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PREFACE
a. Title of the thesis
EXPERIMENTAL AND THEORETICAL INVESTIGATIONS

OF PICOLINIC ACID BASED SINGLE CRYSTALS

b. State of the art of the research topic

Organic nonlinear optical materials have recendlgerved a lot of attention
due to their prospective uses in photonics, optitzh storage devices, high-speed
telecommunications, electro optical modulation, Immar optics, and detection.
Despite the fact that various organic materials ehdeen studied for these
applications, 2-picolinic acid (also known as pyw&t2-carboxylic acid, 2-pyridine
carboxylic acid and picolinic acid) based singlgstals are being evaluated as an
alternative due to their improved nonlinear optidLO) capabilities. Pyridine-2-
Carboxylic acid possesses two strong carboxyliovaagroups. A carboxylic group
and a pyridine nitrogen atom of carboxylic groupdéeo ionize the molecule, but
cannot ionize completely due to its weak acidicparty. As a result, picolinic acid
functions as a base, forming the molecule via pyechitrogen atoms. Pyridine-2-
Carboxylic acid compound has many biological, cleainand medical applications
and has the tendency to form a stable compound.eMeny new materials are
produced using organic and inorganic materialsclviaire referred to as semiorganic
materials, in order to attain enhanced physicap@riies. These semiorganic materials
have strong mechanical strength, thermal and neaticoefficient, and can be used
for laser manufacturing, optical data processing] aptical limits. Owing to their
suitability for optical limiting applications, pitiaic acid based crystals may be worth
investigating. These materials could be used teldimuman eyes and delicate optical

sensors from strong lasers.

c. Definition of the Problem

The current study focuses on the growth and chamaeation of organic and
semiorganic nonlinear optical crystals based omdme-2-carboxylic acid. Since the
first prediction of the nonlinear optical procetf® field of molecular nonlinear optics
has been growing, and Franken's experimental oéserv of nonlinear optical
phenomena in 1961 gave it a big push. The invendfothe modern laser provided



scientists with a source of high-intensity fieldgich were required for nonlinear
optical processes to work. Inorganic crystals wesed to make the majority of early
nonlinear optical materials. However, due to thecimlarger design flexibility in
molecular compounds, which allows for careful atjpent of the microscopic
characteristics and consequently the linear andimear optical behavior of the
materials, attention has recently switched to oigarolecules. Generally the organic
materials have high second order Nonlinear Opt{BHIO) efficiency because the
organic materials have moreconjugation hydrogen bonded system. However, the
mechanical and thermal stability of most organialimear optical materials is low.
Organic materials are mixed with inorganic compaurtd improve mechanical
strength and thermal stability. Hence, the goathid research was to generate and
characterize single crystals made of organic andigganic materials for NLO
applications. The thesis summarizes the procecharéradings of organic and semiorganic
based crystals. Single crystals of 2-Picolinic A@E&A), 2-Picolinic Trichloro Acetate
(PTCA), 2-Picolinic Benzotriazole (PBTA), and 2-8lionic Hydrochloride (PHCL)
are studied.

Scope of the research work
The current research focused on:
e To grow the organic and semiorganic single crystesed on pyridine-2-
carboxylic acid
« Estimation of materials solubility and differentabeation kinetic parameters
* Using powder X-ray diffraction studies to determthe crystal structure
« Evaluate the average crystallite size of the grawstal and its lattice strain
using the Williamson—Hall technique
* FTIR, UV spectral analysis, energy band gap, optioastants, fluorescence,
Second Harmonic Generation (SHG), Z-scan, and m&uness studies are
used to characterize the grown crystals.
* Density Functional Theory (DFT) investigations tmderstand molecular
behavior of the materials
* NBO analysis determines the inter- and intramo&cciarge transfer interactions
as well as the molecules stability.
e Hirshfeld surface analysis reveals the percentafestmong and weak

intermolecular interactions in crystals.



d. Results and Discussion
Experimental Details
(i) Solubility studies and Nucleation kinetics

The solubility tests were carried out in a tempaatath that was kept at a
constant temperature of 0.01°C. The solute was danixgh double distilled water
until it achieved saturation. Gravimetric analygias used to determine the solute's
equilibrium concentration. The experiment was eafrout at various temperatures.
The solubility of formed crystals and the widthtbéir metastable zone as a function
of temperature are studied. The parameters of aticte at various super saturation

levels were calculated.

(i) Synthesis and Crystal Growth

Slow evaporation was used to form single crystélsrganic and semiorganic
materials in an equimolar ratio. For additionalifscation, the crystallization process
was repeated. At room temperature, perfect sinyigtals with optimum transparency

were achieved.

(iif) Powder X-ray analysis

The powder X-ray diffraction technique was usedatalyze the structural
information of the grown crystals, such as lattomstants, space group, and crystal
system.

(iv) FTIR analysis
To examine the various functional groups presdrd, molecular structure of
the formed crystal was subjected to FTIR analysiagithe KBr pellet method. This

technique was used to identify the vibrational nsdkthe grown crystals.

(v) UV-DRS (Diffuse Reflectance Spectroscopy) anais

UV spectrum analysis revealed the transparent @aitithe grown crystals.
The UV spectra were used to determine the absorptmge of the synthesized
crystals. The transparencies of the obtained dsysta well as their different optical

constants, were determined.



(vi) Analysis of fluorescence emission and Z-scan

Spectro Fluorophotometer was used to get the fhomrece spectrum. It gives
growing crystals their emission color. The secondeo NLO characteristics of the
grown crystals were investigated using the Kurtwger SHG technique whereas the

third order NLO characteristics were studied by nseaf the Z-scan technique.

(vii) Mechanical research
The mechanical stability of the grown crystal wasessed using a Vickers

microhardness tester, and the work hardening aeffi was computed.

Computational Studies

All computational analyses in this thesis were iedrrout using the
GAUSSIAN 09W DFT programme with the B3LYP method8Bt++G(d,p) as the
basis set. The results of the molecules were vieusdg the GAUSSVIEW 5.0

molecular visualization tool.

Original contribution

2-Picolinic Acid: The slow evaporation approach was used to groglesin
crystals of 2-Picolinic acid (2PA). The powder X¢miffraction results reveal that the
grown crystal is a monoclinic system with spaceugré2.. Williamson—Hall approach
indicates the minimum value of lattice strain oa grown crystal has lower dislocation
density. The nucleation parameters was assessedriaus supersaturation ratios
(1.1-1.4) at 304, 308, 316 and 321K. The metastatme width of crystal as a function
of supersaturation is studied. The grown crystawsh good transmittance in the
entire visible region. Optical band gap value ifcalated to be 3.5 eV by using
Tauc’s method and 3.47 eV by Derivation of absorptspectrum fitting (DASF)
method. Fluorescence emission analysis confirmsthission of 2PA is in the blue
region. A computation of 2PA molecule calculatedegi the optimized structure.
Bond length and bond angle are calculated theatBtidoy DFT method. The
functional groups in the 2PA molecule were ideetifusing theoretical and experimental
IR spectroscopy analysis. The molecular energywap found via HOMO-LUMO
analysis. Apart from that, the DFT/B3LYP/6-311++(p(d basis set was used to
calculate the NBO analysis and the first hyperfddility parameters. Intermolecular

interactions were analyzed using three-dimensibiahfeld surfaces. It exhibits that



H---H/H---H interactions contribute 44.4% and tl8el1% contribution from the
O---H/H---O interactions of the total Hirshfeldface. All above results show that the
2-picolinic acid crystal has good quality with imped crystalline perfection and
optical transparency.

2-Picolinic Trichloro Acetate: The slow evaporation solution growth technique
was used to grow single crystals of 2-picolinichtoro acetate (PTCA). Powder X-
ray diffraction revealed the monoclinic crystalustiure with space group2;. The
solubility curve exhibits positive solubility coéffent. The metastable zone width,
interfacial surface energy, critical free energgefenergy change and critical radius
have been estimated. From UV-Vis-DRS studies, iwigiessed that PTCA has
minimum absorption, which is the key requirement rigaterials having Nonlinear
Optical (NLO) applications. It shows the maximunsaiption peak at 260 nm which
corresponds ta—x* transition. The Z-scan technique points out teeerse saturated
absorption optical process observed in the PTCAtatyThe fluorescence test shows
PTCA has blue color emission. The mechanical bemnareveals that the PTCA
crystal belongs to soft category. Density Functioftaeory (DFT) computations of
PTCA molecule calculated by DFT (B3LYP) level wik311++G(d,p) basis set gives
the optimized structure. Bond lengths and bondesndketermined experimentally are
compared to those calculated theoretically. Themadetnd experimental IR spectroscopic
analysis was carried out and the presence of fomaltigroups in PTCA molecule was
qualitatively analyzed. The NBO analysis reveaks plossible intramolecular charge
transfer interactions and stability in PTCA. The Ibtmlar Electrostatic Potential
(MEP) study confirms PTCA as an electron rich spe@nd explains its electrophilic
nature. The hardness value and negative chemidahia from HOMO-LUMO
indicate that the PTCA molecule is stable. The lidekl surface analysis of PTCA
interprets the percentage of strong and weak irmdlecalar interactions in the
crystalline state.

2-Picolinic benzotriazole:The defect free ideal crystal of 2-picolinic bemzaiole
(PBTA) has been effectively grown up from the salvevaporation technique using
methanol as solvent at room temperatiecleation kinetics of PBTA crystal is
analyzed. Powder XRD analysis was performed orgthen crystals, and the results

revealed an orthorhombic crystal structure with shace group’na2;. From optical



absorption spectrum it is found that it has minimalsorption between 200-1100 nm.
The optical band gap of the material is found 49 2V by using Tauc’s method and
3.46 eV by DASF method. The optical parametersBT A crystal is calculated and
related with incident photon energy. The NLO effiecy of the grown crystal is
analyzed by Kurtz-Perry method. From Vicker’s téshferred that hardness number
H, increases with the increasing load and the Meyealsie is determined as 1.6.
Optimization of PBTA single crystal is performed bging DFT approach. The first
order hyperpolarizability for this molecule is initble range to exhibit NLO
behavior. Molecular energy gap of PBTA is founddasv by HOMO-LUMO analysis.
Theoretically calculated vibrational frequencieg mompared with experimentally
obtained FTIR frequencies. Spectral assignmentsaréed out for various vibrational
frequencies. Hirshfeld surface analysis and 2-dsimmral finger print plot quantify
the interactions associated with PBTA molecule.

2-Picolinic hydochloride: The 2-picolinic hydochloride (PHCL) crystal was
successfully grown by using the solvent evaporat@thod. Powder XRD confirmed
PHCL single crystal belongs to orthorhombic systeith space groug®nma. The
optical absorption study reveals grown crystal thaswide transparency nature in the
entire visible spectral range, which makes thegstals potentially active material for
device applications. Third order nonlinearity o€ tRHCL compound is determined
using Z-Scan technique. Mechanical studies reveatrse indentation size effect
(RISE) and the work hardening coefficient was fotode 2.8. The elastic stiffness
constant (@) was calculated and it confirms the tightness afiding between the
neighboring atoms. The experimental FTIR assignsnesere compared to theoretically
computed values using the 6-311++G(d,p) basisTeebretical and experimental values
are in good accord. The NBO analysis discloseptssible inter- and intramolecular
charge transfer interactions (ICT) and stabilityPiACL. The computed HOMO-LUMO
energy gap is 3.63 eV. First order hyperpolarizgbdf PHCL is calculated. Hirshfeld
surface analysis of PHCL reveals intermoleculaerettions in the crystalline state.
Further, the fingerprint 2D plots confirm the pertage of interaction present in the
PHCL molecule.



e. Conclusion

The work deals with analyzing the solubility of ta@A, PTCA, PBTA and
PHCL crystals at different temperatures. Nuclea@mameter has been evaluated.
Powder X-ray diffraction (XRD) studies establisle tbrystal structure. Williamson—
Hall approach assesses the structural charactsrgich as, average crystallite size of
the grown crystals and its lattice strain. The dtrcal and optical characterization of
the crystals was analyzed experimentally by Foutiansform infrared, UV-DRS
technique and theoretical studies, by density fonal theory method. This study
elucidates various physico-chemical behaviors of,2PTCA, PBTA and PHCL
crystals in both experimental and theoretical méshat the same time. The optical
properties of the grown crystals and their band ga@rgy value are determined by
both Tauc’'s and DASF (Derivation of absorption dpeu fitting) method. The
emission characteristics of the grown crystal wesgfied by Fluorescence studies.
Z-scan technique confirms the third order opticehdvior of the 2PA, PTCA and
PHCL crystals. Kurtz—Perry technique was used terdene the SHG efficiency of
the grown PBTA crystal. The charge transfer inteoas leading to nonlinear
properties taking place in the molecule has beediedtl by highest energy occupied
molecular orbital and lowest energy unoccupied mdbe orbital analysis and natural
bond orbital analysis. Hirshfeld surface maps angdefrprint graphs gives the various
types of intermolecular interactions in the molacurystal package. From the above
studies, it could be proved that above selectedtaly are very suitable for optical

device applications.
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CHAPTER -1
INTRODUCTION TO NUCLEATION, CRYSTAL

GROWTH METHODS, COMPUTATIONAL AND
EXPERIMENTAL TECHNIQUES
1.1. INTRODUCTION

In the creation of contemporary materials sucheasiconductors for electrical
devices, solar cells, and lasers, crystalline nadsgplay a significant role in both science
and industry [1]. A vast range of modern materi@ay now be manufactured or
grown as crystals artificially. There has been @ngng interest in crystal formation
technologies in recent decades, to readily meethmutequirements of basic research
and technological applications. Single crystalapgropriate size and quality are required
for the above criteria. Many physical features @lids are veiled or confounded by
the effect of grain boundaries, which is why singlgstals are grown. Single crystals
can have unique mechanical, optical, and electpoaperties because to the lack of
flaws associated with grain boundaries, which dap he anisotropic depending on
the type of crystallographic structure. As a resudtw fields of application necessitate
the use of high-quality single crystals. [2]

Crystal growth processes, in general, are comglitatystems of motion,
temperature regulation, heat transmission, and fiynamics. Heat and mass transfer
mechanisms, as well as convection effects, arewallved in crystal growth. The quality
of the developing crystals is heavily influencedtbg temperature and concentration
fields. As a result, proper fluid dynamics managetmand a thorough grasp of

convection phenomena are important for the fornmatibhigh-quality single crystals.



1.2. CRYSTALLIZATION AND NUCLEATION

The process of crystallization entails the prodcactof a seed crystal and the
subsequent expansion of the nucleus. Condensatw®\zaporation are two types of
processes that occur at the crystal—solution iaterfluring the development of a seed
crystal. The change in Gibbs free energy between sipersaturated/supercooled
mother phase (liquid phase) and the newly createde (solid phase) is influenced
by these two processes, and the change in Gibb®frergy acts as a driving factor to
promote the crystallization process [3,4]. Crysiatleation and growth theory, in
which atoms or molecules are assumed to assemblalgifrom solution, is commonly

used to describe the development of crystallineerrads from solution.

1.3. NUCLEATION KINETICS

Nucleation studies are helpful in interpreting ectrsupersaturation in order
to achieve a controlled nucleation rate and higaligusingle crystals [5]. Gibbs was
the first to establish the concept of nucleationekics. Nucleation is the first step in
the development of a crystal from a solution, inaliba limited number of ions form
a pattern and serve as a location for additioneigbes to be deposited as the grown
crystals. The nucleation process must overcompdtential barrier in order to develop a
new nucleus from the parent phase. It is acconstlisly the process of super saturation,
which results in the production of seed nuclei. Tbeleation rate parameter, which is
important in the development of new phases, regsildte process of nucleation. The
interfacial energy, which is an important parameatethe theories of nucleation and
crystal growth, is formed at the solution—soliderfidce. However, in the nucleation
tests, certain challenges were encountered, sutheademand for a solution devoid

of foreign patrticles, the volume of the solutiongdao on. Several researchers have made
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theoretical attempts to determine the interfacmedrgy using solubility data [6,7The
nucleation process is influenced by the interfaerargy of the solid-liquid interface.
Bennema and Sohnel [8] have obtained an expredgsian describes the linear

relationship of interfacial energg) on solubility based on solution kinetics theory:
o= (k%z)[0.173-0.248 0] (L)

o - interfacial energy (J/f)y K - Boltzmann constant (J°¥; T-Temperature in (K);

d - mean molar ionic diameter in crystal = §/}*>;

¥m - Mole fraction of solute in

solution.

The relationship between the solubility and enthapa real solution is given as [9]:
In %, = (-AHg/RT) +(AS. / R) .. (1.2)

whereAH; is the Enthalpy of fusion (J mt R - Gas constant (J'#nol); ASt - Excess

entropy of mixing.

From Egs. (1.1) and (1.2), it is clear that platof In x;, vs 1/T yields a straight line
with a slope equal téAH%jand an intercept equal ((9554) allowing the value

of AH,to be calculated from the solubility curve. The atiren of microscopic

clusters of molecules known as embryos can be dabse fluctuations in the

supersaturated solution [10]. The change in entpgryunit volume is expressed by

. (1.3)

KTInS)
Vv

26, =-(

where V, stands for the solute molecules spectiame.
A change in Gibbs free energy for the productiomwatlei (spherical) involves
two terms, namely the volume free energy term dred qurface free energy term.

According to classical nucleation theory [11], iayrbe derived by Eq. (1.4)



. (1.4)

v

AG = 4qr’o + (gj r’AG

d(AG
The free energy of formation obeys the condi(en(dr—)j =0 at the critical state.

As a result, the critical radiu(er) and critical free energy barrie(rAGD) for

nucleation [11] can be written as

2c
rh=-— ..(1.5
AG, (1)
3
AG' = 16’“’2 .. (1.6)
3AG,
The number of molecules in the critical nucleuseresented as
- 4n[r]k
I = .. (1.7
3V (1.7)
The rate of nucleation (J) is computed using,
J :Aex;{_AG j .. (1.8)
KT

where J is the nucleation rate (nucléis), AG" is the critical free energy barrier (J)
and A is a slow-changing pre-exponential comporgamhpared to the exponential

term:

yAYj -AG,, ) .
A= —exp| — | 4zr” C(i ... (1.9
o 20 cl o

Z=0.01y = 10? Hz, C(i) = 1,AGy, :%

where Z is the Zeldowhich factoy, is the attachment frequency, and C(i) is the
equilibrium concentration. The nucleation paransetdrcrystals are computed using
equations (1.1) to (1.8) at varying temperatureth wonstant supersaturation ratio

and vice versa.



1.4. CRYSTAL GROWTH METHODS

Solid-to-solid, liquid-to-solid, and vapor-to-solghase changes culminate in
crystal development. In general, crystal growtltcpsses are divided into two categories:
solution growth and melt growth [12]. The kind a¥stallization is used to classify
the crystal growth procedures, and one of thenoligtisn growth. Low temperature

solution growth and high temperature solution gloare two types of growth process.

1.5. HIGH TEMPERATURE SOLUTION GROWTH

The elements of the material to be crystallized dissolved in a suitable
solvent in high-temperature solutions, and crystafion occurs when the solution
becomes critically supersaturated. There are twjomeategories of high-temperature
crystal growth:

* Growth from single component system.

e Growth from multi component system.

For the development of oxide crystals, the aboyeageh is commonly utilized.
The technique entails heating the flux and solot@ainer to a temperature where all
of the solute materials dissolve. The temperatsmmaintained for a 'soak’ period of

several hours, after which it is gradually reduced.

1.6. LOW TEMPERATURE SOLUTION GROWTH

One of the oldest ways of crystal formation is gemeration of crystals from
aqueous solution. In the synthesis of many teclymddly essential crystals, the process
of crystal growth from low temperature aqueous sohs is particularly popular.
When the starting materials are unstable at higipézature and also undergo phase

changes below melting point, it is the most exteslgi employed approach for the
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growth of single crystals. Crystal growth througiwltemperature solution growth
might take long period of duration. Though the temlbgy for growing crystals from
solutions has been refined, it still requires métas effort and a lot of time. Months
of work can be ruined by a power outage or a tdiftatch of raw material. Low-
temperature solution technique may produce masenaith moderate to high
solubility in the temperature range of ambient @°C at atmospheric pressure. The
interaction of ions or molecules of the solute #mel solvent, which is based on the
solubility of the substance on the thermodynanpeahmeters of the process; temperature,
pressure, and solvent concentration which govdmasntechanism of crystallization
from solutions. The advantages of crystal growtinfia low-temperature solution closer
to the ambient temperature result in a simple draight forward equipment design
that provides a fair degree of control with a terapgre accuracy of 0.01°C.
Supersaturation may be precisely managed owingeg@xact temperature control. In
addition, effective solution stirring decreasesatans to a minimum level. The crystals
proximity to ambient temperature decreases the oislsignificant thermal shock
during growth and removal from the apparatus.

The main drawbacks of low-temperature solution dghowmclude the slow
pace of development in many circumstances anddke with which solvent can be
incorporated into the forming crystal. Solvent ussbn may be avoided under regulated
growth circumstances, and the high quality of tr@ewg crystal can compensate for the
drawback of significantly longer development timéke three types of low-temperature
solution growth include slow cooling, slow evapoyai and temperature gradient

methods. A full grasp of these distinct crystalvgito mechanisms is required for the
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formation of single crystals. In the present waikgle crystals were grown using the
slow evaporation solution growth technique.

1.7. THE SLOW EVAPORATION METHOD

One of the simple and effective methods of cryigtath organic and semiorganic

compounds is slow evaporation. The difference betwbe rate of evaporation of the
solvent and the solute is used to determine arse)afea certain solute in this technique.
The vapour pressure of the solvent above the solisi higher than the solute vapour
pressure. As a result, the solvent evaporatesrfasesing the solution to become
supersaturated. For materials with a very low teadpee coefficient of solubility,

this approach can be used.

1.8. SOLUTION AND SOLUBILITY
The term “solution” is most usually used to refethe liquid that results from

dissolving a specific amount of a chemical in aegpiquid. Solute is the component in
a solution that is present in a lower quantity. EBmeount of material accessible for
growth is determined by the solubility of the salpste in a solvent, which limits the total
size limit. There may be several solvents for agigolute. The growth technique is
dictated by the solubility gradient, which is a@al parameter. It will be seen that the
saturation of a given solvent by a solid (the s®)lig represented by a series of values
that may be plotted on a curve with temperaturesrdisates and solute concentrations
as abscissae. For every given solvent, a seripeinfs can be plotted for any chemical
soluble in it; these curves are known as solubdityves or saturation curves. A flat or
steep solubility curve will not allow the growth béilk crystals from solution, and the

level of supersaturation in the former cannot benged by lowering the temperature.



8

In both circumstances, even a little change in tatpre will impact the supersaturation
required to grow good quality bulk crystals. In erdo calculate the amount of
supersaturation, solubility data at various temfuees is required. As a result, before
beginning the growth process, the solutes solybhititthe chosen solvent must be
determined. When the solubility gradient is veryaipslow evaporation of the solvent
provides an alternative for crystal formation t@gehe solution supersaturated. If the
solubility of a substance increases with increagemgperature, it is referred to as
positive temperature coefficient material; if itcteases with increasing temperature,
it is stated as negative temperature coefficientena. The vast majority of the

materials have a positive temperature coefficient.

1.9. SATURATION AND SUPERSATURATION

A solution is considered to be saturated with rédarthe solid phase if it is in
equilibrium with it. A supersaturated solution isecthat contains more dissolved solids
than the saturation state represents. Uncontandirsaii@itions in clean containers can
easily be made to exhibit substantial degrees pémsaturation when cooled slowly
and without disturbance in a dust-free environmeot. the solution growth process,
supersaturation is a crucial characteristic. A=gree of supersaturation is maintained,
the crystal grows by the addition of the solutéhi@ solution. To calculate the amount
of supersaturation, solubility data at various terapures is required. As a result,
before beginning the growth process, the solutagogiby in the chosen solvent must

be determined [13]. Fig. 1.1 depicts a typical boity diagram.
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Fig. 1.1.Solubility diagram

The normal solubility curve for the substance iesjion is the lower continuous
line. The upper curve, also known as the superstyludurve, depicts the temperatures
and concentrations at which spontaneous crystabfiizabccurs. The curve is not as
well defined as the solubility curve, and its locatin the diagram is dependent on
other factors like the degree of agitation of tieduson. In the supersaturated zone
above the solubility curve, there is a region otastability. As a result, the diagram
Is separated into three zones:

I. Region | corresponds to the stable (unsaturatedk, which is incapable of
crystallization. Thermodynamically, this zone ialde.

i. The metastable (supersaturated) zone, which bietween the supersolubility
and solubility curves, is where spontaneous ciiéibn is unlikely. A crystal

seed, on the other hand, would grow if placed chsametastable solution.
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ii. Region I refers to the unstable or labileupersaturated) zone where
spontaneous crystallization is possible.
The solution must be supersaturated in order tw grystals; the concentration
of the solute in the solvent must be greater than dquilibrium concentration. A
system supersaturation can be expressed in awafevays. The following is the
relationship between the concentration driving éofsc), the supersaturation ratio

(S), and relative supersaturation:

Concentration driving forcaAc =c — ¢ ... (1.10)
Supersaturation ratio S = c¢ ¢ .. (1.12)
Relative supersaturation = (C o) £ .. (1.12)
Relative supersaturation =S -1 ) ok

1.10. COMPUTATIONAL STUDIES

Computational chemistry uses the results of thexaethemistry to calculate
the structure and characteristics of moleculesguamefficient computer programme.
It calculates the structure, relative energy, cbadistribution, dipole moment,
vibrational frequency, reactivity, and other spestopic quantities of a molecule.
Quantum chemical calculations are today performedaovide range of molecules
using advanced computer programs. lonization enéH®MO energy), electron
affinity (LUMO energy), proton affinity, electroniexcitation energy (UV-Vis spectra),
NMR chemical shifts and coupling constants, reacpath, and reaction rate are all
calculated using computational chemistry. Compateti models based on molecular
or quantum mechanics are the most common one. &gphoaches result in a total
energy equation for the structure. Energy mininuratdentifying stable conformations,

energy calculation for specific conformations, eesting molecule motion, and
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investigating diverse conformations are all possiblsing molecular mechanics.
Quantum mechanics may be used to calculate molearlsital energies, heat
formation for certain conformations, dipole momeiusnd dissociation energies, and
transition-state geometries and energies.
There are three types of quantum mechanics methods:

1. Molecular mechanics

2. Semiemperical method

3. Abinito method

1.10.1.Ab initio Methods

Normal mode harmonic force constants and frequsrcae be predicted using
ab initio orbital molecular technique#\b initio approaches optimize the molecule
geometry first, then use analytical derivativegtaluate the second derivative at the
equilibrium points. For somewhat large moleculasgshsapproaches yield credible
results for harmonic vibrational frequencies. Farthore, such computations can be
utilized to estimate internal rotational barriessveell as relative conformer stabilities.
Structure characteristics, conformational staésjtforce constants, vibrational frequencies,
and infrared and Raman band intensities all couteilto the field of vibrational
spectroscopy in significant way#b initio computations can be used to generate
harmonic force constants in Cartesian coordinaiémse force constants can be
converted to internal or symmetry coordinates famastants. Making reliable vibrational
assignments requireab initio calculations followed by normal coordinate anaysi
Another key outcome is band intensities fraim initio studies. This type of band
intensity data can also help with vibrational assignts. The Hartree-Fock technique
and Density Functional Theory (DFT) are two fundatay distinct quantum

mechanical strategies for addressing vibrationabl@ms.



12

The technique makes no concessions to the thealrefimntum mechanical
framework that is utilized to precisely describel@salar systems. In calculating the
integrals that arise during the complex computatioro compromises are made. The
following are the differenab intio techniques in use:

e Hartree Fock or MO theory

« Configuration Interaction (Cl) method

e Perturbation theory (PT)

« Density Functional theory (DFT)

1.10.2. Density Functional Techniques iab initio Methods

In recent years, the utilization of density funo@b theory computations has
grown in importance. The accurate prediction of atous observables in chemical
systems has prompted continuous research in agids to determine the accuracy of
calculating methods, with unexpectedly good fingdinghe current research focuses
mostly on the spectral analysis of pesticide chatsjovhere DFT calculations have
proven to be an invaluable tool in pesticide redeaBecause of its efficiency and
accuracy in evaluating a variety of molecular prtips, spectroscopic studies using
DFT methods have proven to be a crucial tool fderpreting and estimating the
numerous molecular features of pesticide materfdis. introduction of lasers and the
widespread availability of fast computers, as wasl sophisticated computational
approaches, have simplified the task of resolvinfjer@nt structural chemistry
difficulties in pesticide samples.

DFT calculations have lately proven to be an eiffectnethod for predicting
molecular structure, harmonic force fields, vibwadl wavenumbers, absorption

wavelengths, chemical shift, and IR and Raman ideswof pharmaceutically significant



13

compounds. In recent years, DFT calculations haverged as a viable alternative to
the classical Hartree-Fock approach. DFT approagbesicularly hybrid functional
methods, have evolved as a potent quantum chenozdl for determining a
molecules electronic structure [14]. Different eaoge and correlation functional are
frequently utilized in the DFT framework. The BeeRd ee-Yang-Parr (B3LYP)
combination is the most often utilized since it pagven to be capable of recreating a
variety of molecular features, such as vibratiospkctra, electronic transitions,
nonlinear optical activity (NLO), and molecule dlestatic potential [15].

For large and medium-sized molecules, the comlanati B3LYP functional
and various standard basis sets provides an ertelbenpromise between accuracy
and computational efficiency of molecular propestigibrational spectra, electronic
transitions, NLO properties, and natural bond atanalysis (NBO). The vibrational
frequencies calculated using DFT methods are tliigica5 percent higher than
experimental results on average. Electron corcglatatnharmonicities, and incomplete
basis sets are all factors that contribute todkerestimation. This overestimation can
be reduced by using empirical scaling correctiomgh empirical scaling factors
ranging from 0.8 to 1.0. The scaling factors anpeshelent on both the method and the
basis sets, and they help to compensate for systeeneors in frequency calculation.

The Gaussian 09 software suite [16] could be ugsetbab initio calculations.

1.10.3. Gaussian Software - Overview

Gaussian is a computational software programmetentelay John Pople and
his Carnegie-Mellon University research group i@ 916]. Since then, it has been
updated on a regular basis. The name comes fromvtind Gaussian function or

orbital, which was chosen to boost the computatipoaver of current software that
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employed the Slatter type function or orbital. katstics, Gaussian functions are
commonly employed to characterise normal distrimsi It depicts the wave function
of a harmonic oscillator ground state in this Quantomputation. A Gaussian orbital is
a linear combination of such Gaussian functionsafanolecular orbital. Physicists,
chemists, chemical engineers, biochemists, androtiidize the Gaussian software
package for study in established and emerging afaaslecular physics and chemistry.
Gaussian predicts the energies, molecular strugturdorational frequencies, and
other molecular characteristics resulting from ¢éhéssic quantities using gquantum
mechanics basic equations. It may be used to ilmatstmolecules and processes in a
variety of environments, including both stable ahdrt-lived intermediate compounds.
Ab initio methods, semi-empirical methods, and molecularhan@cs are the
three types of computational techniques. Molecolachanics uses classical physics
to solve massive systems of molecules and is thst laccurate since electron
behaviour is not taken into account. Because quamtoysics is used to account for
some of the electron behaviour, semi-empirical apgines are more precise, but their
reach is still limited because they rely on exteasapproximations and empirical
parametersAb initio methods explain the electronic structure of a odk very
accurately using only quantum physics and no appratkons from classical physics.
The disadvantage of employingb initio methods is that the computations are
incredibly time consuming, hence they are limiteariuch smaller systems like single
molecules Ab initio approaches, on the other hand, provide a wealthfefmation
on the electrical structure of a molecule withoeguiring the molecule to be
synthesized experimentally. The basic idea undaglghb initio calculations is to use

a set of mathematical functions called a basisossblve Schrodinger's equation.
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1.10.4. Capabilities of the Software

Gaussian Software has the following technical cdpials.

* Energy calculations utilizing various approacheshsas Molecular mechanics,
semi-empirical calculations, Self-Consistent Fiadiculations, correlation
energy calculations using CI CID, CISD techniqaesl Density functional theory.

* RHF, DFT, MP2, and other analytical computations fofce constants,
polarizabilities, hyperpolarizabilities, and dipaf®@ment derivatives.

e Thermochemistry and harmonic vibrational analysmpleying arbitrary isotopes,
temperature, and pressure.

