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Suppression of isotopic polymorphism†

Nicholas P. Funnell,a,∗ David R. Allan,b Andrew G. P. Maloney,c Ronald I. Smith,a

Cameron J. G. Wilsond and Simon Parsonsd,∗

The 4-methylpyridine pentachlorophenol co-crystal is known to exhibit the unusual phenomenon
of isotopic polymorphism—the hydrogenated form crystallises with triclinic symmetry whereas
deuteration of the phenol leads to growth of a monoclinic form instead. We report the use of
pressure to overcome the zero point energy difference that leads to the two forms, instead engi-
neering the formation of a hydrogenated, monoclinic co-crystal. This form cannot be obtained via
direct compression of the triclinic form, but can be recovered from a diamond anvil cell following
pressure-induced growth from solution. Furthermore, with Density Functional Theory calculations,
we outline the conditions under which the remaining triclinic–deuterated form might be obtained.

1 Introduction
The substitution of hydrogen for deuterium in molecules is com-
monly performed, for example, when there is a need to contrast
between atomic sites in 1H NMR measurements or to avoid unde-
sirable incoherent scattering when using neutron radiation. The
assumption is often made that the structural behaviour of com-
pounds and their crystal structures is unaffected by this exchange.
While in many cases this assumption holds true there is a small,
but increasing, number of materials where deuteration is known
to affect their solid-state structures more profoundly.1,2 There are
several examples of phase boundaries shifting with isotope sub-
stitution,3–5 and perturbations to atomic coordinates,6 but more
significant is the formation of entirely new crystalline phases; so-
called ‘isotopic polymorphism’.7

Observation of this phenomenon has mostly been limited
to inorganic crystals, including ammonium dihydrogen phos-
phate/arsenate,8 and chromium oxide hydroxide.9 In the organic
solid state, historically, there have been few reported instances of
isotopic polymorphism, though pyridine is a notable exception.10

In the last 30 years, there has been a growing number of reports
of isotopic polymorphism in other systems, including: preferred

a ISIS Neutron and Muon Facility, Rutherford Appleton Laboratory, Didcot, U.K.; Tel:
+44(0)1235 445385; E-mail: nick.funnell@stfc.ac.uk
b Diamond Light Source, Diamond House, Rutherford Appleton Laboratory, Didcot,
U.K.
c The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.
d Centre for Science at Extreme Conditions, School of Chemistry, The University of Edin-
burgh, King’s Buildings, West Mains Road, Edinburgh, U.K.; Tel: +44(0)131 6505804;
Email: simon.parsons@ed.ac.uk
† Electronic Supplementary Information (ESI) available: CIFs of all structures
(CCDC: 2043598–2043607), geometry-optimised structures, calculated vibrational
frequencies, crystal structure refinement statistics, low-temperature neutron diffrac-
tion experiment details and results.

polymorph selection in glycine,11 and the ROY family of crystal
structures;12 suppression of a low-temperature form in pyridine-
N-oxide;13 co-existence of a metastable phase in acetaldehyde;14

and determination of the pyridine-d5 crystal structure,15 as well
as the related acridine molecule.16. This behaviour extends to co-
crystals, which includes 4-methylpyridine pentachlorophenol,7,17

imidazole:terephthalic acid,18 and the ‘doubly’ polymorphic ison-
icotinamide:oxalic acid.19

The first of these co-crystals—4-methylpyridine pen-
tachlorophenol (hereafter ‘MPPCP’), shown in Figure 1,
was one of the earliest reported instances of organic isotopic
polymorphism, first identified through non-identical IR and UV
spectra for the two isotopologues.17 X-ray structure determina-
tion showed that isotopically normal MP and PCP components
co-crystallise in the triclinic space group P1̄ (Cambridge Struc-
tural Database refcode: GADGUN).20 The deuterated analogue
is observed to crystallise with monoclinic symmetry Cc (CSD
refcode: GADGUN01) instead.

