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A series of binuclear ruthenium and osmium complexes [(bipy)2Ru(qpy)Ru(bipy)2]4+ (1), [(bipy)2-
Os(qpy)Os(bipy)2]4+ (2), [(bipy)2Ru(pytr-bipy)Ru(bipy)2]3+ (3), [(bipy)2Ru(pytr-bipy)Os(bipy)2]3+ (4),
[(bipy)2Os(pytr-bipy)Ru(bipy)2]3+(5) and [(bipy)2Os(bpbt)Os(bipy)2]2+ (6) {bipy = 2,2¢-bipyridyl; qpy =
2,2¢:5¢,5¢¢:2¢¢,2¢¢¢-quaterpyridyl; pytr-bipy = 3-(2,2¢-bipyrid-6-yl)-5-(pyrid-2-yl)-1,2,4-triazolato, and
bpbt = 5,5¢-bis-(pyrid-2¢¢-yl)-3,3¢-bis-1,2,4-triazolato} are reported. Analysis of the electrochemical
data focuses on structural factors and on determining the extent of electronic communication between
the metal centres in the mixed valence oxidation state. Intervalence charge transfer (IT) bands could be
identified in the spectra of the complexes 4 and 6 only. Analysis of their spectroelectrochemical data
leads to the conclusion that the IT is superexchange mediated through the HOMO of the bridging
ligand.

Introduction

Metal complexes based on polypyridyl ligands constitute
versatile components for the construction of multifunc-
tional supramolecular systems in molecular photonics and
molecular electronics,1 sensors,2 photocatalysis,3 solar energy5
conversion,4 artificial photosynthesis,5 non-linear optics,6 and
electrochemoluminescence7 amongst others.8,9 The myriad of
applications are founded on the well defined chemistry of these
compounds and take advantage of the versatile photophysical,10

photochemical11 and electrochemical12 properties that are associ-10
ated with the metal-to-ligand charge-transfer (MLCT) excitation
in these metal complexes.13

Amongst the many multinuclear polypyridyl complexes
reported,14 an interesting subclass is represented by those binuclear
systems that display additional spectroelectrochemical features15
due to the electronic interaction between the two metal cen-
tres in the mixed valence redox state(s).15,16 “Communication”
between metal centres where direct overlap of atomic orbitals
is not possible is achieved when the bridging ligand (BL) has
a system of polarisable electrons that are capable of mediating20
the redistribution of the electronic charge between the two
metal centres.17,18 If the BL is sufficiently capable of mediating
an internuclear interaction then direct (optical) electron trans-
fer is possible in the mixed valence state (i.e., MII

1MIII
2 →

MIII
1MII

2)19,20 and is manifested in the appearance of metal-to-25
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metal (MM¢CT) or intervalence (IT) charge transfer21–23 absorp-
tion bands, typically in the far red and near infrared.16,17,24 Analysis
of these absorption bands25 can provide detailed information as
to the nature and extent of the interaction between the metals
centres. 30

Recently, we reported the synthesis and characterisation of a se-
ries of homo- and hetero-binuclear ruthenium(II) and osmium(II)
complexes of the general formula [M1(bipy)2-BL-M2(bipy)2],
where M = Ru or Os, bipy is 2,2¢-bipyridyl (bipy), and BL
the bridging ligands 2,2¢:5¢,5¢¢:2¢¢,2¢¢¢-quaterpyridyl (qpy), 3-(2,2¢- 35
bipyrid-6-yl)-5-(pyrid-2-yl)-1,2,4-triazolato (pytr-bipy), and 5,5¢-
bis-(pyrid-2¢¢-yl)-3,3¢-bis-1,2,4-triazolato (bpbt).26

In the present contribution, we describe in detail the
electrochemical and spectroelectrochemical properties of these
compounds. The goal of the present study is to evaluate the extent 40
of electronic communication between the two metal centres as a
function of the electronic properties of the bridging ligand and
the positioning of the two metal centres. In particular, attention
is directed towards the homo- and heterodinuclear complexes
of ruthenium and osmium [(bipy)2Ru(qpy)Ru(bipy)2]4+ (1), 45
[(bipy)2Os(qpy)Os(bipy)2]4+ (2), [(bipy)2Ru(pytr-bipy)Ru(bipy)2]3+

