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Abstract   

Search for highly efficient nonlinear optical (NLO) property of organic crystal with a 

high surface laser damage threshold (LDT) has become more demand in frontier areas of 

optical switching and communications applications. A single crystal of 4-[2-(3, 4-

Dimethoxyphenyl) ethenyl]-l methyl pyridinium tetraphenylborate (DSTPB), which is an 

organic material has been successfully synthesized in pure phase. Bulk single crystals were 

grown with dimensions of 28x11x6 mm3 using a slow evaporation method and report on the 

first in literature. The structure of the title crystal and its lattice parameter was confirmed by 

single-crystal X-ray diffraction studies and found that it crystallizes in the non-

centrosymmetric space group Cc with monoclinic crystal system. The calculated HOMO and 

LUMO energies are showed that charge transfer takes place in the within the molecular 

structure, and they also indicate that NLO activity of the title crystal. It is Kurtz powder test 

showed large second harmonic generation (SHG) about 4.53 times that of KDP crystal and 

made it a suitable candidate for electro-optic applications. It also an exhibit good 

transparency (371nm–1100 mm) in the Visible and near infra-red spectral (NIR) ranges and 

is thermal stability was found to be up to 260 oC. It shows high laser-induced damage 
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threshold up to 4.3GW/cm2, which is greater than that of some known organic and inorganic 

NLO materials. Third-order nonlinear optical properties of title crystal were studied by single 

beam Z-scan technique at 632.8nm using He-Ne laser. It was found that they exhibit saturable 

absorption (SA) and self-focusing nature with large second-order hyperpolarizability                  

(γ) 3.15 x10-33 esu, which are mainly associated with electronic processes. The result 

indicates that they exhibit large third-order optical susceptibility compared some reported 

NLO crystals. The enhancement of these results second-order and third-order optical 

nonlinearity of DSTPB makes it a promising candidate for in the field of nonlinear optical 

devices. 

Keywords 

Organic crystal; FTIR; HOMO-LUMO analysis; Laser damage threshold; Second and third 

harmonic generation. 

Introduction  

The second-order nonlinear optical (NLO) materials containing organic chromophores 

are played a key role in constructing blocks for organic electro-optic OEO material. 1,2 

Research of nonlinear optical material containing pyridinium units has been proved to a good 

candidate for optoelectronic and photonics industries. In recent years, the design and 

synthesis of organic π-conjugated donor/acceptor materials have attracted tremendous 

attention because of their interesting applications in optical communication, optical 

computing, second harmonic devices, data storage systems, optical limiting, modern 

information technology, and so on.3-7 Among the organic and inorganic crystals, organic 

stilbazolium derivatives have attracted considerable attention due to their large second-order 

optical nonlinearity, modulation of laser reading, terahertz (THz) wave applications including 

THz detection and generation. 8-12 The origin reason for this is due to the presence of active 
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hydrogen bonds with π-conjugated system and Coulomb interactions between stilbazolium 

cation and counter anion.13-17 The experimental results are also proved the combination of 

large NLO response with a better mechanical, low dielectric constant, photochemical, 

and thermal stability. It is easy to modify the structure for the construction of integrated 

optical devices than the inorganic materials. 18-20 In the recent past, many stilbazolium 

derivatives have been widely investigated by different research groups using the same 

stilbazolium cation with counterion variations (aryl sulfonate anions) in order to expecting a 

new molecules with large NLO response which is based on Coulomb interactions.                       

For example, DAST (4-N, N-dimethylamino-4’-N’-methyl-stilbazolium tosylate) with para-

toluene sulfonate anion, DSNS (4-N, N-dimethylamino-4’-N’-methyl-stilbazolium                         

2-naphthalenesulfonate) with 2-naphthalenesulfonate anion has been first reported with 

extremely large nonlinearity. 14, 21 Over the last few decades, most of the research articles are 

focused mostly on second harmonic generation (SHG) of crystal.  

However, there has been large the need of molecules with large third-order susceptibilities 

has been established to play the major role in all-optical switching/limiting devices, photonics 

and optoelectronics device applications. 22-23 It has been recently reported that among the 

organic compounds stilbazolium derivatives yields high third-order NLO efficiency is mainly 

due to the presence of strong intramolecular charge transfer (ICT) transition.24 For the first 

time, we present here the investigations on the bulk growth of DSTPB, spectral,               

HOMO-LUMO analysis, thermal stability, Vickers microhardness, dielectric properties, 

surface analysis, and photoconductivity studies. The structural relationship second-order 

[SHG] and third-order [THG] NLO properties of DSTPB have been investigated to realize 

the nonlinear optical properties by HOMO by LUMO analysis. The result indicates that the 

NLO activity is far larger than well-known KDP crystal.  
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2. Experimental Procedures 

2.1. Material synthesis and Bulk crystal growth  

Initially, analytical pure grade of iodomethane, 4- methylpyridine, 3, 4 

dimethoxybenzaldehyde, and sodium tetraphenylborate were purchased from Alfa Aesar and 

Sigma-Aldrich and used for synthesis of title material without further purification.  

