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Abstract

A new dinuclear complex of the type cis, cis-[(bpy)>CIRu(u-Ly,)RuCl(bpy),]"* (bpy = 2,2’-bipyridine; L;, = benzotriazolate (bta);
n=1, 2, or 3) has been synthesized, isolated as a PF4 salt, and investigated in organic solutions by means of cyclic voltammetry and
ultraviolet/visible/near-infrared spectroelectrochemistry. Particular emphasis has been given to the electron transfer (ET) properties
of the mixed-valent species (n = 2), which displays a somewhat large metal-metal electronic coupling in the ground state with the
complex featuring localized Ru(III) and Ru(II) oxidation states, as deduced from its intervalence charge-transfer (IVCT) band and
electrochemical parameters. Analysis of the IVCT properties in the context of Hush’s theory also supports a valence-trapped
formulation. In spite of the class II categorization within the Robin-Day scheme, this system shows a remarkable intermetallic
communication when compared with other analogues (e.g. L, = pyrazine). Such aspect has also been stressed by comparison of the
set of thermodynamic and mixed-valence parameters along with a series of L-bridged systems studied previously in aqueous
solutions (in particular, [(edta)Ru(p-bta)Ru(edta)]* ~; edta = ethylenediamine-N ,N,N’,N'-tetraacetate), and the striking differences
in their intervalence characteristics have been rationalized in terms of distinct types of electronic and structural effects. Despite the
contrasting behavior, the same type of superexchange mechanism (‘hole-transfer’) seems to prevail in all these benzotriazolate-
bridged mixed-valent species. In the 2,2-bipyridine derivative, the synergistic charge-transfer effects are the most relevant factors on
the great stabilization of the mixed-valence state. The combined m-acceptor and o,n-donor abilities of the ancillary (bpy) and
bridging (bta) ligands, respectively, are also responsible for the high stability of the fully oxidized (Ru™~L—Ru") and fully reduced
(Ru""-L-Ru") isovalent species. From the IVCT band features, the rate of intramolecular thermal ET for the mixed-valent ion was
estimated on the basis of the Hush and Marcus theories.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The mixed-valence chemistry [1-3] of polynuclear
transition metal systems has been extensively exploited
by inorganic chemists since the late 60s, when the field
was marked by the pioneering attempt by Allen and
Hush [4] to organize and rationalize the properties of
such materials, the formulation by Hush [5,6] of the
semiclassical theory based on the perturbational donor—
acceptor formalism of Mulliken [7,8], the fundamental
classification of mixed-valence systems by Robin and
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Day [9], and the first preparations in a research
laboratory of designed mixed-valent complexes by
Cowan et al. [10,11] and Creutz and Taube [12,13].
Since then, polymetallic systems containing elements
from virtually almost the whole three transition series
have emerged, with an especial focus on the metal ions
from the Group 8. Ruthenium complexes, indeed, have
by far received more attention, due mainly to their
desirable kinetic and thermodynamic properties (as the
redox richness, for instance) derived from the low-spin
d®ld electronic configuration. The literature of this class
of compounds has also been continuously reviewed in
the last decades [14—16]. Polypyridine complexes of
ruthenium, in particular, have been more recently
reviewed by Balzani et al. [17]. This type of metal-
organic systems provides suitable models for the study
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of electron transfer (ET) [1] and/or energy transfer
processes [18], encompassing the fundamental principles
in designing prototypes of electronic and photonic
devices at the molecular level with applications within
the new fields of molecular nanosciences and nanotech-
nology [19-29].

The most important role in mediating the electronic
communication in bridged mixed-valence systems is,
naturally, played by the intervening bridging ligand,
whose chemical nature can determine the magnitude and
the mechanism of the donor—acceptor electronic inter-
actions. In this sense, an important point was raised in
our recent contributions, which involve benzotriazolate-
bridged systems exhibiting stereochemical mobility [30—
33]. Indeed, in a previous work [32], we reported the
contrasting behavior of the intervalence transfer proper-
ties of symmetrical ruthenium-edta binuclear complexes
containing benzotriazolate and benzimidazolate as brid-
ging ligands in aqueous solutions. Because of the
structural similarities of these ligands, the unexpected
differences in the electronic properties were tentatively
interpreted in terms of a fluxional coordination, as
observed in a number of benzotriazolate complexes [34—
38]. In order to improve the understanding of this type
of system, we have currently extended our previous
work to the benzotriazolate-bridged dimer of the 2,2’-
bipyridine complex of ruthenium (Scheme 1), in which
such dynamic/fluxional behavior on the bridging ligand
is not observed due to the largely sterically hindered
environment. The intervalence charge-transfer (IVCT)
properties and the redox behavior of the dinuclear
complex in organic medium were particularly explored
by electrochemical and spectroelectrochemical methods
and compared with related ruthenium-polypyridine
dimers.

