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’ INTRODUCTION

Since the discovery of the peculiar magnetic properties of the
so-calledMn12 compound,

1�3 the design of new transition-metal
complexes with large magnetic anisotropy has become popular
and several strategies have been followed. While in mononuclear
complexes the anisotropy can be usually enlarged by maximizing
the geometrical distortions of the first coordination sphere, in
polynuclear complexes the anistropic intersite interactions are
difficult to predict and hence the property of the whole system is
far from being predictable.

Between mono- and binuclear complexes, a particular case of
potential interest occurs when one of the two metal centers of a
binuclear complex is diamagnetic, such as in NiII�YIII com-
plexes. In such cases, the zero-field splitting (ZFS) can be
attributed only to the single-ion anisotropy of the NiII ion
because the YIII ion is a closed-shell system. Usually, the ZFS
of NiII mononuclear complexes is interpreted only in terms of
the crystal-field interaction brought by the first coordination
sphere. Such works can be encountered, for instance, in the
famous book of Abragam and Bleaney,4 for which the axially

distorted 6-coordinate NiII complexes are treated. Magneto-
structural relations are then possible, and the sign of the D
parameter can then be predicted only with geometrical con-
siderations for homoleptic complexes, while the different
donor characters of the ligands should be accounted for in
the case of heteroleptic complexes.5 However, if the YIII ion is
close enough to the NiII one, its presence in the second
coordination sphere is susceptible to modifying in a nonneg-
ligible way the ZFS of the magnetic ion. In this case, the
influence of the second coordination sphere cannot be ne-
glected and one has to go beyond simple crystal-field ap-
proaches that usually consider only the first coordination
sphere of the magnetic ion.

In order to provide further insights into the anisotropy of such
systems, state-of-the-art ab initio calculations will be used. The
methodology is based on a two-step state-interaction (SI)
approach. In a first step, the entire d8 manifold is computed at
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ABSTRACT: The synthesis of a new NiII�YIII binuclear
complex with a marked elongation axis in the first coordination
sphere of the NiII ion is presented. Its zero-field splitting (ZFS)
is studied by means of magnetic data and state-of-the-art ab
initio calculations. A good agreement between the experimental
and theoretical ZFS parameter values is encountered, validating
the whole approach. Themagnetic anisotropy axes are extracted
from the ab initio calculations, showing that the elongation axis
around the NiII ion corresponds to the hard axis of magnetiza-
tion and that the sign of the axial D parameter is imposed by this axis. The Ni�Y axis is found to be an easy axis of magnetization,
which is, however, not significant according to the sign of D. The already reported [(H2O)Ni(ovan)2(μ-NO3)Y(ovan)-
(NO3)] 3H2O (ovan = o-vanillin) complex is then revisited. In this case, the elongation axis in the NiII coordination sphere is
less marked and the ZFS is dominated by the effect of the YIII ion belonging to the second coordination sphere. As a consequence,
the D parameter is negative and the low-temperature behavior is dominated by the Ni�Y easy axis of magnetization. A competition
between the first coordination sphere of the NiII ion and the electrostatic effect of the YIII ion belonging to the second coordination
sphere is then evidenced in both complexes, and the positive and negativeD parameters are then linked to the relative importance of
both effects in each complex.
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the complete active space self-consistent-field (CASSCF) level,
and the dynamic correlation can be accounted for by computing
the correlated energies at the N-electron valence second-order
perturbation theory (NEVPT2) level. A SI matrix including the
effect of both the spin�orbit coupling (SOC) and the spin�
spin coupling (SSC) is then diagonalized, and the ZFS param-
eters are extracted with the effective Hamiltonian theory. This
general extraction process has been successfully applied
in various mono- and binuclear complexes and allows one
to extract both the anisotropic parameters and the magnetic
anisotropy axes.6�11

Two complexes are considered in this work, namely, the
[(H2O)2Ni(L)Y(NO3)3] [1; L = N,N0-2,2-dimethylpropylenebis
(3-methoxysalicylideneiminato) ligand] one (see Figure 1) and
the already reported [(H2O)Ni(ovan)2(μ-NO3)Y(ovan)(N
O3)] 3H2O (ovan = o-vanillin) (2) one (see Figure 2).12 After
the synthesis and structure of 1 are reported, the magnetic data
will be used in order to extract the ZFS parameters in both
complexes. Then ab initio calculations that reproduce well
the experimental data will be presented, and both the ZFS
parameters and the magnetic anisotropy axes will be extracted,
and the origin of the different D signs in 1 and 2 will be
commented on.

