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ABSTRACT: Recent breakthroughs in Dy'"-based single-molecule magnets
(SMMs), including magnetic hysteresis at liquid nitrogen temperatures, have
significantly advanced their potential for real-world applications. However,
challenges persist, especially in achieving precise geometric control over
magnetic anisotropy and developing air-stable SMMs with higher blocking
temperatures (T). While ab initio multireference methods such as CASSCF/ »,
RASSI-SO have provided valuable insights into individual systems, these
findings are often system-specific and difficult to generalize. In this work, we
address this limitation by combining DFT and ab initio CASSCF/RASSI-SO
calculations with systematic correlation analysis across a diverse set of pseudo-
Dy, and Dg, Dy™ complexes. These systems incorporate a variety of axial
ligands (F~, +-BuO~, MeOH, Cp~, OCNH,, corannulene) and equatorial
donors (nitrogen/oxygen/sulfur-donor 15-crown-$ and 18-crown-6), includ-
ing mixed-ligand architectures. Our analysis uncovers strong trends linking high energy barriers (U > 1200 cm™") to three key
geometric factors: minimal Dy displacement (<0.1 A) from the equatorial plane, low angular distortion (<2°), and a high axial ratio
(>0.90). These correlations, observed across multiple complexes, provide a set of generalizable design principles for engineering
high-performance Dy SMMs in pseudo- pseudo-Dg; and Dg;, geometries, laying the groundwork for the next generation of air-
stable, high-blocking-temperature SMM:s.
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1. INTRODUCTION

theoretical predictions has confirmed the efficacy of lanthanide-
encapsulated fullerenes as promising SMM candidates, with
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Single-molecule magnets (SMMs) have gained significant
attention due to their potential applications in high-density
memory storage, spintronics, molecular qubits, and multiferroic
materials.' Among the various types of SMMs, mononuclear
lanthanide-based systems have emerged as promising candidates
for achieving high blocking temperatures (Tg) and large energy
barriers for magnetization reversal (U.g).” The Dysprosium
complexes, in particular, have been widely studied due to their
large total angular momentum (J = 15/2) and strong axial
anisotropy, making them ideal for realizing high-performance
SMMs. However, despite numerous advances, the realization of
robust and high-Tj lanthanide SMM:s under ambient conditions
remains a formidable challenge.”’

Recent developments in dysprosium metallocene-based
magnets have demonstrated the feasibility of achievin% blocking
temperatures beyond liquid nitrogen temperatures.” How-
ever, these systems suffer from instability under ambient
conditions, limiting their practical applications.’*® Previous
theoretical studies have shown that linear two-coordinate Dy
complexes could exhibit relaxation through the highest excited
state, leading to enhanced performance.4 Nevertheless, such
low-coordinate Dy systems are inherently unstable. One
approach to overcoming this limitation is through encapsulation
within fullerene cages, which provide a stable environment while
preserving the axial ligand field.” Experimental validation of
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remarkable energy barriers and high relaxation times.**
However, the synthetic challenges and low yields associated
with these materials make their widespread use impractical.”
To circumvent these issues, alternative ligand scaffolds
capable of promoting axiality while offering greater stability
and synthetic accessibility are highly desirable. Corannulene-
based ligands, with their bowl-shaped structure and S-fold
symmetry reminiscent of Cg, fragments, offer a promising
route.® Encouraged by their coordination chemistry with
transition metals, theoretical investigations have explored their
viability in stabilizing lanthanide-based SMMs.”"® Comple-
mentary to this, crown ether ligands have also gained attention
for their ability to modulate equatorial ligand fields. Weakening
the equatorial field while retaining strong axial interactions is
critical for enhancing the SMM properties of Dy"*3!
complexes.'" Crown ethers allow precise control over donor
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Scheme 1. Schematic Representation of Dy™ SMM Models Studied in This Work and in Selected Studies by Other Groups
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atom positioning and coordination environment, making them
ideal platforms for systematic tuning of magnetic anisotropy.

