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We report here the synthesis and properties of a family of mixed-valence cyanide-bridged dinuclear com-
plex ions trans-[(L0L4RuII(l-NC)FeIII(CN)5]� (with L = pyridine or 4-dimethylaminopyridine (dmap) and
L0 = pyridine, 4-methoxypyridine (meopy) or 4-dimethylaminopyridine)) whose properties could be
adjusted smoothly by changing the acceptor properties of the solvent and the r donor properties of
the L0 pyridine ligand. In solution these complexes exhibit an intense solvent-dependent MM0CT (RuII ?
FeIII) absorption in the near infrared region. Analysis of this band in different complexes and solvents
suggests an enhanced interaction as the energies of the metal centers come closer. From this trend the
anion trans-[(dmap)5Ru(l-NC)Fe(CN)5]� (dmap = 4-dimethylaminopyridine) in water is expected to
belong to the class II-III, but its spectral properties indicates a ground state with Ru(III)–Fe(II) character.
The stabilization of this electronic isomer is probably related to the better donor properties of the hexa-
cyanoferrate(II) moiety and its stronger interaction with water.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Mixed valence chemistry has attracted the attention of chemist
for several decades [1] mainly due to its intimate connection with
the rationalization of electron transfer processes. Recently one of
the topics of interest has been the properties of systems in the
boundary between class II (weakly interacting) and class III (delo-
calized) [2]. A new class II–III has been proposed, where the elec-
tron distribution is non-symmetrical in the short time scale, but
moving fast enough that it results averaged in the time scale of
the reorganization of the solvent [3].

Cyanide is probably the non-symmetrical bridge most exten-
sively investigated in mixed-valence chemistry [4–15], and most
of the explored systems have been classified as belonging to class
II. Recently we have reported the properties of a cyanide-bridged
trinuclear complex, trans-[(dmap)4Ru{(l-NC)Os(CN)5}2]4�, that is
beyond the class II and presents evidence of partial redox states
for the three metal ions [16]. Encouraged by this result, we set to
explore a new family of mixed valence dinuclear anions, trans-
[(L0L4RuII(l-NC)FeIII(CN)5]� (Scheme 1) whose properties could be
adjusted smoothly by changing the acceptor properties of the
solvent and the r donor properties of the L0 pyridine ligand. In
order to level the donor and acceptor energies, the replacement
of a L pyridine ligand by a dmap ligand is a step foward, as it lowers
the ruthenium redox potential by �0.15 V, bringing it closer to the
ll rights reserved.
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redox potential of hexacyanoferrate in water. We also present the
properties of trans-[(dmap)5RuII(l-NC)CoIII(CN)5]�, which is a use-
ful diamagnetic reference system for this family of compounds.
Scheme 1 presents the chemical structures of the complexes re-
ported in this work.
2. Experimental

2.1. Materials

The complexes [Ru(dmap)6]Cl2�9H2O [17] and trans-[(L)RuII

(py)4Cl](PF6) [18] were prepared following previously described.
(Ph4P)3[Fe(CN)6]�2H2O (Ph4P+ = tetraphenylphosphonium) was
prepared by addition of solid (Ph4P)Cl to an aqueous solution of
K3[Fe(CN)6], followed by filtration, washing with cold water and
vacuum drying. Solvents for UV–Vis–NIR and electrochemistry
measurements were dried according to literature procedures
[19]. All other reagents were obtained commercially and used as
supplied. The compounds synthesized in this work were dried in
a vacuum desiccator for at least 12 h prior to characterization.
2.2. Synthesis of the complexes

2.2.1. trans-[(L)RuII(py)4(l-NC)FeIII(NC)5](TPP)
([1](TPP), L = py, [3](TPP), L = dmap) and trans-[(meopy)RuII

