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Two nitronyl nitroxide radical-Tb™ complexes, [Tb(hfac)s-
(NIT-3Py)], (1) and [Tb(hfac)3(NIT-4Py)], (2) {hfac = hexa-
fluoroacetylacetonate; NIT-3Py = 2-(3'-pyridyl)-4,4,5,5-tetra-
methylimidazoline-1-oxyl 3-oxide; NIT-4Py = 2-(4'-pyridyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide} have been
synthesized. Both complexes possess cyclic dimer structure
in which each pyridyl-substituted radical links two different
metal ions through the oxygen of nitroxide group and the

pyridine nitrogen. DC magnetic studies show the Tb' ion
interacts ferromagnetically with the directly bonding nitronyl
nitroxide. Complex 1 exhibits magnetic slow relaxation re-
sembling SMM behavior, while there are no clearly the fre-
quency-dependent out-of-phase signals for complex 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The study of single-molecule magnets (SMMs) is cur-
rently one of the key topics in the field of molecular mag-
netism.l' 31 SMMs have been proposed as candidates for
high-density information storage, in which each bit of infor-
mation is stored as the magnetization orientation of an indi-
vidual molecule, and quantum computation, in which the
molecules can serve as qubits.* % SMMs behavior is the
result of the combination of a large ground state spin (St)
value and a significant uniaxial (Ising) magnetic anisotropy,
as indicated by a negative value of the axial zero-field split-
ting (ZFS) parameter, D. Many different directions are be-
ing pursued in the study of SMMs.[7?1 One of them focuses
on how to obtain the molecules with the large spin ground
state (St) so that increasing the energy barrier (4) that can
be expressed as 4 = |D|S;? (for integer spin) or 4 =
|D|(St? — 1/4) (for half-integer spin).l'”! The exceptional ef-
forts have lead to a significant increase in the spin ground
state, with a record value as high as S = 83/2.1''] However,
it has proved remarkably difficult to optimize both param-
eters and, the simply enhancing St is not as efficient as
suggested by the previous rules for increasing the energy
barrier (4).1'?! Thus maximizing D, represents a new chal-
lenge.['3] As well known, lanthanide ions, especially heavy
lanthanide ions such as terbium(III) and dysprosium(III),
have a large anisotropy, utilization of the lanthanide ions
has been one of the most elegant ways to design
SMMs 14151 To date, a number of mixed lanthanide and
transition metal ions!'® or radicals clusters!!”l as well as
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pure 4f metal systems!'*®>!8]1 have been reported. However,
radical-lanthanide SMMs are relatively scarce. On the
other hand, the lanthanide ions are often characterized by
a fast tunneling of the magnetization and how to tune the
quantum tunneling of the magnetization is another chal-
lenge in the SMMs.['2 Recently the studies show the intro-
ducing weak intermolecular antiferromagnetic interactions
between the SMM units!!'”! and intramolecular weak mag-
netic coupling between the lanthanide ions!!”! can tune the
quantum properties. Hence it is worth exploring how to
control the quantum tunneling of the lanthanide-based
complexes. Here, we report two cyclic radical-Tb"™ com-
plexes by wusing different pyridyl-substituted nitronyl
nitroxide radicals, [Tb(hfac);(NIT-3Py)], (1) and [Tb(hfac),-
(NIT-4Py)], (2) {hfac = hexafluoroacetylacetonate; NIT-
3Py = 2-(3'-pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl
3-oxide; NIT-4Py = 2-(4'-pyridyl)-4,4,5,5-tetramethylimid-
azoline-1-oxyl 3-oxide}, which exhibit different magnetic re-
laxation phenomenon.

Results and Discussion

Crystal Structure

Complex 1 crystallized in the monoclinic space group
C2/c, while complex 2 crystallized in the monoclinic space
group P2/n. The labeling Scheme for the crystal structures
of complexes 1 and 2 are depicted in Figures 1 and 2,
respectively. Selected bond parameters are listed in Tables 1
and 2. The molecular structures of complex 1 and 2 are
similar. Both are central symmetric and two pyridine substi-
tuted radical ligands are coordinated to two Tb' ions
through the oxygen atoms of the nitronyl nitroxide groups
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and the nitrogen atoms of the pyridine rings in cis-configu-
ration to form a four-spin cyclic complex. The Tb™! ion is
octacoordinated and the Tb—N and Tb-O(nitroxide group)
bond lengths are 2.601(4) and 2.319(4) A for 1, and 2.593(4)
and 2.364(4) A for 2, which are comparable to those of the
reported in other lanthanide-pyridine-substituted radical
complexes.'’?%1 The Tb—O-N angles are 136.4(3)° and
138.5(3)° for 1 and 2, respectively. The bond angle formed
by the coordinated oxygen atom of NO group and nitrogen
atom of the pyridine ring with Tb is 104.34(13)° in complex
2, which is larger than the corresponding the bond angle of
78.24(14)° in complex 1. For the radical ligands, the dihe-
dral angles between the O-N-C-N-O groups containing
the unpair electron and the pyridine rings are 49.1 and 33.9°
for 1 and 2, respectively. In the dimer units, the distances
of two metal ions are 6.957 A for 1 and 7.879 A for 2. The
shortest contacts between the uncoordinated NO groups in
complex 1 and 2 are 4.922 and 8.707 A, respectively, im-
plying the complex molecules are well isolated.