The title compound was synthesized by previously reported method (Scheme 1).25                     

In the present synthesis process, the title crystal was prepared by two-step synthesis route.                

In the first step, 4-[2-(3, 4-Dimethoxy-phenyl)-vinyl]-1-methyl-pyridinium iodide 1 which 

was synthesized by adding 1:1 molar ratio of 1, 4-Dimethyl-pyridinium iodide,                                   

3, 4 dimethoxy benzaldehyde, and piperidine (few drops) in hot methanol (20ml).                       

The resulting reaction mixture was refluxed for 8h. The resultant pale yellow precipitate 

which formed was filtered off and washed with diethyl ether and purified by repeated 

recrystallized from methanol. In the second step, the resultant purified compound 1 (electron 

attracting group-cation) was dissolved in deionized water (40ml) and mixed with a saturated 

aqueous solution of sodium tetraphenylborate (electron donating group-anion). Further, it was 

refluxed for 1 h at 80°C. The mixture immediately yielded pale yellow solid of 4-[2-(3, 4-

Dimethoxyphenyl) ethenyl]-l-methyl pyridinium tetraphenylborate (DSTPB) 2 when the 

solution was slow cooling to room temperature. The resulting DSTPB was washed with 

deionized water, and the purity was improved by successive recrystallization in methanol for 

several times.   

The purified salt of DSTPB was dissolved in DMF at 40◦C to form a saturated 

solution, and the solution has been stirred by using the motorized magnetic stirring device for 

2h until to get a homogeneous solution. The resultant solution was filtered to 150ml beaker 

by using high-quality Whatmann filter paper. It was allowed to slow evaporation of the 

solvent at 40°C in a constant temperature water bath (accuracy of ±0.01◦C). The optical 
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qualities of DSTPB crystals were harvested with dimensions 28x11x6mm3 after a period of 

45 days by macro defect free seed applied to the saturated solution as shown in Fig. 1a. 
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3. Results and Discussions 

3.1. Single crystal and powder X-ray diffraction analyzes  

The suitable size of grown single crystal was selected and subjected to single crystal 

XRD analysis by using Bruker Kappa APEX II diffractometer (MoKα λ=0.71073Å 

radiation). It reveals that the grown crystal crystallize in the monoclinic crystallographic 

system has non-centrosymmetric space group Cc. The cell parameter of DSTPB crystal has 

been obtained that a=11.2979(2) Å, b=16.988(2) Å, c=17.2547(2) Å and β=100.232(10) Å.             
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The volume of the crystal system is 3254 (Å)3. The obtained cell parameter values are similar 

to the reported values (CCDC-137966).25 and thus confirm the grown title crystal.                   

The crystal structure and packing fraction of DSTPB are shown in Fig. S1 and S2, 

respectively. 

The grown crystals were finely powdered and subjected to powder X-ray diffraction 

analysis using BRUKER X-Ray diffractometer with the CuKa radiation (λ=1.540598 Å).  

The XRD profile reveals (Fig. S3) that well-defined sharp Bragg’s peaks at specific 2θ angles 

and without detectable impurities. The obtained diffraction peaks were indexed by using 

Powder-X software package. The experimentally observed XRD peaks are matched closely 

with that of single crystal XRD pattern and shown in Fig. S3. Thus, the XRD analysis 

confirms the good crystallinity nature and purity of the title compound. 

Knowledge of the growth morphology of DSTPB was generated and indexed by using 

a single crystal XRD data (CIF format) was given as input to the WinXMorph software 

program.26 The indexed morphology of DSTPB is shown in Fig.1b. It was found that the                

(0 0 1) is the most prominent plane, and the faster growth rate is elongated along with 

crystallographic a and b direction compared to c-axes.  

