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Two isomers of the calixarene-based cobalt complex [CosCUTC4A)BCPT),l™ (H4TC4A = p-tert-
butylthiacalix[4]arene; H,BCPT = 3,5-bis (4’-carboxy-phenyl)-1,2,4-triazole) were obtained under the
solvothermal conditions with tetramethylammonium/tetraethylammonium hydroxide (CIAC-236) and
triethylamine (CIAC-237). Single crystal X-ray diffraction reveals that CIAC-236 has a 1D zigzag
aggregate constructed by bridging the shuttlecock-like Co,—TC4A secondary building units (SBUs) with
two pairs of opposite V-shaped BCPT ligands while CIAC-237 possesses a 2D layer assembly with each
Co4—TC4A SBU bonded by four BCPT ligands in a same direction (clockwise or counterclockwise),
which indicates that different shapes of the organoamines lead to different assembly of the BCPT ligands
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Introduction

The study of coordination polymers has stepped into a higher
gear due to their fascinating topologies and intriguing proper-
ties in diverse fields such as host-guest chemistry, gas separa-
tion and storage, magnetics, catalysis, etc." However, it is still
a challenge to design and prepare the desired structures with
specific properties. One approach is to use the polynuclear
clusters as the nodes and the multidentate ligands as the
bridges.> Calixarenes are a typical class of macrocyclic
complexes used as the host materials and the platform for the
designed receptors.>* They are also a kind of good ligand for the
construction of coordination polymers. The shuttlecock-like
polynuclear {MJ-calixarene}”* SBUs can be linked into
a variety of structures such as the clusters,® coordination cages,®
and extended entities/networks by some deliberately chosen O/
N-donor ligands and bifunctional reagents.”*® N-heterocyclic
carboxylic acid H,BCPT would be an excellent candidate to
connect {ME-calixarene}"* SBUs into the coordination polymers
due to its flexible backbone and rich coordination sites
(carboxylate groups and the N-atoms)."* Here we present two
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and the formation of different extended aggregates.
CIAC-238)
organoamines, which would be attributed to different property and coordination of iron element.

For comparison, only the 1D structure

was obtained for the iron complexes with all these three

Magnetic properties of all these three compounds were studied.

isomeric coordination polymers constructed by bridging the
Co,-TC4A SBUs with the V-shaped H,BCPT.

As reported, many factors such as the metal cations, the
linkers, the templates, reaction temperature, pH and even the
solvent could affect the structures and the properties of the
products.’> Notably, the template plays a decisive role in the
structure of the product so that the product structure can be
designed by selecting a specific template.'*'* Different from the
study on the template effect of calixarenes themselves,'* we
introduced different organoamines such as tetramethylammo-
nium hydroxide, tetrachtylammonium hydroxide and triethyl-
amine into the mixture of cobalt/iron chloride, p-tert-
butylthiacalix[4]arene and 3,5-bis (4’-carboxy-phenyl)-1,2,4-
triazole to study the effect of the amines. We successfully ob-
tained two kinds of assemblies of cobalt, one 1D wavelike chain
(CIAC-236) and one 2D network (CIAC-237). However, for the
iron system, the template effect of the organoamines can be
neglected and only the 1D motif (CIAC-238) was obtained with
all these three organoamines. Magnetic properties of these
compounds were studied.

Experimental section

Materials, syntheses and characterization

H,TC4A was synthesized by the literature method,' and the
other reagents were obtained commercially and used as
received. FT-IR spectra (KBr pellets) were recorded in the range
of 400-4000 cm ™" on a Bruker IFS 66 V/S FT/IR spectrometer.
Elemental analyses for C, H and N were performed on a Perkin-
Elmer 2400. Powder X-ray diffraction (PXRD) patterns were

This journal is © The Royal Society of Chemistry 2018
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collected on a Bruker X-ray Diffractometer with graphite mon-
ochromatized Cu-K, radiation (1 = 1.5418 A) with an increment
of 0.02° in 20 between 5 to 50° and a scanning rate of 5° min~".
Thermogravimetric analyses (TGA) were performed on a Perkin-
Elmer Thermal Analyzer. Field-cooled DC magnetic suscepti-
bility measurements were performed on polycrystalline samples
using a Quantum Design MPMS XL-7 SQUID system in the
temperature range 2-300 K and under the applied magnetic
field of 1000 Oe. Diamagnetic corrections for the sample and
sample holder were applied.

