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a b s t r a c t

The aim of this paper is to characterize the distribution of paracetamol conformers which are dissolved in
a supercritical CO2 phase being in equilibrium with their corresponding crystalline form. The quantum
calculations and molecular dynamics simulations were used in order to characterize the structure and
analyze the vibration spectra of the paracetamol conformers in vacuum and in a mixture with CO2 at var-
ious thermodynamic state parameters (p,T). The metadynamics approach was applied to efficiently sam-
ple the various conformers of paracetamol. Furthermore, using in situ IR spectroscopy, the conformers
that are dissolved in supercritical CO2 were identified and the evolution of the probability of their pres-
ence as a functions of thermodynamic condition was quantified while the change in the crystalline form
of paracetamol have been monitored by DSC, micro IR and Raman techniques. The DSC analysis as well as
micro IR and Raman spectroscopic studies of the crystalline paracetamol show that the subsequent heat-
ing up above the melting temperature of the polymorph I of paracetamol and the cooling down to room
temperature in the presence of supercritical CO2 induces the formation of polymorph II. The in situ IR
investigation shows that two conformers (Conf. 1 and Conf. 2) are present in the phase of CO2 while
conformer 3 (Conf. 3) has a high probability to be present after re-crystallization.

� 2015 Published by Elsevier B.V.

1. Introduction

Polymorphism of the drug compounds is one of the important
problems in pharmaceutical science and the screening of polymor-
phism is a hardly solving problem, because of the many control
parameters (Llinàs and Goodman, 2008). A full understanding of
the kinetics of transformation between the various polymorphs
of bioactive molecules requires the knowledge and the characteri-
zation of these polymorphs. The polymorphism of a drug substance
or excipient can have a profound impact on its properties such as
biological action, production and formulation. An insufficient
understanding of the change between the polymorphic forms of

a drug results in problems encountered during the processing or
the storage stages. Paracetamol is a model drug which exhibits
potential for re-crystallization into different polymorphic forms.
It has five polymorphs, two of them are stable (Espeau et al.,
2005), the third one is unstable (Gaisford et al., 2010), the fourth
and fifth ones were recently discovered using high pressure
(Smith et al., 2014), however no confirmation from other work is
found in the literature. The first polymorph of paracetamol has
monoclinic structure, while the second one is characterized by
orthorhombic structure (Ivanova, 2005). Since conformations of
paracetamol molecules at different polymorphic forms are only
slightly different from each other, the crystalline paracetamol is
one of the representatives of packing polymorphism. (Burgina
et al., 2004; Ivanova, 2005; Wilson, 1997). Paracetamol was a sub-
ject of many studies whose aim is the rationalization of its thermal
behavior. In these studies, the initial form of paracetamol (whose
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Abbreviations: DSC, differential scanning calorimetry; IR, infrared; NMR, neu-
tron magnetic resonance; SS NMR, solid state neutron magnetic resonance; SCF,
supercritical fluid; HTHP, high pressure high temperature.
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origin/history was not all the time specified) underwent a heating–
cooling stages and the structure was characterized using X-ray (de
Wet et al., 1998; Di Martino et al., 1997; Nichols and Frampton,
1998; Szelagiewicz et al., 1999), and DSC (de Wet et al., 1998; Di
Martino et al., 1997, 1996; Hancock and Shamblin, 2001;
Kauffman et al., 2008; Nichols and Frampton, 1998; Szelagiewicz
et al., 1999), while the chemical structure was identified using
vibration IR- (Di Martino et al., 1997; Moynihan and O’Hare,
2002; Wang et al., 2002) and Raman- (Ayala, 2007; Kauffman
et al., 2008; Moynihan and O’Hare, 2002; Nanubolu and Burley,
2012; Szelagiewicz et al., 1999) spectroscopy as well as NMR
(Brittain, 1997; Moynihan and O’Hare, 2002) spectroscopy. In addi-
tion to these techniques, hot stage optical microscopy was used to
follow the time changes of the optical images during the heating–
cooling process (de Wet et al., 1998; Di Martino et al., 1997;
Nichols and Frampton, 1998; Szelagiewicz et al., 1999). Although
there is a convergence about the existence of the three polymorphs
of paracetamol (polymorph IV and V were reported only in one
paper) and the transformation between them, the careful analysis
of the published data shows that the occurrence of these transfor-
mation remains far from being predicted or monitored, and even
coherently described (Espeau et al., 2005). Indeed there are still
uncertainties about the reproducibility of the results obtained by
the various authors both in terms of the kinetics and the crystal
structure of the produced/processed paracetamol. Furthermore,
the analysis of the published data converges to point out that there
are many parameters that have a determinant effect on the process
of formation of paracetamol polymorphs. These parameters
include the rate of heating–cooling (de Wet et al., 1998), the sam-
ple preparation (the information of which is lacking in many pub-
lications) and the operating conditions around the initial
paracetamol sample (covered/sealed/hermetic with a control of
the head-space of the sample, or uncovered/open air sample). Qi
et al. for instance (Qi et al., 2008) suggest that the re-crystallized
form of paracetamol may be dependent on the nature of the
head-space gas. The presence of oxygen or other component in
the air or trace of moisture at the head-space of the initial parac-
etamol sample resulting in a greater preponderance for the forma-
tion of meta-stable polymorphs (Kachrimanis et al., 2008).

