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Abstract: Herein we report the characterisation of a novel
salt of the “legal high” (!)-40-methylmethcathinone hy-
drogen sulfate and its polymorphism under ambient and
high pressure conditions. Under ambient pressure only
one polymorph of the title compound was isolated but
when subjected to high pressure a further two poly-
morphs are observed. The phase transitions at >0.5 GPa
and >3.6 GPa are reversible single crystal to single crys-
tal transitions which is possible due to the similarity of
the packing in the molecules. It is proposed that these
transitions are driven by the pV term of the Gibbs Free
Energy equation rather than by the relief of repulsive in-
teractions between molecules.
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Introduction

Polymorphism in molecular materials is a well-document-
ed phenonmenon potentially causing changes in the
physicochemical properties of the materials in question
½1; 2�. General methods for the exploration of the poly-
morphic behaviour of materals under ambient pressure
include solvent screens [3, 4], heteronucleation on poly-
mer surfaces [5, 8], and the alteration of the temperature
[9–11] that the material is exposed to. In recent years,
pressure has been increasingly used to study polymorph-
ism of molecular materials, including amino acids [12–
15], energetic materials [16–19], pharmaceuticals [20, 21],
simple alcohols [22–24], and ionic liquids [25].

One class of compound that has not been explored
in any great detail are illicit drugs [26, 27]. Due to their
molecular structure, i.e. many functional groups and
comformational flexibility, these materials have a signifi-
cant potential for polymorphism. Like pharmaceutical
products, the solid-state structure of these materials may
affect the bioavailability and hence cause irreproducible
doses of the active form to the body causing potential
overdoses.

Recently, there has been a trend within the clubbing
scene to make and distribute “legal highs” and hence
there has been a striking increase in their sales [28].
These chemicals may be bought through the Internet at
low cost and are sometimes pure compounds which dis-
play highly similar chemical structures to existing con-
trolled substances within the phenethylamine class.
(!)-40-Methylmethcathinone [29–35] (Scheme 1) is a syn-
thetic β-ketoamphetamine that is structurally related to
cathinone, a psychoactive compound found in Catha
edulis (Khat). Catha edulis is a plant native to the Horn
of Africa and the Arabian Peninsula whose leaves are
chewed by natives whilst in a social environment. The
consumption of Catha edulis has become an issue in the
U.K. prompting several government reports into the so-
cial harms and legislation surrounding this material. [36,
37] (!)-40-Methylmethcathinone has recently emerged in

Scheme 1: Schematic of (!)-mephedrone hydrogen sulphate (1); ge-
neral cathinone structure (2); methamphetamine (3); and MDMA (4).

DOI 10.1515/zkri-2013-1639  Z. Kristallogr. 2014; 229(2): 101–111



drug seizures, as a “legal high” replacement for con-
trolled stimulants, including methamphetamine and 3,4-
Methylenedioxymethamphetamine (MDMA; Ecstasy)
(Scheme 1). (!)-40-Methylmethcathinone is now a sub-
stance controlled by legislation in the United Kingdom,
Germany, Norway, Sweden, the Netherlands, Finland,
Romania, Republic of Ireland, Denmark, Canada and Is-
rael. These legislative changes have been introduced
without an understanding of the solid-state structure of
the pure substances and hence an understanding what
impact the physicochemical properties has on the bio-
avaibility i.e. do different batches of street samples con-
tain the same polymorph? If not, is the variaibility in
polymorph a contributing factor to the variation in side-
effects and instances of overdosing?

The aim of the present study is to characterise the
novel salt, (!)-40-methylmethcathinone hydrogen sulfate
(4-MMC) with a view to understanding its polymorphic
behaviour. In this study 4-MMC is subjected to both a
ambient pressure solvent screen and compression study.

Experimental

Synthesis of (!)-40-methylmethcathinone
hydrogen sulfate (4-MMC)

The synthesis and full structural charaterisation of the ti-
tle compound is detailed in the Supplementary Material.

