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Controlled isolation and stabilisation of pure
metastable carbamazepine form IV by droplet-
confinement via a continuous manufacturing
route†

Alice Parkes, Ahmad Ziaee, Gavin Walker and Emmet O'Reilly *

This study outlines a systematic approach to control the

polymorphism of carbamazepine (CBZ) and isolate the

metastable polymorph CBZ form IV as a function of droplet size

using spray drying as a continuous method of manufacture. In

this controlled process, CBZ molecules were confined within

spray dried droplets of specific size during the nucleation process

to investigate the effect of confinement space on the

polymorphic outcome.

Controlling the polymorphism of an active pharmaceutical
ingredient (API) through continuous manufacturing is critical
in pharmaceutical processing. Greater than 50% of medicines
are rejected during the drug approval process due to safety
concerns arising from undesired polymorphic transitions
according to Jean-Paul Garnier, former CEO of
GlaxoSmithKline.1 Individual polymorphic forms exhibit
different physiochemical properties such as stability,
solubility and bioavailability; therefore, their therapeutic
effect or side effects can vary significantly with reduced
therapeutic outcomes for patients.2 Moreover, the lack of a
systematic approach to control polymorphic transitions has
significant financial implications for the pharmaceutical
industry alike.3 Therefore, there is a collective aim to
selectively obtain polymorphs of APIs with increased stability.

Polymorphs are different structural arrangements of the
same molecular unit in a crystal lattice4 and the first example
of a polymorphic organic compound was discovered in 1832
by Wöhler and Liebig.5–8 Carbamazepine (CBZ) is an anti-
convulsant polymorphic API with five known polymorphs. Its
catameric polymorph, form V, however, has only been
obtained by a computationally assisted approach.9 As the
nomenclature for each polymorph has varied in the

literature, the following nomenclature is employed in this
study: the triclinic form will be referred to as form I, the
trigonal form as form II, the p-monoclinic form as form III
and the c-monoclinic form as form IV.10 The relative
thermodynamic stability of CBZ polymorphs is in the
following order: form III > form I > form IV > form II.10

Therefore, form III is regarded as the most stable and only
commercially available form of CBZ.11 Confinement has been
identified as a way of selectively controlling the polymorphic
transitions of an API.12 It has been proposed that confining
crystals within small volumes leads to higher control over the
nucleation process and possible stabilisation of metastable
polymorphs with higher solubilities.13 Different methods of
confinement such as confinement in mesoporous silica,14

porous glass,12 inkjet printing15 or small vials16 have been
used for isolating polymorphic APIs.

In this study we demonstrate polymorphic control using a
droplet as the confinement space rather than a physical
barrier. This is achieved through the optimisation of spray
drying parameters to control droplet size. Spray drying is a
continuous method for converting a liquid feed solution or
suspension to powder in a single step.17 This method can be
used to rapidly isolate CBZ form IV by spray drying without
the use of additives.18 The addition of additives is
undesirable as it can lead to increased final dosage form
weight and the need for additional processing to isolate the
pure polymorph from the additive.19 Some modifications of
conventional spray drying e.g., supercritical CO2 antisolvent-
assisted nano spray drying (SASD) have been used for
crystallisation of polymorphic APIs; however, in previous
spray drying studies of CBZ, varying the droplet size to exert
control on the polymorphic form obtained was not
considered.18,20 A study controlling the polymorphism of
CBZ-saccharin cocrystals using SASD, spray drying and
electrospraying concluded that pure polymorphs, form I and
form II, were obtained via both SASD and electrospraying;
however, a mixture of polymorphic form I and II was
obtained for spray drying.21 This was attributed to the anti-
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solvent effect of SASD and the charge applied in
electrospraying, however, nano-sized droplets are generated
via SASD and electrospraying whereas micron-sized droplets
are generated via spray drying.21 In these studies, the focus
has been on exploring different techniques while the effects
of droplet size and the subsequent control over the
confinement level have been overlooked.

This study presents a controlled method to produce pure
metastable CBZ form IV as a function of droplet size by using
optimised spray drying parameters. This approach to
controlling the polymorphism of CBZ by spray drying has the
potential to be applied to control the polymorphism and
obtain pure forms of other polymorphic single component
crystals, cocrystals and multicomponent pharmaceuticals by
continuous manufacturing.

Table 1 displays the process parameters used for spray
drying four different samples with various mean particle sizes
in the range of 1–13 μm. Particle size distribution analysis
shows the particles produced using the lowest atomisation
gas flowrate, hence the largest droplet size, S1, have a much
larger distribution than the particles produced using the
highest atomisation gas flowrate, S4 (Fig. 1A). An inverse
correlation can clearly be observed between the atomisation
gas flowrate and the mean particle size of the spray dried
samples. The final yield of CBZ S1–S4 were 10.48%, 22.11%,
53.21 and 13.64% respectively. This yield could be maximised
by optimising the process conditions which will be carried
out in future work.

