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María Ana Castro,† Adriań E. Roitberg,*,‡ and Fabio D. Cukiernik*,†
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ABSTRACT: Computational methods (DFT at the B3LYP, PBE0 and
m06 levels, MO fragments decomposition, and the broken symmetry
approach) have been used to evaluate the influence of the bridging
ligand (BL) on the extent of electron delocalization in coordination
polymers based on diruthenium tetracarboxylates. The efficiency of
three different nitrogenated axial ligands, namely pyrazine (pz),
phenazine (phz), and tetrazine (tz), to mediate electron coupling
between Ru2(II,II) or Ru2(II,III) centers has been estimated through
four different parameters: calculated Ru−N distances, HOMO−LUMO
gaps, HOMO and LUMO compositions, and magnetic coupling
constants J. All these parameters pointed toward a coordination
polymer based on Ru2(II,II) centers axially linked by tetrazine being the
best candidate for exhibiting electron delocalization through the Ru2−
BL framework. Such a compound has been synthesized and characterized; its vis−NIR spectrum exhibited the predicted features,
mainly an intense low-energy MLCT band, assigned to the expected Ru2(II,II) → tz process associated with electron
delocalization.

■ INTRODUCTION

In this manuscript, we will investigate the issue of electronic
delocalization in linear chains of bimetallic Ru carboxylates with
several axial π bridging ligands; this study will be helpful for
designingat a molecular levelspecific materials to be
further synthesized, characterized, and studied with the
midterm aim of obtaining novel liquid crystalline (LC)
coordination polymers with potentiality for electronic con-
duction as oriented samples. Among the many attractive
properties exhibited by coordination polymers (CP, Scheme
1a), the potential to transport charge along the axis of the
polymer is responsible for a significant portion of the interest in
these systems.1−7 This property depends chiefly on the
electronic structure of the CP, and several mechanisms, such
as hopping, are possible for the transport of charge carriers.
Regardless of the mechanism, there are four key aspects to
successfully develop this property in these materials: electronic
structure of the metal center, geometric connectivity through
the bridging ligand (BL), electronic coupling between metal
centers through the BL, and the possibility of obtaining
macroscopically oriented samples. The electronic structure of
the metal center depends on both metal (M) and ligand (L)
characteristics, as well as on the interaction between them.
Geometric connectivity also depends on M and L character-
istics but, more importantly, on the bridging ligand. The
magnitude of the electronic coupling will be determined not
only by the ML4 center and the BL characteristics, but also by

the strength of the interaction. Finally, macroscopically
oriented samples appear necessary in order to either develop
potential applications of CP or confidently perform physical
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measurements. The main explored possibility is the develop-
ment of single-crystals;4a,8 very recently, the synthesis and
characterization of single strands of CP have been achieved.9−12

In this context, bimetal l ic Ru carboxylates13 ,14

[Ru2(O2CReq)]4
n+ arise as promising building blocks (Scheme

1b; L = ReqCO2
− = equatorial carboxylate, n = 0 or 1 depending

on the oxidation state of the bimetallic center). First, the
bimetallic center presents a potentially favorable electronic
structure, since there are two available oxidation states ((II,II)
and (II,III)), both with a 3-fold isoenergetic (accidentally near-
degenerate) HOMO, partially filled for (II,II) derivatives and
half-filled for (II,III) ones. Second, the molecular geometry is
appropriate to generate 1-D extended systems provided that the
axial positions are occupied by suitable bridging ligands.13−15

Third, it is well established that a proper selection of Req groups
can generate columnar liquid-crystalline (LC) phases in these
compounds, where usually these parallel columns contain a
polymer chain each, parallel to the columnar axis.16 In some
cases, these LC phases are stable at room temperature, and
their moderate viscosity has led to macroscopically oriented
samples extruded into fibers,17 an incipient orientation
technique for LC pseudo-CP18 or CP.19

