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ABSTRACT

Nucleation of organic crystals from solution starts from-ssembly of molecules. New
and advanced techniques are continuously explored to have an insight into understanding
the nucleation mechanism and the local structure in both solution and resudtiygjalline

forms.

In this thesis, multiple spectroscopic techniques were appliedrared (IR), Raman, near
edge Xray absorption fine structure (NEXAFS) andyXphotoelectron (XPS}hat gavean
extensiveoverview of local interactionsbetween molecules. The nucleation rates were
calculated based on probability distributions of induction times using multiplero-

reactor setup and revised methodology.

Solid and solution state characterisation of bgilymorphs of p-nitrobenzoic acid (PNBA)
Forms | and Il, has been performed and they were found to have similar crystal structures
and beenantiotropicallyrelated. A comparative examination of substituent effects lonal
interactions andelectronic structures oPNBA p-aminobenzoic acid (PABAnd benzoic

acid (BA) has begpmerformed.PNBA has a strong electron withdrawing nitro group, while
PABA has a strong electron donatiamnine group. IR and Raman spectra showed the
carbonyl stretching frequency for PNBA is highest, followed by BA andl. PABA has a
lower orbital energy for altore 1s levelsand lowest unoccupied molecular orbital (3),

than PABAIn the solid state The substituent effect on the carbonyl stretching frequency
and oxygen NEXAFS data of PNBA, BA and PABA in acetaomitrdéhanol were in the
same order as the solid state. FTIR data for all compounds indicate that solution speciation
in acetonitrile is carboxylic aciddimers and solutesolvent complexes, while in ethanol

there are just solutesolvent interactions.

The nfluences of thermodynamj@ , and preexponential kinetic factorsA, on the

nucleationrate did not correlate with thespectroscopiaata. This raised several questions

on the accuracy of the obtained and Afrom the induction time measurements and the

role of hydrogen bonding in theucleation pathway.
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Chapter 1- Introduction

1. INTRODUCTION

1.1 Crystallisation and Blymorphism

More than 90% of active pharmaceutical ingredients (APIs) in drug formulations are
present in the crystalline form®. The effectiveness of these drugs depends on their
bioavailability which, in turn, changes as a function of interdependent physical properties.
These include crystal structure, polymorphic forrizesand habit. Therefore, controlled
crystallisation processes play a crucial part in pharmaceutical manufacturing. Crystallisation
is a purification and separation process involving the transition from a disordered system of
molecules, ions or atoms insolution to an ordered threglimensional molecular array; a

crystal®.

The control of crystal structure polymorphismm & particularly difficult problem, and is
already known to occur in more than half of all drdg®olymorphism is a phenomenon
where the crystal structures of two or more solid phases are different, even though the
chemtal composition is the same. Each crystal structure has specific solid state properties,
such as stability, crystal shape, compressibility, density and dissolution rate, which
consequently affect the drug performanéePolymorph selection is believed to tagkace

already in the early stages of crystallisation, known as nucleétion

Nucleation is the initial process of crysisdltion, the beginning transition from molecules

or ions in solution to their solid state phaseThe driving force ragred for nucleation to

occur is supersaturation. The initial phase transition starts from an aggregation of several
molecules,n, into anucleus ofsizen. The nucleus will spontaneously continue to grow
above a dtical nucleus sizén*, and it will redissolve below this size. Capturing and
understanding the structure of these extremely small critical nuclei, which can be as small
as 1 to 100 atoms, is experimentally a major challehyawVith the recent advancement
advanced in analytical technologies and modelling some progress has been made, and

there has been an increase of interest in this fied

The structure of the nucleus is commonly assumed to be the same as the bulk trystal
Therefore, understanding crystals at the molecular level, specifically the intermolecular
interactions that bind molecules together in an ordered arrangement, is crucial. In the
absence of strongelectrostatic interactions hydrogen bonds are often the strongest

intermolecular interaction in organic compoundsSpectroscopy studies in the sdlut
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and the solid state havendicated somecorrelatiors between the structure of the

molecules in solution and in the crysfat some system&

The research in this thesis focssen gathering more information about the nucleation
process for one particular systemparanitrobenzoic acid (PNBA), by combining
thermodynamic, kinetic and spectroscopic investigations in solution and in the solid state,
and comparing with other previaly studied benzoic acid systems. The simplicity yet
interesting hydrogen bond interactions for carboxylic acid systems means they provide a
particularly worthwhile area of study. This work incorporates both characterisation of the
solidstate of PNBAandinvestigation of how the solvent affects the nucleation process and
nature of the hydrogen bond interaction at the carboxylic acid group. In addition,
comparison is made to benzoic acid derivatives with diffefmara-substituent groups, to
study the substuent effect on the hydrogen bond interaction, thermodynamic and kinetics
of the crystallisation process. The unique combination of modern and advanced
techniques, includingnultiple reactos and core electron spectroscopies, draws together
information acoss different approaches and length scales from molecules through to

crystals.

1.2 Thermodynamic ofolution and Polymorphic Tansformation

Crystallisation from liquid solutions is common practice. The process of creating a solution
involves the mixing ofhe solute with the solvent until it is homogenoésSolvents are
chosen based on the intermolecular interaction wittetholute, which influence solubility.
Solutes and solvents are classified into three main categories based on their hydrogen
bonds; polar protic, dipolar aprotic and ngolar aprotic. Generally, the solubility of a
solute in a solvent is higher if botheam the same class Solubility data are essential for
understanding phase transitions, thermodynamic properties of the solution and

polymorphism.

Experimental data of temperaturelependent solubility curves are commonly fitted using

0KS @FryQi 12FF SldzadAz2y (2 206Gl Ay ditheS §KSNJI
enthalpy and entropy of dissolutio®H ,, and DS, "°*° Equatim 1.1 is the linearised

gryQi | 2FF K isdak mdleXryction 6f S&dlute in the solverRis the gas

constant, 8.314 J mdl K, and Tis the solution temperature. ThBH , and DS, are

obtained from the slope and thg-interception based on the linear regression analysis on

18



Chapter 1- Introduction

the experimental data in a plot dhXx againstl/T ”° Alternatively, by calculating the

molar Gibbs free energy of dissolutiodG, ,using Equation 1.2, thBS, at temperature,

T , can be calculated based on Equation3..3

— d DSd H
Inx=- +? Equationl.1
DG, =- RTInXx Equation1.2

DH, - DG
DS, = % Equation1.3

Polymorphs can be characterised as either monotropic or enantiotropic based on their
temperature dependent solubility curveszor a monotropic system, théemperature
dependent plots of thdree energesof the polymorphs do not cross before all polymorphs
havemelted, hence any transformatioiltom one polymorph to another belothe melting

point isirreversible. For an enantiotropic system, the free energgescrossat least one
temperature below themelting pointsof the polymorphs, hence temperature variation
near the crossover points can cause a reversible phase transitiorhe stable polymorph

is the polymorph which has the lowest free energy. Assuming an idealsuldlie free
energy change is proportional to the solubility as shown in Equation 1.2. Therefore, the
most stable polymorph should also have the lowest solulifity

The transition temperaturel_, is the temperature where all the polymorphs in the system

r 1
are in equilibrium. The thermodynamic phase transition of a polymorphic system is studied

based on theheat of transition,DH- , molar Gibbs free energy of transitiolG; , and

entropy of transition,DS; . These thermodynamic properties for the transformation of

polymorph A to B are calculated by using Equation 1.4 to 1.7 as Below
DH, =DH_° - DH " Equationl1.4

— B A .
DG, =DG," - DG Equation1.5
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DG; = RTIn & Equation1.6
XB
DH. -
DS, :TT—DGT Equationl1.7

Advanced predictive analysis of thermodynamic properties based on the solubility data and
thermal analysis is commonly performed. The melting temperature of a metastable
polymorph, the correldon between the enthalpy of dissolution to the solubility,
temperature and heat capacity and the analysis on the free energy, enthalpy and entropy
changes as a function of temperature have proven useful in understanding polymorphic
systems®%% 1 a4 |y SEIFYLX ST GKS GNIXyaradazy GSyLS
temperature, 16 °C, is correlated with @h DS? # value, which is 3.1 kJ nibht 300 K.

The meta-hydroxybenzoic acid nfHBA) polymorphs have been concluded to be
monotropically related based on the calculated free energy and enthalpy differences. The
free energy difference decreasdm 0.87 kJ mét at room temperature to 0.50 kJ ntél

at the melting temperature of Form II, while the enthalpy increased from 1.20 K} tool
2.08 kJ métY,

1.3 ClassicaNucleation heory

The nucleation process is divided into two groups: primary and secondary. Primary
nucleation consists of a liquid phase only and is further categorised into either a
homogeneous or heterogeneous process. The homogenous processs naturally while

foreign particles such as dust, surfaces of objects such as stirring rod, or the wall of the tank

will induce the heterogeneous nucleation process. Practically, the homogenous process

rarely occurs. On the other hand, secondary eatibn involves the process of seeding by

adding crystals (seeds) into the supersaturated solution. This method helps to control the
ydzOf SFdA2y LINRPOSaa a (GKS NBadzZ GAy3 ONRAGF T &

Contemporary theories of nucleation include classical nucleation theory (CNTstepo
mechanism theory (TSMT) and pracleation cluster (PNC) theory. CNT was introduced in
the 193G and, to date, is commonly applied in many branches of chenfiéti§ CNT
states that there is a single energy barrier caused by the balance between increasing
surface energy and cohesive energy for small particles, which needs to be overcome before

spontaneous growth of crystals can take place. SectloB.1 and 1.3.2 will elaborate

20



Chapter 1- Introduction

further on the mechanism. TSMT is based on observations in protein crystallisation, where
two energy barriers are often observed, one associated with the formation of a dense
liquid, and the second with the beginning growth of cryst&t$. PNC describes the

crystallisation of calcium carbonate through aneirmhediate PNC or an amorphous phase
23

1.3.1 Thermodynamidarrier

Figurel.1 shows the free energy difference as a function of the nuclewasus which is
commonly used when discussing the thermodynamics behind the CNT. The free energy
change,DG , in creating the nucleus is the sum of the free energy change for the phase

transition (liquid to solid) DG, , and the free energy change for the surface formation

(liquid/solid), DGg , is given as in Equation 8

DG = DG, +DGg Equationl1.8

Surface Free Energy

Free energy (AG)

Volume Free Energy \
AG,

Figurel.1: Free energy diagram based on classical nucleaticgotly 2°

Figurel.2 (a) illustrates an initially homogeneous solution with number of molecules
while, Figurel.2 (b), illustrates the new state having a cluster withumber of molecules.
The difference in free energy is defined as the final free energy of the solution with the
cluster minus the initial free energy of the solutiéh/nis the chemical potential of the

solution?,
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Salution
M ® o o " ®
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Figurel.2: (a) An illustration the initial state with M number of solute molecules (blue
circle) in a solution state (left) and (b) the final state with a cluster of n size molesule
(right) 24,

DG = Gjna - Gt Equation1.9

DG =[(M - nym +G(n)]- Mm Equation1.10

The formation of the cluster in the final state creates a surface betvibe cluster and the

solution, thus, a surface energy needs to be overco@én)is the free energy of the

cluster whileG_; (n)is the total surface energy of the cluster are given in Equation 1.11

and Equation 1.12.

G(n) =nm +G (n) Equation1.11
G (N) = GA(N) Equation1.12

mis the chemical potential of the crystaj,(Jm*?) is the specific surface energy of the
clustersolution interface and by assuming a spherical shape cluster, the surface area is
A (m?) = (360v,”)"*n?*® where v, =M/ r N ,is the volume of the molecules in the

cluster, M and r are the molecular weight (gnol!) and density (gn"®) of the crystal$.

Substituting the G(n) , G, (n) and m - m =RTInS ° into Equation 1.0, the

maximum free energy or work is simplified as in Equation3 lwhhere Sis the
supersaturation ratio. The supersaturation ratio can be calculated as the ratio between the

actual concentration and the equilibrium concentration at temperattir€.

DG =-nRTINS+ A, Equation1.13
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The maximum free energPG which is at the critical nucleus radius, is the

crit

maximum energy needed to overcome the nucleation barrier. DR#&,, is also known as

the maximum nucleation workV* to create a critical nucleus siza* °.

1.3.2 Kinetic Barrier

The nucleation rate,] , which is the number of nuclei formed per unit time and volume, is
expressed in the form of the Arrhenius reaction as in Equatiod Wwherek is the
Boltzmann constant 1.3805 x #®J K!, T is the temperature in Kelvin (K) whiléG has
been discussed in above sectiof.is the preexponential kinetic term which has been
derived in detail by Kashchié¥* but only the final result, as in Equation 1.15 will be

discussed here.

J= Aexr& ES Equation1.14
¢ kT=+
A=zf*C, Equation1.15
2 /2
a DG .
z= ae—°m28 Equation1.16
G2KTN**

zis the Zeldovich factor calculated as in Equation 1f18js the frequency attachment of
a monomer to the nucleus ar{d, is the concentration of active nucleation sit&s> The
C, is an unknown parameter for a heterogeneous system as the active nucleation sites is

referring to the dust, particles or surfaces in the solution which cannot be quantified

Consequently, thd * cannot be calculated. Thd * is crucial as it determines the

attachment rate of the buildig units being adsorbed onto the nucleti®. This further

limits the understanding of the molecular arrangement during the nucleation process.

Figure 1.3 illustrates the free energy against the reaction coordinate for the two

polymorphs, | and IIG,is the free energy of the supersaturated solution wHe and
G, is the free energy to crystallise each polymorph, with polymorph | being more stable

than polymorph Il. Thé>*, and G*, are the activated energy related to the complex
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assembly of the moleculestm a specific packing arrangement in creating a new solid

phase. This activation energy is embedded in thegqgonential kinetic factorA.

y
Free 1

energy

Gy

v

Reaction coordinate

Figure 1.3: Schematic of the activation reergy barrier and thermodynamic barrier for
polymorphs | and IH.

The balance between th&XGand DG* to the nucleation rateJ, is not straightforward.

For example, based ofigure 1.3, as the supersaturation for polymorph 1| is higher,
(G, - G,), the critical nucleus size éxpected to be larger than for polymorph Il and so
the activation barrier is bigger. Therefore, kinetically polymorph Il is preferred, however,
thermodynamically polymorph | is more stable. The overall nucleation rate is a function of
temperature (T'), supersaturationS, interfacial energyg, the frequency of molecules

attachments, f *, and the concentration of heterogeneous sité3,, as shown in

Equationl.17.

a nkTIn S+9Ag

J =zf*C, expee T _ Equation1.17

A multiplexed micrereactor setup is a good method for measuring the induction times,

tig, at a constant supersaturation, volume and temperature. The main objective is to

obtain the preexponential kinetic factorA, the thermodynamic factorB ,and the

nucleation rate,J , in different systemg®172&31 These kinetic factors are often considered
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conditions (temperature, solvent, driving forc®) A mixture with a higher propadan of
metastablemHBA Form Il to Form | is kinetically favoured to nucleate in different solvents

7. Agitation rates have been shown to influence the proportiothesemHBA polymorphs

29 The ratio of the nucleation rate] , of Form | to Form lletreased from the lower to the

higher driving force. The nucleation rate of a filtered and 4ititared solution of
isonicotinamide (INA) in ethanol shows a 70% difference in the nucleation rate which is the

influence of heterogeneous particlés

1.4 Molecular Spectroscopy

Spectroscopy techniggs are applied when characterising the solid state form of
polymorphs, cecrystals, salts and solvates. Infrared (IR), Raman, ultravigible (UWis)

and nuclear magnetic resonance (NMR) spectroscopy are among the most common
techniques used for chacterising a compound. Infrared and Raman spectroscopy are
based on the vibrational mode of the molecules while\¥ provides the transition energy

for the excitation of an electron from the highest occupied molecular orbitals (HOMOS) to
the lowest unoccpied molecular orbitals (LUMO%) NMR spectroscopy was less suitable
for this project as it requires more complex ungmding of the physics of the molecular

structure?®. Nevertheless, this technique is evolving and being applied to a wider ¥tpe

Spectroscopy studies have been a great tool in probing hydrogen bonds. Understanding
hydrogen bonds in depth is important for relating interactions between building units or
synthons of a crystal and the solution struct&®&. Such building units are taken to be the
repetitive unit in a crystal structur&. One of the most common examples is a carboxylic

acid dimer. The IR spectroscopy studies on carboxylic acids have long established that the
local environment influences the frequency of carbonyl (C=0) stretching and hydroxyl

60 hb | Gof-pamzidefomations®® C2NJ SEI YL S | OFNb2E&ftAO
frequency around 950 crtand in the monomer around 650 ¢ while the frequency of

C=0 is around 1650 ¢mThe #etching frequency is influenced by the functional group,

substituents or intramolecular hydrogen boril

Characterising monomer and dimer speciation in the solution state is more complex as

there are solutesolute, solutesolvent and solvensolvent interactions. The carbonyl
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frequencies of monomers, dimers and complexes for carboxylic acid in various solvents

have been studied using IR spectroscépyhe carbonyl frequency for the dimer band was
F2dzy R O2yaAradSydate G GKS f2¢SN PyiRletheyl £ £ SNJI
others speciation at higher frequency band has a wider range at 48948 cni' %% The

wider range is associated with different speciation is solvent dependent.

(8] 0---H—0 0---H—¥
\O—H \D—H—— D//// \D—H
] () (1)
0 O
R—C//// R—C/
\D—H——-‘r' \D—H .
0
R—c’//
AN
0O—H
(Iv) (V)

Figurel.4: The carboxylic acid species may exist as monomer (1), dimer (Il), complexes
(111 and (1V) or acyclic dimer (V).

The frequency shift of the carbonyl stretching for benzoic acid in different types of solvent
suggest five different speciation indhsolution as illustrated ifrigurel.4. In a nonpolar

solvent such as toluene, the existence of monorfigrand dimer(ll) explained the two

carbonyl bands with a déquency difference of more than 40 &m The existence of
complex(lll) and (IV) relative to the dimer(ll) reduces the frequency difference to around

30 cntt and 20 crt T2 NJ LINR G2y R2Yy2NJ 61 b-0 FyR | OOSLI
chloroform and acetonifte 3. Concentration dependence studies further support the

existence of different speciation§®. The cycli¢ll) and the chain dime(V) have a small

difference in their carbonyl frequencié$

The solution speciation has on occasion been linked to polymorgiisfiand desolvation

rate 243 but there were equally cases with poor correlatidtf. This encourages a wider
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aspect of studies on the molecular structureray photoelectron spectroscopy (XPS) and
nearedge x-ray absorption fine structure (NEXAFS) spectroscopy are core level electron
spectroscopy that probes theore electron, 1 s, leading them to be elemepiecific as well

as sensitive to the local chemical/electronic environmét An increasing number of
studieshave been carried out to understand the solid and solution structure by using these
methods3+4%%2, Similarly as in IR spectroscopy, thalrogen bond interaction is discussed

based on the chemical shift in the spectra.

The combination of XPS and NEXAFS data give an overview of the energy level diagram; the
1 s binding energy (BE) is obtained from the XPS, while the LUMOs energyriscbfitain

the NEXAFS. The sensitivity of these data in probing the hydrogen bond interaction has
been shown in the solid state of salts,-oystals®**“8 polymorphs® and in the solution

state **52 The characterisation of monomer and dimer interacti@s also been discussed

°1 however, there is still no strong conclusion. Nevertheless, XPS and NEXAFS are young
techniques in the field of crystallisation and solid state characterisation. Therefore, more

data from a variety of different systems is needed.

1.5 p-Nitrobenzoic Acid (PNBA), Benzoic Acid (BA) psiminobenzoic Acid (PABA)
Benzoic acid (BA) amdaminobenzoic acid (PABA) are aromatic carboxylic acids that have
been studied widely investigating their thmodynamics, kinetics, molecular structure, and
polymorphismt®15181% BA has no polymorph and dissolves in-potar and polar solvents,
which revealed an int@&sting insight into the selissociation of BA in the solution state
1837 PABA has two polymorphs with different buildingiu@a & T htt ! . 1 Kl a | OF
RAYSNJ FyR i bt ! .% ThiImativates aCstudySoi tBeNlbcal environment
between these two molecular structures experimentally by using IR, XPS and NEXAFS
The low polymorphic transition temperature at 13°C as well motivates a comprehensive
study on the thermodynamic of PABA using both solubility and calorimetric Qafghe
kinetic study of BA and PABA was linked to the desolvation rate of the carboxylic acid

monomer and dimefe.
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.
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Figurel.5: The chemical diagram for PNBA (left), BA (middle) and PABA (right)

p-nitrobenzoic acid (PNBA) is an aromatic carboxylic acid with a nitro gFigpre 1.5
illustrates the chemical diagram for PNBA, BA and PABA. PNBA is an inte@siitgyind

with an opposite characteristic to PABA. PNBA is a strong electron withdrawing group with
a Hammet constant of +0.78* while PABA is a strong electron donating group with a
Hammet constant oft0.66°*. Unlike BA and PABA, no extensive study has been made on

the crystallisation aspect of PNBA and so this will be carried out in this research.

1.6 TheAim of this PhD Rsearch

In the recent years, more techniques have been established in measuring the nucleation
rate of an organic compound from the solutié®?®3%3153 This is lar derived to obtain the
thermodynamic and kinetic factor of the nucleation process (Section 1.3). The
thermodynamic data; enthalpy, entropy, and free energy difference of the solution and
polymorphic transformation is calculated from the solubility aatbdmetric data!®'* The
molecular structure in the sotion and solid state is commonly studied using IR and Raman
spectroscopy. The combinations of these studjégnetics, thermodynamic, and molecular
structure have been done on several systems to understand the mechanism of the

nucleation proces17:28:30.53

In this PhD research, a similar combination of studies is madleetics, thermodynamic

and molecular structure but for a new system. The system consists of the benzoic acid
derivatives: benzoic acid (BAyaminobenzoic acid (PABANd p-nitrobenzoic acid (PNBA).

The mainaim is to understand the nucleation of carboxylic acids dhydying the
substituents effect of an electron donating and withdrawing group to the hydrogen bond at
the carboxylic group and, subsequently, to the thedymamics and kinetics of the
crystallisation process. TheY A y S,) ek thé electron donating group used while the

y A i NB) wastihe &lectron withdrawing group.
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This project is divided intdive different areas The first area was to study the
polymorphism,solid statecharacterisation, and thermodynamic properties of PNBA in the
solid and solution statg(Chapter 3) The second area was tomprove the existing
methodology of induction time measurementdo provide consistency for PNBA in 2
propanol and ethyl acetatéChapter 4) The third area was to study the limitation of the
core level spectroscopy techniques on similar crystal structures (Chaptdh&Yourth
area was to combine the vibrational and core lespectroscopy techniques in studying
carboxylic acidaggregation solution chemistry, and substituent effect on the local
environment in the solid and solution staf€hapter 6 and 7)Lastlythe nucleation kinetic
and spectroscopidata are combined irorder to gain insight intdhe nucleation pathway

(Chapter 8)

The novelty of this thesis lies in relating observable PNBA crystallisation kinetics and
polymorphism with established and novel molecular structure probes, thermodynamic and
kinetic studies. Moreover, the work reported here is only the second examplenof a
application of core level spectroscopies, XPS and NEXAFS, for studying organic crystal
polymorphs, and the first to examine the effects of substituents on the electronic structure

in the solid and solution state. Third, the influence of -psponential knetic and
thermodynamic factor on the nucleation rate of PNBA and other substituted benzoic acids
will be examined. Potential energy diagrams highlighting the influence of the nucleation

and activation energy barriers will be derived.

1.7 Thesis Chapter @line

Chapter 1

This chapter introduces the fundamentals of the research topic and relates it to
contemporary research in the field. The aims and objectives of the research are stated.
Chapter 2

This chapter briefly describes all the methodologies used tfe research in this
dissertation.

Chapter 3

This chapter reports the characterization of tpelymorph solid state forms of PNBA,
focusing on thermodynamic data for each polymorph and for the polymorphic

transformation.

29



Chapter 1- Introduction

Chapter 4

This chapter reportsthe outcomes of a detailed critical study of the experimental
methodologies for measuring induction times for PNBA-prdanol and ethyl acetate.
Chapter 5

This chapter describes the use of XPS and NEXAFS in characterising PNBA polymorphs,
which, due to the similarity of local structure in the two polymorphs, serves to
demonstrate the limitations of these techniques in detecting and characterising
polymorphic forms.

Chapter 6

This chapter examines the effect of different pabstituents on the solidstate,
combining IR, Raman, XPS and NEXAFS spectroscopy data for BA, PABA and PNBA.
Chapter 7

This chapter examines the effect of different pabstituents @ the solution state by
combining IR and NEXAFS data for BA, PABA and PNBA in ethanol anttiecetoni

Chapter 8

This chapter combines the thermodynamic, kinetic and spectroscopy studies in the solid
and solution state from Chapter 3 to 7.

Chapter 9

This chapter concludes the PhD research and outlines several potential future works.
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Chapter Z; Experimental and Methods

2. EXPERIMENTAL AND MIEDS

This PhD research, as highlighted in Chapter 1, is investigating the thermodynamics,
nucleation kinetics and molecular structures of benzoic acid (BAjminobenzoic acid
(PABA) andp-nitrobenzoic acid (PNBA). The thermodynamic studies were based on
temperature dependent concentration plots, also known as the solubility curve, which was
obtained using the gravimetric analysis method. Nucleation kinetics were studied by
measuring indudgbn times in multiplexed microrystalliser setup; the Crystall6. The
molecular structures in the solid state were studied using vibrational spectroscopy (infrared
and Raman) as well as core level electron spectroscopy methods, nammely X
photoelectron gectroscopy and neagdge Xray absorption fine structure, XPS and
NEXAFS. The molecular structures in the solution state were studied using infrared and
NEXAFS spectroscopy. In additiomaX diffraction, differential scanning calorimetry and

optical micoscopy were used in characterising the polymorphs.

2.1 Materials

Benzoic acid (BAp-aminobenzoic acid (PABA) amehitrobenzoic acid (PNBA) were
purchased from SigmaAldrich with 99.8 %, 98 % and 99 % purity. PNBA Form | was
produced by adding, in exce$aNBA Form Il (purchased material) to ethanol or acetonitrile
at room temperature. The slurry was stirred for a day, filtered and driedropanol
(anhydrous, 99.5 %), ethanol, acetonitrile (anhydrous, 99.8 %), and ethyl acetate

(anhydrous, 99.8 %) weresed as solvents.

2.2 CambridgeSructural Database (CSD)

The Cambridge Structural Database (CSD) was established in 1965 and serves as a
repository for organic and organometallic crystal structutesThis database provides
information on Xray powder diffraction patterns, geometry, structure, correlations, model
compounds, packing arrangement and hydrogmmding patterns. There are more than
850,000 entries in the CSD as of the year 2017There were nine entries in the crystal
structure of PNBA dated from 1961 to 2015, with the starting CSD reference code of
NBZOAC. hree structures were chosen as references; NBZOAC0RBZOACO03', and

NBZOACO# based on the single crystal analysis techniques and nmedsamperature.
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Software: Mercury 3.7 and ConQuest 1.18 were used to visualise the molecular structure,
calculate the geometry of the structure, obtain the powder pattern, and other information

related to the crystal structure determination.

2.3 X-ray Diffraction (XRD)

A crystalline solid is a highly ordered structure of identical molecules arranged in a
repeated mttern. The unit cell of the crystal structure contains the infation related to

the geometry, symmetry and the positions of the atoRis The crystal structure of a
crystalline solid form is determined by usingray diffraction (XRD). XRD is a +fion
destructive technique that is based on the unique diffraction pattern of thayXbeams
fromthe atom®. . N} 33Qa [+ ¢ & Ay 9ldzZ GA2Y HOMEZ

results, wherenis the integer,/ is the wavelength of the incident wavel, , is the space

between the planes in the atomiattice, andgis the angle between the incident and the
reflected beam. The final powder XRD pattern will show multiple peaks at different angles
and intensities. Each peak represents the index position of the atom in the unit daiis In

thesis, the analysis of the XRD pattern is mainly for polymorph identification.
n/ =2d,, sing Equation 2.1

Powder XRD patterns were obtained using a Rigaku MiniFlex Diffractometer. The sample
was measured from &g of 5¢40° at a speed range of 1.5 to 3.0 ° thiand a step size of
0.03°. The CuaK(/ = 1.54 A) Xay source has a voltage of 30 kV and a current of 15 mA. If
necessary, the sample was ground using a mortar and pestle to ease the task of smoothing

out asample on a sample holder.

Software:OriginPro 2015 was used to replot the powder XRD patterns.

The single crystal XRD pattern of PNBA Form |l was determined in the School of Chemistry,
The University of Manchester by Dr James Raftery and Dr Chris Midrgrsingle crystal

XRD measurements were carried out at two temperatures, 100 K and at ambient room
temperature, using the Oxford Xcaliber 2 diffractometer, Moadiation (0.7107 A) with a
graphite monochromator. PNBA Form Il wascrgstallised by sle evaporation at 60 °C in
OS2y AGNRES (2 LINPRdzOS ONRadlta gAGK aAril s
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Software: Mercury 3.7 was used to visualise the molecular and geometry structure of the
crystal and extracting the calculated powder XRD pattern. OriginPro 2015 wasaused

replot this XRD pattern.

