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Modulating spin dynamics of Ln"-radical complexes by using different

coligand

Ting Li, Shang Yong Zhou," Xin Li," Li Tian,"" Dai Zheng Liao,* Zhong Yi Liu," and
Jian Hua Guo

Abstract

The combination of Ln™ ion (Gd™, Tb™ or Dy") with a triazole nitronyl nitroxide
radical results in Six novel 2p-4f compounds, namely,

[Lny(hfac)s(MeTrzNIT)(H,0),]-1/2CH,Cl,  (Ln = Gd(1), Tb(2), Dy(3); hfac

hexafluoroacetylacetone; MeTrzNIT =
2-{3-(5-methyl)-1,2,4-triazolyl] }-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) =~ and
[Ln(Phtfac);(MeTrzNIT)],-C;H14-3H,0 (Ln = Gd(4), Tb(5), Dy(6); Phtfac =
4,4 4-trifluoro-1-phenylbutane-1,3-dione). Single crystal X-ray diffraction studies
revealed that compounds 1-3 are binuclear isostructural complexes, in which one
MeTrzNIT molecular acts as a double-bridging ligand coordinated to two Ln" ions
through its two NO groups and two nitrogen atoms of the triazole ring. In 1-3, the
coordination number around the lanthanide ion is nine, and the polyhedron is a
4,4 4-tricapped trigonal prism (D). While the larger steric hindrance of Ph- group than
CF3- in Phtfac ligand induces complexes 4-6 to be mononuclear bi-spin compounds, in
which central Ln"" ions are coordinated by three Phtfac and one bidentate MeTrzNIT
radical. The coordination number around the lanthanide ion in 4-6 is eight, and the

polyhedron is in a square antiprism geometry (Ds4). Compounds 3 and 5 was found to

exhibit slow relaxation of the magnetization, suggesting single-molecule magnet (SMM)
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behavior, while no ac signal is noticed for compounds 2 and 6. The different magnetic
relaxation behaviours between 2 and 5, or between 3 and 6, are due to the different

crystal structure around the Ln™

ions and the magnetic interaction. It is demonstrated
that the p-diketonate coligand may play an important role in determining the spin

dynamic for the lanthanide-radical system.

Keywords: Triazole nitronyl nitroxide radical, Lanthanide complexes, Magnetic

property, Single-molecule magnet

Introduction

Designing and synthesizing of low-dimensional assemblies based on anisotropic
metal ions that show magnetization relaxation have attracted much attention.'” Such
materials named as single-molecular magnets (SMMs) and single chain magnets
(SCMs), have the potential applications in high-density data storage, quantum
information processing systems, and spintronic devices.”” The general character of
SMMs is that the magnetic bistability arises from the blocking anisotropy without
long-range ordering. One of the challenging problems in this field is to increase
blocking temperature at which superparamagnetic behavior can occur, which depends
on the anisotropy barrier from a combination of the appropriate spin in the ground state
and uniaxial magnetic anisotropy.® Lanthanides ions, especially heavy lanthanide ions,
have large number of unpaired f-electrons and large intrinsic magnetic anisotropy, and
have become good candidates for the construction of SCMs and SMMs.”'* But, the
naturally accompanying quantum tunneling from the hyperfine couplings and dipolar
spin-spin interactions of lanthanide ions always lowers the effective relaxation energy
barrier and induces the loss of remnant magnetization.'" Recent studies show that
strong coupling through a radical bridge (with a record blocking temperature) and
strong axiality or Ising exchange interaction can suppress quantum tunneling to provide
strategies for enhancing the SMM properties.'? Nitronyl nitroxide radicals (NITs) as
spin carriers are fascinating building blocks and bridges not only for their stabilization

under ambient condition but also for the m systems to transfer the effective magnetic
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interactions. The use of organic radicals has been proved to be an attractive route to
obtain magnetically coupled 4f-organic radical heterospin systems.'*'*

