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Abstract—By adopting one imidazole multi-carboxylate ligand, 2-(3-carboxylphenyl)-1H-imidazole-4,5-
dicarboxylic acid (m-CPhH4IDC) and one N-containg ligand, 2,2′-bipyridine (2,2′-Bipy) to react with
Cd(NO3)2, under solvothermal condition, a two-dimensional metal-organic framework, {[Cd6(m-CPh-
HIDC)4(2,2′-Bipy)6] · 4H2O}n (I) has been sucessfully constructed. The structure has been determined by
single-crystal X-ray diffraction analysis (CIF files CCDC no. 1480230) and further characterized by elemen-
tal analyses, IR spectra, and thermogravimetric analysis. MOF I exhibits a rare (3,4)-connected 2D structure
bearing two kinds of organic ligands. According to the crystal data, the coordination ability and mode of the
imidazole multi-carboxylate ligand are discussed. Furthermore, the thermal stability and solid-state photo-
luminescent properties of MOF I have been investigated.
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ITRODUCTION
Metal–organic frameworks (MOFs) as new types

of crystalline solid materials are an important class of
functional materials [1]. Due to their intriguing struc-
tural features and outstanding functional advantages,
nowadays MOFs present attractive prospects in the
fields of catalysis [2], environment protection [3], gas
separation [4], drug delivery [5], proton conduction
[6–10], and electrochemical sensing [11–13]. How-
ever, researchers still need to carefully design and con-
struct more and more MOFs to study their interesting
properties and applications.

In this context, to construct various crystalline
structures of MOFs with desired properties, designing
and choosing the promising organic ligands are very
essential. Recently, imidazole-4,5-dicarboxylic acid
(H3IDC) and its derivatives as bridging ligands have
attracted much attention [14–18]. To now, a large
number of MOFs based on above organic ligands have
been described owing to their strong coordination
abilities and versatile bridging modes. However, the
MOFs bearing aromatic groups modified imidazole
dicarboxylate ligands are limited, especially the MOFs
constructed by 2-(3-carboxylphenyl)-1H-imidazole-
4,5-dicarboxylic acid (m-CPhH4IDC). To the best of
our knowledge, only several examples of the MOFs
from m-CPhH4IDC can be found in the reference [19,
20]. For example, the syntheses, crystal structures,

thermal and luminescent properties of three MOFs
from m-CPhH4IDC, namely [Sr3(m-CPhHIDC)2-
(H2O)3]n, {[Cd3(m-CPhHIDC)2(H2O)8] ⋅ 2H2O}n in
[19] and [Mn3(m-CPhHIDC)2(Phen)2]n (Phen =
1,10-phenanthroline) [20], have been reported. These
complexes show various structures from two-dimen-
sional layer to three-dimensional architecture. It is
noted that the m-CPhH4IDC ligand in these MOFs
indicate strong coordination ability. Compared with
H3IDC, m-CPhH4IDC is a promising candidate for
building more interesting MOFs owing to its unique
bulky aromatic carboxylate groups. Meanwhile, addi-
tional carboxylate groups can easily generate metal-
rich clusters with other carboxylate groups by the
coordination bonds between donor atoms and metal
centers.

On the other hand, in general, after imidazole
derivatives are coordinated with d10 metals, the result-
ing complexes often show bright ligand-centered
luminescence [21–26]. The cadmium ions, in partic-
ular, because of their full shell electron structure and
suitable size, often form unusual molecular structures
after coordination with imidazole-based ligands indi-
cating strong luminescence properties [27, 28].

Prompted by the above considerations, herein, we
continue to choose m-CPhH4IDC as an useful bridg-
ing ligands to react with Cd2+ ion in the presence of
one coligand, 2,2′-bipyridine (2,2'-Bipy), to obtain
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one novel 2D MOF, {[Cd6(m-CPhHIDC)4(2,2′-
Bipy)6] · 4H2O}n (I) (Scheme 1). Its crystal structure,

thermal and solid-state photoluminescence properties
have also been investigated.

Scheme 1.

