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Abstract. One of the holy grails in the area of single-molecule magnets (SMMs) is to achieve control over

microscopic spin Hamiltonian parameters of molecules, and this is generally achieved via chemical intuition,

serendipity, and occasionally using external stimuli such as pressure. Among the spin Hamiltonian parameters

that control the performance of SMMs, magnetic exchange coupling and magnetic anisotropy are the key

parameters that can be controlled via chemical design, which is challengingactive space self-consistent. In this

work, we have explored using a combination of density functional theory (DFT) and ab initioCASSCF/RASSI-
SO method in combination with the response theory method wherein an external electric field was applied to

effect controlled geometric changes that, in turn, were found to alter both the magnetic exchange and magnetic

anisotropy in a {Ln-Cr} (Ln=GdIII andDyIII) molecule. Particularly, here we studied [CrF2(py)4]Ln(hfac)4] (Ln

= Gd (1) and DyIII (2)) molecule possessing antiferromagnetic coupling between GdIII…CrIII using an oriented

external electric field, and our study reveals that application of field 0.4 to 2 V/Å along the Cr–F and Gd–F

directions alter the geometry, and this, in turn, alters the J and the associated magnetic anisotropy. As this J is
weakly antiferromagnetic, our aimwas to apply electric field to reduce the anti-ferromagnetic coupling and see if

it is possible to alter the magnitude of magnetic coupling. Applying an oriented external electric field (OEEF)

along the ± x-axis led to significant elongation of the Gd-F bond distance, increasing from 2.349 Å in the

absence of a field to 2.864 Å at ± 2 V/Å. This structural modification resulted in a notable reduction of the

antiferromagnetic J, decreasing from -0.960 cm-1 in the ground state of 1 to -0.100 cm-1 at ?2 V/Å,

corresponding to an approximate 90% decrease. Conversely, applying the OEEF along the ± z-axis induced
negligible changes in both the Gd-F bond distance and the exchange coupling constant. Although the sign

change was not achieved, this suggests a viable way to alter the magnetic exchange. For the corresponding DyIII

analogues, our calculations indicate that the corresponding geometrical distortions, particularly shorter Dy-F

distance at the applied field strength of 0.4 to 2V/Å, enhance themagnetic anisotropy and eventually yield better

performing SMMs. These findings align with experimental observations reported in the literature, where electric

fields have been shown to modulate magnetic exchange interactions in molecular systems. Our results

demonstrate the potential of using external electric fields to tailor magnetic properties in {3d–4f} complexes,

thereby advancing the design of materials with controllable magnetic behaviours.
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1. Introduction

Exchange interactions in 3d–4f molecular complexes

exhibit remarkable sensitivity to structural modifica-

tions,1–3 traditionally controlled through chemical

means by altering ligand fields.4–9 However, the

application of oriented external electric fields

(OEEFs)10 represents a promising non-chemical

alternative for modulating these interactions. This

approach aligns with growing interest in physical

methods for property control, including pressure, light,

temperature, and electric field-based techniques.

Magnetic exchange coupling (J) fundamentally

determines the behaviour of single-molecule magnets
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(SMMs). While factors such as bridging ligand type,

bond geometries, and other structural parameters

influence J, chemical modifications often present sig-

nificant synthetic challenges. This limitation has dri-

ven the exploration of alternative approaches, with

electric field modulation emerging as particularly

promising due to its precision and versatility.

Unlike pressure-induced methods that face repro-

ducibility challenges,11–13 OEEFs offer more controlled

manipulation of exchange interactions through subtle

electronic structure modifications.14 Experimental evi-

dence increasingly supports the efficacy of electric fields

in modulating magnetic exchange properties.14–17 Elec-

tric fields provide superior spatial resolution compared to

magnetic fields, enabling precise control over electron

spin interactions.10,14,16–18 Despite confirming that elec-

tric fields can influence both magnetic anisotropy and

exchange interactions, a comprehensive understanding of

structure-property relationships under electric field

influence remains incomplete.

