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ABSTRACT: Among various applications that are proposed for {3d—4f} clusters,
magnetic refrigeration based on the principle of the magnetocaloric effect (MCE) is
gaining attention in recent years due to the substantially large MCE values reported for
these types of molecules. While various factors play a role in controlling the MCE values,
understanding the structural parameters that control the magnetic exchange play a vital
role in the development of novel molecules possessing attractive MCE characteristics. In
this regard, theoretical tools based on density functional methods are indispensable. In
this work, we have employed density functional methods to study the magnetic properties
of six {Mn™Gd™} clusters. This comprises a trinuclear complex {Mn™,Gd™},
[Mn,GdO(Piv),(dmem),(NO,);] (dmem = 2-{[2-(dimethylamino)ethyl |methylamino}-
ethanol) (1), along with four tetranuclear {Mn"™,Gd"™,} complexes, [Mn,Gd,0,(Piv)s-
(HO,CCMe;),(MeOH),] (Piv = 2,2-dimethylpropanoic acid) (2), [Mn,Gd,0,(Piv)-
(HO,CCMe;),] (3), [Mn,Gd,(OH),(O,CPh),(NO;),(teaH),] (tea = triethanolamine)
(4), and [Mn,Gd,(O)(Piv),(hep),(NO;),] (hep = 2-(2-hydroxyethyl)pyridine) (5), and a single-chain compound containing
the {Mn",Gd"™,} core, [Mn,Ln,(OH)(OMe)(hmp),(NO,),(0;SC¢H,CH;),], (hmp = 2-hydroxymethylpyridine) (6). Here
we have evaluated the exchange interactions between Mn™ and Gd™ ions and Mn™---Mn" ions in trinuclear as well as
tetranuclear complexes. Our DFT-computed exchange interaction (J) values reproduce the experimental susceptibility data well,
offering confidence in the estimated ] values. Our calculations yield a diverse set of J values among these complexes ranging
from weak ferromagnetic to moderate antiferromagnetic {Mn""--Gd"™} coupling. Using orbital overlap and NBO analysis, we
have explored the mechanism of magnetic coupling and deciphered the origin of diverse | values noted among these complexes.
Particularly, the importance of Jahn—Teller axes of the Mn"" ions and its orientation with respect to the nature of coupling is
established using the qualitative mechanism derived. The {Mn""--Mn"} coupling in all complexes are estimated to be
antiferromagnetic, and the consequence of this on the {Mn""--Gd""} ] values and how this influences the ground-state S values
are discussed in detail. Further, we have developed magneto—structural correlations to evaluate the importance of structural
parameters that control the {Mn"™.--Gd"} coupling. Our results reveal that Mn—O—Gd bond angles and Mn—O—Gd—O
dihedral angles hold the key to the sign and magnitude of the {Mn""--Gd™} ] values. Further on, utilizing the computed |
values, we have estimated the MCE values for these complexes and offer insight into how these two factors are correlated. To
this end, our study reveals that the incorporation of anisotropic Mn'" ions in the cluster aggregation could lead to respectable
MCE values if a suitable ligand design that offers a way to control the direction of the Jahn—Teller axes of Mn"" ions is
presented.

B INTRODUCTION

is required, as this offers a way to store the information, while
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The magnetic refrigeration application is based on the
principle of the magnetocaloric effect (MCE), and it is
believed to be an alternative for low-temperature cooling
applications where He-4, a highly expensive system, is in
current use." A large ground state (S) is a common criterion
for disk storage and magnetic refrigeration applications, but the
second prerequisite on the magnitude of anisotropy differs,
where the former application requires the incorporation of a
strongly anisotropic transition metal” or lanthanide metal ions’
in the cluster aggregation, while the latter application demands
weak or negligible anisotropy. For SMMs, blocking of the spin
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in MCE applications quicker relaxation is desired to attain
faster cooling. The accumulation of states closer to the ground
state will result in substantial changes in entropy values upon a
variation in the magnetic field (adiabatic demagnetization)
which forms the basis for MCE.*
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Figure 1. Molecular structures of 1 (a), 2 (b), 3 (c), 4 (d), S (e), and 6 (f) Color codes: pink, Gd; maroon, Mn; red, O; blue, N; gray, C; yellow, S.

H atoms are omitted for clarity.

The largest number of unpaired electrons in f orbitals and
the isotropic nature of Gd™ ion keep it as an attractive
candidate for the application of magnetic refrigeration, and this
can also be evidenced from the significant change in entropy
values (AS,,) reported for several Gd"-based complexes.”~"
Another reason for the preference for the Gd"" ion in this area
is its ability to promote weak exchange interaction due to the
contracted nature of 4f orbitals; however, the nature of Gd'™!—
Gd"™ coupling is difficult to control and has been found to be
antiferromagnetic in many Gd™ complexes reported.""'” """
The nature of the coupling between Gd™ and 3d metal ions,
on the other hand, is predictable, as they are generally
ferromagnetic in nature with a few exceptions.””~** For this
reason, several 3d Gd™ complexes have been targeted toward
achieving large MCE values, and this approach has been very
successful."**>7*" Among 3d ions, Mn/™ possesses a large

