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H I G H L I G H T S  

• Hexamethylenetetraminium hydrogen DL-malate (HMTM) as an efficient material for NLO applications. 
• The HMTM exhibits low dielectric constant, dielectric loss and positive photoconductivity. 
• The relative powder SHG efficiency of HMTM has 1.25 times greater than that of KDP. 
• The HMTM possess self-defocusing nature and the optical limiting response.  
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A B S T R A C T   

Single crystals of hexamethylenetetraminium hydrogen DL-malate (HMTM) have been successfully synthesized by 
slow evaporation method and structurally analyzed by single crystal X-ray diffraction, powder X-ray diffraction, 
FTIR, FT-Raman, 1H and 13C NMR spectroscopic techniques. These investigations confirm the formation of 
HMTM crystal which crystallize in the non-centrosymmetric space group Cc with monoclinic crystal system. The 
N–H⋯O and O–H⋯O intermolecular hydrogen bonding interactions have been investigated by Hirshfeld surface 
analysis. The optical absorption cut-off wavelength of the grown crystal is observed at 353 nm in the UV–visible 
spectrum. From the photoluminescence spectrum, two intense emission peaks are identified at 312 nm and 415 
nm. Dielectric study reveals low values of dielectric constant and dielectric loss. The positive photoconducting 
nature of HMTM is identified from the photoconductivity analysis. Second harmonic generation efficiency of the 
powdered HMTM is found to be 1.25 times greater than that of powdered KDP. The Z-scan and optical limiting 
results indicate that HMTM exhibits self-defocusing nature and optical limiting response, respectively. In addi-
tion, charge transfer interactions, first- and second-order hyperpolarizability values are computed by density 
functional theory calculations and are discussed in detail.   

1. Introduction 

Recently, researchers pay profound attention in the design, growth 
and development of single crystalline materials from organic complexes 
which exhibit superior nonlinear optical (NLO) efficiencies than their 
inorganic counterparts [1–4]. Organic NLO complexes possess 

significant properties thereby routing them in to vital applications in the 
fields of optical storage, frequency mixing, signal processing, Terahertz 
frequency generation etc. Mostly, complexes formed from the associa-
tion of dicarboxylic acids with other organic molecules result in residues 
containing notable existence of higher order nonlinearities [5]. The 
underlying effects of molecular arrangements in organic complexes 
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result in hydrogen bonding mechanism ranging from strong to very 
strong levels, which firmly enhance their nonlinear optical behavior [5]. 
In general organic complexes designed from di-carboxylic acids blended 
with other organic molecules exhibit extreme structural flexibility per-
taining to the ability in optimization of higher order NLO properties. 
Also, the formation of organic charge transfer complexes have been 
meticulously studied owing to the special kind of interaction among 
donors and acceptors. Additionally, the process of protonation of donor 
molecules from acceptors in organic NLO complexes is the basis for 
hydrogen bonding formation [6–10]. 

In the recent past, the intramolecular charge transfer interaction and 
second harmonic generation efficiency of some hexamethylenetetra-
mine phenol derivatives [11] have been already reported. The crystal 
structure, thermal, Hirshfeld surface analysis and quantum chemical 
calculations of the aniline and hexamethylenetetramine dicarboxylic 
acid complexes [12] have been studied. The vibrational assignments of 
hexamethylenetetramine [13] and its halogen adducts [14] have been 
investigated. Earlier, the crystal structure and its enhanced anomeric 
interactions of the hexamethylenetetramine hydrogen DL-malate and 
some acid derivatives were reported by Sosale Chandrasekhar and 
co-workers [15]. From a concise literature survey, we have observed 
that no significant analyses were reported for hexamethylenete-
traminium hydrogen DL-malate (HMTM). 

In the present study, an organic–organic charge transfer complex 
hexamethylenetetraminium DL-malate (HMTM) has been synthesized 
and single crystals of the complex have been grown by solution growth 
technique. The prime aim of the present investigation is to examine the 
reaction mechanism resulting from hydrogen bond formation between 
starting materials and the possibilities of growing the resultant complex 
as a single crystalline material for NLO applications. Furthermore, the 
physical properties of the HMTM employing techniques like powder X- 
ray diffraction, 1H, 13C NMR, FTIR, FT-Raman, optical absorption, 
photoluminescence, dielectric study, photoconductivity, second har-
monic generation (SHG), Z-scan, optical limiting, as well as quantum 
chemical density functional theory (DFT) calculations, natural bonding 
orbital, frontier molecular orbital, natural population charge, electro-
static potential map, first- and second-order hyperpolarizabilities and 
Hirshfeld surface analysis are investigated and these characterizations 
have been reported for the first time in this work. 

2. Crystal synthesis and growth 

The HMTM crystal was prepared by adding the hexamethylenetet-
ramine and DL-malic acid in the equimolar ratio (1:1) in methanol so-
lution. The solution was filtered and kept to dry at room temperature. 
The synthesized crystals were further purified by repeated re- 
crystallization in methanol solvent. In this process, optically trans-
parent HMTM single crystal (C6H13N4

+.C4H5O5
− ) of size 8 x 4 x 2 mm3 

was formed after a period of 3 weeks (Fig. 1a). The reaction mechanism 
of HMTM is shown in Scheme 1. 

2.1. Experimental techniques 

The single crystal X-ray diffraction analysis of the HMTM crystal was 
carried out using graphite-monochromated MoKα radiation (λ =

0.71073 Å) in the scanning range of 10–80⁰ at 293 K by means of an 
Enraf-Nonius CAD-4 diffractometer and powder X-ray diffraction study 
was performed by CuKα radiation (λ = 1.5405 Å) using RICH SIEFERT X- 
ray powder diffractometer. The 1H and 13C NMR spectra of the HMTM 
were carried out by Bruker 400 MHz Spectrometer using deuterated 
dimethyl sulfoxide solvent (DMSO). The Fourier transform infrared 
(FTIR) and Fourier transform Raman (FT-Raman) spectra of HMTM in 
methanol solvent were recorded using a JASCO (FT/IR-4600typeA) 
spectrometer and a BRUKER RFS 27 spectrometer, respectively. 
UV–visible spectrum was recorded by JASCO V-770 instrument in the 
range of 200–900 nm using methanol as solvent. The 

photoluminescence spectrum of HMTM was recorded by a JASCO FP- 
8300 spectrometer using methanol solvent. Dielectric analysis was 
carried out in the frequency range of 50 Hz-5MHz at 303–383 K tem-
peratures using Hioki 3532-50 LCR meter. Photoconductivity measure-
ment of HMTM crystal was carried out by Keithley-6517B electrometer. 
A Q-switched Nd:YAG laser with wavelength of 1064 nm was used to 
measure the second harmonic generation (SHG) efficiency of powdered 
HMTM crystal. Z-scan and optical limiting analyses were performed 
with the support of continuous wave Nd:YAG laser of 532 nm 
wavelength. 

2.2. Computational techniques 

The quantum chemical calculations of HMTM have been carried out 
using DFT/Becke-3-Lee-Yang-Parr (B3LYP)/6-311++G(d,p) level of 
theory in Gaussian 09 W program package [16–18]. The isolated HMTM 
molecule is optimized in methanol solvent phase and its optimized 
molecular structure is used for other DFT calculations. The natural 
bonding orbital (NBO), intramolecular charge transfer interactions have 
been computed by NBO 3.1 program [19–21]. The frontier molecular 
orbitals and molecular electrostatic potential (MEP) surfaces are plotted 
using GaussView 5.0 visualization software [22]. The Crystal Explorer 
3.1 [23] software package was used to plot three-dimensional Hirshfeld 
surface of the HMTM molecule. 

