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A simple IR spectroscopy based methodology in routine screening studies of polymorphism is proposed.
Reflectance and transmittance temperature-dependent IR measurements (coupled with the 2D-IR data
presentation and the baseline analysis) offer a positive identification of each polymorphic phase, there-
fore allowing simple and rapid monitoring of the measured system. Applicability and flexibility of the
methodology was demonstrated on the measurement of the model polymorphic compound paracetamol
under various conditions (including geometric constraints and elevated pressure). The thermal behavior

gz{x?r’;:hism of paracetamol strongly depends on slight variations in experimental conditions that can result in forma-
Infrared tion of various phases (three polymorphs and the amorphous form). The amorphous phase can crystallize
Spectroscopy during heating into either Form II or Form III within almost identical temperature range. Likewise, the
Paracetamol crystal transformations Il — I and Il — II also can proceed within almost identical temperature range.
Thermal Furthermore, the thermal behavior is even more diverse than that, and includes the crystallizations of
Amorphous Forms I, II and III from the melt, and the high temperature Il — I transition. The variety of the tempera-

tures of the transformations is a major obstacle for unambiguous identification of a particular phase by

DSC and a major reason for the implementation of these IR methods.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Different crystal modifications of the same molecule (poly-
morphs) exhibit variations in solubility, stability, optical properties
and melting temperatures that can cause far reaching ramifica-
tions on their production and applications. These considerations
are of particular importance to pharmaceutical industry since the
solid state of an active pharmaceutical ingredient (API) can dras-
tically alter drug bioavailability [1]. Crystallization of a particular
solid state can depend not only on temperature and pressure,
but also on preparative conditions such as surface properties and
trace quantities of impurities. For all these reasons there is a con-
stant need for simple and reliable analytical methods in routine
screening studies of the API polymorphism. In order to demon-
strate applicability and flexibility of reflectance and transmittance
temperature-dependent infrared measurements, these methods
were employed in the present research of the model API polymor-
phic compound paracetamol.

Although analgesic and antipyretic compound paracetamol
(acetaminophen, N-acetyl-4-aminophenol)is often cited as a model
polymorphic system, some ambiguities regarding its solid-state
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transitions still remain. The three known polymorphs of paraceta-
mol are well described regarding the crystal structures [2-5] and
the vibrational spectra [6-12]: thermodynamically stable Form I
(monoclinic, P21 /a), metastable Form II (orthorhombic, Pcab), and
obscure Form III (orthorhombic, Pca2;) that is stable only under
strict geometric constraints [5,6,8,9,13]. Even though solid-state
transitions of these forms were investigated by extensive pressure-
dependent [14] and atmospheric-dependent measurements [15],
the thermal analytical (TA) methods where employed overwhelm-
ingly, as is usually the case in the investigation of polymorphism
[6-9,13,16-20]. The standard approach is based on the application
of differential scanning calorimetry (DSC) aiming at proving the
very existence of physical transition by measuring its temperature
and the amount of heat exchanged. However, since such phys-
ical state measurements seldom reveal structural state changes
coincident with temperature-dependent behavior, other more
time-consuming methods are regularly employed (X-ray diffrac-
tion, vibrational and nuclear magnetic resonance spectroscopy,
thermal microscopy, etc.). Conclusions based on separate physical
and structural state measurements reveal inherent uncertainties
due to the decoupled experiments, and therefore a method that can
simultaneously provide the temperature of phase transition and
information on the phases involved would be of outmost impor-
tance.

