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The structure and magnetic properties of double azido-
bridged Cu" binuclear complex 1 with the chelating chiral
ligand (S,S)-2,2'-isopropylidenebis(4-phenyl-2-oxazoline)
were analyzed by combining experimental and theoretical
techniques. The Cu" ions adopt a square pyramidal geome-
try with different degrees of distortion, whereas the two end-
on azido bridges disposed at the equatorial positions exhibit
significantly different Cu-N-Cu angles, 110.6 and 97.3°
which are respectively smaller and larger than the critical
108° value distinguishing the ferromagnetic and antiferro-
magnetic regimes. The asymmetry in 1 arises from the use
of the bulky asymmetric ligand, giving rise to two different
magnetic pathways between the Cu! ions. The magnetic
pathway along the large Cu-N-Cu angle value dominates
over the small one, resulting in a net antiferromagnetic be-
havior with J = -78.6 cm™. On the basis of wavefunction cal-

culations, we investigate the exchange interactions in syn-
thetic compound 1 and fictitious analogs 2 and 3 holding
either two large (i.e., 110.6°) or two small (i.e., 97.3°) Cu-N-
Cu angles. The calculated exchange interaction in 1
(=104 cm™) is in relatively good agreement with the experi-
mental value and corresponds precisely to the average be-
tween the antiferromagnetic value in 2 (-218 cm™!) and the
ferromagnetic one in 3 (21 cm™). The significant enhance-
ment in the antiferromagnetic contribution accompanying
the expansion of one of the Cu-N-Cu bridging angles is un-
doubtedly the driving force for the observed antiferromag-
netic behavior in 1. The control of the local metal environ-
ments allowed us to monitor the exchange coupling interac-
tions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Molecular magnetism of polynuclear complexes, in
which paramagnetic metal ions are connected by small brid-
ges to form discrete or extended structures, has been an
active field of research for decades.!'! Among the large vari-
ety of bridging ligands used, the azido ion has attracted
considerable attention for its versatility and efficiency in
bridging metal ions and mediating magnetic exchange.”) As
a matter of fact, numerous azido-bridged metal compounds
with various structural topologies and magnetic properties
have been reported.”! Nevertheless, simple model systems
are still desirable for the purpose of better understanding
the magnetic exchange mechanism and obtaining magne-
tostructural correlations. In this context, particular atten-
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tion has been paid to binuclear azido-bridged Cu'' sys-
tems,[* "1 which have a limited number of electrons (i.e.,
two unpaired electrons) involved in the interaction and pro-
vide the simplest model. Cu'! ions usually adopt either a
square planar, square pyramidal, or axially elongated octa-
hedral geometries and are bridged by two azido ions in the
u-1,1 (end-on, EO)* or -1,3 (end-to-end, EE)Ha-4b.10.11]
modes (Scheme 1). The bridge may adopt the “symmetric”
equatorial-equatorial (eq—eq) fashion (i.e.,, occupy the
equatorial positions of both Cu ions; Scheme 1c¢), with two
comparable short Cu—N bonds (1.97-2.14 A),167-101 or the
asymmetric equatorial-axial (eq—ax) fashion (i.e., occupy
the equatorial position of one Cu ion but the axial position
of the other metal ion; Scheme 1d) with short (1.97-2.08 A,
equatorial) and long (2.19-2.85 A, axial) Cu-N bonds.[8--11]
It is now accepted that the nature and magnitude of the
magnetic exchange are not only dependent upon the bridg-
ing mode (EO or EE), but also strongly influenced by the
arrangement (eq—eq or eq—ax) of the azido bridge between
the metal ions.

The observation that the EO azido bridge can transmit
strong ferromagnetic interactions, which are more relevant
to the design of molecular magnets than antiferromagnetic
ones, has evoked extensive experimental and theoretical
studies.[®7-12-15] Earlier studies seemed to suggest that the
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Scheme 1. The end-on (EO, a) and end-to-end (EE, b) coordination
modes and the equatorial-equatorial (eq—eq, ¢) and equatorial—
axial (eq—ax, d) disposition fashions of the azido bridge.