3. Results and discussion 

3.1. X-ray diffraction studies 

The HMTM crystal is found to crystallize in the monoclinic crystal 
system with non-centrosymmetric space group Cc. The cell dimensions 
are evaluated as a = 6.983(3) Å, b = 9.721(3) Å and c = 18.214(8) Å. 
This is in good agreement with the reported value [15], are compared in 
Table 1. The number of HMTM molecules present per unit cell (Z) is 4, it 

Fig. 1. (a) Crystal image of HMTM. (b) BFDH figure of HMTM. (c) Simulated 
and experimental powder XRD pattern of HMTM. 

M. Saravanakumar et al.                                                                                                                                                                                                                      



Materials Chemistry and Physics 291 (2022) 126712

3

contains an equal number of hexamethylenetetramine cations and 
DL-malate anions and the unit cell volume (V) is 1208.32 Å3. The BFDH 
morphology of the HMTM is shown in Fig. 1b. The powder X-ray 
diffraction (PXRD) pattern of the HMTM agrees well with the simulated 
PXRD pattern from corresponding single crystal X-ray diffraction data 
[15], representing the successful growth of the HMTM crystal. The 
recorded and simulated PXRD patterns are compared and illustrated in 
Fig. 1c. The crystalline nature of the HMTM has been identified from 
sharp diffraction peaks. 

3.2. NMR spectral analysis 

The proton and carbon signals in the NMR spectra confirm the crystal 
structure of HMTM. The recorded 1H and 13C NMR spectra are illus-
trated in Fig. 2a and b. The singlet proton signal at δ = 4.993 ppm is due 
to the Ha atom of the carboxylic acid in the DL-malate moiety. The 
intense singlet proton signal at δ = 3.929–3.958 ppm has been assigned 
to Hc atoms of the NH + group adjacent to the methylene group and 
methine group. The broad hump proton signal that occur in the upfield 
region at δ = 4.420 ppm is associated with the overlapped OH and NH+

groups. The singlet proton signal at δ = 2.931 ppm is attributed to 
methylene group Hd atoms of the hexamethylenetetraminium moiety. 
The doublet proton signal at δ = 2.246–2.289 ppm is assigned to the 
methylene group Hb atom of the DL-malate moiety. The distinct carbon 
signals at δ = 80.53 ppm, attributed to C2 carbon atoms, is down shifted 
due to the attached NH+ group and δ = 70.75 ppm is due to C1 carbon 
atoms of the hexamethylenetetraminium moiety. The downfield carbon 
signals at δ = 177.93 ppm and δ = 174.90 ppm are attributed to the 
highly unshielded C3 carbon atom of carboxylate group and C6 carbon 
atom of the carboxylic acid in DL-malate moiety. The NMR shift at δ =
68.20 ppm confirms the presence of hydroxyl group attached to the C4 

Scheme 1. Schematic diagram of HMTM synthesis.  

Table 1 
Comparative analysis of lattice parameters of HMTM.  

Cell Lengths Present Study Reference [15] 

A 6.983 6.983 
B 9.721 9.716 
C 18.214 18.209  

Fig. 2. (a–b). Experimental 1H and 13C NMR spectra of HMTM.  
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carbon atom and δ = 42.28 ppm is attributed to the C5 carbon atom of 
the DL-malate moiety. 

3.3. Structural geometry study 

The optimized molecular structure with atomic numbering of an 
isolated HMTM molecule is illustrated in Fig. 3. The bond lengths of 
O4⋯H15 and O5⋯H1 are found to be 1.572 Å and 1.454 Å, respectively, 
which are considerably lesser than that of its van der Waal’s radii (2.72 
Å). This confirms the existence of N16–H15⋯O4 and O7–H1⋯O5 
hydrogen bonding within the HMTM molecule. Due to hydrogen 
bonding, the bond distance of protonated N16–H15 is found to be 1.074 
Å and that of O7–H1 is found to be 1.054 Å, which are slightly increased 
due to electron delocalization. The bond angles of C12–O4–H15 
(129.22◦), C8–C9–C13 (116.45◦) and H1–O7–C8 (112.46◦) are 
decreased compared to the experimental values of 123.38◦, 117.95◦ and 
108.35◦, respectively. The computed bond angle of O4–H15–N16 
(167.88◦) is larger than that of the XRD value (149.26◦). The bond 
distance of N16–C17, N16–C20 and N16–C35 are calculated to be 1.542 
Å, 1.545 Å and 1.543 Å, respectively. These bond distances are slightly 
larger than that of other N–C bond distances (~1.46–1.49 Å) in the 
HMTM molecule and the bond angles of C17–N16–C20, C17–N16–C35 
and C20–N16–C35 are observed to be 108.52◦, 108.52◦ and 108.46◦, 
respectively. This is slightly lesser than that of other C–N–C bond angles 
(~109◦) due to the N16–H15⋯O4 hydrogen bonding interaction. The 
dihedral angle of C12–O4–H15–N16 is found to be − 163.61◦, which is 
slightly compressed due to hydrogen bonding interaction and high 
charge delocalization in the σ*(N16–H15) anti-bonding orbital (0.112e). 
In the hexamethylenetetraminium moiety, the dihedral angles for 
O4–H15–N16–C17 (− 11.21◦), O4–H15–N16–C20 (108.64◦) and 
O4–H15–N16–C35 (− 131.56◦) are increased compared to the experi-
mental values due to N16–H15⋯O4 hydrogen bonding interaction and 
hyperconjucative interaction between lone pair nO4 orbital and σ* 
(N16–H15) anti-bonding orbital. The optimized geometric parameters 
of bond length and angles are listed in Table 2. The calculated structural 
parameters are in good agreement with the XRD value. 

3.4. Hirshfeld surface analysis 

Hirshfeld surface of HMTM provides the graphical visualization 
figure for understanding the intermolecular interactions. The intermo-
lecular contacts of the molecule are related to van der Waal’s (vdw) radii 
using red-white-blue colour format. The three-dimensional dnorm 
Hirshfeld surface of intermolecular interactions are mapped in the range 
from de = − 0.585 to di = 1.318 Å as shown in Fig. 4a. In the dnorm 
Hirshfeld surface, the red spot over the surface indicates N–H⋯O and 
O–H⋯O hydrogen bond, white spot indicates close intercontacts near 
the vdw radii and longer intercontacts with vdw radii is indicated by 
blue colour. The O⋯H bond distance of N–H⋯O (1.183–2.141 Å) and 
O–H⋯O (1.525–1.851 Å), which are lesser than the O⋯H vdw radii 
confirm the presence of N–H⋯O and O–H⋯O hydrogen bonding 

contacts in the title molecule. From Fig. 4b, the combination of de and di 
in the mapping of the two-dimensional fingerprint plot of the HMTM 
molecule indicates the contribution of inside and outside elements and 
its reciprocal intercontacts, H⋯H/H⋯H (45.7%), O⋯H/H⋯O (40.9%), 
N⋯H/H⋯N (9.4%), C⋯H/H⋯C (1.4%), C⋯O/O⋯C (0.8%), N⋯C/ 
C⋯N (0.8%) and O⋯O/O⋯O (0.7%) of the total Hirshfeld surface area. 

