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ABSTRACT: Understanding polymorphism in chiral systems for drug
manufacturing is essential to avoid undesired therapeutic effects.
Generally, polymorphism is studied through changes in temperature
and solution concentration. A less common approach is the application of
pressure. The goal of this work is to investigate the effect of pressure on
levetiracetam (pure enantiomer) and etiracetam (racemic compound).
Anisotropic compressions of levetiracetam and etiracetam are observed to
5.26 and 6.29 GPa, respectively. The most compressible direction for both
was identified to be perpendicular to the layers of the structure. Raman
spectroscopy and an analysis of intermolecular interactions suggest subtle
phase transitions in levetiracetam (~2 GPa) and etiracetam (~1.5 GPa).

Compression
Levetiracetam

Etiracetam Form I

The stability of etiracetam increases with respect to levetiracetam on
compression; hence, the chiral resolution of this system is unfavorable
using pressure. This work contributes to the ongoing efforts in understanding the stability of chiral systems.

Bl INTRODUCTION

Polymorphism is the ability of a chemical compound to exist in
more than one crystalline form." This phenomenon plays an
important role in the development of new drugs due to a
possible modification of physicochemical properties in active
pharmaceutical ingredients (APIs): e.g., solubility, processing
behavior, and bioavailability.”® Polymorphism can also be
found in chiral compounds, which are more than 50% of the
active pharmaceutical compounds currently in the market.”
Chirality is identified when a chemical compound exhibits two
nonsuperimposable mirror-image conformers (enantiomers).
In Nature, only the single-enantiomer forms are observed: for
example, natural amino acids and natural sugars. In contrast,
racemic compounds are the main products of synthesis and
extra separation techniques are necessary to obtain the pure
enantiomer.” The physicochemical properties of the two
enantiomers are identical; however, their optical activities are
opposite and their different conformations can lead to different
physiological responses, hence enantiopure API crystal forms
are selected preferentially for manufacture.**™*
Crystallization can be a highly selective separation
technique, even for compounds as similar as enantiomers.
Usually, crystallization is initiated by varying parameters such
as solvent, temperature, and humidity; the thermodynamic
parameter pressure has been rarely explored. To the best of our
knowledge, combined studies of pure and racemic compounds
at high pressure have only been reported for amino acids,”~"*
and more recently, the enantiomers of mandelic acid"*™'® and
1,1"-binaphthyl'” were explored to design pressure—temper-
ature spontaneous resolution. The resolution of mandelic acid
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has been challenged using single-crystal X-ray diffraction,
attributing the structural transformation at 0.65 GPa to a phase
transition from form I to form II of pL-mandelic acid.'™"®

In this work, we explore the structural features of the RS and
S forms of 2-(2-oxo-1-pyrrolidinyl)butyramide. Our inspiration
to investigate this system was the extensive polymorphic
behavior of piracetam (2-oxopyrrolidineacetamide, an analo-
gous compound without the ethyl group).'®'” It possesses
three polymorphic forms at atmospheric pressure and two
high-pressure forms as well as two hydrates.”’>* 2-(2-Oxo-1-
pyrrolidinyl)butyramide crystallizes in two racemic poly-
morphs at atmospheric pressure (etiracetam, Eti).”® Form I
(monoclinic, P2,/c) is stable below 303.5 K, and form II
(monoclinic, P2,/c) is formed via a suspension of form I in
methanol above 313 K. In contrast, despite several
crystallization attempts, only one crystalline structure has
been reported for the enantiopure S form, levetiracetam
(Lev).”””® Given the extensive crystallization behavior of
piracetam, it is possible that Lev and Eti show equally rich
diagrams at high pressure.

The aim of this study is to investigate how the chirality of
the material influences the compression of these systems and
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to identify whether pressure can be used as a tool for their
enantiomeric separation. First, we explored the structures at
ambient pressure using Raman spectroscopy to identify
pressure points at which potential phase transitions might
occur. Then, we have followed these studies with X-ray
diffraction measurements to gain insight into the changes to
the molecular and crystal structure as a function of pressure.
Crystal energy calculations using CrystalExplorer have been
used to provide intermolecular interaction energies and relate
these to the phase transitions that occur in both crystal forms.

B EXPERIMENTAL PROCEDURE

Materials. Lev and Eti were purchased from Xiamen Top Health
Biochem Tech. Co., Ltd. Both samples were recrystallized by cooling
crystallization in ethyl acetate solvent (Sigma-Aldrich) followed by
fast solvent evaporation, where a drop of saturated solution was
placed on a microscopic slide.