The aim of the present paper is to study the changes between
the various polymorphic forms of paracetamol by controlling the
external parameters particularly at the interface of the initial
paracetamol solid sample. The challenge is to reach the repro-
ducibility of the re-crystallization behavior both in terms of the
kinetics and the polymorph forms of the processed initial paraceta-
mol sample. The strategy is to use supercritical fluids (SCF) tech-
nology (Yasuji et al., 2008). In the pharmaceutical industry the
use of SCF and especially supercritical carbon dioxide is a promis-
ing alternative to replace processes such as extraction, drying and
crystallization while more effectively controlling particle size and
crystal polymorph (Careno et al., 2012). Carbon dioxide can replace
environmentally toxic solvents as acetone, carbon tetrachloride,
dimethylsulfoxide and so on, in process that although expensive
purification procedure is used the final product contain low but
still dangerous concentration of these toxic solvents (Llinàs and
Goodman, 2008). Kordikowski et al. (2001) reported the crystal-
lization of sulfathiazole polymorphs using supercritical carbon
dioxide as anti-solvent. Authors did not find any difference in
between using liquid or supercritical carbon dioxide. Obtaining
the products with the required polymorphism also becomes possi-
ble when using SCF solvents. A new polymorph of didanosine was
obtained by Bettini and Menabeni (2010) from the supercritical
anti-solvent process. The new polymorph was characterized by
means of 1D and 2D multinuclear (1H, 13C, 15N) SS NMR. The par-
ticle size of the new crystalline phase was reduced by varying the
anti-solvent density through a pressure increase. Rodrigues et al.

(2011) introduced atomization of supercritical anti-solvent
induced suspensions as a new anti-solvent technique which is
potentially enabling a better control of the crystallization. The role
of solute concentration has been studied in the work performed by
Bouchard and Jovanović (2008). The results show that it is possible
to selectively produce the metastable b-glycine and a-glycine at
low and high solute concentrations, or at high and low ethanol
concentrations, respectively.

In the present paper, we use supercritical CO2 as medium to
control the content of the paracetamol in the scCO2 phase in con-
tact with the solid form. Paracetamol was used as a model com-
pound in order to show that by varying the external parameters
of a state it is possible to control formation of various polymorphic
modifications in its crystalline phase. For the experiment, the sur-
rounding space around the sample is filled with CO2, in a sealed
high pressure high temperature vessel (optical cell or a reactor).
The study of the heating–cooling stages of paracetamol and then
the transformation between the various paracetamol polymorphs
in supercritical CO2 is helpful in several aspects:

(i) The initial paracetamol is only in contact with the CO2 med-
ium at controlled thermodynamic conditions (p,T). The tem-
perature is changed from 70 �C to 180 �C (that is slightly
above the melting one). These changes are accompanied by
the change of pressure between 187 bar and 517 bar. This
allows studying the effect of thermodynamic conditions on
the transformation between the various polymorph forms
of paracetamol. Furthermore, the CO2 can be removed easily
from the sample and no residual carbon dioxide will remain
incorporated in the final paracetamol sample. This will
ensure to reduce the impact of moisture on the kinetic sta-
bility of the produced polymorph of paracetamol.

(ii) More interestingly, the presence of CO2 at the interface of
the solid sample allows monitoring the paracetamol mole-
cules that are dissolved in CO2. This makes it possible to ana-
lyze the equilibrium between the paracetamol molecules in
the solid and fluid (dissolved in CO2) phases. This constitutes
the main advantage of our approach. It allows us to monitor
the structural changes of the solid form and to identify the
molecular structures that are dissolved in supercritical CO2.

2. Materials and methods

2.1. Materials

The paracetamol (99% purity) was purchased from Sigma–
Aldrich (A7085 Sigma-Aldrich). The CO2 gas (99,99% purity) was
purchased from ‘‘Linda Rus’’.

2.2. Experimental methods

A schematic diagram of the experimental setup is presented in
Fig. 1. (Oparin et al., 2014) The initial monoclinic form of paraceta-
mol (referenced here after to Init) was placed in the bottom part of
optical high-pressure-high-temperature (HPHT) cell and then the
cell was pumped out in order to remove all residuals of water
and other air components. After that the setup was filled by dry
CO2 through a stainless steel capillary connected to a manual
pump containing pressurized CO2 and allowing the adjustment of
the pressure. The temperature was monitored thanks to four car-
tridge heaters disposed in its body in which two thermocouples
were also placed for the regulation and the control of the temper-
ature with an accuracy of about ±1 �C. As shown in the left side of
Fig. 1 the collected IR spectra correspond to the paracetamol mole-
cules that are dissolved in scCO2 phase.
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