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Abstract: In the search for advanced materials for pho-
tonics and optoelectronic device fabrications, r-histidine —
based metal — organic crystals have shown a remarkable
contribution due to their nonlinear optical properties.
However, the comprehensive investigations incorporating
structural, thermal, mechanical and dielectric properties
into a single framework remain scarce. In the current work,
we report the growth of a novel semi-organic nonlinear
optical crystal, 1-histidine barium nitrate (LHBN), using the
slow cooling technique. The synthesis involves mixing his-
tidine and barium nitrate in a 1:1 M ratio. Single crystals of
approximately 10 mm in size were obtained within 45 days.
The crystallization process of LHBN was confirmed through
single crystal X-ray diffraction analysis, revealing a mono-
clinic system with non-centrosymmetric space group C2.
FTIR spectroscopy was used to find functional group vibra-
tions and the transmission spectrum was recorded in the
solution state to show the lower cut-off frequency. The ma-
terials exhibited excellent optical transparency with a lower
cut-off wavelength at 226 nm. Thermal stability of the grown
crystal up to 240 °C was observed using TGA/DTA analysis.
The mechanical and dielectric properties of the grown LHBN
crystals were evaluated along the (0 1 0) crystallographic
plane. Dielectric analysis proved the frequency dependent
permittivity with low dielectric loss at high frequencies,
which makes the materials for NLO applications. Addition-
ally, the optical nonlinearity of the crystal was confirmed
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using the Kurtz powder technique, which demonstrated its
high second harmonic generation efficiency with 2.2 times
that of KDP.
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1 Introduction

The design of highly effective optical crystals with strong
nonlinearity has been extensively studied due to its
applications in electro-optical modulation, terahertz (THz)
generation, ultrafast switches, laser amplifiers, optical
parametric oscillation, frequency conversion, optical
communication, and other advanced technological de-
vices."® The incorporation of both organic and inorganic
materials has garnered significant attention, as it enhances
the nonlinear optical (NLO) properties of the resulting
crystals. Semi-organic crystals, particularly amino acid
metal complexes, exhibit high NLO coefficients and strong
optical transmission in the visible region, outperforming
inorganic crystals. Furthermore, semi-organic materials
have higher laser damage thresholds, greater thermal sta-
bility, and superior mechanical properties than organic
crystals. These enhanced properties make semi-organic
crystals ideal candidates for optoelectronic and laser pro-
cessing applications.*®

Various crystalline derivatives of amino acids have been
investigated to identify new NLO materials. Amino acids, as
examples of molecular chirality, constitute a proton donor
carboxyl group (COOH) and a proton acceptor amino group
(NH,). In the search for novel NLO materials, compounds
containing both electron acceptors and donor substituents
have been synthesised and studied.”'® Several nonlinear
optical crystals with second-harmonic generation (SHG) ef-
ficiencies similar to potassium dihydrogen phosphate (KDP)
have been discovered. Butyl-histidine crystals, in particular,
exhibit excellent nonlinearity and quick optical response
while maintaining acceptable physico-chemical stability.
r-histidine derivatives exhibit high NLO properties due to
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the presence of an imidazole group, in addition to the amino-
carboxylate assembly."

Several r-histidine-based crystals, such as L-histidinium
acetate dihydrate, r-histidine methylester dihydrochloride,
i-histidine maleate-(1.5)-hydrate, 1-histidine ri-aspartate
monohydrate, 1-histidine hydrofluoride dihydrate and
t-histidine glutrate monohydrate, have been synthesised
and their optical properties have been reported recently.
These 1-histidine derivatives have exceptional optical per-
formance and will be considered as a potential candidate for
the fabrication of photonic device construction.”>

In spite of various r-histidine crystals having been
synthesised and reported for their high nonlinear optical
nature, most of these studies focus primarily on either
structural or optical properties in isolation. But our work on
-histidine barium nitrate (LHBN) provides a detailed
investigation encompassing structural properties, optical
transparency, thermal behaviour, dielectric nature, micro
hardness and NLO efficiency. Notably, this is the first
report on the successful integration of barium nitrate with
r-histidine to form a non-centrosymmetric metal organic
crystal with improved NLO efficiency, proving it a huge
contribution to the class of semi-organic crystals for opto-
electronic applications. The title compound, r-histidine
barium nitrate (LHBN), is a semi-organic crystal that con-
tains molecular entities with delocalised electrons, as well as
additional electron acceptor and donor groups. The present
study aims to investigate the mechanical, structural, elec-
trical, and thermal properties of LHBN crystals as well as
vibrational assignments derived from infrared and Raman
spectroscopy techniques.

