32 B 1 T HL ik 2% 2 Eird Vol.32 No.1
2016 4 1 J CHINESE JOURNAL OF INORGANIC CHEMISTRY 175-183

B &R 1,3,5- ZKIEE K A BT SRES YR AR,
LEHFN I LR

x| AF
(AFTHEARMBAETELRE aFRREFRALF R A% 21117])

FE., B KBIEBRE T 2 AR AR A Y {[Zn(timb) (BTEC),s] - H,01, (1) #1 {[Cd (timb) (DPA)] - H,0},(2) (timb =1,3,5- = Bk M JE % |
H.BTEC=¥J7% U B 2 | H,DPA=22-1 % — W R X EATHEAT T oC R A0 LLAM 615 70 0, 3 R XS 2 00 7 B AT 09 50
ik, WA 1B T =RME PLEREE, BEEGW 28 THRBMER,C2e SRR, BAW 1914 — R FH 1 = 4ERELLE5 Y,
HHHN R (4.63- 89,42 84(6Y),; M BL A 2 FA — s 2 R AF 454 45 SR UL T 4 @ B3 7 A HLIR 2 I (R A d & 4 414 i e vh
EENEH EEAEM, WA IR T X2 AN AW I T 2000,

KW . BAREY,; —IRMERCIR, JFERMIECA ; MRS ZO6ME R
FESES . 0614.24'1; 0614.242 X EkARIRED, A XE4HS: 1001-4861(2016)01-0175-09
DOI: 10.11862/CJIC.2016.024

Syntheses, Crystal Structures and Luminescent Properties of Zinc(I) and Cadmium(Il)
Coordination Polymers Constructed by Aromatic Carboxylates and
1,3,5-Tris(imidazol-1-yl)benzene

LIU Guang-Xiang
(Key Laboratory of Advanced Functional Materials of Nanjing, Department of Chemisiry, Nanjing Xiaozhuang
University, Nanjing 211171, China)

Abstract: Two coordination polymers, namely {[Zn(timb)(BTEC)ys] -H,0}, (1) and {[Cd (timb)(DPA)] -H,0}, (2),
have been obtained by the reaction of metal salt (zinc nitrate or cadmium nitrate), 1,3,5-tris(imidazol-1-yl)benzene
(timb) with two aromatic carboxylic acids, 1,2,4,5-benzenetetracarboxylic acid (H,BTEC) and diphenic acid
(H,DPA). They were characterized by IR spectroscopy, elemental analysis and single-crystal X-ray diffraction.
Complex 1 crystallizes in triclinic, space group Pl with @=0.991 32(9) nm, b=1.018 23(10) nm, c¢=1.112 45(11)
nm, «=81.479 0(10)°, B=65.613 0(10)°, y=62.318 0(10)°. Complex 2 belongs to monoclinic, space group C2/c
with @=2.633 0(2) nm, 5=0.841 96(8) nm, ¢=2.353 5(2) nm, 8=98.027 0(10)°. Structural analyses reveal that
complex 1 exhibits a novel three-dimensional (3D) (3,4,5)-connected framework with an unusual (4.6°-8%,(4?- 8
(6), topology, whereas complex 2 possesses a one-dimensional (1D) single-wall metal-organic nanotube based on
double helical chains. The results show that the nature of metal ions and the carboxylic building blocks play an

important role in the formation of complexes with diverse structures. The luminescent properties of two complexes

have also been investigated. CCDC: 1422833, 1; 1422832, 2.
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0 Introduction

The field of coordination polymers (CPs) material
has undergone flourishing development in the past few
years. The unique features of this type of materials,
such as tunable structures, diversiform topologies, as
well as potential applications in many useful areas,
have made it a hot research topic for the scientist
worldwide, especially for those who work in the field
of crystal engineering!"®. In general, the applications
of CPs are directly related to their structural features.
Therefore, the development of new synthetic strategies
to achieve CPs with targeted structures and properties
has become a great challenge. Although porous CPs
can be synthesized using multidentate ligands, their
final structural topologies are highly influenced by
several factors, including metal-ligand ratio, pH value,
solvent, temperature, as well as the oxidation state of

BB Tn particular, the rational selection

the metal ion
of organic ligands or co-ligands according to their
lengths, rigidities, coordination modes and functional
groups provides a possibility for the assembly of
structurally controllable CPs!"*'.

