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A B S T R A C T   

Guanidinium isophthalate single crystals with dimensions 16 × 4 x 2 mm3 were prepared by the 
low temperature solvent evaporation method and growth kinetics with interfacial tension was 
discussed to bring out the growth parameters of guanidinium isophthalate single crystals. The 
harvested single crystals were utilized for various characterization studies like powder X-ray 
diffraction, optical transmission, photoluminescence, laser damage study and optical limiting 
studies. The visualization of varying potential regions on the surfaces to quantify short contacts 
were generated by Hirshfeld surface analysis. 2D fingerprint plots were analyzed, in which H ….H 
contact was found to be the most significant with 54.1%. Growth kinetics of the crystalline 
material was studied to reveal the nucleation process. Crystal samples prepared with reference to 
the solubility data were found to be free of inclusions and cracks and had maximum transmittance 
in the complete visible region. The electronic disorder of the crystal sample was reported in the 
form of Urbach energy. The PL spectra with the emission intensity provide the emission char-
acteristic of the title compound. The major fundamental optical limit for a crystal material is 
experimentally measured and presented in the picosecond regime. Thus the present work con-
tributes to the understanding of growth, structural, optical and electronic characteristics of the 
title guanidinium isophthalate single crystals for the fabrication of electro-optic devices in pho-
tonic industry.   

1. Introduction 

Organic nonlinear optical materials are focussed with much care because of their huge prompt nonlinear optical and electronic 
responses such as conductivity, susceptibility, high laser tolerance threshold and structural flexibility over inorganic crystalline ma-
terials. Nonlinear optical crystals are anticipated to design several potential optical information processors, telecommunication sys-
tems, frequency convertors, optical data storage and detection systems, etc [1]. In particular, the third generation nonlinear optical 
crystals possess a huge optical band gap and high laser damage threshold are in rich demand for their imaging, optical storage devices, 
spectroscopy, colour display units, optical communication systems etc., applications [2,3]. Experimental research outputs have been 
conceded over extensive period of study for the structural and optical properties of guanidine compound based crystals for their 
extensive influence in enhancing the utility of photonic devices in industrial applications. Though the aromatic and heteroaromatic 
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polyfunctional carboxylic acid linkages in the structures of guanidinium salts are not found frequently in the literature survey, they still 
retain as area of interest owing to their capacity of generating stable supramolecular structural framework of guanidine cations by 
generating hydrogen-bonding associations through largely cyclic coordinates, viewed as those spotted in the structures of guanidinium 
carbonate and guanidinium bicarbonate [3,4]. To be specific, literature on guanidine complexes with benzenecarboxylic acid groups 
are being the central focus of attention because of their capacity of Linkage-Bridge between cation-anion networks. With this source of 
aspect, the present investigations were intended to synthesis and show the growth parameters and nucleation kinetics of the novel 
titular guanidinium isophthalate (GIP) single crystals. The grown GIP crystal structure and available compound details were identified 
and discussed using powder XRD analysis. The optical and electrical conductivity and linear susceptibility was generated from the 
experimental results of UV–Vis–NIR spectral analysis. To get further insight into the behaviour of GIP crystal in extreme high intensity 
laser regime, laser damage threshold and optical limiting studies have been performed and concluded that GIP crystal is several times 
better than the other well-known nonlinear optical (NLO) materials. 

2. Experimental 

2.1. Crystallization process 

The crystalline product of GIP crystal was synthesized by raw precursors using slow evaporation method by adding guanidine 
carbonate to isophthalic acid in an equimolar ratio. The expected reaction scheme and the 3d structure of the crystalline compound is 
theoretically structured using chemdraw ultra and Gauss view 5.0 softwares respectively as shown in Fig. 1. 

