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a b s t r a c t

L-Lysine monohydrochloride and rubidium chloride doped L-Lysine monohydrochloride crystals with
high optical, mechanical and antifungal were grown by slow evaporation techniques. The Single crystal
XRD ascertained the monoclinic structure and the crystals were grown with lesser grain boundaries.
Functional groups and existence of Rb was confirmed by FTIR and EDX. Grown crystals exhibit good
transmittance than pure in UV–Visible region and the band gap of pure and doped crystals are 5.30 eV
and 5.94 eV. Mechanical property of doped crystal was significantly improved due to RbCl doping and
it lead the crystal for device fabrication. Nonlinear optical property of the grown crystals were surpassing
than KDP and confirmed by Kurtz Perry technique. The Rb added crystal pronounced excessive inhibitory
action towards pathogenic fungus like Candida albicans, Candida parapsilosis and Aspergillus Flaves than
pure L-LMHCL crystal.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In science and modern technology, optical crystals are signifi-
cant in view of their technical importance mostly in the sector of
photonics such as frequency conversion, modulators, laser technol-
ogy, optical communication, computing, colour displays and high-
speed information processing (Boopathi et al., 2016, Elamathi et al.,
2020). Non-Centro symmetric materials play a major role in
electro-optical applications, which is also a desirable ambience
for second harmonic generation (Kandhan et al., 2020, Yusof
et al., 2020, Ravi et al., 2021). Excluding glycine, all the amino acids
hold a non-centro symmetric space group (Kandasamy et al.,
2008). L-Lysine monohydrochloride (L-LMHCL) is one of the amino
acid based non-Centro symmetric semi organic material. The sta-
bility and durability of materials are enriched by Rubidium chlo-
ride (Rb). Therefore, rubidium is applied in the field of optical
fibre telecommunication networks, photomultiplier tubes,
biomedical research and solar panels are used as an insulator in
the ceramic sector owing to its large dielectric constant (Ertan,
2017 & Fan et al., 2020). Incorporation of Rb cation enhanced the
electrical conductivity and diode characteristics of methylammo-
nium lead iodide PSCs (Park et al., 2017). Piezoelectric and ferro-
electric properties were increased by rubidium when doped with
potassium- sodium-niobate crystals (Kimura et al., 2010). It has
an impact on the membrane of bacteria, which intimates the
antibacterial activity of rubidium (Ouyang et al., 2020). Rb does
not cause any undesirable side effect in the human body and ani-
mals (Fieve et al., 1971). Manic-depressive illness of human being
is also reduced by the intaking desirable amount of Rb (Paschalis
et al., 1978, Malek-Ahmadi and Williams 1984). Lucia et al have
been delineated the enrichment behaviours of rubidium chloride
doped L-alanine hydrogen chloride monohydrate crystal likes
dielectric and mechanical properties (Lucia Rose et al., 2011). So
in this paper, an attempt is made to dope the alkali halide RbCl into
L- LMHCL to improve the optical, mechanical and antifungal prop-
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erties and the characterization studies were carried out using dif-
ferent techniques.

2. Materials and method

2.1. Materials used

Using L-Lysine mono hydrochloride and rubidium chloride,
which was purchased from Sigma Aldrich Chemicals, Rb: L-
LMHCL and L-LMHCL crystals were grown. A solvent used in this
process was deionised water.

2.2. Growth procedure

Rb: L-LMHCL crystal was grown in the molecular ratio 0.02:0.98
by adapting slow evaporation techniques. Using deionised water,
the estimated amount of rubidium chloride and L-lysine mono
hydrochloride were stirred persistently to achieve a homogeneous
and saturated solution. It was kept at an ambient temperature con-
dition for optimization of growth by slow evaporating. Growth
procedure of pure crystal L-LMHCL also same as Rb: L-LMHCl. In
the repetitive crystallization process, the purity of the crystals
was improved. Optically transparent, colourless crystals of pure
and Rb: L-LMHCL crystals were garnered after 30 days which are
shown in Fig. 1a and b.

