
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 7

:4
7:

30
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Mixed valency in
A
B
C
B
S
B
P
s
r
o
a
c
a
c
c

aDepartment of Chemistry, Indian Inst

Mumbai-400076, India. E-mail: lahiri@chem
bDepartment of Chemistry, Indian Institute o

Varanasi, Uttar Pradesh-221005, India. E-m

Cite this: RSC Adv., 2018, 8, 28895

Received 14th April 2018
Accepted 1st August 2018

DOI: 10.1039/c8ra03206h

rsc.li/rsc-advances

This journal is © The Royal Society of C
ligand-bridged diruthenium
frameworks: divergences and perspectives

Arijit Singha Hazari,a Arindam Indra*b and Goutam Kumar Lahiri *a

The present review article illustrates the mixed valence aspects of ligand-bridged symmetric and

unsymmetric diruthenium complexes beyond the textbook example of the Creutz–Taube ion as

well as the Robin and Day classification by citing representative examples based on our recent

observations. The consideration of varied coordination situations involving bridging and ancillary

ligands of diverse electronic and steric demands extended important fundamental events including

(i) the influence of ancillary ligands besides the bridge in the intermetallic coupling process, (ii)

varying profile of the intervalence charge transfer (IVCT) transition in RuIIIRuII (d5d6) and RuIIIRuIV

(d5d4) mixed valence set up, (iii) divergence between the electrochemical (Kc ¼ comproportionation

constant) and electronic (IVCT) coupling and (iv) occurrence of the hybrid class II-class III situation.

Furthermore, additional challenges due to the introduction of redox non-innocent ligands in

assigning valence and spin distributions at the metal–ligand interface as well as in differentiating the

emerging alternatives of the radical-derived state and the mixed valence situation along the redox

chain have been addressed.
1. Introduction
1.1. Mixed valence

Mixed-valence compounds are those that feature an element in
more than one formal oxidation state. A sub-set of mixed
valence compounds includes those in which two (or more)
metal centers are linked through a bridging ligand. In particular
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cases, the bridge can mediate intermetallic electron transfer
from the reduced metal ion to the oxidized one.1 The electron
transfer at the mixed valence state is guided by various
intriguing factors such as molecular conformation, separation
of the redox centers, nature of the spacer and their redox
potentials.2

In biological systems, the occurrence of polynuclear struc-
tures with metal ions in different oxidation states can be found
in the oxygen evolving center (OEC) of photosystem II (PSII),3

cytochrome-c-oxidase,4 ferredoxins,5 etc. In PS II, four electrons
and four protons are transferred through multistep processes
involving high-energy intermediates. The proton-coupled
Dr. Arindam Indra received his
Ph.D. from IIT Bombay (India)
in solid supported catalysis.
Aer completing his post-
doctoral research from Techni-
sche Universitat Berlin
(Germany) and Hanyang
University (Korea), he joined IIT
(BHU), Varanasi (India) as an
assistant professor. His group
designs metal organic frame-
work (MOF)-derived functional
materials for energy conversion
and storage.

RSC Adv., 2018, 8, 28895–28908 | 28895

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra03206h&domain=pdf&date_stamp=2018-08-16
http://orcid.org/0000-0002-0199-6132
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03206h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008051


Fig. 1 Oxygen evolving center (OEC) in photosystem II represents
oxide-bridged mixed valent MnIII and MnIV ions. Reprinted from ref. 6
with the permission of Wiley VCH.

Fig. 2 Alternate electronic forms of the Creutz–Taube ion.

Fig. 3 Electron transfer series of tetrathiafulvalene.
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electron transfer to produce molecular oxygen from water is
eased by the mixed valent MnIII–MnIV cluster in OEC (Fig. 1).6

Similarly, dioxygen activation is attained by mixed valent CuI/
CuII centers in cytochrome-c-oxidase.7

Naturally occurring metal oxides (Spinels (AIIBIII
2O4)) such as

Fe3O4 (magnetite),8 Co3O4, Mn3O4 (ref. 9) and cyanide-bridged
Prussian blue (FeIII4[Fe

II(CN)6]3$14H2O, coordination polymer)
or its analogues (PBA) also contain metal ions in different
oxidation states.10

The mixed valency in the designed molecular framework was
rst described by Creutz and Taube11 in the pyrazine-bridged
diruthenium complex [(NH3)5Ru(m-pyrazine)Ru(NH3)5]

5+

(Fig. 2).
Similarly, Cowan's group12 described the mixed valency in

biferrocene (A) and biferrocenylene (B). Later, they introduced
the tetrathiafulvalene radical cation (C in Fig. 3) as an odd-
electron organic compound to show the mixed valency in an
organic set up.13
Prof. Goutam Kumar Lahiri
received his Ph.D degree from
Jadavpur University (IACS) in
1990 under the supervision of
Prof. Animesh Chakravorty. Aer
completing his postdoctoral
studies at West Virginia Univer-
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Institute Chair Professor. The
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transfer aspects and catalytic features of transition metal
complexes.

