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Introduction

Development of molecular-scale systems that exhibit intra-
molecular electron transfer (IET) phenomena induced by

external stimuli has attracted considerable attention.[1] The
interest is twofold. First, from a fundamental point of view,
these complexes represent an excellent scenario to study the
role of various parameters governing IET in molecular sys-

Abstract: The different thermally in-
duced intermolecular electron transfer
(IET) processes that can take place in
the series of complexes [M ACHTUNGTRENNUNG(Cat-N-
BQ) ACHTUNGTRENNUNG(Cat-N-SQ)]/[M ACHTUNGTRENNUNG(Cat-N-BQ)2], for
which M=Co (2), Fe (3) and Ni(4),
and Cat-N-BQ and Cat-N-SQ denote
the mononegative (Cat-N-BQ�) or di-
negative (Cat-N-SQ2�) radical forms of
the tridentate Schiff-base ligand 3,5-di-
tert-butyl-1,2-quinone-1-(2-hydroxy-3,5-
di-tert-butylphenyl)imine, have been
studied by variable-temperature UV/

Vis and NMR spectroscopies. Depend-
ing on the metal ion, rather different
behaviors are observed. Complex 2 has
been found to be one of the few exam-
ples so far reported to exhibit the coex-
istence of two thermally induced elec-
tron transfer processes, ligand-to-metal

(IETLM) and ligand-to-ligand (IETLL).
IETLL was only found to take place in
complex 3, and no IET was observed
for complex 4. Such experimental stud-
ies have been combined with ab initio
wavefunction-based CASSCF/CASPT2
calculations. Such a strategy allows one
to solicit selectively the speculated or-
bitals and to access the ground states
and excited-spin states, as well as
charge-transfer states giving additional
information on the different IET pro-
cesses.

Keywords: electron transfer · mag-
netic properties · mixed-valent
compounds · radicals · valence tau-
tomerism

[a] Dr. E. Evangelio, Dr. D. Ruiz-Molina
Centro de Investigaci�n en Nanociencia y Nanotecnolog�a
(CIN2, CSIC-ICN), Edifici CM7, Campus UAB 08193
Cerdanyola del Vall�s, Catalonia (Spain)
Fax: (+34) 93-5813717
E-mail : druiz@cin2.es

[b] Dr. M.-L. Bonnet, Dr. V. Robert
Laboratoire de Chimie, UMR 5182
�cole normale sup�rieure de Lyon
69364 Lyon cedex 07 (France)

[c] Dr. M. CabaÇas
Servei de Resson�ncia Magn�tica Nuclear, UAB
Campus de la UAB 08193
Cerdanyola del Vall�s, Catalonia (Spain)

[d] Dr. M. Nakano
Department of Applied Chemistry
Graduate School of Engineering
Osaka University, Yamada-oka
Suita, Osaka 565-0871 (Japan)

[e] Dr. J.-P. Sutter
Laboratoire de Chimie de Coordination du CNRS (CNRS:LCC)
205, route de Narbonne, 31077 Toulouse (France)
and Universit� de Toulouse, UPS, INP, LCC

[f] Prof. A. Dei
Laboratory of Molecular Magnetism
Dept. of Chemistry, Polo Scientifico
Via della Lastrucia (Italy)

[**] Cat-N-BQ and Cat-N-SQ denote the mononegative (Cat-N-BQ�) or
dinegative (Cat-N-SQ2�) radical forms of the tridentate Schiff-base
ligand 3,5-di-tert-butyl-1,2-quinone-1-(2-hydroxy-3,5-di-tert-butylphe-
nyl)imine.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200902568.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 6666 – 66776666



tems. And second, the possibility to induce a reversible
change in the electronic distribution of a molecular system
has opened the door to their potential use as information
storage and integrated molecular-sized devices. Mixed-va-
lence systems are exceptional candidates for such studies
since they contain at least two redox sites with different oxi-
dation states linked by a bridge that mediates the electron
transfer from one site to the other.[2] The study of molecular
mixed-valence systems was initiated by Taube	s seminal
work on ruthenium compounds, such as [(NH3)5Ru-bridge-
RuACHTUNGTRENNUNG(NH3)5]

5+ .[3] Since then, most of the reported mixed-va-
lence complexes, which exhibit IET phenomenon, are
homo- and heterometallic complexes[4] or metallocene[5]

units in which the two metal atoms with different oxidation
states are connected through an organic bridging ligand.

In contrast, mixed-valence molecular systems in which the
electroactive units are purely organic have received less at-
tention so far, probably owing to their high instability.[6]

Nevertheless, the flexibility of organic synthesis may afford
the preparation of purely organic, mixed-valence molecular
wires with the specific and sophisticated topologies required
in the demanding and ever-increasing world of nanotechnol-
ogy. Moreover, the study of their properties should lead to
the synthesis of systems in which the electron transfer could
be finely tuned in a far more precise way than have been
done with coordination compounds. Representative exam-
ples of the different types of electroactive organic units so
far used are: i) anion radicals derived from conjugated diqui-
nones and diimides,[7] ii) cation radicals derived from bis(te-
trathiafulvalenes),[8] iii) cation radicals derived from bis(hy-
drazines),[9] iv) quinoid groups,[10] and v) ion radicals derived
from p-conjugated polyarylmethyl/polyarylamines/polychlor-
otriphenylmethyl radicals[11] and bridged dinitroaromatic
radical and bis(dioxaborine)anions mixed-valence systems[12]

among others.
Most of the examples previously described are based on

pure organic systems in which both electroactive units are
linked through an organic bridge, whereas the number of
systems with the electroactive units linked through a metal
ion are less frequent.[13] Under such a scenario, redox-active
organic ligands are electronically coupled to an extent that
is regulated by the orbital interactions with the metal ion
bridge.[14] One such rare example is the family of ruthenium
and rhenium polynuclear complexes bearing redox-active bi-
pyridinium ligands reported by Abe et al.[15] These authors
showed that metal-cluster units often behave as redox medi-
ators in spite of their large size and of the remote distance
of the ligand-based redox centers.

