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ABSTRACT
A novel cadmium compound [CdL(bipy)2]�6H2O was synthesized by hydrothermal method, and its
crystal structure was determined by single-crystal X-ray diffraction. The title compound crystallized
in the monoclinic system of the C2/c space group, and existed as an isolated monocyte structure.
The strong p…p stacking interactions produces one-dimensional (1-D) chains and a three-dimen-
sional (3-D) supramolecular structure is formed by a large number of intermolecular hydrogen
bonds . A series of properties of the title compound were tested by solid state photolumines-
cence, CIE analysis and solid-state diffuse reflectance, and the charge transfer of the title com-
pound was studied by time-dependent density functional theory.
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Introduction

Recently, in the field of chemistry and materials, inorganic-
organic hybrid materials have been paid more and more
attention by chemists and material scientists, owing to their
potential applications in optical materials,[1] semiconductor
materials,[2] magnetic materials[3] and medical materials[4]

and so on.
Quinoline carboxylic acids are a kind of versatile sub-

stance. Many quinoline carboxylic acids possess biological
activity, such as antibacterial activities,[5,6] anti-inflammatory
and analgesic activity,[7] antileihmanial activity,[8] inhibitors
of dihydroorotate dehydrogenase,[9] anticancer activity,[10]

and so on. Recently, due to the synergistic effect from
coordination modes of quinoline carboxylic acid ligand and
anion effect, many quinoline carboxylic acids can be used as
the main ligand to construct the supramolecular metal com-
plexes with luminescent activity and biological activity, such
as lanthanide complexes,[11] Dy(III) complexes,[12] Cd(II)
complexes,[13,14] etc.

Because of the special interest in quinoline carboxylic
acids, a series of transition metal complexes with 3-hydroxy-
2-methylquinoline-4-carboxylic acid as the main ligand were
synthesized and reported by Yi’s group, such as, mono-
nuclear Zn(II)/Ni(II)/Pr(III) complexes with monodentate
coordination,[15–17] mononuclear Cu(II)/Zn(II) complexes
with bidentate chelated coordination.[18–20]

In the continuing of our work, we report here the hydro-
thermal synthesis, X-ray crystal structure, photoluminescent,
and semiconductor properties of the title compound, as well

as the calculation of time-dependent density functional the-
ory (TDDFT).

Experimental

Materials and physical measurements

The reagents and chemicals used to synthesize the title com-
pound are analytical reagent grade, which can be sold on
the market and can be used without further purification.
The infrared spectra is obtained from the PE Spectrum-One
Fourier transform infrared (FT-IR), the 1H NMR spectra
were measured on Bruker Avance 400MHz instrument
using DMSO as solvent, the photoluminescence was meas-
ured on the F97XP photoluminescence spectrometer, the
solid-State UV/Vis reflectance spectroscopy was determined
with a TU1901 UV/Vis spectrometer equipped with an inte-
grating sphere. TDDFT investigations were performed using
the Gaussian 09 suite of program packages.

Synthesis of HL (HL 5 3-hydroxy-2-methylquinoline-4-
carboxylic acid)

The Synthesis of HL ligands mainly refers to the relevant
synthesis literatures, as shown in Scheme 1.[20]

Synthesis of the title compound [CdL(bipy)2]�6H2O

The mixture containing HL (203mg, 1mmol),
Cd(CH3COO)2�2H2O (170mg, 1mmol), bipy (312mg,
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2mmol), H2O (9mL), and triethylamine (1mL) was placed
in a 25mL polytetrafluoroethylene lined autoclave and
heated to 100 �C for 7 days under autogenous pressure.
When the reaction mixture was cooled down room tempera-
ture, bright yellow block-like crystals were obtained, which
is used to collect single crystal X-ray data and infrared spec-
troscopy. The yield was 75% base on [CdL(bipy)2]�6H2O. IR
peaks (cm�1): 3437(vs), 1631(w), 1595(m), 1562(w), 1434(s),
1355(w), 1310(w), 768(m).

