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Abstract

Two multicomponent crystalline phases of (S)-ibuprofen and L-proline with 1:1 stoichiometry are
reported, specifically a non-solvate phase (Ibu-Pro) and a quarter-hydrate phase (Ibu-Pro-QH). Ibu-
Pro was prepared only by solid-state mechanochemical synthesis, while 1bu-Pro-QH was obtained
both by solution-state crystallization and by solid-state mechanochemistry. The crystal structures of
Ibu-Pro and Ibu-Pro-QH were determined directly from powder X-ray diffraction (XRD) data, with
structure solution carried out using the direct-space strategy (implemented with a genetic algorithm
search procedure) and structure refinement carried out using the Rietveld method. The process of
structure determination from powder XRD data was augmented by information from other
complementary techniques, specifically solid-state NMR spectroscopy, thermal analysis methods and
periodic DFT-D calculations. A preliminary powder XRD study of the dehydration behaviour of 1bu-

Pro-QH at elevated temperature is also reported.
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1. Introduction

In the development of organic crystalline solids for materials applications, the pure crystalline phase
of the active component is often unsuitable as a consequence of structural features and/or physico-
chemical properties that are non-optimal for the required application. For example, in the case of
pharmaceutically active molecules, the pure crystalline phase may have low solubility and/or low
dissolution rate, which could be detrimental in pharmaceutical applications on account of the
consequences of these properties for bioavailability. One strategy'*! to enhance the physicochemical
properties of crystalline phases for such applications is to prepare multicomponent crystalline
materials containing the active component together with one or more other types of molecule (we use
the term "multicomponent crystal™ as a general descriptor of any crystalline material that contains
two or more different types of molecule,'? encompassing materials that are variously described as co-
crystals, inclusion compounds, solvates, hydrates, etc.). Although the formation of multicomponent
crystals is not necessarily predictable (as the formation mechanism and relative stability may depend
on the interplay of several kinetic and thermodynamic factors), a range of strategies may be used to
explore the phase space available to the system, including different procedures for materials
preparation (e.g., crystallization from solution or mechanochemical techniques) coupled with robust
methods for structural characterization. When it is not feasible to obtain a single-crystal specimen of
suitable size and quality for structural characterization by single-crystal X-ray diffraction (XRD),
structure determination must be tackled instead using powder XRD data. Although structure
determination from powder XRD data is more challenging than from single-crystal XRD data,
modern methodology*®*® allows crystal structures of organic molecular materials of moderate
complexity to be determined from powder XRD, particularly by exploiting the direct-space strategy
for structure solution and the Rietveld method for structure refinement. Furthermore, the process of
structure determination from powder XRD data may be enhanced?°-% by taking advantage of insights
gained from complementary experimental (e.g., solid-state NMR) and computational (e.g., periodic
DFT-D) techniques. Such multi-technique approaches are particularly advantageous in tackling
challenging structure-determination problems, such as complex multicomponent structures defined

by a significant number of structural variables.

Here we report two new multicomponent crystalline phases containing (S)-ibuprofen (Figure
1a) and L-proline (Figure 1b) with 1:1 stoichiometry, denoted Ibu-Pro (a non-solvate phase) and 1bu-
Pro-QH (a quarter-hydrate phase). We note that (S)-ibuprofen is widely used in pharmaceutical
applications due to its analgesic properties, and is the biologically active enantiomer of ibuprofen in

humans [the (R)-enantiomer is not biologically active, but is converted enzymatically to the active



(S)-enantiomer in the human body]. Ibu-Pro was prepared only by solid-state mechanochemical
synthesis,?®>? while 1bu-Pro-QH was obtained both by crystallization from solution and by solid-
state mechanochemistry. Structural characterization of both materials was carried out from powder
XRD data, revealing interesting similarities and differences in their structural properties. Preliminary
studies of the dehydration behaviour of Ibu-Pro-QH at elevated temperature are also reported. We
note that several multicomponent crystalline materials containing ibuprofen?®® or L-proline3*

together with other molecules have been reported previously.
2.  Experimental
(S)-ibuprofen was purchased from Aldrich and L-proline was purchased from Alfa Aesar.

Ibu-Pro was prepared by liquid-assisted milling®* using a MM400 Retsch ball mill. One drop
of methanol was added to a physical mixture of powder samples of (S)-ibuprofen and L-proline in 1:1
molar ratio. The mixture was placed inside a milling jar (volume, 1.5 ml) containing four stainless
steel balls (diameter, 3.18 mm), with milling carried out at 30 Hz for 30 min. Ibu-Pro was obtained
only the first time this experimental procedure was carried out. Repeated experiments using the same
procedure as well as variants of this procedure (see details below), including dry milling or liquid-
assisted milling with different liquids and/or different amounts of liquid, instead produced materials

that were identified from powder XRD as Ibu-Pro-QH.

