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/Abstract: Temperature-induced phase transitions in carba-
mazepine (CBZ) and 10,11-dihydrocarbamazepine (DHC)
were studied by simultaneous differential scanning calorime-
try—X-ray diffraction in this work. The transitions generally in-
volve a transitional melt phase which is quickly followed by
recrystallisation. The expansions of the unit cell as a function
of temperature could be quantified and allow us to deter-
mine a directional order of stability in relation to the lattice

-

constants. Dihydrocarbamazepine form Il undergoes a con-
version to form | by a localised melt phase. Carbamazepine
(CBZ) form IV converts to form | at 182°C, again by a local-
ised intermediate melt phase. CBZ form Il converted to
form | at 119°C by a pathway that appears to have included
some melting, and form Ill underwent a part melt-recrystalli-
sation and a part sublimation-recrystallisation to form I.

/

Introduction

Pharmaceutical materials may exist in many different physical
forms, each of which will have unique physicochemical proper-
ties such as solubility, dissolution rate, stability, hygroscopicity,
mechanical strength, flowability and compressibility.” All of
these properties will have a significant influence on the utility
of the compound in a medicine. It is therefore essential that as
much as possible is known about the physical form of an
active ingredient and how it will behave under different condi-
tions before it can be used in the clinic. However, systemic ap-
proaches to understanding polymorphic diversity in organic
solids remain elusive.

The standard approach to studying polymorphic transitions
is differential scanning calorimetry (DSC). This provides infor-
mation on the melting point and heat of fusion of polymorphs,
and so relative thermodynamic stabilities, but does not give
structural information. For the latter, X-ray diffraction (XRD) is
required. Variable-temperature XRD approaches have led to
useful insights into physical form transitions in pharmaceutical
materials, but standard lab instruments take a considerable
time to record a diffraction pattern (ca. 30 mins) and so it is
difficult to study transient or short-lived phases. Differences in
sample sizes between XRD and DSC instruments can also
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affect the nature of the events observed.”) We recently demon-
strated that a simple modification to a standard lab DSC instru-
ment permits it to be mounted on a synchrotron X-ray source,
such that diffraction patterns can be obtained in as little as 2 s,
as the instrument records thermal data in real-time.”! This al-
lowed us to perform simultaneous DSC-XRD, and collect large
amounts of XRD data of a quality suitable for Rietveld refine-
ment during heating at standard DSC rates (10°Cmin™"). As a
result, we could accurately explore and obtain new insights
into phase transformations of several pharmaceutical active in-
gredients, including sulfathiazole, glutaric acid and paraceta-
mol.B¥

Carbamazepine (CBZ) (Figure 1) is an anticonvulsant com-
monly used to treat epilepsy and trigeminal neuralgia.”’ It has
extremely poor solubility in water® and is therefore an ideal
candidate to screen for metastable polymorphs, since these
will have higher solubility and more rapid dissolution rates
than the thermodynamically most stable form. To date there
have been five CBZ polymorphs reported.”" CBZ is enantio-
tropic, and the most stable form at room temperature is form
11,1 while that at higher temperatures is form L The majority
of the known polymorphs of CBZ (modifications I-IV) pack as
dimers with the two molecules connected anti to each other
by H-bonds between the oxygen and nitrogen atoms of the
carbamoyl group.”''? The differences in structure stem
mainly from the way in which these dimers are packed relative

O CGLO
- A

Carbamazepine 10,11-dihydrocarbamazepine

Figure 1. Chemical structures of carbamazepine and 10,11-dihydrocarba-
mazepine.
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to one other. The most recently discovered form (V) is the only
known polymorph of CBZ to pack catemerically, without form-
ing dimers. Using DSC, it has been shown that upon heating
at 20°Cmin~" CBZ Il undergoes a solid-solid phase transition
to form | between 140 and 160°C, and form Il undergoes a
melt-recrystallisation to form | over the range 168-175°C.”' At
the same heating rate form IV melts at 188°C and partially
converts to form I, but slower heating results in a more com-
plete conversion. In all cases form | was shown to melt at 192-
194°C." The discovery of CBZ V was achieved by templating
crystal growth on the surface of a crystal of form Il of 10,11-di-
hydrocarbamazepine (DHC) (Figure 1). The latter is a structural
analogue of CBZ. The difference between the two molecules
lies in the presence or absence of a double bond opposite the
nitrogen of the azepine ring (Figure 1).

10,11-dihydrocarbamazepine  has four known  poly-
morphs,'9 three of which display a catemeric H-bonded
motif similar to that of CBZ V. In contrast, the most recently
discovered form (IV) has a dimer motif similar to that seen in
CBZ forms I-IV. There has been little research into DHC, with
no studies reported into the phase transitions between poly-
morphs or describing their behaviour upon heating.

Here we report, for the first time, detailed studies into the
polymorphism of DHC and CBZ, describing a number of new
insights into the transformations between the various forms of
each.

Results and Discussion
Dihydrocarbamazepine

Combined DSC-XRD data for a sample of DHC are shown in
Figure 2. The XRD data clearly show three distinct regions. In
two of these there are numerous Bragg reflections, while the
third is conspicuous by its lack of reflections. The DSC thermo-
gram shows no events until the sample reached ca. 190°C,
where there is a small endotherm. At the same temperature
there is also a change in the positions of Bragg reflections in
the XRD data. Following this, at around 207 °C, there is a much
larger endothermic event coinciding with the total loss of
Bragg reflections in the contour plot.

