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Effect of Oriented External Electric Field in Altering
Magnetic Exchange and Magnetic Anisotropy in

Lanthanide-Radical Complexes

Tanu Sharma,”’ Ananya Singh,” and Gopalan Rajaraman*™

Magnetic exchange coupling (J) is one of the important spin
Hamiltonian parameters that control the magnetic character-
istics of single-molecule magnets (SMMs). While numerous
chemical methodologies have been proposed to modify ligands
and control the J value, and magneto-structural correlations
have been developed accordingly, altering this parameter
through non-chemical means remains a challenging task. This
study explores the impact of an Oriented-External Electric Field
(OEEF) on over twenty lanthanide-radical complexes using
Density Functional Theory (DFT) and ab initio Complete Active
Space Self-Consistent Field (CASSCF) methods. Five complexes
- [{(Me;Si);NL,GA(THF)},(un’n*N,)1 (1), [Gd(Hbpz;),(dtbsq)] (2),
[Gd(hfac);(IM-2py)] (3), [Gd(hfac);(NITBzImH)] (4), and [Gd-
(hfac);{2Py-NO}(H,0)] (5) — were selected for detailed analysis,

Introduction

A key aspect in the realm of single-molecule magnets is the
magnetic exchange coupling (J),l"! which governs the collective
magnetic properties of these complexes!? The J values are
significantly affected by factors such as the type of bridging
ligand (e.g., oxo,”! phenoxo,” azide,™ carboxylates,”” dicynama-
to, and cyanide,"® metal-ligand bond lengths, bond angles
formed by bridging atoms, dihedral angles between coordina-
tion planes, among other parameters.”’ While it is feasible to
modify these factors chemically, the process is often challeng-
ing. As a result, there is a sustained interest in non-chemical
methods to tune these parameters.”” One such method is
employing pressure to alter structural parameters,""” which in
turn alters the exchange coupling parameters. However,
challenges such as directing pressure precisely and dealing with
intermolecular interactions and crystal quality can impact the
outcomes. An alternative approach is using an Oriented-
External Electric Field (OEEF) as has been employed by some of
us in the past,"”® which can induce structural modifications
influencing magnetic exchange interactions, as demonstrated
in previous studies."
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revealing significant OEEF effects on magnetic exchange
interactions and structural parameters. Various parameters such
as bond distances, bond angles, and torsional angles were
examined as a function of OEEF to establish guiding principles
for molecule selection. In complexes 1, 2, and 3, OEEF
influenced torsional angles and altered exchange interactions.
Complex 4 demonstrated enhanced ferromagnetic coupling
under OEEF, reaching a maximum J value of +53cm™.
Complex 5 reveals switching the sign of Jgu.q €xchange
interaction from antiferromagnetic to ferromagnetic under
OEEF, highlighting the potential of electric fields in designing
materials with tuneable magnetic properties. These findings
offer valuable insights for future research and applications in
advanced materials and molecular electronics.

The experimental manipulation of magnetic exchange in
helical 3 d-radical chains using an electric field highlights the
potential of this method for quantum computing applications,
thus encouraging further exploration of suitable candidates."
Quantum computation is positioned at the cutting edge of
future information technology, with molecular magnets show-
ing immense potential as advanced qubits that could surpass
traditional systems."¥ Despite this promise, the spatial con-
straints of magnetic fields limit their efficacy in controlling
electron spins. Conversely, electric fields provide a practical
solution with superior spatial resolution.”*" While there is
experimental evidence supporting the manipulation of mag-
netic properties by electric fields"*'®, a comprehensive under-
standing of how molecules respond to these conditions and
how this influences their magnetic properties remains elusive.
This understanding is crucial for the progression of electric
field-based applications and forms the core focus of this study.
Lanthanide SMMs exhibit notable blocking temperatures (Tg),"®
yet they are susceptible to zero-field tunnelling, which can be
mitigated by inducing J. However, these systems often display
primarily antiferromagnetic behaviour with small J values.'”!
This study analyses five lanthanide-radical complexes subjected
to an external electric field using a combination of Density
Functional Theory (DFT) and ab initio Complete Active Space
Self-Consistent Field (CASSCF) methods. We aim to uncover the
principles dictating the reversal of magnetic exchange signs,
achieve larger J values, and propose ways to tune this
parameter.