Very recently, we also reported a new family of systems
where the thermally induced IET between organic electro-
active units takes place through a metal ion. Such a family
consists of transition-metal complexes containing at least
two redox-active catecholate or phenoxylate ligands with
different oxidation states. For instance, IET between cate-
chol units in the complex [Co(3,5-DTBCat)(3,5-DTBSQ)-ACHTUNGTRENNUNG(bpy)] (1) in which 3,5-DTBCat2� and 3,5-DTBSQ� refer to
the catecholate (Cat2�) and semiquinonate (SQ�) forms of

3,5-di-tert-butyl-o-quinone, respectively, was shown to take
place.[16] Even more interesting was the fact that this com-
plex also exhibits a reversible thermally induced IET be-
tween the metal ion and the ligand, a process named with
the generic term of valence tautomerism (VT).[17] Therefore,
this family of complexes contains unique systems that exhib-
it more than one type of thermally induced, intramolecular,
electron-transfer process—ligand-to-metal (IETLM)[18] and
ligand-to-ligand (IETLL).[19] A schematic representation of
the different thermally induced IET processes that take
place in a metal-based complex bearing catechol-based non-
innocent ligands is shown in Figure 1.

To what extent IETLM and IETLL can coexist within this
family of complexes remains an open issue of considerable
interest. For this reason we have focused our attention in
the study of catechol-bearing complexes involving multiple
electron-transfer phenomena. With this aim, an excellent
model to study is the series of complexes [M ACHTUNGTRENNUNG(Cat-N-BQ)-ACHTUNGTRENNUNG(Cat-N-SQ)]/[M ACHTUNGTRENNUNG(Cat-N-BQ)2] in which M=Co (2),[20] Fe
(3), and Ni (4).[21] The tridentate Schiff-base ligand 3,5-di-
tert-butyl-1,2-quinone-1-(2-hydroxy-3,5-di-tert-butylphenyl)-ACHTUNGTRENNUNGimine[22] leads to stable coordination complexes with several
metal ions, and exhibit different oxidation states ranging
from 0 to �3 (see Scheme 1). Nevertheless, it usually coordi-
nates in the mononegative Cat-N-BQ� or dinegative Cat-N-
SQ2� radical forms[23] generating mixed-valence species. Al-
though complexes 2–4 have been previously synthesized,
only preliminary studies on the IETLM of complex 2 have
been reported.[24] In this work their variable-temperature be-
havior has been studied in detailed by complementary spec-
troscopic techniques, mainly UV/Vis and NMR, and solution
magnetic measurements. Such experimental studies have
been combined with ab initio complete active space self-
consistent field (CASSCF) calculations and subsequent
second-order perturbation theory treatment (CASPT2) to
clarify the underlying electron distributions in the ground
and speculated excited states. Depending on the metal ion,
rather different IET processes are evidenced and theoreti-
cally rationalized. Particular attention has been paid to the
versatility of the electroactive ligand as the metal center is
changed.

Figure 1. Graphical representation of the different thermally induced IET
processes that may take place in a complex schematized with a metal ion
(square) and two catechol-based non-innocent ligands (spheres) with dif-
ferent oxidation state.
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Results

UV/Vis spectroscopy : In previous work, Girgis et al[22c] pre-
dicted that most of the bands observed in the electronic
spectra of complexes with the general formula ML2 (L =

Cat-N-BQ�/Cat-N-SQ2�) are associated with electronic tran-
sitions within the ligand. Previous density functional studies
on related catechol-based systems to assign electronic transi-
tions have already been published.[18]

Among them, the band centered at l=390 nm is of espe-
cial interest. This band can be attributed to the radical char-
acter of the Cat-N-SQ2� ligand giving direct information on
its oxidation state and therefore on the electronic distribu-
tion of the complex at a given temperature. To support this
assignment, the UV/Vis spectra of model complexes [Ga-ACHTUNGTRENNUNG(Cat-N-SQ)ACHTUNGTRENNUNG(Cat-N-BQ)] (5) and [Zn ACHTUNGTRENNUNG(Cat-N-BQ)2] (6) were
recorded and studied for comparison purposes. As expected,
complex 6 shows two intense bands at l= 793 and 736 nm
tailing into the near-IR region lacking any band in the l=

350–400 nm region, since both ligands display the non-radi-
cal form Cat-N-BQ�. In contrast, the electronic spectrum of
complex 5 is dominated by an intense transition at l=

390 nm associated with the presence of the Cat-N-SQ2� radi-
cal ligand.

Variable-temperature UV/Vis experiments on a solution
of complex 2 in toluene were analyzed in the 200–360 K
temperature range. The choice of toluene is justified both
on the basis of the high solubility of complex 2 and its broad
working temperature range. Under these conditions, IETLM

can be induced by temperature variations and monitored by
UV/Vis spectroscopy (see Figure 2 b). In the low-tempera-

ture regime, a spectrum reminiscent of that of complex 5
was obtained, with bands at l= 439 and 533 nm and espe-
cially at l=391 nm, associated with the presence of the Cat-
N-SQ2� radical ligand (no bands in the near-IR region that
could be attributed to an intervalence band transition were
observed). Therefore, the 2,ls-CoIII (S=1/2) tautomer is
found to be the predominant form at low temperatures. As
the temperature is increased, the ligand-to-metal electron
transfer is activated, as one of the ligands evolves from a
Cat-N-SQ2� radical to a Cat-N-BQ� diamagnetic ligand
[Eq. (1)]:

Scheme 1. Different oxidation states that can be found for the Schiff-base
iminoquinone ligand in a transition metal complex.

