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ABSTRACT: The solid-state investigation of the diastereomeric salts (S)-
ibuprofen (S-Ibu), (S)-naproxen, (S-Nap), and (S)-ketoprofen (S-Ket)
with (R)-(+)- and (S)-(−)-1-phenylethylamine, R-PEA, and S-PEA
respectively, has been carried out by using a combination of experimental
and in-silico tools. The focus was on their crystal packing and on the
stability/transformation of their solid forms under different experimental
conditions with the final aim of extracting useful information on the
forces/features which could be exploited for the chiral separation of the
corresponding racemic compounds. All the salts are 21-column crystals,
each column consisting of API and 1-phenylethylamine ions assembled via the 1-phenylethylammonium-carboxylate supramolecular
heterosynthon which originates a R4

3 (10) pattern, the intercolumns contacts being definitely weaker. In spite of an overall similarity
in the crystal packing forces and motifs of the anhydrous salts, the temperature stability range suggests that the homochiral species
are the most stable. The fact that the homochiral salt of S-Ket (S-Ket_S-PEA) is stable toward the hydration, at variance with the
heterochiral one (S-Ket_R-PEA), further confirms this hypothesis. On the other hand, preliminary sorption tests show that S-Ket
and S-Ibu preferentially capture the homochiral PEA (S-Nap is not selective). This behavior has been correlated to the almost planar
boundary surfaces which characterize and differentiate the 21 sheets in S-Ket_S-PEA and S-Ibu_S-PEA salts with respect to the
corresponding heterochiral ones.

■ INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely
used to reduce pain and inflammation. Among the many
NSAIDs available, there are ibuprofen ((RS)-2-(4-
isobutylphenyl)propanoic acid), naproxen ((RS)-2-(6-me-
thoxy-2-naphthyl)propanoic acid), and ketoprofen ((RS)-2-
(3-benzoylphenyl)propanoic acid), all belonging to the class of
arylpropionic acid derivatives (Scheme 1). They are BCS class
II drugs1 (i.e., they are characterized by high permeability and
low solubility), and because of their poor aqueous solubility,
they are usually formulated as inorganic (e.g., ibuprofen,
naproxen, and ketoprofen as sodium salts) as well as organic

salts (ibuprofen as arginine or lysine salts; ketoprofen as a
lysine one). Moreover, given the presence of one stereogenic
center (the α-carbon of propionic acid), they exist as a pair of
enantiomers, and although only the S one is the active
pharmaceutical ingredient (API),2 they are usually adminis-
tered as racemic mixtures. However, over the last few years,
interest in single-enantiomer formulations has increased due to
several clinical advantages, including easier/improved pharma-
cokinetic and pharmacodynamic profiles, lower prescribed
amount, and reduced toxicity, just to name a few.3 The
development of a single-enantiomer drug starting from the
corresponding chiral one, previously developed as a racemic
mixture, is referred to as a “chiral switch”. The change in the
status of the drug chirality, i.e., the chiral switch, also implies
patent issues, e.g., enantiomer patents, a kind of secondary
pharmaceutical patent, which claims a single enantiomer of a
chiral drug previously claimed as a racemate.4,5 Ibuprofen was
the first NSAID to be switched to the single-enantiomer
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Scheme 1. Left: Schematic Drawing of Ibuprofen (Top),
Naproxen (Middle) and Ketoprofen (Bottom) and Right:
(S)-(-)−1-Phenylethylamine (Top) and (R)-(+)-1-
Phenylethylamine (Bottom)
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formulation,6 followed by ketoprofen four years later (1998),7

and their S enantiomers are also marketed in several fixed-dose
combination drugs, as well as (S)-naproxen.
Enantiopure APIs may be obtained via asymmetric syntheses

(usually expensive and time-consuming) or via separation of
the two isomers, for example, through chromatographic
resolution, enzymatic resolution, or formation of diastereo-
meric salts (DSs).8,9 Classical racemic resolution via DSs
formation, which exploits their different physicochemical
properties (e.g., melting point, solubility) for the separation,
involves a racemic chiral acid (base) and a basic (acid)
optically active resolving agent. Low cost coupled with the
recovery of the resolving agent are the usual advantages of this
widely used method in the pharmaceutical industry. By
contrast, the selection of the best resolving agent as well as
the best experimental conditions is usually time-consuming
and largely empirical. Studies on structurally related diaster-
eomeric salts10 can help to overcome this trial-and-error
approach providing useful hints for the resolving agent choice.
In this context, in-depth and systematic investigations of the
solid forms of strictly related diastereomeric salts could provide
useful suggestions about the forces/features to be exploited for
successful resolutions.
In the past, we have used X-ray diffraction (SCXRD, PXRD)

thermoanalytical techniques (DSC, TGA, and HSM) and in-
silico tools (e.g., modeling and data mining) to study the solid
forms of APIs belonging to different classes (β-blockers,11,12

NSAIDs) and in different forms (salts13−15 and metal
complexes)16 and to correlate their structural and physico-
chemical properties.17,18

With this in mind, and as part of our ongoing structural
study of (S)-ketoprofen (S-Ket, hereafter),19−21 its DSs with
(R)-(+)- and (S)-(−)-1-phenylethylamine (α-methylbenzyl-
amine; R-PEA and S-PEA, hereafter, Scheme 1) were prepared
and investigated. 1-Phenylethylamine was chosen because (1)
it is a commonly used resolving agent (it is cheap, and it has
the chiral center close to the functional group involved in the
recognition event); (2) with carboxylic acids, it forms robust
charge-assisted hydrogen-bonded heterosynthons;22 (3) the
structures of both the homochiral and heterochiral DSs with
(S)-ibuprofen (S-Ibu, hereafter) have already been de-
scribed23,24 as well as that of (S)-naproxen (S-Nap, hereafter)
with R-PEA,25 thus providing a first set of closely structurally
related diastereomeric salts.
The set of investigated salts was completed by adding the S-

Nap_S-PEA salt. During the solid-state investigation of S-
Ket_R-PEA, a partially hydrated species was identified. Finally,
given that we were also interested in studying the DSs in bulk,
fresh samples of S-Ibu_S-PEA, S-Ibu_R-PEA, and S-Nap_R-
PEA were prepared.
In summary, we herein present the results of the

experimental and in-silico investigation of the solid forms of
the seven structurally related DSs of S-Ket, S-Ibu, and S-Nap
with R- and S-PEA, including the partially hydrated species of
S-Ket_R-PEA (S-Ket_R-PEA_W, hereafter). Their crystal
structures have been discussed and compared to each other,
and their bulk properties in terms of thermal and phase
stabilities (including hydration/dehydration processes) have
been assessed. Similarities and differences have been evidenced
and correlated with NSAIDs selective PEA-sorption propen-
sities with the final aim of extracting useful information about
the factors governing the chiral separation of their correspond-
ing racemic compounds.

■ EXPERIMENTAL SECTION
Chemicals. (S)-(+)-2-(6-Methoxy-2-naphthyl)propionic acid

((S)-(+)-naproxen, 99%) was purchased from Alfa Aesar. (S)-
(+)-Ibuprofen (98%), (S)-(+) ketoprofen (99%), (S)-(−)-1-phenyl-
ethylamine (99%), and (R)-(+)-1-phenylethylamine (99%) were
purchased from Sigma-Aldrich. All of the APIs were used without
further purification.