Rietveld refinement of a number of DHC crystal structures
from the Cambridge Structural Database (CSD) against the pat-
tern recorded for the initial starting material at 56.3°C (see
Supporting Information Figure S1 and Table S1) confirms that
it was mostly polymorph I, with a very small amount of poly-
morph | also present. The refinements fit with a R,,, of 0.0349,
and all subsequent refinements were carried out using the
starting models VACTAUO1 (form 1) and VACTAUO02 (form II)
from the CSD.

From 56 to 190°C there are no events in the DSC thermo-
gram, and so there are no phase transitions occurring. Howev-
er, there are subtle changes in the diffraction data. Some, but
not all, of the reflections relating to form Il gradually shift to
lower 26 angles. This is a consequence of the expansion of the
unit cell as it is heated. Figure 3 gives plots of the lattice con-
stants as a function of temperature. The expansion in b is
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Figure 2. DSC-XRD data for DHC collected at 10°Cmin~". (a) A contour plot

of the diffraction data showing the phases present: DHC Il (Il), DHC I (1), and
liquid DHC (L). (b) The corresponding DSC thermogram.
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Figure 3. Lattice constants as a function of temperature for 10,11-dihydro-
carbamazepine polymorph II.

larger per degree increase in temperature than that in a and ¢,
by factors of 9 and 4, respectively. This is a consequence of the
alignment of the molecules relative to each other in the crystal
and so the distances between them. The dominant intermolec-
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ular force in the structure of polymorph Il is hydrogen bonding
between one hydrogen from the amide group and the oxygen
of an adjacent molecule™ (Figure S2 and Figure 4a). This is in
fact the only hydrogen bonding throughout the lattice, and
while relatively weak for an H-bond with an H--O distance of
2.206 A7 is the strongest interaction holding the crystal to-
gether. An amide proton of the second molecule forms a simi-
lar H-bond with the oxygen of a third adjacent DHC molecule,
and so strings of molecules are formed in one direction. This
corresponds exactly to the lattice constant a.

The second hydrogen of each NH, group interacts with the
benzene ring centroid of the adjacent molecule (Figure 4a).

-
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Figure 4. (a) Intermolecular bonding in 10,11-dihydrocarbamazepine Il in the
ac plane of the unit cell, showing N—H--O hydrogen bonds and N—H--m in-
teractions. All C-bound H have been omitted for clarity. (b) 10,11-dihydrocar-
bamazepine Il viewed in the bc plane of the unit cell. All H have been omit-
ted for clarity.
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This enables interaction between the proton and the m-elec-
trons, which appears to stabilise the one-dimensional chains.!
When viewed in the ac plane (Figure 4a) it is clear that these
two interactions stabilise the crystal in the a direction.

When viewed in the bc plane (Figure 4b) it can be seen that
the chains are arranged in pseudo-sheets with the orientation
of the carbamoyl group alternating with each new layer. Bond-
ing in the b direction is much weaker than in any other direc-
tion as there are no H-bonds and only interactions between &
electrons of the aromatic rings. Harrison et al.™ have suggest-
ed that these interactions must be relatively weak as the short-
est centroid--centroid separation between adjacent molecules
is 4.82 A. Bonding in the c axis is a little more interesting. The
N—H--O H-bonds between the carbamoyl groups and the sup-
porting N—H--7 interactions form chains in the a dimension
and offer some support in ¢ (Figure 4a). Nevertheless, between
the chains in this direction there are no hydrogen bonds and
only Van der Waals interactions similar to those in the b axis,
but slightly stronger, with the shortest C--C separation being
3.651 A. This intermolecular bonding structure fits well with
the unit cell expansion pattern observed, with the greatest ex-
pansion seen in b, followed by ¢ and finally a.

At 190°C the form Il reflections fade away and new ones
grow in at different angles; a small endotherm also appears in
the thermogram. These two events indicate a phase transition.
Rietveld refinement of the diffraction pattern recorded at
202.5°C (Table S1 and Figure S3) demonstrates that the second
phase is DHC I. Thus, the phase transition occurring is form Il
converting to form I. It is notable that the presence of crystal-
line material in the beam was constant. The results of integra-
tion of the calculated patterns for the two forms as a function
of temperature are presented in Figure 5. It is clear that the ini-
tial sample consisted almost entirely of form Il. As the tempera-
ture rises the content of form Il appears to increase, whilst the
amount of form | remains relatively constant. One explanation
for the apparent growth of form Il may be that there was
some amorphous material present in the initial sample and
that the energy supplied upon heating allowed sufficient mo-
lecular mobility for crystallisation. However, glassy DHC would
produce a broad shallow “hump” rather than sharp peaks in a

3
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Figure 5. Plot of integrated total diffracted intensity for calculated patterns
of 10,11-dihydrocarbamazepine form | (black squares) and form Il (red circles)
as a function of temperature.
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diffraction pattern. Further inspection of the initial pattern (Fig-
ure S1) reveals no indication of the presence of amorphous
material. There is a visible curve to the background but this
persists throughout all of the data collected on all of the sam-
ples during this beamtime. More significantly, there are no exo-
thermic events in the DSC trace, ruling out any rapid crystalli-
sation occurring. It could be that the increase in form Il arises
because of gradual crystallisation occurring during the heat
(below the detection limit of the DSC) or it may be a conse-
quence of the expansion of crystals in the sample resulting in
more material being lifted from the bulk into the passing
beam.

