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Cobalt and Nickel Supramolecular Complexes with Hexagonal Channels Constructed from
5-Methyl-1H-Pyrazole-3-Carboxylic Acid: Synthesis, Crystal Structures and Properties
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Abstract: The new monomeric complexes of [M(MPA),(H,0),] (1: M=Co; 2: M=Ni) (HMPA=5-methyl-1H-pyrazole-3-
carboxylic acid) were synthesized by the reaction of 5-methyl-1H-pyrazole-3-carboxylic acid with CoCl, -6H,0 and
Ni(NO;),+6H,0, respectively. The compounds were characterized by elemental analysis, IR spectra, single crystal X-
ray diffraction. The structural parameters of 1 and 2 were analyzed as follows: 1, Hexagonal, R3¢, a=1.48394 (4) nm,
b=1.483 94 (4) nm, ¢=3.207 66 (6) nm, V=6.1172 (3) nm’, Z=18; 2, Hexagonal, R3¢, a=1.466 53(14) nm, b=
1.466 53(14) nm, ¢=3.243 0(6) nm, V=6.040 3(14) nm?, Z=18. Metal ions have all octahedral geometry coordinated
by two nitrogen atoms and two oxygen atoms from two MPA~ ligands, two oxygen atoms from two H,O molecules. In
both complexes, the independent components [M(MPA),(H,0),] are connected by intermolecular hydrogen bonds to
form a three-dimensional architecture with hexagonal channels. Thermogravimetric analyses show that 1 and 2 have

higher thermal stability. In addition, the luminescent properties and electrochemical properties of complexes 1 and 2
have also been investigated. CCDC: 900677, 1; 900678, 2.
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0 Introduction

Recently, much effort has been focused on synthesis
of new functional supramolecular complexes of novel
topologies, due to their enormous variety of intriguing
structural topology and the potential applications in
magnetism, chirality, molecular adsorption, luminescent
materials, separations and catalysis and so forth 9.
Meanwhile, supramolecular complexes can be
considered as true space extend network formed through
intermolecular weak interactions such as hydrogen
vander Waals, -7

bonding, stacking, and

B2 In particular, the self-

electrostatic interactions
assembly of supramolecular complexes is mainly
inuenced by various factors such as organic ligands,
metal ions, solvent systems, and pH value, etc.
Therefore, proper selection of metal ions and organic
ligands is a key issue in designing and self-assembly

[13-16]

of new functional supramolecules In order to

create such supramolecular complexes, a rigid ligand
demanded.
Heterocyclic carboxylic acids ligands with rigidly

with  multiple coordination sites s

[17-20]
2

frames, such as pyridinecarboxylic  acid

pyrazolecarboxylic acid ¥, and imidazolecarboxylic

24-26] 27-28)

acid®*\, pyrazinecarboxylic acid®? and so forth, are
versatile ligands due to their multi-coordination mode
by the N and O donor atoms on the heterocyclic rings
and  the  carboxyl  groups.  Among  them,
pyrazolecarboxylic acid ligands have emerged as a
new kind of ligands promising for assembling
supramolecular networks. As protons donors and
acceptors, the pyrazole nitrogen atoms and carboxylic
oxygen atoms in pyrazolecarboxylic acids not only can
coordinate with metals ions to form monodentate and/
or multidentate M-N and M-O bonds, but also provide
intermolecular hydrogen bonds for assembling the
complex into high-dimensional networks. 5-methyl-3-
(HMPA) is such a

multifunctional ligand. However, studies of complexes

pyrazolecarboxylic  acid

2931 especially,

containing HMPA ligand are rare
researches of constructing supramolecular network
structures with hexagonal topology ** using HMPA

ligand have not been explored so far. Herein, as the

continuation of our research in  constructing
supramolecular compounds based on HMPA, we report
the synthesis and hexagonal supramolecular structures
of the complexes [M(MPA),(H,0),] (1: M=Co; 2: M=
Ni). In addition, IR spectra, thermal decomposition,
luminescent properties and electrochemical properties

