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Abstract

Despite significant advances in recent years, our fundamental understanding and the ability to
predict and control the polymorphic outcome of the crysttilon process remains limited.

The aim of this work is to investigate how manipulation of the process conditions and
application of new experimental strategies may provide new modes of polymorph selection

during crystallisation from solution.

In the fird part of this thesidhatch crystallisation of pure and glycidepedL-glutamic acid

was investigated using singtdoton laser light scattering and synchrotron wide angtayX

scattering (WAXS) techniques. Surprisingly, in the presence of the addiivearked
increase in the amount of homogeneously nuc
a significant enhancement in the polymorphic transformation rate. Thus, for the firsit time,

was demonstrated that the crystallisation rates of one ansidocan be promoted using

another amino acid as a doping material.

The second part of this work focuses on the containerless crystallisatiegluamic acid

from a droplet in an acoustic levitator. Usimgsitu WAXS and Raman spectroscopy
measurementst was found that, contrary to the Ost
the first and only polymor ph t hadvenfinothems . T
presence of the additives that have previously been reported to stabilise the metastable
polymorph It was postulated that the previously unreported selective crystallisation is due to

a | ower nucl eati on barrier for b at t he S

centrosymmetribulk.

The entirely new effects presented in this work dermateshow changing the crystallisation
conditions may perturb the initial series of nucleation events and ultimately have a significant
effect on the subsequent polymorphic transformation and thus on the crystallisation process
as a whole. Furthermore, #ee original findings open new avenues of research and raise
many fundamental questions on how nature finds intriguing ways to help crystallisation of
the more stable polymorphic forfRrom the industrial standpointye insights derived from

this study mayontribute tahedesign of new nucleaticemd transformatiomodulators.
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| nt roducti on

Crystallisation is a complex process where a particular substance undergoes a phase transition
from solution, melt or more rarely vapour to ttwystallinesolid state. The solid resulting

from the preess, a crystal, has an ordered internal arrangement of molecules. Some
molecules, however, have the ability toopddifferent arrangements the solid state. This
phenomenon is commonly referred to as polymorphism and can greatly complicate efforts to
control the crystalline form of the compound of interest. Despite many years of scientific
endeavour, our fundamental understanding of the molecular mechanisms occurring in the
crystallisation of polymorphic materials from solution remains one of the gteztallenges

in science. Fortunately, the recent advances in both experimental and computational methods
are beginning to provide new insights into the crystallisation process.

Over the past years, there has been an increased interest in controllorgsth#isation
pathways using molecular additives. It has been shown that such additives can influence
nucleation and growth rates and even lead to selective formation of a particular polymorphic
form. The latter appears to be of critical importance sittifferent polymorphs may have

very different physical properties, such as solubility, crystal morphology or melting point.
Since molecular crystals makg a large number of substances produced by the chemical
industry, from pharmaceuticals and cosmeticough food and agricultural products to
specialty chemicals, the ability to manipulate the crystal structure and therefore material

properties is of great academic and industrial interest.

The initial motivation for this work was to investigate the pvasly unreported polymorphic
transformation promoting effect of glycine serendipitously discovered by the author during
studies on the influence of various amino acid additives on the crystallisation process of
L-glutamic acid. The goal was to providesights into the underlying molecular mechanisms
responsible for the observed effect and, in particular, explore the effect of the additive on the
nucleation process, the most critical stage which defines the overall time dependent
crystallisation evolutiorof the system. Additionally, during the course of the project, the
opportunity arose to, for the first time, study the crystallisation behaviawghitamic acid
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from a droplet of solution suspended in an acoustic levitatorcdhiaineless crystalliation
technique is considered to be of particular interest since it allows exploring the nucleation and
crystal growth phenomena without any surface contributions of a conventional reaction

vessel.

We believethat the findings from this research would beeresting and stimulating for both
industrial and scientific communitie¥he generic nature of the woptesented in this thesis
should open new research avenues for a comprehensive appreciation of the overall
complexity of the crystallisation of polymghic materials, from clean metastable solution via
polymorphic transformation to stable crystalline pha$e. insights derived from these studies
could facilitate the design of potent new synthetic nucleation and transformation modulators for
diverse poymorphic systems. Ultimately, this would allow better control of the polymorph

selection process in a wide range of crystalline materials.
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Project objectives

In light of the presented research challenges, the following aims and objectives have bwen set

this project:

(i)

(ii)

(i)

(iv)

v)

(vi)

(vii)

(viii)

At constant initial supersaturation and crystallisation temperature, investigate the
effect of various levels of glycine on the nucleation and polymorphic
transformation times af-glutamic acid.

Determine mole fractions and the corr@sg@ing mole fraction rates evolutions of
met astabl e U alnghitarsidaeichfor the dondifions defineal in (i).
Compare these evolutions with the simultaneously measured concentration
evolutiors and find a correlation between them.

Find the physical reasons and mechanism by which the additive enhances the
kinetics of growth/dissolution of the two forms, and hence the polymorphic
transformation time.

Establish the concentration range at which the promoting effect of glycine is
present.

At constant crystallisation temperature and starting from saturated solution,
investigate nucleation and growth ofglutamic acid during crystallisation from

a pure droplet and in the presence of additives.

Propose a qualitative model explaining why undemditions defined in (vi) the
nucleation process results in formation of a different polymorph than expected.
Examine the effect of additives on the growth process for the conditions defined

in (vi) and determine a mechanism by which the additives agperat
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Key contributions

The key contributions of this work are:

) For the first time, it was demonstrated that glycine used as anvadgibmotes
primary nucl eat i onL-glufamid dcidultimately beddmngth f or m
a significant increase in the subsequent polymorphic transformation.

@i It was shown that, contrary to the Ost
b is the fist and only polymorph that forms during crystallisatafn_-glutamic

acidfrom a levitaeddroplet.
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Thesi s structur e

Following the introduction, this thesis is organised into the following chapters.

Chapter lintroduces the basic concepts in the fiefccrystallisation and presents the main
nucleation and crystal growth theories on which this research is Walsagter 2contains

a literature review covering the crystal structures and physical dataghitamic acid
polymorphs andurveyspreviouswork relatedto the topic of this studyThe experimental
methods, procedures and materials used in this work are outliGddpter 3

Chapters 4and 5 cover batch crystallisation studies iefglutamic acid. InChapter 4 the

effect of various levels aflycine on the nucleation and polymorphic transformation rates is
investigated using laser light scattering and concentration monitoring techniques. The
evolution of polymorphic mole fractions studied under the same experimental conditions

using WAXS is pesented and thoroughly discusse€hapter 5

Chapter 6considers nucleation and crystal growthLeglutamic acid during crystallisation
from a levitated droplet. Studies of pure solution and solution doped with various levels of
other amino acid addites were carried out using-situ WAXS, Raman spectroscopy and

droplet size monitoring techniques.

The final conclusions and recommendations for further work are presentdapters 7

and8, respectively.
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Chapiler
Theoreti cal background

Crystallisation is a complex process where a particular substance undergoes a phase
transition from liquid, melt or rarely gas to the solid state with an ordered ttireensional
molecular array that we call a crystal. The crystallisation process can be divitedhiree
stages: generation of the supersaturation condition, nucleation and crystal growth.
The following chapter provides essential background and introduces concepts related to

nucleation and crystal growth.

1.1 Crystals and crystal structures

1.1.1Crystalline and amorphous state

In the solid state, one of the three general states of matter, molecules are packed closely
together, the intermolecular interactions are strong and, consequatoihyic motion is
confined to vibration about a mean positicAt a given temperature, a solid material has
fixed shape and volume. The structure of a solid is rigid and generally resists compression

very strongly.

Depending on the structural order of a solid, it can be classified as amorphous or crystalline.
In an amorphous solid, structural units are arranged in a random manner and there is no long
range atomic order, although some local ordering can still be présgatg 1.19. Atoms of

a crystalline solid are arranged in regular repeating tthireensional pttern Figure 1.18

(McKie and McKie, 1974 The regular repetition of the individual entities over distances
equivalent to many thsands of atomic dimensions gives rise to characteristic properties of

crystalline materials:

1 Strictly defined melting point
1 \Variation of physical properties with the direction in which they are measured

(anisotropy)
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1 Constant angles between crystal fat@ a given crystalline material

1 Crystal symmetry

1.1.2 Unit cell

A perfect crystal is composed of atoms, molecules or ions arranged in a pattern that repeats
regularly in space. Points in a periodic pattern that represent these structural unils and a
have identical surroundings are called lattice points. An atom or a group of atoms may be
associated with a lattice point but does not necessarily need to lie on it. An infinite array of

lattice points in threglimensional space defines the basic chystacture.

The smallest repeat unit within the lattiteat can be used to build the entire crystal is
denoted as a unit cell. The unit cell in a lattice can be selected in a variety of ways but the one
with sides that have the shortest lengths andnaxs nearly perpendicular is most commonly
chosen. For instance, in a lattice shownFigure 1.2 the rectangular unit cell would

normally be chosen.

In a threedimensional unit cell, the lengths of the sides of are dermtédandc and the

angles betwenbc, ac andab sides are denotdd b ando, respectivelyFigure 1.3.

1.1.3 Miller indices
The spatial orientation of lattice planes can be mathematically described in terms of their
axial intercepts using Miller indices. Such mathematical notation uses three integer numbers

h, k, andl, defined by:
O, . . &)
Q xh Q <h a =+ (1.1)
W W W

where X, Y and Z are the axial intercepts, ar&l b and ¢ are the corresponding unit cell

lengths.

The values oh, k andl are usually written askl), noting that negative values arestynated
with a bar over the number, asqgrfor i 2 (Cullity and Stock, 2001 A set of example lattice

planes with corresponding description using Miller indices is givéngare 1.4

It is generally accepted that indices of a particular face are written either unerncbs8d?2
T or in round brackets (312). Indices in bracés{312} i denote a fanty of parallel planes
and square bracketqd312] i are used to define zone axis direction (Phillips, 1963).
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Figure 1.3A parallelsided unit cell in a space lattice and the notation for the sides and angles

The Miller indices can also readily be used to calculate the separation of planes. For a general
orthorhombic lattice, the separatidsy of the {hkl} planes is given by:
KO T O ¢

P
Q0 O O 0 (1.2)

1.2 Structural imperfections in crystals

The most important feature of a crystalline solid is a very regular arrangement of atoms and
molecules in pace. However, in real crystals this regularity is often disturbed by
imperfections. Although only a very small fraction of atoms is usually affected, defects can
give rise to important chemical and mechanical properties of crystalline materials and also

influence the crystal growth procegsullin, 2001).

There are four main classes of crystal lattice defects:-diavensional (pointdefects),
onedimensional (line defects), twdimensional (surface defects) and thdemensional

(volume defects).

1.2.1 Point defects
Point defects are not extended in space in any dimension and typically involve a few extra or

missing atoms. They nabe classified into three typdsigure 1.5:

1 Vacancies are |l attice sites from which

structure. These units may be atoms, molecules or ions.
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1 Interstitials are foreign atoms that occupy sites in the splaetgeen the crystal
lattice atoms. The interstices are usually small and the occurrence of interstitial
defects often leads to a distortion of the lattice.

1 Substitutional impurities are foreign units that substitute for matrix atoms.

A vacancy, with nacorresponding interstitial atom, is sometimes called a Schottky defect,
whereas a single interstitial atom is referred to as an-Sahibttky imperfection.
A combination of defects consisting of one vacancy and one interstitial is called a Frenkel

imperfection (Cracknell, 1963

1.2.2 Line defects

The two main types of line defects are edge and screw dislocations. Most crystals have large
number of dislocans. They can form during crystal growth (grewndislocations) or

during mechanical deformation (mechanical dislocations). Both edge and screw dislocations

are responsible for slip or shearing in crystals.

An edge dislocation is a defect where one @lah atoms terminates in the middle of the
crystal. This causes the stacking of the atom sheets to be distorted for a few layers on either
side of the extra half layer. An edge dislocation can very easily move thorough a crystal; this
process is illustratein Figure 1.6abelow. If a sideways force is applied to the bottom layers

of the crystalline structure, atom A may move further away from atom B and closer to atom
C. As a result, the bond between A and B breaks, a new bond is formed between A and C,
and the dislocation moves one atomic distance to the rifigute 1.6H. The process
continues until the dislocation has reached the edge of the chigtate 1.6¢. The direction

and magnitude of slip is characterised by the Burgers vector.

When the atom are displaced along the dislocation line, rather than at right angles to it, we
speak of a screw dislocation. This type of lattice distortion plays an important role in the
crystal growth mechanism. If a single atom becomes attached to the crystad gusfdlanot

be held on very firmly and might become detached again. However, if this extra atom arrives
to the end of a screw dislocation, it is much more firmly attached to the crystal since it is
anchored by more than one of its facégre 1.7). Theattachment of growth units to the

face of the dislocation results in the development of a spiral growth pattern.
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Figure 1.4 Various lattice planes described using Miller indices
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Figure 1.5Schematic representation of common point defectsn{@stitial impurity,

(b) substitutional impurity, (c) vacancy
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(b)

<«— Direction of stress — Direction of dislocation movement

Figure 1.6 Movement of an edge dislocation through a crystal

Figure 1.7 A screw dislocatioiiCracknell, 1969
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1.2.3 Surface defects

Grain boundaries are defined as the mismatch regions on the interface between crystals
having different crystallographic orientations. They usually occur when two individual
crystals meet duringheé growth process. Aside from irregular growth, surface defects can

also be produced as a result of mechanical or thermal stresses.

Two types of boundaries, tilt and twist, can be distinguished depending on the degree of
mismatching between the graifradure 1.§. A low-angle tilt boundary can be considered to
be a line of dislocations. A twist boundary with a small degree of misalignment is equivalent

to a succession of parallel screw dislocati@viallin, 2001).

1.2.4 Volume defects

Volume defects, often referred to as inclusions, are pockets of foreign solid, liquid or gas
impurities entrapped inside a crystal. They can be dividdo two classes: primary,
associated with growth and constituting samples of fluid in which crystal grew, and
secondary, formed later often as a result of crystal cracking and incorporation of mother
liquor. Volume defects can take different forms ahdpes, such as bubbles, fjords (parallel
channels), veils (thins sheets of small bubbles) and negative crystals (faceted inclusions), and
most frequently they are randomly distributed throughout the crystal. Large and fast growing

crystals are more likelp develop inclusion@Mullin, 2001).

Cavities are usually formed at a face centre. This phenomenon was described by Bunn
(1949, HumphreysOwen (1949 ard Denbigh and Whit€1966 who discovered that the
diffusion field around a small crystal tends to develop spherical symmetry and as a result
more solute is transported to the centre. However, when the crystal grows beyonéha certa
size, the corners and edges grow more rapidly than the face centres; growth layers are

generated on the macroface, grow inwards and meet to seal the indrigioe (.9.

1.3 Driving force for crystallisation

1.3.1 Solubility curves

Solubility is ameasure of the maximum amount of solid that can be dissolved in a volume of
liquid at a specific temperature and pressure. Solubility of a substance is commonly
expressed as a mass concentration, in grams of solute per kilogram of solvent or in grams of

sdute per 100 millilitres of solvent. A plot of the solubility data versus temperature produces
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(a) (b)

Figure 1.8 Two types of grain boundaries: (a) tilt, (b) twist

(ii)

(iii)

Figure 1.9 Development adininclusion
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the solubility curve that corresponds to the saturation concentration of a solute in a particular

solvent.

For the majority of substances, the solubility of a solute in a solvent increases with
temperature, but a few exceptions to this rule are knaBince accurate solubility
measurements demand laboratory facilities and can be very time consuming, many equations
have been proposed to predict the solubility data but none has been found to be of general
applicability. While for some systems simple teigues of interpolation and extrapolation

can yield data comparable to experimental results, for others the estimated data can only be
used for rough assessméhtullin, 2001). For that reason, an experimental determination of

solubility is usually preferred.

1.3.2 Supersaturation

A saturated solution is at thermodynamic equilibrium with the solid phase at a given

conditions of tempetare and pressure. It is, however, possible to prepare a solution where

the amount of dissolved solid is greater than the saturation equilibrium value. The state of

supersaturation is essential for both nucleation and crystal growth to occur.

The relatioship between supersaturation and probability of spontaneous crystallisation can
be represented on a solubitgypersolubility diagramHRigure 1.1Q which can be divided

into three zones:

(i)  The stable zone, where the solution is unsaturated and crystatlisaimpossible

(i)  The metastable zone, where the solution is supersaturated but where spontaneous
crystallisation is improbable; however, growth of a seed crystal placed in the
metastable solution would occur

(i)  The labile zone, where spontaneous cryistibn is probable but not inevitable

A supersaturated solution can be prepared by slow cooling of a hot concentrated solution
without agitation or by evaporation afsolvent. In the former method, supersaturation is
created by a drop ¢émperaturesdution that reduces the solubility of the solute. In the latter,
the state of solution supersaturation is achieved by removing a certain amount of solvent and
consequently increasing the solute concentration. In practice, however, a combination of both

metods is often employed.
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Labile (supersaturated)

Concentration

Stable (unsaturated)

v

Temperature

------ Supersolubility curve
——— Solubility curve

Figure 1.10The solubilitysupersolubility diagram and change in supersaturation on
(a) cooling, (b) solvent evaporation, (c) combined cooling and solvent evaporation

There are several ways to express the supersaturatoosystem but the two most common
are the supersaturation rati§, and the relative supersaturatiain, These quantities are
defined by:

" @

Y = (1.3)
] ] 1.4

” Y p df ( )

where c is the solution concentration argt is the equilibrium saturation at the given

temperature.

1.4 Nucleation

The condition of supersaturation alone is safficient cause for a system to begin to
crystallise. The formation of the new phase requires the existdncenute solid bodies,
embryos, nuclei or seeds, that act as crystallisation cgdansic and Grootscholten, 1984

The nucleation process may be induced artificially by agitation, ultrasonic irradiation, electric

and magnetic fields oxgeme pressures.
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Nucl eation in systems that do not contain
nucleation. Primary nucleation can occur spontaneously (homogeneous) or it may be induced

by foreign particles (heterogeneous). On the other haedyrocess of formation of nuclei in

the vicinity of crystals present in the su

nucleation.

1.4.1 Primary homogeneous nucleation

In homogeneous nucleation, in order to form a stable nucleus, the constinlentles not

only have to aggregate into a fixed orientated lattice but also resist the tendency to redissolve.
The actual process of formation of nuclei is hard to envisage. It is, however, believed that
a nucleus arises from a sequencenuflecular addtions rather than from simultaneous
collision of the required number of molecules. A newly feduluster becomes stable when

the nucleus achieves a certain critical size after which nucleation and subsequent nucleus
growth occur. Nuclei that fail to groabove the critical size become unstable and redissolve
into the bulk of the fluidMullin, 2001).

