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Anion-driven structures and SMM behavior of dinuclear terbium
and ytterbium complexes

Leena Mandal,” Soumava Biswas,** Goulven Cosquer,’ Yongbing Shen® and Masahiro

- yab,
Yamashita**"*

The work in this present investigation reports the syntheses, crystal structures and magnetic properties of five dinuclear
lanthanide complexes having composition [Tby(HL)4(NOs)s] (1), [Tba(HL)sClg]-2EtOH (2), [Yba(HL)4(NOs)es]l (3),
[Yb(HL)4Cle]-2EtOH (4) and [Y,(HL)4(NOs)e] (5) with HL = 8-hydroxyquinaldine. It is evident from the crystal structures, that,
the coordination number of trivalent lanthanide ions in compounds 1, 3 and 5 is nine, whereas, that for compounds 2 and
4 is six. Dynamic magnetic study shows that both compounds 1 and 3 exhibit single-molecule-magnet (SMM) behavior

while compounds 2 and 4 do not have any SMM property.

Introduction

The increasing interest for the exploration of single molecule
magnets (SMMs) is the foremost proof of their potential
usefulness in quantum computing, high-density data storage,
magnetic refrigeration, molecular spintronics and the
fabrication of nanoscopic devices."”” SMMs are a unique class
of molecular materials, capable to block their magnetization
for a long time, with a purely molecular origin.3 The presence
of their large spin ground state along with an intrinsic
magnetic anisotropy leads to a high anisotropic energy barrier
(4) for the reversal of magnetization. In particular, enormous
effort has been devoted to design lanthanide-based SMMs in
recent years because suitable lanthanide ions could exhibit
unquenched orbital angular momentum and large intrinsic
magnetic anisotropy as well as a large spin ground state.
However, understanding the interference between magnetic
exchange interaction and the origin of single ion anisotropy in
lanthanide-based polynuclear systems are still a challenging
task.” In this regard, dinuclear lanthanide SMMs could be very
useful model systems to study the single-ion anisotropy and
magnetic relaxation mechanism in molecules having high-
nuclearity.5 Beside this, the magnetic properties of dinuclear
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lanthanide SMMs can be tuned by changing several factors,
like local coordination environment, bridging mode,
functionalization of ligand etc.’ {[(Me3Si)zN]sz(THF)}z(u—nzznz-
N,)", one of the most exciting dinuclear SMM having blocking
temperature 14 K, was reported so far by Long et al.® Also,
they explored SMM behavior of a strongly exchange-coupled
dinuclear dysprosium based SMM having high anisotropy
barrier value.® [hgH,][Ln,y(hq)4(NO3)3]-MeOH  (hgH = 8-
hydroxyquinoline) is another nice example of dinuclear SMM
where the direct magnetic exchange between two
dysprosium(lll) ions was investigated in details.’ Up to now a
variety of dinuclear lanthanide SMMs are documented in
literature.®™°

8-hydroxyquinoline and its derivatives, because of their of
flexible coordination modes, are very useful for the syntheses
and magnetic study of versatile lanthanide-based
complexes.ll_13 Beside this, ytterbium based molecular
systems are very less explored in terms of their magnetic
dynamics despite of the inherent magnetic anisotropy.loaid So
combination of 8-hydroxyquinoline and ytterbium ion could
lead to prompting dinuclear model systems to study and
compare with other analogous complexes. In this regard, 8-
hydroxyquinaldine (HL) has been employed to construct five
dinuclear lanthanide complexes with various lanthanide salts.