Lanthanide-based SMMs,19–21 despite their high

blocking temperatures, suffer from zero-field tunnelling

effects that can bemitigated throughmagnetic exchange

interactions. Unlike single-ion magnets (SIMs), where

magnetic relaxation is primarily governed by the single-

ion anisotropy of the paramagnetic metal centre, mult-

inuclear systems rely on the anisotropy of the exchange-

coupled states. In such systems, the presence of appro-

priate exchange coupling can generate an internal static

magnetic field, effectively mimicking an externally

applied field and significantly suppressing quantum

tunnelling of magnetization (QTM). However, these

systems typically exhibit weak, predominantly antifer-

romagnetic coupling.22,23 This necessitates the explo-

ration of external stimuli capable of enhancing and

potentially reversing exchange interactions. Our study

systematically analyses Gd–Cr complexes under elec-

tric field influence using density functional theory

(DFT) and ab initio CASSCF calculations to establish

principles governing exchange sign reversal and

develop practical strategies for fine-tuning exchange

without chemical modifications.

We selected the [trans-[CrF2(py)4]Gd(hfac)4]
7 (1)

(Figure 1(a)) complex24,25 for its demonstrated sensi-

tivity to external electric fields, particularly regarding

Gd–Cr exchange interactions. OEEF application along

specific molecular axes can modify electronic struc-

tures and bonding patterns, altering both the strength

and sign of J. This electric field manipulation offers

several advantages for quantum computing and spin-

tronics applications, including precise spatial and

temporal control, faster response compared to thermal

methods, lower energy requirements, improved solid-

state device compatibility, and potential for miniatur-

ization. Recent research has demonstrated electric

fields’ diverse influences on molecular properties,

from magnetization barriers in SMMs to chemical

transformations and spin transitions. Our work aims to

provide deeper insights into leveraging external elec-

tric fields for controlling 3d–4f complex magnetic

properties, establishing fundamental principles for

OEEF-based exchange modulation, developing

approaches for achieving enhanced J values, and

demonstrating feasible electric field control over 3d–4f

exchange interactions. These findings will contribute

significantly to electric field-based molecular magnet

manipulation, offering new perspectives for designing

high-performance SMMs for quantum computing,

molecular spintronics, and information storage tech-

nologies. Specifically, we seek to unravel the follow-

ing compelling questions. (i) How does OEEF

influence the structural parameters crucial for regu-

lating J values? (ii) To what extent does the nature of

the co-ligand affect the control of magnetic exchange?

(iii) Can OEEF be utilized to reverse the sign of

magnetic exchange? (iv) Can this study be extended

from isotropic GdIII complexes to anisotropic DyIII

complexes to enhance SMM performance?

2. Computational details

Geometry optimizations were performed using DFT

calculations implemented in the Gaussian 09 software

package,26 employing the hybrid B3LYP func-

tional.27–29 For GdIII atoms, the CSDZ basis set30 was

chosen due to its precision in representing the electron

distribution and interactions characteristic of these

heavy elements. CrIII atoms were treated with the SDD

basis set,31 which is suitable for transition metals and

provides a good balance between computational effi-

ciency and accuracy. The 6-31G* basis set was used

for all other atoms in the study to ensure a reasonable

compromise between accuracy and computational

demand. This was implemented using the field key-

word in the Gaussian 09 software26, allowing for

precise control over the electric field’s intensity and

direction. The application of the OEEF is crucial for

studying its effects on the molecular structure and

magnetic properties, as electric fields can induce sig-

nificant structural modifications that influence mag-

netic interactions. Electric fields ranging from 2 V/Å

to -2 V/Å were applied in both the x and z directions
to investigate their effects on the spin densities and

structural parameters of the complex (optimised

coordinates are provided in Supplementary
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Information). Here, we used the notation 1z10.1, which

denotes the geometry of molecule 1 when 0.1V/Å

OEEF is applied along the ?Z-direction. The elec-

trostatic potential (ESP) diagram was generated using

the same level of theory and basis sets as employed in

the single-point energy calculations. The ESP was

computed on a 0.05 e/Bohr3 electron density isosur-

face and subsequently mapped onto the molecular

surface, with the colour scale ranging from negative

(magenta) to positive (blue) electrostatic potential

values.

To determine the exchange coupling constants,

Noodleman broken symmetry31 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 set30 was

again used for GdIII to maintain consistency and

accuracy, while the TZV basis set was employed for

the remaining atoms.