EXPERIMENTAL
Materials and methods. All chemicals were of

reagent grade quality obtained from commercial
sources and used without further purification. The
organic ligand m-CPhH4IDC was prepared according
to the literature procedure [29]. The C, H, and N
microanalyses were carried out on a FLASH EA 1112
analyzer. IR spectra were recorded on a Nicolet
NEXUS 470-FTIR spectrophotometer as KBr pellets
in the 400–4000 cm–1 region. Thermal gravimetric
(TG) measurements were performed by heating the
crystalline sample from 20 to 800°C at a rate of 10°C
min–1 in air on a Netzsch STA 409PC differential
thermal analyzer. Powder X-ray diffraction (PXRD)
patterns were collected on Rigaku D/MAX-3 with
CuKα (λ = 1.5418 Å) irradiation. Fluorescence spectra
were characterized at room temperature by a F-4500
fluorescence spectrophotometer.

Synthesis of I. A mixture of Cd(NO3)2 ⋅ 4H2O
(15.4 mg, 0.1 mmol), m-CPhH4IDC (27.6 mg,
0.1 mmol), 2,2′-Bipy (19.8 mg, 0.1 mmol), CH3OH–
H2O (3 : 4, 7 mL) and Et3N (0.084 mL, 0.6 mmol) was
sealed in a 25 mL Teflon-lined bomb and heated at
150°C for 96 h and then cooled to room temperature.
The colorless cubic crystals of I were isolated, washed
with distilled water, and dried in air (57% yield based
on Cd).

IR (KBr; ν, cm–1): 3418 s, 3066 w, 2928 w, 1678 w,
1616 w, 1472 w, 1381 m, 1262 s, 1117 m, 934 w, 848 s,
787 s, 727 s, 659 w, 639 w, 549 m.

X-ray crystallography. Suitable single crystal was
carefully selected under an optical microscope and
single-crystal X-ray diffraction data for I was recorded
on a Bruker smart APEXII CCD diffractometer with a

graphite-monochromated MoKα radiation (λ =
0.71073 Å) at temperature 296.15 K. All data were col-
lected at room temperature using the ω–2θ scan tech-
nique and corrected for Lorenz-polarization effects.
Furthermore, a correction for secondary extinction
was applied. The structure of I was solved with the
direct methods and expanded using the Fourier tech-
nique. The non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms
were included but not refined. The final cycle of full-
matrix least squares refinement was based on 22750
observed reflections and 1489 variable parameters. All
calculations were performed using the SHELX-97
crystallographic software package [30]. To refine the
crystal data, SQUEEZE procedure was used. The
empirical absorption corrections by SADABS were
carried out [31]. The crystallographic data, and
selected bond lengths and angles of I are given in
Tables 1 and 2, respectively.

Supplementary material for structure I has been
deposited with the Cambridge Crystallographic Data
Centre (CCDC no. 1480230; deposit@ccdc.cam.
ac.uk or https://www.ccdc.cam.ac.uk/deposit).

RESULTS AND DISCUSSION
In MOF I, three hydrogen atoms of one imidazole-

H, one imidazole COO-H and one phenyl COO-H
are triply deprotonated to form the m-CPhHIDC3–

anion. The discoveries further demonstrate that
m-CPhH4IDC has the ability to afford more compli-
cated coordinated modes to meet the requirements of
the central metal ion coordination. Being good linkers
in tuning construction of MOFs with novel frame-
works, the N-donor auxiliary ligands also have signif-
icant effects on structure construction and potential
properties of MOFs [32–34]. In compound I, we
introduced 2,2′-Bipy, which is a highly chelating
N-containing coligand, into our metal–carboxylate
reaction system. Thus, sheet-like complex I was
obtained. Furthermore, the π–π stacking interactions

NHN

COOHHOOC

COOH

m-CPhH4IDC

2,2'-Bipy, MeOH + H2O, 150°C, 96 h

{[Cd6(m-CPhH4IDC)4(2,2'-Bipy)6]
Cd(NO3)2 4H2O   Et3N.

4H2O}n  (I).