EO azido bridge mediates intrinsic ferromagnetic exchange
through a spin polarization mechanism.[®»!2] Nevertheless,
such a picture was reconsidered. An increasing number of
Cu'" compounds with eq—ax EO azido bridges have been
reported with magnetic interactions ranging from weak fer-
romagnetic to weak antiferromagnetic (J ranging from -9
to 13cm ™), but no unambiguous magnetostructural
correlation has been proposed. For systems with symmetric
eq—eq EO azido bridges, experimental studies have sug-
gested that small Cu—N-Cu bridging angle values favor the
ferromagnetic behavior. Conversely, antiferromagnetism
can be anticipated as soon as this angle is larger than a
critical value estimated to be about 108°.1'3 The angular
dependence is consistent with the spin delocalization
mechanism, supported by a polarized neutron diffraction
studyl'¥ and theoretical DFT calculations.!'>! The small-an-
gle ferromagnetic regime was confirmed in a number of bi-
nuclear systems with double EO azido bridges (J ranging
from 23 to 230 cm ).17] In contrast, the antiferromagnetic
interaction for larger bridging angles has only been attrib-
uted in some mixed bridged systems, in which the metal
ions are simultaneously linked by EO azido groups and
bridges of other types.[!’] To the best of our knowledge,
synthetic species holding two large-angle eq—eq EO azido
bridges have not been reported so far, nor have the species
with simultaneous small- and large-angle bridges. Such sys-
tems would be highly desirable not only from the view-
points of magnetostructural studies but also in the prepara-
tion of molecular systems with specific and controlled mag-
netic behavior.

In the course of our work on metal-azide systems,*>%¢
we obtained a unique binuclear Cu'" complex [Cus(L)»(N3)4]*
0.5CH;0H (1) with double eq—eq EO azido bridges [L =
(S,5)-2,2'-isopropylidenebis(4-phenyl-2-oxazoline),

Scheme 2]. The system was characterized by using X-ray
diffraction and temperature-dependent magnetic suscep-
tibility measurements. The complex is unique, because one
Cu-N-Cu angle (110.6°) is larger than the critical angle
value, whereas the other one is smaller (97.3°). In addition,
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the small-angle bridge is asymmetric with short and long
Cu-N distances (2.02 and 2.32 A), which is rather unusual
for eq—eq bridges. Thus, 1 looks like a very intriguing model
system to further investigate the exchange interactions
through the azido magnetic couplers. Experimental studies
reveal overall antiferromagnetic coupling between the Cu'!
ions. In order to clarify the origin of the magnetic coupling
and to gain magnetostructural information about the two
competing pathways, quantum chemical calculations were
performed on this peculiar compound. The exchange inter-
actions were compared with those calculated for the fic-
titious systems with either two large (compound 2) or two
small (compound 3) Cu-N-Cu angles. Our calculations
suggest that (i) the large- and small-angle pathways mediate
antiferro- and ferromagnetic exchange contributions,
respectively, and (ii) the former overtakes the latter to result
in a net antiferromagnetic behavior in synthetic compound

O

Scheme 2. The bis(oxazoline) ligand (L) used in the preparation of
1.

AW

Results and Discussion

Crystal Structures

According to X-ray crystallographic analyses, the struc-
ture consists of binuclear molecules in which the Cu'! ions
are bridged by double azido ligands in the EO mode. The
molecular structure is shown in Figure 1 and selected bond
lengths and angles are listed in Table 1.

Both Cu'! ions exhibit a square-pyramidal geometry with
different degrees of distortion, as clearly shown in Figure 1.
For Cul, the basal plane is formed by three azido nitrogen
atoms (N8, N11 and N5) and an oxazoline nitrogen atom
(N1) from the chelating organic ligand, and the axial posi-
tion is occupied by the other nitrogen atom (N2) from the
chelating ligand. The four basal nitrogen atoms are almost
coplanar, with their deviations from the least-square plane
being smaller than 0.061(4) A. The Cul atom is displaced
out of the basal plane by 0.252(4) A towards the pyramidal
apex. The Cu2 environment is similar, with three azido ni-
trogen atoms and an oxazoline nitrogen atom (N3, N5, N&,
and N14) in the basal plane and another oxazoline nitrogen
atom (N4) at the axial position. However, the basal plane
of Cu?2 is significantly distorted towards tetrahedral geome-
try with deviations of the basal donor atoms from the least-
squares plane being in the range of 0.209(4)-0.251(4) A.
The displacement of Cu2 out of the basal plane is also
3009
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Figure 1. A perspective view of the binuclear molecule in 1 (top;
hydrogen atoms are omitted and carbon atoms are not labeled for
clarity) and a highlighting view of the coordination polyhedrons
(bottom).

