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ABSTRACT: A clear dependence on the ligand has been observed for 8

the magnetic properties of a closely related series of Co(II) cubane
structures, viz. [Co,(mbm or bm),(ROH),Br,] (1-MeOH, 1-EtOH, 2-
MeOH, and 2-EtOH, where 1 = [Co,(mbm),Br,], 2 = [Co,(bm),Br,],
bm = (1H-benzo[d]imidazol-2-yl)methanolate. and mbm = 1-Me-bm.)
The [Co,(OR),] cubane core consists of an octahedral Co™ center
chelated by the alkoxide oxygen and imidazole nitrogen atoms from
monoanionic bm or mbm and coordinated by methanol/alcohol and
bromine. Interestingly, electrospray ionization mass spectrometry (ESI-
MS) indicates that 1-MeOH and 2-MeOH are unstable in methanol and
transformed to the butterfly [Co,L¢]** but that 1-EtOH and 2-EtOH are
stable in ethanol. Their magnetic susceptibilities suggest ferromagnetic
coupling between the nearest cobalt centers to give a theoretical S = 4 X
3/2 ground state with considerable magneto-crystalline behavior. The
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packing and intermolecular interactions appear to influence the geometry of the cubes and thus the anisotropy of cobalt, which
leads to different blocking temperatures (T;). Consequently, the compounds with mbm, 1-MeOH and 1-EtOH, exhibit Tg > 2 K
as shown by the relaxation of magnetization in zero applied dc field where the barriers U,g/kg are respectively 27 and 21 K and
relaxation times are 7, = 1.3 X 107 and 9.7 X 107° s. However, the compounds with bm, 2-MeOH and 2-EtOH, remain
paramagnetic above 2 K and do not show nonlinear response of the ac susceptibilities. These findings reaffirm the subtle

dependence of single-molecule magnetism on coordination geometry and intermolecular interaction.

B INTRODUCTION

The discovery of blocking of the magnetic moments within an
individual molecular cluster, [Mn;,0,,(CH;C0O0),s(H,0),],
brought about a new direction in the chemistry and physics of
magnetic materials, which is now classed as single-molecule
magnetism.' " Its extension to single ions of several transition
and lanthanide metals was reported 15 years later.””” These
advances were important deviations from previous works
performed on nanoparticles,” allowing for direct evidence of
quantum magnetism.”'? The beauty of this discovery lies in
that every quantum level can be accounted for and every level
of approximation in the hyperfine structures can be revealed by
appropriate experimentations.' "' With the realization that the
anisotropy of the ions forming the cluster defines very much
the overall behavior of the magnetic properties, work has
progressed from the mixed-valence Mn"'sMn'", to the single-
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valence clusters containing the more anisotropic first-row
divalent transition metals (Fe, Co, and Ni), as they can form

isostructural structures but with varying magnetic anisotro-
13-16

py-
dysprosium due to its high anisotropy, has also been carried
out, and very high blocking temperatures have been
reported.'’ "

Numerous compounds of these divalent cobalt clusters have
22-32

Further extension using lanthanide ions, in particular

now been realized showing single-molecule magnetism.
However, a large number do not display these properties in the
temperature operable by the commercial SQUID magneto-
#3735 Following certain
guidelines developed over the years, chemists have been

meters used for the measurements.
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designing organic ligands using very different approaches to
generate materials that can be operated as magnets at higher
temperatures: ie., those with high blocking temperatures. The
principal parameters aimed at are the magnitude and sign of the
magneto-crystalline anisotropy.””*®

