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A B S T R A C T   

A novel non-centrosymmetric Cadmium Metal-Organic Framework (Cd-MOF) crystal with chemical formula 
CdC8N8H14O2S4 was synthesized and characterized. The band structure and optical limiting properties of the Cd- 
MOF were investigated using Band structure calculations and Optical limiting studies. The band structure 
analysis showed that the crystal displayed a larger, highly dispersive band, highlighting significant anisotropic n- 
channel charge carrier mobility. The optical limiting study demonstrated that the Cd-MOF exhibited Reverse 
Saturable Absorption (RSA) behaviour with an optical limiting threshold value of 1094 kW/cm2. The NLO 
behaviour of the Cd-MOF provides a promising potential for its application in NLO devices.   

Introduction 

The synthesis and structural characterization of Metal-Organic 
Frameworks (MOFs) remain an active area of research due to their 
extensive material and biological applications. MOFs are crystalline 
network materials constructed from metal nodes and organic linkers 
through robust coordination bonds [1–3]. They are typically synthesized 
using inorganic metal ions and organic linkers [4]. In this work, thio-
cyanate serves as a linker, bridging metal and organic ligands. In recent 
years, there has been a growing interest in MOFs due to their potential 
applications in various fields such as biotechnology, gas storage devices, 
medicinal chemistry, catalysis, biosensors, luminescent materials, drug- 
molecular recognition, industrial applications, agriculture, and syn-
thetic chemistry [5–7]. 1,2,3-Triazoles are privileged nitrogen 

heterocyclic motifs with promising medicinal activities. They possess 
strong binding interactions with suitable molecular targets and exhibit 
favourable biological profiles [8]. Most triazole derivatives are 
commonly synthesized through the Copper(I)-catalyzed (CuAAC) 1,3- 
dipolar cyclo-addition reaction between azide and alkyne, as reported 
by Sharpless and co-workers [9]. Cadmium thiocyanate adducts of 
organic ligands represent an important class of compounds for the 
design and preparation of metal–organic frameworks [10]. Several 
Cadmium(II) thiocyanate complex adducts of monodentate organic li-
gands, such as methyl-substituted pyridines [11,12], dibenzylamine 
[13], dimethyl sulfoxide (DMSO) [14], and 4-chloropyridine [15], have 
been reported in the literature. Thiocyanate is an ambidentate ion 
capable of coordinating with metal ions via its S or N atoms. It can also 
bridge metal ions by employing both N and S atoms for coordination. 
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Scheme 1.  
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The crystal structures of doubly bridged Cu(II) [16,17], Mn(II) [18], Ag 
(I) [19], and Cd(II) [20] complexes are known. 

MOFs with π-conjugated electronic systems exhibit third-order 
nonlinear optics (NLO), showcasing potential applications in optical 
limiting (OL), optical switching, and mode-locked laser systems, etc 
[21–23]. Nonlinear optical (NLO) materials have garnered significant 
attention in optoelectronics applications. Metal-organic frameworks 
play a crucial role due to their exceptional nonlinear efficiency, trans-
parency over the entire UV–visible region, and strong thermal and me-
chanical stability. Our research focuses on investigating the 
metal–organic framework of Cadmium (II) thiocyanate triazole com-
plexes. To this end, we present the crystal structure and linear and 
nonlinear optical properties of Cd(II)-MOFs. The band structure and 
optical limiting properties of the Cd-MOF were elucidated through band 
structure calculations and optical limiting experiments. 

Experimental 

Synthesis and crystallization 

A solution of NH4NCS (76.1 mg in 5 ml of water) was mixed with an 
aqueous solution of cadmium nitrate [Cd(NO3)2⋅4H2O, 77.10 mg in 10 
ml of water). The mixture was stirred for 30 min. This reaction mixture 
was gradually supplemented with the ligand 4-methyl-4H-1,2,4- 
tirazole-3-thiol (55.10 mg in 20 ml of ethanol). After five hours of 
refluxing, the resulting solution was filtered. After a few days, the filtrate 
yielded pale red crystals of (I) (Scheme 1) as the solvent slowly 

evaporated. 