Crystal Growth

5 mg (0.02 mmol) of the required 4-MMC was weighed
accurately into 5 cm�3 vials before ~1 cm�3 of solvent
was added. The solutions were heated to 313 K and stir-
red until all the material was dissolved before cooling to
room temperature. The vials were stored and the solvent
was allowed to evaporate. The colourless crystals were
analysed using a range of techniques described below.
Due to solubility issues a limited range of solvents of a
variety of different properties were investigated (Ta-
ble S-1).

High pressure

A Merrill-Bassett diamond anvil cell was equipped with
600 µm culet diamonds attached to tungsten carbide
backing discs. A 300 µm hole was drilled in a prein-
dented 200 µm thick tunsten foil to serve as the sample

chamber. A piece of ruby was placed in the chamber so
that the pressure could be measured in-situ using the
Ruby fluorescence technique using a ThermoScientific
DXR Raman microscope using a 532 nm laser [38].

A crystal of the compound of interest was added to
the sample chamber and petroleum ether was used as a
pressure transmitting medium [39]. X-ray diffraction data
were collected at regular intervals.

Single crystal X-ray diffraction

The X-ray intensities of all the samples were measured
on a Bruker-Nonius APEX II diffractometer using MoKα
radiation. This diffractometer was upgraded during this
study to a Bruker-Nonius DUO system utilising a Incoatec
Microsource (0.71073 Å). The data collection and proces-
sing procedures for the high-pressure samples was car-
ried out using the those outlined in Dawson et al. [40].
Integration was performed using SAINT implementing
the dynamic masking procedure described in Dawson
et al. The absorption correction was applied using pro-
grams SHADE [41] and SADABS [42].

The pressure dataset presented herein has used four
separate crystals during the data collection; one at ambi-
ent pressure; one for collections at 0.5 and 1.97 GPa; one
for data collections 0.88, 2.96 and 3.56 GPa; and one at
4.8 GPa. The high number of crystals for the high pres-
sure datasets was due to overcompression during the
first experiments (0.5 and 1.97 GPa) as well as to obtain a
sufficiently good dataset in order to solve and refine a
model for Phase III. A second crystal was loaded into the
cell to bridge the pressure gaps in the first set of data.
This negated any hysteresis effects that may have been
present if data were collected on decompression. The ori-
entation of this crystal gave a greater number of reflec-
tions however the number of independent reflections
was reduced. Again, this crystal did not provide good en-
ough data for structural solution. The fourth crystal was
of higher quality and the structure of Phase III solved
and refined against it. The number of independent reflec-
tions used in the structural refinement varied a little over
the datasets and the completeness of the data remained
constant at ~53% which is reasonable for a high-pressure
study.

Phases I and III were solved by direct methods (SIR-
92 [43]) and refined against F2 using all data. Phase II
was solved from the Phase I structure by separately
grouping the methylmethcathonate cation and hydrogen
sulfate anions to be rigid bodies and allowing the mole-
cular positions to refine in CRYSTALS [44]. By this meth-
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od the general molecular position and orientation were
found before relaxing the rigid body constraint so that
the individual atomic positions could be refined. Despite
the low data completeness of the high-pressure phases,
all non-H atoms were refined anisotropically for Phases I
and II with the alkyl hydrogens placed and allowed to
ride on their parent atoms. The data:parameter ratio is
+5 (with anisotropic atoms) and so it was felt that the
refinement of thermal parameters was reasonable. 1,2
and 1,3 thermal similarity and vibrational restraints were
used to ensure reasonable bahaviour. Due to the large
number of atoms in Phase III the non-H atoms were re-

fined isotropically. The ammonium hydrogen atoms and
the hydroxyl hydrogen atoms were found on the differ-
ence map and restrained at an appropriate distance be-
fore allowing them to ride on the parent atom. Distance
restraints were used in the refinements of all Phases. The
distances used in the restraints were based on those cal-
culated from the ambient pressure model. They were
used in order that the molecules retained a sensible geo-
metry given that the intramolecular bond lengths are not
going to be affected by the pressures applied in this
study. The crystal structure data for all datasets are
found in Table 1.