3.5. Vibrational spectral analyses 

The FTIR and FT-Raman vibrational spectrum of the HMTM is 
illustrated in Fig. 5a and b, and their distinctive vibrational assignments 
are listed in Table 3. 

3.5.1. Hexamethylenetetraminium vibration 
The NH+ stretching vibrations occurs at weak band at 3350-3100 

cm− 1 [24]. The NH+ stretching of HMTM is red shifted and it is observed 
as a weak band at 3108 cm− 1 in FT-Raman spectrum. This NH+

stretching wavenumber shift indicates the presence of N–H+ … O−

intermolecular hydrogen bonding within HMTM. The NH+ scissoring 
in-plane deformation vibration is found at 1513 cm− 1 and 1588 cm− 1 in 
the FTIR spectrum. The NH + rocking and wagging out of plane defor-
mation vibrations are observed at 1006 cm− 1 and 729 cm− 1 in FTIR and 
FT-Raman spectrum, respectively. The CH2 asymmetric and symmetric 
stretching vibrational modes generally occur in the range 2940–2915 
cm− 1 and 2870-2840 cm− 1, respectively. In tertiary amines, CH2 
stretching is shifted to about 2800 cm− 1 when a nitrogen atom is present 
next to CH2 group [25,26]. The CH2 asymmetric and symmetric 
stretching bands are observed at 2954 cm− 1 and 2803 cm− 1 respec-
tively, in the FTIR spectrum. The CH2 scissoring deformation vibrational 
band is observed at 1445 cm− 1 in the FTIR spectrum. The CH2 rocking 
in-plane deformation vibration is found at 783 cm− 1 in the FT-Raman 
spectrum. The C–N stretching is absorbed at 1244 cm− 1 and 1250 
cm− 1 in FTIR and FT-Raman spectra, respectively. The CNC deformation 
vibrational band is observed at 1057 cm− 1 in the FTIR spectrum. The 
CNC skeletal deformation vibration is found at 405 cm− 1 in the 
FT-Raman spectrum. 

3.5.2. DL-malate vibration 
The OH stretching vibrations of the carboxylic group observed at 

about 3300–2500 cm− 1, in the formation of hydrogen bonding inter-
action and super imposed on CH stretching vibrational band [25]. The 
OH stretching is found as a weak band at 2996 cm− 1 in the FT-Raman 
spectrum. The in-plane COH deformation is seen to occur at 1402 
cm− 1 and 1414 cm− 1 in FTIR and FT-Raman spectra, respectively. The 
out of plane COH deformation is found at 973 cm− 1 and 963 cm− 1 in 
FTIR and FT-Raman spectrum. The CO2 asymmetric and symmetric 
stretching vibrations occur in the region 1650-1540 cm− 1 and 
1450-1360 cm− 1, respectively. The CO2 asymmetric stretching bands 
are observed at 1716 cm− 1 and 1713 cm− 1 in FTIR and FT-Raman 
spectra, respectively. The CO2 symmetric stretching vibrational mode 
is found at 1664 cm− 1 in the FT-Raman spectrum. The out of plane 
O–H⋯O hydrogen bonding deformation is found at 907 cm− 1 in the 
FT-Raman spectrum. The OH stretching vibration occurs at about 
3550–2500 cm− 1 when formation of intramolecular hydrogen bonding 
is involved [27,28]. The hydroxyl group OH stretching is shifted and is 
found at 3278 cm− 1 and 3271 cm− 1 in FTIR and FT-Raman spectra, 
respectively. This red shift of the stretching wavenumber indicates the 
formation of weak N–H⋯O hydrogen bonding, as shown in Fig. 4a. The 
CO stretching is present at 1156 cm− 1 in FTIR spectrum. The COH out of 
plane deformation is found at 648 cm− 1 and 655 cm− 1 in FTIR and 
FT-Raman spectra, respectively. The symmetric CH2 stretching in 
DL-malate is observed at 2842 cm− 1 and 2840 cm− 1 in FTIR and 
FT-Raman spectra, respectively. The out of plane CH2 wagging defor-
mation is found at 1320 cm− 1 and 1324 cm− 1 in FTIR and FT-Raman 
spectra, respectively. The CH2 in-plane rocking deformation is 
observed at 783 cm− 1 in the FT-Raman spectrum. The CH stretching is Fig. 3. Optimized structure of HMTM.  
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Table 2 
Optimized geometric parameter of HMTM.  

Bond lengths B3LYP XRD Bond angles B3LYP XRD Dihedral angles B3LYP XRD 

(Å) (Å) (◦) (◦) (◦) (◦) 