X-ray structure determination 

The crystal was obtained by slow evaporation technique and which 
colourless crystal has a size of 0.587x0.214x0.156 mm. Assist of Bruker 
SMART APEXII CCD [24], area detector diffractometer had been 
collected XRD data into 293 K and with help of MoKα (λ = 0.71073 Å) 
radiation. The crystal data was solved using the direct method in 
SHELXS [25], refined using the full-matrix least-squares method in 
SHELXL [26]and all non-hydrogen atoms were refine anisotropic ther-
mal parameters. The position of hydrogen was fixed riding atoms model 
to identifying high-resolution data. For the preparation of publication 
material, we had used programs such as WinGX [27], PLATON [28], 
ORTEP III [29], and which computed the crystallographic data (Table 1) 
was tabulated. 

Uv–vis & spectrofluroimeter 

Absorption spectra were captured using a JASCO V-750 UV–Vis 
spectrophotometer. In different solvents, sample is dissolved. A JASCO 
FP-8300 spectrofluorimeter was used to detect the fluorescence [30]. In 
phosphate buffered solution at pH 7.4, the excitation and emission 
maxima of NB are 636 nm and 669 nm, respectively. The samples were 
degassed in quarts cells (4 × 1 × 1) with high vacuum stopcocks for 15 
min using only pure nitrogen gas. 

Z-scan 

Z-scan is one of the most effective methods for determining NLO 
characteristics [31]. The experiment setup is shown in Fig. 1. The setup 
of Z-scan with further details was described in [32]. Cd(II)-MOFs sample 
was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 0.1 
mM. All tests of the nonlinear optical measurements including nonlinear 
refractive index (n2), nonlinear absorption coefficient (β) and third order 
susceptibilities (χ3), were performed with a silicon-amplified photode-
tector (PDA55) and a diode-pumped solid-state (DPSS) laser (Coherent 
Verdi-V5) operating at 637 nm continuous wave. 

The thermal component leads in the calculation of the NLO since a 
CW laser is used. Consequently, the Thermal Lensing Model (TLM), a 
useful equation for NLR fitting, has considered the thermal effect 
(Equation (1). 

NLR fitting (Equation (1). 

T(z) = 1 −
8πn2I0Leff

z2r
w

1 + z2

zr2 (9 + z2

zr2)
(1) 

Where, 
The experimental results were then entered into equation (1) to 

determine the value of n2. 
The β, is estimated using the open-aperture Z-scan data. The equation 

[34] is given by 

T(z, s = 1) =
∑∞

m=0

[ − q0(z) ]m

(m + 1)3/2 (2) 

where, 

Table 1 
Experimental details.  

Crystal Data 
Chemical Formula C8H14CdN8O2S4 

Molecular Weight 494.91 
Crystal system, space group Monoclinic, P21/c 
Temperature (K) 296 
a, b, c (Å) 5.959 (3), 12.655 (6), 12.205 (5) 
β (◦) 112.359 (18) 
V (Å3) 851.2 (7) 
Z 2 
Radiation type Mo Kα 
µ (mm− 1) 1.79 
Crystal size (mm) 0.59 × 0.21 × 0.16 
Data Collection 
Diffractometer BrukerAPEX-II CCD 
Absorption correction Multi-scan 

SADABS2014/5 
Tmin, Tmax 0.220, 0.434 
No. of measured, 

independent and 
observed [I> 2σ(I)] 
reflections 

34,937, 2776, 2052 

Rint 0.089 
(sin θ/λ)max (Å− 1) 0.734 
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.035, 0.091, 1.03 
No. of reflections 2776 
No. of parameters 111 
H-atom treatment H atoms treated by a mixture of independent and 

constrained refinement 
Δρmax, Δρmin (e Å− 3) 0.99, − 0.88 
CCDC No 2,221,312  
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Fig. 1. (a) Open and closed Z-scan and Optical Limiting approach setup (b) shows the optical limiting setup.  
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q0(z) =
βIoLeff

1+z2/ZR2, 

zR = kω02/2= Beam diffraction length. 
ω0 = beam waist radius at the focal point. 
k = 2π/λ = Wave vector. 

