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of the crystal nucleation
parameters and physico-chemical analysis of
a single crystal: 2-amino-4,6-
dimethoxypyrimidinium hydrogen (2R,3R)-tartrate
2-amino-4,6-dimethoxypyrimidine

Paavai Era, *ab RO. MU. Jauhar, c V. Viswanathan,d M. Madhangi,b G. Vinitha,e

M. Basheer Ahameda and P. Murugakoothanb

This paper discusses the structural orientations and the physico-chemical properties of a single crystal of 2-

amino-4,6-dimethoxypyrimidinium hydrogen (2R,3R)-tartrate 2-amino-4,6-dimethoxypyrimidine (2ADT).

The experimental investigation of the properties of the compound improves the potential for the

utilization of the crystalline compound in the fabrication of optical limiting and nonlinear optical devices.

For the growth process, an organic nonlinear optical crystal of 2ADT is synthesized conventionally at

varying molar concentrations to achieve an excellent yield. The structural orientations and refinements

of the compound are identified and discussed with reference to a single crystal X-ray diffraction study

and its supporting computations. The results of the experimental analysis via UV-vis-NIR spectrometry

and a z-scan setup with a laser beam source are used in an in-depth discussion on the linear and

nonlinear optical properties of the crystal together with its damage threshold induced by a Nd:YAG laser

beam at 1064 nm. With optical transparency of 55% in the entire visible region, a lower cut-off

wavelength at 228 nm, and a bandgap at 5.2 eV, the crystal was demonstrated to be suitable for use in

optical device fabrication. The thermogravimetrically assessed thermal stability of 2ADT was examined

up to 147 �C. In addition, the thermodynamic parameters responsible for activation reactions are also

discussed because these give information about the material's thermal behavior. An optical limiting study

revealed that the transmitted output power increases linearly with the input power at about 1.89 mW cm�2.
1. Introduction

In the most general sense, nonlinear optical devices (NLO) are
derived from crystalline components, and so understanding the
physical and chemical properties is an important tool in
understanding the process of crystallization from solutions.
The advances in ultrafast signal processing can be pointed
mainly towards the materials possessing NLO susceptibility of
a higher order originating from higher order nonlinearity.1 In
this respect, organic NLOmaterials have gained much attention
man Crescent Institute of Science and
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in the past due to their relatively high nonlinearity and fast
response. Notable benets of organic systems over their inor-
ganic counterparts include their high electronic susceptibility
through high molecular hyperpolarizability and simple modi-
cation through standard synthetic methods.2,3 Therefore, great
effort has been contributed to searching for optimal molecular
crystalline materials of rm chromophoric molecules with large
molecular hyperpolarizabilities using augmented orientation
for large macroscopic nonlinear optical effects.1 In this vein,
organic NLO materials have gained much consideration due to
their relatively high nonlinearity and fast response. The
advanced benets of organic NLO assemblies over their inor-
ganic counterparts includes their high electronic susceptibility
via high molecular hyperpolarizability and the number of
optical gadgets that they are incorporated in ref. 2. When aim-
ing to regulate charge transfer, carefully identied modica-
tions ought to be made to the donor and acceptor p-conjugate
units to achieve the desired molecular properties. It is well-
known that the stabilization of the crystalline compound can
be attained during the strong hydrogen bond interactions in the
acidic standard. Specically, in organic crystals, wide-ranging
© 2021 The Author(s). Published by the Royal Society of Chemistry
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intermolecular charge transfer sandwiched between the donor
and acceptor molecules gives rise to a sturdy third order
nonlinearity.3 This results in the more appealing physical and
chemical properties of the NLO crystals. The association of
organic compounds with their structure-oriented crystallization
kinetics strongly suggests the effective modication in nucle-
ation and growth rate. This inference is reinforced by observa-
tions of the growth of organic crystalline compounds in
different conditions, including solvents, pH, molar ratios and
controlled temperatures. These parameters have a profound
inuence on the structure determination of crystals with
specic crystallographic orientations and morphology during
the nucleation stage. Consequently, the goal of this research
paper is to explain the breadth and depth of the physical and
chemical characteristics behind crystallization in addition to
the nucleation and growth parameters. Experimental observa-
tions and a pilot study that have been undertaken for the
organic crystalline material, 2-amino-4,6-
dimethoxypyrimidinium hydrogen (2R,3R)-tartrate 2-amino-
4,6-dimethoxypyrimidine (2ADT) to provide a bulk crystal by
controlled nucleation. The crystallization process is carried out
using the controlled cooling method and the results are ob-
tained from the solubility and growth kinetic measurements. In
this work, all aspects of the harvested crystal, including its
Fig. 1 Reaction scheme of 2ADT.