With this background, we decided to deepen the study of
electronic coupling between bimetallic centers through the
bridging ligand, in order to establish the basis for a rational
design of a CP based on these building blocks. To choose the
most promising bimetallic center-bridging ligand combination,
we decided to start with a computational exploration of suitable
cand ida te s . A pr io r i computa t iona l s tud i e s on
Ru2(O2CR)4...Ru2(O2CR)4 communication have been previ-
ously carried out only for equatorially linked mixed-valence
systems20 and for one axially bridged divalent system:
Ru2(O2CCH3)4pz studied by Hückel methods.21 Electronic
coupling between related paddle-wheel diruthenium units has
also been studied for discrete molecular systems; in these cases,
a posteriori computational studies helped the interpretation of
experimental results.22,23

1H NMR studies on several of these paramagnetic Ru2
species showed that the unpaired π* electrons on the Ru2
unit can be partly delocalized on axial π ligands.23 On this basis,
we could expect that the use of bridging ligands such as
pyrazine (pz), phenazine (phz), or tetrazine (tz) could lead to
good communication between bimetallic units. In turn, the
resulting relatively rigid structure should favor the formation of
linear chains and single-dimensional arrays. A certain number of
polymeric bimetallic tetracarboxylates containing these bridging
ligands has been synthesized and characterized,24−32 and in
every case, the bimetallic core remained intact upon polymer-
ization.
Pyrazine was chosen in particular because this is a

prototypical ligand in the coordination chemistry field as
bridge for electron delocalization. Some compounds have
already been synthesized and characterized such as those in
which Ru2(μ-O2CCH3)4

+,24,26 Ru2(μ-O2CCH3)4,
27 or Ru2(μ-

O2CC(CH3)3)4
32 bimetallic units are bridged by axial pyrazine.

However, communication was usually not good, and they
showed very weak antiferromagnetic (AF) interactions between
the bimetallic units (in addition to the well established zero-
field splitting all these compounds exhibit)33 and, in some
cases, did not show any interaction at all.26,27,32 Indeed, analysis
of this magnetic interaction within the framework of the mean
molecular field approximation gave zJ = −2.3 cm−1 for [Ru2(μ-
O2CCH3)4(pz)]n(BPh4)n

24 and zJ = −3.12 cm−1 for [Ru2(μ-

O2CC(CH3)3)4(pz)]n(BPh4)n.
32 (As previously stated by

Maldivi et al.,34 zJ values obtained by refinement of magnetic
data for the analogous divalent compounds exhibiting weak
magnetic interactions are subjected to great uncertaintydue
to the nature of the ground magnetic state populated at low
temperatures in these compounds exhibiting a very large zero-
field splittingand should be taken with care.)
Phenazine was chosen, as it presents a more extended

aromatic system which results in a lower energy π* orbital that
could lead to a smaller HOMO−LUMO gap and greater
interaction between the Ru2 centers. Moreover, as there are
structurally characterized compounds, namely those based on
Ru2(μ-O2CC2H5)4

+,29 Ru2(μ-O2CC(CH3)3)4
+,32 and Ru2(μ-

O2CCF3)4,
30 the experimental geometries of these are used as a

reference for comparison with the optimized geometries
resulting from the calculations.
Finally, tetrazine was included since the presence of four N

atoms in the ring results in a low energy π* unoccupied
orbital,35 making tz a very promising ligand for achieving good
communication between the Ru2 units. In fact, this feature has
already been exploited in other systems of coordination
polymers with high conductivity along the axis.7,35−42

We decided to include the two possible Ru centers,
Ru2(II,III) and Ru2(II,II). The former is easier to manipulate
from the experimental point of view but shows a lower energy
half-filled HOMO, which therefore could result in both a poor
orbital interaction with the axial ligand and a greater tendency
to exhibit Peierls distortion. On the other hand, the latter,
which requires an inert atmosphere at least during the stages of
synthesis in solution, presents a higher energy 2/3-filled
HOMO and could thus overcome the disadvantages of
(II,III) species.
As we are interested at this stage in a comparison of the