Among the various types of organic ligands,
imidazole and its derivatives are often employed to
fabricate CPs because of their strong coordination
abilities and  relatively  versatile  coordination
geometries "2, The rigid tripodal ligand 1,3,5-tris
(imidazol-1-yl)benzene  (timb) has previously been
justified as an efficient and versatile organic building
unit for construction of coordination architectures™>.
For timb, the three imidazole groups can rotate with
different dihedral angles so as to satisfy the demands
of the coordination environments of the central metals
in the

assembly  processes, producing favored

arrangements with beautiful architectures ***. More
importantly, recent studies indicate that utilizing mixed
ligands is an effective route to construct intriguing CPs
with attractive topological structures™?'. Such a dual-
promise for the
with  high

complexities due to the presence of distinct donors

ligand  strategy offers great

construction  of target frameworks

which can coordinate with metal centers through

different coordination modes. With a view to develop
possible synthetic strategies, the employment of mixed
N- and O-donor ligands would be a feasible method to
build

topologies and remarkable functionalities P>, As is

coordination architectures with interesting
known, polycarboxylate ligands are excellent co-
ligands for the construction of highly connected,
different dimensional frameworks due to their versatile
bridging modes. However, investigation of the timb-
carboxylate mixed-ligand system remains largely
unexplored. Thus, the development of comprehensive
research on this topic is necessary. Considering all of
the above-mentioned, we chose timb and two co-
ligands, 1,2,4,5-benzenetetracarboxylic acid (H,BTEC)
(H,DPA) to prepare CPs, and

coordination

and diphenic acid
polymers  with
intriguing structures, namely, {[Zn (timb) (BTEC)s] -
H,0}, (1) and {[Cd(timb)(DPA)]-H,0}, (2). Herein, we

report  their

obtained two new

syntheses, crystal structures and

luminescent properties.
1 Experimental

1.1 Materials and general methods

All the reagents and solvents for syntheses and
analyses were purchased from Sigma or TCI and
employed as received without further purification. The
timb ligand was synthesized according to the reported
(C, H and N) were

performed on a Vario EL III elemental analyzer.

method . Elemental analyses

Infrared spectra were performed on a Nicolet

AVATAR-360 spectrophotometer with KBr pellets in
the 4 000~400 cm™ region. The luminescent spectra
for the powdered solid samples were measured at room
Horiba  FluoroMax-4P-TCSPC