Notably, recent work has shown that Dy"™ complexes
incorporating 18-crown-6 ligands and axial tert-butoxide donors
can exhibit exceptional SMM performance. The complex
[Dy(18-C-6)(t-BuO),][I;]'"* displays an impressive U, of
1634 cm™ and a T of 10 K under zero external field. This result
underscores the high axiality achievable through judicious
tuning of axial and equatorial coordination environments using
crown ethers. Complementing this, the complex [Dy(BH,),(18-
C-6)][Na(THF),(18-C-6)][BPh,],,''¢ which also features an
18-crown-6 equatorial coordination, with a U, of 87 cm™.
These studies collectively highlight the versatility of crown ether
ligands in creating a tunable and anisotropic coordination sphere
that supports slow magnetic relaxation. Motivated by these
findings and the inherent structural adaptability of crown ethers,
we pursued a theoretical screening of crown ether—based Dy
complexes to better understand the geometry—anisotropy
relationship and identify promising candidates for next-
generation SMMs.

In parallel with experimental efforts, theoretical method-
ologies—particularly those based on multireference ab initio
approaches such as CASSCF/SINGLE ANISO, have been
instrumental in advancing the understanding and design of Dy""'-
based SMMs. These tools allow accurate prediction of magnetic
anisotropy, relaxation barriers, and g-tensors, providing critical
guidance in molecular design. More recently, the development
of spin-phonon coupling models has offered deeper insight into
the mechanisms of magnetic relaxation, highlighting vibrational
modes that critically influence SMM performance. While the
U, model offers useful first-order insights into magnetic
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anisotropy, it does not account for dynamic relaxation pathways
that ultimately govern magnetic blocking. In this regard, spin—
phonon coupling models and ab initio spin dynamics
approaches offer a more complete and predictive framework
for understanding and designing high-performance lanthanide-
based SMMs."”

While the concept of maximizing axial ligand field strength
and minimizing equatorial interactions is well-established,
additional factors, such as the nature of donor atoms, their
number and arrangement in axial/equatorial positions, and the
overall planarity of the equatorial ligand field, also play pivotal
roles. These subtle yet significant structural contributions can
either reinforce or compromise magnetic performance. While
recent advances in data-driven approaches have begun to
influence chemical research, comprehensive models that
disentangle and prioritize the interplay of structural and
electronic factors in SMMs are still relatively limited.'* The
potential of combining high-level theoretical data (e.g., from
CASSCF) with geometric descriptors to rationalize and predict
SMM behavior remains an emerging area of interest.* Such
strategies could, in time, offer complementary pathways to
conventional design, enabling more informed screening of
candidate molecules. In this study, we systematically examine 20
complexes incorporating corannulene and crown-ether ligands,
using a structure—property analysis framework to uncover
geometric factors that most significantly influence the magnetic
behavior of Dy"-based SMMs. By correlating key structural
parameters with computed energy barriers, we aim to establish
practical design principles for enhancing SMM performance
within this molecular class.
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Figure 1. Geometries of various models employed (a) 2, (b) 4, () 9, (d) 10, (e) 12, () 15, (g) 16, (h) 18, (i) 19 and (j) 20. Color code: Dy = pink, C
= light gray, O =red, F = green, S = light yellow and N = blue. Here, all the hydrogens are omitted for clarity.

This set includes computational analysis to explore the impact
of axial ligands in conjunction with the equatorial frameworks.
Corannulene-functionalized Dy complexes have been studied
in combination with different axial ligands such as fluoro,
methoxy, and Cp-based groups. Similarly, crown ether-based
Dy complexes with varying axial ligands, including OC(CHj)5,
Cp, and F~, have been evaluated for their effects on magnetic
anisotropy and relaxation mechanisms (see Scheme 1 and Figure
S3). Here we have undertaken studies 20 complexes, namely
[ (exo-n°-corannulene) Dy(benzo-15-crown-5)]>* (1), [(exo-#*-
corannulene)Dy(benzo-15-crown-5)(OC(CH;);)]*" (2),
[ (exo-n7°-corannulene ) Dy(2-fluoro-benzo-15-crown-5)(OC-
(CH;)3)]** (3), [(exo-n’-corannulene) Dy(benzo-15-crown-5)-
(F)]** (4), [(exo-n°-corannulene)Dy(2-fluoro-benzo-15-
crown-5)(F)]** (5), [(exo-n’-corannulene)Dy(15-crown-5)-
(OHCH;)]** (6), [(exo-n’-corannulene)Dy(15-crown-5)-

