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Abstract. The semi-organic nonlinear optical materials, L-histidinium trichloroacetate (LHTCA) single crystals are
prepared by using solvent evaporation method. The prepared LHTCA crystal structures were analysed by X-ray examination. The UV–visible optical transparency of the grown crystal was accessed in the range of 200–1200 nm and it shows
the LHTCA has high optical transparency in the UV region. From the Kurtz and Perry powder SHG method shows the
NLO assets of the crystal, also laser damage threshold studies are analysed, and the grown crystals show the suitability for
NLO applications. The quantum chemical computations have been carried out through DFT. It recognizes the geometrical
and electronic structural properties, such as FMO, MEP and hyperpolarizability of the crystal and it suggests various
intermolecular interactions especially hydrogen bonding. The various functional groups were analysed using FTIR and
Raman spectra and the vibrational frequencies from experimental and theoretical values were evaluated. From the above
analyses, the solution grown LHTCA crystal is suitable for NLO applications.
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Introduction

For the past few decades, the nonlinear optical (NLO)
crystals dominate in the fields of optical modulation, laser
communication, sensors, optoelectronics and optical data
storage systems [1–3]. Inorganic materials were first
developed for that appliance because of its high mechanical
as well as high melting point [4]. But their optical transmission and nonlinearity are very poor so, the present
research is concentrated on the development of new organic
NLO materials. The organic materials have the importance
in the nonlinear optical field because of their high NLO
competences and high laser damage thresholds (LDT)
[5–7]. Also, it has flexibility with its molecular structure
design, it induces the nonlinear optical properties with a
high response time of electro-optic effect when compared
with inorganic materials [8–11]. Most of the organic NLO
crystals are not withstanding in their fields because of their
own poor mechanical and thermal properties [12–15]. To
overcome the above difficulties, the organic and inorganic
materials are mixed with different combinations (known as
semi-organics) [16,17] for the improvement of its thermal
and mechanical stabilities and high NLO coefficients

[18–21]. The amino acid materials belong to the organic
family, have been used in the immense field of nonlinear
optical applications [22–25]. When the organic amino acid
materials mixed with the inorganic materials, it produces a
new type of materials that can be used in optical applications because of its high nonlinear optical activity [26–30].
L-histidine is an a-amino acid family, it has proton donor,
proton acceptor [31] and nucleophilic reagent, it is suggested for optical applications. A series of L-histidine with
inorganic material has been studied for NLO applications
[32–46]. In this series, L-histidinium trichloroacetate
(LHTCA) is an efficient NLO material, the structure of this
crystal was reported by Gokul Raj et al [47]. On the same
line, spectroscopic analyses and second harmonic generation tests are also reported [48,49].
In recent years, the computational density functional
theory (DFT) technique, a novel, and effective distinct
design to access the functional molecules and also to study
the dipole moments, polarizable values and molecular
interactions of the molecules [50,51]. In the authors’
knowledge, there is no report on the computational analysis
of LHTCA crystal, hence, we are very much interested to
study the optimized structure, geometric parameters, energy
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level molecular interactions of HOMO–LUMO, spectral
analysis, Mulliken charges, dipole moments, hyperpolarizability and laser-induced damage threshold values of
LHTCA crystal and are reported for the first time.
The present investigation shows that LHTCA crystals
have grown by using the solvent evaporation process. The
grown crystals are analysed by a variety of characterizations
such as XRD, FTIR, FT-Raman and UV. From computational DFT technique (B3LYP/6-311??G(d,p)), the charge
transfer interactions and intermolecular charge transfer
interactions are analysed by natural bond and Mulliken
charge distribution studies.

2.
2.1

Experimental
Crystal growth

Using the slow solvent evaporation method, the LHTCA
crystal has been grown at room temperature. For the synthesis of LHTCA, commercially available AR grade (Loba
Chemie) L-histidine and trichloroacetic acid are purchased.
The equal molar solution of L-histidine with trichloroacetic
acid was prepared separately in double-distilled water.
Then, the prepared solution slowly mixed. The mixed
mother solution is continuously stirred for the achievement
of the homogeneous stage of the mother solution. The
prepared homogeneous solution is purified by a fine porous
filter sheet with another newly cleaned beaker reserved at
the undisturbed condition for the growth of LHTCA crystal.
The optically transparent single crystals of LHTCA were
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collected after 30 days which is shown in figure 1. The
synthesis reaction mechanism of LHTCA is
 
C6 H9 N3 O2 þ CCl3 COOH ! ½C6 H10 N3 O2 þ CCl3 COO :

2.2

Single crystal XRD

To implement the single crystal XRD from Enraf Nonius
diffractometer, the lattice parameter value of LHTCA
crystals has been calculated and the crystal structure also
solved by using the least square technique using the crystallographic program. From this study, it has been declared
that the LHTCA crystal has a P21 space group with the
monoclinic system. Also, the intended lattice parameter
values: a = 5.4283 (Å), b = 25.9721 (Å), c = 9.2620 (Å),
a = 90°, b = 100.87°, c = 90° and V = 1282.2927 (Å3). The
calculated lattice parameter values are in fine coincidence
from the previously reported values [47,49] and are tabulated in table 1.

2.3

Polarizability studies

The nonlinear optical coefficient majorly depends on the
molecular electronic polarizability of the optical materials.
The molecular electronic polarizability can be evaluated by
using the various solid-state parameters namely, density,
plasma energy, Penn energy and Fermi energy level of
the materials. The molecular electronic polarizability of
LHTCA crystals was evaluated by using Penn gap, Clausius–Mossotti relation and optical energy band gap. The
density (q) of the LHTCA crystal was determined by using
the following equation:
MZ
q¼
;
ð1Þ
VNA
where M is total molecular weight, Z the number of molecules per unit cell, V the volume of the unit cell and NA the
Avogadro constant. From these values, the density of
LHTCA crystal was calculated as 1.660 g cm-3. This is in

Table 1.

Single crystal XRD data of LHTCA crystal.

Parameters
Empirical formula
Crystal system
a (Å)
b (Å)
c (Å)
a (°)
b (°)
c (°)
Space group
Volume (Å3)
Figure 1.

As-grown LHTCA crystal.