fluorescence spectrophotometer with a xenon arc lamp

temperature on a

as the light source. In the measurements of emission
and excitation spectra the pass width is 5 nm. All the
measurements were carried out under the same
experimental conditions.
1.2 Synthesis of {[Zn(timb)(BTEC),s]-H,0}, (1)
A mixture containing Zn(NOs),-6H,O (59.5 mg,
0.2 mmol), H.BTEC (25.4 mg, 0.1 mmol), timb (55.2
mg, 0.2 mmol) and LiOH-H,0 (16.8 mg, 0.4 mmol) in
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15 mL of deionized water was sealed in a 25 mL
Teflon lined stainless steel container and heated at
140 °C for 3 days. Colorless block crystals of 1 were
collected by filtration and washed with water and
ethanol several times with a yield of 41% based on
timb ligand. Anal. Caled. for CyH;sN¢OsZn (%): C,
49.55; H, 3.12; N, 17.34. Found (%): C, 49.52; H,
3.13; N, 17.35. IR spectrum (cm™): 3 481 (br), 3 185
(w), 1 612 (s), 1 563 (s), 1 519 (s), 1 421 (m), 1 389
(s), 1 319 (m), 1 264 (m), 1 109 (m), 1 077 (s), 1 021
(m), 982 (m), 823 (m), 756 (m), 657 (m), 586 (w).
1.3 Synthesis of {[Cd(timb)(DPA)]-H,0}, (2)
Complex 2 was prepared by a process similar to
that yielding complex 1 by using Cd(NO;),-4H,0 (30.8
mg, 0.1 mmol), H,DPA (24.2 mg, 0.1 mmol), timb
(27.6 mg, 0.1 mmol) and LiOH -H,0 (8.4 mg, 0.2
mmol) in 15 mL of deionized water. Colorless platy
crystals of 2 were collected by filtration and washed
with water and ethanol several times with a yield of
53% based on timb Caled.  for
CxHxNOsCd (%): C, 53.84; H, 3.43; N, 12.99. Found
(%): C, 53.82; H, 3.44; N, 12.98. IR spectrum (cm™):
3 450 (br), 3 130 (w), 1 559 (s), 1 521 (s), 1 444 (s),
1386 (s), 1 240 (w), 1 169 (m), 1 079 (m), 931 (w),
822 (w), 766 (m), 653 (w), 556 (w).

ligand. Anal.

1.4 X-ray crystallography

Two single crystals with dimensions of 0.22 mmx
0.16 mmx0.14 mm for 1 and 0.26 mmx0.22 mmx0.12
fibers for
measurement, respectively. X-ray diffraction intensity
data were collected on a Bruker APEX I CCD

diffractometer

mm for 2 were mounted on glass

equipped  with a  graphite-
monochromatic Mo-Ka radiation (A =0.071 073 nm)
using the ¢-w scan mode at 293 (2) K. Data reduction
and empirical absorption correction were performed
SAINT and SADABS program ¥,
respectively. The structures were solved by the direct
method using SHELXS-97" and refined by full-matrix
least squares on F?* using SHELXL-97 . All of the

non-hydrogen atoms were refined anisotropically. The

using  the

hydrogen atoms of the organic ligands were refined as
rigid groups. The hydrogen atoms of the solvent water
molecules were located from difference Fourier maps,
then restrained at fixed positions and refined
isotropically. The details of the crystal parameters,
data collection and refinement for 1 and 2 are
summarized in Table 1, and selected bond lengths and
angles with their estimated standard deviations are

listed in Table 2.
CCDC: 1422833, 1; 1422832, 2.

Table 1 Crystal data and structure refinement for 1 and 2

Formula CaoHsNeOsZn CooHuNeOsCd
Formula weight 484.75 562.26
Crystal system Triclinic Monoclinic
Space group Pl C2/e

a/ nm 0.991 32(9) 2.633 0(2)
b/ nm 1.018 23(10) 0.841 96(8)
¢/ nm 1.112 45(11) 2.353 5(2)
al(°) 81.479 0(10) 90

