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STRUCTURAL EVOLUTION
OF THE METASTABLE POLYMORPH OF PARA-CRESOL

Time-dependent polymorphic transformations of para-cresol, a compound known for its
multiple crystalline forms and diverse applications, were investigated. The behavior of the
metastable form III of para-cresol, which is obtained as a result of relaxation of the metastable
form II, was examined using differential scanning calorimetry. Thermal analysis showed that
the transformation of the metastable form III of para-cresol is slow, heterogeneous, and proba-
bilistic in nature. The multi-peak decomposition of the melting curves indicates the coexistence
of three polymorphs in the samples for a relatively long time. These results demonstrate that
metastable forms of para-cresol can persist far longer than would normally be expected for
thermodynamically unfavorable phases.

Keywords: para-cresol, differential scanning calorimetry, polymorphism, phase transitions,

relaxation.

1. Introduction

Polymorphism is the ability of a substance to exist
in different crystalline forms that differ in molecu-
lar packing and intermolecular interactions [1]. Pa-
ra-cresol (p-cresol) is one of such compounds and is
of considerable scientific and practical interest due
to its various applications, particularly as an an-
tioxidant and disinfectant in pharmaceuticals [2]. Ba-
tisal et al. [3] demonstrated that p-cresol exists in
two crystalline forms, I and II, and determined
their crystal structures. They reported that the sta-
ble phase (form I) melts at Tper = 309.2 K, whereas
the metastable phase (form II) melts at Tpex =
=307.9 K. It was also noted in [3] that once form
II is formed, it readily converts to form I when stored
at room temperature for several days. The transition
from an unstable state (form II) to the most stable
state (form I) is known as Ostwald’s rule [4].
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Various techniques have been used to identify p-
cresol polymorphs, including crystallography [3, 5],
thermal analysis [3], and spectroscopy [6-12]. In our
recent work [11], we showed that forms I and II of
p-cresol can be obtained simply by cooling melted
p-cresol under our cooling conditions. Crystallization
of the stable phase (form I) develops preferentially
above 260 K, while crystallization of the metastable
phase (form II) occurs below 260 K. The stable form
I melts at 309.3 K, and metastable form II melts
at 307.4 K, in contrast to the method reported in
[3], where forms I and II were obtained from chlo-
roform (form I) and acetone (form II) solutions, re-
spectively. Most notably, we unexpectedly discovered
a third crystalline form of p-cresol (form III), which
melts at 302.9 K, in addition to forms I and II.

After obtaining metastable form II from the melt
at low temperature, we obtained a behavior that
contradicts Ostwald’s rule [4]: instead of transform-
ing into the stable phase, metastable form II trans-
formed overnight into another metastable phase (form
IIT). This represents a rare case in which a metastable
form does not convert to the stable form.

The conversion of metastable form II into meta-
stable form III was also confirmed by our FT-IR
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spectroscopy studies, in which we examined the FT-
IR spectra and temperature dependences of the sta-
ble and two metastable crystalline forms of p-cresol
from 300 K to 12 K [11, 12]. This raises the ques-
tion of what subsequently happens to form IIT. Will
its transformation involve the formation of additional
metastable phases, or will it eventually convert to the
stable phase?

This question is important because p-cresol is used
in the pharmaceutical industry, where the phase
stability is crucial and the presence of different
polymorphs can significantly alter various physico-
chemical properties of the substance. Understanding
these transformations is essential for designing stable
forms of pharmaceutical products. No similar study
on long-term treatments of p-cresol polymorphs has
been conducted previously. These considerations mo-
tivated our investigation of the time-dependent struc-
tural evolution of form III. Specifically, we sought
to determine how form IIT changes over time, how
long the transformation process takes place, and
which phase it ultimately form? To answer these
questions, we used differential scanning calorime-
try (DSC) to study the temperature evolution of
form III.

2. Experimental

p-Cresol, the para-isomer of methylphenol, was pur-
chased from Aldrich (99% purity) and was used with-
out further purification. p-Cresol is an aromatic or-
ganic compound with the chemical formula C;HgO
or, more precisely, CH3CsH4OH. Its structure con-
sists of a six-carbon aromatic ring, with the hydroxyl
group at position 1 and the methyl group at position
4 of the ring (Fig. 1).