2.4  GravimetricAnalysis &olubility)

The solubility of PNBA Form | and Form Il in ethang@lopanol, acetonitrile and ethyl
acetate were measured using the gravimetric analysis technique. Purchased PNBA (Form 1)
was added in excess to 20 mL solvent, and stirred in a jacketed vessel atralled
temperature using a thermostat. The stirring was stopped after 24 hours, allowing the

excess solids to settle at the bottom thus creating a clear solution at the tq® fnL of

this clear solution was placed in a pseighed empty petri dishin,, and weighedm,.
The dried solids in the petri dish were weighey, after all the solvents had evaporated.

The concentration was then calculated by dividing the mass of s(mgs mo) by the

mass of solventém2 - ml).

An additional step was taken in measuring the solubility of the metastable PNBA Form Il at

25 °C to 45 °C and PNBA Form | at 55 °C. For example, 2 g of purchased PNBA (Form II) was
added to 20 g o$olvent. A sample of the slurry was taken at an interval ranging from every

30 min to an hourly basis to measure the powderay diffraction (XRD) pattern. The

stirring was stopped and the duration was noted once the transformation (PNBA Form Il to
Form ) had occurred which was based on the differences in the powder XRD pattern. The
same composition of the new slurry was prepared and the stirring was stopped just before

the polymorphic transformation occurred. The sampling of the clear solutions was as
described earlier. The experiments were performed on both PNBA Form | and Form Il from

25 °C to 55 °C at an interval of 5 °C in ethanol and an interval of 10 *@rfgpeol, ethyl

acetate and acetonitrile.

Software: Microsoft Excel 2013 and OriginProl®0were used for the statistical analysis

and graph plots.
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2.5 Slurry Transformatiorat 25°C

2 g of purchased PNBA (Form Il) was added to 20 g of selndrgtirred at 25C. A sample

of the slurry was taken at an interval ranging from every 30 minrtchaurly basis to
measure the powder xay diffraction (XRD) pattern. The stirring was stopped and the
duration was noted once the transformation (PNBA Form Il to Form I) had occurred which

was based on the differences in the powder XRD pattern.

2.6 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to detect changes in phase and thermal
events. The sample pans were heated or cooled at a fixed rate. A DSC curve shows the
melting point and the enthalpy of fusion. Meltingnd solid phase transition are
endothermic, which would show up as a negative peak in the DSC curve, while
crystallisation is an exothermic process and would show up as a positive'p&dle unit
consists of a Mettler TG50, P8 hermal Analyser Cell and FP90 Central Processor.
Approximately 4 mg of sample was weighed in the aluminium sample pans and sealed with
a small hole pierced. The mass of the sample was recorded and the sample was then
heated up from 30 °C to 300 °C atade of 10 °C min. These settings can be adjusted in

the temperature profile.

Software: Mettler Toledo FP99A and STARe were used in setting the temperature profile
and obtaining the enthalpy and temperature of fusion. OriginPro 2015 was used to replot

the experimental data.

2.7 Hot Sage Microscopy

A crystal of PNBA Form | with a size of roughly around 0.1 mm was obtained from a fast
evaporation in acetonitrile. The crystal was placed on a hot stage system (LINKAM TMS 93)
and the image was captured by ambedded camera (Infinity 1, Lumenera) to the optical
microscope with a magnification of 50x. The crystal was then heated from 30 °C to 200 °C
at a rate of 1 °C mth and a video recording was made to monitor the polymorphic

transformation.

Software:Infinity analysed and Infinity capture were used to visualise the crystal and to set

the video recording while Window Media Player was used to play the recording.
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2.8 Induction Time Measurement (Crystal 16)
The induction times for the nucleation process wereasiwred using the Crystal 16. The
Crystal 16" is a multiple reactor system that holds 16 standard glass vials (2 mL) arranged

into four separate blocks independently. The process variables include the temperature

N} y3IAy3a FTNRBY bLwmp edfroni @to :250mpmdubsiry tha indgmehicloafsy & LIS

heating and cooling rate in between 0 °C to 20 °C*miduration and the number of
repeats. The turbidity was measured in transmission using adigiitting diode (LED) and

a photo sensor in each vial. Bablock was programmed individually. The temperature in
each block was calibrated based on the external temperature probe against the set point

temperature.

The process profile for the nucleation experiment started by heating up the supersaturated

solution at a high temperature, 50 °C, and stirred for an hour at 900 rpm. Then, the

GdzZNDARAGE NBIFIRAY3 ¢l a OFfAONIGSR Fa mnn 2

solutionwas crash cooled at a rate 5f°C mibtto 25 °C and remained at 25 °C for 8 hours.

This was repeated for 5 cycles giving a total of 80 sets of data. The experiment was then

repeated at four to six different supersaturatiorts.is the time the solution reached 25 °C

and t; is the time crystals were first detected in the solutithat was based on théme of
the first drop in the turbidity reading which is about 99 %eThduction time is the time

difference betweent;andt,. Chapter 4 will discuss this methodology further and the

impact on the nucleation data.

Software: Crystall6, Microsoft Excel 2013, MATLAB Version 2016 and OriginPro 2015 were
used. The Crystal 16 software generated all the recorded process settings for all the 80
experiments into Microsoft Excel. A MATLAB script written by Dr Thomas Vetter from The
University of Manchester was used with permission to generate the final induction times.
These data are transferred to Microsoft Excel 2013 for the final nucleation rate calculation.

OriginPro 2015 and Microsoft Excel 2013 were used for plotting the graph.

2.9 Infrared Spectroscopy

Infrared spectroscopy can be used to study functional groups in molecular structure
through variations of vibrational bands due to bond length and strength (force constant)
Infra-red radiation leads to dipole excitation of characteristic molecular vibrational states

6 resulting in absorption at the corresponding characteristic frequencies The mos
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common vibrational modes are bond stretching and bending as a result of changes in bond
lengths and anglesThe selection rules governing IR excitation state that a change in
electric dipole must take place during the vibration. An example is the stretching vibration

of carbon monoxide, C&. IR is commonly scanned in a wide scamge of 4000 to 600

cmPl. The bwer wavenumber means that the less energy is needed to stretch/bend the
OKSYAOIf o62yRad® C2NJ SEIFIYLX Sz | aAay3atsS o62yR
double bond, C=0. The main interesting factor in applying the IR in this research is the
ability to detect the small changes in the wavenumber due to the environment of the bond,

such as hydrogen bond interacti®n

2.9.1 Attenuated Total ReflectanceFourierTransform Infrared (ATRTIR)
Attenuated total reflectance spectroscopy consists of an internal reflection element (IRE)
that has a high refractive index. The sample thaslower refractive index than the IRE,

placedon the surface of this IRE with sufficient pressure to provide good contact. The
infrared (IR) light penetrates the sample at a fixed deptmenetration,dp, where an

amount of IR light is absorbed by the sample and the remaiisngeflected back as
illustratedin Fgure2.1. The Smart GoldeGate, ThermadNicolet used thediamondcrystal
as the IRE to measure the IR in tudid state.

Sample
I
ATR Crystal 0

Detector Infrared beam -
b

(a) Reflectance (b) Transmission

FHgure 2.1: The illustration of the differences mechanism for (a) reflectance and (b)
transmission IR spectroscopy.
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2.9.2 Transmission FourielTransform Infrared (FTIR)

Transmission spectroscopy applies the Bemmbert Law that the absorbancé, , of the
infrared radiation at a specific wavelength is proportional to the molar absorptigity,
path length,b , and concentration of the solutiorg, as shown in Equation 2.2.

Absorbance is a function of the transmitted ligft,, which is then the ratio between the

intensity of the transmitted light, , to the intensity of the incident radiation,, as shown

in Equation 2.3 and illustrated in Figure 2.1.

A=ebc Equation 2.2

Equation 2.3

1-CDO

A:-In(l'):-ln%l—
&, S

0 -

A demountable cell was used to measure the IR spectra of the diluted solution for PNBA
and BA in acetonitrile and ethanol using the Smart Giwahsmission, Thermo Nicolet.
The solution concentration ranged from 0.2 M to 0.0004Rigure2.2 shows the assembly

of the demountable cell which consists of the back plate, teflon spacers and gaskets,
potassium bromide (KBr) windows, needle plate with two Husk teflon ports teflon O

ring and knurled end cap. A thicker spacer has a longer path Iéhgthe path lengthb ,

is the distance the light travels through the speciation and as shown in Equation 2.2, the
longer path length gives a higher absorption value at the same concentration. 0.1 mm or
0.2 mm thickness of the spacera# used. The solution was filled in the cell by using two
syringes; one was filled with the solution and the other was empty. Both syringes were
fitted into the LuerLok ports, the syringe with the solution was pushed into the cell while
the empty syringedvas pulled. This minimised excessive pressure on the inlet and secured

the cell from damage.
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Back plate

Teflon gasket
Spacer
= Teflon gasket

'Lfff ) / Needle plate
\ ’/’ ) Teflon o-ring

IR wmdnw; — T}@O/

Compensating ring__—— 0 @

Knurled end cap -

Figure 2.2: The assembly of the demountable cell where the spacer thickness can be
varied to achieve differenpath length 2

Software for the ATRFTIR and Transmission FTIBVINIC 8 was used for measuring the
spectra of the background and sample. The spectra were collected at a resolution B 4 cm
32 scans accumulated in the 40680cn#! range. OriginPro 2015 was used to replot the

final spectra, determining the peak position and the relative absorbance value.

2.10 Raman Spectroscopy

Raman spectroscopy is similar to the IR spectroscopy, which is based on the vibrational
frequencies of the molecule. The mechanism of Raman Spectroscopy, however, is different
to IR; Raman is based on the inelastic scattering of a monochromatic lightftaser®.

The peak characteristic is similar to the IR. Raman scattering is weaker as a portion of the
energy is absorbed by the molecules. Symmetric vibrations and covalent bond have a
stronger Raman signal than fR In the IR spectra, the intensity is determined by the
change in the dipole moment while in Raman, it depends on the changes in polarizability
during thevibration. The polarizability is higher in a high concentrate of loose electrons of

molecules, such as molecules with multiple bonds, C=C and G3N=0

A Horiba JovitYvon LabRam 300 confocal Raman microscope with the camera was used
GAGK | 1SbS t1aSN) gAGK |y SEOAGLIGAZY ftAYyS
aperture. The sample was placed on the microscslpe and visualised using microscope

objectives of 10, 50x or 100x. Spectra were measured in the rang®d® cni' at 10
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seconds per accumulation for 5 accumulations. These settings were adjusted accordingly to

the quality of the spectra.

Software: Lalspec 6 was used to perform an autalibration with silicon sample,
visualising the sample, and measuring the spectra. OriginPro 2015 was used to plot the

spectra and determine the peak position.

2.11 X-ray Photoelectron Spectroscopy (XPS)

Xray photoelectrm spectroscopy (XPS) is a technique used to identify the elemental
composition, electronic structure and chemical environment of a sample, with the signal
originating from about 10 nm in depth from the surfa%® XPS provides the binding
energy (BE) of the core level electron (such as 1s) by measuring the kinetic energy of the
ejected photoelectron (KE) after a known photon energyjs absorbed hv=KE+BE®. The

BE is also referred as the ionisation potential (IP).

A Kratos Axis Ultra instrument which employed the monochromatic Ablice (1486.69

eV) was used to measure the XPS spectra. Titagy Xource has a power of 180 W (15 kV
and 12 mA). About 1 mg of sample was fixed on the sample holder using endédetape.

The measurement was carried out at a pressure belo¥ dfbar. Surveyspectra (wide
scans) were measured with an 80 eV pass energy over 12@0efd using 0.1 eV step and
1000 ms dwell time. High resolution spectra were measured with a 20 eV pass energy

within the spectral range of interest, 0.1 eV steps and 1000 ms tiwel]

In addition, the interpretation of the XPS data is detailed hEigure2.3 is an example of a

wide scan XPS result for PNBA that shows the BE for carbomi@dbgen N 1s and oxygen

O 1s. The BE increases as the core level electrons are more tightly held by the nucleus, and
so higher BE occurs for oxygen in the 530 to 540 eV region followed by nitrogen in the 395
to 410 eV region and carbon in the 280 to 295region.

39



Chapter Z; Experimental and Methods
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Figure2.3: (a) The sketch of energy level diagram for carbon, C 1s, nitrogen, N 1s, and
oxygen, O 1s and (b) a wide scan results of PNBA highlighting the position of fte I8
1sand O 1s.

Next, the highresolution scan at each element provides the chemical environments and
state of the atom through chemical shifts. For examgfégure 2.4 shows the three
environments of the oxygen atom, O=NO, and ObH. The atom of interest is written in

bold and underlined. The BE is influenced by the atom adjacent to the oxygen. The oxygen
atom pulls the electron density from the adjacent atom @i increases its
electronegativity and consequently lowering the BE. Therefore, the BE for QOlis €re

lowest followed by O 1s® and O 1s BOH. Relative to the KDH and C©, the peak area

for O 1s N,is double is because of the two O 1s environm@itiN=0O. The curve labelled

as the satellite is a shake transition of a valence electron to the unoccupied molecular

orbital commonly found at higher BE and at the weak intensity in the aromatic sy&tem
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Figure2.4: A highresolution scan of for the oxygen and cunfiting analysis shows the
existence of all the chemicdlonds, C=0, N£and GH for PNBA.

Software: CasaXPS was used to analyse the XPS results. A linear background was used and
the curvefitting is made based on the GL (30) line shape, 70 % Gaussian and 30 %
Lorentzian. All the curves were calibrated to theQCpeak, ideally at 284.8 eV. OriginPro

2015 was used to replot the whole spectra including the fitted peaks.

2.12 Nearedge Xray Absorption Fine $ructure (NEXAFS)g8ctroscopy

Similar to the XPS, neadge Xray absorption fine structure spectroscopy (MES) is used

to understand the structure of the moleculdsigure2.5 illustrates the differences between

the XPS and NEXAFS. In XPS, the core level electrons almagh energy to be ejected

2dzi 2F GKS 2NDAGEHE&aXEZ wma TIh O OdzdzYs gKAES Ay
SYSNHe F2NJ 0KS (dNryaArdAazy (G2 GKS t26Sad dzy2(
NEXAFS is thus particularly sensitive to anything tieguin variation in electronic

structure. This means that NEXAFS detects the presence of the same chemical bonds as in
t{Z F2NJ SEIYLXtS (G4KS / T/ = /T'h hbl T odzi I RI

bonds can also be calculated in favourable c&ses
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X-ray in X-ray in

7 ON

O .
K “ 1s 2s 2p Unoccupied K ‘ 1s 25 2p Unoccupied

tate state
e : %
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Figure2.5: The illustration of 1 s electron being (a) ejected out of the orbital when the BE
is overcome and (b) excited to the unoccupiegdolecular orbital after absorbing the
sufficient energy. (a) and (b) represent the mechanism for XPS and example for NEXAFS.

Figure2.6 illustrates the difference b&veen XPS and NEXAFS through an orbital energy
RAFANIYZ gAGK -t{ @AStRAY3I (GKS .9 F2N G4KS wm
"F ON}YyaradAzyao 'a GKS -t{ FYR b9-!C{ RFGl
additional experimental relativeshifts in the binding and photon energy scales are
expected. There is the possibility that the exact relative locations of bands in the XPS and
NEXAFS results are ambiguous results as the calibration procedure for the energy scale is
different and can alsde laborious. Therefore, the XPS and NEXAFS data are either

analysed by roughly estimating the shift in energy or using the relative difference rather

than the absolute number.

Of-mmmmpm e Vacuum level
e 17t
=
=1k}
.
]
=
(iN]
m
A
o
-
-]
—_——— . _ _ . _ 1 [

XPS NEXAFS

Figure2.6: The orbitales NAe a1 SGOK 2F (GKS ma FyR M~ F A&
and NEXAFS data.
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NEXAFS measurement for the C andédgfe were performed for PNBA Form | and Form I

with partial electron yield (PEY) and an entrance grieb@V for C and150V for N a the

U7a beamline of the National Synchrotron Light Source (NSLS), New Yoeklg® tstal

electron yield (TEY) was performed on the 24BGM beamline of the BESSY I, Berlin. The

solution state for O ¥dge partial electron yield (PEY) was measurethat U4XPGM

beamline of the BESSY II, Berlin using the liquid microjet technique. Solutions of PNBA and

BA in ethanol at 0.10 M and 0.15 M, and PNBA and BA in acetonitrile at 0.02 M and 0.5 M,
6SNBE LINBLI NBR YR TFAfGSNBR Ieiiglassh@zxe witlS06LIS NJ (i d

mL mirt! flow rate was used.

The interpretation of the NEXAFS spectra is similar to the XPS data. The sharp and narrow
LISF1a +d GKS 268N SySNBes oKAOK Aa GKS NIy
main interest forthis thesis as they can be particularly sensitive to lecaironment The

ONBI RSNJ FNBI 2F (KS KAIKSNI Sy FNHeR7iEan GKS
example of a NEXAFS spectra fitted with peaks. The peaks are assigned to each chemical

bond in the same energy order as in XPS data and the ionisation potential is the edge step.

25
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Figure2.7: A complete curve fitting analysis of the NEXAFS spectra on theedgé for
PNBA lighting the main peaks of interest.
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Software: Athena was used in analysing the NEXAFS spectra. Firstly, the position of the IP
or the 1 s BE, was roughly estimated as around 4 eV higher than the XPS. The peaks under
the area were then fitted using the Gaussian lines. OriginPro 2015 was used toalétiet

spectra and the fitted peaks.

2.13 Gaussian 03 (Computational Chemistry)

Gaussian 038 was used to calculate the predicted molecular orbitals energy based on
density functional theory (DFT) for PNBA FdinPNBA Form 1l, BA and PABA. These
predicted orbital energy calculation guided the interpretation of the XPS and NEXAFS
experimental data and visualises the molecular orbitals. The input file for the calculation
was a single molecule or a monomer struegtuirom the CSD. The geometry of this
monomer was optimised at ground state using the settings of B3LY31GGd) before an
energy calculation was made. However, in order to differentiate the polymorphs of PNBA

Form | and Form I, the energy was calcudatgthout the geometry optimisation.
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3. POLYMORPHISM AND A&3IATED THERMODYNAEGHBIOF
PARANITROBENZOIC ACIDIBA)

Abstract: p-Nitrobenzoic acid (PNBARs two polymorphs, PNBA Form | and commercially
available Form Il. Solid and slurry/solution state characterisation of potymorpts has

been performed employing powder and single crystal XRD, FTIR, DSC, hot stage microscopy
and solubility measurementd he solid state phase transitidom Form | to Form Il occurs

at 122°C. Solubility and slurry mediated phase transformations between the polymorphs in
ethanol, 2propanol, acetonitrile and ethyl acetate have been performed. The polymorphs
are enantiotopically relatedwith a transition temperature at 51C, below which Form 1 is

the stable form.PNBA polymorphic transformations are driven by the high entropy factor

at 11.6 J mét K while the enthalpy is at 3.8 kJ rhbl

3.1 Introduction

Polymorphs of acompound have the same chemical composition, but more than one
crystal structure. A change in crystal structure, phase transitions, can occur directly in the
solid state as well as when the solid is in contact with its solff@nTemperature,
pressure, relative humidity and mechanical stressindncesolid-state phase transition®.
Changes in the polymorphic form widsultin different physical properties of a solid, such

as solubility, melting temerature, density, dissolution rate and other properties
Therefore, in thepharmaceuticaindustry, the control of polymorphs isssential in each

step, from upstream to the downstream process$é$

Xray diffraction, thermal analysis, spectroscopy and microscopy methods are commonly
used to characterise polymorph&. Xray diffraction (XRD) in particular reveals the
difference of molecule arrangements in different unit cells, while differential scanning
calorimetry (DSC) determines the temperature of solid state phase transitions and the
melting temperature of the stable form. Vibrational spectroscopy techniques such as
infrared (IR) and Raman are sensitive to differences in the molecular level structure as well,
while optical microscopy visualises the macroscopic morphdtégy’2 Solubility
measurementsdistinguishthermodynamically stable polymorphs, which are less soluble,
from metastable states, which are more soluble. The thermodynamic parameters for
polymorph phase trasition in the solution state, i.e., enthalpy, entropy and Gibbs free
energy, are calculated from the solubility and calorimetric dat¥'1'4(as discussd in

Sectionl.2).
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In an ideal system, the solubility is predicted by assuming the hedissilutionis equal to

the heat of fusion of the pure solutd)H ,, >*7as given inthe @ y Q (i Equaoi T

(Equation 31). This equation is an approximation since it does not account for the

temperature effect on DH ; which needsthe heat capacityDC . This means that care

must be exercised in comparing measured and calculated solesiliti

In _bH. et 18 Equation3.1
Xideal R g.IT Ta .

In interpreting measured solubility data it is common to useK S HAdff yequition a
written as Equation 2. DH, the heat ofsolution for each polymorph is obtained from
the slope of the experimental plot dh x againstone overtemperature Since formally this

relationship involvesctivities coefficientrather thanmole fraction care should be taken

when interpreting the values obtainedThe molar Gibbs free energy of the dissolution,

DG,, and entropy of dissolutionDS,, is then calculated apolymorphic transition

temperature, T, using Equation 3.and Equation 3L This is also discussed in Sectich

Inx = - R'F + = Equation3.2

DG, =-RT, InX Equation3.3
DH, - DG

DS, = % Equation3.4

The enthalpy and entropy @olymorphictransition, DH; and DS, , are then calculated as

the differences betweerDH, and DS;for each polymorph respectivelySection 1.2).

Alternatively, he DS; canbe obtainedby combining Equation 8.and Equation & DS
is calculated from the slope of the pl®TIn(x, / x, ) against temperature'. Equation 37

is then applied to calculatehe DH , as at the transition temperaturd, , the molar Gibbs

free energy of the transitiorDG,; , is zero.
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a Q :
o =-DS; Equation3.5
¢ HT =
XII :
DG, @RTInX— Equation 3.6
|
DG, =DH; - T,DS; Equation3.7

p-nitrobenzot acid (PNBA) is an aromatic molecule with a carboxylic acid and a nitro group,
as shown inFigure 3.1. PNBA is used as an intermediate in organic and biological
synthesi$*". The nitro group is a strong electron withdrawing group and a poor hydrogen
bond acceptor, resulting in preference not to be hydrogen bonti€#l The carboxylic ét

has both hydrogen bond dono®gH) and acceptor (&} capabilities.

o} 0
\N+ Y/
// < > <
o) OH
Figure3.1: The molecular structure gb-nitrobenzoic acid (PNBA)

Currently two polymorphs of PNBA amepresented in the Cambridge Structural Database
(CSD). The earliest crystal structure of PNBA deposited in the CSD was . 1966
structure analysis in 1971 included hydrogpositions 8, XRD analysis in 1977 was
performed on a PNBA single crystal grown from evaporatibrethanol solution. The
measurement at room temperature showed that the cryskalong to an A2/a space
group, with unit cell dimensions @E12.918p=5.042 and=21.298 A". Theintramolecular
bond lengths of the C=0 moiety and the © distance across the intermolecular hydrogen
bond are 1.234 and 2.668 respectively. A similar measurement was performed in 1993 at
120 K®8. The unit cell dimensions slightbhangeto a=12.857,b=5.0272 anc=20.997A
while the bond length for C=0 and--@are slightlyshorter at 1.231 A and 2.648 A,
respectively. The latest deposition was in 2015, using a PNBA crystal that wasfignown
slow evaporation of acetonitrile solutio. Pefformed at 100 K, and the analysis showed a
monoclinic, C2/c space group, withuait cell dimension 08=20.98 b=5.03 and:=12.85 A,
and bond lengths for C=0 and-@of 1.232 A and 2.649 A. The second polymorph of PNBA
was first described in 19806. At 123 K, a monoclinic system wihP1/c space group was

found, with aunit cell dimension 06=5.403 b=5153and c=24.692A. The bond length for
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C=0 and O-Owere at 1.212 A and 2.628 A respectively.

In this chapterthe main aim is to understand the polymorphism and the crystallisation
process of PNBA. domprehensive solid state characterisation of both polymorphs in
addition to the existing crystallegphy data is described. Solubility data in different
solvents is used to determine the thermodynamic properties and relationship between the

polymorphs.

3.2 Materials and Methodologies

The materials used are listed in Chapter 3ection 2.1. The methodolms used are
powder and single crystal -tdy diffraction (XRD), gravimetric analysisjurry
transformation,differential scanning calorimetry (DS@pt stage microscopy, infrared and

Raman spectroscopy as described in Chapter 2.

3.3 Results and Discussion

3.3.1 Solid $ate Characterisationof PNBA Form | and I

3.3.1.1 Crystal Structures

The crystal structures of PNBA ForfC8DReference IDNBZOACQ3") and Form IIGSD
Reference IDNBZOAQC) *9) as obtained from the CSD are showrrigure3.3 and Figure
3.3 respectively PNBA Form | has the space group ofaAghile Form Il ha$2/c. Both

crystal structures have a symmetric carboxylic acid dimer.

Figure3.2: The packing of PNBA Form | (NBZOACO03) looking down pdshof the unit
cell.
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Figure3.3: The packing of PNBA Form Il (NBZOACO02) looking down thridof the unit

cell.
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Table 3-1 summarises the key bond length and angles for both polymorphs. The bond

lengths between the two hydrogebonded oxygen atom&bH--O, are 2.66 A and 2.62 A
for PNBA Form | and Il, respectiteThe OO distance is within 2:83.0 A, thus itis

classifed as a strong hydrogen bon@. There is a 0.014 difference between the C=0
bond lengths, wh f S (G K S

1.2 Afor both polymorphs. The torsion angles between the carboxylic acid and nitro group

62yR fSy3dKa

are also similar, differing by only 1° between the two polymorphs.

T2NJ /I X

I'bb

Table 3-1: A summary of the geometry for the main functional groups (carboxylic acid
and nitro) for PNBA~orml and Il.

Bond Length PNBA Form I, A| PNBA Form II, A
C=0 1.23 1.25

hbl T 1 1h 2.66 2.62
Angle PNBA Form,I° PNBA Form )P
COO 123.1 122.3

NG 124.2 123.8
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The two crystal structures of PNBA Form | and Form lbeeeayed as showed irFigure
3.4 (top). This figure shows thaboth structures are buil from an identical hydrogen
bonded carboxylic acid dimerIn addition it is clearfrom the overlay of the packing
arrangementthat while the middle layer of the crystal packim@re similarthe top and
bottom layes are different.Extracting the middle and bottom layd¥figure3.4 (bottom)), it

is clearly showmgainthat these structures overlay with each other at the middle layer and
the difference between the bottom layes mainlydue to a shift in thearrangement of the

adjacent layers.

POCFRIBOTIE oo

q \
. %ﬂ}&%-@( Bottom Layer

Middle Layer

Bottom Layer

Bottom Layer ’ 7

Figure 3.4: (Top) the overlay of PNBA Form blgck NBZOACO03) and PNBA Form Il
(orange NBZOACOZh three different layerswhich highlightsthe difference between the
two polymorphs in terms of packing arrangements at the top and bottom layer.
(Bottom) The two structures overlay in the middle layer while at the bottom layer the
structures arrangement shift to each other.
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3.3.1.2 Powder XRay Diffraction (XRD)
The powder XRD pattern of PNBA Form | matches the CSD structure NBZOACO03, as shown
in Figure3.5. The main peaks thatharacterise PNBA Form | are a sharp peak gtalless

intense peak at 25 a shoulder at 27.5dllowed by a sharp peak at 27.&nd another less
intense peak at 29.1°.

Single XRD, 28303 K

(NBZOACO03)

Intensity (a.u)

Powder XRD, 296

P i il i

10 15 20 25 30 35 40
20 angle (°)

Figure 3.5: Powder XRD pattern oPNBAForm | (black) and NBZOACO03 (red). The
characteristic peaks are at 2725°, 27.5°, 27.8° and 29.1°.

The XRD pattern of PNBA Form Il shows a temperatependanteffect. Single crystal and
powder XRD of PNBA Form Il at room temperature (2960 a sharp peak at 17°1two
least intense peaks at 24.9° and 25.2° attmlee peaks at 267 27.7°and 28.6°. Single
crystal XRD and NBZOA C02 at 100 K and 1RavK similar peaks, but at 17.225.1°,
25.6°, 27.2°, 27.8° and 29.1Figure 3.6 shows that these XRD pattertmve the same

characteristic peaks but the position shifts by 0.2 to 0.5° at different measurement
temperatures.
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Figure3.6: Powder XRD pattern (pink) and singteystal XRD at room temperature (blue)
and single XRD at 100 K (black) of PNBA Form Il compar&BBEOACO2 (red). The peaks
position based on powder XRD (pink) are at 17.24.9°, $.2°,26.7°, 27.7°and 28.6°.