interaction of the diruthenium centers thorough the axial
bridging ligands, calculations have been performed on “dimers
of dimers” tetranuclear models, an often used approach for CP
based on bimetallic units.21,43,44 The main parameters
considered in the present computational exploration as
estimators of the strength of this interaction were the
HOMO−LUMO gap, the Ru−N distance, the HOMO and
LUMO composition, and the magnetic coupling between
centers. The HOMO−LUMO gap in these discrete models
provides insight on the band gap that the extended systems
could exhibit, under the assumption that the involved MOs
effectively give rise to a band structure; the composition of
these MOs is informative about the degree of mixing of Ru2-
centered and BL-centered MOs. Ru−N distance is the main
geometric parameter that presents a strong correlation with this
interaction; the magnetic coupling constant J provides an
estimation of this interaction which can be experimentally
measured (for this reason, it has been preferred over other
parameters usually used for estimating electronic communica-
tion, like hopping integrals). To evaluate them, DFT(B3LYP/
LanL2DZ) calculations and the broken symmetry approach
were used, as they are previously validated methodologies for
the study of transition metal−carboxylate complexes, that we
successfully used to account for experimental trends in
physicochemical properties of a homologous series of [Ru2(μ-
O2CCH3)4X2]

− (X = Cl, Br, I),45 to explain some structural
aspects of polymers [Ru2(O2CR)4Cl]∞,

45 as well as to interpret
the magnetic properties of a related hexanuclear Cu cluster.46
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On the basis of this computational exploration, we
synthesized a polymeric Ru2(O2CReq)4BL compound, which
exhibited the essential features predicted by our calculations.

■ COMPUTATIONAL METHODS
Theoretical calculations were performed with density functional
theory (DFT) as implemented in the Gaussian 03 and Gaussian
09 packages.47 Unless otherwise stated, we used Becke’s three
parameter hybrid functional with the correlation functional of
Lee, Yang, and Parr formalized as the B3LYP hybrid functional
(20% Fock exchange).48 Unrestricted open-shell calculations
were performed in every case. An effective core potential basis
set LanL2DZ49 was used as it presented the better compromise
between accuracy and computational cost. All structures were
fully optimized, and harmonic frequency calculations were
performed to establish the nature of the critical points
(minimum or transition state). No symmetry constraints were
used for the optimization. Calculations at fixed geometry were
then performed in order to test the effect of different
functionals: the PBE050 and Truhlar’s m0651 functionals that
account for 25 and 27% Fock exchange were considered.
The energies and intensities of the lowest 200 singlet−singlet

electronic transitions were calculated with TD-DFT,52 which
covered the region up to 250 nm (B3LYP). The UV−vis
spectra were plotted using the SWizard53 program, using a
Gaussian broadening model. The half-bandwidths were taken
to be equal to 3000 cm−1. Molecular structures and orbitals
were visualized with the program MOLEKEL.54

We employed the broken symmetry formalism, originally
developed by Noodleman for SCF methods,55 which involves a
variational treatment within the restrictions of a single spin-
unrestricted Slater determinant built upon using different
orbitals for different spin. This approach was later applied
within the frame of DFT. We preferred the use of the
approximation described by Yamaguchi and co-workers56 to
link the exchange coupling parameter with the energies and
expectation values of the spin-squared operator for the HS and
BS states.56,57

= −
−

̂ − ̂
J

E E

S S
HS BS

HS
2

BS
2

(1)

■ EXPERIMENTAL SECTION
Synthesis of [Ru2(O2C(CH2)2CH3)4]tz2 and [Ru2(O2C-

(CH2)2CH3)4]tz. Both compounds have been synthesized by
solution reaction of ruthenium butanoate, Ru2(O2C-
(CH2)2CH3)4, with tetrazine, in stoichiometric amounts.
Tetrazine has been synthesized after ref 58 and ruthenium
butanoate by Cr(II) reduction of Ru2(O2C(CH2)2CH3)4Cl
following Maldivi et al.’s procedure.59 Synthetic details for each
compound are given below. All the described syntheses have
been carried out under a N2 atmosphere, using a Braun
LabMaster 130 glovebox; solvents were dried and deoxy-
genated following usual procedures.
Ru2(O2C(CH2)2CH3)4Cl. Following the procedure described

in Virelizier et al.,60 500 mg of Ru2(O2CCH3)4Cl and 30 mL of
butyric acid were mixed and kept to reflux. The solid dissolved
completely after approximately 15 min, yielding a dark solution.
After additional 15 min, the system was left to cool to room
temperature; then the bright violet microcrystalline precipitate
was filtered, washed with n-heptane and then with petroleum

ether, and finally dried under vacuum. %C exptl. (calcd.): 32.6
(32.8). %H exptl. (calcd.): 5.2 (4.8).

