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Detailed state-of-the-art ab initio and density functional theory (DFT) calculations have been undertaken
to understand both Single-Molecule Magnetic (SMM) and Single-Molecule Toroic (SMT) behaviors of fas-
cinating 3d-4f {MsLnz} triangular complexes having the molecular formula [MgLng'(Oz)L3(PyCOZ)3]
(OH),(ClO4)2-8H,0 (with M = Zn; Ln = Dy (1), Tb (2) & Gd (3) and M = Cu; Ln = Dy (4), Tb (5) & Gd (6)) and
[NizLn3(H»0)3z(mpko)s(O,)(NO3)3](ClO,4)-3CH3OH-3CH5CN (Ln = Dy (7), Tb (8), and Gd (9)) [mpkoH = 1-
(pyrazin-2-yl)ethanone oxime]. All these complexes possess a peroxide ligand that bridges the (Ln'}"} tri-
angle in a p*-n°n?® fashion and the oxygen atoms/oxime of co-ligands that connect each M" ion to the
{Ln¥" triangle. Through our computational studies, we tried to find the key role of the peroxide bridge and
how it affects the SMM and SMT behavior of these complexes. Primarily, ab initio Complete Active Space
Self-Consistent Field (CASSCF) SINGLE_ANISO + RASSI-SO + POLY_ANISO calculations were performed
onl, 2 4,5 7 and 8 to study the anisotropic behavior of each Ln(i) ion, to derive the magnetic relaxation
mechanism and to calculate the Ln"'-Ln" and Cu"/Ni"-Ln"" magnetic coupling constants. DFT calcu-
lations were also performed to validate these exchange interactions (J) by computing the Gd"'-Gd" and
Cu"/Ni"-Gd" interactions in 3, 6, and 9. Our calculations explained the experimental magnetic relaxation
processes and the magnetic exchange interactions for all the complexes, which also strongly imply that
the peroxide bridge plays a role in the SMM behavior observed in these systems. On the other hand, this
peroxide bridge does not support the SMT behavior. To investigate the effect of bridging ions in {MsLnz}

systems, we modeled a {ZniDy4'} complex (1a) with a hydroxide ion replacing the bridged peroxide ion in

complex 1 and considered a hydroxide-bridged {Co%'DyJ¥} complex (10) having the formula
[CozDy3(OH)4(OOCCMes)g(teaH)s(H,0)3l(NOs),-H,O. We discovered that as compared to the LoProp

charges of the peroxide ion, the greater negative charges on the bridging hydroxide ion reduce quantum
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(QTM).' SMMs display a hysteresis loop because of the slow
relaxation of magnetization at low temperatures and they have

Introduction

Due to their bistable nature, Single-Molecule Magnets (SMMs)
show various relaxation mechanisms, specifically their an-
isotropy barriers and quantum tunneling of magnetization
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many potential applications in memory storage devices and
quantum computing.” After the discovery of the Mn,, com-
pound in 1993 by Gatteschi and coworkers,'¢ various transition
metal-based SMMs have been discovered; notably, {Mn/'}
and {Fe'} SMMs are well known to date with a barrier height
of 86 K and 325 K, respectively.>® The current record high
barrier of Ue = 450 cm™ is held by linear two-coordinate
complexes of highly anisotropic Co(u) (for example, the
Co(C(SiMe,ONaph);), complex, where Naph is a naphthyl group),
which is the largest for any transition metal SMMs.” Besides,
molecules made exclusively from 4f metals show a fascinating
magnetic behavior due to their significant magnetic aniso-

This journal is © The Royal Society of Chemistry 2024
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tropic nature, which leads to a large thermally induced energy
barrier (Ue). The first studied Ln-based SMM is [TbPc,]™, dis-
covered in 2003, which was reported with an energy barrier of
230 cm ™" and a blocking temperature (Tg) of 1.7 K, which is
very low because of the presence of quantum tunneling of
magnetization within the low-lying ground and excited states.®
Most importantly, the Dy™-based complexes exhibit very high
blocking temperatures without any transverse components in
their ground and low-lying excited states since the uniaxial
Dy(ur) ions always maintain high magnitude +m; quantum
numbers in the ground state and large separation between the
ground and first excited states.” Recently, Dysprosium metallo-
cene cations were discovered, which topped the race with
notable advancements, achieving blocking temperatures (7Tg)
of up to 60 K and 80 K.® Radical-bridged lanthanide complexes
are also in the running race to improve the SMM behavior by
providing strong magnetic exchange between the radical and
the Ln(m) ions.” In these systems, a stronger exchange coup-
ling will help in covering the wider gap between the first
excited state and the ground state. Notable radical-bridged
Ln(m) examples are as follows: (i) {[(Me;Si),N],(THF)Ln},(p-
n*n*N,)” (Ln = Tb, Ho, Er); among these, the strong mag-
netic anisotropy of Tb(m) with the effective exchange-coup-
ling ability of the N,*>~ radical created the hardest molecular
magnet, which exhibits magnetic hysteresis at 14 K and a
100 s blocking temperature of 13.9 K'* and (ii) the first
radical-bridged lanthanide-containing metallacycle reported
by Dunbar and coworkers is [Dy{(hfac)s(bptz’™);] (hfac =
1,1,1,5,5,5-hexafluoro-2,4-pentanedionate; bptz = 3,6-bis(2-
pyridyl)-1,2,4,5-tetrazine) that shows better SMM character-
istics due to the presence of strong antiferromagnetic coup-
ling (—6.62 cm™") between the radical and the Dy(m) ions."
The other strategy to attain strong magnetic exchange inter-
actions, besides using radical ions, is the incorporation of
3d metals with the Ln ions, which also gives promising
results.’? The synthesis of heterometallic 3d-4f-based SMMs
has provided a unique direction in the field of magneto-
chemistry since they possess a combination of the large
spin of 3d metals and the large magnetic anisotropy of
lanthanide ions.'” Various 3d-4f complexes were reported to
show excellent SMM behavior: importantly butterfly-like
[cr'Ln"] (Ln = Tb, Dy and Ho)"* complexes at zero-dc field
having Uy values in the range of 72-89 K and a blocking
temperature of 3.7 K and [Col'Dy']"* complexes with an
energy barrier of 56-117 K. Likewise, 3d-4f SMMs were
reported with other 3d ions such as Mn'/"VIV 5 pell/t 16
co"/MM Ni"Y cu™,'® and Zn",'°. Some notable SMMs
among them are [Mn}y/" Dy™],**¢ [MnlTb],*¥ [FellDy™],1%¢
[NiIDy!]," ¢ [CullDy!],"®* and [Zn)Dy™]"*° with an energy
barrier of 74 K, 103 K, 459 K, 85 K, 25 K, and 439 K,
respectively. Furthermore, numerous effective 3d-4f SMMs
have been reported with varaiation in the structural
motifs."” These reported complexes show the important role
of exchange interactions in quenching QTM, with longer
relaxation times and butterfly-like coercive hysteresis loop
opening.
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On the other hand, polynuclear lanthanides with fascinat-
ing structures such as [Dy;] triangles,*® [Dy,] squares, and
planar,?! and [Dy,] hexagons** show Single Molecule Toroic
(SMT) properties. They are of great interest because of their
high molecular symmetry, local magnetic moment, and strong
intramolecular molecular interactions. SMTs are of great inter-
est since they could be used in memory storage, quantum com-
puting, and spintronic devices, and also because of their invol-
vement in multiferroic materials.”® The first [Dy;] triangle®’
and the [Dys] hexagon® showed a unique SMT behavior due to
the presence of strong local magnetic moment and high mole-
cular symmetry such as S; and Se, respectively, in these com-
plexes. Toroidal magnetic behavior is observed in complexes
possessing magnetic anisotropy with a non-collinear spin
state. These toroidal moments were also realized when two
molecular Dy(m) triangles were linked by 3d ions, which in
turn provided a great opportunity to observe ferrotoroidicity,
which could be wused in molecular-based multiferroic
materials.”* Such a con-rotating ferrotoroidal moment in the
ground state was confirmed for a series of heptanuclear
[MLng] complexes (M = Cr(m), Co(ir), Fe(ur), Mn(ur) and Al(ur);
Ln = Dy™, Tb™, and Ho™ ions)** and another large [Fe;3Dys]
complex.”® These complexes show ferrotoroidal behavior since
they possess strong dipolar interactions between the {Dy;} tri-
angles and S, symmetry.”* If lanthanides’ ground state elec-
tron density changes from prolate to oblate and vice versa, this
may give us the expected toroidicity.>®

