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Density functional calculations have been performed on a dinuclear {Gd"-Gd"™} complex [{Gd(OA-
¢)3(H20)3},]-4H,0 (1) which has recently been reported to have a very large MCE [M. Evangelisti, O. Rou-
beau, E. Palacios, A. Camon, T.N. Hooper, E.K. Brechin, J.J. Alonso, Angew. Chem., Int. Ed. 50 (2011) 6606].
The focus here is (i) to asses a suitable functional within DFT framework to compute good numerical esti-
mate of J values (ii) to probe the mechanism of coupling between the two Gd" ions via computational
means (iii) to develop magneto-structural correlations to relate the sign and strength of J to specific struc-
tural parameter and (iv) to conceive the origin of large magneto-caloric effect (MCE) observed. Testing a
series of functionals and a set of basis sets, it is evident that the hybrid B3LYP functional behaves mar-
ginally well over others with a combination of SARC basis set incorporating ZORA (zeroth-order regular
approximation) relativistic effect for the Gd" ions. The MO and NBO tools have been utilized to probe the
mechanism of coupling and this reveals that there are two contributions. The first is charge transfer in
nature leading to a ferromagnetic contribution due to the involvement of empty 6s/5d/6p orbitals of Gd™
ions and the second contribution is due to 4f-4f orbital overlap and this adds to both ferro and antifer-
romagnetic part of the exchange. In 1, the ferromagnetic contribution prevails over the other leading to a
net ferromagnetic J. The developed magneto-structural correlations reveal that the Gd-0-Gd angle is an
important parameter as it switches the coupling from ferro to antiferro at lower angles. A weak intermo-
lecular ferromagnetic interaction mediating via H-bonding interaction results in a ferromagnetic interac-

tion at low temperatures and hence a large MCE.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

There is a large interest in the studies of polynuclear clusters of
paramagnetic ions in recent years due to their connection to nano-
technology and the related applications [1-4]. These nano-struc-
tured paramagnetic clusters are collectively known today as
molecular nano magnets (MNMs). The MNMs are further classified
into several types such as - single molecule magnets (SMMs)
[1,2,5-7], single chain magnets (SCMs) [8], single ion magnets
(SIMs) [9] and antiferromagnetic wheels to name a few [10]. They
have wide range of potential applications varying from information
storage devices [1,2], molecular spintronics [3] to Q-bits in quan-
tum computing [4]. In this area, lanthanide compounds occupy a
distinct position as they satisfy many physical properties that the
potential applications demands such as large intrinsic anisotropy
(SMMs), weak exchange interaction (MCE), quantum tunneling of
magnetization (quantum computing). This is manifested by the re-
cent discoveries such as mononuclear lanthanide complexes exhib-
iting slow relaxation of magnetization [5-10] and polynuclear
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lanthanide complexes holding record barrier height for the magne-
tization reversal. A recent list of breakthrough includes {Dy"},
{Dy"s} and {Dy"} clusters [11] with record barrier height of
170, 530 and 230 K.

Apart from the potential applications mentioned above one of
the promising application that emerges in recent years is the
molecular refrigerant [12]. This gains much attention because of
the possibility of replacing the highly expensive and rare helium-
3 in ultralow-temperature applications [13]. These molecular
refrigerants are environmentally friendly and are working on the
principle of magnetic caloric effect (MCE) [14]. The MCE is basically
related to the change in entropy (AS) during adiabatic demagneti-
zation with change in applied magnetic field [15]. The primary
condition to have large MCE is to have a large isotropic spin (S)
ground state and weak magnetic interactions. There are a few
4f-based clusters reported to be a potent magnetic coolers [16]
working on the principle of MCE. The Gd™ is an ideal candidate
for designing the magnetic coolers as it possess the largest possible
monomeric spin (S = 7/2) and is isotropic in nature. Besides being a
4f-ion it mediates a weak coupling - thus fulfilling all the prerequi-
site of achieving a large MCE. This is evident from the fact that
there are several Gd" based polynuclear clusters reported so far
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possessing a very large MCE [16-22]. Recent breakthrough in this
field includes a binuclear Gd™ complex [16] exhibiting a very large
MCE with AS of —40] kg ' K.

The synthesis of new generation magnetic coolants requires a
thorough understanding and control of the microscopic spin Ham-
iltonian parameters. In this regard, computational tools are indis-
pensable - both in calculating the spin Hamiltonian parameters
as well as in predicting the magnetic properties of the paramag-
netic complexes [23-26]. The DFT calculations carried out by us
[27] and others [28] previously on {3d-4f} system reveals the
robustness in predicting the sign as well as the strength of the ex-
change interaction.