Numerous works along these lines have focused on the use of
benzimidazole derivatives with transition metals of the first
ow.”*™** A literature search on this family of ligands reveals
that a range of complexes form monomers,”’ dimers,*®
cubanes,”>**~*" disks,>**° and chains.** A number of materials
have been reported, with some displaying SMM at a moderate
blocking temperature of 4 K.**~>* The high-spin states in the
cubane compounds were warranted by the ferromagnetic
exchange between edge-sharing octahedra of divalent Fe
(d9),"** Co (d7),'2#273438%0 and Ni (d®)."*** Several factors
affecting the magnetic properties of the cluster were
investigated to explore ways to improve the SMM properties.
For a cubane-based, triangular Co;, SMM, the effects of metal
ions (Co and Ni"") and counteranions on the structure and
magnetic behavior were investigated.”*** It is also found that
interchanging the inner bridges (OH™, OCH,", and N;~) can
significantly change their stability in solution and their magnetic
properties without affecting the overall topology of the Co,
brucite disk clusters.”” The frustrated magnetic properties of a
multifaceted cage cluster with halide templates of CI™ and Br~
were found to be related to the association of host—guest
interactions.”® The effect of substituted groups extending in the
salicylaldehyde Schiff base ligands on both Co, disks and Co,
cubes was also identified.*>** Very recently, we have also found
an interesting solid—gas reaction of a nonporous Fe, cube
compound and estimated the effect of postsynthetic oxidation
on the magnetism."'9 As a result, the magnetic ground state,
blocking temperature, energy barrier, and relaxation time of the
above compound were modified to a certain extent. Even so,
systematically changing both the substituted groups of the main
ligand and the terminal solvents or ions of the cube cluster to
build a model system is difficult. There is also little
understanding about the dependence of cube SMMs on
coordination geometry and intermolecular interaction.

Hence, we report results pertaining to a series of related
cobalt(II) compounds where we have varied two parameters:
the substituent of the ligand (H versus CH;) and the
coordinating solvent (methanol versus ethanol) (Scheme 1).
Surprisingly, the two compounds containing the methyl-
substituted ligand exhibit SMM but those without do not.

Scheme 1. Molecular Structures of the Ligands and an
Example of a [C0,0,] Cube Structure Highlighting the
Different Chemical Modifications

R'=-H or -CH,
R"= -CH3('H) or -CH2CH3

The search for this difference is examined by detailed
crystallography and exploration of the magnetic properties.

B RESULTS AND DISCUSSION

Crystal Structure. The compounds have one common
structural motif consisting of a Co,O, core in the form of a
cube with the Co and O occupying opposite corners (Figure 1).

Figure 1. Crystal structures of the four cubanes 1-MeOH (a), 1-EtOH
(b), 2-MeOH (c), and 2-EtOH (d).

In other words, one can consider it as the interpenetration of
two tetrahedral sublattices. The cube is distorted and thus
allows for a range of crystal symmetries, as can be seen by the
different space groups of the four examples of this work (Table
1). Bach metal adopts a distorted-octahedral geometry
consisting of chelating organic ligands (mbm and bm) where
the nitrogen is singly bonded but the alkoxide oxygen atom acts
as a triple bridge at the corner of the cube (Table SI in the
Supporting Information). The remaining two sites are then
taken by the bromine and oxygen of the solvent (ethanol or
methanol). For highly symmetric structures, P4 or I4, the metal
centers are equivalent, but they can be very different in the low-
symmetry triclinic systems, where the solvents and Br sites can
also be different.

The Co,0, core is a fairly stable geometry with Co—O and
Co—N distances lying within observed ranges of coordination
compounds and the angles vary in a wider range (Table 2). The
Co--Co distances which are relevant to the magnetism are
normal to those bridged by two oxygen atoms. However, they
can vary in the range 97-100°, which can favor either
ferromagnetic or antiferromagnetic coupling depending on
which side of the Goodenough—Kanamori crossover angle each
pair sits."”** Thus, there are subtle changes in the magnetism
that are dependent on these angles.

In all cases the chelating organic ligands are paired face to
face on opposite side of the cube. This leaves the solvent and
the halogen atoms to lie in a plane perpendicular to that of the
organic ligands. This choice of geometry favors an efficient
packing and allows for supramolecular interaction between
molecules (Figure S1 in the Supporting Information).