Vibrational techniques have proven their worth not only in
identification of API polymorphs but also in qualitative and quan-
titative analyses of their powder mixtures [10,12,21]. Given that
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sample dissolution is not required these methods are economical,
simple and rapid. Our earlier research has already demonstrated
that FT-IR spectroscopy could also be used on its own as a stand
alone alternative to DSC and thermal microscopy measurements
by obtaining simultaneously phase transition temperature and
structural information accompanying the transition [22]. Although
in theory the appearance of the IR spectrum depends only on
molecular absorptions, the recorded IR spectrum is always a
combination of molecular and macroscopic properties of a mea-
sured sample. Baseline analysis for instance is primarily based
on monitoring optical properties of the KBr sample pellet by
temperature-dependent transmittance FT-IR in order to obtain
transition temperatures (although one can also depict structural
information with the careful analysis of these IR spectra). Even
the slight variation of a compound physical properties leads to
alteration in transmission, reflection and scattering of IR light, and
consequently to the detection of solid-state transition temperature.
Alongside transmittance IR measurements, we have also imple-
mented temperature-dependent reflectance IR measurements in
this work (single-reflection attenuated total reflectance (ATR)
mid-IR spectroscopy). ATR technique is especially suitable for mea-
surement of polymorphism since it enables spectrum acquisition
without any sample preparation. Both IR methods enable acquire-
ment of extensive range of spectral data, and the employment
of two-dimensional correlation methods (2D-IR) greatly enhances
comprehensibility of these large data sets [23].

It is remarkable that paracetamol, one of the oldest and the
most widely available API whose solid-state conversions have
been studied extensively to these days, can still cause strong dis-
agreements within scientific community. The principal dispute
remains over the solid-state transformation of Form II into Form
[ (Il—=1), and regarding the great commercial potential of Form
I this is far from purely academic importance [6,9,15-17]. The
present study of paracetamol polymorphs clearly demonstrated
that here described TA IR techniques and chemometric methods
(2D-IR) enable equivalent or superior results when compared with
otherrecently published measurements [8,9,13,17,20]. Though this
approach shares great similarities with the recently published
method of coupled Raman-DSC system [9], it is more tolerant
regarding the sample properties (for example, no fluorescence
issues) and more often available than Raman spectroscopy. This
study demonstrated not only the wide-ranging potential of the FT-
IR thermal analysis for the future studies of polymorphism, but
it also clarifies some uncertainties that still surround the phase
transitions of paracetamol.

The new IR based methodology (baseline and MW 2D-IR analy-
ses) for studying polymorphism is described in the first part of the
report, while the second part describes in detail the thermal behav-
ior of each paracetamol phase. As opposed to previous studies that
were focused on only a partial polymorphic behavior of paraceta-
mol (i.e. either on I - I or on Il — II phase transition), this study
has more comprehensive scope. To begin, it must be stated that
the results of the study are in excellent agreement with previous
measurements [5-9,13,15-18,20,24].

2. Materials and methods
2.1. Materials

Paracetamol was purchased from Aldrich. In order to eliminate
influence of the thermal history of purchased sample, all paraceta-
mol samples used in the measurements were obtained by heating
the purchased sample to 190°C, cooling the melt down to room
temperature (r.t.) and reheating the amorphous paracetamol. The
obtained solid forms (crystal and amorphous) were identified by

their IR spectra according to the previously published research
[6,8,10,12]. Form I was obtained by recrystallization of the melted
sample during the cooling process either in a KBr pellet or between
the ATR crystal and the sapphire anvil. Form Il was obtained by
reheating the amorphous form from r.t. up to 80 °C either on a pure
KBr pellet or on the uncovered ATR crystal. Form Il was obtained by
reheating the amorphous paracetamol from r.t. up to 65°C either
between two pure KBr pellets or between the ATR crystal and the
glass slide.

2.2. Methods

2.2.1. FT-IR measurement

FT-IR spectra were recorded at resolutions of 4cm~! on an
ABB Bomem MB102 single-beam spectrometer, equipped with Csl
optics and DTGS detector. Transmittance measurements were car-
ried on a Specac 3000 Series high stability temperature controller
with heating jacket. Reflectance measurements were carried on
a Specac High Temperature Golden Gate ATR Mk II. Measure-
ments were performed within the temperature range 25-190°C
under atmospheric conditions and at different heating/cooling
rates (2-10Kmin—1). Each single-beam spectrum collected in one
temperature run was ratioed to the single-beam spectrum of the
sample-free setup (the reference spectrum) recorded immediately
before starting the temperature-dependent measurements. The
spectra were recorded with either a total of 30 scans (tempera-
ture resolution of one spectrum per 4°C for a standard heating
rate of 2Kmin~1), or a total of 6 scans (temperature resolution of
one spectrum per one degree Celsius for a standard heating rate of
2Kmin™1).

