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Theoretical calculations using density functional methods have been performed on two dinuclear
{NiII–GdIII} and two trinuclear {NiII–GdIII–NiII} complexes having two and three m-OR (R = alkyl or
aromatic groups) bridging groups. The different magnetic behaviour, having moderately strong
ferromagnetic coupling for complexes having two m-OR groups and weak ferromagnetic coupling for
complexes having three m-OR groups, observed experimentally is very well reproduced by the
calculations. Additionally, computation of overlap integrals MO and NBO analysis reveals a clear
increase in antiferromagnetic contribution to the net exchange for three m-OR bridged {Ni–Gd} dimers
and also provides several important clues regarding the mechanism of magnetic coupling. Besides, MO
and NBO analysis discloses the role of the empty 5d orbitals of the GdIII ion on the mechanism of
magnetic coupling. Magneto-structural correlations for Ni–O–Gd bond angles, Ni–O and Gd–O bond
distances, and the Ni–O–Gd–O dihedral angle have been developed and compared with the published
experimental {Ni–Gd} structures and their J values indicate that the Ni–O–Gd bond angles play a
prominent role in these types of complexes. The computation has then been extended to two trinuclear
{NiII–GdIII–NiII} complexes and here both the {Ni–Gd} and the {Ni–Ni} interactions have been
computed. Our calculations reveal that, for both structures studied, the two {NiGd} interactions are
ferromagnetic and are similar in strength. The {Ni–Ni} interaction is antiferromagnetic in nature and
our study reveals that its inclusion in fitting the magnetic data is necessary to obtain a reliable set of
spin Hamiltonian parameters. Extensive magneto-structural correlations have been developed for the
trinuclear complexes and the observed J trend for the trinuclear complex is similar to that of the
dinuclear {Ni–Gd} complex. In addition to the structural parameters discussed above, for trinuclear
complexes the twist angle between the two Ni–O–Gd planes is also an important parameter which
influences the J values.

1. Introduction

Molecules which retain magnetisation in the absence of magnetic
field are called single molecule magnets (SMMs).1 They have
wide spread potential applications – ranging from high-density
information storage devices to solid-state Q-bits in quantum
computing.2,3 Enhancing the barrier height (related to the spin
ground state S and axial zero-field splitting D) for the reorientation
of magnetisation in SMMs remains one of the primary challenges
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in taking these SMMs to end-user applications. During the last
decade, hundreds of SMMs containing transition metal atoms
have been reported, notably a {Mn6

III} SMM with a barrier height
of 86 K – the largest for any transition metal SMMs known to-
date.4

An alternative strategy to increase the barrier height emerges
from a simple idea of employing highly anisotropic ions such as
lanthanides in the cluster aggregation.5 With lanthanides, even
simple mononuclear TbIII/DyIII complexes are reported to have
SMM characteristics with a large energy barrier for relaxation
of magnetisation.6–9 A recent report of a {Dy4

III} cluster with
a record barrier height of 170 K illustrates the importance
of 4f ions in the cluster aggregation.10 A particular problem
associated with clusters containing only 4f elements are the very
weak exchange interactions and fast quantum tunnelling of the
magnetisation leading to the isolation of SMMs with a large
barrier height, a challenging task. To overcome this drawback,
3d metal ions are combined with 4f ions to make {3d–4f}5

clusters and this strategy had produced several novel SMMs
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with attractive blocking temperatures.11–21 Apart from SMM
characteristics, other applications for the {3d–4f} complexes, such
as magnetic refrigerants, has been suggested.22

The synthesis of a new generation SMMs requires a thorough
understanding and control of the microscopic spin Hamiltonian
parameters. In this regard, computational tools are indispensable –
both in calculating the spin Hamiltonian parameters as well
as in predicting the magnetic properties of the paramagnetic
complexes.23–27 Despite extensive experimental studies on {3d–
4f} systems, there are only a few reports on theoretical side28–31

particularly on the evaluation of magnetic exchange interaction J
and in understanding the mechanism of magnetic coupling.

Based on the experimental data, many qualitative mechanisms
for the {3d–4f} coupling have been put forth. It is common knowl-
edge that the 4f electrons of the lanthanides are effectively shielded
and their interaction with ligands and 3d orbitals are negligible.
Initially, to explain the magnetic coupling in {3d–4f} complexes,
a charge transfer mechanism is invoked where a partial charge
transfer from the 3d orbitals of the metal ions to the empty 6 s
orbitals of the GdIII atom was proposed.32–35 Later, an alternative
mechanism using empty 5d orbitals of the GdIII instead of the
6 s orbitals was suggested.36–38 An ab initio CASSCF/PT2 study
on a {Cu–Gd}39 dimer to understand the mechanism of coupling
provides several useful hints, especially revealing the importance
of the 5d orbitals in the mechanism of magnetic coupling.40