For C108H76N20O28Cd6

Anal. calcd., % C, 46.68 H, 2.74 N, 10.09
Found, % C, 46.79 H, 2.51 N, 10.35
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Table 1. Crystallographic data and structure refinement for
complexes I

Parameter Value

Fw 2780.32

Crystal system Monoclinic

Space group P21/c

Crystal size 0.18 × 0.14 × 0.12

a, Å 36.0422(4)

b, Å 12.78120(10)

c, Å 28.5787(3)

β, deg 100.534(4)

V, Å3 12943.3(2)

Z 4

ρcalcd, mg m–3 1.427

F(000) 5520

θ Range for data collection, deg 1.149–25.000

Index ranges, h, k, l –42 ≤ h ≤ 40,

–15 ≤ k ≤ 14,

–33 ≤ l ≤ 27

μ, mm–1 1.041

Reflections collected/

unique (Rint)

64196/22750 (0.0706)

Reflections with I > 2σ(I) 11041

Data/restraints/parameters 22750/0/1489

Goodness-of-fit on F 2 1.051

Final R indices (I > 2σ(I)) R1 = 0.0810,

wR2 = 0.2088

R indices (all data) R1 = 0.1471,

wR2 = 0.2348

Largest diff. peak and hole, e Å–3 0.694 and –0.587
between the auxiliary ligands facilitate the formation
of 3D supramolecular structure networks. It seems
that the large steric hindrance of 2,2′-Bipy ligand gives
rise to the reduction of the dimensionality of the struc-
tures, which has been reported in previous literatures
[35–38].

Complex I shows a 2D sheet structure. As shown in
Fig. 1a, the asymmetric unit of I consists of six crystal-

lographically independent Cd2+ ions, four m-CPh-

HIDC3− and six 2,2′-Bipy ligands and four guest water
molecules. The Cd(1) atom is surrounded by two
nitrogen atoms and two carboxylate oxygen atoms

from two individual m-CPhHIDC3– ligands, and two
nitrogen atoms from a chelating 2,2′-Bipy ligand. The
surrounding of atom Cd(2) is similar to that of Cd(1).
The Cd(3) shows a six-coordinated coordination envi-
ronment with one nitrogen atom (N(16)), three car-
boxylate oxygen atoms (O(1), O(2), and O(13)) from

two individual m-CPhHIDC3– anions, and two nitro-
gen atoms (N(1) and N(2)) from 2,2′-Bipy to generate
a octahedron geometry [CdO3N3]. The surroundings

of atoms Cd(4), Cd(5), and Cd(6) are similar to that of
Cd(3). The Cd−O and Cd−N bonds lengths are vary-
ing from 2.253(8) to 2.354(9) Å and 2.298(7) to
2.449(8) Å, respectively. The bond angles around the

central Cd2+ ion range from 54.1(3)°–116.5(3)° (cis)
and 150.1(4)°–174.6(4)° (trans) (see Table 2), all of
which are comparable to those reported for
other imidazole-based dicarboxyate Cd(II) complexes
[39–42].

Each m-CPhHIDC3− unit in I adopts only one kind
of coordination mode, μ3-kN,O:kO′,N′:kO′′,kO′′′

(Fig. 2). Two m-CPhHIDC3− ligands hold two cad-
mium atoms together leading to a dinuclear unit. The
intradinuclear shortest Cd⋅⋅⋅Cd distance is 6.7046 Å.
Such neighboring units are bridged by μ3-m-CPh-

HIDC3− ligands into a 1D chain along b axis (Fig. 1b).

Furthermore, the μ3-m-CPhHIDC3− units in N,O-

chelating fashion bridge these 1D chains to form a 2D
network (Fig. 1c).

The IR spectrum of I displays characteristic
absorption bands for water molecules, carboxylate,
imidazole, and phenyl units. The compound I shows
strong and broad absorption bands in the range of

3400–3500 cm–1, which indicates the presence of the
ν(N–H) and the ν(O–H) stretching frequencies of
the imidazole ring and coordinated water molecules,
respectively. The carboxyl can be observed from the
absorption bands in the frequency range 1313–

1702 cm–1 as a result of νas(COO–) and νs(COO–)

vibrations, respectively. The characteristic IR band of

the phenyl ring at 634–860 cm–1 is due to δ(CH)
vibrations, which can be found at 735, 765, and

849 cm−1. In conclusion, the infrared spectral data of
I are consistent with crystal structure analysis.

As indicated in Fig. 3, the PXRD spectrum of bulk
crystalline samples for I is consistent well with the
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
simulated patterns from single crystal data, which
indicate the phase purity of I.