(py)4(l-NC)FeIII(NC)5](PNP), ([2](PNP)), PNP+ = bis(triphenylphos-
phine)iminium). [(L)RuII(py)4Cl](PF6) (ca. 300 mg, 0.44 mmol) was

http://dx.doi.org/10.1016/j.ica.2011.03.032
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Scheme 1. Anions reported in this work (py = pyridine, meopy = 4-methoxypyridine, dmap = 4-dimethylaminopyridine).
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suspended in 50 ml of methanol and treated with a solution of
(175 mg, 0.53 mmol) K3Fe(CN)6�3H2O in 50 ml of water. The mixture
was stirred and heated at different temperatures, according to the
identity of the trans ligand ((1): T = 40 �C; (2): T = 35 �C and (3):
T = 25 �C), in the dark for 2 h. The resulting green solution was fil-
tered to remove a small amount of unreacted ruthenium precursor
and then evaporated to dryness. The solid residue was extracted
with methanol to eliminate the excess of potassium hexacyanofer-
rate(III) and the clear green solution was evaporated to dryness.
The green solid was dissolved in a minimum amount of water and
treated with solid (Ph4P)Cl or (PNP)Cl. The pale green precipitate
was collected by filtration, washed several times with water and vac-
uum dried.

Purification was performed by exclusion chromatography
using a Sephadex LH-20 column, packed and eluted with meth-
anol. The second colored fraction, which contained the desired
product, was collected and evaporated to dryness; the resulting
green solid was dried under vacuum. Further purification was
achieved by recrystalization from methanol/ether. Yields ranged
between 30% and 34%, depending on the anion. Anal. Calc. for
([1](TPP)�6 H2O): C55H57N11O6PFeRu: C, 57.1; H, 4.9; N, 13.3.
Found: C, 56.8; H, 4.6; N, 13.3%. IR m (CN): 2109 cm�1(s); Anal.
Calc. for ([2](PNP)�1H2O): C68H59N12O2P2FeRu: C, 58.9; H, 4.3;
N, 14.7. Found: C, 58.3; H, 4.2; N, 14.7%. IR m (CN): 2110 cm�1(s);
Anal. Calc. for ([3](TPP)�5H2O): C57H64N12O7PFeRu: C, 55.4; H,
4.9; N, 13.6. Found: C, 55.7; H, 4.8; N, 14.0%. m(CN):
2110 cm�1(s).

trans-[(dmap)5RuII(l-NC)MIII(NC)5](Ph4P)�6H2O ([4](TPP)�6H2O,
M = Fe and ([5](TPP).5.5H2O, M = Co) [RuIII(dmap)5(OH)]Cl2

(300 mg, 0.34 mmol) was dissolved in 7 ml of ethanol, reduced
with solid ascorbic acid and treated with (Ph4P)3[M(CN)6]�2H2O
(M: Fe, 463 mg, 0.37 mmol; M: Co, 469 mg, 0.37 mmol) in 7 ml of
ethanol. The resulting mixture was stirred at 25 �C in the dark
for 15 min. A green precipitate was collected by filtration, washed
with ethanol and vacuum dried (yield: 243 mg (46%)). Anal. Calc.
for C65H82N16O6PFeRu: C, 56.9; H, 6.0; N, 16.3. Found: C, 57.3; H,
6.0; N, 16.4%. m(CN): 2108 cm�1(s). Anal. Calc. for
C65H81N16O5.5PRuCo: C, 56.8; H, 6.0; N, 16.3. Found: C, 56.5; H,
5.8; N, 17.0%. m(CN): 2116 cm�1(s). dH (CD3OD) 8.92 (2, d, H1 py.
ax.), 8.81 (8, d, H1 py. eq.), 7.64 (2, d, H2 py. ax.), 7.52 (8, d, H2

py. eq.), 4.02 (24, s, HCH3 py. eq.), 2.96 (6, s, HCH3 py. ax.).

2.2.2. trans-[(L0L4RuII(l-NC)FeIII(CN)5]Na�xH2O
trans-[(L0L4RuII(l-NC)FeIII(CN)5](TFF)�xH2O (0.1 g) was dis-

solved in a minimum volume of acetonitrile and 0.01 g of NaClO4

were added. The resulting solution is stirred until a light colored
precipitate is observed (1 and 2 green, 4 blue). The solid is collected
by filtration, washed with acetonitrile and dichloromethane and
dried under vacuum. Yield. 55–60%. (1Na�6H2O) Anal. Calc. for
C31H37N11O6FeRuNa: C, 44.3; H, 4.4; N, 18.4. Found: C, 44.2; H,
4.5; N, 17.9%. m(CN): 2109 cm�1 (s). (2Na�1H2O) Anal. Calc. for
C32H29N11O2FeRuNa: C, 49.4; H, 3.6; N, 19.8. Found: C, 48.7; H,
4.1; N, 19.8%. m(CN): 2108 cm�1 (s). (4Na�6H2O) Anal. Calc.
C41H62N16O6FeRuNa: C, 46.7; H, 5.9; N, 21.3. Found: C, 45.8; H,
6.4; N, 20.5%. m(CN): 2054 cm�1 (s).
2.3. Physical measurements