Recently, comprehensive DFT studies on {Cu–Gd} dinuclear
complexes have been performed by us31 and others41 with an
aim to establish a computational protocol to calculate the J
values, to comprehend the mechanism of coupling and to develop
magneto-structural correlations. These studies also support the
vital role of the 5d orbitals in the coupling mechanism. Although
the {Cu–Gd} pair is the simplest {3d–4f} pair which can be
treated easily with sophisticated theoretical methods, they are not
ideal candidates for SMMs as both metal ions do not inherit
any large anisotropy in their ground state. On the other hand,
replacing CuII by NiII ions yields a {Ni–Gd}44,45 pair, which is
an appealing candidate for SMMs as NiII ions generally exhibit
large anisotropy. For example, recently some mononuclear NiII

complexes have been reported to have a very large negative axial
zero-field splitting (D = -7.7 cm-1) parameter.46 Over the years
many dinuclear and polynuclear {Ni–Ln} complexes have been
reported, some of which possess SMM characteristics.18,44–48 The
nature of the {Ni–Gd} interaction is also intriguing among the
structures reported as it varies from moderately ferromagnetic49 to
weakly antiferromagnetic.51 In polynuclear complexes, in addition
to the near-neighbour {Ni–Gd} interactions, the next-nearest-
neighbour {Ni–Ni} interactions also play a pivotal role in
determining the ground state as in some structures they compete
with the {Ni–Gd} interaction.48,50

Here we have chosen to focus our attention on two dinuclear
{Ni–Gd}18,19 and two trinuclear {Ni–Gd–Ni}40 complexes. We
have computed the magnetic exchange interactions for all four
complexes. For trinuclear complexes we have computed both
near-neighbour {Ni–Gd} and next-nearest-neighbour {Ni–Ni}
interactions. Besides, calculations have been performed on several
fictitious model complexes and MO and NBO analysis has been
performed to shed light on the mechanism of coupling. Finally, we
have developed extensive magneto-structural correlations for both
the dinuclear {Ni–Gd} and the trinuclear {Ni–Gd–Ni} complexes.

2. Computational details

In dinuclear complexes, the magnetic exchange interaction be-
tween NiII and GdIII ions is described by the following spin-
Hamiltonian:

Ĥ = -J ŜGdŜNi

were J is the isotropic exchange coupling constant and SGd and
SNi are spins on GdIII (S = 7/2) and NiII (S = 1) atoms respectively.
The DFT calculations combined with the broken symmetry (BS)
approach52 has been employed to compute the J values.

The BS method has a proven record of yielding good numerical
estimated of J constants for a variety of complexes.23,26,53,54 A
detailed technical discussion on computational details on the
evaluation of J values using the broken symmetry approach
on dinuclear as well as trinuclear complexes can be found
elsewhere.25,54 Here, we have performed most of our calculations
using the Gaussian 03 suite of programs.55 We have employed
a hybrid B3LYP functional56 along with a double-zeta quality
basis set employing Cundari–Stevens (CS) relativistic effective
core potential on Gd atoms57 and LanL2DZ ECP basis set on
Ni58 with an all electron 6-31G basis set59 for the rest of the atoms
(level I). A comprehensive method assessment performed earlier
on {Cu–Gd} complexes by us reveals that this combination yields
a good estimate of the J constants.31 Since these calculations
have great difficulty in SCF convergence, the Jaguar suite of
programs60 has been employed to generate the initial guess which
is then transferred to Gaussian for the SCF iterations. We have
also performed all electron calculations for comparison using the
ORCA suite of programs,61 employing Nakajima and co-workers
all electron basis set on Gd,62 Ahlrichs and co-workers TZVP on
Ni,63 along with their SVP basis set on the rest of the elements.
These calculations have been performed by incorporating rela-
tivistic effects via the Douglas–Kroll–Hess method64,65 (level II).
A very tight SCF convergence has been employed throughout.

For trinuclear complexes the following spin Hamiltonian has
been adopted:

Ĥ = -J1ŜNiA ŜGd -J2ŜGdŜNiB
-J3ŜNiA ŜNiB

The magnetic exchange interactions in trinuclear complexes
were extracted using the pair-wise interaction model,23 where four
spin configurations are computed to extract three different ex-
change interactions J1–J3. The following four spin configurations
have been computed (i) all spin up (S = 11/2), (ii) spin down on
only NiA (S = 7/2), (See Fig. 1c for labelling) (iii) spin down on only
NiB (S = 7/2) (iv) spin down on both NiA and NiB (S = 3/2). The
energy differences between the spin configurations are equated to
the corresponding exchange interactions from which all three J
values have been extracted.23

3. Results and discussion

The majority of the reported {Ni–Gd} complexes possess either
two or three m-OR (R = alkyl or aromatic groups) bridging groups
which mediate the exchange interaction between the two metals.
Some higher nuclearity complexes have additional carboxylate
bridges.50,66,67 Among several dinuclear {Ni–Gd} and trinuclear
{Ni–Gd–Ni} complexes reported, two classes of compounds
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Fig. 1 Crystal structures of complexes a) 1 b) 2 c) 3 and d) 4 together with the exchange topology adopted for trinuclear complexes 3 and 4.

distinctly emerge and they are categorised as type I and II as
shown in Scheme 1.

