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Surface Stabilization to Enhance Single Molecule Toroidal
Behavior in {Dy;} Molecules: the Impact of Au(111), MgO,

and Graphene Surfaces

Deepanshu Chauhan, Rupesh Kumar Tiwari, and Gopalan Rajaraman*

Single-molecule toroids (SMTs), with vortex-like magnetic anisotropy axes,
hold promise for quantum technologies, but controlling their toroidal states
on the surface remains challenging. To address this, the SMT behavior of
[Dy; (n3-OH),L;Cl(H,0);]Cl; (where L = ortho-vanillin) grafted onto Au(111),
MgO has been studied, and graphene surfaces in pristine form (1) and with
pyrene (2) and (CH,);S (3) linkers, using periodic density functional theory
and ab initio CASSCF/RASSI-SO methods. Both pristine and chemically
functionalized molecules are stable on Au(111) and graphene surfaces;
however, functionalization provides higher binding energies and, in some
cases, enhances the SMT properties. The MgO surface, however, is found to
be unsuitable as it abstracts an H atom from the molecule, leading to the loss
of its SMT characteristics. The energy gap (AE) between the toroidal
(nonmagnetic) and spin-flip (magnetic) states in complex 1 on Au(111) and
graphene surfaces are 6.9 and 6.6 cm™', respectively. Complexes 2 on Au(111)
and 3 on graphene exhibit AE and toroidal blocking fields of 9.8 cm='/1.2 T
and 6.8 cm~'/0.83 T, respectively, representing the highest recorded values

materials have been found to exhibit
toroidal moments,”! their discovery has
often been incidental, as a systematic
methodology for inducing such phenom-
ena in these materials is still lacking, and
microscopic theoretical understanding is
the need of the hour, as highlighted by
Spaldin and co-workers.®] Additionally,
Wang et al. have explored the dynamical
control of toroidal moments in Tb(ILI)
based molecular systems.! Still, a clear,
deliberate approach to induce toroidal
moments in solid-state structures re-
mains elusive.’) The very first example
of the observation of toroidal moment
in a molecular system was reported
in [Dy; (1;-OH), L; CI(H,0)s]CL;-4H,0
-:2MeOH-0.7MeCN (L = ortho-vanillin)
(referred as 1 throughout the manuscript)
where both experiment and theoretical cal-

for this class of SMTs. These findings demonstrate the potential of surface
stabilization to improve the functionality and applicability of SMTs in

advanced quantum technologies.

1. Introduction

Molecules possessing a permanent dipole moment generate an
electric field.!"] Following the basic right-hand thumb rule, the
propagation of the electric field leads to creating an inherent mag-
netic field perpendicular to the electric field’s direction.!?] Simi-
larly, molecules possessing permanent magnetic moment, if ar-
ranged in a vortex manner, generate toroidal moment perpen-
dicular to the plane of the magnetic field and have garnered a
large interest since its experimental observations in LiCoPO,.[>l
This toroidal moment was well known in classical physics as
a name of anapole moments.>¢] Although many 3D solid-state
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culations proposed the existence of toroidal
states.[1%14] Subsequently, several molec-
ular Dy(IIl) complexes were reported to
exhibit toroidal moments, commonly called
single-molecule toroids (SMTs).["*] Since
toroidal moments result in bistable pro- and
con-rotating states, they are also called spin chirality.['* Despite
thousands of Ln(III) complexes, the number of molecules pos-
sessing SMT behavior is still limited, and the criteria to observe
toroidal moments are rather stringent.!**) As molecules often are
asymmetric and there is no easy recipe to place the Ln(IIl) Ising
magnetic anisotropy (g,) axis along the vortex plane for all the
ions; important criterion to achieve net zero toroidal states.['®) It
is well established in the Dy(III) single molecule magnet (SMM)
area that the Ising type anisotropy is extremely sensitive to the lig-
and environment,!'7-2°] and this is especially true also for SMTs
with the additional complexity of inter/intramolecular interac-
tions and temperature playing a role in their observations.?12? To
date, there are various metal cores have been synthesized to sta-
bilize the toroidal ground state,['>?*] starting from {Dy, },[16242°]
{Dy,}277 (Dyc, 51 Dy} P11 {Dy,+Dy, 5251 [3d-4£)1%
and especially the coupling of both the triangles through a 2p/3d
metal ions {MLn,}, which found to exhibit Ferrotoroidal ground
state.3839) Further, there is also a report of {Dy,} cubane ex-
hibiting 3D toroidal moment, which does not necessitate hav-
ing all the Ln(III) ions in the same molecular plane.!*"! Toroidal
moments emerge from the intricate interplay between electric
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and magnetic dipoles, leading to magnetoelectric effects that po-
sition them as promising candidates for next-generation data
storage devices.”] Further, SMTs can also be used for quantum
spin sensors,[“!l transducers, and spin-filtering devices.[**~¢ One
of the big advantages of employing toroidal moments is the elec-
trical readout of the stored data, which offers a spatiotempo-
ral advantage over conventional magnetic-based storage.”] How-
ever, to realize any potential application for toroidal molecules,
it is important to fabricate them on surfaces.[*~*) Among many
surfaces that have been successfully tested, the following stand
out: (i) Mannini and co-workers demonstrated that {Fe,} SMM
maintains their properties when fabricated on an Au(111).5051]
This preservation of properties is achieved through function-
alization using a thioacetyl-terminated alkyl chain, forming a
robust chemical bond between sulfur atoms and gold through
chemisorption.’? (ii) Ruben and co-workers illustrated that the
TbPc, molecule retains its characteristics on graphene by func-
tionalizing the phthalocyanine ligand with pyrene rings be-
fore being assembled on the graphene surface.>”) Moreover, it
has been observed that the magnetic properties of the TbPc,
molecule persist when adsorbed on 2-monolayer MgO(001) film
grown over an Ag(001) surface, where MgO serves as a decou-
pling layer.[5%! (iii) Popov and co-workers successfully stabilized a
Tb(III) dimer within an endohedral metallofullerene (EMF) on a
graphene surface by functionalizing the EMF with a pyrene ring.
This system exhibited magnetic bi-stability up to a temperature
of 28 K.Y Several signs of progress have also been made in re-
vealing how grafting SMMs onto surfaces affects their magnetic
exchange, as well as their electronic and magnetic properties.[*®]
Despite several experimental and theoretical studies on toroidal
complexes, there are no studies on toroidal molecules on sur-
faces. This is understandable, considering that less than 1%
of polynuclear Ln(IIT) complexes exhibit toroidal properties.!¢]
Moreover, these properties are highly sensitive, and even minor
structural distortions or modifications often necessary for surface
placement can be detrimental to their SMT behavior. This is espe-
cially important given that the number of SMMs that failed to ex-
hibit SMM characteristics on surfaces is much larger than those
that successfully did, making it a more prominent challenge than
SMTs.