3.3.1.3 Fourier Transform InfraRed (FTIR) and Raman Spectroscopy

Infrared spectroscopy is a common technique used in understanjyagogen bonded
interactions FTIRspectra ofPNBA Forml and llhassimilar peak positions but at ffiérent
intensities as shown irFigure3.7. A smilar observation is seen in Raman spectra as shown
in Figure3.8. The similarityn the peak positions is anticipated, as the molecular structures
of both forms are the same, centrosymmetric carboxylic acid dimehdmimer, the &H
out-of-plane deformationpeak position is at aroun®30 cmP! 3, PNBA Form Il Isathis
signal at 92 cmP! while PNBA Form | is at 918 €nmApart from the peak position, PNBA
Form Ilhas a broader peak compared Eorm | witha shouldedike broadfeature. The
higher wavenumbeiindicatesthat PNBA Form Il dimer has weak&rdrogen bonding

PNBA Form | has higher peak intensity in both FTIR and Raman spectra.

The carbonyl (C=0) stretching has a strong signal in FTIR at 168@igure3.7) but a
weaker signal in Raman at 1640 "%nfFigure 3.8). The difference between these two
signals, antisymmetric and symmetric stretchiisg44 cni! and agrees with previous works
8081jn characterising carboxylic acid dimer. The nitro group vibration is similar between the

polymorphs and dfers only by 12 cntl. The N@symmetric and antsymmetric stretching
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lead to a sharp peak at 1349 Enand 1537 critrespectively in FTIR as showrFigure3.7.
In Raman, the symmetric peak is strong at 1358'cbut a weak signal occurs for the anti

symmetric stretch at 1526 crhas shown irFigure3.8.

Another characteristic differentiating the two polymorphs is a lower Raman shift, below
200 cnt'. In the case obenzoicacid, the peaks at 11dmP'and 122 cmP* are assigned to

the Gl T Toiit-bf-plane bending and B 1 Tsfietthing®. Here Figure3.8), PNBA Form |
has a shoulder and a sharp peak at 14%'and 121 critwhile PNBA Form Il has a single
peak at 118 cit. Even though this may seem a small difference, it has been found to be

highly reproducible and this it is a reliable characteristic to differentiate between the two

polymorphs.
—— PNBA Form Il
——PNBA Form |
8 o
A 2 &
['o} <
iy &
3
=
®©
o
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[%2]
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<
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Figure3.7: FTIR spectra foPNBA Form | (black) and Form Il (red) in the 750 to 1758 cm
region.
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Figure3.8: Raman spectra for PNBA Form | (black) and Form Il (red) in the 100 to 1800
cmP! region.

3.3.1.4 Differential Scanning CalorimetdDSC)

DSC provides the melting temperaturéhe heat of fusion and phase transition
temperaturefor the polymorphs Thermograms for PNBA Form | and Il were meastoed
comparison. The melting temperature wdsterminedfrom the peakand heat of fusion
was based omormalised values. Form | undergoes the phase transition to Form 11 8.2
(Figure3.9 (black)) before reaching the melting pointhus there is no available data on its
melting emperature and heat of fusionfhe enthalpy andhe entropy of transition are

1.96 kJ mdét and 4.88 J mblK*! respectively based otine average of eight data sets.

Formll has a melting temperature 447 °Cand a heat of fusion of 2 kJ moft* (Figure

3.9 (red)). The temperature value compares well witle literaturevalue 0f239.2°C, while

the previously reported heat of fusion is higher at 36.9nkF* 8, The difference might be
related to complications arising from the sublimation of PNBA (see next section), which
may set up a solidas equilibrium bfore melting, which is likely to be poorly reproducible

between calorimetry experiments. Based on the results obtained here the entropy of

" i555.7.J mott KoL,

fusion for PNBA Forth, DS, =
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Figure3.9: DSC pattern for PNBA Form | (black) and PNBA Form Il (red)

3.3.1.5 Hot Stage Microscopy

Hot stage microscopgrovides avisual view of the PNBA Form | transformation to Form |l
asthe temperature increasd. Thecrystal was heated frompom temperatureto 190°C at

a rate of 3 °Gnin°L, At 120°C to 130°C,a wavefrontmoving smoothly through the crystal
occurs, resulting in darkening of tlaeess it has transitioned over, e.g. from top to bottom

as shown irFigure3.10 (c) and (d). This change in appearance is associated with the the
transformation of PNBA Form | to Form II. The overall shape of the FoFigur€3.10 (e))
crystal remains the same as the initial Form | shape. As the teanpe increases to 190

°C, the crystal starts to shrink and evaporatéggre3.10 (f), (g) and (h)), suggesting a
sublimation process. Repeats made different crystals as well as accompanying powder

XRD measurements at 130 confirmed the formation of PNBA Form II.
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(a) Left: Starting crystal Forirat 3C°C
(b) Right: Crystal Form | at 85

(c) Left: Crystal Form | at the top start
to darken at 12€C

(d) Right: Crystal continues to darken
to the bottom at 1258C

(e) Left: Crystal Form Il at 18D

() Right: Crystal Form Il at 18D
starts to shrink.

(g) Left: Crystal Form tontinues
shrinking at 189C

(h) Right: Crystal Form Il complete
sublimating by 19TC

Figure 3.10: Microscopic imageof PNBA Form | atB°C (a), 85°C (b), and a phase
transformation to PNBA Form Il starts to occur at 120(c) and continues at 128C(d).
At 160 °C (e), the crystal shapeemains the same but itdarkensand the sublimation
process starts to occuevidencel by the shrinking of the crystal as shown at 18C(f),
189°C(g) and 190°C(h).
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3.3.1.6 Ingsitu FFIR measurement on heated stage

On a separate experiment, the powder form of PNBA Form | was heated fré@ #0190

°C and IR spectra were taken at each’® interval. Figure 3.11 shows that as the
temperature increases from 4%C to 95°C, the @H outof-plane peak of PNBA Form | at
917 cmbstarts to shift to the lower wavelength, 913 Eindue to the temperature effect.
Then, from 100C to 190°C, the peak position shifts to the higher wavelength at 921 cm
suggestinga phase transition to Form lln contrast, PNBA Form Il shows a continuous
temperature effect; the peak at 928 ¢i(40 °C) shifts to lower wavelength as the
temperature increases and reaches 918>tan 190°C. The powder starts to sublime from
160°C onwardsFigure3.11 further supports the hot stage microscopy resufsgre3.10)

on the solid state transition of PNBA Form | to Form Il which starts &iC100

930
- —a— PNBA Form |
928 “-\ —e— PNBA Form Il
926 + \
£ 924 - e
S t“",‘ End-
® 922 - ., PNBAForm I
o) /
g -
c 9207 nitial -
>
® 918 - PNBA Form |
<
916 -
i The starts of solid state
914 - phase transition from
| “—  PNBA Form | to Form II
912 — T T 1 — T T T 1

— 1
20 40 60 80 100 120 140 160 180 200
Temperature,°C

Figure3.11lY ¢ K S Joftplane Beakiiposition decrease from 917 to 913 'dras the
temperature increase from 40 to 90 °C and starts to increase to 92F'cas the
temperature increases from 100 °C 1®0°C.

Figure 3.12 shows the IR spectra between 900 to 960 "¢tnat several different
temperatures (40, 80, 100, 110, 120, 140 and 1&). The initial spectrum at £4C Figure
3.12 (black))shows the ObH outof-plane characteristic of PNBA Form [; a sharp peak at 917
cmP! and a small shoulder at 941 £mAt 80°C Figure3.12 (yellow)), the peak shifts to 913

cmP! but the small shoulder remains at 940 2mAs the temperature increases from 18D
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to 190 °C Figure3.12 (blue to red)), the sharp peak position increases towards 924 cm
while the intensity of the small shoulder increasessultingin a broad @H outof-plane
which is the characteristic of PNBA ifroil. This shows that a subtle difference between the
two polymorphs is at thdn t | Tiriterattion As the change ih &t | Tifterattion is small,

PNBA Form | transforms to Form |l smoothly as shown in S&8dnh5

0.4
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(¢)]
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Figure3.12: The FIIR spectra in the region of 900 to 960 that different temperature,
40 °C (black), 80C (yellow), 100C (blue), 110C (pink), 120C (green), 140C (turquoise)
and 180°C (red).

3.3.2 Thermodynamic of PNBA Form | and Il inlStion

3.3.2.1 Soluhlity of PNBA Form | and Il intl&nol, 2-Propanol, Acetonitrile, Ethyl
Acetate

The solubility curnveof PNBA Forms | and Il in ethanolr{centration versusemperature),

at temperatures from25 °C to 60°Care shown inFigure3.13. These solubility curves show

that the two PNBApolymorphs areenantiotropicallyrelated, with atransition temperature

approximately at50 °C.At a temperature belows0 °CPNBA Form | is the more stable

having the lower solubility. In this temperature range Form Il will thus transform to Form 1.

Thissits in reversed above0 °C Form | is metastable and Form Il is stable.
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Figure3.13: Solubility of PNBA Form | (black marker) and Form Il (red marker) in ethanol,
calculated based on 95 % confidence évThe solid lines are the predicted solubility
obtained by fitting the experimental data to thé | yHEfliequation.

During the gravimetrisolubility measurementthe powder pattern of solids taken from
each slurry was measured frequentRhisis an mportant check, taensure no polymorphic
transformation occurred during the equilibration of the solution which would have

affectedthe result.

Table 3-2 and Table 3-3 summarises the solubility data for PNBA Form | and Form Il in
ethanol, 2propanol, ethy acetate and acetonitrile. The solubility is the highest in ethanol
followed by 2propanol, ethyl acetate and acetonitrile. This solubility data is plotted in
Figure 3.14; the solubility trend is similar for ethanol and-pPopanol (increasing
significantly with temperature) whereas in ethyl acetate and acetonitrile the chaages

not as considerable. Ethanol anepfopanol have an alcohol group, whibasa hydrogen

bond donor and acceptor capacity, while ethyl acetate and acetonitrile have only hydrogen
bond acceptor capacity. As there is more possibility for sedolgent interaction in the

alcohol, it is not unexpected thahé solubility is higheand rises faster with temperature.
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Table 3-2: The average solubility data of PNBA Form | and Form Il in ethanol and 2
propanolin g PNBA/g solvent and mole PNBA/L solvent wib% confidence levellhree
to five samples were made at each temperature.

Solubility, g°NBA(g solvent
Temperature, mole PNBA/Esolvent(M)

°C Ethanol 2-Propanol

Form | Form Il Form | Form Il

0.0296° 0.0(29|0.0332° 0.0006 | 0.0208° 0.0001| 0.0220° 0.0003
25 0.1388° 0.0135|0.1558° 0.0028|0.0974° 0.0001|0.1027° 0.0013
0.0339° 0.0173 | 0.0369° 0.0(26
30 0.1582° 0.0804 | 0.1693° 0.0162

0.0403° 0.0087 [ 0.0440° 0.0005|0.0299° 0.0001| 0.0319° 0.0002
35 0.1861° 0.0171|0.2038° 0.0024 | 0.1380° 0.0005| 0.1475° 0.0009
0.0491° 0.0007 | 0.0511° 0.00CB
40 0.2260° 0.0082 | 0.2351° 0.0016

0.0572° 0.003L | 0.0594° 0.0015
45 0.2614° 0.0143 | 0.2712° 0.0069
0.0681° 0.0007 | 0.0687° 0.0008
50 0.3089° 0.0033 | 0.3119° 0.0087

0.0792 0.0012 | 0.0755° 0.0@3 | 0.0656° 0.0002 | 0.0647° 0.0002
55 0.3570° 0.0066 | 0.3403° 0.0103
0.093%° 0.0011 | 0.0927° 0.0018
60 0.4201° 0.0060 | 0.4148° 0.0079
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Table 3-3: The average solubility data of PNBA Form | and Form Il in ethyl acetate and
acetonitrile in g PNBA/g solvent and mole PNBA/L solvewith 95% confidence level

Three to five samples were made at each temperature.

°C

Temperature,

Solubility, g°NBAg solvent
mole PNBA/Esolvent(M)

Ethyl Acetate

Acetonitrile

Form |

Form Il

Form |

Form Il

25

0.0162° 0.008
0.0870° 0.0044

0.0179° 0.0012
0.0957° 0.0063

0.0091° 0.00(%
0.0425 0.005

0.0104 0.0003
0.0485 0.0015

35

0.0203 0.0016
0.1072 0.0083

0.0218 0.00®8
0.1150 0.0016

0.0127° 0.0001
0.0584° 0.0004

0.0143 0.0014
0.0657° 0.0066

45

0.0270° 0.0008
0.1403° 0.0015

0.0272° 0.00(8
0.1418 0.0040

0.0177° 0.00
0.0803° 0.021

0.0191° 0.00(8
0.0863° 0.0037

55

0.0358 0.004
0.1837° 0.0018

0.0345° 0.0016
0.1770° 0.0083

0.0261° 0.008
0.1164° 0.0012

0.0251° 0.0011
0.1120° 0.0060
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Figure 3.14: Solubility data fromthe gravimetric analysis (marker) is fitted to the
predicted solubility based o | yHOffiequation (solid line) for ethanol (red),-propanol
(blue), ethyl acetate (green) and atanitrile (purple).
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Figure3.14 shows two sets of solubility data: the experimental data from ¢inavimetric
analysis for PNBA Form | (rectangular marker) and PNBA Form Il (circle marker), and the
predicted solubility datavhich are based on the line# I yH@ffiplot (presented as the

solid lines).The solubility data show that PNBA Form | and Form Il are most soluble in
ethanol followed by in Zropanol, ethyl acetate and acetonitrile. Interestingly, this trend
aligns wih the hydrogen bond donor (acceptor) capability. Ethanepr@panol, ethyl
acetate and acetonitrile have hydrogen bond donor (acceptor) properties of 0.83 (0.77),
0.78 (0.95), 0 (0.45) and 0.19 (0.31) respectifelyror the alcohols, the hydrogen bond
donor propertycorrelateswith the solubility in ethanol being higher than irp2opanol,

while the hydrogen bond acceptor propertprrelateswith the solubility of ethyl acetate

being higher than in acetonitrile.

Figure3.15 shows the plot for the ideal solubility (black line) which is based on the enthalpy
and temperature of fusion for PNBA Form Il (Equation 3.1 and Se8t®d.4. In
comparison to the ethanol and-Zropanol solubility data, the ideal solubility is lower
consistently over the range of temperatur€igure3.14 (a) and (b)). In ethyl acetate, the
ideal solubility is higher than the experimental data at temperatures above 317 K and
below this temperature the ideal solubility is lower as showrrigure3.15 (c). The ideal
solubility is significantly higher than the experimental data in the acetonitrile system, as

shown inFigure3.15 (d).

36 B Forml 364 ® Forml|
® Formll ® Formll
s —Ideal (Form II) g ——Ideal (Form II)
4.04 -4.0
-4.2 1 -4.24
x x
£ £
4.4 4.4
4.6 -4.6
4.8 -4.8
5.0 5.0
0.0630 0.0;)31 0 0632 0.0I033 0.0034 0.0630 0.0;.)31 0.0632 0A0I033 0.0034
T (K7 THKY
(a) PNBA in ethanol (b) PNBA in Zropanol
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Figure3.15: Linear regression analysis for plots of PNBA Form | (rectangular marker) and
Form Il (circle marker)nx against temperature, T "*, in (a) ethanol (red),(b) 2-propanol

(blue), (c) ethyl acetate (green), and(d) acetonitrile (purple). The black solid line
represents the ideal solubility calculated using Equation 3.1 based on DSC data of PNBA
Form II.

3.3.2.2 Surry Transformation

The rate of slurry transformation (PNBA Form Il to Form |) is consistently the fasgst at
°C and slowst at 45°C for eaclsolvent The driving force for a polymorphic transformation

is the difference in thehemical potentialvhich is correlated to the ratio of mole fraction
of PNBA Form Il to Form | as in Equatio&. Figure 3.17 shows that at 25°C, the
differences in the chemical potential atiee biggest(~ 300 J mét), thus the polymorphic
transformation rate is the fastest. Adhdse differences decreases as the transition
temperaturewas reachegdthe transformation rate slowed down. For example, at 45 °C and
55 °C, the chemical potential difference is so small that it needs to be left overnight (24
hours) for the transformation © occur. This result further confirms the transition
temperature is around 50 °C, as at 45 °C Form Il transftorfrorm | and at 55°C Form |

transformsto Form II.

D= RTIn&™-

X 3

Equation3.8

QOO

At 25 °C, the rate of slurry transformation (PNBA Form Il to Form 1) is the fastest in
acetonitrile (within 1.5 hours) followed by ethyl acetate (withinh6urs) and ethanol

(within 48 hours) then propanol (more than 4 days) at the same experimental conditions
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(2 g of PNBA Form Il stirred in 20 g of solvastsummarised iTable3-4. The powder
pattern of solids taken from each slurry was measured frequentlye Tate of
transformation for PNBA Form Il to Form | did notrelatewith the solubility, in contrast
to p-aminobenzoic acid (PABA) system,enéhthe transformation rate was fastest in the

higher concentration solutiotf.

Table3-4: Slurry transformation rate for PNBA Form Il to Form | at Z5in acetonitrile,
ethyl acetate, ethanol and ropanol.

Solvent Duration, hours| Concentration at 25C, M
Acetonitrile 15 0.04
Ethyl acetate 6.0 0.09

Ethanol 48 0.14
2-propanol >96 0.10

The picture that thus emerges is this: the rate of solwaeidiated transformation is
controlled by the dissolution rate of the metastable form and the growth rate of the stable
form 2. As PNBA Form Il dissolves in the solution, the solution is supersaturated with
respect to the Form I, thus crystals of PNBA Form | nucleate and grow. The growth of PNBA
Form | crystals causemore Form Il to dissolve to reach the saturation level. This process
continues until all the PNBA Form Il had dissolved and recrystallization to PNBA Form | is
complete. In Zpropanol, the rate of transformation increases significantly when seeded
with PNBA Form Isuggesting thathe transformation rate in ropanol is controlled by

the dissolution process of Form Il as the growth rate of PNBA Form | is fast. The
transformation rate for PNBA Form Il to Form | in alcohol is the slowest due to the slow

dissolution process of Form Il

3.3.2.3 TheEnthalpy and Entropy of Transitiolor PNBA Form Il to Form |

The main aims in this sectioare to calculate the transition temperaturer, , and to

quantify the contribution of enthalpy and entropy to the polymorphic transformatithe
enthalpy and entropyor the transition of PNBA Form Il to Forraré obtained using two
YSGK2RAY om0 az2fdzoAfAde NIGAZ2Z o0SG6SSy (KS

equation to the solubility data in all the solvents.
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Theoretically, athe transition temperatureT, , the mole fraction solubility ratiof two

polymorphs is equal to unitfone) in any solvert'®. A plot of mole fraction solubility ratio
for all the four solvents plotted against temperaturéigure3.16) shows that these ratios
increasewith temperature. Theseratios deviatefurthest at 298 K (258C) and 308 K (3%)
but approach unity at 318 K (4%) and 38 K (55°C). The trends are similar in all the
solvents.The black marker ifrigure3.16 represent the mean of mole fraction solubility

ratio from all the solvents at each temperaturBased on the linear regressidar each

solvent at X / Xegll = 1, the meantransitiontemperature is51+ 6 °C.

1.05

1.00

0.95

XXy

0.90

0.85

T T T T T T X T ¥ T X T 4 T
295 300 305 310 315 320 325 330
Temperature, K

Figure 3.16: Plot of Xy, /Xeq’|| against temperatures in ethanol (blue marker),-2

propanol (red), ethyl acetate (gen), acetonitrile (purple) and the mean from allthe
solvents (black marker) and its 95 % confidence level. Tihear regressiorbased on the
mean value has a PearsonvRlue of 98 %.

As discussed in Section 3.1, the slope oflihear regression analysis fire mean of plot

RTIN(x, /x,) aganst temperature as shown irFigure 3.17 is the entropy of the

transition,whichis 11.6+ 4.2 J mot* K%, At the polymorphic transition temperature of 54

6 °C,the enthalpy of the transition is 8.+ 3.6 kdnol*! calculated using Equation7.
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Figure 3.17: Plot of RT|H(Xeq,, /Xeq,ll ) at different temperatures in ethanol (blue

marker), 2propanol (red), ethyl acetate (green) and acetonitrile (purple) and a linear
regression over all the data. The Pearsorw8ue for the linear regressioffior the mean
(black marker) is 94 %l he error bas are calculated based on 95 % confidence level of
the mean data.

Alternatively, the entropy and enthalpy of the transition are calculated by obtaining first

each enthalpy and entropy of dissolution for both polymorphs. The enthalpyssblution,
DHd , is calculated from the slope of the linear regression analysis for eacHrpiot

againstT 'as shown inFigure 3.15 for each polymorph in each solvent. The linear

regression analysis (solid lines) for each solubility data (markers) has a Pearashe R

above 99 %DGd and DSd for each of PNBA Form | and Fofmare calculated at the

polymorphic transition temperature, 324 K, in each solverdthanol, 2propanol, ethyl

acetate and acetonitrile using Equation 3.3 and Equation 3.4.

Table3-5 summariseghe DHd ,DGd, and DSd for PNBA Form | and Form Il in bracket.
The DHd and DSd for PNBA Form | are consistently higher than Form Il in these solvents.

The DHd for PNBA Form | (Form Il) is the highest-ppr@anol at 32 (29) kJ nté| follow
by in acetonitrile at 28 (24) kJ mjlin ethanol at 27 (24) kJ nmiband the lowest in ethyl
acetate at 21 (18) kJ ntél The DSd for PNBA Form | (Form II) is the highest-pr@anol

at 99 (89) J mbiK! followed by acetonitrile with 87 (73) J nitib?, ethanol with 84(73) J
mol! K and finally ethyhcetate with 65 (56) J mok®:,
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Table 3-5: A summary of the enthalpyDHd , Gibbs free energyDGd, and entropy of
dissolution, DSd , calculated at the transition temperature-,rtr =324K | for PNBA Form |

and Form Il (in brackets). ThBGd is the same for bothpolymorphs at the transition
temperature.

DH, ,kamdt | DG, , kI mot DS, , J moft ket
Solvent
PNBA Form | PNBA Form | PNBA Form |
(Form II) (Form II) (Form II)
Ethanol 27.2 (23.7) 0.10 (0.10) 84.0 (73.1)
2-propanol 32.0 (28.8) 0.10 (0.10) 98.8 (88.9)
Ethyl acetate 21.0(18.2) 0.11(0.112) 64.8 (56.2)
Acetonitrile 28.2 (23.7) 0.13(0.13) 87.0(73.1)

Theenthalpyof transition, DH-. , and the entropy of transitionps, , are calculated from

the differences betweerDHd andDSd for the polymorphs in each solvei(refer as well
Section1.2) and presented irTable 3-6¢ . FaSR 2y S add@s ard | 65 Uk
independent of the solvent used Therefore, the differences observed irable 3-6
between the solvents are subjected to the experimental error and the lack of consideration
of heat capacity and activity coefficient factors as highlighted in Se&i&nThe main
experimental error is possibly due to the accuracy of the solubility data for the metastable
form. The equilibration duration of PNBA Form Il ie gplution is shorter and solubility
sampling was taken approximately an hour before the transformation to Faratured

The main advantage of this method is the enthalpy and entropy of dissolution for each
polymorph can be calculated@he enthalpy of disolution for PNBA Form Il is comparable to
the heat of fusion of PNBA Form I, which is 29 k5(8#ction3.3.1.4.
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Table 3-6: The enthalpy and entropy of transitionpH_, and DS, , in ethanol, 2
propanol, ethyl acetate and acetonitrile calculated from Table 3.5. The average. and
DS,0aSR 2y @lyQld 1 2FF Sldzd A2y FyR az2fdzoAf Al

DH, DS,
System kJ moftt J mott Kbt
Ethanol 35 10.8
2-propanol 3.2 9.9
Ethyl acetate 2.8 8.6
Acetonitrile 4.5 13.9
I SNIF IS 6Dt 35 10.8
Average (Solubility ratio) 3.8 11.6

Table 3-6 also summarise the averageDH ., and DS, obtained from using the wo

methods; the averagebH ., and DS, calculated from tle plot of In xagainstT "*are 3.5

kJ mottand 10.8 J m&iKirespectively which is similar to the calculated value based on

the plot of RTIn(x, /x,) against temperature, 3.8 kJ ribland 11.6 J mbl K. The
averageDH., and DS, for PABA are at 2.8 kJ rioand 9.8 J métK! which is calculated
based on the solubility ratio methot and are similar to PNBABoth PABA and PNBA

polymorphic transformatios are driven by tle high entropy factor at the transition

temperature of 16°C and 5FC respectively.

DH
The transition temperature;T, , is equivalent toD—STT. Therefore, a higheps, will result

in a lower transitiortemperatureat the samepH . . Table3-7 summarissthe T, DH,
andps, for several systems where the polymorph transformation is driven by high
entropy. There is no strong correlation between ths,_ to the T, observed. For example,
PABA andarbamazepinéave similar DH., of 2.8 kJ mét and 2.9 kJ mél respectively

The difference between theiDs, is only by 1.3 J m8IK™* but the transition temperature

difference is 57°C. Therefore, even though the enthalpy of transition is not the driving
force for the polymorph transformation, it still influensghe transition temperature. For
example, mefenamic acigulfathiazole and seratrodast have high entiegof transition

but their transition temperatures are alsohigher thanfor the other systems at® 113 and
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83 °C. Therefore, this observation did not support the reasotivag PABA ldw transition

temperature is driven by the high entropy of transitith

Table3-7: A summary of the transition temperatureT, , enthalpy of transition, DH . ,
and entropy of transition, DS, , for several systems.

DH- , DS; .
Solute T..°C|  kImot J mott Kt
PNBA 51 3.8 11.6
PABAY 16 2.8 9.8
Mefenamic acid® 89 4.2 11.6*
Sulfathiazolé’ 113 6.9 17.8*
Seratrodast® 83 6.1 17.0*
Acetazolamidé® 78 2.0 5.7*
Carbamazepin& 73 2.9 3.5

*The entropy of transition is not given in the literature but calculated here based on the
given transition temperature and enthalpy of transition.

3.4 Conclusion

PNBA Form | is recrystallized from PNBA Form Il (purchased material) at room temperature
in these soalents (ethanol, Zoropanol, ethyl acetate and acetonitrile). The slurry
transformation rate is the fastest in acetonitrile and the slowest ipr@anol. The key
analytical characteristics that differentiate PNBA Form | and Form |l have been shown for
XRDFTFIR, Raman and DSC. The solid state transformation of PNBMA to Form Il can

also be followed using hot stage microscopy whilsitu FTIR spectroscopy of PNBA Form |

on a heated stage show the changes in thé | Tinterabtion during the transfanation.

PNBA Form Il sublimes ateamperatureabove 18C°C.

PNBA Form | isnantiotropicallyrelated to PNBA Form Il in ethanokpBopanol, ethyl
acetate and acetonitrile, with an average transition temperature at°61 Below 51°C,

PNBA Form | is thetable form and Form Il is the metastable form. AbovéG1IPNBA Form

| is the metastable form and Form Il is the stable form. The solubility of PNBA polymorphs is
the highest in ethanol followed by inf@opanol, ethyl acetate and acetonitrile in the @rd

of hydrogen bond donor and acceptor capability. The average, andDS; in all solvents
for PNBA system are 3.5 kJ hhahd 10.9 J mblK2.
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4. INFLUENCBF PROCESS CONDIBH@N THE NUCLEATIOR
PARANITROBENZOIC AGHNBAFORM lI

Abstract: Sensitivity to experimental conditions and procedures, as well as challenges in
obtainingconsistent experimental resulfsom supersaturatiordependent nucleation rate
measurements for PNBA Form Il in ethyl acetate asmtopanol were investigated. The
influence of process conditions, such as the stirring speed, volume, preheating
temperature, and concentration, on inductiotimes and consequently the measured
nucleation rateswas studied. A controlled and detailed methodology was established to
minimise the influence of preparation and nucleation process conditions, to obtain more
reliable nucleation rate data, and consedaly better quality thermodynamic and kinetic

parameters describing the nucleation process.

4.1 Introduction

Crystal nucleation in solution is the initial process of crystal formation from a
supersaturated solutioh The formation of crystals starts with an equilibrium of
attachments and detachments of molecules forming a clisteinderstanding the self
association of molecules in this early stage of phase separation is important because the
selfassembly processes taking place determine molecular structure, e.g., in polymorphs,
solvates, salts, and emrystals®. Through this, physical characteristics such as crystal size
distributions (CSD) are also affectéd As will be shown below, key parametets
understandthe preferred molecular level assembly pathwagse the kinetic factor A,

and the thermodynamic factorB , as given by Classical Nucleation Theory {CNhe
kinetic factor contains information on the molecular kinetics while the thermodynamic
factor reflects the structure of the critical clusterWithin the CNT framework these factors
influence and determine crystal nucleation ratds, so that experimental studies of
nucleaion rates can provide information on their dependence on crystallisation conditions,
and thus indirectly give information on the nature of the ssdEembly processes taking

place.

