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The synthesis, structure and magnetic properties of the first
thiooxoverdazyl metal complex [Cu(hfac)2(Svdpy)] [hfac =
(1,1,1,5,5,5)-hexafluoroacetylacetonate; Svdpy = 1,5-di-
methyl-3-(2-pyridyl)-6-thiooxoverdazyl] is described. The or-
ganic radical acts as a bidentate ligand leading to a six-coor-
dinate metal complex. The fit of the thermal variations of the

Introduction

With an odd number of electrons, stable radicals were
soon identified as interesting ligands to build molecule-
based metal-radical magnetic compounds with high ex-
change interaction.[1–3] This field has long been dominated
by nitroxide-based radicals but newcomers are now emerg-
ing.[2,3] We focus our attention on verdazyl-based com-
pounds. We aim to develop a global approach that favours
a back-and-forth motion between the synthesis of radical-
containing coordination architectures[3–5] and the theoreti-
cal investigation of the intimate mechanisms that govern the
exchange interaction between spin bearers with magnetic
orbitals of different natures.[6,7] Because the valence-only
description that forms the basis of the Kahn’s model does
not take into account all the mechanisms that contribute
to the exchange interaction, wavefunction-based methods
appear as central ones to unravel the microscopic origins of
this phenomenon in molecule-based magnets. Despite their
demanding requirements, they allow to bridge the gap be-
tween an incomplete picture of the exchange mechanisms
and a comprehensive interpretation with spectroscopic ac-
curacy.

[a] IPCM, UMR CNRS 7201, UPMC Univ. Paris 06,
4 Place Jussieu, 75252 Paris Cedex 05, France

[b] Laboratoire de Chimie, Ecole Normale Supérieure de Lyon,
46 Allée d’Italie, 69364 Lyon cedex 07, France
Fax: +33-4-72728860
E-mail: vincent.robert@ens-lyon.fr

[c] Universidad de Sevilla, Departamento de Química Física,
c/ Prof. García González, s/n, 41012 Sevilla, Spain

[d] LNCMI, UPR 3228, CNRS-UJF-UPS-INSA and UJF,
38042 Grenoble, France
Fax: +33-4-76881111
E-mail: cyrille.train@grenoble.cnrs.fr
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201001033.

Eur. J. Inorg. Chem. 2010, 5373–5378 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5373

magnetic susceptibility reveal a ferromagnetic intramolecu-
lar exchange interaction. This finding is confirmed and ana-
lysed by using wavefunction-based methods which indicate
that the exchange interaction is governed by the substituent
of the radical rather than by its heteroatom.

The present contribution is representative of this ap-
proach. It describes the synthesis, structure and magnetic
properties of the first thiooxoverdazyl metal complex.
Eager to enhance the amplitude of the exchange interac-
tion, the synthetic strategy was driven by the replacement
of the electronegative oxygen atom of the oxoverdazyl ana-
logue[8] by a sulfur atom. Following the valence-only de-
scription, such a substitution can modify significantly the
magnetic orbitals and hence the exchange interaction. It has
proven to be fruitful.[9] Moreover, since our recent results
underline the importance of the substituent of the verdazyl
radical,[7] we also play with this second ingredient. The sin-
gle-crystal X-ray data obtained on the synthesized complex
form a solid basis both for modelling the thermal variation
of the magnetic susceptibility and for investigating by wave-
function-based methods the different contributions to the
exchange interaction between the metal and the radical.
The influence of both the heteroatom and the verdazyl sub-
stituent are actually inspected by means of calculations.

Results and Discussion
The synthesis of thiooxoverdazyl radical is a two-step

procedure. The formation of the 1,5-dimethyl-3-(2-pyridyl)-
6-thiooxo-1,2,4,5-tetrazane (H3Svdpy) is not significantly
influenced by the change in the heteroatom. On the con-
trary, the oxidation of the thiooxotetrazane towards 1,5-di-
methyl-3-(2-pyridyl)-6-thiooxoverdazyl (Svdpy) requires the
use of specific procedures (see Supporting Information).[10]

The efficient synthesis of [Cu(hfac)2(Svdpy)] (hfac =
1,1,1,5,5,5-hexafluoroacetylacetonate) leads to the first co-
ordination compound implying a thiooxovardazyl radical.
In contrast with the oxidation process, it demonstrates that
the coordination ability of substituted oxoverdazyl[8] is pre-
served upon heteroatom substitution.