Procedures for Salt Preparation. All syntheses were carried out
in air at room temperature (rt) using ultrapure water (Milli-Q,
Millipore type 1, 18.2 MΩ cm resistivity at 25 °C) and ethanol (96%)
purchased from Sigma-Aldrich, used without further purification.
Preliminary melting points of the prepared salts were measured on a
Stuart Scientific SIMP3 apparatus and are uncorrected. 1H NMR
spectra were recorded with a Varian Mercuryplus 400 instrument,
operating at 400 MHz.

To make sure that each microcrystalline powder sample contained
the same phase as the corresponding single crystals, its rt PXRD
pattern was compared with the theoretical one obtained from SCXRD
data (see Figures S1−S7).

Synthesis of (S)-(−)-1-Phenylethylammonium (S)-(+)-2-(4-
Isobutylphenyl)propionate (S-Ibu_S-PEA) and (R)-(+)-1-Phenyl-
ethylammonium (S)-(−)-2-(4-Isobutylphenyl)propionate (S-Ibu_R-
PEA). Both (S)-(+)-ibuprofen (206.3 mg, 1 mmol) and (S)-(−)-1-
phenylethylamine or (R)-(+)-1-phenylethylamine (129 μL, 1.0
mmol) were dissolved in 6 mL of a 67% ethanol/water mixture by
heating at 60 °C for a minute under magnetic stirring. The solution
was cooled to rt, and some of the solvent was allowed to evaporate.
After 24 h, the formation of colorless needles was observed. The
suspension was filtered to recover the salts. 1H NMR (methanol-d6)
spectra were collected on the solid products to verify the
stoichiometric ratio (1:1) of the salt and to exclude the excess of
unreacted starting material. The signals considered were the quartets
at ca. 3.60 ppm for ibuprofen and ca. 4.30 ppm for PEA (see Figures
S8 and S9).

Yield: 216 mg (66% based on the formula [C8H12N][C13H17O2]
(S-Ibu_S-PEA) and 190 mg (58% based on the formula [C8H12N]-
[C13H17O2] (S-Ibu_R-PEA).

Synthesis of (S)-(−)-1-Phenylethylammonium (S)-(+)-2-(6-me-
thoxy-2-naphthyl)propionate (S-Nap_S-PEA) and (R)-(+)-1-Phe-
nylethylammonium (S)-(+)-2-(6-Methoxy-2-naphthyl)propionate
(S-Nap_R-PEA). Both (S)-(+)-naproxen (230.3 mg, 1 mmol) and
(S)-(−)-1-phenylethylamine or (R)-(+)-1-phenylethylamine (129 μL,
1.0 mmol) were solubilized together under magnetic stirring in 15 mL
of a 70% ethanol/water mixture. Stirring was ceased upon observing
the complete dissolution of both reagents, the system was stored at rt,
and the vial was sealed with punctured Parafilm. The salts were
obtained as colorless needles after partial solvent evaporation at rt for
7 days.

Yield: 221 mg (63% based on the formula [C8H12N][C14H13O3]
(S-Nap_S-PEA) and 214 mg (61% based on the formula [C8H12N]-
[C14H13O3] (S-Nap_R-PEA).

As an alternative method, the reactants were dissolved in ethanol (8
mL) by heating at 60 °C for a minute under magnetic stirring. Then 2
mL of H2O was added, and the solution was cooled to rt. After partial
evaporation of the solvent, 24 h later, the formation of colorless
needles was observed. The suspension was filtered to recover the salts.
In all cases, 1H NMR (methanol-d6) spectra were collected on the
solid products to verify the stoichiometric ratio (1:1) of the salt and
to exclude the excess of unreacted starting material. The signals
considered were the quartets at ca. 3.60 ppm for naproxen and ca.
4.30 ppm for PEA (see Figures S10 and S11).

Yield: 208 mg (59% based on the formula [C8H12N][C14H13O3]
(S-Nap_S-PEA) and 239 mg (68% based on the formula [C8H12N]-
[C14H13O3] (S-Nap_R-PEA).

Synthesis of (S)-(−)-1-Phenylethylammonium (2S)-2-(3-
Benzoylphenyl)propionate (S-Ket_S-PEA) and (R)-(+)-1-Phenyl-
ethylammonium (2S)-2-(3-Benzoylphenyl)propionate (S-Ket_R-
PEA). Both S-(+)-ketoprofen (254.3 mg, 1.0 mmol) and (S)-(−)-1-
phenylethylamine or R-(+)-1-phenylethylamine (134 μL, 1.05 mmol)
were solubilized together under magnetic stirring in 5 mL of a 70%
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ethanol/water mixture. Stirring was ceased upon observing the
complete dissolution of both reagents, and the system was stored at rt.
Colorless needles of the salts formed once the solvent evaporated
completely. 1H NMR (methanol-d6) spectra were collected on the
solid products to verify the stoichiometric ratio (1:1) of the salt and
to exclude the excess of unreacted starting material. The signals
considered were the quartets at ca. 3.60 ppm for ketoprofen and ca.
4.30 ppm for PEA (see Figures S12 and S13).
Synthesis of (R)-(+)-1-Phenylethylammonium (2S)-2-(3-Benzoyl-

phenyl) Propionate Hydrate (S-Ket_R-PEA_W). Both (S)-(+)-keto-
profen (254.3 mg, 1 mmol) and (R)-(+)-1-phenylethylamine (129
μL, 1.0 mmol) were dissolved in 5 mL of a 70% ethanol/water
mixture under magnetic stirring. After 5 days, by slow and not
complete solvent evaporation, the formation of colorless platelet
crystals was observed. 1H NMR (methanol-d6) spectra were collected
on the solid products to verify the stoichiometric ratio (1:1) of the
salt and to exclude the excess of unreacted starting material. The
signals considered were the quartets at ca. 3.60 ppm for ketoprofen
and ca. 4.30 ppm for PEA (see Figure S14).
Yield: 272 mg (72% based on the formula [C8H12N][C16H13O3]·

0.15H2O (S-Ket_R-PEA_W).

Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
data of S-Ibu_S-PEA, S-Nap_S-PEA, S-Nap_R-PEA, S-Ket_S-PEA,
S-Ket_R-PEA, and S-Ket_R-PEA_W were collected on a Bruker
APEX-II CCD diffractometer using Cu−Kα radiation. All measure-
ments were performed at 100 K. For compounds S-Ibu_S-PEA and S-
Nap_R-PEA, this was a redetermination at a lower temperature of
already known structures (VAKVEK24 (173 K) and HIFRIX25 (rt),
respectively).

