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A B S T R A C T   

Applications in both science and industry have received increased attention as a result of bulk 
single crystals with particular orientations. However, due to the instability of organic crystals at 
high temperatures and stress, there is an interest in growing good-quality bulk single crystals with 
stable thermal and mechanical properties. Here, the 2-amino 4-methylpyridinium 4-nitropheno
late 4-nitrophenol (2A4MPPP) crystal was prepared employing a single-wall ampoule and the 
vertical Bridgman technique. Structure and functional groups were determined by XRD, NMR, 
and FTIR studies. More importantly, detailed thermal and kinetic properties such as activation 
energy, frequency factor, rate constant, and Avrami exponent are discussed. The mechanical 
stability and dielectric studies are also demonstrated for the title compound. According to the 
single crystal XRD investigation, 2A4MPPP is a member of the orthorhombic crystal system with 
the Pna21 space group. Through the TGA and DTA analyses, it was confirmed that the compound 
starts to melt at 98 ◦C and complete melting occurs at 103.3 ◦C. The dielectric experiments reveal 
the crystal’s poor dielectric constant and high-frequency dielectric loss. Vickers microhardness 
investigations show that grown 2A4MPPP belongs to the soft materials group. As a result of these 
findings, the 2A4MPPP crystal should be well suited for usage in thermomechanical, microelec
tronic, optical communications, and nonlinear optical applications.   

1. Introduction 

The best prospects for exposing a material’s intrinsic qualities are single crystals. Organic bulk crystalline materials with specific 
orientations [1,2] have attracted more attention in micro-electronics, thermoelectrics, optical communications, optoelectronics and 
scintillators [3–6]. The economy, simple synthesis routes and easy structural modifications of organic crystals have made them suitable 
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for industrial applications. Organically mixed crystals of phenol-pyridine and phenol-amine compounds have proven to be outstanding 
materials for nonlinear optical device applications [7]. It has been shown that the ionic interaction between the anion of 4-nitrophenol 
and the cation of a pyridine compound increased ᴨ-delocalization and several ᴨ electrons, which results in enhanced second-order 
nonlinearity and high-frequency conversion efficiency compared to standard materials such as KDP and urea. However, these ap
plications require bulk single crystals without defects or impurities. 

The vertical Bridgman technique is one of the most well-known and conventional techniques to grow void- and crack-free bulk 
single crystals with a desired orientation. The growth of crystals using the Bridgman technique can be performed either vertically or 
horizontally [8–12], where the seed crystal is grown using specially designed conical ampoules [13]. Though the solution growth 
method has been known for several years, many difficulties, such as solvent inclusion and defects severely affecting stability, still need 

Table 1 
Comparison analysis of thermal, mechanical and dielectric properties of various crystal structures.  

S⋅NO Details of material prepared Findings Author name Reference 

1 By using the traditional solid-state process, LiCoO2 formed. AC conductivity value measured (10− 4 Ω− 1cm− 1). By 
examining the temperature dependence of the 
electrical characteristics, it was demonstrated that the 
exothermic peak of the thermal analysis occurs at 335 
K. 

I.B. Slima et al. [20] 

2 Organic-inorganic compound Penta-dimethylammonium- 
Undecachlorotricadmate (II) [(CH3)2NH2]5Cd3Cl11 
hybrid material prepared by classic evaporation method at 
room temperature. 

The properties of thermal, vibrational, optical, and 
electrical systems were examined. 

K. Trabelsi et al. [21] 

3 A solid-state technique was used to create 
NaCu0.2Fe0.3Mn0.5O2 with a hexagonal form. 

Using complex impedance spectroscopy between 101 
Hz and 106 Hz at various temperatures (333–453 K), 
the material’s electrical and dielectric characteristics 
were examined. 

I.B. Slima et al. [22] 

4 2-amino-4,6-dimethylpyrimidine 4-nitrophenol (AMP4N) 
single crystals are grown by slow evaporation solution 
technique 

Studies on third-order nonlinear optics, thermal 
analysis, and chemical etching were conducted. 
The AMP4N crystal was proven to be thermally stable 
up to 120 ◦C by TG-DTA experiments. 

