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Three novel pharmaceutical salts of cephalexin (CPX) with 2,6-dihydroxybenzoic acid (DHBA), 5-

chlorosalicylic acid (CSA) and 5-sulfosalicylic acid (SSA), which were obtained and thoroughly explored

by various analytical techniques, were found to be crystallized invariably in hydrated forms. It is the

proton transfer from carboxylic or sulfonic counterions to the CPX molecules that results in the salt

formation. Crystal structure analyses reveal that the N–H/O and O–H/O hydrogen bonding

interactions among the CPX, acidic guest molecules and water molecules play a crucial role in the

packing motifs of crystal stabilization. All the salts exhibit higher solubility compared with the parent

drug. These salts offer an alternative way of increasing the number of solid forms for CPX, which

facilitates selection of a suitable form in the context of drug formulation development for further

repurposing investigations.
1. Introduction

The active pharmaceutical ingredient (API) is a drug or
a chemical liable for the pharmacological and therapeutic
activities to treat a disease or disorder. The poor physico-
chemical properties of APIs which prohibit their utilization in
formulation development are nonnegligible disadvantages in
the pharmaceutical industry.1–6 In recent years, crystal engi-
neering facilitating the design and synthesis of novel solid
forms of APIs with optimized physicochemical properties has
emerged into the elds of the pharmaceutical industry with
paramount importance in the process of drug development.7–12

Such various solid forms of APIs including amorphous, poly-
morphs, hydrates, solvates, cocrystals and salts formulation can
enable the improvement of solubility, dissolution, stability and
bioavailability, without affecting the pharmacological activities
of APIs.13–19 In the pharmaceutical industry, salt formation,
which shows a dramatic enhancement of the water solubility, is
of rst priority among the different solid-state formulation
methods and more than 50% of drug APIs are marketed in the
form of salts.20–23 The preparation of salts demands that APIs
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have ionizable functional groups and the acid–base differences
between the drug substance and guest molecules meet the DpKa

rule of 3.24–26 However, the design of salts with a suitable
selection of counterions and synthon compatibility, which
would render expected properties of a new solid form, is still
a challenging area of research.

Cephalexin (CPX), ((6R,7R)-7-[(R)-2-amino-2-
phenylacetamido]-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]-oct-
2-ene-2-carboxylic acid), is the rst generation of b-lactam
cephalosporin antibiotics, which exhibits excellent activities in
killing Gram-positive and some Gram-negative bacteria through
inhibition of cell wall synthesis. It is effectively used for the
treatment of infections caused by bacteria, including skin
infections, upper respiratory infections, bone infections and
urinary tract infections, with the characteristics of a broad
antibacterial spectrum, strong antibacterial activity and less
prone to cause allergic reactions. In recent years, it has main-
tained a high growth rate of usage and is a kind of medicine
with research signicance and functionality. CPX exhibits slight
solubility in water. However, CPX usually exists in the form of
a hydrate and emerges in a zwitterionic form with the acid/base
interaction between the basic primary amine (pKa = 7.23) and
the carboxylic acid group (pKa = 3.26), showing better aqueous
solubility. Except the hydrates, salt formation is of great interest
as well to improve the aqueous solubility of CPX for the design
of dosage forms to be taken orally. Furthermore, although
a tremendous amount of study has been carried out on the CPX
molecule, the crystal structure data of CPX in either the pure or
the complexed state have rarely been reported. Only two kinds
of hydrates, CPX$1.9H2O and CPX$H2O, and one hydrated
RSC Adv., 2022, 12, 34843–34850 | 34843
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cocrystal with the coformer of b-naphthol have been
recorded.27–30 Recently, Braga et al. synthesized a cocrystal
hydrate of CPX with thymol, which exists in two polymorphic
forms.31 Nevertheless, there is no structural evidence for any
other crystal forms, especially the salt formulation of CPX.