Crystallographic data collection and refinement

The single crystal data of the title compound were collected
with a suitable single crystal (size 0.38mm � 0.27mm �
0.21mm) on a SuperNova charge-coupled device (CCD) X-
ray diffractometer. During the data acquisition, the crystal
temperature was kept at 292(2) K. Using Olex2,[21] the struc-
ture was solved with the olex2.solve[22] structure solution
program using Charge Flipping and refined with the ShelXL
refinement package[23] (using Least Squares minimisation).
All of the non hydrogen atoms were generated based on the
subsequent Fourier difference diagram and were refined ani-
sotropically. The hydrogen atoms were located theoretically
and ride on their parent atoms. The final refining results
were given R¼ 0.0367, wR¼ 0.0945(w¼ 1/[r2(Fo

2) þ

(0.0506P)2 þ 9.855P]), where P ¼ (Fo
2 þ 2Fc

2)/3);
S¼ 1.041, (Dq)max ¼ 1.09 and (Dq)min ¼ �0.42 e/Å3.
Tables 1 and 2 provide a summary of the crystallographic
data, selected bond lengths and of the title compound,
respectively.

Results and discussion

The preparation of the title compound is as follows: first,
indigo is oxidized by K2CrO7 to form the intermediate
product isatin. Second, the ligand HL was obtained by add-
ing chloroacetone to the intermediate isatin in alkaline con-
dition. Finally, the title compound was synthesized by
hydrothermal reaction of the HL with cadmium acetate,
2,20-bipyridine, water and triethylamine. According to the
infrared spectrum of the title compound [CdL(bipy)2]�6H2O,
the strong broad band at 3437 cm�1 indicates the presence
of water, the absorption at 1631 cm�1 is assigned to the con-
tribution of C¼N, the absorptions at 1595 cm�1 and
1355 cm�1 are considered as the presence of monodentated
carboyxlate in the title compound, as shown in Figure 1.

This compound crystallizes in the monoclinic C2/c. The
asymmetric unit contains of one cadmium (II) ion, one
quinoline carboxylic acid anion, two bipy molecules and six
lattice water molecules, as shown in Figure 2. The cadmium
atom has hexacoordinated by two oxygen atoms (O(1) and
O(2)) from quinoline carboxylic acid and four nitrogen
atoms (N(1), N(2), N(3) and N(4)) from two bipys in a dis-
torted octahedron geometry. The Cd (II) ion occupies the
center of octahedron, N(1) and O(2) occupy axial position,
and N(2), N(3), N(4), O(1) occupy the equatorial plane of
octahedron, respectively. The bond distances of Cd–O(1)
and Cd–O(2) are 2.2330(19) Å and 2.285(2) Å, respectively,
while those of Cd–N(1), Cd(1)–N(2), Cd(1)–N(3) and
Cd–N(4) are 2.385(2) Å, 2.356(2) Å, 2.364(2) Å and
2.366(2) Å. These are comparable with that reported in the
references.[24,25] Both the quinolinecarboxylate (L–) and bipy

Scheme 1. Synthetic route of ligand HL.

Table 1. Summary of crystal data.

Empirical formula C31H36CdN5O9

Formula weight 735.05
Temperature/K 293(2)
Crystal system monoclinic
Space group C2/c
a/Å 24.9724(9)
b/Å 17.7565(7)
c/Å 15.3771(5)
a/� 90
b/� 105.862(3)
c/� 90
Volume/Å3 6558.9(4)
Z 8
qcalcg/cm

3 1.489
l/mm-1 0.726
F(000) 3016.0
Crystal size/mm3 0.38� 0.27� 0.21
Radiation MoKa (k¼ 0.71073)
2H range for data collection/� 6.604 to 52.744
Index ranges �31 � h � 31, �22 � k � 22,

�19 � l � 19
Reflections collected 35454
Independent reflections 6698 [Rint¼ 0.0251, Rsigma¼ 0.0190]
Data/restraints/parameters 6698/0/443
Goodness-of-fit on F2 1.041
Final R indexes [I� 2r (I)] R1¼ 0.0367, wR2¼ 0.0945
Final R indexes [all data] R1¼ 0.0462, wR2¼ 0.1021
Largest diff. peak/hole/e Å�3 1.09/�0.42

R1 ¼ RjjFoj�jFcjj/RjFoj; wR2 ¼ fR[w(Fo2�Fc
2]/ R[wFo

2]2g1/2.

Table 2. Selected bond lengths (Å) and bond angle (�).