28896 | RSC Adv., 2018, 8, 28895–28908
Under the purview of the broader context of mixed valency,
diruthenium complexes have been extensively investigated to
understand the bridge-mediated electron transfer in mixed
valent RuII(d6)RuIII(d5) systems primarily due to better kinetic
stability of varying (+2, +3 or even +4) oxidation states of the
ruthenium ion.14

Mixed valence complexes were initially synthesized to
understand the fundamental aspects of intermetallic electronic
coupling processes.15 Later, the focus was also directed towards
exploring potential applications of the mixed valence
compounds in molecular electronics, molecular wires and
quantum automata.16 In nanochemistry, the intramolecular
electron transfer can be employed to demonstrate the nano-
junction device of bulk metal-single molecule-bulk metal.17 A
mixed valence compound that derived molecular switch for
long-range electron transfer (15–20 Å) was also investigated.18
1.2. Classication of mixed valence complexes

In a ligand-bridged diruthenium(II/III) complex [(AL)RuII(m-BL)
RuIII(AL)] (BL ¼ Bridging ligand and AL ¼ ancillary or periph-
eral ligand), the electron transfer is initiated from the starting
metal center to the arrival site through a bridging ligand (BL).
Thus, the bridging ligand plays the role of a mediator to
exchange the odd electron between the metal centers at the
termini. Hence, the electronic nature and the composition of
the bridge play important roles in governing the rate of electron
transfer. This provides useful information regarding the sepa-
ration of the redox potential between the metal centers under
chemically identical environments (symmetric set up). In this
context, superexchange mechanism provides a better percep-
tion about the bridge-mediated intermetallic interaction, which
involves efficient overlap of the metal d-orbitals and the p-
orbitals of the spacer (through bond interaction). It can be
conceived as a sequential electron transfer between the molec-
ular orbitals of the ligand (p type) and the metal (dp type),
resulting in delocalization of the electron density across the
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Bridging ligand-mediated electron transfer and hole transfer
pathways in mixed valence complexes.19c,d
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metal–bridge–metal domain to some extent, and it occurs via
either of the following two pathways (Fig. 4):19

Electron transfer pathway. This is operative when the
bridging ligand contains low-lying empty p*-orbitals (LUMO),
i.e., p-acceptor in nature.

Hole transfer pathway. This is followed when the bridging
ligand contains high-lying lled p-orbitals (HOMO), i.e., elec-
tron rich in nature.

Robin and Day classied20 the mixed valence complexes
based on the extent of intermetallic interaction. A very weak to
negligible interaction between the metal centers is dened as
a class I system, whereas a moderate coupling results in
a localized valence-trapped class II ([(AL)RuII(m-BL)RuIII(AL)])
system. On the other hand, strong intermetallic coupling leads
to a valence delocalized [(AL)Ru2.5(m-BL) Ru2.5(AL)] class III set
up. Therefore, detailed studies with varied molecular frame-
works have been conducted over the past decades to understand
the role of metal ions and ligands (ancillary and bridging) in
modulating the intermetallic electronic coupling at the mixed
valence state.21
1.3. Comproportionation constant

Comproportionation constant, Kc, implies the thermodynamic
stability of the intermediate redox state. For a two-step redox
reaction (eqn (1)), the comproportionation constant (Kc) can be
calculated from the potential difference (DE) of the successive
redox couples.22

�
RuIIðBLÞRuII

�0

Reduced form
��!E1

�
RuIIðBLÞRuIII

�1þ

Intermediate form
��!E2

�
RuIIIðBLÞRuIII

�2þ

Oxidized form

(1)

Kc ¼ [intermediate form]2/{[reduced form][oxidized form]}

at 298 K,

DGc ¼ �RT(ln Kc) ¼ �nF(DE0); (DE ¼ E2 � E1)
This journal is © The Royal Society of Chemistry 2018
Kc ¼ 10DE/0.059V, DE is the separation between the redox poten-
tials of the successive redox processes.