For SMMs containing lanthanide ion, magnetic relaxation is very sensitive to the
symmetry of the ligand field of the rare earth ion and the spin dynamic can be modified
by the careful adjustment of the ligand field around the metal center. In order to explore
how the symmetry of the local crystal field around the lanthanide center affect the spin
dynamics of the complex, we decided to use two p-diketonate coligands
hexafluoroacetylacetonate (hfac) and 4,4,4-trifluoro-1-phenylbutane-1,3-dione (Phtfac)
to construct radical-lanthanide SMMs. The introduction of a Ph- group in the
p-diketonate ligand may modify the ligand field of the metal ion, thus adjusting the
magnetic relaxation of the molecule. Herein we synthesized six lanthanide compounds
based on a  triazole  nitronyl nitroxide radical =~ (MeTrzNIT =
2-{3-(5-methyl)-1,2,4-triazolyl]}-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) =~ and
coligand hfac or Phtfac, namely, [Lny(hfac)s(MeTrzNIT)(H,0),]-1/2CH,Cl, (Ln =
Gd(1), Tb(2), Dy(3)) and [Ln(Phtfac);(MeTrzNIT)],-C;H4-3H,0 (Ln = Gd(4), Tb(5),
Dy(6)). Magnetic studies showed that complexes 3 and 5 exhibit frequency-dependent
ac susceptibility at low temperature, which suggest SMMs behavior. The comparison of
the magnetic properties of 2 and 5 or 3 and 6 highlights that the f-diketonate ligands can

play an important role in modulating the magnetic relaxation.

i
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Scheme 1. Structure of the triazole nitronyl nitroxide radical ligand.

Experimental Details

Materials and physical measurements
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All of the reagents used in the syntheses were of analytical grade, except that the
solvents used were dried (heptane over sodium, CH,Cl, over CaH, and CHCI; over
P,Os) and distilled prior to use. The starting materials Ln(hfac);-2H,O and
Ln(Phtfac);-2H,0 were synthesized according to methods in the literature.'> MeTrzNIT
= 2-{3-(5-methyl)-1,2,4-triazolyl] }-4,4,5,5-tetramethylimidazoline- 1 -oxyl-3-oxide) was
prepared based on the literature method.'® Elemental analyses for carbon, hydrogen, and
nitrogen were performed on a Perkin—Elmer 240 elemental analyzer. Infrared spectra
were recorded from KBr pellets in the 4000-400 cm™ region on a Bruker TENOR 27
spectrometer. Powder X-ray diffraction measurements were recorded on a D/Max-2500
X-ray diffractometer using Cu-Koa radiation. Direct-current (dc) magnetic
susceptibilities of crystalline samples were measured on an MPMS-7 SQUID
magnetometer in the temperature range of 2—-300 K with 1000 Oe applied magnetic field.
Alternating-current (ac) susceptibilities were performed on the same magnetometer
under zero static field with an oscillating of 3.5 Oe at frequencies up to 1500 Hz. The

data were corrected for the diamagnetism of the samples using Pascal constants.

Preparation of complexes of 1-6

Complexes 1-3 were obtained by dissolving Ln(hfac);-2H,0O (0.1 mmol) (Ln = Gd (1),
Tb (2), Dy (3),) in boiling n-heptane (20 mL). After stirring for 2 h, the solution was
cooled to 60 °C, to which MeTrzNIT (0.05 mmol) in CH,Cl, (5 mL) was added. The
mixture was refluxed for 30 min. Then the solution was cooled to room temperature,
filtrated and the filtrate was stored in a refrigerator at 0-4 °C for three or four weeks to
give blue-violet crystals, which were suitable for X-ray analysis.

Complexes 4-6 were obtained by dissolving Ln(Phtfac);-2H,O (0.1 mmol) (Ln =
Gd(4), Tb (5), Dy (6),) in boiling n-heptane (30 mL). After stirring for 2 h, the solution
was cooled to 60 °C, to which MeTrzNIT (0.1 mmol) in CH,Cl, (5§ mL) was added. The
mixture was refluxed for 30 min. Then the solution was cooled to room temperature,
filtrated and the filtrate was stored in a refrigerator at 0-4 °C for four or five weeks to
give blue-violet crystals.

[Gdy(hfac)s(MeTrzNIT)(H,0),]-1/2CH,Cl,  (1):  Yield 0.068 g  72%.
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Ca0.5H27CIF36Gd,NsOy6 (1873.62): caled. C 25.96, H 1.45, N 3.74; found: C 25.54, H
1.32, N 3.55%. IR (KBr pellet,): 2354 (w), 1662 (w), 1383 (m), 1150 (s), 1078 (vs), 960
(m), 863 (vs), 544 (vs) cm .