2. Experimental
2.1. Starting materials
Benzotriazole (btaH) was purchased commercially

(from Aldrich) and recrystallized by slow evaporation
of saturated solutions in a 3:1 ethanol/water mixture.

cis-RuCl,(bpy),

Chemical and spectral characterizations of the neutral
(btaH) ligand and the corresponding lithium salt of its
anionic form (bta) are available elsewhere [31,39]. The
synthesis of cis-RuCl,(bpy),-2H,O was based on a
classical method of the literature [40]. The purity and
characterization of the final product were assessed by
means of elemental analysis, electronic spectroscopy and
electrochemistry. Tetracthylammonium perchlorate,
(tea)ClQy4, was prepared in accordance with standard
techniques [41], recrystallized twice from hot water, and
vacuum dried at 100 °C overnight. All other chemicals
and organic solvents employed in the syntheses were
analytical reagent grade (Aldrich, J.T. Baker, Merck or
Sigma) and were used as supplied, without further
purification (except for acetonitrile used as solvent in
the sample solutions, which was dried and stored over 4
A molecular sieves in a dark bottle). High purity,
deionized water was obtained by passing bi-distilled
water through a Nanopure™ (Barnstead) purification
system.

2.2. Syntheses’

2.2.1. cis,cis-[ {Ru" Cl(bpy ), }>(bta) ] ( PFy)
cis-RuCly(bpy),-2H,0 (520 mg; 1.0 mmol) and ben-
zotriazole (53.6 mg; 0.45 mmol) were suspended in 30
cm® of a 2:1 ethanol/water mixture. After heating to
reflux for 30 min, lithium hydroxide monohydrate (21.0
mg; 0.50 mmol) was added to the reactional mixture and
the reflux (under argon) continued for approximately 3
h. Following cooling to ambient temperature, the
brownish red solution was filtered and vacuum dried
in a rotary evaporator. The solid was then dissolved in a
minimum volume of water (&5 cm’) and added
dropwise into about the same volume of a stirring
concentrated (1 mol dm ~ %) aqueous solution of ammo-
nium hexafluorophosphate, yielding a deep reddish
precipitate. The product was collected on a glass frit
by suction filtration, washed with a few portions of cold

' As a general precaution, the reactional mixtures or solutions
containing bis(2,2’-bipyridine)ruthenium(II) derivatives were protected
from light during the syntheses or measurements.

bta

Scheme 1. Molecular precursors.
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water and dried in vacuum for a couple of days in the
presence of a desiccant. Further purification was
performed by column chromatography, using neutral
alumina (activity I; 70-300 mesh; particle size: 60—200
pm) as the filling material and acetonitrile (or, alter-
natively, a 10:1 acetonitrile/ethanol mixture) as the
eluant. The complex collected from the large dark red
band was precipitated from acetonitrile with anhydrous
ethyl ether. Isolation of the final pure PF¢-salt (powdery
solid) proceeded as described above. Yield: ~ 60%.
Anal. Found: C, 45.3; H, 3.6; N, 12.7%. Required for
C46H4oN|;03FCLPRu, (MW =1214.9 gmol !): C,
45.5; H, 3.5; N, 12.7%.

2.2.2. cis,cis-[ {RuCl(bpy),}>(bta) ] (PFs), (n=2or 3)

Although the mixed-valent (n=2) and the fully
oxidized (n=3) species were generated in situ by
controlled-potential electrolysis of the fully reduced
ion during the electrochemical/spectroelectrochemical
measurements, their preparation by chemical oxidation
of cis, cis-[{Ru"Cl(bpy),}.(bta)](PFs) in acetonitrile so-
lution with, respectively, 1 and 2 equiv of cerium(IV)
(from either ceric ammonium nitrate or sulfate salts),
were also accomplished for comparative purposes. The
isolation of the solids followed the above procedure for
the fully reduced monocation. Identical electrochemical
and spectral data were obtained for the solutions of the
oxidized complexes prepared either by this way or by
electrolysis (v. infra). Since this work focuses on the
latter (electrochemical) methods, the trivalent species
were not characterized in the solid state.

2.2.3. cis-[RuCl(bpy),(btaH) "

The mononuclear protonated complex was synthe-
sized and isolated as a hexafluorophosphate salt in the
divalent state (n= +1), and characterized in organic
solutions by electrochemical and spectroelectrochemical
methods in all of its accessible oxidation states (n = +2,
+1, —1), as reported recently elsewhere [34].

2.3. Physical measurements’

The electronic spectra in the ultraviolet (UV), visible
and near-infrared (NIR) regions were recorded, respec-
tively, on a Hewlett—Packard model 8453 diode-array
spectrophotometer and on a Guided-Wave model 260
fiber-optic instrument.

Cyclic voltammograms were run with a Princeton
Applied Research-PAR model 283 potentiostat (from
EG&G Instruments). A conventional three-electrode
arrangement consisting of a platinum working electrode,
a Luggin capillary with a Ag|Ag® (1.0 x 102

2 The measurements were performed at room temperature (25+
1°C).

mol dm —° silver nitrate) reference electrode (E° = +
0.503 V vs. standard hydrogen electrode, SHE [42,43])
and a platinum wire as the auxiliary electrode, was used.
The sample solutions were thoroughly degassed prior to
beginning the experiments, and before each measure-
ment the solutions were also purged with argon (White—
Martins). Working electrodes were polished with alu-
mina paste (Struers). Cyclic voltammograms were
recorded at sweep rates of 10—1000 mVs~'. The
potential values given in this paper are uncorrected for
junction potentials and referred vs. SHE.

Spectroelectrochemical measurements in the UV/visi-
ble region were carried out with a PAR model 366 bi-
potentiostat in parallel with the diode-array spectro-
photometer. A three-electrode system was specially
designed for a rectangular quartz cell of 0.25 mm
internal optical length. A gold minigrid was used as a
transparent working electrode, in the presence of a small
Ag | Ag™ reference electrode and a platinum auxiliary
electrode. The OTTLE cell was located directly in the
spectrophotometer, and the absorption change was
monitored during the electrolysis.