Figure 2. Variable-temperature UV/Vis spectra (203–363 K) for com-
plexes: a) [Fe ACHTUNGTRENNUNG(Cat-N-SQ) ACHTUNGTRENNUNG(Cat-N-BQ)] (3), b) [Co ACHTUNGTRENNUNG(cat-N-SQ) ACHTUNGTRENNUNG(Cat-N-BQ)]
(2), and c) [Ni(Cat-N-BQ2] (4). The band associated to the radical char-
acter of the ligand is marked with an asterisk.
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½CoIIIðCat-N-BQÞðCat-N-SQÞ� Ð ½CoIIðCat-N-BQÞ2� ð1Þ

Thus, the 2,ls-CoIII (S=1/2) tautomer converts into 2,hs-
CoII (S= 3/2). As a consequence the intensity of the band at
l=391 nm decreases, as well as those at l= 439 and 533 nm,
whereas the bands at l=721 and 797 nm, characteristic of
the 2,hs-CoII tautomer, increase in intensity (see Figure 2 b).
Two isobestic points appear at l=856 and 590 nm, confirm-
ing that at least two species are interconverting under the
studied temperature range.

Variable-temperature UV/Vis experiments on a toluene
solution of the analogous iron complex 3 were also studied
(Figure 2 a). Bands at l= 357, 451 and 853 nm with should-
ers around l=560, 620, and 790 nm can be observed in the
low-temperature regime. The observation of the band at l=

357 nm is an indication that the iron complex 3 has one
ligand in its radical form, Cat-N-SQ2�, remaining, therefore,
in the [Fe ACHTUNGTRENNUNG(Cat-N-SQ) ACHTUNGTRENNUNG(Cat-N-BQ)] (3,ls-FeIII) form. Howev-
er, by contrast with the cobalt complex 2, only a slight varia-
tion of the bands intensity, without the presence of any iso-
bestic point, was detected after an increase in the tempera-
ture. Such spectral variations may be associated with varia-
tions of the solution viscosity, among others, rather than the
existence of IETLM. Therefore, complex 3 remains in its 3,ls-
FeIII tautomeric form over the whole temperature range
studied. In contrast, the UV/Vis spectrum of the nickel com-
plex 4 (see Figure 2 c) exhibits bands at l=432, 766 and
846 nm with a shoulder around l=690 nm, reminiscent of
that observed for complex 6. Moreover, temperature varia-
tions do not induce any considerable change in the electron-
ic spectrum, only a slight variation of the band intensity is
observed. The presence and intensity of the two bands at
higher wavenumbers, as well as the lack of the characteristic
radical band, support the presence of the 4,hs-NiII tautomer-
ic form over the whole temperature range studied. These re-
sults were confirmed by magnetization measurements.

Magnetization measurements

Solution measurements : The magnetic behavior of com-
plexes 2–4 in solution was studied by NMR spectroscopy by
using the Evans method.[25] This technique is used to mea-
sure the magnetic susceptibility of paramagnetic species
based on the frequency shift that it originates in the NMR
signal of a standard diamagnetic compound, for instance
TMS. The meff versus T plot for a solution of complexes 2–4
in toluene obtained by applying the Evans method is shown
in Figure 3. At low temperatures, the meff versus T plot of
complex 2 exhibits a value of 1.84 mB close to the theoretical
value of 1.73 mB expected for the single unpaired electron of
the 2,ls-CoIII (S=1/2) tautomer. An increase of the tempera-
ture induces a gradual increase of meff till a maximum value
of 4.53 mB is reached at 353 K, close to the theoretical value
for a S=3/2 species with a large unquenched orbital contri-
bution. This experimental fact corroborates the existence of
an equilibrium between the 2,ls-CoIII (S=1/2) and 2,hs-CoII

(S=3/2) tautomers, as previously observed by UV/Vis data.

Under these conditions, one may track the thermodynam-
ic parameters associated with the rearrangement of the elec-
tronic configuration in writing cmT as Equation (2) with
Equation (3):

cmT ¼ cmTls-CoIII þ ghs-CoII ðcmThs-CoII�cmTls-CoIIIÞ ð2Þ

ghs-CoII ¼ 1=½expðDH=RT�DS=RÞ þ 1� ð3Þ

in which cmTls�CoIII and cmTls�CoII are the cmT values for isolat-
ed 2,ls-CoIII (S=1/2) and 2,hs-CoII (S=3/2), respectively,
and ghs�CoII is the molar fraction of 2,hs-CoII. If cmTls�CoIII and
cmThs�CoII are fixed to the values of 1.84 and 4.53 mB, the
least-square fitting of cmT to Equation (3) gives values of
DH= 28.2 kJ mol�1 and DS=95.2 J K�1 mol�1 (Tc = DH/DS=

296 K).
The meff versus T plots of complexes 3 and 4 are also

shown in Figure 3 for comparison purposes. Complex 3 ex-
hibits a constant magnetic susceptibility value over the
whole temperature range of approximately 5.20 mB. This
value can be explained if we consider that the main species
in solution along the whole temperature range is the [Fe-ACHTUNGTRENNUNG(Cat-N-BQ) ACHTUNGTRENNUNG(Cat-N-SQ)] (3,ls-FeIII) tautomer. These results
are in agreement with our electronic spectra analysis previ-
ously described, which show the characteristic band of the
radical Cat-N-SQ2� ligand around l=350 nm. In this species,
a strong antiferromagnetic interaction between the radical
ligand Cat-N-SQ2� (S= 1/2) and the hs-FeIII ion (S=5/2)
leads to a S= 2 magnetic ground state for which a theoreti-
cal value of 4.90 mB is expected (the expected meff value for a
non-interacting hs-FeIII and a organic radical would be
6.16 mB). Similar behavior was observed for complex 4,
which exhibits a constant magnetic susceptibility value of
approximately 2.83 mB over the whole temperature range.