2 Synthesis of L-histidine barium
nitrate (LHBN) single crystal

L-histidine barium nitrate (LHBN) single crystal was syn-
thesised by reacting r-histidine (Sigma Aldrich, =99 %) with
barium nitrate (Merck, =99 %) at a molar ratio of 2:1. The
reactants were dissolved in deionized water, and the solu-
tion was agitated using a hot plate magnetic stirrer with a
temperature controller to ensure uniform mixing. The
temperature was kept between 45°C and 55 °C during this
process. The resultant solution was allowed to evaporate at
room temperature, causing the formation of LHBN crystals.
The synthesized salts were then recrystallized to obtain pure
samples. A schematic representation of the materialization
and reaction process for r-histidine barium nitrate single
crystals is provided below.
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To prepare a saturated solution, 100 mL of purified
LHBN was dissolved at 35 °C. The solution was filtered using
a 250 mL glass beaker and microfilters to remove any im-
purities. After filtration, the beaker was sealed and placed in
a cryostat bath. The temperature of the solution was grad-
ually lowered at a rate of 0.1°C/day. After a typical growth
period of 45 days, single crystals of LHBN were successfully
grown. A representative image of the obtained LHBN crys-
tals is shown in Figure 1.

3 Results and discussion
3.1 Crystallographic details of LHBN

The X-ray intensity data for r-histidine barium nitrate
(LHBN) single crystals were collected using a Bruker
APEX II single-crystal X-ray diffractometer equipped with
MoKa radiation (A = 0.71073 A). The /20 scan method was
employed for data acquisition. A crystal with dimensions of
0.18 x 0.14 x 0.12 mm® was used for the analysis. The unit cell
parameters for the as-grown LHBN crystal were determined
to be: a =24.9063(8) A, b = 4.7226(10) A, c = 8.3180(3) A, a = 90°,
B = 105.43(10)°, y = 90°, and the unit cell volume was
calculated to be 943.11(5) A>*" The crystallographic data
for the as-grown LHBN crystal are summarized in Table 1.
The observed limiting indices were found to
be -39 <h<40,-6<k<7 -13<1<11and a total of 2117
unique reflections were recorded out of 6598 measured
reflections.

The integrated intensities were corrected for Lorentz,
polarization, and decay factors. Absorption corrections
were applied using the psi-scan method. For structure
refinement all observed reflections were used to refine
the lattice parameters. The maximum and minimum
transmission factors were determined to be 0.7799 and
0.6950, respectively. The crystal structure was solved
by direct methods using the program SIR92 within the
WINGX package and refinement was carried out by
SHELXL97.”%% The ORTEP plot of LHBN, showing the
ellipsoid representation at the 35% probability level, is
depicted in Figure 2.

3.2 Crystal structure of LHBN

Histidine derivatives play a crucial role in various
biochemical and biomolecular interactions. The geometric
parameters of the r-histidine moiety in 1-histidine barium
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Figure 1: Photography of LHBN.

Table 1: Crystal data and structure refinement for LHBN.

Parameter LHBAN (This Work) LHTFB [Ref. 24]
Crystal system Monoclinic Monoclinic
Space group c2 P2,

a (B 24.9063(8) 9.482(2)

b (A) 4.7226(10) 6.894(1)

cA) 8.3180(3) 13.021(3)

B 105.43(10) 103.47(2)
Volume (A%) 943.11(5) 821.1(3)

Ba®* coordinated with 10 O
atoms (6 from L-histidine, 4
from NO3")

Coordination
environment

No metal ion; proton-
ated -histidine interacts
with BF,~

Hydrogen N-H---0 and N-H---N N-H---O0 and N-H---F
bonding forming 1D chains along bonding with BF,™ units
interactions [010]

Structural Metal-coordinated frame-  Discrete ion pairs, sta-
distinction work with polymeric chains  bilized by hydrogen

bonding

nitrate (LHBN) are similar to those observed in previously
reported structures.”* The crystallographic analysis reveals
a twofold symmetry axis, with the barium atom located at
the center and coordinated by ten oxygen atoms. Six of these
oxygen atoms are orginated from the carboxylate groups of
t-histidine, while the remaining four contributed by two
nitrate groups. The Ba—0 bond distances range from 2.767(5)

Figure 2: Thermal ellipsoidal projection (ORTEP) of LHBN.