’EXPERIMENTAL SECTION

[LNi] 3 1.75H2O
13 [L = N,N0-2,2-dimethylpropylenebis(3-meth-

oxysalicylideneiminato) ligand] and [(H2O)Ni(ovan)2(μ-NO3)Y(ovan)-
(NO3)] 3H2O

12 (2; ovan = deprotonated form of o-vanillin) were pre-
pared as previously described. The metal salt Y(NO3)3 3 6H2O was used
as purchased. High-grade acetone (Normapur, VWR) was used for the
preparation of the complexes.
[(H2O)2NiLY(NO3)3] (1). The addition of Y(NO3)3 3 6H2O (0.20 g,

0.52mmol) to a stirred suspension of [LNi] 3 1.75H2O (0.2 g, 0.5 mmol)
in acetone (10 mL) induced dissolution of the nickel complex with a
color change. The mixture was stirred at room temperature, and the
solution was reduced to half-volume. Slow evaporation yielded crystals
suitable for X-ray analysis. Yield: 0.15 g (41%). Anal. Calcd for
C21H28N5NiO15Y (738.1): C, 34.2; H, 3.8; N, 9.5. Found: C, 33.9; H,
3.6; N, 9.1. IR: 3569 m, 3220 l, 1629 s, 1607 m, 1462 s, 1431 m, 1401 m,
1361 m, 1293 s, 1224 s, 1166 w, 1066 m, 1038 w, 960 w, 926 w, 853 w,
824 w, 781 w, 739 m, 645 w, 621 w cm�1.
Physical Measurements. Elemental analyses were carried out at

the Laboratoire de Chimie de Coordination Microanalytical Laboratory
in Toulouse, France, for C, H, and N. IR spectra were recorded on a
Perkin-Elmer Spectrum 100 FT-IR spectrophotometer using the atte-
nuated total reflectance mode. Magnetic data were obtained with a
Quantum Design MPMS SQUID susceptometer. Magnetic susceptibil-
ity measurements were performed in the 2�300 K temperature range in
a 0.1 T applied magnetic field, and diamagnetic corrections were applied
by using Pascal’s constants.14 Isothermal magnetization measurements
were performed up to 5 T at 2 K. Themagnetic susceptibilities have been
computed by exact calculations of the energy levels associated with the
spin Hamiltonian through diagonalization of the full matrix with a
general program for axial and rhombic symmetries15 and the magnetiza-
tions with the MAGPACK program package.16 Least-squares fittings
were accomplished with an adapted version of the function-minimiza-
tion program MINUIT.17

Crystallographic Data Collection and Structure Determi-
nation for 1. Crystals of 1 were kept in the mother liquor until they
were dipped into oil. The chosen crystals were mounted on a Mitegen
micromount and quickly cooled to 180 K. The selected crystal of 1 (light
purple, 0.15 � 0.12 � 0.05 mm3) was mounted on a Bruker Kappa
APEX II diffractometer using graphite-monochromated Mo Kα radia-
tion (λ = 0.710 73 Å) and equipped with an Oxford Cryosystems
CryostreamCoolerDevice.Datawere collected at low temperature (180K).
The final unit-cell parameters have been obtained by means of least-
squares refinements. The structures have been solved by direct methods
using SIR9218 and refined by means of least-squares procedures on F2

with the program SHELXL9719 included in the software package
WinGX, version 1.63.20 Positional parameters of the H atoms of water
molecules in 1 were obtained from difference Fourier syntheses and

Figure 2. Temperature dependence of the χMT products for 1
(diamonds) and 2 (triangles) from 50 to 2 K. The solid lines correspond
to the best data fits (DNi = 10.4 cm�1 and g = 2.12 for 1 and DNi =
�6.6 cm�1 and g = 2.23 for 2).

