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In this work, we studied the high-temperature polymorphic conversion of carbamazepine (CBZ) in a high-
density supercritical CO2 (scCO2) medium in the temperature range of 110–200°C. In order to understand the
mechanism of transformation we performed a detailed IR analysis of the supercritical fluid (SCF) phase being
in permanent contact with an excess of CBZ. We studied the conformational equilibrium of CBZ molecules in
scCO2 phase under isochoric heating conditions. Three temperature ranges, where different types of
CBZ–scCO2 equilibria are realized, were considered: i. «CBZ solid – SCF solution»; ii. phase transition region re-
lated to themelting of CBZ in high-density scCO2; iii. «CBZmelt – SCF solution». An analysis of the IR spectroscopy
data on CBZ dissolved in the scCO2 phase obtained for the third temperature range shows that when «CBZmelt –
SCF solution» equilibrium exists, the scCO2 phase contains only one CBZ conformer. Relying on this finding, we
hypothesized that it is possible to obtain pure CBZ polymorph I by the crystallization from CBZ solution in
scCO2. This statement has been proven by the micro-Raman analysis of the crystalline substance being obtained
from such fluid solution.

© 2020 Published by Elsevier B.V.
1. Introduction

Studying of drug compounds polymorphism is of particular impor-
tance even at the stage of pharmaceutical synthesis before the final
product enters the pharmaceutical market [1,2]. It is due to the fact
that various physical, chemical and biological properties of the active
pharmaceutical ingredient (API), such as biological activity, stability,
solubility and bioavailability are closely related to the drug compound
polymorphism [3–6].

The increased interest in using supercritical fluid (SCF) processes for
drug synthesis arises from several important advantages of the SCF
technologies. SCF systems, in particular, the ones based on supercritical
carbon dioxide (scCO2), are used as a promising non-toxic eco-friendly
alternative to organic solvents utilized in classical crystallization
methods [7–14]. Indeed, a target product purification from organic
solvents requires numerous time-consuming or expensive steps, and
even after purification they can contain residual of solvent with low
ssure high temperature; ICA,
e); IMST–H+, iminostilbene
s; RESS, rapid expansion of
SCF, supercritical fluid.
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concentration (about 10−5 of molar fractions) but still dangerous for
human, because of possible cumulative effect at longtime therapy. For
example, our recent spectral analysis of paracetamolwith ≥99% of purity
dissolved in scCO2 showed the presence of amide solvent traces. On the
contrary, CO2 is quite easily removed froma target compound at the end
of the synthesis procedure, transferring from supercritical state to gas-
eous one (at cooling down and depressurizing). It allows excluding
the purification stage from technological process, making scCO2 to be
a suitable medium for the producing the «pure» drug forms.

Alongwith polymorphism, oneof important characteristic of organic
substances, in particular, drugs, is conformational state of their mole-
cules in solutions, which is closely related to polymorphism of drug
crystalline forms being obtained from those solutions.We have recently
performed a series of studies of the conformational equilibria and poly-
morphism of drug compounds in a scCO2 medium [15–20] and in a
number of organic solvents [21–23]. We demonstrated that by charac-
terizing the processes occurring at the drug-scCO2 interface, in particu-
lar by quantifying the distribution of the conformers of the drug that are
dissolved in the CO2 phase at different thermodynamic state parame-
ters, the polymorphism of the API crystalline phase can be controlled.

One of the compounds we studied was carbamazepine (CBZ). This
compound can crystallize in 5 different polymorphs [24–29]. However,
they differ only in the orientation of the molecules in the crystal struc-
tures and have rather low conformational flexibility. Polymorph III of
et al., High temperature polymorphic conversion of carbamazepine
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CBZ is the only one used in pharmaceutics nowadays as themost stable
at room temperature. However, polymorph I that is less stable at room
temperature [30], could be more interesting pharmacologically, e.g. in
composites with polymers, where it can be stabilized by polymer
matrix.

