ISSN 1070-3284, Russian Journal of Coordination Chemistry, 2021, Vol. 47, No. 9, pp. 646—652. © Pleiades Publishing, Ltd., 2021.
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Abstract—The gas adsorption is an important research field of coordination chemistry and bioinorganic
chemistry, in which the selective absorption of CO, in the presence of N, is a challenge in these fields. A coor-
dination polymer [Ni,(tib),(1,4-NDC),]-7H,0 (NTN) was synthetized by the reaction of the mixed ligands:
1,4-naphthalenedicarboxylic acid (1,4-H,NDC) and 1,3,5-tris(1-imidazolyl) benzene (Tib) with Ni** under
solvothermal conditions. X-ray single-crystal analysis (CIF file CCDC no. 2053530) results indicate that
NTN possesses a supramolecular isomers with two-fold interpenetrating 3D frameworks with {4%-63-83}{42-6}
topology. NTN is further characterized by powder IR spectroscopy, elemental analysis, X-ray diffraction, and
thermogravimetric analysis. Notably, NTN possess an excellent selective CO, sorption property compared

with N,.
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INTRODUCTION

Coordination polymers (CPs) that are constructed
from transition metal ions coordinated by organic
ligands have been received more and more attentions,
owing to their aesthetically fascinating topological
structures and potential applications in fluorescence
recognition properties [1—6], gas storage/separation
[7, 8], catalysis [9—11], magnetism [12—14], etc. The
application of CPs in gas adsorption/separation are of
great significance in scientific research and industrial
production [15—17]. CO, is very important in life sys-
tem, and is involved in many life pathways, which the
adsorption of CO, at the molecular level is becoming
an important research area in coordination chemistry
and bio-inorganic chemistry [18, 19]. However, since
the non-polarity and low molecular weight of CO,, it
is difficult to be adsorbed by tranditional inorganic
materials, for example activated carbon. Hence, the
synthesis of new CPs in CO, adsorption is not only a
hot spot, but also a great challenge [20, 21].

Nowadays, most of CPs are composed by one-pot
reaction method, which only one ligand was used in
the reaction. It will be very difficult to synthesize CPs
accurately select relatively similar polarity substances,
since the single action site of one-ligand CPs [22, 23].
Therefore, a mixed ligands strategy should be explored
in composing the precise selective CPs to overcome
the shortcomings [21, 24, 25]. In addition, the one-pot
reaction process is affected sensitively by the type of

organic ligands, which the coordination modes, func-
tional groups, and substituents of the organic ligands
can bring about consequential effects on the final
structures and properties [26—29]. Furthermore,
some reaction factors, for example the ratio of metal-
ligand, solvent, temperature, pH and counter ions can
also affect the final networks by varying aforemen-
tioned parameters with the same building units [30—
33]. Hence, the search for the precise conditions in
the mixed-ligand strategy is also an important task
[34, 35].

Herein, one 3,5-connected 3D CP [Ni,(Tib),(1,4-
NDC),]-'7H,O0 (NTN) was synthesized by reacting
mixed-ligands 1,3,5-tris(1-imidazolyl)benzene (Tib)
and 1,4-naphthalenedicarboxylic acid (1,4-H,NDC)
with Ni(NO;), under solvothermal conditions. The
structure of NTN were characterized by X-ray single
crystal analysis, IR spectroscopy, elemental, powder
X-ray diffraction (PXRD) and thermogravimetric
analyses (TGA). Notably, NTN shows an excellent
selective CO, adsorption property compared to N,.

EXPERIMENTAL

Materials and methods. Reagents used in this study
were all of analytical grade, purchased from commer-
cial suppliers and used as received unless otherwise
stated. Ni(NO;),6H,O, 1,3,5-tribromobenzene,
imidazole, 1,4-H,NDC, KOH, DMF, and CH;OH

646



A 3,5-CONNECTED 3D NICKEL-MIXED LIGANDS COORDINATION POLYMER

were purchased from Macklin reagent Inc. (P.R.
China). The Tib ligand was synthesized according to
the method reported previously [36, 37]. All the solu-
tions were prepared with ultrapure water filtered
through Milli-Q academic system.