The coordination geometry of the cobalt centers defines the
magnitude and signs of the crystal field parameters and
therefore the magnetic properties of the individual magnetic
centers.””*® In addition, the exchange interaction between all
nearest neighbors leads to a particular temperature dependence
of the magnetic susceptibility characteristic of the cluster. Since
the parameters spin—orbit coupling, single-ion anisotropy
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Table 1. Crystal and Structure Refinement Data for 1-MeOH, 2-MeOH, 1-EtOH, and 2-EtOH

1-MeOH 2-MeOH 1-EtOH 2-EtOH
formula C4oHs,Br,Co,NgOg C;7HoBr,Co,NgO C44HgoBr,Co,NgO, C,4oHs,Br,Co,NgOg
formula wt 1328.25 1322.21 1416.36 1328.26
temp (K) 296(2) 296(2) 296(2) 296(2)
cryst syst orthorhombic triclinic tetragonal tetragonal
space group P2,2,2, PT Pa2,c I4,/a
a (A) 11.1744(11) 11.133(17) 13.252(5) 17.063(10)
b (A) 11.1750(11) 14.03(2) 13.252(5) 17.063(10)
¢ (A) 39.104(4) 16.51(3) 17.509(12) 17.384(10)
a (deg) 90 88.424(18) 90 90
p (deg) 90 70.758(17) 90 90
7 (deg) 90 86.457(19) 90 90
vV (A3) 4883.1(8) 2431(7) 3075(3) 5061(5)
Z 4 2 2 4
D, (g cm™) 1.807 1.807 1.530 1.743
F(000) 2640 1312 1416 2640
4 (mm™) 4665 4.688 3712 4.501
no. of rflns collected 39906 22501 31713 28551
no. of unique rflns 11125 10467 3018 2552
Rine 0.0338 0.1164 0.0669 0.0436

R1,* wR2? (I > 26(I)) 0.0366, 0.0869
R1, wR2 (all data) 0.0368, 0.0870
GOF 1.184 0.954

“R1 = YIIF,| — IFI/YIF,. *wR2 = [Yw(F.} — F2),/ Y w(F,2),]"%

0.0709, 0.1755
0.2039, 0.2458

0.0378, 0.0960 0.0284, 0.0672
0.0581, 0.1054 0.0410, 0.0751
1.065 1.101

Table 2. Ranges of Bond Lengths and Angles for 1-MeOH, 2-MeOH, 1-EtOH, and 2-EtOH

1-MeOH 2-MeOH 1-EtOH 2-EtOH
Co—Br (A) 2.528-2.543 2.523-2.632 2.584 2.565
Co—N (A) 2.055—2.106 2.051-2.122 2.100 2.089
Co-0 (4) 2.047-2.156 2.056—2.166 2.082-2.116 2.076—2.157
Co—O(solvent) (A) 2.120-2.174 2.130—2.202 2.131 2.180
0—Co—0 (deg) 79.2—82.2 79.3—82.0 78.9-81.8 80.3—80.7
Co-+Co (A) 3.153—3.283 3.152-3.256 3.176—3.297 3.209—-3.260
O—Co—N (deg) 76.8—101.5 77.8—103.1 78.4—99.3 78.3—101.9
Co—0—Co (deg) 96.9—-100.1 96.5—100.3 96.9—100.8 98.57—99.08

terms (D and E), and exchange interaction collectively
contribute to variation in the magnetic susceptibility with
temperature and the isothermal magnetization as a function of
field, their magnitudes and signs are important in the final
ground state of the clusters.”® Thus, a comparison of the bond
lengths and angles within and between the clusters are given in
Table 2.

Several supramolecular interactions, including C—H---Br,
C(Me)-H--O, C(Me)—H:7, and 7+, are present within the
structures.””** The bidentate organic ligands are paired and
located on the opposite face of the cube, and the pairs are
pseudo-orthogonal. The imidazole rings of each mbm/bm
exhibit strong 7---7 interactions where the center to center
distances fall in the range 3.42—3.50 A. The second important
interaction is that the terminally coordinated Br is connected
diagonally through an O—H---Br H bond to the coordinated
alcohol.