IR spectra were collected with a Nicolet FTIR 510P instrument,
using KBr pellets or solutions employing CaF2 windows of 3 cm
£ and a 0.05 mm Teflon spacer. UV–Vis spectra were recorded
with a Hewlett–Packard 8453 diode array spectrophotometer in
the range between 190 and 1100 nm or with a Shimadzu 3100
UV–Vis/NIR for the NIR region (up to 2500 nm). Elemental analyses
were performed with a Carlo Erba 1108 analyzer. Hydration water
molecules in the reported complexes were determined by thermo-
gravimetric measurements with a TGA-51 Shimadzu thermogravi-
metric analyzer. NMR spectra were obtained with a Bruker AM-500
spectrometer. Cyclic voltammetry measurements were carried out
with millimolar solutions of the compounds, using a TQ3 potentio-
stat and a standard three electrode arrangement consisting of a
glassy carbon disk (area = 9.4 mm2) as the working electrode, a
platinum wire as the counter electrode and a reference electrode.
The latter was a silver wire plus an internal ferrocene (Fc) standard.
Tetra-N-butylammonium-hexafluorophosphate (TBAPF6) 0.1 M
was used as supporting electrolyte. All potentials reported in this
work are referenced to the standard AgCl/Ag saturated KCl
electrode (0.197 V versus NHE), using the accepted values for the
Fþc /Fc couple in different media [20]. Infrared and UV–vis–NIR spec-
troelectrochemical measurements were performed with an opti-
cally transparent thin layer electrode (OTTLE) cell [21], equipped
with two 40 � 20 mm CaF2 windows (with about 0.20 cm of path
length), a working Pt electrode grid (0.25 mm2), a Pt counter elec-
trode grid (0.50 mm2), and an Ag wire reference electrode.

3. Results and discussion

3.1. Synthesis

We have prepared two new members of the previously reported
family of ruthenium complexes trans-[(L)(py)4RuIICl]+ [18] incor-
porating the more basic pyridine ligands 4-methoxypyridine and
4-dimethylaminopyridine. The rationale behind our ligand choice
was to have ruthenium fragments with a redox potential closer
to the one observed for the hexacyanoferrate moiety in water. A
dinuclear compound showing similar redox potentials for both
centers would be a good candidate to show some degree of elec-
tronic delocalization between the metals. The reaction of trans-
[(L)(py)4RuIICl]+ complexes with K3([Fe(CN)6] in a methanol/water
solution at moderate temperature results in the formation of the
dinuclear complex [(L)(py)4RuII(l-NC)FeIII(CN)5]�. These anions
were easily precipitated from water solution as the PPh4

+ salt
and further purification was achieved from size exclusion chroma-
tography in methanol. Temperature control is required to avoid the
formation of the trinuclear complex trans-[(py)4Ru{(l-NC)-
Fe(CN)5}2]4� [15] When L is dmap, the resulting complex is less in-
ert and hence a lower temperature of reaction is required to avoid
the formation of byproducts.

A redox couple with even lower redox potential can be
achieved by the incorporation of five dmap ligands in the coordina-
tion sphere of the ruthenium. We have recently reported the



Table 1
Redox potential for the Ru(III)/(II) and Fe(III)/(II) couples of the dinuclear compounds
1–5 in different solvents.