Spectroelectrochemistry by reflectance in the NIR
region was performed by using a fiber-optic probe for in
situ measurements in a quartz, flat bottom, specially
designed electrochemical cell. In this case, the fiber-optic
probe was placed perpendicularly to the mirror surface
of the platinum electrode which was kept approximately
0.2 mm from the bottom, providing a constant optical
length. Tetracthylammonium perchlorate, (tea)ClOy,
was used as a supporting electrolyte (ionic strength
I=0.10 mol dm —>) in both electrochemistry and spec-
troelectrochemistry.

Elemental analyses were carried out by the Micro-
analytical Laboratory of the Institute of Chemistry,
University of Sdo Paulo.

Molecular mechanics (MM +) and semiempirical
quantum chemical (ZINDO) calculations were per-
formed as described in details elsewhere [33,44—46].

3. Results and discussion®

3.1. Syntheses

One of the most important synthetical features of the
starting complex Ru"Cly(bpy), is its ability to promptly
substitute a chloride in warm organic/aqueous solutions
to form [Ru"'Cl(bpy)»(S)] " (Eq. (1)). This intermediate

3 Since the derivatives containing the bis(2,2’-bipyridine)-
ruthenium(II/III) fragment to be mentioned hereafter are all cis with
regard to the coordination geometry, the cis prefix which should
appear as a notation along with the formulas is omitted in the next
sections.
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complex is rather labile and easily exchanges the solvent
ligand in the presence of N-heterocyclic ligands, yielding
the corresponding substituted species (Eq. (2); in this
case, L is the monoionizable acid btaH ligand).

alcohol /water,

RuCly(bpy), =" [RuCl(bpy),(S)]" + CI~ ()

[RuCl(bpy),(S)]* + L — [RuCl(bpy),(L)]" +8 (@)

In the presence of excess Ru'Cly(bpy), a further
substitution reaction involving the coordinated ligand
(L, =bta) of the mononuclear complex takes place, as
illustrated in Eq. (4). In the current example, a previous
deprotonation must occur on the L (btaH) ligand in
[Ru'Cl(bpy)»(L)] ™ to make the second coordination
site available for binding (Eq. (3)). This step should be
performed under an inert atmosphere, since Ru(II/III)
ions are more vulnerable to oxidation in basic media.

[RuCl(bpy),(L)]" + OH~

— RuCl(bpy),(L,) + H,0 3)
[RuCl(bpy),(S)]* + RuCl(bpy),(L,)
- [{RuCl(bpy), },(L,)]" +S 4)

Although purification by recrystallization in acetone/
water has also been employed, the use of column
chromatography as described in Section 2 led to better
results in terms of yield and purity of the compounds,
even though a significant amount of the product was
still lost in the successive procedures, limiting the final
yield to approximately 65%. Interestingly, the yields
achieved for the mononuclear precursors were higher
than 80% [34], indicating that the dimers are more
susceptible to either dissociation or side reactions during
the passage through the chromatographic column.

Unlike some similar ruthenium-polypyridine dimers
bridged by m-acceptor ligands (e.g. pyrimidine [47]),
both the dissolved and the isolated oxidized (mixed-
valent, Ru'-Ru'", and isovalent, RuHI—RuHI) species
were found to be stable to decomposition (at least within
a time scale of weeks and when stored in the absence of
light).

As shown in the Section 2, the elemental analyses
were consistent with the dimeric formulation. Further
support for this formulation comes from electrochem-
istry and electronic spectroscopy, as discussed in the
sections below.

3.2. Electrochemistry

The cyclic voltammogram of [{Ru"'Cl(bpy),}»(bta)]
in acetonitrile displays: (i) two pairs of reversible waves
in the region of positive potentials, with E{}} =1.34 V
and E{75=0.99 V (both exhibiting i,/i.=1, AE, =65

mV at 100 mVs~', and ipocu”2 +3 associated to the

redox couples centered on the metal ions (Eq. (5) and
Eq. (6)); and (ii) two poorly-resolved wave couples in the
negative region of potentials (E\” = —1.28 V and E?
~ —1.52 V), which have nearly twice the current
intensity relative to those in the positive region and
were related to the two closely spaced characteristic
reductions of the bipyridine ligands on each ruthenium
center, according to previous assignments [34,48]. Due
to the inherent difficulty in estimating the half-potential
(Ey)p) for these latter waves at the edge of the solvent
potential window, only the cathodic peak potentials
were taken into account for the ligand-centered reduc-
tions.

[{Ru"Cl(bpy), },(L)P" +e~

(£},

2 [(bpy),CIRu™(L,)Ru" Cl(bpy),|** (5)
[(bpy),CIRu"(L,)Ru" Cl(bpy),]*" + ¢~

(7]

2 [{Ru"Cl(bpy), },(Ly)]" (6)

It is interesting to observe that E3) is very close to the
Ey;» value for the monomer protonated on L (benzo-
triazole), [Ru™MCl(bpy),(btaH)?*'* (0.91 V [34]),
whereas E{} is rather more positive. Hence, the co-
ordination of a second {RuCl(bpy),} group to the
deprotonated (benzotriazolate) species to give the
[{RuCl(bpy),}»(bta)]* dimer exerts nearly the same
effect as a proton on the ligand. In the dimer, however,
once the Ru~Ru'" complex is oxidized to Ru"'~Ru'" at
0.99 V, the additional positive charge is readily com-
municated across the bridging ligand to the other
relatively remote metal moiety, making the potential
for a second oxidation to yield Ru™—Ru'" higher (more
positive), with a significant redox split (AE;,,) of 0.35 V.