The KBr sample pellets were prepared either by mixing ~2 mg of
the paracetamol sample with 100 mg of KBr with a pestle and mor-
tar or by applying the sample on the surface of pure KBr pellet. After
completing the heating and cooling cycle some of the measured pel-
lets (those with the paracetamol sample already embedded within
the KBr matrix) were subsequently powdered with a pestle and
mortar and recast into pellets for repeated measurements.

2.2.2. Data treatment

The baseline analysis designates an analysis of the baseline
variations obtained from the raw (as-recorded data) temperature-
dependent transmittance IR spectra at an arbitrarily chosen
wavenumber assumed to be free of sample absorption (most
often at around 2000 cm~!). A simple plot showing transmittance
(absorbance) at a given wavenumber versus temperature is found
to be sufficient for obtaining phase transition temperatures.

The 2D correlation analysis was performed by means of discrete
Hilbert transformation (as defined by Ozaki and Noda [23]) imple-
mented in a program written for the setting of Matlab 6.5 (The
MathWorks, Inc., Natick, MA). Moving window (MW 2D-IR) corre-
lation maps were obtained as defined by Sasi¢ et al. [25] and the 2D
contour plots were generated as described by Thomas and Richard-
son [26]. Detailed description of the MW method and the baseline
analysis can also be found in the previously published paper [22].

Qualitative and quantitative analysis of the ATR spectral data
involved spectral searching performed by a home-made program
based on root mean square error analysis written for the setting
of Matlab 6.5. The spectral library contained two derivative ATR
spectra collected at different temperatures for each of the five
paracetamol phases (three crystal forms, the amorphous phase
and the melt). The sample spectrum (the analyzed spectral region
1750-770cm™1) at a given temperature was compared with linear
combinations of two library spectra (for every linear combination
the proportion range of the first component was 1-100% (with 1%
step)).
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Fig. 1. Paracetamol phase transitions; up (down) arrows denote heating (cooling) processes. The temperature values are based on our measurements and the following Refs.
[5-9,16,17,19,21,22,24,27]. Additional transformations that were not observed in this research are cited in brackets.

3. Results and discussion

The measurements were conducted using only temperature-
dependent IR spectroscopy without simultaneous or parallel DSC
measurements. Therefore, the reported paracetamol polymorphs
and their transition temperatures are based exclusively on spectral
appearances and temperature-dependent spectral changes. A tran-
sition temperature value is defined as the onset of spectral changes.
The complete list of the paracetamol phase transitions and the cor-
responding IR spectra is presented in Fig. 1 and the Supplementary
data (Figs. S1-S10).

3.1. Baseline analysis of the paracetamol phase transitions

As opposed to other TA infrared spectroscopies that are based
solely on vibrational band changes the baseline analysis mon-
itors temperature-dependent baseline variations. Thereupon, it
uses only those parts of a FT-IR spectrum that are free of molec-
ular absorptions (most often at around 2000cm~1). Since high
spectral resolution is not imperative, it is possible to make spec-
tral acquisition times shorter by lowering the spectral resolution
and by applying faster heating rates equivalent to those in DSC
experiments, without the loss of temperature resolution (the tem-
perature resolution in this study was 1°C per one spectrum). If
some structural transformation is determined within the available
temperature range, more thorough IR search for structural infor-
mation can be made by applying better spectral resolution. The
baseline analysis capability was demonstrated on differently pre-
pared paracetamol samples (Fig. 2).

