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In the pursuit of a ‘disappearing’ anhydrous phase
of the antipyrine–dipicolinic acid (ANT–DPA) co-
crystal: explained through relative stability and
charge density analyses†

Sehrish Akram,a Arshad Mehmood, *b Sajida Noureena and Maqsood Ahmed *a

The relative stability and growth of the two new cocrystal forms of antipyrine–dipicolinic acid, one of which

is the ‘disappearing’ one, were systematically examined. The Cambridge Structural Database was

extensively mined to find the hydrogen bonding motifs amenable to crystal engineering. The

cocrystallization trials resulted in two cocrystal phases in the same vial. The hydrated phase (ANT–DPA-w)

is predominant, stable and easily reproducible, while the anhydrous phase (ANT–DPA) is the ‘disappearing’

one which could only be reproduced under anhydrous conditions. The stability of both the cocrystals was

examined within the framework of symmetry-adapted perturbation theory (SAPT), non-covalent

interactions (NCIs), detailed topological analysis of the electron density and binding energy analyses which

provide useful insight into the role of water molecules in the stability of the structure. A thermogravimetric

analysis (TGA) was used to identify the dehydration temperature. In light of the above information, the

anhydrous phase (ANT–DPA) was regained via melting and re-crystallization by providing an anhydrous

environment to the hydrated phase (ANT–DPA-w).

1. Introduction

Crystal engineering involves synthesizing solid-state
molecular structures with intermolecular interactions such
as hydrogen bonding and coordination bonding.1 In order
to enhance the properties of active pharmaceutical
ingredients (APIs), different solid forms are desirable2 and
co-crystallization is one of the best options to achieve that
end. A co-crystal consists of two or more molecules that
form unique crystalline structures having unique
properties. The structural stability of such crystals is
usually based upon hydrogen bonding;3,4 however, other
non-covalent interactions such as van der Waals
interactions, ionic interactions and π-interactions also play
their role.5 In the co-crystallization, both internal and

external factors provide numerous possibilities of
supramolecular synthons, resulting in different types of
product formation such as co-crystal solvates/hydrates, co-
crystal polymorphs or pseudo polymorphs.6–12 Among
solvates, hydrates are the most widely encountered product
in small organic drug molecules due to the marvelous
potential of water in hydrogen bonding and approximately
every third drug molecule can form a hydrate.13–15 The
incorporation of water molecules within the solid state
assembly of a drug compound usually affects its
pharmaceutical properties such as solubility, dissolution
rate, bioavailability, etc. by changing its intermolecular
interactions.16–20 The effect of hydrated/anhydrous forms
on drug solubility is greater as compared to polymorphism
due to the large lattice energy changes observed during
hydration.21,22 Hence, it is very important to identify the
hydrated forms in the early phases of pharmaceutical drug
development.23–25 Every compound behaves in a unique
way during hydrate formation and hence the conditions of
hydrate formation cannot be generalized.26

A pharmaceutical co-crystal consists of an API and the
co-formers in a stoichiometric ratio.2,3,27,28 Phenazone
(antipyrine) is an active pharmaceutical ingredient with
anti-inflammatory and analgesic properties. It was the first
pyrazole derivative to be investigated as an antipyretic
drug. Due to its toxicity, it is hardly used alone but forms
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a combination of products that are used as analgesic
drugs.29 Antipyrine is commonly used as a substrate of
the CYP450 enzyme to study the effects of numerous
exogenic and endogenic agents as well as drugs on the
CYP family.30 In order to improve the physical properties
of various pharmaceutical drugs, di/tricarboxylic acid is
systematically introduced as one of the important co-
formers.31 With this concept, we have investigated the
cocrystallization of antipyrine (API) with dipicolinic acid
(coformer). Dipicolinic acid (DPA) is a chemical compound
containing 5 to 15% dry weight of bacterial spores.32 The
low toxicity and amphoteric nature of dipicolinic acid
make it more advantageous to enhance the drug's
properties.33–37