Diffraction data were collected with the Bruker APEX2 program26

and reduced with the Bruker SAINT27 one. Structures were solved
using the SIR-2004 package28 and refined by full-matrix least-squares
against F2 using all data (SHELX2018/3.29 In all structures, the non-
hydrogen atoms were anisotropically refined. All hydrogen atoms
were found in the Fourier difference map. Their coordinates were
freely refined, while their thermal parameters were set in accordance
with the atoms to which they are bonded. The occupancy factor of the
oxygen water molecule in S-Ket_R-PEA_W was set to 0.15
(hydrogen atoms were not added); this value was obtained after
several refinement cycles during which it was freely refined.30 Table 1
reports crystal data and refinement parameters for all structures. In
Figure 1, ball and stick views of the asymmetric units of the S-Nap_S-

Table 1. Crystal Data and Refinement Parameters of S-Ibu_S-PEA, S-Nap_S-PEA, S-Nap_R-PEA, S-Ket_S-PEA, S-Ket_R-PEA,
and S-Ket_R-PEA_W

S-Ibu_S-PEA S-Nap_S-PEA S-Nap_R-PEA

formula [C8H12N][C13H17O2] [C8H12N][C14H13O3] [C8H12N][C14H13O3]
MW 327.45 351.42 351.42
T (K) 100 100 100
λ (Å) 1.54178 1.54178 1.54178
crystal system, space group orthorhombic, P212121 monoclinic, P21 monoclinic, P21
unit cell dimensions (Å, °) a = 5.8472(1) a = 12.5323(3) a = 11.5926(4)

b = 15.2007(3) b = 5.9648(2); β = 102.922(1) b = 5.8932(4); β = 94.487(2)
c = 22.2281(4) c = 13.1780(3) c = 13.5680(4)

volume (Å3) 1975.67(6) 960.14(5) 924.09(5)
Z, dc (g/cm3) 4, 1.101 2, 1.216 2, 1.263
μ (mm−1) 0.544 0.641 0.666
F(000) 712 376 376
crystal size (mm) 0.15 × 0.18 × 0.24 0.14 × 0.15 × 0.19 0.14 × 0.16 × 0.19
reflns collected/unique (Rint) 10588/3456 (0.0615) 21660/3404 (0.0669) 13442/3534 (0.0834)
2θ range (deg) 7.95/133.62 6.88/136.73 6.53/145.39
data/parameters 3456/304 3404/310 3534/310
final R indices [I > 2σ] R1 = 0.0463, wR2 = 0.1183 R1 = 0.0514, wR2 = 0.1321 R1 = 0.0459, wR2 = 0.1001
R indices (all data) R1 = 0.0512, wR2 = 0.1275 R1 = 0.0518, wR2 = 0.1332 R1 = 0.0550, wR2 = 0.1063
GOF 1.054 1.108 1.079

S-Ket_S-PEA S-Ket_R-PEA S-Ket_R-PEA_W

formula [C8H12N][C16H13O3] [C8H12N][C16H13O3] [C8H12N][C16H13O3]·0.15H2O
MW 375.44 375.44 379.75
T (K) 100 100 100
λ (Å) 1.54178 1.54178 1.54178
crystal system, space group orthorhombic, P212121 orthorhombic, P212121 monoclinic, P21
unit cell dimensions (Å, °) a = 6.045(2) a = 6.5660(3) a = 12.554(2)

b = 12.894(4) b = 10.2179(5) b = 6.6768(9); β = 93.563(5)
c = 25.868(9) c = 30.331(1) c = 12.638(2)

volume (Å3) 2030(1) 2034.9(2) 1057.3(3)
Z, dc (g/cm3) 4, 1.229 4, 1.225 2, 1.193
μ (mm−1) 0.642 0.641 0.631
F(000) 800 800 405
crystal size (mm) 0.13 × 0.15 × 0.18 0.16 × 0.20 × 0.25 0.14 × 0.18 × 0.22
reflns collected/unique (Rint) 17011/4020 (0.0802) 18351/3522 (0.0800) 12599/4091 (0.0755)
2θ range (deg) 6.83/149.11 5.83/134.47 7.01/144.84
data/parameters 4020/328 3522/328 4091/337
final R indices [I > 2σ] R1 = 0.0786, wR2 = 0.1757 R1 = 0.0526, wR2 = 0.1494 R1 = 0.0519, wR2 = 0.1307
R indices (all data) R1 = 0.0906, wR2 = 0.1835 R1 = 0.0596, wR2 = 0.1602 R1 = 0.0573, wR2 = 0.1379
GOF 1.178 1.061 1.083
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PEA, S-Ket_S-PEA, S-Ket_R-PEA, and S-Ket_R-PEA_W structures
are reported, while the ORTEP-3 view of the asymmetric unit of the
above-mentioned four compounds and of S-Ibu_S-PEA and S-
Nap_R-PEA (all with the atom labels) are in the Supporting
Information (Figures S15−S20). Cell parameters were also
determined at 300 K for all the anhydrous salts reported above,
plus the already known S-Ibu_R-PEA salt (CSD Refcode =
VUCHOR23). For S-Ket_R-PEA_W, cell parameters were deter-
mined at different temperatures in the 100−340 K range.
Powder X-ray Diffraction (PXRD). Room-temperature PXRD

measurements were carried out by using a Bruker New D8 Da Vinci
diffractometer (Cu−Kα1 radiation = 1.54056 Å, 40 kV x 40 mA),
equipped with a Bruker LYNXEYE-XE detector, scanning range 2θ =
3−40°, 0.03° increments of 2θ and counting time of 0.8 s/step.
Variable-temperature PXRD analyses of S-Nap_S-PEA, S-Nap_R-
PEA, and S-Ket_R-PEA_W were performed by using an Anton Paar
HTK 1200N hot chamber mounted on a Panalytical X’Pert PRO
automated diffractometer (Cu−Kα radiation, 40 kV × 40 mA),
equipped with a PIX-CEL solid-state fast detector. The scanning
range was 2θ = 5−40° with a 1 s/step counting time and 0.03°
increments of 2θ. The temperature variation rate was 5 K/min. After
the target temperature was reached, the sample was kept at that
temperature for 5 min before proceeding with data collection.
Measures were performed in air.
Differential Scanning Calorimetry (DSC) and Thermogravi-

metric Analysis (TGA). Differential scanning calorimetry (DSC)
experiments were performed by using a Mettler Toledo DSC1
Excellence instrument. Measurements were run in aluminum pans
with pinhole lids (the samples’ mass ranged from 0.8 to 3.2 mg).
Temperature and enthalpy calibrations were done using indium as a
standard. Measurements were carried out in the 300−490 K range for
the S-Ibu and S-Nap salts and in the 300−450 K range for the S-Ket
ones. A linear heating rate of 10 K/min was used. Experiments were
performed in air. DSC peaks were analyzed using the STARe
software.31 The reported data were the average of two measurements,
and standard errors were ±0.1 K for temperature and ±0.3 kJ/mol for
enthalpy.

For the thermogravimetric analyses (TGA), samples were analyzed
on an EXSTAR Seiko 6200 analyzer under air (100 mL/min) at a
heating rate of 5 K/min from 313 to 873 K. The weight of the
samples was between 3 and 5 mg.

Hydration and Dehydration Tests on (S)-Ketoprofen Salts.
The possible anhydrous → hydrate transformation of S-Ket_S-PEA
and S-Ket_R-PEA was investigated by keeping the salts in a
desiccator at constant relative humidity (ca. 75% by using a saturated
solution of NaCl) for a week. At the end of this period, PXRD
patterns were collected and compared with those taken at the
beginning of the experiment.

In addition, the dehydration process of the S-Ket_R-PEA_W salt
was investigated by putting the salt in a desiccator for a week with
KOH. Then, the PXRD patterns collected at the beginning and at the
end of the experiment were compared. Variable-temperature XRD
measures were also carried out to check the possibility of triggering
the dehydration process by temperature: cell parameters of the S-
Ket_R-PEA_W salt were determined in the 100−340 K range by
SCXRD, and a VT-PXRD experiment was carried out in the 300−390
K range (see the powder X-ray diffraction, PXRD section). Results
were then compared with those from TGA and DSC analyses.