H1–O7 1.054 0.996 H3–O2–C13 109.75 109.44 H3–O2–C13–C9 66.13 53.09 
H1–O5 1.454 1.394 C12–O4–H15 129.22 123.38 H3–O2–C13–C12 − 170.34 176.92 
O2–H3 0.978 0.820 H1–O7–C8 112.46 108.35 H3–O2–C13–H14 − 53.94 − 65.69 
O2–C13 1.456 1.420 O6–C8–O7 121.18 120.59 H15–O4–C12–O5 172.85 172.08 
O4–C12 1.274 1.230 O6–C8–C9 121.57 121.51 H15–O4–C12–C13 − 8.25 − 8.01 
O4–H15 1.572 1.512 O7–C8–C9 117.23 117.88 C12–O4–H15–N16 − 163.61 − 174.96 
O5–C12 1.293 1.271 C8–C9–H10 106.21 107.81 H1–O7–C8–O6 178.47 178.64 
O6–C8 1.244 1.209 C8–C9–H11 108.81 107.82 H1–O7–C8–C9 − 0.25 − 0.11 
O7–C8 1.347 1.307 C8–C9–C13 116.45 117.95 O6–C8–C9–H10 15.90 16.64 
C8–C9 1.527 1.516 H10–C9–H11 107.07 107.11 O6–C8–C9–H11 − 99.05 − 98.70 
C9–H10 1.093 0.970 H10–C9–C13 108.51 107.85 O6–C8–C9–C13 136.82 138.98 
C9–H11 1.098 0.970 H11–C9–C13 109.38 107.84 O7–C8–C9–H10 − 165.38 − 164.63 
C9–C13 1.552 1.534 O4–C12–O5 123.78 124.26 O7–C8–C9–H11 79.66 80.04 
C12–C13 1.539 1.535 O4–C12–C13 120.63 119.66 O7–C8–C9–C13 − 44.47 − 42.28 
C13–H14 1.099 0.980 O5–C12–C13 115.59 116.08 C8–C9–C13–O2 − 158.10 − 161.20 
H15–N16 1.074 0.882 O2–C13–C9 109.67 109.55 C8–C9–C13–C12 81.57 78.92 
N16–C17 1.542 1.506 O2–C13–C12 107.77 107.16 C8–C9–C13–H14 − 38.22 − 42.43 
N16–C20 1.545 1.510 O2–C13–H14 109.25 108.77 H10–C9–C13–O2 − 38.42 − 38.88 
N16–C35 1.543 1.508 C9–C13–C12 113.12 113.74 H10–C9–C13–C12 − 158.74 − 158.76 
C17–H18 1.091 0.970 C9–C13–H14 109.54 108.77 H10–C9–C13–H14 81.47 79.90 
C17–H19 1.091 0.970 C12–C13–H14 107.41 108.74 H11–C9–C13–O2 78.06 76.49 
C17–N29 1.463 1.443 O4–H15–N16 167.88 149.26 H11–C9–C13–C12 − 42.27 − 43.39 
C20–H21 1.091 0.971 H15–N16–C17 110.66 111.99 H11–C9–C13–H14 − 162.05 − 164.74 
C20–H22 1.089 0.970 H15–N16–C20 109.92 108.47 O4–C12–C13–O2 7.19 9.12 
C20–N31 1.461 1.441 H15–N16–C35 110.70 110.05 O4–C12–C13–C9 128.60 130.34 
C23–H24 1.091 0.970 C17–N16–C20 108.52 108.37 O4–C12–C13–H14 − 110.40 − 108.30 
C23–H25 1.092 0.970 C17–N16–C35 108.52 109.41 O5–C12–C13–O2 − 173.82 − 170.96 
C23–N29 1.496 1.463 C20–N16–C35 108.46 108.45 O5–C12–C13–C9 − 52.42 − 49.73 
C23–N31 1.494 1.452 N16–C17–H18 107.62 109.71 O5–C12–C13–H14 68.58 71.62 
C26–H27 1.092 0.970 N16–C17–H19 107.61 109.73 O4–H15–N16–C17 − 11.21 − 54.13 
C26–H28 1.091 0.970 N16–C17–N29 109.24 109.65 O4–H15–N16–C20 108.64 65.43 
C26–N29 1.496 1.463 H18–C17–H19 109.91 108.23 O4–H15–N16–C35 − 131.56 − 176.07 
C26–N30 1.494 1.468 H18–C17–N29 111.13 109.74 H15–N16–C17–H18 − 59.78 − 60.99 
N30–C32 1.495 1.463 H19–C17–N29 111.20 109.77 H15–N16–C17–H19 58.62 57.79 
N30–C35 1.462 1.448 N16–C20–H21 107.37 109.72 H15–N16–C17–N29 179.46 178.43 
N31–C32 1.495 1.462 N16–C20–H22 106.75 109.71 C20–N16–C17–H18 179.54 179.38 
C32–H33 1.092 0.970 N16–C20–N31 109.18 109.73 C20–N16–C17–H19 − 62.06 − 61.83 
C32–H34 1.091 0.971 H21–C20–H22 109.99 108.22 C20–N16–C17–N29 58.78 58.80 
C35–H36 1.089 0.970 H21–C20–N31 111.12 109.67 C35–N16–C17–H18 61.86 61.31 
C35–H37 1.092 0.970 H22–C20–N31 112.21 109.77 C35–N16–C17–H19 − 179.74 − 179.91    

H24–C23–H25 109.38 107.94 C35–N16–C17–N29 − 58.90 − 59.27    
H24–C23–N29 109.06 109.2 H15–N16–C20–H21 − 59.43 − 60.38    
H24–C23–N31 109.20 109.24 H15–N16–C20–H22 58.49 58.39    
H25–C23–N29 109.50 109.22 H15–N16–C20–N31 − 179.99 − 178.94    
H25–C23–N31 109.50 109.27 C17–N16–C20–H21 61.72 61.43    
N29–C23–N31 110.19 111.89 C17–N16–C20–H22 179.64 179.80    
H27–C26–H28 109.41 107.88 C17–N16–C20–N31 − 58.85 − 59.25    
H27–C26–N29 109.49 109.27 C35–N16–C20–H21 179.42 179.88    
H27–C26–N30 109.48 109.3 C35–N16–C20–H22 − 62.66 − 61.12    
H28–C26–N29 109.12 109.26 C35–N16–C20–N31 58.86 59.43    
H28–C26–N30 109.17 109.29 H15–N16–C35–N30 − 179.48 − 178.06    
N29–C26–N30 110.16 111.75 H15–N16–C35–H36 − 58.25 − 57.51    
C17–N29–C23 109.90 109.29 H15–N16–C35–H37 59.88 61.42    
C17–N29–C26 109.84 109.08 C17–N16–C35–N30 58.90 58.49    
C23–N29–C26 109.06 108.07 C17–N16–C35–H36 − 179.87 − 179.03    
C26–N30–C32 109.21 107.91 C17–N16–C35–H37 − 61.74 − 62.04    
C26–N30–C35 109.94 109.14 C20–N16–C35–N30 − 58.82 − 59.54    
C32–N30–C35 109.93 109.07 C20–N16–C35–H36 62.42 61.00    
C20–N31–C23 109.93 109.08 C20–N16–C35–H37 − 179.45 − 179.93    
C20–N31–C32 109.88 109.29 N16–C17–N29–C23 − 59.96 − 59.11    
C23–N31–C32 109.23 108.07 N16–C17–N29–C26 60.03 58.84    
N30–C32–N31 110.08 111.89 H18–C17–N29–C23 − 178.55 − 179.40    
N30–C32–H33 109.50 109.24 H18–C17–N29–C26 − 58.57 − 61.45    
N30–C32–H34 109.14 109.27 H19–C17–N29–C23 58.67 61.77    
N31–C32–H33 109.47 109.22 H19–C17–N29–C26 178.65 179.73    
N31–C32–H34 109.16 109.2 N16–C20–N31–C23 60.09 59.62    
H33–C32–H34 109.46 107.94 N16–C20–N31–C32 − 60.15 − 59.16    
N16–C35–N30 109.17 109.73 H21–C20–N31–C23 − 58.15 − 61.03    
N16–C35–H36 106.93 109.72 H21–C20–N31–C32 − 178.39 − 179.81    
N16–C35–H37 107.53 109.71 H22–C20–N31–C23 178.23 179.81    
N30–C35–H36 111.90 109.77 H22–C20–N31–C32 57.99 61.41    
N30–C35–H37 111.11 109.67 H24–C23–N29–C17 − 179.21 − 178.71    
H36–C35–H37 110.02 108.22 H24–C23–N29–C26 60.34 62.71 

(continued on next page) 
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observed at 2927 cm− 1 in the FT-Raman spectrum. The in-plane CCH 
deformation is found at 1366 cm− 1 in FTIR spectrum. The in-plane CCH 
deformation is found at 1366 cm− 1 in FTIR spectrum. The C–C stretching 
is found to be 1038 cm− 1 in FT-Raman and CCC in-plane deformation 
vibrational modes are observed at 539 cm− 1 in FTIR and 541 cm− 1 in 

FT-Raman spectrum. 