The potential separation between E{!) and E'% can be
used to determine the stability of the mixed-valent
species with respect to the reduced and oxidized
isovalent ones, by means of the calculation of K. [49],
the equilibrium constant associated to the compropor-
tionation reaction of Eq. (7).

[{Ru"'Cl(bpy),},(bta)]’" + [{Ru"Cl(bpy),},(bta)]*
2 2[(bpy),CIRu"(bta)Ru" Cl(bpy),* (7)

In this way, by using the classical thermodynamic
expressions [1,49], the K, value was found to be 8.3 x

4 The E,j» values for the reversible couples were calculated from
half the difference between E|, values for anodic and cathodic waves
(i.e. E\p=[E.+E:]?2)and used as a formal reduction potential on the
assumption that differences in diffusion coefficients for oxidized and
reduced species are negligible.

> The cyclic voltammograms were essentially invariant to changes
in the sweep rate in the range of 10—500 mV s~ '; the higher than
theoretically predicted AE,, values (59 mV for a single-electron process)
presumably arise from uncompensated solution resistance.
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10°, which corresponds to a large comproportionation
driving force (AG,) of —8.1 kcalmol~' (2.8 x 10°
em ™ 1).°

3.3. Spectroelectrochemistry

The electronic spectra of [{RuCl(bpy),}»(bta)]"" in
its three redox states (n =1, 2 or 3), which are collected
and assigned in Table 1, were obtained by generation of
such species by electrolysis, in situ, under application of
suitable potentials in acetonitrile solutions on the basis
of the cyclic voltammetric guidance. In agreement with
the electrochemical results, electrode reactions were all
chemically and electrochemically reversible in the spec-
troelectrochemistry, as revealed by the complete spectral
recovery upon either reduction or oxidation processes.
In addition to the metal-to-ligand charge-transfer
(MLCT)/ligand-to-metal ~ charge-transfer  (LMCT)
bands in the visible region, the mixed-valent species
(n=2) also exhibits a strong absorption above 1 x 10°
nm (Fig. 1), whereas both fully reduced (» = 1) and fully
oxidized (n =3) complexes are transparent in the NIR
region.

Analogously to the monomeric species studied pre-
viously [34], the visible spectra of the dimers (Table 1)
are dominated by charge-transfer transitions involving
the Ru(II/III) ions and the peripheral 2,2-bipyridine
ligands. Absorptions associated to the bridging ligand
benzotriazolate might also occur in the same region with
lower intensities, whose detection would presumably be
precluded by the highly intense Ru<«<>bpy bands [34].

The spectral properties of the ligand-bridged dimeric
complexes are of interest in that they should reflect the
electronic interactions between the two remote metallic
centers. In the present system, except for slight shifts due
to n-backbonding or w-acid/base effects on the dimers of
the type [(bpy),CIRu™™(bta)M]** (with M=
{(Ru™MCl(bpy),}” ), the UV/visible spectra of the
isovalent (Ru""-Ru"" or Ru™-Ru') dinuclear species
can be plausibly explained by the assignment made for
the individual mononuclear complexes (i.e. where M =
H; Ref. [34]). In the particular case of the mixed-valent
(Ru™-Ru') species, however, the spectrum is not
simply the sum of the spectra of the two isolated
moieties, as deduced from the comparison in Table 1.
This is per se a strong evidence of some significant
extent of electronic perturbation (v. infra).

® The dimer investigated herein has sufficiently large AE,), value
that corrections for comproportionation to the observed extinction
coefficients [50,51] were ignored.

3.4. Mixed-valence properties

The mixed-valent complex, [(bpy).CIRu'"(bta)Ru''-
Cl(bpy),]**, was obtained by electrochemical oxidation
of [{Ru''Cl(bpy),}.(bta)] ™ at 1.17 V, the average
potential between E{}} and E{7. In addition to the bands
at 425 and 588 nm, assigned to the MLCT and LMCT
transitions involving the bpy ligands on the reduced and
oxidized moieties, respectively, its NIR spectrum (Fig. 1)
displays a broad (Avi»=4.16 x 10> cm ") and intense
(6=1.35x 10> dm®*mol ' ecm ') band at Ay, = 1460
nm (Amax = 6.85 x 10° cm '), which is associated to the
IVCT transition illustrated in Eq. (8).

[(bpy),CIRu" (bta)Ru" Cl(bpy),]*

5 [(bpy),CIRu" (bta)Ru" Cl(bpy),I** (®)

On the basis of the Hush model [6] a very useful
criterion to distinguish localized and delocalized mixed-
valence systems is to compare the predicted and the
empirical values of Avy), (the bandwidth at half-height)
for the intervalence band. In this current case, the
theoretical value of the IVCT bandwidth, calculated
by the formula Avy,=(2310 x }tmax)”2 (for a symme-
trical system at 298 K [1,6]), is 3.98 x 10° cm~'. As a
consequence of the validity of the ‘AVBP/AVES > 1°
relationship (v. supra), this system is better described by
the class II within the scope of Robin and Day’s
categorization [9] and, therefore, the classical expres-
sions of Hush (Eq. (9) and Eq. (10)) for a Gaussian-
shaped band in a two-level system [1,6] are applicable to
the estimation of Hap and o, which are the electronic
coupling (resonance energy or electron exchange matrix
element) and the electron delocalization parameters for
the ground state, respectively.