(F)]** (7), [(exo-n*-corannulene)Dy(perfluoro-15-crown-5)-
(OHCH;)]** (8), [(exo-n’-corannulene)Dy(perfluoro-15-
crown-5)(F)]** (9), [(benzo-15-crown-5)Dy(OC(CH;);),]*
(10), [(benzo-15-crown-5)Dy(Cp),]* (11), [(benzo-15-
crown-5)Dy(F),]* (12), [(benzo-15-crown-5)Dy(Cp)(F)]*
(13), [(benzo-15-crown-5)Dy(OC(CH,);)(F)]* (14),
[(benzo-15-crown-5)Dy(OCNH,),]** (15), [(diaza-benzo-
15-crown-5)Dy(OC(CH3)3),]" (16), [(triaza-benzo-15-
crown-5)Dy(OC(CH;)5),]* (17), [(benzo-15-thia-crown-S)-
Dy(E),]* (18), [(benso-18-crown-6)Dy(OC(CH,) ), * (19)
[(benzo-18-thia-crown-6)Dy(OC(CH;)3),]" (20). Among
these geometries, complexes 14 and 19 are similar to the
reported X-ray structures.'' "> Complexes 1—9 constitute the
corannulene-based series with equatorial corannulene ligands,
whereas complexes 10—20 form the crown-ether-based series
with equatorial crown ethers.
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2. COMPUTATIONAL DETAILS

All geometry optimizations are carried out usin% the Gaussian 09
suite of programs'® at the UB3LYP functional'’ with a 6—31G*
basis set'® for H, C, O, F, N and S atoms and Stuttgart-Dresden
ECPs (SDDs)"” for Y atom. All structures were optimized by
substituting Dy with Y to reduce computational cost. The ab
initio calculations were performed using the MOLCAS 8.0 code.
Here, we have used the following basis-set ANO---RCC VTZP
for Dy and X: ANO--RCC VDZP” for remaining elements.
The ground state f-electron configuration for Dy™ is 4f’ with
®H,s,, multiplet as a ground state. Initial guess orbitals were
generated using the GUESSORB utility, which constructs
atomic-like starting orbitals suitable for multiconfigurational
calculations. The generation of guess orbitals is followed by the
CASSCEF calculations,”’ where guess orbitals serve as starting
orbitals. The CASSCEF calculations have been performed with
nine electrons in the seven active orbitals with an active space of
CAS (9,7) for Dy"™. Full configuration interaction (CI)
calculations were performed in this active space to achieve 21
sextet states. These 21 sextet states are spin-free states, and the
RASSI module was performed to compute spin—orbit (SO)
states from these states. Further, SINGLE ANISO®** were
carried out to calculate the values of g-tensors of the low-lying
eight Kramer’s Doublets(KD’s). Also, the anisotropy in g-
factors, U, values, crystal field parameters, and direction of g,
of ground KD and tunnel splitting were extracted from this set of
calculations (see Tables S1 and S2).

Machine learning studies were conducted using a range of
algorithms to analyze lanthanide complex data and predict
magnetic properties. Our approach combined traditional
regression models (linear regression, Lasso, Ridge, Elastic
Net) with more sophisticated tree-based models (AdaBoost,
Random Forest, gradient boosting, and extreme Gradient
Boosting). For deeper insights, we implemented an artificial
intelligence-driven correlation analysis using a Random Forest
model with 200 decision trees, allowing unlimited depth
(max_depth = None) and requiring a minimum of five samples
per node split (min_samples_split = §), with hyperparameters
optimized through grid search. The analysis incorporated both
raw geometric parameters (axial angle, axial—equatorial angles,
Dy Displacement, Axial ratio, Equatorial angle spread and
planarity index) and engineered descriptors (Symmetry Metric,
Axial angle squared, Planarity symmetry and angle displace-
ment). Performance evaluation utilized metrics including mean
squared error (MSE) and R-squared (R*) with R* values closer
to 1 indicating better fit. All machine learning models were
implemented using Python libraries such as scikit-learn,
ensuring reproducibility and transparency.

3. RESULTS AND DISCUSSION
111

The design of high-performance Dy single-molecule magnets
(SMMs) critically depends on optimizing the axial and
equatorial ligand environments to enhance magnetic anisotropy
and achieve higher blocking temperatures (Tg). Strong axial
ligand fields are essential to stabilize the mp =+ 15/2 ground
state, while weak equatorial ligation minimizes quantum
tunnelling of magnetization (QTM), both of which are crucial
for improved SMM performance. In this context, we have
optimized 20 Dy complexes and systematically investigated
their magnetic properties using SA-CASSCF/RASSI-SO/
SINGLE_ANISO calculations (coordinates given in ESI). By
exploring the effect of distinct crown ethers as equatorial ligands

alongside strong axial ligands such as Cp, F~, CH;0H, and
(CH;);07, this study aims to establish a rational strategy for
designing Dy -based SMMs with enhanced blocking temper-
atures.