The classical theory of nucleati developed from the work of Gib¥948, Volmer (1939

and Becker and Dorin¢ll935 is based on the condensation of a vapour to a liquictén

also be extended to crystallisation from solutions and melts. According to the classical

t heory, the over &l detweenx asmallsphéricabselid partider ofsplute

of radiusr and the solute in solution is equal to the sum of the surface excess free energy,
gcs(a positive quantity), a nG (atnégative\wqoahtityyine e x c
Thus,

30 30 30 (1.5)
o . T,.. .
30 ti 7T E“I 30 (1.6)
wh e r& is the free energy change of the transformation per unit volume &dhe

interfacial tension.

A p | o® versus nugbeus radius sizg,is shown inFigure 1.12 The maximum value,
gGerit, Which corresponds to the critical nucleus can be obtained by maximising the
Equation 1.6above, i.e. whedqss / dr =0. Thus,
¢ ) [T " 17
—,Q‘ILUIFTls‘OT[ (1.7)

and therefore,
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¢l
70 (1.8)

w h e rGegis agpegative quantity. Hence, combining equations 1.6 and 1.8 we get

™0
0 Gp;fg OF (1.9)

The rate of nucleatiord, i.e. the number of nuclei formed per unit time peit ualume, can
be expressed in the form of the Arrhenius reaction vel@gjtyation commonly used for the
rate of thermally activated procg@®gullin, 2001):

0 0VA@DPTQY (1.10)
whereK is the kinetic factork is the Boltzmann constant afds the temperature.
The GibbsThomson relationship for a nasectrolyte can be expressed as

N )

I TY —. 1.11
o (111)
Consequently,
LA 112)
i V]
whereSis the supersaturation amds the molecular volume.
Subsequent substitution Buation 1.124nto Equation 1.8jives
¢ QNTY
30 — ‘ (1.13)
i 0
and fromEquation 1.9
. por v
L o 1.14
O Sov Ty (1.14)
SubstitutinggG.rit into the Arrhenius equation gives
. por v

The above relationship indicates that the rate of nucleation is a function of three system
variables, namely,nterfacial tensioro, degree of supersaturati@ and temperatur@. It
should also be noted that the geometrical factorf3Lh the equation above is only valid for
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Figure 1.12Free energyiagram for nucleatiorexplaining the existence of a critical nucleus
(oG is theoverall excess free energyssis thesurface excess free energgy is thevolume

Homogeneous

J/

Figure 1.11Classification of nucleation mechanisms
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the cae of a spherical nuclei and must be replace by an appropriate value if a different shape

of a nuclei is assumed, e.g. 32 for a cube.
FromEquation 1.13the radiusri;, of a spherical critical size nucleus carch&ulated:

¢ o

G99 1.16
QY TY (1.16)

Since for a given volume the nucleation rate is inversely proportional to the induction time

(J® 14) (Van Hook and Bruno, 1948lielsen, 196} Equation 1.1%an be rearranged:

ia . POrU P
= — 1.17

°© T Yiiy (1.17)
whereA is constant. Consequently, thalue ofo can be calculated from the slope of the

obtained linear dependence ofJanT'3(In 92

1.4.2 Primary heterogeneous nucleation

Since it is virtually impossible to achieve a solution completely free of foreign bodies, such
as dust partice a true homogenous nucleation is generally an uncommon event. The
presence of foreign bodies can induce nucleation at lower degfesgpercooling or
supersaturation than those required for spontaneous nucleation. As a result, the overall free
energy clnge associated with heterogeneous formation of a critical nugiégs, must be

less than the corresponding free energy change under the homogeneous ce@ditiare.
3'Q@e * 30 (1.18)
where the factod is less than unity.

When considering homogeneous nucleation, a spherical shape dfdplet was assumed.
During heterogeneous nucleation, one should consider a liquid droplet on a smooth surface of
a substrate. A segment of a sphere with the curvature nadngthe projected radius sind,

whered is the wetting angle, is presentad Figure 1.13 With the specific surface energies

of the droplet,d, the substrate(ls, and the substrairoplet interfacef, the equilibrium

condition can be expressed(&ullin, 2001):
. . 2AT-O (1.19)

and thus

Al-6 —2 (1.20)
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The relationship between the factoand the angle was established by Volmétr939 as:

. ¢ Ai-op Ai-6 (1.21)
T

From the plot of the abovauriction Eigure 1.14) it can be deduced that for the case of
complete noraffinity between the crystalline solid and the foreign solid surface, i.e.

d = 180°, the overall free energies of homogeneous and heterogeneous nucleation are the
same. For the caof partial affinity, when 0° < 1 8 G'fki s Pl o w &4 Findiya n - o
for the case of complete affinity,= 0°, that corresponds to the seeding of a supersaturated
solution with crystals of the required crystalline product, no nuclei have fortmed in the

solution as the nucleation free energy is zero.

1.4.3 Secondary nucleation
At a lower supersaturation level, the nucleation process can readily be promoted by addition
of seed crystals of the solute. Formation of a new crystal solelydecd the prior presence

of seed crystals is called secondary nucleation.
Secondary nucleation can occur by a number of different mechaf@emstable, 1968

1 initial breedingi when a new crystal is introduced into a supersaturated solution,
a crystalline dust from its surfaces may be sweep off and these can then become new
growth centres

1 needle breding i the outgrowths of crystals that grow in the form of needles are
weak and after detachment or breaking can act as nucleation sites

1 polycrystalline breding i where secondary nuclei result from fragmentation of
a weak polycrystalline mass

1 collision breeding i a process resulting from the interaction between a growing

crystals and the crystalliser walls, a stirrer or impeller, or other crystals

For materials of high and moderate solubility, collision breeding is considered to be the most
significant nucleation echanism in crystallise{®avey and Garside, 2000

1.5 Crystal growth
As a result of exposure to supersaturated solution, the surface of stable nuclei, i.e. those that
grew larger than the critical size, begins to grow since the number of growth units joining the

surface is greater than then the number leaviihg. ability to capture approaching molecules
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Figure 1.13Equilibrium shape of a liquid droplet on a substrate surfacé i s t he wetti ng an
ris the radius of a droplet, andl , 5, U a;raré spécific surface energiestbe droplet,
the substrate and the substraimplet interface, respectively)
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Figure 1.14Ratio of free energies of heterogeneous and
homogeneous nucleation as a function of the contact angle
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and their subsequent incorporation into the crystal surface depends on the number and
strength of interactions between the surface and the growth unit and can be quantified using
t he U f alydtetined by Jackspfl968 and later refined by Jetten et @l984:

30

— 1 b 1.22
Ny to (1.22)

whereais the surface anisotropy factoH; is the heat of fusion andgis the solubility.

If the value ofUis less than 3, the surface of a crystal contains many kink and steprsites
every growth unitarriving at the surface becomes incorporated into the crystal. Hence, the
growth is continuous. Values dd between 3 and 5 indicate a decrease in the inherent
roughness of the interface and thus some of the growth units that arrive at the surface do not
find a growth site and either return to the solution phase or join other growth units to form
surface islands or nuclei. The latter mechanism is referred to as a birth and spread model. If
the value ofUis greater than 5, the molecular surface of a crystét and the growth can

only take place if a step can be formed in a-Bwergy process. Structural defects, in
particular screw dislocation, provide such a route and the growth usually proceeds by the

screw dislocation mechanisfDavey, 1982

1.5.1 Adsorption layer theories and spiral growth

The adsorption layer theory, originally postulated by Vol{i®39, holds that the units of

the crystallising substance that arrive at the surface of a growing crystal do not get
incorporated into the crystal structuremediately but are able to migrate over the crystal
face and will link into the lattice in positions where attractive forces are greatest. Three

distinct stages can be identified in the process:

()  Bulk transport of the growth units to the adsorption layer
(i)  Diffusion of the solute molecules to the surface of the growing crystal

(i)  Desolvation and adsorption of the crystallising entities onto the growing surface

A model suggested by Kosgdl934) represents a flat crystal surface as made up of moving
layers of monoatomic height, termed stepfich may contain kinksHigure 1.15. The

loosely adsorbed growth units are most easily incorporated at kinks as they have more
potential binding sites than steps and faces and consequently the system can gain more
energy when joining occurs at kinks. #k& crystallising units get incorporated to the surface,

the kinks move along the step and the face is eventually completed. A fresh step is created by

surface nucleation and usually starts at the corners.
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Accordingly, the growth of a crystal should lastiest when its faces are entirely covered with

kinks and its rate should decrease as the face continues to grow and the number of kinks
decreases. It can indeed be observed that broken crystal surfaces rapidly heal and then
proceed to grow at much slowetes. On the other hand, however, it was also noticed that at

low supersaturatia far below those needed to induce surface nucleation, crystals of certain
speci es, such as iodine, grow at much great
indicaing that the latter is unreasonable for growth at moderate to low supersaturation
(Mullin, 2001).

To account for the above obsetivas, Frank(1949 postulated that the majority of crystals
grow with imperfections and the ideal laymy-layer growth is uncommon. Dislocations
cause steps to be formed and therefore promote growthk Et849 considers the screw
dislocations to be particularly important for crystal growth as they eliminate the necessity for
surface nucleation. The emergent step of a dislocation spiral extends over pgartyof the
crystal surface but it winds up during growth to create a growth hillock and the surface grows
as if it was covered with kinkg={gure 1.16. Hence, the latter mechanism is referred to as

a spiral growth model.

The mechanism of growth basex dislocation theory was further studied by Burton, Cabrera
and Frank1951) who mathematically described the relationship between crystal growth rate

and supersaturation:
Y 6, OAIOKE, (1.23)

Where R is the crystal growth ratell is supersaturation, and and B are complex
temperaturalependent constants which include parameters depending on step spacings. From
the supersaturatiegrowth rate relationship itam be seen that at low supersaturation the BCF

equation approximates ® @ {° but at high supersaturatiagn R® ¢, i.e. the growth law

changes from parabolic to linear as the supersaturation incréaga® (1.17.

1.5.2 Birth and spread model

Therovbi and spreado6 ( B+ S)-dimeesioralahncleaion, follevedb a s e d
by the lateral spread of the monolay@@hara and Reid, 1973In the B+S model, growth

develops from surface nucleation that can occur at the edges, in the corners and on the faces
of a crystal.Further surface nuclei can develop on the top of the growing monolayer, even
before the spread is finisheldigure 1.19.
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Figure 1.15Kossel 6 s model of a growing crystal
and three stages of the crystal growth: (i) bulk transport, (ii) boundary layer diffusion,
(iii) incorporation of the crystallising entity

b

(@) (b) (€)

Figure 1.16Development of a growth spiral starting from a screw disloca(\bullin, 2002)

showing
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Figure 1.17The BurtonCabreraFrank supersaturatiomgrowth
relationship: (i) parabolic growth law, (i) linear growth law
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Figure 1.18Development of the polynuclear growth by the birth and spread mechg@viigtim, 2007)



The relationship between a face growth velocity and supersaturation in the B+S model can be

expressed as
Y 6, TAQ®7, (1.24)

whereR is the face growth rate normal to the plane of the face Aarahd A, are system
related constants.

Mullin (2000)i ndi cates that the terms O&édnucl ei on nu
sometimes used in the literature to describe growth behaviour analogous to the birth and

spread model.

1.5.3 Continuous growth

Whenthe surface of a growing crystal is rough at the molecular level, i.e. when the surface
contains many kink and step sites, every growth unit arriving at the surface will become
incorporated into the growing crystal face because of no energy barrier dimgpo{Davey

and Garside, 2000 In such case, the linear grth rate R normal to the surface is

proportional to the supersaturation and can be expressed as
!Y T ” (1'25)

whereb is a systenrelated constant.

1.6 Polymorphism

A substance is said to exhibit polymorphism when it is capable of crystallising into different,
but chemically identical, crystalline forms. Although different polymorphs of a given
substance have identical composition, they may exhibit different physical properties, such as
solubility, melting point, density, colour or bioavailability. Different crystalline forms
exhibited by one substance may be the consequence of variation inyghallisation

temperature or a change of solvent.

1.6.1 Types of polymorphism

During the crystallisation process molecules attempt to minimise their free energies.
Structural differences between the crystalline lattices originate from alternative ways in
which the molecules pack within the crystal. The crystal packing may be driven by
intermolecular interaction (enthalpy) or by consideration of entropy, leading to a different

structure in each cagPavey and Garside, 2000
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Depending on the mechanisms of origin, polymorphism can be classified as packing and
corformational. Packing polymorphism results from various arrangements of

conformationally rigid molecules. Distinct conformational states of the same molecule can
also lead to different crystal forms and then we speak of conformational polymorphism. Most
organic crystals, however, have a mixed origin and exhibit differences in both conformational

and packing arrangement of the constituent mole¢tidfger, 2006).

1.6.2 The phase rule
On the basis of thermodynamic principles, Gikl&/6, 1878 formulated the phase rule that
relates the number of componer®@s,phasesP, and degrees of freedom of a syst&nby

means of the equation:
O 6 0 ¢ (1.26)

The number of degrees of faam in the above equation is the number of system variables,
such as temperature, pressure and concentration, which must be fixed in order to specify the

equilibrium state.

The Gibbs phase rule may also be used to characterise polymorphic behaviaubsiéace.

Since two polymorphic forms constitute two homogeneous phaseS,#.4. andP = 2, the

system has only one degree of freedom. Thus, at constant pressure, equilibrium between the
two polymorphs occurs at a fixed temperature, whereas at cotestapérature it occurs at

a fixed pressure. Moreover, since the number of degrees of freedom cannot be negative,

a maximum of three polymorphs can be in equilibrium with each other.

1630st wal dds rul e

In the early 18 century it was first observedahrapid cooling may lead to formation of
unstable crystals whose form is different to the one which would normally be expected. This
type of behaviour was generalised by Ostw@@93 1899 wh o proposed a Or ul
which states that upon crystallisation a system will initially adopt the crystal structure which
leads to the smallest loss in free energy and that these crystals will subsequently transform
stepwise to thenost stable crystal formin other words, the resulting reaction is, in fact, not

the one that is thermodynamically most likely, but the one that has the fastesrager,

as noted by Ostwald, the theoryexstsegnstov uni v
cooling of supersaturated 3idsoleoyl2-palmitoyl glycerol solution(BayesGarcia et al.,

2011).
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Al t hough a number of studies attempted to
t heory, the &6ruled stildl | a c wever, aperdte bftemn i t e

enough to be regarded as important for lssgale precipitation processes.

1.6.4 Enantiotropism and monotropism
Depending on the ability to transform reversibly or irreversibly from one form to another,

polymorphic systems can beskified as enantiotropic and monotropic, respectively.

The term monotropic is used to describe a system where crystal forms are not
interconvertible, i.e. one polymorph, because of lower solubility, is more stable than the other
(Figure 119a). If, howeer, one polymorphic form can be reversibly changed into another by

varying the temperature or pressure, the system is said to be enantidtigyie (19).

Bernstein(2002 points out that the determination of whether a particular substance exhibits
monao or enantiotropic behaviour is particularly important when choosing crystallisation
strategy as dditional precautions may need to be taken to preserve the stable form or to

prevent undesirable transformation.

1.6.5 Commercial importance of polymorphism

Polymorphism plays an important role in a number of industries, including pharmaceuticals,
foods,dyes, pigments and explosives. In the chemical industries the demand for high yields
and high production rates requires operation of the processes far from equilibrium, thus
intensifying the tendency to form metastable structures. Because each polynamphias

its own unique combination of mechanical, thermal and physical properties, insufficient

understanding of solidtate properties can lead to serious setbacks. It is thus important to

A A
> Polymorph A > /
S S Polymorph A
S =) -
© S | _ee---7T
n n |-
Polymorph B Polymorph B
Temperature Temperature

(a) (b)

Figure 1.19 Solubility curves in (a) monotropic and (b) etiatropic systemg¢Davey and Garside, 2000
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recognise ande able to control the phenomenon of polymorphism, and in consequence
manufacture materials with wellefined propertiegDavey and Garside, 2008ernstein,
2002.

The awareness of importance of polymorphism is most evidenthen field of
pharmaceuticals. An idepth study of the polymorphic forms is caused by the strict quality
control requirements. Using a thermodynamically unstable polymorph in the production of
tablets or creams may sometimes be the reason why undesif@duges into the
thermodynamically stable form take place in such formulations after a time of storage,
potentially leading to a complete loss of activityagdarticular substance. On the other hand,
some thermodynamically unstable modifications which showery low transition tendency

can intentionally be applied to take advantage of specific properties they may [joiesess

and Kuhnet-Brandstatter, 1999

Since the development of a new drug from a promising lead compound to a marketed product
is a long and expensive process, the intellectual property implications are another important
reason for an intensive investigation of pobnphism in the pharmaceutical industry
(Hilfiker, 2006). Since a particular crystalline form of a drug can possess considerable
chemical, physical or biological aantages over the market competitors, granting and
maintenance of exclusive patent rights to a particular polymorph may have considerable

economic consequences.
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Chap2er

L-Gl utami c aci d as a mode

L-Glutamic acid was chosen as a model sydtannvestigation of the effect of change in the
process conditions and experimental strategy on the nucleation, growth and solution
mediated transformation of its polymorphs. The following chapter outlines the physical data
and chemical characteristics tfie model compound and presents a thorough review of the

literature published to date concerning crystallisation-gfilutamic acid.

2.1 Amino acids

Amino acids are difunctional molecules containing, as their name implies, both amino and
carboxyl groupsTwo amino acid molecules can join together by a condensation reaction to
form a peptide bond, C(O)NH. Amino acids are the basic building blocks of proteins.
A protein may consist of a hundred or more amino acid units. All twenty amino acids are
involved in the synthesis of proteins but humans can produce only ten of them. The

remaining ten have to be supplied by the (MtMurry, 1996.

