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The hydrothermal synthesis, characterization, single crystal X-ray structures and magnetic properties of three-
dimensional coordination polymers, [M3(CTC),(pn-H,0),(H,0),]-5(H,0) (1: M =Co, 2: M =Ni), employing the
flexible cis,cis-cyclohexane-1,3,5-tricarboxylate (CTC or CoHoOg ") are described. X-Ray crystal structure
analyses reveal that 1 and 2 are isostructural. They belong to the triclinic system, P1: a=7.799(2), b=9.212(1),
¢=10.784(2) A, x=107.595(3), f=92.877(3), y=110.248(3)°, V'=682.4(2) A* and Z=2 for 1, and a=7.694(1),
b=9.210(1), ¢=10.764(2) A, 0.=108.598(3), #=92.300(3), y=109.814(3)°, ¥'=670.6(2) A* and Z=2 for 2. They
consist of trinuclear motifs of pseudo-octahedral MOg linked through p-OH, and p-carboxylate to generate
one-dimensional chains, which are further bridged by the tricarboxylate to form a non-interpenetrated three-
dimensional network. The network possesses extended channels along all three crystallographic axes in which
water molecules reside. Each carboxylate group displays a different coordination mode to the metals. The
temperature dependence of the magnetic susceptibilities indicates dominant antiferromagnetic interaction within
the trimer of the cobalt complex, tending towards a ferrimagnetic alignment at low temperatures, and mostly

ferromagnetic interactions for the nickel complex.

Introduction

Recently, there has been considerable interest in synthesizing
organic-inorganic hybrid materials having potentially dual or
multiple properties.! Amongst these are the charge-transfer
salts of organic donors, such as the TTF class of compounds,
studied in the search for magnetism and superconductivity.?
The presence of non-linear optical activity and magnetism is
also under investigation.® The latter two make use of the
layered structural nature in the TTF family of compounds and
in MPS; and bimetallic oxalates for insertion of either
paramagnetic ions or optically active components. The organic
radicals of the nitronyl nitroxide family have already found
applications as magnetic markers in biology and are now being
used as functional groups on TTF derivatives* in the hope of
creating magnetic conductors. Organic dyes intercalated
between an inorganic layered framework are used in monitor-
ing water pollution. Combining optical and electrical, optical
and magnetic or electrical and magnetic properties has had
some success and is currently an active area of chemistry and
materials science.! However, the combination of structural
properties such as porosity with any of these physical
properties is rare. It is generally believed that there should be
some orbital overlap between the nearest neighbors, whether
TTF derivatives or paramagnetic metal ions,’ to generate a
conduction band for electrical conductivity or long-range
magnetic orderings. This requirement and the presence of pores
are therefore incompatible. Given the long list of applications
of porous materials, such as gas sorption, catalysis, drug
delivery, purification of solvents, etc.? they would even be
more powerful agents if, in addition to their pores, they
possessed another property such as magnetism. In line with our

+The ITUPAC name for nitronyl nitroxide is 4,4,5,5-tetramethyl-3-
oxido-4,5-dihydro-1H-imidazol-3-ium-1-oxyl.
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extensive study of long-range order in low-dimensional cobalt
compounds,” we have been trying to develop porous-like
structures exhibiting long-range magnetic orderings and have
found few porous magnets consisting of one-dimensional
chains of cobalt. Here, we describe the synthesis, crystal
structure, thermogravimetric analysis and the IR and magnetic
properties of two new compounds based on paramagnetic
transition metal ions and a flexible organic ligand favoring a
structure with cavities, M"3(CTC),(H,0)4-5H,0, M=Co or
Ni and CTC=cyclohexane-1,3,5-tricarboxylate.