We have studied twenty lanthanide-radical complexes out
of 37 molecules reported in the literature (Table S1 in ESI).

© 2024 Wiley-VCH GmbH
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Among these twenty complexes, five complexes (Figure 1)
[{(Me,Si), NLGA(THF)} (-2 >N, (1", [Gd(Hbpz,),(dtbsq)]
()", [Gd(hfac);(IM-2py)] (3)®”, [Gd(hfac);(NITBzImH)] (4)*" and
[Gd(hfac);{2Py-NO}H,0)] (5)*? (Figure 1) based on diversifica-
tion in the structure and response to the electric field were
chosen to provide a detailed insight into their magnetic
characteristics under OEEF. Particularly, we aim to untangle the
following intriguing questions (i) how does OEEF alter the
structural parameters which are essential for controlling the J
values? (ii) how important is the nature of co-ligand and/or
rigidity of the radical moiety in controlling the magnetic
exchange? (iii) Is it possible to employ OEEF to switch the sign
of magnetic exchange? (iv) Is it possible to translate the study

from isotropic Gd" complexes to anisotropic Dy"

yield better SMMs?

complexes to

Computational Details

Geometry optimisations were conducted using density functional
theory (DFT) calculations with the Gaussian 09 package,”® employ-
ing the hybrid B3LYP functional.”” For Gd" atoms, the CSDZ basis
set™ was chosen due to its accuracy in representing the electron
distribution and interactions characteristic of these heavy elements.
The 6-31 G* basis set was used for all other atoms in the study to
ensure a reasonable compromise between accuracy and computa-
tional demand. The optimisation in the presence of OEEF ranging

(%
"l 1.273.02
N1 N2

.

Figure 1. X-Ray structures of (a) 1 [{[(Me;Si), N]ZGd(THF)}z(p-nZ: nz-Nz)]" (b) 2 [Gd(Hbpz;),(dtbsq)], (c) 3 [Gd(hfac);(IM-2py)], (d) 4 [Gd(hfac);(NITBzImH)], (e) 5
[Gd(hfac)s{2Py-NO}(H,0)]. Colour code: purple - Gd", red - O, blue - N, cyan - F, light grey - C, orange - Si, yellow - B, green - F. Here hydrogens are omitted for

clarity.
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from 0.1 to 5 V/A was implemented using the Field keyword in the
Gaussian 09 software,”® allowing for precise control over the
electric field’s intensity and direction. NBO (Natural Bonding
Analysis) was performed in these complexes with the same level of
theory and basis sets.

To determine the exchange coupling constants, Noodleman'’s
broken symmetry?® method was employed. This method is
particularly effective for studying magnetic systems as it accurately
calculates exchange interactions by comparing high-spin and
broken symmetry states. The CSDZ basis set™® was again used for
Gd", while the TZV basis set was employed for the remaining
atoms. Two spin states were computed for molecules 2-5: one
high-spin state and one broken symmetry state. In the case of
molecule 1, a more comprehensive approach was taken, with four
spin states being calculated, including one high-spin state and
three broken symmetry states. This thorough analysis allows for a
deeper understanding of the magnetic interactions within this
molecule.

H = —2[/;Sea1-Sraa + 425642-Srad + J3Sca1-Scaz] For molecule 1
H = —2J5,.S,.4 For molecules 2 — 5

In this context, Sgq and S,,4 represent the spins associated with Gd"
and the radical, which are 7/2 and 1/2, respectively. The symbol J
denotes the isotropic exchange coupling constant, where positive J
values indicate ferromagnetic coupling and negative J values
indicate antiferromagnetic coupling. The magnetic anisotropy, spin
relaxation energy barriers, and g-tensors were determined from first
principles using the MOLCAS 8.2 software suite.”” For lanthanides
(Ln), the ANO-RCC-VTZP basis set”® was employed to achieve high
accuracy in representing the electronic structure. For all other
elements, the ANO-RCC VDZP basis set was used. The Douglas-
Kroll-Hess (DKH) Hamiltonian®” was applied to incorporate the
relativistic effects that are significant in heavy metal centres such as
lanthanides.