The twerty common naturaljo c c ur r i ng a mamino acidscandiall, exaceptefor U
proline which does not contain a primary amino group, have a general formula
H,N C H R C O O H-amirlo acid$) both the amino group and the carboxyl group are attached
to the same ar bon at om, w hdarbdm. Thesother twb bubstituentshad theU
U-carbon are hydrogen atom and an organic side chain gra&g&e 2.1). Therefore, all
amino acids except for glycine, where R = H, are chiral. While be@ndL- amino acid

exist in nature, only the- form is found in proteins synthesised by the human body
(Clayden, 2001

Depending on the nature of the sideinhgroup, amino acids can be divided into 7 classes
(Table 2.):

A Aliphatic amino acids: have open, sometimes branched side chains

A Aliphatic hydroxyl amino acids: contain hydroxyl group in their side chains
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A Basic amino acids: side chains contain basic amino groups

A Acidic amino acids and amide derivatives: contain an additional carboxyl group or
an amide group in their side chains

A Aromatic amino acids: side chains cantaromatic rings

A Sulphur containing amino acids: contain sulphur atoms in the side chains

A Cyclic amino acid: proline is the only amino acid whose side group is cyclic and

| i nks -ammo grobpe U

2.2 Selection criteria

L-Glutamic acid, often abbreated as -Glu or LGA, is one of the proteinogenic amino acids
and plays an important role in the human body. It is the most important neurotransmitter in
the vertebrate nervous system and a key molecule in cellular metabolism. Commercially,
L-glutamic aail is used as a substrate of many pharmaceuticals, cosmetics and agricultural
products. In the form of its sodium salt, monosodium glutamaggtamic acid is used as

a major flavour enhancing component of foods with a meaty, savoury taste.

L-Glutamic aid is a typical polymorphic compound that can exist in two crystalline forms.
Since the system has been widely studied in the past, extensive structural, thermodynamic
and kinetic data is available. The two polymorphs-glutamic acid are known to undgr
solutionmediated transformation but have been reported to be stable in the solid state. The
X-ray diffraction patterns and Raman spectra of the two forms are easily distinguishable from
one another. While the solubility afglutamic acid is low and tis only relatively small
amounts of material need to be used to prepare the experimental solutions, it is soluble
enough to not cause difficulties when weighing out samples using a typical laboratory
balance. Furthermore, when standard laboratory procedaree followed,L-glutamic acid

does not pose toxicity concerns.
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Table 2.1Twenty common naturalgccurring amino acids and their classification

Aliphatic amino acids

H,;N—CH—C——O0H H,N——CH—C——OH

ﬁ

ﬁ

ﬁ

H;N——CH—C——0H H,;N——CH—C——O0H H,N——CH—C——0H

ﬁ

H CHg CH—CH, CH, CH—CHj
Glycine Alanine |
CH;, CH—CHjs CH,
Valine |
CHg CHg
Leucine Isoleucine
Aliphatic hydroxyl amino acids Basicamino acids

HN——CH—C——0H H;N——CH—C——O0H

ﬁ

ﬁ

ﬁ

H,;N—CH—C——O0H H,N—CH—C——O0H H,N——CH—C——OH

(|)|

c||-|2 (|ZH—OH CH, THZ THZ
OH CHy CH, CH,
Serine Threonine NN | |
\\ CH, CH,
NH | |
Histidine CH, TH
NH, C==NH
Lysine |
NH,
Arginine
Acidic amino acids and amide derivatives Cyclic amino acid
I I I I
H,;N——CH—C——0H H,N—CH—C——O0H H,N—CH—C——O0H H,N——CH—C——0H C—OH
[ I [ [
[ I [ I h
OH c=—o0 NH, c—o Proline
Aspartic acid | Asparagine |
OH NH,
Glutamic acid Glutamine
Aromatic amino acids Sulphur containing amino acids

(o} o} o} o}
I I I I

H,;N—CH—C——O0H H,N——CH—C——0H H,N——CH—C——OH

o}
I

H,;N—CH—C——O0H H,N——CH—C—OH

CH,

Phenylalanine

|
0

Tryptophan

|
CH,
OH

Tyrosine

CH,

|

CH,

|

S

|

CH3
Methionine

CH,

SH
Cysteine
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The abovementioned characteristics pfglutamic acid make it a good candidate for a model
system, both from scientific and industrial perspective. Additionally, since many amino acids
have, to some extent, siar structure and all contain both amino and carboxyl groups, the
findings of this research can potentially be applied to other compounds belonging to this
class, such as-aspartic acid that contains ofever CH, group than the model compound
consideredn this work, consequently making the stuatyeven more valuable contribution

to science.

2.3 Molecular and crystal structure

The molecular formula af-glutamic acid is gHgNO4 and its molar mass is 147.13 g fhol
L-Glutamic acid, like all other aminacids, comprises of both amine and carboxylic acid
functional groups (C(NE(COOH)) and a characteristic side chain fCH,COOH). In the

crystal lattice as well as in the agueous solution, as a result of a proton transfer from the
carboxylic acid end tohe amino group, the functional groups are present in their charged
forms, COO and NH", respectively Figure 2.9. Although the atom groups carry formal
positive and negative charges, the molecule remains neutral as a whole. The latter state is

referredto as a zwitterionic form.

L-Glutamic acid is a polymorphic compound and its molecules can adopt two different
conformations in the solid state, denoted U
reported by Bernaf1l93l) a n d t hymorph was taler discovered by Hiroka{@&d55.

The unit cell parameters, originally determined usingaX diffraction, were later refined by
Lehmann et al(1972 and Lehmann and Nun€980 using neutron diffraction data and are
summarised inTable 2.2 Both polymorphs ha primitive orthorhombic unit cells and

belong toP2,2,2; space groupFurthermore, Hirayama et a]1980 also proposed three
hypothetical intermediate molecular conformations that might explain the mechanism of the

U to b transition.

L-Glutamic acid molecules crystallise in their zwitterionic state with molecular packing of

both forms dominated by internemlular hydrogen bonding. The most significant difference
between the two structures is the adopted molecular conform@emstein, 1991 The

t or si onahn & ddinee Isy cdtbons 1, 2, 3, 4 and 2, 3, 4, 5, respectively, have
values of 59.3° and 6831 n the U silr7ulct5vAr eanadndi 73. 1A
b pol ymor ph afkigure®.8 &he palcko g n st nuct ures of t he

forms, generated using CCDC Mercury software, are showfigare 2.4 As a result of
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OH

Figure 2.2 Skeletal structure af-glutamic acid in its (left) neutral and (right) zwitterionic form

OH —_—

Table 2.2Crystallographic data of-glutamic acid polymorphs

Polymorph U (metastalb (stable)
Crystal system Orthorhombic Orthorhombic
Space group P2:2:2; P2:2:2;
Unit cell lengths (A) a 10.282(10) a 5.159(5)
b 8.779(8) b 17.30(2)
c 7.068(7) c 6.948(7)
Unit cell angles U 90° U 90°
b 90° b 90°
2 90° 2 90°
Number of molecules per unitcell 4 4
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U-L-glutamic acid

b-L-glutamic acid

Figure 2.3Conformationof-g| ut ami ¢ acid in (top) the U and (bot
Colouring convention: grey carbon, red’ oxygen, blué nitrogen, whiteél hydrogen.
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U-L-glutamic acid

b-L-glutamic acid

Figure24Packi ng struct ur es L-gutami¢ acid.[Cyloulthg @mvention:b ot t om) b
greyi carbon, red’ oxygenbpluei nitrogen, whiteé hydrogen.

50



these characteristic molecular arrangements and large conformational differences in the

crystal lattice, the two polymorphs pfglutamic acid have unique-iy diffraction patterns
(Figure 2.5 (Lehmann et al.,, 1972Lehmann and Nunes, 198&nd Raman spectra
(Figure 2.9 (Dhamelincourt and Ramirez, 1990no et al., 2004 that can be used to
perform phase identification.

The two crystal forms have very distinct morphologitehe U form crystal s

(Figure 2.79 and are thus preferable for industrial handling since they filter and wash easily.

On the other hand, t he DFigueo2.7) amd bepalise ofithgis t al s

needlelike shape tend to breakné pack as an impervious layer causing difficulties in

downstream processing.

The relative stability of the two polymorphs afglutamic acid was determined from
solubility (Sakata, 196band enthalpy measuremeri&kata and Takenouchi, 196Bater
studies by Hirayama et a/1980 showed that the molecular conformation adopted in the

b polymorph is more stable and favourable
of L-glutamic acid are related monotropical(Kitamura, 198). Kinetics favours the

formation of the metastable form, while thermodynamics favours formation of the stable

t

form (Bernstein, 200 During typical batch crystalli sat

rule of stages, It was observed that it is
first and then undergoes a solutimediated transformatin  wher e t he st abl e
at the expense of t(Badewnsnd Rasey, d¥BKimmutd, 188D.s s o | v i

The solubility data for the two polymorphsiefylutamic acid reported by Kitamu(a989 is

shown inFigure 2.8

2.4 The existing approaches to study crystallisation

Previous work emed at understanding and controlling the polymorphic outcome from
crystallisation processes can be classified into two fundamentally different approaches:

0] studies of kinetic features of solutiomediated transformatiorfCardew and
Davey, 1985Davey et al., 198Davey et al., 198@avey et al., 2002

(i) studies based on control of crystal polymorphism with the assistance of
stereospecific nucleation inhibitor§Weissbuch etal., 1991 Lahav and
Leiserowitz, 1998 which may be used to prevent the nucleation of undesired
polymorphic structuregStaab et al., 1990Weissbuch et al., 199Davey et al.,
1997.
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Figure 2.8 Solubility curves of-glutamic acid polymorph&itamura, 1989
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The former approach has revealed that kinetic studies efstiutionmediated phase
transformation between metastable and stable polymorphs is controlled by the crystallisation
rate of a stable form. A model has been developed for this type of phase transformation based
on the assumption that the starting poiot the transformation is a slurry of monosized
crystals of a metastable phase in contact with a saturated solution containing nuclei of
a stable phasgCardew and Davey, 1985 I n t hi s simplistic view,
solution concentration falls below the solubility of the metastable phase awddmec
undersaturated with respect to this phase. The crystals of the metastable phase thus dissolve
producing supersaturation for the continued growth of the stable phase, and the process
continues until all metastable phase has disappeared and the sotutipasition has fallen

to the solubility of the stable phase. The concurrence of dissolution/growth processes would
suggest that at least during some period of the transformation the growth and dissolution rates
of the two phases must be balanced. Thegguthe mass balance rate of the two phases
leads to qualitatively expected supersaturatiore plateau which characterises solution
mediated polymorphic transformatio(Davey et al., 1986 Further progress of the
knowledge in this area has shown that the stable phase nuclei, known as the secondary nuclei
(Garside and Davey, 1980are created at the surfaces of the metastable crystalline phases
(Cashell et al., 2003aHowever, a mechanism of their formation is still poorly understood
(Ferrari and Davey, 2004

The latter approach, based on stereospecific nucleation inhibitors, assuprasi that
clusters are present whose packing mirrors the known crystal structures of the polymorphs.
Under this assumption, doping matesidiave been successfully designed to control the
polymorphic outcome by selective inhibition of unwanted structures using the concept of
tailo-made additives. However, such results suffer from a notable ambiguity in their
interpretation, since the addiés may be active during the nucleation or growth process, or
during both. Hence, even with its relative simplicity and elegance, the above model does not
provide information on the structure of sasembled clusters in solution and the kinetics of

theirformation(Davey et al., 2001

In spite of the fact that the two apprbas, (i) and (ii), have considerably advanced the
knowledge in the area, the issues such as time evolution and the mechanism of the process at
each stage, which includes initial nucleation of both phases from a metastable state of clear

solution, their grath prior to solutioamediated transformation and the transformation
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process itself, still need a substantial amount of attention. In particular, the coupling between

different stages and how a selected additive may be used to tune the overall process.

2.5 Primary factors affecting the crystallisation of L-glutamic acid

It has been shown that the outcome of the crystallisation procesglutamic acid can be

controlled by manipulation of the crystallisation parameters, such as temperature,
supersaturadin, cooling rate and agitatiorOno et al. (2004 demonstrated that when
saturated solution af-glutamic acidat 80°C is cooled rapidly to 25°C, predominantly the

met astable U crystals are obtained. On t he ¢
cooled sl owly, the nucleation of the stable
(Sakata, 1960a Moreover, Kitamura(1989 showed that the temperature effect on the

relative nucleabn rates of the polymorphs in the crystallisatior_aflutamic acidis much

more remarkable than the effect of supersaturation ratio. At temperatures lower than 25°C the

U form is predominant. However, at constant
U decreases as the temper atstalisationi psocessryieldse as e d
mai nly the more st abl (200dhinvestghtgdrhe effech of agitatios h e | |
rate on the crystallisation of-glutamic acid under the same conditions, cooling of
supersaturated solution from 80AC to 45AC. I
only polymorph that is formed, slow agitation speed results in approximately

57% stabilisation of the metastable form amnghhagitation rate leads to exclusive formation

of the U polymorph.

The polymorphic composition of solution changes during the crystallisation process as the
initially nucleated U crystals undergo trans
in solution for a long period of time if kept at low temperature but the transformation rate
increases as the temperature of solution is incre@stimura, 19890no et al., 2004 The
transformation mechani-smmdi gGakevwandeDavweyy 19850 b e
since the dry U <c¢crystals are indefinitely
immediately after crystallisatiofiKitamura, 1989Davey et al., 1997

Kitamura (1989 divided the crystallisation pcess ofL-glutamic acidinto four stages

(Figure 2.9. In Region | the decrease in solution concentration is due to the nucleation and
growth of both polymorphs. Region |1 begins
attained and is characteise by nearly constant solution <c

nucl eates and grows at the expense of disso
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occurs. The driving force for the formation
polymaphs. Moreover, Garti and Zo§l997) argue that the ratdetemining step is the
growth of the more stable form and not the

b nucleated faster than U dissolved, a decr
Region || ends when U cd ynsRegion 3l the stable foonmp | et
continues to grow until solution concentrat:i

the growth stops as the driving force for fu

2.6 Crystallisation kinetics

Thegowt h kinetics and morphol ogi cal change of
L-glutamic acid were investigated using optig@tamura and Ishizu, 20Q@nd atomic force
microscopy (AFM)(Kitamura anl Onuma, 2000 The growth rates of U
[ 010] and [001] directions, and that of b c
controlled by surface reaction. The dependence of the growth rate on the relative

r

supersaturaton ndi cated that the growth mechanism o

the birth and spread mechanism rather than the spiral growth mechanism.

Furthermore, Kitamura and IshifR000 also observed morphological changes in the growth
of U s e eryurec2rl@ ant pobtulated that they are caused by a differences in the
dependence of the growttate on the supersaturation between (111) and (110) faces,
indicating the important contribution of the kinetic process to the morphological change.

Crystal morphologies of the two polymorphic forms ieflutamic acid are shown in
Figure 2.11 Thefastet gr owi ng faces for U an@avéyetar e (1
al., 1997. At the same supersaturation and at 25°C, the growth rate of the (111) face of the

U crystal iI's several ti mes greater than tha
higher growtr at e of U may be due to the | arge kine
met astabl e form. It was also observed that t

increasing solution supersaturatigtitamura and Ishizu, 2000

2.7 Polymorphic transformation mechanism
Kitamura and Funahai(d994 observed t hat the b form crystals t
of the crystallising solution and suggested

surface. In later work by Garti and Zo@997), it was postulated that the nucleation process
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is heterogeneous, whereby secondary nucl eat.
of the existing U crystals. The experimental
al. (20033 using a combination of scanning electron microscopy (SEM) and Raman
spectroscopy. In further studi€3ashell et al(2003al so showed that both
L-glutamic acid nucleate in the initial stage of cooling crystallisation and, due to the faster
growth of U favoured by kllymelated en the sunfaee o ma | |
t he met astabl e pol ymor ph may become encaps
nucl eation of b was | at er(2004nwhe ostulagecithaetde by F
obsered phenomenon is caused by poor conformational discrimination at the-#idel}

faces of U ultimately |l eading to the surface

Cashell et al(2004 demonstrated that prolonged agitation during slow cooling may be
sufficient to disrupt nucl eation of the b f
was noted that when solutions are continuous
poor quality and lack the necessarywelor med crystall ographic fac
could nucleate. The latter observation further supports the mechanism of secondary
nucl eation of B on the surface ofr(1999andyst al s
elaborated by Cashell et #0033 and Ferrari and DavgR004).

2.8 Reactive crystallisation ofL-glutamic acid

In the cooling crystallisation process considered above the maximum drivingttiat@an

be achieved is limited by the solubility pfglutamic acid in water. Moreover, as pointed out

by Reelands et al(2005, the starting point of nucleation during cooling the solution to the

desired temperature cannot be elyadetermined. Roelands et &005 argue that pkshift

precipitation from a solution of sodiumglutamate and sulphuricci@ using a ¥shaped

mixing tee with a static mixer inserted in the outflow tube has the advantage ofdefiretd

high initial supersaturation and can be used as an alternative method for crystallisation of
L-glutamic acid. Further studies by Roelaetisl. (2007, using the latter technique, showed

that at supergaration less than 13 without pesti x i ng aggregated cryst a
whilepostst i rring generates the metastable U pol"
with and without posstirring, formation of smooth spheres was first observed lwlater
transformed into rough spherul i(200cproposegdst al s
that at the higher investigated supersaturation range the spheres &ts doomed by highly

metastable liquid i qui d phase separation from which t
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was also postulated that at the lower supersaturation range withoustiposg the
aggregates of b f or m ac chereadwith gpsttirrimg thethiqeid s a me n
liquid phase separation is disrupted because concentration fluctuations are equalised by

mi xing and the metastable U nucleates direct

2.9 Additives as secondary determinants in the cryallisation process

While solution supersaturation, temperature and stirring rate are considered to be the primary
factors affecting the outcome of the crystallisation process, Kitarf@082 identified
additives as the secondary determinants. The effect of doping materials is comprised of the
effect on the nucleation and that on the growth. Thereforegrder to understand the
underlying mechanism of additives action, both processes should be examined separately.
However, the only report where the effect of amino acid additives on the nucleation of
L-glutamic acid was investigated is the work by Kitaesnand Funaharél994 who noted

that L-phenylalanine increases the nucleation time of both polymorphic forms but no
mechanistic explanation was provided. On the other hand, the effect of amino acid additives
on the growth procesof L-glutamic acid has long been a subject of study. Moreover, it has
been demonstrated that the difference in relative kinetics can be used to manipulate the

outcome of the crystallisation process.

Using an optical and atomic force (AFM) microscopytakiura and Ishiz1998 showed

that when,-phenyl al anine i s added to the crystal/]l
[111] direction is suppressed. While it was observed that the new (110) face appears, the
growth rate of the (001) face seemed not to be influenced by the presence ofitilie. ddd

was speculated that the (001) face may not be affected becphsmylalanine cannot be

adsorbed because of the repulsion between the phenyl group and the carboxyl acid groups in
the (001) face. Mor eover , omaalsd dbsered.r-or bathi n g o
polymorphs the growth hampering effect increases with increasing concentration. The critical
concentration oi-p henyl al anine at which the growth o
indicating the preferential inhibition ofeh g r o w(Kitamueafand fishizu, 1998

Kitamura and Funahafd999obser ved that the precipitation
crystallisation ilcreases with the concentration i6phenylalanine and the additive can be

used to hinder the polymorphic transformation and almost Bnsuppress the formation of

the stable polymorph. However, no effect was observed whamenylalanine was used as

an additive. The latter implies that the effect is highly stereoselective. It was postulated that
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the L- isomer can adsorb on the crystal surface through the common part of amino acid and
can hinder further attachment pfglutamic acid growth units with thghenyl ring which

cannot be incorporated into the crystal structure. On the other hand, the adsorption of the
D- isomer is not possible because the configuration of the common group is not compatible

with that in the bulk crystal and hence no effect angirowth is observed.

