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A new cadmium(II) pyrazine-2-carboxylate coordination polymer, {[Cd(L)(H2O)2(SO4)0.5]2·H2O}n
(HL = pyrazine-2-carboxylic acid), has been synthesized by low-temperature solid-state reaction.
Single-crystal X-ray analyses reveal that compound possesses a 3-D framework structure. The third-
order non-linear optical properties were also investigated and they exhibit nice non-linear absorption
and self-defocusing performance with modulus of the hyperpolarizability (γ) 1.30 × 10−30 esu.

A new cadmium(II) pyrazine-2-carboxylate coordination polymer, {[Cd(L)(H2O)2(SO4)0.5]2·H2O}n
(1) (HL = pyrazine-2-carboxylic acid), has been synthesized by low-temperature solid-state reaction.
Single-crystal X-ray analyses reveal that 1 possesses a 3-D framework structure. The polymer 1 was
characterized by elemental analyses, thermogravimetric analyses, X-ray powder diffraction analyses,
IR spectra, and UV–visible spectra. The third-order non-linear optical properties were also investi-
gated and they exhibit nice non-linear absorption and self-defocusing performance with modulus of
the hyperpolarizability (γ) 1.30 × 10−30 esu for 1 in a 2.01 × 10−4 M dm−3 DMF solution.
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1. Introduction

Recently, the design and assembly of coordination polymers have been of interest due to
their interesting topologies [1–6] and potential applications such as catalysts, superconduc-
tors, gas storage, magnetic, and optical materials [7–12]. A rational selection of ligand,
metal center, type of the anion, and reaction conditions can confer control over the topology
of the resulting networks. Employment of two same metals (such as Cu) or different metals
(such as Cu and Cd) [13] in the preparation of coordination polymers may be expected to
increase the diversity and complexity of coordination polymers. Many efforts have been
devoted to fundamental structural aspects to understand and control the several factors that
affect the self-assembly of metal-organic framework architectures. These factors include
coordination geometry of metal cations, the structure of organic ligands, the solvent system,
pH, temperature, the counter-anion, and the ligand-to-metal ratio [14–20].

The simultaneous presence of sulfate and L– (pyrazine-2-carboxylic) ligand, which are
attractive linkers for crystal engineering, may lead to new polymeric network topologies.
L– has been known to be a versatile ligand, which may coordinate to metal atoms in many
different ways [21]. L– coordinates to metals in O, N coordination, chelating, or bridging. As
chelating or bridging ligand, L– can link a metal center, a pair of metal centers, or many metal
centers. In this article, L– has three kinds of coordination modes to form 1 (see scheme 1).

This compound is synthesized by low-temperature solid-state reaction and not in solution.
This low-temperature solid-state synthesis method has significance in reducing environmen-
tal pollution. As for non-linear optical (NLO) performance, the studies in the last decade
have largely focused on semiconductors, conjugated polymers, and discrete organic mole-
cules [22–25], as well as the fullerene C60 [26] while polymers (a very promising class of
NLO materials) have been studied to some extent [27] but have not received enough atten-
tion. In this article, we report the solid-state synthesis, structural characterization, and the
third-order NLO properties of 1.

2. Experimental

2.1. Starting materials

The solvents were carefully dried and distilled prior to use and other chemicals from com-
mercial sources were used without purification.

2.2. Physical measurements

Infrared spectra (KBr pellets) were recorded on a Perkin-Elmer SPECTRUM ONE FT-IR
spectrometer from 225 to 4000 cm−1. Cd was determined by a Perkin-Elmer Optima
3300DV spectrometer. Elemental analyses (C, H, S, and N) were performed on a
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Scheme 1. Three kinds of coordination modes of L– in 1.
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Perkin-Elmer 2400 Series IICHNS/O elemental analyzer. Electronic spectra were measured
on a Shimadzu UV-3100 spectrophotometer. Thermogravimetric analyses were performed
on a Perkin-Elmer TGA7 analyzer with a heating rate of 10 °C min−1 in a flowing air atmo-
sphere. X-ray powder diffraction (XRPD) intensities were measured on a Rigaku D/max-
IIIA diffractometer (Cu Kα radiation, λ = 1.54056 Å) with a scan rate of 1° min−1 from 5°
to 50°.