« Internal coordinates analysis of normal modes.

» Determination of IR and Raman Intensities for vilmaal transitions,
pre-resonance Raman intensities.

e To find the constants of harmonic vibration-rotatmupling.

* To determine the constants of Anharmonic vibragiot vibration-rotation coupling.

e Mulliken population analysis, APT analysis, elestadic potentials and
electro-static derived charges.

« Static and frequency dependent polarizabilities layygkrpolarizabilites for HF
and DFT.

* SCF, DFT, and MP2 methods for calculating NMR gtire} tensors and
molecule susceptibilities.

e Calculation of spin-spin coupling constants at HH ®FT level.

* Intensities of vibrational circular dichroism.

e The HOMO-LUMO analysis.
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1.10.5. Gauss View Software - Overview
Gauss View is a graphical user interface for pregainput for Gaussian and

examining the result that Gaussian produces grafyifl7]. Gauss View is a front-
end-back-end processor that aids in the use of €Eudlt is not integrated with the
computational module of Gaussian. Gaussian usersfgan Gauss View in three
ways. To begin, Gauss View powerful visualizati@atfire allow users to quickly
sketch in even very large molecules, then rotatyenand zoom in on them using
simple mouse motions. It can also read PDB fildsictw are common molecular file
formats. Second, Gauss View makes it simple to ugeta variety of Gaussian
calculations. It simplifies the preparation of cdexpinput for both common and
advanced task types, including ONIOM, STQN trapsitstructure optimizations,
CASSCF computations, periodic boundary conditidPB() calculations, and more.
Finally, to speed up the job setup process, ruraudefand named calculation
templates called as schemes. Finally, Gauss Viawgeasl to use a range of graphical
ways to analyze the results of Gaussian calculatiofhe following are some
examples of Gaussian outcomes that can be seenicaty:

e Optimized molecular structures.

* Molecular orbitals.

« Electron density surfaces from any computed density

» Electrostatic potential surfaces.

» Surfaces for magnetic properties.

« Surfaces can be perceived as contours as well.

» Dipole moments and atomic charges.

* Animation of the normal modes corresponding to atimnal frequencies.
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e Spectra such as infrared, Raman, NMR, VCD, andrsthe

e Information on molecular stereochemistry..

* Animation of geometry optimizations, IRC reactioatip following, potential
energy surface scans, and ADMP and BOMD trajectoiigvo variable scans
can also be displayed as 3D plots.

* Plots of total energy and other data from the sginéinds as before.

All computational analyses in this paper were eakriout using the
GAUSSIAN 09W [16] DFT programme with the B3LYP meth6-311++G(d,p) as
the basis set [18]. The results of the molecule® weewed using the GAUSSVIEW 5.0

molecular visualization tool [17].

1.11. HIRSHFELD SURFACE ANALYSIS
Hirshfeld surface analysis is a useful tool foredetining how different functions

(such as molecular shape, some chemical informagioth some features of the crystal
environment) influence crystal packing behavior][1Buses three-dimensional (3D)
surface and two-dimensional (2D) fingerprint plats/isualize intermolecular interactions
within a crystal structure. Initially, it was utikd to determine the molecular dipole,
quadruple moments in molecular crystals, and exaisinmall molecule polymorphs [20].
The partitioning of space within a crystal where thatio of promolecule to procrystal
electron densities is W(r) = 0.5, which coversQt@)2 a.u. electron density isosurface, is
known as Hirshfeld surfaces. The weight function doparticular molecule can be

defined as [21]:

W(r) = agmozb:cu.e—ia (;)(r) .. (1.14)

ascrystal

— ppromolecule(r)

... (1.15)
p procrystal(r)
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wherep,(r) is spherical atomic electron distribution loadt the % nucleus.
The following equation represents the normalizedtact distance dm based
on d; (nearest nucleus internal to the surface) dnghearest nucleus external to the

surface).

oo = (0 = 1) 107 40, = ) 1 .. (1.16)

norm 1 1 e

vdw and r.vdW

e

wherer. are the van der Waals radii of two atoms intearad external to

the molecular surface Crystal Explorer 3.1 [22] wsed to identify the Hirshfeld

surface and its two-dimensional fingerprint plogsng crystallographic data.

1.12. CHARACTERIZATION TECHNIQUES
1.12.1. Powder X-ray Diffraction Analysis

The technique of X-ray diffraction is commonly ugedcharacterize crystals.
It is also utilized to identify crystalline phasgpsalitatively and confirm the production of
the intended compound. The crystals are powderddeaposed to monochromatic
radiations for irradiation. The unlimited number sfhall crystals in the powder
sample gives a large number of diffraction plandsich favors the Bragg reflection.
First and higher order reflections are caused bgpfahese parallel planes that make
distinct angles to the incident X-ray beam. Bragifrattion occurs at the crystal
plane for monochromatic X-rays. The intensity oé ttiffracted beam that results
depends on the nature of crystals and their at@amangements. The entire structure
of the molecule can be determined by analyzing¢lcerded data in conjunction with
diffracted light intensities from a full set of plas. In addition, X-ray diffraction may
be used to determine unit cell characteristicscspgroups, molecular structure of

crystalline solids, and miller indexing of the @ifént faces of the crystal. An X-ray
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generator with an X-ray diffractometer emitting rochromatic X-rays is used in the
powder XRD experiment. The setup also includes agpgntionate scintillator or a
Geiger counter, which is coupled to a chart recooda digital output.

In the present work, the powder XRD data was ctdasing a BRUKER

X-ray diffractometer with Cul{ radiation £=1.5406A) and a step size of 0.0130 and

a scanning step time of 23.97s. To ensure phase pine process was carried out at
room temperature. Fullprof Suite software was usethlculate the lattice parameters

of the crystal [23].

1.12.2. Infrared Spectroscopy

The infrared (IR) spectrum is created by the altsmmpof light waves with
frequencies similar to molecular bond vibrationdraugh IR analysis, the internal
structure of the molecule, the nature of the chahfionds, and the functional units
present in the molecule may be understood. Thighig IR spectra are often referred
to as a compounds fingerprint. The compounds aetiited from the IR spectra by
comparing the spectral data to the existing dadh [2

The IR absorption bands in a polyatomic moleculerespond to the
movement of individual atoms. By adjusting the freqcy of the incident radiation,
the experiment can be repeated. The samples alserbend transmittance are
measured. The resonance happens when the freqoémgident radiation and the
vibration frequency of some part of the moleculancile. As a result, there is energy
absorption. Energy is released when a moleculeantto its natural ground state
from an excited state. Peaks in the IR spectrumbmmsed to detect this energy

release. This is how the sample molecules unigogefprint is discovered. The
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rotation, vibration, bending, and twisting actiasfsa molecule are all recorded by IR
spectroscopy.

A scanning interferometer is used in the Fourieansform Infrared (FTIR)
spectrometer to analyze IR radiation. Radiationth an IR wavelength divide into
two beams, which combine after reflection at thamesplitter. Depending on the
optical path traced by the interference, it cancbastructive or destructive for a
wavelength. The acquired interferogram is recorsta into spectral form using the

Fourier Transformation.

1.12.3. UV-Visible Spectroscopy

Absorption or reflectance spectroscopy in the uitiet-visible spectral band
is referred to as ultraviolet-visible spectrophottm (UV-vis). The colour of the
substances involved is directly affected by thesaption or reflectance in the visual
spectrum. Electronic transitions occur in this o&gof the electromagnetic spectrum.
In contrast to fluorescence spectroscopy, whichsones transitions from the excited
state to the ground state, absorption spectroscoesgsures transitions from the
ground state to the excited state. In generalethes two basic measuring techniques:
determining the amount of analyte in the sampleafittative analysis) and
determining which analyte is in the sample (qualitaanalysis). According to the
Beer-Lambert law, a solutions absorbance is propmat to the concentration of the
absorbing species in the solution and the routgtlerlJV-vis spectroscopy can thus
be used to determine the concentration of a sutstana solution for a particular
route length. It is s crucial to understand howchly absorbance varies with
concentration. References (tables of molar extinctoefficients) or, more precisely,

a calibration curve can be used to determine T quantitative determination of
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diverse analytes, such as transition metal iorgd)lyiconjugated organic compounds,
and biological macromolecules, is frequently dorseng UV-vis spectroscopy in

analytical chemistry.

1.12.4. UV-Visible Diffuse Reflectance SpectroscogyV-VIS-DRS)

DRS spectroscopy is a spectroscopic techniqueutdest a powdered sample to
reflect light in the ultraviolet (UV), visible (VIS and near-infrared (NIR) regions.
The ratio of scattered light from an infinitely ¢hkilayer to scattered light from an
ideal non-absorbing reference sample is measuread faaction of wavelength in a
DRS spectrum [25]. When incoming radiation illunteg powdered samples, the
result is diffuse lighting. The incident light ibsorbed in part and dispersed in part.
The dispersed radiation emitted by the sample ifeaed and monitored in an

integration sphere and is seen schematically in ER

« Integration sphere

Source
L IR Monochromator ,f - Sample
R
Beam splitter/ ~ Detector
Chopper Standard

Fig. 1.2.Schematic diagram of UV-vis-DRS

1.12.5. Fluorescence Spectroscopy

Fluorescence spectroscopy, often known as fluomynoetspectrofluorometry, is
a type of electromagnetic spectroscopy that exasrsaeples fluorescence. Typically,
ultraviolet light is employed as a beam of lighattlexcites the electrons in molecules
of specific substances and causes them to relggigein this process. Absorption

spectroscopy is another complementary techniquesirigle molecule fluorescence
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spectroscopy, intensity fluctuations from emittéght are investigated using either
single fluorophores or pairs of fluorophores. Fhroeters are instruments that are
used to measure fluorescence.

Light from an excitation source travels throughileeff or monochromator
before striking the sample. The sample absorba&idn of the incident light, and
some of the molecules in the sample glow. The #scent light that was emitted
spread out in all directions. Some of this fluoerdclight travels through a second
filter or monochromator before reaching a detecidrich is normally positioned at
90 degrees to the incident light beam to reducecti@nce of incident light being
transmitted or reflected. Fig. 1.3 shows a bloadgdam of spectrofluorometry.

Slits

I Sample Cell
’ L
15 |'I
source Slits
D |

Diffraction
Gr atmg

Detector

Fig.1.3.Block diagram of spectrofluorometer

The wavelength of the excitation light is kept dam$ when measuring
fluorescence spectra, preferably at a wavelengtinstiong absorption, and the emission
monochromator scans the spectrum. When measurtitateon spectra and excitation
monochromator, the wavelength of light travellifgough the emission filter or
monochromator is kept constant. Because fluoresaatensity is proportional to absorption,

the excitation spectrum is usually similar to thea@ption spectrum [26,27].
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1.12.6. Microhardness Test

The hardness of a substance is a measure of thatiabs ability to tolerate
local deformation. It is the mathematical ratiotbé applied load to the indentation
surface area. The hardness test is an importahtinothe broad study of plastic
deformations of a material. Hardness is also rélademechanical qualities like yield
stress, elastic constants, and so on. A crystaldnkeas is influenced by a variety of
parameters such as dislocations, impurities, coitippstemperature, and vacancies.
The measurement of hardness can be classified asoMMlicro, or Nano scale
depending on the applied force and the resultisgldcement. Microhardness is the
hardness measured by indentation with a load betiég and 1000g. This type of
indentation is always microscopic. It can be defifgy either the average contact
pressure or the average specific work of deformatids a result, substantial
associated research between the shape of the eandamd that of the indentation is
required. Hardness testing can be done by cutsioigtching, abration, or indenting,
depending on the sample.

The measurement of hardness can be done in ayafieays [28]. The static
indentation test is the most common among them usec# is the most basic. A
constant load is applied to an indenter, which bana diamond cone, diamond
pyramid, or a ball, in the Static Indentation té$ardness is calculated by measuring
the area of indentation or the depth of indentatidbhe static indentation test is
performed by pressing the indenter against the Emmgurface perpendicularly. The
indentation depth is determined by the applied ld&ten calculating the empirical
hardness number, two elements are taken into atcbbay are the cross sectional

area or indentation depth, as well as the apptiad.IThis is the basis of Vicker's test.
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Vicker's test, a type of static indentation tesivimich a diamond pyramidal indenter is
used for the indentation, is considered the mdet&¥e method for the hardness test.
The pyramid indenter opposite faces are at an aofgle86’. The contact pressure is
independent of incident size since the indentgyimmidal. It also decreases elastic
deformation. The Vicker's Harness numberdfithe diamond pyramid is defined as,
H,=1.8544P/& kg/mnt, Where P is the applied load in gram and d isdiagonal

length of indentation in mm [29].

1.12.7. SHG Measurement

A crystal with no visible absorption is a suitalletion for second harmonic
generation, especially in the blue, violet, andraefiared regions. Nonlinearity of a
crystal is measured by Kurtz and Perry [30] pow8EIG technique (Fig.3.1). In this
process the Q-switched Nd:YAG laser is passed tirothe crystal which are
powdered and filled in the micro capillaries of gsadiameter. By keeping the laser
energy constant, the monochromated output is caedparthat of the KDP.

Sample holder

A= 1064 nm M
—[=rme] N\

Recorder i IPNITI

Fig. 1.4.Experimental Set Up for the Powder SHG Measurement

1.12.8. Z-Scan Analysis
The single beam Z-Scan technology operates onriheiple of spatial beam

distortion. This method is utilized to identify tsegn as well as the magnitude of the
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nonlinear refractive indexonwhich may be extracted easily [31]. Z-scan exatnims
provide practically all of the information about t@aal nonlinear properties.
Nonlinear refraction and nonlinear absorption carstudied individually using open
aperture Z-Scan and closed aperture Z-Scan whgrctexist.

The sample is permitted to move along a narrowbused Gaussian beam in
this method. Because the samples beam intensitependent on its position in
relation to the focus, movement of the sample caube laser beam intensity to
fluctuate. The induced self-phase modulation catisesncident beam to defocus or
re-collimate, and this is dependent on the Z pmsitf the sample relative to the focal
plane. The change in transmittance is seen thraugircular aperture of smaller
diameter kept at a distant location at the fielgipon to determine the nonlinear
refractive index. The nonlinear absorption can bseoved by replacing the aperture
with a lens, which is known as open aperture Z-Stae development of high-power
laser resources has aided the study of opticatifighbehavior and nonlinear optical
properties of materials [32]. For the most effitierilization of the crystal, it is
essential to evaluate the NLO characteristics. Ad@inear refraction and nonlinear
absorption of the NLO materials may have an impactthe functionality of laser
systems in which they are used. Due to self-foausinthe radiation, changes in the
spatial distribution of the laser field can evemusm the device to fail. It limits the
amount of laser intensity and output power that banused. When a laser beam
passes through a nonlinear medium, its amplitudepdrase change. Closed aperture
Z-Scan refers to the measuring of transmitted ligfnbugh an aperture kept at a
distant plane from the focal region, which can mea¥voth nonlinear absorption and
nonlinear refraction. Open aperture Z-Scan is tleasurement mode when it is done

without an aperture.
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Fig. 1.5.Experimental Setup for Z-Scan Analysis

The third order NLO properties were studied utilzia He—Ne laser (5mW)
with a wavelength of 632.8 nm and a beam diameted.» mm as a source. To
convert the input laser beam into Gaussian foriGaassian filter was employed to
focus the beam. A convex lens with a focal lengtt8®@ mm was used to pass the
Gaussian beam TEddmode. The incident Gaussian beam determines tiaé ength
entirely. The Gaussian beam waisg measured 12.05 um in diameter at the focal
length. The incidence intensity falling on the ¢aysurface was varied by translating
the sample in the +Z to -Z axial direction with thelp of a stepper motor. A digital
power meter (Field master GS-coherent) was usetetsure the far field transmittance

intensity fluctuations through the closed aperture.

1.13. SCOPE OF THE WORK
The current research focused on:

» To grow 2-picolinic acid (also known as pyridine&doxylic acid, 2-pyridine
carboxylic acid and picolinic acid) based organitd asemiorganic single
crystals such as:

o Organic:
= 2-Picolinic Acid (2PA)
= 2-Picolinic Trichloro Acetate (PTCA)

= 2-Picolinic Benzotriazole (PBTA)
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o0 Semiorganic:

= 2-Picolinic Hydrochloride (PHCL)
To evaluate the materials solubility and nucleakoretic parameters.
Using powder X-ray diffraction studies to determthe crystal structure and
system.
To evaluate the average crystallite size of thevgr@rystal and its lattice
strain using the Williamson—Hall technique.
FTIR, UV spectral analysis, energy band gap, opticastants, fluorescence,
SHG, Z-scan, and microhardness studies are usefai@cterize the grown
crystals.
DFT investigations to understand molecular behaoidhe materials.
NBO analysis determines the inter- and intramokcutharge transfer
interactions as well as the molecules stability.
Hirshfeld surface analysis reveals the percentafjestoong and weak

intermolecular interactions in crystals.
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CHAPTER - II

EXPERIMENTAL AND THEORETICAL
INVESTIGATIONS OF NONLINEAR OPTICAL
CRYSTAL 2-PICOLINIC ACID

2.1. INTRODUCTION

A large number of organic molecules have now bemmd as effective
materials in the field of NLO, such as frequencyhlong, which has a wide range of
optical applications [1]. 2-Picolinic Acid (2PA)Ié® known as pyridine-2-carboxylic
acid, 2-pyridine carboxylic acid and picolinic agigs an organic molecule utilized in
crystal engineering and several coordination polgnas a building block.2-picolinic
acid is beneficial compound for human organism arel also involved in several
essential biochemical processes. 2PA has beenassad/aluable chelating agent [1].
It is not only a potential proton acceptor but agsproton donor depending on the
deprotonated groups [2]. The structural analysi2-picolinic acid crystal is solved
and reported [3-5], but there are no reports omtideation kinetics and DFT study
of this organic material. In the present work, tmecleation parameters such as
interfacial energyd), volume free energyAG,), critical energy barrier for nucleation
(AG)), radius of the critical nucleus (rand nucleation rate (J) were evaluated. X-ray
diffraction investigating the structural aspectwblshes the crystal structure belonging
to crystal system as monoclinic nature. Williamddal-approach assesses the structural
characteristics of the grown crystal such as awegstallite size along with lattice
strain. DFT method was performed to acquire theatibnal information on the
optimized geometry, molecular structure, hydrogending, hyperpolarizability, and
nonlinear response of the 2PA compound was obtaifieid can be used to support
the effort towards the discovery of new efficierdtarials for technological applications

by the design strategy for engineering of crystalth predesigned architecture,
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especially, in the field of optics [6]. The optideinsparency of the crystal is detected
by UV-Vis—DRS spectrum and the optical propertiethe grown crystal are discussed.
The emission characteristic of the grown crystas werified by fluorescence spectra.
Open-aperture Z-scan results on evaluating theneanloptical properties experimentally;

confirm these materials as good optical limiters.

2.2. EXPERIMENTAL ANALYSIS
2.2.1. Solubility Study

The solubility study of 2PA was carried out in anstant temperature bath
with temperature accuracy = 0@ The solute was added to double distilled water
until the saturation condition was reached. Thdldgium concentration of the solute
was analyzed gravimetrically. The experiment wageated at different temperatures.
The solubility and metastable zone width of 2PAstalyas the function of temperature is
shown in Fig. 2.1. The solubility and nucleatiomveulinearly increase with increasing

temperature, resulting in a positive coefficiensofubility.

322 -
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Fig. 2.1.Solubility curve for 2PA
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2.2.2. Nucleation kinetics and Metastable Zone Witit(MZW)

The estimated nucleation parameters of 2PA crygtahrious supersaturation
values from the formulas given in chapter-l, eqa. (1.1 to 1.8) are tabulated in
Table 2.1. The change in free energy per unit vel(ht,) decreases with increasing
the supersaturation which drives the crystallizatiorocess. Fig. 2.2 shows the
variation in energy barrienG') with respect to temperature. Fig. 2.3 shows trenge
in critical radius () as a function of temperature as well as the saperation.
A decrease in interfacial energyg)((as shown in Table 2.1) with higher value of
temperature leads to decrease in radius of critigalei, causing the diminished free
energy in the system. The classical nucleation rihellagram implies that when
volume free energy decreases and surface free \emsrgeases the crystal growth
initiates.

The knowledge of MZW will help in the selection optimum rate of

supersaturation generation to avoid the exercisesemiondary nucleation. MZW

(AT,..) for each saturation temperature is obtained fitverrelation

max

2
ATmax = RT
AH,

(s-1) . (2.2

where, the value of enthalpy is obtained from eym.(1.2) in chapter-I, by plotting

Iny,, vs 1/T which gives a straight line, the slope dfich is equal toAHJ/R.

Nucleation temperature for each saturation temypesatan be calculated from Fig. 2.1.
The present study involves reporting theoreticalyculated values of metastable
zone width for the crystallization temperaturesifstals by slow evaporation method.
From the results it is observed that zone widthasrow at lower temperatures and

broader at higher temperatures.
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Table 2.1.Nucleation Table from 2PA for Supersaturation &4til

T(K) | AG, (3Im°) | 6 (I/IM>) | AG (J) r' (m) i J (nuclei/m*/sec)
304 | -2543049.7| 0.006928 8.59E-19 5.44E-09 4.30EH03 Br2a
308 | -2576510.9] 0.003852 1.44E-19 2.99E-09 7.12Ef02 Ex+30
316 | -2643433.2] 0.002345 3.09E-20 1.77E{09 1.49ER02 Bral
321 | -2685259.7| 0.001556¢ 8.75E-21 1.16E-09 4.15E#01 B+16

1!}‘19
9 A

—@— S-ratio=1.1
——#—— S-ratio=1.2

S-ratio=1.3
——8&—— S-ratio=1.4

Change in energy barmier

304 306 308 310 312 314 316 318
Temerature {K)
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2.2.3. Growth of 2PA Crystal

The chemical used in this experiment was an amalyteagent as received
from the commercial sources without further puafion. Pyridine-2-carboxylic acid
was purchased from Alfa Aesar and dissolved in todistilled water. The solution
is stirred well using a temperature controlled negnstirrer to yield a homogeneous
mixture. Then as a result of evaporation of theerfdd solution at room temperature,
transparent crystals have been harvested in thee&sy Successive re-crystallization

and filtration account for the purity of the crylsgshown in Fig. 2.4.

Fig. 2.4.As grown crystal of 2PA

2.2.4. Powder XRD

The powder XRD data of 2PA crystal is obtained fr&@RUKER X-ray
diffractometer with Culg radiation {=1.5406 A) and a step size of 0.0130 and a
scanning step time of 23.97s. The powder XRD pattér2PA crystal is shown in
Fig.2.5. The lattice parameters of the 2PA crysthtained from Fullprof Suite
software are a= 21.251 (18) (A), b = 3.839 (1) (&) 13.962 (5) (A)a=y=90C",
B = 107.98 (6) and volume = 1083.8 (1) A monoclinic system with space group

C2.. It agrees well with the reported values [3].
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Fig. 2.5.Powder XRD pattern of 2PA crystal

Further, using Williamson—Hall equation the straiesent in the grown crystal is

evaluated [7]:
Beos = 2 4 nsing (22
T
where,3 - FWHM of the diffraction peak (radf); - Bragg's diffraction angle (rad);

K - Scherrer constant; - wavelength of the X-ray%Aj; T - crystallite size (um) and

n - lattice strain.
Plotting the pcod versus sif [Fig. 2.5] and fitting the data linearly, the
crystallite size ) is obtained by Williamson-Hall method [7]

T= , k.?& .. (2.3)
y - axis intercept

whose value is ~Oun. A graph is plotted betweditod versus sif (Fig.2.6) whose
slope of the fitted line gives lattice straifs 0.006 which points 2PA crystal has less

lattice strain.
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Fig. 2.6.Graph plottingcod versus sif

2.2.5. UV-vis-DRS Analysis
(a) By Tauc’s Plot

The optical absorption spectrum of 2PA crystaiMal@ated using SHIMADZU/
UV 2600 Spectrophotometer in the range 220 -1100anthis shown in Fig. 2.7. It
displays intense absorption peak at 263 nm andrtetal shows good transmittance
in the entire visible region and this property dealihe material holds good for NLO
application [8]. Using the absorption spectra, lihear optical constants of 2PA are
calculated and the variation in optical constargsaafunction of photon energy is
plotted (Fig. 2.8 (a-d)).

The optical constants such as band gap energyncéieih coefficient and
refractive index are crucial to analyze the optroakerial for the fabrication of optical

devices [8]. The band gap energy can be calculaed) the Tauc’s plot relation [9]

ahva(hv-Eg)% .. (2.4)
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N WEL e

where T is the transmittance, t is the thicknesshefcrystal. The energy band gap
was obtained via intercept of the extrapolateddingart of the Fig. 2.8a. The band
gap value (B) is obtained as 3.5eV.

The refractive index (n) can be determined fromemtnce data using the

following relation [10]

_o(R+)£2/R

— .. (2.6)

From the optical constants, the electric suscdil{iyc) can be calculated using the

following relation [11]

g =g, +4my.=n’ -k .. (2.7)
Hence,
n®-k?-¢
e =——2 .. (2.8)
4t

where gy is the dielectric constant in the absence of aamtrdoution from free
carriers.

The real part of dielectric constafitand imaginary part of dielectric constant
& can be calculated following the relation [12]

g, =n’ -k? andg, = 2nk .. (2.9)

The calculated values of refractive index (n), glecsusceptibility ¢c), real
(er) and imaginary¢) dielectric constants at= 800 nm, are 1.08, 0.094, 1.179 and
2.354 x 10°, respectively. These values suggest that the 2B#enal has potential

optoelectronic devices [13].
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(b) By Derivation of absorption spectrum fitting (DASF) method

The optical band gap and other optical parameterse valso estimated by
using Derivation of absorption spectrum fitting (BR) method [14]. This method
determines the type of optical transition more &g and more directly in contrast
to Tauc’s method [15].

The absorption spectra of the 2PA crystal are tkegbim Fig.2.7. In the current
work, precise DASF method is made use of to firellilend gap energy. The ratio of

the optical absorbance (A) and the wavelength ef#ldiation X) is given by [14,16].

)
AJ__m .. (2.10)

In the above equation,
Ag- wavelength attributed to the energy gap, m -captransition index of charge carriers.

From Fig. 2.9, optical energy band gap is acquigdsingA,,

o 1298 @

9
This is done devoid of any assumption about thareatf charge carrier transition.
From the slope of Fig. 2.10, the value of optigahsition (m) is acquired.
Present analysis expose the value of m near tonhizh indicates 2PA has the direct
band gap and direct allowed transition of chargees [17].
An exponential part called Urbach tail is presesdmthe optical band edge in
the absorption coefficient curve. This exponentgl appears to be more for poor

crystalline materials which are disordered in t&$i and for amorphous materials. If



42

this tail appears to be minimum, this indicatesdyooystalline nature and also good

perfection in lattice sites [18]. Urbach equatisrexpressed as,

A(2)= kexp( Ehcxj .. (212)

Tail
where h - Planck’s constant, c - light speed, &nstant, k- width of the tail of the
localized states adjacent to bands.

1239.8
Slope

The Urbach energy value is obtained from equatQr) =

ev),

where the slope is acquire from linear fit estdidb in the straight-line segment of
the graph of In (A) in terms o™ (Fig. 2.11) [19]. The obtained value of4fis 0.01
eV. The minimal value of f;, imparts the 2PA crystal has less disorder in haad
edge in addition to perfect crystalline quality [20).

Steepness parametet whose value is used to estimate the temperature

dependence of the indirect energy gap is derivexth the equation:

.. (2.13)

m

Tail
where, K is 8.6173 x 10 eV/K which is Boltzmann constant and T is 273.16 K
(Absolute temperature).

The energy exchange between the electrons andelatélectron-phonon

interaction (k.p) is measured through the relation:
E. =— .. (2.14)

Apart from these, refractive index (n) and dielectconstant £4) at the

absorption edge were estimated by applying thelaled energy gap values in the

equation below [22]:



n?-1
n®+1

[, EgDASF
20

T

g4=n

The results obtained (Table 2.2) from the opticaties reveal that the 2PA

crystal holds good optical behavior for NLO appiicas [13].

Table 2.2.0ptical parameters of 2PA
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.. (2.15)

.. (2.16)

Optical parameters (DASF method) Values
Ag(wavelength of energy gap) 357 nm
1/ 0.0028
Ey(optical energy band gap) 3.47 eV
Erai(Urbach energy) 0.01 eV
o (steepness parameter) 0.21
Ee.p (electron-phonon interaction) 3.17
n (refractive index) 2.22
gq(dielectric constant) 1.93
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Fig. 2.9.DASF plot for 2PA crystal
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2.2.6. Fluorescence Analysis

A fluorescence spectrum of the 2PA crystals araiobtl using SHIMADZU/
RF 6000 Spectro Fluorophotometer and are displaydelg. 2.12. The crystal was
excited with the energy wavelength of 250 nm araemission spectrum is recorded.
The spectrum exhibits an intense fluorescence pedB1 nm and a hump at 451 nm,
implying that 2PA crystals have a blue fluoresceagssion and could be a potential

candidate for an OLED of wide emission spectrunj.[13

14

= =
= ha
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[ ¢ ]

300 350 400 450 500 550 600
Wavelength (nm)

Fig. 2.12.Fluorescence emission of 2PA crystal
2.2.7. Z-scan Analysis
The Z-scan measurements determine the magnitudesigndof third order
nonlinear optical parameters for the grown 2PA tatgssuch as nonlinear optical
absorption coefficient, nonlinear optical refraetindex and nonlinear optical third

order susceptibility. The calculation details foetposition of the peak and valley,
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relative to the z-axis, depends on the sign of iba linear phase shifhgp. The
magnitude of the phase shift can be determined ftben change in normalized

transmittance between peak and valley.
0.25
AT, =0.4061-§ " |o| .. (2.17)
where S is the aperture linear transmittance ancdaisulated using the following

equation

2
Szl-eX[{ zr;j .. (2.18)

(@)

where g is the radius of the aperture and is the beam radius at the aperture, the

nonlinear refractive index is given by the relation

- ©
n, = ... (2.19
2 S (2.19)

0™ eff
2n .
where, K :7 (where, A is the laser wavelength)

lo is the input intensity, Z=0,k= [1-exp(wL)]/a is the effective thickness of
the sample and is the linear absorption co-efficient of the 2P#stal. From the

open aperture Z — scan data, the nonlinear abearpti-efficient is estimated as

2N 2AT

.. (2.20
IOLeff ( )

B:

where,AT is the one valley at the open aperture Z-scamecur
The value off will be negative for saturable absorption and fpasifor two
photon absorption. The real and imaginary partthefthird order nonlinear optical

susceptibilityy® are defined as equation
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C?n?n, [ cm?
Re/® (est) =10 Zo~ o' (221
o es) =10 50 S @21)
Cznzm(ch
Imy® (est) =100 S DB CTH (222
%’ (esy) 7w (2.22)

wheregg is the vacuum permittivity,ois the linear refractive index of the 2PA & c is
the velocity of the light in vacuum. For 2PA crydtiae value of nonlinear refractive
index = 2.15x 10% (cm?W). The absorption co-efficierft calculated from open
aperture normalized transmittance was obtained @& 10> (cm/W). According to

equations 2.21 and 2.22, the values of&nf are used to calculate third order

susceptibility(;f). The third order nonlinear optical susceptibifify= 2.95x 10%esu.

The open and closed aperture Z-scan results obtdme 2PA are shown in the
Fig. 2.13a and 2.13b. The peak-valley configuratiowhich transmittance increase in the
pre-focal region and decrease in the post-focabmegshows negative nonlinearity [23,24].
Figure 2.13b exhibits reverse saturable absorpiRBA) with a positive nonlinear
absorption coefficient [25-27]. Table 2.3 tabulaszhe experimental details and the
results of the Z- scan technique for 2PA crystal.

