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Syntheses, Crystal Structures, Thermal Stabilities of Nickel() Coordination
Polymers Constructed from the Substitutional Benzenedicarboxylic
Acid and Auxiliary N-Donor Ligands

WANG Peng-Fei* WU Xiao-Shuo WEI Bo WU Guo-Zhi
(Department of Materials and Chemical Engineering, Chizhou College, Chizhou, Anhui 247000, China)

Abstract: Two nickel(Il) coordination polymers based on two substitutional benzenedicarboxylic acid ligands (3-
NPAH,=3-nitrophthalic acid, H,BIPA=5-bromoisophthalic acid) and two different N-donor ligands (4,4’-bipy=4,4'
-bipyridine, L=1,4"-bis(imidazol-yl)benzene) have been hydrothermally synthesized, namely, [Ni(3-NPA)(4,4'-bipy)
(H,0)], (1) and [Ni(BIPA)(L)], (2). The two compounds were characterized by IR spectrum, elemental analysis,
powder X-ray diffraction (PXRD) and single-crystal X-ray diffraction, and thermal stabilities. Compound 1
crystallizes in the triclinic space group P1. Compound 1 features a two-dimensional (2D) single layer structure
based on a dimer unit [Ni(OCO),Ni] through four carboxylate groups from two 3-NPA?" ligands, which is further
linked by the 4,4’ -bipy molecules. Hydrogen bond interactions are found among the carboxylate oxygen atoms
and the coordinated water between the layers. Compound 2 crystallizes in a monoclinic space group P2//c.
Compound 2 displays a three-dimensional (3D) framework structure based on the double chain structure
containing the dimer [Ni,(COO),| unit, which is further extended into the 3D framework structure by the L
molecules. Furthermore, the thermal stabilities properties of compounds 1 and 2 were also investigated in detail.
Compound 2 shows relatively high thermal stability property. CCDC: 986627, 1; CCDC: 986628, 2.
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0 Introduction

During the last couple of decades, coordination
polymers (CPs) or metal-organic-frameworks (MOFs)
have been attracted considerable attention not only
due to their potential applications as a class of
functional materials in many fields, such as gas
adsorption and storage, catalysis, chemical sensors,
luminescence, magnetism but also for their intriguing
structural diversities and fascinating topologies!'.,
MOFs can be constructed by metal ions or cluster and
organic ligands, which be controlled by many factors,
including reaction temperature, pH, metal/ligand
stoichiometry, as well as the type of counterion used
during their preparation process. The metal ions used
for the construction of these inorganic-organic
materials have been considerable attention in relation
to their different coordinated geometries, such as
transition metal ions, rare earth metal ions, and
In numerous

alkaline-earth metal ions. organic

ligands, aromatic  multicarboxylate —have  been
extensively used to construct these materials owing to
their various coordination modes!"".  Among these
ligands, aromatic multicarboxylate ligands containing
substituents (halogen, nitro group) are rather limited
in numbers at this stage™'. As a class of simple
bidentate ligands, a variety of N-donor ligands have
been used for the construction of MOFs, such as 4,4'-
bipy, 1.4'-bis(imidazol-yl)benzene) and its isomers,
which have been prepared through the formation of
connections between metal coordination sites and a
linker™?, On the basis of above factors and as an
extension of our previous work, herein we introduce
two aromatic multicarboxylate ligands containing subs-
tituents and two N-donor ligands to construct two new
nickel(Il) ligated coordination polymers. We report the
syntheses, crystal structures and thermal stabilities
properties of two coordination polymers, namely,

[Ni(3-NPA)4.,4'-bipy)(H,0)], (1) and [Ni(BIPA)(L)], (2).
1 Experimental

1.1 Materials and methods
The ligand 1,4’ -bis (imidazol-yl)benzene (L) was

All other

of analytical grade and

synthesized according to the literature™.
starting reagents were
purchased from commercial sources without further
purification. Elemental analyses for C, H, and N were
performed on a Perkin-Elmer 240C analyzer. Infrared
spectroscopy of a KBr pellet was recorded in the 400~
4 000 cm™ range with a Thermo Scientific Nicolet
iS10 FT-IR spectrometer. Thermal analyses were

performed on a Perkin-Elmer Pyris 1 instrument in
the range of 30~800 °C at a heating rate of 10 °C -
min~ under nitrogen flow. The powder X-ray diffrac-
tion (PXRD) data were collected on a Rigaku Ultima
IV X-ray diffractometer with Cu Ka radiation (A =
0.154 056 nm).