number of unpaired electrons and is an ideal candidate, where
the Mn" ion is isotropic in nature while Mn" possesses a
significant single-ion zero-field splitting parameter. For this
reason, Mn" ions are preferred; however, Mn" ions undergo
facile oxidation and are hard to isolate, as evidenced by only a
few reports on Mn''~Gd"™ complexes.*”™*® On the other hand,
complexes containing Mn"™ and Gd" ions are the most
common””?"*7 3% and {Mn"-Gd"™} interactions are gen-
erally ferromagnetic, and the only hurdle in realizing a
considerable MCE value with this combination is the
significant single-ion anisotropy of the Mn™
to overcome this issue is by incorporating more than one Mn
ion in the cluster aggregation so that the individual anisotropy
of the Mn" ions possibly cancel each other out, leading to
large MCE values. While Mn™ clusters with very small and
negligible anisotropy due to such cancellation are known,>’

ions. One way
11
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Figure 2. Exchange pathways in 1 (a), 2—4 (b), 5 (c), and 6 (d) (J; and J,, {Mn™"=Gd"}; J5, {Mn"=Mn""}; J,, {Gd"™-Gd™}).

Table 1. DFT Computed and Experimentally Estimated J Values for 1—6

exchange interaction value (cm™)

{Mn—Gd}
complex Jh I
1 0.26 0.36
2 0.54 (2.44)" 0.77 (2.44)
3 0.76 0.65
4 —0.25 —0.19
5 0.03 —1.06
6 —0.44 (—0.08)%° 0.067(—0.08)

“Experimental ] values are given in parentheses.

{Mn—Mn} I3 {Gd—-Gd} J, J/VA
—7.55 0.03
—69.55 (—62.91) —0.002 (—0.01) 0.008
—=70.11 0.0 0.011
—0.28 —0.001 0.89
—13.94 0.05 0.002
—1.64 (2.80) —0.002 0.27

exploiting this very phenomenon to construct clusters
possessing large MCE values has not been explored in detail.

Apart from ground-state and anisotropy values, the exchange
value (J) is also an important parameter, as it will provide clues
about the nature of the ground state and the ground-state—
excited-state gap. The ] values obtained by fitting the
featureless y\T curves are often not reliable, and in this
aspect, theoretical calculations®>****~®> based on density
functional methods have a proven track record to yield good
numerical estimate of J values for 3d—Gd™ pairs. In addition,
they also offer clues about the mechanism of magnetic
coupling to gain insight into the sign and strength of computed
J values.

Although the magnetic coupling has been explored in detail
for several 3d—Gd pairs, there have only been a few studies on
the magnetic coupling in Mn"™'—Gd™ pairs.24’63 Earlier, we
studied numerous {Mn',} dimers and proposed a classi-
fication based on the orientation of the Jahn—Teller axis, which
not only controls the sign and strength of ] values but is also
correlated to the anisotropy.”* Keeping this in mind, here we
have studied a series polynuclear Mn™—Gd"™ complexes with
an aim to answer the following intriguing questions. (i) How
good are the DFT-computed ] values in these types of clusters?
(ii) What is the mechanism of magnetic coupling and how do
the Mn"—Gd"™ and Mn™-Mn" interactions evolve with
various structure topologies? (iii) How do structural topology

and ] values influence the MCE values? To answer these
intriguing questions, we have chosen a series of Mn"'—Gd™
clusters containing a trinuclear complex {Mn',Gd™},
[Mn,GdO(Piv),(dmem),(NO;),] (1),51 along with four
other tetranuclear complexes {Mn",Gd"™,}, [Mn,Gd,0,-
(Piv)s(HO,CCMe;),(MeOH), ] (2);41 [Mn,Gd,0,(Piv)s-
(HO,CCMe;),] (3)751 [Mn,Gd,(OH),(0,CPh),(NO,),-
(teaH),] (4);51 and [Mn,Gd,(O)(Piv),(hep),(NO;),] (5),49
and a single-chain compound containing the {Mn",Gd"™,}
core, [Mn,Ln,(OH)(OMe)(hmp),(NO;),(0,SC¢H,CHj,),],
(6),° for our calculations. The X-ray structures of these
complexes are shown in Figure 1.

B COMPUTATIONAL METHODOLOGY

The different exchange pathways modeled in trinuclear (1)
and tetranuclear complexes (2—6) are shown in Figure 2. To
extract ] values in tetranuclear complexes, Noodleman’s"
broken symmetry method is employed. The different spin state
configurations (one high spin and four broken symmetry
solutions) are used to extract ] values, are shown in Table 1.

The different Hamiltonian equations employed to extract |
values for complex 1 (eq 1), complexes 2—5 (eq 2), and
complex 6 (eq 3) are shown below.