C. Train, V. Robert et al.SHORT COMMUNICATION
[Cu(hfac)2(Svdpy)] crystallizes in the monoclinic P21/c

space group. The asymetric unit consists of two molecular
complexes (Figure 1) with very similar geometrical features
(see Supporting Information). In both complexes, the met-
al(II) ion is surrounded by six nearest neighbors: four oxy-
gen atoms from the hfac groups and two nitrogen atoms
from the thiooxoverdazyl radical. In both complexes, three
oxygen atoms of the two hfac groups are close to the copper
ion while the last one is much further away (Table S1). The
nitrogen atoms of the verdazyl rings are located at
2.409(5) Å (Cu1–N4) and 2.374(5) Å (Cu2–N9) from the
copper atom while those of the pyridine moieties are lo-
cated at 2.019(4) Å (Cu1–N5) and 2.020(4) Å (Cu2–N10).
The resulting geometries around the metal ion are elon-
gated octahedra. This geometry is in line with the d9 elec-
tronic structure of copper(II) which favors a Jahn–Teller
distortion. The shortest Cu–N distances are those where the
pyridine moieties are engaged rather than the verdazyl rings
in accordance with both the relative Lewis basicity and
bulkiness of these two groups. Finally the nitrogen atoms
of the verdazyl moieties appear to be closer to the copper
atoms than in analogous oxoverdazyl complexes.[8] The
crystal packing of [Cu(hfac)2(Svdpy)] is rather complex (see
Supporting Information). Given its crucial influence on
intermolecular exchange interaction through π-π interac-
tions,[11–13] its analysis deserves special attention. Such in-
teractions appear in alternating staggered π-stacks along
the a axis (Figure 2). To figure out the possible existence of
through-space exchange interactions between the radicals,
these π–π interactions are described using the parameters
identified by Jornet et al.:[12] for the A-type (B-type, respec-
tively) stacking, the distance between the centroids of the
verdazyl rings is 5.019(3) Å [5.268(3) Å, respectively] while
for both types of stacking, the angle between the mean pla-
nes of the verdazyl rings is of 7.22(15)°. Because the stack-
ing is more complicated than the one observed in the hydro-
quinone:oxoverdazyl adduct,[11] the closest contacts be-
tween atoms bearing a strong electronic density in the
SOMO are also considered (see Supporting Information).
For the A-type stacking, the N1–N8 distance is 3.694(7) Å.

Figure 1. Crystal structure of [Cu(hfac)2(Svdpy)] with numbering
scheme and thermal ellipsoids at 30% probability. Hydrogen atoms
and thermal ellipsoids for fluorine atoms are omitted for clarity.
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Figure 2. π-π interactions in alternating staggered stacks of
[Cu(hfac)2(Svdpy)] along the a axis. The hfac ligands are omitted
for clarity.

For the B-type stacking, the N3–N6 distance is worth
4.007(7) Å.

Upon cooling, the χMT product, where χM is the molar
magnetic susceptibility of [Cu(hfac)2(Svdpy)], increases
from 0.678 cm3 K mol–1 at 300 K to reach a rounded maxi-
mum of 0.696 cm3 Kmol–1 at 48 K and then drops off with
an increasing rate down to 5 K (Figure 3). The thermal
evolution of χMT down to 48 K is characteristic of a ferro-
magnetic (F) coupling between the spin carriers. The steep
decrease at low temperature is indicative of an additional
antiferromagnetic (AF) interaction. As experimentally ob-
served in oxygenated analogs[8] and theoretically rational-
ised in the following, the F contribution arises from the
intramolecular exchange coupling between the axially coor-
dinated radical and the copper(II) ion. The AF interaction
is thus related to the radical-radical intermolecular interac-
tion. This is coherent with the theoretical analysis of the
evolution of this interaction with respect to the relative po-
sition of the radicals:[7] the angle between the radical is far
below the crossover angle from AF to F interaction (ca.
40°) and the stacking indicates a noticeable overlap between
the nitrogen atoms of the radicals (see Supporting Infor-
mation).