The formula of β is [33], 

β =
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2ΔTp− v

√

I0Leff
(3) 

where, 

λ = laser wavelength. 
I0 = Intensity of the laser beam at focus z = 0, 

Leff =
[1 − exp( − αL) ]

α (4) 

where, 

Leff = Effective thickness of the sample. 
α = Linear absorption coefficient. 
L = Thickness of the sample. 

The n2 and β are used to calculate the real R eχ(3)(esu) and imaginary 
Imχ(3) parts of the χ(3),respectively. The definition of the relations 
[34,35] is as follows: 

Reχ(3)(esu) = 10− 4ε0c2n0
2

π n2

(
cm2

W

)

(5) 

and 

Imχ(3)(esu) = 10− 2ε0c2n0
2λ

4π2 β
(cm

W

)
(6)  

⃒
⃒χ3

⃒
⃒ =

[(
(Re

(
χ3) )2

+
(
Im(χ3)

)2
]1/2

(7) 

where, 

Fig. 2. ORTEP view of (I), showing 30% probability displacement ellipsoids plot.  

Scheme 2. .  
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Fig. 3. (a) Polymeric network of Cd(II)-MOFs and (b) N—H···O & O—H···S intermolecular hydrogen bonding of (I).  
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Fig. 4. Packing diagram of (I) (a) Coordination geometry of Cd (II) (b) polyhedral representation around the Cd(II) atom.  
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ε0 = Vacuum permittivity, 
c = Light velocity in vacuum. 

Optical limiting 

Fig. 1(b) shows the optical limiting setup for investigated compound. 
The sample inside quartz cuvette with same concentration of 0.1 mM is 
placed perpendicularly. A laser diode and focusing lens are used in the 
setup to direct the laser beam toward the target sample. The convex lens 

Fig. 5. (a) UV–visible absorption spectrum of Cd(II)-MOFs in CH2Cl2, CH3CO2CH2CH3, CH3OH and CH3CN Figure (b) (c) (d) (e) shows the chromocity diagram 
1976 of the different solvents. 

Table 2 
Polarity index and wavelength of solvents.  

S. No Name of the solvent Polarity Index Wavelength (nm) 

1 CH2Cl2  3.1 277 
2 CH3CO2CH2CH3  4.4 285 
3 CH3OH  5.1 294 
4 CH3CN  5.8 302  

Fig. 6. (a) Photoluminescence spectrum of Cd(II)-MOFs in CH2Cl2, CH3CO2CH2CH3, CH3OH and CH3CN.  
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with a 25 mm focal length is used to gather the light signal generated by 
the sample and collimate it into the photodiode. The input power is 
changed between 1.4 and 1.9 mW. 

Band structure and TDOS 

Band structure and TDOS (Total Density of States) analyses [Fig. 12] 
were conducted using density functional theory (DFT) calculations 
performed with the Vienna ab initio simulation package (VASP) soft-
ware [36,37]. These calculations employed the generalized gradient 
approximation (GGA) [38,39] of Perdew–Burke–Ernzerhof (PBE). The 
electronic wave functions were expanded using project augmented wave 
(PAW) methods [40], with a plane wave cutoff energy of 500 eV. 