Figure 3. Representation of meff versus T obtained by the Evans Method
in the 203–363 K temperature range for complexes 2 (*), 3 (&) and 4
(~).
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This is the expected value for a S= 1 magnetic state attribut-
ed to the hs-NiII.

Solid-state measurements : The magnetic properties of com-
plex 2 have already been described in a previous work by
Dei et al.[20b] These authors showed that complex 2 exhibits
a tautomeric interconversion in the solid state, but at much
higher temperatures than in solution, with a transition that
starts at approximately 370–380 K, at least 150 K higher
than in solution. Thus, in this work only the temperature-de-
pendent magnetic susceptibility for crystalline samples of
complexes 3 and 4 (which has not been previously de-
scribed) over the 5–400 K temperature range with an ap-
plied external field of 10 kG was measured. At high temper-
atures, complexes 3 and 4 are characterized by meff values of
4.7 and 3.1 mB, respectively. This value remains constant
down to approximately 30 K, whereupon it gradually de-
creases most likely owing to the presence of small intermo-
lecular antiferromagnetic exchange interactions and/or the
zero-field-splitting effect for these ions. For complex 4, such
a value is close to the theoretical value of 2.83 mB expected
for the 4,hs-NiII (S=1) tautomer with both ligands in the di-
amagnetic form Cat-N-BQ� ; confirming that complex 4 also
remains hs-NiII even down to very-low temperatures in the
solid state. The meff value of complex 3 can be explained if
we consider that the main species in the solid state over the
whole temperature range is [FeACHTUNGTRENNUNG(Cat-N-BQ) ACHTUNGTRENNUNG(Cat-N-SQ)]
(3,ls-FeIII). Such isomer bears a radical Cat-N-SQ2� ligand
antiferromagnetically coupled with the iron ion, in agree-
ment with the solution measurements previously described.

1H NMR experiments : The 1H NMR spectra of complexes 2–
4 were recorded and the signal of the tert-butyl (tBu) groups
monitored over the whole temperature range. The data
from variable-temperature 1H NMR experiments of a solu-
tion of complex 2 in toluene in the 203–363 K temperature
range is shown in Figure 4. The high-temperature spectrum,
in which the dominant species is the 2,hs-CoII tautomer, ex-
hibits two main signals, each one embracing four tBu
groups. This detail is in agreement with the theoretical ex-
pectations. Indeed, as the 2,hs-CoII tautomer bears two sym-
metrical monoanionic Cat-N-BQ� ligands, the eight tBu
groups of the complex are expected to be equivalent 4:4 de-
pending on whether they are located at the para or ortho
positions of the oxygen atom. Therefore, only two main
broad signals should be observed. A temperature decrease
induces an interconversion from the 2,hs-CoII to the 2,ls-
CoIII tautomer, which is followed by a remarkable shift of
the tBu signals with chemical shifts as large as Dd=�7.2
and Dd=3.1 ppm. Such remarkable variations arise from
the electronic rearrangement experienced by the complex
along the valence tautomeric interconversion. The spin den-
sity is localized on the metal ion in the 2,hs-CoII tautomer,
whereas it shifts to the (Cat-N-SQ)2� ligand in the 2,ls-CoIII

form, resulting in a larger paramagnetic shift and broaden-
ing of the peaks. Even more remarkable is the fact that only
two main peaks are still observed even at very-low tempera-

tures. This observation is rather unexpected, as the 2,ls-CoIII

tautomer bears two ligands with different oxidation states,
Cat-N-BQ� and Cat-N-SQ2�. Accordingly, the tBu groups
should no longer be equivalent 4:4, but instead 2:2, and at
least four different peaks should be observed at low temper-
atures. This unexpected observation is likely the signature of
an electron delocalization of the extra electron over both li-
gands, that is, an IETLL takes place on the time scale of the
experiment.

Variable-temperature 1H NMR experiments of solutions
of complexes 3 and 4 in toluene in the 203–363 K tempera-
ture range were also studied (related values are given in the
Supporting Information). As previously described for com-
plex 2, only two types of peaks associated with the tBu
groups are observed in both cases over the whole tempera-
ture range. The observation of only two signals is in agree-
ment with the expectations for complex 4. This complex re-
mains in its 4,hs-NiII tautomeric form bearing two symmetri-
cal monoanionic Cat-N-BQ� ligands and, therefore, with the
tBu groups equivalent 4:4. Nevertheless, such an argument
is not valid for complex 3, which stays mostly in its 3,ls-FeIII

form and therefore four instead of two tBu peaks should be
observed. This has been explained previously for 2,ls-CoIII,

Figure 4. 1H NMR (400 MHz) shift peak of the tBu groups in the imino-
quinone ligand for complex 2 as a function of temperature (203 K to
363 K) in [D8]toluene. Each intermediate spectrum corresponds to incre-
ments of 10 K of temperature. Solvent peaks are marked with an aster-
isk.
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with the presence of a fast IET converting both ligands with
different oxidation states Cat-N-BQ� and Cat-N-SQ2� to be
non-distinguishable. Such remarkable differential shifts are
also experienced by the tBu signals of complexes 2–4. Such
differential behavior is better illustrated in Figure 5, in
which the same behavior for complex 6 has also been in-
cluded for comparison purposes. The chemical shifts of the
two tBu groups signals for complex 2 vary considerably
(Dd=�3 and 7 ppm). Interestingly, a crossing occurs at ap-
proximately 285 K, a temperature that is close to the Tc =

296 K value extracted from the solution-magnetization data.
In this region, the VT tautomerism makes the tBu groups
shifts equivalent (�5.8 ppm), as both IETLM and IETLL elec-
tron transfers average the local-spin densities. In contrast,
the chemical-shift changes are smaller for complex 3 (Dd=

�3 and 5 ppm) and almost negligible for complex 4 (Dd=

�0.5 and 1 ppm) (detailed values are given in Tables S1–S3
in the Supporting Information). As expected, the paramag-
netic shift of the tBu groups for complex 3 is larger than for
complex 4, as the presence of the unpaired electron in the
same ligand through its Cat-N-SQ2� form induces a larger

paramagnetic shift. Moreover, there is no crossing between
the chemical shifts of tBu groups, a reflection of the lack of
VT in complexes 3 and 4.