Present work

Reported work [47,49]

C8H10Cl3N3O4
Monoclinic
5.4283
25.9721
9.2620
90
100.87
90
P21
1282.2927

C8H10Cl3N3O4
Monoclinic
5.4505
25.7690
9.2100
90
99.98
90
P21
1274.0000
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good agreement with the previously reported XRD values
[47,49].
The valence electron plasma energy (hxp) can be evaluated from the relation:
 1=2
Zq
hxp ¼ 28:8
;
ð2Þ
M

From the above equations, the various solid-state parameters of LHTCA crystals were calculated and are compared
with standard KDP crystal as shown in table 2. The calculated molecular electronic polarizability of the grown
LHTCA crystal is higher than the KDP crystal.

where Z is the total number of valence electrons for LHTCA
crystal.
Using the Penn model [52], the mean Penn gap (EP) and
Fermi energy (EF) for LHTCA crystals are calculated using
the following relation [53]:

2.4

EP ¼

hxp
ð e r  1Þ 2

;

ð3Þ

and
EF ¼ 0:2948ðhxp Þ4=3 :

ð4Þ

The molecular electronic polarizability (a) of the grown
LHTCA crystal can be calculated as [54]:
" 
#
2
hxp S0
a¼ 
;
ð5Þ
2
hxp S0 þ 3EP2
where S0 is constant of a crystal and it can be calculated as




EP
1 EP 2
S0 ¼ 1 
:
þ
3 4EF
4EF
Also, by using the Clausius–Mossotti equation, value of
molecular electronic polarizability was calculated as:

3M
er  1
a¼
:
ð6Þ
4pNA q er þ 2
By using the optical energy band gap of the LHTCA crystal,
the molecular electronic polarizability is derived from the
relation [55]:
"
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ#
12:41  3 Eg  0:365
:
ð7Þ
a¼
12:41

Table 2.

Optical studies

The optical UV–visible spectrum suggests that the molecular structure is of the crystalline material because the
absorption of this region includes the electron moves as a
ground to higher energy states [57]. Using Perkin–Elmer
Lambda35 spectrophotometer, the transmittance of the
LHTCA crystal was measured in the near and visible UV
regions of 200–1200 nm. The percentage of transmittance
vs. wavelength of LHTCA crystal is shown in figure 2.
From this graph, nearly 85% of transmittance is observed
and also the UV (kmax) cut-off wavelength as 260 nm in the
region of 300–1200 nm, the grown crystal has no absorption. The absence in that particular region is a key advantage for these types of crystals that may be used in NLO
applications [57]. This elevated transmittance suggests that
grown crystal has fewer defects with dislocation free, it
gives the low scattering in the optical studies. The optical
transmittance spectrum gives the entire UV region high
optical transmission, suggesting the grown LHTCA crystal
is used in higher harmonic frequencies with the laser source.
2.4a Energy band gap: The optical energy band gap
estimation is an important one for optical device
applications. The optical energy band gap of the grown
LHTCA crystals was calculated using the UV absorption
wavelength with the relation:
E¼

hc
eV;
kmax

ð8Þ

where h and c represent the Plank’s constant and velocity of
light, respectively. From this relation, the calculated optical
energy band gap of LHTCA crystal was 4.7 eV.

Polarizability and solid-state parameters of LHTCA and KDP crystals.

Parameters

LHTCA crystal

KDP crystal (reported) [56]

Molecular formula
Molecular weight (g mol-1)
Density (g cm-3)
Total number of valence electrons
Plasma energy, hxp (eV)
Penn gap, EP (eV)
Fermi energy, EF (eV)
Molecular electronic polarizability (a) from Penn analysis (cm-3)
Molecular electronic polarizability (a) from Clausius–Mossotti equation (cm-3)
Molecular electronic polarizability (a) by using optical band gap (cm-3)

C8H10O4N3Cl3
318.54
1.660
102
15.3072
0.6378
11.1029
7.5534 9 10-23
6.6997 9 10-23
5.0173 9 10-23

KH2PO4
136.090
2.344
32
17.33
2.39
12.02
2.14 9 10-23
2.18 9 10-23
—
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From the optical transmittance data, various optical
parameters, such as absorption coefficient (a), refractive
index (n), reflectance (R) and extinction coefficient (K) of
the grown LHTCA crystal were evaluated by using the
following equations [58]. The optical absorption coefficient
(a) of the grown crystal was evaluated by using the relation:
 
2:303 log T1
a¼
;
ð9Þ
t
where t and T are the thickness and transmittance of the
crystal, respectively.
As the direct optical band gap (Eg) has been evaluated
from the transmittance and optical absorption coefficient of
the crystal (a). By using the relation:

1=2
A hc  Eg
;
ð10Þ
a¼
hc
100

where A is a constant, Eg the optical energy band gap of the
crystal, h the Plank’s constant and c the frequency of incident photons.
Also, the Tauc’s relation is used to calculate the optical
energy band gap of the grown LHTCA crystals. A graph
is drawn between (ahc)2 vs. hc as shown in figure 3. The
linear portion intercept the x-axis value and gives energy
band gap of the materials. From the figure, the optical
energy band gap of LHTCA crystal was computed as
4.4 eV. This value is nearly equal to the calculated
energy gap value and compared in table 3. A small
deviation in the experimental and theoretically calculated
values, it may be due to the fact that the computations are
carried out by gaseous state with effects of basis sets, but
experimental evaluations are based on solid crystals and
its thickness. Mostly, the wide gap crystals may be an
eminent LDT value and superior transmittance in that UV
ranges [58].
The K can be obtained from the following relation:

90

K¼

Transmiance (%)

80
70

ka
:
4p

ð11Þ

The plot of K as a function of wavelength is shown in
figure 4.

60
50
40

Table 3. Experimental and theoretical values of energy band gap
of LHTCA crystal.

