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ABSTRACT

In this study, nonlinear optical crystalline materials L-histidinium hydrochlo-
ride monohydrate (LHHCL) and L-histidinium methyl ester dihydrochloride
(LHMDHCL) were successfully grown by slow solvent evaporation technique.
As-grown crystalline materials were subjected to X-ray structure analysis, FT-
Raman spectroscopy, energy-dispersive X-ray spectroscopy, UV-Vis spec-
troscopy, frequency conversion analysis, dielectric and Vicker’s microhardness
studies. According to XRD data, the grown crystal LHHCL was crystallized to
an orthorhombic form having a space group P2;,2,2,, while LHMDHCL crystal
belongs to a monoclinic form with a space group P2,. The FT-Raman study
confirms the existence of chemical groups and the formation of two different
crystals. The chemical compositions of the as-grown crystalline materials were
established by Energy-dispersive X-ray spectroscopy. The UV-Vis study sub-
stantiates the transparency of LHHCL and LHMDHCL in the wavelength
regions of 232-1000 nm and 230-1000 nm, respectively. Using the Tauc equa-
tion, the bandgap energy was determined as 5.35 eV and 5.38 eV for LHHCL
and LHMDHCL crystals, respectively. In addition, the grown crystals have
shown a better frequency conversion efficiency in comparison to KDP samples.
According to the dielectric study, dielectric characteristics such as dielectric
constant and dielectric loss for the LHHCL and LHMDHCL crystals drop as
frequency increases. The hardness of the LHHCL and LHMDHCL crystals was
measured by Vickers microhardness test which reveals that the grown crystals
follow the normal indentation size effect.
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1 Introduction

The growth of new crystalline materials for the fre-
quency conversion process in the ultra-violet to the
near infra-red spectral region continues to be a sig-
nificant demand. High-quality crystalline materials
having enhanced performance will still be in demand
for nonlinear optical device applications. Due to their
potential applications in laser technology, optical
communication, optical switching, optical mixing,
optical power limiting data storage, image process-
ing, and electro-optic applications, nonlinear optical
materials have sparked considerable attention in
recent years [1-9]. Generally, molecules in organic
compounds are linked by weaker Vander Waals
interactions or h-bonding, and it leads to poor ther-
mal or mechanical strength. Semi-organic mixed
materials are investigated for optical applications in
an attempt to address these difficulties. Amino acid-
inorganic salt complexes have attracted researcher
interest as they have physicochemical properties,
including optical transparency, high laser damage
threshold, and second harmonic generation [10, 11].
In semi-organic compounds, the organic molecules
are also stoichiometrically bonded to appropriate
inorganic counterparts or metal ions, which improve
the specimen’s hardness and thermal strength
[12-14]. Furthermore, in the solid form, amino acids
are frequently dipolar, having an electron donor and
acceptor group on each molecule. As a result of their
dipolar characteristics, amino acids are being con-
sidered as potential nonlinear possibilities. [15, 16].

L-histidine, an amino derivative, has been actively
explored since the development of L-histidine
tetrafluoroborate, a potential NLO material. Accord-
ing to Marcy et al., the magnitude of nonlinear optical
efficiency of L-histidine tetrafluoroborate would be
five times better than those of typical KDP samples
[17]. As a result, L-histidine analogs such as L-his-
tidine acetate, L-histidine hydroflouride, L-histidine
perchloride, L-histidine nitrates, L-histidine sulfates,
L-histidine bromide, L-histidine maleates, L-histidine
dihydrogen tetrafluoroborate, L-histidine trifluo-
roacetate, L-histidinium glutarate monohydrate, L-
histidine cadmium chloride, and L-histidinium
iodide have been developed [18-29].

In continuance of prior works, we synthesized
orthorhombic form of L-histidinium hydrochloride
monohydrate (LHHCL) and monoclinic form of L-
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histidinium  methyl  ester  dihydrochloride
(LHMDHCL) using the slow solvent evaporation
method with water as a solvent. Donohue and Caron
were the first to publish the original structure of L-
histidinium hydrochloride monohydrate, whereas
Vilchiz et al., were the first to define the actual
structure of L-histidine methyl ester dihydrochloride
[30, 31]. In this investigation, XRD, FT-Raman, EDAX,
UV-Vis spectroscopic analyses, as well as SHG,
dielectric, and hardness tests were used to charac-
terize the as-grown LHHCL and LHMDHCL crystals.