[Tbz(hfac)s(MeTrzNIT)(H;0),]-1/2CH,CL,  (2):  Yield 0.064 g 68%.
Ca40.5H27Tb,ClF36N5046 (1876.96): caled. for C 25.91, H 1.45, N 3.73; found: C 25.82, H
1.52, N 3.52%. IR (KBr pellet): 2352 (w), 1655 (w), 1386 (m), 1148 (vs), 1079 (vs),
973 (m), 848 (s), 538 (s) cm™.

[Dyz(hfac)s(MeTrzNIT)(H,0),]-1/2CH,Cl, (3): Yield 0.059 g 64%.
Ca40.5H27CIDy,F36N5016 (1884.13): caled. C 25.82, H 1.44, N 3.72; found: C 26.12, H
1.27, N 3.78%. IR (KBr pellet,): 1663 (w), 1395 (w), 1153 (s), 1081 (vs), 952 (m), 859
(m), 553 (s) cm .

[Gd(Phtfac);(MeTrzNIT)],-C;H14-3H,O0  (4):  Yield 0.071 g 63%.
Cg7HooF15GdaN;9O19 (2236.18): caled. C 46.73, H 4.06, N 6.27; found: C 46.52, H 3.68,
N 6.04%. IR (KBr pellet,): 3151(vs), 1617 (s), 1578 (w), 1531 (w), 1459 (w), 1402 (s),
1290 (m), 1190 (s), 1139 (s), 776 (m), 704 (m), 631 (s) cm .

[Thb(Phtfac);(MeTrzNIT)],-C;H14-3H,0 5): Yield 0.078 g, 69%.
Cg7HooF13TbaN9O19 (2240.5): caled. C 46.64, H 4.05, N 6.25; found: C 46.41, H 3.81,
N 6.13%. IR (KBr pellet,): 3164(vs), 1616 (s), 1572 (w), 1538 (w), 1469 (w), 1401 (s),
1291 (m), 1190 (s), 1140 (s), 762 (m), 703 (m), 626 (s) cm .

[Dy(Phtfac);(MeTrzNIT)],-C;H14-3H,0 (6): Yield 0.072 g, 64%.
Cg7HooF1sDyaN;9O19 (2246.61): caled. C 46.50, H 4.04, N 6.24; found: C 46.16, H 3.75,
N 6.31%. IR (KBr pellet,): 3156(vs), 1617 (s), 1578 (w), 1531 (w), 1467 (w), 1402 (s),
1291 (m), 1186 (s), 1139 (s), 762 (m), 698 (m), 631 (s) cm .

X-Ray crystallography

The crystallographic data of compounds 1-4 were carried out with an Oxford
Diffractometer SuperNova TM, which were equipped with graphite monochromatic
Mo-Ka radiation (A = 0.71073 A). Lorentz polarization and absorption corrections were

applied. Structures were solved by direct methods with the SHELXS-97 program and
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refined by full-matrix least-squares techniques against F° with the SHELXTL-97
program package.'” Some restraints are applied, such as ISOR (anisotropic parameter),
DFIX (restricting the distance between two atoms) to solve the disorder of the F atoms
and CH,Cl, in 2 and 3. Besides fluorine atoms, all other non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were located and refined isotropically.
Although complex 4 successfully underwent X-ray analysis after many times’
experiments, it couldn’t give good crystallography data because the crystals are easy to
efflorescence. The R; and wR; data of 4 are a little larger than the normal data. For
complexes 5 and 6, the crystals are much easier to be weathered than 4 and they can't
undergo X-ray analysis even at low temperature. Powder X-ray diffraction, elemental
analysis, and infrared spectroscopy confirmed that complexes 5 and 6 are isomorphous
to 4. Crystallographic data for the compounds 1-4 are listed in Table 1 and the powder
X-ray diffraction data for all the six compounds are shown in the Supporting

Information Section (Fig. S1-2)

