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Abstract—Two novel coordination polymers, [Zn,(Bipmo),(Adip), -

2H,01, (@), [Zn(Bipmo)(Adip) -

2H,0],, (IT) (Bipmo = bis(4-(1 H-imidazol-1-yl)phenyl)methanone, H,Adip = adipic acid) with unprece-
dented structures, have been synthesized and structurally characterized. by single-crystal X-raydiffraction
(CIF files CCDC nos. 1555292 (I), 1555289 (II)). Complex I exhibits 4-fold interpenetrating wave-like
sheets, which interpenetrate in a 2D — 2D parallel manner and pillar to generate 3D architectures. Complex
II consists of a 2-fold 4-connected 3D coordination polymers network with a point symbol of (6°.8). The
results indicate that the central metal ions, polycarboxylate and semirigid co-ligands have a great effect on the
formation and the structures of the coordination polymers. Moreover, the thermal stability and the lumines-

cent properties of complexes I, IT were investigated.

Keywords: coordination polymers, inorganic-organic hybrids, semirigid ligand, topology, crystal structure

DOI: 10.1134/S1070328418090075

INTRODUCTION

Recently, the design and assembly of coordina-
tion polymers (CPs) has become an area of rapid
growth not only owing to their potential applica-
tions as functional materials in the fields of gas sep-
aration, ion exchange, luminescence, and heteroge-
neous catalysis, but also to their intriguing variety of
molecular architectures and topologies [1—5]. It is
well established that the choice of metal ions and
organic ligands are crucial for the construction of
coordination polymers. The flexibility, the number
of ligand coordination sites, and metal ions are the
main factors that influence the final network topol-
ogy [1—8]. Usually, flexible or semirigid ligands
allow them to rotate when coordinated to central
metal ions. Therefore, a flexible or semirigid ligand
make it possible to construct an entangled struc-
ture. Moreover, the coordination numbers of the

! The article is published in the original.

central metals also can influence the final topolo-
gies of the coordination polymers.

In our previous works, we have successfully syn-
thesized a series of coordination polymers using
bidentate N-donor ligand bis(4-(1H-imidazol-1-
yl)phenyl)methanone (Bipmo) [9—11]. As part of
our research on coordination polymers with
N-donor ligands, we reported here two CPs based
on bidentate N-donor ligand Bipmo and organic
carboxylates (Scheme 1), namely,
[Zn,(Bipmo),(Adip), 2H,0], (D,
[Zn(Bipmo)(Adip) - 2H,0], (II) (H,Adip = adipic
acid). The complexes were characterized by X-ray
crystallography, elemental analyses, IR spectra and
thermogravimetric (TG) analyses. The effects of
ligand linker and central metals on the final topolo-
gies have been discussed in detail. In addition, the
luminescent properties of the bipmo and com-
pounds I, II have also been investigated.
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HOOC

H,Adip

EXPERIMENTAL

Materials and measurements. All solvents, Zn(Ac), -
2H,0, Cd(Ac), - 2H,0, and adipic acid were pur-
chased from commercial sources and used without
further purification. Ligand Bipmo was synthesized
according to the literature [9]. Elemental analyses
(EA) were performed on an Elementar Vario ELIII
elemental analyzer. The IR spectra were recorded on a
Bruker Vector 22 spectrophotometer with KBr pellets
in the 4000—400 cm™! region. The Luminescence
spectra were measured on a Hitachi F-4600 fluores-
cence spectrometer. TG analyses were carried out on a
NETZSCH STA 449F3 unit at a heating rate of 10°C
min~! in air.

Synthesis of complexes I and II. A mixture of
Zn(Ac), - 2H,0 (21.9 mg, 0.1 mmol), Bipmo (31.4 mg,
0.1 mmol), and H,Adip (14.6 mg, 0.1 mmol) was dis-
solved in 6 mL of DMF—H,O (1 : 1, v/v). The final
mixture was placed in a Parr Teflon-lined stainless-
steel vessel (15 mL) under autogenous pressure and
heated at 105°C for 7 days. Colorless block single crys-
tals I and yellow single crystals suitable for X-ray data
collection were obtained by filtration, washed with
H,O0 and air-dried.