The precursors were purchased raw and made solution without any purification processes initially with aqueous methanol solvent. 
200 mL of saturated solution was attained by continuous stirring of the precursors (guanidine carbonate and isophthalic acid) at room 
temperature. Homogeneous solution was attained in a course time of about 7 h continuous stirring. For purification, the as prepared 
solution is conventionally filtered using Whattman filtration method. Later, covered and perforated solution and left undisturbed to 
attain natural evaporation at room temperature. Specks of unevenly multinucleated crystals were noted over a span of 16 days. 
Repeated recrystallization was carried out until enhanced optical quality non-hygroscopic single crystals were harvested with high 
purity and transparency and the harvested GIP crystal with dimensions 16 × 4 × 2 mm3 is shown in Fig. 2. 

2.2. Solubility test 

The process of crystallization is the impact of solubility dependant supersaturation rate of the compound. Finely powdered crystal 
salts of GIP were taken in bulk quantity and utilized for solubility studies at fixed temperature intervals of 5 ◦C ranging from 35 ◦C to 
45 ◦C. The temperature of the prepared solution was constantly maintained using a ±0.01 ◦C accuracy rated CTB. Initially, the raw 
material was orderly performed for solubility study with 100 mL of the methanolic aqueous solution. Stirring was periodically carried 
out for 8 h at all temperatures to conserve homogeneous thermal distribution. Measured quantity of salt was added to 100 mL of the 
solvent continuously until supersaturation is achieved for each temperature respectively. Now, 10 mL of the measured saturated GIP 
solution from the retained temperature was pipetted and transferred into a petridish to dry out at ambience temperature. The dried 
solution produces multi nucleated crystalline powder. The crystalline powder is then weighed with correspondent concentrations. The 
procedure is repeated for various concentrations and the solubility concentration vs temperature plot is noted and marked in Fig. 3. 

Fig. 1. Reaction scheme and 3d structure of GIP single crystal.  
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With reference to solubility plots and results, the saturated solution could be prepared to study growth kinetics of crystal nucleation. 

2.3. Growth kinetics 

Growth mechanism of GIP crystal compound is monitored and reported on the basis of nucleation speck and supersaturation rate. 
Conventional polythermal method is used to prepare the saturated solution and determine the zone width between saturation and 
supersaturation (otherwise known as metastable zone) [5]. The solubility data based definite temperature is maintained in the CTB 
with addition of 5 ◦C. The process of homogenous stirring was continued to spot the first visible crystal speck and the corresponding 
temperature was noted for this critical nucleus speck. The remaining concentrations from the solubility data was repeated with the 
same procedure. The reliable metastable zone width (MSZW) is shown in Fig. 4. 

The minimum time taken to achieve a crystalline speck from a supersaturation solution at a definite temperature is called induction 
period and critically noted by isothermal method [6]. From Fig. 5, it is observed that the nucleation rate is increased exponentially with 
increasing temperature. This variation plot of supersaturation vs induction period determines the growth, optical quality and accurate 
morphology of the GIP crystalline sample by minimising the rate of spurious nucleation. 

2.4. Interfacial tension of GIP 

The theory of nucleation is identified with interfacial tension parameter of the prepared solution and growth kinetics. The current 
work is focused to calculate the homogeneous nucleation from interfacial tension on classical theory basis in order to determine the 

Fig. 2. As grown GIP crystal.  

Fig. 3. Solubility curve of GIP in aqueous methanol solvent.  
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critical nucleation parameters [7]. The experimentally measured supersaturation concentration and induction period values are used 
in standard equations to bring out the interfacial tension at constant temperature. Fig. 6 shows the interfacial tension lying between 
crystal vs mother solution in terms of super saturation ratio. The interfacial tension values are calculated to be in the range of 
2.24–4.73 mJ/m2 in correspondence with the literature of nucleation studies [8]. In accordance with the classical homogenous 

Fig. 4. Metastable zone width of GIP.  

Fig. 5. Induction period Vs supersaturation of GIP crystal.  