The difference in crystal structures is accompanied by a change
in the interaction between the MP and PCP molecules; in the
triclinic structure, they are bridged by a particularly short, di-
rectional, hydrogen bond (H· · ·N = 1.47(6) Å) and a somewhat
longer H-bond interaction in the monoclinic form (1.85(5) Å).
The shorter of these is a low-barrier H-bond, where neutron
diffraction showed that the proton can be shuttled along the bond
with varying temperature.21 This H-bond is in fact critically im-
portant for the differing isotope-induced structural behaviours;
1H MAS NMR investigations showed that the polymorphism is
driven exclusively by the proton at the phenolic position—if all
the 1H atoms in the structure are substituted, with the excep-
tion of the phenolic site, the result is still the P1̄ polymorph.7

In the same study, attempts were made to encourage growth
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Fig. 1 a) The molecular structures of 4-methylpyridine (MP) and
pentachlorophenol (PCP). Unit cell packing in b) triclinic P1̄ for the
hydrogenated from and c) monoclinic Cc when the phenolic hydrogen is
subtstituted for deuterium. The apparent covalent bond between MP
and PCP in b) reflects the very short N–H· · ·O interaction between the
two molecules. Carbon atoms are shown in dark grey, oxygen in red,
nitrogen in blue, chlorine in green, and hydrogen/deuterium in light grey.

of monoclinic–hydrogenated and triclinic–deuterated crystals by
seeding solutions with crystalline samples of the opposite phase.
This was reported as being largely unsuccessful; only a small
quantity of the monoclinic form was grown using deuterium-free
solutions and no triclinic crystals were observed at all for the
partially-deuterated samples. Neither could the choice of poly-
morph be influenced by repeated melting/freezing of the crystal
samples.

For brevity, we will refer to monoclinic and triclinic forms as
‘M’ and ‘T’, and suffix these with ‘H’ or ‘D’, to indicate the isotope
being used. Thus, the two forms known to exist readily are TH
and MD (and will hereafter appear underlined); MH has only
occurred in low concentrations in seeding experiments, and TD
has yet to be observed at all. The aim of this investigation is to
seek the conditions under which the last two of these polymorphs
might be obtained. In particular, the monoclinic crystal structure
is more efficiently packed—355.7 Å3 per formula unit, giving a
density of 1.683 gcm−3 (cf. 363.0 Å3 and 1.644 gcm−3 for TH)—
and so we seek to use pressure to overcome the formation of the
shorter H-bond, forcing the growth of the MH structure.

2 Experimental
2.1 Direct compression of a TH single crystal sample
4-Methylpyridine (0.18 mL, 1.85 mmol) and pentachlorophenol
(0.495 g, 1.859 mmol) were obtained from Sigma-Aldrich and
were mixed in a 1:1 molar ratio then refluxed in carbon tetrachlo-
ride for 20 minutes. Crystals were grown by slow evaporation of
the resulting solution.

A single crystal was loaded in a Merrill–Bassett diamond
anvil cell (DAC) with an opening angle of 80◦, equipped with
Boehler–Almax diamonds, with 600 µm culets, a tungsten gas-
ket, and tungsten carbide backing plates.22,23 A small ruby chip
was included as a pressure calibrant, using the ruby fluores-
cence method to measure the pressure,24 and a 1:1 volume mix-
ture of pentane:isopentane was loaded as a pressure-transmitting
medium.25 Diffraction data were then collected at the pressures
0.21, 0.57, 1.47, 2.86, 3.75, 4.56, 4.57, and 4.59 GPa.

Diffraction data for the direct compression of TH were col-
lected using a Rigaku Saturn 724 CCD detector with silicon-
monochromated synchrotron radiation (λ = 0.6889 Å) on beam-
line I19 at the Diamond Light Source.26 Frames were recorded
with 1 s exposures with a scan width of 1◦, scanning about the
φ and ω circles. The three highest-pressure datasets (4.56–
4.59 GPa) correspond to three mounting orientations of the DAC;
the different pressures are all within error of each other, according
to the limitations of the ruby fluorescence measurement. These
data were merged into a single dataset to improve completeness.
The images were converted from Rigaku to Bruker format using
the program ECLIPSE.27 Data were integrated using SAINT and
absorption corrections were carried out with the program SAD-
ABS.28,29