Distance (Å) Distance (Å)

Cd(1)–O(1) 2.2330(19) Cd(1)–N(1) 2.385(2)
Cd(1)–O(2) 2.285(2) Cd(1)–N(2) 2.356(2)
Cd(1)–N(3) 2.364(2) Cd(1)–N(4) 2.366(2)
Angle (�) Angle (�)
O(1)–Cd(1)–N(1) 95.71(7) O(2)–Cd(1)–N(4) 112.04(9)
O(1)–Cd(1)–O(2) 83.64(8) N(2)–Cd(1)–N(1) 69.56(9)
O(1)–Cd(1)–N(2) 109.98(8) N(2)–Cd(1)–N(3) 93.48(8)
O(1)–Cd(1)–N(3) 153.99(8) N(2)–Cd(1)–N(4) 153.51(10)
O(1)–Cd(1)–N(4) 91.65(8) N(3)–Cd(1)–N(1) 103.08(9)
O(2)–Cd(1)–N(1) 154.28(9) N(3)–Cd(1)–N(4) 69.56(9)
O(2)–Cd(1)–N(2) 86.21(9) N(4)–Cd(1)–N(1) 93.68(9)
O(2)–Cd(1)–N(3) 86.93(9)
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act as the bidentate ligand, which occupy the basal position.
The title compound also contains six lattice water molecules.
There are not only a A lot of intramolecular hydrogen
bonds, which can be found the O–H bond and O
atom(O(5)–H(5A)���O(8); O(8)–H(8A)���O(2); O(8)–H(8B)
���O(7)), but also a lot of intermolecular hydrogen bonds,
which can be found the O–H bond and O atom
(O(4)–H(4A)���O(5), (Symmetric code: 3/2� x, 1/2þ y, 3/
2� z); O(4)–H(4B)���O(9), (1/2þ x, 1/2þ y, z);
O(6)–H(6A)���O(5), (3/2� x,1/2� y,1� z); O(7)–H(7A)
���O(4), (3/2� x,1/2� y,1� z); O(7)–H(7B)���O(5) (1� x,
�y,1� z), the N–H bond and O atom (N(5)–H(5)���O(6),
(Symmetric code: x, 1� y, �1/2þ z)) and the O–H bond
and N atom(O(6)–H(6B)���N(5), (Symmetric code: x, 1� y,

1/2þ z)), thus forming a three-dimensional supramolecular
structure, as shown in Figure 3 and Table 3, respectively.

In the title compound, there are also strong offset face-
to-face p…p stacking interaction between Cg3���Cg6i,
Cg4���Cg5ii [Cg3 is N2/C5/C6/C7/C8/C9, Cg4 is N4/C20/
C21/C22/C23/C24, Cg5 is N3/C15/C16/C17/C18/C19, Cg6 is
N1/C10/C11/C12/C13/C14; i¼ 1� x, 1� y, 1� z; ii ¼ 3/
2� x, 1/2x� y, 1� z]. The centroid–centroid distance of
Cg1…Cg6i is 3.629Å with the shift distance being of
0.275Å and the twist angle being of 10.528�. The centroid-
centroid distance of Cg4���Cg5ii is 3.919Å with the shift dis-
tance being of 1.719Å and the twist angle being of 177.906�.
These p���p stacking interactions and via van de Waals
attraction yield the one-dimensional supramolecular struc-
ture, the crystal packing as presented in Figure 4. There are
also two interactions between C–H���Cg (p���Ring) in
the one-dimensional structure, they are C13–H13���Cg8 (N5/
C25/C26/C28/C30/C35; x,1� y,1/2þ z) and C18–H18���Cg8
(N5/C25/C26/C28/C30/C35; 3/2� x,1/2� y,1� z),
respectively.

Based on barium sulfate as the reference for 100% reflect-
ivity, the UV–Vis diffuse reflectance spectra of the target
compound was measured at room temperature, using the
solid-state compound. Data processing adopts (ah�)1/n ¼
A(h��Eg), which is the famous Tauc plot formula,[26,27]

where a is the absorption coefficient, h is the Planck’s con-
stant (6.63� 10�34J.s), � is the frequency, A is the constant
and Eg is the band gap of semiconductor. First, the (ah�)1/n

(n¼ 1/2) and h� are obtained by using the solid-state
UV–Vis diffuse reflectance spectrum, where h� ¼ hc/k, k is
the wavelength of light. Second, the graph is draw with
(ah�)1/n as the vertical coordinate and h� (1 eV ¼Figure 1. FTIR spectra of the title complex [CdL(bipy)2]�6H2O.

Figure 2. The monomolecular diagram of the title complex. The hydrogen atoms of the lattice water molecules are omitted for clarity.

INORGANIC AND NANO-METAL CHEMISTRY 3



1.6� 10�19 J) as the horizontal coordinate. Finally, the
straight part of the figure is extrapolated to the horizontal
coordinate, and the intersection point is the energy band
gap. As shown in Figure 5, the title compound shows a
broad optical energy band gap of 2.61 eV. Therefore, this
may be a candidate material for broad band gap semicon-
ductors. The energy band gap of 2.61 eV of the title com-
pound is obviously larger than those of GaAs (1.4 eV), CdTe
(1.5 eV), and CuInS2 (1.55 eV),[28–30] those are called effi-
cient band gap photovoltaic materials.