2.3. NLO measurements

A DMF solution of 2.01 × 10−4 M dm−3 of 1 was placed in a 5-mm quartz cuvette for opti-
cal measurements. The non-linear absorption and non-linear refraction were measured with
a linearly polarized laser light (λ = 532 nm, pulse width = 15 ns) generated from a
Q-switched and frequency-doubled Nd–YAG laser. The spatial profiles of the optical pulses
were nearly Gaussian. The laser beam was focused with a 25-cm focal-length focusing
mirror. The radius of the beam waist was measured to be 30 ± 5 μm (half-width at 1/e2

maximum). The incident and transmitted pulse energy were measured simultaneously by
two Laser precision detectors (RjP-735 energy probes), which were linked to a computer by
an IEEE interface [28]. The interval of each transmittance measurement was set at 5 s, so
that every pulse of light was assured of meeting fresh molecules in the sample to eliminate
the influence of any photon degradation. The NLO properties of the samples were manifested
by moving the samples along the axis of incident beam (Z-direction) with respect to the focal
point instead of being positioned at its focal point, and an identical setup was adopted in the
experiments to measure the Z-scan data. An aperture of 0.5 mm radius was placed in front of
the detector to assist the measurement of the NLO absorption and refraction effect.

2.4. Synthesis of 1

A well-ground mixture of CdSO4 (21 mg, 0.1 mM) and HL (45 mg, 0.1 mM) was heated in
a sealed glass tube filled with N2 gas at 93 °C for 16 h. The mixture was extracted with the
mixed solvent of DMF (20 mL), H2O (5 mL), and CH3OH (35 mL) and then filtered. The
colorless solution filtrate remained in the atmosphere of nitrogen at 5 °C for 6 days and thin
colorless crystals were obtained, with yield of 52.0% based on Cd. FT-IR (KBr pellet,
cm−1) ν: 3132(w), 2821(w), 2479(w), 2363(w), 1921(m), 1649(w), 1603(s), 1587(s), 1412
(m), 1320(w), 1296(s), 1058(w), 861(w), 779(m), and 685(m). The results of elemental
analyses: Anal. Calcd for C5H9O7N2S0.5Cd (Mr = 337.57): C, 18.28%; N, 8.52%; H,
2.45%; and Cd, 34.21%. Found: C, 18.17%; N, 8.58%; H, 2.55%; and Cd, 34.11%.

2.5. Structure determination

A single crystal of 1 was carefully selected under an optical microscope and fixed to a thin
glass fiber. Crystal data were collected with graphite-monochromated Mo-Kα radiation
(λ = 0.71073 Å) using a Bruker Smart Apex II diffractometer for 1 at T = 296 K. Empirical
absorption corrections were made using SADABS [29]. The structures were solved using
the direct method and refined by full-matrix least squares on F2 using the SHELX-97 pro-
gram package [30]. The non-hydrogen atoms were assigned anisotropic displacement
parameters in the refinement; hydrogens were treated using a riding model. The crystal data
and selected parameters are given in tables 1 and 2.

2632 Y. Li et al.
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3. Results and discussion

3.1. Synthesis

The synthesis of 1 could be presumed as follows:

2nCd2þ þ 2n L� þ 5nH2Oþ n SO2�
4 ! f½CdðLÞðH2OÞ2ðSO4Þ0:5�2 � H2Ogn

Table 1. Crystal data and structure refinement for 1. Estimated standard deviations are given in parentheses.

Empirical formula C5H9O7N2S0.5Cd
Formula weight 337.57
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a = 13.768(2) Å, b = 8.4797(14) Å, c = 17.767(3) Å, α = 90.00°, β = 91.977(2)°,

γ = 90.00°
Volume (Å3), Z 2073.0(6), 4
Density (g/cm3) 1.082
F000 660
Absorption coefficient

(mm−1)
1.115

Crystal size (mm3) 0.18 × 0.16 × 0.15
θ range (°) 2.29–25.17
Limiting indices −16 ≤ h ≤ 14, −6 ≤ k ≤ 10, −17 ≤ l ≤ 21
T (K) 296(2)
Reflections collected/unique 5053/1873 [R(int) = 0.0694]
Data/restraints/parameters 1873/0/165
Goodness of fit indicator 0.928
Final R indicates [I > 2σ(I)] R1 = 0.0309, wR2 = 0.0637
R indices (all data) R1 = 0.0414, wR2 = 0.0675
Largest diff. peak and hole

(e/Å3)
0.347 and −0.418

Table 2. Selected bond lengths (Å) and angles (°) for 1. Estimated standard deviations
are given in parentheses.