2.2 In situ crystal growth of MH at high pressure

4-methylpyridine (0.23 mL, 2.36 mmol) and pentachlorophenol
(0.6400 g, 2.403 mmol) were dissolved in a minimum volume of
acetonitrile. The solution was loaded into a DAC set up as de-
scribed above. Crystallisation was induced by increasing pressure
to 0.5 GPa. The majority of the crystallites formed were melted
with a hot-air gun until very few seeds remained. These were al-
lowed to grow as the cell cooled to room temperature. Diffraction
data were then collected; the average pressure in the cell during
the data collection was measured to be 0.4 GPa. The acetonitrile
solvent also crystallised at this pressure.

Data for the MH crystal grown at pressure were also col-
lected on I19 (λ = 0.5159 Å), using the same collection strat-
egy as for TH. Four domains of MH were identified and each
were integrated separately. One domain was discarded owing to
poor integration statistics. The three remaining domains were
merged in SORTAV,30 increasing data completeness (individual:
39/42/49% to 0.92 Å; merged: 63% to 0.92 Å).

2.3 High-pressure crystal structure refinement

Structure refinements against F2 were carried out in Crystals us-
ing the starting coordinates for TH (GADGUN) and MD (GAD-
GUN01) determined at ambient pressure.17 Due to the low com-
pleteness of the datasets (ranging between 20.8–29.8% to 0.76–
0.90 Å for TH and 63.4% to 0.92 Å for MH), all primary bond
distances and angles were restrained to values informed by the
starting models. In the TH sample, all non-hydrogen atoms were
refined isotropically, whereas anisotropic refinement was possible
for the relatively electron-heavy chlorine atoms in MH.

Hydrogen atoms were all placed geometrically, except for those
on the methyl group in MH, which were located in a difference
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map. All their geometries were regularised with restraints. The
phenolic hydrogen atom could not be located from the diffrac-
tion data and was included in the same position as observed in
the ambient-pressure structure. All hydrogen atoms were subse-
quently constrained to ride on their host atoms.

2.4 Recovery of MH to ambient pressure

An MH crystal, grown at high pressure, was recovered from the
DAC to ambient conditions. As pressure was decreased, the solu-
bility of the crystal in the acetonitrile solvent increased, reducing
its size. Cooling the DAC with dry ice prevented complete dis-
solution of the crystal, which measured 0.05×0.07×0.17 mm on
recovery.

Diffraction data for the recovered crystal were collected on an
Agilent Technologies SuperNova, with an Atlas detector, at 150
and 80 K using CuKα radiation. Low-angle reflections were col-
lected with 3 s exposures and high-angle reflections, 30 s, scan-
ning about the ω circle with frame widths of 1◦. Data were in-
tegrated and corrected for absorption using CrysAlisPro.31 Data
were merged in SORTAV. Structure refinements against F2 were
carried out in Crystals. All atoms were located in a difference map
and all non-H atoms were refined anisotropically. The geometries
of the H atoms were regularised with restraints and were subse-
quently constrained to ride on their host atoms.

Crystal and refinement statistics for all MH structures and se-
lect TH structures are listed in Table 1. Complete statistics for all
datasets are available in the ESI.

2.5 Vibrational frequency calculations

DFT calculations were performed using the DMOL package imple-
mented in the Materials Studio software.32 The PBE exchange-
correlation functional was used with the Grimme dispersion cor-
rection.33,34 A numerical basis set (DNP 3.5) was used and Bril-
louin zone integrations were performed on a k-point grid with
0.07 Å spacing.35 The total energy convergence was 1× 10−5 Ha
and the maximum displacement allowed was 5×10−3 Å.

