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Two Cd(Il) coordination polymers, [Cds(1, 2-bib)4(STP),(H,0),]-10H,0 (1) and [Cds(1, 3-bib)s(STP),]-3H,0 (2)

www.rsc.org/

(1, 2-bib = 1, 2-bis(imidazol-l-yl-methyl)benzene; 1, 3-bib = 1, 3-bis(imidazol-I-yl-methyl)benzene; NaH,STP =

sodium 3,5-dicarboxybenzenesulfonate), have been synthesized under hydrothermal conditions. Compound
1 presents a 3-nodal (3, 4, 5)-connected 3D framework with a point (Schlafli) symbol (4.62)2(42.64.84)2(42.84).
Compound 2 exhibits a 3D framework with 2-nodal(4, 5)-connected (42.53.65)2(52.64) topology. The third-
order nonlinear optical (NLO) properties of two compounds were determined in DMSO solution and thin
films by Z-scan technique. They show strong third-order nonlinear optical (NLO) absorption with absorptive
coefficients B(MKS) 6.53x10™ m-W™ for 1 and 7.15x10™'m-W* for 2 in DMSO solution. The third-order NLO
susceptibility x[s) are calculated as 2.23x10™2 for 1, 2.50x10 ™2 esu for 2 in DMSO solution. While in thin films,
both compounds show quite stronger NLO absorption with absorptive coefficients B(MKS) 31.1x10°m-w?
for 1 and 3.80x10° m-W™ for 2, and third-order NLO susceptibility x[s) are calculated as 1.09x10°® for 1,
0.13x10° esu for 2. The electronic structures of two compounds were investigated by density functional
theory (DFT). The composition of frontier orbitals and the origin of the NLO properties of two compounds

were discussed.

1. Introduction

With the development of economy and society, there are
increasing demands for the third-order nonlinear (NLO)
materials, owing to applications of these materials in optical
fibers, data storage, optoelectronic devices, high speed
optical communication networks and display technologiesl'
> For this reason many inorganic semiconductors,
conjugated polymers, Organic materials and clusters
compounds Mo(W)/S/M (M = Cu, Ag, Au, Pt, Pd, Fe, Co, etc.)
have been reporteds'u. Previous studies showed that
porphyrin and its analogues exhibit excellent third-order
optical nonlinearity owing to their extended mn-conjugated
structure™™. By introducing different groups or metal ions,
the third order nonlinear optical properties of porphyrin and
its analogues can be tuned. Heterometallic clusters
Mo(W)/S/M (M = Cu, Ag, Au, Pt, Pd, Fe, Co, etc.) with
extensive dm-pnt delocalized systems and dm-dmt conjugated
systems, derived from tetrathiometallate [MS4]2' (M = Mo,
W) anions showed good third-order NLO effects, and
appeared to be ideal candidate for third-order NLO
materials™. Zhang and Lang have reported a few of
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heterometallic clusters Mo(W)/S/M "**¥2°_ Their works

showed that the structural units, peripheral ligands, skeleton
elements and constructing components have considerable
influence on the NLO functions of materials. The
enhancement of the NLO performances of the heterometallic
clusters Mo(W)/S/M can possibly be tuned through
structural  manipulation.  Metal-organic  coordination
polymers (CPs) combine the advantages of organic and
inorganic species, and exhibit variety of excellent
properties, including luminescence, catalysis, molecular
adsorption, and molecular sensing21'24. The CPs have greater
design flexibility via varying the center metals, ligands,
coordination geometry, and oxidation state. Further, the
charge-transfer nature of the metal-ligand bonds enhances
the nonlinearity. However, the study of the third-order NLO
properties of the CPs is little. Hou and his coworkers
reported a few of coordination polymers constructed
from pyridine, imidazole and their derivatives. They used Z-
scan technique to investigate third-order NLO properties of
these compounds in solution”?*. These materials exhibit a
variety of third-order nonlinearities. Some of them showed
excellent optical-limiting (OL) performanceaa. These excellent
works continue to inspire us to explore the NLO properties of
CPs. In this paper, we selected 1, 2-bib and 1, 3-bib and STP
as spacers to synthesize coordination polymers via self-
assembly reactions. The 1, 2-bib and the 1, 3-bib ligand
bearing a-(CH,)- spacer are semirigid. Their two imidazolyl
groups can rotate on the -(CH,)- group to accommodate the
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coordination geometries of the central metal atoms in
various coordination conformations®*>” The STP ligand is a
highly symmetrical carboxylate one, and has been widely
used to construct coordination ponmersas’39 The
combination of 1, 2-bib and 1, 3-bib ligands and STP ligands
is a feasible strategy to construct CPs. Two Cd(ll)
coordination polymers were obtained. The Z-scan technique
was employed to investigate NLO performance of two
compounds in thin films and DMSO solution.The electronic
structures of two compounds were investigated by density
functional theory (DFT)4O. The results show that the
composition of frontier orbitals plays an important role on
the NLO properties of two compounds.