will be discussed.
1 Experimental

1.1 Materials and methods

All solvents and starting materials for synthesis
were purchased commercially and were used as
5-methyl-1H-
pyrazole-3-carboxylic acid (HMPA) was synthesized

received unless otherwise noted.
and purified according to the modified literature
method ™. The elemental analysis (C, H and N) was
performed on a Perkin-Elmer 2400 Series Il element
analyzer. FTIR spectra were recorded on a Nicolet
460 spectrophotometer in the form of KBr pellets.
Single-crystal X-ray diffraction measurement of the
title compounds were carried out with a Bruker Smart
Apex II  CCD diffractometer at 293 (2) K.
Thermogravimetric analysis (TGA) experiments were
carried out on a Dupont thermal analyzer at a heating

10 C +min 7' under N,
Electrochemical property was carried out on CHI660

rate of atmosphere.

D electrochemical analyzer (Beijing Huake Putian
Science and Technology Co. Ltd) in highly pure
nitrogen atmosphere. A Pt-piece was employed as
working electrode, a saturated calomel electrode (SCE)
as reference electrode and a platinum wire as
auxiliary electrode. The supporting electrolyte was 0.1
mol +L. ™" NaCl. The half wave potentials E,, were
obtained from (K, +E,)/2. Luminescence spectra of
solid samples were recorded on a Varian Cary Eclipse
spectrometer.

1.2 Synthesis

1.2.1 Preparation of [Co(MPA),(H,0),|(1)

To a solution containing HMPA  (0.012 6 ¢, 0.1
mmol) in EtOH (5 mL) was added a solution of CoCl,*
6H,0 (0.023 8 g, 0.1 mmol) in water (3 mL). The
resulting solution was stirred for one hour and allowed

to stand at room temperature for two weeks. Orange
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square crystals of 1 suitable for X-ray diffraction
analysis were obtained. Anal. Caled. for CjH,CoN,Os
(%): C, 34.76; H, 4.06; N, 16.22. Found (%): C,
34.35; H, 4.21; N, 16.41. IR spectrum (cm™, KBr
pellet): 3 481 (m), 3 132 (w), 2 964 (w), 2 855 (w), 1
608 (s), 1 568 (w), 1 548 (w), 1 499 (s), 1 423 (vs), |
386 (m), 1 352 (vs), 1 291 (m), 1 200 (m), 1 126 (w),
1 046 (w), 1 019 (s), 984 (w), 841 (vs), 825 (w), 795
(w), 691 (m), 648 (w), 557 (w), 446 (m).

1.2.2  Preparation of [Ni(MPA),(H,0),](2)

HMPA (0.025 2 g, 0.2 mmol) and Ni(NOs),-6H,0
(0.037 7 g, 0.13 mmol) were added into 20 mL
deionized water and stirred for 30min, then the pH
value of the green solution was adjusted to 8.0 with
KOH solution(0.1 mol-L™") and further stirred for 3 h.

The resulting solution was evaporated at room
temperature slowly. Green block crystals of 2 suitable
for X-ray diffraction analysis were obtained. Anal.
Caled. for C,oHuNIN,Os (%): C, 34.54; H, 4.09; N,
16.24. Found (% ):C, 34.32; H, 4.16; N, 16.44. IR
spectrum (cm™, KBr pellet): 3493 (m), 3175 (w), 2957
(w), 2848 (w), 1610 (s), 1550 (w), 1503 (s), 1427 (s),

1390 (m), 1354 (s), 1294 (vs), 1207 (vs), 1127 (w),

1046 (w), 1024 (m), 1017 (w), 984 (w), 904 (w), 841
(s), 794 (w), 693 (m), 647(w), 562 (w), 451 (m).
1.3 X-ray crystallography