The starting coordinates for the calculations were taken from
GADGUN04 for the TH polymorph and the refined structure of
the crystal recovered from pressure for the MH phase; the MH cell
was expressed in its primitive setting. The cell dimensions were
initially held fixed whilst the atomic coordinates were allowed to
refine. The structures were allowed to relax in P1 prior to the fre-
quency calculations. A second set of frequency calculations were
carried out with the cell dimensions being allowed to optimise.
The frequencies for TD and MD were obtained by repeating the
final frequency calculations for fixed and refined-cell optimisa-
tions, but substituting H with D. For clarity, only the results from
the optimisations using fixed cell dimensions are reported here as
similar results are obtained when the cell dimensions are allowed
to optimise.

3 Results

3.1 Hydrostatic compression of TH

At ambient pressure and temperature the MD form is more effi-
ciently packed than TH—355.7 versus 363.0 Å3 per formula unit,
respectively, thus it was initially thought possible that pressure
would drive a TH → MH transformation via volume reduction.
However, when TH was studied by single crystal diffraction up to
4.59 GPa, the crystal remained in a compressed form of the tri-
clinic phase. Increasing the pressure above 4.59 GPa led to disin-
tegration of the crystal. Analysis of the principal axes of the strain
tensor reveals that one of these directions (−0.9a− 0.1b− 0.3c)
is extremely incompressible compared with the other two direc-
tions; 1.6(6) TPa−1 versus 22(4) and 19(4) TPa−1—see Figure
2.36 This direction is closely aligned with the orientation of the
intermolecular hydrogen bond, which straightforwardly accounts
for the lack of compressibility along this axis. The trend in sample
compression is not continuous, which led to difficulties in fitting a
bulk modulus, and the relatively large uncertainties quoted here
for axis compressibility. We note that we use the cell dimensions
of GADGUN as an input for the ambient pressure structure so as
to avoid uncertainty associated with the pressure measurement
of our lowest pressure structure inside the DAC; i.e. whether it is
truly ambient pressure. Pressure–principal axis plots, and an in-
dicatrix visualisation of the compressibilites are shown in Figure
2.

The MPPCP dimer in the TH structure is notable for its partic-
ularly short, centred, intermolecular hydrogen bond, where the
proton migrates between the MP and PCP components with tem-
perature.21,37 Thus the TH form exists on a thermally-dependent
co-crystal–salt continuum. While we cannot locate the phenolic
proton from our diffraction data (it was placed geometrically in
the refinements), we can comment on the O· · ·N distance. At
room temperature it measures 2.550(6) Å, and shortens with de-
creasing temperature, reducing to 2.506(2) Å at 20 K.37 At lower
temperatures, the proton is more closely located to the nitrogen
atom. At the highest pressure measured here, we find the O· · ·N
separation is 2.42(3) Å—shorter than at 20 K, though the differ-
ence is marginally below a 3σ level of significance (2.9σ). It
would seem reasonable to suggest that at high pressures, the pro-
ton is more likely located closer to the nitrogen atom, given the
trend with decreasing temperature.

In organic materials, volume minimisation is often achieved via
reduction in void space in the unit cell. We calculate the volume
of both the voids and the network of intermolecular contacts—
the space enclosed within the VdW radii of all atoms—using a
Monte-Carlo procedure, as described in Ref. 38. These are plot-
ted in Figure 2. As pressure is increased, there is no indication
that the void volume is reaching a lower limit, i.e. it does not ap-
proach a constant value. However, the network volume presents
a different picture, where it decreases abruptly above 3.75 GPa.
In L-histidine, this same analysis showed that volume disconti-
nuities in the molecular network preceded phase transitions,38

which suggests that the TH sample may also be attempting to
undergo a phase transition when it disintegrates.

Details of the crystal structure refinement at 4.59 GPa are given
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Table 1