Sample S4 with the smallest particle size distribution was
confirmed to consist of CBZ form IV by PXRD.10,23 The CBZ
S1 sample with the largest particle size distribution was
confirmed by PXRD to consist of a mixture of polymorphic
forms IV and III. The arrows in Fig. 1B show characteristic
peaks of form III present in CBZ S1.24 For more information
on the PXRD diffractograms of each polymorph see ESI.†
Based on the PXRD results, a direct correlation between the
crystallised polymorphs and the particle size distribution
could be identified. Accordingly, the largest particles (D50 =
13.09 μm) contain a mixture of form IV and form III
polymorphs, while the smallest particles (D50 = 1.83 μm)
contain pure form IV. Based on these results it is likely that
the mixture of two polymorphic forms found to be present in
S1 is solely due to the larger distribution of particle sizes and
that the smaller particles crystallised as form IV, while the

larger particles crystallised as the more stable form III. The
reproducibility of these results has been verified by three
replicate studies for each droplet size. To confirm the
polymorphic transition was due to the processing technique
outlined, a slow evaporation crystallisation experiment was
performed which produced a different polymorph, confirmed
by PXRD to be pure CBZ form I.10 PXRD analysis of the initial
CBZ starting material (CBZ Int) confirmed the most stable
polymorph, form III, was present before processing (Fig. S1†).
To check the stability of the spray dried samples at various
process conditions and their subsequent polymorphic forms,
all samples were tested under accelerated stability test
conditions. The stability test was carried out for 90 days at 40
°C/75RH. Fig. 2A shows that the amount of form III present
in samples S1–S3 increased over the testing period, as more
characteristic peaks of form III are present in the
diffractograms at day 90. The smallest droplet size S4,
however, was the only sample in which its polymorphic form
was fully preserved during the stability test with only form IV
being detected by PXRD analysis. This result shows that this
controlled processing technique has selectively produced a
metastable polymorph in pure form which remains stable.

A plausible explanation for this observation is the high
purity of this sample which did not facilitate the formation
or transition to other polymorphs. However, for larger droplet
sizes, a longer drying process provides sufficient time for
solution mediated transformation to occur that may have
initially produced a mixture of the two polymorphs, form III
and IV. The presence of form III could act as an impurity that

Table 1 Spray drying parameters used to produce samples CBZ S1–S4 and particle properties of the produced samples

Formulation

Process parameters Particle properties

Atomising gas
flowrate (L h−1)

Feed flowrate
(ml min−1)

Inlet
temperature
(°C)

Outlet
temperature (°C)

Particle size (D50)
(μm) (Std. dev.)

Droplet size*
(μm)22 (Std. dev.)

CBZ size 1 (S1) 192 1.5 65 50 13.09 (4.72) 38.55 (13.89)
CBZ size 2 (S2) 246 1.5 68 51 8.33 (3.84) 24.53 (11.31)
CBZ size 3 (S3) 601 1.5 71 52 4.42 (1.64) 13.02 (4.84)
CBZ size 4 (S4) 742 1.5 74 51 1.83 (0.71) 5.39 (2.09)

Fig. 1 (A) Particle percentage distribution vs particle size for 100
particles produced at each droplet size (B) PXRD graph of CBZ S1, CBZ
S4, CBZ slow evaporation (SE) sample and CBZ polymorphic forms I–IV
from literature displaying the effect of droplet size, and subsequent
particle size, on the polymorphic form produced.
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can lead to a greater amount of form IV polymorphs
transforming to form III. This hypothesis agrees with the
seeding phenomenon where the presence of form III
potentially facilitates the continual transformation of form IV
to the more stable form III.3

Fig. 3 shows a significant change in the morphology of
the spray dried particles. Sample S1 with the largest particle
size distribution consisted of spherically packed particles of
prism-like crystals that were confirmed to be a mixture of the
p-monoclinic (form III) and c-monoclinic (form IV) crystal
structures (Fig. 3A). On the other hand, sample S4 with the
smallest particle size distribution consisted of agglomerated
spherical particles, confirmed by PXRD to be c-monoclinic in
pure form (Fig. 3D). This is in agreement with the work of
Grzesiak et al. which shows the packing diagrams of the
carboxamide dimer units for both monoclinic polymorphs
leading to these observed morphologies.10 The differential
scanning calorimetry (DSC) results in Fig. 4 show the
correlation between the size of the droplet and the relative
amount of CBZ form IV present. The first melting peak for all
samples regardless of their particle size distribution occurs at
185 °C and corresponds to the melting of form IV.10 As the
area under each peak corresponds to the amount of that
polymorph melting, the relative amounts of form IV are
evidently increasing as the droplet size is decreasing; S4
contains the most amount of form IV. The thermogram of
the starting material, CBZ initial, form III, shows only one
melting point at 190.71 °C. This shows that the second peak
present in the thermograms of samples S1–S3 is representing
the relative amounts of form III present in these particles.
This confirms a mixture of both form IV and form III are
present in CBZ S1–S3, whereas sample S4 only contains form
IV. Fourier transform infrared spectroscopy (FTIR) was also
used to characterise the spray dried formulations. For more
information refer to Fig. S2.†