However, because of the different substituent groups of the
bidentate ligands and coordinated solvent molecules and, most
importantly, the different crystal symmetries, the supra-
molecular interactions are different in the structures. Whether
and how these differences play important roles in influencing
the magnetic properties are interesting questions. For 1-
MeOH, each [Co,0,] cube neighbors four others via C(Me)—

H---Br interactions and eight others via C(Me)-H---x
interactions (Figure 2); thus, it can be considered as forming
a 12-connected fcu net (Figure S2a in the Supporting
Information) with distances of 11.17—12.91 A between the
centers of the [Co,0,] cubes. In contrast, 1-EtOH forms an 8-
connected bcu net (Figure S2b) via C—H--Br H bonds
between Br and benzimidazole (Figure Sla in the Supporting

Figure 2. Structure of 1-MeOH showing the supramolecular
interactions: (a) C(Me)—H:--Br H bond (purple dotted line)
connecting clusters within a (4,4) layer; (b) C(Me)—H:-z bond
(blue dotted line) between layers.
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Figure 3. Connecting modes of the clusters through C(Me)—H---x interactions and/or hydrogen bonds in (a) 1-MeOH, (b) 1-EtOH, (c) 2-MeOH,

and (d) 2-EtOH.

Information). The shortest distance between the centers of the
[Co,0,] cubes is 12.82 A (Figure 2b). Among the compounds
1-EtOH is the least well packed, as judged by the low density of
1.53 g/cm3 in comparison to 1.74—1.80 g/cm3 for the others.
This ineffective packing allows space for water molecules within
the lattice, determined to be two molecules that are disordered
(unable to refine with anisotropic thermal parameters) from X-
ray diffraction but three molecules by thermogravimetric
analysis (Figure S3 and Table S2 in the Supporting
Information).

For the two compounds containing bm ligands, 2-MeOH
and 2-EtOH (Figure 3c,d), the [Co,0,] cubes are marginally
smaller than those with mbm, 1-MeOH and 1-EtOH (Figure
3a,b), resulting in nearest-neighbor intermolecular distances of
9.86 and 9.57 A, respectively. Even though they crystallize in
very contrasting space groups, P1 and I4,/a, each cluster of 2-
MeOH and 2-EtOH is connected to four neighbors through
N/C—H---Br H bonds (Figure Slb,c in the Supporting
Information) resulting in the 4-connected diamond net (Figure
S2¢,d in the Supporting Information).

Electrospray lonization Mass Spectrometry. The
positive ion ESI-MS spectra of the compounds (Figure 4 and
Figures S4—S7 in the Supporting Information) display
contrasting behaviors which depend on the coordinating
alcohol. For example, the highest intensity peaks of the
methanol-containing compounds do not correspond to their

[Coy(bm) Br;|* ——2-EtOH
(1062.70)
Aol b . e 1 1062 1065 1068 L " .
[Coy(mbm) Br;|* —1-EtOH
(1120.79) -

T T 11161120 1124 l L "

[Coy(bm)g)** ——2-MeOH
<« | (559.04)
A J 559 560 561 .
[Coy(mbm)g|* ——1-MeOH
<«— | (601.08)
NP 601 602 603 J‘ l
400 600 800 1000 1200 1400

m/z

Figure 4. ESI-MS spectra of the solutions of dissolved crystals of 1-
MeOH, 2-MeOH, 1-EtOH, and 2-EtOH. The insets give the
expanded region of the highest intensity peaks.

integral molecular units; instead, they correspond to the new
fragments [Co,L¢]**. This observation suggests that Co,L,
possibly transformed in methanol for both mbm and bm. For
1-MeOH the peak at m/z 601.08 corresponds to
[Co,(mbm)g]** (calculated m/z 601.08). The low-intensity
peaks at m/z 1070.87 and 1118.76 belong to the species
[Co,(mbm),Br,(CH,0)]* (1070.87) and [Co,(mbm),Br;]*
(1118.77), suggesting that some Co,L, remains, which is a
phenomenon of CH;O™ substituting for Br™. It can be seen
from Table S3 in the Supporting Information that 1-MeOH
undergoes not only cleavage under mass spectrometry
conditions to low-nuclearity fragments such as Co;, Co,, and
Co; but also oligomerization to Cos, Cog and Co,. It is
surprising that the cluster [Co,(mbm),,]*" has been developed,
which corresponds to the established brucite disk compound.*
For 2-MeOH, the peak at m/z 559.03 corresponds to
[Co,(bm)g]** (559.04). Those at m/z 1130.83 and 1198.97
correspond to [KCo,(bm),Br,(OH),(H,0)]* (1130.83) and
[K,Co,(bm),Br(CH;0),(H,0),]" (1198.96). It was observed
from the data that Br™ in the framework of the structure may
easily be separated under mass spectrometry due to the large
ionic radius in the methanol system (Figure 4 and Table S3).
The fragments observed for the negative ions are given in Table
S4 and shown in Figures S8—S12 in the Supporting
Information.