Table 1: Experimental details for 4-MMC at various pressures

SO4_293K SO4_P1 SO4_P2 SO4_P3 SO4_P4 SO4_P5 SO4_P6

Crystal data
Chemical formula C11H16NO $HO4S C11H16NO $HO4S C11H16NO $HO4S C11H16NO $HO4S C11H16NO $HO4S C11H16NO $HO4S C11H16NO $HO4S
Mr 275.33 275.33 275.33 275.33 275.33 275.33 275.33
Crystal system,
space group

Monoclinic,
P21/c

Monoclinic,
P21/c

Monoclinic,
P21/c

Monoclinic,
P21/c

Monoclinic,
P21/c

Monoclinic,
P21/c

Triclinic, P�1

Temperature (K) 293 293 293 293 293 293 293
Pressure (GPa) Ambient 0.5 0.88 1.97 2.96 3.56 4.8
Phase I I II II II II III
a, b, c (Å) 12.1067 (4),

8.7626 (2),
12.9731 (4)

12.1089 (19),
8.7603 (7),
12.9947 (8)

11.3005 (16),
8.9263 (7),
12.3704 (8)

11.150 (2),
8.8498 (8),
12.1965 (10)

11.056 (3),
8.8131 (10),
12.0501 (12)

10.978 (3),
8.976 (13),
11.9378(15)

10.956 (2),
14.0700 (15),
14.4090 (16)

α, β, γ (°) 90,
98.018 (2),
90

90,
98.040 (8),
90

90,
101.437 (9),
90

90,
101.104 (9),
90

90,
100.924 (12),
90

90,
100.726 (15),
90

76.151 (8),
79.001 (11),
80.006 (13)

V (Å3) 1362.81 (7) 1364.9 (3) 1223.0 (2) 1180.9 (3) 1152.8 (3) 1132.8 (4) 2097.9 (5)
Z 4 4 4 4 4 4 8
Radiation type MoKα MoKα MoKα MoKα MoKα MoKα MoKα
μ (mm�1) 0.25 0.25 0.28 0.29 0.30 0.30 0.33
Crystal size (mm) 0.25 × 0.18

× 0.15
0.15 × 0.10
× 0.10

0.20 × 0.20
× 0.05

0.15 × 0.10
× 0.10

0.20 × 0.20
× 0.05

0.20 × 0.20
× 0.05

0.10 × 0.10
× 0.05

Data collection
Diffractometer Bruker Kappa

Apex2
diffractometer

Bruker
Kappa Apex2
diffractometer

Bruker
Kappa Apex2
diffractometer

Bruker
Kappa Apex2
diffractometer

Bruker
Kappa Apex2
diffractometer

Bruker
Kappa Apex2
diffractometer

Bruker
Kappa Apex2
diffractometer

Absorption
correction

Multi-scan
SADABS
(Siemens, 1996)

Multi-scan
SADABS
(Siemens, 1996)

Multi-scan
SADABS
(Siemens, 1996)

Multi-scan
SADABS
(Siemens, 1996)

Multi-scan
SADABS
(Siemens, 1996)

Multi-scan
SADABS
(Siemens, 1996)

Multi-scan
SADABS
(Siemens, 1996)

Tmin, Tmax 0.91, 0.96 0.86, 0.98 0.79, 0.99 0.82, 0.97 0.86, 0.99 0.83, 0.99 0.92, 0.98
No. of measured,
independent and
observed [I > 2.0σ(I)]
reflections

9514, 2781, 2477 2691, 929, 656 5205, 869, 599 4978, 857, 661 4245, 824, 623 4245, 824, 623 2175, 2175, 1575

Rint 0.017 0.050 0.077 0.063 0.073 0.073 0.078
θmax (°) 26.4 23.3 23.3 23.3 23.4 23.5 23.3

Refinement
R[F2> 2σ(F2)], wR(F2), S 0.041, 0.127,

0.91
0.048, 0.121,
1.01

0.049, 0.109,
1.02

0.059, 0.144,
1.03

0.069, 0.160,
1.02

0.069, 0.147,
1.10

0.085, 0.218,
1.00

No. of reflections 2771 922 863 851 818 818 2157
No. of parameters 163 163 163 163 163 163 289
No. of restraints 0 155 155 155 155 155 64
GΔHmax, GΔHmin (e Å�3) 0.29, –0.37 0.34, –0.32 0.46, –0.50 0.40, –0.45 0.48, –0.52 0.49, –0.53 0.62, –0.60