(3), [(bipy)2Ru(pytr-bipy)Os(bipy)2]3+ (4), [(bipy)2Os(pytr-
bipy)Ru(bipy)2]3+(5) and [(bipy)2Os(bpbt)Os(bipy)2]2+ (6) (Fig.
1). The data obtained are compared with the electrochemical
and spectroelectrochemical properties of the related binuclear 50
complexes 7–11 with 3,5-bis(pyridin-2¢-yl)-1,2,4-triazolato
(bpt) as BL (Fig. 1),16,27,28 and complexes 12–14 with isomeric
quaterpyridyl BLs (Fig. 2).11,17,29–31

The systematic variation in the nature of the bridge and the
introduction of both ruthenium and osmium metal centres allows 55
a critical evaluation of the structural factors that affect the extent
of electronic communication between the metal centres of these
types of dinuclear complexes.
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Fig. 1 Structures of binuclear complexes 1–6 and related com-
pounds bpt[(bipy)2Ru(bpbt)Ru(bipy)2]2+ (7), [(bipy)2Ru(bpt)Ru(bipy)2]3+

(8), [(bipy)2Ru(bpt)Os(bipy)2]3+ (9), [(bipy)2Os(bpt)Os(bipy)2]3+(10) and
[(bipy)2Os(bpt)Ru(bipy)2]3+ (11).

Fig. 2 Structures of quaterpyridyl bridged binuclear complexes 1,2,
[(bipy)2M1(qpy1)M2(bipy)2]4+ (12), [(bipy)2M(qpy2)M(bipy)2]4+ (13) and
[(bipy)2M(qpy3)M(bipy)2]4+ (14).

Experimental

The synthesis and structural characterization of complexes 1–6
were reported previously.26 Cyclic and differential pulse voltam-
metries are reported in the ESI. Potential values are referredQ3
with respect to the saturated calomel reference electrode (SCE).5
Glassy carbon and platinum disc electrodes were used as the
working electrodes and a platinum wire was employed as the
counter electrode. The electrode area was 0.07 cm2. A solution
of 0.1 M TBAPF6 (Fluka, electrochemical grade) in a 50 : 50
mixture of acetonitrile (Aldrich, anhydrous, 99.8%) and10
dichloromethane (Aldrich, anhydrous, 99.8%) were used as the
supporting electrolyte. A mixed solvent system was employed
to prevent adsorption to the electrode. Analyte concentrations
of typically 1 mM were used. Electrochemical experiments were
carried out using a CHI750C electrochemical bipotentiostat. Prior15
to each experiment, the electrochemical cell was degassed for at
least 10 min using argon and a blanket of argon was maintained
throughout. The working electrodes were prepared by polishing
with 0.05 mm alumina paste and sonicated in Millipore grade water

for 5 min followed by 5 min of sonication in either acetonitrile 20
or dichloromethane. The platinum electrodes were cleaned by
polishing followed by electrochemical cleaning in 0.5 M H2SO4

prior to sonication in acetonitrile or dichloromethane. All cyclic
voltammograms were recorded at a scan rate of 100 mV s-1.

UV-vis–NIR spectroelectrochemical measurements were per- 25
formed using a model CHI760C bipotentiostat (CH Instruments)
and either a JASCO 630 UV-vis spectrophotometer or a JASCO
570 UV-vis NIR spectrophotometer. Analyte concentrations were
typically 0.1–1.0 mM in anhydrous acetonitrile containing 0.1
M tetrabutylammonium hexafluorophosphate (TBAPF6). A plat- 30
inum gauze working electrode, Pt wire auxiliary electrode and SCE
reference electrode were employed (calibrated externally using 0.1
mM solutions of ferrocene in 0.1 M TBAPF6 in acetonitrile). A
custom made 2 mm path length quartz cuvette (volume: 1.2 mL)
was employed for all spectroelectrochemical measurements. 35

Results and discussion

Redox properties

The redox properties of the dinuclear complexes 1–6 were studied
by cyclic and differential pulse voltammetry (Fig. 3).

Fig. 3 Oxidation (red lines), and reduction (blue lines) formal potentials Q4
E1/2 [E1/2 = (Ep,a + Ep,c)/2] for metal complexes 1–14, Ru(bpy)3 and
Os(bpy)3.16,30,32–34 For complexes 1–6 the asterisk indicates that the
reduction process at that specified potential value is localized on the
bridging ligand.