30
20

Energy gap (eV)

10

Crystal

Using equation (8)

Using Tauc’s graph

Theoretical

LHTCA

4.7

4.4

4.01

0
0

200

400

600

800

1000

1200

Wavelength (nm)
Percentage of transmittance vs. wavelength of LHTCA.
1.95

4.5E+07
4.0E+07
Refracve Index (n)

3.5E+07
3.0E+07

(αhγ)2

2.5E+07
2.0E+07
1.5E+07

Eg = 4.4 eV

1.0E+07

Refracve index
Exncon coeﬃcient

7.00E-05

1.9

6.00E-05

1.85

5.00E-05

1.8

4.00E-05

1.75

3.00E-05

1.7

2.00E-05

1.65

1.00E-05

Exncon coeﬃcient (K)

Figure 2.

5.0E+06
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0.0E+00
-5.0E+06

Figure 3.
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Tauc’s plot of LHTCA crystal.

Figure 4. Plot of extinction coefficient vs. wavelength and
refractive index vs. wavelength.
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The R in terms of the absorption coefficient, shows the
relation as:
expðatÞ 

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
expðatÞT  expð3atÞT þ expð2atÞT 2
:
expðatÞ þ expð2atÞT

ð13Þ
n can be determined from R data using the relation:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðR þ 1Þ  3R2 þ 10R  3
:
n¼
2ð R  1Þ

2krop
:
a

4E+09

6E+10
3E+09

5E+10
4E+10

2E+09

3E+10

ð14Þ

1E+09

0

0
0

ð15Þ

where n and c are the refractive index and the speed of light,
respectively.
Also, the electrical conductivity (re) is related to optical
conductivity of the crystal as
re ¼

7E+10

1E+10

2.4b Optical conductivity studies: Generally, the
electronic transition stages are evaluated by using the
optical conductivity (rop) and electrical conductivity (re)
studies of the optical materials. It depends upon the
refractive index and velocity of light, and it is derived
from the equation
rop

5E+09

2E+10

The n of the crystal was calculated in terms of R by using
the above relation.
The n and K of the LHTCA crystal were calculated using
the T and R values. The calculated K and n values with
respect to the wavelength, the graph is drawn as shown in
figure 4. The graph suggests that initially the K decreases by
increasing the wavelength, later drastically increases with
increase in the wavelength. Also, initially, the n is
decreasing with increase in the wavelength. It proves that
the grown LHTCA crystal has the normal dispersion
properties. The optical study proves that the grown LHTCA
crystal has an optical nature and may be used in optoelectronic applications.

anc
;
¼
4p

Opcal conducvity

8E+10

ð16Þ

The evaluated optical and electrical conductivities of
LHTCA crystals are shown in figure 5. It shows that
the incident photon energy increases linearly with the
optical conductivity. It proves that the grown LHTCA
crystal has high photo-response material. Also, the
electrical conductivity decreases by increasing the
incident photon energy. It shows the semiconducting
property of the grown crystal. From this study, the
grown LHTCA crystal has inherently enhanced optical
and electrical nature so, it may be used in optical as
well electrical applications.

1

2

3

4

5

Photon Energy (eV)

Figure 5. Plot of photon energy vs. optical and electrical
conductivities.

Real dielectric constant

3.8

2.50E-04

Imaginary dielectric constant
3.6

2.00E-04

3.4
1.50E-04
3.2
1.00E-04
3
5.00E-05

2.8
2.6
0

300

600
900
1200
Wavelength (nm)

Imaginary dielectric constant

R¼

Electrical Conducvity

9E+10

ð12Þ
Electrical conducvity

ð1  RÞ expðatÞ
:
1  R2 expð2atÞ

Real dielectric constant

T¼

6E+09

1E+11

2

Opcal conducvity

The transmittance (T) is known by

35

0.00E+00
1500

Figure 6. Plot of wavelength vs. real and imaginary dielectric
constants.

The values of real and imaginary dielectric constants are
used to study the dielectric nature of the materials. The real
and imaginary parts of dielectric constant can be evaluated
using the relation:
er ¼ e0 þ 4pvc ¼ n2  K 2 ;

ð17Þ

ei ¼ 2nK;

ð18Þ

where e0 is the dielectric constant at free space and vc is the
electrical susceptibility of the material. The calculated real
and imaginary dielectric constants of LHTCA crystal is
plotted in figure 6. The value real (er) and imaginary (ei)
dielectric constants at 532 nm are 3.063 and 1.08 9 10-4,
respectively.
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The vc describes the degree of polarization with respect
to applied electric field. This can be determined as
vc ¼

n2  K 2  e 0
:
4p

ð19Þ

The vc of the grown LHTCA crystal is calculated using the
relation mentioned in equation (19). The calculated vc vs.
wavelength is shown in figure 7. The calculated value of
dielectric susceptibility is 0.2439 at 532 nm.
2.4c Urbach energy: The electronic transition occurs
due to the incident photon energy to fall on the surface of
the crystalline materials. The incident photon energy
increases with increase in the absorption coefficient in this
region, it is called Urbach region [59]. Also, the exponential
region is called the Urbach energy (Eu ) which shows the
width of the band tail. In general, the Urbach energy region
is high that means the crystalline nature is very poor,
otherwise, it is low energy region where the material has
lesser defect nature.
In close to the optical band gap edge, the Urbach
empirical [59] relation shows that the optical absorption
coefficient with photon energy as:
 
hc
a ¼ a0 exp
;
ð20Þ
Eu
where a0 is a constant and Eu is energy of the band tail or
sometimes it is called Urbach energy. The above equation
can be rewritten by using the logarithm as:
 
hc
lnðaÞ ¼ lnða0 Þ þ
:
ð21Þ
Eu
The Urbach relation and the graph is drawn between ln(a)
vs. photon energy as shown in figure 8. From the graph, the
value of Urbach energy was calculated from the reciprocal
value of the slope, 0.44 eV. So, this low Urbach energy