In summary, most of the 3d-4f SMMs are either oxide or
hydroxide-bridged complexes and only a few peroxide-bridged
3d-4f SMMs are known such as [Zn]DyM] with an energy
barrier of 11.2 K and [MJDy'] (M = Zn, Cu, and Ni) with an
energy barrier of 126.5 K.>’° SMTs with oxide or hydroxide
bridges are well known, and carbonates and superoxide
bridges are also limited. However, there are no SMTs with per-
oxide bridges. A few {M;Lns} triangles of triangles are fascinat-
ing complexes that show both SMM and SMT behaviors.*
Thus, herein we explain how the peroxide bridges can influ-
ence SMT behavior in {MyLn['} triangles of triangles through
computational calculations. The efficient and accurate theore-
tical description of magnetic anisotropy>°” and its dependence
on structure (magneto-structural correlations) has only
recently become available, and the prediction and enforcement
of structural variations in 4f/3d-4f complexes are much less
developed than those of transition metal ions. We used well-
established ab initio CASSCF/Density Functional Theory (DFT)
calculations to determine the electronic ground state, mag-
netic exchange, magnetic relaxation pathways and a ligand
field analysis involving extended Stevens’s operators. A first set
of complexes examined in our study have the general formula
[MILnT(0,)L;(PyCO,);](OH),(ClO,),-8H,0 (where M = Zn;
Ln = Dy (1), Tb (2) & Gd (3) and M = Cu; Ln = Dy (4), Tb (5) &
Gd (6) and H,L = N,N'-bis(3-methoxysalicylidene)-1,3-diamino-
propane), and these complexes represent the first anion-orien-
tated peroxide-bridged chiral heterometallic cluster complexes
composed of achiral components, as reported by Cai-Ming Liu
and coworkers.?®

Dalton Trans., 2024, 53,13394-13408 | 13395
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Fig. 1 Molecular structures of (a) 2, (b) 4, and (c) 9.
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These {M;Ln;} (M = Cu, Zn; Ln = Dy, Tb, Gd) complexes are
isostructural (see Fig. 1a and b) and ferromagnetic, of which
[Zn;3Dy;(0,)L;(PyCO,);](OH),(ClO,4),-8H,0 (1) showed an
SMM behavior under a dc field of 0.1 T, with a U.g value of
126.5 K and a 7, value of 1.2 x 10™® s, which is considered
to be in the range of normal SMMs.*® Similarly, the
[Zn;3Tb3(0,)L;(PyCO,);](OH),(ClO,),-8H,0 (2) complex yielded
a U.y value of 14.4 K and the 7, value is 4.3 x 107® s under
a dc field of 0.14 T and the complex [Zn;Gd;(0,)L;(PyCO,);]
(OH),(Cl0,),-8H,0 (3) exhibits a magnetocaloric effect. The
next three {M;Ln;} complexes contain the Cu(u) ion, in
which [Cu;Dy;(0,)L3(PyCO,);](OH),(Cl0,),-8H,0 (4) showed a
field-induced SMM behavior at 0.14 T with a Uy value of
25.6 K and a 7, = 1.4(0.3) x 107% 5. Only the [Cu;Tbs(0,)
L;(PyCO,);](OH),(Cl0O,4),-8H,0 (5) complex showed an SMM
behavior under a zero dc field with a U.g value of 31.7 K
and a 7, value of 4.3 x 107° 5. The Gd analog of {Cu;Gd;}
was not reported; however, determining the exchange inter-
actions between the metal ions is necessary for this study.
Thus, we modeled the [Cu3Gd;3(0,)L;(PyCO,)5]
(OH),(Cl0,),-8H,0 complex (6) by replacing Dy** ions with
Gd*" ions and keeping the remaining atoms as such in the
crystal structure of 4.