2.05 x 1072
Hyglin em™) =" " 0 (Tt A7) 9)
um (10)
V,

max

The equations above are derived from the oscillator
strength and energy of the IVCT band, and the donor—
acceptor separation; the quantities Aynax = Eop and Avy,
are given in inverse centimeters, &, iS the molar
extinction coefficient, and d is the distance in angstroms.

By assuming an ET distance (d) of 5.9 A, which is
actually the theoretical geometric metal—-metal separa-
tion calculated through hybrid molecular mechanics/
quantum semiempirical methods (see Section 2), Hap
and o were determined to be 680 cm ~ ! and 9.9 x 1073,
respectively. Even though this system evidently features
localized Ru(IlI) and Ru(II) oxidation states with just
slight delocalization (since only 1% of the odd electron is
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Table 1

UV -Vis spectral data for some 2,2’-bipyridine complexes of ruthenium

Complex MLCT

Amm (e/10° M~ 'em ™Y

LMCT
Amm (e/10° M~ 'em ™Y

Intraligand (n — *)
Amm (e/10° M~ 'em ™Y

cis-Ru""Cly(bpy), *

cis-[Ru'""Cly(bpy)] * *
cis-[Ru'Cl(bpy),(btaH)] * ©
cis-[Ru™Cl(bpy),(btaH)?* ©

cis, cis-[(bpy).CIRu"(bta)Ru" Cl(bpy),] *
cis, cis-[(bpy),CIRu(bta)Ru*Cl(bpy),]* *
cis, cis-[(bpy),CIRu"(bta)Ru''Cl(bpy),]* *

425 (5.2)

380 (8.8); 553 (9.1)
347 (8.5); 465 (5.7)

344 (8.9); 464 (5.9)

243 (2.1); 297 (5.0)

380 (5.6) 298 (2.5); 310 (2.2)
242 (2.0); 290 (4.0)
423 (3.5) 248 (2.1); 288 (2.4)
242 (2.6); 289 (4.5)
588 (3.2) 244 (2.4); 288 (3.9)

455 (3.4); 640 (2.0) 247 (2.7); 299 (2.8)

& Ref. [52].
® Ref. [34].

35 — T T T T T T T T T T T T

30

I N 1 2+
Cl(bpy).Ru \N/O\N/Ru (bpy)2Cl

25 -

-1

20
15

1.0 |-

€/10° dm® mol™ cm

05

0.0 .
L [ T T |

2 1 1 . L
400 600 800 1000 1200 1400 1600 1800 2000
Wavelength / nm

Fig. 1. Electronic spectrum of the mixed-valent cis, cis-[(bpy),CIRu(p-
bta)RuCl(bpy).]** complex, under 1.2 V, in CH3CN (I=0.10
mol dm ~? (tea)ClOy).

shared by either metal centers), the magnitude of the
electronic interaction is remarkable for this type of
complex. This can be inferred by the illustrative
comparison with the pyrazine- [53,54] and the pyrimi-
dine-bridged [47] counterparts, [(bpy),CIRu"!(Ly)-
Ru"Cl(bpy),]’ © (Ly, = pz or pym), for which the values
of Hap are 390 and ~ 125cm ™!, respectively (both with
a discrete K, of ~10%). It is also important to notice
that, within the experimental error, the intermetallic
distance in the pyrimidine derivative (6.0 A) is the same
as the benzotriazolate’s (5.9 A), indicating that the main
factor involved in the promotion of the electronic
communication in such systems is indeed the electronic
character of the intervening ligand in providing efficient
dn(M™—n/n*(Ly,)—drn(M") orbital conjugation and not
only the donor—acceptor distance. These results rein-
force the previous conclusions [30-33,39,55] on the

striking properties of benzotriazolate as a very efficient
conductor (electron-rich) bridging linker.

A relevant comparison to be emphasized in this work
involves the symmetrical [(edta)Ru(bta)Ru(edta)]*~
complex [31,32]. By comparing the IVCT band proper-
ties of this ion (Amax =6.9 x 10> ecm ™! £=2.2x 10°
dm® mol ™' em ™% Avy, =2.8 x 10° em ~!; solvent-inde-
pendent) with those of [(bpy)>CIRu(bta)RuCl(bpy),J* ",
it is concluded that there is a rather larger electronic
coupling and delocalization for the former ion, and that
it is clearly outside the weak/moderate interaction to
which the Hush theory applies. For instance, the
experimental Avy, value for the polypyridine complex
matches very favorably the value predicted by Hush
theory, with a ratio close to unity (AVIEP/AVIGEY =
1.05). In the case of the related edta-containing deriva-
tive, on the contrary, Avy,, found experimentally is far
narrower than the (over)estimated value (AV3P/
AV = 0.70; Refs. [31,32]). The possible reasons for
such a contrasting behavior are outlined below.