Diamond Anvil Cell (DAC) Preparation. A Merrill—Bassett
diamond anvil cell (DAC) equipped with a 600 ym culet was used to
generate pressure.”” Tungsten foil (200 gm) was indented to a
thickness of 100 ym, and a 250 pm hole was drilled in the center of
indented gasket using an Almax Easylab Microdriller. Four samples
were loaded individually into the DAC: (i) a powder of Lev, (i) a
single crystal of Lev, (iii) a powder of Eti form I, and (iv) a single
crystal of Eti. In each cell, a ruby was loaded into the cell for pressure
measurement by the ruby-fluorescence method.*® In all experiments,
petroleum ether 35/60 (Alfa Aesar) was used as the pressure-
transmitting medium. In the case of Lev, three samples were loaded
with single crystals to verify the compression of the structure using
unit cell information. In Figure 6, the data points for these crystals are
highlighted by the same symbol but with different filling e.g. open,
closed, and half-closed.

Raman Spectroscopy. Raman spectra of Lev and Eti samples
loaded into the DAC were collected using a Horiba Jobin Yvon
XploRA micro Raman system using a 532 nm laser line with a 1200
lines/mm grating and CCD detector. An Olympus microscope
coupled with a LWD 50X objective lens was used for visualization of
the sample. The spectra were collected and analyzed using the
LabSpec 6 program in the region between 50 and 3500 cm™. Data
collection times and parameters were varied to maximize the signal to
noise ratio for each pressure.

Single-Crystal X-ray Diffraction. Single crystal X-ray diffraction
data were collected with a Bruker Kappa Apex II Duo diffractometer
using Mo Ka radiation (4 = 0.71073 A) at 300 K. Diffraction data
were acquired using the strategy developed by Dawson et al.,, adding
the movement of the x angle of —90 or 90°." In APEX 3,** the data
sets were integrated using SAINT™ with the dynamic mask procedure
implemented in the program. Absorption correction was carried out
using the SHADE program.”>* The crystal structures were refined in
Olex2* using SHELXL.>® The atomic coordinates were taken from
the Cambridge Structural Database (CSD)*”*® and used as the
starting model for the refinement of Lev (CSD recode OMIVUB?")
and Eti form 1 (CSD refcode OFIQUR®). All non-hydrogen atoms
were refined anisotropically with the use of the RIGU restraint.”” The
hydrogen atoms were placed on the carbon atoms, except for those
involved in hydrogen bonding, e.g. NH,, which were found from the
difference map and allowed to optimize before a riding model was
used as per the procedures in OLEX2. The Eti single-crystal data sets
were collected at 0, 0.60, 0.80, 1.02, 1.24, 1.40, 1.90, 2.51, 2.98, 3.51,
3.95, 4.84, 5.51, and 6.29 GPa, and LEV single crystal data sets were
collected at pressures of 0, 0.73, 1.29, 2,00, 2.71, 3.1, 3.67, 4.19, and
4.61 GPa. These data have been deposited with CSD with the
numbers 2011949—-2011966 and 2011968—2011970. To probe the
potential phase transition, two further LEV crystals were collected at
pressures of 1.20, 2.12, 2.68, 3.59, 3.81, and 4.83 GPa for unit cell
information only. The crystallographic information can be found in
Tables SI and S2 in the Supporting Information.

Structure Analysis. The analysis of molecular and crystal
structures was performed using the Mercury 4.1.3 software®® from
the Cambridge Crystallographic Data Centre (CCDC). The software
CrystalExplorer*® and PIXEL’’™° was used to understand the
intermolecular interactions. The calculation of energy was performed
between a central molecule and a cluster of molecules in a radius of
3.80 A using the B3LYP/6-31G(d,p) method. The EoSFit7-GUI"'
software was applied to obtain the equation of state (EoS) parameters
from diffraction data collected as a function of varying pressure. The
calculation of the strain tensor and compressibility indicatrix was
performed using PASCal** and visualized in VESTA 3.4.6.*

B RESULTS AND DISCUSSION

Structural Analysis of Levetiracetam and Etiracetam.
In this study, we have investigated the structural changes that
occur in 2-(2-oxopyrrolidin-1-yl)butyramide as a function of
pressure. It can crystallize as a chirally pure crystal (Lev) or as
a racemic crystal (Eti). Lev is the S enantiomer, and there is
only one crystalline form known. Eti crystallizes in two
polymorphic forms, but in this study, we have only
characterized form I, as this is the most stable form at room
temperature. The molecular structure has a chiral carbon that
is linked to an ethyl group, an amide group (CNH,), and an
oxopyrrolidine ring (O(py)) that adopts a half-chair
conformation (Figure 1). The molecular conformation of
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Figure 1. Molecular structures and numbering schemes for (a) the S
enantiomer of Lev (chiral carbon C6) and (b) the R enantiomer
present in the racemic compound Eti (chiral carbon CS) taken from
reference structures deposited with the CSD (OMIVUB>’ and
OFIQUR™). 1t is not ideal that the numbering schemes are different
in both compounds; however, to be consistent with the references we
are following the CSD numbering schemes.

