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In the realm of crystal growth, the utilization of dopant materials plays a pivotal role in tailoring the properties of
single crystals. This research explores the incorporation of natural dyes, specifically the pigment derived from the
Pisolithus Arhizus fungus extract, as a dopant material in the growth process of Guanidinium Carbonate (GC)
single crystals. Comparative analyses were carried out between the dye-doped crystals and their undoped
counterparts, revealing significant enhancements in the growth period, optical properties, mechanical properties,
thermal properties and second harmonic generation (SHG) efficiency of the dye-doped crystals. Structural
characterizations, including single crystal and powder X-ray diffraction techniques, confirmed the crystalline
nature of both undoped and dye-doped crystals. Fourier Transform Infrared (FTIR) analysis validated the exis-
tence of functional groups, while Energy Dispersive X-ray Analysis (EDAX) confirmed the presence of dye
molecules within the crystal lattice. UV-Visible spectroscopy and microhardness studies revealed enhanced
optical and mechanical characteristics in dye-doped crystals compared to undoped ones. Thermogravimetric and
Differential Thermal analysis (TG-DTA) indicate improved thermal stability in dye-doped crystals. The non-linear
optical characterization showed 1.73 times increase in SHG efficiency in dye-doped crystals compared to
undoped GC crystals. Therefore, including dye molecules in the crystal lattice improved the optical, thermal,
mechanical properties and SHG efficiency, making dye-doped crystals suitable candidates for various optical

applications.

Introduction

Single crystals serve as fundamental components for the majority of
solid-state devices and find significant applications in research and
development across various fields, including electronics, photonics,
fiber optics, and the semiconductor industry. Single crystals, particu-
larly those with non-centrosymmetric arrangements of atoms or mole-
cules, have been extensively studied as a nonlinear optical (NLO)
materials due to their lack of grain boundaries and ability to achieve
high crystalline perfection, making them applicable in nonlinear optical
applications [1-3]. Organic materials attract considerable attention due
to their substantial instantaneous nonlinear optical and electronic re-
sponses, including conductivity, susceptibility, high laser damage
threshold, and structural flexibility compared to inorganic crystalline
materials. These properties are owed to the presence of n-conjugated
electron systems, making them suitable for a wide range of nonlinear
optical applications [4].
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The remarkable nonlinear optical characteristics of guanidine salts
and derivatives arising from the presence of delocalized n-electrons and
hydrogen-bonded networks have motivated an investigation into gua-
nidine salts [5]. Guanidine, an extremely strong base, forms its ion
through protonation. It readily interacts with high crystalline organics
salts and is a water-soluble chemical with high alkalinity. Due to six
possible donor sites for hydrogen-bonding interactions, the guanidinium
cation can efficiently attach to various inorganic and organic anions, as
well as polyanions [6,7]. Guanidinium finds applications in supramo-
lecular recognition processes in chemical, biological and medicinal
chemistry, with a specific emphasis on its potential uses in nonlinear
optics [8-10]. In recent studies, researchers in crystal growth have
described several guanidinium based nonlinear optical single crystals,
including guanidinium isophthalate [4], guanidinium l-glutamate [5],
guanidinium nitrate [11], barium guanidinium dichloride [8], guani-
dinium pentaborate monohydrate [12] and guanidinium chromate [13].

Additionally, researchers have shown an increasing interest in recent
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years in incorporating synthetic dyes into organic crystals for various
optical applications in lasers and solid-state devices [14,15]. However,
the majority of synthetic dye doped organic crystals undergo difficult
synthesis and crystal growth procedures, exhibit poor thermal stability,
weak mechanical hardness and are generally expensive, toxicity,
non-biodegradable and hazardous [16] in nature. These challenges have
prompted researchers to search for novel optical materials that are
inexpensive, safe and possess enhanced nonlinear optical properties.
Natural dyes derived from organic sources have long held appeal for
their ecological sustainability and vibrant molecular structures, making
them suitable for diverse applications [17]. The existing studies pre-
dominantly focus on synthetic dyes as dopants in organic nonlinear
optical materials, with no attention given to natural dyes despite their
potential advantages in terms of sustainability, biocompatibility and
environmental friendliness. Therefore, this study aims to bridge this gap
by exploring the incorporation of natural dyes into guanidinium car-
bonate single crystals for nonlinear optical applications to enhance the
properties of the grown crystals. Further research into the unique inte-
gration of natural dyes could pave the way for more efficient and sus-
tainable photonics technology.