In the Complete Active Space Self-Consistent Field (CASSCF)E%
calculations, seven Ln" sextets were selected as active spaces, with
guess orbitals generated beforehand to facilitate the calculations.
Spin-free energies were obtained via CASSCF, and these energies
were further refined using Restricted Active Space State Interaction
with Spin-Orbit coupling (RASSI-SO) to generate spin-orbit coupled
states from 21 sextets. The g-tensors were then extracted using the
SINGLE_ANISO module.®?" To manage the computational demands,
disk usage was optimised through Cholesky decomposition, a
technique that reduces the memory and storage requirements
without sacrificing accuracy. After calculating the anisotropies of
individual metal centres, the POLY_ANISO module,®? in conjunction
with the Lines model, was used to evaluate the energy of the
exchange-coupled system. For the optimisations in the presence of
OEEF, We have selected the positive x-axis as the axis that contains
the Gd-radical part of the molecules whereas y and z axes are
perpendicular to the Gd-radical part of the structure. The electric
field () fields all the way from 5V/A to —5V/A were applied in
various structures. Experimentally field as high as 0.37 V/A, has
been demonstrated for organic reactions and transformations,"? it
is important to note that metal complexes, which have stronger
metal-ligand bonds, require a greater electric field to induce
changes in the molecule. Here, we have used the notation A,
which denotes the geometry of A when 0.1 V/A OEEF is applied
along the + Z-direction.
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Results and Discussion
Modulation of Exchange Interactions in Complexes 1and 2

Previous studies suggest that the net exchange interaction in
these complexes comprises two contributions: J,; (antiferro-
magnetic part) and J; (ferromagnetic part). Generally, the J;
contribution arises due to orbital orthogonality and charge
transfer to the Gd" empty 5 d or 6 s orbital. Conversely, the J,
contribution arises solely from the direct overlap between the
4f magnetic orbitals of Gd" and the singly occupied molecular
orbitals (SOMOs) of the radical ligand (Scheme S1).

In complex 1 (Figure 1(a)), both Gd" centers exhibit a spin
density of approximately 7.060, while two N atoms on the N,*~
moiety carry spin densities of around 0.420 and 0.450 (Fig-
ure (2a)). Three types of exchange interactions were identified
in this complex, namely Jogiraqr J-gdoraar @Nd J-gq1.car (refer to
computational details). The initial structure displayed relatively
strong antiferromagnetic exchange, with values of Jgyiga =
—23.975cm™, Jedrrag=—23.704 cm ™, and p——
—0.500 cm™". These values closely match the experimentally
reported Jeyrraqa =Jodzraa=—27.0cm™' and Jgyr.cp=—0.5cm".
To further explore the effects of an oriented external electric
field (OEEF) on these interactions, we applied electric fields
ranging from +5 V/A to —5 V/A along the x, y, and z directions.
In the presence of an oriented external electric field (OEEF)
applied along the +x, +y, and +z directions, the exchange
interaction Jgg1..q Varied significantly. Along the +x direction
Jadrraq Vary in the range of —20.4 cm™' to —28.1 cm™', along the
+y direction from —4.7 cm™' to —24.0 cm ™', and along the £z
direction from —184 cm™' to —28.6 cm™' (Table S2). Similarly,
Jodrrag Varied from —23.4cm™' to —28.5cm™, from —3.5cm™’
to —22.9cm™’, and from —20.6 cm™' to —27.8 cm™' along £x,
+y and 4z directions. (Table S2). Our detailed analysis of
structural parameters that were altered under the OEEF
suggests that variations in J values were correlated with the
Gd1—N1—-N2—-Gd2 torsional angle (refer to Table S3 and
Figure 3(a)). Specifically, the antiferromagnetic exchange dem-
onstrates a direct proportionality to the Gd1 —N1—N2—Gd2
angle (as illustrated in Figure 3(a)). This torsional angle varied
from 179.0° to 178.2° along the +x direction, from 137.9° to
151.2° along the +y direction, and from 179.8° to 163.3° along
the +z direction (Table S3), reflecting the variation in the J
observed.