Results and discussion

Crystal structure

Structure of 3. Single-crystal X-ray diffraction analyses reveal that complexes 1-3 are
isomorphous and belong to monoclinic C2/c space group with Z = 8. In view of their
structural similarity, only the structure of 3 will be described herein as a representative
example. The structural diagrams of 1-2 are given in the Supporting Information, Fig.
S3-S4. As shown in Fig. 1, two Dy(hfac); units are connected by a radical ligand
MeTrzNIT to give a binuclear core. The center ions are all surrounded with a slightly
distorted 4,4,4-tricapped trigonal prism (D3,) DyOsN coordination sphere from three
bischelate hfac anions and one bridging radical ligand. The Dy-O(N) (nitroxide)
distances are 2.408(6) and 2.416(5) A, respectively. The Dy—O(hfac) bond lengths are
in the range of 2.337(6)-2.478(5) A, the Dy-N3 and Dy-N5 distances are longer than
the normal Dy—N bonds ascribed to the bridged character of N3 and N5 (Table Sl1).

Each MeTrzNIT acts as a double-bridging ligand and is coordinated to two different
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Dy ions through the two oxygen atoms of NO groups and two nitrogen atoms of the
triazole ring. The Dy---Dy separation distance in every binuclear unit is 7.277(5) A and
the shortest intermolecular Dy---Dy separation is 5.995(6) A. Here the five membered
imidazoline ring and the triazole ring show average twist angles of 16.6(2)°. The
five-membered ring of the radical deviates significantly from planarity with C20 atom

0.045A above the average plane.

Table 1.
Crystallographic Data and Structure Refinement Details for 1-4.

1 2 3 4
formula Cy05H27ClF36Gd)NsOs Cy5Har ThyClF36NsO4 Ci05Hp7CIDy,F3eNsO1s  CyrHooF 18GdaN19019
Mr 1873.62 1876.96 1884.13 2236.15
crystal system monoclinic monoclinic monoclinic monoclinic
space group C2/c C2/c C2/c C2/c
a(A) 25.752(4) 25.7993(9) 25.805(5) 27.474(2)
b(A) 24.466(4) 24.4562(9) 24.464(5) 21.7415(18)
c(A) 23.085(3) 23.1575(9) 23.177(5) 33.465(3)
o(®) 90 89.34(3) 90 90
L) 120.758(4) 120.85(2) 120.81(3) 102.2500(10)
7(°) 90 90 90 90
V(A% 12499(3) 12544.6(8) 12567(4) 19535(3)

Z 8 8 8 8

pealc (Mg/m*) 1.991 1.988 1.947 1.414

u (mm™) 2.319 2.451 2.530 1.442

F(000) 7216 7232 7080 8272

6 range(®) 1.66~25.01 1.84~25.01 1.24~25.01 1.245~28.379
GOF on F* 1.043 1.030 1.069 1.075

Ry, wR, [I>20(])]
R, wR, (all data)

0.0508, 0.1208
0.0707,0.1373

0.0383, 0.0766
0.0518, 0.0834

0.0583, 0.1424
0.0714, 0.1498

0.1082, 0.2385
0.2163,0.2911

Structure of 4. Compound 4 also crystallizes in space group C2/c with Z = 8. The

asymmetric unit contains two crystallographically independent

[Gd(Phtfac);(MeTrzNIT)] moieties, and every [Gd(Phtfac);(MeTrzNIT)] exhibits
mononuclear structure with central metal ion in an LnON coordination sphere (Fig 2).
Powder X-ray diffraction, confirmed that complexes 5 and 6 are isomorphous to 4. As
shown in Fig. 2a, each central Gd" ion is eight-coordinated with three bidentate

B-diketonate coligands and one bidentate MeTrzNIT radical ligand. The Gd—O(Phtfac)
distances range from 2.313(8) to 2.392(9) A. The Gd-O(radical) and Gd-N(triazole)
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bond lengths of compound 4 are in the range of 2.365(8)-2.386(8) A and
2.653(8)-2.697(8) A, respectively. When applying the D,; symmetry to the GdOs site,
CSM method gives the Gd1 and Gd2 the minimal value of S = 0.434 or S = 0.621,

respectively.

()

‘f) uy,
g "Ny, O
" g ©

(&

(b)

Fig. 1. (a) Simplified view of the crystal structure of 3. Fluorine, hydrogen, and some

carbon atoms are omitted for clarity. (b) Polyhedral representation of the Dy3 " cores.

