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An unprecedented dodecanuclear Co™;Co'"y and a dinuclear
Co', cluster were synthesized facilely from reactions of dif-
ferent coblt(Il) salts with the ligand (1H-benzimidazol-2-yl)-
methanol. The cobalt ions in the Coq, supercluster are linked
into a disclike structures through ps-Oy, p-Oy, p3-O?%, g 1-N3~
and pq,1,1-N3~ bridges. Magnetic studies reveal that strong

ferromagnetic coupling through double end-on (EO) azido
bridges exists in 1, while both ferromagnetic coupling
through the p3-O and p-O;, pathways and antiferromagnetc
coupling through the p, ; 1-N3~ pathway exist in 2, which re-
sults in a ferrimagnetic behaviour of 2.

Introduction

The design and synthesis of novel polynuclear clusters
has become one of the most active areas in coordination
chemistry,[ since transition-metal clusters can show versa-
tile magnetic behaviour,”! in particular, they may exhibit
single-molecule magnet (SMM) behaviour, and have poten-
tial application in information storage and quantum tunnel-
ling of magnetization.>1 The slow relaxation of magne-
tization is governed by the combination of a high-spin
ground state St and uniaxial anisotropy D.

Manganese(I1I), iron(I1,III), and cobalt(IT) ions are good
candidates for constructing SMMs because of their signifi-
cant magnetic anisotropy. However, compared with the
widely documented polynuclear Mn'" or Fe' clusters, only
a few iron(II) and cobalt(Il) clusters have been investi-
gated,™® which may be ascribed to the absence of a facile
synthesis route that prevents the Fe'' and Co'! ions from
oxidation in air and to the challenge in controlling the mag-
netic coupling. Previous research indicates that hydroxy-
containing ligands can hold metal ions together through the
H3-O bridging mode to transmit ferromagnetic interactions,
which may cause the metal ion to be in a high-spin ground
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state.”) We have used amino alcohol ligands, such as tri-
ethanolamine (teaHs) and N,N,N’,N’-tetrakis(2-hydroxy-
ethyl)ethylenediamine (edteH,;), to prepare a novel
Cuy7Mn,g cluster with St = 3!/, ground spin state and Mn;,
clusters with tunable oxidation states, Mn™ Mn',, . (x =
8, 10 and 12).11% Inspired by previous work, we extended
our study to the cluster chemistry of 2-benzimidazolemeth-
anol (HL) (Scheme 1), which is not well explored, and only
few clusters based on HL have been reported.['!] The azide
group has proven to be one of the most effective ligands in
magnetic coupling pathways in polynuclear magnetic clus-
ters.'?! Herein, we report two novel cobalt clusters isolated
from the reactions of Co'" salts with HL and NaNj3, namely,
[Conz(ul,1-N3)2(HL)4](N03)2 (1) and [Co"yCo"3(u3-0)s-
(R1,1,17N3)(p1,1-N3a)3(H3-L)o(-L)](C104)2-Hstea:9.5H,O - (2).
Three kinds of coordination modes of HL, chelate (1),
pn'm? A1) and pyn'n® (1), are found in 1 and 2
(Scheme 1), and the azide groups act as the p;; (in 1) and
Ri11 + My (in 2) end-on bridges, respectively.

N 0.
\Co/ \\CO
Co
@ (1) (1)

Scheme 1. The coordination modes of the HL ligand in 1 and 2.

Results and Discussion

Reaction of Co(NO;3),-6H,O with HL and NaNj in
CH;0H generates the dinuclear cobalt(Il) complex
[Cor(HL)4(N5),]J(NOs), (1), while a novel disclike dodeca-
nuclear ColyCo™; cluster 2 was isolated from the above
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reaction, with the exception that Co(NO3),"6H,O was re-
placed by Co(ClO,4),:6H,0, which shows that the final
products are highly anion dependant. Moreover, when
NaNj; was replaced by triethylamine, another interesting
disclike Co, cluster was obtained,!'3! which indicates the ef-
fect of the type of base on the products.

X-ray crystal structure analysis reveals that the asymmet-
ric unit of 1 consists of one half of the formula (Figure 1).
Each neutral HL ligand is chelated to one cobalt(Il) ion
(Scheme 1). The Co' adopts a distorted N,O, octahedral
environment and is surrounded by two bidentate HL li-
gands and two azide anions with the Co—N/O bond lengths
in the range 2.0716-2.2099 A. Both the Col-N,,4,—Cola
angle [99.6(1)°] and the Col-+Cola distance [3.213(3) A]
are in the typical range for double EO-bridged com-
pounds.'* Adjacent dinuclear [Co,(; 1-N3),(HL),J** cat-
ions and nitrate anions are linked into a 3D supramolecular
architecture (see Figure S1 in the Supporting Information)
through N-H---O and O-H---O hydrogen-bonding interac-
tions [N2-+03, 2.939(3) A; 02:+01, 2.690(3) Al].