The simplest case represents melting of Form I within the KBr
pellet (Fig. 2a). Heating of gently grinded Form II within the KBr
pellet shows more curious behavior (Fig. 2b). Physical separation
of the Form II crystal domains within the KBr matrix creates exper-

imental conditions that allow Il — I transformation of some Form
Il domains (~110°C) while others remain stable and melt above
155°C, followed by melting of Form I above 170°C. Although,
such thermal behavior was not previously observed by means of
vibrational techniques, analogous behavior was observed using
thermomicroscopy [16]. Based on the published method for identi-
fication and quantitation of Form Il and Form I in powder mixtures
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Fig. 2. Baseline variations at 2000 cm~" of the paracetamol samples recorded under
different conditions: (a) melting of Form I within the KBr pellet, (b) heating of Form Il
within the KBr pellet, (c) reheating of the amorphous paracetamol on the KBr pellet,
(d) reheating of the amorphous phase between KBr pellets; heating rates 2 Kmin~'.
For better viewing the absorbance values are scaled and offset.
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Fig. 3. MW 2D-IR correlation analysis of the ATR spectral data: (a) reheating of the amorphous phase between the ATR crystal and the glass slide, (b) heating of Form II
between the ATR crystal and the sapphire anvil. Analyzed spectral region: 600-3800cm~"; window size: 10 spectra; window step: 1 spectrum; heating rate: 2 Kmin~1;

resolution: 4cm~'; number of scans per spectrum: 6.

[10], the approximate quantity of transformed Form II in the pel-
let (depicted in Fig. 2b) was 65%. This cannot be reproduced in
single-reflection ATR measurements because spectra are acquired
from a single crystal domain of approximately 0.5 mm in diameter,
while the transmittance method obtains spectra from a multitude
of crystal domains separated within KBr pellet.

The crystallization of Form II (70°C) and the subsequent melt-
ing (155 °C) was obtained by reheating the amorphous paracetamol
on the pure KBr pellet (Fig. 2c). By reheating the amorphous
phase between two pure KBr pellets resulted in distinctive thermal
sequence: amorphous — Il — I — melt (phase transition temper-
atures: 58°C, 100°C, 157°C) (Fig. 2d). It is interesting that the
baseline analysis detected certain interruption in the melting of
Form II at approximately 160 °C (distinct shoulder in Fig. 2c and
d). Above the melting temperature of Form II the system can still
recrystallize as Form I providing that the heating rates leading
towards the melting temperature of Form I are slow enough (this
behavior is discussed in detail in Section 3.6). In the presented
baseline analysis the heating rate of 2 Kmin~! is too fast for emer-
gence of any IR detectable quantity of Form I (less than 0.012
mole fraction, according to the published data [10]). However, it is
reasonable to assign this interruption in the melting to the equi-
librium process between Form I nucleation and isotropic liquid
(melt).

3.2. MW 2D-IR analysis of the paracetamol phase transitions

FT-IR spectrometers provide rapid acquisition of a large amount
of spectral data. In the heating processes of this study (25-190°C)
the temperature-dependent IR spectra were collected with the
temperature resolution of 1°C per one spectrum. The determina-
tion of phase transition temperatures and the chemical structures
accompanying it from such huge data sets is facilitated by the
implementation of moving window (MW) 2D-IR data represen-
tation. An MW contour map shows temperature-ordered spectral
changes and thus present temperatures of phase transitions and
associated structural information. It is important to emphasize that
signals in the contour map are directly related to spectral changes.
In other words, the temperature interval devoid of spectral changes
is present as a blank area therefore indicating the temperature
range of the presence of only one phase. In contrast, peaks of the
contour map are found at temperatures where the largest spec-

tral variations occur therefore revealing the presence of a phase
transition.