3.1. Mechanism of Magnetic Relaxation in Complexes
1-9. To systematically explore the influence of equatorial ligand
fields on Dy'"-based SMMs, we optimized and analyzed ten
corannulene-containing Dy complexes (1—9), where cor-
annulene serves as an equatorial ligand alongside various axial
donors. These systems are of particular interest as corannulene,
with its curved z-system, can modulate the electron density
distribution and impact the crystal field effects governing
magnetization relaxation.

3.1.1. Effect of Axial Ligands on Magnetic Anisotropy. In
[ (exo-n%-corannulene ) Dy(benzo-15-crown-5)]** (1) (Figure
Sla), the ground state is Ising in nature, with computed g-
tensors of g, = 0.002, g,, = 0.020, g.. = 19.422 (see Table S1).
The axial Dy—C bond distance is 2.475 A, while the Dy—
C(equatorial) bond distances vary from 2.362 to 2.400 A. Due to
minimal deviation in the orientation of the ground and excited
state anisotropy axes, relaxation occurs from the third excited
state, leading to an energy barrier (U.,) of 2032 cm™ (Figure
S2a). The absence of a strong axial ligand results in a moderate
barrier height compared to other systems. A more axial ligand
environment is introduced in [ (exo-17*-corannulene)Dy(benzo-
15-crown-5)(OC(CH;)5)]** (2) (Figure la), where the
presence of —OC(CHj); strengthens the axial crystal field,
leading to a computed crystal field splitting energy of 650 cm™"
(compared to 428 cm™ in 1). The computed g-tensors remain
Ising in nature (g, = 0.002, gy = 0.020, g.. = 19.422), and
relaxation occurs from the third excited state, resulting in a
significantly higher U, of 365.9 cm™" (Figure S2b).

Further enhancement in axiality is observed in [(exo-1°-
corannulene)Dy(2-fluoro-benzo-15-crown-5) (OC(CHj,);) >
(3) (Figure S1b), where the introduction of a fluoro-substituent
in the crown ether ligand introduces a strong inductive (—I)
effect that further weakens the equatorial field. This
modification leads to an increased U, of 386.0 cm™" (Figure
S2c). The computed g-tensors indicate robust axial anisotropy
(8 =0.002, g, = 0.003, g,. = 19.934), with relaxation occurring
from the second excited state due to small QTM values.
Replacing the —OC(CH;); ligand with a fluoride ion in [(exo-
n’-corannulene) Dy(benzo-15-crown-5)(F)]** (4) (Figure 1b)
maintains a strong axial ligand field, albeit with a slightly lower
Uy (3717 ecm™, Figure S2d) compared to complex 3. The
crystal field splitting energy is lower (570.3 cm™), and despite
the system adopting a more linear geometry (F—Dy—F angle =
178.9°), the relaxation still occurs from the second excited state
due to a weaker axial ligand field. A similar trend is observed in
[Dy(exo—ns—corannulene)(F)(2—ﬂuor0—benzo—15—crown—5)]2+
(5) (Figure Slc), where fluorine substitution on the benzene
ring of the equatorial ligand further reduces the equatorial field,
yielding a U, of 384.5 cm™" (Figure S2e).

