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ABSTRACT: In this paper, we report the synthesis and
description of a new family of polynuclear cobalt(1l)
complexes. Starting from the same initial compounds but
varying the reaction time results in the formation of several
new clusters, an original structure based on [Coy,][Co,]
clusters was obtained, representing the first one-pot synthesis
of a cobalt aggregate salt reported in the literature. The
synthesis and magnetic properties of these cobalt compounds
are discussed. Three of them display a binuclear molecular
structure (1—3) with two encapsulated Co" ions and show
slow relaxation of magnetization at small applied magnetic
field (Ug = 10.7 K for 2 and U, = 203 K for 3), a
characteristic of single-molecule-magnet materials.

B INTRODUCTION

Over the past decades, extensive research in the field of
polynuclear metallic complex synthesis has been conducted,
mostly led by the discovery of magnetic relaxation and spin
tunneling at low temperature in large-spin molecular systems.
These metallic complexes, so-called single-molecule magnets
(SMMs), attracted major attention to advance the under-
standing of the origin, control, and improvement of their
magnetic properties as prospective magnetic materials.”* Some
promising approaches to increase the energy barrier of
magnetization relaxation have been suggested, such as
enhancing the global anisotropy of the polynuclear molecular
entities by combining anisotropic building blocks possessing
some obvious metal ions.> The Co" ion is a good candidate
because of its strong orbital contribution to the magnetic
moment and thus to its strong magnetic anisotropy.4
Nevertheless, orbital angular momentum of Co" implies
complexity of modeling the magnetic behavior, even for
binuclear species.” Among the various Co'-based clusters, in
particular those with high nuclearity, only a few of them are
known to display SMM behavior.®

In order to prepare these types of molecular complexes, we
need to control many aspects of the polynuclear complex
structures, including the nuclearity of the metallic ion, the
position of the ions with respect to each other, the geometry,
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and the coordination number of all ions. The so-called
“molecular paneling” and “serendipitous assembly” approaches
are two strategies to synthesize polynuclear complexes of the
type [M,(u-L),L’,]", where M is the metal ion, y-L a bridging
ligand, L a terminal ligand (monodentate or chelating), and n
the charge of the complex.” Often “serendipitous assembly” is
the starting point. Indeed, control of the number and
coordination mode of bridging ligands, such as oxo, hydroxo,
or carbonato, or also multidentate terminal ligands complicates
the design and control of such assemblies.® Furthermore,
concerning solvothermal synthesis, the fact that these molecular
compounds are prepared and crystallized from a one-pot
reaction does not simplify things.

The choice of the terminal ligand is crucial in order to limit
metallic polycondensation, to control a part of the coordination
sphere, and to protect polynuclear metallic cores with an
organic outer shell. Generally, if one aggregate is obtained,
whether it is predicted or not, this can provide a basic building
block or magnetic molecule that can then be further exploited.

The family of calix[4]arene macrocycles has recently
emerged as multidentate ligands for polynuclear metal cluster
formation.”'® Our previous studies in this field were mostly
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focused on the macrocyclic thiacalixarene group and, in
particular, sulfonylthiacalixarenes.”™ The compound p-tert-
butylsulfonylthiacalixarene (ThiaSO2), an oxidized derivative of
thiacalix[4]arene, is composed of four phenolic groups linked
by sulfonyl functions that are able to complex and bridge a
variety of metals (Scheme 1)°

Scheme 1. Representation of ThiaSO2 in the Cone
Conformation

ThiaSO2 is usually multichelating because of the proximity of
the phenolic and sulfonyl oxygen atoms, which have different
binding modes; each binding mode usually depends on the
macrocycle conformation. Very few examples of mononuclear
complexes with this macrocycle, oxidized or not, can be found
in the literature.'” [4.22221111] (Harris notation'?) mode,
where the four phenolato oxygen atoms are y and one oxygen
atom of each sulfonyl group is coordinated, is generally
encountered with a cone conformation and leads to a
tetranuclear metallic structure called “tail-to-tail” perfect or
shifted.”®™® 2[1.111] binding mode, where two phenolato
oxygen atoms and one sulfonyl group oxygen atom are
coordinated, is mainly observed for the 1,2 alternate
conformation.”™ Note that the 1,2 alternate conformation for
p-tert-butylthiacalix[4]arene or p-tert-butylsulfonylcalix[4]arene
(ThiaSO2) has never been obtained under solvothermal
conditions. A variety of clusters involving metal cations and
the sulfonylcalix[4]arene macrocyle have been reported;
complexes of ThiaSO2 with Co" ions are the most described
in the literature.” ™ It is specifically with this type of ion that
the largest metallic aggregates with thiacalixarene were
obtained.”®" The nuclearities of these clusters have been
reported as between 2 and 32 atoms of cobalt. Their syntheses
are realized at atmospheric or autogenous pressure (solvother-
mal conditions), but few details about variation of the synthesis
parameters such as the pH, solvent temperature, atmosphere,
metal-to-ligand ratio, or concentration are given.