The contour maps of the two most debated thermal histo-
ries of paracetamol are depicted in Fig. 3. A heating process of
the cooled amorphous paracetamol under strict geometrical con-
straints (between ATR crystal and cover glass slide) is shown in
Fig. 3a. The phase transitions starting with crystallization of Form
Il (65°C), lll - II transformation (117°C), and finally melting of
Form II are evidently present in the contour map. In an equally
unambiguous fashion the heating process of Form Il (between the
ATR crystal and the sapphire anvil) with the low temperature Il — |
crystal-to-crystal transformation (128 °C), followed by melting of
Form I above 172 °Cis presented (Fig. 3b). In the third type of exper-
iment, Form Il was obtained by reheating the amorphous form on
the uncovered ATR crystal fromr.t. up to 80 °C, followed by melting
of Form Il at 158 °C.

3.3. Qualitative and quantitative IR analysis of the paracetamol
phase transitions

Alternatively, these spectral data sets can be processed by apply-
ing qualitative and quantitative analysis based on the root mean
square error minimization (described in Section 2). As opposed
to multivariate analysis of the spectral data [9], this analysis is
based on the reasonable assumption that the measured system is
either in homogeneous single-phase state or in two-phase equilib-
rium. It must be stated that the sole purpose of this rough model
is monitoring of temperature-dependent phase transitions and
detection of transition temperatures and not a quantitative analy-
sis of polymorph mixtures (qualitative and quantitative vibrational
measurement of polymorph mixtures of paracetamol was success-
fully achieved in the previous studies [10,12]). The analysis of the
two data sets (Figs. 3 and 4) indicates that a simple qualitative and
quantitative estimate of the thermal process can be achieved in
this way. The temperatures of phase transitions obtained by this
method are as follow: (a) 63 °C (crystallization of Form III), 113°C
(II— 1I transformation) and 158 °C (melting of Form II), and (b)
123 °C (Il — I transformation) and 174 °C (melting of Form I).
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Fig. 4. Estimated percentile contributions of the paracetamol phases to the temperature-dependent spectral data.

3.4. Amorphous paracetamol

The crystallization of different polymorphs from the amorphous
phase is not the only reason to investigate melted and amorphous
phases. The amorphous form shows the most pronounced dif-
ferences of physical properties to the thermodynamically stable
crystal modification. Since it is the most soluble solid form, there
is also a commercial reason for studying its stability and phase
transformation [27]. Amorphous paracetamol is easily obtained by
cooling a sample of Form I previously heated above the melting
point (170°C).

In all of the measurements a sample was heated to 190°C
and then cooled down to r.t. at various rates (2-10Kmin~1). As
arule the amorphous solid phase was obtained (several exceptions
regarding crystallization of Forms I, Il and III directly from the melt
are reported below). When comparing IR spectra of the melt and
the amorphous phase it is rather obvious that the spectral appear-
ance and bands positions remained almost unchanged. However,
the relative peak intensities changed significantly, with the most
noticeable change regarding the peak at 1541 cm~! (Fig. S10). Not
surprisingly these spectral changes gradually occurred from 190 °C
down to r.t. since the glass transition temperature is at the lower
end of the measuring temperature interval (Tg =23-26°C).

3.5. Form I paracetamol

As previously stated in the materials section the monoclinic
Form I can be obtained by cooling the melt under elevated pressure
(either in KBr pellet or under the sapphire anvil). The recrystalliza-
tion into the Form I starts at approximately 170°C and proceeds
quite rapidly (Fig. 5). In the subsequent heating run encompassing
25-190°C temperature interval Form I does not show any phase

Transmittance

900 850 800 750 700

Wavenumber (cm™)

650

Fig.5. IRspectraofthe recrystallization of Form I (cooling of the melted paracetamol
between the ATR crystal and the sapphire anvil).

transition other than melting. In the TA measurements that do not
simultaneously obtain structural information (DSC) such behavior
isoften cited as indicative for thermodynamically stable Form I [24].