each of the forms is altered due to the crystal packing, but the
greatest difference observed is the torsional angle between the
amide group and the oxopyrrolidine group (20°% Table 1).
Torsion angles are relatively soft parameters; hence, there is
the potential that these will show a large change on
compression. Two metrics by which we can measure these
changes as a function of pressure are the globularity and
asphericity. These metrics are derived from Hirshfeld
surfaces,"”* where the crystalline electron distribution is
divided into molecular fragments; thus, the surface is generated
using both intermolecular and intramolecular interactions.
Asphericity is a measure of molecular anisotropy, and
globularity is the difference between the Hirshfeld surface
area and the sphere area with the same volume. At ambient
pressure, despite the different conformations, 2-(2-oxopyrro-
lidin-1-yl)butyramide in Lev and Eti has similar values for this
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Table 1. Torsional Angles Taken from Reference Structures
Deposited in the CSD (OMIVUB>” and OFIQUR*®)*

S enantiomer torsion angle in Lev R enantiomer torsional angle in Eti

(deg) (deg)
C3—-C4-N1-C6 163.9(4) C2—C1-N1-CS$ 170.55(8)
01-C1-N1-C6 6.0(6) 01-C4-N1-C$ —4.9(1)
N1-C6—CS5—02 —166.9(3) NI1-C5-C6-02 146.74(9)
N1-C6-C7-C8 —54.5(5) N1-C5-C7-C8 58.2(1)
C5—C6—C7—-C8 176.4(4) C6—CS—C7—-C8 —176.07(9)

“The information for the R enantiomer is taken from the molecule in
the racemic crystal; hence, all values would be inverted for the S
enantiomer.

parameter (asphericity, 0.033 and 0.032, respectively; glob-
ularity, 0.831 and 0.839, respectively).

Lev crystallizes in the monoclinic space group P2, with a
single molecule of Lev in the asymmetric unit. At 293(2) K
(CSD refcode OMIVUB), the unit cell parameters are a =
6.272(5) A, b =7.993(5) A, ¢ = 9.199(7) A, p = 108.645(9)°,
and V = 436.962 A3, which gives a molecular volume of 218.5
A3*7 In contrast, the crystal structure of Eti form I crystallizes
in the centrosymmetric monoclinic space group P2,/c with
unit cell parameters a = 9.593(2) A, b = 7.8325(3) A, ¢ =
11.9547(4) A, B = 103.830(3)°, and V = 872.22 (5) A® at 293
K (CSD refcode OFIQUR).* The molecular volume for Eti is
218.1 A3; hence, there is no difference in molecular volumes
between the chiral and racemic crystals.

The structure of Lev is organized through hydrogen bonds
between the amide groups and the oxopyrrolidine group (N---
O(py)’ 3.038(5) A, NH--O(py)’ 156°) forming infinite chains
through a 2, screw axis along the b direction (dark blue
hydrogen bond in Figure 2a).”” The interaction between
adjacent molecules in this chain is the strongest in the crystal
(total —48.0 kJ mol™'; CrystalExplorer”’). Following the same
translation symmetry (light blue hydrogen bond in Figure 2a),
a second chain is established through the amide groups (N---
O(CNH,)’ 2.995(5) A, NH--O(CNH,)’ 168°), where the
energy of the interaction is also very strong (total —37.8 kJ
mol™"). The combination of these two interactions forms rings
of four molecules described by a R}(20) graph set (blue area in
Figure 2a). This motif is propagated along the b direction by a
2, screw axis.

The molecular packing of Eti is constructed through a
hydrogen bond between amide groups (NH--O(CNH,)’
3.031(9) A, NH--O(CNH,)’ 159(3)°) building enantiopure
chains that lie parallel to the (10—1) plane (dark blue in
Figure 2¢).”® It is interesting to observe that, despite Eti being
racemic, each enantiomer forms a hydrogen bond chain with
itself rather than with the other enantiomer. This hydrogen
bond chain in Eti, constructed by the dark blue hydrogen
bonds shown in Figure 2c, is comparable in geometry and
hydrogen bond interaction energy (—32.7 kJ mol™') to the
hydrogen bond chain in Lev (—37.8 kJ mol ™), constructed by
the light blue hydrogen bonds shown in Figure 2a. The
difference in the structures lies in the relationship between the
two chains and the hydrogen bonds between them. The chains
in Eti are linked through the inversion center to form
centrosymmetric dimers connected through a hydrogen bond
between the secondary amide hydrogen and the oxopyrrolidine
group (NH--O(py) 3.056(4) A, NH--O(py)’ 166(1)°). Due

to the dimer arrangement of counter enantiomer molecules

consisting of two strong hydrogen bonds, the intermolecular
interaction energy is —84.3 kJ mol ™.