Single-crystal X-ray diffraction measurement of
the compounds 1 and 2 were carried out with a
Bruker Smart Apex Il CCD diffractometer at 293(2) K.
Intensities of reflections were measured using graphite
-monochromatized Mo K« radiation (A=0.071 073 nm)
with the ¢@-w scans mode in the range of 2.03° <0<
24.99° (for 1) and 2.00° =6 <27.6° (for 2). The
structure  was methods
SHELXS-97%!" computer program and refined by full-
matrix least-squares methods on F* with the SHELXL-

solved by direct using

97 program package. Anisotropic thermal factors were
assigned to all the non-hydrogen atoms. H atoms
attached to C were placed geometrically and allowed
to ride during subsequent refinement with an isotropic
displacement parameter fixed at 1.2 times Ueq of the
parent atoms. H atoms bonded to O or N were first
located in difference Fourier maps and then placed in
the calculated sites and included in the refinement.
structural

Crystallographic ~ data  parameters  for

analyses are summarized in Table 1.

Table 1 Crystal structure parameters of the title complexes

Compound 1 2

Empirical formula CioH1sCoN4Os CioHNsNiOg
Formula mass 345.18 344.96

Color Orange Green

Crystal size / mm 0.22x0.20x0.18 0.24x0.22%0.20
Temperature / K 293(2) 293(2)
Wavelength / nm 0.071 073 0.071 073
Crystal system Hexagonal Hexagonal
Space group R3¢ R3¢

a/nm 1.483 94(4) 1.466 53 (14)
b/ nm 1.483 94(4) 1.466 53 (14)
¢/ nm 3.207 66(6) 3.243 0 (6)
al(°) 90.00 90.00

B/(° 90.00 90.00

v/ (°) 120.00 120.00

V / nm? 6.117 2(3) 6.040 3(14)
A 18 18

D./ (g-em™) 1.687 1.707

#(Mo Ka) / mm™ 1.297 1.480
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Continued Table 1

Index ranges(h, k, 1)

F(000)

0 range for data collection / (°)
Reflections collected
Independent reflections (R;,)
Observed reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

R\, wRI>20(I))

R, wR; (all data)

Largest diff. Peak and hole / (e -nm™)

-17/16, -15/17, =30/38 -18/19, -19/15, -31/42
3186 3204

2.03 to 24.99 2.04 to 27.57

10 693 12 115

1 207(0.055) 1 557(0.097)

1149 1178

Full-matrix least-squares on F*

1 207/3/99 1 555/3/97
1.019 1.032

0.026 0, 0.065 3 0.066 8, 0.127 8
0.036 7, 0.067 7 0.045 6, 0.114 4
540, -111 0 410, -680