Calorimetric measurements were performed using
differential scanning calorimeter (Perkin—Elmer DSC
8000) equipped with the CLN2 low-temperature ac-
cessory. Samples of ~7 mg were enclosed in alu-
minium sample pans, hermetically sealed using a
sample encapsulating press. Measurements were per-
formed under dry helium to improve the thermal con-
ductivity. Liquid nitrogen was used as a coolant, and
the measurements were carried out in the tempera-
ture range of 104-350 K. To calibrate the equipment,
both in temperature and enthalpy, certified indium
was used. All measurements comprised three heating
curves, to test the reproducibility among them.
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3. Results

As briefly noted in the Introduction, metastable form
ITI is obtained only as a result of the transforma-
tion of form II, and form II itself can be obtained by
strong supercooling of liquid p-cresol. Crystallization
of metastable form II from the melt is favored at
temperatures lower than those at which form I crys-
tallizes [11]. With this in mind, the samples were
prepared as follows. A sufficiently large amount of
the substance was placed into a container, melted,
and then the container with the melt was rapidly
immersed in liquid nitrogen. This low-temperature
treatment promoted crystallization into metastable
form II. Based on the results of [11], it was ex-
pected that form II would transform into form III
overnight. Therefore, the DSC measurements were
started the following day. Three samples were taken
from the container to ensure statistical reliability and
their DSC curves were recorded (Fig. 2). The pro-
cedure was repeated two days later, and again two
weeks later (Figs. 3 and 4, respectively). All mea-
surements were carried out at a scanning rate of
10 K/min.

Fig. 2 shows the melting curves of three samples
with masses of 7.06, 7.09, and 6.54 mg (curves I,
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Fig. 2. DSC curves of the metastable form III of p-cresol
recorded at a heating rate of 10 K/min. Details are given in
the text
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Fig. 3. DSC curves of the metastable phase III of p-cresol
were obtained two days after its formation, at a heating rate
of 10 K/min. Details are given in the text
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Fig. 4. DSC curves of the metastable form III of p-cresol were
obtained two weeks after its formation, at a heating rate of 10
K/min. Details are given in the text
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Fig. 5. Gaussian decomposition of the melting curve I from
Fig. 4. Experimental data are plotted as black circles, and the
fit is plotted as a solid line. Dashed lines represent Gaussian
bands used to fit the experimental spectra
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Fig. 6. Gaussian decomposition of the melting curve 2 from
Fig. 4. Experimental data are plotted as black circles, and the
fit is plotted as a solid line. Dashed lines represent Gaussian
bands used to fit the experimental spectra

2, and 3, respectively). The first sample (curve 1)
melts at Ty = 302.5 K with an enthalpy AH=
= 73.56 Jg~!, the second one melts at 302.2 K
with an enthalpy AH= 66.93 Jg~!, and the third
sample melts at 302.7 K with an enthalpy AH=
=90.15 Jg~!. As expected, the melting temperatures
correspond to those of form III. Thus, the metastable
form III of p-cresol is uniformly distributed through-
out the volume of the container.

Fig. 3 presents the melting curves of three sam-
ples taken from the container two days later, with
masses of 7.17, 7.29, and 6.74 mg (curves 1, 2, and
3, respectively). In DSC curve 1 for the first sample,
two peaks appear at 304.2 and 307.1 K, with a to-
tal melting enthalpy AH= 80.92 Jg~!. DSC curve 2
for the second sample shows three melting peaks at
306.0, 308.3 and 310.0 K, with a total melting en-
thalpy AH= 109.27 Jg~!. Curve 3 of the third sam-
ple shows two melting peaks at 306.8 and 308.2 K,
with a total melting enthalpy AH = 98.75 Jg~!.

Fig. 4 shows the melting curves of samples taken
from the container after two weeks with masses of
7.59, 7.48, and 7.15 mg (curves I, 2, and 3, re-
spectively). The first sample (curve 1) melts over
a broad range from 307 to 310 K, with a total
melting enthalpy AH= 85.5 Jg~'. DSC curve 2 for
the second sample exhibits two melting peaks at
308.7 and 310.5 K, with a total melting enthalpy
AH=96.45 Jg=!. Curve 3 of the third sample shows
the main melting peak at 308.9 K accompanied by
two shoulders on the low-temperature side at 305.0
and 307.5 K, with a total melting enthalpy AH =
=172.23 Jg~ L.
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4. Discussion

We analyze the transformation of the metastable form
IIT of p-cresol using the data presented in Figs. 2—
4. It is evident that the transformation of metastable
form III into other phases is slow, heterogeneous, and
probabilistic in nature.

Immediately after the formation, form III is dis-
tributed relatively uniformly throughout the entire
container (Fig. 2, curves 1-3). However, after two
days, form III transforms into a mixture of poly-
morphs, and the exact composition varies between
samples taken from different locations (Fig. 3). In
the first sample, the two melting peaks at 304.2 and
307.1 K indicate the presence of forms III and II,
respectively (Fig. 3, curve I). In the second sample,
the melting peak of form III is absent, while a peak at
310 K, indicates the presence of stable form I (Fig. 3,
curve 2). Additionally, curve 2 shows a melting peak
at 306 K, corresponding to a previously unknown
polymorph (Fig. 3, curve 2). The third sample con-
tains two polymorphs with melting points at 306.8
and 308.2 K (Fig. 3, curve 3).