2.3. Characterization techniques

In order to explore the structure of the crystal ENRAF NONIUS
CAD4 X-ray diffractometer was used. The diffraction peaks of finely
powdered pure and Rb: L-LMHCL crystals was obtained at different
2h angles using XPert Pro- P Analytic powder diffractometer.
Thermo Nicolet Avatar 370 spectrometer was used in the 400–
4000 cm�1 wavenumber range to scrutinize the functional groups
present in grown crystals. The composition present in Rb: L-LMHCL
was picked out using SIGMA HV – Carl Zeiss with Bruker Quantax
Fig. 1. Photograph of a) L-LMHCL and b) Rb: L-LMHCL crystals.
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200 – Z10 EDS Detector). The optical performance and mechanical
behaviours were confirmed by making use of Perkin Elmer
(Lambda 35) and HMV-2T micro hardness tester. The NLO property
of crystals were studied using Q-switched high energy Nd: YAG
laser. Disc diffusion method was used to test the antimicrobial
activities against fungus.
3. Results and discussion

3.1. XRD analysis

Fig. 2a shows the characteristic peak of XRD corresponding to
the crystalline nature of pure and Rb: L- LMHCL, and 2h angles
24.00, 24.66, 24.94 corresponding to planes (�121), (200),
(210), respectively. No extra peaks in the Rb: L-LMHCL crystal
compared to pure reveals the absence of secondary phases. The
structure and the space groups of Rb: L-LMHCL are found out, with
the influence of single crystal XRD. The lattice cell parameters such
as a = 5.94 Å, b = 13.36 Å, c = 7.55 Å, a = c = 90, b = 97.85 and V =
595 Å3 ascribed monoclinic structure and P21 space group also
analogue with the structure of pure L-LMHCL (Aneeba et al.,
2020). Right shift of the prominent characteristic peak, the minute
variation in lattice constants and FWHM (Fig. 2b) from pure are
depicted that this is due to the effect of alkali metal halide (RbCl)
using as dopant. As well as the increase in lattice parameter value
and rise in intensity of doped crystal is due to the effect of Rb+ ions.
The high intensity diffraction peaks of Rb: L-LMHCL substantially
discloses the quality of crystal and the smaller grain boundaries
(Anis et al., 2018).
3.2. Vibrational analysis of Rb: L-LMHCL crystal

The finest way to elucidate the functional group of grown crys-
tal is FTIR analysis. It was interpreted in the wave number range
400–4000 cm�1. Fig. 3 shows the FTIR spectra of pure L-LMHCL
and Rb: L-LMHCL crystal. The absorption band occurring at
3418 cm�1 was attributed to NH3

+ asymmetric stretching vibration.
The peak at 1406 cm�1 is owing to COO– symmetric stretching. The
band at 1612 cm�1 and 1506 cm�1 reveals the weak asymmetric
and strong symmetric NH3

+ bending vibrations. CH2 twisting and
COO– wagging are ascribed in the range1347 cm�1 and
552 cm�1. C–C stretching and O–H-O out of plane bending imputed
Fig. 2a. Powder XRD pattern of pure and Rb: L-LMHCL crystals.



Fig. 2b. Variation of peak intensity and shifting of pure and Rb: L-LMHCL crystals.

B. Aneeba, S.V. Ashvin Santhia, S. Vinu et al. Journal of King Saud University – Science 33 (2021) 101443
at 995 cm�1 and 861 cm�1. The peak at 1143 cm�1 noticed the NH2

and NH3 rocking. The vibrational bands of pure and doped crystals
are same except slightly varied wavenumbers. This variation cre-
ated by the addition of Rb in L-LMHCL.
3.3. EDX analysis

EDX is an analytical tool used to screen the chemical composi-
tions of different elements in a solid sample and to determine the
relative abundance of such chemical elements. The existence of Rb
Fig. 3. FTIR spectra of Pure an
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was confirmed without any doubt from EDX spectrum and is
shown in Fig. 4. Moreover to these, carbon, oxygen and chlorides
also exist in the grown crystal.