Figure 1. Plot of complex 1with ellipsoids drawn at the 30% probability
level and with partial atom numbering. H atoms, except those of the
water molecules, have been omitted for clarity. Selected bond lengths
[Å] and angles [deg]: Ni�O1 2.0351(9), Ni�O2 2.0327(9), Ni�N1
2.0060(11), Ni�N2 2.0196(10), Ni�O3 2.1358(9), Ni�O4
2.1514(9), Y�O1 2.3197(9), Y�O2 2.2827(8), Y�O5 2.5146(10),
Y�O6 2.5157(9), Y�O7 2.4522(9), Y�O8 2.4697(10), Y�O10
2.4899(8), Y�O11 2.5159(11), Y�O13 2.4471(10), Y�O14
2.6033(11); O2�Y�O1 67.42(3), O1�Ni�O2 77.81(3), Ni�O1�Y
106.61(4), Ni�O2�Y 108.07(4).
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verified by the geometric parameters of the corresponding hydrogen
bonds. The atomic scattering factors were taken from International
Tables for X-ray Crystallography.21 All non-H atoms were anisotropically
refined, and in the last cycles of refinement, a weighting scheme was
used, where weights are calculated from the following formula: w =
1/[σ2(Fo

2) + (aP)2 + bP], where P = (Fo
2 + 2Fc

2)/3. Drawings of the
molecules are performed with the program ORTEP32 with 30% prob-
ability displacement ellipsoids for non-H atoms.22

’COMPUTATIONAL SECTION

Several methodologies have been proposed and implemented over
the last decades in order to compute the ZFS parameters. Among these,
one may quote some density functional theory (DFT) based ap-
proaches, such as the pioneering one of Pederson and Khanna,23 the
hybrid ligand-field DFT approach of Atanasov et al.,24,25 the spin DFT
perturbation theory method of Aquino and Rodriguez,26 and the
perturbative and linear response theory based approaches of Neese.27,28

Alternatively, wave-function theory (WFT) based methods that allow
one to handle the multideterminantal character of the spin eigenfunc-
tions have been proposed. Usually, these methods use a two-step
approximation. In the first step, a set of spin�orbit free states is
computed at the CASSCF level, and the SOC and/or SSC is then
introduced a posteriori as a perturbation of the spin-independent
interactions. The inclusion of the SOC and/or SSC can be either based
on quasi-degenerate perturbation theory,29 as implemented, for in-
stance, in the ORCA program,30 or based on diagonalization of a SI
matrix, as in the RASSI-SO scheme31 implemented in MOLCAS.32

Although DFT-based methods have been successfully applied on
various polynuclear complexes with nice agreement with experimental
data,33�38 WFT methods are usually more accurate that the DFT ones
for mononuclear complexes.27,39 Because this work focuses on NiII�YIII

complexes, which can be seen as particular NiII mononuclear complexes,
a two-step WFT approach is chosen to provide accurate results, as
in many reported works dealing with mono- and binuclear com-
plexes6�11,40�42 or mononuclear units of polynuclear complexes.43�46

In order to include more effects than sum-over-states approaches, a SI
method is used; i.e., a SI matrix is diagonalized in the second step of the
calculation.
All calculations are performed with the ORCA program.30 In the first

step, the state-averaged CASSCF (SA-CASSCF) method is used to
compute the spin�orbit free states belonging to the whole d8 manifold
(i.e., 10 triplet and 15 singlet spin�orbit free states). The scalar
relativistic effects are neglected in the computation of the spin�orbit
free states. The dynamic correlation is accounted for at second order of
perturbation at the NEVPT2 level. The diagonal elements of the SI
matrix may be replaced by the NEVPT2-correlated energies in order to
take into account most of the dynamic correlation effects, while off-
diagonal elements are computed by using the CASSCF wave functions.
Both the SOC and SSC are included in the SI calculation. A mean-field
SOC Hamiltonian47,48 and the Breit�Pauli SSC Hamiltonian are used.
The ZFS parameters D and E (axial and rhombic, respectively) and the
magnetic axes frame are extracted with the effective Hamiltonian
theory.6

The Def2 basis sets and the corresponding auxiliary basis sets49 are
used for all atoms with the following contraction schemes: Ni-
(5s3p2d1f), Y(6s4p3d1f), O(3s2p1d), N(3s2p1d), C(3s2p1d), and
H(2s). Calculations performed on complex 1 showed that the use of
larger basis sets does not affect the computed values in a significant way,
such as in other transition-metal complexes,11 validating the choice of
these contraction schemes.
Because the computed property is strongly dependent on the

geometry and because the experimental structures are usually more
accurate than the optimized ones, leading to more accurate ZFS

parameter values,50 no geometrical optimizations have been performed.
Complexes 1 and 2 are then taken in their experimental structure.