Fungi constitute the second-largest category of organisms in the
biosphere, with mushrooms playing a key role in forest ecosystems by
thriving on the most prevalent biomolecules in the natural environment.
Even though they have a universal and highly diverse nature, fungi,
which are essential functional elements in forest ecosystems, have
received less attention compared to animals and plants. One noteworthy
fungus is Pisolithus Arhizus (Pers.), Rauschert [P. tinctorius (Mich.
exPers.) Coker & Couch] is a Gasteromycetes fungus found globally.
Additionally, it is commonly known as a dead man’s foot, which exhibits
an earth-ball-like appearance. Interestingly, the viscous gel derived from
this puffball finds a practical application as a natural dye for clothing
and it is consistently discovered in mycorrhizal association with various
economically important tree genera [18-20].

In this study, high quality guanidinium carbonate (GC) single crys-
tals were grown by slow evaporation technique. As a novel advance-
ment, a natural dye extracted from the Pisolithus Arhizus fungus was
utilized as a dopant for the first time to grow guanidinium carbonate
single crystals. The undoped (GC) and Pisolithus Arhizus dye-doped (Fu-
GC) guanidinium carbonate crystals were systematically characterized
to elucidate modifications in structural, optical, thermal, mechanical
and nonlinear properties arising from dye incorporation. Investigating
the influence of the biosafe, eco-friendly Pisolithus dye on crystal
growth and physicochemical attributes is aimed at evaluating its po-
tential to enhance performance for diverse optical applications. The
unique integration of a sustainably sourced natural fungal dye within
guanidinium carbonate crystal lattice unlocks new possibilities for
developing efficient nonlinear optical materials through green synthesis
approaches.

Experimental
Sample collection

Pisolithus Arhizus fungi were freshly collected in the farm field in
Killukottai, Pudukkottai district, Tamil Nadu, India at the following GPS
co-ordinates: Site 1. Lat: 10° 39’ 18" Long: 78° 55' 12", Site 2. Lat: 10° 39’
08" Long: 78° 55 20" and Site 3. Lat: 10° 39’ 17" Long: 78° 55’ 25".
These sites were selected for sample collections and the collected sam-
ples were thoroughly cleaned to remove impurities and other dust
particles.

Dye extraction from Pisolithus Arhizgus fungus
The collected fungus was air dried under shade at room temperature

for 24 h and ground into a fine powder using a mortar. The powdered
samples were stored in dark, airtight containers at room temperature for
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further use. For the traditional solvent extraction method, 50 g of
powdered samples were added to 100 mL of distilled water and kept for
extraction for 24 h. After 24 h, the extracts were filtered using What-
mann filter paper, and the collected filtrates were stored refrigerator for
further analysis.

Solubility

The solubility of guanidinium carbonate was assessed in both water
and methanol over a temperature range of 30-55 °C. The solution was
consistently stirred and kept at a constant temperature to achieve a
uniform concentration. After reaching saturation, the solution was
observed gravimetrically and this procedure was repeated at regular
intervals of 5 °C. Fig. 1 depicts the solubility curve of the undoped
guanidinium carbonate crystal.

The solubility graph reveals a positive solubility trend in water, with
a concentration of 12 g/100 ml observed at 30 °C. According to the
solubility studies, water was identified as an optimal solvent for the
growth of GC crystals. A supersaturated solution was prepared and
allowed to slowly evaporate at 30 °C. The crystal quality was signifi-
cantly enhanced by applying an effective recrystallization procedure.