Fig. 6. Plot of supersaturation vs interfacial energy and critical radius for GIP crystal.  
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nucleation theory, the low value of growth rate implicated the larger probability of attaining good optical quality crystals from the 
mother solution. The required free energy and radius is calculated from the standard equations for the formation of critical spherical 
nucleus and the number of molecules bound in the critical nucleus. Table 1 provides the summarized values of nucleation kinetics 
parameter. The plot in Fig. 6 shows the calculated critical radius Vs supersaturation. From figure, the decreasing value of critical radius 
with the increasing supersaturation rate shows the availability of less number of molecules in the supersaturated mother solution. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

The crystal compound of the as-grown GIP single crystal was studied using Bruker D8 powder X-ray diffractometer with wavelength 
1.5418 Å. A GIP crystal free of visual defects was crushed into powder and used for PXRD analysis. Fig. 7 exhibits the X-ray diffraction 
pattern of the powdered sample to confirm the crystalline phase of GIP crystal. From the spectral graph, it is perceived that the peak 
patterns are plotted from 10◦ to 30◦. The results of the powdered crystal sample prove the single phase nature of the material sup-
porting the literature [9]. From the clear broad well-defined peaks it is also proven that the crystals were free of inclusions. The 
structure of the title crystal was found to have P21/n space group in the monoclinic crystal system and cell parameters a = 10.661, b =
11.501, c = 12.193, α = 90.000, β = 104.350, γ = 90.000, volume V = 1447.54 [9]. As shown in Fig. 8, the morphology of the as-grown 
crystal has well developed faces such as (1 0 0), (− 1 0 0), (1 1 0), (-1-1 0), (0 0–1), (1-1-1), (− 111) and (0 0 1). 

3.2. Hirshfeld surface analysis 

In the past decades, the molecular crystal structure analysis have been attempted beyond the present paradigm-internuclear dis-
tances, electronic structure densities, internuclear angles, crystal packing arrangements within molecular dynamics represented 
through hirshfeld surface models. Theoretical discussions on intermolecular interaction to view organic wholes and identification of 
deemed contacts with the experimental data are normally done by hirshfeld surface analysis [10]. The π–π intermolecular stacking 
interactions of crystal quantized by Crystal Explorer 3.1 provides the fingerprint plots (dnorm) and shape index. The Hirshfeld surface 
distance between the nearby nucleus by both inside and outside surface are their respective di and de bonds. Figs. 9 and 10 shows the 
Hirshfeld surface mapping finger plots over the GIP shape index. From Fig. 10, the H…H interactions occupies major contribution of 
42.1% in the crystal structure whereas C–H, C–N, HO and N–H interactions being 0.3%, 9%, 0.3%, 8.6% and 0.3% respectively. 

3.3. Electro-optic studies 

Organic crystals of GIP prepared by conventional solvent evaporation method have a monoclinic structure. The optical anisotropic 
property of general symmetry structured molecular GIP crystals are characterized by UV–vis–NIR spectrum along (100) crystal plane. 
Recently we reported the molecular structure, nonlinear refractive index and thermal stability of organic molecular guanidinium 
isophthalate single crystals. The raw data shows a systematic molecular dispersion of the bound electronic nonlinearity near the two- 
photon absorption end. Knowledge of anisotropic refractive indices (n), extinction coefficient (k), optical conductivity (σop), electrical 
conductivity (σel), optical susceptibility (χop), electric susceptibility (χe) and optical polarizability (P) of the material are the required 
parameters for tailoring nonlinear optical waveguide devices. The analysis related the real and imaginary parts of the third order 
susceptibility are speculation demands of linear optical constants like absorption coefficient (α), refractive index and extinction co-
efficient. In literature, most studies primarily concentrate on the electronic bandgap which predicts real excitation. Our measurements 
on optical constants have been carried out with the knowledge of covalent bonded polarizabilities and electronic dependent bandgap 
obtained from the previous work [9]. We perform theoretical interpretations and outcomes to elaborate the optical constants from the 
relevant reflectance spectrum with corresponding transmittance vs wavelength is shown in Fig. 11. The below expressions are applied 
for the determination of refractive index and extinction coefficient [11]. 

R=
1 ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − exp(− αt) + exp(αt)

√

1 + exp (− αt)

k=
λα
4π 

Table 1 
Nucleation kinetic parameters of the GIP crystal.  