’RESULTS AND DISCUSSION

Structural Analysis. The crystallographic data of complex 1
are collated in Table 1. The structural determination of the Ni�Y
complex 1 (Figure 1) confirms that we have isolated a dinuclear
Ni�Y entity in which the Ni ion occupies the inner N2O2

coordination site and the Y ion the outer O2O2 coordination site
of the compartmental ligand. The two metal ions are bridged by
the two deprotonated phenoxoO atoms, and the four Ni�O2�Y
atoms are almost coplanar, with the dihedral angle between the
Ni�O1�O2 and Y�O1�O2 planes being equal to 2.72(5)�.
The central core of the molecule is characterized by very similar
Ni�O(i) (i = 1, 2) bond lengths [2.0351(9) and 2.0327(9) Å],
slightly different Y�O(i) bonds [2.3197(9) and 2.2827(8) Å],
and Ni�O(i)�Y angles of 106.61(4) and 108.07(4)�, giving a
Ni�Y distance of 3.4959(3) Å. The Ni ion is in an octahedral
environment, with the N2O2 atoms of the ligand defining the
equatorial plane and two O atoms of water molecules occupying
the apical positions with larger Ni�O bonds [2.1358(9) and
2.1514(9) Å]. These water molecules are involved in hydrogen
bonds. So, a water molecule H2O4 makes an intramolecular
hydrogen bond O4�H40A 3 3 3O13 with the coordinated nitrato
O atom O13 and an intermolecular hydrogen bond O4�H40B 3
3 3O10 with the coordinated nitrato O atom O10 of a neighbor-
ing molecule, thus giving a 1D chain in which the metal ions are
separated by 8.810(1) Å. The second water molecule is also
involved in an intramolecular hydrogen bond O3�H3A 3 3 3O7
with the coordinated nitrato O atomO7 and in an intermolecular
hydrogen bond O3�H3B 3 3 3O15 with the noncoordinated
nitrato O atom O15 of a neighboring molecule. These hydrogen
bonds yield a final 2D plane, with a 10.112(1) Å separation of the
metal ions in the second dimension. Eventually, these large
intermolecular distances allow one to consider the only magnetic
active Ni ions as well isolated from each other. The Y ion is 10-
coordinate, with four O atoms coming from the ligand and six
from the three chelating nitrato ions. The practically planar
Y�O2�Ni core induces a deformation of the molecule in a
nonsymmetric boat conformation, with the phenyl cycles making
dihedral angles of 12.7(1) and 23.2(1)�with the N2O2 equatorial

Table 1. Crystallographic Data for Complex 1

formula C21H28N5NiO15Y

fw 738.10

space group P21
a, Å 8.8100(7)

b, Å 15.9810(8)

c, Å 10.1120(6)

β, deg 91.449(4)

V, Å�3 1423.24(16)

Z 2

Fcalcd, g cm�3 1.722

λ, Å 0.710 73

T, K 180(2)

μ(Mo Kα), mm�1 2.770

Ra obs, all 0.0273, 0.0452

Rwb obs, all 0.0430, 0.0457
a R = ∑||Fo| � |Fc||/∑|Fo|.

b wR2 = [∑w(|Fo
2| � |Fc

2|)2/∑w|Fo
2|2]1/2.



