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4.1 INTRODUCTION

Chapters 2 and 3 delve into the comprehensive development of the bis-urea
LMWG G1. This led to a series of gel prepared from G1, employing various stimuli and
polymorphic phases of the gelator. The one of the major goal in developing G1 is its
application as a versatile media for pharmaceutical crystallization. Crystallization is the
most widely used purification technique in both laboratories and industries [1].
Crystallization processes are done through several methodologies including cooling,
evaporative, reactive, solvent diffusion, vapor diffusion, sublimation, and melt
crystallization [2]. Over the centuries, this technique evolved, adapting to overcome the
diverse challenges it faced. Many other challenges like controlling crystal size
distribution, polymorphic form, morphology, purity, flowability, compactibility,
solubility, and dissolution rates in crystallization continues to motivate researchers
worldwide [3].

Various theories have been proposed to explain the crystallization process, with
the two-step model being the most widely accepted which consist of nucleation as first
step and second step is the crystal growth from the nucleus [4]. Nucleation step is crucial
as molecules arrange themselves into an ordered cluster in solution which act as nuclei
for the subsequent growth into a crystals. Molecules may have different possible
arrangements in the nuclei based on their intermolecular interactions, packing,
conformations etc. Therefore different types of nuclei may formed in the solution which
ultimately led to different crystalline phases of the same molecules. This phenomenon is
known as polymorphism and different crystalline phases are known as polymorphs [5].
Polymorphs show different physical and chemical properties such as color, stability,
morphology, melting point etc [6]. Polymorphism constitutes one of the most significant

challenges encountered in the field of crystallization.

Polymorphism in drugs can significantly influence their physicochemical
properties, including solubility and dissolution rate. These variations directly impact the
bioavailability and stability of the drug substance [7]. Pharmaceutical industries
recognize the profound impact of polymorphism on both their operational performance
and financial success of their drug development programmes [8,9]. Different techniques
have been used for polymorph screening and preferential crystallization of desired
polymorphs which also include gel phase crystallization [10-17]. Gel matrices employed

for crystallization can be either polymeric or supramolecular (mainly LMWG) in nature.
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Fibrillar networks formed by low-molecular-weight gelators (LMWGS) can serve as
nucleation templates, guiding crystal growth. By incorporating functional groups into the
gelator structure that mimic the substrate, the crystallization process can be effectively
modulated [18-20].

Sometimes, polymorphic systems crystallize simultaneously into multiple forms.
This phenomenon is known as concomitant crystallization and the polymorphs are called
concomitant polymorphs [21]. This may be advantageous as multiple forms of a
compound can be obtained from a single crystallization experiment. But in
pharmaceutical industry, purity of the drug polymorph is utmost important. As it may
alter the efficicacy of the drug and unnessarily increase the drug dose amout. Therefore it
is important to control the concomitant crystallization of polymorphs to selectively
crystallize the desired polymorph. Few examples of drugs that give concomitant
polymorphs: Disopyramide crystallized into two forms ( modifications | and 1I) [21];
three polymorphs of Tolbutamide from ethanol solution [22]; four polymorphs of
Barbital from ethanol solution [18]. Carbamazepine (CBZ) is concomitantly crystallized
in selected solvents and the crystallization outcomes depend on nature of the solvent and
degree of supersaturation [23]. CBZ also show polymorphic transition from metastable

form to thermodynamically stable form.