H, = _[]l(nglgan) + ]2(§Gd1§Mn3) + ]3(§Mn2§Mn3)]
(1)
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HEx = _[]I(SGdlSMrG + SGdZSMn4) + ]Z(SGdISMn4

+ ScaSmns) + S SunsSums) + L ScaiSca)] ()

Hg, = —[J,(ScaiSmns + ScazSamna) + I, (ScarSuina
+ §Gd2§Mn3) + ]3(§Mn3§Mn4)

+ ]4(§Gd3§Gd1 + SganScas)] (3)

All the calculations were performed using the Gaussian 09°”
suite of programs with a combination of a hybrid UB3LYP®®
(unrestricted Becke-style three-parameter DFT using the Lee—
Yang—Parr correlation) functional. The basis set employed for
different elements are as follows: TZV®® for Mn™ ions, SVP®’
for C, N, and O; SV for H and with a double-{ quality basis set
employing a Cundari—Stevens relativistic effective core
potential (ECP)”° (named CSDZ) on the Gd" ion. In the
ECP treatment, the core electrons are modeled using a suitable
function and only the valence electrons are treated explicitly.
The relativistic effects are vital for the rare-earth ions, and here
they are incorporated by employing a relativistically corrected
ECP basis set; this is found to yield a good numerical estimate
of J values for several di- and polynuclear clusters.”***>*~¢>
The simulation of magnetic susceptibility data and eigenvalue
plots were obtained using MAGPACK software.”' The AS,,
values were computed using PHI software.”” To estimate the
errors in the computed ] values, we have utilized the energies
computed in complex 1 and assumed ], & J, scenario; this
yields J; = 0.19 cm™ and J; = —7.27 cm™, on which the
calculated errors are 0.028 cm™ on J; and 0.29 cm™ on J;
offering confidence in the sign and strength of estimated ]
values.

B RESULTS AND DISCUSSION

Complex 1, {Mn,Gd}, is a trinuclear complex consisting of a
Gd" ion and two Mn" ions arranged in a triangular fashion
(see Figure 1). The tetranuclear {Mn",Gd"™,} complexes 2—5
consist of two Mn™ ions and two Gd"™ ions in which
complexes 2—4 possess similar topologies, commonly termed a
distorted-butterfly structure, whereas complex 5 has a square
geometry. The Mn'™ ions are found to be six-coordinated in a
distorted-octahedral environment, and the Gd™ ions possess
nine-coordination with a distorted-square-antiprismatic geom-
etry. Complex 6 is a one-dimensional coordination polymer
consisting of a tetranuclear array of two Mn™ ions and two
Gd" ions possessing a butterfly structure similar to that of
complexes 2—4 (see Figure 1). In the next sections, we will be
discussing the exchange pathways individually along with their
mechanism of magnetic coupling. Computed ] values for
complexes 1—6 are shown in Table 1, and the corresponding
structural parameters that are expected to influence these |
values are given in Table 2. The computed values are in good
agreement with the experimental ] values reported for complex
2, though the experimental fits did not include the single-ion
zero-field splitting of Mn(III) ions.*’ As the experimental ]
values are not available for other structures, we have simulated
the susceptibility data using DFT-computed ] values for
complexes 1—6, and this offers a good fit to the experimental
susceptibility data and offers confidence in the estimated ]
values (see Figure S1 in the Supporting Information). In the
next section, we discuss in detail the individual exchange

Table 2. Structural Data Corresponding to {Mn—Gd}
Exchange Interactions for Complexes 1—6

bond bond bond angle dihedral angle
exchange distance distance Mn—-O-Gd  Mn—-0-Gd-O
interaction Mn—0 (A) Gd-O (A4) (deg) (deg)
1
Ji 1.90, 1.84 2.38, 2.35 102.3, 10S.5 10.1
J 1.92, 1.84 2.33, 2.35 102.7, 104.8 9.6
2
T 191,230 238,249  107.8,92.7 16
1.90, 2.30 2.38, 2.49 107.8, 92.7 15.6
I, 188,223 238,254 1084, 93.1 16.3
1.88, 2.23 2.38, 2.54 108.4, 93.1 16.3
3
1, 190,227 235,252 1088, 92.6 16.2
190,227 235,252 10838, 92.6 16.2
I, 1.90,2.19 235,251 1072, 934 162
190,2.19 235,251 1072, 934 162
4
T 1.97, 1.89 2.37,2.33 101.7, 106.1 8.1
1.97, 1.88 2.37, 2.33 101.7, 106.1 8.1
I, 221,190 237,240  97.7, 106.3 7
221,190 237,240  97.7, 106.3 7
S
i 1.92, 1.87 242, 2.40 101.6, 104.0 9.9
1.90, 1.87 2.46, 2.41 101.6, 104.3 9.2
I, 192, 1.87 246,234 923,973 292
190, 1.88 242,236  94.0, 962 28.1
6
N 1.89, 2.07 2.48, 2.38 108.8, 99.3 0.07
1.89, 2.07 2.48, 2.38 108.8, 99.3 0.06
J 1.91, 2.30 2.48, 2.37 112.5, 96.4 1.45
191,230 248,237 1125, 964 113

coupling estimated across complexes 1—6 before turning to
assess the role of ] values in the estimation of the MCE values.