This study shows that the size of the droplets produced in
the spray dryer directly influences the final polymorphic form
of CBZ. There was a clear transition from a mixture of forms
III and IV to pure form IV when the size of particles was
reduced from D50 13.09 μm to 1.83 μm. The effect of size
and confinement within physical barriers on the polymorphic
transition of APIs has been investigated in the literature
before, for instance, Dela Cruz et al. conducted a study in
which a solution of acetaminophen and a solution of glycine
were crystallised in a confined space of 1 ml vials. The study
discussed the effect of volume reduction on nucleation
induction times, on the polymorphic form and on the
probability of a nucleation event occurring.16 Other studies
have looked at the confinement of CBZ in porous media,
such as porous silica.14 Confinement of CBZ in a droplet
during spray drying can influence the nucleation direction of
crystal growth and the morphology of the final dried powder.
Reducing the volume at which the material is confined to the
size of a droplet, allows for metastable polymorphs to be
obtained which could not be achieved otherwise. The shape
of the confined space can also alter the obtained polymorph
as crystal nucleation and growth occurs in a favoured
direction.25 In this study, the spray drying process only
produced form III, p-monoclinic, and form IV, c-monoclinic,
with prism-like morphologies.18,26 Form I and form II,
however, exhibit needle-like morphologies.26,27 These
observations could be due to the spherical shape of the
confinement space i.e., the droplet, favouring the nucleation
of prism-like morphologies over needle-like crystals.

In general, polymorphs with the fastest growth rate will
crystalise; however, the growth rate changes as a function
of the crystallisation conditions:28 the degree of

Fig. 2 Stability studies of CBZ S1 (A), CBZ S4 (B) at day 0, 30, 60 and
90.

Fig. 3 SEM images of (A) CBZ S1, (B) CBZ S2, (C) CBZ S3, (D) CBZ S4, (E) CBZ produced from slow evaporation crystallisation and (F) CBZ starting
material (CBZ initial) at ×5.00k.

Fig. 4 DSC thermogram of CBZ S1, CBZ S2, CBZ S3, CBZ S4 and CBZ
initial at 10 °C min−1.

CrystEngComm Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

8-
01

-2
02

6 
 8

:1
5:

35
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ce01041k


6828 | CrystEngComm, 2022, 24, 6825–6829 This journal is © The Royal Society of Chemistry 2022

supersaturation, the temperature and the interfacial
tension. The resulting polymorph, therefore, depends on
each of these conditions. In the spray drying process, the
droplets are atomised into the drying chamber at the set
inlet temperature of 70 °C. Methanol, with a boiling
temperature of 64.7 °C, immediately starts to evaporate
from the surface of the droplet. Thereafter, the amount of
solvent at the surface is replenished with excess solvent
from the droplet core. This process continues until the
surface of the droplet becomes supersaturated by solute
and crystallisation occurs. A shorter time is required for
the solvent to be evaporated from the surface of smaller
droplets due to higher surface area being exposed to the
inlet temperature of the spray drying chamber. Droplet
confinement, therefore, controls the induction time for
nucleation by limiting the amount of solvent and
accessible space in which the nucleation occurs. In this
case, the rapid isolation and drying of a particle in spray
drying allows for the metastable polymorph of CBZ, form
IV, to be obtained before it dissolves and transforms to a
more stable form by solution mediated transformation.

Solution mediated transformation arises due to the
solubility differences between polymorphs.28 According to
Ostwald's rule of stages, the least stable polymorph will
crystallise first. From this point on there is a possibility for
solution-mediated transformation to occur. As a result, in
samples with larger spray dried droplets, it can be
postulated that the least stable CBZ polymorph (form II)
nucleates initially followed by solution mediated
transformation to form IV. Droplets with remaining
methanol that have not fully evaporated after the
nucleation of CBZ form IV have the potential to partially
dissolve and transform to the more stable polymorph, form
III. Therefore, the shorter the drying time, the shorter the
available time for solution mediated transformation to
occur and the greater the prospect of achieving metastable
polymorphs. This is a likely explanation for the results of
the study herein in which the formation of pure form IV in
the smallest droplet size (CBZ S4) and a mixture of form IV
and form III in the largest droplet size (CBZ S1) were
observed. The same phenomenon has been observed by
Buanz et al. where they obtained the metastable polymorph
of B-mannitol through inkjet printing.29

In this study, a process of obtaining both a mixture of
stable and metastable polymorphs of CBZ, form III and IV,
and isolating pure metastable form IV using spray drying as
a continuous method of manufacture has been
demonstrated. Crystallisation theories, such as
supersaturation and solution mediated transformation,
support and explain our findings. A stability investigation
was also conducted in which it was found the smaller the
level of confinement, the more stable the metastable
polymorph CBZ form IV. As pharmaceutical industries look
to move in the direction of continuous manufacture,
methods of increased process control such as the approach
discussed herein are essential.
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