CBZ (shown in Figure 4.1) is an anticonvulsant used to treat epilepsy and
trigeminal neuralgia. CBZ exhibits significant polymorphism, with its polymorphs
primarily categorized as packing polymorphs. Form Il of CBZ (here as CBZ Form 1) is
solvate and other three are anhydrous; all of them exhibit dimeric molecular
arrangements [24-26]. Recently, fifth polymorph of CBZ is reported which is catemeric
in nature. The fifth form (CBZ Form V) of CBZ was selectively formed by templating
the growth of carbamazepine from the vapour phase onto the surface of a crystal of
dihydrocarbamazepine Form Il [27]. The polymorphic behaviour of carbamazepine
makes it a widely used model system for studying and controlling polymorphic

behaviour during crystallization processes.
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Figure 4.1 Structure of Carbamazepine (CBZ)
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Table 4.1 Preparation techniques for different polymorphs of CBZ

SI. No. CBZ Polymorph Procedure Reference
01 CBZ Form | From melt crystallization [23, 26]
02 CBZ Form Il Solution phase crystallization from ethanol

solution at 5 °C

03 CBZ Form Ill Solution phase crystallization from slow
evaporation ethanol solution

04 CBZ Form IV Solution phase crystallization from [24]
methanol solution containing small
amount of hydroxypropylcellulose

05 CBZ FormV Vapour phase crystallization onto the [27]
surface of a crystal of
dihydrocarbamazepine form II.

Gel-phase crystallization also uses CBZ functioned as a model system for various
crystallization studies. For example, Steed and his co-workers reported the application
LMWG as crystallization matrix for drug molecules including CBZ. By adjusting the
concentration of CBZ, both CBZ Form Il and Il could selectively crystallized. Higher
concentrations of CBZ result in CBZ Form Il (needles) and lower concentrations give
CBZ Form 11 (blocks) in the gel as former is the kinetic form and the later one is the
thermodynamic form [28]. Aparicio et. al used a pair of a chiral and achiral gelator to
prepare gels and their influence on the crystallization outcomes of different drug
molecules including CBZ. The CBZ crystals obtained from the gel of achiral gelator
corresponds to CBZ Form Ill. Whereas the crystals obtained inside organogel of
corresponding to chiral gelator and organogel formed upon both chiral and achiral
gelator in a 9/1 ratio showed peaks corresponding to a mixture of CBZ Form Il and Il
respectively [29]. Dawn et. al investigated the effect of crystallizing substrate (CBZ) on
the properties of gel matrix used for the purpose. The concentration of the gelator and its
relative proportion to CBZ are crucial factors in controlling the competitive nucleation
events involving gelation and crystallization [30]. Therefore it is important to design a
robust gel matrix that control the nucleation of CBZ. Also to identify the gelator: drug

ratio where drug will have least impact on gel’s properties.

In this chapter, how the polymorphic phases of a gelator affect the crystallization
outcomes of pharmaceutical crystallization in gel matrix considering CBZ as model

system.
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4.2 RESULTS AND DISCUSSION

Crystallization of CBZ from toluene resulted needle shape crystals (CBZ Form
I1) at first which then slowly transform to block shaped crystals (CBZ Form IlI).
Microscopic image of CBZ crystals obtained from toluene showing the presence of both
forms is showin in Figure 4.2. Both polymorphs are characterized by PXRD and DSC to

confirm the identification the polymorphs.

Figure 4.2 Microscopic image of CBZ Form Il (needle shape) and CBZ Form IlI (block
shape) obtained from crystallization in toluene

By comparing characteristic peaks in the PXRD patterns of CBZ polymorphs
with the that of crystals obtained form toluene, polymorphs can be easily identified. As
shown in Figure 4.3a, peak positions in 8.7, 13.4, 18.7, and 24.5 (26 values) confirm
formation of CBZ Form Il whereas peaks at around 15.4, 19.6, 25.2, and 27.4 (26 values)
identified as CBZ Form Ill. Similaryl, by matching temperature for phase change DSC
endotherms CBZ polymorphs can be identified without any confusion. Figure 4.3b is the
DSC endotherms of CBZ polymorphs. Endotherm (blue colored) showed two
endothermic peaks at onset values at 161.1 °C and 187.9 °C represent the polymorphic
transition of CBZ Form Il to Form I and melting of CBZ Form | respectively. The other
endotherm (red colored) showed two endothermic peaks and one exothermic peak. First
endothermic peak at 170.2 °C corresponds to melting of CBZ Form I, which
immediatel recrystallized into CBZ Form | (corresponds to the exothermic peak) and the

second endothermic peak corresponds melting of CBZ Form 1 at onset value 188.1 °C.
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Figure 4.3 (a) PXRD patterns and (b) DSC endotherms of CBZ polymorphs obtained
using toluene