3.1.2. Effect of Equatorial Ligand Strength on Magnetic
Relaxation. The absence of benzene in the equatorial plane in
[Dy(exo-1°-corannulene) (15-crown-5) (CH;0H) ** (6) (Fig-
ure S1d) significantly alters the relaxation dynamics. The lack of
an inductive effect from benzene increases the equatorial field
strength, reducing the crystal field splitting energy (312.8 cm™")
and lowering Uy, to 45.6 cm™" (Figure S2f). Relaxation occurs
from the first excited state, highlighting the destabilizing effect of
weaker equatorial ligands. Replacing CH;OH with fluoride in
[Dy(exo-1°>-corannulene) (15-crown-5) (F)]** (7) (Figure Sle)
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Figure 2. Ab initio computed magnetic blockade diagrams for (a) 9, (b) 10, (c) 11, (d) 15, (e) 17, (f) 18, (g) 19 and (h) 20, respectively. The arrows
show the connected energy states with the number representing the matrix element of the transverse moment (see text for details). The numbers above
each arrow represent corresponding transverse matrix elements for the transition magnetic moments.
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restores some axiality, increasing U, to 268.8 cm™ (Figure
S2g). The increased CF splitting energy (533.4 cm™") results in
relaxation from the first excited state. Further increasing the —I
effect in [Dy(exo-77°-corannulene)(perfluoro-15-crown-5)-
(CH,0H)]*" (8) (Figure S 1f) introduces a perfluorinated
equatorial ligand, which significantly strengthens the axial field
and improves U, to 235.9 cm™" (Figure 2h). The computed g-
tensors remain Ising in nature (g,, = 0.002, &y = 0003, g.. =
19.929), and relaxation occurs from the second excited state. A
marked enhancement in axiality is observed in [Dy(exo-7>-
corannulene) (perfluoro-15-crown-5)(F)]** (9) (Figure lc),
where the combined effect of a fluorinated equatorial ligand
and a fluoride axial ligand leads to a drastic increase in U, to
1156.9 cm™" (Figure 2a). The small angles between the ground
and first, second, and third excited state g, axes (0.3, 0.2, and
3.3°, respectively) contribute to relaxation from the third excited
state.

3.2. Mechanism of Magnetic Relaxation in Complexes
10—20. To systematically explore the role of equatorial ligand
effects on single-molecule magnet (SMM) behavior, we have
optimized and analyzed 11 Dy™ complexes (10—20) featuring
crown-ether ligands as equatorial donors and various axial
ligands. The primary objective is to assess how equatorial field
modulation impacts the relaxation dynamics and energy barrier
(U.a), which governs the blocking temperature (Tg) of these
systems. Unlike the previous set of corannulene-based systems,
these molecules exclusively contain crown ethers, allowing for a
direct evaluation of the effects of donor atom type, ring size, and
axial ligand strength.

3.2.1. Effect of Axial Ligands on Magnetic Anisotropy. In
[Dy(OC(CH;);),(benzo-15-crown-5)]** (10) (Figure 1d),
two strong-field —OC(CH;); ligands provide axiality, leading
to a ground-state Ising nature with computed g-tensors of g, =
0.000, g,, = 0.000, and g, = 19.983. The Dy—O(axial) bond
lengths range from 2.091 A to 2.137 A, while the Dy—
O(equatorial) distances vary from 2.335 to 2.391 A. Due to the
minimal deviation between the ground and excited state
anisotropy axes (1.0 and 2.8° for the first and second excited
states, respectively), relaxation occurs from the second excited
state, yielding a substantial U, of 1345.5 cm™" (Figure 2b). In
[Dy(Cp),(benzo-15-crown-5)]* (11) (Figure Slg), replacing
—OC(CH,); with two Cp ligands significantly distorts the axial
ligand environment. This reduces the axial field, as reflected in
the g-tensor values (g,, = 0.081, g,, = 0.504, g, = 17.724), and
results in an increased tilt in the axial ligand coordination (Cp-
Dy-Cp angle = 171.0°). Consequently, relaxation occurs from
the first excited state, leading to a drastically reduced energy
barrier of 31.1 cm™" (Figure 2c).

A more axial ligand environment is restored in [Dy-
(F),(benzo-15-crown-5)]* (12) (Figure le), where two F~
ligands replace the Cp groups. The Dy—F bond lengths (2.124
At02.029 A) and equatorial Dy—O distances (2.349 t0 2.407 A)
generate a robust axial ligand field, reflected in the g,, value of
19.979. The relaxation occurs from the third excited state,
leading to a U, of 1345.5 cm™" (Figure 2d). Introducing mixed
axial ligands in [Dy(F)(Cp)(benzo-15-crown-S)]* (13) (Figure
S1h) leads to a slightly lower but still substantial axial anisotropy
(g,.=19.981). The Dy—F and Dy—Cp bond distances (2.119 to
2.427 A) induce small deviations in the g, axis alignment across
excited states (0.0, 1.8, 3.1, and 9.9°), leading to relaxation from
the fourth excited state and a U, of 913.4 cm™" (Figure S2i). A
further increase in axial ligand strength is seen in [Dy(F)(OC-
(CH,);)(benzo-15-crown-5)]*(14) (Figure S1i), where two of