Synthesis of the 1D isomer of [Co,C]l(TC4A)(BCPT),]” (CIAC-
236)

A 23 ml Teflon-lined stainless steel container charged with
a mixture of CoCl,-6H,0 (100 mg, 0.4 mmol), H,TC4A (72 mg,
0.1 mmol), H,BCPT (46 mg, 0.15 mmol), N,N-dimethylforma-
mide (DMF) (5 ml), CH;OH (5 ml) and tetramethylammonium
hydroxide solution (25%, 0.2 ml) was sealed and heated at
130 °C for 3 days, and then cooled to room temperature at the
rate of 4 °C h™'. The product was isolated as purple block
crystals in 62% yield based on Co. Elemental analysis (%): caled
for C,¢H,4ClCo4N,0;,S, (formula weight: 1676.83): C, 54.39, H,
4.41, N, 5.84; found: C, 53.92, H, 4.44, N, 5.76. IR bands (KBr
pellet, em™"): 3738(s), 3001(s), 1852(m), 1657(m), 1587(s),
1527(w), 1384(m), 1253(m), 1030(m), 847(w), 775(w), 751(w),
644(w), 649(w), 471(w).

Synthesis of the 2D isomer of [Co,C]l(TC4A)(BCPT),]” (CIAC-
237)

CIAC-237 was synthesized by a similar method as that of CIAC-
236 except replacing tetramethylammonium hydroxide solution
with triethylamine (0.3 ml). The product was isolated as purple
block crystals in 68% yield based on Co. Elemental anal. (%):
caled for C,¢H;4ClCo4N,04,S, (formula weight: 1676.83): C,
54.39, H, 4.41, N, 5.84; found: C, 53.96, H, 4.54, N, 5.71. IR
bands (KBr pellet, cm™*): 3729(s), 3001(s), 1850(m), 1587(m),

(CH3CH,):N
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1562(s), 1503(w), 1420(m), 1324(m), 1055(m), 930(w), 834(w),
755(w), 617(w), 477(w).

Synthesis of 1D [Fe,CI(TC4A)(BCPT),]  (CIAC-238)

Compound CIAC-238 was synthesized with FeCl,-6H,0 in place
of CoCl,-6H,0 following an otherwise identical procedure with
either CIAC-236 or CIAC-237. The product was isolated as yellow
block crystals in 68% yield based on Fe. Elemental anal. (%):
caled for C,¢H,4ClFe,N,04,S, (formula weight: 1664.51): C,
54.79, H, 4.44, N, 5.88; found: C, 54.29, H, 3.96, N, 5.25. IR
bands (KBr pellet, cm™"): 3714(s), 3006(s), 1736(m), 1646(m),
1562(s), 1492(w), 1395(m), 1228(m), 1001(m), 915(w), 847(w),
811(w), 751(w), 644(w), 465(w).

Single crystal X-ray diffraction

The intensity data were recorded on a Bruker D8 QUEST system
with Cu-Ka radiation (A = 1.54178 A). The crystal structures
were solved by means of Direct Methods and refined employing
full-matrix least squares on F* (SHELXTL-97). The diffraction
data were treated by the “SQUEEZE” method as implemented in
PLATON." All non-hydrogen atoms were refined anisotropi-
cally, and hydrogen atoms of the organic ligands were generated
theoretically onto the specific atoms and refined isotropically
with fixed thermal factors. The unidentified solvent molecules
and counter ions were not included for all the structures. CCDC
1864223-1864225 contain the supplementary crystallographic
data for this paper.

Results and discussion

Single crystal X-ray diffraction analyses revealed that all these
three compounds are feathered with the shuttlecock-like M,-
TC4A (M = Co, Fe) SBUs which are further interconnected into
1D chains or 2D network. The arrangement of the BCPT ligand
plays a key role in the formation of these isomers (Scheme 1).
But the BCPT ligand acts as a bidentate linker with its nitrogen
atoms un-bonded.

