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The tppz-bridged diruthenium complex [{(L)ClRuII}2(µ-tppz)](ClO4)2, [1](ClO4)2 {tppz = 2,3,5,6-tetrakis(2-pyridyl)-
pyrazine, L = 2,2�-dipyridylamine} and its mononuclear counterpart [(L)ClRuII(tppz)]ClO4, [2](ClO4) have been
synthesized. The 380 mV separation between successive RuII/RuIII couples in [1]2� leads to a comproportionation
constant (Kc) of 2.7 × 106. Consequently, the RuIIRuIII species [1]3� exhibits a rather narrow intervalence charge
transfer band at 1700 nm, suggesting a class III mixed-valence state, the electronic coupling constant (Vab) is
calculated at 2940 cm�1. Complex [1]3� displays a rhombic EPR spectrum at 4 K (g1 = 3.390, g2 = 2.278, g3 = 1.697),
characteristic of ruthenium() in a distorted octahedral environment. Both complexes show two successive tppz-
based reduction processes [(tppz)0/�1 and (tppz)�1/�2]. The one-electron reduced species [1]� is a tppz radical anion
species with an intense low-energy band at 1105 nm and an axial EPR signal at 4 K (g1 = 2.008, g2 = g3 = 1.994). [1]2�

and [2]� exhibit moderately strong emissions at 740 nm and 668 nm, respectively, in EtOH–MeOH glass at 77 K.

Introduction
The design of polynuclear metal complexes exhibiting inter-
metallic electronic coupling in mixed-valence states via medi-
ation by suitable bridging functionalities has generated
considerable research interest over the past twenty years.1 This
has been primarily due to their relevance for biological pro-
cesses,2 molecular electronics,3 and for theoretical studies of
electron transfer kinetics.4 The discovery of pyrazine-mediated
strong intermetallic coupling in the diruthenium(,) Creutz–
Taube (CT) ion 5 has initiated continuous efforts in designing
new diruthenium CT analogues which incorporate polyazine-
derived heterocyclic bridging moieties such as 2,3-bis(2-pyr-
idyl)quinoxaline,6 2,2�-bipyrimidine,7 2,3-bis(2-pyridyl)pyr-
azine,8 tetrapyrido[2,3-a:3�,2�-c:2�,3�-h:3�,2�-j]phenazine,9 or
2,3,5,6-tetrakis(2-pyridyl)pyrazine (tppz).10 In the last fifteen
years the efficiency of the non-planar bis-tridentate (tppz)
bridge for mediating intermetallic communication in homo-
and hetero-polynuclear ruthenium complexes has been scrutin-
ised in combination with a variety of terminal ancillary ligands
such as NH3, 2,2�:6�,2�-terpyridine, 2,2�-bipyridine or 2-aryl-
azopyridines.10 In all these cases tppz facilitated the metal–
metal interaction through its π* orbital to a similar extent as the
CT ion.10

Although the amount of metal–metal coupling in mixed-
valence states of polynuclear species is largely controlled by the
structural and electronic aspects of the bridging ligand, the
terminal ancillary ligands in the complex are an additional fac-
tor. Thus, a reasonable variation of the comproportionation
constants Kc has been observed for the complexes [(L�)RuII-
(µ-tppz)RuIII(L�)]n�, depending on the electronic nature of L�:
L� = 4�-tolyl-2,2�:6�,2�-terpyridine (ttrpy), Kc = 1.2 × 105;10b L� =
2,2�:6�,2�-terpyridine (trpy), Kc = 1.7 × 105;10c L� = 4�-vinyl-
2,2�:6�,2�-terpyridine (V-trpy), Kc = 1.3 × 106;10c L� = NH3, Kc =
4.4 × 108;10j L� = 2,2�-bipyridine (bpy), Kc = 8.2 × 104;10h L� =

† Electronic supplementary information (ESI) available: far-IR and
electrospray mass spectra of [1](ClO4)2 and [2](ClO4). See http://
www.rsc.org/suppdata/dt/b3/b306065a/

2-phenylazopyridine, Kc = 7.9 × 103.10a The observed effects of
L� on the Ru(µ-tppz)Ru core towards the stabilisation of the
mixed-valence RuIIRuIII state has initiated the present pro-
gramme of selective introduction of 2,2�-dipyridylamine (L),
which contains a dissociable amine proton and tends to form
non-planar six-membered chelate rings on coordination to a
metal ion.11

