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Spin Canting in a Cobalt(I) Radical Complex with an Acentric Counter Anion
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Cobalt(ll) radical complexes with centric and acentric
counter anions, [CoCl(bisimpy)(MeOH),]X [bisimpy = 2,6-
bis(4',4',5',5'-tetramethyl-4',5'-dihydro-1’ H-imidazol-1'-oxyl-
2'-yl)pyridine; X = PFg (1), and ClO,4 (2)], crystallize in the
centrosymmetric and polar space groups, respectively. Com-

pound 1 is paramagnetic, whereas spin canting in 2 leads to
a metamagnetic transition with a critical field of 1300 Oe at
1.8 K.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Solids crystallizing in non-centrosymmetric space groups
can have tensorial physical properties, such as piezo-elec-
tricity, pyro-electricity, and second harmonic generation
(SHG).["I The design of such compounds remains difficult.
However, two possible strategies have been proposed for 1D
systems:?! (i) introduction of proper acentric tectons and
(i1) combination of chiral tectons. The former may lead to
the formation of non-polar crystals due to centrosymmetric
packing, and the latter should generate chiral networks.
These strategies are appealing to synthetic coordination
chemists for designing molecule-based magnetic materials,
especially with canted spin systems. On the other hand,
combination of metal ions and organic radicals has also
been shown to be a good way to construct magnetic materi-
als,®! among which [Mn(hfac),(NIT-R)] (Hhfac = hexafluo-
roacetylacetone, NIT-R = 2-isopropyl-4,4,5,5-tetramethyl-
imidazolin-1-oxyl 3-oxide) exhibited ferromagnetic ordering
at a critical temperature of 7.61 KI* and [Co(hfac),-
(NITPhOMe)] (NITPhOMe = 4'-methoxyphenyl-4,4,5,5-
tetramethylimidazolin-1-oxyl 3-oxide) has been recognized
as the first single-chain magnet.>! In hybrid spin systems,
the sign and amplitude of magnetic interactions depend
upon the electronic configurations of metal ions and the
coordination modes of radical ligands. Therefore, flexibility
in the modification of the ligands is advantageous to
designing molecule-based magnetic materials. We prepared
hybrid spin systems of [Co"Cl(bisimpy)(MeOH),]X [bi-
simpy = 2,6-bis(4’,4',5’,5 -tetramethyl-4',5'-dihydro-1' H-
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imidazol-1"-oxyl-2'-yl)pyridine, X = centric (PF¢) and
acentric (ClO4") anions], which crystallized in centric and
polar space groups, respectively. We report here the para-
magnetic behaviour and spin canting in these complexes,
of which the complex with ClO, showed a ferromagnetic
transition at 2.7 K.

Results and Discussion

The reaction of CoCl, with bisimpy and NH,4PF4 (or
NaClO,) in methanol yielded [Co'Cl(bisimpy)(MeOH),]X
[X = PF¢ (1), ClO4 (2)]. Compounds 1 and 2 crystallize
in the monoclinic space group P2,/c (centric) and in the
orthorhombic space group Pna2; (polar), respectively.l®
They have similar molecular structures, and thus, the same
numbering was used for 1 and 2. An ORTEP diagram of
the complex cation of 2 is shown in Figure 1. The ligand
bisimpy has two imino nitroxide groups and acts as a tri-
dentate ligand. The cobalt(II) ions in 1 and 2 have a dis-
torted octahedral coordination geometry, and the equato-
rial coordination sites are occupied by three nitrogen atoms
from bisimpy and one chloride ion, and the remaining axial
positions are coordinated by two methanol molecules. The
distortion of the coordination geometry from the ideal oc-
tahedron was quantified by using ¢ parameters {= X|(90 —
0) [°], 0 = bite angles of the two coordinated ligands},
where larger o values signify larger distortions from the
ideal octahedral coordination sphere. The ¢ parameters
were calculated to 81.4 and 84.0 for the complex cations in
1 and 2, respectively, which means that both cations have
similar coordination geometries.

Coordination bond lengths about the cobalt(Il) ions in 1
and 2 are in the range of 2.167(3)-2.209(3) A for the iminyl
nitrogen atoms and 2.151(2)-2.138(3) A for the pyridyl ni-
trogen atoms. The Co-Cl and Co-O bond lengths are
2.295(1)-2.341(1) A and 2.120(3)-2.141(2) A, respectively.
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Figure 1. ORTEP diagram of the complex cation in 2. The same
numbering was used for both 1 and 2. Selected bond lengths [A]
for 1: Co-0(3) 2.120(3), Co-O(4) 2.141(2), Co-N(1) 2.151(2), Co-
N(4) 2.180(3), Co-N(2) 2.205(3), Co-Cl 2.295(1); for 2: Co-O(3)
2.095(3), Co-O(4) 2.117(3), Co-N(1) 2.138(3), Co-N(4) 2.167(3),
Co-N(2) 2.209(3), Co—CI(1) 2.341(1).