A literature search for complexes of CTC found only two
communications based on a complex of zinc, pyridine and
dimethylformamide and the other is a hydrated compound of
erbium(in).® There are no known binary first row divalent
transition metal complexes. For BTC (BTC =benzene-1,3,5-
tricarboxylate) there are at least ten known examples and many
of them possess large cavities.” However, so far none of these
structurally characterized compounds of BTC has shown any
long-range magnetic ordering. There is only one example that
exhibits long-range magnetic ordering, but its structure has not
been determined. We anticipate CTC to show more diverse
coordination polymers because of its flexibility, compared to
the rigid BTC, and its two possible isomers (Scheme 1). We
have employed the technique of hydrothermal synthesis, which
is well suited to the preparation of crystals of synthetic
minerals, new inorganic materials and metal-organic frame-
work polymers.>!°

Experimental

The syntheses were carried out in home-built, Teflon-lined,
cylindrical, stainless steel pressure bombs with a maximum
capacity of either 40 or 120 ml. X-Ray powder diffraction data
were collected using a flat-plate geometry on a Siemens D-500
with Co-Ko (1.789 A) radiation at room temperature.
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Scheme 1 Possible stereochemistries of cyclohexane-1,3,5-tricarboxy-
late and benzene-1,3,5-tricarboxylate.

Thermogravimetric analyses (20 to 900 °C) were performed at a
rate of 5°C per minute in a constant flow of air on a
SETARAM TGA-DTA system. Infrared spectra were
recorded by transmission through fine particles of the
compounds dispersed on a KBr plate. UV-Vis spectra were
obtained from the compounds dispersed in oil and held
between two silica plates by use of a Hitachi U-3000
spectrometer. The temperature and field dependence of the
magnetization of the complexes was determined on a Quantum
Design MPMS-XL SQUID magnetometer operating in the
temperature range 2-300 K and at fields up to 5 T. A Princeton
Applied Research Vibrating Sample magnetometer was also
used in the temperature range 4-300 K and at fieldsup to 1.8 T.

All chemicals were purchased from Aldrich or Fluka and
used without purification.

Preparation of [Co3(CTC),(n-H,0),(H,0),]-5(H,0) (1)

Co(NOs),-6H,0 (0.5 g) was dissolved in distilled water (ca.
20 ml) and a solution of cis,cis-cyclohexane-1,3,5-tricarboxylic
acid (0.51 g) and NaOH (0.10 g) in distilled water (ca. 20 ml)
was added. The mixture was placed in the Teflon liner of an
autoclave, sealed and heated to 170 °C for 1 day. It was allowed
to cool to room temperature in a water bath. Violet crystals of 1
were harvested by decantation from the clear pink solution.
The crystals were washed with water and acetone and dried in
air.

Calcd for 1; Co30,,C;gH;s6: C, 28.25; H, 4.74; found: C,
27.97; H, 4.72%. Infrared: 600s, 705m, 725m, 773s, 894w, 919w,
972w, 1039w, 1140w, 1218w, 1267w, 1281w, 1295w, 1330w,
1353s, 1411vs, 1440sh, 1533sh, 1596vs, 1660sh, 2928w, 2963w,
3340s brem ™.

Preparation of [Nis(CTC),(n-H,0),(H,0),]-5(H,0) (2)

Compound 2 was prepared by a similar procedure to that
described above using Ni(NO3),-6H,O (0.5 g) to yield green
crystals of the analogous nickel complex.

Calcd for 2; Ni3O,;CgHsg: C, 28.28; H, 4.75; found: C,
28.09; H, 4.67%. Infrared: 600s, 702m, 721m, 770s, 890w, 916w,
967w, 1036w, 1137w, 1218w, 1267w, 1280w, 1292w, 1330w,
1354s, 1411vs, 1440sh, 1533sh, 1592vs, 1662sh, 2928w, 2963w,
3340s brem ™.

X-Ray crystallography and structure solution

Selected single crystals were glued on the tip of a glass fiber.
Diffraction data for the complexes were collected on a Bruker
SMART APEX CCD area detector employing the w-scan