11078 dx.doi.org/10.1021/ic201623e |Inorg. Chem. 2011, 50, 11075–11081

Inorganic Chemistry ARTICLE

plane. Although this molecule has no chiral center, this peculiar
conformation must be responsible for its crystallization in the
noncentrosymmetric P21 space group.
The structural determination of complex 2 (Figure S1 in the

Supporting Information) was previously described,12 so that we
only will recall the main differences between the two complexes.
In the equatorial plane of the Ni ion, twoN atoms are replaced by
two O atoms for the metal center surrounded by two deproto-
nated o-vanillin ligands in place of the Schiff base ligand present
in complex 1. There is only a water molecule in the apical
position and a nitrato ligand bridging the Ni and Y ions in the
axial position. As a consequence, the Y ion is 9-coordinate, with
four O atoms coming from the two ovan ligands, one from the
bridging nitrato ligand, two from the chelating nitrato ligand, and
the last two from a supplementary ovan ligand replacing the third
nitrato ligand. If the equatorial Ni�O bond lengths, which vary
from 1.9919(13) to 2.0210(14) Å, are quite similar to the ones
present in complex 1, the axial Ni�Obonds are shorter and equal
to 2.0433(15) Å for O5 of the water ligand and to 2.0838(14) Å
for Ni�O6 involving the bridging nitrato ligand. The central
Y�O2�Ni core can be considered as planar, with a dihedral
angle of 0.8(1)�, but the Ni�O(i)�Y angles (i = 3,4) are less
important, 101.76(5) and 101.53(5)�, respectively, which in-
duces a shorter Ni 3 3 3Y distance [3.3244(3) Å]. The shorter
intermolecular Ni 3 3 3Ni distances are equal to 9.862(3) Å, so
that the Ni ions can be again considered as well isolated from
each other.
Magnetic Properties. a. Experimental Studies. According to

the structural studies, the Ni ions are the only magnetic active
metal centers in the two complexes 1 and 2 and are well isolated
from each other. The magnetic susceptibilities of the two Ni�Y
complexes have been measured in the 2�300 K temperature
range under an applied magnetic field of 0.1 T. Thermal variation
of the χMT product for complex 1 is displayed in Figure S2 in the
Supporting Information (300�2 K) and in Figure 2 (50�2 K,
diamonds), with χM being the molar magnetic susceptibility of
the dinuclear species corrected for the diamagnetism of the
ligands. χMT, equal to 1.17 cm3 mol�1 K at 300 K, remains
practically constant until 30 K (1.10 cm3 mol�1 K) before
following an abrupt decrease to 0.30 cm3 mol�1 K at 2 K. The
room temperature χMT value does correspond to what is
expected for an isolated Ni ion with a g parameter slightly larger
than 2. The magnetic susceptibility has been computed by the
exact calculation of the energy levels through diagonalization of
the full energy matrix with a Hamiltonian introducing an axial
ZFS term for Ni, H = DNiSz

2. The best fit (solid line, Figures 2

and S2 in the Supporting Information) yields the following data:
DNi = 10.4 cm�1, g = 2.12 with an R factor equal to 2.0 � 10�5,
R = ∑[(χMT)

obs � (χMT)
calc]2/∑(χMT)

obs]2. In order to check
the validity of these results, the MAGPACK program has been
used to fit the experimental magnetization curve at low tempera-
ture. The best simulation reported in Figure 3 (diamonds) needs
introduction of a low rhombic E value (ENi = 0.3 cm�1).
A similar behavior was observed for complex 2 (Figure S3 in

the Supporting Information and Figure 2, triangles), with a
constant χMT value from 300 K (1.23 cm3 mol�1 K) to 11 K
(1.20 cm3 mol�1 K), followed by a decrease to 0.87 cm3 mol�1 K
at 2 K. A comparison of the χMT decrease at low temperature
clearly indicates that the χMT decrease is lower in complex 2 than
in complex 1. The difference in the χMT decrease of the two
complexes 1 and 2 and in the bond lengths of the respective Ni
coordination spheres convinced us to reconsider the magnetic
study of complex 2. The best fit (solid lines, Figures 2 and S3 in
the Supporting Information) gives DNi = �6.6 cm�1, g = 2.23,
and R = 2.0 � 10�5.MAGPACK simulation of magnetization at
2 K with the above parameters confirms that a DNi value of
�5.8 cm�1 appears to be more appropriate (Figure 3).
b. Ab Initio Calculations. In order to provide further insights

into the ZFS parameters, ab initio calculations are performed.
First, the computed and experimental ZFS parameters are com-
pared for both complexes to validate the theoretical approach
(see Table 2). At the CASSCF and NEVPT2 levels, the experi-
mental D parameter is well reproduced in both complexes.
Replacement of the diagonal elements of the SI matrix by the
correlated NEVPT2 ones hardly affects the ZFS parameters in
complexes 1 and 2; hence, the dynamic correlation only plays a
small role in the ZFS parameter in these complexes, as was
already observed in 6-coordinate NiII mononuclear complexes.6