Keeping all this in mind, here we have explored the toroidal
behavior of {Dy,} complex on various surfaces using a combi-
nation of periodic density functional theory (DFT) and ab ini-
tio CASSCF/RASSI-SO/POLY_ANISO (CASSCF; complete ac-
tive space self-consistent field, RASSI-SO; restricted active space
state interaction with spin-orbit) calculations to figure out the
best combination to retain or even enhance the toroidal proper-
ties on the surface. We aim to particularly answer the following
intriguing questions: (i) Can the single-ion magnetic behavior be
preserved when molecules are anchored onto surfaces? (ii) Is the
unique SMT behavior maintained on surfaces such as Au(111),
graphene, and MgO? (iii) Does surface alter the intramolecular
Dy(III) magnetic coupling?

2. Computational Details

To investigate the SMT behavior of these complexes on sur-
faces, we targeted 1 in its pristine form, as well as with
pyrene (2) and (CH,)sS (3) linkers grafted onto Au(111), MgO
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and graphene surfaces. Detailed ab initio CASSCF calculations
and periodic DFT calculations were performed for this anal-
ysis. Perdew—Burke-Ernzerhof (PBE) functional and double-
¢-valence-polarized (DZVP) basis sets were used for geome-
try optimizations and have been chosen based on literature
precedent.l>>] To account for the core electrons, Geodecker-Tetter-
Hutter (GTH) pseudopotentials were used as implemented in
the CP2K-6.1.0 suite of programs.l**! A mesh cut-off of 400 eV
and force cut-off of 107* eV A~! were used throughout. For the
Au(111) surface, a supercell of 15 x 14 x 1 dimension (a =b =
2.877 A) was used, with a vacuum of 15 A along the Z-direction.
Due to the face-centered cubic (fcc) structure of Au(111), three
atomic layers were suggested earlier.l”’! The interatomic dis-
tance within each Au layer was 2.349 A, consistent with previ-
ous reports.[’%8 The Au surface was pre-optimized, and during
molecule-on-surface optimization, all three layers were frozen.
For the graphene surface, a supercell of 16 X 19 x 1 dimen-
sion (a = b = 2.467 A) with a 15 A vacuum along the Z-direction
was used, and full structural relaxation was performed. For the
MgO surface, a supercell of 9 X 9 x 1 dimension (a = b =
4.194 A) with a vacuum of 15 A along the Z-direction was con-
structed. The MgO surface adopts a simple cubic structure with
an ABAB stacking pattern and was modelled with two layers, as
suggested.’>¢] Both MgO layers were fixed during molecule-on-
surface optimization. To calculate the magnetic exchange (J) be-
tween the metal centers, we have used broken symmetry density
functional theory calculations (BS-DFT)!®!l employing the widely
accepted B3LYP functional and the double-{ quality basis set em-
ploying Cundari-Stevens (CS) relativistic effective core potential
on Gd(I1),[%2] the triple-¢-valence (TZV) basis set for rest of the
atom in the Gaussian 16 suite of programs.[®3] This combination
of tools has been identified in prior studies as providing the most
accurate ] values.[® The binding energies (BEs) of the model
complexes 1, 2, and 3 on various surfaces were computed using
the following equation (1):

E, = E,p— (EA+EB) (1)

where E, corresponds to the BE of the system, E,; is the total
energy of the system, E, is the energy of the surface, and Ej is
the energy of the pristine model complex.

To compute the magnetic anisotropy along with the toroidal
moment, CASSCF/RASSI-SO/SINGLE_ANISO/POLY_ANISO
tools were used as implemented in the MOLCAS 8.2 program.[®!
All wave function-based calculations were performed us-
ing the state-averaged CASSCF approach with the RASSI-
SO.I%6671 For the Dy(Ill) ion, an active space CAS(9, 7) was
used. Douglas—Kroll Hamiltonian (DKH) was used to ac-
count for the scalar relativistic effect.®®] Here, we have em-
ployed the [ANO-RCC...8s7p5d3f2g1h.] for Dy(III) atoms, the
[ANO-RCC...7s6p4d2f.] basis set for La(IIl) atoms, the [ANO-
RCC...4s3p1d.] basis set for Cl atoms, the [ANO-RCC...3s2p.]
basis set for O atoms, the [ANO-RCC...3s2p.] basis set for N
atom, the [ANO-RCC...3s2p.] basis set for the C atom, and
the [H.ANO-RCC...2s.] basis set for H atoms.[®] The resulting
spin-orbit (SO) wave functions and energies were employed to
compute magnetic anisotropy (g-tensors) for both ground and
excited state multiplets using the SINGLE_ANISO module.l”"]
Dipole-dipole magnetic couplings between the Dy(III) centers
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Figure 1. DFT-optimised molecular structures of complexes a) for 2, and b) for 3 are shown, with the bond lengths between the Dy(lIl) centers. Color
code: Dy(lll) (cyan), O (red), C (gray), Cl (green), and S (yellow). Hydrogen atoms are omitted for clarity to focus on the key structural elements.