J. Name., 2013, 00, 1-3 | 1
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Reactions of lanthanide nitrate salts with 8-hydroxyquinaldine
afford three iso-structural coordinated dinuclear
complexes showing field dependent SMM property for
terbium and ytterbium complexes. Whereas, reactions of
chloride salts give six coordinated dinuclear analogs, without
any SMM behavior. The present work systematically explores,
that, the effect of variation in the coordination environment of
the lanthanide ion leads to a significant change in their
molecular magnetic behaviour.

nine

Experimental Section

Materials and physical measurements

All reagents and solvents were purchased from commercial
sources and used as received. Elemental analyses (C, H and N)
were performed at the Research and Analytical centre for
Giant Molecules, Tohoku University. IR spectra of samples
were acquired at room temperature with a JASCO FT/IR-4200
spectrophotometer. PXRD measurements were performed on
a BRUKER D2 PHASER. Magnetic susceptibility measurements
were conducted wusing a Quantum Design SQUID
magnetometer MPMS-5S (Quantum Design, San Diego, CA,
USA). AC measurements were performed with an ac field
amplitude of 3 Oe. A polycrystalline sample embedded in n-
eicosane was used for the measurements. EDX analysis was
performed by an EDAX system equipped with a HITACHI S-
4300 Scanning Electron Microscope.

Syntheses

[Tbhy(HL)4(NO3)¢] (1). A methanol solution (5 ml) of
Tb(NO3)3-6H,0 (0.091 g, 0.2 mmol) was added to a methanol
solution (10 ml) of HL (0.080 g, 0.5 mmol). The mixture was
stirred for 30 minutes and then filtered. The resulting brown
solution was heated in a capped glass vial at 60 °C for four
days. Yellow crystals suitable for X-Ray measurements were
collected by filtration and washed with cold methanol. Yield
(based on Th): 0.050 g (38%). Anal. calcd for CygH36N1002,Th,:
C, 36.21; H, 2.74; N, 10.56%. Found: C, 36.28; H, 2.94; N,
10.47%. IR (cmfl): 3287(m), 3250(m), 3199(m), 1633(m),
1582(s), 1537(w), 1463(s), 1435(m), 1391(m), 1307(s), 1289(s),
1094(m), 1035(s), 891(m), 826(s) and 738(s).

[Tbho(HL),Clg]-2EtOH (2). An ethanol solution (4 ml) of
TbCl;-6H,0 (0.149 g, 0.4 mmol) was added to a
ethanol/acetonitrile (2:1) solution (6 ml) of HL (0.159 g, 1.0
mmol). The mixture was stirred for 30 minutes and then
filtered. The resulting brown solution was heated in a capped
glass vial at 60° C for four days. Yellow crystals suitable for X-
Ray measurements were collected by filtration and washed
with cold ethanol. Yield (based on Tb): 0.113 g (45%). Anal.
calcd for C44HagN4OgClgTh,: C, 41.96; H, 3.84; N, 4.45%. Found:
C, 41.85; H, 4.04; N, 4.67%. IR (cm%): 3334(m), 3263(m),
3181(m), 1631(m), 1584(s), 1460(s), 1384(m), 1323(s), 1290(s),
1096(m), 1040(m), 925(w), 869(m), 822(s) and 741(s).

2| J. Name., 2012, 00, 1-3

[Yby(HL)4(NO3)¢] (3). This compound was
following the similar procedure to that described for 1 except
using Yb(NOj);:5H,0 (0.090 g, 0.2 mmol) instead of
Tb(NO3)5:-6H,0. Yield (based on Yb): 0.054g (40%). Anal. calcd
for ChoH3gN100,,Yby: C, 35.46; H, 2.68; N, 10.34%. Found: C,
35.44; H, 2.77; N, 10.30%. IR (cm™): 3282(m), 3247(m),

prepared

3195(m), 1633(m), 1583(s), 1539(w), 1466(s), 1434(m),
1392(m), 1303(s), 1292(s), 1095(m), 1037(s), 894(m), 825(s)
and 742(s).

[Yb,(HL),Clg]-2EtOH (4). This compound was prepared following
the similar procedure to that described for 2 except using
YbCl;-6H,0 (0.155 g, 0.4 mmol) instead of ThCl;-6H,0. Yield (based
on Yb): 0.121 g (47%). Anal. calcd for C44HagN,O6ClgYb,: C, 41.04; H,
3.76; N, 4.35%. Found: C, 40.81; H, 3.74; N, 4.49%. IR (cm_l):
3352(m), 3267(m), 3154(m), 1632(m), 1585(s), 1461(s), 1383(m),
1325(s), 1291(s), 1098(m), 1042(m), 925(w), 869(m), 822(s) and
744(s).