Both Lev and Eti form layered structures Figure 2b,d) where
strongly hydrogen-bonded layers are stacked through weaker
van der Waals interactions. This type of structural feature is
important, as previous high-pressure studies have shown that
compression is generally observed in the direction perpendic-
ular to the layers due to the lack of strong interactions.”*” In
Lev, the three-dimensional crystal structure is built through
translation of the hydrogen-bonded layer along the a direction.
The layers have a sawtooth profile when they are viewed along
the b direction and interact through weaker van der Waals
interactions (—11.6 to —17.1 kJ mol™"), where the energy is
largely made of a dispersion component (Figure 2b). In Eti,
the layer is not planar but shows a stepped motif, where the
dimer interaction links the hydrogen-bonded chains together
into the layer parallel to the (10 —1) plane (Figure 2d). Again,
there are only van der Waals interactions between the layers
but these interactions have a larger range of energies (—1.2 to
—31.6 kJ mol™).

Raman Spectroscopy Study of Levetiracetam and
Etiracetam. Raman spectroscopy is a quick method to survey
structural changes with respect to pressure. While it shows
intramolecular vibrations, it can also provide information about
the changes in structure through phonon regions of the
spectrum. The Raman spectra of commercial Lev and Eti as
well as the band assignments for Lev are shown in Figure 3.
The band assignments for Lev were applied by following the
literature values from the work of Ramya et al.;*® we have not
found any assignments for Eti, but it can be assumed the
assignments for the molecular vibrations will be similar. The
frequencies for the bending of OCN (349 cm™), the
combination of torsional OCNC,,, and bending of CCN
(707 cm™), and the stretching of N—H (3200—3367 cm™")
are important, since those reflect the molecular conformation
induced by intramolecular and intermolecular interactions.
These bands have the potential to allow us to understand the
change during the compression process.

For our pressure studies we used two different sample types
to understand how the crystal structures of Lev and Eti are
modified by increasing pressure: a polycrystalline powder and
single crystals. There are three important factors when we
analyze and compare these two experiments: hydrostaticity,
particle size, and time frame. The main pressure-related
difference between these two samples is the hydrostatic
conditions inside the diamond anvil cell. The hydrostatic
pressure, or lack thereof, can induce or inhibit phase
transformations.*”*" Single-crystal experiments are generally
hydrostatic, up to a hydrostatic limit of the pressure-
transmitting medium, but quasi-hydrostatic for powder
samples. The difference is due to compaction of the powder,
where there are solid—solid interactions as well as solid—
pressure-transmitting-medium interactions. The interaction of
the solid with itself can induce strain and thus is only quasi-
hydrostatic. Single-crystal samples are surrounded by a
pressure-transmitting medium; hence, there are only crystal—
pressure-transmitting-medium contacts limiting the strain
imposed on the crystal. The particle size of the crystalline
material and the time frame of the experiment can dictate the
nucleation rate of a transformation; hence, kinetics can play a
significant role.”" In this study, we collected the Raman spectra
for powder sample over 1 day, while the single-crystal data
were collected over the course of 32 days due to the
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Figure 2. Crystal structures of Lev and Eti. (a) The crystalline structure of Lev is formed through two infinite chains, NH--O(py) (in dark blue)
and NH--O(CNH,) (in light blue) following the b direction. (b) The structure of Lev is packed through van der Waals interactions along the a-
axis (view of two layers in the element colors and a green layer). (c) In Eti infinite enantiopure chains (S enantiomer (in element colors) and R
enantiomer (in orange)) formed through NH--O(CNH,) hydrogen bonds (in dark blue); the chains are linked by NH--O(py) hydrogen bonds
(in light blue), creating a centrosymmetric dimer. (d) In Eti chains are parallel to the (10 —1) plane and are linked by an inversion center. The

stepped layers are depicted in green.

concurrent X-ray diffraction experiments that were being
performed. Therefore, we cannot rule out the effect of the two
different time scales on the results obtained. Raman spectra of
the powder and single-crystal samples of Lev and Eti are shown
in Figures 4 and 5. The Raman spectra of the samples at
increased pressure have slightly broader peaks than the Raman
spectra at atmospheric pressure, which is a consequence of the
stress applied to the sample. The increase in pressure induces a
gradual shift of the vibrations below 3000 cm™ toward higher
wavenumbers (Figure Sa,b,d,e). The inverse trend is observed

for the N—H stretching modes at approximately 3200 and
3367 cm™!, which progressively shift toward low wavenumbers
(Figure 5cf). In particular for Lev, the vibration at 345 cm™
(CC stretch + OCN bend and CCC bend) (Figure Sa)
presents a slight discontinuity in the trend for the powder
sample at about 2 GPa, which is not observed for single
crystals; in Figure Sa, the symbols at 1.25 and 2 GPa overlap
and hence are depicted in different colors. This discontinuity is
also observed for the OCNC torsion + CCN bend in Figure
Sb. The characteristic of a powder sample is a high surface area

https://dx.doi.org/10.1021/acs.cgd.0c00871
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Figure 3. Raman spectra of commercial (a) Lev and (b) Eti at atmospheric pressure.

a)

5.26
3.39

2.98

Arb. Int.

2.09

1.29

0.44
°

FEFEEET

FFFFF%

0GPa

250 500 750 15001750 2750 3000 3250 3500
Wavenumber (cm™)

i
1F

b)

Arb. Int.