As part of our ongoing curiosity in understanding the
crystal engineering of pharmaceutical drugs in terms of
electrostatic properties,38,39 we have been led to new phases
of the ANT–DPA co-crystal system. The cocrystallization
trials resulted in two cocrystal phases in the same vial. The
hydrated phase (ANT–DPA-w) was predominant, stable, and
easily reproducible while the anhydrous phase (ANT–DPA)
was metastable. It was observed in the same vial as a poor
crystal but sufficient enough to allow crystal structure
determination. Subsequent trials under different
experimental conditions exclusively resulted in ANT–DPA-w.
These circumstances motivated us to systematically explore
as to why the hydrated form remains the probable one and
exhibits extra stability. Therefore, the relative stability of
both the cocrystals has been examined within the
framework of symmetry-adapted perturbation theory (SAPT),
non-covalent interactions (NCIs) and binding energy
analyses. The topological analysis employing Bader's
quantum theory of atoms in molecules (QTAIM)40,41 serves
as an indispensable tool for discerning non-covalent
interactions within crystals. This method unveils critical
points and bond paths that define these intermolecular
forces. Our goal was to use a whole range of theoretical and
experimental methods to ascertain the relative stability of
both the cocrystals with an aim to find the ‘lost’ phase. The
results obtained furnished valuable insights and paved the
way for regaining the ‘disappearing’ anhydrous phase ANT–
DPA (Scheme 1).

2. Experimental
2.1. Materials

Antipyrine (1,2-dihydro-1,5-dimethyl-2-phenyl-3H-pyrazol-3-
one) and dipicolinic acid (pyridine-2,6-dicarboxylic acid) were
received from Sigma-Aldrich and used without further
purification.

2.2. Growth of co-crystals

For the synthesis of the ANT–DPA co-crystal, antipyrine and
dipicolinic acid in an equal stoichiometric ratio were
dissolved in 20 ml ethanol. The solution was refluxed at 50
°C for two hours. After refluxing, the solution was transferred
into a crystallization vial and the solvent was allowed to
evaporate at room temperature. Colorless block-shaped
crystals were harvested within 5 days. Crystal screening
showed the hydrated cocrystal (ANT–DPA-w) in the bulk form;
however, the anhydrous phase (ANT–DPA) was found
serendipitously during a routine screening in the same vial
as a poorly diffracting weak crystal. Repeated crystallization
trials under varying conditions were conducted to obtain
better quality crystals of ANT–DPA. However, it always
resulted in the hydrated phase (ANT–DPA-w) as the
reproducible and stable phase. Extensive computational and
thermal analyses, described in the coming sections, were
undertaken to find the ‘disappearing’ phase (ANT–DPA). The
results indicated that the presence of water dictates the
predominance of ANT–DPA-w. ANT–DPA could ultimately be
obtained from the melt under an anhydrous environment, as
detailed below. Table 1 gives the crystallographic and
refinement details of both the cocrystals.

2.3. Thermal analysis (TGA/DSC) and melt co-crystallization

In order to examine the thermal behavior of the hydrated co-
crystal (ANT–DPA-w), TGA/DSC analysis was conducted on a
Perkin Elmer STA 6000 up to 500 °C. A measured amount of
the sample was used in a ceramic crucible and was heated at
a rate of 20 °C min−1 from 30 °C to 500 °C as shown in Fig.
S1a.† Nitrogen was used as the purge gas at 20 ml min−1. The
data analysis shows that the co-crystal remains stable up to
200 °C, with a small weight loss (5%). An endothermic peak

Scheme 1 Chemical structures of pharmaceutical co-crystals, (I) ANT–DPA-w cocrystal (hydrated) and (II) ANT–DPA co-crystal (anhydrous).
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appears at 101 °C as shown in Fig. S1a and S2a,† indicating
the removal of water molecules from ANT–DPA-w. The
binding strength of water molecules in ANT–DPA-w was
estimated by calculating the vaporization enthalpy (ΔHs = 15
kcal mol−1) of the cocrystal-bound solvent by using the
following relationship42

ΔHs = (ΔHT
dehyd × 100/Δms) × Ms

(ΔHT
dehyd = dehydration enthalpy, Δms = mass loss percent, Ms

= molecular weight of solvent)
The information obtained from the data was used to

reproduce ANT–DPA from ANT–DPA-w by melt co-
crystallization. For this purpose, the latter was heated up to
150 °C which is well above the dehydration temperature
(≈101 °C) but below the degradation temperature (≈200
°C). In order to keep the environment anhydrous, 10 ml
analytical grade dichloromethane was instantaneously added
to the melt. After a few days, a needle-shaped colorless co-
crystal was obtained which proved to be ANT–DPA upon
screening by single crystal diffraction. The TGA/DSC analysis
also shows the absence of water molecules in the crystal
structure with no weight loss at 101 °C as shown in Fig.
S1b and S2b.†