The differences in the chemical potential of a molecule in the solutiwhsalid stateDr73,
is the driving force for the nucleation and growth of crystalsDAt> 0, the solution is
supersaturated and the nucleation process @atur At Drm= 0 and Dm< Othe solution

is saturated and undersaturated, respectively, and nucleation is not possible. Equation 4.1
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is the simplified equation in calculatingyywhere Ris the Boltzmann constant, is the
abslute temperature andSis the supersaturation ratio>. Supersaturation ratio is
commonly calculated as in Equation 4.2 wherand X* are the actual and equilibrium
concentration in mole fraction. As the supersaturation ratio increases, the probability of

nucleation to occur increases as well.

Dm=RTInS Equation4.1
X .
S=— Equation4.2

X*

The nucleation rate,]J , can be determined from a statistical distribution of induction times,

t

n

42" The induction time,tinq, is the time difference between the achievement of
supersaturation and the detection of crystals. The induction time consiststgf, (ihe time

a single supenucleus is formed, (ii),, the time for this single supetucleus to growth

and (ii)t,, the time the crystals are detected once dispersed into fragments @sultof
attrition, which is very fast and negligib!e As a resultt, =t , - t,. The crystals can be

detected visually* or by detecting changes in the physical properties of the solution using
laser bear? or turbidity reading?’. Microfluidic®® and levitator® systems are applied in

measuring the induction times from droplets.

Measurement setups based on multiplexed reactors wathitation have become the
preferred mode of study of nucleation kinetics over the last decade, due to their similarity
to realworld crystallisation systes) including industriatrystallisers?%28:3031.95 of which
they can be considered a scatddwn version. Typically, a large number of induction times,

ting, iS Obtained at a constant supersaturation, temperatuaad volume, which is then

fitted to the cumulative probability distributiorf®283031.9% The probability,P(t,,), to
detect crystals at thetime t, ,are given as in Equation 3t.and 4.4 wherelis the
nucleation rate )V is the volume,M * (t,,,) is the number of experiments in which crystals
are detected at thdime t, ,, and M is the total number of experimenf8. The nucleation

rate is calculated by fitting Equation 4.3 to the experimentally deterni¥igq) curves

(Equation 4.4).
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P(tig) =1- expt IV(t,q - tg)) Equation4.3
M " (t.
P(tig) = % Equation4.4

The kinetic, A, and thermodynamic,B , factors are then determined from the
supersaturéion dependent nucleation rate results as in Equation 4.5, which is based on the

classical nucleation theor$28:3L

J= ASexpge

|23 8 Equation4.5
¢ In°S+

The methodologies used by fdifent researchers for measuring induction times in solution
are similar,but there are significant detailsTable 4-1 summarises previously reported
process conditionsTypically, dulk, stocksolution was prepared, stirreand heated above
the saturation temperature. Brandel and ter Horst chose a smatkstolume, 25 mL, and
stated that this reduces concentration variatiéhwhile Mealey et al stirreé 250¢ 500
mL stock solution overnight (12 hours) to ensure the solution reached equilibfftith
Next, the solution was transferred into multiple reactors using eitherlprated bottle top
dispensers without filtef®?"31or pre-heated syringes with 0.28m filters 353 Kulkarni et

al found that the nucleation rate of a filtered solution (0.2 filters) reduced by 63%

compared to the noffiltered in the 1 mL reactot.

Once transferred into the multiple reactors,dtsolutions were stirred at higher speeds,
700 and 900 rpm, in the smaller reactors of 2 mL2%2831while in the bigger reactors of
20 mL, slower speeds at 200 and 400 rpm are cho$é&h The reasoning for these
differences in speed is natear,however, agitation speed and agitator desidm influence

the nucleaton rate 2°°3 Some researchers thereld the solutions at high temperature to
ensure all the solids are dissolved, ranging fronf@Q@o 60°C for 30 to 60 minute&?83%,
Mealey et alheld the solutionat high temperature®vernightto ensureequilibration30°3,

The high holding temperature and duration are important to minimise the solution history
effect %, Finally, solutions are crash cooled &Gmirt' and held for 50 8 hours?%2831

or immediate manual transport to another water bath takes pl#cg&
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Table4-1: A summary of the process conditions used in several publications in measuring
the induction times. The rows that are not highlighted used Crystal 16 setup, which has
smaller reactors compared to the setup highlighted in grey.

Bulk Volume, Stirring High holding| Number of

Reference | solution, mL mL speed, rpm | temperature | experiments

Jiang?’ 50 1 900 - 80
Kulkarni®! 100 1 700 60 °C 144
Sulivan?® 120 1/1.5/1.8 900 40 °C 80
Brandel® 25 1 700 60 °C 64
Mealey*° 500 20 400 55 °C 80
Mealey®>? 250 20 200 5°C + Tat 10-50

The total number okexperimental repeats performediffers from 10 to 144A statistical
study by Jiang’ shows that with 80 experiments, there is an 80 % chance that the
measured nucleatiomate is within 20 % of the actual nucleation rate. This chance can be
increased by increasing the total number of experimeiitdn addition, Kulkarni excluded
experiments that gave induction tirsesmaller than 120 s because the crystals were
probably formed during the crash cooling rather than at the constant low holding
temperature 3. Brandel excluded reactors that have mass losses larger than or equal to

0.05% by measuring the total weight of thialsbefore and after the experient 2.

Typical examples of previously reported data are shown in Figures 4.1 and 4.2. In both
cases the markers represent thicleation rateobtained by fitting Equation 4.3 tthe
experimental dataEquation 4.4. Th& and B values are then calculated from the plot of
In(J / S) againstl/In® Susing Equation 4.5The nucleation rate at each supersaturation
canthen be recalculated byre-applying Equation 4.5 using the obtainéddand B values.

In both figures, the solid lines represent thesecadculated nucleation rate.
Figure 4.1 shows a plot of nucleation rate as a function of supersaturation for PABA in

acetonitrile, ethyl acetate and-@ropanolin a rang@ of supersaturation between 1.1 and

1.4. A good fitting is observed between the obtained andakulated nucleation rates.
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Figure4.1: Plot of nucleation rate () as a function of supersaturation ratio for PABA in
acetonitrile (orange), in ethyl acetate (green) andp2opanol (black). The solid lines are
the re-calculated nucleation rate based on Equatidrb.

Figure 4.2 shows a similar plot for diprophylline (DPL) polymorphs, Rl and RII, in

dimethylformamide (DMES. In comparison to PABA, the supersaturation range,

Soax = S

max =~ Smin» 1N the DPL system is bigger. The biggasye of supersaturatiorof the PABA
system is 0.2 while in the DPL systems it isak.Shown inFigure4.2 2628 This range of
supersaturation is system dependeand obviously the bigger the range the more points

can be measured antencebetter estimatesof Aand B result.
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Figure4.2: Plot of nucleation rate (J) as a function of supersaturation ratio for DPL RIl in
IPA (red) and DPL RI in DMF (purple). The solid lines areetlealculated nucleation rate
based on Equatiod 5.
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Previously it has been found that the differences in the nucleation eafgaminobenzoic
acid (PABA) in-gropanol, acetonitrile and ethyl acetate and benzoic acid (BA) in toluene
are influenced by the kinetic factor, which was tHerkedto the desolation rate between
dimers and monomerg®. The nucleation rate of diprophylline (DPL)nivo polymorphic
systemsshowed polymorph RIl nucleated faster ispépanol compared to polymorph Rl

in DMF driven by the thermodynamic factSr

The determination of supersaturatiesbependent nucleation rates based on induction time
variation is a promising technique to piide the insights into the nucleation process. To
complement previous studies of PABA and BA it was therefore decided to examine the
related compound p-nitrobenzoic acid (PNBA), in order to study the substituent effects
(bNH, EH and¢NG,) on the nucleatia rate, kinetic and thermodynamic factoidowever

in pursuing thissensitivityof the induction time variation (nucleation rate) to changes in
process conditions for PNBA nucleation frospr@panol and ethyl acetate was discovered.

As discussed earlier, previous literaturesports different process conditions and
approaclesin measuring the induction times. Therefore, the main aim in this chapter is to
define optimum process conditiamiand astandardised methodologyor measuringthe

induction times for PNBA in@opanol and ethyl acetate.

4.2 Methodology

4.2.1 |Initial Experimental Seup
The Crystal 16 apparatus and the basisinduction time measuremenare described in
Section2.8! y SELISNAYSyiGlt YSGiK2R g1 & AyAGRL ¢

197

120 mL of stock solution was prepared in a conical flsslled with parafiimat each
supersaturation by dissolving the appropriate amount of PNBA Form | in the solvent on a
heated plate.The heating time and temperature weret controlled- heating proceeded

until all solid was dissolved@he stock solution was then dispensed into the Crystal 16 vials
using preheated plastigipettes, 1.5 mL for PNBA in ethyl acetate and 1.8 mL for PNBA in
2-propanol. The procesgrocedurefor the nucleation experiments starts with heating up

all the vials to 40 °C for 30 minutesth stirring at 900 rpm. The solution ifén crash
cooled at5 °C miftto 25 °Cand held for 8 hours. This cycle is repeated five times giving a
total number of 80 experiments for each supersaturatiofihe polymorphic form was

checked, by powder-Ky diffraction,for severalvialsat each supersaturation immediately
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after solids were formed.In the next section, the effect of changing some of the

experimental vaables was explored.

4.2.2 TheHfect of Stirring Speed, 900 rpm versus 1400 rpm

The aim of this experimeat sectionis to study the effect of the stirring speeholy
comparing results obtainedt 900 rpm and 1400 rpm. The nucleation experimentHbiBA
in ethyl acetatewas prepared as in Secti@gh2.1at supersaturationratio 1.1 1.20, 1.24,
1.28, 1.32, and 1.38.hese sets of experiments were then repeated at 14948.rin order
to confirm the stirring effect additional tworepeatswere made for PNBA in ethyl acetate

at supersaturation ratid..32 at 900 rpm.

4.2.3 Revised ExperimentdProcedure
The aim of this experimental section is to improve the poor reproducibitityd observed
based on the repeats results for PNBA in ethyl acetate at supersaturediim 1.32

(Sectiord.2.2). Several factors were identified and given as below:

Table4-2: The potential issues from the initial experimental sep and corrective actin

as in the revised experimentgirocedure

Initial

Experimental Setp

Potential Issues

Revised

Experimental Seup

120 mL of stock solution
was prepared by measurini

the volume of solvent.

The lower accuracy of
measuring the volume

using measuring dylder.

80 g of solvent was

weighed.

The stock solution was
heated on a norcontrolled

heater plate.

Overheating is possible
which caused solvent

evaporation.

The stock solution was
heated in a jacketed vesse
at a controlled

temperature, 40°C.

The stock solution was
immediately dispensed intc
the vialsafter all the solids

were dissolved.

The solution did noteach
equilibriumor was not

homogenous.

The stock solution was

stirred for an hour at 40C.

The stock solution was
dispensed after th heated

plate was switcled off.

During dispensing, the
stock solution is cooling

down which mayvaly the

The stock solution was
dispensed at a constant

temperature of 40°C.
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actual volume of solution

dispensed into eactials

The stock solution was
dispensed usingre-heated

plastic pipettes

The variation of thelastic
pipette volume with
temperature mayary the

volume dispensed.

The stock solution was
dispensed using plastic
pipettes at room

temperature.

The processettingin the
C16 programme is to hold
the solution at 40°C for 30

The solution may nateach

equilibrium orbe

The processettingin the
C16 programme is to hold

the solution at 40°C for an

homogenous.

minutes. hour.

In order to justify the improvementfahe revised experimental setup, another two repeats

were made for PNBA in ethyl acetate at supersaturatiatio 1.32. 80 g of ethyl acetate

was weighed and aappropriateamount of PNBA Form | was dissolved in a sealed jacketed

vessel at a controlled teperature of 40 °C for an hour. 1.5 mL of stock solution was
dispensed into eachialsusing plastic pipettes while the solution temperature remained at

40 °C. The procesettingin the Crystal 16 is changed from holding at 40 °C for 30 minutes

to an hourand remained at 900 rpm. This revised version is then tested for PNBA in 2
propanol at supersaturation ratio 1.59, 1.63, 1.67, and 1.71. For PNB#ribpanol, 1.8

Y[ 2F aztdziaizy ¢l a OKz2aSy G2 F@2AR (GKS T2NXI

In addition, asimple test was done by comparing the weight of 1.6 mL (1.6 g) of water
using a prenheating plastic pipette (prbeated in the oven at60 °C) and at room

temperature to justify the variation of volume.

4.2.4 The Effect of Thermal History

The aim of this exp@mental section is to study the effect of thermal history which is
influenced by the high holding temperaturtn general, the high holding temperature is
chosen to ensure all the solids are dissolved. Howeties ,temperature as well influences
the subsejuent nucleation rate for certain systems such mshydroxybenzoic acié. In
order to test the sensitity of PNBA systems to the thermal history effect, the nucleation

rate of PNBA was tested at two high holding temperatures, 40 °C and 50 °C.
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A stock solution for PNBA inf@#opanol at supersaturation ratio 1.71 was prepared as in
Section4.2.3with a small change; the stock solution was heated and dispensed into the
vials at 50 °C. The process setting in the Crystal 16 was changed from holding at 40 °C to 50

°C for an houir.

4.2.5 Reviewing the Choice of Volume

The aim of this experimental section is to find the optimum volume for the nucleation
experiments which takes into consideratiome WONR gy Ay 3Q AaadzsS | yR
distribution in the solution.The choice of thevolume is systeradependent due to the
F2NXYIFGA2Y 2The madnmlBwblinmeyol D8PmL was chosen for PNBA2in
propanoli2 | G2AR WONRGYAYIQT HKAOK A& &RYAT I NI |
However, thetemperature distribution in the solution is a concern. This is because the

upper solution levefor 1.8 mL is atve the heating/cooling coil and fills up to the neck of

the vialas shown irFigure4.3 (left).

A stock solution for PNBA irp2opanol at supersatration ratio 1.71 was prepared as in
Section4.2.4with anothersmall change; 1.5 mL of solution was dispensed into each vials.

W/ NRoyAYyIQ ol a dOKsBaRihgShe vidlshktaiotideriiet falls bf iny solids

into the solutionduring the duration of the low holding temperature at 25. € the

ydzOt StGA2y 200dzNBE AYYSRAFGSt& | FGSNI akKl | Ay 3
around the neck of theials. These procedures atben repeated by increasing the volume

G2 mdc Y[ waskonthOedBosoyirkatylS QL.

In order to check the temperature distribution, water was used as a medium. Water was
dispensedinto four vials and the temperaterof the water at the upper level of the
heating/cooling coil was checked using an external temperature probe and compared to

the temperature at the bottom level.

4“— Solution level

Heating/cooling coill

Figure4.3: A sketch of the solution level and the heating/cooling coil placement at 1.8 mL
(left), 1.5 mL (middle) and 1.6 mL (right).
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4.2.6 The Effect of Sealing the Vials with Parafilm

The aim of this experimental section is to understamel insignificant differences observed

for the nucleation rates of PNBA inpPopanol at supersaturation ratio df.75, 1.71, 1.67

and 1.63 using 1.6 mL of solutigmethod of Sectio.2.5. The main factor to investigate

is the consistency of the concentration in eaghl throughout the five cycles that takes
nearly 48 hours to complete. A stock solution for PNBA-mopanol at supersaturation
ratio 1.63and 159 was prepared as in Secti@gn2.4and 1.6 mL of solutiowas dispensed

into each vialgSectiord.2.5. The vials were then weighed before and after completing the
experiment (48 hours later). The amount of solvent evaporated is then calculated as the
difference between these weight§his experiment is then repeated witm additional

step;the top of the vials were sealed with parafilm to avoid solvent evaporation.

4.2.7 Actual Concentration Check in Each Vials

The variation of concentration between all ¢&lscan be checked by utilising gravimetric
analysis. The mass of the emptial and stirrer (ney) and the mass ofial, stirrer and
solution Mev+soluio) Were weighed during the sample preparation while the massialf
stirrer and dry solidsnfev+soiiag Were taken after completing the experiment by placing the

vialsin the oven. The concentration is calculated using below equation.

c= Merssoios ~ Ty Equation4.6

Msolutions™ Mevesolids

4.3 Resultsand Discussions
Throughaut all these experiment, PNBA Form Il nucleates first based on powo®r x
diffraction pattern results. This was checked by taking samplésiring the last cycle)

immediatelywhen the crystals were detected.

4.3.1 The effect of Stirring Speed, 900 rpm versLl#00 rpm

There aretwo sets of results related to the stirring speed that will be diseddsere; (i)
PNBA in ethyl acetatat two different stirring speed, 900 rpm and 140Gm, at
supersaturation ratidl.16, 1.20, 1.24, 1.28, 1.32, an@@and (ii) repeats for PNBA in ethyl

acetate at 900 rpm fosupersaturation ratid..32.

Figure 4.4 shows the probability distribution curves the experimental dat (markers) that

is fitted with the model (solid lines) for PNBA in ethyl acetate runs at 900 rpm and 1400
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rpm. The main observation is the poor fitting between the experimental and model at 900

rpm in comparison to thetirringspeed at 1400 rpm.
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Figure 4.4: Experimentally obtained probability distributions P(t) of the induction times

measured at supersaturation ratio 1.16 (black), 1.20 (red), 1.24 (green), 1.28 (blue), 1.32

(magenta) and 1.36 (yellowmfor PNBA Form | in ethyl acetate at 25%C1.5 ml solutions

at the stirring speed of 900 rpm (top) and 1400 rpm (bottongplid lines are the fits to
Equation 4.3.
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The summary of the supersaturation dependent nucleation rate and growth time is given in
Table4-3. The nucleation rate at 1400 rpm varies fromi@%s™! at S1.16 and consistently
increased to 2618n™s"! at S1.36. At 900 rpm, the nucleation rate is slower, ranging from
11 m*sP1to 659 m*3stwith an inconsistent increment in between tf#1.20 (107m®3s™Y),

1.24 (88m**s") and 1.28 (11n"*s*'). The growth timet , is fixedas the fastet induction

time is slower at 900 rpm than 1400 rpm ranging from 127 s ta63®and 122 s to 1508 s

respectively.

Table 4-3: The nucleation rateJ , and growth time,t_, obtained based on the curve

fitting between experimental and model.

g’

900 rpm 1400 rpm
Sxixt J, m3gt ty,s J, m3gt ty,s
1.16 11 3956 81 1508
1.20 107 2097 97 798
1.24 88 783 200 389
1.28 112 603 294 373
1.32 235 457 856 227
1.36 659 127 2613 122

The data wagthen evaluated by checking the randomness of the induction time at each
block,vialand cycles as shown Figure4.5. Figured.5 is an example fothe variation check

for PNBA in ethyl acetate at supersadtion 1.24 at 900 rpm. Based on the variatitiere

was no strong justification to exclude any points from this plot. For example, even though
Block B Vial 3 showed induction times consistently decreasing from cycle 2 to 5, a
systematic cause for such teviour could not be identifiedand the data points were
retained. The most important feature of this plot is that all blocks showed consistent

variation, with no particulavialsor cycles giving constant induction times.
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Figure4.5: A plot of induction times for each blockyial and cycle for PNBA in ethyl
acetate at supersaturation ratio 1.28 and stirring speed 900 rpm.

The kinetic and thermodynamic factoAandB, were obtained from the slope ang

intercept from the straight line plot ofn(J / S) againstl/In? Sas shown irFigure4.6. The

value of B differs by only 0.0094. Therefore, the nucleation rate being higher at 1400 rpm
is driven by the kinetic factor, 1663*s**at 1400 rpm compared to 712 %¥hs**at 900
rom. Even though the stirring effect on the kinetic factdr and nucleation ratewere
interesting, it was not pursued further as the concern was more with the poor fitting
between the experimental and model probability curve980 rpm.Moreover, the stirring
ALISSR G wmnan NWY ¢la (22 KA3IK Ol dzaAiAy3

homogenous stirred solution.
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Figure4.6: Plot of In(J/S) as a function ofl/In® Sfor PNBA in ethyl acetate at 1400

rpm (red) and 900 rpm (blue). The inset table summarised the obtained values for A and
B.
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Chapter 4 Influence of Process Conditions on the Nucleation of PNBA Form I

Figure4.7 shows the inconsistency of the probability distribution curves for PNBA in ethyl
acetate at supersaturation ratio 1.32 fthree sets of dataat 900 rpm The nucleation rate

for the first set of data is 23*3s”! (bright green curve) followed b$68 m">s"! (dark
yellow curve) andd0 m*3s”! (dark green curve)This had raised a new concern which is
discussed in the following sectio®econdly, the fittings between the experimental and
models were good for the additional repeats (dark yellow anckdpeen) which conclude

that the stirring speed at 900 rpm is a good setting to use for PNBA systems as well.

Probability Distribution, P(t)

. ; . , , . , T . . .
0 5000 10000 15000 20000 25000 30000
Induction time, s

Figure4.7: Experimentally obtained probability distributions P(t) of the induction times
measued at supersaturation ratio 132 at 900 rpm for PNBA in ethyl acetate using (i)
initial experimental setup - first set of data (green), second repeat (dark yellow) and
third repeat (dark green) and (ii) revised experimental sap ¢ first set of data (rel) and
second repeat (orangesolid linesare the fits to Equation 4.3.

4.3.2 Revised ExperimentdProcedure

Figured.7 (red and orange curveshowstwo improvements for the probability distribution

curves for PNBA in ethyl acetate at 900 rpm after applying the revised meihtte good

fittings between tle experimental dataand the model and (ii) two good sets of

reproducible dataA y O2 YLI NAazy G2 GKS aSia 2 ¥zLdSadz
(bright green, dark yellow and dark green curveEhe nucleation rat@btained using this

revised expemental setup is305 and 33an*3s!respectively The main advantage of the

revised methodology is the samples were prepared in a temperature controlled system

which reducedhe variation of concentration and volume among all the sixteen vials. For
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example, using water as a medium, 1.6 mL of water dispensed using-laeated plastic
pipettes give an average weight @f60 + 0.002 gvhile preheated plastic pipettesare
higher at1.63 + 0.02 g

This method works well for PNBA irp@panolat supesaturation ratio 1.59, 1.63, 1.67,
and 1.71 as shown iRigure4.8 where the fittings between thexperimental and model
are good The nucleation rate for supersattiean at 1.59, 1.63, 1.67 and 1.7dre 11, 17,

497 and 713n*3s"! respectively.
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Figure4.8: Experimentally obtained probability distributions P(t) of the induction times
measured at supersaturation ratid.59 (black), 1.8 (red), 1.6 (green) and 1.7 (blue) for
PNBA Form | in-propanol at 25dC, 900 rpm and in 1.8 mL soluti&lid linesare the fits
to Equation 4.3.

However, he kinetic factor, A, obtained from the jyintercept of the plot as shown in
Figure4.9is a largeand unrealistic value. The run at supersaturation ratio of 1.65 is similar

to the run atl.67, thus the data was not shown here.
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Figure 4.9: Plot of In(J/S) as a function ofl/In* Sfor PNBA in2-propanol obtained

after improvised thepreparation of bulk sample. The stirring speed is at 900 rphie
inset table summarised the obtained values for A and B.

4.3.3 The Effect of Thermal History

Thermal history of the solution is another aspect that influences nucleation kiréfies

The influence of this factor is minimised or controlled by the preheating temperature and
duration, which is before the solution was cooled to achieve supersaturation. An increase
in preheating temperatureesuted in slower crystallisation kinetic¥. Figure4.10 shows

that at ahigherpreheating temperature of 50 °C, the nucleation rate is slower atr28§™
compared to 713n*3s"*at 40 °C for PNBin 2propanol at supersaturation 1.71. Thus, the
pre-heating temperature at 50 °C for an hour was chosen as the optimum condition to
minimise the effect of thermal history. This is roughly 10 °C higher than the saturated

temperature.
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Figure4.10: Experimentally obtained probability distributions P(t) of the induction times
measured at supersaturation ratio 1.71 for PNBA Form | tpr@panol at 25°C, 900 rpm
and in 1.8 mlsolutionsat preheatingtemperature 40°C (blue) and 50°C (magent&)lid
linesare the fits to Equation 4.3.

4.3.4 Reviewing the Choice of Volume

l'a WONRBoYAY3IAQ & Avblimedt 20N SsRisedhis isvaceeptalid aZ thel K S
temperature of the solution above and belaWwe heating/cooling coil showed comparable
results (using an external temperature probejowever, reducing the volume showed an
insignificant difference between the nucleatioates at different supersaturationsAt the

same supersaturation, four repeatevere made (four probability curves with each
maximum 80 induction times) in 1.6 rsblutions the pre-heatingtemperature at 50°C (an

hour) and stirring speed at 900 rpm for PNBA 4pr@oanol at supersaturation 1.63, 1.67,
1.71 and 1.75. The results asHigure4.11 showed that there is no significant difference in

the induction time variation between all the repeats at different supersaturation ratie
average nucleation rate at supersaturation 1.63, 1.67, 1.71 and 1.75 is 125, 117, 141 and
110mb3sht,
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Figure4.11: Experimentally obtained probability distributions P(t) of the induction times
measured at supersaturation ratio 1.76 (black), 1.72 (red), 1.68 (green) and 1.64 (blue) for
PNBA Form | inpropanol at 25°C, 900 rpm, 1.6 nsblutionsat preheaing temperature
50°C (magenta)olid linesare the fits to Equation 4.3.Each supersaturation is repeated
four times (320 induction times). The inset figure is the average probability curves at each
supersaturation.

4.3.5 The Effect of Sealing the Vials with Parafilm

Cortentration is the most important factor in determining the supersaturation dependent
nucleation rate. The possibility of solvent evaporation during the experiment (48 hours)
was verified by measuring thmassof the solution before and after theexperiment.
Without sealing the vials, the total number of vials with solvent evaporation exceeding 0.05
% were 12 and 7 atsupersaturatios 1.63 and 1.59 respectively. This number reduced

significantly to 3 and 2 after sealing the vials with a layer odfien.

In a sealed (unsealed) conditions, the nucleation rate at supersaturation ratio 1.60, 1.64
and 1.68 is 130 (93), 296 (154) and 364 (Ih5Fl. Theoretically, the evaporation of
solvent should result in a higher nucleation rate, but this isatmserved for the unsealed
vials This phenomenon is not yet understoddevertheless, @y mass loss of more than

0.05 % was excluded, referring to the guidelines given by Brandel and ter’#orst
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4.3.6 The Best Set of Result for PNBA #P®panol

The nucleation rates of PNBA P-propanol were then measured using the optimised
procedure: volume 1.6 mlpreheating temperature & 50°C (an hour), stirring speed at
900 rpm and sealing all vials (excluding mass loss more tharf£).06r supersaturation
ratio 1.43, 1.47, 1.51, 1.55, 1.59, 1.63 and 1.67 are 18, 42, 79, 101, 180, 297 ands864
respectively A summary of the nucleation rate and growth time at each supersaturagion
givenin Table4-4; the nucleation rate increased and growth time reduced viittreasing
supersaturation ratio. The fitting of the experimental probability curve to the modgbasl

as shown irFigure4.12. Finally, a satisfactory experimental procedhes been developed.

Table4-4: A summary of the nucleation rate and growth time for PNBA isp@panol
with sealing all thevials.

S J, nils tgS
1.67 364 145
1.63 297 195
1.59 180 290
1.55 101 525
151 79 975
1.47 42 1315
1.43 18 1685
c g "
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Figure4.12: Experimentally obtained probability distributions P(t) of the induction times
measured at supersaturation ratio 1.43 (black), 1.47 (red), 1.51 (green), 1.55 (blue), 1.59
(magenta), 1.61 (yellow) and 1.67 (purple) for PNBArm | in 2propanol at 25°C, 900
rpm, 1.6 mL solution at preheating temperature 50°C and sealed vigdsid linesare the

fits to Equation 4.3.
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The kinetic and thermodynamic valuéy and B, obtained from the plot as shown in
Figure4.13 are 3864+ 600 m"® ! and 0.76+ 0.1respectively with the PearsomRilue of
98.8 %.
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Figure4.13: Plot of In(J/S) as a function ofl/In* Sfor PNBA ir2-propanol at 900rpm
and 1.6 mL of solutionThe inset table summarised the obtained values fé&r and B.

The plot ofthe nucleation rateobtained from the indation time variations (marker) and
calculated nucleation rate using the obtainAdand B (solid line) against supersaturation

have good fittings as shown igure4.14.
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Figure4.14: Plot of nucleation rate () as a function of supersaturation ratio forNBA in
2-propanol. The solid lies are the calculated nucleation rate based on Equatib.