6.29
5.51
3.51
251

1.90

e
nwm
MM “ﬂb

0.60 GPa
250 500 750 1500 1750 2750 3000 3250 3500

Wavenumber (cm™)

Figure 4. (a) Raman spectra of a powder sample of Lev during the compression to 5.26 GPa. The effect of pressure could be observed in several

peaks such as at (green @) ~345 cm™', (purple ¥) ~690 cm ™!,

(blue W) ~700 cm™', and (brown 4) ~3360 cm™". (b) Raman spectra of a single

crystal of Eti during the compression to 6.29 GPa. The effect of pressure could be observed in several peaks such as at (blue and green @) ~345

cm™, (green ¥) ~700 cm™’, and (brown ) ~3180 cm™.

and hence high surface energy, thereby increasing the
possibility of a subtle transformation not detected for the
single-crystal sample. No discontinuity is observed in the shift
of the N—H stretch with either powder or single crystals.

As with Lev, we followed the compression of Eti form I
using Raman spectroscopy and single-crystal X-ray diffraction
from 0.60 to 6.29 GPa. Following the same approach used in
the analysis of the vibrational spectra for Lev, three areas
related to the hydrogen-bond interactions were investigated to
understand the effect of pressure on the structure of Eti. Figure
5d illustrates the effect of pressure on the vibrational mode of
the OCN bend. The frequency at 330 cm™' shows a slight
discontinuity above 2.0 GPa, and the NH, stretch shows a
change at 1.25 GPa (Figure 5f), indicating that there may be
changes in structure at each of these points. These pressure
zones were investigated carefully using X-ray diffraction with
the goal of understanding if any structural modification was
induced by pressure.

Single-Crystal X-ray Diffraction Study of Levetirace-
tam and Etiracetam. The Raman data provided us with
evidence that slight structural modifications could be occurring
in Lev and Eti at higher pressures. For this reason, we collected
single-crystal diffraction data to verify the changes that may be
occurring at the pressures identified in the Raman study. We
compressed single crystals of Lev and Eti to 4.83 and 6.29 GPa,
respectively. The limits of these studies were dictated by the

quality of the diffraction pattern. For reference structures we
used the literature structures with CSD refcodes OMIVUB®’
(Lev) and OFIQUR*® (Eti). The changes in the unit cell
parameters over the compression range studied are shown in
Figure 6. The slight dispersion in the measurements for Lev
using the three crystals can arise due to errors in pressure
measurement (typically 0.0S GPa) as well as errors introduced,
as the data are collected in a diamond anvil cell. We do not
have as many observations as a normal crystallographic data set
would have to refine the cell parameters. Neutron powder
diffraction would be the best technique for the evolution of cell
parameters with pressure but was unavailable to us for this
study. Nevertheless, in both instances the change in unit cell
parameters with pressure shows an anisotropic compression
with higher compressibility in the a axis (Lev, 11%) and c axis
(Eti, 12%) followed by the compression of the b axis (Lev, 7%;
Eti 9%) followed by the ¢ axis (Lev, 4%) and a axis (Eti, 5%)
(Figure 6a,d). The f angle reacts differently in each case,
where it increases by 0.6° until approximately 1.5 GPa and
then plateaus in Lev (Figure 6b) but for Eti it decreases by 6°
during compression (Figure 6e). The difference in behavior is
linked to the direction of greatest compression with respect to
the unit cell. Figure 7 shows the compression of the structure
and the alignment of this with respect to the unit cell. For Lev,
these directions are approximately aligned to the a and ¢
directions of the unit cell; hence, there is little change in the

https://dx.doi.org/10.1021/acs.cgd.0c00871
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig4&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00871?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

a) 375 - o
o o °
370+
o oo
—~ 365 ©o e
'E o 000 °
o
:360— oo o
2
c oo o
© 355
o o
350 °
°
345
CCstr+ OCNin plane bend + CCCin plane bend
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Pressure (GPa)
b 760
) OCNCtors + CCNin plane bend v
750
v
w v
740 - vy
< vy
D v
€ 730 v
o \4 v
= vvv v
8 720+ vy v v v
5 v VY
3 7104 vy Y w vv v
v w
v v v v
7004 vvv OCCm plane bend
A\ 4
690 v M

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5
Pressure (GPa)
c) 3360 ,

3340 4 <

*

Pressure (GPa)

T T T T T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

d) | ° °
370 ! g
i °
i °
360 i e o
= ¢
1S ° : °
L o0 o i °
=350+ , R
- |
3 ' ¢
| [ ]
© 340 : o
o o
° i
I
330 (X i
L4 CCetr I+ OCNm plane bend + CCCm plane bend
05101520253035404550556065
Pressure (GPa)
e) 725 - v
v
720
—_ v v
5715- vy
S
2 v
c
o
O 710 v
vy OCNClor% + CCNm plane bend
705 +
ve
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
Pressure (GPa)
f) 3190
|
* |
3180 :
o i
3704 e
- |
' \d NH
g 3160 - i . 2 asy str
~ i *
o i o o
£ 3150 '
o i .
(&) ! * .
3140 - i
|
3130 - :
i 3
3120 L

