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Syntheses, crystal structures, and magnetic
properties of cyclic dimer Ln,L, complexes
constructed from (3-pyridinylmethoxy)phenyl-
substituted nitronyl nitroxide ligandsy
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Herein, five lanthanide-radical cyclic dimer complexes [Ln(hfac)s(NIT-3PyPh)l, derived from (3-
pyridinylmethoxy)phenyl-substituted nitronyl nitroxide ligands, 2-(4-(3-pyridinylmethoxy)phenyl)-4,4,5,5-
tetramethyl-imidazolyl-1-oxyl-3-oxide (NIT-3PyPh), and Ln(hfac)s (Ln" = Gd (1), Tb (2), Dy (3), Ho (4),
and Er (5); hfac = hexafluoroacetylacetonato), were synthesized as well as structurally and magnetically
characterized. The single-crystal structures show that these complexes are isostructural, in which the
Received 6th June 201/ NIT-3PyPh molecule acts as a bridging ligand linking two Ln" ions through th tom of the N-O
Accepted 10th July 2017 yPh molecule acts as a bridging ligand linking two Ln™ ions through the oxygen atom of the
group and nitrogen atom from the pyridine ring to form a four-spin system. Tb and Dy complexes

DOI: 10.1039/c7ra06310e exhibit a frequency-dependence of ac magnetic susceptibilities, slowing the relaxation of the

rsc.li/rsc-advances magnetization.

Introduction

Research on single-molecule magnets (SMMs) has been a very
active field and rapidly expanding for over two decades since the
first magnetic dynamics of Mn;,Ac was discovered in the early
1990s." These materials have potential applications in high-
density data storage, quantum information processing
systems, and spintronic devices.>* Recently, lanthanide-based
systems, especially heavy lanthanide ions, have become
increasingly interesting due to their large intrinsic magnetic
anisotropy from the large unquenched orbital moment.® This
strategy has achieved tremendous success in the production of
novel SMMs mainly comprising mononuclear and polynuclear
pure 4f*” and mixed 3d-4f® systems. However, the main disad-
vantage of these compounds is the internal character of their 4f
unpaired electrons, which results in weak magnetic interactions
between spin carriers.” Nitronyl nitroxide radicals (NITs) and
other organic radicals, such as verdazyl, TEMPO, TTF, and so
on, as spin carriers are fascinating building blocks and bridged
ligands not only for stabilization under ambient conditions but
also for directed coordination to transfer effective magnetic
interactions. The organic radical has proven to be an attractive
route to obtain magnetically coupled 2p-4f heterospin
systems.'® Contrary to 3d-4f and pure 4f metal SMMs, to date,
2p-4f SMMs are relatively rare, and only some examples

Department of Chemistry, Zhejiang Sci-Tech University, Hangzhou 310018, China.
E-mail: zhumei0321@163.com

T Electronic supplementary information (ESI) available. CCDC 1538537-1538541.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c7ra06310e

This journal is © The Royal Society of Chemistry 2017

including mononuclear lanthanide-nitronyl nitroxide radical
complexes,” lanthanide-nitronyl nitroxide dimers,"” and
lanthanide-biradical compounds* have been reported. As is
known, discrete complexes with definite geometry resulting
from paramagnetic metal ions and organic radicals are good
candidates for the fundamental studies of magneto-structural
correlations, in particular for determining how the structural
factors affect the interaction between metals and nitronyl
nitroxide and how to improve magnetic relaxation.'* Moreover,
for nitronyl nitroxide-Ln complexes, several investigations have
shown that the substituents of the nitronyl nitroxide radicals
play a crucial role in modulating the dynamics of magnetiza-
tion.” Herein, a (3-pyridinylmethoxy)phenyl-substituted nitro-
xide radical, NIT-3PyPh (NIT-3PyPh = 2-(4-(3-pyridinylmethoxy)
phenyl)-4,4,5,5-tetramethyl-imidazolyl-1-oxyl-3-oxide, Scheme
1), is chosen to assemble a series of 2p-4f compounds. This
radical ligand not only has a functional coordinated atom but
also shows a long and flexible substituted group relativity as
compared to the pyridine or benzene-substituted radical, which
may construct the variety structures of complexes. In this study,
the complexes are isostructural, exhibiting cyclic nitronyl
nitroxide-Ln dimer units in which two NIT-3PyPh radicals act as
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Scheme 1 NIT-3PyPh ligand.
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bridging ligands to link two Ln(hfac); units through the oxygen
atoms of the nitroxide groups and nitrogen atoms of the pyri-
dine ring, namely [Ln(hfac);(NIT-3PyPh)],(Ln"™ = Gd (1), Tb (2),
Dy (3), Ho (4), and Er (5); hfac = hexafluoroacetylacetonato).
Magnetic studies show that Tb and Dy complexes exhibit slow
magnetic relaxation, the typical characteristic of SMMs.