Figure 1. ORTEP drawing of the dinuclear cation in 1 with ellip-
soids at the 50% probability level. Symmetry codes: (a) x, -y +
1/2, =z + 1/2; (b) —x, —y + 1/2, z.

Compound 2 crystallizes in the trigonal space group
P31c and contains a mixed-valence dodecanuclear complex
with C; symmetry (Figure 2). The asymmetric unit of the
cation contains four independent cobalt ions (Col, Co2,
Co3 and Co4), five deprotonated L~ ligands, two Nj-
groups and one O? group. The central three cobalt ions
ligated by NOs donor atoms are divalent with Co-O/N
bond lengths of 2.032-2.255 A: moreover, six outer cobalt
ions, which occupy the N,O,4 coordination sphere (Co—N/
0O, 2.012-2.258 A) also are divalent. The remaining three
outer cobalt ions that possess a N3O; ligand donor set (Co—
N/O, 1.903-1.964 A) are trivalent. Oxidation states have
been assigned on the basis of bond valence sum analysis
and consideration of bond lengths and charge balance.['”]
The Co" and Co'™! ions are in a pseudo-octahedral coordi-
nation environment. The central three Col ions are linked
to each other by a p, | -azido bridge and O~ bridges with
a Co-+Co distance of 3.206 A. The central Col atom con-
nects to the outer Co2 ions through a p;-O bridge and 0%
(Co++Co, 3.148 A). The Col atom links the outer Co3 and
Co4 atoms through two p3;-O bridges (Co-+Co, 3.140-
3.216 A). The outer Co2 and Co4 atoms are interlinked
through a EO-azido bridge and a p3-O bridge of L with a
2230
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Co-Co distance of 3.218 A, but the Co3 and Co4 atoms
are held together by p-O and ps-O bridges (Co-+Co,
3.176 A). The Co2 and Co3 atoms are also linked by p-O
and p;-O bridges (Co+Co, 3.174 A) (Scheme 1). All the
outer EO-azido bridges are almost linear with an N-N-N
of 176.3°, while one ps site is occupied purely by azide
groups (N11) with an N-N-N angle of 180°. The cationic
Co,, cluster has a disclike structure in which the cobalt
centres are almost coplanar. To date, only four examples of
Co, clusters are known,[!'1%l and only one has a coplanar
disclike structure;1'®! however, such disclike mixed-valence
Co,, clusters containing N3~ is unprecedented.

Figure 2. ORTEP drawings of the dodecanuclear cation (top) and
dodecanuclear core (bottom) in 2 with ellipsoids at the 50% prob-
ability level. Symmetry codes: (a) x + y,—x + 1, z; (b) -y + 1, x -
y+1,z

The magnetic properties of 1 and 2 were measured. The
dc magnetic susceptibility of 1 was measured at 0.1 T from
2-300 K, as shown in Figure 3. The value of the effective
magnetic moment at room temperature is 7.21 pg per Co,
unit. Upon lowering the temperature, the effective magnetic
moment gradually increases because of the presence of in-
tradimer ferromagnetic interactions. The following rapid
decrease in u.rr to 2 K can be attributed to the contribution
of the orbital angular momentum to the overall magnetism
and/or to the zero-field splitting of Co'". This behaviour is
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consistent with other double EO azido-bridged di-
mers.['4%-17] The six-coordinate octahedral Co!! complexes
are known to have more complex magnetic behaviour influ-
enced by the orbital angular momentum L. Briefly, the sin-
gle-ion Co!! lowest-lying atomic term “F is split in the octa-
hedral ligand field symmetry into three crystal-field terms
4T, T, and *A,. Only the first term is thermally populated
and has a non-zero orbital angular momentum. On lower-
ing the symmetry, the *T; term is further split into the A,
and “E terms, separated by A.l'81 As a result of the hetero-
leptic distorted octahedral coordination sphere of the co-
balt(IT) central atoms of 1, such an energy splitting is ex-
pected. The Hamiltonian shown in Equation (1) was used
to describe the magnetic properties of dinuclear complex 1.