1.2 Synthesis of [Ni(3-NPA)(4,4'-bipy)(H,0)], (1)

A mixture of Ni(NOs), -6H,0O (0.1 mmol, 29.0
mg), 3-NPAH, (0.1 mmol, 21.0 mg), 4,4’ -bipy (0.1
mmol, 15.6 mg), NaOH (0.1 mmol, 4.0 mg), and H,O
(10 mL) was stirred and then sealed in a 30 mL
Teflon-lined autoclave, which was heated at 140 °C for
3 days. After slowly cooling to room temperature,
(45% yield based on
Ni) were collected after washing with H,O and drying
in air. Anal. Caled. for CgH;;NsNiO; (%): C 48.92, H
2.94, N 9.51; Found(%): C 48.78, H 3.01, N 9.47. IR
spectrum (cm™): 3 448 (s), 1 608 (vs), 1 555 (s), 1 524
(s), 1464 (m), 1 420 (s), 1 385 (vs), 1 347 (m), 1 294 (w),
1 223 (w), 1 130 (w), 1 070 (m), 1 045 (w), 928 (m),
819 (m), 792 (m), 756 (m), 717 (m), 688 (m), 637 (m).
1.3 Synthesis of [Ni(BIPA)(L)], (2)

A mixture of Ni(NO;),-6H,0 (0.1 mmol, 29.0
mg), H,BIPA (0.1 mmol, 25.0 mg), L. (0.1 mmol, 21.0
mg), NaOH (0.3 mmol, 12.0 mg), and H,0O (10 mL)
was stirred and then sealed in a 30 mL Teflon-lined

autoclave, which was heated at 160 “C for 3 days.

aquamarine block-like crystals

After slowly cooling to room temperature, bright green
(40% vyield based on Ni) were
collected after washing with H,O and drying in air.
Anal. Caled. for CyH;3sBrN,NiOy(%): C 46.92, H 2.54,
N 10.94; Found (%): C 46.81, H 2.61, N 11.01. IR
spectrum (cm™): 3 448 (m), 3 122 (m), 1 625 (vs), 1 539
(vs), 1448 (s), 1 368 (s), 1 310 (m), 1 264 (m), 1 235 (m),
1 138 (w), 1 104 (w), 1 059 (m), 961 (s), 935 (m), 835

block-like crystals
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(m), 782 (m), 732 (s), 713 (s), 658 (m), 649 (m), 556 (w).
1.4 Crystallographic studies

Crystallographic data collections for compounds 1
and 2 were carried out on a Bruker SMART APEX
CCD diffractometer using graphite-monochromated
Mo Ka  (A=0.071 073 nm) radiation at 296 K. The data
were collected in the 6 range 2.15° to 26.00° for 1,
2.44° to 25.99° for 2, using a narrow-frame method
with scan widths of 0.30° in @ and an exposure time
of 10 s per frame. The data were integrated by using the
SAINT program™, which also used for the intensity
corrections for Lorentz and polarization effects.
Absorptions corrections were applied. The structures

were solved by direct methods using the program

SHELXS-97™ and all non-hydrogen atoms were refined
anisotropically on F? by the full-matrix least-squares
technique using the program SHELXL-97™! crystallo-
graphic software package. The hydrogen atoms of
water molecules were found from the Fourier maps.
All hydrogen atoms were refined isotropically with the
isotropic vibration parameters related to the non-
hydrogen atoms to which they bonded. The details of
the crystal parameters, data collection and refinement
for the compounds 1 and 2 are listed in Table 1.
Selected bond lengths and angles are given in Tables
2 and 3.
CCDC: 986627, 1; CCDC: 986628, 2.