Complex Solvent E1/2(Ru)/V
(DEp/mV)

E1/2(Fe)/V
(DEp/mV)

E1/2(Co)/V
(DEp/mV)

DERu–Fe/V

1 acetonitrile
methanol
water

1.09 (87)
1.11 (115)
0.95 (69)

�0.52 (115)
�0.17 (106)
0.21 (71)

–
–
–

1.61
1.28
0.74

2 acetonitrile
methanol

1.03 (96)
1.04 (97)

�0.50 (91)
�0.16 (84)

–
–

1.53
1.20
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preparation of [Ru(dmap)6]Cl2�9H2O, [17] which reacts in aerated
water to afford [Ru(dmap)5(OH)]2+, a useful starting material to
prepare [Ru(dmpa)5L]n+ complexes. It also reacts at room temper-
ature in ethanol with the tetraphenyphosphonium (PPh4

+) salt of
different hexacyanometallates(III) (Fe and Co) to yield an analyti-
cally pure dinuclear compound of formula [PPh4

+][(dmap)5RuII

(l-NC)MIII(CN)5]. In the case of the diamagnetic dinuclear ion
[(dmap)5RuII (l-NC)CoIII(CN)5]�, the 1H NMR confirms the
proposed structure.
water 0.89 (88) 0.18 (78) – 0.71
3 acetonitrile

methanol
water

0.88 (107)
0.89 (141)
0.74 (69)

�0.50 (105)
�0.19 (135)
0.19 (94)

–
–
–

1.38
1.08
0.55

4 acetonitrile
methanol
water

0.39 (119)
0.50 (107)
0.10 (104)

�0.61 (137)
�0.14 (95)
0.49 (112)

–
–
–

1.00
0.64
0.39

5 acetonitrile
methanol

0.38 (95)
0.32 (107)

–
–

�1.81 (irrev.)
�1.75 (irrev.)

–
–

3.2. Electrochemistry

Cyclic voltammograms of the five reported dinuclear complexes
in methanol are shown in Fig. 1, while the relevant electrochemical
data is presented in Fig. 2 and Table 1.

Two reversible one electron processes are observed for 1–4,
while 5 presents one reversible process and an irreversible reduc-
tion wave at very low potential, compatible with the replacement
of iron by cobalt in the hexacyanide moiety. The potential of the
reversible anodic wave, corresponding to a RuII ? RuIII process, de-
pends mainly on the coordination sphere of ruthenium; being
higher for anion 1, where the ruthenium is surrounded by five
1)

2)

1.5 1.0 0.5 0.0 -0.5 -1.0

3)

4)

1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

E/V, vs Ag/AgClE/V, vs Ag/AgCl

5)

Fig. 1. Cyclic voltammograms in methanol for complexes 1, 2, 3, 4 and 5.
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Fig. 2. Correlation between the two redox potentials for the reported dinuclear
compounds 1 (h), 2 (D), 3(D) and 4 (s) and the acceptor number of the solvent. E1

refers to the anodic wave (usually Ru) and E2 refers to the cathodic wave (usually
Fe).
pyridine ligands, the less basic ligand of the set. There is only a very
moderate solvent effect on the E½ of these couples, but the poten-
tials of the reduction wave, corresponding to the FeIII/FeII couple,
are strongly solvent dependent instead. Fig. 2 shows the linear cor-
relation of the redox potential of this couple with the Gutmann
acceptor number of the solvent for the different complexes re-
ported in this work. A similar dependence has been observed for
other cyanocomplexes [13,15,22]. As observed in Fig. 2, the smaller
DE½Ru–Fe corresponds to the trans-[(dmap)5RuII(l-NC)FeIII(CN)5]�

(4) in water, even though in this case the assignment of the redox
couples is not straightforward (see below).

3.3. Spectroscopic Properties of mixed valence ions

In all the solvents explored, complexes 1–5 exhibit the elec-
tronic spectroscopic features expected for a ruthenium polypyri-
dine; a intense band in the vis region, corresponding to a
RuII ? p⁄ (pyridine ligand) MLCT transition (Fig. 3 and Table 2).
The exception to this behavior is the spectrum of complex 4 in
water (Fig. 5). For complexes with more than one type of pyridine
ligand, overlapping bands are observed. In addition, compounds 1–
4 present another band in the Vis–NIR region that corresponds to
the RuII ? FeIII MM0CT transition. The energy of this MM0CT band
correlates with the difference in the redox potential between the
iron and the ruthenium centers (Fig. 3), confirming its nature.