The main objective of this work was to explore the salts
preparation of CPX. Herein, we report three novel pharmaceu-
tical salts involving CPX in the presence of organic counterions
of 2,6-dihydroxybenzoic acid (DHBA), 5-chlorosalicylic acid
(CSA) and 5-sulfosalicylic acid (SSA) (Scheme 1), namely
CPX$DHBA$H2O (salt 1), 2CPX$2CSA$3H2O (salt 2) and
CPX$SSA$4H2O (salt 3). Interestingly, three salts were all ob-
tained in hydrate forms. The crystal structures of CPX salts were
elucidated by single crystal X-ray diffraction data. A broad range
of analytical techniques, consisting of powder X-ray diffraction
(PXRD), differential scanning calorimetry (DSC), thermog-
ravimetry (TGA) analyses and infrared (IR) spectroscopy, have
been employed to characterize the new solid forms of CPX. UV-
vis spectral measurements were conducted to check the
improvement of CPX salts. Moreover, the Hirshfeld analyses
were utilized to shed light on the signicance of intermolecular
interactions like hydrogen bonding in structure stabilization of
pharmaceutical salts.
2. Experimental section
2.1 Materials

The equired reagents and solvents for the synthesis are
commercially available and were used without further puri-
cation. Cephalexin monohydrate (CPX, C16H19N3O5S, 98%) and
5-sulfosalicylic acid dihydrate (SSA, C7H10O8S, 99%) were
purchased from Macklin reagent. 2,6-Dihydroxybenzoic acid
(DHBA, C7H6O4, 98%) and 5-chlorosalicylic acid (CSA,
C7H5O3Cl, 99%) were obtained from the Aladdin reagent
company. Analytical grade solvents were used for the crystalli-
zation experiments.
Scheme 1 Molecular diagrams of CPX and the salt formers used in this
work. CPX was used in its zwitterionic form.

34844 | RSC Adv., 2022, 12, 34843–34850
2.2 Preparation of salts 1–3

Preliminary screening experiments were employed to validate
new solid forms of cephalexin. Several pharmaceutically
acceptable carboxylic and sulfonic acids were chosen in light of
their solubility and a range of functional groups that show great
potential to form hydrogen bonds with complementary sites in
the cephalexin molecule. Among them, three single crystals of
CPX salts were obtained with organic counterions of DHBA, CSA
and SSA as coformers, respectively. A mixture of equimolar CPX
(109.6 mg, 0.3 mmol) and DHBA (46.2 mg, 0.3 mmol) was dis-
solved in 15 mL of aqueous solution under stirring. The solu-
tion was heated to 50 °C and 2 mL of ethanol solvent was added
until all the solids were completely dissolved. The resulting
homogeneous solution was ltered and evaporated slowly
under ambient conditions. Aer two weeks, yellow strip-like
crystals of salt 1 (yield 68%, based on DHBA) were obtained.

The same method was exploited for the synthesis of salts 2
and 3 with a 1 : 1 stoichiometric ratio of CPX and corresponding
salt formers. Then yellow strip-like crystals of salts 2 (yield 75%,
based on CSA) and 3 (yield 61%, based on SSA) were harvested
by slow evaporation at room temperature for more than one
month.
2.3 Single crystal X-ray diffraction

Good quality single crystals crystallized from the solution were
chosen for the structure determination. X-ray reection data of
salt 1 was collected on a Rigaku XtalAB mini II diffractometer
equipped with a graphite monochromator and Mo Ka radiation
(l = 0.71073 Å) operating at 293 K. CrysAlisPro 1.171.39.46e
(Rigaku OD, 2018) was used to perform such data reduction and
multi-scan absorption correction. The data collection for salts 2
and 3 was performed on a Bruker APEX-II CCD diffractometer
with Mo Ka radiation (l = 0.71073 Å) at 150 K. The data
reduction, scaling and absorption corrections were processed
using SAINT (Bruker, V8.40B, aer 2013). The crystal structures
for the three compounds were all solved by direct methods and
rened by full-matric least-squares on F2 implemented in the
SHELXTL-2014 program. The non-hydrogen atoms were rened
with anisotropic displacement parameters. The hydrogen atoms
bonded to the C atoms were generated geometrically and
rened using the riding model with Uiso(H) = 1.2 Ueq(C) or 1.5
Ueq(C). The H atoms on the N and O atoms were located from
electron density difference-Fourier maps and freely rened
isotropically. The crystallographic data are presented in Table 1
and can be obtained free of charge from Cambridge Crystallo-
graphic Centre with CCDC numbers 2117239–2117241†.
2.4 PXRD measurements

PXRD data were recorded on the Rigaku Ultima IV diffractom-
eter equipped with Cu Ka radiation (l= 1.5418 Å, 40 kV, 40 mA)
at room temperature. Powder samples obtained by grinding
weremeasured in the reectionmode in the 2q range of 5–45° at
a scan rate of 5° min−1. Mercury 2020.3.0 was used to simulate
diffraction patterns from the single-crystal X-ray diffraction
data.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystallographic data of salts 1–3