mode at room temperature. The diffractometer was supplied
with graphite-monochromated Mo-Ko (0.7107 A) radiation.
The data were corrected for Lorentz and polarization effects.
The structure was solved by direct methods and expanded
using Fourier techniques.'' The non-hydrogen atoms were
refined anisotropically. All the hydrogen atoms of the
coordinated water molecules were located from difference
Fourier maps, whereas those of the water molecules in the
cavities and those associated with O(9), O(10) and O(11) for
complexes 1 and 2 were not located. Toward the end of the
refinement of the structure, the thermal ellipsoid of O(11) and
the short O-O distance indicated disorder and were finally
refined as 50% occupancy at the two sites. The final cycle of
full-matrix least-squares refinement was based on the number
of observed reflections [/>3.004(/)] and n variable parameters.
They converged (large parameter shift was o times
its esd) with agreement factors of R=)||F,|—|F|l/Y|F,l
R,‘,=[Zw(|Fo|—|F(|)2/ZW|FO|2]5. No extinction corrections have
been applied. Details of crystallographic data are collected
in Table 1. CCDC reference numbers 159142 and 159143.
See http://www.rsc.org/suppdata/jm/b1/b1015311/ for crystallo-
graphic files in .cif or other electronic format.

Results and discussion
Syntheses and structures of 1 and 2

As is the case for the unsaturated benzene-1,3,5-tricarboxylate
acid (H3BTC, trimesic acid),” the saturated cyclohexane-1,3,5-
tricarboxylic acid (H3;CTC) is able to carry three different
charges depending on the pH of the reaction. In most cases the
binary complexes of these acids with divalent metals are trivalent
and the consequent formulation is Ms(acid),-nH,O. The present
compounds have the same stoichiometry. It is interesting to
note that hydrothermal synthesis provides, in general cases,
crystals or powders of the less soluble phases, while metathesis
of a dicarboxylic acid, for example, with a divalent transition
metal ion in water usually forms soluble complexes, such as
the ionic M(H,0)¢>*(acid)®~, [M(H,O)4(acid)].. chains or
[M(H;0),(acid)]. layers.

The X-ray crystal structure analyses of 1 and 2 revealed
that the complexes are isomorphous (Table 1) and show the
expected lattice contraction on going from divalent cobalt
with an ionic radius of 0.89 A to nickel with 0.83 A. The
crystals belong to the triclinic system, P1 with a=7.799(2),
b=9.212(1), ¢=10.7842) A, «=107.595(3), B=92.877(3),
p=110.248(3)°, V=682.42)A*> and Z=2 for 1 and
a=7.694(1), b5=9.210(1), ¢=10.7642) A, «=108.598(3),
=92.300(3), y=109.814(3)°, ¥=670.6(2) A*> and Z=2 for

Table 1 Crystallographic details for compounds 1 and 2

1 2

Formula CO3021C13H35 Ni3021C18H36
Molecular weight 382.63 382.28
Crystal system Triclinic Triclinic
Space group P1 Pl

alA 7.799(2) 7.694(1)
blA 9.212(2) 9.210(1)
c/A 10.784(2) 10.764(2)
ol° 107.595(3) 108.598(3)
pr° 92.877(3) 92.300(3)
p/° 110.248(3) 109.814(3)
VIA3 682.4(2) 670.6(2)
V4 2 2
DJgem ™3 1.862 1.893
(Mo-Kar)/em ™! 18.97 21.81
No. of reflections measured 4053 3986

No. of observations [/>3.00a(1)] 2677 2503

R (R,) 0.037 (0.052),
“R=YNF|~IFIYIF), Ry=[Yw(F |~ |F Y wlF T

0.045 (0.056)
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Fig. 1 Structure of a single chain of 1 showing the bridging H,O and
the modes of coordination of the carboxylate groups.

2. The asymmetric unit contains one and a half metal atoms,

one CTC and four and a half molecules of water.
Since the two compounds are isostructural we will restrict

(a)