The present work describes the synthesis and characteris-
ation of the diruthenium complex [{(L)ClRuII}2(µ-tppz)]2�,
[1]2�, and its mononuclear analogue [(L)ClRuII(tppz)]�, [2]�, as
well as detailed spectroelectrochemical aspects of [1]n� in the
accessible states (n = 1–4). The effectiveness of L as ancillary
ligand in [{(L)ClRuII}2(µ-tppz)]n�, particularly with respect to
the intermetallic electronic coupling, has been studied in com-
parison to related complexes 10 having ancillary ligands of a
different electronic nature.

Results and discussion

Synthesis and characterisation of the ruthenium(II) compounds

The dinuclear complex [(L)ClRuII(µ-tppz)RuIICl(L)]2�, [1]2�,
was synthesized via the reaction of the precursor complex
{Cl3RuIII}2(µ-tppz) and 2,2�-dipyridylamine (L) in the presence
of triethylamine and LiCl in ethanolic medium under a
dinitrogen atmosphere. The complex [1]2� was isolated as the
perchlorate salt [1](ClO4)2. During the chromatographic purifi-
cation of [1](ClO4)2 on an alumina column, the pink mono-
meric complex [(L)ClRuII(tppz)](ClO4), [2](ClO4), was eluted
initially in about 15% yield, followed by the green dinuclear
[1](ClO4)2 (≈75%; Scheme 1).

The complexes [1](ClO4)2 and [2](ClO4) exhibited satisfactory
microanalytical data and displayed 1 : 2 and 1 : 1 conductivities,
respectively, in acetonitrile (see Experimental section). The
formation of [1](ClO4)2 and [2](ClO4) was confirmed by electro-
spray mass spectroscopy (Fig. S1†) which showed maximum
molecular ion peaks centred at m/z = 1103.06 and 696.09, corre-
sponding to {[1](ClO4)}

� (calculated molecular mass: 1103.3)
and [2]� (calculated molecular mass: 695.59), respectively. The
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Scheme 1

IR vibrations for ν(NH) and ν(ClO4
�) were observed near 3300

cm�1 and 1100/625 cm�1, respectively. The far-IR spectrum of
[1](ClO4)2 showed one Ru–Cl stretching band at 312 cm�1 which
would be consistent with a trans (anti) geometry 10a (Fig. S2 †)
(Scheme 1). In the case of other dinuclear complexes
[{(L�)ClRuII}2(µ-tppz)]2� the trans (anti) isomer was found to
be the major product for L� = bpy 10h whereas it was the
exclusive product for L� = 2-phenylazopyridine.10a The Ru–Cl
stretching band of complex [2](ClO4) appeared at 322
cm�1(Fig. S2†).

The “aromatic region” of the 1H-NMR spectrum of [1]2� in
(CD3)2SO (Fig. 1a) is complicated due to the partial overlapping
of several signals in the range between 9.6 and 5.9 ppm. How-
ever, direct comparison of the intensities of the aromatic
protons with those of the two clearly observable and D2O-
exchangeable NH protons at δ = 10.70 and 10.85 ppm, revealed
the presence of 32 “aromatic” protons (sixteen from the bridg-
ing tppz and eight from each of the terminal ligands). The pres-

Fig. 1 1H NMR spectra of (a) [1]2� and (b) [2]� in (CD3)2SO.

ence of two distinct NH proton signals in 1 : 1 ratio and the
appearance of the calculated number of 32 aromatic proton
signals suggest either two positional isomers or low symmetry
of [1]2� in solution 10a,h due to the non-planarity of tppz and the
coordinated L ligands.

The 1H-NMR spectrum of [2]� in (CD3)2SO (Fig. 1b) shows
the expected overlapping signals from 24 protons in the range
between 9.5 and 6.0 ppm. The NH signal at 10.75 ppm
disappeared on treatment with D2O.