At the same time, in order to reveal the potential photo-
luminescence characteristics of the title compound, the

Figure 3. The packing diagram of the title complex with the dashed lines representing the hydrogen interactions.

Table 3. Hydrogen bond lengths (Å) and bond angles (�).

D–H…A [ARU] D–H (Å) H… A(Å) D…A(Å) D–H…A (�)
O(4)–H(4A)���O(5) [6656] 0.85 2.29 2.763(14) 115
O(4)–H(4B)���O(9) [5555] 0.85 2.36 2.958(16) 128
N(5)–H(5)���O(6) [4565] 0.86 2.05 2.882(6) 162
O(5)–H(5A)���O(8) 0.85 1.93 2.722(11) 154
O(6)–H(6A)���O(5) [7656] 0.94 2.05 2.758(10) 132
O(6)–H(6B)���N(5) [4564] 0.85 2.19 2.882(6) 139
O(7)–H(7A)���O(4) [7656] 0.85 2.24 2.846(11) 128
O(7)–H(7B)���O(5) [3656] 0.85 2.14 2.776(11) 131
O(8)–H(8A)���O(2) 0.85 2.32 2.960(8) 133
O(8)–H(8B)���O(7) 0.85 2.27 2.649(14) 107

Symmetric code: [4565] ¼ x, 1� y, 1/2þ z; [4564] ¼ x, 1� y, �1/2þ z ;
[5555]¼ 1/2þ x, 1/2þ y, z ; [6656]¼ 3/2� x, 1/2þ y, 3/2� z; [7656]¼ 3/
2� x, 1/2� y, 1� z; [3656]¼ 1� x, �y, 1� z.

Figure 4. The p… p stacking interactions diagram of the title complex. The lattice water molecules are omitted for clarity.
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photoluminescence spectra of the solid state samples at
room temperature were measured, and the results are shown
in Figure 6. It can be seen that the photoluminescence spec-
trum of the title compound shows an effective energy
absorption in the wavelength range of 250–470 nm. Upon
445 nm emission, the excitation spectrum shows a band at
522 nm. Under the excitation of 522 nm, there is a sharp
band in the blue region of 445 nm. The emission band of

the title compound located in the blue region with the
CIE1931 chromaticity coordinate (0.1568, 0.0183) (Figure 7).
Therefore, the title compound is a potential blue light-emit-
ting material.

In addition, in order to reveal the nature of the photolu-
minescence properties of the title compound, we truncated
ground state geometry from its single crystal X-ray diffrac-
tion data set without optimization, and on this basis, we cal-
culated it according to the time-dependent density
functional theory (TDDFT). TDDFT calculations were calcu-
lated with the nine functions, including B3LYP, B3PW91,
mPW3PBE, PBEh1PBE, HSEH1PBE, PBEPBE, M06-L, M06-
2X, and BLYP, the base set of SDD for Cd and the base set
of 6-31G� for C, H, O, N, and it were done with the
Gaussian09 program.[31] The characteristics of HOMO and
LUMO of the title compound are shown in Figure 8. From
Table 4, it can be found that the egap value obtained at TD-
B3LYP, TD-B3PW91, and TD-mPW3PBE methods are
almost the same. Then, the results at TD-B3LYP method
were used in the following discussion. From the figure, we

Figure 5. The solid-state UV–Vis diffuse reflectance spectrum (Eg ¼ 2.61 eV).
The inset is the UV–Vis spectra of the title complex.

Figure 6. Photoluminescence properties of the title complex (red: emission
curve; blue: excitation curve). Figure 7. The CIE diagram of the emission spectrum of the title complex.

Figure 8. HOMO and LUMO of the title complex with isosurface of 0.03 a.u.

INORGANIC AND NANO-METAL CHEMISTRY 5



can find that the electron density distribution of HOMO
was completely located in the p-orbital of HL with an
energy of �3.448 eV (eHOMO); while that of LUMO was
completely located in the p-orbital of bipy, with an energy
of eLUMO ¼ �2.427 eV. The energy difference (egap ¼
1.020 eV) between LUMO and HOMO is small enough to
transfer the charge from HOMO to LUMO. According to
this observation, we can get that the nature of photolumi-
nescence of the title compound is attributed to the ligand-
to-ligand charge transfer (LLCT; from the p-orbital HOMO
of ligand HL to the p-orbital LUMO of ligand bipy).
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