3.2. HOMO and LUMO studies 

In order to know the relationship between frontier molecular orbitals energy gap 

(HOMO and LUMO) and nonlinear response of DSTPB crystal, the frontier molecular 

orbitals energy gap was calculated by using Sparton’10 V1.0.1 program.27 The frontier 

molecular orbitals energy gap (HOMO and LUMO) is very important to characterize the 

optical polarizability, electrical, the nature of reactivity, kinetic stability of the molecule as 

well as in quantum chemistry. 28 The HOMO energy represents the ability to electron 

donating nature, and LUMO energy characterizes the ability to obtain an electron.                       
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A molecule with small energy gap is more polarizable, which encourages the most active 

NLO properties of the system and also defined as the soft nature of the molecule. 29 As seen 

from Fig. S4, the HOMO orbitals are only localized on the two of phenyl rings in the 

tetraphenylborate (counter anion) while LUMO orbitals are located over the stilbazolium 

cation except in methyl groups and a counter anion. The calculated energy gap (energy gap = 

HOMO-LUMO) and dipole moment values are -1.39eVand 19.3D respectively. The low 

values of the energy gap and higher value of dipole moment implies that the molecular 

charge transfer is taking place within the molecule. This influence more polarizability of the 

structure and it is directly related to the NLO efficiency of the DSTPB structure. 

3.3. Molecular electrostatic potential surface  

The molecular electrostatic potential (MEP) surface diagram is used to know the 

reactive behaviour, electron density distributions and nucleophilic and electrophilic attack of 

the molecule in term of color grading. 30-32 The negative region is for nucleophilic site 

whereas the positive region is for potential electrophilic centres as shown in Fig. 2. The color 

line of MEP is found to in the range between 243.5a.u. (deepest red) and -244.2a.u. (deepest 

blue) for the title compound. It is clearly showed that (Fig.2) positive region are clearly 

located on the one of phenyl groups counter anion and methoxy groups in stilbazolium 

cation. The positive region covers only on the pyridinium ring in the stilbazolium cation 

whereas predominance of the green region (zero potential) in the MEP surfaces explains the 

potential halfway between the counter anion and stilbazolium cation. Thus, the MEP 

confirms the existence of intramolecular interactions. 

3.4. FT-IR spectral studies  

In order to confirm the presence of various vibrational motions of the functional 

groups in the grown crystal, FT-IR transmittance spectra have been recorded in the 

wavenumber range 4000–400 cm-1 using SHIMADZU IRAFFINITY spectrometer. Powder 
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of the title crystal (3mg) was mixed thoroughly with dried KBr (300mg) and made as pellets, 

and it was subjected for FTIR analysis. Fig.3. shows the FT-IR spectra of the title crystal.                            

The absorption peak at 3443 cm-1 is corresponding to the H-O bond stretches in H2O, which 

may be the moisture absorption from the atmosphere. The aromatic ring exhibits multiple 

bands in the region 3100–3000 cm-1 due to the C-H in-plane and C-H out of plane bending 

vibrations.33 The band at 2831 cm-1 is assigned to the methoxy C-H stretching mode 

vibrations. 34 The peak seen at 2964 cm-1 assigned to C-H stretching vibrations of the methyl 

group (N-CH3) in pyridine ring. The aromatic C=C stretching vibrations and in-plane 

stretching frequency of π-conjugated stilabazolium chromophore C-C=C-C (DSTPB 

structure) was established by the presence of peaks appear about 1647cm-1 and 1579 cm-1.                

It is responsible for an electron delocalization between the strong electron donor and electron 

acceptor of DSTPB. The peak observed at 1595 cm-1 is corresponding to the olefinic C-C 

stretching vibrations. The asymmetric bending vibrations of the methyl group (O-CH3) are 

usually, found in the region 1465-1440 cm-1.35 The observed peaks in the region                       

1150-850cm-1 can be attributed to the skeletal vibrations of C-C and C-N bond. Thus, all the 

necessary strong NLO active vibrational modes functional groups of DSTPB crystal were 

confirmed from the characterization results. 

3.5. UV–Vis–NIR Spectral Analysis  

Optical transmittance ranges of single crystals are important factors for nonlinear 

optical applications because an optical material can be of practical device use only if it has 

lesser absorption of light in the Vis–NIR region.36 To find the transmission window, the                   

UV–Vis–NIR absorption spectrum (Fig. 4a) of DSTPB was measured with a ELICO SL 218 

double beam UV–Vis–NIR spectrometer in the wavelength range between190 and1100 nm.  

It is clear from Fig. 4a, the title crystal possessing wider transparency in the Vis–NIR region. 

The optical absorption was found to be at 278 and 396nm. The lower cutoff of a wavelength 
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at 258nm is due to the n-π electronic transitions, and another one major peak at 398 nm 

corresponds to the π-π* electronic transitions through extended conjugated system 

(stilbazolium chromophore). Hence, it can be a potential candidate for optoelectronic and 

NLO applications.37 

3.6. Photoluminescence studies  

Fig. 4b. shows the photoluminescence (PL) spectrum of DSTPB was recorded from 

340-650nm by using anF-7000 FL spectrophotometer at room temperature. The spectrum 

exhibits stable, strong emission peak at 471nm when excited by Uv-Vis light at 389 nm.                            