Mn"-Gd" Exchange (J; and J, Interactions). The
exchange interaction between Mn"" and Gd" is found to be
mediated via different bridging modes: case a, in complex 1 via
#3-O(oxo0) and p,-O(ligand); case b, in complexes 2—4 via fi5-
O(oxo0) (¢3-O(H) in the case of 4) and the pivalate groups in
two different bridging modes, 7':7' and 1':17% case ¢, via pi;-
O(oxo) and u,-O(ligand) for J; and via ps- O(oxo), p,-
O(ligand), and a pivalate group in an 7*:7" fashion for the J,
interaction in complex §; case d, via u,-O(Me) and u;3-O
(ligand) for J; and J, interactions for complex 6 (see Figure 1).
Note here that, for complexes 1—4 and 6, the J, and J,
exchange topologies are the same while the structural
parameters which control the ] values are slightly different.
In complex §, the exchange topologies for J; and J, are
different. From Table 1, the following points emerge. (i) The
magnitudes of the | values are found to be small in all cases.
(i) The Mn"™—Gd™ interaction is found to be ferromagnetic
in complexes 1—3 while it is found to be antiferromagnetic in
4. Complexes $ and 6 found to possess antiferromagnetic |
values with no or extremely weak ferromagnetic coupling. The
magnitude of the ferromagnetic J values was found to vary
from 0.03 to 0.77 cm ™', and this is strongly correlated to the
Mn—O-Gd angle (see Table 2), with larger angles favoring
ferromagnetic coupling. The smaller Mn—O—Gd angles as low
as 92.3° observed for complex 5 lead to a strong
antiferromagnetic ], interaction. (iii) While the J; ~ J, scenario
is noted for complexes 1—4, for complexes S and 6 the values
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Scheme 1. Qualitative Mechanism of Magnetic Coupling Operational in the {Mn,Gd,} System Studied
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are drastically different. For complex § this is mainly due to the
fact that the Mn—O—Gd angles associated with ], interactions
are relatively large (the average angle is 102.8°), while the
angles corresponding to J, are smaller (average angle is 95.0°).
In addition, the Mn—O—Gd—O dihedral angles are also
drastically different here with 9.5° noted for the J, interaction
and 28.6° noted for the J, interaction. Both smaller Mn—O—
Gd angles and larger dihedral angles observed for the J,
interaction favor strong antiferromagnetic coupling, and the
absence of this leads to weak ferromagnetic coupling for J;. (iv)
The J; and ], interactions in 4 are both antiferromagnetic due
to smaller Mn—O—Gd angles. In addition to this effect, the
Mn—O distances are important, as Mn—O distances as short as
1.88 A and as long as 2.30 A are observed. For the J;
interactions in 4, all of the Mn—QO distances are short, as the
Jahn—Teller axis does not pass through these oxygen atoms,
while for J, the Mn—O distances are longer. For complex 6, ],
is found to be antiferromagnetic while J, is relatively weak and
ferromagnetic in nature. Here the average Mn—O—Gd angles
are found to be very similar (~104°); however, the J,
interaction is mediated via the Jahn—Teller elongated axis of
the Mn'" jons, as reflected in longer Mn—O distances, and is
likely to contribute significantly to the ferromagnetic coupling
(see below), leading to the observed variation in the J values.
Despite the fact that the J; & ], scenario is assumed in the
experimental fittings, the sign coupling is reproduced in our
calculations but the magnitudes of ] values are under-
estimated.®®

Mechanism of Magnetic Coupling in the {Mn—Gd} Pair.
To understand the ferro—antiferro J values observed for the
{Mn—Gd} pair, we have probed the mechanism of magnetic
coupling using molecular orbital (MO) and natural bond
orbital (NBO) analysis. In our earlier studies on other 3d—4f
clusters,”>™”° we have proposed a generic mechanism for the
exchange coupling, which shows the existence of two
contributions (Jy and Jur) to the overall exchange parameter.
The contribution for the J,p arises from the overlap between
nonorthogonal d orbitals of Mn™ ions and the 4f orbitals of
Gd" ions. Orthogonality between the 3d and the 4f SOMOs

11931

contributes to the J; term along with charge transfer from the
3d metal orbitals to the formally empty 5d orbitals of the Gd™
ions. These empty S5d orbitals play a proactive role in
controlling the sign and strength of the magnetic coupling.
The dominant factor between Ji. and ], will decide the sign of
the overall exchange. The overlap integrals between the
SOMOs of 3d ions and Gd™ ions offer insight into the Jug
contribution, while the NBO calculations provide insight into
the Sd orbital occupation. A schematic mechanism developed
for {Mn,Gd} pair is shown in Scheme 1. As the Mn""--Mn™
interactions are antiferromagnetic in all of the complexes, spin-
up in one Mn"" center and spin-down in another Mn™ center
are assumed.

The unpaired electron in the 3d,> orbital of the Mn'" ion is
likely to play an active role both in contributing to the Ji term
via charge transfer and to the J,p term via overlap with 4f
orbitals of Gd™ ion (o-type orbital). The following points
emerge from the mechanism developed. (i) The weak
ferromagnetic {Mn—Gd} coupling observed in complex 1 is
correlated to the dominant J; term. The dominant [, term
arises from the overlap of 3d,> with a 4f,: orbital of the Gd™ ion
(see Figure 3). However, as the J-T axis of the Mn™ ion is
parallel to the {MnGdO,} plane, this leads to less efficient
overlap and hence a dominating ferromagnetic coupling. (ii)
For complexes 2 and 3 as well, the J-T axes are perpendicular
to the {MnGdO,} plane, ensuring weaker overlap. In fact, f,—
d,./d,. was found to overlap significantly in these complexes,
leading to a dominant J,; contribution from this pair (se
Tables S1 and S2 in the Supporting Information). As charge-
transfer contribution is significant and dominating (Scheme 1),
this leads to weak ferromagnetic {MnGd,} coupling for these
complexes. (iii) For complex 4, the J-T axes of the Mn™ io
are passing via the Mn—O—Gd axis, and this leads to dommant
overlap with the 3d,> orbital of the Mn™ ion with several 4f
orbitals of the Gd™ ion (See Figure 3). In addition to the 3d,
orbital, the 3d,, and 3d,, orbitals also overlap significantly with
the 4f orbitals. This suggests dominant J,z contributions,
leading to antiferromagnetic coupling. (iv) In complex §, the J-
T. axes are perpendicular to the {MnGdO,} plane; however,
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(b)