Sorption Tests of rac-PEA on (S)-NSAIDs. In a desiccator, (S)-
NSAID (1 mmol) and rac-1-phenylethylamine (387 μL, 3.0 mmol)
were put in two different Petri dishes. The desiccator was kept under a
vacuum for 6 days; after that time, a PXRD pattern of the solid
originally containing the (S)-NSAID sample was collected. The
procedure was repeated for all the S-NSAIDs under investigation.

Preliminary Thermal Stability Tests on (S)-NSAID Salts. Each
(S)-NSAID salt was kept in an oven for 2 h. The temperature was set
about 30 K lower than the melting temperature of the corresponding
salt as measured with a Stuart Scientific apparatus: S-Ibu_S-PEA, T =
420 K; S-Ibu_R-PEA, T = 400 K; S-Nap_S-PEA, T = 415 K; S-
Nap_R-PEA, T = 400 K; S-Ket_S-PEA, T = 370 K; S-Ket_R-PEA, T
= 360 K; S-Ket_R-PEA_W, T = 360 K.

Then, a PXRD pattern of each sample at the end of the experiment
was collected and analyzed. Finally, 1H NMR (CDCl3) spectra were
collected, and the ratio of NSAID/PEA was evaluated by integration

Figure 1. Ball and stick view of the asymmetric units of S-Nap_S-PEA, S-Ket_S-PEA, S-Ket_R-PEA, and S-Ket_R-PEA_W.
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of the signals. In particular, the quartets at ca. 3.60 and ca. 4.30 ppm
were used for NSAID and PEA, respectively.
In-Silico Analysis. The crystal packing of the seven salts was

analyzed with Mercury.32 Crystal-Explorer1733 was used to compute
the Hirshfeld surfaces (HS) and their associated 2D fingerprint plots
in order to further investigate the intermolecular interactions which
hold together the crystal of the six anhydrous diastereomeric salts (the
S-Ket_R-PEA_W, due to the fractional occupancy factor of the
crystallization water molecule, was not analyzed).
In addition, a series of solid-state calculations were run on the

anhydrous and hydrated salts of S-Ket_R-PEA. The crystallographic
coordinates of S-Ket_R-PEA and S-Ket_R-PEA_W were the starting
points for the geometrical calculations. In order to estimate the
energetic gain due to the hydration of the S-Ket_R-PEA salt, four
different models of the (S)-ketoprofen heterochiral salt with different
water occupancies (0, 1/4, 1/2, and 1) were optimized.
The HSEsol-3c was chosen for the optimization and energetics for

its computationally demonstrated efficiency with an accuracy
comparable to converged basis set dispersion corrected DFT.34 The
HSEsol-3c is based on an HSE-3c functional35 extended for solid-state
calculation. It is augmented with semiclassical correction potentials,
and it is designed for the simulation of noncovalent interactions in
large systems and for the solid state. The revised double-ζ quality
atomic basis set was used.34 The CRYSTAL17 software package was
used for all the calculations.36

Cambridge Structural Database Survey. The Cambridge
Structural Database (CSD, version 5.42)37 was searched for crystal
structures (3D coordinates determined and only organics) containing
the 1-phenylethylammonium cation (Scheme 2, left) and the aromatic

carboxylate derivative fragment (Scheme 2, middle) to get
information about the conformational preferences of the ammonium
and carboxylate groups in these ions: 403 and 86 hits were found,
respectively.
Then, structures containing both the PEA cation and the

carboxylate derivative (Scheme 2 right, 3D coordinates determined,
only organics) were searched; in this case, attention was paid to the
H-bond motif which holds together the ions: 205 hits were found in
the CSD, among which 6 pairs of diastereomeric salts were found
(with the chiral α-carbon, 3D coordinates determined, no -OH and
-NH H-bond acceptors/donors in the carboxylate derivative, no
solvent molecules) including S-Ibu_S-PEA and S-Ibu_R-PEA:
AFINEJ/NMACEP;38 COVLAC/COVLIK;39 IRONEJ/IRONIN;40

JASJIX/QANPIF;41 ODIQEZ42/YARRER.43

■ RESULTS
Procedures for Salt Preparation. As mentioned above,

the S_Nap-R_PEA salt has already been described under the
CSD refcode HIFRIX;25 however, the authors did not
highlight the method used for obtaining the salt and the
related single crystals. For S-Ibu_S-PEA (CSD refcode:
VAKVEK), a solventless procedure followed by methanol
dissolution and slow evaporation at rt is reported,24 while,
according to the authors, poor-quality crystals of S-Ibu_R-PEA
(CSD refcode: VUCHOR) were obtained from ethanol.23

Considering that in the pharmaceutical industry salts are
typically produced in solution, all the investigated salts were
synthesized by traditional solution-based methodologies. All
the syntheses were carried out by using the same solvent
mixtures (ethanol/water in different ratios and amounts),

where PEA resulted as miscible. In all cases, slow solvent
evaporation resulted in SCXRD-quality crystals. The salt
preparation procedure was slightly modified according to the
different solubilities and/or behavior of S-Ibu, S-Nap, and S-
Ket in the adopted solvent mixtures (details in Supporting
Information).

Molecular Structures from Single-Crystal X-ray
Diffraction. The asymmetric unit of the anhydrous diaster-
eomeric salts S-Ibu_S-PEA, S-Nap_R-PEA, S-Nap_S-PEA, S-
Ket_S-PEA, and S-Ket_R-PEA contains one NSAID anion
and one 1-phenylthylammonium cation, while in S-Ket_R-
PEA_W, it also includes one disordered water molecule
(occupancy factor 0.15). For comparative purposes, the
following discussion will also comprise the structure of S-
Ibu_R-PEA (VUCHOR, data collected at 111 K).23 As for S-
Ibu_S-PEA and S-Nap_R-PEA, lowering the temperature
(100 vs 173 K and rt, respectively) does not produce any
significant rearrangement of the structures, both at the
molecular and crystal levels (vide inf ra).
Similarities and differences in the conformations adopted by

the PEA cations in the seven salts are well illustrated in Figure
2. Table S1 in the Supporting Information lists the most

significant dihedral angles which define their conformation. In
the homochiral salts, the S-PEA cations are almost perfectly
superimposable, while a larger conformational variability is
observed in the heterochiral species (Figure 2, right). In
particular, the orientation adopted by the ethylammonium
moiety in the S-Nap_R-PEA and S-Ket_R-PEA salts appears
less populated in the CSD. As for the NSAIDs, there is not a
definite trend in the orientation of the propionate group
depending on the overall chirality (SS versus SR) of the salts
(Figure 3 and Table S1). In other words, the orientation of the
propionate group does not change significantly within the
series, except for S-Ibu_R-PEA (see also Figure S21), and it is
consistent with the torsional data extracted from a search in
the CSD (except for the orientation observed in S-Ket_S-PEA
which is quite uncommon). Despite these similarities, the S-
Ibu as well as the S-Ket anions adopt different overall shapes in
their salts (see Figure 3).
In fact, on the basis of the relative orientation of the methyl

and isobutyl groups, the ibuprofen molecule shows a U and a
chair shape in S-Ibu_S-PEA and S-Ibu_R-PEA, respectively
(Figure 3). On the same grounds (relative orientation of the
methyl and final phenyl groups), the ketoprofen anion shows
an overall U shape in S-Ket_R-PEA, while it is chair-shaped in
the S-Ket_S-PEA and S-Ket_R-PEA_W salts (Figure 3).