In ourwork [18],we showed thatmetastable polymorphic form I can
be obtained from polymorphic form III by recrystallization through the
solution in scCO2 at a temperature of 110°C. This process can be formally
separated into two principal stages. At the first stage, CBZ form III was
dissolved in scCO2. This led to the conformational equilibrium of the
CBZ molecules in the scCO2 phase due to the thermodynamic factor.
The second stage consisted of crystallization of the CBZ polymorphic
form I that is the most stable in the given conditions from the SCF solu-
tion.We also showed that the temperature and density of the CO2 phase
significantly affect the solubility of CBZ in scCO2, and the temperature
has an influence on the dissolution kinetics. Thus, the yield of poly-
morph I directly depends on the fluid phase density and temperature.
Despite the fact that the use of the considered approach makes it possi-
ble to produce polymorph I, it is always possible to obtain the initial
form as a side product. This situation will remain so while there is con-
formational equilibrium in the SCF solution. It is possible to completely
shift this equilibrium towards the conformer being present in poly-
morph I by increasing the temperature. For example, in our previous
study [17] of the conformational equilibria of mefenamic acid (MA) in
a scCO2medium, we showed that there is only one conformer in the so-
lution phase at a temperature above the MA melting point. This con-
former determines the formation of MA metastable form II through
crystallization from its SCF solution. In the present study,wewill also at-
tempt to create the same conditions thatwill allowus to obtain a similar
result for CBZ.

Assuming that the increase in the temperature of the CBZ–scCO2 bi-
nary mixture will shift the equilibrium in the scCO2 phase towards the
conformer corresponding to polymorph I, we can expect that CBZ crys-
tallization from the scCO2 phase (for example, via Rapid Expansion of
Supercritical Solution RESS) will produce «pure» polymorph I. More-
over, one can expect that at high temperatures the time required for
reaching the CBZ equilibrium concentration in scCO2 will be signifi-
cantly less compared with the low-temperature process (at 110°C), as
it was described in work [18]. As a consequence, the total process time
can be also significantly reduced.

Thus, themain aimof this studywas to evaluate the possibility of pre-
paring CBZ polymorph I fromCBZ saturated solution in scCO2 at the tem-
peratures above the CBZ melting point. Consequently, in order to study
the high-temperature conformational equilibria of CBZ in scCO2, we ex-
panded the temperature range studied in work [18] to 200°C.

To achieve this aim we set out to do the following tasks:

• To study in details the conformational equilibria of the CBZmolecules
in the scCO2 medium in a two-phase CBZ–scCO2 mixture under
isochoric heating (at a constant CO2 density equal to 1.3 of its critical
value) in the temperature range from 110 to 200°C, including the re-
gion of the CBZ phase transition associated with its melting.
Fig. 1. DSC profile of CBZ polymorph III m
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• To analyze the polymorphic composition of the solid CBZ phase ob-
tained by CBZ crystallization from the SCF solution, using micro-
Raman spectroscopy.

2. Materials

The CO2 gas (99.99% purity) was purchased from “The Linde Group”.
The powder of the CBZ form III (5H-Dibenz[b,f]azepine-5-carboxamide)
was purchased from “Sigma-Aldrich” (CAS Number 298‐46-4). Accord-
ing to the DSC results presented in Ref. [30], the first endothermic peak
appears at 174.8°С and immediately followed by an exothermic peak,
the second endothermic peak appears at 193.2°С (see Fig. 1). The results
of the thermomicroscopy also presented in this work showed that form
III melts and subsequently crystallizes to form I from 162 to 175°С
(endo-exo melting-recrystallization). In turn form I melts between 189
and 193°С. Thus, the first endothermic peak on the DSC curve corre-
sponds to themelting of form III, whereas the exothermic peak is attrib-
uted to the crystallization of form I, which melting gives the second
endothermic peak on DSC curve. Though, there is a certain discrepancy
between hot-stage and DSC measurements, which might have arisen
from various heating rates and/or other experimental parameters
being used in this work, nevertheless these data give us a useful initial
information on high-temperature conversion of CBZ from form III to
form I under atmospheric pressure.

3. Experimental part

3.1. 3.1. Visual analysis of the structural changes in the CBZ sample

The thermal changes in the CBZ surface permanently contacting
with CBZ saturated solution in scCO2 were visually observed with the
help of the system specially designed by us. It is based on a digital
long-focus optical microscope. This microscope is united with a univer-
sal High-Pressure-High-Temperature (HPHT) optical cell via a precise
positioning system.Moreover, themicroscope is also equippedwith co-
axial brightening that allows making a bright image of a target placed
deep inside the optical cell. The HPHT cell is equipped with an optically
transparent sapphire window enabling to take a photo of the CBZ sur-
face inside the cell. Its thickness of 9mm in combinationwith a small di-
ameter (the external diameter is 12 mm and the effective working
diameter is 8 mm) allows to work at pressures of up to 1 kbar inside
the cell. A detailed description of the optical cell and window sealing
system is presented in our previous publication [17]. To control the tem-
perature and pressure of the reaction medium inside the cell, we used
the experimental setup that was successfully applied in a number of
our works [15,17,19]. The photos of the CBZ surface permanently
contactingwith CBZ saturated solution in scCO2 weremadewith an op-
tical resolution of 2megapixels. The imageswere obtained for a number
of temperatures along the chosen isochore. These photos are presented
in Fig. 2.
easured at atmospheric pressure [30].