The half-wave potentials indicate that the oxidations and 40
reductions of each of the six complexes are centred on the metals
and ligands, respectively.12

The electrochemistry of the symmetric homodinuclear complex
1 is similar to that of its regioisomer [Ru(bipy)2(qpy)Ru(bipy)2]4+

(13a), first reported by Steel and co-workers,34 in which the 45
bipyridyls of the BL are connected at the C4 position and not
the C5 position as in the case of 1 and 2. The oxidation potential
of 1 (+1.34 V vs. SCE) is 100 mV more positive than that of
13a.34 This difference is ascribed to the change in connectivity
of the two bipyridyl moieties of the BL. In fact, 13a is linked at 50
the C4–C4¢ position giving a more impeded rotation around the
C–C bond with respect to the direct linkage from C5 in 1. In
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the latter, there is a less hindered rotation around the bond. This
would diminish delocalisation across the bridge with a consequent
increase in the oxidation potential for the bridged metal centres in
1 in comparison to 13a.

Four cathodic processes are resolved in the CV of 1 and 2, and5
analysis by differential pulse voltammetry indicates that these four
redox waves correspond to six reduction steps with only the first
two redox processes being fully resolved. Comparison with related
compounds and considering the p-acceptor properties of the BL, it
can be inferred that the first two reduction steps at -1.00 and -1.2010
V vs. SCE are localised on the BL rather than on the peripheral
bipyridyl ligands.34,35 The third and fourth reduction waves, each
representing two partially resolved one-electron reductions, are
assigned to reduction of the four peripheral bipyridyl ligands.
Comparison of the reduction potentials for the quaterpyridyl15
bridge in complexes 1 and 2 shows only a weak dependence of
these on the nature of the coordinating metal.

In contrast to complexes 1 and 2, for complex 3, two resolved
reversible one-electron oxidation steps are observed, which are
assigned to sequential oxidation at the two different binding sites20
of the asymmetric ditopic pytr-bipy ligand (Fig. 1). The two redox
process can be assigned to oxidation of metal centres coordinated
to the pytr (0.99 V vs. SCE) and bipy (1.36 V vs. SCE) components
of the BL, respectively, by comparison with the redox potentials
of related complexes.10b ,16d,e ,36 The similarity of the latter redox25
potential with that of complex 1 (Fig. 3) is an indication of the
localisation of this oxidation process at the metal centre that
coordinates the bipyridyl unit of the BL in 3. This potential is
100 mV higher than the oxidation potential of the mononuclear
complex [Ru(bipy)3]2+ (Fig. 3).29 This positive shift may be a30
consequence of electronic effects since the Ru(bipy)2(pytr-) moiety
in complex 3 is close to the positively charged moiety obtained
upon oxidation of the Ru centre bonded to the triazole moiety
of the BL. The least negative, one-electron, reduction process at
-1.32 V is assigned to reduction of the bipy grouping on the pytr-35
bipy ligand of 3 (Fig. 3). The two redox waves at more negative
potentials (-1.50 and -1.76 V vs. SCE, Fig. 3) are assigned to
the first and second reduction of the peripheral bipy ligands,
respectively. The second reduction step of the triazole based ligand
lies outside the potential window available. Similar assignments40
can be made in the analysis of the reduction processes of the same
BL in heterodinuclear complex 4 (Fig. 3).

The oxidation processes of the heterobinuclear complexes 4 and
5 consist of two resolved one-electron redox steps, the separation
of the two redox waves being markedly different between the two45
complexes (Fig. 3). For 5, assignment of the two redox processes
can be made on the basis of comparison with related mononuclear
complexes. The first oxidation is assigned to the pyridyl-triazolato
bound osmium centre (0.56 V) while the second process at 1.31 V
is assigned to the ruthenium centre bound to the bipyridyl unit of50
the bridging ligand.

For 4, the assignment is less obvious since the two redox waves
are separated by only 110 mV and are both close to those of their
related mononuclear complexes. Assignment on the basis of com-
parison would suggest that the Os(bipy)2-bipyridyl bound centre is55
the first to be oxidised followed by the Ru(bipy)2-pyridyl-triazolato
centre. This assignment is verifyable by spectroelectrochemistry
(vide infra) which shows that the first oxidation is accompanied
by a decrease in the intensity of the osmium 3MLCT absorption

bands. Overall, the difference in the half–wave potentials of the 60
ruthenium and osmium metal centres is small in complex 4 (DE1/2,
110 mV) compared to that observed for complex 5 (DE1/2, 750
mV) (Fig. 3).