At around 150°C the amount of form | begins to increase.
Following this, at 175°C, the amount of form Il begins to de-
crease and the rate of growth of form| rises sharply. The
growth and decay of these two crystal structures continue in
an approximately linear fashion until the sample reaches
200°C and there is no more form | present. The small endo-
therm in the calorimetric data covers the same temperature
range and the combination of these results indicates the oc-
currence of a phase transition from form Il to form I. The cross-
ing of the two curves at around half the maximum quantity of
either of the two species indicates the transition does not
occur via a complete melt of the sample. Instead it is likely a
solid-solid transition, or possibly the result of many smaller
melt-recrystallisation events on a particle by particle basis. The
absence of an exotherm in the thermogram and the presence
of the endotherm suggests the latter is perhaps more likely (al-
though it could be that exothermic and endothermic events
are happening concurrently, resulting in a net endotherm). It is
likely that the presence of some form | in the initial sample
seeded the process. Analysis of the gradient of the two curves
has shown the decline of form Il content to be —0.78°C™" and
the growth of | to be 0.81°C™" between 191 and 196°C. The
similarity between these two numbers indicates that the con-
version was a single-step process.

Following the ll—I| conversion, crystalline material is only
present over a temperature range of around 10°C before a
total loss of reflections is observed in the XRD data. The large
endotherm in the DSC trace at 207 °C confirms that the sample
has melted."® Although polymorph | was not present for long,
it was nevertheless possible to extract the lattice constants
and cell volume from the refinements and plot them as a func-
tion of temperature (Figure S4).

As with form Il the unit cell expands in three dimensions as
the temperature increases. Expansion in ¢ per degree tempera-
ture rise is greater than that in a and b by factors of 3.5 and 7
respectively. The reasons for this are similar to those for
form Il. Form | exhibits the same molecular chains held togeth-
er by weak hydrogen bonding between an amide proton and
the oxygen of an adjacent molecule™ ' and stabilised by N—
H--m interactions between the second amide proton and an
adjacent benzene centroid, but instead of the a direction they
propagate along b (Figure S6). When viewed in the ac plane
(Figure S7) the difference between the two structures is clear.
In both, the chains are arranged in pseudo sheets, but where
in form Il the orientation of the carbamoyl groupings alter-
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nates with each layer (Figure 4b), form | presents them in the
same orientation. In both forms the layers are positioned so
that the ring structures of each molecule are adjacent to ring
structures in another molecule, allowing for 77 interactions.

For both DHC | and I, the smallest expansion is observed in
the same direction as the propagation of the chains. This is to
be expected as this is the direction in which the strongest in-
termolecular interactions are observed. However, the greatest
expansion and so the weakest interactions are seen in different
relative directions. Form Il expands most in b (equivalent to a
in form I), effectively increasing the area of the pseudo sheets,
whereas form | expands most in ¢ (equivalent to ¢ in form II),
increasing the space between the pseudo sheets. Both of
these dimensions are dominated by m--m interactions, which
are weaker than H-bonds."*?”

CBZ IV

There has been some confusion over the nomenclature of CBZ
polymorphs in the literature; in this work, we use the number-
ing of the CSD (Table 1). DSC-XRD data for a sample of anhy-
drous CBZ supplied as form IV can be seen in Figure 6. The dif-
fraction data are similar to those of DHC, with the occurrence
of one crystalline to crystalline and one crystalline to liquid
transition. Data collection began at 52°C and no major struc-
tural changes occurred until 182°C, at which point there is a
change in the 26 positions of the Bragg reflections. The
second crystalline phase is present until the sample reaches
around 192°C, at which point all reflections disappear. The
DSC trace shows a small endotherm-exotherm event coincid-
ing with the crystalline—crystalline transition. Immediately fol-
lowing this and superimposed upon it there is a much larger
endotherm, resulting from melting of the material (evident
from the total loss of diffracted intensity at the same tempera-
ture). The proximity of these events indicates that, at a heating
rate of 10°Cmin~', the two transitions occur at very similar
temperatures. Unfortunately, a consequence of the overlapping
thermal events is that there can be no accurate quantification
of the associated enthalpies.

Batch Rietveld refinement was carried out on all patterns re-
corded and selected patterns were examined individually. Ini-
tially, selected patterns were analysed to establish which of the
five reported forms of CBZ®"?" were present throughout the

Table 1. Unit cell information and CSD identifiers for CBZ forms I-IV.
Property Form | Form I Form IlI Form IV
CSD identifier CBMZPN11®" CBMZPN03® CBMZPNO1” CBMZPN12""
TI°C —115 10-30 10-30 —-115
space group  P1 R3 P2,/c C2/c

a [A] 5.1705(6) 35.454(3) 7.529(1) 26.609(4)
b [A] 20.574(2) 35.454(3) 11.148(2) 6.9269(10)
c[Al 22.245(2) 5.253(1) 15.470(2) 13.957(2)
a[’] 84.124(4) 90 90 90

Al 88.008(4) 90 116.17(1) 109.702(2)
y [ 85.187(4) 120 920 90

R factor 0.0506 0.069 0.035 0.0357

13576  © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. DSC-XRD data for CBZ IV collected at 10°Cmin . (a) A contour
plot of the diffraction data and (b) the corresponding DSC thermogram.

experiment. These analyses found evidence of forms| and IV
but no other species. All further refinements were carried out
using starting models from the CSD (form|: CBMZPN13,
form IV: CBMZPN12). Unit cell data are presented in Table S2.
Refinement of the initial pattern recorded at 52°C and a pat-
tern recorded at 189°C are given in Figure S8. Evidently, the in-
itial sample was entirely form IV, and the structural refinements
fit with a R,,, of 0.0441.

