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A single-ion magnet building block strategy
toward Dy, single-molecule magnets with
enhanced magnetic performancet
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Yue Zhou,? Fang-Xue Xu,® Xiao-Qin Wei, {2 ** Zhengfang Tian, {2°
Saurabh Kumar Singh @2 *€ and Xin-Yi Wang ) *

A molecular dysprosium(in) complex [Dy(DClQ)3(H,0),] (1) was used as a building unit for the construction
of lanthanide SMMs, leading to the isolation of two dinuclear Dy(n) complexes, namely
[Dy,(DClQ)g(MeOH),] (2) and [Dy,(DClQ)s(bpmo),]-6MeCN (3) (DCLQ = 5,7-dichloro-8-hydroxyquinoline,
bpmo = 4,4'-dipyridine-oxide). Structural analyses revealed the same NzOs coordination environment of
the Dy(m) centers with a distorted biaugmented trigonal prism (C,y symmetry) and triangular dodecahe-
dron (D,4 symmetry) for 2 and 3, respectively. Magnetic studies revealed the presence of ferromagnetic
and weak antiferromagnetic exchange interactions between the Dy** centers in 2 and 3, respectively.
Interestingly, slow relaxation of magnetization at zero fields was evidenced with an Ugs of 51.4 K and
159.0 K for complexes 2 and 3, respectively. The detailed analysis of relaxation dynamics discloses that
the Orbach process is dominant for 2 whereas Raman and QTM play an important role in 3. Theoretical
calculations were carried out to provide insight into the magnetic exchange interactions and relaxation
dynamics for the complexes. Due to a single-ion magnet (SIM) of 1, the foregoing results demonstrate a
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Introduction

Lanthanide-based molecular materials are of great interest for
their fundamental and potential applications in optics, cataly-
sis, molecular qubits, data storage, etc." Since the observation
of slow relaxation of magnetization in a family of mononuclear
lanthanide complexes by Ishikawa and co-workers in 2003,
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SIM modular synthetic route for the preparation of dinuclear lanthanide SMMs.

some 4f ions (Tb™, Dy"™, Ho"™, and Er'") with intrinsic strong
spin-orbit coupling and large unquenched orbital angular
momentum have been widely used for the design and syn-
thesis of molecular nanomagnets, including single-molecule
magnets (SMMs),>* single-ion magnets (SIMs, mononuclear
SMMs),>® and single-chain magnets (SCMs).” To date, many
lanthanide-based SMMs and SIMs have been reported to show
various structures and magnetic performance.® Of those the
mononuclear lanthanide SMMs or SIMs, in particular, have
gained great success in the pursuit of high-performance
SMMs. Remarkably, the effective energy barrier (Ues) and mag-
netic blocking temperature (7p) have been increased up to
1541 cm™' and 80 K in one dysprosium metallocene SIM.’
Although great progress has been achieved in maximizing Ueg
and Ty via different synthetic strategies, the prevalence of
through-barrier relaxation pathways, such as the quantum tun-
neling of magnetization (QTM), has been challenging in this
field."”

To suppress QTM, several synthetic strategies have been
proposed via combined theoretical and experimental studies.®
One very successful strategy is to construct highly symmetric
lanthanide complexes establishing rigorously symmetry-pro-
tected pure M; states."" This way has resulted in numerous
high-performance Ln SIMs, such as pentagonal- and hexag-
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onal-bipyramidal Dy** SIMs.® Another resultful strategy is to
create a very short Dy-O bond inducing a highly axial crystal
field around the Dy** ion.'> The high-performance SMM beha-
viours achieved in this way were observed in both mono-
nuclear and polynuclear Dy** complexes.'"® However, it
remains quite difficult to construct short Dy-O bonds in a
designed way. Another effective route is to design exchange-
coupled systems taking advantage of both the large total
angular momentum and intramolecular magnetic couplings,
which will create an exchange bias field to impede QTM."?
Toward this end, dilanthanide complexes as the simplest
exchange-coupled polynuclear systems are quite attractive for
both experimental and theoretical studies, and provide great
model compounds for the understanding of lanthanide-
lanthanide magnetic interactions and single-ion anisotropy at
the same time."*™® In fact, except for the Ln*" SIM, dilantha-
nide SMMs dominate the Ln SMM families and provide a sig-
nificant contribution to the development of SMMs. For
example, the strongest magnetic coupling for Gd** ions and
the hardest molecular magnet (before 2011) was achieved in
N, -radical-bridged binuclear Gd** and Tb*" complexes,
respectively.*? Although dinuclear Ln-SMMs are highly inter-
esting and crucial for the design of SMMs with improved pro-
perties, most of the reported complexes were synthesized ser-
endipitously using bridging ligands such as O donors, S
donors, halogen donors, phthalocyanines, and so on, which
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hinders a systematic preparation of Ln, SMMs in a designed
way with desired structures.'*™*®

In this respect, a building block approach to prepare Ln,
SMMs via a parent SIM seems to be very interesting and attrac-
tive. From a magnetic point of view, assembling the dilantha-
nide SMMs via a SIM provides not only a clear structural
change but also the magnetic evolution, including magnetic
anisotropy, magnetic interaction, and relaxation dynamics.
Among the SIM building blocks, lanthanoid quinolinate com-
plexes are good candidates for the development of new mole-
cular magnetic materials for their robust SMM behaviors and
sublimable characteristics.'®" Very recently, we have reported
the synthesis and characterization of an azido-bridged lantha-
nide chain showing zero-field slow magnetic relaxation behav-
ior from a molecular complex [Dy(DCIQ);(H,0),] (1) (DCIQ =
5,7-dichloro-8-hydroxyquinoline, Scheme 1), which was itself a
zero field SIM.'® As can be seen in Fig. 1a, the eight-co-
ordinated molecular Dy*" complex has two liable coordination
water molecules, which could be replaced by other bridging
ligands to form other complexes via this mononuclear build-
ing unit.