89



Chapter 4 Influence of Process Conditions on the Nucleation of PNBA Form I

4.3.7 The Finalisd Methodology
Based on all the data recorded above a best methodology can now be recorded. As a

preliminary to a full study, a screening test is recommended.

Preliminary RunScreening Test)

An initial screening test was conducted to determine the volume, minimum and maximum
supersaturation, shand $ax supersaturation interval and preheating temperature for a
particular system. The test is performed by preparing each bl@tkialg at different
supersaturation, for example at supersaturations of 1.1, 1.2, 1.3 and 1.4. The sample
preparation was similar to the one to be described below (unéelt run but the bulk
solution was reduced to 20 mL. 1.5 mL of solution in eaghwvas chosen as a start. The
other process settings are standardised: five cycles, 900 rpm stirring speed, preheating
temperature at 50°C, crash cooling at 5 °C*nia 25 °C and holding for 8 hours. The
screening test is repeated at different range d supersaturation where the&mi» should

have at least 40/80 samples nucleated, whilax®as all samples nucleated immediately
above 120 s. Once this range is known, the supersaturation interval is chosen to have at
least five sets of supersaturation ioding the Ginand Sax This is to avoid choosing a small
interval that gives a small difference in the induction time variation and nucleation rate.
The preheating temperature should be at least 10°C higher than the saturated temperature
at Saxand 10°Melow the boiling point of the chosen solvent to minimise the evaporation

of the solvent.

Full run

80 g of solvent and the corresponding amount of dissolved solute were placed in a sealed
jacketed vessel. The solution was stirred for an hour atrestemt controlled temperature

of 50 °C using a water bath. The solution (at 50 °C) was dispensed intgatbesing
pipettes. Pipetting the solution at the same constant temperature will reduce the variation
in volume as the solution density is dependeamnt temperature. Préheating the plastic
pipettes is not advisable as dfffectsthe actual volume. Theials (reactorswere closed
tightly using a rubber top cap and sealed with parafilm. The total weights ofith&were
recorded before placing themmithe Crystall6 wells. In the crystal 16 setup, the solution
was heated up to 50 °C and held for an hour. The solution was then crash cooled at 5
°C/min to 25 °C and held for 8 hours. Five cyasleeNB LIS § SR® W/ NRgy Ay 3IQ

frequently in each cye visually or by shaking thealsto observe for any solids material
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falling down into the solution. The total weights of th&@lswere recorded at the end of
each experimentThe induction times that need to be excluded are induction time less
than 120s % and mass loss more than 0.062%. The polymorphic fion was checked for

severalialsat each supersaturation immediately after solids were formed.

4.3.8 PNBA in Ethyl Acetate

The induction time measurement for PNBA in ethyl acetate are worth a separate mention
since they produced confusing resullée initialresults were already shown in tigection
4.3.1 The probability curves shown iRigure4.15 was obtained at 1.6 mL, preheating
temperature at 50°C, stirring speed at 900 rpm, the holding time was reduced to 5 hours
(due to the fast evaporation rate) and alhlswere sealed. The probability curves between
the experimental and modefits well, however the nucleation ratedid not increase
monotonically withthe supersaturation ratio. The nucleation ratdscrease fron228, 188

and 80m*3s"Lwith increasingsupersaturation 1.28, 1.32 and 1.38.KS WONR gy Ay I QX
evaporation and concentration for each vial (Sectb®.?) were checked and significant
variation of concentration was foundAs an examie for targeted supersaturatioratio at

1.24 and 1.32, the actual supersaturation varies frar@4 to 1.28 and 1.30 to 1.35

respectively.

1.0
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Figure4.15: Experimentally obtained probability distribution®(t) of the induction times
measured at supersaturation ratio 1.24 (red), 1.28 (green), 1.32 (blue) and 1.36 (black) for
PNBA Form | in ethyl acetate at 25°C, 900 rpm, 1.6 mL solution at preheating temperature
50°C and sealed vialSolid linesare the fits to Equation 4.3.
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This may have resulted from the fast evaporation rate of ethyl acetate, leading to a
variation of the concentration during the transfer of 1.6 fnhm the bulk solution (at 50

°C) into thevials In order to reduce this influence, adltiwas made by preparing the

solution in each vial; for example, 1.60 g of ethyl acet@smixed with 0.0378 g of PNBA

in the vial at room temperature. Eighialswere prepared for each supersaturation 1.32,

1.36, 1.40 and 1.44 with total of 40 induch 2y GAYS&® l'3IFAYE GKS !
evaporation and concentration for eachal were checked and no violation was found.

However, the results remain the same as showrigure4.16 that there is no correlation

between the supersaturation1.32, 1.36, 1.40 and 1.44 and the nucleation ra&3, 266,

89 and 189m"s*. In contrast to the PNBA in-@opanol positive results as shown in

Sectior4.3.6 PNBA in ethyl acetate showed negative results with the sealing of the vials.

Probability Distribution, P(t)

¥ I s I L ) ¥ I
0 4000 8000 12000 16000
Induction Times, s

Figure4.16: Experimentallyobtained probability distributions P(t) of the induction times
measured at supersaturation ratio 1.32 (blue), 1.40 (red), 1.44 (black) and 1.36 (green) for
PNBA Form | in ethyl acetate at 25°C, 900 rpm, 1.6 mL solution at preheatingaerhpe
50°C and saled vials.Solid linesare the fits to Equation 4.3.

4.4 Conclusion

A preliminary run has been introduced as an essential step in determining the process
conditions for nucleation kinetics studies of sohsielvent system in the Crystal 16
apparatus. Thiscreening test determines the minimum and maximum supersaturation
NIFy3aS Fd F+ adFENIAy3 @2tdzyS 2F modp Y[ |yR (2
parameters are stirring speed at 900 rpm and cooling rate at 5 °€.rihe minimum
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supersaturationshould have at least 40/80 samples nucleated. The minimum number of
probability curves per system is five that is the minimum, maximum and three other
supersaturation ratios in between. This reduces the possibility of overlapping probability
curves unlessuch behaviour is inherent in the stochastic nature of the nucleation process
for a particular system. The preheating temperature is 10 °C higher than the saturated
temperature at maximum supersaturation, provided it is still below the solvent boiling

temperature.

The significant variation of induction times, nucleation rates, kinetic and thermodynamic
factors with process conditions showed the high sensitivity of the Crystal 16 technique to
details in the experimental procedure. However, there is alsoasibility that the
observed extent of the sensitivity is somewhat specific to the chosen compound, PNBA. In
troubleshooting the induction time variation for PNBA, a methodology was established that
provides more consistency. This methodology takes intwsitleration all aspects of sample
preparation such as dispensing technique, securing the vials from solvent evaporation and
thermal history of the solution. Understanding the nucleation process of PNBA in 2
propanol and ethyl acetate had been a challenghich highlights the importance of well

controlled experimental settings for nucleation experiments.
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5. ELECTRONIC STRUCTORBARANITROBENZOIC AQINBA)
CRYSTAPOLYMORPHS: XPS ANEXAFS STUDIES

Abstract: para-nitrobenzoic acid (PNBA) polymorphs, Form | and Form llcamsoxylic

acid dimers with only subtle structural differences in the solid stateayXphotoelectron
spectroscopy (XPS), nemglge Xray absorption fine structure (NEXAFS), and density
functional theory (DFT) ground state calculation were combined to examineléo&@nic
structure of both polymorphs experimentally and theoretically. Both polymorphs showed
similarity in the binding energy (BE) of the 1s core electrons and the transition energies to
the lowest unoccupied molecular orbitals (LUMOs) at the C, N arie@ges.Small
differences arise only from differences in the hydrogen bonding in the carboxylic acid
dimer, which becomes evident for Form | in the XPS O 13) (€rectrum through a 0.3 eV
shift relative to Form Il and in AARRIR through the OH cof- plane wag at a wavenumber

110 cnt! lower.

5.1 Introduction

Xray photoelectron spectroscopy (XPS) and rextge Xray absorption fine structure
(NEXAFS) are emerging techniques for probing structure and bonding in the organic solid
state, including hydrogen bonding and proton transfer. XPS probes the chemitslishif

the binding energies of atomic core levels. Irradiation with monochromatizyXcauses
ionisation,whereby core electrons (e.g. 1s levels) of a specific element are emitted from
the sample by absorption of photons with sufficient enetyy The bidling energy (BE) is
calculated from the knownhv and the measured kinetic energpf the emitted

photoelectrons”’.

In NEXAFS, the photon energy is continuously scanned across the excitation thresholds
OWI 6a2NLIIA2Y BaEGDNaomiE Sonedlevdls, mortdring the associated
variations in absorption coefficient for the photonk the nearedge region of these
spectra the core electron (e.g., 1s, then also known asbeddé spectrum) receive
sufficient energy for trariions to unoccupied molecular orbitadd but no photoionisation

by photoemission takes place. At photon energies beyond the ionisation threshold
(commonly referred to as the ionisatiopotential, IP) photoemission takes place and
features structure in the spectra arebserved due to constructive and destructive
interference of the photoelectron wave through intraatomic and interatomic scattering.

The interpretation of XPS and NEXAF&ctsp is commonly facilitated by fundamental
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computational quantum chemical methods such as density functional theory (DFT), such as
CASTEP. XPS, NEXAFS and computational methods give complementary inforfiaation

understanding howocalbonding influences crystal structure formation.

XPS and NEXAFS have recently been shown to be sensitive to the effects of intramolecular
electronic structure as well as hydrogen bonding. The IP was shown to be sensitive to the
strength and the length of hydrogen bo#®. Chenical shifts wereobserved as well as a
NBadzZ G 2F (KS deldoalsalionéffdes ol thel hydRogen pond®. The
features of the spectra of a gas phase (monomer) and solid phase (dimer) molecular
speciesare significantly different, which faher highlights again the sensitivity of core level

spectroscopy to intermolecular interactich

XPS and NEXAFS are not yet widely used for characterising organic polymorphs, although
studies of nororganic polymorphs areedablished. For example, calcium carbonate
polymorphs, such as calcite, aragonite, and vaterite, are characterised by simil@r XPS
spectra, but the O 1s are significantly differet. The surface properties of silica
polymorpgK & Blj dzl NJi iberidtoyfafte, h adsorption experiments showed identical peak
positions but different peaks ratio of the XPS O 1s and N213he three polymorphs of
aluminium silicate andalusite, sillimaite, and kyanite, have different overall peak position

and peaks ratio for the O 1s, which correspond to the differences in local charge d&hsity
There were no difference observed in the XPS betweer? thend! glycine'®. Predicted
calculations on the NEXAFS spectra showed significant difference between the three

palladium oxide polymorph$®.

The sensitivity of NEXAFS and XPS for probing the effects of local environments and
interactions in organic polymorphic system was first investigategofaminobenzoic acid

(PAR\) %@ & b y R-PABAhave the same chemical composition but different crystal

structure. The buRA Y3 dzafAd ! FANMI O Nb2E&f A0 PABARaRAYSNI
carboxylic acid interaction witgNH® ¢ K-BABA has lower electron density on the
YAGNRISY O2 YRABAIFR diffierdncdiwésScagtured in XPS and NEXAFS. In XPS,

the bindy’ 3 Sy S NH @PABA isvhighe#b§ 0l2 6V and in NEXAFS the excitation of N1s

G2 GKSR M ff Aya KAIKSNI o0& nodpy S+ IsyrBgiomdecn S+
so that a unique electronic signature is provided for the polymorphs with NEXAFS,

distinguishing between the two forms.
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p-nitrobenzoic acid (PNBA) has two polymorphic structures, PNBA Form | and Il, with a
AAYAT NI 6dzAt RAy 3 dzy A3 (i KiBe difidreNdeLberdertfieser OA R F
polymorphsare so subtle that only smaRA FFSNEy OSa Ay GKS o6SyRAyY3
using vibrational spectroscopfR@éman and ATRTIR in Chapter 3Jhe aim of this study is

to further investigate the differences between the two polymorphs by utilising core level
spectroscopy technigues,P$ and NEXAFS, assisted by DFT calculations. Given the much
subtler structural differences in the PNBA polymorphs compared to PABA, this study was

also an exercise in examining the sensitivity of XPS and NEXAFS techniques on structural

differences betweermrganic polymorphs.

5.2 Methodology

The XPS and NEXAFS spectra for both forms were measured and the interpretation was
assisted by DFT calculations using Gaussian with the B3LYPfa@t@&inal andbasisset.

PNBA Form | and PNBA Form Il wererystallisedn solution at 25°C and 55C from the

purchased material (Form II).

5.2.1 Xray Photoelectron Spectroscopy (XPS)

Carbon (C), nitrogen (N) and oxygen (O) 1s spectra were measured using a Kratos Axis Ultra
instrument; the monochromatic Akksource process $ings are 1486.69 eV, 180 W, 15 kV

and 12 mA. The measurementas taken in constant analysis energy mode below?10

mbar with a pass energy of 20 eV, 0.1 eV steps &0@D msdwell time per data point.
Analysis of the data was performed with CasaXPS aoftwising dinear background and

GL(30) line shape (70% Gaussian, 30% Lorentzian). Samples were referenced to the C=C

carbon signal at 286.1 eFurther details were as describ@dSection 2.10

5.2.2 Near Edge Xay Absorption Fine Structure (NEXAFS) Spesstopy

C and N ¥edge patrtial electron yield (PEY) were performed with an entrance grisiDo¥

for C and150 V for N at the U7a beamline of the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory, USA. Spectra were normalised ébsithultaneously
recorded drain current from an in situ getdated, 90% transmission grith)(and the
energy scale calibrated using the 285.1 eV fifstesonance of an amorphous carbon grid

for the C Kedge and 400.6 eV firgt: resonance of a titaniunmitride grid for the N kedge.

O kedge total electron yield (TEY) were performed on the -B4BGM beamline of the
BESSY II, Berlin. Calibration of the beamline energy scale was performed géh (VYEY)
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as 1¥ 2p p transition. Analysis of the data wasrformed using the Athena software.

Further details were as described in Section 2.11.

5.2.3 Density Functional Theory (DFTalCulation

DFT calculations were performed using Gaussian 90W with B3LYP/631G* for both
polymorphic PNBA crystal structures withoutusttural optimisation at the ground state.
This is because structural optimisation would not take into consideration polymorphic
crystal structures. The calculations were performed on a single molecule (monomer) and
two molecules (dimer). Th® and H atomgC=0O--HO) were fixed in order to study the

subtle effect of hydrogen bond length on tienisationpotential.

5.3 Results
The XPS, NEXAFS and DFT calculations will be discussed for each chemical<pgis (
and C=0 for carbon, @3 O-H and ND; for oxygen and\O; for nitrogen) in both PNBA

Form | and II.

5.3.1 Xray Photoelectron Spectroscopy (XPS)

The binding energy scale in the XP speuatasreferencedto the C 1s@=C) peak at 286.1
eVinstead of the adventitious carbon (contamination) peak 848 eV. This is because the
differences in the contamination level for dacrystallead to inconsistency of the chemical
shift. The adventitious carbon peak for PNBA Form | 28&teV while folForm Il it is at
284.8 eV which is still within the exged range 284.7 to 285.2 e¥~.

C 1s XPS for PNBA Form | and Il have similar features, with small differences at the
contamination peak. The fitted peaks of adventigocarbon (contaminationz=C,GN and

C=0 are shown and summarised Figure 5.1 and Table5-1. There are no significant
differencesin the binding energy (ionisation potential) of C &=C), C 1sGN) and C 1s
(G=0), which occur at 286.1 eV, 287.3 eV and 290.4 eV respectively. This is followed by the
broad shakeup satellite at the higer binding energy of 292.9 eV. Thearystallised PNBA

Form | has higher contamination or possibly having additional contamination relative to the

purchased material (PNBA Form Il) based on the area under the peak.
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Contamination

Intensity / a.u.

Satellite \ \

Binding Energy (eV)

Figure5.1: Experimental C 1s XPS of PNBA Form | (red), and PNBA Form Il (black) and the
fitted components peaks, showing the shifts in binding energy (IP) for different chemical

species.

Table5-1: Binding energy (IP) of the experimental C 1s XPS of PNBA Form | and Il and the
RATFSNBYOS Ay @ABRRXKEEWSY SNHE O0k. 9

Binding Energy (eV)

Peak
Assignment | Form|l Formli(p) k ..®
Contamination| 284.97 284.83 0.14
C 1sC=0) 286.07 286.07 0.00
C 1s@N) 287.25 287.20 0.04
C 1sC=0) 290.42 290.45 -0.04
Satellite 292.94 292.97 -0.03
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The N 1s XPS spectra are also similar for both polymorphic forms, with the binding energy

for the NO, group at 406.7 eV, as shownFkigure5.2 and Table5-2.

Intensity / a.u.

! T ¥ T Y T . T . T Y
410 409 408 407 406 405 404
Binding Energy (eV)

Figure5.2: Experimental N 1s XPS of PNBA Form | (red), and PNBA Form Il éiddike
fitted components peaks, showing the binding energy (IP) forANO

Table5-2: Binding energy (IP) of the experimental N 1s XPS of PNBA Form | and Il and the
RAFTFSNBYOS Ay @ABRRXKEEWSY SNHE O0k. 9

Peak Binding Energy (eV)

Assignment | Form|l Formll(p) k ..Q
N 1s NOy) 406.72 406.67 0.05

The O 1s spectra iRigure5.3 show PNBA Form | has a broader shoulder towards lower
binding energy in comparison to Form Il. The XPS has signals from the three different types
of oxygen environment and a shake satellite at high energy. Photoemission from the O

1s ObH) oxygen occuraround 534.6 eV, O 1s@N at 533.7 eV, and the lowest binding
energy peak component arises from the O 1s@Cahe O 1s foObH and ND, signals
remain quastconstant for the two polymorphs, while the ionisation potential for the O 1s

(C=0) isb0.30 eMower than PNBA Form T¢ble5-3), which will be discussed further.
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Figureb.3: Experimental O 1s XPS of PNBA Form | (red), and PNBA Form Il (black) and the
fitted components peaks, showing the shifts in binding energy (IP) for different chemical

species.

Table5-3: Binding energy (IP) of the experimental O 1s XPS of PNBA Form | and Il and the
RAFTFSNBYOS AY &k BN ¢BEomd)) IBgNgHEng the shift far the C=0
signal.

Peak Binding Energy (eV)

Assignment | Form| Formli(p) k ..®
O 1s (Co) 532.85 533.19 -0.34
O 1s (D) 533.68 533.66 0.02
O 1sQObH) | 534.57 534.61 -0.03

Satellite 536.21 536.01 0.20

5.3.2 Density Functional Theor{DFT)Calculation

The orbital energies of interest here for XPS and NEXAFS are the core level (1s) and the
lowest unoccupied molecular orbitals (LUMOR)ble5-4 shows the summary of molecular
orbital energies for PNBA Form | and Il in single molecule (monomer) systems. The lowest
energy for the core level 1s (and thus highest binding energy required to eject the electron

in XPS) is the oxygen group, followed kiyogen and then carbon.
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Table5-4: The calculated molecular orbital energy levels for the chemical species at the
lowest occupied (core) levels and the lowest unoccupied molecular orbitals for a single

molecule of each of the polymorphic forms of PNBA.

PNBA Form | PNBA Form Il
Orbital
Number MO Assignment =neray. Assignment =nergy.
eV eV

48 LUMO+4 n-F 1.31 n-F 1.21
47 LUMO+3 M F 0.76 M F 0.09
46 LUMO+2 | o F oOn -1.02 O°"F 6n N -1.02
45 LUMO+1 H™F -1.06 H™F -1.13
44 LUMO M~ F -2.76 M~ F -2.83
12 C1s CC -277.92 GC -277.79
11 C1s GC -277.98 GC -277.94
10 C1s GC -278.02 GC -277.95
9 C1s GC -278.04 GC -278.05
8 C1s GCOOH -278.49 GCOOH -278.49
7 C1s GNO, -279.27 GNO, -279.33
6 C1s GOOH -281.32 QOOH -281.38
5 N 1s NO, -396.72 NO, -396.73
4 O 1s CHO(COCH) | -520.98 C=D (COOH) -521.00
3 O 1s NO. (OH side) | -522.10 NO, (OH side) -522.10
2 O 1s NO, (C=0 side) -522.14 NO, (C=0 side) | -522.14
1 O 1s OH (COCH) | -523.23 OH (COOH) -523.29

NEXAFS is determined by the excitation of electrons from the core levels into bound

unoccupied orbitals. The visualisation of the lowest unoccupied molecular orbitals (LUMOS)
AAIYAFAOl Yy

(Figure5.40

OH™  F U

NEJSIH f a
| N&BtheLdinds grobip/ with the whole orbital delocalised across the nitro,

GKIF G

R S YUMO+L &

aromatic ring and carbglic acid moieties. Thenain electronic structure difference

58688y

iKS

LJ2 €

e Y2 NLIKa

A a

laaz2OAl GSR

gAGK

density of states of the LUMO+2 at the nitro growdilein PNBA Form I, the nitro group

do participate albeit weakly, in therbital (@s circled in red ifigure5.4).
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lahbm OH™ FO

.J

[ ahbH -tol.” IF 0C2 NXY L -PNBA Form Il

[t ahbn én~ F O

Figure5.4: Visualisation of the fivdowest unoccupied MOs (LUMOSs) for Form | and Il of
PNBA based on the DFT calculations.
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Transitions from the atomic core 1s level to a bound unoccupied state aresigmiifyicant
when the Xray absorbing atom patrticipates in the unoccupied kQvhich the transition
takes placeA scheme of the energy transitions for carbon 1s core level excitation to the
four LUMOs is shown iRigure5.5. Both polymorphic forms have the same calculated
ionisation potential and energy levels, except for an additional C 1s trans@i@¥ 3™ *)

for PNBA Form Il which is small and negligible.

M 4 *

VY VSN VY S 237

V] 1~

C 1sC=C)
[C 1sGCOOH)

C 1sGN)
C 1sC=0)

Figure5.5: Schematic of transitions from carbon core 1s levels to the four LUMOs for
PNBA Form | (red) and PNBA Form Il (orange) based on DFT calculation on a monomer
system.

Excitation of electrons from thcarbon core level C 1€£0,CGN, C=C andGCOOH) are
therefore allowed to 1*, 2" * and 4 * (Figure5.4 and Figure5.5). The difference of the
energy levels ofGC, GN and C=0 relative toC=C is +0.4 eV, +1.2 eV and +8\
respectively. Therefore, C 1660 A 1 *) needs the highest energy to excites to LUMO
(1" *) at 278.6 eVfollowed by C 1sGNA 1" *) at 276.5 eV, C 1&CA 1 *) at 275.7 eV
and C 1s@CA 1 *) at 275.3 eV.
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TheN 1s schematic energy transitiof nitrogen core level 1s to the four LUMOs show
significant differences between the two PNBA polymorphs, as the transitiop*tés3nore
significant for nitrogen andxygen than carbonFigure5.4). PNBA Form | has a transition
FNRY b ma (42 [!'ah 6M F0X ['ah BM O06H FO0 |V [
FRRAGAZ2YIFE  GNIF yaadA2wn iniFRurels.p. &dor PNBA Fadmo I, the) | &
OF £ OdzAf F iSR SySNH& ySSRSR FT2NJ GNIyaAirildary TFNBY
and 398 eV respectiiec it KS &3dz00SaaA @S SySNHe& RAFTFSNByOSa
+1.7 eV and +4.0 eV. For PNBA Form ll, the calculated energy needed for transition from N

S H FX o~ fF YR n aid@97.R &V respectidetp S+ >
thesu©OSaaAgdS SyYySNHE& RAFTTSNBYyOSa NBEIGAGS G2 (K
ev.

(

Ma (2 M~ F

4r*
- Am*
[ *
2m* ry - .3 3n
2mn*
*
1n = — 1mc*
N 1s

Figure5.6: Schematic of transitions from N 1s levels to the four LUMOs for PNBA Form |
(red) and PNBA Form |l (oraegbased on DFT calculation on a monomer system
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The O 1s schematic energy transitidram the oxygen 1s core levels to the four LUMOs
show both polymorphic forms have the same calculated ionisation potential and energy
level except for a tinyand negligible differenceF{gure 5.7). PNBA Form Il have an
additional transition for O 1s @ A 3 *) and O 1s@QH A 3 *). Relative to the O 1OH

A 17 %), the energy difference is +1.1 eV for O 1020\, 1" *) and +2.3 eV for O {1€0DA

1" *). The calculated energy transition for the O 1s (®@# *), O 1s (D2 A 1" *) and O 1s
(COA 1 *)are 518.2 eV, 519.3 eV and 520.5 eV.

2*f3n*

1m*

0 1s (C=0)
0 1s (NO,)
0 1s (O-H)

Figure5.7: Schematic of transitions from N 1s levels to tfieur LUMOs for PNBA Form |
(red) and PNBA Form |l (orange) based on DFT calculation on a monomer system.

5.3.3 Near Edge Xay Absorption Fine Structure (NEXAFS)

The C Kedge spectraRigure5.8) show similarity for both polymorphic forms with a sharp

double peak at 284.8 eV and 285.7 eV followed by another significant peak at 288.8 eV.
Thesetransitions are assigned o C I&=CA M~ F 0 X /A mMafro/ blyR / Ma
AM FO® . FaSR 2y (KS 5 @¢S GG@IStSQdet/ | bibAl2yiaMmz/FrikkK S LJ
are assigned tod / THHO f Z MoG/F STHH ™ F @b YRH - F X YR (KSa&:
represented by fitting the experimental spectra with component pedkigure 5.9 and

Figure5.10).
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Figure5.8: Normalised spectra of experimental carbond€ige NEXAFS of PNBA Form |
(black) and Form Il (red).

CC1& 1 *
QN 1sA 17*
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Figure 5.9: Experimental carbon ¥dge NEXAFS of PNBA Form | and a model of the
spectrum obtained by fitting Gaussians and arctan step functions.
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Figure5.10: Experimental carbon ¥dge NEXAFS of PNBA Form Il and a model of the
spectrum obtained by fitting Gaussians and arctan step functions.

Table5-5 summarises the transition energies calculated at the ground state (Sex302
in comparison to the experimental results. The main interest here is the relative energy
RAFTFSNBYOS O60Kk9F0 T2NIIST O THIWSHA A2y oNBERG 2R

Form | and shows a reasonable similarity between the calculated and experimenta

Table 5-5: The comparison of absolute and relative transition energies between DFT
OF £ Odzt  GA2Y YR b9-!C{ SELSNARYSyGlf NBadzZ Ga
Form | transition relative to C16 / I'/ 0 Ih M~ F @

Peak DFT NEXAFS
Assignments

Forml,eV Formll,eV k 9 | Forml,eV Formll, eV k 9
Cilsd / 0 Iy 27527 275.27 0.00| 284.81 284.81  0.00
ClsG/ 0 Th| 275.73 275.66  0.46 / / /

ClsGb 0 b | 276.50 276.50 1.23| 285.71 285.71  0.90
Cls@ / 0 T4 276.97 276.97 1.70| 286.24 286.24  1.43
Clsd / 0 I 277.02 277.02 1.75| 286.68 286.68 1.87
ClsG/ 0 Th| 277.43 277.36  2.16| 287.22 287.22 241
ClsGb 0 Th| 278.20 278.20 2.93| 287.88 287.90 3.07
CilsQ ho Iy 27856 27855 3.29| 288.79 288.83 3.98

\J
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The N Kedge spectra show that both PNBA Form | and Il have similar features but
differences in intensityRigure5.11). The fitted peaks show the transition of N 1s to the
['ah 6M F0OX [lahbmM OH FO0OX [lahbuH 60 FU0 IYyR
406.8 eV and 408.5 eV respectively for both PNBA FoFigure5.12) and PNBA Form I
(Figureb.13).

8
—— PNBA Form |
—— PNBA Form I
8 6 (\
=
S
£
Ky
W 4
=
©
16)
2
©
E 2
[®]
zZ
0 4 T ¥ T R T v T . T v
400 405 410 415 420 425 430

Energy/eV

Figure5.11: Normalised spectra of experimental nitrogenddge NEXAFS of PNBA Form |
(black) and Form Il (red).
8

Normalised p (E)/arb.units

L JAN

| y | y | . | J | Y
400 405 410 415 420 425 430
Energy/eV

Figure5.12: Experimental nitrogen Kdge NEXAFS of PNBA Form | and a model of the
spectrum obtained by fitting Gaussians and arctan step functions.
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Figure5.13: Experimental nitrogen Kdge NEXAFS of PNBA Form Il and a model of the
spectrumobtained by fitting Gaussians and arctan step functions.

Table5-6 summarises the transition energies calculated at the ground state in comparison
to the experimental results. The experimental results for PNBA Form | are not in good
agreement with the DFT calculation atthe Nl ~ F @ b S@OSNIKSf Saax ol &as

Il the relative energy differencé (§) shows a reasonable similarity.

Table5-6: A summary of the transition energy based on DFT calculation and NEXAFS for
both PNBA Form | and 1.