and magnetic properties of the complexes, encompassing all
three Dy(III) centers, were derived using the Lines model within
the POLY_ANISO program.”! (other details in the computa-
tional section in ESI). The exchange Hamiltonian employed is
shown in the following equation (2):

H=-]-5-5 (2)

here J = J,.. + Ju, ie. ] is the total magnetic interaction con-
sisting of dipolar (J;,) and the exchange interactions (J,,. ). The
S; and S; are the corresponding spin operators. This comprehen-
sive approach facilitated a thorough exploration of the magnetic
behavior and properties of the {Dy,} systems, shedding light on
its SMT characteristics. For the ab initio calculations, we have
mimicked the surface using DFT computed point charges, and
this has been shown to yield numerically good results with re-

spect to anisotropy, as demonstrated elsewhere.[”?!

3. Results and Discussion

3.1. DFT Analysis of Electronic Structure, Stability, and Binding
Energies

Complex 1 has three six-coordinate Dy(III) metal ions, two
of them possessing {DyO4} core while the third possessing
{DyOsCl} core, creating asymmetry induced by the ligand envi-
ronment. To start with, we have performed DFT optimization of
complex 1, and the optimized geometry (1°"') was found to have a
close resemblance to the X-ray geometry, instilling confidence in
the reliability of the chosen methodology (Table S1, Supporting
Information). The pristine molecule 1 was also placed on sur-
faces Au(111), graphene, and MgO to assess and analyze the role
of linkers.

In the next step, we anchor these molecules onto surfaces in
their pristine form and through functionalization of the ortho-
vanillin ligand. For this purpose, two modifications were carried
out to the ligand: (i) attachment of (CH,);—SMe (2) to enable
anchoring on an Au(111) surface and MgO surface, (ii) attach-
ment of (CH,);—pyrene (3) group to graft on graphene and MgO
surfaces. The choice of the (CH,)s-S-Me chain length is specifi-
cally aligned with the diagonal distance of the molecule (x11 A;
Figure S1, Supporting Information). A longer chain length also
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offers: (i) sufficient flexibility without compromising structural
integrity, (ii) prevention of bending or distortion upon adsorp-
tion on the surface, (iii) mitigation of direct interactions between
the OH, groups of the molecule and the thiolate sulfur atoms,
and (iv) minimization of undesired strong inter-{Dy,}..{Dy;}
interactions and (v) potential to enhance the magnetic proper-
ties. Similarly, we have chosen the (CH,);—pyrene as the an-
choring group, considering it a z-electronic cloud for strong in-
teraction with graphene and MgO surface (Figure S2, Support-
ing Information).>3] The DFT-optimized geometries with the an-
choring groups are shown in Figure 1, and geometrical parame-
ters of 2 and 3 closely resemble that of 1°?!, suggesting that the
functionalization of the molecule has not influenced the core ge-
ometry significantly (Table S1, Supporting Information).

For an in-depth exploration of the toroidal characteristics on
surfaces, 2 was fabricated on Au(111), while 3 was grafted onto
Graphene and MgO surfaces. For 2, two possible geometries
were considered: (i) where the Dy(3)-Cl bond is allowed to an-
chor on the Au(111) surface (referred to as 2° @Au(111)) and
(ii) Dy(3)-Cl is away from the surface (referred as 2@Au(111)
see Figure 2a,b). The BE suggests the 2@Au(111) geometry
is favorable by —456.3 k] mol™' (—877.3 vs —1333.6 k] mol™!)
compared to the former, suggesting stronger anchoring of the
molecule when the Dy(3)-Cl is away from the surface. Similarly,
we have also attempted the same orientation/geometries on the
graphene surface (3’ @graphene vs 3@graphene). Here, as well,
the 3@graphene was found to have greater BE by —444.1 k] mol~!
(—637.2 vs —1081.3 k] mol~!) compared to the 3’ @graphene iso-
mer, consistent with the energies obtained from the Au(111)
surface (3’ see Figure 2c,d). A smaller BE for the 2’ and 3’
molecules orientation, with the -Cl group in contact with ei-
ther Au(111) or graphene, respectively, arises from the fact that
-Cl is a sigma-donor ligand. Since both surfaces are electron-
rich, the interaction is weaker, resulting in reduced binding
strength. A very large BE of 2@Au(111) is due to the formation
of three strong Au—S bonds (2.650 A; each has ~100 kj mol~'
of bond dissociation energy (BDE)).”>7>] The additional stabi-
lization is due to other interactions such as AueeeeH—C/O an-
tagonistic interactions (there were 22 such interactions) with
an average bond distance of 2.462 + 0.123 A, each reported
contributing ~17 k] mol~! leading to large BE (Figure 2a,b)."®
For the 3@graphene surface, strong C—Heeeer and reeeer
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Figure 2. DFT-optimized structures of complex 2@Au(111) and 3@graphene. a) Side view of 2@Au(111), b) top view of 2@Au(111), c) top view of

3@graphene, and d) side view of 3@graphene.

interactions in the range of 3.340-3.579 A were found, and in ad-
dition to this, we also found cationeeeer interaction with Dy(III)
ion, and all these weak interactions contribute to the overall
BE.[7778] A detailed analysis of the Mulliken charges reveals a net
charge transfer (A8) of ~—0.18 e~ to molecule 2 and —0.26 e~
to molecule 3 from the Au(111) and graphene surface, respec-
tively. This suggests p-type doping for both molecules; this ob-
servation is similar to earlier studies of anchoring [Dy(CP™),]* on
SWCNT.[”?)

