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ABSTRACT: Synthesis of nonameric cationic clusters
[Dys(acac)s(p3-OH)g(14-OH),]JOH-6H,0 (1), [DysTb
(acac) 4(43-OH)g(14-OH),]JOH-2H,0 (2), and [Gdg(acac);s(ps-
OH)s(u4-OH),]JOH-6H,0 (3) (acac = acetylacetonate) is
reported. The emission spectrum of 1 shows Dy(Ill) ion
characteristic bands assignable to the *Fy, — 6H] (J =15/2 to
9/2) transitions. Emission due to both Dy(III) and Tb(III) ions is
observed for 2 in the visible range, with Tb(III) specific bands
appearing due to the *D, — 7F] (J = 6, 4, and 3) transitions. Cluster Dys (1)
3 exhibits a significant magnetocaloric effect (MCE), with —AS,,
values increasing with decrease in temperature and increase in field,
reaching —ASR™ = 20.98 J kg™' K" at 2 K and 9 T. Isotropic magnetic coupling constants (J;) in 3 derived from density functional
theory (DFT) calculations reveal that the exchange interactions are antiferromagnetic and weak. Compound 3 possesses S = 7/2
ground state arising from the central Gd(III) ion along with several nested excited states due to competing antiferromagnetic
interactions that yield reasonably large MCE values. Utilizing computed exchange coupling interactions, we have performed ab initio
CASSCE/RASSI-SO/POL_ANISO calculations on antiferromagnetic 1 and 2 to estimate the exchange interactions using the Lines
model. For 2, Dy(III)--Tb(III) exchange interactions were extracted for the first time and were found to be weakly

DygTb (2) Gdjg (3)

Luminescence Luminescence Magnetocaloric effect

antiferromagnetically coupled.

H INTRODUCTION

Lanthanide (Ln) molecular complexes have gained significant
interest across a wide range of disciglines, which include
catalysis,1 magnetic resonance imaging,” luminescent materi-
als,” multimodal imaging probes,® single-molecule magnets
(SMMs),>™” and quantum information processing (QIp).®
Over the last few decades, numerous Ln-based clusters have
been re;)orted, with nuclearities such as Ln3,9 Ln4,m’11
Ln5712_1 Lnéilg Ln8)9 Ln9;9,16’17 Ln10)19 Lnlz;2 Lnlé;z1
Ln19,22 Lnsé,23 Ln48,24’25 Ln104,26 etc. An interesting aspect of
these clusters is their luminescence properties with character-
istic emission wavelengths spanning across visible to near-
infrared regions.27_29 Among the Ln(III) ions, Tb and Eu are
well known for their exceptional photoluminescence (PL)
behavior, which can be attributed to an intramolecular energy
transfer from the electronic states associated with the organic
complex to localized intra-4f shell energy levels of the
973 Being highly shielded, 4f electrons present in Ln
ions exhibit magnetic and spectroscopic properties of the free
parent ion (ligand field effects are marginal). Thus, their orbital
momentum is almost unquenched, and they have a well-
defined distribution of electronic levels, resulting in sharp and
easily identifiable 4f—4f electronic transitions.”>*

ions.
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Apart from their impressive luminescence properties,
Ln(III) complexes have been gaining significant attention in
the emerging area of molecular spin qubits and quantum gates
(QGs). These complexes are being explored for their potential
to manipulate spins and perform quantum logic operations.
Logic QGs such as controlled-NOT (C-NOT) and SWAP
gates manage quantum computation operations.‘zs’36 Achieving
universal quantum gates involves arranging two weakly coupled
and asymmetric lanthanide ions, particularly in the case of C-
NOT gates. Aromi and co-workers in 2014 introduced
heterobimetallic lanthanide complexes as promising candidates
for processing quantum information in quantum com-
puters.”?” The preparation of heteronuclear coordination
systems, which involve different types of metal ions, is
acknowledged as challenging yet interesting, as quantum gates.
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Scheme 1. Synthetic Protocol for the Preparation of the Complexes 1-3
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Figure 1. Molecular structure of compounds 1—3 (methyl groups of acac ligands, lattice OH ion, and lattice water molecules are omitted for clarity;
symmetry codes: A =15 —x, 1.5 —y,2z; B=15 —x,y,z; and C = x, 1.5 — y, z).

Besides, Ln(III)-based clusters have also been reported to
exhibit significant magnetocaloric effect and hence act as
molecular refrigerants and can potentially render conventional
refrigeration techniques obsolete.”*” To be a promising
magnetic coolant, a compound should possess negligible
magnetic anisotropy, a large spin ground state (S), quenched
orbital momentum (D = 0), weak superexchange interaction,
and high magnetic density."”*" Among the Ln(III) ions,
Gd(III) based clusters, possessing almost all of the above
requirements, have been investigated widely, establishing
themselves as potential candidates to display appreciable
MCE, 2~

Synthesis of Ln(III)-based clusters with a desired nuclearity
in a controlled manner is a challenging task.**™*’ The choice of
pH, solvent, temperature, reaction time, and ligand: metal-ion
ratio plays an important role in modulating the composition
and architecture of the isolated Ln(IIl) clusters. Among the
cluster types, Lny nonanuclear lanthanide clusters having an
“hourglass”-like core have been studied in some detail (Table
S1).*>°°7>7 Given the wide utility of such polynuclear clusters
described above, we have investigated in the present study a
new series of nonanuclear isostructural Ln cationic clusters