In further studies, the effect of other amino acids was investigated. Kitamura and Nakamura
(200) demonstrated that three hydrophobic amino acidsaline, L-isoleucine and
L-leucine,can alsdbe used tdhamper the crystallisation rate Bf.-glutamic acid. The effect

of the former additive was most pronounced whereas that of the latter was smallest. It was
suggested that the effectioialine is due to the high adsorption density and the readiness of
forming inclusions, rather than theegt hindrance of the substituted groups. On the other
hand, It was the met hyl group at the b carbc
L-glutamic acid when-isoleucine and-leucine were used as the doping material. Cashell et

al. (2009 identified that at high concentration levels a range of amino acids, namely
L-aspartic acid L-lysine, L-arginine, L-cysteine, L-serine and L-methionine,

a significant amount of the additive uptake is observed causing significant changes in the

U form morphol ogy. | t Wans {O@Lefacetdisappeartarddhet h a t
{110} and {111} facets emerge. Accordingly, it was postulated that the molecules of the
doping material are preferentially attached to the slowest growing {110} and {111} facets
and thus stabilise the metastable form by
Moreover, Cashell et a(2005 indicated that the presence of a bulky phenyl side chain in
L-phenylalanine and.-tyrosine is an essential feature in achieving stabilisation of the
metastable polymorph at low additive levels. The hinderifecebf additives on the growth

of the three d-glumamicacdiwasfirvestgaed byf Sano et(H97) and

was found to be stronger in the {010} and {001} faces than in the {101} face. The observed
growth inhibition was in the decreasing orderLgbhenylalanineL-lysine, L-aspartic acid
andL-alanine, and for-phenylalanine and-aspartic acid was found to significantly increase

when the level of the additive was increased. However, the overall discriminating capacity of
the b form for the recognition of the addit
U pol y mo rophit.wasTcbneludedfthe selective crystallisatiom-gfutamic acid in

the presence of the additives can be attributed to the difference in the inhibitory effects on the

two dominant faces of the metastable form.

61



In addition to the kinetic consideratiocof the effect of additives discussed above, another
approach that received consi dmeaddd eadditteintd s
latter was introduced by Addadi et 1982 wh o showed that additives
cardully selected ora purely structural basis, to carry out a specific task in the crystallisation
process. In this approach, a habit modifying additive should have structural characteristics of

the host moleculd.e. similar groups participating in hydragboding,but should also have

a modified part that differs in some way. T
madedé additives wild/l di srupt the bonding se

growth of specific face@Black et al., 198p

In later studiesDavey et al(1997) demonstrated that additives can be successfully chosen on

the basis of conformational recognition to inhibitthpapar ance of the stabl
L-glutamic acid by selectively binding to and
without affecting the fast growing faces of the metastable form. Davey (@98l) showed

that1,5di car boxyl i ¢ ac i deonfdrnhation, namelytraesglutaboaic dzid f or m
and trimesic acid, could enter the surface with its carboxyl functionalities substituting for

those ofL-glutamic acid. The missing amino group would not be noticed until the next

growth layer was laid down whemsiabsence or substitution for a bulkier moiety would

di srupt t he growth of b, yielding the meta
crystallisation pr oclike additiveF, lsech astglutarim@didsandt o  u
2-methylglutaric acidandhence directly <crystallise the st
unsuccessful.

Generally, additives may not only inhibit the crystallisation of an unwanted polymorph, but
can also lead to new and unexpected phenomena irrespective of whether thesangstalli
material is polymorphic or nepolymorphic. There has been a widely accepted view that
molecular modifiers in solution are capable of directing growth morphology, but have only
neutral or inhibitory effects on primary nucleation and growth kindkdisadj et al., 2006
While the former view remains largely unchallendg&alkin and Vekilov, 2000 the latter

was recently questioned byn-situ atomic force microscopy (AFM) studies on
biomineralisation of calcite which have shown that two acidic proteins (isolated and purified
from abalone shell nacre) dramatically accatie calcite growth while still altering the
surface morphology through interactions with specific atomic steps on the (104l laae)

et al., 2006 Fu et al., 200p Following this discovery, additional evidence of a growth

accelerating effect has been demonstrated for the same material grown in the presence of
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synthetically designed small model peptides (peptdi@en et al., 2001 In spite of the

scarcity of the data that exists on nucleation and crystal growth enhancement, one may ask

a more gener al @laratisgt effeats occurdf@ tthe primdry raideation of
polymorphic materials in the presence of selectively chosen molecular modifiers, and how

this initial condition may influence, at the later stage, the kinetics of solntemhated
transformation of metst abl e to stable polymorphic form?
is central to the ability to control the transformation process between polymorphs of
crystalline materials in a wide range of consumer products from foods, through cosmetics to

pharmaeuticals.
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Chap3er
Experi ment al met hods

The nucleation, growth and polymorphic transformation processes during batch and
containerless crystallisation of-glutamic acid were investigated using a range of
experimental techniques, including, but nenited to, singlgphoton laser light scattering,
synchrotron wide angle -Kay scattering and Raman spectroscopy. The following chapter
provides the essential background on the principles behind the methods and apparatus that

were employed, and describes thaterials and experimental procedures used in this study.

3.1 Materials used

All chemicals used were of analytical grade and used as received from the supplier, and are

listed inTable 3.1 All solutions were prepared using purified and deionised water.

3.2 Apparatus and experimental techniques

3.2.1 Batch crystallisation

Crystallisation plays an important role in a range of industries, especially those
manufacturing pharmaceuticals, cosmetics, specialty chemicals and foods. Just like any other
produdion process, crystallisation can be operated in two modes, batch and continuous. The
advantage of batch crystallisation is that it yields materials of high purity, narrow crystal size
distribution and relatively large crystal size. Unlike the continuoodenbatch processes are
relatively flexible and allow for changing product specification. Moreover, as batch
operations are repetitive in nature, information from previous runs can be used to improve
future operations, allowing troubfeese production fothe manufacturers. For those reasons,
they are preferred in industries where materials of low volume and high value, such as

pharmaceuticals, are manufactured.
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Table 3.1Chemicals used in the experiments

Chemical name Purity Supplier Batch number
L-Glutamic acid O 99. 0 VWR International Ltd. K35376147609
Glycine O 99. 7 VWR International Ltd. K34798166542
L-Alanine O 99. 0 SigmaAldrich Company Ltd. K39066207835
L-Phenylalanine O 99. 0 SigmaAldrich Company Ltd. K37363256808

3.2.1.1 Nucleation time measements

The most common technique employed to study the nucleation process is measurement of the
change in solution turbidity as light itransmitted through the sample. When solution
nucleates, fewer photons of the original beam propagate towards¢kbtod&icated opposite

the light source. Accordingly, the moment wteedrop in the measured light intensity occurs

can be assumed to correspond to the onset of the nucleation process. In practice, however,
since the extinction of light must be suffici¢atcause a detectable change in the transmitted
light intensity, the recorded increase in turbidity in not only due to nucleation but also due to

growth of the newly formed crystafklartel, 200]).

An alternative and a more robust approach to study the nucleation process are light scattering
techniques. In this work a variation of a static light scattering method with a novel light
detection system is enpjed. While the light scattering methods typically use analogue
photon counting, a singjghoton counting technique used in this study provides better
resolution of solution fluctuations and a higher signal to noise (B&oker, 201D The latter
characteristics make singhoton detection a promising system for the nucleation
measurements since it is the low intensity tecatg that is produced in the early stage of

formation of a solid phase during crystallisation from solution.

The experimental apparatus used to measure the nucleation time of pure anddglyeithe
L-glutamic acid from solution consists of a laser seurn set of apertures and lenses to focus
and direct the light beam, a crystallisation cell where the nucleation takes place and a system
that detects and quantifies the intensity of the scattered kghirés 3.1and3.2).

The light source is a 150 mW@mnichrome Argofion laser (wavelength: 514 nm). The light
is collimated which limits the spread of the beam as it propagates. The laser beam is focused
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Figure 3.1Front view of the experimental sap for the nucleation time studies
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Figure 3.2 Side view of the experimental sgt for the nucleation time studies
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using an 80 mm diameter focus lens with a 250 mm focal length and an aperture to shape the

beam.

The nucleation cell is an 80 mL jacketed glass crystalliser with three windows ahade

1.5 mm thick borosilicate glass. Two of the windows are parallel and on opposite sides of the
cell and the third window is perpendicular to them. The temperature of water in the jacket is
controlled using a Huber Ministat 240 water bath. The nucleagbms coveedin black tape

to reduce reflections and potential detection of light scattered at other angles. The solution
was agitated using a magnetic stirring bar and the temperature in the cell was measured using
a thermocouple connected to l&A -Werke RET ContreVisc hotplate.

The laser light passes through the two parallel windows and interacts with solution in the cell
leading to light scattering. Any light that scatters through the window perpendicular to the
direction of the beam passes thghua collimator and a focal lens (both 80 mm, focal lengths
of 300 mm and00 mm) to the detection apparatus. The collimated light is focused on the
exposed end of a -hddéopteahfibre that inensméts the mignkl ttoi the
Thorn EMI Electron Tubes (FACT 50) Photomultiplier.

Within the photomultiplier individuaphotons collide with a photocathode, which is held at

a 1.1 kV negative voltage, resulting in the release of a photoelectron. The released electrons
collide with alkali metal cathode plates, known as dynodes, which are also held at a high
negative potemal resulting in multiple electrons being released for each collision. This
process results in an amplified voltage peak being produced by each collected photon.

The electrical signal is then sent through a Stanford Research Systems SR390NNMz
amplifier, with a total gain of 25, into a Stanford Research Systems S400 photon counter
which processes the signal and sums up the number of photon pulses detected over
a predefined period of time. A discrimination level of 10 mV was set for the system to

disregard any signal below the threshold voltage.

The signal from the photon counter is sent using a National Instrument6&Citerface
Card to a computer running a custanritten LabView software that continuously records the
experimental data. Every 1lse that is recorded corresponds to 999 photons detected.

3.2.1.2 Inhousestudies ofpolymorphic transformation

Crystallisation was performed in a 500 mL jacketed round bottom glass reactor equipped
with a Hanna Instruments H16310 probe for condueity and temperature monitoring. The
probe was calibrated wusing Jenwa’g) aGcawas br at i
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attached to a Hanna Instruments2300 Microprocessor Conductivity Meter and a computer
with data recording software. During the exents, the top of the crystalliser was sealed in
order to prevent evaporation of the solvent and contamination of solution. The temperature of

the water jacket was controlled by a programmable Huber CC230 thermostatic water bath.

An external circulatio loop was used to ensure homogeneity of the vessel contents. The
solution was being withdrawn from the bottom of the crystalliser and then pumped back to
the top of the vessel by an Iwaki MD10 magnetic drive pump, at a constant flow rate of
1.6 L per minte. Chemically inert silicon rubber tubing was used to connect the crystalliser

and the pump.

3.2.1.3Synchrotronbased studies ofrgwth and polymorphic transformation

Moreover, when experiments were performed at the synchrotron facility, an additional
jacketed glass flow cell was incorporated into the circulation loop to position the crystallising
solution in the synchrotron beam and enable continuous sampling. The incidags X
passed through the windows in the centre of the cell where the solkd®iiowing. The
windows were made of a thin Kapton film

a distance of 1 mm.

The experimental setp is schematically shown Figure 3.3and a detailed view of the flow

cell is presented iRigure 3.4

3.2.2 Acoustic levitation

Over the past years, acoustic levitation has increasingly been used to study crystallisation
phenomena in a variety of materials. In contrast to the traditionally used batch reactors where
the solution is rapidly mixed and the crystalclkei form as a result of homoand
heterogeneous nucleation, the former approach has the advantage of holding the sample
without contact with container walls thus allowing for an essentially homogeneous process as
adsorption of solute molecules on theeign bodies, such as container walls or blades of the
agitator, is avoided. Acoustic levitation has been successfully employed to study
crystallisation phenomenan-situ using energy dispersive -My spectroscopy (EDX)
(Leiterer et al., 2006 small and wideangle Xray diffraction (SAXS/WAXS)(Delissen et

al., 2008 Wolf et al., 2008 or Raman spectroscofiKlimakow et al., 201p0Radnik et al.,

2011). Moreover, since the technique circumvents the need for a sample container, some of
the problems intrinsic to the conventional experimental methods, such as scattering and

contributions from te sample container, are not present.
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Figure 3.4 Detailed view of the flow cell used in the growth and polymorphic transformation studies
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An acoustic leviteor (tec5, Oberursel, Germany), consisting of a sonotrode and a reflector,
was used as a sample holdeéigire 3.5. The sonotrode emits an ultrasonic wave with

a frequency of 58 kHz and a sound pressure level of 156 dB. When the sonotrode and the
reflecior (a concave acoustic mirror) are adjusted concentrically and at a distance of multiple
of half the wavelengthd(=n &2), a standing wave with equidistant nodal points is formed in

the gap between the transducer #melreflector Figure 3.9. In several pressure nodes of

this wave, as a result of axial radiation pressure and radial Bernoulli stress, a dissolved
sampe droplet with an effective diameter of less than half wavelength can be placed and held
in a levitated positior{Vandaele et al., 2005When a liquid sample is levitated, gradual
evaporation of the solvent occurs and the concentration of the salteases with time. As

a result of an increase in solution supersaturation, crystal nucleation and subsequent growth
are induced. Acoustic levitation can therefore be employed to investigate the crystallisation

phenomena in liquid samples of small volunmthaut the influence of the sample container.

The containerless crystallisation was investigatesitu using wideangle Xxray diffraction

(WAXS) and Raman spectroscopy techniques. The change in droplet volume was monitored
using a telecentric infrared¢ash light and recorded by a CCD camera on the other side of the
droplet Figure 3.7). The ambient temperature at the sample position was 296 K £ 1 K. The
relative humidity was 55% + 5%. A series of tests by Klimakow €R@alL0, using the same
experimental setp, indicated that the temperature and pressure conditions in the direct
environment of the droplet show only minimal deviations from the conditiongipreyin

the experimental hutch and the measured pos
The sample remains in a fixed position during the measurement even after evaporation of the

solvent.

3.2.3 Synchrotron WideAngle X-ray Scattering

Synchroton radiation is the electromagnetic radiation emitted when a current of charged
particles, typically electrons, travel in curved path at relativistic speeds, i.e. near the speed of
light. Some of the radiation from the bending magnets, and most or bk cadiation from
specially designed wiggler and undulator insertion devices, leaves the ring through tangential
ports called beam lines that allow radiation to pass experimental stations located outside the
ring (Winick, 1995.

The synchrotron radiation is extremely intense over a broad range of wavelengths, extending

from the microwave region into theard Xray band of the electromagnetic spectrum, and its
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Figure 3.5A droplet ofL.-glutamic acid solution suspended in air using an acoustic levitator
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Figure 3.6 Schematic representation of the principle of acoustic levitation
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Figure 3.7 Schematic representation of the-gptusedin the levitated droplet experiment

intensity is several orders of magnitude higher than the radiation produced by conventional
laboratory sources. Moreover, high collimation (small angular divergence dbeitue),
polarisation, high brilliance and pulséithe structure make synchrotron radiation a powerful
tool for studies of dynamic systems in a wide range of disciplines, ranging from condensed

matter physics and materials science through to biology anttimed

In this work, than-situ time-resolved WAXS measurements are employed to probe the batch
and containerless crystallisationeflutamic acid from solution in the presence and absence
of other amino acid additives. WAXS data would provide inforomato examine the mole
fraction time evolutions and the tirdependent kinetic evolutions of the two
crystallising/dissolving polymorphs and thus the role of the additives on the intensification of
these processes, including solutimediated transformain times.

When Xrays pass through a crystal they interact with the investigated sample and are
scattered on electrons atoms that make up a cryst@blatter and Kratky, 1982 The
scattered Xray waves can interfere constructively and destructively along certain directions
of space. Diffraction is observed whenrays scattered by the families of planesve

a difference in phase equal to an integer number of wavelengths, i.e. when the Bragg
condition is me{Cullity and Stock, 2001 i.e. whem & 2dy sin(d), wheren is the order of
reflection,ais the wavelengthgyy is the distance between atomic planes éraithe angle of
reflection. Otherwise, destructive interference occurs and scattered radiation is cancelled
along a particular diction and no reflections are observed. The shape (crystal system) and

size (lattice parameters) of the unit cell determine the diffraction directions. The result is
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a pattern of peaks which is unique to a specific material. The scattering at ahifegeP
than 5° provides informatioon molecular and atomic orderiragd is referred to as wide

angle xray scattering (WAXS).

The WideAngle X-ray Scattering (WAXS) spectra were recordeditu at the synchrotron

mi cr of oc us -Spgoe BEBEY Ih ¢heH€lnsholtz Centre Berlin for Materials and

Energy, Germany) in order to determine the crystallised mass fractions of the metastable and
stable forms ot-glutamic acid. A circular beam adjusted to the centre of the droplet with

a cross section of 100 pm @ioton flux of 1 x 18s* at a ring current of 2100 mA was used.

All experiments were carried out using a double crystal monochromator (Si 111). The beam
energy was 12.0 keV which corresponds to a wavelength of 1A33he WAXS patterns

were recorded ZD mm behind the sample with a twlonensional Xray detector

( Mar Mosaic, CCD 307213072 pixels and a point

The scattered radiation collected on a flat plate detector leads to formation of diffraction rings
around the beam axis, the so called DeBgkerrer rings(Debye andScherrer, 1916 The
obtained scattering data was corrected for background scattering and converted into diagrams
of scattered intensities,, as a function of the scattering vectay, (q is defined as

g= 4 " d) /ssiwhefedis the scattering anglbetween the beam axis and the ring ad

the radiation wavelength) using the FIT2D software package. For phase analysis, the
scattering vector was converted into trév2al ues ( Cu oK W.54i8aA).That i on
scanning range was 6 to 86greed. The X-ray data acquisition time was 15 seconds.