B/ 65.613 0(10) 98.027 0(10)
v /(%) 62.318 0(10) 90

V / nm® 0.904 32(15) 5.166 3(8)
Z 2 8

D./ (g-cm?) 1.780 1.663
Absorption coefficient / mm 1.411 0.899

0 range / (°) 2.26~25.50 2.50~25.50
F(000) 494 2 608
Reflections collected 6 956 15 737
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Continued Table 1
Independent reflections 3 346(R;,=0.018 9) 4765 (R,,=0.174 7)
Reflections observed [I>207(1)] 2997 4228
Data, restraints, parameters 3 346, 2, 297 4765, 1, 370
Goodness-of-fit on F* 1.091 1.060
R\, wR, [I>20(])] 0.046 8, 0.132 1 0.047 5, 0.131 6
R\, wR; (all data) 0.052 1, 0.136 0 0.055 3, 0.144 3
Largest difference peak and hole / (e-nm™) 573 and -832 1 021 and -1 035
Table 2 Selected bond lengths(nm) and angles(°) for 1 and 2
1
Zn(1)-0(2) 0.206 5(3) Zn(1)-N(5)" 0.213 4(3) Zn(1)-N(1) 0.211 6(3)
Zn(1)-0(4)" 0.219 2(3) Zn(1)-N(3)’ 0.212 3(3) Zn(1)-0(3)" 0.224 4(3)
0(2)-Zn(1)-N(1) 96.53(12) N(3)i-Zn(1)-0O(4)™ 89.79(12) 0(2)-Zn(1)-N(3)' 84.04(12)
N(5)ii-Zn(1)-0(4)* 151.30(12) N(1)-Zn(1)-N(3)i 178.76(12) 0(2)-Zn(1)-0(3)" 168.04(11)
0(2)-Zn(1)-N(5)" 98.15(12) N(1)-Zn(1)-03)" 86.64(12) N(1)-Zn(1)-N(5)" 95.87(13)
N(3)i-Zn(1)-0(3)" 92.58(12) N(3)i-Zn(1)-N(5)" 85.13(13) N(5)ii-Zn(1)-0(3)" 92.97(11)
0(2)-Zn(1)-0(4)" 109.40(11) 0(@)iii-Zn(1)-0(3)" 59.01(10) N(1)-Zn(1)-O(4)i 88.98(12)
2
Cd(1)-0(3) 0.223 8(4) Cd(1)-0(2) 0.230 1(3) Cd(1)-N(3)* 0.225 5(2)
Cd(1)-0(1) 0.242 0(3) Cd(1)-N(1) 0.226 6(3) Cd(1)-0(4)’ 0.261 2(4)
0(3)i-Cd(1)-N(3)" 109.65(13) N(1)-Cd(1)-0O(1) 106.41(11) 0(3)-Cd(1)-N(1) 90.24(12)
0(2)-Cd(1)-0(1) 54.37(11) N(3)*-Cd(1)-N(1) 115.34(10) 0(3)-Cd(1)-0(4)’ 52.49(12)
0(3)i-Cd(1)-0(2) 159.46(12) N(@3)*-Cd(1)-0(4) 83.23(10) N(3)*-Cd(1)-0(2) 87.65(11)
N(1)-Cd(1)-0(4) 142.70(11) N(1)-Cd(1)-0(2) 92.18(11) 0(2)-Cd(1)-0(4)’ 121.98(11)
0(3)i-Cd(1)-0(1) 105.47(13) O(1)-Cd(1)-0(4)’ 85.29(10) N(3)*-Cd(1)-0(1) 124.09(11)

Symmetry code: ' x+1, y—1, z—1; " x+1, y, z2—

2 Results and discussion

2.1 Crystal structure description

The single-crystal diffraction analysis indicates
that complex 1 crystallized in a triclinic manner with
space group Pl. There are one Zn(Il) ion, one timb
ligand, half of BTEC ligand lying on inversion center,
and one lattice water molecule in one asymmelric unit
of 1. The coordination environment around the Zn(Il)
ion is exhibited in Fig.1 along with the atom
numbering scheme. Each Zn(Il) ion is six-coordinated
by three oxygen atoms from two different BTEC?~
anions and three nitrogen atoms from three individual

timb ligands to form a distorted octahedral geometry

1; 0 —x42, =y, —z+1 for 1; ' x, y+1, z; " —x, y—

1, —z+1/2 for 2

and its basal plane is occupied by three oxygen atoms,
02, 03" and 04", and one nitrogen atom, N5" while
the apical position is occupied by two nitrogen atoms
(N1 and N3). The Zn-O bond lengths are in the range
of 0.206 5(3)~0.224 4(3) nm, and the Zn-N bond
lengths are 0.211 6(3)~0.213 4(3) nm. The coordination
angles around Zn ion are in the range of 59.01(10)~
178.76(12)°.