Figure 3. Thermal variation of the χMT product for [Cu(hfac)2-
(Svdpy)]. The solid line is the best fit of the experimental data (see
text).
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Following the analysis of the crystal packing and the ex-
ponential decrease of the coupling with distances, we can
estimate that the intermolecular exchange interaction J2(B)
through the B-stacks (Figure 2) is at most 30% of that oc-
curring through the A-stacks (Figure 2).[11–13] In conse-
quence, a first approach consists in focusing on the main
intermolecular interactions by neglecting J2(B). The system
can then be considered as metal (S1 = 1/2)-radical (S2 =
1/2) coupled species (J1 intramolecular exchange constant)
further coupled through the A-stacking of the molecules
(J2). An analytical expression for such systems has been de-
rived for copper tetramers.[14] For gav = 1.90, J1 = 14.5 cm–1

and J2 = –14.7 cm–1 (H = –J S1·S2), this analytical law
closely follows the experimental values over the whole tem-
perature range.

The quality of the fit is much better than what has been
observed in the analogous oxygenated complex [Cu(hfac)2-
(Ovdim)][8] [Ovdim = 1,5-dimethyl-3-(1-methyl-2-imid-
azolyl)-6-oxoverdazyl] leading to a good confidence in the
choice of the model and the absolute values of the param-
eters deduced from the fit (see Supporting Information).
The comparison with the system aforementioned is most
instructive. The intermolecular interaction J2 is worth 37%
of the value found in [Cu(hfac)2(Ovdim)]. The decrease of
the intermolecular interaction observed in the present case
can be ascribed to a weaker overlap between the verdazyl
moieties in [Cu(hfac)2(Svdpy)] compared to [Cu(hfac)2-
(Ovdim)].[8] The intramolecular coupling constant J1 is
more than twice the value found in [Cu(hfac)2(Ovdim)].
This situation actually reinforces the relative influence of
the intramolecular exchange coupling J1 compared to the
intermolecular one on the magnetic susceptibility and guar-
antees the ferromagnetic nature of the former by allowing
the existence of a maximum in the thermal variation of the
χMT product (Figure 3). Following the demonstrated effect
of oxygen to sulfur substitution on the exchange interac-
tion[9] and the J1 value in the 2 to 10 cm–1 interval proposed
for [Cu(hfac)2(Ovdpy)] (Ovdpy = 1,5-dimethyl-3-(2-pyr-
idyl)-6-oxoverdazyl),[8] the increase of J1 could be ascribed
to the modification of the heteroatom. To explore this pos-
sibility, calculations were performed to analyse the different
mechanisms that govern the exchange interaction between
the metal ion and the radical.

Starting from the structural data, the nature, intensity
and origins of the intramolecular exchange coupling J1 can
be clarified by careful reading of the wavefunction. We first
performed CAS[2,2]SCF (see Exp. Section) calculations for
both the singlet and triplet states. As expected, the magnetic
orbitals are mainly the copper-centered dx2–y2 and the Svd-
centered π2* (Figure 4). Due to the quasi-orthogonality of
these two orbitals, a ferromagnetic behaviour can be antici-
pated using Kahn’s model.[15] The valence-only description
indeed offers a value of J1 that compares fairly well with
the experimental one (Table 1; Figure 5).

Nevertheless, it is known that such description may not
be well-adapted since non-negligible contributions arising
from correlation effects (charge redistribution and spin po-
larization) are likely to deeply modify the minimal CAS pic-
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Figure 4. Magnetic orbitals in [Cu(hfac)2(Svdpy)].