Compound CPX$DHBA$H2O (salt 1) 2CPX$2CSA$3H2O (salt 2) CPX$SSA$4H2O (salt 3)
Empirical formula C23H25N3O9S C46H50N6O17S2Cl2 C23H31N3O14S2
Formula weight 519.52 1093.94 637.63
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21 C2 P21
T (K) 293 150 150
a (Å) 11.3188(13) 30.1649(13) 14.7579(9)
b (Å) 7.2613(9) 7.7132(3) 7.0785(3)
c (Å) 14.983(2) 10.9391(4) 27.0868(16)
a (°) 90 90 90
b (°) 95.858(12) 95.377(1) 97.464(2)
g (°) 90 90 90
V (Å3) 1225.0(3) 2533.98(17) 2805.6(3)
Z 2 2 4
Dx (g cm−3) 1.408 1.434 1.510
F(000) 544.0 1140.0 1336.0
Unique reections 3942 5090 11 413
Parameters rened 330 334 767
GOF 0.998 1.091 1.149
R1 0.0436 0.0472 0.0567
wR2 0.1080 0.1164 0.1280
CCDC 2117239 2117240 2117241
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2.5 IR spectroscopy

IR spectra were collected on a Nicolet 5700 FT-IR Spectrometer.
All of the samples were dispersed in KBr pellets over the scan-
ning range of 4000–400 cm−1 with the resolution of 4 cm−1.
2.6 Thermal analysis

TGA and DSC analyses were carried out on a NETZSCH STA
449F3 instrument. The samples (5–6 mg) were kept under
nitrogen atmosphere in the temperature range of 30–600 °C at
a heating rate of 10 °C min−1.
2.7 Hirshfeld surface analysis and ngerprint plot

The three-dimensional (3D) Hirshfeld surface analysis was
carried out on the CrystalExplorer21 (ref. 32) based on the
crystal structure to clarify the nature of intermolecular close
contacts in a crystal. A two-dimensional (2D) ngerprint plot
generated from these reduced Hirshfeld surfaces enables
quantitative comparison of diverse intermolecular interactions
to the packing arrangement.
Fig. 1 Experimental PXRD patterns of parent CPX and salts 1–3.
2.8 Phase solubility study

Bulk crystals used in the solubility studies were gently ground
up into powder samples. Solubility experiments in distilled
water were performed using UV-vis spectroscopy on a SHI-
MADZU UV-2550 UV-vis spectrometer aer appropriate dilu-
tion. CPX showed absorbance maxima at 260 nm in the UV-vis
spectra. Prior to the solubility measurements, calibration
curves of every sample were constructed (Fig. S9†). To deter-
mine the solubility of CPX and its salts, saturated aqueous
solutions were prepared and ltered with a 0.22 mm nylon lter
and analysed from the corresponding calibration curve.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 PXRD analysis

Powder X-ray diffraction is frequently used to verify that new
crystalline materials are established. All the multi-component
salts display unique crystalline PXRD patterns in comparison
to the initial components of CPX (Fig. 1), which indicate the
formation of new solid forms. The PXRD patterns of cephalexin
monohydrate are in good accordance with the literature data.27

The experimental PXRD patterns of salts 1–3 also match well
with those calculated from the crystal structures, conrming
the phase purities of the powder samples. The powder diffrac-
tion characteristic peaks of salts 1–3 remained unchanged
under ambient temperature, pressure over time, indicating that
RSC Adv., 2022, 12, 34843–34850 | 34845
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the three pharmaceutical salts had good physical stability
(Fig. S1–S3†).
Fig. 2 The molecular structure of salt 1. (a) Hydrogen bonding inter-
actions among CPX, DHBA and water molecules. (b) Hydrogen
bonding interactions among CPX molecules. (c) The two-dimensional
packing arrangement in the ac-plane (C atoms in DHBA molecules in
3.2 DpKa rule

It is widely known that whether an API and a guest molecule can
form a salt or cocrystal can be forecasted in light of the DpKa

rule. When the DpKa is greater than 3, a salt is usually expected
to form. If the DpKa is less than 0, the reactant constituents tend
to form a cocrystal. However, in the range of 0 < DpKa < 3, the
formation of a salt or cocrystal is unpredictable in such a situ-
ation. Considering the rst ionization constants of the acid
molecules employed in this study, the DpKa values of CPX salts
are estimated to be 5.59 for DHBA (pKa= 1.64), 4.64 for CSA (pKa