Crystal Structures from Single-Crystal X-ray Diffrac-
tion. As expected,22 in the salts, the NSAIDs and PEA ions are
assembled through the 1-phenylethylammonium-carboxylate
supramolecular heterosynthon,44 which is also observed in the
hydrated species of S-Ket_R-PEA (S-Ket_R-PEA_W). Each

Scheme 2. Molecular Fragments Searched in the CSD

Figure 2. Superimposition of S_PEA (left) and R_PEA (right) in the
salts with (S)_ibuprofen (red), (S)-naproxen (green), and (S)-
ketoprofen (blue, ball and stick for the S-Ket_R-PEA_W salt).
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1-phenylethylammonium cation is involved in three charge-
assisted N+−H···O− hydrogen bonds45 with three carboxylate
groups, as already found in the crystal structures of S-Ibu_S-
PEA and S-Ibu_R-PEA determined at 173 and 111 K,
respectively (VAKVEK and VUCHOR) and in the rt structure
of S-Nap_R-PEA (HIFRIX). The distances separating the
ammonium nitrogen and the carboxylate oxygen atoms in the
seven salts are listed in Table 2. In all crystal structures a H-

bonded ring originates (Scheme 3), made up of three and four
H-bond acceptors and donors, respectively, which, according
to graph set notation,46 can be categorized as R4

3(10). This
motif is usually present in the crystal structures containing 1-
phenylethylammonium ions and carboxylate moieties, as
provided by a search in the CSD. In particular, 205 hits
featuring the PEA cation and the carboxylate fragment
sketched in Scheme 2 (right) were found: 98 hits characterized
by no -OH and -NH additional H-bond acceptor/donor
groups in the monocarboxylate derivative and no cocrystallized
solvent molecules were selected; 95 of them feature the R4

3(10)
H-bond motif.

The R4
3(10) motif extends along the shortest axis direction,

giving rise to a hydrogen-bonded column arranged about the
two-fold screw axis (Scheme 3), referred to as a type II
column.47 As already noticed for the S-Ibu salts,23,24 also in the
anhydrous S-Ket ones the homochiral species is characterized
by a shorter repeat distance (ca. 0.5 Å), while in the S-Nap
salts they are comparable. Additional contacts of CH···OOC
type between adjacent NSAID anions as in S-Ibu_S-PEA
(C2H2···O2, 2.42(4) Å, 155(3)°) and in S-Ket_R-PEA
(C6H6···O2, 2.58(6) Å, 128(4)°), as well as between adjacent
PEA and naproxen ions in S-Nap_R-PEA (C2PH2PC···O1
and C2PH2PC···O2, 2.51(3)Å, 161(2)° and 2.51(3) Å,
145(2)°, respectively) further stabilize each column.
In the hydrate species S-Ket_R-PEA_W, the disordered

water molecule contributes to the intracolumn H-bond
network (O1W···O2 = 2.82(2) Å; O1W···N1P = 3.12(2) Å,
O1W···H1NC = 2.71(4) Å, O1W···H1NC-N1P = 105(3)°).
Figure 4 shows the 1-D H-bonded columns in the seven salts

viewed down the 21 screw axis and illustrates well the
differences and similarities in the overall shape adopted by
each NSAID, as well as in the relative arrangement of the
NSAID/PEA ions within each column.
For example, the NSAID and PEA aromatic rings are almost

perpendicularly disposed in S-Ibu_R-PEA (77°), in both the
naproxen salts (S-Nap_S-PEA, 77°; S-Nap_R-PEA, 87°), and
in S-Ket_R-PEA (73°) and S-Ket_R-PEA_W (86°), while
they are disposed at about 50° in S-Ibu_S-PEA (52°) and S-
Ket_S-PEA (43°).
Finally, the overall relative arrangement of the NSAID and

PEA ion pairs, which is very similar in S-Ibu_R-PEA and S-
Ket_R-PEA_W, outlines a sort of pocket which, in the latter,
hosts the crystallization water molecule (vide inf ra).
In addition, in both the ibuprofen salts, in S-Nap_S-PEA

and in the anhydrous and hydrate S-Ket_R-PEA salts, the
NSAID and PEA -CH3 groups are arranged head-to-tail, while
in S-Nap_R-PEA and S-Ket_S-PEA they are head-to-head. In
the head-to-tail group of anhydrous salts, the methyl group
provided by the PEA cation always points toward a facing
phenyl ring provided by the H-bonded NSAID anion resulting
in CH3···π interactions (see Table S2). In S-Ket_R-PEA,
further -CH3···π contacts are present between the methyl
group provided by ketoprofen and the PEA aromatic ring (see
Table S2), while in S-Ibu_R-PEA a CH···π contact involves
the chiral carbon atom of the anion and the aromatic ring of
the facing PEA (see Table S2). In S-Ket_S-PEA, NSAID-PEA-
NSAID sequences weakly interact through T-shaped π···π
contacts, while in S-Nap_R-PEA the same kind of interaction
binds NSAID-PEA pairs (see Table S2).

Figure 3. From left to right (S)-ibuprofen (red), (S)-naproxen (green), and (S)-ketoprofen (blue, stick in anhydrous, ball and stick in the hydrate
salts) in the homochiral (top) and heterochiral (bottom) salts.

Table 2. Distances (Å) Separating the Ammonium Nitrogen
and the Carboxylate Oxygen Atoms

diastereomeric salt d1 d2 d3

S-Ibu_S-PEA 2.732(3) 2.786(3) 2.719(3)
S-Ibu_R-PEAa 2.764 2.695 2.812
S-Nap_S-PEA 2.771(3) 2.808(2) 2.663(3)
S-Nap_R-PEA 2.703(3) 2.871(3) 2.760(3)
S-Ket_S-PEA 2.724(7) 2.791(7) 2.822(6)
S-Ket_R-PEA 2.785(4) 2.861(4) 2.739(4)
S-Ket_R-PEA_W 2.757(4) 2.720(3) 2.781(4)

aSee ref 23.

Scheme 3. Drawing of the H-Bonded Columna

aH-bonds are shown in cyan, together with the distances separating
the nitrogen and oxygen atoms involved in the bond.
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Figure 4. Columns viewed down the 21 axis: S-Ibu (left), S-Nap (middle), and S-Ket (right) salts with S-PEA (top) and R-PEA (bottom). S-
Ket_R-PEA_W is represented as sticks.