Here we have chosen two dinuclear gadolinium complexes,
[{Gd(OACc)3(H20)2}2]-4H,0 (1) [16] and [{Gd(OAc)3(H20)2}2]-2H20
(2) [29]. The primary focus will be complex 1 where DFT computa-
tion has been performed to asses a suitable functional to calculate
the magnetic coupling in {Gd™-Gd™} pair, to understand the
mechanism of magnetic coupling in {Gd"-Gd™} pair and to devel-
op the magneto-structural correlations for the {Gd"-Gd"} pair.
Apart from computing the intramolecular exchange interaction,
we have also computed the intermolecular exchange which prop-
agates through H-bonding interaction between two {Gd",} di-
meric units. The calculation on complex 2 has been performed
essentially for comparative purpose and also to evaluate the good-
ness of density functional methodology employed.

2. Computational details

The magnetic exchange has been obtained using the following
spin Hamiltonian which includes spins of two gadolinium atoms
(Scar and Scaz) where Sgqr and Scqo are the spin on Gd™ ions.

H = 7] 'SGdl 'SGdZ

In the above equation, J represents isotropic exchange coupling
constant and its value has been calculated using DFT and Broken
symmetry approach [30]. The BS method has proven record of
yielding good numerical estimate of J constants for a variety of
complexes [23-27,30,31]. A detailed technical discussion on com-
putational details on the J values using broken symmetry approach
on dinuclear as well as polynuclear complexes have been reported
elsewhere [23-28]. We performed most of our calculations using
GO09 suite of program [32] with fragment approach employing hy-
brid B3LYP functional [33] along with triple zeta basis set for C, H,
and O atoms along with that Cundari-Stevens (CS) relativistic
effective core potential on gadolinium atoms (level I) [34]. We have
also performed calculations with all electron basis set for compar-
ison using ORCA suite of programs [35] employing SARC [36] on
Gd, along with their Ahlrichs SVP basis set on rest of the elements
[37]. These calculations have been performed by incorporating rel-
ativistic effects either via the ZORA [38] or via DKH (Douglas-
Kroll-Hess) methods [39,40] (level II). A very tight SCF conver-
gence has been employed throughout.

3. Result and discussion
3.1. Exchange interaction in dinuclear Gd™ complex

We have carried out DFT studies on two gadolinium complexes
1 (see Fig. 1a) and 2. Although the coordination environment is
same for both the complexes, due to the difference in the number
of water molecules in the second coordination sphere [41], there
are some small structural changes and this leads to a different J va-
lue. In both the complexes, the Gd"' atoms are linked by two che-
lating carboxylate bridges. For 1, the distance between Gd"" ions is
4.183 A. The bridging Gd-0 distances are found to be asymmetric

with the value of 2.558 and 2.393 A. The Gd-0-Gd angle is found
to be 115.3° with the Gd-0-Gd-0O dihedral angle of 0°. The DFT
calculations (level I) yield the J value of 0.03 cm™! which is in good
agreement to the experimental ] value of 0.06 cm™~'. For complex 2,
the DFT calculated J value is found to be 0.04 cm™! is also in agree-
ment to the experimental J value of 0.03 cm~'. The difference in
the magnitude of the J value between 1 and 2 are related to small
difference in the Gd-0-Gd angle (vide infra).

In spite of its simple structure, the enormous MCE found in 1
made us curious to look into the exchange pathways. The magnetic
exchange in 1 propagates through two p, fashioned carboxylate
bridges (m%:m' mode) and two hydrogen bonding interactions be-
tween the coordinated water and the carboxylates. In order to
understand the magnitude of exchange propagating through
hydrogen bonding, we have designed a model complex where
water molecules are rotated to avoid the H-bonding interactions.
The calculated J value in this model complex is found to be
0.03 cm ! disclosing the fact that the contribution due to internal
H-bonding is negligible.