3.6. Natural bond orbital study 

Natural bond orbital (NBO) analysis is an effective tool for analyzing 

Table 2 (continued ) 

Bond lengths B3LYP XRD Bond angles B3LYP XRD Dihedral angles B3LYP XRD 

(Å) (Å) (◦) (◦) (◦) (◦)       

H25–C23–N29–C17 − 59.55 − 60.88       
H25–C23–N29–C26 179.99 179.47       
N31–C23–N29–C17 60.94 60.18       
N31–C23–N29–C26 − 59.52 − 58.40       
H24–C23–N31–C20 179.17 178.46       
H24–C23–N31–C32 − 60.20 − 62.56       
H25–C23–N31–C20 59.43 60.58       
H25–C23–N31–C32 − 179.94 179.56       
N29–C23–N31–C20 − 61.06 − 60.46       
N29–C23–N31–C32 59.57 58.52       
H27–C26–N29–C17 59.49 61.08       
H27–C26–N29–C23 179.99 179.79       
H28–C26–N29–C17 179.21 178.90       
H28–C26–N29–C23 − 60.29 − 62.38       
N30–C26–N29–C17 − 60.96 − 60.00       
N30–C26–N29–C23 59.54 58.72       
H27–C26–N30–C32 179.91 179.89       
H27–C26–N30–C35 − 59.40 − 61.22       
H28–C26–N30–C32 60.17 62.26       
H28–C26–N30–C35 − 179.14 − 179.07       
N29–C26–N30–C32 − 59.63 − 58.83       
N29–C26–N30–C35 61.06 59.83       
C26–N30–C32–N31 59.53 58.52       
C26–N30–C32–H33 179.93 179.57       
C26–N30–C32–H34 − 60.26 − 62.56       
C35–N30–C32–N31 − 61.16 − 60.60       
C35–N30–C32–H33 59.24 60.45       
C35–N30–C32–H34 179.04 178.31       
C26–N30–C35–N16 − 60.11 − 58.26       
C26–N30–C35–H36 − 178.27 − 178.79       
C26–N30–C35–H37 58.32 62.26       
C32–N30–C35–N16 60.15 59.72       
C32–N30–C35–H36 − 58.01 − 60.81       
C32–N30–C35–H37 178.57 179.76       
C20–N31–C32–N30 61.16 60.26       
C20–N31–C32–H33 − 59.25 − 60.78       
C20–N31–C32–H34 − 179.06 − 178.63       
C23–N31–C32–N30 − 59.50 − 58.67       
C23–N31–C32–H33 − 179.92 − 179.71       
C23–N31–C32–H34 60.28 62.44  

Fig. 4. (a) dnorm mapped Hirshfeld surface plot of HMTM. (b) 2D fingerprint plot of HMTM.  
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inter and intra-molecular charge transfer interactions and hydrogen 
bonding interactions. The interactions, with their stabilization energies, 
specified by second-order perturbation theory analysis, are listed in 

Fig. 5. (a–b). FTIR and FT-Raman spectrum of HMTM.  

Table 3 
FTIR and FT-Raman vibrational assignments of HMTM.  

Wavenumber 
(cm− 1) 

Vibrational 
assignment 

Wavenumber 
(cm− 1) 

Vibrational 
assignment 

FTIR FT- 
RAMAN 

FTIR FT- 
RAMAN 

3278 3271 υOH  1098 υCO  
3108 υNH+ 1057  δCNC  
2996 υOH  1038 υCC 

2954  υasCH2 1006  ρNH+

2927 υCH 973 963 δCOH 
2842 2840 υsymCH2  907 δO-H…O 
2803  υsymCH2 864  δO-H…O 
1716 1713 υasCO2  783 ρCH2  

1664 υsymCO2  729 ωNH+

1588  γNH+ 648 655 δCOH 
1513  γNH+ 609 δCOH 
1445  γCH2 539 541 βCCC 
1402 1414 βCOH 494  τCCC 
1366  βCCH  477 τCN 
1320 1324 ωCH2  405 δCNC 
1244 1250 υCN  190 τCCC  

1183 υCN  99 δO-H…O 
1156  υCO    

υ: stretching, γ: scissoring, β: inplane bending, ρ: rocking, δ: out of plane 
bending, ω: wagging, τ: torsion, as: asymmetric, sym: symmetric. 

Table 4 
Second-order perturbation theory analysis of Fock matrix in NBO basis including 
the stabilization energies of HMTM.  

Donor (i) ED(i) Acceptor (j) ED(j) E(2)a E(j)-E 
(i)b 

F(i, 
j)c 

(e) (e) (kJ/ 
mol) 

(a.u) (a.u) 

within dl-malate 
σ(H1–O7) 1.98059 σ*(O6–C8) 0.022 24.58 1.27 0.08 
σ(C9–H10) 1.97496 σ*(O7–C8) 0.081 18.25 0.91 0.06 
σ(C9–H11) 1.96784 π*(O6–C8) 0.248 21.48 0.54 0.05 
n2O2 1.96433 σ*(C9–C13) 0.027 22.48 0.69 0.05 
n2O2  σ* 

(C13–H14) 
0.028 17.42 0.72 0.05 

n1O4 1.95215 σ* 
(C12–C13) 

0.083 27.05 0.97 0.07 

n2O4 1.8407 σ*(O5–C12) 0.138 72.77 0.72 0.10 
n2O4  π*(O5–C12) 0.295 28.81 0.47 0.05 
n2O4  σ* 

(C12–C13) 
0.083 28.09 0.71 0.06 

n3O4 1.6266 σ*(O4–C12) 0.053 21.10 0.78 0.06 
n3O4  σ*(O5–C12) 0.138 38.60 0.63 0.07 
n3O4  π*(O5–C12) 0.295 186.44 0.39 0.12 
n1O5 1.96098 σ*(H1–O7) 0.125 39.27 0.99 0.09 
n2O5 1.81425 σ*(O4–C12) 0.053 69.33 0.85 0.11 
n2O5  σ* 

(C12–C13) 
0.083 26.42 0.69 0.06 

n2O6 1.8709 σ*(O7–C8) 0.081 107.94 0.63 0.12 
n2O6  σ*(C8–C9) 0.067 69.33 0.61 0.09 
n1O7 1.9685 σ*(C8–C9) 0.067 27.09 0.92 0.07 
n2O7 1.7657 π*(O6–C8) 0.248 227.18 0.30 0.12 
from DL-malate to hexamethylenetetraminium 
n1O2 1.97835 σ* 

(H15–N16) 
0.112 6.39 0.98 0.03 

n1O2  σ* 
(C20–H22) 

0.014 5.76 1.02 0.02 

n2O2 1.96433 σ* 
(C35–H36) 

0.014 4.13 0.70 0.01 

n1O4 1.95215 σ* 
(H15–N16) 

0.112 44.97 0.93 0.09 

n2O4 1.8407 σ* 
(H15–N16) 

0.112 176.47 0.67 0.15 

within hexamethylenetetraminium 
σ(C17–H18) 1.98487 σ* 

(C23–N29) 
0.040 14.11 0.84 0.05 

σ(C17–H19) 1.98483 σ* 
(C26–N29) 

0.039 14.11 0.84 0.05 

σ(C20–H21) 1.98459 σ* 
(N31–C32) 

0.039 14.24 0.84 0.05 

σ(C20–H22) 1.98429 σ* 
(C23–N31) 

0.039 14.24 0.84 0.05 

σ(C35–H36) 1.98452 σ* 
(C26–N30) 

0.039 14.15 0.84 0.05 

σ(C35–H37) 1.98479 σ* 
(N30–C32) 

0.039 14.15 0.84 0.05 

n1N29 1.87111 σ* 
(N16–C17) 

0.057 45.68 0.52 0.07 

n1N29  σ* 
(C23–N31) 

0.039 32.99 0.60 0.06 

n1N29  σ* 
(C26–N30) 

0.039 33.08 0.60 0.06 

n1N30 1.87042 σ* 
(N16–C35) 

0.058 46.52 0.52 0.07 

n1N30  σ* 
(C26–N29) 

0.039 33.37 0.60 0.06 

n1N30  σ* 
(N31–C32) 