Figure 5. Crystal packings (viewed down the 21 axis of the column) of S-Ibu_S-PEA (top left) and S-Ibu_R-PEA (top right); S-Nap_S-PEA
(middle left) and S-Nap_R-PEA (middle right); S-Ket_S-PEA (bottom left), S-Ket_R-PEA (bottom center), and S-Ket_R-PEA_W (bottom
right).
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Depending on the space group, two types of relative
arrangements of the columns can be recognized: a parallel
packing (columns are parallelly aligned, P21 space group) and
an antiparallel packing (columns run in alternate directions,
P212121 space group). CH···π contacts exist between the
different columns, except for S-Ket_R-PEA (see Table S3),
supported by CH···OCH3 and CH···OC in the naproxen
and ketoprofen salts, respectively.
In both ibuprofen salts, columns are connected through

ibuprofen-PEA T-shaped π···π contacts (Figure 5 top). In S-
Nap_S-PEA, PEA−PEA and naproxen−naproxen T-shaped
π···π interactions are present, and in S-Nap_R-PEA naproxen
anions are involved in -OCH3···π contacts (Figure 5 middle);
finally, in both salts, the methoxy oxygen atom also contributes
to reinforce the crystal lattice, acting as a H-bond acceptor. In
S-Ket_S-PEA, PEA−PEA T-shaped π···π interactions are
present (Figure 5 bottom left). As for the heterochiral salts,
in S-Ket_R-PEA, the carbonyl oxygen atom acts as a
bifurcated acceptor toward the hydrogen atoms provided by
PEA and ketoprofen ions of two different columns (Figure 5
bottom center), while in S-Ket_R-PEA_W, ketoprofen-PEA
T-shaped π···π contacts as well as CH···OC interactions
involving the H atoms belonging to two ketoprofen ions of the
same columns are present (Figure 5, bottom right).
The most important intermolecular contacts described

above are also well evidenced by the Hirshfeld surface (HS)
analysis and the related fingerprint plots (details in Supporting
Information; see also Figures S22−S28).
A visual comparison of the crystal packings shown in Figure

5 illustrates well the different packing efficiencies in the six
anhydrous salts. The S-Ibu salts are definitely less efficiently

packed than the S-Nap and S-Ket ones, as also quantified by
the crystal density and the Kitaigorodskii packing index
(K.P.I.)48,49 listed in Table 3, while S-Nap_R-PEA is the
most densely packed. Finally, the ibuprofen and ketoprofen
homochiral salts are more efficiently packed than the
corresponding heterochiral ones (Table 3), and they melt at
a higher temperature (vide inf ra).
As for the hydrated species, the calculated density based on

the crystallographic data is definitely lower than the
corresponding anhydrous ketoprofen-PEA salt. Consistent
with the low occupancy factor of the crystallization water
molecule, its in-silico removal results in a very small fraction of
empty volume (1.1%); the resulting voids show that the water
molecules are lodged in isolated pockets (Figure 6).

Variable-Temperature Analysis. The behavior of the
seven NSAID/PEA salts as the temperature changes was
investigated by means of DSC, TGA, and XRD (both single
crystal and powder).
First, the stability of each crystal phase in the 100 K to rt

range was checked by monitoring the cell parameters at
different temperatures by SCXRD (Table S4): no phase
transitions occurred. Above rt, the thermal behavior of the
seven salts was initially investigated putting each compound in
an oven for 2 h (details in the Experimental Section), and then
the resulting samples were characterized by PXRD and 1H
NMR, the latter to evaluate the API/PEA ratio. Data from this
preliminary investigation were then compared with TGA, DSC
and, in some cases, also with variable-temperature PXRD (VT-
PXRD) outcomes. The results are summarized as follows.

S-Ibuprofen Salts. In the oven at 420 K (i.e., 30 deg below
the Buchi ̈ melting point), a complete loss of S-Ibu_S-PEA

Table 3. Bulk Properties Derived from SCXRD and Thermal Experiments

SCXRD DSC Melting Point apparatus

diastereomeric salt density (g/cm) K.P.I. T (K) peak (K) extrapolated peak (K) ΔH (kJ/mol) T (K)

S-Ibu_S-PEA 1.101 64.9 100 452.59a 452.86a 53.4a 447.2−448.2
S-Ibu_R-PEA 1.085 63.8 110 430.45a 431.00a 41.7a 427.5−428.2
S-Nap_S-PEA 1.216 67.8 100 446.18a 446.60a 50.5a 445.0−446.0
S-Nap_R-PEA 1.263 70.5 100 415.7b/430.2ad 416.0b/430.1ad 428.7−429.5
S-Ket_S-PEA 1.229 69.1 100 402.69a 402.84a 29.3a 400.2−401.1
S-Ket_R-PEA 1.225 68.2 100 395.98a 396.47a 37.2a 394.0−394.9
S-Ket_R-PEA_W 1.193 100 343.42c/394.26a 346.2c/394.55a 95.0c/−

aMelting. bDecomposition. cDehydration. dMelting of the S-naproxen acid.

Figure 6. Crystal packing view of S-Ket_R-PEA_W viewed down the b (left) and a (right) axis directions showing the voids (probe radius 1.2 Å)
formed upon the in-silico removal of the disordered water molecule.
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occurred, while at a lower temperature (390 K), PXRD data
(see Figure S29) showed that S-Ibu_S-PEA is still present at
the end of the experiment. From the NMR spectrum, a S-Ibu/
S-PEA ratio of 8:1 can be estimated; the TGA curve
consistently showed a continuous mass loss, starting at about
380 K, followed by the complete disappearance of the salt
(Figure S30).
A similar result was observed for S-Ibu_R-PEA (Figure

S31); at 400 K, a partial decomposition of the salt, with loss of
R-PEA, occurred, as evidenced by NMR (at the end of the
experiment, the S-Ibu/R-PEA ratio was 12:1) and TGA data
(see Figure S32).
The DSC curves of both S-Ibu salts show just one

endothermic peak (50 and 30 K above the beginning of
mass loss observed in the TGA, for S-Ibu_S-PEA and S-
Ibu_R-PEA, respectively, Figures S33 and S34). This may be
due to the different procedures adopted for the experiments:
an almost closed pan for DSC (the lid of the aluminum pan
was only punctured) versus the open one adopted in TGA
(measurements were performed under an air flux of 100 mL/
min), a fast DSC experiment (heating rate 10 K/min) versus 2
h in the oven.
S-Naproxen Salts. S-Nap_S-PEA partially decomposed

after 2 h at 415 K in the oven: both the salt and S-naproxen
acid are present in the sample at the end of the experiment (as
provided by the PXRD pattern of the sample, Figure S35).
Consistently, a 6:1 S-Nap/PEA ratio was estimated from the
NMR spectrum. The TGA also confirmed the salt decom-
position at 420 K with a mass loss of 35.2%, which corresponds
to the loss of one PEA molecule for each naproxen (Figure
S36).
S-Nap_R-PEA also decomposes when kept in a oven for 2 h

at 400 K, but in this case the resulting sample contains only the
S-naproxen acid as provided by the NMR data and the PXRD
pattern (Figure S37). As for the TGA, the curve shows a mass
loss of about 33% at about 421 K, which agrees with the loss of
one PEA molecule for each naproxen (Figure S38).
VT-PXRD experiments carried out on both salts showed

that during the heating steps no phase changes occurred until
the complete amorphization of the samples (Figures S39 and
S40).
As for S-Nap_S-PEA, upon cooling, the melt did not

immediately recrystallize; in the PXRD pattern collected the
day after (Figure S41), only the S-Nap acid can be recognized
(the salt did not recrystallize). As far as the heterochiral salt is
concerned, upon lowering the temperature (see Figure S42) a
new crystalline phase forms from the melt, which was ground
after 24 h. The collected PXRD pattern evidenced (Figure
S43) that the crystalline phase contains the S-naproxen acid.50

As already observed for the S-Ibu/PEA salts, in the DSC
curve of S-Nap_S-PEA there is just one endothermic peak at
about 446 K (i.e., about 25 deg above the decomposition
temperature observed during the TGA and VT-PXRD
experiments, Figure S44). It is worth noting that DSC curves
collected at different heating rates (5, 10, and 20 K/min) gave
the same results.
Finally, for S-Nap_R-PEA, two endothermic peaks were

observed in the DSC curve (rt to 470 K range), compatible
with the salt decomposition observed in the TGA curve and
during the VT-PXRD experiment, and with the melting of the
naproxen acid (Tm = 425 K): peak = 415.3 K, extrapolated
peak = 415.4 K and peak = 429.3 K, extrapolated peak = 429.3
K, respectively (see Figure S45).