3.2. Method assessment

Although a method assessment is available for the evaluation of
magnetic exchange interaction in transition metal compounds [23]
and in {3d-4f} complexes [27], no suitable functional or basis set
are advocated for a {4f-4f} pair coupling. Previously spin density
functional calculations using a pure BLYP functional and small core
TZ2P basis including ZORA relativistic effect has been performed to
evaluate the magnetic coupling in some dinuclear and hexanuclear
Gd"™ compounds [42]. Although good numerical estimates have
been obtained [23-27], a pure functional of this type has been
found to predict a wrong sign of ] for a {3d-4f} pair [43-45]. This
necessitates the compulsion for a comprehensive method assess-
ment for a {4f-4f} pair and this has been our initial focus. We have
tested several hybrid as well as non hybrid functionals with a vari-
ety of local and exchange correlations to assess a suitable func-
tional for the computation of J in {4f-4f} based systems. The
computed results are summarized in Table 1. With B3LYP func-
tional, three different basis set combinations have been tested with
the first one treating the relativistic effects via effective core poten-
tial (ECP) and secondly with DKH and ZORA. Our calculations
clearly reveals that there is a strong basis set dependency with
SARC basis set for Gd" with ZORA yielding the best estimate of
the J value for 1. The functional tests have been performed only
with the ECP/DKH relativistic basis set (see ESI for details). The
functionals tested here, apart from the functional form also differ
in the percentage of HF exchange contribution [33,46-50]. Despite
these differences, it is clear from the Table 1 that all the tested
functionals are yielding J values which are in agreement to the
experimental results. Since there is no significant advantage of
employing a pure functional for the evaluation of J values [42],
we would continue to employ the popular B3LYP functional for
the further studies.

3.3. Mechanism of coupling

To explore the reasons behind the ferromagnetic exchange in 1,
MO and NBO analysis have been performed. The Kahn-Brait model
[51] which relates the overlap between non-orthogonal orbitals to
the nature of exchange interaction can be employed to understand
the individual contribution to the net exchange interaction J. The J
value has contributions from both Jr (ferromagnetic part of J) and
Jar (antiferromagnetic part of J) parts and the sign of exchange is
decided by the dominating factor. The spin density plots can help
us to probe the electronic origin of exchange. The spin densities
on two Gd" ions are found to be 7.027 (similar values) and larger
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Fig. 1. Colour scheme: Gd" in pink, oxygen in red, carbon in black, hydrogen in white. (a) Crystal structure of complex 1. (b) DFT computed spin density plot for the S=7
ground state with the red and blue region indicating positive and negative spin densities respectively. (c) The two representative f-orbitals (o spin on left and g on right)
which shows the strongest overlap. The isodensity surface represented which corresponds to a value of 0.015 e~/bohr>. (Color online.)

Table 1
DFT computed J values using different functionals.
Functional J(cm™) Gd" spin densities (HS) Percentage of HF exchange (%) Basis set Relativistic
Exp 0.06
B3LYP 0.03 (7.027, 7.027) 20 d (CSDZ), and others (TZV) ECP
B3LYP 0.04 (7.026, 7.026) 20 d (SARC), and others(TZV) DKH
B3LYP 0.05 (7.031, 7.031) 20 (SARC ), and others(TZV) ZORA
X3LYP 0.03 (7.027, 7.027) 21.8 d (CSDZ), C, H, O (TZV) ECP
BLYP 0.03 (7.021, 7.021) 0 d (CSDZ), C, H, O (TZV) ECP
BP86 0.03 (7.031,7.031) 0 (CSDZ) C, H, 0 (TzV) ECP
TPSSh 0.04 (7.051, 7.051) 10 d (CSDZ), C, H, O (TZV) ECP
TPSSO 0.05 (7.050, 7.050) 25 d (SARC), and others(TZV) ZORA
PW91 0.002 (7.020, 7.020) 0 (SARC) and others(TzV) ZORA
OLYP 0.001 (7.014, 7.014) 0 d (SARC), and others(TZV) ZORA
+Charge TranSfer_A_ schematic mechanism developed using our analysis is shown in
: Fig. 2.
* ——— . . .
: The computation of overlap integrals between the singly occu-
5d,6s,6p 5d,6s,6p pied magnetic orbitals offers insight into the Jr contribution to the

4f| polarisation 4f] polarisation

357,
Overlap Integrals
Jar

4f-orbitals 4f-orbitals

Fig. 2. Schematic mechanism proposed for magnetic coupling in {Gd"™-Gd"} pair.

value than what is expected suggests that spin polarization mech-
anism is operational. From the spin density plot (see Fig. 1b) and
negative spin density values (see ESI Table S3) one can infer that
due to the contracted nature of the 4f-orbitals in the Gd™ ion
the spin delocalization is so poor that it is exceeded by the spin
polarization, leading to opposite spin densities on the atoms
around the Gd atom. The bridging oxygens are having more spin
densities than other oxygens due to the fact that they are polarized
by both the Gd"™ atoms and this polarization essentially favors a
ferromagnetic coupling as per the McConnell mechanism [52].! A

! Note here that spin polarization is not the sole mechanism which decides the sign
of coupling. A study on magnetic coupling in Cu(ll) complex suggest that spin
polarization is not directly related to the ferromagnetic coupling see Ref. [55].