Although CBZ is analogous to DHC with some of its poly-
morphs having similar structures to those of DHC already dis-
cussed, the structure of form IV (Table 1) is not one of these.
Unsurprisingly, plotting the lattice parameters as a function of
temperature (Figures S9 and S10) reveals that the unit cell of
form IV expands upon heating, with expansion in b being
around twice that of a and c¢. CBZ IV packs as dimers, held by
two H-bonds (1.86 A) through the carboxamide group with the
two molecules anti to each other (Figure S11). The oxygen
also takes part in another interaction (2.28 A) with a hydrogen
on the seven-membered ring of an adjacent molecule, and so
chains of molecules are formed, which propagate along ¢ (Fig-
ure S12). These chains are held together along a and b by
centroid-centroid interactions at a distance of 3.809 A. The
bonding pattern in a alternates between the two H-bonds
forming the dimers and centroid-centroid interactions linking
each dimer with the next (Figure S13).

Figure 7 shows the three types of intermolecular bonds
present throughout the crystal. It is immediately apparent that

Chem. Eur. J. 2018, 24, 13573 - 13581 www.chemeurj.org
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Figure 7. Intermolecular bonding in CBZ IV along the b axis of the unit cell,
with ¢ perpendicular to the page, showing N—H--O H-bonds within dimers
and C—H--0O H-bonds and centroid--centroid interactions between dimers.

in the b axis the H-bonds exist as individual units and offer
very little support in this dimension. As a result, bonding in
this direction is dominated by benzene ring interactions; while
these do form very clear chains, the interactions in them are
much weaker than in the other two dimensions. This becomes
clear when comparing the distances between the interacting
species (N—H--0, 1.86A; C—H--O, 2.28 A; centroid--centroid,
3.809 A; m-m offset, 1.206 A).

Clearly the domination of H-bonding in ¢ makes the interac-
tions in this direction stronger than a, which has a combina-
tion of both H-bonds and st interactions. Axis a in turn has
stronger intermolecular interactions than b, which exhibits
almost entirely w7 interactions. As a result, expansion in the
a axis is slightly larger (1.39%) per °C than that in the c¢ axis
and that in b is larger than a and ¢ by factors of 2.35 and 3.26
respectively.

Subsequent to this expansion of the unit cell the data show
a small endotherm-exotherm and a sharp change in profile of
the diffraction patterns. The initial small endotherm has an
onset of 180 °C and represents the melting of form IV. The exo-
therm denotes a recrystallisation process. Rietveld refinement
of the pattern recorded at 189°C after the profile change and
the peak of the exotherm (Figure S8) identifies the second
phase as CBZ polymorph |, with a residual trace of IV remain-
ing. Plotting the integrated total diffracted intensity for each
pattern as a function of temperature (Figure 8) reveals that the
lack of form | below 170°C is constant and the amount of
form IV seems to grow as the temperature increases. This is
likely due to thermal effects. The total integrated intensity
peaks at 152°C, at which point it begins to decrease before a
very sharp drop which flattens out at 192 °C. This signifies the
total loss of all form IV content in the sample. At 172°C form |
begins to grow; this is around the same point at which the de-
crease in form IV accelerates. The two changes considered to-
gether suggest that form IV converts to form | upon heating.

The integrated data were converted to phase fractions and
plotted as a function of time (Figure 8 inset). The curves cross
at 0.5 and so the transition occurred without any wholesale

13577 © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Plot of integrated total diffracted intensity for calculated patterns
of CBZ | (black squares) and IV (red circles) as a function of temperature,
with inset plot of phase fraction as a function of temperature.

melt (i.e. melting and recrystallisation occur concomitantly
rather than sequentially). An approximate linear fit of the inte-
grated data has been carried out around the intersection
point. It appears that the decline of form IV (—5.100°C™")
occurs at a slightly faster rate than the evolution of form |
(3.567°C7"). This is unsurprising as melting is a thermodynamic
event and occurs very quickly while crystallisation is a kinetic
event requiring molecular ordering. The presence of the endo-
therm-exotherm in the DSC trace (Figure 6) offers strong sup-
port to the theory of phase transformation via melting. The
reason for their overlap is that the temperature at which the
material crystallises to | is reached by the instrument before all
of form IV has melted. It appears that the transformation of
CBZ IV to CBZ | must occur by a melt-recrystallisation mecha-
nism at these heating rates. The possibility of a separate melt
and recrystallisation occurring at a lower heating rate cannot
be ruled out.

Following the conversion of CBZ IV to | it can be seen that
the maximum form | content barely reaches 70% of the maxi-
mum form IV content prior to the conversion (Figure 8), as a
result of incomplete recrystallisation to formI. At 10°Cmin™"
the DSC reached the melting temperature of form I°? (repre-
sented by the large endotherm, onset 191°C in Figure 6b)
before the material had all been able to crystallise. When the
experiment was repeated at 2°Cmin~' (data not shown) the
endotherm and exotherm were no better resolved but the re-
sultant crystallisation exotherm had time to complete prior to
the onset of melting and the total content of form| after the
conversion had completed was similar to that of form IV. This
agrees with work by Grzesiak et al.”’ Presumably at the faster
heating rate, the melted form IV remains in the molten state
until the end of the experiment.

CBz 1l

DSC-XRD data for a sample of carbamazepine supplied as
form Il are given in Figure 9. The DSC data show a small exo-
therm-endotherm with an onset at 126°C, and then a large
endotherm with two peaks and an onset at 190°C. The former
corresponds to a complete change in the diffraction pattern,
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Figure 9. DSC-XRD data for a sample of carbamazepine procured as form Il
collected at 10°Cmin~". (a) A contour plot of the diffraction data and (b) the
corresponding DSC thermogram. The inset in (b) shows a magnified view of
DSC events between 110°C and 180 °C. Dashed lines indicate the position of
phase transitions visible to both DSC and XRD.

while the latter is concurrent with the complete loss of all
Bragg reflections and is in agreement with the reported melt-
ing point of CBZ form I.”2? The reason for the double peak is
unclear, but it may be explained by the large sample size
(12.1 mg). In all DSC-XRD experiments it was necessary to use
a sample size significantly larger than the 5 mg recommended,
to ensure that there was always sample in the X-ray beam.