T T T T T T T T T T T T 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
Pressure (GPa)

Figure 5. (a—c) Evolution of the center position of a specific Raman peak for Lev at (green @) ~345 cm™, (purple ¥) ~690 cm™', (blue V)
~700 cm™, and (brown 4) ~3360 cm™'.during compression to 5.26 GPa. The peaks are observed in Raman spectra of powder (solid symbols)
and single-crystal samples (open symbols) upon compression of the samples. At 1.25 and 2.1 GPa the data points of the single crystal and powder
overlap; hence, they are shown in a lighter color (light color symbols); (d—f) Evolution of the center position of a specific Raman peak for Eti at
(blue and green ®) ~345 cm™, (green ¥) ~700 cm™’, and (brown ) ~3180 cm™" during compression to 6.29 GPa.

angle, whereas for Eti the compressions are not so well aligned
to the unit cell directions, resulting in a greater § angle change.
The change in § angle where 1t plateaus is also observed in the
compression of paracetamol’” and RS-ibuprofen.>?

The unit cell volumes are compressed by an extent (18% to
4.83 GPa; 22% to 4.84 GPa) similar to that of the unit cell

parameters. We applied a third-order Birch—Murnaghan (BM)
and Murnaghan (M) equation of state (EoS) to each set of
data and observed that the best fit was using a third-order BM
EoS for Lev (using data for all three crystals) and a third-order
M EoS for Eti (Table 2). The refined EoS parameters are a
bulk modulus (K,) of 8(7) GPa with V, = 434(14) A% and K,/
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Figure 6. X-ray diffraction compression data of (a—c) Lev and (d—f) Eti: (a, d) unit cell axis; (b, e) variation of the /§ angle; (c, f) volume fitted to
the third-order Birch—Murnaghan equation of state for Lev and third-order Murnaghan equation of state for Eti. The compression of LEV was
performed using three crystals illustrated by solid symbols (crystal 1), open symbols (crystal 2) and right half solid symbols (crystal 3) in
compression data of (a) the unit cell axis and by different shapes of symbols in the (b) variation of the /3 angle and (c) volume: squares in crystal 1,

circles in crystal 2, and triangles in crystal 3.

= 12(11) for Lev and a bulk modulus (K,) of 6.5(10) GPa
with V, = 882(8) A and K, = 8.5(4) for Eti. These
parameters indicate that the crystal forms have similar
compressibilities. As part of this study we determined the
bulk moduli for four other pharmaceutically relevant molecules
from literature values using EoSFIT7.0:*' for piracetam
(second-order BM EoS, K, = 15(2)),”* paracetamol (third-
order BM EoS, K, = 16(10));** RS-ibuprofen (second-order
BM EoS, K, = 12.1(8)),” and chlorothiazide form I (third-
order BM EoS, K, = 13(5)).>® This analysis demonstrated that

Lev is far more compressible than piracetam, paracetamol, RS-
ibuprofen, and chlorothiazide.

While knowing how the unit cell compresses is important,
the principal axis of strain is a better measure of how the solid
reacts to compression. The strain tensor and compressibility
indicatrix provide the directions in which the crystal structure
is compressed, which makes it more appropriate for the
analysis of low-symmetry triclinic and monoclinic systems, as
the unit cell angles are not necessarily 90°. The principal axes
of strain for both crystal structures are presented in Figure 7
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Figure 7. Compressibility indicatrix for (a) Lev and (b) Eti calculated by PASCal together with a vector applied to the crystal structure to show

how the crystal compresses.

Table 2. Expression for the Equation of States along with
the Parameters Used in the Fits along with y* for Each Fit”

Expression of Bulk Modulus
Birch—Murnaghan EoS:

P(V) = 3K,f,(1 + ZfE)S/z(l + % (K, - 4,

+§(K0K({ + (K — 4) (K} - 3) + 3’9—5 2]

E
2/3
(-

Murnaghan EoS:

¢

Parameters Used in the Fits

where

fE=

K,
Hm=§
0

Vo (A3) K, (GPa) Ky’ Z2
Lev BM 434(14) 8(7) 12(12) 32.05
Lev M 432(10) 10(4) 8(2) 32.93
Eti BM 845" 11.8(13) 8.6(16) 15.74
Eti M 882(8) 6.5(10) 8.5(4) 2.92

“P is the pressure, Vj, is the reference volume, V is the volume at the
pressure, K, is the bulk modulus, and K’ is the derivative of the bulk
modulus with respect to pressure. bReﬁning the V, for Eti using the
BM EoS made the refinement unstable but is included here to validate
our choice of EoS expression.

and Table 3. The red compressibility indicatrix for each phase
is shown with the respect to the unit cell axis. From this

analysis, we have superimposed the directions of compression
onto the crystals structure using red and blue arrows to aid our
understanding of the compression.