Results and discussion 

X-ray structure analysis 

The asymmetric unit contains one 4-methyl-4H-1,2,4-triazolinium-3- 
thiolate, a thiocyanate ion, a water molecule, and a cadmium ion 
(Fig. 2). The cadmium ions are symmetrically doubly bridged by thio-
cyanate ions and organic molecules, leading to a polymeric chain motif. 
This kind of metal–organic framework is also observed in bis-ethylene 
thiourea cadmium(II)thiocyanate and catena-poly[[diaqua cadmium 
(II)]-di-m-thiocyanato]- bis(2-amino-4,6 dimethylpyrimidine)][41]. In 
compound (I), the distorted octahedral coordination geometry of cad-
mium is completed by a pair of inversion-related thiocyanate and 
organic molecules. Here, the water molecule is directly not involved in 
the coordination geometry although it participates in non-covalent in-
teractions between water and metal organic frameworks. The bond 
distances [Cd-N4 = 2.291 (3) Å, Cd-S = 2.5896 (12)Å ] agree with those 
reported in the literature [42]. The thiocyanate ligands are almost linear 

[(NC– S) = 177.4, (3)] with sp hybridized carbon. The 4-methyl-4H- 
1,2,4-triazole-3-thiol molecule, tautomerism occurs with the thiol 
group and the neighboring nitrogen atom [-N = C(-SH) ↔ –NH-C(=S)-] 
(Scheme 2). A similar type of tautomerism is also observed in the crystal 
structure of Palladium(II) complexes with 1,2,4-triazole derivatives 
[43]. 

In the crystal structure of (I) there are no π…π and C—H…π in-
teractions between the triazole 

rings and metal coordination, and only intra and intermolecular 
O—H···N, O—H···S, N— H···O and weak C—H···O hydrogen bonds and 
metal coordination bonds are effective in the stabilization of the crystal 
structure (Fig. 3a & 3b). The formation of the 2-D supramolecular as-
sembly is shown in Fig. 4a & 4b. The intermolecular charge transfer 
between the donor and acceptor groups of the molecules will be 
improved by the molecular packing patterns as seen in Figs. 3 and 4. The 
most crucial factor in establishing the hyper polarizability β values is the 
push–pull interactions between the electron withdrawing and electron 
donor groups [44,45]. 

UV–Vis spectra analysis 

UV–Vis optical absorption spectra of Cd(II)-MOFs sample is 
measured in 4 solvents of varied polarity index (3.1–5.8) and the CIE 
chromocity plots of different solvent environment as shown in Fig. 5 (a- 
e). While changing solvents with polarity, CH2Cl2 (PI = 2.2), 
CH3CO2CH2CH3, (PI = 4.4), CH3OH (PI = 5.1) and CH3CN (PI = 5.8), 
shows a steady red shift upto 25 nm (Table 2).The red shift is observed 
with increased value of polarity index of the solvents. This behavior is 
due to electronic excitation can be associated with an increase in mo-
lecular dipole moment [46]. There is observable wavelength shift 
occurred as per solvent which is evident for the maximal absorption 
attributed to the aromatic ligand centred π-π* transitions [47]. At the 

Fig. 7. HS mapped over dnorm of (I).  
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Fig. 8. Two dimensional fingerprint plots of (I) showing (a) percentage intermolecular; (b) All; (c) H···S/ S···H; (d) H···H; and (e) H···N/ N···H contacts (f) Cd···S/ 
S···Cd (g) C···H/ H···C (h) C···N/ N···C. 
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same time the absorption intensity of the bands substantially grows in 
response to medium polarity, reaching its maximum in CH3OH with the 
comparison value measured in CH3CN. The Cd-MOF exhibits a distinct 
green emission at 500 nm, as evidenced by the UV absorption region 
observed in the CIE chromaticity diagram across a range of solvent 
environments. 

Fluorescence spectra analysis 
Room temperature Fluorescence spectra of the Cd(II)-MOFs sample 

with different polarities of the solvent excited based on absorbance 
spectra and the CIE chromocity plots of different solvent environment as 
is shown in Fig. 6. All the spectra exhibiting sharp UV emission peak 

centered at 330 nm and shoulder around 370 nm are due to the π* → π 
transitions [48]. While varying the solvents with different polarity, there 
is no change in the fluorescence wavelength but there is slight variation 
in the intensity of the fluorescence spectrum. The maximum intensity 
was observed for the sample with CH3CN solvent. These results suggest 
that PL characteristics are influenced by variations in the surrounding 
environment of chromophores and the solvent’s interaction with func-
tional groups. The lower intensity peaks around 580 – 680 nm corre-
sponds to the surface defects present in the prepared samples[49]. 