[Dys(acac)6(43-OH);(14-OH),]OH-6H,0 (1), [Dy,Tb-
(acac)s(u3-OH)s(uy-OH),JOH-2H,0 (2), and
[Gdy(acac)¢(u3-OH)g(1,-OH),]OH-6H,0 (3), where the
Ln(III) ions are bridged by hydroxyl groups and acac ligands,
thereby facilitating strong interaction between the Ln(III) ions
within the cluster. Compounds 1 and 2 made up of Dy(III)
and Tb(III) ions have been studied for their photo-
luminescence behavior, while the Gd cluster 3 has been
investigated for its magnetocaloric behavior.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Complexes 1-3.
Nonameric lanthanide hydroxide clusters, [Dy,(acac)s(t;-
OH);(u4-OH),]OH-6H,0 (1), [DysTb(acac);s(p3-OH)g(py-
OH),]OH-2H,0 (2), and [Gdy(acac);s(p3-OH)g(py-
OH),]OH-6H,0 (3) (acac = acetylacetonate) (Scheme 1)
have been prepared from the reaction of correct stoichiometric
amounts of respective hydrated Ln(III) chloride salt(s) with
acetylacetone in the presence of triethylamine and methanol
under mild conditions (Scheme 1). These clusters are soluble
in dimethyl sulfoxide (DMSO) and dichloromethane and not
in water, methanol, and acetonitrile in spite of their ionic
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Figure 2. Core structure of 1—3 (acac ligands present on the Ln(III) ion, lattice OH ion, and lattice water molecules are omitted for clarity;
symmetry codes: A = 1.5 — x, 1.5 — y,2z; B =15 —x, y, z; and C = &, 1.5—y, z).

(b)

Figure 3. (a) Representation of the basal plane connecting four Dy(III) centers at the top and four Dy(III) centers at the bottom in compound 1.
(b) Crystal packing arrangement of 1 along the c-axis with internuclear Dyl—Dyl bond distance; dashed green line shows the internuclear bond
distance between two Dy atoms (acac ligands present on the Ln(III) ion, lattice OH ion, and lattice water molecules are omitted for clarity). Color

scheme: cyan, Dy; red, O.

character. The nonaclusters are one of the many products
formed in these reactions in very low yields that have been
carefully separated from the rest of the product. Compounds
1-3 have been characterized by spectroscopic and analytical
methods, and molecular structures have been identified by
single-crystal X-ray diffraction analysis.

Compounds 1-3 yield almost identical Fourier transform
infrared (FT-IR) spectra (Figures S1—S3). The broad band
appearing in the range 3500—3200 cm ™' corresponds to the
—OH stretching frequency of y,-OH and y;-OH bonds. The
weak absorption bands in the range 3000—2900 cm™' is
assigned to unsaturated as well as saturated C—H stretching
frequency of the acetylacetone ligand. The band appearing
around 1600—1500 cm™ reveals the presence of conjugated
carbonyl and C=C functional groups. The characteristic

absorption band for the M—O stretching vibration is present in
the range 890—750 cm™ for all compounds. Compounds 1—3
exhibited stable thermal behavior up to 200 °C, as shown by
thermogravimetric analysis (TGA) (Figure S4).

Single-Crystal X-ray Diffraction Studies. Single-crystal
X-ray diffraction data reveal that clusters 1—3 are isostructural
and crystallize in the tetragonal P4/n space group. Selected
bond lengths and bond angles of 1—3 are presented in Tables
§2-57.

Hence, only the structure of cluster 1 is described here in
detail as a representative case. Clusters 1—3 contain a 4-fold
axis passing through the central Dyl atom as shown in Figure
1. The cationic part of the nonameric cluster 1 contains 9
metal ions distributed in 3 layers in a 4:1:4 configuration, 16
acac ligands, 8 y13-OH anions, and 2 u,-OH groups.56 One OH
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Figure 4. Polyhedral view around the different coordinated Dy(III) centers of 1; the geometry around the central Dyl is square antiprism and for
the peripheral Dy2 biaugmented trigonal prism configuration. Metal polyhedra in 2 and 3 are identical to compound 1.
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Figure 5. Emission spectra of 1 (left) and 2 (right) in DMSO at room temperature (4., = 320 nm).

anion outside the coordination sphere maintains the electro-
neutrality in the structure. Additionally, there are six lattice
water molecules present in homometallic species 1 and 3,
whereas heterometallic 2 contains only two water molecules in
the lattice. Thus, the upper and lower rims of 1 are made up of
Ln,(u,-OH) units (rim 1 = Dy2, Dy2A, Dy2B, Dy2C; rim 2 =
Dy3, Dy3A, Dy3B, Dy3C), which sandwich the ninth
lanthanide ion at the center of the cluster (Figures 2, 3 and
S5). In other words, cluster 1 contains two basal planes having
four Dy atoms, each forming pentanuclear square pyramid that
share the apical Dyl center. The Dy atoms present on the
triangular faces of these pyramids are capped by u;-OH groups
with the Dyl---Dy2 and Dyl---Dy3 distances being 3.7130(4)
and 3.7038(4) A, respectively (Figure 3a). Further, the basal
plane Dy atoms are capped by p,-OH groups with Dy2---Dy2B
(or Dy2C) and Dy2:--Dy2A distances of 3.5826(S) and
5.0666(S) A, respectively. Similar distances at the other basal
plane or rim are Dy3--Dy3B (or Dy3C) = 3.6152(5) A and
Dy3:Dy3A = 5.1127(5) A (Figure 3a). The distance between
the planes is 5.8200(1) A. Each u,-OH group is shifted by
about 0.24 A above the basal Dy, plane, slightly lower than the
reported in the literature for other Lny clusters.”® The rim
Dy(III) centers are surrounded by 16 acetylacetonate ligands
that are divided into 2 groups, 8 of which chelate a given
lanthanide ion while the other 8 chelate a metal ion and also
bridge an adjacent metal ion through one of the oxygen centers
(Figure S6).

The overall molecular structure of 1—3 possesses a well-
known “diabolo” or “hourglass” shape as shown in Figure 2.