Table 1 Crystal data and structure refinement for 1 and 2

1 2
Formula CsH;3N3NiO, CooH ;sBrNuNiO,
Formula weight 442.02 511.96
Crystal system Triclinic Monoclinic
Space group Pl P2/c
a/ nm 0.859 4(3) 1.265 4(2)
b/ nm 1.092 0(4) 1.017 32(16)
¢/ nm 1.146 4(7) 1.584 3(3)
al (%) 105.994(9) 90
B/ 108.043(9) 112.389(2)
v /(%) 107.775(6) 90
V / nm® 0.889 0(7) 1.885 8(5)
Z 2 4
D./ (g-em™) 1.651 1.803
w/ mm™” 1.141 3.185
F(000) 452 1024
GOF on F? 1.013 1.040

Ry, wRy [I>20(1)]
R\, wRy" (all data)
(A9 s (AP)yin /( €-1m™)

0.046 8, 0.136 8
0.0558,0.1450
788, —488

0.024 3, 0.061 6
0.028 1, 0.062 9
533, =731

Ri= SNEJ-IFI S E); wRo=[ S w(F~F2 S w(F2"

Table 2 Selected bond lengths (nm) angles (°) for 1*

Ni(1)-N(2) 0.208 2(3)
Ni(1)-N(3) 0.207 1(3)
Ni(1)-0(1) 0.215 3(3)
Ni(1)-0(2) 0.213 2(3)

O(1W)-Ni(1)-0(2) 85.15(11)

0(3)C-Ni(1)-0(1W) 92.73(11)

O(1W)-Ni(1)-N(2)
N(3)-Ni(1)-N(2)

0.203 6(3)
0.205 2(3)
0.127 8(4)
0.123 5(4)
93.94(12)
96.43(13)

0(3)C-Ni(1)-0(1)
O(1W)-Ni(1)-0(1)

0.125 2(5)
0.123 5(5)

165.65(10)
88.41(12)
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Continued Table 2

0(3)C-Ni(1)-N(3) 86.46(12) 0(3)C-Ni(1)-0(2)
O(1W)-Ni(1)-N(3) 169.63(11) N(3)-Ni(1)-0(2)
0(3)C-Ni(1)-N(2) 94.50(12) N(2)-Ni(1)-0(2)

104.64(10) N(3)-Ni(1)-0(1) 89.86(12)
85.06(12) N(2)-Ni(1)-0(1) 99.69(11)
160.86(11) 0(2)-Ni(1)-0(1) 61.19(9)

*Symmetry transformation used to generate equivalent atoms: A: —x+2, —y+2, —z; B: —x, —=y+1, —z; C: —x+1, —y+2, —z+1.

Table 3 Selected bond lengths (nm) angles (°) for 2*

Ni(1)-N(1) 0.208 45(17) Ni(1)-0(2)

Ni(1)-N(3) 0.205 23(18) Ni(1)-0(1)D
O(1)D-Ni(1)-N(3) 109.76(7) 0(3)A-Ni(1)-N(1)
O(1)D-Ni(1)-0(3)A 159.34(6) O(1)D-Ni(1)-0(2)
N(3)-Ni(1)-0(3)A 90.72(6) N(3)-Ni(1)-0(2)
O(1)D-Ni(1)-N(1) 84.50(6) 0(3)A-Ni(1)-0(2)
N(3)-Ni(1)-N(1) 94.95(7) N(1)-Ni(1)-0(2)

0.210 10(14)
0.201 63(14)

Ni(1)-0(3)A
Ni(1)-0(4)A

0.205 60(14)
0.236 20(15)

91.32(6) O(1)D-Ni(1)-0(4)A 99.96(6)
89.49(6) N(3)-Ni(1)-0(4)A 150.06(6)
93.78(6) 0(3)A-Ni(1)-0(4)A 59.44(5)
91.83(6) N(1)-Ni(1)-O(4)A 84.16(6)
170.68(6) 0(2)-Ni(1)-0(4)A 89.90(5)

*Symmetry transformation used to generate equivalent atoms: A: —x+1, —y+2, —z+1; B: —x, —y+1, —z; C: —x+42, —y+1, —z+1;

D: —x+1, —y+1, —z+1.
2 Results and discussion

2.1 Crystal and molecules structures
2.1.1  Crystal structure description of
[Ni(3-NPA)A.4"-bipy)(H0)), (1
X-ray crystallography determination reveals that
1 crystallizes in the triclinic space group Pl. As
shown in Fig.1, the asymmetric unit consists of one
Ni(I) ion, one 3-NPA>", one 4.,4'-bipy molecule, and
one coordination water molecule. The Nil center ion
is six-coordinated with distorted octahedral coordina-
tion geometry, the six positions are occupied by three
(01, 02, 03C) from two

equivalent 3-NPA?~ ligands and two nitrogen atoms

carboxylate oxygen atoms

All hydrogen atoms are omitted for clarity; Symmetry codes: A:

—x+2, —y+2, —z; B: —x, —y+1, —z; C: —x+1, —y+2, —z+1
Fig.1 ORTEP drawing of the asymmetric unit of 1 with
30% probability of thermal ellipsoids

(N2, N3) from two 4,4'-bipy molecules as well as one
water molecule (O1W). The Ni-N/O bond lengths are
in the range of 0.203 6(3)~0.215 3(3) nm. The 3-NPA*
acts as bidentate ligand by using its three carboxylate
oxygen atoms to link to two Ni(Il) ions (Scheme 1a). A
dimer unit [Ni(OCO),Ni] is formed by two Ni(Il) ions
bridged by four carboxylate groups from two 3-NPA?"
ligands. The Ni---Ni distance is 0.518 9(2) nm in the
unit. The dimer units are further connected by the
4,4 -bipy molecules to form a single layer framework
(Fig.2). The

layer can be viewed as a regular parallelogram

structure along two different directions

topology in which the dimer units are linked through
the 4,4'-bipy bridges. The size of the side lengths can
be estimated from the distance of the dimmer units,
thus affording a quadrangular grid with the large
window of 1.171 x1.732 nm® The hydrogen bond

interactions are found between the coordination water

Br
NO, O
/Ni
O (0]
A g
Ni
. e
Ni O (0)
o~ SNi
(@ (b)
Scheme 1 Coordination modes of the 3-NPA* and

BIPA* ligands in 1 and 2
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All hydrogen atoms are omitted for clarity; Color code: [NiO4N,],

green octahedron

Fig.2  One single layer structure of 1 in the bc-plane

and the carboxylate oxygen atoms (O1W---04%, 0.255 2

nm; O1W---01%, 0.269 6 nm. Symmetry code: * —x+1,

—y+2, —z+1; " —x+2, —y+2, —z+1) in the layer.

2.1.2  Crystal structure description of [Ni(BIPA)(L)],
(2)

Compound 2 crystallizes in a monoclinic space
group P2/c. The asymmetric unit contains one Ni(II)
ion, one BIPA?> and one L molecule. The Ni(Il) ion is
coordinated by carboxylate oxygen atoms (02, O1D,
03A, 04A) from three BIPA* and two nitrogen atoms
(N1, N3) from two L molecules to give a [NiO4N,]
distorted octahedral geometry (Fig.3). The Ni-N/O
bond lengths are in the of 0.201 63(14)~0.236 2(15)
nm. The BIPA*™ serves as a tridentate ligand through
its four carboxylate oxygen atoms, two of which

chelate a Ni (I) ion, each of two oxygen atoms

-y
C16C NIB

All hydrogen atoms are omitted for clarity; Symmetry code: A
—x+1, —y+2, —z+1; B: —x, —y+1, —z; C: =42, —y+1, —z+1; D: —x+
1, —y+1, —z+1
Fig.3 ORTEP drawing of the asymmetric unit of 2 with
30% probability of thermal ellipsoids

coordinates to a Ni(ll) ion (Scheme 1b). A dimer unit
[Ni, (COO),| is formed by two carboxylate groups from
two independent BIPA*" ligands. The Ni---
is 0.457 18(6) nm in the unit (Fig.4). The units are
further connected by the BIPA*~
double chain structure running along the b-axis. The

double chains are further linked through the L

Ni distance

ligands, forming a

molecules, forming a three-dimensional framework
structure  (Fig.5). The L molecule adopts two kind of
spatial configuration in 2, one is planar, and the other

is non-planar.

