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The two previously reported solid state forms of p-cresol are
revisited and detailed structural analysis, thermal analysis,
lattice energy calculations and variable temperature powder
X-ray diffraction are presented. A possible mechanism for
the transformation from form II to form I is proposed.

Polymorphism, the ability of a compound to crystallise in
different forms, is an interesting phenomenon in solid state
chemistry.' In the pharmaceutical industry, polymorphism is a
key issue since the different forms of a drug can have different
physicochemical properties such as melting point, solubility and
bioavailability.? Similarly, different forms of pigments have
profound impact on the paint and coatings industries. In some
cases a mechanism for the transformation of one form to
another can be deduced from a consideration of the crystal
structures of each.

p-Cresol (4-methylphenol) is extracted from coal tar and is
used in chemical synthesis of antioxidants, anisaldehyde,
pharmaceuticals and dyes.’ Apart from its uses in the
manufacturing industry, p-cresol has also been widely used as a
crystallisation solvent. Two solid state structures of p-cresol
were reported several years ago on separate occasions. Form I
crystallises from a chloroform solution in the monoclinic space
group P2,/n (Refcode CRESOLO1* and CRESOL10°), while
the metastable form II crystallises from an acetone solution in
the monoclinic space group C2/c (CRESOL02°). Both forms are
low-melting solids, with melting points of approximately 35 and
36 °C respectively. Polymorphism of organic liquids is not an
uncommon occurrence and it has been reported for a number of
compounds. In order to investigate the occurrence of
polymorphism of organic solvents we identified common
organic solvents with melting points in the range of 0 to 35 °C
and a Cambridge Structural Database (CSD version 5.35 May
2014) 7 search on these compounds revealed polymorphism of
the following: formamide,? 4-picoline,9 benzene, '’
cyclohexane,'' formic acid,'? 1,4 dioxane, p-xylene,'* acetic
acid,’””  cyclohexanol,' tertiary-butyl  alcohol'”  and
diphenylether.'® Polymorphs of most of these compounds were
prepared by in situ crystallisation at low temperature or high
pressure, but there are a few exceptions such as p-cresol and
cyclohexanol, where the polymorphs can be obtained at ambient
or near ambient conditions respectively.

Because the crystallographic information on p-cresol is
limited (the two structures deposited in the CSD are only
modestly refined and some hydrogen atoms are missing from
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the final model) we carried out a polymorphic study of the two
forms of p-cresol. We recollected the data at 173 K; the
improved refinement allows the hydrogen bonding to be
described in detail. In addition, Hirshfeld surface analysis'® was
used to compare the intermolecular interactions in the two
forms. Lattice energy calculations, differential scanning
calorimetry (DSC) and variable temperature powder X-ray
diffraction (VTPXRD) were used to further study the two
forms. Finally, we propose a possible mechanism for the
transformation of form II to form I.

Crystals of form I were grown by dissolving p-cresol in
chloroform and allowing the solution to crystallise at room
temperature. Form I crystallises in the monoclinic space group
P2,/n with two molecules of p-cresol in the asymmetric unit
(Fig. 1a). The methyl groups are disordered in two positions and
the p-cresol molecules are connected via two hydrogen bonds
(Table 1) to form a hydrogen bonded puckered tetramer which
is located on an inversion centre. The hydrogen bonding can be
denoted as Rf‘1 (8) using the graph set notation.”® The hydrogen
bonded tetramers stack in rows parallel to the bc plane and are
arranged in an alternating fashion (Fig. 1b). The packing is
further stabilised by (i) C—Heeert interactions between units in
the same row and units in consecutive rows which are symmetry
related by inversion and (ii) weak C-He+*O interactions between
the disordered methyl groups (—C16H;) and the neighbouring

hydroxyl oxygen (09).
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Fig. 1 (a) The molecular structure of form I showing 70% probability
ellipsoids for non-hydrogen atoms. (b) The packing diagram of form I
as viewed along the a axis. (¢) The asymmetric unit of form II showing
70% probability ellipsoids for non-hydrogen atoms. (d) The packing
diagram of form II as viewed along the b axis.
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Table 1 Hydrogen bond details for form I and form II

D—HeeeA D-H (A)* HeA (A) De+A (A) <DHA (°)

Form I

O1-H1+--09 0.95 1.97 2.719(2) 134.1
09-H9++01' 0.95 1.79 2.673(2) 153.8
C16-H16Ce+09 0.98 2.42 3.370(2) 152.0
Form I1 )

Ol1-Hl+017" 0.95 1.73 2.674(1) 169.7
09-H9++-01 0.96 1.69 2.630(1) 166.7
O17-H17++-09 0.95 1.72 2.656(1) 168.2

Symmetry operators: (i) —x, -y+1, -z+1; (ii) Y2-X, y-¥4, 3/2-z and (iii) x,
y-1,z

*Adjusted according to Lusi and Barbour’s distance-dependant neutron-
s normalised method?'

