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PREFACE 

 Organic material has been sought for a variety of applications in recent years, 

including photonics, electro optic systems, color display optical switching, and frequency 

doubling. Organic crystal has been synthesized in recent years in order to improve 

chemical stability, laser damage threshold, and nonlinear optical characteristics. Density 

functional theory simulations are an excellent option for designing NLO molecules 

because they allow for the prediction of features such as molecular dipole moments, 

polarizabilities, and hyperpolarizabilities. 

 On the grown crystals, single crystal X-ray diffraction was performed to confirm 

the cell parameters. The crystalline planes were identified using powder X-ray diffraction 

analysis. FT-IR and FT-Raman spectroscopic techniques were performed to determine 

the vibrational modes of functional groups of the grown crystal. UV-vis-NIR spectrum 

and fluorescence analyses were used to establish its optical properties. The thermal 

stability of grown crystal was studied using thermo gravimetric and differential thermal 

analysis (TG/DTA). The mechanical property of grown crystals was determined using a 

Vickers microhardness test. Density functional theory (DFT) calculations with B3LYP 

different basis sets was used to find out optimization molecular geometries, vibrational 

frequencies, Frontier molecular orbitals (FMOs), Mulliken atomic charges, molecular 

electrostatic potentials, first order hyperpolarizability, thermodynamic properties natural 

bond orbital (NBO) analysis and Hirshfeld surface analysis were highlighted. 

 Chapter-1 provides the introduction to crystal growth methods on solution 

growth technique and discusses about the organic nonlinear optical materials.  

 Chapter-2 presents the characterization techniques adopted to analyze the 

properties of the grown crystals. Single crystal XRD, Powder XRD, FT-IR, FT-Raman, 

UV-vis-NIR, Photoluminescence, Thermal analysis, Microhardness, DFT and Hiresfeld 

surface analysis.  



 

 

 Chapter-3 presents the characterization of single crystals of 4-amino-N- 

carbamothioylbenzene sulfonamide (ACBS) have been grown at room temperature using 

slow evaporation solution growth method. The cell parameters of the grown crystals were 

calculated through X-ray diffraction analysis. The ACBS crystal belongs to the 

monoclinic crystal system with P21 space group. The crystalline planes were identified 

by powder X-ray diffraction analysis. The presents of various functional groups in the 

grown crystal were obtained by Fourier Transform Infrared (FT-IR) spectral analysis. 

UV-vis-NIR, thermal analysis, fluorescence analysis, spectral analysis was carried out in 

order to study the optical properties of the grown crystal. The molecular structure, 

mechanical strength and the surface morphology were analysed through 1H NMR, 

Vickers microhardness and SEM techniques respectively. 

Chapter-4 describes the pyrazolemethoxy benzaldehyde (PMB) was synthesized 

and crystals were grown by slow evaporation solution growth method. PMB crystal was 

crystallized in a monoclinic crystal system with a centrosymmetric C2/c space group, 

according to single crystal X-ray diffraction analysis. The crystalline planes were 

identified using powder X-ray diffraction analysis. FT-IR, FT-Raman spectroscopic 

techniques were performed to determine the vibrational modes of functional groups for 

the grown crystal. UV-visible spectral analysis and photoluminescence studies were 

taken to investigate the linear optical properties of the grown crystal. Thermogravimetric 

and differential thermal analysis (TG/DTA) were used to determine the thermal stability 

of the PMB crystal. In addition to this density functional theory (DFT) calculations such 

as Frontier molecular orbitals (FMOs), Global chemical reactivity parameters, 

hyperpolarizability, natural bond orbital (NBO) analysis, Mullikan atomic charge 

distribution, and molecular electrostatic potential map analysis were carried out in 

gaseous phase using B3LYP/6-311G* basis set.  

Chapter-5 is devoted to organic single crystal pyridine urea (PYUA) was 

synthesized using the slow evaporation solution growth method at room temperature. 



 

 

Structural characteristics of the crystal were studied through crystal X-ray diffraction, 

Fourier transform infrared (FT-IR), and UV-vis-NIR spectral analysis. The 

thermogravimetric analysis (TGA) and differential thermal analysis (DTA) techniques 

was used to investigate the thermal stability of the PYUA crystal. The Vickers hardness 

study confirmed the PYUA as a soft crystal constructed by H-bonds and π…π 

interactions of average strength. The DFT calculations with the B3LYP method and 

Gaussian 09 software were used to perform computational analyses in a gaseous state. 

Hiresfeld investigations reveal H- -H interactions, demonstrating the largest contribution 

in the molecular packing. 

Chapter-6 illustrates the synthesis and characterization of aminopyridinium 

chloronicotinate (APCN) single crystal were grown using a slow evaporation solution 

growth method. The APCN crystal belongs to the monoclinic P21/c crystal system with 

a centrosymmetric space group, according to X-ray diffraction analysis of a single 

crystal. Powder X-ray diffraction analysis was used to determine crystallinity nature of 

grown crystals. Various functional groups in the grown crystal were identified using 

Fourier transform infrared (FT-IR) spectroscopy. The optical transmittance, energy 

bandgap of the crystal, are analyzed through UV-vis-NIR spectroscopy. The thermal 

stability of APCN crystal was studied by thermogravimetric and differential thermal 

analysis (TG/DTA). The mechanical property of the grown crystal was determined by 

the Vickers microhardness test. The density functional theory (DFT) method at B3LYP 

6-31+G (d, p) basis set was used to perform the theoretical investigations in order to get 

the information regarding the HOMO-LUMO, Global chemical reactivity descriptors 

(GCRD), natural bond orbital (NBO), Mulliken atomic charges, molecular electrostatic 

potential (MEP), and thermodynamical properties of the molecule in the gaseous state. 

Chapter-7 provides the highlight of the work presented in the thesis and the 

scope for future work. 
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CHAPTER - 1 

====================================================== 

INTRODUCTION TO CRYSTAL GROWTH TECHNIQUE 

====================================================== 

 

1.1  Introduction 

 Crystal growth is a fascinating area that includes materials science, optoelectronics, 

photonics, metallurgy, chemistry and other fields. Crystal growth has been a major research 

area for the past few decades, as the demand for high quality crystals has expanded to meet 

technological demands [1]. Modern technology cannot progress without single crystals. 

Crystals have evolved into modern technology's pillars, occupying a key position in the 

field's ever expanding scope. To fully benefit from the applications for which the crystals 

are employed, high quality crystals are required at this time. Crystals are divided into two 

categories: single crystals and polycrystals. A polycrystal is a crystal that has atoms ordered 

in a regular pattern over a short distance. In all three dimensions, a single crystal is a regular 

arrangement of atoms. Single crystal growth is definitely more difficult than polycrystalline 

growth (Laudise 1970). 

 Every day, new crystals form and new technology emerge from these crystals. In 

recent decades, crystal growth researchers have been piqued by the potential applications of 

nonlinear optical (NLO) single crystals in various photonic technologies such as optical 

switching, image processing, optical sensors, optoelectronics, optical data storage, optical 

telecommunication and others [2]. The requirement for non linear optical (NLO) single 

crystals is increasing every day as the variety of NLO device applications develops. 

 Crystal formation continues to play an essential role in both theoretical and practical 

research areas, as well as in applications (Jagannathan et al. 2007, James et al. 1975, 
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Ravindra et al. 2008). Given the increased need for materials in technological applications, 

higher-quality crystals are a herculean effort to achieve and this can be accomplished using 

theories developed in the late nineteenth century in the disciplines of crystal formation, 

nucleation and thermodynamics. 

 It takes skill to grow a crystal with the proper shape, clarity and size for a given use. 

Growing crystals is getting more popular among materials scientists as the size of the 

crystals grows larger. In the production of crystals for device applications, growing crystals 

free of defects and contaminants is a critical stage (Shimura 2017). Organic crystals have 

good optical characteristics and nonlinearity, making them interesting among the many 

forms of crystals. In organic crystals, delocalized ᴫ-electrons move between the electron 

donor and acceptor groups. It results in charge transfer between molecules, resulting in 

complex formation. 

1.2  Nucleation 

 The first and most important phase in the crystal formation process is nucleation 

(Sangwal et al. 1987). Growing a crystal can be done using both simple and complicated 

procedures. Nucleation is defined as the set of atomic or molecular events in which atoms 

or molecules of a reactant phase rearrange into a cluster of the product phase large enough 

to grow irreversibly to a macroscopically larger size and this cluster is known as a nucleus 

or crucial nucleus [3]. Figure 1.1 depicts a block diagram that can be used to describe the 

many types of nucleation. Primary nucleation refers to both types of nucleation that occur 

in the absence of crystalline materials. Secondary nucleation occurs when nucleation occurs 

in the proximity of crystals in a supersaturated solution. The supersaturated state condition 

must be met by any crystallisation procedure. A series of bimolecular collisions is assumed 

to initiate primary nucleation, resulting in an aggregate of a few dissolved material 
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molecules. Secondary nucleation occurs when nucleation is aided by the presence of crystals 

of the same substance [4-6]. 

 

Figure 1.1 Classifications of nucleation 

1.2.1  Primary Nucleation 

 Primary nucleation happens in the first step of crystallisation and is classified into 

two types: homogeneous and heterogeneous nucleation. In homogeneous nucleation, nuclei 

are formed without any external provocation, but in heterogeneous nucleation, foreign 

particles are induced. 

(a) Homogeneous Nucleation 

When the nucleation process occurs spontaneously in the interior of the parent 

phase, it is referred to as homogeneous nucleation. 

  (b)  Heterogeneous Nucleation 

Heterogeneous nucleation occurs when a nucleation process is purposefully created. 
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1.2.2  Secondary Nucleation 

 When new crystals develop in the presence of existing crystals in the same solution, 

this is known as secondary nucleation. 

1.3  Methods of crystal growth 

 The intention of crystal growth is to build a massive single crystal using the optimum 

approach for a specific material. Crystal growth is the process of converting polycrystalline 

materials into a single crystal with no grain boundaries (Mullin et al. 1961). In today's era 

of rapid technological and scientific innovation, where crystal applications know no bounds, 

single crystal development plays a critical role. Crystal formation methods are widely 

characterised as shown in Figure 1.2. The solution growth strategy is the most popular 

because of its adaptability and simplicity. 

 

Figure 1.2 Classification of crystal growth 
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1.4  Solution Growth method 

 The solution growth technique is widely utilised and has been used for decades to 

produce a wide range of organic and inorganic crystals for various technological 

applications. The solution growth method is widely used to generate outstanding 

ferroelectric crystals, nonlinear, transparent and other materials, depending on the solvent 

and solubility of the solute. Crystal growth from an aqueous solution is one of the most 

important methods for creating high quality single crystals. Solution growth is one of the 

most popular ways for generating single crystal due to its versatility and simplicity. Low 

temperature solution growth might take weeks, months, or even years to produce crystals. 

There are two mechanisms for solution growth, depending on the solvents and solubility of 

the solute 

 High temperature solution growth 

 Low temperature solution growth 

1.4.1  High Temperature Solution Growth  

Single crystals are formed from materials that are not soluble at lower temperatures 

using this high temperature solution growth technique. Crystals are produced from a 

solution at a higher temperature using this method. 

High temperature solution growth can be divided into two categories: 

 Hydrothermal growth  

 Flux growth. 

1.4.2  Hydrothermal growth 

 Hydrothermal conditions are characterised by high pressure and high temperature. 

At low temperatures and pressures, calcite and quartz are insoluble in water, yet, at high 

temperatures and pressures, they are soluble. Crystal growth under high temperatures and 

pressures is known as hydrothermal growth. Temperatures range from 400 to 600 oC, with 
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a high pressure involved (hundreds or thousands of atmospheres). For growth, steel 

autoclaves with gold or silver linings are typically utilised.  According to their pressure, 

autoclaves are classed as low, medium, or high pressure autoclaves. The concentration 

gradient required for growth is created by a temperature difference between the nutrient and 

growth zones. Because of the great pressure required, only a few high quality crystals with 

enormous diameters are formed using this procedure. In industry, quartz is a great example 

of hydrothermal crystallisation. A significant disadvantage of this method is the frequent 

inclusion of hydroxyl ions in the crystal, which makes them unsuitable for many 

applications. 

1.4.3  Flux growth 

 Crystals of incongruently melting materials are grown using the flux growth method. 

A saturated material solution is formed in the flux growth procedure and the flux is held at 

a temperature above saturation. The temperature of the crucible is then lowered to allow 

crystals to form more easily. Crystals such as emerald and ruby were formed using this 

method, according to reports. 

1.5  Low temperature solution growth 

 In the ancient method of crystal development, the low temperature solution growth 

method is frequently used. A solution is generated by dissolving a chemical in a liquid 

solvent at room temperature in this process. It's a lengthy process that can take a week, a 

month, or even years to complete. By setting moderate to high solubility and altering the 

temperature range from ambient to 100oC at constant air pressure, materials can be grown 

utilising the low temperature solution growth technology. In this procedure, the drug is 

dissolved in a suitable solvent to form a saturated solution, then crystallisation is generated 

by slow cooling or solvent evaporation. This process produces massive crystalline crystals 

of industrially significant chemicals [7-11]. After a series of experimental attempts, changes 
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and refinements, the solution growth procedure produces high quality, unidirectional and 

bulk crystals for use in technological applications (Sankaranarayanan & Ramasamy 2005). 

It also enables the production of materials with dimensions ranging from a micrometre to 

several centimetres. 

 This method is commonly employed for the following reasons: 

 the growth apparatus is simple and inexpensive; the low temperature imparts 

fewer thermal stresses into the grown crystals than melt-grown crystals. 

 Researchers can analyse the crystal formation processes because emerging 

crystals usually have well developed surfaces (growth behaviour). 

The three types of low temperature solution growth methods are as follows: 

i. Slow evaporation method 

ii. Slow cooling method 

iii. Temperature gradient method 

1.5.1  Slow evaporation method 

 One of the most fundamental methods for generating crystals is the slow evaporation 

method. Materials that are moderately and highly soluble at room temperature are good 

candidates for crystal formation utilising the slow evaporation process. With non-toxic 

solvents like water, allowing evaporation into the atmosphere is legal. Typical growing 

conditions include temperature stabilisation at around ±0.005°C and evaporation rates of a 

few ml/hr. By evaporating extra solvent at a constant temperature, this method achieved the 

required supersaturation (Brice 1973). As a result, the solvent evaporates faster and the 

particles in the solution lose their supersaturation. It is covered with perforated aluminium 

foil (or) paper (or) plastic sheet. As a result, evaporation is kept under control. Transparent 

crystals emerged at the end. Figure 1.3 shows the creation of crystals using the slow 

evaporation process. 
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Figure 1.3 Slow evaporation method 

The advantages of the slow evaporation method are as follows: 

i) Ease of use 

ii)  It is less costly 

iii)  Materials with a low coefficient of solubility at low temperatures are suitable. 

iv)  This method can produce crystals with a wide range of morphologies and 

polymorphic structures. 

1.5.2  Slow Cooling method 

 A gradual cooling procedure is the best way to make single crystals utilising the 

solution growth process. The nature of the material's solubility in the chosen solvent 

determines the rate at which the temperature drops. The uniform saturated solution is poured 

into the crystallizer and heated a few degrees above saturation temperature to avoid 

spontaneous nucleation. To remove dust and contaminants, the crystal growing substance is 

dissolved in a suitable solvent and then filtered. The solution is kept in a large water bath to 

increase temperature stability. It calls for the usage of a pre-programmed temperature 

controller. At a pace of 0.1ºC/day, the temperature is dropping. For better crystallisation 

results, a wide range of crystallisation temperatures is not required. The method has a high 

success rate despite its complexity, which demands programmable temperature control. The 
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temperature range for such crystallisation is generally 45-75 °C, with room temperature 

being the lower limit of cooling [12]. Slow cooling method is depicted in Figure 1.4. 

 

Figure 1.4 Slow cooling method 

1.5.3  Temperature gradient method 

 The temperature gradient method involves two zones. Figure 1.5 illustrates this. One 

is a heated region that houses the source material, while the other is a cold region where 

crystallisation takes place. To tackle this problem, crystallizers with a three-vessel growth 

system consisting of a crystallizer vessel, a saturator vessel and a superheater vessel are 

used. 

 The saturator vessel has a temperature difference of 10 °C from the crystallizer 

vessel. The temperature of the solution in the superheater vessel will be significantly greater 

than the temperature in the saturator vessel. Supersaturation and crystal development occur 

when a saturated solution is transferred from the hot zone to the cold zone. 

  



 

10 

The following are the technique's key advantages: 

 Crystals grow at a specific temperature and if both the source and the growing 

crystal are changed at the same time, this method is unaffected by temperature 

fluctuations. 

 The solvent and solute economy. 

 

Figure 1.5 Temperature gradient method 

1.6  Solution, Solubility and Supersaturation 

1.6.1 Solution 

 A solution is a mixture of a solute and a solvent that is homogeneous in composition 

(Pamplin, 1979). The solute is the component that dissolves in the solution but is present in 

smaller amounts. More dissolved solids are found in supersaturated solutions than in 

equilibrium saturated fluids. For all crystallisation conditions, this is a prerequisite. For a 

particular solute, there may be multiple solvents. The following features of the solvent must 

be considered when generating crystals from the solution. For the given solute, a high 

amount of solute solubility. 
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 It has a lower density than the bulk solute and has a good solute solubility 

temperature coefficient.  

 It has a low viscosity and a high degree of volatility.  

 It is less corrosive and non-toxic. 

 The size and pace of growth of the crystals are restricted by their solubility. 

The solute's solubility in the chosen solvent must be determined before the 

growth process can begin. The solubility gradient is another important factor 

that influences the development process. 

1.6.2 Solubility 

 The solubility of a substance in a solvent determines the quantity of material 

available for crystal formation, as well as the ultimate size limit. It is difficult to generate 

bulk single crystals due to the high solubility and the size and development rate of the 

crystals are limited. Another significant component that determines the growth process is 

the solubility gradient. As a result, a lower viscosity solvent is preferable (Ohara & Reid 

1973). Measuring a solution's solubility at various temperatures is the most popular method 

for assessing its saturation. Most materials' solubility increases as the temperature rises. To 

achieve saturation, slow evaporation processes might be applied. As a result, the solubility 

of the material in the chosen solvent at various temperatures must be evaluated before 

initiating the crystal formation process. The link between supersaturation and spontaneous 

crystallisation was thoroughly investigated by Meirs and Isaac (Meirs & Isaac 1987) and 

the results are shown in Figure 1.6. The saturated solution line separates the entire 

concentration temperature field into two regions: unsaturated and supersaturated states, as 

seen in this typical solubility diagram. As the temperature rises, so does the solubility of 

most compounds (the temperature coefficient of the solubility is positive). Crystals can only 

form in supersaturated solutions, which have more solute than the equilibrium value. The 

supersaturated solution region separates the metastable (stable) and labile (unstable) zones. 
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Nucleation will occur on its own in the labile zone. The metastable zone is the level of 

supersaturation in which seed crystals are required to stimulate the growth process without 

spontaneous nucleation. 

 

Figure 1.6 Meirs solubility diagram 

The following zones are explained using the solubility diagram. 

1.  The stable (unsaturated) zone - Crystallization is impossible above the unsaturated 

zone. 

2.  The metastable (saturated) zone - Crystallization is phenomenal in the saturated 

zone between the solubility (I) and super solubility (II) curves. Spontaneous 

crystallisation is not conceivable in this environment. The growth will be 

substantially enhanced if a seed crystal is placed at this stage. 

3.  The supersaturated (labile) zone - where spontaneous crystallisation is possible. 
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1.6.3 Supersaturation 

Saturated solution: At a specific temperature, a saturated solution is one in which the 

required amount of solute is completely dissolved in the specified amount of solvent. 

Supersaturated solution: For the solution growth process, supersaturation is a crucial 

characteristic. A solution is considered to be supersaturated when it contains more solute 

than the solute can dissolve at a given temperature. 

Undersaturated solution: When a little amount of solute is dissolved in a given amount of 

solvent at a specific temperature, an undersaturated solution is created. 

1.7  Nonlinear optical materials 

 Nonlinear optics is the maximum typically located fabric phenomenon in nonlinear 

media including crystals (Eaton 1991). This could be very essential in NLOs and has a large 

effect on records era and commercial applications.The goal is to create materials that have 

substantial nonlinearities while still having a fast optical reaction, a large transparency 

window, a high laser damage threshold, flexibility, phase matching ability and the capacity 

to interface with other crystals (Boyd 1989). The effort to find the best suited NLO material 

is ongoing, as the technological value and uses of NLO materials continue to grow. Because 

of their versatility, organic compounds with NLO properties are widely employed. Organic 

compounds are attractive because of their simple synthesis technique, which allows for the 

development of a wide range of new NLO materials at a low cost. Crystalline materials offer 

unique optical and electrical properties that are often superior to those of randomly formed 

materials. Many organic and inorganic materials are highly polarizable, making them ideal 

for NLO research. Inorganic and organic materials each have their own set of advantages 

and disadvantages [13], but the goal of semi organic materials is to combine the benefits of 

both. 
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1.8  Classification of materials 

 In nonlinear optical (NLO) crystals, the active medium for nonlinear processes. 

These NLO crystals can be classified into three groups based on the materials used in their 

formation.  

 Organic materials  

 Inorganic materials and 

 Semiorganic materials 

1.8.1  Organic materials  

 Organic materials are made up of a variety of chemical changes that can be 

"molecularly manipulated" to acquire specific optical properties. In the manufacturing of 

organic crystals, nonlinear susceptibilities are high and less expensive. The NLO 

characteristics of large organic molecules have been the subject of much theoretical and 

experimental research during the last two decades (Bappalige 2012). 

 It has the following advantages:  

 The high degree of nonlinearity 

 high laser resistance (high LDT value) 

 better optical responsiveness 

 wide transmittance window 

 fast optical response 

 high thermal and mechanical stability 

 high laser damage. 

 Many modern technologies require high speed data processing and organic materials 

have the ability to double or treble the frequency of laser light. Because NLO material is in 

such high demand in technical applications, a unique material for NLO applications is 

necessary, as well as phase matching capabilities. Organic compounds with both conjugated 
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bonds and an acceptor group on one side and a donor group on the other  side are known as 

nonlinear optical (NLO) materials [14]. Organic materials have stronger nonlinearity than 

inorganic materials because organic molecules include π - electrons [15-16]. Figure 1.7 

depicts the electron acceptor and donor bridge arrangement. The following is an example of 

a typical active molecule:  

 

Fig. 1.7 Scheme of an electron acceptor and donor bridge 

 The optical nonlinearity of organic molecules can be improved by adding strong 

electron donating and withdrawing entities, as well as controlling the distance between 

donor and acceptor. This produces a highly polarizable charge transfer molecule with an 

asymmetric electron distribution. 

1.8.2  Inorganic materials 

 A quartz crystal was the first solid to exhibit second-order NLO capabilities and 

research of nonlinear optical effects were initially focused on pure inorganic systems. For 

diverse NLO applications, many effective inorganic materials have been investigated. 

Ammonium dihydrogen phosphate (ADP), potassium dihydrogen phosphate (KDP), 

potassium titanyl phosphate (KTP), lithium niobate (LiNbO3), lithium triborate (LBO) and 

potassium niobate are examples of these compounds (KNB). Because of their good 

physicochemical properties and importance in several NLO applications, materials 

researchers investigated LiNbO3 and KDP in the aforementioned list [17,18]. The 

physicochemical properties of certain inorganic crystals generated were investigated by a 

number of material scientists. High melting points, chemical inertness, increased 
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mechanical strength and susceptibility are all desirable properties of inorganic materials. 

However, it has a number of flaws, including a low laser damage threshold value, visible 

spectrum absorption, minor nonlinearity and low optical transmittance [19]. Ionically 

bonded inorganic crystals are the most common, because manufacturing inorganic materials 

is always easier. Chemically inert and with a high melting point, these are often used. Many 

of these materials have been successfully employed in commercial frequency doublers, 

mixers and parametric generators to produce coherent laser light in a new spectrum region 

not accessible by nonlinear crystal standard sources. 

1.8.3  Semi organic materials 

 Inorganic and organic materials are rapidly being replaced by semi-organic 

materials. They have both organic and inorganic properties [20]. Metal complexes of 

organic molecules have recently gained a lot of attention due to their strong non-linearity. 

Semi organic NLO crystals are projected to help both organic and inorganic materials. The 

materials' varied range of electrical characteristics, thermal stability and mechanical 

hardness, as well as facile organic processing, structural range and strong polarizability, all 

contribute to the advantages. In this type of crystal, organic components connect metals 

together to form indefinitely lengthy structures. Because it possesses both inorganic and 

organic characteristics, it has attracted and projected attention. They additionally function a 

excessive harm threshold, deliquescence, sturdy nonlinear coefficients and an extensive 

transparency range, making them best for tool construction. 

1.9  Density functional theory (DFT) method 

 Quantum chemical methods for computing the nonlinear optical properties of 

molecules have also advanced significantly, yielding numerous important insights into the 

optimal molecular structures and identifying a number of structure property relationships. 

Conjugated organic systems are especially suited for use in electro-optic modulators, optical 
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switches and other electronic devices due to their fast response time, nearly limitless 

structural modification possibilities, high NLO susceptibility and simplicity of 

processability. As a result, NLO materials research has centred on the development of first 

principles based methodologies for predicting structure property correlations in organic 

materials. As a result, the NLO characteristics have recently been investigated using density 

functional theory (DFT). They provide a physical description of the event as well as the 

material attributes needed for technological applications. As a result, computational 

materials research has a wide range of applications, ranging from providing complete 

knowledge of the physics underlying a technologically important event to identifying 

systems with relevant device properties. The use of quantum mechanics to investigate and 

predict molecule properties in chemical problems is known as Molecular Quantum 

Mechanics. To calculate solutions for many electron systems, two strong approaches, ab 

initio and density functional theory (DFT), were developed. Both of these theories are 

entirely dependent on quantum mechanical equations and their computations do not require 

any experimental factors. These theories can be used to compute a variety of molecular 

properties in addition to ground state energy and structures. Density functional theory (DFT) 

is the most prevalent theoretical method for investigating ground state molecule properties. 

1.10  Scope of the present work 

 Organic materials outperform inorganic and semi organic materials, according to a 

thorough analysis of literature studies. In recent years, there has been a lot of interest in 

finding new organic materials that can be used in nonlinear optical (NLO) applications. The 

organic crystal is required for the creation of highly sensitive optoelectronic devices due to 

its nonlinear optical property. The classification of crystal growth processes as well as the 

history of crystal growth have been studied. Various crystal growth methods have been 

thoroughly presented, with a focus on the fundamental and experimental features of the low 

temperature solution growth technique. As a result, an attempt has been made to synthesis 



 

18 

novel organic single crystals at room temperature using the solution growth technique. In 

solid state and photonic device applications, the development of pyridinium based single 

crystals is particularly popular. As a result, the present work focuses on the synthesis, 

growth and thermal, mechanical, physicochemical vibrational and nonlinear optical 

properties of the following organic crystals, 

 4-amino-N-carbamothioyllbenzene sulfonomide (ACBS) 

 Pyrazole methoxy benzaldehyde (PMB)  

 Pyridine urea (PYUA)  

 Aminopyridinium chloronicotinate (APCN)  

 In this study, a single crystal was studied. The characterisation data were analysed 

and reported in this thesis utilising scientific approaches. The structure and lattice 

characteristics of the grown crystals were confirmed using single crystal and powder X-ray 

diffraction methods. To investigate functional groups and optical properties, FT-IR,  

FT-Raman and UV-vis spectroscopy were used. The thermal stability of the grown crystals 

was determined using TG/DTA analysis. The mechanical properties of the grown crystals 

were estimated using microhardness tests. Quantum chemistry computations utilising 

Density Functional Theory (DFT) were used to explore molecular polarizability, HOMO-

LUMO energy gap, Mulliken charge distribution, Molecular electrostatic potential, NBO 

and Hirshfeld surface analysis.  
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CHAPTER - 2 

=============================================== 
CHARACTERIZATION TECHNIQUES 

====================================================== 

 

2.1  Introduction 

In this chapter, the working principle and instrumentation of various techniques used 

for sample characterization are briefly reviewed. The structural, chemical composition, 

physicochemical and optical properties of the grown crystal were investigated using a 

variety of characterization techniques.  The crystal and powder samples were treated with 

care since the results are dependent on the purity and quality of the sample. Single crystal 

XRD, Powder XRD, FT-IR, FT-Raman, UV-vis-NIR, Photoluminescence, TGA/DTA 

investigations, Microhardness and SEM examination are among the techniques used to 

investigate various aspects of the grown crystals. The four important criteria that impact the 

properties of single crystals are purity, composition, crystallographic structure and crystal 

defects. The basic ideas and operation of characterization techniques used to analyze various 

properties of grown crystals are covered in this chapter. 

Different characterizations and grown crystals are as follows,  

 An X-ray diffractometer were used to confirm the structure of the grown 

crystals and collect the unit cell parameters. 

 The various functional groups present in the molecule were confirmed using 

FT-IR and FT-Raman studies. 

 Linear optical studies by using UV-vis-NIR spectrophotometer 

 TGA/DTA analysis was used to determine the thermal stability of the grown 

crystals. 
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 The mechanical behavior of the grown crystals is investigated using Vicker's 

hardness test. 

 A scanning electron microscope is used to examine the surface morphology 

of the produced crystals (SEM). 