We also examined three more {Ni;Ln;} peroxide-bridged
complexes reported by Xiao-Ting Wang and coworkers having
the general formula [Ln;Niz(H,0);(mpko)s(O,)(NO;);]
(ClO4)-3CH3;0H-3CH3;CN (Ln = Dy, Tb, Gd) [mpkoH = 1-
(pyrazin-2-yl)ethanone oxime].* The complex
[Ni;Dy;(H,0);(mpko)o(0,)(NO;);](ClO,)-3CH;0H-3CH;CN  (7)
has a U value of 4.1 K with a relaxation time (z,) of 6.9 x 1072
s under zero-dc field. The crystal structure of complex 7 was
used for the modeling of the complex [Ni;Thz(H,0);
(mpko)s(0,)(NO;);](Cl0,)-3CH;0H-3CH;CN  (8) by replacing
Dy** with Tb** and keeping the other atoms in the same posi-
tion, as determined by X-ray crystallography. The complex
[Ni;Gd;(H,0);(mpko)s(0,)(NO;);] (NO3)-10.75CH;0H (9) has a
slightly different structure and position of atoms compared to
the crystal structure of complex 7. In the {NizGd;} (9) complex,
the antiferromagnetic interaction was observed between the
adjacent spin states with coupling constants of Jyi..n =
—0.48 cm™ and Ji,...n = —0.04 cm™" and it displayed a cryo-
genic magnetocaloric effect.

The peroxide-bridged complexes 1-9 crystallized at room
temperature, which proves that these complexes are stable at
room temperature.”®>® Importantly, experimental measure-
ments predicted that all the {MJTb"} and {MTIDy"} complexes
exhibit an SMM behavior with or without the dc field, with U.g
values ranging from 4.1 K to 126.5 K. Thus, a theoretical inves-
tigation was conducted using ab initio CASSCF + RASSI-SO/
SINGLE_ANISO/POLY_ANISO routine calculations to try and
explain these variations and offer an underlying reason for the
possibility to observe SMM and SMT behaviors in these com-
plexes. Furthermore, for complexes 3, 6, and 9 we performed
DFT calculations to extract the isotropic exchange interactions
between the Gd™ ions and the M"-Gd™ ions using broken
symmetry approaches.

This journal is © The Royal Society of Chemistry 2024
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Computational details
Ab initio calculations

For a thorough understanding of the anisotropic nature of
each Ln™ ion and the toroidal moment of the heteronuclear
{MILn]"} complexes, detailed ab initio calculations were per-
formed using the MOLCAS 8.2 program.’' The orientation
of the magnetic axis for the individual lanthanide metal
centers was computed by substituting the neighbouring
magnetic centers with their closest diamagnetic analogue,
i.e., Dy™ and Tb™ ions were replaced by Lu™, and Ni"" and
Ccu" ions were replaced by Zn" ions, based on the crystal
structure data of the respective {MyLn}'} complexes. The
relativistic effects of Ln(ui) ions were accounted for by using
the Douglas-Kroll Hamiltonian,?* and the spin-free eigen-
states were obtained by complete active space self-consistent
field (CASSCF) methods.>®> We used the ANO-RCC type of
basis sets, i.e., [ANO-RCC...857p5d3f2g1h] for Dy and Tb
atoms, [ANO-RCC...3s2p] for C atoms,’* [ANO-RCC...2s] for
H atoms, [ANO-RCC...3s2p1d] for N and O atoms, and
[ANO-RCC...5s4p2d] for Zn. Nine electrons in the seven 4f
orbitals for the Dy** ions and eight electrons in the seven
4f orbitals for the Tb** ions were considered while perform-
ing CASSCF calculations. Specifically, we considered 490
doublet, 224 quartet, and 21 sextet states for the Dy*>" ion at
the RASSI level to compute the anisotropic parameters.
Likewise, we took into account 195 triplet excited states,
140 quintet excited states, and 7 septet excited states for
Tb**. After computing these excited states, we performed
RASSI-SO?® calculations, which include the spin-orbit coup-
ling, to compute the g tensors for the respective complexes.
SINGLE_ANISO®*® calculations were used for computing
g-tensors and also for extracting crystal field parameters.
The exchange interaction between the metal ions in each Dy
and Tb analogous complex was calculated by fitting their
measured magnetic data using the POLY_ANISO program
within the Lines model.*’

3
Heo == JiSiSit1 (1)
=1
here J; = ]fi ipolar JE& where J; is the total magnetic interaction
of the fitted JP°"" and j&* parameters.

Density functional theory calculations

To calculate the magnetic exchange coupling constant (J)
between the metal centers in complexes 3, 6, and 9, DFT calcu-
lations were performed. We employed Noodleman’s broken
symmetry (BS) method to obtain the coupling constant (J)
between metal centers since it provides reasonable numerical
values for the Js.*® Gaussian 16 software®® was used to perform
DFT calculations utilizing the B3LYP basis functional.*® We
used the Cundari-Stevens (CS) double-{ basis set with effective
core potential for Gd(m) ions to account for the relativistic
effect of the Gd ions.*" For the rest of the atoms, Aldrich triple-
¢ basis sets were utilized.*” The following Hamiltonians were

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

used to assess the magnetic exchange in complexes 3 (eqn (2)),
6 (eqn (3)), and 9 (eqn (4)):

H=- (2], (§Gd1§Gd2 + Sa1Scas + §Gd2§Gd3)} (2)

H=— (21 (§Cu1§Gd1 + ScuzScaz + §Cu3§Gd3)+

S I . (3)
2> (Sca1Seaz + Sca1Scas + ScazScas) |

H= [2/1 (§Ni1§Gd1 + SwizSoaz + §Ni3§Gd3)+
2 (§Gd1§Gd2 + Sca1S6ds + §Gd2§Gd3)}

(4)

Results and discussion

All of the studied complexes possess the same topological
structure where the three Ln(m) ions are arranged in a triangu-
lar fashion and bridged by a peroxide ligand. Through the car-
bonyl oxygen of PyCO,™ and the oxygen atom of the phenol
group in 1-6 and the -NO oxygen of the 1-(pyrazin-2-yl)etha-
none oxime (mpkoH) in 7-9, the inner Ln(m) triangle is
further surrounded by three transition metals, which are also
arranged in a triangular fashion and form a triangle-of-triangle
shaped structure for these molecules. Though all these com-
plexes possess unique and similar topologies with a peroxide
bridge, they display a different magnetic behavior due to the
presence of different metal ions, which urges us to understand
their electronic and magnetic properties using theoretical
methods such as high-level ab initio CASSCF and DFT calcu-
lations (see Computational details). Initially, the magnetic
relaxation mechanism, which is based on the single-ion an-
isotropy of the lanthanide ions in Dy(m) and Tb(m) analogues
performed using the CASSCF/RASSI-SO/SINGLE_ANISO calcu-
lations are discussed. Following, how the computed orien-
tation of the magnetic anisotropy of Dy(m) and Tb(m) ions
favors/disfavors the toroidal magnetic ground state are dis-
cussed. Later, the exchange coupling between the Ln™..-Ln™
and M"..-Dy"" ions for Dy(m) and Tb(m) analogs and the mag-
netic relaxation mechanism based on exchange-coupled states
developed using the POLY_ANISO routine employing the Lines
model are discussed in detail for all the complexes. Structural
parameters governing each exchange parameter are listed in
Table S1.7