Fig. 2. Photos of the thermal change's evolution in the CBZ surface permanently contacting with CBZ saturated solution in scCO2 when heated along the chosen isochore. The photos
correspond to the equilibrium state. For the key temperatures of 120, 160, 180°C we presented the series of photos with a time step of 12 h to demonstrate the dynamics of the changes.
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By analyzing the photos presented in Fig. 2, three temperature
ranges were identified. In the temperature range of 70–110°C, no
changes are observed at the CBZ surface. However, at the temperature
of 120°C, the surface takes on a yellow tint, the intensity of which con-
siderably increaseswhile this temperature ismaintained. In the temper-
ature range of 120–150°C, the surface color remains unchanged. The
yellow color of the CBZ surface is the evidence of CBZ thermal degrada-
tion, with solid iminostilbene (IMST) and volatile isocyanic acid (ICA)
formed as a result of the decomposition reaction (deamidation process)
(see Fig. 3). This is one of the most probable pathways of CBZ degrada-
tion described in the literature (see, e.g., Refs. [31–34]).

The heating to 160°C considerably changes the color of the CBZ sur-
face, while maintaining this temperature for another 12 h leads to the
total melting of the CBZ crystalline phase. It is also important to note
that this temperature is lower than the melting temperature of poly-
morph III as was shown above. We mentioned such decrease in the
melting temperature of pharmaceuticals in our previous works
Fig. 3. CBZ degradation pathway (deamidation)
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[16,17]. This fact is in good agreement with works [35–37], where the
authors noted the reduction in the melting temperatures of organic
solids in a high-pressure CO2 medium. They attributed this to the in-
crease in the CO2 dissolution capacity with an increase in its density.
Further heating from 160°C to 200°C results in the sedimentation of
small yellow crystals of IMST. Along with this in the temperature
range of 160–200°C melt CBZ phase remains stable and its crystalliza-
tion does not occur.

3.2. In situ IR spectroscopy of CO2-rich phase of the CBZ–scCO2 binary
system

To study the conformational equilibrium of CBZ molecules in the
scCO2 phase permanently contacting with an excess of solid CBZ
under isochoric heating, we used the same experimental setup
[15,17,19] and the HPHT IR optical cell described in detail in Ref. [17].
To prepare the initial binary mixture of CBZ and scCO2 we followed
leading to the formation of IMST and ICA.



Fig. 4. IR spectra of CBZ dissolved in the scCO2 phase permanently contacting with an excess of CBZ in isochoric heating conditions in the temperature range of 110–200°С (ΔT=10°С)
along the chosen isochore for two spectral ranges: (a) 1000–2000 cm−1 and (b) 2700–4000 cm−1.
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the procedure described in our previous works (see Refs. [18, 19]).
In order to prepare the CBZ–scCO2 mixture with a permanent excess
of CBZ, we measured the CBZ solubility in scCO2 [38]. The IR spectra of
the scCO2-rich phase (SCF solution phase) of two-phases systems of
“CBZ solid – SCF solution” or “CBZ melt – SCF solution” depending on
parameters of state weremeasured. Bruker Vertex 80v FTIR spectrome-
ter equippedwith a vacuumsample chamberwas used. Vacuumsample
chamber excludes the influence of the atmospheric water vapor and
carbon dioxide on the measured spectra.

The spectra with a high signal-to-noise ratio were recorded in the
wavenumber range of 1000–4000 cm−1 with a resolution of 1 cm−1

in the temperature range of 110–200°C with a step of 10°C along the
chosen isochore. For each temperature, we recorded the IR spectrum
every 30min until the spectra remained unchanged in the last 3–4mea-
surements. Thus, the temperature/time program ran for the experi-
ments was as follows: 110°C – 12 h, 120°C – 30 h, 130°C – 6 h, 140°C
– 30 h, 150°C – 30 h, 160°C – 15 h, 170°C – 12 h, 180°C – 5 h, 190°C –
5 h, 200°C – 5 h. As in our previous works, in this study, we used the
same optical path length of the sample (0.1 cm) that was optimized in
order to exclude the oversaturation of the spectral bands in the spectral
domains of interest within the whole investigated temperature range.
The final spectra of CBZ dissolved in scCO2 were obtained by direct sub-
traction of the neat CO2 spectra from the CBZ–CO2 binary mixture
Fig. 5. The optimized molecular structures of two CBZ conformers (Conf. 1 and Conf. 2) with
iminostilbene (IMST), and its protonated form (IMST–H+). The differences between these tw
τ2 (N1-C-N2-H2) and τ3 (Cc-N1-C-O).
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spectrameasured in the same thermodynamic conditions. The obtained
spectra are presented in Fig. 4.