[Ru2(O2C(CH2)2CH3)4]tz2. A total of 174 mg of Ru2(O2C-
(CH2)2CH3)4 was dissolved in CH2Cl2 and added dropwise
with agitation to a solution of 52 mg of tetrazine in CH2Cl2,
resulting in a violet solution. Due to its low molecular weight,
tetrazine is a very volatile compound that sublimates at room
temperature; thus its excess was easily eliminated through
evaporation (reddish fumes were observed).: %C exptl.
(calcd.): 32.5 (33.6). %H exptl. (calcd.): 4.4 (4.5). %N exptl.
(calcd.): 15.4 (15.7).

[Ru2(O2C(CH2)2CH3)4]tz. A total of 33 mg of Ru2(O2C-
(CH2)2CH3)4 was dissolved in CH2Cl2 and added dropwise
with agitation to a solution of 5 mg of tetrazine in CH2Cl2
resulting in a violet solution. No excess tetrazine (no reddish
fumes) were observed through evaporation. %C exptl. (calcd.):
32.8 (34.2). %H exptl. (calcd.): 4.8 (4.8). %N exptl. (calcd.):
7.8 (8.9).

Physicochemical Measurements. Elemental analyses
were carried out at Servicio a Terceros of INQUIMAE, on a
Carlo Erba CHNS-O EA1108 analyzer. UV−vis−NIR spectra
were acquired using a diode array HP8453A spectrophotom-
eter; quartz cells were filled inside the glovebox, firmly covered
and measured within a few minutes. Appreciable spectral
changes have only been detected after periods longer than 1 h.
Solutions were prepared with dry degassed solvents.

■ RESULTS
The values calculated for the Ru−N distance, the HOMO−
LUMO gap, and the magnetic exchange constant J calculated
by broken symmetry are collected in Table 1. Additional

information on the main parameters for the optimized
geometries is given in Tables S1−S4. It is important to
highlight the match between the calculated and experimental
geometries in the case of phz (Figures S1 and S2).
Results obtained with the B3LYP and PBE0 functionals are

almost identical for both HOMO−LUMO gaps and zJ
estimations. When considering the m06 functional, although
the HOMO−LUMO gaps are very similar to those obtained
with the other functionals, slight differences are observed for
the absolute zJ values. However, the general trend is the same
in every case and the largest values are observed for the same
compounds. Therefore, we conclude that there is no significant

Table 1. Calculated Values for the Optimized Ru−N
Distance for [Ru2(μ-O2CCH3)4L]2L

2+ (Noted (II,III)-L) and
[Ru2(μ-O2CCH3)4L]2L (Noted (II,II)-L) for L = pz, phz, and
tza

HOMO−LUMO gap
(eV) zJ (cm−1)

compound
dRu−N
(Å) B3LYP PBE0 M06 B3LYP PBE0 M06

(II,III)-pz 2.256 4.1 4.2 3.9 −1.1 −0.7 −2.0
(II,III)-phz 2.385 2.7 3.1 2.9 −1.1 −1.1 −1.4
(II,III)-tz 2.273 2.6 2.6 2.4 −0.9 −0.2 −3.2
(II,II)-pz 2.317 3.0 3.4 3.2 −8.7 −7.6 −4.1
(II,II)-phz 2.475 2.6 2.9 2.7 −2.1 −2.1 −3.7
(II,II)-tz 2.138 1.9 2.5 1.8 −15.1 −14.5 −5.0
aThe HOMO−LUMO gap and the magnetic coupling constant J
calculated with the three functionals are shown. Additional details are
included in Tables S5−S8.
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functional effect on the predicted trend for the magnetic
coupling constant and from here on will discuss the B3LYP
results for simplicity.
Our calculations predict, for both (II,III) and (II,II)