the strongest axial ligands, F~ and —OC(CHs);, stabilize the
ground-state anisotropy (g,, = 19.981) and lead to relaxation
from the fourth excited state with a U, of 1471.6 cm™" (Figure
S2j). Replacing these strong axial ligands with weaker —OCNH,
ligand The Dy—N bond distances (2.361 to 2.431 A) in
[Dy(OCNH,),(benzo-15-crown-5)]* (15) (Figure 1f) signifi-
cantly reduces the axial field. The Dy—N(axial) bond lengths
(2.351 to 3.154 A) are longer compared to the Dy—O(axial)
distances seen in earlier models, weakening the crystal field and
lowering U, to $63.2 cm™ (Figure S2k). The compound
[Dy(BH,),(18-C-6)][Na(THF),(18-C-6)][BPh,]"'"® exhibits
an effective energy barrier (U.g) of 86 cm™" under an applied
magnetic field of S00 Oe, whereas [Dy(18-C-6)(NO;),]BPh,
shows a significantly lower barrier of 29.9 cm™, highlight the
importance of tuning the axial ligand in obtaining superior
SMMs.' '

3.2.2. Effect of Equatorial Ligand Donor Type. Replacing
oxygen with nitrogen in the equatorial plane of [Dy(OC-
(CHa)5),(diaza-benzo-15-crown-5)]* (16) (Figure 1g) slightly
lowers U, to 1224.9 cm™" compared to its oxygen analogue
(Figure S21). The Dy—N bond distance (2.431 A) is longer than
the Dy—O bond, resulting in greater movement of the Dy ion
within the equatorial plane and consequently a reduced U
value. Further in [Dy(OC(CHj;),),(triaza-benzo-15-crown-
5)]* (17) (Figure S1j) maintains a comparable axial anisotropy
(g.. = 19.980) but results in relaxation from the fourth excited
state, with a slightly reduced U, of 1219.7 cm™" (Figure S2I).
Substituting sulfur in the equatorial plane in [Dy(F),(benzo-15-
thia-crown-5)]* (18) (Figure 1h) significantly enhances axiality
by weakening the equatorial ligand field. The Dy—S bond
distances (2.880 to 2.927 A) are longer than the Dy—N and Dy—
O counterparts, stabilizing the Ising nature up to the first excited
state (g,, = 19.992). Relaxation occurs from the fifth excited
state, leading to a U, of 1634.3 cm™" (Figure 2f). Increasing the
crown ether size from 15-crown-S to 18-crown-6 in [Dy(OC-
(CHs;);),(benzo-18-crown-6)]* (19) (Figure 1i) leads to Dy—
O distances ranging from 2.576 to 2.779 A, weakening the
equatorial field and resulting in a higher U, of 1468.9 cm™
(Figure 2g). Finally, incorporating sulfur in the expanded ring
system in [Dy(OC(CHj;);),(benzo-18-thia-crown-6)]* (20)
(Figure 1j) further maximizes the energy barrier, yielding the
highest U, value in this study at 1705.0 cm™" (Figure 2h). The
Dy—S bond distances (2.989 A to 3.264 A) minimize equatorial
interactions while maintaining strong axial anisotropy. Between
the two sets of Dy! SMMs studied crown ether-based systems
without corannulene offer greater tunability in equatorial field
modulation.

While corannulene-containing molecules generally maintain
rigid equatorial environments, the crown ether systems allow for
finer control of donor atom type, ligand flexibility, and steric
effects. The highest U, values are consistently achieved in
systems where Dy—S or D—O bond distances are maximized
while retaining strong axial ligand fields. These findings reinforce
the importance of weak equatorial ligand fields and strong axial
ligand fields in designing high-blocking-temperature Dy™
magnets (see Table 1). The insights gained here provide
valuable guidelines for experimental synthetic efforts in
developing next-generation molecular magnets.