DFT NEXAFS
N 1s (NQ to: Forml,evV Formlil,evV k & | Forml,eV Formll,eV k @
LUMO o6 wm~ 393.96 393.90 0.00 404.20 404.17 0.00
[t ah bwm 395.66 395.61 1.71 405.30 405.30 1.13
[ 1 ah bH / 395.72 1.82 406.80 406.80 2.63
[ 1 ah bn 398.03 397.94 4.04 408.58 408.54 4.37

The O Kedge spectra for PNBA Form | and Il are similar, as showsgure5.14, with two

aKEFNLI LISI1& AYRAOI GAY 3 wmérpaakat higher ghdiod Engrgyl A 2 v &
A4 (GKS ma (2 GKS “F SEOAGIGA2Y® ¢ KBotheA NB UG LY
[''ah oM fF0 0 podi@ec K5 [yRhhomafrb 0 pomdc
intensity peak is for th® G 2 { K S*) gt 338 heVKigure5.16 and Figure5.16).
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Figureb5.14: Normalised spectra of experimental nitrogen-€dge NEXAFS of PNBA Form |
(black) and Form Il (red).
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Figure5.15: Experimental carbon @dge NEXAFS of PNBA Form | and a model of the
spectrum obtained by fitting Gaussians and arctan step functions.

110



Chapter X Electronic Structure of PNBA Crystal Polymorphs: XPS and NEXAFS studies

25

C=O1sA 1°*

2.0

1.5 1

1.0 H

Normalised p(E) / arb.units

0.5 1

0.0

T ; == T T T T T T
530 535 540 545 550 555
Binding Energy / eV

Figure5.16: Experimental carbon @dge NEXAFS of PNBA Form Il and a model of the
spectrum obtained by fitting Gaussians and arctan step functions.

Table5-7 summarises the transition energies calculated at the ground state in comparison
to the experimental results. Again, the relative energy differericej based on PNBA

Form Ishows a reasorae similarity.

Table5-7: A summary of the transition energy of O-édge based on DFT calculation and
NEXAFS for both PNBA Form | and 1.

DFT NEXAFS
O 1s Forml, eV Formll,eV Kk 9 fl Forml,eV FormlleV Kk 9F

Ols(Ce& Ih M 51821 518.17 0.00 530.63 530.63 0.00
Ols(®0 I M 519.33 519.27 1.12 531.55 531.55 0.92
O1lsObl O Th 520.47 520.46 2.26 533.24 533.26 2.61

5.4 Discussion

DFT calculations were made using a relatively basic computational method (B3LYP
functional and 631G* basis set in Gaussian 09 for a single molecule (gas phase) at ground
state) with the main purposes to visualise the molecular orbitals and assist witks pea
assignments. Apart from a few differences, the DFT calculation did show reasonable
consistency with the experimental results (solid phase) in terms of relative energy

differences. There are two major discrepancies between the calculations and experiment
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the Ol1s (C9) binding energy and the transition of NINGR) A o " F = @ KA OK gAf

discussed.

The O 1s (@) binding energy (XPS) and O 1sQ m~ F G NI yaAdAz2y Sy SNE
showed an interesting combination of results. The O 19 PNBA Form | is 80.3 eV

lower thanForm Il but the transition energy for C1s@A M~ f A& GKS &l yvyS I
AYRAOFGAY3 GKFG GKS SySNHe S@St F2NI m  F A&
observation was found in aqueous solutionfofmic acid and format&. Even though this

is a small, subtle difference, it is explainable based on PNBA Form | having a 0.01 A shorter

C=0 bond lengtthan Form II. file oxygen at the carbonyl group @=or PNBA Formis

more electronegative than Formdue to the shorter C=0 bond lengtiihus PNBA Form |

has a lower binding energy, 532V, in comparison to PNBA Form Il, 533.2 eV.

The difference of the hydrogen bond strength between the two polymsrg@t the
carboxylic acid dimer is in agreement with the experimental-ETR and DFT calculation
for the ground state of the dimer structures. The AHRR of PNBA Form | showed a
smaller wavenumber of 918 ¢fncompared to Form Il at 928 éhat the OH aut-of-plane
bending(Chapter 3)PNBA Form | has a stronger hydrogen bond a®iygen athe C=0

is more electronegativeFor the DFT calculation, the position of the oxygen and hydrogen
atom (C©--HbO) was fixed to maintain the differences in the bond length. The DFT
calculation for the dimers shows0.14 eV and0.06 eV differences between the two
polymorphs at the O 1s level and OA | a h  OFigargb.h7d&hows the experimental
result is closer to the DFT calculation of the dimer than the monomer. This highlights the
effects of hydrogen bonding on the electronic structure, and is in liné witalculation
showing that witha shorter hydrogen bond length (H---O), the ionisation potential (IP)

becomes larger as the hydrogen bonding is stroriger
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LUMOL * - —_ —
-z
C=0 1s T —— —_
FI  Fl Fl Fil FI Fll

Monomer Dimer Experimental

( Predicted Calculation)
Figure5.17y ¢ KS &1 SUOK 2F (KS SySNHe S@gSt |G wma
monomer and dimerlin comparison to the experimental result.
The predicted DFT calculation in the gas phase for a monomer system showed that PNBA
Form Il has a small additional peak for the transiton of My1s " F £ G KAt S SE LISNAR
both PNBA Form | and Il showed ardiéidnal peak but shifted to significantly higher
photon energy than predicted by the DFT calculatibrseems likely that this discrepancy
between theory and experimergtems from the use of a monomer model for MO analysis
of the spectra. Likewise, fohe dimer system, the DFT calculation revealednamsition of
N1sA o~  F F2NJ 02 0K Lagshewy igFigiras. A80AdditianslDvvérk will have

to address theorigin of this transition.

Y . o e
o @ > 9
@ ® L 9

Figure 5.18: Visualisation of thethird lowest unoccupied MO(LUMO+3J for a dimer
system that is similafor PNBA Form | and Il based on the DFT calculations.

A possible explanatiofor the discrepancy between theory and experimésithat both the
monomer and dimer models neglect contributions from thé interactions in the crystal
structure, which are expected to have the most profound effect on the outetraosl
diffuse ~ states, both in terms of shifting its energetic position relative to the ionisation
potential and nodifying the intensity of the transitionFurthermore, the choice of

functional and basis set may affect the results, while the use of grstete calculations
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neglects the time dependent effects associated with the electronic transition from the
initial to the final state. More systematic work is required here, using #il@pendent DFT

calculations for the solid state.

The DFT calculaton ma Kl @S LINBRAOGSR | avyltf RSyaadae

differences in the bond angle; PNBA Form Il has a 2° rotation more at one side of N=0 and
this is similar to the DFT calculation, predicting only one side of N=O has the electron

density as showeih Figureb.19.

Figure5.19: A potential correlation between the DFT calculation atige bond angle )
for PNBA Form | (right) and PNBA Form Il (left).

The most significant result here is that the differences between the polymorphic forms of
PNBA Form | and Il were minor and hardly detectable by XPS and $yExéépt for the
small differences in the strength of hydrogen bonding at the carbonyl group, C=0. This
agrees with the ATRRTIR and Raman spectroscopy data, which also showed both forms
have similar spectra except for the minor differences at the cardimacid group in
relation to the hydrogen bonding. Therefore, these results suggest that the chemical and
conformational state of PNBA in Forms | and Il is negligibly different due to the very similar

intermolecular interactions and local geometrical stiure.

5.5 Conclusion

The influence of intermolecular interactions on the electronic structure based on DFT
calculation in a monomer and dimer system correlates with experimental N 1s and O 1s
(CO) photoemission results. For a single molecule model, DFTigisetthat there is an

excitationof N1sandC16( 0 (2 (GKS o X ¢6KAOK OQOAaArof e
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this was observed in the NEXAFS experimental result. Interestingly, the calculation for the
dimer and the XPS/NEXAFS experimental resuleeagrthat ionisation potential of O 1s
COv Aa t26SNI gKAES GKS [l ah om F0 SySNHE& Aa

The electronic structures of PNBA Form | and Il extremely similar, which is in agreement
with the ATRFTIR vibrational spectra. A smdiliference found is PNBA Form | having a
weaker hydrogen bond at the carboxylic acid dimer due to a longer hydrogen bond length.
This is evident in the XPS O 1sdCspectrum for PNBA Form | through@3 eV shift and

in ATRFTIR the stretching of OH eof-wagplane (dimerization) is at a wavenumbigtO

cmP! lower than for Form Il. This chemical shift correlates with PNBA Form | having a
shorter C=0 bond length at 1.23 A and a longer hydrogen bond lengthi(@=it 1.6 A
compared to Form Il at 1528 and 1.5 A.

The poor agreement between experiment and theory for what is believed to be theAN 1s
0" F NB3IA2Yy 2F (GKS aLISOGNI ySSRa TFdNIKSNI Ay
interactions in the solid state, the time dependent nature of the trapsg and the

possible influence of choosing different functionals and basis sets.
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6. SPECTROSCOBRIOJDIES OF SUBSTNUEFFECTS IN BENZOI
ACID DERIVATIVESIINE SOLID STATE

Abstract: A comparative examination of the substituent effects on the electronic structures

of p-nitrobenzoic acid (PNBA);aminobenzoic acid (PABA), and benzoic acid (BA)ders
carried out by Xay photoelectron (XP), and neadge Xray absorption fine structure
(NEXAFS) spectroscopy. The variations can be related to infrared and Raman vibrational
spectra. PNBA has a strong electron withdrawing nitro group in para pogdgidhe
carboxylic acid moiety, while PABA has a strong electron donating amine group. The IR and
Raman spectra showed the carbonyl stretching frequency for PNBA is the highest, followed
by BA and PABA. In line with this, XP and NEXAFS spectra indedieteoon in electron
density at the carbonyl group through conjugation across the aromatic ring, and hence a
strengthening of the bond, resulting in a higher stretching frequency. Throughout the
molecule, PNBA has a lower orbital energy for all 1s legealeedl as a more strongly bound

lowest unoccupied molecular orbital {¢) compared to BA and PABA.

6.1 Introduction

Experimental studies of substituents effects on the electronic structures of organic systems
have been performed for many years, includingclear magnetic resonance, vibrational,
and core electron spectroscopié¥!'4 Electron withdrawinggroups (EWG) and electron
donating group (EDG) reduces and increase the electron density in conjugated and
aromatic”~ systems. Understanding the influence of local molecular environment on the
electronic structure through studying intermolecular interacts could provide a better
insight on many important functions of organic molecules, for example molecular
recognition®%L In this context, carboxylic acidGOOH) groups have been the focus of

extensive studies in understanding molecular recogniticmhydrogen bonding-551:118

121

Infrared (IR) radiation is commonly used to study carboxylic acid systems, exploiting the
variations in vibrational properties in the a carbonyl (C=0) and hydroxyl (OH) §f8ti$s
Vibrational bands are dependeon atomic mass, bond length and streng®#’. Raman
spectroscopycomplements IR in detecting the vibrational properties of the carbonyl band.
The IR and Raman bands tbe carbonyl asymmetric and symmetric stretch vibrations
occur in the region of 172@ 1680 cnt! and 1680¢ 1640 cni! respectively?2 IR

spectroscopy has becomihe most prominent technique for detecting carboxylic acid
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dimers, through an Oldut-of-plane bending frequency in at wavenumbers from 960 to
875 cn¥! 3681122 gand with a difference between the cantw stretching frequencies of less
than 30 crm8l,

Xray photoelectron spectroscopy (XPS) and redge xray absorption fine structure
(NEXAFS) are emerging core level spectroscopy techniques that providkgoredd
understanding about the carboxylic acid moieti&-11311% XPS and NEXAFS probe the
electronic structure of the molecules, specifically the core electron (1s) and the unoccupied
states below the ionisation potential. In this chapter, the influence of the substituent
functional groy of three carboxylic acid systems (benzoic acid (BAlninobenzoic acid
(PABA) ang-nitrobenzoic acid (PNBA)) are studied by combining vibrational and core level

spectroscopies.

In organic chemistry, the Hammett equation is often used to analyse aedigb the
influence ofmeta and para substituents on the behaviour of benzoic acid systems, relating
observable variations imeaction rates and equilibrium constants for reactiongh free
energies. Relative to BA, b . | K| & { K)SgroypiwhidhBs stéobdp electron
withdrawing (Hammetvalue of +0.78%), while PABA hathe | Y A Y S ,) sulbstituent,
whichis strondy electron donating (Hammeétvalue oft0.66 2. PNBA is the most acidic
of the three,followed by BA and PABA withplélues of 3.43, 4.20and 4.6524

The IR vibrational spectra prioke carboxylic acid dimer characterisation through the
carbonyl stretching and the hydroxyl bending vibration frequencies. XPS and NEXAFS
provide information on the electronic structure of each chemical motetyrough the
characteristic carbon 1s excitahs for C=C,C=0, &N, the oxygen 1s exciations for @=

ObH, N>, and the nitrogen 1s excitations foMO, and NH,. In the following it will be
examined how the effects of substituents can be related to the information obtained by
the three techniques, andow XPS and NEXAFS can be used to obtain further information
on specific vibrational features that are widely employed to characterise carboxylic acid

dimers.
As discussed in chapter 5, PNBA has two polymorphs with very similar crystal structures
(PNBA &rm | and Form II), while PABA has two polymorphs with quite different local

02yRAY3I Ay SIFHOK ONeadlrf &aiNMVzOGdzZNBa ohbt!
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benzoic acid have the same synthonic building unit in the crystal lattice, namely a
carboxylic aciddlimer as shown irFigure6.1. A selected Cambridg8tructural Database
(CSD)search provides directly comparable crystal structures for BA, PNBA Form | and
htt! . Iclkwer &Il determined using-rdy diffraction at a temperature around 120 K.
The bond lengths for C=0tB), and the Q1 1 1ofr & - are summarisel in Table6-1.

h PABA has the shortest8 at 0.8A follow by PNBA Form | at 1/0and benzoic acid at
1.1 A PNBA FormHas the longesO--Obond length at 2.6%, h PABA at 2.64and BA at
2.61Ad PABAhas an additional hydrogen bond lengthhCE BN att 2.1A Figure6.1 (c).

The bond length of O---O is preferred as it gave better correlation than bt Hond
length®,

(c0 prAmInobenzoic acid (CSReference: AMBNACO7)

Figure6.1: The crystal structuresf benzoic acidp-nitrobenzoic acid ang-aminobenzoic
acid obtain from the CSD
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Table6-1: A summary of the C=0,4Bl and hydrogen bond lengthfor benzoic acidBA)
p-t YA Yy 206 Syl EPARY ahd@ditie bedzbic acidPNBAForm I).

BA,A hLPABAA PNBA Form &
C=0 1.252 1.239 1.231
ObH 1.080 0.820 0.979
C=0--H:0 2.610 2.641 2.648

6.2 Methodology

A short summary on the methodologies are given here while the full details are given in
Chapter 2. PNBA Form | wascrgstallised in acetonitrile at room temperature while the
commercially available BA afdBPABA were used as received (Section 2.1). fifnaréd

red spectra were taken using AHRIR with a Therm8cientific instrument as described in
chapter 2. The spectra was obtained from 32 scans at a resolution of*4iorthe range of

650 to 4000 crit (Section 2.8). The Raman spectra were takenguie JobinYvon Raman
microscopedescribed in Gapter 2. The microscope objective used was 100x magnification
and the spectra were taken in the range from 10 to 4000"'qf®ection 2.9). Xay
photoelectron spectra for PNBA Form | ahd?ABA were recorded using the Kratos Axis
Ultra instrument. High resolution spectra for the carbon, nitrogen and oxygen were taken
with 0.1 eV steps (Section 2.10). Peak fittingd' fdABA have been published previodsly
NEXAFS data for PABA and PNBA Form | were performed at the National Synchrotron
Light Source (NSLS), New York. Partial electron yield (PEY) for the carbon, nitrogen, and
oxygen Kedge were collected at energy resolution of 0.1 to 0.15 eV {@e&.11). The

peak fittings were published previously Molecular orbital energy calculations for the
ground state were performed with Gaussian 09 for a monomer molecule of BA, PNBA and
PABA. Structure optimisan was performed before the energy calculations were made,

and the B3LYP/81G (d) functional and basis set were used (Section 2.12).

6.3 Results

6.3.1 Vibrational Spectroscopy (IR and Raman)

Figure 6.2 shows FTIR results in the region of 800 to 18006'cithe C=0 asymmetric
stretch and ®H outof-plane bending frequency are the focus of interdBNBA has the
highest C=Qtretchingfrequeng at 1684 crh', followed by BA at 1675 chh and PABA at
1659 cmit. Theh b | 2 dzii béndfor PXIBA y6 &t 928 d¢ifor BA at 933 crfand for
PABA at 927 cth
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Figure6.2: Infrared spectra ofPNBA(black), BA (red) and PABA(blue) in the 8001800
cmb! region, with labelled C=0 stretching and® out-of-plane peak positions.

Figure 6.3 shows the Raman spectra the region of 1000 to 1800 ¢t The carbonyl

symmetric stretch is weaker; PABA has the weakest signal, a small shoulder at 2§22 cm

BA at 1634 ctand PNBA at 1640 ¢Mn

— PABA
—BA
o ——PNBA
J\’\_—/\__——J\L
A~
=
2
3
£ L
m N ,/\/L
T T T T T T T
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Raman Shift, cm™

Figure6.3: Raman spectra oPNBAacid (black),BA (red) and PABA(blue) in the 1000
1800 cni* region, with labelled C=0 stretching peak position.
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6.3.2 Core Level Spectroscopies

The ionisation potential energy and the transition energy from the core electron to the
lowest unoccupieanolecular orbital (LUMO) are experimentally obtirirom the XPS and
NEXAFS for PNBA and PAB#ere are currently no experimental data for BA, because its
high vapour pressure prevents measurements under thigh vacuum conditions, so only

a predictiveDFT calculation was made.

6.3.2.1 Carbon 1s (C 1s) spectra

TheC 1s XPS for PNBA Forindicatesa higher ionisation potential thaforh bt t !, as!
shown inFigure6.4. The fitted peaks o€=C,G,N andC=0 are shown and summarised in
Figure6.4 and Table6-2. Relative to PABA, the chemical shift for PNBA G-0s C 1€bN
and C 1€=C are +1.3, +1dnd +16 eV.

COOH
c=C
NH2
5 Cc=0 / bb
o
>
B COOH
§ c=C
c
NO,
C;=0 /' bb
L I U I Y I ¥ I S ——
292 290 288 286 284 282

Binding Energy (eV)

Figure6.4Y 9ELISNAYSy Gl f / wm& - t-PABR (Blue) dand the fit@@ N L
component peaks, showing the shifts in bindimmergy(IP) for different chenical species.

The C Kedge spectra for PABA and PNBA are significantly different; PNBA has a sharp
doublet at 284.8 eV and 285.7 eV, while PABA has a sharp peak at 285.3 eV and a shoulder
at 286.63eV. These peaks are theansition energy fothe C1sC<=CA M~ F | Y®BN / wma
A ™ " .Both compounds have the sartransition energy fothe C 1sC=O0A m ~ at 288.8
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eV.Relative to PABA, the chemical shift for PNBACC#& M~ F | yGBNA/ M "Mfa
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Figure6.5: Normalised spectra of experimental carbond€ige NEXAFS of PNBA Form |
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Table 6-2 summarises the ionisation potential of C 1s from the XPS data, the transition
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The main observation is ¢hionisation potential for PNBA is higher than PABA while the
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Table6-2: A summary of the ionisation potential C 1s energy from XPS and the transition

energyNB Y /

Mad (2 GKS [!ah oM™ FoO
PNBA Form | h-PABA | k . pRsarasa
IP (C=C) 286.07 284.80 +1.27
Lt Np/ b 287.25 286.15 +1.10
IP (C=0) 290.42 288.86 +1.56
/I ma o/T 284.81 285.28 £0.47
/| m® 06 My| 28571 286.63 £0.92
/I ma o/ T 288.79 288.85 £0.06
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The predicted ionisation potential (IP) for the CG=O, C 1<EN and C 1€£-C and the

[ ' ah 0O m~ flevel f6&ryPSBAHABA and PABA are illustrateBigure6.6. The 1s and

M~ F SySNBHe S@St Aa GKS f24SagBigug&@Nhowsb . ! = T
illustrations of the molecular orbitals for the LUMOM ~sfatés in the three compounds,

indicating that they are similar. Relative to PABA, the calculated chemical shift of the C 1s

core level in PNBA are f@ 1sC=0, C 1¢bN and C 1€=C+1.0eV, +0.7 eV and +1.0 eV,
respectively, while the NEXAFS transiti@h4sC=OA m ~,C 1sCbNA M~ gndC 1sC=C

AM FNB AKATESR BHRObM®H YR Lmdm S+ ¢KSasS NB
experimental values due to the calculation being made for a gas phase (monomer)

molecule in the ground state, but they are nonetheless quite similar to the experimental

results.
N
1'*-0.8
r'*-131
Ir*-292 A
>
<
>
=
(]
c
Lu —
C=G277. 68 C=G277.48
C=G278.43 GN-278.72
GN -279.43 C=0-280.48 —
C=0-280. 85 =
C=0281.46 -
p-nitrobenzoic acid (PNBA) Benzoic acid (BA) p-aminobenzoic acid (PABA

Figure6.6: Schematic of thecalculatedtransition energy from carbon core 1s level to the
[t ah oM™ F OBAGRABA b . ! X

J

Figure6.7: The NBRA OG SR Y2t SOdzf  NJ 2NDAGEHE NINBNBaSydl
(left), BA niddle) and PABA (left).
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6.3.2.2 Nitrogen spectra
The experimental N 180, XPS spectrum for PNBA Fornindlicates a muchhigher

ionisation potentialat 406.7 evthan for theh t t ! N IsNH, moiety, which appears at

399.6 eV in the spectrunfrigure6.8).

Intensity/a.u

v T ! T ¥ T ’ T : T ¥ T
410 408 406 404 402 400 398 396
Binding Energy (eV)
Figure6.8: ExperimentaNma -t { 2F t b. ! -RABAQuelandtielited > | y R
components peaks, showing the shifts mnding energy (1.

F2NJ h bt ! significanyfyRlifferebt, as sh@va NY L |
f26SNINOSyarie nwdl S+F%
G nnn Szo

TheNKkSR3IS & LISOG NI
in Figure69T h &t ! . | KFa |
PNBA has a sharp and high irgégy peak for the N ISO:A M~ F
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] NOAM ™ F — PABA
74 —— PNBA

Normalised p (E) / arb.units

4(|)0 ' 4(l)5 ‘ 41|0 I 41|5 . 420
Energy / eV

Figurpq.g: Normali:sed spectra of experimentaiit[ogen K-edge NEXAFS of PNBA Form |
ONBRO YR hbt! . ! o60fFOl0O®
Table 6-3 summarise the ionisation potential of N 1s from the XPS data, the transition
SySNHe b wma (G2 GKS ['ah oM F0O FYR GKS RAFTFSN
YIAY 20aSNDIF A2y Aa 020K (GKS A2yAraliAizy LR
higher for PNBA.

Table6-3: A summary of the ionisation potential N 1s energy from XPS and the transition
SYSNH& FNBY b wma G2 GKS [!lah 6mM F0O FTNRY b9 !

PNBA Form | h_-PABA K . pReAPABA

IP (NHy) 399.60 +7.12
IP NO,) 406.72
NisNHU T N 400.00 +4.20
N1sNOO [ N 404.D

TheDFFpredicted ionisation potential (IP) for the N I¢Hp) is lower than N 1NO») while
GKS [!ah oM F0 SySNBHe& f SJBdure6il@ Rekativalts BABA, F 2 NJ t !
the calculated chemical shift for PNBA NN and N 1NO;A M~ f  +B.0N&Y and +3.9

eV which are in good correlation with the experimental dasanTable6-3.
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1 * -0.8 m—m—

1% -2.92 meymme

Energy leV

NH, -390.66 =——t—

NGO, -396.72 =——

p-nitrobenzoic acid (PNBA) p-aminobenzoic acid (PABA

Figure6.10: Schematt of the calculatedtransition energy from nitrogen core 1s level to
GKS ['ah oM F0 F2NJtb.! [YyR t! .1l o

6.3.2.3 Oxygen spectra

The experimental O 1s XPS RMBA Formihdicatesa higher ionisation potential thafor

h £t !, as!'shown inFigure6.11. The fitted peaks of @; ObH and additional & (in
PNBA) are shown and summarisedHFigure 6.11 and Table 6-4. Relative to PABA, the
chemical shift for PRA O 1€ and O 1bLH are +0.7 eV and HleV.

COOH
<> ObH cO

NH,
=
-
2
D COOH
=
L
£ O,

NO,

ObH c0
v T T T T T T T T
538 536 534 532 530 528

Binding Energy (eV)

Figure6.11lY 9ELISNAYSy Gl f h wm& -t {-PABA (bltepand theC 2 NI

fitted components peaks, showing the shifts linding energy (IP) for different chemical
species.
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The O Kedge spectra for PABA and PNBA aFigure6.12 showssimilar features with

PABAat highe transition energy forO1sCA M~ F  F Y®RHAMMEA | &G pondm S+
533.5eV.Relative to PABA, the chemical shift for PNBAO OAQw " f | YBHA M a

M~ F I NB b m2ey.PNBA hds g@Bditibnaltransition energy folO 1s ND,A M~ F

at 5316 eV.

25

—— PABA

N - N
o (&)} o
| | 1

Normalised u (E) / a.u.

o
[3)
1

0.0 -

550 ' 54;0 l 55130 I 560
Energy / eV

Figurgfsv.12: Normaljsed spectra of experimental ﬁitrogene@ge NEXAFS of PNBA Form |

ONBRUO YR hbt! . ! 60fl Ol0®

Table 6-4 summarises the ionisation potentials obtained via O 1s XPS alongside the

0N yaArAiGAz2y SySNHASE FTNBY h wma G2 GKS [!'ah o1

between PNBA and PABA. Thaimobservation is that the ionisation potential for PNBA is

KAIKSN) GKIFy F2NJt! .13 gKAtS GKS GNIyarxdaAzy

PABA.

Table6-4: A summary of the ionisation potentiaD 1s energy from XPS and the transition
SYSNHe FNBY b ma G2 GKS [!ah 6mM F0O FTNRY b9 !

PNBA Form [ N-PABA | K . rRsaaca
IP (CH) 532.85 532.11 +0.74
IP (\D2) 533.68 b b
IP O-H) 534.57 533.52 +1.05
Ols(C& I N 530.63 532.08 b1.45
Ols(M0 b N 531.55 b b
O1sQl 0 b 533.26 534.41 b1.15
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The predicted ionisation potents(IP) forthe O 1sC=0, O 1sNG, and O 1¥bLH and the

[ 1 ah @nergylevel for PNBA, BA and PABA are summarisedjire6.13. The 1s and

M~ F SyYySNRHeée fS@St IINB f26Sai TRevetoPABAZheFTF 2 24
calculated chemical shift for B¥\ O 1O and O 1L0LH are 4.0eV and +0.9 eV while

the O1s CGBA M~ f I Y RLHW®, MM &F L m dm1.25eV.The yeRitiveb energy

differences are reasonably similar to the experimental results aaline6-4.

A I*-08
T*-1.31
T* -2.92
>
]
P
2
[}
e
(]
C=0-520.73 C=0-520.35
C=0 -521.33
NO, -522.20 OH-522351 OH-522.00——
OH -522.91 -
p-nitrobenzoic acid (PNBA) Benzoic acid (BA) p-aminobenzoic acid (PABA

Figure6.13: Schematic of thecalculatedtransition energy from oxygen core 1s level to
GKS ['ah 6mM F0O F2NJtb.!3> . ! FTyR t!. ! ®

6.4 Discussion

IR and Raman showed the carboagimmetric and symmetric stretching frequency is the
highest for PNBA (1684, 1640 ¥jnfollowed by BA (1675, 1634 £ and the lowest for
PABA (1659, 1622 ¢ These shifts are not correlated neither to the C=0 nor the€O
bond length Table6-1); BA has the longest C=0 and the shortestO0bond length. The

ht | -dpahe bending frequency did not show similar trend. The frequency for PNBA
and PABA are theame at 928 cit which correlates to the similarity in O---O bond length,
2.64 A while BA which has the shortest O---O bond length, Aghad this bending
frequency at 933 cf.

The effects of electron withdrawing grouB\WG and electron donatingroup EDG on the
OFNb2yef aiNBGIOKAYy3 FNBIjdSSyOe -déf-plangiberdiyidh TA O y i
T NB |j dzS y B® groug dé&tivates and reduces tledectron density at the carboxylic

FOAR O0b/ hhl 0 MNKGduS activieS ank YidaseShe blectron density as
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illustrated inFigure6.14. The shift in wavenumber is influenced by the C=0 bond strength.