For the ethanol-containing compounds the highest intensity
peak corresponds to [Co,L,Bry]*, which contains the core
clusters for both ligands mbm and bm. The peak at m/z 1120.79
is that of [Co,(mbm),Br;]" (1120.79), which also contains the
Co,L, core structure for 1-EtOH. The situation is similar for
the peak at m/z 1062.70 of 2-EtOH, which is from
[Co,(bm),Br;]* (1062.71) (Figure 4 and Table S3 in the
Supporting Information). The stability in solution can be given
in the following orders: 1-EtOH > 1-MeOH and 2-EtOH > 2-
MeOH.

Magnetic Properties. The magnetic susceptibilities of
polycrystalline samples of 1-MeOH, 2-MeOH, 1-EtOH, and 2-
EtOH were measured on cooling from 300 to 1.8 K in an
applied field of 100 or 1000 Oe (Figure 5). The values of y,,T
at 300 K fall in the range of 12.6—14.1 cm® K mol™’, indicating
an orbital contribution for octahedral Co(Il). Upon cooling,
XmT increases marginally up to ca. 100 K before going through
shallow minima around 50 K. A peak is finally observed below
15 K. Analyses of the y,, ™' vs T data above 150 K using the
Curie—Weiss law give estimated Curie constants in the range of
12.25—13.97 cm® K mol ™" and Weiss constants (@) of +3.2 to
+8.5 K (Figure S13 in the Supporting Information). The Curie
constants are normal for octahedral Co(II), and the positive
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Figure S. Temperature dependence of y,,T for 1-MeOH, 2-MeOH, 1-
EtOH, and 2-EtOH.

Weiss constants (Table 3) indicate intracluster ferromagnetic
coupling.46

Table 3. y,,T Values and Curie and Weiss Constants for 1-
MeOH, 2-MeOH, 1-EtOH, and 2-EtOH

ZmT (300 K) KT (max)
compound  (ecm® K mol™) (cmrg Kmol™) C(cm®Kmol™?) 0 (K)
1-MeOH 12.59 18.02 12.25 +8.48
2-MeOH 14.06 17.87 13.97 +3.18
1-EtOH 13.39 17.96 13.18 +6.11
2-EtOH 12.95 16.27 12.89 +4.38

The temperature dependence of the moment (as represented
by ¥.T) is rather complex but has been seen in several clusters
containing Co(I) in octahedral geometry. The high temper-
ature is dominated by the nearest-neighbor ferromagnetic
interaction giving an increase on lowering of the temperature.
The appearance of the minimum is associated with the effect of
spin—orbit coupling for each Co(II) center as a consequence of
the depopulation of the excited state Kramers doublets. The
final peak at lower temperature is caused by two effects: one is
the single-ion anisotropy, and the other is saturation of the
magnetization. As these parameters are related to one another,
extracting them from susceptibility data is an enormous task.
Several attempts to fit the data have so far failed to give
reasonable and acceptable parameters due to their interrelations
and failure to give a global minimum in the multidimensional
space.”

The isothermal magnetization of each compound was
measured at 2 K as a function of applied magnetic field up to
7 T following cooling in zero field (Figure S14 in the
Supporting Information). In each case the magnetization shows
a rapid increase below 10 kOe field, confirming the
ferromagnetic nature of the exchange interaction, followed by
a slow increase to high fields. The values reach 8.26 (1-
MeOH), 9.49 (2-MeOH), 7.49 (1-EtOH) and 10.22 N (2-
EtOH) at 7 T. Interestingly the bm-containing compounds
have slightly lower saturation magnetization in comparison to
those with mbm. The values are close to those expected for four
Co(Il) atoms of 9.6 Nf assuming 2.4 NS per Co(II).*
Assuming that only the +1/2 Kramers doublet is populated at 2
K, the effective spin will be 1/2 and the total spin ground state
for the cluster will be S; = 2. Therefore, from the saturation
magnetization values that are equal to gSt, we estimate the g
values as 4.13, 4.75, 3.75, and S.11, respectively.

