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Abstract:  Bis(dimethylammonium) hexachlorostannate(IV) (DMAHCS) crystals were grown by slow evaporation solution growth 

technique. The characteristic functional groups present in the molecules are confirmed by FT-IR analysis and the crystallinity is 

confirmed by powder XRD analysis. Single crystal X-ray diffraction analysis showed that the Sn4+ ion being surrounded by six 

chloride anions in a distorted octahedral geometry. A diffuse reflectance spectrum (DRS) illustrated intense charge transfer in the 

compound. The observed band gap value for the compound is 4.17 eV estimated using the Kubelka-Munk function. Nonlinear 

optical absorption of the sample has been studied at 532 nm using single 5 ns laser pulses, employing the open and closed -aperture 

Z-scan technique. Investigation of the intermolecular interactions and crystal packing using Hirshfeld surface analysis, derived by 

single crystal XRD data, reveals the close contacts associated with strong interactions. 
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1. INTRODUCTION 

The search for novel nonlinear optical (NLO) crystals is gaining increased attention in recent years, especially the 

researches on inorganic-organic hybrid compounds are attracting much attentions because of their unique optoelectronic [1], 

switchable nonlinear optical and luminescent properties [2,3], photoelectric and ferroelectric properties [4], solar cells [5] and light-

emitting devices [6]. Recently, Crystal structure of bis(4-methylpyridinium) hexachlorotin(IV) [7], bis(1-phenylethylammonium) 

hexachloridostannate(IV) and bis(2-phenylethylammonium) hexachloridostannate(IV) [8], bis (phenylammonium) 

hexachlorotin(IV) [9], bis(4-acetylanilinium) hexachloridostannate(IV) [10] tetrakis(4-bromoanilinium) 

hexachlorotin(IV)dichloride [11], bis(4-methylanilinium) hexachlorostannate(IV) monohydrate [12] 3,3′-

diammoniumdiphenylsulfone hexachloridostannate monohydrate [13] tetrakis(anilinium) hexachlorotin(IV) dichloride [14], 

bis(guanidinium) hexachlorostannate(IV) [15], bis(2-chloroethyl) ammonium hexachlorostannate [16] and 4-chloropyridinium 

hexachlorostannate(IV) [17] have been reported. 

In the present investigation, we report the structural characterization, optical and third-order nonlinear optical responses of the 

title compound. Computational studies were used to investigate dipolemoment, polarizability and first-order molecular 

hyperpolarizability. Molecular interactions are quantified by finger print plots derived from Hirshfeld surfaces. 

2. EXPERIMENTAL 

2.1 Preparation of dimethylammonium hexachlorostannate(IV) 
Dimethylformamide (0.2 mL, 2mM) and hydrochloric acid (2 mL) in ether were mixed at room temperature to obtain 

dimethylammonium hydrochloride precursor solution. Tin chloride was prepared by dissolving tin shots (0.118g, 1mM) in 5mL 

hydrochloric acid at room temperature (7 hours). To the freshly prepared ethanolic solution of dimethylammonium hydrochloride 

precursor solution, tin chloride was added with constant stirring. Crystallization took place in 14-16 d and the crystals were 

harvested.  Optical and scanning electron microscope images of the as-grown DMAHCS crystals are shown in Fig. 1 and the 

chemical reaction is given as. 

 

 

 

 

 

 

 

Figure 1. Optical and SEM images of DMAHCS 
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2.2 Characterization techniques 

The FT-IR spectrum was recorded using a CARY 630 FT-IR instrument in the range of 400–4000 cm-1. A Bruker AXS 

(Kappa Apex II) X-ray diffractometer was used for single crystal XRD studies. The powder X-ray diffraction was performed by 

using Philips Xpert pro triple-axis X-ray diffractometer at room temperature at a wavelength of 1.540˚A with a step size of 0.008º. 

The samples were examined with CuKα radiation in the 2θ range of 10–50º. The surface morphologies of the sample were observed 

using a JEOLSM 5610 LV SEM with the resolution of 3.0 nm, an acceleration voltage range of 0.3–20 kV. The UV–DRS spectra 

was recorded using Shimadzu UV2600 UV-Vis spectrophotometer. Photoluminescence spectra was recorded by LS55 Fluorescence 

spectrometer.   

