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Abstract—Employing 2,6-bis[(4S/4R)-4-phenyl-2-oxazolinyl|pyridine (4R/4S-Pybox) as the chiral induc-
ing ligand, a pair of enantiopure mononuclear Dy(III) complexes, [Dy(Hfac);(4R/4S-Pybox)] (1R/1S;
Hfac™ = 1,1,1,5,5,5-hexafluoroacetylacetonate ion) have been synthesized. They are characterized by single-
crystal X-ray structure analysis (CCDC nos. 2124459 (1R) and 2124460 (1S)), elemental analysis, IR spec-
troscopy, thermogravimetric analysis and powder X-ray diffraction. Within their mononuclear molecular
structure, the Dy(III) center locates in a coordination environment afforded by a 4R/4S-Pybox ligand and
three Hfac™ ions, displaying a nine-coordinated capped square antiprism coordination geometry with Cy,
symmetry. Solid circular dichroism spectrum further confirmed their enantiopure nature. Magnetic mea-
surements indicated that 1R exhibits dual magnetic relaxation behavior, which was rarely observed in chiral
SIMs family. The efficient energy barrier and relaxation time for the slow relaxation process are 6.85(4) K and

2.5 % 1073 s, respectively.
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INTRODUCTION

During the past few decades, single molecule mag-
nets (SMMs) have attracted great interests owing to
their potential applications in high-density data stor-
age, quantum computing, and molecular spintronic
devices [1—3]. As the studies moving on, the lantha-
nide (Ln) ions are increasingly considered to be the
idea spin carriers to synthesize high performance
SMMs, in particular the Dy(III) ion that possesses a
large magnetic moment and Ising-type magnetic
anisotropy [4]. A number of Dy-SMMs thus have
sprung up in recently years. Strikingly, great progress
in performance optimization has been achieved in
mononuclear Dy-SMMs, which are also named as the
Dy single-ion magnets (Dy-SIMs) [5]. With respect to
those of binuclear or polynuclear, these mononuclear
systems are easily to synthesized and modified. This
facilitates the definition of the types and symmetries of
the coordination field of Dy(III) centers, allowing for
rational tuning of the single ion anisotropy [6—9]. Sev-
eral Dy-SIMs with rather high performance have been

developed in recently years [10, 11]. More encourag-
ingly, the combination of excellent performance and
high stability could be achieved in these systems [12],
which further indicate their potential in application.

Endowing the SMMs with additional functions is
one of novel topic in their field, as it would helpful for
their use as future molecular devices [13, 14]. Particu-
lar concerns have been paid to the homochiral SMMs.
By introduction of the chirality, other properties could
be established in SMMs, such as magneto-optical far-
aday effects at room temperature [15], third-harmonic
generation responses [16], solid-state near-infrared
circularly polarized luminescence [17], etc. Even more
appealing is that some fantastic synergistic and cor-
relation effects might generate between homochiral
structures and inhere magnetic properties. For exam-
ple, strong interaction between the ferroelectric and
magnetic properties has been realized in homochiral
{ZnYb} magnets, which afforded amazing room tem-
perature magnetoelectric coupling [18]. Nevertheless,
in chiral SMMs family the mononuclear Dy-SIMs
were still rare up to now [19—22], despite that they
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have showed advantages for high performance. A fur-
ther exploration of novel chiral Dy-SIMs is thus not
only important, but valuable.

Herein we report a pair of Dy-SIMs that formula as
(R/S)-|Dy(Pybox)(Hfac);] (1R and 1S). They were
synthesized from the Dy(Hfac);-2H,O precursor and
homochiral Pybox ligand, and show considerable
thermostability. Both crystal structural analysis and
solid circular dichroism (CD) spectra confirm their
enantiomeric nature. Magnetic studies show that the
1R displays interesting dual magnetic relaxation
behavior.

EXPERIMENTAL

Dy(Hfac);2H,0 was synthesized following previ-
ously reported method [23]. Other chemical reagents
were purchased from commercial sources and used as
received without further purification. The C, Hand N
microanalyses were carried out with a Model 2400 I1,
PerkinElmer elemental analyzer. The FT-IR spectra
were recorded from KBr pellets in the range
4000—400 cm™! on a PerkinElmer spectrum One FT-
IR spectrometer. Thermogravimetric (TG) analyses
were performed on a Netzsch STA 449C thermal ana-
lyzer from room temperature at a heating rate of 10°C
min~! under a continuous stream of N,. Powder X-ray
diffraction (PXRD) patterns were recorded using
CuK,, radiation on a PANalytical X’Pert PRO diffrac-
tometer. The solid CD spectra were recorded at room
temperature, using KBr pellets containing a single
crystal sample.