The initial change in diffraction pattern is accompanied by
an exotherm-endotherm in the DSC trace, indicating crystallisa-
tion followed by melting. Following the transition some crys-
talline material remains, but a portion appears to have melted.
This suggests that the initial sample may have been a mixture
of polymorphs rather than pure form Il. Furthermore, form Il is
reported to undergo exothermic conversion to form | between
140 and 160°C at a heating rate of 20°Cmin~"." The onset of
the exotherm in this experiment occurs at 119°C, which can
be accounted for by the slower heating rate (10°Cmin™"), but
the endotherm cannot be attributed to the same conversion.
Unfortunately, the onset occurs whilst the preceding exotherm
is ongoing and so cannot be accurately determined, but it
must be above 119°C. Additionally, due to the small enthalpy
of the endotherm it is unclear whether the signal subsequently
returns to baseline or if there is another exotherm prior to the
melt.
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Phase identification was carried out on patterns collected at
42 and 178°C using the Rietveld method. A relatively poor fit
was obtained at 42°C when considering only form Il in the
model, leading to a more detailed analysis in which the struc-
tures of all five reported polymorphs were introduced. The
conclusion of these refinements was that the initial sample
was in fact a mixture of forms | (3.5%), Il (87.8%) and IlI (8.7 %)
(Figure S14a). All further refinements were carried out using
starting models from the CSD (summarised in Table 1). Upon
closer inspection of the pattern recorded at 42°C (Figure S14a)
it appeared that all form | content was attributable to a shift in
the background and that there were no specific reflections as-
signed to that structure; as a result, we determined that the
detection of form | was an artefact and it was excluded from
refinements at low temperature. Refinement of the higher
temperature pattern (Figure S14b) revealed that following the
phase transition almost all of the material had converted to
form | (96 %) with a very small quantity of form Il (2%) and IlI
(2%) remaining. However, as with form | in the low tempera-
ture pattern, there were no characteristic reflections of form il
remaining in the observed data at 178°C and the 2% can
again be accounted for by a slight discrepancy in the back-
ground. Final unit cell data for the patterns discussed are pre-
sented in Table S3.

Batch refinements were carried out and fits were obtained
with R,, values between 0.0944 and 0.1401. Figures S15-518
show plots of lattice constants as a function of temperature
for the three forms of CBZ present. As with all previous materi-
als, increasing the temperature of the sample causes expansion
of the unit cell in all three dimensions for all three polymorphs.
In all three structures the molecules pack as very similar
dimers to those already discussed for CBZ IV (Figure 7 and Fig-
ure S11), held by intermolecular H-bonds between the carboxa-
mide groups. Polymorph Il expands over 5 times more per °C
in the a and b dimensions than it does in the ¢ dimension.
This is because the dimers in the structure arrange to form
pseudo-layers in the ab plane.” These layers stack with transla-
tional symmetry that runs parallel to the ¢ axis. It is clear from
these data that the sum of the intermolecular bonding in the ¢
axis is much stronger than in the other dimensions, resulting
in the broadening of the layers as the sample is heated, whilst
the chains of stacked dimers increase in length more slowly.

Expansion differences between the three lattice constants of
form Ill are far less pronounced than those of form Il. The inter-
molecular bonding in this structure consists of the H-bonds
forming dimers, two centroid--centroid interactions of slightly
different lengths, two C—H--O interactions, a N—H-- contact
and a C—H--m interaction.”” This combination of intermolecular
bonding is complex and has clearly led to less H-bond domi-
nance throughout the structure, hence the more uniform ex-
pansion of the unit cell upon heating.

Intermolecular bonding in polymorph | is also complex and
has many similarities with form Ill. In both forms the oxygen is
involved in dimer formation as well as interactions with the vi-
nylic carbons of adjacent molecules. A more detailed descrip-
tion is given by Grzesiak and co-workers.” Using this descrip-
tion it was possible to examine the packing of the crystal
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Figure 10. Graphic representation of the unit cell of CBZ I, showing H-
bonds.

using Mercury 3.8. When only the H-bonds which form the
dimers are considered (Figure 10), it can be seen that three of
the four pairs of bonds are orientated so that they offer sup-
port along b and only one of the pairs offers support to c. As
these are the dominant intermolecular interactions in the crys-
tal this explains the much larger extent of expansion in c.

As can be seen from the contour plot (Figure 9), the pres-
ence of solid crystalline material in the path of the beam was
constant from 42 to 196 °C. However, as the initial sample was
a mixture of two polymorphs it cannot be determined from
this plot alone whether either of the components melted at
any point.

Figure 11 shows the amount of each polymorph present in
the sample as a function of temperature. Below 100°C the rel-
ative contributions of the three polymorphs is constant, with
no form |, a little form Il and the sample consisting mainly of
form Il. As with DHC and CBZ IV the total content of form Il ap-

Total Form | + 11

Integral
Phase Fracti

PO

»a

&
80 100 130 130 150 180 >

Temperature (°C) ..'. .-. :