11966

The intermolecular Dy--Dy distance between the adjacent
central Dy atoms is 14.0303(2) A, as seen from the packing
diagram in Figure 3b. Furthermore, the clusters have two
distinct coordination environments around Dy ions. The
central Dyl is connected to the eight peripheral Dy(III) center
through eight y;-OH anion, whereas the basal Dy atoms are
interconnected through y,-OH in the nearly regular parallelo-
gram. The presence of hydroxyl groups in the cluster promotes
intramolecular hydrogen bonding, thereby increasing the
stability of the structure (Table S8).

The exact determination of the shape around nonequivalent
Dy(IlI) centers (Dyl and Dy2) is carried out by SHAPE 2.1
software.”” Central Dyl atom shows a square antiprism
coordination geometry, while peripheral Dy atoms, i.e., Dy2/
Dy3 display biaugmented trigonal prism coordination geom-
etry with CShMs (the Continuous Shape Measures values) of
0.36 (D) and 1.537 (C,,) for Dyl and Dy2 (or Dy3),
respectively (Tables S9 and S10). The coordination poly-
hedron views of Dyl and Dy2 (or Dy3) atoms are shown in
Figure 4.

The relatively lower yields of Lng clusters limit the bulk
synthesis of compounds 1-3. Therefore, powder X-ray
diffraction analysis measurements for bulk purity had to be
carried out using samples collected from different batches
(Figure S7). Nevertheless, the powder X-ray diffraction
patterns of the bulk material collected from different batches
correlate well with the simulated pattern derived from single-
crystal X-ray diffraction patterns, indicating the purity of the
compound.
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Figure 6. Temperature dependence of yy T for 1—3 clusters at 0.5 T. The simulation of the susceptibility was performed using computed J values
from DFT and POLY_ANISO simulations. As there are simulations from independent calculations, error on the ] values can not be estimated.

Luminescence Spectra Studies. The UV—vis absorption
spectra of 1—3 were recorded in solution (DMSO, conc. = 1 X
107* M) as well as solid state in the range of 200—800 nm at
room temperature. In solution, the excitation spectra (Figures
S8 and S9) show broad features in the region 260—320 nm for
compounds 1—3. These features can be assigned to 7—7* and
n—n* transitions of the acetylacetonate ligand. The solid-state
excitation of complexes 1 and 2 shows ligand as well as
respective Dy(III) and Tb(III) ion-based peaks within the
range 325—500 nm, whereas 3 shows only ligand-based peaks
centered at 290 nm (Figure S10).

The luminescence properties of 1—3 in solution (DMSO)
and the solid state were investigated at room temperature.
Excitation of complex 1 in DMSO at 320 nm shows
characteristic sharp emission bands for Dy(IIl) ion in the
range 481—752 nm that can be assigned to *Fy,, — °Hi;),
(481 nm), 41:"9/2 - 6Hls/z (575 nm), 41:9/2 - 6Hn/z (664 nm),
and *Fy,, — 6H9/2 (753 nm) electronic transitions (Figure S,
left).>°%°! Similarly, for mixed lanthanide cluster 2, both
Dy(III) and Tb(III) ions are known to emit in the same visible
spectral region. The emission spectrum of 2 exhibits peaks
from both Dy(Ill) (4., = 480, 576, 646, and 698 nm) and
Tb(III) (Ao, = 488, 548, and 620 nm) for this mixed metal
cluster (Figure S, right). Well-resolved luminescence bands in
the visible region appearing at 488, 548, and 620 nm indicate
transitions from *D, excited states of the Tb(III) ion to the 7F}
(J = 6—3) lower energy states, respectively. Hence, the
emission spectra of 1 and 2 show characteristic luminescence
of Dy(III) and Tb(III) ions upon excitation at 320 nm, which
is the absorption band of acetylacetonate ligand.”> This can be
explained by the energy transfer mechanism in the lanthanide
complexes proposed by Dexter. Based on Dexter’s theory,”
the suitability of the energy difference between the resonance
level of the Ln(III) ion and the triplet state of the ligand is a
key factor affecting the energy transitions of the lanthanide
complexes.

In cluster 3, upon excitation at 300 nm, the spectrum
showed a broad emission band in the range 400—450 nm
originating from acetylacetonate ligand. This can be attributed
to the fact that the Gd(III) ion lacks luminescent features
(Figure S9). Similar solid-state emission patterns were
observed for complexes 1—3 (Figure S11), and they are
comparable to the solution PL spectra but for some minor
changes (Figure S11). The observed differences are due to the
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fact that the emission properties of a complex can vary
significantly due to differences in molecular packing and
interactions in the two different states. In the solid state,
molecules are often closely packed, leading to increased
intermolecular interactions that can affect the emission
properties.”* In contrast, in solution, molecules are more
mobile and experience weaker intermolecular interactions,
leading to emission properties that are typically closer to those
of isolated molecules. Therefore, solvation effects can influence
the emission properties in solution.”® The emission wavelength
in the solid state is red-shifted compared with that in the
solution state for all three complexes.

As can be seen from Figure S, compounds 1 and 2 show
luminescence behavior in the visible range, whereas the
Gd(III) analog 3 does not. The quantum yield calculations
for complexes 1—3 showed values of 11 and 13% for 1 and 2,
respectively, and 6.6% for 3.