= 2.59), and 10.04 for SSA (pKa = −2.81), respectively. Based on
the DpKa rule of 3, it is evident that the crystallization of CPX in
the presence of such counterions probably results in the
formation of corresponding salts.
black). For the sake of clarity, the O atoms of water molecules are
drawn in purple and H atoms on C atoms have been omitted.
Hydrogen bonds are shown as green dashed lines.
3.3 Crystal structure analysis

3.3.1 Salt 1 of cephalexin with 2,6-dihydroxybenzoic acid
(CPX$DHBA$H2O). Salt 1 crystallized in the monoclinic space
group of P21 with one CPX cation, one DHBA anion and one
water molecule in the asymmetric unit. For the DHBA mole-
cules, it is worthwhile to note that the difference between the
two C–O bond distances DDC–O in the carboxylate group is
capable of illustrating the proton transfer (Table 2). The small
DDC–O value of 0.01 Å provides evidence for such a transfer of
proton and the formation of a salt.33,34 A carboxylic acid proton
is transferred from DHBA to the terminal N1 atom of the CPX
molecule resulting in a strong ionic hydrogen bond N1+–H1A/
O6− (Fig. 2a). In the deprotonated DHBA molecule with the
hydroxyl groups distributed in adjacent locations on both sides
of the carboxyl group, two intramolecular hydrogen bonds of
O7–H7/O5− and O8–H8/O6− are distinctly found. Mean-
while, as shown in Fig. 2a and b, the protonated CPX molecule
links with one DHBA and another two CPX molecules through
the hydrogen bonds of N1+–H1A/O6−, N1+–H1B/O2 and N1+–
H1C/O1, respectively. In particular, the water molecules are
located in the interstitial sites and act as bridges connecting the
CPX and DHBA molecules via accepting one hydrogen bond of
O1–H1/O9 from one CPX molecule and donating the two
hydrogen bonds of O9–H9A/O5− and O9–H9B/O3 to one
DHBA molecule and the other CPX molecule, respectively. The
units are self-assembled in the crystal structure via such above
mentioned hydrogen bonds and form a layered network in the
crystallographic ac-plane (Fig. 2c).
Table 2 Distribution of C–O bond lengths in the anions for salts 1–3

Complex DC–O (Å) DDC–O (Å)

Salt 1 C23–O6: 1.266(4), C23–O5: 1.256(4) 0.01
Salt 2 C23–O6: 1.272(5), C23–O7: 1.253(4) 0.019
Salt 3 C23–O7: 1.311(6), C23–O6: 1.225(6) 0.086

C46–O17: 1.307(6), C46–O16: 1.226(6) 0.081

34846 | RSC Adv., 2022, 12, 34843–34850
3.3.2 Salt 2 of cephalexin with 5-chlorosalicylic acid
(2CPX$2CSA$3H2O). The crystal structure of molecular salt 2
was solved in the monoclinic C2 space group, involving one and
a half water molecules, one CPX cation and one CSA anion in
the asymmetric unit. It is the proton transfer from 5-chlor-
osalicylic acid to the CPX molecule that results in the salt
formation, which is further corroborated by the DDC–O (0.019 Å)
of the carboxylate group in the CSA molecule (Table 2). The
proton transfer may be promoted by the water molecule from
the carboxylic acids to the carboxylate group of CPX due to the
zwitterionic form in the hydrate form. In the asymmetric unit of
salt 2, the CPX, CSA and one water molecule all occupy the
normal positions, while a half water molecule is located at
a special position with a crystallographic 2-fold rotation axis
along the b direction. The salt structure is primarily stabilized
by hydrogen bonding interactions between the CPX, CSA and
water molecules. Among them, a CSA anion is connected with
CPX via the N3+–H3B/O5 hydrogen bond between the
protonated amino donor of CPX and the phenolic hydroxyl of
CSA molecule, as shown in Fig. 3a and b, linking with the other
CPX as well via N2–H2A/O7− hydrogen bond between the non-
protonated imino donor of CPX and the carboxylate acceptor of
CSA to form a trimeric unit. As expected, a conventional intra-
molecular hydrogen bond O5–H5/O6− between a phenolic
hydroxyl donor and carboxylate accepter is also involved in the
CSA anion. Meanwhile, the N3+–H3A/O1 hydrogen bonds
between the protonated amino donor of CPX with the carbox-
ylate accepter of the other drug assemble the trimeric units into
a chain expanded along the c-axis. Such a protonated amino
donor of CPX further links with the carbonyl acceptor of
another drug via the N3+–H3C/O3 hydrogen bond. In addition,
the water molecules are also involved in strong hydrogen
bonding interactions and presented as bridges between the CPX
cations and CSA anions, manipulating the one-dimensional
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The molecular structure of salt 2. (a) Hydrogen bonding
interactions among CPX, CSA and water molecules. (b) Hydrogen
bonding interactions among CPX molecules. (c) The two-dimensional
packing arrangement in the ac-plane (C atoms in CSA molecules in
black). For the sake of clarity, the O atoms of water molecules are
drawn in purple and H atoms on C atoms have been omitted.
Hydrogen bonds are shown as green dashed lines.