Pressure/temperature 0.21 GPa 2.86 GPa 4.57 GPa 0.4 GPa 150 K 80 K
X-ray wavelength / Å 0.6889 0.6889 0.6889 0.5159 1.5406 1.5406
Chemical formula C10H8N1O1Cl5 C10H8N1O1Cl5 C10H8N1O1Cl5 C10H8N1O1Cl5 C10H8N1O1Cl5 C10H8N1O1Cl5
Formula weight / g mol−1 335.44 335.44 335.44 335.44 335.44 335.44
Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group P1̄ P1̄ P1̄ Cc Cc Cc
a-axis / Å 7.39220(3) 7.09540(3) 7.02900(3) 3.8385(8) 3.86184(17) 3.8299(3)
b-axis / Å 8.92720(8) 8.23750(7) 8.00850(6) 27.440(6) 27.5870(14) 27.5220(19)
c-axis / Å 13.65240(9) 12.39660(6) 12.08050(6) 12.924(5) 13.0065(5) 13.0115(16)
α / ◦ 100.317(14) 100.861(11) 101.110(10) 90.0 90.0 90.0
β / ◦ 118.354(9) 114.958(7) 114.232(7) 95.52(3) 95.678(4) 95.766(10)
γ / ◦ 103.641(9) 104.500(8) 104.203(8) 90.0 90.0 90.0
Volume / Å3 724.49(12) 599.22(8) 567.09(7) 1355.0(5) 1378.87(11) 1364.6(2)
Density / gcm−3 1.648 1.992 2.105 1.762 1.731 1.750
Parameters 77 77 77 102 173 275
No. independent reflections 620 548 669 1062 2082 2035
R1,wR(I > 2σ) 0.139, 0.389 0.118, 0.385 0.135, 0.424 0.062, 0.124 0.048, 0.121 0.060, 0.153
Goodness of fit 1.7140 1.8296 1.9834 0.9871 0.9623 1.0078
µ / cm−1 0.893 1.080 1.141 0.423 9.504 9.603
∆ρmax, ∆ρmin / e Å−3 −0.55, 0.63 −0.64,0.74 −1.11, 1.07 −1.21, 1.02 −0.39, 0.73 −0.33, 0.49
Completeness, resolution / Å 29.76%, 0.90 22.84%, 0.80 24.48%, 0.76 63.44%, 0.92 97.77%, 0.81 96.54%, 0.80

in Table 1; details for all pressure points, and CIFs of each, are
available in the ESI.

3.2 Pressure-induced growth of MH

Following the observation that a transition to a monoclinic form
could not be driven by direct compression of TH, we instead used
pressure to induce crystallisation from a supersaturated acetoni-
trile solution. This approach has been used with success to by-
pass kinetic barriers that otherwise prevent molecules reorgan-
ising into a thermodynamically-stable structure.39,40 Crystallisa-
tion was induced at 0.5 GPa and via careful thermal cycling, we
were able to reduce the number of crystallites, such that only
four sample domains could be identifed. These were all indexed
on the Cc cell a = 3.8385(6),b = 27.440(3),c = 12.924(3) , and
β = 95.52(3)◦, where full refinement showed the structure to be
the same as the MD form.

Using a different set of pressure-grown MH crystals, we found
that they could be recovered from the DAC to ambient pressure,
under the conditions noted in the Experimental section, and did
not transform to the TH polymorph. Complete diffraction data
were collected in-house at 150 and 80 K—CIFs are available in
the ESI. Images of the crystal in the DAC sample chamber, and the
recovered crystal mounted on a goniometer head, are shown in
Figure 3. The low-temperature behaviour of the MH form follows
that of MD; the asymmetric unit also becomes disordered over
two positions with uneven occupancies.41 There is an indication
of cell doubling in the raw diffraction data at 80 K although we
were unable to obtain a satisfactory refinement in Pc. The partial
occupancies in the Cc cell are 0.774 and 0.226, suggesting that if
there is a transition to a larger cell, it is incomplete.

Fig. 2 a) Percentage change in length of TH principal axes.
X1 =−0.36a+0.20b+0.91c;X2 = 0.30a+0.95b+0.10c;
X3 =−0.93a−0.12b−0.34c. Non-continuous trends in axis compression
leads to difficulties in obtaining good fits. The fit here is an empirical
function used by the PASCal program. 36 b) The axis compressibility
trends still provide a clear indication of the most and least compressible
directions, visualised as an indicatrix, shown relative to the triclinic cell
axes. Plot axes are principal axis compressibilities, with units TPa−1.
Volume of c) interstitial voids and d) the ‘molecular network’. An abrupt
decrease in the latter is indicated by the shaded region.
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Fig. 3 a) Multiple MH crystals, shown within the DAC sample chamber.
Colours in the image are generated by microscope polarisation. b) A
recovered MH crystal mounted on a goniometer head fibre. The crystal
is colourless; the pink colour here is due to diffractometer cabinet
lighting.