(d)

Figure 3. Representative orbitals for the maximum overlap observed (see Tables S2—S6 in the Supporting Information for computed overlap
integral values) between the d orbitals of Mn™ ion and 4f orbitals of Gd™ ion for 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e).

the Mn—O—Gd angle plays a role in controlling both the Ji
and J,p parameters. For the ]| interaction where the Mn—O—
Gd angle is larger, the charge-transfer contribution is
significant, leading to dominant Ji contributions. At the same
time, there are also some dominant 3d—4f overlaps (see Table
S3 in the Supporting Information), leading to larger ], terms.
This leads to a net cancellation and uncoupled {MnGd}
situation. For J, interactions, on the other hand, the Mn—O—
Gd angles are smaller, and this restricts CT contributions and
hence the Ji term. In addition, several dominant overlaps of 4f
orbitals with the multiple 3d orbitals are detected, suggesting
dominant contributions from the J,r term (see Figure 3). As
the former is small/negligible while the latter is dominating,
this leads to a strong antiferromagnetic J, interaction for
complex S. (v) In complex 6 the average Mn—O—Gd angles
are very similar and so are the Mn—O—Gd—O dihedral angles;
however, the ], interaction lies along the direction of J-T axes
and hence is expected to have dominant J; contribution
leading to extremely weak ferromagnetic coupling. For the J

interaction, the Ji term is expected to be small, leading to a
dominant J,p term as dictated by the angle.

Mn"'—Mn"" Interaction (J; Interaction). The exchange
interaction between Mn'" jons are mediated via y13-O(ox0) and
two pivalate groups in an 77":7' bridging mode for complex 1,
via two y13-O(oxo) bridges for complexes 2, 3, and 6 (p5-O(H)
for complex 4), and via y,-O(oxo0) for complex 5. In all of the
complexes, the J; interaction is found to be antiferromagnetic;
however, the strength of J differs drastically, as shown in Table
1. The Mn"™'—~Mn'" exchange interaction in complexes 2 and 3
is found to be strongly antiferromagnetic in nature, followed by
a moderate exchange in the case of complexes 1, $, and 6 and
weak antiferromagnetic exchange for complex 4. While the J;
values estimated for complex 2 are in agreement with
experiments, for complex 6 the sign of ] values obtained
from experimental fitting is ferromagnetic, while our
calculations suggest it to be antiferromagnetic. However, a
good fit to the susceptibility data obtained from the DFT-
estimated ] values offers confidence in the computed ] values.
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Figure 4. DFT-computed spin density for one of the broken-symmetry solution computed for 1 (a), 2 (b), 3 (c), 4 (d), 5 (e), and 6 (f).

Selected structural parameters that control the J; interactions
are summarized in Table S4 in the Supporting Information.
In our previous study,”* we found that the dihedral angle
between J-T axes in {Mn'",(OR),} is the prominent parameter
in controlling the sign and magnitude of exchange. The
{Mn",(OR),} core in complexes 2—4 has a topology similar
to that of the systems studied earlier. As per our earlier
definition, complexes 2 and 3 belong to type I, while complex
4 belongs to type II (see Scheme 1 for the orbital orientation
observed). As the J-T axes of the Mn'™ ions are found to lie
parallel to each other but perpendicular to the Mn—O—Mn—0O
plane in complexes 2 and 3, the dominant cross-interaction
between the SOMO of the d . to the empty d,>_,> orbital is very
weak, leading to small or negligible contributions to the
ferromagnetic part of the exchange. In addition, the Mn—O—
Mn angles are relatively smaller (~98°) in comparison to those
in the dinuclear {Mn",(OR),} complexes studied and this also
enforces dominant overlaps among the t,, orbitals (see Tables
S1 and S2 in the Supporting Information for computed overlap
integrals), leading to a significant contribution to the

antiferromagnetic part of the exchange. As the J,p term is
dominating, this leads to a strong net antiferromagnetic J for
complexes 2 and 3. For complexes 4 and 6, on the other hand,
J-T axes are along the Mn—O—Mn—O axis, which results in
significant Id—d,>_,| cross-interaction, leading to a larger Jg
term. Here also there are significant Id,.—d,.l, Id,,—d..|, Id,.—
d,.| and Ild,,—d,.| overlaps; however, the Id,—d,| overlap is
relatively weaker in comparison to those in 2 and 3 due to the
longer Mn"™"---Mn"" distances observed in 4. Due to competing
ferro- and antiferromagnetic contributions, the net ] noted here
is small, albeit it is antiferromagnetic.