Fig. 4 The molecular structure of salt 3. (a) Part of hydrogen bonding
interactions linking CPX, SSA and water molecules. (b) One-dimen-
sional cationic chains of CPX-A and CPX-B along the b-axis. (c)
Packing diagram of salt 3 in the ac-plane (C atoms in SSA molecules in
black). For the sake of clarity, the O atoms of water molecules are
drawn in purple and H atoms on C atoms have been omitted.
Hydrogen bonds are shown as green dashed lines.
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chains into the two-dimensional layered framework in the
crystallographic bc-plane (Fig. 3c).

3.3.3 Salt 3 of cephalexin with 5-sulfosalicylic acid
(CPX$SSA$4H2O). Single crystal X-ray diffraction analysis
revealed that salt 3 crystallized in the monoclinic crystal system
with the P21 space group. The asymmetric unit is comprised of
two CPX cations (A and B), two SSA anions (C and D) and eight
water molecules, and no higher symmetry could be identied in
the monoclinic cell. On account of the presence of the eight
water molecules of solvation in salt 3, the hydrogen bonding
interactions are much more extensive than those in salts 1 and
2. In this case, only one proton of every 5-sulfosalicylic acid has
transferred to the CPX molecule, while the COOH and phenol
OH of CSA molecule remain unprotonated (Fig. 4a). The reason
may be that the sulfonic acid is much stronger than the
carboxylic acid. Similar to salt 2, the proton may be delivered
through the water molecule from the sulfonic acids to the
carboxylate group of CPX. The S–O bond distances in the SO3

−

groups of SSA-C and SSA-D molecules are in the range of
1.444(4)–1.458(4) Å and 1.450(4)–1.454(4) Å, respectively. The
corresponding O–S–O bond angles vary from 111.3(3)° to
113.2(3)° and 111.6(2)° to 112.8(3)°. Such bond lengths and
angles for SSA-C and SSA-D are both in the range of the mon-
odeprotonated SO3

− moiety.35 In addition, according to the
relatively large DDC–O values of 0.086 and 0.081 Å for the SSA-C
and SSA-D molecules (Table 2), respectively, the carboxylic acid
groups in the two SSA molecules are evidenced to remain
unionized.

In the structure of salt 3, the protonated N3 atom of the CPX-
A cation as the donor forms four hydrogen bonds with three
water molecules (N3+–H3A/O24, N3+–H3B/O23, N3+–H3B/
O25) and one COOH group (N3+–H3C/O2) of the adjacent CPX-
© 2022 The Author(s). Published by the Royal Society of Chemistry
Amolecule, resulting in a one-dimensional cationic chain along
the b-axis (Fig. 4b). In the meantime, the unprotonated N2 atom
of the CPX-A cation also forms a hydrogen bond N2–H2A/O5
as donation with the phenol OH group of the SSA-C molecule.
With regard to the CPX-B cation, there appears to demonstrate
similar hydrogen bonding interactions as CPX-A with adjacent
molecules. For the SSA anions in salt 3, like salts 1 and 2, the
usual intramolecular hydrogen bond is found between the
phenol OH group and the O atom of carboxylic acid group as
O5–H5/O6 (SSA-C) and O15–H15A/O16 (SSA-D). The O7 atom
of the carboxylic acid group in SSA-C serves as a donor link
sulfonate O18 atom with the hydrogen bond of O7–H7/O18−,
while the carboxylic O17 atom in SSA-D serving as a donor is
connected with the water molecule by the O17–H17A/O21
hydrogen bond. It is also of particular interest that the three O
atoms of the sulfonate group in the SSA-C molecule form ve
hydrogen bond associations with ve water molecules, as listed
in Table S3,† yet sulfonate O atoms in SSA-D molecules form six
hydrogen bonds with ve water molecules and one COOH group
of the SSA-C molecule. The water molecules also act as bridges
between CPX and SSA molecules, allowing propagation of the
structure through hydrogen bonding interactions and resulting
in the three-dimensional framework structure (Fig. 4c).
3.4 Infrared spectroscopy analysis

