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Series of DFT calculations on [L'Ni(H,0),Gd(NOs)s] (1) and their transition metal substituted models
{cr'cd™y, (Fe"Gd"), (Mn"Gd"™} and {Cu"Gd"} have been performed to probe the electronic effects of
the metal substitution on the sign and strength of magnetic coupling. Our results unfold an interesting
observation that the strength of the exchange is related to the d-orbital occupancy with occupancy on
the e, orbitals resulting in stronger ferromagnetic exchange while progressively filling the t,g orbitals
leads to a reduction in the computed J values. Further, we extend our studies to the trinuclear {3d-Ln-
3d} [LM,Ln][ClO4] (LHs = (S)P[N(Me)N = CH-CgH3-2-OH-3-OMe]s) (here M = Cu?*, Ni** and Mn?* and
Ln=Gd" and La"") complexes possessing phosphorus, salicylideneaminooxy and Schiff base supported
ligands to corroborate our findings in dinuclear models. By computing the nearest neighbor and next-
nearest neighbor interactions in all three complexes, our studies reveal that the observation of strong
exchange with eg occupancy is preserved also in the trinuclear complexes. This will have implications
in the area of molecular coolants where Cu' and Gd" are the preferred choice as they inherit no/negligi-
ble anisotropy, but our finding suggests that Cu" invariably also offers strong exchange interaction - a
parameter unsuitable for ideal molecular coolants. Metals ions such as Mn" and Cr'" are perhaps better
choice for molecular refrigeration as they possess large spin values, negligible anisotropy and mediate

relatively a weak magnetic exchange interaction.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Molecule based magnets are gaining attention in recent years as
potential applications ranging from high-density information stor-
age devices [1], solid state Q-bits in the quantum computing [2] to
magnetic refrigerants are proposed for this type of molecules [3].
Molecules which show slow relaxation of magnetization in the ab-
sence of magnetic field are called as single molecule magnets
(SMMs). Enhancing the energy barrier in SMMs which is related
to the ground state S and anisotropy D (zero-field splitting) is a
challenging task and many synthetic strategies have been pro-
posed over the years to achieve this target. One of the attractive
strategies is to synthesise heterometallic {3d-4f} complexes as
they offer large S as well as anisotropy. The interest in the hetero-
metallic {3d-4f} complexes is due to the work of Gatteschi and co-
workers [4] where the {CuGd} complexes have been synthesized
and the magnetic properties investigated. Subsequent synthesis
of similar {CuGd} complexes and the observation that all those
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complexes exhibit ferromagnetic coupling has led to the sugges-
tion of an intrinsic ferromagnetic coupling for the {3d-4f} pair with
a consequent increase in the S value. Costes et al. on the other hand
over the years reported numerous {3d-4f} dinuclear and polynu-
clear complexes and have made significant contribution to the syn-
thesis and characterization of {3d-4f} complexes [5].

Since anisotropy is a prerequisite for SMMs, anisotropic ions
such as Dy"™, Er'" and Tb™ are ideal candidates while Gd" is gener-
ally isotropic [6] and it finds its applications in magnetic refrigera-
tion. Despite Gd"! being isotropic, there are some instances where
Gd™ complexes have been found to be superior SMMs over their
anisotropic counter parts [7]. The {3d-Gd"'} complexes are partic-
ularly attractive in the area of molecular coolants as these mole-
cules yield very large S value and possess negligible anisotropy —
a necessary prerequisite for molecular coolants. Besides these
two parameters, weak magnetic exchange between the metal ions
and a large metal:non-metal ratio are required to achieve new gen-
eration refrigeration molecules [7,8]. These prerequisites ideally
suit GA" complexes and its heterometallic {3d-Gd™} analogues.
The molecular refrigeration demands a large Magnetic Calorie Ef-
fect (MCE) which in turn is related to the magnetic entropy change
(AS) [8]. The magnetic exchange interaction plays a pivotal role in
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the determination of AS,, values and understanding the mecha-
nism of magnetic coupling is essential for future success. Theoret-
ical methods, DFT for {3d-Gd} and CASSCF for anisotropic
lanthanide ions have made significant advancement in this regard
[9]. Our group in recent years has developed interest in computing
magnetic exchange interaction in {3d-Gd} pairs and has estab-
lished the mechanism of coupling and also has developed mag-
neto-structural correlations for {CuGd}, {NiGd}, {VGd} and
{radical-Gd} pairs [10a-d].