2. Experimental

2.1 Materials and measurements

All chemical materials were A. R. Grade, and used as
received. The ligand 1, 2-bib and the 1, 3-bib were prepared
by methods reported previously%. Elemental analyses for
carbon, hydrogen and nitrogen were carried out with an
Elementary Vario MICRO elemental analyzer. The FT-IR
spectra were recorded within the 400 ~ 4000cm™ region on a
Perkin-Elmer spectrum-2000 with KBr pellets. Electronic
spectra were measured on a shimadzu UV-3100
spectrophotometer.

2.2 Synthesis of [Cd3(1, 2-bib).(STP),(H,0),]-10H,0 (1)

A mixture of Cd(CH;CO0),-4H,0 (0.1mmol, 0.028g),
NaH,STP(0.2mmol, 0.028g) and 1, 2-bib (0.2mmol, 0.047g) in
distilled water (10mL), with the pH value adjusted to 5.0 by
the addition of 0.2M NaOH, was transferred into a Parr
Teflon-lined stainless steel vessel, and then sealed and
heated to 413K for 3 days, followed by cooling to ambient
temperature spontaneously. Colorless block-like crystals
were collected by hand, washed with distilled water and
dried in air at ambient temperature. Yield 81% based on Cd.
[Cds(1, 2-bib),(STP),(H,0),]-10H,0 1 Elemental anal. calcd for
1: C,43.39; N, 11.25; H, 4.35%. Found: C, 43.37; N,11.26; H,
4.36%. FT-IR(KBr): Vmax 3434, 3141, 1608, 1562, 1511, 1434,
1375, 1232, 1110, 1085, 1054, 929, 838, 784, 752, 723 and
659 cm™.

2.3 Synthesis of [Cd;(1, 3-bib)s(STP),]-3H,0 (2)

The synthesis of compound 2 was similar to the above
description for compound 1 except that 1, 3-bib(0.2mmol,
0.047g) was wused instead of 1, 2-bib. [Cds(1, 3-
bib)s(STP),]-3H,0 2, yield 69% based on Cd, Elemental anal.
caled for 2: C, 49.97; N, 13.55; H, 3.90%. Found: C, 49.96; N,
13.57; H, 3.88%. FT-IR(KBr): vina 3446, 3124, 1610, 1567,
15215, 1442, 1386, 1283, 1093, 952, 835, 755, 723 and 655
cm.

2.4 Crystal structure determination

The X-ray intensity data for two compounds were recorded
on a Bruker Smart CCD using Mo Ka radiation and a graphite
monochromator at room temperature. The diffraction data

2 | RSC Adv., 2015, 00, 1-8

RSC Advances

was integrated by using the SAINT program. Multi-
scanabsorption corrections were applied using the SADABS
program. All heavy atoms were found by direct methods
with SHELX-97*; other non-hydrogen atoms were found by
difference Fourier synthesis. All non-hydrogen atoms were
refined with anisotropic displacement parameters by the
full-matrix least-squares refinement. Hydrogen atoms bound
to C atoms were placed geometrically and held in the rigid
mode.The lattice water molecules in 1 are disordered. The 1,
3-bib ligand in 2 is disordered by symmetry. Crystal data and
structural refinement of the structures are summarized in
Table 1. Selected bond lengths and angles are presented in
Tables 2.
Table 1 Crystallographic data for compound 1 and 2.