As pointed out in Section 1, since the dimeric
ruthenium-polypyridine systems have well-developed
chemistry, their mixed-valence properties can be ex-
plored as a function of chemical modification effects.
One of the most important variations is focused on the
bridging ligand, which is capable to determine the extent
of electron delocalization in the ground state and define
the type of mechanism involved in the electron exchange
[56]. In the [(bpy).CIRu(Ly,)RuCl(bpy),]"" dimers con-
taining cationic or neutral m-acceptor Ly, the most likely
orbital pathway for Ru(Il)-Ru(Ill) interaction is
through the mixing of dn(Ru') and dn(Ru') with
unoccupied n*(Ly,) orbitals, which characterizes the so-
called ET mechanism. On the other hand, if the dimer
contains a neutral or anionic o,n-donor L, the major
pathway for the intermetallic electronic interaction is
through the mixing of the dn levels of the terminal
donor (reduced) and acceptor (oxidized) metal ions and
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(electron-transfer)

+ ¥ (Lp)

)
i

1

drRru") —1—« ;—1— dr(Ru")

/ \

1] mn *
! M _(Lb—)_M ] | (L)

(hole-transfer)

Scheme 2. Qualitative orbital diagram illustrating superexchange pathways for bridge-mediated metal—metal interactions: ET via the n* LUMO of
the bridging ligand (top); and hole-transfer via the 1t HOMO of the bridging ligand (bottom).

the filled © orbitals of Ly, leading to a hole-transfer
mechanism (Scheme 2).”%

The electron delocalization of the type dn—dmn across
the n-system of L;, might be expected to be necessarily
less for the {Ru(bpy),} groups than for the {Ru(edta)}
groups because of (i) the extensive dn — n* backbonding
with the peripheral bpy ligands and (ii) the electron-
donor character of edta, which makes the Ru ions much
richer in charge density and therefore would favor the
delocalization across the benzotriazolate ligand. How-
ever, since the same type of exchange mechanism must

7 The bridge-mediated electron transfer (which takes advantage of
the lowest unoccupied molecular orbitals—LUMOs—of the bridging
ligand) and hole transfer (which takes advantage of the highest
occupied molecular orbitals—HOMOs—of the bridging ligand)
mechanisms are based on superexchange theory [57], an approach
which considers overlap between metal orbitals mediated by through-
bond interactions across the bridging ligand.

& For instance, molecular orbital (ZINDO) calculations [33,44—46]
on the free benzotriazolate and pyrazine ligands show that for bta the
highest © and the lowest ©* orbital energy levels are 5.2 and 4.0 eV
higher compared to pz. In addition, the partial charges localized at the
nitrogen atoms are, as expected, lower for pz (8¢ > 0.1/N).

prevail in both ethylenediaminetetraacetate and 2,2'-
bipyridine ruthenium dimers bridged by benzotriazolate
(based on systematic analysis of charge-transfer ener-
gies; Eyrer > > Epmcer), and assuming that both com-
plexes are subject to the same coordination modes and
metal-metal geometric distance, then, [(bpy),CIRu"-
(bta)Ru™Cl(bpy),]*© should display even greater elec-
tronic coupling than [(edta)Ru'(bta)Ru'(edta)]* .
This conclusion is based on the fact that bpy is a typical
n-acceptor/acid ancillary ligand and, hence, would
promote a better energy match between the metallic
dm orbitals and the energetic m occupied orbitals of the
o,n-donor/basic bridging ligand (bta). The edta co-
ligand, in turn, has donor coordinating (carboxylate)
groups which make the energy of the ruthenium dn
orbitals higher and, consequently, would increase the
energy separation between dn and m(Ly) levels and
decrease the degree of metal-L,-metal orbital mixing
through a hole-transfer mechanism.

Once the above hypothesis is not confirmed experi-
mentally, an alternative model based on a dynamic
coordination on the bridging ligand is reinforced. This is
particularly important in the case of the [(edta)Ru-
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(bta)Ru(edta)]* ~ species, whose structural arrangement
enables a symmetrical approximation of the ruthenium-
edta moieties toward each other via a fluxional binding
mode of the type M—[n*-(N1,N2)bta(N2,N3)-n’]-M
[31,32]. According to a theoretical analysis, this type of
interaction would involve some extent of direct orbital
overlap through the intermediate N2 nitrogen atom of
benzotriazolate, i.e. (M)d—p(N2)p —d(M), in addition to
the expected edge-to-edge interaction through the ‘rigid’
mode involving the two terminal N1 and N3 coordinat-
ing sites [31,32]. In contrast, the same coupling enhance-
ment effect seems not to exist in [(bpy),CIRu'-
(bta)Ru™Cl(bpy),]* ", as deduced from its mixed-va-
lence behavior when compared to the edta counterpart.
One of the main reasons for these contrasting properties
was provided by molecular modeling and quantum
(semiempirical level) calculations (see Section 2 for
details), which indicated a high degree of sterical
hindrance involving the neighbor hydrophobic polypyr-
idine bulks and also the electrostatic repulsion between
the chloride ligands from each {RuCl(bpy),} moiety,
precluding an ‘extra’ coupling based on a metal-metal
distance shortening from the fluxionality of the bridging
ligand. In this case the intermetallic communication
most likely propagate across the benzotriazolate by
‘usual’ orbital conjugation involving the two extreme
binding sites on the bridge [ie. (M)d,—
p-(N1)bta(N3)p,.—d(M)], analogously to the observed
in linear, symmetrical two-site bridging ligands such as
pyrazine.