Quantum-chemical calculations : To support the conclusions
drawn from experimental data, ab initio wavefunction based
calculations were performed on complexes 2–4. The calcula-
tions were carried out by using the X-ray geometries with-
out any additional structural optimization. To account for
possible charge transfers (i.e. IETLM and IETLL) between
the ligand and the metal ions, specific spin states were con-
sidered for the three systems. Such strategy allows one to so-
licit selectively the speculated orbitals and to access the
ground states and excited-spin states, as well as charge-
transfer states. The resulting CASPT2 energies for com-
plexes 2–4, referenced to the ground state (GS) energy, are
summarized in Table 1. The energy difference (DE) corre-
sponds to vertical transitions calculated by using the report-
ed structures of each complex (so-called intervalence transi-
tion in mixed-valence compounds). Following the theory de-
veloped by Hush,[26] the intervalence band energy (DE) is

Figure 5. Representation of the tBu shift peaks vs. temperature for a) complex 3, b) complex 2, c) complex 4, and finally d) diamagnetic complex 6, as a
model compound.
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the sum of the reorganization energy (l) and the energy dif-
ference between the tautomers (DG8) (see Figure 6 for no-
tations).

As the reorganization energy
(mainly electrostatic) is expect-
ed to be similar in all com-
plexes, one can assume that the
adiabatic energy difference is
mainly controlled by the verti-
cal transition energies DE
(Figure 6). Thus, as DE increas-
es, the intramolecular electron
transfers should be reduced. A
detailed inspection of the elec-
tron-transfer kinetic falls in the
Hush	s[26] theory, but is out of
the scope of the present study.

In light of our experimental
results, there is strong evidence
for interligand electron delocal-
ization (IETLL). Thus, the
energy differences dE (Table 1)
arising from the two speculated
electron localization scenario
were calculated for the [M ACHTUNGTRENNUNG(Cat-
N-BQ) ACHTUNGTRENNUNG(Cat-N-SQ)] forms, M=

Co, Fe.
For the nickel complex 4, the

lowest triplet CASACHTUNGTRENNUNG[4,2]SCF sol-

utions were converged; the active orbitals are shown in
Figure 7. The ground state is consistent with a d8 NiII ion,
holding two unpaired electrons in the mainly dx2�y2 and dz2

atomic orbitals in a distorted octahedral environment. Since
the complex geometry displays quasi-orthogonality of the li-
gands, the p-ligand orbitals are almost orthogonal. Thus,
one may wonder how efficient is the ligand-to-ligand intra-
molecular electron transfer. The higher lying triplet states
exhibit one d-type and a mainly p-ligand based MOs (see
Figure 8). The relative proximity (500 cm�1) of these two
states strongly suggests an effective IETLL. These triplet
states correspond to a ferromagnetic interaction between a
ligand and an orthogonal d-type (either dx2�y2 or dz2) orbital.
This ground state electronic picture is consistent with a d7

NiIII ion, one electron being transferred from the NiII to the
ligand Cat-N-BQ�. At a CASPT2 level of calculation, the
energy difference DE is 31 000 cm�1, thus ruling out the pos-
sibility of the coexistence of NiII and NiIII. The first excited
state is, as expected from Tanabe–Sugano diagram, a NiII

singlet lying 16 000 cm�1 above the GS triplet.
A similar strategy was used for the iron complex 3 that

may display either five or six electrons (i.e. FeIII or FeII)
mostly localized on the Fe ion. By allowing six electrons in
seven MOs in a CASACHTUNGTRENNUNG[6,7]SCF calculation, the active space is
flexible enough to allow the occupations of the five Fe d-or-
bitals and either one of the ligand orbitals. The two lowest
septet (S=3) states solutions were first converged since this
particular spin multiplicity forces the single occupation of
the active MOs, one of them being a ligand orbital similar
to the ones shown in Figure 7. Starting from this set of MOs,
the lowest quintet (S=2) states energies were calculated.

Table 1. Ground and IET states nature. DE and dE stand for the vertical
transitions energies (cm�1) associated to LM and LL electron transfers.

Complex GS / spin state Tautomer / spin state DE dE

2 ls-CoIII / S=1/2 hs-CoII / S=3/2 4500 700
3 ls-FeIII / S= 2 hs-FeII / S= 2 13500 500
4 hs-NiII / S=1 ls-NiIII / S=1 31000 500

Figure 6. Non-adiabatic potential energy curves. DE and l correspond to
the vertical energy transition and reorganization energy, respectively.

Figure 7. Active molecular orbitals (MOs) of complex 4.
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From the correlated wavefunction analysis, the ground
spin state arises from the antiferromagnetic coupling be-
tween an hs-FeIII (S=5/2) and a Cat-N-SQ2� radical (S= 1/
2). Interestingly, another quintet lies relatively close in
energy (DE= 500 cm�1) and corresponds to a similar picture,
involving the second Cat-N-SQ2� radical (Figure 8). The
next quintet state displays six electrons in the d-type MOs
of a high-spin FeII center. Clearly, such an electronic config-
uration accounts for the ligand-to-metal intramolecular elec-
tron transfer, while the energy difference DE is 13 500 cm�1

disposes of the participation of the FeII-Cat-N-BQ� configu-
ration. In agreement with our experimental data, 3 is likely
to undergo IETLL at room temperature, whereas VT is un-
likely to occur.