to 2.966(2) A, which is within the expected range for such
interactions. The LHBN molecules are linked through oxy-
gen atoms, forming a one-dimensional chain along the [010]
direction. These chains are further stabilized by N-H---N
and N-H---O hydrogen bonding interactions, which inter-
connect the structures.
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3.3 Morphological studies of LHBN

The r-histidine barium nitrate (LHBN) crystal exhibits six
visible faces. Four of these faces, namely (010), (001), (10 0),
and (2 01), are well-defined, as shown in Figure 3. The (10 0)
face is identified as the largest flat face. The normal to this
prominent flat face is oriented along the — c direction. The
three crystallographic directions, a, b, and c, are also indi-
cated in Figure 3. The ¢ and —c directions are found to be
nearly parallel, make an angle of § = 92.30°. The growth rate
along the c-axis is observed to be greater than that along the
other axes, while the crystal grows more slowly along the
b-axis.

L0

3.4 Spectral studies of LHBN

The infrared (IR) and Raman spectra of r-histidine barium
nitrate (LHBN), presented in Figures 4 and 5, respectively,
and primarily attributed to the vibrational modes of the
-histidine cation and its associated groups. The observed
bands and their corresponding assignments are summa-
rized in Table 2. All spectral data were compared with
standard reference data reported in the literature.

The (N-H:--0) hydrogen bonding network, formed
between the amino hydrogen atoms of the cation and the
oxygen atoms of adjacent anions, plays a crucial role in
achieving non-centrosymmetry within the crystal structure.
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Figure 4: FTIR spectrum of LHBN single crystal.
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Figure 5: FT Raman spectrum of LHBN single crystal.

Table 2: Comparison of IR and Raman frequencies of LHBN.

IR
frequencies cm™’

Raman
frequencies cm™’

Assignment

3,362 - O-H stretching

3,127 3,145  C-H symmetric stretching
3,003 3,123 C-H asymmetric stretching
2,852 - N-H stretching

- 2,957  CH symmetric stretching
- 2,940 CH, symmetric stretching
2,447 - Combination tones

2,035 - Combination tones

1,746 - (=0 symmetric stretching
1,602 1,609  COO™ asymmetric stretching
- 1,570 Combination tones

1,488 1,489  N-H bending

1,449 1,447  CHs asymmetric bending
1,384 1,362 CHs3 symmetric bending
1,286 1,285  C-O stretching

1,141 1,129  C-Nwagging

1,079 1,083 C-N symmetric stretching
- 967 NH, bending

854 853  N-Hwagging

- 787  CNH stretching

677 - C-H bending

630 658  COO bending

487 455  NH; rocking

In the IR spectrum, the stretching vibration of the O-H bond
is observed at 3,362 cm™ but is absent in the Raman spec-
trum. The band at 3,127 cm " in the IR spectrum is assigned to
the stretching vibrations of the C-H bonds in the imidazole

ring,® with a corresponding Raman line detected at
3,45cm™.. In the spectra of LHBN, these bands appear
slightly shifted: 3,127 and 3,003 em ™ in the IR, spectrum and
3,145 and 3,123 cm ™! in the Raman spectrum. The presence of
such sharp and well-defined bands in this region is charac-
teristic of histidine salts.2’

The stretching vibrations of aliphatic CH and CH2 groups
are observed at 2,957 cm ™" and 2,940 cm ™, respectively, in the
Raman spectrum. In contrast, the corresponding stretching
vibrations of the C-H bonds in CH and CH2 groups are not
detected in the IR spectrum. A band at 2,852 em™ in the IR
spectrum is likely attributed to the stretching of N-H bonds in
the imidazole ring, with this vibration absent in the Raman
spectrum.”> The band observed at 1,746cm™ in the IR
spectrum is associated with the C=0 stretching vibrations of
the carboxyl group. This characteristic band is absent in the
Raman spectrum. The asymmetric stretching vibrations of the
carboxylate group are observed at 1,602 cm™ and 1,609 cm ™
in the IR and Raman spectra, respectively.