For the gel-phase crystallization of CBZ, G1 was synthesized (ref. to section
2.4.3) and then all the three G1 polymorphs were isolated from solution recrystallization
using the procedure described in Chapter 2 (ref. to section 2.4.5). The crystallization of
CBZ in G1 gel involves two steps. In the first step, CBZ solution in toluene (20 mg/ml)
was prepared at elevated temperature. In the second step, 2 % (w/v) G1 was added
followed by application of different stimuli to form the gel (ref. to section 4.4.3). The
ratio of CBZ:G1 was optimized and found that CBZ in 20 mg/ml was optimum
concentration where G1 retain its gel state. Therefore, the crystallization of CBZ was
performed in all the three polymorphs of G1 by employing different stimuli. Four stimuli
heat-cool, sonication, shaking, and grinding were used to prepare gels from G1 Form |I.
In the crystallization experiments, gel formed first followed by crystallization of CBZ
inside the gel matrix. From ‘vial inversion’ test (Figure 4.4), it is evident that G1 gels
were stable even in the presence of CBZ. The microscopic images of CBZ crystals

grown inside the gels of G1 Form I is shown in Figure 4.5.

Figure 4.4 “vial inversion’ test of G1 Form | gel prepared by different stimuli containing
CBZ crystals
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Figure 4.5 Microscopic images of CBZ crystals in gels of G1 Form | prepared by
different stimuli

CBZ crystals were recovered from the gels by adding 2-3 drops of acetic acid
followed by slight warming the gel to convert it into the sol phase. Then immediately
crystals were recovered by simple filtration. For analysis of CBZ crystal outputs,
multiple crystallization batches were carried out under identical condition and crystals
were collected. At first, three crystals randomly selected from each type of gel were used
to check unit cell parameters. Unit cell parameters of the crystals suggested that CBZ
Form Il is obtained in G1 Form | gels prepared by heat-cool, sonication and grinding as
stimuli. Moreover gel phase prevented the polymorphic transition from CBZ Form Il to
I11. Whereas unit cell parameters of crystals obtained from gel formed by shaking found
to be CBZ Form 111 exclusively. Further phase purity of the crystals obtained from these
gels were characterized and confirmed by comparing PXRD and DSC results with

individual CBZ polymorphs (PXRD pattern and DSC endotherms are shown Figure 4.6).
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Figure 4.6 (a) PXRD patterns and (b) DSC endotherms of CBZ crystals obtained from

G1 Form | gels prepared by different stimuli
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The presence of CBZ crystals in the gel matrix intend to influence the rheological
properties of the gel. Therefore rheological properties of the gels used for crystallization
were examined using amplitude and frequency sweep rheology experiments. Figure 4.7
shows two different amplitude sweep rheology graphs of G1 Form I gels one with CBZ
crystals and other is without crystals. Gap between G’ and G” is decreased for gels

containing CBZ crystals compared to gels no CBZ crystals.
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Figure 4.7 Amplitude sweep rheology of G1 Form | gel prepared by different stimuli (a)
with CBZ and (b) without CBZ under constant frequency of 10 Hz. G’ and G” denote
storage and loss modulus. Heat-cool (HC), sonication (So), shaking (sh), and grinding
(Gn)