4 Discussion
4.1 Crystal engineering with pressure

The MH form was acquired directly from solution, thus avoiding
the kinetic barriers which trap the TH structure—it is likely the
thermodynamically stable product when crystallisation is induced
at 0.5 GPa. Through direct comparison of formula-unit volumes,
we are able to quantify the change in packing energy P∆V , one of
the components of Gibbs free energy G=U +PV−T S. At 0.4 GPa,
the formula-unit volume of MH is 338.75 Å3. An approximate fit
to the TH pressure–volume data finds the formula-unit volume
at 0.4 GPa is 348.15 Å3—a difference of 9.4 Å3 between the two
forms. This improved packing in MH leads to a 2.26 kJmol−1 en-
ergy reward in PV , which is greater than the energy difference
typically seen between polymorphs in the organic solid state; of-
ten 2 kJmol−1 or less.42 Though the U and T S terms will also
influence the difference in polymorph energies, the fact that crys-
tallisation of MH does not occur without applying pressure sug-
gests that volume reduction is crucial for its formation.

Once recovered from the DAC, the efficiently-packed MH poly-
morph exhibited stability to ambient pressure between room tem-
perature and 80 K. Previously the MH phase has only ever been
observed in very small quantities when seeding the liquid proto-
nated compound with MD crystals, but the exclusive formation
of MH in the DAC reflects the need to pack efficiently at elevated
pressure. Furthermore, this highlights pressure as a crystal en-
gineering tool; allowing the user to access crystal forms which,
although stable under ambient conditions, are rendered unob-
tainable by kinetics. Using pressure in this way is not new,39,40

but this is one of very few examples of using pressure to sup-
press polymorphism induced by isotopic substitution in the or-
ganic solid state.15

4.2 Relative polymorph stabilities

The origin of isotopic polymorphism in MPPCP is discussed in Ref.
43, where the authors proposed that the difference in vibrational
zero point energies (ZPE) of the respective hydrogen/deuterium
bonds might be highly influential in determining the crystal struc-
ture. We redraw the hydrogen-bond potential schematics, out-

Fig. 4 Zero point energy schematic for hydrogen/deuterium-bonds,
proposed in Ref. 43 for the P1̄ (left) and Cc (right) forms. The minima in
each potential correspond to hydrogen location toward either oxygen or
nitrogen atoms. Hydrogen ZPEs are indicated by red, dashed lines, and
deuterium by blue, solid lines.

lined in this study, in Figure 4. For P1̄ the potential is symmetric
and has a low barrier to allow for proton migration between the
MP and PCP molecules, and Cc is a single asymmetric energy well,
where the separation between H/D ZPEs is greater, such that they
‘straddle’ the ZPEs of the triclinic alternative. This implies the sta-
bility series MD > TD > TH > MH.

We have quantified the relative crystal structure stabilities, at
ambient pressure, using periodic DFT. The ZPEs we calculate are
derived from all Γ-point vibrations, not just those of the hydro-
gen bond. In addition to calculating each ZPE, we have also de-
termined the internal energy U0, and statistical estimates of vi-
brational enthalpy Hvib and the temperature × entropy T S terms.
Here, the effects of temperature can also be modelled, within a
harmonic approximation. The PV term can be omitted as P ≈ 0;
thus the direct energy advantage conferred by the density of the
monoclinic structure is greatly reduced. However, the spatial sep-
aration of molecules also has an impact on long-range phonon
modes, which in turn affect Hvib and T S.