Each timb ligand in turn connects three Zn (I)
ions which form a triangle with edge lengths (Zn---Zn)
of 1.018 2, 1.144 4 and 1.320 7 nm, respectively. The
three imidazolyl rings are inclined to the phenyl ring
with angles of 9.93(1)°, 33.52(1)° and 35.22(1)°,

respectively. As shown in Fig.2, each Zn (I) ion
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Hydrogen atoms and lattice water molecule are omitted for clarity; Symmetry code:' x+1, y=1, z=1; " x+1, y, z—1; " —x+2, —y, —z+1; ¥ 3—x, -y, 1—2

Fig.1 Coordination environment of Zn(ll) in complex 1 with thermal ellipsoids at 30% probability

Symmetry code:’ x, y, z; " a+1, y, z—1; " x, y+1, z

Fig.2 Ball-stick representation of the Zn-timb sheet in 1

Fig.3 Schematic representation of the 2D (6,3) framework of 1

connects three timb ligands and each timb ligand structure, and a schematic drawing is shown in Fig.3.
connects three Zn(Il) ions, such a coordination mode BTEC* - anions adopt monodentate and bidentate

makes the complex a 2D network with honeycomb chelate coordination modes and connect the Zn-timb
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(Fig.4). If

the Zn(Il) ion is considered as a five-connected node

layers as pillars to generate a 3D structure

(connecting to two BTEC*~ anions and three timb
ligands), the timb ligand can be considered as a three-
connected node (connecting to three Zn(Il) ions), and
the BTEC®~ ligand can be considered as a four-
connected node (connecting to four Zn(Il) ions). The
structure of 1 can be classified as a rare trinodal
(3,4,5)-connected (4.6°-8%),(4- 8% (6%, topology (Fig.5).
As far as we know, this topology has not previously
been reported in the literature. In order to minimize
the space void and stabilize the framework, the
potential  void cavities are occupied by the
uncoordinated water molecules.

X-ray single-crystal diffraction analysis reveals
that 2 is an independent 1D single-wall metal-organic
nanotube. It crystallizes in the monoclinic crystal

system with space group of C2/c. The asymmetric unit

consists of one Cd(Il) ion, one timb ligand, one DPA

dianion, and one uncoordinated water molecule. As
depicted in Fig.6, each Cd(Il) ion is six-coordinated by
two nitrogen atoms from two timb ligands and four
oxygen atoms from two carboxylate groups of two DPA
anions in a distorted octahedral coordination
environment. Its basal plane is occupied by two
oxygen atoms {rom two different DPA ligands (O1 and
04% and two nitrogen atoms from two individual timb
ligands (N1 and N3%, while the apical position is
occupied by two oxygen atoms (02 and 03'). The Cd-
O bond lengths are in the range of 0.223 §(4)~
0.261 2(4) nm, and the Cd-N bond lengths are 0.225 5(2)
~0.226 6(3) nm. The coordination angles around Cd
ion are in the range of 52.49(12)°~159.46(12)°.

It is noteworthy that the timb ligand coordinates
with two, rather than three like in 1, Cd(Il) ions using
two of its three imidazole groups, and the third one
with N6 did not participate in the coordination, which

has been observed previously”.. Three dihedral angles

Fig.5 Schematic view of the (4.6°-8%),(4%-8%(6°) topology of 1
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Hydrogen atoms and lattice water molecule were omitted for clarity; Symmetry code: ' x, y+1, z; " —x, y=1, —z+1/2

Fig.6  Coordination environments of the Cd(I) atoms in 2 with the ellipsoids drawn at the 30% probability level

formed between the central phenyl ring and three
terminal imidazole groups are 20.63 (1)°, 34.72(1)°,
and 5.26 (1)°, respectively. The timb ligand acts as
bidentate bridging ligand to bind two Cd(Il) atoms to
(Fig.7). Both helical
pitches are 1.683 9 nm. Two carboxylate groups of

form double helical chains

DPA are arranged in the opposite sites relative to the
central phenyl ring, giving an anti-conformation,
which link the Cd-timb helical chains generate an
open-ended, hollow single-wall metal-organic nanotube

(Fig.8) with the interior cross section size of ca.