I: Yield was 46% (colorless, based on Bipmo).

IR (KBr; v, cm™!): 3120 m, 3059 w, 2925 w, 2079 w,
1667 s, 1622, 1516 s, 1493 m, 1478 w, 1387 m, 1307 m,
1276 m, 1240 m, 1199 w, 1125 m, 1061 m, 963 w, 943 w,
926 m, 875 w, 862 w, 767 w, 744 m, 674 m, 660 m,
470 w.

For C25H24N4O6Zn
Anal. calcd., % C, 55.41 H, 4.46 N, 10.34
Found, % C,55.23 H, 4.35 N, 10.46

II: Yield was 26% (yellow, based on Bipmo).

IR (KBr; v, cm™): 3147 m, 2952 w) 2927 w,
2859 w, 2079 w, 1638 s, 1618 s, 1525 s, 1498 s, 1457 m,
1414 m, 1335 m, 1309 m, 1286 m, 1255 m, 1186 m,
1128 w, 1060 w, 964 w, 945 w, 930 w, 852 w, 764 w,
667 w, 649 m, 623 m, 512 w, 478 w, 410 w.

For C25H26N4O7Zn
Anal. calcd., % C, 53.63 H, 4.68 N, 10.01
Found, % C, 53.49 H, 4.59 N, 10.18
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X-ray crystallographic studies. X-ray crystallo-
graphic data of I, II were recorded on an Agilent Tech-
nology SuperNova Eos Dual system with a (MoK,
A =0.71073 A) micro focus source and focusing mul-
tilayer mirror optics. The data were collected at a tem-
perature of 293 K and processed using CrysAlisP™ [12].
The structures were solved by direct methods [13] with
the SHELXTL (version 6.10) program [14] and
refined by full matrix least-squares techniques on F 2
with the SHELXTL [14]. All non-hydrogen atoms
were refined anisotropically and the hydrogen atoms
bonded to carbon atoms were generated geometrically.
The water hydrogen atoms were first located in the dif-
ference map then positioned geometrically and
allowed to ride on their respective parent atoms. Crys-
tallographic data and structure refinements for com-
pounds I, II are listed in Table 1. Selected bond dis-
tances and angles for I, II are summarized in Table 2.

Supplementary material for structures has been
deposited with the Cambridge Crystallographic Data
Centre (CCDC nos. 1555292 (I), 1555289 (1I);
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk).

RESULTS AND DISCUSSION

Complexes I, II were prepared from the reaction
with Zn(Ac), - 2H,0, Bipmo, and H,Adipinal:1:1
molar ratio under solvothermal conditions. They were
characterized by IR, EA, TG, and single-crystal X-ray
analyses. The coordination polymers I, II consist of
both the Bipmo ligand and carboxylate anions. In
order to investigate the topologies of the resulting
frameworks of the bipmo ligand with Zn(II) salts and
different polycarboxylates, we carried out numerous
parallel experiments by adjusting the ratios of the reac-
tion materials. In addition, we also performed a series
of parallel experiments to change the reaction tem-
peratures, and to vary the solvent types and ratios.
However, other experiments gave powder forms or
very small polycrystals.

In structure I, Zn atom lies on a double crystallo-
graphic axis. As shown in Fig. 1a, the asymmetric unit
of I contains one Zn?" ion, one Adip?>~ anion, one
Bipmo ligand and a lattice water molecule. The Zn**
ion is four-coordinated by two carboxylate O atoms
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from two Adip?~ anions and two N atoms from two
Bipmo ligands in a tetrahedral geometry. The Zn(1)—
O(1) and Zn(1)—N(1) bond lengths are 1.9466(15) A
and 2.0232 A, respectively.