P. Karuppasamy 
et al. 

[23] 

5 Monoclinic structured 2-Amino 4-methylpyridinium 3- 
chlorobenzoate (2A4M3CB) synthesized using slow 
evaporation solution growth technique 

TGA and DTA thermograms validated 2A4M3CB’s 
stability up until its melting point, which was 
determined to be 184 ◦C. 
Vickers Micro Hardness Tester analysis of the crystals’ 
mechanical strength reveals that 2A4M3CB exhibits a 
reversal indentation size effect. 

B. Babu et al. [24] 

6 hexamethylenetetramine 4-nitrophenol monohydrate 
(HMTNP) solvent evaporation method was used 

Tests for photoconductivity, second harmonic 
generation, and dielectric were done. The lower 
dielectric constant (εr) of the HMTNP crystal is 9.516 
at 393 K. 

M. 
Saravanakumar 
et al. 

[25] 

7 monoclinic crystal 2-amino-6-methylpyridinium 2,4- 
dihydroxybenzoate monohydrate (2A6MDH) organic 
single crystal was grown by slow evaporation method 

The 2A6MDH crystal was discovered to have a thermal 
stability of 77.8 ◦C. The generated crystal was a soft 
category material according to Vickers’ hardness 
examination, suggested for optoelectronic 
applications. 

R. Kaliammal 
et al. 

[26] 

8 2-Amino-4-methylpyridinium 2-chloro 4-nitro benzoate 
(AMPCNB) was synthesized by slow evaporation solution 
growth method. 

The results of a micro-hardness analysis showed that 
the produced crystals are soft mechanically. Lower 
dielectric constant readings at higher frequencies 
indicated that the crystal included less electrically 
active flaws. 

K. Venkatesan 
et al. 

[27] 

9 2-amino 5-methylp yridinium 4-methoxybenzoate 
(2A5MP4MB) have been grown successfully from the 
aqueous solution by slow evaporation technique. 

Received greater thermal stability at 178 ◦C without 
deterioration and crystallization of water. Dielectric 
analysis demonstrated the crystal’s typical optical 
behaviour for photonic applications. According to a 
microhardness investigation, 2A5MP4MB crystal was 
a soft material. 

T. Murugan et al. [28] 

10 2,3-Dimethyl-N-[2-(hydroxy) benzylidene] aniline (DHBA) 
using slow evaporation solution growth method in 
methanol. 

The results of the TG/DTA investigation showed that 
DHBA was thermally stable up to 197 ◦C. The DHBA 
had good crystal quality with fewer flaws due to the 
low amount of dielectric constant/dielectric loss at 
high frequencies. According to the Vickers 
microhardness test, the formed crystal had category of 
soft materials. 

B.R. 
Krishnamoorthy 

[29] 

11 Triclinic bis(2-amino-6-methyl pyridinium barbiturate) 
tetrahydrate (2A6MBA) has been grown as a single crystal 
by slow evaporation solution growth method 

The TG-DSC research verified that the material was 
thermally and chemically stable up to 103.9 ◦C and 
that no phase transformation had occurred. Vicker’s 
microhardness demonstrated the crystal’s mechanical 
stability, and the hardness number was computed 
using several models, while the etching research 
showed the crystal’s flawless structural reliability. 

R. Kaliammal 
et al. 

[30]  
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to be overcome. Recently, the synthesis, growth and fundamental characterization of mixed crystals of phenol-pyridine and 
phenol-amine compounds by the slow evaporation solution growth method have been reported [14–19]. However, no reports are 
available on melt growth methods for these crystals. A comparison analysis of the thermal, mechanical and dielectric properties of 
various crystal structures is given in Table 1. 

In this study, bulk single-crystal growth of 2-amino 4-methyl pyridinium 4-nitrophenolate 4-nitrophenol (2A4MPPP) was reported. 
This growth was achieved using the vertical Bridgman technique and a single wall ampoule, which was found to satisfy the growth 
conditions from the melt and have good thermal stability. The vertical Bridgman approach was used to effectively develop a sizable, 
high-quality 2A4MPPP crystal, and this achievement has been disclosed to the scientific community for the first time. The homemade 
Bridgman system’s instrumentation and the ampoule’s measured cone angle have been presented. The Physical, chemical, dielectric 
and mechanical properties of 2A4MPPP crystal have also been investigated using single crystal XRD, powder XRD, 1H.NMR, FTIR, TG- 
DTA, dielectric studies, Vicker’s microhardness test, and the results have been discussed in detail. By the Kissinger and Ozawa method 
[31], thermal kinetic parameters were evaluated and from the Arrhenius equation, the thermal and electrical activation energies of the 
title compound were calculated. 