Material synthesis

Commercially available Guanidine Carbonate (AR Grade, 99 %) was
used as the raw material to synthesize the title compound. Guanidine
carbonate was dissolved in double-distilled water and stirred for 2 h to
achieve a homogeneous solution. The saturated solution was filtered
using Whatman filter paper and kept for evaporation. Good-quality
undoped guanidinium carbonate single crystals were obtained in a
growth period of 37 days. The same procedure was followed to grow
Pisolithus Arhizus dye-doped guanidinium carbonate single crystals, 0.05
% of the dye was added to the guanidine carbonate dissolved in double
distilled water solution and stirred well to obtain a homogeneous
mixture. After 2 h, the obtained solution was filtered and kept for
evaporation. Stable, transparent, light-tinted Pisolithus Arhizus dye-
doped Guanidinium Carbonate (Fu-GC) single crystals were obtained
in a short growth period of 24 days. The incorporation of the dye
affected the crystal growth period and kinetics in the GC crystals.
Experimental results clearly indicated that the presence of the dye
molecules led to a noticeable change in the nucleation process and
reduced growth period as well. The as-grown crystals of undoped and
dye-doped guanidinium carbonate are shown in Figs. 2a and 2b.
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Fig. 1. Solubility curve of guanidinium carbonate.
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Fig. 2. Photograph of grown crystal. (a) Undoped Guanidinium Carbonate (b) Pisolithus Arhizus dye-doped Guanidinium Carbonate.

Results and discussion
Single crystal X-ray diffraction analysis

Single crystal X-ray diffraction (SCXRD) analysis was performed
using a Mo Ka (A = 0.71073 f\) radiation source on a Brucker Q8 Quest
diffractometer. The unit cell parameters, crystal system, and space group
of the high-quality single crystals of GC and Fu-GC were determined
through single crystal X-ray diffraction analysis. It was observed that
both crystals crystallized in the non-centrosymmetric tetragonal system.
The undoped crystal shows good agreement with the previously re-
ported results [21]. The obtained cell parameters and cell volumes are
listed in Table 1.

From the SCXRD analysis, dye doping didn’t affect the crystal
structure but there is a notable change in crystal morphology. A minor
increase in lattice parameters can be attributed to lattice strain resulting
from the incorporation of dye, leading to an expansion in cell volume.

Powder X-ray diffraction analysis

The powder forms of undoped and dye-doped GC single crystals were
utilized for powder X-ray diffraction analysis using an X'Pert Pro-
Panalytical diffractometer with monochromatic Cu Ka radiation (A =
1.5406 A). This analysis aimed to investigate the crystalline nature of
the grown crystals. The corresponding data were obtained at room
temperature, with diffraction angles ranging from 10° to 70° Fig. 3
displays the powder X-ray diffraction patterns of undoped and dye-
doped GC samples. The (h k 1) values were determined and indexed
using the EXPO 2014 crystal structure solution software.

Analysis of the diffraction graph reveals well-defined Bragg peaks at
specific 20 values, indicating the high crystallinity of the grown crystals.
However, changes in morphology have caused variations in the intensity
of certain peaks, as a result of dye-doping.

UV-Visible analysis

The UV-Visible spectral analysis provides crucial structural insights,

Table 1

Lattice Parameters obtained from single crystal X-ray diffraction.
Lattice Parameters Undoped GC Fu-GC
Crystal System Tetragonal Tetragonal
Space Group P 4,2,2 P 4,2,2
a(A) 6.9626 6.9706
b (A) 6.9626 6.9706
c (A) 19.5721 19.6915
A 90° 90°
B 90° 90°
¥ 90° 90°
Cell Volume 948.08 956.79

as the absorption of UV and visible light includes the transition of
electrons from ¢ and 7 orbitals in the ground state to higher energy states
[22]. In this study, a UV-Visible SHIMADZU/UV-2600 series spec-
trometer was employed to record the transmission spectrum of both
undoped and dye-doped GC single crystals within the range of 200 and
1100 nm. Single crystals are frequently employed in optical applica-
tions, making the transparency lower cut-off (200-400 nm) crucial for
achieving second-harmonic generation (SHG) output with lasers. The
material chosen for nonlinear optical (NLO) applications is required to
possess this transparent quality within the visible range [23]. Fig. 4 il-
lustrates the recorded optical transmittance spectrum of both undoped
and dye-doped GC crystal.