We established magneto-electric-structural correlations by
plotting the computed Jg,,..q coupling constant against the
Gd1—N1—-N2—-Gd2 dihedral angles under various OEEF con-
ditions (Figure 3(a)). Larger dihedral angles, yielding a planar
{Gd,N,} motif, showed stronger antiferromagnetic (AF) ex-
change, primarily driven by the m* SOMOs of N,>~ overlapping
with the 4f,;,% orbitals of the Gd" ions. The {Gd,N,} moiety
exhibited maximum bending at an OEEF of 1,,,; V/A, with a
dihedral angle of 137.9° (egraa=—-47<M"), Ucdrrad=
—3.5ecm™), and (Uggcq=—0.2 cm™") (Table S2). Although further
bending at higher OEEF levels was expected to render Jgq ag
ferromagnetic, steric clashes between NSiMe; groups impeded
this possibility. Therefore, in complex 1, OEEF can only
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Figure 2. Spin density plots of (a) 1 [{[(Me;Si), NL,Gd(THF)},(i-n% n*-N,)]  (b) 2 [Gd(Hbpzs),(dtbsq)], (c) 3 [Gd(hfac);(IM-2py)], (d) 4 [Gd(hfac);(NITBzImH)], (e) 5
[Gd(hfac);{2Py-NO}(H,0)] and (f) optimized structure of 5, . , s with computed spin density for broken symmetry. Colour code: purple - Gd", red - O, blue - N,
cyan - F, light grey - C, orange - Si, yellow - B, green - F. Magneta and green colored surface shows the spin density present with isosurface 0.006 e~ bohr 2,

Here hydrogens and fluorine are omitted for clarity.
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Figure 3. (a) Plot of Gd1 —N1— N2 — Gd2 torsional angles observed for various geometries under OEEFs and Jgy;.ag @aNd Jogr.raq iN 1, (b) Plot of Jgg;..q Versus
Gd —01(02) — C1(C2) — C2(C1) torsional angles computed under various OEEFs in 2.
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moderately decrease AF exchange, and substantial sign reversal
and enhancement are hindered by complex geometric arrange-
ments, leading to undesired structural alterations. Given these
limitations, we shifted our focus to another type of Gd-radical
complex and chose a semiquinone radical moiety as our next
target (complex 2). This adjustment was aimed at overcoming
the geometric constraints and exploring the potential for
achieving a switch in J with respect to OEEF.

In 2 (Figure 1(b)), the Gd center exhibits a spin density of
7.046, while two oxygen atoms of the quinone ligands carry
spin densities of 0.240 each (Figure 2(b)). Additionally, a spin
density of 0.507 is delocalized across the benzene ring adjacent
to the two oxygen atoms of the quinone(Figure 2(b)). In
complex 2 (Figure 1(b)), where Jgq..q is calculated as —6.0 cm™,
experimentally determined as —5.7cm™', and optimised to
—5.8cm™', the exchange interaction was studied under the
influence of an oriented external electric field (OEEF) along the
+x, £y, and £z directions. Along the £ x direction, Jgq...4 Varied
from —4.6cm ' to —6.1cm . In the %y direction, it ranged
from —0.6cm~' to —4.3 cm™'; in the £z direction, it ranged
from —4.3 cm™" to —5.8 cm™' (Table S4). The smallest antiferro-
magnetic exchange was observed for the configuration 2, .,
With Jgg..g being —0.6 cm™". The variation in J values with the
direction of the electric field was linked to changes in the Gd —
O — C—C dihedral angle, which increased with the + x direction
and decreased with the —x direction, following a linear
relationship (Table S4-S5 and Figure 3(b)). The maximum dihe-
dral angle reached was 42.5°, constrained by steric factors.