As is often observed,6 the computed E parameters are much
larger than the experimental ones obtained by magnetic mea-
surements. This effect could be explained by either or both of the
theoretical and experimental uncertainties. Further experiments
would be necessary in order to validate or improve the experi-
mental values, which is out of the scope of the present work. We
conclude at this stage that the computed ZFS parameters are in
good agreement with the experimental ones, particularly for the
axial parameter, the main subject of the present work. As a
consequence, the different D signs observed in 1 and 2 are
confirmed.
Having validated the methodology of the calculation, the next

step consists of determining the magnetic anisotropy axes. These
axes are determined by extracting the entire second-rank ZFS
tensor in an arbitrary axes frame, diagonalizing it to find its
principal axes, and applying the standard conventions in molecular

Figure 3. Field dependence of magnetization for 1 (diamonds) and 2
(triangles) at 2 K. The solid lines correspond to DNi = 10.4 cm�1, ENi =
0.3 cm�1, and g = 2.12 for 1 and to DNi =�5.8 cm�1 and g = 2.23 for 2.

Table 2. ZFS Parameters (in cm�1) of 1 and 2 Extracted from
a SI Calculation for Which the Diagonal Elements of the SI
Matrix Can Be Either the CASSCF or the NEVPT2 Energies:
Results Are Compared with Experiment

1 2

method D (cm�1) E (cm�1) D (cm�1) E (cm�1)

CASSCF +15.4 2.2 �7.1 1.6

NEVPT2 +12.0 1.8 �5.3 1.2

Exp: χT = f(T) +10.4 0.0 �6.6 0.0

Exp: M = f(H) +10.4 0.3 �5.8 0.0



11079 dx.doi.org/10.1021/ic201623e |Inorg. Chem. 2011, 50, 11075–11081

Inorganic Chemistry ARTICLE

magnetism:

jDj ¼
�
�
�
�
�
DZZ � 1

2
ðDXX þ DYY Þ

�
�
�
�
�
> 3E ð1Þ

and

E ¼ 1
2
ðDXX �DYY Þ > 0 ð2Þ

The first convention ensures that the Z axis is univocally defined
as the most different one of the three principal axes, while the
second one allows one to label X and Y in a unique way. Hence,
the magnetic anisotropy axes are univocally defined and labeled
whatever the complex is. The magnetic anisotropy axes obtained
at theNEVPT2 levels for 1 and 2 are presented in Figures 4 and 5,
respectively.
In complex 1, the Z axis is found in the elongation axis around

the NiII ion, while the Ni�Y direction corresponds to the
magnetic Y axis. In complex 2, the elongation axis is the X
magnetic axis, while the Ni�Y orientation is the Z axis. As a
consequence, in both complexes, both the elongation axis and
the Ni�Y orientations correspond to two of the three magnetic
anisotropy axes. The roles of both the distortion of the first
coordination sphere of the NiII ion and the presence of the YIII

ion in the second coordination sphere are then evidenced and
deserve further discussion, which is the subject of the next
paragraph.
c. Discussion. In order to further assess the respective roles of

both the distortion of the first coordination sphere and the YIII

ion belonging to the second coordination sphere, the physical
meaning of both the elongation axis and the Ni�Y direction have
to be commented on.
The elongation axis in 1, the Z magnetic axis, is a hard axis of

magnetization that dominates the very low temperature behavior
because the D parameter is positive. The role of the elongation
axis can be understood with the rationalizing work of Abragam
and Bleaney.4 Indeed, they showed that axially elongated 6-co-
ordinate NiII complexes lead to positive D values, with the
elongation axis being then a hard axis of magnetization. This
complex then follows these rules, showing that the first coordina-
tion sphere dominates here the ZFS.
In complex 2, the D parameter is negative, showing that the