Each carboxylate group of the Adip>~ coordinates
with one Zn(II) atom in a monodentate coordination
mode. In this way, the Adip?>~ anions bridge adjacent
Zn(IT) atoms to generate a 1D chain. Neighboring
chains are further linked by Bipmo ligands in cis, frans
conformations to furnish a 2D wave-like structure
with (4,4) topology (Fig. 1b). Interestingly, each layer
is threaded by the adjacent layers from above and
below layers, thus resulting in an unusual 2D — 2D
polythreading motif involving 4-fold interpenetrating
wave-like sheets (Fig. 1c), which interpenetrate in a
2D — 2D parallel manner and pillar to generate 3D
architectures (Fig. 1d).

The asymmetric unit of II contains one Zn?* ions,
one Bipmo ligand, one deprotonated H,Adip ligands
and two lattice water molecules. As shown in Fig. 2a,
each Zn?* ion is four-coordinated with a slightly dis-
torted {ZnN,O,} tetrahedral coordination geometry,
which is coordinated by two nitrogen atoms from two
bipmo ligands, two oxygen atoms from two deproton-
ated Adip?~ ligands. The Zn(1)—N(1), Zn(1)—N(4)*?,
Zn(1)—0(1), and Zn(1)—O(4)*' bond lengths are
2.002(3), 2.026(3), 1.936(3), and 1.947(3) A, respec-
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tively (F'x, —y, 2 — 1/2; Zx + 1/2,y + 1/2, z + 1),
which are similar to the reported values for Zn—O
(1.910(3)—2.276(6) A) and Zn—N (1.973(7)—
2.168(4) A) [15—17].

The deprotonated carboxylic groups of H,Adip
ligand adopting n'-n'm° coordination mode link Zn**
ions to form a 1D chain. These adjacent 1D chains are
connected by adjacent Bipmo ligands to yield a 3D
network (Fig. 2b). Topologically, both Adip>~ and
Bipmo ligands serve as the 2-connected spacers, and
each Zn?* ion is 4-connected. Thus, the overall 3D
network shows a 2-fold interpenetrated 4-connected
3D Cds network with a point symbol of (6°.8)
(Figs. 2b, 2c¢).

Luminescent coordination polymers with d'° metal
atoms are currently attracting much interest for their
various functionalities and applications in photocatal-
ysis, fluorescentsensors, biomedical imaging, and
electroluminescent devices [18—21]. The luminescent
properties of the Bipmo ligand (I and II) have been
investigated in the solid state at room temperature
(Fig. 3). The main emission peak of the free Bipmo
ligand is at 447 nm (A, = 407 nm), which may be
attributed to the ©* — »n or * — 7 transitions [22].
Complexes I, II show broad emission bands with the
maximum peak at 494 nm (A, = 376 nm) for I, 505 nm
(Aey = 372 nm) for II. Compared with free Bipmo

Table 1. Crystallographic data and refinement parameters for structures I and II

Temperature, K 293(2) 293(2)

Fw 1083.74 559.89
Crystal system Monoclinic Monoclinic
Crystal size, mm 0.28 x 0.27 x 0.25 0.27 x 0.21 X 0.18
Space group C2/c C2/c

a, A 8.2385(4) 25.6046(19)
b, A 27.1500(11) 13.3254(9)
¢, A 11.0763(7) 19.1687(11)
B, deg 110.556(6) 127.342(4)
v, A3 2319.8(2) 5199.6(6)
Peactd> €M > 1.552 1.430

Z 8

w, mm~! 1.110 0.995

0 Range, deg 3.00-25.10 2.96—25.19
Reflections measured/unique (R;,;) 4392/2064 (0.0314) 12238/4672 (0.0209)
Reflections with 7> 26([) 1913 3618
Data/restraints/parameters 2064/0/165 4672/0/334
GOOF on F2 1.027 1.075