Two spin states were computed: one high-spin state

and the other, broken symmetry state. This dual-state

computation helps to elucidate the nature of magnetic

coupling under different electronic configurations.

This thorough analysis allows for a deeper under-

standing of the magnetic interactions within this

molecule. The Hamiltonian used is,

Ĥ ¼ �2JSCr:SGd

In this context, SGd and SCr represent the spins

associated with GdIII and CrIII, which are 7/2 and 3/2,

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.32 We have replaced

the GdIII with DyIII for the single-ion anisotropy cal-

culations. For DyIII, the ANO-RCC-VTZP basis set33

was employed to achieve high accuracy in represent-

ing the electronic structure. For all other elements, the

ANO-RCC VDZP basis set was used. The Douglas–

Kroll–Hess (DKH) Hamiltonian34 was applied to

incorporate the relativistic effects that are significant

in heavy metal centres such as lanthanides.

Figure 1. DFT optimized structures of (a) 1(trans-[CrF2(py)4]Gd(hfac)4) with axes, (b) spin density plot of 1, (c) DFT
optimized structure of 1 with the important structural parameters shown and (d) DFT optimized structure of 1x?2 with the
important structural parameters shown in colour code: purple, Gd; red, O; blue, N; green; light grey, C; light blue, Cr;
green, F. Here hydrogens have been omitted for clarity. Magenta coloured surface shows the spin density present.

J. Chem. Sci.         (2025) 137:113 Page 3 of 10   113 



In the complete active space self-consistent field

(CASSCF)35 calculations, seven LnIII orbitals were

selected as active spaces, with guess orbitals generated

beforehand to facilitate the calculations. Spin-free

energies were obtained via CASSCF, and these ener-

gies 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 SIN-

GLE_ANISO module.36 To manage the computational

demands, disk usage was optimised through Cholesky

decomposition, a technique that reduces the memory

and storage requirements without sacrificing accuracy.

3. Results and Discussion

We have performed DFT calculations combined with

ab initio calculations in the presence of an OEEF. The

magnetic properties of lanthanide SMMs are highly

sensitive to geometric variations, including bond

lengths and angles. To investigate the impact of an

external electric field on structural parameters, we

applied the field along the –X and –Z directions, where

–X corresponds to alterations in the F–Cr bond, ?X

influences the F–Gd bond, and –Z is perpendicular to

the Cr–F–Gd axis. The field was incrementally

increased in both positive and negative directions until

noticeable geometric distortions occurred, and the

resulting changes in bond lengths and angles were

systematically analysed. Additionally, calculations

were performed on modified ligand environments to

assess their influence on key structural parameters.

This approach specifically aims to explore how the

F-linker responds to external perturbations, providing

insights into its role in governing the system’s overall

structural and magnetic behaviour.

The application of an external electric field along the

X and Z directions induces significant geometric modi-

fications in the Cr–F–Gd system, with varying effects on

bond lengths and angles depending on the OEEF field

magnitude and direction. The spin densities measured

were *7.010 on GdIII and 2.920 on CrIII, with an

exchange coupling constant of -0.960 cm-1, consistent

observations with experimental (Figure 1(b)) across all

optimised geometries of the complex. However, signifi-

cant structural differences were observed in the electric

field-modulated structures, as detailed in Table 1.

Despite the application of varying electric fields, the spin

densities remained consistent.

The Cr–F (terminal) bond elongates with increasing

field strength along ?X, reaching 1.868 Å at ?2 V/Å,

a 1.3% increase from its original value of 1.844 Å. In

contrast, applying the field along –X results in rela-

tively minor changes, with a maximum deviation of

0.27% at -2 V/Å. Along the Z direction, the response

is stronger for ?Z, where the bond increases by 2.12%

at ?2 V/Å, while under -Z, the variation remains

minimal. The Cr–F (bridged) bond exhibits moderate

sensitivity, contracting under ?X with a 3.57%

decrease at ?2 V/Å, whereas under -X, it remains

relatively stable with deviations below 1.4%. Along Z,

this bond elongates under -Z and contracts under ?Z,

with a maximum 2.9% reduction at ?2 V/Å. The F–

Gd bond experiences the most pronounced changes,

particularly under the –X and -Z fields. In the ?X

direction, it increases slightly, reaching 2.524 Å

(?7.44%) at ?1 V/Å and 2.864 Å (?21.91%) at ?2

V/Å. However, under –X, a dramatic elongation

occurs, extending to 3.442 Å at –2 V/Å, representing a

46.6% increase and suggesting a significant weakening

of the bond. A similar trend is observed under the Z

field, with the bond stretching by 34.2% (3.343 Å) at

-2 V/Å while remaining relatively stable under

moderate fields.