0.039 33.16 0.60 0.06 

n1N31 1.86979 σ* 
(N16–C20) 

0.058 46.93 0.52 0.07 

n1N31  σ* 
(C23–N29) 

0.040 33.49 0.60 0.06 

n1N31  σ* 
(N30–C32) 

0.039 33.29 0.60 0.06  

a E(2) - stabilization energy of hyperconjugative interaction. 
b F(i, j) - Fock matrix element between i and j NBO orbitals. 
c E(j)-E(i) - Energy difference between donor (i) and acceptor (j) NBO orbitals. 
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Table 4. The strong intra-molecular charge transfer interaction in the 
carboxyl group, n2O7→π*(O6–C8) and n3O4→π*(O5–C12) interactions 
contain high value of electron density, 0.248e and 0.295e, from its π* 
antibonding orbitals, which leads to stabilization energies of 227.18 and 
186.44 kJ/mol, respectively. The dominant N–H⋯O and O–H⋯O intra- 
molecular hydrogen bonding interactions formed by overlap between 
nO and σ*(N–H)/σ*(O–H) antibonding orbitals, n2O4→σ*(H15–N16), 
n1O5→σ*(H1–O7) and n1O4→σ*(H15–N16), have stabilization en-
ergies up to 176.47, 39.27 and 44.97 kJ/mol respectively. The σ* 
(H15–N16) and σ*(H1–O7) antibonding orbitals contain high electron 
densities of about 0.112e and 0.125e respectively. This high value of 
electron density causes a slight elongation in the σ*(H15–N16) and σ* 
(H1–O7) antibonding orbitals. The n→σ* charge transfer interaction, 
weak N–H⋯O and C–H⋯O hydrogen bonding formed between 
n1O2→σ*(N16–H15), n1O2→σ*(C20–H22), n2O2→σ*(C35–H36) and 
n2O2→σ*(C13–H14) antibonding orbitals have stabilization energies up 
to 6.39, 5.76, 4.13 and 17.42 kJ/mol, respectively. Due to C–H⋯O 
hydrogen bonding, rehybridization effect leads to the shortening of the 
C–H bond distance. The n→σ* conjugative interactions between 
n2O4→σ*(O5–C12) and n2O6→σ*(O7–C8) have stabilization energies 
of 72.77 and 107.94 kJ/mol, respectively. These intermolecular charge 
transfer interactions and hydrogen bonding interactions stabilize the 
HMTM molecule. 

3.7. Optical absorption and photoluminescence spectral analysis 

The optical properties of the material play an essential role in the 
photovoltaic conversion mechanism. The UV–visible absorption 

spectrum of HMTM has strong intense absorption peaks obtained at λmax 
= 227 nm and 269 nm, which are attributed to n→π* transition. The 
absorption cut-off wavelength of the HMTM crystal is found to be ~353 
nm. It shows a wide transparency window and no considerable ab-
sorption in the visible region, which is a noticeable property for NLO 
applications. The optical band gap energy of the HMTM has been eval-
uated at 3.52 eV using Tauc’s plot [29]. The wide transparency in the 
visible region and high band gap energy suggests that the HMTM crystal 
can be a potential material for optoelectronic application. The UV–vi-
sible absorption spectrum and Tauc’s plot is illustrated in Fig. 6(a-b). 

The photoluminescence spectrum of the HMTM crystal has been 
recorded using the excitation wavelength at 269 nm and the emission 
spectrum is recorded in the ranges from 290 nm to 500 nm, represented 
in Fig. 6c. The figure illustrates intense emission peaks at 312 nm and 
415 nm, which are observed due to the intermolecular interaction 
through intermolecular N–H⋯O and O–H⋯O hydrogen bonds with van 
der Waal’s force between Hexamethylenetetraminium and DL-malate 
within the HMTM crystal. The emission peaks are broadened due to the 
lattice vibrations in the HMTM crystal. These peaks confirm the blue 
emission due to lattice vibrations within the HMTM crystal. The calcu-
lated excitation band gap energy is 2.99 eV for HMTM crystal. The 
excitation band gap energy difference from absorption direct band gap 
energy arises due to Stokes shift of the excitation spectrum in the same 
electronic transition. The Commission Internationale de L’Eclairage 
(CIE) coordinates of 0.147 and 0.053, which can be owed to n→π* 
electron transitions in the various molecular orbital of the HMTM system 
propose intermolecular charge transfer occurring between hexamethy-
lenetetraminium cation and DL-malate anion. This chromaticity 

Fig. 6. (a) UV–visible absorption spectrum of HMTM. (b) Tauc’s plot of HMTM. (c) Photoluminescence spectrum of HMTM. (d) CIE chromaticity diagram of HMTM.  
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coordinates of HMTM indicates emission of blue radiation in the visible 
region. The CIE chromaticity diagram is illustrated in Fig. 6d and it 
exhibits that this phosphor crystal might be suitable for organic blue 
light emitting diodes. 

3.8. Photoconductivity study 

The voltage dependence of photoconductivity in terms of the 
photocurrent and dark current of the HMTM crystal is carried out by a 
two probe method at room temperature using a crystal of size 8 × 4 × 2 
mm3. The photoconductivity plot of the HMTM crystal is depicted in 
Fig. 7a. The dark current is measured by applying voltage in the range of 
1–10 V/cm without any electromagnetic radiation and the photocurrent 
is measured in the same applied voltage range in the presence of elec-
tromagnetic radiation falling on the sample. Fig. 7a illustrates that both 
photocurrent and dark current increase linearly with the applied electric 
field. From the obtained results, photocurrent (4.99 × 10− 5 A) is larger 
than dark current (2.49 × 10− 5 A), which indicates positive photocon-
ductivity of the HMTM crystal. The positive photoconductivity sym-
bolizes the generation of mobile charge carriers in the illumination of 
electromagnetic radiation, which increase the photocurrent than dark 
current of the HMTM crystal. This result elucidates lack of traps and 
intrinsic centre population generated by direct excitation of mobile 
charge carriers in the title crystal [30]. 

3.9. Dielectric study 

Good quality optically transparent crystal of HMTM of size 8 x 4 x 2 
mm3 has been used for dielectric analysis. The dielectric constant (εr) 
and dielectric loss (ε”) values of the HMTM crystal are high in the low 
frequency region and low at high frequencies, as illustrated in Fig. 7b 
and c. The large value of dielectric constant at lower frequencies is 
related to the contribution of space-charge, orientation, electronic and 
ionic polarization, and the lower values in the high frequency region is 
due to the progressive loss of such polarizations, moreover dipoles that 
cannot pursue the electric fields at all temperatures [31,32]. As tem-
perature increases, dielectric constant decreases; it indicates that the 
charge carriers are caused by thermal effect [33]. The dielectric constant 
shows a low value of 8.3 at 393 K. Hence the HMTM can be an appro-
priate material for electro-optical device applications. The dielectric loss 
is attributed to the existence of defects and impurities which cause a loss 
of energy absorbed by the compound. At low frequencies, the slow 
moving mobile charge carriers cause dielectric loss and it intensely de-
pends on the frequency. At the higher frequencies, the dielectric loss 
decreases with spatial charge polarization within the HMTM crystal. 

From the results, the low value of dielectric constant and dielectric loss 
at all temperatures indicates that the HMTM crystal has good optical 
quality and less defects. 