Compound 1 Compound 2
Formula CyHgsCd3N16026S,  CggHgoCd3N,045S,
M, 1992.89 2067.02
T(K) 293(2) 293(2)
Crystal system Monoclinic Monoclinic
Space group P2,/c C2/c
a(A) 10.6010(2) 37.955(1)
b(A) 17.872(3) 10.455(5)
c(A) 21.185(4) 24.091(5)
a(’) 90 90
B(%) 96.196(3) 109.550(5)
v(°) 90 90
V(A3 3990.4(1) 9009(5)
z 2 4
D ye (8/cm?) 1.659 1.524
F(000) 2028 4192
Abs-coeff (mm'l) 0.934 0.825
Reflections 27258 27802
collected
Unique reflections 9224 10960
Data/restraints/para 9224 / 15/ 558 10960/0/518
Goof on F* 1.039 1.059

Ri1, WR; [1>20(1)] 0.0411, 0.0909 0.0729, 0.1934

Ry, WR, (all data) 0.0660, 0.1152 0.117, 0.2213

This journal is © The Royal Society of Chemistry 2015
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Table 2 Selected bond length (A) and bond angles(2) for compound 1 and 2.

Compound 1
Cd(1)-N(1) 2.279(4) Cd(1)-N(8)a 2.283(4)
€d(1)-0(1) 2.317(3) Cd(1)-0(4)b 2.359(3)
Cd(2)-N(4) 2.212(4) cd(2)-0(8) 2.333(3)
€d(2)-0(5)a 2.408(3) €d(2)-0(5)d 2.408(3)
€d(1)-N(5) 2.284(4) Cd(2)-N(4)c 2.212(4)
€d(2)-0(8)c 2.333(3)
N(1)-Cd(1)-N(8)a  90.50(1) N(1)-Cd(1)-N(5)  92.17(1)
N(1)-Cd(1)-0(1) 130.46(1) N(8)a-Cd(1)-0(1)  88.67(1),
N(8)a-Cd(1)-N(5)  175.48(1) N(5)-Cd(1)-0(1)  86.82(1)
N(1)-Cd(1)-0(4)b  132.57(1) N(8)-Cd(1)-0(4)b  91.18(1)
0(1)-Cd(1)-0(4)b  96.97(1) N(4)c-Cd(2)-0(8)  88.53(1)
N(5)-Cd(1)-0(4)b  89.71(1) N(4)-Cd(2)-0(8)  91.47(13)
N(4)-Cd(2)-0(8)c  91.47(1) N(4)-Cd(2)-0(8)c  88.53(1)
N(4)c-Cd(2)-0(5)a  92.56(1) 0(8)c-Cd(2)- 83.39(1)

0(5)a

0(8)-Cd(2)-0(5)d  83.39(1) N(4)-Cd(2)-0(5)d  92.56(1)
N(4)-Cd(2)-0(5)a  87.44(1) 0(8)-Cd(2)-0(5)a  96.61(1)
N(4)-Cd(2)-0(5)d  87.44(1)

Compound 2
€d(1)-0(2) 2.254(3) Cd(1)-N(9) 2.310(4)
cd(1)-N(1) 2.379(4) Cd(1)-0(4)a 2.400(3)
Cd(1)-N(5) 2.372(4) €d(1)-0(3)a 2.538(4)
Cd(2)-N(4) 2.302(6) Cd(2)-N(4)d 2.302(6)
d(2)-N(8)b 2.201(5) €d(2)-N(8)c 2.201(5)
0(2)-Cd(1)-N(9) 129.82(1)  O(2)-Cd(1)-N(5) 96.01(13)
0(2)-Cd(1)}-N(1)  87.59(1) N(9)-Cd(1)-N(1) 86.39(15)
N(9)-Cd(1)-N(5)  90.02(1) N(5)-Cdl(1)-N(1) 176.03(1)
N(8)c-Cd(2)}-N(4)  1033(2) N(8)b-Cd(2)-N(8)c  147.3(2)
0(2)-Cd(1)-0(4)a  93.02(3) N(8)b-Cd(2)-N(4) 99.8(2)
N(4)-Cd(2)-N(4)d  89.2(3) O(4)a-Cd(1)-0(3)a  53.12(1)
N(8)b-Cd(2)-N(4)  99.8(2) N(8)c-Cd(2)-N(4) 103.3(2)