level shows that the grown LHTCA crystal has lesser
defect.
2.4d Second harmonic generation test: The crystalline
material used for the NLO device applications which
enhances double (second-order) the incident high power
laser frequency. The second-order energy is the inductive
study for the crystals that have a non-centrosymmetric
space group. Using the Kurtz–Perry [60] method, the
LHTCA crystal is analysed by the SHG conversion
efficiency. The Q-switched Nd:YAG laser emission of
wavelength 1064 nm has been utilized and an input beam
energy of 10.5 mJ per pulse. The grown LHTCA crystals
were powdered and loaded into the micro-capillary tube
subjected to laser radiation. The output of the sample was
measured as 1178 mV. The KDP crystal has provided an
SHG efficiency of 330 mV per pulse for using the same
input laser source. From this study, the conversion
efficiency of the LHTCA has been nearly 3.57 times
greater than KDP crystal. The comparison of SHG
efficiencies of L-histidine analogues is shown in table 4.
2.4e LDT studies: LDT is a basic key process for
selecting nonlinear optical material used in device
fabrications. The usage of the crystal does not just depend
upon the high transmittance, high mechanical and nonlinear
optical properties as well based on the capability to
withstand in high power laser source. Withstanding of
crystal in laser source depends on numerous factors, few as
the surface of the crystalline material, strength of molecular
bonds, crystal defect density, laser source wavelength,
intensity, pulse rate, beam size and so on [61]. The grown
polished surface of LHTCA crystal has been used for LDT
analysis using the wavelength of 1064 nm, 10 ns of width,
10 Hz of frequency in Q-switched Nd:YAG laser. LDT
analysis is determined by the low-intensity laser which is

4.9

0.3

4.7
0.26

ln α

Electric suscepbility

4.8
0.28

0.24

4.6
4.5
4.4

0.22

4.3
4.2

0.2
0

Figure 7.

300

600
900
1200
Wavelength (nm)

Plot of wavelength vs. electric susceptibility.

1

1500

Figure 8.

2

3
4
Photon energy (eV)

5

6

Photon energy vs. Urbach energy of LHTCA crystal.
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Table 4. Comparison of SHG efficiencies of L-histidine
analogues.

L-histidinium trichloroacetate (present work)
L-histidine hydrochloride monohydrate [35]
L-histidine perchlorate [40]
L-histidine tetrafluoroborate [41]
L-histidine hydrofluoridedehydrate [41]
L-histidinium-4-nitrophenolate 4-nitrophenol
[41]
L-histidine acetate [41]
L-histidinium dinitrate [41]
L-histidinium bromide [41]
L-histidinium hydrogenmalate [41]

80
70

SHG
efficiency
3.57
3
3.19
5.13
6.15
3.425

Dielectric constant

Name of crystal

35

313

60

323
333

50
40
30

2.96
2.80
1.00
0.70

20
0

1

2

3

4

5

6

7

Log f

2.4f Dielectric measurement: The dielectric constant
and dielectric loss of the grown LHTCA crystal were
evacuated by using the Hioki LCR meter by varying the
frequency with different temperatures. The grown LHTCA
crystals were cut and polished surface was used and to coat
the silver paste on both sides of the crystals, it can act as a
parallel plate capacitor principle. The defect performance,
various polarization activities and transport phenomenon
are the fundamental electrical functions of solids, and also it
derived from the dielectric constant (er). The dielectric
constant (er) and dielectric loss (tan d) were calculated using
the following equation, er ¼ ðCd=e0 ÞA; where C is the
capacitance, d is the thickness of the crystal, e0 is the
permittivity of free space (8.854 9 10-12 C2 N-1 m-2) and
A is the area of the crystal and also tan d ¼ er D, where D is
dissipation factor of the crystal.
The dielectric constant vs. frequency and dielectric loss
vs. frequency of LHTCA crystal are shown in figures 9 and
10. It is noted that the dielectric constant and dielectric loss
decrease with increasing the frequency in all temperatures.
Low frequency has high dielectric constant and dielectric
loss represents the various polarization activities as, electronic, ionic, orientational and space charges are contributed

0.9
0.8
0.7
Dielectric loss

visible and also the same mechanical damages occur in
crystalline surfaces. To irradiate the surface of LHTCA
crystal by using 1 mm diameter laser beam. Using the
power meter, the laser power varied from 60 to 250 mJ, up
to this, there is no damage identified on the crystalline
surface. Around 265 mJ, using an optical microscope, the
damage of the crystalline surface was identified. Using the
following relation, the laser power density (Pd) was


determined, Pd ¼ E=spr 2 GW cm2 . In this relation,
E is called input energy in terms of mJ, s is laser beam
width in terms of ns and r is the beam radius in terms
of mm. The calculated LDT value of LHTCA crystal is
2.34 GW cm-2.

Plot of dielectric constant vs. frequency of LHTCA

Figure 9.
crystal.

313

0.6

323

0.5

333

0.4
0.3
0.2
0.1
0
0

Figure 10.
crystal.

1

2

3

4
Log f

5

6

7

8

Plot of dielectric loss vs. frequency of LHTCA

together. Mainly, the crystalline material has lesser defect,
means the dielectric constant and dielectric loss as in low, at
high frequency, the present LHTCA crystals obeys that rule
so, the grown crystals has lesser defect. Also, the lesser
defect nature, low dielectric constant and dielectric loss
suggest that grown LHTCA crystal has been used in optoelectronic device applications.
2.4g Mechanical properties: Vickers microhardness and
various mechanical parameters are evaluated for the grown
LHTCA crystals. The Vickers microhardness values are
analysed by using the Leitz Wetzlar tester fitted with
diamond pyramidal indentor. The applied load was varying
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Hardness (Kg/mm2)

50
45
40
35
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25
20
15
10
0

10
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30
40
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60

Variation of hardness vs. load of LHTCA crystal.

Figure 11.

LHTCA crystal was calculated from the following relation,


Hv ¼ 1:8544P=d2 kg mm2 where P is applied load in
kg. A graph is plotted between the applied load vs. hardness
value as shown in figure 11. From the figure, the hardness
value decreases with increase in the applied load up to 50 g,
above this load, the multiple cracks were developed on the
crystals may be due to the internal stress. This applied load
increases by decreasing the hardness value, that means the
grown LHTCA crystal proves the normal indentation size
effect (ISE). The Meyer’s equation is used to know that the
materials are either soft or hard in nature. The relation is
shown as P = adn, where a is constant and n Meyer index or
Meyer coefficient. The Meyer index was evaluated to drop
the graph between log d vs. log P as shown in figure 12. The
graph fits linear straight line and the slope gives the value
of Meyer coefficient. The evaluated Meyer coefficient of
LHTCA crystal was 1.6, that means this crystal has hard
nature as per Onitsch theory.
Elastic stiffness constant (C11): Elastic stiffness constant of
the grown LHTCA crystal is calculated from the Wooster’s
relation [62] as

1.9
1.8

C11 ¼ Hv7=4 :

1.7

It gives the information about the tightness of bonding
between the adjacent atoms. The higher stiffness values
indicate that the interatomic forces are very strong. So, the
higher stiffness suggests lesser flexibility. The calculated
values are shown in table 5.