The undoped GC crystal exhibited an absorption peak edge at 392
nm with 68% optical transparency in the visible wavelength range from
550 to 1100 nm. The peak at 392 nm typically corresponds to the ab-
sorption of light by molecules undergoing electronic transitions
involving the n — 7* transition of conjugated systems. This transition
involves the excitation of electrons from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO)
within the conjugated system. The second peak at 508 nm also corre-
sponds to the © — n* transition typically observed in molecules with
extended n — conjugation, such as aromatic rings [24]. In contrast, the
crystal doped with dye molecules displayed a blue-shifted absorption
edge occurring at a shorter wavelength of 384 nm, with enhanced op-
tical transparency of 74% due to the modification of the electronic
structure from the incorporation of conjugated dye molecules. Upon
doping, there is a notable change with the disappearance of the second
peak at 508 nm in the dye-doped crystal compared to the undoped one.
This could be attributed to the fact that when Pisolithus Arhizus dye
molecules are incorporated into the GC crystal host matrix, they can
effectively absorb light due to strong electronic transitions within the
dye molecules. This efficient absorption by the dye molecules can led to
the suppression or quenching of the host crystal’s intrinsic absorption at
the same wavelength, resulting in the disappearance of the 508 nm peak
in the dye-doped spectrum. The UV-Visible spectrum indicates high
transmittance within the range of 550-1100 nm for undoped GC and
400-1100 nm for dye-doped GC crystals, making them suitable choices
for opto-electronic device fabrication and nonlinear optical (NLO) ap-
plications [25]. Dye doping not only decreases the structural grain
boundaries within the crystal system but also enhances the optical
quality of the GC crystal. The transparent window of both undoped and
dye-doped GC crystals in the visible region facilitates effective optical
transmission of the second harmonic frequencies of the Nd: YAG laser
[26], indicating that the dye-doped GC crystals have enhanced trans-
mittance compared to their undoped counterparts. The optical constant
of a material plays a crucial role in fabricating optical devices as the
dependence of the optical absorption coefficient on photon energy helps
to determine the type of optical electron transitions that occur within the
material [27]. When a dopant is intentionally introduced into the crystal
structure, it can significantly modify the electronic structure and the



K. Divya et al.

Chemical Physics Impact 8 (2024) 100591

§ 2% Fu-GC
2| g —Gc
B 3
o
&
) R
S N
> e
= has
c
3
£
e o8
- -
2t 8 &% ® 5
—— ' — - (=3
= e
P US4
L] L] Ll L] Ll
10 20 30 40 50 60 70
20
Fig. 3. Powder X-ray pattern for undoped and dye-doped GC crystals.
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Fig. 4. UV-Visible transmittance spectrum of undoped and dye-doped GC crystals.

distribution of energy levels within the bandgap. The energy gap (Eg) isa
fundamental parameter utilized to investigate the optical characteristics
of a material.

Transmittance measurements were utilized to determine the ab-
sorption coefficient () using the relation [13]:

2.302 (1)
a= ——log(=])...
t T

where T is the transmittance and t is the thickness of the sample. In the
high photon energy region, the energy-dependent behaviour of the ab-
sorption coefficient implies the presence of a direct bandgap in the
crystals, as described by the following equation for high photon energies
(hv) [28].

@

(ahv)’ = A (E,—hv)... (@)

where A is a constant, E, is the optical bandgap, h is the Planck’s con-
stant and v is the frequency of the incident photons. The Tauc’s graph
depicting (ahv)? against the photon energy (hv) is illustrated in Fig. 5.

Thus, the bandgap of the crystals was determined by extending the
linear portion of the graph to the energy axis, resulting in values of 2.67
eV for the undoped GC crystal and 3.28 eV for the dye-doped GC crystal.
The aromatic © — n* transitions induced by the dye molecules widened
the optical bandgap at the lower cut-off wavelength, although the
transitions were localised within the dye molecules. Compared to the
undoped crystal, dye-doped crystal exhibits a widened bandgap. This
increase in the energy gap (E;) can be attributed to factors associated
with the incorporation of dye molecules into the crystal lattice. One of
the factors is the modification of the electronic structure of the crystal
due to the presence of dye molecules, leading to changes in the optical
response of the material. This modification can alter the band structure
of the crystal, leading to an increase in the optical bandgap.
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Photoluminescence (PL) analysis