derivatives, longer Ru−N distances for phenazine derivatives

than for pyrazine or tetrazine ones, a fact certainly related to the
steric hindrance. The shortest distance found in the calculations
is 2.138 Å for (II,II)-tz. The HOMO−LUMO gap for mixed-
valence derivatives varies from a high value for (II,III)-pz (4.1
eV) to moderate values for both (II,III)-phz and (II,III)-tz (2.7

Figure 1. MO diagrams for the pyrazine-bridged compounds: (a) [Ru2(μ-O2CCH3)4]2pz
2+, (b) [Ru2(μ-O2CCH3)4]2pz. Occupied MOs are shown

in black and unoccupied MOs in red.

Figure 2. MO diagrams for the phenazine-bridged compounds: (a) [Ru2(μ-O2CCH3)4]2phz
2+, (b) [Ru2(μ-O2CCH3)4]2phz. Occupied MOs are

shown in black and unoccupied MOs in red.

Figure 3. MO diagrams for the tetrazine-bridged compounds: (a) [Ru2(μ-O2CCH3)4]2tz
2+, (b) [Ru2(μ-O2CCH3)4]2tz. Occupied MOs are shown in

black and unoccupied MOs in red.
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and 2.6 eV, respectively). For divalent derivatives, the predicted
trend is more pronounced: a monotonic variation from a high
3.0 eV value for (II,II)-pz to a low 1.9 eV value found for
(II,II)-tz, the lowest value calculated among these compounds.
At a first level of analysis, both geometric and energetic aspects
point toward (II,II)-tz exhibiting the highest degree of
electronic delocalization. However, the extrapolation of the
HOMO−LUMO gap from these discrete systems to their
extended analogues, as well as the interpretation of its variation
along each series, is not straightforward and requires more
detailed information about the nature of the involved MOs.
In order to gain a better understanding of the electronic

structure of these species, single point calculations were made
for both “dimers of dimers” and the various fragments in order
to calculate the fragment’s MO contribution to the “dimer of
dimers” MOs through the program AOMIX.61,62 For this, we
used the geometry optimized for each tetranuclear system.
Figures 1−3 show the MO diagrams calculated for the six
compounds. Additional details are provided as Supporting
Information (Tables S9−S14).
Comparison of these MO diagrams with the only previously

calculated one for (II,II)-pz by the Hückel method21 shows
some significant discrepancies, expected due to the increased
complexity of the methodology used in this case. The main one
is the larger HOMO−LUMO gap calculated in the present
study (3.0 vs 1.1 eV); our result seems to agree with
experimental evidence that points toward weak electron
delocalization along the polymeric [Ru2-pz]n chain.
An inspection of the MO diagrams of the mixed valence

complexes shows no significant orbital interactions at the
frontier MO level. Indeed, for both (II,III)-pz and (II,III)-tz,
HOMO to HOMO−5 are 99% composed of π* and δ* MOs
of the binuclear units; a similar situation is found for (II,III)-
phz, with the only difference that they appear as HOMO−2 to
HOMO−3 and HOMO−5 to HOMO−8, due to the
intercalation of nearly pure phz MOs. The BL-LUMOs, on
the other hand, are retrieved as essentially unmixed MOs in the
respective “dimers of dimers” (LUMO+2, LUMO+2 and
LUMO+0 for (II,III)-pz, (II,III)-phz and (II,III)-tz, respec-
tively; in the first two cases, LUMO+0 and LUMO+1
correspond to σ* MOs essentially belonging to the dimetallic
centers). Thus, the MO scheme for the three mixed valence
tetranuclear units correspond essentially to those of the metal−
metal bond of each dinuclear unit, showing orbital interactions
with BL only at a σ level. The trend in the HOMO−LUMO
gap along this series should clearly be analyzed with some care,
as it corresponds to δ*(Ru2)-σ*(Ru2), π(BL)-σ*(Ru2), and
δ*(Ru2)-π*(BL) for (II,III)-pz, (II,III)-phz, and (II,III)-tz,
respectively. On the other hand, for the same reason, it is not a
good estimator of the expected band gap trend for extended
systems, as the involved MOs don’t necessarily give rise to
bands to the same extent. However, it should be noticed that
although the tz-LUMO is still higher in energy than the
complex’s MOs, it presents a lower energy than pz-LUMO and
phz-LUMO; consequently, the interaction is more effective
than in the other cases, yielding a BL-centered LUMO (95%)
for the tetranuclear moiety.
For the three divalent compounds studied, the energy