Form |
T T T T T T T T 1
40 60 80 100 120 140 160 180 200 220
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Figure 11. Plot of integrated total diffracted intensity for the calculated pat-
terns of CBZ | (black squares), Il (red circles), Il (blue triangles), their sum
(pink triangles) and CBZ I+l (green diamonds) as a function of temperature,
with an inset plot of phase fraction as a function of temperature.
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pears to increase with the temperature until it reaches 100°C,
at which point the first phase transition begins. This increase is
probably a result of thermal expansion. Form | begins to grow
in at around 100°C and the gradients of both curves become
much steeper at 120°C. This coincides with the onset of the
exotherm in the DSC trace (119°C) and suggests crystallisation
from Il to I. A linear fit was carried out at the straightest sec-
tion of the curves around the point at which they cross (132-
144°C) and the rate of decay of form Il (—3.794°C™") and the
rate of growth of form| (3.164°C™") are similar, with form |
growing a little more slowly, as is to be expected when com-
paring crystallisation (kinetic) to melting (thermodynamic).
During this time form lll appears to grow at an increasing
rate until its content peaks at around 140°C and immediately
begins to decay. It is difficult to say whether form Il melts or
converts directly to form I; however, the presence of the endo-
therm in the DSC data suggests a melt. The crossing of the
phase fraction curves at approximately 0.5 means that this is
not a wholesale melt, but instead localised melting could be
occurring. A plot of the sum of the calculated contributions of
forms| and Il shows a dip in the crystalline content in the
beam between 120 and 160°C, during the phase transition
and prior to the waning of form lll. This supports the hypothe-
sis that there is some melting of form Il involved in the trans-
formation, but disagrees with the literature, which describes a
solid-solid transition (based on a combination of thermomicro-
scopy and DSC carried out on separate samples).”’ Presumably
there must be a point during the transition at which the struc-
ture of the material sits somewhere between those of the two
crystals and is disordered, unless the conversion is simultane-
ous and instantaneous for all molecules in the crystal lattice;
this may be what causes the drop in overall crystalline content
at ca. 140°C, and may not strictly be described as a melt.
Plotting the sum of the content of the three polymorphs as
a function of temperature (Figure 11) it can be seen that the
total crystalline content is lower following the phase transition.
A thorough investigation of the thermal relationship between
forms | and Il was carried out by Behme and Brooke™ who
concluded that the heating rate has a strong effect on the be-
haviour of form Ill. At 2°Cmin™' there is sufficient time allowed
for the full conversion to form|, via a sublimation-condensa-
tion mechanism between 150 and 170°C, with no apparent
melting. However, once increased to 10°Cmin~' they state
that “the endotherm recorded in the range 165-175°C reflects
several thermal events”, representing the combination of some
conversion to form| via sublimation and some melting. At all
rates studied in the range 2-40°Cmin~' the endotherm was
followed by an exotherm corresponding to the crystallisation
of form | from the melt. This melt-recrystallisation pathway is
well documented in the literature.”?>?>%>=27 |t is likely that the
drop in overall diffracted intensity is a result of some form I
subliming and moving out of the incident beam whilst in the
gas phase and condensing in another area of the sample or
being lost from the pan, which was left open for these experi-
ments. Hence, it seems that there are two distinct phase transi-
tions occurring simultaneously by three mechanisms. Form Il is
undergoing melt-recrystallisation to form| on a microscopic
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particle by particle basis and form lll is undergoing part sublima-
tion-recrystallisation and part melt-recrystallisation to form, I.

The conversion data presented here are consistent with the
literature, except that the conversion of Ill occurs at a lower
temperature than expected. This may be due to the presence
of form Il destabilising it. Due to the overlapping events in the
thermogram and the open pan it is impossible to quantify the
enthalpy of conversion for either the form lll—I or Il—I transi-
tions. Consequently, the amount of form Ill lost by sublimation
cannot be determined via enthalpic calculations. However, the
diffraction data were used to calculate a rough fraction of IlI
lost by calculating the difference between the maximum total
crystal content prior to the phase transition and the equivalent
immediately following it. This was compared to the maximum
area under the curve for formlll and the resulting Figure sug-
gests that only 30% recrystallised to form | following the melt
and 70% was lost from the beam. This may be partially pre-
vented in future work by using hermetically sealed DSC pans;
however, this would not prevent recrystallisation from the
vapour phase in areas of the sample not interrogated by the
incident beam.

Conclusions

Temperature-induced phase transitions in carbamazepine (CBZ)
and 10,11-dihydrocarbamazepine (DHC) were studied by simul-
taneous DSC-XRD in this work. The transitions generally in-
volve a transitional melt phase. This melt is so quickly followed
by recrystallisation that regions of the sample melt and recrys-
tallise before other regions begin to melt. Consequently, the
presence of crystalline material in the sample is continuous,
leading to the assumption of solid-solid transitions in the pre-
vious literature. Batch Rietveld refinements allowed the expan-
sion of the unit cell to be quantified as a function of tempera-
ture, and these data in conjunction with structural information
allow us to determine a directional order of stability in relation
to the lattice constants. The dimensions which contain strong-
er intermolecular bonding (e.g. H-bonds) have shown smaller
expansion per °C than those with weaker interactions (e.g.
7t-7t). DHC Il was shown to undergo a conversion to form | by
what appears to be a localised melt phase. CBZ IV converted
to form| at 182°C, again by a localised intermediate melt
phase. A sample procured as pure CBZ Il was in fact found to
contain a small amount of form lll. Form Il converted to form |
at 119°C by a pathway that appears to have included some
melting, and form Il underwent what seems to be a part
melt-recrystallisation and a part sublimation-recrystallisation to
form, I.