3.2.4 Raman Spectroscopy

Raman spectroscopy is a spectroscopy technique for measuring characteristic vibrational
modes of molecular groups. Raman scattering is aptwaon inelastic light scattering
proces. The incident photon is of much greater energy than the vibrational quantum energy,
and loses part of its energy to the molecular vibration with the remaining energy scattered as
a photon with reduced frequency. The interaction between light and mattem Dff

resonance condition involving the Raman polarisability of the molécat&in, 201).

Spedrometric analysis of the scattered radiation shows strong Rayleigh line at the
unmodified frequency of radiation used to excite the sample but also contains frequencies
arrayed above and below the frequency of the Rayleigh line. The Raman lines arygenera
weak in intensity, approximately 0.001% of the soy®egay and Williams, 1995 Raman

bands at wavenumbers less than the &glylline are called Stokes lines, while gtokes
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lines occur at greater wavenumbers than the source of radiation. Since i{8®kesi lines

are less intense, the Stokes portion of the spectrum is generally used. The differences between
the Rayleighihe and the Raman line frequencies correspond to the vibrational frequencies
present in the molecules of the sample. The Raman vibrational bands are characterised by
their frequency, intensity and band shape and are unique to a particular m{lleckie,

2011). The abscissa of the spectrum is usually labelled as wavenumber or Raman ahift (cm

The Raman spectra of the levitated droplet were recorpesitu using a RXN Raman
Spectrometer (Kaiser Optical Systems, Ecully, France) equipped with a thermoelectrically
cooled CCD detector and a fibre optic probe. The samples were excited using a 785 nm diode
laser and with a maximum power of 70 mW. The laser beam was focused on a droplet with
a spot diameter of 1 mm and a focal distance of 178 mm. The Raman scattered light was
collected in a 180° backscattering geometry. Spectra were recorded between™388dcm

3300 cmt* with a time resolution of 30 seconds.

3.2.5 Droplet volume monitoring

The change in position, shape and volume of a droplet were monitored using a telecentric
infrared flashlight and recorded by a microscope equipped with a CCD camdfe on
opposite side of the dropleFigure 3.7). Because of the strong absorption of water in the
infrared region &= 880 nm), a shadow of the droplet is observed and the area of the shadow
could be measured. The rotational symmetry around the axis @itienitllowed estimation

of the volume of the droplet from the area of the shadow using the formula for the volume of
an ellipsoid of rotationy = 4 ‘ab, ivhei@a andb are the width and height of the droplet
shadow, respectively. The measured volumere converted to mL using the calibration data
obtained with standardised sphe(B®lissen et al., 2008 The images of the dropletere

taken every 1 minute.

3.2.6 Solution concentration evolution

The conductivity measurements can be related to the concentratioglatamic acid in
solution. The initial conductivity (point A irFigure 3.8 corresponds to the original
concentration of the supersaturatedlutamic acid solution that was prepared. The value at
the beginning of the first plateau on the conductivity curve (point Bgare 3.§ coincides

with the solubility of the metastable form. The final conductivity (point G-igure 3.9
corresponds to thsolubility concentration of the stable polymorph. The relationship between
solution conductivity and concentration, plottedrigure 3.9 is approximately linear and the

74



3.5 60 -
3.0 &
—~ 50 4
525 2
S &_ ~ Uform
3 ¢ D40 - (metastable)
= 2.0 >
= =
g 15 230
2 N b form
810 (stable)
20 -
0.5
0.0 T T T T 10 T T T T T 1
0 1 2 3 4 30 35 40 45 50 55 60
Time (h) TemperatureAC)

Figure 3.8 Equivalent points on the conductivity plot obtained during lhatgstallisation of
L-glutamic acidat 45°C andonthe solubility curvedy Kitamura(1989

4
y =0.0839x + 0.1719
=3 R2 = 0.9997
o3
)
£
>
s 2
B
5
o
51
O
0 T T T 1
0 10 20 30 40

Concentration (g/L)
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reallting equation can be used to convert the probe readings Ligiotamic acid

concentration in solution.

3.3 Experimental procedures

3.3.1 Batch crystallisation

3.3.1.1 Nucleation time measurements

The nucleation time of pure and glycidepedL-glutamic acid solutios was investigated at
supersaturationi of 0.5, 0.6, 0.7, 0.8 and 0.9 at 35°C. The experimental solutions were
prepared by dissolution of 11.625 g, 12.400 g, 13.175 g, 13.950 g and 14.72%lgitaimic

acid in 500 mL of purified and deionised water, respectively. The masglatamic acidto

be used was determined using the solubility data by Kitar(i#89. The effect of the
presence of the additive was investigated at four doping levels, namely 1250 ppm, 2500 ppm,
5000 ppm and @O ppm (mol/mol). The dissolution was enhanced by agitation with

a magnetic stirrer bar at 250 rpm and heating the solution at 60°C for two hours using an
IKA-Werke RET ContreVisc hotplate. The vessel was sealed to prevent solvent
evaporation. When theissolution process was complete, the experimental solution was
filtered using a prdeated vacuum filter, transferred into the-peated nucleation cell and

slowly cooled down to 35°C.

In order to remove any solid residues from previous runs and thergfominimise the
probability of heterogeneous formation of new crystals, the nucleation cell was washed with
purified and deionised water at 60°C and stirred for one hour before each experiment. The
latter also allows the stirring bar to heat up. Aftex experimental solution was transferred

into the preheated cell and after the solutionoled down ta35°C, the laser, stirring and
recording of the number of scattered photons were all turned on at the same time. The water
bath temperature was set t0.8% to compensate for heat losses. The data collection was
continuous with t he Therecorded $igndl comsists df lownmensityf 1 0
background noise, resulting from the density and compositional fluctuations of solution, and
a numberof large amplitude pulses due to scattering of individual photons. The occasional
spikes in the spectrum result from statistical fluctuations due to short sampling time. For the
clarity of presentation, throughout this report the recorded data will biegblas a running

average of 20 measuremerfgire 3.10.
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Figure 3.10Singlephoton laser light scattering data on the induction time-gfutamicacidl & = 0. 5)

obtained in one of the nucleation experiments for pure solution. Blue crosses correspond to individual
measurements whereas the black line represents a running average of 20 data points.
The scattering data was recorded until the solution becg@ague and the laser light could
no longer pass through the cell. The laser beam generator, water bath and stirring were then
turned off. After each experimental run, the nucleation cell was rinsed several times with

deionised water to ensure complete ogal of all chemical residues.

3.3.1.2 Inhousestudies of polymorphi¢ransformation
The procedure used to prepare pure and glydoped solution ofL-glutamic acid at
supersaturationi of 0.5 at 35°C for the imouse batch transformation experiments was the

same as the one used in the nucleation time stusieesidon 3.3.1)1

Prior to each experiment, the crystalliser and the circulation loop were thoroughly rinsed with
purified anddeionised water to remove any possible contaminants, such as dust or solid
residues remaining from earlier runs. After filtration, the solution was transferred into the
pre-heated batch crystalliser. Once the solution temperature reached 35°C, theisaystall
vessel was then carefully examined in order to ensure that the solution is free of crystals as
these could act as seeds for nucleation. Subsequently, the circulation pump was turned on
and, simultaneously, the conductivity and temperature data regokdas started. The

measurements were taken every 10 seconds. The crystallisation was investigated isothermally
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at 35°C and, in order to compensate for heat losses through the glass vessel walls, the water

bath temperature was set to 35.5°C.

The probe redings were monitored throughout duration of the experiment to assess the
progress of theL-glutamic acid polymorphic transformation. When the polymorphic
interconversion was finished, the water bath and the pump were turned off, and the data
recording wastopped. The resulting crystals were then filtered off, washed, alng:dtored

for further investigation After each of the experiments the equipment was rinsed several

times with deionised water to ensure complete removal of all chemical residues.

3.31.3 Synchrotronbased studies ajrowth andpolymorphictransformation

The procedure followed to prepare solutions for synchrotron growth and transformation
studies and operate the batch crystalliser was similar to that descrilssgttion 3.3.1.2
Howe\er, in order to increase the polymorphic transformation rate and therefore allow more
experimental runs within the allocated synchrotron beam time, the isothermal crystallisation

was performed at 45°C.

Pure solution ofL-glutamic acid at supersaturatianof 0.5 at 45°C, corresponding to
16.719 g of solute in 500 mL of water, and solutions in the presence of 2500 ppm, 5000 ppm
and 7500 ppm (mol/mol) of glycine were investigated. To compensate for heat losses, the
water bath temperature was set to 45.8@ring the experiment, in addition to conductivity

and temperature data, WAXS spectra were also recorded.

3.3.2 Acoustic levitation

The experimental solutions were prepared by dissolution of 2.500Leglotamic acid in

250 mL of purified and deionisedater. Pure solution and solution with three other amino
acid additives, namely glycine,-alanine andL-phenylalanine, at two doping levels
(2500 ppm and 10000 ppm mol/mol) were prepared. The mass and amount of water that were

used correspond to a slifjhundersaturated solution at 25°C.

Each solution was heated up and stirred at 45°C for 30 minutes to ensure complete
dissolution of the solute. The stirring was then turned tb#, solution was filtered using

a preheated vacuum filteand allowed tacool down. Once the temperature reached 25°C,

5 €L of solution was drawn into a pipette
a node of the standing sound wave generated in the levitator. The collection of WAXS and
Raman spectra and recordinfjtbe droplet images was then started. Once the solvent had
completely evaporated, the solid sample was removed from the levitator.
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Table 3.2Chemical composition of all investigated solutions

Expt. " Solution Initial supersat. Mass of Crystallis?tion Additive Additive level Additive mass
volume (mL) | evel L-Glu (g) temp. (°C) (ppm) (9)
1 500 0.5 11.625 35 '
2 500 0.6 12.400 35
- 3 500 0.7 13.175 35
g 4 500 0.8 13.950 35
g 5 500 0.9 14.725 35
é 6 500 0.5 11.625 35 Glycine 1250 0.007
% 7 500 0.6 12.400 35 Glycine 1250 0.008
g 8 500 0.7 13.175 35 Glycine 1250 0.008
_% 9 500 0.8 13.950 35 Glycine 1250 0.009
g 10 500 0.9 14.725 35 Glycine 1250 0.009
E 11 500 0.5 11.85 35 Glycine 2500 0.015
§ 12 500 0.6 12.400 35 Glycine 2500 0.016
-c% 13 500 0.7 13.175 35 Glycine 2500 0.017
'% 14 500 0.8 13.950 35 Glycine 2500 0.018
% 15 500 0.9 14.725 35 Glycine 2500 0.019
= 16 500 0.5 11.625 35 Glycine 5000 0.030
17 500 0.6 12.400 35 Glycine 5000 0.032
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s 18 500 0.7 13.175 35 Glycine 5000 0.034
.‘g % 19 500 0.8 13.950 35 Glycine 5000 0.036
“% g 20 500 0.9 14.725 35 Glycine 5000 0.038
g g) 21 500 0.5 11.625 35 Glycine 7500 0.044
g % 22 500 0.6 12.400 35 Glycine 7500 0.047
'§ GEJ 23 500 0.7 13.175 35 Glycine 7500 0.050
;:’ :]é 24 500 0.8 13.950 35 Glycine 7500 0.053
25 500 0.9 14.725 35 Glycine 7500 0.056
-6 26 500 0.5 16.719 45
§§§§ 27 500 0.5 16.719 45 Glycine 2500 0.021
%%ggg 28 500 0.5 16.719 45 Glycine 5000 0.043
° g& 29 500 0.5 16.719 45 Glycine 7500 0.064
30 250 saturated solution 2.500 25
= 31 250 saturated solution 2.500 25 Glycine 2500 0.003
:§' 32 250 saturated solution 2.500 25 Glycine 10000 0.013
E 33 250 saturated solution 2.500 25 L-Alanine 2500 0.004
'% 34 250 saturated solution 2.500 25 L-Alanine 10000 0.015
- 35 250 saturated solution 2.500 25 L-Phenylalanine 2500 0.007
36 250 saturated solution 2.500 25 L-Phenylalanine 10000 0.028
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In this chapter, we show that glycine used as an additive in the crystallisation of polymorphic
L-glutamic acid significantly enhances mrary nucleation events and hence solution
mediated polymorphic transformation rates with respect to the pure system. This previously
unreported effect was observed using sigdieton laser light scattering and tirnesolved
concentration monitoring basedn in-situ conductivity measurements of the crystallising
solution. An attempt has been made to rationalisesome extenthe observed effects that
accompany the time evolution of the overall complexity, with and without the additive.
In parallel, we ndicate what, in our opinion, is an essential evolutionary set of the

crystallisation stages, the nature of events in each of them and their interdependence.

4.1 Polymorphic transformation of L-glutamic acid in the presence and

absence of glycine additie

4.1.1 Pure L-glutamic acid solution

The isothermal batch crystallisation ofglutamic acid solution at 35°C was investigated
using solution conductivity monitoring techniqugetion 3.2.12that produces data that can
easily be translated into camration evolution information, as described in detail in
Section 3.2.6 The experiment with pure-glutamic acid at supersaturatian= 0.5 was
performed first in order to identify the physical meaning of the recorded concentration plots

and to establisa reference for comparison with doped systems.

The concentration evolution data from crystallisation of pugdutamic acid solution is
shown inFigure 4.1 The concentration curve that was derived can be divided into four

characteristic regions, fopavenience denoted by |, II, Il and IV.
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At the beginning of the experiment the solution was supersaturated andlatamic acid

was present in a dissolved form. Hence, the concentratiarghftamic acid was initially
highest. After the circulationymp was started and following the initial nucleation period,

a rapid growth of -Lrglatanmicl agid, buhaso smalt ameunts &f the U

stable b form, occurred, resulting in a sudd

In region Il d the curve theL-glutamic acid concentration remained almost constant,
suggesting that the overall number of dissolveglutamic acid molecules did not change
significantly throughout that period. eAt t ha
b polymorph were simultaneous, i . e. t he pol
concentration curve ©plateau corresponds to
assumed that the dissolution r atod-L-dgdftamiche U f
aci d. Consequentl vy, it is the growth of the
U-L-glutamic acid. As no conversion between the polymorphic formsghfitamic acid was

observed in the solid state, the transformation nmecha m i s t hought t o

medi at ed6 .

After a complete dissolution of the U cryst
a further decrease in conductivity (region Il of the concentration curve). Once the saturation
concent r-lagluiaminacid Was &ttained, the growth stopped and therefore the curve

is seerto flatten out in the last part of the concentration evolution plot (region V).

Although the temperature on the water bath was fixed, some small fluctuations in the
crystallisaion temperature occurred at the beginning of the experiment, shortly after the
circulation pump was started, due to the contact of solution with both the pump and tubing

that were not temperature controlled. Since the recorded temperature fluctuationgeivere

below 0.5°C, their overall effect on the crystallisation process remains negligible. On the
other hand, as electrical conductivity is strongly dependent on temperature, the temperature
vari ations wer e accounted f ord wufsuinncgt i ome o1

conductivity meter.

Since the duration of the transformation fro
is approximately equal to the duration of the plateau (region Il), using the concentration
evolution plot shown irfrigure 4.1 it was estimated that the polymbrp interconversion for

pure solution oft-gl ut ami ¢ aci d was equal L-gtutamicbaci 5 hou
ceased to exist in solutiod.79 hours after the beginning of the experiment and the

82



equilibrium concentration with respect to the more staldlynporph was attained after
5.98 hours.

4.1.2 L-Glutamic acid doped with glycine

In order to investigate the effect of glycine on thglutamic acid crystallisation process,
further experiments at four additive levels, namely 1250 ppm, 2500 ppm, gg®00and
7500 ppm (mol/mol), were performed for the same supersaturatioiglatamic acid. The
concentration evolution curves obtained for the abueationed experimental conditions are

shown inFigures 4.24.5.

Unexpectedly, it was observed that bedwed and 7500 ppm of glycine, the polymorphic
transformation rate of-glutamic acid was increased with respect to the pure sySiben.

extent to which the rate of interconversion was promoted was dependent on the concentration
of the additive.

T h e Uorn interdonversion time for solutions doped with 1250 and 2500 ppm of glycine
was found to be 4.88 hours and 4.38 hours, respectively. The transition time for solution
doped with 5000 ppm of the additive was measured to be 4.25 hours. Upon furthenaddit
of glycine, at 7500 ppm, the transformation process took only 3.95 hours.

In all four experiments with glycine used as an additive, minor temperature fluctuations were
observed during the first few minutes of the experiments until the pump and thg pip

attained the temperature of solution. However, since the amplitude of the observed variations
was below 0.5°C, the fluctuations were assumed to be negligible and consequently the

process was considered to be isothermal in all investigated cases.

It has previously been observed that the introduction of various amino acids additives, such
as L-phenylalanine, can successfully be applied in order to hinder the polymorphic
transformation(Kitamura and Funahara, 1998ano et al., 1997Cashell et al., 2005
Surprisingly and unexpectedly, in this study it was fotimat doping the_-glutamic acid
solution with glycine can result in an increase of polymorphic transformation rate. To date,

this fact has not been reported in the literature.

The increase in polymorphic transformation rate suggests that the presempane gay

enhane t he cr yst ad-glujamic acid land/ordatilgate thé disBolution process

of the U form. It i's | i kely that growt h/ di
affected while the formation of the others remains unchanged. The acitlzmsn of the
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Pure L-glutamic acid
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Figure 4.1 Concentration evolution curve for batch crystallisation of puugutamic acid

L-Glutamic acid doped with 1250 ppm of glycine
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Figure 4.2 Concentration evolution curve for batch crystallisation of
L-glutamic acid doped with 1250 ppm of glycine
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L-Glutamic acid doped with 2500 ppm of glycine
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Figure 4.3Concentation evolution curve for batch crystallisation of
L-glutamic acid doped with 2500 ppm of glycine
L-Glutamic acid doped with 5000 ppm of glycine
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Figure 4.4 Concentration evolution curve for batch crystallisation of

L-glutamic acid doped with 5000 ppm of glycine

Temperature®C)

Temperature°C)

85



L-Glutamic acid doped with 7500 ppm of glycine
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Figure 4.5Concentration evolitin curve for batch crystallisation of
L-glutamic acid doped with 7500 ppm of glycine

process cannot, however, be determined without further investigation of the process using
more advanced techniques suchrasitu laser interferometry measurementscofstal faces

growth.

Additionally, it was noted that doped solutions where the promoting effect was observed
became turbid much earlier than the corresponding solution without glycine, suggesting that

the additive may also affect the nucleation stadpe. gresence of glycine molecules may thus

affect the conformation of the hydrated formiLeflutamic acid molecules and thus lead to

pri mary nu-c-¢liramic acllEvenh & small alAglutamic acidb f st a
would be enough to drive the grdwtowards that more energetically favoured form and

hence increase the polymorphic transformation rate.