Additional insights into the structural features of salts 1–3 are
supported by vibrational spectroscopy analysis, associated with
the identication of the formation of novel multicomponent
crystals. As shown in Fig. 5, intense absorption bands for salts
1–3 appearing around 1760 cm−1 indicate that the COOH group
RSC Adv., 2022, 12, 34843–34850 | 34847
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Fig. 5 FT-IR spectra of CPX and salts 1–3.

Fig. 6 Hirshfeld surfaces of CPX molecules in salts 1–3 generated on
dnorm parameters with di and de. Two CPX molecules in the asym-
metric unit of salts 3 were explored individually and recorded as salts
3-A and 3-B, respectively.
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of the CPX molecule is unionized in the three salts. The peak at
approximately 1680 cm−1 in the spectrum of CPX can be
assigned to the C]O stretch of the ketone carbonyl. In the
meantime, the two characteristic carboxylate peaks around
1550 and 1400 cm−1 in salts 1 and 2 are due to asymmetric and
symmetric O–C–O stretching, respectively, while the character-
istic IR absorption peaks at 1033 and 1190 cm−1 for salt 3 are
ascribed to the S]O stretching vibration of the sulfonate
moiety. Furthermore, the moderate absorption band around
1500 cm−1 in all of the spectra conrms the protonation (–
NH3

+) of the primary amine group, of which the protons are
transferred from the zwitterionic CPXmolecules or salt formers.

3.5 Thermal analysis

The thermal stability of cephalexin and its salts was investigated
by DSC and TGA analysis (Fig. S4–S7†). The DSC thermograms
of salts 1–3 and CPX conrm their melting points as endo-
thermic peaks observed at 191, 152, 202 and 195 °C, respec-
tively. As expected, the melting properties of the three
multicomponent crystals are obviously different from that of
CPX, signifying the formation of novel phases. The TGA curves
display an early weight loss (60–120 °C) of 3.9%, 4.4%, 12.9%
and 5.3% in salts 1–3 and CPX, respectively, denoting the
presence of water molecules in the lattice, as is conrmed by the
structural and PXRD analysis as well. Aer the early loss, CPX
remains stable up to 190 °C, while salts 1 and 2 exhibit inferior
stability up to approximately 180 and 150 °C, respectively.
Fortunately, salt 3 shows a relatively higher stability up to 210 °
C, aer which the organic components start decomposing.

3.6 Hirshfeld surfaces and 2D ngerprint plots analyses

3D Hirshfeld surfaces analysis is a valuable tool for the visual-
ization and exploration of intermolecular interactions towards
the stability and arrangement of molecule in the crystal lattice
of pharmaceutical salts 1–3. The distances from the Hirshfeld
surface to the nearest nucleus outside and inside the surface are
designated as de and di, respectively. The normalized contact
distance dnorm is based on de, di and the van der Waals radii of
the atoms,36,37 which can be mapped onto the Hirshfeld surface
for easy comparison of intermolecular contacts. As shown in
34848 | RSC Adv., 2022, 12, 34843–34850
Fig. 6, the Hirshfeld surfaces of CPX molecules in pharmaceu-
tical salts 1–3 denote the area encoded with different colours, in
which the white regions imply the contacts with a distance close
to the sum of the van der Waals radii and the contacts shorter
and longer than the van der Waals radii are visualized as red
and blue colours in the Hirshfeld surface, respectively.
Considering the two CPX molecules in the asymmetric unit of
salt 3, both CPX molecules were explored by Hirshfeld surfaces
analyses individually and taken as salts 3-A and 3-B, respec-
tively. According to the 3D Hirshfeld surface gures, similarities
and differences of the inuences of the three different co-
formers are demonstrated on the intermolecular interactions
of CPX molecules in salts 1–3. The large red circular regions on
the dnorm surfaces indicate the presence of strong hydrogen
bonding interactions, especially when there is a close contact
caused by proton transfer. From the 3D Hirshfeld surface
gures, the N atom of the ammonium group of CPX molecule
displayed in the largest red area suggests strong N–H/O
hydrogen bonds. The red area also appears around the O atom
of the carboxylic group, representing the O–H/O hydrogen
bonds. The protonated amine group and carboxylic group act as
the hydrogen-bonding site, which interacts with organic coun-
terions, water and other CPX molecules.