The low-energy spectra for complex 2 exhibit three com-
peting states that reflect the simultaneous presence of intra-
molecular and interligand charge transfers. The strategy we

used to evaluate the energy levels ordering in 2, is very simi-
lar. Starting from a CASACHTUNGTRENNUNG[7,7]SCF, the lowest lying quartet
(S=3/2) and two doublets (S= 1/2) were determined to
identify the possible electron-hopping phenomena. As ex-
perimentally evidenced, the spectrum exhibits two close in
energy-doublet states (DE= 700 cm�1) consisting formally of
a d7 CoIII ion and one unpaired electron in a mainly Cat-N-
SQ2� ligand p-orbital. Nevertheless, our ab initio calcula-
tions favor a quartet state (i.e. d6 CoII), as the Co complex
ground state, whereas experimental data supports a doublet
state. The lack of structural information as valence tauto-
merism occurs might be responsible for the ordering of the
spin states. However, the vertical energy difference between
the tautomers is much reduced, as compared to complexes 3
and 4. From our ab initio calculations, the ability of one
electron to get delocalized over three partners is shown to

Figure 8. Schematic representation of the simplified MOs energies for complexes 2–4. In the case of complex 3 the energy difference between the electro-
active ligand and the iron ion is too large to allow for IETLM. In the case of complex 2, the energy difference with the cobalt ion orbitals is reduced and
therefore resonating forms are observed along the temperature range studied (middle). And finally, the orbital energetics of the metal ion and the elec-
troactive ligand in the case of complex 4 favors the population of the high-spin isomer over the whole temperature range.
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generate a variety of spin states, which compete at room
temperature, as evidenced by experimental data.

Discussion

Valence tautomerism or IETLM : Experimental and theoreti-
cal results indicate that the 3,ls-FeIII tautomer remains much
lower in energy than that of the 3,hs-FeII tautomer over the
whole temperature range studied, both in solution and solid
state (Figure 9). Therefore, the intramolecular electron
transfer between the imino ligand and the metal ion
(IETLM) in complex 3, that is, valence tautomerism, does not
take place. In other words, as far as the ligand-to-metal elec-
tron transfer is concerned, complex 3 can be considered
most likely as a Class I or Class II with a very-large activa-
tion energy, according to the classification of Robin and
Day.[27] Even if the molecule acquires sufficient activation
energy to reach the intersection region, the probability of
electron exchange would be null or very small in the studied
temperature range, as a result of a rather weak interaction
between the imino ligand and the iron ion. In contrast, the
tautomeric form 4,hs-NiII remains much lower in energy
(�31 000 cm�1) than the 4,ls-NiIII isomer, which is not de-
tected within the temperature range measured. Thus, IETLM

is so effective that valence tautomerism is not observed in
the nickel derivative 4 over the studied temperature range.
Finally, the energy gap between the 2,ls-CoIII and 2,hs-CoII

tautomers gets smaller and interconversion can be thermally
activated. Therefore, even though 2,ls-CoIII is energetically
more stable, a temperature increase induces IET from the
ligand Cat-N-SQ2� to the CoIII ion (i.e. the VT interconver-
sion). Thus, complex 2 can be formally considered as a Class
II system in which the interaction between the redox centers
is moderate. In the vicinity of the conical intersection, a
moderate energy lift arising from vibronic interactions tends
to localize the electron in one of the redox centers. Never-
theless, the activation barrier can be overcome by an exter-
nal stimulus giving rise to IET process. Such differential be-
havior is conceptually represented in Figure 8, through a
comparative schematic representation of the highest occu-
pied molecular orbitals (both HOMO and SOMOs) energies
for each one of the tautomeric forms involved in the IETLM

process. The thermodynamically ground states for each com-
plex are marked with a square. Only in the case of the
cobalt complex are both tautomeric forms are thermody-
namically accessible.

The differential VT behavior along the series of com-
plexes 2–4 can be tentatively assigned to the different ioni-
zation potentials of the Co, Fe, and Ni metal ions and their
overlap with the iminoquinone ligand p orbitals. Only in the
case of the cobalt is there a good overlap between the rela-
tive energies of the metal ion and ligand-centered orbital.
This situation can be reverted for another family of ligands,
such as, VT in related Fe and Ni complexes that exhibit a
good matching between the d and p orbitals has been al-

Figure 9. Resulting potential energy curve considering the two different
electron transfer mechanisms present in complexes 2–4.
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ready reported. In fact, Tanaka et al.[28] have recently report-
ed complexes with the general formula [Ni(L)-
(tBu2SQ)]·PF6 as the first examples for the successful control
of valence tautomerism between the NiII-SQ� and NiIII-
Cat2� frameworks, whereas Shimazaki et al.[29] have also re-
cently reported that the one-electron oxidized form of a
new mononuclear NiII-bis(salicylidene)diamine complex ex-
hibits valence tautomerism. On the other hand, Banerjee
et al[30] reported a semiquinone-catecholate based mixed va-
lence complex [FeACHTUNGTRENNUNG(bispicen) ACHTUNGTRENNUNG(Cl4Cat) ACHTUNGTRENNUNG(Cl4SQ)]·DMF (bispi-
cen=N,N-bis(2-pyridylmethyl)-1,2-ethanediamine), for
which valence tautomerism has been followed by electronic
absorption spectroscopy. The tautomer [FeIIIACHTUNGTRENNUNG(Cl4Cat)-ACHTUNGTRENNUNG(Cl4SQ)] is favored at low temperatures, whereas at higher
temperatures the [FeII ACHTUNGTRENNUNG(Cl4SQ)2] tautomer is the predominant
form. This fact clearly reflects the importance of a good in-
terplay between the metal ion and ligand-based orbitals.