Photoluminescence (PL) spectral analysis is an effective method that
offers insights into the luminescence behaviour of the resulting optical
materials [29]. The presence of imperfections plays a crucial role in
influencing luminescent materials. Compounds characterized by an ar-
omatic structure, long conjugated double bonds, and high resonance
stability tend to exhibit luminescence. To achieve a strong photo-
luminescence, a higher-quality single crystals are needed [30]. The
photoluminescence properties of both undoped and dye-doped GC single
crystals were investigated using a SHIMADZU spectrofluorometer
RF-5031 PC Series at ambient temperature. The powder samples of both
undoped and dye-doped GC single crystals were excited at 400 nm and
the resulting emission spectra were recorded. The observed spectrum is
depicted in Figs. 6a and 6b.

The emission peak of the undoped GC crystal is centered at 563 nm,
indicating green emission. A blue-shifted strong characteristic sharp
emission peak appeared at 532 nm, indicating green emission, also
noting a change in peak intensity in the dye-doped GC crystal. It is
highlighted that no additional emission peaks were observed, indicating
that the energy has been completely absorbed by the intermolecular
ions. Thus, the crystals show great potential as a pure fluorescent ma-
terial based on their luminescence in the solid form [31]. The high in-
tensity of the photoluminescence emission indicates the low
concentration of imperfections in the grown crystals, suggesting
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potential applications in optical devices [27].

Fourier transform infrared (FTIR) spectroscopic analysis

In FTIR spectroscopy, infrared light is passed through a sample and
the resulting infrared spectrum is recorded. The FTIR spectra provide
information on the molecular structure, normal vibrational modes, bond
types and bond strengths [32]. The FTIR spectra from 4000 to 400 cm ™
were recorded on a PERKIN Elmer RX1 spectrometer using the KBr pellet
technique. Fig. 7 displays mid-infrared transmission spectra of undoped
and dye-doped guanidinium carbonate crystals, revealing a significant
change in position and nature of the peaks.

This shift occurs because the doping of Pisolithus Arhizus dye in GC
crystal typically results in changes to some characteristic vibrational
frequencies and variations in peak intensities. The IR spectrum of the
undoped GC crystal displayed an O—H stretching vibration band at
3371 em ! and 3160 em ! [33]. However, upon the incorporation of the
Pisolithus Arhizus dye into the GC crystal matrix, the intensity of the
peaks varies and there is a notable shift in peak position of these vi-
brations at 3386 and 3155 cm™! respectively, due to the influence of
functional groups present in the dye molecules [34,35]. The vibrational
modes associated with the stretching of the O—H bond are highly
responsive and exhibit a broad range of variations in terms of intensity,
bandwidth and wavenumber. These variations arise due to the influence
of intra- or intermolecular hydrogen bonding interactions present within
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Fig. 7. FTIR spectrum of undoped and dye-doped GC single crystal.
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Fig. 6. a). Photoluminescence spectrum of undoped GC crystal b). Photoluminescence spectrum of dye-doped GC crystal.
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the molecular structure [35]. The peaks at 3011 and 3013 cm ! are the
N—H...O symmetric stretching vibrations of the nitrate group in
undoped and dye-doped GC crystals respectively. This observation
suggests an interaction between the N—H groups of guanidinium cations
and the functional groups of the dye molecules dispersed within the
crystal lattice. The undoped GC crystal shows an absorption peak at
1670 cm™! which has been assigned to the in-plane bending vibration of
the primary amine (-NHy) groups in the guanidinium cations [36]. Also,
in the spectrum of dye-doped GC crystal, this vibration is shifted to a
lower wavenumber appearing at 1663 cm ™. This observation suggests
that the incorporation of the fungal dye results in perturbation of the
local environment of the amine functional groups, leading to changes in
these vibrational modes of frequency.