Figure 1. ORTEP drawing of complex 1 with the atom-labeling and
30% thermal ellipsoids. All hydrogen and fluorine atoms are omit-
ted for clarity.

Figure 2. ORTEP drawing of complex 2 with the atom-labeling and
30% thermal ellipsoids. All hydrogen and fluorine atoms are omit-
ted for clarity.
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Table 1. Selected bond lengths [A] and angles [°] for complex 1.

Tb(1)-0(6) 2313(4) Th(1)-0(7) 2.370(4)

Tb(1)-O(1) 2319(4) Tb(1)-0(4) 2377(4)

Tb(1)-0(3) 2.336(3) Th(1)-NGA) 2.601(4)

Tb(1)-0(8) 2357(4) O(1)-N(1) 1.297(6)

Tb(1)-0(5) 2.364(4) 0(2)-N(Q2) 1.273(7)

0(6)-Tb(1)-O(1) 107.21(14) OG)X-Tb(1)-O(7)  129.6%(15)
0(6)-Tb(1)-0(3) 135.84(13) O6)-Tb(1)-0@)  73.58(15)
O(1)-Tb(1)-0(3) 89.81(14) O(1)-Tb(1)-0@)  74.70(14)
0(6)-Tb(1)-O(8) 85.89(15) OB)-Tb(1)-0@)  72.26(14)
OB3)-Tb(1)-O(8) 107.78(15) OG)-Tb(1)-0@)  76.39(16)
O(1)-Tb(1)-0(5) 149.51(15) 0(6)-Th(1)-NGA)  148.31(15)
0(3)-Tb(1)-0(5) 72.25(14) O(1)-Tb(1)-NGA)  78.24(14)
O(’)-Tb(1)-0(5) 71.26(15) O(3)-Th(1)-NGA)  74.01(13)
0(6)-Tb(1)-0(7) 71.24(14) O@8)-Tb(1)-NGA)  71.89(15)
O(1)-Tb(1)-O(7) 75.98(14) O(5)-Th(1)-NGA)  118.04(14)
OB3)-Tb(1)-O(7) 152.75(13) O(7)-Tb(1)-N(A)  80.32(13)
O(8)-Tb(1)-O(7) 71.81(14) O@)-Th(1)-NGA)  136.30(14)

Symmetry transformations used to generate equivalent atoms:
Ar—x+ 12, -y +3/2, =z + 1

Table 2. Selected bond lengths [A] and angles [°] for complex 2.

Tb(1)-O(7) 2.329(4) Tb(1)-O(1A) 2.364(4)
Tb(1)-0(6) 2.344(4) Th(1)-0(3) 2.365(4)
Tb(1)-0(4) 2.345(4) Tb(1)-N(1) 2.593(4)
Tb(1)-0(5) 2.350(4) O(1)-N(2) 1.291(6)
Tb(1)-0(8) 2.361(4) 0(2)-N(3) 1.262(6)
O(7)-Tb(1)-O(6) 78.04(15) O®)-Tb(1)-O(1A)  145.50(14)
O(7)-Tb(1)-O(4) 105.0415)  O(7)-Tb(1)-0(3)  141.84(14)
0(6)-Tb(1)-O(4) 14498(13)  O(6)-Tb(1-0(3)  126.27(13)
0(6)-Tb(1)-0(5) 73.15(13) O()-Tb(1)-0(3)  134.40(14)
O(7)-Tb(1)-O(8) 71.08(14) O(IA)-Tb(1)-O(3) 74.06(13)
0(6)-Tb(1)-O(8) 13523(14)  O(7)-Tb(1)-N(1)  81.25(14)
O@)-Tb(1)-O(8) 75.75(14) 0O(6)-Tb(1) N(1)  71.45(13)
0(5)-Th(1)-0(8) 127.24(14)  O@)-Th(1)-N(1)  143.44(14)
O(7)-Th(1)-O(1A)  143.32(14)  O(G)-Th(1)-N(1)  141.33(14)
0(6)-Th(1)-O(1A)  69.99(14) O®)-Th(1)-N(1)  72.45(14)
O@)-Tb(1)-O(1A)  91.81(14) O(IA)-Tb(1)-N(1) 104.34(13)
0(5)-Th(1)-O(1A)  77.25(13) OB)-Tb(1)-N(1)  80.61(13)