The ac susceptibilities were studied through three sets of
measurements: (a) as a function of temperature for a range of
frequencies spanning 1—997 Hz, (b) as a function of frequency
using an oscillating field of 2.5 Oe in 0 or 750 Oe bias dc field,
and (c) as a function of field at 2 K. Under a 0 dc field, only 1-
MeOH and 1-EtOH exhibit nonlinear magnetization: ie.,
nonzero out-of-phase susceptibility (y”). The nonlinearity
appears below 3 K for all frequencies in the range 1—1000
Hz (Figure 6). While " peaks above 2 K for 1-MeOH (Figure

H,=00e
IC
20
a —e—1Hz —*—397 Hz b 10
N —e—9Hz —e—597 Hz \ —a— 9H
S8y - 20 Hz —o— 707 Hz {4 097 He 15
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A s 3 ©
~ | N 2 T 3
N T i~
N 2
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Figure 6. Temperature dependence of the in-phase (') and out-of-
phase (") ac susceptibilities for different frequencies in 0 dc field for
(a) 1-MeOH, (b) 2-MeOH, (c) 1-EtOH, and (d) 2-EtOH.

6a), it does not for 1-EtOH (Figure 6¢). This suggests a
difference in blocking temperatures or relaxation times. There is
a continuous trend of the ac susceptibilities toward high
temperature with increasing frequency. For 1-MeOH and 1-
EtOH the relation @ = (AT,/T,)/(A log v) is obeyed, giving
@ = 0.26, which corresponds to that of a superparamagnet.
However, in a bias dc field of 750 Oe 1-MeOH and 1-EtOH
behave in an almost identical way (Figure S15 in the
Supporting Information), suggesting a weak change in the
energy levels. Whether this is due to the anisotropy lining up
the cluster internal magnetic field with the external field or
removal of the degeneracy of the a and /3 spin states remains to
be determined.

The Cole—Cole plots (Figure 7 and Figure S16 in the
Supporting Information) follow a single-relaxation Debye
model. The fitting parameters 7 (relaxation time) and o (a
determines the width of the distribution of relaxation times) are
given in Tables S5 and S6. The parameter a for 1-MeOH and
1-EtOH falls in the range of 0.1—0.35, which envelops those
observed for Co'-based SMMs and suggests a narrow to
moderate distribution of magnetic relaxation. It is noted that
the magnetic relaxation times for 1-EtOH in 750 Oe external
dc field are marginally longer than those in zero dc field. In
contrast, no slowing of the magnetic relaxation process is
observed for 1-MeOH, indicating limited but not negligible
quantum tunneling (Figure S17 in the Supporting Informa-
tion).

The temperature-dependent relaxation times were analyzed
assuming a thermally activated process following the Arrhenius
law (zr = 7, exp(U./kgT)). The energy barriers and
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Figure 7. Variable-frequency ac susceptibilities (Hy. = 0 Oe) at different temperatures for (a, b) 1-MeOH, and (d, e) 1-EtOH and Cole—Cole plots
from ac susceptibilities (Hy. = 0 Oe) for (c) 1-MeOH and (f) 1-EtOH.

extrapolated relaxation times were Uy = 27 K and 7, = 1.3 X
10~ s for 1-MeOH and U,z =21 Kand 7, = 9.7 X 1077 s for 1-
EtOH under 0 dc field (Figure 8a). Under 750 Oe dc field, the

a
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Figure 8. Arrhenius plots generated from the temperature-dependent
relaxation times extracted from the ac susceptibility Cole—Cole fits for
1-MeOH and 1-EtOH in (a) Hy. = 0 Oe and (b) Hy. = 750 Oe.
Symbols give extracted times, and lines give least-squares fits.

values are U,z = 27 K and 7, = 1.3 X 10~ s for 1-MeOH and
U =26Kand 7, = 5.6 X 107 s for 1-EtOH (Figure 8b). The
parameters of the present compounds are compared to those
for several well-characterized cubane compounds (Table 4).
In contrast, 2-MeOH (Figure 6b) and 2-EtOH (Figure 6d)
display no out-of-phase component of the ac susceptibilities in
0 dc field for frequencies of 1 and 997 Hz down to 2 K. The
real component of the ac susceptibilities as a function of dc field
was found to maximize at 5000 Oe. Using S000 Oe as the bias
field, the real part of the ac susceptibilities shows a maximum at
4.2 and 3.7 K, respectively, but no imaginary component was
observed (Figure S15 in the Supporting Information). This
indicates that there is no blocking of the moments above 2 K.