[Y2(HL)4(NO3)e] (5). This compound was prepared following
the similar procedure to that described for 1 except using
Y(NO3);-6H,0 (0.077 g, 0.2 mmol) instead of Tb(NO3);-6H,0.
Yield (Based on Y): 0.050 g (42%). Anal. calcd for
CaoH3sN1005,Y5: C, 40.49; H, 3.06; N, 11.80%. Found: C, 40.54;
H, 3.07; N, 11.84%. IR (cm™): 3286(w), 3249(m), 3197(m),
1633(m), 1583(s), 1537(w), 1464(s), 1434(m), 1391(m),
1302(s), 1290(s), 1095(m), 1036(s), 894(m), 824(s) and 739 (s).

[(Yo.87Tbo.13)2(HL)4(NO3)¢] (1'). This compound was
prepared following the similar procedure to that described for
1 except using Y(NOs3);:6H,0 (0.069 g, 0.18 mmol) and
Tb(NO3);-6H,0 (0.009 g, 0.02 mmol) instead of pure
Tb(NOs);-6H,0. The ratio of Y" and Tb"
confirmed from elemental analysis, EDX spectrum and xT vs. T
plot. (Fig. S1 and S2 ). Yield: 0.049 g (41%). Anal. calcd for
CaoH36N1002:(Y0 87 Tbo.13)2: C, 39.88; H, 3.01; N, 11.63%. Found:
C, 39.91; H, 3.08; N, 11.70%. IR (cm™): 3281(m), 3250(m),
3199(m), 1633(m), 1583(s), 1537(w), 1465(s), 1435(m),
1392(m), 1301(s), 1291(s), 1095(m), 1037(s), 893(m), 825(s)
and 739(s).

ions in complex was

Crystal structure determination

The crystallographic data are summarized in Table 1.
Diffraction data were collected on a Rigaku Saturn 724+ CCD
diffractometer with graphite monochromated Mo-Ka radiation
(A = 0.71073 A). The data collection temperature was 100 K
excepted for 2, which was collected at 120 K. Data processing
performed using the CrystalClear crystallographic
software package.14 The structures were solved by SIR-92 13
using direct methods and the structures were refined by full-
matrix least-squares based on F using SHELXL—2014/716
packages. Hydrogen atoms, linked with nitrogen atoms (N1
and N2) in 1, 3 and 5 were located from difference Fourier
maps. All other hydrogen atoms in 1-5 were placed at fixed
geometrical positions and refined freely. The hydrogen

was

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Crystallographic data for 1-5

1 2 3 4 5

Empirical formula C40H35N10022Tb2 C44H43N405C|5Tb2 C40H35N10022Yb2 C44H43N405C|5Yb2 C40H35N10022Y2

Formula weight 1326.63 1259.40 1354.87 1287.64 1186.61

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

Space group P2./n P2./c P2./n P2./c P2./n

a/A 10.648(2) 10.835(5) 10.600(3) 10.793(4) 10.614(5)

b /A 18.182(4) 12.142(6) 18.102(4) 12.085(4) 18.172(8)

c/A 12.408(3) 18.646(9) 12.383(3) 18.496(6) 12.413(6)

al° 90 90 90 90 90

Bl° 110.205(3) 105.818(7) 110.001(3) 105.298(5) 110.223(5)

y/° 90 90 90 90 90

v /A® 2254.4(9) 2360(2) 2232.8(10) 2327.0(14) 2246.6(18)

V4 2 2 2 2 2

Peaica /g cM > 1.954 1.772 2.015 1.838 1.754

A (Mo Ky)/A 0.71073 0.71073 0.71073 0.71073 0.71073

,u/mm'1 3.211 3.362 4.263 4.390 2.670

T/K 100(2) 120(2) 100(2) 100(2) 100(2)

F(000) 1304 1240 1324 1260 1200

29 range for data collection /° 8.006—-54.966 8.106-54.962 8.044-54.972 8.146-50.484 8.022-54.980