Even though the degree of electronic interaction in the
polypyridine derivative is clearly less pronounced than
in the analogue with edta, it is noticeable that the Hap
value for [(bpy)>CIRu"(bta)Ru™Cl(bpy),]* " is superior
to the majority of similar literature examples involving
either m-acid (usually neutral) or o,m-basic (usually
anionic) bridging ligands. In this sense, an interesting
comparison of some relevant key parameters is provided
in Table 2 for both edta and bpy complexes of
ruthenium bridged by benzotriazolate and pyrazine.

3.5. Electron transfer

One of the main reasons for interest in mixed-valent
molecules is the possibility that their intervalence
transitions can be exploited to assess rate constants
and activation barriers for thermal intramolecular ET
between separated redox sites [59], since the measure-
ment of interchange rate constants directly has proven
to be rather difficult.

An illustrative manner of describing optically-induced
(Franck—Condon) and thermally-induced ET metal-to-
metal electronic transitions in mixed-valence systems is

Table 2

Comparative thermodynamic and electronic parameters for some bpy and edta symmetrical dimers containing benzotriazolate or pyrazine as bridging ligands
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by using bidimensional configurational-coordinate en-
ergy diagrams,’ as introduced by Hush [6,60]. Such a
qualitative diagram is shown in Scheme 3 for a
symmetrical system like [(bpy)>CIRu" (bta)-
Ru™Cl(bpy),]* " (i.e. where the net free energy change
following the ET reaction—driving force, AG°—is
zero). The important relationships among the various
parameters in Scheme 3 are elucidated hereafter, along
the discussion below.

On the basis of the magnitude of Hp for this system,
one can conclude that the electronic coupling between
the donor (Ru') and acceptor (Ru') redox sites is
sufficient that the related thermal ET reaction of Eq.
(11) is totally adiabatic in the sense used within Marcus’
semiclassical kinetic theory of ET [61-66].

[(bpy),CIRu" (bta)Ru'"'Cl(bpy),I**
S[(bpy),CIRu™ (bta)Ru' Cl(bpy),I** (11)

According to this approach, the rate for intramole-
cular ET processes is given by Eq. (12) [67]. In the
adiabatic, symmetrical case represented in Eq. (11) and
Scheme 3, the adiabaticity factor x is unity (i.e.

GO E -

1, 111] [, 1]
(AG® = 0)

Scheme 3. Qualitative diagram of free energy vs. nuclear coordinates
for the ET reaction in a symmetric, charge-localized mixed-valent
complex of the type [(bpy)>CIRu(bta)RuCl(bpy),]** .

® These diagrams actually represents a plane drawn through a
multidimensional, energy-coordinate surface along a generalized
nuclear (or reaction) coordinate which is sensitive to changes in
oxidation state at both terminal metal centers upon the surrounding
coordination and solvent spheres. The coupled vibrations or librations
are treated classically as harmonic oscillators. Such structural changes
as a function of the metallic redox states changes are indeed
responsible for the resulting electron transfer activation barrier, at
the top of which both donor and acceptor moieties have the same
configuration in order to promote the electron exchange.

tunneling through the activation barrier is completely
unimportant) and A is the free energy term correspond-
ing to the reorganizational energy'® which, in turn, can
be approximate as E,, or Amax, the energy involved in
the optically-induced IVCT transition). At last, in the
high-temperature limit (i.e. kg7 > > hw; where kg and
h are Boltzmann’s and Planck’s constants, respectively),
the pre-exponential factor v, (nuclear frequency factor
for the rate of thermal intramolecular ET, which
includes both solvent response and inner-sphere bond
reorganizations required by ET between the localized
valence states) is commonly assumed to be 5 x 10'% s~
in the working conditions used [16]."!

kpp = K-v, €xXp [— (ARG:)] (12)

As a matter of fact, the equation above must take
explicitly into account the resonance energy leading to
the splitting of 2HAp between the upper and lower
‘surfaces’ in Scheme 3, resulting the following expression
for the thermal activation barrier:

AG* =) /4— H,y+ Hxy/ (13)

By making the typical assumptions above, the ET rate
for the mixed-valent dimer [(bpy)>CIRu"(bta)-
Ru''Cl(bpy),]* " at 298 K was calculated using Eq.
(12) and Eq. (13) to yield kgr =2.5 x 10'® s !, which is
in reasonable agreement with values obtained for similar
through-bridge moderately coupled (class II) systems in
the literature. For instance, kgt for the pyrazine
analogue, [(bpy)>CIRu(pz)RuCl(bpy),]’" (in acetoni-
trile at 298 K), was estimated to be ~ 10" s~!
[16,53,54], based on the same type of optical measure-
ments here reported. The higher value for the benzo-
triazolate-bridged derivative is mainly due to its lower
activation barrier which, in turn, is a consequence of the
more pronounced electronic coupling [Hap (bta) = 680
em 'y Hap (pz) =390 cm 1.

As for the Ru(edta) derivative, its high degree of
electronic coupling suggests that it approaches the
delocalized (class III) behavior, where the ET rate is
expected to be exceptionally fast and so the semiclassical
treatment above is no longer applicable. If it is assumed
that the [(edta)Ru(bta)Ru(edta)]*~ dimer is fully delo-
calized (class III), then the intramolecular ET is
barrierless and kgt approaches the maximum theoretical

19 The reorganizational energy indeed includes components from
both inner-sphere (molecular vibrations) and outer-sphere (solvent
reorientation/polarization) reorganizations; ie., A= /;+/, For a
more detailed examination of these parameters, see, for instance,
Refs. [1,6,16,59].