Complexes 1 and $ also exhibit weak antiferromagnetic
coupling, and in both cases, the exchange is mediated via one
u-oxo bridge. For both complexes 1 and 5 moderate overlaps
among the t,, orbital with weaker cross-interaction is expected.
However, here the Mn—O—Mn angles are relatively large
(120.5° for complex 1 and 144.8° for complex S), and this
larger angle leads to competing antiferro—ferro terms leading
to moderate antiferromagnetic coupling (see the Supporting
Information for computed overlap integrals).
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Gd"-Gd" Interaction (J, Interaction). This additional
interaction has been considered only in the case of complex 6,
where due to its one-dimensional chainlike structure the
Gd™...Gd™ interaction between two {Mn,Gd,} units is
envisioned. DFT calculations predict the existence of very
weak exchange between Gd"" ions due to the contracted nature
of 4f ions. The {Gd—Gd} interaction is a next-nearest-
neighbor (1,3) interaction in complexes 2 and 4, whereas it is a
(1,2) interaction (bridged via oxo group and two carboxylate
bridges) in complex 5. This interaction is found to be
antiferromagnetic in complexes 2, 4, and 6 while it is found to
be weakly ferromagnetic in complex 5. MO analysis shows the
existence of a very weak overlap between 4f orbitals along with
charge transfer to empty S5d/6s/6p, leading to a weak
ferromagnetic interaction in complex 5. The ferromagnetic
coupling may also be attributed to large Gd—O—Gd angles
(129.8°).%” It is important to note here that, in complex 6, the
interaction is mediated via a benzenesulfonate ligand, which is
very similar to the carboxylate bridge and offers only a very
weak exchange between two Gd™ ions and hence the magnetic
properties of this cluster are expected to be similar to those of
the stand-alone {Mn,Gd,} cluster.

Ground State and Spin Density Analysis of Com-
plexes 1—6. To gain an understanding of the nature of the
ground state manifested by the exchange interaction
computed, we have analyzed the energy levels along with the
spin density of the complexes 1—6. The computed spin density
plots for complexes 1—S5 is shown in Figure 4 (See Figure S2 in
the Supporting Information for complex 6) The spin densities
of Gd"™ ions (~7.01) indicate the presence of spin polarization,
as the 4f orbitals are deeply buried. In contrast, the spin density
of Mn™ ions is ~3.8, which is lower than the spin density
expected for four unpaired electrons. In the Mn™ ion the
unpaired electrons reside in three t,, orbitals and an e, type d?
orbital. This promotes both polarization and delocalization
mechanisms (along the Jahn—Teller elongated axis where d?
orbitals are located; see Figure 4). For complexes 1—3, the -
oxo bridge was found to possess a very small negative spin
density (for the S = 7/2 state for 1 and S = 7 state for 2 and 3);
as this lies perpendicular to the Jahn—Teller axis, the Gd"" and
Mn™ ions promote spin polarization. However, the effects of
Mn"™ ions are canceled as one possesses a-spin (spin-up) while
the other possesses f-spin (spin-down) and the net effect
visible is due to the polarization of Gd™. Such a small
polarization is correlated to the weaker {MnGd} coupling
observed. For complexes 4 and §, on the other hand, the y-oxo
bridges were found to have positive spin densities. This is due
to the fact that the Mn"" ion promotes dominant delocalization
along these bridges and such a switch in the mechanism is
found to yield antiferromagnetic {MnGd} coupling. This
suggests that the spin density on the dominant exchange
pathway could be used as a guideline to determine the sign of |
in {MnGd} complexes.

The dominant antiferromagnetic interaction between two
Mn" ions in complex 1 results in the ground spin state of S =
7/2, and this is in accord with the experimental prediction. In
the case of complexes 2, 3, and S the antiferromagnetic
interaction between Mn'' ions leads to the competing
interactions’® within {Mn,Gd} triangles, resulting in the
overall ground spin state being S = 0 (see Figure 4b,c,e).
However, in complexes 2 and 3, either the J; > ], > ], or J; >
J1 > ], situation arises, leading to an S = 0 spin ground state. To
further understand how this ratio controls the ground state, we

have created an Eigen plot of spin state energy against the ratio
of Ji/IJ5| (see Figure S).

/||

-204

0.0 ' -0.5 ' 1.0

Figure S. Plot of DFT calculated Eigen plots versus J;/J; in complex
4.

The variation in the ground-state values is correlated to the
J1/J; ratio. The plot clearly shows that ground state S = 0
becomes stabilized at a low J,/J; ratio, which is reflected in the
ground states of complexes 1—3 and 5. However, in complex 4,
spin frustration and competing weak exchange interaction
between different exchange pathways lead to a ground spin
state of S = 3 (see Figure 4d). The J,/]; ratio is —0.89, and the
plots in the model complex (see Figure S3 in the Supporting
Information for the structure of the model complex) shows
that S = 3 is the ground state. For complex 6, the ratio is small,
and the ] values are noncompeting, leading to an S = 7 ground
state for the individual {Mn,Gd,} units. Experimental fits
suggest an S = 3 ground state with numerous other states lying
just 1 cm™" above the ground state. This suggests that the
ground-state S values, as shown above, are very sensitive to
even a small change in the ] values. However, since the
exchanges between {Mn,Gd,} units are antiferromagnetic, this
is likely to lead to an S = 0 ground state for the chain at
extremely low temperatures. These results are in accord with
the simulated susceptibilities and the experimental reports.