A preliminary analysis of the spectra shown in Fig. 4 in combination
with the data presented in chapter 2.1 allowed us to identify 3 key tem-
perature ranges: 110–150°С, 150–170°С, and 170–200°С, where the
character of the spectral changes is different. Moreover, we determined
the spectral domains - 1350–1850 cm−1 and 3250–3550 cm−1, which
will be used as analytical ones in the conformational analysis. In the se-
ries of our studies directed towards conformational analysis of drug
molecules in CO2 phase we used a combination of the results of IR spec-
tra analysis and quantum chemical calculations (QCC) (see, e.g., Refs.
[15–19]).

3.3. Quantum chemical calculations

First of all, in this study we used the results of QCC that were per-
formed in our previous work [18], where we determined two most sta-
ble conformers of CBZ – Conf. 1 and Conf. 2. The differences between
these two conformers can be determined by the dihedral angles of τ1,
τ2 and τ3 (see Fig. 5). Their values are presented in Table 1. It was
that the first conformer has lower energy, and the energy difference be-
tween these two conformers is 1.49 kJ·mol−1. For them we calculated
the IR spectra and identified the key analytical IR spectral bands,
different orientation of the hydrogen atoms of the amide group, CBZ tautomeric form,
o conformers can be determined by the values of the dihedral angles τ1 (N1-C-N2-H1),



Table 1
Values of dihedral angles τ1, τ2 and τ3 (see Fig. 3) for two CBZ conformers as obtained by
QCC.

τ1 τ2 τ3

Conf. I −165.8° −24.0° −7.0°
Conf. II 166.7° 15.7° −10.4°

R.D. Oparin, Y.A. Vaksler, M.A. Krestyaninov et al. Journal of Molecular Liquids xxx (xxxx) xxx
whose behavior is sensitive to the conformational transitions of the CBZ
molecule. Taking into account the CBZ thermal degradation, leading to
the formation of IMST, and applying the same calculation approach, as
described in Ref. [18], in the present work we additionally optimized
the geometry and calculated the vibration frequencies for IMST and
for its protonated form (IMST–H+).Moreover, relying on the possibility
of the CBZ tautomerization that should occur via proton transfer in the
carboxamide group from the amide nitrogen to carbonyl oxygen (see,
e.g., Ref. [33]),we also performed calculations of themolecular structure
and vibration frequencies for the most probable CBZ tautomer (see
Fig. 5). All the calculations were performed in the GAUSSIAN 09 suite
of programs [39], using the APFD functional [40] (which includes the
Petersson-Frisch dispersion correction model) with the 6–311++g
(2d,p) basis set. For all these molecular structures we also calculated
the IR spectra and compared them to those obtained for Conf. 1 and
Conf. 2 (see Fig. 6 and Table 2.).
4. Spectral analysis and discussion

4.1. Temperature range of 110–150°С

Fig. 7 illustrates the thermal evolution of the IR spectra of CBZ dis-
solved in the scCO2 phase in the temperature range of 110–150°С.
Based on the IR spectra obtained by QCC we determined the key
analytical spectral bands. The assignments of these spectral bands
(see Table 3) were performed based on the data presented in Table 2.