B CONCLUSION

When the size of the chelating organic ligand was varied from
(1H-benzo[d]imidazol-2-yl)methanolate to its methyl-substi-
tuted N-methyl-(1H-benzo[d]imidazol-2-yl)methanolate in the
Co(II) cubane, a major difference in magnetic properties was

Table 4. Behaviors as well as the Gap Energies and Relaxation Times for the Compounds Containing Co,0, Units

cluster” AE (K)
[Co,(hmp),(MeOH),Cl,]"* 24
[Co,L,]" 64.4
[Coy,(bm) 1, (NO;)(0,CMe)4(BtOH)] (NO3)s™ 15
[Coy,(bm)1,(NO;)(0,CMe)s(EtOH)](ClO,)s* 24
[Co7(bhqe)3(OH)2(H20)6]~2C2H50H~H2026 21(4)
[(NMe,);Na{Co,(cit),[Co(H,0)5],}]- 11H,0* 26
[(NMe,),{Co,(cit),[Co(H,0);],}]-6H,0* 32
[C(NH,);]5[Coy(cit),]-4H,0" 21
[C(NHz)s]8[C°4(Cit)4]'8H2050 13.1
[COS(C4O7)4(H20)121'24H2050 20.5
[Co,(hmb),(u;-OMe),(MeOH),]*" 60.8
[Co,(OH)4(tta)s(ROH)J-ROH (R = isopropyl)™ 22
[Co,(OH),(tta)s(ROH)4]-ROH (R = n-butyl)** 21
[Co,(mbm),Br,(CH;0H),] (this work) 26.7
[Co4(mbm),Br,(CH;CH,0H),] (this work) 21.0

7 (1077 s) Co--Co (A) Co—0—Co (deg)
34 3.18-3.26 96.84—100.74
3.8 3.12—-3.26 93.35—-101.63
190 3.03-3.24 95.66—102.07
310 3.03—-3.24 95.66—102.07
270 3.05-3.18 91.50—99.86
8.2 3.13-3.22 96.46—100.33
2.1 96.46—100.33
800 97.18—99.24
840 3.17-3.22 97.18—99.24
100 3.21 100.40
25 3.11-3.16 95.21-98.30
8.2 3.10-3.13 95.89—-98.41
3.4 3.09-3.1§ 95.35—100.65
1.3 3.15-3.28 96.90—100.24
9.7 3.18—-3.30 96.92—100.55

“Abbreviations: hmp = hydroxymethylpyridine; H,L = 2-(1-(2-hydroxyethyl)-1H-pyrazol-3-yl)phenol; H,bhqe = 1,2-bis(8-hydroxyquinolin-2-
yl)ethane-1,2-diol; cit = citrate; Hhmb = 2-hydroxy-3-methoxybenzaldehyde; tta = 4,4,4-trifluoro-1-thienoyl-2,4-butanedionate.
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observed, in contrast to the minimal effect by replacing the
coordinating methanol by ethanol. In the absence of any major
deviations in the coordination parameters (bond lengths and
angles) and relatively similar intermolecular interactions, we are
left to believe that the small differences in electronic effect may
be enough to tune the magneto-crystalline parameters to vary
the blocking temperature. However, for the present set of
compounds the numbers of neighbors are different—those with
12 or 8 have higher Ty values in comparison to those with 4.
Further work will be needed to get a complete picture of these
magnetic property differences. This is the first time that a
systematic and comprehensive study of the magnetic properties
has been carried out for a series of cobalt clusters to show such
small, subtle dependence.