Recently Brechin and co-workers reported a family of isostruc-
tural {Gd4M8} clusters (where M = Zn, Ni and Cu) and have dem-
onstrated that the metal substitution indeed affects the MCE
properties as the magnetic exchange interactions J varies as Cu"
and Ni" ions are substituted in the place of diamagnetic Zn" ions
[11]. Although the mechanism of coupling for the {3d-Gd} pair
has been established, the reasons for the variation of magnetic cou-
pling vis-a-vis the nature of the 3d metal ion ranging from Cr'" to
Cu" is not clearly established. Additionally, in polynuclear com-
plexes, apart from near-neighbor {3d-4f} exchange, the next-near-
est-neighbor {3d-3d} or {4f-4f} interactions are also present [12].
These interactions, in some instances, determine the ground state
and in other cases compete with near-neighbor interactions. Deter-
mining the sign as well as the of strength of the next-nearest-
neighbor interaction is a challenging task experimentally as this
might lead to over parameterization and for this reason this inter-
action is generally ignored. Consequently, theoretical estimations
of these interactions are important. Accordingly, we have per-
formed density functional calculations on a set of dinuclear {3d-
Gd} and trinuclear {3d-Gd-3d} complexes (3d = Cr', Fe"!, Mn", Ni"
and Cu") to estimate the near neighbor as well the next-nearest-
neighbor magnetic exchange interactions in order to understand
(i) the role of metal substitution on magnetic exchange and (ii)
how the sign and strength of the 1,3 interaction varies with differ-
ent transition metal ions. These results are discussed herein.

2. Computational details

The broken symmetry (BS) method has a proven record of yield-
ing a good numerical estimate of | constants for a variety of com-
plexes [13]. A detailed technical discussion on computational
details on the evaluation of J values using broken symmetry ap-
proach on dinuclear as well as trinuclear complexes can be found
elsewhere [13e,14]. Here, we have performed our calculations
using caussian 09 suite of programs [15]. We have employed a hy-
brid B3LYP functional [16] along with a double-zeta quality basis
set employing Cundari-Stevens (CS) relativistic effective core po-
tential on the Gd atom [17] and LanL2DZ ECP basis set on Ni [18]
with an all electron 6-31G basis set [19] for the rest of the atoms.
A comprehensive method assessment performed earlier on {Cu-
Gd} complexes by us, reveal that this combination yields a good
estimate of the J constants [10a].

For the trinuclear complexes the following exchange Hamilto-
nian has been used,

H=—J;-S, -Scd —J2 - S3a, - Scd —J3 - S3a; - S3a,

(a)
J3

J
3J+Gdj—2

[ JR—
=

3d——Gd—3d

3d——Gd——3d

The magnetic exchange interaction in the trinuclear complexes
were extracted using pair-wise interaction model [12] where four
spin configurations were computed to extract three different ex-
change interactions J;—/3 (see Scheme 1a). The computed configu-
rations are shown in Scheme 1b. The energy differences between
the spin configurations were equated to the corresponding ex-
change interactions from which all three J values were extracted.