S-Ketoprofen Anhydrous Salts. No decomposition/phase
changes occurred in the S-Ket_S-PEA and S-Ket_R-PEA salts
when kept in the oven for 2 h at 370 and 360 K, respectively:
the PXRD patterns collected at the beginning and at the end of
the experiment are well superimposable (Figures S46 and
S47), and the NMR spectra of the samples at the end of the
experiment gave S-Ket/PEA ratios of 1.5:1 and 1.2:1 for S-
Ket_S-PEA and S-Ket_R-PEA respectively. In the DSC curves
(see Figures S48 and S49), the endothermic events occurred at
403 and 396 K for S-Ket_S-PEA and S-Ket_R-PEA,
respectively.
TGA evidenced a mass loss of about 10% at about 400 K for

S-Ket_S-PEA and 390 K for S-Ket_R-PEA (Figures S50 and
S51), suggesting partial decomposition of the salts with
consequent release of the amine.

S-Ketoprofen Hydrate Salt. The hydrated salt, S-Ket_R-
PEA_W, transformed into the anhydrous phase S-Ket_R-PEA
when kept in the oven for 2 h at 360 K (see Figure S52 for the
PXRD patterns). Accordingly, from the NMR spectrum, a S-
Ket/PEA ratio of 1.15:1 can be estimated. The DSC curve
showed a very broad peak at about 350 K (peak = 343.42 K,
extrapolated peak = 346.62 K, ΔH = 95.0 kJ/mol), which can
be related to the loss of water and to the hydrate → anhydrous
transition, and a peak at about 390 K (peak = 394.26 K,
extrapolated peak = 394.55 K) due to the S-Ket_R-PEA
melting (see Figure S53). The TGA experiment evidenced (see
Figure S54) a weight loss of 1% between 313 and 373 K, which
corresponds to a calculated water loss of 0.2 water molecules
(consistent with the water occupancy factor as determined
from the SCXRD data).
A VT-PXRD experiment performed on S-Ket_R-PEA_W

confirmed the above findings: at 350 K, the unique crystalline
phase present in the sample is the anhydrous S-Ket_R-PEA
one. At 370 K, an amorphous phase was present (Figure S55),
and no recrystallization was observed when lowering the
temperature. The NMR spectrum evidenced that the S-Ket/R-
PEA ratio in the sample at the end of the experiment was 2:1,
i.e., part of the R-PEA had left the melt.
The stability of the hydrate phase toward the dehydration

process was also tested by putting the S-Ket_R-PEA_W in a
closed chamber with KOH for a week. The PXRD patterns
collected at the beginning and at the end of the experiment
superimpose well on each other (Figure S56): no dehydration
of the sample occurred in this experimental condition.
The reverse transformation, i.e., anhydrous → hydrate, of

the heterochiral salt occurred when the anhydrous phase S-
Ket_R-PEA was put in a closed chamber for a week at
constant relative humidity (ca. 75%, by using a saturated
solution of NaCl) as provided by the PXRD patterns (Figure
S57).
It is noteworthy that, keeping the anhydrous homochiral salt

(S-Ket_S-PEA) in the same experimental conditions, no
hydration process was observed (Figure S58).
A series of solid-state calculations were then run to shed

more light onto similarities/differences in the hydrated and
anhydrous heterochiral S-Ket salts. The anhydrous salt S-
Ket_R-PEA-o, the hydrated salt with full water occupancy, i.e.,
S-Ket_R-PEA_WF-o, and without any water molecules, S-
Ket_R-PEA_WE-o were first optimized. The calculated
volume of S-Ket_R-PEA_WE-o is 3% smaller than that of S-
Ket_R-PEA_WF-o. In any case, a void of 17 Å3 is still visible
where the water solvent molecule was located for S-Ket_R-
PEA_WF-o. From an energetic point of view, the stabilization
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of S-Ket_R-PEA_WF-o is around 75 kJ/mol, 37.4 kJ/mol for
the hemihydrate salt, and it reduces to 18.4 kJ/mol for the S-
Ket_R-PEA_W1/4-o (site occupancy for the water molecule
0.25). These data suggest that just a small occupancy as found
in the experimental structure is enough for the stabilization of
the S-Ket_R-PEA_W skeleton. On the other hand, the energy
difference between the two S-Ket_R-PEA-o and S-Ket_R-
PEA_WE-o polymorphs is less than 0.4 kJ/mol, but S-Ket_R-
PEA-o is denser than S-Ket_R-PEA_WE-o (0.05 g/cm3), and
S-Ket_R-PEA-o does not show any voids in the packing. In
conclusion, just a few water molecules and their hydrogen
bonds are able to stabilize the packing arrangement of S-
Ket_R-PEA_W. On the other hand, the complete removal of
the water molecules in S-Ket_R-PEA_W starting at 313 K
(TGA data) irreversibly destabilizes the dehydrated arrange-

ment of S-Ket_R-PEA_W, and the salt rearranges to the
structure of S-Ket_R-PEA, as shown by the variable-temper-
ature powder X-ray diffraction experiment.

Preliminary Sorption Tests of rac-PEA on (S)-NSAIDs.
To obtain information about the ability of the NSAIDs to
discriminate between the PEA enantiomers, each solid (S)-
NSAID acid was kept for 6 days in a desiccator with an excess
of rac-1-phenylethylamine (compounds were put in two
different Petri dishes). Then PXRD patterns of the samples
were collected.
As for S-Ibu and S-Ket, both samples contain the crystalline

phases of the homochiral salts together with the corresponding
free acid (Figure 7). However, in the batch containing S-Ibu,
the presence of the salt containing R-PEA cannot be excluded
(see in Figure 7 top the peak at 2θ = 21°). Concerning S-Nap,

Figure 7. PXRD patterns. Top: S-Ibu (black), sample after 6 days in desiccator with rac-PEA (red), S-Ibu_S-PEA (blue), S-Ibu_R-PEA
(magenta); middle: S-Ket (black), sample after 6 days in desiccator with rac-PEA (red), S-Ket_S-PEA (blue), S-Ket_R-PEA (magenta); bottom:
S-Nap (black), sample after 6 days in desiccator with rac-PEA (red), S-Nap_S-PEA (blue), S-Nap_R-PEA (magenta).
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at the end of the experiment the free S-Nap acid is still present
together with both the homo- and heterochiral salts (see
Figure 7, bottom).