Scheme 1

The four structural motifs shown in Scheme 1 are the basic
building blocks of several polynuclear {Ni–Gd} complexes and
therefore here we have decided to focus our attention on these
structures.

3.1 Exchange interaction in dinuclear {Ni–Gd} complexes

Here we have employed DFT calculations on the full structure
of [L1Ni(H2O)2Gd(NO3)3] (1) (L1 = [2,2¢-[2,2-Dimethyl-1,3-
propanediylbis(nitrilomethylidyne)]bis(6-methoxyphenolato)(2-)]
nickel(II)]) (see Fig. 1) and [(NiL2)Gd(hfac)2(EtOH)] (2) (H3L2 =
1,1,1-tris(N-salicylideneaminomethyl)ethane and Hhfac =
hexafluoroacetylacetone) to compute the magnetic exchange
between the two metal atoms. Complexes 1 and 2 belong to
structural core type I and II respectively. Apart from the number
of bridges present, the structural differences which are expected
to affect the magnetic coupling between the two metal atoms are
Ni–O and Gd–O distances, Ni–O–Gd angles and the Ni–O–Gd–O

dihedral angle. Selected structural parameters of complex 1 and
2 are collected in Table 1. The inter-metallic Ni–Gd distance is
3.522 Å in complex 1 compared to 3.169 Å in 2. The average
Ni–O bond lengths and average Ni–O–Gd angles are ~0.05 Å
and 16.4◦ longer/larger in 2 compared to that of complex 1 (See
Table 1). Additionally, the Ni–O–Gd–O dihedral angles are 2.4◦

vs. 38.4◦, 38.9◦ and 34.6◦ for complex 1 and 2 respectively.
The experimental magnetic susceptibility studies yield a fer-

romagnetic exchange between NiII and GdIII ions in both cases,
with the J values of +3.6 cm-1 for 1 and +0.34 cm-1 for 2. The
DFT calculated J values for complexes 1 and 2 using theoretical
level I and II are listed in Table 2 (the computed total energies
together with the <S2> values of the complexes and their models
are listed in Table S1 and S2, ESI†). In general there is a good
agreement between the experimental and theoretical values, with
the J calculated using level I being slightly superior to that of level
II . Our previous method assessment calculations on the {Cu–Gd}
dimer reveal similar conclusions.31

3.2 Mechanism of magnetic coupling

The {Ni–Gd} interaction is in general ferromagnetic in nature
with a very few exceptions.51 Both complexes 1 and 2 (also the
complexes 3 and 4 see later) exhibit ferromagnetic {Ni–Gd}
interactions. Between complexes 1 and 2, the J value of 1 is larger
than 2. In general, type I structures exhibit a larger ferromagnetic
J compared to that of the type II structures. The overall picture
suggests that there is a general mechanism of exchange that applies
for this pair. A rigorous approach to the mechanism of coupling
came from ab initio CASSCF/PT2 studies39 and DFT studies31 on
a {Cu–Gd} dimer where the role of the 5d orbitals on the coupling
mechanism was clearly established. Based on these studies, the
following picture emerges: the net exchange interaction has two
contributions – antiferromagnetic (JAF) and ferromagnetic (JF)

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 10897–10906 | 10899
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Table 1 Selected X-ray structural parameters of complexes 1–4

Complexes 1 2 3 4

NiA–Gd 3.522 3.169 3.539 3.313
NiA–O 2.032 and 2.035 2.076, 2.077 and 2.106 2.042 and 1.979 2.062, 2.040 and 2.065
Gd– NiB — — 3.523 3.306
NiB–O — — 1.986 and 2.006 2.067, 2.086 and 2.048
NiA–O–Gd 106.5◦ and 107.9◦ 90◦, 90.7◦ and 91.7◦ 107.6◦ and 107.3◦ 95.7◦, 96.2◦ and 95.3◦

Gd–O–NiB — — 106.9◦ and 108.2◦ 95◦, 95.9◦ and 96◦

Gd–O 2.318 and 2.354 2.368, 2.398 and 2.306 2.338, 2.404, 2.390 and 2.336 2.430, 2.379, 2.375, 2.405, 2.374, 2.392
NiA–O–Gd–O 2.8◦ 34.6◦, 38.4◦ and 38.9◦ 15.3◦ 37.4◦, 35.8◦ and 36.3◦

NiB–O–Gd–O — — 16.7◦ 37.1◦, 35.3◦ and 36.1◦

Angle between NiA–O–Gd
and Gd–O–NiB planes

— — 57.6◦

Table 2 B3LYP computed J values on complexes 1–4

Complexes Jcalc (cm-1) Jexp (cm-1)

level I level II
1 +2.14 +1.84 +3.6
2 +0.36 +0.71 +0.34
1aa -0.78 — —
1ba -4.9 — —
Exchange J1 J2 J3 J1 J2 J3 J1 J2 J3