Magneto—Structural Correlations. To further elucidate
the role of structural parameters that decides the strength and
magnitude of {Mn—Gd} exchange, we have developed
magneto—structural correlations by varying (a) Mn—O and
Gd—O bond lengths, (b) Mn—O—Gd angles, and (c) Mn—
O—Gd—O dihedral angles on a model complex (Figure S3 in
the Supporting Information). The model complex (1a) has
been designed out of complex 1, and the {MnGd} exchange
interaction is found to be ferromagnetic for this model (0.43
cm™).

Average Mn—0 and Gd—O Distances. Magneto—structural
correlations are performed by varying the Mn—O and Gd—O
distances from 1.92 to 2.31 A (the Mn—O distance is varied
from 1.69 to 2.07 A), and the fit to this correlation shows a
parabolic trend (Figure 6a). The larger distances tend to favor
moderately stronger ferromagnetic interaction, and this is
because the larger angles lead to the weaker overlap of d,./d,,
with the 4f orbitals. More substantial overlaps of d,./d,,, d.
orbitals with 4f orbitals in the intermediate bond distances
tend to add strength to J,p terms, leading to a smaller
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Figure 6. Developed magneto—structural correlations by varying (a) Mn—O and Gd—O bond distances, best fitting obtained with y = a + bx + cx*
where a = 122.46, b = —119.79, and ¢ = 29.36. (b) Mn—O—Gd angles, best fitting obtained with y = a + bx + cx?, where a = —218.90, b = 3.91, and
¢ = —0.02. (c) Mn—O—Gd—O dihedral angles in complex 1a, best fitting obtained with y = a + bx + cx* where a = —0.40, b = 0.12, and ¢ = —0.004.
(d) Mn—O distances in complex 2. Blue and black squares are the DFT-computed ] values for complexes 1—S5.

ferromagnetic interaction (Table SS in the Supporting
Information). Upon variation of the bond lengths, the
magnitude of exchange values tend to fluctuate but remains
in the ferromagnetic zone. This shows that bond length is not a
deciding factor in controlling the sign of J values.

Average Mn—O-Gd Angles. In the second correlation
developed, we have varied the Mn—O—Gd angle from 94.8 to
118.9° and the data fit into the parabolic curve (Figure 6b).
Lower angles favor an antiferromagnetic interaction, whereas a
larger angle favors a ferromagnetic interaction. At lower angles,
the overlap between the f orbitals with d,, and d,./d,, are
predominant (Table S6 in the Supporting Information), which
considerably decreases upon an increase in the angles, resulting
in dominant J; and ],z terms at larger angles and smaller
angles, respectively. Apart from this, the smaller angles tend to
diminish the channel for charge transfer, resulting in a
dominant J,p term and thus explaining the observed
antiferromagnetic interaction at smaller angles. The Mn—O—
Gd angle can switch the strength as well as the sign of the
magnetic exchange interaction. A magneto—structural correla-
tion for a {Mn™Gd"™} dinuclear complex was developed
earlier, and these correlations are in line with those developed
here.”!

Average Mn—O—Gd—O Dihedral Angles. Apart from the
distance and angle parameters, we have also developed a
correlation by varying the Mn—O—Gd—O dihedral angles
from 2.2° to 31.1°. A nonlinear curve fit to the developed
correlation shows a parabolic fit in which smaller and larger

dihedral angles favor weak antiferromagnetic interaction (see
Figure 6¢). The incorporation of experimental points shows
scattered patterns with a better trend in the case of a dihedral
correlation, and this parameter is also effective in controlling
the sign (switches the sign of the exchange) of the exchange.
The sign of the exchange is controlled by the overlap between
the d,./d,/d,, orbitals and 4f orbitals (Table S7 in the
Supporting Information) at smaller and larger angles, as
evidenced in bond distance correlation. As a whole, both Mn—
O—Gd angles and Mn—O—Gd—O dihedral angles play a vital
role in deciding the sign and nature of the exchange
interaction, in which smaller angles and larger dihedral angles
lead to negative ] values. This correlation proposed is
consistent with earlier reports.31

We have also analyzed the effect of Mn—O distance on the
Mn—Mn exchange, as this parameter is found to be an effective
parameter in controlling the sign of exchange in {Mn"",(OR),}
complexes.”* Here we have varied the average distance of Mn—
O bond lengths from 1.79 to 2.19 A, and their effects on the
exchange values are shown in Figure 6d. The developed
correlation indicates that the exchange becomes more strongly
antiferromagnetic (—118.08 cm™') at smaller distances,
whereas it is ferromagnetic (1.75 cm™") at larger distances.
The effect of dihedral angles between J-T and Mn—O distance
parameters on the exchange values validates our conclusions
obtained from the simple dimeric {Mn", (OR),} units.”’

Magnetocaloric Effect. After examining the exchange
pathways, we have analyzed the MCE properties of complexes
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Figure 7. Eigen plot derived using DFT exchange parameters for complex 1 (a), complex 2 (b), complex 3 (c), complex 4 (d), and complex § (e).