Fig. 2 Projection of the structure of 1 along the (a) x-, (b) y- and (c)
z-axis showing the different shape of the channels. The oxygen atoms of
the water molecules are shown as black circles.
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our description to only the cobalt compound and we only
mention pertinent points for the nickel where appropriate. The
structure is formed from one-dimensional chains (Fig. 1) of
octahedral cobaltous ions, CoQOg, parallel to the x-axis, and
which are connected to one another via the CTC units to form a
three-dimensional framework having sizable channels along all
three crystallographic directions (Fig. 2). Selected bond lengths
and angles are listed in Table 2. The repeating structural motif
is a trimer consisting of one crystallographically independent
Co(1) ion, which is located on the crystallographic special
position, and two symmetry related Co(2) and Co(2') ions. All
the cobalt ions exhibit a slightly distorted octahedral geometry
comprising six oxygen atoms of the CTC ligands and water
molecules. The coordination geometries about Co(1) and Co(2)
in the trinuclear unit are different. For Co(1) it involves two
oxygen atoms of the bridging water molecules [O(7) and O(7’)]
coordinated at the trans-positions and the four oxygen atoms
of the CTC ligands [O(1), O(1) and O(3), O(3'), respectively]
and thus three different Co-O bond lengths. The longest
distances of bridging water molecules [2.217(2) A] are indica-
tive of the axially elongated octahedral geometry of Co(1). This
is in contrast to the hydroxide-bridged 1D-coordination
polymer, Cos(OH),(squarate),-3H,0,'* in which the shortest
bond length [2.064(2) A] indicates an axially compressed
octahedral geometry. For the Co(2), the bridging water
molecule O(7) and terminal water molecule O(8) coordinate
in the trans-position to each other. Four oxygen atoms of
different CTCs [O(4), O(2) and O(2') and O(5)] coordinate to
Co(2) to complete its octahedral geometry. The Co(1) and
Co(2) ions are bridged by two carboxylate groups and one
water molecule to afford the repeating trinuclear unit. Co(2) of
one trimer and Co(2’) in the neighboring trimer share one edge
each of their octahedra [O(2) and O(2')] to form the zig-zag

Table 2 Selected bond lengths and angles of 1 and 2

Bond length/A M=Co M=Ni
M(1)-O(1) 2.102(2) 2.077(3)
M(1)-O(7) 2.217(2) 2.137(3)
M(2)-0(2) 2.109(3) 2.050(3)
M(2)-O(5) 2.029(2) 2.008(3)
M(2)-O(8) 2.103(3) 2.085(3)
M(1)-0(3) 2.047(2) 2.027(3)
M(2)-0(2) 2.088(2) 2.054(3)
M(2)-04) 2.034(3) 1.998(3)
M(2)-O(7) 2.144(2) 2.081(3)
Bond angle/®

O(1)-M(1)-0O(1") 180.0 180.0
O(1)-M(1)-0(3") 88.5(1) 89.1(1)
O(1)-M(1)-O(7') 100.87(9) 99.9(1)
0O(3)-M(1)-0(7) 90.67(10) 89.4(1)

O(7)-M(1)-O(7") 180.0 180.0

0(2)-M(2)-O(4) 95.2(1) 96.2(1)
0(2)-M(2)-0(7) 85.98(10) 88.2(1)
0(2)-M(2)-0(4) 171.7(1) 172.8(1)
0(2)-M(2)-0(7) 93.04(10) 92.2(1)
0(4)-M(2)-0(5) 95.1(1) 93.0(1)
0O(4)-M(2)-0(8) 90.6(1) 88.0(1)
0O(5)-M(2)-0(8) 92.9(1) 90.6(1)
M(1)-O(7)-M(2) 109.9(1) 111.5(1)
O(1)-M(1)-0(3) 91.5(1) 90.9(1)
O(1)-M(1)-0(7) 79.13(9) 80.1(1)

0(3)-M(1)-0(3)) 180.0 180.0

0(3)-M(1)-O(7") 89.33(10) 90.6(1)
0(2)-M(2)-0(2) 76.7(1) 77.3(1)
0(2)-M(2)-0(5) 169.2(1) 170.8(1)
0(2)-M(2)-0(8) 90.3(1) 88.5(1)
0(2)-M(2)-0(5) 93.1(1) 93.6(1)
0(2)-M(2)-0(8) 87.8(1) 89.0(1)
0(4)-M(2)-0(7) 87.99(10) 90.5(1)
O(5)-M(2)-0(7) 91.09(10) 92.9(1)
O(7)-M(2)-0(8) 175.9(1) 176.3(1)
M(2)-0(2)-M(2) 103.3(1) 102.7(1)