Table 1. Selected bond lengths [A] and angles [°] in compound 1.

Cul-NI1 2.015(6) Cu2-N3 1.986(7)
Cul-N2 2.181(6) Cu2-N4 2.070(6)
Cul-N11 1.987(7) Cu2 N14 1.918(7)
Cul-N5 2.013(7) Cu2-N5 1.957(7)
Cul-N8 2.021(7) Cu2-N§ 2.319(7)
NI11-Cul-N5 92.5(3) N14-Cu2-N5 96.4(3)
N11-Cul-NI 88.3(3) N14-Cu2-N3 90.2(3)
N5-Cul-N1 162.1(3) N5-Cu2-N3 166.2(3)
NI11-Cul-N8 166.9(3) N14-Cu2-N4 124.8(3)
N5-Cul-N8 78.9(3) N5-Cu2-N4 97.7(3)
NI1-Cul-N8 96.8(3) N3-Cu2-N4 88.4(2)
N11-Cul-N2 99.2(3) N14-Cu2-N8 144.7(3)
N5-Cul-N2 111.7(3) N5-Cu2-N8 73.13)
NI-Cul-N2 85.7(3) N3-Cu2-N8 94.5(3)
N8-Cul-N2 93.2(3) N4-Cu2-N8 90.4(3)
Cul-N8-Cu2 97.3(3) Cu2-N5-Cul 110.6(3)
N7-N6-N5 176.8(9) N10-N9-N8 176.4(11)
NII-NI2-NI3  174.4(11) NI4 NI5N16  169.2(10)

larger [0.390(4) A]. These parameters suggest that the ge-
ometry of Cu2 is more severely distorted than that of Cul.
According to Addison et al.,[' the distortion of the square
pyramidal geometry towards trigonal bipyramidal can be
described with the geometric parameter t = | — a|/60, where
p and a are the bond angles involving the ¢trans donor atoms
in the basal plane. The parameter is 0 for an ideal square
pyramid and 1 for an ideal trigonal bipyramid. The calcu-
lated 7 values for Cul and Cu2 are 0.08 and 0.358, respec-
tively. The large value for the Cu2 ion suggests a high dis-
3010
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tortion of the coordination geometry towards trigonal bipy-
ramidal, with two azido nitrogen atoms (N3 and NY) at
axial positions.

In addition, the geometry around Cu2 exhibits an un-
usual feature. The square-pyramidal coordination for Cu'!
ions usually shows axial elongation due to the Jahn-Teller
effect. This is the case for Cul, which has a long axial Cul-
N2 bond [2.181(6) A] and four short equatorial Cu-N
bonds [1.987(7)-2.021(7) A]. In contrast, the Cu2 environ-
ment exhibits a short axial Cu2-N4 distance [2.070(6) A],
three short equatorial distances [1.918(7)-1.986(7)], and a
long equatorial Cu2-N8 distance [2.319(7) A]. At first
glance, the long Cu2-N8 distance may lead to the impres-
sion that the N8 atom is at the axial position of the square
pyramid. However, this assumption is not consistent with
the N-Cu2-N angle data. Indeed, all the N4-Cu2-N angles
are closer to 90° than to 180° (see Table 1), suggesting that
N4 occupies the axial position of the square pyramid, and
consistently, the N8—Cu2-N14 angle is closer to 180° than
to 90°, suggesting a quasiequatorial position for N8. The
quasiequatorial, instead of axial, arrangement of N8 is
clearly depicted in Figure 1 (bottom). This unusual obser-
vation may be due to the steric hindrance imposed by the
very bulky ligand and should have important magnetic rele-
vance.

All the azido ions, including the bridging and terminal
ones, are quasilinear with N-N-N angles in the range of
169.2(10)-176.8(9)°. The Cul and Cu2 atoms are connected
through two nonequivalent EO azido bridges with
d(Cu-Cu) = 3.265(1) A, and both azido bridges are dis-
posed between the two Cul! ions in an eq-eq fashion, that
is, the bridging nitrogen atoms lie in the equatorial planes
of the Cu ions. The bridging angles of Cul-N5-Cu2 and
Cul-N8-Cu2 are 110.6(3) and 97.3(3)°, respectively. The
smaller bridging angle is associated with the long Cu2-N8§
distance. The [Cu,N,] four-membered ring is almost planar
with deviations smaller than 0.007(3) A.