All magnetic measurements were performed with
polycrystalline samples using a Quantum Design
MPMS-3 magnetometer. The variable temperature
magnetic susceptibility data were collected over the
temperature range of 300~2.0 K, and the isothermal
magnetization measurements were carried out
between 0 and 7 T. Dynamic (ac) susceptibilities were
measured under different external direct current (dc)
fields, with an ac field of 2 Oe and frequencies ranging
from 1 to 1000 Hz. The experimental magnetic sus-
ceptibility data for all samples were corrected for dia-
magnetic contributions estimated using Pascal’s con-
stants and of the sample holder by a previous calibra-
tion.

Synthesis of (R)-[Dy(Pybox)(Hfac);] (1R). A solu-
tion of Dy(Hfac);-2H,0 (0.05 mmol, 41 mg) in 25 mL
n-heptane was refluxed at 95°C and then cooled to
40°C. Then the 4R-Pybox (0.05 mmol, 18.5 mg),
5 mL CH,Cl, and 0.5 mL CH;OH were added. After
being stirred for 30 min, the mixture was cooled to
room temperature and filtrated immediately. The fil-
trate was added with appropriate amount of triethyl-
amine and then left to stand at room temperature for
slow evaporation. Colorless block crystals were
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obtained with the yield of ~58% (based on the Dy(11I)
salt).

For C33H»N;05F 13Dy
Anal. calcd., % C, 39.55
Found, % C, 38.98

H, 1.91
H, 1.96

N, 3.64
N, 3.53

IR (KBr; v, cm™!): 3048 s, 1654 s, 1591 w, 1546 w,
1491 s, 1390 s, 1332 w, 1251 w, 1199 w, 1154 w, 1136 s,
970 m, 927 m, 798 m, 744 m, 703 m, 662 s, 584 s.

Synthesis of (S)-[Dy(Pybox)(hfac);] (1S). A syn-
thetic procedure similar to that of 1R was used to syn-
thesize 1S, except that the S-Pybox was used instead
of the R-Pybox. The yield was 56% (based on the
Dy(I11) salt).

For C33H»N;05F 3Dy
Anal. caled., %  C, 39.55
Found, % C, 38.94

H, 1.91
H, 1.92

N, 3.64
N, 3.56

IR (KBr; v, cm 1):3050s, 1662 s, 1589 w, 1504 m,
1487 s, 1384 s, 1259 w, 1207 m, 1154 w, 11425, 970 m,
927 m, 796 m, 754 m, 703 w, 672 s, 663 m, 586 s.

X-ray crystallography. All the data were collected
with an Agilent SuperNova diffractometer by using
graphite monochromatic MoK, radiation (A =
0.71073 A) at 298.15 K. Absorption effect was cor-
rected by semi-empirical methods. The structure was
solved by direct methods and was refined by full-
matrix least-squares methods with a suite of ShelXS
and ShelXL programs via Olex2 interface [24—27].
The non-hydrogen atoms were refined anisotropi-
cally. The hydrogen atoms were placed in calculated
positions and refined by using a riding model. The
final cycle of full-matrix least-squares refinement was
based on observed reflections and variable parame-
ters. A summary of crystal data and relevant refine-
ment parameters are given in Table 1.

The full tables of interatomic distances and bond
angles, atomic coordinates, and atomic displacement
parameters were deposited with the Cambridge Crys-
tallographic Data Centre (CCDC nos. 2124459 (1R)
and 2124460 (1S); deposit@ccdc.cam.ac.uk or
https://www.ccdc.cam.ac.uk/structures) and also can
be requested from the authors.

RESULTS AND DISCUSSION

The single crystals of 1R and 1S were synthesized
from Dy(Hfac);2H,0O and R/S-Pybox ligand in a
mixture solvent of n-heptane, CH,Cl, and CH;O0H in
the presence of minute amount of triethylamine. Syn-
thesis exploration showed that the single crystals could
also be obtained without the triethylamine. However,
it should be noted that the introduction of triethyl-
amine could promote the quality of single crystals of
1R and 1S greatly. It suggests that alkaline synthesis
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Table 1. Crystallographic data and refinement parameters for structure of 1R and 1S

Value
Parameter
1S 1R
Empirical formula C33H»,N3Og F gDy C33H»,N3OgF Dy
Formula weight 1153.08 1153.08
Crystal system Orthorhombic Orthorhombic
Space group P2,2,2 P2,2,24
a, A 12.4017(4) 12.3978(3)
b, A 18.0075(6) 18.0223(4)
c, A 19.3115(6) 19.2922(4)
o, deg 90 90
v, A3 4312.7(2) 4310.59(2)
Z 4 4
Pealeds &/cm? 1.776 1.777
p/mm-™! 1.864 1.850
F(000) 2252 2252
Reflections collected 36928 34161
Independent reflections 10564 10422
R 0.0625 0.0361
Data/parameters 10564/613 10422/636
Goodness-of-fit on F? 1.060 1.050
R, wR, (I220(])) 0.0443, 0.0735 0.0345, 0.0649
R;, wR, (all data) 0.0797, 0.0901 0.0477,0.0718
Flack parameter —0.026(1) —0.034(5)

condition may be in favor of the formation of single
crystals of 1R and 18S.