Along this line, we aimed at the construction of dinuclear
lanthanide SMMs using the SIM 1 as the building block.
Herein, we report the synthesis and characterization of two
new dinuclear Dy, compounds, [Dy,(DClQ)s(MeOH),] (2) and
[Dy,(DCIQ)s(bpmo),]-6MeCN (3) (bpmo = 4,4"-dipyridine-oxide,

Scheme 1 Molecular structure of the bidentate ligand DCLQ, the single-ion magnet building block of 1, and synthetic routes of 2 and 3.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Crystal structures of 1 (a), 2 (b), and 3 (c). Gold, green, blue, red, and gray spheres represent Dy, Cl, N, O, and C, atoms, respectively. H atoms

are omitted for clarity.

Fig. 1), based on complex 1. Magnetic measurements revealed
large magnetic anisotropy of the complexes and considerable
but contrasting exchange coupling between the Dy*" ions in
complexes 2 and 3. Interestingly, zero-field slow magnetic
relaxation was observed in both complexes. In addition,
theoretical calculations were performed to unravel the nature
of the magnetic anisotropy and magnetic exchange inter-
actions between the two Dy>* centers in 2 and 3.

Experimental

Materials and syntheses

Dysprosium(m) chloride hexahydrate (DyCl;-6H,0), DCIQ, and
4,4'-dipyridine were purchased from Sigma-Aldrich and used
as received. The starting material 1 and the organic ligand
bpmo were prepared according to literature methods.>*

Synthesis of [Dy,(DCIQ)s(MeOH),] (2)

Complex 1 (41.8 mg, 0.05 mmol) and DCIQ (21.4 mg,
0.1 mmol) were dissolved in a 6 mL methanol solution. The
light-yellow reaction mixture was stirred at room temperature
for several minutes and then sealed in a 15 mL Pyrex glass
tube. Then the tube was heated at 100 °C in an oven for one
day. The reaction system was cooled naturally to ambient
temperature. X-ray-suitable yellow single crystals were obtained
with a high yield. Yield: ~64%. Elemental analysis (%) for
Cs6H30Cl,Dy,NgOg: C, 40.38; H, 1.81; N, 5.04. Found: C, 40.59,
H, 1.95; N, 5.18. IR (KBr, cm™): 3310(m), 2902(m), 1710(vs),
1602(s), 1566(m), 1494(s), 1442(s), 1367(s), 1318(vs), 1274(vs),
1228(m), 1105(vs), 1018(s), 1104(vs), 1032(w), 840(vs), 736(vs),
700(vs), 620(s).

Synthesis of [Dy,(DCIQ)s(bpmo),]-6MeCN (3)

Complex 1 (9.6 mg, 0.05 mmol) and the bpmo ligand were dis-
solved in a 5 mL mixed solvent of MeCN/H,O (v:v = 4:1) and
stirred at room temperature for several minutes. Then, the
mixture was sealed in a 15 mL Pyrex glass tube and heated in
an oven at 150 °C for one day. Then, the reaction system was
cooled to ambient temperature via a programmed cooling
process (10 °C per hour). One day later, orange block single
crystals were obtained. Yield: ~47%. Elemental analysis (%)

18612 | Dalton Trans., 2022, 51,18610-18621

for Cg,H5,Cly,Dy,N;,404: C, 47.05; H, 2.71; N, 10.21. Found: C,
47.11, H, 2.85, N, 10.32. IR (KBr, cm™%): 2291(w), 2254(s), 1714
(vs), 1639(s), 1572(m), 1438(s), 1318(vs), 1274(vs), 1230(m),
1015(s), 1032(w), 845(vs), 741(vs), 699(vs), 625(s).

Results and discussion
Structural analysis

The structure of previously reported mononuclear complex 1
was a neutral mononuclear complex with square-antiprismatic
coordination geometry of the Dy*" ion.'® Single-crystal X-ray
diffraction analysis revealed that complexes 2 and 3 crystal-
lized in the triclinic P1 space group (Table 1) and are discrete
binuclear structures (Fig. 1, Fig. S1, ESI{). Complex 2 is a
centrosymmetric structure, and its asymmetric unit contains
one Dy*" ion, three deprotonated DCIQ ligands, and one co-
ordinated methanol molecule (Fig. S17), leading to a neutral
molecule. In addition, no lattice solvent molecule can be
found in the asymmetric unit. The complete binuclear struc-
ture of 2 can be generated via the symmetry code (1 — X, 1 - Y,
—Z). The Dy*" centers locate in an eight-coordinated OsNj;
environment constructed by five O atoms from four DCIQ
ligands and one methanol molecule and three N atoms from
three DCIQ ligands. Importantly, the two Dy*" ions were linked
by two phenoxido oxygen atoms from two DCIQ ligands acting
as mono-atom bridges in the molecule, giving the Dy-:-Dy sep-
aration and the Dy-O-Dy angle of 3.869(1) A and 108.3°,
respectively. The Dy-O bond distances are in the range of
2.249-2.416 A, while the Dy-N bond distances are longer in
the range of 2.416-2.616 A (Table S1%). These structural para-
meters are comparable to other Dy(ur) compounds constructed
by 8-hydroxyquinoline and its derivatives.”! The continuous
shape measures®® (CSM) analysis using SHAPE software
reveals that the coordination polyhedron of the Dy*" ion in 2 is
close to a biaugmented trigonal prism (C,, symmetry, Fig. 4a)
with a calculated CSM value of 1.951 (Table S3, ESIt). Complex
3 is a non-centrosymmetric binuclear molecule with the asym-
metric unit containing two complete {Dy(DCIQ);} moieties
bridged by two bpmo ligands and six acetonitrile solvent mole-
cules (Fig. S1, ESIt). The two Dy(m) ions in 3 lie in a slightly
different eight-coordinated OsN; environment similar to 2. In