2.2  Single Crystal X-ray diffraction 

 The crystal structure of all the grown crystals was examined using single crystal  

X-ray diffraction (SXRD). The size of unit cells and the positions of atoms in the crystal 

sample were determined using the single crystal XRD technique. Atomic positions are 

directly related to bond lengths and bond angles [21]. By selecting optically acceptable 

quality crystals, data was obtained using SXRD. Diffraction data were collected at 294 K 

with molybdenum K as the source (=0.71073) using a Bruker Kappa apex II X-ray 

diffractometer. The data were collected and the structures were solved using SHELXS-97 

[22-24]. During the experiment, X-rays were produced using a cathode ray tube and focused 

at the crystal. Interference is formed when incident x-rays are reflected back and obey 

Bragg's law (n=2dsin). The collimator allows X-rays to flow through and make contact 

with the crystal (Figures 2.1 and 2.2). Rays can pass through the crystal, be reflected off the 

surface, or diffracted by the crystal's lattice. Interference occurs when incident x-rays are 

reflected back. Three goniometers in the diffractometer gather the diffracted X-rays. These 

goniometers gather the X-rays reflected in all three axes (x, y and z). Rays can pass through 

the crystal, be reflected off the surface, or diffracted by the crystal's lattice.  A beam stop is 

put in front of the collimator to limit transmitted photons and prevent the detector from 

blowing up. The sensor does not pick up the reflected light due to the angles involved. The 

detector subsequently collects diffracted photons in the setup's proper orientation. 
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Figure 2.1.  Photograph of single crystal X-ray diffractometer 

 

 

Figure 2.2 Single crystal X-ray diffractometer 

2.2.1  X-ray Powder diffractometer 

For measuring unit cell sizes and identifying powdered crystalline material, it is the 

most basic analytical procedure. X-ray powder diffraction (XRD) is a rapid analytical 

technique for determining unit cell dimensions and is used to detect crystalline material 

phases [25]. The crystallinity of the crystals generated in this analysis were determined by 

powder X-ray diffraction analysis. X-ray powder diffraction were used to analyze the 
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structure, composition and condition of polycrystalline materials.   A correctly produced 

sample of a powdered solid will present a completely random selection of all possible crystal 

faces at the powder interface and diffraction of this surface will show all possible atomic 

spacings in the crystal surface. 

When X-rays are passed through a sample, electrons from atoms existing in the 

substance scatter them in the original direction. Because Bragg's law was satisfied, the 

scattered waves constructively interfered. In Figure.2.3, an X-ray beam is reflected from 

two parallel lattice plates at the same time. We can more easily determine the size and shape 

of the unit cell for any compound by using the diffraction of the X-ray path difference 

between two waves: 

              2 × wavelength (λ) = 2dsinθ        (2.1) 

This leads to the Bragg equation 

  n λ = 2dsinθ  

λ = wavelength of the incident beam, d = distance between the planes in crystal,  

θ = angle of beam diffraction. The reflected X-rays will be in phase when the relationship 

is satisfied and this process is termed as constructive interference. 

 
Figure 2.3 Bragg’s Law 



 

23 

 Figure 2.4 depicts a powder X-ray diffractometer schematically. For common 

powder patterns found in the X-ray scan, data is collected at two angles ranging from 10° to 

80°. A Bruker Nonius Kappa Apex II, CCD diffractometer system with Cu K (= 1.5418) 

radiation were used to investigate powder X-ray diffraction on finely crushed crystal 

powder. The sample was scanned at a rate of one per minute. The diffraction peaks created 

by d-spacing may be used to identify the material because each material has its own set of 

d-spacing. To achieve this, the d-spacing is compared to several common reference patterns. 

To acquire the crystal structure, Redfield refinement is employed and this process may also 

be used to determine sample purity. All conceivable diffraction lattice planes must be 

examined for a full characterization of the material. 

 

Figure  2.4 Powder X-ray diffraction technique 

2.3 FT-IR spectral analysis 

It is one of the most commonly used methods for determining the functional groups 

contained in a grown crystal. The Fourier transform interferometer employed in this study 

passes light from an acceptable infrared (IR) source. The background emission spectra of 
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the IR source are recorded first, followed by the emission spectrum of the IR source with 

the sample in position. The absorption spectrum of the sample is proportional to the sample 

spectrum to background spectrum ratio. The absorption spectrum produced by the natural 

vibration frequencies of chemical bonds and functional groups in the sample demonstrates 

that the sample has a variety of chemical bonds and functional groups. The frequency range 

of 4000 to 1500 cm-1 is classified as the functional group zone. The peaks in this region 

represent the functional groups of the molecule. A fingerprint region is defined as the 

frequency range between 1500 and 600 cm-1. The mid-IR range is used in a wide range of 

analytical applications. It gives the molecules a distinct fingerprint that can be differentiated 

from the absorption patterns of other vibrations. In this investigation, the IR spectra of the 

grown crystals were recorded using the KBr pellet method. As shown in Figure 2.5, the  

FT-IR spectra were obtained using a Perkin Elmer FT-IR spectrometer. All of the samples 

were made with KBr pellets and the IR spectra were captured in the 4000-400 cm-1 region. 

The schematic diagram of FT-IR is shown in Figure 2.6. The incident radiation is split into 

two beams by a beam splitter in the FTIR spectrometer. One beam is permitted to pass via 

a stationary mirror and is reflected back to the beam splitter. A second beam is directed at a 

moving mirror and reflected back to the beam splitter. 

 After passing through the sample, the resulting beam is focused on the detector. 

When the two beams meet at the beam splitter, there are both constructive and destructive 

interferences. Depending on the type of the connection and binding strength, the molecules' 

vibrations were observed at different wavenumbers. After passing this combined laser over 

the sample, the spectrum produced were recorded. Theoretically, measuring wide band 

radiation travelling through the material should result in a broad infrared spectrum [26]. 
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Figure 2.5 Perkin-Elmer FT-IR spectrometer 

 
Figure 2.6 Schematic diagram of FT-IR 
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2.3.1  Instrumentation FT-Raman  

 The FT-Raman spectrum is a complement to the infrared IR spectrum and it's likely 

to be useful for detecting certain compounds. The Raman band is intense, similar to IR bands 

and its location is influenced by the kind of replacement and group geometry. It's commonly 

used to investigate both qualitatively and quantitatively covalently bonded chemical 

molecules. Raman spectroscopy provides vibrational information that is specific to chemical 

bonding and symmetry in molecules [27]. 

 The Fourier transformation Raman spectroscopy, as opposed to absorption, is 

concerned with the scattering of radiation by the material. It works on the basis of inelastic 

photon scattering by molecules. The vibrational, rotational and other low-frequency modes 

in the system are studied using the FT-Raman spectroscopy method. The FT-Raman 

spectrometer is depicted schematically in Figure 2.7. With a wavelength of 1064 nm, the 

laser source is an Nd: YAG laser. The light from the spot is captured using a lens and 

allowed to travel through a monochromator. 

 Due to elastic Rayleigh scattering, wavelengths closer to the laser line are filtered 

out. The remaining light is distributed onto a detector. When a molecule relaxes, it emits a 

photon before returning to a different rotational or vibrational state. A frequency shift in the 

released photon is caused by the energy difference between the original and new states. 

Raman scattering is a phenomena that may be observed in Figure 2.8. The FT-Raman 

spectrum acquired for the sample using a Bruker RFS 27 standalone FT-Raman 

spectrometer in the range 4000 - 50 cm-1 is shown in Figure 2.9. 
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Figure 2.7 Optical arrangement of a FT-Raman instrument 

 

Figure 2.8 Raman scattering phenomenon 
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Figure 2.9 Bruker RFS 27 FT-Raman spectrometer 

 It differs from fluorescence, which involves the molecule being excited to a definite 

(rather than virtual) energy level. The energy shift reveals which phonon modes are present 

in the system. 

2.4  UV spectral analysis 

 Using a SHIMADZU 1800 UV-Vis spectrophotometer, the crystal's UV-Visible 

spectrum was recorded in the wavelength range of 190 to 900 nm. A light source, a 

monochromator that separates the wavelengths of radiation, a sample compartment and a 

detector that detects the quantity of light transmitted by the sample comprise the 

spectrophotometer (Figure 2.10). A small bandwidth was chosen with the use of bandpass 

filters. The intensity differences between the two beams were then measured electronically 

after the two rays were combined. The radiation used had a wavelength of 190 to 900 nm 

and the sources were a deuterium lamp and a tungsten lamp. 

 Following that, the radiation was passed alternately through the crystal and the 

solvent. This approach uses two beams to eliminate the intensity changes caused by 

radiation scattering and solvent effects. The intensity differences between the two beams 
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were measured electronically since they were combined. The monochromator and recorder 

movements were synced and modified so that the record shows the right radiation intensity. 

In the transmission investigation, the intensity was assessed in terms of transmittance in 

percentage along the y-axis and wavelength along the x-axis. 

 

Figure 2.10 Block diagram of UV-vis spectrometer 

 

 The optical transmittance spectrum was acquired for the wavelength range of 200 to 

1100 nm and provides information on the crystal's optical cut-off value. Depending on the 

bandgap of the material, energy is absorbed in a specific wavelength while passing through 

light radiation. The relation may be used to get the optical an of any crystal 

          (2.2) 

 T stands for optical transmittance and t stands for crystal thickness. Additionally, the 

optical is provided by 
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         (2.3) 

 A is a proportionality constant and Eg is the photon's energy. Furthermore, by using 

T to show the photograph of the UV-Visible spectrometer (Figure 2.11), the bandgap value 

of the crystal may be derived from the observed transmittance data. 

 

Figure 2.11 UV-visible spectrometer 

 

2.5  Microhardness Analysis 

 Microhardness investigations of the grown crystal are crucial in establishing the 

material's mechanical stability. In device manufacture, a crystal's hardness value is 

significant, because it's linked to laser damage and bond strength.  Hardness tests are often 

used to determine a material's mechanical strength and they are related to other mechanical 

parameters such as elastic constants, brittleness index and yield strength. This measurement 

can be classified as a macro, micro, or nano by applying force to the crystal and 

displacement is obtained. 
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 A procedure in which a crystal is subjected to relatively high pressure in a limited 

location is known as hardness. Hardness tests on all crystalline materials may be easily 

performed under a variety of temperature and pressure conditions by using the right indenter 

material and very simple equipment construction. Because the deformation is limited, 

multiple trials can be performed on a single small specimen and the results can be replicated 

by keeping the specimen indenter orientation connection.  Brinell, Vickers and Rockwell 

are the three main standard test methods for expressing the relationship between hardness 

and impression size. The Vickers hardness test method is the most frequent and reliable of 

these hardness assessment procedures. A diamond indenter is used to make a micro 

indentation on the surface of a specimen in this method (Figure 2.12). 

 

Fig. 2.12 Schematic diagram of Vickers diamond pyramid indenter 

 A pyramid may be used in place of a ball to offer geometrical similitude under 

varying loads [28]. The Vickers pyramid indenter, which has an angle (α = 136°) on opposite 
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faces, is the most frequently approved pyramid indenter. The following two factors make a 

pyramid ideal for hardness tests. 

 A pyramid indenter's contact pressure is independent of the size of the indent.  

 Pyramid indenters are less impacted by elastic release than other indenters.  

 The ratio of the load applied to the indentation's surface area is commonly referred 

to as hardness.  The Vickers hardness number, often known as the Diamond Pyramid 

Number (DPN) is given by 

  Hv = (2 P sin α/2) / d2    kg/mm2      (2.4) 

where α is the indenter’s apex angle = 136o. As a result, the Vickers hardness number is 

computed using the formula 

               Hv = 1.8544 P / d2 kg/mm2      (2.5) 

 Here, P is the applied load in kg, d denotes the average diagonal length of the 

indentation portion in mm and Hv denotes the Vickers hardness number.  

 The size of the impression left after a loaded indenter has penetrated and been 

removed from the surface is used to calculate hardness values. As a result, the reported 

hardness behavior in the final measurement of the residual impression is the total of several 

processes involved in the material's reaction to indentation pressure during loading [29]. 

 Microhardness measurements were taken with a Vickers microhardness indentor in 

this investigation (Leitz Weitzier hardness tester). The work hardening coefficient (n) is 

calculated by plotting log P versus log d and calculating the slope of the plot. Hardness 

testing gives useful information on the strength and deformation characteristics of materials 

[30]. Microhardness is a measure of mechanical property. 
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2.6  Thermal analysis 

Thermogravimetric (TG) analysis provides information on the sample's thermal 

stability and various stages of decomposition as the temperature rises. A thermo-balance is 

used in this analysis to determine the mass changes that occur throughout a temperature 

range and the data can be shown as a plot of mass loss vs temperature. Thermal analysis is 

a material science subject that investigates how temperature influences the thermophysical 

and kinetic properties of materials [31]. Furthermore, thermo gravimetric and differential 

thermal analyses are frequently employed in conjunction because any one of the studies 

alone will not provide enough data to investigate the physicochemical changes in the sample 

during heating. The rate of change of mass with respect to time and temperature is plotted 

in a derivative thermogravimetric (DTG) analysis. 

2.6.1  Thermogravimetric analysis 

This is a method of observing the change in weight of a substance as a function of 

temperature over time. Temperature is gradually increased for a known initial weight of a 

substance and weight variations are carefully recorded at various stages. A thermogram or 

thermogravimetric curve is a graph that shows the relationship between a substance's weight 

and temperature. This method is used to determine the amount of inorganic and organic 

components in materials, as well as solvent residues, degradation temperatures, explosive 

decomposition points and absorbed moisture content.  Figure. 2.13 shows a schematic 

diagram of the TGA.  
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Figure 2.13 schematic diagram of TGA 

 A furnace can be heated in such a way that the temperature rises in a linear fashion                

overtime. 

 A thermobalance with high precision. 

 TGA devices that are very advanced electronic based and pricey are now available. 

2.6.2  Differential thermal analysis  

Differential thermal analysis (DTA), which is frequently thought of as a supplement 

to TG is, in fact, more adaptable and produces data of a far more fundamental nature. 

Because both the sample and the inert reference materials are subjected to identical thermal 

regimes, the procedure is simple. It entails measuring the temperature differential between 

the sample and the inert reference materials in a heated or cooled environment at a constant 

pace. The energy difference between the products and the reagents, or between the two 

phases of a substance, is the source of the temperature differential in the sample. Enthalpy 
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changes, both exothermic and endothermic, show this energy differential. Figure 2.14 shows 

a schematic representation of a current differential thermal analysis. 

 DTA determines these qualities by comparing the sample's temperature to that of a 

reference material that is inert in similar conditions. This temperature difference is 

calculated as a function of time or temperature in a controlled environment and it offers 

information not only about the transition temperature but also about its thermodynamics and 

kinetics [32,33]. 

 

Figure 2.14 A Schematic diagram of differential thermal analysis 

 Until the sample's physical or chemical condition changes, the differential thermal 

curve will be parallel to the temperature axis (time). However, after the sample has achieved 

the temperature of this transition of state, the additional heat flow reaching the sample will 

not increase the sample's temperature at the same rate as the reference, resulting in a peak 

in the differential signal. Only after the sample's change in status is complete and the 
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temperature is the same as the reference material would the differential signal return to the 

baseline. 

 The thermal impacts are visible as peaks whose sequence (on the temperature scale), 

sign (endothermic or exothermic), amplitude and form reflect the physical or chemical 

changes that take place. The DTA method is applicable to all of the studies listed for TG, as 

well as phase transformations such as polymerization, phase balance and chemical reactions 

because any change in the chemical or physical state of a substance is accompanied by 

energy changes that manifest themselves in the form of heat changes. 

2.7  Photoluminescence study 

Photoluminescence (PL) is an electromagnetic spectroscopy technique that 

examines a sample's fluorescence. It entails utilizing a beam of light, typically ultraviolet 

light, to excite the electrons in specific compounds' molecules, causing them to emit lower-

energy light. In photoluminescence, light absorption causes a transition from the ground 

state to an excited state of an atom or molecule, after which the system undergoes non-

radioactive internal relaxation and the excited electron moves to a more stable excited level; 

the electronic system then returns to the ground state after a characteristic lifetime in the 

excited state. The energy is released in the form of light and photoluminescence is used to 

detect this emitted light. The sample compartment module, which includes a Xenon bulb, 

uses 450 watts. 

 Because it delivers a constant output from 200 nm to 800 nm, this high pressure 

Xenon lamp is commonly employed in instrumentation. The spectral dependence of the 

intensity of the photoluminescence spectrum can reveal information about the material's 

qualities. The PL emission including defect level transitions may also be used to assess the 

existence of defects in materials, allowing the quality of materials to be determined. The 

photo of the Photoluminescence spectrophotometer is shown in Figure 2.15. 
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Figure 2.15 Photograph of photoluminescence spectrometer 

 An emission spectrum is a plot of emission against wavelength for all possible 

excitation wavelengths. The excitation spectrum is the result of changing the excitation 

wavelength and plotting the emission from the sample versus the wavelength of stimulating 

light. The luminescence attribute of a material is determined by its emission spectrum. The 

photoluminescence signal's intensity provides crucial information about the materials' purity 

and crystalline quality. 

2.8  Nuclear Magnetic Resonance (NMR) Spectroscopy  

In general, 1H NMR spectra were used to determine the position of hydrogen atoms 

in organic materials. The proton (1H) NMR is the most researched nucleus and the technique 

is known as proton NMR spectroscopy. Proton NMR confirms the number of hydrogen 

atoms present in the molecule. Proton NMR provides information on the many types of 

protons in a molecule. The number of protons of each kind and the ratio of different types 

of protons in the molecule can also be determined using 1H NMR spectra. The absorption 

process involves the nuclei of the atoms. The change in magnetic dipole moment between 

the permissible spin states causes the absorption. NMR spectra are said to provide a 

molecule's "fingerprint" and may also reveal information about functional groups present in 

the substance. It's also excellent for resolving very close peaks in 2D spectra or compounds 
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with a small number of protons [34, 35]. The 1H is used to indicate where hydrogen atoms 

in a molecule are located. It's one of the most effective methods for figuring out the structure 

of biological compounds. A 400 MHz Bruker NMR spectrometer was used to record the 1H 

NMR of the samples. The powdered crystal samples were dissolved in deuterated 

chloroform and then subjected to analysis. The prepared sample was held under a strong 

magnetic field. The nucleus is oriented to the magnetic field direction at higher magnetic 

fields. The sample is then bombarded with radio waves, which the nucleus absorbs and re-

emits depending on its environment. The positions of hydrogen and carbon present in the 

sample were ascribed to the corresponding peaks detected. Figure 2.16 depicts an image of 

the NMR spectrometer. 

 

Figure 2.16 Photograph of NMR spectrometer 
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2.9  Scanning electron microscope analysis 

The scanning electron microscope (SEM) is a device that can measure features as 

small as nm. Fully automated and semi-automated SEMs are used in the technology sector 

and other high tech manufacturing. In a scanning electron microscope, an image is formed 

and shown by a very fine electron beam focused on the surface of an object. The surface 

morphology was examined to use a JEOL JSM 5610 LV scanning electron microscope with 

a resolution of 3.0 nm and an acceleration voltage of 0.3 to 30 kV with a maximum 

magnification of 3,00,000 times (Figure 2.17). The scanning electron microscope (SEM) is 

a fantastic tool for uncovering the hidden world of micro space. It can display extremely 

detailed three dimensional images at a considerably higher magnification than an optical 

microscope can. A high energy electron beam is emitted by an electron gun (at the top). This 

beam descends via a succession of magnetic lenses that focus the electrons into a very small 

area. Secondary electrons are knocked loose from the sample’s surface as the electron beam 

hits each area. These electrons are counted by a detector, which transfers the signals to an 

amplifier. The number of electrons emitted from each place on the sample is used to create 

the final image. 

 

Figure 2.17 Block diagram of scanning electron microscope 
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2.10  Computational details 

Quantum chemical calculations provide information on the molecule's electrical 

charge, energy and dipole moment. Density Functional Theory (DFT) was used to perform 

all of the quantum chemistry calculations for all of the molecules at the B3LYP level, using 

the Gaussian 09 software package. The optimized bond angle, bond length and dihedral 

angles were noted and compared to the experimental values after the molecules were 

optimized using the CIF file of the molecule. Additional molecular properties were 

investigated, including the Frontier molecular orbital (FMO), Global chemical reactivity 

descriptive attributes, Mulliken atomic charge analysis and the molecular electrostatic 

potential (MEP) map. 

2.10.1  Frontier molecular orbital analysis 

 The FMO study reveals the molecule's chemical reactivity in the π-conjugated 

electron system [36]. The chemical reactivity, kinetic stability, chemical hardness and 

softness of a molecule are all determined by the energy gap between the HOMO and 

LUMO orbitals. Furthermore, the energy value has a significant impact on molecular 

charge transport properties. 

 By using the energy values of HOMO and LUMO, some of the properties of the 

molecule were calculated such as chemical hardness (ɳ),  electronegativity (χ) and 

electrophilicity index (ω). The chemical hardness value of the compound determines the 

chemical stability. The chemical hardness is given by the relation, 

  Η = (ELUMO-EHOMO) / 2       (2.6) 

 The electronegativity value is the ability of an atom to attract an electron and is 

determined by the relationship, 
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 EHOMO and ELUMO are the energy values of the HOMO and LUMO orbitals, 

respectively. The global electrophilic index is calculated as follows: 

  ω = 
𝜇2

2𝜂
                                                                    (2.7) 

Where μ is the chemical potential. 

The relationship between ionization potential and electron affinity is: 

Ionization potential (I) = -EHOMO 

Electron affinity (A) = -ELUMO  

The molecule's HOMO and LUMO energies are EHOMO and ELUMO, respectively. 

2.10.2  Mulliken atomic charge analysis 

 It depicts the molecule's charge distribution and net charge in the simplest way 

possible [37]. The Mulliken atomic charge study of a molecule reveals the total charge of 

the molecule [38]. The atomic population of a group of atoms is calculated by adding all of 

their atomic orbitals. The DFT technique was used to study the Mulliken charge analysis of 

all the compounds and the results were depicted as a bar diagram and discussed in the 

appropriate chapters. 

2.10.3  Molecular electrostatic potential map analysis  

The electrophilic and nucleophilic sites of a molecule can be identified using 

molecular electrostatic potential (MEP). The MEP of all molecules was produced using the 

Gauss view 5.0 programme. In MEP mapping, the various electrostatic potentials of the 

surface are represented by different colours. The nucleophilic sites have the most positive 

charge, which is represented by the blue colour in the MEP. Similarly, the electrophilic sites 

are shown by the surface's negative charge, which is shown in red.  In the order  

red < orange <  yellow <  blue, the potential increases from negative to positive. 
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2.10.4  Hirshfeld surface analysis 

A well known and efficient method for studying and evaluating a molecule's strength 

and intermolecular interactions is Hirshfeld surface analysis [39]. The 3-dimensional 

Hirshfeld surface and 2-dimensional fingerprint map of the molecules were generated using 

Crystal Explorer 3.1. The molecule's 3D surface was calculated using dnorm (normalized 

contact distance), curvedness and shape index. Three colours represent the created dnorm 

surface white, blue and red. The negative and positive values of dnorm are represented by the 

three different colors on the surface. The value of dnorm is displayed in red if it is bigger than 

the Van der Waals radii. Similarly, the dnorm is displayed in blue if it is smaller than the Van 

der Waals radii. When dnorm equals Van der Waals radii, it's displayed in white. 

The normalized contact distance is calculated as follows: 

        (2.8) 

Where de is the distance between the outside of the nearest nuclei's surface and the point on 

the surface, di is the distance between the interior of the nearest nuclei's surface and vdW is 

the atom's Van der Waals radii. 
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CHAPTER-3 
====================================================== 

GROWTH AND CHARACTERIZATION OF 4-AMINO-N-

CARBAMOTHIOYLBENZENE SULFONAMIDE:  NONLINEAR 

OPTICAL SINGLE CRYSTAL 

====================================================== 

 

3.1  Introduction 

Nonlinear Optical (NLO) materials are a scientifically important class of materials 

which find applications in the area of fiber optic communication, laser technology, optical 

switching and optical signal processing [40]. Organic materials of the are exquisite interest 

within the synthesis of materials with NLO properties and they additionally provide a 

chance to use theoretical modeling [41, 42]. In the past decades, considerable research work 

has shown the organic materials can exhibit NLO efficiencies which can be two orders of 

value more than the counterpart inorganic crystals [43, 44]. From the device factor of view, 

the NLO materials are usually used within the shape single crystals they must satisfy kind 

of material necessities for optical usage [45]. The organic crystals exhibit excellent 

nonlinear properties due to their electronic structure -conjugated structures among donors 

and acceptors [46, 47]. This is because of non - centrosymmetry nature which leading to 

large NLO performance, showed by way of organic crystals of the order of 10 to 100 times 

of large than that of inorganic crystals through the macroscopic second order nonlinear 

reaction [48]. Thiourea (TU) is an organosulfur compound with the chemical formula 

CH4N2S which belongs to an orthorhombic crystal system, with centrosymmetric, Pnma 

space group with the capability of forming an extensive network of hydrogen bonds because 

of its big dipole moment [49-52]. Sulphanilic acid (SA) is an interesting and important 

compound with the formula of (NH3
+C6H4SO3 

-), which find a variety of applications 

including nonlinear optics and crystallized in orthorhombic crystal system with Pca21 space 

group [53-55].  The inductive zwitterionic structure of sulphanilic acid has dosimetric part 
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and anionic part [56]. With this literature, a survey attempt has been made to grow new NLO 

crystal 4-amino-N-carbamothioylbenzenesulfonamide from the aqueous solution by slow 

evaporation method and the physical and chemical properties were discussed. 

3.2  Experimental procedure 

3.2.1  Synthesis  

Thiourea and Sulphanilic acid were separately taken in 2:1 molar ratio. The 

estimated amount of thiourea was dissolved in triple distilled water at room temperature. 

The sulphanilic acid was then slowly added to the solution with constant stirring. The 

resultant solution was continuously stirred for 3 hours. The reaction mechanism for the 

growth of 4-amino-N-carbamothioylbenzenesulfonamide is depicted in scheme 3.1. 

     

 

Scheme 3.1 Reaction mechanism of 4-amino-N-carbamothioylbenzenesulfonamide 

3.2.2  Crystal growth 

The fully dissolved solution was filtered using a whatmann filter paper. Then the 

solution was optimally tightly closed by using a perforated polythene paper and stored in 

undisturbed situations. The resultant final solution was allowed to dry at room temperature. 

After three weeks, good quality of ACBS crystal of size 13 x 8 x 7 mm3 was obtained and 

is shown in Figure 3.1. 

Sulphanilic acid 
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Figure 3.1 As grown single crystal of ACBS 

3.3  Instrumentation 

 The single crystal X-ray diffraction (XRD) analysis on ACBS was executed 

employing Bruker Apex CCD diffractometer the usage of MoKα monochromated radiation 

(λ=0.7107 Å) device. The powder X-ray diffraction study of the grown crystal was 

performed using Rigaku X-ray diffractometer using CuKα radiation (λ = 1.5406 Å). The 

sample was scanned in the 2θ range starting from 10° to 70°. The FT-IR spectrum was 

recorded by using KBr pellet technique ranging from 400 cm-1 to 4000 cm-1. Optical 

transmission spectrum also has been recorded in the range of 200 nm - 800 nm using Perkin 

Elmer Lambda 35 Model UV-vis-NIR spectrophotometer. Thermogravimetric and 

differential thermal analysis (DTA) were carried out by using a SDT Q600 V20.9 alumina 

thermal analyzer within the temperature vary from 20 °C to 650 °C at a heating rate of  

20 °C within the nitrogen atmosphere. The Photoluminescence (PL) spectrum was recorded 

using a Varian Carry Eclipse Fluorescence spectrometer. The proton 1H NMR spectra 

experiments were performed for the ACBS crystal and spectral data were recorded in a 

magnetic field of 11.75 tesla using Bruker AVANCE III 500 MHz (AV 500) Fourier 

Transform NMR spectrometer (For 500 MHz 1H NMR) for analyzing the molecular 

structure. The microhardness studies of the ACBS crystal have been characterized by Leitz 
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wetzler Vickers microhardness technique. The surface analysis of the grown crystal was 

performed with CAREL ZEISS EVO 18 High resolution scanning electron microscope.  

3.4  Results and discussions 

3.4.1  Single crystal X-ray diffraction analysis 

The crystalline nature and the lattice parameters have been determined using X-ray 

diffraction studies. It is observed that the ACBS crystal crystallizes in monoclinic system of 

P21 space group. The determined values of the lattice parameters are a=6.45Å, b=18.32 Å, 

c=6.78Å, α=γ=90°, β=93° with the cell volume of V=801Å3.  The single crystal data of 

ACBS is compared with the reported value and are depicted in Table 3.1. 

Table 3.1  Comparison of crystal data of ACBS crystal 

Lattice 

Parameters 

TU 

Reported work [50] 

SA 

Reported work [55] 

ACBS 

Present Work 

a(Å) 7.8585 7.5113                                         6.45 

b(Å) 8.4850 7.2791 18.32 

c(Å) 5.485 13.898 6.78 

α=β= γ (°) 90 90 α=γ=90; β=93 

Volume(Å3) 380.8926  - 801 

System  Orthorhombic Orthorhombic Monoclinic 

Space group Pnma  Pca21  P21 

 

 From the table, it was found that the structure of ACBS crystal belongs to the 

monoclinic system differs from those of thiourea and sulphanilic acid system of reported 

values with changes in a, b and c cell parameters values. 

3.4.2  Powder X-ray diffraction analysis 

The indexed powder x-ray diffraction pattern of ACBS single crystal is shown in 

Figure 3.2. Due to large difference in intensity of the peaks, the diffraction pattern is splitted 
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into two part and the indexed patterns are shown in inset. It is found that a sharp high intense 

present at 19.94°. The XRD pattern also indicates many different peaks and the presence of 

sharp peaks shows that the material is in good crystalline nature. The properly described 

Bragg’s peaks at specified 2θ angles suggest the high crystallinity of the grown crystals. 

 

Figure 3.2 Powder XRD pattern of ACBS 

3.5  Vibrational analysis 

The FTIR spectra of grown ACBS single crystal are shown in Figure 3.3. The 

functional groups present in the ACBS crystals are identified and compared with thiourea 

(TU), Sulphanilic acid (SA) as stacked in Table 3.2. In the present work, the sharp high 

intense peaks at 3382 cm-1 and 3178 cm-1 are attributed to asymmetric and symmetric 

stretching modes of NH2 group. The C=S asymmetric and symmetric stretching frequencies 

show a shift towards higher wave numbers when compared to thiourea and sulphanilic acid. 

The metal – sulfur bond is assumed to be responsible for the shifting of vibration at  

1471 cm-1 and 834 cm-1 to high wavenumber in each material. The peak observed at  

1415 cm-1 and 1008 cm-1 are the symmetric and asymmetric frequency of SO2 group 
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respectively. The stretching and bending vibrations of N-C-N and C-N-C were positioned 

at 684 cm-1 and 487 cm-1 respectively. 