Magnetic Properties

Static Magnetic Properties for 1-3. Variable temperature magnetic susceptibilities for
complexes 1-3 are studied and shown in Fig. 3. At room temperature, the ym7 value is
16.53 cm’-K-mol™ for complex 1, which is close to the expected values of 16.29
em® K mol™ for the isolated spins of two Gd" ions (*S75, g = 2) and one radical (S =
1/2, 0.375 cm’*K-mol™). On decreasing the temperature, the yy7 value almost remains

unchanged till 50 K. Then it begins to increase quickly as the temperature is lowered

Page 8 of 22



Page 9 of 22

RSC Advances

(a)

(b)

Fig. 2. (a) Simplified view of the crystal structure of 5. Fluorine, hydrogen, and some

carbon atoms are omitted for clarity. (b) Dss-symmetry polyhedral of gadolinium atoms.

further and reaches a peak value of 19.14 cm’-K-mol™ at 2 K. The profile of the curve
indicates that the Gd"" ion and nitroxide radical interactions are ferromagnetic. Based on
the above structural analysis, two main exchange pathways should be operative: (i) the
magnetic interaction between Gd and the directly coordinated nitroxide group (J); (ii)
the magnetic coupling between Gd(1) and Gd(2) through triazole ring (/). Accordingly,
the system was modeled as a tri-spin unit, and the magnetic analysis for Gd"'-Rad unit
was carried out by using the spin Hamiltonian H =-2J(S'Gd1§rad1+§Gd2§rad1)-2J "Scd1Sadn.
Equation S1-S2 (which is shown in Supporting Information Section) is introduced to
analyze the magnetic coupling strength, where J and J“ represent the magnetic
coupling for Gd-radical and Gd1-Gd2, respectively. The weak exchange interaction

being considered within the mean field approximation (zj")."*
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The observed yvT data were well reproduced, giving the best fitting parameters of
gca=1.99, J=1.65 cm™, and J' = -0.1724 cm™, zj" = 0.0043 cm™ with R = 1.38x10°°
(gr and g was fixed as 2). The positive values of J indicate the ferromagnetic
interactions between Gd™ ion and the radical, which is very common in Gd-radical
complexes."” The antiferromagnetic reaction J between the two Gd" ions through
imidazoline and triazole rings is quite weak.””*' The magnetization versus field
measurements at 2 K is shown in Fig. 4 (left). A magnetization of 15.08 N is reached

at 50 kOe, in agreement with the 14.96 Nf for the ferromagnetic arrangement for the

spins.

= Complex 1

321 3 e Complex 2
e 4+ 4 Complex3
. 284 4 AAAAAAAAAAAAAAALAALAL
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g 24 coo0000000000000000000
E ]
g 20-

16 seesres

0 50 100 150 200 250 300
T/ K

Fig. 3. Temperature dependence of ym7 values for complexes 1-3. The solid line

represents the theoretical values based on the corresponding equations.

For 2 (Fig. 3), the value of yu7 at 300 K is 24.41 cm’-K-mol™”, which is a little higher
than the expected value 23.84 cm®-K-mol™ for two uncoupled Tb" ions ('Fs and g = 3/2)
and one organic radical (S = 1/2). At high temperature (130-300 K), the value of ymT
almost remains unchanged. As the temperature is lowered from 130 K, ym7 decreases to
reach 19.43 cm® K-mol™ at 2 K. The decrease of the yy7 values in the high temperature
regime is most probably governed by the depopulation of the Tb"' Stark sublevels. The
decrease of yv7 at low temperature suggests the presence of intramolecular

antiferromagnetic interaction. This magnetic behavior may be ascribed to the exchange
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interaction between the paramagnetic ions (Rad-Tb(IIl), Tb(II)-Tb(III) interaction
through triazole ring) combined with the crystal field and spin-orbit effect. At present, it
is not possible to quantify the different contributions,”” but the crystal field and
spin-orbit effect may be dominant due to the completed 5s and 5p subshells shielding 4f
electrons.”” The field dependences of magnetization (M) for complex 2 have been
determined at 2 K in the range of 0-70 kOe (Fig. 4 (right)). The field-dependent
magnetization values below 10 K show a rapid increase in the magnetization at low
magnetic fields. The maximum magnetization is 11.8 Nf at 2 K and 70 kOe, which does
not reach the expected saturation values of 19 N (18 Np for two Tb™ ions for J = 6 and
g =3/2, plus 1 Np for an organic radical), most likely because of the crystal field effect