For complexes 2 and 3 on the MgO surface, the molecule was
found to decompose upon grafting, with the H atom of a H,O
molecule found to transfer to the oxygen atom of the MgO sur-
face (Figure S3, Supporting Information). This results in the re-
placement of H,O with -OH at the terminal position of Dy(III),
leading to geometric distortion at the surface, indicating that
the surface is likely to decompose/destroy the magnetic property
of the molecule. This molecule or any molecule with terminal
H, O molecules may not survive on the MgO surface, and care-
ful choice of the surface and molecule is required to protect the
magnetic properties of the molecule.
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Moreover, we optimized the pristine molecule 1 on Au(111),
graphene, and MgO surfaces. The optimized structures for
1@Au(111), 1@graphene, and 1@MgO are shown in Figure
S4 (Supporting Information). The results show BEs of —611 k]
mol~! on Au(111) and —295 k] mol~! on graphene, while the
molecule is unstable on the MgO surface due to H-atom abstrac-
tion. The BE in the case of Au(111) is still substantial due to
the stronger charge transfer from the molecule to the Au(111)
surface. The computed BEs suggest that the pristine molecule
can be stabilized on the surface, making it suitable for device
fabrication without functionalization, while the anchoring group
provides higher BEs and facilitates monolayer formation. Pris-
tine molecules with larger z-electronic clouds may have difficulty
forming uniform monolayers, which is essential for controlling
the toroidal moment, and stacked {Dy, } units may lead to toroidal
moments that either cancel or enhance each other depending on
their orientation and interactions.®!

To investigate the effect of overall charge on the molecule
and BE, we modeled [Dyj;(u;-OH),L;Cl(H,0);5]Cl; to [Dy;(u;-
OH),L,(H,0),(Cl),] on the Au(111) surface, yielding a high BE
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Figure 3. DFT computed pDOS of a) 2, b) 3, ¢) 2@Au(111) and d) 3@graphene. Here, the C atom peaks only correspond to the C-atom of the molecule

only, not the graphene.

of —=536.0 k] mol~"'. Further, energy decomposition analysis per-
formed for 1@Au(111) revealed a negative deformation energy
of =778 k] mol~! for the {Dy,} molecule on Au(111) surface, in-
dicating that the molecule adopts an energetically favorable con-
formation upon adsorption on the Au(111) surface compared to
its pristine form. Further, analysis of the computed charge on
1@Au(111) reveals a significant charge transfer from the hydro-
gen atom of the H, O molecule to the gold atoms (~ 0.6 e7), align-
ing with the larger BE computed.[®!]

Considering the significant stability of 1@Au(111),
1@graphene, 2@Au(111), and 3@graphene geometries on
the surface, further calculations were performed only on these
geometries. For 2@Au(111), the charge transfer is corroborated
by changes observed in the projected density of states (pDOS).
Specifically, one of the peaks associated with the sulfur atom,
located near the Fermi energy, shifts from the valence band to the
conduction band upon grafting. Additionally, a slight modifica-
tion in the carbon atom peaks is evident, with a shift closer to the
Fermi energy within the valence band. However, no significant
alterations in the DOS of other atoms are observed, as these
atoms do not directly interact with the surface (Figure 3a,c). For
3@graphene, the strong interactions between the C-Heeoex and
rweeer systems are reflected in an increased DOS contribution
from carbon and hydrogen atoms. This enhancement suggests
significant interaction with the graphene surface. However,
unlike the sulfur-based interactions on Au(111), no peak shifting
between the conduction and valence bands is detected for the
grafted 3@graphene complex (Figure 3b,d). This indicates that
while the z-system interactions are robust, it does not signifi-
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cantly alter the electronic states near the Fermi level. To further
probe the electronic structure, we analyzed the orbital pDOS of
the bridging {u;-OH} group and the metal ions. Interestingly,
grafting 2 onto the Au(111) surface and 3 onto graphene causes
minimal changes in their pDOS profiles. This finding suggests
that the electronic environments of the {u,-OH} group and the
metal centers remain largely intact, with the interaction between
the molecules and the surfaces having a limited effect on the
intrinsic electronic structure of these complexes (Figures S5 and
S6, Supporting Information). Overall, while specific localized
interactions between the grafted molecules and the surfaces are
evident, the primary electronic characteristics of the complexes
remain unaltered, underlining the stability of their electronic
configurations in these hybrid systems.

3.2. Probing the Toroidal Behavior of 1, 2, and 3 at Surfaces
Using Ab Initio CASSCF Calculations

As probing the toroidal properties of the 1 at the surface re-
mains the main focus of our work, in this step, we aim to per-
form ab initio CASSCF/RASSI-SO/SINGLE_ANISO calculations
to obtain the SO states corresponding to each Dy(III) centers and
understand their single-ion magnetic relaxation behavior in the
presence and absence of surface. As ab initio calculations are
computationally demanding for molecules on the surfaces, we
have adopted a methodology wherein the surface atoms are re-
placed by point charges computed from periodic DFT calcula-
tions to mimic the electrostatic effects of the surface.®?] Since
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Table 1. Computed ground-state anisotropic values (g,, g,, g) for Dy1, Dy2, and Dy3 centers across all complexes.