Bond lengths
Cd–O(2) 2.326(3) Cd–N(1) 2.429(4)
Cd–O(3) 2.292(4) S–O(6) 1.452(3)
Cd–O(4) 2.307(4) S–O(6B) 1.452(3)
Cd–O(5) 2.253(3) N(1)–C(1) 1.327(6)
S–O(5) 1.488(3) Cd–O(1A) 2.376(3)
S–O(5B) 1.488(3) Cd–O(2A) 2.541(3)

Bond angles
O(5)–Cd–O(3) 171.80(14) O(5)–Cd–O(4) 85.71(14)
O(5)–Cd–O(2) 87.08(11) O(3)–Cd–O(4) 92.88(16)
O(5)–Cd–N(1) 97.04(12) O(3)–Cd–O(2) 98.14(14)
O(4)–Cd–O(2) 148.94(14) O(3)–Cd–N(1) 90.71(15)
O(4)–Cd–N(1) 80.98(13) O(2)–Cd–N(1) 69.99(11)
O(6)–S–O(6A) 111.4(3) O(6)–S–O(5A) 110.34(18)
O(6A)–S–O(5A) 109.89(19) O(6)–S–O(5) 109.89(18)
O(1A) –Cd–N(1) 146.72(11) O(6B)–S–O(5B) 109.89(19)

Note: Symmetry transformations used to generate equivalent atoms: A, –x + 1/2, y + 1/2, –z + 3/2; B,
–x + 1, y, –z + 3/2.
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3.2. Structure description

The X-ray diffraction analysis reveals that 1 exhibits a 3-D metal–organic framework based
on binuclear cadmium building blocks with SO2�

4 , L–, and H2O ligands. The asymmetric
unit of 1 contains one Cd(II), two coordinated waters, two L– ligands, and one coordinated
sulfate. The perspective view of the fundamental unit with the atom-numbering scheme is
shown in figure 1. There is one crystallographically unique Cd center in the unit. Cadmium
(II) located in the center of a pentagonal bipyramid is seven-coordinated by six oxygens
and one nitrogen. The six oxygens are made of three carboxylate groups from two HL
ligands (O(2), O(1A), and O(2A)); two oxygens from two waters (O(3) and O(4)); and one
oxygen from sulfate (O(5)). The one nitrogen comes from pyrazine of L– (N(1)). The Cd–O
and Cd–N bond distances are comparable to those observed in other complexes [31]. The
Cd–O bond lengths range from 2.253(3) to 2.541(3) Å and the O–Cd–O bond angles range
from 52.82(12) to 171.80(14)°. Meanwhile, the Cd–N bond lengths are 2.429(4) Å and the
O–Cd–N bond angles range from 69.99(11) to 160.45(11)°, as shown in figure 1.

HL in 1 was completely deprotonated, and each L– bridges two Cd2+ ions and adopts
μ2-η

1:η1:η1 coordination mode (mode 3). The μ2-L
– ligands join the adjacent Cd centers

along the b direction to a 1-D chain structure [–Cd-(μ2-L)–Cd–]∞, and the μ2-SO2�
4 ligands

join adjacent 1-D chain [–Cd-(μ2-L)–Cd–]∞ to a 2-D rhombic-grid network structure
{[Cd(L)(H2O)2(SO4)0.5]2·H2O}∞ along the ab plane with 4.718(1) Å and 6.651(4) Å of
adjacent Cd···Cd distances formed as shown in figure 2.