2 Materials and methods

Analytical grade L-histidine, hydrochloric acid, and
L-histidinium methyl ester dihydrochloride, pro-
cured from Merck India, were used to form LHHCL
and LHMDHCL crystals. The L-histidinium
hydrochloride monohydrate (LHHCL) was formed
by dissolving a stoichiometric ratio of L-histidine and
hydrochloric acid into the double-distilled water. The
prepared solution was continuously stirred for about
6 h using a magnetic stirrer until a homogeneous
mixture over the entire volume was formed. Tiny
colorless crystalline samples were obtained by heat-
ing the obtained mixture to dryness below an opti-
mum temperature (55°C) in a temperature-
controlled water bath. Again, these crystalline sam-
ples were thoroughly dissolved in double distilled
water to get a well-saturated solution [32, 33]. The
other material L-histidinium methyl ester dihy-
drochloride was re-extracted using distilled water for
the formation of LHMDHCL crystal. The purified
LHMDHCL was entirely dissolved into the double
distilled water at room temperature and properly
homogenized using a magnetic stirrer. Then, to
remove undesirable contaminants, both the LHHCL
and LHMDHCL mixtures were then filtered thrice
with micro-filter sheets. These solutions were stored
in two separate beakers with porous paper coverings
to allow for slow solvent evaporation. The beakers
were put in a water bath at 32 °C for ensuring a
steady growth rate. In this experiment, 2 drops of
H,0O, were applied to the LHHCL and LHMDHCL
mixtures to suppress the growth of any microbes.
After a month, the LHHCL and LHMDHCL crystals
of optimal size were formed, as illustrated in Fig. 1.
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Fig. 1 Pictures of a LHHCL and b LHMDHCL
3 Results and discussion
3.1 X-ray diffraction study

Typical X-ray diffraction study is a non-destructive
technique for evaluating the three-dimensional
structure of crystalline substances and measuring
molecular dimensions with precision and accuracy.
A Bruker-axs-kappa-apex2-CCD diffractometer with
MK, (4 = 0.71073 A) radiation source has been used
for diffraction analysis. Tiny samples with dimen-
sions of 0.10 x 0.15 x 0.35 mm> were sliced from the
test crystals and used for further measurements.
According to crystallographic data, the LHHCL
crystal has an orthorhombic form and a P2,2,2; space
group, whereas the LHMDHCL crystal has a mono-
clinic form and a P2, space group. Also, LHHCL has
cell parameters of a = 15.285 (+ 0.032) A; b =8.884
(& 0.041) A; c=6.876 (£0.020) A and V =93371
(+ 4) A%, while LHMDHCL has cell parameters of
a = 8221 (£ 0.023) A; b = 7.108 ( 0.015) A; ¢ = 9.505
(£ 0.052) A, f = 94.54° and V = 553.681 (£ 2) A°. The
observed lattice parameters are fairly close to the
reported values [30, 31]. Table 1 lists the crystallo-
graphic data obtained for LHHCL and LHMDHCL
crystals.

3.2 FT-Raman spectral analysis

The FT-Raman method is highly beneficial for qual-
itative analysis and compound detection. The FT-
Raman spectral analysis was conducted in the
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spectral range 450-4000 cm ™' with the use of a Bru-

ker- RFS27 FT-Raman instrument. Figure 2 illustrates
the recorded Raman spectra of LHHCL and
LHMDHCL crystals. The spectral frequencies are
elucidated and compared to the well-known spectra
[34, 35]. In the case of LHHCL, the peaks recorded
around 3157 and 3108 cm™' are expected to be
caused by asymmetric and symmetric NH stretch of
amine functionality, which is a defining feature of
amino acids. Aliphatic and aromatic C-H stretches
are responsible for the peaks at 2712 and 3024 cm™ ',
respectively. The strong peak at 2949 cm ™' is caused
by —(CHy)- stretching vibration. Asymmetric and
symmetric COO™ stretches are responsible for the
peaks at 1553 and 1412 cm ™. Aliphatic and aromatic
C-N stretches are responsible for the peaks at
1161 cm™ " and 1482 cm™ ', respectively. The torsional
vibrations of the NH3;" group form the peak at
491 cm™" and the C-O stretch is responsible for the
peak at 1065 cm™ .