2.3 Computational studies 

Polarizability, hyperpolarizability and dipolemoment were performed using the GAUSSIAN 09W [18] program using density 

functional group theory (DFT) B3LYP method with LanL2DZ as the basis set. Hirshfeld surfaces and fingerprint plots were 

generated from the crystal data using the CrystalExplorer (Version 3.1) [19-22], using DFT method with 6-31G (d,p) as basis set. 

Simulated XRD patterns derived from Mercury 3.6 program. 

3. Results and discussion 

3.1 FT-IR 

The functional groups are identified by FT-IR spectrum in the spectral range of 400–4000 cm-1 (Fig. 2). The broad band 

observed at 3394 cm-1 corresponds to the asymmetric stretching vibration of NH2 group and symmetric stretching vibration was 

observed at 3186cm-1 [23]. The N-H bending vibration is observed at 1572 cm-1. The medium intensity band at 1389 cm-1 is due to 

the stretching vibration of C-N moiety [24]. An absorption band in the region 2800 – 3000 cm-1 is due to aliphatic     C-H stretching 

frequency.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 Powder XRD analysis 

The powder XRD pattern of DMAHCS shows that the sample is of single phase without detectable impurity. The well-

defined Bragg’s peaks at specific 2θ angles show the good crystallinity of the material. Peak positions in the powder XRD patterns 

matche with simulated single crystal XRD pattern, derived from Mercury 3.6 program. High intensity sharp peaks show good 

crystalline nature of the complex (Fig. 3).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

3.3 Single crystal XRD 

The structure of DMAHCS was elucidated by single crystal X-ray diffraction analysis. The compound crystallizes in the 

orthorhombic crystal system with centrosymmetric space group Pnnm. Crystal data and structure refinement parameters are listed 

Figure 2. FT-IR spectrum of DMAHCS 

Figure 3. XRD Patterns of DMAHCS 
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in Table 1. The cell parameters are in agreement with already reported values [25]. Table 2 summarizes the bond angles and lengths. 

The ORTEP and optimized molecular structure of the DMAHCS is illustrated in Fig. 4. Dimethylammonium hexachlorostannate(IV) 

contains the tin ion in a distorted octahedral environment of six chloride ions. The Sn-Cl interatomic distances vary from 2.4198(15) 

to 2.429(2) Å. The molecule shows extensive hydrogen bonding as shown in Table 3. Hydrogen bonding has a clear effect on 

increasing the hyperpolarizability value, resulting in enhanced NLO activity because of facile charge transfer.  

 

Table 1. Crystal data and structure refinement for DMAHCS 

Crystal Data  DMAHCS 

Empirical formula  C4H16Cl6N2Sn 

Formula weight  423.58 

Temperature  296(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pnnm 

Unit cell dimensions a = 7.3225(5) Å = 90°. 

 b = 14.4260(11) Å = 90° 

 c = 7.2165(5) Å  = 90° 

Volume 762.31(9) Å3 

Z 2 

Density (calculated) 1.845 Mg/m3 

Absorption coefficient 2.695 mm-1 

F(000) 412 

Crystal size 0.150 x 0.150 x 0.100 mm3 

Theta range for data collection 3.965 to 24.993°. 

Index ranges -8<=h<=8, -17<=k<=17, -8<=l<=8 

Reflections collected 6867 

Independent reflections 730 [R(int) = 0.0787] 

Completeness to theta =24.993° 99.30% 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7452 and 0.5468 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 730 / 0 / 40 

Goodness-of-fit on F2 1.219 

Final R indices [I>2sigma(I)] R1 = 0.0500, wR2 = 0.1409 

R indices (all data) R1 = 0.0566, wR2 = 0.1521 

Extinction coefficient n/a 

Largest diff. peak and hole 1.445 and -1.307 e.Å-3 

CCDC 1886213 
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Table 2. Bond lengths [Å] and angles [°] for DMAHCS 