1D-chain structure which runs along the x-axis. The distances
between the metal centers within the chain are 3.57 and 3.29 A
for Co(1)-Co(2) and Co(2)-Co(2'), respectively. These are
longer than those expected in the brucite M(OH), layer
compounds (3.15A)"° and in Cos(OH),(squarate),-3H,O
(3.16 A)"> but are close to 3.286 and 3.551A in
Co(OH),(BDC)," where BDC =benzenedicarboxylate. The
zig-zag chains are characterized by bond angles Co(1)-O(7)—
Co(2) and Co(2)-0O(2)-Co(2) of 109.9(1)° and 103.3(1)°,
respectively. An intrachain hydrogen bonding interaction is
found between the bridging oxygen O(7) and carboxylate
oxygen O(6) [O(6):--O(7), 2.596(4) A]. Atom O(7) acts as a
hydrogen atom donor and O(5) acts as a hydrogen atom
acceptor.

As expected the CTC adopts the same isomeric form as the
starting acid. In the present case it is a trivalent anion and each
carboxylate group is charge equivalent. As already known from
the chemistry of BTC there is the possibility of having
different coordination modes of the carboxylate groups of
one acid.’® In the present compounds, we observe three
different coordination modes of the three groups (see Fig. 4b).
One is monodentate, the second is bidentate and in the third the
carboxylate groups coordinate to three independent metal
atoms. The consequence of these differences is discussed
further in the Infrared section (vide infra). All the cyclohexane
rings of the bridging ligands exhibit the chair form.

The three-dimensional structure is reinforced by the presence
of the strong Co—O bonds with the CTC units. The size and
shape of the CTC prevent any possible interpenetration of the
lattice. The result is the striking stability of a compound with
sizable channels running in several directions. These channels
are filled with water molecules (five per formula unit); their
elevated temperature factors and the lack of observation of
their associated hydrogen atoms suggest that these molecules
are fairly mobile within the channels but limited by weak
hydrogen bonds with the framework. The short interchain
metal-metal distances are 8.0 A [Co(1)-Co(2)] and 9.3 A
[Co(2)-Co(2)]. The water molecule O(9) acts as a hydrogen
bonding acceptor for the bridging oxygen atom O(7) and
coordinated water molecule O(8) in a different chain
[O(7)---O(9), 2.982(4) A; O(8)---O(9), 2.893(4) A]. Thus the
chains are interlinked along b-axis, not only by CTC, but also
by hydrogen bonding interactions. The atom O(10) also
interacts with water molecule O(9) and carboxylate oxygen
O(6) through hydrogen bonding [O(9)---O(10), 2.742(6) A;
0(6)---0(10) 2.910(6) A].

Infrared studies

The infrared spectra of the compounds are shown in Fig. 3 and
the band wavenumbers are given in the Experimental. The
spectra are characterized by a broad band at 3340 cm ™' due to
the vibrational modes of water. A couple of weak bands at ca.
2950 cm ™! identify the C-H modes of the cyclohexane rings. At
the other extreme, at low energies, are found the modes that
involve the metal atoms and there is a consistent difference of a
few cm ™! between those of cobalt and those of nickel. In the
middle of the spectra is a series of strong bands due to the
carboxylate vibrational modes. In theory, these bands are
sensitive to the nature of the bonding and the coordination
mode with the metal ions.'® Depending on the number of
bonds to the surrounding metals, several limits have been
established (Fig. 4a). Here, we have for the first time an acid
that displays three very different coordination modes (Fig. 4b).
While the first carboxylate unit within the acid is singly
coordinated, the second is doubly and the third is triply
coordinated. Consequently, any definite assignment is not
possible. Single coordination is found in Cos(OH)g(dicarboxy-
late)-nH,O"” and the symmetric and antisymmetric stretching
modes are at 1392 and 1542 cm™'. Double coordination is

Intensity (arbitrary units)

i " i i 1 i i
5 6 7 8910 20 30
Wavenumber (102 cm-1)

Fig. 3 Infrared spectra of 1 and 2.

found in Co(H,O)(terephthalate)'* where the corresponding
modes are slightly spread out at 1378 and 1546 cm™'. Triple
coordination has been identified in Co,(OH),(terephthalate)'
and the modes are observed at 1368 and 1592 cm ™ ': an even
larger difference in energy than for the double and single
coordination modes. In the present case, if these different
bands are present, they are heavily overlapped; some shoulders