In both [1]2� and [2]�, the ancillary ligands L contain dissoci-
able NH protons. Therefore, the pKa values of the complexes
were determined spectrophotometrically. The titration of [1]2�

in aqueous medium resulted in a shift of the lowest energy
MLCT band from 590 to 620 nm with increasing pH (Fig. 2a).
The plot of absorbance versus pH revealed the presence of two
pKa values at 8.5 and 11.6 (Fig. 2a, insert) due to the successive
dissociation of the two NH protons.12 In the case of [2]� an
increase in pH shifted the lowest energy band from 496 to 532
nm, giving rise to a distinct isobestic point at 517 nm (Fig. 2b)

Fig. 2 Changes in the UV-VIS spectra of (a) [1]2� and (b) [2]� as the
pH is varied from 6.5 to 12.5 in water. The arrows indicate an increase
or decrease in band intensity with increasing pH. The insert shows the
variation of absorbance with pH (590 nm for [1]2� and 496 nm for [2]�).
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and yielding a pKa value of 8.6 (Fig. 2b, insert). The first pKa

value of [1]2� is almost identical to that of [2]�, however, the
second pKa of [1]2� is much higher.

Electrochemistry and spectroelectrochemistry (UV-VIS-NIR)

The reversible RuIII/RuII couple for the mononuclear complex
[2]� appeared at E o = 0.77 V (∆Ep= 80 mV, ipa/ipc ≈ 1) versus SCE
(Fig. 3b, couple-I). The dinuclear complex [1]2� exhibited two
successive reversible couples at E o

1 = 0.68 V (∆Ep = 70 mV,
ipa/ipc ≈ 1, couple-I) and E o

2 = 1.06 V (∆Ep= 80 mV, ipa/ipc ≈ 1,
couple-II) versus SCE which are attributed to the stepwise oxid-
ations of the RuII centres, i.e. RuIIRuII  RuII RuIII  RuIII-
RuIII. The 380 mV separation between the two successive RuIII/
RuII couples (E o

2 � E o
1) leads to a comproportionation con-

stant Kc of the mixed-valent RuIIIRuII state at 2.7 × 106 [using
the equation RT lnKc = nF(∆E )]. The relatively high Kc value as
well as the 90 mV negative potential shift of the first RuIII/RuII

couple of [1]2� as compared to [2]� revealed the presence of
moderately strong intermetallic coupling in the mixed-valence
state [1]3�. Related dinuclear complexes involving bipyridine or
phenylazopyridine ligands exhibited first RuIII/RuII couples at
0.96 V 10h or 1.28 V, respectively.10a Therefore, a substantial
stabilisation of the ruthenium() state takes place in the Ru-
(µ-tppz)Ru core while moving from π-accepting phenyl-
azopyridine via bipyridine to the more donating dipyridylamine
ancillary ligands. The potential difference between the succes-
sive RuIII/RuII couples follows a similar trend, decreasing from
the system with dipyridylamine (380 mV, Kc = 2.7 × 106) via that
with bipyridine (290 mV, Kc = 8.2 × 104) 10h to the phenyl-
azopyridine-containing complex (230 mV, Kc = 7.9 × 103).10a

Obviously, increasing competition from π-acidic co-ligands
diminishes the electron transfer-type valence exchange 1a across
the π-acidic tppz bridge with its low-lying π* orbital. Thus, a
significant difference in the degree of intermetallic electro-
chemical coupling across the tppz bridging unit in [{(L�)-
(Cl)Ru}2(µ-tppz)]2� has been observed, depending on the elec-
tronic aspects of the co-ligand L�.

Complex [1]2� exhibited two quasi-reversible reduction pro-
cesses E o = � 0.76 V (∆Ep = 90 mV) (couple-III) and �1.27 V
(∆Ep = 120 mV) (couple-IV) (Fig. 3a) which are attributed to
successive reductions of the coordinated tppz ligand, [tppz] 
[tppz]� and [tppz]�  [tppz]2�, respectively.10 The anodic wave
associated with the second reduction couple (couple-IV)

Fig. 3 Cyclic voltammograms of (a) [1]2� and (b) [2]� in CH3CN/0.1
mol dm�3 Et4NClO4.

showed an adsorption feature at �1.2 V. This is possibly due to
the precipitation of the two-electron reduced neutral com-
plex [{(L)ClRuII}2(µ-tppz2�)] [1] on the electrode surface.10c A
similar electrochemical behaviour was observed earlier for
other dinuclear tppz complexes such as [Ru2(tppz)3]