3 2.16 2.05 -0.15 0.89 0.74 -0.05 4.8 0.05 —
4b 0.59 0.56 -0.12 0.14 0.16 -0.01 0.91 0.91 —

a 1a and 1b are models of complex with ligand L1a and L1b. They represent modelled ligands where one/two of the bridging phenoxo oxygen atoms
replaced by hydrogen atoms. Thus model 1a and 1b have one and no m-OR bridging groups, respectively. b For complex 4, there were two independent
trinuclear units in the asymmetric unit, however the calculated J’s are very similar for both structures (J1 = 0.59, J2 = 0.56 J3 = -0.12 vs. the data presented
in the table for other unit)

J = JAF + JF

For the {Ni–Gd} pair, the ferromagnetic contributions arise (i)
from the interaction of the NiII magnetic orbitals with the empty
GdIII orbitals (5d and or 6 s) (ii) due to orbital orthogonality
between 3d and 4f magnetic orbitals. The antiferromagnetic
contributions solely arise due to the overlap between a pair
of {3d–4f} magnetic orbitals. For the {Cu–Gd} pair, two such
interactions have been detected from the CASSCF and DFT
studies.39,31 The 4f orbitals are not actively involved in the
coupling mechanism compared to the 5d orbitals and this is
similar to the fact that is established on the lanthanide catalysed
reactions.68

The overlap integrals have been computed between the NiII

magnetic orbitals (empty) and the GdIII magnetic orbitals (empty)
for complex 1 (choice of orbitals43 and the computed overlap
integrals are given in Table S3 and S4, ESI†). No significant
overlap has been detected between the magnetic orbitals, revealing
a near-complete orthogonality between the dx

2
-y

2/dz
2 orbitals

and the 4f orbitals of the GdIII ions. Thus, the only source of
antiferromagnetic contribution is negligible for 1, leading to a
strong ferromagnetic exchange. In order to probe the mechanism
of coupling for the {Ni–Gd} pair, we have performed calculations
on several model complexes of 1 and 2 and also computed
the overlap integral between the pairs of magnetic orbitals and
performed NBO analysis to establish and correlate the mechanism
with the {Cu–Gd} pair. The exchange interactions computed for
different model complexes (at level I) are listed in Table 2 (See
also Fig. S1, ESI†). It is apparent from the calculations on model
complexes presented in Table 2 that removing one or two m-OR

bridges leads to a net antiferromagnetic exchange. The change in
J (DJ) on moving from the 1 to model 1a is -2.85 cm-1 and to
model 1b is -4.2 cm-1. Thus the antiferromagnetic contribution
to J increases tremendously upon a decrease in the number of
bridging oxygen atoms. This is indirectly revealing an important
clue regarding the mechanism of exchange that two or three m-OR
groups are essential to have ferromagnetic J values, as observed
in the experimental results for a number of {Ni–Gd} complexes.
When there is no bridge present (1b) between the two metals, unlike
in the {Cu–Gd} pair where no interaction has been observed, a
strong antiferromagnetic exchange has been computed. This is
essentially due to the direct interaction of the dz2 orbital of NiII

with the f-orbitals of the GdIII ions. To verify this statement, we
have performed a correlation on 1b where the Ni–Gd distance
has been varied from 3.0 Å to 6.0 Å (see Fig. S2–S3, ESI†)
and as expected, the antiferromagnetic interaction decreases with
increasing the Ni–Gd distance and vice versa. The calculation of
overlap integral reveals an increase in JAF upon the removal of the
m-OR bridges. For model 1a, three significant overlap integrals
with the dz

2 orbital of NiII and 4f orbitals of GdIII have been
detected. For model 1b, six such overlaps have been detected, with
some of them having comparatively larger overlap integral values –
especially the pairs having the dz

2 orbital of NiII ions. The NBO
computed occupancy for complexes 1, 1a and 1b are given in
Table S5, ESI.† The partial occupancy of the 5d orbitals of GdIII

increases as we move from 1 to 1b, but the occupation of the 4f
orbitals and 6s orbitals of the GdIII ions is nearly the same. This
clearly reveals a correlation of J with the 5d occupation while
the 6s is orbital is likely to be a silent spectator on the exchange
mechanism.31

10900 | Dalton Trans., 2011, 40, 10897–10906 This journal is © The Royal Society of Chemistry 2011
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For complex 2, two significant overlaps (with dz
2 and dx

2
-y

2 or-
bitals; See Fig. 2) have been detected revealing a non-orthogonality
between the {3d–4f} orbitals, unlike in 1. The ferromagnetic
contribution JF also decreases compared to that of 1, as revealed
by the NBO analysis. This leads to a significant reduction in the net
exchange interaction. For complex 2 similar models have also been
constructed (2a–c, see ESI†) and the overlap integral calculations
reveal many significant overlaps leading to an increase in JAF and
hence a net antiferromagnetic interaction.