R, WR, (I >26(1)) 0.0310, 0.0750 0.0555, 0.1681
R, wR, (all data) 0.0340, 0.0769 0.0683, 0.1782
APunax/ Apimin, €/A’ 0.244/—0.353 0.598/-0.511
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Table 2. Selected bond lengths and angles for complex I and IT*
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Bond d, A H Bond d, A
I
C(7)-N(2) 1.434(3) O(1)-Zn(1) 1.9466(15)
C(13)-0(5) 1.220(4) C(1)-0(2) 1.225(3)
C(13)-C(10)*? 1.495(3) C(1)-0(1) 1.292(3)
C(4)-N(1) 1.315(3) C(3)-C(3)*! 1.510(4)
C(4)-N(2) 1.347(3) C(5)-N(1) 1.373(3)
N(1)-Zn(1) 2.0232(17) C(6)-N(2) 1.380(3)
II
Zn(1)-O(4)*! 1.947(3) Zn(1)-N(4)*2 2.026(3)
Zn(1)-0(1) 1.936(3) Zn(1)-N(1) 2.002(3)
C(1)-0(1) 1.240(6) C(1)-0(2) 1.243(6)
C(6)-0(3) 1.225(5) C(16)-0(5) 1.220(5)
C(6)-0(4) 1.277(5) C(20)-N(3) 1.420(5)
C(7)-N(1) 1.309(4) C(23)-N(4) 1.316(5)
C(7)-N(2) 1.340(5) C(23)-N(3)* 1.348(4)
C(8)-N(1) 1.371(5) C(24)-N(4) 1.369(5)
CO-N@2) 1.381(4) C(25)-C(24)*? 1.344(5)
C(10)-N(2) 1.434(4) C(25)-N(3) 1.376(5)
Angle o, deg Angle , deg
I
0(2)C(1)O(1) 122.9(2) C(4)N(1)Zn(1) 130.91(15)
0(2)C(1)C(2) 122.1(2) C(4)N(2)C(6) 106.92(18)
o(1)C(1)C(2) 114.92(19) C(4)N(2)C(7) 128.64(18)
C(Q)CB)CB)*! 113.8(2) C(6)N(2)C(7) 124.32(18)
N(1)C(4)N(2) 110.55(19) C(1)O(1)Zn(1) 117.08(14)
C(12)C(7)N(2) 118.47(19) O(1)*3Zn(1)0(1) 98.99(9)
0(5)C(13)C(10)*2 119.76(13) O(1)Zn(1)N(1) 111.51(7)
C(10)C(13)C(10)*? 120.5(3) O(1)Zn(1)N(1)*3 114.74(7)
CAN)C(S) 106.57(18) N(1)Zn(1)N(1)*3 105.64(10)
II
O(1)C(1)O(2) 122.4(4) C(24)*2C(25)N(3) 106.9(3)
o(1)C(1)C(2) 117.3(4) C(7)N(2)C(9) 106.4(3)
0(2)C(1)C(2) 120.3(5) C(7)N(2)C(10) 126.2(3)
0(3)C(6)0(4) 121.7(4) C(9)N(2)C(10) 127.1(3)
0(3)C(6)C(5) 121.1(4) C(23)*2N(3)C(25) 106.8(3)
O4)C(6)C(5) 117.2(4) C(23)*2N(3)C(20) 125.2(3)
N()C(7)N(2) 111.5(3) C(25)N(3)C(20) 128.1(3)
C(9)C(8)N(1) 110.7(3) C(23)N(4)C(24) 106.8(3)
C(8)C(9)N(2) 106.3(3) C(7)N(1)C(8) 105.1(3)
C(11)C(10)N(2) 120.7(3) C(6)0(4)Zn(1)*3 111.2(3)
C(15)C(10)N(2) 119.1(3) O(1)Zn(1)0O(4)*! 109.26(16)
0(5)C(16)C(17) 119.0(4) O(1)Zn(1)N(1) 115.21(14)
C(25)"*C(24)N(4) 109.0(4) 0(4)*1Zn(1)N(1) 110.85(14)
C(21)C(20)N(3) 120.5(3) O(1)Zn(1)N(4) 97.09(14)
C(19)C(20)N(3) 120.3(3) 04)*1Zn(1)N(4) 117.13(14)
N(4)C(23)N(3)* 110.5(3) N(1)Zn(1)N(4) 106.86(12)