To summarize, the N5 azido ion is a symmetric eq—eq
bridge with short Cu—N distances and a large bridging an-
gle, whereas the N8 azido ion is an asymmetric eq-eq
bridge with short and long Cu-N distances and a small
bridging angle. These particular features give rise to a quite
asymmetric [Cu,(N3),] bridging moiety. In the previously
reported Cu'" dimers with the double EO azido bridges, the
[Cu,(N3),] moieties are usually symmetric or quasisymmet-
ric with two comparable bridging angles.[®71 The asym-
metry in 1 arises from the use of the asymmetric ligand,
which does not allow inversion and mirror symmetry in the
structure. The large steric hindrance introduced by the
bulky ligand may also contribute to the large discrepancies
in bridging angles and bond lengths.

The binuclear molecules are isolated by the ligands and
the shortest intermolecular Cu-+Cu distance is 6.6 A. Only
weak hydrogen bonds are operative between neighboring
molecules. Along the crystallographic ab plane, the mole-
cules are associated through two independent sets of C—
H---m interactions involving phenyl C-H groups and phenyl
rings, and along the ¢ direction, C—H--*N hydrogen bonds

Eur. J. Inorg. Chem. 2009, 3008-3015
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involving methyl groups and terminal azido nitrogen atoms
are operative between neighboring molecules (see the Sup-
porting Information).

Magnetic Properties

The magnetic susceptibility of complex 1 was measured
in the 2-300 K temperature range and is shown as y7 and
x vs. T plots in Figure 2. The measured y 7T value at 300 K
is about 0.77 emumol 'K per dimer, comparable to the
spin-only value of 0.75 emumol 'K for two uncoupled S
= 1/2 spins. Upon cooling, while the 7T value decreased
monotonically, the y value increased to a round maximum
of 5.9X1073 emumol™ at ca. 70K, and then dropped
rapidly to 1.3 X 1073 emumol™! upon cooling to 16 K. Be-
low 16 K, an approximate plateau of y7 was observed,
which is consistent with the rapid increase in y. The data
above 130K follows the Curie-Weiss law with C =
0.94 emumol 'K and 0 = —62 K. These features suggest
antiferromagnetic coupling between Cu'! ions, and the be-
havior below 16 K is attributable to the presence of a para-
magnetic impurity.
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Figure 2. Thermal variations of y and y7. The solid lines represent
the best fit to the Bleaney—Bowers equation.

The experimental data were fitted with the modified Ble-
aney—Bowers equation!!”l based on the Heisenberg Hamil-
tonian H = —JS§;-S,. The molar susceptibility per dimer is

2Ng'B*(1-p) |, Ng’B’p

= + No
2= B +explJ/kT)) 24T

where Na is the temperature-independent paramagnetism
assumed to be 120 X 10 emumol™! per molecule, and p is
the molar fraction of the paramagnetic impurity, which is
assumed to be mononuclear Cu'' species. The impurity
term is given for two Cu'! ions. The best fit leads to J =
—78.6cm™!, g = 2.08, and p = 0.02, with R = Z(yopsa. —
Fealed ) A opsa > = 5.7 X 1074, The negative J value confirms
a medium antiferromagnetic interaction in 1.

In the previously reported binuclear Cu'! systems with
double EO azido bridges, the magnetic interactions are usu-
ally ferromagnetic (J = 23-230 cm™') for symmetric eq—eq
bridges!®”! and may be weakly antiferromagnetic or ferro-
magnetic (/ = -9-13cm!) for asymmetric eq-ax brid-
ges.[®9 The medium antiferromagnetic interaction through
the double eq—eq bridge in 1 is quite unusual and signifi-
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cantly stronger than those for eq—ax bridges. The interac-
tion can be qualitatively interpreted as the result of two
competing pathways. Whereas the N8 pathway with a small
Cu-N-Cu angle (97.3°) is expected to transmit ferromag-
netic exchange, the N5 pathway, which has a large Cu-N-
Cu angle of 110.6°, should favor antiferromagnetic interac-
tions as suggested by experimental studies on systems with
mixed diazine and EO azido bridges!'?! and previous theo-
retical calculations.'>) The observed antiferromagnetic in-
teraction in 1 suggests that the ferromagnetic exchange
through N8 is exceeded by the antiferromagnetic one
through N5. With a magnetostructural goal in mind, the
relative orientation of the magnetic orbitals controlled by
the local distortion and asymmetric chelating ligand is
likely to generate unusual magnetic properties. In order to
analyze the interaction mechanism and to get more infor-
mation on magnetostructural correlations, theoretical cal-
culations were carried out on this intriguing system.