Symmetry transformations used to generate equivalent atoms:
Ar—x+1,-y+2, —z+1

Magnetic Properties

The temperature dependence of magnetic susceptibility
of complex 1 and 2 was measured in 2-300 K range under
the applied magnetic field of 2000 G and the magnetic be-
haviors are shown in Figure 3. At room temperature, the
values of yuT are 24.60 cm*Kmol™! for 1 and
2424 cm*Kmol™' for 2, close to expected value of
24.39 cm? K mol ™! for two isolated Tb'!! (a F4 ion) and two
uncorrelated S = 1/2 spins. For complex 1, the y\7 value
almost is constant above 100 K, then gradually decreases
to 24.32 cm*Kmol ! at 40 K. Below 40 K, the yu7 value
increases to a maximum of 25.27 cm®>Kmol ! at 9 K, then
rapidly decreases to 22.23 cm®*Kmol ™! at 2 K. For complex
2, upon cooling, the y\,T value gradually decreases to reach
a value of 22.43 cm*Kmol!' at 14 K, below which y\T
rapidly increases to a maximum value of 23.18 cm? K mol !
at ca. 3.5K, then decreases on further cooling. For both
complexes, the decrease of ;7" on lowering of the tempera-
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ture in the high temperature regime is most probably gov-
erned by the depopulation of the Tb Stark levels. The in-
crease of y\7 at low temperature suggests the presence of
intramolecular ferromagnetic interaction. For the present
magnetic system, there are mainly three kinds of magnetic
interactions, namely: (i) Tb'™! interacting with the directly
coordinated NO group; (ii) Tb™ interacting with the NO
group through the pyridine ring; (iii) Tb++Tb interaction via
the radical ligand. The first magnetic coupling should be
the strongest one. Therefore, the increase of y\7 at lower
temperatures may be attributed to a ferromagnetic Tb-coor-
dinated NO group interaction. The observed ferromagnetic
interaction is agreement with those reported similar Ln"-
radical complexes in the literaturel!”->1 and has been inter-
preted as the result of a spin polarization mechanism of the
radicals’ unpaired electrons on the Ln'™ empty orbitals. It
is known that the coupled systems,*!l including at least one
ion with an orbital momentum, are not amenable to a
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Figure 3. Plots of yp\T vs. T for complex 1 and 2.

quantitative analysis. The decrease of yu7 in the lowest
temperature in complexes 1 and 2 may be ascribed to weak
intramolecular Tb---Tb, Tb-radical (via the pyridine ring)
interactions, and/or intermolecular magnetic coupling.

To examine the spin dynamics, the temperature depen-
dence of the ac magnetic susceptibility was collected at zero
dc field with an ac field of 3 Oe with oscillating frequencies.
Complex 1 shows frequency-dependent out-of-phase signals
(Figure 4), which indicate the presence of slow magnetic re-
laxation of 1 at low temperature, but there is no maxima
visible down to 2.0 K. As well know, the tunneling process
can shorten the magnetic relaxation time at zero dc field,
however, the tunneling mechanism can be suppressed by ap-
plying a static magnetic field.?”) So we recorded ac suscep-
tibility vs. temperature in 3 kOe dc field. As a result, both
in-phase and out-of-phase frequency-dependent signals are
more visible and appear the maxima. The peak tempera-
tures of '’ can be fitted by Arrhenius law (Figure 5), t =
10exp(A/kgT), which gives the pre-exponential factor 7,
8.8(3) X 10%s and the effective anisotropy barrier Alky =
19.0(6) K, in accordance with the behaviour of SMMs.[?3
The obtained values of 7y and A are comparable to those
of reported Tb-based SMMs.[142:14¢.24] For complex 2, no
clearly frequency-dependent out-of-phase signals were ob-
served above 2 K as shown in Figure 6, due to fast tunnel-
ing relaxation process. As seen, although two complexes
show the similar crystal structure, they exhibit different
magnetic slow relaxation. One hand, in fact, there are the
slightly different morphology of the ligand field for complex
1 and 2, mainly originating from the different O-Tb-N
angles. On the other hand, the magnetic interactions medi-
ated by two radical ligands are different. NIT-3Py ligand
should produce stronger magnetic exchange coupling due
to its pyridyl nitrogen atom with the higher spin density,
which results in the stronger magnetic interaction between
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Figure 4. Temperature dependence of the in-phase (top) and out-of-phase (bottom) components of ac susceptibility for 1 in zero (left)

and a 3 kOe (right) dc field with an oscillation of 3 Oe.
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two Tb™ ions in 1. Thus the origin of different magnetic
relaxation in 1 and 2 may be from the different ligand field
effect and/or the different magnetic coupling between Tb'!!
ions.
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Figure 5. Arrhenius plot for 1 in a 3 kOe static field. Solid line
represents the best linear fit of the data.
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Figure 6. Temperature dependence of the in-phase and out-of-
phase components of ac susceptibility for 2 in zero dc field with an
oscillation of 3 Oe.