Table 1. Experimental and calculated values of J1 (cm–1) using dif-
ferent levels of calculations. The triplet state molecular orbitals
were used to build the DDCI-1 and DDCI-3 spaces.

Exp. CAS[2,2]SCF DDCI-1 DDCI-3

14.2 15 –6.1 17

Figure 5. Main contributions to the exchange interaction J appear-
ing when gradually increasing the level of calculation together with
the corresponding J values to be read at the arrowheads.

ture.[7,16,17] Difference dedicated configuration interaction
(DDCI) calculations were performed. This method can be
considered as an optimal approach to deal with magnetic
systems, providing quantitative estimates of the magnetic
constants and a rational analysis of the leading mechanisms
based on the information contained in the wavefunctions.

First, an antiferromagnetic behaviour is found at the
DDCI-1 level (Table 1) which can be ascribed to the stabili-
zation of the ionic forms resulting from the electron hop-
ping between the magnetic orbitals or to the net effect of
the spin polarization (SP).[16,17] Since the ionic forms repre-
sent just 4% of the projection on the CAS, this AF contri-
bution essentially comes from the latter. The SP effects were
isolated and bring a strong AF –19.2 cm–1 contribution.
The inspection of the DDCI-1 wavefunctions shows that
the leading excitations are of SP type and involve two π
orbitals (occupied and virtual ones) largely concentrated on
the verdazyl moiety (see Supporting Information). Then,
the ferromagnetism is quantitatively restored at DDCI-3
level. Following our recent calculations on [Cu(hfac)2-
(Ovdim)],[7] it is essential to determine the respective influ-
ence of the heteroatom and the substituent on the ferro-
magnetic exchange interaction between the metal and the
radical. We thus performed similar DDCI-3 calculations for
the [Cu(hfac)2(Ovdpy)] complex. Since its crystallographic
structure has not been described,[8] we used a hypothetical
structure constructed by substituting the S atom for an O
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one and using rigorously the same geometry with an
adapted C=O distance. The calculated exchange interaction
in this complex is worth 18 cm–1. For the first time for this
series of complexes,[6,7] we notice an important discrepancy
between the experimental[5,8] and calculated[6,7] values of
the intramolecular exchange interaction. It can be tenta-
tively related to the combination of the uncertainties on (i)
the exact structure of the complex, (ii) the experimental
value of the exchange interaction underlined by the au-
thors.[8] By comparing the calculations on [Cu(hfac)2-
(Svdpy)] and [Cu(hfac)2(Ovdpy)], it appears that, in this
case, the heteroatom has surprisingly little influence on the
exchange interaction while the enhancement of the ferro-
magnetic behaviour observed for [Cu(hfac)2(Svdpy)] com-
plex compared to [Cu(hfac)2(Ovdim)] is essentially due to
the verdazyl substituent.

In fact, the ferromagnetic effect introduced by the
DDCI-3 space is related to the stabilization of the triplet
Ligand-to-Metal Charge Transfer (LMCT) forms produced
by the coupling with specific double excitations included in
the DDCI-3 space.[7,17] It is important to notice that these
LMCT forms are already present in the DDCI-1 space, but
too high in energy to contribute significantly. The LMCT
are stabilized by the interaction with some of the double
excitations of the DDCI-3 space, which manifests with
larger coefficients on the DDCI-3 wavefunctions. Since the
triplet LMCT are lower in energy than the singlet LMCT,
their net effect is a resulting triplet ground state. This
mechanism can be isolated by selected CI calculations in-
volving only the LMCT forms and the aforementioned
double excitations. This leads to a strong ferromagnetic
contribution of +19.4 cm–1 borne by the dominant exci-
tation in the DDCI-3 wavefunctions: a σ� 3d LMCT,
which involves the σ-type molecular orbital of the Cu–pyr-
idine bond (Figure 6). This analysis explains the small net
effect of the DDCI-3 space on the J value with respect to
the valence-only prediction, essentially due to the presence
of two opposite effects of similar amplitudes, concentrated
on verdazyl fragment (AF contributions) and pyridine moi-
ety (F contributions), respectively (Figure 5).