Experimental Section
Materials

Carbamazepine (98%) forms Il and IV were provided by Dr. Vijay
Srirambhatla (EPSRC CMAC Future Manufacturing Research Hub,
University of Strathclyde); 10,11-dihydrocarbamazepine (99 %) was
purchased from Alfa Aesar, UK and used as received.
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DSC Measurements were performed with modified TA 2010 or Q20
instruments (TA Instruments LLC), with holes drilled in the furnace
to permit the passage of the X-ray beam as detailed in our previ-
ous study.”’ Calibration was performed with a certified indium
standard according to the manufacturer’s instructions. Samples of
all materials (5-20 mg) were held in Tzero aluminium pans and
heated at 10°Cmin~' from ambient to 220°C. Experiments were
performed on Beamline 112 of the Diamond Light Source using a
0.5x0.5 mm beam of monochromated X-rays at 52.4 keV (0.236 A).
A Thales Pixium RF4343 detector, calibrated with a CeO, standard,
was located 2.4 m away from the sample. Diffraction patterns were
recorded every six seconds (data were collected for 4 s with a 2's
pause between collections).

Data analysis

The DAWN Science Workbench was first used to convert the 2D
data into 1D diffraction patterns.”® Contour plots of the raw XRD
data were then plotted using OriginPro 2016. Selected patterns
were analysed using the Rietveld method implemented within the
TOPAS-Academic suite of programmes,?” in order to obtain realis-
tic values for the unit cell parameters at elevated temperatures.
Backgrounds were fitted using a shifted Chebyshev polynomial of
the first kind with between 6 and 15 terms. Lattice parameters and
peak shape parameters were refined. In cases where more than
one phase was present, the peak shapes for each phase were con-
strained to be the same and the phase fraction was refined. The
models used came from the CCDC (details are given above). The
atom positions were not refined. Atom displacement parameters,
Uy, were set to be 0.15 A? in each phase. Once starting parameters
were obtained batch refinements were performed on all datasets
collected. No zero point was refined as entire diffraction patterns
were collected using a 2D area detector.

Acknowledgements

The authors would like to thank the EPSRC for funding under
grant EP/K039229/1, and UCL for provision of an Impact Ph.D.
studentship to A.E.C. We further acknowledge the Diamond
Light Source for the provision of beamtime on Beamline 112
(experiments EE10503 and EE12735) and Dr. Stefan Michalik
and Dr. Oxana Magdysyuk for their assistance during DSC-XRD
experiments. We are also grateful to Dr. Yue Wu (National Uni-
versity of Singapore) for helpful discussions.

Conflict of interest

The authors declare no conflict of interest.

Keywords: hyphenated  techniques pharmaceutical
materials - phase transitions - synchrotron X-ray diffraction -
thermal analysis

CHEMISTRY

A European Journal

Full Paper

[11 S. Gaisford, M. Saunders, Physical FormI-Crystalline Materials: in Essen-
tials of Pharmaceutical Preformulation, Wiley, Chichester, 2012. pp. 127 -
155.

[2] A. Buanz, T.J. Prior, J. C. Burley, B. T. Raimi-Abraham, R. Telford, M. Hart,
Cryst. Growth Des. 2015, 15, 3249-56.

[3]1 A. Clout, A.B. M. Buanz, T.J. Prior, C. Reinhard, Y. Wu, D. O’'Hare, Anal.
Chem. 2016, 88, 10111 -7.

[4] R. Telford, C.C. Seaton, A. Clout, A. Buanz, S. Gaisford, G.R. Williams
Chem. Commun 2016, 52, 12028-12031.

[5] P. Guyer, BMJ 1964, 2, 427.

[6] M. E. Brewster, W. R. Anderson, K. S. Estes, N. Bodor, J. Pharm. Sci. 1991,
80, 380-3.

[7] J. P. Reboul, B. Cristau, J. C. Soyfer, J. P. Astier, Acta Crystallogr. Sect. A
1981, 37, 1844-8.

[8] M. M. J. Lowes, M. R. Caira, A. P. Lotter, J. G. Van Der Watt, J. Pharm. Sci.

1987, 76, 744-52.

A. L. Grzesiak, M. Lang, K. Kim, A.J. Matzger, J. Pharm. Sci. 2003, 92,

2260-71.

[10] M. Lang, J. W. Kampf, A. J. Matzger, J. Pharm. Sci. 2002, 91, 1186-90.

[11] J.-B. Arlin, L. S. Price, S. L. Price, A. J. Florence, Chem. Commun. 2011, 47,
7074.

[12] A.J. Cruz Cabeza, G. M. Day, W. D. S. Motherwell, W. Jones, Cryst. Growth
Des. 2007, 7, 100-7.

[13] G. Bandoli, M. Nicolini, A. Ongaro, G. Volpe, A. Rubello, J. Crystallogr.
Spectrosc. Res. 1992, 22, 177 -83.

[14] W.T. A. Harrison, H. S. Yathirajan, H. G. Anilkumar, Acta Crystallogr. Sect.
A 2006, 62, s113.

[15] C. K. Leech, A. ). Florence, K. Shankland, N. Shankland, A. Johnston, Acta
Crystallogr. Sect. A 2007, 63, 0675-7.

[16] J.-B. Arlin, A. Johnston, G.J. Miller, A.R. Kennedy, S. L. Price, A.J. Flor-
ence, CrysttngComm 2010, 12, 64-6.

[17] G.A. Jeffrey, Nature and Properties. In: An introduction to hydrogen
bonding. Oxford University Press; 1997.

[18] J.-C. Bradley, A. Williams, A. Lang, J.-C. Bradley, Open Melting Point Da-
taset.

[19] M. Kang, P. Zhang, H. Cui, S. M. Loverde, Macromolecules 2016, 49, 994 -
1001.

[20] J. D. Dunitz, A. Gavezzotti, Cryst. Growth Des. 2012, 12, 5873 -7.

[21] V.L. Himes, A. D. Mighell, W. H. De Camp, Acta Crystallogr. Sect. A 1981,
37,2242 -5.