1.6
Log d

ð22Þ

1.5
1.4
1.3

Yield strength (rv): The yield strength (rv) and the hardness of
the materials are related [63] to the following relation. The
yield strength also differs from the work hardening coefficient.
For n [ 2, rv can be calculated using the relation

1.2
1.1
1
0.7

0.9

1.1

1.3

1.5

1.7

1.9

Log P

Figure 12.

Plot of log P vs. log d of LHTCA crystal.


Hv
12:5ðn  2Þ
½1  ðn  2Þ
rv ¼
1  ð n  2Þ
2:9

n2

:

ð23Þ

In the present case, n \ 2, so, the above equation can be
rewritten and reduced as

from 10 to 50 gm with 8 s of indentation time. By using the
micrometer fitted with tester, the mean two diagonal lengths
d was evaluated. The Vickers microhardness value of

rv ¼

Hv
:
3

ð24Þ

Table 5. Hardness number, elastic stiffness constant, yield strength, fracture toughness, brittleness index, tensile strength and yield
point of LHTCA single crystal.
Load,
P (g)
10
20
30
40
50

Hv
(kg
mm-2)

Elastic stiffness
constant, C11
(9109 Pa)

Yield
strength, rv
(MPa)

Fracture
toughness, Kc 9 103
(N mm-3/2)

Brittleness
index, Bi 9 10-3
(m-1/2)

Tensile
strength,
T (MPa)

Yield
point,
Y (MPa)

56
42
31
24
22

11.24
6.79
3.99
2.55
2.19

183.05
137.29
101.33
78.45
71.91

2.95
6.81
10.80
16.16
22.89

18.91
6.16
2.87
1.48
0.96

168.67
141.21
119.64
105.91
101.98

-6.08
-37.65
-62.46
-78.25
-82.76
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Yield strength means the high value of stress developed in
the material without plastic deformation. The calculated
yield strength values are increased with increase in the load
and shown in table 5.

Table 6. Calculated values of polarizability, dipole moment and
hyperpolarizability of LHTCA molecule.

Fracture toughness (Kc): Fracture toughness represents the
ability of materials to resist the fracture nature for the
development of device applications. It provides the brittle
materials’ information to evaluate the fracture resistance
properties. It is evaluated from the following relations [63]:

Electric dipole moment (l)
lx
ly
lz
l
Polarizability (a)
axx
axy
ayy
axz
ayz
azz
ao
First hyperpolarizability (b)
bxxx
bxxy
bxyy
byyy
bxxz
bxyz
byyz
bxzz
byzz
bzzz
btot

Kc ¼ P=bC 3=2 ;

ð25Þ

where P is the applied load, b the Vickers indenter geometrical constant and C the length between the crack tips
with centre of indentation.
Brittleness index (Bi): Brittleness index (Bi) issue, as an
important benefit that influence the mechanical performance
of a material, and also suggests an initial idea about the
fracture induced in a material without any noticeable
deformation. It is evaluated from [63]:
Bi ¼

Hv
:
Kc

ð26Þ

The grown LHTCA crystal tensile strength (T) and yield
point (Y) are also derived in the following relation [63]:
T ¼ 0:2Hv þ 6

ð27Þ

Parameter

DFT

-0.0459
1.4669
0.3882
1.5181 Debye
147.1372
-6.2751
176.8495
-0.1126
-4.4241
166.8239
2.4246 9 10-23 e.s.u.
-432.7235
68.1813
118.7932
-321.3218
984.6328
-301.9281
-3421.1813
-1029.7639
878.6378
-783.0321
30.6267 9 10-30 e.s.u.

and
Y ¼ 0:23Hv  13:5:

ð28Þ

From the hardness values, by varying the applied load, the
different mechanical parameters, such as elastic stiffness
constant (C11), yield strength (rv), fracture toughness (Kc),
brittleness index (Bi), tensile strength (T) and yield point
(Y) were determined and shown in table 5.

3.

Quantum chemical studies

The quantum molecular calculations are computed from DFT.
All quantum molecular calculations are determined using
Becke three parameters, such as Lee–Yang–Parr (B3LYP)
[64]. Using the optimized molecular structure of LHTCA
molecule, the quantum molecular calculations are derived. The
polarizability, spectral analysis, bond orbital analysis and
electronic properties are derived by using the B3LYP/6311??G(d,p) basis set Gaussian program.

3.1

NLO studies

The nonlinear optical property is an essential tool for the
invention of laser-based devices. Particularly, the polarizability and hyperpolarizability play a vital role in the

determination of the NLO property of the molecules [65].
The numerical estimation of molecular factors, such as
polarizability and hyperpolarizability are arising from the
nuclear motion onwards, so, the selection of basis set as a
very important one [65]. By using the DFT with B3LYP/
6-311??G(d,p), the linear and NLO properties of
LHTCA molecules are calculated. Using the mathematical expressions [66], the calculated values are polarizability, dipole moment and hyperpolarizability, etc.,
listed in table 6.
Using the Kleinman symmetry [67], the third rank tensor of
27 factors is condensed to 10 factors for the calculation of the
first-order hyperpolarizability. The calculated dipole value
of the LHTCA molecule has 1.5181D which is a
little superior to that of ordinary organic molecule value
of urea (using a, 1 a.u. = 0.1482 9 10-24 e.s.u. and b, 1 a.u.
= 0.008629 9 10-30 e.s.u.) [68]. The calculated hyperpolarizability (btot) of LHTCA has 30.6267 9 10-30 e.s.u. which is
nearly 30 times higher than the standard organic molecule of
urea [69], also the polarizability as (atot) 2.4246 9 10-23 e.s.u.
These results suggest that inter- and intra-molecular charge
transmit occurs from L-histidine and trichloroacetate molecules also, it enhances the nonlinear optical property of
LHTCA molecules. So, the computational and experimental
studies prove that the present LHTCA molecule may be used
for NLO device applications.
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Figure 13. Optimized structure of LHTCA molecule.