Table 2.3.0btained nonlinear optical parameter from opert @aosed-aperture
Z-scan measurement data for 2PA crystal

Measured values for 2PA

Parameters crystal
Nonlinear refractive index gh 2.15% 10°° (cm?/W)
Nonlinear absorption coefficienf) 2.07x 10%(cm/W)
Real part of the third order susceptibility [R8] 2.92x 10° (cmP/W)

Imaginary part of the third order susceptibility[yf)] | 3.63x 10° (cm/W)

Third order nonlinear optical susceptibility’) 2.95x 10% (esu)
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Fig. 2.13(a)Self-focusing (closed aperture) Z-scan plot of 2fPystal
(b) Open aperture mode Z-scan plot of 2PA crystal

2.3. COMPUTATIONAL ANALYSIS
2.3.1. Optimized Geometry

The optimized geometries of 2PA with symbols anthbering scheme for the
atoms are shown in Fig. 2.14. Table 2.4 lists thraim structural parameters maximized
at DFT/B3LYP/6-311++G(d,p) level. The global minimwenergy value measured by
the DFT structure optimization method is -1.1420° kJ/mol. The computed bond
lengths show slightly different than the experina¢rdata, as the theoretical values
correspond to the isolated molecules in gas-phdsraas the experimental results
are correlated with the molecules in solid sta®.[Zhe optimized structure reveals
the C-C bond lengths in pyridine ring are closeéhe values found in pyridine [3],
except for the C(4)-C(5) bond length. The valueCel-C bond angle in a pyridine
ring is intermediate between that of non protongigddine derivatives and that of
some protonated pyridine derivatives [4]. This implexistence of the N-H-N inter
molecular hydrogen bond. The small deviations déleahgles are due to strong charge
delocalization. In spite of these differences, ¢hkeulated geometric parameters show
a good agreement with X-ray data hence can be tsedlculate other parameters

reported below.
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Fig. 2.14.The optimized molecular structure of 2PA

Table 2.4.0ptimized parameters of 2PA by B3LYP level witBBE++G(d,p) basis set

Bond Values (A) Values (°) Dihedral Values (°)
Bond Angle
Length | calc. | Exp? Calc. | Exp® Angle Calc. | ExpH
01-C4 | 1.210 1.213 C5-N3-C9 117.5 119.9 H9-C9-N3-C5 179/9979.89
02-C4 | 1.344 1.279 01-C4-02 122.9 126.8 C8-C9-N3-C5 0.0009 0.2
N3-C5 | 1.336 1.348 01-C4-C5 123.2 1187 H6-C6-C7-H7  0.001®.4139
N3-C9 | 1.332 1.338 02-C4-C5 113.7 114/5 H7-C5-C6-C7 -199.9179.60
C4-C5 | 1.501 1.512 N3-C5-C4 118.5 119.1 N3-C9-C8-H8 179/9979.70
C5-C6 | 1.390 1.373 N3-C5-C6 123.4 120.4 N3-C9-C8-C7 -04001 -0.2
C6-C7 | 1.397 1.380 C4-C5-C6 118.6 120/5 C9-N3-C5-C4 179/9979.42
C7-C8 | 1.391 1.373 C5-C6-C7 118.5 119)9 C9-N3-C5-C6 0.0008.0188
C8-C9 | 1.395 1.375 C6-C7-C8 118.3 1193 01-C4-C5-N3 -199.9175.30
02-H2 | 0.968 0.803 C7-C8-C9 117.8 1187 01-C4-C5-C6 -090005.2830
C6-H6 | 1.083 0.961 N3-C9-C8 123.5 121.9 02-C4-C5-N3  0.00264.0034
C7-H7 | 1.083 0.960 C4-02-H2 106.4 114.6 02-C4-C5-C6 -199.9175.40
C8-H8 | 1.086 0.963 C5-C6-H6 120.1 120.1 01-C4-02-H2 0.001B.5228
C9-H9 | 1.082 0.959 C7-C6-H6 122.2 120.0 C5-C4-02-H2 179)99172.22
C6-C7-H7 120.4 120.4 C6-C7-C8-C9 0.0005 0.1
C8-C7-H7 120.5 120.4 C6-C7-C8-HB8 -179.99 179.99
C7-C8-H8 120.8 120.7 H7-C7-C8-C9 -179.99 179.86
C9-C8-H8 121.2 120.6 H7-C7-C8-H8 0.0004 0.018
N3-C9-H9 116.0 119.0 N3-C5-C6-Cff -0.0010 -0.3231
C8-C9-H9 119.4 119.1 N3-C5-C6-Hb 179.99 179.66
C4-C5-C6-C7| -179.99 -179.7p2
C4-C5-C6-H6 0.0009 0.2608
C5-C6-C7-C8 0.0006 0.4
C5-C6-C7-H7| -179.99 -179.6D
H6-C6-C7-C8| -179.99 -179.6Q
H8-C8-C9-H9| 0.0003 -0.2
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2.3.2. Hyperpolarizability

To understand the microscopic origin of nonlineahdvior of the molecule
(2PA), polarizability ¢) and first-order hyperpolarizabilityg) tensor [29] have been
executed by B3LYP/6-311++G(d,p) basis set usingsSiam 09 program. The total
linear polarizability ¢) can be calculated by the following equation,

o = (Oxx + Olyytaz7)/3 .. (2.23)
where,ay, ayy andazz are the diagonal components of polarizabilinste.

The first order hyper-polarizability is a third fatensor which can be depicted
by a 3 x 3 x 3 matrix. Due to the Kleinmann symm¢§30], the 27 components of the
3D matrix can be minimized to ten components. Udimg DFT calculations, ten
components of this matrix such @&, Bxxy, Bxyys Byyys Bxxzr Bxyzs Byyzs Bxzz Byzz andPzzz
have been obtained. Using the x, y and z componaméscan calculate the magnitude of
the total first-order hyperpolarizabilit) tensor by the following equation,

B= [(Bxxx"’ﬁxyy*'szz)z*'(Byyy*'ByZZ*'Byxx)z*'(Bzzz"’ﬁzxx"’ﬁzyy)2]1/2 . (2.24)

The calculated values afandp components are listed in Table 2.5.

The polarizability§) and first hyperpolarizabilitg) of 2PA are 1.316xItesu
and 8.730< 10°° esu, respectively. The first hyperpolarizabilifyttee 2PA compound is
greater than those of ure df urea is 0.372& 10%° esu obtained by HF/6-311G(d,p)

method) [6].
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Table 2.5.NLO properties of 2PA calculated using DFT at BBU§-311++G(d,p) level

Polarizability First hyperpolarizability

Olxx 83.57 Brxx -12.18

Olxy -3.15 Bxxy -74.23

Olyy 62.64 Bxyy -14.80

Olxz 3.30 Pyyy -142.77

Olyz 30.63 Bxxz -160.80

Oz 120.34 Byz -13.44
Byyz 95.94
Bxzz -31.75
Byzz 603.83
Bzzz 996.65

2.3.3. Natural Bond Orbital (NBO) Analysis

In order to elucidate the inter and intramoleculharge transfer interactions
and electron delocalization within the molecules tHBO analysis is performed on
2PA at DFT/B3LYP with 6-311++G(d,p) basis set. T$econd order perturbation
theory analysis of Fock matrix in the NBO shows sehostrong intramolecular
hyperconjugative interactions, which are presemtedable 2.6. The NBO analysis
shows hydrogen bond interaction betwe#6-H) bonding and (C-N) and (C-Gf
anti-bonding orbitals. The most energetic donacceptor NBO interactions are those
involving the n*(Cs-Ng) with n*(C3-C4) and n*(C;:-C,) antibonds having energy
contribution 224.43 and 171.59 kJ/mol respectivélyese interactions are observed
as an increase in electron density (ED) in C—Cbantiing orbital that weakens the
respective bonds and thereby causing stabilizétidhe structure. These intramolecular
hyper conjugative interactions results in intrarcalar charge transfer (ICT) causing
stabilization of 2PA pyridine ring. The interactitetween g(O1,) and 6*(C11-O13)

results in a low stabilization of 31.13 kJ/mol witbw occupancy (0.08931e) of
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antibonding orbital, whereas the charge transfemfrny(O;3) to n*(C11-O1,) causes

low stabilization of 46.96 kJ/mol. The hyperconjtiga interactions between(®©;,)

and 6*(C4-Cy1) increases the C-C=0 bond angles. Thesadw*) interactions are

related to the resonance in the molecule, i.e.ndgative charge resonates between

the two oxygen atoms, because of the electron dom&ibm the atom of the electron-

donating orbital to the anti-bonding acceptor @lji6].

Table 2.6.Second order perturbation theory analysis of Foakix in NBO basis
including the stabilization energies using DFT 8LBP/6-311++G(d,p) level

, , , . “E(2) "E(j)-E(i) °F(i.j)
Donor (i) ED (i) Acceptor (j) ED (j) Keal/mol ol au
n*(C5-Cy) 0.30223 20.26 0.28 0.069
7n(C:-C,) 1.61277 *(C5-Ng) 0.35249 18.80 0.27 0.064
7*(C11-015) 0.24353 17.44 0.27 0.064
o(Cs-Cyy) 1.97510 6*(C5-Ng) 0.01484 3.25 1.20 0.056
6*(C1-Ng) 0.02287 5.38 1.05 0.067
6(C,-Hg) 1.97790
6*(C3-Cy) 0.01591 3.36 1.09 0.054
n*(C4-Cy) 0.32954 19.50 0.28 0.067
7n(Cs-Cy) 1.63569
n*(Cs-Ng) 0.35249 26.26 0.27 0.075
6*(C,-Cy) 0.03062 3.25 1.09 0.053
o(Cs-H-) 1.98151
6*(C4-Cs) 0.02583 3.26 1.09 0.053
6*(C»-Cy) 0.01496 3.38 1.10 0.055
6(C4-Ho) 1.98045
6*(C5-Ng) 0.01484 4.33 1.07 0.061
6(Cs-Ng) 1.98635 | 6*(C;-Cyy) 0.07737 3.01 1.23 0.055
n*( C1-Cy) 0.32954 25.08 0.32 0.081
7(Cs-Ng) 1.71083
n*(C5-Cy) 0.30223 14.17 0.32 0.060
6*(C1-Ng) 0.02281 477 1.05 0.063
C(Cs'Hlo) 198193
o*( C5-Cy) 0.01591 3.54 1.09 0.055
o*( C:-Cyy) 0.07937 17.49 0.67 0.098
N,(O1,) 1.85622
6*(C11-043) 0.08931 31.13 0.62 0.126
N,(O13) 1.81064 | n*(C11-Oyy) 0.24353 46.96 0.34 0.114
n*(C41-Cy) 0.32954 171.59 0.02 0.079
7n*(Cs-Ng) 0.35249
n*(C3-Cy) 0.30223 224.43 0.01 0.084
*(C11-012) 0.24353 n*(C4-Cy) 0.32954 161.41 0.01 0.072

®E(2) means the energy of hyper conjugative intéyast
PEnergy difference between donor and acceptor jj &ABO orbitals.

°F(i,j) is the Fock matrix element between i and§Morbitals.
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2.3.4. Mulliken population analysis

The total atomic charges of 2PA molecule are obtaifrom the Mulliken
charge population using DFT method. Atomic chargks/ an important role in
guantum chemistry. Mulliken atomic charge populati® one of the simplest pictures
of charge distribution and it predicts the net dtoaharges in the molecule [31]. The
strong negative and positive charges on the atdni2®A molecule demonstrate the
electrostatic attraction or repulsion between toena (Table 2.7). The Mulliken atomic
charge distribution and plots of Mulliken atomicacpes of all the atoms are shown in
Fig. 2.15 and Fig. 2.16, respectively. The chagjebe molecule are ranging from 1 to
—0.8 (Fig. 2.16). The highest value is observe@,n(+0.77237) and Q (-0.65255),
whereas the lowest value is observed in(€0.19245) and £(-0.16797) atom. All
the hydrogen atoms exhibit positive charge andhalloxygen atoms exhibit negative
charge. The carbon atoms possess both positiveegative charges and the nitrogen
atom exhibits negative charge. The sum of Mullieéomic charges for 2PA molecule
becomes zero and thus maintains the charge neétrali

Table 2.7.Natural population analysis (NPA) of 2PA calcuthteth
DFT/B3LYP/6-311++G(d,p) method

Atoms Natural Charge Atomic Charge
Ci 0.08733 -0.285942
C, -0.19245 0.533298
Cs -0.16797 -0.662069
Csy -0.22029 0.131323
Cs 0.05534 -0.234784
Ns -0.41543 0.023066
H-; 0.21332 0.184306
Hs 0.23848 0.249154
Ho 0.21497 0.186442
Hio 0.19094 0.202031
Cu 0.77237 -0.161785
O12 -0.60557 -0.306514
O13 -0.65255 -0.157673
Hig 0.48151 0.299147

Total 0.00000 0.000000
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Fig. 2.15.Mulliken atomic charge distribution of 2PA
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Fig. 2.16.Mulliken atomic charges of all the atoms of 2PA
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2.3.5. Molecular Electrostatic Potential (MEP) anajsis

Molecular Electrostatic Potential (MEP) is the thiimensional representation
of the charge distributions of molecules. MEP isngrily used to find out the reactive
sites of molecules which empower to anticipate lom& molecule can interact with
other molecules [32]. The electrostatic potentalues at the surface are represented
in different colors. The color code of these magges between -5.706e-2 (deepest red)
and +5.706e-2 (deepest blue) (Fig. 2.17). The lmbé indicates the slight electron
deficient region while the yellow portion shows thigght electron rich region. As
depicted in Fig. 2.17, the regions having negatkiarges are around the CI1, OI2,
OI3 and N6 atoms. The absence of maximum negatwenpal region in MEP plot
confirms the low chemical reactivity of the moleeuhnd the presence of partial
negative potential region (yellow colour) indicatée electron rich region which is

the favourable site for electrophilic reactivity.

57062 [N N - s e

Fig. 2.17.Molecular electrostatic potential of 2PA
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2.3.6. Frontier Molecular Orbital Analysis

The energy gap of HOMO-LUMO explains the chargendfar interactions
within the conformers. The HOMO and LUMO energids2®A, as calculated by
DFT/B3LYP/6-311++G(d,p) method, are as follows: HOMnergy, kovo = =7.47eV;
LUMO energy, Eumo = —2.09eV; HOMO-LUMO energy gam\Ecap = E.umo —
Eromo = 5.38eV.

The plots of HOMO and LUMO are shown in Fig. 2.T8e computed larger
value of the HOMO-LUMO energy gap (5.38eV) in 2PAntirms higher kinetic
stability and lower chemical reactivity of the molée. The 5.38 eV gap falls within
the UV region, so the molecule is colorless.

The energy gap between HOMO and LUMO is a critiparameter to
determine molecular electrical transport propertielse global chemical reactivity
descriptors of molecules such as hardngischemical potentialy), softness (S) and

electronegativity) can be calculated using the following equati@@8]

i -(1+A
n_l A;u: ( );S:Lanq:HA
2 2 2y 2

... (2.25)

where | and A are the ionization potential and tetet affinity of the molecules
respectively. The ionization energy (I = rdmo) and electron affinity (A = - fmo)
can be expressed through HOMO and LUMO orbitals Ividely known that the
chemical hardness and softness are useful propettiemeasure the molecular
stability and reactivity. The electrophilicity indéw) is a measure of energy lowering
due to the maximum electron flow between donor aondeptor [34]. It has been

obtained from the following equation:
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o=t .. (2.26)

The total energy change is defined AE; :%. The overall energy balance

(AE) which determines the energy gain or lost, irlaatron donor—acceptor transfer [35]
is given asAE = (A —1). The calculated reactivity descriptare presented in Table 2.8.

The hardness value and negative chemical potemtiaate that the molecule is stable [36].

Table 2.8.Calculated quantum chemical molecular orbital praps for 2PA at
DFT/B3LYP/6-311++G (d, p) method

Parameters B3LYP/6-311++G(d,p)
HOMO energy, Romo -71.47 eV
LUMO energy, Eumvo -2.09 eV
HOMO-LUMO energy gapAEcap 5.38 eV
lonization potential (1) 7.47 eV
Electron affinity (A) 2.09 eV
Total energy changaEr -0.67 eV
Overall energy balancak -5.38 eV
Electronegativityy 4.78 eV
Chemical hardnesg) 2.69 eV
Chemical potential (i) -4.78 eV
Electrophilicity index {) 4.24 eV
Softness (S) 0.37 eV*
SCF energy 1.15x% 10 kJ mot*




Eprye=-2.09 eV

Energy gap =538V

Enono=-7-47 eV

Fig. 2.18. HOMO-LUMO Plot of 2PA

2.3.7. Vibrational Spectral Analysis

The various vibrations with assignments of 2PA @&lyss carried out on the
DFT with B3LYP/6-311++G(d,p) basis set. The FTIRsipum was recorded using a
Perkin Elmer Spectrum Il FTIR spectrometer in tharsrange 4000-400 ¢émThe
experimental frequencies of FTIR intensities andirtidifferent assignments were
compared with theoretically computed assignments ane shown in Table 2.9 and

spectra in Fig. 2.19.
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Fig. 2.19(a).Simulated IR spectra of 2P@) FTIR spectra of 2PA

O-H Vibrations

The O-H stretching vibrations of water molecule expected in the wavenumber
region have 3600—3400 chfil]. In 2PA, broad IR band is observed at 3400"dnave
been assigned to the stretching vibrations of watadecules. The medium weak bands
are observed at 838, 688 and 616'dmIR are attributed to the out-of-plane O-H bei

mode. The computed O-H vibrations show good agraewi¢h the experimental results.
Pyridine Ring Vibrations

The C-H stretching wavenumber of pyridine ring expected in the spectral

region 3100-3010 cri{1]. In 2PA, the IR medium band observed at 3040 corresponds
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to the pyridine ring C-H stretching mode. The C#Hplane bending modes can be
expected in the region 1300 —1000 ¢rand the absorption bands arising from C-H
out-of-plane bending vibrations are usually obserivethe region at 1000-675 ¢
The observed C-H bending bands are sharp but aa& teemedium intensity. The
C-H in-plane bending vibrations are observed iratR 164 and 1085 cth The C-H
out-of-plane bending vibration observed at 992 &66 cm®, which is close to
computed vibration at 983 and 759 ¢nirhe aromatic ring C-C stretching vibrations
occur in the region 1625-1430 ¢min 2PA, the IR bands at 1601, 1525 and 1450'cm
are assigned to the C-C stretching modes; it shgyesl agreement with computed
results. Simultaneous activation of the C-C stietgimode of the pyridine ring in IR
spectra provides evidence for the charge tran$@ar)(interaction between the donor

and acceptor groups through theystem, which enhances the NLO activity.

Carboxyl Group Vibrations

Carbonyl stretching vibrations are generally appéarin the region
1715-1680 cit[1]. In 2PA, the C=0 stretching is observed in &b at 1653 cit.
The lowering of C=0 stretching mode is owing to Hyelrogen bonding of carbonyl
group with water molecule. The COO in-plane bendmgfe appears as very strong

band at 1387ciin both experimental and calculated vibration.



61

Table 2.9.Experimental and calculated vibrational wavenumlzerd fundamental
bands positions assignments of 2PA

Calculated
wavenumber (cni?)

Experimental
wavenumber (cni?)

Vibrational Assignments

- 3400 O-H stretching vibration
3154 3040 C-H stretching
- 2152 N-H stretching vibrations
- 1653 C=0 stretching vibration
1613 1601 aromatic ring C-C stretching vibratior
- 1525 aromatic ring C-C stretching vibratio
1465 1450 aromatic ring C-C stretching vibratio
1387 1387 COO in-plane bending
1292 1296 C-O stretching vibration
1219 1226 C-O stretching vibration
1129 1164 C-H in-plane bending
- 1085 C-H in-plane bending
983 992 C-H out-of-plane bending
- 838 out-of-plane O-H bending
759 765 C-H out-of-plane bending
658 688 out-of-plane O-H bending
- 616 out-of-plane O-H bending

2.3.8. Hirshfeld surface analysis

The 3D picture in Hirshfield surface analysis depiaternuclear distances and

angles whereas the 2D fingerprint plot shows thistemce of different types of

intermolecular interactions [37,38]. The Hirshfieddrfaces of the 2PA are given in

Fig. 2.20 and it explains the surfaces that hawnbeapped over dnorm, de, di, and

curvedness. The surface, representing the deemlackd circular depressions indicates
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hydrogen bonding contacts (Fig.2.21). The most majoH/H---H interactions contribute
44.4% to the overall crystal packing and the 28ci#tribution from the O---H/H---O
contacts are represented by a pair of sharp spikascteristic of a strong hydrogen-
bond interaction. This is evidence that van der M/darces exert an important

influence on the stabilization of the packing ie tystem [39,40]. Weak interactions
are identified as C-C (8.3%), C-H (7.2%), O-C (6)1%-C (3.8%), N-H (1.3%), O-O

(0.3%), O-N (0.2%) and N-N (0.1%). The strong iat#ions occupy more space and

weak ones occupy less space in the finger prinbneg

dﬂﬂ i

de curvedness

Fig. 2.20.Hirshfeld surfaces forgm, d, de and curvedness for the 2PA molecule
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2.4. CONCLUSIONS

Solubility studies of 2-picolinic acid (2PA) revedl positive coefficient of
solubility. Nucleation parameters of crystallizatiprocess of the 2PA crystals are
determined by the classical nucleation theory aedsity functional theory. The
2-picolinic acid single crystals have been sucedlysfrown by slow evaporation
solution technique (SEST). The powder X-ray diffrac analysis was carried out to
confirm the crystallinity nature and also to asairtthe purity of the grown crystal.
Williamson-Hall approach is found to be good foe tbalculation of the crystallite
size and lattice strain. UV studies show that tRé& 2rystal is transparent in the entire
visible region. From the optical studies, opticahstants like refractive index (n=1.08),
reflectance, extinction coefficient, real and inmagy dielectric constants are evaluated.
The band gap energy for the grown crystal is fouenble 3.5 eV, whereas optical band
gap by DASF method is equal to 3.47 eV. The flumrase emission analysis confirms
the emission of 2PA is in the blue region. The @rsanalysis of 2PA shows that it
can be used in optical limiting devices applicasioMolecular structure optimization
is accomplished perfectly by using DFT computatime first-order hyperpolarizability
and polarizability of 2PA are computed at the DEVel and the results are discussed.
The NBO analysis reveals hyper conjugative intéoactiCT and stabilization of the
molecule. Mulliken charges and molecular electitisigotential and are computed to
know about the potential and charge distributiothini molecule. Furthermore, the
HOMO-LUMO energy gap value reflects the stabilitfy 2ZPA molecule. The DFT
based quantum mechanical approach provides the nel@dile theoretical information
on the vibrational properties of 2PA. The theowdtiesults were compared with the

experimental vibrations. The assignments of mosheffundamentals provided in the
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present work are believed to be unambiguous. Thehkld surface analysis of 2PA
interprets the percentage of strong and weak imlecular interactions in the crystalline
state. The vibrational, UV, NBO and Z-scan studigggest 2PA as an attractive material

for optical applications.
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CHAPTER - III

EXPERIMENTAL AND THEORETICAL
INVESTIGATIONS OF NONLINEAR OPTICAL
CRYSTAL 2-PICOLINIC TRICHLORO ACETATE

3.1. INTRODUCTION

Growing organic single crystals has recently ated@ lot of attention from
researchers because of their potential use in aptommunication and image
process [1,2]. The organic materials enable caldmaof their optical properties
through molecular engineering and chemical synéhgs#]. Carboxylic acids are the
fascinating organic materials in the optical apgiiens because of their potential to
form hydrogen bonding interactions. The 2-carboxigge (also known as pyridine-
2-carboxylic acid, 2-pyridine carboxylic acid andatinic acid) is one such carboxylic acid
that likely creates stable compound.Pyridine-1-Ruearboxylatehydrogenbromide [5],
picolinic acid hydrochloride [6], 2-Carboxypyridimh hydrogen chloranilate [7], phosphoric
acid pyridine-1-ium-2-carboxylate [8], and 2-Carlgpyridin-1-ium trichloroacetate
(also known as 2-picolinic trichloro acetate) [9¢ all examples of stable carboxylic
acids that have been reported previously.

The present investigation is a novel one for rapgrthe nucleation kinetics,
third order nonlinearity and spectroscopic studd<2-Picolinic Trichloro Acetate
(2PTCA) crystal. X-ray diffraction investigatingdtstructural aspects establishes the
crystal structure belonging to crystal system asaobnic nature. Williamson—Hall
approach assesses the structural characteristitte ajrown crystal such as average

crystallite size along with lattice strain. Optieadd Mechanical studies of PTCA have
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also been carried out alongside, and its resuéisdacussed. The study also focuses
on experimental study and quantum chemical calicumatof PTCA crystal. The study
elucidates the correlation between the molecularcgire and the NLO property
together with the theoretical spectral simulatiomsing the density functional
theoretical (DFT) computations. The natural boritat (NBO) analysis explores the
interaction between inter- and intra-molecular gkatransfers. The quantum chemical
molecular orbital parameters have been evaluatech fFrontier molecular orbital
analysis. Hirshfeld surface maps and fingerprigtpis are plotted to understand the

various types of intermolecular interactions in thelecular crystal package.

3.2. EXPERIMENTAL ANALYSIS
3.2.1. Solubility Study

The solubility of 2-picolinic trichloro acetate wagtermined gravimetrically
for four temperatures (303 K to 318 K). Fine powadrPTCA compound was
dissolved in 100 ml of deionized water at 303 Kiluam equilibrium concentration of
the solution was obtained. The similar procedurs fedlowed for 308 K to 318 K
with step increase of 5 K. The solubility of 2-piogc trichloro acetate was found to
be 11 g/100 ml at 303 K. The concentration vs teatpee of PTCA crystal is shown
in Fig. 3.4. It is observed that the solubilityrohterial increases with an increase in
temperature and nucleation temperature increasistia@ increase in concentration.

Thus the grown PTCA crystal has a positive tempegatoefficient of solubility.
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Fig. 3.1.Solubility curve for PTCA

3.2.2. Nucleation Kinetics and Metastable Zone Wittt (MZW)

The value of radius of critical nucleus)(rGibbs free energy per unit volume
(AG,), critical free energy barrienG) and the number of molecules present in the
critical nucleus (i) are calculated as per egn.no. (1.1 to 1.8) ipihd and are given
in Table 3.1. The critical free energy barriexQ) decreases with increasing the
supersaturation and temperature and is shown in3kE2g The change in critical radius
(r') as a function of temperature, as well as the rsaperation are shown in Fig. 3.3.
At low supersaturation the formation of criticalaheus requires more free energy
change. Hence, radius of critical nucleus and nurobenolecules () present in the
critical nucleus is large. While increasing the exgaturation ratio the formation of
critical nucleus requires low free energy changbusl the critical radius of the
nucleus, the critical free energy barrier and thenber of molecules present in the

critical nucleus were decreased with increasingegsgiuration.
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A real control of nucleation and growth rate scarydbe realized by the
knowledge of the actual width of the metastableezamd control of the actual operating
point within the metastable zone throughout thestallization process. Nucleation
temperature for each saturation temperature cacabmilated from Fig. 3.1. The
present study involves reporting theoretically oldted values of metastable zone
width for the crystallization temperatures of cafstby slow evaporation method. The
metastable zone width of grown crystal very slighttoadens with the increasing of
temperature, which is the essential aspect for bk crystal growth.

Table 3.1.Nucleation Table from PTCA for Supersaturation Bdtil

T(K) | AGV(JIIM®) | 6 (3IIM?) | AG (J) r* (m) i J (nuclei/m*/sec)
303 | -1466231.2| 0.006351 1.99E-18 8.66El09 10015|6361.45898E+13
308 | -1490426.4] 0.005845 1.51E-18 7.84E{09 7431.5951.19578E+13
313 | -1514621.6| 0.005655 1.32E-18 7.47E{09 6412.6631.08382E+13
318 | -1538816.9 0.005577 1.23E-18 7.25E{09 5864.5691.02114E+13
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Fig. 3.2.Variation of Gibbs free energy with supersaturation
and temperature for PTCA
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3.2.3. Growth of PTCA Crystal

The commercially available 2-carboxypyridine amchtsloroacetic acid (AR grade)
was taken as raw materials in equimolar ratio f@wgh of crystal and dissolved in
double distilled water. The saturated solution weepared after attempting the stirring
process continuously for a period of six hours gintemperature controlled magnetic
stirrer. Then the saturated solution was filterstigi Whatman filter paper and poured in
a well cleaned Petri dish for synthesizing proc@$& synthesized salts were purified
by repeated recrystallization and at last goodsarent colorless single crystals were

harvested after three weeks and are shown in Fg. 3
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Fig. 3.4.As grown crystal of PTCA

3.2.4. Powder XRD

The powdered sample of the grown crystal was stdgje¢o powder crystal X-ray
diffraction using BRUKER X-ray diffractometer witBuKo radiation { = 1.5406 A)
and a step size of 0.0130 and a scanning stepofi@®.97s, to confirm the crystalline
nature of the grown crystal and it is evident frthra sharp peaks as in Fig. 3.5. From
the Fullprof Suite software, it is confirmed that®A crystal belongs to monoclinic
system with space grol@®2; and unit cell parameters are a = 6.134 (7) (A)22.140 (30)
(A), c = 8.049 (9) (A)p=y=9C, p = 95.755 (8) and volume = 1087.8 (2)}|AThese

values are in good agreement with the reportedegd9.

4500 T T T T
(142)

4000 - ©51)

3000~ (132

1 | |
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Fig. 3.5.Powder XRD pattern of PTCA crystal
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The size of crystal and its characteristics areoirtgmt in determining their
semiconducting nature, physical and optical proggerand so Williamson-Hall (W-H)
approach has been proposed to estimate them. INVthe method, the XRD peak
broadness is due to the grain size and the ladtreen (measuring the distribution of
lattice constants and crystalline imperfectionghsas lattice dislocations). It is possible
to estimate the crystallite size and the strain tii@ more precise Williamson-Hall
approach considering all of the diffraction peaks.

Upon using equations 2.3 and 2.4 from chapter+iystallite size £) and
lattice strain ) is calculated from the slope and y-axis intercspthe fco® versus
sind plot, respectively. Fig. 3.6 shows the WilliamgdaHl plot for PTCA crystal. The
value oft is ~0.1um andn, is 0.006 which indicates PTCA crystal has lesscia
strain, which suggests larger elastic stiffnesstom, and is discussed in microhardness

section [10].
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3.2.5. UV-vis-DRS Analysis
(a) By Tauc’s Plot

Optical transmission and absorption spectra arenéis$ in determining
material optical characteristics. The optical bebawef materials is tightly related to
localized states, atomic structures, and optiealsitions [11]. For optical applications,
the crystal must have a high degree of transparandyminimal absorption over a
wide wavelength range. The lower cut-off wavelengtithe grown crystal is 260 nm,
which corresponds te—r* transition. The absorbance spectrum of the PT@/Atal
recorded using SHIMADZU/ UV 2600 Spectrophotometethe range 220 -1100 nm
presented in Fig. 3.7, shows high transmittana#icating good crystal quality.

Using the absorption spectra, the linear opticaktants of PTCA are calculated
and the variation in optical constants as a fumctod photon energy is plotted
(Fig. 3.8(a-d)). From Fig. 3.8a the bandgap of PTagystal is jotted down to be 4.25 eV,
which indicates the grown crystal possessing la@@smittance and permits it to be a
suitable candidate for optoelectronic applicatioRefractive index (n), electric
susceptibility ¢c), real €) and imaginaryd) dielectric constants are calculated via
equations 2.5 to 2.8 from chapter-Il, and obtainaldies aé. = 800 nm, are n = 1.48,
yc = 0.175,¢, = 2.198 and;; = 7.275 x 10°. These values suggest that the PTCA

material has profound NLO efficiency.



=
o

a.u.)
=
=%

Absorption (

=
—

o=
(]

=
(X

ﬂ 1 L

300 400 200 600 700

Wavelength (nm)
Fig. 3.7.Optical absorbance of PTCA

800 900

1000

LREWT
f_ LEEHT
E
3 LDEHT
T
£ 15840
-

1.0EHIT

SREE

(a)

;
y

r,

HENG—8—8—0—0—0—0

¢

(b)

LAE

2 1 1 H
Phobon Erengy (e¥)

Photan Energy (V]

EE

uu:m:Tl. =y

(c)

_l-'-.-.-.-'-.

]
o

L o
2

o

o

7

Phaton Energy (V)

i

Photon Energy (V)

Fig. 3.8(a-d).Variation of optical constants as a function of fgmoenergy

80



81
(b) By DASF method

Optical parameters of PTCA are calculated as pénadagiven in section 2.2.5 (b)
of chapter-1l. From Fig. 3.9 the obtained valueeaergy band gap is 3.83 eV. The
slope of Fig. 3.10, gives the value of m, the vadfien near to 1/2, which indicates
PTCA has the direct band gap and direct allowedsttimn of charge carriers. The
Urbach energy value is obtained from linear slop€&ig. 3.11. The results obtained
(Table 3.2) from the optical studies reveal tha& BTCA crystal holds good optical
behavior for NLO applications [12].