Single crystal X-ray diffraction analysis revealed
that 1R and 1S crystalliz in chiral P2,2,2, space
groups. As shown in Fig. 1a, each complex consists of
a Dy(III) ion, a R- or S-Pybox ligand and three Hfac™
ion. The Dy(III) ion locates in a coordination envi-
ronment afforded by six O atoms of Hfac™ and three N
atoms from Pybox ligand, forming a nine-coordinated
spherical capped square antiprism coordination con-
figuration with C,, symmetry (Fig. 1b) as suggested by
continuous shape measurement (CShM) using
SHAPE 2.0 software (Table 2) [28, 29]. The Dy—0O
and Dy—N bond lengths range from
2.346(5)—2.441(6) and 2.558(6)—2.593(7) A, respec-
tively. No matter from whole molecule structures or
coordination geometries of the Dy(III) ions, the 1R
and 1S present mirror symmetry, indicating their
enantiopure nature. In crystal lattice the molecules
stack in relative sparse way. Intermolecular the short-
est Dy--Dy distances for 1R and 1S are 9.348 and
9.340 A (Fig. 2), representing intermolecular interac-
tion can be negligible.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

The TG curves of 1R and 1S were measured in the
temperature range of 35—800°C with a heating rate of
10°C/min in a N, atmosphere. Two complexes showed
rather similar TG behavior (Fig. 3). Upon heating,
their samples keep stable until about 220°C, after
which the decomposition started to happen. These
results indicated that both 1R and 1S possess consid-
erable thermal stability. On the other hand, the PXRD
of 1R and 1S were measured with crystalline powder
samples at room temperature. The experimental
curves for both complexes were in good agreement
with their simulated patterns (Fig. 4), respectively,
demonstrating their phase purity.

The homochirality of 1R and 1S were further
checked by solid CD spectra. As shown in Fig. 5, the
CD spectra of 1R and 1S display obvious mirror sym-
metry effect. The CD spectra of 1S exhibits a strong
negative Cotton effect near 353 nm, and 1R appear as
positive Cotton effect at the same wavelengths. These
results are indicative of the homochirality of them.
They also signify that 1R and 1S are pair of enantio-
mers.

Considering the enantiomeric nature of 1R and 1S,
the 1R was selected as the representative to investigate
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Fig. 1. Crystal structures (a) and the coordination geometries of the Dy(I1I) centers (b) of 1R and 1S.

their magnetic properties. The direct current (dc)
magnetic susceptibility of 1R was measured in the
temperature range of 300—2.0 K under an external dc
magnetic field of 1.0 kOe. As shown in Fig. 6, the
xmT—T curve of 1R presents an obvious temperature
dependent tendency. At room temperature the y 7T
value is 14.78 cm?® K mol™!, which is close to the theo-
retical value of 14.17 cm?® K mol™ for a magnetic iso-
lated Dy(III) ion (§S=5/2, L=5,g=4/3, and 6H15/2).
As the temperature decreasing, the yx\7 value
decreases gradually until about 20 K. Then the value
decreases rapidly and finally reaches to the minimum
of 9.27 cm? K mol ™! at 2 K. This behavior might be
caused by the progressive quenching of Stark sublevel
of the Dy(III) ion [30].

The wvariable field magnetization of 1R was
recorded at 2, 2.5, 5 and 10 K. As shown in Fig. 7, the
M values at different temperature all increase with the
increasing of external field. The M valueat2 Kand 7 T
is 6.98 Ny, being lower than the expected theoretical
values of 10 N for one Dy(I1I) ion. The non-super-
position of the M—H curves suggests the presence of

significant magnetic anisotropy and/or low-lying
excited states of the Dy(1II) ion in 1R [31, 32].