In the present work, we report the synthesis and character-
ization of a new family of polynuclear cobalt(II) complexes.
Using the same initial compound and with a change in the
reaction time, several clusters have been synthesized. The
magnetic properties of these cobalt compounds are also
discussed.

B EXPERIMENTAL SECTION

All chemicals and solvents were used as received (solvents, Carlo Erba
RPE; chemicals, Aldrich); all preparations and manipulations were
performed under aerobic conditions. The ligands p-tert-butylthiacalix-
[4]arene (ThiaS) and p-tert-butylsulfonylcalix[4]arene (ThiaSO2)
were synthesized according to published procedures.'® Fourier
transform infrared (FTIR) spectra were recorded on a SAFAS
(FTIR-ATR) spectrometer. Mass spectra were performed on a
MicroTOF-QII Bruker mass spectrometer [electrospray ionization
(ESI) source].
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Synthesis of [Co,(ThiaSO2)(pyridine),(CH;OH),] (1). Red
single crystals of 1 were obtained from the reaction of a mixture of
ThiaSO2 (0.07 g, 0.082 mmol), CoCl,-6H,0 (0.04 g, 0.19 mmol),
pyridine (0.3 mL, 3.7 mmol), CH;OH (10 mL), and H,O (2 mL) in a
20 mL Teflon-lined autoclave, which was kept at 170 °C under
autogenous pressure for 2 h, then slowly cooled to 20 °C at 7 °C/h,
and kept at room temperature for 1 day. Yield: 35%. Anal. Calcd for
Ce,H,,014N,S,Co, (M = 1343.4 g/mol): C, 55.43; H, 5.40. Found: C,
$5.21; H, 5.38. IR (cm™): 3588 (w), 3512 (w), 2959 (m), 2905 (w),
2868 (w), 1604 (s), 1488 (s), 1459 (s), 1447 (s), 1395 (w), 1363 (m),
1337 (w), 1261 (s), 1219 (w), 1194 (w), 1152 (w), 1119 (m), 1071
(s), 1042 (m), 1011 (w), 930 (w), 905 (m), 842 (m), 803 (s), 757 (s),
698 (s), 663 (w), 629 (s), 608 (s).

Synthesis of [Co,(ThiaS02)(2,2’-bipyridine),(CH;0H),] (2).
Yellow single-crystalline needles of 2 were obtained from the reaction
of a mixture of ThiaSO2 (0.07 g, 0.082 mmol), CoCl,-6H,0 (0.04 g,
0.19 mmol), pyridine (0.05 mL, 0.62 mmol), 2,2'-bipyridine (0.1 g,
0.64 mmol), CH;OH (10 mL), and H,0 (1 mL) in a 20 mL Teflon-
lined autoclave, which was kept at 170 °C under autogenous pressure
for 2 h and then slowly cooled to 20 °C at 7 °C/h. The crystals were
isolated upon filtration and washed with methanol. Yield: 60—70%.
Anal. Caled for Cg,H0,,N,S,Co, (M = 1339.4 g/mol): C, 55.59; H,
5.11. Found: C, 55.35; H, 5.05. IR (cm™): 3360 (w), 2959 (m), 2909
(w), 2869 (w), 1600 (m), 1577 (w), 1487 (m), 1473 (m), 1443 (m),
1363 (w), 1310 (s), 1262 (s), 1221 (w), 1158 (s), 1132 (s), 1081 (s),
1020 (w), 904 (m), 836 (w), 793 (s), 760 (s), 738 (m), 634 (s), 619
(s).

Synthesis of [Co,(ThiaS02)(en),(pyridine),] (3). Orange-brown
single crystals of 3 were obtained from the reaction of a mixture of
ThiaSO2 (0.07 g, 0.082 mmol), CoCl,-6H,0 (0.04 g, 0.19 mmol),
pyridine (0.05 mL, 0.62 mmol), ethylenediamine (0.0S mL, 0.7S
mmol), CH;OH (10 mL), and H,O (1 mL) in a 20 mL Teflon-lined
autoclave, which was kept at 170 °C under autogenous pressure for 2 h
and then slowly cooled to 20 °C at 7 °C/h. The crystals were isolated
upon filtration and washed with methanol. Yield: 60—70%. Anal. Calcd
for C34H,001,N¢S,Co, (M = 124131 g/mol): C, 52.25; H, S.68.
Found: C, 52.18; H, 5.70. IR (cm™): 3507 (w), 3352 (w), 3289 (w),
2955 (m), 2907 (w), 2868 (w), 1600 (s), 1490 (s), 1464 (w), 1395
(w), 1362 (m), 1327 (w), 1258 (s), 1215 (w), 1193 (w), 1117 (s),
1069 (s), 1033 (m), 1009 (w), 993 (m), 840 (m), 799 (s), 760 (s),
629 (m), 609 (s).