total exchange whereas the Jr contribution can be perceived from
the charge transfer to the vacant d-orbitals using NBO analysis.
Since the molecule does not possess any crystallographic symme-
try, in principle there are 49 interactions. Computing all these
interactions reveals that, there are six significant overlap between
a 4f orbital of Gd(1) («) and another 4f orbital of Gd(2) (B) (see
Fig. 3 for a representative set). Besides there are also some moder-
ate overlap detected for another eight pairs (see ESI Table S4).
Thus, all these fourteen interactions are likely to contribute to Jar
while the rest of the 35 interactions are orthogonal and are likely
to contribute to Jr. Since the number of Jr is dominating, it is natu-
ral to expect that the net exchange to be ferromagnetic in nature.
In addition, the empty 5d/6s/6p orbitals of the Gd™ can also play
a vital role in magnetic coupling. These additional contributions
are likely to add to the J part of the exchange. The NBO analysis
indicates that the formally empty 5d/6s/6p orbitals of Gd"™ have
significant occupation (0.73/0.19/0.37). These empty orbitals gain
occupation primarily via polarization of the 4f-orbitals. Besides,
the NBO second order perturbation analysis reveals a significant
donor-acceptor contribution between two Gd" atoms where a
d-p mixed (Gd"(6p,)-Gd"(5d,._,»)) orbital donates electrons from
Gd(1) to the d-s mixed (Gd"(6s)-Gd"(5d,,)) orbital of Gd(2) and
vice versa. The stabilization energy for this interaction is
23.4 kcal/mol and this highlights the significance of this interaction
(see Fig. 3 for a representative donor-acceptor NBO orbital).
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(b)

Fig. 3. NBO plots for {Gd"-Gd"} pair for the high spin state. (a) A donor-acceptor superimposed plot showing the donor d-p hybrid orbital of Gd"(1) (left) and s-d hybrid

orbital of Gd"(2) (right) and (b) vice versa.

This charge transfer between the two empty orbitals of Gd(1) and
Gd(2) ensures that the spin on the 4f orbitals to be aligned along
the same direction. Unlike the {3d-4f} coupling where the 5d orbi-
tals are solely involved in the charge transfer mechanism [27,28],
here we observed that it is a mixture of 6s, 5d and 6p which tend
to predominant the charge transfer mechanism. In this regard the
mechanistic details are different than that proposed for the {3d-4f}
pair. Earlier theoretical studies on the Gd™ dimer also emphasis the
role of 5d exchanges in {4f-4f} coupling and this is also in agree-
ment to our proposal here [42].

3.4. Magneto-structural studies

Magneto-structural correlations have been developed for com-
plex 1 by varying the Gd-O distance, Gd-O-Gd angle and the
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(the difference in Gd(1)-0 and Gd(2)-0 is 0.167 A). The first corre-
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function gives a best fit to these data points (see ESI for details). A
second correlation is developed where the asymmetry parameters
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Gd(2)-0 distance. The asymmetry in the Gd-O distance has been
plotted against the computed J values. Here, as the asymmetry in-
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Fig. 4. Magneto-structural correlations developed by varying (a) Gd-O distances symmetrically (b) Gd-O distances asymmetrically (see text for details) (c) Gd-O-Gd bond
angle and (d) Gd-0-Gd-O0 dihedral angle (black squares represents calculated points and blue circles represents experimental points). (Color online.)
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Fig. 5. The crystal structure of complex 1 reported in dimeric form connected through hydrogen bonding network. Spin density plot of dimer of dimer, where red and blue

region indicates the positive and negative spin densities. (Color online.)

both these parameters are not significant in determining neither
magnitude nor sign of the exchange interaction.

For angle correlation the Gd-O-Gd angle is varied from 95° to
135°. The magnetic exchange is found to follow a parabolic func-
tion with a minimum at 120° with a ferromagnetic J value of
+0.04 cm™'. Increasing or decreasing the angle from this point en-
hance the antiferromagnetic contribution with the J value becomes
antiferromagnetic for angles less than ca. 106°. The spin densities
on the bridging oxygens are found to follow the pattern of the com-
puted points where a larger value of spin densities were observed
for higher angle structures compared to lower angle ones (see ESI
Table S3). This suggests that at higher angles electrons are rather
localized leading to an increase in the ferromagnetic coupling.
For the angle correlation the experimental points provide better
match compared to other structural parameters.