Intermolecular electron transfer ligand-to-ligand (IETLL):
Another important question that has been raised within this
family of complexes containing mixed-charge ligands Cat-N-
BQ� and Cat-N-SQ2� is the possibility to exhibit intramolec-
ular ligand-to-ligand (IETLL) electron transfer phenomena.
These complexes can be considered as inverted frameworks
in which the redox-active moieties (i.e. iminoquinone li-
gands) are organic in nature and are electronically coupled
through the metal-ion bridge that can promote the IET be-
tween them. Interestingly, our 1H NMR experiments indi-
cate that the extra electron, in such unusual family of
mixed-valence complexes, can not be formally considered as
localized within one of the ligands Cat-N-SQ2�, but rather is
delocalized over both of them. This result is supported by
theoretical calculations. However, at this point, it is not pos-
sible to classify such IET either as a Class II or Class III
system. Indeed, the equivalency between tBu groups found
by 1H NMR is not enough to assign it as a Class III system,
as it is rather a slow probe (�10�9 s) on the electron trans-
fer time scale. For this reason, additional evidence of other
techniques that ensure faster probe data, such as vibrational
spectroscopy, is highly required. Fortunately, resonance
Raman (rR) studies of complexes 2 and 3 have already been
reported in the literature.[31] The room-temperature (rR)
spectrum of such complexes contains the vibrations of both
electronic forms of the ligand, signifying that the ligands are
not equivalent. Therefore, by comparing these results with
those obtained for the slower probe 1H NMR technique, we
can assign IETLL within this family of complexes as a Class
II system.

Conclusion

The IET in the series of complexes [M ACHTUNGTRENNUNG(Cat-N-BQ) ACHTUNGTRENNUNG(Cat-N-
SQ)], in which M=Co (2), Fe (3), and Ni (4) has been thor-
oughly revisited. Starting from a formal [M ACHTUNGTRENNUNG(Cat-N-BQ) ACHTUNGTRENNUNG(Cat-
N-SQ)] picture, different scenarios involving IETLM and
IETLL may lead to electron trapping on the metal ion or li-

gands. Complex 4,hs-NiII does not exhibit any IET process,
whereas complex 3,ls-FeIII only exhibits IETLM, as a result of
its mixed-valence character. Finally, our combined experi-
mental and theoretical results indicate that complex 2 exhib-
its both IETLM and IETLL. The first process has been un-
equivocally associated to a reversible electron transfer be-
tween the metal ion and the ligand, although the latter cor-
responds to an intramolecular ligand-to-ligand electron-
transfer phenomenon that takes place within the low-spin
tautomer [M ACHTUNGTRENNUNG(Cat-N-BQ) ACHTUNGTRENNUNG(Cat-N-SQ)], with formally mixed-
charge ligands. This is one of the few complexes so far re-
ported to exhibit, simultaneously, two types of IET process-
es.

Although the origin of the intramolecular electron-trans-
fer processes (IETLM and IETLL) is different, both can be
formally considered as Class II systems according to the
Robin and Day classification.[27] In the case of IETLL the
coupling between the (Cat-N-BQ)� and (Cat-N-SQ)2� li-
gands should be rather small, owing to the quasi-orthogonal-
ity of the p-type and metal-ion valence orbitals. Therefore,
one may think that interligand electron hopping should pro-
ceed through other mechanisms, such as a solvent shell or
tunnelling mechanism, as already indicated by Pierpont
et al.[19c] This was the case for the [Ga ACHTUNGTRENNUNG(tmeda) ACHTUNGTRENNUNG(3,6-
DBSQ)(3,6-DBCat)] (3,6-DBCat and 3,6-DBSQ refer to the
catecholate and semiquinonate forms of 3,5-di-tert-butyl-o-
quinone, respectively) complex in which no significant p

bonding of the quinone ligands with the metal ion was ob-
served. The use of more than one d orbital of the metal ion
along the IETLL process could also be invoked, although this
process seems to be independent of the nature of the metal
in the light of our theoretical inspection. This is not the case
for IETLM, which is strongly dependent on the nature of the
metal ion. According to the different ionization potentials
of the Co, Fe, and Ni metal ions, the overlap of the metal-
centered orbitals with respect to the iminoquinone ligand p

orbitals is modified, therefore, altering the electron transfer.

Experimental Section

All the reagents used were purchased from Aldrich and Fluka and used
as received unless otherwise specified. Complexes 2–6 were synthesized
as previously described.[20, 21]

Physical measurements : Electronic absorption spectra were recorded by
using a Varian Cary05e spectrophotometer equipped with a thermostated
cell holder that can operate between 280 and 370 K. Temperature stabili-
ty was better than �5 K. Spectra were collected after the sample had
been allowed to thermally equilibrate at each temperature for 10 min. Tc,
the temperature at which the isomer ratio is 1:1, was deduced from the
temperature at which the peaks of the low spin and the high spin exhibit
similar intensities. The operating temperature window for each solvent
does not enable us to collect the absorption of the pure low and high-
spin species, and therefore, to have an accurate estimation of Tc. Direct
current (dc) magnetic susceptibility measurements were carried out by
using a Quantum Design MPMS SQUID susceptometer with a 55 kG
magnet and operating in the range of 1.7–320 K. All measurements were
collected in a field of 10 kG. Background correction data were collected
from magnetic susceptibility measurements on the holder capsules. Dia-
magnetic corrections estimated from the Pascal contents were applied to
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all data for determination of the molar paramagnetic susceptibilities of
the compounds. NMR spectra were recorded by using a Bruker AV400
spectrometer equipped with a 5 mm triple resonance inverse probe with
a dedicated 31P channel operating at 500.33 MHz for 1H equipped with a
BVT3000 variable-temperature unit. TMS was used as an internal refer-
ence.