"' This means that the theoretical maximum rate constant can
approach the nuclear frequency factor, v, (10"2—10"% s=1), for
barrierless electron transfer (i.e. in delocalized systems with Hap > A/
2).
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value, whose magnitude is about the nuclear frequency
(see footnote #9).!2

4. Concluding remarks

In the mixed-valence ion cis,cis-[(bpy),CIRu(u-
bta)RuCl(bpy),]* " there is experimental evidence for
discrete Ru(III) and Ru(Il) valences and slight deloca-
lization. Even so, the key parameter for electronic
coupling, Hap, is somewhat unusual for this type of
complex. That is, although the nuclear barrier for ET is
enough high to trap the electronic states, the energy split
due to resonance at the crossing point is also enough
large to promote a relatively fast ET, as revealed by the
magnitude of kgr.

Comparison between [(bpy),CIRu(bta)RuCl(bpy),]**
and [(edta)Ru(bta)Ru(edta)]*~ [30—32] reinforced that
the degree of electronic coupling for the latter is rather
larger than the predicted and suggests that the system
might be delocalized or near the delocalized-regime
limit.

The difference in properties between bpy- and edta-
containing dimers is striking. As emphasized before [59]
and here observed, the activation barriers to make the
donor (Ru"™) and acceptor (Ru'") sites equivalent in
[(bpy)>CIRu(L)RuCl(bpy),"* are relatively low: ~ 5.5
kcalmol~! for L =pz [53] and ~ 3.2 kcalmol~' for
L =Dbta, both determined by measurements of IVCT
bands in acetonitrile at room temperature. Because of
the discrete values, the transition from slight to large or
even full delocalization is small energetically and can be
promoted by enhancing orbital overlap at expense of
subtle chemical modifications, as in the case of the
replacement of the ancillary ligands bpy with edta.

The fact that [(bpy),CIRu(bta)RuCl(bpy),]* " is ther-
modynamically favored with respect to [(edta)Ru(bta)-
Ru(edta)]*~ (on the basis of K. [30]) has to be
interpreted with care and, herein, can be explained in
terms of the directional, synergistic interactions of the
type Ru' >L, MLCT and L, —Ru'™ LMCT, which
appear to be more effective in the former case. Hence,
one may conclude that the comproportionation energy
(from AE) ) itself is not very expressive upon comparing
intermetallic electronic couplings for different systems,
since AG, is composed of, at least, four terms [16,49]. In
the cases with weak coupling, the delocalization term,

12 A more realistic kgt value for such systems could in principle be
assessed by means of IR spectroscopy, on the basis of the coalescence
of the vibrational bands [68,69]. However, unlike systems involving
ligands with typical, well-defined vibrational markers (e.g. CO [69]), in
this particular case it has not been possible to discuss the degree of
delocalization based on the IR bands of bta, since the bands associated
to the acetate (edta) modes obscure the weaker bands of the bridging
ligand.

AGy, is practically negligible if compared to the syner-
gistic term, AG, (which comprises the cooperative
charge-transfer and backbonding interactions, and the
n-acid/base effects). In the delocalized cases, on the
other hand, AG4 predominates due to the absence of
vectorial (dipole-oriented) interactions.

Besides electronic interactions, the specific example of
[(edta)Ru(bta)Ru(edta)]*~ involves a dynamic, struc-
tural factor (fluxionality) which also makes the metal—
metal distance shorter and enhances the orbital overlap
between the redox sites by mixing with ligand orbitals of
the appropriate symmetry, as discussed elsewhere
[31,32]. There is still concerns about whether this system
is partially localized or fully delocalized. Insight into this
issue can be gained by the comparisons provided above,
where regardless of belonging to a class III or an
intermediate class II/III regime, clearly its mixed-valence
properties cannot be predicted by Hush’s theory for
weakly or moderately interacting systems.

The twofold comparisons made herein between the
mixed-valence features of (i) [(bpy),CIRu(bta)RuCl-
(bpy)o]** and [(bpy),CIRu(pz)RuCl(bpy),]**, or (ii)
[(bpy),CIRu(bta)RuCl(bpy),]** and [(edta)Ru(bta)Ru-
(edta)]*~, also reinforce the idea that the extent of
metal-metal and electronic/charge-transfer interactions
between ligand-bridged donor—acceptor complexes can
be varied (or modulated) by a series of replacements or
relatively simple chemical modifications either (i) on the
intervening bridging ligand or (ii) on the non-bridging
(ancillary) ligands surrounding the metal ions.

Lastly, it is worth noting that pyridine, pyrazine, and
pyrimidine derivatives [17,70] are usually electron-poor
type ligands and mediate metal-metal interactions
through low-lying ©* orbitals (LUMOs) by invoking
electron-transfer mechanisms [56]. By contrast, electron-
rich anionic bridging ligands, such as imidazolate and
triazolate derivatives'® intercede intermetallic interac-
tions via hole-transfer mechanisms, taking advantage of
relatively high-lying filled molecular orbitals (HOMOs)
[56]. Dinuclear mixed-valent complexes of the latter sort
of ionizable ligands as bridges are of interest because
their proton-coupled ET [75] properties can be subjected
to fine-tuning by control of pH [14]. Indeed, we have
recently reported an interesting case of proton-induced
electron-coupling switching and related phenomena
based on a benzotriazolate-bridged system [30].
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