Scheme 1 Organoamine-induced formation of two Co" coordination polymers.

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Coordination of the Cos—TC4A SBU in CIAC-236. (a) Side view
and (b) top view. Symmetry codes: a: x, 1.5 — y, z.

CIAC-236 was obtained from the system with tetramethy-
lammonium hydroxide. It crystallizes in the monoclinic system
with space group P2,/m and has some 1D zigzag chains. As
shown in Fig. 1, four Co(u) atoms are capped by one TC4A
molecule with a cone conformation to give a shuttlecock-like
Co,-TC4A SBU. This SBU is bonded by two pairs of BCPT
ligands through their carboxyl groups and further bridged into
an infinite wave-like chain (Fig. 2). All the calixarene molecules
are located on the wave crests and troughs as those in the
system with 1,3-di(4-carboxyphenyl)benzene (DCPB) being the
linker.”* When viewed along the b axis, the chain exhibits an

NENAS

Fig.2 1D zigzag chain of CIAC-236 (a) and its view along the chain (b),
and the extended structure of CIAC-236 (c).
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Fig. 3 Comparison of the angles between two carboxyl groups and
their dihedral angles of BCPT in CIAC-236 (a and c) and CIAC-237 (b
and d).

oval pore so that the chain can also be thought as a coordina-
tion tube (Fig. 2b). The extended structure is stacked by these
chains/coordination tubes in the ac plane (Fig. 2c). It should be
noted that the BCPT ligands in a chain are divided into some
oppositely aligned pairs as the DCPB ligands.”* However,
compared with DCPB in which the angle between two carboxyl
groups is 116.2° and the dihedral angle between two carboxyl
group planes is of 55.3°, BCPT has different angles of 141.3° and
70.1° (Fig. 3), which can be attributable to the fact that CIAC-236
has some oval-like tubular channels but no quadrangular ones.

When tetramethylammonium hydroxide was replaced by
triethylamine, a layer structure of CIAC-237 was obtained. CIAC-
237 crystallizes in a tetragonal system with space group P42,2.
In CIAC-237, four adjacent cobalt atoms are also capped by
a TC4A ligand adopting a cone conformation to form a Co,—
TC4A shuttlecock-like SBU (Fig. 4). Then these SBUs are bonded
by four BCPT ligands arranging in clockwise direction and
further bridged into some wave-like 2D motifs (Fig. 5a). The
Co,~TC4A SBUs on the troughs are arranged in an opposite
direction to those on the crests while in the reported 2D
network connected by 5-(4-pyridyl)tetrazolate,” the ones on the
troughs are rotated by 120.2° compared to those on the crests.

Fig. 4 Coordination of the Co,—TC4A SBU in CIAC-237. (a) Side view
and (b) top view. Symmetry codes:a: 0.5+y, 05 —x,z;b: 1 —x, -y, z;
c:05—-y,—05+x z

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Top-view (a) and side-view (b) of the 2D meta-calixarene
aggregate, and the arrangement of the coordination layers into an
extended structure (c).

The different assembly would be caused by different coordina-
tion methods of BCPT and 5-(4-pyridyl)tetrazolate and different
coordination of metal atoms in these SBUs. The wave-like layers
are stacked along the b axis into an extended structure by
supramolecular interactions (Fig. 5c¢). A major difference
between CIAC-237 and CIAC-236 is the different arrangement of

View Article Online

RSC Advances

the BCPT linkers, that is, CIAC-237, each four of them are
located in a same direction so that the SBUs can be inter-
connected in four directions, while in CIAC-236, BCPT are
arranged into some oppositely aligned pairs helpful to the
formation of 1D structure. In addition, although the angle
between two carboxyl groups is comparable to that in CIAC-236
(143.7° vs. 141.3°), the dihedral angle between the carboxyl
group planes is of 31.7° which is much smaller than that in
CIAC-236 (70.1°).