Magnetic Studies. Variable-temperature magnetic sus-
ceptibility measurements for complexes 1—3 were carried out
on the polycrystalline samples under an applied direct current
(dc) field of 0.5 T in the temperature range of 2—200 K
(Figure 6).”7°° At 200 K, the yuT (yy = molar magnetic
susceptibility) values are 127.13, 125.08, and 70.99 cm® K
mol™" for complexes 1, 2, and 3, respectively. These are in
good agreement with the expected theoretical values of 127.64
cm® K mol™ for nine isolated Dy(III) ions (°H,s5, S = 5/2, L
=S, g = 4/3) in complex 1, 125.35 cm?® K mol™! for eight
isolated Dy(IIT) and one noninteracting Tb(III) ions ("Fg, S =
3,L =3, g=3/2) in complex 2, and 70.92 cm® K mol™ for
nine Gd(III) ions (%S,,,, S =7/2, L =0, g =2) in complex 3.
The y\T value gradually decreases upon cooling for complexes
1 and 2 until 50 K, before sharply falling to $4.12 cm® K mol™
for 1 and 56.24 cm® K mol™ for 2 at 2 K. The y,T value
remains almost constant for the Gd(III) complex 3 upon
cooling and sharply decreases below 20 K reaching a value of
3440 cm® K mol™' at 2 K. The decrease in the magnetic
susceptibility values from 127.13 to $4.12 cm® K mol™ for 1,
125.08 to 56.24 cm® K mol™! for 2, and 70.99 to 34.40 cm® K
mol™" for 3 can be due to the intermolecular magnetic
exchange/depopulation of the Stark sublevels. Curie—Weiss
analysis of the magnetic susceptibility data yields 6 = —5.19 K
for 1, —5.44 K for 2, and —3.04 K for 3 indicating overall
antiferromagnetic interactions (Figure S12).
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Field-dependent magnetization measurements were per-
formed for complexes 1—3 in the magnetic field range of 0—
7 T in the temperature range of 2.0—10.0 K for 1 and 2
(Figures S13 and S14) and in the temperature range of 2.0—
20.0 K for 3 between 0 and 9 T (Figure 7). The magnetization

2K

3 20K

HIT

Figure 7. Plot of M versus H of compound 3 in the temperature range
of 2—20 K.

(M) at 2 K for 1 and 2 increases linearly at lower magnetic
fields and then gradually reaches 55.35 g for 1 and 56.91 g
for 2 at 7 T without saturation, much lower than the expected
M, values of 90 py for 1 and 89 ugp for 2, respectively,
indicating significant magnetic anisotropy. In the case of
complex 3, the magnetization increases sharply and linearly at
lower magnetic fields at 2 K, subsequently reaching 57.68 i3
with saturation at 9 T, which is almost close to the expected
value of 63 g for 3.

Alternate current (ac) susceptibility measurements were also
performed for complexes 1 and 2, both in the absence and
presence of the applied dc field. However, no out-of-phase
component of ac susceptibility (") was observed signifying
the absence of slow relaxation of magnetization in these
clusters within the operating range of temperature of our
SQUID magnetometer (Figures S15—S18).

In the context of advancing molecular magnetic refrigerant
materials, polynuclear gadolinium-based clusters are known in
the literature for showing a significant magnetocaloric
effect.””% The magnetic entropy changes for compound 3
were calculated from the magnetization data (Figure 7)
according to the Maxwell equation: AS, (T)xy =
f [0M 0T ] dH. The plot of —AS,, versus T (Figure 8) clearly
demonstrates the magnetic entropy change (—AS,) of 3
gradually increases with a decrease in temperature (20—2 K) as
well as the increase in the field (0—9 T). The experimental
—AST™ for 3 is 20.98 J kg' K™! at T = 2.0 K with 9.0 T is
lower than the theoretically calculated value of 47.21 J kg™*
K™! for nine uncorrelated Gd(III) ions (S = 7/2) deduced
from the equation—AS,, = nRIn(2S + 1) (where n is the
number of gadolinium atoms, R is the gas constant, and S is the
spin state).” The significant dissimilarity in the experimental
and calculated entropy changes is attributed to the
antiferromagnetic interactions between the gadolinium metal
ions. Table S11 shows a comparative literature of —AS,, values
for various polynuclear Gd, (n > 4) clusters. These results
show that nonameric cluster 3 shows a significant magneto-
caloric effect and can be used as a magnetic refrigerant coolant.

Theoretical Studies. To understand the magnetic proper-
ties of the nonanuclear cluster, we have performed DFT® and

9T
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T
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Figure 8. Plot of change in magnetic entropy (—AS,,) versus T for 3
at 0—9.0 T from 2 to 20 K.

ab initio CASSCF/RASSI-SO/SINGLE_ANISO’*"" calcula-
tions (see Computational Details in the Experimental Section
for more information).

Evaluation of Isotropic Magnetic Exchange in
Complex 3. To begin with, broken symmetry (BS) DFT
calculations were performed on complex 3 to estimate the
isotropic magnetic exchange coupling constant among the
Gd(III) ions. A careful look at the geometry reveals three
different exchange interactions in complex 3 (see Figures 9,
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Figure 9. Magnetic exchange pathways (J;—J;) for complex 3.
Upward- and downward-facing arrows indicate spin-up and spin-down
configurations, respectively.

S19, and S20). The J; interaction describes the coupling
between two Gd(III) ion centers bridged by acac ligand bridge
(£Gd—0—-Gd 96.9°) angle and one p1;-OH bridge (£Gd—O—
Gd 103.2°). The J, interaction is the diagonal interaction in
the {Gd4} moiety mediated via a y1,-OH bridge (£Gd—0—Gd
= 169.2°). The J; interaction between the {Gd4} square the
central Gd(III) ion mediated via two y3-OH bridges (£Gd—
O—Gd of 102.7 and 104.1°). This is necessary considering the
earlier magneto-structural correlation proposed by Rajaraman
and co-workers.”” The DFT calculated J,—J; are —0.056,
—0.022, and —0.052 cm™', respectively. Earlier magneto-
structural correlation predicts that the Gd—Gd exchange is
expected to be ferromagnetic only when the Gd—O—Gd angle
lies in the range of 105—135° and here all of the angles are
found to lie outside this range and, therefore, expected to be
antiferromagnetic as computed from DFT calculations.”””*
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Figure 10. Single-ion magnetization relaxation dynamics of the (a) Dy9 center in complex 1 and (b) Dy8 center in complex 2.