Fig. 2 a) DFT computed spin density plot of 1 for S = 9/2 state.
The isodensity surface represented corresponds to a value of 0.0012
e-/bohr3. The red and blue region indicates positive and negative densities,
respectively. b) dx

2
-y

2 and c) dz
2 magnetic orbitals of NiII atoms in complex

1. d–e) representative magnetic orbitals of GdIII with their corresponding
overlap integral values with d) dx

2
-y

2 e) dz
2 orbitals of NiII ions.

The computed exchange interactions in all model complexes
are predicted to be antiferromagnetic in nature. This reveals a
subtle interplay in the mechanism of coupling in these complexes.
A similar study on the model complexes has been performed by
one of us previously on the {Cu–Gd} dinuclear complex, where
an antiferromagnetic exchange for a single m-OR bridge complex
has been predicted.31 Although no single m-OR bridged 3d–4f
complexes have been reported so far, a single m-oximato bridged
{Cu–Gd} dimer recently reported has antiferromagnetic coupling
and this supports our predictions.69

The computed spin density plot together with the magnetic
orbitals of NiII of complex 1 is shown in Fig. 2. The spin density
on the NiII (1.663) is delocalised to other atoms while in the GdIII

(7.028) ion, the unpaired electrons are fully localised. A slight
increase from the expected value in the spin density is due to the

spin polarization mechanism. The two nitrogen atoms coordinated
to the NiII and the two bridging oxygen atoms have positive spin
densities (0.089 and 0.084 on the nitrogens and 0.051 and 0.049 on
the oxygens) due to predominant delocalization mechanisms.33–38

The oxygen atoms coordinated to the GdIII ions have small negative
spin density due to the predominant spin polarization mechanism
(from -0.001 to -0.003). Smaller spin density values found on the
bridging oxygens (~0.05) compared to that of the nitrogen atoms
(~0.08) is due to a competing spin delocalisation from the NiII and
spin polarisation from the GdIII atoms (see Fig. S5–S6 and Tables
S6–S7 for the computed spin densities on selected atoms, ESI†).

3.3 Magneto-structural correlations in dinuclear {Ni–Gd}
complexes

The magneto-structural correlations are important means of
interpreting the observed magnetic properties of novel and/or
more complex compounds in order to design new compounds
with expected magnetic properties. Three magneto-structural
correlations have been performed on complex 1 by varying bond
angles, bond lengths and dihedral angles.

Bond angle. The first correlation is developed by varying
Ni–O–Gd bond angles. The average Ni–O–Gd bond angle vs.
J plot is shown in Fig. 3a. The angle and the J values are

correlated by an exponential function, J   y0=
−⎛

⎝
⎜⎜⎜

⎞
⎠
⎟⎟⎟⎟+Ae

x

t
where

y0 = 5.50118, A = -28.62337, t = 50.98665 and x is the Ni–O–Gd
bond angle. As the bond angle increases, the J value becomes more
ferromagnetic. At lower angles, the structure is more compact and
the overlap between magnetic orbitals increases. The calculation
of overlap integrals between the 3d and the 4f orbitals reveals a
significant overlap for lower bond angle structures disclosing an
increase in the antiferromagnetic contribution to the net exchange
interaction. Additionally, a decrease in bond angle leads to an
inefficient charge transfer from the 3d orbital of the NiII to the 5d
orbitals of the GdIII ions. Thus a decrease in the JF contribution is
also expected. The spin density values of the NiII ions are plotted
against the average Ni–O–Gd angle and are shown in Fig. 3b.
The spin densities on the NiII centres increases with the increase
in the angle up to 110◦. Afterwards, the spin density decreases
slightly. The increase in spin density means less delocalization
and this correlates with the increase in ferromagnetic coupling
observed in Fig. 3a. The experimental J values together with their
corresponding average Ni–O–Gd angles are plotted together with
the computed data in Fig. 3a (red circles).

Although some deviations were found, a general trend has been
observed where larger angles lead to larger exchange interaction.
Interestingly, this correlation predicts an antiferromagnetic {Ni–
Gd} interaction for bond angle less than 84◦ and this strikingly
correlates with the antiferromagnetic {Ni–Gd} exchange reported
for a structure with bond angle of 85.7◦ having the J value of
-0.22 cm-1.

