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Decisive interactions that determine ferro/
antiferromagnetic coupling in {3d-4f} pairs: a case
study on dinuclear {V(iv)-Gd(m)} complexest

Saurabh Kumar Singh and Gopalan Rajaraman*

The emerging class of mixed transition metal and lanthanide {3d-4f} complexes have gained more inter-
est in recent years in the field of molecular magnetism. The key to success in this class of compounds lies
in the nature of their observed magnetic coupling, which is mostly ferromagnetic. However several excep-
tions have emerged in recent years which makes understanding the origin of magnetic coupling crucial.
DFT and CASSCF calculations have been performed on a structurally similar pair of {V(iv)-Gd(mn)} com-
plexes to underpin the dilemma of ferro/antiferromagnetic exchange interaction. We have chosen two
structurally similar complexes, [L'V(O)Gd(H,0)(NOs)s] (1); which displays a ferromagnetic interaction
(/ = +1.5 cm™") between the {V(v)-Gd (i)} pair, while complex [L2V(O)}{(CH3)>CO}GA(NOs)s], (2) (see text
for descriptions of L' and L?) exhibits an antiferromagnetic exchange (/ = —=2.6 cm™'). The DFT calcu-
lations yield J values of +2.0 cm™" and —0.7 cm™" for complexes 1 and 2 respectively and these values are
in good agreement with the experimental values. CASSCF calculations have also been performed to
understand the nature of the interaction in these complexes. The MO and NBO analysis demonstrate the
importance of Gd(i) vacant 5d orbitals which contribute to the ferromagnetic part of the J values in this
class of complexes. The extensive magneto-structural correlations developed suggests that a combination
of two parameters, the V-O-Gd angle and the V-0O-Gd-O dihedral angle, control the sign as well the
magnitude of the J values. We have extended our studies to a tetranuclear [L>V(0)Gd(hfac),(CH3OH)]»
complex to validate the proposed mechanism and the developed correlation. Our calculations also reveal
that weak interactions are playing an important role in predicting the ground state for large polynuclear
complexes.

breakthroughs, the isolation of 4f-based SMMs with large
barrier heights is challenging due to fast quantum tunnelling

Single-Molecule Magnets (SMMs) have become an attractive
prospect in the last decade due to a number of potential appli-
cations proposed.’ Ideal SMMs possess a very large spin
ground state and a sizable anisotropy - the combination which
gives raise to a magnetization blockade at lower tempera-
tures."”” Numerous polynuclear clusters containing lantha-
reported  with blocking
temperatures.” One recent example includes a {Dy(m)s} cluster
reported to have a barrier height of 530 K —the largest reported
cluster compound.” Despite these recent

nides have been attractive
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of magnetization and a weak exchange interaction.”™* These
shortcomings can be overwhelmed, if mixed clusters of lantha-
nides and transition metal ions are targeted.” This is sup-
ported by the fact that, in the last decade, there are several
novel {3d-4f} clusters reported with attractive blocking
temperatures.®®

Furthermore, the {3d-Gd} complexes are also attractive for
other prospects such as magnetic refrigerants —one of the
most promising applications for molecules built from para-
magnetic metal ions.” ™"

Key to the success of the {3d-4f} class of compounds lies in
the nature of the magnetic interaction which is often found to
be ferromagnetic, leading to the stabilization of a large spin
ground state. There are some exceptions where the interaction
is also found to be antiferromagnetic.'">'® Despite several
decades of synthetic efforts on {3d-4f} systems, the reason
behind this anomaly is not fully understood.'*'> One of the
primary challenges in applying theoretical methods to this
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Fig. 1 Crystal structures of complexes (a) 1, (b) 2 and (c) 3. Gd() is in pink, V
in light green, O in red, N in blue, H in white, F in yellow and C in black.

class of compounds is the inert nature of the 4f-orbitals which
leads to the handling of the DFT broken symmetry scheme
and also the electronic structure calculations are a delicate
problem, as they often demand high level ab initio calculations
to precisely address the problem of interest."*'> However our
recent efforts with the DFT method combined with MO and
NBO analysis were proven to be successful in computing the
exchange and also in understanding the coupling mechanism
in this class of compounds.'® A pair of structurally similar
compounds exhibiting ferro- and antiferromagnetic inter-
action respectively is required to probe the dilemma of intrin-
sic ferro-/antiferromagnetic interactions and also to examine
the decisive interactions which determine the sign of coupling
in this class of compounds.