For a well-denedmetal-based redox process, Kc signies the
thermodynamic stability of the mixed valence state. For
example, successive RuII/RuIII redox couples in the Creutz–
Taube ion are well separated by 0.39 V (Kc ¼ 106.6), leading to
a stable mixed valence state with respect to the disproportion-
ation reaction that produces isovalent RuII/RuII and RuIII/
RuIII.11a,23

According to the Robin and Day classication, a genuine
non-interacting class I system is dened by a statistical Kc

value of 4, whereas Kc values close to 105 and greater than 106

correspond to class II and class III systems, respectively.23 In
a qualitative sense, Kc values ranging in between the valence
localized class II and the valence delocalized class III may
represent a borderline class II/III hybrid situation. Despite the
Robin and Day classication of the intermetallic interaction
based on the value of Kc, the equilibrium constant alone
cannot provide an evaluation of the metal–metal electronic
coupling since the free energy of the comproportionation
reaction (DGc) consists of several interplaying factors
(eqn (2)).24

DGc ¼ DGs + DGe + DGi + DGr + DGaf + DGip (2)

In eqn (2), DGs corresponds to the statistical distribution,
DGe reects the electrostatic repulsion between the positively
charged metal ions, DGi accounts for the inductive factor
related to the competitive coordination of the bridging ligand
by the metal ions, DGr is the free energy of the resonance
exchange, DGaf relates to the antiferromagnetic exchange
stabilization of the isovalent higher analogue state Mn+1Mn+1

over that of its mixed valent form MnMn+1 and DGip represents
the ion-pairing effect, which changes its magnitude depending
on the charge of the complex moiety. However, in the case of
hole transfer mechanism, the value of DGaf becomes almost
insignicant. Although Kc extends the prima facie information
regarding the extent of the intermetallic interaction in a three-
state arrangement, precautionary measures need to be taken
into account. This is primarily due to the dependence of redox
potentials on the nature of the solvent (dielectric constant or
nucleophilicity) as well as counter ions (ion-pairing ability),
which can affect the value of DGc appreciably.24b Thus, to
extract the extent of electronic coupling leading to valence
localization or delocalization at the mixed valence state, the
collective consideration of Kc and the intervalence charge
transfer (IVCT) feature are rather necessary.

1.4. Intervalence charge transfer (IVCT) transition

In the case of a weakly coupled valence localized system, the
charge transfer occurs from the metal in a lower oxidation state
(electron rich) to the metal in a higher oxidation state (electron
decient), resulting in bridge-mediated uni-directional inter-
valence charge transfer transition (IVCT band) at the low-energy
NIR region of electron absorption spectroscopy.25 The correla-
tion of IVCT band with electronic coupling between the metal
RSC Adv., 2018, 8, 28895–28908 | 28897
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centers at the mixed valence state follows the Hush formula.26

For class II type complexes, the bandwidth at half-height (Dn1/2)
of IVCT is related to the energy maximum (eqn (3)):

Dn1/2 ¼ [2.31 � 103 (Emax)]
1/2 (3)

In the case of a symmetrical band, IVCT can be correlated
with the electronic coupling constant (Vab) by eqn (4),

Vab ¼ {[2.05 � 10�2(3max�nmax�n1/2)
1/2]/R} (4)

where 3max is the molar extinction coefficient, �nmax is the
absorption maximum in wavenumbers, �n1/2 is the bandwidth at
half-height in wavenumbers and R is the metal–metal distance
in Å. However, the effective metal–metal distance can also vary
signicantly depending on the extent of themixing of orbitals of
the bridge and the metal ions at the termini.27

For a fully delocalized class III system, the calculated Dn1/2
value of the IVCT band using the Hush equation is always
higher than the experimentally obtained value, and Vab
amounts to �nmax/2.

Please note that the valence localized class II system exhibits
a double well potential. On the contrary, the extensive charge
delocalization between the donor and acceptor sites in the class
III system results in the disappearance of separate minima,
exhibiting single minimum in the energy surface instead.

The larger bandwidth at half-height (Dn1/2) of IVCT for the
weakly coupled (class II) system than that for the strongly
coupled (class III) system can be due to the transition from the
at potential energy (PE) surface to a steep one in the former
and the transition from the at PE surface to another at PE
surface in the latter.15b

In fact, the correlation between the IVCT band and the
intermetallic coupling is not so straightforward as the band
shape, bandwidth and intensity vary appreciably depending on
the solvent polarity and electronic and vibrational motions.28,29

In the case of class III-type mixed valency, the motions from the
solvent and vibrations are averaged to delocalize the electron
density. This results in narrow solvent-independent IVCT
bands. In class II-type, the IVCT band is broad and depends on
the dielectric constant of the solvent as the motions from the
exchange of electrons and the solvent are localized. On the
contrary, in the borderline (hybrid) class II–III system, the
solvent dynamic parameters play inuential roles in controlling
the rate of the intermolecular electron transfer by minimizing
the impact of the solvent reorganization energy or polarity.23b