Five distinct one-electron reduction processes are observed for
5. In analogy to Ru(bipy)3, the reduction peaks at -1.30 V and 65
-1.52 V are assigned to the reduction of the two non-bridging
bipy ligands that are coordinated by Ru(II) in 5. Similarly, the two
reduction steps at -1.40 V and -1.70 V are still ascribed to the re-
duction of the two non-bridging bipy ligands that are coordinated
by Os(II). The negative shift observed for the reduction steps of 70
the non-bridging ligands of Os(II) is related to the presence of a
negative charge in the triazolato moiety coordinated by Os(II), and,
secondly, the stronger electron releasing properties of Os(II) with
respect to Ru(II). The fifth reduction step at -1.82 V is assigned to
the reduction of the BL in correspondence of the bipy moiety of 75
the BL because of the closeness of this value with that of the third
reduction potential of Ru(bipy)3 (Fig. 3).

Complex 6, the osmium analogue of [(bipy)2Ru(bpbt)-
Ru(bipy)2]2+16 exhibits two reversible one-electron oxidations at
E1/2 = +0.47 and +0.56 V vs. SCE (Fig. 3). Despite the chemical 80
equivalency of the Os sites in 6 (Fig. 1), two close but resolved
redox waves are observed for the oxidation of the two metal centres
(Fig. 3). Interestingly, for the analogous ruthenium complex
[(bipy)2Ru(bpbt)Ru(bipy)2]2+ (7), the separation (DE) is 100 mV,
i.e. twice that observed for 6. The first metal oxidation potential 85
of 6 is 420 mV lower that the oxidation potential of the metal
centres in the homobinuclear osmium complex 2 in agreement
with the coordination of both metal centres to pyridyl-triazolato
units. The two reduction waves of complex 6 are consistent with
two bielectronic processes of reduction that are localised on bipy 90
ligands as reported previously.16,37

The comproportionation constant as a measure of internuclear
communication

The comproportionation constant for complexes 1 to 14, listed in
Table 1, refer to the reaction19 95

MII
1MII

2 + MIII
1MIII

2 � 2MII
1MIII

2 (1)

and can be calculated from DEox (Fig. 3) at 298 K through the
relationship:

K c¢ = exp[(DEox/mV)/25.69] (2)

The largest K c¢ values in this series of complexes are observed 100
for complexes 3 and 5 with calculated values of 1.8 ¥ 106 and

Table 1 Separation between the 1st and 2nd oxidation potentials, DEox,
and the corresponding comproportionation constant, K c¢ (eqn (1)), for
1–14

DEox/mV K c¢ DEox/mV K c¢

1 0 4 814 300 1.2 ¥ 105

2 0 4 914 470 8.9 ¥ 107

3 370 1.8 ¥ 106 1014 210 3.6 ¥ 103

4 110 72 1114 650 9.9 ¥ 1011

5 750 4.8 ¥ 1012 12a32 11 1.5
6 90 35 12b33 9 1.4
7 180 1100 13a,b14 0 4

1431 7 1.3
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4.8 ¥ 1012 for DEox = 370 (3) and 750 (5) mV, respectively (eqn (1)).
Complexes 4 and 6 present lower values of DEox (110 and 90 mV,
respectively), and hence K c¢ is 72 (4) and 35 (6), respectively. In the
case of the complexes 1 and 2 and the concurrent oxidation of both
metal centres indicates that the electronic coupling across the bis-5
bipyridyl bridge is either absent or weak and that an electrostatic
interaction is absent.14 This conclusion is supported by the absence
of an intervalence transfer band in the vis–NIR spectrum of these
systems (see ESI).

Generally, the observation of a separation between the metal10
centred oxidation potentials is taken as an indication of elec-
trostatic interaction or ligand orbital mediated superexchange
between the metal centres. It is important, however, to note that
the nature of the metal centres involved also plays a role. The
related comproportionation constant, K c¢ (vide supra), calculated15
from the DEox values according to eqn (2), is therefore often
taken as an indicator of the extent of electrostatic interaction
and redox asymmetry between the metal centres as well as
the thermodynamic stability of the mixed valence compound
(Table 1).17,18,3820

Since absorption bands assignable to IT transitions were
observed for complexes 4 and 6 whereas compounds 3 and 5
showed no evidence of such absorptions (vide infra), the value
of K c¢ observed for these compounds reduces to be that of a
measure of the redox asymmetry between the metal centres and/or25
to the degree of electrostatic interaction. It must also be taken into
account that the value of K c¢ is sensitive to the donor/acceptor
properties of solvent and electrolyte, and varies as a result.39

Spectroelectrochemistry

The absorption properties of the binuclear complexes 1–6 in the30
divalent state are summarised in Table 2 to facilitate discussion of
the spectroelectrochemical data.26 The absorption bands in the UV
are assigned to p → p* intraligand electronic transitions.16,40 The
absorption bands in the range 400–520 nm are assigned to 1MLCT
transitions. For the Os(II) containing complexes additional triplet-35
based 3MLCT absorption bands are observed between 520 and
800 nm.