After two weeks, the polymorphic composition
shifts further toward more stable forms II and I
(Fig. 4, curves I and 2). However, even after two
weeks, the metastable polymorphs had not comp-
letely transformed into a stable polymorph. In the
third sample, there is no melting peak at 310 K at
all, indicating the absence of stable form I (Fig. 4,
curve §). This result is rather unexpected, demon-
strating that metastable phases can persist for an ex-
tended period.

Figs. 5-7 show Gaussian multi-peak fitting decom-
position of the melting curves 1-3 from Fig. 4. The
software package Origin 5.0 was used. Experimental
curves are shown as black circles. The fit is plot-
ted as a solid line. Dashed lines represent Gaussian
bands used to fit the experimental curves. The fits
confirm that even two weeks after the formation of
form III, the contents of the container remain a mix-
ture of several polymorphs. The first sample contains
polymorphs melting at 307.8, 308.7, and 310.1 K
(Fig. 5). The second sample contains polymorphs
melting at 307.4, 308.7, and 310.6 K (Fig. 6). It can
be observed that although their experimental melting
curves I and 2 in Fig. 4 differ, according to the de-
composition results, these samples contain the same
polymorphs in different proportions, with the sta-
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Fig. 7. Gaussian decomposition of the melting curve & from
Fig. 4. Experimental data are plotted as black circles, and the
fit is plotted as a solid line. Dashed lines represent Gaussian
bands used to fit the experimental spectra

ble form I (T' ~ 310 K) predominating (Figs. 5 and
6, Fit peak 3). The fitting peaks at 308.7 K proba-
bly correspond to the incomplete transformation of
form II into a stable form I. The third sample con-
tains polymorphs with melting points at 305.5, 307.8,
and 309.3 K (Fig. 7). The fitting peak 1 at 305.5 K
likely corresponds to an incompletely transformed
residue of form III, distinguishing this sample from
the others.

5. Conclusion

In conclusion, our extensive DSC measurements de-
monstrate that the transformation of metastable form
IIT of p-cresol is slow, heterogeneous, and probabi-
listic in nature. Although form III is initially dis-
tributed uniformly, its conversion into more stable po-
lymorphs proceeds irregularly, leading to significant
sample-to-sample variations even within the same
container. After two weeks, the p-cresol sample still
consists of a mixture of several polymorphs. These
findings indicate that metastable forms of p-cresol can
persist far longer than would normally be expected
for thermodynamically unfavorable phases. The re-
sults obtained improve our understanding of the ther-
modynamics and kinetics of polymorphic transitions
in p-cresol and are useful for applications where the
phase stability is important.
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CTPYKTYPHA EBOJIFOIIIA
METACTABIJIBHOT'O ITOJIIMOP®Y ITAPA-KPE30JIY

Hocmimxeno 3amexxui Bix wacy momimMopdHi mepeTBOpeHHS
rapa-Kpe3oJLy, CHOJIYKH, BiJJOMOI CBOIMU YHCJIEHHUMHU KPHUCTa-
miuamMmu popMamu i pisHOMaHITHEM 3acTocyBaHHSM. [loBe-
ninka Metacrabimbuoi dopmu III mapa-kpesoity, sika yTBOPIO-
€ThCsl B pe3ysbTari pesakcalil Meracrabiibaol dpopmu 11, mpo0-
CJIPKyBaJiacs 3a JOINOMOrOK nrdepeHI[iaJbHOl CKaHyBaIbHOL
KaJsiopuMeTpil. Tepmiununii anaJi3 mokasas, IO IIEPETBOPEHHS
MeracTabinsuol popmu 111 mapa-kpesosy BinbyBaeTbCst HOBIIBL-
HO, T€TEPOr'eHHO I Ma€ MOBipHicHUI xapakTep. Poskiaianus
KPWBHUX IJIaBJICHHsI Ha Oararo miKiB BKa3ye Ha CIIBICHYyBaHHS
TPBOX OJIIMOP@IB y 3pa3Kax MPOTATOM JIOCUTH TPUBAJIOTO Ya-
cy. Ili pe3sysbraTi JEMOHCTPYIOTH, IO MeTacTabiibHi dhopmu
mmapa-Kpe3ojIy MOXKYThb 30epirarucss HabaraTo OOBIIIE, HiXK 3BU-

YaiHO OYIKYETBHCs JIJIsi TEPMOJIMHAMIYHO HECTIMKuUX a3.
Katwwoei caoea: mapa-Kpe3os, AudepeHIjalbHa CKaHy-
BaJIbHA, KaJIopuMeTrpisd, mosjiMmopdismM, dha3oBi nepexoau, pesa-

Kcaris.
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