Additionally, the parameter “G” (G ¼ 1 � (Dn1/2)/(16 ln(2)RT)1/2)
introduced by Sutin and co-workers has been widely acknowl-
edged in identifying the intriguing situation of the class II–III
hybrid system.15b The room-temperature limiting value of G can
distinguish between the weakly coupled class I (0 < G < 0.1),
moderately coupled class II (0.1 < G < 0.5), class II–III hybrid (G
z 0.5) and class III (G > 0.5) systems.
1.5. Vibrational and electron spin resonance spectroscopy

In this context, vibrational (IR and Raman) spectroscopic
techniques have been considered to be very effective for the
28898 | RSC Adv., 2018, 8, 28895–28908
selectively designed molecular frameworks containing suit-
able functional groups such as CO, NO, and CN to extract more
precise information relating to the valence localization or
delocalization process at the mixed valence state with a faster
picosecond to femtosecond time scale.30

The correlation of EPR g parameters (g-anisotropy, Dg ¼ g1
� g3 and hgi¼{1/3(g1

2 + g2
2 + g3

2)}1/2,31 hyperne splitting) with
the DFT calculated spin density distribution at the metal–
bridge–metal domain of the paramagnetic mixed valence state
provides additional justication in favor of the valence local-
ization or delocalization process.32 However, a mixed valence
state without any EPR response is not so uncommon, partic-
ularly due to the rapid relaxation process. This situation
may improve upon moving to the liquid helium temperature
(4 K).33

It should be noted that the time scale of a particular
spectroscopic technique also plays a critical role in estab-
lishing the mixed valence feature. It may give rise to contra-
dictory observations based on the rate of the electron transfer,
solvent reorganization process and solvent dynamics. The
slower time scale of the EPR spectroscopic technique (10�5 to
10�9 s) oen fails to distinguish the valence localized and
delocalized situations, whereas a faster vibrational spectros-
copy technique (�10�12 s) is found to be more precise in this
regard.34
1.6. Diruthenium complexes involving a redox active bridge

In a specialized situation relating to the selective participation
of bridge-based Frontier orbitals in the redox processes of the
complex moieties, an additional complexity arises due to the
probable alternate formation of a radical bridged isovalent state
([(AL)RuII(m-BL)RuII(AL)] � e� / [(AL)RuII(m-BLc)RuII(AL)]+)
upon electron transfer instead of the otherwise expected mixed
valence state ([(AL)RuII(m-BL)RuIII(AL)]).35 Therefore, appro-
priate care needs to be taken in formulating the electronic
structure of the redox states as well. In this context, EPR g-
anisotropy in conjunction with DFT-calculated spin distribu-
tion at the paramagnetic intermediate state can facilitate to
differentiate the alternative mixed valence state versus the
radical-bridged isovalent state.

The present review article highlights our recent observations
concerning the divergent issues in addressing mixed valency in
ligand-bridged diruthenium systems by citing the following
representative cases.
2. Metal-centered mixed valency
2.1. Role of the ancillary ligand

Pyrazine-mediated facile intramolecular electron transfer in
the mixed valent Creutz–Taube ion essentially leads to the
development of analogous bis-tridentate non-planar 2,3,5,6-
tetrakis(2-pyridyl) pyrazine (tppz)-bridged isovalent dir-
uthenium(II) complexes ([(AL)(Cl)RuII(m-tppz)RuII(Cl)(AL)]n,
1n).36 The impact of a set of ancillary ligands (AL) with varying
electronic demands in the mixed valent RuIIRuIII state (1n) was
explored (Table 1) via an experimental investigation in
This journal is © The Royal Society of Chemistry 2018
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conjunction with DFT calculations. Successive two-step
reversible electrochemical oxidations of isovalent RuIIRuII

(1n) complexes resulted in a mixed valent {RuII(m-tppz)RuIII}
intermediate (1(n+1)) followed by the isovalent higher {RuIII(m-
tppz)RuIII}I congener (1(n+2)). The detailed structural, electro-
chemical, spectroscopic and theoretical investigations
revealed that in addition to the bridge, the electronic nature
(s-donating to p-acidic to strongly p-acidic) of the ancillary
ligand (AL) also played an important role in tuning the mixed
valence feature (Kc as well as IVCT, Table 1). The enhanced
electron density on the metal ions via the insertion of an
electron-rich ancillary ligand facilitated the intramolecular
electron transfer process with larger Kc and intense IVCT
(borderline class II–III to class III), whereas a reverse pattern
(smaller Kc and weak IVCT) was apparent for the acceptor-type
ancillary ligand. Please note that to the best of our knowledge,
a well-dened valence-localized (weakly coupled) class II
mixed valence system involving a tppz-bridged diruthenium
system is not reported so far.
Table 1 Varying Kc and IVCT as a function of the ancilliary ligand