Table 3.2.0ptical parameters of PTCA

Optical Parameters (DASF method) Values
Ag (Wavelength of energy gap) 323 nm
1/Ag 0.0031
Ey (optical energy band gap) 3.83 eV
Erai (Urbach energy) 0.19 eV
O (steepness parameter) 0.12
Ee.p (electron-phonon interaction) 5.56
n (refractive index) 1.88
€4 (dielectric constant) 3.56

295 3 305 31 315 32 325 33
A (nm™) %1073
Fig. 3.9.DASF plot for PTCA crystal
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3.2.6. Fluorescence analysis

Fluorescence is an optical property of a substdmaedevelops as a result of
stimulated electron relaxation. It furnishes thealgy information regarding the
electronic states of the material, influence ofringic impurities on the material
emission spectra [11]. A fluorescence spectrunhefgrown crystal is obtained using
SHIMADZU/ RF 6000 Spectro Fluorophotometer and igeg in Fig. 3.12. The
photoluminescence reveals only a significant emisgpeak at 513 nm across the
entire range between 300 and 900 nm. PTCA crydtaiee a blue fluorescence
emission owing tat—n* transition. The high acuity of the emission wargth of

these grown crystals has high potential applicatominescent probes [12].

400
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Fig. 3.12.Fluorescence emission of PTCA crystal
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3.2.7. Z-scan Analysis

The Z-scan is a widely accepted technique for treracterization of nonlinear
optics by the scientific community. It is a veryngle and highly sensitive but relatively
the most accurate method to determine the nonlinelax of refraction (§), nonlinear
absorption coefficientf), and third order nonlinear optical susceptibiliy®) by
closed and open aperture mode respectively [13]thake values are obtained as per
equations 2.16 to 2.21 given in chapter-1l. Thesetb aperture and open aperture
normalized transmittance as a function of sampkgtiom Z have been measured for
PTCA crystal and are exemplified in Fig. 3.13a &ritBb. In a closed aperture pattern
(Fig. 3.13a) the peak followed by the valley intgns vividly visible, signifying that
the sign of the refraction nonlinearity is negative., the feasibility of self-defocusing
effect [14]. Fig. 3.13b exhibits a decrease indraission with an increase in the input
intensity illustrative of the presence of revers¢ugble absorption (RSA) (excited
state absorption) with a positive nonlinear absorptoefficient enabling the material
for optical limiting applications [15-17]. TableBtabularizes the experimental details
and the results of the Z-scan technique for PTCystat. The excellent nonlinear
optical properties of the grown crystal testifyag a promising material for optical
limiting applications.

Table 3.3.0Obtained nonlinear optical parameter from opent@aosed-aperture
Z-scan measurement data for PTCA crystal

Measured values for

Parameters PTCA crystal
Nonlinear refractive index g 3.03x 10" (cnf/W)
Nonlinear absorption coefficieng) 8.47x 10% (cm/W)
Real part of the third order susceptibility [R8] 6.05x 10°8 (cnf/W)

Imaginary part of the third order susceptibility[y¥)] | 5.03x 10°7 (cm/W)

Third order nonlinear optical susceptibility)Y 5.06275x 10°" (esu)
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Fig. 3.13 (a).Self-focusing (closed aperture) Z-scan plot of PTeZystal
(b) Open aperture mode Z-scan plot of PTCA crystal
3.2.8. Microhardness Study

The indentation of PTCA crystal is measured foriouss loads from 2g to
100g using a SHIMADZU - HMV-G MicroVickers Hardne3®ster. The hardness
parameters are calculated and listed in Tableu3ig the relation [18]

H, = 1.854 P/8kg/mn? .. (3.1)
where, H - Vickers micro hardness number (kg/AymP- applied load (kg) and
d - average diagonal length of the impression (mm).

Fig. 3.14a graphs the increase in hardness nunolbendrease in load. The
Meyer’s index number [19] is determined from théatien P = kd where k is the
material constant and n, the “Meyer's index”. Byelr square fitting (Fig. 3.14b) the
value of n is obtained as 3.8. According to Hanneif2®], the values of n read 1 to
1.6 for hard materials and more than 1.6 for thiesmnes ascertaining PTCA
categorized under soft material group. Fig. 3.1e\eals the PTCA crystal to exhibit

reverse indentation size effect (RISE) indicati¥@lastic deformation predominance.



86
Table 3.4.Hardness parameters of PTCA

Load P (g) | H, (kg/mm?) | d (um) C11x 10°°(Pa) o, (MPa)
2 3.65 31.88 0.016 0.006
5 4.46 45.61 0.024 0.007
10 8.09 47.87 0.067 0.013
25 18.1 50.62 0.273 0.029
50 33.8 52.38 0.814 0.054
100 50.1 60.82 1.622 0.080
Eﬂ T T T T T T {c}
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Fig. 3.14. (a)variation of H against applied load () log P against log ) H, against d
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According to Hays—Kendall's approach, load depehdsrdness may be

expressed by [21]:

P=W+Ad .. (3.2)
where ‘W' is the minimum load initiate plastic defwation and Ais the load independent
constant. The value of W and; Aan be calculated by plotting the experimental P
against & These two values estimated from the plot drawwéen P and T(Fig. 3.15)
are -135.7g and 0.065(g/{irespectively. The corrected hardness)(Eblculated

using the relation ki= 1854.4x A, is 97.08 (kg/mm).

20

40

1000 1600 2 2200 2800

2
d® (pm)
Fig. 3.15Load P againstd

Elastic stiffness constant {{ is estimated by Wooster's empirical relation [22]
From Fig. 3.16 it is evident that the elastic sBfs constant increases with increase in

load, which authenticates the tightness of bondetgeen the neighboring atoms [23].
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3.3. COMPUTATIONAL ANALYSIS
3.3.1. Optimized geometry

The optimized geometries of PTCA with symbols andhbering scheme for
the atoms are shown in Fig. 3.17. Table 3.5 liemrtmain structural parameters
maximized at DFT/B3LYP/6-311++G(d,p) level. The lghd minimum energy value
measured by the DFT structure optimization mett®d5.372x 1¢° kd/mol. The
computed bond lengths show slightly higher readitigmn the X-ray data, as the
theoretical values correspond to the isolated nuidscin gas-phase whereas the
experimental results are taken from crystal stmesty24]. The optimized structure

reveals intermolecular hydrogen bonding of the tid®-H22...04, which is caused
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by cations and anions forming ion pairs via the M2 atom. Protonation effected
between COO- atoms and NH+ group of hydrogen ban@ire confirmed by the
increase in C11-N10 (1.361A) and N10-C15 (1.340A) £11-N10-C15 (123%

bond angle. The increase in N10-H22 (1.017A) revstibng intramolecular hydrogen
bonding N10-H22...05. Despite the differences, cal®d geometric parameters
show a good approximation and hence can be usedhltwlate other parameters

reported below.

Fig. 3.17.The optimized molecular structure of PTCA



Table 3.5.0ptimized parameters of PTCA by B3LYP level
with 6-311++G(d,p) basis set
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Bond values (A) Bond Angle Values (9 Dihedral Angle Values ()
Length | calc. | Exp? Calc. | Exp?® Calc. Exp?
H17-C12 1.079| 0.97§ C6-C7-CL3 112.2 1124.8 H17-C13-E18 -1.938 0.269
CL3-C7 1.791| 1.7520 C6-C7-CL2 109.1 1113 H17-C13ClL4 176.618| -179.755
C12-C13 1.408 1.383 C6-C7-CL1 108.f7 108.8 C11-C13-818 179.184| -178.432
C12-C11 1.369| 1.373 CL1-C7-CL3 108.y 108.3 C11-C13-Ci14 -2.258 1.542
C13-C14 1.376| 1.379 CL3-C7-C13 112.p 112.8 H17-C12-C16 0.0205 -0.410
09-H21 0.969| 0.953 CL2-C7-CL3 108.7 108.8 H17-C12-®lI10 179.675| -179.458
09-C16 1.338| 1.30§ CL1-C7-CL2 109.1 108.7 C13-C12-C16 179.923 178.335
CL1-C7 1.808| 1.775 CL2-C7-C13 109.1 108.6 C13-C12-810 -1.4212 -0.713
C7-C6 1.594| 1.564 C16-09-H21 108.04 111.2 H18-C13-819 1.3026 -1.695
CL2-C7 1.807| 1.770 C11-N10-C15 123.0 109.5 H18-C13-C15 178.302 179.113
C14-C15 1.405/ 1.371 C11-N10-H22 1158 122.8 C12-C13-H19 -177.246| 178.329
C11-C16 1.488 1.500 C15-N10-H22 1202 117.3 C12-C13-C15 -0.246 -0.863
C11-N10 1.361| 1.34§ C12-C11-C1¢ 1264 1195 H21a28-C11 -177.871  179.196
04-C6 1.258| 1.249 N10-C11-C17 119.8 125.7 H21-08-08 2.590 -1.614
C16-08 1.207| 1.203 N10-C11-Ci6 1137 119.3 CL3-Q3-05 1.466 20.121
N10-C15 1.340| 1.328§ C13-C12-H17 1218 1149 CL3&18-09 -178.751] -162.33
N10-H22 1.017| 0.855 C13-C12-H17 119.6 122.1 CL1€IB-05 -118.885 -98.759
C15-H20 1.076] 0.937 C11-C12-C13 1185 118.9 CL1a€13-09 60.896 78.793
05-C6 1.231| 1.22 C12-C13-H1¢ 119.6 188.8 CL2-C3-Ob 122.1532] 142.834
C14-C13-H18 120.1 120.8 CL2-C7-C13-09 -58.064839.612
C12-C13-C14 120.2 117.9 C13-C14-C15-N10 6.44p0 0.667
C13-C14-H19 121.8 120.1 C13-C14-C15-H20 -174.58878.278
C13-C14-C15 119.4 119.3 H19-C14-C15-N10 -176.45979.841
C15-C14-H19 118.6 119.1 H19-C14-C15-H20 -8.31p8-0.897
N10-C15-C14 118.2 121.4 C12-C11-C16-09 -2.0120 .31®
C14-C15-H20 123.3 119.6 C12-C11-C16-08 177.54QL78930
N10-C15-H20 117.3 124.2 N10-C11-C16-09 178.314179:400
09-C16-C11 112.8 116.0 N10-C11-C16-08§ -2.1331 159.
08-C16-09 124.8 112.1 C12-C11-N10-C1H 8.1167 849.
08-C16-C11 122.2 126.9 C12-C11-N10-H22 177.211773.046
120.8| C16-C11-N10-C15 -172.186  -179.997
C16-C11-N10-H22 -3.0913 -6.102
C11-N10-C15-C14 -10.5471 1.553
C11-N10-C15-H20 -179.416  -177.475
H22-N10-C15-C14 -179.175 -172.220
H22-N10-C15-H20 11.9544 8.751
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3.3.2. Hyperpolarizability

Quantum mechanical calculations are used for ptiedithe molecular NLO
properties of molecules. The total linear polariigb(a) can be calculated by the
following equation,

o = (oxx + Oy + 077)/3 .. (3.3)
where,ay, ayy andazz are the diagonal components of polarizabilinste.
The total first-order hyperpolarizabilitg)is given by the following equation,
B = [(Bxxx *+ Bxyy + Byz2) + (Byyy * Byzz+ Byxx)2 + (Bzzzt Boxx+ Bzyy)z]l/2 . (3.4)
where, Byxx, Bxxys Bxyys Byyys Bxxzs Bxyzs Byyz Bxzzs Byzz andBzz.are the 10 components of
the 3D matrix.

The calculated values of and 3 components are listed in Table 3.6. The
polarizability @) and first hyperpolarizabilityp) of the PTCA are 3.758 102 esu
and 2.7965 10?® esu, respectively. THevalue of PTCA is greater than that of urea [25],
which confirms PTCA as the best material for NLQlagations.

Table 3.6NLO properties of PTCA calculated using DFT at
B3LYP/6-311++G(d,p) level

Polarizability First hyperpolarizability

Olxx 262.29 Byxx 1098.15

Olxy -64.15 Brxy -1025.61

Qyy 159.44 Bryy 828.98

Olxz 150.12 Byyy -336.05

Oy, -70.61 Bxxz 2074.21

Oz 339.41 Buyz -1245.02
Byyz 877.74
Bz 3772.29
Byzz -1554.82
Bzz2 6753.71
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3.3.3. Natural Bond Orbital (NBO) Analysis

In order to elucidate the inter and intramolecwharge transfer interactions
and electron delocalization within the molecules tHBO analysis is performed on
PTCA at DFT/B3LYP with 6-311++G(d,p) basis set. @exond order perturbation
theory analysis of Fock matrix in the NBO is prdsenin Table 3.7. The NBO
analysis shows hydrogen bond interaction betwesgax lone pairs and (C-H) and
(N-H) o* anti-bonding orbitals. The stabilization energiesupled with the hyper
conjugative interactions for(0,) to 6*(C15-H2g), M(Og) to 6*(N10-H22), are obtained
as 0.63 and 0.99 kcal/mol, respectively (Table ,3which quantify the extent of
intramolecular N-H...O and intermolecular C-H...O hygeo bonding. The most
important intramolecular interaction ) energy related to the resonance in the
molecules are electron donating froafQy) atom to anti-bonding acceptar(Os-Ce)
atom whose energy is 95.01 kcal/mol resulting ipdrgonjugation interactions from
n(O) to O-C bond. The second-order perturbatiomgie® of 1*(Og-Cy¢) to m*(C11-Cy2),
*(N10-Cy5) to 7*(C11-C12) and n*(N10-Cis) to n*(C13-Cyg) are 85.48, 29.55 and
50.45 kcal/mol, respectively. These interactionskenghe pyridine ring of PTCA

stable [26].
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Table 3.7.Second order perturbation theory analysis of Foakix in NBO basis
including the stabilization energies using DFT 8LBP/6-311++G(d,p) level

Donor (i) ED (i) | Acceptor (j) | ED () | *E(2)Kcal/mol | °E(j)-E(i)a.u. °F(i,j)a.u.
o*(CB-C7) 0.16071 20.79 0.56 0.018
n,(0y) 1.76589 | o (CisHy) | 0.01245 0.63 0.68 0.020
7' (N1g-Cis) | 1.76589 27.15 0.19 0.069
ns(O.) 1.63936| ' (0sCe) | 0.35315 95.01 0.27 0.144
6 (0,-Cs) | 0.05485 18.56 0.79 0.111
N,(Os) 1.82100 -
o (Ce-Cy) 0.35315 26.43 0.52 0.105
m(N1g-Cie) | 1.83345| 7'(Ci-Cy,) | 0.25128 20.44 0.39 0.081
7 (0g-Cye) | 0.24683 18.05 0.28 0.065
1(Ci1-Cip) | 1.67927 | n'(Ny-Cis) | 0.46254 11.72 0.24 0.049
n (Ci-Ci) | 0.25128 17.28 0.31 0.067
6 (0s-Cye) | 0.08837 33.97 0.23 0.081
T[(C13'C14) 165861 .
6 (C11-Cy) 0.07068 16.56 0.29 0.063
G*(Og'cls) 0.08837 31.53 0.63 0.128
n,(Og) 1.84616 | o (NirH,,) | 0.02342 0.99 0.66 0.024
6 (C11-C15) | 0.07068 18.31 0.68 0.101
n,(Og) 1.81254| x'(Og-Cy) | 0.24683 49.92 0.34 0.115
7 (0g-Cye) | 0.24683| 7'(Ci1-Cy) | 0.25128 85.48 0.02 0.073
. n (Ci-Cip) | 0.25128 29.55 0.06 0.062
T (N10-015) 0.46254 -
7 (C13-Cia) 0.20932 50.45 0.06 0.088

®E(2) means the energy of hyper conjugative intevast
Energy difference between donor and acceptor jj NBO orbitals.
°F(i,j) is the Fock matrix element between i andg@lorbitals.
3.3.4. Mulliken Population Analysis

Mulliken atomic charges are calculated at the DRBLMP/6-311++G(d,p)
method. All oxygen atoms of PTCA molecule have tiggacharges and all hydrogen
atoms have positive charges. Natural populatiorlyaisafor PTCA is presented in

Table 3.8. The natural charge distribution on e&tom is evaluated in terms of natural

atomic orbital occupancies. The strong negativegdson all the oxygen atoms and
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strong positive charges on the remaining atomsT&@A° molecule demonstrates the
electrostatic attraction or repulsion between tbma that can result significant contribution
to the intramolecular charge transfer interactiteeling to the stabilization of the
molecule. The Mulliken atomic charge distributiondaplots of Mulliken atomic
charges of all the atoms are shown in Figs. 3.1B3h9, respectively.

Table 3.8.Natural population analysis (NPA) of PTCA calcelhwith

DFT/B3LYP/6-311++G(d,p) method

Atoms Natural Charge Atomic Charge
Cly 0.01743 -0.21914
Cly 0.01981 -0.22891
Cls 0.03812 0.207285
O4 -0.70406 -0.40746
Os -0.70172 -0.31059
Cs 0.74571 -0.24939
Cs -0.23762 0.371943
Os -0.58049 -0.26106
Og -0.65983 -0.14551
Nio -0.45967 0.003785
Cu 0.14429 -0.08669
Ci2 -0.17075 0.386243
Cis -0.11541 -0.15483
Cis -0.19154 0.002402
Cis 0.18254 -0.12328
Cis 0.77685 -0.2187
Hi7 0.24599 0.264346
His 0.22463 0.160484
Hio 0.23760 0.159076
Hzo 0.24721 0.19246
Hop 0.49777 0.319722
Hoo 0.44314 0.33782

Total 0.00000 0.00000
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Fig. 3.18.Mulliken atomic charge distribution of PTCA
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Fig. 3.19.Mulliken atomic charges of all atoms of PTCA
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3.3.5. Molecular Electrostatic Potential (MEP) Anaysis

Molecular electrostatic potential (MEP) mappingestremely effective in
studying molecular structure and its physiochenpeaperty relations [27]. Figure 3.20
shows the total Self-consistent field (SCF) elattdensity surface mapped with the
molecular electrostatic potential of PTCA obtainey the B3LYP/6-311++G(d,p)
technique. The color pattern for the MEP surfacasdollows: red- electron rich or
partially negative charge; blue-electron deficiemtpartially positive charge; light
blue-slightly electron deficient zone; and yellolgktly electron rich region. The
electron density found in PTCA has extreme limits&081e-2 (red) and +8.081e-2
(blue). The electron-rich sites of ClI1, CI2, CI3},@nd O5 atoms are vividly indicated

by the MEP of PTCA.

-8.081e-2 D ; N 5.081e-2

Fig. 3.20.Molecular electrostatic potential of PTCA
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3.3.6. Frontier Molecular Orbital Analysis

The HOMO represents the ability to donate an edectand LUMO as an
electron acceptor represents the ability to okdaielectron. The HOMO-LUMO energy
gaps are calculated directly as the difference@M@® and LUMO energy values, obtained
from the density functional theory [28]: HOMO engrd=omo = —6.59 eV; LUMO
energy, Eumo = —3.45 eV; HOMO-LUMO energy gapEcapr = B umo — Biomo = 3.14 eV.

The plots of HOMO and LUMO are shown in Fig. 3.Zhe computed larger
value of the HOMO-LUMO energy gap (3.14 eV) in PTCAnfirms higher kinetic
stability and lower chemical reactivity of the molée. The 3.14 eV gap falls within
the UV region, so the molecule is colorless. Thabgl reactivity descriptors, such as
ionization potential (I), electron affinity (A), ettrophilicity index ), chemical
hardnessr{), softness (S), chemical potentig) @nd charge transfeAllmax), have
been calculated using the energy of HOMO and LUM®e calculated values are
listed in the Table 3.9. The hardness value anéthagchemical potential indicate
that the molecule is stable [29].

Table 3.9.Calculated quantum chemical molecular orbital praps for PTCA

Parameters B3LYP/6-311++G(d,p)
HOMO energy, Rovo - 6.59 eV
LUMO energy, Eumo -3.45 eV
HOMO-LUMO energy gapAEcap 3.14 eV
lonization potential (1) 6.59 eV
Electron affinity (A) 3.45 eV
Total energy changaEr -0.39 eV
Overall energy balancak -3.04 eV
Electronegativityy 4.55 eV
Chemical hardness)) 1.57 eV
Chemical potential (i) -5.02 eV
Electrophilicity index ) 8.02 eV
Softness (S) 0.64 eV
SCF energy -5.37 x £ mot*




98

Ervnc=-345eV

‘Emm gap=31.14eV

Exouo=-6.8%V

.;'-‘

Fig. 3.21.HOMO-LUMO Plot of PTCA

3.3.7. Vibrational Spectral Analysis

The various assignments of PTCA crystal is perfafrasing DFT/B3LYP/
6-311++G(d,p) basis set. The FT-IR spectrum wasrdsd using a Perkin Elmer
Spectrum Il FT-IR spectrometer in the scan rang@04@00 crit. The experimental
frequencies and their different assignments wenepaoed with theoretically computed
assignments and are shown in Table 3.10 and th@uwech and experimental FTIR

spectra are presented in Fig. 3.22.
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Fig. 3.22(a).Computed IR spectra of PTQA) Experimental FT-IR spectra of PTCA

C-H vibrations

The hetero aromatic structure shows the presen€e-df stretching vibration
in the region 3100-3000 ¢hwhich is the characteristic region for C—H strenchi
vibration [9]. The aromatic C—H stretching of PT@#ves band at 3055chin IR
with strong bands which is close to the calculatedenumber 3195 ¢ In general
in-plane aromatic C—H deformations occur in theimedl300-1000 cfh In PTCA,
two strong infrared bands at 1232 and 1154' amsigned to C—H in-plane bending

vibrations are in good agreement with calculategemambers 1203 and 1150 ¢m
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Bands involving the out-of-plane C—H vibrations eppin the range 1000—600 ¢m
The bands at 900, 748 &nin IR spectrum and 919, 733 @rim calculated spectra

correspond to C—H out-of-plane bending vibrations.

N-H vibrations

The vibrational bands due to the N-H stretchingsdn@p and weak than those
of O—H stretching vibration by virtue of which thegn be easily identified. The N-H
stretching modes are observed as a broad bancifTRIR spectrum at 3441 €m
and simulated spectra at 3525 tnThe N-H out-of-plane bending mode can be
observed as a weak band in the IR spectrum at 672ig in good agreement with

calculated wavnumber 680 &m

O-H vibrations

The in-plane bending O—H deformation vibration dlyuappears as a strong
band in the region 1400-1260 ¢rim the IR spectrum [9], which gets shifted to hégh
wavenumbers in the presence of hydrogen bonding O®OkH in-plane bending

vibration is observed at 1295 ¢rim IR spectrum and at 1326 ¢rat computed spectra.

Pyridine ring vibrations

The carbon—carbon stretching modes of the benzageare expected in the
range from 1610 to 1200 ¢hf9]. The bands at 1610 and 1458 Gminfrared spectrum
of PTCA owe to C-C stretching are in good agreemtit computed wavenumbers

1632 and 1423 cth
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Table 3.10.Experimental and calculated vibrational wavenurslzad fundamental
bands positions assignments of PTCA

Calculated | Experimental Experimental Vibrational Assignments
wavenumber | wavenumbef® | wavenumber (cm’)
(cm™) (cm™) Present work
3525 3449 3441 N-H stretching vibration
3195 3056 3055 C-H stretching vibration
1698 1709 1672 C=0 stretching vibration
1632 1610 1610 Ring stretching vibration
1423 1449 1458 Ring stretching vibration
1326 1307 1295 O-H in-plane bending
1203 1209 1232 C-H in-plane bending
1150 1130 1154 C-H in-plane bending
919 911 900 C-H out-of-plane bending
836 823 811 C-H out-of-plane bending
733 725 748 C-H out-of-plane bending
680 670 672 N-H out-of-plane bending
501 512 511 C-C-C bending

3.3.8. Hirshfeld Surface Analysis

The Hirshfeld surface analysis made an attemptefme the space occupied,
by a molecule in a crystal for the purpose of piarting the crystal electron density
into molecular fragments [30,31]. Fig. 3.23 shoaesdnorm, shape index and curvedness
of molecular Hirshfeld surface analysis for PTCAtal. Close-contact interactions

are primarily responsible for the major intermolecthydrogen bonding interactions,
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as shown by the deep red spots on the dnorm Hidskiefaces. Fig. 3.24 shows the

percentage contribution of chosen interatomic aratto the Hirshfeld surface region
as well as a 2D fingerprint map of PTCA. The O...H/B.intermolecular interactions

(30.4%) is represented by a two sharp spike irRhdingerprint plot region. The O...H

interactions represented by the left long sharfkespn the donor region (16.5%)
shows the hydrogen atom interacting with carboxytroups of two compounds. The
H...O interactions are indicated by a right long sp{k3.9%) in the acceptor region.
It specifies carboxyl oxygen atom acts as an aocdpt the hydrogen atom of the
NH" group [32,33]. The relative contributions of the.H, C...H, H...Cl, CI...Cl,

and C...C contacts are 5, 3.8, 25, 13, and 1%, r&spbc

curvedness

Fig. 3.23.Hirshfeld surfaces forgm, d, d and curvedness for the PTCA molecule
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Fig. 3.24.2D fingerprint plots showing various intermolecutantacts in the PTCA

3.4. CONCLUSIONS

Solubility studies of 2-picolinic trichloro acetateTCA) have been undergone
and the nucleation kinetics of grown crystal idl&d. The values of kinetic parameters
obtained by the application of different equati@ie in good agreement with each
other. This confirms that the evaluated nuclegtiarameters are possible for the growth
of PTCA crystals. Single crystal of PTCA has beeowy by slow evaporation

technique. The powder XRD studies have been caoigdon grown crystal. Also,
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average crystallite size and lattice strain analyasing Williamson—Hall approach
indicate the minimum value of lattice strain on grewn crystal has lower dislocation
density. UV-Vis studies disclose that the PTCA comm is transparent in the entire
visible region. Also, optical constants like bandg&g=4.25 eV), refractive index
(n=1.48), reflectance, and extinction coefficierg avaluated. DASF method used to
acquire the optical band gap and other optical paters interpret the optical band
gap of PTCA crystal equal to 3.83 eV. The fluoreseeemission analysis confirms
the emission of PTCA is in the blue region. Thecdrs technique points out the
reverse saturated absorption optical process obdenv the PTCA crystal. The
mechanical behavior reveals that the PTCA cryst&brigs to soft category. The
computed spectroscopic parameters are in good ragreavith the experimental data
results. The NBO analysis reveals the possiblanmbtecular charge transfer interactions
and stability in PTCA. The MEP study confirms PT@# an electron rich species and
explains its electrophilic nature. The hardnessi&#and negative chemical potential
from HOMO-LUMO indicate that the PTCA molecule tslsle. The Hirshfeld surface
analysis of PTCA interprets the percentage of gfr@amd weak intermolecular
interactions in the crystalline state. UV studiB8O, and Z-scan studies suggest

PTCA as an attractive material for optical limitiagplications.
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CHAPTER - IV

EXPERIMENTAL AND THEORETICAL
INVESTIGATIONS OF NONLINEAR OPTICAL
CRYSTAL 2-PICOLINIC BENZOTRIAZOLE

4.1. INTRODUCTION

Nonlinear optical materials are gaining a lot deation because they're used
in data storage, optical switching, picture recartsion, and holography recording [1,2].
Material scientists have focused their attentiortt@ncreation of innovative nonlinear
optical single crystals with high nonlinear opticadefficients due to day-to-day
technological requirements [3]. In this view, organonlinear optical materials may
be far superior owing to their relatively high afadter nonlinearities [4,5]. Among
the various organic compounds reported for theiONdroperties, a series of studies
on organic benzotriazole compounds such benzotagzdydroxy benzoic acid [6],
benzotrizolium picrate [7], benzotriazole pyridiBesarboxylic acid [8] etc., having
good NLO properties and crystallizability. Despitee fact that the 2-picolinic
benzotriazole (PBTA) compound has previously besported [8], this is the first
study to focus on DFT calculations in additionttactural, optical and hardness properties.
The growth of a possible nonlinear optical singlgstal of 2-picolinicbenzotriazole
(PBTA) using slow evaporation solution growth preedymethanol as the solvent is
described in this paper. The heterocyclic moledhdeazotiazole has three nitrogen
atoms. It is a type of organic compound that hasilfle ligands. Because picolinic
acid (also known as pyridine-2-carboxylic acid, y2igine carboxylic acid and 2-
picolinic acid) is a chelating agent, it createsrdmation bonds with the ligand, which is
required for non-centrosymmetric space group clystamation [9]. PBTA
crystallizes into a non-centrosymmetric crystalisture, which is a need for nonlinear

optical materials. The different molecular propestof PBTA molecule is computed
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guantum-chemical calculations, including the optedi geometry, bond lengths, bond
angles, charge transfers, hyperpolarizability, tred energies and characteristics of the
HOMO and LUMO. The behavior of the PBTA crystal déscussed using both

experimental and theoretical methods.

4.2. EXPERIMENTAL ANALYSIS
4.2.1. Solubility Study

The solubility of grown PBTA crystals was testedngsmethanol in the
temperature range between 303 K and 318 K witmvale of 5 K. Initially, the constant
temperature bath was kept at 303 K, and stirring e@tinued. The re-crystallized
material was added step by step to 100 mL of melhanan airtight container until
equilibrium concentration of the solution was agbig The similar procedure was
followed to find out the solubility for other tema¢ures. Fig.4.1 shows the solubility
of PBTA crystal. It has been discovered that astdmperature rises, so does the
solubility of the material, and the nucleation tergiure rises with the concentration.

As a result, the PBTA compound exhibits positiviisiity gradient.

318 [

3161 | —e— solubility Curve

314 —#— Nucleation Temperature

L
=
[

310 |

Temperature (K)

12 14 16 18 20 22
Concentration (g)
Fig. 4.1.Solubility curve for PBTA
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4.2.2. Nucleation kinetics and Metastable zone widt(MZW)

The different nucleation characteristics such ascal free energy of the
nucleus AG), radius of the critical nucleus )y nucleation rate (J), and number of
molecules in the critical nucleus)(have been estimated using the interfacial tension
values. Table 4.1 lists the nucleation characiesisbf PBTA crystals at various
supersaturation levels. With increasing supersaturand temperature, the radius of
critical nuclei shrinks.With rising supersaturatighe change in free energy per unit
volume AG,) diminishes. Fig. 4.2 illustrates the calculat&édmge in energy barrier
(AG') as a function of supersaturation ratio. T¥@ will decrease as the supersaturation
ratio rises. The radius of the critical nucleusaasinction of supersaturation ratio is
shown in Fig.4.3. At different supersaturation wa1.1 - 1.4) for 303 K, the critical
free energy barrier and critical radius of PBTA evdetermined to be\G') 1.63x10'¢ J
to 1.31 x10° J and () 8.22 nm to 2.33 nm, respectively. The width &f thetastable
zone is crucial for bulk size crystal formation.ergoal of this study is to suggest
theoretically calculated metastable zone width eslfor crystallization temperatures
using the slow evaporation method. The results shimat when the temperature

drops, the zone width of the formed crystal narrows

Table 4.1.Nucleation Table from PBTA for Supersaturationi®dt 1

T(K) | AG(JIM® | 6 M) | AG™ (J) r’ (m) i J (nuclei/m*/sec)
303 -1407072.1 0.005781 1.63E-18 8.22E109 8203.02 .27716E+13
308 -1430291.1f 0.00544 1.32E-18 7.61E409 6507{057 .09443E+13
313 -1453510.1] 0.005231 1.13E-18 7.2E-09 5512157 .79845E+12
318 -1476729.1f 0.005104 1.02E-18 6.91E{09 4883{7089.03849E+12
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4.2.3. Growth of PBTA Crystal

The growth of 2-picolinic benzotriazole single d¢ays, by using 2-carboxypyridine
and 1H-1,2,3 benzotriazole (AR grade), both comia#tycavailable, are combined in
an equimolar ratio and dissolved in methanol. Tdlati®n is then stirred continuously
for six hours at room temperature to maintain hoamajty. The solution is filtered
using Whatmann filter paper to eliminate impuritiesfore being transferred to a
crystal growth vessel and allowed to grow by slasaporation at room temperature.
To control the rate of evaporation, the openinghef vessel is covered with a porous
polythene sheet. Slow evaporation solution growtdthmd yields optically good

quality PBTA crystals after two weeks, as illustéichin Fig. 4.4.