[22] C. Rustichelli, G. Gamberini, V. Ferioli, M. C. Gamberini, R. Ficarra, S. Tom-
masini, J. Pharm. Biomed. Anal. 2000, 23, 41 -54.

[23] C. McGregor, M. H. Saunders, G. Buckton, R. D. Saklatvala, Thermochim.
Acta 2004, 417, 231-7.

[24] N. El Hassan, A. lkni, J.-M. Gillet, A. Spasojevic-de Biré, N.E. Ghermani,
Cryst. Growth Des. 2013, 13, 2887 -96.

[25] R.J. Behme, D. Brooke, J. Pharm. Sci. 1991, 80, 986 -90.

[26] T. Umeda, N. Ohnishi, T. Yokoyama, K. Kuroda, T. Kuroda, E. Tatsumi, Ya-
kugaku Zasshi 1984, 104, 786-92.

[27] J. A. Zeitler, P. F. Taday, K. C. Gordon, M. Pepper, T. Rades, Time-resolved
terahertz spectroscopy: Polymorphic Solid State Phase Transitions in Car-
bamazepine, in 2007 Joint 32nd International Conference on Infrared and
Millimeter Waves and the 15th International Conference on Terahertz Elec-
tronics, |IEEE, 2007, pp. 492 -493.

[28] M. Basham, J. Filik, M. T. Wharmby, P. C. Y. Chang, B. El Kassaby, M. Ger-
ring, J. Synchrotron Radiat. 2015, 22, 853-8.

[29] A. A. Coelho, J. Evans, I. Evans, A. Kern, S. Parsons, Powder Diffr. 2011,
26, S22-5.

[9

Manuscript received: May 11, 2018
Revised manuscript received: July 3, 2018

Accepted manuscript online: July 6, 2018
Version of record online: August 20, 2018

Chem. Eur. J. 2018, 24, 13573 - 13581 www.chemeurj.org

13581

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1021/acs.cgd.5b00351
https://doi.org/10.1021/acs.cgd.5b00351
https://doi.org/10.1021/acs.cgd.5b00351
https://doi.org/10.1021/acs.analchem.6b02549
https://doi.org/10.1021/acs.analchem.6b02549
https://doi.org/10.1021/acs.analchem.6b02549
https://doi.org/10.1021/acs.analchem.6b02549
https://doi.org/10.1136/bmj.2.5406.427
https://doi.org/10.1002/jps.2600800420
https://doi.org/10.1002/jps.2600800420
https://doi.org/10.1002/jps.2600800420
https://doi.org/10.1002/jps.2600800420
https://doi.org/10.1107/S0567740881007383
https://doi.org/10.1107/S0567740881007383
https://doi.org/10.1107/S0567740881007383
https://doi.org/10.1107/S0567740881007383
https://doi.org/10.1002/jps.2600760914
https://doi.org/10.1002/jps.2600760914
https://doi.org/10.1002/jps.2600760914
https://doi.org/10.1002/jps.2600760914
https://doi.org/10.1002/jps.10455
https://doi.org/10.1002/jps.10455
https://doi.org/10.1002/jps.10455
https://doi.org/10.1002/jps.10455
https://doi.org/10.1002/jps.10093
https://doi.org/10.1002/jps.10093
https://doi.org/10.1002/jps.10093
https://doi.org/10.1039/c1cc11634g
https://doi.org/10.1039/c1cc11634g
https://doi.org/10.1021/cg060504u
https://doi.org/10.1021/cg060504u
https://doi.org/10.1021/cg060504u
https://doi.org/10.1021/cg060504u
https://doi.org/10.1007/BF01186254
https://doi.org/10.1007/BF01186254
https://doi.org/10.1007/BF01186254
https://doi.org/10.1007/BF01186254
https://doi.org/10.1107/S0108767306097741
https://doi.org/10.1107/S0108767306097741
https://doi.org/10.1039/B914365C
https://doi.org/10.1039/B914365C
https://doi.org/10.1039/B914365C
https://doi.org/10.1021/acs.macromol.5b02148
https://doi.org/10.1021/acs.macromol.5b02148
https://doi.org/10.1021/acs.macromol.5b02148
https://doi.org/10.1021/cg301293r
https://doi.org/10.1021/cg301293r
https://doi.org/10.1021/cg301293r
https://doi.org/10.1107/S0567740881008522
https://doi.org/10.1107/S0567740881008522
https://doi.org/10.1107/S0567740881008522
https://doi.org/10.1107/S0567740881008522
https://doi.org/10.1016/S0731-7085(00)00262-4
https://doi.org/10.1016/S0731-7085(00)00262-4
https://doi.org/10.1016/S0731-7085(00)00262-4
https://doi.org/10.1016/j.tca.2003.09.031
https://doi.org/10.1016/j.tca.2003.09.031
https://doi.org/10.1016/j.tca.2003.09.031
https://doi.org/10.1016/j.tca.2003.09.031
https://doi.org/10.1021/cg4002994
https://doi.org/10.1021/cg4002994
https://doi.org/10.1021/cg4002994
https://doi.org/10.1002/jps.2600801016
https://doi.org/10.1002/jps.2600801016
https://doi.org/10.1002/jps.2600801016
https://doi.org/10.1248/yakushi1947.104.7_786
https://doi.org/10.1248/yakushi1947.104.7_786
https://doi.org/10.1248/yakushi1947.104.7_786
https://doi.org/10.1248/yakushi1947.104.7_786
https://doi.org/10.1107/S1600577515002283
https://doi.org/10.1107/S1600577515002283
https://doi.org/10.1107/S1600577515002283
https://doi.org/10.1154/1.3661087
https://doi.org/10.1154/1.3661087
http://www.chemeurj.org