3. Results and discussion
3.1. Studies on dinuclear {3d-Gd} complexes

There are numerous {3d-Gd} dimers reported in the literature
with 3d metal ion being Cu", Ni", Cco", Fe", Mn", cr' and VYV
[5a,20]. In these cases as the molecular structure of each complex
is distinctly different from each other owing to the presence of
varying bridging ligands and consequently different structural
parameters, computing the various Js involved on such a structur-
ally diverse family is unlikely to reveal the effect of metal ion sub-
stitution. For this reason, we have calculated the exchange
coupling [10b] on the full structure of [L'Ni(H,0),Gd(NOs)s] (1)
(L! = [2,2'-[2,2-dimethyl-1,3-propanediylbis (nitrilomethyli-
dyne)]bis(6-methoxyphenolato)(2-)] nickel(II)]) (see Fig. 1). Be-
sides, a detailed analysis and the mechanism of coupling for 1
has been established earlier by us [10b] and therefore Ni** ion in
the above dimer has been replaced to create models with a series
of 3d metal ions [Cr'(1a), Mn'((1b), Fe'((1¢c), Cu" (1d)]. Analyzing
the magnitude of computed J; in these model complexes are
straight forward. Although the coordination environments are
slightly disturbed while modeling, the main structural features
which affect the J values are preserved throughout. The structures
of the studied models are shown in Fig. SF1 of ESI. The complex 1
possesses two p-alkoxo bridges with the M-0-M angles of 106.5°
and 107.9° while the M-0-Gd-M dihedral angle is determined to
be 2.8°. The computed magnetic exchange for 1 is +2.2 cm™' and
this is consistent with the experimental estimate of +3.6 cm™'. Ta-
ble 1 lists the computed J values upon metal substitution along
with the spin density value at the metal and the bridging oxygen
atoms.

In all cases, the computed J values are positive indicating that
for this {M(p-OR),Gd} (where R = alkyl or aromatic groups) struc-
tural topology the magnetic exchange is likely to be ferromagnetic.
This correlates well with the ferromagnetic J reported for the first
row transition metal complexes [5a,20]. The magneto-structural
correlations obtained from our study, however, reveal that when
there is a large deviation in the structural parameters such as M-
0-Gd angles or M-0-Gd-O dihedral angles, the sign can be
switched to negative. The strongest exchange was obtained in
the case of {CuGd} and this is consistent with the fact that this pair
still holds the strongest exchange observed for any {3d-Gd} pair in
the literature [21]. In {CuGd} pair, the unpaired electron resides in
dxz,y2 orbital and as we progressively populate other d-orbitals
with unpaired spins, the net exchange decreases. The {NiGd} and
{CuGdj} pairs, possessing unpaired electrons only in eg-like orbitals,

bor oy b

3d——Gd——3d

(b)
by o+

3d——Gd——3d

Scheme 1. (a) Different coupling constants between metal ions (b) high-spin and broken symmetry configurations.
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Fig. 1. Crystal structure of complex 1. Gd"-violet, Ni"-orange, O-red and N-blue.
(Color online.)

Table 1
Computed spin densities of 3d metal ions and the Gd" ions with bridging oxygen
atoms. (see Fig. 1 for labeling).

Model complexes J values (cm™!) Spin densities

Jorr Fexp Gd M 01 02
{Cr-Gd} 1a 012 -036" 7.032 3.061 -0.004 -0.011
{Mn-Gd} 1b 12 -17° 7.034 4718 0.023 0.017
{Fe-Gd} 1c 14  02-05° 7.031 3.804 0.049 0.043
{Ni-Gd} 1 22  —-02-36° 7.029 1709 0.045 0.041
{Cu-Gd} 1d 58  —0.49-7° 7.029 0.689 0.063 0.059

(#) Experimentally reported J values for a similar structures are given for com-
parison Refs.: (A) - [20a]; (B) - [20c]; (C) - [5¢c,e]; (D) - [5f,20c,21]; (E) - [5a,g,h].

possess the strongest exchange among the series while the pres-
ence of unpaired electrons on the t,g-like orbitals effectively re-
duces the magnitude of the interaction. This is also supported by
the experimental Js reported for {3d-Gd} pairs possessing a similar
structural core to the one computed here [5,20].

For the {3d-Gd} pair, there are essentially three contributions to
the net exchange. The ferromagnetic contributions arise (i) from

1a

1

Table 2

B3LYP computed J; along with experimental values for complexes 2-6. All the values
are given in cm™.