 

Figure 3.3 FTIR spectrum of ACBS 

Table 3.2  Assignments of vibrational wavenumber (cm-1) of TU, SA and ACBS single 

crystals 

Wavenumber (cm-1)       

TU [50] SA [55] 

ACBS Present 

work Assignments 

3347 3371 3382 NH2 asymmetric stretching  

3167 3051 3178 NH2 symmetric stretching  

              2350 2400  2360 C-H stretching 

1464 1431 1471 C=S asymmetric stretching  

1387 1349 1415 asymmetric SO2 vibration  

1091 1271 1085 C-N symmetric stretching  

- 1025 1008 symmetric SO2 vibration 

731 782 834 C=S symmetric stretching  

627     694 684 N-C-N symmetric stretching  

491 511 487 C-N-C bending  
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3.6  UV-Vis-NIR spectral analysis 

The UV spectra of ACBS single crystal is shown in Figure 3.4. From the UV spectra 

it is seen that the UV transparency cut off wavelength for ACBS crystal happens at 344 nm 

and transparency ~95% in the visible regions 416 nm - 800 nm which makes the ACBS 

crystal is potential candidate for second harmonic generations (SHG). Since it is seen that 

the absence of absorption in the visible region, the grown crystal is an appropriate candidate 

for optoelectronic applications [57]. The Tauc’s plot variation of (αhν) 2   vs. the photon 

energy (hν) is estimated as proven in Figure 3.5. The optical band gap (Eg) for the ACBS 

crystal was predicted using the relation, 

                            A (hν - Eg) 
2  

                                                     α = ________________                              

                                             (hν)  

Where α is the absorption coefficient, A is the proportional constant. The Eg is measured by 

using the extrapolation of the linear part and the band gap of the ACBS crystal was become 

found to be 2.69 eV.  

 

Figure 3.4 UV – Vis – NIR transmission spectrum of ACBS 
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Figure 3.5 Plot of (αhν) 2 vs. hν of ACBS crystal 

3.7  Thermal analysis 

Thermal stability, melting point, endothermic or exothermic reactions have been 

analyzed using thermal studies. The thermal analysis curves are shown in Figure 3.6. 

Because there is no endothermic or exothermic transition below 175 °C and as a result of 

the material is strong up to this temperature. Within the differential thermal analysis curve, 

endothermic reactions are found at 184 °C and 253 °C. The endothermic peak placed at  

184 °C suggests the begin of decomposition and the material is completely decomposed at 

253 °C and consequently the trace in TGA at 175°C in TGA shows the melting point of the 

crystal. The sharp endothermic peak indicates the good crystalline of the ACBS crystal. On 

the same time the melting point of ACBS crystal is determined to be more than that of 

reported value 173°C of pure sulphanilic acid crystal [58]. 

 



 

51 

 

Figure 3.6 TGA / DTA curve of ACBS crystal 

3.8  Fluorescence studies 

The fluorescence spectra of ACBS single crystal is shown in Figure 3.7. The 

photoluminescence spectrum of ACBS crystal gives information of various energy states 

available among valance band and conduction band answerable for radiative recombination. 

The ACBS was excited at 297.8 nm and the spectra were recorded in the range from 200 

nm to 800 nm. From the figure is observed the high intense peak at 416.2 nm. The usage of 

the conversion wavelength to energy relation Eg = (1.24 / λ) eV, the band gap value 

calculated and λ is the wavelength of fluorescence. The fluorescence band gap of the ACBS 

single crystal is Eg located to be 2.97 eV. This indicates that the ACBS crystal is a violet 

light emitting material. Either different low intensity peaks can be intrinsic defects of the 

crystal. 
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       Figure 3.7 Fluorescence spectrum of ACBS single crystal 

3.9  1H NMR Spectral analysis 

The Proton NMR spectrum of ACBS single crystal is shown in Figure 3.8. It is seen 

that the 1H Proton NMR spectra affirms the nearness of eleven protons in ACBS compound 

which incorporate interchangeable protons also. In the spectrum, a singlet signal appearing 

at δ = 2.110 ppm is due to the protons of carboxylic acid connected sulphanilic acid moiety. 

The doublet signals appearing at δ = 3.404 and δ = 3.389 ppm attributed to the presence of 

–CH group of sulphanilic acid. The solvent D2O sharp peak δ = 4.69 ppm is merged with 

the protons of –NH2 and HSO3 groups. Due to that the peak intensity is very high [59]. The 

doublet signal at δ = 6.761 and δ = 6.734 are assigned to phenyl protons which are present 

in orthoposition to amino group. The doublet peaks observed at δ = 7.483 and δ = 7.455 are 

assigned to the proton of NH2
-
 group of thiourea.  
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Figure 3.8 1H NMR spectrum of ACBS single crystal 

3.10  Microhardness analysis 

            The microhardness analysis of the ACBS crystal was carried out by a Leitz Wetzler 

tester with a Vickers diamond pyramidal indenter. Hardness is a measure of a materials 

resistance to the nearby deformation resulting from indentation. It plays a key role in device 

fabrication [60]. The indentation hardness is generally defined as the ratio of the 

implemented load to the surface area of the indentation. The time of indentation became 

stored constituent at 10s for all trials and therefore the microhardness activity became taken 

between the implemented load (P) varying from 25 g to 100 g. The micro hardness number 

(Hv) was calculated using the formula [61]. Hv = 1.8544 P / d2 (kg / mm2), where P is the 

applied load in kg and d is the average diagonal length of the indentation in mm. The 

hardness value Hv with load P for ACBS as shown in Figure 3.9. It is concluded that Hv 

increases with increases in P which is known as reverse indentation size effect. For an 

indentation load of 100g, cracks had been located on the crystal surface across the indent 
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and it is far because of the discharge of internal pressure domestically initiated through 

indentation. The index number ‘n’ is predicted as 2.81 from the graph drawn between log P 

versus log d from Figure 3.10. According to Hanneman [62] and Onitsch [63] the values of 

‘n’ lies between 1 and 1.6 for difficult materials and it is more than 1.6 for soft materials. 

For this reason, from Mayer’s index number, it is far clean that ACBS belongs to soft 

material category. 

 

Figure 3.9 Hardness (Hv) verses load (P) for ACBS crystal 
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         Figure 3.10 Log P and Log d for ACBS crystal 

3.11  SEM analysis 

 Surface morphology of ACBS crystal was carried out using high resolution scanning 

electron microscope. Figure 3.11(a) and (b) show the SEM pictures of ACBS crystal surface 

with magnification of 10 μm and 20 μm respectively. The scanning electron microscope 

studies give the information regarding the nature, morphology, composition variations and 

also it is mainly used to check surface imperfections. Because the organic materials are non-

conducting in nature, gold carbon coating ought to be done before subjecting the crystal 

surface to electron beam. It is observed from the SEM image it is clear that the surface of 

the crystal appears smooth through it has pots and microcrystal on the surface. Overall, the 

surface was very smooth, fine grain boundaries and few vale regions are determined [64]. 
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Figure 3.11 (a) and (b) SEM pictures of ACBS crystal 
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CHAPTER-4 
====================================================== 

SYNTHESIS, GROWTH, DFT AND HOMO-LUMO STUDIES ON 

PYRAZOLEMETHOXY BENZALDEHYDE SINGLE CRYSTALS 

====================================================== 

 

4.1  Introduction 

 Organic material has been sought for a variety of applications in recent years, 

particularly photonics, electro-optic systems, color display optical switching, 

optoelectronics and frequency doubling [65-67]. As a result, several research groups are 

interested in developing new organic crystals with strong nonlinear optical properties. 

Organic crystals usually outperform inorganic and semi-organic materials, with substantial 

optical nonlinearity due to π-electron delocalization, low dielectric constant at higher 

frequencies and a high damage threshold value [68-69]. 2-Methoxybenzaldehyde is an 

organic material containing a benzene ring that has been replaced with an aldehyde and a 

methoxy group. It appears in three varieties, ortho, meta and para in which the two 

functional groups (methoxy and aldehyde) are alpha, beta and a comma to each other. 

Benzaldehyde and its derivatives have vibrational spectra which can be used to study 

biological processes and analyze comparatively complex structures. It is used to make 

pharmaceuticals, plastic cleaners, agrochemicals and dyes among other things. It is very 

important in the intermediate processing of performs and flavoring elements [70]. Pyrazole 

is an aromatic organic material. A five-membered lactam ring structure of three carbon 

atoms and two nitrogen atoms in adjacent locations distinguishes it from other heterocyclic 

sequences. Antifungal and pesticide properties are found in pyrazole derivatives and crystals 

with the hydrazine moiety are a common class of organic molecules in medicinal and 

pharmaceutical chemistry [71-76]. The methyl and amino groups are frequently referred to 

as electron donation substituents in aromatic ring structures. Hyper conjugation of the 

methyl group with the adjacent 𝜋-system causes electronic delocalization, which the 

molecular orbital technique takes into consideration [77, 78]. In the present study, 
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experimental and theoretical investigations of Pyrazolemethoxy benzaldehyde (PMB) are 

reported. The PMB crystals were investigated by powder X-ray diffraction, Fourier 

transforms infrared analysis, FT-Raman, UV-vis-NIR studies, photoluminescence and 

thermogravimetric differential thermal analysis. Computational studies such as optimized 

molecular structure, Frontier molecular orbital, Global chemical reactivity descriptors, 

natural bond orbital, Mullikan atomic charge and molecular electrostatic potential analysis 

are performed and discussed its results. 

4.2  Material and Methods 

4.2.1  Synthesis and crystal growth 

 The PMB compound was synthesized using commercially available AR grade 4-

acetyl-3-methyl-1-phenyl-5-hydroxy pyrazole (4A5P) and 2-methoxybenzaldehyde (2MB) 

in a 1:1 molar ratio in acetone. The prepared solution was continually stirred with a magnetic 

stirrer and the solution becomes turbid, hence, ethanol was added and gradually warmed 

until a clear solution was obtained. The clear homogeneous solution was filtered using 

Whattman filter paper to eliminate impurities. The prepared homogeneous solution was 

transferred to a beaker and covered with a perforated sheet to manipulate the evaporation. 

It was kept in an undisturbed condition. Yellow-colored PMP powder was obtained 

according to the chemical reaction process depicted in Figure 4.1.  

 

 

Figure 4.1 Reaction scheme of PMB crystal 
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 As a first step towards the crystal growth process, the solubility of PMB compounds 

in different solvents like ethanol and methanol is performed at various temperatures. From 

Figure 4.2 it is concluded that the PMB has a high solubility in ethanol compared to 

methanol. Hence ethanol has been taken as a solvent to grow PMB crystals. The synthesized 

material was further purified by repeating the recrystallization process two times in ethanol. 

The purified salt dissolved in ethanol solution provides high quality PMB crystal, which 

was collected over 4 weeks period. The photographs of as grown PMB crystals are shown 

in Figure 4.3. 

 

Figure 4.2 Solubility curve of PMB 
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     Figure 4.3 As grown crystal of PMB crystal 

4.3  Results and discussions 

4.3.1  Single X-ray diffraction studies 

 The single crystal X-ray diffraction studies revealed that PMB crystal belongs to the 

monoclinic system with centrosymmetric space group C2/c, with lattice parameters of  

a = 28.179 Å, b = 4.71108 Å and C = 23.819 Å and a cell volume of 3157.7 Å3. The lattice 

parameters are in good agreement with the reported values [79]. 

4.3.2  Powder X-ray diffraction Analysis 

            The powder X-ray diffraction pattern of the grown crystal was recorded using a 

powder X-ray diffractometer with (λ = 1.5408) CuKα radiation. The grown crystal was 

scanned at 2θ values ranging from 10° - 80°. The indexed powder X-ray diffractogram of 

the PMB crystal is shown in Figure 4.4. The XRD results also show a variety of peaks and 

the presence of sharp peaks suggests that the material is in good crystalline nature. The 

clearly defined Bragg’s peaks at 2θ angles indicate that the grown crystal has high 

crystallinity. 
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Figure 4.4 Powder XRD spectrum of PMB crystal 

4.4  FT-IR, FT-Raman spectral analysis  

The FT-IR spectrum was obtained on a JASCO FTIR 460 plus spectrometer in the 

wavelength range of 4000-400 cm-1 at room temperature using the KBr pellet technique with 

a scanning speed of 2 mms-1. A Bruker RFS 100/s spectrometer was analyzed to examine 

the FT-Raman spectrum at room temperature. Figure 4.5 (a-b) and Figure 4.6 (a-b) show 

the experimental, theoretical FT-IR and FT-Raman spectrum respectively. The various 

frequencies of functional groups in PMB crystal were calculated by the DFT/B3LYP 

method using 6-311G* level and compared with the experimental values. The vibrational 

frequency assignments are listed in Table 4.1. Aromatic ring C-H stretching vibrations are 

assigned in the range of 3200-3000 cm-1 [80-82]. The C-H stretching vibrations were 

observed experimentally at 3167 cm-1 in the FT-IR spectrum and 3053 cm-1 in the FT-Raman 

spectrum in the present work. The asymmetric stretching modes of CH3 groups belonging 

to methoxy groups are assigned to the absorption bands at 3092 cm-1 in FT-IR and  

2968 cm-1 in FT-Raman. In particular, the bands at 1616 cm-1 and 1590 cm-1 observed in 
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FT-IR and FT-Raman spectra corresponds to C=O stretching vibrations in the methyl group 

with the pyrazole ring. In the crystal, the phenyl ring C=C stretching band is observed 

experimentally at 1416 cm-1 in the FT-IR spectrum and 1450 cm-1 in the FT-Raman 

spectrum. The N-N stretching mode is 1082 cm-1 and 1096 cm-1 observed by IR and Raman 

spectrum, respectively. In the IR and Raman spectra, the benzene ring exhibits C-H out-of-

plane bending, with peaks at 467 cm-1 and 476 cm-1 respectively.      

 

 

Figure 4.5 (a-b) FT-IR spectrum of experimental and theoretical PMB crystal 

4000 3500 3000 2500 2000 1500 1000 500

 

Wavenumber (cm
-1

)

3
1
6
7

2
6
5
9

1
6
1
6

1
4
7
0

1
4

1
6

1
2
5
5

1
0
8
2

7
3
5

8
2

8

6
2
7

4
6

7

1
1
5
6

1
0

3
5

6
8
8

3
0
9
2

9
9
8

%
 o

f 
tr

a
n

sm
it

ta
n

c
e

3500 3000 2500 2000 1500 1000 500

3
0
1
0

3
1
8
5

1
7
2
8

1
6
6
7

1
6
2
7

1
5
3
3

1
4
3
3

1
3
4
5 1

2
6
5

1
1
2
3

1
0
1
6

8
8
2

7
7
4 6

6
1

5
8
0

1
2
0
1 8
3
0

5
7
6

%
 o

f 
tr

a
n

sm
it

ta
n

ce

Wavenumber (cm
-1

)

(a)  

(b) 



 

63 

 

 

Figure 4.6 (a-b) FT-Raman spectrum of experimental and theoretical PMB crystal 
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Table 4.1  FT-IR, FT-Raman and DFT frequencies with their assignments of PMB 

crystal 

 FT-IR FT-Raman 

Experimental Theoretical Experimental Theoretical Assignments 

3167 3185 3056 3190 C-H stretching 

3092 3010 2968 2968 CH3 asymmetric stretching 

1616 1627 1590 1605 C=O stretching 

1416 1433 1450 1440 C=C stretching 

1255 1265 1283 1249 C-H stretching 

1156 1123 1194 1136 C-N stretching 

1082 1016 1096 1092 N-N stretching 

828 882 857 852 C-H bending 

735 744 695 756 C-H twisting 

627 661 622 636 Skeleton deformation 

467 465 476 473 C=O out of plane bending 

 

4.5  UV-vis-NIR spectral analysis 

The UV-visible absorbance spectrum of the grown crystal was recorded using a 

PerkinElmer Lamda 35 UV-vis-NIR spectrometer in the range of 200 nm - 1100 nm and is 

given in Figure 4.7. The optical absorption spectrum of PMB crystal shows low absorption 

across the visible range, with no absorbance from 290 nm to 1100 nm. The cut-off 

wavelength of the grown crystal was discovered to be 235 nm. Excitation in the aromatic 

ring and the C=O group would be responsible for the observed absorption. The advantages 

of this method for NLO applications are the high transparency of the grown crystal in the 

UV-visible region [83]. 

 



 

65 

 

Figure 4.7 UV-visible absorption spectrum PMB crystal 

4.6  Photoluminescence studies 

           The photoluminescence (PL) emission spectrum of PMB crystal was analyzed on a 

Varian Cary Eclipse fluorescence spectrometer from 200 nm to 800 nm, as shown in  

Figure 4.8. The PL emission spectrum is a mechanism that emits light when photons are 

excited from their ground state and it provides information about molecular electronic 

transitions, defects and some imperfections in grown crystal [84, 85]. The grown crystal was 

excited at 250 nm and the emission was measured from 250 nm to 800 nm. The two emission 

peaks are shown in the same figure at 415 nm and 484 nm. The violet light emission is 

visible in the first emission peak at 415 nm. The second blue emission at 484 nm was caused 

by the π-π* transition [86]. These results demonstrated that the PMB crystal had violet and 

blue emission properties, making it suitable for usage in light emitting devices [87].  
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Figure 4.8 Photoluminescence of the PMB crystal 

4.7  Thermal analysis 

            The thermal analysis was performed on the PMB crystal using SDT Q600 V20.9 

Build 20 in the temperature range of 30°C – 700°C under an N2 atmosphere at a rate of  

10 °C/min. Thermogravimetric (TG) and differential thermal analysis (DTA) were used to 

measure the thermal stability of the grown crystal. Figure 4.9 shows the TG/DTA 

thermogram of the grown crystal. Two transitions can be seen in the TGA curve. The first 

and second transitions occur between 185°C to 263°C and 263°C to 315°C, respectively, 

due to the melting point of the substance. The TGA curve shows that the material is stable 

up to 183°C. Two endothermic peaks were found on the DTA curve. The sharp endothermic 

peak suggests that the material has good crystallinity and purity. The DTA curve indicates 

that the PMB crystal has a first endothermic peak at 184°C, which is attributed to the 

material’s melting point. The second endothermic peak was recorded at 250°C, equivalent 
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to significant material weight loss. At a temperature of 183°C, the material starts to 

decompose slowly, with the majority of the material evaporating and the substance 

becoming volatile. The absence of endothermic or exothermic peaks before the melting 

point of a substance indicates thermal stability [88]. 

 

     Figure 4.9 TGA/DTA thermogram of PMB crystal 

4.8  Computational Details 

The molecular structure, energies and other properties of a crystal can be calculated 

using DFT analysis through ab initio computational calculation. The geometry of PMB has 

been optimized at the B3LYP level of theory and the 6-311G* basis set was utilized to 

describe the atoms of the molecule. Vibrational frequency calculations are performed on the 

optimized structure to confirm their stationary points. Natural bond orbital (NBO) is 
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calculations through DFT have been effective in predicting the vibrational spectra of 

chemical crystals. All these computational procedures have been used as per the Gaussian-

09 package [89-91] guidelines. The molecular structure, electronic properties and 

vibrational spectra were visualized and rendered from the output data of DFT calculations.  

4.8.1  Molecular geometry optimization  

The structure of PMB was optimized to produce a precise molecular geometry of the 

molecule, as shown in Figure 4.10. PMB contains 41 atoms, 174 electrons and is neutral in 

charge with spin at singlet. From the calculation, the global minimum energy or self-

consistent field (SCF) energy of PMB at B3LYP level with the basic set of 6-311G is  

-1107.1823 a.u; with a dipole moment of 8.8811 Debye. The single and double bonds are 

highlighted and the van Der Walls radii of each atom are represented in the same figure. 

The Optimized geometrical parameters derived by the B3LYP (Becke three 

parameter Lee-yang-parr) method using 6-311G* basis sets are more similar to the 

experimental values listed in Table 4.2. The C-C bond lengths vary from 1.367Å to1.493Å 

for XRDs values and from 1.353 Å to 1.495 Å for B3LYP values. The C-H bond length was 

measured in the range of 0.930 Å - 0.960 Å in XRD and 1.080 Å-1.095 Å in B3LYP and 

found to be similar. The experimental bond distances of C17-C18, C18-C-19, N5-C19,  

N4-N5 and N4-C1 atoms in the pyrazolone ring, XRD values of 1.462, 1.438, 1.305, 1.405 

and 1.389 respectively, were found to be similar to theoretical DFT values of 1.477, 1.448, 

1.299, 1.392 and 1.397 Å. The bond lengths in X-ray data were much shorter than observed 

theoretical values, which might be explained by packing interactions in the solid-state 

molecule, whereas estimated bond distances for free molecules in the gaseous state were 

achieved. The O3-C38 (1.424 Å) bond length is longer than the other C-O bond lengths, due 

to oxygen atom commitment in carbon bond interactions, while the O1-C17 (1.230 Å) bond 

length is shorter. The calculated N-C bond length value in B3LYP was between 1.299Å - 
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1.416Å with the equivalent XRD value between 1.305 Å – 1.419 Å.  The N-N bond length 

is 1.392 Å for the B3LYP/6-311G* method and 1.392 Å for XRD. The DFT/B3LYP/6-

311G* estimated bond angles of PMB were found to be in extremely good agreement with 

the XRD values, with a few small deviations. Because of the presence of the methyl group, 

the bond angles of C6-N4-C17 are greater than other bond angles, with a value of 129.2°. 

 

Figure 4.10 Optimized molecular structure of PMB crystal 

Table 4.2  Experimental and optimized geometry parameters of PMB crystal 

computed by B3LYP/6311G* basis set 

   Bond length(Å)     Bond angles(°)     

      Parameters EXP* B3LYP/                  

6311G* 

 Parameters EXP* B3LYP/                  

6-311G* 

O1-C17 1.230 1.226 C24-O2-C37 121.4 121.9 

O2-C24 1.358 1.364 C36-O3-C38 117.1 118.3 

O2-C37 1.377 1.365 N5-N4-C6 118.4 118.9 

O3-C36 1.358 1.355 N5-N4-C17 112.4 112.2 

O3-C38 1.424 1.424 C6-N4-C17 129.2 128.9 

N4-N5 1.405 1.392 N4-C6-C7 119.6 119.1 

N4-C6 1.419 1.416 N4-C6-C15 121.6 121.3 

N4-C17 1.389 1.397 C6-C7-H8 119.4 119.0 

N5-C19 1.305 1.299 C6-C7-C9 119.2 119.9 
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C6-C7 1.401 1.402 C7-C9-C11 120.9 120.8 

C6-C15 1.404 1.402 C9-C11-H12 120.5 120.5 

C7-H8 0.930 1.080 C9-C11-C13 119.2 119.0 

C7-C9 1.390 1.390 H12-C11-C13 120.5 120.5 

C9-H10 0.960 1.085 C11-C13-H14 120.0 120.0 

C9-C11 1.390 1.393 C11-C13-C15 121.2 121.2 

C13-C15 1.391 1.392 C6-C15-H16 119.6 119.6 

C17-C18 1.462 1.477 O1-C17-N4 125.9 126.7 

C18-C19 1.438 1.448 O1-C17-C18 130.8 130.0 

C18-C24 1.372 1.373 N4-C17-C18 103.7 103.2 

C19-C20 1.493 1.495 C17-C18-C19 105.5 105.3 

C20-H21 0.960 1.093 C17-C18-C24 125.0 124.5 

C24-C25 1.438 1.436 C19-C18-C24 129.6 130.2 

C25-C27 1.367 1.353 N5-C19-C18 111.9 111.1 

C27-C29 1.433 1.442 N5-C19-C20 119.6 120.3 

C29-C30 1.404 1.407 C18-C19-C20 128.5 128.6 

C29-C37 1.390 1.399 C19-C20-H21 109.5 111.3 

C30-C32 1.382 1.382 C19-C20-H22 109.5 109.0 

C32-C34 1.404 1.402 H21-C20-H22 109.5 109.4 

C34-C36 1.391 1.393 O2-C24-C18 116.3 116.8 

C36-C37 1.404 1.408 O2-C24-C25 118.1 118.3 

C38-H39 0.960 1.095 C18-C24-C25 124.5 124.9 

     C24-C25-C27 120.6 120.4 

     C25-C27-H28 120.5 120.4 

     C25-C27-C29 120.9 120.9 

     C27-C29-C30 124.5 124.1 

     C27-C29-C37 118.3 116.8 

     C30-C29-C37 119.2 119.1 

     O3-C36-C34 125.9 125.8 

     O3-C36-C37 116.1 116.1 

     C34-C36-C37 119.0 118.1 

     O2-C37-C29 121.6 121.6 

      C29-C37-C36 121.3 121.6 
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4.8.2  Frontier molecular orbital property 

 The quantum chemical properties EHOMO, ELUMO, ΔE and related parameters provide 

valuable information about the reactivity of chemical crystals. The reactivity zone of a 

molecule is shown by the electron density at the molecule’s frontier. The calculation of 

Frontier electron density can be calculated in many ways. The difference between a neutral 

system’s highest occupied molecular orbital (HOMO) and its lowest unoccupied molecular 

orbital (LUMO) gives excitation energies. This is also referred to energy gap that reveals 

the molecular stability. LUMO represents an electron acceptor containing region and 

HOMO represents electron donator containing region of a molecule. The relative energy of 

the molecular orbital has been calculated and graphical representations of HOMO and 

LUMO of PMB are given in Figure 4.11. HOMO+, HOMO2+, LUMO- and LUMO2- are also 

rendered in the same figure. The atoms 6C, 7C, 9C, 11C, 13C, 15C, 4N, 5N, 17C, 18C and 

19C of the molecules largely contributed to the HOMO energy. The HOMO+ energy of the 

molecule is contributed by most of the atoms of the PMB molecule. HOMO2+ energy is 

primarily derived from the 7C, 9C, 13C and 15C atoms of the molecule. The LUMO energy 

of PMB was from 5N, 17C, 18C, 19C, 24C, 25C, 27C, 37C, 30C, 32C, 34C and 36C atoms. 

The LUMO- energy of the molecule was from almost the same atoms except few in the 

region. LUMO2- energy exhibited from 29C, 30C, 32C, 34C, 36C and 37C atoms of the 

molecule. The HOMO-LUMO energies were: -5.38839 eV; and -2.5788 eV respectively, 

while the energy gap, ΔE was 2.80959 eV; (ΔE reveals the molecule’s chemical activity). 

The energy gap conveys the molecule’s small excitation energies. The energy gap of PMB 

discloses that the molecules possess low reactivity and high kinetic stability. But, adding a 

reactive molecular region to this base molecule would be valuable to make highly reactive 

crystals from this molecule. The calculated values of EHOMO, ELUMO and energy gap are listed 

in Table 4.3. 
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Table 4.3 EHOMO, ELUMO and energy gap values of PMB crystal 

S. No Property Value 

1 E (method) -1107.18233229 a.u. 

2 Dipole Moment 8.8811 Debye 

3 EHOMO -5.38839 eV 

4 ELUMO -2.5788 eV 

5 Energy gap (ΔE) 2.80959 eV 

 

 

Figure 4.11 Frontier molecular orbital of PMB crystal 
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4.8.3  Global Chemical Reactivity analysis 

               The energy gap values obtained from the DFT method have been used to measure 

the material's total electrochemical reactivity and structural stability [92]. The theorem of 

Koopmans says HOMO – LUMO energy gap values can determine ionization potential and 

electron affinity [93]. The ionization potential of the PMB was estimated using the HOMO 

orbital energy value. 

  Ionization Potential (I) = -EHOMO       (4.1) 

 The LUMO orbital energy was utilized to compute electron affinity because it is 

determined as the ability to require one electron from a donor. 

  Electron affinity (A) = -ELUMO         (4.2) 

The chemical reactivity descriptors provided by the electron affinity and ionization potential 

required by using energy values help in the computation of specific chemical quantities and 

the characterization of molecular properties [94]. The electronegativity (χ) and global 

hardness (η) of PMB were computed using the formulas shown below [95]. 

 The Electronegativity of PMB is calculated as (χ) = (I+A)/2        (4.3) 

 The global hardness is calculated as, (η) = (I-A)/2    (4.4) 

 The chemical potential is computed as (μ) = - (I+A)/2    (4.5) 

 The softness of the molecule is measured as, (σ) = 1/η       (4.6) 

The global electrophilicity index of a material is estimated as, (ω) = μ2/2 η  (4.7) 

 The chemical reactivity descriptors evaluated using HOMO – LUMO energy values 

display that the crystals have high stability [96], with a hardness value of 1.40475eV. The 

PMB molecule’s chemical potential is negative, indicating strong stability. In the present 

study, PMB confirmed the material’s great chemical potential and good stability, indicating 
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its suitability for optoelectronic applications. Table 4.4 displays the calculated values for 

EHOMO, ELUMO, energy gap and other global descriptor parameters.            

Table 4.4  Calculated quantum parameters and electronic properties of PMB crystal 

S. No Property B3LYP/6-311G* 

1 EHOMO (eV) -5.38839 

2 ELUMO (eV) -2.5788 

3 Energy gap (eV) 2.80959 

4 Ionization potential 5.38839 

5 Electron affinity 2.5788 

6 Global hardness 1.40475 

7 Electronegativity 3.98355 

8 Global softness 0.71187 

9 Chemical potential -3.98355 

10 Global Electrophilicity Index 5.81288 

 

4.8.4  Hyperpolarizability studies 

The dipole moment (μ), polarizability (α) and first hyperpolarizability (β) values 

each have a significant impact on optical properties [97-101] and are derived from the 

nonlinear properties of a PMB crystal using x, y and z components are given as follows. 

 The total electrostatic dipole moment is 

  μtot = (μx
2 + μY

2 + μZ
2)1/2      (4.8) 

Where μx,
 μY and μZ are diagonal moments along x, y and z directions 

The isotropic polarizability is 

            (4.9) 

Where, αxx, αyy and αzz are the diagonal components of polarizability tesnor 
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The mean hyperpolarizability 

  βtot = (β2
x + β2

y + β2
z)

1/2                      (4.10) 

Where, 

βx = βxxx + βxyy+ βxzz 

βy = βyyy + βyzz+ βyxx 

βz = βzzz + βzxx+ βzyy 

The first hyperpolarizability could also be a 3rd rank tensor which can be 

characterized as a 3 x 3 x 3 matrix, with Kleinman symmetry reducing the 27 elements of 

the 3D matrix to 10 elements [102]. Since polarizability and hyperpolarizability are 

measured in atomic units, they are converted to electrostatic units using  

1 a.u = 0.1482 x 10-24 esu and the values using 1 a.u =8.6393 x 10-33 esu, [103, 104]. The 

theoretically predicted values of μ, α and β are found to be 8.881D, 19.683 x10-24esu and 

24.754 x10-30 esu respectively, for the present molecule. As a result, many molecules start 

to align in the direction of the supplied electric field. Because of their large dipole moment, 

organic molecules have large nonlinearities [105, 106]. Table 4.5 displays the tensor values 

for polarizability and hyperpolarizability.  