Figure 11. Orientation of magnetic anisotropic axes in complexes 1 and 2. (a) Top view and (b) side view of 1. (c) Top view and (d) side view of
2. Hydrogen atoms are omitted for clarity. Color scheme: Dy, cyan; Tb, light brown; O, red; C, gray. The dark blue arrow shows the direction of
the ground state anisotropy axis for the Dy(IIl) ion, the dotted violet line indicates the extension of the ground state anisotropic axes in both

directions, the dark green arrow shows the ground state anisotropy axis direction for the Tb(III) ion, and the light green line in (b) and (d)
represents the pseudo-Sg axis direction.

The earlier observed parabolic behavior suggests that a lower
angle would yield strong antiferromagnetic Gd---Gd inter-
actions, which is observed here with J; > J; > J,. This is
essentially due to weak ferromagnetic contribution J that arise

due to charge-transfer interaction to the 5d/6s orbital and
weak but non-negligible 4f—4f orbital overlap that tends to get

larger both in acute and wider angles, as illustrated earlier.””

74

As the simulation of susceptibility for this cluster is not
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possible using the exact diagonalization method, we have
adopted a fragment approach and have considered the {GdS}
fragment interacting with a { Gd4} fragment employing DFT J..
This is found to reproduce the experimental susceptibility,
offering confidence in the methodology chosen. This is
expected to result in an § = 7/2 ground state located at the
central Gd(III) ion, as shown in Figure S20. The J; and J,
interactions, although both are antiferromagnetic, are compet-
ing interactions with ], being dominant. Due to these
competing interactions, the excited states of higher multiplicity
are expected to be lower in energy and closer to the S = 7/2
state. This leads to the observation of relatively large MCE,
which is unexpected given that the exchange interactions are
antiferromagnetic. Our analysis reveals that within 1 cm™ of
the energy window, several states of higher multiplicity were
found, and such nesting of states rationalizes the magnetization
curve observed at 2 K. Such competing exchange coupling as a
strategy to obtain larger MCE has been suggested earlier.”

Mechanism of Magnetization Relaxation in Com-
plexes 1 and 2. Magnetic Relaxation Mechanism due to
Single-lon Behavior. Initially, we performed the single-ion
calculation on complexes 1 and 2 by substituting the Ln(III)
ions with the La(IIl) ion as a diamagnetic ion to understand
the magnetic properties. All nine Kramers Dy(III) ions in
complex 1 showed the ground-first excited state gap of 51.3,
443, 49.4, 589, 23.8, 63.0, 79.9, 79.4, and 83.1 cm’},
respectively (see Figure S21 and Table S12). The ground state
computed g-anisotropies with all nine centers exhibiting Ising
anisotropy g, = 18.674, 18.560, 18.661, 18.78S, 18.686,
18.890, 18.895, and 18.951 for Dyl—9 in complex 1. In
complex 2, the computed ground-first excited state gap for
eight Dy(1II) ions are $8.0, 54.2, 52.9, 73.3, 79.4, 84.2, 91.6,
and 81.0 cm ™', respectively (see Figure S19 and Table S14),
and the corresponding Ising g-anisotropic g, values are 18.823,
18.707, 18.713, 18.920, 18.760, 18.925, 18.966, and 18.811. A
significant transverse anisotropy was found for all of the
Dy(III) single-ion models, suggesting strong ground state
tunneling and no SMM behavior (Figure 10). This is witnessed
in the magnetization relaxation mechanism constructed by
using ab initio calculations (see Figures 11 and $22). Although
the exchange coupling is expected to quench the tunneling, the
J values are weak and unlikely to quench the quantum
tunneling of magnetization (QTM) observed. This is also
supported by the computed crystal-field (CF) parameters that
indicate the presence of a large nonaxial component (in which
q # 0 and k =2, 4, 6) than an axial component (in which g =0
and k = 2, 4, 6), supporting prominent QTM effects (see
Tables S13 and S19). The g,, axis of the {Dy4} square units
was found to align along the terminal oxygen atom of the
ligand and, therefore, devoid of any expected torodicity.”>”®
To understand the anisotropic axis direction, we carried out
the LoProp charge analysis (see Figure S23). The g,, axis is
directed along the terminal oxygen atom of the ligand and
pointed between the bridging oxygen atom, minimizing the
electrostatic repulsion, as expected for an oblate ion.

The central Dy(III) ion possessing a pseudo-D,; geometry
was found to have significant transverse anisotropy with a
close-lying excited state. The g, axis for this Dy(III) ion
pointed along the pseudo-C, axis similar to those found in
[DyOS8] com7plexes possessing square antiprism geometry (see
Table $17).”” The geometry is found to deviate from perfect
D,; symmetry (with a twist angle of 43.4°) that is found to
enable QTM from the ground state (see Figure 12). In

Figure 12. Comparison of the twist angle (a) for central Dy in 1 and
(b) for central Tb in 2.

complex 2, on the other hand, Tb(III) ion was found to have
my = +6 ground state; however, with the observed twist angle,
the tunnel splitting is expected to be more significant, as seen
in the computed results (see Table S15).° Further, the first
excited state was also close-lying (11 cm™), suggesting faster
relaxation for the Tb(III) ion.

The f-electron density of the central Dy(III) and Tb(II)
ion is plotted in Figure S24 and suggests the oblate nature of
the density but lacks pure oblicity, suggesting a mixture of m;
states as observed in the ab initio calculations.

The single-ion magnetization relaxation in pseudo-D,y
complexes depends on the twist angle (¢). This larger
deviation leads to a significant perturbation in the two
orthogonal ground state sublevels of Dy(III)/Tb(III) ion,
which results in the QTM. Hence, there is no SMM observed.

Relaxation Mechanism of the Cluster. To understand
the mechanism of magnetization relaxation of the full complex,
we have simulated the susceptibility data using the Lines
model, employing the POLY ANISO program. Here, the
following exchange Hamiltonian was used.