Figure 6. Dominant σ�3d LMCT excitation leading to ferromag-
netic exchange interaction at DDCI-3 level.

Conclusions
In summary, we have described the synthesis of a pyr-

idine-substituted thiooxoverdazyl radical Svdpy and its use
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as a bidentate ligand towards a copper(II) center leading
to the formation of [Cu(hfac)2(Svdpy)], the first reported
complex with thiooxoverdazyl radical as ligand. Ferromag-
netic intramolecular exchange interaction occurs between
the metal and the radical while antiferromagnetic exchange
interaction is mediated by the π-stacking of the molecules.
The ferromagnetic metal-radical exchange interaction is
strongly enhanced compared to an oxygenated analogue
[Cu(hfac)2(Ovdim)]. This is indeed what was expected fol-
lowing a strategy based on a valence-only description of the
exchange interaction. Nevertheless, our theoretical dissec-
tion of the origins of the exchange interaction indicates that
this enhancement finds its foundation in the choice of the
substituent rather than the heteroatom, enlightening the
crucial role of this part of the organic radical generally con-
sidered as magnetically innocent. Though it has little influ-
ence on the exchange interaction, the use of sulfurated de-
rivatives of the verdazyl radical remains an important issue
for the coordination chemistry of these species. We have
indeed proven that the oxygen atom of the oxoverdazyl rad-
icals can perturb the expected coordination modes to the
metal ion.[18] Using sulfurated verdazyl radical to avoid the
binding to hard metal centers including 4f metal ions will
be undertaken to explore the possibility to synthesize
strongly coupled verdazyl-based 2p–4f systems. On the
theoretical point of view, such compounds are particularly
appealing since the exchange interaction mechanisms in
lanthanide-containing compounds are far from being fully
understood[19] though such systems can exhibit exciting
magnetic properties.[20]

Experimental Section

General: H3Svdpy[21] and [Cu(hfac)2(H2O)][22] were prepared ac-
cording to literature methods. All other reagents were used as pur-
chased.

1,5-Dimethyl-3-(2-pyridyl)-6-thiooxoverdazyl (Svdpy): A solution of
342 mg of FeCl3 (M = 162.34 gmol–1, n = 2.11 mmol) in 4 mL of
formic acid was added dropwise to the yellow solution of 157 mg
of H3Svdpy (M = 223 gmol–1, n = 0.70 mmol) in 1 mL of formic
acid. The mixture immediately turned dark red. After 30 min of
stirring, the organic product was extracted with CH2Cl2. The or-
ganic solvent was removed and the solid was purified by silica col-
umn chromatography and CH2Cl2/AcOEt (80:20) elution (Rf =
0.44); yield 21%. IR: ν̃ = 2938 [ν(C–H)], 1582, 1570 [ν(C=N)],
1461, 1442, 1417 [ν(C–C)], 1350, 1245, 1116, 794, 741, 669, 537
cm–1. C9H10N5S (220.27): calcd. C 49.09, H 4.55, N 31.82; found
C 48.67, H 4.66, N 31.71.

[Cu(hfac)2(Svdpy)]: Synthesis by carefully adding 21 mg of Svdpy
(M = 220 gmol–1, n = 0.1 mmol) in CH2Cl2 to a suspension of
49 mg of [Cu(hfac)2(H2O)2] (M = 514.74 gmol–1, n = 0.1 mmol) in
6 mL of refluxing heptane. After 10 min, the solution was filtered;
slow (during 24 h) evaporation of the solvent yielded dark purple
crystals suitable for X-ray diffraction; yield 69%. IR: ν̃ = 2963
[ν(C–H)], 1645 [ν(C=O)], 1555, 1529 [ν(C=N)], 1484 [ν(C–C)],
1259, 1196, 1143 [ν(C–F)] cm–1. C19H12CuF12N5O4S (697.92):
calcd. C 32.69, H 1.72, N 10.04, S 4.58, Cu 9.11; found C 32.50,
H 1.63, N 9.64, S 4.25, Cu 8.86.
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IR spectra were recorded on a Bio-Rad IRFT spectrometer as KBr
pellets in the 4000–250 cm–1 region. Magnetisation of an assembly
of single crystals was measured between 5 and 300 K at 0.1 T on a
Quantum Design MPMS5 SQUID magnetometer and corrected
for temperature-independent effects.