2. Experimental details 

2.1. Design of Bridgman growth system 

To grow bulk crystal, a single-zone transparent vertical furnace made of borosilicate glass and a new homemade Bridgman system 
with various components such as a heating element, temperature controller, thermocouple, thyristor, and crystal puller with control 
system were designed. Fig. 1 depicts the Bridgman system’s schematic representation. With the crystal pulling system, a stepper motor 
with a lead screw was used to regulate the ampoule’s vertical position inside the furnace. An additional control system managed the 
speed of the stepper motor to optimize the growth rate. Organic compounds generally require a low translation rate due to their poor 
thermal conductivity [32,33] and low growth rate to grow into good-quality single crystals. Hence, the translation speed was 
cautiously optimized to 0.4–0.5 mm/h, where a solid-liquid interface of concave shape was observed. One can also achieve a planar or 
convex interface by changing the translation speed and width of the ampoule [34]. A detailed numerical simulation model of organic 
materials can better understand the interface’s nature, growth process, and formation of cracks. However, such simulations involve 
many experimental parameters such as viscosity, the flow velocity of the melt, gravitational force, and thermal conductivity of the 
sample, as well as ampoule design [35,36]. 

Fig. 1. Schematic diagram of Bridgman crystal puller setup with furnace.  
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Furnace heating can be done in two ways, resistive and inductive heating [37]. The resistive heating method is inexpensive and 
efficient for temperature optimization. Hence, the resistive heating method using a stripe type A1 grade kanthal wire was followed in 
the growth process. The furnace temperature was fully controlled with a Eurotherm temperature controller (model no.: 3216) and 
thyristor (model no.: 7100). A proportional integral differential (PID) controller was used to create the furnace’s precise and targeted 
temperature profile. The schematic picture of the furnace setup and its optimized temperature profile is shown in Figs. 2 and 3. 

2.2. Ampoule 

Ampoule design and cone angles are the main factors that influence the formation of nucleation and the quality of single crystals 
from melt. Therefore, a single-walled borosilicate ampoule of length 150 mm, diameter 12 mm and perpendicular length of cone 40 
mm was designed. The measured cone angles were 17◦2′ at the bottom tip and 171◦28′ at the neck position. The schematic diagram of 
the ampoule with its cone angle is illustrated in Fig. 4. While choosing the ampoule, chemical reactivity and thermal stability with the 
2A4MPPP compound were checked. The ampoule was completely cleaned with the soap solution, thoroughly washed with de-ionized 
water, and then soaked in ethanol to eliminate contaminants inside. The cleaned ampoule was then thoroughly dried at 80 ◦C. 

2.3. Sample preparation 

In 200 ml of ethanol solvent, highly pure 2-amino-4-methylpyridine and 4-nitrophenol compounds were combined in a 1:2 ratio. To 
completely dissolve the compounds, the solution was thoroughly agitated for 5 h. Afterward, it was filtered through Whatman filter 
paper to get rid of any indissoluble particles and contaminants. The filtered solution evaporated at 40 ◦C in a constant-temperature 
bath. The reaction was depicted as per the scheme represented in Fig. 5. The 2-amino 4-methylpyridinium cation interacts with the 
4-nitrophenolate anion and neutral 4-nitrophenol stands as another partner; hence 2A4MPPP crystal was formed. The excellent quality 
crystals were harvested over 5 days and ground well into fine powder samples to load into the ampoule. 

2.4. Growth process 

The optimized temperature profile of the furnace was used to grow the bulk single crystal. By changing the lowering rate of the 
ampoule, a perfect growth atmosphere was provided for the compound.The furnace temperature was kept slightly above its melting 
temperature to attain a homogeneous melt without air bubbles. When the ampoule was lowered at a rate of 0.4–0.5 mm/h, the 
polycrystalline powder sample started to melt at its melting point; subsequently, supercooling was achieved. Nucleation started when 
the tip of the ampoule reached the crystallization point of 2A4MPPP, and the solidification process continued till all molten charges 
were converted to a single bulk crystal. It also ensured that the single crystal grown attained a particular orientation. To prevent the 
growth of crystal cracks, the furnace was progressively cooled down to room temperature after the melt-to-crystal conversion. The 
ampoule’s developed crystal of 2A4MPPP was removed by cutting it using a diamond cutter (Fig. 6). 