3
H, = _Z]iz X Siz X Oit1z
i=1

where S,-z represents pseudospin projection on the anisotropy
axis of the ith center and illustrates two states with reversed
maximal magnetization on the magnetic site.

The Lines model’”” computed exchange coupling for
complexes 1 and 2 are given in Table 1. Here, ], and J,
interactions in both complexes 1 and 2 describe exchange
coupling among the Dy(III) ions possessing Ising anisotropy at
the ground my = +15/2 ground state. These interactions are
estimated to be antiferromagnetic, with J, being weaker than J,
which is similar to that of complex 3. However, the estimated
coupling is significantly stronger due to a large contribution
from the dipolar interactions. As complexes 1 and 2 are
isostructural, it is anticipated that J,—J; is revealed by the
POLY ANISO simulation. The J; interaction in complex 1
describes Dy(III)---Dy(III) ion coupling, while in complex 2, it
describes Dy(III)---Tb(III) ion coupling. Both of these
interactions are found to be antiferromagnetic, while the latter
interaction is slightly weaker than the former. This is the first
time the Dy(III)---Tb(III) ion interactions are estimated in the
literature, and it is found to be (i) antiferromagnetic despite
the difference in percent of oblate electron density of m; =
+15/2 and +6 for Dy(III) and Th(III) ions, respectively, and
(i) the strength of the interaction is relatively weaker and this
is attributed to the variation in the orientation of g, as it is
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Table 1. Computed POLY ANISO and DFT Estimated Magnetic Exchange Interactions in Complexes 1 and 2 (All Values Are
Given in cm™")

Ji L I
complex Jexch Jaip Jrot Jexch Jaip Jrot Jexch Jaip Jrot ZJ
1 —0.056 —0.565 —0.621 —0.022 —0.28 —0.302 —0.052 —0.469 —0.521 —0.005
2 —0.056 —0.565 —0.621 —0.022 —0.28 —0.302 —0.063 —0.388 —0.451 —0.005

tilted by 74.04 and 94.52° for Dy(III) and Tb(III) ions with such as acetylacetone (Hacac) (Sigma-Aldrich), triethylamine,

respect to the pseudo-Sy axis, respectively. DyCly-«H,0, and TbClyxH,0, and GdCl;xH,0 (Alfa Aesar)
The POLY_ ANISO simulation reveals very strong QTM at were procured from commercial sources and used without any
the bunch of ground state KD’s generated in complex 1, further purification. All of the starting materials and the
suggesting that weak coupling is present between Dy(III)--- products were found to be stable toward moisture and air. The
Dy(III) ion, which is insufficient to quench the QTM observed melting points were measured in glass capillaries and reported
at the single-ion level. Hence, out-of-phase signals are not as uncorrected. Elemental analyses were performed on a Vario
expected even in an applied field, as evidenced in the MICRO cube microanalyzer. Fourier transform infrared
experiments. For complex 2, on the other hand, the ground spectra were recorded on a PerkinElmer Spectrum One
state is non-Kramers in nature and was found to have Infrared Spectrometer as KBr diluted disks within the 4000—
significant tunnel splitting of 0.28 cm™" between 2 sets of 64 400 cm™" frequency range. The thermal behavior (Rigaku,
pseudo-doublets. Such a strong tunnel splitting suggests very Thermo Plus EVO2) was evaluated under a nitrogen
strong tunneling that can be quenched by the application of a atmosphere at a heating rate of 10 °C min~'. UV—visible
field, as observed in the experiments. spectra were obtained on a Shimadzu UV-NIR-3600 double-
However, such tunneling, which ensured a vigorous mixing beam spectrophotometer with a bandpass of 2.0 nm.
of wave function among the pseudo-doublet states, is an Spectroscopic grade dimethyl sulfoxide (DMSO) solvent was
essential criterion for quantum bits, particularly in developing used from Spectrochem UV spectroscopy. Baseline correction
multi-Qbit C-NOT gates. Complex 2, possessing 132 pseudo- was done in the same solvent used for sample dissolution.
doublets with a significant tunnel splitting, suggests strong Fluorescence spectra were recorded on a Horiba Fluoromax 4
coherence among states, the manipulation of which can help in spectrofluorometer having a Xe flash lamp as the excitation
the design of multi-Qbit molecular systems. As Tb(III) ion source and with an emission bandpass of 5 nm using a 1 cm
nuclear spin has been accurately read out usin% single-crystal path length quartz cuvette. Absorbance and emission of
micro-SQUID measurements in recent times,”® complex 2 complexes 1—3 were recorded in dimethyl sulfoxide solvent
offers a unique opportunity to look at the influence of the (Spectrochem UV spectroscopy) with a concentration of the
ground state m; = £6 that is coupled with other Dy8 pseudo- stock solution of 107 M and diluted further for measurements.
doublets. Luminescence quantum yields were measured according to
conventional procedures,”” with diluted solutions using

B CONCLUSIONS Quinine sulfate in 0.1 M H,SO, (®f = 0.55) as reference.

All measurements were conducted at room temperature.
Powder X-ray diffraction data were obtained at room
temperature on a Rigaku SmartLab SE diffractometer by
using Cu Ka radiation (4 = 1.54190 A). Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis was
performed using a SPECTRO Analytical Instruments GmbH,
Germany, ARCOS, Simultaneous ICP Spectrometer instru-
ment proceeded digestion in acid and are quoted as weight
percentages.