2.4. Single crystal X-ray diffraction (SCXRD)

Single crystals of both the cocrystals were chosen under an
Olympus ZX10 polarizing microscope, placed on a glass
needle with the help of inert grease and mounted on the
goniometer head of an X-ray diffractometer. The single
crystal X-ray diffraction data of both cocrystals were collected
on a Bruker D8 Venture with PHOTON II Detector single
crystal X-ray diffractometer using Mo Kα radiation (λ =
0.71073 Å) at 100 K using an Oxford Cobra Cryosystem. The
data integration and reduction were performed with SAINT43

software, and the empirical absorption correction was
performed using the SADABS43 program.

2.5. Structure solution and refinement

The crystal structure of ANT–DPA-w was solved in the space
group C2/c, while that of ANT–DPA was solved in the
orthorhombic crystal system with the space group Aea2 by
direct methods using the Olex2 software.44 All of the H atoms
were located in the difference Fourier maps. The riding
model45 was used for the H atoms bonded to C atoms while
the H atoms attached to the heteroatoms were refined freely.

The crystal data and structural refinement details of both
cocrystals are summarized in Table 1.

2.6. Computational details

The density functional theory (DFT) based theoretical
calculations on both the cocrystals were carried out in three
stages. In the first stage, a full periodic geometry optimization
including coordinates and cells was performed using the
CRYSTAL17 (ref. 46) suite of programs, starting with the
geometries obtained from the refined and validated crystal
structure. The optimization used ωB97X,47 a long-range
corrected density functional, and pob-TZVP-rev2 (ref. 48) basis
sets. The shrinking factors (IS1, IS2, and IS3) along with the
reciprocal lattice vectors were set to 8, corresponding to 150 k
points in the irreducible Brillouin zone. The bielectronic
Coulomb and exchange series values for the truncation
parameter (ITOLi, for i = 1–4) were set to 9 and ITOL5 to 30,
while the eigenvalue level shifter was set to 1.0 Hartree and
maintained after diagonalization. The percent of Fock/KS
matrix mixing was set to 20 and the default extra-large
integration grid and convergence criteria were adopted during
the calculations. The converged periodic wave functions were
used to perform the Bader charge analysis using the TOPOND
suite interfaced with CRYSTAL17.49,50

In the second stage, the coordinates of asymmetric units
were extracted from the unit cells optimized in the first stage.
Gas phase single point calculations on both cocrystals were
carried out using the Gaussian 16 (ref. 51) suite of programs
at the M062X52/aug-cc-pVDZ53 level. The corrections for basis
set superposition error and dispersion interactions were
invoked by using the Boys–Bernardi counterpoise method54

and Grimme's D3 methods, respectively, as implemented in
Gaussian16. The obtained wavefunction was used to perform
the non-covalent interaction (NCI)55 analysis and to calculate

Table 1 Crystallographic and refinement details

Crystal data ANT–DPA-w ANT–DPA

Chemical formula C18H17N3O5·H2O C18H17N3O5

Mr 373.37 355.34
Crystal system,
space group

Monoclinic, C2/c Orthorhombic, Aea2

Temperature (K) 100(2) 100(2)
a, b, c (Å) 18.4087(1), 8.0394(7),

23.690(2)
36.6912(1), 13.4523(6),
6.6207(3)

β 91.284(4)
V (Å3) 3505.1(1) 3267.9(2)
Z 8 8
Radiation type Mo Kα Mo Kα
μ (mm−1) 0.11 0.11
Crystal size (mm) 0.28 × 0.178 × 0.12 0.076 × 0.130 × 0.158
Data collection
Diffractometer Bruker D8 Venture

PHOTON II
Bruker D8 Venture
PHOTON II

Absorption
correction

Multi-scan Numerical

No. of measured,
independent and
absorbed reflections

50 750, 5845, 4909 11 879, 4155, 3790

Rint 0.068 0.031
sin θ/λmax (Å

−1) 0.735 0.667
Refinement
R[F2 > 2σ (F2)] 0.059 0.036
wR(F2) 0.159 0.084
S 1.05 1.05
No. of parameters 262 243
H-atom treatment H atom treated by a

mixture of
independent and
constrained
refinement

H atom treated by a
mixture of
independent and
constrained
refinement

Δρmax, Δρmin (e Å−3) 0.59, −0.37 0.22, −0.19
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the other properties using the Multiwfn analysis program.56

The same level of theory was used to optimize the geometries
and to calculate the vibrational frequencies of isolated
molecules in the gas phase. The non-covalent interactions
were further analyzed within the framework of symmetry-
adapted perturbation theory (SAPT)57,58 by using the PS14
(ref. 59) program. The optimized coordinates of asymmetric
units were used for SAPT analysis using the aug-cc-pVDZ
basis set.