4� and
[{Os(trpy)}2(tppz)]4�.10c

Two tppz based quasi-reversible reductions were also
observed for the mononuclear derivative [2]� at E o = �1.26
(∆Ep = 80 mV, couple-II) and E o = �1.40 V (∆Ep = 80 mV,
couple-III) (Fig. 3b). Thus, the first tppz reduction in the di-
nuclear complex (couple-III) has been shifted to a less negative
potential by ≈500 mV as compared to the mononuclear ana-
logue [2]�: (couple-II). The consequence of coordination of the
available open site of the tppz moiety to the second metal in
[1]2� provides an additional stabilisation of the π*(tppz)
orbital.10 The first tppz-based reduction in the corresponding
bipyridine and azopyridine containing complexes appeared at
�0.60 V 10h and �0.44 V,10a respectively. Therefore, the stability
of the π*(tppz) orbital in the set, [{(L�)(Cl)RuII}2 (µ-tppz)]2�

follows the order L� = azopyridine > bipyridine >
dipyridylamine.

UV-VIS-NIR spectroelectrochemical experiments of com-
plex [1]n� (n = 1, 2, 3, 4) were performed in acetonitrile solution
at 298 K using an OTTLE cell. Spectral data are listed in Table
1 and the spectra are shown in Fig. 4. Complex [1]2� exhibited
one moderately strong RuII  π*(tppz) MLCT transition at
615 nm (ε = 13570 dm3 mol�1 cm�1) and a strong ligand-based
transition in the UV region (Fig. 4a).10a,h On one-electron oxid-
ation to the mixed-valence RuIIRuIII state in [1]3� the intensity
of the RuII  π*(tppz) MLCT band at 615 nm was reduced to
about 50% (ε = 7020 dm3 mol�1 cm�1) which is compatible with
a half-occupied donor orbital in [1]3�. Moreover, the mixed-
valence [1]3� displayed a new low-energy intervalence charge
transfer (IVCT) transition between RuII and RuIII at 1700 nm
(ε = 2250 dm3 mol�1 cm�1) (Fig. 4a). The width at half height
(∆ν1/2) was measured at 1390 cm�1. For a localised class II sys-
tem, the relationship ∆ν1/2 = (2310 Eop)1/2 as derived from Hush
theory 13 is expected to be valid, which would lead to ∆ν1/2 =
3680 cm�1, considering the absorption maximum of the IVCT
band (Eop) at 5882 cm�1. However, for a class III system the
experimental value of ∆ν1/2 is known to be much less compared
to the value obtained via the Hush theory for weakly coupled
systems.13 The observed ∆ν1/2 value of 1390 cm�1 thus implies
class III characteristics of [1]3�. This is also in agreement with
the observed 380 mV separation between the RuII/RuIII couples
(Kc = 2.7 × 106). In view of the class III behaviour of [1]3� the
electronic coupling parameter Vab is estimated at 2940 cm�1,
considering the relation Vab = ½ Eop.14

Spectroelectrochemical results and Vab parameters of
three related tppz-bridged diruthenium complexes have been
reported in the literature so far.10a,b,h In the case of
[{(ttrpy)Ru}2(µ-tppz)]5�, a Vab value of 3200 cm�1 was calcu-
lated based on a delocalised class III mixed valence situ-
ation, although the separation in potentials between the RuII/
RuIII couples was only 300 mV.10b The complexes [{(2-phenyl-
azopyridine)ClRu}2(µ-tppz)]3� 10a and [{(bpy)ClRu}2-
(µ-tppz)]3�,10h the closest analogues of [1]3�, displayed narrow
and asymmetric IVCT bands at 1890 nm and 1647 nm, respect-
ively; the ∆ν1/2 values of these IVCT bands are much lower than
the calculated values obtained from the Hush formula, in spite
of the rather small Kc values of 7.9 × 103 and 8.2 × 104 for the

Table 1 Electronic spectral data for [1]n� (n = 1–4) in CH3CN/0.1 mol
dm�3 Bu4NPF6 at 298 K

Complex λmax/nm (ε/dm3 mol�1 cm�1)