The C=0 resonance structusestronger with lower electron distribution and weakens with

higher electron density, suggesting the stretch of the carbonyl bond for PNBA should
appear at higher energy than in PABA. Considering the dynamic dipole moment selection

rule for IR vibrationa#i LISOG NP 802 L8 X GKS & SILPABA a@ppeardldodi A 2y
suggest that there is less change in dipole moment during the vibration, possibly due

reduced oxygen atom electron density as a result of hydrogen bor@h@g- - HiN.

The advantage of usinXPS and NEXAFS for characterisation of the molecules is that the
effect of substituents is observed at several of the chemical moieties in the conjugated
a23a0SYI A®SPI [/ b N THeloverdll d 1k, IN3s and-Q 15 spbcira shows
that PNBAhas generally higher ionisation potentials throughout than PABA due to the
strongly electrorwithdrawing nature of the nitro groupRelative to PABA, the chemical
shift for C 1€4=C C 1<€bN, C 1950, O 1L, O 10bHin PNBA are +1.3, +1.1, +1.6 eV,
+0.7 eV and +1. eV, illustrating very convincingly that the electron density of all atoms
across the conjugated system is affectedth presence of thenitro group including the
strong reduction of the electron density at the carboxylic acid moiasshown in Figure

6.14 (left). As a result of the reduced electron density, the core electrons experiencing
stronger attraction by the nucleus, thus neorenergy is needed to remove the core
electron. For PABA, the electron density throughout the molecule is enhanced through
charge transfer from the amine group, as shownFigure6.14 (right). As the electron
density is bigger, the core electron is held loosely to the nucleus thus a lower energy is

needed to remove the core electron.

>

C c=0

_ - _ —

N-C C=C 4. N-C C=C o H
- —

Figure6.14: An illustration of the electrons being pulled towards the nitro group (left)
and electrons being donated towards the carboxylic acid group (right).

The O 1s @xhas the smallest relative chemical shift between PNBA &BIAR likely due
to the additional influence of the intermolecular hydrogen bond in the crystal structure.

PABA and PNBA have similarOc=bh A y (i S NI O-2AB2 yhas am ddditional
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C=O---HN motif. The multiple interactions at this oxygen moiety thppear to reduce the
relative ionisation potential difference for O 1s@to +0.7 eV, compare to the differences
above +1.0 eV for all other atoms. In addition, the carbonyl itself is a EWG, thus for the C=0
in PNBA, the electron density specifically atbom may be pulled in both directions,
resulting a much smaller electron density therefore a higher ionisation potential difference

of +1.6 eV relative to PABA.

The NEXAFS results on the excitation of core electron to the lowest unoccupied molecular
2NDAGFE oM  fF0 faz2 akKz2ga I+ aidNRYy Relaivdazma G A ( dzS
PABA, the chemical shift for PNBA C48A M~ CISLNA M ,P1sCEA M  F O YR
ISObHA M~  F NB5&Z bLndgp S+ bLmMdp S+ YR bLmdH Sz
chemical shift is in the opposite direction from the ionisation potential. This is because the
['ah 6mM  F0 SySNHe fS@St Aa (rgySs néedled ® &xtite T 2 NJ t |
GKS ma G2 (KS Figirg6.6, Figured 1D dndEgirdéidi SR Ay

XPS and NEXAFS did not reveal characteristics of carboxylic acid dimer based on the relative
difference of ionisation potential C 1s and O 1s and the transition energy forAC11$

and O1lsA 1 *. A comparison was made between the dimer structure of PNBA Form | and
h PABA to the catemer structure of PABA®, as summarised ifiable6-5 and Table6-6. A

1 eV difference was previously reported for the chemical shift of C=Gsrelative to the

C=C and O 16kH relative to the 03 between a calculated monomer and solid phase of

h PABA®. A similar observation was made by calculation and experimentally for acetic
acid as a monomer and in a cluster phase (dimer), with a 1 eV relative difference between
the transition energy, O 16bH A 1°* to O 1sC=O A 1" * % Thg highlight the subtle
difference between the electronic structures of a dimer and catemer, where both
structures are hydrogen bonded, in comparison to a monomer and a dimer, where no such

hydrogen bonding takes place.
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Table6-5: Experimental XPS core level shiftiofPABA (catemer) t6 PABA and PNBA
Form 1 (dimers) for carbon relative to the C=C and oxygen relative to the C=0.

Core level 1s binding Relative shift to
energyleV C=CICO

C 1s (=& &b (=0 &b (=0

bt ! .| 2848 | 286.0 288.7 +1.2 +3.9

hbt! .| 284.8 | 286.2 288.9 +1.3 +4.1

PNBA Form || 286.1 | 287.3 290.4 +1.2 +4.4
O 1s CO Ob | Ob |
i bt! .| 5317 | 533.2 +1.5
htt! .| 532.1 | 5335 +1.4
PNBA Form || 532.9 | 534.6 +1.7

Table6-6: Experimental NEXAFS transition energy of C 1s and O 1sBABA (catemer)
to " PABA and PNBA Form 1 (dimers) for carbon relative to the C=C and oxygen relative
to the C=0.

Ma b M~ F Relative shift to
transitionenergy/eV C=CICO

C 1s Cc=C &G b GQOOH &G b | GOOH

i bt ! .| 2853 | 286.6 288.9 +1.4 +3.6

htt! .| 2853 | 286.6 288.9 +1.4 +3.6

PNBA Form || 284.8 | 285.7 288.8 +0.9 +4.0
O 1s C=0 hbl Ob |
i bt! .| 5317 | 534.3 +2.6
hbt! .| 5321 | 534.4 +2.3
PNBA Form | 530.6 | 533.3 +2.6

IR and Raman additionally characterise the carboxylic acid dimer and catemer. The
common characteristics of a carboxylic acid dimer based on IR and Raman spectroscopy is

0 KS L w -ohplane peakimi betwee820 to 950 crit and the difference between the

carbonyl stretching peak in IR and Raman is above 30 TheL w aK2g4a hb | I 6az
at 927, 933 and 928 diwhile the difference between the carbonyl peak in IR and Raman

are 39, 42 and 44 ¢hNB a LISOG A @St & F2NJ t! . ! 3 -carboxyicy R t b.
I OAR RAYSNJ (Kdzd RAR y20( SEKAOAG (E@thédbl &A3

difference between the carbonyl peak in IR and Raman is*8 cm
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6.5 Conclusion

It has been shown that combined IR, Raman, XPS and NEXAFS give a comprehensive view of
the relationship between intramolecular electron density variations due to substituent
changes, local bonding changes due to intermolecular hydrogen bonding, andonhitati
properties, especially at the carboxylic acid moiety. IR frequency and Raman shift for the
carbonyl stretching are highest for PABA, followed by BA and PNBA. As the electron density
reduces for PNBA, a reduction in electron density at the carbonylpgievident, through

XPS showing that C 850, O 1s @and O 190:H in PNBA have the highest ionisation
potential compared to BA and PABA. At the same time, the LUMO energy is differentially
lowered, shifting the transitons C GGOA M~ F X AW Aagnd F10LHA M~ F  F2 NJ
PNBA relative to BA and PABA.

These result show how XPS and NEXAFS can be used to experimentally probe the effects of
electron withdrawing and donating groups on all chemical moieties in conjugated systems,
gAGK / T/ X | dx&mihed/via th& cothbination of carbon, oxygen and nitrogen

core level spectroscopfigure6.15& dzY Y NAaSa (GKS wma FyR m" f SyS
tb.! KFra GKS t2¢Sad ma I'yYyR M F SySNBeé F2ftf2
electron withdrawing nitro group lowers the LUMO energy relative to BA, while the

electron donating group amine group increased it relative to BA.

Predicted
Energy, eV
A
LUMO 1% e
LUMO 1 * o
LUMO 1* e
1 S e 1 S ——
1S ——
PNBA BA PABA

Figure6.15: Schematic of the transition energy from oxygen core 1s level to the LUMO
OM FO0O F2NJtb.!X . ! IYyR t! .1 o®

¢CKS AYUSN¥Y2fSOdzZ  NJ AYGSNI OGA2Y |0 GKS K@RNR:
relative energydifference of O 1s @ : . pnea difference of about +0.7 eV, which is

significantly less than for the other chemical moieties in both systems, which appear with a
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chemical shift of +1.0 eV. This is likely caused by the additional hydrogen bond in PABA,

C=O( HbN, which reduces the electron density at the oxygen atom.

IR and Raman have specific features in the spectra that differentiate between a carboxylic

I OAR RAYSNI FyR OFGSYSNY ¢KS YIFIAY ARSYGATASN
compound is inbetween 900 to 950 chh, accompanied by the difference between the

carbonyl peak for IR and Raman being more than 36&@mt b . ! = . ! FYR hbt! .
0KS&S ONR (S NI -PARAWhiIEhIs\ Iciiten#r fony Howeder,IXPS and NEXAFS

did not show ag specific features that differentiate between a carboxylic acid dimer and
catemer. The differences in the electronic structure between a dimer and a catemer appear

to be too subtle for detection.
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7. SOLUTIOKHEMISTRY OF BENZA&IMD DERIVATIVES BASON
FTIR AND NEXAFS SHEOGSCOPY

Abstract: Fourier transform infrared (FTIR) and oxygéed{e neafedge xray absorption

fine structure (NEXAFS) spectrgafitrobenzoic acid (PNBA);aminobenzoic acid (PABA),
and benzoic acid (BA) in solution were obtained and compared. The substituent effect on
the carbonyl stretching frequency and the isition energy for theC=O 1sA 1" * of PNBA,

BA, and PABA in acetonitrile and ethanol were in the same order as in the solid state,
indicating dominance of the intramolecular effect of the para substituents over the
intermolecular interactions. The FTIRtalandicate that solution speciation in acetonitrile

to is characterised by a concentration dependent equilibrium between carboxylic acid
dimers and solutesolvent complexes, while in ethanol there are just solsbdvent

interactions through the strongdrydrogen bond in this system.

7.1 Introduction

Studies of solution chemistry using various spectroscopic techniques, including nuclear
magnetic resonance (NMR), Fourier transform infrared (FTIR), Ramanyrap@dbsorption
technique have previously revealesolutesolute and solutesolvent interactions®.
Interactions in the solution often correlate with structure features igstal structures, as

in the case of tetrolic acitt>'% benzoic acid (BA}®, inosine'?, glycine'?’, benzophenone

and diphenylaminé?® tolfenamic acic®'?° andisonicotinamide'*’. Solutions of benzoic

acid derivates often showvidencefor molecular selassociation, most commonly through
dimer formation through hydrogen bonding between carboxylic acid growbéch are the

same synthonic motif as in the corresponding crystal structures.

FTIR has been used for characterising solutes in solution quite extensively, relying on the
carbonyl stretch (C=0) and thebl® outof-plane vibrational features to characted
solution speciation. The KBl outof-plane is believed to correlate with dimerisation, but it

is observed only in noprotic solvents such as chloroform and hexafé'>'?® The
carbonyl stretching frequencies in carboxylic acid systems are comgnubderved as
doublets. Each band can be assigned to dimer, monomer, and solvate formation, using the
characteristic corresponding carbonyl frequenciég®3t and as well toacyclicdimer °.

This technique had shown good sensitivitydetecting different speciation in the solution.
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Recently, neaedge Xray absorption fine structure (NEXAFS) spectroscopy has revealed
interesting features in the electronic structure of solution species by probing the nitrogen
Kbedge absorptiorf’#. Observable differences in the Metige trandions to unoccupied

1"* and 3 * states distinguished the formation of aniongaminobenzoic acid (PABA)
from its nonrionic crystalline state, while the loss of these transitions was observed for the
cationic PABA form, in which protonation of the amincoup leads to electronic
decoupling of the nitrogen moiety from the aromatic systém Based on these results it
was concluded that PABA in methanol was almost exclusively in thewitterionic form,

as theN Kedge spectrum exhibited the™ ¥ and 3 * features of the noronic crystalline
spectrum and the anionic solute forfh As for the cationic form, absence of these features
would be expected for the zwittewnic form, in which the amino group would be
protonated. Likewise, experimental and computational works on the imidazole system

revealthe differences between gas phase, crystal and aqueous solution sf&cies

Adding NEXAFS characterisation of PNBA solutions to the still rather limited body of
available NEXAFS data for solutions of organic soluteghhfgerdescribes a comparative
study of the influence of hydrogen bonding and substituents on thé&igespectrum in

the solution state, by comparing to results for the solid state (Chapter 6) and examining
solvent effects. fie chemical shift between the absorption from the carbonyl (C=0) group
in the solid state (Chapter 6) to the solution state is the famfuthese investigations. It will

be shown that the variation in hydrogen bonding at this centre relates to the changes in
the spectral features. Acetonitrile and ethanol were chosen as solvents, as acetonitrile is a
strong hydrogen bond acceptor and etl@na strong hydrogen bond donor. The
substituent effects in the solutions @Faminobenzoic acid (PABA), benzoic acid (BA), and
p-nitrobenzoic acid (PNBA) in acetonitrile and ethanelre also examined through the
shift in the carbonyktretchingfrequency(vC=0)and the oxygen kkedge NEXAFS @4s

A 1TH.

7.2 Methodology

Only ashort summaryis given herewhile full details are gen in Chapter 2 (Section 2.8.2
and 2.11). A demountable cell with the path length of 0.2 mm and KBr windows was used
to measurethe FTIR spectra of the diluted solution for PNBA and BA in acetonitrile and
ethanol using the Sma®mnicTransmission, Thermo Nicoléthe spectravere obtained

from 32 scans at a resolution of 4 €min the range of 650 to 4000 ¢The FTIR spectra
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were measured for PNBA in acetonitrile (0.002 M to 0.04 M), PNBA in ethanol (0.01 M to

0.16 M), BA in acetonitrile (0.01 M to 0.2 M), and BA in ethanol (0.01 M to 0.2 M). The FTIR
spectra for PABA in ethanol and acetonitrile were measured using 0.1 mmiepeth 132

O Keedge partial fluorescence yield (PFY) data for the solutions were measured at the U41

PGM beamline of the BESSY Il, Berlin using the liquid microjet technique. Soliftion

PNBA, BA, and PABA in ethanol at 0.10 M, 0.15 M, and 0.30 M, and of PNBA, BA, and PABA

in acetonitrile at 0.02 M, 0.5 M, and 0.25 M were prepared and filtered at room
GSYLISNI GdzNBd 'y My >Y RALI YS fio® Mite vasliuged fory 21 1 £ S

generating the liquid microjet.

7.3 Resultsand Discussion

7.3.1 Fourier Transformnfrared (FTIREpectroscopy

Two carbonyl peaks were observed for all the three carboxylic acids in acetonitrile as
shown inFigure7.1; BA has the most intense peak at 1725"@nd a small shoulder at
1697 cni'. PABAhaspeaksat 1711 critand 1679 crit 132 while PNBA has ¢hleast intense
peak at 1734 ciand tiny shoulder at 1719 ¢t The difference between the two peaiss

the smallest for PNBA at 15 EinBA at 28 citand PABA at 32 ¢

e PABA in ACeN
e PNBA in AceN
——BA in AceN
Acetonitrile
Bl
()]
(&
)
©
Ko}
—
o
17}
o
<
14
0 - .. v .J. v L. T .. T T T T
1760 1740 1720 1700 1680 1660

Wavenumber, cm™

Figure7.1: The FTIRpectrum ofthe carbonylstretching energy for BA (blue), PNBA (red)
and PABA?2(black) in acetonitrile (pink) at A5M, 0.04M and 01 M respectively.

136



Chapter 7¢ Solution Chemistry of Benzoic Acid Derivatives based on FTIR and NEXAFS Spectroscopy

Table 7-1: A summary for both carbonyl stretching energy and the difference between
the two peaks in acetonitrile.

First Peak, chh | Second Peak, ¢t
PNBA 1734 1719
BA 1725 1697
PABA 1711 1679

Similar carbonyl peaksere observel for the carboxylic acids in ethanol as showrrigure
7.2; BA has a less intense peak at 1722 than at 1700 crit, PNBA has more intense
peak at 1725 ctithan at 1705 crit while PABA hastiny shoulder at 1683 chiand a peak
at 1715 cnitt 22 The difference between the two peaks is the smallest for PNBA at 20 cm

BA at 22 crifand FABA at 32 cHi.

2

(e PABA in EtOH
= PNBA in EtOH
= BA in EtOH
== Ethanol

(0]
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1760 1740 1720 1700 1680 1660

Wavenumber, cm™

Figure7.2: The FTIR spectrum diie carbonylstretching energy for BA (blue), PNBA (red)
and PABA®2 (blackK) in ethanol (pink) at 0.2 M, 0.IM and 01 M respectively.

Table7-2: A summary for both carbonyl stretching energy and the difference between
the two peaks in ethanol.

First Peak, chh | Second Peak, ¢t
PNBA 1725 1705
BA 1722 1700
PABA 1715 1683
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The wavenumbers of the carbonyl absorption bands for PABA, BA, and PNBA in acetonitrile
and ethanol are in the same order as in the solid state, i.e., PABA has the lowest carbonyl
wavenumber followed by BA and PNBA. Therefore, the substituent influenceléhron
distribution at the carbonyl group in the solution in a similar way as in the solid state; the
previous XPS and NEXAFS studies of the solid state indicated that the carbonyl group for
PABA has the highest electron density, while PNBA has thetiowih BA in between. The
decrease in the carbonyl stretching frequency is correlated with the strength of hydrogen
bonding®. Thus, PABA in acetonitrile and ethanol appear to have the strongest hydrogen

bond, followed by BA and PNBA.

The solution speciation of these benzoic acid derivatimeacetonitrile and ethanol are
different as discussed in Section 1.4. Acetonitrile is a strong hydrogen bond acceptor, while
ethanol is a strong hydrogen bond donor and weak hydrogen bond acceptor. Possible
interactions at the carboxylic acid are illuged for acetonitrile (1), ethanol (II), dimer (llI)
and monomer (1V) ifrigure7.3. The carbonyl stretching frequency would be the highest for
the monomer, followed # solutesolvent interaction with solution molecules, the
carboxylic acid dimer in solution followed by the dimer in the solid sfteBA in
acetonitrile was expected to have the speciation of (I) and (BBultingin a carbonyl
stretching frequency at 1726 ¢fnand 1697 crit3”. BA and PNBA in carbon tetrachloride
(CC) were predicted to have the speciation of (lll) and (IMjgulting in a carbonyl
stretching frequency at 1696 ¢fmand 1742 ciit for BA%'3and 1707 crit and 1752 crit

for PNBA?3L

o 0 --- HOC;H
’/// / FARLY
R—C R—C
\D—H---NC2H3 \D—H
)] (n)
~—-H—o0
/o N /o
R—C cC—nr R—C
O—H———O'// \D—H

(1) (1v)

Figure 7.3: The carboxylic acid interaction with the acetonitrile, which is a strong
hydrogen bond acceptor (I) and witthe ethanol, which is a strong hydrogen bond donor
(11, dimer (111) and monomer (1V).
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In addition, the relative intensities of the carborgaublet band as a function of dilution

can be used to characterise the solution speciaffoil Theoretically, the concentration of
molecules that are seklissociated (dimers) increases with the concentration at the expense
of monomer concentration. Therefore, the intensity of the carbonyl band that increases
with concentration is the dimer band,hile the intensity of the carbonyl band that reduces
with concentration is that of the monomer band. These observations are commonly made
in non-polar solventsfor example for tolfenamic acid in tolued In a strongly solvating
system, the relative intensities of the carbomgdubletband as a function of concentration

are constant, such as PABA in ethdi®and tolfenamic acid®in ethanol.

Dilution experimens had previously been performed for PABA in ethanol and acetonitrile
132 and comparison measurements were therefaaried out for PNBA and BA in ethanol
and acetonitrile, as shown ifrigure 7.4 and Figure 7.5. The carbonyl bands for these

systems did not shift in energy in the concentration range from 0.20 M to 0.01 M.

0.6

Absorbance
Absorbance

0.5 034

T ¥ T T T T T r T 0.0 T T
1760 1740 1720 1700 1680 1660 1760 1740
Wavenumber, cm™ Wavenumber, cm™

0.0 T T
1720 1700

Figure7.4: Solution IR spectra for dilution experiments for PNBA in ethanol (left) at room
temperature ¢ 0.16 M (black), 0.12 M (red), 0.08 M (blue), 0.04 M (pink) and 0.01 M
(green) and PNBA in acetonitrilgight) ¢ 0.04 M (black), 0.03 M (red), 0.02 M (blue), 0.01

M (pink) and 0.002 M (green).
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Figure 7.5: Solution IR spectra for dilution experiments for BA in ethanol (left) and in
acetonitrile (right) at room temperature¢ 0.20 M (black), 0.15 M (red), 0.10 M (blue),
0.05 M (pink) and 0.01 M (green).

Table 7-3 shows that the intensity ratio between the carbonyarals for PNBA, BA and
PABA in acetonitrile changes with dilution while in ethanol thereno changes. For all
three compounds, both carbonyl bands decrease in intensity in acetonitrile as the
concentration is decreased, but the band at lower wavenumbearelases more steeply,
approaching zero intensity at low concentrations. The relative decrease difference is most
pronounced for BA, followed by PABA and PNBA. The pealdéicatase strongly with
dilution in acetonitrile also appears to stem from diffatantermolecular interactions at

the carbonyl group, with values of 1718 Erfor PNBA, 1697 crhfor BA and 1679 ckhfor
PABA.

Table7-3: A summary of the carbonyl bands intensity ratio for PNBA, BA, and PABA in
ethanol and acetonitrile adiluted concentration (Conc.).

PNBA in Acetonitrile PNBA in Ethanol
Absorbance at . Absorbance at )
Conc. Ratio Conc. Ratio
1734 cm™| 1718 cm™ 1725cm™| 1697 cm™
0.04 M 0.58 0.09 6.5 0.16 M 0.88 0.63 1.4
0.03 M 0.45 0.07 6.5 0.12 M 0.72 0.52 1.4
0.02 M 0.30 0.04 6.8 0.08 M 0.47 0.34 1.4
0.01 M 0.14 0.02 8.9 0.04 M 0.25 0.19 1.3
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Table7-3 (continue) A summary of the carbonyl bands intensity ratio for PNBA, BA, and
PABA in ethanol and acetonitrile atiluted concentration (Conc.).

BA in Acetonitrile BA in Ethanol
Absorbance at . Absorbance at .
Conc. Ratio Conc. Ratio
1726 cmi™| 1697 cmi ™ 1721 cmi™| 1697 cmi ™
0.20 M 2.65 0.26 10.0 0.20 M 0.92 1.41 0.7
0.15M 2.09 0.17 12.6 0.15M 0.73 1.14 0.6
0.10M 1.44 0.08 19.2 0.10M 0.50 0.80 0.6
0.05 M 0.74 0.02 49.2 0.05 M 0.25 0.41 0.6
PABA in Acetonitrile PABA in Ethanol
Absorbance at . Absorbance at )
Conc. Ratio Conc. Ratio
1710 cmi™| 1680 cm ™ 1715cm™ 1683 cm™
0.10M 0.33 0.06 5.2 0.3M 0.06 0.35 0.2
0.08M 0.28 0.04 6.3 0.177M 0.05 0.28 0.2
0.01 M 0.20 0.03 8.0 0.1 M 0.04 0.20 0.2
0.001M 0.09 0.01 15.3 0.06 M 0.01 0.07 0.2

Referring toTable7-3, PNBA, BA, and PABA in acetonitné®e two carbonyl bands with

the difference oflessthan 40 cnt' and the relative intensities of the carbonyl bands
changes with the concentratioThe inensity of the carbonyl band that is reduced with the
concentration is assigned to the solegelvent interaction (1), while the one with the
increase in intensity is the dimer band. PNBA, BA, and PABA in ettzedivo carbonyl

bands with a difference ofess than 40 ctd and thereare no changes in these relative
carbonyl band intensities with the concentration. Thus, both bands are assigned to solvate
formation. The difference between the carbonyl bands for PNBA and BAsarE@hore

than 40 cmi?, highlighting the significant difference between a dimer and monomer
interaction. Table 7.4 summarise the assignments of the carbonyl bands for PNBA, BA, and

PABA in acetonitrile, ethanol and CCl4.
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Table 7-4: The solution speciation and the carbonyl stretching energy for PNBA, BA and

PABA in acetonitrile, ethanol and CCI

Solute Solid, Solvent Dimer, Solvates, | Monomer,
vC=0, citt vC=0, ciit | vC=0, cit | vC=0, crt
PNBA 1684 Acetonitrile 1719 1734
BA 1675 Acetonitrile 1697 1725
PABAN/i ) | 1659/1687 | Acetonitrile 1679 1711
PNBA 1684 Ethanol 1725, 1705
BA 1675 Ethanol 1722,1700
PABANR/I) | 1659/1687 | Ethanol 1683, 1715
PNBA 1684 cd 1707 1752
BA 1675 cd 1696 1742

7.3.2 NearElge X-Ray Absorption Fne Sructure (NEXAFSpectroscopy

The O Kedge spectra are dominated by the absorption of the ethanolic OH group, but the
O 1s(CO) and a weak shoulder signal from tkke1s ObH)from the carboxylic acids could
detected in the preedge region before the onset of the strong ethanol absorptiGlose

ups of theO Koedge spectra of PNBA, BA and PABA in ethanol, in the region of 530 to 533
eV (Figure7.6), show that PNBA has the lowest energyresonance, followedy BA and
PABAPNBAappears to have thédowest intensity due tdts low concentration, 0.1 Min
comparison to BA and PABA at 1.5 Mdah3 M.PNBA has a broader resonanitet

consists of two peaks,the O 1s@x= MM~ F | G& Fow M 6 dV@andp3l2ed
as shown irFigure7.7. BA has a main peak and a shoulder for the O 19(C=pv~ F | Y R
1s Obl U Tbv~ f 3 dViand p3HveD while PABA has the O 1s@3= Mm~ f LIS |

5316 eV. TheObH peak in PNBA and PABA is shielded by the ethanol sigedtive to
BA, the chemical shift @ 1s (C80 [wrangition forPNBA i$0.7 eV and PABA is +0.3
ev.
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Figure7.6: A graph of benzoic acid derivativeBA (red), PNBA (pink) and PABA (blue) in
ethanol and the ethanol spectra (black) in the predge region of 530 to 535 eV.
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Figure7.7: A closeup of PNBAIEft) and BA (ight) in ethanol and the fittedpeaks for the
hm /ThX bhu YR hbl OGNryaixdizyao

The O kedge spectra of PNBA, BA and PABA in acetonitfilsh does not suffer from O

K-edge background absorption from the solveintthe region of 530 to 536 eWifure7.8)

shows that PNBA has the lowest enedjythe edge onsetfollowed by BA and PABA. The
signatto-noise qualityfor PNBA is not as goaxs for the other two compounddue toits

low concentraion, 0.03 M PNBAis characterised byD 1s (C&0 Tbv™  F Fyo0B h wma
Mm ~ fFansitionsat 5305 eV and 531.2 eV. BA and PAlBve the O 1s (@9 Tbv~ f | {
531.2 eV and 531.9 ednd the O 1s@bl O v~ F 8eV d@nd P34t eprespectively, as

shown inFigure7.9. Relative to BA, the chemical shift ©f 1s (C80  Iranpition for

PNBA i$0.7 eV and for PABA is 7@V.
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Figure7.8: A poor yet conclusive signal that PNBA (blue) has the lowest energy imptiee
edge region of 530 to 535 efdllow by BA (black) and PABA (red) in acetonitrile.
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Figure7.9: A graph of benzoic acid derivativesBA plack)and PABArgd) in acetonitrile
in the pre-edge region of 530 to 535 eV.

The OKSRIS &4LISOGNI Ay GKS NBIAZ2Y 2F ptoand G2 poc
I LPABA, and PABA in sidun, ethanol and acetonitrileare shown inFigure7.10. TheO 1s

(CO0 v~ F S5 NBRABA @&é\332eV and 531.2V while in the solution of

acetonitrile and ethanolthey occurat 531.9eV and 53% eV.This chemical shift is driven

by the differences in the intermolecular interaction at the carbonyl group (C=0O-:-H). The

key finding is the energy @ 1s (C80 Tbm~ F  F2 NJ t ! .whichis iibetw€eS (i 2 y A (i N.

that of the two polymorphic solid forms; this will l#iscussed furthein the Discussion
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section belowTheO 1sObl 0 MM~ F S yES NEABA ahilNdcetonitrile are at 533.5

eV, 5332 eV and 5341 eV, respectively while in ethanolthis signal isnot detectable

against the stron@H signal from the solvent.

Solid PABA-alpha
Solid PABA-Beta

—— PABA in Acetonitrile

1.5 % —— PABA in Ethanol

Normalised . (E) / arb.units

0.0

¥ I 4 1 L I Y I
530 531 532 533 534
Energy / eV

T T
535 536

Figure7.10: Graph of PABA in solid forms, alpha (dotted black) and beta (dotted red) as
well PABA in acetonitrile (gren) and PABA in ethanol (blu@) the pre-edge region of 530

to 535 eV.