It should be noted that the replace of tetramethylammonium
hydroxide by tetraethylammonium hydroxide did not affect the
product structure and 1D motif was also obtained. So it can be
deduced that the formation of different isomers under analo-
gous conditions would be attributed to the template effect of the
organoamines. Actually, the tetrahedral ligands
tetramethylammonium/tetraethylammonium lead to the
formation of 1D structure while the cone-like ligand triethy-
lammonium to 2D structure. However, the substitution of Co*"
by Fe®" resulted in only one kind of product, 1D entity of
([Fe,Cl(TC4A)](BCPT),]™ (CIAC-238)), which might be attributed
to different property and coordination of iron element.

To further investigate the template effect of organo-
ammonium, some control experiments with inorganic bases
such as NaOH and KOH being used to adjust the pH value of the
mixtures or without any base were processed. No single crystals
suitable for the X-ray diffraction measurement were obtained
with these inorganic bases or without any base. Furthermore,
the metal ions also affect the formation of such two structures,
and no suitable single crystals were obtained for other transi-
tion metals such as Ni**, Mn®>' and Cu®*' even with
organoamines.

Magnetic studies

Calixarenes are some ideal macrocycle molecules to bond and
separate the metal centers and the magnetic properties of many
metal-calixarene compounds was investigated.”® The solid
static de magnetic susceptibility for CIAC-236-238 was also
recorded in the temperature range 2-300 K under a magnetic
field of 1000 Oe. For CIAC-236 and 237, the room temperature
xmT values are 10.2 and 10.5 cm® K mol ', respectively, higher
than the spin-only value 7.5 cm® K mol " expected for four high-

10 clac-236 130 CIAC-237 'S ciac-238
~38 %3 T i | = ~" 30 =
'-'3 i 1 g 2 sl 425 O —';s 12} 3
j 6} J20 @ 5 £ E o°® £
3 e % of 120 X 10 o® 1207
g 0 3 5 & gl o® £
S 4r 115 < w af 5= & U
I\s g k] g I\: 6fF 410 "‘S
S22t 410 X 2t 410 X = 4 N X
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Fig. 6 Plots of xmT versus T and xm* versus T for compounds CIAC-236, -237 and -238. The red lines represent the best fitting based on the

Curie—Weiss equation.

This journal is © The Royal Society of Chemistry 2018
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spin Co™ (S = 3/2) ions. As shown in Fig. 6, the x,T values are
gradually decreased to 0.2 and 0.3 em® K mol ™", respectively,
upon cooling to 2 K. The steady decline of x\T cooling from 300
to 2 K indicates the antiferromagnetic coupling within the
molecules. As described above, CIAC-236 features a 1D zigzag
structure based on tetra-nuclear Co,~TC4A SBUs inter-
connected by BCPT ligands (Co--Co distance: 3.2-4.6 A). The
Co---Co distance between the adjacent Co,~TC4A SBUs ranges
from 16.3 A to 18.5 A. Due to the long distance between the
adjacent SBUs, the magnetic structure of CIAC-236 could be
simplified as four isotropic Coj coupling unit. Similarly, the
magnetic structure of CIAC-237/238 could also be regarded as
isotropic Co4/Fe} coupling unit. As depicted in Fig. 6, the yy "
data for CIAC-236-238 obey the Curie-Weiss law x " = (T — )/
C (CIAC-236/237: 300-50 K; CIAC-238: 300-75 K), where the
Curie constant (C) and the Weiss constant (6) could be deduced
as C =11.5 cm® K mol ', # = —41.3 K (CIAC-236); C = 12.0 cm®
Kmol ™, § = —42.8 K (CIAC-237) and C = 23.7 cm® Kmol ", § =
—169.8 K (CIAC-238). The negative § values reveal the antifer-
romagnetic interactions between the metal centers of CIAC-236/
237/238.

Conclusions

In summary, we successfully obtained two cobalt-calixarene
coordination isomers with a V-shaped ligand BCPT using
different organoamines as the template. BCPT is coordinated as
a bidentate ligand by two carboxyl groups but not the nitrogen
atoms. The different arrangement of BCPT ligands deduced by
the template of organoamines leads to different structures of
the products. However, this template effect does not work on
the system with iron. This work gives another example for the
template effect of organoamines and offers new information on
the crystal engineering of calixarene-based crystalline materials.
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