Fig. 4.4.As grown crystal of PBTA

4.2.4. Powder XRD
The powder XRD pattern of the PBTA crystal using BEER X-ray

diffractometer with Culg radiation § = 1.5406 A) and a step size of 0.0130 and a
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scanning step time of 23.97s, given in Fig.4.pldigs the (hkl) values corresponding

to each diffraction plane. The crystalline natuféh@ sample is revealed by the razor
sharp and well defined peaks at certaénvalues, which are a characteristic property
of the XRD spectrum. The following are the lattm®perties of the PBTA crystal as
determined by Fullprof Suite software: a= 22.67D)(2A), b = 3.898 (1) (A),

c = 12.717 (5) (A)o =p =y = 9¢° and volume = 1123.9 (1) & orthorhombic

system with space grougnaz;. It closely matches the reported value [8].

2500 T
(402)

2000

(401)

—
e
=
=

Intensity (cts)
=
=
=

500 |

|
10 15 20

30 3 40

2
2 theta (degree)

Fig. 4.5.Powder XRD pattern of PBTA crystal

The diffraction peaks suggest two main componerngscaystallite size and
strain. Fig.4.6 exhibits the Williamson-Hall anal/$o estimate crystallite sizeand
induced strain in PBTA sample. Lattice strain isi@mlly measured from the lattice
parameter arising from crystal imperfection suchcagstal dislocation and grain
boundary point [10]. The size and strain broadensmgvaluated by W-H analysis

using the relation [11]:
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Beo® = 1 L nsing . (41)
T
where, - FWHM of the diffraction peak (rady - Bragg's diffraction angle (rad);
K - Scherrer constan - wavelength of the X-ray%,&j; T - crystallite size (um);

n - lattice strain.

The size and strain of PBTA is evaluated from iceéet and slope of straight
line respectively by linear fit. The crystallitezsi) value is ~0.2um and lattice strain,
n = 0.003. Because the valuewpis small, the PBTA crystal has less lattice strain

implying a larger elastic stiffness constant. [12].

%102
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Fig. 4.6.Graph plotting3cos 6 versus sifi

4.2.5. UV-vis-DRS Analysis
(a) By Tauc’s Plot

The most specific optical parameters of materiedst@nsmittance, absorption,
reflectance, absorption coefficient, optical eneygp and refractive index were calculated
from the transmittance spectrum. The optical alismspectrum was recorded in the

range of 220-1100 nm using SHIMADZU/ UV 2600 Speptrotometer and is
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depicted in Fig. 4.7. The crystal is highly transpd if it has a low absorption region.

It is found that the crystal is transparent fron® 48n to 1100 nm. Hence the crystal
can be used for frequency doubling process [13f Tihear optical constants of
PBTA are determined using the absorption spectna, the variation in optical
constants as a function of photon energy is diguayig. 4.8(a-d)). Fig. 4.8a shows
that the bandgap of the PBTA crystal is 3.49 eVicWhvas obtained by extrapolating
the linear part of the curve to the axis. The refractive index increases with increase
in photon energy and is depicted in Fig. 4.8b. Fdgc and 4.8d illustrates the
extinction coefficient and reflectance varies linegth respect to photon energy. The
calculated values of refractive index (n), electsiesceptibility gc), real €) and
imaginary §;) dielectric constants derived from the optical tants at. = 800 nm,

are 1.05, 0.088, 1.111 and 9.131 x®1@espectively.
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Fig. 4.7.0ptical absorbance of PBTA
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(b) By Derivation of absorption spectrum fitting (DASF) method

This method is already described in section 2.3.6flbchapter-1l is used to
calculate the optical properties of PBTA. The epdrgnd gap is calculated as 3.46 eV
from Fig. 4.9. The value of m is obtained from ghepe of Fig. 4.10 to study the band
structure and the type of transition of electromadwn crystals. For different kinds of
transitions m has different values they are m = DiPect allowed transition; m = 1:
non metallic materials; m = 3/2: Direct forbiddeartsition; m = 2: Indirect allowed
transition; m = 3: Indirect forbidden transition4]1 The current research reveals a
value of m close to 1/2, indicating that PBTA passs a direct band gap and the

optical transition is direct allowed transition. €brystalline nature of grown crystal
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1239.
Slop

was measured by the Urbach relatiep, = ia(ev) and Fig. 4.11 gives us the

Urbach energy value. In addition, the grown crystak found to be defects-free from
the Urbach energy of 0.11 eV obtained from lineanfFig. 4.11. The optical study

findings (Table 4.2) imply that PBTA crystals argtable for opto-electronic device

manufacturing [15].

Table 4.2.0ptical parameters of PBTA

Optical Parameters (DASF method) Values
Ag (wavelength of energy gap) 358 nm
1/ 0.00279
Ey (optical energy band gap) 3.46 eV
Erai (Urbach energy) 0.11 eV
o(steepness parameter) 2.35
Ee.p (electron-phonon interaction) 0.28
n (refractive index) 2.24
€4 (dielectric constant) 1.93

) x104

2.6 2.7 28 29 3
AT (nm™) %1073
Fig. 4.9.DASF plot for PBTA crystal
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4.2.6. Fluorescence analysis

Fluorescence is one of the optical properties efrtiaterial which exist owing
to the relaxation of excited electrons. The fluogse spectrum of PBTA is shown in
Fig. 4.12 and it was recorded by using a SHIMADRB/6000 Spectro Fluorophotometer.
The molecule emits a peak centered at 480 nm béierg excited at 250 nm. As a
result of this, the PBTA crystal has the blue emisspectrum. The absence of new

peaks can be attributed to the crystals enhancety pimd lower defect levels.
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Fig. 4.12.Fluorescence emission of PBTA crystal

4.2.7. Second Harmonic Generation (SHG) Test

Using a Q-switched Nd:YAG laser operating at a améntal wavelength of
1064 nm, the second harmonic output power of theAP&ystal was measured using
the Kurtz power technique. The capillary tube, vahias an inner diameter of around

600 m, was filled with well-ground powder of PBTAystal sample. The emission of
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green radiationA(= 532 nm) from the PBTA sample confirmed the secbarmonic

signal generated in the crystalline sample. The Sk@ut power of the grown
crystal was measured with an input energy of 1.fpuiSe and a pulse width of 8 ns.
With KDP and Urea as reference materials, theivelé@HG output power of grown
crystal was investigated. PBTA, KDP, and Urea hadoad harmonic signals of
82 mV/pulse, 32 mV/pulse, and 120 mV/pulse, respelst The second harmonic

output power of the PBTA crystal is 2.2 times tbithe KDP crystal.

4.2.8. Microhardness Study

The mechanical behavior of a crystal is of pararhouportance in technological
applications [16]. The hardness measurement isetleas an efficient technique for
providing information about the elastic, plastiegsoous andfracture properties. To
assess such behavior, the grown crystal was seljeot Vicker's hardness test by
considering the loading range from 25 to 100 g aisen SHIMADZU-HMV-G
MicroVickers Hardness Tester. The micro hardness maasured using the relation
(3.2) in chapter-lll. The variation of hardnesstwibad is shown in Fig.4.13a. The
Meyer’s formula P = kligives the relation between applied load (P) aeddiagonal
length (d) of indentation. The Work Hardening Caeéint (WHC), n is calculated as
2.4 from the linear fit of log P against log d shmow Fig. 4.13b. According to
Hanneman [17], the values of n are 1 to 1.6 fodhmaterials and more than 1.6 for
softer materials, putting PBTA in the soft matedategory. Fig. 4.13c shows that the
PBTA chemical has a reverse indentation size effRetEE) effect, indicating that

plastic deformation is the dominant mode of defdroma



Table 4.3.Hardness parameters of PBTA
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Load P (g) | H, (kg/mm?) | d (um) Ci(Pa) o, (MPa)
25 15 57.62 1.96E+14 1.86
50 30.8 45.82 6.92E+14 3.83
100 43.3 34.43 1.25E+15 5.38
wl® o)

& o

E . c 1.8
) a
1 o
T g 1.6
10 1.4
=< « o s e 15 16 1.7 18
P(g) log d (d in pm)
45 @
40
o 35
E 30
E 25
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T 2
15
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Fig. 4.13(a)Variation of H against applied load @) log P against log d
(c)Hyagainst d

Load dependent hardness [18] is calculated usingatexp 3.3 and by
graphing the experimental P againsffig.4.14], the values of W and;Arefound to
be 58 g and 0.03 (g/y respectively. The corrected hardness) (i 58.63 (kg/mr)

when computed using the formula #1854.4x A;.
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Wooster's empirical relation [19] is used to get Hlastic stiffness constant
(C11). Table 4.3 shows the computed stiffness constémtsvarious loads. The
material is discovered to be suitable for devidaritations since it has a moderately
higher hardness number [20].
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Fig. 4.15.Load P against Elastic Stiffness Constant)C
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4.3. COMPUTATIONAL ANALYSIS
4.3.1. Optimized Geometry

The optimized geometries of PBTA with symbols antuanbering scheme for
the atoms are shown in Fig. 4.16. At the DFT/B3L&B11++G(d,p) level, Table 4.4
summarizes their main structural parameters tha¢ weaximized. The DFT structure
optimization method yielded a global minimum enevgyue of -2.185< 10° kJ/mol.
Because the calculations were done in the gaseloasepwhereas the experimental
results were for the crystalline state, the thecaétbond length and angles differed
somewhat from the crystal characteristics [21]. Tl bonds were shorter in all
experimental results than those calculated by DHie bond lengths of C1-C2,
C3-C4, C5-C6, C7-C8, C9-C10, and C11-C12 in thezbea rings calculated using
the DFT approach were in close agreement with xper@mental lengths with a minor
difference (£0.035). This research demonstrates éhectron delocalization occurs
between the carbon atoms in the aromatic ringJtiegun a more stable structure [22].
Furthermore, the observed divergence could bebatable to the fact that the X-ray
structure was solved in a crystalline form, wherb@soptimal structures computations
were for isolated molecules [23]. The N-N bonds himt the triazole ring
(N1-N2=1.292A, N2-N3=1.356A) are in good agreemeith experimental results
(N1-N2=1.304 A, N3-N2=1.346 A). The O-H---N, N-B-and N-H---N hydrogen
bonds connect the molecules, making a two-dimeasiarig-zag chain. The
benzotriazole ring is generally planar because dbeesponding dihedral angles
H4-C5-C4-C3 and C6-C1-C2-H1 are 28When compared to experimental results [8],
the overall dihedral angles predicted using the BBBLYP/6-311++G(d,p) approach

correlated well.
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Fig. 4.16.The optimized molecular structure of PBTA

Table 4.4.0ptimized parameters of PBTA by B3LYP level wid3861++G(d,p) basis set

legg?h CValues A _ Bond Angle Values (°) _ Dihedral Angle Values (°) _
alc. Exp: Calc. Exp: Calc. Exp:
H7-C11 1.083 0.930 C6-C1-N3 103.5 104.p H7-C11-E82-| 0.0009 -0.022
H8-C12 1.085 0.930 C2-C1-C6 121.9 1225 H7-C11-Q42-| -179.9 -179.9
C11-C12 1.395 1.379 C2-C1-N3 134.5 133)2 C10-C12-88 -179.9 179.9
C11-C10 1.391 1.356 C1-C2-C3 116.9 1159 C10-C12-®4 0.0012 0.046
N1-N2 1.292 1.304 C1-C2-H1 121.8 122.0 H7-C11-CH-iH -0.0016 0.027
N1-C6 1.377 1.369 H1-C2-C3 121.7 122.p H7-C11-C®0-C 179.9 -179.9
N2-N3 1.356 1.346 C2-C3-C4 121.9 122.4 C12-C11-@80{ 179.9 -179.9
C12-N4 1.336 1.323 H2-C3-C4 118.8 118.8 C12-C11-C20| -0.0009 0.039
H6-C10 1.083 0.931 C2-C3-H2 119.2 118.7 C6-N1-N2-NB -0.0007 0.505
C10-C9 1.391 1.370] H3-C4-C5 119.7 1191 N2-N1-C6-C5 179.9 -179.9
H4-C5 1.083 0.929 C3-C4-C5 1214 1217 N2-N1-C6-CfL -0.0001 -0.367
C6-C5 1.403 1.397 C3-C4-H3 118.9 11940 N1-N2-N3-H10 179.9 178.5
C6-C1 1.409 1.385 H4-C5-C6 120.1 1218 N1-N2-N3-C{L 0.0013 -0.468
N3-H10 1.026 0.959 C4-C5-H4 121.9 121.8 H8-C12-N4#-G -179.9 179.5
N3-C1 1.382 1.354 C4-C5-C6 117.4 116.4 C11-C12-184-C 0.0003 -0.561
N4-C8 1.338 1.339 C5-C6-N1 130.8 130.p C11-C10-@9-C -0.0008 0.390
C5-C4 1.382 1.365 C1-C6-N1 108.4 108.p2 C11-C10-G9-H 179.9 -179.7
C1-C2 1.402 1.387 C1-C6-C5 120.8 1209 H6-C10-C9-C¢8 179.9 -179.6
C9-C8 1.394 1.373 C8-C7-01 113.4 1135 H6-C10-C9-H5 0.0003 0.368
C9-H5 1.081 0.931 C8-C7-02 123.8 1218 N1-C6-C5-Hg 0.0021 0.2947
C8-C7 1.498 1.492 01-C7-02 122.8 1247 N1-C6-C5-C4 -179.9 -179.7
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legg?h CValues A _ Bond Angle Values (°) _ Dihedral Angle Values (°) ]
alc. Exp: Calc. Exp: Calc. Exp:
C4-H3 1.083 0.930 C9-C8-N4 123.2 122.p C1-C6-C5-H4 179.9 -179.2
C4-C3 1.416 1.404 C7-C8-N4 118.4 117.7 C1-C6-C5-C¢ -0.0005 0.774
C2-C3 1.384 1.357 C7-C8-C9 118.4 1201 N1-C6-C1-NB 0.0008 0.079
C2-H1 1.082 0.929 C8-C9-C10 118.2 119.2 N1-C6-C1-C2 179.9 179.7
C3-H2 1.084 0.930 H5-C9-C10 122.2 1204 C5-C6-C1-NB -179.9 179.7
C7-01 1.351 1.308 C8-C9-H5 119.5 120.4 C5-C6-C1-CR 0.0010 -0.709
C7-02 1.207 1.200 H6-C10-C11 120.7| 120J5 N2-N3-®1-G -0.0013 0.230
O1-H9 0.969 0.819 C9-C10-C11 118.8 11941 N2-N3-@1-¢ -179.9 -179.3
C9-C10-H6 120.4 120.4 H10-N3-C1-Cq -179.9 -1785
H7-C11-C12 119.9 120.7 H10-N3-C1-C2 0.0076 1.969
C10-C11-H7 121.3 120.7 C12-N4-C8-CY -0.0021 2.01
C10-C11-C12 118.8 118.6 C12-N4-C8-CY 179.p 479.
C11-C12-H8 1215 118.4 H4-C5-C4-H3 0.000¢4 -0.565
H8-C12-N4 115.8 118.3 H4-C5-C4-C3 180.4 179.4
C11-C12-N4 122.7 123.3 C6-C5-C4-H3 -179.p 1794
C6-N1-N2 108.2 108.7 C6-C5-C4-C3 -0.0003 -0.572
N1-N2-N3 109.6 108.1 C6-C1-C2-C3 -0.0007 0.378
N2-N3-H10 117.7 117.1 C6-C1-C2-H1 -180. -179.6
C1-N3-N2 110.2 110.8 N3-C1-C2-C3 179.9 179.8
C1-N3-H10 132.0 132.1 N3-C1-C2-H1 -0.0029 -0.129
C8-N4-C12 118.2 117.5 C10-C9-C8-N4 0.0023 -0.946
C7-01-H9 106.4 109.5 C10-C9-C8-C7 -179.p 1797
H5-C9-C8-N4 -179.9 179.1
H5-C9-C8-C7 0.0036 -0.286
N4-C8-C7-01 -0.0005 -1.812
N4-C8-C7-02 179.9 177.9
C9-C8-C7-01 179.9 177.6
C9-C8-C7-02 -0.0032 -2.651
C5-C4-C3-C2 0.0006 0.288
C5-C4-C3-H2 -179.9 -179.7
H3-C4-C3-C2 -179.9 -179.7
H3-C4-C3-H2 0.0009 0.286
C1-C2-C3-C4 -0.0001 -0.166
C1-C2-C3-H2 179.9 179.8
H1-C2-C3-C4 179.9 179.8
H1-C2-C3-H2 -0.0015 -0.202
C8-C7-01-H9 -179.9 -179.9
02-C7-01-H9 0.0082 0.362
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4.3.2. Hyperpolarizability

NLO is at the forefront of current research asravides the key functions of
frequency shifting, optical modulation, optical sshing, optical logic, and optical
memory for developing technologies such as telecanmations, signal processing, and
optical interconnections [24]. The complete equatir calculating the mean polarizability
a and the mean first order hyperpolarizability using thex, y, z components are
defined as follow:

o = (Oyx + Oy + 027)/3 .. (4.3)

B = [(BuoctBryy*Bxzd)+ (Byyy+ByzztByd “+ (Bzzzt Baxct Bayy) ] .. (4.4)
where,ay, ayy andaz are the diagonal components of polarizability eeresnd By,
Bxxys Bxyys Byyys Bxxzs Bxyzs Byyzs Bxzz Byzz @ndBzzzare the 10 components of the 3D matrix.

The components of polarizability and the first artigperpolarizability of the
PBTA compound can be seen in Table 4.5. Polariraliof PBTA is 2.58x 10%%esu.
The first order hyperpolarizability of PBTA is 1.%710°°esu, which is greater than
those of ureafy( of urea 0.372& 10°%) [25]. The calculated value shows that PBTA
might have good NLO properties.

Table 4.5.NLO properties of PBTA calculated using DFT at
B3LYP/6-311++G(d,p) level

Polarizability First hyperpolarizability
Olxx 228.48 Buxx 8.07
Olxy -16.01 Buxy 0.33
Oyy 203.25 Buyy -84.21
Oxz -0.0011 Byyy 155.59
Oy, 0.0026 Bxz -0.0037
(o 90.77 Buyz 0.016
Byyz -0.032
Bxzz -44.57
Byzz 10.13
Bzzz 0.035
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4.3.3. Natural Bond Orbital (NBO) Analysis

The NBO analysis is performed on PBTA at DFT/B3LWi#h 6-311++G(d,p)
basis set to elucidate the inter and intramolecualarge transfer interactions and
electron delocalization inside the molecule. Theosd order perturbation theory
analysis of Fock matrix in the NBO is presentedaible 4.6. The orbital overlap between
1(C—-C) andr*(C—-C) and (N-N) bond orbitals creates intramolaciiyperconjugative
interactions, resulting in intramolecular chargansfer (ICT) and system stabilization.
These interactions cause an increase in electmosit§ge ED) in theC—C antibonding
orbital, weakening the bonds. The benzene andolgarngs are stabilized. The
stabilization energy for i(N2s) to 6*(N13-H14) are calculated to be 12.87 kcal/mol,
indicating that the intermolecular N-HeeeN hydrogeonding is quantified. The most
critical interaction energies are 273.73, 158.287.74 and 151.39 kcal/mol for
1*(C1-Cy0) to n*(Ce-Cg), n*(C1502g) t0 n*(C16-C17), *(C23-N2s) to n*(C16-C17) and
1*(C19-Cy1), respectively. The pyridine ring of PBTA is sta®d as a result of these
interactions. The molecule strong ICT interacti@me revealed by the higher E(2)

value.
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Table 4.6.Second order perturbation theory analysis of Foakix in NBO basis

including the stabilization energies using DFT 8LBP/6-311++G(d,p) level

: , Acceptor . °E(2) "EG)-EG) | °F(ij)
Donor (i ED (i . ED
U U () W Kcal/mol a.u. a.u.
*(C,-Cy) 0.29210 16.48 0.28 0.063
(C1-Cao) 157736 | n%(CeCs) | 0.27286 17.97 0.29 0.067
(N 11-N1o) 0.42736 27.33 0.22 0.070
n(C1-Cyo) | 0.47605 18.95 0.28 0.074
TC(Cz'C4) 1.74883
*(Cg-Cyg) 0.27286 16.25 0.30 0.062
*(C1-Cyo) 0.47605 16.83 0.28 0.065
1(Ce-Cs) 1.73646
*(C,-Cy) 0.29210 19.69 0.28 0.067
n(C1-Cyo) | 0.47605 40.15 0.29 0.097
M (N13) 1.54411
7*(N1-Nio) | 0.42736 48.57 0.23 0.096
7(C1-Cro) 0.47605 | n*(CeCs) | 0.27286 | 273.73 0.01 0.08d
(N 11-N12) 0.42736 *(C1-C1o) 0.47605 43.69 0.06 0.066
Mu(Nz) 1.89783 | 6*(N1sHig) | 0.04604 12.87 0.79 0.092
1*(C15sOg) | 0.23379 17.33 0.27 0.064
1(C16-C17) 1.61642 *(C19-Co1) 0.28970 19.83 0.29 0.069
*(C23-Nys) 0.35871 18.39 0.27 0.063
1*(C16-C17) 0.32474 24.99 0.33 0.082
TE(C23'N25) 1.72394
*(C19-Cy1) 0.28970 13.01 0.33 0.058
Ny(Oz) 1.82224 7T *(C15-Osg) 0.23379 44.28 0.35 0.112
6*(C15-Cyg) 0.07667 18.05 0.67 0.100
Na(Ose) 1.84974
6*(C15-Cy) 0.09467 32.91 0.61 0.129
*(C15-Ozg) 0.23379 1*(C16-C17) 0.32474 158.28 0.01 0.072
7(C1s-Ci7) | 0.32474 | 137.74 0.02 0.074
7'5*(023'N25) 0.35871
7(C1sCo) | 0.28970 | 151.39 0.02 0.086

®E(2) means the energy of hyper conjugative intéyast
PEnergy difference between donor and acceptor jj &ABO orbitals.
°F(i,j) is the Fock matrix element between i and§Morbitals.

4.3.4. Mulliken Population Analysis

The Mulliken atomic charges of PBTA is calculatgdthe electron population

of each atom by using the DFT method with 6-311<&) basis set. It has a significant

influence on dipole moment, polarizability, eledimstructure and vibrational modes. In
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the present work, the calculated Mulliken atomi@arges of PBTA are plotted in
Fig. 4.18. All H atoms are positive,;Hand H7; atom possesses more positive charge
as it takes part in intermolecular hydrogen bondmghe crystal structure. Oxygen
atoms Qg and Qg are highly electronegative. The presence of laageunts of
negative charge on oxygen and net positive changhydrogen atoms confirms the
intermolecular hydrogen bonding takes place in ¢hestalline solid state. Natural
population analysis for PBTA is presented in Tahlé

Table 4.7.Natural population analysis (NPA) of PBTA calceldtwith
DFT/B3LYP/6-311++G(d,p) method

Atoms Natural Charge Atomic Charge
C, 0.11826 -0.26621
C -0.22590 -0.22384
Hs 0.20851 0.097723
C, -0.19085 -0.21486
Hs 0.20452 0.186879
Cs -0.22154 -0.17782
H, 0.20619 0.161255
Cs -0.18019 0.123996
Ho 0.21825 0.190318
Cuo 0.07094 -0.17516
Ni1 -0.25605 0.195383
N1, -0.05886 -0.18854
Nis -0.37487 -0.31453
His 0.45342 0.713181
Cis 0.77516 -0.07787
Cis 0.09663 -0.27079
Ciz -0.18855 0.292855
Hig 0.23966 0.245938
Cuo -0.15851 -0.63813
Hao 0.21601 0.190762
Cx -0.21056 0.070576
H,, 0.21998 0.202108
Cos 0.06684 -0.32135
H,, 0.21921 0.256696
N.s -0.47227 0.074478
Oy -0.67535 -0.18814
H,; 0.48694 0.332094
Oy -0.58701 -0.27701

Total 0.00000 0.00000
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Fig. 4.17.Mulliken atomic charge distribution of PBTA
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Fig. 4.18.Mulliken atomic charges of all atoms of PBTA
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4.3.5. Molecular Electrostatic Potential (MEP)

The electrostatic potential values at the surfaserapresented in different
colors. Fig. 4.19 shows the color code for thes@snahich varies from -8.582e-2
(deepest red) to +8.582e-2 (deepest blue). The bile area depicts an electron
deficient zone, whereas the yellow portion depastelectron rich region. Negatively
charged areas are seen surrounding the CI5 andatéhds, as shown in Fig. 4.19 on
PBTA. The lack of a maximal negative potential zam¢he MEP plot confirms the
molecules low chemical reactivity, whereas the texise of a partial negative
potential region (yellow color) shows an electrahrregion that is favorable for

electrophilic reactivity.

52 [N [

Fig. 4.19.Molecular electrostatic potential of PBTA
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4.3.6. Frontier Molecular Orbital Analysis

Frontier molecular orbitals (FMO) are the highestupied molecular orbitals
(HOMOs) and the lowest-lying unoccupied moleculdritals (LUMOSs). FMOs have
an important role in optical and electric propestiguantum chemistry, and UV-Vis
spectra [26]. The HOMO and LUMO orbitals are themmabitals involved in chemical
reactions. The ability to give an electron is repréged by the HOMO, while the
ability to gain an electron is embodied by the LUNM® an electron acceptor. The
kinetic stability, chemical reactivity, optical @wlzability, and chemical hardness—
softness of a molecule are all regulated by therggngap between HOMO and
LUMO [27]. Using B3LYP/6-311++G, the highest occegiMOs (HOMO) and the
lowest unoccupied MOs (LUMO) were estimated (dfpyure 4.20 shows 3D plots
of the HOMO and LUMO orbitals for the PBTA molecul€he positive phase is
represented by red, whereas the negative phasprissented by green. The HOMO is
localized on almost the whole benzotriazole, b& HJMO is localized on the2-
carboxypyridine, as shown in the figure. The HOM@daLUMO have energy
separations of —6.55 eV and -2.55eV, respectivEhe charge transfer interaction
within the molecule is ensured by the HOMO-LUMO rgyegap. Table 4.8 shows
the results of calculating global reactivity deptors such as ionization potential (1),
electron affinity (A), electrophilicity indexaf), chemical hardness)), softness (S),
chemical potentialy) and charge transfeAllmax) using the energy of HOMO and
LUMO.The estimated chemical potential value is tiega(-3.55 eV) and is smaller
than the electrophilicity index, which indicatesetlelectron promotes from the
nucleophile (HOMO) to the electrophile (LUMO), whicprovides the chemical

reactivity, stability of the molecule [28].
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Table 4.8.Calculated quantum chemical molecular orbital praps for PBTA

Parameters B3LYP/6-311++G(d,p)
HOMO energy, Romo -6.55 eV
LUMO energy, Eumo -2.55 eV
HOMO-LUMO energy gapAEcap 4.00 eV
lonization potential (1) 6.55 eV
Electron affinity (A) 255 eV
Total energy changaEr -0.50 eV
Overall energy balancak -4.00 eV
Electronegativityy 455 eV
Chemical hardnesg) 2.00 eV
Chemical potential (1) -3.55 eV
Electrophilicityindex () 3.15eV
Softness (S) 0.50 eV*

SCF energy

-2.19x 10°kJ mol*

Erpae= -2.55eV

Energ}' gap= 4eV

Euoro= -6.55 eV

Fig. 4.20.HOMO-LUMO Plot of PBTA
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4.3.7. Vibrational Spectral Analysis

The DFT/B3LYP/6-311++G(d,p) basis set was usedawycout the various
PBTA crystal assignments. The FTIR spectrum wasroex using a Perkin Elmer
Spectrum Il FTIR spectrometer in the scan ranged4800 cnil. Table 4.9 shows the
experimental frequencies and their related assigtsmehich were compared to theoretically

computed assignments, and Fig. 4.21 shows the ¢ethpnd experimental FTIR spectra.
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Fig. 4.21(a).FTIR spectra of PBTAb) computed IR spectra of PBTA

C-H vibrations

The aromatic C-H stretching vibrations are obseate8061 and 2983c¢h C-H
deformation is observed at 1274 ¢niThe absorption bands coming from C-H out of
plane bending vibrations are detected in the regipi43, and 697 crh while its

calculated wavenumber is observed in the regiatbatcm™.
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N-H Vibrations

The broad frequency at 3437 ¢nis due to the N-H asymmetric stretching
vibrations, while it's computed wavenumber is obser at 3334 cih The peaks
appeared at 2797, 2634, 2483 and 1877 correspond to the symmetry stretching
due to NH salt. The N-H bending vibrations are responsibletfie absorption peak
at 1477 crit and it is in close agreement with calculated wavemer 1480 crt. The
peak appeared at 628 ¢morresponds to N-H wagging and it agrees with astenh

wavenumber 643 cih

O-H Vibrations
The O-H stretching vibrations of water moleculesenbeen ascribed to a strong
band detected in PBTA at 3437 ¢mwhile its computed wavenumber is observed at

3334 cnt.