(A T TR R e T

- vsym vns}'m b

RaCa™

el

T G S . LA Y
1350 1400 1450 1500 1550 1600
Wavenumber/cm-1

(b) Co2

Fig. 4 (a) Observed frequencies of the symmetric and asymmetric
modes of the carboxylate ion for different coordination geometries. (b)
Coordination modes of cyclohexane-1,3,5-tricarboxylate in 1 and 2.
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Fig. 5 Thermogravimetry (solid lines) and heat flow (dotted lines) for 1
and 2.

on the main peak at 1596 cm™ ! can possibly be attributed to
these modes. The absolute frequencies of these bands are also
modified by overlap with the bending mode of the water
molecules.

Thermogravimetry

The results of the thermal analysis of the compounds and the
associated heat flow are shown in Fig. 5. In both cases the
crystals lose a total of five molecules of water on heating up to
200 °C. The loss of water starts as low as 50 °C in both cases. A
difference between the two compounds is seen at the second
stage of water loss, at which point two water molecules are lost
at a lower temperature for Co, but only one molecule at a much
higher temperature for Ni. The difference in decomposition
temperatures between the cobalt and nickel compounds may be
due to the more compact structure for the latter. All of
processes involving loss of water molecules are endothermic.
The final step is exothermic and corresponds to the decom-
position of the organic moiety. The final products are not the
expected oxides, Co3;0O4 and NiO, but products of higher
masses. These are being investigated further as is the
dehydration-hydration process. We are also measuring the
surface area and porosity.

Magnetic properties

The magnetic properties have been studied as a function of
both temperature and magnetic field. The temperature
dependence of the inverse susceptibilities of the two com-
pounds and the products of susceptibility and temperature are
shown in Fig. 6. The compounds behave as paramagnets at
high temperatures with Curie constants of 8.7(5) for 1 and
4.03(1) cm® K mol ™! for 2 and Weiss constants of —27(2) for 1
and —6.0(4) K for 2. The Curie constants are within the range
expected for high spin M™.!7 The triangular arrangement of the
moments appears to have some implications associated with
magnetic frustration.'® In both cases the effective moment
decreases as the temperature is lowered before increasing either
gradually in the case of nickel or more abruptly for cobalt. The
minimum in the effective moment is observed at 4 K for 1
and at a much higher temperature of 190 K for 2. This type
of behavior may be associated with competition between
antiferromagnetic and ferromagnetic interactions. It is possible
that the two compounds display different dominant magnetic
interactions: viz. antiferromagnetic for 1 and ferromagnetic for
2. The sharp upturn at low temperature may suggest
uncompensated behavior as expected for a ferrimagnetic
alignment of moments within the repeating trimeric unit. The
isothermal magnetization at 2 K is shown for both compounds
in Fig. 7. For 1 it increases gradually to a field of ca. 4 kOe and
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Fig. 6 Temperature dependence of the product of susceptibility and
temperature (open symbols) and inverse susceptibility (closed symbols)
for 1 (triangles) and 2 (circles).

then becomes linear up to the maximum field of 50 kOe. This
behavior is due to a combination of AF coupling and
depopulation of the lowest Kramers doublet, which favors
an effective S=1 at low temperatures.!® For 2 the magnetiza-
tion increases as expected for a Brillouin function. It saturates
at just over 2 up per nickel at 50 kOe. The sharp rise in
magnetization at low temperatures suggests that long-range
magnetic ordering may occur below 2 K. Work is in progress to
search for this phenomenon.

Conclusion

Cyclohexane-1,3,5-tricarboxylate proved to be another good
multitopic unit to generate open framework structures with
sizable channels that can accommodate water molecules. The
one-dimensional chain appears to be a strong structural unit in
the stabilization of the framework. Due to the different
coordination and spin topology the compounds behave as
short-range coupled low-dimensional chains with a tendency to
ferrimagnetic alignment of the moment for the cobalt
compound and ferromagnetic for the nickel compound.
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