Similarly, the incorporation of CBZ in gels drop highest values of the G’ and G”
which mean that viscoelasticity of gels reduced. The viscoelastic property of G1 Form |
gels formed by sonication decreased drastically in presence of CBZ. This is because of
incorporation of CBZ crystals in the gel fibers during the evolution of the gel state from
sol phase. Frequency sweep experiments (as shown in Figure 4.8) demonstrated the
stability of these gels across the frequency range from 0.1 to 100 rad/s. Both rheological
experiments collectively demonstrate that the presence of CBZ within the gels reduces

their viscoelastic properties while maintaining their overall structural stability.
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Figure 4.8 Frequency sweep rheology of G1 Form | gels prepared by different stimuli
containing CBZ crystals. G" and G” denote storage and loss modulus. Heat-cool (HC),
sonication (So), shaking (sh), and grinding (Gr)

To investigate the influence of CBZ crystals in gel fibre morphology, xerogels of
these gels were prepared. FESEM images of the xerogels were recorded for
morphological analysis reveal changes occure in gel fibre morphology as shown in

Figure 4.9.

Figure 4.9 FESEM images of xerogels of G1 Form | gels prepared by different stimuli
used for CBZ crystallization. Heat-cool (HC), sonication (So), shaking (sh), and grinding
(Gn)

In heat-cool, sonication, and grinding gels, entrapment of CBZ crystals within the
gel fiber network were observed. In contrast, shaking gels exhibited nucleation of CBZ
crystals on the gel fiber network. The presence of CBZ crystals significantly altered the
morphologies of the gel fibers. Thus G1 gels prepared by different stimuli controlled the
CBZ crystallization event. All these gels formed by G1 Form I. Again, remaining two
polymorphic phases of G1 responded to heat-cool stimuli only to form stable gels.
Therefore, gels formed by the G1 polymorphs can be utilized to investigate the influence
of gelator’s polymorphic phases on the outcomes of CBZ from gel phase crystallization.
As M.G.C. value of G1 Form Il is higher than the other two forms (M.G.C. is 3.8 % w/v
for G1 Form I1) and concentration of G1 Form Il for gel preparation is 4 % w/v (other
two gels prepared at 3 % wi/v). All the three gels were found stable in presence of CBZ

as evident from ‘vial inversion’ test (shown in Figure 4.10).
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Figure 4.10 ‘vial inversion’ test of gels prepared from three polymorphs of G1
containing CBZ
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Figure 4.11 PXRD patterns (a) and DSC endotherms (b) of CBZ crystals obtained from
gel of G1 polymorphs

CBZ crystals were isolated and characterized following the procedure outlined
above. Unit cell parameters of CBZ crystals grown in gels of G1 Form | and Il match
with reported CBZ Form Il. Whereas in G1 Form 111 gels both CBZ Form Il and 111 were
present. Further phase purity of the crystals obtained from these gels were characterized
by PXRD and DSC analysis (shown above in Figure 4.11). Apperance of characteristics
peak of CBZ Form Il at around 8.7 (26 value) in the PXRD pattern of crystals obtained
from G1 Form Il gels and two endothermic peaks at 163.7°C and 186.6°C confirmed the
polymorphic form of CBZ as CBZ Form II. Similarly presence of characteristic peaks of
at around 26 = 13.4, 18.7, 24.5 (for CBZ Form 1ll), 15.4, 19.6, 25.2 ( for CBZ Form II)
in the PXRD pattern confirms the presence of both CBZ Form I1 and 11l in G1 Form Il
gel. In DSC endotherm of CBZ crystals obtained from G1 Form Il gel, endothermic
peak corresponding to polymorphic transition of CBZ Form Il to | is present however the
exothermic peak of recrystallization of CBZ Form 1 is not observed. This may be due to
presence of CBZ Form | (due to conversion of CBZ Form Il to I) in the system CBZ
Form 111 converted along with CBZ Form Il to I.
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Changes in the rheological properties of the gels were examined using amplitude
and frequency sweep rheological experiments (shown in Figure 4.12). Results from these
experiments indicate that the presence of CBZ within the gels reduce the viscoelastic
nature of the gels along with decrease in the gap between G’ and G” values. However

even in the presence of CBZ gel maintained its gel state.
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Figure 4.12 Amplitude sweep rheology of gel prepared by three G1 polymorphs (a) with
CBZ and (b) without CBZ under constant frequency of 10 Hz. G’ and G” denote storage
and loss modulus. Form 1, 11, and 11l represent three polymorphs of G1
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Figure 4.13 Frequency sweep rheology of gels prepared by G1 polymorphs containing
CBZ crystals. G' and G" denote storage and loss modulus.