Ring Vibrations

The computed wavenumber and the measured wavenanebergood agreement.
The C=0 stretching is shown in PBTA as a very sfoand at 1708 crh At 1625 cm’,
the aromatic ring C=C stretching vibrations werend which is close agreement with
computed wavenumber 1624 ©mC-N asymmetric stretching vibration is assigned a
frequency of 1310 cmfor experimental IR, whereas 1300 Ciior calculated spectra.
The absorption peak at 1247 ¢ris C-O symmetry stretching vibration absorptioalpe
At 1214 cm?, the C-N stretching mode of the pyridine ring éetted. At 1012 cm,

a very strong band of the C-C in-plane bending nrodg be seen.
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Table 4.9.Experimental and calculated vibrational wavenumlzerd fundamental
bands positions assignments of PBTA

Calculated Experimental I\?\I);ri/eerri]rﬂr?]r;)t::
wavenumber | wavenumber (cm) Vibrational Assignments
(em’) (om)" Present work
3334 3427 3437 O-H and N-H stretching
1795 1708 1708 C=0 stretching vibration
1624 1626 1625 C=C stretching
1543 1593 1592 %sgsmcr:nggi_c vibrations of carboxylate
1480 1478 1477 N-H bending vibrations
1453 1426 1430 isglr:r;née(t)ricg_vibrations of carboxylate
1300 1310 1310 C—N asymmetric stretching
- 1275 1274 C-H deformation
1255 1243 1247 C-O symmetry stretching vibration
1219 1211 1214 C—N symmetric stretching
- s || el stehng voretonof
1120 1108 1107 C-C stretching
1030 1008 1012 C-C bending
922 974 944 C-H wagging
850 884 883 C-N deformation
751 741 743 C-H out of plane bending
- 692 697 C-H out of plane bending
643 624 628 N-H wagging
- 501 507 COO- rocking

4.3.8. Hirshfeld Surface Analysis

The Hirshfeld surface analysis is a progressivariggie used for measuring
intermolecular interactions by consideration of theeractions throughout the
molecule [29,30]. The Hirshfeld surface of PBTAdisplayed in Fig. 4.22, showing

surfaces that have been mapped over a dnorm, dandliicurvedness. The dominant
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interactions such as O---H can be seen in surfate gs the bright red area. The red
color spots on the surface indicate the close cttin the fingerprint region (Fig. 4.23),
the H---H/H---H interactions (35.3%) are spottethénmiddle of the plot whereas the
N---H/H---N contacts contribute 20.6% represenyed pair of spikes in the bottom
area. The O---H/H---O interactions contribute 15W#ak interactions are identified
as C-H (12.4%), C-C (7.2%), C-N (5.1%), C-O (1.9%)N (1.3%) and O-O (0.7%).
The strong interactions occupy more space and weak occupy less space in the
finger print region. The combination of de andrdthe form of a 2D fingerprint plots

provides a summary of intermolecular contacts endtystal.

curvedness

Fig. 4.22.Hirshfeld surfaces forgm, d, e and curvedness for the PBTA molecule
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Fig. 4.23.2D fingerprint plots showing various intermolecutantacts in the PBTA

4.4. CONCLUSIONS

The solubility studies of grown PBTA crystals irglie it has positive coefficient
of solubility. Nucleation parameters of crystaltiba process such as interfacial
energy 6), volume of free energyAG,), critical energy barrier for nucleation® ),
radius of the critical nucleus Jrand nucleation rate (J) of the PBTA crystals are

determined from the Classical nucleation theory.VWWIZan be obtained theoretically
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with the help of solubility-enthalpy relation. Slagerystals of PBTA were grown by
adopting slow evaporation method at room tempegafline powder X-ray diffraction
analysis confirmed the non-centrosymmetric spaamgrand crystallinity of the
grown crystals. Crystal size and strain due tockattlistortion were determined by the
W-H approach. UV-Vis analysis exhibits the abseontebsorption in the visible
region. The energy band gap value determined ukaug's plot is 3.49 eV and band
gap value calculated using the DASF approach i6 84 The fluorescence spectrum
indicates the crystals blue emission property. $&eond harmonic output power of
the grown crystal is 2.2 times greater than KDReke€rs microhardness test reveals
the reverse indentation nature of the material. DR& calculations were performed for
the PBTA crystal to optimize structure and evalubeefirst order hyperpolarizability,
ICT interations through NBO, mulliken charges, nooll@r electrostatic potential,
HOMO-LUMO energy gap and vibrational analysis. Thalculated value of
hyperpolarizability for the PBTA compound is 1.¥710°°esu and energy gap of
HOMO-LUMO is 4 eV. Hirshfeld surface analysis andigthensional finger print plot
quantify the interactions associated with PBTA roale. From the above studies it is
evident that PBTA crystals have good charactesdtic fabrication and the results of
optical transparency are suggesting the materidh vpiotential applications in

nonlinear optics.
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CHAPTER -V

EXPERIMENTAL AND THEORETICAL
INVESTIGATIONS OF NONLINEAR OPTICAL
CRYSTAL 2-PICOLINIC HYDROCHLORIDE

5.1. INTRODUCTION

In recent years, there has been a lot of intereskploring NLO crystals with
good suitable properties because of their numeppbcations in frequency conversion,
optical communications, image processing, optisaiuting, and data storage devices [1,2].
Third order nonlinear optical materials (NLO) witleak nonlinear absorption (NLA)
but substantial nonlinear refraction (NLR) haveaated a lot of attention because of
their potential usage in optical signal processystems [3]. The Z-scan technique is
a prominent approach for determining a materiaicaptnonlinearity. It is used to
measure the third order NLO characteristics andtirasdvantages of great sensitivity
and simplicity [4]. The magnitude and sign of naekr refraction and nonlinear
absorption, which are related with the real par¢y8eand imaginary part Im) of
the third order nonlinear susceptibilities, canrbeasured simultaneously. To attain
enhanced physical properties, new materials aratenleby combining organic and
inorganic materials, which are referred to as segaioic materials. Such semiorganic
materials have strong mechanical strength, therommductivity, and nonlinear
coefficient, and can be used for laser productaptical data processing, and optical
limitations [5,6]. Semiorganic materials, accordinghe literature, exhibit substantial
nonlinearity similar to organic materials while ry superior mechanical and thermal
durability than inorganic materials [7,8]. Thougmamber of compounds have been
developed and reported for NLO applications, sucbrthophosphoric acid, hydrochloric
acid, L-tartaric acid, maleic acid, and picolin@da(also known as pyridine-2-carboxylic

acid, 2-pyridine carboxylic acid and 2-picolinicid)¢ there has been few research on
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picolinic based compounds [9-14]. As a result,gbepose of this research work is to
develop 2-picolinic hydrochloride (PHCL) single st3l and investigate its behavior
using both experimental and theoretical methodspiiethe fact that the PHCL compound
has been reported before [12-14], this study faxoeseDFT calculations and third order

nonlinear optical behavior, as well as structwptical, and microhardness characteristics.

5.2. EXPERIMENTAL ANALYSIS
5.2.1. Solubility Study

The solubility studies were carried out for variteperatures (303 K to 318 K).
Fine powder of 2-picolinic hydrochloride was dissad in deionized water at 303 K
and the solution was continuously stirred until exquilibrium concentration of the
solution was obtained. After attaining saturationdition, undissolved material precipitated
in the beaker. The solubility was found by gravineetinalysis (Fig. 5.1). The same
method was repeated to determine the solubilitwéorous temperatures from 303 K
to 318 K. The concentration of solute increasesimareasing temperature which

shows that the PHCL compound has a positive teryoeraoefficient of solubility.

318 [ -
316 —#— Nucleation Temperature
—&— Solubility Curve

34

32

7
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Temperature (K)
(%]
&

12 14 16 18 20 22 24
Concentration (g)
Fig. 5.1.Solubility curve for PHCL
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5.2.2. Nucleation Kinetics and Metastable Zone Witit (MZW)

The interfacial energy of the interface between ghewing crystal and the
surrounding mother phase plays an important rolgahm nucleation of crystals.
Bennema and Sohnel [15] based on the regular enlutieory have derived an
expression for the relationship between the intéafaenergy and solubility. The
present research work outline, relation betweenlsity and interfacial energy is
used for the calculation and its variation with pamature is tabulated. Nucleation
thermodynamical parameters are calculated bas@uenfacial energy and are shown
in Table 5.1, which provides a detailed understagdif the nucleation process of
solution growth as well as the growth of opticahlijty crystals. With an increase in
supersaturation ratio, the critical free energyibarthe critical radius of the nucleus,
and the number of molecules present in the criticaleus of the formed crystal were
decreased. Fig. 5.2 shows how the variation in ggndrarrier AG) reduces as
supersaturation and temperature increase.

Fig. 5.3 shows the radius of the critical nuclesiadunction of supersaturation.
At different supersaturation ranges (1.1-1.4) f0BI, the critical free energy barrier
(AG") and critical radius {J of PHCL were estimated to be 1.16 x*1é 9.30 x 1¢°
and (r) 6.23 nm to 1.77 nm, respectively. Because it idiract measure of the
stability of the solution in its supersaturatedioeg the metastable zone width is an
important metric for the formation of excellent stgls from the solution. The current
study entails providing theoretically calculatedues of metastable zone width for
crystallization temperatures of crystals using g8lew evaporation method. The
metastable zone width broadens slightly as tempexatises, according to the

findings.
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Table 5.1.Nucleation Table from PHCL for Super Saturatiorni®&a.1

T(K) | AG(JIM®) | 6 (IM?) | AG (J) r' (m) i J (nuclei/m’/sec)
303 -2286473.7/ 0.007126 1.16E-18 6.23E-p9 5817{9401.01572E+13
308 -2324204.3] 0.006443 8.29E-19 5.54E-p9 4093|5278.03516E+12
313 -2361934.9] 0.006076 6.74E-19 5.15E-p9 3271(9796.92049E+12
318 | -2399665.5] 0.005919 6.03E-19 4.93E-D9 2883|3806.36108E+12
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Fig. 5.2.Variation of Gibbs free energy with supersaturatio
and temperature for PHCL

21072

—&@— S-ratio=1.1
—— S-ratio=1.2

S-ratio=1.3
—&— S-ratio=1.4

Radius of critical nucleus
-y

304 306 308 310 312 314 316 318
Temperature (K)
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5.2.3. Growth of PHCL Crystal

The raw materials for the growth of PHCL crystalsrgvcommercially available
2-carboxypyridine and hydrochloric acid. The rawtenals were taken in an equimolar
ratio and subjected to repeated crystallisatiorcgsses with distilled water as a solvent
during the purification process. The solution wgbtty closed after high-quality filtering
to control solvent evaporation. Following the slewaporation of the solvent, nicely
shaped and transparent single crystals were had/@st3 weeks. Fig. 5.4 depicts the

single crystals that have grown.

S T D e

Fig. 5.4.As grown crystal of PHCL

5.2.4. Powder XRD

The powder XRD spectrum of the PHCL single crysii#th discrete and pointed
peaks using BRUKER X-ray diffractometer with Cukadiation { = 1.5406 A) and a
step size of 0.0130 and a scanning step time &723reveals its crystallinity and is
shown in Fig.5.5. The PHCL crystal lattice paramrstare a = 13.778 (32) (A),
b = 6.519 (14) (A), ¢ = 7.702 (19) (A,=p =y = 9C¢ and volume = 691.916 (27) R
orthorhombic system with space groBpma, as determined using Fullprof Suite

program. It agrees very much with the reported esll4].
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Fig. 5.5.Powder XRD pattern of PHCL crystal

The structure parameters namely; lattice strain @ydtal size was obtained

by Williamson—Hall equation [16]:
Beo® = 2 1 nsing . (5.1)
T

where,p - FWHM of the diffraction peak (rady - Bragg’s diffraction angle (rad);
K - Scherrer constang;, - wavelength of the X-rays (A - crystallite size (um);
n - lattice strain.

The strain and crystal size can be obtained fraanstbpe and the intercept of
the plot obtained from the relation betwedi@mo9 and si® for PHCL crystal. Fig. 5.6
shows the Williamson-Hall plot for PHCL crystal. &lecrystallite sizet) value is
~0.11 um and lattice straimy = 0.0033. Because the value of is minimum in the

PHCL crystal, it has less lattice strain, implyegigher elastic stiffness constant [17].
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5.2.5. UV-vis-DRS Analysis
(a) By Tauc’s Plot

The optical absorption spectrum was acquired ugisgHIMADZU/ UV 2600
Spectrophotometer in the range of 220-1100 nm.optical applications, the crystal
must have a high degree of transparency and mibsalrption over a wide wavelength
range. The UV spectrum is a crucial componentdentifying nonlinear optical materials.
Fig. 5.7 depicts the absorption spectrum of PH@ktat. At 267 nm, it shows the greatest
absorption peak. The grown crystal exhibits a |ld®soabance across the visible range,
indicating that it is of good crystal quality. Thand gap energy of the grown crystal was
calculated by extrapolating the linear componerarriee energy axis from the plot
(ahv)? vs hv (Fig. 5.8a). The band gap of PHCL crystals is meiieed to be 3.80 eV
from the x-intercept, indicating that they are abii¢ for immediate optoelectronic use.

When examining optical materials for optical devinanufacture, the optical
constants such as band gap energy, extinctioniceeiff, and refractive index are all
important, so they are determined using equatioBst@ 2.8 from chapter-Il. At a
wavelength of 800 nm, the computed values of réfracindex (n), electric
susceptibility ¢c), real €¢) and imaginaryg) dielectric constants at= 800 nm, are

1.03, 0.086, 1.080 and 4.900 x i0respectively, based on the optical constants.
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PHCL is a good material for optoelectronic devipplecations because of its wide
band gap, high transmittance, and low cutoff value.
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Fig. 5.7.Optical absorbance of PHCL
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(b) By Derivation of absorption spectrum fitting (DASF) method
The optical properties of PHCL are computed usiregdpproach described in

chapter-1l, section 2.2.5(b). The energy band g&s wbtained from the relation

=l :—12ig'83(ev) and its value is found to be 4.44 eV based on 5if. The

9
value of m is calculated using slope of Fig. 5.I0e value of m in this analysis is
close to 1/2, indicating that PHCL possesses actdivand gap and allows charge
carriers to transition directly. Graph of In (A) ierms ofA™ (Fig. 5.11) provides the

Urbach energy value of 0.27 eV. The optical studgihgs (Table 5.2) show that the

PHCL crystal has good optical performance for NLgplacations [18].

Table 5.2.0ptical parameters of PHCL

Optical Parameters (DASF method) Values
Ag(wavelength of energy gap) 279 nm
1/Ag 0.00358
Eg(optical energy band gap) 4.44 eV
Erai(Urbach energy) 0.27 eV
O (steepness parameter) 0.087
Ee.p (electron-phonon interaction) 7.66
n (refractive index) 1.66
€q(dielectric constant) 2.78
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Fig. 5.9.DASF plot for PHCL crystal
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Fig. 5.11Urbach plot for PHCL

5.2.6. Fluorescence Analysis

The emission of light which ceases after the canfsexcitation in cut off is
known as fluorescence and this is generally obdervéhose organic molecules which
have rigid framework and not many loosely couplgastituent through which vibronic
energy can flow out [19]. In Fig. 5.12, the fluacesce spectrum of a PHCL crystal
was measured using a SHIMADZU/RF 6000 Spectro Biplootometer. Due to—n*
transition, emission peak is noticed at 444 and @&0n the spectrum, implying that
PHCL crystals have a blue fluorescence emissiongteatly to be useful in the

OLED devices.
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Fig. 5.12.Fluorescence emission of PHCL crystal

5.2.7. Z-scan Analysis

The usual Z-scan technique was used to explorthitteorder nonlinear optical
characteristics of PHCL [20]. It is widely used d@stimate the materials nonlinear
absorption and nonlinear index)nas well as the sign of nonlinearity. Fig. 5. 53wl
5.13b show the PHCL crystals closed and open agefitscan curves. The pre-focal
valley to post-focal peak arrangement of the aperturve in the closed aperture
Z-scan curve shows that the third order nonlineactive index change is negative [21].
Fig. 5.13b illustrates the presence of reverseratdm absorption (RSA) with
decreased transmission towards the focal pointcladmg the significant reverse
saturation of absorption (RSA) process in PHCL 222- The experimental details
and results of the Z-scan approach for PHCL crystaltabulated in Table 5.3. As a
result of the findings, the PHCL crystal appeardéoa suitable candidate for third

order NLO applications.
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Table 5.3.0btained nonlinear optical parameter from opert @osed-aperture
Z-scan measurement data for PHCL crystal

Parameters Measured values for
PHCL crystal

Nonlinear refractive index g 4.14% 10%°(cm?/W)

Nonlinear absorption coefficien) 2.57x 10%(cm/w)

Real part of the third order susceptibility [R8] 3.74x 10°%(cm?/W)

Imaginary part of the third order susceptibility[i)] 2.68x 10°%"(cm/W)

Third order nonlinear optical susceptibility’) 3.75x 10%(esu)

(@)
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Fig. 5.13 (a).Self-focusing (closed aperture) Z-scan plot of PHystal
(b) Open aperture mode Z-scan plot of PHCL crystal

5.2.8. Microhardness Study

In order to study the mechanical properties, miardhess measurements were
carried out on PHCL single crystals. Smooth surfaicerystal was subjected to the
Vicker’s static indentation test at room temperat(803 K) using a SHIMADZU-
HMV-G MicroVickers Hardness Tester. Loads of diier magnitudes (25, 50 and 100 g)
were applied over a fixed interval of time. Theanthtion time was kept as 10 sec for all
the loads. The hardness was calculated using tagore H,= (1.854x P)/df kg/mnf
(where P is the applied load in kg and d is thegaiwal length of the indentation
impression in micrometer). The load above 100 getigps multiple cracks on the
crystal surface due to the release of internaksé® generated locally by indentation.

The hardness parameters are calculated and IrsfEabile 5.4.
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Table 5.4.Hardness parameters of PHCL

Load P (g) | H, (kg/mm? d (um) C11(Pa) o, (MPa)
25 14.7 53.97 1.89E+14 0.48
50 23.8 42.41 4.41E+14 0.78
100 39.9 33.13 1.08E+15 1.30

Fig. 5.14a graphs the increase in hardness nunabendrease in load. The
Meyer’s index number [25] is determined from théatien P = kd where k is the
material constant and n, the “Meyer's index”. Byelr square fitting (Fig. 5.14b) the
value of n is obtained as 3. According to Hannefi2éh, the values of n read 1 to 1.6
for hard materials and more than 1.6 for the safteys ascertaining PHCL categorized
under soft material group. Fig. 5.14c reveals thiCP compound to exhibit reverse

indentation size effect (RISE) indicative of plastieformation predominance.
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According to Hays—Kendall's approach [27], load elegeent hardness may be
expressed by the relation P = W + &, where ‘W’ is the minimum load initiate
plastic deformation, Ais the load independent constant and the expanen®. The
value of W and A calculated from the plot drawn between P ahdre 58 g and 0.04
(g/unf) respectively is shown in Fig. 5.15. The correcteddness (b calculated

using the relation ki= 1854.4x A, is 74.17 (kg/mm).
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Fig. 5.15.Load P againstd
Elastic stiffness constant {{fis estimated by Wooster's empirical relation [28]
This gives an idea about the tightness of bondetg/éen the neighboring atoms [29].

The calculated values ofiCare also given in Table 5.4.
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Fig. 5.16.Load P against Elastic Stiffness Constant)C

5.3. COMPUTATIONAL ANALYSIS
5.3.1. Optimized Geometry

The optimized geometries of PHCL with symbols andhhering scheme for
the atoms are computed using DFT/B3LYP/6-311++G(byel (Fig. 5.17) and listed
in Table 5.5. The global minimum energy value meaduby the DFT structure
optimization method is -2.358 1¢° kJ/mol. The theoretical bond length and angles
showed a slight deviation from the crystal paramsgtas the theoretical values
correspond to the isolated molecules in gas-phdsreas the experimental results
are correlated with the molecules in solid sta@.[3he optimized structure reveals
two strong hydrogen bonds, O-H---Cl and N-H---@k TI ions, through their two

bonds, ensure connections between molecules cedt@inthe same symmetry plane.
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In the pyridine ring, the bond length of C1-C2, C3; C3-C4 and C4-C5 from the

DFT method were in close agreement with the expartal length with minimal

deviation (x0.018). This result shows that the ®d@hd in the ring is weak and it
makes the structure more stable. Earlier study, [h8les an apparently very short
C=0 bond length of 1.17 A, but the current study sty a more normal value of
1.241A. The presence intra molecular hydrogen @@ --H is validated as its bond
angle does not depart too much from the value 120°the calculated geometric
parameters show a good approximation and hencebeansed to calculate other

parameters reported below.

Fig. 5.17.The optimized molecular structure of PHCL
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Table 5.5.0ptimized parameters of PHCL by B3LYP level wtBHBL++G(d,p) basis set

Lz?lg?h - Values (A)[13] Bond Angle Values (°) _ Dinedral Angle Values (0)[13]
alc. | Exp!. Calc. Exp. Calc. Exp.

C1-N1 1.342 1.340| N1-C1-C2 118.9 1197 N1-C1-C2-C3 0.0 0.0
C1l-C2 1.388 1.370| N1-C1-Cé6 112.8 1149 C6-C1-C2-C3| -180.0 180.0
C1-C6 1.551 1.495| C2-C1-Cé 128.3 1255 C1-C2-C3-C4 0.0 0.0
C2-C3 1.391 1.389| C1-C2-C3 118.7 1192 C2-C3-C4-C5 0.0 0.0
C2-H2 1.081 0.950| C1-C2-H2 118.0 12044  C3-C4-C5-N1 0.0 0.0
C3-C4 1.401 1.383| C3-C2-H2 120.1 120/4 C4-C5-N1-C1 0.0 0.0
C3-H3 1.084 0.950| C4-C3-C2 120.3 119)7  C2-C1-N1-C5 0.0 0.0
C4-C5 1.381 1.379| C4-C3-H3 119.5 120J1 C6-C1-N1-C5| -180.0 180.0
C4-H4 1.081 0.950| C2-C3-H3 120.1 1201 N1-C1-C6-02 0.0 0.0
C5-N1 1.344 1.331| C5-C4-C3 119.G 118/8 C2-C1-C6-0O2| -180.0 180.0
C5-H5 1.081 0.950| C5-C4-H4 119.6 1206 N1-C1-C6-O1| 180.0 180.0
N1-H1 1.037 0.820| C3-C4-H4 121.3 1206 C2-C1-C6-0O1 0.0 0.0
C6-02 1.241 1.200| N1-C5-C4 118.7 1199
C6-01 1.243 1.312| N1-C5-H5 125.8 1200
O1-H1A 1.690 0.820| C4-C5-H5 124.0 120.0

C5-N1-C1 124.3 122.6

C5-N1-H1 117.3 117.5

C1-N1-H1 109.8 119.9

02-C6-01 133.7 126.3

02-C6-C1 112.4 120.5

01-C6-C1 113.7 113.1

C6-0O1-H1A 125.1 105.0

5.3.2. Hyperpolarizability
Theoretical hyperpolarizability determination isryeiseful in understanding
the relationship between molecular structure andinear optical characteristics. The
first order hyperpolarizability f) of this molecular system is calculated using
B3LYP/6-311++G(d,p) method, based on the finitddfiapproach. The total linear
polarizability @) can be calculated by the following equation,
o= (oxx + ayy+077)/3 ..(5.2)

where,ay, ayy andazz are the diagonal components of polarizabilinste.
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The total first-order hyperpolarizabilitg) is given by the following equation,

B=1(BroctBryy*Bxzz) +(Byyy +ByzzByx) + (Brzzt Bt Bayy) 1 .. (5.3)
WhereyBXXX; Bxxyu Bxyy; Byyy; BXXZ; Bxyz; Byyz, BXZZ; Byzz a~ndBZZZa-re the 10 Components Of

the 3D matrix.

The calculated hyperpolarizability values of PHGE given in Table 5.6. The
polarizability @) and first hyperpolarizabilityp) of PHCL are 2.8% 10%esu and
1.29 x 10%° esu, respectively. Urea is one of the prototypimalecules used in the
study of the NLO properties of molecular systemd taquently used as a threshold
value for comparative purposes [31]. The first hppdarizability of the PHCL
compound is greater than those of urpaf urea is 0.372& 10*°esu obtained by

HF/6-311G(d,p) method).

Table 5.6.NLO properties of PHCL calculated using DFT at
B3LYP/6-311++G(d,p) level

Polarizability First hyperpolarizability
Olxx 220.93 Bxx -115.37
Olxy 0.00 Bxxy 0.00
Olyy 5451 Bxyy -52.74
Oxz -166.38 Byyy 0.00
Oy, 0.00 Byxz -237.06
(o 308.59 Buyz -0.00
Byyz 39.26
Bxzz 643.57
Byzz 0.00
Bzzz -1227.67

5.3.3. Natural Bond Orbital (NBO) Analysis
In order to elucidate the inter and intramoleculharge transfer interactions
and electron delocalization within the molecules tHBO analysis is performed on

PHCL at DFT/B3LYP with 6-311++G(d,p) basis set. dexond order perturbation
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theory analysis of Fock matrix in the NBO is prdsenin Table 5.7. The NBO

analysis shows the stabilization energy ¢iQh) to 6*(O14-Hi5) as 11.99 kcal/mol,

which quantify the intermolecular O-H---Cl hydrogbonding. The interactions

between f(Nj;) to 7*(C»-C3) andn*(C+-Cy) andn*(C,-C3) to n*(C13-O16) With energy

values 38.38, 42.52 and 61.71, stabilize the pyeiding system. Most important

interactions in the PHCL molecule with the high B¢lues are 11(Cs) to n*(C2-Cy)

and n*(C7-Cy), M(O14) 10 1*(C13-O16), M(O16) 10 6*(C2-C13) and 6*(C13-Cyq), With

energy values of 55.06, 60.25, 56.15, 22.09, 28cHYmol, respectively. This high

energy values leads to ICT interactions in the ok [32]. In NBO analysis large

E(2) value shows the intensive interaction betwdem electron donors and the

electron-acceptors and greater extent of conjugatidhe whole system.

Table 5.7.Second order perturbation theory analysis of Foakix in NBO basis
including the stabilization energies using DFT 8LBP/6-311++G(d,p) level

. . . . 2E(2) | PEG)-E(G) | °F(i))
Donor (i) ED (i) Acceptor (j) ED (j) Keal/mol U au.
n3(Cly) 1.95715 | 6*(O14-H1s) 0.03904 11.99 1.03 0.099

] n*(Cs) 0.90616 | 54.99 0.15 0.094
MCrCa) | 198062 1 5 | 028008 | 14.15 0.33 0.063
6(C-N1g) | 1.98538 | 6*(N11-H1o) | 0.01560 3.76 1.76 0.073
6(C-C13) | 1.97648 | 6*(Co-N1y) | 0.02066 | 4.30 1.14 0.062
6(Cs-Ha) | 1.97592| 6*(C-N1) | 0.02718 5.25 1.06 0.067
n(C-Ce) | 1.65355| w(Cs) 0.90616 | 51.94 0.16 0.096
6(Co-H1) | 1.98210 | 6*(C-Ny) | 0.02718 |  4.49 1.10 0.063

. *(C2-Cs) 0.27255| 55.06 0.15 0.105
n*(Cs) | 0.90616 *(C+-Co) 0.25410 | 60.25 0.13 0.102
*(C»-Cs) 0.27255| 38.38 0.32 0.106

M(Na) | 1.47195 *(C7-Co) 0.25410 | 42.52 0.30 0.108
n(O1) | 1.96528 | ¢ *(C15-O16) | 0.02080 9.57 1.19 0.096
np(Ow) | 1.76724 | n*(C15O16) | 0.28098 | 56.15 0.33 0.123
6*(C2-C13) | 0.08091| 22.09 0.64 0.108

(O | 184569 6*(C15C1g) | 0.08201| 29.12 0.67 0.127
m*(C-Cs) | 0.27255 | n*(C15-016) | 0.28098 | 61.71 0.03 0.072

%E(2) means the energy of hyper conjugative intesast
®Energy difference between donor and acceptor jj NBO orbitals.

°F(i,j) is the Fock matrix element between i andg@lorbitals.
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5.3.4. Mulliken Population Analysis

The Mulliken atomic charge distribution is signdit in the application of
guantum chemical calculation. The atomic charggilligions determine the electron
population of the individual atom of the moleculgstem [33]. The atomic charges
affect many structural properties for instance léippoment, and molecular polarizability.
The strong negative and positive charges on thmesatd PHCL molecule demonstrate the
electrostatic attraction or repulsion between toena (Table 5.8). The Mulliken atomic
charge distribution of the PHCL compound is showikig. 5.18. The charges of the
molecule are ranged between -0.8 to 0.8 (Fig. 59 Hs (0.48973) atom has high
positive charge in the molecule. The carbon atoossgss both positive and negative
charges, with & as the highest positive charge compared to albther atoms in the
molecule and the nitrogen atom exhibits negativergd. The sum of natural charges
and atomic charges for PHCL molecule is zero ans thaintains the charge neutrality.

Table 5.8.Natural population analysis (NPA) of PHCL calcethwith
DFT/B3LYP/6-311++G(d,p) method

Atoms Natural Charge Atomic charge
Cly -0.74492 -0.60536
C 0.15731 0.49788
Cs -0.13659 0.536489
Hy 0.21847 0.254765
Cs -0.07969 -0.47393
Hs 0.18970 0.18973
Cs -0.18109 0.11243
Hs 0.19737 0.190628
Co 0.12195 -0.19962
Hio 0.18865 0.185824
N11 -0.35673 -0.02025
Hio 0.36989 0.330178
Cis 0.73468 -0.88702
O14 -0.60961 0.006661
His 0.48973 0.085255
O16 -0.55912 -0.20366

Total 0.00000 0.00000
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Fig. 5.18.Mulliken atomic charge distribution of PHCL
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Fig. 5.19.Mulliken atomic charges of all atoms of PHCL
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5.3.5. Molecular Electrostatic Potential (MEP) Anaysis

MEPs are useful in molecular structure studies beeahey display molecular
size, shape, as well as positive, negative, anttadezlectrostatic potential regions in
terms of colour grading [34]. The MEP at the B3L8R/A1++G(d,p) optimized
geometry was estimated to anticipate reactive $iteglectrophilic and nucleophilic
attack on the PHCL molecule. As illustrated in Fg20, the negative (red and
yellow) areas of the MEP are associated to elebiliopreactivity, whereas the
positive (blue) parts are related to nucleophigaativity. The color code of these
maps ranges between -7.947e-2 (red) and +7.94B&+@)( Fig. 5.20 clearly depicts

the regions having negative charges are aroun@1ide C15, H15 and CIl1 atoms.

ooz I

Fig. 5.20.Molecular electrostatic potential of PHCL

5.3.6. Frontier Molecular Orbital Analysis
The frontier molecular orbital analysis displayaaal function in the electric

and optical properties of a material [35]. Highestupied molecular orbital (HOMO,
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acts as an electron donor) and the lowest unoatup@ecular orbital (LUMO, largely
acts as an electron acceptor) energy differendeeinées the chemical stability and
reactivity of the molecule. From the optimized stwre, the energies of the HOMO
and LUMO are computed as —7.16 and -3.53 eV, résgpcand the HOMO-LUMO
energy gap is 3.63 eV. This result clearly shows tharge transfer interactions
within the conformers. The plots of HOMO and LUM®@bibal computed at the
B3LYP/6-311++G(d,p) level for PHCL molecule are wimoin Fig. 5.21. High band
gap energy of the molecule relatively has higheetc stability and lower chemical
reactivity. The 3.63 eV gap falls within the UV reg, so the molecule is colorless.
The global reactivity descriptors have been catedlaising the energy of HOMO and
LUMO and its values are given in Table 5.9. Theueal suggest that the molecule is

stable and also confers the proof of the NLO atgtiof the material [36].

Table 5.9.Calculated quantum chemical molecular orbital prtips for PHCL at
DFT/B3LYP/6-311++G (d, p) method

Parameters B3LYP/6- 311++G (d, p)
HOMO energy, Romo -7.16 eV
LUMO energy, Eumvo -3.53 eV
HOMO-LUMO energy gapAEcap 3.63 eV
lonization potential (1) 7.16 eV
Electron affinity (A) 3.53 eV
Total energy changaEr -0.46 eV
Overall energy balancak -3.63 eV
Electronegativityy 5.35 eV
Chemical hardness)) 1.82 eV
Chemical potential (i) -5.35eV
Electrophilicityindex () 7.85eV
Softness (S) 0.55 eV
SCF energy -2.36x% 10° kJ mol*
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Ermvo=-353 eV

Energy gap= 3.63 eV

Eroso=-7.10 eV

Fig. 5.21.HOMO-LUMO Plot of PHCL

5.3.7. Vibrational Spectral Analysis

The DFT with B3LYP/6-311++G(d,p) basis set is usedtudy various vibrations
using PHCL crystal assignments. The FTIR spectruas vecorded using a Perkin
Elmer Spectrum Il FTIR spectrometer in the scargea#000-400 cth Table 5.10
and spectra in Fig. 5.22 demonstrate the experehéeiuencies of FTIR intensities
and their various assignments, which were compdcedheoretically computed

assignments.
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Fig. 5.22(a).Experimental FTIR spectra of PHCL (b) Computed pRctra of PHCL

C-H Vibrations
The C-H stretching vibrations of the PHCL crystares observed at 3141 and
2847 cni. The out-plane deformation of C-H molecules waseobed at 949 crh

which could be attributed to strong coupled vilmas. They are in good agreement

with computed wavenumbers.

N-H Vibrations

The N-H stretching modes are observed as a broatlibdahe FT—IR spectrum
at 3462 crit. The absorption peak appeared at 1462 isnlue to the N-H bending
vibrations which match with calculated spectra 148#. The N-H in plane bending

can be traced at 754 &imis in good agreement with computed wavenumberch64

O-H Vibrations

The O-H stretching vibration appears at 3462'cithe COOH symmetric and
asymmetric stretching vibrations were observedlatln at 3233 crif respectively.

The computed and experimental FTIR are good agneewith each other.



Pyridine Ring Vibrations
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In PHCL, the C=0 stretching is observed as vergngirband at 1739 crh

which is in good agreement with computed spect#0icm *. The aromatic ring C-C

stretching vibrations observed at 1612 the bands corresponding to a strong band

at 1526 crit is attributed to the Kekule C-C stretching modae band at 1462 is

assigned to C-O stretching vibration. The C-N syimnimestretching was observed at

1300, 1210 and 1088 ¢hand it agrees with calculated wavenumbers 13083 Bxd

1092 cnt'. C-C-C out of plane bending vibrations was traaef08 crt.