ZFS is not dominated by the elongation of the first coordination

sphere. One may remark that, in complex 2, the elongation is
much less important than in complex 1, in agreement with the
previous statements. The elongation axis, here labeled X accord-
ing to the conventions used, represents a hard axis of magnetiza-
tion, while the easy axis of magnetization Z is the most important
anisotropy axis in the case of negative D values. As a conse-
quence, in both complexes, the elongation axis plays the same
role of a hard axis of magnetization. When this elongation axis is
strongly marked, as in complex 1, the ZFS is dominated by this
effect and the D parameter is positive. In complex 2, the ZFS is
not dominated by the elongation, and the role of the Ni�Y
direction has to be further analyzed.
In complex 1, the Ni�Y orientation is an easy axis of

magnetization due to its label Y obtained with the conventions
of eqs 1 and 2, with the dominant effect coming actually from the
hard axis of magnetization Z because D is positive. In complex 2,
which possesses a negative D, the Ni�Y direction is the Z
anisotropy axis, i.e., the easy axis of magnetization; the ZFS is
then dominated by the presence of the YIII ion in the second
coordination sphere, which imposes an easy axis of magnetiza-
tion in this orientation. In both complexes, the roles of the first
coordination sphere (i.e., elongation axis) and the YIII ion are
equivalent. The positiveD in 1 is then explained by the dominant
effect of the elongation because this elongation is well marked
according to the geometrical structure, while in 2, the YIII ion of
the second coordination sphere imposes a negative D value. The
theoretical determination of the magnetic anisotropy axes was
then crucial in order to explain the different D signs in the two
presented cases.
In order to further assess the role of the YIII ion, i.e., the

reasons for which it imposes an easy axis of magnetization, the
active orbitals are analyzed. The weight of the Y atomic orbitals is
zero for all active orbitals. In other words, the d orbitals of theNiII

ion do not overlap with the Y atomic orbitals, even if they do
overlap with the bridging atoms between the Ni and Y atoms. As
a consequence, the effect of the YIII ion is mainly due to
electrostatic effects and the large formal charge of this ion
because the effect is already present at the CASSCF level in
complex 2 and maintained when the dynamic correlation is
accounted for (NEVPT2 level). The positive charge of the YIII

ion disturbs the crystal field felt by the NiII ion in such a way that
the Ni�Y orientation becomes an easy axis of magnetization.

Figure 4. Ball-and-stick representation of 1. The H atoms are omitted
for clarity. The computed magnetic anisotropy axes X, Y, and Z are
represented and labeled according to the standard conventions in
molecular magnetism (see the text).

Figure 5. Ball-and-stick representation of 2. The H atoms are omitted
for clarity. The computed magnetic anisotropy axes X, Y, and Z are
represented and labeled according to the standard conventions in
molecular magnetism (see the text).
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The large formal charge of the YIII ion and the small Ni�Y
distance are then responsible for the negative D value in 2. One
may remark that the Ni�Y distance is larger in 1, inducing a
smaller YIII effect on the ZFS than that in 2, which further
differentiates the two complexes.

’CONCLUSION

The ZFS of two NiII�YIII binuclear complexes has been
studied by means of magnetic data and state-of-the-art ab initio
calculations. A good agreement between the experimental and
theoretical values allowed validation of the methodology of
calculation. The determination of the magnetic anisotropy axes
allowed rationalization of the ZFS of these NiII�YIII binuclear
complexes by evidencing the role of the YIII ion.

The different D signs in both complexes have been explained
according to their molecular structure. It has been shown that a
competition between the elongation of the first coordination
sphere of the NiII ion and the presence of the YIII ion in the
second coordination sphere can result in a positive D if the
elongation dominates or in a negative D if the electrostatic effect
of the YIII ion is the main effect.

While in both studied complexes the first and second co-
ordination spheres showed antagonist effects, one important
perspective consists of finding new structures for which the YIII

ion would enlarge the ZFS of the magnetic ion. Such a situation
would occur when the first coordination sphere of the NiII ion
would be tetragonally compressed. Then the effects of both the
first and second coordination spheres would be synergistic, and a
large negative D parameter might be expected. The ZFS of
mononuclear units could then be tuned by adding some closed-
shell ions with large formal charges in the second coordination
sphere. Such original and new ways of tuning the anisotropy of
transition-metal complexes might then provide new and inter-
esting structures that would deserve further studies.
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