Experimental
Materials and physical measurements

All the reagents and chemicals used in the syntheses were of
analytical grade. Ln(hfac);-2H,0 and the radical ligand NIT-
3PyPh were prepared according to the literature methods.'®
Elemental analyses for carbon, hydrogen, and nitrogen were
carried out using a Perkin-Elmer 240 elemental analyzer.
Infrared spectra were obtained from KBr pellets in the 4000-400
em ! region via a Bruker Tensor 27FTIR spectrophotometer.
Magnetic measurements were conducted using a Quantum
Design VSM SQUID magnetometer. Diamagnetic corrections
were made with Pascal's constants for all of the constituent
atoms and sample holders.

Synthesis

Compounds 1-5 [Ln(hfac);(NIT-3PyPh)],(Ln™ = Gd (1), Tb (2),
Dy (3), Ho (4), and Er (5)) were obtained via the same procedure.
A suspension of 0.02 mmol Ln(hfac);-2H,0 in 20 mL n-heptane
was heated to reflux for about 2 hours. Then, the solution was
subsequently cooled to 90 °C; after this, 0.02 mmol NIT-3PyPh
in 10 mL dichloromethane was added under stirring. The
mixture was refluxed for another 1 hour and then cooled to
room temperature. The filtrate was allowed to stay at room
temperature for slow evaporation. After two days, dark-blue
block crystals suitable for single-crystal X-ray analysis were
obtained.

Table 1 Crystal data and structure refinement for complexes 1-5
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[Gd(hfac);(NIT-3PyPh)], (1). Yield: 76%. Anal. calc. for Cgg-
HsoF36Gd,NgOsg: C, 36.50, H, 2.25, N, 3.76; found: C, 36.66, H,
2.42, N, 3.93%. IR (KBr, cm '): 3432 (m), 1654 (s), 1510 (m),
1260 (s), 1208 (s), 1147 (s), 799 (m), 662 (m).

[Tb(hfac);(NIT-3PyPh)], (2). Yield: 72%. Anal. calc. for Cgg-
HioF36Th,NeOsg: C, 36.45, H, 2.25, N, 3.75; found: C, 36.51, H,
2.32, N, 4.14%. IR (KBr, cm™'): 3433 (m), 1655 (s), 1512 (m),
1259 (s), 1205 (s), 1146 (s), 798 (m), 661 (m).

[Dy(hfac)z(NIT-3PyPh)], (3). Yield: 74%. Anal. calc. for Cgg-
H;soF36Dy,NgO1s: C, 36.33, H, 2.24, N, 3.74; found: C, 36.21, H,
2.12, N, 3.95%. IR (KBr, cm %): 3433 (m), 1658 (s), 1505 (m),
1259 (s), 1208 (s), 1148 (s), 800 (m), 661 (m).

[Ho(hfac);(NIT-3PyPh)], (4). Yield: 71%. Anal. calc. for Ceg-
H;soF36Dy,NgO1g: C, 36.25, H, 2.24, N, 3.73; found: C, 36.31, H,
2.29, N, 3.67%. IR (KBr, cm '): 3432 (m), 1658 (s), 1505 (m),
1259 (s), 1208 (s), 1148 (s), 800 (m), 661 (m).

[Er(hfac);(NIT-3PyPh)], (5). Yield: 79%. Anal. calc. for Ceg-
HsoF36ErNeOg: C, 36.18, H, 2.23, N, 3.72; found: C, 36.29, H,
2.45, N, 3.93%. IR (KBr, cm '): 3432 (m), 1655 (s), 1512 (m),
1259 (s), 1205 (s), 1146 (s), 798 (m), 661 (m).