© 2021 The Author(s). Published by the Royal Society of Chemistry
solubility, growth rate, structure orientation, linear and
nonlinear optical, and thermal evaluations are determined and
reported systematically. As far as is known, the thermal kinetics
of activation and the laser induced damage threshold have been
reported for the rst time in order to showcase the optoelec-
tronic device realization of the 2ADT single crystals.
2. Experimental
2.1 Crystal nucleation and growth

The most frequently used and most signicant method of
producing single crystals is by the solvent evaporation method
and the controlled cooling rate was employed to harvest 2ADT
single crystals. The expected reaction scheme to obtain the nal
product of 2ADT is shown in Fig. 1. The solution is rst
prepared by adding the salts 2-amino-4,6-dimethoxypyrimidine
and L-tartaric acid (1 : 1 molar ratio) to 300 mL of hot methanol
solvent in order to maintain a suitable temperature throughout
the process. During the stirring process, a white precipitate is
formed. The precipitate was then dissolved using the same
solvent. The dissolved solution was stirred continuously for 6 h
to achieve homogeneity. The homogeneity of the solution is
predominantly considered to determine the pH of the solution
in the process of crystallization where the pH of the solution
RSC Adv., 2021, 11, 15710–15721 | 15711
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Fig. 2 An as-grown 2ADT crystal at a 1 : 1 molar concentration.

Fig. 4 Solubility curve of the 2ADT compound.
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plays an important role in authorizing the crystal morphology
and physical optical transparency in addition to the determi-
nation of their structure. Later, the homogeneous product was
ltered and covered with a perforated polythene sheet to restrict
evaporation. The pH of the solution was found to be 3.4. The
whole of the solution was again placed in a constant tempera-
ture bath with a controlled temperature at 45 �C. Aer 45 days
the crystalline product of 2ADT was harvested and it had
dimensions of 7 mm � 6 mm � 2 mm as shown in Fig. 2. The
crystals were collected from the mother solution, ground and
recrystallized in order to obtain larger crystals, but there was no
change in the dimensions. Then more 2-amino-4,6-
dimethoxypyrimidine was added to give a molar ratio of 2 : 1,
and the pH was measured to be 4.7. The solution was le
undisturbed to ensure proper crystallization occurred. Aer 27
days, a crystal of a much larger size was harvested, as shown in
Fig. 3. The larger size occurred because the supersaturation
ratio played a larger role in faster crystallization of the 2ADT
material. The larger size crystals which occurred aer the
second of addition of 2-amino-4,6-dimethoxypyrimidine may
have led to an increase in the concentration of H+ ions, and thus
ensured a shi in the equilibrium condition for forming
molecular species, ion pairs.4 Hence the crystal with the varied
molar ratio (2 : 1) was harvested on day 27 with dimensions of
27 mm � 13 mm � 11 mm, and the controlled rate of crystal-
line growth was clearly seen. Thus, by controlling the molar
ratio, the growth process of crystalline material could also be
regularized in terms of size and morphology.
2.2 Solubility

Good optical quality 2ADT crystals were ground and used for
solubility studies in order to validate the saturation of the
Fig. 3 An as-grown 2ADT crystal at a 2 : 1 molar concentration.