The presence of layers in the crystal structures is
characterized by weak interlayer van der Waals interactions,
that can be observed in Lev and Eti. As expected, the most
compressible direction for both compounds (Lev, [—0.99 0 —
0.17]; Eti, [—0.44 0 0.90]) is almost perpendicular to the layers
and the degree of compressibility depends on the geometry of
the hydrogen bonding in the layers (Figure 7). In addition to
the geometry we can correlate the weaker interactions and the
layered nature of the structure with the position and
percentage of voids in the crystal structure. The voids in the
Lev structure are located between the layers that are translated
along the a axis (Figure 8a). Eti form I shows that the majority
of the void space is between the stepped layers parallel to the
(10-1) plane (Figure 8b).

On compression there is a general reduction of void volume
in Lev (from 12.7 to 1.4%) and the interlayer voids decrease
over the compression range. However, even at the highest
pressure there are still voids present between the ethyl group of
one layer and the amide of the second layer. This is due to the
perpendicular orientation of the five-membered ring with
respect to the layer, which prevents the molecules from coming
closer together and reducing the voids. In contrast to Lev, the
direction of the principal axis of strain in Eti contains
significant components of the 4 and ¢ axes due to the layers
being parallel to the (10 —1) plane, as we discussed in relation
to the f angle. The majority of the voids in the crystal structure
of Eti are between the stepped layers and are reduced
substantially on compression; as a whole the volume decreases
by 7.7%. The remaining void space is due to the orientation of

Table 3. Principal Axes of Strain for the Crystal Structures of Lev and Eti

principal axis of strain

Xl X2 X3
direction K (TPa™!) direction K (TPa™!) direction K (TPa™")
Lev [=0.99 0 —0.17] 11(3) [010] 9.8(8) [—0.110-0.99] 5.4(5)
Eti [-0.4400.90] 18(1) [0-10] 11.7(5) [0.9100.42] 2.3(1)

https://dx.doi.org/10.1021/acs.cgd.0c00871
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00871?fig=fig7&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00871?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

Figure 8. Representation of voids in the crystal structure of Lev and Eti: (a) view along the b axis in the crystal structure of Lev; (b) view along the
b axis in the crystal structure of Eti. Parameters used for void calculations: probe radius of 0.5 A and grid spacing 0.2 A.

the oxopyrrolidine ring and ethyl groups, where they form the
sides of a “pocket” and limit the compression.

An unusual observation in the two structures, but common
to both, is that the direction of the hydrogen bond ([01 0] or
[0—10]) is the second most compressible direction. We are
able to rationalize this for each structure due to there being
little intercalation of the molecules into the neighboring
hydrogen-bonded chains. The lack of intercalation and
geometry of the hydrogen bonding (sinusoidal pattern rather
than a straight chain) permit the hydrogen-bonded chain to act
as a spring, something that has been noted in other studies.***°
The remaining void volumes in both systems, highlighted
previously, are the remnants of the void between translated
molecules in the hydrogen-bonded chain and hence indicate
the lack of intercalation. In Lev, the oxygen of the
oxopyrrolidine group is the only part that is in the same
plane as the neighboring chain and hence has little effect on
the compression along the bond.

The least compressible direction in Lev is along the
[—0.110—0.99] direction. As previously described, the
hydrogen-bonded chains are positioned at a slight angle to
the ¢ axis, restricting the compression along the [—0.110 —
0.99] direction. The ethyl group of one chain is in close
contact with the oxopyrrolidine ring and at ambient pressure is
close to the van der Waals radii for the groups. The structure
compresses so that these groups interlock and prevent further
compression along the ¢ direction. In addition to this, the
NH--O(py) hydrogen bond is also in this direction. It
compresses at a rate similar to that of the other hydrogen bond
in the system: 6.25% in the NH--O(py) bond, in comparison
with 7.02% in NH:--O(CNH,). For Eti the compression of the
structure in the [0.91 0 0.42] direction is much lower than that
in Lev, which can be attributed to the strong dimer interaction
over the inversion center. Due to the symmetry there is
necessarily a two-point contact between the molecules in the
chains rather than the single hydrogen bond contact observed
in Lev, which provides a more robust interaction. As expected,
the hydrogen bonds were compressed at different rates: 4.25%
in NH---O(py) and 8.18% in NH:--O(CNH,) hydrogen bonds.

Comparison of Levetiracetam and Etiracetam. We
have investigated the compression of 2-(2-oxo-1-pyrrolidinyl)-
butyramide as both the enantiopure and racemic solid forms to
observe the similarities and differences of these materials on
exposure to pressure, including the potential to use pressure as
a method of phase separation.