Theoretical Study

DFT calculations performed on 1, 2, and 3 are summa-
rized in Table 2. The calculated magnetic constant in 1 is
consistent with the experimental antiferromagnetic behav-
ior. At this stage, the discrepancy with the measured ampli-
tude is rather puzzling, though previous theoretical DFT
studies have reported such inconsistency for Cu! dimers.[!8]
As the N8 bridge angle value is set to the N5 one (110.6°,
compound 2), the antiferromagnetic character is signifi-
cantly enhanced as J is reduced by 112 cm™!. In contrast, 3
exhibits weak ferromagnetic character as anticipated by the
reduction in the Cu—N5-Cu angle to 97.3°. These DFT re-
sults clearly suggest that a large Cu-N-Cu value favors
antiferromagnetic interactions, in agreement with previous
conclusions. Interestingly, one can conclude that the antifer-
romagnetic interaction through the Cu-N5-Cu pathway
overtakes the ferromagnetic one mediated by the Cu-N8-
Cu one. Nevertheless, (i) the apparent disagreement be-
tween the experimental and calculated exchange constant in
1 and (ii) the absence of relationship between the different J
values calculated in compounds 1, 2, and 3 called for fur-
ther inspections.

Table 2. Calculated exchange coupling constants J [cm™'] in 1 and
fictitious analogs 2 and 3 (for comparison, the experimental value
for 1is —78.6 cm™).

DFT CASSCF DDCI-1 DDCI-3
1 -142 3 30 -104
2 -254 -14 -6 -218
3 22 13 60 21

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Thus, complementary wavefunction-based calculations
were carried out to grasp the origin of such fundamental
differences. As a result of the size of the system, rather small
basis sets were used. However, it was shown that the calcu-
lated exchange values do not greatly suffer from reduction
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of the basis set, down to minimal ones.'”] Our results ob-
tained by using different variational spaces following the
DDCI methodology are summarized in Table 2.

Starting from the CAS[2,2]SCF triplet MOs (see Fig-
ure 3), the J values were estimated at the successive DDCI-
1 and DDCI-3 levels of calculations. The magnetic orbitals
display strong metallic character and correspond to the ex-
pected “eg-like” singly occupied atomic orbitals (AOs) com-
binations. As a result of the local Jahn-Teller distortion
around the Cul ion, the singly occupied AO involved is
the d,> ,>-type perpendicular to the axial Cul-N2 bond,
pointing towards the N3, N5, N8, and N14 atoms (see Fig-
ures 1 and 3). In contrast, the significant distortion of the
Cu2 environment towards compressed trigonal bipyramidal
results in a singly occupied d,.-type AO lying along the ax-
ial direction (N3-Cu2-NJ5) of the bipyramid. The MO pic-
tures clearly illustrate that the symmetric N5 bridge should
be a more efficient coupler than the asymmetric N8 one. As
seen in Table 2, the exchange interactions are significantly
influenced by the correlation effects introduced by the
DDCI treatment. The antiferromagnetic character is indeed
recovered at a DDCI-3 level of calculations in 1, reaching
reasonable agreement with experimental results. The anti-
ferromagnetic behavior is greatly enhanced in fictitious
compound 2, as the value of |J] is increased by approxi-
mately a factor of two. This is to be contrasted with our
numerical estimate of the magnetic interaction in 3, which
turned out to be of weak ferromagnetic character.

Figure 3. Active MOs resulting from a CAS[2,2]SCF calculation
performed for the low-lying triplet state of 1.