Bond distance. The second correlation is developed by varying
the Ni–O and the Gd–O distances. The plot of average Ni–O
and Gd–O distance against J is shown in Fig. 3c. In this case,
a linear relationship has been found (see inset of Fig. 3c for
constants of the equations). As the bond distance increases, the
ferromagnetic interaction decreases. This behaviour is somewhat

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 10897–10906 | 10901
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Fig. 3 Magneto-structural correlation developed by DFT calculations by varying different structural parameters. a) Ni–O–Gd bond angle. b) Computed
spin-densities plotted against the Ni–O–Gd bond angle c) average Ni–O and Gd–O bond distances d) Ni–O–Gd–O dihedral angle on complex 1.

expected; as the Ni–O and or Gd–O bond elongates, it effectively
reduces the charge transfer path of Ni(3d)→Gd(5d) orbitals and
thus the ferromagnetic contribution to the total J decreases. The
comparison with the experimental data reveals that bond distances
are not unique parameters in determining the magnitude (and also
the sign) of the exchange constant.

Dihedral angle. Consequently the third correlation is devel-
oped by varying the Ni–O–Gd–O torsional angle (Fig. 3d).

This correlation again shows an exponential dependence similar
to bond angle correlation (here y0 = 3.33544, A = -1.20769 and t =
-54.0927). From Fig. 3d, it is clear that the planar structure having
zero torsional angle has the largest ferromagnetic exchange. Larger
torsional angle leads to a lower J value, similar to that found for the
{Cu–Gd} pair. The experimental points are rather scattered here
and presumably suggest that the dihedral angle might not be the
only structural parameter which controls the magnetic exchange.

For complex 2, the bond distance and angle are expected
to behave in a similar fashion to complex 1, but the dihedral
correlation is expected to be different as there are three m-OR
bridges. In complex 2, as there are three different torsional angles,
we have developed a correlation on this complex by varying two
dihedral angles at a time and this correlation is given in Fig. S4,

ESI.† This correlation also indicates that the antiferromagnetic
contribution increases upon an increase in the dihedral angle.

In general, type I structures have larger J values than type II
structures.40,51 From the computation and the developed magneto-
structural correlations, it is apparent that the reason for smaller
J values in the type II structures are due to the acute Ni–O–
Gd angles observed in these structures. The acute angle results
due to the presence of three m-OR bridges. Although other
structural parameters such as Ni–O–Gd–O dihedral angles also
differ between the two structural motifs, for the {Ni–Gd} pair the
bond angle seems to be a more reliable parameter to correlate with
the J values.

3.4 Exchange interactions in trinuclear {Ni–Gd–Ni} complexes

Since {Ni–Gd} topology ensures ferromagnetic interactions be-
tween the metal ions, the nuclearity has been extended by
incorporating another Ni ion into the cluster aggregation to
produce {Ni–Gd–Ni} trinuclear complexes where the ground
state S value increases from 9/2 to 11/2. This strategy has
been adapted to the synthesis of many novel trinuclear and
higher nuclearity clusters to produce large S values.47,48,50 In
trinuclear complexes, apart from two near-neighbour {Ni–Gd}

10902 | Dalton Trans., 2011, 40, 10897–10906 This journal is © The Royal Society of Chemistry 2011
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interactions, the {Ni–Ni} interaction also plays a prominent
role in stabilising the spin ground state.48,50 This next-nearest-
neighbour 1,3 interactions, although present in 3d transition
metal clusters, are usually ignored as they are weak compared to
the near-neighbour interactions. However, in {3d–4f} complexes,
these interactions are important because (i) the near-neighbour
interactions are relatively weak and (ii) the 4f ions have larger
diffused empty orbitals and these orbitals could play an important
role in mediating a coupling between the two metal (here NiII)
centres. In order to shed light on the nature and characteristics of
these two interactions, we have extended our studies to trinuclear
{Ni–Gd–Ni} complexes having structural motifs type Ia and type
IIb, as shown in Scheme 1. Here we have performed DFT calcula-
tions on the full structures of [(L3Ni(H2O))2Gd(H2O)](CF3SO3)3

(3) (L3 N,Nl-2,2-dimethylproppylenedi(3-methoxosalicylidene
iminiato) and [(L4Ni)2Gd](NO3) (4) (L4 = triamine 1,1,1-
tris(aminomethyl)ethane) to probe the difference in structural
motifs that would lead to a difference in the coupling strength. The
important structural parameters that would affect the exchange
interactions are listed in Table 1. The structural parameters of
complex 3 are similar to that of 1 except that the Ni–O–Gd–O
dihedral angle is larger for complex 3 compared to complex 1. The
Ni–O–Gd angles are very similar and so is the computed {Ni–Gd}
interaction between complexes 1 and 3.