During the third stage of the study, single-point energy
calculations were conducted within the crystalline phase,
utilizing experimental coordinates with CRYSTAL17. The
resulting wavefunction served as input for the topological
analysis of electron density, which was performed using the
TOPOND suite. To identify critical points within the electron
density, a global search strategy was used restricting the
analysis to a maximum of seven neighboring atoms in the
nearest neighbor analysis around each unique critical point.
Furthermore, a maximum cluster radius of 7 Å was imposed.
In particular, we focused on evaluating the bond (3,−1)
critical points involving non-bonded atoms in order to
quantitatively assess non-covalent interactions.

3. Results and discussion
3.1. Crystal structure analysis

The hydrated co-crystal (ANT–DPA-w) crystallizes in the space
group C2/c with lattice dimensions of a = 18.4087(1) Å, b =
8.0394(7) Å, c = 23.690(2) Å and V = 3505.1(1) Å3. The
asymmetric unit consists of one molecule each of antipyrine,
dipicolinic acid, and water. The anhydrous co-crystal (ANT–
DPA) belongs to the orthorhombic Aea2 space group with
lattice dimensions of a = 36.6912(1) Å, b = 13.4523(6) Å, c =
6.6207(3) Å and V = 3267.9(2) Å3. The asymmetric unit
consists of one molecule of dipicolinic acid and one molecule
of antipyrine as shown in Fig. 1.

In ANT–DPA-w, the dihedral angle between the mean
plane C12 C14 C16 of the dipicolinic acid and the mean
plane C7 C9 N1 of the pyrazolone ring is 16°(1); however, the
dihedral angle between the mean plane C1 C3 C5 of the
phenyl ring of antipyrine and the dipicolinic acid is
55.70°(1). The phenyl torsion angle of the atoms C6–C1–N1–
C9 is −52.60°(2). The structural analysis revealed that the
molecular assembly in ANT–DPA-w is stabilized by strong
hydrogen bonding including O–HDPA⋯OANT (2.438(17) Å)
between the carboxylic group of dipicolinic acid and the
oxygen of antipyrine as well as O–HDPA⋯OW (2.659(17) Å),
O–HW⋯ODPA (2.877(17) Å), and O–HW⋯NDPA (2.906(18) Å)
hydrogen bonding of the carboxylic group and nitrogen of
the dipicolinic acid with a water molecule to form a ring
synthon. The oxygen of the carboxyl group in dipicolinic
acid is more electronegative and is a good acceptor of the
hydrogen atom of water molecules as compared to nitrogen.
So, these two –COOH functional groups of dipicolinic acid
are connected to two water molecules by O–HDPA⋯OW and
O–HW⋯ODPA and result in the formation of ring synthon
R2
2(8) by providing additional stability to ANT–DPA-w

through hydrogen bonding. These hydrogen bonds form a
closed association between two dipicolinic acid molecules,
two water molecules and two antipyrine molecules Fig. 2.
On the other hand, in the ANT–DPA form, the dihedral
angle between the mean plane C12 C14 C16 of the
dipicolinic acid and the mean plane C7 C9 N1 of the
pyrazolone ring is 3.50°(1) and the phenyl torsion angle of
the atoms C6–C1–N1–C9 is −114.82°(2). This happens due
to the appearance of both bulky groups (–COOH) of
dipicolinic acid towards the oxygen of antipyrine. Unlike
ANT–DPA-w, due to the absence of water molecules it forms
only one synthon between dipicolinic acid and antipyrine
molecules. The oxygen of antipyrine acts as a hydrogen
atom acceptor of both carboxylic groups of dipicolinic acid
to form hydrogen bonds via two O–HDPA⋯OANT (2.672(2) Å;

Fig. 1 Thermal ellipsoid plots (@50% probability) of the asymmetric units of (a) hydrated (ANT–DPA-w) and (b) anhydrous (ANT–DPA) co-crystals
showing the atom numbering scheme for non-H atoms.
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2.681(2) Å) hydrogen bonds as well as to form weak
intermolecular interaction with the nitrogen of
dipicolinic acid C–OANT⋯NDPA (4.103(2) Å) as shown in
Fig. 1.