3.3. Correlation Analysis to Predict Uy from Geo-
metrical Parameters. Building on insights from ab initio
multireference calculations, particularly CASSCF/RASSI-SO/
SINGLE_ANISO, which have proven indispensable in accu-
rately predicting the magnetic anisotropy, relaxation barriers
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Table 2. Different Geometric Descriptors along with Engineered Descriptors and Their Definitions”

parameters features formula
Axial Angle F1 0.0 = 2(A1-Dy-A2)
X
Dy Displacement F2 dp, = |zpy — N Z Zogi
i=
Axial-Eq Angle F3 Oial—eq =
i=1
min(dy;, d,
Axial Ratio F4 Ry = min(dyy duo)
max(dAl, dyy)
Eq. Angle Spread FS Oty Z O eq
e‘ 1 <
Planarity Index F6 P= V\‘N Z (7-h)*
i=1
Axial Angle Squared F7 o
Angle-Displacement F8 Angle-Displacement = 6,;
Rt Orvia —6
Symmetry Metric F9 S= ax::_ == +¢e=10
0eq
Planarity-Symmetry F10 Py = P X 00,

N
1
— £ (Axial—Equatorial.
< 24 quatorial)

al X dDy

definition

Bond angle between the two axial ligands (A1-Dy-A2)

Vertical distance of Dy from equatorial plane (A)

Average angle between axial and equatorial ligands

Ratio of shortest to longest Dy-axial bond (A1/A2)

Standard deviation of equatorial ligand angles

RMSD of equatorial ligands from ideal plane

Captures nonlinear angular effects

Quantifies axial geometry-displacement coupling
Combines axial/equatorial symmetry into single metric

Links planarity with angular distribution

“Where 0,5, is the axial ligand bond angle, d,, is Dy displacement from equatorial plane, Ry, is axial bond length ratio, 0y, is equatorial angle

standard deviation, P is planarity index, fi is the unit normal vector to equatorial plane, € is the numerical stability constant, zp, is z-coordinate of

Dy atom in Cartesian system, z.q;

is z-coordinate of the ith equatorial ligand, 7; is the position vector of ligand i relative to plane centroid.

(U.y), and g-tensors of Dy™ -based SMMs, we turned to ML as a
complementary tool for data-driven discovery. While the
importance of axial ligand field strength and minimization of
equatorial interactions is well-recognized, factors such as the
nature and number of donor atoms, deviations from ideal
geometry, and overall equatorial planarity also play critical roles
in determining magnetic relaxation behavior. Here, we have
systematically analyzed the Dy" complexes—featuring both
corannulene and crown-ether frameworks—using a set of 10
structural descriptors (F1—F10; see Tables 2 and S3) designed
to encode key geometric characteristics of the molecule (see
Table 2 and Scheme 2). This integrated strategy allows us not

Scheme 2. Pictorial Representation of the Features Used in
the AI/ML Calculations

F7=F12
F8=F1x F2
J F9=(F1x F4)/F5
F10=F6x F5

only to predict magnetic relaxation properties but also to
identify which geometric features most strongly govern high-
performance behavior in Dy"™ SMMs, thereby paving the way for
rational, data-guided discovery.

To understand how geometric distortions influence the
energy barrier (U,), we performed a systematic Pearson
correlation analysis™ between key structural features and U,
values (Figures 3a and S4). Among these, Dy displacement from
the equatorial plane and the angular deviation from ideal axial
geometry emerged as dominant factors, showing strong negative
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Figure 3. Ccorrelation matrix of geometric descriptors and engineered
parameters for Dysprosium complexes.

correlations (—0.61 and —0.63, respectively). These distortions
significantly suppress magnetic performance, as seen in complex
6, which with a Dy displacement of 0.58 A and angular deviation
of 8.86° results in a U, > of just 45.6 cm™". In contrast, complex
18, despite a high angular deviation (12.1°), has an extremely
small Dy displacement (0.01 A), and achieves a barrier of 1634
cm™’, highlighting the greater influence of planar positioning in
this case. Similarly, the axial bond angle and its squared term also
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show moderate negative correlations (—0.37), indicating that
significant deviations from ideal axiality can destabilize
anisotropy. For instance, complex 11, with an axial angle of
171.1°, has a notably low U, of 31.1 cm™". On the other hand,
features associated with axial symmetry exhibit positive
correlations. The axial ratio, in particular, shows a strong
positive relationship (+0.60) with U,. Complexes that closely
approach ideal symmetry, such as complex 16 with an axial ratio
of 0.99: display high barriers (1224.9 cm™), while those with
more asymmetric environments, like complex 4 (axial ratio =
0.74), yield much lower values (371.7 cm™"). A similar but more
modest positive trend is seen with the axial—equatorial angle
separation (F3), which has a correlation coefficient of +0.36.
Complex 14, for example, with F3 = 90.02°, attains a U, of
1471.6 cm™, reflecting the stabilizing role of angular isolation
between axial and equatorial donor sets. Other features, such as
equatorial angle spread (FS: + 0.18), planarity index (F6: +
0.20), and symmetry metrics (F9 and F10), display weaker
correlations with Uy, suggesting that they have relatively minor
standalone effects. Notably, high-performing complexes such as
complex 20 (U, = 1705 cm™"), which show moderate values in
these less impactful parameters, reinforce the idea that energy
barrier height is predominantly governed by a small set of
structurally critical factors, particularly Dy displacement, angular
deviations, axial symmetry, and angular separation.