6
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Figure 3. Top: temperature dependence of the effective magnetic
moment of 1 (calculated from the magnetization at B = 0.1 T), with
the low-temperature region of the magnetization expanded in the
inset and the field dependence of the magnetization at 7= 2 K.
Empty circles — experimental data, full lines — calculated data with
the Hamiltonian Equation (1) and J = +49.3cm ™!, A = —114cm !,
a =148, A =+1215cm . Bottom: 3D diagram of the molar mag-
netization of 1 for different orientations of magnetic field at B =
7Tand T=2K.

H=-J(S,-S,)-aA(S,-L, +S,-L,)
+A(L, —L(L+1)/3+ L, - L,(L, +1)/3)
+luBB(geS] +88,-aL, _aLZ) (1)

where J stands for the isotropic exchange constant among
the Co'! centres, a is the orbital reduction factor, A is spin-
orbit coupling and g, = 2.0023. The Hamiltonian was ap-
plied to the |M |,Ms)|M; >, Ms,) functions with M; , =
0, =1 and Mg, = £1/2, £3/2. The angular orbital momen-
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tum L is considered as the fictitious angular momentum, L
= 1, with the effective Lande g factor, g; = —a, because of
T,-P isomorphism.l'”] As a result, there are 144 magnetic
levels for the dinuclear model. The orbital reduction factor
comprises two parameters, a = Ak, where A varies from 1
to 3/2 and results from admixture of the excited terms re-
flecting the ligand field strength and x describes the lower-
ing orbital contribution as a result of covalency of the
metal-ligand bond and has the values 0.70 < x < 1. More-
over, the spin-orbit coupling parameter 4 can also be re-
duced relative to its free-ion value A, = —180 cm™!, which is
attributable to the covalent character of the donor-acceptor
bond. There are several analytical susceptibility equations
for polynuclear Co' complexes derived under various as-
sumptions, usually by using the van Vleck equation.?"
Herein, we used a different approach based on the full diag-
onalization technique and numerical calculation of the en-
ergy levels and the molar magnetization as shown in Equa-
tion (2).

M, = N iz

oB )
where Z is the partition function and B is magnetic field
strength.['”) The overall magnetization of the system was
calculated as the integral average over the different orienta-
tions of the magnetic field defined in the polar coordinates
as B = B(sinfcoso, sinfsind, cosd) in order to properly inter-
pret the powder magnetic data [Equation (3)].

M, =1/4z [ [ M,,,(B)sinod6dy 3

The mutual fitting of the temperature and magnetic field
dependences of the magnetization resulted in J =
+493cm™!, 1 = -114cm™, a = 1.48 and A = +1215cm™!
(Figure 3 top). As a consequence of the large orbital contri-
bution and the symmetry lowering, the great magnetic an-
isotropy of the easy-plane type is found in 1, which is shown
in the three-dimensional diagram of the molar magnetiza-
tion calculated at 7=2K and B = 7T (Figure 3 bottom).
According to the modelling of the magnetic functions for
mononuclear Co'' complexes with a varying distortion pa-
rameter A (for large ratios, |A/A| > 10 and under the condi-
tion that A is positive), the spin Hamiltonian formalism can
be applied.l?*! We therefore also tried to fit the magnetic
properties of 1 with a pure spin Hamiltonian containing the
zero-field parameter [Equation (4)].

H=-J(S, -s2)+is,-n,-s,+pﬂils -g,-S,

p p= “)
where J is the intradimer isotropic interaction and D repre-
sents the axial single-ion ZFS parameter. Now, the number
of magnetic levels was reduced to 16 and the magnetization
was calculated by using Equations (2) and (3). The resulting
parameters are J = +394cm™!, ¢ = 235 and D =
+27.2cm ! (Figure S2). To compare both theoretical ap-
proaches, the plots of the energy levels versus the magnetic
field are presented (Figure S3), which show almost the same
2231
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behaviour. To summarize, the positive J value shows the
strong intradimer ferromagnetic coupling consistent with
typical double EO azido-bridged dimers,!'”! and the large
magnetic anisotropy of the easy-plane type is in accordance
with similar Co! complexes.*!] Indeed, such type of mag-
netic anisotropy excludes SMM behaviour as was also con-
firmed by the AC susceptibility measurement where no ob-
vious peaks in the imaginary part of the susceptibility were
observed (Figure S4).