The F–Cr–F bond angle is fairly robust, particularly

in the Z direction, where it stabilizes at 179.9� across
all field strengths. Under?X and –X, a minor decrease

is observed, reaching 173.7� at -2 V/Å, a 3.0%

reduction. The Cr–F–Gd angle remains relatively

stable under small and moderate fields, varying within

±1% of its original value, highlighting its robustness

to external perturbations. Comparing the effects along

X and Z directions, the X field primarily alters F–Cr

and F–Gd bond lengths, with stronger effects in the

negative direction (-X), leading to substantial F–Gd

elongation. In contrast, the Z field significantly affects

both Cr–F bonds, particularly the bridged Cr–F bond,

while F–Gd elongates predominantly under –Z. The

positive and negative fields do not produce symmetric

effects; for instance, both ?X and –X increase F–Gd,

but the elongation under –X is considerably larger.

Similarly, ?Z leads to bond contraction, whereas –Z

causes elongation, especially for F–Gd.

Previous studies have highlighted the critical role of

the Gd-F-Cr angle in determining the exchange

behaviour between GdIII and CrIII in such complexes.

However, the application of OEEF resulted in negli-

gible changes to Gd-F-Cr angles in both the ±x and
±z directions, as shown in Table 1, Figures 1(c),

(d) and 2(a). Figure 2(a) shows the D(\CrFGdmol -

\CrFGdmol±n), and it shows the maximum change in

\CrFGd occurs at -1 and -2 V/Å. Interestingly, the

Gd-F bond distance exhibited notable changes when

subjected to OEEF in the ±x and ±z directions

(Table 1; Figure 2(b)). Maximum change D(F-Gdmol –
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F-Gdmol±n) is observed at -1 and ±2 V/Å

(Figure 2(b)). Subsequently, we applied Noodleman

broken symmetry approach to calculate the Cr–Gd

exchange coupling in all the optimized geometries.

Also, we observed a decrease in polarity of the

molecule in the presence of OEEF, as can be seen

from the electrostatic potential diagram in Fig-

ure 2(c)–(d).

The combination of minor variations in the

Gd-F-Cr angle and the changes in the Gd-F bond

distance influenced the magnetic exchange properties

of the complex. Specifically, we observed a reduction

in the antiferromagnetic exchange interaction along

the ±x-axis in the modified structures 1x-2 and 1x?2

(Table 2; Figure 3(a)). In these structures, the

exchange coupling constants JGd-Cr were found to be

-0.100 cm-1 and -0.123 cm-1, respectively. Despite

these modifications reducing antiferromagnetic

exchange, the complete transition from antiferromag-

netic to ferromagnetic exchange was not achieved.

This limitation is attributed to the inherent stability

and robust nature of the Gd-F-Cr configuration,

which resists significant alteration under the applied

electric fields. Particularly, p interaction between F

and Cr(III) ion, however weak, resist substantial

change both in F–Cr distance and the Gd–F–Cr angle.

As some of us have previously stated, the decrease in

the \CrFGd leads to the switch in the exchange cou-

pling, but this switch from antiferromagnetic to fer-

romagnetic exchange happens at the \CrFGdmol of

140�.25 Unfortunately, the application of OEEF does

not alter this angle significantly to see such a drastic

change in sign. Hence, we have not observed the

switch; the maximum reduction of the exchange from

-0.960 to -0.100 cm-1 is observed at -2 V/Å.

3.1 Mechanism of magnetic exchange in {3d–4f}
complexes in the presence of OEEF

The application of an OEEF alters the magnetic

exchange interaction in the Cr–Gd system by modifying

key structural parameters, such as the Cr–F and F–Gd

bond lengths, as well as the Cr–F–Gd bond angle.