Super saturation, S Critical energy Induction Interfacial MSZW, 

barrier, G* (10− 20 J/m3) Period, τ (sec) Period, τ (mJ/m2) ΔT (K) 

0.583 5,772.12 2.4 47.92 8.68 
0.692 5,106.79 3.1 40.89 7.68 
0.739 4,744.23 3.9 36.59 5.58 
0.81 4,338.65 4.7 30.50 3.03  
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n=

{
− (R + 1) ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− 3R2 + 10R − 3

√

2(R − 1)

}

where R is the experimentally measured reflectance. Obtained results for refractive index and extinction coefficient vs wavelength 
are depicted in Fig. 12. Fig. 11 illustrate that both the refractive index and extinction coefficient depend on the respective absorption 
coefficient as the internal efficiency of the optical device is required to suitably fit the α-value and Eg value for the intended fabrication 
of appropriate optoelectronic device fabrication [12]. The value of as measured refractive index of the GIP is found to be 1.3. It can be 
seen that the value of refractive index may be due to the reflectance edge which is responsible for direct bandgap of the material. 
Optical properties such as σop, σel, χe, χ op and P are calculated from the following standard equations and the corresponding plots are 

Fig. 7. Powder XRD pattern of GIP.  

Fig. 8. Crystallographic planes of GIP.  

Fig. 9. Hirshfeld surfaces mapped over the surface of GIP.  
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shown in Figs. 13–15 with respect to photon energy. The spectral graph shows that the optical conductance of the GIP compound 
increases with increasing photon energy which results in the dielectric behaviour of the sample crystal [13]. 

σop =
∝nc
4π 

Fig. 10. C–O, H–H, N–H and O–H interactions in GIP crystal.  

Fig. 11. Transmittance and reflectance spectrum of GIP crystal.  
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σel =
2λσop

∝  

χ = n2 − k2− ε0

4π  

χ = ε0hcχe
λ  

P=
ε0hcχop

λ  

where λ is the incident wavelength, ε0 is the permeability in free space and χ op is the optical susceptibility. From the theoretical 
formula, the electric susceptibility is calculated as 0.351 at 532 nm. The crystalline compounds with low defects inhibit the propa-
gation of electromagnetic energy backed by its conductivity. The plot against photon energy between optical susceptibility and 
polarizability as seen from Fig. 15 claims that all the optical parameter values are maximum at the cut-off wavelength and vanish over 
optical band gap. The maximum optical values of the above mentioned parameters are observed from the energy gap. Hence from these 
observations we conclude that the dielectric nature of title crystal compound induces required polarization. 

3.3.1. Urbach energy 
Urbach energy (Eu) validates on the complexity of the tail level extensions in the forbidden Eg below the absorption edge. Urbach 

relationship exhibits the exponential dependence of absorption coefficient on the photon energy (hυ) which is fundamentally related to 
the absorption edge of GIP compound [14]. 

α(hυ)= α0 exp
(

hυ
Eu

)

where α0 - constant, h - Planck’s constant and υ - frequency. On increasing the crystallinity power, the slope at this section will also 
tends to increase and observed to be February 0, 6762 at the resultant stage. The slope value is obtained from the logarithmic linear 
plot of the absorption coefficient (ln(α)) versus hυ as shown in Fig. 16. The low quantitative value of slope interprets the high crys-
talline nature of the GIP sample. Reciprocate of the obtained slope in Fig. 16 depicts the Eu as 3.7366 eV for GIP compound by 
indicating the reduced structural defect in titular crystal [15]. 

3.4. Photoluminescence spectral study 

The electronic and optical emission properties of crystalline compounds are experimentally resoluted from photoluminescence (PL) 
analysis. As illustrated in Fig. 17, the intensity of the emission spectrum with 311 nm excitation resulted in the emission spectrum with 
high intensity peak at 448 and 479 nm. The PL blue band at 448 and 479 nm with an excitation wavelength of 311 nm relates to the 
electronic transition from excited π* state to ground state π. From the spectra of GIP crystal it is explicit that the title crystal is 
responsible for blue light emitting diodes [16]. 