3.2

Optical geometry

LHTCA molecules are optimized by using the B3LYP
Gaussian program. The optimized structure of LHTCA is
shown in figure 13. From the optimized structure, the
geometrical parameters, such as bond length and angles
were computed. The computed bond length and angle are
compared with already reported XRD values and are summarized in table 7. A less variation in the computed and
experimental values because of the computed analysis is
studied in the gas phase, but in the experimental analysis,
they are in the crystalline phase of the molecules. L-histidine having zwitterionic form with nitric atoms are
transferred with the carboxylate groups of acetic acid is
ionized is known from the optimized molecular structure of
LHTCA. The chlorine atoms are positively ordered from the
trichloroacetic acid ions. The N–H–O three-dimensional
networks of hydrogen bonds show the packing image of the
molecules. The change in hydrogen bond N–H–O as 2.67 Å
is confirmed by the protonation of the nitrogen atom of
histidine molecules. Also, the bond length of C–N and C–
C–N were observed in theoretical and experimental as
1.473, 1.479, and 107.1, 107.9 Å, respectively. From the
quantum molecular calculations, the calculated geometrical
factors of bond length and angles are nearly equal to the
experimentally determined XRD reports [47,49].

3.3

HOMO–LUMO

FMO means the LUMO along with HOMO, it is a fundamental property for the study of chemical stability, electrical and orbital analyses of the molecules. The electron
donation and acceptance capability of the molecules indicate the LUMO and HOMO orbital analyses. Generally, the
energy gap predicts the position of the p-electrons for
functional groups and p-conjugated electrons for various
reactions. The HOMO and LUMO energy gap of LHTCA
has predicted using the B3LYP level also and the plots as
shown in figure 14. From the figure, it is suggested that
the L-histidine component localized in the HOMO and
trichloroacetate component fully localized in LUMO. The
resultant energy values of HOMO as -6.7179 and LUMO
as -2.7059 eV. The computed HOMO–LUMO gap of the
LHTCA is 4.012 eV is given in table 5. The charge transfer
from intramolecular transitions as LHTCA which confirms
the low energy gap also, it suggests the enhanced stability
of the molecule. The computed global hardness value of
LHTCA is 2.006. The LHTCA molecule has a low energy
gap so, it is concluded as soft material also, this type of
material enhances the flow of electron clouds easily when
compared with hard material [69].
The various molecular properties of LHTCA crystals were evaluated from the following relations [70] as,

Bull. Mater. Sci. (2021)44:35

Page 11 of 17

Table 7. Selected bond length and bond angles are compared
with theoretical and XRD values of LHTCA crystal.
Parameters

Theoretical value of B3LYP

Bond length (Å)
C1–N1
C1–N2
C2–C3
C2–N1
C3–N2
C3–C4
C4–C5
C5–N3
C5–C6
C6–O1
C6–O2
C7–C8
C8–O3
C8–O4
C7–C11
C7–C12
C7–C13
Bond angle (°)
N1–C1–N2
C3–C2–N1
C3–C2–N2
C2–C3–C4
N2–C3–C4
C3–C4–C5
N2–C5–C4
N3–C5–C6
C4–C5–C6
O1–C6–O2
O1–C6–C5
O2–C6–C5
O3–C8–O4
O3–C8–C7
O4–C8–C7
C1–N1–C2
C1–N2–C3

1.340
1.314
1.354
1.438
1.214
1.418
1.524
1.473
1.580
1.321
1.328
1.587
1.237
1.235
1.784
1.798
1.857
109.5
107.1
106.5
130.6
124.9
116.1
106.9
110.8
112.2
126.8
116.2
116.2
128.9
115.0
116.4
108.1
109.8

From XRD values

1.301
1.317
1.343
1.372
1.382
1.487
1.534
1.479
1.542
1.231
1.253
1.573
1.221
1.227
1.648
1.824
1.755
108.8
107.9
105.3
130.3
124.2
116.2
107.4
110.4
112.0
126.6
116.9
116.4
128.3
115.2
116.5
108.7
109.3

EHOMO = -6.7179, ELUMO = -2.7059, energy gap = 4.012
eV, ionization potential (I) = -EHOMO, electron affinity
(A) = -ELUMO, hardness (g) = (I - A)/2, chemical potential (l) = - (I ? A)/2, softness (S) = 1/(2g), electronegativity ðvÞ ¼ l, electrophilicity ðxÞ ¼ l2 =2, the maximum
amount of electrophilic system ðrNmax Þ ¼ l=g, nucleofugality ðrEn Þ ¼ ððl þ gÞ2 =2gÞ, and electrofugality
ðrEe Þ ¼ ððl  gÞ2 =2gÞ. The calculated FMO parameters
are shown in table 8.
Using the GaussSum 2.2 [71] program to compute the
functional contributions of molecular orbital with the density of the state (DOS) of the LHTCA molecule is shown in
figure 15. Generally, the significant purpose of the DOS

35

spectrum is to find the molecular orbital compositions with
its contributions to chemical bonding [72]. The occupied
and virtual orbitals are indicated in the spectra as green,
blue lines, respectively. Also, the LUMO and HOMO
energy levels are pointed out as green and blue lines in the
spectrum. The DOS spectrum suggests that the bonding
nature, anti-bonding and without bonding of two orbitals,
molecules or atoms. The positive population, such as
bonding nature gives as positive values, the negative
population as anti-bonding nature gives the negative values and the zero value suggests that the non-bonding
interaction in the DOS spectrum. Also, the DOS spectrum
illustrates the sharing of s and d electrons in the energy
bands with the general allocation of states across the
energy levels.