Fig. 2. Schematic diagram of furnace with temperature control system.  

S. Karuppusamy et al.                                                                                                                                                                                                



Heliyon 9 (2023) e18260

5

Fig. 3. Temperature profile of the furnace.  

Fig. 4. Schematic diagram of ampoule with cone angle.  
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Fig. 5. Reaction scheme of 2A4MPPP crystal.  

Fig. 6. The Bulk single crystal of 2-amino 4-methylpyridinium 4-nitrophenolate 4-nitrophenol grown by VBT.  
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2.5. Characterization studies 

A single crystal X-ray diffractometer called the Bruker AXS Kappa APEX-II was used to examine the lattice parameters and space 
group of the title chemical at ambient temperature. The BRUKER D2 PHASER equipment was also used to do powder-XRD tests. For 
measurements in the 10–70◦ range, CuK radiation (1.5406 Å) was employed with a scanning rate of 0.02◦/S. The 1H confirms the 
2A4MPPP crystal’s chemical composition. Utilizing a BRUKER ADVANCE-III 500 MHz spectrometer, NMR spectra were obtained using 
deuterated methanol as the solvent. Using Bruker ALPHA in KBr pellet mode, the FTIR spectra of 2A4MPPP were captured between 500 
and 4000 cm− 1. Using a HITACHI-STA-7300 instrument, the thermal stability of 2A4MPPP was examined between ambient tem
perature and 400 ◦C. TG-DTA found thermal kinetic parameters at various heating rates. A parallel plate capacitor was formed using 
the silver-coated <010> -oriented 2A4MPPP crystal with a dimension of 8.09 × 5.63 × 1.87 mm3 as the dielectric in between a pair of 
copper electrodes, and dielectric measurements were carried out using HIOKI 3532-50 LCR HITESTER. The applied frequency varied 
from 50 Hz to 5 MHz, and the capacitance values were noted at various temperatures like 40, 50, 60, 70 and 80 ◦C. The MATSUZAWA 
MMT-X instrument checked the mechanical hardness. The crystal was subjected to Vicker’s hardness tester for an applied load ranging 
from 1 to 100 g at room temperature for <010> orientation of the crystal. 

3. Results and discussion 

3.1. X-ray diffraction 

The orthorhombic space group Pna21 is the origin of the 2A4MPPP crystal, according to single crystal X-ray diffraction. The values 
of lattice parameters and volume are measured to be a = 13.175 Å, b = 11.889 Å, c = 12.052 Å, and V = 1877 Å3, respectively. These 
values agree with the previously reported values [38]. The powder-XRD pattern of 2A4MPPP is depicted in Fig. 7. The plane of the title 
compound has been indexed using the powder-X software. 

3.2. NMR spectral studies 

The proton NMR spectrum of the title compound is depicted in Fig. 8. The peak at 7.73 ppm indicates the presence of the pyr
idinium ring. The doublet at 8.11 ppm is attributed to the NH formation of the pyridinium ring with 4-nitrophenol. The sharp, intense 
peak at 5.0 ppm is due to aromatic C-OH. The multiple peaks observed at 6.87 ppm are ascribed to the benzene ring’s CH. The for
mation of hydrogen bonds between 2 - amino 4 - methylpyridine and 4-nitrophenol compounds accounts for the slight change in the 
chemical environment, which modifies the chemical shift. The 2A4MPPP crystal’s molecular structure was validated based on the 
above examination of chemical shift data. 