* Symmetry transformations used to generate equivalent atoms: #_x 1, —y,—z+1; #2_ et 2,y,—z+3/2; #3 —x,y, —z+1/2 (), #l X,
2= 1/ x+ 172,y + 172,24+ 1P x, =y 2+ 1/2; % x = 1/2,y — 172, 2= 1 (ID.
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Fig. 1. Coordination environments of complex I (the hydrogen atoms bonded to carbon atoms are omitted for clarity, 30% ellip-

soid probability, symmetry codes: Ay L,—y,—z+1; 2+ 2,y,—z+3/2; #3 —x, y, —z + 1/2) (a); view of 4-fold interpen-
etrating 2D architecture of I (b); one of the 2D wave-like sheet (c); perspective view of the allignment of 4-fold interpenetrating

layer of I (d).

ligand, the emissions for I and II are red-shifted by 47
and 58 nm, respectively, which may be assigned to
metal-to-ligand charge transfer (MLCT), and similar
red shifts have been reported before [22]. It is interest-
ing that the complexes with the same Zn(II) center
and N-donor ligand show different behaviors, which
are probably attributed to the coordination environ-
ment around them and the structural topologies.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

TG analyses of complexes I, II were carried out to
investigate the thermal stabilities within the range of
30 to 800°C in air (Fig. 4). For complex I, the weight
loss corresponding to the release of free water mole-
cules is observed from 82 to 281°C (obsd. 3.51%,
calced. 3.33%). It continues to decompose upon further
heating and undergoes a slow weight loss of 27.52%
covering the temperature from 281 to 385°C, which
corresponds to the destruction of Adip (calcd.

No.9 2018
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Fig. 2. Coordination environments of complex I1 (the hydrogen atoms bonded to carbon atoms are omitted for clarity, 30% ellip-
soid probability, symmetry codes: #1 x, —y, 2 — 1/2; #27 /2+x,1/2+y, 1 +2) (a); one of the 3D net structure (b); topological
view of compound II having two-fold interpenetrated 4-c uninodal net structure (c).

26.62%). Then an advanced degradation process takes
place after 498°C. The weight loss of 54.36% in the
region of 498—543°C corresponds to the collapse of
the Bipmo ligand (calcd. 58.04%). Finally, a plateau
region is observed from 543 to 780°C. The remaining
weight corresponds to the formation of zinc oxide
(obsd. 14.61%, calcd. 14.97%).

Complex II exhibits an initial weight loss from 33 to
275°C, with the observed weight loss of 5.32% corre-
sponding to the release of the coordinated water (obsd.
5.32%, calcd. 6.43%). After that, an additional weight
loss of 26.31% up to 484°C is attributed to the gradual
decomposition of the Adip ligand (calcd. 25.71%). It
keeps losing weight from 484 to 535°C corresponding
to the decomposition of the remaining group of
Bipmo units (obsd. 54.51%, calcd. 56.07%). Finally, a
plateau region is observed from 535 to 870°C. The
final white residue is zinc oxide (obsd. 13.86%, calcd.
14.46%).
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Fig. 3. Solid-state emission spectra of the Bipmo ligand,
compounds I, IT at room temperature.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.44 No.9 2018



546

150 275 400 525 650 775
Temperature, °C

Fig. 4. The TG curves for complexes I, I1.

In summary, two new Cds based on d'° metal ions,
organic carboxylates, and Bipmo ligand have been
synthesized under solvothermal conditions. The com-
plexes show fascinating 2D and 3D structures. The
multiple coordination sites and flexible nature of the
ligands play a crucial role in the structural diversity. In
addition, their luminescent behavior indicates that
their different interpenetrating nets have subtle influ-
ences on the photoluminescent properties.
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