Atom Ground 1 100t 2 3 T@Au(111) 1@Graphene 1@MgO 2@MgO 3@Mg0  2@Au(111) 2@Graphene
centers state
anisotropy

Dyl g, 0.004 0.030 0.060 0.066 0.094 0.0309 0.000 0.024 0.006 0.173 0.035
8 0.006 0.055 0.126 0.143 0.177 0.055 0.000 0.028 0.007 0.113 0.048
g, 19.810 19.592 19.196 19.171 19.439 19.663 19.828 19.696 19.696 19.740 19.672

Dy2 g 0.000 0.017 0.006 0.010 0.022 0.007 0.006 0.005 0.011 0.036 0.090
g 0.001 0.025 0.010 0.019 0.035 0.013 0.007 0.005 0.016 0.061 0.154
g, 19.815 19.693 19.694 19.345 19.639 19.603 19.913 19.816 19.869 19.539 19.547

Dy3 g, 0.035 0.020 0.006 0.008 0.070 0.041 0.017 0.021 0.000 0.081 0.086
8 0.053 0.045 0.017 0.022 0.100 0.090 0.031 0.036 0.001 0.168 0.166
g, 19.769 19.570 19.725 19.705 19.371 19.234 19.506 19.572 19.865 19.445 19.410

the anisotropic properties of Dy(III) are highly sensitive to elec-
trostatic charges but generally shielded by covalent orbital in-
teractions due to the deeply buried 4f orbitals, this approxima-
tion is valid.®¥] It has been widely adopted for studies involving
surfaces and metal-organic frameworks (MOFs).[B# To begin
with, the mechanism of relaxation at single Dy(III) centers is dis-
cussed, followed by the coupled toroidal behavior of the {Dy,}
unit.

3.2.1. Mechanism of Magnetization Relaxation of Single-lon Dy(I11)
Centers at Au(111) and Graphene Surfaces

To compute the magnetic anisotropy and spin-state energet-
ics associated with individual Dy(III) metal centers, we per-
formed CASSCF/RASSI-SO/SINGLE_ANISO calculations on
each Dy(III) metal center, substituting other Dy(III) atoms with
diamagnetic La(I1I) ions as both possess a similar ionic radii.*!!
In the X-ray structure of 1, the energy range of eight Kramer
doublets (KDs) due to crystal field (CF) splitting (Table S2, Sup-
porting Information) for Dy1, Dy2, and Dy3 span from 518, 581,
and 444 cm™!, respectively (Table S3, Supporting Information).
The slight variation in the CF splitting of Dy(III) metal centers at
Dy1 and Dy2 is due to the varied Dy—O bond lengths/angles and
weak CF strength of the -Cl ligand atom in Dy3 (Table S1, Sup-
porting Information). The ground state g-tensor components are:
Dyl: (g, = 0.004, g, = 0.006, g, = 19.810); Dy2: (g, = 0.000, g, =
0.001, g, = 19.815); Dy3: (g, = 0.035, g, = 0.053, g, = 19.769)
(Table 1). The ground state wave function is highly pure, pre-
dominantly composed of the |+15/2) state, confirming the strong
Ising anisotropy in the ground state (Figure S7, Supporting In-
formation). The LoProp charge analysis indicates that both p,-
OH atoms have negative charges, while the other coordinated
atoms counterbalance the charges on the p;-O, averaging out
with the donor atoms (Figure S8, Supporting Information). The
magnetic anisotropy direction of each Dy(III) ion aligns with the
Y;-O group of the ligand, resulting in an overall circular orienta-
tion (Scheme 1). A similar trend is noted for the optimized ge-
ometry of 1°?* (Tables S4 and S5 and Figures S9 and S10, Sup-
porting Information). When complex 1 is grafted onto Au(111),
graphene, and MgO surfaces, the computed g, values suggest
a highly Ising nature for each Dy(III) center (Table 1). A circu-
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lar orientation of the g, anisotropy is observed in the cases of
1@Au(111) (Tables S6 and S7 and Figures S11 and S12, Support-
ing Information) and 1@graphene (Tables S8 and S9 & Figures
S13 and S14, Supporting Information). In contrast, on the MgO
surface, the g, anisotropy direction is perpendicular to the Dy(III)
plane, preventing the formation of a vortex arrangement of mag-
netic anisotropy. This change in the orientation of the g, axis is
due to higher charges (LoProp) of the OH~ ions formed from de-
protonation of the H,O molecules (Tables S10 and S11 & Figures
S15 and S16, Supporting Information). The splitting of the eight
lowest lying KD in 2 and 3 for Dyl metal centers is found to
be 480 cm™!, a nominal drop in the CF splitting is noted com-
pared to the X-ray geometry, and this is essentially due to rela-
tively longer Dy-Ligand bond lengths in the optimized geometry
due to removal of solid-state effects. Similar observations were
also noted for the other two Dy(III) centers (Tables S12 and S13
and Figures S17 and S18 for 2, Tables S14 and S15 and Figures
S19 and S20, Supporting Information for 3). This slight variation
(up to =~ 40 cm™') does not alter the g-anisotropy (Table S1, Sup-
porting Information).

For complex 2@Au(111), the CFs of eight KDs for Dyl, Dy2,
and Dy3 were found to be in 885, 663 and 462 cm™!, respec-
tively (Tables S16 and S17 and Figures S21 and S22, Support-
ing Information). Surprisingly, the CFs of the Dyl enhanced
significantly compared to the optimized geometry, suggesting
a prominent role of Au(111) in altering the geometry (slightly
shorter Dy—O/Dy—Cl bond lengths; Table S1, Supporting In-
formation) as well as the overall crystal field strength. For Dy2
and Dy3, an enhancement in CFs is observed, although it de-
creases notably compared to Dyl. In Dy3, with -Cl attached,
the effect is minimal, suggesting that the z-donor ability of -CI
may compensate for the larger negative charges induced by the
surface.