Computer programs: Apex2 (Bruker AXS, 2006), SIR-92 (Altomare, 1994), CRYSTALS (Betteridge et al., 2003).
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All crystal structures were visualised using the pro-
grams Mercury. Other structural analyses were carried
out using PLATON [45] incorporated in the crystallo-
graphic suite WIN‑GX [46]. Calculation of strain tensors
was carried out using the program STRAIN [47] using the
method described in R. M. Hazen and L. W. Finger [48].
Eigenvalues and vectors calculated using JACOBI routine
[49]. Figures were produced using either Mercury [50] or
Vesta [51] with further manipulation using GIMP 2.0 [52].

Cambridge Structural Database search

A search was conducted using two 1,4-dimethylbenzene
fragments as a molecular search with no hydrogen atoms
present. The Cambridge Structural Database (CSD) (ver-
sion 5.34) was searched using Conquest version 1.15 [53].
Only organic, non-polymeric structures with 3D coordi-
nates, no disorder, and no errors were searched. The cen-
troids and planes of the phenyl rings were calculated
and the distances between centroids and angle between
planes retrieved with distance limits between 3.0 and
6.0 Å.

Two separate searches of the hydrogen bonding
distances were conducted on a) C2N–H � � �O¼(S) and

b) SOH � � �O¼(S) moieties with a contact distances de-
fined by the sum of the van der Waals radii. Only organ-
ic, non-polymeric structures with 3D coordinates, no dis-
order, no errors, and with an R-factor E0.075 were
searched.

Results & discussion

Phase I

4-MMC was subjected to a solvent screen under ambient
conditions before investigating the high pressure behav-
iour. During this solvent screen it became apparent that
the hydrogen sulfate does not crystallise readily and a
yellow glassy solid was formed from several crystallisa-
tion experiments; the yellow colour suggesting that de-
composition occurs during recrystallisation. Crystals that
were harvested within a relatively short time period did
not show the discolouration. DSC and hot-stage micro-
scopy analysis shows that the melting point of the hydro-
gen sulfate is relatively low (377 K) (Fig. S-2.6).

The crystal structure reveals that the sulfuric acid
(H2SO4) has been singly deprotonated to hydrogen sul-
fate (HSO�

4 ) such that there is only one cation and one

Fig. 1: Hydrogen bonded chains in compound 1 at 0.5 GPa (Left) and 0.88 GPa (right). Form II shows a slight increase in the intercalation of
the neighbouring chains that reside in the same plane.
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anion in the asymmetric unit. Hydrogen bonded chains
are formed by the interaction of the cation with the anion
along the b-axis (N12 � � �O1 2.812(2) Å; N12 � � �O2 2.882(2) Å).
Further hydrogen bonds are present from the HSO�

4 to a
symmetrically equivalent molecule which completes the
chain and a R3

3(10) ring motif (O4 � � �O3 2.641(2) Å)
(Fig. 1). In order to make more sense of the high-pressure
structure it is convenient to describe the structure
through a ‘layer’ concept whereby the separate chains
link through interactions between phenyl groups to form
an extended layer using an edge-to-face arrangement
(Fig. 2). There are no hydrogen bonds formed between
the layers and the only contacts are between the oxygen
atoms of the sulfate group and CH group of the cation.
The first two contacts are between H101/H61 and O2 in a
bifurcated bond with the layer above whilst there are two
separate contacts between H13 � � �O4 and H133 � � �O3 to
the layer below.

Compression of Phase I and the phase
transformation to Phase II

As pressure is applied to a crystal of 4-MMC, two of the
unit cell parameters actually increase (a- and c-axes)
whilst the third shows very small decrease. The change
in structure is smooth until the phase transformation. Be-
tween 0.5–0.9 GPa there is subtle phase transformation
to a new phase, designated Phase II. The unit cell para-
meters (Fig. 3), and the discontinuities along each axis,
support the conclusion of a transition to a new phase;
the unit cell contracts by 10.4% over the phase transition
(c.f. 3.4% change from 0.88 GPa to 1.97 GPa). The new
structure retains the same space group (P21/c) and num-
ber of independent molecules (Z0 ¼ 1). Full refinement
details can be found in Table 1.