The maximum intensity at 471nm (2.63 eV) is attributed to the π-π* electronic transition 

between the donor (C16H18NO2+) and acceptor groups (C24H20B-) through stilbazolium 

chromophore. It caused luminescence characteristic nature of DSTPB. Absence of any other 

emission peak in the measured region confirms good degree of crystallinity and structural 

perfection of DSTPB.38 Hence, the resultant emission peak shows that material has blue 

emission, and it is more suitable for tunable laser system and optoelectronic devices. 39, 40 

3.7. Thermo-gravimetric and Differential Thermal Analysis  

TGA and DTA analysis is one of the most important for NLO material to throw light 

irritation on the thermal behaviour of the substance. 41 To analyze the melting point, thermal 

behaviour, and the decomposition point of the DSTPB crystal has been obtained by using an 

NETZSCH STA 409 F3 thermal analyzer and the results shown in Fig. S5. The TG-DTA 

curves for DSTPB were recorded for the range of temperature from 30 to 550°C at a heating 

rate of 10°C/min under flowing N2 gas. The initial pure sample of weight 3.196mg was used 

for the analysis. The TGA trace shows the first weight loss is 3.46% over the temperature 

range 35 to 245°C, which illustrates the loss of physically adsorbed moisture and volatile 

solvents during the crystallization. This is followed by two major weight losses occurred in 

the TGA. The first step is associated with a major weight loss of about 63.99% between 245 
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and 315°C, and another weight loss corresponds to 26.92% up to 550°C. These resultant 

weight losses are indicated decomposition of DSTPB and get volatilization gradually. 

Finally, TGA shows the final residual mass of weight is only 5.63% after heating to 550°C. 

In the DTA trace, one endothermic peak was found to be at 260°C, which is assigned to the 

melting point of DSTPB. It has followed by stepwise broad decomposition peak at 315°C 

occurs between 245 and 550°C. These endotherms are associated with decomposition of 

DSTPB crystal structure. A similar observation has also been well with the TGA trace. 

Hence, on the basis of this analysis concluded that the material for NLO applications is up to 

its melting because of there is no exothermic or endothermic peaks up to the melting point. 

3.8. Microhardness Studies  

The microhardness of a crystalline solid mainly depends on the crystal structure, the 

number of bonds per unit volume and composition of the crystalline solids. 42 Microhardness 

of a crystal is strongly influenced by various parameters such as interatomic spacing lattice 

energy, Debye temperature and heat of formation. 43, 44 Calculation of mechanical properties 

of materials such as resistance, fracture behavior, brittleness index, yield strength, elastic 

constants, and temperature of cracking are very important in device fabrications.45                       

The well-polished prominent plane (1 0 0) surface of DSTPB crystal was subjected to 

microhardness studies at room temperature using a MH-112 Vicker's hardness tester 

(Mututoyo MH 112, Japan) fitted with a diamond pyramidal indenter. In the present 

investigation, the applied load P was varied between 10–100g and indentations time is 

allowed to intent at 10s for all indentations. The average of two diagonal lengths (d) of the 

indentation mark was measured for each load by using with the help of calibrated micrometer 

attached to a metallographic microscope. The microhardness number (Hv) value was 

calculated from the following formula. 46 
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v 2 2

1.8544 x P kg
H =

d mm

 
 
                                                      (1) 

Where P is the applied load in kg and d is the average diagonal length of indentation 

impression in µm, and 1.8544 is a constant of a geometrical factor for the diamond pyramid 

indenter. Fig. S6. shows the variation of Hv with applied load. From this graph, it is very clear 

that the grown DSTPB crystal exhibits reverse indentation size effect (ISE). It means that, 

increase in Hv with an increasing applied load (P) in the low load region.47-49                          

The increase of Hv is purely due to the work hardening of the surface layers, and ISE may be 

attributed to the generation of cracks around the indentation.47, 50 The value of the Meyer 

index or the work hardening coefficient (n) was calculated from Fig. S7 a, the least-squares 

fitting method. 51 In this study, Meyer index number is estimated to be 2.5. It is in good 

agreement with Onitsch concept that if n is >2 Hv value should increases with the increase in 

load P and reverse ISE behavior. 52, 53 Thus, the calculated value of Meyer index number is 

suggesting that DSTPB belongs to be a softer organic materials category. From the hardness 

value, the yield strengths of the title crystal can be calculated using the following relation 

V

y

n-2
12.5(n - 2)H= [1- (n - 2)]σ 2.9 1- (n - 2)

 
 
                                           (2) 

Fig. S7 b. shows the dependent yield strength as a function of applied loads 10 to 100 g.               