15712 | RSC Adv., 2021, 11, 15710–15721
compound. The solubility data was taken as the function of the
temperature, ranging from 30 �C to 50 �C with 5 �C intervals, in
a constant temperature water bath with �0.01 �C precision.
With reference to the solubility data of the 2ADT product, the
solubility at 50 �C was found to be 37.4 g/100 mL as shown in
Fig. 4, and the solubility of the material was revealed to have
positive solubility, when the concentration of the solution
increased as the temperature increased. Positive solubility can
contribute towards the endothermic reaction.4
2.3 Nucleation kinetics

The initial formation of crystals, i.e., the process of nucleation
and the purpose of its kinetic parameter measurements were
examined experimentally, with the aim of characterizing the
growth mechanism of the crystalline material. The intended
nucleation is achieved as a result of specks of crystals obtained
upon extending the limits of saturation. Nucleation in the
Fig. 5 The metastable zone width of 2ADT.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Induction period vs. supersaturation for a 2ADT crystal.
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solution is supersaturated, under isothermal conditions.
Beyond this limit, the phase transformation of the compound
occurs in a continuous process by a controlled thermodynamic
potential. The experimental conditions, including the concen-
tration, may be utilized to achieve a suitable physical and
chemical mechanism in a time-dependent manner based on the
phase stability. Potentially, the transformation of phase is
typically identied with nucleation kinetics where the crystal-
lization process will be effected in the region of metastability at
supersaturation, and hence, the metastable zone width was
determined. The nucleation parameter near the limit of
supersaturation determines the kinetics of nucleation which
stabilizes the formation of crystals. The calculated volume of
the saturated solution was prepared on the basis of solubility
data using a conventional polythermal method. The entire
volume of the solution was maintained at the saturation
temperature in a constant temperature water bath (CTB). To
determine the metastable zone width, the CTB was set at 5 �C
excess temperature and the water was stirred to attain
Fig. 7 The three-dimensional molecular structure of the 2ADT salt. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
homogeneity.5 On reaching the required temperature and
concentration, the solution temperature was then allowed to
decrease until the rst speck of the visible crystal was observed
by a direct visualisation method. The specic temperature of
this critical nucleus was noted. This procedure was followed for
the remaining temperatures and the data are plotted in Fig. 5.
The results in Fig. 5, conrmed that the reliable path between
the solubility curve and nucleation curve represented the
metastable zone width responsible for the crystallization
process of 2ADT. From reports in the literature, expedient
growth of bulk single crystals is considered to ensure a wide
metastable zone width region. Simultaneously it is also
mandatory to ration the time taken for the materialization of
a critical nucleus, aer reaching supersaturation. The
measurement of time taken with respect to temperature is
termed as the induction period and it is typically very short and
essential for crystallization to occur. The induction period was
typically resolved by an isothermal method supporting the
kinetics of nucleation.5 The induction period for particular
supersaturation ratios at 40 �C is shown in Fig. 6. From Fig. 6, it
is observed that the induction period decreases exponentially
with supersaturation which evidently increases the rate of
nucleation. Therefore, the study of induction period against
supersaturation gives a clear prediction on the growth rate and
morphology of the 2ADT crystal.

3. Results and discussion
3.1 Single crystal X-ray diffraction study

The compound crystallizes in the monoclinic P21 space group
with two molecules in the unit cell (a ¼ 7.3245(2) Å, b ¼
15.8349(6) Å, c ¼ 8.9264(3) Å, a ¼ 90�, b ¼ 105.251(2)�, g ¼ 90�

and Z ¼ 2).6 The three-dimensional molecular structure of this
compound was determined by XRD7 crystallography using
SHELXS-97 and later rened by SHELXL-16 to obtain a nal R-
value of 4.91%. The asymmetric unit of the 2ADT comprised 2-
amino-4,6-dimethoxypyrimidine (C6H9N3O2), 2-amino-4,6-
dimethoxypyrimidinium hydrogen (C6H10N3O2

+) and L-tartrate
N–H/O and O–H/N contacts are shown as thin dashed lines.