3.6. Form Il paracetamol

Phase transitions of orthorhombic Form II gained much atten-
tion in the last decade. The principal reason is the substantial
commercial potential of Form II due to its suitability for tablet-
ting by direct compression (as opposed to commercially used Form
I) [28]. Studies have shown that Form II can be straightforwardly
produced by heating of the amorphous phase and later used as a
seeding material for crystallization from solvent [16]. However, the
thermal behavior of Form II still puzzles scientific community, with
the principal point of dispute being the exact nature of Il — I phase
transformation that was allegedly detected within the broad tem-
perature interval 70-156°C [6,9,15-17]. Although the existence of
the direct Il — I'transition was indisputably proven by temperature-
dependent X-ray measurements of single crystals [17], there are
also numerous measurements of Form II melting at 155-160°C
(without prior conversion into Form I) [9,15,16], and even trans-
formation into Form I above the melting temperature [6].

In this study Form II was regularly obtained by reheating of the
solidified melt (amorphous phase). The exact temperature of crys-
tallization varied from sample to sample and occurred within the
range 55-80°C, and these values are in accordance with those pre-
viously reported (i.e. within the range of 45-88°C) [6,7,9,16]. The
only exception was the crystallization of the amorphous parac-
etamol into Form II at the end of the cooling process (r.t.) in
one measurement. Although spontaneous crystallization at r.t. is
somewhat unusual it is in agreement with the previously pub-
lished observations that the amorphous sample can crystallize into
orthorhombic Form 11 [6,9].

Reheating the cooled Form II can result in three different ways
of thermal behavior. If a measurement is conducted with relatively
fast heating rates (=2 Kmin~1) the only observed phase transition
is the melting of Form II at 155-160°C (Fig. 6a). However, if the
slower heating rates are employed (<0.5Kmin~!) than the only
observed phase transition is high temperature Il — I transforma-
tion at approximately 155 °C (Fig. 6b). The formation of Form I can
be easily determined by the appearance of a diagnostic peak at
806 cm~1 [10]. In the third case there is a two-phase phenomenon:
(a) I—1 transformation at lower temperatures, and (b) melting
of Form I above 170°C (Fig. 6¢). The onset of this low tempera-
ture Il — I transformation takes place within the range 95-125°C

(it slightly varies from sample to sample in accordance with previ-
ous observations [17]), and it generally occurs when the starting
material was manipulated by either fragmentation or grinding.
Such low temperature I — I transformation is most likely accel-
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erated by humidity and the traces of solvent (the crystals of Form Il
grown from solution are especially susceptible to low temperature
Il — I transformation, as opposed to those obtained from the melt)
[15-17].

Contrary to the direct I — I transition at lower temperatures,
the high temperature transformation at 155°C is probably not a
straightforward crystal-to-crystal transition but it is rather pre-
ceded by melting of Form Il and recrystallization of Form I.
Such explanation was already put forward, but based on the
temperature-dependent XRPD measurements [6]. It remained a
point of strong disagreement [17]. No presence of the melted phase
during Il — I transformation was detected in our IR experiments
(neither in the published XRPD measurements). It is, however,
symptomatic that the spectral baselines (in the reflectance IR)
behave differently at low and high temperature Il — I transforma-
tions (Fig. 6b and c). The baseline variations at the high temperature
I — I transformations are similar to those encountered for other
crystal-to-melt and amorphous-to-crystal transitions of paraceta-
mol. The spectral baseline in ATR measurements is predominantly
the result of optical contact between the sample and the ATR crystal
(whatis seen in ATR is what is happening on the surface of the sam-
ple), and its different behavior can indicate that, although these two
Il — I phase transitions start and result with the same polymorphs,
they proceed through different mechanism.

3.7. Form Il paracetamol

Form III is the least stable known polymorph of paracetamol
that can be isolated only under strict geometric constraints. Nor-
mally it is produced by melting of paracetamol, placing the sample
between a slide and a cover glass, cooling it to r.t., and reheating
up to 85°C (the crystallization occurs within 50-85°C interval)
[5-9,13,20]. In our measurements this crystallization occurred
regularly from 60°C to 70°C. At higher temperatures Form III
undergoes crystal-to-crystal transformation into Form Il within the
temperature interval 100-120°C, again well within the published
interval (70-130 °C). Further heating resulted in melting of Form II
at 155-160°C, and no Il — I transformation preceding the melting
has ever been observed. This temperature behavior of paracetamol
is in excellent agreement with the majority of previous measure-
ments [5-9,13,20].