Bond lengths [Å] 

C(1)-N(1) 1.455(14) N(1)-H(1D) 0.890 

C(1)-H(1A) 0.960 N(1)-H(1E) 0.890 

C(1)-H(1B) 0.960 Cl(1)-Sn(1) 2.429(2) 

C(1)-H(1C) 0.960 Cl(2)-Sn(1) 2.4198(15) 

C(2)-N(1) 1.442(13) Sn(1)-Cl(2)#1 2.4198(16) 

C(2)-H(2A) 0.960 Sn(1)-Cl(2)#2 2.4198(16) 

C(2)-H(2B) 0.960 Sn(1)-Cl(2)#3 2.4198(16) 

C(2)-H(2C) 0.960 Sn(1)-Cl(1)#2 2.429(2) 

Bond Angles [°] 

N(1)-C(1)-H(1A) 109.50 C(1)-N(1)-H(1E) 108.1 

N(1)-C(1)-H(1B) 109.50 H(1D)-N(1)-H(1E) 107.3 

H(1A)-C(1)-H(1B) 109.50 Cl(2)-Sn(1)-Cl(2)#1 88.08(8) 

N(1)-C(1)-H(1C) 109.50 Cl(2)-Sn(1)-Cl(2)#2 180 

H(1A)-C(1)-H(1C) 109.50 Cl(2)#1-Sn(1)-Cl(2)#2 91.92(8) 

H(1B)-C(1)-H(1C) 109.50 Cl(2)-Sn(1)-Cl(2)#3 91.92(8) 

N(1)-C(2)-H(2A) 109.50 Cl(2)#1-Sn(1)-Cl(2)#3 180 

N(1)-C(2)-H(2B) 109.50 Cl(2)#2-Sn(1)-Cl(2)#3 88.08(8) 

H(2A)-C(2)-H(2B) 109.50 Cl(2)-Sn(1)-Cl(1) 89.61(7) 

N(1)-C(2)-H(2C) 109.50 Cl(2)#1-Sn(1)-Cl(1) 90.39(7) 

H(2A)-C(2)-H(2C) 109.50 Cl(2)#2-Sn(1)-Cl(1) 90.39(7) 

H(2B)-C(2)-H(2C) 109.50 Cl(2)#3-Sn(1)-Cl(1) 89.61(7) 

C(2)-N(1)-C(1) 116.9(10) Cl(2)-Sn(1)-Cl(1)#2 90.39(7) 

C(2)-N(1)-H(1D) 108.1 Cl(2)#1-Sn(1)-Cl(1)#2 89.61(7) 

C(1)-N(1)-H(1D) 108.1 Cl(2)#2-Sn(1)-Cl(1)#2 89.61(7) 

C(2)-N(1)-H(1E) 108.1 
Cl(2)#3-Sn(1)-Cl(1)#2 90.39(7) 

Cl(1)-Sn(1)-Cl(1)#2 180 

Symmetry transformations used to generate equivalent atoms: 

#1 -x,-y+1,z    #2 -x,-y+1,-z    #3 x,y,-z 

 
Table 3.  Hydrogen bonds for DMFHCS [Å and °] 

D-H...A d(D-H) d(H….A) d(D....A) <(DHA) 

C(2)-H(2A)….Cl(2) 0.96 2.91 3.812(11) 157.1 

C(2)-H(2C).... Cl(1) 0.96 2.96 3.619(13) 126.8 

N(1)-H(1D).... Cl(1) 0.89 2.94 3.6097(4) 133.1 

N(1)-H(1D).... Cl(2) 0.89 2.84 3.530(7) 135.0 

N(1)-H(1D)…. Cl(2) 0.89 2.72 3.454(6) 139.9 

N(1)-H(1E)…. Cl(1) 0.89 2.94 3.6097(4) 133.1 

N(1)-H(1E)…. Cl(2) 0.89 2.72 3.454(6) 139.9 

a b 

Figure 4. (a)ORTEP and (b) packing diagram of DMAHCS 
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Symmetry transformations used to generate equivalent atoms:  

  

 
3.4 Optical studies 

Diffuse reflectance spectrum of DMAHCS is shown in Fig. 5a. The cut-off wave length is observed at ~285. The band gap 

was determined to be 4.14 eV using a plot of (F(R)hv)2 versus hv, where F(R), Kubelka-Munk function [26]. 

