana-
tions have been proposed, and various experiments have been
attempted.3 For example, the entrapment of Ru(terpy)2

2+ in
Y-zeolite dramatically increased the3MLCT state lifetime
(140 ns in an aqueous suspension at rt).3c Some Ru(terpy)22+

derivatives exhibited lifetimes of 200 ns at room temperature.3j

Recently, N-heterocyclic carbene (NHC) ligands have
become universal ligands in organometallic and inorganic
chemistry.4 Because of their specific coordination chemistry,
NHCs stabilize and activate metal centers and, in some cases,
can replace organophosphanes. Moreover, NHCs have a
much higher trans effect than N- or P-donors and are more
tightly bound to the metal.5 However, their photophysical
and -chemical properties have been relatively less well
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studied.6 In the course of this study on the use of NHC
complexes,7 complexes1 and2(PF6

-), which are analogous
to Ru(bpy)32+ and Ru(terpy)22+, respectively, were synthe-
sized, and their photochemical properties were studied. This
paper presents our results of the synthesis and photochemical
properties of complexes1 and 2(PF6

-) along with their
relevance to Ru(bpy)3

2+ and Ru(terpy)22+.
Complex1 was prepared in a 75% yield by the complex-

ation of RuCl3 with ligandL1 in a refluxing ethylene glycol
solution (Scheme 1). Peris et al. reported8 a ruthenium NHC
complex with the same skeleton as complex2(PF6

-) and used
it as a catalyst in the hydrogen transfer reaction and oxidative
cleavage of olefins.

In the synthesis of Ru(NHC)3
2+ derivatives, there is always

a problem as a result of the selectivity between themer-
andfac-isomer. The latter is known to be the thermodynami-
cally more stable form and is obtained as a major product
in almost all cases.9 Interestingly, in contrast to our predic-
tion, themer-isomer was obtained as the sole product, which
was confirmed by a1H NMR study of complex1 showing
two methyl peaks at a 1:2 ratio.10 Next, ligand L2 was
synthesized using the method reported in the literature11 and
successfully used in the synthesis of complexes2(PF6

-),
2(BPh4

-), and 2(Br-) by the complexation with RuCl3 in
refluxing ethylene glycol. The molecular structure of complex

2(BPh4
-) was confirmed by X-ray diffraction (Figure 1).12

The two ligands are mutually arranged about each metal
center in an almost orthogonal manner. The resulting local
environment around the Ru2+ cation is therefore pseudo-
orthogonal (D2d) with a conformational restriction imposed
by the presence of methyl groups on ligandL2.

The photophysical properties of complexes1 and2(PF6
-)

were investigated in order to make a comparison with those
of Ru(bpy)32+ and Ru(terpy)22+. Complex1, compared with
Ru(bpy)32+, shows a blue-shiftedλmax (368 nm) in the
absorption spectrum presumably due to the electron-rich
property of the NHC ligands (Figure 2 and Table 1).

The voltammetric oxidation of complexes1 and2(PF6
-)

occurred as a chemically reversible 1-electron process at a
scan rate of 100 mV/s (see Supporting Information, SI). As
expected,E1/2 for 22+/23+ was similar to that of12+/13+, but
lower than those of Ru(bpy)3

2+ and Ru(terpy)22+ due to the
electron-donating nature of NHC, which is consistent with
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Scheme 1. Synthetic Method for New Compounds

Figure 1. ORTEP drawing of2(BPh4
-) with 30% ellipsoid probability

(counteranions (BPh4-) were omitted for clarity).

Figure 2. Absorption and emission spectra, with excitation at 354 nm, of
Ru2+ complexes in acetonitrile (if not specified) and water under argon.
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a high energy for HOMO. The increase in the energy of the
HOMO suggests a red shift in the absorption spectrum.
However, as already mentioned, the experimental observation
shows a blue shift in the absorption spectrum. It is possible
that NHC has a higher electron density than terpy, and a
higher lying π* orbital. Therefore, it is expected that the
increase in the LUMO energy in complex2(PF6) is higher
than that of Ru(terpy)2

2+, which is consistent with the DFT
calculation (see calculated HOMO and LUMO orbital
energies in SI). This would mean that the blue shift is
essentially a LUMO effect.