Ibu-Pro-QH was prepared by slow evaporation of solvent (ethanol, water/ethanol or water)
from solutions containing a 1:1 molar ratio of (S)-ibuprofen and L-proline. The general procedure
involved heating the solution to ca. 40 °C to achieve complete dissolution, followed by cooling to
ambient temperature and then maintaining the solution at ambient temperature to allow slow
evaporation. Under all sets of conditions, the microcrystalline powder collected after a few days gave
the powder XRD pattern characteristic of Ibu-Pro-QH.* As stated above, 1bu-Pro-QH was also
obtained under a range of different milling conditions, in particular using dry milling and liquid-
assisted milling for different milling times (20 or 30 min) as well as using different liquids (methanol,
ethanol, water) and different amounts of liquid (ranging from one drop to a few drops) in the liquid-

assisted milling experiments.

For structure determination, high-quality powder XRD data were recorded at 21 °C on a Bruker

D8 instrument (Ge-monochromated CuKoa: radiation) operating in transmission mode. The powder
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sample was packed into three glass capillaries, which were then sealed and attached to the disc sample
holder of the powder XRD instrument (26 range, 3.5° — 70°; step size, 0.017°; data collection time,
17 hr for 1bu-Pro, 64 hr for Ibu-Pro-QH).

Dehydration of Ibu-Pro-QH was studied by in-situ powder XRD on beamline 111 at Diamond
Light Source. The powder sample was packed in a glass capillary (diameter, 0.7 mm), which was
sealed by vacuum grease. Initially, a powder XRD pattern was recorded at ambient temperature using
a multi-analyser-crystal (MAC) detector (4 = 0.82659 A; 26 range, 1° — 150°; step size, 0.004°; total
time, 15 min). The capillary was then opened by removing the vacuum grease and the sample was
heated to 77 °C using an Oxford CryoStream System. Powder XRD data were recorded at 77 °C as a
function of time for 10 min at intervals of 1 min using a position-sensitive (PSD) detector (1 = 0.82652
A; 26 range, 1° — 92°; step size, 0.004°; time to record each powder XRD pattern, ca. 1 s). After the
sample had been at 77 °C for 10 min, a final powder XRD pattern was recorded using the MAC
detector (with the same data collection parameters described above for the MAC detector at ambient

temperature).

Liquid-state *H NMR data were recorded on a Bruker AVANCE 11l HD NMR spectrometer
(*H Larmor frequency, 400 MHz) for a sample of 1bu-Pro-QH dissolved in methanol-ds (16 scans;

time per scan, 10 s).

High-resolution solid-state 3C NMR data were recorded for 1bu-Pro-QH using a Bruker
AVANCE |11 spectrometer at the UK 850 MHz Solid-State NMR Facility (**C Larmor frequency,
213.82 MHz; 4 mm HXY probe in double-resonance mode; zirconia rotor; 20 °C). The *C NMR
spectra were recorded using ramped *H—!3C cross-polarization®® together with *H decoupling using
SPINAL-64°" and magic-angle spinning (MAS) at two frequencies (11 kHz and 12 kHz) to facilitate

the assignment of spinning sidebands.

Thermogravimetric Analysis (TGA) was carried out on polycrystalline samples of Ibu-Pro and
Ibu-Pro-QH using a 4000 TGA (Perkin Elmer) instrument, with the sample (initial mass ca. 10 — 20
mg) in an aluminium pan. The TGA data were recorded on heating the sample at 5 °C/min from

ambient temperature to 300 °C (Ibu-Pro) or 200 °C (Ibu-Pro-QH).

Periodic density functional theory (DFT-D) calculations were carried out using CASTEP®

(Academic Release version 8.0). The calculations used ultrasoft pseudopotentials,®® the PBE
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functional ,*° semi-empirical dispersion corrections using the TS correction scheme,* fixed unit cell,
preserved space group symmetry, periodic boundary conditions, a basis set cut-off energy of 700 eV
and a Monkhorst-Pack grid*? of minimum sample spacing (0.05 x 2x) A L. The convergence criteria
for geometry optimization were 0.01 eV A! for forces, 0.00001 eV per atom for energy and 0.001 A

for atomic displacements.
3. Results and Discussion
3.1 Thermal Analysis

TGA data for Ibu-Pro (Figure S1; Supporting Information) show no mass loss below the melting
temperature (122 °C), consistent with the assignment of Ibu-Pro as a non-solvate (anhydrous)

material. After melting, a significant mass loss, attributed to decomposition, occurs above ca. 130 °C.