Single-ion anisotropy and magnetic relaxation mechanism

The single-ion calculations are performed using CASSCF/
SINGLE_ANISO and the calculated anisotropic g values and
the energy values of the low-lying Kramers doublets (KDs)/
Ising doublets (IDs) for Ln(ui) ions in complexes 1, 2, 4, 5, 7,
and 8 are listed in Tables 1 and S2-S9.}

Dy(m) analogues: 1, 4, and 7 {M;Dy;}. The computed energy
gaps of the low-lying KDs are spanning up to ~580 cm™" for all
the Dy centers in 1, ~615 cm™" for all the Dy centers in 4 and
~540 cm™" for all the Dy centers in 7, which confirms that all
three Dy centers are nearly identical and can reflect similar
single-ion magnetic relaxation behavior in each of these com-
plexes. The energy gap between the ground and the first

Dalton Trans., 2024, 53,13394-13408 | 13397
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Table 1 Low-lying energies (cm™) and g-tensors of Dy"

1,2,4,57and 8
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fragments that originate from the corresponding ground atomic multiplets in complexes

Energy
{zn:Dys} (1) {Cu3Dy3} (4) {Ni3Dy3} (7)

KDs Dy1 Dy2 Dy3 Dy1 Dy2 Dy3 Dy1 Dy2 Dy3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
128.5 128.4 127.8 149.2 148.8 148.7 141.6 145.0 145.3
169.7 169.6 168.8 200.1 200.8 203.2 185.9 188.1 187.0
235.5 237.3 237.3 251.8 254.6 257.9 224.9 226.1 227.1
351.2 354.8 352.7 349.7 354.4 356.1 295.3 296.2 296.3
408.7 413.3 411.9 376.1 381.3 386.1 325.7 328.8 324.5
485.0 488.0 489.1 493.5 497.1 501.8 374.1 376.9 376.5
579.1 582.2 581.9 612.0 615.6 617.6 530.1 539.6 528.1
g-Tensor g-Tensor g-Tensor

Zx 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.005 0.005

&y 0.003 0.003 0.003 0.002 0.002 0.002 0.006 0.006 0.005

g 19.688 19.688 19.712 19.619 19.623 19.654 19.451 19.516 19.478
{Zn3Tbs} (2) {Cu;Tbs} (5) {Ni;Tbs} (8)

IDs Tb1 Tb2 Tb3 Tb1 Tb2 Tb3 Tb1 Tb2 Tb3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.01 0.01 0.01 0.02 0.03 0.02 0.6 0.6 0.6
178.4 177.6 1771 173.4 171.8 172.3 84.3 82.8 83.1
179.3 178.4 177.9 173.7 172.1 172.5 90.6 88.8 88.8
324.2 323.0 322.1 319.7 317.4 318.3 158.5 159.0 158.6
337 335.7 336.0 331.9 330.4 330.4 180.3 180.3 179.2
427.2 427.2 425.1 425.4 422.2 424.8 239.8 240.2 239.1
432.1 430.7 431.6 439.6 440.0 438.4 289.2 289.1 286.6
472.6 472.1 469.3 478.0 475.5 477.2 315.7 316.1 313.7
498.7 498.7 498.9 538.3 540.2 539.6 366.8 364.8 363.6
509.5 509.0 507.7 548.8 548.6 549.5 372.9 371.0 369.9
601.2 603.5 604.5 576.7 579.7 578.3 456.2 456.9 450.2
603.7 605.8 606.9 582.0 584.2 583.3 456.9 457.8 450.9
g-Tensor g-Tensor g-Tensor

Zx 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

&y 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

juos 17.908 17.908 17.914 17.891 17.923 17.927 17.434 17.421 17.446

excited states of the Dy(m) ions are in the range of
127.8-128.5 cm™' for 1, 148.7-149.2 cm™*' for 4, and
141.6-145.3 cm™" for 7. To derive the magnetic relaxation
mechanism, the low-lying KDs for complexes 1, 4, and 7 are
arranged according to their values of transition magnetic
moment between the KDs, and their relaxation mechanisms
are shown in Fig. 2a-c and Fig. S2-S7.} It was observed that
the QTM between the ground KDs is in the range of
0.00057-0.0006645 for the Dy ions in 1, 0.00037-0.00045x5 for
the Dy ions in 4, and 0.0018-0.0019xp for the Dy ions in 7,
which are negligible and allow the magnetization to relax in
the excited states. The observed small QTM value for all the Dy
ions is attributed to the highly pure magnetic ground state of
m; = #15/2. Furthermore, the thermally assisted QTM
(TA-QTM) between the first excited states is found to be large
with values in the range of 0.32-0.34y3 in 1, 0.12-0.1443 in 4,
and 0.20-0.21xp in 7. These TA-QTM values confirm that the
single-ion magnetic relaxation can likely occur via the first
excited state and lead to an energy barrier of ~125 cm™" for 1,
~149 cm™" for 4, and ~145 cm™! for 7. These values confirm
that these complexes could show their SMM behavior under a
zero-dc field or a small applied dc field, which agrees with
their experimental results. The presence of smaller QTM for all
Dy ions in 1, 4, and 7 was further rationalized by computing

13398 | Dalton Trans., 2024, 53,13394-13408

the crystal field (CF) parameters. The Hamiltonian used for
the CF parameters is shown in eqn (5).

q
Her=» Y BLO} (5)
k=—q

According to the above crystal-field Hamiltonian equation,
the QTM effects are dominant in a system where the nonaxial
B"; (in which g # 0 and k = 2, 4, 6) terms are larger than the
axial terms (in which g = 0 and k = 2, 4, 6)."* The computed CF
parameters for complexes 1, 4, and 9 are given in Tables S10-
S12 in the ESLft It is evident that the axial terms are large
enough to quench the QTM in the ground state for all the
Ln(u) single-ions and allow the magnetization to go further
and relax in the excited states, which corroborates the observed

single-ion relaxation mechanism.