Elemental analyses for C, H and N were performed
on a Perkin-Elmer 240C Elemental Analyzer. FT-IR
spectra were recorded in the range of 400—4000 cm™!
on a Bruker Vector 22 FT-IR spectrophotometer using
KBr pellets. Powder X-ray diffraction (PXRD) mea-
surements were carried out on a Bruker D8 Advance
X-ray diffractometer using CukK, radiation (A =
1.5418 A), in which the X-ray tube was operated at
40 kV and 40 mA. Thermogravimetric analysis (TGA)
were performed on a Mettler-Toledo (TGA/DSCI1)

thermal analyser under the N, atmosphere with a

heating rate of 10°C min~"'.

Synthesis. A mixture of Tib (8.2 mg, 0.03 mmol),
1,4-H,NDC (6.5 mg, 0.03 mmol), Ni(NO;),6H,0
(14.6 mg, 0.05 mmol) were dissolved in DMF-
CH;0H—-H,0 mixed solvent (§ mL,v:v:v=1:1:
2). The mixted suspension was sealed in Teflon-lined
stainless steel container and heated at 140°C for
3 days. After being cooled to room temperature, green
block crystals of NTN were obtained in 85% yield.

For Cs4H5oN,05Ni,
Anal. calcd., % C, 52.97
Found, % C, 52.93

H, 4.12
H, 4.18

N, 13.73
N, 13.76

IR (KBr pellet; v, cm™"): 3396 w, 3124 m, 1618 s,
1567 m, 1508 s, 1460 m, 1419s, 1363 s, 1311 w, 1284 m,
1241 m, 1102 m, 1077 s, 1016 s, 937 m, 877 w, 834 s,
797 m, 754 w, 693 m, 656 s, 562 w.

X-ray crystallography. Intensity data were collected
on a Bruker APEX-II CCD diffractometer with MoK,
monochromated radiation (A = 0.71073 A) at
296(2) K. The intensities were corrected by Lorentz
polarization factors and multiscan absorption. The
structure was solved by the direct method and refined
by the full-matrix least-squares on F? using the
SHELXTL-97 software [38]. Hydrogen atoms were
added according to theoretical models. The maximum
and minimum peaks on the final difference Fourier
map are 3.712 and 1.550 e A=3. All of the non-hydro-
gen atoms were refined anisotropically. A summary of
crystal data and structure refinement for NTN are
provided in Table 1. Selected bond lengths and angles
of NTN are listed in Table 2.

Detailed information has been deposited at the
Cambridge Crystallographic Data Centre (CCDC no.
2053530; deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk).

Adsorption property. The CO, and N, adsorption

properties of NTN were investigated as previous liter-
ature reports [35]. Briefly, the bulk sample of NTN for
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adsorption experiment was obtained by heating the
fresh complexes at 473 K for 20 h under high vacuum
to remove the free and coordinated water molecules.
Then, the adsorption and desorption of carbon diox-
ide (CO,) at 195 K and nitrogen (N,) at 77 K were
measured on the Belsorp-Max volumetric sorbometer
from O to 1 atm. Each experiment was repeated three
times to obtain reliable data.

RESULTS AND DISCUSSION

As shown in Fig. la, the results of X-ray single
crystal structures indicate that the asymmetric unit of
NTN is [Niy(Tib),(1,4-NDC),]-7H,0 and exhibits a
distorted octahedral coordination geometry, in which
Ni?* ions are located in a six-coordinated environ-
ment comprising three carboxylate oxygen atoms
(0(1), O4C), O(4C)) of two 1,4-NDC ligands and
three imidazole nitrogen atoms (N(1), N(3A), N(5B))
of three distinct Tib. The topological analysis is also
carried out and the simplified overall structure of
NTN is a 2-fold interpenetrated (3,5)-connected
2-nodal ttd net with the point symbol of
{4%-6>-83}{4*6} (Fig. 1b). In detail, each 1,4-NDC
employs two carboxylate groups in (k')-(k?)-W,-1,4-
NDC coordination mode to connect with two Ni?*
ions generating an 1D zigzag chain (Fig. 1c). Coordi-
nation modes of 1,4-NDC appeared in NTN. Mean-
while each Tib also acts as a tridentate linker to con-
nect three Ni%* ions generating an 1D ladder chain
(Fig. 1d). On the whole, the Ni(II)-1,4-NDC and
Ni(II)-Tib chains interact with each other resulting in
the final 3D porous framework of NTN (Fig. le). The
void space (0.26 X 0.19 nm in size) along the b axis in
the 3D structure is large enough to accommodate
another equivalent net to stabilize the whole structure
(Figs. 1b, le). After the solvent molecules were
removed from the channels, PLATON calculations
show that the accessible volume increased to 3214.0 A3
(30.2%) per unit cell volume [39, 40].