Symmetry code: for 1.a, x,-y+3/2,2+41/2; b, x-1,y,z; ¢, 3 x+1,-y+1,-2+2; d, -x+1,y-
1/2,-z+3/2.for 2. a, x,y+1,z ; b, x+1/2,y+1/2,2+1; ¢, -x+1/2,y+1/2,-z+1/2; d, -x+1,y,-
7+3/2.

2.5 Nonlinear optical measurements

This journal is © The Royal Society of Chemistry 2015

The DMSO solutions of 1 and 2 were placed in a Imm quartz
cell for NLO measurements.To prepare the CPs thin films, the
powders of CPs were dispersed into ethanol with ultrasonic
processing. Then the mixed solution was spin-coated
(1500rpm, 20s) onto the cleaned quartz glass substrates and
dried at room temperature for 24h. The thickness of the film
was measured by a thickness gauge (about 3um for 1 and
S5um for 2). The nonlinear optical refraction and absorption
were obtained with a linearly polarized laser light (7ns, 10Hz,
532nm) generated from mode-locked Q-switched Nd:YAG
laser. The spatial profiles of the optical pulses are nearly
Gaussian after passing through a filter. The focal length of
the positive lens is 30 cm. Incident and transmitted pulsed
energies are measured simultaneously by two energy
detectors (RJP-765 Energy probes, laser precision,
Laserprobe Corp), which are linked to a computer through an
RS232 interface. The sample was mounted on a translation
stage that was controlled by the computer to move along the
z-axis with respect to the focal point. An aperture 0.5 mm
radius was placed in front of the transmission detector, and
the transmittance was recorded as function of the sample
position on the Z-axis (closed aperture Z-scan). For
measuring the NLO absorption, the Z-dependent sample
transmittance was taken without the aperture (open
aperture Z-scan). In our experiments, we preformed a Z-scan
on the solvent (DMSO) at the pulse energy focused on our
samples, and no obvious nonlinear optical phenomenon was
observed.

3. Results and discussion
3.1 Structure of 1

Selected bond distances and angles are listed in Table 2.
Structural analysis reveals that the compound 1 exhibits a
complicated three-dimensional structure. Complex 1
crystallizes in the monoclinic system, P2,/c space group. The
asymmetric  unit contains two crystallographically
independent cadmium (II) ions, as shown in Figure 1(a). The
Cd1 is coordinated by two oxygen atoms from two different
STP ligands and three nitrogen atoms from three 1,2-bib
ligands, to exhibit a triangular pyramid geometry. The Cd-N
and Cd-O lengths are 2.279(4) and 2.359(3) A, respectively,
which are both within the ranges reported for Cd(ll)
complexesas. The Cd2 is located on a symmetry center, and
six-coordinated by four oxygen atoms from two sulfonate
group of two STP ligands and two aqua ligands, and two
nitrogen atoms from two 1, 2-bib ligands, to display a
distorted octahedral geometry. The Cd-N and Cd-O lengths
range from 2.212(4) and 2.408(3) A. There is a unique STP
ligand in the asymmetric unit, which is tridendate. Each
carboxylate group of STP and the sulfonate group are
coordinated to Cd(ll) in monodendate mode. The whole STP
ligand adopts ug-nlz nlz r]1 coordination mode. The 1, 2-bib
ligand links two Cd(ll) in a cis conformation.