In the TGA data recorded for Ibu-Pro-QH on heating (Figure S2), a mass loss step of ca. 1.33%
is observed from just above ambient temperature to ca. 100 °C. As Ibu-Pro-QH was prepared under
a range of different conditions (including solution-state crystallization using different solvents as well
as dry milling and liquid-assisted milling using different liquids), the only "solvent" to which the
material was exposed under all preparation conditions was water (either from the crystallization
solvents, the liquid drops used in liquid-assisted milling, or from the atmosphere). Thus, the only
plausible interpretation for the mass loss observed in the TGA data is that Ibu-Pro-QH is a hydrate
phase, as confirmed subsequently by crystal structure determination (Section 3.4). The mass loss in
the TGA data is therefore assigned to dehydration. As discussed in Section 3.2, liquid-state *H NMR
data confirms that Ibu-Pro-QH contains (S)-ibuprofen and L-proline in 1:1 molar ratio; on this basis,

the mass loss of 1.33% corresponds to one quarter equivalent of water (theoretical mass loss, 1.38%).
3.2 Liquid-State 'H NMR and Solid-State 1*C NMR

To determine the molar ratio of (S)-ibuprofen and L-proline in 1bu-Pro-QH, the liquid-state *H NMR
spectrum (Figure S3) was recorded for a solution prepared by dissolving Ibu-Pro-QH in methanol-
ds. The liquid-state *H NMR spectrum confirms that 1bu-Pro-QH contains (S)-ibuprofen and L-

proline in 1:1 molar ratio (see Section S2 for more details).

High-resolution solid-state **C NMR data for 1bu-Pro-QH were used in conjunction with

structure determination from powder XRD data to provide an independent assessment of the number



of molecules in the asymmetric unit. In the solid-state 3C NMR spectrum (Figure S4), two peaks
with isotropic chemical shifts in the region of 60 ppm (and with approximately equal intensities) are
assigned to the C(B) environment of L-proline, indicating that there are two independent molecules
of L-proline in the asymmetric unit. As it is known from liquid-state *H NMR that (S)-ibuprofen and
L-proline are present in 1:1 molar ratio, it follows that 1bu-Pro-QH also contains two independent
molecules of (S)-ibuprofen in the asymmetric unit.** As we have determined from TGA data that Ibu-
Pro-QH contains one quarter equivalent of water, we deduce that there is one half molecule of water

in the asymmetric unit.

As only a limited amount of Ibu-Pro was obtained in our work, it was not feasible to record

liquid-state *H NMR data or solid-state 3C NMR data for this material.
3.3 Structure Determination of Ibu-Pro from Powder XRD Data

Ibu-Pro was obtained by solid-state mechanochemical synthesis as a microcrystalline powder, and
thus structure determination from powder XRD data provides the most viable route to structural
characterization.***® The powder XRD pattern of 1bu-Pro was indexed using the program TREOR®
in the CRYSFIRE package,® giving the following unit cell with monoclinic metric symmetry: a =
14.43 A, b=581 A, c=21.81 A, p=97.10°, V = 1814 A3. As Ibu-Pro contains single enantiomers
of (S)-ibuprofen and L-proline, the space group must be chiral (P2, P2; or C2). Space group C2 was
ruled out on the basis of systematic absences. To establish whether the correct space group is P2 or

P24, structure solution calculations were carried out for both space groups.

Profile fitting using the Le Bail method®? in the GSAS program®® gave a good-quality fit to the
powder XRD data, as shown (for space group P2;) in Figure 2a (Rwp = 3.11%, Rp = 2.33%).

Structure solution was carried out independently for space groups P2 and P2; using the direct-
space genetic algorithm (GA) technique in the program EAGER.>*% Density considerations suggest
that the unit cell contains four molecules of (S)-ibuprofen and four molecules of L-proline,
corresponding to two molecules of (S)-ibuprofen and two molecules of L-proline in the asymmetric

unit for either space group P2 or P2:.