[Cl(AL)RuII(m-tppz)RuIII(AL)Cl]n (1n)

AL Kc

nIVCT/nm
(3/M�1 cm�1) Classa

2-Phenylazopyridine 4.0 � 103 1890 (3800) II–III
2-[(4-Methylphenyl)azo]-pyridine 2.1 � 104 1890 (4600) II–III
2-[(4-Chlorophenyl)azo]-pyridine 2.2 � 103 1890 (3000) II–III
2,2/-Dipyridylamine 2.7 � 106 1700 (2250) III
2-(2-Pyridyl)benzoxazole 3.8 � 104 1635 (1400) II–III
2-(2-Pyridyl)benzthiazole 5.6 � 104 1465 (440) II–III
1-Methyl-2-(2-pyridyl)-
1H-benzimidazole

2.6 � 104 1555 (423) II–III

2,2/-Dipyridylketone 2.5 � 104 1800 (1500) II–III
2,2/-bis(1-methylimidazolyl)
ketone

1.2 � 105 1637 (1200) II–III

2-Picolinate 4.0 � 106 1670 (2600) III
2-Quinolinecarboxylate 8.9 � 106 1575 (1200) III
8-Quinolinecarboxylate 1.9 � 107 1875 (2600) III
Acetylacetonate 1010 1680 (2900) III
3,5-Heptanedionate 1.5 � 1010 1688 (3300) III
2,2,6,6-Tetramethyl-3,
5-heptanedionate

1.1 � 1012 1750 (3000) III

3-Methyl-2,4-pentanedionate 1010 1660 (2300) III
3-Ethyl-2,4-pentanedionate 1.5 � 1010 1674 (2239) III

a The classication (class III or class II–III) was dened primarily based
on the Kc and IVCT band features by following the Hush formula as
stated in Sections 1.3 and 1.4.

This journal is © The Royal Society of Chemistry 2018
2.2. RuIIRuIII (d6d5) versus RuIIIRuIV (d5d4) mixed valence
systems

Though numerous examples of ligand-bridged RuIIRuIII mixed
valence systems are available in the literature,37 only a few well-
dened RuIIIRuIV mixed valence systems (D and E) are reported
so far.38b,c
In this context, bis-chelating dianionic oxamidato-bridged
diruthenium(III) complex 2n (n ¼ 0) in S ¼ 1 ground state
(J ¼ �40 cm�1) exhibited two successive oxidative (RuIIIRuIII

(2) / RuIIIRuIV (2+) / RuIVRuIV (22+), O1/O2) and reductive
(RuIIIRuIII (2) / RuIIIRuII (2�)/RuIIRuII (22�), R1/R2) couples
with moderate Kc values of 105.8 and 105.9 for mixed valent
RuIIIRuIV and RuIIIRuII, respectively (Fig. 5).

Both the electrochemically generated mixed valence states
RuIIIRuII (2�) and RuIIIRuIV (2+) displayed moderately intense
broad IVCT bands in the NIR region at 1800 nm (3/M�1 cm�1:
2100) and 1500 nm (3/M�1 cm�1: 2200), respectively, corre-
sponding to the class II system. The appearance of a relatively
broader IVCT band for the RuIIIRuIV (d5d4) mixed valence state
RSC Adv., 2018, 8, 28895–28908 | 28899
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Fig. 5 Cyclic (black) and differential pulse (red) voltammograms of 2 in
CH3CN (top). UV-vis-NIR spectroelectrochemistry in CH3CN and the
sketch for IVCTT and IC transitions (bottom).
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compared to that for the RuIIIRuII (d5d6) mixed valence state
could possibly be due to more number of intervalence (IVCT)
and d–d (IC) transitions in the former with respect to that in
the latter because of the presence of three and one holes at
metal t2g levels, respectively (Fig. 5). Thus, 2n represents
a novel example demonstrating two mixed valence interme-
diates RuIIIRuII (via reductive pathway) and less common
RuIIIRuIV (via oxidative pathway).38
2.3. Paradox between Kc and IVCT

According to the Robin and Day classication and Hush
formalism, a symmetric class III molecular set is expected to
display large Kc and an intense IVCT band in the NIR
region.26,39 However, the mixed valent (RuIIRuIII) complex 3+

failed to display the expected low-energy IVCT band up to
2500 nm despite the very large Kc value of 10