Additionally, the semiquinonate radical in complex 2 has a
significantly delocalised spin density, resulting in only minor
variations in the exchange interactions. This suggests that
radicals with more localised spin densities would be better
suited for modulating the exchange interactions effectively.
Therefore, to achieve a more significant modulation of the J
values, we propose investigating complex 3, which contains
radicals with more localised spin densities. By exploring the
effects of OEEF on these complexes, we aim to understand
better the interplay between structural parameters and mag-

netic exchange interactions, ultimately guiding the design of
materials with tunable magnetic properties.

Modulation of Exchange Interactions in Complexes 3and 4:

In complex 3 (Figure 1(c)), the Gd" center exhibits a spin density
of 7.030, while the ring’s N1 carries a spin density of 0.347, the
N2(NO) bears 0.247, and the O(NO) possesses 0.467 (Figure 2(c)).
Complex 3 exhibits a Jgg_,.q value of —2.3 cm™, with exper-
imentally determined J,,=—3cm™ and optimised J,,=
—1.9cm™". In the presence of OEEF, the Jgy_,.4 Values varied
along the £x direction from —1.8 cm™ to —2.0 cm™, along the
+y direction from —19cm™ to —21cm™, and the £z
direction from —1.8 cm™' to —2.0 cm™' (Table S6).

Applying the electric field in the +x, -y, and £z directions
did not significantly alter the angles or dihedrals within
complex 3. However, variations were observed in the Gd—N1
bond distance, which ranged from 2.4 A to 2.6 A (Table S7 and
Figure 4(a))). As the Gd—N1 bond distance increased, the Jgq_ aq
decreased, consistent with the expected drop in n* SOMO-4f
overlap (Figure 4(a) and Table S7). Although a switch in the J
value was not observed, the magnitude of the antiferromag-
netic interactions reached a minimum at the 3, ; point, where
the Gd—N1 bond distance was significantly elongated to 2.6 A
(Table S7). The inability to switch the J value is attributed to the
minimal influence of angle and dihedral alterations on the J
values, as the atom with the dominant radical character is not
directly connected to the Gd" centres.

This observation suggests that to modulate the J values
effectively, it is crucial to select molecules where the radical
character is directly associated with the Gd" centres. This insight
provides a guiding principle for designing and choosing the
appropriate set of molecules to achieve significant changes in
exchange interactions under the influence of an electric field.

In complex 4 (Figure 1(d)), the Gd" center exhibits a spin
density of 7.031, while the ring’s O1 carries a spin density of
0.319, N1 on the ring has 0.274, N2(NO) has 0.311, and O2(NO)

(a) (b)
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Figure 4. (a) Plot between Gd—N1(lig) and J in 3, (b) Plot between and Jgq;..g and Gd —O — N1(NO1) — N2(NO2) torsional angles in 4.
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bears 0.291 (Figure 2(d)). Complex 4 (Figure 1(d)) features a
nitronyl nitroxide radical exhibiting a ferromagnetic Jgq_,.q
interaction. It has a Jgy_,.q exchange of +1.9cm™, while the
experimentally reported value is +1.7 cm™". When subjected to
an oriented external electric field (OEEF), the Jg4_,.q Was found
to vary along the +x direction from +3.7cm™" to +4.7 cm™,
along the £y direction from +3.3cm™" to +5.1 cm™', and the
+z direction from +0.1 cm™ to +5.3 cm™' (see Table S8).

The OEEF predominantly altered the Gd—O—N1(NO1)—
N2(NO2) dihedral angle (Figure 4(b) and Table S9). As this angle
increased, the Jgy_,.,q tended to become more ferromagnetic.
This effect is attributed to a larger charge transfer from the
singly occupied molecular orbital (SOMO) to the 5 d orbital of
the Gd" ion and a reduction in the n*-4f overlap. At the 4,5,
configuration, the ferromagnetic J reached a maximum value of
+53cm™, limited by the largest dihedral angle attainable
before steric strain was triggered.