In the GA structure-solution calculations, each (S)-ibuprofen molecule was defined by ten

structural variables (three positional, three orientational and four torsional variables) and each L-



proline molecule was defined by seven structural variables (three positional, three orientational and
one torsional variables). The ring conformation in the L-proline molecules was taken from the
reported crystal structure of L-proline®® (REF Code: PROLIN) and was fixed in the structure solution
calculations.®? The y-coordinate of one L-proline molecule was fixed (for space groups P2 and P2,
the position of one molecule may be fixed along the b-axis). Thus, the total number of structural
variables in the GA structure-solution calculation was 33. For each space group, the GA calculations
involved the evolution of a population of 500 trial structures for 600 generations, with 50 mating
operations and 250 mutation operations per generation. In total, 16 independent GA structure-solution

calculations were carried out in parallel.

The structure-solution calculations for space group P2; produced structures that are chemically
and structurally sensible, and give a good fit to the experimental powder XRD data. However, no
reasonable structure solutions were obtained for space group P2, which was not considered further.
Four of the 16 independent GA calculations for space group P2; produced the same structure solution
giving the best fit (i.e., lowest Rup) to the experimental powder XRD data, which was used as the

initial structural model for Rietveld refinement.

In the Rietveld refinement, standard restraints were applied to bond lengths and bond angles
(based on geometric information from MOGUL®? and, for bonds involving hydrogen, from Allen et
al.®*). Planar restraints were applied to the carboxylic acid group of (S)-ibuprofen, the carboxylate
group of L-proline and the aromatic ring of (S)-ibuprofen. A common isotropic displacement
parameter was refined for the non-hydrogen atoms of the two molecules of (S)-ibuprofen and a
common isotropic displacement parameter was refined for the non-hydrogen atoms of the two
molecules of L-proline. The isotropic displacement parameter for hydrogen atoms was set as 1.2 times
that for the non-hydrogen atoms in the same molecule. At various stages during Rietveld refinement,
the structure was subjected to DFT-D geometry optimization (with fixed unit cell) in order to check
that the structure is close to an energy minimum and to improve aspects of molecular geometry (for
example, the ring conformation of the L-proline molecules). The geometric restraints in the Rietveld

refinement were updated to match the molecular geometries obtained in the DFT-D calculations.

The final Rietveld refinement gave a good-quality fit between calculated and experimental

powder XRD data (Rwp = 3.45%, Rp = 2.51%; Figure 2b), comparable to the quality of fit obtained in



profile-fitting (Rwp = 3.11%, Ry, = 2.33%; Figure 2a); final refined lattice parameters: a =
14.42962(32) A, b = 5.80927(14) A, ¢ = 21.8184(9) A, = 97.1140(24)°, V = 1814.86(11) A%,

The final refined structure was subjected to geometry optimization (with fixed unit cell) using
periodic DFT-D calculations. The geometry-optimized structure shows only minor differences in
atom positions compared to the structure from Rietveld refinement (RMSD = 0.19 A for non-
hydrogen atoms), confirming that the final refined structure is very close to an energy minimum. The

structure from Rietveld refinement and the geometry-optimized structure are compared in Figure S5.
3.4  Structure Determination of Ibu-Pro-QH from Powder XRD Data

The powder XRD pattern of Ibu-Pro-QH was indexed using the program FJZN in the CRYSFIRE
package, giving the following unit cell with monoclinic metric symmetry: a=33.11 A, b=5.69 A, ¢
=20.29 A, p=100.85°, V = 3760 A3. On the basis of systematic absences and recognizing that the
structure must be chiral, the space group was assigned as C2. Profile fitting for space group C2 using
the Le Bail method in the GSAS program gave a good-quality fit to the experimental powder XRD
data (Rwp = 1.84%, Rp = 1.37%; Figure 3a).

Structure solution of Ibu-Pro-QH was carried out using the direct-space GA technique in the
program EAGER. Density considerations suggest that the unit cell contains eight molecules of (S)-
ibuprofen and eight molecules of L-proline. As space group C2 has a multiplicity of 4, the asymmetric
unit must comprise two molecules of (S)-ibuprofen and two molecules of L-proline, consistent with
the assignment from solid-state *C NMR data discussed in Section 3.2. In addition, the material
contains one quarter equivalent of water (see Section 3.1), corresponding to one half molecule of
water in the asymmetric unit. For space group C2, the half molecule of water must lie on a
crystallographic 2-fold rotation axis, with the molecular 2-fold axis coincident with the

crystallographic 2-fold axis.