The transition moment (which reflects the true integrated
intensity) of the MM0CT band of this family of complexes in differ-
ent solvents correlates well with the energy of the transition
(Fig. 4a) as observed for the ions in the trans-[L4Ru{(l-NC)-
Fe(CN)5}2]4� family [15]. This result is usually not observed as
different solvents would have different contributions to the reorga-
nization energy. However in this case, the specific donor/acceptor
interaction of the solvent with the terminal cyanides not only
affects the energy of the acceptor site (and, as a consequence, the
difference of energy between the donor/acceptor sites and hence
the mixing between them, which results in a larger transition mo-
ment for the MM0CT), but also the reorganization energy of the
MM0CT transition. In this case, the specific interaction of the termi-
nal cyanides with the solvent is even stronger in the excited state
of this transition than in the ground state, as the former has a
FeII(CN)5 fragment which is a better donor than the FeIII(CN)5 moi-
ety. As a result, a stabilization of the excited state should be oper-
ative. In fact, this seems to be the case, as the extrapolation of the
MM0CT energy at DE½Ru–Fe = 0 (Fig. 3b) gives a low value of only
2700 ± 400 cm�1.

The energy of the MM0CT transition also depends on the accep-
tor number of the solvent. Fig. 4b shows this correlation for the
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Fig. 3. (a) Vis–NIR spectra of complexes 1 (–), 3 (– –) and 4 (– � –) in methanol; (b) correlation between the MM0CT energy and DE½Ru–Fe = E½(Ru(III/II)) � E½ (Fe(III/II)) for
species 1–4 in acetonitrile (s), methanol (e) and water (h).

Table 2
UV–Vis–NIR properties of compounds 1–5 in different solvents.

Complex Solvent MLCT
m/103 cm�1 (e/103 M�1 cm�1)

LMCT
m/103 cm�1 (e/M�1 cm�1)

MM0CT
m/103 cm�1 (e/103 M�1 cm�1)

1 dimethylacetamide
acetonitrile
ethanol
methanol
water

27.0 (24.2)
27.7 (24.1)
27.9 (19.1)
28.1 (22.8)
28.7 (22.6)

17.0 (0.7)15.6 (0.9)13.7 (1.0)12.5 (1.4) 8.8 (2.8)

2 dimethylacetamide
acetonitrile
ethanol
methanol
water

27.2 (15.2)
27.7 (18.0)
27.9 (18.6)
28.1 (18.0)
28.7 (16.4)

16.7 (0.5)15.2 (0.7)13.2 (1.0)12.2 (1.2)8.3 (2.3)

3 dimethylacetamide
acetonitrile
ethanol
methanol

27.1 (22.7)/31.5(14.0)
27.7 (23.5)/32.1(15.7)
27.9 (23.0)/32.3 (15.5)
28.2 (17.7)/32.2(15.2)

15.8 (0.7)14.2 (1.0)12.3 (1.4)11.0 (1.4)

4 dimethylacetamide
acetonitrile
methanol
water

27.8 (20.3)
28.2 (20.0)
29.1 (21.4)
–

12.4 (0.7)
11.0 (0.9)
7.2 (2.2)
6.1 (4.8)7.2 (4.3)/15.2 (5.4)

5 acetonitrile
methanol

27.4 (22.2)
28.7 (28.8)
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Fig. 4. (a) Transition moment of the MM0CT transition as a function of its energy: 1(j), 2 (N), 3 (.) and 4 (d); (b) Correlation of the energy of the MM0CT transition with the
acceptor number of the solvent. In the latter, the circle shows that the energy of the MM0CT transition for compound 4, in water, is higher than the expected value, according
to the observed trend.
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complexes 1–4. From this correlation it is clear that the value ob-
served for complex 4 in water is much higher than the
4000 cm�1 value expected from the observed trend.

Turning our attention to the atypical spectrum of 4 in water
(Fig. 5), two distinct features are clear; the intense MLCT band
around 28 � 103 cm�1 is missing and new bands at 15.2 and
17.2 � 103 cm�1 are observed. These new bands are probably LMCT
transitions from the filled p orbitals of the dmap to a vacant dp
orbital of the Ru(III) ion. Similar transitions have been observed
for other RuIIIdmap complexes [17,23,24] and they are also present
in the oxidized form of 4, slightly displaced to lower energies
(Fig. 5b). This evidence suggest that the configuration of 4 in water
is Ru(III)–Fe(II) instead of the Ru(II)–Fe(III) isomer, so in this case,
the RuIII/RuII redox couple occurs at lower potential than the FeIII/
FeII process. It is worthy to mention that a similar ordering of the
redox potentials have been observed for the related dinuclear an-
ion [(NH3)5RuIII(l-NC)FeII(CN)5]� in water [25]. The band at
6.1 � 103 cm�1 is also a MM0CT transition, but from the Fe(II) to
the Ru(III).