3.4. Optical analysis

The energy band structure, effect of impurity, excitons, localised
defects and vibration of lattice can be studied with the aid of opti-
cal properties (Rajkumar and Praveen kumar 2019). The transmit-
tance nature of the undoped and doped crystals are exposed in the
Fig. 5a. Pure and doped crystals showed nearly 70 and 76 percent-
age of transmittance. Also doped crystal pronounced 6% higher
transmission compared to pure. The dislocation in crystals mainly
influences these optical properties. Because the lesser dislocation
density contributes to the reduction of scattering centres of crystal,
the transmission behaviour of Rb: L-LMHCL crystal was increased
(Senthil Pandian et al., 2020). This led to the sample enroute for
the fabrication of UV-tuneable laser device components. The
energy dependency of the absorption coefficient (a) in the high
energy region indicates the presence of a direct band gap that com-
plies with the highest photon energy (hm) equation.

ahv ¼ Aðhv � EgÞ
1
2 ð1Þ

The magnitude of the optical band gap (Eg) was 5.30 eV and
5.94 eV for pure and

Rb: L-LMHCL crystals respectively. It was found out from the
intrigue between (ahm)2 versus hm and is represented in the Fig. 5b.

The loss of electromagnetic radiation, which is caused due to
scattering and absorption in the crystal, is specified by its extinc-
tion coefficient value. Using following Equation. (2) extinction
coefficient was calculated (Girisun and Dhanuskodi, 2009)

K ¼ ka
4p

ð2Þ
d Rb: L-LMHCL crystals.



Fig. 4. EDX spectrum of Rb: L-LMHCL crystal.

Fig. 5a. Percentage of transmittance of pure and Rb: L-LMHCL crystal.

Fig. 5b. Band gap calculation of pure and Rb: L-LMHCL crystals using tauc plot.
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In the Fig. 5c, the coefficient value attained to be lower for Rb:
L-LMHCL. This indicates that there is less loss of radiation. How-
ever, when the photon energy is increased, the absorption and
scattering takes place to some extent and this result in the increase
of extinction coefficient. However, in the grown crystals the radia-
tion passes without absorption in the visible region. For optical
device applications, this is a desired property. Based on the amount
of electromagnetic radiation penetrated into a material, skin depth
(d) was calculated by the Equation. (3) and the variation of skin
depth with respect to photon energy is shown in Fig. 5d. The esti-
mated value of the skin depth decreases with the increase of pho-
ton energy and the peak value shifted towards higher photo energy
region comparing to pure. This result recommending the Rb: L-
LMHCL crystal into wide range of optoelectronic applications.

d ¼ 1
a

ð3Þ

Another indispensable optical constant, the refractive index (n),
plays a key role in the design of optical devices that enable knowl-
edge of the local fields, polarisation and phase velocity of light in
material propagation. The refractive index (n) can be estimated
by the equation (4). in terms of transmittance (T) value.
Fig. 5c. Extinction co-efficient of pure and Rb: L-LMHCL crystals.

Fig. 5d. Skin depth of pure and Rb: L-LMHCL crystals.



Fig. 5e. Refractive index of pure and Rb: L-LMHCL crystals.

Fig. 5f. Optical conductivity of pure and Rb: L-LMHCL crystals.

Fig. 6a. Hardness of pure and Rb: L-LMHCL crystals.
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n ¼ 1
T
þ ð1

T
� 1Þ

1
2

ð4Þ

For the undoped and doped crystals, the magnitude of refractive
index is decreased in accordance with the wavelength. The refrac-
tive index is found to be 1.82 for doped and 2.08 for pure at 532 nm
(Fig. 5e). Rb: L-LMHCL is applicable in low dispersion and anti-
reflection purpose of UV-light in solar thermal devices since the
refractive index of doped is lower when compared to pure samples.
The material’s optical conductivity (rop) decided the use of the
material in the optical field. The equation (5) gives optical conduc-
tivity. Fig. 5f elucidate that the optical conductivity increased due
to the increase in photon energy. It confirms the better photo
response of Rb: L-LMHCL crystal.