Table 2  Selected bond lengths (nm) and angles (°) for complexes 1 and 2
Complex 1
Col-01 0.210 41(13) Col-O5A 0.208 38(14) Col-O1A 0.210 41(13)
Col-N1 0.212 32(15) Col-05 0.208 38(14) Col-N1A 0.212 32(15)
05-Col-0O5A 88.14 (9) O1A-Col-N1A 77.77(5) 05-Col-01A 88.98(6)
01-Col-N1A 91.09(5) 05A-Col-O1A 172.73(6) 05-Col-N1 95.89(6)
05-Col-01 172.73(6) 05A-Col-N1 95.85(6) 05A-Col-01 88.99(6)
01A-Col-N1 91.08(5) 01A-Col-01 94.63(8) 01-Col-N1 77.77(5)
05-Col-N1A 95.84(6) NIA-Col-N1 163.64(8) 05A-Col-N1A 95.89(6)
Complex 2
Nil-03A 0.206 8 (2) Nil-N2 0.206 6 (3) Nil-N2A 0.206 6 (3)
Nil-03 0.206 8 (2) Nil-01 0.207 4 (2) Nil-O1A 0.207 4 (2)
N2A-Nil-N2 163.57 (15) N2A-Nil-03A 96.22 (9) N2-Nil-03A 95.67 (9)
N2A-Ni1-03 95.67 (9) N2-Ni1-03 96.22 (9) 03A-Nil-03 87.06 (14)
N2A-Ni1-01 90.02 (10) N2-Nil-01 78.98 (9) 03A-Ni1-01 88.60 (10)
03-Nil-01 173.19 (9) N2A-Nil-O1A 78.98 (9) N2-Nil-O1A 90.01 (10)
03A-Nil-O1A 173.18 (9) 03-Nil-O1A 88.59 (10) O1-Nil-O1A 96.20 (14)
Symmetry codes: A: x—y+1/3, —y+2/3, —=z+1/6 for 1; A: 1/3+x, 2/3+y, 1/6-z for 2
Table 3 Bond lengths (nm) and angles (°) of hydrogen bonds in 1 and 2
D-H---A d(D-H) / nm d(H-++A) / nm d(D--A) / nm /. DHA / ()
Complex 1
N2-H2---02B 0.087 0.203 0.288 1(2) 166
05-H5X---02B 0.091 0.202 0.289 8(2) 163
05-H5Y---02C 0.094 0.177 0.270 5(2) 171
NI-H1---02B 0.093 0.192 0.283 2 (4) 165
Complex 2
03-H3X---02B 0.095 0.201 0.292 7(3) 163
03-H3Y---02C 0.082 0.190 0.272 3(3) 175
05-H5Y---02C 0.094 0.177 0.270 5(2) 171

Symmetry codes: B: 2/3—y,1/3-x, —1/6+z; C: 2/3-x+y, 1/3+y, —=1/6+z for 1; B: 2/3—y, 1/3—x, —1/6+z; C: 2/3—x+y, 1/3+y, —1/6+z for 2
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2 Results and discussion

2.1 Synthesis and IR spectra

Complex 1 was obtained by slow evaporation of
EtOH-H,O solution of HMPA and CoCl, -6H,0 in a
molar ratio of 1:1; complex 2 was obtained by slow
evaporation of aqueous solution of HMPA and Ni(NO;),-
6H,0 in a molar ratio of 2:1.3 under adjusting pH=8,
but the powder of Ni complex was only obtained by
slow evaporation of EtOH-H,O solution of HMPA and
NiCl,-6H,0 in a molar ratio of 1:1; The complexes 1
and 2 are stable in air (via IR spectra analysis and
analysis), in H,0, and
insoluble in C,HsOH, CH;CN, DMF and ether.

The IR spectrum of 1 and 2 are similar (see

elemental soluble partly

Supplementary materials Figures S1-2), the strong and
broad absorption bands around 3 000 ~3 500 cm ™
region in 1 and 2 are assigned as characteristic peaks
of OH vibration, indicating that water molecules exist
in both of them. Moreover, the strong peaks appearing
at 1 548 em™ in 1 and 1 503 ¢m™ in 2 are atiributed
to the stretching vibrations of C=N. The absorption
peak between 1 690 ecm™ and 1 730 em ™ is not
showing all  carboxylic

observed, groups  are

deprotonated in 1 and 2. For 1, the strong peaks at 1
608 cm™ and 1 386 cm™ are the v, (COO7), and v,
(COO 7) stretching mode of the coordinated MPA -
ligand, respectively, while for 2, the peaks at 1 610
cm™ and 1 354 ecm™ belong to the v, (COO™) and v,
(COO") respectively. The different values between v,

(COO") and v,(COO7) of 1 and 2 are 222 cm™ and
256 c¢m™ respectively, which indicate that the carbox-
ylates of MPA~ ligands adopt monodentate coordina-
tion™*® as proved by the X-ray crystal structure
analysis of them.
2.2 Structural description of [M (MPA), (H,0),]
(1: M=Co; 2: M=Ni)