Regarding LHMDHCL crystal, the signals recor-
ded around 3160 and 3126 cm™' are expected to be
caused by asymmetric and symmetric NH stretch of
amine functionality. Aliphatic and aromatic C-H
stretches are responsible for the peaks at 2809 and
3031 cm ™, respectively. The presence of C=0 stretch
of carbonyl can be seen by the prominent peak at
1756 cm™'. The C=N stretch of the imidazole ring of
L-histidine is responsible for the peak at 1626 cm™".
The stretch of the C-O group of ester causes a sig-
nificant peak at 1279 cm™". The peaks at 641, 854, and
989 cm ™! in the relatively low wavenumber region
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Table 1 XRD details of
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LHHCL and LHMDHCL Crystal LHHCL LHMDHCL
crystals Empirical formula CeH103N;Cl CH,30,N5Cl,
Formula weight 209.64 242.10
Wavelength 0.71073 A 0.71073 A
Crystal system space group Orthorhombic P2,2,2, Monoclinic P2,
Unit cell parameters a=15285 (£ 0.032) A a=8221(% 0.023) A
b =8.884 (£ 0.041) A b= 7.108(% 0.015) A
¢ = 6.876 (£ 0.020) A ¢ = 9.505(% 0.052) A
oa=p=7y=90° o=7y=90°% f =94.56°
Volume 933.71(+ 4) A3 553.681(+ 2) A®
Zz 4 2
Calculated density 1.489 Mg m™> 1.451 Mg m™>
0.30+ conducted for the given samples using an FEI-
. g @) Ha -, QUANTA-200F micro-analyzer. Figure 3 shows the
2 3 observed spectra of the LHHCL and LHMDHCL
& 0207 samples. Table 3 shows the weight percentages (wt%)
2 o1s of constituent atoms as obtained by EDAX analysis.
E - The presence of oxygen, nitrogen, carbon, and chlo-
5 rine in the right proportion confirms the formation of
0.05+ the LHHCL and LHMDHCL crystals.
4000 3000 2000 1000 0 3.4 UV-Vis spectroscopy
Wavenumber (cm-1)
10 The transmittance range and compatibility of the
5 0.8 g (b) LHMDHCL produced crystals for optoelectronic applications
‘i;, 06 were determined using UV-Vis spectroscopic study.
7 § § 5 The absorbance spectra of the grown crystals were
= 0.4 é measured spectrophotometrically within the region
g _— of 200-1000 nm. The acquired absorbance spectra of
P 1 LHHCL and LHMDHCL are displayed in Fig. 4.
007 According to the absorption spectra, the LHHCL and

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2 Raman spectra of a LHHCL and b LHMDHCL

are caused by plane deformation, ring symmetric,
and asymmetric stretch of L-histidine. The prominent
peaks of LHHCL and LHMDHCL, which agree with
our findings, are listed in Table 2.

3.3 Energy-dispersive X-ray analysis

EDAX is a micro-analytical approach that makes use
of X-ray distinctive spectrum generated from the
specimen during high-energy excitation of electrons.
This technique is useful for determining which ele-
ments are present in a particular compound [36, 37].
In this investigation, the EDAX analysis has been

LHMDHCL are fully transparent in the UV-Vis
range, indicating that they will be suitable materials
for nonlinear optical device applications. In addition,
the spectra show a significant drop in absorption at
232 nm for LHHCL and 230 nm for LHMDHCL,
which correlates to the fundamental absorption
wavelengths or absorption edges of the crystals.
The UV-Vis absorption spectra are also helpful in
knowing the nature and value of the bandgap energy
of the LHHCL and LHMDHCL crystals [38, 39]. The
bandgap energy of the LHHCL and LHMDHCL was
estimated with the help of UV-Vis spectra by using
the Tauc formula [40]. The curves involving (ahv)*
and hv were drawn and they are given in Fig. 5. The
bandgap energy was found by drawing a linear line
on the linear portion of the plot at (xhv)* = 0. The
bandgap energy of LHHCL is calculated to be 5.35 eV
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Table 2 Raman frequency
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—1
assignments of LHHCL and LHHCL (cm™")

LHMDHCL (cm™ ")