In 1, STP ligands act as p3-bridges to assemble Cd(ll) ions
into ladder-like chains along the a axis, as shown in Figure

RSC Adv., 2015, 00, 1-8]| 3
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1(b). Interaction of Cd(Il) ions through bridging 1, 2-bib
ligands results in two dimensional grid sheets, as shown in
Figure 1(c). These chains and the sheets are further
connected by 1, 2-bib ligands via adjacent Cd(ii) ions to form
a complicated three-dimensional structure. In comparable
structure“, the 1, 2-bib ligands act as pillars to bridge the
adjacent [Co,(butca)] layers to afford a porous 3D host
frameworks with two kinds of metal-1, 2-bib helical chains.
In other related compoundsAa’ * the flexible bis(imidazole)
ligands assemble transition metal ions into 1D, 2D and 3D
structures, respectively. In Zn(ll) complex38, the 1, 2-bib
ligands and carboxylate ligands coordinate to Zn(lIl) centers
to a twofold interpenetration of nets. To further understand
the structure of 1, topological analysis by reducing
multidimensional structure to simple node-and linker net
was performed. Pentacoordinate Cdl and hexacoordinate
Cd2 can be viewed as a five-connector and four-connector,
respectively. Each 1, 2-bib and STP ligand in turn connects
two and three Cd(ll) ions, respectively, hence can be
regarded as two and three-connector. The analysis of the
topology was carried out by using the TOPOS (V4.0) program.
The result shows that the structure of 1 is a (3, 4, 5)-3-nodal
three dimensional net with a point (Schlafli) symbol (4.
6),(4%.6*.8%),(4°.8%), as shown in Figure 1(d).

Figure 1(a). View of 1 showing the local coordination environment of Cd(ll) ion.
Thermal ellipsoids are drawn at 50% probability. Hydrongen atoms are omitted
for clarity. Symmetry code; i: -1+x, vy, z;ii: X, 1.5-y, 0.5+ziii: 1-x, 1-y, 2-z;iv: 14X, y,
z;v: X, 1.5y, -0.5+z; vi: 1-x, 0.5+y, 1.5-z;vii: 1-x, -0.5+y, 1.5-z.

FeghAdpphdpondptatibd

e e

Figure 1(b). The ladder-like chain structure constructed by STP and Cd(Il) in 1

N
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Figure 1(c). 2D-sheet structure constructed by 1,2-bib and Cd(ll) in 1

Figure 1(d). Schematic representation of 3-nodal (3, 4, 5)-connected 3D

framework of 1.

3.2 Structure of 2

When 1, 3-bib ligand was used instead of 1, 2-bib, the
compound 2 was obtained. X-ray crystallographic analysis
reveals that 2 crystalllizes in monoclinic space group C2/c.
There are two independent cadmium(ii) ions, one STP anion
and two and half 1,3-bib ligands in the asymmetric unit, as
shown in Figure 2(a). The 1, 3-bib ligand containing N9 atom
is disordered over two sites with occupancies of 0.50 and
0.50 by symmetry. Cd1 ion is coordinated by three oxygen
atoms from two carboylic groups of two different STP
ligands, and three nitrogen atoms from three 1, 3-bib
molecules. The coordination geometry for the Cd1 atom can
be described as a distorted octahedron. The Cd-N and Cd-O
distances are in the range 2.254(3) to 2.538(4) A. These
distances fall in the normal range found in other cadmium
complexesag. Cd2 is located on the crystallographic inversion
center, and four-coordinated to complete tetrahedral
coordination geometry. The four donors coordinated to Cd2
come from four imidazolyl nitrogen atoms from four 1, 3-bib
ligands. The Cd-N bond lengths range between 2.201(5)-
2.302(6) A. The closest separation of Cd2 and O7 is much
longer than other ones, which suggests a weak non-covalent
interaction. The independent STP ligand is bidentate. Each
carboxylate group coordinates to Cd(ll) center in
monodentate mode, while the sulfonate group does not
participate in coordination. The whole STP ligand acts as a
uz-nlz r]1 bridge to connect two Cd(ll) centers.