While the concentration evolution monitoring technique allows quantitative measurements of
the polymorphic transformation time, it was not designe@raibe events on a molecular

level and thus cannot be used for investigation of the nucleation phenomena. Therefore,
a singlephoton laser light scattering technique was employed to investigate the influence of

known amounts of glycine additive on thglutamic acid induction time.
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4.2 Nucleation of L-glutamic acid in the presence and absence of glycine

additive

4.2.1 The effect of glycine on the nucleation time af-glutamic acid

A single-photon laser light scattering technigi@pswerkhoven and Fijnaut, 1982hont et

al., 1992 was employed to monitor the isothermal nucleation process from pureyanukeg|
doped solutions af-glutamic acid at 35°C. A detailed description of the experimentalpset

is given inSection 3.2.1.1Experimental solutions at supersaturatiarisetween to 0.5 and

0.9 were prepared using the method describe8eiction 3.3.1.1For each supersaturation
level, the nucleation time was measured for pure solution and at various additive levels,
namely 1250 ppm, 2500 ppm, 5000 ppm and 7500 gpral/mol). A selection of
experimental data from individual experiments is givefrigures 4.64.10 below, whereas

a complete set of results is summariseHigures 4.114.15

A laser light was shown through a stirred custasigned glass cell and the output, which is
directly related to the number of scattered photons, was simultaneeastged. Generally,

this timedependent scattering follows the same pattern irrespective of the additive
concentration; the only difference lies in the duration of induction time. The agitated
supersaturated solution gives a uniformiotensity backgrond signal resulting from minor

light scattering of solution. At this stage, the clusters that are formed are smaller than the
critical nucleus size and hence dissociate. The occasional spikes in the spectrum result from
statistical fluctuations due to sh@ampling time. When the prenuclear clusters become large
enough to grow into a thermodynamically stable crystal, the subsequent formation of minute
solid bodies in solution leads to increased photon scattering and can be observed as a sudden
rise of thesignal from the photon counter. The induction time corresponds to the period
between the moment when the agitation of supersaturated solution was started and the
moment when an appreciable increase in the number of counted photons was detected. The
subsegant increase in the number of nucleated crystals results in a further increase of the
output signal. As the crystallisation process proceeds, the particle density continues to rise
with time and eventually becomes so high that the solution becomes opdbadaser light

and the recorded signal drops to zero.

It was noted that a large scatter in the value of the induction time measured for the same
conditions was observed as was expected due to the stochastic nature of the nucleation

procesglzmailov et al., 1999 Therefore, in order to reliably assess the effect of the additive
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L-Glutamic acid doped with 2500 ppm of glycine

200

% 150 +  Uspoppm= 1719 seconds
15 ) >
e 1
=2 |
S 100 |
@ |
Q0 1
IS |
> 1
Z |

50 ’

0 . \ . .
0 2000 4000 6000
Time (s)
Figure 4.8 Singlephoton laser light scattering data on the induction time-gfutamicacidl & = 0. 5)

obtained in one of the nucleation experiments for solution doped with 2500 ppm of glycine

L-Glutamic acid doped with 5000 ppm of glycine
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Figure 4.9 Singlephoton laser light scattering data on the induatitme of.-glutamicacidl & = 0. 5)

obtained in one of the nucleation experiments for solution doped with 5000 ppm of glycine
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L-Glutamic acid doped with 7500 ppm of glycine
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Figure 4.10Singlephoton laser light scattering data on the induction time-gfutamicacidl & = 0. 5)

obtained in one ahe nucleation experiments for solution doped with 7500 ppm of glycine

on the nucleation rate, an average of ten measurements of induction time for a pure solution

and for each level of glycine additive was determined.

Unexpectedly, it was found that #ee additive concentration was increased, a reduction in
the induction time was also observed. The average induction time was measured to be
5780 seconds in pure solution and 4249 seconds in solution doped with 1250 ppm of glycine.
An increase in the add/e concentration to 2500 ppm and subsequently to 5000 ppm resulted
in further reduction of the average nucleation time to only 1840 seconds and 771 seconds,
respectively. Since for a given volume of solution, the nucleation rate is inversely
proportion&to the induction timeJ® 1/f) (Van Hook and Bruno, 194®ielsen, 1964 the

addition of glycine increased the nucleation rate-gfutamic acid.

42.2 The effect of glycine on the surface free energy and critical nucleus radius of
L-glutamic acid

Using the data on the nucleation timg,as a function of the degree ofpsusaturation,

S=1 +10, plots of InUagainstT'3(In §'? can be constructed from which the effect of the

additive on the values of surface free energyand critical nucleus radiusgi, can be

estimated.
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As shown inEquation 1.17 the slope ) of the In UagainstT'3(In 9'? plots can be

expressed using the following equation

a 11 07TQ (4.1)
Thus, the value daffor a given additive level is equal to

raQmM o (4.2)
Since the critical nucleus radius dam calculated using the following formula

Gr o

—— 4.3
O Ty (4.3)

for a given supersaturatidh the critical nucleus radius is directly proportional to the surface

free energyrgit © 9).

The plots obtained for a range of investegh supersaturation levels and various glycine
concentrations are given Figures 4.114.15 below, the respective slopes were determined
using the least squares fit for a lilje£ mx + b). The calculated values of surface free
energies are shown Figure 4.16 the error bars correspondttee standard error returned by

the LINEST function in Microsoft Excel

The value of surface free energy obtained for a pure solution was estimated to be 5.8 mJ/m
and is in good agreement with the values publishedéariteraturgBlack and Davey, 1998

The critical nucleus radius calculated for pureuioh atS= 1.5 was equal to 10.7 A, which,
assuming a spherical nucleus, corresponds ta-§itamic acid molecules. A general
decrease in the value of surface free energy and critical nucleus size was noted as the
concentration of glycine was increassat for the solution at the same supersaturation doped
with 5000 ppm of the additive the valuesacdndr;; were reduced to 4.7 mJrand 8.6 A

(i.e. 17 molecules), respectively. This implies that glycine molecules promote formation of

L-glutamic acid crystals by lowering tlaetivation energy barrier.

While it has previously been reported that ifieoduction of various amino acids additives

can successfully be applied in order to suppress nucleaton U an d rfglutdm@r ms o f
acid (Kitamura and Funahara, 1994 is the first time when we see the rates of this process

being enhanced. At this stage, however, it is not possible to establish which of the two
polymorphic forms and to what extent is affectgttre presence of the additive. Therefore,

further research aimed at understanding the physical mechanism behind the observed effect
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L-Glutamic acid doped with 7500 ppm of glycine
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and correlating the nucleation and polymorphic transformation rate enhancement® meed

pursued.

On the other hand, at the highest investigated doping level, i.e. 7500 ppm, it was noted that
glycine hinders the nucleation processl the average induction time in the presence of the
additive was found to be markedly longer than in the pure solution and the estimated value of
2 was increased when compared to the pure solution. It is likely that at high additive
concentration glyciea molecules act as obstacles in the formation of nutleiitical size. It

is also possible that the additive molecules may become incorporated into some of the
growing nuclei and therefore rendering them thermodynamically unstable. As a result, the
effective critical nucleus size and the activation energy of the solution containing high levels
of glycine would be higher than that of pure solution and the nucleation process would be
inhibited.

Since it is generally accepted that molecular modifiers Intiso are capable of directing
growth morphology, but have only neutral or inhibitory effects on primary nucleation and
growth kinetics(Elhadj et al., 2006 and because the nucleatidrindering effect of the
additives on crystallisation af-glutamic acid has already been reported in the literature
(Kitamura and Funahara, 1994further studies presented in this thesis will foars
elucidating the mechanistic insights of the novel promoting effect of glycine and its relation

to the polymorphic transformation rate enhancement.

4.3 Scanning Electron Microscopy and High Performance Liquid

Chromatography of pure and glycine doped.-glutamic acid samples
Scanning Electron Microscopy was employed to assess visually any possible effect of the
additive on the growth behaviour ofglutamic acid crystals and its potential link to the data
presented irSections 4..and4.2 For this purpse, crystalline samples were collected from
pure and glycineloped solutions at equal periods of time, after the crystallisation process
began (the beginning of region | iRigures 4.1and 4.3), i.e. before the polymorphic
transformation started to occuxs L-glutamic acid is a neoonducting material, the samples
were sputter coated with a 20 nm layer of gold using an EmScope Sputter Coa@0ASC
(Ashford, England). Scanning Electron Micrographs were taken using Philips XL30 SEM
(Netherlands). In botrsamples, three typical features of the crystalline particles were

observedFigure 4.17%:
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) Al most entirely do miL@raparticlepwith snallaracescof s h a p
needlel i ke b crystal s;

i) An appreciably | arger numlcmedopechsampeev er ag
compared to their counterparts in a pure solution;

(i)  No noticeable morphological changes of the two forms, regardless of the growth

media.

To establisithe amount othe additivethatis incorporatednto the growing crystal lattice,

High Performance Liquid Chromatography analysis was carried out using a reversed phase
Waters 2695 HPLC system equipped with a Waters 2487 UV absorbance detector at 254 nm.
Phase separation was perfor med using Wa't e
chromatograpie column with a mobile phase of water and acetonitrile (97:3 vl/v, flow rate of

1.0 mL/min). It was confirmed that, in all samples grown from doped solutions, the level of
glycine being incorporated was less than 1.5%. It is, therefore, unlikely thaa kneHevel

of incorporation woulde entirely responsible for the observéiée and markedly affedhe

behaviour of the subsequent crystallisation stages.

4.4 Discussion

I n spite of the fact t hat I n t heystalisaame nc e
product, there is no experimental evd dence
promoting effect Figure 4.17 can be solely attributed to the substantial (over tfolkeh

decrease in the induction time. We do not know which of the fvms is triggered to

nucleate first because the applied scattering technique does not differentiate between the
polymorphic forms. It is, however, reasonable to assume that glycine molecules accelerate
the overall nucl eat i on f r-giutamic axitl Figorest 412440 an d
and4.17). To account for the observed macroscopic effects brought into play by glycine is
rather limited because the molecdlavel processes involved are not fully accessible not

only to this technique, but also toyaother scattering techniquéurton et al., 2010

The overall increase of the nucleation rate in the presence of glycine can be rationalised to

a certain exte t by using quite recently proposed 61
nucl e énwapo et éal., 200p According to the generic rules based on molecular
simulations, the promotion of nucleation rate is generally possible and could be considered

fast if additive exists as a dimer with the effective size smaller than solute and shows
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Figure 4.17.SEM images of samples extracted shortly afterdrystallgation process was started, i.e.
at the beginning of region I: (a) crystadition without glycine and (b) with 2500 ppm of glycine as
an addian idwglitamidhcid crystals are indicated in blue and yellow, respectively.
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a relatively weak degree of affinity for the solute and solvent particles. A comparison of these
criteria with the markedly increased nucleation rate-gfutamic acid in the presence of the

additive suggests that the enhancement of the nucleation prégaaes$ 46-4.10) is likely

to be caused by the existence of such dimers that confine themselkay emthe interface

and are able to promote nucleation but not inhibit the prqéessar et al., 200p However,

the design rules do not provide any informatidmout the reasons that may lead to an increase

in the nucleation rate of a particular polymorph. In addition, it has recently been reported that
glycine exists mainly as monomeiuang et al., 2008 not dimergWeissbuch et al., 2005

in supersaturated aqueous solutions. At this stage, we argue that the enhaneetd nuden o f b

(Figure 4.17H may be due to a catalytic role of glycine monomers in the nucleation process.

Generally, when two solutes are dissolved in water, their solvation free energy can depend on
their relative positions. This dependence may well be tduthe structural change of the
hydrogenbonding network of water around one solute being perturbed by the presence of the
other solute (Chandler and Varilly, 2002 Applying this approach to glycirgoped
L-glutamic acid implies that there is a probability that molecular dynamics of the solvated
monomers may provide a limited range of interactive configurations, with specific values of
the electric field generated by thetwoo | ut e s , at which the initia
be created. However, without further studies, notably the structural changes of the solution
caused by different levels of the additive, we cannot provide deeper insights into the nature of
the obsered nucleation effects. To investigate the structural responseghiftamic acid
solution imposed by different levels of glycine, combined neutron scattering experiments and

modelling techniques are requir€bper, 1996Soper, 2001McLain et al., 200%

A marked reduction in the polymorphic transformation timethe presence of glycine

(Figures 41-4.5) suggests that this process is likely to be caused by a distinguishable increase

in the number and a\Figureaddled pemoree bytbefaddiive imar t i c |
region |. The former is a result of the giye-stimulated nucleation whereas the latter
suggests that the additive may also enhance the growth rate of these crystals. Generally, for

the most insightful information on the influence of different levels of an additive on the

growth rate behaviour & crystal as a whole, the normal growth rates of all habit faces need

to be measured separately and accurately using most advanced techniqiresijta.ser
interferometry or atomic force micras@ vy . Once the equilibrium
achieved, these crystals will begin to dissolve due to the continuation of the growth of the
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exi sting (Kbamyaa 1989 Imitially, gshe dissaht i on of U particles
at the energetically preferential crystal siteghe locally stressed fields at screw/mixed
dislocation outcrops on its facets. The conditions under which some of these localities will be
selectively activated for etchgnare likely to depend on the level of stress field, i.e. the
corresponding critical undersaturatiain,fj(Vanderhoek et al., 1982and the time needed for
increasing undersaturationj(t)|, to achieve and surpass this barrier. The higher the stress

field, the lower the barrie(Cabrera et al., 1934 Bearing in mind that the rate of
undersaturation evolutiord|i(t)|/ dt, is proportional to the overall growth ratg(t), of

pri mary i ndurgea4.1Bsuggesty that thdse two strongly coupled processes

will be appreciably faster for the glycktwped solution than those induced by their
countermrts in the pure solution (smaller numbe
assume that a higher rate of undersaturation does not only shorten the time required to
achieve and surpass the critical barrier for an etch pit dissolution, but alsactivage more

etch pits of weaker stress fieldB8ennema and Vanenckevort, 19A%nenckevort and
Vanderlnden, 1979 The most susceptible faces for et
those with fast growth rates. Since these rates are directly proportional to the power and
density of growth step generators (surface densities of screw/mixed dislocations outcrops)
(Chernov, 1989 the related faces should have small areas (low morphological importance,

MI') . According to the ki (&muracand Ishinug200dtheseo f a s
faces are either {011} or {111}. We suggest that it is these faces on which an early formation

of etch pits and the consequent nucl eati on
increase of concentration witl$seemsédbpiagond t o b
agreement with SEM observations of neddle k e b cr yst al Bgur@ehldt hese
(Cashell et al., 2003derrari and Davey, 2004Due to the fact that at the initial stage of
polymorphic transformation a huge number of these faces is simultaneously exposed to
etching, it is not surpri si ngaverdga size @rovghma | | |
rate) Eigure 4.17H can considerably amplify the overall dissolution/growth process of the

two forms and hence reduce the transformation tiRgu(es 4.74.9). In other words, the

values of these two factors at the transient pginh(e begi nni ng of region
dissolving), can be considered as the initial conditions for solution mediated polymorphic

transformation which play a critical role in defining the duration of this process.
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Figure 418.SEM i mag eals grbwiny oncthre Y0%1} and {111} type faces of
U-L-glutamic acid as a result of secondary nucleation of the more stable polymorph
in region Il. Image adapted from Ferrari and Dav@p04).

4.5 Conclusions

In summary, a study of nucleation and polymorphic transformatiangbdtamic acid with

and without glycine as an additive, presented in this work, shows that both processes are
accelerated in the additive range between 0 and 5000 ppm. In additi@s, ibund that the

t wo are strongly correlated; the more addit.i
faster their growth, the more secondary nuc
shorter the polymorphic transformation time. Thesersdipitous findings suggest that an
enhancement of the transformation rate from a metastable to a stable form is feasible when an
additive promotes a primary nucleation rate of a stable polymorph, and either has a negligible

or enhancing effect on its owar growth rate. Also, we defined a set of most critical issues

that we believe need to be addressed in order to get a full appreciation of the complexity of

the observed phenomena. Generally, such comprehensive insight may contribute to an
improved undetsinding of diverse polymorphic systems and open the routes for design of

new synthetic nucleation/growth modulators. Because of the remarkable effects and
intricacies that have emerged in this work, the most general strategy to advance the
knowledge in thenewly open research avenues would be to treat each issue sepavétbly

great care.
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Chapber

Evolutionary behaviour o
mol e fractions during cr
pure anddopegdiute mi ¢ aci (

In order to understand the meantism behind the transformatiggromoting effect presented

and discussed in Chapter 4, thmle fractionevolutions othetwo polymorphs of-glutamic

acid during batch crystallisation of pure and glycideped solutions were investigated using
synchrotran WAXS technique. Quantitative analysis of the obtained data confirmed that the
presence of the additive |l eads to stimul ate
effect is in good agreement with the hypothesis postulated earlier and impliegténas|,

indeed, the key factor contributing to the enhancement of the polymorphic transformation

rate.

5.1 WAXS as a tool to monitor the mole fraction evolutions of the

crystallising L-glutamic acid

5.1.1 Evidence of the effect of the additive

The ewlution of mole fractions of polymorphs pfglutamic acid during batch crystallisation

from supersaturated solution was examined using -teselved WideAngle X-ray
Scattering (WAXS) at BESSY Il synchrotron (Berlin, Germany). The experiments were
performed isothermally at 45°C and initial supersaturatidnegual to 0.5, corresponding to
33.75 g/L, for pure solution afglutamic acid and in the presence of glycine additive at three
doping levels, namely 2500 ppm, 5000 ppm and 7500 @poi/mol). In addition tothe
scattering data, the conductivity of sidun was alsaecordedin orderto readily assess the
extent of the crystallisation process during the experiments. The experimental apparatus is
described in detail iection 3.2.1.3
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The typical WAXS spectra recorded as a function of time during diigateon of
supersaturated-glutamic acid solution in the absence and presence of glycine are given in

Figures 5.1and5.2, respectively.

The preliminary inspection of the recorded scattering spectra allows qualitative evaluation of
the crystallisatiorprocess and reveals the characteristic features that distinguish the process

at the two investigated conditions:

) I'n the presence of glycine, the U polym
begins to dissolve and eventually ceases to exist earlieritharpure solution,
suggesting that the additive enhances the polymorphic transformation rate.

(i) Moreover, the additive stimulates the ¢
attainment of the maximum concentration of the latter, i.e. the equilibridm wi

respect to the liquid phase.