[1]� 1105 (5150), 585 (8080), 400 (18000)
[1]2� 615 (13570), 365 (25600)
[1]3� 1700 (2250), 800(sh), 615 (7020), 370 (20000)
[1]4� 895 (1900), 480 (5180), 380 (20500)
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2-phenylazopyridine and bipyridine complexes, respectively.
The dichotomy between the comproportionation constant
value and the profile of the IVCT band was addressed in terms
of a class-II/-III hybrid nature of the mixed-valence state,10a,h

however, it must be realised that the charge-related electro-
chemical coupling (Kc) and the orbital-controlled electronic
coupling (Vab) pertain to different physical phenomena.1a In any
case, the 380 mV separation of the RuII/RuIII couples in com-
bination with the observed narrow IVCT band in [1]3� is a clear
indication of a class III system, a 390 mV separation had been
observed for the Creutz–Taube ion.1i,5a,b

On further one-electron oxidation to the isovalent RuIII/RuIII

state [1]4�, the IVCT band and the RuII-based residual MLCT
transition disappeared completely with the concomitant growth
of a weak RuIII-based LMCT band at 895 nm (ε = 1900 dm3

mol�1 cm�1) (Fig. 4b) which was just visible as a shoulder in
[1]3� (Fig. 4a).1o,15

On one-electron reduction to [1]�, the RuII  tppz based
MLCT transition was blue shifted from 615 nm (ε = 13570 dm3

mol�1 cm�1) to 585 nm (ε = 8080 dm3 mol�1 cm�1) with a drop in
intensity which is the expected consequence of putting one elec-
tron into the previously empty acceptor orbital (π* LUMO) of
tppz.1j,k Moreover, the reduction of tppz in [1]� yielded an intense
transition at 1105 nm (ε = 5150 dm3 mol�1 cm�1) (Fig. 4c). In the
absence of any other π-acidic ancillary ligands in complex [1]� it
may be assumed that this low-energy band reflects an internal
transition associated with the tppz radical anion.1j,16 It is to be
noted that in the tppz-based radical complex [{(2-phenyl-
azopyridine)ClRu}2(µ-tppz)]3�, an exclusive case where spectro-
electrochemical studies on the reduced state(s) were performed,
the observed low-energy band at 990 nm was assigned to a
π{(SOMO) tppz��}  π*{(LUMO � 1)arylazopyridine} transi-
tion, based on the spectroelectrochemistry of the reduced states
in combination with ZINDO calculations.10a

Fig. 4 UV-VIS-NIR spectroelectrochemistry of the conversions (a)
[1]2�  [1]3�, (b) [1]3�  [1]4�, and (c) [1]2�  [1]� in CH3CN/0.1 mol
dm�3 Bu4NPF6.

It should be noted that the spectra are comparable in differ-
ent solvents which indicates little or no change in the molecular
or electronic structure.

EPR spectra of [1]3�and [1]�

The in-situ generated one-electron oxidised RuIIRuIII derivative
[1]3� exhibited a rhombic EPR spectrum at 4 K in acetonitrile
(g1 = 3.390, g2 = 2.278, g3 = 1.697) (Fig. 5). Ihe complex [1]3�,
however, failed to show any EPR signal at room-temperature
due to rapid relaxation. The large g anisotropy exceeding that
of the Creutz–Taube ion (g1 = 2.799, g2 = 2.489, g3 = 1.346 17a)
points to a considerably distorted octahedral environment
around the ruthenium centres in [1]3� 17 as would be expected
considering the non-planarity of both the tppz and L ligands.
An average g factor of < g > = 2.53 is derived from < g > =
[1/3(g1

2 � g2
2 � g3

2)]1/2. On the other hand, the one-
electron reduced species [1]� in acetonitrile showed an axial
EPR spectrum at 4 K with a rather small g tensor splitting (g1 =
2.008, g2 = g3 = 1.994) (Fig. 5). The isotropic g value of 1.999 is
very close to the free electron value of 2.0023 which implies that
the unpaired electron is preferentially confined to the tppz
ligand.1j,10a,17a,18 Remarkably, however, there is no EPR signal
observed at room temperature which has been similarly noted
for the radical complex {(µ-bptz)[Ru(NH3)4]2}