RSC Adv., 2021, 11, 15710–15721 | 15713
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Table 1 Hydrogen bond geometry for the 2ADT salt (Å and �)a

D–H/A D–H (Å) H/A (Å) D/A (Å) D–H/A (�)

N1A–H1A/O4 0.86 1.87 2.728 (3) 179
O8–H8/N1B 0.82 1.82 2.631 (3) 171
N2B–H2B1/O7 0.86 2.09 2.935 (3) 165
N2A–H2A2/O3 0.86 1.96 2.814 (3) 176
N2A–H2A1/O5 (i) 0.86 2.30 3.090 (3) 152
N2B–H2B2/O3 (ii) 0.86 2.19 2.878 (3) 137
C8A–H8A1/O7 (iii) 0.96 2.54 3.328 (4) 140
C8B–H8B2/O6 (iv) 0.96 2.37 3.308 (3) 166
O6–H6/O1B (v) 0.82 2.20 2.860 (3) 138

a Symmetry codes: (i) x, y, 1 + z; (ii) x, y,�1 + z; (iii) 1� x, 1/2 + y,�z; (iv) 1
� x, �1/2 + y, �z and (v) 1 � x, 1/2 + y, �1 � z.
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(C4H5O6
�). The structures of the neutral 2-amino-4,6-

dimethoxypyrimidine (2ADP), 2-amino-4,6-
dimethoxypyrimidinium hydrogen cation and L-tartrate anion
molecule were obtained in a 1 : 1 : 1 ratio aer renement of
the XRD data. The mean planes of the cation and anion were
inclined to one another by 18.4(3)� and the neutral 2ADP and
anion were inclined to one another by 32.3(3)�. In the cation,
one of the nitrogen atoms (N1A) in the pyrimidine ring was
protonated and this was reected in an increase in bond angle
at N1A[C6A–N1A–C2A ¼ 119.9(2)�], when compared with the
unprotonated atom (N3A) [C4A–N3A–C2A ¼ 116.8(2)�]. The
values were compared with the corresponding angle of (N1B)
[C6B–N1B–C2B ¼ 116.9(2)�] and (N3B) [C4B–N3B–C2B ¼
115.9(2)�] in the neutral 2ADP. The methoxy substituent groups
at C4A and C6A of the cation were essentially coplanar with the
ring, the C7A–O1A–C4A–N3A and C8A–O2A–C6A–N1A torsion
angles being �4.9(3)� and �178.7(2)�, respectively. For the
Fig. 8 The N2A–H2A1/O5i and N2B–H2B2/O3ii intermolecular hydro

15714 | RSC Adv., 2021, 11, 15710–15721
neutral of 2ADP, the methoxy substituent groups at C4B and
C6B were essentially coplanar with the ring, the C7B–O1B–C4B–
N3B and C8B–O2B–C6B–N1B torsion angles being �2.2(4)� and
�177.7(2)�, respectively. The anion of the L-tartrate molecule
had extended conformation, which can be seen from the torsion
angle C9–C10–C11–C12 ¼ 175.3(2)�.

The crystal structure of the 2ADT is comprised of a three-
dimensional network of N–H/O, O–H/N, C–H/O, O–H/O
and p–p interactions which gives the following supramolecular
aggregation. In the crystal, the cation of the protonated nitrogen
atom (N1A) formed an intramolecular interaction with the
anion atom O4 (N1A–H1A/O4) and the cation amino nitrogen
atom (N2A) which formed an intramolecular interaction with
the anion atom O3 (N2A–H2A2/O3). Both the N–H/O intra-
molecular hydrogen bond interactions generated an eight-
membered R2

2(8) ring motif as shown in Fig. 7. The neutral
molecule of the amino nitrogen atom (N2B) formed an intra-
molecular interaction with the anion atom O7 (N2B–H2B1/O7)
and the anion atom (O8), forming an intramolecular interaction
with the neutral molecule of the pyrimidine N1B atom (O8–
H8/N1B). The N–H/O and O–H/N hydrogen bond interac-
tions generated an eight membered R2

2(8) ring motif as shown
in Fig. 7. In the cation and neutral molecules, the amino
nitrogen N2A and N2B acted as donor atoms forming
a hydrogen bond interaction with the acceptor of O5 and O3
atoms, respectively, and the anion through N2A–H2A1/O5i

and N2B–H2B2/O3ii intermolecular hydrogen bonds listed in
Table 1, formed approximate slabs lying parallel to plane (001)
as shown in Fig. 8. The corresponding symmetry codes were (i)
x, y, 1 + z and (ii) x, y, �1 + z. The C8A and C8B carbon atoms
forming a hydrogen bond interaction with the acceptor of O7
and O6 atoms, respectively. It connects through anion atoms
C8A–H8A1/O7iii and C8B–H8B2/O6iv hydrogen bond
gen bonds. [Symmetry code: (i) x, y, 1 + z and (ii) x, y, �1 + z].