In order to investigate the dynamic magnetic
behaviors of 1R, alternating current (ac) magnetic sus-
ceptibility measurements were first performed under
different applied dc field in a frequency range of
1—1000 Hz at 2 K (Fig. 8). None of the in-phase (')
and out-phase (") signals could be observed under
zero field. As the increasing of the dc fields, the " sig-
nals started to appear and became much pronounced.
It is the indicative of successful suppression of quan-
tum tunneling magnetization (QTM) process by
applied dc field. Meanwhile, the high-frequency peaks
declined gradually, and new peaks in low-frequency
range emerged and reached to the maximum at
2.0 kOe. This suggests a dual magnetic relaxation
behavior [33, 34]. On this basis, the applied dc field of
2.0 kOe was selected to further investigate the dynamic
magnetic properties of 1R.

When a 2.0 kOe dc field was applied, the " signals
show obvious dual relaxation including both fast and
slow relaxation processes (FR and SR) at low tem-
perature (Fig. 9). The data was fitted to the sum of two

Table 2. The calculated results for Dy(I1I) ions configuration for 1R and 1S

Configuration Symmetry 1R 1S
Enneagon Dy, 35.066 35.003
Octagonal pyramid Cgy 22.564 22.612
Heptagonal bipyramid Dy, 17.615 17.606
Johnson triangular cupola J3 Cs, 15.842 15.857
Capped cube J8 Cyy 10.717 10.704
Spherical-relaxed capped cube Cq 9.589 9.557
Capped square antiprism J10 Cyy 2.115 2.107
Spherical capped square antiprism Cy, 1.101 1.073
Tricapped trigonal prism J51 Dy, 3.711 3.715

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
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Fig. 2. Packing diagrams of 1R and 18 viewed from g-axis direction.

1S

modified Debye functions [35], which gave Cole—
Cole plots where the curves displayed asymmetric
double semicircles in low temperature range
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100 | IR
(a)
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3 60 | —— Simulated of 1R
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Fig. 3. TG curves of 1R and 1S. Fig. 4. PXRD patterns of 1R and 18S.
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Fig. 5. Solid CD spectra of 1R and 1S at room temperature.

(Fig. 10a). As the signals of FR were too weak, only
the data of SR was fitted (Fig. 10b). Corresponding
fitting based on In(y"/x") = In(wty) + Uy/kgT [36],
give the efficient energy barrier (U.y) and relaxation
time (T,) of 6.85(4) K and 2.5 x 1073 s, respectively.

In previous literature, few Dy-SIMs whose Dy
centers show capped square-antiprism geometry have
been reported. Limited cases include [Dy(Tpz),Bpz]:
0.5CH,Cl, [Tpz = hydrotris(pyrazolyl)-borate; Bpz =
dihydrobis(pyrazolyl)borate] [37], [Dy(H;L)(OAc)]-
(C104),MeOH-H,O [H;L = tris[2-(((imidazol-4-
yl)methylidene)amino)-ethyl]amine] [38], and
[Dy(HL;)3(NO;);]CH;CN  (HL; = (I-[N-(4-
methoxyl) aminomethylidene-2(1H)-naphthale-
none) [39]. The 1R are comparable to these reported
cases in the aspect of performance parameters. How-
ever, within the magnetic relaxation of these mononu-
clear capped square-antiprismatic Dy systems, there

ym T, cm? mol~' K

—{+ 1S

0 50 100 150 200 250 300
T,K

Fig. 6. Plots of )¢, T versus T of 1R.
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Fig. 7. Plots of M versus H of 1R.

exist phonon-assisted tunneling process with a domi-
nant contribution from the first excited doublet [38].
It weakened U, of these systems to some extent.

(a)
5_ E‘*‘w
T4
S
g 5L M
5
St
=
I 00c Il 4 kOe
1 10 100 1000
v, Hz
(b)
15
00e¢ M 4 kOe
1.2}
T
K09t
g
2 0.6+
Q
=03}
0_

Fig. 8. Frequency-dependent %' (a) and " (b) signals of 1R
at 2 K and under different dc fields.
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Fig. 9. Frequency-dependent %' (a) and " (b) signals of IR
at 1.8—8 K and under 2.0 kOe applied fields.

In conclusion, a pair of chiral Dy-SIMs (1R and
1S) were synthesized using chiral Pybox ligand. Crys-
tal structure analysis and solid CD spectrum estab-
lished their enantiopure nature. Magnetic studies
indicated that 1R exhibited field-induced dual relax-
ation behavior containing both FR and SR processes.
More importantly, both 1R and 1S keep stable until
about 220°C. In present family of Dy-SIMs, the chiral
species were still limited, and the stable chiral cases
were particularly scarcity. The present work thus
affords rare Dy-SIMs featuring both homochirality
and good thermal stability. A further exploration of
other properties in addition to their SMM behavior is
in progress.
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