Synthesis of [{C0,,(ThiaS02);(us-OH);(pue-
0)3(0CH;)g}*{C0,4(ThiaS02),(u,-OH)}"1 (4). Purple rectangular-
parallelepiped single crystals of 4 were obtained from the reaction of
a mixture of ThiaSO2 (0.07 g, 0.082 mmol), CoCl,-6H,0 (0.07 g,
0.33 mmol), pyridine (0.3 mL, 3.7 mmol), CH;OH (10 mL), and H,O
(1 mL) in a 20 mL Teflon-lined autoclave, which was kept at 170 °C
under autogenous pressure for 36 h, then slowly cooled to 20 °C at 7
°C/h, and kept at room temperature for 1 day. Sample 4 is polluted
with compound S. The crystals were isolated upon filtration and
washed with methanol, and the crystals B of large sizes are sorted out
under a microscope. Yield: 20%. ESI-MS (positive mode). Calcd for
[C126H15304551,Co14): m/z 3645. Found: m/z 3575, 3589, 3603, 3617
(Figures S8 and S9 in the Supporting Information, SI). ESI-MS
(negative mode). Calcd for [CgoHgoO,5S5Co,]: m/z 1941. Found: m/z
1941.1 (Figure S10 in the SI). IR (cm™): 2962 (m), 2907 (w), 2871
(w), 1603 (m), 1525 (w), 1464 (s), 1398 (w), 1364 (w), 1321 (w),
1309 (s), 1293 (w), 1260 (s), 1199 (w), 1132 (s), 1082 (s), 1019 (m),
836 (m), 798 (s), 742 (m), 705 (w), 627 (s).

Synthesis of [Co,(HThiaSO2),(#,4-OH)] (5). Brown prismatic
single crystals of S were obtained from the reaction of a mixture of
ThiaSO2 (0.07 g, 0.082 mmol), CoCl,-6H,0 (0.07 g, 0.33 mmol),
pyridine (0.3 mL, 3.7 mmol), CH;OH (10 mL), and H,0 (1 mL) in a
20 mL Teflon-lined autoclave, which was kept at 170 °C under
autogenous pressure for 6 days, then slowly cooled to 20 °C at 7 °C/h,
and kept at room temperature for 1 day. The crystals were isolated
upon filtration and washed with methanol. Yield: 55%. ESI-MS
(negative mode). Calcd for [CgyHgyO,:S3Co4]): m/z 1941 (M — H).
Found: m/z 1941.1 (Figures S12 and S13 in the SI).
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Table 1. Selected Crystal Data and Structure Refinement Parameters of 1—5

3 4 S
CssHgCo)Ng O158, CaosHa42Co15 073550 CgoHggC040,5Ss
1233.24 5352.51 1941.82
100 150 100
0.7107 0.7107 0.7107
monoclinic orthorhombic monoclinic
P2,/c Pbma P2,/n
11.9696(9) 22.5565(8) 22.813(1)
20.207(2) 45.7351(15) 17.8124(6)
11.4836(8) 27.2405(10) 25.002(1)
94.434(7) 90 112.049(6)
2769.2(4) 28101.9(17) 9416.6(8)
2 4 4
1.489 1.320 1.370
0.82 125 0.94
1300 11456 4016

0.28 X 0.21 X 0.13

0.74 X 0.29 X 0.24

0.34 X 0.30 X 0.17

1 2}
formula CH7,Co,N,O,4S, Ce1Hg3Co,N,O1,S,
M/(g/mol) 1343.38 1322.29
T/K 150 150
A/A 0.7107 0.7107
cryst syst monoclinic monoclinic
space group P2,/n P2,/n
a/A 12.763(2) 12.310(3)

b/A 19.697(3) 19.326(4)

/A 13.520(2) 13.649(3)

f/deg 110.14(2) 112.42(2)

v/A3 3191.0(9) 3001.7(12)

V4 2 2

deg/(g/cm®)  1.398 1.463

abs coeff/ 0.72 0.76
nm~!