Table 4.5  The dipole moment (μ), polarizability (α), hyperpolarizability (β) of the 

PMB crystal  

Parameters Value Parameter Value 

αxx -118.0839 βxxx 195.5831 

αxy 2.6418 βxxy 37.1705 

αyy -130.7497 βxyy 69.6588 

αxz -0.0021 βyyy 17.5852 

αyz -0.0007 βxxz -0.0353 

αzz -149.616 βxyz 0.0117 

αtotol -19.683 x10-24esu βyyz -0.003 

μx 8.8219 βxzz 14.2906 

μy 1.0235 βyzz 8.1743 

μz -0.0006 βzzz 0.0104 

μtot 8.881D βtotal 24.754 x10-30esu 
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4.8.5  NBO analysis 

 A natural bond orbital (NBO) is a computed bonding orbital having the highest 

electron density in quantum theory. Computational chemistry calculates bond order, donor 

and acceptor interactions and hence the electron density between the atoms. The donor – 

accepter interactions in NBO analysis are evaluated using the version of the NBO 3.1 

program as implemented within the Gaussion 09 package at the DFT/B3LYP method using 

the second order perturbation theory of Fock matrix [107, 108] with 6-311G* basis set for 

each donor (i) and acceptor (j), the stabilization energy (E2) associates with the 

delocalization i-j is estimated as, 

                     (4.11) 

 Where, F(i, j) is the off diagonal Fock matrix element, Ei, Ej is diagonal elements (orbital 

energy) and qi is the donor orbital occupancy. The different interactions with PMB 

stabilization energies are listed in Table 4.6. The highest E (2) value provides important 

information about the donor and acceptor group’s relationship. In the present work, the 

electron donating from the BD (C11-C13), BD (C6-C15), BD (C18-C24), LP(2)O3 and 

LP(1) N4 to the antibonding acceptor BD*(C7-C9), BD*(C11- C13), BD*(O1-C17),  

BD*((C34 – C36), BD*( (O1 – C17), orbitals and their corresponding energy values are 

21.61, 21.70, 22.45, 31.72 and 58.34 KJ/ mol, with the highest stabilization energies of 

electron delocalization because of the replacement of the molecule. 
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Table 4.6  The significant second order perturbation theory analysis of the PMB 

crystal    

   Donor(i) Acceptor(j) E(2) 

(kcal/mol) 

E(j)-E(i) (a.u)   F(i, j) 

(a.u) 

BD(1) N4-N5 BD*(1) C19-C20 4.99 1.23 0.07 

BD(1) C36-C37 BD*(1) C29-C37 4.75 1.26 0.069 

BD(2) N5-C19 BD*(2) C18-C24 10.94 0.33 0.057 

BD(2) C6-C15 BD*(2) C7-C9 18.98 0.29 0.066 

BD(2) C6-C15 BD*(2) C11-C13 21.70 0.29 0.071 

BD(2) C7-C9 BD*(2) C6-C15 20.94 0.28 0.07 

BD(2) C7-C9 BD*(2) C11-C13 18.83 0.28 0.066 

BD(2) C11-C13 BD*(2) C6-C15 19.33 0.28 0.067 

BD(2) C11-C13 BD*(2) C7-C9 21.61 0.28 0.070 

BD(2) C18-C24 BD*(2) O1-C17 22.45 0.30 0.076 

BD(2) C18-C24 BD*(2) N5-C19 20.81 0.31 0.072 

BD(2) C25-C27 BD*(2) C18-C24 20.06 0.31 0.073 

BD(2) C25-C27 BD*(2) C29-C37 13.22 0.29 0.059 

BD(2) C29-C37 BD*(2) C25-C27 13.65 0.31 0.061 

BD(2) C29-C37 BD*(2) C30-C32 16.60 0.30 0.064 

BD(2) C30-C32 BD*(2) C29-C37 20.00 0.28 0.069 

BD(2) C30-C32 BD*(2) C34-C36 17.88 0.28 0.064 

BD(2) C34-C36 BD*(2) C29-C37 18.26 0.29 0.067 

BD(2) C34-C36 BD*(2) C30-C32 19.75 0.30 0.069 

LP(2)O1 BD*(2) N4-C17 26.75 0.67 0.121 

LP(2)O1 BD*(2) C17-C18 17.88 0.69 0.101 

LP(2)O2 BD*(2) C18-C24 30.47 0.38 0.098 

LP(2)O2 BD*(2) C29-C37 26.78 0.36 0.092 

LP(2)O3 BD*(2) C34-C36 31.72 0.34 0.098 

LP(1)N4 BD*(2) O1-C17 58.34 0.27 0.112 

LP(1)N4 BD*(2) N5-C19 22.42 0.28 0.073 

LP(1)N4 BD*(2) C6-C15 33.09 0.3 0.089 

4.8.6  Mulliken atomic charges 

            Mulliken population analysis revealed the atomic electronic charges of PMB crystal. 

The atomic charges have an impact on electronic structure, properties of molecular systems, 

dipole moment and molecular polarizability. Furthermore, a molecule’s bonding ability is 

determined by the electronic charge of the chelating atoms. Mulliken population analysis 

was used to determine the atomic charge values [109]. The Mulliken population analysis of 
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PMB was calculated using the B3LYP/6311G* basis set to confirm the reliability of our 

results. The calculated Mulliken atomic charge values of PMB crystal values are given in 

Table 4.7. The Mulliken charges of each atom of the molecule are shown in Figure 4.12.  

Figure 4.13 shows the plot of Mulliken atomic charges on several element atoms of the PMB 

crystal. The Mulliken atomic charge of all hydrogen carries a positive charge. The atoms 

C17, C24 and C37 have more positive charges (0.554, 0.208 and 0.238) and these atoms 

may donate electrons during interactions and atoms 4N, 5N, 1O, 2O and 3O (-0.429, -0,225, 

-0.403, -0.317 and -0.335) have a more negative charge and these atoms may act as electron 

acceptors. 

Table 4.7 Mulliken Atomic Charges of PMB crystal 

S. No Atom. No Charges S. No Atom. No Charges 

1 O1 -0.403 22 H22 0.118 

2 O2 -0.317 23 H23 0.120 

3 O3 -0.335 24 C24 0.208 

4 N4 -0.429 25 C25 -0.111 

5 N5 -0.225 26 H26 0.154 

6 C6 0.227 27 C27 0.047 

7 C7 -0.096 28  H28 0.107 

8 H8 0.114 29 C29 -0.135 

9 C9 -0.101 30 C30 -0.050 

10 H10 0.089 31 H31 0.094 

11 C11 -0.090 32 C32 -0.098 

12 H12 0.085 33 H33 0.108 

13 C13 -0.103 34 C34 -0.112 

14 H14 0.089 35 H35 0.116 

15 C15 -0.118 36 C36 0.143 

16 H16 0.135 37 C37 0.238 

17 C17 0.554 38 38C 0.135 

18 C18 -0.441 39 39H 0.117 

19 C19 0.287 40 40H 0.140 

20 C20 -0.233 41 41H 0.117 
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Figure 4.12 The Mulliken atomic charge distribution of PMB crystal 

 

Figure 4.13 Plot of Mulliken atomic charges of PMB crystal 

4.8.7  Molecular Electrostatic Potential analysis 

A molecular electrostatic potential is a useful tool for predicting the reactivity of a 

variety of chemical systems in electrophillic and nucleophillic reactive sites. Figure 4.14 
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shows a map of molecular electrostatic potential (MEP). For the PMB material the 

electrostatic potential map colour coding ranges from -5.098e-2 (deepest red) to +5.098e-2 

(deepest blue). The values are most often represented by different colours, with the 

magnitude increasing as red < orange < yellow < green < blue [110, 111]. The regions of 

negative electrostatic potential are represented by red, the regions of positive electrostatic 

potential are represented by blue and the regions of zero potential are represented by green. 

The negative portions are connected with electrophilic reactivity, whereas the positive 

portions are connected with nucleophilic reactivity. In the present work, the hydrogen atoms 

bound to the methyl group represent an electron deficient, partially positive charge in blue 

colours with a nucleophilic nature. The red colour in oxygen (O1) atoms indicates the 

negative potential of electrophilic activity, whereas the green colour indicates zero potential. 

           

Figure 4.14 Molecular electrostatic potential (MEP) map of PMB crystal 
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CHAPTER-5 
====================================================== 

GROWTH, SPECTROSCOPIC AND HIRSHFELD SURFACE 

ANALYSIS ON PYRIDINE UREA SINGLE CRYSTAL 

====================================================== 

 

5.1  Introduction  

Owing to the recent advances in crystal growth technology, several innovative 

nonlinear optical (NLO) materials have been developed for various applications like 

frequency conversion, electronic switching and modification of electro-optical signals [112-

114].  An organic compound having nonlinear optical characteristics has stimulated the 

interest of researchers due to its extensive range of applications, including optical 

modulation, optical data storage, medical applications and laser remote sensing. Desirable 

materials are highly sought owing to their strong nonlinear optical susceptibilities, high laser 

damage thresholds and ultrafast nonlinear reaction times [115,116]. High quality crystals 

with greater efficiency in nonlinear optical materials are still desired. Organic nonlinear 

optical devices have faster response times and stronger second-order nonlinear 

susceptibilities than inorganic NLO crystals. Organic molecules have been proven to be 

more effective in material tailoring than inorganic molecules. Pyridine and its derived 

functions are excellent nonlinear materials having a variety of technological and industrial 

uses, including optical telecommunication, image processing and data processing [117, 

118]. The chemical formula for the organic molecule urea, also known as carbamide, is 

CO(NH2)2. There are few hydrogens bond sources and acceptors in urea. In this amide, a 

carbonyl (C=O) functional group connects two –NH2 groups. Urea crystals are organic 

materials with high optical nonlinear absorption coefficients, great birefringence, but they 

have hygroscopic qualities, making it difficult to generate laser-sized crystals for various 

applications [119]. Hydrogen-bonded organic frameworks (HOFs) are a type of porous 

molecular material that uses hydrogen-bonding interactions to assemble organic building 
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blocks into two-dimensional (2D) and three-dimensional (3D) crystalline networks. The role 

of H-bonds and π…π interactions in the assembly and stabilisation of contemporary soft 

materials such as hydrogen-bonded organic frameworks (HOFs) [120, 121].  In this study, 

a crystal of pyridine urea was grown using slow evaporation solution growth method. The 

PYUA crystal was characterized using XRD, FT-IR, UV-vis-NIR, thermal studies 

(TGA/DTA), microhardness tests and theoretical calculations. The DFT analysis was 

carried out by Frontier molecular orbital, Global chemical reactivity descriptors analysis, 

Mulliken atomic charge, molecular electrostatic potential analysis, NBO analysis, 

thermodynamic parameters and the results are discussed. In addition to these studies, the 

intermolecular interaction within the PYUA was obtained from Hirshfeld analysis and a 

theoretical discussion based on the results has been presented. 

5.2  Experimental Procedure 

5.2.1  Crystal growth 

Pyridine urea (PYUA) single crystal was synthesized in the 2:1 molar ratio of 

pyridine (Purity: 99.8% -Aldrich) and urea (Purity 99.5%- Aldrich) and dissolved in acetone 

and deionized water mixed solvents at room temperature. The synthesized chemical solution 

was continuously stirred for approximately 7 h to achieve homogeneity and the resulting 

solution was filtered using petri dish paper to eliminate impurities. The saturated solution 

was poured into a beaker and a clear polythene paper was used to cover the mouth of the 

beaker to protect the solution from dust and other impurities. Within two weeks, an optically 

good, transparent, colorless crystal was obtained. Scheme 5.1 depicts the chemical reaction 

of the pyridine urea crystal. Figure 5.1 is an image of an as grown crystal of pyridine urea.  
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Scheme 5.1 The reaction scheme of pyridine urea 

 

Figure 5.1 The photograph of PYUA crystal 

5.3  Results and discussion 

5.3.1  Single crystal and powder X-ray diffraction studies 

To determine lattice parameter values, the XRD data of the PYUA crystal was 

obtained using the BRUKER KAPPA II CCD X-ray diffractometer with MoKα 

(λ=0.70173Å) radiation. The PYUA crystal has the centrosymmetric space group P21/c and 

is a monoclinic crystal system. The cell parameters obtained are a = 9.6052(3) Å,  

b = 10.7195 (2) Å, c = 7.4485(2) Å, α = γ = 90°, β = 110.615(3)° and cell volume  

V = 724.57(4) Å3. The observed unit cell parameters are good in agreement with the reported 
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values [122]. Powder XRD (PXRD) of pyridine urea crystal was measured with an XPERT-

PRO diffractometer and CuKα (λ=1.54056 Å) radiation in the 2θ range from 10° to 50° and 

compared with the PXRD simulated spectrum using MERCURY software. The 

experimental and simulated XRD patterns of the PYUA crystal are compared in Figure 5.2 

(a) and (b). The experimental PXRD spectrum matches the simulated PXRD spectrum very 

closely. The intensity of sharp peaks defining 2θ angles indicates the good crystalline and 

purity of PYUA crystal. 

 

Figure 5.2 (a) Experimental and (b) Simulated Powder XRD spectrum of PYUA 

crystal 
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5.4  FT-IR spectral analysis 

            FT-IR analysis was performed on an FT-IR 8000 spectrometer in the range of  

4000-400 cm-1 using the KBr pellet method. Figure 5.3(a) and (b) shows the experimental 

and simulated FT-IR spectra, respectively. Stretching vibrations of the aromatic ring C-H 

appear in the range of 3200-3000 cm-1 [123,124]. The DFT/B3LYP method was used to 

compute the various frequencies of functional groups in PYUA crystal using the  

6-31+G(d,p) level and the results were compared to experimental and reported values. Table 

5.1 shows the vibrational frequency assignments. Experimentally at 3182 cm-1 and in DFT 

at 3184 cm-1, C-H stretching vibrations were identified. The stretching mode of vibration 

C=O assigned band at 1619 cm-1 in experimental and 1625 cm-1 in DFT. In pyridine 

derivatives, the C-C stretching vibrations range from 1650 to 1400 cm-1 [125, 126] are 

getting match for the crystal PYUA in the experimental spectra at 1470 cm-1, 1436 cm-1 and 

in the DFT spectra at 1428 cm-1, 1411cm-1, respectively. Experimental and DFT spectra 

show the N-C-N stretching vibration of the pyridinium ring in the PYUA crystal at  

1185 cm-1 and  1172 cm-1. In the experimental and DFT spectra, the C-H in-plane bending 

modes of vibrations in the PYUA molecule are shown at 1089 cm-1, 1035 cm-1 and  

1096 cm-1,1040 cm-1, respectively. The intense peaks found at 925 cm-1 and 957 cm-1, shows 

the presence of NH2 vibration rocking in  both the experimental and DFT, respectively. 

Peaks at 735 cm-1 in the experimental spectrum and 764 cm-1 in the DFT spectrum were 

recognised as NH2 vibration of wagging. In the experimental and DFT spectrum of the 

PYUA crystal,  NH out-of-plane bending modes of vibration are recorded at 630 cm-1 and 

638 cm-1.  In the experimental and DFT spectrum of PYUA, which contain amine and 

carboxylic acid groups, nearly all of the predicted peaks were detected. 
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Figure 5.3 FT-IR spectra of PYUA (a) Experimental (b) Simulated 

Table 5.1  Experimental and simulated (DFT) FT-IR spectral assignments of PYUA 

crystal 

   Observed Wavenumbers (cm-1)  

Pyridine 

[127] 

Urea 

[128] Experimental  

DFT/ 

6-31+G(d, p) Assignments 

    - 3196 3182 3184 C-H stretching 

1632 1625 1619 1625 C=O stretching 

1462 1453 1470, 1436 1428, 1411 C-C stretching  

1162 1162 1185 1172 N-C-N stretching 

1078 1053 1089, 1035 1096, 1040 C-H in-plane bending 

929    - 925 957 NH2 rocking 

746 785 735 764 NH2 wagging 

725    - 688 698 C-C in-plane bending 

699 587 630 638 N-H out-of plane bending 

464    - 491 461 C-C out-of plane bending 
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5.5  UV-vis-NIR spectral analysis 

Figure 5.4 (a) depicts the ultraviolet spectrum of pyridine urea measured with a 

Perkin Elmer Lambda-35 UV spectrometer from 200 nm to 800 nm. It specifies the 

wavelength of absorption in the visible region. Figure 5.4 (b) illustrates the theoretical 

absorption spectra of PYUA crystal produced using TD-DFT. The oscillator strengths and 

theoretical electronic excitation energies were estimated using the TD-DFT method with the 

basis set at 6-31+G(d, p) to support experimental data [129]. The excitation energy in TD-

DFT is 281.49 nm, while the oscillator strength f is ~0.0047 experimentally at a wavelength 

of 245.31nm. The TD-DFT (gaseous) method predicts a value of 281.49 nm and the 

experimental excitation wavelength is 245.31 nm, which is quite similar to the experimental 

value. 

 

Figure 5.4 (a) Experimental UV-vis –NIR spectrum of PYUA crystal (b) Theoretical 

UV-vis spectrum of PYUA 
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5.6  Thermal studies 

The thermal investigation was carried out in a nitrogen atmosphere, using an SDT 

Q600 V20.9 alumina thermal analyser maintaining a temperature of 10 °C/min. 

Thermogravimetric and differential thermal analyses were done on the PYUA crystal and 

the results are shown in Figure 5.5. The crystal was stable upto 150 oC, which confirms the 

melting point of the PYUA crystal, since the melting point of the pyridine is found to be 

115 oC and urea is 133 oC. The first strong endothermic peak was found in the DTA plot at 

162 oC. The second strong endothermic peak accompanied by a substantial weight loss was 

detected at 237 oC, indicating the decomposition point of the PYUA crystal. The sharpness 

of the endothermic peak shows the crystalline nature and purity of the material [130]. There 

were no endothermic or exothermic peaks absorbed before this melting point. This suggests 

that there is no isomorphic transition. 

 

Figure 5.5 TGA/DTA plot of PYUA crystal 
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5.7  Microhardness studies 

 Vickers microhardness testing was performed on the PYUA crystal with a diamond 

pyramidal indenter on a SHIMADZU HMV microhardness tester. Using a Vickers 

microhardness tester, the grown crystal's mechanical strength was tested. Microhardness is 

an important mechanical property of the material that plays a significant part in the 

fabrication of devices. Figure 5.6 (a) depicts a graph of Vickers hardness (Hv) versus  

load P. The reverse indentation size effect (RISE) is seen to rise when the hardness number 

(Hv) increases [131]. For microhardness measurements, a transparent polished crystal with 

no crakes and a smooth surface was chosen. For indentation durations of 10s, hardness 

values were obtained for various applied loads (P) ranging from 25 to 100g. There was a 

crack initiated by indentation with a 100g indentation load. By means of the following 

equation, the Vickers micro hardness number (Hv) was determined. 

 

Figure 5.6 (a) Plot of load (P) versus hardness (Hv) of PYUA crystal (b) Plot of log d 

versus of log P of PYUA crystal 
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Where P is the applied load in kg, d is the indentation's diagonal length in mm and Hv is the 

Vicker's hardness number. The work hardening coefficient (n) was determined by finding 

the slope of the straight line between log P and log d, as illustrated in Figure 5.6(b). It’s 

PYUA has a work hardening coefficient of 3.2, showing that its PYUA crystal has a work 

hardening coefficient greater than 1.6, indicating that it is in the soft material group [132, 

133]. 

5.8  Computational analyses 

The DFT method was also applied at B3LYP, with a 6-31+G (d, p) basis set and the 

Gaussian 09 programme. The NBO 3.1 programme was used to perform the natural bond 

orbital study. Crystal Explorer 3.1 was used for the Hirshfeld surface analysis and display 

of the 2D fingerprint plot [134]. 

5.8.1  Molecular geometry optimization 

 PYUA is composed of 19 atoms, 74 electrons and has a singlet spin and is neutral in 

charge. The global minimum energy of PYUA at B3LYP level with the basis set of 6-

31+G(d,P) is -473.6057 a.u, with a dipole moment of 8.3704 Debye, according to the 

calculations. Table 5.2 compares the geometrical parameters of the PYUA molecule, such 

as bond lengths, bond angles and dihedral angles, to experimental values. These values have 

a good agreement between our experimental and calculated results. 

  



 

91 

Table 5.2  Experimental and geometrical parameters of PYUA crystal calculated by 

B3LYP/6-31+G(d,p) basis set 

              Bond length(Å)              Bond Angle(°)           Dihedral angle     

Atoms DFT EXP* Atoms DFT EXP*        Atoms DFT EXP* 

O1-C5 1.229 1.250 O1-C5-N2 122.9 122.0 C18-N9-C10-C12 -0.002 0.160 

N2-H3 1.013 0.875 O1-C5-N6 122.9 121.9 C10-N9-C18-C16 -0.001 0.210 

N2-H4 1.008 0.872 N2-C5-N6 114.1 116.1 N9-C10-C12-C14 0.002 0.040 

N2-C5 1.380 1.336 C5-N6-H7 119.4 118.4 C10-C12-C14-C16 -0.001 -0.590 

C5-N6 1.380 1.347 C5-N6-H8 115.4 118.0 C12-C14-C16-C18 -0.001 0.920 

N6-H7 1.013 0.866 H7-N6-H8 118.7 120.8 C14-C16-C18-N9 0.002 -0.760 

N6-H8 1.008 0.875 C10-N9-C18 117.7 116.1    

N9-C10 1.343 1.345 N9-C10-H11 116.0 118.4    

N9-C18 1.343 1.336 N9-C10-C12 123.3 123.4    

C10-H11 1.088 0.950 C10-C12-H13 120.1 120.6    

C10-C12 1.396 1.385 C10-C12-C14 118.5 118.6    

C12-H13 1.085 0.950 C12-C14-H15 120.7 120.7    

C12-C14 1.396 1.385 C12-C14-C16 118.7 118.8    

C14-H15 1.086 0.950 C14-C16-H17 121.4 120.7    

C14-C16 1.396 1.377 C14-C16-C18 118.5 118.6    

C16-H17 1.085 0.950 N9-C18-C16 123.3 123.4    

C16-C18 1.396 1.379 N9-C18-H19 116.1 118.3    

C18-H19 1.088 0.950 C16-C18-H19 120.6 120.6       

 

5.8.2  HOMO-LOMO analysis 

The ability to donate and accept electrons is represented by the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). These 

orbitals are known as frontier molecular orbital’s (FMOs). The FMOs are instrumental in 

determining optical and electrical characteristics and also in evaluating molecular properties 

[135, 136]. There are 235 molecular orbitals in the PYUA molecule, 37 of which are 

occupied and 198 of which are unoccupied. The energy band gap value between the PYUA 
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compound's HOMO-LUMO has been estimated at the Becke-3-Lee-Yang-Parr (B3LYP) 

level by means of the Gaussian 09W computer software program basis set [137]. The 

molecule's energy value between HOMO (-9.2268 eV) and LUMO (-4.5056 eV) is roughly 

4.7212 eV. The charge carrier interactions inside the molecule are described by the HOMO 

and LUMO energy gaps. Figure 5.7 depicts the HOMO-LUMO energy levels. The LUMO 

is located over C-C bond of pyridine and HOMO is located over N-H group of urea.  

 

Figure 5.7 HOMO-LUMO energy gap of PYUA 
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5.8.3  Global reactivity descriptors 

The outer most orbital of HOMO has a nucleophilic feature that is primarily caused 

by electron donation and is directly associated with the ionization potential. However, 

LUMO is an electrophilic property of the inner most orbital hypothesis that functions as an 

electron acceptance centre and is closely linked to electron affinity [138]. The energy 

difference between HOMO and LUMO could be a significant characteristic in defining a 

molecular system's nonlinear optical properties. The global chemical reactivity 

characteristics of pyridine urea molecules like electronegativity (χ), electrophilicity index 

(ω) and chemical potential (μ), softness (s), hardness (η), of the molecule can be evaluated 

using HOMO and LUMO energy values for a PYUA molecule [139]. The ionization 

potential (I) and electron affinity (A) for closed-shell molecules could be stated using 

Koopmans’s theorem [140] I = -EHOMO and A= -ELUMO. The DFT B3LYP/6-31+G (d, p) 

technique was calculated using the ionization potential and electron affinity of pyridine urea. 

The molecule's electronegativity is (χ) = (I +A) / 2; its chemical hardness (η) = (I-A) / 2; its 

chemical potential (μ) =- (I-A) / 2; its softness (S) = l/2; its electrophilicity index  

(ω) = μ2/ 2η; and its energy gap (Eg) = ELUMO-EHOMO. Table 5.3 presents the estimated values 

of the global reactivity descriptors parameters. 

Table 5.3 Global chemical reactivity descriptors parameters of PYUA 

Parameters DFT/B3LYP 

(e.V) 

EHOMO -9.2268 

ELUMO -4.5056 

Energy gap (Eg) 4.7212 

Ionization potential  9.2268 

Electron affinity 4.5056 

Elctronegativity 6.8662 

Chemical hardness  2.3606 

Chemical potential  -6.8662 

Electrophilicity index  9.9857 

Dipole moment (Debye) 11.4991 
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 The molecule was stabilized by N-H-N, N-H-O and C-H-O hydrogen bonding and 

characterized by its chemical potential (-6.8662eV). The molecule's hardness (2.3606eV) 

made it soft, allowing for faster electron transport. The pyridine urea compound had a high 

electrical attraction power based on electronegativity and electrophilicity values. 

5.8.4  Mulliken and natural population analysis 

Mulliken atomic charges (MAC) and natural population analysis (NPA) could be a 

great tool for population analysis and determining the charge distribution in each atom of a 

PYUA molecule. The plot of Mulliken and natural atomic charges on various PYUA 

molecule element is shown in Figure 5.8(a). Because they influence the electronic structure, 

molecular polarizability, dipole moment along with other system features, Mulliken atomic 

charges are significant in the usage of molecular systems for quantum chemical processing 

[141]. Both negative and positive charges are found on distinct atoms in the PYUA molecule 

and are given in Table 5.4. According to the charge distribution molecule, all the hydrogen 

atoms are positively charged. Positive charges were applied to carbon atoms C5, C12 and 

C16, while negative charges were applied to the other carbon atoms. C5 has the biggest 

positive charge (0.512015e) and C14 has the most negative charge (-0.39361e). The 

nitrogen atoms in N2 (-0.5994e), N6 (-0.59931e) and N9 (-0.28757e) are all negative. 

According to the charge distribution, carbon (C10 and C18) atoms coupled to nitrogen atoms 

possess negative charges, while carbon (C5) atoms connected to oxygen atoms possess 

positive charges. As a result, negatively charged carbon atoms are linked to nitrogen atoms, 

whereas positively charged hydrogen atoms are attached to carbon atoms. 
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Table 5.4 Mullikan atomic charges and Natural population analysis 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 (a) The plot of Mulliken and Natural Atomic Charges of PYUA crystal  (b) 

Molecular electrostatic potential map ranges from −7.992e−2 to 7.99e−2 of PYUA 

crystal 

Atom 

No 

MAC  NPA 

O1 -0.58216 -0.71093 

N2 -0.5994 -0.80724 

H3 0.330892 0.38457 

H4 0.310982 0.38729 

C5 0.512015 0.77528 

N6 -0.59931 -0.80807 

H7 0.330847 0.37901 

H8 0.310954 0.38974 

N9 -0.28757 -0.50375 

C10 -0.12778 0.04905 

H11 0.147413 0.20256 

C12 0.111184 0.23882 

H13 0.140861 0.21892 

C14 -0.39361 -0.16027 

H15 0.143793 0.21439 

C16 0.112921 0.24143 

H17 0.139929 0.21923 

C18 -0.14103 0.04941 

H19 0.139067 0.20108 
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5.8.5  Molecular electrostatic potential (MEP) map analysis 

The distribution of positive and negative charges in a crystal allows us to describe 

its electrostatic potential. In molecular systems, the electrostatic potential is essential for 

understanding intermolecular interactions and locating electrophilic and nucleophilic attack 

sites [142]. The MEP is found from the optimized B3LYP/6-31+G (d, p) result and is 

illustrated in Figure 5.8(b) to evaluate reactive regions for electrophilic and nucleophilic 

attacks on the PYUA molecule. Different electrostatic potential values are depicted by 

different colours on the MEP map. The red colour represents the location of the maximum 

negative zone, which favours electrophilic attacks, whereas the blue colour represents the 

site's maximum positive zone, which favours nucleophilic attacks. The regions of negative 

and positive electrostatic potentials appear in red and blue, respectively, while the region of 

zero potential is represented by green. All these analyses revealed that the oxygen-

containing region of urea is the most reactive. 

5.8.6  NBO analysis 

NBO analysis gives a consistent description of molecular and intramolecular 

bonding interactions in terms of electron donor and acceptor conjugative and charge carrier 

interactions [143, 144]. The transfer of electron density from an occupied electron orbital to 

an unoccupied electron orbital can be investigated using NBO analysis [145]. In accordance 

with the theory of second-order perturbations, the stabilization energy E(2) associated with 

the delocalization i→j is determined for the donor(i) and acceptor(j) using the following 

equation. 

       

Where qi represents the donor orbital occupancy, E(2) represents stabilization energy, Ei 

and Ej are diagonal factors, The diagonal is F(i,j), while the off-diagonal NBO Fock matrix 
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components are j and i. The NBO analysis results for the PYUA molecules are described in 

Table 5.5. The interactions between lone pairs are the most substantial. The lone pair of 

electron-donating atoms n1(N2) and n1(N6) to the antibonding orbital’s σ*(O1-C5) and 

σ*(O1-C5), have stabilization energies of 42.62 and 41.04 kcal/mol respectively. The 

molecule's high energy value causes intramolecular charger interactions. The interactions 

(π- π*) are significant in demonstrating the presence of conjugation in the molecules under 

investigation. For the π(C12-C14) → π*(N9-C10), π(N9-C10) → π*(C16-C18),  

π(C16-C18) → π*(C12-C14) and π(C12-C14) → π*(C16-C18) transitions, the stabilization 

energies were found to be 29.14, 25.52, 23.34 and 18.28 kcal/mol, respectively. Finally, 

based on the data, it can be assumed that title molecules have directed conjugation, which 

facilitates intramolecular charge transfer. As a result, the strong intramolecular hyper 

conjugative fundamental interactions are the elementary cause of more stability in all these 

systems. 