The bending vibration of the amino group is observed at
1,488 cm™ and 1,489 cm ™! in IR and Raman spectra, respec-
tively. The bands at 1,079 cm ™ and 1,083 cm " in both spectra
correspond to the symmetric stretching vibrations of the
nitrate ion. A band at 967 cm™ is detected in the Raman
spectrum correspondence to the bending of the NH2 group
and is absent in the IR spectrum. A band at 854 cm™'in IR and
853 cm'in Raman spectra are attributed to the wagging of
the NH group. Additionally a broad band associated with the
CNH group is observed at 787 cm™ in the IR spectrum.
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A pronounced band at 677cm™ in the FTIR spectrum
corresponds to the bending vibration of the CH group, while its
counterpart does not appear in the Raman spectrum. The
bending vibration of the carboxylate group is indicated by
peaks at 655cm ™ in the FTIR and 656 cm™ in the Raman
spectrum. The rocking vibration of the amino group is
observed at 487 cm ™ in the FTIR spectrum and 455 cm ™ in the
Raman spectrum. The band positions in both the FTIR and
Raman spectra exhibit good agreement, and the observed re-
sults are consistent with those reported for other 1-histidine
complexes. >

3.5 UV-visible absorption spectrum of LHBN

The absorption spectrum of i-histidine barium nitrate
(LHBN) single crystal was recorded in the wavelength range
of 200-800 nm using a Varian Cary 5E UV-visible Spec-
trometer, and the results are displayed in Figure 6. The lower
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cutoff wavelength for LHBN was found to be 226 nm. The
crystal exhibits optical transparency in the wavelength
range of 250-800 nm, with absorbance values remaining
below one unit between 300 and 800 nm. This optical
behavior is particularly beneficial for potential applications
in optoelectronic device fabrication and higher-order har-
monic generation.'®

3.6 Thermal analysis of LHBN

Thermal analysis of the grown r-histidine barium nitrate
(LHBN) crystals was performed to assess their thermal sta-
bility and melting point. Thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) were carried out
using a NETZSCH STA 409C thermal analyzer in the tem-
perature range of 26-800 °C at a heating rate of 10 °C/min, as
shown in Figure 7. An alumina crucible was employed for
heating the sample, and the analysis was carried out in a

04 nitrogen atmosphere.
From the TGA curve, it is evident that LHBN is
o4 thermally stable upto 240 °C, indicating greater thermal
’ stability compared to other r-histidine compounds.”’~*° The
N thermal stability is attributed to the strong bonding
§ 03 226 nm between the NH3+ group and the barium metal ion,
T which stabilizes the crystal structure The endothermic
2 "2 peak observed at 305°C in the DTA curve corresponds to
the melting point of LHBN. Thermal degradation of
0.1 LHBN noticed between 240 and 360 °C in diferent stages.
In this first stage a weight loss of 11.82 % correspondence
0.0 by the release of NH3. During the second stage (330-450 °C),
- - - - - 12.16 % loss is due to the decomposition of the volatile sub-
200 S 6 7 800 . .
W stance like CO and CO2. During the last stage at 360-580 °C,
avelength (nm) . . o >
almost 18 % of weight is eliminated. In this stage most of
Figure 6: UV-visible spectrum of LHBN. organic materials are oxidized and NO2 gas. An additional
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Figure 7: TG-DTA curve of LHBN.
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endothermic peak at 580 °C indicates complete decompo-
sition of the LHBN crystal. At 800 °C (22.36 %), leaving
behind inorganic barium residues of BaO.

3.7 Dielectric measurements of LHBN

The capacitance and dissipation factor were restrained for
the (010) plane of the LHBN crystal in the frequency series of
100 Hz to 5 MHz at 313, 323, 373, and 423 K. Dielectric constant
(¢,), dielectric loss (tan §) were considered by means of the
equation

& = Cd/g,Aand tan § = ¢D.

The values of €, and tan § are shown in Figures 8 and 9 as
a function of frequency at different temperatures. The
dielectric polarization in total of the material is from the
contribution of dipolar, electronic, space and ionic, charge
polarization at inferior frequencies and the value of ¢, rises
primarily due to the low frequency range between 100 Hz
and 5 MHz which is produced due to the orientation of the
dipoles.

The lower rate of dielectric value at high frequency is a
suitable constraint for enhancing SHG competence. The
decreasing dielectric constant &, with increasing frequency
is mostly attributed to the space charge polarizations of the
grown LHBN crystal.*® The grown crystal with high optical
quality encompasses fewer defects due to detected lower
values of dielectric loss at higher frequencies moreover ¢,
and tan § increase with rise in temperature. This is due to the
enhanced dipolar orientation and space charge polarization
at higher temperatures. At higher frequencies, the dielectric

Dielectric Constant

log f

Figure 8: Log f versus dielectric constant of LHBN.
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Figure 9: Log f versus dielectric loss of LHBN.

constant becomes relatively stable, as dipolar contributions
lag behind the oscillating frequency. The low dielectric loss
at high frequency shows that the crystal shows low energy
dissipation, which makes the crystal suitable for nonlinear
optical applications.* 3