F(000) 1404 1374

cryst size/ 0.54 X 0.15 X 0.06 0.20 X 0.15 X 0.09
mm

0 range/deg 3.4-29.6 34-294

limiting h=-17—>16,k=-25—-> h=-16 > 15 k=-26 —
indices 27l = —-18 — 17 25, 1=-17 - 18

reflns colld/ 21901/7776 15770/7083
unique

indep reflns/  5424/0.057 4048/0.079

int

data/ 7776/0/388 7083/0/389
restraints/
param

GOF 0.92 1.00

R1, wR2 [I > 0.068, 0.207 0.069, 0.223
20(1)]

3.4-282 3.4-29.6 3.3-29.5

h=-15—->15k=-26> h=0-30,k=0—-62, h=-31—>28k=0—
25, 1=-14 - 15 1=0- 36 24,1=0—- 33

30572/6214 206873/35627 23378/23378

5244/0.054 24347/0.109 17555/0.066

6214/62/353 35566/2549/1451 23376/2644/1099

0.92 1.08 0.92

0.091, 0.243 0.141, 0.337 0.071, 0.225

Magnetic Measurements. Magnetic susceptibility data (2—300
K) were collected on powdered polycrystalline samples on a Quantum
Design MPMS-XL SQUID magnetometer under an applied magnetic
field of 0.1 T. Alternating-current (ac) measurements were performed
in the 1.8—10 K range using 2.8 Oe ac field oscillation in the 1—1500
Hz range. Magnetization isotherms were collected at 2—5 K between 0
and S T. All data were corrected from the sample holder contribution,
and the diamagnetism of the samples was estimated from Pascal’s
constants."*

Crystallography. A suitable crystal was selected and mounted on a
Gemini k geometry diffractometer (Agilent Technologies U.K. Ltd.)
equipped with an Atlas CCD detector using Mo radiation (4 =
0.71073 A). Intensities were collected at 100 K by means of the
CrysalisPro software."> Reflection indexing, unit-cell parameter refine-
ment, Lorentz polarization correction, peak integration, and back-
ground determination were carried out with the CrysalisPro software."
An analytical absorption correction was applied using the modeled
faces of the crystal.'® The structures were solved by direct methods
with SIR97, and the least-squares refinement on F* was achieved with
the CRYSTALS software.'”

All non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were all located in a difference map, but those attached to
carbon atoms were repositioned geometrically. The hydrogen atoms
were initially refined with soft restraints on the bond lengths and
angles to regularize their geometry (C—H in the range 0.93—0.98 A,
N—H in the range 0.86—0.89 A, and O—H = 0.82 A) and U,,,(H) (in
the range 1.2—1.5 times U, of the parent atom), after which the
positions were refined with riding constraints. Data collection for
single crystals of compounds 1—5 has been carried out at low
temperature using an Xcalibur Atlas Gemini ultra diffractometer (for
experimental details, see Table 1).
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B RESULTS AND DISCUSSION

Synthesis and Characterization. In a typical experiment,
the family of polynuclear Co"/ThiaSO2 complexes was
obtained by the solvothermal reaction of CoCl,-4H,0 and
ThiaSO2 in a 10:1 (v/v) MeOH/H,O mixed solvent with an
amine-coordinating base such as pyridine or 1,2-diaminoethane.
The compounds, designated as 1—S5, were isolated in a highly
crystalline form and fully characterized by a range of
techniques, including X-ray diffraction (XRD), elemental
analysis, FTIR, and mass spectrometry (MS). The solvent
media for thes types of reactions, leading to a polynuclear
complex, may appear to be crucial. In fact, several types of
polynuclear cobalt complexes with thiacalixarene ligands were
obtained just with a change of solvent. For this reason, we have
not changed the media parameter and kept the same MeOH/
H,O mixture over all syntheses.

Parameters such as the reaction time and metal/ligand ratio
were screened and have allowed us to achieve the formation of
a new family of compounds. Initially, the ratio metal/ligand was
chosen as 2:1 and the heating time was studied. After 2 h of
heating, a dinuclear complex, 1, is obtained, wherein ThiaSO2
adopts a 1,2 alternate conformation. If chelating ligands such as
2,2'-bipyridine 2 or ethylenediamine 3 (which have a higher
complexation constant for Co" than pyridine) are used, even
with long heating times, the dinuclear complexes obtained, 2
and 3, are stable and the ThiaSO2 conformation is then locked.
Contrarily, the heating of 1 results first, after 24 h of heating, in
a mixture of the cobalt aggregate salt 4 and the neutral
aggregate [Co,(HThiaSO2),(u5-H,0)] (5) and then, after 1
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pyridine

ThiaS0,+ CoCl

in CH;OH
Chelating ligand
2, 2>-bipyridine
L -~
. . I g
Time of heating 2H 6days

Figure 1. Reaction pathway leading to compounds 1, 2, 4, and S. The representation of 1—S$ arises from analysis by diffraction of the X-rays on a
single crystal. Hydrogen atoms are omitted for clarity. Each atom is depicted as follows: Co, violet; S, yellow; O, red; C, gray; N, blue.

week of heating, finally in solely the neutral aggregate S (Figure
1). The formulas of 4 and § were confirmed by MS.