The stiffness constant gives an idea about the nature of bonding between neighboring atoms. 

54 The elastic stiffness constant (C11) can be calculated for loads from 10 to 100g  (Fig. S7 c) 

by using Wooster’s empirical expression as 

C11= (Hv) 7/4                                               (3) 

Table 1 presented the calculated yield strength and stiffness constant for different loads.  
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3.8.1. Analysis of Hays-Kendall approach   

     According to Hays-Kendall approach 55 there is a minimum load W to initiate plastic 

deformation and the load dependence of hardness of grown crystal has been calculated using 

the relation P=W+A1d
2, where W and A1 are the minimum loads to initiate plastic 

deformation and load-independent constant and the exponent n=2. The values of W and A1 

(slope value) can be estimated by plotting the load (load range 10 to 100g) vs. d2 (Fig. S7 d). 

The value of plastic deformation ‘W’ is the intercept value along the load axis (Y-axis).                  

It is defined as the resistance pressure for the duration of indentation process, and it should be 

smaller than the applied load P. 56  The corrected hardness Ho (Table S1) for title crystal can 

be estimated using the formula Ho = 1854 x A1. Thus, the DSTPB crystal has a hardness 

value of 27 kg/mm2 at 100g, which favors the grown DSTPB, can be a good candidate for 

NLO applications. It is significantly higher than to some NLO crystals such as urea                      

(6.5-11 kg/mm2) and N-methyl urea (12-19 kg/mm2).57 The good mechanical property 

defines the strong intramolecular interactions of title crystal.  

3.9. Chemical Etching Studies  

The nonlinear efficiency of devices mainly depends on the quality of the grown 

crystals because the imperfections occur during growth result in the distortion of the optical 

beam. For good performance of optical devices, crystals free from defects and light scattering 

are required.58 The utility of NLO crystal depends on its surface quality because of laser 

damage threshold of the NLO crystals decreases with increasing defects in crystals.59                 

The etching studies were carried on the as-grown crystal with crack-free surfaces is 

completely immersed in N, N-dimethylformamide as the etchant for an etching time of 20- 

40s. Then the etched surfaces were cleaned by using tissue paper, and their microstructures 

were examined using an optical microscope (Carl Zeiss optical microscope with a                       

50x magnification). Fig. S8 a. Shows the surface micrograph of the as-grown crystal. The 
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microstructure of the etched crystal surface for etching time 20-40s is shown in Fig. S8 b and 

S8 c). It is observed that size of etch pits decreases with the increase of etching time. These 

results suggest that the grown crystal has rectangular type growth mechanism with less 

dislocation reveals better crystalline perfection. 

3.10. Laser-Induced Damage Threshold Studies  

The operation of NLO devices depends not only on the linear and nonlinear optical 

(NLO) properties but also must be the ability to withstand high-power lasers intensities 

source. Because of the second harmonic conversion efficiency is proportional to the density 

of incident beam intensities. 60, 61 Hence, newly discovered NLO materials with high optical 

surface damage tolerance (by high-power lasers) become extremely important in the 

performance of nonlinear optical (NLO) and optoelectronic device applications.62, 63 For this 

measurement, a Q-switched Nd: YAG (1064 nm radiation) pulsed laser was used, and the 

pulse width are 10ns with10 Hz repetition rate with operating in transverse TM00 mode. 

During laser irradiation, damage of the surface can be determined by the visual formation 

damage and the input laser energy density was recorded by a power meter (model no: EPM 

2000). The damaged spot was measured using Carl Zeiss optical microscope with a 50x 

magnification. The laser damage threshold of the grown crystal was evaluated by the 

following relation. 64 

                                                                                       

E
I =

τA                                                                          (4) 

Where I is the energy density required to cause damage, E is the input energy measured in 

mJ, τ is the pulse Width, A is the area of the laser spot. Thus, the estimated surface damage 

threshold value of DSTPB crystal is found to be 4.3GW/cm2. It is higher than that of well-

known KDP crystal (0.2 GW/cm2) and urea (1.5 GW/cm2). 65 
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3.11. Dielectric studies 

3.11.1. Dielectric constant and dielectric loss measurements  

Dielectric properties are highly related to the quality information of materials. 66                        