Complexes Jorr Jexp

h J2 I h 2 I3
(Ni-Gd-Ni} (2) 068 068 -012 0750 0750 -
{Ni-La-Ni} (3) - - 015 - - —0.34
{(Mn-Gd-Mn)(4) 016 016 -002 008 008 -
{Mn-La-Mn} (5) - - —0.02 - - -
{Cu-Gd-Cu} (6) 1.06 1.90 0.72 5.00 5.00 0.0
{Fe-Gd-Fe} (7) 127 127 - 138 1.38 -

Values are given for different Mn-Gd-Mn complex possessing similar structural
motif see Ref. [5d] for details.

the interaction of the 3d magnetic orbitals with the empty 5d orbi-
tals of Gd™ orbitals (ii) from the orbital orthogonality between 3d
and 4f magnetic orbitals; the antiferromagnetic contributions so-
lely arise due to the (iii) overlap between a pair of {3d-4f} mag-
netic orbitals. The presence of unpaired electrons in eg-like
orbitals is likely to have a larger contributions from point (i) men-
tioned above while increasing the number of unpaired electrons in
the systems is likely to increase due to point (iii) mentioned above.
Thus for Cr' possessing unpaired electrons only in tyg-like orbital,
ferromagnetic and antiferromagnetic contributions are of similar
in strength and this lead to an extremely weak ferromagnetic ex-
change for this pair.

As evident from Table 1 and Fig. 2, spin density of Gd"! ions in
all the model dimers is found to be nearly 7.02 revealing intricate
information that there is no significant alteration in the occupation
of 4f orbitals i.e. the 4f orbitals are inert and are not influenced by
the metal substitution. While for transition metal ions, except for
cr'", all the other metal ions have less than what is expected from
the number of unpaired electrons. This is due to the fact that Cr'"
promotes polarization while the other metal ions possessing un-
paired spins in e,-like orbitals promote spin delocalization. This
is very well reflected in the computed spin densities on the bridg-
ing oxygen. The oxygen atoms of the {CuGd} complex possess the
largest spin density and this diminishes as we go up in the Table 2.
This is also correlated with the computed J values.

1b 1c

1d

Fig. 2. DFT computed spin density plots for complexes 1 to 1d.
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Fig. 4. DFT computed spin density plot of 2, 4, 6, and 7. The isodensity surface represented corresponds to a value of 0.007 e~/bohr>. The white and blue region indicates

positive and negative densities. (Color online.)

3.2. Studies on trinuclear {3d-Gd-3d} complexes (3d = Mn?*, Co®*, Ni?*,
Fe**, cu??)

To probe the trends obtained in 3d/4f dinuclear systems further
and to analyze the role of 1,3 interactions calculations have been
performed on a series of trinuclear {3d-Gd-3d} complexes [L?Ni,.
Gd][Cl04] (2) (LHs = (S)P[N(Me)N = CH-CgH3-2-OH-3-OMe]s), [L*
Ni,La][ClO4] (3), [L2Mn,Gd]* (4), [L,Mn,La]* (5), [L3Cu,Gd(OAc)s]
(6) (H4L? = dimeric units of H,salamo where Salamo = 1,2-bis(sali-

cylideneaminooxy)ethane), [L*FeGdFeL*|Cl0, (HsL*= N,N',N"-tris-
(2-hydroxy-3-methoxybenzilidene)-2-(aminomethyl)-2-methyl-
1,3-propanediamine) (see Fig. 3) [5d,22]. Except complex 6, all
other complexes are nearly isostructural. Important structural
features of complexes 2, 4, 6 and 7 are summarized in the
Table ST1 of ESIL