Upon 24 h of reaction, a mixture of compounds 4 and $ is
obtained with a majority of crystals 4. Varying the reaction
parameters (temperature, Co"/ThiaSO2 ratio, etc.) did not
allow us to quantitatively isolate phase 4. When the reaction
time is raised to 48 h, a 50:50 mixture of phases 4 and S is
obtained and the crystals of 4 display a pale-pink coating on the
(010) and (100) faces of the crystals (Figure S1 in the SI).
Finally, we managed to selectively isolate the neutral aggregate
S by raising the reaction time to 6 days.

Structural Studies (1—3). A center of symmetry is located
in the center of every molecule 1—-3. Both cobalt ions present
in 1-3 are thus exactly in the same octahedral environment
consisting of two phenolic oxygen atoms, an oxygen atom of
the sulfonyl group belonging to ThiaSO2 and for 1 two
pyridine and one methanol molecules, for 2 one molecule of
2,2-bipyridine and one methanol molecules, and finally for 3
one 1,2-diaminoethane and one pyridine molecules (Figure 2
and Table 2).

This fac-tridentate mode [1.111] is the common coordina-
tion scheme of ThiaSO2 with first-row transition-metal ions.

Figure 2. Structures arise from analysis by diffraction of the X-rays on
a single crystal and ORTEP-type view of the cobalt environment of 1—
3. Hydrogen atoms are omitted for clarity. Carbon is represented in
wire/stick modes as gray. Each atom is depicted in standard “ball and
stick” as follows: Co, violet; S, yellow; O, red; N, blue.
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Table 2. Selected Bonds (A) of 1-3

1 2 3

Col— 2.147(3) Col— 2.007(5) Col— 2.017(4)
024 02 029

Col— 2.020(3) Col— 2.181(S) Col— 2.197(4)
014 06 02

Col— 2.026(3) Col— 2.001(5) Col— 2.040(4)
02 018 018

Col— 2.145(3) Col— 2.171(6) Col— 2.119(5)
030 030 N30

Col— 2.146(4) Col— 2.136(6) Col— 2.165(5)
N32 N32 N33

Col— 2.168(4) Col— 2.117(5) Col— 2.205(6)
N38 N3s N34

Col— 5.7685(12)  Col— 5.6218(18)  Col— 5.7132(9)
Col Col Col'

The distance between the two cobalt ions is on the order of
5.6—5.7 A, which is relatively long for a possible magnetic
interaction. In compounds 1 and 2, the methanol molecule
points toward the two phenolic units. Finally, in each
compound 1-3, the coordination sphere of each cobalt ion is
a distorted octahedron.

For the molecule 3, the 1,2-diaminoethane ligand is directed
to the phenolic units and steric hindrance allows coordination
of a pyridine molecule rather than a methanol molecule. The
values of the interatomic distances Co—O and Co—N, for the
three compounds 1—3, are consistent for a II+ oxidation state
of the cobalt ion [bond-valence-sum (BVS) calculations].'®

Compound 4. To our knowledge, [Co,,][Co,] 4 is the first
polynuclear cobalt salt synthesized in a one-pot synthesis
(Figure 3).

The anionic complex [Co,] has a common structure with
those of the thiacalixarene complex family. This is a square of
four Co™ ions sandwiched between two ThiaSO2 macrocycles,
as shown in Figure 3. In the middle of the square formed by the
four Co" ions, the presence of y,-OH™ gives a negative charge
to the complex, which has been confirmed by MS. Four cobalt
ions are seven-coordinated with capped trigonal-prismatic
geometry. The Co—O distances are all on the order of 2.1 A
(Figure 4).

Charge balance is achieved by a cationic cluster [Coy,]
composed of 3 ThiaSO2 ligands and 14 Co" ions (Figures 4
and 5). [Coy,] is formed by two superposed planar, body-
centered, hexagonal cores formed by seven Co" ions. Each
heptanuclear wheel can be considered to be composed of six

dx.doi.org/10.1021/ic4012422 | Inorg. Chem. 2014, 53, 63—72
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[Col4]

Figure 3. Two views of aggregate salt [Co,,][Co,] 4. Hydrogen atoms are omitted for clarity. Carbon is represented in wire/stick mode as gray.
Each atom is depicted in standard “ball and stick” as follows: Co, violet; S, yellow; O, red; N, blue.