3.10. Frontier molecular orbital analysis 

The frontier molecular orbital analysis play a vital role in the mol-
ecule’s optical and electronic properties. The highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
of the HMTM are shown in Fig. 8. In the nucleophilic region, HOMO is 
speared over the hexamethylenetetraminium moiety and in the elec-
trophilic region, LUMO is localized on the entire DL-malate moiety. The 
energies of HOMO, LUMO and its energy gap are calculated to be 
− 6.434 eV, − 1.799 eV and 4.635 eV, respectively. This low value of 
HOMO-LUMO energy gap indicates the better NLO property of HMTM 
and it leads to intermolecular charge transfer interaction within the 
molecule. The calculated values of the global reactivity descriptors, 
ionisation potential (6.434 eV), electron affinity (1.799 eV), electro-
negativity (χ) (4.117 eV), chemical hardness (η) (2.317 eV), Global 
softness (S) (0.216 eV-1), Chemical potential (μ) (− 4.117 eV), electro-
philicity index (ω) (3.656 eV), total energy change (ΔET) (− 0.579 eV), 
and overall energy balance (ΔE) (− 4.635 eV) of the HMTM molecule are 
listed in Table 5. 

Fig. 7. (a) Photo response of HMTM. (b) Dielectric constant of HMTM. (c) Dielectric loss of HMTM.  

Fig. 8. Frontier molecular orbitals of HMTM.  
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3.11. MEP surface and natural population analysis 

The molecular electrostatic potential (MEP) map is an important tool 
for investigating molecular reactivity and intermolecular interactions. 
The MEP is calculated by molecular wavefunction and it is related to the 
reactivity of the molecule and intermolecular forces [34–38]. The MEP 
surface was plotted onto isosurface in the range from − 0.103 (deepest 
red) to +0.103 (deepest blue). The electrophilic and nucleophilic reac-
tivity map of HMTM is shown in Fig. 9a. The red region in figure shows 
the most attractive potential. Electrophilic reactivity is mainly localized 
on electronegative oxygen atom in DL-malate anion and nitrogen atoms 
in hexamethylenetetraminium cation due to the lone pairs as well as 
π-electrons. Whereas the blue region indicates the most repulsive po-
tential, nucleophilic reactivity is mainly localized on hydrogen and 
carbon atoms of HMTM molecule due to the partial shielding of the 
nuclear charge density. 

Natural population analysis is a tool used to determine the electronic 
configuration and the net atomic charge associated with each atom in a 
polyatomic molecule. The H3 atom attached with O2 atom in the hy-
droxyl group contains maximum negative charge of − 0.781e, due to 
N–H⋯O and O–H⋯O hydrogen bonded oxygen atoms, O4 and O5 atoms 
hold the high negative charges − 0.758e and − 0.718e, respectively. The 
oxygen atom attached and hydrogen bonded hydrogen atoms, H1, H15 
and H3 atoms have positive charges of 0.495e, 0.495e and 0.462e, 
respectively. The oxygen attached carboxylic group carbon atoms, C17 
and C8 have maximum positive charges of 0.797e and 0.791e respec-
tively. The hydrogen and carbon attached C9 atom has a negative charge 
of − 0.506e. All carbon atoms except C9 atom contain positive charges 
(0.006e–0.035e) due to the attachment of nitrogen atom in hexameth-
ylenetetramine moiety. The oxygen atoms, O6 and O7, have the nega-
tive charges of − 0.625e and − 0.711e, respectively. All hydrogen atoms 
have positive charges in the range from 0.191e to 0.231e. The nitrogen 
atoms, N16, N29, N30 and N31 in the hexamethylenetetraminium 
moiety contain negative charges between − 0.565e and − 0.571e. The 

theoretically calculated net atomic charges of the HMTM polyatomic 
molecule are illustrated in Fig. 9b. 

3.12. NLO studies 

3.12.1. Second harmonic generation study 
The second harmonic generation (SHG) efficiency of the powdered 

HMTM crystal has been determined using the modified Kurtz and Perry 
technique [39]. A Q-switched Nd:YAG laser beam (1064 nm) with a 
pulse width of 6 ns is used as an optical source. The powdered HMTM 
crystal emits green radiation of wavelength 532 nm which confirms the 
SHG behavior. Photomultiplier tube converts the green light intensity 
into electrical signals. The SHG efficiency produced is found to be 3.6 mJ 
for powdered HMTM crystals and 1.6 mJ for powdered potassium 
dihydrogen phosphate (KDP), respectively. Thus, the relative NLO effi-
ciency of the powdered HMTM crystal is 1.25 times greater than that of 
powdered KDP. 

3.12.2. Z-scan and optical limiting studies 
Fig. 10a shows a sketch of the open aperture z-scan arrangement and 

Fig. 10b shows the plot of closed aperture z-scan arrangement of the 
HMTM complex. Fig. 10c represents the ratio of values obtained from 
closed aperture and open aperture arrangements. Also, the data ob-
tained from this technique noticeably demonstrates the nonlinear 
refraction. 

The measurable quantity ΔTp− v, is the difference between the peak 
transmittance and valley transmittance values, Tp-Tv and is a function of 
|Δф| is given by 

ΔT p − v = 0.406 (1 − s)0.25
|Δф| (1)  

where Δф is the on-axis phase shift and S is the linear aperture trans-
mittance given by 

S= 1 − exp❲− 2r2
a

ω2
a
❳ (2)  

where ra is the radius of the aperture and ⍵a is the beam radius at the 
aperture. The on axis phase shift (Δф) is related to the third order 
nonlinear refractive index (n2), 

n2 =
Δф

kI0Leff
(3)  

where k = 2π/λ, λ is the wavelength of laser beam used. 

α is the linear absorption coefficient, 
L is the thickness of the specimen, 
I0 is the on-axis irradiance at focus (31.3 × 102 W/cm2) 

Table 5 
Molecular orbital properties of HMTM.  

Parameters B3LYP/6-311++G(d,p) 

HOMO energy, EHOMO (eV) − 6.757 
LUMO energy, ELUMO (eV) − 2.258 
HOMO- LUMO energy gap, ΔEGAP (eV) 4.499 
Ionisation potential, IP (eV) 6.757 
Electron affinity, EA (eV) 2.258 
Electronegativity, χ (eV) 4.508 
Chemical hardness, η (eV) 2.249 
Global softness, S (eV)− 1 0.222 
Chemical potential, μ (eV) − 4.508 
Electrophilicity index, ω (eV) 4.517 
Total energy change, ΔET (eV) − 0.562 
Overall energy balance, ΔE (eV) − 4.499  

Fig. 9. (a) MEP surface map of HMTM. (b) Natural population atomic charge of HMTM.  
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L eff = [1 – exp (− α L)]/α, is the effective thickness of the specimen, 

Leff =
1 − e(− αL)

α (4) 

The enhanced values of transmittance observed at the focus gives 
evidence for saturated behavior of absorption at elevated intensity 
limits, as shown in open aperture arrangement plot (Fig. 10a). From 
closed aperture arrangement, owing to the sample saturation behavior, 
the peak increases and valley decreases, as a result of symmetry nature, 
Z-scan plot is changed at Z = 0, [40]. 