These observations demonstrate that ferromagnetic cou-
pling can be enhanced by applying an electric field in this class
of molecules. Encouraged by these results, we chose another
class of nitronyl nitroxide radical, which exhibits antiferromag-
netic coupling, to see if the sign of J can be altered (complex 5).

Modulation of Exchange Interactions in Complex 5

Next, our focus shifted to complex 5 (depicted in Figure 1(e)),
where the NO® radical is directly bound to the Gd" center. In
this configuration, the spin density on the Gd" was determined
to be 7.035, while the N and O atoms exhibit spin densities of
0.429 and 0.437, respectively (Figure 2(e)), indicating the
localized nature of the radical. In complex 5 (Figure 1 (e)), where
the nitronyl nitroxide radical (NO®) is directly bound to the Gd"
centre, the Joy_,.q €xchange is calculated as —3.7 cm™, with the
experimentally reported value being —4.8cm™. Under the
influence of an oriented external electric field (OEEF), the Jgq_ aq
values varied along the #x direction from +1.8cm™ to
+33cm™, along the =y direction from —19cm™ to
+5.5cm™, and the +z direction from —3.8cm™' to +4.1 cm™
(Table S10 and Figure 5(a)). Notably, the application of the
electric field could switch the Jgy_ .4 €xchange from antiferro-
magnetic to ferromagnetic, except in the —y and —z directions
within the field strength range of 1 to 3 V/A. The highest
ferromagnetic exchange was estimated to be +5.5cm™ in the
configuration 5, 5 (Table S10).

Several structural parameters varied under the applied
electric field, with significant geometric changes observed in

1
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Figure 5. (a) plot between Jgq..4 and OEEF applied in 5, (b) 3D Plot between Gd — O — N — C torsional angle and the OEEF applied in different geometries of 5
and Jgy.aq (€) plot between the Gd — O — N — C torsional angle and the Jgy..q in 5, (d) Plot between angle Gd — O —N and the exchange coupling constants on

different geometries of 5
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the Gd — O — N —C torsional angle. Plotting the torsional angles
obtained for various electric field geometries against the
computed Jgy_..q revealed a correlation where larger angles
resulted in stronger ferromagnetic Jg4_ .4 cOupling (see magne-
to-electrical-structural map in Figures 5(b)-5(c) and Table S11).
The second most influential structural parameter was the Gd —
O —N angle, where larger angles resulted in stronger antiferro-
magnetic exchange (Figures 5(d)). At the same time, no direct
correlation was observed between exchange and the Gd-O
bond distances (Figure S1). It was observed that a torsional
angle greater than 35.9° resulted in ferromagnetic exchange,
whereas a value less than 35.9° led to antiferromagnetic
exchange (Figure 5(c)). To deeply understand the nature of the
exchange in the absence and presence of OEEF, we conducted
overlap integral, molecular orbital (MO), and Natural Bond
Orbital (NBO) analysis on complex 5 and the configuration 5,
,5 (which exhibited the highest Jgy_ .4 of 5.5cm™"). Based on
these analyses, we proposed a generic mechanism considering
all the points above, as outlined in Scheme S1 (See ESI).

The NBO analysis revealed the electronic configuration of
Gd" as 65(0.18)4f(7.01)5d(0.76)6p(0.41) in complex 5 and
6 5(0.18)4(7.01)5d(0.74)6p(0.40) in configuration 5, ,5, indicat-
ing significant electron occupancy in the 6 s, 5d, and 6p orbitals
due to charge transfer. Additionally, there was evidence of
charge transfer from the * SOMO of the 2Py-NO to the Gd" 5d
orbitals in both complex 5 (2.1 kJ/mol) and configuration 5, ;5
(1.9 kJ/mol) (Figure 6). Thus, there was no discernible difference
between these two configurations regarding the ferromagnetic
exchange contribution J.