Understanding the mechanism by which this coupling is

affected under different field conditions is crucial, as it

provides insights into how the external electric field

influences the exchange interaction through geometric

distortions and variations in orbital interactions. In a

general {3d–4f} pair, the nature of the exchange inter-

action is governed by the overlap between the 3d and 4f

orbitals. Orthogonality between these orbitals results in

ferromagnetic (JF) contributions, whereas non-vanishing
overlap between SOMOs leads to antiferromagnetic

(JAF) contributions. Additionally, charge transfer (CT)

excitations from the 3d orbital of the CrIII to an empty 5d

orbital of the lanthanide contribute to JF. In complex 1,
the unpaired electrons on CrIII occupy the t2g orbitals

(dxy, dxz, dyz), which exhibit p-character, limiting effi-

cient r-type charge transfer from CrIII to GdIII. As a

result, the JF component is significantly reduced, making

JAF a more dominant contribution to the overall

exchange interaction (Scheme 1).

Upon applying an external electric field, structural

distortions are introduced, particularly affecting the

Cr–F and F–Gd bond lengths. These distortions, in

turn, modulate the overlap between the CrIII t2g and

GdIII 4f orbitals, thereby influencing the magnitude of

JAF. In the absence of an electric field (1), the system

exhibits a relatively strong antiferromagnetic coupling

(J = -0.960 cm-1). As the field is applied along the X

direction, the F–Gd bond length undergoes elongation,

Table 1. DFT computed selected structural parameters of 1 and 1 at various OEEF.

Complex with EF Cr–F(Å) (terminal) Cr–F(Å) (bridged) F–Gd (Å) F–Cr–F (�) Cr–F–Gd (�)

1 1 1.844 1.904 2.349 179.3 178.3
2 1x?0.4 1.857 1.854 2.506 178.8 179.7
3 1x–0.4 1.856 1.855 2.506 178.9 179.8
4 1x?1 1.858 1.853 2.524 177.0 179.3
5 1x–1 1.857 1.854 2.829 177.1 179.5
6 1x?2 1.868 1.836 2.864 173.9 178.6
7 1x–2 1.849 1.854 3.442 173.7 179.5
8 1z?0.4 1.861 1.847 2.499 179.9 179.7
9 1z–0.4 1.852 1.861 2.515 179.9 179.9
10 1z?1 1.869 1.837 2.504 179.9 179.9
11 1z–1 1.847 1.871 2.582 179.9 179.9
12 1z?2 1.883 1.823 2.519 179.9 179.9
13 1z–2 1.849 1.856 3.343 179.9 179.8
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particularly under negative fields (–X), where it

reaches 3.442 Å at -2 V/Å. This increased separation

between GdIII and the fluoride bridge weakens the

direct {3d–4f} orbital overlap, thereby reducing the

magnitude of JAF. Consequently, a sharp decline in

antiferromagnetic coupling is observed, with J de-

creasing to -0.100 cm-1 at -2 V/Å. A similar trend is

observed along ?X direction, where the F–Gd bond

elongates to 2.864 Å at ?2 V/Å, resulting in a

reduction of JAF to -0.123 cm-1. This reduction in

JAF is consistent with a diminished overlap integral

between CrIII and GdIII, as well as a reduced charge

transfer contribution from CrIII to GdIII, both of which

are critical for sustaining antiferromagnetic exchange

interactions.

In contrast, when the electric field is applied along

the Z direction, distinct effects are observed. The Cr–F

(bridged) bond length exhibits contractions under ?Z,

whereas it elongates under –Z. However, the most

significant effect is again observed in the F–Gd bond,

which increases to 3.343 Å at -2 V/Å. This elongation

weakens the 3d–4f overlap, leading to a drastic

reduction in JAF. For moderate field strengths along Z,

the JAF contribution steadily declines, with J values of

Figure 2. Graph showing changes in (a) Gd-F-Cr bond angle for all the geometries optmized in the presence of OEEF
with respect to 1, and (b) Gd-F bond length for all the geometries optmized in the presence of OEEF with respect to 1.
(c) Computed electrostatic potential diagram of 1 and (d) 1x?2. Blue and magenta sections show the positive and negative
regions of the molecules, respectively.
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-0.555 cm-1 at ?0.4 V/Å and -0.525 cm-1 at -0.4

V/Å, suggesting a progressive weakening of the

exchange interaction with increasing field strength.