on the Tb" ion.>*

167 g m N N EE SRR 12 ......ll.
o _-“‘.. ] 10 ann®®
121
10 .-' QS- -
28] <1
~ | } -~
S 6] £ SR
4] & 11
2-I 2
0] 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80
H/kQOe H/kOe

Fig. 4. Field dependence of the magnetization at 2 K for complex 1(left) and 2(right).

For 3, the value of yuT at room temperature is 28.38 cm’-K-mol™, which is slightly

I - 6
10ns ( H15/2)

lower than the expected value of 28.70 cm’-K-mol™ for two isolated Dy
and one organic radical (S = 1/2). As the temperature is lowered, ym7 decreases slowly
to reach a minimum of 25.97 c¢m®K-mol™" at 20 K. Below 20 K, ymT increases
dramatically to reach a peak value of 32.63 cm>K-mol™ at 2 K. The decrease of ymT
upon lowering of the temperature in the high-temperature range is most probably
governed by depopulation of the Ln" Stark sublevels. The marked increase of yu7 at

low temperature indicates the presence of ferromagnetic interactions. The field

dependences of magnetization (M) for complex 3 have been determined at 2~5 K in the
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range of 0-70 kOe (Fig. 5a). The field-dependent magnetization value below 5 K shows
a rapid increase at low magnetic fields. At higher fields, M increases up to 12.79 Nf at 2
K and 70 kOe, which does not reach the expected saturation values of 21 NS (10 Nf for
each Dy ion for J = 15/2 and g = 4/3, plus 1 Np for the organic radical). The
nonsuperposition on the M versus H/T curves at different temperatures indicates the
presence of a magnetic anisotropy and/or low lying excited states in the system, which

corresponds to the reported results, 59423242526 Fig. 5b shows the magnetization versus

field curve at the temperature of 2 K, but no hysteresis loop was observed.

14 15
é‘.“:".:..--l' amEs = 8o oEo=E
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= o £ Z
=614 =
4- i -5
2 -10-
0- m m m mm m mEEE
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HTYTK H/ kOe

(@) (b)
Fig. 5. (a) Field dependence of the magnetization at different temperatures for complex

3. (b) Magnetization versus field measurement for complex 3 as a polycrystalline

sample at 2 K.

Static Magnetic Properties for 4-6. The temperature dependence of magnetic
susceptibilities for 4-6 in the 2-300 K range is studied and shown in Fig. 6. For
complex 4, the observed room temperature yyZ value is 8.62 cm’*K-mol”, in
agreement with the expected value 8.44 cm®-K-mol™! for one uncoupled Gd" ion (887/2,
g = 2) and one organic radicals (S = 1/2). On decreasing the temperature, the yu7 value
steadily increases and begins to increase more sharply at 30 K till to reach a peak value
of 9.72 cm>K-mol™ at 2 K. The overall magnetic behavior indicates ferromagnetic
interactions between the Gd™ ion and nitroxide radicals. Accordingly, the system was

modeled as a mononuclear bi-spin unit, and the magnetic analysis was carried out by

Page 12 of 22



Page 13 of 22

RSC Advances

using the spin Hamiltonian H = 2 JRad-GaSRaaSGas Where Jragga characterized the
exchange interactions for radical-Gd(III). Assuming that the radical and Gd(III) have
the same g value, the magnetic data were analyzed by the following approximate
treatment eqn. (1-2). The mean-field approximation (zj’) was introduced to indicate the

possible interactions between mononuclear moleculars.