Tb(mr) complexes: 2, 5, and 8 {M;Tbs}. The computed energy
gaps of the low-lying IDs for all the Tb centers are spanning up
to ~604 cm ™' in 2, ~582 cm™! in 5, and ~583 cm™" in 8, which
confirms that they are also equal and can reflect similar
single-ion magnetic relaxation behavior. The energy gaps
between the first excited and the ground state for the low-lying
IDs for complexes 2, 5, and 8 are ~178 cm™', ~173 ecm ™, and
~83 cm™', respectively. However, the magnetic relaxation

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Mechanism of magnetic relaxation of Dyl and Tb1 sites in complexes (a) 1, (b) 4, (c) 7, (d) 2, (e) 5 and (f) 8. The thick black lines indicate
Kramer doublet/Ising doublet (KD/ID) states as functions of the computed magnetic moment. The dotted green and blue lines indicate the possible

relaxation process such as Raman/Orbach relaxation. The dotted red lines

occurs for all Tb centers in their ground state itself because of
the presence of a large tunneling gap (Awn), which is
~0.01 ecm™ in 2, ~0.02 cm™" for 5, and ~0.6 cm ™! in 8. Such a
large tunneling gap could be reduced if a small dc field is
applied or a strong magnetic exchange could quench it."*
These assumptions could be rationalized by developing an
exchange coupled state relaxation mechanism that is dis-
cussed below in detail.

Anisotropic and the ground state toroidal behavior. The
computed g-anisotropic values also suggest that all three Dy(i)
centers are the same and have a strong axial g,, component
with negligible transverse (g, gyy) components (see Table 1),
signifying that the single-ion anisotropy can lead to the slow
magnetic relaxation in all Dy(m) complexes 1, 4 and 7. The
orientation of the anisotropic axes of each Dy(m) ion in 1, 4,
and 7 is shown in Fig. 2. In complex 1, all the Dy-O bonds
range from 2.30 to 2.56 A, with the Dy-Operoxide bonds ~2.36 A.
This p-peroxide ligand bridges across Dy ions and forms a
triangular {Dy"} topology, causing them to be at right angles
at the Dy™ site. The large negative LoProp charges of p-per-
oxide bridges cause the Dy ion’s f-electron (spin-down) to
deviate from them, reducing the electrostatic repulsion (see
Fig. 3a), and allowing all three g,, axes to align between the
oxygen of pyridine-2-carboxylate (PyCO,") and N,N'-bis(3-meth-

oxysalicylidene)-1,3-diaminopropane (H,L) ligands.

This journal is © The Royal Society of Chemistry 2024

indicate the QTM/tunnelling gap between the states.

Furthermore, the g, axes in Dyl and Dy2 centers align along
the p-electron density (see Fig. 3), whereas it is found that the
direction of the main anisotropy axis of the Dy3 center is per-
pendicular to the {Dy;} motif. Thus, the anisotropic directions
do not follow each other and this arrangement does not form
any circular pattern to enable toroidal behavior in 1. In com-
plexes 4 and 7, despite the p-peroxide bridge possessing large
negative LoProp charges, the g, axes of all three Dy centers
deviate from the {Dy;} plane and align parallel to the center of
the triangle; however, they do not follow each other, resulting
in the absence of toroidal behavior. Although these complexes
possess a {Dy;} triangular motif, these molecules lack SMT be-
havior since the g, anisotropy axes are oriented differently due
to the presence of a peroxide bridge.

Similarly, the computed g-anisotropic values confirm that
the three Tb(m) centers in complexes 2, 5, and 8 have strong
axial g;, components and small transverse (g, g,) com-
ponents (see Table 1). The electrostatic repulsion is the same
as that in comparison to the complex 1. Because Tb(ui) is mod-
erately more oblate than the Dy(m) metal ion, the p-peroxide
ligand bridges across Th™ ions that help to form a triangular
{Tb"} topology, which further causes the bridging to be at
right angles at the Tb™ site. Here also the large negative
LoProp charges on the peroxide oxygen deviate the Tb™ ion’s
pB-electron (spin-down) and reduce the electrostatic repulsion

Dalton Trans., 2024, 53,13394-13408 | 13399
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Fig. 3 LoProp charges with the anisotropic directions of Ln(in) ions for complexes (a) 1, (b) 4, (c) 7, (d) 2, (e) 5 and (f) 8.

(see Fig. 3d), which makes the g,, axes align between the
oxygen of pyridine-2-carboxylate (PyCO,") and N,N'-bis(3-meth-
oxysalicylidene)-1,3-diaminopropane (H,L) ligands (similar to
that in complex 1). Furthermore, the g, axis of the Tb centers
is aligned along the p-electron density (see Fig. 3). These aniso-
tropic directions do not follow each other, which indicates the
absence of any toroidal behavior. In complexes 5 and 8, the an-
isotropic directions are aligned parallel to the triangular {Tb'}
topology because of the large negative LoProp charges on their
p-peroxide bridges. But the g, directions are not following
each other, leading to the absence of SMT behavior.
Furthermore, the paramagnetic 3d ions in these complexes do
not have any significant role in influencing the toroidal behav-
ior, since they are not directly coordinated to the peroxide ion
to polarise it further.

Analysis of exchange coupled states’ anisotropic energy
barriers

As confirmed above, slow magnetic relaxation is possible for
complexes 1, 4, and 7 since all the Dy"" ions show their single-
ion anisotropic behavior, while it is not possible for Tb™ com-
plexes. Thus, a polynuclear mechanism that considers the

13400 | Dalton Trans., 2024, 53, 13394-13408

exchange coupling between the paramagnetic centers was
established for all Dy and Tb analogues to obtain insight into
the cluster relaxation mechanism. The exchange-coupled
states’ magnetic relaxation mechanism was developed by
fitting the experimentally measured susceptibility data using
the POLY_ANISO program with the Lines model.’” A satisfac-
tory fit (solid color lines) for susceptibility data (see Fig. 4) was
achieved for the extracted exchange parameters which are
listed in Table 2, supporting the level of theory used in our cal-
culations. This POLY_ANISO calculation was performed using
the SINGLE_ANISO computed anisotropic parameters of the
Dy"/Ni" single ions and this strategy has been effectively used
to get a good numerical estimate of the magnetic exchange
parameters (J values).'"">'*'® The exchange Hamiltonian
used to extract the J values in complexes 1, 2, 4, 5, 7, and 8 is
provided in eqn (1) in the Computational details section. Since
all the complexes possess similar topology and the Ln-
Operoxide  distances and the Ln"™-O-Ln"™ and Ln"™-0-mM"
angles are identical (see Table S1 in ESI}), we have employed a
single exchange interaction (J;) for all Dy™'-Dy™ pairs and
another exchange (J,) for all Dy™-M" pairs (see the
Computational details section and Fig. 5). The exchange coup-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 POLY_ANISO fitted susceptibility data for (a) 1, 4, and 7 and (b) 2,
and 5.