X-ray data collection and structure refinement

All crystallographic data were obtained using a Rigaku CCD
diffractometer with graphite monochromated Mo Ka radiation
(A = 0.71073 A) at 113 K. Structures were solved via direct
methods using the SHELXS-2014 program and refined by a full-
matrix least-squares techniques against F> with the SHELXTL-
2014 program package.'” Some restraints are applied, such as
ISOR, DFIX, to solve the disorder of the F atoms. Besides fluo-
rine atoms, all other non-hydrogen atoms were anisotropically
refined, and hydrogen atoms were fixed at the calculated posi-
tions, which were refined using a riding model. The pertinent
crystallographic data and structure refinement parameters for
complexes 1-5 are listed in Table 1. The important bond lengths

1Gd 2 Tb 3 Dy 4 Ho 5 Er
Formula CesHsoF36LN,NgO;g
M, 2237.63 2241.98 2248.12 2252.99 2257.64
T, K 113(2) 293(2) 113(2) 113(2) 113(2)
A (Mo Ka), A 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P24/n P2,/c P24/c P24/c P2,/c
a, A 13.433(3) 13.504(3) 13.394(3) 13.372(3) 13.387(3)
b, A 17.289(4) 17.675(3) 17.257(3) 17.214(3) 17.241(3)
o A 18.334(4) 22.376(7) 22.104(7) 22.022(7) 22.063(7)
a, deg 90 90 90 90 90
8, deg 93.07(3) 124.48(2) 124.21(2) 124.08(2) 124.00(2)
v, deg 90 90 90 90 90
v, A® 4252.0(15) 4402.5(18) 4225.2(18) 4198.5(18) 4221.7(18)
zZ 2 2 2 2 2
D, g em™? 1.748 1.690 1.767 1.782 1.776
w, mm " 1.692 1.734 1.902 2.018 2.121
0 range, deg 1.62-25.01 1.60-25.01 1.62-25.01 1.63-27.97 1.62-25.01
Unique reflns/R;,. 7492/0.0463 7726/0.0409 7439/0.0491 10 025/0.0546 7426/0.0445
GOF 1.05 1.069 1.038 1.023 1.070
Ry [I> 20(1)] 0.0603 0.0719 0.0577 0.0642 0.0571
WR, [I> 20(0)] 0.1687 0.1925 0.1648 0.1791 0.1663
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Table 2 The important bond distances (A) and angles (°) for complexes 1-5

Bond lengths  Bond lengths  Angle of Dihedral angle between the phenyl ~ Dihedral angle between the phenyl
Complexes  Ln-O(rad) Ln-N(py) O(rad)-Ln-N(py)  plane and the nitroxide plane plane and the pyridine plane
1 2.320(5) 2.579(5) 71.91(17) 36.46 48.74
2 2.317(6) 2.585(6) 72.0(2) 37.10 48.96
3 2.294(5) 2.560(5) 71.74(17) 36.39 48.96
4 2.282(4) 2.547(5) 71.74(16) 35.97 49.01
5 2.281(5) 2.534(6) 71.75(18) 36.07 49.02

and angles for 1-5 are listed in Tables 2 and S1-S5.7 CCDC
1538537-1538541.F

Results and discussion
Crystal structure

Single-crystal X-ray diffraction analyses reveal that complexes
1-5 are isomorphous; therefore, only the structure of complex
1 has been described in detail. Complex 1 crystallizes in the
monoclinic space group P2,/n with the central symmetric
structure. Moreover, two NIT-3PyPh paramagnetic ligands are
linked through coordination bonds with two molecules of
Gd(hfac); to generate a four-spin cyclic dimer complex (Fig. 1).
Gd™ is coordinated with six oxygen atoms from three hfac
ligands and one oxygen atom and one nitrogen atom from two
different nitronyl nitroxide units to form a distorted square
antiprism geometry. As is known, eight coordinate geometries
refer to some polyhedra, including D,q dodecahedron (DD),
D,q square antiprism (SAPR), C,, bicapped trigonal prism
(TPRS), and so on. Continuous shape measures have been
performed with SHAPE to evaluate the actual shape of the
coordination spheres of the Ln atoms for complexes 1-
5'%(Table 3), indicating that all of them are located in distorted
square antiprism environments. The NIT-3PyPh molecule acts
as a bidentate bridging ligand to link two Gd™ ions by the
oxygen atom of the nitroxide group and the nitrogen atom of
the pyridine ring. Within a dimer unit, the phenyl ring of one
NIT-3PyPh ligand is almost parallel to the pyridine group of
the other NIT-3PyPh molecule; this may due to the m-m
stacking interaction between the phenyl ring and the pyridine
ring. The bond lengths of GA™-O (nitroxide) and Gd""-N are
2.320(5) and 2.579(5) A, respectively, which are comparable to
those reported for other lanthanide-pyridine-substituted
radical complexes.””*” In the dimer units, the distance of
two metal ions is 11.675 A. The shortest intermolecular Gd"™'-
Gd™ distance is 9.272 A, whereas the nearest contact between
the uncoordinated N-O groups is 3.546 A (Fig. 2), which
implies that there is non-negligible magnetic coupling
between uncoordinated NO groups. The crystal structures and
packing arrangements for the complexes 2-5 are shown in
Fig. S1-S4 and S5-S8,T respectively.