3�, bptz = 3,6-
bis(2-pyridyl)-1,2,4,5-tetrazine, and which signifies rapid relax-
ation due to paramagnetic states lying close to the radical
ground state.17a

Emission properties

Both complexes [1]2� and [2]� were found to be luminescent at
77 K in EtOH–MeOH (4 : 1) glass (Fig. 6). Excitation of [1]2� at
the lowest energy MLCT band maximum (λex, 610 nm) resulted
in a moderately strong emission at 740 nm (quantum yield, Φ =
4.1 × 10�2; the quantum yield was determined using a pre-
viously described method 19) (Fig. 6a). The emission energy is
substantially red-shifted with respect to RuII(tppz)2

2� (λabs, 480
nm and λem at 77 K, 628 nm), indicating the additional stabilis-
ation of the π*(tppz) orbital in [1]2�, which is also consistent
with the absorption data.

Excitation of the mononuclear complex [2]� at the MLCT
band (λex, 520 nm) led to a moderately strong emission at 668
nm (quantum yield, Φ = 3.6 × 10�2) (Fig. 6b). As is observed for

Fig. 5 EPR spectra of [1]3� (top) and [1]� (bottom) in CH3CN/0.1 mol
dm�3 Bu4NPF6 at 4 K (impurity signals at g ≈ 2 for the oxidation
process).
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the absorption process, the emission energy of the dinuclear
complex [1]2� is reasonably red-shifted relative to that of the
monomeric analogue [2]�, indicating the stabilisation of the
tppz π*-acceptor orbital through the second metal co-
ordination at the vacant site of tppz in [2]�. The observed lumi-
nescence is consistent with emission from a 3MLCT excited
state involving the tppz ligand.10c Negligibly small absorption
band shifts were observed in the different solvent systems used
for emission spectroscopy and spectroelectrochemistry, suggest-
ing comparable molecular and electronic structure.

Conclusions
A new 2,3,5,6-tetrakis(2-pyridyl)pyrazine (tppz)-bridged di-
ruthenium complex [{(L)ClRuII}2(µ-tppz)](ClO4)2, [1](ClO4)2,
incorporating 2,2�-dipyridylamine (L) ancillary ligands and its
mononuclear analogue [{(L)ClRuII(tppz)]ClO4, [2](ClO4), have
been synthesized. The present work illustrates the following fea-
tures: (i) the use of possibly non-planar 2,2�-dipyridylamine in
[1]2� reduces the RuIII/RuII potentials appreciably as compared
to analogous complexes having more π-acidic, planar 2,2�-bi-
pyridine or arylazopyridine ancillary ligands. The use of L
increases the Kc value of the mixed-valence RuIIRuIII state in
[1]3� to Kc = 2.7 × 106. (ii) Although spectroelectrochemical
studies of the analogous bipyridine and arylazopyridine com-
plexes suggest a class-II/-III hybrid behaviour of the mixed-val-
ence RuIIRuIII state, the [1]3� ion represents a genuine class III
system based on the narrow IVCT band at 1700 nm. (iii) The
π*-orbital of the tppz ligand is more stabilised in the dinuclear
complex [1]2� relative to the corresponding mononuclear deriv-
ative [2]�. (iv) The EPR spectrum of the reduced species [1]�

suggests that the unpaired electron is preferentially localised on
tppz whereas the highly anisotropic EPR spectrum of the
mixed-valent species [1]3� indicates metal-based electron spin
and a distorted coordination geometry. (v) Both the mono-
nuclear and dinuclear complexes are moderately luminescent at
77 K, the emission energy being substantially red-shifted while
moving from mononuclear [2]� to dinuclear [1]2�. Future efforts
will be made to investigate the electrochemical and spectro-

Fig. 6 Emission spectra of (a) [1]2� and (b) [2]� in 4 : 1 EtOH–MeOH
glass at 77 K.

scopic responses of oxidised, reduced and excited states to
deprotonation in suitable media.

Experimental

Materials

The precursor complex [Cl3RuIII(µ-tppz)RuIIICl3] was prepared
as reported.1h 2,2�-Dipyridylamine (L) was purchased from
Aldrich, USA. Other chemicals and solvents were reagent grade
and used as received. For spectroscopic and electrochemical
studies HPLC grade solvents were used. Water of high purity
was obtained by distillation of deionised water from KMnO4

under dinitrogen atmosphere.