Table 2 POLY_ANISO computed J values (in cm™) for complexes 1, 2,
4,5,7 and 8

Complex no. J1 I Z/

1 (Zn;Dy;) 0.09 — 0.01
2 (Zn,Tb;) 0.01 — 0.001
4 (CuyDy;) 0.06 0.8 0.001
5 (CusTh;) 0.03 0.09 0.001
7 (NizDys) 0.03 -2.5 -0.01
8 (Ni;Th;) —0.02 —0.1 —0.03

ling between the spin moments of magnetic sites is described
by the Lines model, within which the exchange interactions
were computed.®””

To validate these POLY_ANISO computed J; and J, exchange
interactions, we have performed detailed DFT calculations
using the Gaussian 16 program by computing Gd"-Gd™ (J,)
and Gd™-M"" exchange coupling constants for complexes 3, 6,
and 9. The existing magnetic interactions in complexes 3, 6,
and 9 are pictorially represented in Fig. 5. For example, in

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Pictorial representation of the exchange interactions in com-
plexes (left) 3 (M = Zn), (right) 6 and 9 (M = Cu/Ni).

complexes 6 and 9, both j; (Gd™..-Gd™) and j, (Cu'/
Ni'...Gd"™) exchange interactions are possible, whereas J, does
not exist in complex 3. The DFT computed J values obtained
through broken symmetry approach methods are listed in
Table 3. These computed J values are in good agreement with
the experimental J values and are similar to the J values
derived from the Lines model (see Table 2). The J;
(Gd"™...Gd™) interactions are found to be ferromagnetic in 3
and 6. The observed ferromagnetic behavior can be rational-
ized through the previously established magneto-structural
correlations on the {Gd™(OR),Gd™} dimers.*® According to
this correlation study, the Gd---Gd pairs can show a ferro-
magnetic exchange between them when the Gd-O-Gd angle
lies between 106° and 120° and they can show an antiferro-
magnetic exchange if the Gd-O-Gd angle decreases below
106° or increases above 120°. The average Gd"™'-Operoxide—Gd™
angle is found to be 110.5° in complexes 3 and 6 (see
Table S1}) and 110° in complexes 9, which rationalizes the
observed ferromagnetic interaction between the Gd™ centers.
Similarly, the J, (M"---Gd™) values are positive in complexes
6 and 9, suggesting that the magnetic exchange is ferro-
magnetic for this {M-O-Gd} structural topology (where R =
alkyl or aromatic groups), which is generally expected between
the Gd and the transition metal complexes of the first row.**
The spin density plots shown in Fig. S87 are used to investigate
the electronic source of exchange. In all three complexes, three
Gd™ ions were found to have a spin density of 7.027, which is
more than expected, indicating that the spin polarisation
mechanism is active. Since all three Gd™" atoms are polarising

Table 3 DFT computed J values (in cm™) of Gd(n) complexes 3, 6,
and 9

DFT Experimental®
Complex no. i I Ji(em™) Jo(em™)
{Zn,Gd;} (3) 0.05 — 0.0008 —
{Cu;Gd;} (6) 0.3 1.02 — —
{Ni;Gds} (9) 0.01 —0.01 —0.04 —0.48

“J values taken from ref. 28 and 29.
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the bridging peroxide oxygens, they have higher spin densities
than ordinary oxygens, which leads to a weak ferromagnetic
exchange. In complexes 6 and 9, the spin density is deloca-
lized between Cu(u)/Ni(u) and Gd(m) through the bridging
alkoxy/oximate bridges (Fig. S8%).

The POLY_ANISO computed J values were used to deter-
mine the mechanism of the magnetic relaxation for complexes
1, 2, 4, 5, 7, and 8. The three Dy" ions possessing ground KD
states along with the three diamagnetic Zn" ions and coupled
antiferromagnetically with three Ni"' (S = 1) ions yielded a
Kramers exchange spectrum in 1 and 7, respectively, whereas
the three Dy ions coupled ferromagnetically with the three
Cu" (S = 1/2) ions yielded a non-Kramers exchange spectrum
in 4. Similarly, the three Tb™ ions possessing ground Ising
states along with the three diamagnetic Zn" ions and coupled
antiferromagnetically with three Ni" (S = 1) ions yielded non-
Kramers exchange coupled states in 2 and 8, respectively;
whereas the three Tb™ ions coupled ferromagnetically with
the three Cu" (S = 1/2) ions yielded Kramers exchange coupled
states in 5. Fig. 6 and Tables S13-S151 depict the spectrum of
the exchange coupled states of 1, 4, and 7. In complex 1, the
Dy"™...Dy™ interactions yielded several low-lying exchange
energy levels, which reveal that the QTM/TA-QTM values are
extremely small till the 6™ excited states and the Raman/
Orbach process value of 0.16 cm™" occurring between the +5
and +6 transition states allowed the magnetic relaxation at this
energy level, which yielded a U, of 128.3 cm™" (184.6 K).
Similarly, the small QTM/TA-QTM at the ground state until the
7™ excited energy states yielded a Uy, value of 5.6 cm™* (8.1 K)
for complex 7 due to the Raman/Orbach process value of
0.1 cm™" occurring between the +6 and +7 transition states.
However, the extremely small tunneling gap in the ground and
few excited states and the large tunneling gap of 0.7 x 10™* at
the 6™ excited states yielded a U value of 128.0 cm™
(184.2 K) for 4. The U, values of 1, 4, and 7 suggest that these
complexes can show SMM behavior under a small dc field or
in the absence of a dc field, which is also in good agreement
with U values of 126.5 K (at 0.1 T) and 4.1 K (at zero dc field)
for 1 and 7, respectively; however, it has been overestimated
for complex 4 (Ueg = 25.6 K at 0.14 T).