Magnetic properties

The temperature-dependent magnetic susceptibility data of
complexes 1-5 were measured in the range of 2-300 K under

This journal is © The Royal Society of Chemistry 2017

an external magnetic field of 1 kOe (Fig. 3). At room temper-
ature, the y\T values are 16.84, 24.99, 29.02, 29.68, and 25.04
em® K mol ™ for compounds 1, 2, 3, 4, and 5, respectively,
which are close to the expected values of 16.51, 24.39, 29.09,

o7

Fig. 1 (Top) Crystal structure of complex 1, (H atoms and F atoms are
omitted for clarity and symmetry transformations used to generate
equivalent atoms A: 2 — x, 2 — y, —2); (middle) ORTEP view of complex
1 at the 50% probability level. (Bottom) The coordination polyhedron of
Gd(n) ionin 1.

RSC Aadv., 2017, 7, 36895-36901 | 36897
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Table 3 Lanthanide geometry analysis using the Shape software for

complexes 1-5

Complex Ln D4 SAPR D,q DD Cy TPRS
1 Gd 0.789 1.877 1.833
2 Tb 0.792 2.025 1.798
3 Dy 0.777 1.901 1.808
4 Ho 0.750 1.908 1.782
5 Er 0.739 1.907 1.764

28.89, and 23.71 cm® K mol " for the uncoupled two Ln"" ions
(Gd™:8s,,,,8§=7/2,L=0,]=7/2,g=2,C=7.88 cm® K mol ;
Tb™: "Fe, S =3,L =3,] = 6,g = 3/2, C = 11.82 cm® K mol ;
Dy™: ®Hys/5, S = 5/2, L = 5,] = 15/2, g = 4/3, C = 14.17 cm® K
mol ™ '; Ho™: °I;, § =2, L =6,] = 8, g = 5/4, C = 14.08 cm® K
mol™'; and Er'™: *Hy5/,, S=3/2,L =6,] =15/2,8=6/5,C =
11.48 em® K mol ) plus two organic radicals NIT-3PyPh (S = 1/
2). For the complex of 1, upon cooling, the yT value remains
almost constant until 74 K and then decreases more and more
dramatically to reach a value of 13.62 cm® K mol " at 2 K. As is
known, there are mainly three kinds of magnetic interactions
based on the present magnetic system: (i) Gd"" ion interacting
with the directly coordinated NO group (/); (ii) the magnetic
coupling between two uncoordinated NO groups through
space (J,); and (iii) GA™ ion interacting with the NO group
through the pyridine and benzene ring. However, the last
interaction should be weak® and could be neglected. Hence,
the magnetic behavior of 1 can be interpreted as that of one
linear Gd-rad-rad-Gd magnetic unit (Scheme 2). According to
the structural data, the torsion angle for Gd-O-N-C is 77.5°,
and the value of J; should be positive.* Therefore, the
observed antiferromagnetic coupling in complex 1 may be due
to the strong magnetic coupling between two uncoordinated
NO groups, which overwhelm the ferromagnetic interaction
between Gd and the directed coordinated NO group.”* MAG-
PACK? software was used to simulate the magnetic suscepti-
bilities based on the Hamiltonian equation: A =
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Fig. 3 xmT versus T plots of complexes 1-5; the solid line represents
the best-fitted simulation curve using MAGPACK.
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Scheme 2 The magnetic exchange pathways in complex 1.