Crystals of form II were grown from an acetone solution of p-
cresol at room temperature. Form II crystallises in the
monoclinic space group C2/c with three molecules of p-cresol
10 in the asymmetric unit (Fig. 1c). The hydrogen atoms of the
methyl groups are disordered over two positions similarly to
form I.
The p-cresol molecules interact with each other via three
hydrogen bonds (Table 1) resulting in a pseudo threefold helical
15 chain running parallel to the b axis (Fig. 1d). The graph set
notation for the hydrogen bonding motif is C33 (6). The 1D
chains are paired up in the ac plane (Fig. 1d) and the two chains
interact with each other as well as with neighbouring chains via
C—Heeem interactions. An interesting packing feature is observed
20 when viewing the structure of form II down the a axis. In this
direction the p-cresol molecules are packed in a fashion that can
be perceived as the ‘Zollner illusion’ (Fig. 2). In this illusion the
parallel lines appear to converge or diverge from each other.
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25 Fig. 2 The packing diagram of form II as viewed down the @ axis
showing the Zollner illusion.
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p-Cresol may be described as an aromatic alcohol thus its
interactions can be compared to secondary monoalcohols which
most commonly form rings or chains of hydrogen bonds in
30 approximately equal numbers. Thus the observation of the
puckered tetramer and the pseudo threefold helical hydrogen
bond motifs are rare for alcohols and their occurrence can be
explained by steric effects.”? In this regard, p-cresol is
somewhat similar to cyclohexanol, a secondary monoalcohol
35 with a bulky substituent. In the stable form of cyclohexanol'®
(form II) a planar four-membered ring motif was observed
while one of the metastable forms (form III’) contains threefold
helical chains. It was concluded that the formation of the
tetramer relieves the strain of the shorter hydrogen bonds of the
40 chain structure leading to the formation of the more stable
phase. A similar conclusion may be drawn for the p-cresol
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structures as the hydrogen bonds are slightly shorter in the
metastable form (II) than in the stable form (I).

DSC was conducted on the crystals of form I as well as the
neat liquid (Fig. 3, original DSC data are deposited into the
Electronic Supplementary Information, Fig S1 and S2.). The
DSC trace of crystals of form I in the range of 0 °C — 50 °C
(heating rate of 10°C min") shows an endothermic event at 36.2
°C corresponding to the melting of the crystals (T,, = 34.6°C,
AH = 117.0 J/g). In order to determine the melting point of the
metastable form II, the DSC trace was cycled by heating the
crystals of form I to 50 °C followed by cooling to -80 °C then
heating back to 50 °C with a heating rate of 10 °C min". The
DSC trace shows an exothermic event at 0°C corresponding to
the freezing of the liquid to amorphous phase (Tyex = 5.8 °C,
AH = 64.6 J/g). Crystallisation to form II is observed at ca. -39
°C as a broad exotherm. The melting of form II in the
subsequent heating cycle is seen as an endothermic event at
34.9°C (T,,= 28.7 °C, AH = 71.9 J/g). The enthalpy difference
between the structures derived from the heat of melting was 1.1
kcal/mol and this value is typical for polymorphs. The observed
significant hysteresis between the cooling (liquid freezes to
amorphous and later crystallises) and the heating cycle
(crystalline material melts) can be explained by the difference
between the amorphous and crystalline nature of the sample. A
similar thermal behaviour was described for tertiary-butyl
alcohol,'™ however the first large exotherm was defined as a
crystallisation while in our case this peak is clearly related to
the freezing of the liquid to an amorphous phase.

Onset=0°C
Peak = 5.8°C
AH=64.6 Jig
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Fig. 3 The DSC trace (endo down) of form I (red) and form II (blue).
Crystallisation of form II is observed at -39.5 °C. Peak temperature for
form I is 36.2 °C and peak temperature for form II is 34.9 °C.

A VTPXRD study (Fig. 4) was conducted on the liquid p-cresol
in order to verify the DSC results. Two experiments were
carried out and for each experiment the liquid was loaded into a
capillary and patterns were recorded at 10 °C intervals for 7.5
mins scanning time.

In the first experiment, liquid p-cresol was first heated to 50
°C, cooled to -50 °C and heated back to 50 °C (Fig 4a). The
sample was allowed 5 minutes equilibration after every
temperature change. In the cooling cycle, the sample is
amorphous from 50 to 20 °C; form I crystallises at 10 °C. This
phase persists through cooling to -50 °C and heating to 20 °C
after which melting commences.

In the second experiment, the liquid was cooled from 20 °C
to -50 °C and heated back to 20 °C. One minute equilibration
was allowed after every temperature change (Fig 4b). From 20
°C to -30 °C the sample remains amorphous. At -40 °C form II
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crystallises. This corresponds to the event on the DSC at -39.1
°C. Form II persists until 20 °C after which melting
commences. (Additional VTPXRD data is presented in Fig. S3
and S4 of ESI.) We may conclude that the fast freezing method
leads to the formation of the less stable polymorph, form II.
According to the rules developed by Burger and Ramberger,
the thermodynamic relationship between polymorphic forms
can be classified as either monotropic or enantiotropic.”> A
monotropic relationship occurs when one polymorph is stable
10 below the melting point and conversion from the metastable to
stable form is irreversible. In an enantiotropic relationship,
polymorphs interconvert reversibly below their melting point.**
We therefore postulate that the relationship between the two
polymorphs of p-cresol is monotropic. This is in agreement with
15 the calculated density of form I (1.193 g/cm®), which is higher
than that of form IT (1.130 g/cm®).
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Fig. 4 VTPXRD study for in situ crystallisation of (a) from top: form I
recorded at 10°C intervals, ten minute equilibration was allowed after

20 every temperature change and (b) from top: form Il recorded at 10°C
intervals, one minute equilibration was allowed after every temperature
change.