3.3. FTIR spectral studies 

The FTIR spectrum of the 2A4MPPP crystal is depicted in Fig. 9. The peak at 3427 cm− 1 is ascribed to O–H vibration. The slight shift 
of this frequency from the usual range 3640–3610 cm− 1 could be explained by the presence of O–H of 4-nitrophenol or protonated N–H 
of 2-amino 4-methylpyridinium. The asymmetric vibration of NH2 is attributed to the peak seen at 3337 cm− 1. The aromatic ring’s C–H 
stretching is responsible for the peak that was visible at 3098 cm-1. At 2892 and 2806 cm− 1, the CH3 group’s stretching vibrations are 
both symmetric and asymmetric. A band received near 2586 cm− 1 is indexed to OH stretching vibrations of the acid group [26]. The 
peaks observed at 1668 and 1625 cm− 1 are attributed to the vibration of the pyridine ring of 2-methyl 4-aminopyridinium. The ring 

Fig. 7. Powder - XRD pattern of 2A4MPPP.  
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vibration of 4-nitrophenol is confirmed at 1483 and 1579 cm− 1. The C–N stretching vibrational peak is identified at 1329 cm− 1. The 
strong peak obtained at 1245 cm− 1 indicates the presence of the C–O stretching vibration of substituted phenol. The peak shift could be 
the electron-withdrawing ability of nitrogen in pyridine from the phenol group of 4-nitrophenol, which also results in the nonlinearity 
of the phenolate ion in 2A4MPPP. The presence of peaks at 1167, 1104 and 961 cm− 1 are ascribed to in-plane bending mode vibration 
modes of aromatic C–H. The band at 845 cm− 1 represents the vibration of the C–N–C inplane bending mode of the pyridine ring. The 
peaks observed at 755 and 544 cm− 1 are assigned to NO2 scissoring mode and rocking vibration, respectively. The intermolecular 
charge transfer between 2-amino 4-metylpyridine and 4-nitrophenol causes the downshift in wavenumber and validates the significant 
nonlinear optical activity of the material. 

3.4. Thermal studies 

The TG-DTA curve of 2A4MPPP is shown in Fig. 10(a). The TG curve indicates no weight loss from room temperature to 145 ◦C for 
the title compound. The weight loss starts at 145 ◦C and gradually increases up to 250 ◦C where it almost decomposes. The compound 
starts to melt at 98 ◦C and complete melting occurs at 103.3 ◦C, corresponding to the title compound’s melting point. A sharp 
endothermic peak at 103.3 ◦C in the DTA curve confirms this. In the TG curve, no peaks are observed before the melting point, which 
confirms the absence of solvent inclusion in this compound. Hence, the 2A4MPPP crystal can potentially be exploited for any 
application up to 98 ◦C. 

The thermal kinetic parameters are vital in understanding the nucleation process, growth transformation’s kinetics, and reaction 
order. Furthermore, these data can prevent hazardous reactions [39]. Based on the Avrami equation [40], Avrami exponent (n) at 
different heating rates, activation energy (Ea), rate constant (K) and frequency factor (K0) were calculated through the Arrhenius 
equation as per Equation (1). 

K=K0 exp
(
− Ea

RTm

)

(1) 

Fig. 8. Proton NMR spectrum of 2A4MPPP.  

Fig. 9. FTIR spectrum of 2A4MPPP.  
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where R is the real gas constant and Tm is the compound’s melting point. At the melting point of the DTA curve, the activation energy 
and frequency factor were calculated using the Kissinger and Ozawa equations given in Equations (2) and (3) [31]. 

ln
(

β
T2

m

)

=
− Ea

RTm
+ ln

(
K0R
Ea

)

(2)  

ln(β)=
− Ea

RTm
+ ln

(
K0R
Ea

)

(3)  

where β is the heating rate, As shown in Fig. 10(b), A line was placed on the Kissingers plot between ln(β/Tm
2 ) and 1000/Tm. The slope 

and intercept were used to compute the activation energy (Ea) and frequency factor (K0), respectively. The same plot was used to 
calculate the correlation coefficient R-squared (R2). In Table 2, the values of Ea, K0, and R2 are shown. The activation energy of 
2A4MPPP measured by the Kissinger method is 49.8074 kJ/mol. The plot of ln(β) against 1000/Tm denotes the Ozawa plot, shown in 
Fig. 10(c). The obtained slope value from this plot is used to calculate the activation energy, whose value is found to be 51.559 kJ/mol. 
As a result, both approaches were used to determine the activation energy needed to drive the reaction of 2A4MPPP crystal, and they 
were found to be quite close to one another. 