Complex1 is nonemissive in acetonitrile at room tem-
perature. However, complex2(PF6

-) has very promising
photophysical properties. It shows a different absorption
spectrum from that of Ru(terpy)2

2+ (Figure 2 and Table 1).
The complex2(PF6

-) shows two absorption peaks, 343 and
382 nm. Compared with those of Ru(bpy)3

2+ and Ru-
(terpy)22+, the two peaks were highly blue-shifted. Using ab
initio calculations, it was provisionally determined that the
two blue-shifted peaks arose from the MLCT. In contrast to
Ru(terpy)22+, complex2(PF6

-) shows a very strong emission
with a maximum at 532 nm.13 The 3D emission spectrum
was examined by changing the excitation wavelength (see
SI). The pattern of the resultant 3D emission peak was almost
the same as that of the absorption spectrum, indicating that
the emission peak at 532 nm originated from complex
2(PF6

-), and not from impurities.14

The emission kinetics at 532 nm in Figure 3 shows a long
lifetime of 820 ns in acetonitrile at room temperature, which
is 3280 times larger than that (0.25 ns) of Ru(terpy)2

2+.15b

In artificial photosynthesis, the lifetime of the chromophore
in water is very important.16 In order to measure its lifetime
in H2O, complex2(Br-) with Br- as the counteranion was
synthesized. The lifetimes of complex2(Br-) were 600 ns

in acetonitrile and 3100 ns in H2O, i.e., 12400 times larger
than that of Ru(terpy)2

2+1a (Table 1 and Figure 3). To the
best of our knowledge, the lifetime of complex2(Br-) in
water is the longest among the reported luminescence
lifetimes of the Ru(terpy)22+ derivatives. This observation
is quite unprecedented because MLCT chromophores gener-
ally show shorter lifetimes in water than in organic solvents.17

As shown in Table 1, the counteranions strongly influence
the luminescence lifetimes of the chromophore.18

In conclusion, complexes1 and2(PF6
-) were synthesized

on the basis of NHC. Complex2(PF6
-) showed very

promising photoluminescence properties in water, and it is
expected that this complex can be a complement or substitute
for Ru(bpy)32+ in many fields. Compound2(PF6

-) represents
an alternative molecular design that imparts a green photo-
luminescence into a synthetically facile system. Counteran-
ions play important roles in the luminescence quenching of
the rigid chromophore. Future research will be focused on
obtaining a theoretical explanation of the photophysical
properties, the synthesis of the derivatives of complexes1
and 2(PF6

-) with a variety of functional groups, and the
application of these compounds.
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Table 1. Spectroscopic Properties of Ru2+ Complexesa

complex
λmax

abs

(nm)
ε (103

M-1 cm-1)
λmax

em

(nm)
rel em

intb
decay

time (ns)

Ru(bpy)32+ 450 14.3 597 3.83 860c

Ru(terpy)22+ 474 17.2 0.25d

1 368 11.7
2(PF6

-) 343, 382 11.6, 15.2 532 1.04 820
2(BPh4

-) 343, 382 15.6, 20.1 532 0.39 490
2(Br-) 343, 382 13.0, 16.8 532 1.00 600
2(Br-)-H2O 341, 381 13.8, 17.3 532 9.90 3100

a 2.33 × 10-5 M in acetonitrile (if not specified) and water at room
temperature.b Relative maximum intensity at emission.c Reference 1.
d Reference 15.

Figure 3. Emission kinetic curves excited at 355 nm and monitored at
532 nm, of Ru+ complexes in acetonitrile (if not specified) and water under
argon.
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