A

Fig.4 Double chain running along the b-axis in 2

Color code: [NiO,N,], green octahedron

Fig.5 Structure packed along the c-axis in 2

It is worthwhile to note that the 3-nitrophthalic
acid (3-NPAH,) and 5-bromoisophthalic acid (H,BIPA)
ligands have been constructed many coordination
polymers, such as two-dimensional layered compounds
[Zn(3-NPA)(1,4-bimb)],, [Cd(3-NPA)(1,2-bimb)(H,0)],",
[Ba(3-NPA)],”, three-dimensional framework structure
compounds [Zn,(OH)(pyim)(BIPA)],”"" and [Ca;(BIPA);
(H,0);-H
parallel polycatenation net compound [Zn(BIPA)(bix)],*,

201%, a rare 2D sheet polycatenate—3D

an one-dimensional chiral left-hand helical chain
compound [Zn(BIPA)(py),*H,0],"%. Most of them were
synthesized through the use of flexible bis(imidazole)
ligands with different phenyl substitution positions. In
this work, two rigid N-donor ligands (4,4’ -bipyridine,
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1,4'-bis(imidazol-yl)benzene) have been introduced
the reaction system, and the d® Ni(Il) prefers an
octahedral geometry, while the Zn(Il) usually shows a
tetrahedral  coordination  environment in  above
compounds. Obviously, the difference could result in
the different coordination modes of 3-NPAH, and
H,BIPA ligands, and hence the final structures.
2.2 PXRD patterns and thermal stabilities of
compounds 1 and 2
To characterize the thermal stabilities of
compounds 1 and 2, thermal analyses were performed
for both compounds 1 and 2. As shown in Fig.6,
compound 1 is stable up to about 150 “C, and a weight
loss of 2.60% in the temperature range 150~200 C is
close to the calculated value for the removal of one

(Caled. 4.00% ). About
200 C, another plateau is found until the burning of

coordinated water molecule

the compound occurs above ca. 290 “C. Between 290
and 400 °C, a quick weight loss of 1 is observed.
Above 400 up to 800 C, slowly weight loss is also
found. In the case of compound 2, a plateau appears
between 30 and 400 °C, above which a rapid weight
loss is observed owing to the burn of the organic
groups and the collapse of structure. Since the
plateaus are distinct in the temperature range 200~
290 °C for 1, 30~400 °C for 2, dehydrated product 1’
and heated product 2’ were obtained by heating 1 and
2 at 280 °C and 380 °C, respectively, under a nitrogen
flow at a rate of 5 °C +min~". From the powder XRD
patterns, it is clear that the original structures of
compounds 1 and 2 remain after heating (Fig.7 and

Fig.8). The dehydration process is accompanied by a

100

80 -
xX
£ 60
i) .
o
3

40

2
201
T T T T
200 400 600 800

T/C
Fig.6 TGA curves for compounds 1 and 2

1-experimental

1-simulated
1'-experimental

Fig.7 PXRD patterns for compound 1 and its dehydrated
product 1’

2-experimental
2-simulated

2'-experimental

T
10 20 30 40 50
20/ (%)

T 1

Fig.8 PXRD patterns for compound 2 and its heated
product 2’

color change from aquamarine to yellow for 1. In
order to understand the fact that the color change of 1
after releasing one coordinated water molecule, the IR
of dehydrated products 1" and 2’ have been measured
(Fig.S1, Supporting informatin). The results show that
characteristic bands of the carboxylate stretching
vibrations at 1 600~1 300 cm™ do not change obviously
and hence the final structure. The above result show
that compound 2 displays relatively high thermal
substitutional
(H,BIPA) and the
rigid N-donor ligands (1,4’-bis(imidazol-yl)benzene).

stabilities  containing  the  rigid

benzenedicarboxylic acid ligands

3 Conclusion

This paper reports two nickel (II) coordination
polymer, namely, [Ni(3-NPA)(4,4'-bipy)(H,0)], (1) and
[Ni(BIPA)(L)], (2), based on the rigid 3-nitrophthalic
acid (3-NPAH,), 5-bromoisophthalic acid (H,BIPA) as
well as two N-donor ligands 4,4’ -bipyridine (4,4’ -bipy),
1,4'-bis(imidazol-yl)benzene (L). Compound 1 shows a
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two-dimensional (2D) single layer structure. Compound
2 features a double chain structure containing a dimer
unit [Ni,(COO),], which is further extended into a 3D
framework structure by the L molecules. Moreover, the
thermal stabilities properties of compounds 1 and 2
have been investigated in detailed. The result of
compound 2 shows the incorporation of the inorganic
metal layers or chains within the structures of
coordination polymers could significantly increase its

thermal stabilities of the hybrid material.