0.589 nmx0.669 nm. The interior of the single-wall

metal-organic  nanotube is  occupied by  the

uncoordinated water molecules. The neighboring
single-wall metal-organic nanotubes are all held
together by weak 77---7 stacking interaction (0.404 9(1)
nm) between imidazole and phenyl ring of timb and
nonclassical C-H --- O hydrogen bonds to form a 3D
supramolecular framework.

2.2 FTIR spectra

FTIR spectra revealed valuable information about

the coordination modes of H.BTEC and H,DPA. The

Fig.7 View of the 1D infinite double helical chains along the b-axis formed by timb and Cd(Il) ions
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Fig.8 Ball-and-stick representations of 1D single-wall metal-organic nanotube

IR spectra of 1 and 2 show the absence of the
characteristic bands at around 1 700 em™ attributed to
the protonated carboxylate group, which indicates that
the complete deprotonation of H,BTEC and H,DPA
upon reaction with metal ion. The difference between
asymmetric and  symmetric  carbonyl  stretching
frequencies (Av=v,,,~V..) was used to fetch information
on the metal-carboxylate binding modes. Complex 1
showed two pairs of v, and v, frequencies at 1 612,
1 421 (Av=191 em™) and 1 563, 1 389 ecm™ (Av=
174 ¢m™) for the carbonyl functionality indicating two
coordination modes as observed in the crystal structure.
Complex 2 showed a pairs of v,.,, and v, frequencies at
1559, 1386 cm™ (Av=173 cm™) corresponding to the
carbonyl functionality of dicarboxylate ligand indicating
a symmetric bis (monodentate) coordination mode. OH
stretching broad bands at 3 481 c¢m ™' for 1 and
3 450 em™ for 2 are attributable to the coordinated
lattice water. The bands in the region of 640~1 250 c¢m™
are attributed to the -CH- in-plane or out-of-plane bend,
ring breathing, and ring deformation absorptions of
benzene ring. The IR spectra also exhibit the chara-
cteristic peaks of imidazole groups at ca. 1 520 cm™ ™!,
2.3 Luminescent properties

The luminescence properties of coordination
polymers with d" metal centers and 7r-conjugated
organic linkers have attracted intense interest due to
their potential applications in chemical optical sensors
and light-emitting devices™*. Solid state photolumine-
scent properties of 1 and 2, as well as those of the free
ligands, were examined at ambient temperature. The

free timb ligand displays photoluminescence with an

emission maximum at 404 nm (A.,=340 nm), which is

in accordance with previous reports™. Upon compl-
exation of the organic ligands with Zn(II)/Cd(Il) ions,
intense blue emissions are observed at 408 nm for 1,
and 425 nm for 2 under excitation at 340 nm, as
depicted in Fig.9. Since Zn(I)/CA(Il) ions are difficult
to oxidize or reduce due to their d"° configurations, the
emissions of complexes 1 and 2 are neither metal-to-
(MLCT) nor ligand-to-metal
charge transfer (LMCT) in nature. Thus, they may be

ligand charge transfer

assigned to being characteristic of intraligand charge
transfer, as reported for other Zn(II)/CA(Il) CPs cons-
tructed from mixed N-donor and O-donor ligands!*,
The maximum emission peak of 1 is similar to that of
the free timb ligand and the emission band of 2 is
relatively red-shifted (17 nm). The differences in the
emission behaviors of 1 and 2 probably derive from
their distinct metal centers and varied polycarboxylate
co-ligands, which may affect the rigidity of the solid-

state crystal packing and further influence their

luminescence emission bands.

T T T T T T
300 350 400 450 500 550 600
Wavelength / nm

Fig.9 Solid-state photoluminescent spectra of complexes

1 and 2
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