The intense sharp peaks observed at 1571 em ™! and 1579 cm™!
correspond to the stretching vibrations of the C = O moiety [37] for the
undoped and dye-doped crystals, respectively. There is a slight shift in
the peak position, and the intensity variation is due to the additional C =
O bond vibrations present in the dye molecules. The peak at 1383 cm ™
is due to the aromatic ring vibrations of the C—H bond in the undoped
crystals. In the dye-doped crystal, the peak intensity is strongly varied
and the peak position is shifted to 1395 cm ! because of the C—H vi-
brations of the pulvinic acid that is present in the Pisolithus Arhizus
fungus dye [19]. Both the undoped and dye-doped crystals exhibit an
absorption peak at 1176 cm ™! corresponding to the in-plane bending
vibrations of the C—H bands associated with aromatic ring vibration.
There is a variation in intensity is noticed for this peak between the two
crystal samples, with the dye-doped crystals exhibiting a lower peak
intensity relative to the undoped crystal. The presence of the peak at the
same position indicates that the vibrational mode remains unchanged,
while the intensity differences suggest the weakening of aromatic C—H
bonds due to interactions with the dye molecules [33]. The undoped
crystal displays an absorption band at 1007 cm ™!, which can be assigned
to the symmetric stretching vibration of the C—N bond [37]. Similarly in
the dye-doped crystal, this C—N stretching peak undergoes a positive
shift to 1012 cm™!. Additionally, the C—H out-of-plane bending modes
occurs at 885 cm ™! and 890 cm ™! in the undoped and dye-doped crystals
respectively [38].

The rocking vibration of the amine (NHjy) groups is observed at 605
cm ™ for the undoped GC and 610 cm ™" [36] for the dye-doped crystals
as evidenced by corresponding peaks. The positive shift to higher
wavenumbers for the NH, rocking mode in the dye molecules and amine
functionalities of the crystal lattice indicates the effective integration. In
general, the shift in peaks indicates the successful incorporation of the
dye molecules in the crystal lattice. Table 2 lists the wavenumber as-
signments of undoped and dye-doped GC single crystals.

Energy dispersive X-ray analysis (EDAX)

The energy dispersive X-ray analysis (EDAX) spectrum of both
undoped and dye-doped GC crystals were recorded using a Carl ZEISS

Table 2
FTIR vibrational modes of undoped and dye-doped GC crystals.

Wavenumber (cm™!) Assignments

Undoped GC Fu-GC

3371 3386 O-H Stretching vibration

3160 3155 O—H Stretching vibration

3011 3013 N-H...O Symmetric stretching

1670 1663 NH;, in-plane bending

1571 1579 Stretching vibrations of C = O

1383 1395 Aromatic ring vibrations of C—H bond
1176 1175 In-plane C—H bending vibration

1007 1012 Symmetric C—N stretching vibration
885 890 C-H out-of-plane bending vibration
814 823 Out-of-plane bending vibration of nitrate
605 610 Rocking mode of NH,

Chemical Physics Impact 8 (2024) 100591

EVO-18-Germany model with the X-ray range of 0-10 KeV. The EDAX
spectrum and the elemental compositions of both samples are presented
in Figs. 8 and 9.

The peaks observed in the 0-5 KeV range were emitted by X-rays as
electrons returned to the K-electron shell (Ka). The EDAX spectrum of
dye-doped crystal exhibits variation in the intensity of peaks and weight
%, compared to the undoped crystal. Thus, the EDAX spectrum confirms
the interaction of dye molecules with their undoped counterparts.

Thermogravimetric and differential thermal (TG-DTA) analysis

Thermogravimetric (TG) and differential thermal analysis (DTA)
serve as valuable tool for obtaining insights into the decomposition
temperature and phase transition of crystal systems. The TG-DTA anal-
ysis was performed using a Perkin Elmer STA-600 thermal analyzer in a
nitrogen gas atmosphere with a heating rate of 20 °C/min, covering a
temperature range from room temperature to 600 °C. Figs. 10 and 11
illustrates the TG-DTA spectra of GC crystals, highlighting both undoped
and dye-doped samples. The analysis involved samples weighing 12.264
mg for the undoped and 10.762 mg for the dye-doped crystals.