This journal is © The Royal Society of Chemistry 2015
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In 2, Interaction of Cd(ll) ions and STP ligands results in
an infinite chain, as shown in Figure 2(b). Adjacent chains are
linked by 1, 3-bib ligands via adjacent Cd(ii) ions to form a
complicated three-dimensional structure, as shown in Figure
2(c). In comparable structure®, the 1, 3-bib ligand adopts the
syn conformation, with both imidazole groups on the same
side of the central benzene ring. The metal ions infinitely
connected by 1, 3-bib and dicarboxylate ligands to generate
a 1D loop-like chain. In related nickel(ll) complex, the 1, 3-bib
adopts an anti-conformation. The neighboring [Ni,(ip),]
ladder chains are further cross-linked by 1,3-bib ligands to
construct a complicated 3D framework with the point symbol
of {42.65.83}{42.6}. The network topology of 2 is further
analyzed. The Cd1 center is six-connected with vertex symbol
of {42.53.65}, and Cd2 is four connected with vertex symbol of
{52.64}. Obviously, the STP ligand and 1,3-bib ligand are only
a 2-connected spacer. As a result, a complicated 3D 2-nodal
coordination framework with (4, 5) connectivity is formed,
which has the Schlafli symbol of {4%.5%.6°},{5.6}, as shown in
Figure 2(d).

*) %4 cur

Figure 2(a).View of 2 showing the local coordination environment of Cd(ll) ion.
Thermal ellipsoids are drawn at 50% probability. Hydrongen atoms are omitted
for clarity. Symmetry code; i: x, 1+y, z;ii: X, -1+y, z;iii: -0.5+x, -0.5+y, -1+z;iv: 0.5-x,
0.5-y, -z;v: 0.5+x, 0.5+y, 1+z;vi: 0.5-x, 0.5+y, 0.5-z;vii: 1-x, y, 1.5-z.

/ / / /

P A e o5

]
g

o=z T o o

Figure 2(c). The 3D structure constructed by 1,3-bib and Cd(ll) in 2.

This journal is © The Royal Society of Chemistry 2015

Figure 2(d). Schematic representation of 2-nodal (4, 5)-connected 3D framework
of 2.

3.3 PXRD and thermal analysis

In order to check the phase purity of these compounds, the
X-ray power diffraction (XRPD) patterns of compounds 1 and
2 were checked at room temperature. The results show that
the peak positions of the simulated and experimental
patterns are in agreement with each other, indicating the
good phase purity of the compounds.

The thermal gravimetric analyses of 1 and 2 were carried
out. The results show that the TGA curves of 1 and 2 exhibit
an initial weight loss from room temperature to 150°C, with
the observed weight loss of 10.5% for 1 and 10.1% for 2
corresponding to the release of coordinated and lattice
water molecules. For 1, the decomposition of the anhydrous
composition occurs in the temperature range of 245-430,
corresponding to the loss of 1, 2-bib ligands. The frameworks
of 2 are stable up to 286, and begin to decompose upon
further heating.

3.4 Linear and Nonlinear optical properties

Two compounds exhibit similar electronic absorption
spectra. Absorption peaks were observed at < 300nm. Two
compounds have relatively low linear absorption in the
visible and near-IR regions. Wavelength of laser in our
experiment is 532nm, which can not cause resonance
absorption.

The NLO properties of 1 and 2 were investigated with a
pulse width of 7ns at 532nm and 10Hz repetition rate. The
Figure 3 depicts the nonlinear absorptive properties of 1 and
2. The following formulas (1) and (2) are used to calculate
the nonlinearabsorptive coefficient,

T -
T(Z):mjlwln[(l+q(z)]e dr (1)

—al

1-e

(2)

q(2) = pI(z)

aO
which describe a third-order NLO processAs’ 4, T(z)
represents the transmittance, defined as the ratio of the
transmitted pulse energy and incident pulse energy. T is
pulse length. oy and B are the linear and nonlinear
absorption coefficients, respectively. L is the sample
thickness. |y is the peak irradiation intensity at focus. From