The variable-temperature dc magnetic moment of 2 (per
Coj, unit) was measured in the 2-300 K range in a dc mag-
netic field (0.1 T), which is shown in Figure 4 top. The g
is 14.8 pg at 300 K, which is much higher than that expected
for 9 isolated spin-only S; = 3/2 Co" ions (11.62 pp, with g
= 2.0). This indicates significant orbital contributions from
the distorted octahedral chromophore of Co™.221 As T de-
creases, at first u g decreases, reaches a minimum at 35 K
with g = 14.0 pg, then it increases to a maximum of
14.8 ug at 10 K. A sharp decrease follows, which might be
mainly attributed to the presence of the orbital angular con-
tribution or the ferromagnetic exchange interactions be-
tween the Co'! ions. A similar magnetic behaviour has pre-
viously been observed for a Coy, cluster.'!4 This behaviour
is typically observed when antiferromagnetic interactions
between the magnetic centres are dominant and when the
ground state of the system corresponds to a ferrimagnetic
arrangement of spins. The field dependence of the magne-
tization at low temperatures (Figure 4 top right) reveals that
the magnetization reaches 19.2 ug at 7 T without true satu-
ration. Notwithstanding a significant amount of magnetic
anisotropy in this system, the ac susceptibility shows no
out-of-phase signal above 1.8 K. In order to estimate the
magnetic interactions in 2, the spin Hamiltonian was pos-
tulated as shown in Equation (5).

H=-J,(S,"S,+S,-S,+S,S,)
S-S, +S,-S;+S,-S,+8S,-S,+8,-S,+8, -S,
2\ +8,-8,+8,-S, +8,-S,+S,-S,+S,-S, +S,-S,

9
+tH Si'B'gi
"Zl (5)

where J; and J, stand for the isotropic exchange constant
among adjacent Co'! centres according to Figure 4 bottom.
The exchange coupling of the nine Co!! centres, each with
a local spin S; = 3/2, leads to the number N = (2S; + 1)’ =
4° = 262 144 of magnetic states. The total spin ranges be-
tween S = 1/2 and S = 27/2. Unfortunately, the above pos-
tulated spin Hamiltonian does not allow us to obtain an
analytical formula for the energy levels. Moreover, it is not
feasible to efficiently diagonalize such large interaction ma-
trices. Provisionally, in the case of the isotropic exchange
only and the under condition that all g factors are equal,
the final interaction matrix expressed in the coupled basis
set labelled as [aSM) by using the irreducible tensor opera-
tors technique!!'” (a stands for the intermediate quantum
numbers denoting the coupling path) can be factorized ac-
cording to the total spin S. As a result, the energies in the
2232
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Figure 4. Top: temperature dependence of the effective magnetic
moment [calculated from magnetization at B = 0.1 (squares) and
1.0 T (circles)], with the low-temperature region expanded in the
inset and the field dependence of the magnetization at 7' = 1.8
(squares), 3.0 (circles), 5.0 (triangles), 8.0 K (diamonds) for 2.
Empty symbols — experimental points, lines — calculated data with
the spin Hamiltonian Equation (5) and the parameters in the text.
Bottom: Schematic diagram of the magnetic interactions between
the magnetic centres according to the spin Hamiltonian Equa-
tion (5).

zero magnetic field are obtained. The largest dimension of
the submatrix is 5300 for S = 7/2 (Table S1). Consequently,
the energy levels in the non-zero magnetic field are calcu-
lated as E(aSM) = Ey(aS) + pupgBM. With the energy
levels, the molar magnetization can easily be calculated
from [Equation (6)].

> Mexp[ ~E, (aSM)/ kT |

M_,=N L
mot = Nakln8 Zexpl:—E/. (aSM)/ kT:I
J

©)

The experimental data above 30 K, which are most likely
unaffected by non-isotropic terms, were subjected to the fit-
ting procedure and the best-fit was obtained for: J; =
~10.3ecm™, J, = +0.98 cm™!, g = 2.58. The relatively strong
antiferromagnetic coupling was found in the inner triangle
mediated by the p,,-azido bridge and the p;-O atoms,
and, on the contrary, the ferromagnetic exchange was found
in the outer shell mediated by the p;-O bridges.

Eur. J. Inorg. Chem. 2010, 2229-2234
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Conclusions

In summary, two new cobalt clusters were synthesized
from the facile reactions of Co(NOs), or Co(ClO,), with
HL in the presence of azide. Complex 1 is a p; -azido-
bridged dinuclear cobalt(Il) cluster, and 2 is an unusual
disclike dodecanuclear Co"yCo!™; cluster with three p;-O%",
one ;1 1-N37, three p; ;-N3, nine ps-L~ and six p-L~ brid-
ges. Magnetic studies reveal that a strong ferromagnetic
coupling through double EO azido bridges exists in 1, while
both ferromagnetic coupling through the p;-O; and p-Op
pathways and antiferromagnetic coupling through the
H1.1.1-N3~ pathway exist in 2, which results in a ferrimag-
netic behaviour of 2.