Conclusions

We use non-chelating pyridine substituted nitronyl
nitroxide radical ligands to obtain two radical-lanthanide
complexes with similar crystal structure, but they show dif-
ferent magnetic relaxation phenomenon. Our works show
that the slightly different ligand field and magnetic ex-
change coupling between metal ions can drastically affects
the tunneling of the magnetization.

Experimental Section

Materials: All the starting chemicals were of AR grade and used as
received. The radical ligands NIT-3Py and NIT-4Py were prepared
according to literature methods.[>’]

Physical Measurements: Elemental analyses (C, H, N) were carried
out with a Perkin—Elmer 240 elemental analyzer. The infrared spec-
tra were recorded from KBr pellets in the range 4000-400 cm™!
with a Bruker Tensor 27 IR spectrometer. The magnetic measure-
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ments were performed with an MPMS XL-7 SQUID magnetome-
ter. Diamagnetic corrections were made with Pascal’s constants for
all the constituent atoms.

[Th(hfac)z;(NIT-3Py)], (1): 32 mg(0.04 mmol) of Tb(hfac);2H,0O
was dissolved in 30 mL of boiling heptane to azeotropically remove
hydration water molecules. After that, the solution was cooled to
80 °C, and a solution of NIT-3Py (9.8 mg, 0.04 mmol) in 2 mL of
CH,Cl, was added. The resulting solution was stirred for 5 min
and then cooled it to room temperature. The filtrate was allowed
to stand at room temperature for slow evaporation. After one week,
the purple crystals were collected; yield 60%. CssH3gF36NgO;6Tb,
(2028.74): caled. C 31.97, H 1.89, N 4.14; found C 31.70, H 1.58,
N 4.20. FT-IR (KBr): ¥ = 1651 (s), 1617 (m), 1559 (m), 1500 (s),
1257 (s), 1207 (s), 1147 (s), 802 (m), 661 (m) cm™.

|Th(hfac)3;(NIT-4Py)], (2): Complex 2 was synthesized using the
same procedure for complex 1 but with NIT-4Py instead of NIT-
3Py. Cs4H33F36NgO16Tb, (2028.74): caled. C 31.97, H 1.89, N 4.14;
found C 31.51, H 2.01, N 4.51; yield 68%. FT-IR (KBr): v = 1672
(s), 1566 (s), 1258 (s), 1203 (s) 1170(s), 1149 (s), 792 (m), 654 (m)
cm L.

X-Ray Crystallography: Diffraction intensity data were collected on
a Rigaku Saturn CCD diffractometer for 1 at 113 K and Rigaku
SCXmini diffractometer for 2 at room temperature employing
graphite-monochromated Mo-K,, radiation (/. = 0.71073 A). The
structure was solved by direct methods by using the program
SHELXS-97P° and refined by full-matrix least-squares methods
on F? with the use of the SHELXL-97?7! program package. Aniso-
tropic thermal parameters were assigned to all non-hydrogen
atoms. The hydrogen atoms were set in calculated positions and
refined as riding atoms with a common fixed isotropic thermal pa-
rameter. Disordered carbon atoms were observed in the hfac li-
gands for complex 1 and disorders were also observed for some
fluorine atoms. The pertinent crystallographic data and structure
refinement parameters for complexes 1 and 2 were listed in Table 3.

Table 3. Crystal data and structure refinement for 1 and 2.

1 2
Empirical formula C54H38F36N6016Tb2 C54H38F36N6016Tb2
M, 2028.74 2028.74
T/K 113(2) 293(2)
J(Mo-K,) /A 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group C2/c P2,/n
alA 30.492(6) 17.138(3)
b 1A 11.554(2) 12.198(2)
c/A 20.464(4) 18.423(4)
p Ideg 93.99(3) 92.75(3)
v IA3 7192(2) 3846.9(13)
zZ 4 2
Dc /gem™3 1.874 1.751
« /mm™! 2.110 1.972
0 range /deg 1.89-25.02 3.06-25.02
Unique reflections, Ry, 6339, 0.0402 6775, 0.0456
GOF 1.095 1.116
R1E [I>20(1)] 0.0460 0.0483
wR2M°! (all data) 0.1206 0.1080

[a] Rl = X(||Fo| — |FIVEIF|. [b] wR2 =
Zw(|Fol)? .

Zw(FP — [FePy/

CCDC-737320 (for 1) and -737321 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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