From an orbital perspective, the electric field

influences the relative energies of the CrIII t2g and

GdIII 4f orbitals. The application of OEEF increases

the electrostatic potential experienced by GdIII (Fig-

ure 2(c)–(d); Scheme 1), stabilizing its 4f orbitals. This

stabilization further reduces the overlap between the

3d and 4f orbitals, leading to a decrease in JAF.

Additionally, it lowers the polarization of the 5d

orbitals, resulting in a reduction in JF. At the same

time, the shift in the Cr–F bond modifies the ligand

field around CrIII, altering the splitting of its t2g orbi-

tals. Consequently, the energy gap between the 3d and

5d orbitals increases, enhancing charge transfer exci-

tations that contribute to JF. Furthermore, changes in

the Cr–F–Gd bond angle affect the spatial orientation

of the orbitals, further reducing the effective overlap

necessary for strong JAF interactions.

The application of an external electric field effec-

tively modulates the exchange interaction in the Cr–

Gd system by altering key geometric parameters,

orbital overlaps, and charge transfer contributions.

Fields applied in the X and Z directions elongate the

F–Gd bond, weakening the 3d–4f exchange pathway

and reducing JAF. Additionally, the splitting of t2g
orbitals enhances charge transfer from 3d to 5d orbi-

tals, increasing JF. Meanwhile, the stabilization of 4f

orbitals reduces the polarization of 5d orbitals, leading

to a decrease in JF. However, the overall effect of

these factors results in an increase in JF, thereby

reducing the antiferromagnetic exchange under the

influence of the electric field. The stronger response

observed under –X and –Z fields suggests an asym-

metric system reaction, with negative fields more

effectively destabilizing the exchange interaction. This

tunability of J under an applied field offers valuable

insights for designing electric-field-responsive

Table 2. DFT computed exchange coupling con-
stants in various geometries optimised at different
electric fields in 1.

Field JCr–F (cm–1)

1 1 -0.960
2 1x?0.4 -0.542
3 1x–0.4 -0.542
4 1x?1 -0.506
5 1x–1 -0.507
6 1x?2 -0.123
7 1x–2 -0.100
8 1z?0.4 -0.555
9 1z–0.4 -0.525
10 1z?1 -0.544
11 1z–1 -0.406
12 1z?2 -0.508

Figure 3. (a) Plot between JGd-Cr and OEEF employed, (b) Ab initio computed magnetization blockade barrier diagram of
2. The x-axis indicates the magnetic moment of each state along the main magnetic axis while y-axis denotes the energy of
the respective states. The thick black line indicates the KDs as a function of computed magnetic moment. The green/blue
arrows show the possible pathway through Orbach/Raman relaxation. The dotted red lines represent the presence of
quantum tunneling mechanism (QTM)/thermally assisted quantum tunneling mechanism (TA-QTM) between the
connecting pairs. The numbers provided at each arrow are the mean absolute values for the corresponding matrix element
of the transition magnetic moment.
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molecular magnets, where controlled modulation of

exchange interactions could be harnessed for applica-

tions in quantum computing and spintronic devices.

3.2 Magnetic anisotropy in [CrF2(py)4]Dy(hfac)4]

To investigate the magnetic properties of 2, the DyIII

analogue of 1, we performed CASSCF/RASSI-SO/

SINGLE_ANISO calculations. For complex 1, the first
Kramers doublet (KD) lies at 31.5 cm-1, and the

overall separation between all Kramers doublets is

244.7 cm-1 (refer to Table S1 and Figure 3(b)). The

computed g-tensor values reveal significant gxx and

gyy components, which deviate from the ideal axial

symmetry required for optimal SMM behaviour.

Although the QTM within the ground state is minimal,

the presence of TA-QTM facilitates relaxation from

the first excited state, thereby limiting the effective

energy barrier to 31.5 cm-1.