For the GA structure-solution calculations, the (S)-ibuprofen and L-proline molecules were
constructed as described for Ibu-Pro in Section 3.3. The y-coordinate of one L-proline molecule was
fixed (for space group C2, the position of one molecule may be fixed along the b-axis). The half
molecule of water was represented by a single oxygen atom located on the crystallographic 2-fold
axis, defined by one structural variable (position along the 2-fold axis). In total, the number of

structural variables in the GA structure solution calculation was 34. The GA calculations involved
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the evolution of a population of 500 trial structures for 500 generations, with 50 mating operations
and 250 mutation operations per generation. In total, 16 independent GA calculations were carried

out in parallel.

Four of the 16 independent GA structure-solution calculations generated essentially the same
structure giving the best fit to the experimental powder XRD data (i.e., lowest Rwp). This structure
was used as the initial model for Rietveld refinement, which was carried out using the general
strategy®® described for 1bu-Pro in Section 3.3. The initial Rietveld refinement gave a good-quality
fit between calculated and experimental powder XRD data (Rwp = 2.93%, Rp = 2.11%), although the
structure contained an unfavourable short contact between an L-proline molecule and an (S)-ibuprofen
molecule. This issue was resolved by carrying out a DFT-D geometry-optimization calculation (with
fixed unit cell), which alleviated the unfavourable short contact and gave a geometrically reasonable
hydrogen-bonding scheme. The structure from DFT-D geometry optimization was then used as the
starting structure in further Rietveld refinement, which gave an improved fit to the experimental
powder XRD data (Figure 3b; Rwp = 2.57%, Rp = 1.82%), comparable to the quality of fit obtained in
profile-fitting (Figure 3a); final refined lattice parameters: a = 33.1379(14) A, b = 5.69453(19) A, ¢
=20.2919(7) A, = 100.8658(31)°, V = 3760.5(2) A3,

The final refined structure was subjected to geometry optimization (with fixed unit cell) using
periodic DFT-D calculations. The geometry-optimized structure shows only small differences in atom
positions compared to the structure from Rietveld refinement (RMSD = 0.29 A for non-hydrogen
atoms), confirming that the final refined structure is close to an energy minimum. The structure
determined from Rietveld refinement and the geometry-optimized structure are compared in Figure
S6 (the largest discrepancy concerns a small difference in the conformation of the iso-propyl group
of one of the two independent (S)-ibuprofen molecules, with no significant discrepancies in the

hydrogen-bonding arrangement).
3.5 Structural Properties of Ibu-Pro

The crystal structure of Ibu-Pro (Figure 4) contains an extended hydrogen-bonding arrangement
involving the two independent L-proline molecules (labelled A and B in Figure 4) and the symmetry-
related L-proline molecules generated by the 2:-screw axis (labelled A" and B' in Figure 4). The L-

proline molecules labelled A are linked through hydrogen bonding both to the symmetry-related A’



molecules (giving rise to hydrogen-bonded A-A' ribbons running parallel to the b-axis) and to the
independent B molecules (giving rise to hydrogen-bonded A-B ribbons that also run parallel to the b-
axis). The (S)-ibuprofen molecules are linked through a single hydrogen bond to the periphery of the
hydrogen-bonded ribbons of L-proline molecules. As shown in Figure S7, the two independent (S)-
ibuprofen molecules have similar conformations, while the two independent L-proline molecules

exhibit slight differences in ring conformation.

The A-A'ribbons (Figure 5a) are constructed from two strands of L-proline molecules running
along the b-axis, with the two strands related to each other by the 2;-screw axis. Within a given strand,
adjacent L-proline molecules are related by translation along the b-axis and are linked by an N-H--O
hydrogen bond between the ammonium group (N-H donor) of one molecule and the carboxylate
group (O acceptor) of the adjacent molecule. The two strands of the ribbon are cross-linked by an N—
H--O interaction that deviates significantly from linearity (N---O, 2.78 A; N-H---0, 129°) between an
ammonium group (N—H donor) in one strand and a carboxylate group (O acceptor) in the other strand.
Each L-proline molecule is engaged in two (symmetry-related) cross-linking N-H---O hydrogen
bonds of this type, in one case as N—H donor and in the other case as O acceptor, involving two

different L-proline molecules in the other strand.

The A-B ribbons (Figure 5b) are constructed from two strands of L-proline molecules running
along the b-axis, with no symmetry relation between the two strands. Adjacent L-proline molecules
in a given strand are related by translation along the b-axis and are linked by N-H-:-O hydrogen bonds
between an ammonium group (N—H donor) and a carboxylate group (O acceptor). The two strands in
the ribbon are cross-linked by an N-H:--O hydrogen bond involving an ammonium group in the B
strand (N-H donor) and a carboxylate group (O acceptor) in the A strand; each molecule is engaged
in one interaction of this type. The corresponding N—H donor of the ammonium group in the A strand

is involved in a cross-linking N—H---O hydrogen bond within the A-A' ribbon, as discussed above.

