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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 diffrac-
tion are presented. A possible mechanism for the transformation
from form Il to form | 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 occa-
sions. Form 1 crystallises from a chloroform solution in
the monoclinic space group P2,/n (refcode CRESOL01* 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
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occurrence and it has been reported for a number of com-
pounds. In order to investigate the occurrence of polymor-
phism of organic solvents we identified common organic sol-
vents with melting points in the range of 0 to 35 °C and a
Cambridge Structural Database (CSD version 5.35 May 2014)’
search on these compounds revealed polymorphism of the
following: formamide,® 4-picoline,” benzene,'® cyclohexane,"!
formic acid,'” 1,4 dioxane,"® p-xylene,'* acetic acid," cyclo-
hexanol,'® tertiary-butyl alcohol’” and diphenylether."® Poly-
morphs 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
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 dif-
fraction (VITPXRD) were used to further study the two forms.
Finally, we propose a possible mechanism for the transforma-
tion 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 posi-
tions and the p-cresol molecules are connected via two hydro-
gen bonds (Table 1) to form a hydrogen bonded puckered tet-
ramer which is located on an inversion centre. The hydrogen
bonding can be denoted as Rj(8) using the graph set nota-
tion.?® The hydrogen bonded tetramers stack in rows parallel
to the bc plane and are arranged in an alternating fashion

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) The molecular structure of form | showing 70% probability
ellipsoids for non-hydrogen atoms. (b) The packing diagram of form |
as viewed along the a axis. (c) The asymmetric unit of form Il showing
70% probability ellipsoids for non-hydrogen atoms. (d) The packing
diagram of form Il as viewed along the b axis.

(Fig. 1b). The packing is further stabilised by (i) C-H:''n
interactions between units in the same row and units in con-
secutive rows which are symmetry related by inversion and
(ii) weak C-H---O interactions between the disordered methyl
groups (-C16H;) and the neighbouring hydroxyl oxygen (09).

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
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 three-
fold helical chain running parallel to the b axis (Fig. 1d). The
graph set notation for the hydrogen bonding motif is C3(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-H--‘n interactions. An interesting
packing feature is observed when viewing the structure of
form II down the a axis. In this direction the p-cresol mole-
cules 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.

Table 1 Hydrogen bond details for form | and form I

D-H A D-H* (A) H-—A(A) D-A(A) «DHA(°)
Form I

O1-H1:--09 0.95 1.97 2.719(2) 1341
09-H9---01' 095 1.79 2.673(2)  153.8
C16-H16C---09"  0.98 2.42 3.370(2)  152.0
Form II

01-H1---017" 0.95 1.73 2.674(1)  169.7
09-H9---01 0.96 1.69 2.630(1)  166.7
017-H17---09 0.95 1.72 2.656(1)  168.2

Symmetry operators: (i) —x, -y + 1, ~z + 1; (ii) 1/2 - x, y — 1/2, 3/2 - z
and (iii) x, y - 1, z.“ Adjusted according to Lusi and Barbour's
distance-dependant neutron-normalised method.>"
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Fig. 2 The packing diagram of form Il as viewed down the a axis

showing the Zoéllner illusion.

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 approximately equal numbers. Thus the observation
of the puckered tetramer and the pseudo threefold helical
hydrogen bond motifs are rare for alcohols and their occur-
rence can be explained by steric effects.>® In this regard,
p-cresol is somewhat similar to cyclohexanol, a secondary
monoalcohol with a bulky substituent. In the stable form of
cyclohexanol®* (form 1I) a planar four-membered ring motif
was observed while one of the metastable forms (form IIT')
contains threefold helical chains. It was concluded that the
formation of the tetramer relieves the strain of the shorter
hydrogen bonds of the chain structure leading to the forma-
tion of the more stable phase. A similar conclusion may be
drawn for the p-cresol 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
ESLj Fig S1 and S2). The DSC trace of crystals of form I in
the range of 0-50 °C (heating rate of 10 °C min™*) shows an
endothermic event at 36.2 °C corresponding to the melting of
the crystals (Ton = 34.6 °C, AH = 117.0 J g). In order to deter-
mine 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

Onset=0°C
Peak = 5.8°C
AH =64.6 Jig
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Fig. 3 The DSC trace (endo down) of form | (red) and form Il (blue).
Crystallisation of form Il is observed at —-39.5 °C. Peak temperature for
form | is 36.2 °C and peak temperature for form Il is 34.9 °C.
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a heating rate of 10 °C min~". The DSC trace shows an exo-
thermic event at 0 °C corresponding to the freezing of the lig-
uid to amorphous phase (Tpeak = 5.8 °C, AH = 64.6 ] 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 ] 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 signifi-
cant hysteresis between the cooling (liquid freezes to amor-
phous 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.

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 min 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 amor-
phous from 50 to 20 °C; form I crystallises at 10 °C. This
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Fig. 4 VTPXRD study for in situ crystallisation of (a) from top: form |
recorded at 10 °C intervals, ten minute equilibration was allowed after
every temperature change and (b) from top: form Il recorded at 10 °C
intervals, one minute equilibration was allowed after every temperature
change.
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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 equili-
bration was allowed after every temperature change (Fig. 4b).
From 20 °C to -30 °C the sample remains amorphous. At
—40 °C form II crystallises. This corresponds to the event on
the DSC at —39.1 °C. Form 1I persists until 20 °C after which
melting commences. (Additional VTPXRD data is presented
in Fig. S3 and S4 of ESLf) 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
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 the calculated density of form I (1.193 g em™®), which is
higher than that of form II (1.130 g cm ™).