Among the published measurements there are only two cases
with the results different from the generally accepted (also in
this study) viewpoint. The first report described preparation of
paracetamol polymorphs from binary mixtures containing 10%
(w/w) of hydroxypropyl methylcellulose (HPMC) [19]. Although
the authors concluded that Form III has transformed into Form I,
the IR spectra and the DSC thermograms both suggest that such

binary systems present more complicated thermal behavior than is
the case of the pure paracetamol. Therefore, such a behavior most
likely cannot be directly correlated to the paracetamol polymor-
phism. The only ever presented case of direct melting of Form III
was described in another report [20]. The authors assumed that
the Form IIl was obtained from amorphous paracetamol follow-
ing the heating-cooling cycles in DSC pans, although there were
no direct structural measurements to support that assumption.
The measurements of (allegedly) Form III performed in hermetic
pans under ambient atmosphere showed single melting transi-
tion at 156°C, while the analogous measurements of amorphous
samples showed only an additional exothermic transition in the
60-80°C region. Based on the assumption that the measured sys-
tem was indeed Form Il the authors concluded that Form Il melts at
155-156 °C (without prior transformation into Form II). It is impor-
tant to emphasize that amorphous paracetamol can crystallize as
either Form III or Il within almost identical temperature range
(50-80°C), and for that reason the identity of crystallized phase
remains ambiguous without some additional structural informa-
tion that DSC cannot provide. Therefore, to claim solely on a DSC
data that a particular polymorph has been obtained, particularly if
that polymorph is metastable, might not always be justifiable. With
that in mind, it is more reasonable to assume that Form II, and not
Form III, was obtained in hermetic pans under ambient atmosphere,
especially since the described thermal behavior depicts Form I per-
fectly. This premise is further corroborated with the subsequent
measurements that obtained Form III only under N, atmosphere
and never under air [5].

Although the Form Il is reproducibly obtained by reheating the
amorphous paracetamol, it seems that such approachis not the only
viable option. In one of our measurements (out of the six conducted)
the spontaneous recrystallization has occurred at approximately
120°C during the cooling. Such an observation has never been
reported before and was even considered improbable on account
of previous measurements [13]. The cited premise by Burley et al.
states that the main requirement for isolation of metastable Form
Ill is hindrance of molecular movement that allows slow relaxation
towards the crystalline state (and according to the Ostwald’s rule
of stages the least stable polymorph would be the first to crystal-
lize). Though all previous measurements and a majority of ours
demonstrated that the most reliable way for obtaining Form Il is a
gentle warming of the amorphous phase, here presented observa-
tion clearly shows that the spontaneous crystallization into Form
Il from the supercooled liquid is also possible. It seems that the
important factor in successful isolation of Form III via the cooling
route was relatively fast cooling rate (10 Kmin~1) that prevented
subsequent transformation of Form III into Form II (according to
the published data IIl — II transformation is possible above 70°C).
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3.8. Potential of the FT-IR thermal analysis

Thermal analyses should provide three distinct information
regarding particular phase transition: (1) identity of the phases
involved (structural information), (2) phase transition tempera-
ture, and (3) heat value of the transition (or heat capacity of
the system). While temperature-dependent structural techniques
(XRPD, IR, Raman, NMR, thermal microscopy) can provide infor-
mation about temperatures and structures, the DSC measurement
can only provide temperatures and heat values. However, it must
be stated that the important thermodynamic studies of parac-
etamol could only be made with meticulous DSC measurements
[13,17,24,27,29,30]. Although it can appear that both approaches
have equal drawbacks, it is quite obvious that the shortcomings
of DSC are more severe on account that without the conclusive
structural identification the other information are less valuable.
In addition to that, some phase transitions, particularly crystal-to-
crystal polymorph transformations have thermal outputs that can
be below the detection limit of a DSC instrument. Both of these
reasons can lead to erroneous conclusions when DSC is used on
its own. This study clearly demonstrated that crystal-to-crystal
transitions of paracetamol (with the associated enthalpy of only
0.3-1.2kJ mol~! in the broad temperature range [8,13,16]) are bet-
ter detected by the temperature-dependent FT-IR spectroscopy
than by traditional DSC measurements.