The TG-DTA curve plots of both undoped and dye-doped GC crystals
indicate their thermal stability. There is no observable weight loss up to
190 °C and 198 °C respectively. This clearly signifies the absence of
moisture in both crystalline samples within these temperature ranges.
For the undoped GC crystal, the first stage of weight loss is observed
between 192 °C and 241 °C, with a major weight loss of 30%, which is
attributed to the initiation of thermal decomposition of the crystal lat-
tice or the release of volatile components. A second stage occurring in
the temperature range from 241 °C to 340 °C, with a weight loss of 19%.
In the case of dye-doped GC crystal (Fig. 11), the initial stage occurs
between 200 °C and 246 °C, resulting in a significant weight loss of 26%,
followed by a second stage extending from 246 °C to 349 °C, with a
weight loss of 16%. After these weight losses, both materials were
completely decomposed. Compared to undoped GC crystal the dye-
doped GC crystal exhibits a slightly high thermal stability and there is
an increase in the decomposition temperature.

A distinct endothermic peak at 225 °C in Fig. 10 is evident in the
results of the differential thermal analysis (DTA) is associated with the
melting point of an undoped GC crystal, while the peak at 230 °C in the
undoped crystal, while, the peak at 230 °C in Fig. 11 for the dye-doped
GC crystal signifies an initial phase of material decomposition above this
temperature. Furthermore, a pronounced endothermic peak is observed
at 338 °C in the DTA curve of the undoped crystal indicates the complete
decomposition of the substance, aligning with the corresponding TG
curve. Similarly, in the dye-doped crystal, the material starts to
decompose at 345 °C. This improvement in thermal properties, attrib-
uted to the incorporation of dye molecules, into the crystal lattice. There
is a notable change in thermal stability and decomposition temperature,
the dye-doped crystal is suitable for the applications of up to 198 °C.

Vickers’ microhardness analysis

The mechanical properties such as hardness, yield strength and
stiffness constant of the grown crystals were examined using a Vickers’
microhardness test performed at room temperature. Different loads were
applied using a Matsuzawa/VMT-X tester fitted with a diamond pyra-
midal indenter with an apex angle of 136 °C to analyze the samples. The
three most important phenomena observed in the microhardness process
are the anisotropy effect, the indentation size effect (ISE) and the reverse
indentation size effect (RISE) [39]. The indentation size effect (ISE)
refers to a decrease in hardness with increasing applied load whereas,
the reverse indentation size effect (RISE) is characterized by an increase
in hardness as the applied load increases. Hardness is strongly influ-
enced by defects and intermolecular interactions, and it varies based on
the degree of lattice order in the crystalline materials [40]. The Vickers’
hardness number was calculated using the following relation:
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Fig. 9. EDAX spectrum of dye-doped GC single crystal.
Ho — Kp 3 Where A is a constant for a given material. According to Onitsch and
VT Hanneman [44], the work hardening coefficient (n) ranged from 1 to 1.6

Where K = 2 Sin (136° / 2), P represents the indenter load and
d denotes the average of two indentation diagonal lengths. Fig. 12 il-
lustrates the variation in microhardness number with applied load for
both undoped and dye-doped GC crystals. The materials’ resistance to
indenter penetration is assessed using the microhardness number (Hy).

This value is notably influenced by the presence of inclusions, pores
and cracks, thus offering crucial insights into the yield strength and
tensile strengths of the grown crystals [41,42]. The Meyer’s index
number (n) of the crystals was calculated to analyze the nature of the
grown crystals. Meyer’s work hardening co-efficient (n) was determined
by using Meyer’s Power law [43]:

P=Ad".. 4

for hard materials, while for soft materials, it was greater than 1.6. The
value of n was determined using the slope of the log P vs log d plot as
illustrated in Fig. 13. The ‘n’ value for the undoped GC crystal is 1.70
and for the dye-doped GG, it is 1.65. Thus, both crystals fall into the soft
material category. Cracks in the crystals become noticeable when the
applied load exceeds 50 g. The decreased ‘n’ value in doped crystals
indicates increased hardness due to dye doping.

Wooster’s empirical equation [45] is used to obtain the elastic
stiffness constant (C1) of the both undoped and dye-doped GC crystals.