Hirshfeld surface analysis 

Hirshfeld surface (HS) analysis approaches the understanding of 
intermolecular interaction of molecular structure. To complete this 
analysis, Explorer 3.1 [50] were utilized. The HS of (I) was mapped over 
dnorm as shown in Fig. 7. Bright red spots within the molecular structure 
HS represent the interaction of O—H···N, O—H···S, N—H···O hydrogen 
bond which proven the x-ray structure analysis. 

The 2D fingerprint plot (FP) for (I) showing the percentage occur-
rence of all types of intermolecular contacts (Fig. 8a and b). From the 
figure, the H···S/ S···H contact from FP shows the largest contribution of 
24 %. This H···S/ S···H contact represents O—H···S intermolecular 
interaction of (I). While, H···H and H···N/ N···H contacts represent 
C—H···O and N—H···O interactions, respectively. Overall, all intermo-
lecular interactions existed in experimental x-ray structure analysis 
proved and confirmed by HS analysis theoretically. 

Fig. 9. Open-aperture z-scan of Cd(II)-MOFs at different intensities.  

Table 3 
The sign and magnitude of β and n2 measured by fitting open z-scan and closed 
curve.  

Cd(II)-MOFs 

Laser intensity 
(kW/cm2) 

β 
(x 10− 4 

cm2/W) 

Im χ3 

(x 10− 6 

esu) 

n2 

(x 10− 8 

cm2/W) 

Re χ3 

(x10− 7 

esu) 

χ3 (x 
10− 6 

esu)  

1.1 0.0134 ±
0.15  

0.0183     

1.3 5.819 ±
0.42  

7.951 − 8.540 ±
1.168  

− 7.327  7.98  

1.5 6.262 ±
0.44  

8.556     
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Nonlinear optical properties 

Nonlinear absorption 
The open-aperture measurement (Fig. 9) was carried out at varies 

intensities of power laser which are 1.1, 1.3, and 1.5 KW/cm2. 
Levenberg-Marquardt technique was used to compute the magnitude of 
in order to match the nonlinear curve. The valley and shape curve shown 
in Fig. 9 demonstrate suggest there is an existence of the NLA when the β 
coefficient is positive (Table 3) [51]. Then, suggest a significant reverse 
saturation absorption (RSA) at peak intensities and two-photon ab-
sorption exist. RSA illustrate the decreases in the transmittance when 
reach the focus point parallel to the varies intensities input power. As it 
reaches a bigger input of intensities laser to 1.1, 1.3, and 1.5 KW/cm2, β 
was discovered increases to 0.0134, 5.819, and 6.262 x10-4 cm/W. 
Thus, as the intensities laser increases, more energy is received by 
photons to further excite at greater state. As a result of this process, the 
appearance of open curve existed in Fig. 9. 

Nonlinear refractive 
The parameter of NLR, n2 was measured through closed aperture z- 

scan. The experimental results in Fig. 10 establish a good connection 
with the fitting line, according to a closed aperture scan. In a closed 
aperture curve, a peak followed by a valley feature and also negative 

values of n2, − 8.540 x10-8 cm2/W, implies self-defocusing. This effect 
was witnessed by the changes of the employed laser irradiance passes 
through the chromophore [52]. 

Third order Susceptibilities, χ3 
We have selected a few metal organics from the literature review to 

compare to the Cd(II)- MOFs. Interestingly, the findings (Table 3) 
demonstrate that Cd(II)-MOFs (χ3 = 7.98 x10- 6esu) appears to have 
stronger nonlinear susceptibilities when stimulated under the same 
circumstances as other known NLO materials (Table 4). The conjugated 
bonds in this molecular system are enhanced to increase the NLO 
property of the substance. Additionally, the existence of strong electron- 
donating and electron-accepting group also denotes a tendency to 
enhance the NLO characteristic [53]. As a result, the material for optical 
limiting appears promising due to its good NLO capabilities, as indicated 
in the table of data. 