The computed J1–J3 (see inset of Fig. 1 for description) for
complexes 3 and 4 are listed in Table 2. The computation reveals
that both the {Ni–Gd} interactions (J1 and J2) are ferromagnetic
in nature while the 1,3 {Ni–Ni} interaction is antiferromagnetic
in nature. The magnitude of the {Ni–Gd} interaction is smaller
for complex 4 compared to 3, as expected due to the differences
in the structural motifs (type Ia vs. type IIb). The experimental
exchange coupling for complex 3 is found to be J1 = 4.8 cm-1

and J2 = 0.05 cm-1.40 For complex 3, the authors claim that the
J1 = J2 does not yield a good fit to the magnetic susceptibility
data, while allowing J1 and J2 to be different provided a good fit.
This difference in the strength of J led them to conclude that the
empty 5d orbitals might participate in the exchange mechanism.
Since the experimental and theoretical values contradict each
other as calculations revealing J1ªJ2 scenario, we have probed
the possible source of error in this case by seeking additional
information from the X-ray structure, simulations and additional
computations. The {Ni–Gd} interaction in complex 3 is related
to one of the structural parameters we discussed earlier (bond
lengths, bond angles and dihedral angles). It is apparent from
Table 1 that the structural parameters for the {NiA–Gd} (J1)
and {Gd–NiB} (J2) are very similar. Substituting these structural
parameters to the correlations developed earlier for the dimer
provides J1ªJ2ª2 cm-1. Our theoretical calculations at level I and
level II consistently reveal that J1ªJ2 (see Table 2). We have also
performed additional DFT calculations on model complexes by
replacing one of the NiII ions by ZnII (NiA–Gd–Zn and Zn–Gd–
NiB to calculate J1 and J2 independently). Here we obtain J1 = 2.14
and J2 = 2.06, again revealing a similar J1ªJ2 strength. In addition
to J1 and J2 interactions, we also have a very weak J3 interaction
which is antiferromagnetic in nature. At lower temperatures this
can be significant, therefore we have performed simulation of the
magnetic data using the DFT computed J values (level I). In
addition to the exchange coupling constants, single-ion zero-field

splitting for the NiA and NiB atoms have been taken into account
and this yields an excellent fit (See Figure S7, ESI†) and this also
indicates that J1ªJ2 and inclusion of the J3 {Ni–Ni} interaction
is important and this can not be ignored completely as it is anti-
ferromagnetic in nature.

For complex 4, the DFT computed J values are in good accord
to the experimental J’s. As expected the strength of the interaction
diminishes compared to that of complex 3 due to smaller Ni–O–
Gd angles present in this structure. A weak antiferromagnetic J3

was also observed for complex 4.
The mechanism of magnetic coupling proposed for the dinuclear

{Ni–Gd} complexes also holds for the trinuclear complexes. A
structurally similar NiII ion on both sides of GdIII ions and the
participation of empty 5d orbitals of the GdIII in the mechanism
basically ensures that the interaction on both sides ({NiA–Gd}
and (Gd–NiB}) should have same sign of exchange coupling (See
Scheme 2). The partial charge transfer from NiA to Gd empty 5d
orbitals ensures that the structurally similar other half should have
the same spin as that of the partially occupied 5d orbitals, leading
to coupling of the same sign for both the {NiA–Gd}and {Gd–NiB}
pairs.

Scheme 2 A schematic exchange mechanism for the {Ni–Gd–Ni}
complexes.

The computed spin density distribution for the high spin state
of complex 3 is shown in Fig. 4. The spin density on the GdIII

ion is found to be 7.025 while on the NiA and NiB are 1.652 and
1.656 respectively. A small difference in the NiII spin densities is
associated with the very small difference in the coupling strength
computed. The delocalisation and polarisation mechanisms are
found to be operative around the coordination sphere of GdIII and
this is similar to that discussed earlier for the dinuclear complex.

Fig. 4 Representation of spin densities corresponding to the ferro-
magnetic S = 11/2 ground state of complex 3. The isodensity surface
represented corresponds to a value of 0.0012 e- / bohr3. The red and blue
regions indicate positive and negative spin populations, respectively.

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 10897–10906 | 10903
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Fig. 5 Magneto-structural correlations developed by varying different structural parameters a) NiB–O–Gd bond angle. b) average Ni–O and Gd–O
distance c) NiB–O–Gd–O dihedral angle. d) angle between NiA–O2–Gd and Gd–O–NiB planes.

3.5 Magneto-structural correlations in trinuclear {Ni–Gd–Ni}
complexes

We have also developed magneto-structural correlations70 for
trinuclear {Ni–Gd–Ni} complex 3, essentially to understand the
behaviour of the {Ni–Gd} interactions and more importantly
the behaviour of the {Ni–Ni} interactions. We have developed
correlations for bond lengths, bond angles and dihedral angles
(see Fig. 5). In order to track the changes and to be able
to compare it with the dinuclear complexes, we have modified
only the structural parameters around the {GdNiB} unit while
the {NiAGd} structural parameters were kept constant. Since
the mechanism of exchange coupling here is governed by many
factors, these type of correlations are useful to understand the
co-operativity if any, between the pairs.

Bond angle. The correlation developed by varying the Gd–
O–NiB angle from 74◦ to 119◦ is shown in Fig. 5a. It is clear
from this figure that the J1 interaction is nearly constant as the
structural parameters around the {NiAGd} are unaltered. Similar
to the dinuclear correlation, an increase in bond angle increases the
ferromagnetic J2. Even antiferromagnetic J2 has been detected at
very small angles. The behaviour of the J3 interaction is different
as it increases initially and then reaches a maximum and then
tends to decrease at larger angles. The sign of J3 is retained at

all computed points and at larger angles it becomes moderately
antiferromagnetic.