The (S)-ibuprofen molecules are arranged along the periphery of the ribbons of L-proline
molecules (Figure 4). Each (S)-ibuprofen molecule forms an O-H---O hydrogen bond with an L-
proline molecule, involving the carboxylic acid group of (S)-ibuprofen (O—H donor) and the
carboxylate group of L-proline (O acceptor). In each case, the C-O bond of the L-proline molecule

involved in this O—H---O hydrogen bond with (S)-ibuprofen is the C—O bond that acts as acceptor in
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the N—H::-O hydrogen bond between adjacent molecules within the strand along the b-axis (for the A
strand, this C—-O bond is also involved in N—H:--O cross-linking to the A’ strand in the A-A' ribbon;
for the B strand, this C—O bond is not involved in any N—H-:-O cross-linking to the A strand in the A-
B ribbon). For each (S)-ibuprofen molecule, the C=0 bond of the carboxylic acid group is not engaged

in any hydrogen bonding.
3.6  Structural Properties of 1bu-Pro-QH

The crystal structure of Ibu-Pro-QH (Figure 6) is described in terms of two hydrogen-bonded
regions: one region contains the water molecules (denoted region W; enclosed by the blue dotted line
in Figure 6) and the other region does not contain water molecules (denoted region N; enclosed by
the red dotted line in Figure 6). The asymmetric unit comprises two independent molecules of (S)-
ibuprofen (one in region N and one in region W), two independent molecules of L-proline (one in
region N and one in region W) and one half molecule of water (in region W). The two independent
(S)-ibuprofen molecules have significantly different conformations (Figure S8a) and the two

independent molecules of L-proline also exhibit differences in ring conformation (Figure S8b).

Region N of Ibu-Pro-QH contains a hydrogen-bonded ribbon of L-proline molecules running
along the b-axis (Figure 7a), constructed from two strands of L-proline molecules that are related to
each other by the 2;-screw axis parallel to the b-axis. Within a given strand of this ribbon, adjacent
L-proline molecules are related by translation along the b-axis and are linked by an N—H---O hydrogen
bond between the ammonium (N-H donor) and carboxylate (O acceptor) groups (see Figure 7a); the
same N-H donor is also involved in a rather long and non-linear N-H---O interaction with the other
oxygen atom of the carboxylate group; however, based on geometric criteria (N0, 3.32 A; N-H--O,
132°), this interaction may not be significant. The molecules in different strands are cross-linked by
N-H:--O hydrogen bonds; each L-proline molecule is engaged in two (symmetry-related) cross-
linking N-H---O hydrogen bonds of this type, in one case as N—H donor and in the other case as O
acceptor, involving two different L-proline molecules in the other strand. Clearly, the hydrogen-
bonded ribbons of L-proline molecules in region N of Ibu-Pro-QH (Figure 7a) share several
structural similarities to the A-A' ribbons of L-proline molecules in Ibu-Pro (Figure 5a). The (S)-
ibuprofen molecules in region N are located at each edge of the ribbon. Each (S)-ibuprofen molecule

forms an O—H---O hydrogen bond with an L-proline molecule in the ribbon, involving the carboxylic
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acid group of (S)-ibuprofen as the O—H donor and an oxygen atom of the carboxylate group of L-
proline as the acceptor (the same oxygen atom is also involved as acceptor in the N-H---O hydrogen
bond between adjacent L-proline molecules within the strand along the b-axis). The C=0 bond of the

carboxylic acid group of the (S)-ibuprofen molecule is not engaged in hydrogen bonding.

In region W of Ibu-Pro-QH, the oxygen atom of the water molecule is located on a
crystallographic 2-fold rotation axis parallel to the b-axis (Figure 6). The hydrogen-bonding in region
W (Figure 7b) differs significantly from the hydrogen-bonding arrangements in region N and in Ibu-
Pro. In region W, each O—H bond of the water molecule is engaged as the donor in an O-H---O
hydrogen bond to the C=0 bond of the carboxylic acid group of (S)-ibuprofen as the acceptor. The
carboxylic acid group of (S)-ibuprofen is also engaged in two hydrogen bonds to a molecule of L-
proline, specifically: (i) an O—H---O hydrogen bond involving the O—H bond of (S)-ibuprofen as the
donor and the C-O bond of the carboxylate group of L-proline as the acceptor, and (ii) an N-H--:O
hydrogen bond involving an N—H bond of L-proline as the donor and the C=0 bond of the carboxylic
acid group of (S)-ibuprofen as the acceptor. Furthermore, the L-proline molecules in region W are
arranged in hydrogen-bonded chains running along the b-axis. Adjacent molecules in this chain are
related by translation along the b-axis and are linked by an N-H--O hydrogen bond. Clearly, the
arrangement of molecules in region W has 2-fold symmetry. The water molecules are located on the
2-fold axis and are linked on each side to (S)-ibuprofen molecules, which in turn are linked to a chain