In addition to correlations with the energy barrier, the
Pearson correlation matrix reveals several meaningful relation-
ships among the structural descriptors themselves, which
provide deeper insight into the geometric factors controlling
magnetic anisotropy. Notably, Dy displacement (F2) shows a
strong negative correlation with the axial ratio (F4: —0.60),
indicating that complexes with minimal Dy displacement tend to
maintain a higher axiality in their coordination environment.
This relationship reinforces the idea that axial symmetry is
intimately linked to the positioning of the Dy ion relative to the
equatorial plane.

Similarly, equatorial angle spread (FS) exhibits a strong
positive correlation with the planarity—symmetry metric (F10:
+0.97), suggesting that more uniform equatorial angles promote
overall planarity and symmetry in the equatorial donor set. The
correlation matrix also highlights interactions between axial and
equatorial features. For instance, axial—equatorial angle (F3)
correlates positively with planarity—symmetry (F10: +0.76),
suggesting that maintaining angular separation between axial
and equatorial donors not only isolates the axial anisotropy axis
but also enhances equatorial planarity. Conversely, symmetry
metrics (F9) are negatively correlated with Dy displacement
(F2: —0.62) and axial ratio (F4: —0.64), reinforcing that
deviations in Dy positioning or loss of axiality are accompanied
by a reduction in overall symmetry, which can suppress U,,.
Taken together, these cross-term correlations reveal that the
magnetic anisotropy of Dy' SMMs is governed not only by
individual geometric descriptors but also by the interplay
between axiality, Dy positioning, and equatorial planarity.

It is important to note that the present work focuses on
establishing systematic geometric correlations with the aniso-
tropy barrier using CASSCF calculations, thereby providing a
consistent framework for comparative analysis across a diverse
series of Dy(I1I) complexes. Previous studies have demonstrated
that explicit modeling of spin—phonon coupling represents
another critical step toward improving SMM performance. In
particular, for selected pseudo-Dsh Dy(IIl) systems,'* it was
shown how vibrational modes modulate crystal-field parameters

24514

and govern both Orbach and Raman relaxation pathways.
Furthermore, a recent machine-learning (ML) model developed
for D,-type molecules,'* capable of predicting relaxation
barriers and related magnetic properties directly from structural
features, offers a promising route for guiding the rational design
of next-generation SMMs.

4. CONCLUSIONS

Despite significant progress in Dy"-based SMMs, designing
systems with high energy barriers (U, > 1000 cm™") remains a
nuanced challenge due to the intricate interplay between
geometric precision and ligand field modulation. This study
systematically investigated a range of Dy"" complexes featuring
crown ether and corannulene ligands, combining ab initio
calculations with correlation analysis to unravel key structure—
property relationships. Our findings indicate that two factors
consistently limit performance: displacement of the Dy ion
from the equatorial plane and angular deviation from axial
symmetry. When the Dy displacement exceeds 0.25 A and
angular distortions surpass 5°, energy barriers drop sharply,
typically placing such systems in the low-performance zone (U,
< 500 cm™"). Conversely, favorable parameters, including axial
bond ratios approaching 1.0 and larger average axial—equatorial
angles, are associated with improved magnetic behavior. Even
when these are moderately optimized (e.g,, in complex 16), the
systems often reach midlevel barrier heights (500 < U, < 1200
cm™"). The best-performing complexes (e.g., 18 and 20) exhibit
axial ratios >0.90, Dy displacement <0.1 A, and minimal angular
deviation (<2°), achieving barriers in excess of 1200 cm™". While
not a substitute for detailed electronic structure analysis, such
models can aid in identifying patterns across chemically diverse
systems, offering a valuable framework for future design efforts.
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