Assignments

LHMDHCL crystals 3157

3108
3024
2949
2712
1607
1553
1482
1450
1412
1262
1161
1065
971

875

804

695

491

3160 NH asymmetric stretch
3126 NH symmetric stretch
3031 Aromatic C—H stretch
2947 CH, stretch
2809 Aliphatic C-H stretch
1756 C=0 Stretch of carbonyl group
1626 C=N Stretch of imidazole ring
1567 Asymmetric COO™ stretch
1473 Aromatic C—N stretch
1430 C—C stretch
1414 Symmetric COO™ stretch
1279 C-O stretch of ester
1257 CHj stretch
1153 Aliphatic C-N stretch
1081 C—O stretch
989 Ring asymmetric stretch
854 Ring symmetric stretch
836 C—C-O stretch
641 Plane deformation
538 Torsional oscillation of NH;*

(a) LHHCL

ci

cl

20 3.0 10 5.0 6.0
Energy (KeV)

(b) LHMDHCL

Fig. 3 EDAX spectra of a LHHCL and b LHMDHCL

while the bandgap energy of LHMDHCL is calcu-
lated to be 5.38 eV. Hence, due to their wide band-
gaps, the LHHCL, and LHMDHCL crystals have a

@ Springer

Table 3 EDAX elemental analysis of LHHCL and LHMDHCL

Element LHHCL Wt% LHMDHCL Wt%
C 49.78 37.04
N 23.49 27.20
O 19.98 18.40
Cl 06.75 17.36

The bold values signifies the quantitative presence of chlorine
atoms in both the LHHCL and LHMDHCL crystals

large transmittance window in the UV-Vis range.
Owing to wide bandgaps, the grown LHHCL and
LHMDHCL crystals could be widely used in device
applications ~ that  require  high-temperature
operations.

3.5 SHG study

Second harmonic generation (SHG) by the prepared
samples was determined with the powder technique
of Kurtz and Perry [41]. In this method, the LHHCL
and LHMDHCL samples were crushed to fine micro-
crystallites and securely sandwiched between two
clear glass surfaces. The optical source was a 1064 nm
Nd: YAG laser with an 8 ns pulse width and 10 Hz
pulse rate. The laser beam was directed onto a
powder sample using a filter. The final output from



] Mater Sci: Mater Electron (2022) 33:2970-2979

-
(=]
M-
J

(a) LHHCL

Absorbance (arb. units)
E-S

2
AN e
200 400 600 800 1000
Wavelength (nm)
[ =
f‘;‘ p
2
-g a3 (b) LHMDHCL
e ,
B
g 1
w2
0
< o]\ o~
200 400 600 800 1000
Wavelength (nm})

Fig. 4 UV-Vis
b LHMDHCL

absorbance spectra of a LHHCL and

the sample was presented on the oscilloscope. The
samples generated the green signal, indicating that
SHG pulses have been generated. The SHG perfor-
mance was measured by using the fine powders of
the KDP sample as reference material. According to
the SHG test, the SHG performance of LHHCL is 3
times that of the KDP sample; whereas the SHG
performance of LHMDHCL is 1.6 times that of the
KDP sample.

3.6 Vickers hardness test

The hardness test is a popular method for deter-
mining the strength of the material in the micro-
hardness range. Material strength, elasticity, and
plasticity can all be replicated with a microhardness
test. Static indentations on the grown crystals were
performed at an ambient temperature with a Vickers-
microhardness device and a diamond pyramidal
indenter coupled to optical microscopy. To determine
the hardness index (H,), multiple indentations were
formed on the crystalline samples with weights
ranging from 10 to 50 g. Since the higher loads gen-
erated micro-cracks on the crystal surfaces, the
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Fig. 5 Plots of (ahv)* vs. hv for a LHHCL and b LHMDHCL

maximum load applied was limited to 50 g. For all
the weight, the indentation time was kept to be 15 s.
The micro-hardness index (H,) was determined by
using the relation

H, - 1.82;14P Kg mm~

Here, P is the load applied in kilogram, and 4 is the
indentation’s average diagonal width in mm. Fig-
ure 6 illustrates the change in hardness index (H,)
with load applied (P) for the LHHCL and
LHMDHCL crystals. The microhardness index (H,)
for both LHHCL and LHMDHCL crystals diminishes
as the load increases, which is consistent with the
usual indentation size effect (ISE). The work hard-
ening coefficient ‘n’ has been calculated using the
least square fit approach from the plot of log P vs. log
d (Fig.7). According to Onitsch’s prediction, a
material with a hardness coefficient 1.0 <n < 1.6 is
regarded as hard, whereas a material with hardness
coefficient 7> 1.6 is deemed soft [42]. By this
assessment, the n value for LHHCL is calculated as
1.65; showing that LHHCL is a soft material, whereas
the n value for LHMDHCL was found to be 1.46,
suggesting that LHMDHCL is a hard material. Since
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Fig. 6 Plots of hardness number (H,) vs. applied load for
a LHHCL and b LHMDHCL

the work hardening coefficient ‘n’ for both crystals is
less than 2, the material’s hardness is found to
decrease with applied load, validating Onitsch’s
prediction.