In 1 and 2, close interatomic distances [2.918(4)-2.822(4) A]
between the oxygen atoms of the imino nitroxyl group and
methanol in neighbouring molecules were observed, and
hydrogen bonds caused the formation of 1D structures of
the complex molecules. Compound 2 has additional inter-
molecular close contacts [3.956(3) A] between the coordi-
nated chloride ions and the imino nitroxyl oxygen atoms of
neighbouring molecules (Figure 2). Note that neighbouring
molecules in the chains are related by glide and twofold
screw axes for 1 and 2, respectively, which is responsible for
the different magnetic properties.

Magnetic susceptibility measurements for 1 and 2 were
carried out in the temperature range of 1.8-300 K, and y,,,T
vs. T plots are shown in Figure 3. The y,,T values for 1
gradually increased as the temperature was lowered from
300 K, reaching a maximum value of 4.69 emumol 'K at
60 K, and then monotonically decreased to 1.8 K. The y,,T"
value (4.20 emumol' K) at 300 K is larger than the Curie
constant (2.625 emumol™' K with g = 2) expected for the
uncorrelated one Co' ion (S = 3/2) and two radicals (S =
1/2), which is due to the orbital contribution of the Co!!
ion. The gradual increase of the y,,7 values in the high-
temperature region suggests the occurrence of an intramo-
lecular ferromagnetic interaction between the Co'! ion and
the radical centers.

Complex 2 showed a different temperature dependence
of the y,,T values from that in 1. The y,,7 values slightly
increased from 4.19 emumol 'K at 300 K as the tempera-
ture was lowered, reaching the maximum value of
4.26 emumol 'K at 110 K. Upon further cooling, the y,,T
values decreased to the minimum value of 2.34 emumol 'K
at 72K, and then increased to the value of
3.21 emumol 'K at 3.4 K, from which the values suddenly
decreased. The similar coordination geometries about the
Co'ions in 1 and 2 suggests that the amplitude of intramo-
lecular magnetic interactions and the contribution of the
orbital term are similar to each other. We think that the
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Figure 2. 1D structures in 1 (top) and 2 (bottom). Counter anions
are omitted for clarity. Dotted blue lines correspond to hydrogen
bonds in 1 and 2, and red ones in 2 represent close contacts be-
tween the chloride ions and the imino nitroxyl oxygen atoms.
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Figure 3. y,,T vs. T plots of 1 (open squares) and 2 (open circles);
the solid lines were calculated by using the parameters given in the
text. Inset: M vs. T plots for 2: field-cooled magnetization (FCM)
(filled circles) and zero field-cooled magnetization (ZFC) (open
circles) measurements.
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different magnetic behaviour above 10 K is due to intermo-
lecular antiferromagnetic interactions in 2, and thus, an
intermolecular magnetic interaction was included in the
analyses of the magnetic data for 2. The magnetic suscep-
tibility data were analyzed by using a ligand-field theoreti-
cal model. The effective Hamiltonian was:

2
H= 5.[@ —%izj-%ui -8y =20k 2.8y - S,

=1

A A 3 . 2z, 2zJ"
2J 1S, S, + ,uOyB(EkL + g{,ZS,] . [H o MB]
=0 0B

M, <—%kﬁ+gF2§,>
=0

B

where ¢ and L are the energy splitting between the ‘45,
and ?E, states and an effective angular momentum with a
magnitude of L = 1, respectively. Spin operators of Sy, S;,
and S, stand for the S, = 3/2 and S; = S, = 1/2 spin states
of the cobalt(Il) ion and the radical centres, respectively.
The parameters of & and A represent the Stevens orbital
reduction factor and the spin-orbit coupling constant,
respectively. Two intramolecular exchange coupling con-
stants of Jo, g and Jg_g were introduced between the Co!!
ion and each radical and between the radical centres,
respectively. Intermolecular interactions are implemented
through a mean field zJ' in conjunction with the molecular
magnetization on the counterpart sublattice B, which can
be evaluated iteratively. The z and J’ values represent the
number of neighboring molecules and the intermolecular
exchange coupling constant, respectively. The diradical of
bisimpy has a triplet spin ground state, which is due to spin-
polarization of n-spins on the molecule.”! The fixed Jg_r
value of +4.5 K, which was taken from ref.l”), was used in
the calculations. Least-squares calculations by using the
data above 10 K yielded Jc, g = 49.3 K for 1 and Jc, g =
48.3 K with zJ' = -0.9 K for 2, where the zJ' value for 1
was found to be negligibly small.® In 1 and 2 the magnetic
orbitals (pr) of bisimpy are perpendicular to the equatorial
coordination plane, and the high-spin cobalt(Il) ion with
hexacoordination geometry has unpaired electrons in the
dy,, d.», and d,» ,» orbitals. The magnetic orbitals of the
cobalt(IT) ion and bisimpy are, therefore, orthogonal to
each other, which is responsible for the occurrence of the
intramolecular ferromagnetic interactions.