Two dinuclear {VGd} complexes reported by Costes et al.'?
([L'V(0)Gd(H,0)(NO3);], (1) where (L' = [N,N"-bis(3-methoxy-
salicylidene)-1,2-diamino-2-methylpropane]) and  [L*V(O)-
{(CH3),CO}Gd(NO3);], (2) where (L*> = [N,N"-bis(3-methoxysali-
cylidene)-1,3-diamino-2-2’-dimethyl-propane] see Fig. 1))
satisfy the primary requirement of structural resemblance. The
magnetic studies reveal that compound 1 is ferromagnetic
while 2 is antiferromagnetic, thus also satisfying the diverse
property requirement. Therefore here we have chosen these
two compounds as prototypes to understand the mechanism
of coupling.

Here we have performed DFT and ab initio CASSCF studies
on these compounds with the objective of (i) computing the
magnetic exchange interaction J, (ii) comprehending the mech-
anism of coupling and (iii) developing reliable magneto-struc-
tural correlations for this pair. The study has also been
extended to a tetrameric {V,Gd,} complex ([L*V(0)Gd(hfac),-
(CH;0H),],, (3) where (L* = 2-hydroxy-N-{[(2-hydroxyphenyl)-
methyleneJamino}-2-methylpropyl) benzamide)'” to cross-
check the properties computed at the dimeric level.

3624 | Dalton Trans., 2013, 42, 3623-3630

View Article Online

Computational details

In the dinuclear complexes studied here, the magnetic
exchange interaction between the V() and Gd(m) ions is
described by the following spin Hamiltonian,

H=—] Sca-Sy

where J is the isotropic exchange coupling constant and Sgq
and Sy are the spins on Gd(m) (S = 7/2) and V(v) (S = 1/2)
atoms respectively. DFT calculations combined with the
Broken Symmetry (BS) approach'® has been employed to
compute the J values.

The BS method has a proven record of yielding good
numerical estimates of J constants for a variety of
complexes.'”?* A detailed technical discussion on compu-
tational details on the evaluation of J values using the broken
symmetry approach on dinuclear as well as trinuclear com-
plexes can be found elsewhere.>"** Here, we have performed
most of our calculations using the Gaussian 09 suite of pro-
grams.”® We have employed a hybrid B3LYP functional®* along
with a double-zeta quality basis set employing the Cundari-
Stevens (CS) relativistic effective core potential on Gd*® and the
TZV basis set on V>® and the rest of the atoms (level I). A com-
prehensive method assessment performed earlier on {Cu-Gd}
complexes by us, reveals that this combination yields good
estimates of the J constants. We have also performed all elec-
tron calculations for comparison using the ORCA suite of pro-
grams®’ employing the SARC all electron basis set on Gd,*®
Ahlrichs and co-workers TZVP on V*® along with their SVP
basis set on the rest of the elements. These calculations have
been performed by incorporating relativistic effects via the
Douglas-Kroll-Hess method®® (level II). A very tight SCF con-
vergence has been employed throughout. All magneto-struc-
tural calculations have been performed by varying the specific
structural parameters and performing single point calculations
on the modified structure.

For tetranuclear complexes the following spin Hamiltonian
has been adopted,

H=—]-Sad, - Sv, —J' - Sad, - Sv,

The magnetic exchange interactions in tetranuclear com-
plexes were extracted using a pair-wise interaction model’
where four spin configurations are computed to extract three
different exchange interactions (J;-J3). The following five spin
configurations have been computed: (i) all spin up (S = 8),
(if) spin down on only V, (S = 7), (iii) spin down on only Gd,
(S = 1), (iv) spin down on both V; and V, (S = 6), (v) spin
down on Gd, and V, (S = 0). The energy differences
between the spin configurations are equated to the corres-
ponding exchange interactions from which the two J values
have been extracted.