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The C8A–H8A1/O7iii and C8B–H8B2/O6iv hydrogen bond interactions. [Symmetry code: (iii) 1 � x, 1/2 + y, �z and (iv) 1 � x, �1/2 + y,
�z].
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interactions viewed down the “a” axis as shown in Fig. 9 and the
corresponding symmetry codes were (iii) 1 � x, 1/2 + y, �z and
(iv) 1 � x, �1/2 + y, �z. The anion molecule of oxygen O6 as
a donor atom formed a hydrogen bond interaction with the
Fig. 10 The O6–H6/O1Bv intermolecular hydrogen bonds. [Symmetry

© 2021 The Author(s). Published by the Royal Society of Chemistry
acceptor of the neutral molecule of the O1B atom (O6–H6/
O1Bv) as shown in Fig. 10, and the corresponding symmetry
code was 1� x, 1/2 + y,�1� z. In the crystal, the molecules were
stacked in layers held together by p–p interactions, with
code: (v) 1 � x, 1/2 + y, �1 � z].

RSC Adv., 2021, 11, 15710–15721 | 15715
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Fig. 11 The p–p interactions of the 2ADT salt viewed down the “a” axis. [Symmetry code: (vi) 2x, 1/2 + y, �z].
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a distance of Cg1/Cg2 of 3.6248(15) Å, between the centroid of
the adjacent two pyrimidine ring viewed down the “a” axis as
shown in Fig. 11.
Fig. 12 The transmittance spectrum of the 2ADT crystal.
3.2 Linear optical study

A linear optical study is a powerful analytical technique used to
determine the optical properties such as transmittance, reec-
tance and absorbance of crystalline compounds. The linear
optical behavior is processed by weak light beams, where the
eld will be insufficient to produce any considerable change in
the properties of the medium, resulting in the linear optical
behavior reported using a UV-vis-NIR study. A 3032 UV-vis-NIR
spectrophotometer (Labindia) was employed to characterize
the sample of 2ADT in the scan range of 190 nm to 900 nm. In
general, the concentrations of the chemical structures of
a compound were determined by the absorption of light across
the desired optical range. A 2ADT sample with a dimension of
10 � 10 � 1 mm3 was used to determine the transmission
spectra over the entire optical range. The spectra may be
predominantly due to the orbital electronic transitions from
a lower energy state s and a higher energy state p.8 The tran-
sition assignments for the compound formation was also sup-
ported by the single crystal XRD data. The resultant spectrum of
the 2ADT crystal sample was recorded and is shown in Fig. 12.
From the data obtained it was predicted that the 2ADT crystal
acquired a maximum transparency of 55% in the visible and
15716 | RSC Adv., 2021, 11, 15710–15721
NIR regions. The cut-off wavelength and the energy bandgap
were also plotted and the graphical showed that the lower cut-
off was 228 nm and the bandgap was 5.2 eV. The energy
bandgap plot was supported by extrapolating the linear
measure of a Tauc plot to the equivalent energy axis as shown in
Fig. 13. From the obtained cut-off value, it was understood that
the protonation of the 2ADT compound may be due to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The Tauc plot of the 2ADT crystal.
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electronic transition in this region with p–p* transitions at the
orbital levels.9 This electron transition state pattern predomi-
nantly inuenced the hyperpolarizability of the crystal.
Together with the hyperpolarizability, the transmittance nature
of the crystal also allowed the crystal to be a suitable material
for optoelectronic device fabrications. In addition to the
experimental results, a range of theoretical optical constants
were used to focus on determining the relationships for
extinction coefficient (k), refractive index (n) and reectance (R)
in terms of the absorption coefficient (a).10