This journal is © The Royal Society of Chemistry 2022
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Table 1 Crystallographic data and structure refinement parameters for
complexes 2 and 3

Parameter 2 3

Formula Cs6H30Cl1,Dy,NgOg  CgyHs,Cly,Dy,N;,Og
Formula weight [¢ mol™"]  1665.26 2111.77
Crystal system Triclinic Triclinic
Space group P1 Pi

a[A] 10.340(2) 12.2118(12)
b[A] 11.774(3) 18.1252(16)
c[A] 14.088(3) 21.4372(18)
al°] 114.476(3) 95.612(3)
B1°] 104.967(4) 100.504(2)
r[°] 93.218(4) 108.599(2)
VA% 1482.0(6) 4362.4(7)

zZ 1 2

T[K] 153 153

Pealea [g cmM™] 1.866 1.608
#(Mo-Ka) [mm™"] 3.102 2.149

F (000) 808.0 2084.0

Rint 0.0412 0.1040

Ry “/WR, " (I> 26(I))

R,/WR, (all data)
GOF on F*

0.0252/0.0654
0.0276/0.0670
1.075
1.31/-0.67

0.0479/0.1031
0.0806/0.1168
1.027
1.94/-1.44

Max/min [e A7

“Ry = B [Fo| = |Fel [/ Z|Fol. " wRy = {Z[w(F,* — FEY Y ZIW(E) T,

contrast, the molecular complex of 1 was successfully linked
by two oxygen atoms from two different bpmo ligands via the
replacement of two coordinated water molecules. The Dy---Dy
metal distance is 4.119(4) A and the Dy-O-Dy angles are 114.4°
and 114.3°. The Dy-O and Dy-N bond distances are in the
range of 2.258-2.462 A and 2.501-2.645 A, respectively
(Table S27). The CSM analysis for 3 indicates that the two Dy
(m) ions are located in two triangular dodecahedron coordi-
nation polyhedra (D,q) with the calculated deviation values of
2.651 and 1.494 for Dyl and Dy2 centers, respectively
(Table S2, ESIf). In addition, the shortest intermolecular dis-
tance of Dy*" ions is 10.336 and 9.712 A for 2 and 3 (Fig. S2
and S3, ESI}), respectively. These long intermolecular metal
distances in conjunction with considerable magnetic coup-
lings between the Dy’ dimers preclude effective magnetic
interactions between intermolecular Dy** ions. Due to the
presence of a halogen, abundant Cl---H intermolecular hydro-
gen bonds were found in the lattice of 2 and 3, which link the
Dy>" dimers to two supramolecular 3D structures.

To have a clear comparison of the two Dy(m) compounds,
the significant structural parameters are summarized in
Table 2 and depicted in Fig. 2. As can be seen, the shortest
Dy-O bond lengths of 2 and 3 are very close to each other;
however, their direction is significantly different. Generally,
the shortest Dy-O bond will determine the direction of the
easy magnetization axis of Dy** ions. In comparison, the short-
est Dy-O bonds are significantly shorter than the bond in 1,
indicating an enhanced axiality of the Dy’" ions in 2 and 3.
Furthermore, the average Dy-O/N bond distances in 2 and 3
are also comparable. Importantly, the Dy-O-Dy angles of 2 are
larger than the angles of 3 (Fig. 2), while the intramolecular
metal distance in 2 is significantly smaller than the distance

This journal is © The Royal Society of Chemistry 2022
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Table 2 Comparison of the core bond lengths (A) of Dy—X bonds (X =

N, O), selected angles, and the shortest intramolecular Dy**-.-Dy** sep-
arations of 1 and 2

Parameters 1 2 3
Dy-Oghortest 2.308 2.240 2.246
Dy-Oayg. 2.356 2.333 2.336
Dy—Nayg. 2.524 2.580 2.571
Symmetry Dyq Coy Dsyq
Dy-O-Dy — 71.71 62.78/62.63
Dy**...Dy** — 3.869 4.119

in 3. For dinuclear lanthanide complexes, it is well known that
the Dy-O-Dy angles strongly affect the magnetic couplings
between Dy™ within complexes. Thus, the distinct differences
in the Dy-O-Dy angles and orientation of the easy magnetiza-
tion axes indicate the different magnetic interactions between
the Dy*" ions (vide infra).