3.4

Mulliken charge analysis

The population analysis of molecular systems can be
explained by using the Mulliken charge population analysis. This analysis explains possible functional groups of
the molecules, such as electrophilic and nucleophilic
groups. Also, the allocation of charges either positive or
negative in each atom leads to a decrease or increase in
bond length. The Mulliken charge analysis distribution of
LHTCA molecules are shown in figure 16. In LHTCA, few
of the carbon atoms held positive and negative charges due
to the manipulation of surrounding electronegative positive atoms. Also, the highest negative charge of carbon
atom has -1.49037. In the charge allocation of the
LHTCA molecule, it has been observed that three carbon
atoms have positive charge, the remaining five atoms have
negative charge. Both positive and negative charge distributions of carbon atoms suggest that the charge distribution varies from negative to positive leading to charges
that are delocalized. The highest maximum positive charge
in the hydrogen atom is 0.52974, also only the positive
charge distribution for all the hydrogen atoms. In general,
the intermolecular bond formation of N–HO interaction
takes place through the hydrogen atom. Also, the entire
oxygen atoms have negative charges. All the chlorine
atoms have a positive charge with the highest charge as
0.528465.

3.5

Thermodynamic property

The computed LHTCA molecules’ thermodynamical properties like heat capacity (Cp), entropy (H) and change in
enthalpy (S) are shown in figure 17. The graph values of Cp,
H and S are increased with the increase in its corresponding
temperature of 100–1000 K onwards, due to the enrichment
of molecular vibrations. The relationship equation of heat
capacity, entropy and change in enthalpy with its corresponding temperatures are fixed by the quadratic equations.
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LUMO (First Excited State)ELUMO = -2.7059eV.

Energy Diﬀerence ∆E HOMO-LUMO gap= 4.012eV.

HOMO (Ground State)EHOMO = -6.7179eV.

Figure 14. HOMO–LUMO structure of LHTCA crystal.

Table 8.

FMO properties of LHTCA crystals.

Molecular properties
EHOMO (eV)
ELUMO (eV)
EHOMO–LUMO gap (eV)
Ionization potential (I) eV
Electron affinity (A) eV
Chemical hardness (g) eV
Chemical softness (S) eV
Chemical potential (l) eV
Electronegativity (v) eV
Electrophilicity index (x) eV
Maximum amount of electrophilic system
ðrNmax Þ eV
Nucleofugality ðrEn Þ eV
Electrofugality ðrEe Þ eV

3.6
B3LYP/6311??G(d,p)
-6.7179
-2.7059
4.01
6.7179
2.7059
2.006
0.2492
-4.7119
4.7119
5.5338
2.3489
1.8249
11.2487

All the thermodynamical data provide supportive information to promote the study of the LHTCA molecule. Also, it
is used to study the other thermodynamical energies
according to the chemical reaction directions using the
thermochemical field in thermodynamic laws.

MEP

Molecular electrostatic potential (MEP) map of the LHTCA
molecule is shown in figure 18. The reaction mechanism of
the molecules and the physiochemical properties with its
molecular structure can be studied using MEP analysis [73].
In general, it has three regions classified with its electrostatic potential of the molecules such as red, green and blue
colours which indicate the most negative, zero and most
positive potentials, respectively. The red colour indicates
the electrophilic region which specifies the most negative
electrostatic potential area which attracts proton by the most
electron density region of the molecule. Also, blue colour
indicates the nucleophilic region which shows the most
positive potential area which repulses proton by the atomic
nuclei of the molecule. All the hydrogen atoms are delocalized in the positive potential regions. The most negative
electrostatic potential areas are bounded by the electronegative atoms are the portion of the LHTCA molecule
that was surrounded by a yellowish colour. It indicates that
the strongest repulsion of the electronegative atoms occurs
over the negative potential of the molecule. The LHTCA
molecule has the electrostatic potential range of -7.404e-2
to ?7.404e-2.
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Figure 18.
Figure 15.

DOS spectrum of LHTCA molecules.
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Figure 16.

Mulliken charge analysis of LHTCA molecules.
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Figure 17.

Thermodynamic properties of LHTCA.
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MEP map of LHTCA.

Spectroscopic analysis

To perceive more information about the crystal, it was
analysed by vibrational assignments through Fourier transform infrared and Raman analysis of LHTCA crystal. The
experimentally observed wavenumbers of FTIR and Raman
spectra compared with the calculated frequencies are summarized in table 9. The diagrammatic assessment of
observed and computed FTIR is shown in figure 19 and
Raman is shown in figure 20. The detailed investigations of
various functional groups are discussed below.
Amino group vibrations: In general, N–H stretching modes
are observed in the range of 3262–3509 cm-1 [74]. In IR,
the band 3315 cm-1 is attributed to N–H stretching vibrational mode. The NH3? symmetric stretching vibration is
observed in IR and Raman as 3180 and 3178 cm-1,
respectively. The band at 3180 cm-1 in IR, at 3178 cm-1 in
Raman attributed to NH3? symmetric stretching vibrations.
The peak 3155 cm-1 proves the occurrence of the NH2
symmetric mode of stretching vibration. In the LHTCA
crystal, the NH2 symmetric stretching is attributed to
3151 cm-1 for IR and 3149 cm-1 for Raman. The
antisymmetric stretching mode of vibrations for the NH3?
group arrives at 3020 cm-1. The observed IR frequency of
3036 cm-1 and Raman frequency of 3005 cm-1 are
assigned to NH3? antisymmetric stretching. The bands
2863, 2758, 2682 and 2631 cm-1 are allotted to N–HO
stretching vibrations. The observed IR bands 2859, 2706
and 2622 cm-1 and Raman bands 2855, 2695 and
2615 cm-1 are attributed to N–HO stretching vibrational
mode. A secure NH3? symmetrical bending vibration
occurs at 1533 cm-1. The NH3? symmetrical bending is
assigned to 1522 cm-1 in IR and also 1532 cm-1 in Raman.
The frequency of around 755 cm-1 is valid for N–H wagging. The LHTCA crystal has N–H wagging is noticed at
783 cm-1 for IR and 768 cm-1 for Raman.