Hitherto, there are two similar 3D CPs
[CdA(Tib)(1,4-NDC)-H,0-2DMF]|(C1) [41], and
[Co(Tib)(1,4-NDC)-H,0-2DMF] (C2) [42]. How-
ever, there are three differences between NTN and
them. First, their crystallize are in different space
groups: NTN belongs to a monoclinic P2,/c space
group, while C1 is monoclinic with the space group of
P2,/n. Secondly, NTN is constructed by using Ni?*
ions, rather than Cd?* in C1 or Co?* in C2. Thirdly,
there are free DMF molecules in both C1 and C2 but
water molecules in NTN, which will have a great
influence on gas adsorption properties.

TGA of NTN were carried out under N, atmo-
sphere. As shown in Fig. 2a, the TGA curve of NTN
shows a weight loss of 10.51% in the temperature range
of 30—275°C corresponding to the release of lattice
water molecules (calcd. 10.29%). Furthermore, the
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Table 1. Crystal data and structure refinements for NTN

HUA et al.

Parameter Value
Empirical formula Cs4Hs5oN,O5Ni,
Formula weight 1224.48
Crystal system Monoclinic
Space group P2,/c
a, A 10.422(7)
b, A 24.356(18)
c, A 13.068(10)
o, deg 90.00
B, deg 112.677(10)
Y, deg 90.00
v, A3 3060.7(4)
VA 2
Pealeds & €M™ 1.329
u, mm~! 0.687
F(000) 1268
Ry 0.0496
Observed reflections (/ = 26(/)) 20645
Unique reflections 7008
Goodness-of-fit 1.112

Ry, wR, (1220(1))
R, wR, (all data)
Large diff. peak and hole, e A~3

0.0596, 0.1735
0.0936, 0.1951
0.981 and —0.552

Table 2. Selected bond lengths (A) and bond angles (deg) for NTN*

Bond d, A Bond d, A
Ni(1)—0(1) 2.030(3) Ni(1)—=N(1) 2.118(3)
Ni(1)-N(5)*! 2.060(3) Ni(1)—0(3)*3 2.119(3)
Ni(1)—N(3)*? 2.080(3) Ni(1)—0(4)*3 2.206(3)

Angle o, deg Angle , deg
O(HNi(1)N(5)*! 108.73(13) N(G)*INi(1)0(3) 93.07(12)
O(1)Ni(1)N(3)* 88.99(13) N(3)*2Ni(1)0(3)*3 90.50(12)
N(5)*Ni(1)N(3)* 95.12(13) O(1)Ni(1)O(4)*3 97.20(11)
O(DNI(DN(I) 88.45(13) N(5)*INi(1)0(4)"3 153.50(12)
N(S)*Ni(1)N(1) 90.36(13) N(3)*2Ni(1)0(4)*3 90.58(11)
N(3)*Ni(1)N(1) 174.45(13) N(1)Ni(1)0(4)*3 84.86(11)
O(1)Ni(1)0(3)*? 158.15(12) 0(3)**Ni(1)0(4)*3 60.96(10)

* Symmetry transformations used to generate equivalent atoms: #l_x+1, —y+1,—z+1; #2 x,y,z—1; Bx+ l,—y+1/2,z+1/2.
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Fig. 1. Coordination environment of Ni(II) in NTN with the ellipsoids drawn at the 30% probability level. Hydrogen atoms and
free water molecules are omitted for clarity (a); schematic representation of (3,5)-connected 2-fold interpenetrating ttd topology
of NTN (b); 1D chain of Ni(II)-1,4-NDC (c); 1D chain of Ni(II)-Tib (d); schematic representation of 3D space-filling frame-

work of NTN (e).

results indicate that the framework of NTN is stable up
to about 360°C.

PXRD were performed with their bulk samples. As
shown in Fig. 3, the as-synthesized PXRD patterns of
NTN is in good agreement with its simulated ones,
indicating phase purity of the samples. The desolvated
samples of NTN were obtained by heating the as-syn-
thesized samples at 200°C for 10 h under high vacuum.
Then, the framework integrity was examined by
PXRD. As shown in Fig. 3, the treated samples of
NTN remain highly crystallized, and maintain the
main framework features only with lost or shift of sev-
eral peaks and occurrence of a few new peaks. This
phenomenon may be probably origin from the distor-
tion or shrinking of the crystal lattice due to heating
and removal of guest molecules [42].