In the ab initio framework, all calculations have been per-
formed using complete active space self-consistent theory
(CASSCF) as implemented in the ORCA software with the SARC
basis set for Gd(m), TZV for V(iv) and SVP for the remaining
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atoms. The calculations have been performed with the SV/C
correlation fitting basis sets. The SCF calculations are tightly
converged (1 x 107% Ey, in energy). We have taken eight elec-
trons (f7 + d') with 12 active orbitals (8, 12) as a reference
space.

Result and discussion

In both complexes 1 and 2 the metal ions are doubly bridged
by two p-phenolato bridges (Fig. 1). However there are some
minute structural differences, for example in 1 the {GdO,V}
core is almost planar while in complex 2 it is twisted with a
V-O-Gd-O dihedral angle of 18.0°. The Gd(wm) is deca-coordi-
nated in both complexes with Gd---V separations of 3.519 A
and 3.504 A in 1 and 2, respectively. The geometry around V(iv)
also differs with a penta-coordination in 1 and a hexa-coordi-
nation in complex 2. The average V-O-Gd bond angles are
107.1° and 105.4° for complexes 1 and 2 respectively. Complex
3 is a tetranuclear complex with two heterodinuclear [V(O)-
L’Gd(hfac)] units linked through two oxygen atoms of the L>
ligand (see Fig. 1c). The V(iv) units are square-pyramidal with
the Gd(m) exhibiting a coordination number of eight. The two
{VGd} dimers are well separated by a Gd-O-C-N-V bridge with
the V---V and Gd---Gd distance of 6.559 A and 7.792 A respect-
ively. The V-O-Gd angles are found to be 106.4° and V-O-Gd-
O dihedral angles are 15.1°. Studies performed on complexes 1
and 2 are discussed initially with the results from studies on
complex 3 discussed in the subsequent section.

The experimental magnetic susceptibility studies carried
out on a polycrystalline sample of 1 identify a ferromagnetic
exchange between the V(iv) and Gd(wm) ions with a J value of
+1.5 cm ™', while an antiferromagnetic exchange is observed in
2 with a J value of —2.6 cm™". Our DFT calculated value for 1
is +2.2 em™" while for 2 it is —0.7 cm™". The sign of these
J values were reproduced by our calculations, albeit the magni-
tude slightly deviates from the experimental value in both
cases (the computed total energies together with <S*> expec-
tation values of complexes and their models are listed in
Tables S1-S3 of ESIf). The computed spin density plot
together with the magnetic orbitals of V(i) in complex 1 is
shown in Fig. 2. The spin densities on V(iv) (1.15) and Gd(m)
(7.02) ions are found to be ca. the same in both the complexes,
suggesting a spin polarisation mechanism by which both the
ions gain spin densities (see ESI Table S4 and Fig. S1t for
labels and values).

A schematic mechanism of coupling developed in earlier
years invoking a charge transfer path where a partial charge
transfer from the 3d orbitals of the metal ion to the empty
5d/6s orbitals of the Gd(m) atom was proposed.’>*' A more
quantitative mechanism for the {3d-4f} pair emerges from an
ab initio CASSCF/PT2 study'* and a series of DFT calcu-
lations.">'®*> The following concise points emerge with
respect to the mechanism of coupling for a generic {3d-4f}
pair: (i) the net J value has contributions from both Ji (the fer-
romagnetic part of J) and J,r (the antiferromagnetic part of J)

This journal is © The Royal Society of Chemistry 2013
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Flg 2 The CASSCF magnetic orbital of V(v) and Gd(m) (a) spin density plot of

1, (b-1) to (b-4) four sets of non-orthogonal orbitals, (c) de orbital of V(wv), (d-1)
to (d-3) three sets of orthogonal orbital of Gd(i). All the orbitals plotted are for
the S = 9/2 high spin state. The isodensity surface represented corresponds to a
value of 0.03 e~ bohr™.

parts and the sign of the exchange is decided by the dominat-
ing factor; (ii) the /i arise due to two contributions (a) ortho-
gonality between 3d- and 4f-magnetic orbitals and (b) charge
transfer to empty 5d orbitals of the 4f-ions; (iii) the J,r has
contributions due to the non-orthogonality between the 3d-
and the 4f-magnetic orbitals.