3.4. Infrared spectroscopy

In order to explore the donor acceptor coupling properties of
these dinuclear complexes and to identify the nature of electronic
isomer present, we also explored the IR spectra of this family of
complexes in solution. Most of the systems show absorptions
around 2100 cm�1, which correspond to overlapping bands of the
mCN stretching modes of the coordinated cyanide ligands in the
hexacyanometallate(III). The energy of these bands is slightly dis-
placed to lower energies in the presence of less acceptor solvents
or better donor ligands.

In methanol, another band can be observed at lower energies. It
is barely distinguishable for complex 1 (Fig. 6a), but very intense
and broad for complex 4 (Fig. 6b). This band is only present in
the mixed valence form of 4 and it is absent in its oxidized and re-
duced form (Fig. S1). We assign it as the mCN band corresponding to
the bridging cyanide. The literature contains several reports of mCN

of bridging cyanides that are displaced to lower energies when
there is a significant interaction between the dp orbitals of the
bridged moieties and the p⁄ of the cyanide bridge [6,8,9,26–30].
The same phenomenon has also been observed for the bridging
moieties in other mixed valence systems [31] and usually they
are also very intense and broad. This intensification goes beyond
what is expected for a polar moiety and entanglement between
vibrational and electronic states has been suggested as the possible
origin of this phenomenon [9].
The energy and shape of the cyanide stretches of 4 in water
(Fig. 6c), are very different from the pattern observed for the other
systems. Instead of a set of band around 2100 cm�1, a series of
overlapping bands centered at 2050 cm�1 are observed. This en-
ergy value is typical for a hexacyanoferrate(II) moiety and confirms
the presence of the Ru(III)–Fe(II) isomer in this solvent.

3.5. Analysis of the MM0CT band

We performed a two-state Mulliken–Hush treatment [32] on
the MM0CT band of this family of complexes We followed the same
treatment as in Ref. [33], where a detailed explanation of the the-
oretical background of the model as well as the fitting procedure
can be found. The model describes the two diabatic states involved



Table 3
Absorption maxima and parameters obtained from the electronic spectra of the complexes studied in this work.

Complex Solvent mMMCT (103 cm�1) DG0 (103 cm�1) k1/k2 (103 cm�1) H12 (103 cm�1)a
100C2