Index ranges -13<h<13 -14<h<11 -8<h<13 -13<h<13 -13<h<13
—-23<k<23 -15<k<9 —-15<k<22 -14<k<11 —-17< k<23
-15</<16 —-24</<23 -16</<15 -22</<15 -15</<10

No. measured reflections 18090 11123 8887 8341 9088

No. independent reflections 5109 5331 5008 4527 5086

Rint 0.0496 0.1026 0.0431 0.0479 0.0723

No. refined parameters 344 224 344 206 344

No. observed reflections, I >20 (/) 4217 3110 3485 3199 3096

Goodness-of-fit on F, S 0.999 0.913 1.006 1.058 1.027

R, wR 1> 20 (1)]
R.°, wR,’ (all data)

0.0353, 0.0708
0.0482, 0.0767

0.0787,0.1682
0.1379, 0.2197

0.0316, 0.0640
0.0452, 0.0675

0.0575, 0.1350
0.0874, 0.1602

0.0668, 0.1002
0.1318,0.1179

Ry = [XIFo| = |Fl/ZIFol]. "WR, = [Ew(FS—F2Y [ w(F,2) T

atoms were refined isotropically, while the non-hydrogen
atoms were refined anisotropically.

Results and discussion

Syntheses and characterization

Compounds 1, 3 and 5 were prepared by the reaction of HL and Ln-
nitrate salt in 5:2 molar ratio in methanol at 60 °C. Compounds 2
and 4 were prepared by the reaction of HL and Ln-chloride salt in
5:2 molar ratio in ethanol/acetonitrile at 60 °C. These complexes
were synthesized by the similar methods done for the previously
reported dysprosium and gadolinium analogs.13 Furthermore, the
powder X-ray diffraction pattern (PXRD) of the synthesized samples
matched well with the simulated pattern for the single crystal data,
which confirmed the phase purity of bulk sample (Fig. S3).

Description of crystal structures

Compounds 1, 3 and 5 are iso-structural and crystallize in the
monoclinic space group P2,/n (Fig. 1a). Selected bond lengths
and bond angles in the coordination environment of the
trivalent lanthanide ions are listed in Table S1. The centro-
symmetric structures consist of two Ln" ions, six nitrate

Fig.1 Crystal structure of a) 1 and b) 2. Hydrogen atoms for 1 and 2 and solvent
ethanol molecule for 2 are omitted for clarity. Symmetry code: A, 2—x, 1-y, 1-z
for 1 and A, —x, 2—y, —z for 2.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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moieties and four HL ligands. The lanthanide ions are
diphenoxo-bridged and nine-coordinated with a distorted
spherical capped square antiprism coordination geometry,
determined by SHAPE 2.1Y (Table S2). Six coordination
positions are satisfied by oxygen atoms from the nitrate
moieties, and the three remaining coordination sites are
occupied Ophenoxo atoms of three HL ligands, with two p, and
one W, coordination mode. As, the HL ligands, coordinated to
each lanthanide ion, have deprotonated phenoxo oxygen
atoms and protonated quinoline nitrogen atoms, the +lII
charge of each lanthanide ion of the neutral dinuclear core is
balanced by the three coordinated nitrate anions.

Compounds 2 and 4 are also iso-structural and consist of
neutral, centro-symmetric dinuclear core. They crystallize in
monoclinic space group P2,/c (Fig. 1b and Table S3). Unlike 1, 3
and 5 the lanthanide centres are hexa-coordinated and have a
distorted octahedron geometry (Table S4). Each Ln" centre is
coordinated to Ophenoxo atoms of three HL ligands, with two p,
and one Y; coordination mode. The other three coordination
positions are satisfied by three chloride ions. The +lll charge of
each lanthanide ion is balanced by these coordinated chloride
ions as the coordinated HL ligands are neutral.

Intramolecular Ln"---Ln" separation is 3.928(1), 3.846(2),
3.831(1), 3.728(1) and 3.884(2) A for 1-5, respectively. The
"'----Ln”'

compounds 1-5. There are intramolecular and intermolecular

intermolecular Ln separation is more than 9.3 A for the

-1t stacking interactions between the HL moieties in
compounds 1-5 (Fig. S4 and S5). The intramolecular m---Tt
stacking distances lie in the range 3.344-3.673 A, for 1,3 and 5
and 3.913-4.023 A for 2 and 4, respectively. The range of
intermolecular m---m stacking distances for 1-5 is 3.661-3.784

A.
Magnetic Properties

Direct current (dc) magnetic susceptibility measurements for
polycrystalline samples were performed in the temperature
range of 2-300 K at 1000 Oe (Fig. 2).