From Open aperture Z-scan arrangement, the nonlinear absorption 
coefficient can be estimated as, 

β=
2

̅̅̅
2

√
ΔT

I0Leff
cmW− 1 (5) 

Herein ΔT is one valley value at the open aperture Z-scan plot. 
The real and imaginary parts of the third order nonlinear optical 

susceptibility could be determined from the experimental calculation of 
n2 and β according to the following relations [41,42], 

Reχ(3)(esu)= 10− 4

(
εoC2n2

on2
)

π

(cm
W

)
(6)  

Imχ(3)(esu)= 10− 2

(
εoC2n2

oλβ
)

4π2

(cm
W

)
(7) 

The absolute value of χ(3) was calculated from the following relation. 

|χ(3)| =

[
(
Reχ(3))2

+
(
Imχ(3))2

]1
2 (8) 

The estimated Z-scan results are shown in Table 6. From the results 
attained, it is understood that the negative value of nonlinear refraction 
exposed by the sample is due to self-defocusing behavior of the complex. 
It is also noted that the localized heating evolved in the sample owing to 
continuous exposure of the sample to the laser eventually results in the 
change in refractive index. Additionally, the intensity dependent 
refractive index in the complex could result in self defocusing (Kerr ef-
fect) giving rise to negative nonlinearity [42,43]. From Fig. 10b, it could 

also be observed that the β value exposed material’s saturation ab-
sorption behavior enable the material to be extremely beneficial in op-
tical limiting applications. Consequently, the optical limiting threshold 
of the title crystal and the corresponding received output clamping data 
values are estimated with the data values presented in Fig. 10d and are 
found to be about 23.2 mW and 2.94 mW respectively [42]. 

3.12.3. First- and second-order hyperpolarizability studies 
The NLO properties of HMTM are enhanced due to the existence of 

N–H⋯O and O–H⋯O hydrogen bonds [44,45]. The high value of first-, 
second-order hyperpolarizability, isotropic-, anisotropic polarizability 
and dipole moment of the title molecule indicate considerable NLO 
properties. The dipole moment (μtotal) of the HMTM molecule is 
computed to be 17.41 Debye. The larger values of molecular dipole 
moment relative to reference KDP crystal show the large NLO property 
of HMTM molecule. The static polarizabilities α(0;0) and the frequency 
dependent dynamic polarizabilities α(-ω;ω) of the HMTM molecule have 
been calculated. The static and dynamic, isotropic (α) poloarizablities 
are calculated to be 20.77 × 10− 24 esu and 20.90 × 10− 24 esu, respec-
tively, and the respective anisotropic (Δα) polarizability values are 
simulated to be 9.10 × 10− 24 esu and 9.22 × 10− 24 esu. The static first 

Fig. 10. (a) Open aperture of HMTM. (b) Closed aperture of HMTM. (c) Ratio of open and closed aperture. (d) Optical limiting curve of HMTM.  

Table 6 
Evaluated third order nonlinear properties of HMTM.  

Laser beam wavelength (λ) 532 nm 
Laser power (P) 34.3 mw 
Lens Focal length (f) 3.5 cm 
Optical path difference (Z) 700 mm 
Radius of the aperture 2 mm 
Beam radius at the aperture 15 mm 
Incident intensity at the focus (Z = 0) 4.35 kW/cm2 

Nonlinear refractive index (n2) − 4.112 × 10− 8 cm2/ 
W 

Nonlinear absorption coefficient (β) 0.041 × 10− 4 cm2/W 
Real part of Third-order nonlinear susceptibility (Re χ(3)) 2.167 × 10− 6 esu 
Imaginary part of Third-order nonlinear susceptibility (Im 

χ(3)) 
0.171 × 10− 6 esu 

Third-order nonlinear susceptibility (χ(3)) 2.179 × 10− 6 esu  
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hyperpolarizability β(0; 0,0), frequency dependent first hyper-
polarizability using quadratic electro-optic Kerr effect β(-ω; ω,0) and 
dynamic first hyperpolarizability using electric field induced second 
harmonic generation (EFISH) β(-2ω; ω,ω) are calculated to be 2.29 ×
10− 30 esu, 2.39 × 10− 30 esu and 2.58 × 10− 30 esu respectively, this is 
8.41, 8.54 and 8.89 times greater than that of urea (β(0; 0,0) = 0.27 ×
10− 30 esu, β(-ω; ω,0) = 0.28 × 10− 30 esu, β(-2ω; ω,ω) = 0.29 × 10− 30 

esu). The dipole orientation static second hyperpolarizabilities γ(0; 0,0, 
0) are calculated to be 6.29 × 10− 36 esu for HMTM and 0.73 × 10− 36 esu 
for urea. The frequency dependent second hyperpolarizabilities γ(-ω; 
ω,0,0) using the quadratic electro-optic Kerr effect are 6.66 × 10− 36 esu 
and 0.77 × 10− 36 esu for HMTM and urea, respectively. Using EFISH, the 
calculated dynamic second hyperpolarizability value of HMTM is 7.46 
× 10-36 esu and that of urea is 0.84 × 10− 36 esu. These second hyper-
polarizability γ(0; 0,0,0), γ(-ω; ω,0,0) and γ(-2ω; ω,ω,0) values are 
respectively 8.62, 8.65 and 8.88 times greater than those of urea. 

4. Conclusion 

Nonlinear optical single crystal of Hexamethylenetetraminium 
hydrogen DL-malate was successfully grown by solvent slow evaporation 
method at room temperature using methanol as solvent. The HMTM 
crystal belongs to monoclinic crystal system with non-centrosymmetric 
Cc space group as identified from single crystal X-ray diffraction anal-
ysis. The PXRD pattern confirms the phase and crystalline nature. The 
structural and vibrational properties are confirmed and investigated by 
1H, 13C NMR, FTIR and FT-Raman analyses. The intermolecular charge 
transfer N–H⋯O and O–H⋯O hydrogen bonding interactions and 
element-element intercontacts are confirmed by Hirshfeld surface study. 
The existence of N–H⋯O and O–H⋯O hydrogen bonds due to n→π* 
intra-molecular charge transfer interactions between lone pair of oxygen 
with N–H and O–H antibonding orbitals are confirmed by NBO analysis. 
From the UV–visible spectrum, the lower cut-off wavelength is obtained 
at 353 nm and no considerable absorption is noted in the visible region, 
which is a pronounced property for NLO applications. The optical band 
gap energy of the title crystal is predicted to be 3.52 eV using Tauc’s 
plot. HMTM exhibits blue emission confirmed by photoluminescence 
study. The low dielectric constant, dielectric loss and positive photo-
conductivity of the HMTM crystal indicate that it is a suitable candidate 
for optoelectronic applications. The electronic structural properties of 
HMTM have been investigated using NBO, HOMO-LUMO, NPA and MEP 
surface analysis. The relative SHG efficiency of the powdered HMTM 
crystal is obtained to be 1.25 times greater than that of KDP. The Z-scan 
analysis confirmed the self-defocusing nature of HMTM. From optical 
limiting study, the optical limiting threshold and output clamping are 
found to be 23.2 mW and 2.94 mW, respectively. Optical limiting study 
reveals the title crystal to be useful in low power optical limiting ap-
plications. The high values of first- and second-order hyper-
polarizabilities of the HMTM molecule indicate considerable NLO 
property and its suitability in nonlinear optical applications. Therefore, 
the aforesaid investigations establish that HMTM crystal could be a 
promising candidate for both second and third-order NLO applications. 
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