rop ¼ anc
4p

ð5Þ
Fig. 6b. Plot of log d versus log P of pure crystal.
3.5. Mechanical properties

The microhardness of the crystal acts a crucial role in the device
application, which is characterized using Vickers microhardness
measurement. Diverse factors such as debye temperature, inter-
5

atomic lattice energy spacing, and heat of forming greatly influence
the microhardness of crystal (Senthil et al., 2015). Many authors
correlated the Surface energy, interatomic bonding, bond strength
and lattice energy with the hardness of the crystals

(Kishan Rao and Sirdeshmukh 1983). Optically cracked free pol-
ished Rb added L-LMHCL crystal was used to carry out the hard-
ness measurement. Diagonal length (d) was noted for different
indentation loads such as 25, 50, 100 g. Using these datas, hardness
(Hv) of crystal was calculated by the following Equation (6). and
figure depicted the relation between load (P) and hardness.
Hv ¼ 1:8544p

d2 ðKg=mm2Þ ð6Þ

Reverse Indentation Size Effect (RISE) is confirmed from the
Fig. 6a. The hardness and mechanical strength of the doped L-
LMHCL crystal is higher than that of the pure L-LMHCL crystal,
which points out the incorporation of Rb in the lattice of pure L-
LMHCL. Also this rise of mechanical strength elucidating the stabil-
ity nature of the rare earth element rubidium chloride. The cate-
gory of the material was found from the linear fit of log d and
log p (Figs. 6b and 6c). This linear fit value, i.e., work hardening
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coefficient values such as 3.56 and 4.00 for L-LMHCL and Rb: L-
LMHCL confirms that the materials are soft material regarding
the view of Onitsch (Meyer, 1908).

In the field of structural engineering and device fabrication, the
great concern is given to yield strength (rv) (Rajesh et al., 2019).
Using Equation (7) yield strength can be found out (Kaliammal
et al., 2020). Rb: L-LMHCL crystal shows good yield strength
response (increases) to the increasing applied load and this
response is shown in Fig. 6d.

rv ¼ Hv

2:9
1� ðn� 2Þ½ � 12:5ðn� 2Þ

ð1� ðn� 2ÞÞ
� �n�2

( )
for n > 2 ð7Þ

The bonding and strengthen behaviours with neighbouring
atom can be known from the stiffness constant (C11). It was
emphasized by Wooster’s empirical formula (Equation (8)) also
this constant increases for raising loads and is shown in Fig. 6e
(Wooster 1953). The bonding between adjacent atoms of Rb: L-
LMHCL is superior as compared to the magnitude of pure L-LMHCL.

C11 ¼ ðHvÞ7=4 ð8Þ
The capability of resisting fracture is known as fracture tough-

ness (Kc) of the substance. Fracture toughness is one of the imper-
ative parameters used for designing material. It was computed
using the Equation (9) (Bamzai et al., 2000).
Fig. 6c. Plot of log d versus log P of Rb: L-LMHCL crystal.

Fig. 6d. Yield strength of pure and Rb: L-LMHCL crystals.
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Kc ¼ P

bC3=2 ð9Þ

In the above equation crack length is taken as ‘C’ and indenta-
tion geometry constant is denoted as ‘b’ its value is 7 for Vickers
microhardness indentation. The response of fracture toughness to
applied load is shown in Fig. 6f. The fracture caused without exter-
nal force in the sample is described by Brittleness index (Bi). It was
determined using Equation (10)

(Sangwal, 2009). The Brittleness index decreases gradually with
increasing the load and this was known from the Fig. 6g.
Bi ¼ Hv

Kc
ð10Þ

Hardness, yield strength and stiffness constants are raised in
Rb: L-LMHCL crystal than pure crystal. It shows the excessive
strength power of Rb: L-LMHCL. The dopant Rb fills the Void of
the L-LMHCL crystal owing to that only it has a high hardness num-
ber. Therefore, dislocation of crystal planes is strenuous because of
the necessity of greater stress. This enhanced property reduces the
wastage caused by breakage while polishing in the time of NLO
device fabrication (Omegala priakumari et al., 2016).
Fig. 6e. Stiffness constant of pure and Rb: L-LMHCL crystals.