References:

[1] Mondloch J E, Farha O K, Hupp J T, et al. J Am. Chem.
Soc., 2013,135(28):10294-10297

[2] Suh M P, Park H J, Lim D W, et al. Chem. Rev., 2012,112
(2):782-835

[3] Li J R, Kuppler R J, Zhou H C. Chem. Soc. Rev., 2009,38:
1477-1504

[4] Genne D T, Matzger A J, Sanford M S, et al. J. Am. Chem.
Soc., 2013,135(29):10584-10589

[5] Yoon M, Srirambalaji R, Kim K. Chem. Rev., 2012,112(2):
1196-1231

[6] Kreno L E, Allendorf M, Hupp J T, et al. Chem. Rev., 2012,
112(2):1105-1125

[7] Brown J W, Henderson B L, Yaghi O M, et al. Chem. Sci.,
2013,4:2858-2864

[8] Su S Q, Chen W, Zhang H ], et al. Cryst. Growth Des.,
2012,12(4):1808-1815

[9] Lan A J, Li K H, Li J, et al. Angew. Chem. Int. Ed., 2009,
48(13):2334-2338

[10]Xuan W M, Zhang M N, Cui Y, et al. J. Am. Chem. Soc.,
2012,134(16):6904-6907

[11Hou C, Liu Q, Sun W Y, et al. Inorg. Chem., 2012,51(15):
8402-8408

[12]Luo L, Chen K, Sun W Y, et al. Cryst. Growth Des., 2013,
13(6):2312-2321

[13]WANG Ji-Jiang(F-1C7T), HOU Xiang-Yang(f% 7] FH), GAO

Lou-Jun(iF % 4%), et al. Chinese J. Inorg. Chem.(RALAL 5 F
1), 2014,30(2):379-383

[14]Dai M, Su X R, Lang J P, et al. Cryst. Growth Des., 2014,
14(1):240-248

[15]WANG Peng-Fei(VEMS ), WU Guo-Zhi (% [H &), WANG
Xin(E#HT), et al. Chinese J. Inorg. Chem.(FAuAL 5 5 3R),
2012,28(3):579-583

[16]Wang P F, Sheng M G, Wu X S, et al. Inorg. Chim. Acta,
2011,379:135-139

[17Ma L F, Li X Q, Meng Q L, et al. Cryst. Growth Des.,
2011,11(1):175-184

[18]Wang P F, Wu G Z, Wang X, et al. J. Inorg. Organomet.
Polym., 2012,22:1028-1033

[19]WANG Peng-Fei(VEME &), FANG Qin(757 #1), WU Guo-Zhi
(R E &), et al. Chinese J. Inorg. Chem.(F& LAt 5 5 31),
2013,29(12):2521-2527

[20]Liu G X, Huang R Y, Ren X M, et al. CrystEngComm.,
2009,11:643-656

[21]Chen S S, Chen M, Sun W Y, et al. Chem. Commun., 2011,
47:72-754

[22]Vlahakis J Z, Mitu S, Roman G, et al. Bioorg. Med. Chem.,
2011,19:6525-6542

[23]SAINT, Program for Data Extraction and Reduction, Siemens
Analytical X-ray Instruments, Madison, W1, 1994-1996.

[24]Sheldrick G M. SHELXS-97, Program for Crystal Structure
Solution, University of Géttingen, Gottingen, Germany, 1997.

[25]Sheldrick G M. SHELXL-97, Program for Crystal Structure
Refinement, University of Gottingen, Gottingen, Germany,

1997.

[26]WANG Peng-Fei(VEM &), TAO Xiao-Lin(F8 % #k), WANG
Jin-Ling(TE 4 ¥2), et al. Chinese J. Stuct. Chem.(%5 #1L %),
2014,33(3):339-344

[27]LIU Guang-Xiang(X|J6#F), XU Yu-Yong(¥ £ %), HUANG
Rong-Yi(# 2 1), et al. Chinese J. Inorg. Chem.(% LAt %
F ), 2010,26(8):1477-1471

[28]Wang P F, Wu G Z, Wang X, et al. J. Inorg. Organomet.
Polym., 2012,22:1377-1383

[29]Liu G X, Zhu K, Nishihara S, et al. Inorg. Chim. Acta,
2009,362:5103-5108