An analysis of the thermal evolution of the spectra presented in Fig. 7
allowed us to identify the appearance of the CBZ tautomeric form in the
scCO2 phase beginning from 120°C. Further heating up to 140°C reduces
the spectral contributions related to CBZ Conf. 1, whereas the intensity
of the spectral contributions related to the CBZ tautomeric form consid-
erably increases. Moreover, at this stage two points related to the ther-
mal degradation of CBZ deserve to be also clarified. The analysis of the IR
spectra didn't allow us to identify the spectral signatures of IMST, de-
spite the appearance of yellow tint (associatedwith IMST) at the surface
of the CBZ solid form beginning from 120°C as shown in Fig. 2. It means
that IMST is not present in the scCO2 phase.
Fig. 6. The set of vibrational bands calculated via QCC (straight vertical lines) for two CBZ confor
the scaled spectral domain in the range of 3000–3700 cm−1. The dashed lines, which are the s
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Concerning the ICA component, we will discuss in more details
the problems we were faced to prove its presence in the scCO2 phase.
According to the QCC, the most intensive spectral bands related to the
vibrations of gaseous ICA (boiling point Tb = 23.5°C [41]) are either
situated beyond the transmission band of silicon (~1000–8300 cm−1),
the material the optical windows of the IR cell are made from, or totally
overlap with the spectral bands of the other component of the system.
The first case is related to the δ(C=N–H) spectral band of ICA having a
maximum at 812.46 cm−1 (see Table 2). In the second case, the spectral
band of νas(O=С=N) (maximum at 2344.96 cm−1) for the ICA mole-
cule is completely overlapped by the oversaturated spectral band of ν3
(CO2) lying in the wavenumber range of 2100–2600 cm−1. Another
spectral band of ν(N\\H) (with the maximum at 3703.26 cm−1) for
the ICA molecule is completely overlapped by the intensive spectral
band of the CO2 combinational diad (2ν2ν3+ν1ν3) lying in the wave-
number range of 3500–3850 cm−1 (see Fig. 4).

Nevertheless, according to Refs. [42, 43], a tautomeric equilibrium
between ICA and cyanic acid (CA) is possible (H−N=C=O ↔ N≡C−O
−H), where ICA is more stable, as shown by the QCC [44]. Thus, we
can expect the appearance of CA bands on the IR spectrum along with
ICA spectral bands. Indeed, starting from 120°C two spectral bands
centered at 1088 cm−1 and 1231 cm−1 appear on the IR spectrum.
According to our QCC and database [45], these two bands can be
assigned to δ(C−O−H) and ν(C−O) of CA. Also, QCC give two more
spectral bands related to CA, namely ν(N≡C) with a maximum at
2389.32 cm−1 and ν(O−H) with a maximum at 3810.36 cm−1.
However, as it was shown above, these two bands cannot be observed
in the spectrum due to their overlapping with ν3 spectral mode of CO2

and the combinational diad (2ν2ν3+ν1ν3) of CO2, respectively.
Starting from 150°C, the intensity of the spectral contributions that

are related to CBZ Conf. 1 reaches the lower identification threshold.
Along with this, the total spectral intensity increases. It is accompanied
by the appearance of a wide shoulder on the low-frequency slope of the
ν(N\\H) spectral band of the CBZ tautomeric form. Such a drastic
change in the spectral behavior is associated with the criticality
phenomena, more specifically, with the appearance of the critical opal-
escence in the CO2 phase. Similar behavior was explained in detail in
our previous work [17].

4.2. Temperature range of 150–170°С

Subsequent increase in the temperature from150 to 170°С results in
a strong increase in the total spectral intensity of CBZ dissolved in the
scCO2 phase (see Fig. 8). This behavior is related to the phase transition
region, namely, the melting of crystalline CBZ contacting the CO2 phase.
It is also proved by the results of visual control presented in Fig. 2 that
show CBZ melting at 160°С.
mers (Conf. 1 and Conf. 2), CBZ tautomeric form, IMST, and IMST–H+. The insertion shows
et of Lorentzian bands with arbitrary dispersion, are presented for convenience.



Table 2
Peak maximum positions (frequency, cm−1), intensities and assignments of the analytical spectral bands for molecular structures (see Fig. 5) as obtained by QCC.

Conf. 1 Conf. 2 Tautomer IMST IMST–H+

1390.96 cm−1 1401.59 cm−1

366.68 390.26
δ(С–N–H1) δ(С–N–H1)

1467.06 cm−1

223.11
δ(C–O–H)+δ(С=N–H)

1509.42 cm−1

200.23
aromatic + ρ(N\\H)

1604.28 cm−1

91.64
δ(H–N–H+)

1713.21 cm−1

407.54
ν(C=N)

1769.17 cm−1 1768.10 cm−1

402.99 408.77
ν(C=O) ν(C=O)

3164.06 cm−1

23.33
ν (C\\H)
3187.88 cm−1

26.29
ν (C\\H)

3569.67 cm−1 3573.27 cm−1

11.17 8.99
ν(N\\H) ν(N\\H)