Cu= (H)"... 6))

The yield strength (oy) of both crystal is calculated using the equa-
tion [46],
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Where H, represents the microhardness of the material. Table 3 Fig. 12. Variation of Hardness H, with load P.
displays the calculated yield strength (6y) and elastic stiffness constant
(C11) of both crystals under loads ranging from 2 to 50 g.
The results reveal that for both crystals, the yield strength and
stiffness constant increase with an increase in applied load. The high 1.90
values of yield strength and stiffness constant indicate strong bonding
between atoms in the crystal lattices, making these materials suitable for 1.85 4
use in NLO devices.
o 1.80 o
Second harmonic generation (SHG) analysis E’
The Kurtz-Perry powder analysis was employed to measure the 1.75 4
nonlinear optical (NLO) property of the grown crystals. A Q-switched
Nd: YAG laser with a pulse width of 6 ns and a fundamental wavelength 1.70
of 1064 nm was applied to the sample. The emission of green radiation
at 532 nm from both crystalline samples confirmed the presence of
nonlinear optical properties in the grown crystals. A digital oscilloscope 1.65 == T T T T T T T T
was used to display the second harmonic generation (SHG) efficiency 02 04 06 08 10 12 14 16 18
output signal, which was then converted into an electrical signal. The Logd

incident optical signal was detected by a photomultiplier tube and

Fig. 13. A plot of log P vs log d for both undoped and dye-doped crystals.
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Fig. 11. TG-DTA curve of dye-doped GC crystal.
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Table 3
Stiffness Constant (C11) and yield strength (oy) of both undoped and dye-doped
crystals.

Samples Load (P) C11 x 10 N/m? oy x 106 N/m?

Undoped GC Crystal 2 6.03 158.83
5 7.23 218.17
10 8.10 265.95
25 9.13 328.14
50 10.94 449.15

Dye-doped GC Crystal 2 6.43 177.71
5 7.36 225.38
10 8.48 287.38
25 9.92 380.08
50 11.57 496.10

mV was obtained for the pure GC powder crystal sample with an input
energy of 0.70 mJ/Pulse. For the dye-doped powder GC crystal sample, a
signal of 25.8 mV was obtained whereas the standard potassium dihy-
drogen phosphate (KDP) reference sample yielded a SHG signal of 7.5
mV for the same input energy.

The second harmonic generation (SHG) efficiency of undoped GC
crystal is 1.98 times and dye-doped GC crystal exhibits 3.44 times higher
efficiency than that of the standard KDP material. Based on these results,
the SHG effective nonlinearity of dye-doped GC is 1.73 times that of
undoped GC. Consequently, dye-doped crystals are preferrable for
nonlinear optical device applications compared to undoped GC crystals.

Conclusion

High-quality single crystals of both undoped and naturally Pisolithus
Arhizus dye-doped guanidinium carbonate were successfully grown
using the slow evaporation method. Single crystal and powder X-ray
diffraction analysis confirmed the crystalline nature of both undoped
and dye-doped crystals. UV-Visible analysis revealed that the dye-doped
crystals exhibit excellent optical transparency (74%), compared to the
pure ones (68%). Photoluminescence studies demonstrated emission
properties in both crystals at their respective wavelengths. FTIR and
EDAX analyses confirmed the presence of dye molecules in the crystal
lattice. Enhanced thermal stability was observed in the dye-doped
crystals, making them suitable for potential applications up to 198 °C.
Dye-doped GC crystals were found to be mechanically more stable than
pure GC crystals. The second harmonic generation efficiency of the
undoped GC crystals is 1.98 times while the dye-doped GC crystals has
an efficiency of 3.44 times greater than that of KDP. The dye-doped
crystals exhibit large second-order nonlinear optical co-efficient, mak-
ing them promising candidates for various nonlinear optical applica-
tions such as second-harmonic generation, optical switching and electro-
optic modulation. However, it is important to consider potential limi-
tations associated with the use of fungal dye dopants in nonlinear optical
applications, such as sourcing, sustainability and long-term stability, as
well as potential environmental impact of using natural dye sources.
Continued research into these aspects will further elucidate the practical
viability and sustainability of Pisolithus Arhizus dye-doped guanidinium
carbonate crystals in various applications. Overall, in comparison to the
undoped guanidinium carbonate single crystals, the Pisolithus Arhizus
natural dye-doped guanidinium carbonate single crystals exhibit a large
second-order nonlinear efficiency, making them a promising candidate
for various nonlinear optical applications such as second-harmonic
generation, optical switching and electro-optic modulation.
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