Furthermore, for Tb analogues, the tunneling gap in the
ground state is found to be moderately large for complex 2
(Awn = 2.5 x 107°) and extremely large for 8 (A, = 0.22),
which allowed the magnetic relaxation to occur via the
ground states with negligible energy barriers (see Tables
S16-S18t). The tunneling gap in the ground state of 2 could
be quenched if a certain dc field is applied. In that case,
the magnetic relaxation could occur in the 3" excited states
with an energy barrier of 3.7 cm™" (5.3 K). This result corro-
borates with the experimental observation of 2. For 5, the
smaller QTM in the ground state and the large TA-QTM in
the 16™ excited states allowed the relaxation at this higher
excited state which lies at 11.1 ecm™ (16.0 K). These Uy
values of 2 (5.3 K) and 5 (16 K) are also in good agreement
with the Ueg values of 14.4 K (at 0.14 T) and 31.7 K (at zero
dc field) for 2 and 5, respectively.
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Fig. 6 Low-lying exchange spectra for complexes (a) 1, (b) 4 and (c) 7
in which exchange states are placed on the diagram according to their
magnetic moments (bold black lines). The red arrows show the tunnel-
ing transitions (energy splitting) within each doublet state, while the
green/blue arrows show the possible pathway through Orbach/Raman
relaxation.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01800a

Published on 24 July 2024. Downloaded on 12/28/2024 5:43:58 PM.

Dalton Transactions

In silico design to realize both SMT and SMM behaviors in
M;Dy; complexes

All these peroxide bridged complexes 1-9 show an SMM behav-
ior either under an applied dc field or in the absence of a dc
field, but they do not show toroidal behavior. Hence, we target
to tune these M;Ln; complexes to enhance their SMM pro-
perties while also achieving toroidal behavior. To explore this
possibility, we modeled a structure (complex 1a) where the
bridged peroxide is simply replaced with a hydroxide in
complex 1 (Znz;Dy;) and kept other atoms as such in the crystal
structure, which yielded intriguing results. We further con-
sidered a  hydroxide-bridged [Co;Dys;(OH)4(O,CCMe3)s
(teaH)3(H,0)3](NO3),-H,O (10) SMT, where the experimental
studies suggested the presence of a toroidal magnetic state.>*”
We implemented the same computational methodologies that
were used for the parent complexes 1-9, such as CASSCF/
RASSI-SO/SINGLE_ANISO/POLY_ANISO calculations, to calcu-
late the single-ion magnetic relaxation mechanism, magnetic
anisotropy for each Dy ion and the exchange coupled states’
relaxation mechanism.

Magnetic anisotropic nature and magnetic relaxation
mechanism of complexes 1a and 10

The calculated g-tensors and the energies of low-lying KDs for
each Dy ion in 1a and 10 are listed in Table 4. The computed
g-tensor values are the same for all Dy"™ centers with a major
contribution arising in the main part (g,) with almost negli-
gible transverse components (gyy, g,) in 1a, whereas a small
amount of transverse components was observed in ground KD
for all the Dy centers in 10.

The CASSCF computed energies for the low-lying KDs of all
Dy centers span in the range of 639-642 cm™* for 1a and
543-592 cm™ " for 10 (see Table 4). The energy gap between the
ground and first excited states of the Dy(m) ions ranges from
148.7-153.1 em™" for 1a and 46.1-78.6 cm™" for 10. These low-
lying KDs are further grouped according to their transition
magnetic moment values to derive the relaxation mechanisms,
which are shown in Fig. 7 and S9-510.1 It is observed that the
QTM between ground KDs is in the range of 0.0022-0.00364g
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Fig. 7 Magnetization blocking barrier for the Dyl site in (a) 1a and (b)
10. See the Fig. 3 caption for further details.

for Dy ions in 1a and 0.02-0.12x3 for Dy ions in 10. It indicates
that the ground KD is a highly pure magnetic state of m; = +15/
2 and the magnetic relaxations are likely to occur in the

Table 4 Low-lying energies (cm™) and g-tensors of Dy'"' fragments that originate from the corresponding ground Kramers doublets in complexes

laand 10
{Zn;Dys} (1a) {Co;Dys} (10)

KDs Dy1 Dy2 Dy3 Dy1 Dy2 Dy3

0.0 0.0 0.0 0.0 0.0 0.0

153.1 148.7 150.2 46.1 78.6 69.2
182.9 183.5 177.3 73.3 109.9 104.1
240.5 240.3 237.5 112.1 156.8 163.3
312.2 308.7 307.8 165.6 214.9 224.4
398.8 391.8 393.8 224.6 294.9 320.3
549.2 544.5 547.6 333.1 395.1 474.2
641.5 638.6 641.4 542.7 557.1 591.8
g-Tensor g-Tensor

gx 0.007 0.006 0.004 0.172 0.058 0.027

4) 0.014 0.012 0.008 0.517 0.097 0.046

Jivd 19.851 19.852 19.852 18.963 19.698 19.784

This journal is © The Royal Society of Chemistry 2024
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excited states. Furthermore, the TA-QTM between the first
excited states is found to be large and in the range of
1.54-1.58up in 1a and 1.46-1.82up in 10. The large TA-QTM
values confirm that the single-ion magnetic relaxation can
likely occur via the first excited state with an energy barrier
around 150 cm ™" for 1a and 70 cm ™" for 10.

We have further theoretically examined the ground state tor-
oidal magnetic moment of the {Dy}"} triangle in both com-
plexes 1a and 10 by predicting the orientation of the g, axes in

¢

Fig. 8 Orientations of the local magnetic moments in the ground
doublet of Dy() ions in complexes (a) 1la and (b) 10. The blue arrows
show the direction of the local magnetic moments of the Dy"' ions in
the ground state.
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the plane of the {Dy'} triangle. The orientation of the aniso-
tropic axes of all Dy ions is shown in Fig. 8. The anisotropic
axes of each {Dy"} center are found to lie in the Dy; plane
with an out-of-plane angle (6) of 1.39°, 39.26°, and 1.07° for
Dy1, Dy2, and Dy3, respectively, in 1a and 36.1°, 15.29°, and
19.94° for Dy1, Dy2, and Dy3, respectively, in 10. These out-of-
plane angle (6) values are in the range observed for archetypal
triangular {Dy"} and double {Dy}'} triangular SMTs.>*?>*">
Importantly, these axes follow each other in a circular pattern,
which confirms the presence of a toroidal ground state in both
complexes. This has been further investigated by computing
the LoProp charges of all the donor atoms. The f-electron
density (spin-down) of the Dy™ ion deviates to reduce the elec-
tronic repulsion because of the significant negative LoProp
charges on the ps-hydroxide bridge (see Fig. 9) and permits all
the g, axes to align between the oxygen of pyridine-2-carboxy-
late (PyCO, ") and N,N'-bis(3-methoxysalicylidene)-1,3-diamino-

-0.60 2.58

1.79

Fig. 9 LoProp charges with the anisotropic directions of Dy(i) ions for
complexes (a) 1a and (b) 10.
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propane (H,L) ligands in 1a and triethanolamine (teaH) and
pivalic acid (0,CCMe;) ligands in 10. These large negative
charges on the hydroxide bridge cause the anisotropic direc-
tions to follow each other and form a circular pattern which
confirms the toroidal behavior.