_4Ng'p’ “ T+15exp(4J gy paa ! kT)

_ 1

At = g 9exp(dd , o, I KT) M
X Gd-Rad

K = - 2

1227 Ng B Zor rm @

The observed ymT data were well reproduced (Fig. 6) by using the approximate eqn.
(1-2), giving the best fitting parameters of g = 2.02, Jrad-Gga= 1.48 cm’, zj’=-0.014
cm™. The positive value of Jra4gd indicates the ferromagnetic interactions between
Gd(IIT) and the radical, which is very common in the similar Gd(III)-radical
complexes.19 In addition, the negative zj’ value indicates a very weak intermolecular
antiferromagnetic interactions at low temperature.

The temperature dependence of magnetic susceptibility recorded for 5 and 6 revealed
very similar behaviors (Fig. 6). At room temperature, the values of ym7 are 11.97 and
14.02 cm®*K-mol™ for 5 and 6 mononuclear complexes, respectively. Both of the values
are very close to the expected values of 12.12 and 14.54 ¢cm’-K-mol™ for an uncoupled
system of one Ln(IIl) ion (Tb(III) or Dy(Ill)) and one radical. When the temperature is
lowered, the ymT values for 5 and 6 decrease slightly and reach values of 11.59 and
13.36 cm’-K-mol™ at about 40 K, respectively. Below this temperature, the yu7 values
increase slowly to the highest value of 12.21 ¢m’-K-mol™ at 6 K (for 5) and 13.62
cm’-K-mol™ at 7 K (for 6), and then decreases on further cooling. The decrease of yuT
value upon lowering of the temperature in the high-temperature range for 5 and 6 is
most probably governed by depopulation of the Ln"" Stark sublevels. The increase of
xmT at low temperature suggests the presence of weak ferromagnetic interaction

between the Tb(III) or Dy(III) ion and the coordinated NO group of organic radical.
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Fig. 6. Temperature dependence of ym7 values for complexes 4-6. The solid line

represents the theoretical values based on the corresponding equations.

Dynamic Magnetic Properties for Tb"' and Dy""s complexes (2, 3, 5, 6). Tb"" and
Dy"™"s complexes always have the tendency to be SMMs; therefore we performed the
dynamic magnetic susceptibility measurements of complexes 2, 3, 5, 6.

For complex 2, no out-of-phase signals were observed above 2 K as shown in Fig. S5
(see ESIY). The temperature and frequency dependency data of the alternating current
susceptibilities for 3 under zero dc field (Fig. 7) show strong frequency and temperature
dependencies. From the temperature dependencies of the ac susceptibilities (Fig. 7, left),
the in-phase (y’) signals show a maximum at frequencies above 1000 Hz, and the
out-of-phase (") signals exhibit no maximum. From frequency dependencies of the ac
susceptibility (Fig. 7, right), the magnetization relaxation times (7) have been estimated
between 2 and 2.5 K (Fig.8a). Between 2.2~2.4 K, the relaxation follows a thermally
activated mechanism affording an energy barrier of 6 K with a pre-exponential (7o) of 4
x 10° s based on Arrhenius law [z = toexp(Ues/ksT)], which is consistent with those
reported for similar SMMs (in the 10°~107"" s range).””® While at low temperatures a
gradual crossover to a temperature-independent regime is observed. Below about 2.1 K,
a dominant temperature-independent quantum regime of dynamics with a 7 value of
0.00025 s explains the absence of the M versus H hysteresis effect at 2 K (Fig. 5b). This

may due to the hyperfine couplings and dipolar spin-spin interactions in lanthanide ions,
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which allows fast quantum tunneling of magnetization that prevents the isolation of
zero-field lanthanide SMMs with large barriers.”™**?’ From frequency dependencies of
the ac susceptibility measurements, Cole-Cole diagrams in the form of y” versus y* with
nearly semicircular shapes have also been obtained (Fig. 8b). These data have been
fitted to the generalized Debye model,*® giving the small distribution coefficient a value
0.13-0.09 (between 2~2.5 K), indication the narrow distribution of relaxation times at
these temperatures. The frequency shift parameter ¢ is 0.16 (¢ = (AT,/T)/A(log v),

excluding the possibility of spin-glass behavior.
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Fig. 7. Temperature dependence of the in-phase (top) and out-of-phase (bottom)
components of the AC magnetic susceptibility for complex 3 under zero DC field at
different frequencies (left). Frequency dependence of in-phase and out-of-phase

susceptibilities under zero dc field at different temperatures for complex 3 (right).