The importance of considering the role of entropy in stabilising
crystal structures is well-recognised. A new polymorph of sal-
icylamide was crystallised at high pressure, where its cohesive
energy U0 was reduced relative to that of the ambient-pressure
form, but was ultimately compensated for by entropy.44 This was
thought to arise from elongated hydrogen bonds, which resulted
in lower phonon frequencies and therefore higher entropy. The
same behaviour has also been seen in biurea where a low-pressure
form was stabilised via entropic contributions, before eventually
being overcome by more favourable internal energy and packing
in a closely-related conformational polymorph.45 An assessment
of a large range (475 pairs) of crystalline polymorphs indicated
that vibrational energy contributions resulted in diverging free
energy curves versus temperature for 38% of the structures inves-
tigated.46 Thus, ranking relative polymorph stabilities on lattice
energy alone can often be too simplistic.

DFT calculations were carried out as detailed in the Experi-
mental section. The level of agreement between the observed
and optimised crystal structures of TH and MD was excellent,
with root mean square deviations of 0.081 and 0.072, respec-
tively, calculated for a cluster of 15 molecules.47 The optimised
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TH structure showed a preference to locate the proton closer to
the nitrogen atom, reflecting the behaviour seen experimentally
at low temperature—notable as the DFT calculation is effectively
performed at 0 K. Atomic coordinates of the optimised structures,
following relaxation in P1, are available in the ESI in .res for-
mat. Phonon frequencies calculated for TH, TD, MH, and MD,
were used to evaluate ZPEs and the thermal contributions to en-
thalpy and the entropy at temperatures between 298 and 700 K.
The procedure used followed that described by Rivera et al,48

yielding Gibbs free energies of the polymorphs as a function of
temperature. These are calculated as EDFT+D +ZPE+Hvib−T S,
and are plotted in Figure 5, in which energies are quoted relative
to that of the TH polymorph. Calculations have been performed
up to 700 K in order to clearly illustrate the trend for each form;
the absolute temperature values are unimportant. We note that
the crystal structure of TH is known to melt at ca. 350 K.37

The plot shows that the polymorph hierarchy changes with
temperature as the gradients between the monoclinc and triclinic
forms are very different. The order proposed in Ref. 43 occurs
within a relatively narrow temperature range of 392–405 K. Be-
low 392 K, the stability order is TD > MD > TH > MH, and above
400 K it is MD > TD > MH > TH. At all temperatures, the heavier,
deuterated, structures are more stable than their hydrogenated
counterparts. When the phonon calculations are repeated using
optimised cell dimensions, then the order in Ref. 43 is shifted to
ca. 360–375 K.

The difference between the stability series, proposed on the ba-
sis of room temperature observations, and that calculated here,
can probably be ascribed to the approximations employed in cal-
culating the vibration frequencies; our calculations are performed
at the Γ-point of the Brillouin zone. Notably, we assume harmonic
behaviour and neglect contributions from acoustic modes away
from the zone centre, as well as the effects of phonon dispersion.
However, the general trend in relative free energies is clear. The
difference in gradient between each polymorph originates from
either, or both of, the Hvib and T S terms, as these are temper-
ature dependent. The largest contribution to these terms come
from low-frequency vibrations; Table 2 shows the calculated Hvib

and T S terms at 298.15 and 700 K, corresponding to the regions
0–250, 250–500 and >500 cm−1 for each polymorph. The Table
shows that although the Hvib term certainly becomes more influ-
ential as temperature is increased, the T S term is mostly respon-
sible for determining the gradients of the free energy versus tem-
perature plots. The low-frequency vibrations at 0–250 cm−1 are
evidently the main contributors to these terms—the >500 cm−1

region spans a wider frequency range than the other entries in Ta-
ble 2 combined, but these vibrations influence the free energies
to a far lesser extent. The calculated vibrational frequencies are
made available in a supplementary .csv document.

4.3 Proposed experimental conditions for growth of TD

The TD polymorph has yet to be observed experimentally. Our
frequency calculations suggest that this form should become en-
ergetically favoured at lower temperatures—presumably at least
60 degrees below room temperature, given the discrepancy of

Fig. 5 Calculated Gibbs free energies, shown relative to the TH
polymorph. TH is shown by open circles, MH by open squares, TD by
filled red circles, and MD by filled blue squares. The narrow range over
which the stability series observed at ambient conditions is indicated by
the shaded green rectangle; this region is expanded, and plotted, on the
right hand side.

that same magnitude between our calculations (optimised cell)
and experimental observation.