Prior to the physical measurements of 2 and 3, the phase
purity of the ground single crystal samples of 2 and 3 was
investigated by powder X-ray diffraction (PXRD, Fig. S4, ESIf)
and elemental analysis. As shown in Fig. S4,T the experimental
PXRD patterns were in excellent agreement with the simulated
patterns based on crystal data, indicating that both samples 2
and 3 are monophase crystalline materials. Thermal gravi-
metric analysis for 2 indicated no weight loss until the temp-
erature increased to 110 °C, where the weight loss began
(Fig. S5, ESIt). The weight loss corresponds to the release of
coordinated methanol molecules. For 3, the curve shows a
weight loss of 11.5% between 40 and 100 °C, corresponding to
the removal of six acetonitrile molecules (calc. 11.2%, Fig. S5,
ESIT). The infrared spectra (IR) of 1-3 indicate that both the
complexes display the same characteristic stretching peaks at
around 1560, 1490, 1454, and 1367 cm™" for DCIQ (Fig. Se,
ESIT). Except for the solvent peaks, no significant difference
can be detected for the compounds.

Static magnetic properties

Variable-temperature magnetic susceptibility data for the
parent complex were reported previously by us, which revealed
normal single Dy*" ion behavior.'® Variable-temperature mag-
netic susceptibility measurements were performed for the
ground single crystal samples of 2 and 3 in the temperature
range of 2-300 K (Fig. 3a). The room-temperature yyT values
are 28.51 and 29.04 cm® mol™" K for 2 and 3, respectively,
which are slightly larger than the expected value of 28.34 cm®
mol™" K for two uncoupled Dy*" ions (°Hys;, g = 4/3, C =
14.17 cm® K mol ™). Upon cooling, the yT values of 2 remain
roughly constant before reaching a minimum value of
28.13 cm® mol™ K at 29 K and then increase sharply to a
maximum value of 36.1 cm® mol™ K at 2 K. In stark contrast,
the ymT values of 3 decrease gradually above 100 K and then
rapidly decrease to the values of 14.8 cm® mol™" K at 2 K. The
distinct curves of y\T at low temperature suggest the presence
of intramolecular ferromagnetic and antiferromagnetic inter-
actions between the metal centers in 2 and 3, respectively. In

Dalton Trans., 2022, 51, 18610-18621 | 18613
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Fig. 2 The core structures of 2 (a) and 3 (b) with the key Dy—O-Dy angles and the shortest Dy—O bonds. The other atoms are omitted for the sake
of clarity. Coordination geometry around DyIII in 2 (c, biaugmented trigonal prism) and 3 (d, triangular dodecahedron). Symmetry code for 2: 1 — X, 1
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Fig. 3 (a) Variable-temperature magnetic susceptibility curves for 2 and 3 measured at a 1 kOe dc field. (b) Magnetization versus applied magnetic

field curve for 2 and 3 collected at 2 K with a field sweep rate of 0.02 T s

addition, the depopulation of excited m; sublevels for 3 should
also have a contribution to the decrease of the y\T product.
Although both the ferromagnetic and antiferromagnetic inter-
actions between the Dy’" ions have been observed in many Dy,
complexes, rare examples have been reported on switching the
magnetic couplings in a system with the same first coordi-
nation environment (OsN;)."*™'® The present system provides a
good chance to closely detect the comprehensive effect of
structural parameters on magnetic interactions. Interestingly,
dramatic switching of magnetic couplings was achieved based
on a SIM complex platform by a synthetic approach.

18614 | Dalton Trans., 2022, 51, 18610-18621

-1

Variable-field magnetizations of 2 and 3 were further
measured at 1.8 K (Fig. S71). Both the magnetization products
increase steeply at low fields (0-10 kOe), then increase slowly,
and finally reach the unsaturation values of 11.9 and 12.4up at
7 T for 2 and 3, respectively, which were much lower than the
theoretical saturation value of 20Ng for two Dy" ions. These
results indicate the presence of significant magnetic an-
isotropy and/or possible low-lying excited states for 2 and 3. To
further probe the slow relaxation of magnetization for 2 and 3,
magnetic hysteresis measurements were performed with a
field sweep rate of 0.02 T s™* (Fig. 3b). For 2, no hysteretic be-

This journal is © The Royal Society of Chemistry 2022
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havior can be observed. Yet a small butterfly-like hysteresis
loop was observed for 3 with negligible magnetization near the
zero fields. These results reveal that the antiferromagnetic
interaction is liable to suppress the fast quantum tunneling of
magnetization (QTM).

Dynamic magnetic properties

As mentioned above, the starting complex 1 is a zero-field
SMM, which exhibits obvious QTM supported by the tail of the
temperature-dependent signals in the low-temperature region
and the missing peak of the frequency-dependent signals in
the high-frequency region.'® To detect the effect of magnetic
couplings on the dynamic magnetic behaviour of 2 and 3, vari-
able-temperature and variable-frequency alternating-current
(ac) susceptibility measurements were performed. Expectedly,
both the complexes display significant frequency- and temp-
erature-dependent ac peaks (Fig. 4, Fig. S8 and S9, ESIY),
revealing the SMM nature of 2 and 3. However, their ac mag-
netic behaviour observed from the in-phase (') and out-of-
phase (y”) susceptibility exhibits obvious differences. Firstly,
the SMM performances of 2 and 3 have been significantly
enhanced in comparison with 1. Secondly, the QTM has been
relatively well suppressed for 3 because the temperature-
dependent y" signals were observed in the measured tempera-
ture region, while the low-temperature y” signals (2-4 K) of 2
are non-temperature-dependent. Thirdly, the y” peak can be
observed at ca. 12 K for 3 while at ca. 7 K for 2.