_Zjl(SRadlngl + S‘RadZS'GdZ)_ZJZSRadlgRadZ and the best agree-
ment between calculated and experimental behaviors was ob-
tained for J; = 1.89 cm™ ', J, = —18.39 cm ™', and g = 2.01. The
positive J; is in agreement with a weak ferromagnetic interaction
between Gd(m) and the NO group, as was already observed in
other gadolinium nitronyl nitroxide compounds.”® The large
negative J, indicates that there exists important antiferromag-
netic interaction between uncoordinated NO groups. For
complexes 2, 3, 4, and 5, the y\T values continuously decrease
with the decreasing temperature and reach minimum values of
14.10, 18.66, 13.02, and 8.69 cm® K mol " at 2 K, respectively. The
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Fig. 2 Packing diagram of complex 1, hfac ligands and hydrogen and fluorine atoms are not shown for clarity.
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Fig. 4 M versus H plot at 2 K for complex 1. The solid line represents
the Brillouin function for non-coupled two S = 7/2 and two S = 1/2
spin centers (g = 2.0, T = 2 K).

overall behaviors of compounds 2-5 can be ascribed to the
depopulation of Ln(m) ion Stark sublevels and magnetic couple
interaction within the complexes.
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The field-dependent magnetizations of 1-5 at 2.0 K are
shown in Fig. 4 and S9.1 For complex 1, upon increasing the
applied field, M increases up to 14.34 NB at 70 kOe. For any
value of the field, the experimental magnetization value is lower
than the magnetization calculated by the Brillouin function for
non-coupled two S = 7/2 and two S = 1/2 spins (g = 2.0 and T=2
K), further supporting the antiferromagnetic interactions in this
compound. For complexes 2, 3, 4, and 5, the magnetization
reveals a rapid increase at low field and reaches 8.53, 12.03,
11.99, and 10.43 N at 70 kOe, respectively. All the M values did
not reach the expected saturation values; this suggested the
presence of magnetic anisotropy and/or low-lying excited states
in the systems.

AC magnetic susceptibility measurements were carried out
for 2 and 3 to probe dynamic magnetic behaviors. For
compound 2, as shown in Fig. 5, in a zero dc field with an ac
field of 2 Oe, both the in-phase (x') and out-of phase (x”)
components of ac susceptibility showed frequency dependence;
this suggested the presence of slow magnetic relaxation at low
temperatures. According to the magnetic couplings, the
quantum tunneling of the magnetization (QTM) is reduced

—e— 100Hz
—e— 300Hz
—o— 500Hz
—e— 700Hz

900Hz

Fig.5 Temperature dependence of the in-phase (left) and out-of-phase (right) plots for 2 at frequencies 100—-900 Hz with Hyc = 0 and Hyc = 2

Oe.
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Fig. 6 Temperature dependence of the in-phase and out-of-phase components of the ac magnetic susceptibility for 3 in zero (left) and 5 kOe

(right) dc fields with an oscillation of 2 Oe.
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when the unit is exchange coupled with neighboring magnetic
centers, which allows the observation of the magnetic relaxation
behavior even without an applied field. The peaks of the out-of-
phase signals are visible and follow the Arrhenius law t =
7o exp(4/kgT) with the pre exponential factor 1, = 4.04 x 10" s
and the effective anisotropy barrier 4/kg = 21.6 K. Compared
with those of the reported cyclic Th-radical complexes,** the
value of this barrier is almost high, especially in the zero dc
field. (Fig. S107).

Complex 3 shows frequency-dependent out-of-phase signals
in a zero dc field with an ac field of 2 Oe (Fig. 6); however, there
is no maxima visible down to 2.0 K. This behavior may result
from the relaxation mechanism such as quantum tunneling of
the magnetization (QTM). Since the tunneling mechanism
might be suppressed via application of a static magnetic field,**
we obtained ac susceptibility vs. temperature in 5 kOe dc field.
As expected, both in-phase (x’) and out-of-phase (x") signals are
more visible and show frequency dependent peaks, indicating
similar SMMs behavior. Fitting the data to the Arrhenius law
(Fig. S117) gives the pre-exponential factor 7, = 3.31 x 107 ° s
and the effective anisotropy barrier 4/kg = 35.47 K.

Conclusion

In conclusion, five new cyclic lanthanide-radical compounds
[Ln(hfac);(NIT-3PyPh)], have been synthesized. The investiga-
tion of the dynamics of the magnetization for complexes 2 and 3
shows that they exhibit SMMs behavior; especially, the peaks of
the out-of-phase signals are visible in a zero dc field for the Tb
compound. Contrary to the other Ln-based SMMs, reports on
Tb-based SMMs are rare because the bistability is not guaran-
teed for non-Kramer Tb(u) ions. The results demonstrated that
the substituents of the radicals play a crucial role in the
magnetic behaviors, and minor structural changes can induce
large differences for magnetic relaxation. This strategy is
promising to design new lanthanide-radical SMM molecular
magnetic materials.
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