The crystal structures of 1 and 2 are isostructural
(Figures 1, 2 and 3 show the structure of 1).
Therefore, only the structure of complex 1 will be

detail. As Fig.1, the

coordination sphere of each metal ion is defined by

discussed in shown in
two oxygen atoms OlA, Ol and two nitrogen atoms
NI1A, NI from the two MPA~ ligands as well as two
oxygen atoms O5A, OS5 from the two H,O molecules,
leading to an octahedral geometry. The bond angles of
01A-Col-01, 05A-Col-0O1, 05-Col-O1A, 05-Col-
05A are add up to equal to 360.74°(Table 2), showing
that O1, O1A, O5 and O5A atoms are in the
equatorial position. Moreover, the bond angles of O5-
Col-01, N1-Col-N1A, O5A-Col-O1A are 172.73(6)°,
163.64(8)° and 172.73(6)° respectively, deviating from
180.00°, further indicating that the geometries around
each metal center all display distorted octahedral. In
complex 1, The bonds length of Co-N 0.21232(15) nm
are longer than that of Co-O1 0.21041(13) nm and Co-
05 0.20838(14) nm, indicating that the strength of Co
() ion coordinated with oxygen atoms from MPA -
ligand/ H,O molecules is stronger than that of nitrogen

atoms from MPA~ ligand; while opposite case is found

Symmetry code: A: 1/3+x-y, 2/3-y, 1/6—z

Fig.1  Coordination environment of Co* ion in 1
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Symmetry codes: B: 2/3—y, 1/3—x, =1/6+z; C: 2/3-x+y, 1/3+y, —1/6+z

Fig.2 Hydrogen bonding interactions in complex 1. Only hydrogen atoms involved in the hydrogen bonds are shown.

Hydrogen bonds are indicated by dash lines

in 2 [Ni-N 0.206 6(3) nm, Ni-O1 0.207 4(2) nm, Ni-
03 0.206 8 (2) nm|. The lengths of M-O and M-N
bonds around the M (Il) atom are comparable with
those observed in other complexes™. As a bidentate
ligand, the MPA~ anion chelates one M(I) atom with a
pyrazole N atom and a carboxyl O atom to form a five
ring of M1-01-C5-C4-N1. The bond
lengths of NI1-N2, C2-N2, C2-C3, C3-C4, C4-N1 in
pyrazole ring in 1 and 2 are similar to the values seen
in mononuclear complex [M(MPA),(Im),-2H,0] (MPA=
5-methyl-1H-pyrazole-3-carboxylate; Im=midazole; M=
Co or Ni)P'L

In addition, there are two types of intermolecular

membered

hydrogen bonds in both of them: (i) hydrogen bonds

between the oxygen (donor) from lattice water and

oxygen (acceptor) from MPA~ ligand: O5-H5Y---02C,
05-H5X --- 02B; (i)
uncoordinated nitrogen (donor) of MPA~ ligand with
oxygen (acceptor) from MPA~ligand: N2-H2---02B, as
shown in Fig.2. The neighbouring components [Co
(MPA), (H0)]
interesting 3D microporous framework with hexagonal

types

hydrogen bonds of an

connect each other to form an

channels via two of hydrogen bonding

interactions mentioned above (Fig.3). The role of the
hydrogen bonds in complex 2 is the same as in
complex 1 (see Supplementary materials Figures S3-
5). The length and angles of the hydrogen bonds for 1
and 2 are listed in Tables 3. PLATON shows that the
effective volume for the inclusion is about 0.201 9
nm® per unit cell, comprising 3.3% of the crystal
volume of 1. Similarly, for complex 2, the effective
volume in the unit cell is 0.187 2 nm? which
accounts for 3.1% of the crystal volume.
2.3 Thermogravimetric analyses