As shown in Fig. 3b, the TGA curve of treated
NTN samples show a weight loss of about 4.52% in the
temperature range of 30—200°C, corresponding to the
release of three free water molecules (calcd. 4.68%).
As shown in Fig. 4, in NTN, there are hydrogen bonds
interact between some free water molecules or residue
groups from the framework of NTN, for example

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

O(1w) and O(2w), O(4w) and O(2). Both of them have
shorter bond lengths and form strong hydrogen bonds,
and hence these water molecules cannot be removed
from the channels easily, even at 200°C [43, 44].
Moreover, the 2-fold interpenetrated factor can also
prevent these molecules from releasing the framework
[45, 46].

Gas adsorption properties were further measured
with CO, or N, at 195 or 77 K, respectively. The acti-
vated samples of NTN were prepared by heating the
as-synthesized samples at 200°C under vacuum for 10
h. Asshown in Fig. 5, the CO, gas adsorption isotherm
of NTN at 195 K shows a two-step curves with two
abrupt jumps at P~ 0.005 and 0.028 atm with notable
hysteresis for desorption. When P > 0.028 atm, in the
second step, the isotherm exhibits a sudden increase to
0.092 atm and then gradually attains saturation with
the adsorbed CO, amount of 162.37 cm?® g!
(318.94 mg g7 ') at 1 atm, corresponding to 3.98 CO,
molecules per formula unit. The Brunauer—-Emmett—
Teller (BET) surface area of NTN is about
434.76 m? g~!. The stepwise process and obvious hys-
teresis of CO, adsorption isotherm of treated samples

No.9 2021
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Fig. 2. The TGA curves of NTN (a) and treated samples of
NTN (b).

of NTN may be attributed to the flexibility of the
framework and the strong interactions between the
framework and the guests or diffusion barrier hinder-
ing escape of the framework during the process of
adsorption—desorption, and similar adsorption results
were observed in previous reports [47—51].

Asshown in Fig. 5, NTN has almost no adsorption
on N, from 0 to 0.95 atm compared with CO,. The
selective CO, adsorption over N, observed for NTN
may be partially attributed to the molecular size, since
the smaller kinetic diameter of CO, is 3.30 A com-
pared to 3.64 A of N,. Hence, the diffusion rate of N,
should be much slower in the 1D channel, which may
result in no adsorption of N, at low temperature
(77 K). Besides, the selectivity of CO, over N, can also
be ascribed to the quadrupole—quadrupole interac-
tions. In the skeleton of NTN, one carboxylate group
of 1,4-NDC adopts a monodentate mode, in which
only one O atom of the carboxylate group takes part in
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CO, vapor adsorption sample

Desolvated at 473 K
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Fig. 3. PXRD patterns of NTN.

the coordination with metal centers. The other O atom
is located on the wall of the porous surface, which the
exposed O donors on the pore walls may interact
effectively with quadrupole molecules. It can induce
strong interactions between the framework and CO,
molecules since its much larger quadrupole moment
(—1.4 x 1073° C m?) than N, (—4.7 X 1074 C m?).
These results may indicate that NTN is a promising
material for selective adsorption of CO, from
natural gas.

In this work, we have successfully synthesized a 3D
coordination polymer (CP) [Ni,(Tib),(1,4-NDC),]:
7H,0 by mixed-ligand strategy. NTN was character-
ized by X-ray single crystal analysis, IR spectrum,
powder X-ray diffraction and thermogravimetric anal-
ysis. The results indicated that the coordination mode
of the mixed-ligands play important roles in the con-
struction of CP with structural diversification for
NTN generating 3D network with {4>6°-831{42-6}
topology. Furthermore, the mixture ligands endows
NTN with excellent frame structure and floor area
ratio in the gas adsorption. Moreover, the pore size of
NTN enables it to selectively adsorb CO, compared
with N,. Hence, this work will be helpful for the design
and synthesis of such selective adsorption structure
compounds in the future.
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Fig. 4. The schematic representation of the strong hydrogen bonds between the free water molecules and frameworks in NTN.
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