At a basic level, we observe that the globularity and
sphericity for Lev and Eti diverge slightly when they are
compressed to 4.83 and 4.85 GPa, respectively (Table 4). The

Table 4. Asphericity and Globularity for the Molecules in
Lev and Eti Crystal Structures at Atmospheric and High
Pressure

Lev Eti
0 GPa 4.83 GPa 0 GPa 4.85 GPa
globularity 0.831 0.804 0.839 0.823
sphericity 0.033 0.036 0.032 0.037

compression promotes a less spherical surface for both
compounds. The molecular volumes for Lev and Eti are also
very similar at ambient pressure (Lev, 218.5 A% Eti, 217.8 A®).
On compression (Figure 9), the molecular volumes for both

220 .

e

o

L
b//

200

Molecular Volume (A3)

Pressure (GPa)

Figure 9. Molecular volume (V/Z) for Eti (orange plot) and Lev
(blue plot) as a function of pressure. The lines are only a guide to the

eye.

forms are equivalent to approximately 1 GPa, after which they
deviate slightly. At higher pressures, the molecular volume of
Eti is marginally lower than that of Lev, which may indicate the
increased stability of Eti with respect to Lev. Hence, a
conclusion from this work is that chiral resolution using
pressure is not a viable method for this system. Pressure has
been used in the past to separate mandelic acid, where the
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molecular volume of the chiral crystal is lower than that of the
racemic crystal."*~"¢

Up to this point, we have discussed the compression of Lev
and Eti as a progressive compression of the structure.
However, there are some indications that imply a subtle
phase transition where the structure rearranges slightly enough
to be stabilized at high pressure. The Raman spectra of both
compounds show a discontinuity in the increase in frequency
with an increase in pressure (Figure S), as described in
previous sections. We have plotted the percentage changes in
length for both Lev and Eti in Figure 10. This plot highlights
the small discontinuities on the compression of Lev after 2
GPa and in Eti after 1.5 GPa. For Lev, we have plotted all of
the data sets for the three single crystals measured and it can
be observed that there are discontinuities in each of the cell
axes. The plot for Eti is less clear, but the ¢ axis shows the
greatest change over the pressure range. Superimposed on
these graphs are the adjusted lattice energies for the structures
as calculated using PIXEL.”’™>” These energies take into

account not only the intermolecular energies but also the
changes in the molecular energy following procedures by
Johnstone et al.”’ The lattice energy for leviteracetam shows a
distinct change over the pressure range of the discontinuity in
the lattice parameters. The lattice energy of etiracetam does
not show a distinct discontinuity, but there is a change in the
gradient of the slope at the pressure of the suspected transition.
From these additional observations, we will tentatively identify
these as form II of leviteracetam and form III of etiracetam.
These boundaries are our best estimate, given the data we have
collected. Neutron powder diffraction would provide an
opportunity to define these boundaries with increased
precision.

A more in-depth investigation into the potential phase
transitions at the molecular level reveals that there are changes
in the intermolecular interactions over the “phase transition”
pressure (CrystalExplorer*®). The interactions between mole-
cules in translated layers (between the central molecule and
the blue and red molecules in Figure 11) show a relief of
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repulsive energies over the transition pressure, while this is not
evident in the interactions between molecules in the hydrogen-
bonded chain using the amide moieties (purple molecule).

Opverall for Eti, there is a very small difference in the unit cell
parameters, where the ¢ axis varies the most over the possible
transition. The interactions among the hydrogen-bonded
dimer, chain, and layer indicate a slight change in total energy
that is driven by a variation in the polarization energy over the
transition pressure (Figure 12). The relief of repulsive energies
for interactions between the hydrogen-bonded dimer and
chain are not as pronounced as for Lev, while the interactions
between layers show no discontinuity. That the hydrogen-
bonded dimers show the greatest changes in the intermolecular
energies can be rationalized through the notion that the
direction of the hydrogen-bonded dimer has a component of
the ¢ direction. It is clear from Figure 12 that the polarization
components of the molecules in the layer are affected at the
same pressure, whereas the interlayer interaction polarizations
change at a higher pressure. Ultimately, the changes are so
small that any difficulties in refinement will change the
intermolecular interactions, which is particularly important
given that this is refined using high-pressure data.

B CONCLUSION

We have discussed the effect of high pressure on the structure
of Eti (racemic compound) and Lev (enantiopure crystal of the
S enantiomer). Both compounds showed an anisotropic strain
compression where the most compressible axis is determined
by the presence of van der Waals interactions between layers.
Nonetheless, the compression of both compounds is not linear.
The Raman spectroscopy analysis highlights that there is a
possible phase transition in Lev (~2 GPa) to form II and in Eti
(~1.5 GPa) to form III. These observations are supported by
the analysis of the change in unit cell parameters as a function
of pressure as well as the change in lattice energies and
corresponding intermolecular energies over the transition. In
Lev, we observe that the repulsive energy of some of the
interlayer interactions is relieved over the transition, while the
interlayer hydrogen-bonded molecules show no such relief.
With respect to the preferential crystallization at high pressure
of the chiral compound, Eti shows an increase in density of up
to 1.7% at 4.8 GPa in relation to Lev. This factor makes the
spontaneous resolution through high pressure unlikely.
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