The AC conductivity (g,.) studies have been measured
for the LHBN crystal using g, = €,€;wtand where w is the
angular frequency (w = 2mv) of the applied field, &, is the
relative dielectric constant &, is the vacuum dielectric con-
stant (8.85 x 10~ farad/m). Figure 10 shows the deviance of
ac conductivity with various temperatures and frequencies.
It is perceived that the value of ac conductivity rises with a
rise in frequency. AC conductivity of grown crystal increases

0.8

=

AC Conductivity (x 10°)
s :

log f

Figure 10: Log f versus AC conductivity of LHBN.
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Figure 11: Microhardness of LHBN

with frequency, exhibiting the strength of hydrogen bonds
in molecules and making it more suitable for optoelectronic
applications.****

3.8 Microhardness measurements of LHBN

The grown LHBN crystals were tested using Vicker’s micro
hardness tester along the (0 1 0) crystallographic plane. A
constant indentation time of 15 s was deployed, and the applied
load was varied from 5 to 50 g. The indentations impression
along the diagonals of the sample was measured using Leitz
Metallax II microscope. The H,, (Vickers micro hardness) of the
crystal was calculated using the following relation

p
H, =1.8544— MPa
d

where, d is the mean diagonal length of the indenter
impression, P is the applied load, various loads of 10, 20, 30,
40, and 50 g were applied. Micro cracks were observed
around the indentation site at the loads above 50 g and
therefore, readings were not collected at higher loads above
50g. A graph is drawn amongst H, and applied load P
(Figure 11). It is witnessed from the graph that the hardness
value initially surges with the surge of the applied load by
obeying the indentation size effect (ISE).*

3.9 Second harmonic generation (SHG)
studies of LHBN

The second-harmonic generation (SHG) of t-histidine barium
nitrate (LHBN) was investigated using the Kurtz and Perry

DE GRUYTER

powder method, using Nd:YAG laser, operating at a wave-
length of 1,064 nm. The as-grown LHBN crystal was finely
ground into powder and loaded into a microcapillary with a
uniform bore. A high-intensity laser beam was directed onto
the sample and the SHG was confirmed by the emission of
green light at 532nm. The SHG efficiency of LHBN was
compared to that of potassium dihydrogen phosphate (KDP).
The SHG efficiency of LHBN was found to be 2.2 times that of
KDP, indicating that the LHBN crystal exhibits a higher SHG
efficiency compared to other 1-histidine derivative
crystals.*

4 Conclusions

L-histidine barium nitrate (LHBN) single crystals were suc-
cessfully grown using the slow evaporation method, yielding
crystals with dimensions of 9 x 2 x 2mm®. Additionally,
single crystals were synthesized via a slow cooling proced-
ure. The novelty of this work lies in incorporating barium
nitrate into the r-histidine, resulting in a 10-fold oxygen co-
ordination around Ba** ions and forming a unique 1-D chain
structure stabilized by N-H:--O and N-H:--N hydrogen
bonding. This structural arrangement enhances the mate-
rial’s optical and dielectric behavior. The LHBN crystal
adopts a non-centrosymmetric monoclinic crystal system
with a space group of C2. Morphological analysis shows that
the prominent plane is along the (0 10) direction and is more
optically translucent compared to the other planes. The
presence of various functional groups and the hydrated
nature of LHBN were confirmed through FT-Raman and
FTIR analyses. The electronic transition band confirms good
transparency of the crystal in the visible and near-infrared
regions, with a lower cutoff wavelength at 226 nm. Ther-
mogravimetric (TG) and differential thermal analysis (DTA)
results show that LHBN remains thermally stable up to
240 °C. Dielectric measurements revealed that the low value
of the dielectric constant at high frequencies contributes to
the enhanced second-harmonic generation (SHG) efficiency
of the material. The mechanical behavior of the crystal was
evaluated through indentation size effect, providing insight
into its hardness properties of the LHBN crystal. The powder
SHG Measurements show that LHBN exhibits 2.2 times
higher SHG efficiency thanthat of potassium dihydrogen
phosphate (KDP) crystals. The higher efficiency can be
attributed to the interaction between the electron-donating
histidine and the electron-withdrawing nitrate groups
within the polar, non-centrosymmetric lattice. Overall, the
results prove that LHBAN as a new-generation metal-organic
crystal with potential applications in optical switching,
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themally stable optoelectronic devices and frequency
doubling applications.
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