Subsequently, we computed the overlap integral calculations
to assess the overlap between the 2Py-NO SOMO 7* orbitals and
the Gd" 4f orbitals. In complex 5, three significant overlap
integrals were observed (Figure S2 and Table $S12), whereas in
configuration 5, ,5, the number of significant overlap integrals
was reduced to two (Figure S3 and Table S13). This reduction
translated to a decreased contribution from the antiferromagnetic

@

-

Pz

.1kJ/mol

exchange Jy, thereby shifting the overall exchange towards

ferromagnetic upon applying OEEF, as desired.

As the OEEF switches from negative to a positive direction,
the sign of J is altered and this along with the studies on
complexes 1-5 offers the following guiding principles:

1. Radicals with SOMOs directly attached to the Gd" centre
provide a broad range of structural variations that influence
the sign of the exchange coupling.

2. Radicals with spin densities localised on one or two centres
are preferred, as they offer greater control over J with
respect to the applied electric field and also offer a greater
chance to modulate the values.

3. In a relatively rigid ligand such as hfac, structural alterations
under EF are directed towards the more flexible radical
moiety, facilitating extensive variations and therefore the
choice of the co-ligand at the complex is also key in
modulating the J values.

4. A co-ligand with reduced steric bulk at the Gd" centres can
enable larger variations in bond angles and dihedral angles,
aiding in switching J values.

Having managed to demonstrate variation in the sign of J
value from antiferromagnetic to ferromagnetic in complex 5, we
decided to extend the study to the Dy" analogue to assess
whether the quantum tunnelling of magnetisation (QTM) effects
and single-ion anisotropy are enhanced under the applied EF,
potentially resulting in better-performing SMMs. Consequently,
SA-CASSCF/RASSI/SINGLE_ANISO calculations were performed on
the corresponding Dy" complex 5-Dy ([Dy(hfac);{2Py-NO}H,0)]). In
5-Dy the g-tensors are found as g,, =0.170, g, =0.246 and g,,
=19.720, and the angle between the ground state and the first
excited state is 12.9° (Table S14). Further, we have performed the
Poly_Aniso calculations in order to account for the exchange
coupled system and to derive the relaxation mechanism for the
Dy(lll)-radical system. Our analysis revealed that complex 5-Dy
exhibited remarkably high tunnel splitting, making it unsuitable
for SMM properties. However, in nearly all the geometries under
applied OEEF conditions, the tunnel splitting decreased signifi-

(b)

=

-+

Figure 6. NBO analysis showing charge transfer from (a) n* orbitals of Py-NO to 5d,, orbitals of Gd" orbitals in 5, (b) n* orbitals of Py-NO to 5d,, orbitals of Gd"
orbitals in 5, , s Colour code: purple - Gd", red - O, blue - N, cyan - F, light grey - C, orange - Si, yellow - B, green - F.
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cantly, enabling relaxation from the first excited state (refer to
Table S15) and improving the SMM performance. We observed
that the 5-Dy, ,s was showing the highest energy barrier for the
spin-reversal. The first excited state in complex 5-Dy was found to
be at 46.3 cm™', whereas, for 5-Dy, , ,, it was at 59.1 cm™' (Single
ion property) (refer to Table S14), suggesting that there is marginal
improvement in single-ion anisotropy at this chosen field strength.
Furthermore, the ground state g,, axis of 5-Dy, ., is slightly tilted
towards the 2Py-NO radical ligand compared to 5 (Figure 7(b)).

Furthermore, we found a correlation between the energy
barrier for demagnetization and the exchange coupling strength.
The highest energy barrier of 24.7 cm™' (Figure 7(a)) was observed
for 5-Dy,,,s, which also exhibited the strongest exchange
coupling. This is consistent with the enhanced single-molecule
magnet (SMM) behaviour observed upon applying an electric
field.