The three main hydrogen bonds that are used in the
chains show a variation in their response to pressure.

Fig. 2: View along the b-axis at 0.88 GPa. The
layer from Fig. 1 is highlighted by the yellow
rectangle. Also shown is the direction of greatest
compression in Phase II i.e. approximately per-
pendicular to the layers.

Table 2: Non-covalent parameters for 4-MMC at various pressures. All distances are in Å and angles in °. The roman numerals represent symmetry
operations that are required to visualise the acceptor atom. No roman numerals represent interactions between molecules in the same asymmetric
unit.

Pressure Ambient 0.5 0.88 1.97 2.96 3.56 4.8 4.8 4.8 4.8
Phase I I II II II II III III III III

N(12)–H(121) � � �O(2) 2.920(2)i 2.923(6)i 2.799(6)i 2.774(6)i 2.766(8)i 2.742(8)i 2.713(14)iv 2.717(13) 2.782(17)vii 2.755(18)ix

N(12)–H(122) � � �O(1) 2.828(2)ii 2.818(7)ii 2.815(8)ii 2.794(9)ii 2.769(11)ii 2.756(11)ii 2.75(2)v 2.790(19) 2.779(19) 2.88(2)vii

O(4)–H(411) � � �O(3) 2.641(2)iii 2.641(6)iii 2.575(6)iii 2.539(7)iii 2.538(9)iii 2.533(9)iii 2.514(14)vi 2.486(12) 2.452(13)viii 2.543(12)vii

C5C8C10N12 159.68(16) 160.5(5) 156.2(5) 154.7(6) 153.5(8) 153.7(7) 112.5(15) 162.6(12) �161.5(13) 123.8(14)
mol1-mol4 mol4-mol2 mol2-mol3 mol3-mol1

<O2–O4 � � �O3–O1 �88.18(7) �88.2(2) �94.5(2) �93.7(3) �94.0(4) �93.79(6) �124.8(7) 111.0(7) 86.1(7) �142.6(6)
mol1-mol2 mol2-mol3 mol3-mol4 mol4-mol1

< between
L.S. planes of
phenyl groups

64.6(6) 64.23(16) 72.04(16) 73.71(19) 74.8(2) 75.0(3) 72.4(5) 84.6(5) 60.5(4) 74.4(4)

Symmetry operators: (i) x, 3=2 � y, �1=2 þ z; (ii) �x, 1� y, 1� z; (iii) �x, 1=2 þ y; 3=2 � z; (iv) 1� x, 1� y, 2� z; (iv) 1� x, 1� y, 2� z; (v) �1þ x,
1þ y, z; (vi) x, 1þ y, z; (vii) 2� x, 1� y, 1� z; (viii) 2� x, 1� y, 2� z; (ix) 2� x, �y, 1� z.
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The hydrogen bonds lengths for NH(121) � � �O2 and
OH(411) � � �O3 show a significant decrease over the tran-
sition whilst the NH(122) � � �O1 bond shows a gradual
change with pressure despite the increase in the b-axis
direction (Table 2). A significant change that has im-
pacted on these hydrogen bonds is the rotation of the
HSO�

4 units with respect to each other along the chain.
The torsional angle, O2 � � �O4 � � �O3 � � �O1 exhibits a
sharp change from approximately –88.2(2)° in Phase I
(0.5 GPa) to –94.5(2)° in Phase II (at 0.88 GPa) (Fig. 4).

Compression of Phase II and the phase
transformation to Phase III

The compression of Phase II is anisotropic with the c-axis
showing the greatest compression (3.5%) followed by the
a-axis (2.9%) and then b-axis (1.4%). The unit cell para-
meters were used to determine the principal directions of
strain during compression. The strongest compression is

along the [–0.010 0.000 0.078] direction which is perpen-
dicular to the layers of the structure (Fig. 2). At 0.88 GPa,
these layers are separated by approximately 4.823 Å and
are compressed to 4.578 Å at 3.56 GPa. The second great-
est compression is observed within the layers perpendi-
cular to the hydrogen bonds and pushes neighbouring
chains together. It is not surprising that these two direc-
tions show the greatest change as the intermolecular in-
teractions are limited to van der Waals contacts between
molecules. During the compression the OH(411) � � �O3
has reached its minimum by 1.97 GPa (2.575–2.533 Å) and
does not varying significantly to 3.56 GPa. Conversely,
the other two hydrogen bonds NH(121) � � �O2 and NH
(122) � � �O2 compress continuously to 3.56 GPa both reduc-
ing by 2% over the pressure range.