The experimentally obtained refractive index and the
extinction coefficient are shown in Fig. 14 which completely
relied on the wavelength of the incident radiation. Together, the
refractive index and the extinction coefficient depend on the
absorption coefficient (a) to support the electronic absorption
of the material. As the internal effectiveness of the device
depends on the absorption coefficient, the value of a can be
tailored for the fabrication of the devices.11 The tapering
behavior and value of the refractive index (1.412 at 532 nm)
indicate that the 2ADT crystal was suitable for low dispersion
applications.12 The nal results of high optical transparency,
Fig. 14 Variation of n and k with wavelength.

© 2021 The Author(s). Published by the Royal Society of Chemistry
low absorbance and low refractive index of the 2ADT crystal in
the desired region indicate its suitability for NLO applications.
3.3 Nonlinear optical study

A nonlinear optical study has the aim of describing the behavior
of light in nonlinear media, including the propagation of
intense light beams and their interaction with matter in all
phases, such as solid, liquid, and gas. The occurrence of light-
matter interaction is accepted when an incident laser beam is
provided with sufficiently high intensity. The high intensity of
the incident light with a strong light eld changes the optical
properties of the material medium, essentially relating to the
refractive index (n2), susceptibility (c(3)) and absorption coeffi-
cient (a). Reports in recent years of many experimental studies13

have suggested that the z-scan arrangement plays a crucial role
in measuring the strength of photon absorption and nonlinear
optics parameters when taking into consideration the typical
curve conditions. The crystals of prominent materials such as
ADP, KDP, and so on, with third-order optical nonlinearities
have been examined extensively for use in wide-ranging appli-
cations. A nonlinear refractive index arises when two or more
photons are absorbed instantaneously in a single absorption,
with the absorbed power proportional to the square of the
incident laser beam intensity and this pattern was observed as
the change in transmittance between the peak and valley.14 The
crystal sample itself acts as a thin lens with varying focal lengths
as it is moved through the focal plane for both the closed and
open aperture conguration.15 Based on the z-scan technique,
the nonlinearity of periodic 2ADT has been studied and the
results are discussed in this paper. The z-scan setup utilized in
this measurement was carried out using a continuous wave
(CW) semi-conductor laser light source radiation of wavelength
532 nm. The signicant nonlinear optical characteristics
appeared by the effect of laser light source was plotted using the
optimal peak, and this had signicant implications for optical
applications, including light-switching, optical limiting, and
surface-enhanced.16 The sample of 1 mm thickness running
Fig. 15 The closed aperture curve of the 2ADT crystal.
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Fig. 16 The open aperture curve of the 2ADT crystal.

Table 3 A comparison of laser induced damage threshold values of
some nonlinear optical materials

Compound LDT (GW cm�2) Ref.

GT 0.344 18
2A4PTS 0.36 19
p-TTS 0.30 20
2ADT 3.80 Present work
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along the�Z to +Z axial direction of laser beam propagation was
measured at two different foci regions to obtain n2 with a closed
aperture alignment and b and c(3) with open aperture align-
ment. The experimentally plotted closed aperture and open
aperture curves with enhanced peaks with normalized trans-
mittance are shown in Fig. 15 and 16, respectively. The experi-
mental results of closed and open aperture curves describe the
self-defocussing effect and the saturation absorption, respec-
tively. The saturation absorption of the grown 2ADT crystal was
conrmed from the open aperture curve. The quantitative
results associated with the nonlinear refractive index, nonlinear
absorption coefficient and optical susceptibility values for the
2ADT crystal are shown in Table 2. The calculations were carried
out using standard equations.17