The selected grown crystals were cut and polished to obtain about 2 mm thickness. It was 

subjected to dielectric studied at room temperature using HIOKI 3532-50 LCR HITESTER 

meter in the frequency region 50Hz -5 MHz. The opposite surface of the crystals was coated 

with high-grade silver paste and was placed between two copper electrodes, and thus uniform 

electrical contact was formed on the crystal surface. The dielectric constant (εr) and dielectric 

loss (tan δ) were calculated using the standard relations. 67 From the results (Fig.5a and 5b), a 

variation of dielectric constant and dielectric loss was found to a high value at low 

frequencies region. Further, it is decreased with the increase of frequencies and attain almost 

constant at higher frequencies region. Hence, it increases the material for the fabrication of 

NLO devices and electro-optic applications. 68-70 The large value of both dielectric constant 

and dielectric loss at low-frequency region can be explained on the basis of the contribution 

of space charge polarization. 71 In general, the magnitude of dielectric constant and dielectric 

loss purely depends on the chemical structure (purity), electric field, the perfection of the 

crystal also the temperature. 72 

3.11.2. DSTPB crystal based on single crystal XRD  

Solid state parameters are important to estimate the electronic polarizability of the 

material and to evaluating its SHG efficiency. The SHG efficiency depends upon the 

electronic polarizability of the medium. To interpreting SHG efficiency, the high frequency 

dielectric constant value of DSTPB is used as input to estimate the electronic properties like 

valence electron plasma energy, Penn gap, Fermi energy and electronic polarizability.                 

From the single XRD studies, the molecular weight of DSTPB is M =575.5g/mole and 

density ρ = 1.172gcm-3. The value of dielectric constant at1MHz is calculated to be εr= 185. 
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The total number of valence electrons of DSTPB is Z = 218. From this data, the valence 

electron plasma energy ћωp can be calculated using standard relation. 73 

1

2

28.8p

Z

M

ρω
 

=  
 

h

                                                                 (5) 

According to the Penn model 74, the average Penn gap (Ep) and Fermi energy (EF) 75 for 

DSTPB are calculated using the relation 

p

p 1/2

hω
=

(ε -1)
E

∞                                                                  (6) 

                                                                              

1/ 20.2948( )F pE ω= h
                                                         (7) 

Then, we obtained electronic polarizability (α) of the title crystal using the relation 76 

2
0 24 3

2 2
0

( )
0.396 10

( ) 3
p

p p

S M
cm

S E

ω
α

ω ρ
−

 
= × × × 

+  

h

h
                                         (8) 

Where So is a constant which can be obtained by 

2

0

1
1

4 3 4
p p

F F

E E
S

E E

   
= − +   

                                                                    (9) 

The  obtained value  of  polarizability  αagrees well with that  of Clausius–Mossottiquation  

which  is  given  by 

13

4 2a

M

N

ε
α

π ρ ε
∞

∞

 −
=  +                                                                    (10) 

where Na is Avogadro number. These solid state parameters values are compared with those 

of standard material KDP and listed in Table S2. From the table, the polarizability of DSTPB 

is found to be more than that of KDP. 77 This result is in good agreement with the Kurtz and 
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Perry powder technique. Thus, the result is concluded that SHG efficiency depends on the 

polarizability of the medium. 78 

3.12. Second harmonic generation efficiency measurements  

It is worthy to study the SHG efficiency DSTPB crystal by the Kurtz and Perry powder 

technique. 79 and the effectiveness of the title compound compared with well-known SHG 

microcrystalline powder of KDP. In the present investigation, the crystal (DSTPB and KDP) 

was fine powdered with uniform particle size and subjected to powder XRD studies.                     

The particle size was determined by using the Scherer equation and was found to be                      

125-150µm. When a fundamental laser beam of 1064 nm from a Q-switched Nd: YAG laser 

with 8 ns pulse width and 10 Hz repetition rate were normally exposed on the pre-packed 

microcapillary tube. The frequency conversion was confirmed by the emission of green 

radiation (second harmonic signal (SHG) λ=532 nm) with an output pulse are 8.8 mV and 

39.9 mV for DSTPB and KDP respectively. The SHG responses mainly depend on the 

particle size, field-gain coefficient, the power of the fundamental beam and minimum beam 

waist. 80 Comparing the SHG conversion efficiency, the title compound was found to be 

about 4.53 times that of KDP crystal. Thus, the good SHG efficiency suggests that the title 

compound can be a potential candidate for frequency conversion applications. 