RSC Adv., 2015, 00, 1-8| 5
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Figure 3, the open aperture data clearly suggest the presence
of reverse saturable absorption (RSA) type behavior. The
NLO absorption of 1 and 2 increases as the incident light
irradiance rises since light transmittance (T) is a function of
the sample’s Z position. The closer the focus, the lower the
transmittance. The normalized transmittance drops to about
0.67 for 1, and 0.26 for 2 at the focus, respectively. The
corresponding third-order NLO absorptive coefficient B(MKS)
are 6.53x10" m-W™ for 1 and 7.15x10™"'m-W™" for 2 in
DMSO solution. The B values of 1 and 2 are comparable with
that those of some clusters and CPs™” **®. The
corresponding third-order NLO susceptibility xm are
calculated as 2.23x10™ for 1, 2.50x10 ™ esu for 2 in DMSO
solution. Although a few of well performing third-order NLO
CPs have been reported, the NLO data obtained was from
solution state’®*. These data often contained aspects of the
solvent and the materials. This is not the NLO performance
of neat materials. In our experiment, we have prepared the
thin film of two compounds by conventional spin coating
method, and evaluated the NLO component of two
compounds. Figure 4 presents the open aperture data of 1
and 2. The normalized transmittance drops to about 0.34 for
1, and 0.78 for 2 at the focus. Two compounds show much
stronger absorption in solid state with third-order NLO
absorptive coefficient B(MKS) 31.1x10° m-W™ for 1 and
3.80x10° m-W™ for 2. The third-order NLO susceptibility x(a)
are calculated as 1.09x10° for 1, 0.13x10° esu for 2. Owing
to lack of the third-order NLO susceptibility x(a) of neat CPs,
we cannot carry out comparative analysis, but the x(a) values
of 1 and 2 in solid state are much larger than those of other
neat materials, such as neat inorganic semiconductors
(about 10 %esu ) and conjugated ponmers48’49.

Normalized transmittance

Noramlized transmittance
"

Z-position(mm)

Figure 3 (a) and (b). NLO absorptive properties of compound 1 and 2 in DMSO
solution.
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Figure 4(a) and (b). NLO absorptive properties of compound 1and 2 in thin films.

3.4 DFT calculation

Previous studies showed that the NLO properties of -
conjugated systems originate from the delocalization of the
n-electron cloud, which corresponds to the frontier orbitals.
Energy gap between the HOMO and LUMO also has a great
influence on the NLO of materials®>>>. A narrower band gap
leads to larger optical nonlinearity, whereas a wider band
gap yields better LDT (laser-damage threshold). Yet, high
NLO susceptibility and LDT are not mutually exclusive. Hence,
analysis of the composition of the frontier orbitals and
energy gap can be an effective way to understand the origin
of the NLO performance. In the present work, both
compound 1 and 2 contain two independent cadmium(ii)
ions. We selected {Cd(1, 2-bib);(phC0OO0),} and {Cd(1, 2-
bib),(H,0),(phS0O3),} for compound 1, {Cd(1, 3-
bib);(phC0OO0),} and {Cd(1, 3-bib), (phSO3),} for compound 2
as computing units, and calculated the frontier obitals of
these units by density functional theory (DFT) based 6-31G
basis set for C, H, N, O, and S and LanL2DZ for cadmium. The
composition of the frontier orbitals was calculated by using
Multiwfn software packages‘r’s. The calculation results are
listed in the Table 3. It can be seen that the composition of
the frontier orbitals of two compounds mainly contain
contributions of imidazolyl groups, phenyl groups and
carboxyl groups. These the frontier orbitals have barely any
Cd(Il) centers character. For compound 1, HOMO is primarily
carboxyl groups and imidazolyl groups-based orbitals, and
LUMO is primarily imidazolyl group and phenyl group-based
orbitals. Similar cases are found in compound 2, but
contributions of imidazolyl groups, phenyl groups and
carboxyl groups in 2 are larger than those of 1. In general,