3.2.2. Ground to the First Excited State Energy Gap

The adsorbed molecule retains Ising anisotropy even after being
anchored on the surface, reflected in the computed g-values (g,
= 0.173, g, = 0.413, g, = 19.440 for Dyl). Similar values were
also noted for the other Dy(III) centers (Table 1). In complex
3@graphene, the energy range of eight KDs due to CF splitting
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Scheme 1. The observed bistable toroidal ground state for complex 1, with a clockwise (|z,,)) and anti-clockwise (|z,.))orientation, displays mixed
chirality and an in-plane circular moment (light blue circle). The blue arrow represents the orientation of the magnetic anisotropic axis for each Dy(ll1)
metal center and the red dotted line represents the tangential on each Dy(lll) center.

for Dyl, Dy2, and Dy3 are 551, 503, and 470 cm™!, respectively.
The Ising nature of anisotropy was maintained for each Dy(III)
centers which are further supported by the pure |+15/2) ground
state (Tables S18 and S19 and Figures S23 and S24, Supporting
Information). The tilting angle forms the tangent of each Dy(III)
center (canting angle (¢)), and the deviation of plane angle (6)
from the anisotropic axis directions is mentioned in Table 2. Due
to the presence of strong Ising anisotropy of each Dy(III) metal
center, large CF strength, and very low quantum tunneling of
magnetization (QTM)/thermally-assisted QTM (TA-QTM), each
metal center shows the magnetization relaxation barrier (U_,) in
the range of 107-291 cm™ in case of X-ray/optimized geome-
tries of 1. In model complexes 2 and 3, the magnetization was
found to relax via second excited KDs for Dy1 and Dy2 ion, while

it is found to relax via first excited KDs in the case of Dy3. For
1@Au(111), magnetization relaxation occurs via the second ex-
cited state for Dyl and Dy2, while for the Dy3 center, relaxation
proceeds via the third excited state. In the case of 1@graphene,
magnetization relaxation occurs via the second excited state for
Dy1, whereas for Dy2 and Dy3, relaxation occurs via the third ex-
cited state. For 1@MgO, magnetization relaxation occurs via the
second excited state for all Dy(III) centers (Dy1-Dy3), with the es-
timated U, lying in the range of 120-180 cm™'. Similarly, for
2@Au(111) and 3@graphene, the Dy1-Dy3 was found to relax via
the first excited state, with the estimated U, lying in the range
of 78-183 cm™!.

Overall, a comparison of the QTM rates, which govern the re-
laxation of magnetization in the Dy2 centers across all complexes,

cal

Table 2. Computed first excited-state energy gap, deviation from the tangent (canting angle (¢)), and deviation from the out-of-plane angle (9) for Dy1,

Dy2, and Dy3 centers across all complexes.

Complex AE [em™)* Canting angle [¢ in °] Out of plane angle
[0in°]

Dy1 Dy2 Dy3 Dy1 Dy2 Dy3 Dy1 Dy2 Dy3
1 191.9 178.1 153.1 7.1 7.8 4.6 29 8.6 0.8
100t 90.6 114.1 107.8 7.7 7.5 6.1 4.7 6.1 1.5
2 61.4 127.6 138.9 9.8 9.0 5.5 6.7 9.4 2.1
3 57.2 75.2 131.8 8.2 9.9 3.6 4.0 3.8 5.2
T@Au(111) 98.0 147.8 98.0 8.4 1.4 12.1 8.6 9.5 10.3
1@Graphene 120.0 130.7 93.6 9.2 16.6 13.3 7.6 7.5 11.0
2@Au(111) 78.0 132.7 99.2 12.3 1.1 8.3 7.1 5.7 9.9
3@Graphene 118.2 109.3 102.8 11.6 8.1 9.6 12.0 4.9 1.3
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Figure 4. Single-ion magnetization relaxation dynamics of the Dy2 centers: a) 1°P!, b) 2@Au(111), and c) 3@graphene.

reveals notable variations. Among all the centers, Dy2 exhibits the
best performance, with QTM rates measured as follows: 0.0002
g for complex 1, 0.007 for the 1°*, 0.009 for 1@Au(111), 0.003
for 1@graphene, 0.002 for 1@MgO, 0.005 for complex 2, 0.002
for 3, 0.016 for 2@Au(111), and 0.04 for 3@graphene. These dif-
ferences highlight how structural modifications influence mag-
netic relaxation dynamics. Wavefunction analysis further sup-
ports these observations, indicating that the ground state re-
mains highly Ising in nature, predominantly originating from
the |+15/2) state in all cases. However, anchoring on different
surfaces induces a change in the first excited KD states with
91% pure |+13/2) state for complex 1 with the increase in the
percent of mixing with other m; states in the following order 1
< 1@MgO < 1@Au(111) ~ 1@graphene < 2@Au(111) < 1°"
< 2 < 3 < 3@graphene (Figure 4). These findings suggest that
structural and electronic variations within the complexes influ-
ence the QTM rates and the excited state mixing, altering their
single-ion magnetic anisotropy.