Conclusions

In conclusion, our investigation underscores the capability of OEEF
to manipulate magnetic properties within 4f-radical systems
intricately. This capability opens avenues for customising function-
alities, notably by enabling the transformation of magnetic
exchange from antiferromagnetic to ferromagnetic states. Our
study offers significant insights into the strategic selection of
molecules that exhibit optimal responses to applied electric fields
(EF). Specifically, we observed enhanced performance in the
context of anisotropic Dy" analogues under EF conditions. The
following summary emerges from this work:

1. Magneto-Electric-Structural Correlations: The application of
OEEF in various directions significantly affects the exchange
interactions in metal complexes, particularly in terms of
magnetic behaviour and structural changes, such as the
torsional angles between metal and ligand atoms. There is a
correlation between dihedral angles and magnetic exchange
interactions, where larger angles tend to enhance antiferro-
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magnetic exchange due to improved orbital overlap be-
tween the ligands and metal ions.

. Sensitivity of Exchange Interactions: The exchange inter-

actions are sensitive to the direction and magnitude of the
applied electric field, with notable variations observed in
different complexes, indicating the potential for fine-tuning
magnetic properties through external electric fields. Among
various complexes studied, in complex 4, the application of
OEEF significantly enhanced Jg4..4 ferromagnetic coupling
along the +x, +y and +z directions. The dihedral angle
changes under the electric field led to increased charge
transfer and reduced n*-4f overlap, resulting in stronger
ferromagnetic interactions.

. Role of Radical Character: The nature of the radical’s spin

density is crucial in modulating exchange interactions.
Radicals with localized spin densities are far more effective
at achieving significant changes in these interactions
compared to those with delocalized spin densities. This is
because localized spin densities provide a more direct and
substantial influence on the magnetic properties of the
complex. Moreover, complexes in which the radical is
directly linked to the metal centre are particularly advanta-
geous for fine-tuning via OEEF. Direct linkage ensures a
more pronounced impact of the electric field on the
exchange interactions, enabling precise and efficient modu-
lation.

. Potential for Ferromagnetic Coupling: In certain complexes,

the application of OEEF can switch the exchange interaction
from antiferromagnetic to ferromagnetic. This highlights the
importance of structural adjustments and charge transfer
mechanisms in enhancing magnetic coupling, which can be
leveraged to design materials with tunable magnetic proper-
ties. For instance, in complex 5, we observed this switch
from antiferromagnetic to ferromagnetic interaction even at
low electric field strengths, demonstrating the potential for
efficient magnetic modulation under mild conditions. Evi-
dence of charge transfer from the n* SOMO of 2Py-NO to the

(b)

Figure 7. (a) ground state g,, axis in 5-Dy and 5-Dy, , ,, and (b) Magnetic relaxation mechanism (exchange coupled) of 5-Dy, . , s (Here, red dotted lines indicate
tunnel splitting (TS), and the green dotted lines indicate Orbach/Raman relaxation). Here hydrogen and fluorine are omitted for clarity. Colour code: maroon -
Dy‘”, red - O, blue - N, cyan - F, light grey - C, orange - Si, yellow - B, green - F. Here hydrogens and fluorine are omitted for clarity.
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Gd" 5d orbitals was found in both complex 5 and

configuration 5,.,5, showing no discernible difference in

ferromagnetic exchange contribution. The switch was

observed at all fields along the x-axis, whereas in the y and z

directions, it was present at all electric fields except for those

ranging from —1to —3 V/A.

5. Elevation of the Demagnetization Energy Barrier through
OEEF: We have observed that there is a correlation between
the exchange coupling and the energy barrier for the spin
reversal. 5-Dy, . ,s was found to have the highest exchange
coupling of +5.5cm™" and, consequently, has the highest
energy barrier of 24.5 cm ™" as well.

By harnessing OEEF, we expand the understanding of how
magnetic interactions can be controlled at the molecular level and
pave the way for potential applications in advanced materials and
molecular electronics. This work highlights the profound impact of
external stimuli on molecular magnetism, laying a foundation for
future research to develop tailored magnetic properties for various
technological applications.
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