At approximately 4.8 GPa the crystal structure under-
goes a phase transition to a new phase, denoted Phase III
and fortunately, this transition is another single-crystal-
to-single-crystal phase transformation therefore single-
crystal diffraction data could be used to elucidate the
structure of the new phase; the crystal data can be found
in Table 1. The unit cell parameters of Phase II are related
to those of Phase III via the matrix (–1 0 0 0 –1 1 0 1 1).

The structure is observed to be triclinic P�1 with four
molecules in the asymmetric unit. The packing of the
molecules in phase III is similar to the packing in the
other two phases however there is further reorientation
of the HSO4� groups with respect to one another (Fig. 4)
but there are also significant changes to the molecular
geometries of the cations particularly in relation to the
tail group (C5–C8–C10–N12); both these changes cause a
break and lowering of the symmetry (Fig. 5). A conse-
quence of the reduction in symmetry is that there are

Fig. 3: (a) Unit cell volume; and (b) unit cell parameters of 4-MMC
with increasing pressure. The discontinuities after 0.5 and 3.5 GPa
show the phase transitions.

Fig. 4: The HSO�
4 chains in each of the three phases. The subtle

rotation of the HSO�
4 groups between Phases I and II is highlighted.

On the right-hand side is a projection along the hydrogen-bonded
chains.
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now four independent hydrogen bonds between the
HSO�

4 groups (2.452–2.543 Å). The large variation in the
lengths of these bonds can be accounted for by the pack-
ing of the phenyl groups of the cation of neighbouring
chains. The shorter O � � �O bonds are observed where the
phenyl groups of neighbouring chains are more perpen-
dicular to the Least Squares plane of the layer. The angle
of the phenyl groups of molecules 1, 2, 3 and 4 to the
Least Squares plane of the layer are 40.26°, 32.25°,
52.89°, and 66.77°, respectively. In relation to the hydro-
gen bonding, molecules 1 and 2, whose phenyl group are
more parallel, are positioned in line with the O44 � � �O32
(2.543(12) Å) and O41 � � �O34 (2.514(14) Å) hydrogen
bonds whilst molecules 3 and 4 (more perpendicular) are
in line with the O43 � � �O31 (2.452(13) Å) and O42 � � �O33
(2.486(12) Å) hydrogen bonds. In this structure the pack-
ing of the molecules taking precedent over lengths of hy-
drogen bonding which is also observed in many other
systems at high pressure [22–24, 54, 55].

Both of the phase transitions are reversible which
has been observed via Raman spectroscopy. Fig. S-2.7
shows the Raman spectrum for 4-MMC at 0.5 GPa as well
as a plot of the carbonyl stretch that shows the greatest
change over the compression [56]. From this graph one
can observe that the carbonyl stretch for the final decom-
pressed sample returns to a value close to the ambient
pressure form indicating that the phase transformations
were reversible.

Comparison with the Cambridge Structural
Database

The hydrogen bonding in all these phases is observed to
be well within the limits of the data mined from the CSD

[53]. Figure 6 shows the distribution of both types of hy-
drogen bond present within the structures of 4-MMC and
where the ambient pressure phases lie within them. At

Fig. 5: The overlay of molecules in phase III showing the changes in
torsional angle (N12-C10-C8-C5). For clarity molecules 1 and 2 are
shown on the left and molecules 3 and 4 on the right.

Fig. 6: Distributions of hydrogen bond lengths in the CSD. The dot-
ted lines represent the distances observed in 4-MMC on compressi-
on.