In the packing of ANT–DPA-w, the water molecule plays
a significant role in stabilizing the co-crystal assemblies by
interacting via weak and strong intermolecular interactions
between the asymmetric units to form stacks and form
inclined parallel layers along the crystallographic b axes
(Fig. 3a). The weak interactions which stabilize the packing
include C4–H4A⋯O5i (3.348(2) Å), C10–H10C⋯C5ii (3.423(3)
Å), C3–H3⋯N3v (3.328(2) Å) and C6–H6⋯C14vi (3.564(3) Å).
In the case of ANT–DPA, the unit cell was arranged in
parallel layers along the b axes (Fig. 3b), via strong as well
as weak interactions including C14–H14⋯O3ii (3.472(3) Å)
and C6–H6⋯O5v (3.215(3) Å) [symmetry codes same as in
Table 3]. Hirshfeld surface60,61 and ‘fingerprint’ analyses for
the asymmetric unit of both the cocrystals were mapped
with dnorm separately using CrystalExplorer17 (ref. 62) and
are shown in Fig. S5 and S6.† This analysis indicates that
the surface is predominated by O⋯H interactions whose
contribution is highest in water followed by dipicolinic acid
and antipyrine moieties in ANT–DPA-w and ANT–DPA,
respectively.

3.2. Computational insights

The comparison between the experimental and DFT
optimized geometries of both the cocrystals using periodic
boundary conditions is provided in the ESI.† Similarly, Table
S1† compares the experimental and optimized lattice
parameters. For both the cocrystals, the experimental and
optimized geometries are comparable, and the most
significant differences can be observed in the relative
positions of methyl hydrogens in the pyrazole ring. These
small differences in the hydrogen positions can be attributed
to the lack of high-resolution diffraction data, required to
locate the hydrogen positions precisely or due to the
reorientation of methyl groups upon energy minimization in
DFT calculations. Generally, H atoms are omitted during the
comparisons between experiment and theory.63 For ANT–
DPA-w, the significant differences in the lattice parameters
are shown by length c which is decreased by about 2% in the
DFT optimized structure followed by a ∼1.9% reduction in
angle β. For ANT–DPA, the largest difference can be noticed
for length a which is reduced by ∼3.4% in the optimized unit
cell. A relative comparison of unit-cell volumes shows that for
ANT–DPA-w, the volume is reduced by 2.4% upon
optimization, whereas for ANT–DPA the difference is much
more significant and a reduction of 10.5% is noticed. These
differences are due to the absence of thermal corrections in
DFT calculations where the systematic error in the lattice
constants scale cubically for the volume. This major
difference for ANT–DPA is not unique, as a reduction as large
as 6.96% and 8.44% has been reported even for smaller unit
cells such as ammonia and benzene, respectively.64 Overall,
our DFT optimization validates the experimental structures
of both the cocrystals.

The binding energies computed using the relation: ΔEA–B
= EAB − EA − EB and ΔEA–B–C = EABC − EA − EB − EC respectively
for the dimeric pairs and trimeric combination for both the
cocrystals are given in Table 2 along with the solid-state
Bader charge transfer and results of SAPT analysis. For ANT–
DPA-w, the interaction energies reveal that antipyrine (A) and
the combination of dipicolinic acid (B) and water (C) form
the most stable pair due to the strong O–H⋯O interactions,
and energetically, this pair is the significant contributor in

Fig. 2 Ring motif in ANT–DPA-w, showing the role of water in the
cocrystal assembly.

Fig. 3 A view of molecular packing along the b axis: (a) ANT–DPA-w
and (b) ANT–DPA.