Figure 4. (a) Representation of four Co™ ions in capped trigonal
prism. (b) Representation of oxygen atom interaction carried out by
the axial sulfonyl groups. Carbon is represented in wire/stick mode as
gray. Each atom is depicted as follows: Co, violet; O, red.

face-sharing monovalent distorted cubane units connected
together by six vertices that are oxygen atoms (u4; Figure S).
The metallic core can also be described as two superimposed
structures of Anderson—Evans type or as seven cells
corresponding to the NiAs structure type, where the atoms of
oxygen are in a compact hexagonal lattice and among which
both octahedral sites are occupied by the Co™ ions."”” To the
best of our knowledge, this topology of the [Co,,] core is the
first example in the literature, unlike the [M,] body-centered
hexagonal to%)ology, which is well-known for M = Zn, Co, Fe,
Mn, and Ni.*°

In the MS spectrum recorded in negative mode, no peak
corresponds to the calculated mass of m/z 3645. We find
masses of m/z 3617, 3603, 3589 and 3575, which correspond
to the partial substitution of the methanolato groups by
hydroxo groups. For example, the mass of m/z 3617
corresponds to hydrolysis of two CHO groupings of six
(Figures S8 and S9 in the SI). Each of the 14 cobalt ions is in a
pseudooctahedral coordination environment. ThiaSO2 mole-
cules in the cone conformation cap three hexagonal faces of the
core. The Co—O distance lies between 2 and 2.2 A, which is in

agreement with a II+ oxidation state for the cobalt atoms as
calculated using bond valence theory.'®

The molecular structure of § consists of two molecules of
ThiaSO2 sandwiching four cobalt ions (Figure 6a). Both
ThiaSO2 molecules are in the pinched cone conformation
[d(C49—C40)/d(C56—C28) = 0.57 and d(C104—C92)/
d(C84—C113) = 0.7]. Each Co" ion is six-coordinated and
possesses a different geometry environment. CoS can be
considered as being in trigonal-prismatic coordination, Co4 and
Col in deformed octahedral coordination, and Co2 in
octahedral coordination (Figure 6).

Anions [Coy] in compounds 4 and § are similar, and their
structures are closely related, as presented in Figure 7. It seems
possible to pass from one complex to the other by a twist of the
ThiaSO2 macrocycle relative to the plane formed by the cobalt
ions. The O3 atom (Figure 6a) is most probably a hydroxo
group (BVS calculations). In this case, one of the oxygen atoms
from the phenolato group has to be protonated to achieve the
neutral charge of compound 5. This hypothesis is confirmed by
MS. Indeed, it seems easier to remove a proton from the
phenolato group rather than from a water molecule if the O3
atom belongs to a water molecule. The strong interaction
between axial oxygen atoms (2.4 A, while the O—O van der
Waals bond is around 2.9 A) carried out by the sulfonyl groups
of the anion [Co,] in compound 4, and protonation of one
phenolato group, is certainly the cause of this transformation
(Figure 4b): distortion observed during the passage of trigonal-
prismatic geometry to an octahedral geometry around the
metallic ions.”' In a previous paper, we have reported
substitution of the p,-OH™ group by an anion p,-F~ in a
tetranuclear manganese(II) complex isostructural to the anion
[Co,] in compound 4% Similarly, we were able to substitute
the OH group by a fluorine atom in the cobalt complex. This
seems to stabilize the complex because the reaction time (2, 3,
and 6 days) always led to the same compound. This was
confirmed by MS in negative mode, which indicates a mass of
m/z 1943 corresponding to the raw formula CgyHggO,,SsFCo,

a)

b)

Figure S. (a and b) Two viewd of the [Co,,] core topology. (c) Projection of the compact hexagonal cell. Each atom is depicted in standard “ball

and stick” as follows: Co, violet; O, red.
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b)

Trigonal prism A
00

Cos 15°
Col, Co4 400°-50°
Co2
q 60°
Octahedron

Figure 6. (a) View of aggregate S. Hydrogen atoms are omitted for clarity. Each atom is depicted in standard “ball and stick” as follows: C, gray; Co,
violet; S, yellow; O, red; N, blue. (b) Representation of the environment of the four cobalt ions in compound §.

[CO4]in 4 5

Figure 7. Possible family ties between the anion [Co,] in 4 and
compound § by rotation of one ThiaSO2.

and confirms substitution of the y,-OH™ by a p,-F~ anion 4
(Figure S11 in the SI). In positive mode, the spectrum is
identical with that obtained for cation 4. Thereby, in the case of
anion [Co,], it appears that when the y,-OH™ group is
substituted by the p,-F~ anion, protonation of the phenolato
group is not possible in this condition and the [Co,] anion is
stable.