This journal is © The Royal Society of Chemistry 2015
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delocalization of the m-electrons in HOMO to LUMO will be
the first excited singlet state S; or the first excited triplet
state T,. The photochemical and photophysical properties of
materials are controlled by the first excited singlet state S; or
the first excited triplet state T,. Figure 5 and 6 depict the
composition of the frontier orbitals of 1. Two Figures clearly
show two types of potential delocalization of the electron
cloud. One kind is from carboxyl group to phenyl group of 1,
2-bib. The other kind is from imidazolyl group to phenyl
group of 1, 2-bib, which corresponds to intra-molecular
charge transfer. Figure 7 and 8 depict the composition of the
frontier orbitals of 2. In the case of {Cd(1,3-bib);(phC0O0).},
the potential delocalization of the electrons is similar to that
found in 1, while in {Cd(1,2-bib), (phSOs),}, potential
delocalization of the m-electrons happens between the
imidazolyl group to another phenyl group of 1, 2-bib
corresponding to intermolecular charge transfer. The
calculation results show the delocalization of m-electrons in 1
will be easier than that of 2, which can enhance the
susceptibility of the molecules. Two compounds show almost
the same third-order NLO susceptibility x(a) (2.23><10'12 for 1,
2.50x10™" esu for 2 ) in DMSO solution. This may be that
solvent effect weakens the difference of potential
delocalization of the m-electrons in polar solvent DMSO. In
order to reveal the NLO performance of neat materials, we
evaluated the NLO component of two compounds in thin
films. The open aperture data presented that the third-order
NLO susceptibility x(a) of compound 1 is 8 times that of 2
(1.09x10°for 1, 0.13x10®for 2). This result is in line with our
expectations and in agreement with the calculation results.
The photon energy of the laser in our experiment (2.33ev) is
about 1/2 of the energy gap between the LUMO and the
HOMO. Experimental and calculation results show that the
NLO of two compounds are governed by the excited state
absorption and two photon absorption.

¥/ ip <
3“0‘1,‘6‘3/\‘\" )f.) J,ﬁ‘}j’d‘ ;:: ‘J,
T g ol o JHH
Y * ‘44%4 o
, 9,

Figure 5. The frontier orbital of {Cd(1,2-bib)3(phC0OO0),}: (a) LUMO, (b) HOMO. Cd
yellow, N blue, O red, C gray, H white.

6
Figure 6. The frontier orbital of{Cd(1,2-bib),(H20),(phS0s),}: (a) LUMO, (b)
HOMO. Cd yellow, N blue, O red, C gray, H white.
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Figure 7. The frontier orbital of {Cd(1,3-bib)3(phCO0),}: (a) LUMO, (b) HOMO. Cd
yellow, N blue, O red, C gray, H white.

Figure 8. The frontier orbital of {Cd(1,2-bib), (phSO3),}: (a) LUMO, (b) HOMO. Cd

yellow, N blue, O red, C gray, H white.

Table 3.The composition and the energy gap of the frontier orbitals of 1 and 2 (%,
eV)

Compound 1
Cdl Cd2
LUMO HOMO LUMO HOMO
Imidazolyl group  14.64 - 14.19 91.11
Phenyl group 67.98 7.21 64.33 -
Carboxyl group - 87.55 - -
energy gap 4.53 5.07
Compound 2
Cd1 Cd2
LUMO HOMO LUMO HOMO
Imidazolyl group  10.26 - 18.04 95.77
Phenyl group 75.29 7.98 62.54
Carboxyl group 87.41 -
energy gap 4.62 4.65
Conclusions

In summary, by reactions of cadmium(ll) acetate with
STP ligands and 1, 2-bib and 1, 3-bib ligands, two 3D-CPs with
trinodal and dinodal connected networks topologies were
obtained. Two compounds show excellent NLO performance
in solution and thin films. Especially, two compounds exhibit
very strong NLO absorption in thin films. The value of
susceptibility XB) are much larger than those of other neat
inorganic semiconductors (about 10™%su ), conjugated

RSC Adv., 2015, 00, 1-8| 7
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polymers. Two compounds appeared to be ideal candidate
for third-order NLO materials. The composition of the
frontier orbitals of two compounds was calculated by DFT.
We induce that the NLO performance of two compounds is
governed by STP ligands and/or 1, 2-bib ligands, 1, 3-bib
ligands.
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