The room temperature xT values of 23.79 and 24.17
cm>-K-mol™ have been observed for 1 and 2, respectively. This
value agrees with the expected value of 23.63 em®mol K (7F5,

g = 3/2) for two uncoupled Tb"

ions at 300 K. For complex 1,
the xT values decrease gradually with the decrease of the
temperature to 20.17 cm®mol™K at 9 K. This initial decrease
in xT values may be due to the thermal depopulation of the m;
sublevels.”® Below 9 K, the steep rise of xT indicates the
presence of ferromagnetic interaction at low temperature.19 In
complex 2, the xT values continuously decrease with an
acceleration below 23 K to reach the value of 6.11 cm®-mol ™K
at 2 K. This behavior suggests antiferromagnetic interaction or
depopulation of the m; sublevels.

For complex 3, the room temperature xT value of 5.36
cm>mol %K is consistent with two uncoupled Yb" ions (5.14

cm’mol K, 2F7/2, g = 8/7). With the decrease in temperature,

4| J. Name., 2012, 00, 1-3
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Fig. 2 Temperature dependence of the xT vs. T in 1000 Oe field for complexes 1-4.

the xT value decreases to a value of 3.37 cm®*mol ™K around 7
K by depopulation of m, sublevels. Further small increase in xT
below 4 K suggests the presence of small ferromagnetic
interactions. In complex 4, xT value decreases gradually from
room temperature (4.99 cm>-mol K) to a 2.31 cm>-mol ™K at
around 5 K. After that, a sharp decrease was observed. None
of the complexes show hysteresis in isothermal magnetization
measurements. The non-saturation of the magnetization at5T
indicates the presence of magnetic anisotropy and/or low-
lying excited states (Fig S6).

To investigate the magnetic dynamics, ac magnetic
susceptibility measurements were carried out for 1-4. In
absence of any external dc magnetic field, no frequency
dependence was observed (Fig. S7), which can be attributed to
a fast quantum tunnelling of the magnetization (QT™m).*® To
suppress this QTM, ac magnetic susceptibility measurements
were performed in an optimized dc magnetic field (Fig. S8). For
complex 1, an optimized dc field of 3000 Oe was applied (Fig.
3). As a result, a multi-peak maxima were observed in the out-
of-phase ac susceptibility data as a function of frequency. The
presence of a multi-peak may be due to inter- or intra-
molecular exchange or dipolar interactions.”! The presence of
merged multi-peak prevents us to be able to extract relaxation
times by fitting the experimental data.

In order to determine the origin of the multiple relaxation
time, a magnetically diluted sample, 1’, with a Tb":¥" ratio of
1:9 was synthesized. For 1’, at an optimized applied field of
1600 Oe, a single peak maxima were observed in the out-of-
phase signal (Fig. S9). The relaxation time for 1’ has been
obtained from the fitting of the experimental data by using the
Cole-Cole model (Fig. S10 and Table SS).22 Nevertheless,
relaxation time at the lowest temperature is close to the
equipment limit, which make difficult the determination of the
relaxation process. The obtained process, combination of
direct and Raman, are subject to caution (Fig. 4 and Table 2). In
this case, equation (1) has been used.*

= AHT+CT™ (1)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Frequency dependence of the in phase (a and c) and out of phase (b and d) components of the ac magnetic susceptibility for 1 (a and b) and 3 (c and d), under 3000 Oe dc
field.