3.5. Laser damage threshold study 

Laser damage threshold study was carried out adopting laser-induced damage threshold to confirm the extent of radiation that a 
crystal can hold in the process of retaining its optical properties. Growth, optical, structural defect and geometric properties of the 

Fig. 12. Refractive index and extinction coefficient spectrum of GIP crystal.  
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crystalline material can also be exploited by incident laser beam. The crystal length and surface morphology of the crystal plays a vital 
role in determining the ability of the sample to with-hold the laser power. The optoelectronic and THz wave generation applications of 
nonlinear optical materials require information on the interaction of high intensity. This is to avoid the damage caused by laser beam 
thermal or other induced stress mechanism on the sensitive optical components resulting in dielectric breakdown. The characteristic 
property of the sample is measured from irradiated and irreversible peak power/fluence in the sample material. The experimental 
results of laser threshold is resoluted by illuminating high energy Q-switched Nd:YAG laser beam with wavelength 532 nm to the 
crystal sample placed at the biconvex focussed with focal length 15 cm. The standard pulse width repetition rate was fixed for 6 ns/10 
Hz. The given input energy was maintained using a standard power meter. The variation in the power is gradually monitored until 
visible physical damage was detected on the crystal surface. The pertained digital values for the laser incident surface damage were 

Fig. 13. Variation of optical conductivity and electric susceptibility vs hυ.  

Fig. 14. Variation of electrical conductivity and optical conductivity versus hυ.  

Fig. 15. Variation of optical polarizability and optical conductivity versus hυ.  
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Fig. 16. Plot between hυ and ln(α) for the GIP crystal.  

Fig. 17. Photoluminescence spectrum of GIP crystal.  

Fig. 18. Optical limiting behavior of GIP crystal.  
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utilized to determine the power density relation using the below relation; 

Power density (Pd)=
E

τπr2  

where E − threshold energy (mJ), τ-pulse width and r - radius of the laser beam spot. The power density at (100), (110) and (001) 
crystallographic planes were found to be 0.741, 2.043 and 2.196 GW/m2 respectively. The obtained values of optical damage threshold 
show the maximum tolerance of the crystal at intended radiation and hence essentially inhibit the requirement of the GIP crystal for 
optical limiting device fabrications [17]. 

3.6. Optical limiting study 

The optical limiting property of the crystalline compound is experimentally tested using a photo detector by providing measured 
input laser power of 10 mW to the respective samples via focusing lens. The experimental setup for optical limiting study is similar to 
that of Z scan setup with a power meter attached to it. The optical limiting behavior of the GIP crystal was measured using a photo 
detector by varying the laser power and recording the corresponding output power. The absorption at the probe wavelength and 
distance between sample to detector serves as the deciding factors of the output. These high intensified optical limiters are designed for 
the optimum utilization of the maximum transmittance with low level inputs [18,19]. The variation of output power vs input power is 
shown in Fig. 18. From the observations, the saturation threshold and amplitude was noted to be 36.327 mW/cm2 and 2.585 mW/cm2 

respectively for their respective output and input power regions. An ideal limiter is demanded to provide safety to sensors or eyes 
below the regions of threshold [20]. Hence the as-grown GIP crystal can be nominated as a tailored candidate for optical limiting 
devices below their threshold. 

4. Conclusion 

Several new refinements and tailoring parameters have been discussed along with the literature to show the remarkable agreement 
required for the fabrication of a novel opto-electronic devices. The results of nucleation parameters provoke the attainment of well- 
defined crystal morphology with definite structural orientations. The crystalline confirmation was taken up by the experimentally 
observed sharp peaks from PXRD study. The hydrogen bonding interactions obtained from Hirshfeld analysis reveal the bonding 
nature in the grown crystal. Structural defects were also identified using Urbach relation calculated from the linear optical parameters 
of the GIP crystal. From the Luminescence property it is observed that emission of the GIP crystal is at 479 nm. The optical limiting 
study reveals that the threshold and amplitude was noted to be 36.327 mW/cm2 and 2.585 mW/cm2 respectively for their respective 
output and input power regions. The proposed electro-optic Q-switch application was justified with the promising out source of optical 
limiting and optical laser damage threshold organic molecule: guanidinium isophthalate single crystals. 
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