The computed J values for all the complexes are summarized in
Table 2. In general, there is a good agreement between the exper-
imental and the DFT calculated values. For all the complexes J; and
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J> (where applicable) interactions are found to be ferromagnetic
while the J3 interaction is found to be antiferromagnetic except
in the case of complex 6. The strength of J; and J, interactions
are also almost same in all the complexes except in complex 6.
In case of complex 6, the two {CuGd} and {GdCu} units are non-
equivalent as additional p,-acetate has been found on one of the
moiety and this is nicely reflected in the computed J values.
Although the J; and J, strengths (assumed to be J; =], in fitting)
deviate from experiments, our set of J values yield a reasonable
fit to the experimental curve (see Fig. SF2 of ESI). These explicit cal-
culations on the trimeric models support the predicted trend on
the dimeric structure although there are some slight deviation
due to the difference in the structural parameter within the set
of structures studied (Table ST1 of ESI). This suggests that our trend
is likely to be generic and can be easily extended to polynuclear
complexes.

The J5 interaction is experimentally hard to determine in the
Gd™ analogues and therefore diamagnetic La"' substituted com-
plexes (complex 3) has been used to extract the 1,3 next-nearest
neighbor J; interactions. Our test set calculations on trinuclear
complexes containing two La' ions has been performed and this
has been specifically done to extract the 1,3 interaction. Unlike
the J; and J, interactions, the J5 interaction sign and the strength
varies across the series with a ferromagnetic J5 for Cu(Il) and weak
and non-negligible antiferromagnetic [10b] J5 for Ni(II) and antifer-
romagnetic and nearly negligible J; for Mn(II). The 1,3 interaction is
generally small and negligible in transition metal complexes, how-
ever in lanthanides, this interaction is important for two reasons (i)
the 1,2 interactions are generally weak and therefore even small
1,3 interactions cannot be neglected (ii) mechanism of exchange
mediates via empty 5d/6s orbitals of Gd" ions and participation
of these diffuse orbitals in the 1,3 interaction lead to relatively
large values. Although for the 1,2 interactions the Gd" 5d orbitals
are found to play a prominent role, the role of 5d/6s orbitals on the
1,3 interactions are not fully understood and this will be our target
of study in the future. Obtaining an antiferromagnetic 1,3 interac-
tion is also a good recipe for molecular coolants as this decrease
the gap between ground state and excited state and thus lead to
eventual increase in the AS,, values.

The computed spin density plots for 2, 4, 6 and 7 are shown in
Fig. 4. In general, the spin densities of the 3d-metal ions are delo-
calized to the coordinating atoms while the Gd"™ exhibits polariza-
tion where it gains significant densities from the coordinating
atoms. Similar to dinuclear cases, the Gd" has a spin density of
7.02 while the magnitude and shape of the spin densities on the
3d element varies. Spin densities on the bridging oxygen atoms
are found to be related to the computed J values, with stronger fer-
romagnetic exchange with larger spin densities on oxygen atoms,
for example, in the case of complex 6.

4. Conclusions

Mechanistically well understood {NiGd} dimer complex has
been chosen and the Ni?* ion in the dimer was replaced with a ser-
ies of first row transition metal ions such as Cr'", Fe', Mn", and Cu"
to assess the nature of exchange interaction upon metal substitu-
tion. Among the isomorphic model complexes, the {CuGd} dimer
is found to show strong ferromagnetic exchange and this is found
to electronically correlate to the d-orbital occupation. Unpaired
spins in eg orbitals yields stronger ferromagnetic interaction com-
pared to unpaired spins in ty, orbital. As the e, orbitals promote
spin delocalization, a greater extent of spin densities are trans-
ferred to 5d orbital of Gd™ and this in turn results in stronger fer-
romagnetic coupling. Our studies suggest that metal ions
possessing unpaired electrons in t,g orbitals are better candidates

for molecular refrigeration as this application demands very weak
intramolecular exchange. Studies on trimeric {3d-Gd-3d} com-
plexes reveals that in all the cases studied the 1,2 interaction is
found to be ferromagnetic and this corroborates with our findings
on the dimeric models. The sign of the 1,3 interaction however is
found to vary from ferromagnetic interaction to antiferromagnetic
interaction for different metal ions. This is likely to correlate to the
3d-Gd-3d angles and efforts to understand this behavior is under-
way in our laboratory.
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