Here, Cd(II) ions are regarded as the node; L− and sulfate as linkers; obviously, the 2-D
layer in 1 presents a rhombic topological network. The packing of the molecules of 1 in the
solid state exhibits self-assembled structure topologies through different H-bonding and
π⋅⋅⋅π stacking interactions. The uncoordinated guest H2O molecules inside these square
frameworks are stabilized by hydrogen bonding O–H···O interactions between the sulfate/
pyrazine and H2O of different layers (figure 2), and weak π⋅⋅⋅π stacking interactions of
3.554(1) Å (figure 3) resulting in the formation of a 3-D supramolecular packing network
(figure 4). The self-assembled structure of the 2-D layer structure further extends to a 3-D
supramolecular network, i.e. the individual planes associate with each other through π⋅⋅⋅π
stacking interactions between the pyrazine rings along the ac plane. Interlayer π⋅⋅⋅π stacking
interaction with the distance of 3.554(1) Å between the centers of two pyrazine rings links

Figure 1. ORTEP view of the building block of 1 with atomic labeling at the 50% probability level. Hydrogens are
not shown. Symmetry codes: A, –x + 1/2, y + 1/2, –z + 3/2; B, –x + 1, y, –z + 3/2; C, –x + 1/2, y – 1/2, –z + 3/2.
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the adjacent coordination layers to form a 3-D network (figure 3). The π⋅⋅⋅π distances are
comparable to reported [Cu(im)2(NCS)2] (im = imidazole) with π⋅⋅⋅π interactions between
the imidazole rings (3.783(85) Å) [32].

Supramolecular compounds are one- or poly-dimensional space aggregates with extended
structures joined by non-covalent interactions in which hydrogen bonding is the most

Figure 2. View of the 2-D network structure for 1 along the ab plane.

Figure 3. View of the 2-D network structure for 1 along the ac plane.
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dominant intermolecular force. Compound 1 is built up from the 1-D [–Cd-(μ2-L)–Cd–]∞
chains, which are connected by μ2-SO2�

4 ligands and two types of hydrogen bond interac-
tions into a 2-D supramolecular network along the ab plane. O(7) as acceptor and H(3B)
bonding with O(3) H2O as donor form one type of hydrogen bond O(3)–H(3B)···O(7)
[x, 1 + y, z]. On the other hand, O(7) as acceptor and H(4B) bonding with O(4) H2O as
donor form the second type of hydrogen bond O(4)–H(4B)···O(7) [x, 1 + y, z] (figure 2).
The two types of hydrogen bonds join the adjacent linear chains along the ab plane to form
a 2-D network structure. The parameters of all the hydrogen bonds are listed in table 3. The
distances of O(3)···O(7) and O(4)···O(7) (2.800(0) Å and 2.782(1) Å, respectively) are
within the range of values found for unconventional weak O–H···O hydrogen bonds observed
in metal complexes (dO···O = 2.779(27) Å) [33]. As shown in figure 4, a 3-D structure of the
neutral polymer was assembled through a combination of coordination bonds, conventional
intermolecular O–H···O hydrogen bonds, and weak π–π stacking interactions.

Figure 4. View of the 3-D network structure for 1.

Table 3. The distances (Å) and angles (°) of hydrogen bonds.

D−H···A d(D−H) d(H···A) d(D···A) hDHA
O(3)−H(3B)···O(7) 0.987(0) 1.855(0) 2.800(0) 159.18(1)
O(4)−H(4B)···O(7) 0.889(0) 1.914(0) 2.782(1) 164.54(1)

2636 Y. Li et al.
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3.3. NLO properties

The UV–visible absorption spectrum of 1 (2.01 × 10−4 M dm−3 in DMF) displays one
strong absorption (with molar absorption coefficients in dm3M−1 cm−1) at 261 (6.65 × 103)
nm and the peak is broad with a long tail of up to 700 nm (figure 5); this is attributed to
the ligand centered π–π* transition of L– and center ion← ligand charge-transfer transi-
tions. The compound has relatively low linear absorption in the ultraviolet and visible
region, and the wide peak extending into the visible region shows the presence of charge-
transfer transitions. It also shows that the supramolecular polymer has potential as an optical
limiter [34].