of L-proline molecules.
3.7 Preliminary Study of Dehydration of Ibu-Pro-QH

Finally, we consider whether dehydration of Ibu-Pro-QH leads to formation of Ibu-Pro, assessed
from a preliminary high-temperature powder XRD study. First, we recall that TGA experiments
(Sections 3.1 and S1) show that mass loss occurs on heating Ibu-Pro-QH, consistent with complete

loss of the quarter equivalent of water.

To explore the structural changes associated with this dehydration processes, in-situ high-
temperature powder XRD studies were carried out on beamline 111 at Diamond Light Source. Figure
S9 shows powder XRD patterns recorded: (i) at ambient temperature before heating Ibu-Pro-QH
(Figure S9a), (ii) immediately after heating the sample from ambient temperature to 77 °C (Figure

S9b), and (iii) after the sample had been at 77 °C for 10 min (Figure S9c).
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First, we note that peaks characteristic of Ibu-Pro do not appear in the powder XRD pattern at
any stage of this experiment, indicating that dehydration of Ibu-Pro-QH at 77 °C does not lead to
formation of Ibu-Pro within the time period of our study. In particular, the diagnostic peak for lbu-
Pro at 20~ 7.47° (red dashed line in the simulated powder XRD pattern for lbu-Pro in Figure S9d,

calculated for 2 = 0.827 A) is clearly not observed in the experimental data.

From the powder XRD data recorded as a function of time at 77 °C, three observations are
clear: (i) the sample remains predominantly as Ibu-Pro-QH, although the peak positions due to Ibu-
Pro-QH shift gradually as a function of time, (ii) there is no evidence for the formation of Ibu-Pro,
and (iii) soon after reaching 77 °C, some new low-intensity peaks appear in the powder XRD data
and grow gradually in intensity as a function of time — however, by the end of the experiment, the

intensity of these peaks is still significantly lower than the peaks due to Ibu-Pro-QH.

From TGA results (Section 3.1), Ibu-Pro-QH is known to undergo dehydration on heating
above ambient temperature, suggesting that the predominant phase in the powder XRD study at 77
°C, giving rise to the powder XRD pattern characteristic of 1bu-Pro-QH, is a partially (or fully)
dehydrated material that still retains the crystal structure of Ibu-Pro-QH. To rationalize the gradual
shift in the peak positions for Ibu-Pro-QH as a function of time at 77 °C, the unit cell parameters
were determined from Le Bail fitting of the powder XRD data, giving the variation in unit cell volume
as a function of time shown in Figure S10. The initial unit cell volume of Ibu-Pro-QH at 77 °C is
higher than the unit cell volume at ambient temperature (see Section 3.4) as a consequence of lattice
expansion on heating.%® From Figure S10, the unit cell volume then decreases monotonically with
time at 77 °C, which may be attributed to relaxation of the structure of lbu-Pro-QH following loss
of water, but with no substantial structural changes. These observations suggest that dehydration of
Ibu-Pro-QH is associated with only minor structural relaxation, giving a powder XRD pattern
characteristic of 1bu-Pro-QH but with slight peak shifts indicative of a gradual decrease in unit cell

volume as a function of time.

The new set of low-intensity peaks (two of which are highlighted in Figure S9c) that appear in
the powder XRD data (alongside the significantly stronger peaks due to Ibu-Pro-QH) indicate that a
small amount of a new crystalline phase emerges at 77 °C. As discussed above, this new phase is

clearly not the Ibu-Pro phase. Given that the new phase represents only a minor component of the
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sample in the final powder XRD data recorded at 77 °C, structure determination of this new phase
has not been attempted. Future studies will aim to gain deeper insights into the dehydration process
of Ibu-Pro-QH, including studies over significantly longer periods of time and at a wider range of

temperatures, which may yield a monophasic sample of the new phase.
4.  Concluding Remarks