Magnetic Measurements. Magnetic studies of both direct
current (dc) and ac were performed on all five compounds. The
xT product of quasi-planar (with planar arrangements of four
Co" ions) tetranuclear clusters 5 (Figure 8) at 300 K is 13.47
cm?/K-mol, which is typical for four uncoupled Co" ions but
larger than that for four free S = 3/, spins (¥T = 7.50 cm®/K-
mol and g = 2.0) as a result of the presence of a significant
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Figure 8. Temperature dependence of the yT product for compounds
4 and § at Hy. = 0.1 T.
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spin—orbital contribution in the susceptibility of octahedral
high-spin Col>** A gradual decrease of yT is observed with
temperature, and T reaches a value of 0.52 cm?®/K-mol at 2 K
(Figure 8). In the case of clusters containing octahedral Co"
ions, the decrease of yT at low temperature can be an effect of
an important spin—orbital contribution and also a dominant
antiferromagnetic interaction between four paramagnetic
centers.

The value of yT at low temperature is too low for four
noncoupling Co'' paramagnetic centers and suggests the
presence of antiferromagnetic interaction between four para-
magnetic centers. The presence of a dominant antiferromag-
netic interaction is also confirmed by magnetization measure-
ments at 2—5 K. Magnetization does not saturate at the high-
field limit (S T) of our instrument. The experimental value of
magnetization at 2.0 K and S T is 1.60 N3, which is too low for
four noncoupled Co" ions (Figure S5 in the SI).

According to X-ray investigationm compound 4 is composed
of anionic [Co,] and cationic [Co,,] clusters. The anionic
tetranuclear [Co,] species contains seven-coordinated Co''
paramagnetic centers, and the cationic Co,, cluster contains
six-coordinated Co' paramagnetic centers. On the basis of BVS
analysis, all cobalt centers correspond to the 2+ oxidation state.
The susceptibility data for 4 are plotted as yT versus T, as
depicted in Figure 8.

With decreasing temperature (300 to 2 K), the yT product
decreases progressively from 47.9 cm®/K-mol to reach 1.85
cm’/K'mol at 2 K. Similar to §, drastic modification of the
susceptibility with temperature can be associated with the
presence of an important spin—orbital contribution and a
dominant antiferromagnetic interaction in 4. This conclusion is
consistent with magnetization measurements presented in the
form of the H versus T plot (Figure S6a in the SI) and reduced
magnetization plot (Figure S6b in the SI).

The dynamic properties of compounds 4 and S have been
investigated using ac susceptibility measurements as a function
of the temperature at different frequencies and also at different
temperatures as a function of the frequency at 2.8 Oe field
oscillating between 1 and 1500 Hz. Compounds 4 and § did
not show any out-of-phase signal at zero dc magnetic field. No
modifications in the out-of-phase susceptibility after application
of the dc magnetic field (0—3.0 T) are detected.

The dc experiment at 0.1 T in the temperature range 2—300
K was performed also for the series of dinuclear Co"/ThiaSO2-
bridged compounds 1-3 (Figure 9).
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Figure 9. Temperature dependence of the yT product at Hy. = 0.1 T
for compounds 1-3.

The product of yT at 300 K has values of 5.67, 6.06, amd
6.65 cm*/K-mol, respectively, for 1—3 and is larger than the
expected spin-only value for two high-spin isolated Co" ions (S
=3/, of 3.75 cm®/K-mol and g = 2.00), indicating an important
spin—orbital contribution (Figure 10). At the beginning, the
product of yT slowly decreases and after 70 K drops oft to
reach values of 3.10 cm?®/K-mol for 1, 3.58 cm?/K-mol for 2,
and 3.85 cm®/K-mol for 3 at 2 K. This behavior suggests the
presence of a zero-field-splitting (ZFS) component in the
magnetic susceptibility or a strong antiferromagnetic interaction
in the 1—3 dinuclear series. Because of the absence of common
bridging functions (Figure 2 and Table 2) and large distances
between Co" paramagnetic centers (around 5.7 A), their
magnetic interaction is likely insignificant. When the magnetic
interaction between Co" ions is neglected, the temperature
dependence of T in the range of 10—300 K can be described
in terms of two isolated Co" ions.

Octahedral coordination polyhedra in 1-3 have slightly
different distortion, implying differences in the ZFS parameters
and g tensors with respective impact on the magnetic
properties. The dynamic properties of the three compounds
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Figure 10. Temperature dependence of the in-phase (y') and out-of-phase (") ac susceptibility frequency components for 1—3 at the indicated

applied dc field.
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1-3 were investigated using temperature- and frequency-
dependent ac susceptibility measurements at 2.7 Oe field
oscillating between 50 and 1500 Hz. For the three compounds
under a zero dc field, no ac signal was observed in the
temperature range of 2—10 K.

Applying a small magnetic field clearly shows the appearance
of a nonzero out-of-phase signal y” in ac measurement (Figure
10) with a strong frequency dependence in the case of all three
compounds.