For the system 1x?2, a decrease in antiferromagnetic

exchange was expected to suppress QTM and thereby

enhance the overall magnetic performance. However,

despite this expectation, the gxx and gyy values remain

significant, suggesting a persistent deviation from

strong uniaxial anisotropy. Additionally, the energy of

the first excited state in 1x?2 is 29.4 cm-1, which is

nearly identical to that of 1. Interestingly, we observed
a notable increase in the overall crystal field splitting,

which is 324.1 cm-1 for 1x?2, compared to 244.7

cm-1 in 1. This increase in crystal field splitting

suggests that while the electronic environment is

altered, it does not necessarily translate into an

improved SMM performance due to the significant

transverse anisotropy. Therefore, one has to choose the

system carefully, particularly with ligands that are

flexible to modulate the behaviour under the EF.

4. Conclusions

This study systematically investigates the influence of

OEEF on the structural and magnetic properties of

lanthanide-based SMMs, with a focus on Cr–Gd and

Cr–Dy complexes. Through a combination of DFT and

ab initio calculations, we addressed key questions

regarding how OEEF affects magnetic exchange

interactions, co-ligand influences, and the potential for

tuning exchange couplings through external

perturbations.

Impact of OEEF on structural parameters and mag-
netic exchange (J values): Our findings demonstrate

that the application of an electric field along the X and

Z directions induces significant geometric modifica-

tions, particularly in Cr–F (terminal and bridged) and

F–Gd bond lengths, as well as minor variations in the

Cr–F–Gd bond angle. Notably, the F–Gd bond elon-

gates dramatically under negative X and Z fields,

weakening the super-exchange interaction and reduc-

ing the antiferromagnetic exchange constant from

-0.960 cm-1 to -0.100 cm-1 at -2 V/Å. These

results highlight the tunability of magnetic interactions

through structural distortions induced by OEEF.

Role of co-ligand in modulating magnetic exchange:
The choice of co-ligands plays a crucial role in

Scheme 1. A schematic mechanism for the magnetic coupling on the [Cr–Gd] pair in the presence and absence of OEEF.
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defining the electronic environment and influencing

exchange interactions. Modifications in the ligand field

alter the spatial distribution of 3d–4f orbital overlap,

affecting charge transfer (CT) excitations and

exchange contributions. While OEEF influences bond

distances and orbital overlap, the co-ligand remains a

fundamental factor in determining the nature and

strength of the magnetic exchange within these

complexes.

Potential for reversing the sign of magnetic exchange
via OEEF: Although the application of OEEF signif-

icantly weakens antiferromagnetic interactions, a

complete transition to ferromagnetic exchange was not

observed. This is primarily due to the robust structural

stability of the Gd–F–Cr bridge, which resists large

angular distortions necessary for a J sign reversal.

Prior studies suggest that an exchange switch occurs at

a Cr–F–Gd angle of *140�, but OEEF-induced dis-

tortions were insufficient to reach this threshold. This

suggests that while OEEF effectively modulates J,
additional chemical modifications, such as ligand

engineering or external pressure, may be required to

achieve a ferromagnetic ground state.

Tuning magnetic anisotropy in DyIII complexes: To

extend this approach beyond GdIII (isotropic) systems,

we conducted RASSCF/RASSI/SINGLE_ANISO cal-

culations for DyIII-based SMMs. Our analysis reveals

that while the first KD in 1x?2 lies at 29.4 cm-1,

similar to 1 (31.5 cm-1), the overall crystal field

splitting increases to 324.1 cm-1 (compared to 244.7

cm-1 in 1). However, despite this increase, significant
gxx and gyy components persist, indicating strong

transverse anisotropy, which limits improvements in

SMM performance. These results suggest that while

OEEF influences structural parameters, its direct

impact on improving DyIII-based SMM behaviour is

constrained by the system’s inherent electronic

anisotropy.

The ability to modulate magnetic exchange inter-

actions via external electric fields provides a powerful

tool for designing field-responsive molecular magnets.

Acknowledgements

TS thanks CSIR India for funding. GR would like to thank

SERB (SB/SJF/2019-20/12; CRG/2022/001697) for

funding.

Funding

Serb, CRG/2018/000430, G. Rajaraman, DST/SJF/CSA03/

2018-10; SB/SJF/2019-20/12, G. Rajaraman.

References

1. Sessoli R and Powell A K 2009 Strategies towards
single molecule magnets based on lanthanide ions
Coord. Chem. Rev. 253 2328–2341
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