To understand the differences between the thermal behav-
iour of the polymorphs a detailed structural study was conducted
by using the programme Crystal Explorer.’® Hirshfeld sur-
faces and 2D fingerprint plots were generated for each mole-
cule in the asymmetric unit of both form I and form II to
compare the intermolecular interactions as well as their con-
tributions in the two structures. Fig 5(a) and (b) show the fin-
gerprint plots for the two molecules of form I and Fig 5c-e
presents the 2D plots for the three molecules of form II. As
expected the main interactions in the two structures are the
O---H, and H---H and C---H, labelled as 1, 2 and 3 respec-
tively. In form I the two symmetrically independent mole-
cules have significantly different fingerprint plots. The spikes
related to the O---H interactions are asymmetric and

Molecule A Form| Molecule B
(@) |4 }H:,‘ (b) [ [TITT]
— 5 [ ]
4
1
a
Form Il i
Molecule A Molecule B Molecule C
(e)[a [T (@ } [T T 1 []
NEEY. A .
1 v 7 7
4 1
e & e ]
Fig. 5 2D fingerprint plots of (a) form | - molecule A, (b) form
I - molecule B, (c) form Il - molecule A, (d) form Il - molecule B and (e)
form Il - molecule C. The close contacts are labelled 1-3 where 1 is

H---O, 2isH--*Hand 3is C---H.
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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 symmetrically independent mole-
cules are similar and this can be seen on their comparable
fingerprint plots (Fig. 5c-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 Table 2. On
average H---H interactions (generally defined as repulsive)
contribute more in form II than in form I while more of the
O-H:--O and C-H---C interactions were observed in form I
than in form II. The higher percentage contribution of
the O-H---O and the C-H---C in form I contributes to the
higher 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. The fact that the standard deviation
(typically 0.5 keal 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 solu-
tion of 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 lat-
tice energy calculations support the stability of form I over
form II. However, we did not observe any phase changes in
the PXRD or the DSC; also we 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 posi-
tion to form a hydrogen bond to complete the tetramer in
form I (Fig. 6).

In summary, we have reconsidered the two solid state
structures of p-cresol. The stability of form I has been con-
firmed 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 indi-
cated that the two structures have different hydrogen bond

Table 2 Percentage contributions of the main interactions in form | and
form Il

H-H (0/0) C---H (0/0) 0O-H (0/0)
Form I Average Average Average
Molecule A 58.0 57.3 25.3 28.4 16.5 14.0
Molecule B 56.6 31.1 11.6
Form II
Molecule A 55.3 29.6 12.7
Molecule B 58.8 59.5 27.8 26.2 13.1 12.8
Molecule C 64.6 21.2 12.2

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Overlay of form | (red) and form Il (blue) showing the common
motif in the two structures. The fourth molecule in form Il can rotate
and form hydrogen bonding to O1 in order to form the tetramer in
form I.

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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Notes and references

1 Intensity data were collected on a Nonius Kappa CCD Single Crystal X-ray Dif-
fractometer, using graphite monochromated MoKa. radiation (2 = 0.7107 A, T =
173 K) generated by a Nonius FR590 generator at 50 kV and 30 mV. A series of
frames were recorded, each of width 1° in ¢ or in » to ensure completeness of
the data collected to ¢ > 28°. The unit cell was indexed from the first ten
frames, and positional data were refined along with diffractometer constants to
give the final cell parameters. The strategy for data collection was evaluated
using COLLECT”’ software. Integration and scaling (DENZO and SCALEPACK)*®
resulted in unique data sets corrected for Lorentz polarization effects and for
the effects of crystal decay and absorption by a combination of averaging of
equivalent reflection and overall volume and scaling correction. Accurate unit
cell parameters were refined on all data. The structure was solved using
SHELXS-97%° and refined using full-matrix least squares methods in SHELXL-97,
within the X-Seed®® graphical user interface. Non-hydrogen atoms were refined
anisotropically. OH distances were calculated using the distance-dependent
neutron-normalised method by Lusi and Barbour’' and appropriate constrains
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were applied during the refinement process. The hydrogen atoms bound to
carbon atoms were placed at idealized position and refined as riding atoms.
CCDC deposit numbers contain the supplementary crystallographic data for this
paper. Crystal data for form I: CCDC 1026352, C;HgO, M = 108.13, 0.20 x 0.20 x
0.20 mm?®, monoclinic, space group P2,/n (no. 14), a = 5.6775(3), b = 11.7141(7),
¢ =18.3172(11) A, § = 98.8320(10)°, V = 1203.77(12) A>, Z = 8, D, = 1.193 g cm >,
Fogo = 464, MoKa radiation, A = 0.71073 A, T = 173(2) K, 20ma = 53.0°, 8636
reflections collected, 2479 unique (Ri, = 0.0197). Final GooF = 1.054, R, =
0.0589, WR, = 0.1472, R indices based on 2143 reflections with I > 2sigma(J)
(refinement on F?), 147 parameters, 0 restraints. Lp and absorption corrections
applied, # = 0.078 mm™". Crystal data for form II: CCDC 1026353, C,;HgO, M = 108.13,
0.10 x 0.10 x 0.10 mm®, monoclinic, space group C2/c (no. 15), a = 26.2548(16),
b = 6.0047(4), ¢ = 27.3511(17) A, /i = 117.786(2)°, V = 3814.8(4) A®, Z = 24, D, =
1.130 g em >, Fog = 1392, MoKa: radiation, 2 = 0.71073 A, T = 173(2) K, 20ax =
53.0°, 12863 reflections collected, 3933 unique (Rj, = 0.0230). Final GooF =
1.020, Ry = 0.0377, wR, = 0.0936, R indices based on 3201 reflections with 7 >
2sigma(l) (refinement on F?), 220 parameters, 0 restraints. Lp and absorption
corrections applied, # = 0.074 mm ™.
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