B EXPERIMENTAL SECTION

Materials and Measurements. All reagents were obtained from
commercial sources and used without further purification. Elemental
analyses for C, H, and N were performed on a Vario Micro Cube.
Thermogravimetric analyses (TGA) were performed under a flow of
nitrogen at a heating rate of 10 °C/min using a NETZSCH TG 209
F3 instrument. Infrared spectra were recorded by transmission through
KBr pellets containing ca. 0.5% of the compounds using a PE
Spectrum FT-IR spectrometer (400—4000 cm™'). Magnetization
measurements were performed for polycrystalline samples between 2
and 300 K and at 70 kOe using a Quantum Design VSM-SQUID
magnetometer. ac susceptibilities were measured as a function of
temperature and frequency (1—1000 Hz) in an oscillating field of 2.5
Oe using the same magnetometer.

Synthesis. A mixture of CoBr, (1.0 mmol, 218 mg), Hmbm or
Hbm*® (2.0 mmol, 324 or 296 mg), triethylamine (0.1 mL), and
methanol or ethanol (8 mL) was stirred and sealed in a 15 mL Teflon-
lined stainless steel autoclave and heated to 140 °C for 2 days. It was
then cooled to room temperature over 1 day. Wine red octahedral
shaped crystals of 1-MeOH, 2-MeOH, 1-EtOH, and 2-EtOH were
obtained.

1-MeOH. [Co,(mbm),Br,(CH;OH),]: yield 210 mg, 63.4% (based
on CoBr,). Anal. Calcd: C, 36.17; H, 3.95; N, 8.44. Found: C, 35.97;
H, 3.51; N, 8.18. Selected IR bands (KBr, cm™), 3261 (vs), 2944 (s),
1491 (m), 1064 (s), 751 (m).

2-MeOH. [Co,(bm),Br,(CH;0H),;(H,0)]-2CH;0H: yield 200
mg, 63.8% (based on CoBr,). Anal. Caled: C, 33.61; H, 3.81; N,
8.47. Found: C, 33.27; H, 3.19; N, 8.58. Selected IR bands (KBr,
em™Y), 3241 (vs), 2907 (s), 1452 (m), 1064 (s), 752 (m).

1-EtOH. [Co,(mbm),Br,(CH,CH,0H),]-3H,0: yield 230 mg,
66.8% (based on CoBr,). Anal. Calcd: C, 36.74; H, 4.62; N, 7.79.
Found: C, 36.46; H, 4.34; N, 7.90. Selected IR bands (KBr, cm™),
3459 (vs), 2831 (s), 1488 (m), 1065 (s), 746 (m).

2-EtOH. [Co,(bm),Br,(CH;CH,OH),]: yield 180 mg, 54.2%
(based on CoBr,). Anal. Caled: C, 36.17; H, 3.95; N, 8.44. Found:
C, 36.51; H, 3.77; N, 8.42. Selected IR bands (KBr, cm™"), 3195 (vs),
2971 (s), 1452 (m), 1063 (s), 739 (m).

Crystallographic Studies. Single-crystal X-ray diffraction data for
1-MeOH, 2-MeOH, 1-EtOH, and 2-EtOH were collected on Bruker
Smart Apex CCD and Agilent Supernova CCD diffractometers. Both
employed graphite-monochromated Mo Ka radiation. The structures
were solved by direct methods and refined by least-squares
minimization. The F, — F. maps identified all the hydrogen atoms
with electron densities higher than 26 level. 1-MeOH had intrinsically
poor crystallinity due to twinning, and diffraction data from several
crystals did not lead to high-quality refinements. We therefore report
the best result as judged from the reliability factors for a twinned
crystal. A similar cubiclike structure with a different coordinated
halogen ion has been reported for 1-EtOH. The CCDC reference
numbers are 1568807 (1-MeOH), 1568805 (2-MeOH), 1568804 (1-
EtOH), and 1568806 (2-EtOH).

Mass Spectrometry Measurements. ESI-MS measurements
were conducted at a capillary temperature of 275 °C. Aliquots of

the solution were injected into the device at 0.3 mL/h. The mass
spectrometer used for the measurements was a ThermoExactive
instrument, and the data were collected in positive and negative ion
mode. The spectrometer was previously calibrated with the standard
tune mix to give a precision of ca. 2 ppm in the region of m/z 400—
2000. The capillary voltage was S0 V, the tube lens voltage was 150 V,
and the skimmer voltage was 25 V. The in-source energy was set to a
range of 0 eV with a gas flow rate at 10% of the maximum.
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