3.2.3. Analysis of Exchange-Coupled States and Toroidal Moments
on Au(111) and Graphene Surfaces

After establishing the single-ion behavior of molecules on the
surface, we move to understand the magnetic/toroidal behav-
ior of {Dy,} cluster on the surface. For this, the magnetic cou-
pling between the Dy(III) ions needs to be estimated. To calculate
the magnetic exchange interaction between Dy(III) metal cen-
ters, we employed the broken-symmetry DFT (BS-DFT) method,
where Dy(IlI) ions were substituted with an isotropic Gd(III)
ion (computational details). The isotropic magnetic exchange (J)
for complex 1 was determined to be —0.093 cm™!, while the
1°?! yielded J = -0.125 cm™'. The average Dy-O-Dy bond angle
was ~97.4° for both geometries, aligning with earlier magneto-
structural correlations that predict antiferromagnetic coupling
for angles in this range.®3] These values confirm weak anti-
ferromagnetic exchange interactions, with minor variations at-
tributed to slight geometric changes (Table S1, Supporting In-
formation). Similar values for the X-ray and DFT optimized ge-
ometry suggest that slight structural variation does not influence
the sign/strength of J, significantly. Additionally, the computed
spin density plots for 1 and 1°?* reveal a significant negative spin
density (—0.1) on the u;-OH bridge, indicative of a spin polar-
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ization mechanism (Figure S25, Supporting Information). Sim-
ilarly, the spin density plots for 2@Au(111) and 3@graphene
show negative spin densities localized on the u;-OH bridge, the
sulfur atom of the alkyl chain, and the pyrene ring, respectively
(Figure S5, Supporting Information). This suggests active spin
interactions between the molecule and the surface, supporting
the surface-mediated stabilization of magnetic properties hypoth-
esis (Figure 5).

To estimate the magnetic coupling corresponding to the
Dy(III) ion and also to obtain the dipolar contributions to the
J values, we have employed the Lines model®] considering the
following Ising Hamiltonian (equation S2, Supporting Informa-
tion) where the sign of the dipolar coupling depends on the an-
gle between the orientation of the magnetic moments and the
vector connecting two interacting centers, which denoted as ¢.
It has been observed that if the angle ¢ > 54.75°, then the in-
teraction is expected to be antiferromagnetic, while ¢ < 54.75°
is expected to yield ferromagnetic coupling. Further, the mag-
nitude of | depends on the magnetic moment and distance
between the coupling sites (the computational section in the
ESI).

First, we simulated the powder magnetic susceptibility and
magnetization for complex 1 and computed the best fitting pa-
rameter of | = —0.57 cm™! (Figures S26 and Table S20, Support-
ing Information). The computed J value is similar to that esti-
mated for the {Dy,} complexes earlier."*ISince the first excited
states of all three single-ion Dy(III) centers in 1 are much higher
in energy (>153 cm™') than computed exchange couplings, it is
safe to only account for the excited states in plotting the Zeeman
diagram. As a result, the Zeeman spectrum (Figure S26, Support-
ing Information) displays the evolution of the lowest exchange-
coupled states in an applied magnetic field. As one can see, the
ground state can be described |z, ) = |+1, +1, +1) as with mag-
netic moment directions of three Dy(IIl) sites, forming a clock-
wise |z,,) or counterclockwise |z, ) toroidal moment. The sec-
ond counterclockwise component is obtained by a time-inversion
operation that changes the directions of all the magnetic mo-
ments; due to this, we observed a bistable nonmagnetic toroidal
ground state. The experimentally reported micro-squid data of
1 suggests the magnetization is almost zero even at very low
temperatures up to ~0.8 T, which suggests the toroidal block-
ing of complex 1 is up to ~0.8 T. To validate our methodol-
ogy, we checked the toroidal blocking using Zeeman spectra

© 2025 Wiley-VCH GmbH

85U8017 SUOWWOD BRI 3(edl|dde au Aq peusenob ae ssolie VO ‘8sn J0 S8l 10y ARld) T aUljuQ AB|IM UO (SUOIPUOD-PUR-SLLIBY WD A8 | 1M ARed1Bu Uo//Scy) SUOTPUOD pue swis | 84 88S *[6202/90/TT] Uo ARiqiqauljuo A8|im ‘Aequiog ABojouyos | JO 8Iniisu| uelpu| Aq £822T¥2Z02 |IWS/200T 0T/10p/L0d A8 imArelq jpuluo//sdny woly pepeojumod ‘TT ‘520z ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

Figure 5. DFT computed spin density plots of the adsorbed molecule on the surface are shown for a) 2@Au(111) and b) 3@graphene, highlighting
the distribution of spin density across the molecular framework and its interaction with the surface (drawn for a value of 0.009 e” bohr=3). Here, red

represents positive spin density, while blue represents negative spin density.

and found no level-crossing up to ~ 0.8 T; this further sug-
gests that the computed exchange and ab initio energies very
well explain the previously reported toroidal behavior of com-
plex 1.1 Similarly, we have simulated the magnetic suscep-
tibility and magnetization for 1°?* with various exchange cou-
pling. We found that the ] = —0.61 cm™! reproduces the mag-
netic and Zeeman spectra well (Figures S27 and Table S21, Sup-
porting Information). The computed magnetic exchange cou-
pling for complexes 2 and 3 (Table 3), the simulated mag-
netic and Zeeman spectrum, and the low-lying exchange cou-
pled states are in Tables S22 and S23 and Figure S28 (Support-
ing Information) for 3, respectively. Both 2 and 3 very well pre-
dict the toroidal behavior and show toroidal blocking similar
to 1.