To investigate the thermal stability of I, we per-
formed TG analysis. The TG curve is provided in
Fig. 4, which indicates that I shows the first weight
loss 36.66% in the temperature range of 45–383°C
corresponded to the release of four lattice water mole-
cules and six 2,2′-Bipy units (calced. 36.31%). Then a
rapid thermolysis process from 383 to 490°C
was in accordance with the decomposition of the four

m-CPhHIDC3– ligands by a weight loss of 35.43%
  Vol. 46  No. 4  2020
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Table 2. Selected bond distances (Å) and angles (deg) for complex I*

* Symmetry transformations used to generate equivalent atoms: #1 –x, y – 1/2, –z + 1/2; #2 –x + 1, y + 1/2, –z + 1/2.

Bond d, Å Bond d, Å Bond d, Å

N(7)–Cd(1) 2.296(8) N(10)–Cd(1) 2.257(8) N(19)–Cd(1) 2.334(9)

N(20)–Cd(1) 2.282(10) O(10)–Cd(1) 2.431(7) O(5)–Cd(1) 2.430(7)

N(3)–Cd(2) 2.337(9) N(4)–Cd(2) 2.318(8) N(11)–Cd(2) 2.254(8)

N(12)–Cd(2) 2.276(8) O(15)–Cd(2) 2.440(8) O(20)–Cd(2) 2.449(8)

N(1)–Cd(3) 2.334(9) N(2)–Cd(3) 2.341(9) N(16)–Cd(3) 2.265(8)

O(1)–Cd(3) 2.332(7) O(2)–Cd(3) 2.369(7) O(13)–Cd(3) 2.298(7)

N(5)–Cd(4) 2.348(8) N(6)–Cd(4) 2.354(9) N(8)–Cd(4) 2.257(8)

O(3)–Cd(4) 2.323(8) O(11)–Cd(4) 2.352(7) O(12)–Cd(4) 2.356(7)

O(17)–Cd(5) 2.327(8) O(23)–Cd(5)#1 2.337(7) O(24)–Cd(5)#1 2.348(9)

N(13)–Cd(5) 2.253(8) N(14)–Cd(5) 2.310(10) N(15)–Cd(5) 2.312(9)

N(9)–Cd(6) 2.302(8) N(17)–Cd(6) 2.318(10) N(18)–Cd(6) 2.348(10)

O(7)–Cd(6) 2.351(8) O(21)–Cd(6)#2 2.351(8) O(22)–Cd(6)#2 2.331(7)

Angle ω, deg Angle ω, deg Angle ω, deg

N(7)Cd(1)O(5) 71.2(3) N(7)Cd(1)N(19) 93.9(3) N(7)Cd(1)O(10) 116.5(3)

N(10)Cd(1)N(7) 93.4(3) N(10)Cd(1)N(19) 167.1(3) N(10)Cd(1)N(20) 104.3(3)

N(10)Cd(1)O(5) 109.2(3) N(10)Cd(1)O(10) 71.5(3) N(19)Cd(1)O(5) 83.3(3)

N(19)Cd(1)O(10) 95.6(3) N(20)Cd(1)N(7) 158.3(3) N(20)Cd(1)N(19) 71.4(4)

N(20)Cd(1)O(5) 90.8(3) N(20)Cd(1)O(10) 81.6(3) O(5)Cd(1)O(10) 172.2(3)

N(3)Cd(2)O(15) 91.2(3) N(3)Cd(2)O(20) 83.3(3) N(4)Cd(2)N(3) 70.8(3)

N(4)Cd(2)O(15) 83.7(3) N(4)Cd(2)O(20) 95.8(3) N(11)Cd(2)N(3) 157.9(3)

N(11)Cd(2)N(4) 93.0(3) N(11)Cd(2)N(12) 93.9(3) N(11)Cd(2)O(15) 71.7(3)

N(11)Cd(2)O(20) 114.1(3) N(12)Cd(2)N(3) 105.2(3) N(12)Cd(2)N(4) 166.5(3)

N(12)Cd(2)O(15) 109.5(3) N(12)Cd(2)O(20) 70.8(3) O(15)Cd(2)O(20) 174.2(3)

N(1)Cd(3)O(2) 100.2(3) N(1)Cd(3)N(2) 71.0(4) N(2)Cd(3)O(2) 88.7(3)

N(16)Cd(3)N(1) 92.6(4) N(16)Cd(3)N(2) 161.1(4) N(16)Cd(3)O(1) 109.6(4)

N(16)Cd(3)O(2) 104.3(3) N(2)Cd(3)O(13) 100.4(4) O(1)Cd(3)N(1) 150.1(4)