Evans method : This method is suitable for the calculation of the number
of unpaired electrons in solution samples and is based on the frequency
shift of the NMR signal of a reference sample by the magnetic field of a
co-dissolved paramagnetic species. The relative frequency shift Dn/n with
Dn=nTMS(outer tube)�nTMS(inner tube), produced by the presence of
the paramagnetic species is used to calculate the magnetic moment ac-
cording to Equation (4):[32]

cg ¼ c0 þ ½ð3DnÞ=ð2pn0cÞ� þ f½ðc0ð10�1sÞ�=cg ð4Þ

in which cg =mass magnetic susceptibility of the solute (cm3 g�1); c0 =

magnetic susceptibility of the solvent (cm3 g�1); Dn= separation in para-
magnetic chemical shift (Hz); n0 = spectrometer radiofrequency; c =con-
centration (mol mL�1); 10 =density of the pure solvent and 1s =density of
the solution. Equation (4) can be transformed then to Equation (5):

cm ¼ c0M0 þ ½ð3Dd� 10�6Þ=ð4pcÞ� ð5Þ

From Equation (5) you obtain Equation (6) by taking into account the di-
amagnetic contribution, which can be estimated as the sum of constants
(called Pascal	s constants) for each diamagnetic species in the sample
[Eq. (7)]:

cm
corr ¼ cm�Sca ð6Þ

cm
corr ¼ c0M0 þ ½ð3Dd� 10�6Þ=ð4pcÞ��Sca ð7Þ

Finally, the cm
corr obtained from Equation (7) is used to calculate the ef-

fective magnetic moment as shown in Equation (8):

meff ¼ 2:828
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðcm
corrTÞ

p

ð8Þ

The NMR samples for susceptibility measurements using the Evans
Method were prepared by dissolving a weighted amount of complex 1, 2,
and 3 in a measured volume of solvent. All the experiments are done in
deuterated solvents. The concentration of the paramagnetic solute was in
the range of 1–3 mg mL�1. The temperature-dependent density changes
of the solvent were corrected by using equations and data from the Inter-
national Critical Tables.[33] The complex solution was transferred into a
5 mm tube containing a 1 mm capillary with the deuterated diamagnetic
solvent and one drop of tetramethylsilane (TMS) as a reference. The dif-
ferent signal shifts found for the methyl groups of the TMS was used to
determine the susceptibility in solution.

Computational details : Both density functional theory (DFT)-based and
wavefunction-based ab initio quantum chemical approaches have reached
a level of accuracy, which allows one to give some relevant insights into
the electronic phenomena. It is known that explicitly correlated calcula-
tions are powerful tools to extract both information upon excitation ener-
gies and microscopic representations of the ground and excited states.
On the other hand, DFT calculations are very reliable in the determina-
tion of equilibrium geometries, understanding of IR and UV spectra, but
may suffer from their intrinsic single-reference character. Methods that
use the exact Hamiltonian do not suffer from the arbitrariness of the mu-
tiparametrization of the exchange correlation potential in DFT-based
techniques. For those reasons, wavefunction calculations are particularly
appealing. since the multireference character of the description gives
access to important information with respect to the weights of the differ-
ent relevant configurations.[34] The efficiency of ab initio techniques has
been demonstrated in the study of magnetically coupled molecular were
conducted. More recently, spectroscopic accuracy has also been reached
and intriguing electronic distributions have been unravelled for the im-
portant class of non-innocent ligand-based metal complexes.[35] In the

context of this study, wavefunction calculations were preferred since our
goal is to look for the microscopic origin of competing spin states which
may be attributed to electron transfer phenomena. Not only how effec-
tive is the intramolecular electron transfer but also to what extent both
Cat-N-BQ� ligands are involved in the process remain challenging ques-
tions. The one-electron basis sets employed to describe the molecular or-
bitals (MOs) are derived from primitive atomic natural orbitals (ANOs)
(17s12p9d4f) for iron, nickel, and cobalt, respectively. These basis sets
were contracted into [7s6p4d1f]. Regarding the lighter elements C and
N, we used (10s6p3d)/ ACHTUNGTRENNUNG[3s2p1d], and O (10s6p3d)/ ACHTUNGTRENNUNG[3s3p1d] contractions.
Finally, hydrogen atoms were described with minimal basis set (3s)/[1s].
The zero-order wavefunction is formed by a linear expansion of Slater
determinants. Such description is accessible by means of complete active
space self-consistent field (CASSCF) calculations which incorporate qual-
itatively the leading electronic configurations distributing n electrons in
m MOs, defining an active space referenced as CAS ACHTUNGTRENNUNG(n,m). At this level
of calculation, the so-called static correlation effects are taken into ac-
count, provided that the active space is flexible enough. Depending on
the number of d electrons for the various systems at hands, the CAS
which can be anticipated consists of the mainly d-type orbitals and a
mainly ligand type orbitals possibly singly-occupied. However, such pro-
cedure fails to reproduce the correct relative energies since dynamical
correlation effects are not incorporated. These predominantly atomic ef-
fects can be incorporated within different framework on top of the
CASSCF wavefunction. In this respect, complete active space second-
order perturbation theory (CASPT2) calculations have proven to be im-
pressive tools to accurately investigate spectroscopy issues. All CASPT2
calculations were performed with an imaginary shift of 0.2 Hartree to
avoid the presence of intruder states. All electrons were correlated
except those in the core parts. Both CASSCF and CASPT2 procedures
are available in the Molcas 6.0 package we used throughout the theoreti-
cal analysis.[36]
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