Optical limiting 

Fig. 11 displays a graph of input fluence (kW/cm2) vs normalized 
transmittance to study the optical limiting (OL) behaviour of Cd (II)- 
MOFs. It has been discovered that materials with greater NLA values 
show better OL values [54]. TPA and nonlinear scattering have an 
impact on Cd(II)-MOFs of OL. The laser fluence equation was used to 
determine the intensity of the transmitted light. 

E(z) = 4
̅̅̅̅̅̅̅
ln2

√
Ein/π3/2w(z)2 (8)  

where w (z) denotes the beam radius and E in denotes the laser’s input 
energy. 

By increasing charge delocalization in the system and exhibiting a 
push–pull mechanism, the donor-hydrogen-acceptors in Cd(II)-MOFs 
optimally complement NLA as the optical limiting feature. Addition-
ally, the material displays RSA and functions as an optical limiter due to 
a decreasing trend in transmittance with changes in input intensity 
(Fig. 11). Compound (I) is a strong choice for OL applications as evi-
denced by the optical limiting threshold value of 1094 kW/cm2. 

Fig. 10. Close aperture z-scan profile for Cd(II)-MOFs.  

Table 4 
Cd(II)-MOF nonlinear optical measurements and literature comparison of metal 
organic.  

Name of the 
crystals 

NLA(β) 
(10-4 cm/ 
W) 

NLR (n2) 
(cm2/W) 

χ3 

(10-6esu) 
References 

Cd(II)-MOFs 5.819 ×
10− 4 

− 8.540 ×
10− 8 

7.98 × 10− 6 Present 
Work 

4MBA 0.538 ×
10− 5 

− 1.548 ×
10− 9 

1.075 ×
10− 7 

[35] 

LTP 4.742 ×
10− 9 

1.19 × 10− 15 5.382 ×
10− 14 

[36]  
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Fig. 11. Optical limiting behavior of Cd(II)-MOFs.  

Fig. 12. Band structure and TDOS of Cd(II)-MOFs.  
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Band structure and TDOS 

To ensure accurate results, the convergence criterion for electronic 
relaxation was set at 1 × 10− 7 eV, and geometry optimizations were 
carried out until the forces acting on each atom were below 0.01 eV/Å. 
The Brillouin zone was sampled, with a 5 × 5 × 5 k-point mesh utilized 
for geometrical optimization. For electronic property analysis, a denser 
grid of 9 × 9 × 9 k-points was employed. Structural relaxations were 
performed, and the resulting energy-minimized configurations were 
utilized for further analysis. The band structure calculations were con-
ducted along high symmetry points, including -Z-D-B–A-E-Z-C2-Y2- 
Additionally, TDOS calculations were executed using a 13 × 13 × 13 k- 
point mesh, and the corresponding energy values were visualized using 
the p4vasp toolkit. In the Cd(II)-MOFs crystal, it was observed that the 
conduction band minima (CBM) and valence band maxima (VBM) 
occurred at the and Y2 point, indicating that the material exhibits 
characteristics of an indirect band gap semiconductor, with a band gap 
measuring 3.31 eV. 

Conclusion 

A new poly Cadmium (II) complexes (I) metal–organic framework 
(MOF) crystal with potential NLO applications has been successfully 
synthesized. The crystal exhibits reverse saturable absorption behavior 
with a low optical limiting threshold of 1094 MW/cm2, making it a 
promising material for optical limiting devices. Additionally, the crystal 
exhibits anisotropic n-channel charge carrier mobility, suggesting its 
potential use in other optoelectronic applications, such as field-effect 
transistors and solar cells. 
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