4.3 SUMMARY

In this chapter, a new approach of gel phase crystallization of Carbamazepine
(CBZ) is discussed. Solution phase crystallization of CBZ from toluene resulted
concomitant crystallization of CBZ Form Il and Ill. Although CBZ Form Il appeared

first which then transformed slowly into CBZ Form I11 within 6-12 hour depending on
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CBZ concentration. In gel phase crystallization of CBZ, gelator’s polymorphic forms
influenced the outcome. G1 Form Il gel selectively crystallized CBZ Form Il and also
prevented the polymorphic transition to CBZ Form Ill. However, G1 Form 111 gel unable
to crystallized selectively but slowed down the transition rate. Among all three
polymorphs of G1, G1 Form | gel found to most effective as gel matrix for
crystallization. Heat-cool, sonication and grinding crystallizes CBZ Form Il exclusively
and at the same shaking resulted CBZ Form Il directly without encountering with CBZ
Form II.

Although exact mechanism of selective crystallization is not clear but it is evident
that gelator’s polymorphic state and gel preparation conditions are deciding factors in
selective drug crystallization. Moreover, CBZ crystals can easily recoverable from the
gel phase. Therefore, utilization of various combinations of stimuli and gelator
polymorphs to prepare the gel matrix for crystallization applications holds significant

potential.

4.4 EXPERIMENTAL SECTION
4.4.1 Materials:

All the chemicals used were brought from standard commercial sources and were
used as such without further purification (exceptions were mentioned in the procedures).
Aminoacetaldehyde diethyl acetal and 1,3-bis( 2-isocyanto-2-propyl)benzene were
purchased from TCI. Carbamazepine was purchased form Merck India. All solvents used
in experiments are of laboratory grade and purchased from SRL.

4.4.2 Instrumental Details:

The instruments used for characterization including PXRD, DSC, and rheology
tests as mentioned in section 2.4.2 of Chapter 2.

Gel samples were air dired to transform into xero gels, which were then used to
get electron microscopy images for FESEM technique. FESEM images were recorded in
Gemini 500 FE-SEM. Samples were coated with 2 nm of Pt before recording in both
instruments. Microscopic images are recorded in Motic Microscope 3.0+ and analysed
with Motic software.

4.4.3 Gel phase crystallization
(a) CBZ crystallization in stimuli induced gels:

Initially, required amount of CBZ (20mg/ml) was mixed with toluene in a glass

vial (size= 5ml) and heated until a clear solution was obtained. The CBZ toluene solution
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was cooled down to room temperature and required amount of G1 Form | added
immediately followed by appropriate application of stimuli to prepare the gel. After
application of stimuli, the glass vials were kept undisturbed for crystallization of CBZ.
(b) CBZ crystallization in gels of G1 polymorphs:

All three polymorphs of G1 responded to heat-cool stimuli only. Gels were

prepared following procedure described above for all three polymorphs of G1.

4.4.4 Recovery of CBZ crystals from the gel matrix:

Crystals of CBZ were recovered from the gel by converting the gel into sol phase,
and then crystals were filtered out easily. To convert the gel to sol, 2-3 drops of acetic
acid was added followed by slight warming the vial to break the gel networks to sol
phase. Microscopic images were captured by placing a small amount of gel containing
CBZ crystals smeared on a glass slide to observe under microscope.
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