These ac characteristics reveal that considerable magnetic
couplings can lead to the enhancement of SMM performance.
To have a quantitative evaluation of their SMM behaviour, the
Argand diagrams (" vs. ') of 2 and 3 were further obtained
from the frequency-dependent ac susceptibility data (Fig. 4c).
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Then, the relaxation time z was extracted by fitting the Cole-
Cole plots through the generalized Debye model (Tables S4
and $51).>* The a values were found in the range of 0.09-0.15
(2-7.5 K) and 0.3-0.5 (4-15 K) suggesting the narrow distri-
bution of relaxation times. The obtained In(z) vs. 7" plots of 2
and 3 can be seen in Fig. 5, which exhibit obvious curvature.
The nearly linear data of 2 and 3 in the temperature range of
2-7.5 and 2-11 K, respectively, were fitted to the Arrhenius law

O
-2 4 Py
In(t)@0 Oe for 2
] QTM + Orbach
® In(t1)@O0 Oe for 3
-4 QTM + Raman
— —— Obarch
= i
£
_6 i
-84
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T /K

Fig. 5 In(z) versus T~ for 2 and 3. The solid red lines represent the fits
to the Arrhenius law in a thermally activated regime of the magnetiza-
tion relaxation time. The solid cyan and green lines represent the mul-
tiple relaxation processes considering QTM and Orbach mechanisms for
2, and QTM and Raman mechanisms for 3.

141 y @ 20K
¢ z 2 25K
/ ) 30K

35K
40K
45K
50K
55K
6.0K
m 65K
= 70K
m 75K
fit

15 20 25 30 35 40
2! cm®mol”

16 Y ; i 01 .
19.0 K )

121 31
s " e
£ E 5
5 81 :
?E Nl :s
E q =

n \

O e ey ‘

1 10 100 1000
v/Hz

Fig. 4 Frequency dependence of the real (1) and imaginary (") ac susceptibilities for 2 (a) and 3 (b) under a zero dc field. (c) Cole—Cole plots for 2

and 3. The solid lines are the fits using the generalized Debye model.
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7 = 7, exp(Ues/ksT), affording the effective energy barrier Ueg =
51.4 K and 7, = 1.1 x 107® s, and Ug = 159.0 K and 7, = 6.7 X
107 s for 2 and 3, respectively (Fig. 5). Notably, the U value
for 3 is the largest among the reported lanthanoid quinolinate
SMMs (Table 3). To further probe the magnetic relaxation
dynamics of 2 and 3, the In(z) vs. 7" plots were further ana-
lyzed. The relaxation mechanisms usually involve multiple
relaxation pathways (direct, QTM, Raman, Orbach) supported
by the curvature of the In(z) vs. 7" plots.”® In stark compari-
son, the plot of 2 is more crooked with a significant platform
region of the data, indicating the happening of fast QTM.
Although no platform region for 3, the QTM exists which is
usually induced by dipolar or hyperfine interactions and spin-
parity effects. By employing the CC-Fit program,*® we found
that the 7" vs. T plot of 2 can be respectively reproduced using
the QTM and Orbach processes (77" = tqmv + + 7o -exp(=U/
ksT)) with the parameters zom = 107>°®) s, Uy = 30 (20) K,
and (6) 7o = 1.9 x 10°°W s (Fig. 5). For 3, the 7' vs. T plot can
be well fitted using a model considering the QTM, Raman,
and Orbach processes (¢! = CT" + 7y ') with the parameters
C=10"® g7t k@) =6 (2), and o = 107 s (Fig. 5).
Thus, the fitting results suggest distinct relaxation dynamics
of the two complexes, indicating the important effect of mag-
netic interactions on magnetic relaxation behaviours.

Single ion anisotropy analysis on 1-3

To understand the nature of magnetic anisotropy of individual
ions in complexes 1-3, here we have performed a complete-
active space self-consistent field (CASSCF)*” using an active
space of CAS(9,7) (i.e. nine 4f-electrons in seven 4f-orbitals). All
these calculations were performed using the MOLCAS 8.2
code.”® Here we have computed all the 21 sextets emerging °H,
°F, and °P terms and later mixed them in the spin-orbit
restricted active spin state interaction (SO-RASSI) module® to
get the SOC states and extracted the SH parameters using
SINGLE_ANISO modules®® (see the ESIf for computational
details). This methodology has been very robust in computing
the magnetic properties of lanthanide complexes.*?' The
CASSCF computed energies of spin-free states, spin-orbit
states, associated g-tensors of low-lying eight KDs, crystal field
parameters, and wavefunction decomposition analysis are pro-
vided in Tables S6-S18.}

For complex 1, the CASSCF computed spin-free and spin-
orbit state spans over an energy range of ~35047 cm™" and
~41210 cm ™", The computed SOC spectrum corresponding to
the °H,s, ground state spans over an energy of ~ 421 cm™,
with the first excited Kramer doublet (KD) being located
~57 cm™ " higher in energy from the ground state (Table S6,
ESIT). The computed g-value for the ground state KD shows
axiality (ger = 0.248, g, = 0.646 and g, = 18.581); however, it
lacks the Ising type feature (g,, ~ 20 and g, ~ gy, ~ 0), reflect-
ing a typical low-symmetry environment around the Dy(ii) ion
(Table S117). Our calculations indicate the stabilization of m;
+15/2 (82.0% |+15/2) +10.7% |+11/2) +4.5% |+7/2)) primarily
as the ground state with mixing from other higher excited KDs
(Table S16t). The main anisotropy axis (g.) is oriented toward
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Table 3 Reported lanthanoid quinolinate complexes exhibiting SMM behaviour

Ref.