difference between the MO of the fragments is lower than in
the mixed valence series, as expected given that the charge on
the complex is zero, and this results in a smaller HOMO−
LUMO gap for the (II,II) series. Moreover, the nature of both
HOMO and LUMO is the same along the (II,II)-BL series:

HOMO−0 to HOMO−5 are essentially π* and δ* MOs of the
binuclear units, while the LUMO is essentially BL-based. The
nature of these frontier MOs ensure a physically meaningful
evaluation of the HOMO−LUMO gap in the terms described
above and allows for an interpretation of the trend. Indeed, the
decrease found in the HOMO−LUMO gap from (II,II)-pz to
(II,II)-phz could be ascribed to the lower energy of the phz-
LUMO with respect to the pz-LUMO, although the Ru−N
distance is longer for the phenazine derivative. The HOMO−
LUMO gap calculated for the tetrazine analog, (II,II)-tz, is the
lowest of the studied compounds. This is certainly due to both
the lower energy of the tz-LUMO and the shorter Ru−N
distance that the (II,II)-tz compound is predicted to exhibit.
Both factors increase the Ru2−BL MO interactions. Indeed, an
analysis of the composition of the MO for this compound
shows that it exhibits the highest degree of mixing: the LUMO
of (II,II)-tz is 87% tz-LUMO and 8% Ru2-π*; the HOMO MO
of (II,II)-tz also contains some contribution from the BL-MO.
The analysis of the magnetic interaction, a measurable

physical property useful as an estimate of the electronic
coupling through the bridging ligand, agrees with the electronic
structure trends just discussed. All the studied mixed-valent
systems present weak antiferromagnetic interactions of roughly
the same order of magnitude. The values obtained for zJ are
−1.1 cm−1, −1.1 cm−1, and −0.9 cm−1 for pz, phz, and tz,
respectively. Given the small size of the interaction, it is not
possible to obtain reliable quantitative results for these
compounds, but some qualitative conclusions can be drawn.
The results are consistent with the experimental values of −2.3
cm−1 and −3.1 cm−1 found for pyrazine compounds26,32 and of
−1.5 cm−1 and −0.65 cm−1 for phenazine compounds.32 In the
first case, the poor communication between centers seems to be
due to a difference in energy between the orbitals centered on
the Ru2 moiety and the ones centered on the bridging ligand. In
the second case, it seems to be the result of the longer Ru−N
distance caused by phenazine’s steric hindrance rather than an
energy mismatch. An increase in the magnetic interaction is not
predicted for the tetrazine derivative. This is striking because, as
compared to pz, it presents a smaller HOMO−LUMO gap and
a similar Ru−N distance, which should result in a greater
coupling constant J; as compared to phz, it has a similar
HOMO−LUMO gap and a smaller Ru−N distance, which
should also result in greater J. While it is not possible to suggest
a definitive explanation of this fact, it is probably a result of the
three interactions being very weak, and about the same
magnitude, so this method does not allow discriminating
quantitatively from one another.
The situation is different for the analyzed Ru2(II,II)