The 2D ngerprint plots derived from the Hirshfeld surface,
which are unique for a crystal structure, were employed to
identify and compare various kinds of intermolecular contacts
in pharmaceutical salts 1–3. As illustrated in Fig. S8,† the main
body of the ngerprint plots for the three salts was associated
with the H/H contacts. The two sharp spikes projecting along
the diagonal of the plots were derived from the H/O/O/H
contacts relative to O–H/O and N–H/O hydrogen bonding
interactions, where the upper and lower spikes are associated
with the hydrogen bond donor and acceptor, respectively. The
H/C/C/H contacts contributed to the wings of the ngerprint
plots. The relative contributions of the different intermolecular
interactions to the Hirshfeld area of the CPX molecules in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Relative contributions of various intermolecular contacts to the
Hirshfeld surface area for CPXmolecules in salts 1–3. Salts 3-A and 3-B
denote the two CPX molecules in the asymmetric unit of salt 3.
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crystal structures of three pharmaceutical salts are summarized
in Fig. 7. It can be seen that H/H contacts which represent
interactions to the Hirshfeld area of the CPX molecules in the
crystal structures of three pharmaceutical salts are summarized
as follows: the van der Waals forces exhibit the dominant
contributions (37.4%–44.4%) in all the crystals, followed by H/
O/O/H (28.4–36.9%) and H/C/C/H (9.9%–12.2%) interac-
tions. In salts 1–3, the H/O/O/H contacts are the strongest
intermolecular interaction and the interaction of H/H is the
main force on the Hirshfeld surface. It is the strength and
directional feature that make hydrogen bonds play an essential
role in the construction of crystals that are responsible for the
stability. Notably, another type of weak H/Cl/Cl/H contacts
was also found to make contributions of 5.5% for the surface of
salt 2 in the crystal structure formation. The distinctive
percentages occupied by these contacts change along with
variation in the crystal structures.
3.7 Aqueous solubility

Solubility is one of the key factors for drug oral activity and
pharmaceutical preparation. Salt formation is a useful strategy
to ne-tune the solubility properties of the parent API. The
solubility of cephalexin salts was determined in water at room
temperature and compared with that of the parent cephalexin
monohydrate (Table 3). The solubility value obtained for ceph-
alexin monohydrate (5.6 mg mL−1) is in good agreement with
that reported in the literature.31 The three pharmaceutical salts
all show improved solubility compared to pure CPX. Salt 3 with
the coformer of SSA is found to be 6.32 times more soluble than
the parent drug. Salt 1 shows a relatively moderate 3.09 times
improvement in the solubility of CPX. Salt 2 is the least soluble
salt, whose solubility is 2.98 times higher than CPX.
Table 3 Solubility in water of CPX and its salts

Complex Solubility (mg mL−1)
Solubility enhancement
compared with parent CPX

CPX 5.60 � 0.003
Salt 1 17.30 � 0.001 3.09
Salt 2 16.68 � 0.003 2.98
Salt 3 35.39 � 0.004 6.32

© 2022 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

In summary, we have obtained three hydrated pharmaceutical
salts 1–3 of CPX with acidic organic counterions of DHBA, CSA
and SSA, respectively, for the rst time, which were structurally
characterized by single crystal and powder X-ray diffraction. The
salts formation and proton transfer were also demonstrated by
the pKa difference between CPX and the carboxylic and sulfonic
acids and spectroscopy analyses. The crystal structures of all the
salts were stabilized by the N–H/O and O–H/O hydrogen
bonding interactions formed by the protonated CPX species,
carboxylic or sulfonic counterions and water molecules. The
donations of various intermolecular interactions that facilitate
the crystal packing of three pharmaceutical salts were further
studied by Hirshfeld surfaces and 2D ngerprint plots analyses.
Solubility measurements in water conrmed that the three salts
exhibit higher solubility that the parent CPX. The novel solid
forms provide a better understanding of the structural land-
scape of cephalexin.
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