Table 5.5 NBO analysis of PYUA crystal 

Donor(i) Acceptor(j)  E(2)a(kcal/mol) E(j)-E(i)b(a.u) F(i, j)c(a.u) 

n1 (N2) σ*(O1-C5) 42.62 0.36 0.114 

n1(N6) σ*(O1-C5) 41.04 0.36 0.112 

π(C12-C14) π*(N9-C10) 29.14 0.26 0.079 

π(N9-C10) π*(C16-C18) 25.52 0.33 0.083 

π(C16-C18) π*(C12-C14) 23.34 0.29 0.075 

π(C12-C14) π*(C16-C18) 18.28 0.29 0.066 

 

aF(i, j) is the Fock matrix component that associates the i and j NBO orbitals. 
bE(2) stands for the energies of hyper conjugative interactions (kJ/mol). 
c the energy difference between the i and j NBO orbital of the donor and acceptor 

5.8.7  Thermodynamic properties 

Table 5.6 shows the thermodynamics parameters of the pyridine urea molecule, such 

as zero-point vibrational energy (ZPVE), rotational constants, rotational temperature, 
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entropy, thermal energy and heat capacity, which are calculated using theoretical harmonic 

frequencies. The total energy of a molecule, for example, is the sum of its rotational, 

vibrational and translational energies, as shown by E=Er+Ev+Et. The magnitude of heat 

needed to increase the temperature of a material by 1oC is known as its heat capacity. The 

ZPVE variation appears to be insignificant [146]. As expected, the rotational constant 

reduces as the rotational temperature decreases. The moment of inertia of a molecule is 

inversely proportional to the rotational constant [147]. As a result, a decrease in the 

rotational constant signifies an increase in the molecule's moment of inertia, i.e., the 

simplicity with which its rotating state may be adjusted in response to its environment. 

Table 5.6 Theoretically computed thermodynamic parameters of PYUA 

Thermodynamical parameters  DFT 

Zero-point vibrational energy (KCal/Mol) 96.2872 

Rotational constants (GHz)   

          A                        3.79517 

          B                         0.47944 

          C                         0.46331 

Rotational temperature (K)   

         A  0.18214 

         B  0.02301 

         C  0.02224 

Thermal energy (KCal/Mol)   

Rotational   0.889 

Vibrational   101.303 

Translational   0.889 

Total thermal energy   103.081 

Heat capacity at constant volume (Cal/Mol-K) 

Rotational   2.981 

Vibrational   31.326 

Translational   2.981 

Total heat capacity   37.288 

Entropy(cal/mol-kelvin)   

Rotational   30.323 

Vibrational   38.924 

Translational   40.701 

Total entropy     109.948 
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5.9  Hirshfeld surface analysis 

The Hirshfeld surface analysis was considered to be substantial in determining the 

intermolecular interaction of the PYUA crystal using Crystal Explorer 3.1 and the associated 

Hirshfeld surfaces of normal view and transparent view of dnorm, shape index and curvedness 

are illustrated in Figure 5.9 (a) and 5.9 (b) respectively and are the fingerprint plots given in 

Figure 5. 9 (c).  

 

Figure 5.9 (a) Hiresfeld surfaces mapped with (a) dnorm (b) shape index  

(c) curvednesss (b) Hiresfeld surfaces mapped with transparent view (a) dnorm (b) 

shape index (c) curvednesss (c) 2D Fingerprint plots 
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The intermolecular interactions were investigated using crystallographic data that 

had been solved using single crystal XRD and the normalised contact distances (dnorm) were 

used to map the distances between the surface point and the atoms exterior (de) and interior 

(di) Vander waals radii [148]. The dnorm surface illustrates intermolecular interactions in 

relation to the vander Waals radius using a blue and red colour scheme [149]. The dnorm is 

calculated using the mean values from di and de. The distance between the Hirshfeld area 

and the adjacent atom outside (blue) and inside (red) the surface is denoted by de and di, 

respectively. 

The dnorm can be determined using the following expression, 

   

Where vdw stands for Vander Walls atom radii, the red colour indicates interactions with 

small distances, while the blue colour represents interactions with larger distances. In 

addition, the white denotes a distance equivalent to the Vander Walls radii. The analyzed 

data shows that the PYUA molecules contain increased hydrogen-hydrogen (H- -H) 

interactions (51.1%) inside to outside compared to other interactions. The fraction of  

O- -H/H- -O contacts in all Hirshfeld surfaces is 20.4%, showing that hydrogen bonding 

contacts are the second most important interaction. The presence of a nitro and carboxylate 

group in PYUA causes the O- -H/H- -O interactions. The N- -H/H- -N connections are the 

third most important contributors to the overall Hirshfeld surface (7.2%). There is also the 

existence of π- - π (C- -C) (4.4%) and additional interactions N- -C/C- -N (2.9%). The 

electrostatic energy of the molecule is 3.4 kJ/mol which is obtained by Crystal Explorer. 
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CHAPTER-6  
====================================================== 

SYNTHESIS, GROWTH, PHYSICOCHEMICAL 

CHARACTERIZATION AND COMPUTATIONAL STUDIES ON 

AMINOPYRIDINIUM CHLORONICOTINATE SINGLE CRYSTAL 

====================================================== 

 

6.1  Introduction 

 Organic nonlinear optical materials are important in fast growing industries like 

photonics and optoelectronics [150, 151]. Organic materials are gaining interest for 

optoelectronic applications and photonic because of their high frequency conversion, 

second-order optical nonlinearity, large optical susceptibilities, low cost, optical damage 

threshold and short response time [152-154]. Asymmetries in the π-electron conjugation 

systems of the electron acceptor, electron donor groups of organic molecules are extremely 

polarisable physical objects for nonlinear optical (NLO) applications [155, 156]. Organic 

optical materials have significant optical susceptibilities, ultrafast response times, high 

optical thresholds when compared to inorganic materials [157]. Because of their exceptional 

properties, such as high NLO coefficient, wide optical transparency and extended thermal 

stability, the pyridine groups of organic crystals play an essential role in the vicinity of 

nonlinear optics. Pyridinium complexes are significant in the formation of NLO materials 

with charge transfer systems and donor-acceptor properties that allow for modifications in 

physical and structural features. Because of their heterocyclic nature, pyridine derivatives 

have a distinct advantage in pharmaceutical applications [158, 159]. Pyridine is an aromatic 

heterocyclic organic molecule and structurally similar to benzene except for the substitution 

of a nitrogen atom in one of the CH groups. 2-aminopyridine (AP) is a chemical compound 

with the formula H2C5H4N. The AP molecule has two nitrogen atoms and is a heterocyclic 

molecule. The heterocyclic molecule 2-aminopyridine has frequently been used as a ligand 

in metal complexes with a second harmonic generation [160-164]. Nicotinic acid and its 
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biologically active derivatives have been extensively researched over the last decade [165] 

and 6-chloronicotinic acid (CN) is a key component of agrochemicals, animal feed 

enrichment, plasma cholesterol and pharmaceuticals [166]. In the present work, synthesis, 

growth, physicochemical characterization and computational studies on aminopyridinium 

chloronicotinate single crystal are discussed by employing different characterization 

techniques such as single crystal X-ray diffraction, powder X-ray diffraction, Fourier 

transforms infrared, UV-vis-NIR, TG/DTA and Vickers microhardness test. In addition to 

these studies, the DFT/B3LYP method was used to analyze the molecular geometry, 

HOMO-LUMO, Natural bond orbital, Mulliken atomic charge and molecular electrostatic 

potential of the molecule in the gaseous state and the results are discussed. 

6.2  Experimental Procedure 

6.2.1  Synthesis and crystal growth 

Aminopyridinium chloronicotinate compound was synthesized at room temperature 

using an AR grade. 2-aminopyridine and 6-chloronicotinic acid in 2:1 molar ratio. The 

required amount of 2-aminopyridine was dissolved in acetone and 6-chloronicotinic acid 

was slowly added into this solution and the mixture was stirred well using a magnetic stirrer. 

After a few seconds, white crystalline salt of aminopyridinium chloronicotinate was 

deposited at the bottom of the beaker. The recrystallization process enhanced the purity of 

the synthesized material. The chemical reaction involved in this process is represented by 

scheme 6.1. 

 
Scheme 6.1 Reaction scheme of APCN crystal 



 

103 

The prepared APCN salt was dissolved in double distilled water and the solution 

was filtered into a beaker using whatmann filter sheet. The beaker is covered with a 

perforated aluminum foil sheet and kept for slow evaporation at room temperature. After 

three weeks, an optically good quality seed crystal was harvested. To grow a bulk crystal of 

APCN, the supersaturated solution of APCN was taken in a 100 ml beaker and one of the 

well-defined seed crystal was dropped into the solution. The beaker is kept in a dust-free 

environment in order to avoid multiple nucleations.  At room temperature, the solvent was 

slowly evaporated, and a single crystal of size 14 x 9 x 7 mm3 was obtained. Fig.1 shows a 

photograph of an optically transparent APCN crystal. 

 

 

Figure 6.1 As grown crystals of APCN 

6.3  Computational details 

Density functional theory can be used to calculate the molecular shape, energy, and 

other features of aminopyridinium chloronicotinate. Using the B3LYP (Becke's three-Lee-

Yang-Parr) Gaussian 09 program with 6-31+G (d, p) basis set, the DFT method was chosen 

to optimize the molecular geometry of the APCN. The results of HOMO-LUMO analysis, 

global chemical reactivity descriptors, Mulliken population analysis, molecular electrostatic 

potential, and thermodynamical properties are discussed. 
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6.4  Results and Discussion 

6.4.1  Single and Powder X-ray diffraction analysis 

 The cell parameters of the APCN crystal were measured with a Bruker SMART 

APEXII DUO CCD system with MoKα radiation. The unit cell parameters and the crystal 

system have been identified from the single crystal X-ray diffraction analysis. The unit cell 

parameters of the values are a = 8.6840(4) Å, b = 10.8121(5) Å, c = 11.9241(6) Å and the 

cell volume is V = 1126.82(9) Å3. As a result, the crystal system is monoclinic with 

centrosymmetric space group P21/c. The obtained results were found to be in good 

agreement with the reported values [167]. Table 6.1 shows a comparison of the obtained 

single X-ray diffraction values with the reported data values. Powder X-ray diffraction 

analysis was performed on a grown crystal APCN using an XPERT-PRO Diffractometer 

system with CuKα radiation (λ=1.5406 Å). The grown crystal was scanned from 10º to 80° 

range. The well-defined sharp intensity peaks specifying 2θ angles confirmed the good 

crystalline and purity of the APCN crystals. Figure 6.2 depicts the Powder X-rd pattern of 

an APCN crystal. 

Table 6.1 Single X-rd data of APCN crystal 

Lattice parameters Present Work Reported Work [168] 

a 8.6840(4) Å 8.6844(4) Å 

b 10.8121(5) Å 10.8112(5) Å 

c 11.9241(6) Å 11.9235(6) Å 

α 90° 90° 

β 95.2046(9)° 95.2046 (9)° 

γ 90° 90° 

Z 4 4 

Volume 1126.82(9)Å3 1114.87(9) Å3 

Crystal system Monoclinic Monoclinic 

Space group P21/c P21/c 

R factor     - 0.019 
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Figure 6.2 Powder XRD spectrum APCN crystal 

 

 6.5  FTIR spectral analysis 

The FTIR spectra of the APCN crystal were recorded in the region of  

4000-500 cm-1 using the KBr pellet method with a Perkin-Elmer spectrometer and the 

various functional groups are shown in Figure 6.3. The broad band at 3383 cm-1 is caused 

by protonated nitrogen N-H symmetric stretching vibrations in a 2-aminopyridine moiety. 

The band observed at wave number 2359 cm-1 in the APCN crystal could be attributed to 

the O-H stretching of the carboxylic acid group. The NH2 asymmetric stretching vibration 

causes a peak at 3178 cm-1. The N-H…O intramolecular hydrogen bonding affects the shift 

of the N-H amine group’s in-plane bending vibration from 1618 cm-1 to 1568 cm-1 [169]. 

The sharp intense peak and strong absorption bands found at 1498 cm-1 and 1473 cm-1 were 

inductive of aromatic C-N stretching and C=N stretching vibrations, respectively. The weak 

absorption at 1243 cm-1 is due to aromatic C-C stretching vibration, whereas the medium 
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band at 1159 cm-1 is due to C=C stretching vibration. The intense peaks at 1122 cm-1,  

1035 cm-1 were attributed to C-H in-plane bending vibration, whereas the medium intensity 

peak at 685 cm-1 was caused by C-H out-of-plane bending vibration. The aromatic ring’s  

C-H bending and C-Cl stretching vibrations could be responsible for the 834 cm-1 and  

729 cm-1 [170]. The carboxylate ion deformation vibrations are generally detected in the 

700-400 cm-1 range, while the COO- bending vibrations are recorded at 631 cm-1 and  

559 cm-1. The strong band at 436 cm-1 is due to the pyridine moiety’s C-N-C out-of-plane 

bending vibration. The FTIR spectra revealed virtually all of the predicted peaks for APCN 

crystal, which contains amine and carboxylic acid groups. The FT-IR assignments of various 

functional groups of APCN crystal are shown in Table 6.2. 

 

Figure 6.3 FTIR spectrum of APCN crystal 
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Table 6.2 Observed IR bands of APCN crystal 

Wavenumber (cm-1) Assignments 

3383 NH symmetric stretching vibration  

3178 NH2 asymmetric stretching vibration  

2677 C-H stretching vibration of pyridinium moiety 

2359 OH stretching vibration in carboxylic acid group 

1818 N-H in-plane bending vibration of amine group 

1618 N-H in-plane bending vibration  

1498 C-N stretching vibration 

1473 C=N stretching vibration 

1243 C-C stretching vibration 

1159 C=C stretching vibration 

1122 C-H in-plane bending vibration 

1035 C-H bending vibration 

834 C-N vibration of pyridinium moiety 

729 C-Cl stretching vibration of pyridinium moiety 

685 C-H out-of-plane bending vibration 

631 COO- bending vibration 

436 C-N-C out of plane bending vibration 
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6.6  UV-vis-NIR spectral studies 

 Using a Lamda 35 model UV-vis-NIR spectrometer, the optical transmission 

spectrum of an APCN crystal was recorded from 200 nm to 800 nm as shown in Figure 6.4. 

The UV cut-off wavelength of the APCN crystal was determined to be 335 nm. The recorded 

spectrum reveals that the crystal has high transparency of more than 90% in the 470 nm -

800 nm range. The absence of visible absorption indicates that the grown crystal is suitable 

for optoelectronic applications [171]. For the APCN single crystal, the estimated bandgap 

energy is around 3.6 eV. 

 

Figure 6.4 UV-vis-NIR spectrum of APCN crystal 

6.7  Thermal Studies 
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temperatures 25°C – 900°C under N2 atmosphere with a heating rate of 10°C/min as shown 

in Figure 6.5. TG/DTA analysis was used to determine the thermal stability of the grown 

crystal. From the TGA curve, no weight loss was observed up to 173.1°C and a major weight 

loss was observed between 173.1°C to 397.4°C. There are no isomorphic phase transitions 

in the spectra, indicating that the material is thermally stable up to 173.1°C. The DTA curve 

of APCN shows a sharp endothermic peak at 193.7°C, which corresponds to the materials 

melting point. The absence of endothermic or exothermic peaks before the material's 

melting point demonstrates the sample's chemical stability [172]. The sharpness of the peak 

demonstrates the sample’s good crystallinity and purity. 

 

Figure 6.5 TGA/DTA curves of APCN crystal 
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taken for the various applied loads (P) varying from 25g to 100g. Several indentations were 

created for each weight and the diagonal length (d) of each indentation was measured. The 

Vickers hardness number (Hv) was calculated by the formula [173] 

Hv=1.8544P/d2                         (6.1) 

Where P is the applied load on the samples and d is the diagonal length of an impression in 

μm. Figure 6.6 depicts a graph plotting Hv versus load P. The hardness number increases 

with increasing applied load, which is known as the reverse indentation size effect (RISE). 

The work hardening coefficient (n) was determined using the slope of a straight line between 

log P and log d, as shown in Figure 6.7. The values of ‘n' for hard materials range between 

1 and 1.6, while soft materials have values greater than 1.6. The n value of APCN was 

discovered to be 3.1, indicating that the grown crystal falls into the soft category of the 

material [174,175]. 

 

Figure 6.6 Plot of load (P) Vs Hv 
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Figure 6.7 Plot of Log (d) Vs Log P 

6.9 Theoretical investigations 

6.9.1  Molecular geometry 

 DFT and B3LYP were used to optimize the molecular geometry structure of APCN 

using the 6-31G+(d,p) basis set. The optimized molecular structure along with the 

numbering of atoms is shown in Figure 6.8. Table 6.3 lists the optimized geometrical 

parametric quantity such as bond lengths and bond angles. Due to the presence of nitrogen 

in the benzene ring, the C-C bonds were not of equal length. The differences between the 

six C-C bond distances, on the other hand, were small. The optimized molecular structure 

reveals that 6-chloronictinic acid moiety is connected with 2-aminopyridine moiety via a 

pair of N-H….O hydrogen bonding interactions. The oxygen atom in the carboxyl group of 

6-chloronictinic acid works as both a donor and an acceptor, resulting in the formation of 

N1-H8-O17 and N2-H9-O16 interactions, with the bond angles of 156.0° and 156.6°, 
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respectively. The common geometrical arrangement in 2-aminopyridine substituted 

heterocyclic rings [176]. It's also worth noting that the benzilate moiety has intramolecular 

hydrogen bonding. The optimized geometry demonstrates that intermolecular hydrogen 

bonding interactions have a significant influence on the molecular structure of APCN. 

 

Figure 6.8 Optimized molecular structure of APCN crystal 
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Table 6.3  Selected bond length, bond angles of APCN crystal obtained from 

theoretical and experimental data 

Atoms 

Bond 

length(Å)  Atoms 

Bond 

angles(°)  

 DFT EXP*  DFT EXP* 

N1-C3 1.3461 1.3444 C3-N1-C7 118.7457 116.58 

N1-C7 1.35 1.5556 N1-C3-C4 123.7108 123.6 

N2-C7 1.3704 1.3609 C4-C3-H11 120.8066 120 

N2-H9 1.0127 0.89 C3-C4-C5 117.5378 117.59 

N2-H10 1.0076 0.923 C3-C4-H12 120.6695 120.00 

C3-C4 1.3869 1.398 C5-C4-H12 121.7925 121 

C3-H11 1.0872 0.9500 C4-C5-C6 119.7956 119.68 

C4-C5 1.404 1.4129 C5-C6-C7 118.8857 118.64 

C5-C6 1.384 1.3863 C5-C6-H14 121.2078 121 

C5-H13 1.0861 0.95 N1-C7-N2 117.3387 118.37 

C6-C7 1.4149 1.4129 N1-C7-C6 121.3217 123.6 

C6-H14 1.0856 0.95 N2-C7-C6 121.315 121.16 

H11-C21 3.1634 3.1 C19-N18-C23 117.4119 118.37 

O16-C24 1.2142 1.2489 Cl15-C19-N18 116.6474 116.05 

O17-C24 1.3432 1.2719 N18-C19-C20 124.6831 125.31 

N18-C19 1.3229 1.3218 C19-C20-C21 117.3093 117.59 

N18-C23 1.3389 1.3305 C19-C20-H25 120.8598 120 

C19-C20 1.3986 1.398 C21-C20-H25 121.8297 121 

C20-C21 1.3917 1.3917 C20-C21-C22 119.4C235 119.68 

C20-H20 1.0835 0.95 C21-C22-C23 117.6C242 117.59 

C21-C22 1.4017 1.4173 C23-C22-C24 118.4021 117.59 

C22-C23 1.4014 1.4129 N18-C23-H27 116.7751 118.04 

C22-C24 1.502 1.5075 C22-C23-H27 119.6928 119 

   O16-C24-O17 121.0375 117.13 

   O16-C24-C22 121.6135 125.14 

      O17-C24-C22 117.34H25 117.71 

Exp* - Experimental 

6.9.2  HOMO - LUMO analysis 

The highest occupied molecular orbitals (HUMOs) are electron donors, while the 

lowest unoccupied molecular orbitals (LUMOs) are electron acceptors. These two types of 

molecular orbital are referred to as the Frontier molecular orbital’s (FMOs). The energies 
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of HOMO and LUMO and their energy gaps are important parameters in controlling the 

optical properties, chemical reactivity, structural symmetry and chemical reactivity of a 

molecule [177]. The HOMO orbital is capable of donating an electron, whereas the LUMO 

orbital is capable of accepting an electron. In general, the energy gap between the HOMO 

and LUMO orbital indicates the molecule's stability and reactivity. Figure 6.9 depicts 

HUMO-LUMO and their energy of APCN energy diagram. The energy gap diagram 

between HOMO and LUMO was calculated to be 3.7201eV. The experimental band gap 

energy from the UV-vis spectrum for the APCN molecule is 3.6 eV, which is close to the 

theoretical value. A soft molecule is defined as a molecular structure with a low orbital 

energy gap; with higher energy gaps are linked with high kinetic stability and low chemical 

reactivity [178]. 

 

Figure 6.9 HOMO and LUMO molecular orbital of APCN 
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6.9.3  Global chemical reactivity descriptors 

The values of various global chemical reactivity descriptor (GCRD) parameters such 

as electronegativity (χ), electrophilicity index (ω), chemical hardness (η), chemical softness 

(σ), chemical potential (μ), were theoretically calculated using the ionization potential (I) 

and electron affinity (A). According to Frontier molecular orbital (FMO) theory, the 

ionization potential (I) is connected to HOMO energy (EHOMO) using Koopmans’s theorem 

[179,180] whereas electron affinity (A) is computed from LUMO energy (ELUMO) 

respectively, which can be expressed as,  

Ionization Potential (I) = -E HOMO = 8.2026eV           (6.2) 

Electron Affinity (A) = -ELUMO = 4.4825eV            (6.3) 

The Electronegativity of the molecule is determined as (χ) = (I+A)/2 (6.4) 

The Chemical hardness of the molecule is evaluated as (η) = (I-A)/2 (6.5) 

The Chemical potential of a molecule is calculated as, (μ) = - (I+A)/2 (6.6) 

The Chemical softness of the molecule is estimated as, (σ) =1/ η  (6.7) 

The Electrophilicity index estimated as, (ω) = μ2/2 η    (6.8) 

 The calculated values of GCRD parameters such as I, A, χ, η, μ and ω for APCN 

crystal are also represented in Table 6.4. 

  Table 6.4 GCRD parameters of APCN crystal 

Parameters  (a.u) DFT/B3LYP 

E HOMO  (eV) -8.2026 

ELUMO  (eV) -4.4825 

Energy gap (eV) 3.7201 

Ionization Potential (I) 8.2026 

Electron Affinity (A) 4.4825 

Electronegativity (χ) 6.3426 

Chemical hardness (η) 1.8601 

Chemical potential (μ) -6.3426 

Chemical softness (σ) 0.5376 

Electophilicity index (ω) 10.8136 
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6.9.4  NBO analysis 

 The DFT method with the B3LYP/6-31+G (d, p) basis set was used to analyze the 

natural bond orbital (NBO) of aminopyridinium chloronicotinate. The molecule's 

stabilization energies were computed using second-order perturbation theory on the Fock 

matrix on an NBO basis and the results are shown in Table 6.5. The formation of N-H....O 

is revealed by the hyper conjugate interaction between the lone pair nO and BD*(N-H). The 

stabilization energies of LP(2)O16 → BD*N1-H27, LP(1)O16 → BD*N1-H27 and 

LP(1)O16 → BD*N2-H8 intramolecular hydrogen bonding contacts between APCN 

molecules are 27.14, 5.60 and 3.85 kJ/mol respectively. The presence of N23-H32…O4 

hydrogen bonding interactions is supported by NBO analysis [181]. The major hyper 

conjugate interactions LP(3)O16 → BD*(2)O15-C23, LP(1)N2 → BD*(2)N1-C7 and 

LP(2)O15 → BD*(1)O16-C23 have high stabilization energies of 62.65, 61.09 and 

28.71kJ/mol respectively, indicating π electron delocalization in the respective bonds in 

APCN. Intramolecular interactions are created by the orbital overlaps through  

π- π* interactions such as π (C5-C6) → π*(N1-C7), π (N17-C22) → π*(C18-C19),  

π (C20-C21) → π*(N17-C22), π (N1-C7) → π*(C3-C4) and π (C3-C4) → π*(C5-C6) with 

stabilization energies of 34.65, 29.62, 27.60, 26.17 and 23.36 kcal/mol, respectively. The 

high stabilization energy of 188.26 kcal/mol is due to the interaction of π* (N17-C22) → 

π*(C20-C21), resulting in the intramolecular charge transfer, which improves the optical 

properties of the APCN molecule. 
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Table 6.5  Second-order perturbation theory analysis of the APCN in NBO basis 

including the stabilization energies using DFT at B3LYP 6-31+G (d, p) level 

Donor(i) Acceptor(j) E(2)kcal/mol E(j)-E(i)(a.u) F( i, j)(a.u) 

within unit 1     

BD(1)N1-C3 BD*(1)N1-C7 2.16 1.32 0.048 

BD(1)N1-C3 BD*(1)N1-C7 3.62 1.31 0.061 

BD(2)N1-C7 BD*(2)C3-C4 26.17 0.37 0.089 

BD(2)N1-C7 BD*(2)C5-C6 5.5 0.37 0.041 

BD(1)N1-H27 BD*(1)C3-C4 3.21 1.25 0.057 

BD(1)N1-H27 BD*(1)C6-C7 3.88 1.2 0.061 

BD(1)N2-H8 BD*(1)C6-C7 4.47 1.15 0.064 

BD(1)N2-H9 BD*(1)N1-C7 5.2 1.13 0.069 

BD(1)C3-C4 BD*(1)C5-H12 2.52 1.2 0.049 

BD(2)C3-C4 BD*(2)N1-C7 9.92 0.23 0.045 

BD(2)C3-C4 BD*(2)C5-C6 23.36 0.29 0.074 

BD(1)C3-H10 BD*(2)N1-C7 4.79 1.02 0.063 

BD(1)C3-H10 BD*(2)C4-C5 3.69 1.09 0.057 

BD(1)C4-C5 BD*(1)C3-H10 2.45 1.17 0.048 

BD(1)C4-H11 BD*(1)N1-C3 4.94 1.02 0.063 

BD(1)C5-C6 BD*(1)N2-C7 3.8 1.18 0.06 

BD(2)C5-C6 BD*(2)N1-C7 34.65 0.23 0.085 

BD(2)C5-C6 BD*(2)C3-C4 13.53 0.28 0.056 

BD(1)C5-H12 BD*(1)C3-C4 3.11 1.1 0.052 

BD(1)C5-H12 BD*(1)C6-C7 3.61 1.05 0.055 

BD(1)C6-C7 BD*(1)N1-H27 2.52 1.25 0.051 

BD(1)C6-H13 BD*(1)N1-C7 5.5 1.01 0.067 

BD(1)C6-H13 BD*(1)C4-C5 3.51 1.09 0.055 

LP(1)N2 BD*(2)N1-C7 61.09 0.22 0.113 

BD*(2)N1-C7 BD*(2)C3-C4 37.28 0.06 0.066 

BD*(2)N1-C7 BD*(2)C5-C6 58.45 0.06 0.085 

from unit  1 to unit  2    

BD(2)N1-C7 BD*(1)C20-H25 0.1 0.87 0.009 

BD(1)N1-H27 BD*(1)O16-C23 0.17 1.2 0.013 

from unit  2 to unit  1    

LP(1)O16 BD*(1)N1-H27 5.60 1.09 0.07 

LP(1)O16 BD*(1)N2-H8 3.85 1.08 0.058 

LP(2)O16 BD*(1)N1-H27 27.14 0.75 0.129 
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within unit  2     

BD(1)N17-C22 BD*(1)Cl14-C18 5.26 0.96 0.064 

BD(2)N17-C22 BD*(2)C18-C19 29.62 0.3 3.085 

BD(2)N17-C22 BD*(2)C20-C21 12.84 0.32 0.058 

BD(2)C18-C19 BD*(2)N17-C22 16.65 0.29 0.062 

BD(2)C18-C19 BD*(2)C20-C21 20.5 0.3 0.071 

BD(1)C19-C20 BD*(1)Cl14-C18 4.61 0.85 0.057 

BD(1)C19-H24 BD*(1)N17-C18 5.09 1.08 0.066 

BD(1)C19-H24 BD*(1)C20-C21 3.41 1.1 0.055 

BD(2)C20-C21 BD*(2)O15-C23 13.84 0.33 0.061 

BD(2)C20-C21 BD*(2)N17-C22 27.60 0.26 0.077 

BD(2)C20-C21 BD*(2)C18-C19 20.74 0.26 0.065 

BD(1)C22-H26 BD*(1)N17-C18 4.53 1.05 0.062 

BD(1)C22-H26 BD*(1)C20-C21 4.58 1.07 0.063 

LP(3)Cl 14 BD*(2)C18-C19 13.07 0.31 0.062 

LP(2)O15 BD*(1)O16-C23 28.71 0.66 0.125 

LP(2)O15 BD*(1)C21-C23 21.67 0.65 0.107 

LP(2)O16 BD*(1)O15-C23 14.33 0.94 0.106 

LP(3)O16 BD*(2)O15-C23 62.65 0.28 0.12 

LP(1)N17 BD*(1)C18-C19 10.91 0.88 0.089 

BD*(2)N17-C22 BD*(2)C20-C21 188.36 0.02 0.087 

BD*(2)C20-C21 BD*(2)O15-C23 42.62 0.04 0.069 

 

6.9.5  Mulliken Atomic Charge analysis 

 The Mulliken atomic charge of all 27 atoms in the APCN molecule was calculated 

using population analysis at the B3LYP/6-31+G (d, P) level. Mulliken population analysis 

was used to determine the atomic charges of individual atoms and also their total value. 

Mulliken atomic charge calculations are important in the quantum chemical calculations 

such as molecular systems, dipole moments, electronic structure, molecular polarizability 

and many other aspects of the molecular system [182]. The plot of Mulliken atomic charges 

on different element atoms of the APCN molecule is shown in Figure 6.10. All of the 

hydrogen atoms in this molecule have positive charges, with the largest hydrogen charge 

being on H8 (0.409e), with the nitrogen and oxygen atoms being negatively charged. The 
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positive charges of the chlorine atoms Cl15 in the molecule are approximately 0.117e. 