The O kKedge spectra ithe region of 530 to 536 eV for BA in acetonitrile and ethamel

shown inFigure7.11. Solid spectra of BAor comparisonare not available,as the solid

evaporatel under the vacuum conditianof the experimentTheO 1sCOIMH ™M~ F
BA in ethanol and acetonitrile are at 532V and 531.2V.TheO 1sOhbl

™ M F

LIS 1 a
LISI 1 a

BA in acetonitrile arat 5338 eV.There is no significant chemical shift (+0.04 eV) between

BA and PNBA in ethanol and acetonitrile@is COMH M.” F
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Figure7.11: Graph of BA in acetonitrile (green) andn ethanol (blue)in the pre-edge
region of 530 to 535 eV.

The O Kedge spectra in the region of 529 eV and 533 eV for PNBA in solid form and in

acetonitrile and ethanolare shown inFigure 7.12. As PNBA polymorphs have similar
spectra, only one of them is shown heform 1) TheO 1sCOMM - f Sy SNAH &
the solid, in acetonitrile andin ethanol are at 530.6 eV, 53.eV am 5306 eV,

respectively while the correspondingd 1s ND,I'bv ™~ F

| NJ& eV 5B1.20e¥ mrtt 531.2

eV. Relative to the solid form, the chemical shift for O 189G ~ f £0.1MBV and0.08
NJ:0.3e¥ ioKPBA it acetonitré and ethanol.

eV while O 1sGlbv ™ F
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Figure 7.12: Graph of RBA in solid form(dotted black) as well RBA in acetonitrile
(green) and PNBA in ethanol (blu@) the pre-edge region of 530 to 535 eV.
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The substituent effecon the transition of CO 1s A 1 * for PNBA, BAand PABA in
acetonitrile and ethanolis consistentwith the observations made fothe solid state
(Chapter 6)PNBA has the lowesinset of 1sA 1" * transitions, followed by BA and then
PABAHaving XPS solution @awould be an advantage hereut based on the similarity of

the NEXAFS between solution data, gas and solid state it seems likely that PNBA has the
lowest ionisation potential and LUMO, followed by BA and PABA in ethanol and

acetonitrile.

Table7-5 summarise the chemical shift for the @4sA 1 * from the solid to the solution

state for PNBA, BA, and PABA in ethanol and acetonitrile. Two main observations are made
in comparing these results to the FTIR. Firstly, NEXAFS detects only a single carbonyl band
while FTIR detects two carbonyl bands tlaaé associated with the dimer and solvates
interaction. Secondly, NEXAFS showsnaignificantchemical shift from the solid to the

solution state and solvent effects while FTIR shosigaificantchemical shift.

Table7-5: The transition energy for O 1s C#D 1" * and the relative energy difference,
KE, to the crystal for PNBA, BA and PABA in acetonitrile and ethanol k&gea= k Bonea,

Acetonitrile B k EDNBA,crystaD

Crystal Solvents
Solute - —
Dimer | Acetonitrile| Ethanol
PNBA | 530.6 530.5 530.6
BA [ 5312 531.3
htt 1| 5321
. 531.9 531.6
I bt 531.7
K Bnea Lnowm 0
K Opt ] bnoul bndp
K Ouir +0.2 Lnow

XPS solution data and density functional theory calculation would be hdlpfudiving
better insight into the electronic structure and the effect of solvation or-asfociation to
the CO 1sA ™ * transition energy. This highlight the importance of this experimental data
for future computational works. The actual position ofCCts core level and the LUMO
(I *) may shift between the solid and solution state or between different solvent without
shifting the total transition energy ©=1sA ~* %2 The gcondpossibility is the existenoef

two carbonyl peaks with different intermolecular interaction, as observed in the FTIR work
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(Section7.3.2). Overall a similar picture as for the solid statedies (Chapter 6) emerges,
in that the O kedge NEXAFS appears to be insensitive to detecting the small difference
between the two hydrogen bonded systems in comparison to the difference observed

between the monomeisdimer systent1%

Figure7.13 shows an illustration that assumes the LUMO*jifor PNBA in acetonitrile (llI)

and in ethanol (IV) are the same as the experimentally obtainéandi BPABA crystals, (I)

and (I1). The core level O 1s @for PABA in acetonitrile and in ethanol are then re
calculated from the experimentally obtained NEXAFS data and the assume LUMO energy.
The core level O 1s Ofor PABA in acetonitrile (lll) is in betweertandi BRPABA (I andl)

while PABA in ethanol (IV) is above all. PABA in ethanol has the highest electron density
(lowest ionisation potential) as the hydrogen bond interaction is the weakest. The
existence of a dimer for PABA in acetonitrile may reduce the electron deimsgiet
ionisation potential) as the hydrogen bond is stronger. The differences between D&sC=

A ~* for PABA in acetonitrile and ethanol is 0.3 eV. This supports the FTIR works that PABA

in acetonitrilehas dimer speciation, while in ethanol, there aomly solvates.

%
1 AN A\ N N

1S el
[ Il 1| v

Figure7.13: A predicted energy level 1s and 1 for PABA in acetonitrile (lll) and in
ethanol (IV) based oh t andlL &ABA (ll) crystals.

Contrasting to the PABA results, PNBA and BA did not exhibit a significant chemical shift
between the solvents. A possible explanation is that the electron density at the carbonyl
group for these systems is low and thus less sensitive to the small chamgihe
intermolecular interaction. In contrast, the electron density at the carbonyl in the PABA
system is high, thus the ionisation potential energy is sensitive to changes. The solvent
effect for PABAdiffers by 0.3 eV which is still on the lower sidaus for a system with

lower electron density at the carbonyl moiety, such as PNBA and BA, it is not surprising that
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only 0.1 eV changes was observed. Future work should support these hypotheses through

validation using computational methods.

7.4 Conclusion

The substituent effect on the carbonyl stretching energy and the transition energy for C=
1sA 1 *in solutions parallels that observed for the solid state (Chapter 6). The strongly
electron withdrawingnitro group reduces the electron density at the carlgboentre, while

the electron donating amino group increases it. Moving from the solid to the solution state,
the C=0 resonance structure is strengthened as the electron density at the oxygen acceptor
is reduced due to the weaker hydrogen bonding. Therefiorthe solutionstate, the C=0
stretching wavenumber is higher than in the solid state, on average by 24famthe
dimers and 43 chfor the solvates. PNBA has the highest wavenumber, followed by PABA
and BA in both ethanol and acetonitrile solution. PNBA has the highest wavenumber, as the
resonance effect is more electron deficient, while PABA has the lowest as the resonance
effect isweakened by higher electrodensity. PNBA forms the weakest hydrogen bond
followed by PABA and BA.

The transition energy @1sA ~* for PNBA, BA and PABA in the solutions of acetonitrile
and ethanol are in the same order as in the solid state (ChaptePl6BA has the lowest
transition energyfollowed by BAand PABA in ethanol and acetonitrile. As this is similar to
the solid state, the electronic states of these systems should follow a similar energetic
pattern. In the solid state, PNBA has the lowestcbre level binding energy and lowest
LUMO energy, followed by BA and PABA. In solution, PNBA exhibits no significant shift to
the solid state, while PABA in acetonitrile has shifts of #0®2 eV and in ethanol
b0.5/60.1 eV relative to thé & PBABAcrystal structures, respectively. Full interpretation

of this contrasting behaviour between PNBA and PABA systems should await XPS
characterisation of the core level binding energy shifts, to disentangle initial and final state

effects on the electron spedr and possibly accompanying DFT calculations.

Solution speciation in ethanol and acetonitrile was deduced from dilution series via FTIR
analysis, and compared to the transition energy o©QsA 1 * in the solution NEXAFS.
Based on relative intensity tias in the carbonyl peak structure it was concluded that
PNBA, BA, and PABA in acetonitfdem both solute-solute (dimer) and solutsolvent

associates, while in ethanol there are just interactions with the strongly hydrogen bonding
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solvent molecules. e NEXAFS data reveal only a single carbonyl band, which does not
indicate the existence of two solution species in acetonitrile or ethanol. Assuming the
unoccupied molecular orbital energy levels did not change (as previously obsenedsfor
andi PABA grstal structures), the ionisation potential of PABA in acetonitrile should
therefore be lower than in ethanol. These results support the view that dimers exist for
PABA in acetonitrile, as the ionisation potential is higher and closer to that in the solid
state. In ethanol, the ionisation potential is lower, indicating solvation through hydrogen
bonds causes more of an electron density increase at the carbonyl oxygen compared to the

solid state.

The NEXAFS data for PNBA and BA did not show any solvent lefiePNBAhis is likely

the casebecause of the dominant influence of the nitro group, which lowers the electron
density at the carbonyl group and so the influence of additional solvent interactions is
comparatively weak. Future work should examine éxperimental observations reported
here further through DFT calculations, including the influence of the aromatic ring
substituent on the NEXAFS of complexes with solvent molecules, and confirming the
interpretation of the changing doublearbonyl vibratnal bands as evidence for solute
solute and solutesolvent interactions. Overall, this first attempt at drawing a deeper
understanding of solution speciation usingAsl1™ * chemical shift in a solid and solution

state NEXAFS raises a number of topicéuimre investigations.
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8. COMPARATIVRANALYSIS OF NUCLENTITIN BENZOIC ACID
SYSTEMS: COMBININGHERMODYNAMICS, KINES, AND
SPECTROSCOPY RESULTS

Abstract: The nucleation rates of substituted benzoic acidsomganic solventsare
influenced by the preexponential kinetic factorA and the thermodynamic factoB. It

has been suggested that th&value can belinked to a microkinetic activation barrier,
DG:, while the Bvalue stems fromthe weltknown nucleation barrierDG*. Higher

nucleation rates are associated with highand low B values.DG* was found to be the
smallest for PNBA, followed by < PTA < R@BA, while theDG*is the lowest in the
reverse order PTAPABA < BA < PNBA. Wille texceptionof BA, the observed order of

DG: is similar to the carbonyl stretching frequencytle respective solutions, suggesting

a link with the vibrational dynamics at carboxylic acid group.

8.1 Introduction

Studies of organic crystal nucleation kinetics based on induction time measurements are
often used to obtain mechanistic information. The raation rates have been shown to be
influenced by many factors, such as the thermal hist8ty’, stirrer desigrt®, agitation rate

2992 reactor desigri?, temperature®®4, and solvent effect$®3°*3 The nucleation ratevas
calculated by fitting either a lognormal cumulative distribution functfSror a Poisson
distribution function?’. The thermodynamic factor3, the preexponential kinetic factor,

A, and the effective interfacial energy,, , were obtained from the nucleation rate]

supersaturation based on mole fractio§,, and te induction timest,, .

The thermodynamic factorB, pre-exponential kinetic factorhA, and effective interfacial

energy, g., ,were applied in understanding the nucleation process. The metastable

polymorph of m-hydroxybenzoic acid (mHBA) has lower interfacial energy, a lower
thermodynamic factoB and a higher pre&xponential kinetic factoA. The nucleation rate

of this metastable Fwon Il is higher at increasing driving force, thus Form Il crystallises more
than Form I?°. The nucleation tt& of diprophylline (DPL)Form | in 2propanol is higher
than DPL Form Il idimethylformamide(DMF), which is driven by higher thermodynamic
factor thus higher interfacial enerd§. Solvent effects for the nucleation sélicylicacid in
organic solvents exhibited a correlati between the nucleation rate and effective

interfacial energy. However, there was no correlation found to the solubility or solvent
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properties 3. The solvent effects for the nucleation aéperidonewas correlate to the
solute-solvent binding energy, which apped to point to the importance of the

desolvation proces¥.

The nucleation rate is governed by two energy barriers as illustrat€jure8.1; DG* is

the free energy barrier in creating the surface for the nucleus wbilg is the activation
energy or the transition state barrier in creating the chemical bonds between the

molecules as illustrated beloW®. The nucleation rate based on classical nucleation theory
(CNT) is given as in Equation §XG*is embedded in the thermodynamic factds,,
while DG is embedded in the prexponential kinetic factorA. The Aand B values are

obtained from they-intercept and slope ofn (J / S) againstl/In® S%.

o B ~
J= ASexrﬁe > 8 Equation8.1
¢ In°S=+

AG

Figure8.1: A sketch of energy diagram of the free energy in creating the nuclBXs*

and the activation energy in creating the chemical bon@%- against the nucleus size,
135

The main ainof this chapter is to propose the potential energy diagrams in termPGf*

and DG- , as schematically outlined Figure8.1 for several substituted benzoic aciqp-
nitrobenzoic acid (PNBA);aminobenzoic acid (PABA), benzoic acid (BApantlic (PTA)

in toluene, 2propanol and acetonitrile using A and B values determined in the present
and in previous workTable 8-1 1% Thenthe possible relevance of the intermolecular
interaction at the carbonyl group in understanding the differences in nucleation kinetics

will be digussed.
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Table8-1 as well provides the effective interfacial energy,, , and the solubility at 26C in

mole fraction, x, for allthe acids except PNBA 26 °C. There was no correlation observed

between the solubility either to the thermodynamic or kinetic factdt*®

Table 8-1: The A,B , and g, value were taken from the literature*® with the 95%
confidence interval in the parenthesis.

A3102 B3 10 Jopm Solubility,
Solute | Solvent | (m:b %Y (mJ nt ) X
0.062
BA Toluene 13 5.2 4.4
(8.7-18) (4.65.8) (4.2-4.6)
0.033
BA Acetonitrile 1 1.6 3.0
(8.6-15) (1.4-1.8) (2.83.1)
0.008
PTA Toluene 28 0.32 1.4
(1647) (0.230.40) | (1.31.5)
0.040
PTA | 2-Propanol 21 11 2.1
(9-49) (0.81.3) (1.92.2)
0.018
PABA | Acetonitrile 13 0.28 1.6
(9.218) | (0.230.32) | (1.51.7)
0.028
PABA | 2-Propanol 16 1.2 2.6
(12-23) (1.01.3) (2.52.7)
0.007
PNBA | 2-Propanol 37 7.4 4.6
(16-80) (5.98.9) (4.34.9)

PNBA, BA, and PABA crystakhibit carboxylic acid dimers as a building unit. The
substituents effect the strength of solutesolute and solutesolvent intermolecular
interactions crystal at the carbonyl group (C=0), as has been shown using FTIR, XPS and
NEXAFSTable8-2 and Table8-3 show the carbonyl stretching frequency of PNBA is the
highest, both in the both solid and solution state, indicating a weak hydrogen bond
interaction, followed by BA and PABA. The ionisation potentiad dfs (C=0On PNBA is

higher than PABA, proving the electron density at the oxygen group is less in PNBA than in
PABA.

The binding energy df m & 06/ Timthe sdlig amd golution is consistent, with PNBA
having the lowest binding energy followed by BA and PABA. Based on FTIR dhesssis,
acids in acetonitriléorm both solute-solute (dimer) and solutsolvent associates, while in
ethanol there are jusinteractions with the strongly hydrogen bonding solvent molecules.
BA in toluene has both solusolute (dimer) and monomer moleculeEhese results had

been discussed in detail in Chapter 6 (solid state) and Chapter 7 (solution state). PTA has
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similar FTR spectra and characterisation as BA The FTIR spectra for these acids in

ethanol are simdr to 2propanol.

Table8-2: A summary of thecarbonylstretching frequency ¥C=Q in the solid state using
FTIR, the ionisation potential 0O 1s (C=0Olsing XPS and the binding energy Of 1s
0/ T'h 0 uBimgMEXAFS.

Solute(Solid | vC=0,ct | O1s(C=0),e\ h mMa&a 6/ T ho
PABA 1659 532.1 532.1

BA 1675

PNBA 1684 532.9 530.6

Table8-3: A summary of thecarbonyl stretching frequency YC=Q in the solution state
using FTIR and the binding energy ofM® 6 / T h usingiTNEXAF$ in acetonitrile and

ethanol.
(Solution) vC=0, citt h ma o0/Tho
Solute Acetonitrile Ethanol Toluene Acetonitrile | Ethanol
PABA 1679,1711 | 1683, 1715 531.9 531.6
BA 1697,1725 | 1700, 1722 | 1697,1740 531.2 531.3
PNBA 1719,1734 | 1705, 1725 530.5 530.6

8.2 Results and Discussion

8.2.1 Thermodynamic Factor

The nucleation barrierDG*, is he maximumwork to form the critical nucleus size*,
andis calculated fom the thermodynamic factoB using Equation 8.2 and Equation 8lG.

is the Boltzmann constant, is the absolute temperature (K) arfflis the supersaturation
ratio (x/ x*) %,

*
% = Vll/T Equation8.2
n
L 2AW* .
= KTInS Equation8.3
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The nucleation rate against supersaturation data for the substituted benzoic a@ds
obtained from the literature™®® and Chapter 4 (PNBA inp2opanol). The maximum work,
W* /KT, to create a critical nucleus siz&*, were calculated using Equation 8.2 and
Equation 8.3.Figure8.2 shows the plot of the nucleation rate for the substituted benzoic
acids in acetonitrile, propanol, and toluene as a function of critical nucleee gi*. As
expected, at higher nucleation rate the critical nucleus size is smaller, while at lower

nucleation rate the critical nucleus size is bigger.

1600 - —
] PABA in Acetonitrile
1400 —e— PABA in 2-propanol
] —e— PNBA in 2-propanol
. —e— BA in Acetonitrile
T —e— PTA in 2-propanol
) T PTA in Toluene
% 1000 —e— BA in Toluene
S 800
© ]
)
© 600
=)
Z .
400
200
0 —T — 1 e e L
0 20 40 60 80 100 120 140

Critical nucleus size, n*

Figure8.2: Thenucleation rate,J as a function of critical nucleus size*, for PNBA in 2
propanol (purple), PABA in-gropand (dark greer), PAA in acetonitrile (light green),
PTA in toluene (orange), PTA inp2opanol (red), BA in toluene (dark bljeand BA in
acebnitrile (light blue).

The maximum workWW * /KT, to create a critical nucleus siz&*, of 10, 20, 30, and 40
molecules are shown ifrigure 8.3. Figure 8.3 shows that PNBA in-2Zropanol has the
highestW * / KT followed by BA in toluene, BA in acetonitrile, PABA-prdhanol, PTAn
2-propanol, PTA in toluene, and PABA in acetonitrile at each size. A critical nucleus size of
20 molecules was chosen as a realistic reference for the analysis; all theshoids

W* [kTis above 1kT and lies within the measured range of nucleation refeg(res.2).

The main assumption made in this analysighiat the cluster has the same internal

structure aghe bulk crystal, i.e., in thesg/stemscarboxylicacid dimers.
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Figure8.3: Themaximum nucleation work W*/KT, as a function of critical nucleus size,
n*, for PNBA in Zoropanol (purple), PABA in -Bropand (dark green, PAA in
acetonitrile (light green), PTA in toluene (orange), PTA ipr@panol (red), BA in toluene
(dark blug) and BA in acetonitrile (light blue).

In a homogeneous system, the maximum work is the sum of the engfrglge phase
transition and the cluster total surface energ (n*) . g (J/n?) is the specific surface
energy of theclustersolution interface Whileﬂis the area of the cluster surfacén a

heterogeneas system, the effective specific surface enefgyJ/n¥), which additionally

considers the specific surface energies of théstrate (foreign particlespolution and

clustersubstrate, is used as in Equation 8.4
W* () =-n*kTInS+ g, A. () Equation8.4

Table8-4 summarises the calculate@and W* for n* = 20 based on Equation 8.2, 8.3

and 8.4. The driving force for the nucleation, which is the difference in the chemical
potentials is given aD/m= kTIn S. Thesgparameters S,W* , - nDm, and gy A, are

a function of the thermodynamitactor, B , thus they increased in the same order, PABA

in acetonitrile@PTA in toluene < PTik 2-propanol @PABA in Zropanol <BA in

acetonitrile < BA in toluene < PNBA ipr@dpanol as shown ifable8-4.

156



Chapter & Comparative Analysis of Nucleation in Benzoic Acid Systems: Combining
Thermodynamics, Kinetics, and Spectroscopy Results

Table8-4: A summary of the calculate®,W* ,- nDmand g.; A at n* = 20using each

B value .
S, w - nbm 9 A
System X/ x* B x 10°J) | x 16°(J) X 16°(3)

PABA in acetonitrile | 1.15 | 0.03 0.6 11 1.7
PTA in toluene 1.16 | 0.03 0.6 1.2 1.8
PTA in Zoropanol 1.25 | 0.11 0.9 1.8 2.7
PABA in 2ropanol 1.26 | 0.12 0.9 1.9 2.8
BA in acetonitrile 1.29 | 0.16 1.0 2.1 3.1
BA in toluene 145 | 0.52 15 3.1 4.6
PNBA ir2-propanol 152 | 0.74 1.7 3.5 5.2

Figure8.4 illustrates the resulting differences in tHBG* (or W*) barrier for creating the

same critical nucleus size. PNBA ipr@panol requires a relatively high driving foyce
S=1.52, to overcome a higleluster total surface energy A , resultingin a highDG *

. PABA in acetonitrile and PTA in toluene require the lowest driving fdéce1(15) to

overcome thecluster total surface energy

W#x 10%° J
PNBA in 2ropanol
(orange)

BA in toluene
(purple)

BA in acetonitrile
(blue)

PABA and PTA ind2opanol
(green)

PABA in
acetonitrile

Figure8.4: An illustration of the differences in nucleation barrier for creating a critical
nucleus size of 20 molecules. The lowest energy barrier is for PABA in acetonitrile and
PTA in toluene (both in red) followed by PTA and PABAR-propanol (both in green), BA

in acetonitrile (blue), BA in toluene (purple) and the highest is PNBA ipr@anol
(orange).
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Figure8.5 is a plot of the carbonydtretching energy (FTIR) for the dimers (solsitdute)
and solvates (solutsolvent) against the effective interfacial energy for each solution.

There is no correlation between thstrength of theintermolecular interactions in the

solution to the effectve interfacial energyd.s , asobserved by Mealey et &l.
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Carbonyl stretching frequency, cn¥

Figure8.5: A plot of the carbonyl stretching energy for the dimers (blue) and solvates
(red) against the effective interfacial energy.

8.2.2 Kinetic factor

The activation energie)G*, can be obtained from a temperatwdependent nucleation
rate analysi€®which is not covered in this thesis. Th&*is embedded in thefowhich is

related to the preexponential factorA as in Equation 8.5 and Equation 8.6.
A=1z,1,C, Equation8.5
a o) .
f =fex Equation8.6
b B ;

Z,is supersaturatiorindependent Zeldovich factand f is the attachment frequency of
building units without an energy barriéf®. The fOCO value is calculated from thé\ and

B value, f,C, = AJ120B . fis the supersaturation independent attachment frequency
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that is not calculated as the concentratiorf active nucleation sites (heterogeneous

system),Cois unknown %, The order offocovalue is almost in a similar order as the

effective interfacial energyit seems both are dependent on the unknown parameter of the

heterogeneous patrticles.

Table 8-5: The effective specific surface energd. , *° and fOCO calculated from the
A and B value.

System Gerr (MI/nY) foCo (m 51
PNBA in Zropanol 4.60 19543
BA in toluene 4.40 5756
pTA in 2propanol 2.10 5498
PABA in Zropanol 2.60 3403
PTAINn toluene 1.40 3075
BA in acetonitrile 3.00 2702
PABA in acetonitrile 1.60 1336

Nucleation rates t@reate a critical nucleus size of 20 molecules for a given thermodynamic
factor,B =0.03, and preexponential kinetic factorA=370(, were calculated and are

summarised inmable8-6. The systems in the table are ordered according to this nucleation
rate Jgq03 from fastest to the slowest. At constaBt=0.03, the rates decrease in the

order INBA in Zpropanol > PTA in toluene > PTA ipr@panol > PABA in-@opanol >
PABA in acetonitrildd BA in toluene@BA in acetonitrile. At consta=370C, the

rates decrease in the order PABA in acetonitrile > PTA in toluene > PIgkdpadol >

PABA in ropanol > BA in acetonitrile > BA in toluene > PNBAproganol. In general, at
\]Bzo'og the nucleation rate is in the order of PNBATA> PABA> BA while atJ A=3700the

order is PABA@PTA> BA>PNBA in comparison to the actudl, which is PTA PABA>
BA >PNBA. This shows the influence of the thermodynamic and kinetic factor to the overall

nucleation rate.
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Table8-6: A calculated nucleation rate for all systems Bt= 0.03, Jp-y03 and A=370(,

J A=3700 IN cOMparison to the nucleation rateJ calculated at the A and B value.

A B w* J Jo-003 J p=3700
System (m*3 &) KT (m3 ) MRl | (mse s
PNBA in ropanol 3700 0.74 4.2 83 1008 83
PTA in toluene 2800 0.03 1.5 760 760 1004
PTA in Zpropanol 2100 0.11 2.2 288 572 508
PABA in Zropanol 1600 0.12 2.3 196 436 454
PABA in acetonitrile| 1300 0.03 1.4 370 354 1053
BA in toluene 1300 0.52 3.8 44 354 124
BA in acetonitrile 1100 0.16 2.5 111 300 373

In Figure8.6, an activation energy barriedG* sketch on top of the thermodynamic barrier
DG* is madebased on theA, B and J values. As an example, PNBA {pr@panol has a
high thermodynamic barrier to overcome while PABA ipr@anol has a lower barrier
based on theDG* (Figure8.6). If the thermodynamic barrier for PNBA were the same as
PABA Figure 8.6, dotted blue line), the nucleation rate would increase to 454° s
(Equation 8.1) as the kinetic factdd for PNBA is higher at 3700°hs>* compared to 1600
m3 "1 for PABA. Hence the activation energy for PNB¥S(* pnss-propano) Would be lower

than the corresponding activation energy for PABA.

W#*x 10°° J W*x 102 J
W*=1.74 f=mmmmmpef (|
. P
1
|I : \
A H I' ,ﬂ-..ﬂG“PNBA ~ x_.f/\"'-.l ‘?Gwmﬂa
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Figure8.6: A sketch of gossiblecorrelation between the activation energy barrier and
the nucleation barrier for PNBA (blue) and PABA (red) ipr@panol.
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Figure8.6 illustrates this possible thermodynamic and kinetic barrier, highlighting*
PNBA,2oropanol < DG# PABA,2propanol Wh||e [x;‘* PNBA, 2oropanol > [B* PABA,2propanok Th|S
illustration relates the dependence of tHlBG*/ B and DG*/ A on the nucleation rate.

The nucleation rate for PNBA irp2opanol is the lowest at 83 ths" because it has the
highest thermodynamic barrier (higheBt), even though the activation energy barrier is
the smallest (highesA\). Therefore, the nucleation rate is highly dependent on D& * /

B rather than the DG*/ A.

Figure8.7 illustrates the possible energy levelDG* andDG*) for all the systems. The
DG*is estimated to be smallest for PNBA ipr@panol, followed by PTA in toluene < PTA
in 2-propanol < PABA in-@ropanol @PABA in acetonitril@BA in tquene@BA in
acetonitrile. In general, thedG*is the smallest in the order PNBA < PTA < P@A,
which is the opposite of theA value, where the highest is in the order BNBA > PTA >

PABA@BA. Nevertheless, this is best validate with an experimental result.
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Figure8.7: The possible energy diagram correlating the nucleation barreG* and the

activation energybarrier ,DG* estimated based on theA and 35:0.03 for (a) PABA in 2

propanol, (b) PABA in acetonitrile (c) BA in toluene (d) BA in acetonitrile (e) PTA in
toluene and (f) PTA in-propanol. Dashed line represent thédG" at B =0.03.
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The influence of solutgolvent interactions on the kinetics is examined based on the pre
exponential factorA and the stretching frequency at the C=0 group (FTIR). Excluding BA,
there is a strong linear relationship for PNBA, PTA, and PABA at lower carbonyl (C=0)
stretching frequency to theln (A) as shown inFigure 8.8. This correlates with the
differences inDG*; PNBA has a weakly bonded intermolecular interaction (selute
solvent), thus needs a small@®G* (bigger In(A) ) in terms of breaking the solutsolvent

and thencreating a solutesolute interaction. PABA, which is strongly bonded, requires a
higherDG*, while PTA is in between PNBA and PABA. This correlation is strong in
comparing the solvates in thef@opanol system and dimers for PTA in tolaeand PABA

in acetonitrile. The solvates at the higher wavenumber, which have the weakest -solute

solvent interaction did not seems to influence the sokstdute formation.
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Figure8.8: A plot of C=Gstretching frequency of dimers (blue) and solvates (red) against
pre-exponential kinetic factor, IA) .

In contrast, BA which has a C=0 frequency similar to that of PTA has a I¢gwgwvéiue.

BA and PTA are two compads which chemically (and hence electronically) differ only
slightly, through the methyl group vs the hydrogenpera position, but exhibit significant
differences in terms of solubility, thermodynamic factBr, pre-exponential factor,A,
and the nucleation rate]J . These differences may thus not be primarily related to
carbonyl group interactions, as both have the sa@rO frequency, indicating the same

strength of solutesolvent and solutesolute interaction.
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