A single crystal of [Cu(hfac)2(Svdpy)] was selected, mounted onto
a glass fiber and transferred in a cold nitrogen gas stream to 200(2)
K.

Crystal Data for [Cu(hfac)2(Svdpy)]: C19H12Cu1F12N5O4S1, mono-
clinic, P21/c, a = 10.1872(17) Å, b = 18.232(6) Å, c = 28.497(8) Å
and β = 94.85(2)°; V = 5274(2) Å3, Z = 8, ρ = 1.758 gcm–3, μ =
1.029 mm–1, M = 697.96 gmol–1, 72645 reflections collected, 14962
independent [R(int) = 0.0622], 7149 observed [I �2σ(I)], 779 pa-
rameters. Intensity data were collected with a Bruker–Nonius
Kappa-CCD with graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). Unit-cell parameter determinations, data collection
strategy and integration were carried out with the Nonius EVAL-
14 suite of programs.[23] Multi-scan absorption correction was ap-
plied.[24] The structure was solved by direct methods using the Sir92
program[25] and refined by full-matrix least-squares methods using
the SHELXL-97 software package to R1 = 0.0752 with I�2σ(I)
and wR2 (all data) = 0.2743 for all reflections; GOF on F2 = 1.039,
max./min. residual electron density 1.315/–0.750 eÅ–3.[26]

CCDC-721854 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

The calculations have been performed on both complexes of the
asymmetric unit leading to comparable results at each level of cal-
culation (see Supporting Information). Complete active space self-
consistent field (CASSCF) calculations including 2 electrons in 2
active molecular orbitals (CAS[2,2]SCF) were performed using the
Molcas 7.2 package.[27] A simplified structure was constructed by
replacing the CF3 groups by H atoms. The carbon, sulfur, nitrogen
and copper atoms were depicted with ANO RCC-type DZP basis
sets.[27,28] A minimal basis set (8s)/[1s] was used for the hydrogen
atoms and the hfac ligands. Whatever the definition of the active
space, it has been clearly demonstrated that the singlet-triplet en-
ergy difference cannot be accurately evaluated ignoring the dynami-
cal correlation effects.[16] A bare-valence picture limited to
CAS[2,2]SCF calculations might be not sufficient to understand
the microscopic origins of the phenomena even if numerical accu-
racy seems to be reached. CI expansions are then required to take
into account all the physical effects. Using the molecular orbitals
of the triplet state, the CI spaces are constructed from selected exci-
tations on top of the CAS wavefunctions. The procedure we used
has been described previously.[6] It relies on the Difference Dedi-
cated CI (DDCI) method[29] as implemented in the CASDI code.[30]

The singlet-triplet energy differences (i.e. the J values) are then
computed at the different DDCI-1 and DDCI-3 levels. Class-parti-
tioned CI calculations are employed to isolate the leading mecha-
nisms on each space.[17] The DDCI-1 space contains all the single
excitations. This allows a more realistic evaluation of the charge
transfers between the magnetic centres and the inclusion of the spin
polarization effects. The stabilization of the ionic forms resulting
from the electron hoping (kinetic exchange) favours the singlet state
over the triplet, i.e. brings an antiferromagnetic contribution. In
contrast, the net effect of the spin polarization is hard to predict.
However, it has been shown that quantitative agreement demands
a DDCI-3 level of calculations.

Supporting Information (see also the footnote on the first page of
this article): Supporting Information for this article is available on
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the WWW under http://www.eurjic.org/ or from the author. It con-
tains details on the synthetic process, on the crystal structure (dis-
tances and angles, crystal packing), on the fitting procedure (choice
of the model) and on the theoretical study (J1 for the second com-
plex of the asymmetric unit; spin-polarisation process).
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