3593.76 cm−1 3617.83 cm−1 3353.73 cm−1

24.68 24.00 44.92
νs(H−N−H) νs(H–N–H) νs(H–N–H+)
3713.97 cm−1 3744.68 cm−1 3483.57 cm−1

59.15 74.56 50.05
νas(H–N–H) νas(H–N–H) νas(H–N–H+)

3828.53 cm−1

107.40
ν(O\\H)

Here we denoted the different types of vibration as follows: δ is a scissoring vibration; ν is a stretching vibration; νs is a symmetric stretching vibration; νas is an antisymmetric stretching
vibration; δ(C–O–H)+δ(С=N–H) is an antiphase scissoring vibration; aromatic+ρ(N\\H) is a complex vibration.
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Moreover, one of the interesting peculiarities characterizing the
spectra of the CBZ–scCO2 binary mixture in this temperature range is
the appearance of new spectral contributions related to the CBZ thermal
degradation products (see Fig. 8). These new contributionswere identi-
fied in both analytical spectral domains and were attributed to the vi-
brations of the functional groups of IMST and IMST–H+ (see Table 4).
It is also necessary to note that the complex band related to the
ν(C\\H) vibrations has an obvious difference for CBZ and IMST in the
spectral domain of 2800–3225 cm−1. Namely, when IMST appears in
Fig. 7. IR spectra of CBZ dissolved in the scCO2 phase permanently contacting with an excess o
along the chosen isochore for two spectral ranges: (a) 1000–2000 cm−1 and (b) 2700–3600 c
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the system, two additional intensive spectral contributions arise at the
low-frequency side of the CBZ ν(C\\H) band (see Fig. 6).

4.3. Temperature range of 170–200°С

The analysis of the spectral changes in the temperature range of
170–180°С (see Fig. 9) showed a considerable decrease in the total
spectral intensity. Alongwith this, the spectral bands, which are related
to the vibrations of IMST and IMST–H+ completely disappear. The wide
f CBZ in isochoric heating conditions in the temperature range of 110–150°С (ΔT=10°С)
m−1. The arrows with numbers show the analytical spectral bands determined by QCC.



Table 4
The assignments of the experimental spectral bands related to the vibrations of the func-
tional groups of IMST and IMST–H+ in two analytical spectral domains (1350–1850 cm−1

and 3250–3550 cm−1) based on the QCC results are presented in Table 2. The additional
spectral domain of 2800–3225 cm−1 shows a set of unique spectral contributions of
ν(C\\H) that exist only in the IMST spectrum (see Fig. 6 and Table 2).

1350–1850 cm−1 2800–3225 cm−1 3250–3550 cm−1

10– aromatic system vibration
+ρ(N\\H) of IMST

11– δ(H–N–H+) of IMST–H+

12– ν(C\\H) of
IMST

13– νs(H–N–H+) of
IMST–H+

14– νas(H–N–H+) of
IMST–H+

15– νs(N\\H) of IMST

Table 3
The assignment of the spectral bands in two analytical spectral domains
(1350–1850 cm−1 and 3250–3550 cm−1) of the experimental spectra based on the QCC
results presented in Table 2.

1350–1850 cm−1 3250–3550 cm−1

1– δ(С–N–H1) of Conf. 1 5– νs(H–N–H) of Conf. 1
2– δ(С–N–H1) of Conf. 2 6– νs(H–N–H) of Conf. 2
3– ν(C=O) of Conf. 2 9– ν(N\\H) of Tautomer
4– ν(C=O) of Conf. 1
7– δ(C–O–H)+δ(С=N–H) of Tautomer
8– ν(C=N) of Tautomer

R.D. Oparin, Y.A. Vaksler, M.A. Krestyaninov et al. Journal of Molecular Liquids xxx (xxxx) xxx
shoulder on the low-frequency slope of the ν(N\\H) spectral band of
the CBZ tautomeric form as well as the spectral contributions related
to Conf. 2 also vanished. As a result, the CBZ tautomeric form prevailed
in the scCO2 phase.

Further heating from180 to 200°С the spectral changes becomemo-
notonous that is generally typical of the thermal evolution of the equi-
librium spectra. This behavior is the evidence of the CBZ concentration
increase in the CO2 phase, at that it is not accompanied by CBZ confor-
mational transitions. Similar spectral behavior above the drug melting
point (above the phase transition region) was also demonstrated in
our work about the conformational equilibrium of MA in the CO2

phase under isochoric heating (see Ref. [17]).
It is important to note that the disappearance of the spectral contri-

butions related to IMST and IMST–H+ correlates with sedimentation
from the scCO2 phase of the yellow IMST crystals, the appearance of
which is observed on the optical window surface at the temperature
170°С and above (see Fig. 2). Therefore, as far as only CBZ in the tauto-
meric form is present in the scCO2 phase in the temperature range of
180–200°С, it may be expected that the crystallization from such a
SCF solution should lead to the formation of pure CBZ polymorph I.