Dy---Dy interactions

Magnetic properties

Distorted local geometries

Structure

Complex

21a
21h
21c¢
21c¢

Ferromagnetic
Ferromagnetic
Antiferromagnetic
Antiferromagnetic
Antiferromagnetic
Antiferromagnetic
Ferromagnetic

s (1.9 kOe)
s

75.6 K, 7 = 2.1 X 10~ 5 (2 kOe)

59.04 K, 7, =1.4x10°s
Uer =92+ 2K, 70=1.02 x 10" ° 5

=

Ue
Ueff =
U =18.6 K, 70 =2.9x 107°

Triangular dodecahedral
Capped trigonal prismatic

Bicapped trigonal prism
Square-antiprismatic

Dinuclear
Trinuclear
Dinuclear
Dinuclear

14.8 K, 7,=1.8 x 10"
Uer=9.2K,70=1.7x10 s

21c¢
21¢

Uess =

Dinuclear

Capped trigonal prismatic
Square-antiprismatic

Dinuclear

21d

77K, 70=1.22x10"%s

Uess =

Square-antiprismatic/biaugmented trigonal prism

Trinuclear

[Dys(MQ)s(NO3)]
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one of the shortest Dy-O bonds (~16° degrees from the Dy-O
bond) of the attached DCIQ ligand. The non-coincidence of
the g,, values of the ground and first excited KDs suggests that
magnetic relaxation is likely to occur via the first excited KD,
which places the calculated barrier height to be ~57 cm™
(Fig. S9at).

Additionally, the significant ground state transverse an-
isotropy will likely trigger the quantum tunneling of magneti-
zation (QTM) within the ground state. The computed beta-spin
density lacks the typical disk-type pattern of m; +15/2,*>
suggesting isolation of a highly mixed ground state. The
ground state g-tensor is oriented perpendicular to the oval-
shaped beta-spin density to minimize the electrostatic repul-
sion (Fig. 6a). The computed crystal field (CF) parameters
show that both the axial and non-axial terms of the computed
axial B?k:z, 1,6 @nd non-axial B;:;#o) parameters are of compar-
able strength, which indicates that the ligand field fails to
provide an axial ligand field for the prolate type Dy(i) ion in 1
(Table S14%). This is further supported by the computed
ab initio blockade barrier, where we observed a huge transverse
magnetic moment between the ground doublets, representing
strong QTM within the ground state. In a nutshell, the dis-
torted triangular dodecahedron geometry around the Dy(m)
ion is unsuitable for generating an axial ligand field to stabil-
ize the m; #15/2 as the ground state. Our computed SH para-
meters nicely reproduce the static dc magnetic properties

View Article Online
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except for the very low-temperature ferromagnetic behaviour.
The sharp increase in y,7T at a very low temperature in
complex 1 arises from the weak intermolecular ferromagnetic
interaction and this is supported by DFT calculations
(Fig. S11a, Table S22, ESIt).

In complex 2, two eight coordinated Dy(u) centers are
bridged by two phenoxido oxygen atoms from two DCIQ
ligands, and most importantly, due to the centrosymmetric
nature, the local coordination environment around both the
centers is the same. The CASSCF computed low-lying eight
spin-orbit states corresponding to the ®H,s, ground state
span over the energy range of ~778 cm™ " with the first excited
KD being placed at ~100 cm™" higher in energy from the
ground state for the Dy sites (Tables S7 and S8, ESIt). For both
Dy sites, the computed g-values are highly axial in nature (g, =
0.0254, g, = 0.0484 and g,, = 19.6737) (Table S12, ESI}). The
computed energy span of the eight low-lying KDs in 2 is nearly
two times larger than that of 1, and the g-values are relatively
more axial for complex 2. The computed wavefunction shows
the stabilization of m; +15/2 (94.9% |+15/2) +4.6% |+11/2))
with little mixing with the other excited KDs, which indicates
that the ligand field is relatively more axial in nature for each
Dy site in complex 2 compared to complex 1 (Table S17, ESIf).
For each Dy(m) center, the computed main magnetic axis (g;,)
is aligned towards the shortest Dy-O bond (~5.3° degrees) of
the attached DCIQ ligand, and due to their centrosymmetric

5.51E-05
9.54E-05

E/cm’