For complex 5, frequency-dependent out-of-phase signals are observed (Fig. 9),
indicating the onset of magnetization expected for single-molecule magnet (SMM)

behavior. However, no peak maximum is found above 2 K even for the highest
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frequency investigated. This may result from quantum tunneling of the magnetization
(QTM) that is too fast to be observed at the operating limits of our susceptometer. The
imaginary component y” of the complex 6 does not show any frequency-dependent

phenomenon (Fig. S6, see ESIT).
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Fig. 8. (a) Magnetization relaxation time, Int vs T ! plot for 3 under zero-dc field. The
solid line is fitted with the Arrhenius law. (b) Cole—Cole plots measured at 2~2.5 K
under zero dc field for complex 3; the solid lines are the best fit to the experimental
data.
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Fig. 9. Temperature dependence of the in-phase (y) and out-of-phase (y”) components
of the AC magnetic susceptibility for complex 5 under zero DC field.

As we seen, by using Phtfac to replace hfac as -diketonate, the crystal structures of
complexes 5 and 6 show drastic changes compared with 2 and 3. In 2 and 3, two
Ln(hfac); units are connected by a radical ligand MeTrzNIT to give binuclear cores, and

the center Ln"" ions are all surrounded with a slightly distorted 4,4,4-tricapped trigonal
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prism LnOgN coordination sphere. In 5 and 6, the central Ln"" ions exhibit mononuclear
structure, which are in an LnO;N coordination sphere with Ds; symmetry. In addition,
the presence of the different magnetic exchange coupling between the radical and metal
ion in the two Tb’s complexes or the two Dy’s complexes will moderate their magnetic
relaxation behaviors. It has been demonstrated that the ferromagnetic coupling between

radical and 4f ions could enhance the anios‘cropy.zz’31

Owning to the differences in
crystal structure and magnetic interaction between the spin carries, there is also obvious
change in their magnetic behavior: complex 2 shows no obvious magnetic relaxation
whereas complex 5 exhibits SMM behavior. Complex 3 affords a barrier of 6 K while
complex 6 has no visible magnetic relaxation. These results suggest that the local
ligand-field of the Ln(III) ions and the magnetic coupling between the radical and Ln(III)
ion are responsible for the different magnetic dynamic behaviors. It is evident that
replacement of the CF; group by a phenyl ring results in a significant change in

magnetic relaxation and this provides an opportunity to fine-tune Ln-radical based

SMM behavior through the modification of the B-diketonate coligand of lanthanide ion.

Conclusions

In summary, six novel binuclear or mono lanthanide-radical compounds have been
synthesized using a triazole nitronyl nitroxide radical ligand and two different
B-diketonate coligands. By using hexafluoroacetylacetone (hfac) as coligand, three
binuclear tri-spin complexes were obtained, in which the nitronyl nitroxide moiety acts
as a double-bridge ligand linking two Ln(III) ions by the two oxygen atoms of the N-O
groups and the two nitrogen atoms of the triazole ring. When hfac were replaced by
4,4 A-trifluoro-1-phenylbutane-1,3-dione (Phtfac), three isomorphous mononuclear
complexes 4-6 were obtained. The study of dynamics of the magnetizations for
complexes 2, 3, 5, 6 shows that they exhibit quite distinct magnetic relaxation behaviors.
Complex 3 and 5 shows frequency-dependent out-of-phase signals, however, such a
phenomena is not observed for 2 and 6. The difference in magnetic relaxation of these

complexes is probably due to the different symmetry of local ligand field of the Ln(III)
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(Tb and Dy) ions together with the different magnetic exchange coupling. These results
show that the different ligand field can drastically affect the magnetic relaxation of the
magnetization. Theoretical studies are required thoroughly analyze the symmetry of

local ligand field of the Ln(III) ion/dynamic of the magnetization relationship.
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Contents graphic and synopsis

Six Ln"-triazole-radical complexes have been synthesized by using different
p-diketonate coligand, they exhibit interesting magnetic properties. Complex 3 and 5
shows frequency-dependent ac magnetic susceptibilities, which suggests the presence
of slow magnetic relaxation. It is evident that hat the f-diketonate coligand play an

important role in determining the spin dynamic for the lanthanide-radical system.
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