O(1)Cd(3)N(2) 89.1(4) O(1)Cd(3)O(2) 55.9(3) O(13)Cd(3)N(1) 106.7(3)

O(13)Cd(3)N(16) 74.7(3) O(13)Cd(3)O(1) 98.6(3) O(13)Cd(3)O(2) 153.1 (3)

N(8)Cd(4)O(12) 102.9(3) O(3)Cd(4)O(12) 152.9(3) O(11)Cd(4)N(5) 149.8(4)

N(8)Cd(4)O(3) 75.2(4) O(3)Cd(4)O(11) 99.0(3) O(11)Cd(4)N(6) 88.5(4)

N(8)Cd(4)O(11) 108.8(4) O(3)Cd(4)N(5) 106.6(4) N(5)Cd(4)O(12) 100.5(4)

N(8)Cd(4)N(5) 93.2(4) O(3)Cd(4)N(6) 101.1(4) N(5)Cd(4)N(6) 71.3(4)

N(8)Cd(4)N(6) 162.6(4) O(11)Cd(4)O(12) 55.4(3) N(6)Cd(4)O(12) 88.1(3)

N(13)Cd(5)O(17) 73.7(3) N(14)Cd(5)O(17) 101.1(4) O(23)#1Cd(5) N(14) 114.7(4)

N(13)Cd(5)N(14) 92.6(4) N(15)Cd(5)O(17) 95.7(4) O(23)#1Cd(5)O(17) 144.2(4)

N(13)Cd(5)N(15) 158.5(4) N(15)Cd(5)N(14) 70.8(5) O(24)#1Cd(5) O(17) 92.0(4)

N(13)Cd(5)O(23)#1 104.0 (3) N(15)Cd(5)O(23)#1 95.6(4) O(24)#1Cd(5) N(14) 157.5(4)

N(13)Cd(5)O(24)#1 108.7(4) N(15)Cd(5)O(24)#1 89.9(5) O(24)#1Cd(5)O(23)#1 54.1(3)

N(9)Cd(6)O(7) 74.9(4) N(9)Cd(6)N(17) 95.7(4) O(22)#2Cd(6)O(21)#2 56.0(3)

N(9)Cd(6)O(22)#2 105.3(3) O(7)Cd(6)N(18) 93.4(4) O(22)#2Cd(6)N(18) 93.1(4)

N(9)Cd(6)O(21)#2 110.1(4) O(7)Cd(6)N(17) 104.7(4) O(22)#2Cd(6)N(17) 105.5(4)

N(9)Cd(6)N(18) 159.9(4) O(22)#2Cd(6)O(7) 149.7(4) O(21)#2Cd(6)O(7) 94.8(4)

O(21)#2Cd(6)N(17) 151.0(4) O(21)#2Cd(6)N(18) 86.8(4) N(17)Cd(6)N(18) 71.1(4)
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Fig. 1. Coordination environments around the Cd2+ ions with atomic lables. H atoms omitted for clarity (a), the 1D wave chain
constructed by adjacent interconnected cluster (b), the 2D layer of I (c).
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Fig. 2. Coordination mode of m-CPhH4IDC ligand in I.
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(calced. 35.87%). The remaining residue of 27.91%
identified to 6CdO (calced. 27.66%).

The photoluminescent behaviors of I were investi-
gated in the solid state at room temperature (Fig. 5).
As reported in reference [19], the free m-CPhH4IDC

ligand displays luminescence with the emission maxi-
mum at 462 nm by selective excitation at 412 nm,
RUSSIAN JOURNAL OF C

Fig. 3. PXRD patterns of I for the simulated and as-syn-
thesized samples.

10 20 30 40
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50

2θ, deg
which may be attributed to ligand-centered π* → n or
π → π* electronic transitions. Emission band is

observed at 408 nm (λex = 355 nm) for I. As Cd2+ ion

with full-shell electronic configuration is difficult to
oxidize or reduce, the emission band of MOF I cannot
be attributed to metal-to-ligand charge transfer
(MLCT) or ligand-to-metal charge transfer (LMCT)
[42, 43]. The blue shift of compound I (54 nm) com-
pared with free m-CPhH4IDC ligand may ascribe to a

mixture characteristic of intraligand and ligand-to-
ligand charge transition (LLCT), as reported for other

d10 metal complexes with N-donor ligands [44].
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Fig. 5. The solid-state emission spectrum of polymer I at
room temperature.
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