The relationship between this parameter and the degree of conversion of the title compound is given in the following Equation (4) 
[41], 

α=
Ms − M(t,T)

Ms − Mf
(4)  

where, Ms is the initial mass, Mf is the final mass and M(t,T) is the instantaneous mass which depends on temperature and time. The 
plot was drawn between calculated α and temperature (T) as given in Fig. 10(d). The calculated values of conversion maxima (αmax) are 

Fig. 10. (a) TG-DTA curve of 2A4MPP at heating rate of 10 ◦C, (b) Kissinger plot,(c) Ozawa plot, (d) Plot between α and Temperature.  
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presented in Table 2 for all the heating rates. 

3.5. Dielectric analysis 

Dielectric constant and loss factor are the key parameters in the relevance of dielectric material-based solid-state electronic devices. 
A material’s dielectric constant depends mainly on frequency and temperature and is primarily interrelated with the polarization of 
materials [42,43]. The change in a dielectric constant and dielectric loss concerning frequency in the 50 Hz - 50 MHz range are shown 
in Fig. 11(a) and (b) at various temperatures. The higher dielectric constant value observed at low frequencies is due to charge 
accumulation by interfacial or ionic polarization. It is observed that the dielectric constant values do not change for temperatures 
above 1 MHz. It is a well-known fact that all other polarizations except electronic polarization are eliminated at high frequencies, 
which means optical frequencies. The observed low dielectric loss factor in the optical frequency region confirms the occurrence of 
electronic polarization. Therefore, it is affirmed that the 2A4MPPP crystal has good optical quality and fewer defects. 

The ac conductivity of the 2A4MPPP crystal was analyzed using the conductivity Equation (5) [44],  

σac = ε0εrωtanδ                                                                                                                                                                         (5) 

When the angular frequency is ω, absolute permittivity in free space is ε0, and phase degree is δ. Fig. 11(c) displays the relationship 
between ln ac and log F at various temperatures. 

The conductivity plot shows an unexpected increase in conductivity value at high-frequency regions which could be due to 
relaxation in the dielectric material. 

The variation of conductivity in terms of Frequency was discussed by I.B.Slima et al. [22]. The hopping energy as a function of 
frequency was remarkable, even though this was expected because the decrease in frequency stimulated the mobility of the free charge 
carriers. The density of states decreased with increasing frequency, as inferred by Mott’s law, and there was also a decrease in the 
polaron radius. The conductivity was caused by a massive polaron. When compared to the interatomic distance, the polaron’s spatial 
extension in this instance was substantial. 

From dielectric and conductivity data, the activation energy required to initiate electrical conduction in the crystal was calculated 
using the Arrhenius relation (6) [45,46],  

σT = σ0 exp (− Ea/kT)                                                                                                                                                                (6) 

where T is the medium’s temperature, Ea is the activation energy, k is the Boltzmann constant, and T is the medium’s electrical 
conductivity at temperature T. Fig. 11(d) displays the logT with the 1000/T plot (d). The activation energy Ea was determined by the 
linear fit approach to be 0.128 eV. 

3.6. Mechanical behavior of 2A4MPPP 

The mechanical stability of the materials is a crucial factor in employing them in device fabrication and machinery construction. 
Micro-indentation tests are done to know the mechanical properties such as hardness, work hardening coefficient, fracture toughness, 
brittleness, and stiffness. In small-scale materials, such tests are conveniently carried out using a Vickers hardness tester with a dia
mond indenter. This method is also called the static indentation method [46]. The Vickers hardness number (HV) of the 2A4MPPP 
crystal was calculated using the formula according to Equation (7) [47].  

HV = 1.8544 P/d2 kg mm− 2                                                                                                                                                        (7) 

where P is the applied load in kg, d is the indentation’s diagonal length in mm, and 1.8544 is the constant for a diamond indenter with a 
pyramidal shape. For the title compound, the indentation duration was maintained at 10 s for each applied stress. While applying 
successive loads to the sample, the position of the indentation was slightly changed to avoid overlap of the indentation on the surface. 
The fluctuation of the hardness number with applied load is depicted in Fig. 12(a). The relation (8) was used to determine the Mohs 
hardness number (HM) [48], also known as scratch resistance [49], of the materials,  

HM = 0.675(HV)1/3                                                                                                                                                                    (8) 

The variation of Mohs hardness with load is shown in Fig. 12(b). By Mayer’s relation [42], p = adn (where a - constant and n - work 

Table 2 
Thermal kinetic parameters of 2AMPPP.  