3.13. Z-scan measurements  

The third-order nonlinear optical properties of DSTPB was investigated by the 

standard Z-scan technique. 81 It is widely used to evaluate both the nonlinear absorption and 

nonlinear index (n2) of the material along with the sign of nonlinearity. In this experiment 

was performed with He-Ne laser at 632.8nm as the excitation source with a beam diameter 

0.5 mm. The output of the laser beam was focused with a Gaussian filter to get the Gaussian 

intensity profile, which was focused by a 30mm focal length lens. The beam waist ωo of 

Gaussian beam at the focal point is measured to be 12.25µm. It is known that the thickness of 
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the sample is very important to minimize the phase transition in Z-Scan experiment.               

For this technique the sample thickness of 0.65mm was used. It is less than the Rayleigh 

diffraction length (L< K = ZR, where L is the thickness of crystal, and ZR is corresponding to 

the Rayleigh diffraction length of the Gaussian beam). The Rayleigh length was calculated 

about 0.72 mm using the formula ZR = πωo2/λ (λ is the wavelength). 82 Hence, its thickness 

condition could be satisfied with a thin medium for this measurement. The crystal is 

translated in the direction of negative –Z to positive +Z axis (laser beam direction) under the 

computer-controlled translation stage. The amplitude of the phase shift was monitored by the 

change in the transmitted intensity through a small aperture with respect to the sample 

position (closed aperture method) using a digital power meter. The variations of transmitted 

intensity completely depend on the aperture size since the large aperture size will reduce the 

variations in transmittance intensity. For an open aperture method, intensity dependent 

absorptions were collected directly in the detector by placing lens in front of the detector and 

without placing an aperture at the detector in order to resolve the nonlinear refraction (NLR) 

and nonlinear absorption (NLA). As the crystalline, sample exposed to the focal plane the 

intensity of the laser beam decreases or increases directly depends on the material refractive 

index and its absorption nature. Fig. 6a and 6b depict the closed and open aperture Z- scan 

curves of title crystal. The open aperture scan method indicates that absence of reverse 

saturation absorption (RSA) with the enhanced transmission towards the focal point, which 

concludes the strong saturation of absorption (SA) process in DSTPB. It is a necessary 

parameter of the material to finds application in the laser applications such as laser pulse 

compression, laser pulse narrowing, and optical switching applications.83-85 This type of a 

saturation process (SA) at the focal point is known as ground state absorption than the 

absorption of the excited state. In the closed aperture data, the valley and peak configuration 

clearly suggest that the title crystal has a positive sign of third-order nonlinear refractive 
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index, which reveals the self-focusing effect. Complete experimental setup for Z-scan 

measurement can be found in our earlier work. 86, 87  

From the closed aperture Z-scan data, the difference between the normalized valley and peak 

transmittances (∆TP-V), as seen in Fig. 6b can be obtained using the relation 81, 88-89 

0.25
0∆T = 0.406(1-S) ∆p-v Φ

                                                                  (11) 

where S is the linear transmittance of the aperture in the absence of a sample which is 

obtained the following relation 85 

2
a

2
a

-2r
S = 1- exp

ε

 
 
                                                                            (12) 

where ra is the radius of the aperture and ωa is the beam radius at the aperture.The third-order 

nonlinear refractive index (n2) of the grown crystal was calculated using closed aperture data, 

and it is given by  

                           

0
2

0 eff

∆Φ
n =

KI L
                                                                            (13) 

where K is the wave vector (K= 9.924x106m-1), λ is the wavelength of the laser and                

I0 (I0=26.50MW/m2) is the intensity of the laser beam at the focal point (Z=0).The effective 

thickness of the grown crystal can be estimated as Leff = [1−exp (-αL)]/ α, where L is the 

thickness of the crystal and α is the linear absorption coefficient. The nonlinear absorption 

coefficient (β) can be estimated from the open aperture Z-scan data.The third-order nonlinear 

absorption coefficient (β) can be determined using open aperture data by the following 

formula 81 

0 eff

2 2∆T
β =

I L
                                                                      (14) 
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where ∆T is the peak value of the open aperture Z-scan curve. The obtained third-order 

nonlinear refractive index n2 and nonlinear absorption coefficient are 7.85x10-10m2/W and 

1.02x10-3m/W, respectively. It can be used to determine the real and imaginary parts of the 

third-order nonlinear optical susceptibility by the following formula. 90-91 

-4 2 2 2
(3) 0 0 210 (ε n n ) cm

Re χ (esu) =
π W

C  
 
                                                       (15) 

-2 2 2
(3) 0 0

2

10 (ε C n λβ) cm
Imχ (esu) =

4π W

 
 