Carbon atoms C6, C7, C21, C22 and C24 have positive values, while other carbon atoms 

have negative values of all the C atoms, C24 (0.317e) has a higher positive value and  

C4 (-0.009e) has a lower negative value. The sum of total Mulliken of all atoms of APCN 

atomic charge, but on the other hand, was calculated to be zero, preserving charge neutrality. 

Table 6.6 shows the obtained Mulliken atomic charge values of APCN crystal. 

Table 6.6 Mulliken atomic charges of APCN crystal 

Atom 

No. 

Atomic 

charge 

Atom 

No. 

Atomic 

charge 

N1 -0.236 Cl15 0.117 

N2 -0.627 O16 -0.448 

C3 -0.133 O17 -0.538 

C4 -0.009 N18 -0.082 

C5 -0.418 C19 -0.244 

C6 0.163 C20 -0.084 

C7 0.138 C21 0.111 

H8 0.409 C22 0.162 

H9 0.357 C23 -0.258 

H10 0.302 C24 0.317 

H11 0.135 H25 0.152 

H12 0.135 H26 0.148 

H13 0.139 H27 0.169 

H14 0.124 
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  Figure 6.10 Plot of Mulliken atomic charges of APCN crystal 

 

6.9.6  Molecular electrostatic potential (MEP) map analysis 

 Various colours represent the electrostatic different values of potential at the surface. 

The MEP increases in the following order: red ˂ orange ˂ yellow ˂ green ˂ blue [183]. The 

highest positive region on the molecular electrostatic potential map is the favoured site for 

the nucleophilic attack, as indicated by the blue color. Similarly, the maximum negative 

region is the preferred site for an electrophilic attack, which is represented by the red surface 

and the zero potential regions are represented by the green surface. The colour coding for 

these maps ranges from -0.169e0 a.u (deepest red) to + 0.169e0 a.u (deepest blue) for the 

APCN molecule. The negative regions are situated around the oxygen atoms O16 and O17 

which are associated with electrophilic reactivity, while the majority of the C-atoms in the 
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APCN molecules bear the green zone in the MEP surfaces with zero potential, as shown in 

Figure 6.11. Positive potential zones are delocalized across all hydrogen atoms.  

 

Figure 6.11 MEP surface of APCN crystal 

6.9.7  Thermodynamical Properties 

Table 6.7 shows the estimated thermo-dynamical parameters of the APCN crystal at 

room temperature using the B3LYP/6-31+G(d, p) basis set, including total energy, zero-

point vibrational energy, rotational temperature, rotational constants, thermal energy and 

entropy. The thermochemistry of the grown crystal gives a moment of inertia like rotational 

temperature, rotational constants and so on. The zero-point vibrational energy of the APCN 

crystal was calculated to be 125.21896 kcal mol-1. The heat capacity (Cv), entropy (S), and 

total thermal energy of the APCN crystal were calculated to be 116.560 cal mol-1 K-1, 

47.618, and 133.327 cal mol-1 K-1, respectively.  Furthermore, the dipole moment is a 

significant value for characterizing a molecule’s electrical property using atomic charge 

distribution.  
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Table 6.7 Thermodynamic parameters of APCN calculated by DFT/B3LYP method 

 

Zero point Vibrational energy (kcal mol-1) 125.21896 

Rotational constants (GHz) 

   A   0.60986 

   B  0.32775 

   C  0.27999 

Rotational temperature (K)  

   A  0.02927 

   B  0.01573 

   C               0.01344 

 

Heat capacity (cal mol-1 k1) 

            Total heat capacity   47.618 

                     Translational             2.981 

 Rotational  2.981 

Vibrational         41.656 

 

Entropy (cal mol-1 k1) 

Total entropy  116.560 

Translational  42.462 

   Rotational                 33.018 

Vibrational          41.080 

 

Thermal energy (cal mol-1 k1) 

          Total thermal energy   133.327 

   Translational  0.889 

                Rotational              0.889  

      Vibrational                        131.550 

                  

  Dipole moment  

 μx           -19.2099 

 μy              -5.7092 

 μz                1.4000 

                                     μtot               20.0892 
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CHAPTER-7 
 

====================================================== 

SUMMARY AND SUGGESTIONS FOR FUTURE WORK 

====================================================== 

 

The slow evaporation solution growth method was used to grow single crystals of  

4-amino-N-carbamothioylbenzene sulfonamide, pyrazolemethoxy benzaldehyde, pyridine 

urea and aminopyridinium chloronicotinate. The fundamental objective of this thesis is to 

improve the growth conditions of the materials mentioned above and to research their 

attributes in order to identify their applicability. 

A novel NLO single crystal of 4-amino-N-carbamothioylbenzenesulfonamide was 

grown from aqueous solution at room temperature using a slow evaporation method.  The 

single crystal X-ray diffraction confirms the compound formation.  The sharp peaks 

observed in the powder X-ray diffraction spectra show the good crystallinity nature of the 

grown crystal. The shift in the vibrational frequency of C=S at 1471 cm-1 verifies the 

presence of thiourea moiety inside the compound. The UV-vis - NIR studies confirm that 

the ACBS crystals have wider transparency in visible and UV regions and it is the lower 

cut-off wavelength at 344 nm that is appropriate for optoelectronic devices. The ACBS 

crystal contains a high melting point and its exhibits high thermal stability. The high 

transparency shows that ACBS crystals can be used for nonlinear optical applications. The 

fluorescence spectrum showed that the grown crystals emitted violet fluorescence.  The 

chemical structure of the grown crystal was established by the 1H NMR technique. The 

mechanical strength of ACBS single crystal measured by Vickers microhardness test allows 

that it belongs to the soft material category. It is concluded that the ACBS crystal is a 

potential candidate for the fabrication of nonlinear optical devices. The SEM images show 
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the layers of atoms of various sizes and also the surface of the microcrystal is ascertained to 

have a completely clean topography in nature. 

Pyrazolemethoxy benzaldehyde (PMB) crystals were grown by the slow evaporation 

solution growth method. The grown crystal has a monoclinic structure with a 

centrosymmetric space group of C2/c, according to single crystal X-ray diffraction analysis. 

The sharp peak with the good crystallinity nature of the PMB crystal are confirmed by 

powder X-ray diffraction analysis. The vibrational modes of functional groups were 

analyzed using FT-IR and FT-Raman spectral analysis. The UV-vis-NIR spectrum of the 

grown crystal revealed the transparency in the visible region and absorption in the UV 

region. In the photoluminescence spectrum, the violet and blue emission peaks were 

analyzed for the grown crystal PMB with the excitation wavelength 250 nm. TG/DTA 

analysis revealed that the grown crystal is thermally stable up to 183°C. DFT theory with 

the B3LYP/6-311G* method was used to optimize the geometry of the PMB crystal. The 

energy gap between HUMO and LUMO was calculated using theoretical calculations. The 

B3LYP method was used to calculate the first-order hyperpolarizability (24.754 × 10−30 esu) 

of the grown crystal. NBO analysis of the PMB crystal revealed inter and intramolecular 

interactions. The bonding interactions were analyzed by Mulliken atomic charge. The 

electrophilic attacks in the molecule are predicted using a molecular electrostatic potential 

map. PMB crystal can be a suitable organic material for photonics and optoelectronic 

applications, according to the entire investigation. 

A slow evaporation solution growth method was used to grow the crystal of pyridine 

urea (PYUA), at room temperature. The cell parameters calculated using the X-ray 

diffraction technique and the sharp peak in PXRD illustrate the crystallinity nature of the 

sample. The FT-IR and DFT spectra of the PYUA crystal confirmed the existence of several 

functional groups. Using TD-DFT and UV-vis-NIR spectrometer, the excitation energy of 
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the PYUA crystal was estimated to be 245.31 nm experimentally and 281.49 nm 

theoretically. The PYUA crystal is thermally stable up to 115°C, according to thermal 

analysis. The mechanical properties of the PYUA crystal imply that it is confirmed to be 

soft material. The energy gap between HOMO-LUMO was measured to be 4.7212 eV. The 

intermolecular charge transference of the PYUA crystal originates with carbon atoms, 

according to the Mulliken charge distribution. Negative potential areas are surrounded by 

electronegative atoms on the MEP map, while positive potential areas are surrounded by 

hydrogen atoms. These locations provide data about the area where the molecule may 

undergo intermolecular interactions. The NBO analysis of the Fock matrix displays second-

order perturbation theory analysis. Thermodynamic properties rise as the intensity of 

molecular vibrations increases with temperature. According to Hirshfeld's research, the 

percentage of H–H interactions (51.1%) is the highest of all surfaces. 

Aminopyridine chloronicotinate (APCN) was grown at room temperature by a slow 

evaporation method. The monoclinic crystal system of APCN crystal has the 

centrosymmetric space group P21/c. The crystallographic planes and peaks are found using 

powder X-ray diffraction analysis. The functional groups in the grown crystal were 

confirmed through FT-IR spectrum analysis. The lower cut-off wavelength and optical band 

gap of the grown crystal were found to be 335 nm and 3.6 eV, respectively. The thermal 

analysis predicts that the grown crystal was thermally stable up to 173.1°C. The Vickers 

microhardness test reveals that the grown crystal is a soft material category. From the 

optimized molecular structure, it is confirmed that the 6-chloronictinic acid moiety is 

connected with 2-aminopyridine moiety via a pair of N-H…O hydrogen bonding 

interactions. The HOMO-LUMO energy gap (E) confirmed the molecules eventual charge 

transfer. Theoretically, an obtained value of global chemical reactivity descriptors confirms 

the chemical stability of the grown crystal. The Mulliken atomic charge analysis confirms 

the charge distributions of distinct atoms in the molecule. The active electrophilic and 



 

126 

nucleophilic reactive sites are identified through the MEP map. Intramolecular charge 

transfers due to the interaction of π* (N17-C22) → π*(C20-C21) are reflected in the NBO 

result. The calculated dipole moment gives information about the orientation of the 

molecule and the dipole strength. Thus, the above mentioned studies confirmed that the 

grown crystal could be a suitable candidate for optical applications.  

7.1  SUGGESTIONS FOR FUTURE WORK 

The growth mechanism of all of these single crystals could be enhanced by acquiring 

more about their nucleation dynamics. Various crystals discussed in this work could be 

grown by adding suitable dopants to increase optical, thermal and mechanical properties. 

The slow evaporation method can be used to create more bulk crystals of these materials, 

allowing researchers to explore the nonlinear optical properties of single crystals. Further 

research into altering these systems by replacing suitable derivatives may result in materials 

with exceptional properties. 
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GROWTH AND CHARACTERIZATION OF 4-AMINO-N-

CARBAMOTHIOYLBENZENESULFONAMIDE: A NONLINEAR OPTICAL SINGLE 

CRYSTAL 

G. AMUDHA, R. SANTHAKUMARI, D. CHANDRIKA, S. MUGESHINI & N. RAJESWARI 

Department of Physics, Government Arts College for Women (Autonomous), Pudukkottai, Tamil Nadu, India 

ABSTRACT  

Single crystals of 4-amino-N-carbamothioylbenzenesulfonamide (ACBS) have been grown at room temperature using slow 

evaporation solution growth method. The cell parameters of the grown crystals were calculated through X-ray diffraction 

analysis. The ACBS crystal belongs to monoclinic crystal system with P21 space group. The crystalline planes were 

identified by powder X-ray diffraction analysis. The presents of various functional groups in the grown crystal was 

obtained by Fourier Transform Infrared (FTIR) spectral analysis. UV-Vis-NIR, thermal analysis, fluorescence analysis, 

spectral analysis were carried out in order to study the optical properties of the grown crystal. The molecular structure, 

mechanical strength and the surface morphology were analyzed through 1H NMR, Vickers microhardness and SEM 

techniques respectively. 
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1. INTRODUCTION 

Non Linear Optical (NLO) materials are scientifically important class of materials which find applications in the 

area of fiber optic communication, laser technology, optical switching and optical signal Processing [1]. Organic 

materials are exquisite interest within the synthesis of materials with NLO properties and they additionally provide a 

chance to use theoretical modeling [2, 3]. In the past decades, considerable research work has shown that the organic 

materials can exhibit NLO efficiencies which can be two orders of value more than the counterpart inorganic crystals 

[4, 5]. From the device factor of view, the NLO materials are usually used within the shape single crystals and that 

they must satisfy kind of material necessities for optical usage [6]. The organic crystals exhibit excellent non linear 

properties due to their electronic structure Π conjugated structures among donors and accepters [7, 8]. This is 

because of non - centrosymmetry nature which leading to large NLO performance, showed by way of organic 

crystals of the order of 10 to 100 times of large than that of inorganic crystals through the macroscopic second order 

non linear reaction [9]. Thiourea (TU) is an organosulfur compound with the chemical formula CH4N2S which 

belongs to an orthorhombic crystal system, with centrosymmetric, Pnma space group with the capability of forming 

extensive network of hydrogen bonds because of its big dipole moment [10-13]. Sulphanilic acid (SA) is an 

interesting and important compound with the formula of (NH3
+C6H4SO3 

-), which find variety of applications 

including non linear optics and crystallized in orthorhombic crystal system with Pca21 space group [14-16]. The 

inductive zwitterionic structure of sulphanilic acid has dosimetric part and anionic part [17]. With these literature 

survey attempt has been made to grow new NLO crystal 4-amino-N-carbamothioylbenzenesulfonamide from the 

aqueous solution by slow evaporation method and the physical and chemical properties were discussed. 
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2. EXPERIMENTAL PROCEDURE 

2.1 Synthesis  

Thiourea and Sulphanilic acid were separately taken in 2:1 molar ratio. The estimated amount of thiourea was dissolved in 

triple distilled water at room temperature. The sulphanilic acid was then slowly added to the solution with constant stirring. 

The resultant solution was continuously stirred for 3 hours. The reaction mechanism for the growth of 4-amino-N-

carbamothioylbenzenesulfonamide is depicted in scheme 1. 

 
Scheme 1: Reaction mechanism of 4-amino-N-carbamothioylbenzenesulfonamide. 

2.2 Crystal Growth 

The fully dissolved solution was filtered using a whatmann filter paper. Then the solution was optimally tightly closed by 

using a perforated polythene paper and stored in undisturbed situations. The resultant final solution was allowed to dry at 

room temperature. After three weeks, good quality of ACBS crystal of size 13 x 8 x 7 mm3 was obtained and is shown in 

Fig 1. 

 
Figure 1: As grown single crystal of ACBS. 

2.3 Instrumentation 

The single crystal X-ray diffraction (XRD) analysis on ACBS was executed employing Bruker Apex CCD diffractometer 

the usage of Mo Kα monochromated radiation (λ=0.7107 Å) device. The powder X-ray diffraction study of the grown 

crystal was performed using Rigaku X-ray diffractometer using CuKα radiation (λ = 1.5406 Å). The sample was scanned 

in the 2θ range starting from 10° to 70°. The FT-IR spectrum was recorded by using KBr pellet technique ranging from 

400 cm-1 and 4000 cm-1. Optical transmission spectrum also has been recorded in the range of 200 nm - 800 nm using 

Perkin Elmer Lambda 35 Model UV-Vis-NIR spectrophotometer. Thermo gravimetric and differential thermal analysis 

(DTA) were carried out by using a SDT Q600 V20.9 alumina thermal analyzer within the temperature vary from 20 °C to 

650 °C at a heating rate of 20 °C within the nitrogen atmosphere. The Photoluminescence (PL) spectrum was recorded 

using a Varian Carry Eclipse Fluorescence spectrometer. The proton 1H NMR spectra experiments were performed for the 

ACBS crystal and spectral data were recorded in a magnetic field of 11.75 tesla using Bruker AVANCE III 500 MHz (AV 

500) Fourier Transform NMR spectrometer (For 500 MHz 1H NMR) for analyzing the molecular structure. The 

microhardness studies of the ACBS crystal have been characterized by Leitz wetzler Vickers microhardness technique. The 

surface analysis of the grown crystal was performed with CAREL ZEISS EVO 18 High resolution scanning electron 

Sulphanilic acid 
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microscope.  

3. RESULTS AND DISCUSSIONs 

3.1 Single Crystal X-Ray Diffraction Analysis 

The crystalline nature and the lattice parameters have been determined using X-ray diffraction studies. It is observed that 

the ACBS crystal crystallizes in monoclinic system of P21 space group. The determined values of the lattice parameters are 

a=6.45Å, b=18.32 Å, c=6.78Å, α=γ=90°, β=93° with the cell volume of V=801Å3. The single crystal data of ACBS is 

compared with the reported value [11, 16] and are depicted in Table 1. 

Table 1: Comparison of Crystal Data of ACBS Crystal 

Lattice Parameters 
TU 

Reported work[11] 

SA 

Reported work[16] 

ACBS 

Present Work 

a(Å) 7.8585 7.5113 6.45 

b(Å) 8.4850 7.2791 18.32 

c(Å) 5.485 13.898 6.78 

α=β= γ(°) 90 90 α=γ=90; β=93 

Volume(Å3) 380.8926 - 801 

System  Orthorhombic Orthorhombic Monoclinic 

Space group Pnma Pca21 P21 

From the table, it was found that the structure of ACBS crystal belongs to the monoclinic system differs from 

those of thiourea and sulphanilic acid system of reported values with changes in a, b and c cell parameters values. 

3.2 Powder X-Ray Diffraction Analysis 

The indexed powder x-ray diffraction pattern of ACBS single crystal is shown in Fig. 2. Due to large difference in intensity 

of the peaks, the diffraction pattern is splitted into two part and the indexed patterns are shown in inset. It is found that a 

sharp high intense present at 19.94°. The XRD pattern also indicates many different peaks and the presence of sharp peaks 

shows that the material is in good crystalline nature. The properly described Bragg’s peaks at specified 2θ angles suggest 

the high crystalinity of the grown crystals. 

 
Figure 2: Powder XRD Pattern of ACBS. 

 

http://www.tjprc.org/


7294                                                                                      G. Amudha, R. Santhakumari, D. Chandrika, S. Mugeshini & N. Rajeswari 

 

Impact Factor (JCC): 8.8746                                                  SCOPUS Indexed Journal                                              NAAS Rating: 3.11 

3.3 Vibrational Analysis 

The FTIR spectra of grown ACBS single crystal are shown in Fig. 3. The functional groups present in the ACBS crystals 

are identified and compared with thiourea (TU), Sulphanilic acid (SA) as stacked in Table 2. In the present work, the sharp 

high intense peaks at 3382 cm-1 and 3178 cm-1 are attributed to asymmetric and symmetric stretching modes of NH2 group. 

The C=S asymmetric and symmetric stretching frequencies show a shift towards higher wave number when compared to 

thiourea and sulphanilic acid [11,16]. The metal – sulfur bond is assumed to be responsible for the shifting of vibration at 

1471cm-1 and 834 cm-1 to high wavenumber in each material. The peak observed at 1415 cm-1 and 1008 cm-1 are the 

symmetric and asymmetric frequency of SO2 group respectively. The stretching and bending vibrations of N-C-N and C-N-

C were positioned at 684 cm-1 and 487 cm-1 respectively. 

 

Figure 3: FTIR Spectrum of ACBS. 

Table 2: Assignments of Vibrational Wave Number (cm-1) of TU, SA and ACBS Single Crystals 

Wavenumber(cm-1) 
   

TU[11] SA[16] ACBS Present work Assignments 

3347 3371 3382 NH2 asymmetric stretching  

3167 3051 3178 NH2 symmetric stretching  

2350 2400 2360 C-H stretching 

1464 1431 1471 C=S asymmetric stretching  

1387 1349 1415 asymmetric SO2 vibration  

1091 1271 1085 C-N symmetric stretching  

- 1025 1008 symmetric SO2 vibration 

731 782 834 C=S symmetric stretching  

627 694 684 N-C-N symmetric stretching  

491 511 487 C-N-C bending  

3.4 UV-Vis-NIR Spectral Analysis 

The UV spectra of ACBS single crystal is shown in Fig. 4. From the UV spectra it is seen that the UV transparency cut off 

wavelength for ACBS crystal happens at 344 nm and transparency ~95% in the visible regions 416 nm - 800 nm which 

makes the ACBS crystal is potential candidate for second harmonic generations (SHG) Since it is seen that the absence of 

absorption in the visible region, the grown crystal is an appropriate candidate for optoelectronic applications [18]. The 
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Tauc’s plot variation of (αhν) 2  vs. the photon energy (hν) is estimated as proven in Fig. 5. The optical band gap (Eg) for 

the ACBS crystal was predicted using the relation, 

                A (hν - Eg) 2  

                           α =                       ________________                

                                   (hν)  

Where α is the absorption coefficient and A is the proportional constant. The Eg is measured by using the 

extrapolation of the linear part and the band gap of the ACBS crystal was become found to be 2.69 eV.  

 
Figure 4: UV – Vis – NIR Transmission Spectrum of ACBS. 

 

 
Figure 5: Plot of (αhν) 2 vs. hν of ACBS Crystal. 

3.5 Thermal Analysis 

Thermal stability, melting point, endothermic or exothermic reactions have been analyzed using thermal studies. The 

thermal analysis curves are shown in fig. 6. Because, there is no endothermic or exothermic transition below 175 °C and as 

a result of the material is strong up to this temperature. Within the differential thermal analysis curve, endothermic 
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reactions are found at 184 °C and 253 °C. The endothermic peak placed at 184 °C suggests the begin of decomposition and 

the material is completely decomposed at 253 °C and consequently the trace in TGA at 175°C in TGA shows the melting 

point of the crystal. The sharp endothermic peak indicates the good crystalline of the ACBS crystal. On the same time the 

melting point of ACBS crystal is determined to be more than that of reported value 173°C of pure sulphanilic acid crystal 

[19]. 

 
Figure 6: TGA / DTA Curve of ACBS Crystal. 

3.6 Fluorescence Studies 

The fluorescence spectra of ACBS single crystal is shown in Fig. 7. The photoluminescence spectrum of ACBS crystal 

gives information of various energy states available among valance band and conduction band answerable for radiative 

recombination. The ACBS was excited at 297.8 nm and the spectra were recorded in the range from 200 nm to 800 nm. 

From the figure is observed the high intense peak at 416.2 nm. The usage of the conversion wavelength to energy relation 

Eg = (1.24 / λ) eV, the band gap value calculated and λ is the wavelength of fluorescence. The fluorescence band gap of the 

ACBS single crystal is Eg located to be 2.97 eV. This indicates that the ACBS crystal is a violet light emitting material. 

Either different low intensity peaks can be intrinsic defects of the crystal. 
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Figure 7: Fluorescence Spectrum of ACBS Single Crystal. 

3.7 1H NMR Spectral Analysis 

The Proton NMR spectrum of ACBS single crystal is shown in Fig. 8. It is seen that the 1H Proton NMR spectra affirms 

the nearness of eleven protons in ACBS compound which incorporate interchangeable protons also. In the spectrum, a 

singlet signal appearing at δ = 2.110 ppm is due to the protons of carboxylic acid connected sulphanilic acid moiety. The 

doublet signals appearing at δ = 3.404 and δ = 3.389 ppm attributed to the presence of –CH group of sulphanilic acid. The 

solvent D2O sharp peak δ = 4.69 ppm is merged with the protons of –NH2 and HSO3 groups. Due to that the peak intensity 

is very high [20]. The doublet signal at δ = 6.761 and δ = 6.734 are assigned to phenyl protons which are present in ortho 

position to amino group. The doublet peaks observed at δ = 7.483 and δ = 7.455 are assigned to the proton of NH2
-
 group of 

thiourea.  

 
Figure 8: 1H NMR Spectrum of ACBS Single Crystal. 
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3.8 Microhardness Analysis 

The microhardness analysis of the ACBS crystal was carried out by a Leitz Wetzler tester with a Vickers diamond 

pyramidal indenter. Hardness is a measure of a materials resistance to the nearby deformation resulting from indentation. It 

plays a key role in device fabrication [21]. The indentation hardness is generally defined as the ratio of the implemented 

load to the surface area of the indentation. The time of indentation became stored constituent at 10s for all trials and 

therefore the microhardness activity became taken between the implemented load (P) varying from 25 g to 100 g. The 

micro hardness number (Hv) was calculated using the formula [22]. Hv = 1.8544 P / d2 (kg / mm2), where P is the applied 

load in kg and d is the average diagonal length of the indentation in mm. The hardness value Hv with load P for ACBS as 

shown in Fig. 9. It is concluded that Hv increases with increases in P which is known as reverse indentation size effect. For 

an indentation load of 100g, cracks had been located on the crystal surface across the indent and it is far because of the 

discharge of internal pressure domestically initiated through indentation. The index number ‘n’ is predicted as 2.81 from 

the graph drawn between log P versus log d from Fig. 10. According to Hanneman [23] and Onitsch [24] the values of ‘n’ 

lies between 1 and 1.6 for difficult materials and it is more than 1.6 for soft materials. For this reason from Mayer’s index 

number it is far clean that ACBS belongs to soft material category. 

 
Figure 9: Hardness Hv Verses Load (P) for ACBS Crystal. 

 

 
Figure 10: Log P and Log d for ACBS Crystal. 
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3.9 SEM Analysis 

Surface morphology of ACBS crystal was carried out using high resolution scanning electron microscope. Fig.11 (a) and 

(b) show the SEM pictures of ACBS crystal surface with magnification of 10 μm and 20 μm respectively. The scanning 

electron microscope studies give the information regarding the nature, morphology, composition variations and also it is 

mainly used to check surface imperfections. Because the organic materials are non-conducting in nature, gold carbon 

coating ought to be done before subjecting the crystal surface to electron beam. It is observed from the SEM image it is 

clear that the surface of the crystal appears smooth through it has pots and microcrystal on the surface. Overall the surface 

was very smooth, fine grain boundaries and few vale regions are determined [25]. 

 

11(a)                                                                                  11(b) 

Figure 11: (a) and (b) SEM Pictures of ACBS Crystal 

4. CONCLUSIONS 

A novel NLO single crystal of 4-amino-N-carbamothioylbenzenesulfonamide was grown from aqueous solution at room 

temperature using a slow evaporation method. The single crystal X-ray diffraction confirms the compound formation. The 

sharp peaks observed in the powder x-ray diffraction spectra shows the good crystalinity nature of the grown crystal. The 

shift in the vibrational frequency of C=S at 1471cm-1 verify the presence of thiourea moiety inside the compound. The UV- 

Vis - NIR studies confirm that the ACBS crystals have wider transparency in visible and UV regions and it is lower cut - 

off wavelength at 344 nm that is appropriate for optoelectronic devices. The ACBS crystal contains a high melting point 

and its exhibits high thermal stability. The high transparency shows that ACBS crystals can be used for nonlinear optical 

applications. The fluorescence spectrum showed that the grown crystals emitted violet fluorescence. The chemical 

structure of the grown crystal was established by 1H NMR technique. The mechanical strength of ACBS single crystal 

measured by Vickers microhardness test allows that it belongs to soft material category. It is concluded that the ACBS 

crystal is a potential candidate for the fabrication of nonlinear optical devices. The SEM images show the layers of atoms 

of various sizes and also the surface of the microcrystal are ascertained to have a completely clean topography in nature. 
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A B S T R A C T   

Pyrazolemethoxy benzaldehyde (PMB) was synthesized and crystals were grown by slow evap
oration solution growth method. PMB was crystallized in a monoclinic crystal system with a 
centrosymmetric C2/c space group, according to single-crystal X-ray diffraction analysis. The 
crystalline planes were identified using powder X-ray diffraction analysis. FTIR - FT-Raman 
spectroscopic techniques were performed to determine the vibrational modes of functional 
groups for the grown crystal. UV-visible spectral analysis and photoluminescence studies were 
taken to investigate the linear optical properties of the grown crystal. Thermogravimetric and 
differential thermal analysis (TG/DTA) were used to determine the thermal stability of the PMB 
crystal. In addition to this density functional theory (DFT) calculations such as frontier molecular 
orbital’s (FMOs), global chemical reactivity parameters, hyperpolarizability, natural bond orbital 
(NBO) analysis, Mullikan atomic charge distribution, and molecular electrostatic potential map 
analysis were carried out in gaseous phase using B3LYP/6-311G* basis set.   

1. Introduction 

Organic material has been sought for the variety of applications in recent years, particularly photonics, electro-optic systems, color 
display optical switching, optoelectronics and frequency doubling [1–3]. As a result, several research groups are interested in 
developing new organic crystals with strong nonlinear optical properties. Organic crystals usually outperform inorganic and 
semi-organic materials, with substantial optical nonlinearity due to π-electron delocalization, low dielectric constant at higher fre
quencies, and a high damage threshold value [4–5]. 2-Methoxybenzaldehyde is an organic materilal containing a benzene ring that has 
been replaced with an aldehyde and a methoxy group. It appears in three varieties, ortho, Meta and Para in which the two functional 
groups (methoxy and aldehyde) are alpha, beta and gamma to each other. Benzaldehyde and its derivatives have vibrational spectra 
which can be used to study biological processes and analyze comparatively complex structures. It is used to make pharmaceuticals, 
plastic cleaners, agrochemicals and dyes among other things. It is very important in the intermediate processing of performs and 
flavoring elements [6]. Pyrazole is an aromatic organic material. A five-membered lactam ring structure of three carbon atoms and two 
nitrogen atoms in adjacent locations distinguishes it from other heterocyclic sequences. Antifungal and pesticide properties are found 
in Pyrazole derivatives, and crystals with the hydrazine moiety are a common class of organic molecules in medicinal and 
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pharmaceutical chemistry [7–12]. The methyl and amino groups are frequently referred to as electron donation substituents in aro
matic ring structures. Hyper conjugation of the methyl group with the adjacent π-system causes electronic delocalization, which the 
molecular orbital technique takes into consideration [13, 14]. In the present study, experimental and theoretical investigations of 
Pyrazolemethoxy benzaldehyde (PMB) are reported. The PMB crystals were investigated by powder X-ray diffraction, Fourier 
transforms infrared analysis, FT-Raman, UV-vis-NIR studies, photoluminescence, and thermogravimetric differential thermal analysis. 
Computational studies such as optimized molecular structure, Frontier molecular orbital, Global chemical reactivity descriptors, 
natural bond orbital, Mullikan atomic charge, and molecular electrostatic potential analysis are performed and discussed its results. 