1000

Carboxylic group vibrations: The asymmetric stretching
mode of vibrations for COO- occurs around 1615 cm-1. In
IR frequency of 1636 cm-1 and Raman frequency of
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Observed and calculated frequencies (cm-1) of LHTCA.
Observed

Calculated

FTIR

FT Raman

FTIR

FT Raman

Assignments

3315
3184
3151
3036
—
2859
2706
2622
1636
1577
1522
—
—
1413
1339
1291
1237
1187
1034
—
926
—
783
712
667
621
537

—
3182
3149
3005
2951
2855
2695
2615
1634
—
1532
1485
1435
1408
1341
1288
1238
1182
1081
954
916
820
768
713
638
—
543

3318
—
—
—
—
2854
2704
—
—
—
—
—
—
1418
1334
1295
1239
1189
1039
—
929
—
787
716
669
625
539

—
—
—
3009
2955
—
—
—
1631
1585
1535
1488
1439
1409
1346
1289
1238
1187
1084
957
919
824
769
717
638
633
548

NH stretching
NH3? symmetric stretching
NH2 symmetric stretching
NH3? antisymmetric stretching
C–H asymmetric stretching
N–HO stretching
N–HO stretching
N–HO stretching
COO- asymmetric stretching
C=C stretching vibration
NH3? symmetrical bending
C=N stretching vibration
CH2 scissoring
COO- symmetric stretching
C=O symmetric stretching
C–C stretching
C–N–H stretching
CH bending
CN stretching
Ring antisymmetric stretching
Ring symmetric stretching
C–Cl3 antisymmetric stretching
NH wagging
COO- bending
COO- deformation
C–Cl stretching
COO- wagging

1634 cm-1 are assigned to COO- asymmetric stretching
vibration [75]. The COO- symmetric mode of stretching
vibration found at 1415 cm-1. The symmetric vibrational
mode of COO- is attributed to 1413 cm-1 for IR and
Raman at 1408 cm-1. The strong absorption at 1330 cm-1
is symmetric stretching modes of the carboxylate group.
The bands in IR at 1339 cm-1 and in Raman at 1341 cm-1
are assigned to C=O symmetric mode of vibration. The
bending of COO- appears at 740 cm-1. The deformation of
COO- occurs at 675 cm-1 and wagging of COO- appears
at 537 cm-1. The bending, deformation and wagging
vibrational modes of COO- are observed at 712, 667 and
537 cm-1, respectively, in IR and at 713, 638 and
543 cm-1 correspondingly, in Raman.
Organic group vibrations: The absorption frequency at
2956 cm-1 is attributed to the C–H asymmetric stretching
mode of vibration [75]. In Raman frequency, 2951 cm-1 is
allotted to C–H asymmetric stretching vibrational mode.
The CH2 scissoring mode of vibrations appear at
1445 cm-1. The frequency of Raman at 1435 cm-1 is
allocated to CH2 scissoring. In CH3, hydrogen bond
responsible for C–H bending mode of vibrations in broad
absorption in the region as 1050–1250 cm-1. The

absorption bands around at 1187 cm-1 in IR and at
1182 cm-1 in Raman are attributed to C–H bending
vibrational mode.
C–N and C–C vibrations: The C=N stretching mode of
vibration usually occurs at 1542–1446 cm-1 and also
occurs around 1082 cm-1 [75]. In LHTCA, the C=N mode
of stretching vibration is assigned to 1034 cm-1 in IR and at
1081 and 1485 cm-1 in Raman. The C–N–H mode of
stretching appears at 1239 cm-1. The observed IR frequency 1237 cm-1 and Raman frequency 1238 cm-1 are
assigned to the C–N–H mode of stretching vibration. The
ring of stretching vibration C=C and C–C appeared at 1595
and 1280 cm-1, respectively. The C=C stretching vibrations are assigned to 1577 cm-1 in IR frequency and at
1535 cm-1 in Raman frequency. Also, the C–C stretching
vibration is observed at 1034 cm-1 in IR and at 1081 cm-1
in Raman.
Ring and C–Cl vibrations: The bands at 962 and 931 cm-1
are applicable to the ring antisymmetric and symmetric
stretching modes of vibrations. The ring antisymmetric and
symmetric stretching modes are noticed at 954 and
916 cm-1, respectively, in Raman and IR frequency
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Figure 19. Experimental and theoretical IR spectrum of LHTCA.

926 cm-1 is attributed to ring symmetric stretching mode
[75]. The peak 834 cm-1 is assigned to the antisymmetric
stretching mode of C–Cl3. The antisymmetric stretching
mode of C–Cl3 is assigned at 820 cm-1 in Raman. The
strong peak at 627 cm-1 is assigned to the C–Cl stretching
mode of vibration. The IR frequency at 621 cm-1 and
Raman frequency at 633 cm-1 are assigned to C–Cl
stretching mode of vibrations.

4.

Conclusion

Optical quality of LHTCA crystal was successfully grown
by using the solvent evaporation method. Using XRD, the
structure was solved as a monoclinic space group of P21.
The optical assessment of solution-grown LHTCA crystal

is found to be optically transparent up to 85% within the
region of 200–1200 nm. From the optical transmittance
spectra, the lower cut-off wavelength and the optical energy
gap of LHTCA are assessed as 260 nm and 4.44 eV,
respectively. Using the Nd:YAG laser, the SHG value of
LHTCA crystal was calculated and the calculated efficiency
is nearly 3.57 times superior than that of KDP. Also, the
LDT value of LHTCA crystal was measured as 2.34
GW cm-2. The quantum chemical calculations, such as the
molecular geometry of the L-histidinium trichloroacetate
(LHTCA) molecule was optimized using DFT by B3LYP/6311??G(d,p) level of theories. The bonding interactions
and charge transfer of the LHTCA molecule were accessed
by Mulliken atomic charge and HOMO–LUMO examination. The computed HOMO–LUMO value of the LHTCA is
4.012 eV. The calculated dipole moment of the LHTCA
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Figure 20.
LHTCA.

Experimental and theoretical Raman spectrum of

molecule was 1.5181D, it is superior to that of a standard
organic molecule of urea. Also, the calculated hyperpolarizability of LHTCA was nearly 30 times superior to that of
urea. The IR and Raman frequencies are tabulated and
assigned with the comparison of experimental and theoretically computed values found in excellent correlation. The
most negative potential is associated with the electronegative
atoms and the most positive potential associated with the
hydrogen atoms is confirmed by using the MEP diagram.
This suggests that the probable potential areas for inter- and
intra-molecular bondings associated with electrophilic and
nucleophilic potential regions. From the experimentally
attained results and its association with theoretical results
show that the LHTCA molecule is a superior candidate for
the higher harmonic nonlinear optical applications.
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