Experimental Section

Materials and Physical Measurements: All of the starting materials
employed were commercially available and used as received without
further purification. The C, H, and N microanalyses were carried
out with an Elementar Vario-EL CHNS elemental analyzer. The
FT-IR spectra were recorded from KBr pellets in the range 4000
400 cm™ on a Bio-Rad FTS-7 spectrometer. Magnetic suscep-
tibility measurements of 1 and 2 were performed on a Quantum
Design MPMS-XL7 SQUID instrument. The diamagnetic correc-
tion for each sample was determined from Pascal’s constant.

Synthesis of [Co,(HL)4(N3)2l(NO3), (1): A methanol solution
(10 mL) of NaNj (0.065 g, 1.0 mol) and HL (0.074 g, 0.5 mmol)
was added dropwise to a stirred methanol solution (10 mL) of
Co(NO3),*6H,0 (0.145 g, 0.5 mmol), and a small amount of pink
precipitate was observed. The resultant solution was filtered and
left to stand at room temperature, and pink block crystals of 1 were
formed (yield: 0.040 g, 35% based on HL). C3,H3,C0,N 0,4 (1)
(918.60): caled. C 41.84, H 3.51, N 24.40; found C 41.75, H 3.62,
N 24.31. IR (KBr, 4000400 cm™!): ¥ = 3405 (m), 3141 (w), 2910
(vw), 1624 (m), 1504 (w), 1266 (w), 1112 (s), 1002 (w), 789 (m), 618
(m), 482 (m) cm™!.

Synthesis of [C0;,03(N3)4(L);5](ClO4), Hstea:9.5H,0 (2): A meth-
anol solution (10 mL) of NaNj (0.065 g, 1.0 mol), HL (0.074 g,
0.5 mmol) and Hstea (0.015 g, 0.1 mmol) was added dropwise to
a stirred methanol solution (10 mL) of Co(ClO4)-6H,O (0.185 g,
0.5 mmol). The clear deep-brown solution was filtered and left
to stand at room temperature, and deep-brown plate crystals of 2
were formed (yield: 0.082g, 67% based on HL).
C126H139C1,C01,N43055 5 (2) (3649.86): caled. C 41.46, H 3.84, N
16.50; found C 41.34, H 3.94, N 16.43. IR (KBr, 4000-400 cm™):
¥ = 3371 (m), 3192 (w), 3056 (vw), 2911 (w), 2059 (vs), 1624 (m),
1539 (m), 1453 (vs), 1385 (w), 1334 (m), 1274 (s), 1104 (vw), 1095
(vs), 933 (w), 839 (w), 746 (vs), 618 (s), 498 (w), 447 (m) cm™ .

X-Ray Crystallographic Study: Diffraction intensities of 1 and 2
were collected on a Bruker Apex CCD area-detector diffractometer
(Mo-K,,, A = 0.71073 A). Absorption corrections were applied by
using the multiscan program SADABS.?3! The structures were
solved with direct methods and refined with a full-matrix least-
squares technique with the SHELXTL program package.” Aniso-
tropic thermal parameters were applied to all non-hydrogen atoms.
The organic hydrogen atoms were generated geometrically; the
aqua hydrogen atoms were located from difference maps and re-
fined with isotropic temperature factors. Crystal Data of 1 at
150(2) K: C3,H3,C0,N 6019, M = 918.60 gmol !, orthorhombic,
space group Ccca, a = 15.5283(19), b = 16.132(2),

c =
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© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

15.0349(17) A, vV = 3766.2(8) A3, Z = 4, p = 1.620 gem 3, O =
25.99°, total data 5763, unique data 1774, u = 0.961 mm™!, 139
parameters, R; = 0.0328 for /=20(/) and wR, = 0.0926 for all
data. Crystal Data of 2 at 150(2) K: Cj5sH 30Cl,C01,N430355, M
= 3649.86 gmol™!, trigonal, space group P3lc, a = 20.6709(7), ¢ =
43.737(3) A, V = 16184.4(12) A3, Z = 4, p = 1.498 gecm™>, O, =
27.87°, total data 58665, unique data 11852, x = 1.313 mm™!, 688
parameters, R; = 0.1003 for /=20(/) and wR, = 0.2935 for all
data. CCDC-748741 (1) and -748742 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): The hydrogen-bonded architecture and the magnetic charac-
terization of 1 are presented.
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