These results suggest that the SMT behavior is more feas-
ible through p;-hydroxide bridging than through ps;-peroxide
bridging. This could be rationalized considering the larger
negative charge on the p;-hydroxide bridge in 1a compared to
the ps-peroxide bridge in 10. Furthermore, these p;-hydroxide
bridges facilitate strong intramolecular magnetic interactions
between the Dy ions (see below) and a strong magnetic
moment, which are necessary for a complex to exhibit toroidal
behavior.>*2*

Analysis of exchange coupled states’ anisotropic barriers of 1a
and 10

SINGLE_ANISO calculations confirm the SMM behavior and
the toroidal behavior in the ground state for the Dy™ metal
ions in complexes 1a and 10. To gain a deep insight into the
relaxation mechanism for the full molecule and to calculate
the exchange coupling values between the Dy™ metal centers,
we used the POLY_ANISO program.’” We extracted the
exchange interactions by fitting the experimentally measured
susceptibility data, which yielded a good fit to them (see
Fig. 10) and a feasible exchange coupled states’ relaxation
mechanism (see Fig. 11). The Lines model yielded j values of
+0.01 (z/ = 0.001) and +1.85 (z/ = —0.099) between the Dy
centers in 1a and 10, respectively. In 1a and 10, the ferro-
magnetic exchange between Dy™ metal ions led to a very small
QTM (0.15 x 10 %uy for 1a and 0.44 x 10 *uy for 10) in the
ground exchange coupled state, and a small TA-QTM in the
low-lying excited states allowed the magnetic relaxation to
occur in the 29™ and 9™ states, respectively, which yielded
energy barriers of 298.6 cm™" and 70.5 cm™", respectively.
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W
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Fig. 10 POLY_ANISO fitted data with the measured magnetic suscepti-
bility data for 10 and 1a.
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Conclusions

Theoretical analysis of nine heteronuclear complexes {M}Ln}'}
(M = Ni, Cu, and Zn; Ln = Gd, Tb, and Dy) with peroxide
bridges was conducted using ab initio CASSCF and density
functional theory calculations. The goal was to compute mag-
netic exchange pathways and investigate the origin of SMM
and toroidal behaviors in these complexes. The findings from
this research are summarised below.

(i) The computational approach of ab initio CASSCF +
SINGLE_ANISO + RASSI-SO + POLY_ANISO and DFT calcu-
lations produced accurate estimates of magnetic exchange con-
stants and experimental energy barriers for all nine complexes,
despite their large size.

(ii) All the Dy(m) ions in complexes 1, 4, and 7 exhibit extre-
mely small QTM, suggesting that the magnetic relaxation is
likely to occur via the first excited states and that they can
show good SMM behavior. However, the Tb(m) ions exhibit an
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extremely large tunneling gap in the ground state itself and
they are unlikely to show SMM behavior.

(iii) The simulated magnetic susceptibility data using
POLY_ANISO derived J values are consistent with experimental
xmT vs. T data, supporting the exchange coupled state relax-
ation mechanism. The U, values of 184.6 K, 5.3 K, 184.2 K,
16.0 K, and 8.1 K for 1, 2, 4, 5, and 7, respectively, are consist-
ent with the U values of 126.5 K, 14.4 K, 25.6 K, 31.7 K, and
4.1 K. The overestimation of the U, value for 2 and 4 is most
likely caused by the exclusion of intermolecular and hyperfine
interactions from the computation, as well as the potential of
a non-Orbach relaxation process.'’'* These results show that
the peroxide-bridged complexes are good SMMs.

(iv) Furthermore, the g,, axis of the Ln centers is aligned
along its p-electron density and these anisotropic directions do
not follow each other, which indicates the absence of any toroi-
dal behavior. This is attributed to the presence of smaller
negative LoProp charges on the peroxide oxygen compared to
the peripheral oxygen atoms that deviate from the Ln™ ion’s
pB-electron (spin-down) and reduce the electrostatic repulsion.
These results show that the peroxide ion is not a good bridge
to realize SMT behavior.

(v) However, these peroxide bridges facilitate the ferro-
magnetic exchange between the Ln ions and the M-Ln ions,
which quenches the QTM, lifting the degeneracy of exchange-
coupled states and leading to better SMM behavior.

(vi) The model studies on tuning these {Mz;Ln;} complexes
to enhance their SMM properties while also achieving toroidal
behavior, suggesting that the SMT behavior is more feasible
through p;-hydroxide bridging than through ps-peroxide brid-
ging. This could be rationalized considering the larger nega-
tive charge on the pj;-hydroxide bridge in 1a compared to the
ps-peroxide bridge in 1.

(vii) These studied complexes were synthesized using per-
chlorate metal salts to bring the peroxide ion to the core. We
believe changing the perchlorate with nitrate metal salts may
lead to different bridges such as oxide or hydroxide, which
could certainly affect/improve the magnetic behavior.

In conclusion, the theoretical research conducted here has
revealed some significant elements of the magnetic character-
istics of {M3Ln;} complexes, such as how various bridges affect
the SMM and SMT properties. As per experimental evidence,
the peroxide anion plays a crucial role in the observation of
SMM behavior in these {M;Ln;} heterometallic complexes.
However, the peroxide ion does not support the SMT behavior,
whereas the hydroxide (OH-) and carbonate (CO;>7) ions do
support the toroidal behavior in {M;Ln;} complexes.*°

Data availability

The data supporting this article such as ab initio CASSCF com-
puted g-tensors and low-lying energy values of Ln(u) ions,
structural parameters of all complexes, crystal-field para-
meters, POLY_ANISO simulated exchange coupled state energy
values with their tunneling gaps, and the ab initio computed
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magnetic relaxation mechanism have been included as part of
the ESL.}
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