Preparation of [Dyj(acac);s(us;-OH)g(1-OH),]JOH-6H,0
(1). A mixture of acetylacetone (Hacac, 1.0 mmol) and
triethylamine (1.5 mmol) was added dropwise to a methanolic
solution of DyCl,-xH,O (0.5 mmol, 188 mg). After 15 min of
stirring, the clear colorless mixture was filtered, and the filtrate
was left undisturbed at room temperature. Yellow block-shaped
single crystals as minor product along with colorless needles
(major product) were formed after S days, suitable for X-ray
diffraction analysis. These crystals were separated under an
optical microscope. The yellow block-shaped crystals were
found to be of the title compound 1, while the major product,
which is colorless needles of Dy(acac);2H,0, has been
reported in the literature.*” Yield (%): 128 mg (34% based on
metal salt); M : >200 °C; FT-IR (KBr diluted, cm™) v,
B EXPERIMENTAL SECTION 3399 (OH, br), 3146 (C.*H, s), 2983 (C,*H, w), 1615

Materials and Physical Property Studies. All reactions (C=0, s), 1514 (vs), 1396 (vs), 1256 (w), 1019 (w), 923
were carried out under ambient conditions without any (w), 776 (w); Anal. Calc. (%) for CgoH,35DysO4 (FW =
precautions to exclude air or moisture. Starting materials 3343.37) found (calc.): C, 28.74 (29.08); H, 3.51 (3.90).

Hourglass-shaped air- and moisture-stable Lng clusters Dy,
Gdy, and DygTb, reported in the present study exhibit
multifunctional properties. These complexes have been
characterized by spectroscopy and X-ray crystallography.
Notably, complexes 1 and 2 demonstrate pronounced
photoluminescence in the visible range compared to the
Gd(I1I) analogue 3. Complex 3, on the other hand, displays a
significant magnetocaloric effect, with the entropy change
(—AS,,) reaching 20.98 J kg™' K™' at 2.0 K in the applied field
of 9.0 T. Furthermore, detailed DFT calculations were
employed to extract isotropic magnetic coupling parameters
in complex 3, revealing weak antiferromagnetic interactions.
Ab initio CASSCF/RASSI-SO calculations on complexes 1 and
2 allowed estimation of their exchange interactions, indicating
antiferromagnetic coupling as well. The heteronuclear complex
2, which facilitated the estimation of Dy(III)---Tb(III)
exchange interactions for the first time, presents prospects
for advancing multi-Qbit C-NOT gates. The strong quantum
tunnel splitting observed in complex 2, with the presence of
Tb(II) ion nuclear spin, leads to a unique feature for potential
quantum information processing applications.
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Table 2. Crystal Data and Structure Refinements for Clusters 1-3

compound 1

identification code RM_PP_4 14
empirical formula CgoH,35sDys0 .40
formula weight 3343.37
temperature/K 108(4)

crystal system tetragonal
space group P4/n

a/A 18.8778(2)
/A 15.3219(2)
volume/A3 5460.3(1)

V4 2

Peac/g cm™ 2.034

u/mm! 6.161

F(000) 3202.0

0.04 X 0.08 X 0.15
Mo Ka (A = 0.71073)

crystal size/ mm?
radiation/A

20 range/deg 3.424—49.996
reflections 76,669

Ind. Refl. 4821
data/restr./param. 4821/0/334

GooF on F* 1.032

final R indexes [I > 26(I)] R, = 0.0180
WR, = 0.0400

final R indexes [all data] R, = 0.0216
WR, = 0.0416

largest diff. peak/hole/e A3 1.73/-0.80

2 3
RM_PP_4_141 RM_PP_6_35
CioH 27Dy3045Thb CgoH 35GdsOy9
3267.73 3296.12
150(1) 108(4)
tetragonal tetragonal
P4/n P4/n
19.0744(4) 18.8786(2)
15.4794(6) 15.3811(3)
5631.9(3) 5481.9(2)

2 2

1.927 1.990

5.933 5.447

3120.0 3144.0

0.02 X 0.065 X 0.07
Mo Ka (4 = 0.71073)

0.022 X 0.107 X 0.109
Mo Ka (4 = 0.71073)

4.006—49.986 4.04—49.978
75,912 70,420

4958 4834
4958/4/338 4834/0/328
1.150 1.049

R, = 0.0277 R, = 0.0215
WR, = 0.0589 WR, = 0.0511
R, = 0.0316 R, = 0.0267
WR, = 0.0619 WR, = 0.0532
1.04/-0.80 1.03/-0.88

Preparation of [DygTb(acac)s(u3-OH)g(14-OH),JOH-2H,0
(2). The synthetic procedure was the same as that in the case of
1, only the mole ratio of metal precursors was varied. DyCl;-
x«H,0 (0.445 mmol, 168 mg) and TbCl;-xH,0 (0.055 mmol,
21 mg) were used in the synthesis to yield the title compound
2. Yield (%): 50 mg (14% based on metal salt); M,: >200 °C;
FT-IR (KBr diluted, cm™) v,,,: 3221 (OH, br), 2977 (C,,*-H,
w), 2921 (C*-H, w), 1614 (C=0, m), 1467 (m), 1265 (w),
1184 (s), 1067 (s), 890 (s), 769 (w), 688 (w); ICP-AES:
caled. Dy: 89%; Tb: 11%; found: Dy: 88.5%; Tb: 11.5%; Anal.
Calc. (%) for CgH;p,Dy;0,Tb (FW = 3267.73); found
(calc.): C, 29.51 (28.77); H, 4.64 (4.07).

Preparation of [Gdy(acac)e(1i3-OH)g(us-OH),]JOH-6H,0
(3). A similar synthesis procedure to 1 was employed.
GdCly«H,0 (0.5 mmol, 183 mg) was taken instead of
DyCl;-«H,0 and was reacted with 2 equiv of Hacac. Yield
(%): 18 mg (5% based on metal salt); M,: >200 °C; FT-IR
(KBr diluted, cm™) v,,,,: 3381 (OH, br), 3002 (CSPZ—H, w),
2895 (C,,>-H, w), 1533 (C=0, s), 1493 (s), 1426 (m), 1381
(s), 1255 (w), 1022 (w), 910 (w), 854 (w), 758 (w); Anal.
Calc. (%) for CgoH,35GdyO,4 (FW = 3296.12); found (calc.):
C, 29.65 (29.15); H, 3.59 (4.13).