Upon oxidation, significant changes in the electronic absorption
spectra are observed. In all cases, the intensity of the 1MLCT band
decreases and in the case of osmium containing complexes, the40
3MLCT absorption bands also decrease (see ESI). Of particular
interest in the present study is the electrochemical generation of

Table 2 UV-vis absorption data26 for M1
IIM2

II dinuclear complexes in
acetonitrile at 298 K

Absorption lmax/nm (e/104 M-1cm-1)

1 430 (sha), 450(2.53)
2 463 (2.57) 625 (0.47)
3 447 (1.76)
4 445 (1.23) 622 (0.16)
5 456 (1.68), 501 (1.18)
6 496 (2.67) 652 (0.61)
7 478 (1.90)
[Ru(bipy)3]2+ 450 (1.30)
[Os(bipy)3]3+ 468 (1.11)
714 330, 368 (sh), 442, 482

a sh = shoulder.

Table 3 lmax of Eopt and interaction parameters a2 (eqn (3)), Dn1/2calcd (eqn Q5
(5)) and Dn1/2exp for the mixed valence state of 4 (this work), and complexes
7–11

Eopt/cm-1 Dn1/2exp/cm-1 e/M-1cm-1 Dn1/2calcd/cm-1 a2

4 5128 4636 633 3405 2.7 ¥ 10-3

716d 5490 4690 1820 3060 7.0 ¥ 10-3

816e 5556 3300 2400 3341 16.0 ¥ 10-3

916e 7143 3800 1200 3650 7.0 ¥ 10-3

1016e 8333 4500 460 4170 2.7 ¥ 10-3

1116e 8772 4300 1140 3700 6.1 ¥ 10-3

the mixed valence state (i.e. M1
IIM2

III) to investigate potential
IT absorption bands in the NIR region. The ability to generate
the mixed valence form is dependent on the comproportionation 45
constant, K c¢ (Table 1).

In dinuclear complexes where DEox = 0 mV and the redox
sites are electrochemically equivalent, the statistical value of K c¢
is 4 meaning that only a maximum 25% of the complex is in
the mixed valance stand at the E1/2.19Although for complexes 1 50
and 2, oxidation of both metal centres occurs concurrently, bulk
electrolysis at the E1/2 will allow for a significant proportion of
the mixed valence state to be generated and by examination of
the changes in the electronic absorption spectrum as a function of
applied potential, the appearance and subsequent disappearance 55
of absorption bands can reveal the presence of IT band/s in the
mixed valence state.

Oxidation of 1 leads to the appearance of low intensity broad
absorption bands in the range 10450–17500 cm-1, which are
assigned to ligand to metal charge transfer transitions (LMCT) 60
characteristic of bipyridyl-based Ru(III) complexes.16 Analysis of
the vis–NIR spectrum shows no evidence of an IT absorption
band in the mixed valence state of complex 1 (see ESI). As for
1, oxidation of the dinuclear Os complex 2 leads to a decrease
in the intensity of the MLCT absorption bands (see ESI) and 65
the simultaneous appearance of low intensity bands in the region
4450–5700 cm-1 assigned to osmium centred dp–dp transitions.41

Oxidation of 3 at +1.10 V results in formation of the mixed
valence species with the concomitant decrease in the intensity of
the 1MLCT band and the appearance of a new absorption band 70
at ca. 11700 cm-1 (see ESI). This NIR absorption band is assigned
as an LMCT transition and not as an IT absorption band since it
persists in the spectrum of the fully oxidised species generated at
1.40 V (see ESI). The intensity and energy of the LMCT absorption
band allows for its assignment as a LMCT transition from the 75
electron rich triazolato to the ruthenium centre.10b,42 Oxidation at
1.40 V results in conversion to the RuIIIRuIII state. This results in a
further decrease in the 1MLCT absorption band and a partial
increase in intensity of the LMCT absorption band at 11 700
cm-1. The increase in absorption at 16 000 cm-1 is characteristic 80
of LMCT transition of a RuIII polypyridyl complex. For 3, there is
no evidence for the appearance of IT absorption bands in the NIR
region in the mixed valence state despite the large value of K c¢ (1.8 ¥
106, eqn (1)), confirming that the large DE is due to the asymmetry
of the redox centres.17 To summarise, the Ru(bipy)2(pytr)2+ unit is 85
oxidized first followed by oxidation of the Ru(bipy)2(bipy)2+ unit.