To this end, we carried out a neutron investigation on a
perdeuterated sample (i.e. MPPCP-d8) using the POLARIS instru-
ment at the ISIS Neutron and Muon Facility,49 aiming to take
advantage of the H/D discriminating ability of neutrons. In all
measurements, the sample was dissolved in perdeuterated ace-
tonitrile and the solution was cooled to induce crystallisation.
Measurements were made between temperatures 183–250 K, us-
ing solutions of varying concentrations, but in all cases the MD
form resulted. It appeared we were able to promote formation
of an amorphous form, indicated by very broad, but structured,
features, which again on slight warming, crystallised in Cc. One
diffraction pattern, available in the ESI, showed a very weak,
short-lived feature, that was inconsistent with a Cc crystal struc-
ture, but could be accounted for with the triclinic cell. However,
nothing conclusive was identified.

Accessing the thermodynamically stable TD form at low tem-
perature may be confounded by the readiness with which MD
forms on cooling. When the sample is crash-cooled by, e.g. im-
mersion in liquid nitrogen, another difficulty is presented in re-
moval of the acetonitrile solvent at these very low temperatures,
in order to encourage crystallisation. Obtaining the TD poly-
morph remains an open challenge for the crystal engineering
community, but we hope that our calculations and measurements
here provide a guide for the conditions that are likely to be re-
quired for growth of this form.

5 Conclusions
We have used pressure to suppress the effects of isotopic poly-
morphism in an organic system, and recover a crystal form that
is stable, but otherwise unobtainable, at ambient conditions. The
MH form we have grown has otherwise only been obtained in
small quantities after cross-seeding with crystals of its deuterated
isotopologue. At 0.4 GPa, on the basis of unit cell volumes, the
energetic advantage in P∆V to pack with Cc symmetry in pref-
erence to P1̄ is 2.26 kJmol−1 per formula unit which, evidently,
is sufficient to make MH energetically preferred to the TH form.
Thus the narrow energy difference between all the MPPCP forms
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Table 2 Temperature-dependent, vibrational contributions to Gibbs free energy for each form. All energies are given in kJmol−1. Energy contributions
are divided between frequency regions, showing the larger contributions at a given temperature come from lower-frequency vibrations. Note that the
>500 cm−1 entry encompasses a much larger frequency range than the other columns.

Polymorph
0–250 cm−1 250–500 cm−1 >500 cm−1

298.15 K 700.0 K 298.15 K 700.0 K 298.15 K 700.0 K
TH Hvib 36.67 104.00 8.80 38.54 5.19 69.30
MH Hvib 36.03 100.23 9.75 41.30 5.52 71.44
TD Hvib 36.70 104.03 8.81 38.56 5.42 71.33
MD Hvib 36.68 102.46 9.45 40.82 5.53 71.66
TH T S 81.19 290.45 13.34 74.89 6.63 103.74
MH T S 83.57 291.41 15.01 81.52 7.06 107.40
TD T S 81.28 290.66 13.36 74.94 6.93 107.05
MD T S 84.70 296.41 14.42 79.84 7.06 107.72

proposed in the ZPE model of Ref. 43 fits the experimental obser-
vation that we make here. The predicted hierarchy of polymorph
stabilities has been reproduced by periodic DFT and statistical
thermodynamics calculations, albeit over a narrow temperature
range, at ca. 100 K higher than observed experimentally. We have
identified that the TD form is likely to become thermodynamically
favoured at low temperatures, but have been unable to observe
conclusive growth of this form due to the difficulty in reaching
these conditions without first forming TH, where the sample re-
mains kinetically trapped.
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Crystallisation at pressure overcomes the effect of isotopic polymorphism in the methylpyridine 
pentachlorophenol co-crystal. Though the hydrogenated Cc polymorph can only be obtained at 
pressure, it is stable on recovery to ambient conditions.
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