Table 5.10.Experimental and calculated vibrational wavenurslzd fundamental

bands

positions assignments of PHCL

Experimental

Calculated | Experimental
wavenumber . . .
wavenumber | wavenumber 1 Vibrational Assignments
(cm™) (cmh4 (cm™)
Present work
- 3410 3462 O-H Stretch & N-H stretch
3244 3300 3233 C_OOI_—| asymmertric stretching
vibrations
3188 3092 3141 COOH_sym_mert_rlc and C-H
stretching vibrations
- 2857 2847 C-H stretching vibrations
1740 1725 1739 C=0 stretch
1620 1609 1612 C-O stretching vibrations
1532 1536 1526 Kekuley C-C strech
C-O stretching vibrations and
1484 1455 1462 N-H bending vibrations
1308 1311 1300 C_-N symmertric stretching
vibrations
1228 1220 1210 C_-N s_ymmertrlc stretching
vibrations
1092 1088 1088 C_-N s_ymmertrlc stretching
vibrations
964 960 949 Out of plane C-H deformatior
764 750 754 C-O in plane defor_matlon and
N-H in plane bending
668 669 660 C-N bending vibration
504 511 508 C-C-C out of plane bending

vibration
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5.3.8. Hirshfeld Surface Analysis

For a greater understanding of the crystallografidrice guiding the molecular
configuration and packing nature of the molecule¢hi@ir crystal structure, Hirshfeld
surface analysis is used. The Hirshfield surfadeBHCL are displayed in Fig. 5.23
showing the surfaces that has been mapped ovemgmiar, di, and curvedness. The
deep red colored circular depressions visible enstirface are indicative of hydrogen
bonding interactions O-H---Cl, N-H---Cl and C-Q-FHe small range of area and
light color on the surface represent a weaker anddr contact other than hydrogen
bonds [37]. The dominant O...H/H...O intermoleculaerattions (26.7%) is represented
by a two sharp spike in the 2D fingerprint plot iceg (Fig. 5.24). The O...H
interactions are represented by the left long sisaike in the donor region (12.3%)
and the H...O interactions are indicated by a righglspike (14.4%) in the acceptor
region. 21.6% contribution from the H---H/H---Hteots are represented by a single
spike in middle region and the 20.7% contributicont the CI---H/H---Cl interactions.
The relative contributions of the C...H, CI...C, CI...N,©, CI...O, H...N and

N...O contacts are 15.3, 9, 3.4, 2, 0.7, 0.5 and QOr&%pectively.

~ curvedness

Fig. 5.23.Hirshfeld surfaces forgm, d, d and curvedness for the PHCL molecule
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Fig. 5.24.2D fingerprint plots showing various intermolecutantacts in the PHCL

5.4. CONCLUSIONS

Solubility studies have been carried out for PH@M aucleation kinetics was
analyzed. The nucleation parameters was assessadi@is supersaturation ratios in
the range of 1.1-1.4. With the increased superaatur, critical free energy barrier
and critical radius decreased. The slow evaporaproach was used to synthesize
and grow single crystals of PHCL, which was chaaeed for its large third order
NLO property. Powder XRD confirmed PHCL single ¢ay$elongs to orthorhombic
system with space groupnma. The microstructural parameters such as crysta si

and lattice strain were estimated using the W-Hagt Optical transparency analysis
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shows that the crystal is transparent in the \ésiielgion. Moreover, its lower cutoff
wavelength with wide optical transparency windowthe visible region makes the
material suitable for its extensive investigatioRkiorescence analysis reveals a high
level of blue radiation emission, which could befusin light emitting diode (LED)
applications. The PHCL compound third order nordinty was measured using the
Z-Scan technique, indicating that PHCL materialgeha potential future as effective
optical limiters. The reverse indentation size @f@&ISE) has been discovered through
mechanical studies. The yield strengdy) (and elastic stiffness constant;{Cwere
computed, and the work hardening coefficient wasluated. Optimization of the
molecular structure and theoretical calculatiores @mputed using Gaussian software
using (B3LYP) level with 6-311++G(d,p) basis septidized geometrical parameters
are in close agreement with experimental values. Gaiculated value is 1.2%« 10%°
esu. Molecular stability was successfully analyzesihg NBO second order Fock
matrix analysis. The intermolecular charge trangezvidenced by Mulliken charge
population analysis and packing diagram. The baapl gnergy value 3.63 eV is
obtained from HOMO-LUMO analysis. Theoretical angh&imental IR spectroscopic
analyses were carried out and the presence ofifumattgroups in PHCL molecule
was qualitatively analyzed. The analysis of theskfled surface and fingerprint plots is
shown to be effective method to identify and quwardifferent types of intermolecular

interactions.
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CHAPTER - VI
SUMMARY AND SUGGESTIONS
FOR FUTURE WORK
6.1. SUMMARY

The “Experimental and Theoretical Investigation®mlinic Acid Based Single
Crystals” research are summarized and concluddagisrchapter. The future research
scopes are also highlighted. Single crystals ofc@lmic acid (2PA) (also known as
pyridine-2-carboxylic acid, 2-pyridine carboxyliccid and picolinic acid), 2-picolinic
trichloro acetate (PTCA), 2-picolinic benzotriaz@BTA), and 2-picolinic hydrochloride
(PHCL) are grown and their properties are discugsektail. The present investigation
is divided into six chapters.

Fundamentals of crystal growth, nucleation theoriegsious crystal growth
methods, computational approaches and instrumentéchniques were reviewed in
the first chapter.

The second chapter discusses the nucleation kénegiowth, W-H analysis,
spectroscopic, and optical properties of orgamglsi crystal 2-picolinic acid (2PA).
At 304, 308, 316, and 321K, the nucleation charesttes were evaluated at various
supersaturation ratios (1.1 to 1.4). The metastablee width is narrow at lower
temperatures and broader at higher temperatures sibw evaporation process was
used to grow the single crystals. The grown crylsé&dngs to the monoclinic system
with space groupC2c, according to powder X-ray diffraction. As per Wamson—
Hall method, the 2PA crystal with the minimum ledtistrain has a lower dislocation
density. The synthesized crystal has high tranana# throughout the visible spectrum.

Using Tauc’s method, the optical band gap is datexchto be 3.5 eV and 3.47 eV
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using the DASF method. The emission of 2PA is ie Hlue range, according to
fluorescence emission analysis. The Z-scan anaby=*®A shows that it can be used
as a good third order NLO material, with applicaon optical limiting devices. The
DFT/B3LYP/6-311++G(d,p) basis set was used to dateuthe optimized structure,
first hyperpolarizability parameters, NBO and M#n population analysis. The
computed spectroscopic parameters are in good ragreevith the experimental data
results. The molecular energy gap was discoveradH@MO-LUMO studies. Three-
dimensional Hirshfeld surfaces were used to ingas#i intermolecular interactions. It
shows that H--H/H--- H interactions contribute 44.4% Hirshfeld surfaeéhereas
O---H/H--- O interactions contribute 28.1%. The 2-picoliniddacrystal has good
quality, with increased crystalline perfection atical transparency nature.
Experimental and theoretical investigations of megdr optical crystal 2-picolinic
trichloro acetate (PTCA) are discussed in chagterfhe solubility studies reveal
PTCA has a positive coefficient of solubility. Thetical radius, metastable zone width,
interfacial surface energy, critical free energgd dree energy change parameters
obtained by the application of different equati@e in good agreement with each
other. Single crystal of PTCA has been grown bystvaporation technique. Powder
XRD spectrum revealed the crystalline nature ofstr@aple. The crystal has monoclinic
structure with space groug®;. According to UV-Vis-DRS investigations, PTCA has
a low absorption, which is a fundamental need fatamals with NLO applications.
At 260 nm, it shows the maximum absorption peakicvitorresponds to the-r*
transition. The reverse saturation absorption apptienomenon found in the PTCA
crystal is highlighted using the Z-scan techniqgliee fluorescence test reveals that

PTCA emits a blue tint. The PTCA crystal mechankmthavior indicates that it is in
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the soft category. The optimized structure of tRi€R molecule was computed using
DFT (B3LYP) level using 6-311++G(d,p) basis setp&nmental bond lengths and
bond angles are in good agreement to those cadculiieoretically. NBO analysis
reveals the intramolecular charge transfer intemastand stability in PTCA molecule.
The MEP analysis proves that PTCA is an electroh-species and explains why it is
electrophilic. The hardness value and negative aatpotential of the PTCA molecule
from HOMO-LUMO imply that it is stable. The existanof functional groups in the

PTCA molecule is qualitatively examined using tletmal and experimental IR

spectroscopy analyses. The percentage of strongvaakl intermolecular interactions
in the crystalline form is determined by the Hirddfsurface analysis of PTCA.

The chapter-1V shows the solubility studies of 2gtinic benzotriazole (PBTA)
with methanol as solvent. The nucleation parameiERBTA crystal are determined
from classical nucleation theory. Powder XRD exatiom confirmed the orthorhombic
crystal structure with the space groBpa2;. According to the optical absorption
spectra, PBTA has the lowest absorption betweena®@01100 nm. The optical band
gap of the material is 3.49 eV as per Tauc's piot 246 eV from the DASF method.
The optical properties of the PBTA crystal are daieed and related to incident
photon energy. The NLO efficiency of the grown ¢ayss analyzed by Kurtz-Perry
method. Vickers microhardness test reveals thersevendentation nature of the
material and work hardening coefficient value wasind to be 2.4. The DFT
calculations were performed for the PBTA crystabpiimize structure and evaluate
the first order hyperpolarizability, ICT interaati® through NBO, Milliken charges,
molecular electrostatic potential, HOMO-LUMO enempp and vibrational analysis.

The calculated value of hyperpolarizability for tRBTA compound is 1.7% 10°°esu
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and energy gap of HOMO-LUMO is 4 eV. Hirshfeld suiwe analysis and 2-dimensional
finger print plot specify the interactions assoetatvith PBTA molecule.

In chapter-V solubility studies and nucleation kiog have been carried out
for 2-picolinic hydochloride (PHCL) crystal. The claation parameters was assessed
at various supersaturation ratios in the rangelefl . With the increased supersaturation,
critical free energy barrier and critical radiusaased. The PHCL single crystals are
grown by slow evaporation solution growth techniggewder XRD confirmed PHCL
single crystal belongs to orthorhombic system veface groug®nma. The optical
absorption analysis demonstrates that grown csybale a high degree of transparency
over the whole visible spectral range, making thastentially useful materials for
device applications. The third order nonlinearify RHCL crystal was determined
using Z-scan technique. Hardness studies revealPRH&L crystal belongs to soft
material category. The elastic stiffness const@at) (was determined, and it confirms
that the bonding between nearby atoms is quité Jiifeoretical computations and
molecular structure optimization are performed gsi@aussian software at the
(B3LYP) level with the 6-311++G(d,p) basis set. @etrical parameters that have
been optimized are in close accord with experimestults. The NBO second order
Fock matrix technique was used to successfully stigate molecular stability.
Mulliken population analysis and packing diagranvea intermolecular charge
transfer. HOMO-LUMO analysis yielded the band gaprgy value of 3.63 eV. The
existence of functional groups in the PHCL molecwlas qualitatively examined
using theoretical and experimental IR spectroscomestigations. The Hirshfled
surface analysis and fingerprint plots has beenddo be a useful tool for identifying

and quantifying various forms of intermoleculareirgctions.
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NSo. Description 2PA PTCA PBTA PHCL
1. | Molecular formula CsHsNO, CgHsCisNO, C1,H10N,O; CsHgNO, CI
Slow Slow Slow Slow
2. | Method / Solvent evaporation / evaporation / evaporation / evaporation /
Deionized water| Deionized water Methanol Deionized water

Crystal system Monoclinic Monoclinic Orthorhombic Orthorhombic

4. | Space group C2/c P2,/n Pna2; Pnma
Structural . Non- .

5. determination Centrosymmetricf Centrosymmetr CCentrosymmetric Centrosymmetric

6. | UV cutoff 263 260 254 267
wavelength (nm)
Optical Band gap

7. | (Eg) eV—- Tauc's 3.5 4.25 3.49 3.80
plot
Optical Band gap

8. | (E,) eV-DASF 3.47 3.83 3.46 4.44
method
Urbach energy

9. 0.01 0.19 0.11 0.27
(ETaiI) ev

10. | SHG - - 2.2 times KDP -
Third order

11. | Nonlinearity 2.95x 10° 5.06x 107 - 3.75x 10°
12 (esu)

12 l‘fore“ca' basis B3LYP / 6-311++G(d,p)

13. | Polarizability (esu) 1.316x 102 3.759x 10% 2.58x 10°° 2.88x 10°°
First

14. | Hyperpolarizability 8.730x 10°%° 2.796x 10%8 1.77x 10% 1.29x 10%
(esu)

15, | HOMO-LUMO 5.38 3.14 4 3.63
gap (eV)

6.2. SUGGESTIONS FOR FUTURE WORK

* The crystals were grown using a slow evaporatidatem growth approach,

and the results are presented in this dissertaibese crystals nucleation

kinetics have been studied, and these results dmutkploited to create large-

scale crystals using the Sankaranarayanan — Ramg&t) method and seed

rotation method for possible potential applications
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Different studies, such as phase matching, opticaling, and laser damage
threshold, can be applied to the grown crystalscviban lead to fascinating
results.

Different organic solvents can be used to analyee dtching behavior of
different crystallographic faces in order to disepwislocations and lattice
inhomogenties, and then to compute crystallinity.

Appropriate dopants can be used to change the Nel@whor of the grown
crystals.

Simulation theories based on classical nucleatiod density functional

theories with different basis sets could be used.
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ARTICLE INFO ABSTRACT

Keywords:

Nucleation kinetics
Williamson-Hall approach
Optical band gap

The single crystals of pyridine-2-carboxylictrichloroacetate (P2CT) were synthesized using standard method at
room temperature. Nucleation parameters such as, radius of critical nucleus, nucleation rate, and interfacial and
volume free energy has been estimated. The solubility of the crystal at different temperatures is analyzed.
Thermodynamic parameters from vibration analysis are compared with the enthalpy obtained from solubility to
predict the stability of the crystal. X-ray diffraction investigating the structural aspects establishes the crystal
structure belonging to crystal system as monoclinic nature. Williamson-Hall approach assesses the structural
characteristics of the grown crystal: average crystallite size along with lattice strain. In between 220 and 1000
nm wavelength range, the optical absorption spectra of P2CT are recorded. Based on derivation of absorption
spectrum fitting method, optical energy band gap and nature of optical transitions in the crystal is determined.
Vickers microhardness test estimates the hardness parameters and elastic stiffness is evaluated through Wooster’s

empirical relation.

1. Introduction

Researchers recently are drawn appreciably to growing organic
single crystals for their utility in band gap materials to direct and
organize the course of light [1,2]. The crystalline organic materials
enable calibration of their optical properties through molecular engi-
neering and chemical synthesis [3,4]. Carboxylic acids are the fasci-
nating organic materials in the optical applications because of their
potential to form H — bonding interactions. 2-carboxypyridine is one
such carboxylic acid that likely creates stable compound such as
Pyridine-1-ium-2-carboxylatehydrogenbromide and phosphoric acid
pyridine-1-ium-2-carboxylate [5,6]. The material synthesis, structure
and spectroscopic properties of P2CT crystals have earlier been reported
[7]1. The present investigations are novel in reporting the nucleation
kinetics and its parameters. The study also involves the growth, optical,
mechanical and dielectric characterization of P2CT single crystals. The
obtained results are discussed.

Nucleation kinetics bestows details of optimal growth conditions,
nucleation rate and solution supersaturation, which characterize the
growth of flawless bulk crystals [8]. The nucleation parameters like
interfacial energy (o), volume free energy (AG,), critical energy barrier

for nucleation (AG*), radius of the critical nucleus (r*) and nucleation
rate (J) were evaluated [9,10]. The thermodynamic parameters from the
vibration analysis were compared to the enthalpy obtained from solu-
bility to predict the stability of the crystal. The lattice strain was eval-
uated by means of Williamson-Hall analysis. The optical band gap and
other optical parameters were estimated by using Derivation of ab-
sorption spectrum fitting (DASF) method [11]. This method determines
the type of optical transition more precisely and more directly in
contrast to Tauc’s method [12]. Mechanical and dielectric studies of
P2CT have also been conducted alongside, and its results are conveyed.

2. Experimental
2.1. Preparation of the crystal

Commercially available 2-carboxypyridine and tricholoroacetic acid
were separately dissolved in demineralized water and the raw materials
for crystal growth were synthesized. Tricholoroacetic acid solution was
then added slowly to the 2-picolinic acid solution and stirred well using
a magnetic stirrer to get a homogeneous mixture. The filtered solution
was allowed to evaporate at room temperature and transparent crystals
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were harvested in three weeks time [7].
3. Results and discussion
3.1. Powder XRD

Powder X-Ray diffraction study at the grown crystal was done by
employing BRUKER X-ray diffractometer with 1.5406 A CuK, radiation
using step size: 0.0130° and scanning step time: 23.97s. The process was
carried out on room temperature with the aim of checking the phase
purity. In the obtained diffraction pattern, well-defined peaks at specific
20 angle can be seen, which corresponds to excellent quality of the
crystalline material [Fig. 1]. The lattice parameters of the P2CT crystal
obtained from FullProf Suite software [13] are a = 6.134 (7) (A), b =
22.140 (30) (A), c = 8.049 (9) (A), a = y = 90°, p = 95.755 (8) and
volume = 1087.8 (2), monoclinic system with space group P2;. It is
consistent with the reported values [7]. Further, using Williamson-Hall
equation the strain present in the grown crystal is evaluated [14]:

Ki
Peost = - nsing (€9)]

where, f - FWHM of the diffraction peak, 0 - Bragg’s diffraction angle, K-
Scherrer constant, A-wavelength of the X-rays, t-crystallite size, n-lattice
strain. Plotting the fcos0 versus sin6 [Fig. 2] and fitting the data linearly,
the crystallite size (1) is obtained by Williamson-Hall method

kA
T=—"""
Yy — axis intercept

(2

whose value is ~0.1 pm and lattice strain (slope of the fitted line), is
0.006 which alludes P2CT crystal has less lattice strain. It suggests larger
elastic stiffness constant, which is discussed in microhardness section
[15].

3.2. Solubility studies

The solubility studies of P2CT were pursued through a constant
temperature bath with temperature accuracy +0.01°C. The solute was
added to double distilled water until the saturation condition was
reached. The equilibrium concentration of the solute was analyzed
gravimetrically. The experiment was done again at different tempera-
tures [Fig. 3]. It is observed that the solubility of material increases with
an increase in temperature and nucleation temperature increases with
the increase in concentration. Thus the grown crystal has a positive
temperature coefficient of solubility.

3.3. Nucleation kinetics and metastable zone width (MZW)

Interfacial energy of the solid and liquid inter phase plays a key role
in the nucleation process. Based on the solution theory, Bennema and
Sohnel [16] have derived an expression that explains the linear depen-
dence of interfacial energy () on solubility

5000 1
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Fig. 1. Powder XRD pattern of P2CT crystal.
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Fig. 3. Solubility curve for P2CT.

o= (KT /d*)[0.173—-0.248 Iny,] (7/m’) (3)
Where, K - Boltzmann constant (JK’l), T - Temperature (K), d - mean
molar ionic diameter [d = {(6/7t)v}1/ 3], ¥m - mole fraction of solute in
solution.

The correlation of solubility and the enthalpy is [17]:

Iny, = (—AHs /RT) + (ASz/R) (©))
Where AHs - Enthalpy of fusion (Jmol’l), R - Gas constant (J K’lrnol),

ASg - Excess entropy of mixing.
Change in entropy per unit volume is given as

KTinS
AG, = —{ v } ®)

Where, V - specific volume of the solute molecule.
Critical radius is expressed as,
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20
"= TG, ©®

Critical energy barrier of the critical nucleation is derived from

« 6o’

AG = 3AG2

(7)

The number of molecules in the critical nucleus is stated by

. 4 )
Ty

The rate of nucleation (J) is calculated from the equation:

(8

J = Aexp (_1?7(";) (©)]

The estimated nucleation parameters of P2CT crystal at various super
saturation values from the above formulas are tabulated in Table 1.

The change in free energy per unit volume (AGy) decreases with
increasing the supersaturation which drives the crystallization process.
Fig. 4 shows the variation in energy barrier (AG*) with respect to tem-
perature. Fig. 5 shows the change in critical radius (r*) as a function of
temperature as well as the supersaturation. A decrease in interfacial
energy (o) (as shown in Table 1) with higher value of temperature leads
to decrease in radius of critical nuclei, causing the diminished free en-
ergy in the system. The classical nucleation theory diagram implies that
when volume free energy decreases and surface free energy increases the
crystal growth initiates.

The knowledge of MZW will help in the selection of optimum rate of
supersaturation generation to avoid the exercise of secondary nucle-
ation. MZW (ATpa) for each saturation temperature is obtained from
the relation

RT?
AT =—— (S—1
e = A (S—1)

(10)
Where, the value of enthalpy is obtained from eq (4) by plotting In y,, vs
1/T which gives a straight line, the slope of which is equal to AHg/R. The
present study involves reporting theoretically calculated values of
metastable zone width for the crystallization temperatures of crystals by
slow evaporation method. From the results it is observed that zone width
slightly broadens as temperature rises.

3.4. Equilibrium concentration of P2CT crystal

The solubility data of P2CT crystal are fitted to a second order
polynomial equation form for all the equilibrium temperatures [18].

Caat = —0.03T%+19.29T-3080 an

Correlative equation (11) is used to obtain the saturation concen-
tration of any temperature for P2CT crystal. Table 2 shows thermody-
namic values obtained from NIST thermo.pl program [19]. The procured
results reveal that Gibbs free energy decreases as the temperature in-
creases. This enhances the growth of the crystal.

3.5. UV-Vis-DRS (Diffuse Reflection Spectroscopy) analysis

The absorption spectra of the P2CT crystal are depicted in Fig. 6. In
the current work, precise DASF method is made use of to find the band
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Table 2
Thermodynamics values.
T (K) S (J/mol.K) Cp (J/mol.K) ddH (kJ/mol) Gibbs free energy (j)
303 586.360 246.917 46.408 —177620.672
308 590.423 249.619 47.649 —181802.635
313 594.465 252.298 48.904 —186018.641
318 598.484 254.954 50.172 —190267.740
gap energy.

The ratio of the optical absorbance (A) and the wavelength of the
radiation (}) is given by Refs. [11,20].

Table 1

Nucleation table from P2CT for super saturation Ratio-1.1
T (K) AG,(J/m®) 6 (J/m?) AG* (J) r* (m) i* J (nuclei/m®/sec)
303 —1466231.2 0.006351 1.99E-18 8.66E-09 10015.636 1.45898E+13
308 —1490426.4 0.005845 1.51E-18 7.84E-09 7431.595 1.19578E+13
313 —1514621.6 0.005655 1.32E-18 7.47E-09 6412.663 1.08382E+13
318 —1538816.9 0.005577 1.23E-18 7.25E-09 5864.569 1.02114E+13




N. Manopradha et al.

. - 1 T T T T

0.5'\ 1

o o o
N w =N
s

Absorption (a.u.)

=
-

0 L 1 A A A A A L J
300 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 6. Optical absorbance of P2CT.

_m 12)

In the above equation,

Ag - wavelength attributed to the energy gap, m - optical transition
index of charge carriers.

From Fig. 7, optical energy band gap is acquired by usingig,
DASE _ 1239.83

Y= @)

13

This is done devoid of any assumption about the nature of charge
carrier transition.

From the slope of Fig. 8, the value of m is acquired. Present analysis
expose the value of m near to 1/2, which indicates P2CT has the direct
band gap and direct allowed transition of charge carriers [15].

An exponential part called Urbach tail is present near the optical
band edge in the absorption coefficient curve. This exponential tail ap-
pears to be more for poor crystalline materials which are disordered in
lattices and for amorphous materials. If this tail appears to be minimum,
this indicates good crystalline nature and also good perfection in lattice
sites [21]. Urbach equation is expressed as,

A(2) = kexp <Efc, /1) 14)

¢

" i i i i n

2,95 3 3.05 31 315 32 325 33
AT (nm™) %1073

Fig. 7. DASF plot for P2CT crystal.
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where h - Planck s constant, c - light speed, k — constant, Eraj - width of
the tail of the localized states adjacent to bands.

The Urbach energy value is obtained from equationEry =
% (eV), where the slope is acquire from linear fit established in the
straight-line segment of the graph of In (A) in terms of P (Fig. 9) [22].
The obtained value of Ery; is 0.19 eV. The minimal value of Er,j;, imparts
the P2CT crystal has less disorder in near band edge in addition to
perfect crystalline quality [23,24].

Steepness parameter ¢ is derived from the equation:

KyT
o= 15)

Erair

The electron-phonon interaction (Eep) is measured through the
relation:

2
‘" 36

Apart from these, refractive index (n) and dielectric constant (eq) at
the absorption edge were estimated by applying the disclosed energy
gap values in the equation below [25]:

) [EDASF 3
2 1(1— : ) an

(16)

n*+1 20

Epy =0.19 eV

-2.4
0.0029 0.003 0.0031

Al({nm?)

0.0032 0.0033

Fig. 9. Urbach plot for P2CT.
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Eqg= i’lz (18)

The results obtained (Table 3) from the optical studies reveal that the
P2CT crystal holds good optical behavior for NLO applications [26].

3.6. Microhardness study

The mechanical strength of P2CT crystal is assessed using Vickers
micro hardness tester, fitted with a Vickers diamond pyramidal
intender. The indentation is measured for various loads from 2g to 100g.
The hardness parameters are calculated and listed in Table 4, using the
relation [27].

H,=1.854 P/d’kg/mm’ 19)

Where, Hy, - Vickers micro hardness number (kg/mm?), P- applied load
(kg), d - average diagonal length of the impression (mm). Fig. 10a graphs
the increase in hardness number for increase in load. The Meyer’s index
number [28] is determined from the relation P = kd™ where k is the
material constant and n, the "Meyer’s index”. By linear square fitting
(Fig. 10b) the value of n is obtained as 3.8. According to Hanneman
[29], the value of n is around 1-1-6 for hard materials and beyond 1-6
for the softer ones ascertaining P2CT categorized under soft material
group. Fig. 10c reveals the title compound to exhibit reverse indentation
size effect (RISE) indicative of plastic deformation predominance.

On the basis of Hays—Kendall’s model, load dependent hardness is
measured employing the following equation [30]:

P =W+ Ad" (20)

Where ‘W’ - minimum load initiate plastic deformation, A; - load in-
dependent constant, n = 2. The value of W and A; are calculated from
the graph drawn between P and d2. These two values from Fig. 11 are
—135.7g and 0.065 (g/um?) respectively. The corrected hardness (H,)
calculated using the relation H, = 1854.4 x A; is 97.08 (kg/mmz).
Elastic stiffness constant (Cy;) is estimated by Wooster’s empirical
relation [31]. From Fig. 12 it is evident that the elastic stiffness constant
increases with increase in load, which authenticates the tightness of
bonding between the neighboring atoms [32].

3.7. Dielectric studies

With the assistance of Digital LCRZ meter with frequency region
ranging between 50 Hz and 200 KHz, dielectric studies of the P2CT
crystals have been conducted at variant temperatures. Fig. 13a and b
depicts the graph of the dielectric constant and the dielectric loss of
P2CT as a function of frequency at temperatures viz. 308, 313, 318 and
323 K, respectively. Fig. 13a portrays the dielectric constant of the
grown crystal has larger value at low frequencies. This is probably due to
the existence of ionic, electronic, dipole orientation and space charge
polarizations. Furthermore the decrease in dielectric constant at higher
frequency is caused by drop in net polarization of the material. As a
result of space charge polarization owing to charged lattice defect,
dielectric loss is reduced at high frequencies (Fig. 13b) [33,34]. The AC
conductivity (6,c) of P2CT crystals in Fig. 13c limelights conductivity to

Table 3

Optical parameters of P2CT.
Optical parameters (DASF method) Values
Ag (wavelength of energy gap) 323 nm

1/2g 0.0031

E, (optical energy band gap) 3.83 eV
Erai (Urbach energy) 0.19 eV
o (steepness parameter) 0.12
Ecp (electron-phonon interaction) 5.56
n (refractive index) 1.88

£q (dielectric constant) 3.56
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Table 4
Hardness parameters of P2CT.
Load P (g) H, (kg/mm?) d (um) Cy1 x 10'° (Pa) oy (MPa)
2 3.65 31.88 0.016574227 0.005845755
5 4.46 45.61 0.023537307 0.007143032
10 8.09 47.87 0.066731468 0.012956756
25 18.1 50.62 0.273122997 0.028988539
50 33.8 52.38 0.814751162 0.054133294
100 50.1 60.82 1.622320975 0.080238995
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be frequency dependent as it increases rapidly at higher frequencies.
Based on the above results, the title compound proves to be right
component for device fabrication in electro-optic devices and photonics
industries [35].
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4, Conclusion

Nucleation kinetics of grown crystal is studied. The estimated values
of nucleation parameters are in agreement to one another. The minimum
value of lattice strain on the grown crystal suggests lower dislocation
density. DASF method used to acquire the optical band gap and other
optical parameters interpret the optical band gap of title crystal equal to
3.83eV. On the basis of mechanical studies, P2CT crystal turns out be
soft category. The value of C;; points out stiffness of bonding between

Physica B: Physics of Condensed Matter 624 (2022) 413397

neighboring atoms. The electrical properties of the title crystal at
different temperatures viz., 308K, 313K, 318K and 323K confirms
reduced dielectric loss at higher frequencies, which in turn establishes
P2CT to be of good quality crystal with minimum defects.
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Abstract. Organic single crystals of 2-picolinictrichloroacetate (PTCA) have been successfully grown by slow evap-
oration technique. The structural and optical characterization of the PTCA is analysed experimentally by Fourier
transform infrared and UV-visible spectroscopic technique and theoretical studies, by density functional theory method.
The charge transfer interactions leading to nonlinear properties taking place in the molecule have been studied by highest
energy occupied molecular orbital and lowest energy unoccupied molecular orbital analysis and natural bond orbital
analysis. Open-aperture Z-scan results on evaluating the nonlinear optical properties experimentally, confirm these
materials as good optical limiters. In addition, the PTCA exhibits a blue luminescence emission which shows that it is a

potential material for OLED device applications.

Keywords.

1. Introduction

Demand for nonlinear optical (NLO) materials are sky-
scraping in the area of laser applications, which include
second-harmonic generation (SHG), mode-locking and
Q-switching [1]. Organic NLO crystals fulfill those needs
with their quick response, high NLO productivity and
high laser damage threshold compared to inorganic NLO
materials [2,3]. Consequently, organic single-crystal
compound, 2-picolinictrichloroacetate (PTCA), is chosen
for study. Titular compound is preferred as
researches on pyridine and pyridine derivatives exposed
their excellent optical, magnetic, medicinal and biological
properties [4].

The material synthesis, structural, spectral and thermal
properties of PTCA crystals have been reported earlier [5].
The present work focuses on experimental study and
quantum chemical calculations of PTCA crystal. The study
is bent upon to elucidating the correlation between the
molecular structure and the NLO property together with the
theoretical spectral simulations using the density functional
theoretical (DFT) computations. The natural bond orbital
(NBO) analysis explores the interaction between inter- and

recent
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Vibrational analysis; Hirshfeld surface; fluorescence; Z-scan studies.

intra-molecular charge transfers. The quantum chemical
molecular orbital parameters have been evaluated from
Frontier molecular orbitals analysis. Hirshfeld surface maps
and fingerprint graphs are plotted to understand the various
types of intermolecular interactions in the molecular crystal
package. The third-order non-linear absorption behaviour of
PTCA has been experimentally studied using open-aperture
Z-scan technique and theoretically by hyperpolarizabilities.

2. Procedure

2.1 Preparation of the crystal

Commercially available 2-carboxypyridine and tri-
chloroacetic acid are combined in equimolar ratio and dis-
solved in double distilled water. The solution is stirred well
using a temperature controlled magnetic stirrer to yield a
homogeneous mixture. Then as a result of evaporation of
the filtered solution at room temperature, transparent single
crystals have been harvested in 3 weeks time. Successive re-
crystallization and filtration account for the purity of the
crystal (figure 1).
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Figure 1.

As-grown crystal of PTCA.

2.2 Computational details

All the theoretical calculations have been performed using
the GAUSSIAN 09W [6] program of DFT with B3LYP
method 6-311++G(d,p) as the basis set [7]. With the help
of the GAUSSVIEW 5.0 molecular visualization program
[8], the results of the molecule have been visualized.

3. Results

3.1 Optimized geometry

The optimized geometries of PTCA with symbols and
numbering scheme for the atoms are shown in figure 2.
Table 1 lists main structural parameters of PTCA maxi-
mized at DFT/B3LYP/6-3114++G(d,p) level. The global
minimum energy value measured by the DFT structure
optimization method is —5.372x10° kJ mol~". The com-
puted bond lengths show slightly higher readings than the
X-ray data, as the theoretical values correspond to the iso-
lated molecules in gas-phase, whereas the experimental
results are correlated with the molecules in solid state [9].
The optimized structure reveals intermolecular hydrogen
bonding of the type N10-H22°04 (2.941 A), taken place
due to linkage of cations to anions forming ion pairs
through the H22N10 atom. Protonation effected between
COO~ atoms and NHT group of hydrogen bonding is
confirmed by the increase in C11-N10 (1.361 A) and C15-
N10 (1.340 10%) and C15-N10-C11 (123.0°) bond angle. The
increase in N10-H22 (1.017 A) reveals strong intramolec-
ular hydrogen bonding N10-H22 05 (2.964 A). Despite
the differences, calculated geometric parameters show a

Bull Mater Sci (2020)43:272

Figure 2. The optimized molecular structure of PTCA.

good approximation and hence can be used to calculate
other parameters reported below.