Such behavior usually indicates that a slow relaxation of the
magnetization can be a result of quantum tunneling of the
magnetization (QTM) through the spin-reversal barrier via
degenerate + M, energy levels, as observed previously in the
case of Co' and Fe"" SIM,* of transverse anisotropy barrier
governed by E instead of D,*° or of an optical acoustic Raman
process.”®

The anisotropic barrier energies U are obtained from
temperature (Figure 10) and frequency sweeping measure-
ments (Figure S7 in the SI). The effective energy barriers
obtained from the fitting procedure according the Arrhenius
law are U(2) = 10.7 K (7, = 4.02 X 107°) for 2 and U(3) =
20.3 K (7o = 2.24 X 107°) for 3 (Figure 11). Assuming S = */,,
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Figure 11. Arrhenius plots for 3 (<) and 2 (A).

the ZFS parameters can be estimated from equation** U, = (S
— !/,)IDI and have values of ID| = 5.3 K for 2 and 10.1 K for 3.
To quantify the ZFS parameters, magnetization data (0—S5 T)
of 1-3 were fitted to the Hamiltonian H = DS.* + E(S,” + S,*)
+ gioMpSB using ANISOFIT software.”> The symbol py
represents the Bohr magneton; D, E, S, and B stand for the
axial and rhombic ZFS parameters and the spin and magnetic
field vectors, respectively. The best fits are presented in Figure
12 and correspond to the positive values of ZFS: D = +15.31
em™, g, = 227; D = +21.50 cm ™, g, = 2.51; D = +18.20
cm™!, g, = 2.40 respectively for 1—3. Similar to this work,
additional reported examples of cobalt(I) complexes with
positive D values can exhibit slow relaxation of magnet-
ization.”*">° The presence of slow relaxation can be ascribed to
a field-induced Orbach relaxation pathway,”” a transverse
anisotropy barrier governed by E instead of D, or an optical
acoustic Raman process, which can have an important influence
in magnetic relaxation.”® The presence of different contribu-
tions to the relaxation process probably originates from a
discrepancy between ZEFS parameters estimated for relaxation
processes and magnetization measurements; especially, this
discrepancy was recently reported’”®™>* in the case of
mononuclear Co" SIMs. In our case, analysis of magnetic
data can be further affected by the presence of small magnetic
interactiond between two Co ions.

B CONCLUSION

We have synthesized and characterized five new cobalt(1l)
clusters (1—5) bridged by thiacalixarene ligands. All of these
complexes are of particular interest in the field of synthetic
chemistry as well as magnetic materials. Through a change in
the heating time during the reaction process, an association
between the different complexes has been demonstrated. The
addition of chelating ligands was shown to be a critical factor
for stabilization of the two dinuclear complexes 2 and 3. On the
other hand, if the ligand used is nonchelating, the dinuclear
complexes show instability over time, leading to the formation
of compounds 4 and 5. Each step of the transformation process
has been optimized and globally understood. The
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Figure 12. Magnetization data collected on microcrystalline compounds 1—3 at different temperatures and dc fields. Black lines correspond to the

best fits with ANISOFIT 2.0 with S = 3/,.
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sulfonycalix[4]arene ligand has shown a great adaptability to
the metallic ion coordination sphere because of its ability to
adopt different conformational states. Thus, a strong link
existing between the ThiaSO2 ligand and the Co" coordination
sphere confirms its utility as a terminal ligand and allows one to
consider its use for the achievement of other types of original
aggregates. We plan to further investigate the impact of other
synthetic parameters on the obtained systems such as the
stoichiometric ratio or pH modulation. The dinuclear
compounds 1—3 containing two encapsulated Co" ions show
a slow magnetization relaxation in the presence of an applied dc
field. The ZFS parameters, quantified from magnetization data,
were found to have moderate magnitude and positive values.
The origin of positive ZFS arises from strong octahedral
distortion and particular effects of the thiacalixarene, pyridine,
bipyridine, ethylenediamine, and methanol donor atoms
(nitrogen and oxygen). Further studies are currently ongoing
regarding the influence of other chelating ligands, in order to
investigate their influence on the coordination sphere of the
metallic jon and magnetic properties of the complexes.

B ASSOCIATED CONTENT

© Supporting Information

Faces of a crystal of 4, view in compact mode of the compound,
field dependence of the magnetization of § at the indicated
temperatures, SM field dependence of the magnetization of 4 at
the indicated temperatures, SM field dependence of magnet-
ization of 4 as a plot of M versus H/T at indicated
temperatures, and the best fits of variable-temperature y\T
data for 3 and 2. The structures have been deposited with the
Cambridge Crystallographic Data Center as CCDC 873249 for
1, 873255 for 2, and 881987 for 3 and can be obtained, upon
request, from the Director, Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UXK. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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