■ DISCUSSION
The results reported above mainly focus on two aspects: the in-
depth study of the crystal packing of structurally related
NSAID-PEA diastereomeric salts and of the stability/trans-
formation of their solid forms under different experimental
conditions (temperature and environment). Both kinds of
investigations were carried out with the aim of extracting useful
information to shed light onto the forces/features which could
possibly lead to the chiral separation of their corresponding
racemic compounds.
In all the investigated DSs, due to the supramolecular

heterosynton involving the 1-phenylethylammonium and the
carboxylate group (which leads to the formation of the R4

3(10)
motif), columns disposed along the 21 screw axis are present.
In some cases, columns are further stabilized or by additional
CH···OOC contacts (S-Ket_R-PEA, S-Ibu_S-PEA, and S-
NAP_R-PEA) or by an H-bond network which involves the
water molecules (S-Ket_R-PEA_W).
In addition, depending on the relative arrangement of

NSAID and PEA ions, weaker (based on the HS analysis, see
Supporting Information) CH3···π, CH···π, and T-shaped π···π
contacts can also be recognized within the columns.
Finally, in anhydrous and hydrated S-Ket_R-PEA salts,

columns are interlinked through CH···OC contacts, as also
evidenced in the corresponding HSs (see Supporting
Information), while in the other DSs the intermolecular
contacts between the 21 columns appear definitely weaker.
In order to try to rationalize the results of the preliminary

sorption tests, i.e., the fact that with S-Ket only the homochiral
salt forms, while S-Nap is not able to discriminate between the
two PEA counterions (in the case of S-Ibu, the presence of the
heterochiral salt cannot be excluded), the supramolecular
sheets formed by the NSAID/PEA columns inside the crystals
were further investigated. In the homochiral and the hydrated
salts of S-Ket, in both the S-Nap DSs and in S-Ibu_S-PEA, 21

sheets are characterized by almost planar boundary surfaces,
i.e., planar versus uneven surfaces of the sheets51 (see Figure
8). By contrast, in the S-Ibu heterochiral salt, the methyl group
of ibuprofen projects out of the column, and in S-Ket_R-PEA
boundary surfaces are not present: i.e., ketoprofen anions
belonging to different columns fit together like a jigsaw puzzle
also thanks to CH···OC contacts (see Figure 8).
It is worth noting that, in H-bonded columnar structures of

similar diastereomeric salts (like for example PEA salts with
mandelic acid),51 the presence of planar boundary surfaces,
which favor a close packing, together with CH/π interactions
have been recognized to strongly contribute to the stabilization
of the crystal packing and have been correlated with the
resolution efficiency;10 In particular, for successful resolution,
one diastereomeric salt should have a crystal packing consisting
of stable columns stabilized by CH/π interactions and/or
planar boundary surfaces (higher stability), while the other
should not satisfy all three structural requirements (lower
stability). The stability difference reflects on different
solubilities resulting in high resolution efficiency.23,52

On this basis, the results from solid−vapor sorption tests,
which further validate the Kinbara hypothesis,51 can be
rationalized: S-Ket (as well as S-Ibu) reveals a preferential
capture toward the homochiral PEA (their homochiral salts are
characterized by planar boundary surfaces at variance with the
corresponding heterochiral ones), and S-Nap is not selective
(21 sheets of both salts are characterized by almost planar
boundary surfaces).
The relative stability of each component of the diastereo-

meric pair was then checked under different environmental
conditions. All solid forms are stable from 100 K to rt. As for
the anhydrous species, the temperature stability range (vide
inf ra) suggests the homochiral salt as the most stable form,
having the DSs of S-Ibu the largest temperature difference. On
the other hand, decomposition of the samples prevents the use
of the heat of fusion for quantitative comparisons. In fact, all
samples totally or partially decompose upon heating (TGA,
DSC, and PXRD experiments), but S-Ket_S-PEA and S-
Ket_R-PEA did not decompose when kept in the oven at 30 K

Figure 8. Crystal packings of left = S-Ibu_S-PEA (top), S-Ibu_R-PEA (down); middle = S-Nap_S-PEA (top), S-Nap_R-PEA (down); right = S-
Ket_S-PEA (top), S-Ket_R-PEA_W and S-Ket_R-PEA (down).
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below their melting point; thus, in this respect they are the
most stable salts of the series. The fact that the homochiral S-
Ket salt is stable toward hydration, at variance with the
heterochiral one, further suggests that its crystal structure is
definitely more stable with respect to S-Ket_R-PEA, consistent
with planar boundary surfaces and also a higher density. The
water uptake/loss implicates a significant rearrangement of the
whole crystal (ketoprofen anion overall conformation and
column arrangement). This is consistent with the fact that in
the hydrated salt the water molecules occupy isolated voids as
well as the lack of voids in the anhydrous species: the water
molecules cannot easily come in/out of the crystal, and their
removal, triggered by the temperature (exposure to KOH did
not suffice), is accompanied by a rearrangement of the crystal.
On the other hand, results from the solid-state calculations
revealed that the S-Ket_R-PEA_W skeleton is definitely
stabilized also by a small occupancy of water sites. For the
anhydrous salt, S-Ket_R-PEA-o, being more efficiently packed
due to the absence of voids, is preferred with respect to the S-
Ket_R-PEA-WE form.

■ CONCLUSION
In this paper, we have presented the results of a solid-state
investigation of the diastereomeric salts of (S)-ibuprofen, (S)-
naproxen, and (S)-ketoprofen with (R)-(+)- and (S)-(−)-1-
phenylethylamine (including a partially hydrated species) by
using a combination of experimental and in-silico tools with the
aim of extracting suggestions about forces/features which
could be exploited in view of the chiral separation of their
racemic compounds. Attention has been paid to H-bonds and
related patterns, CH···π and π···π interactions, packing modes,
packing efficiency/crystal density, voids type/shape, surface
boundary type (XRD by both single crystal and microcrystal-
line powder, Hirshfeld surface analysis, solid-state calcula-
tions), as well as to thermal and phase stabilities and
hydration/dehydration processes (variable-temperature pow-
der X-ray diffraction, DSC, TGA).
All of the salts are 21-column crystals, each column

consisting of NSAID and 1-phenylthylammonium ions
assembled via the 1-phenylethylammonium-carboxylate supra-
molecular heterosynthon which originates a H-bonded ring
categorized as R4

3(10). Additional intracolumn CH···OOC
contacts are present in S-Ibu_S-PEA, S-Ket_R-PEA and S-
Nap_R-PEA, while in the hydrated species (S-Ket_R-
PEA_W) the water molecule also contributes to the
intracolumn H-bond network. Intercolumns contacts are
definitely weak except in S-Ket_R-PEA, where CO···H
interactions contribute to reinforce the crystal lattice. In S-
Ket_S-PEA, S-Ket_R-PEA_W, and S-Ibu_S-PEA, both the S-
Nap diastereomeric salts, 21 sheets are characterized by almost
planar boundary surfaces which, according to Kinbara,51 favor
a close packing. By contrast in S-Ibu_R-PEA the methyl group
of S-Ibu projects out of the column, and in S-Ket_R-PEA
ketoprofen anions belonging to different columns fit together
like a jigsaw puzzle. The temperature stability range of the
anhydrous salts (all the samples totally or partially decompose
on heating) suggests the homochiral species as the most stable.
The fact that the homochiral S-Ket salt did not hydrate, at
variance with the heterochiral one, further confirms that its
crystal structure is definitely more stable with respect to S-
Ket_R-PEA, consistent with a higher density and the presence
of planar boundary surfaces. Results from the preliminary
sorption tests (S-Ket and S-Ibu show a preferential capture

toward the homochiral PEA) further support the hypothesis
that their homochiral salts are more stable with respect to the
corresponding heterochiral ones, thus suggesting the important
role played by the planar boundary surfaces in the stabilization
of the homochiral diastereomeric salt crystal structures.
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