1|100C2
2

H12
a

(103 cm�1)b

1 DMAb

acetonitrile
ethanol
methanol
water

17.0
15.6
13.7
12.5
8.8

14.0
12.5
10.5
9.3
5.8

1.6/3.6 0.8
0.9
1.1
1.1
1.3

99.7|0.3
99.7|0.3
99.4|0.6
99.3|0.7
98.2|1.8

0.9
1.0
1.1
1.1
1.3

2 DMA
acetonitrile
ethanol
methanol
water

16.7
15.2
13.2
12.2
8.3

13.9
12.3
10.3
9.1
5.6

1.3/3.4 0.9
0.9
1.1
1.1
1.2

99.8|0.2
99.7|0.3
99.4|0.6
99.2|0.8
98.0|2.0

0.8
0.8
1.0
1.0
1.1

3 DMA
acetonitrile
ethanol
methanol

15.8
14.2
12.0
11.0

11.8
10.1
8.2
7.0

2.6/3.4 0.9
1.0
1.2
1.1

99.7|0.3
99.5|0.5
99.1|0.9
99.2|0.8

0.9
1.0
1.1
1.1

4 DMA
acetonitrile
methanol

12.4
11.0
7.2

9.6
8.2
4.7

1.3/3.4 0.8
0.8
1.1

99.5|0.5
99.4|0.6
98.2|1.8

0.9
0.9
1.0

a H12 calculated using H12 = (0.0205/r12)[e_max Dm½mmax]½.
b DMA = dimethylacethamide.
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Fig. 7. Experimental (solid line) and simulated (dotted line) MM0CT bands of
comples 1 in DMA, acetonitrile, ethanol, methanol and water.
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in the transition as two quadratic functions connected by an elec-
tron transfer coordinate. The main parameters are DG0, the relative
free enthalpy between the states, k1 and k2, the Marcus reorganiza-
tion energies of each surface and H12, which represents the elec-
tronic interaction between the states that leads to mixing of the
diabatic surfaces to yield the adiabatic potential curves. Addition-
ally, we considered lD, the diabatic transition moment, as equal
to �er, where the r value was fixed at the experimental Fe–Ru geo-
metrical distance found in related complexes (5 Å). According to
Stark spectroscopy measurements in some mixed-valent cyanide-
bridged dinuclear complexes, the effective one-electron-transfer
distance is smaller than the geometrical separation [4], but the dif-
ference should not be large if the mixing between fragments is not
very high.

Even though each parameter could be treated independently, it
is more informative to impose some restrictions. We kept k1 and k2

fixed for the same complex in different solvents as we expected a
stronger dependence of the reorganization energy on the structure
of the complex compared to the effect of the solvent. This behavior
has been previously observed for the related trinuclear complexes
in Ref. [33] and is probably related to the diminished role of the
solvent in the reorganization energy due to its specific interaction
with the terminal cyanides in both, the ground and the excited
state. The final optimized parameters obtained from this fitting
procedure are listed in Table 3. The simulated spectra of 1 in differ-
ent solvents are displayed in Fig. 7 showing that the band shape of
the experimental CT is well reproduced (for the remaining spectra
see Fig. S2). The exception is again the spectrum of 4 in water
which could not be fitted using the same set of parameters, which
is not surprising considering the different nature of this transition.

The results are in line with the obtained for the related trinu-
clear complexes trans-[L4Ru{(l-NC)Fe(CN)5}2]4�. The diabatic
free-energy varies with nature of coordination sphere of the ruthe-
nium and with the acceptor properties of the solvent. The reorga-
nization energy of the ground state is significantly smaller due to
stabilizing effect of the solvent interaction at the coordinates of
the electronic isomer. The values obtained for H12 are similar to
the ones calculated using the Mulliken–Hush expression [34–37]
(Table 3) and are comparable to the values reported for other cya-
nide-bridged dinuclear systems [4,9,38,39]. A moderate increment
in solvents with a larger acceptor capability is observed.

As expected, all the systems analyzed show a low degree of
mixing, with the Ru(II)–Fe(III) form as the dominant form with
only a minor contribution from the Ru(III)–Fe(II) configuration
(at most 2%). The trend observed for these complexes predicts a
small, but positive value for the diabatic energy of 4 in water, i.e.
the stable configuration should be the Ru(II)–Fe(III) isomer. Sur-
prisingly the Ru(III)–Fe(II) configuration is observed. Probably the
more favorable terminal cyanide-water interaction in the FeII(CN)5

fragment favors the Ru(III)–Fe(II) isomer and prevents the exis-
tence of a Ru(II)–Fe(III) system with a small DG0 between the
states where some electronic delocalization could have been ex-
pected. There are reports of other mixed valence systems with ter-
minal cyanides that show very little interaction in water [40], but
in those cases a mismatch between the energy of the vacant orbi-
tals of the pyrazine bridge and the dp orbitals of the metal ions has
been suggested as the explanation for this behavior [41].
4. Conclusions

We have explored the properties of the family cyanide bridged
mixed valence dinuclear complexes. The difference in energy be-
tween these fragments can be tuned by variation of donor proper-
ties of the ligands around the ruthenium and the acceptor



340 M.B. Rossi et al. / Inorganica Chimica Acta 374 (2011) 334–340
properties of the solvent. Introduction of the very basic ligand
dmap allows us to diminish the energy difference between the
fragments, which results in a better mixing between the dp orbi-
tals. The observation of the transition from class II to class III in
system 4 was precluded by the strong interaction of the water with
the terminal cyanides, which traps the system in its Ru(III)–Fe(II)
isomer, a result that emphasizes the ability of solvent interactions
to localize a mixed valence system.
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