The above observations are in a good agreement with the conclusions nssd#ion 4.4

and, i ndeed, confirm that glycine usetd as ar
b-L-glutamic acid transformation rate tbalso enhances crystallisation of the more stable
polymorph. However, in order to obtain quantitative information on the mole fraction
evolutions of the two polymorphs and consequently get a deeper insight into the mechanism

of the promoting mechanism glycine, a more irdepth analysis of the data is required.

5.1.2 Assessment of the mole fraction evolutions

A batch crystalliser is a thermodynamically closed system where the total number of moles of
L-glutamic acid remains constant throughout the expmrt. The law of conservation of
mass can thus be used to quantify the crystalline mole fraction evolutions of each of the two

polymorphs and mole fraction evolution of the material dissolved in solution.
a 0 a o a 0 « (5.1)
Where my(t) and mg(t) are the mass evolutions of t he

Msolutior(t) 1S the mass evolution of the dissolved material, am@a is the total mass of

L-glutamic acid that was initially dissolvelliring preparation of the experimental solution.

Both sides of the above equation can be divided by the molar masglutmic acid and

hence be expressed in terms of moles:

i 0 & 0 & o & (5.2)
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\niensity 2.0\

\niensity 2.0

Figure 5.1 Timeresolved WAXS spectralefjlutamic acid crystallising from pure solution

Figure 5.2 Timeresolved WAXS spectralefjlutamic acid crystallising from solution
doped with 5000 ppm of glycine
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Thus,

& 0 & o ¢ o - : D (5.3)

The scattering intensity of the-bay beam is proportional to the madstize corresponding
species in the irradiated sample. Additionally, since the intensity is propdrtmthe area
under thediffraction peak (Cullity and Stock, 2001 the following relationships can be

written for the two phases ofglutamic acid:
a 80090 (5.4)
a 8 '0° 0 (5.5)
The corresponding proportionality constatsandks, can now be introduced:
a Q6 (5.6)
a Qo (5.7)

The number of moles of-glutamic acid in the irradiate section of the flow cell is

proportional to the total number of moles in solution with the proportionality parakieter

g 0¢ (5.8)
WhereK is the ratio of the total volume of solution to the volume of solution irradiatdte
cell. Because of low solubility af-glutamic acid, the change in the total volume of solution

during the crystallisation process is negligible and the valuk ofn be assumed to be

constant.

Therefore, at any timg the number of moles of eadi the crystallised polymorphs can be

expressed as:

. QLo o 0 0 . (5.9)

€ = ¢ f = € i .
Quo j h 0 h

. QU6 o | 0 0 £ 10

€ = & | = € i .
Quo j h 0 i h ( )

Whereny amandny . ngqrrespond to the number of moles of the crystallised material at

equilibrium levels and can be determined from the solubility diagram.
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Substitutingequations 5.@nd5.10into Equation 5.3jives:
€ 0 & 0 ¢ 0

0 0 ¢ j 0 0 € j 3 0 (5.11)

oOfp ¢ 0 ¢ €

Three peaks char acadefrl8.26° 43.66° and 261667)eandthreé peaken ( a 't
uni que to the dbf2p4d, 22006° rapdh25.62°Q were2integrated in each
spectrum. The baseline was defined based on a series of anchor points on both sides of the
respective peak and was sefgently subtracted from the collected spectrum. The Peak
Analyzer module of the OriginPro software package was used to integrate the area under the
peaks. The obtained numerical data was then used to calculate the time evolutions of the mole

fractions ofthe two polymorphs'gandn's.

The mole fraction evolution of the number of moles aflutamic in solution n'soiution CaN
now be calculated using the rearrangegiation 5.11

€ O p &€ 0 ¢ o0 (5.12)
Since solution condtiwity was also recorded throughout the experiments, the latter can

alternatively be derived from the molar concentration evolution dagso(t), using the

following formula:

En
O‘
()

¢ C 5.13
£ o) T (5.13)

The mole fraction evolutions of dissolveelutamic acid calculated usirigquations 5.12
and5.13are given inFigure 5.3and show nearly identical behaviour, confirming the validity

of the adopted approach.

It should also be noted that the recorded WAXS peaks result fromys<scattered over the
sampling time. Since every second hundreds of crystals of different size flow through the
cell, the statistical fluctuations of the data are inherently included iretoeded spectra. In

other words, each peak is a measure of the average signal over the exposure time.
Consequently, it is not possible to quantitatively assess the experimental uncertainty.
Moreover, even though great care was taken during determindtipeax areas, some
measurement errors could arise during the integration process, especially for peaks of low

intensity that cannot be easily distinguished from the fluctuating background signal.
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Figure 5.3Mole fraction evolution of dissolvadglutamic acid determined using two independent methods:
from conductivity data (blue) and from WAXS data (red)

Nevertheless, since there are only a few spectra in which such peaks were integrated, i.e. at
the initial stage of the crystallisation process an@mwthe metastable form ceases to exist,
the magnitude of the possible measurement error is likely to be negligible and thus a reliable

guantitative analysis of the overall evolution of the crystallisation process can be performed.

5.2 Mole fraction evoluti ons of U and b polymorphs

of the pure and glycinedoped solutions of_-glutamic acid
The methoddescribed irSection 5.1.2vas used to quantitatively evaluate the mole fraction
evolutions of the two polymorphic phases and the dwmiuof the mole fraction of
L-glutamic acid in solution. The corresponding evolutions and the plots showing geometrical
derivations of the rates of change of these evolutions for pure solution and solutions doped
with 2500 ppm, 5000 ppm and 7500 ppm dycme are shown inFigures 5.45.11

respectively.

The obtained data indicates that the mole fraction evolutions of the two crystallised phases
and the evolution of the solution composition are strongly coupled. This implies that the time

development ofhe latter is heavily dependent on the crystallisation/dissolution evolutions of
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Figure 5.6 Mole fraction evolutions of the cstallised phases and dissolvieglutamic acid determined
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L-Glutamic acid doped with 5000 ppm of glycine
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Figure 5.8 Mole fraction evolutions of the crystallised phases and dissahgigtamic acid determined
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Figure 5.9 The rate of change (first derivative) of mole fraction evolutions of the crystallised phases of
L-glutamic acid determined for solution doped with 5000 ppm of gycin
(bluei U, irbe-dlutamic acid)
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L-Glutamic acid doped with 7500 ppm of glycine
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Figure 5.10Mole fraction evolutions of the crystallised phases and dissakgddtamic acid determined
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Figure 5.11The rate of change (first derivative) of mole fraction evolutions of the crystallised phases of
L-glutamic acid determined for solution doped with 7500 ppm of glycine
(bluei U, irbe-dlutamic acid)
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the two polymorphic phases. Moreoverwias observed that the derived evolution of the
mole fraction of the crystallised U phase ap

of the crystallised b polymorph.

In the discussion below, we will attempt to find a rationale behind the evolofigdhe

derived mole fraction curves of the crystallised and dissolved phases, explain the reasons for
their close mutual interdependence, correlate these evolutions to the crystallisation events and
ultimately shed some light on the physical meaninghef obtained curves. Due to the
complexity of the data discussed in this chapter, to facilitate the interpretation of the results, it

will be convenient to divide the obtained curves into four distinct regions:

l. From the beginning of the experiment untié thoint when the crystallised mole
fraction of U reaches its maximum value

Il. From the point of the maxi mum mol ar co
b becomes the dominant crystallised fo
plateau on the solution noentration curve.

[I. Between the end of the first concentration plateau and the inflection point on the
b mole fraction evolution curve.

V. From the inflection point on the <curve
fraction until the attainment of the saition concentration with respect to the

b form, i.e. wuntil the crystal growt h s

5.2.1 Region I: pure solution ot -glutamic acid

The solution agitation process was started when solution achieved the desired crystallisation
temperature. During thiérst 4 minutes of the experiment no change in solution composition

was observed. The period between the beginning of the agitation and the moment when the
first diffracted peak was recorded corresponds to the nucleation time. The induction period
wasfol owed by concurrent primary nucleation of
in the mole fraction of the respective phase. It was noted that region | was almost entirely
dominated by nucleation and growth of the metastable phase. While the incrahse in
amount-L.-gdfut Bmi c acid was rapi d, t he crysta
significantly slower. It was also noted that the crystallisation of the two polymorphs was
accompanied by a fast decrease in the mole fraction of dissolgkedamic ad, i.e. a rapid

drop of solution concentration.
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At the point whem'y achieved its maximum valués( ma x =6 min), the concentration of

solution reached the solubility level of the less stable polymorph, i.e. the equilibrium with
respect haseet héef UUpwas the only form present
woul d stop here. Ho we v eu-glutamicuaeid gresentan selutian, | am
the system as a whole is in a pequilibrium state. The stable form crystals will thus

continue to grow at the expense of the U for

The calculated mole fraction evolution rates reflect the changes of the corresponding mole
fractions with time and are proportional to the crystal growth rates. Due to high solution
supersaturatioand thus high driving force for crystallisation, the rate of change of the mole
fraction of the U crystals, which dominated
the crystallisation progressedtosldawdewneanat e of
after reaching its maximum value, began to decrease, eventually reaching its zero value, i.e.
the point of the maxi mum mole fraction of t|
the mole fraction evol ypolymorph wasastowly batfsteadily e mor

increasing throughout region |.

5.2.2 Region I:L-glutamic acid solution doped with glycine

The general shape of the three mole fraction evolution curves for solutions doped with
2500 ppm, 5000 ppm and 7500 ppm of gigcis similar to that corresponding to a pure
solution. However, a number of distinctive features, differentiating between the three doping
levels, needs to be pointed out.

The initial nucleation process in the presence of the additive resulted in itormétboth
polymorphic phasedA careful inspection of the recorded data shows that the determination
of the nucleation time using the WAXS technique remains a challengingliaskKirst peaks

of the solid phase in the solutions doped with 2500 ppm @88 ppm of glycine appeared
approximately after 4 minutes, i.e. no difference in the duration of the nucleation time was
noticed in the presence of the additive. A comparison of these results with the laser light
scattering data discussed $®ction £, where over threéold reduction of the nucleation

time was noted, suggests thaglutamic acid crystals that are initially nucleated in the
presence of glycine at 2500 ppm and 5000 ppm are most likely of minuscule size. Such tiny
crystals are known to prade broad Xray peaks and therefore cannot be differentiated from
the relatively strong background signal of solutidecordingly, the scattering signal from
crystallised_-glutamic acids only visible in the recorded data after the crystals had grown to
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a certain size and not just after the nuclei were formed. Therefore, one should bear this
inherent drawback in mind when considering the WAXS technique as a tool to measure the
nucleation time. Moreoverhé above observations also imply that sifgleta laser light

scattering is a more sensitive technique for measurement of the nucleation time in the

investigated system.

On the other hand, the nucleation time at 7500 ppm of glycine was noticed to be more than
two times longer than in the pure soluti@fuczsoppm = 10 minutes). The nucleation
hindering effect of glycine at the highest doping level agrees with the experimental results
presented in the previous chapter. As suggest&eation &, the observed induction time
retardation is most likelgaused by the additive molecules thatt high doping levelare

more likely to be present in the vicinity of the developing nuclei, disrupt their growth and

consequently increase the time of formation of the critical size nuclei.

While in the presencefo gl yci ne U was still t he major
a noticeable increase in the number of prin
compared to the pure solution. Furthermore, it was noted that the amount of nucleated

b cr y sedaset with inareasing concentration of the additive. It was found that in the
presence of 2 5 0 Q-glytapnim acil fattaiged jtscmaxrireum cddcentration

earlier than in a pure solution. When the level of the additive was increased to 5008gpm, t
maxi mum mol e fracti on o falsotadnievedcowithins50 aindtes s e d
(to, maseqpm = tu, masegpm = 50 minutes) However,due to nucleation hinderingn increase

in the level of glycine to 7500 ppm resdtin the time toattainthe equilibrium level of the

metastable fornbeing slightly delaye@y , nzsegpm= 52 minutes).

The mole fraction rate evolution curves show similar behaviour irrespective of the additive

level. The most noticeable difference in the presence of glyciseawecreased maximum

U crystals growth rate when compared to the
attainment of the maximum growth rate was followed by its sharp decline, whereas in
solutions doped with the additive the decrease of the wats slower. Consequently, the
equilibrium level of the metastable form was achieved faster in the presence of the additive.
Further more, a closer inspection of the mol e
indicated that the growth rate ofeth pr i mar i |-y-glutamic dcid amdreases with

increasing concentration of the additive.
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5.2.3 Region II: pure solution ofL-glutamic acid

Once the solubility level of the less stable polymorphLajlutamic acid is achieved,

U cr yst adissolvéodeetd the gtowth of small amounts of homogeneously nucleated

b crystals that are metastabl e widtdamura,espect
1989. The dissolution process will ingdly occur at the locally stressed fields at screw and

mi xed dislocation outcrops on the U crystal
(Figure 5.13. The faces most susceptible to dissolution are likely to be those with fast
growth rates. It willthus be the fasgrowing faces where an early formation of etch pits and

a | ocal i ncrease of solution concentration
When the concentration attains an energetically favourable level, secondary nucleation and
subsequent growth of b on the dissolving U
discussion inSection 4) . The driving force for the diss
b f or m. Hencefort h, t w-oglutagic &cfd erysta nan betidgrpifed o f t
in the experimental solution, i.e. originating from primary and secondary nucleation. Their

two distinctive growth pathways should therefore be considered separately. Support for the
above hypothesis is evidenced in the collected axjeatal data.

The rate of di ssolution of U crystals depen
beginning of region I, the b crystals prese
primary nucleation. An inspection of WAXS data shows that the amduimitially nucleated

primary b and its growth rate are both fair/l

di ssolution of U and the corresponding heter

Figure 5.12Schematic representation afrfnation of an etch pit at screw dislocation outcrop
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of the metastable form are slow. At this stage, the observed change in the mole fraction of the
stable polymorph can be predominantly attributed to the growth of the primarily nucleated
b cr y s ttoacbninuoudDagietion, these crystals are nearly homogeneously dispersed in
the experimental solution and thus the probability of overlap between the concentration fields

around not only the primarily nuclioméiedded b ¢
of primary b and the | ocal concentration fi
U crystal is low. The primary b crystals ar ¢

supersaturation where the driving force is low and hénee growth is slow. Accordingly,

the initial increase ofi’y with time in region Il was found to be slow. One could argue that

since secondary nucleation and growth of the more stable polymorph also takes place in the
initial stage of region Il, theXay scattering from these newly
affect the intensity of the recorded peaks. However, as pointed out in the discussion above,
small crystals are known to produce broad peaks of low intensity anth&iusontribution

to the reorded WAXS signal is initially likely to be negligible.

It is only approximately 45 minutes after the beginning of the polymorphic transformation

when the heterogeneous b crystal s, nucl eat e
grow large enoughotbecome detectable in the scattering spectrum. One should still keep in

mind that the formation of b crystal s, i n t
di ssol u-t-glomt aonmii cU aci d. Because of then disso
fields around the etch pits on dissolving U
and thus the corresponding growth rate of s

The latter is manifested by a pronounced rise in the ratg iofthe second half of region II.

Further examination of the mole fraction ev
reveals strong coupling between the growth o
the U phase. Th ees éranmearly dyrhnsetricaltsuggestd thabthe aumber of

L-gl utamic acid molecules consumed by the gr
equal t o t he number of mol ecul es rel eased
Consequently, since throughout mastregion 1l the number of dissolvadglutamic acid

molecules does not change significantly with time, the overall concentration of solution
remains almost constant and a plateau can be observed on the respective evolution curve. For
that reason, the ptess can be described as solutimadiated polymorphic transformation.

However, one should be aware that the plateau is only roughly parallel to the horizontal axis

because of the presence of smal | amounts o
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soluion. The slow growth of these crystals, resulting from low supersaturation in the bulk,
contributes to the decrease of solution concentration and results in the slope being close to
zero on the negative side. The more general point, though, is thaed¢ipaess of the slope
depends on t he amount of primarily nucl ece
transformation process begins, i.e. at the point when the mole fraction of the crystallised

U form achieves its maximum value.

Similarly to the mole fractio evolution curves of the two polymorphs, also the respective

curves describing the evolutions of their rates show high degree of symmetry, confirming
strong coupling between the gr owgluthmicoatid s ec on
faces. The obseed correlation between the rates of these two processes constitutes further

evidence supporting the crystallisation mechanism postulated above.

5.2.4 Region Il:L-glutamic acid solution doped with glycine

The shape of the curves characterising the tiepeeddence of the crystallised mole fractions

of the two polymorphs for solutions doped with glycine bears a certain degree of resemblance

to that obtained for the pure solution. Firs
b evolution curves remain symmetconsequanceof hr o u ¢
the symmetry between the curves, the characteristic plateau corresponding to the
polymorphic transformation process was observed on the concentration evolution plot. Both

in the presence and in the absence of the additive, a generaivaigadso noted that the rates

of di ssolution of U and growth of b crystal
physical reasons behind the observed behaviour of the doped solutions are the same as for the

case without glycine and are thorougtbscribed in the corresponding section above.

Despite the general similarity of the evolutions outlined above, a number of apparent features
differentiating between the curves behaviour can be pointed out. While a plateau in the
concentration evolution cue is present in the recorded data under all investigated
conditions, it was observed that its duration was significantly reduced in the presence of
glycine and that the magnitude of the effect appeared to be more pronauineesdhe
concentration of thedditive was increased. As shown earlier in the analysis of region I,
although at all investigated levels of glycine the initial nucleation process was dominated by
precipitation of the U polymorph, t he amount
with increasing concentration of the doping material. When the polymorphic transformation
process begins, i.e. at the point where solution reaches the solubility level of the metastable
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form, the growth of primary Diesspsualioni of
Consequentl vy, in the presence of glycine, t
the resulting local concentration levels around these faces are higher. As a result of the latter,

the corresponding rates of nucleation ang@ lat gr owt h of secondary b
leading to a significant reduction in the duration of the polymorphic transformation time.

Since the enhancement of the rates of these two processes is related to the amount of the
pri mary b cr ¥tae igitlalstagesuof theecaystadlishtiom process and since the

latter is stimulated when the concentration of the additive is increased, the tinesJof t o b

transformation decreases as the level of glycine is increased.

The dissolutégmnentf!| Yy embdacoed nucl eation of
affected by the adsorption of glycine mol ec.
attachment of the additive molecules on the
conequently to an increased concentration of
promoting dissolution of the less stable form and thus stimulating the formation of secondary

b . It 'S i mportant to note that emiamentyadsort
incorporated into the crystal structure and, after certain period of time, dissolve back into the

bulk solution. The hypothesis postulated above is supported by the growth hindering of

U observed in region | a mpresentey irChapter 4sheavsgi | t s o0
that only a negligible amount of the additibecomes ncor por ated i nto the

The evolution of the concentration curve in region Il exhibits linear behaviour as a result of

the polymorphic transformation pra= i.e. the growth of the stable polymorph at the
expense of the metastable form dissolving. If exactly the same number of molecules

di ssolving from the surface of U was incorp
equal to zero, i.e. the plateawwd be exactly horizontal. However, the latter would only be

possible if all of the following conditions were met:

f U crystals wer e t he onl vy form present
transformation.