Oxidation of the heterodinuclear system [(bipy)2Ru(pytr-
bipy)Os(bipy)2]3+ (4) at a potential (+0.95 V) intermediate of the 1st

and 2nd oxidation steps results in a decrease in the intensity of both
the 1MLCT and 3MLCT absorption bands (Fig. 4). This indicates 90
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Fig. 4 UV-vis–NIR absorption spectra of [(bipy)2Ru(pytr-
bipy)Os(bipy)2]3+ (4) in 0.1 M TBAPF6/CH3CN at (a) E = OCP,
(b) E = 0.95 V [Os(III)-Ru(II)] and (c) E = 1.10 V [Os(III)-Ru(III)] vs. SCE.

that the [Os(bipy)2(bipy)] moiety is oxidised first. Furthermore,
two new absorption bands in the NIR region appear at ca. 11 800
cm-1 and 6000 cm-1 (Fig. 4). Increasing the applied potential to
+1.10 V resulted in the oxidation of the second metal centre and
was accompanied by a further decrease in the 1MLCT absorption5
bands and a substantial increase in the absorption band at 11 800
cm-1 and a decrease in the intensity of the absorption at 6000 cm-1

(Fig. 4). The appearance and subsequent disappearance of the
band at 6000 cm-1 is indicative of an IT absorption band of the
mixed valence state (Fig. 4). The absorption band at 11 800 cm-110
can be assigned to a LMCT transition of the (bipy)2Ru(pytr) unit,
which is partially oxidised and fully oxidised at 0.95 and 1.10 V,
respectively.

Oxidation of 5 at +0.90 V results in a decrease in the intensity of
the 1MLCT absorption band together with a disappearance of the15
3MLCT absorption band at ca. 16 000 cm-1 and the appearance
of a new absorption band centred at 14 300 cm-1 and 4300 cm-1

assigned to OsIII based LMCT absorption bands (see ESI).43 This
confirms that the Os(bipy)2(pytr) unit is oxidised first as expected
from analysis of the electrochemical data (Fig. 3). At +1.50 V,20
oxidation of the Ru(bipy)2(bipy) unit is accompanied by a further
decrease in the intensity of the 1MLCT absorption bands (see ESI).
There is no evidence for the appearance of IT absorption bands in
the mixed valence state.

[Os(bipy)2(pytr-pytr)Os(bipy)2]2+ (6) exhibits two sets of MLCT25
bands in the UV-vis–NIR spectrum, the 1MLCT absorption bands
centred at 20 000 cm-1 (500 nm) and 3MLCT absorption bands
at 14 900 cm-1 (670 nm) (Fig. 5). The half-wave potential for
the oxidation of the first osmium metal centre is +0.47 V and
+0.56 V for oxidation of the second centre (Fig. 3). In the fully30
oxidised state, at +0.75 V, the intensities of both 1MLCT and
3MLCT absorption bands are reduced (Fig. 5). Furthermore, a
new absorption band at 13 700 cm-1 (730 nm) can be assigned to
a triazolato-based LMCT transition together with narrow lower
energy absorption bands at 5800 and 4200 cm-1.44 At +0.51 V,35
intermediate between the E1/2 of the first and second redox steps,
the LMCT absorption band at 13 700 cm-1 is notably absent while
the narrow low energy bands at 5800 and 4200 cm-1 are present

Fig. 5 UV-vis–NIR absorption spectra of [(bipy)2Os(bpbt)Os(bipy)2]2+

(6) in 0.1 M TBAPF6/CH3CN at (a) E = OCP, (b) E = 0.51 V
[Os(III)-Os(II)] and (c) E = 0.75 V [Os(III)-Os(III)] vs. SCE. Lower graph:
expansion of the 5000–19 000 cm-1 region.