Fig. 7: Scatterplot of distance between centroids of phenyl groups
and the angle between the Least Squares plane of the phenyl
groups. Open circles are data from CSD and filled squarea are ob-
servations from this work.
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the phase boundary between Phases I and II, the hydro-
gen bond distances are observed to be longer than the

minimum distance in the CSD (NH � � �O 2.923 & 2.818 Å
cf. 2.62 Å; OH � � �O 2.641 Å cf. 2.42 Å). Previous work has
suggested that upon reaching a minimum distance ob-
served in the CSD a material will undergo a phase transi-
tion in order relieve the repulsion of the interactions [14,
57]. This is not observed in this structure therefore other
factors must be dictating the change in phase. A signifi-
cant portion of the structure relates to phenyl group in-
teractions which have been summarised using two para-
meters; their inter-centroid distances and the interplanar
angle between the phenyl groups (Fig. 7). It can be seen
that our observation in Phase I is close to the limit of
those observed in the CSD (4.733 Å, 64°) and over the
transition this interaction shows little change (4.737 Å,
72°) except for the interplanar angle. This implies that
this interaction is not particularly influential in terms of
the phase transition which has been observed for similar
interactions in salicylaldoxime [58]. Compression from
Phase II–III shows a marked change in the interaction
parameters. At 3.56 GPa (Phase II) the interaction has
moved close to the limit observed in the CSD. Further

Fig. 8: Molecular volume vs. Pressure plot. The solid squares re-
present data collected in this study and the unfilled squares repre-
sent volumes for hypothetically compressed phases of I and II,
respectively, to illustrate the significance of the pV term.

Fig. 9: Voids observed (and their total volume) at a) 0.5 GPa (94 Å3); b) 0.88 GPa (35 Å3); 3.56 GPa (17 Å3); and 4.8 GPa (14 Å3). The molecules
have been set to wireframe so as not to obstruct the view of the voids. The probe distance was set at 0.4 Å and grid spacing of 1 Å.
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compression invokes the phase transition so that there
are now four symmetry inequivalent interactions, two of
which move significantly into the bulk of the data points
(5.104 Å, 72.44°; 5.362, 84.54) whilst the other two inter-
actions move further into a physical space that is not ob-
served in the CSD (4.479 Å, 60.47°; 4.554 Å, 74.35°). This
latter observation suggests that there is a repulsive force
that is alleviated by the change in phase which is able to
stabilise the other two non-ideal interactions. Further
theoretical calculations such as PIXEL method would be
required to answer this question conclusively.

One significant change is the molecular volume
(+35 Å3 molecule�1 for Phase I–II; 15 Å3 molecule�1 for
Phase II–III) which leads to the conclusion that the re-
duction in volume is the driving force for the phase tran-
sitions rather than relieving repulsive interactions (Fig. 8)
[58]. In fact, if the Phase I is extrapolated to 0.88 GPa
and Phase II is extrapolated to 4.8 GPa, the pV term in
Gibbs Free energy calculation equates to approximately
18 kJmol�1 and 43 kJmol�1, respectively. In both these
transitions these energy differences are substantial and
will play a significant role determining the phase stabi-
lity with pressure with the caveat that there are many
other forces at play. One reason for the large changes in
volume is the reduction in the voids present within the
crystal. The compression of voids is a significant obser-
vation of organic materials at high pressure and can ac-
count for the large reduction in the volume [14, 15, 59].
Figure 9 shows the reduction of the number and size of
the voids present in each of the phases. Between Phase I
(0.5 GPa) and Phase II there is a reduction of the void
space by 64% (94 Å3 to 35 Å3) whilst a more modest re-
duction of 18% from Phase II to Phase III (17 Å3 to 14 Å3).
As a proportion of the total reduction in volume these
changes represent 42% and 7% for I–II and IIIII phase
transitions, respectively.

Conclusions

In this study we have shown that (!)-40-methylmeth-
cathinone hydrogen sulfate undergoes two phase trans-
formations at high pressure (0.88 GPa and 4.8 GPa)
whilst ambient pressure solvent screens have only high-
lighted one polymorph. Both of these phase transforma-
tions are single crystal-to-single crystal and are reversible
on release of pressure. This observation is not desirable
in the context of identifying possible polymorphs of illicit
materials that may be observed under ambient condi-
tions however this study does reinforce the concept that
the reduction of void space and hence the pV term in the

free energy calcualtion can be hugely influencial in
phase transformations in a crystal structure.
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