3.4 Laser damage threshold study

The laser induced surface damage threshold (LDT) is the
extreme limit at which an optical crystalline material will be
dented by a laser beam specied by the uence (energy per unit
area), intensity (a), and wavelength. Where, uence and inten-
sity are energy per unit area and power per unit area, respec-
tively. The results of LDT at 1064 nm wavelength of Nd:YAG
laser radiation are relevant to both transmissive and reective
optical elements. For various applications, optical components
with sufficiently high optical damage, laser induced modica-
tion or destruction of a crystalline material is the intended
threshold outcome. The laser-induced damage is more likely to
be generated with intense pulses. For CW lasers the damage
threshold can be calculated from the peak power (Pd) and beam
diameter (r). For long pulses or CW lasers the primary damage
mechanism tended to be thermal. Because transmitting and
reecting optics both have non-zero absorption, the laser can
Table 2 Experimental results from the z-scan technique

a n0 n2 � 10�4 cm2 W�1 b � 10�4 cm W�1 c(3) � 10�6 esu

0.877 1.88 �7.01 0.01 6.28

15718 | RSC Adv., 2021, 11, 15710–15721
provide thermal energy and affect the optical quality of the
crystalline materials. The output laser intensity was obtained
using Q-switched lasers and with ultrafast ampliers. For the
given pulse energy of 152 mJ, the pulse duration was as short as
10 ns, and the peak power density was 3.8 GW cm�2. If such
a beam was focused to a beam radius of 685 mm, an enormous
optical peak intensity of 3.8 GW cm�2 was reached in the
sample. The surface power density of the crystal was calculated
using the relationship:

Power density ðPdÞ ¼ E

spr2

where E is the input energy (mJ), s is the pulse width (ns) and r is
the radius of the spot (mm). The laser induced damage
threshold of the 2ADT crystal was compared with some of the
rst reported optical materials and this is presented in Table 3.
The LDT pattern of the crystal is shown in Fig. 17.

3.5 Thermal study

The thermal stability of 2ADT was studied using thermogravi-
metric (TG) and differential thermal analyses (DTA). The 2ADT
sample weighing 4.576 g was analyzed using a STA 409 PL
thermal analyzer (NETZSCH) in the range 30–750 �C under
a nitrogen atmosphere and the results of this experiment are
shown in Fig. 18. From the TG curve, it was evident that the
2ADT material was stable up to 152 �C and moisture free. The
TG curve shows a two-stage weight loss pattern. A major weight
loss starting from 155 �C to 230 �C with a mass change of 70%
was due to the elimination of the 2amino-4,6-
dimethoxypyrimidinium L-tartrate molecule. The 2-amino-4,6-
dimethoxypyrimidinium L-tartrate had a mass of 306.18 g
mol�1 (observed 70%, calculated 66%). The second stage weight
Fig. 17 Laser-induced damage on the 2ADT crystal surface.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 A plot of 1/T vs. log10[{1 � (1 � a)1�n}/{T2(1 � n)}].

Table 4 The estimated kinetic parameters of the 2ADT crystal

Kinetic parameter Values

Activation energy, Ea (kJ mol�1) 133.47
Arrhenius constant, A (s�1) �268.68
Enthalpy of activation, DH (kJ mol�1) �58.70
Entropy of activation, DS (Jk�1 mol�1) �10.96

Fig. 18 The TG-DTA curve of 2ADT.
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loss was from 246 �C to 292 �C A small endotherm in the DTA
curve at about 318 �C conrmed that the absorption of energy
for breaking was due to the elimination of a neutral 2-amino-
4,6-dimethoxypyrimidine molecule. The neutral molecule had
a mass of 155.6 g mol�1 (observed 24%, calculated 33%). The
decomposition process was carried out up to 750 �C with the
conversion of the material into gaseous products (a mixture of
CO, CO2, NO and hydrocarbons). Hence from the previous
observations it was clear that the grown 2ADT crystal could be
exploited for any applications below 150 �C.