(Fig. 5). A weak broad absorption band at ca. 8000 cm-1 can
be assigned, tentatively, to an IT absorption band due to its 40
disappearance when fully oxidised. Overall, it is apparent that
there is an interaction between the two metal centres of 6 in the
mixed valence state. This interaction is small as indicated by the
low intensity and broadness of the putative IT band.45 The low
intensity of the proposed IT band renders the evaluation of the 45
interaction parameters difficult (vide infra).17,20–23

Interaction parameters in mixed valence states

The four primary classifications for the electronic character of
mixed valence dinuclear complexes are (i) type I (non-interacting),
(ii) type II (weakly interacting), (iii) type II/III (solvent dependent 50
interaction) and (iv) type III (strong interaction).22,46 Depending
on the extent of interaction between the metal centres in the mixed
valence state, the delocalisation across both metal centres (a2) and
the electronic coupling Hab between the metal centres will vary.

Frequently, the magnitude of DE, the separation between the 55
first and second metal oxidation steps is taken to provide insight
into the degree of interaction between metal centres. However,
DE is dominated by contributions from redox asymmetry and
electrostatic contributions and hence a large value of DE does not
necessarily imply strong internuclear interaction, i.e. a large value 60
for a2 or Hab.

The analysis of spectroelectrochemical data is essential in the
evaluation of the extent of interaction between metal centres.
Assignment of absorption bands of the mixed valence species to
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IT transitions (optical electron transfer) is made on the basis of
the absence of these bands in the fully reduced and oxidised states.
In the present series of binuclear complexes 1–6 IT bands were
identifiable only in the cases of [(bipy)2Ru(pytr-bipy)Os(bipy)2]3+

(4) (Fig. 4) and [(bipy)2Os(bpbt)Os(bipy)2]2+ (6) (Fig. 5), and for5
the complex [(bipy)2Ru(bpbt)Ru(bipy)2]2+ (7).16d

The calculation of the interaction parameters a2, Hab and
Dn1/2calc representing the delocalisation parameter, the coupling
constant and the calculated peak width at half height for the IT
band, respectively,17,20–23 is feasible for the heteronuclear complex10
4 only, since the low intensity IT band observed in the spectrum of
6 is broad and overlaps with lower energy absorption bands (Fig.
5). The interaction parameters a2, Hab and Dn1/2calc are defined by
the relationships:45

a
e n2

4
1 2

2

4 2 10
=

-( . * ) max /D
r Eopt

(3)15

Hab = (a2E2
opt)1/2 in cm-1 (4)

Dn1/2calc = [2310 ¥ (Eopt - DE)]1/2 in cm-1 (5)

where emax is the molar absorptivity (in M-1 cm-1) of the IT
band, Dn1/2 is the experimentally determined value of the peak
width at half height for the IT band (in cm-1), r is the electron20
transfer distance (in Å), Eopt and DE the energy corresponding
to the maximum of absorption for the IT band (in cm-1) and
the energy difference between metal sites (in cm-1, see eqn (1)),
respectively. The distance r is taken to be 9.5 Å,16d however this
value corresponds to the centre-to-centre distance and does not25
take into account the reduction in electron transfer distance due
to strong mixing between metal orbitals and BL-based orbitals.45

Hence the calculated values for a2 and Hab represent the lower
limit of the actual value. Furthermore, for 4, the value of Dn1/2

determined by direct measurement of the IT band is larger than30
the theoretical value (eqn (5)) confirming that the system is best
described as type II (valence localised).17,21 From Table 4 it is
clear that the interaction in terms of delocalisation in 4 is close
to complexes such as 9 in which the metals are separated by an
electron rich triazolato ligand.35

Comparison of pytpytr bridged complexes 6 and 7

Complexes 6 and 716 are bridged by the same bis-(pyridyl-
triazolato) ligand but differ in the metal centres (i.e. osmium vs.
ruthenium). The magnitude of DE for 6 is less and the intensity and
energy of the IT band of the mixed valence state indicate that both40
the delocalisation (a2) and interaction parameters Hab possess
lower values and hence the internuclear communication can be
considered to be weaker. Previously, the interaction mechanism in
the mixed valence state for complex 7 was assigned as being via
HOMO mediated superexchange by the electron rich triazolato45
ligands. Hence the less positive oxidation potentials of the metal
centres of 6 compared with 7 imply that mixing with the HOMO
orbitals of the bridging ligand will be reduced. This would explain
the decreased interaction strength in 6.