MO and NBO analysis can offer clues to the Jr and Jar con-
tributions to the net exchange. The unpaired electron in V(iv)
is found to reside in the d,, orbital and the overlap integral
computed between the d,, and the seven f-orbitals of the
Gd(m) ion reveals that there are several significant overlap
values detected for complex 2 when compared to complex 1 (see
Table S5, ESIT for computed overlap values). This primarily
suggests that complex 2 has larger Jor contributions. To obtain
further clues into the orthogonality/non-orthogonality of the
magnetic orbitals, ab initio CASSCF calculations have been per-
formed on complexes 1 and 2 (see computational details). The
CASSCF computed J values are found to be +1.08 em™ for 1
and +0.6 cm™" for 2. The CASSCF calculations did not repro-
duce the sign of exchange in complex 2 however the trend of 1
being more ferromagnetic than 2 is correctly reproduced. The
reproduction of the sign in this method might require a larger
reference space including empty 5d/6s orbitals of Gd(im)."*

The CASSCF orbitals of complex 1 are shown in Fig. 2. Inter-
estingly, the CASSCF orbitals fall into two distinct classes, four
4f-orbitals are found to be orthogonal as they do not mix with
the V(d,,) orbital and three are found to be non-orthogonal,
where significant 4f-d,, mixing is apparent.

These two sets eventually contribute to Jr and J,r respect-
ively. Most importantly the f,,, orbital of the 4f ion is found to
interact with the d,, orbital of the V(v) metal centre. The
extent of mixing as revealed in the computed MO coefficients
suggests that in 1 it is about 16% while in 2 it is about 27%
(see Fig. 3). This particular orbital is found to be relatively
higher in energy compared to other f-orbitals and the f-orbital
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16%

27%

Fig. 3 The plot of the 4f,,,-3d,, interaction for complex (a) 1 and (b) 2
showing % contribution from the 4f-orbital in each case. The isodensity surface
represented corresponds to a value of 0.03 e~ bohr=3. The grey and blue region
indicates the positive and negative densities. The plotted orbitals are for S =7/2
low spin state.

splitting in 2 is found to be larger than that of complex 1 (see
Fig. S21). This interaction is found to be decisive in deciding
the nature of coupling for this pair. Moreover the overlap inte-
gral obtained from the DFT calculations also supports these
numbers (see Table S51). The NBO analysis reveals that the 5d
occupation found on the Gd(u) atoms in both complexes also
differ slightly revealing a larger Jr contribution to 1. Thus a
larger Jor and a smaller Jr contribution led to a switch from
ferromagnetic to antiferromagnetic interactions in 2. Now the
question is why?

Magneto-structural correlations

Checks were made on the ligand environment particularly the
coordination number of V(). The coordination environment
(square pyramidal vs. octahedral) is found to differ between 1
and 2 but has negligible effect on coupling (square pyramidal
model of 2 yields a J value of —0.62 cm™" (see Fig. S3, ESIT)).
Apart from the number of bridges, the structural parameters
that are likely to affect the magnetic coupling are the V-O and
Gd-O bond distances, the V-O-Gd bond angle, the V-O-Gd-O
dihedral angle and the out-of-plane shift of the bridging
phenoxo group, z.>* To answer the specific question as to
which parameter controls the nature of the magnetic inter-
action, we have developed magneto-structural correlations for
these parameters (see Fig. 4). The average V-O and Gd-O dis-
tances between 1 and 2 are 2.16 A and 2.19 A while the bond
angle is 107.5° in 1 and 105° in 2. A large variance is detected
in the dihedral angle (3.2° for 1 vs. 18° for 2) and the 7 para-
meter (8.3° for 1 vs. 25.2° for 2).

Bond distance. As shown in Fig. 4a, when the average bond
distance was increased from 2.2 A, the J value decreases
initially and then it tends to become more static at larger bond
distances, however the correlation stays within the ferromag-
netic regime. As the V-O; Gd-O bond elongates, it effectively
reduces the charge transfer path from V(3d) - Gd(5d) and this
results in a decrease in ferromagnetic coupling. However com-
parison to the experimental parameters suggests a large devi-
ation from the experimental values for other structures and
thus this parameter is unlikely to control the sign of the mag-
netic exchange.
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Fig. 4 Magneto-structural correlations developed by varying different struc-
tural parameters for complex 1 (a) average V-O; Gd-O bond distances (in A), (b)
V-0-Gd-0 dihedral angle, (c) out of plane shift 7, (d) average V-O-Gd bond
angles. Here, open circles are DFT computed points while the red line represent
the best fit to these points. Solid triangles represent points from experimental
structures with the corresponding J values.