3.5.1 Thermodynamic parameters of the activation reac-
tion. In current research, an extensive estimation of the ther-
modynamic parameters, including the activation energy, is
necessary to judge the spontaneity of a process. The kinetic
functions such as the Arrhenius constant, the enthalpy of acti-
vation, the entropy of activation and the Gibb's free energy
change of decomposition were governed by the following rela-
tionships. For solid state reactions, a thermogravimetric kinetic
mechanism of decomposition was determined by measuring
fractional mass loss using a conversion process (ac) and the
degradation rate could be accurately obtained from the Arrhe-
nius relationship:21

ac ¼
�
W0 � W

W0 � Wf

�

ln k ¼ ln A�
�
Ea

RT

�

where W is the actual mass at any degradation time (mg), W0 is
the initial mass (mg) and Wf is the nal mass at the end of
thermal degradation process (mg), k is the rate constant, A is the
Arrhenius constant, Ea is the activation energy, R is the gas
constant and T is the temperature (K). The plot between inverse
of T and log10[{1 � (1 � a)1�n}/{T2(1 � n)}] in Fig. 19 shows the
effective activation energy from the slope and the Arrhenius
constant from the intercept. Furthermore, the obtained values
of Ea and A are absorbed to bring out the kinetic parameters
© 2021 The Author(s). Published by the Royal Society of Chemistry
such as entropy of activation (DS), enthalpy of activation (DH)
and Gibb's energy (DG) using the following equations:22

DS ¼ 2.303R log(Afħ/kBT)

DH ¼ Ea � 2RT

DG ¼ DH � TDS

where, Af is the frequency factor, ħ is the Planck's constant, kB is
the Boltzmann constant and T is the DTA peak temperature (K).
The theoretically determined thermodynamic parameters of the
activation reaction are shown in Table 4. The range of Ea values
between 100 to 200 kJ mol�1 is typically high enough to deter-
mine the bond nature. The formation or the breaking of the
bonds could be attributed to reliable values of Ea. The bond
activation (Ea) for ADT may be due to electronic or phononic
energy.23 In the process of decomposition, the dynamic Gibb's
free energy change may be due to the fundamental criteria of
spontaneous reaction.24 The negative scale of entropy was
assigned to the highly ordered structure of the activated
complex rather than to that of its reactants.25 The endothermic
nature of dissociation processes were authenticated by the
positive value of enthalpy.26
3.6 Optical limiting measurements

The recorded optical limiting response of the 2ADT crystal as
a function of incident power which varied from 1.50 mW to 45
Gibb's energy, DG (k mol�1) 38.41

RSC Adv., 2021, 11, 15710–15721 | 15719
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Fig. 20 The optical limiting behavior of the 2ADT crystal.
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mW is shown in Fig. 20. It can be observed that the output
power varied linearly up to an incident power of about 1.89 mW.
At an incident power higher than 1.89 mW, the output power
became nonlinear. Moreover, the optical limiting threshold was
important if this material was to be used in the protection of
human eyes.25 In general, various physical mechanisms such as
the saturation absorption, and photoinduced change in the
refractive index have been established to be responsible for the
limitation of laser radiation.
4. Conclusions

Structurally oriented single crystals of 2-amino-4,6-
dimethoxypyrimidinium hydrogen (2R,3R)-tartrate 2-amino-
4,6-dimethoxypyrimidine with good nonlinear optical proper-
ties have been synthesized and grown at two different molar
concentrations using a solvent evaporation growthmethod. The
crystallographic connements were estimated and rened via
a single-crystal XRD study. The optical transmittance of the
2ADT crystal showed p–p* interactions with a promising
percentage of transmittance. The optical band gap and the
refractive index of the 2ADT crystal were evaluated to be 5.2 eV
and 1.412, respectively. A laser-source-induced nonlinear
optical study with its parameters determined via the z-scan
technique and the laser-induced damage threshold determined
via an LDT study show that the 2ADT crystal can act as a suitable
material for nonlinear optical and optoelectronic applications.
The measured higher value of LDT for 2ADT of 3.8 GW cm�2 at
a Nd:YAG laser wavelength of 1064 nm suggests the endurance
of the crystal for use in high-power laser systems. The thermal
decomposition and the corresponding stability together with
the thermodynamic kinetics and the activation energy of the
2ADT crystal were assessed and computed using the results of
the TG and DTA analyses. The good optical nonlinearity and
optical limiting indicated that the new 2ADT crystal should nd
potential applications in all-optical limiting and switching
devices. The results of the present investigation promise the use
15720 | RSC Adv., 2021, 11, 15710–15721
of the 2ADT crystal for various optical limiting and nonlinear
optical applications.
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