1-5 and excluded complex 6, as it is one-dimensional chain
and not a discrete molecule. Here, the changes in the entropy
value have been calculated for complexes 1—5 using the

Maxwell relations, AS_(T)xz =/[6M(T’B)] dB, and are
B

oT

found to be —13.5, —20.39, —19.73, —31.75, and —19.0 J/
(kg K), respectively. The maximum attainable entropy changes
for the uncoupled metal jon spins in complexes 1—5 are
—45.79, —37.91, —36.64, —38.14, —44.48 J/(kg K) (3 K at 9
T). The magnitudes of the estimated AS,, values from the
DFT-computed ] values are comparatively smaller than the
maximum attainable entropy values, with the exception of
complex 4, where the difference is relatively smaller. This can
be attributed to the difference in the strength of J values and
their molecular weights.

To probe this difference in AS, values, energy level
diagrams for complexes 1—5 are plotted (see Figure 7).

11936

From this plot, it is clear for all complexes except 4 that the
energies of spin states are discrete with a significant gap among
them. For complex 4, on the other hand, the energy levels
resemble that of a continuum with very close lying excited
states. The scale of the y axis also sheds light on the energy
splitting, where large energy gaps as much as 600 cm™ are
noted for complexes 2 and 3, while for complex 4 all of the
states lie within an energy span of 13 cm™. Very strong Mn""--
Mn'"" exchange observed in complexes 2 and 3 and moderately
large Mn™.-Mn" exchange observed for complexes 1 and 5
are responsible for this gap. The large entropy change in the
complex is mainly attributed to very close lying excited states,
and this can be achieved if the exchange interaction is weak
and competing or spin frustration results in degenerate states.
In the case of complex 4, competing exchange leads to spin
frustration, leading to degenerate and close-lying states, and
this results in appreciable AS,, values. The Mn™—Mn"
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exchange interaction are controlled by the nature of J—T axes
(see in the Supporting Information). If the J-T axes of two
Mn™" ions are perpendicular to each other, the exchange
interaction will be moderately ferromagnetic in nature; a
parallel orientation of J-T axes results in stronger antiferro-
magnetic interaction leading to lower AS_ values. This
invariably suggests that a parallel orientation of J-T axes of
Mn"™ jon along the Gd—Mn—Mn—Gd plane is a preferable
geometry to enhance the MCE values. The magnitude and sign
of Mn—Gd exchange also be controlled by varying Mn—O—
Gd—O dihedral angles and Mn—O—Gd angles. The better
condition for magneto—caloric applications would be a weak
exchange interaction, which can be obtained by suitable ligand
design controlling these two structural parameters.

The parallel orientation of J-T axes of Mn™" ions in complex
1 would result in weaker ] values in such instances, assuming
the {Mn""-Gd"™} exchange value would be —0.28 cm™" (as
observed in complex 4) and the calculated —AS,, value is 37.9
Jkg™' K™'. This invariably supports the need for low molecular
weight to obtain larger MCE values, and thus fine-tuning of
structural parameters regardless of the nature of magnetic
anisotropy in low-nuclearity complexes would be the key to
obtain robust MCE values.

B CONCLUSIONS

In summary, we have performed a detailed DFT analysis on
one trimeric, four tetrameric, and one 1D chain complex
containing Mn™ and Gd™ ions, to understand the different
exchange pathways and to probe the role of magnetic exchange
in obtaining larger AS,, values in low nuclearity complexes.

Using DFT methodology, we obtain a good numerical
estimate of ] values, and the computed ] values can reproduce
the experimental data. The estimated ] values show the
existence of weak to strong antiferromagnetic exchange
between Mn™ ions in these complexes, and this is correlated
to the orientation of the J-T axis as predicted earlier. Our
analysis shows that the charge transfer from Mn" ion to the
vacant Sd orbitals of Gd" ion and the overlap between the
SOMOs controls the sign of exchange interaction between
Mn™ and Gd™ ions. We have developed magneto—structural
correlations in a {MnGd} model which predict that the Mn—
O—-Gd—O dihedral angles and Mn—O—Gd angles hold the
key in switching the sign of the exchange. This reiterates the
need to understand the spin Hamiltonian parameters in simple
building blocks before extending them to polynuclear
complexes.

The existence of strong antiferromagnetic exchange between
Mn™ ions induces competing interactions within the Mn,Gd
triangles of the tetranuclear complexes, resulting in an S = 0
ground spin state for complexes 2, 3, and 5. However, the
competing weak exchange interaction along with the presence
of spin frustration effects results in an S = 3 ground state for
complex 4 and S = 7 ground state for the {Mn,Gd,} unit in
complex 6. In the case of complex 4, weak exchange pulls the
excited states much closer to the ground state, resulting in a
large AS,, value like that in polynuclear clusters containing
several metal ions. This suggests that invoking competing
interactions/spin frustration on low-nuclearity complexes
(trinuclear and tetranuclear) by ligand design can yield
attractive AS values regardless of the nature of single-ion
magnetic anisotropy. These suggestions are in line with earlier
recommendations.” The search for other {3d—4f} nuclearity

complexes that can offer such effects is underway in our
laboratory.
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