To compute the exchange coupled state on surfaces, first,
we compute the dipolar coupling (using equation S2, Support-
ing Information), which helps to stabilize the low-lying toroidal
states. Here, we also found a similar trend of magnetic ex-
change coupling, which is antiferromagnetic: ] = —0.60 cm™ for
1@Au(111) and 1@graphene, | = —0.61 cm™! for 2@Au(111) and
J = -0.62 cm™! for 3@graphene. The magnetic exchange cou-
plings are comparable, but slight variations in dipolar coupling
arise due to differences in the magnetic moments and radii (r).
In 1@Au(111) and 1@graphene, the low-lying exchange-coupled
states are located at 6.9 and 6.6 cm™!, respectively (Tables S24
and S25, Supporting Information). The Zeeman splitting dia-
grams reveal a level crossing at 0.75 T for 1@Au(111) and 0.76
T for 1@graphene (Figures S29 and S30, Supporting Informa-
tion, respectively). For 2@Au(111), the first excited low-lying en-
ergy state lies at 9.8 cm™!, and Figure 6b illustrates the evolu-

tion of the lowest exchange-coupled states under an applied mag-
netic field (Table S26, Supporting Information). The ground state
is nonmagnetic, with a level crossing at ~ 1.2 T (Figure 6c).
For 3@graphene, the first excited is slightly lower in energy at
6.8 cm™!, thanks to slightly weaker J values (Table S27, Support-
ing Information). This is also reflected in the Zeeman level di-
agram, which predicts a crossover at the lower field of ~ 0.83 T
(Figure 6f) compared to 2@Au(111),

For complexes 1@Au(111), 1@graphene, 2@Au(111), and
3@graphene, the total magnetic moment in the ground ex-
change pseudo-doublet state (u, = 1/2 g,u;) is calculated as 0.92,
0.89, 2.04 and 1.27 yy, respectively. These values align with the
nonzero magnetization observed at low temperatures, consistent
with earlier studies on {Dy,} triangles and their characteristic
magnetic behavior. These findings highlight the significant
interaction of the molecule with the surface, particularly on the
Au(111) surface. The chemical adsorption of 2@Au(111) results
in an increased gap of the ground-first-excited exchange-coupled
state, effectively stabilizing the molecule and enhancing the
toroidal blockade greater than 1 T. As the Au(111) surface
demonstrates slightly better performance than graphene, it
underscores the potential of such molecules for applications in
quantum sensors and nanoscale magnetometers, where robust-
ness against external perturbations is essential. Furthermore,
this enhanced stability positions 2@Au(111) as a promising
candidate for spintronic devices, where its superior spin-filtering
properties enable more reliable and efficient control of spin
dynamics, paving the way for advanced technological ap-
plications such as quantum information processing and
high-precision magnetic sensing systems.

Table 3. The computed magnetic exchange interactions for all the complexes (in cm™").

1 opt 2 3 T@Au(111) 1@Graphene 2@Au(117) 3@Graphene
Joxe. —0.093 —0.125 —0.125 —0.125 —0.125 —0.125 —0.125 —0.125
i, —0.477 —0.485 ~0.465 —0.475 0.475 —0.475 ~0.485 —0.495
Jiotal -0.57 —0.61 —0.59 —0.60 —0.60 —0.60 —0.61 —0.62
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Figure 6. Simulated magnetic susceptibility, variable-temperature isothermal magnetization (inset), low-lying energy states, and Zeeman spectrum
using the POLY_ANISO Lines model a—c) for 2@Au(111) and d—f) for 3@graphene. The pink circles in Figures (c) and (d) highlight toroidal blocking.

4. Conclusion

Stabilizing the toroidal ground state at the molecular level
presents significant challenges due to the sensitivity of these
states to the ligand framework and thermal fluctuations. Graft-
ing such molecules onto surfaces for practical applications
is even more demanding, as it requires stabilization of the
molecule on the surface and the retention of its single-molecule
toroidal (SMT) behavior post-grafting. In this study, we have se-
lected a {Dy,} triangular complex and investigated its interac-
tion with a range of surfaces, including metallic (Au(111)), con-
ductive (graphene), and non-metallic (MgO) substrates, through
in silico periodic density functional theory in combination with
ab initio CASSCF/RASSI_SO/SINGLE_ANISO/POLY_ANISO
calculations. Our results reveal that the single-ion behavior of the

Small 2025, 21, 2412283

2412283 (10 of 12)

{Dy;} centers can be modified depending on the surface, likely
due to differences in relaxation rates and the gap between en-
ergy levels. For pristine 1@Au(111) and 1@graphene, the low-
lying exchange-coupled states are located at 6.9 and 6.6 cm™,
respectively, with level crossings predicted at 0.75 and 0.76 T.
Functionalization with pyrene (2), and (CH,),-S (3) linkers fur-
ther modify the toroidal behavior. Notably, 2@Au(111) exhibits
an increased energy gap of 9.8 cm™', leading to a significantly
higher toroidal blocking field of 1.2 T compared to 0.75 T for
pristine 1@Au(111). Similarly, 3@graphene achieves a blocking
field of 0.83 T, which is enhanced compared to 0.76 T for pristine
1@graphene. These enhancements can be attributed to stronger
surface interactions facilitated by functionalization, which stabi-
lizes the molecule on the surface. The computed BEs support
strong anchoring of molecules on both Au(111) and graphene
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surfaces. However, our calculations indicate that molecules un-
dergo decomposition on the MgO surface, disrupting toroidal be-
havior. The analysis of low-lying exchange-coupled states across
all systems suggests that the toroidal moment of these {Dy,}
complexes is preserved post-grafting.

These findings suggest that chemical adsorption and surface
interactions are critical in stabilizing the toroidal ground state
and enhancing the toroidal blocking, particularly for Au(111)-
grafted complexes. For the first time, we reveal that toroidal be-
havior can be preserved on surfaces and substantially amplified
depending on surface characteristics and functionalization. This
opens promising avenues for leveraging electrically controllable
quantum states in advanced technologies such as quantum sen-
sors, nanoscale magnetometers, and spintronics.
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the author.
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