In 1 the neighboring molecules in the chain are related
by the crystallographic glide operation, which might lead
to non-compensating spins on the chains.”) However, the
analysis of the magnetic susceptibility data for 1 suggests
negligibly small intermolecular antiferromagnetic interac-
tions, and a long-range order, which is potentially weakly
ferromagnetic in nature, was not detected in the measure-
ment temperature range. The chains in 2 locate on the two-
fold screw axis, which gives rise to a spin-canting regime in
the chain, resulting in an incomplete cancellation of antifer-
romagnetic intrachain orders. Field-cooled magnetization
(FCM) and zero-field-cooled (ZFC) magnetization experi-
ments for 2 were carried out in the temperature range of
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3.5-1.8 K and with an applied magnetic field of 10 Oe (Fig-
ure 3, inset). The FCM values increased rapidly at 2.7 K
with a decrease of temperature. The ZFC magnetization
had a maximum value at 2.2 K as the temperature was in-
creased, and then decreased to the same value of the FCM
above 2.7 K. This confirmed that the magnetic phase transi-
tion occurred at 2.7 K. Field dependences of magnetization
were measured at 1.8 K (Figure 4). The magnetization did
not saturate upon application of a magnetic field up to 5 T.
However, the magnetization curve in the lower magnetic
field region showed a sigmoidal increase, characteristic of a
metamagnet. Note that a weak ferromagnetic component
observed in the magnetic field of £50 Oe might be due to
non-compensating magnetic pathways between the chains.
The magnetization abruptly increased at a critical magnetic
field (H.) of 1300 Oe, which is sufficient to overcome the
weak interchain antiferromagnetic interactions. Conse-
quently, 2 showed a magnetic field induced phase transition
from antiferromagnetic to a ferromagnetic-like state.['” The
low-field magnetization experiments at 1.8 K exhibited a
hysteresis loop with a coercive field of 4 Oe and a remnant
magnetization of 6.81 X 103 emuOemol ! (Figure 4, inset).

10— : : —
___75r B
2
3
05f £ ° .
§-75L d
Q -150 0 15
H/Oe
Z 00
=
-0.5+ _
10k L . . | 4
4 2 0 2 4
H/kOe

Figure 4. Magnetic field dependence of magnetization for 2 and
magnetic hysteresis loop in the low-field region (inset) at 1.8 K.

AC magnetic susceptibility measurements for 2 were per-
formed in a zero magnetic field and in an external magnetic
field of 1300 Oe (Figure 5). AC signals in the zero magnetic
field did not show a distinct frequency dependence, whereas
in the external magnetic field of 1300 Oe, both in- and out-
of-phase signals became frequency-dependent. Assuming
that the relaxation time (7) at the peak-top temperature of
Xm'' in the field of 1300 Oe is well approximated by the
inverse of the AC frequency [t = toexp(4/kp)], an Arrhenius
plot gave an effective energy barrier for the magnetization
reversal of 4 = 58.6 K and a pre-exponential factor of 7y =
2.58 x 10°'¢sM1 In a magnetic field lower than H., the
residual magnetic moments due to spin canting on the
chains are antiferromagnetically coupled to each other, and
4853
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this affords a hidden-spin canting situation.['?! In a mag-
netic field equal to H, on the other hand, the amplitude of
the applied magnetic field is comparable to the interchain
antiferromagnetic interactions, and 2 showed a slow rever-
sal magnetization such as a single-chain magnet.!'3!
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Figure 5. y,,"' vs. T plots for 2 with a 3 Oe AC field oscillating at
2-10 kHz: zero (a) and 1300 Oe (b) external magnetic field. Inset:
Natural logarithm of the relaxation time (z) vs. the inverse of the
temperature plot.

Conclusions

Cobalt(II) radical complexes with symmetric and asym-
metric counter anions crystallized in the centrosymmetric
and polar space groups, respectively, and the latter space
group caused canted ferromagnetism. Spin canting can
arise from single-ion magnetic anisotropy and/or asymmet-
ric exchange interaction (Dzyaloshinsky—Moriya interac-
tion). Both mechanisms are allowed in compounds crys-
tallizing in a non-symmetric space group. The acentric
counterion ClO4 caused 2 to crystallize in the non-sym-
metric space group of Pna2;.

Experimental Section

General: Chemicals were obtained from standard sources and were
used as received. Unless otherwise stated, the reactions were carried
out under dry nitrogen.

[CoCl(bisimpy)(MeOH),|]PFs (1): Anhydrous CoCl, (14 mg,
0.11 mmol) in methanol (1 mL) was added to bisimpy (40 mg,
0.11 mmol) in methanol (2 mL); after stirring for 10 min, NH4PF¢
(I5mg, 0.11 mmol) in methanol (1 mL) was added. The mixture
was concentrated to 1 mL on a hot plate, and then cooled to room
temperature, affording red square plates of 1. Yield: 23 mg (33%).
C,H;5CICoF¢NsO4P (660.89): caled. C 38.11, H 5.48, N 10.58;
found C 37.77, H 5.30, N 10.42.

[CoCl(bisimpy)(MeOH),|ClO (2): Compound 2 was obtained in a
similar manner as 1 by using NaClO, instead of NH4PF¢. Yield:
15 mg (48%). C,;H35C1,CoNsOg (615.38): caled. C 40.99, H 5.73,
N 11.38; found C 41.05, H 5.69, N 11.38.
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