Fig. 6f. Fracture toughness of pure and Rb: L-LMHCL crystals.



Fig. 6g. Brittleness index of pure and Rb: L-LMHCL crystals.

Fig. 7. Zone of inhibition of pure crystal against (a) Candida albicans, (b) Candida parapsilosis and (c) Aspergillus flaves.
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Fig. 8. Zone of inhibition of Rb: L-LMHCL crystal against (a) Candida albicans, (b) Candida parapsilosis and (c) Aspergillus flaves.
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3.6. Nonlinear optical (NLO) property

To assess the NLO features of pure and Rb: L-LMHCL crystal,
Kurtz and perry technique was carried out (Kurtz and Perry,
1968). Using high energy Nd: YAG laser, the materials were
exposed and the resulting output signal was compared with the
output signal of KDP. The outcome depicts that the pure and Rb:
L-LMHCL crystals are 1.2 and 1.8 times greater than the efficiency
of standard KDP. Ramya et al has been reported the L-Lysine adi-
pate crystal with 0.62 times efficiency and Deepa et al reported
nicotinic acid doped KDP crystal with 0.35 times SHG efficiency
than KDP (Ramya et al., 2017, Deepa and Philominathan 2016).
3.7. Antifungal studies of pure and Rb doped L-LMHCL

In the last few decades, the major harmful health problem of
human raised because of fungal infections. Among the fungal spe-
cies, Aspergillus, Candida and Cryptococcus are the most frequent
pathogens to motive about 1.5–2.0 million deaths every year (Ou
et al., 2020). The major common source of urinary tract fungal
infections (UTIs) is the Candida species (Behzadi et al., 2010). Can-
dida albicans and Aspergillus Flaves species cause illness in
immunocompromised persons (Iwen et al., 1997). Aspergillus flavus
infected not only humans but also the agriculture crops. The
growth of Candida parapsilosis, Candida albicans, and Aspergillus
Flaves were prohibited by 15 mm, 10 mm, 20 mm diameter size
by pure L-LMHCL crystal respectively (Fig. 7a). The prepared Rb:
L-LMHCL material comparatively pronounced maximum suscepti-
bility zone of 22 mm towards Aspergilllus Flaves among the three
tested fungi and 19 mm least zone of inhibition was produced
towards Candida albicans. Moreover, 20 mm range toxic produced
against Candida parapsilosis (Fig. 8). In addition, antifungal activity
8

of grown sample was high when comparing to standard antifungal
drug nystatin. Thus, it is proved without any doubt that the grown
compound can be used as a successful fungicide in the medical
field.

4. Conclusion

The alkali halide (RbCl) doped L-LMHCL crystal was grown and
characterized via different techniques like XRD, FTIR, and UV–Vis-
ible spectrometer. Similar monoclinic structure and P21 space
group were obtained for both pure and Rb: L-LMHCL sample. At
the same time, variation in intensity and shift in diffraction peaks
were noticed from the powder XRD pattern. Also, scanty shift vari-
ation in the wavenumber of functional groups from pure crystal
was assessed through FTIR. Optical behaviour of Rb: L-LMHCL crys-
tal was enhanced because of Rb addition and band gap of pure and
Rb: L-LMHCL are 5.52 eV and 6.37 eV. Presence of Rubidium in the
L-LMHCL was also authenticated by EDX spectrum. Mechanical
properties like hardness, yield strength and stiffness constants
were increased than pure crystal by the addition of RbCl. Work
hardening coefficient revealed the soft nature of materials. Grown
crystal pronounced the antifungal activities against pathogens
than the standard antifungal drug. Overall result exposes the
enhanced optical, mechanical and antifungal performance of Rb:
L-LMHCL crystal as well as the application in the field of photonics
and medicine.
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