13.9.40 On the other
hand, the previously reported analogous complex 4+ exhibited
a solvent–independent and very weak IVCT band (3/M�1 cm�1:
20) with a similar Kc value of 1013.6.41 The absence of the IVCT
band despite the very large Kc value in 3+ appeared to be rather
puzzling. Though we were unable to offer any simple expla-
nation, very weak to undetectable IVCT bands were also
observed earlier for mixed valent ruthenium complexes with
appreciably large Kc values.42
28900 | RSC Adv., 2018, 8, 28895–28908
On the other hand, 2,5-pyrazine-dicarboxylate (BL)-bridged
isovalent diruthenium(III) complex (5n (n ¼ 0)) (acac ¼ actyla-
cetonate) in S ¼ 1 ground state (J ¼ �1.78 cm�1) displayed
successive Ru(III/II) redox couples with Kc of 107.43 Stepwise
one-electron reductions facilitated the generation of a mixed-
valent intermediate [(acac)2Ru

III(m-BL)RuII(acac)2]
� (5�) fol-

lowed by isovalent [(acac)2Ru
II(m-BL)RuII(acac)2]

2� (52�) in
lower oxidation states. The mixed valent 5� exhibited an RuIII-
based anisotropic EPR spectrum (Dg¼ 0.32). However, the very
weak IVCT band of the intermediate 5� at 1040 nm (3 ¼
380 M�1 cm�1) implied limited electronic communication
between the two metal centers ({RuIII(m-BL)RuII}, class II)
despite the appreciably high Kc value of 107. The diverse
inference regarding the mixed valence feature of 5� based on
Kc (class III) and IVCT (class II) was however addressed via IR
spectroelectrochemistry (Fig. 6). The unsplit n(C]O) bands of
the carboxylate groups of BL for mixed valent 5� as those for
isovalent 5 or 52� indeed suggested a delocalized (Ru2.5Ru2.5,
class III to borderline class II–III) situation even at the vibra-
tional time scale.
Fig. 6 Shift in the n(C]O) frequency on moving from 5 / 5� and 5�

/ 52� in CH3CN.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Cyclic voltammograms of 82+ in CH3CN.
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On the contrary, 63+ and 73+ exhibited intense IVCT bands
despite small Kc values.44

2.4. Unsymmetrical diruthenium complexes

Asymmetry in dinuclear frameworks can be introduced by
using different ancillary ligands at the metal sites or by using
an unsymmetrical bridge or even by coordination to two
different metal ions.45 Unlike that in a symmetrical system, the
donor center asymmetry (ancillary or bridging ligand) around
the metal ions in an unsymmetrical system makes it rather
challenging to quantify the contribution of intermetallic
electrochemical coupling (Kc) out of the potential separation
of the successive redox processes.

In this context, unsymmetrical diruthenium(II) complexes
8a2+, 8b2+ and 8c2+ exhibited two successive oxidation
processes (RuIIRuII/RuIIRuIII and RuIIRuIII/RuIIIRuIII) via the
intermediate mixed valent RuIIRuIII state (Fig. 7).46 The sepa-
ration in potential between the stepwise redox processes led to
the Kc values of 104, 102 and 1014 for the intermediates 8a3+,
8b3+ and 8c3+, respectively. The 100-fold larger Kc value of 8a

3+

with respect to that of 8b3+ was due to moderate and strong p-
acceptor features of bpy and pap, respectively. On the other
hand, the very large Kc value of 10

14 for 8c3+, which comprised
metal fragments with two distinctly different acceptor ligands
bpy (moderate p acceptor) and pap (strong p acceptor) could
be the reection of three simultaneously operating effects: (i)
effect of unsymmetrical ancillary ligand, (ii) effect of unsym-
metrical bridging ligand and (iii) bridging ligand-mediated
electrochemical coupling between the reduced and oxidized
metal ions. The very weak IVCT band at the near IR region
corresponding to 8a3+ and 8b3+ in conjunction with low Kc

values of 104 and 102, respectively, suggested the class II mixed
valence state. However, the unstable nature of the electro-
chemically generated 6c3+ restricted us from assigning its
mixed valence feature.