Dihedral angle. A second correlation is developed by
varying the V-O-Gd-O torsional angle (Fig. 4b). From the
figure it is clear that the planar structure with zero torsional
angle has the largest ferromagnetic exchange. Larger torsional
angles lead to lower J values, similar to that found for the
other {3d-Gd} pairs."® The experimental points are rather scat-
tered here, presumably suggesting that the dihedral angle
might not be the exclusive structural parameter which controls
the magnetic exchange.

Out-of-plane-shift (z). The out-of-plane-shift = describes the
deviation of the phenyl ring from the V-O-Gd-O plane. This
parameter has been previously shown to be important in
accounting for the differences in J values across structures in
transition metal and {3d-4f} complexes.** Here an exponential
relationship has been detected with larger 7 leading to smaller
J values. However, looking at the y-axis it is straightforward to
conclude that the variation in J is negligible and thus 7 is un-
likely to control the sign or the magnitude of the J value in
this pair.

Bond angle. The correlation developed when varying the
V-0-Gd angle is shown in Fig. 4d. An exponential relationship
to J has been observed, and more importantly a switch from
ferro- to antiferromagnetic exchange has been detected at
103.4°. As the angle increases, the Ji contribution increases
leading to smaller J values for the antiferromagnetic regime
and larger J values for the ferromagnetic regime (see Table S6
and Fig. S4, ESIT). Moreover, we have plotted the computed
Gd(m) 5d and 6s orbital occupation number vs. bond angle
(see Fig. 5a) and this gives an important insight into the

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 (a) NBO computed 5d and 6s population with variation of the V-O-Gd
bond angle. Superimposed BS-DFT orbital of f,,, and d,, for bond angle (b)
99.0° and (c) 103.5 degrees. The isodensity surface represented corresponds to
avalue of 0.03 e~ bohr™3.

mechanism of coupling. As evident from the figure, the 5d
occupation increases linearly as the angle increases,
suggesting that the Jr contribution increases. On the other
hand, the occupation number of the 6s orbital of the Gd(um)
ion remains constant. This strongly supports the earlier pro-
posed mechanism of coupling.'® Mapping the available exper-
imental points to the computed curves suggests that this bond
angle might be a suitable parameter to describe the magnetic
coupling in this {V(iv)-Gd(m)} pair. In addition, the variation
in J observed with other parameters are minimal compared to
this particular bond angle. A similar conclusion has also been
previously drawn for the {Ni(u)-Gd(m)} pair.*®

Since a switch from ferro- to antiferromagnetic exchange is
observed with this correlation, we have attempted to cross-
check our decisive interaction d,,—f,,.. As we have previously
stated, as the angle decreases from 105.5° to 99.0°, the overlap
integral for the d,,—f,), pair should increase significantly. Our
overlap calculations support this statement (see Table S6T and
Fig. 5b and 5c for the corresponding orbital plots) and thus
provide confidence to the determined decisive interaction.

Hybrid correlation. An exponential relationship of the J
value to the bond angle has been found; however fitting the
points to an exponential relationship (see ESIf for details)
does not predict an antiferromagnetic switch at an angle of
105° as observed in complex 2. Furthermore a large variation
in the dihedral angle between 1 and 2 demands its inclusion
in the magneto-structural correlation. To explore if more than
one parameter can offer a rational for the switch, we have
developed a three dimensional magneto-structural correlation
by varying both the bond angles and the dihedral angles simul-
taneously (Fig. 6). This correlation is able to reproduce the
sign at 105° of the V-O-Gd bond angle and at 18° of V-O-Gd-
O dihedral angle.?* The developed correlation has severe depth
and crest, suggesting interplay of both the parameters in
deciding the sign and the magnitude of the exchange. It is very
clear from this analysis that more than one parameter might
be required to rationalise the magnetic exchange and one has
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Fig. 7 (a) Thermal variation of y,T for complex 3 up to 0.2 K. The black curve
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0), while the red curve represents simulation with DFT values. See ref. 17 for the
experimental data. (b) DFT computed spin density plot for complex 3, the white
and blue region indicates positive and negative spin densities. The isodensity
surface represented corresponds to a value of 0.03 e~ bohr™>,

to bear this in mind while interpreting/rationalizing the experi-
mental data.