In complex 3, for an applied optimized field of 3000 Oe,
frequency dependent peak maxima were found (Fig. 3). This
observation confirms the presence of slow magnetic
relaxation as well as field-induced single molecule magnetic Table 2 List of parameters related to magnetic properties of 1' and 3
behavior,23 which, in case of ytterbium complexes is rare in

nature.’® *** The ac susceptibility data were fitted with the Parameter Unit ___ Complex 1’ Complex 3
Cole-Cole model for the temperature range of 1.8-2.9 K (Fig. Q z)eH « 51,_650%x10 :

S10 and Table S6). Similarly to 1’, the relaxation time of 3 is n — 1 -

close to the limit of our equipment and make difficult the A cm™ - 2.78
determination of the relaxation process. The obtained process To S - 5.93x10”
(Orbach) are subject to caution (Fig. 4 and Table 2). The Cm iK ‘214'26 :

parameters in Table 2 have been obtained using equation
(2)‘40

So for this ytterbium complex, the resultant energy barrier and
T'=15 'exp(-A/ksT) (2) magnetic relaxation time are quite consistent with other similar
ytterbium based SMMs  (Table S7); for  example
—— - T T T [Yb,L,(acac),(H,0)]-2CH,Cl, shows field induced SMM behavior.'”

Ll o3 Whereas, a single magnetic relaxation was observed for
Pl o 1 . ) .
3_35“04:. best fit i [Yb,(DBM)g(L)] at an applied field of 2000 e’ Similarly, a

D/E/ binuclear complex, [Yb(dnbz)(acac),(H,0)(EtOH)], exhibits field
- dependent SMM character having an energy barrier of 26K. 10
- L 5 For 2 and 4, no effect dc field on magnetic relaxation was
1.23% 10 | P

obtained, which confirms the non SMM nature of these two
complexes (Fig. 58).25

Now, from the magneto-structural correlation, it is obvious that
the coordination geometry around the lanthanide centres are

454x10° ]
[ o directly affecting the magnetic dynamics for the complexes. It is
5 4f5 ; 315 :', 275 ; found that the deviation from a spherical symmetry (like cubic)
Temperature (K) generates more crystal-field (CF) splitting.26 In this case, the hexa-
Fig. 4 Temperature dependence of relaxation time. coordinated (octahedral) lanthanide centres are quite close to a
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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spherical environment. So lack of crystal-field (CF) splitting leads to
the non-SMM behavior for hexa-coordinated complexes. Whereas
for the nine coordinated, distortion from spherical symmetry is
comparatively high which enhances the crystal-field (CF) effects as
well as the SMM properties.26

Conclusions

Five 8-hydroxyquinaldine based lanthanide (Ln = Th, Yb and Y)
complexes have been explored in terms of their structural
features and magnetic properties. Controlled change of
counter anions of lanthanide salts in reaction condition leads
to two different complexes in terms of coordination geometry
of the metal ion. Both static (dc) and dynamic (ac) magnetic
properties have been investigated thoroughly for all the
complexes. Notably, at low-temperature ferromagnetic
exchange interaction is observed for complexes using NO;™ as
counter ion, but antiferromagnetic interaction for CI” ones.
Both NO; coordinated complexes show field induced SMM
behavior. Specifically, complex 3 is a rare example of ytterbium
based SMM. Contrarily, SMM behavior has completely
vanished for the CI” coordinated analogs. So the use of 8-
hydroxyquinoline based ligand with a systematic change in
reaction medium is a beneficial strategy to prepare lanthanide
complexes with different magnetic properties. In the field of
lanthanide-based SMMs, such complexes could be useful for
the understanding of structure—property relationship.
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Anion-driven structures and SMM behavior of dinuclear terbium and
ytterbium complexes
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\/ SMM behavior

The present report deals with syntheses, crystal structures and magnetic properties of five
dinuclear  lanthanide = complexes having composition [Tby(HL)4(NOs)s] (1),
[Tby(HL)4Clg]-2EtOH  (2), [Yby(HL)4(NO3)s] (3), [Yby(HL)4Clg]-:2EtOH (4) and
[Y2(HL)4(NOs)s] (5) with HL = 8-hydroxyquinaldine. The coordination number of the
lanthanide centres in 1 and 3 is nine and these complexes exhibit single-molecule-magnet
(SMM) behavior. On the other hand, 2 and 4, having hexa-coordinated lanthanide centres, do
not show any SMM property.
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