Heating rate (β) Tm Ea K0 K R2 n αmax 

◦C/min ◦C kJ/mol S− 1 S− 1   min− 1 

5 102.8 49.8074 4.3208 × 104 4.0762 0.8154 0.9755 0.02517 
10 103.3 4.0773 0.6289 0.01941 
15 104.8 4.0807 0.7261 0.01721 
20 105.5 4.0822 0.4953 0.01548 
25 106.5 4.0845 0.3413 0.01409  
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hardening coefficient) the work hardening coefficient was calculated. 
The work hardening coefficient is the slope value determined by the linear fitting of the log P against the log D plot (Fig.12(c)) (n). 

The number n is discovered to be 3.416, which suggests that the substance is soft. Hays and Kendall [50] introduced the 
load-dependence hardness equation as P = W + A1d2, where W is the minimum stress required to cause plastic deformation and A1 is 
constant. Fig. 12(d) displays a plot of log D vs log(P–W). From the plot, the work hardening coefficient (n) value was obtained as 3.438. 

Fracture toughness strongly depends on the crack length and the type of crack observed during indentation. At the corners of the 
indentation, cracks developed due to the application of load onto the sample’s surface. The c/a ratio (where, c is the crack length and a 
is half the diagonal length of the indenter) is an indicator of the nature of the crack. If c/a ≥2.5, it means the half penny or median crack 
and if c/a <2.5, it represents the palmqvist crack type [51]. The c/a ratio of the 2A4MPPP crystal was found to be 2.02. Thus, the 
2A4MPPP crystal is the palmqvist crack type. By using the empirical relation (9), the fracture toughness (Kc) of a 2A4MPPP crystal 
with a palmqvist crack system was determined [52], 

Kc =
P

β0al1/2 (9)  

where,β0 = 7 for Vickers micro indenter and l = c-a, the fracture toughness value was calculated to be 45.62 Mkgmm− 3/2. Another 
important mechanical parameter is brittleness caused by plastic flow and densification in the material [53]. 

Using Equation (10), the brittleness index (Bi) was estimated to be 0.483 × 103 m− 1/2 [54], 

Bi =Hv/Kc (10) 

From relations (9) and (10), it is understood that the crack initiation load plays a crucial role in the fragility of the sample. Thus, the 
formula was used to estimate the stiffness constant of the compound in the title [55], C11 = Hv

7/4. The variation of stiffness constant 
with load is shown in Fig. 12(e). 

4. Conclusion 

In conclusion, for the first time, the 2-amino 4-methylpyridinium 4-nitrophenolate 4-nitrophenol bulk single crystal has been 
successfully grown in the Bridgman technique using a single wall ampoule. This work was motivated by an interest in growing 

Fig. 11. (a) Frequency dependent dielectric constant, (b) Frequency dependent dielectric loss, (c) Frequency dependent ac conductivity analysis, (d) 
Arrhenius plot of 2A4MPPP crystal. 
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thermally and mechanically stable bulk single crystals for device applications. By using X-ray diffraction to determine the crystal’s 
structure, it was discovered that it is an orthorhombic crystal system with the space group Pna21. By using 1H.NMR and FT-IR 
spectroscopic research has confirmed that the chemical structure and vibrational modes of the various functional groups present in 
the crystal are correct. The crystal’s melting point is somewhere around 103 ◦C, according to the results of TGA and DTA analysis. The 
crystal’s purity and perfection are indicated by its endothermic peak. The crystal’s low dielectric constant and high-frequency 
dielectric loss are shown by the dielectric investigations. According to Vickers microhardness investigations, grown 2A4MPPP falls 
under the category of soft materials. As soon as the crystal was loaded, a Palmquist-type crack was seen. The value determined for the 

Fig. 12. (a) Variation of Hardness number with load, (b) Variation of Mohs hardness number with load, (c) plot of Log D versus Log P, (d) plot of 
Log(P–W) versus Log D, (e) Variation of stiffness constant with load. 
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work hardening coefficient (n) was 3.438, which is close to the result of Mayer’s equation. Further assessed were the Mohs hardness 
number, fracture toughness, brittleness index, and stiffness constant. The 2A4MPPP crystal’s distinguishing characteristics and at
tributes suggest that it might be a good material for electromechanical, thermomechanical, and electro-optical applications. 
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