From our inspections performed upon double-bridge EO
complex 1, we can conclude that the exchange interaction
is very sensitive to the Cu-N5-Cu angle. It is known from
the literaturel!3! that the ferro/antiferro transition occurs at
a critical value ca. 108° in such a compound. As observed
in 2, a slight deviation (less than 3°) from this value induces
considerable antiferromagnetic character. Conversely, the
occurrence of ferromagnetism is more progressive as the
Cu-N8-Cu angle is reduced (see compound 3). Therefore,
one can effectively anticipate an antiferromagnetic behavior
in 1. Interestingly, the net exchange coupling constant in 1
is precisely the average between the corresponding DDCI
values in 2 and 3. Surprisingly, the DFT results do not offer
such additive picture (see Table 2). Nevertheless, this par-
ticular observation can be understood by using the well-
3012
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known Anderson’s model,?” as the superexchange interac-
tion contributions are additive along the large Cu-N5-Cu

4tlzargc 4[§mal]
and small Cu—N8-Cu pathways (J = 2K — v U

Assuming that the latter are almost negligible (7.1 = 0),
the direct exchange K is =10 cm™! according to the calcu-
lated result of 3 (where the large-angle pathway is absent).
Thus, assuming that the correlated characters controlled by
the z.¢/ Uere factor are very similar, the effective hopping in-
tegral (z.¢r) that governs the antiferromagnetic contributions
between the two Cu'l ions is reduced in synthetic com-
pound 1 relative to that of fictitious analog 2 by a factor
of ca. 2, a rather spectacular effect for so small an angle
modification.

Finally, a reading of the multireference wavefunction of-
fers an interpretation of the underlying mechanisms. One
may evaluate in the singlet state the relative weights of the
so-called ionic and neutral forms. Let a and f be the valence
MOs of the CAS|[2,2]SCF triplet solution (see Figure 3).
These MOs are mainly the in-phase and out-of-phase linear
combinations of the d-type AOs a and b. Thus, the corre-
lated singlet wavefunction Alad| — u|ff| can be written in
terms of the |adl, |bb| (two electrons localized on one copper
center, i.e., ionic forms) and |ab|, |ba| (neutral forms) deter-
minants. The neutral and ionic weights in the wavefunction
read (1 — x)*> and (4 + p)?, the ratio of which p defines the
correlated character of the system. As a matter of fact, the
larger the value of p, the higher the stabilization of the trip-
let state. As seen in Table 3, the correlated characters in 1
and 2 are almost identical, supporting our previous as-
sumption that the 7./ U. factors are very similar. Thus, the
larger stabilization of the singlet state in 2 as compared to
that of 1 confirms the enhancement in the effective hopping
integral and should not be ascribed to a larger stabilization
of the ionic forms. As expected from the ferromagnetic
character of 3, p decreases by almost a factor of 6 from
DDCI-1 to DDCI-3. This result supports our previous as-
sumption that the superexchange contributions in 3 were
almost negligible. All our calculations performed upon the
synthetic compound 1 and analogs 2 and 3 demonstrate the
versatile character of the azido linker in the generation of
molecular magnetic architectures.

Table 3. Values of p(X 1072) [p = (4 + w)*/(/ — u)?] for complexes 1,
2, and 3.

CASSCF DDCI-1 DDCI-3
1 439 5.9 2.7
2 22.4 10.0 2.6
3 286.5 50.0 8.3
Conclusion

In the present work, we have structurally and magneti-
cally characterized an original binuclear Cu''-azide com-
plex involving a chiral bis(oxazoline) ligand. In the com-
plex, the two Cu'" ions in distinct coordination geometries
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are linked by two eq-eq end-on azido bridges. One bridge
is quasisymmetric with short Cu-N distances, and the other
is asymmetric with short and long Cu—N distances. Unprec-
edentedly, the two Cu-N-Cu bridging angles are, respec-
tively, smaller and larger than the critical 108° value that
distinguishes the ferromagnetic and antiferromagnetic re-
gimes. These features are intriguing from the viewpoints of
magnetostructural studies. It is observed from temperature-
dependent magnetic susceptibility measurements that the
two different bridges compete to settle a net antiferromag-
netic coupling between the Cu'! ions. Complementary DFT
and wavefunction-based calculations were performed to an-
alyze the origin of such magnetic behavior. The importance
of the bridging angles was quantified by varying this critical
parameter. We showed that antiferromagnetism is very sen-
sitive to the Cu-N-Cu angle that modulates the superex-
change mechanism. Quantitatively, the magnetic interac-
tions in 1 correspond to the average of the exchange con-
stants in two fictitious structures with either two large or
two small Cu—N-Cu angles. Thus, the control of the local
transition-metal environments by the use of some specific
chelating ligands allowed us to monitor the exchange cou-
pling interactions through azido bridges.