5.34E-05 1

-1 T T T
-10 0 10

M /ug

Fig. 6 CASSCF/SO-RASSI computed orientation of the main anisotropy axis (g.,) of the Dy(m) centers along with the CASSCF calculated beta-spin
density (a) for complex 1; (b) complex 2 and (c) complex 3. The CASSCF beta-spin density is plotted with an iso-surface value of 0.002 e~ per bohr>.
Color code: olive (Dy), blue (N), red (O), light green (Cl), grey (C), and white (H). POLY_ANISO extracted magnetic relaxation pathway between the
exchange states of complex 2 (d) and complex 3 (e). The red arrows and values represent the tunnelling gap between the exchange states, while the
blue and green arrows and values represent Orbach/Raman and Orbach magnetic relaxations.
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nature, the axes are arranged in a parallel fashion to each
other. Compared to other Dy-O bonds, the relatively short Dy-
0 bond (2.248 A) from the DCIQ ligand possessing the largest
negative charge imposed axiality on the prolate type Dy(u) ion,
which led to more axial g-values. The replacement of co-
ordinated water molecules with two other oxygen donors (one
from DCIQ ligand + methanol) in 2 led to a significant
increase in the energy spectrum of the low-lying eight KDs
compared to 1. The first excited KD is placed at ~100 cm™*
and is primarily m; +13/2 in nature with significant mixing
from other excited |£9/2), |£5/2) KDs. The non-coincidence of
the ground and first excited g,, axes indicates that magnetic
relaxation is likely to occur via the first excited KD at the
single-ion level, predicting the calculated barrier height to be
~100 cm ™" (Fig. S9b and S9ct). The computed ab initio block-
ade barrier shows a nearly ten times smaller transverse mag-
netic moment between the ground connecting doublets
(0.012) than 1 (0.15); however, it is not small enough for com-
plete quenching of the ground state QTM (usually at 1 x 10~°).
Our single-ion analysis suggests a significant QTM within the
ground state which does not rationalize the zero-field SMM be-
havior for complex 2.

Unlike complex 2, complex 3 is a non-centrosymmetric
molecule where two Dy() ions lie in a slightly different eight-
coordinated OsN; environment. As per CSM analysis, both the
Dy centers are in triangular dodecahedron coordination poly-
hedra (D,q) with the calculated deviation values of 2.651 and
1.494 for Dy@1 and Dy@2 centers, respectively. The CASSCF
computed energy spectrum of the low-lying eight KDs spans
over an energy window of ~611 (623) cm™', with the first
excited KD being located at ~52 (95) cm™" from the ground
state for Dy@1(Dy@2) centers, respectively (Tables S9,
Fig. S10, ESIf). The computed g-values for the ground state
KDs are gy, = 0.091, g, = 0.227 and g, = 19.110 for Dy@1 and
Zxx = 0.008, g, = 0.014 and g, = 19.705 for the Dy@2 center,
where the g-values are relatively more axial for the Dy@2
center (Table S13, ESIT). For both the Dy centers, the ground
state wavefunction is primarily m; +15/2 with a little mixing
from the excited KDs; however, the mixing is relatively larger
for the Dy@1 centre (Table S18f). For Dy@1, the main mag-
netic axis passes through one of the Dy-O bonds (~6.4°
degrees) of the DCIQ ligand, which is present nearly in the
plane of the Dy,O, core, while for the Dy@2 centre, the g,,
passes through the shortest Dy-O bond (DCIQ ligand) and
aligned perpendicular to the plane of the Dy,0, core. For both
the centers, the g,, axis is aligned towards the shortest Dy-O
bond possessing large negative charges (see CASSCF computed
Loprop charges, Fig. S11, ESIT). Most importantly, due to the
unsymmetrical environment around the Dy(um) ions, the g,
axes are aligned ~56° degrees away from each other. Due to
the non-coinciding main magnetic axis of the ground and the
first excited KDs, the magnetic relaxation is likely to occur via
the first excited KD for both centers. Although a small struc-
tural distortion causes a large barrier for Dy@2 compared to
Dy@1, the presence of a non-negligible transverse component
in the ground state g-values essentially predicts the presence of

18618 | Dalton Trans., 2022, 51,18610-18621
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QTM within the ground state. This is further supported by the
computed ab initio blockade barrier (Fig. S9d and S9et), which
shows a large matrix element between the ground connecting
doublets, indicative of the fast QTM within the ground state
for both the centers. Our calculations indicate fast QTM within
the ground state KD for both the centers, which does not
exemplify the observed zero-field SMM behavior for 3. For
both complexes 2-3, our single-ion analysis does not rational-
ize the observed zero-field behavior at the single-ion level;
thus, the magnetic exchange interaction is likely to play a role
in quenching ground state QTM.