Similarly, a cyano-bridged unsymmetric mixed valence45g

dinuclear complex [(NH3)5–Ru-(m-CN)Fe(CN)5]
� involving
This journal is © The Royal Society of Chemistry 2018
different metal ions and ancillary ligands was assigned to be
a valence-localized class-II system (eqn (5)) primarily based on
its optical (IVCT) features and electrochemical aspects as
a function of the solvent polarity and the charges of cations and
anions of the electrolytes.45f

�ðNH3Þ �RuIII � ðm-CNÞFeIIðCNÞ5
�� !hn

��ðNH3Þ5 �RuII � ðm-CNÞFeIIIðCNÞ5
���

* (5)

3. Involvement of redox non-
innocent ligands

The closeness of the Frontier orbitals of ruthenium and redox
active (non-innocent) ligands leads to the feasibility of alter-
nate electronic structural forms including resonating cong-
uration47 instead of any precise valence description along the
redox chain.48 In certain instances, the redox-induced
electron-transfer process (RIET) is also considered to be
operational.49 Appropriate care is therefore needed in assign-
ing the valence distribution process at the metal–ligand
interface of such molecular forms.

A few representative cases involving multi-redox sites (metal,
bridge or ancillary ligands) within the discrete molecular set up
are therefore highlighted below.
3.1. Active bridge and ancillary ligand

Experimental and theoretical investigations of two successive
reversible oxidation processes (O1/O2) of the deprotonated
ellagate-bridged diruthenium(II) complex 9n (n ¼ 0) (Fig. 8)
revealed selective participation of bridge-based orbitals in the
RSC Adv., 2018, 8, 28895–28908 | 28901

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03206h


Fig. 8 Cyclic voltammograms of 9 in CH3CN.

Fig. 9 Electronic structural forms along the redox chain including the
Mulliken spin density plot for 9+.

Fig. 10 Cyclic voltammogram of 10 in CH3CN.
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redox processes (9 / 9+ (O1) and 9+ / 92+ (O2) in Fig. 8), i.e.,
a catecholate/semiquinone-based redox system instead of
otherwise expected metal-based (RuII/RuIII) oxidations.50 The
intermediate radical-bridged isovalent metal (RuII) centers in 9+

exhibited free radical EPR (g1 ¼ 2.011, g2 ¼ 2.002, g3 ¼ 1.987; Dg
¼ 0.024, hgi ¼ 2.000), which was corroborated by the calculated
bridge-dominated spin (96%) and the intense LLCT (donor
radical bridge to p-accepting pap) transitions in the NIR region
around 2000 nm (3/M�1 cm�1: 1843) (Fig. 8). Successive reduc-
tions (R1 (92�), R2 (94�), two-electron each) of the fully reduced
bridge-based 9 were however associated with the azo (–N]N–,
pap0/papc�/pap2�, as shown above) function of pap (Fig. 9).
28902 | RSC Adv., 2018, 8, 28895–28908
3.2. Active ancillary ligand

Structural, spectroscopic and magnetic studies showed that the
uncoupled semiquinone ancillary ligands stabilized the tppz-
bridged diruthenium(II) complex 10n (n ¼ 0) in the triplet (S ¼
1, J ¼ �3.07 cm�1) ground state.51 Stepwise oxidations (O1, O2)
and reductions (R1, R2) of complex 10 yielded the calculated Kc

values of 102 and 104, respectively, for the intermediate states
(Fig. 10). The pertinent question regarding the involvement of
ancillary ligand (quinone (Q), semiquinone (Qc�) and catecholate
(Q2�)), bridge (tppzo, tppzc�, tppz2�) and metal (RuII, RuIII, RuIV)
Fig. 11 Electronic structural forms of 10n in accessible redox states.
Boldface refers to the dominating forms.

This journal is © The Royal Society of Chemistry 2018
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in accessible redox processes of 10n was ascertained via the
collective consideration of experimental and theoretical investi-
gations. It revealed the preferential participation of ancillary
ligands in both oxidation (Qc� to Q0) and reduction ((Qc� to Q2�))
processes, leaving the metal ion as the silent spectator (Fig. 11).
Fig. 12 Cyclic (black) and differential pulse (red) voltammograms in
CH3CN.

Fig. 13 Electronic structural forms of 11n and 12n.

This journal is © The Royal Society of Chemistry 2018
3.3. Active bridge, ancillary ligand and metal

Dianionic DPPP2� (H2DPPP ¼ 2,5-dihydro-3,6-di-2-pyr-
idylpyrrolo[3,4-c]pyrrole-1,4-dione)-bridged diruthenium(II)
complexes 112+ and 122+ displayed two successive oxidations
and multiple reductions within the potential window of �2.0 V
versus SCE (Fig. 12).52 DFT and TD-DFT-supported experimental
studies established bridge-based rst oxidation (DPPP2� /

DPPPc� (O1, Fig. 12)), followed by metal oxidation (O2, Fig. 12),
whereas the rst two reversible reductions were associated with
DPPP2� (DPPP2� / DPPPc3�) or the ancillary ligand based on
the relative p-accepting strength of the latter (bpy versus pap)
(Fig. 13).