On excitation of DMAHCS with 285 nm radiation, the compound exhibited emission band as shown in Fig. 5b. The 

maximum appeared at 401 nm. Relatively low full width half maximum (FWHM) associated with the band indicates better quality 

of epilayers present [27].  

  

 

 

 

 

 

 

 

 

 

 

 

3.5 Z-scan studies 

The Z-scan method is a simple method for determining nonlinear absorption and refractive index [28]. Studies are carried 

out using Q-switched Nd:YAG laser having 5 ns pulses at a repletion rate of 10 Hz giving second harmonic at 532 nm. It is based 

on the principle of spatial beam distortion. The transmittance changes through a small aperture at the far field position (closed 

aperture) can determine the amplitude of the phase shift (Δφ). Further, by moving the sample through the focus without placing an 

aperture at the detector (open aperture), the intensity dependent absorption of the sample is measured. The open aperture Z-scan 

transmittance is insensitive to the nonlinear refraction and effective only for the nonlinear absorption while the closed aperture 

transmittance is sensitive to investigate both nonlinear absorption and nonlinear refraction [29]. Fig. 6 shows the recorded closed 

and open aperture normalized transmittance curves of DMAHCS. Close agreement between experimental and theoretical data 

suggests the third order character of NLO effect.  

The nonlinear refractive index (n2) was estimated by using the following equation [30] 

                  

                                                                                                                                                (1) 
 

where K is wave vector (K= 2π/λ) and I0 is the intensity of the laser beam at the focal point (Io = 6.29 × 109 W/cm2) and ∆ɸo is the 

on-axis phase shift.  The nonlinear absorption coefficient (β) can be estimated from the open aperture technique using the standard 

relation [31] given by  

                     (2) 
  

where ΔT is minimum transmittance value at the open aperture Z-scan curve. Values of n2 and β can be used to calculate the real 

[Re(χ(3))] and imaginary parts [Im(χ(3))] of the third-order nonlinear optical susceptibility, (χ(3)). The absolute value of χ(3) can be 

calculated by the following relation [32] 

                                    (3) 

The pre-focal transmittance minimum (valley) followed by a post-focal transmittance maximum (peak) obtained from the 

closed aperture Z-scan method indicates that the sign of the nonlinear refractive index is positive (n2>>0) exhibiting self-focusing 

effect [33]. In the open aperture method decrease in transmittance near the focus and positive sign of nonlinear absorption (β) are 

suggestive of the reverse saturated absorption (RSA). Table 4 lists the experimental results of the third-order nonlinear optical 

parameters of DMAHCS. The χ(3) values of some of the good NLO materials such as potassium dihydrogen phosphate (KDP) and 

deuterated potassium dihydrogen phosphate (DKDP) are, 8.34 x 10-14, 6.51 x 10-14 esu respectively [34]. Comparison reveals that 

this material has a good third-order NLO response.  

Table 4. Calculated third-order nonlinear optical parameters from Z- scan experimental data 

Third-order NLO properties  Calculated values 

β ×10-12 (m/W) 7.0346 

n2 × 10-19(m2/W) 5.8165 

Reχ(3) × 10-13 (esu) 1.8638 

N(1)-H(1E).... Cl(2) 0.89 2.84 3.530(7) 135.0 

Figure 5 (a) UV- vis spectrum (Tauc plot is given as an inset) (b) Photoluminescence emission spectrum  

in the solid state at room temperature 

b a
b 
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Imχ(3) × 10-13 (esu) 0.9548 

 χ(3) × 10-13 (esu) 2.0941 

Optical limiting (J cm-2) 20.46 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.6 Optical limiting behaviour 

DMAHCS prefers centrosymmetric space group Pnnm and as a result second-order optical nonlinearity vanishes [35]. For 