Experimental Section

Materials and Measurements: All the starting chemicals were used
as received. Elemental analyses (C, H, N) were performed with an
Elementar Vario EL analyzer. IR spectra were recorded with a Nic-
olet Magna-IR 750 spectrometer equipped with a Nic-Plan Micro-
scope. Temperature-dependent magnetic measurements were car-
ried out with a Quantum Design SQUID MPMS-5 magnetometer
with an applied field of 2 kOe, and the diamagnetic correction
(-475 % 10% emumol ') was made with Pascal’s constants.

Synthesis of [Cuy(L),(N3)4]'0.5CH30H (1): A methanol solution
(5 mL) of L (0.05 mmol, 17 mg) was added dropwise into a meth-
anol solution (5mL) of copper(Il) acetate monohydrate
(0.05 mmol, 10 mg). After stirring for 5 min, a methanol solution
(5 mL) of sodium azide (0.1 mmol, 6.5 mg) was added with con-
tinuous stirring. Slow evaporation of the resulting solution at 4 °C
in a refrigerator yielded dark-green crystals of 1. Yield: 34.1%. The
bulk phase purity of the sample was confirmed by powder X-ray
diffraction. IR (KBr): ¥ = 2057 (s), 2034 (s), 1659 (m), 1475 (s),
1230 (s), 1123 (s), 701 (s) cm ', C4r sH46Cu,N 04 5 (980.03): calcd.
C 52.09, H 4.73, N 22.87; found C 51.66, H 4.73, N 22.94.

Caution! Although not encountered in our experiments, metal com-
plexes of azides are potentially explosive. Only a small amount of
the materials should be prepared and handled with care.

Crystallographic Determination: Diffraction intensity data of the
single crystal of 1 were collected at 298 K with a Bruker APEX II
diffractometer equipped with a CCD area detector, equipped with
graphite-monochromated Mo-K,, radiation (. = 0.71073 A). Em-
pirical absorption corrections were applied by using the SADABS
program.?!1 All structures were solved by direct methods and re-
fined by full-matrix least-squares analysis on F? with anisotropic
thermal for all non-hydrogen atoms.??! Hydrogen atoms in the
complex molecule were placed at calculated positions and refined
isotropically, and we were unable to locate the hydrogen atoms of
the disordered lattice methanol molecule from the difference map.
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Crystal data: Cys sHs6CusN4O45, Mr = 980.03, Orthorhombic,
space group P2,2,2;, a = 15.0356(5) A, b = 16.9982(6) A, ¢ =
18.4724(7) A, V = 4721.1(3) A3, Z = 4, u(Mo-K,) = 0.961 mm !,
Peated. = 1.379 gem™3, T =298 K, S = 1.048, R; = 0.0696 for 5022
reflections with 7>2c(/), and wR, = 0.1997 for 9244 independent
reflections (R;,; = 0.0788, 26879 collected reflections).

CCDC-668122 (for 1) 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.