To understand the differences between the thermal behaviour
of the polymorphs a detailed structural study was conducted by
using the programme Crystal Explorer.' Hirshfeld surfaces and
2D fingerprint plots were generated for each molecule in the
asymmetric unit of both form I and form II to compare the
intermolecular interactions as well as their contributions in the
two structures. Fig 5 (a) and (b) show the fingerprint plots for
30 the two molecules of form I and Fig 5 (c-e) presents the 2D

plots for the three molecules of form II. As expected the main

interactions in the two structures are the OeeeH, and Hee*H and

CeeeH, labelled as 1, 2 and 3 respectively. In form I the two

symmetrically independent molecules have significantly
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s different fingerprint plots. The spikes related to the OeesH
interactions are asymmetric and molecule A presents more
hydrogen bond donor properties (longer upper spike) while
molecule B acts more like an acceptor (longer lower spike).
(Fig. 5a and b) In form II the interactions of the three

o symmetrically independent molecules are similar and this can
be seen on their comparable fingerprint plots. (Fig. 5 c-e) This
statement is also supported by the observed hydrogen bonds of
form I and II. However the percentage contributions of each of
the interactions are different in the two structures as shown in

s Table 2. On average HeeeH interactions (generally defined as
repulsive) contribute more in form II than in form I while more
of the O—He+*«O and C—He*C interactions were observed in
form I than in form II. The higher percentage contribution of the
O-He¢++O and the C—He**C in form I contributes to the higher

o melting point and consequently its stability. Lattice energy
calculations® revealed only a 0.34 kcal/mol energy difference
between the two polymorphs favouring the formation of form I.
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Fig. 5 2D fingerprint plots of (a) form I — molecule A, (b) form I -
molecule B, (¢) form II - molecule A, (d) form II - molecule B and (e)
form II - molecule C. The close contacts are labelled 1-3 where 1 is
Hee+O, 2 is Hee*H and 3 is Ce**H.

Table 2 Percentage contributions of the main interactions in form I and
form II

HeeeH (%) CooeH (%) Os++H (%)
Form I average average average
molecule A 58.0 253 16.5

molecule B 566 /3 311 84 e 140
Form I1

molecule A 55.3 29.6 12.7

molecule B 58.8 59.5 278 26.2 13.1 12.8
molecule C 64.6 21.2 12.2

0

The fact that the standard deviation (typically 0.5 kcal/mol) is

greater than the calculated value does not detract from the
significance of the result, as discussed below.

Form I can be obtained readily when a chloroform solution of

s p-cresol or the neat liquid is cooled at 4°C; form II on the other

hand, is difficult to reproduce and once it is formed it readily

converts to form I when allowed to stand at room temperature

for several days. Indeed DSC and the lattice energy calculations

support the stability of form I over form II. However, we did not

0 observe any phase changes in the PXRD or the DSC; also we
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were not able to induce the phase change (this is consistent with
our suggestion of a monotropic relationship between the two
forms). We suggest a transformation mechanism for the change
from form II to form I. The two structures contain a common
motif which consists of three hydrogen bonded p-cresol
molecules. By overlaying these two motifs,?® it can be seen that
rotation of the fourth molecule in the helix of form II brings it
into position to form a hydrogen bond to complete the tetramer
in form I (Fig. 6).

Fig. 6 Overlay of form I (red) and form II (blue) showing the common
motif in the two structures. The fourth molecule in form II can rotate
and form hydrogen bonding to O1 in order to form the tetramer in form
L

In summary, we have reconsidered the two solid state
structures of p-cresol. The stability of form I has been
confirmed by DSC as well as lattice energy calculations. We
have also shown that both forms can be grown in a capillary by
controlling the cooling rate. Crystal structure analysis indicated
that the two structures have different hydrogen bond motifs: a
puckered tetramer and a pseudo threefold helical chain. The
transformation from form II to form I requires substantial
changes in the intermolecular bonding but the lattice energy
calculations revealed only a 0.34 kcal/mol energy difference.

The discovery of polymorphism is, no doubt, important in
solid state chemistry. However, equally important is the study
of structure-property relationships in these systems. Since the
only difference between two polymorphs is structural, any
differences in the properties can then be directly related to the
structure.
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Solid state structures of p-cresol revisited
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Detailed analysis of the two polymorphic solid state forms of p-cresol are presented and
possible transformation of the two forms are proposed.
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