Thus, analyzing the data obtained for two systems:where solid-fluid
equilibrium (CBZ solid – SCF solution) and liquid-fluid equilibrium (CBZ
melt – SCF solution) are realized, we can assume that from a pharma-
ceutical perspective, especially in terms of fundamental understanding
of such systems, the crystallization of pure polymorph I is more prefer-
able from scCO2 phase being in contact with CBZ melt. Indeed, taking
into account our recent findings [17] as well as results of this work,
one can see that in the case of CBZ melt – SCF solution system, in
scCO2 phase there is only one CBZ conformer, and crystallization from
such solution will lead to formation of polymorph I. On the contrary,
when the CBZ solid – SCF solution interface exists, in scCO2 phase
there is conformational equilibrium that can shift towards certain con-
former depending on parameters of state, and it will lead to change of
polymorphiс modification of drug solid being crystallized.
Fig. 8. IR spectra of CBZ dissolved in the scCO2 phase permanently contacting with an excess o
along the chosen isochore for two spectral ranges: (a) 1000–2000 cm−1 and (b) 2700–3600
QCC. The assignments of these spectral bands are presented in Table 4.
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In order to prove this hypothesis, we analyzed the crystalline phase
that was obtained by cooling the experimental cell (from 200°С to the
ambient temperature) with subsequent depressurization and pumping
out of the residual CO2. The crystalline sample extracted from the cell
was a mixture of two crystalline structures (see Fig. 10): relatively
large rhombic crystals (up to 0.5 mm) and long needle crystals
(0.1×1 mm). These crystalline samples were studied by the micro-
Raman spectroscopy technique.

4.4. Micro-Raman spectroscopy analysis

The Raman spectra were measured with a LabRAM HR Evolution
Raman spectrometer combined with a confocal microscope (with a
100× magnifying objective). The signal was collected in the back-
scattering geometry. A He\\Ne laser (λ = 632.81 nm) with the maxi-
mum energy of 15 mW at the sample was applied for excitation. The
spectra were measured in the spectral range of 50–3600 cm−1 with a
final resolution of about 0.3 cm−1 that was achieved with the use of a
diffraction grating of 1800 grooves/mm. In this series of measurements,
the acquisition times, number of accumulations and laser beam power
were varied according to the orientation and thickness of the sample
in order to avoid its burning-out and to improve the signal-to-noise
ratio. Then, the obtained Raman spectra were compared to that of
pure CBZ polymorph III, as well as to the spectra measured from the
crystalline CBZ surface permanently contacting with CBZ saturated so-
lution in scCO2 at the temperatures of 40, 110, and 120°С (as presented
in Ref. [18]) (see Fig. 11).

The spectral range (3300–3600 cm−1), that is associated with the
stretching N\\H vibrations, is more convenient for analyzing CBZ
polymorphic forms. Indeed, in this spectral domain the characteristic
spectral bands are well resolved and do not overlap each other
(see Fig. 11b). An analysis of these spectra allowed us to conclude that
the large rhombic crystals are IMST (the characteristic spectral band of
f CBZ in isochoric heating conditions in the temperature range of 150–170°С (ΔT=10°С)
cm−1. The arrows with numbers show the analytical spectral bands determined by the



Fig. 10. Themicro-photo of the crystalline sample thatwas extracted from the experimental cell after its slow cooling downwith the subsequent slowdepressurization and pumpingout of
the residual CO2.

Fig. 11. The Raman spectra in two wavenumber ranges (0–1800 cm−1 and 2875–3600 cm−1) of the crystalline sample extracted from the experimental cell (Long Crystal and IMST), as
compared to that of pure CBZ polymorph III (initial CBZ form), as well as compared to the Raman spectra measured from the crystalline CBZ surface permanently contacting with CBZ
saturated solution in scCO2 at the temperatures of 40, 110, and 120°С (Ref. [18]) along the same isochore.