The occurrence of the radical-bridged isovalent situation
along the redox chain was also evident by free radical EPR (giso
¼ �2.005) and the moderately intense inter-ligand (LLCT) low-
energy band in the NIR region (2036 nm, (3/M�1 cm�1: 2410).
3.4. Unusual spin interaction

Twisted doubly reduced BL2� (BL2� ¼ 1,4-dioxido-2,3-bis(3,5-
dimethylpyrazol-10-yl)benzene)-bridged [(acac)2Ru

III(m-BL)RuIII

(acac)2]
n (13n (n ¼ 0)) (acac ¼ acetylacetonate) in S ¼ 1 state (J ¼

�37 cm�1) exhibited two successive oxidations (O1, O2) and
reductions (R1, R2) (Fig. 14).53

UV-vis-NIR spectroelectrochemistry (Fig. 15) and EPR
(Fig. 16) collectively corroborated metal-based reductions,
RuIIIRuIII (13)/ RuIIIRuII (13�, R1)/ RuIIRuII (132�, R2). The
mixed valent 13� displayed an anisotropic RuIII-based EPR
spectrum (g1¼ 2.40, g2¼ 2.19, g3¼ 1.79; Dg¼ 0.061, hgi ¼ 2.14)
and a broad IVCT band at 1520 nm (3/M�1 cm�1: 1000; Dn1/2
(calculated/experimental): 3898/5000 cm�1), corresponding to
the valence localized class II system, as also suggested by Kc of
103.7. However, the IVCT band of 13� disappeared on further
reduction to the isovalent RuIIRuII state in 132�. A reversible
rst oxidation (O1, 13 / 13+) resulted in an intense NIR band
at 892 nm (3/M�1 cm�1: 11 600) and a free radical EPR at g ¼
Fig. 14 Cyclic (black) and differential pulse (red) voltammograms of 13
in CH3CN.

RSC Adv., 2018, 8, 28895–28908 | 28903
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Fig. 15 UV-vis-NIR spectroelectrochemistry of 13n in CH3CN.

Fig. 16 (a) Electronic structural forms of 13n with EPR for the S ¼ 1/2
state in CH3CN. Boldface refers to the correct form. (b) Redox states of
the para-quinone unit.
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2.005. The observed free radical EPR of 13+ could be ratio-
nalized by considering the electronic form of [(acac)2Ru

III(m-
BLc�)RuIII(acac)2]

+ with an up-up-down ([[Y) spin congura-
tion, where the antiferromagnetic coupling between the
remote metal spins le the unpaired spin on the bridge. The
alternate three-spin arrangement with the up-down-up ([Y[)
spin conguration in the ground state would favor metal-
centered spin through antiferromagnetic coupling between
the spins associated with one of the ruthenium ions and the
radical bridge.
4. Conclusion and perspectives

Although mixed valence aspects of transition metal complexes
have been covered quite extensively in existing literature, the
present deliberation indicates the further scope of expansion
depending on the conspicuous nature of the bridge in a three-
state mixed valence system.

The present review article essentially highlighted the
emerging diverse fundamental aspects relating to the mixed
valency in ligand-bridged symmetric and unsymmetric
28904 | RSC Adv., 2018, 8, 28895–28908
diruthenium complexes by citing selective recent cases. It
demonstrated the impact of the electronic nature of both
ancillary and bridging ligands in tuning the intramolecular
electron transfer process at the mixed valence state (RuIIRuIII or
RuIIIRuIV). It also addressed the pertinent additional issues
regarding valence and spin situations due to the introduction of
redox active ligands in complex frameworks. Moreover, the
necessary cautions with special references to the compro-
portionation constant (Kc) and the possible low-energy (NIR)
ligand-to-ligand charge transfer (LLCT) transition instead of the
usual metal-based IVCT transition for redox-active ligand-
derived systems were noted.

Besides the well explored application potential of mixed
valence complexes for molecular wires,54 molecular switches55

or telecommunication devices,56 the recent revelations of
superior conductivity of transition metal-derived metal–
organic frameworks (beyond the classical discrete metal
complexes) due to better orbital overlapping at the mixed
valent state57 as well as involvement of mixed valent state in
the water oxidation process58 would provide additional
impetus in developing more fundamentally challenging or
attractive mixed valent systems.

Thus, further research activities with fundamentally rich
and diversied mixed valence compounds would likely expand
the scope of designing new generation molecular electronic
devices and provide a better understanding of the electron
transfer phenomenon in a complex molecular set up.
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S. Becker, R. Puchta, B. Sarkar and I. Ivanović-Burmazović,
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