                                                      (16) 

where and εo is the vacuum permittivity (8.8518x10-12F/m), no is the linear refractive index of 

the crystal. The effective value of the third-order nonlinear optical susceptibility χ(3) and 

the molecular second hyperpolarizability of the crystal can be calculated through the 

following expressions is given as 

( ) ( )
1

2 2 2(3) (3) (3)χ = Re(χ ) + Im(χ ) 
                                           (17)                                 

     
[ ]

(3)

4

Re χ
Re γ =

Nf

  

                                                        (18) 

wheref is the local-field correction factor, and N is the number of molecule per unit volume 

in cm-3 

2
0(n + 2)

f =
3                                                                         (19) 

In order to know the suitability of grown crystal for all-optical switching device applications, 

the two figure of merit W=n2I/αλ,T=βλ/n2 was estimated for the title crystal based on the 

obtained third-order NLO parameter. 92 For all-optical switching applications, the value of 

W>>1 and T<<1 is needed. So the calculated value of W is 1.81and T is 15.53, which is way 

short for the requirement of all-optical switching device applications. However, it is a basic 
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requirement in laser Q-switching, laser mode-locking, and optical bistability field because of 

its strong saturation absorption (SA) properties. 93 The calculated third-order nonlinear optical 

parameters such as nonlinear absorption coefficient β, nonlinear refractive index n2, third-

order nonlinear susceptibilityχ(3), second -order hyperpolarizabilities of the title crystal were 

tabulated in Table 2.The large value of χ(3) can be attributed to the electron density transfer 

(donor to acceptor) within the molecular system.94 Therefore, the polarization of π-conjugated 

electrons will be high in the molecular system and which contribute to the large value of χ(3) 

and γ for the DSTPB crystal. The large third-order nonlinear property of DSTPB is compared 

with those of some organic NLO materials are tabulated in Table 3. Thus, the obtained results 

imply that the title crystal can be a good candidate for third-order NLO applications. 

3.13. Photoconductivity study  

Photoconductivity measurements were studied on the polished surface of the grown 

crystal using a Keithley 485 picoammeter at room temperature. Two thin copper wire were 

fixed at spacing of about 0.3cm by using of silver paint in order to give a good electrical 

contact. Then the sample was connected in series with a DC power supply and a 

picoammeter. For measuring the dark current, the DC supply was applied from 0 to 30V in 

steps of 2V, and the corresponding dark current was noted in the dark atmosphere. The same 

sample was exposed to the radiation with the help of a convex lens to measure the 

photocurrent using a halogen lamp (100 W) containing tungsten filament and iodine vapour. 

Then the corresponding photocurrent was noted for the same range of the applied field.                 

Fig. S9 shows an increase in both the dark and photocurrent of the title crystal linearly with 

applied voltage. However, the dark current was seen to be less than the photocurrent, which 

defines the positive photoconductive property of title crystal. This phenomenon is due the 

absorption and excitation of charge carries when the illumination of radiation. 97, 98                     
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This characteristic of photocurrent is actually played a key role in guided weapons, 

photodetection and Ultraviolet (UV) and Infrared (IR) detector applications. 99, 101 

4. Conclusion  

Bulk single crystal of DSTPB has been synthesized and grown by the slow 

evaporation method and characterized for its large NLO property. The lattice parameter was 

confirmed by single crystal XRD analysis. Various vibrational modes of functional groups 

present in the crystal established through FT-IR analysis. The grown crystal has the wide 

transparency nature in the Vis-NIR spectral range, which makes these crystals potentially 

active material for non-linear optical device applications. Luminescence assessment indicates 

strong emission of blue radiations around 471, and it may be used for the light emitting diode 

(LED) applications. The TG/DTA study shows that the crystal possesses good thermal 

stability up to  260°C. Mechanical studies reveal reverse indentation size effect (RISE) and 

crack develop for load above 100g. The work hardening coefficient was found to be 2.5, and 

yield strength (σy) and elastic stiffness constant (C11) were calculated. The dielectric constant 

of the DSTPB signifying that the crystal is possessed excellent optical quality with defect-

free nature. The grown crystal has superior laser damage threshold (4.3 GW/cm2) at 1064 nm 

wavelength of  Nd: YAG laser and compared with some NLO materials. The etching study of 

DSTPB crystals reveals the layers type etch pattern. The powder SHG efficiency was found 

to be 4.53 times than that of KDP crystal. The third-order nonlinear optical study of DSTPB 

crystal reveals that the strong saturation absorption and positive sign of nonlinear refractive 

index (n2). These results imply that the title crystal can be a used for third-order NLO 

applications. The obtained all the above results suggest that the grown is considered for the 

devices fabrication of optical limiting and photonic devices in the future. 
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