compounds, as significant variations of the calculated
antiferromagnetic coupling zJ is observed along the series.
The value found for pyrazine (−8.7 cm−1) is greater than the
one obtained for the mixed-valent analog, a fact certainly
related to the orbital energies, as discussed above. In the case of
phenazine, which has a slightly smaller HOMO−LUMO gap
and longer Ru−N distance than the pz compounds, the
calculated zJ value was −2.1 cm−1, higher than that for the
corresponding (II,III) analog, but smaller than for the pz/(II,II)
compound. This is consistent with what was expected and
shows that systems with phz as a bridging ligand are not
appropriate when looking for a good electronic communication
between bimetallic centers, as previously discussed on
experimental bases. Incidentally, taking into account the
inherent difficulty in assessing an experimental value of the
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antiferromagnetic exchange in these zero-field split Ru2(II,II)
systems, the present calculations seem to qualitatively validate
the value obtained by refinement of the experimental data (e.g.:
zJ = −3.0 cm−1 for Ru2(O2CCF3)4phz).

30 For the tetrazine
compound, a J value of −15.1 cm−1 was calculated. This
represents the largest magnetic coupling obtained and is
consistent with the fact that not only the HOMO−LUMO gap
is smaller and the MO mixing is higher than the in rest of the
systems studied but also the Ru−N distance is very small, only
2.138 Å.
Both electronic and structural factors suggest that, among the

studied series, tetrazine-Ru2(II,II) compounds should exhibit
the largest degree of communication between bimetallic centers
through the bridging ligand. On this basis, we decided to
synthesize a polymer with this bimetallic center and tetrazine as
a bridging ligand. We choose the energy and intensity of the
expected MLCT band corresponding to the lowest energy Ru2
→ tz transition as experimental data sets to validate our
predictions. Alternative choices, like the magnetic exchange
coupling or the electric conductivity, were discarded: the first
one, due to the uncertainty associated with its determination in
this highly zero-field split systems, as discussed above, and the
second one, because it requires oriented samples, still
unavailable at this stage. Qualitatively, the predicted significant
Ru2−BL interaction for (II,II)-tz, associated to a moderate MO
mixing and a low HOMO−LUMO gap, should give rise to low
energy Ru2 → tz absorption bands with significant intensity.
TD-DFT calculations performed on both a bis-adduct
Ru2(II,II)/tetrazine compound and a “dimer of dimers”
(taken again as a model for the CP) confirmed this prediction:
as expected, their calculated spectra (Figure S3) show an
intense band in the NIR region, which is predominantly π*
(Ru2) → π* (tz) and σ* (Ru2) → π* (tz) in character.
Two different solids, a bis-adduct [Ru2(O2C(CH2)2CH3)4]-

tz2 and polymeric [Ru2(O2C(CH2)2CH3)4]tz, have been
synthesized by solution reaction of [Ru2(O2C(CH2)2CH3)4]
with stoichiometric amounts of tetrazine and isolated as purple
solids (details on the synthesis and characterization have been
given in the Experimental Section). Their vis/NIR spectra in
dichloromethane (shown in Figure 4) exhibit three main bands,

with slight differences in their energies and relative intensities.
The first one, at 463 nm for the bis-adduct 1:2 species and at
421 nm for the 1:1 species, is assigned to the well-established
πRu−O → π*(Ru2) transition typical of diruthenium carbox-
ylates. The medium energy one (at 552 nm for the 1:2 species;
569 nm for the 1:1 polymer) contains both πRu−O → π*(Ru2)
and MLCT components, according to our TD-DFT calcu-
lations (Table S15). Finally, a low energy wide band centered at
ca. 880 nm is observed for both compounds. This band, absent
in pyrazine derivatives, can be assigned to the expected MLCT
band.

■ CONCLUSIONS
In conclusion, our calculations on molecular geometries,
HOMO−LUMO gaps, and compositions as well as on
magnetic exchange constants of two series of diruthenium
compounds linked by three different bridging axial ligands
pointed toward the (II,II)-tetrazine system as the most suitable
candidate for exhibiting electronic delocalization through the
bridging ligand. The vis/NIR spectrum of a synthesized
polymeric system validated our computational prediction.
Studies aimed to synthesize LC analogs of this CP suitable
for being processed as macroscopically oriented samples, then
to measure their electric conductivity, are currently underway in
our lab.
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