3.2 Vibrational spectral analysis

The structural units of the PTCA are confirmed by Fourier
transform infrared (FTIR) spectroscopy through the KBr
pellet technique. The FTIR spectrum of the grown PTCA
crystals records the frequency region to be 4000—400 em™!
using Perkin—Elmer spectrometer. The vibrational analysis
is performed using DFT method B3LYP/6-3114++4G(d,p)
level basis set. The calculated and measured wavenumbers
and their assignments are tabulated in table 2. The simu-
lated and observed FTIR spectra are presented in figure 3.
Broad N-H stretch is visible in the region 3300-2500 cm™ .
C-H stretch at 3056 cm ™' is superimposed upon N-H
stretch, which is calculated at 3195 cm~'. The fine structure
on the lower frequency side of the broad N—-H band suggests
the overtone and combination of bands at longer wave-
length. The normal C=O stretch around 1709 cm ™' of the
carboxylic acid is recorded at 1698 ¢cm™'. The C-O-H in
plane bend observed at 1449 cm™' agrees with the calcu-
lated wavenumber 1423 cm™'. Also, aromatic C—H in plane
bending at 1130 cm™' and N-H out of plane bending at
670 cm ™' are in good agreement with the computed results.

3.3 Natural bond orbital analysis

In order to elucidate the inter- and intra-molecular charge
transfer interactions and electron delocalization within the
molecule, the NBO analysis is performed on PTCA at
DFT/B3LYP with 6-311++G(d,p) basis set. The NBO
analysis shows hydrogen bond interaction between oxy-
gen lone pairs and (C-H) and (N-H) o* anti-bonding
orbitals. The stabilization energies coupled with the
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Table 1. Optimized parameters of PTCA by B3LYP level with 6-3114++G(d,p) basis set.

Values (A) Values (°) Values (°)
Bond length Calc. Exp.? Bond angle Calc. Exp.? Dihedral angle Calc. Exp.?
H17-C12 1.079 0.975 C6-C7-C13 112.2 112.8 H17-C12-C13-H18 —1.9386 0.2699
Cl13-C7 1.791 1.752 C6-C7-C12 109.1 111.3 H17-C12-C13-C14 176.618 —179.755
C12-C13 1.408 1.383 C6-C7-Cl1 108.7 108.8 C11-C12-C13-H18 179.184 —178.432
Cl12-C11 1.369 1.373 CI1-C7-C13 108.7 108.3 C11-C12-C13-C14 —2.2587 1.5422
C13-C14 1.376 1.379 C13-C7-C13 112.2 112.8 H17-C12-C11-C16 0.0205 —0.4100
09-H21 0.969 0.953 CI2-C7-C13 108.7 108.8 H17-C12-C11-N10 179.6756 —179.458
09-C16 1.338 1.306 CI1-C7-C12 109.1 108.7 C13-C12-C11-C16 179.9237 178.335
Cl1-C7 1.808 1.775 Cl2-C7-C13 109.1 108.6 C13-C12-C11-N10 —1.4212 —0.7131
C7-C6 1.594 1.564 C16-09-H21 108.04 111.2 H18-C13-C14-H19 1.3026 —1.6947
Cl12-C7 1.807 1.770 CI11-N10-C15 123.0 109.5 H18-C13-C14-C15 178.3029 179.113
C14-C15 1.405 1.371 C11-N10-H22 115.8 122.8 C12-C13-C14-H19 —177.246 178.329
C11-C16 1.488 1.500 C15-N10-H22 120.2 117.3 C12-C13-C14-C15 —0.2466 —0.8627
C11-N10 1.361 1.348 Cl12-C11-C16 126.4 119.5 H21-09-C16-C11 —177.871 179.196
04-C6 1.258 1.249 N10-C11-C12 119.8 125.7 H21-09-C16-08 2.5905 —1.6142
C16-08 1.207 1.203 N10-C11-Cl16 113.7 119.3 Cl13-C7-C13-05 1.4662 20.1208
N10-C15 1.340 1.328 C13-C12-H17 121.8 1149 CI3-C7-C13-09 —178.751 —162.327
N10-H22 1.017 0.855 C13-C12-H17 119.6 122.1 CI1-C7-C13-05 —118.885 —98.7592
C15-H20 1.076 0.937 C11-C12-C13 118.5 118.9 Cl11-C7-C13-09 60.8961 78.7929
05-C6 1.231 1.226 C12-C13-H18 119.5 188.8 CI2-C7-C13-05 122.1532 142.8358
C14-C13-H18 120.1 120.8 CI2-C7-C13-09 —58.0648 —39.6121
Cl12-C13-C14 120.2 117.9 C13-C14-C15-N10 6.4420 —0.6669
C13-C14-H19 121.8 120.1 C13-C14-C15-H20 —174.588 178.2775
C13-C14-C15 119.4 119.3 H19-C14-C15-N10 —176.459 —179.841
C15-C14-H19 118.6 119.1 H19-C14-C15-H20 —8.3128 —0.8973
N10-C15-C14 118.2 121.4 C12-C11-C16-09 —2.0120 0.3159
C14-C15-H20 123.3 119.6 C12-C11-C16-08 177.540 —178.930
N10-C15-H20 117.3 124.2 N10-C11-C16-09 178.314 —179.400
09-C16-C11 112.8 116.0 N10-C11-C16-08 —2.1331 0.1547
08-C16-09 124.8 112.1 C12-C11-N10-C15 8.1167 —0.8495
08-C16-C11 122.2 126.9 C12-C11-N10-H22 177.2117 173.046
120.8 C16-C11-N10-C15 —172.186 —179.997
C16-C11-N10-H22 —3.0913 —6.1015
C11-N10-C15-C14 —10.5471 1.5527
C11-N10-C15-H20 —179.416 —177.475
H22-N10-C15-C14 —179.175 —172.220
H22-N10-C15-H20 11.9549 8.7509
*Values taken from ref. [9].
Table 2. Computed vibrational wavenumbers and fundamental
band position assignments of PTCA.
100 4
Calculated Experimental 80
wavenumber  wavenumber?® 1
(cm™) (cm™h Vibrational assignments 60
404
. . . = 1
3525 3449 N-H stretching vibration i—; 204
3195 3056 C-H stretching vibration e o1 1@
1608 1709 C=0 stretching vibration 2 10 S T
1632 1610 C-C in-ring stretching vibration g 1
1423 1449 C—O-H bending € 801
1326 1307 = 60
1203 1209 C-H in-plane bending 404
1150 1130 2]
919 911 C-H out-of-plane bending ] (b)
836 823 01 . . . ‘ . .
733 725 4000 3500 3000 2500 2000 1500 1000 500
680 670 N-H out-of-plane bending Wavenumber (cm”)
501 512 C—C-C bending
Figure 3. (a) Simulated IR spectra and (b) FTIR spectra of

*Values taken from ref. [9].

PTCA.
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Table 3. Second-order perturbation theory analysis of Fock matrix in NBO basis, including the stabilization energies using DFT at

B3LYP/6-311++G(d,p) level.

Donor (i) ED (i) Acceptor (j) ED (j) E(2)%, keal mol™! E(]')—E(i)b, a.u. F(ij)", a.u.
n,(0,) 1.76589 6*(Ce=C~) 0.16071 20.79 0.56 0.018
*(Ng-C)5) 1.76589 27.15 0.19 0.069
n3(0,) 1.63936 1#(05-Ce) 0.35315 95.01 0.27 0.144
n,(05) 1.82100 6*#(04~Cg) 0.05485 18.56 0.79 0.111
*(Ce—C7) 0.35315 26.43 0.52 0.105
n(N;o~Cys) 1.83345 7#(C;1=C2) 0.25128 20.44 0.39 0.081
7(C1,—-C12) 1.67927 1#(05—C ) 0.24683 18.05 0.28 0.065
7#(N9-Cys) 0.46254 11.72 0.24 0.049
1#(C;—C ) 0.25128 17.28 0.31 0.067
7(C13-C14) 1.65861 6*#(09-C6) 0.08837 33.97 0.23 0.081
6%(C11-C ) 0.07068 16.56 0.29 0.063
n,(Og) 1.84616 6*(09=C ) 0.08837 31.53 0.63 0.128
6%(C11-C ) 0.07068 18.31 0.68 0.101
n,(00) 1.81254 1#(05—C ) 0.24683 49.92 0.34 0.115
T*(0g—C ) 0.24683 T#(Cy1=C10) 0.25128 85.48 0.02 0.073
*(N0=C15) 0.46254 7#(C;1=C2) 0.25128 29.55 0.06 0.062
7#(C13—C 14) 0.20932 50.45 0.06 0.088

“E(2) means energy of hyperconjugative interactions.
"Energy difference between donor and acceptor i and j NBO orbitals.
°F(i,j) is the Fock matrix element between i and j NBO orbitals.

hyperconjugative interactions for n2(04)— c*(C15-H20),
n2(08)—c*(N10-H22) are obtained as 0.63 and 0.99 kcal
mol ™", respectively (table 3), which quantify the extent of
intramolecular N-H O and intermolecular C-H O
hydrogen bonding. The most important intramolecular
interaction (n—n*) energy related to the resonance in the
molecules are electron donating from n2(04) atom to
anti-bonding acceptor n*(N10-C15) atom, whose energy
is 95.01 kcal mol ' resulting in hyperconjugation inter-
actions from n(O) to N-C bond. The second-order per-
turbation energies of w*(08-C16) to =n*(C11-Cl12),
n*(N10-C15) to m*(C11-C12) and =n*(N10-C15) to
m*(C13-C14) are 85.48, 29.55 and 50.45 kcal mol ',
respectively. These interactions make the pyridine ring of
PTCA stable. The strong negative and positive charges on
the atoms of PTCA molecule demonstrate the electro-
static attraction or repulsion between the atoms (table 4).
It results in significant contribution to the inter- and intra-
molecular charge transfer interactions, leading to the
stabilization of the molecule [10] (figure 4).

3.4 Molecular electrostatic potential

The electrostatic potential values at the surface are repre-
sented in different colours. The colour code of these maps
ranges between —8.081e—2 (deepest red) and 48.081e—2
(deepest blue) (figure 5). The light blue indicates the slight
electron-deficient region, while the yellow portion shows
the slight electron-rich region. As depicted in figure 5 on
PTCA, the regions having negative charges are around the
Cl1, Cl12, C13, O4 and O5 atoms. The absence of maximum

negative potential region in molecular electrostatic potential
(MEP) plot confirms the low chemical reactivity of the
molecule and the presence of partial negative potential
region (yellow colour) indicates the electron-rich region,
which is the favourable site for electrophilic reactivity.

3.5 Frontier molecular orbital analysis

The energy gap of highest energy occupied molecular
orbital and lowest energy unoccupied molecular orbital
(HOMO-LUMO) explains the charge transfer interactions
within the conformers. The HOMO and LUMO energies of
PTCA, as calculated by DFT/B3LYP/6-3114++G(d,p)
method, are as follows:

HOMO energy, Eyomo = —6.59eV
LUMO energy, ELymo = —3.45eV
HOMO—-LUMO energy gap [11],

AEGap = ELumo — Enomo = 3.14eV.

The plots of HOMO and LUMO are shown in figure 6.
The computed larger value of HOMO-LUMO energy gap
(3.14 eV) in PTCA confirms higher kinetic stability and
lower chemical reactivity of the molecule. The 3.14 eV gap
falls within the UV region, so the molecule is colourless.
The global reactivity descriptors, such as ionization poten-
tial (/), electron affinity (A), electrophilicity index (w),
chemical hardness (7), softness (S), chemical potential ()
and charge transfer (AN,,,x), have been calculated using the
energy of HOMO and LUMO (table 5). The hardness value
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Table 4. Natural population analysis of PTCA calculated with
DFT/B3LYP/6-311++G(d,p) method.

Atoms Natural charge

Cl1 0.01743
C12 0.01981
C13 0.03812
04 —0.70406
05 —0.70172
C6 0.74571
C7 —0.23762
08 —0.58049
09 —0.65983
N10 —0.45967
Cl1 0.14429
Cl2 —0.17075
C13 —0.11541
Cl4 —0.19154
Cl15 0.18254
Cl16 0.77685
H17 0.24599
H18 0.22463
H19 0.23760
H20 0.24721
H21 0.49777
H22 0.44314
Total 0.00000
11 B3LYP/6-311++G(d,p)

08

06

04

< 02 4

_OZC_]. (wk o §C118C13 iC15 H17 H19 H21
04 4

06 Atom

08 -4

Figure 4. Mulliken atomic charges and plots of PTCA.

and negative chemical potential indicate that the molecule
is stable [12].

3.6 Hirshfeld surface analysis

The 3D image in Hirshfeld surface analysis depicts
internuclear distances and angles, whereas 2D fingerprint
plot shows the existence of different types of inter-
molecular interactions [13,14]. The Hirshfild surfaces of
the PTCA are given in figure 7 and it explains the
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Figure 5. Molecular electrostatic potential of PTCA.
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Figure 6. HOMO-LUMO plot of PTCA.

Table 5. Calculated quantum chemical molecular orbital prop-
erties for PTCA at DFT/B3LYP/6-311++4G(d,p) method.

Parameters B3LYP/6-3114++G(d,p)
Ionization potential (/) —6.59 eV

Electron affinity (A) —3.45 eV
Chemical hardness (1) 1.57 eV
Chemical potential (p) —1.57eV
Electrophilicity index (w) 0.785 eV
Softness () 0.6369 eV~
Charge transfer (ANpax) 1

surfaces that has been mapped over dnorm, de, d; and
curvedness (3D plots). The surface representing the deep
red coloured circular depressions indicates hydrogen
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curvedness

Figure 7. Hirshfeld surfaces for dyom, d;, d. and curvedness for the PTCA molecule.

bonding contacts (figure 7). O H/HO intermolecular
interactions (30.4%) are represented by a two sharp spike
in the 2D fingerprint plot region (figure 8). The O H
interactions represented by the left long sharp spike in the
donor region (16.5%) shows the hydrogen atom inter-
acting with carboxylate groups of two compounds. The
HO interactions are indicated by a right long spike
(13.9%) in the acceptor region. It specifies carboxyl
oxygen atom acts as an acceptor to the hydrogen atom of
the NHT group [15,16]. The relative contributions of the
HH, CH, H"Cl, CI'""Cl and CC contacts are 5, 3.8,
25, 13 and 1%, respectively.

3.7 NLO studies first-order hyperpolarizability

The values of «, and § components of Gaussian 09 output
are reported in atomic units (a.u.), the calculated values
should be converted into electrostatic units (e.s.u.). The
polarizability and first hyperpolarizability of PTCA are
3.759 x 1072 and 2.7965 x 10~ ** esu, respectively. The
first hyperpolarizability of the PTCA is greater than that of
urea (B of urea is 0.3728 x 10" esu obtained by HF/6-
311G(d,p) method), which confirm PTCA as best material
for NLO applications.

3.8 UV-Vis—NIR spectral analysis

The absorption spectrum of PTCA crystal is displayed in
figure 9. It shows the maximum absorption peak at 260 nm,
which corresponds to m—n* transition. Using the recorded
absorption spectra, the linear optical constants of PTCA are
calculated and the variation in optical constants as a func-
tion of photon energy is plotted (figure 10a—d). From fig-
ure 10a the bandgap of PTCA crystal is jotted down to be
4.25 eV, which indicates the grown crystal possessing large
transmittance and permits it to be a suitable candidate for
optoelectronic applications.

From the optical constants, the calculated values of
refractive index (n), electric susceptibility (yc), real (e)
and imaginary (g;) dielectric constants at 4 = 800 nm are
1.48, 0.175, 2.198 and 7.275 x 10_6, respectively. These
values suggest that the PTCA material has profound NLO
efficiency.

3.9 Fluorescence studies

The optical application of PTCA has been validated by the
fluorescence studies. The fluorescence spectrum is captured
using PERKIN ELMER/LS 45 Fluorescence spectropho-
tometer in the range of 320-800 nm and is depicted in
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Figure 8. 2D fingerprint plots showing various intermolecular contacts in the PTCA.

figure 11. Due to m—m* transition, emission peak is noticed
at 513 nm in the spectrum, implying that PTCA crystals
have a blue fluorescence emission prevalently to be useful
in the OLED devices.

3.10 Z-scan measurements

The Z-scan is a widely accepted technique for characteri-
zation of NLO by the scientific community. The third-order
NLO properties of the PTCA crystal are investigated using
a He—Ne laser (5 mW) of wavelength at 633 nm as a source.
It is very simple and highly sensitive, but relatively the most
accurate method to determine nonlinear index of refraction
(ng), nonlinear absorption coefficient (f) and third-order
NLO susceptibility () by closed- and open-aperture
mode, respectively [17]. The closed- and open-aperture
normalized transmittance as a function of sample position Z
have been measured for PTCA crystal and are exemplified
in figure 12a and b. In closed-aperture pattern (figure 12a),
the peak followed by the valley intensity is vividly visible,

0597 T

0.400~ | -

Absorbance

0.200F | e

-0.032 ! L
220.00

1400.00
‘Wavelength (nm)

Figure 9. The optical absorption spectrum of PTCA crystal.

signifying that the sign of the refraction nonlinearity is
negative, i.e., the feasibility of self-defocusing effect [18].
Figure 12b exhibits a decrease in transmission with increase
in the input intensity, illustrative of the presence of reverse
saturable absorption (excited state absorption) with a
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Figure 10. (a—-d) Variation of optical constants as a function of photon energy.
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Figure 11. Fluorescence emission of PTCA crystal.

positive nonlinear absorption coefficient enabling the
material for optical limiting applications [19-21]. Table 6
tabularizes the experimental details and the results of the
Z-scan technique for PTCA crystal. The excellent NLO

4. Conclusions

Single crystal of PTCA has been grown by slow evaporation
technique. The computed spectroscopic parameters are in
good agreement with the experimental data results. The
NBO analysis reveals the possible intramolecular charge
transfer interactions and stability in PTCA. The MEP study
confirms PTCA as an electron-rich species and explains its
electrophilic nature. The hardness value and negative
chemical potential from HOMO-LUMO indicates that the
title molecule is stable. The Hirshfeld surface analysis of
PTCA interprets the percentage of strong and weak inter-
molecular interactions in the crystalline state. UV-visible
studies disclose that the title compound is transparent in the
entire visible region. Also, optical constants like bandgap
(E, = 4.25 eV), refractive index (n = 1.48), reflectance and
extinction coefficient are evaluated from UV-Vis—NIR
spectrum. Z-scan technique points out reverse saturated
absorption optical process observed in the titular crystal.
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Table 6. Obtained NLO parameter from open- and closed-
aperture Z-scan measurement data for PTCA crystal.

Parameters

Measured values for PTCA
crystal

Nonlinear refractive index (n,)

Nonlinear absorption coefficient
B

Real part of the third-order
susceptibility [Re(>)]

Imaginary part of the third-order
susceptibility [Im(>)]

Third-order NLO susceptibility
8]

3.03 x 1071% (cm®> W
8.47 x 107% (cm W1

6.05 x 107% (cm®> W™
5.03 x 107 (ecm W

5.06275 x 1077 (esu)

The fluorescence emission analysis confirms the emission of

PTCA is in the blue region.
absorption, NBO and Z-scan

attractive material for optical-
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Abstract: This work illustrates the significance of kinetic
parameters of nucleation and thermal decomposition for
Pyridine-2-carboxylic acid crystals. In the interest of max-
imizing the growth condition for the production of single
crystals, nucleation parameters such as interfacial energy
(0), volume free energy (AGy), critical energy barrier for
nucleation (AG"), radius of the critical nucleus (r*) and nu-
cleation rate (J) were determined from the classical nucle-
ation theory of solubility-enthalpy relation. The optimized
geometry of the compound was computed from the DFT-
B3LYP gradient calculations employing 6-31G(d,p) basis
set and its vibrational frequencies were evaluated. Based
on the vibrational analysis, the thermodynamic parame-
ters were obtained and the correlative equations between
these thermodynamic properties and variation in temper-
atures were also reported.

Keywords: Nucleation kinetics, growth from solution, DFT

1 Introduction

Pyridine-2-carboxylic acid (2PA) are used as building
blocks in crystal engineering and many coordination poly-
mers. These are beneficial compounds for human organ-
ism and are also involved in several essential biochemi-
cal processes. 2PA has been used as a valuable chelating
agent. [1] It is not only a potential proton acceptor but also
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a proton donor depending on the deprotonated groups. [2]
The growth aspects of pyridine-2-carboxylic crystals have
been studied in the past, but there are no reports on the nu-
cleation kinetics and DFT study of this organic material. In
the present work, the nucleation parameters such as inter-
facial energy (o), volume free energy (AGy), critical energy
barrier for nucleation (AG"), radius of the critical nucleus
(r") and nucleation rate (J) were evaluated. [3] The ther-
modynamic parameters from the vibration analysis were
compared to the enthalpy obtained from solubility to pre-
dict the stability of the crystal.

DFT methods were performed to acquire the vibration
information on the optimized geometry, relationships be-
tween molecular structure, hydrogen bonding and hyper-
polarizability, and thus, non-linear response of the title
compound was obtained. This can be used to support the
effort towards the discovery of new efficient materials for
technological applications by the design strategy for en-
gineering of crystals with predesigned architecture, espe-
cially, in the field of nonlinear optics. [4]

2 Nucleation Kinetics

Nucleation study is useful to interpret proper supersatura-
tion to provide controlled nucleation rate to obtain good
quality single crystals. [5] The concept of nucleation kinet-
ics was introduced by Gibbs. Nucleation is the initial pro-
cess that occurs in the formation of a crystal from a solu-
tion, in which a small number of ions become arranged in
a pattern, forming a site on which additional particles are
deposited as the crystal grows. To generate a new nucleus
from the parent phase, the nucleation process must over-
come the potential barrier; this is done using the process
of super saturation, which results in the formation of seed
nuclei. The process of nucleation is controlled by nucle-
ation rate parameter, which plays a key role in new phase
formation.

At the solution- crystal interface, the interfacial en-
ergy is formed, which is a crucial parameter in the theo-

3 Open Access. © 2019 N. Manopradha et al., published by Sciendo. F@ This work is licensed under the Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 License
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ries of nucleation and crystal growth. However, certain dif-
ficulties were encountered in the nucleation experiments
such as the requirement of a solution free from foreign par-
ticles, volume of the solution and so on. Theoretical at-
tempts have been made by several researchers to estimate
the interfacial energy using solubility data.

Interfacial energy of the solid and liquid interface isan
important phenomenon in the nucleation process. Based
on the solution kinetics theory, Bennema and Sohnel [6]
have derived an expression that explains the linear depen-
dence of interfacial energy (o) on solubility:

o= (kT/d*)[0.173 - 0.248In ] )

where, ¢ - interfacial energy (J/m?2); k - Boltzmann con-
stant (J K™'); T - Temperature in (K); d - mean molar ionic
diameter in crystal = {(6/ n)v}l/ 3: Ym - mole fraction of so-
lute in solution.

The relation between solubility and enthalpy of a real
solution is given as: [7]

Inym = (-AHs/RT) + (ASg/R) 2

AHj; - Enthalpy of fusion (J mol™!)
R - Gas constant (J K-'mol)
ASg, - Excess entropy of mixing.

From the reported nucleation kinetics equations, nu-
cleation parameters such as interfacial energy (), volume
free energy (AGy), critical energy barrier for nucleation
(AG"), radius of the critical nucleus (r") and nucleation
rate (J) of 2PA crystal was calculated for various tempera-
tures with constant variation in the super saturation ratio
and vice versa.

3 Experimental
3.1 Materials and methods

The chemical used in this experiment was an analytical
reagent as received from the commercial sources without
further purification. Pyridine-2-carboxylic acid was pur-
chased from Alfa Aesar. The solubility studies of 2PA were
carried out in a constant temperature bath with temper-
ature accuracy + 0.01°C. The solute was added to double
distilled water until the saturation condition was reached.
The equilibrium concentration of the solute was analyzed
gravimetrically. The experiment was repeated at different
temperatures.

§ sciendo

3.2 Computational Methods

GAUSSIAN 09 quantum chemical software [8] was used for
all the calculations. The molecular structure of pyridine-
2-carboxylic acid was optimized by Berny’s optimiza-
tion algorithm using redundant internal co-ordinates at
the DFT level, using the closed-shell Becke-Lee-Yang-—
Parr hybrid exchange-correlation three-parameter func-
tional (B3LYP) in combination with 6-31G(d,p) basis set
to derive the complete geometry optimizations and nor-
mal mode analysis on isolated entities. [9-11] The fron-
tier molecular orbitals (HOMO and LUMO) are generated
at DFT/B3LYP/6-31G(d,p) level to explain the electronic
and optical properties. The important quantum chemi-
cal molecular properties, that is, the global reactivity de-
scriptors have been calculated using the highest occupied
molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO). [12-17]

The first hyperpolarizability (8) and the static polar-
izability (a) of 2PA have been predicted using the DFT/
B3LYP/6-31G(d,p) method. Using the third rank tensor, the
27 components of 3D matrix can be reduced to 10 compo-
nents due to the Kleinmann symmetry. [18, 19] The output
from Gaussian 09 provides ten components of this matrix
as ﬁxxx, ﬁyxx; ﬁxyy, ﬁyyy, ﬁzxx, ﬁxyz, ﬁzyy, ﬁxzz, ﬁyzz, ﬁzzz,
respectively. The following equation renders the results of
components of first hyperpolarizability:

B=(B%+ By + B 3)
where,
Bx = Bxxct Bxyy + Bxzzs By = Byyy + Byxx + Byzzs Bz = Bzzz +
Bzxx + Bzyy

The equations for calculating the magnitude of static
polarizability is defined as follows:

(%)

Ao = (axx + ayy + 0z2)/3

4 Results and Discussion

4.1 Metastable zone width (MZW)

The knowledge of MZW will help us in the selection of
an optimum rate of supersaturation generation to avoid
the exercise for secondary nucleation. The difference be-
tween the equilibrium temperature and nucleation tem-
perature in the nucleation curve is called the metastable
zone width. The nucleation temperature for each satura-
tion temperature can be calculated using the data repre-
sented in Figure 1.
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Table 1: Nucleation Table from Picolinic Acid for Super Saturation Ratio-1.1

*

T AGy o AG* r i J
(K) 0/m?) 0/m? () (m) (nuclei/m’/sec)
304 -2.543050e+006 0.006923 8.592447e-019  5.444707e-009  4.297886e+003 8.300411e+012
308 -2.576511e+006 0.003852 1.442422e-019 2.990478e-009 7.121199e+002 2.503985e+012
316 -2.643433e+006 0.002345 3.090731e-020 1.774264e-009 1.487256e+002 8.814279e+011
321 -2.685260e+006 0.001556 8.754144e-021 1.159123e-009 4.146868e+001 3.761922e+011
322
—a— Solubility curve 1,00E-018
324 —e— Nucleation Temperature
2 £ sooeoro et
314 B 8 —a— s-ratio=1.3
314 E E” 6.00E-019 - —w— s-ratio=1.4
L
5 . é-&,ooe-ms-
E 31 S
a 2
g 4 £ 2,00E-019 -
304
304 0,00E+000 -
303 302 304 306 308 310 312 314 316 318 320 322
304 " temperature(k)
20 a0 B0 B0 TO0 T20 30

concentration

Figure 1: Solubility curve for 2PC

In this work, the theoretically calculated values of
metastable zone width for the crystallization temperatures
of crystals using the slow evaporation method have been
reported for the first time. From the results, it is observed
that the zone width is narrow at lower temperatures and
broader at higher temperatures. Table 1 enlists the esti-
mated nucleation parameters of 2PA with different temper-
atures. The change in free energy per unit volume (AGy)
decreases with an increase in the supersaturation, which
drives the crystallization process. Figure 2 shows the vari-
ation of energy barrier (AG") with respect to temperature.
Figure 3 shows the change in critical radius (r") as a func-
tion of temperature as well as the supersaturation. De-
crease in interfacial energy (o) (as shown in Table 1) with
higher values of temperature leads to a decrease in the ra-
dius of the critical nuclei and causes the decreases in the
free energy of the system. From the classical nucleation
theory diagram, this implies that volume free energy de-
creases and surface free energy increases, which starts the
growth of the crystal.

Figure 2: Variation of Gibbs free energy with supersaturation and
temperature for 2PA

6.00E-009
5.00E-009 —=— s-ratio=1.1
—e— s-ratio=1.2
% 4.00E-009 —a&— s-ratio=1.3
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® 4 .00e-009 —~——— .
e e ‘
0.00E+000

T T T T T T T T T T
302 304 306 308 310 312 314 316 318 320 322
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Figure 3: Variation of radius of critical nucleus with temperature and
supersaturation ratio of 2PA

4.2 Equilibrium Concentration of
Pyridine-2-carboxylic acid crystals

The solubility data of Pyridine-2-carboxylic acid crystal is
fitted to a second order polynomial equation form for all
the equilibrium temperatures. [20]

Csat = -0.0312746T% + 26.2771T - 5083.14  (5)

Correlative equation (5) is used to obtain the satura-
tion concentration of any temperature for Pyridine-2-
carboxylic acid crystals. Table 2 shows that there is a de-
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Table 2: Thermodynamics values

T(K) S Cp ddH Gibbs free
(J/mol.K) (J/mol.K) (kJ/mol) energy (j)
304 355.16 120.69 21.64 -107947
308 357.33 122.12 22.12 -110035.52
316 360.5 124.96 23.11 -113894.89
321 362.48 126.73 23.74 -116332.34

cline in the Gibbs free energy with an increase in the tem-
perature. This enhances the growth of the crystal.

4.3 Frontier molecular orbital analysis

The energy gap of HOMO-LUMO explains the eventual
charge transfer interactions within the conformers. The
HOMO and LUMO energies of 2PA, as calculated by
DFT/B3LYP/6-31G(d,p) method, are as follows:
HOMO energy, Egomo = —7.092eV
LUMO energy, E;yyo = —-1.630eV
HOMO-LUMO energy gap, [22] AEGAP = ELUMO - EHOMO =
5.46118eV

The gap between HOMO and LUMO has been used to
prove the bioactivity from intramolecular charge transfer.
The plots of HOMO and LUMO are shown in Figure 4. The
computed high value of HOMO-LUMO energy gap (5.46118
eV) in 2PA confirms the chemical stability of the molecule.
[21? —25] The global reactivity descriptors, such as ioniza-
tion potential (I), electron affinity (A), electrophilicity in-
dex (w), chemical hardness (1), softness (S) and chemi-
cal potential (u), have been calculated using the energy of
HOMO and LUMO. The values are listed in Table 3.

Table 3: Calculated quantum chemical molecular orbital properties
for 2PA using the DFT/B3LYP/6-31G(d,p) method

Parameters B3LYP/6-31G(d,p)
ionization potential (I) 7.092eV
electron affinity (A) 1.630eV
chemical hardness (1) 2.730eV
chemical potential (1) -4.361eV
electrophilicity index (w) 3.483eV
softness (S) 0.366 eV™!

§ sciendo

(a) HOMO

(b) LUMO

Figure 4

4.4 NLO studies - First order
hyperpolarizability

The values of a, and  components of the Gaussian 09w
output are reported in atomic units (a.u.); and the calcu-
lated values should be converted into electrostatic units
(esu). The polarizability and the first hyperpolarizability of
2PA are 1.0405 x 10723 esu and 4.1027 x 102! esu, respec-
tively. The first hyperpolarizability of the title compound
is 1.1 times greater than those of urea (f of urea is 0.3728 x
1073° esu obtained by HF/6-311G(d,p) method).

5 Conclusion

The study evaluates the nucleation parameters of the ti-
tle compound. The interfacial energy and the energy bar-
rier for nucleation decreases with an increase in temper-
ature. The values of kinetic parameters obtained by the
application of different equations are in good agreement
with each other. This confirms that the evaluated nucle-
ation parameters are feasible for the growth of 2PA crys-
tals. The first-order hyperpolarizability, polarizability and
quantum chemical molecular orbital properties of 2PA are
computed at the DFT level and the results are discussed.
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