Computational Details: In order to grasp the origin of the magnetic
coupling in the here-reported compound, quantum chemical calcu-
lations were performed. Our goal was to support the extracted cou-
pling constant value and to investigate the sensitivity of this inter-
action upon the critical Cu-N-Cu angle values. Thus, DFT and
wavefunction-based (ab initio configurations interactions, CI) cal-
culations were used to probe the magnetic interactions. Whereas
the former methodology allows one to investigate rather extended
systems, it may suffer from the arbitrariness of the exchange corre-
lation functional and may not always be appropriate. In contrast,
CI calculations, which use the exact Hamiltonian, have proven to
reach impressive agreement with experimental data.l*! In particular,
the difference dedicated configurations interaction (DDCI)
method!?3 has been designed and applied to evaluate vertical en-
ergy differences, reaching spectroscopy accuracy.*?# The strength
of wavefunction-based calculations is their ability to quantitatively
distinguish the different underlying mechanisms (i.e., direct ex-
change, superexchange, spin polarization) contributing to the ex-
change coupling between the spin holder partners.[>>! All our simu-
lations were carried out by using the crystallographic data, compar-
ing DFT and wavefunction-based approaches. Because the Cu'' ion
exhibits a d° electronic configuration, the expected spin states result
from the coupling between two s = 1/2 local spins, namely a singlet
(S) and a triplet (T). By using the standard Heisenberg model Ham-
iltonian H = —JS§;-S,, the exchange coupling constant reads J =
Egs — Er. DFT calculations were carried out by using the commonly
accepted hybrid functional B3LYP.?%! with all electron TZVP basis
sets for all the elements as implemented in the Gaussian 03 pack-
age.[’’] Nevertheless, a single-determinant approach calls for the
evaluation of a fictitious state energy (so-called broken-symmetry,
BS).”® Following the original development of Noodleman, the
triplet-state energy Et was initially converged to produce magnetic
molecular orbitals (MOs) at an unrestricted level (i.e., UB3LYP).
Then, the BS state was generated and the corresponding energy
Egg calculated through a standard self-consistent procedure. The
exchange coupling constant was fully determined as a function of
the triplet and BS energies difference and the magnetic orbitals
overlap Sup:

J = AEgt = (Eps — Ep)l(1 + Su?)

Since the through-space overlap is totally negligible considering the
Cu—Cu distance (=3.26 A), J reduces to Egs — Er. Let us mention
that the use of a not spin-projected formula leads to a similar ex-
pression for the coupling constant J.

In the meantime, we also performed explicitly correlated ab initio
calculations that convey important information from a reading of
the wavefunction. Thus, complete active space self-consistent field
(CASSCEF) calculations were first undertaken to generate a refer-
ence space including the leading electronic configurations in the
desired spin multiplicities. The complete active space (CAS) should
include at least the unpaired electrons on the different partners
and the corresponding MOs. We restricted our inspections to the
minimal active space (i.e., 2 electrons/2 MOs, CASJ[2,2]). All these
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preliminary CAS[2,2]SCF calculations were performed by using the
Molcas 6.0 package,* with effective core potential for the Cu
atoms with a (9s6p6d)/[3s3p4d] basis set contraction? and all elec-
tron basis sets for the rest of the elements (i.e., N,C,O (6s3p)/[2s1p]
and H (3s)/[1s]).31 It has been reported that a basis set enlargement
from (4s3p2d) to (5s4p3dlf) upon the Cu atom and (2slp) to
(3s2p1d) on the N ones affects the calculated coupling constant by
less than 11%.1"'%) The dynamical polarization and correlation ef-
fects were then incorporated by using the DDCI method as im-
plemented in the CASDI code.[3? It has been clearly demonstrated
that a bare valence-only description is not relevant to grasp such
energy differences.*3 Thus, one should include selected configura-
tions reached by excitations on top of the CASSCF wavefunction.
As the number of degrees of freedom [i.e., holes in doubly occupied
(inactive) MOs or particles generated in empty (virtual) MOs]
grows, the successive DDCI-1, DDCI-2, and DDCI-3 levels are
reached by expanding the CI space. Because the DDCI philosophy
relies on the simultaneous characterization of different states that
share similar spatial descriptions, one has to initially determine a
set of common MOs to build up the CI space. Thus, the triplet-
state CAS[2,2]SCF MOs were used to evaluate the singlet-triplet
energy difference along the DDCI framework. Let us stress that
the energetics are almost unaffected (less than 5%) by the use of
the CASSCEF singlet-state set of MOs.

Finally, considering the importance of the azido bridge characteris-
tics, two fictitious analogs of 1 were built by varying the Cu-N-Cu
angles. Model complexes 2 and 3 were constructed by making the
two bridges strictly identical, whereas the Cu-+Cu distance was
maintained and unchanged. In complex 2, both angles were set to
the large angle value 110.6°, whereas in 3 these angles were 97.3°.
By means of DFT and DDCI calculations performed upon such
models, our goal was to provide an interpretation of the exchange
interaction by splitting the contributions along the large- and
small-angle pathways in synthetic compound 1.

Supporting Information (see footnote on the first page of this arti-
cle): Figure showing the weak intermolecular hydrogen bonds in 1.
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