The complete set of information can be acquired with cou-
pled vibrational-DSC measurements [8,9,18]. However, it is quite
indicative that two of these paracetamol studies did not even
reported DSC measured values of the heats of transition, but
only the phase transition temperatures [9,18]. Considering that
temperature-dependant vibrational measurements can provide
accurate structural and temperature data on its own, it is quite
unexpected that instead of exploring the full potential that this
technique offers the measuring conditions were constrained in
order to accommodate the DSC experimental conditions. There-
fore, the two DSC/FT-IR microspectroscopy studies detected only a
fraction of paracetamol phase transitions (namely, melting of Form
I, and sequence amorphous — Il — Il — melt) [8,18]. In the case of
Raman detected differential scanning calorimetry the whole point
of coupled measurement is questionable since the heat values are
strongly influenced by the laser radiation [9].

FT-IR thermal analysis has considerable advantages over ther-
mal microscopy as well. While both of these TA methods enable
structural monitoring of phase transitions, IR spectroscopy offers
straightforward relationship between the sample at a certain
temperature (i.e. its IR spectrum) and accompanying molecular
structure (including intra- and intermolecular interactions) by
means of spectra-structure correlations. This study revealed that
flexibility of IR based TA allows measurement of a sample under
variety of experimental settings, including arrangements that imi-
tate thermal microscopy (sample between two pure KBr pellets
or between the ATR crystal and the glass slide), as well as some
that are out of reach of regular thermal microscopy (elevated pres-
sure in a KBr pellet or between the ATR crystal and the sapphire
anvil). As a result of this adaptability the two major disadvan-
tages of the two FT-IR methods (grinding and compression into
KBr pellet, and pressure exerted on the sample between the ATR
crystal and the sapphire anvil) were successfully resolved (mea-
surements on a sample deposited on a pure KBr pellet or on an
uncovered ATR crystal). Variability of experimental settings is quite
important in complete characterization of a sample because vari-
ous processes (such as grinding and elevated pressure) can induce
solid-state transitions on sensitive metastable polymorphs. Hence,
owing to the highly adaptable experimental settings, this study per-
ceived more varieties of paracetamol phase transitions than any
previous study, including some transformations that were never

before reported (crystallizations of Forms I and III during the cool-
ing process). It should be stated, though, that such good results
were facilitated by the stability of paracetamol melt and, there-
fore, measurement of a compound that decompose at temperature
below melting should be more complicated.

4. Conclusions

The thermal behavior of paracetamol strongly depends on the
slight variations in experimental conditions that can result in for-
mation of various phases. The amorphous phase can crystallize
during heating into either Form Il or Form III (and supposedly Form
I [20]) within almost identical temperature range (50-80°C). The
analogous remark applies to the crystal transformations Il — I and
[l — Il that also proceed within almost identical temperature range
(70-130°C). Furthermore, the range of transformation is even more
diverse than that, including the crystallizations of Forms I, Il and
Il during the cooling process, and high temperature Il — I transi-
tion (above the melting temperature of Form II). These inconclusive
temperatures of crystallization and transformation are a major
obstacle for unambiguous identification of a particular phase by
DSC.

FT-IR thermal analysis (coupled with the 2D-IR data presenta-
tion and the baseline analysis) offers a positive identification of each
paracetamol phase, therefore allowing simple and rapid monitor-
ing of the measured system. Besides clarifying some ambiguous
thermal behavior of paracetamol, the study also presented the
potential of FT-IR thermal analysis for the future studies of poly-
morphism.
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