1 b polymorph was heter csgerdaacwes loyf ru calneda tneo
crystals were present in the bulk.

T The growth of b  wialds ofdocdllyi inceedsgd cdncentnationt h e
generated at the expense of the U form di
shear stress due tolation agitation.

9 Diffusion from the local fields of high concentration into the bulk was negligible.
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In reality, however, the above conditions cannot be satisfied because:

f The U to b transformation processgeacannot
systems, t he di ssol uti on of U is trigg
nucl eated b.

T Both homogeneously and heterogeneously nu
scattering from crystals of both origins contributes to the valung.of

1 The agitation of solution perturbs the local concentration fields and helps the diffusion

into the bulk.

For these reasons, the absolute value of all slopes is near zero on the negative side. However,
due to the complex nature of the process, it is notilplesto determine and quantify the

individual influence of the above factors on the evolution of the polymorphic transformation.

Nonetheless, it was noted that the slope of the plateau becomes more negative as the level of
glycine is increased. Since ttemo u n't of primary b was al so
increasing concentration of the additive, the enhanced primary nucleation of the more stable
polymorph is therefore the most likely factor leading to the disproportion between the rates of
dissolution ofU and growth of Bb. The growth of prin
linearity of the concentration evolution curve in region Il. As a result of agitation, the primary

b crystals are wel/l di spersed i noundhhemisr yst a
relatively low. The growth of the stabierm is thus slow and approximately a linear function

of time. Accordingly, the linearity of the concentration plateau is maintained.

The change of the additive concentration was found to markedlt #fife dissolution rate of
U crystals. It was observed that at higher |
rate with time appears to become more pronounced, (i) the maximum dissolution rate

increases and (iii) the latter value is at&ad earlier. On the other hand, while an increase in

the overall growth rate of b was noted, t h
significantl y. One may ask, why, in contrast
does notresultinamicr eased formation of defects in t|

growth of the more stable form. The answer to this question can be given on the basis of
conformational arguments. It is plausible to suggest that, on average, the conformation of the
dissolved glycine molecules resembles, to a certain extent, the conformation adopted by
UL-glutamic acid molecules in the crystalline state and therefore the chance of their

attachment to the growi ngtotlh ec rby sft amrwordsulrf ac te
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glycine molecules treated as growth wunits ar

U crystal structure.

Despite the observed significant reduction in the duration of the polymorphic transformation
time, the general shape of the motaction evolution curves remained almost the same
regardless of the doping material level implying that in all cases the underlying mechanism
governing the crystallisation process remains largely unchanged. Furthermore, the former
shows that even a smallepurbation of the initial nucleation conditions may have

a pronounced effect on further evolution of the crystallisation process.

5.2.5 Region llI: pure solution ofL-glutamic acid

The beginning of region Il coincides with the point where the cureesponding to the
crystallised mole fractions of U and b polyn
both polymorphs is equal. From that point on, as a result of further crystallisation, the number

of moles of b exceelll.s Tthhee Inautnbeerr iosf fnooll lecsw eod

the metastable crystals and a rapid growth o

The rate of dissolution of the metastable U
period of region Il and subsequently, after achieving itg&imam value, begins to decrease

until it eventually reaches zero later in region IV. On the other hand, the growth rate of

b crystals increases throughout the entire r
maximum value marks the end of teg i o n . Since the coupling b
fraction evolutions is no longer present, the symmetry between the two curves breaks. As

a result, a fast nelinear decrease of solution concentration was also observed throughout

region Ill.

Itisintr esting that a significant increase iIin t
solution concentration were observed despite already low supersaturation. Such behaviour of

the system can be explained by criystals gehesates t h a't

particles that act as secondary nucl ei for t
has, on average, s e v e rFigure 449, thainurhbereof seabndaoyn i t s
nuclei of the stable polymorph resulting fromdreage of b i s significar

generated by dissolution of U c ke shape lamsl . Add
fragility, -Lightamicragdare grometo forther fbagmentation and breakage, as

evidenced in SEM imags of the crystals extracted in region Higure 5.13, leading to
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Figure 513SEM i mage o f-L-glutangicgpoikecrystas éxtrdicted in region Il

further increase in the number of secondary

b crystals.

The breakage of b results from contributio
agitation, (ii) mutual collisions between the crystallised particles and (iii) collisions with the
elements of the crystalliser, i.e. walls of the bat@ctar, tubing, pump impeller blades, etc.

The breakage conditions vary randomly and the overall process is of stochastic nature, and
therefore it does not have a strictly defin
different times and grow atifferent rates. It is not possible to experimentally measure the
growth rate of individual crystals. The obtained mole fraction evolutions of the two
polymorphic forms are macroscopic quantities, i.e. they are derived froay Xcattering

data for a ceain volume of solution and not from individual crystals, and therefore represent

the average values. One could argue that it is therefore likely that some breakage events occur
earlier, towards the end of region II, but cannot be clearly discerned abthieed evolution

plot. Neverthelessthe high levelof symmetryobserved inFigure 5.4 between the mole

fraction evolution curves f t he U aqgldtamic adidand the linefr evolution of

the concentration curve in region Il both imply that such events, although possible, are rare
and their influence on the process is negligible.
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The significant increase in the number of@®dary nuclei that result from the breakage of

b crystals wildl result in a dramatic increa

molecules ofL-glutamic acidcan be incorporated. It is important to note that, in parallel,
growth ofhomogeneouandheterogeneous crystals, present in solution prior to the onset of

t he pronounced f r agandowdver tbecause ofotie adundaneel ossides o0 ¢ ¢ L

for nucleation and attachment of growth uni

is predominantly the first of these processes that is responsible for the observed drop in
solution concentration and a fast increase
[ll. While the latter two also lead to incorporation of solute molectriem the bulk solution

into the crystal structure, their influence on the overall evolution of solution concentration in

this region is of considerably less importance.

5.2.6 Region llI: L-glutamic acid doped with glycine

The general shape of the mdtaction and solution concentration evolution curves for the
solutions doped with glycine is almost identical to that obtained in the pure solution. The
arguments presented in the discussion above, when considering the crystallisation of solution
without the additive, are therefore also valid here. However, as emphasised earlier, the rate of
the polymorphic transformation afglutamic acidwas observed to increase with increasing
concentration of glycine. Accordingly, due to considerably shorter durdti@gion 1l in the
presence of the additive, a translation of the curves towards the origin of the time axis, i.e. to
the left, was noted.

t

A careful i nspection of the data al so showe«

concentration of glgine is increased. Since at higher levels of the additive the number of

di sl ocation outcrops is increased, the nucl

promoted and consequently the population of the former is increased. As discussed above, the

majority of these acicular crystals will undergo fragmentation generating sites for further

secondary nucleation and growth of b that
enhance dissolution of U.

On the ot her hand,emdnecdlargelpihdeperaént oftheamaditiie levelf b
The | atter may suggests that (detgrmirting gtepfoat e

t he growth of b or (ii) that the increased
faster dssolution of the metastable form, is counterbalanced by the increased level of glycine
that hinders the rate of incorporation,efjlutamic acidnol ecul es i nto the b
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5.2.7 Region IV: pure solution of.-glutamic acid

In the boundary @&a between regions Il and IV, the curves describing the evolution of
solution concentration, crystallised mole fractions of the two polymorphsghftamic acid

and their respective rates were observed to undergo marked changes in their behaviour. These
characteristic events are the inflection po
inflection point on the concentration curve, denotgdld, and t, respectively. At each

inflection point a respective curve changes its concavity, from congavards to concave
downwards atgand k&, and vice versa at.IMoreover, the latter two were found to occur at

the same time and coincide with the maxi mum
former one was observed simultaneously with the maximums s ol ut i on r ate of
earlier thang and k. The fact that these characteristic points occurred almost simultaneously
suggests a high degree of coupling and mutual dependence between the observed

evolutionary events.

The coexistence of thenfiection points on the mole fraction evolution curves and the
extremes on the respective rate curves can be explained on the basis of geometrical
consideration since the rates of dissolution
of the molefraction time evolutions of the two polymorphs. However, the fact that the
change in the concavity of the curve is observed denotes that the inflection point corresponds

to the moment when the system undergoes a substantial change to its physical behaviou

The growth of b in region 111 occurs at the
when the rate of dissolution achieves its maximum value, i.e. when the inflection point on the
mole fraction evolution cur viecrystdls bé&cometo ur s ,
smal | to solely sustain the delivery of mol
the bulk solution gradually becomes the source-gfutamic acid While the growth rate of

b continues to i ncr eiassseo | ubteicoanu sreatoef odfe ci earsc
concentration, the rate of increase of the growth rate cannot be maintained and an inflection
poi nt on the b polymorph growth rate curve
growth rate oofrrespesnatngi hedthe inflection
evolution curve, the bulk becomes that main molecular supply-giitamic acidand

consequently an inflection point on the concentration curve is observed.

The remaining small amount of the natble crystals undergoes fast dissolution since the
equilibrium temperature for small crystals and their mother liquor is lower than that for the

large ones. The latter is also known as the Giliiiemson effec{Gibbs, 1948 In other
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words, the above observation can be attributed to the fact that small particles have higher
solubility than the large ones. Asarea |l t , t he compl ete dissol uti ¢
the solubility level of the more stable polymorph was achieved. Consequently, in the final
stage of the crystallisation process, the sourecegdfitamic acidmolecules for the growth of

b was edulsglutidnhSince the solution supersaturation was close to the equilibrium

l evel of the stable polymorph, the driving
thus the growth of b in the final isationyst al I
process stopped once the equilibrium concent

5.2.8 Region IV:L-glutamic acid solution doped with glycine

The U and b mole fraction and concentration
similar evolutionary behaviour to that observed in the pure solution. Therefore, the above
discussion on the evolution of the respective curves also holds true for solutions crystallising

in the presence of the additive.

It was, however, observed that thegher the level of glycine, the faster the complete

di ssolution of U is accomplished. The | att e
discussed earlier, structural defects, such as dislocations, are more likely to form in the
presence of additivedt is also well established that the dissolution process is favoured at
such structur al i mperfections. Accordingl vy,
crystals nucleated and grown in solutions doped with glycine results in the dissolution
proaess occurring faster in the presence of the additive than in the pure solution. Since the
average number of defects increases with increasing concentration of the additive, the
dissolution enhancing effect was observed to become more pronounced as &mtratoc

of glycine is increased.

Mor eover, It was observed that, up to 5000 i
ceased to exist until the solubility level of the stable polymorph was attained was equal to
approximately one hour and wasdaly independent of the additive level. The latter is due to

the fact thatat low additive levels themolecules of glycineare not likely become
incorporated into the growing crystal structu@n the other handwhen the level of the
additive was increasle t o 7500 pp m, a marked inhibition
doping level, the number of additive molecules adsorbing on the surface of the growing

b crystal faces is high e pgusamib acidgpowtd ungsy upt t
lead to a increased formation of defects and consequently noticeably slow down the growth
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of the stable pol ymorph. However, one may a
not observed at 7500 ppm at earlier stages of the crystallisation process. Thetaribiger
guestion requires consideration of the drivi
in mind that in regions I, Il and Ill, the supersaturation of solution, and hence the driving

force for the growth of the stable form, is relativelgth Consequently, throughout the first
three stages of the crystallisation process,
the presence of the additive. On the other hand, in region IV, the concentration is nearly equal

to the equilibrium valuevi t h respect to the b form and t|

becomes large enough to become apparent in the recorded data.

5.3 Determination of the polymorphic transformation time from
WAXS data

The above findings can now be used to acelyatetermine the duration of the polymorphic
transformation time ofL-glutamic acid In literature, the polymorphic transformation is
defined as the process of growth of the stable crystal form at the expense of dissolution of the
less stable polymorph. osordingly, the duration of the transformation is the time between

the beginning of the dissolution process of the metastable form due to the growth of the stable
polymorph until the complete dissolution of the former is achieved. For many years, there has
been a strong belief that that the U form c
concentration evolution curve, i.e. at the end of regiofKitamura, 1989 Garti and Zour,

1997. In this study, however, using the-situ Wide Angle Xray Scattering technique, it

was showed that the complete dissol uftheon of
second plateau and, hence, this is where the polymorphic transformation process actually
ends. Bearing in mind that the synchrotlmased method used in this work is considered to

be the most advanced technique available at present to study thgoevofucrystallised
polymorphs in solution, it can be concluded that the generally accepted criterion for
determination of the duration of the polymorphic transformation should be regarded as
incorrect as the obtained data clearly demonstrated that thelete dissolution of the less

stable polymorph is only accomplished at the beginning of the second concentration
evolution plateau and not at the end of the first one as previously believed.

For clarity and convenience, the key findings concerning tb&uton of the transformation

process are summarisedliable 5.1
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Table 5.1Effect of various levels of glycine on the polymorphic transformatiorghftamic acid

. Onset of the Polymorphic Slope of the  Decrease in the
Level of glycine f : f : | . i
(ppm) transformation  transformation plateauin trans. time
(min) time (min) region Il (tadditive/ Toure)
0 56 128 10.0066 1.00
2500 50 94 10.0159 0.73
5000 50 84 10.0294 0.66
7500 52 62 10.0320 048

5.4 Conclusions

Following the above hdepth analysis of the parameters characterising the behaviour of
L-glutamic acidoolymorphs during crystallisation frothe pure and glycirdoped solutions,

it is possible to make conclusive statements regarding the effect of glycine on its polymorphic

transformation:

(1 The growth rate of the U polymorph in r
of its equilibrium levelwas enhanced at all investigated levels of glycine.

(i) Due to enhanced homogeneous nucleation
the additive, an increase in the dissol

(i)  The effect of the additive was fournaldepend on the level of glycine and thus the
absolute value of the slope of the transformation plateau was note to increase as
the level of glycine was increased.

(iv)  As aresult, a rapid decrease in the polymorphic transformation time was observed

as the cocentration of glycine was increased.

Despite the fact that, at present, it is not possible ttifglehe actual mechanism responsible

for the enhanced nucl eation of the b polym
demonstrates that evenrelatively small amount of the additive can perturb the initial series

of nucleation events and ultimatéipave a significant effect on the subsequent polymorphic
transformation and thus on the crystallisation process as a whole. In the investigated system

the above was manifested by an appreciable increase in the amount of primarily nucleated

b crystnalisncandased formation of defects on t

once the maximum concentration of the metastable polymorph was attained, as
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a consequence of the former, and aided by the latter, a significant increase in the dissolution

rate oft he | ess stable U was observed, ul ti mat
polymorphic transformation time. Therefore, it was shown that the nucleation and growth
events at the initial stage of crystallisation are the major factors influencingrfestblution

of the process. Since through manipulation of the level of the additese eventgan
selectivelybe influenced it is thusalso possible to control the polymorphic transformation

process.

Furthermore, although the analysis and discuspi@sented in this work focuses on the
dissolution and growth processes of the dimorpkgtutamic acid the approach taken here is
of general nature and can be further extended to characterise the transformation process in

a wide range of polymorphic neatals.
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Chapté er
Crystal lu-glautieomi cofaci d
Il n an acoustic | evitator

Crystallisation ofL-glutamic acid is typically investigated in a batch reactor or in a cell.

On the contrary, in this chapter, usingsitu WAXS, Raman spectroscopy anoptet size

monitoring techniques, we study the nucleation and growth phenomena accompanying
crystallisation of L-glutamic acid from a droplet suspended in an acoustic levitator.

|l nterestingly, i t wa-s-glutamio acidl is thé @nly potyrhoeph timed r € s |
precipitates out from a droplet. Moreover, it was observed that the onset of nucleation and

the rate of subsequent growth can, to some extent, be manipulatgangecular additives.

6.1 Containerless crystallisation of pureL-glutamic acid solution

Containerless nucleation and growth weflutamic acid were investigated in an acoustic
levitator at room temperature usingsitu time-resolved WAXS and Ramarpeactroscopy
experiments at BESSY Il synchrotron (Berlin, Germany). A digital camera was employed to
record images of the evaporating droplet. The images were then used to determine the change
in droplet volume with time and hence estimate the evolutiosobftion supersaturation.

A detailed description of the experimental-gptis given inSection 3.2.2Pure solution of

L-gl utamic acid was investigated first. Wh e n

simultaneous recording of WAXS spectralaample images was started.

6.1.1 Wide Angle Xray Scattering
Wide Angle Xray Scattering data recorded as a function of time during crystallisation of
pure solution ofL-glutamic acid is given irFigures 6.1and 6.2 Selected images of the

sample capted during the experiment are showrFigure 6.3

When the investigation of the crystallisation process was started, the concentration of
solution in the droplet was slightly below the saturation level. Initially, broad scattering
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Figure 6.1 Time evolution of WAXS spectra for crystallisation of pugdutamic acid. Red and purptairves
correspond to solution and the final crystallisation product, respectively. The bar codes represent
the powder patterns of the tweglutami ¢ aci d polymorphs, U (grey | ines

spectrum with highntensity maximumaround2d = 28° and lowintensity maximumaround

2d = 41° was observed and can be attributed to the scattering of solution. As the evaporation
of the solvent progssed, the intensity of these broad peaks decreased. Since the total number
of moles of solute inside the droplet remains constant throughout the experiment, the
concentration of solution was gradually increasing what eventually led to the formation of
L-glutamic acid crystals. The characteristic peaks of the solid phase were first observed
24 minutes after the beginning of the experiment and were identified to match the XRD
pattern of t higlutédmicawd Asrhe crystallisaiidn proceededher, the
scattering signal from solution decreased in intensity. After approximately 34 minutes all
experimental solution had evaporated and only the solid phase peaks of the remaining
aggr e g a t-Leglutaniic atichceystdis were present in theorded spectrum. No further
crystallisation was possible and thus the experiment was stopped. Surprisingly and contrary
to the Ostwaldébés rule of stages, LuUglutamcas f ou

acid was the first and only polymorph thaystallised from a droplet.
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Figure 6.2 Selected WAXS patterns (left) and Raman spectra (right) for crystallisation af-gluamic acid. Red and purple lines
correspond to solution and the finalstallisation product, respectively. The bar codes representing powder patterns and reference
Raman spectraofthetweg | ut ami ¢ aci d polymorphs, U (grey lines) and b (bl
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