The third-order NLO properties of 1 were investigated by using a Z-scan technique. The
cell being selected to place the sample is a 5-mm-thick glass. The obtained experimental
data and theoretical fits [35] are depicted in figure 6. In accordance with the observed effec-
tive third-order NLO absorptive coefficient α2 and refractive coefficient n2, the modulus of
the effective third-order non-linear susceptibility χ(3) can be calculated by

vð3Þ
�� �� ¼ ð9� 108n20e0cka2=8p

2Þ2 þ ðn0cn2=80p2Þ2
h i1=2

(1)

where λ is the laser wavelength, n0 is the linear refractive index of the sample (n0 can be
replaced by one of the solvents during calculation if the concentration of the sample is very
dilute), and ε0 and c are the permittivity and the speed of light in a vacuum, respectively.
The corresponding modulus of the third-order non-linear molecular susceptibilities (or
hyperpolarizabilities) was obtained from

jcj ¼ jvð3Þj=NF4 (2)

where F4 = [(n2 + 2)/3]4, N is the molecular number density of the compound in the sample
(i.e. molecular number of the solute in each mL of the solution), and F4 is the local Lorents

Figure 5. UV–visible spectrum of 1.
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field correction term. All the calculated results and some literature data on the NLO
properties are listed in table 4. The γ value in the table indicates that 1 has nicer third-order
NLO performance and displays the reverse saturation absorption (α2 > 0) and a
self-defocusing property (n2 < 0). The material possessing the self-defocusing performance
may be an excellent one for application in protection of optical sensors.

Supramolecular 1 exhibits a significant NLO absorption and a refractive effect. The
hyperpolarizability γ value (1.30 × 10−30 esu) of 1 is comparable to that of [Co(ISO-
IN)2(H2O)4] (2) (8.75 × 10–31 esu) [33] and [Co(im)2(C2O4)] (3) (1.55 × 10−31 esu) [36].
The third-order NLO properties of some compounds are listed in table 4. The three com-
pounds possess a similar supramolecular structure, but center ions and external ligands are
different. As a result, the three compounds exhibit self-defocusing effects (n2 < 0) and

Figure 6. Z-scan data of 1 dissolved in DMF with a concentration of 2.10 × 10−4 M dm−3. The circles represent
experimental data and the solid curve is a theoretical fit. The data were collected under an open (a) or closed (b)
aperture configuration showing NLO absorption.
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effective n2 values are –5.37 × 10−19 m2W−1 for 1, –5.12 × 10−19 m2W−1 for 2, and –
4.30 × 10−19 m2W−1 for 3. This is consistent with the fact that center metal and peripheral
ligand substitution induce larger changes in the NLO properties as observed in supramolec-
ular compounds. As for the interrelation between structure and optical performance, we can
attribute the nicer NLO properties of these compounds to the presence of large delocalized
electron cloud in the supramolecular compounds. This very fact strongly implies that the
compounds may be designed and synthesized to obtain good NLO materials. Further work
on our research in this field is in progress.

3.4. Thermogravimetric analysis

Thermal stability of the complexes was investigated by TGA (figure 7). The thermal behav-
ior of the Cd(II) polymer 1 was followed up to 700 °C in flowing air with a heating rate of

Figure 7. Thermogravimetric patterns for 1.

Figure 8. Experimental and simulated X-ray diffraction patterns of 1.
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10 °C min–1. Thermal analysis of the polymer shows that it decomposes in three steps. In
the first step, the TGA curve of 1 shows weight loss of 2.45% around 105 °C from removal
of crystal waters at apical positions (Calcd 2.67%). In the second step, weight loss of
5.40% from 105 to 279 °C is due to the removal of coordinated water (Calcd 5.33%). Then,
the framework begins to decompose when the temperature rises to 279 °C. In the third step,
the ligands of 1 are lost. The experimental mass loss is in agreement with the theoretical
mass loss in all the steps.

3.5. XRPD analysis

Figure 8 shows the experimental and simulated powder X-ray diffraction patterns of 1,
which are in agreement with each other, suggesting the phase purity of the as-synthesized
product.

4. Conclusion

A new Cd(II) 3-D metal–organic polymer with mixed connectors of SO2�
4 , L–, and H2O

has been low-temperature synthesized. No Cd complexes with this kind of three ligands
linking mode are known. The polymer exhibits good third-order NLO absorption and self-
defocusing performance in DMF solution. Both effects will offer a thought for design and
synthesis of optical materials.
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Supplementary material have been deposited with the Cambridge Crystallographic Center,
CCDC No. 995630 for 1. Copy of this information may be obtained free of charge from
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E-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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