Gaussian beam, input fluence (dividing fluence with the pulse width of the laser gives the intensity) varies with position ‘z’ and it 

is given as  

                                      (4) 

where ω(z) is the beam radius and Ein is the input beam energy [36]. No change in transmittance is observed at low input fluencies 

obeying Beer’s law. The transmittance decreases markedly as irradiance fluence exceeded 20.46 J cm-2. Nonlinear behaviour is a 

typical characteristic of optical limiting phenomena [37]. Two photon absorption mechanism [38] could be the possible reason for 

the observed nonlinear absorption and hence optical limiting effect. Theoretical fit of this mechanism based on Z-scan theory gives 

the best fit for experimental data. Also, Z-scan open aperture curve, Fig. 6b exhibits minimum transmittance in the focus at valley 

suggesting the possibility of reverse saturable absorption (RSA) mechanism [39].  

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.7 First-order molecular hyperpolarizability 

The NLO response of DMAHCS at the molecular level is also confirmed by computational studies, and the calculated 

dipole moment (μ), polarizability (α) and first-order molecular hyperpolarizability (β) of the specimen are 13.7434 D,                  

76.8143 x 10-24 esu and 1.5524 x 10-30 esu (  ̴8 times that of urea), respectively (Table 5). Observed micro level nonlinear response 

could be due to strong inter- and intramolecular hydrogen bonding interaction enhancing the hyperpolarizability.  

Figure 6. a) Closed aperture curve b) Open aperture curve 

 

b a
b 

Figure 7. The optical limiting response of DMAHCS 
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Table 5. The calculated dipole moment (in D), β components (a.u.), βtot value (in esu), and α components (a.u.), αtot value (in esu)  

First-order molecular hyperpolarizability Polarizability 

βxxx  3.4076 αxx 63.8516 

βxxy 134.9230 αxy 85.2379 

βxyy 4.1773 αyy 21.3863 

βyyy 39.5304 αxz 0.0005 

βxxz  8.3074 αyz 0.1153 

βxyz  4.9779 αzz 0.0467 

βyyz  -1.7897 αtot (x 10-24) esu 76.8143 

βxzz -5.9053 Dipole moment (D)                               

βyzz 5.0572 μx -0.0454 

βzzz 1.2591 μy 13.7381 

βtotal (x 10-30) esu 1.5524 
μz 0.3760 

μ 13.7434 

 

3.8 Hirshfeld surface analysis 

Hirshfeld surfaces and fingerprint plots were generated by crystal explorer program. The normalized contact distances 

dnorm is based on de and di representing the distances of the nearest nucleus external and internal to the surface respectively. The 

shape index indicates the shape of the electron density surface around the molecular interactions. The visible deep red circular 

depressions indicate hydrogen bonding contacts (Fig. 8(a-c)). Whereas the visible bright red area in de plot of Fig. 8(b) indicating 

Cl…H dominant interactions. The small light colour range area represents the weaker and longer contacts excluding the hydrogen 

bonds. 

Molecular interactions are quantified by fingerprint plots as shown in Fig. 9. A spike in the lower right area represents 

Cl…H (40.1%) interactions whereas left region represents the H…Cl (28.9%) interactions. The middle and tail part of the fingerprint 

plot indicates H…H (28.2%) and Cl…Cl (2.7%) respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 

 Single crystals of dimethylammonium hexachlorostannate(IV) are grown by slow evaporation solution growth technique 

and characterized by XRD analysis, SEM, FT-IR, UV-DRS and photo-luminescence emission spectrum. Hydrogen bonding 

a b c d 

Figure 8 Hirshfeld surface of DMAHCS (a) de (b) di (c)dnorm and (d) shape index 

Figure 9 Fingerprint plots of DMAHCS 

H….H (28.2 %) Cl….Cl (2.7 %) Cl….H (40.1 %) H….Cl (28.9 %) 
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interactions enhance the hyperpolarizability leading to significant the NLO activities.  The good third-order NLO responses indicate 

that the title complex qualifies as a good optical material. 
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