3.7 Dielectric study

The dielectric study is a method used for studying
the electrical response of solid materials. It provides
insight into the dynamics of the electric field within a
material [43]. The dielectric constant and dielectric
loss of the LHHCL and LHMDHCL crystals were
measured using a HIOKI 35 LCR HITESTER as a
function of temperature at frequencies ranging from
50 Hz to 5 MHz. Figure 8 depicts the decrease of
dielectric constant with applied frequency for the
LHHCL and LHMDHCL crystals. The dielectric
constant has greater values in the low-frequency area
and subsequently declines exponentially with the
applied frequency, as seen by the curve. This could
be explained in terms of the polarization phenomena;
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Fig. 7 Plots of log P vs. log d for a LHHCL and b LHMDHCL

the electronic exchange between an ion and lattice
provides a local displacement of electrons in a given
volume. In other words, polarization is caused by the
electronic exchange between the two. As the fre-
quency increases, the space charge decreases, affect-
ing polarization and resulting in decreased dielectric
constant values [44]. Furthermore, the dielectric
constant of LHHCL increases with increasing tem-
perature at low frequencies but remains constant at
higher frequencies. However, the dielectric constant
of LHMDHCL falls as temperature rises in all fre-
quency range.

Figure 9 illustrates how the dielectric loss of
LHHCL and LHMDHCL decreases exponentially
with frequency and temperature. It has been
observed that the dielectric loss shows a similar
response as that of the dielectric constant for the
grown crystals. The dielectric loss diminishes as the
frequency rises, and it nearly disappears at higher
frequencies. Furthermore, at lower frequencies, the
dielectric loss increases slightly with increasing tem-
perature, while at higher frequencies, it remains
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Fig. 8 Plots of dielectric constant vs. log frequency for a LHHCL
and b LHMDHCL

constant regardless of temperature. As LHHCL and
LHMDHCL crystals have such a lower dielectric
constant and dielectric loss at high frequencies, they
offer better optical transmittance and less imperfec-
tion, which is a desirable attribute for NLO
applications.

4 Conclusion

The crystalline materials L-histidinium hydrochlo-
ride monohydrate (LHHCL) and L-histidinium
methyl ester dihydrochloride (LHMDHCL) were
effectively produced at ambient temperature using
the slow evaporation technique. According to XRD
analysis, LHHCL crystallized in orthorhombic space
group P2;2,2;, whereas the LHMDHCL crystallized
in monoclinic space group P2;. Identification of
chemical groups and the formation of LHHCL and
LHMDHCL crystals were confirmed using FT-Raman
spectral analysis. The presence of oxygen, nitrogen,
carbon, and chlorine in the appropriate ratio was
proved by the EDAX spectra and hence confirming
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Fig. 9 Plots of dielectric loss vs. log frequency for a LHHCL and
b LHMDHCL

the formation of the LHHCL and LHMDHCL crys-
tals. The UV-Vis study substantiates the trans-
parency of LHHCL and LHMDHCL in the
wavelength ranges of 232-1000 and 230-1000 nm,
respectively, validating the utility of the grown
crystals for photonic applications. The bandgap
energies were determined as 5.35 and 5.38 eV for
LHHCL and LHMDHCL crystals, respectively.
According to the SHG test, the SHG performance of
LHHCL is 3 times that of the KDP sample; whereas
the SHG performance of LHMDHCL is 1.6 times that
of the KDP sample. Due to their low dielectric con-
stant and dielectric loss on elevated frequency,
LHHCL and LHMDHCL crystals have improved
optical quality with less imperfection, which is a
desirable attribute for NLO applications. Vickers
microhardness study reveals that LHHCL belongs to
the soft category while LHMDHCL belongs to the
hard category of materials. The low dielectric con-
stant and dielectric loss in the higher frequency
range, as well as their comparatively high SHG per-
formance, makes the LHHCL and LHMDHCL
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crystals interesting materials for frequency doubling
and laser applications.

Supplementary Information:

The online version

contains supplementary material available at http
s://doi.org/10.1007/510854-021-07495-w.
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