2. Material and Methods 

2.1. Synthesis and crystal growth 

The PMB compound was synthesized using commercially available AR grade 4-acetyl-3-methyl-1-phenyl-5-hydroxy pyrazole 
(4A5P) and 2-methoxybenzaldehyde (2MB) in a 1: 1 molar ratio in acetone. The prepared solution was continually stirred with a 
magnetic stirrer, and the solution becomes turbid, Hence, ethanol was added and gradually warmed until a clear solution was ob
tained. The clear homogeneous solution was filtered using Whattman filter paper to eliminate impurities. The prepared homogeneous 
solution was transferred to a beaker and covered with a perforated sheet to manipulate the evaporation. It was kept in an undisturbed 
condition. Yellow-colored PMB powder was obtained according to the chemical reaction process depicted in Fig. 1. 

As a first step towards the crystal growth process, the solubility of PMB compounds in different solvents like ethanol and methanol 
is performed at various temperatures. From Fig. 2 it is concluded that the PMB has a high solubility in ethanol compared to methanol. 
Hence ethanol has been taken as a solvent to grow PMB crystals. The synthesized material was further purified by repeating the 
recrystallization process two times in ethanol. The purified salt dissolved in ethanol solution provides a high-quality PMB crystal, 
which was collected over 4 weeks. The photographs of as-grown PMB crystals are shown in Fig. 3. 

3. Results and discussions 

3.1. Single and Powder X-ray diffraction studies 

The single-crystal X-ray diffraction studies revealed that PMB crystal belongs to the monoclinic system with centrosymmetric space 
group C2/c, with lattice parameters of a = 28.179 Å, b = 4.71108 Å and C = 23.819 Å, and a cell volume of 3157.7 Å3. The lattice 
parameters are in good agreement with the reported values [15]. 

3.2. Powder X-ray diffraction Analysis 

The powder X-ray diffraction pattern of the grown crystal was recorded using a powder X-ray diffractometer with (λ = 1.5408) 
CuKα radiation. The grown crystal was scanned at 2θ values ranging from 10◦-80◦. The indexed powder X-ray diffractogram of the PMB 
crystal is shown in Fig. 4. The XRD results also show a variety of peaks and the presence of sharp peaks suggests that the material is in 
good crystalline nature. The clearly defined Bragg’s peaks at 2θ angles indicate that the grown crystal has high crystallinity. 

3.3. FT-IR, FT-Raman spectral analysis 

The FT-IR spectrum was obtained on a JASCO FTIR 460 plus spectrometer in the wavelength range of 4000-400 cm− 1 at room 
temperature (300K) using the KBr pellet technique with a scanning speed of 2 mm s− 1. A Bruker RFS 100/s spectrometer was analyzed 
to examine the FT-Raman spectrum at room temperature (300K). Fig. 5(a-b) and Fig. 6(a-b) show the experimental, theoretical FT-IR 
and FT-Raman spectrum respectively. The various frequencies of functional groups in PMB crystal were calculated by the DFT/B3LYP 
method using 6-311G* level and compared with the experimental values. The vibrational frequency assignments are listed in Table 1. 
Aromatic ring C-H stretching vibrations are assigned in the range of 3200-3000 cm− 1 [16–18]. The C-H stretching vibrations are 

Fig. 1. Reaction scheme of PMB crystal  
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observed experimentally at 3167 cm− 1 in the FT-IR spectrum and 3053 cm− 1 in the FT-Raman spectrum in the present work. The 
asymmetric stretching modes of CH3 groups belonging to methoxy groups are assigned to the absorption bands at 3092 cm− 1 in FT-IR 
and 2968 cm− 1 in FT-Raman. In particular, the bands at 1616 cm− 1 and 1590 cm− 1 observed in FT-IR and FT-Raman spectra cor
responds to C=O stretching vibrations in the methyl group with the pyrazole ring. In the crystal, the phenyl ring C=C stretching band is 
observed experimentally at 1416 cm− 1 in the FT-IR spectrum and 1450 cm− 1 in the FT-Raman spectrum. The N-N stretching mode is 

Fig. 2. Solubility curve of PMB  

Fig. 3. As a grown crystal of PMB crystal  

Fig. 4. Powder XRD spectrum of PMB crystal  
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Fig. 5. (a-b) FT-IR spectrum of experimental and theoretical PMB crystal  

Fig. 6. (a-b) FT-Raman spectrum of experimental and theoretical PMB crystal  

G. Amudha et al.                                                                                                                                                                                                       



Chinese Journal of Physics 76 (2022) 44–58

48

1082 cm− 1 and 1096 cm− 1 observed by IR and Raman spectrum, respectively. In the IR and Raman spectra, the benzene ring exhibits 
C-H out-of-plane bending, with peaks at 467 cm− 1 and 476 cm− 1 respectively. 

3.4. UV-vis NIR spectral analysis 

The UV-visible absorbance spectrum of the grown crystal was recorded using a PerkinElmer Lamda 35 UV-vis-NIR spectrometer in 
the range of 200nm-1100 nm and is given in Fig. 7. The optical absorption spectrum of PMB crystal shows low absorption across the 
visible range, with no absorbance from 290 nm to 1100 nm. The cut-off wavelength of the grown crystal was discovered to be 235 nm. 
Excitation in the aromatic ring and the C=O group would be responsible for the observed absorption. The advantages of this method 
for NLO applications are the high transparency of the grown crystal in the UV-visible region [19]. 

3.5. Photoluminescence studies 

The photoluminescence (PL) emission spectrum of PMB crystal was analyzed on a Varian Cary Eclipse fluorescence spectrometer 
from 200 nm to 800 nm, as shown in Fig. 8. The PL emission spectrum is a mechanism that emits light when photons are excited from 
their ground state, and it provides information about molecular electronic transitions, defects, and some imperfections in the grown 
crystal [20, 21]. The grown crystal was excited at 250 nm and the emission was measured from 250 nm to 800 nm. The two emission 
peaks are shown in the same figure at 415 nm and 484 nm. The violet light emission was visible in the first emission peak at 415 nm. 
The second blue emission at 484 nm was caused by the π-π* transition [22]. These results demonstrated that the PMB crystal had violet 
and blue emission properties, making it suitable for usage in light-emitting devices [23]. 

3.6. Thermal analysis 

The thermal analysis was performed on the PMB crystal using SDT Q600 V20.9 Build 20 in the temperature range of 30◦C – 700◦C 

Table 1 
FT-IR, FT-Raman and DFT frequencies with their assignments of PMB crystal   

FT-IR FT-Raman 
Experimental Theoretical Experimental Theoretical Assignments 

3167 3185 3056 3190 C-H stretching 
3092 3010 2968 2968 CH3 asymmetric stretching 
1616 1627 1590 1605 C=O stretching 
1416 1433 1450 1440 C=C stretching 
1255 1265 1283 1249 C-H stretching 
1156 1123 1194 1136 C-N stretching 
1082 1016 1096 1092 N-N stretching 
828 882 857 852 C-H bending 
735 744 695 756 C-H twisting 
627 661 622 636 Skeleton deformation 
467 465 476 473 C=O out of plane bending  

Fig. 7. UV-visible absorption spectrum PMB crystal  
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under an N2 atmosphere at a rate of 10◦C/min. Thermogravimetric (TG) and differential thermal analysis (DTA) were used to measure 
the thermal stability of the grown crystal. Fig. 9 shows the TG/DTA thermogram of the grown crystal. Two transitions can be seen in 
the TGA curve. The first and second transitions occur between 185◦C to 263◦C and 263◦C to 315◦C, respectively, due to the melting 
point of the substance. The TGA curve shows that the material is stable up to 183◦C. Two endothermic peaks were found on the DTA 
curve. The sharp endothermic peak suggests that the material has good crystallinity and purity. The DTA curve indicates that the PMB 
crystal has a first endothermic peak at 184◦C, which is attributed to the material’s melting point. The second endothermic peak was 
recorded at 250◦C, equivalent to significant material weight loss. At a temperature of 183◦C, the material starts to decompose slowly, 
with the majority of the material evaporating and the substance becoming volatile. The absence of endothermic or exothermic peaks 
before the melting point of a substance indicates thermal stability [24]. 

3.7. Computational Details 

The molecular structure, energies, and other properties of a crystal can be calculated using DFT analysis through ab initio 
computational calculation. The geometry of PMB has been optimized at the B3LYP level of theory and the 6-311G* basis set was 
utilized to describe the atoms of the molecule. Vibrational frequency calculations are performed on the optimized structure to confirm 
their stationary points. Natural bond orbital (NBO) is estimated using the same level of theory and basis sets. Quantum chemical 
computational calculations through DFT have been effective in predicting the vibrational spectra of chemical crystals. All these 
computational procedures have been used as per the Gaussian-09 package [25–29] guidelines. The molecular structure, electronic 

Fig. 8. Photoluminescence of the PMB crystal  

Fig. 9. TGA/DTA thermogram of PMB crystal  
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properties, and vibrational spectra were visualized and rendered from the output data of DFT calculations. 

3.7.1. Molecular geometry optimization 
The structure of PMB was optimized to produce a precise molecular geometry of the molecule, as shown in Fig. 10. PMB contains 41 

atoms, 174 electrons and is neutral in charge with spin at singlet. From the calculation, the global minimum energy or self-consistent 
field (SCF) energy of PMB at B3LYP level with the basis set of 6-311G is -1107.1823 a.u; with a dipole moment of 8.8811 Debye. The 
single and double bonds are highlighted and the van Der Walls radii of each atom are represented in the same figure. 

The Optimized geometrical parameters derived by the B3LYP (Becke three-parameter Lee-yang-parr) method using 6-311G* basis 
sets are more similar to the experimental values listed in Table 2. The C-C bond lengths vary from 1.367Å to1.493Å for XRDs values and 
from1.353 Å to1.495 Å for B3LYP values. The C-H bond length was measured in the range of 0.930 Å - 0.960 Å in XRD and 1.080 Å- 
1.095 Å in B3LYP and found to be similar. The experimental bond distances of C17-C18, C18-C-19, N5-C19, N4-N5 and N4-C1 atoms in 
the pyrazolone ring, XRD values of 1.462, 1.438, 1.305, 1.405 and 1.389 respectively, were found to be similar to theoretical DFT 
values of 1.477, 1.448, 1.299, 1.392 and 1.397 Å. The bond lengths in X-ray data were much shorter than observed theoretical values, 
which might be explained by packing interactions in the solid-state molecule, whereas estimated bond distances for free molecules in 
the gaseous state were achieved. The O3-C38 (1.424 Å) bond length is longer than the other C-O bond lengths, due to oxygen atom 
commitment in carbon bond interactions, while the O1-C17 (1.230 Å) bond length is shorter. The calculated N-C bond length value in 
B3LYP was between 1.299Å - 1.416Å with the equivalent XRD value between 1.305 Å – 1.419 Å. The N-N bond length is 1.392 Å for the 
B3LYP/6-311G* method and 1.392 Å for XRD. The DFT-B3LYP/6-311G* estimated bond angles of PMB were found to be in extremely 
good agreement with the XRD values, with a few small deviations. Because of the presence of the methyl group, the bond angles of C6- 
N4-C17 are greater than other bond angles, with a value of 129.2◦. 

3.7.2. Frontier molecular orbital property 
The quantum chemical properties EHOMO, ELUMO, ΔE and related parameters provide valuable information about the reactivity of 

chemical crystals. The reactivity zone of a molecule is shown by the electron density at the molecule’s frontier. The calculation of 
Frontier electron density can be calculated in many ways. The difference between a neutral system’s highest occupied molecular 
orbital (HOMO) and its lowest unoccupied molecular orbital (LUMO) gives excitation energies. This is also referred to energy gap that 
reveals molecular stability. LUMO represents an electron acceptor containing a region and HOMO represents an electron donator 
containing the region of a molecule. The relative energy of the molecular orbital has been calculated and graphical representations of 
HOMO and LUMO of PMB are given in Fig. 11. HOMO+, HOMO2+, LUMO− and LUMO2− are also rendered in the same figure. The 
atoms 6C, 7C, 9C, 11C, 13C, 15C, 4N, 5N, 17C, 18C, and 19C of the molecules largely contributed to the HOMO energy. The HOMO+

energy of the molecule is contributed by most of the atoms of the PMB molecule. HOMO2+ energy is primarily derived from the 7C, 9C, 
13C and 15C atoms of the molecule. The LUMO energy of PMB was from 5N, 17C, 18C, 19C, 24C, 25C, 27C, 37C, 30C, 32C, 34C, and 
36C atoms. The LUMO− energy of the molecule was from almost the same atoms except a few in the region. LUMO2− energy exhibited 
from 29C, 30C, 32C, 34C, 36C, and 37C atoms of the molecule. The HOMO-LUMO energies were: -5.38839 eV; and -2.5788 eV 
respectively, while the energy gap, ΔE was 2.80959 eV; (ΔE reveals the molecule’s chemical activity). The energy gap conveys the 
molecule’s small excitation energies. The energy gap of PMB discloses that the molecules possess low reactivity and high kinetic 
stability. But, adding a reactive molecular region to this base molecule would be valuable to make highly reactive crystals from this 
molecule. The calculated values of EHOMO, ELUMO and energy gap are listed in Table 3. 

3.7.3. Global Chemical Reactivity Analysis 
The energy gap values obtained from the DFT method have been used to measure the material’s total electrochemical reactivity and 

structural stability [30]. The theorem of Koopmans says HOMO – LUMO energy gap values can determine ionization potential and 

Fig. 10. Optimized molecular structure of PMB crystal  
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electron affinity [31]. The Ionization Potential of the PMB was estimated using the HOMO orbital energy value. 

IonizationPotential(I) = − EHOMO (1) 

The LUMO orbital energy was utilized to compute electron affinity because it is determined as the ability to require one electron 
from a donor. 

Electronaffinity(A) = − ELUMO (2) 

The chemical reactivity descriptors provided by the electron affinity and ionization potential required by using energy values help 
in the computation of specific chemical quantities and the characterization of molecular properties [32]. The electronegativity (χ) and 
global hardness (η) of PMB were computed using the formulas shown below [33]. 

The Electronegativity of PMB is calculated as (χ) = (I +A)/2 (3)  

The global hardness is calculated as, (η) = (I − A)/2 (4)  

The chemical potential is computed as (μ) = − (I +A)/2 (5)  

The softness of the molecule is measured as, (σ) = 1/η (6)  

The global electrophilicity index of a material is estimated as, (ω) = μ2/2η (7) 

Table 2 
Experimental and optimized geometry parameters of PMB crystal computed by 
B3LYP/6311G* basis set  

Bond length(Å)   Bond angles (◦)   

Parameters EXP* B3LYP/ 6311G* Parameters EXP* B3LYP/ 6-311G* 
O1-C17 1.230 1.226 C24-O2-C37 121.4 121.9 
O2-C24 1.358 1.364 C36-O3-C38 117.1 118.3 
O2-C37 1.377 1.365 N5-N4-C6 118.4 118.9 
O3-C36 1.358 1.355 N5-N4-C17 112.4 112.2 
O3-C38 1.424 1.424 C6-N4-C17 129.2 128.9 
N4-N5 1.405 1.392 N4-C6-C7 119.6 119.1 
N4-C6 1.419 1.416 N4-C6-C15 121.6 121.3 
N4-C17 1.389 1.397 C6-C7-H8 119.4 119.0 
N5-C19 1.305 1.299 C6-C7-C9 119.2 119.9 
C6-C7 1.401 1.402 C7-C9-C11 120.9 120.8 
C6-C15 1.404 1.402 C9-C11-H12 120.5 120.5 
C7-H8 0.930 1.080 C9-C11-C13 119.2 119.0 
C7-C9 1.390 1.390 H12-C11-C13 120.5 120.5 
C9-H10 0.960 1.085 C11-C13-H14 120.0 120.0 
C9-C11 1.390 1.393 C11-C13-C15 121.2 121.2 
C13-C15 1.391 1.392 C6-C15-H16 119.6 119.6 
C17-C18 1.462 1.477 O1-C17-N4 125.9 126.7 
C18-C19 1.438 1.448 O1-C17-C18 130.8 130.0 
C18-C24 1.372 1.373 N4-C17-C18 103.7 103.2 
C19-C20 1.493 1.495 C17-C18-C19 105.5 105.3 
C20-H21 0.960 1.093 C17-C18-C24 125.0 124.5 
C24-C25 1.438 1.436 C19-C18-C24 129.6 130.2 
C25-C27 1.367 1.353 N5-C19-C18 111.9 111.1 
C27-C29 1.433 1.442 N5-C19-C20 119.6 120.3 
C29-C30 1.404 1.407 C18-C19-C20 128.5 128.6 
C29-C37 1.390 1.399 C19-C20-H21 109.5 111.3 
C30-C32 1.382 1.382 C19-C20-H22 109.5 109.0 
C32-C34 1.404 1.402 H21-C20-H22 109.5 109.4 
C34-C36 1.391 1.393 O2-C24-C18 116.3 116.8 
C36-C37 1.404 1.408 O2-C24-C25 118.1 118.3 
C38-H39 0.960 1.095 C18-C24-C25 124.5 124.9    

C24-C25-C27 120.6 120.4    
C25-C27-H28 120.5 120.4    
C25-C27-C29 120.9 120.9    
C27-C29-C30 124.5 124.1    
C27-C29-C37 118.3 116.8    
C30-C29-C37 119.2 119.1    
O3-C36-C34 125.9 125.8    
O3-C36-C37 116.1 116.1    
C34-C36-C37 119.0 118.1    
O2-C37-C29 121.6 121.6    
C29-C37-C36 121.3 121.6  
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The chemical reactivity descriptors evaluated using HOMO – LUMO energy values display that the crystals have high stability [34], 
with a hardness value of 1.40475 eV. The PMB molecule’s chemical potential is negative, indicating strong stability. In the present 
study, PMB confirmed the material’s great chemical potential and good stability, indicating its suitability for optoelectronic appli
cations. Table 4 displays the calculated values for EHOMO, ELUMO, energy gap, and other global descriptor parameters. 

3.7.4. Hyperpolarizability studies 
The dipole moment (μ), polarizability (α) and first hyperpolarizability (β) values each have a significant impact on optical prop

erties [35–39] and are derived from the nonlinear properties of a PMB crystal using x, y, and z components are given as follows. 
The total electrostatic dipole moment is 

μtot=

(
μx

2 + μY
2 + μZ

2)1/2 (8) 

Where μx, μY and μZ are diagonal moments along x, y and z directions 
The isotropic polarizability is 

αtot =
1
3
(
αxx + αyy +αzz

)
(9) 

Where, αxx, αyy, and αzz are the diagonal components of polarizability tesnor 
The mean hyperpolarizability 

Fig. 11. Frontier molecular orbital of PMB crystal  

Table 3 
EHOMO, ELUMO and energy gap values of PMB crystal  

S. No Property Value 

1 E (method) -1107.18233229 a.u. 
2 Dipole Moment 8.8811 Debye 
3 EHOMO -5.38839 eV 
4 ELUMO -2.5788 eV 
5 Energy gap (ΔE) 2.80959 eV  
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βtot=
(
β2

x + β2
y + β2

z
)1/2 (10) 

Where, 

βx=βxxx+βxyy + βxzz  

βy=βyyy+βyzz + βyxx  

βz=βzzz+βzxx + βzyy 

The first hyperpolarizability could also be a 3rd rank tensor which can be characterized as a 3 × 3 × 3 matrix, with Kleinman 
symmetry reducing the 27 elements of the 3D matrix to 10 elements [40]. Since polarizability and hyperpolarizability are measured in 
atomic units, they are converted to electrostatic units using 1 a.u = 0.1482 × 10− 24 esu and the values using 1 a.u =8.6393 × 10− 33 

esu, [41, 42]. The theoretically predicted values of μ, α and β are found to be 8.881D, 19.683 × 10− 24esu, and 24.754 × 10− 30esu 
respectively, for the present molecule. As a result, many molecules start to align in the direction of the supplied electric field. Because 
of their large dipole moment, organic molecules have large nonlinearities [43, 44]. Table 5 displays the tensor values for polarizability 
and hyperpolarizability. 

3.7.5. NBO analysis 
A natural bond orbital (NBO) is a computed bonding orbital having the highest electron density in quantum theory. Computational 

chemistry calculates bond order, donor and acceptor interactions, and hence the electron density between the atoms. The donor- 
acceptor interactions in NBO analysis are evaluated using the version of the NBO 3.1 program as implemented within the Gaussian 
09 package at the DFT/B3LYP method using the second-order perturbation theory of Fock matrix [45–46] with 6-311G* basis set for 
each donor (i) and acceptor (j), the stabilization energy (E2) associates with the delocalization i-j are estimated as, 

E(2) = ΔEi = qi =
(Fi, j)
Ei − Ej 

Where, F(i, j) is the off-diagonal Fock matrix element, Ei, Ej are diagonal elements (orbital energy) and qi is the donor orbital oc
cupancy. The different interactions with PMB stabilization energies are listed in Table 6. The highest E (2) value provides important 
information about the donor and acceptor group’s relationship. In the present work, the electron-donating from the BD (C11-C13), BD 
(C6-C15), BD (C18-C24), LP(2)O3, and LP(1) N4 to the antibonding acceptor BD*(C7-C9), BD*(C11- C13), BD*(O1-C17), BD*((C34 – 
C36), BD*((O1 – C17), orbitals and their corresponding energy values are 21.61, 21.70, 22.45, 31.72, and 58.34 KJ/ mol, with the 
highest stabilization energies of electron delocalization because of the replacement of the molecule. 

Table 4 
Calculated quantum parameters and electronic properties of PMB crystal  

S. No Property B3LYP/6-311G* 

1 EHOMO (eV) -5.38839 
2 ELUMO (eV) -2.5788 
3 Energy gap (eV) 2.80959 
4 Ionization potential 5.38839 
5 Electron affinity 2.5788 
6 Global hardness 1.40475 
7 Electronegativity 3.98355 
8 Global softness 0.71187 
9 Chemical potential -3.98355 
10 Global Electrophilicity 

Index 
5.81288  

Table 5 
The dipole moment (μ), polarizability (α) hyperpolarizability (β) of the PMB crystal  

Parameters Value Parameter Value 

αxx -118.0839 βxxx 195.5831 
αxy 2.6418 βxxy 37.1705 
αyy -130.7497 βxyy 69.6588 
αxz -0.0021 βyyy 17.5852 
αyz -0.0007 βxxz -0.0353 
αzz -149.616 βxyz 0.0117 
αtotol -19.683 × 10− 24esu βyyz -0.003 
μx 8.8219 βxzz 14.2906 
μy 1.0235 βyzz 8.1743 
μz -0.0006 βzzz 0.0104 
μtot 8.881D βtotal 24.754 × 10− 30esu  
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3.7.6. Mulliken atomic charges 
Mulliken population analysis revealed the atomic electronic charges of PMB crystal. The atomic charges have an impact on 

electronic structure, properties of molecular systems, dipole moment, and molecular polarizability. Furthermore, a molecule’s bonding 
ability is determined by the electronic charge of the chelating atoms. Mulliken population analysis was used to determine the atomic 
charge values [47]. The Mulliken population analysis of PMB was calculated using the B3LYP/6311G* basis set to confirm the reli
ability of our results. The calculated Mulliken atomic charge values of PMB crystal values are given in Table 7. The Mulliken charges of 
each atom of the molecule are shown in Fig. 12. Fig. 13 shows the plot of Mulliken atomic charges on several element atoms of the PMB 
crystal. The Mulliken atomic charge of all hydrogen carries a positive charge. The atoms C17, C24 and C37 have more positive charges 
(0.554, 0.208 and 0.238) and these atoms may donate electrons during interactions and atoms 4N, 5N, 1O, 2O and 3O (-0.429, -0,225, 
-0.403, -0.317, and -0.335) have a more negative charge and these atoms may act as electron acceptors. 

Table 6 
The significant second order perturbation theory analysis of the PMB crystal  

Donor(i) Acceptor(j) E(2)(kcal/mol) E(j)-E(i) (a.u) F(i, j) (a.u) 

BD(1) N4-N5 BD*(1) C19-C20 4.99 1.23 0.07 
BD(1) C36-C37 BD*(1) C29-C37 4.75 1.26 0.069 
BD(2) N5-C19 BD*(2) C18-C24 10.94 0.33 0.057 
BD(2) C6-C15 BD*(2) C7-C9 18.98 0.29 0.066 
BD(2) C6-C15 BD*(2) C11-C13 21.70 0.29 0.071 
BD(2) C7-C9 BD*(2) C6-C15 20.94 0.28 0.07 
BD(2) C7-C9 BD*(2) C11-C13 18.83 0.28 0.066 
BD(2) C11-C13 BD*(2) C6-C15 19.33 0.28 0.067 
BD(2) C11-C13 BD*(2) C7-C9 21.61 0.28 0.070 
BD(2) C18-C24 BD*(2) O1-C17 22.45 0.30 0.076 
BD(2) C18-C24 BD*(2) N5-C19 20.81 0.31 0.072 
BD(2) C25-C27 BD*(2) C18-C24 20.06 0.31 0.073 
BD(2) C25-C27 BD*(2) C29-C37 13.22 0.29 0.059 
BD(2) C29-C37 BD*(2) C25-C27 13.65 0.31 0.061 
BD(2) C29-C37 BD*(2) C30-C32 16.60 0.30 0.064 
BD(2) C30-C32 BD*(2) C29-C37 20.00 0.28 0.069 
BD(2) C30-C32 BD*(2) C34-C36 17.88 0.28 0.064 
BD(2) C34-C36 BD*(2) C29-C37 18.26 0.29 0.067 
BD(2) C34-C36 BD*(2) C30-C32 19.75 0.30 0.069 
LP(2)O1 BD*(2) N4-C17 26.75 0.67 0.121 
LP(2)O1 BD*(2) C17-C18 17.88 0.69 0.101 
LP(2)O2 BD*(2) C18-C24 30.47 0.38 0.098 
LP(2)O2 BD*(2) C29-C37 26.78 0.36 0.092 
LP(2)O3 BD*(2) C34-C36 31.72 0.34 0.098 
LP(1)N4 BD*(2) O1-C17 58.34 0.27 0.112 
LP(1)N4 BD*(2) N5-C19 22.42 0.28 0.073 
LP(1)N4 BD*(2) C6-C15 33.09 0.3 0.089  

Table 7 
Mulliken Atomic Charges PMB crystal  

S. No Atom. No Charges S. No Atom. No Charges 

1 O1 -0.403 22 H22 0.118 
2 O2 -0.317 23 H23 0.120 
3 O3 -0.335 24 C24 0.208 
4 N4 -0.429 25 C25 -0.111 
5 N5 -0.225 26 H26 0.154 
6 C6 0.227 27 C27 0.047 
7 C7 -0.096 28 H28 0.107 
8 H8 0.114 29 C29 -0.135 
9 C9 -0.101 30 C30 -0.050 
10 H10 0.089 31 H31 0.094 
11 C11 -0.090 32 C32 -0.098 
12 H12 0.085 33 H33 0.108 
13 C13 -0.103 34 C34 -0.112 
14 H14 0.089 35 H35 0.116 
15 C15 -0.118 36 C36 0.143 
16 H16 0.135 37 C37 0.238 
17 C17 0.554 38 38C 0.135 
18 C18 -0.441 39 39H 0.117 
19 C19 0.287 40 40H 0.140 
20 C20 -0.233 41 41H 0.117  
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3.7.7. Molecular Electrostatic Potential analysis 
A molecular electrostatic potential is a useful tool for predicting the reactivity of a variety of chemical systems in electrophilic and 

nucleophilic reactive sites. Fig. 14 shows a map of molecular electrostatic potential (MEP). For the PMB material the electrostatic 
potential map colour coding ranges from -5.098e-2 (red) to +5.098e-2 (blue). The values are most often represented by different 
colours, with the magnitude increasing as red < orange < yellow < green < blue [48, 49]. The regions of negative electrostatic po
tential are represented by red, the regions of positive electrostatic potential are represented by blue, and the regions of zero potential 
are represented by green. The negative portions are connected with electrophilic reactivity, whereas the positive portions are con
nected with nucleophilic reactivity. In the present work, the hydrogen atoms bound to the methyl group represent an 
electron-deficient, partially positive charge in blue colours with a nucleophilic nature. The red colour in oxygen (O1) atoms indicates 
the negative potential of electrophilic activity, whereas the green colour indicates zero potential. 

4. Conclusions 

Pyrazolemethoxy benzaldehyde (PMB) crystals were grown by the slow evaporation solution growth method. The grown crystal 

Fig. 12. The Mulliken atomic charge distribution of PMB crystal  

Fig. 13. Plot of Mulliken atomic charges of PMB crystal  
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has a monoclinic structure with a centrosymmetric space group of C2/c, according to single-crystal X-ray diffraction analysis. The 
sharp peaks with the good crystallinity nature of the PMB crystal were confirmed by powder X-ray diffraction analysis. The vibrational 
modes of functional groups were analyzed using FT-IR and FT-Raman spectral analysis. The UV-vis-NIR spectrum of the grown crystal 
revealed the transparency in the visible region and absorption in the UV region. In the photoluminescence spectrum, the violet and 
blue emission peaks were analyzed for the grown crystal PMB with the excitation wavelength 250 nm . TG/DTA analysis revealed that 
the grown crystal was thermally stable up to 183◦C. DFT theory with the B3LYP/6-311G* method was used to optimize the geometry of 
the PMB crystal. The energy gap between HUMO and LUMO was calculated using theoretical calculations. The B3LYP method was used 
to calculate the first-order hyperpolarizability (24.754 × 10− 30 esu) of the grown crystal. NBO analysis of the PMB crystal revealed 
inter and intramolecular interactions. The bonding interactions were analyzed by Mulliken atomic charge. The electrophilic attacks in 
the molecule are predicted using a molecular electrostatic potential map. PNB crystal can be a suitable organic material for photonics 
and optoelectronic applications, according to the entire investigation. 
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a b s t r a c t 

Organic single crystal pyridine urea (PYUA) was synthesized using the slow evaporation solution growth 

method at room temperature. Structural characteristics of the crystal were studied through crystal X-ray 

diffraction, Fourier transform infrared (FT-IR), and UV-vis-NIR spectral analyses. The thermogravimetric 

analysis (TGA) and differential thermal analysis (DTA) techniques was used to investigate the thermal 

stability of the PYUA crystal. The Vickers hardness study confirmed the PYUA as a soft crystal constructed 

by H-bonds and π…π interactions of average strength. The DFT calculations with the B3LYP method 

and Gaussian 09 software were used to perform computational analyses in a gaseous state. Hirshfeld 

investigations reveal H-H interactions demonstrating the largest contribution in the molecular packing. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Owing to the recent advances in crystal growth technology, sev- 

ral innovative nonlinear optical (NLO) materials have been devel- 

ped for various applications like frequency conversion, electronic 

witching, and modification of electro-optical signals [1–3] . An or- 

anic compound having nonlinear optical characteristics has stim- 

lated the interest of researchers due to its extensive range of ap- 

lications, including optical modulation, optical data storage, med- 

cal applications, and laser remote sensing. Desirable materials are 

ighly sought owing to their strong nonlinear optical susceptibili- 

ies, high laser damage thresholds, and ultrafast nonlinear reaction 

imes [4–7] . High-quality crystals with greater efficiency in nonlin- 

ar optical materials are still desired [8] . Organic nonlinear opti- 

al devices have faster response times and stronger second-order 

onlinear susceptibilities than inorganic NLO crystals [9] . Organic 

olecules have been proven to be more effective in material tai- 

oring than inorganic molecules [10] . Pyridine and its derived func- 

ions are excellent nonlinear materials having a variety of tech- 

ological and industrial uses, including optical telecommunication, 
∗ Corresponding authors. 