The dihedral correlation also found to follow a parabolic func-
tion where a maximum value of J has been observed at a dihedral
angle of ca. 5°. Increasing the dihedral angle further decrease the J
values and this again is related to the increase in antiferromagnetic
contribution to the net exchange. Unlike the angle parameter,
there is no switch from ferro to antiferromagnetic exchange here.
Moreover, plotting the experimental points on top of the computed
points reveals that the dihedral parameter is not able to account
for a large variation in the J value whereas the angle parameter
is able to rationalize antiferromagnetic interaction observed in
some Gd" dimers [53]. From all the correlations performed above
it is obvious that the Gd-0O-Gd angle parameter is the most reliable
parameter to address the magnetic coupling in Gd" dimers. The
experimental | value for complex 2 is found to perfectly match
the computed Gd-O-Gd angle and this validates the above
statement.

3.5. Exchange interaction and implication to MCE in dimer of dimer

For 1, a large MCE has been observed due to ferromagnetic
ordering at lower temperatures. This is supported by Monte Carlo
simulation where a satisfactory fit to the experimental observation
of the ordering temperature has been estimated [16]. Although the
intermolecular interaction has not been estimated experimentally,
it is clear that the sign of exchange is ferromagnetic. The crystal
packing diagram of 1 reveals that, the terminal water molecule
apart from participating in intramolecular hydrogen bonding also
responsible for the direct intermolecular hydrogen bonding in
the ab crystallographic plane. Besides there are also interplane
H-bonds mediated by the additional water molecules present in
the second coordination sphere [16]. To gain insight into the nature
of this exchange in a dimer of dimer {Gd",} units connected via H-
bonds have been constructed and exchange between two {Gd",}
units have been modeled and the exchange interaction has been
calculated for this model (see Fig. 5). The computed exchange is
found to be ferromagnetic in nature (3 x 10~ cm™!) and this sup-

ports the experimental results [54].2 This weak exchange due to
intermolecular hydrogen bonding extend along chains in two-
dimensions forming sheets and this leads to a large ground state
with close lying excited states resulting in large MCE.

The computed spin density (HS) of the model is shown in
Fig. 5b. The spin densities on the individual dimeric units resemble
to that of the model computed above. Specifically the hydrogen
and the oxygen atom of the acetates which are involved in hydro-
gen bonding interactions have differing spin density values sug-
gesting that spin polarization mechanism operates to mediate
this weak exchange between the dimers. Although the dipolar
interactions are in the same range as the H-bond mediated inter-
molecular exchange, we believe that it is the H-bonding interaction
which dominates here and lead to a ferromagnetic coupling and
thus a ferromagnetic ordering at low temperatures. This highlights
the importance of having H-bonding between molecular units to
enhance the MCE.

4. Conclusion

In recent years there has been great interest in the synthesis and
magnetic studies on isotropic Gd"™ based clusters because of the
possibility of achieving large MCE. Despite several experimental re-
ports, there are only a few theoretical reports available in addressing
the {4f-4f} coupling. Here, we have undertaken a comprehensive
theoretical study for the first time, on a recently reported {Gd"'-
Gd"} dimer to address some important issues. The conclusions de-
rived from this work has been summarized as follows:

(i) DFT calculations reveal that these methods are unequivo-
cally robust in estimating exchange coupling for a {4f-4f}
pair. A method assessment for {4f-4f} pair reveals that the
combination of B3LYP functional along with SARC basis set
on Gd"™ with ZORA vyield a best estimate of the | values.

(ii) The mechanistic fine details of a {4f-4f} pair has been
unfolded using MO and NBO analysis where the role of 6s/
5d/6p orbital in coupling has been clearly established.
Besides, a major 4f-4f orbital overlaps have been detected
and this essentially explains the antiferromagnetic exchange
observed for some Gd"' dimers.

(iii) The developed magneto-structural correlations suggests
that the Gd-O-Gd angle is perhaps the most important
parameter which determines both the sign and magnitude
of coupling in {Gd"™-Gd"} pair.

(iv) A large MCE estimated experimentally for the studied com-
plex stems from a ferromagnetic ordering at low tempera-
tures. The origin of this ferromagnetic ordering is rooted

2 The result is at the extreme limit on the accuracy of DFT calculations however
such small numbers with DFT has also been reported elsewhere see for example Ref.
[54].
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back to ferromagnetic intermolecular interaction and our
calculations clearly reveals that, it is the H-bonding interac-
tion which essentially lead to a ferromagnetic inter-dimer
coupling and underlines the importance of such intermolec-
ular H-bonding interactions in enhancing MCE for Gd™"
based complexes.

Further studies are underway in our laboratory to explore the
{4f-4f} pair coupling further particularly on how this coupling gets
affected by the presence of paramagnetic transition metal ions.
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