In the next step, we have simulated the experimental mag-
netic susceptibility and magnetization data wusing the
POLY_ANISO code®® to further rationalize the exchange inter-
action and exchange spectrum for magnetic relaxation. Here,
we have used the CASSCF computed SINGLE_ANISO datafile of
the individual paramagnetic centers as an input for the simu-
lations. We used the Lines model** to examine the magnetic
exchange interaction, which accounts for both the exchange
and dipolar contributions. For both the complexes, the
exchange interaction (exchange + dipolar) between the Dy(u)
ions is modeled as H = —(Jexch + Jaip)S1z S22y Where Jexen and Jaip
are the exchange and dipolar terms, respectively. For complex
2, the best fit of magnetic susceptibility and magnetization
data yields a ferromagnetic interaction Ji, = 0.03 cm™! (Jexch =
+0.2 em ™! and Jg;p = —0.15 em™ '), with a small intermolecular
interaction zJ = —0.005 cm™'. On the other hand, the best fit
yields an antiferromagnetic interaction Ji, = —0.22 cm™ (Jexen
=-0.3 cm™" and Jgip = 0.08 ecm™ "), with a small intermolecular
interaction zJ/ = —0.002 cm™" for complex 3 (Table 4). Our simu-
lations nicely reproduce the experimental static dc magnetic
data and signs of the magnetic exchange interactions for both
the complexes (Fig. S12 and S137). For both complexes 2 and
3, we have observed that the exchange contributions are always
dominated compared to the dipolar interaction, although the
sign of Jen is different. The strength of the dipolar inter-
actions is significantly larger for 2 compared to 3, due to the
shorter Dy---Dy distance in complex 2. The opposing nature of
the exchange and dipolar interactions led to a weak ferro-
magnetic interaction between the Dy(ui) centers of complex 2.
As a result of the weak ferromagnetic interaction between the
Dy(un) centers, the g,, value of the exchange coupled ground
state approaches ~39.342. Moreover, we have observed a very
small tunnel splitting of ~107® ecm™ for the ground state as a
result of the weak ferromagnetic interaction, indicating the
suppression of the ground state QTM. On the other hand, we
have noticed an interesting feature in the g-values, where the
g2, value of the exchange coupled ground doublet approaches
~17.835, rather than g,, ~ 0, for strongly antiferromagnetically
coupled Dy(m) centers. This intermediate g,, value arises due
to the differences in the local symmetry around the Dy(ui)
centers, which misaligns the g,, orientations, in contrast to
typical antiferromagnetically coupled Dy, centrosymmetric
dimers (g, ~ 0).}7%3*'%P3% For complex 3, we have observed a
very small tunnel splitting of ~10™> ecm™" for the ground state,
indicating the suppression of the ground state QTM. For both

This journal is © The Royal Society of Chemistry 2022
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Table 4 POLY_ANISO extracted J values (Jexch + Jaipo) for complexes 2 and 3 along low-lying eight exchange doublets and the corresponding

g-values and tunnel splitting

J(em™) 2 3

Jeot 0.03 —-0.22
Jexch 0.2 -0.3
Jaipo —0.17 0.08

Z —0.005 —0.002
Exchange doublets E/ecm™* Gz Agunnel E/cm™ - Avunnel

1 0.0 39.3429 7.46 x 107% 0.0 17.8358 5.34 x 107
2 2.2 0.0058 1.12 x 107 2.2 34.2640 5.50 x 107°°
3 99.8 36.1204 9.54 x 107 52.0 18.5109 2.19 x 107
4 99.9 36.1210 5.51 x 107°° 53.7 32.0144 2.11x 107
5 101.4 2.8498 8.76 x 10°° 94.4 8.0127 1.04 x 107
6 101.4 2.8369 6.52 x 107%° 97.6 36.1903 1.04 x 107
7 199.6 33.0957 6.80 x 107%* 146.3 7.9437 3.58 x107°°
8 200.7 0.01209 8.53 x 10~ 149.1 34.1280 2.87 x107°°

complexes 2-3, we have observed a significantly smaller tunnel
splitting value for ground exchange doublets compared to
their single-ion analogues, which indicates that magnetic
exchange interaction plays a crucial role in blocking the
ground state QTM. Despite having a large J value for 3, we have
not noticed any substantial decrease in the ground state QTM
value compared to 2 (Fig. 6) as a result of the misaligned g,
axis and more distorted geometry around the Dy(ui) centers. A
similar scenario of a small tunnel splitting (%10™> cm™) was
also observed for the 1°° and 2" excited states located at
2.7 cm” *for both the complexes. For complex 2, a relatively
large tunnel splitting was observed for the 7™ excited KD
placed at ~200 cm™", indicating that magnetic relaxation is
likely to occur via this state. On the other hand, for complex 3,
we have noticed a likely relaxation pathway via the fifth excited
KD placed at ~94 cm™". From the computed exchange spec-
trum, it is evident that the strong magnetic exchange between
the Dy(u) centres helps to quench the ground state QTM and
allows both molecules to show zero-field SMM behaviour, in
contrast to what is observed at the single-ion level (Fig. 6, S10,
ESI}). Thus, the slow relaxation of magnetization in both com-
plexes 2 and 3 is mainly driven by the exchange interaction
between the Dy(i) centers.

Conclusions

In summary, we present a single-ion magnet building block
approach for the design and construction of dinuclear lantha-
nide single-molecule magnets. This synthetic strategy has led
to the successful isolation of two dinuclear Dy(mr) complexes
based on a molecular Dy(ur) complex 1. Magnetic studies
reveal the presence of considerable ferromagnetic and weak
antiferromagnetic exchange interactions between the Dy**
centers in 2 and 3, respectively. Interestingly, slow relaxation
of magnetization under a zero dc field was evidenced for com-
plexes 2 and 3, indicating two new zero-field Dy, SMMs.
Theoretical calculations were carried out to provide insight

This journal is © The Royal Society of Chemistry 2022

into the magnetic exchange interactions and relaxation
dynamics for the complexes. The foregoing results provide not
only a synthetic approach for the construction of dinuclear Dy
() complexes but also a molecular system platform to prepare
a family of Dy, SMMs constructed by the [Dy(DCIQ);(H,0),]
building block and various bridging ligands for systematic and
in-depth investigations of magnetic behavior in Dy, complexes.
Further attempt to design and construct more Dy(u) based
molecular magnets based on the Dy(ur) SIM is currently under-
way in our group.
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