The structural properties of non-solvate (lbu-Pro) and quarter-hydrate (lbu-Pro-QH)
multicomponent crystalline phases containing (S)-ibuprofen and L-proline in 1:1 ratio have been
determined directly from powder XRD data, with structure determination carried out using the direct-
space GA strategy for structure solution followed by structure refinement using the Rietveld method.
The hydration level of Ibu-Pro-QH was established both from thermal analysis (TGA) and from the
crystal structure determination from powder XRD data. For both Ibu-Pro and Ibu-Pro-QH, the
crystal structure contains one-dimensional ribbon-like hydrogen-bonded arrays of L-proline
molecules, with the (S)-ibuprofen molecules linked by a single hydrogen bond to the periphery of
these arrays. For Ibu-Pro-QH, another type of hydrogen-bonded array incorporates the water
molecule, which is linked to a pair of (S)-ibuprofen molecules that are each engaged in hydrogen-
bonding with a ribbon of L-proline molecules. Our preliminary high-temperature powder XRD study
(at 77 °C) indicates that dehydration of 1bu-Pro-QH does not produce Ibu-Pro. Instead, Ibu-Pro-
QH exhibits a slight decrease in unit cell volume as a function of time, consistent with a continuous
dehydration process together with minor structural relaxation, which may suggest that the crystal
structure of Ibu-Pro-QH can exist over a range of hydration levels. Furthermore, a small amount of

a new crystalline phase is evident on dehydration of 1bu-Pro-QH at elevated temperature.

The crystal structures of Ibu-Pro and Ibu-Pro-QH reported here demonstrate the current
opportunities for structure determination of complex organic materials from powder XRD data,
particularly when analysis of the powder XRD data is augmented by insights from other experimental
and computational techniques. We anticipate that multi-technique strategies of this type will facilitate
the structure determination of even more complex multicomponent crystalline materials from powder

XRD data in the future.
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Figure 1. Molecular structures of (a) (S)-ibuprofen and (b) L-proline. The stereochemistry of the
chiral centre in each molecule is indicated.
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Figure 2. (a) Le Bail fit and (b) final Rietveld refinement for Ibu-Pro (red crosses, experimental data
following background subtraction; green line, calculated data; magenta line, difference plot; black
tick marks, predicted peak positions).
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Figure 3. (a) Le Bail fit and (b) final Rietveld refinement for Ibu-Pro-QH (red crosses, experimental
data following background subtraction; green line, calculated data; magenta line, difference plot;
black tick marks, predicted peak positions).
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Figure 4. Crystal structure of Ibu-Pro viewed along the b-axis. Hydrogen bonds are indicated by
green dashed lines. The two independent L-proline molecules are labelled A and B, and the L-proline
molecules related to these molecules by the 2;:-screw axis are labelled A" and B', respectively. The
region defined by the blue dotted line contains an A-A' hydrogen-bonded L-proline ribbon, an A-B
hydrogen-bonded L-proline ribbon (and the symmetry-related A'-B' hydrogen-bonded L-proline
ribbon), and the (S)-ibuprofen molecules linked by hydrogen-bonding to the periphery of the L-
proline ribbons.
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Figure 5. The hydrogen-bonded ribbons of L-proline molecules in Ibu-Pro: (a) the A-A' ribbon, and
(b) the A-B ribbon. Green dashed lines indicate hydrogen bonding.
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Figure 6. Crystal structure of Ibu-Pro-QH viewed along the b-axis. The two hydrogen-bonded
regions are indicated by the blue dotted line (region W) and the red dotted line (region N). Hydrogen
bonds are indicated by green dashed lines. The water molecule (highlighted by the red circle) is
located on a 2-fold rotation axis parallel to the b-axis.
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Figure 7. Hydrogen-bonding arrangements in Ibu-Pro-QH: (a) the hydrogen-bonded ribbon of L-
proline molecules in region N [the (S)-ibuprofen molecules that link to the periphery of this ribbon
are not shown], and (b) the symmetry independent part of the hydrogen-bonding arrangement in
region W (the complete hydrogen-bonding arrangement is generated by the 2-fold rotation axis
parallel to the b-axis, which is coincident with the molecular 2-fold axis of the water molecule).
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Two multicomponent crystalline phases containing (S)-ibuprofen and L-proline in 1:1 stoichiometry
are reported, specifically a non-solvate and a quarter-hydrate. The structural properties of each phase
were determined from powder XRD data using the direct-space strategy for structure solution
followed by Rietveld refinement. The structure determination process was augmented by information

from solid-state NMR, thermal analysis and periodic DFT-D calculations.
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