E-mail addresses: santhasrinithi@yahoo.co.in (R. Santhakumari), drsureshnano@ 
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mage processing, and data processing [ 11 , 12 ]. The chemical for- 

ula for the organic molecule urea, also known as carbamide, is 

O(NH 2 ) 2 . There are few hydrogen bonds sources and acceptors in 

rea. In this amide, a carbonyl (C = O) functional group connects 

wo –NH 2 groups. Urea based crystals are with high optical non- 

inear absorption coefficients, birefringence, but they have hygro- 

copic qualities, making it difficult to generate laser-sized crys- 

als for various applications [13] . Hydrogen-bonded organic frame- 

orks (HOFs) are a type of porous molecular material that uses 

ydrogen-bonding interactions to assemble organic building blocks 

nto two-dimensional (2D) and three-dimensional (3D) crystalline 

etworks. The role of H-bonds and π…π interactions in the as- 

embly and stabilisation of contemporary soft materials such as 

ydrogen-bonded organic frameworks (HOFs) [ 14 , 15 ]. 

In this study, a crystal of pyridine urea was grown using slow 

vaporation solution growth method. The PYUA crystal was char- 

cterized using XRD, FT-IR, UV-vis-NIR, (TGA/DTA), microhardness 

ests, and theoretical calculations. The DFT analysis was carried out 

y Frontier molecular orbital, Global chemical reactivity descriptors 

nalysis, Mulliken atomic charge, molecular electrostatic potential 

nalysis, NBO analysis, thermodynamic parameters, and the results 

re discussed. In addition to these studies, the intermolecular in- 

eraction within the PYUA was obtained from Hirshfeld analysis, 

nd the theoretical discussion based on the results have been pre- 

ented. 

https://doi.org/10.1016/j.molstruc.2022.132606
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.132606&domain=pdf
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Scheme 1. The reaction scheme of pyridine urea. 

Fig. 1. The photograph of PYUA crystal. 
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Fig. 2. (a) Experimental and (b) Simulated Powder XRD spectrum of PYUA crystal. 

Fig. 3. FT-IR spectra of PYUA (a) Experimental (b) Simulated. 
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. Experimental procedure 

.1. Crystal growth 

Pyridine urea (PYUA) single crystal was synthesized in the 2:1 

olar ratio of pyridine (Purity: 99.8% -Aldrich) and urea (Pu- 

ity 99.5%- Aldrich) and dissolved in acetone and deionized wa- 

er mixed solvents at room temperature. The synthesized chem- 

cal solution was continuously stirred for approximately 7 h to 

chieve homogeneity, and the resulting solution was filtered us- 

ng Petri dish paper to eliminate the impurities. The saturated so- 

ution was poured into a beaker and a clear polythene paper was 

sed to cover the mouth of the beaker to protect the solution from 

ust and other impurities. Within two weeks, an optically good, 

ransparent, colourless crystal was obtained. Scheme 1 depicts the 

hemical reaction of the pyridine urea crystal. Fig. 1 is an image of 

n as grown crystal of pyridine urea. 

. Results and discussion 

.1. Single crystal and powder X-ray diffraction studies 

To determine lattice parameter values, the XRD data of the 

YUA crystal was obtained using the BRUKER KAPPA II CCD X-ray 

iffractometer with MoK α ( λ= 0.70173 Å) radiation. The PYUA crys- 

al has the centrosymmetric space group P2 1 /c and is a monoclinic 

rystal system. The cell parameters obtained are a = 9.6052(3) Å, 

 = 10.7195 (2) Å, c = 7.4485(2) Å, α = γ = 90 °, β = 110.615(3) °
nd cell volume V = 724.57(4) Å 

3 . The observed unit cell parame- 

ers are good in agreement with the reported values [16] . Powder 

RD (PXRD) of pyridine urea crystal was measured with an XPERT- 

RO diffractometer using CuK α ( λ= 1.54056 Å) radiation in the 2 θ
2 
ange from 10 ° to 50 °, and compared with the PXRD stimulated 

pectrum using MERCURY software. The experimental and simu- 

ated XRD patterns of the PYUA crystal are compared in Fig. 2 (a) 

nd (b). The experimental PXRD pattern matches the simulated 

XRD pattern very closely. The intensity of sharp peaks defining 

 θ angles indicates the good crystalline and purity of PYUA crys- 

al. 

.4. FT-IR spectral analysis 

FT-IR analysis was performed on an FT-IR 80 0 0 spectrometer in 

he range of 40 0 0–40 0 cm 

−1 using the KBr pellet method. Fig. 3 (a)

nd (b) shows the experimental and simulated FT-IR spectra, re- 

pectively. Stretching vibrations of the aromatic ring C-H appear 

n the range of 320 0–30 0 0 cm 

−1 [ 17 , 18 ]. The DFT/B3LYP method
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Table 1 

Experimental and simulated (DFT) FT-IR spectral assignments of PYUA crystal. 

Observed Wavenumbers (cm 

−1 ) 

Pyridine [21] Urea [22] Experimental DFT/6–31 + G(d,p) Assignments 

- 3196 3182 3184 C-H stretching 

1632 1625 1619 1625 C = O stretching 

1462 1453 1470, 1436 1428, 1411 C-C stretching 

1162 1162 1185 1172 N-C-N stretching 

1078 1053 1089, 1035 1096, 1040 C-H in-plane bending 

929 - 925 957 NH 2 rocking 

746 785 735 764 NH 2 wagging 

725 - 688 698 C-C in-plane bending 

699 587 630 638 N-H out-of plane bending 

464 - 491 461 C-C out-of plane bending 
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Fig. 4. (a) Experimental UV-vis –NIR spectrum of PYUA crystal, Fig. 4.(b) Theoreti- 

cal UV-vis spectrum of PYUA. 

Fig. 5. TGA/DTA plot of PYUA crystal. 

fi

.

t

s

p

T

as used to compute the various frequencies of functional groups 

n PYUA crystal using the 6–31 + G (d,p) level, and the results were

ompared to experimental and reported values. Table 1 shows the 

ibrational frequency assignments. Experimentally at 3182 cm 

−1 , 

nd in DFT at 3184 cm 

−1 , C-H stretching vibrations were identi- 

ed. The stretching mode of vibration C = O assigned band at 1619 

m 

−1 in experimental and 1625 cm 

−1 in DFT. In pyridine deriva- 

ives, the C-C stretching vibrations range from 1650 to 1400 cm 

−1 

 19 , 20 ] are getting match for the crystal PYUA in the experimen-

al spectra at 1470 cm 

−1 , 1436 cm 

−1 , and in the DFT spectra at

428 cm 

−1 , 1411 cm 

−1 , respectively. Experimental and DFT spec- 

ra show the N-C-N stretching vibration of the pyridinium ring in 

he PYUA crystal at 1185 cm 

−1 and 1172 cm 

−1 . In the experimen- 

al and DFT spectra, the C-H in-plane bending modes of vibrations 

n the PYUA molecule are shown at 1089 cm 

−1 , 1035 cm 

−1 , and

096 cm 

−1 ,1040 cm 

−1 , respectively. The intense peaks found at 925 

m 

-1 and 957 cm 

-1 , shows the presence of NH 2 vibration rocking 

n both the experimental and DFT, respectively. Peaks at 735 cm 

−1 

n the experimental spectrum and 764 cm 

−1 in the DFT spectrum 

ere recognised as NH 2 vibration of wagging. In the experimental 

nd DFT spectrum of the PYUA crystal, NH out-of-plane bending 

odes of vibration are recorded at 630 cm 

−1 and 638 cm 

−1 . In 

he experimental and DFT spectrum of PYUA, which contain amine 

nd carboxylic acid groups, nearly all of the predicted peaks were 

etected. 

.4. UV-vis-NIR spectral analysis 

Fig. 4 (a) depicts the ultraviolet spectrum of pyridine urea mea- 

ured with a Perkin Elmer Lambda-35 UV spectrometer from 200 

o 800 nm. It specifies the wavelength of absorption in the vis- 

ble region. Fig. 4 (b) illustrates the theoretical absorption spectra 

f PYUA crystal produced using TD-DFT. The oscillator strengths 

nd theoretical electronic excitation energies were estimated us- 

ng the TD-DFT method with the basis set at 6–31 + G(d,p) to sup- 

ort experimental data [23] . The excitation energy in TD-DFT is 

81.49 nm, while the oscillator strength f is ∼0.0047 experimen- 

ally at a wavelength of 245.31 nm. The TD-DFT (gaseous) method 

redicts a value of 281.49 nm and the experimental excitation 

avelength is 245.31 nm, which is quite similar to the experimen- 

al value. 

.5. Thermal studies 

The thermal investigation was carried out in a nitrogen atmo- 

phere, using an SDT Q600 V20.9 alumina thermal analyser main- 

aining a temperature of 10 °C/min. Thermogravimetric and differ- 

ntial thermal analyses were done on the PYUA crystal and the re- 

ults are shown in Fig. 5 . The crystal was stable upto 150 °C. which

onfirms the melting point of the PYUA crystal, since the melting 

oint of the pyridine is found to be 115 °C. and urea is 133 °C . The
3 
rst strong endothermic peak was found in the DTA plot at 162 °C 

 The second strong endothermic peak accompanied by a substan- 

ial weight loss was detected at 237 °C , indicating the decompo- 

ition point of the PYUA crystal. The sharpness of the endothermic 

eak shows the crystalline nature and purity of the material [24] . 

here were no endothermic or exothermic peaks absorbed before 
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Fig. 6. (a) Plot of load (P) versus hardness (Hv) of PYUA crystal (b). Plot of log d versus of log P of PYUA crystal. 
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his melting point. This suggests that there is no isomorphic tran- 

ition. 

.6. Microhardness studies 

Vickers microhardness testing was performed on the PYUA 

rystal with a diamond pyramidal indenter on a SHIMADZU HMV 

icrohardness tester. Using a Vickers microhardness tester, the 

rown crystal’s mechanical strength was tested. Microhardness is 

n important mechanical property of the material that plays a sig- 

ificant part in the fabrication of devices. Fig. 6(a) depicts a graph 

f Vickers hardness (Hv) versus load P. The reverse indentation size 

ffect (RISE) is seen to rise when the hardness number (H v ) in- 

reases [25] . For microhardness measurements, a transparent pol- 

shed crystal with no crakes and a smooth surface was chosen. For 

ndentation durations of 10 s, hardness values were obtained for 

arious applied loads (P) ranging from 25 to 100 g. There was a 

rack initiated by indentation with a 100 g indentation load. By 

eans of the following equation, the Vickers micro hardness num- 

er Hv was determined. 

v = 

1 . 8544P 

d 

2 
( Kg / m m 

2 ) (1) 

here P is the applied load in kg, d is the indentation’s diagonal 

ength in mm and H v is the Vicker’s hardness number. The work 

ardening coefficient (n) was determined by finding the slope of 

he straight line between log P and log d, as illustrated in Fig. 6 (b).

t’s PYUA has a work hardening coefficient of 3.2, showing that its 

YUA crystal has a work hardening coefficient greater than 1.6, in- 

icating that it is in the soft material group [ 26 , 27 ]. 

.7. Computational analyses 

The DFT method was also applied at B3LYP, with a 6–31 + G (d, 

) basis set and the Gaussian 09 programme. The NBO 3.1 pro- 

ramme was used to perform the natural bond orbital study. Crys- 

al Explorer 3.1 was used for the Hirshfeld surface analysis and dis- 

lay of the 2D fingerprint plot [28] . 

.7.1. Molecular geometry optimization 

PYUA is composed of 19 atoms, 74 electrons, and has a singlet 

pin and is neutral in charge. The global minimum energy of PYUA 

t B3LYP level with the basis set of 6–31 + G(d,P) is −473.6057a.u, 

ith a dipole moment of 8.3704 Debye, according to the calcula- 

ions. Table 2 compares the geometrical parameters of the PYUA 
4 
olecule, such as bond lengths, bond angles, and dihedral angles, 

o experimental values. These values have a good agreement be- 

ween our experimental and calculated results. 

.7.2. HOMO-LOMO analysis 

The ability to donate and accept electrons is represented by the 

ighest occupied molecular orbital (HOMO) and the lowest unoc- 

upied molecular orbital (LUMO). These orbitals are known as fron- 

ier molecular orbital’s (FMOs). The FMOs are instrumental in de- 

ermining optical and electrical characteristics, and also in evaluat- 

ng molecular properties [ 29 , 30 ]. There are 235 molecular orbitals 

n the PYUA molecule, 37 of which are occupied and 198 of which 

re unoccupied. The energy band gap value between the PYUA 

ompound’s HOMO-LUMO has been estimated at the Becke-3-Lee- 

ang-Parr (B3LYP) level by means of the Gaussian 09 W computer 

oftware program basis set [31] . The molecule’s energy value be- 

ween HOMO ( −9.2268 eV) and LUMO ( −4.5056 eV) is roughly 

.7212 eV. The charge carrier interactions inside the molecule are 

escribed by the HOMO and LUMO energy gaps. Fig. 7 depicts the 

OMO-LUMO energy levels. The LUMO is located over C-C bond of 

yridine and HOMO is located over N-H group of urea. 

.7.3. Global reactivity descriptors 

The outer-most orbital of HOMO has a nucleophilic feature that 

s primarily caused by electron donation and is directly associated 

ith the ionization potential. However, LUMO is an electrophilic 

roperty of the inner-most orbital hypothesis that functions as an 

lectron acceptance centre and is closely linked to electron affinity 

32] . The energy difference between HOMO and LUMO could be 

 significant characteristic in defining a molecular system’s nonlin- 

ar optical properties. The global chemical reactivity characteristics 

f pyridine urea molecules like electronegativity ( χ ), electrophilic- 

ty index ( ω), and chemical potential ( μ), softness (s), hardness 

 η), of the molecule can be evaluated using HOMO and LUMO 

nergy values for a PYUA molecule [33] . The ionization poten- 

ial (I) and electron affinity (A) for closed-shell molecules could 

e stated using Koopmans’s theorem [34] I = -E HOMO and A = - 

 LUMO . The DFT B3LYP/6–31 + G (d, p) technique was calculated us- 

ng the ionization potential and electron affinity of pyridine urea. 

he molecule’s electronegativity is ( χ ) = ( I + A ) / 2; its chemical

ardness ( η) = (I-A) / 2; its chemical potential ( μ) = - (I-A) / 2;

ts softness (S) = l / 2; its electrophilicity index ( ω) = μ2 / 2 η; and

ts energy gap (E g ) = E LUMO -E HOMO . Table 3 presents the estimated 

alues of the global reactivity descriptors parameters. 
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Table 2 

Experimental and geometrical parameters of PYUA crystal calculated by B3LYP/6–31 + G(d,p) basis set. 

Bond length( ̊A) Bond angle ( °) Dihedral angle 

Atoms DFT EXP ∗ Atoms DFT EXP ∗ Atoms DFT EXP ∗

O1-C5 1.229 1.250 O1-C5-N2 122.9 122.0 C18-N9-C10-C12 −0.002 0.160 

N2-H3 1.013 0.875 O1-C5-N6 122.9 121.9 C10-N9-C18-C16 −0.001 0.210 

N2-H4 1.008 0.872 N2-C5-N6 114.1 116.1 N9-C10-C12-C14 0.002 0.040 

N2-C5 1.380 1.336 C5-N6-H7 119.4 118.4 C10-C12-C14-C16 −0.001 −0.590 

C5-N6 1.380 1.347 C5-N6-H8 115.4 118.0 C12-C14-C16-C18 −0.001 0.920 

N6-H7 1.013 0.866 H7-N6-H8 118.7 120.8 C14-C16-C18-N9 0.002 −0.760 

N6-H8 1.008 0.875 C10-N9-C18 117.7 116.1 

N9-C10 1.343 1.345 N9-C10-H11 116.0 118.4 

N9-C18 1.343 1.336 N9-C10-C12 123.3 123.4 

C10-H11 1.088 0.950 C10-C12-H13 120.1 120.6 

C10-C12 1.396 1.385 C10-C12-C14 118.5 118.6 

C12-H13 1.085 0.950 C12-C14-H15 120.7 120.7 

C12-C14 1.396 1.385 C12-C14-C16 118.7 118.8 

C14-H15 1.086 0.950 C14-C16-H17 121.4 120.7 

C14-C16 1.396 1.377 C14-C16-C18 118.5 118.6 

C16-H17 1.085 0.950 N9-C18-C16 123.3 123.4 

C16-C18 1.396 1.379 N9-C18-H19 116.1 118.3 

C18-H19 1.088 0.950 C16-C18-H19 120.6 120.6 

Fig. 7. HOMO-LUMO energy gap of PYUA. 
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Table 3 

Global chemical reactivity descriptors parameters of PYUA. 

Parameters DFT/B3LYP (e.V) 

E HOMO −9.2268 

E LUMO −4.5056 

Energy gap (E g ) 4.7212 

Ionization potential 9.2268 

Electron affinity 4.5056 

Electronegativity 6.8662 

Chemical hardness 2.3606 

Chemical potential −6.8662 

Electrophilicity index 9.9857 

Dipole moment (Debye) 11.4991 

Table 4 

Mullikan atomic charges and Natural population analysis. 

Atom No MAC NPA 

O1 −0.58216 −0.71093 

N2 −0.5994 −0.80724 

H3 0.330892 0.38457 

H4 0.310982 0.38729 

C5 0.512015 0.77528 

N6 −0.59931 −0.80807 

H7 0.330847 0.37901 

H8 0.310954 0.38974 

N9 −0.28757 −0.50375 

C10 −0.12778 0.04905 

H11 0.147413 0.20256 

C12 0.111184 0.23882 

H13 0.140861 0.21892 

C14 −0.39361 −0.16027 

H15 0.143793 0.21439 

C16 0.112921 0.24143 

H17 0.139929 0.21923 

C18 −0.14103 0.04941 

H19 0.139067 0.20108 

f

T

d

t

p

(

T

(

t

s
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The molecule was stabilized by N-H—N, N-H—O and C-H—

 hydrogen bonding and characterized by its chemical potential 

 −6.8662 eV). The molecule’s hardness (2.3606 eV) made it soft, 

llowing for faster electron transport. The pyridine urea compound 

ad a high electrical attraction power based on electronegativity 

nd electrophilicity values. 

.7.4. Mulliken and natural population analysis 

Mulliken atomic charges (MAC) and natural population analy- 

is (NPA) could be a great tool for population analysis and deter- 

ining the charge distribution in each atom of a PYUA molecule. 

he plot of Mulliken and natural atomic charges on various PYUA 

olecule element atoms is shown in Fig. 8(a) . Because they influ- 

nce the electronic structure, molecular polarizability, dipole mo- 

ent along with other system features, Mulliken atomic charges 

re significant in the usage of molecular systems for quantum 

hemical processing [35] . Both negative and positive charges are 
5 
ound on distinct atoms in the PYUA molecule and are given in 

able 4 . According to the charge distribution molecule, all the hy- 

rogen atoms are positively charged. Positive charges were applied 

o carbon atoms C5, C12, and C16, while negative charges were ap- 

lied to the other carbon atoms. C5 has the biggest positive charge 

0.512015 e) and C14 has the most negative charge ( −0.39361 e). 

he nitrogen atoms in N2 ( −0.5994 e), N6 ( −0.59931 e), and N9 

 −0.28757 e) are all negative. According to the charge distribu- 

ion, carbon (C10 and C18) atoms coupled to nitrogen atoms pos- 

ess negative charges, while carbon (C5) atoms connected to oxy- 

en atoms possess positive charges. As a result, negatively charged 
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Fig. 8. (a). The plot of Mulliken and Natural Atomic Charges of PYUA crystal (b). Molecular electrostatic potential map ranges from −7.992e −2 to 7.99e −2 of PYUA crystal. 
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Table 5 

NBO analysis of PYUA crystal. 

Donor(i) Acceptor(j) E(2) a (kcal/mol) E(j)-E(i) b (a.u) F(i, j) c (a.u) 

n1 (N2) σ ∗(O1-C5) 42.62 0.36 0.114 

n1(N6) σ ∗(O1-C5) 41.04 0.36 0.112 

π (C12-C14) π ∗(N9-C10) 29.14 0.26 0.079 

π (N9-C10) π ∗(C16-C18) 25.52 0.33 0.083 

π (C16-C18) π ∗(C12-C14) 23.34 0.29 0.075 

π (C12-C14) π ∗(C16-C18) 18.28 0.29 0.066 

a F(i, j) is the Fock matrix component that associates the i and j NBO orbital’s. 
b E(2) stands for the energies of hyper conjugative interactions (kJ/mol). 
c The energy difference between the i and j NBO orbital of the donor and accep- 

tor. 

Table 6 

Theoretically computed thermodynamic parameters of PYUA. 

Thermodynamical parameters DFT 

Zero-point vibrational energy (KCal/Mol) 96.2872 

Rotational constants (GHz) 

A 3.79517 

B 0.47944 

C 0.46331 

Rotational temperature (K) 

A 0.18214 

B 0.02301 

C 0.02224 

Thermal energy (KCal/Mol) 

Rotational 0.889 

Vibrational 101.303 

Translational 0.889 

Total thermal energy 103.081 

Heat capacity at constant volume (Cal/Mol-K) 

Rotational 2.981 

Vibrational 31.326 

Translational 2.981 

Total heat capacity 37.288 

Entropy(cal/mol-kelvin) 

Rotational 30.323 

Vibrational 38.924 

Translational 40.701 

Total entropy 109.948 

2

i

w

s

a

3

d

r

arbon atoms are linked to nitrogen atoms, whereas positively 

harged hydrogen atoms are attached to carbon atoms. 

.7.5. Molecular electrostatic potential (MEP) map analysis 

The distribution of positive and negative charges in a crys- 

al allows us to describe its electrostatic potential. In molecular 

ystems, the electrostatic potential is essential for understanding 

ntermolecular interactions and locating electrophilic and nucle- 

philic attack sites [36] . The MEP is found from the optimized 

3LYP/6–31 + G (d, p) result and is illustrated in Fig. 8 (b) to eval-

ate reactive regions for electrophilic and nucleophilic attacks on 

he PYUA molecule. Different electrostatic potential values are de- 

icted by different colours on the MEP map. The red colour rep- 

esents the location of the maximum negative zone, which favours 

lectrophilic attacks, whereas the blue colour represents the site’s 

aximum positive zone, which favours nucleophilic attacks. The 

egions of negative and positive electrostatic potentials appear in 

ed and blue, respectively, while the region of zero potential is 

epresented by green. All these analyses revealed that the oxygen- 

ontaining region of urea is the most reactive. 

.7.6. NBO analysis 

NBO analysis gives a consistent description of molecular and in- 

ramolecular bonding interactions in terms of electron donor and 

cceptor conjugative and charge carrier interactions [ 37 , 38 ]. The 

ransfer of electron density from an occupied electron orbital to an 

noccupied electron orbital can be investigated using NBO analysis 

39] . In accordance with the theory of second-order perturbations, 

he stabilization energy E(2) associated with the delocalization i → j 

s determined for the donor(i) and acceptor(j) using the following 

quation. 

(2) = �E i , j = qi 
F ( i , j ) 

2 

E j − E i 

(2) 

here qi represents the donor orbital occupancy, E(2) represents 

tabilization energy, E i , and E j are the diagonal factors, The diag- 

nal is F(i,j), while the off-diagonal NBO Fock matrix components 

re j and i. The NBO analysis results for the PYUA molecules are 

escribed in Table 5 . The interactions between lone pairs are the 

ost substantial. The lone pair of electron-donating atoms n1(N2) 

nd n1(N6) to the antibonding orbital’s σ ∗(O1-C5) and σ ∗(O1-C5), 

ave stabilization energies of 42.62 and 41.04 kcal/mol respectively. 

he molecule’s high energy value causes intramolecular charger in- 

eractions. The interactions ( π- π ∗) are significant in demonstrat- 

ng the presence of conjugation in the molecules under investi- 

ation. For the π (C12-C14) → π ∗(N9-C10), π (N9-C10) → π ∗(C16- 

18), π (C16-C18) → π ∗(C12-C14) and π (C12-C14) → π ∗(C16-C18) 

ransitions, the stabilization energies were found to be 29.14, 25.52, 
6 
3.34 and 18.28 kcal/mol, respectively. Finally, based on the data, 

t can be assumed that title molecules have directed conjugation, 

hich facilitates intramolecular charge transfer. As a result, the 

trong intramolecular hyper conjugative fundamental interactions 

re the elementary cause of more stability in all these systems. 

.7.7. Thermodynamic properties 

Table 6 shows the thermodynamics parameters of the pyri- 

ine urea molecule, such as zero-point vibrational energy (ZPVE), 

otational constants, rotational temperature, entropy, thermal en- 
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Fig. 9. (a) Hiresheld surfaces mapped with (a) d norm (b) shape index(c) curvednesss ( b) Hiresheld surfaces mapped with transparent view (a) d norm (b) shape index (c) 

curvednesss (c) 2D Fingerprint plots. 
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rgy, and heat capacity, which are calculated using theoretical har- 

onic frequencies. The total energy of a molecule, for example, is 

he sum of its rotational, vibrational, and translational energies, as 

hown by E = Er + Ev + Et. The magnitude of heat needed to increase

he temperature of a material by 1 °C is known as its heat capacity.

he ZPVE variation appears to be insignificant [40] . As expected, 

he rotational constant reduces as the rotational temperature de- 

reases. The moment of inertia of a molecule is inversely propor- 

ional to the rotational constant [41] . As a result, a decrease in the

otational constant signifies an increase in the molecule’s moment 

f inertia, i.e. the simplicity with which its rotating state may be 

djusted in response to its environment. 

.7.8. Hirshfeld surface analysis 

The Hirshfeld surface analysis was considered to be substantial 

n determining the intermolecular interaction of the PYUA crys- 

al using Crystal Explorer 3.1, and the associated Hirshfeld surfaces 

f normal view and transparent view of d norm 

, shape index, and 

urvedness are illustrated in Fig. 9 (a) and 9 (b) respectively, and 

re the fingerprint plots given in Fig. 9 (c).The intermolecular inter- 

ctions were investigated using crystallographic data that had been 

olved using single-crystal XRD and the normalised contact dis- 

ances (d norm 

) were used to map the distances between the surface 

oint and the atoms exterior (d e ), and interior (d ) Vander Waals 
i 

7 
adii [42] . The d norm 

surface illustrates intermolecular interactions 

n relation to the vander Waals radius using a blue and red colour 

cheme [43] . The d norm 

is calculated using the mean values from d i 

nd d e . The distance between the Hirshfeld area and the adjacent 

tom outside (blue) inside (red) the surface is denoted by de and 

 i , respectively. 

The d norm 

can be determined using the following expression, 

 norm 

= 

d i − r i 
vdw 

r i vdw 

+ 

de − r e vdw 

r e vdw 

(3) 

here vdw stands for Vander Waals atom radii, the red colour in- 

icates the interactions with small distances, while the blue colour 

epresents the interactions with larger distances. In addition, the 

hite denotes a distance equivalent to the Vander Waals radii. The 

nalysed data shows that the PYUA molecules contain increased 

ydrogen-hydrogen (H- -H) interactions (51.1 % ) inside to outside 

ompared to other interactions. The fraction of O- -H/H- -O con- 

acts in all Hirshfeld surfaces is 20.4%, showing that hydrogen 

onding contacts are the second most important interaction. The 

resence of a nitro and carboxylate group in PYUA causes the O- 

H/H- -O interactions. The N- -H/H- -N connections are the third 

ost important contributors to the overall Hirshfeld surface (7.2 % ). 

here is also the existence of π- - π (C- -C) (4.4%) and addi- 
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ional interactions N- -C/C- -N (2.9%). The electrostatic energy of 

he molecule is 3.4 kJ/mo which is obtained by Crystal Explorer. 

. Conclusion 

A slow evaporation solution growth method was used to grow 

he crystal of pyridine urea (PYUA), at room temperature. The cell 

arameters calculated using the X-ray diffraction technique and the 

harp peak in PXRD illustrates the crystallinity nature of the sam- 

le. The FT-IR and DFT spectra of the PYUA crystal confirmed the 

xistence of several functional groups. Using TD-DFT and UV–vis- 

IR spectrophotometer, the excitation energy of the PYUA crystal 

as estimated to be 245.31 nm experimentally and 281.49 nm the- 

retically. The PYUA crystal is thermally stable up to 115 °C, ac- 

ording to thermal analysis. The mechanical properties of the PYUA 

rystal imply that it is confirmed to be soft material. The energy 

ap between HOMO-LUMO was measured to be 4.7212 eV. The 

ntermolecular charge transference of the PYUA crystal originates 

ith carbon atoms, according to the Mulliken charge distribution. 

egative potential areas are surrounded by electronegative atoms 

n the MEP map, while positive potential areas are surrounded 

y hydrogen atoms. These locations provide data about the area 

here the molecule may undergo intermolecular interactions. The 

BO analysis of the Fock matrix displays second-order perturba- 

ion theory analysis. Thermodynamic properties rise as the inten- 

ity of molecular vibrations increases with temperature. According 

o Hirshfeld’s research, the percentage of H-H interactions (51.1%) 

s the highest of all surfaces. 
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