Physical measurements

Solution electrical conductivity was checked using a Systronic
conductivity bridge 305. Infrared spectra were taken on a
Nicolet spectrophotometer with samples prepared as KBr
pellets, far-IR spectra were recorded with samples prepared as
polyethylene discs. 1H-NMR spectra were recorded for
(CD3)2SO solutions using a 300 MHz Varian FT spectrometer.
UV-VIS-NIR spectroelectrochemical studies were performed in
MeCN/0.1 mol dm�3 Bu4NPF6 at 298 K using an optically
transparent thin layer electrode (OTTLE) cell mounted in the
sample compartment of a Bruins Omega 10 spectrophoto-
meter. Cyclic voltammetric and coulometric measurements
were carried out using a PAR model 273A electrochemistry
system. A platinum wire working electrode, a platinum wire
auxiliary electrode and a saturated calomel reference electrode
(SCE) were used in a standard three-electrode configuration.
Tetraethylammonium perchlorate (TEAP) was the supporting
electrolyte and the solution concentration was ca. 10�3 mol
dm�3; the scan rate used was 50 mV s�1. A platinum gauze
working electrode was used in the coulometric experiments. All
electrochemical experiments were carried out under a di-
nitrogen atmosphere and all redox potentials are uncorrected
for junction potentials. The EPR measurements were made at a
single temperature (4 K) with an X-band Bruker system
ESP300, equipped with a Bruker ER035M gaussmeter and an
HP 5350B microwave counter. The elemental analyses were
carried out with a Perkin-Elmer 240C elemental analyser.
Electrospray mass spectra were recorded on a Micromass
Q-ToF mass spectrometer. Emission measurements were made
using a Perkin Elmer L S 55 luminescence spectrofluorimeter.

CAUTION! Perchlorate salts of metal complexes are gener-
ally explosive. Care should be taken while handling such
complexes.

Preparation of complexes [{(L)ClRuII}2(�-tppz)](ClO4)2,
[1](ClO4)2, and [(L)Cl RuII(tppz)](ClO4), [2](ClO4)

The precursor complex [Cl3RuIII(µ-tppz)RuIIICl3] (100 mg, 0.12
mmol) and the free ligand L (54 mg, 0.32 mmol) were taken in
ethanol (15 cm3) and refluxed for 4 h under a dinitrogen atmos-
phere in the presence of excess LiCl (54 mg, 1.3 mmol) and
NEt3 (0.4 cm3).The initial light green solution gradually
changed to deep green. A saturated aqueous solution of
NaClO4 was then added to the concentrated acetonitrile solu-
tion of the product. The solid precipitate thus obtained was
filtered off and washed thoroughly with cold ethanol followed
by ice-cold water. The dried product was purified by using an
alumina column. The mononuclear complex [2](ClO4) and di-
nuclear complex [1](ClO4)2 were eluted with 5 : 2 CH2Cl2–
CH3CN and 5 : 3 CH2Cl2–CH3CN mixtures, respectively. After
removal of the solvents under reduced pressure the complexes
were further purified by recrystallisation from benzene–
acetonitrile mixture.

Anal. calcd. for C44H34Cl4N12O8Ru2 [1](ClO4)2: C, 43.9; H,
2.8; N, 13.9; found: C, 43.6; H, 2.6; N, 14.2%. Conductivity: ΛM
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(Ω�1 cm2 mol�1) in acetonitrile at 298 K: 260.1d,10a IR data:
ν(ClO4

�, cm�1): 1091, 619; ν(NH, cm�1): 3280. Yield: 75% (110
mg).

Anal. calcd. for C34H25Cl2N9O4Ru [2](ClO4): C, 51.3; H, 3.2;
N, 15.8; found: C, 51.1; H, 2.8; N, 16.0%. Conductivity: ΛM

(Ω�1 cm2 mol�1) in acetonitrile at 298 K: 110.1d,10a IR data:
ν(ClO4

�, cm�1): 1092, 621; ν(NH, cm�1): 3295. λmax/nm (ε/dm3

mol�1 cm�1): 518 (4700), 340 (29000), 287 (34000), 252 (29000),
198 (60000). Yield, 15% (14.8 mg).
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