Fig. 9. IR spectra of CBZ dissolved in the scCO2 phase permanently contacting with an excess of CBZ in isochoric heating conditions in the temperature range of 170–200°С (ΔT=10°С)
along the chosen isochore for two spectral ranges: (a) 1000–2000 cm−1 and (b) 2700–3600 cm−1. The arrows with numbers show the analytical spectral bands determined by QCC.
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Fig. 12.Way to obtain the pure CBZ form III from CBZ saturated solution in scCO2, being in
contact with CBZ melt as compared to the high temperature conversion accompanied by
CBZ decomposition.
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ν(N\\H) has a maximum at 3363 cm−1), whereas the long needle crys-
tals have spectral signatures of both IMST and CBZ polymorph I, whose
characteristic spectral band of νs(H–N–H) has a maximum at
3487 cm−1 (see the spectrum «120°C CBZ in CO2» measured at 120°C
from the CBZ surface permanently contactingwith CO2 [18]). Moreover,
the spectrum of the needle crystals does not show the spectral signa-
tures of CBZ polymorph III, whose characteristic spectral band of νs

(H–N–H) has a maximum at 3468 cm−1 (see the spectra: «Initial CBZ
room T» and «40°C CBZ in CO2» [18]). This fact means that the CBZ,
which presents at 200°С preferably in tautomeric form, crystallizes
into polymorph I when cooling down.

Thus, the obtained results showed that though the initial CBZ being
in bottomphase of two-phase systempartially decomposeswith forma-
tion of IMST, the last has not been found in scCO2 phase in the temper-
ature range of (180–200°C). Such phenomenon is mainly related to the
difference of CBZ and IMST solubilities in scCO2 (solubility of IMST is
much lower that is related to its molecular structure), as well as to the
difference of their melting temperatures (Tmelt(CBZ III) < 170°C, Tmelt

(IMST) = 197°C). Consequently, dissolution of CBZ in scCO2 phase will
lead to the IMST sedimentation from solution (salting out effect) with-
out its melting. Therefore, one can suppose that if the RESS procedure
is realized directly from the scCO2 phase containing only the CBZmole-
cules existing in its tautomeric form, pure crystalline CBZ polymorph I
(without an IMST admixture) can be obtained. Moreover, the probable
admixture of ICA dissolved in scCO2 will be also removed from the tar-
get product alongwith CO2, upon their transition into the gaseous phase
at adiabatic expansion.
5. Conclusions

In thepresentwork,we perform a test of thehigh-temperature poly-
morphic conversion of CBZ in a scCO2 medium. Here we studied the
temperature range of 110–200°C along the isochore corresponding to
the scCO2 density equal to 1.3 of its critical value. In order to understand
the conversion mechanism, here we also applied the IR technique de-
veloped by us and applied successfully in a number of our works. We
performed a detailed analysis of the conformational equilibrium of the
CBZ molecules in the scCO2 phase, permanently contacting with an ex-
cess of CBZ, under isochoric heating conditions.We identified and stud-
ied three temperature ranges, where different types of CBZ–scCO2
9

equilibria were realized. In the first one (110–140°C), it is the «CBZ
solid – SCF solution» equilibrium. The second range (150–170°C) was
characterized by a phase transition related to the CBZ melting in the
high-density scCO2 phase (at 160°C) that was accompanied by of opal-
escence in the SCF phase. In the third temperature range (180–200°C),
the «CBZ melt – SCF solution» equilibrium took place.

Though, this study has a character of preliminary test, nevertheless
even in this stage it allowed defining the phase diagram region where
crystallization of CBZ from its solution in scCO2 will give maximum
yield of polymorph I. Thus, an analysis of the spectral data obtained
for these three temperature ranges showed that only at the temperature
above the phase transition region, when the «CBZ melt – SCF solution»
equilibrium is realized, the scCO2 phase contains one conformation of
CBZ molecules. This finding allows us to suppose that it is possible to
prepare pure crystalline CBZ polymorph I by crystallization from such
scCO2 phase. The advantages of such way can be schematically repre-
sented as follows (see Fig. 12). It was partially proved by the micro-
Raman analysis of the crystalline substance extracted from the cell
after the high-temperature experiment was finished.

The use of the high-temperature process for the production of pure
CBZ polymorph I from a saturated SCF solution contacting with a melt
phase has onemore important advantage. It is the ability to significantly
reduce the time required for reaching the CBZ equilibrium concentra-
tion in the scCO2 phase. That is clearly proved by the IR spectroscopy re-
sults showing a considerable reduction in the time required for reaching
the equilibrium concentration in comparisonwith the low-temperature
process described in our previous work [18].
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