Crystallographic Data Collection and Refinement.
Single crystals of 1—3 were obtained directly from the reaction
mixture by slow evaporation of the solvent at room
temperature. A suitable crystal of each compound was
mounted on a Bruker D8 QUEST single-crystal diffractometer
using a Mo Ka radiation source (1 = 0.71073 A) for unit cell
determination and diffraction intensity data collection. Data
integration and indexing were carried out using the
CrysAlisPro software suite.”’ Using Olex2,** the structure
was solved with the ShelXT® structure solution program using
intrinsic phasing and refined with the ShelXL** refinement
package using least-squares minimization. All nonhydrogen

atoms were refined anisotropically. The hydrogen atoms were
refined isotropically as rigid atoms in their idealized locations.
All figures were drawn using Diamond 3.2 software.*> CCDC
2326855—2326857 for 1—-3 clusters contain the supplementary
crystallographic data for this article, which can be obtained free
of charge from the Cambridge Crystallographic Data Centre.
The data collection and refinement processes are summarized
in Table 2.

Magnetic Measurements. Magnetic measurements for
complexes 1 and 2 were carried out with a Quantum-Design
MPMS3 SQUID magnetometer. The powdered samples were
packed in a polycarbonate capsule and covered with low-
viscosity perfluoropolyether-based inert oil Fomblin Y45 in a
nonmagnetic sample holder. Magnetic measurements for
complex 3 were carried out with a Quantum-Design PPMS
DynaCool magnetometer. The powdered samples were packed
in a nonmagnetic sample holder. Each raw data for the
measured magnetic moment was corrected for the diamagnetic
contribution of the capsules including the inert oil if used
according to Mg;,(capsule) = y, X m X H, with an
experimentally obtained gram susceptibility of the capsules
including the inert oil. The molar magnetic susceptibility data
were corrected for the diamagnetic contribution. For
complexes 1 and 2, 15.5 and 16.0 mg of powdered sample
were packed in a polycarbonate capsule weighing 31.1 and 31.6
mg and covered with 23.14 and 24.2 mg of inert oil Fomblin
Y45, respectively. For complex 3, 5.74 mg of powdered sample
was packed in a polypropylene powder holder weighing 186.86
mg. Experimental data were modeled with the julX 2s
program.®® Alternating current (ac) susceptibility measure-
ments were carried out for compounds 1 and 2 in an oscillating
ac field of 3 Oe and frequencies ranging from 100 to 800 Hz.

Computational Details. Using the MOLCAS 8.2
program,”” ab initio CASSCF/RASSI-SO/SINGLE_ANISO
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calculations were carried out on the single-crystal XRD
structure without any further geometry optimization. Owing
to the high atom count, a model for complexes 1 and 2 has
been constructed using the atomic locations found through X-
ray diffraction (Figure S25). A diamagnetic La(II) ion has
been used to replace the other metal ions in calculating the
magnetic characteristics of a single paramagnetic Ln(I1I) ion. It
has been suggested that the Douglas—Kroll Hamiltonian®®
illustrates the relativistic effect of Ln(III) ions. The basis set
used in this work is from the ANO-RCC library. In particular,
the basis sets [ANO-RCC--8s7pSd3f2glh] and [ANO-RCC--
7s6p4d2f] have been used for paramagnetic Dy(IIl) ion,
[ANO-RCC--3s2p] for O atoms, [ANO-RCC--3s2p] for N
atoms, [ANO-RCC---3s2p] for the C atom, and [H.ANO-
RCC---2s] for H atoms to perform the GUESSORB
calculations to determine the active space for the comg)lete
active space self-consistent field (CASSCF) calculations.” For
Dy(I1I) ions, we have utilized CAS (9,7), and for Tb(III) ions,
CAS (8,7). The sextet (21 roots) of Dy(IIl) ions, as well as the
septet (7 roots), quintet (140 roots), and triplets (195 roots)
of Tb(III) ions, were calculated using the state-averaged
CASSCF method. Spin—orbit coupling was used in RASSI-SO
to mix roots for the Dy(II) ion, 21 sextets, 7 septets, 140
quartets, and 112 triplets. Furthermore, the SINGLE ANISO
software’” has considered these calculated spin—orbital (SO)
states to determine the gtensor and crystal-field (CF)
parameters. To obtain a better understanding of the magnetic
relaxation mechanism, the CF parameters were examined. The
corresponding crystal-field Hamiltonian is given in the
equation:

q
I:ICF = Z Z Blgékq

k=—q

where B{ is the crystal-field parameter and Of is Steven’s
operator.

Dipole—dipole magnetic couplings between the Ln(III)
centers and magnetic properties of the complexes, including
the four Ln(III) metal centers, were obtained using the
POLY_ ANISO routine.”'

Using the Gaussian 09 suite of software, the density
functional theory (DFT) with the B3LYP functional was
used to calculate the magnetic exchange interactions. The
magnetic exchange J value has been computed using the DFT
calculations in conjunction with the broken symmetry (BS)
technique.69 Ju Jo and J; parametrize the magnetic exchange
interaction between Ln2—Ln3, Ln2—Ln4, and Lnl—Ln4. The
spin-only Gd(III) ions were substituted for the Ln(III) ions,
and their spin was then rescaled to that of the Dy(III)/Tb(III)
ions. Here, the Cundari—Stevens (CS) relativistic effective
core potential on the Gd(III) atom”” has been employed using
a double-¢ quality basis set, while the triple-£ valence basis set
has been used for the remaining atoms. By entering the ab
initio data into a model intramolecular magnetic coupling
Hamiltonian, the real energy spectrum, wave function, and
magnetic texture calculations, as well as the modeling of the
magnetic observations were performed.
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