Bond distance. Second magneto-structural correlation was
performed by varying the average NiB–O and Gd–O (Fig. 5b)
distances. The J1 interaction is nearly constant while J2 decreases
with an increase in the bond length. The J3 however reaches
close to zero at very large distances and at short distances, the
interaction is strongly antiferromagnetic. In order to understand
this interaction further another graph has been plotted (see Fig.
S8b, ESI†) where the NiA–NiB distance against J3 is plotted (Note
here that varying the NiB–O and Gd–O distances lead to an
increase in NiA–NiB distance). Here it is clearly apparent that the
J3 interaction decreases with an increase in NiA–NiB distance as
one would expect.

Dihedral angle. A third correlation was performed by chang-
ing the NiB–O–Gd dihedral angle from 0◦ to 29◦. As we move from
lower dihedral angle to larger values, the J2 increases slightly to
10◦ but afterwards it decreases (see Fig. 5c). In this correlation the
J3 initially decreases with an increase in dihedral angle up to 15◦.
However, beyond 15◦ the J3 increases. Here J3 shows a parabolic
shape.

Twist angle. For trinuclear complexes, an additional corre-
lation exists where the two dihedral planes (NiA–O–Gd–O and

10904 | Dalton Trans., 2011, 40, 10897–10906 This journal is © The Royal Society of Chemistry 2011
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Gd–O–NiB–O) can be twisted without affecting other structural
parameters (see Scheme 3). The developed correlation is shown
in Fig. 5d. In the X-ray structure, the two planes are already
twisted with a twist angle of 57.6◦. All three exchange interactions
show a similar trend where the magnitude of the J increases with
an increase in the twist angle (see Fig. S8a for a spin density
dependent plot across the twist angle, ESI†). It is important to
note that this and other correlations developed reveals that J1–J3

are correlated with each other as demonstrated in this magneto-
structural correlation. This is similar to metal–radical coupling
observed for other systems.71

Scheme 3

4. Conclusions

In recent years there has been a great deal of interest in the
synthesis and magnetic studies of mixed {3d–4f} complexes.
Despite numerous experimental reports, very little work has been
done on the theoretical side to understand or to predict the
magnetic properties of this type of complex. Here we have studied
for the first time two dinuclear {Ni–Gd} and two trinuclear
{Ni–Gd–Ni} complexes with two and three m–OR groups. The
conclusions derived from this work can be summarised as follows:

(i) studies on complexes 1–4 possessing different structural
topology and different exchange constants reveals that the com-
bination of B3LYP with an effective core potential basis set on
GdIII provides an accurate description of ferromagnetic coupling
present in these complexes and yields an excellent estimate of the
magnetic exchange constants compared to experiments.

(ii) MO, NBO and studies on model complexes reveal that the
empty 5d orbitals of GdIII play an important role in the mechanism
of coupling. Unlike the {Cu–Gd} pair,31,40 a large antiferromag-
netic interaction has been observed for the naked model, indicating
the possibility of reaching a large antiferromagnetic interaction in
this type of complex.

(iii) two types of {Ni–Gd} structural cores have been studied,
one with two m-OR groups and the other with three. Large
differences in the J between these two structural motifs are
attributed to the difference in the Ni–O–Gd angles.

(iv) although only a limited set of experimental data are available
to check the most reliable parameter on which the J is strongly
correlated, there is a clear indication that the Ni–O–Gd angles
play a prominent role here and this parameter governs the ferro-
antiferromagnetic switch in this type of complex. An exponential
relation for bond angle vs. J has been computed with a larger
angles favouring ferromagnetic interaction.

(v) for trinuclear complexes, the {Ni–Ni} 1,3 interaction is
found to be small but it is antiferromagnetic in nature. The
large discrepancy between the computed and experimental J for
complex 3 could be due to the negligible J3 {Ni–Ni} interaction
in the experimental fitting.

(vi) extensive magneto-structural correlations have been devel-
oped for trinuclear complexes to understand the behaviour of the

{Ni–Ni} interactions as this interaction seems to prevail over the
ferromagnetic {Ni–Gd} interactions in polynuclear complexes.
Our studies reveal that, although this interaction is small in
magnitude, it is antagonistic to the behaviour of the {Ni–Gd}
interaction in the list of parameters studied here.

(vii) magneto-structural correlations which are specific to
trinuclear complexes have also been developed and the dihedral
twist parameter between the two dimeric {Ni–Gd} units seems to
be an important parameter.

Although the mechanism of coupling in the {Ni–Gd} dimer has
been established and magneto-structural correlations have been
developed in this work, the mechanism and correlations for other
{3d–4f} dimers are expected to be different and we are currently
working on this issue.
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