Comparison of bpypytr bridged complexes 3–550

Complexes 3–5 incorporate the same bridging ligand (pytr-bipy)
but differ in the metal centres (i.e. ruthenium vs. osmium). The

variation of the redox properties of 3, 5 and 4 are in the first
instance due to the difference in the redox potentials of the
ruthenium and the corresponding osmium units and secondly the 55
difference in the coordination properties of the pyridine-triazolato
and bipyridyl components of the ditopic bridging ligand. In
complexes 3 and 5, the metal coordinated to the pyridyl-triazolato
unit is oxidised first, whereas for complex 4 it is the metal centre
coordinated to the bipyridyl unit that is oxidised first followed 60
closely by oxidation of the second metal centre.

Surprisingly, an IT absorption band, which indicates significant
internuclear interaction, is observed for complex 4 and not for
complexes 3 and 5. This is counter intuitive considering that for
symmetric dinuclear compounds an increase in the separation 65
between the first and second oxidation potential (DE) typically in-
dicates increased interaction strength (where the separation is not
due to electrostatic interactions or asymmetry). The internuclear
separation between the metal centres precludes either electrostatic
interaction or direct metal orbital overlap between the osmium(III) 70
and ruthenium(II) metal centres and hence the interaction strength
manifested in the IT absorption band can be ascribed to HOMO
superexchange mediated interaction between the metal centres.
The increased interaction observed for 4 compared with 3 and 5
can be rationalised by considering the nature of the optical electron 75
transfer in terms of the energy of the ‘donor’ and ‘acceptor’ metal
centres. For 4, the optical transition, Os(III)Ru(II) → Os(II)Ru(III)
involves a conversion to a state, which is relatively close in energy to
the ground state compared with the corresponding transition for
complex 3 and 5 (Scheme 1). Furthermore, if an electron hopping 80
model is considered then in the case of complexes 3 and 5 the
optical transfer of an electron formally results in an increase in

Scheme 1 HOMO mediated superexchange in complexes 3–5 in the mixed
valence states.
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the energy difference of the HOMO orbitals of the bridging ligand
(bpy and pytr-) in the optically excited state whilst in the case of 4
these states move closer together in energy.

Hence it can be concluded that the dominant interaction
in the mixed valence state of 4 is that of a dp(MIII)–p(L)5
mixing with p-orbitals of the bridging ligand (HOMO mediated
superexchange).17 By comparison of the reduction potentials of
4 with those of 1 and 2 (Fig. 3), it can be seen that the p*
(LUMO) of BL in 4 is higher in energy than that of both 1 and
2. This additional consideration supports the conclusion that the10
mechanism of internuclear interaction in 4 is HOMO mediated
and not LUMO mediated superexchange.

Conclusions

The spectroelectrochemical properties of symmetrically and asym-
metrically bridged binuclear complexes of ruthenium and osmium15
1–6 have been determined in the UV-vis–NIR range. The oxidation
potential of the metal centres in quaterpyridyl bridged species 1
and 2 has a weak dependence on the type of quaterpyridyl isomer
(compare complexes 12–14), that bridges the two metal centres
and first oxidation does not provide evidence for intermetallic20
communication in 1 and 2. Within the group of pytr-bipy bridged
complexes 3–5 only 4 exhibits spectroelectrochemical features in its
mixed valence state, which could be assigned unambiguously to an
IT transition. It is found that the overall change in energy involved
in the IT transition (i.e. the difference in oxidation potentials of the25
metal centres), and the effect of the electron transfer on the relative
energies of the HOMO orbitals associated to the binding units of
the bridging ligand constitute the critical factors for the occurrence
of IT. In the sole case of 4 the ligand mediated electron transfer
Ru(II)-[pytr-bipy]-Os(III) → Ru(III)-[pytr-bipy]-Os(II) is possible30
because of the larger electron-withdrawing strength of the binding
moiety (bipy) that is coordinated by the oxidised metal centre
(Os). This implies a HOMO (of the bridging ligand) mediated
superexchange mechanism where the energy differences between
the HOMOs of the binding sites and the gap between these and the35
energy levels of the coordinating metals are the critical parameters.

Compound 6 displays an IT transition also, which occurs
via a HOMO (of the bridging ligand) mediated superexchange
mechanism. The common structural factors that accompany such
an electronic event in 4 and 6 are the presence of osmium as40
metal centre, and the presence of at least one triazole moiety in
the bridging ligand. In the case of complexes 6 and 7 differing
only in the nature of the metal centres, the weaker intermetallic
interaction of osmium complex 6 in comparison to the analogous
ruthenium complex 7, is due to the larger gap between the energy45
of the metal orbitals of Os with respect to Ru, and the HOMO of
the binding unit of the ligand.
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