In order to examine the thermal stabilities of
these compounds, the thermogravimetric analyses were
carried out from ambient 25 °C to 800 “C under
nitrogen (see Supplementary materials Figures S6-7).
For complex 1, the first weight loss of 9.48% between
210 C and 226 °C is attributed to the loss of two
(Caled.:10.42% ). The

second degradation stage is in the range of 226-232

coordinated water molecules

C with mass loss of 35.39%, corresponding to the loss
of one MPA - (Caled.:36.23% ). The
decomposition of the remaining component [Co(MPA)]*

starts above 232 °C, and finally degrades to CoO with

ligand
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Fig.3 (a) A portion of network architecture in 1 viewed along the ¢ axis; (b) Perspective view of the 3-D

supermolecular structure with hexagonal channels of 1. Only hydrogen atoms involved in the hydrogen

bonds are shown. Hydrogen bonds are indicated by dash lines

a loss of 46.74% (Caled.:46.18%). Complex 1 begins
to decompose at 210 °C, showing it has higher thermal
stability and its microporous framework is maintained
up to 210 °C, which is mainly attributable to the
strong hydrogen-bonding interactions. For complex 2,
the first weight loss of 47.86% which occurred from
201 to 389 °C, corresponding to the loss of two
coordinated water molecules and one MPA -~ ligand
(Caled.:46.70% ). Above 389 °C , the remaining
material [Ni(MPA)]* gradually degrades to NiO with a
loss of 22.94% (Caled.:21.71%).
2.4 Luminescent properties

The luminescent behaviors of free HMPA, 1, and
2 were investigated in the solid state at room
temperature  (Supplementary Supplementary materials
Figure S8). Complex 1 and 2 exhibit luminescence
with emission maxima at 438, and 441 nm upon
excitation at 331nm, respectively, and these emissions
may be assigned to the intraligand (7-7*) transfer
since a similar emission was observed at 440 nm for
the free ligand upon excitation at 331nm. Meanwhile,
it is clear that the complex 1 and 2 exhibit weaker
emissions compared with the free HMPA ligand, this
kind of quenching phenomenon should be related to
the ligand-field transitions (d-d)***'.
2.5 Electrochemical property

The redox behaviors of complexes were studied

by cyclic voltammetry (CV) in aqueous solution, the
concentration of [Co(MPA),(H,0),](1) and [Ni(MPA),
(H,0),] (2) were all 0.5 mmol -L. 7. Cyclic
voltammogram of the complexes are shown in Figures

4 and 5, during scanning from —1.100 to 1.100 V in

0.4
0.2
0.0 4

-0.2 1

I/ mA

-0.4 -

-0.6 A

-0.8

-1.0

-1.0 -0.5 0.0 0.5 1.0
ViV

Fig4 Cyclic voltammogram curve of complex 1

0.4 -
02 -
0.0
0.2 -
041

I/ mA

-0.6
-0.8 1

-1.0 1

-1.2 T T T
-1.0 -0.5 0.0 0.5 1.0
VIV

Fig.5 Cyclic voltammogram curve of complex 2
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100 mV -s™, the cyclic voltammogram curve of both 1
and 2 only have one pair of oxidation-reduction peak,
which corresponds to M(I/M(I) (1: M=Co; 2: M=Ni)
redox process ™. For 1, E,=-0.09 V, E,.=-0.46 V ,
AE=0.37 V, E,=-0.28 V; For 2, E,=-0.138 V, £, =—
0.445 V, AE=0.31 V, E,;,=—0.29 V. The results show
that electron transfer of M (I) between M () in

electrolysis is a quasi-reversible process.
3 Conclusions

In conclusion, two new complexes [M(MPA),(H,0),]
(1: M=Co; 2: M=Ni) with higher thermal stability have
been successfully synthesized. The microporous
frameworks of 1 and 2 are stable up to 210 °C and
201 “C respectively. The monomeric components
[M (MPA), (H,0),] are connected by intermolecular
hydrogen bonds to form a three-dimensional
architecture with hexagonal channels, indicating that
the intermolecular hydrogen bond plays an important
role in the thermal stability and the assembly of these
high-dimensional supramolecular architectures. Cyclic
voltammogram of the complex shows that electron

transfer of M (I) between M () (M =Co, Ni) in

electrolysis is a quasi-reversible process.
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