Studies on the tetranuclear {V,(1v)-Gd,(ur)} complex

To analyse the precise conclusions derived from the mechan-
ism of coupling and the magneto-structural correlations for
the {V(iv)-Gd(m)} pair, we have extended our study to a tetra-
meric {V,(iv)-Gd,(m)} complex, complex 3, (see Fig. 1)."” The
experimental magnetic susceptibility of 3 is fit by assuming
there is no interaction between the dimers (J') while within the
{VO,Gd} dimeric unit the fit yields the Jy.gq value of
+0.46 cm ™' (see Fig. 7a). This results in an S = 4 ground state
for 3, which was also confirmed from magnetization data. Our
DFT calculations give a Jy_gq value of +0.94 cm™". The sign as
well the magnitude is reproduced reasonably well with the
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DFT.'® Furthermore the magnitude can be rationalised by
taking into consideration the V-O-Gd angle and the V-O-Gd-
O dihedral angles, which were found to be between those
observed for complexes 1 and 2. This adds confidence to the
developed magneto-structural correlation.

More importantly, we have also computed the exchange
interaction between the dimeric (') units and in contrast to
the experiment, this is found to be antiferromagnetic in
nature with a value of —0.01 cm™". It should be noted that
although the computed J value is small, the actual energy
difference between different spin configurations are ca.
0.1 cm™'. Although this gap is too large to be trusted as
reported earlier,”® one has to be cautious as the values are at
the limit of the employed theoretical methods. This weak anti-
ferromagnetic exchange drastically affects the conclusions, i.e.
with a weak antiferromagnetic exchange between the {VO,Gd}
units, the ground state is calculated to be S = 0 in contrast to
S = 4 as suggested by the experiment. Our calculated J values
provide a good fit to the experimental curve up to 1.2 K, below
which the y,,T value decreases drastically (see Fig. 7a and
Fig. S4, ESIf). Since the experiment is performed only up to
2 K, this downturn has not been observed. This invariably
suggests that to precisely elucidate the ground state of such
complexes, one might need to reach lower temperatures. The
spin density plot computed for 3 is shown in Fig. 7b. The sig-
nificant amount of spin densities observed on the spacer
atoms suggests that the J' interaction is unlikely to be zero as
assumed in the experiments (see Fig. S5, ESIT). It should be
noted here that a dimer-of-dimers structural topology with a
weak inter-dimer interaction has been reported in several
instances to have potential applications
computing.®”

in quantum

Conclusions

For the first time combined DFT and CASSCF calculations
have been employed to compute the magnetic exchange para-
meters (/) and comprehend the mechanism of coupling in
ferro-/antiferromagnetically coupled dinuclear {VGd} com-
plexes. DFT correctly predicts the sign of their associated J
values and CASSCF orbitals offer a significant insight into the
mechanism of coupling, where a decisive fy,-d,, interaction
has been detected and found to be imperative in determining
the sign of the exchange. Our NBO analysis indicates that the
empty 5d orbital of Gd(m) contributes to the ferromagnetic
part of the exchange similar to that found in other {3d-Gd}
pairs. Our magneto-structural studies reveal that it is not
always one unique parameter that is important in determining
the J value, here the V-O-Gd bond angles and V-O-Gd-O di-
hedral angles combination was found to play an active role in
switching the exchange from ferro- to antiferromagnetic. Our
studies on the tetramer {V,(iv)-Gd,(m)} offers some significant
insight into the magnetic properties of this complex. A weak
antiferromagnetic J' value suggests an S = 0 ground state for
this molecule. When taking into account the strength of the J

3628 | Dalton Trans., 2013, 42, 3623-3630
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value observed here, low temperature measurements might be
required to unequivocally determine the ground state for such
clusters.
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