Table 2 Binding energies, ΔE (kcal mol−1), charge transfer, CT (e), and
results of SAPT0 analysis, expressed in kcal mol−1 with decomposed non-
covalent interaction energies as EL: electrostatic, EX: exchange, I:
induction, and D: dispersion components

Constituent

ANT–DPA-w ANT–DPA

A⋯BC AB⋯C A⋯B⋯C A⋯B

ΔE −27.19 −18.87 −43.62 −29.67
CT 0.125 −0.013 — 0.0736
ESAPT0 −29.69 −20.45 — −35.33
EL −40.88 −31.42 — −45.53
EX 53.22 34.14 — 47.87
I −32.53 −14.95 — −21.90
D −9.503 −8.217 — −15.77
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the trimer formation. This interaction is similar in strength
to that in ANT–DPA, and the different orientation of A and B
in ANT–DPA provides additional stability by ∼2.5 kcal mol−1.
This additional stability is due to the involvement of an
added O–H⋯O interaction which bifurcates the H-bonding
interactions of antipyrine oxygen. Table 2 further reveals that
the interaction between water (C) and a combination of
antipyrine (A) and dipicolinic acid (B) in ANT–DPA-w provides
a stability of ∼19 kcal mol−1, which is absent in ANT–DPA.
This value is in close agreement with the experimentally
measured enthalpy of dehydration (ΔHs = 15 kcal mol−1) as
discussed in section 2.3. Though the binding of A with B in
ANT–DPA-w is weaker compared to that in ANT–DPA, the
stronger interactions of solvents in ANT–DPA-w impart higher
stabilization to the trimer. For both the cocrystals, the
computed binding energies with and without counterpoise
corrections (not shown) follow the same trend and show
significant cooperativity-induced stabilization from both
hydrogen bonding in co-formers and solvent molecules.
Nevertheless, the interaction between A and B in both the
cocrystals plays the dominant role in bestowing stability to
the trimer and dimer, respectively.

The charge transfer calculated from the Bader charge
analysis on the electron density obtained from periodic
DFT calculations are given in Table 2. The calculated
Bader charges on each constituent atom of both the
cocrystals are given in ESI† Table S2. Although the
charge-based quantum mechanical exploration of
intermolecular interactions is a rather complex issue, in
the present study, the charge transfer between
components is quite consistent with binding energies, and
thus, can be considered as reliable. As expected, the
oxygen of antipyrine in ANT–DPA-w is the most electron-
rich atom of the moiety followed by N1 and N2 carrying
−1.2e, −0.82e, and −0.80e charges, respectively. Similarly,
the carbonyl carbon C9 in antipyrine is the most electron-
depleted atom having a charge of 1.2e. In the B
component of ANT–DPA-w, all the oxygen atoms are the
most negatively charged atoms whereas the carboxylic
carbons C17 and C18 are the most positively charged
atoms of the moiety. The N3 nitrogen atom of B is less
negatively charged while the carboxylic groups of the B
component are considerably polarized. Exactly, similar
trends can be noticed for the components of ANT–DPA.
However, it is important to note that the sum of charges
on all atoms of component A in ANT–DPA-w is more
positive than that in ANT–DPA, and the sum of charges
on all atoms of component B in ANT–DPA-w is more
negative than that in ANT–DPA, indicating that the
components of ANT–DPA-w are more polarized compared
to those of ANT–DPA. This enhanced contribution of
electrostatics in ANT–DPA-w is consistent with its large
binding energies relative to ANT–DPA. As shown in
Table 2, a net charge transfer of 0.125e takes place from
A to BC in ANT–DPA-w, while this charge transfer is
relatively smaller between A and B in ANT–DPA. In

addition, a net charge of 0.013e transfers from C to AB in
ANT–DPA-w. These observations suggest that the charge
transfer between water to other components in ANT–DPA-
w is a significant contributor to its higher binding energy,
relative to ANT–DPA.

In order to further explain the difference in binding
energies of both the cocrystals, we used SAPT0 analysis which
decomposes the non-covalent interaction energy into four
components, electrostatic (EL), exchange (EX), induction (I),
and dispersion (D). The first component, EL, mainly
originates from Coulombic multipole–multipole interactions
between the interacting monomers. The second component
EX represents the repulsive interactions imparted by the
spatial overlap of monomer wave functions in combination
with dimer wave function after an exchange of electronic
coordinates. The induction component, I, results from the
polarization induced by the responses of monomers to each
other's electric field in combination with the charge transfer
between the monomers. The last component, D, represents
the attractive interaction originating from the dynamical
correlation between electrons on one monomer and those on
the other.57 Table 2 provides the values of these components
for both the cocrystals, including total SAPT0 interaction
energies. The ESAPT0 complements the binding energies by
showing that the solvent component (C) imparts additional
stability (−20.45 kcal mol−1) to the complex in ANT–DPA-w
again being in close agreement with the experimentally
measured (ΔDehydration = 15 kcal mol−1). If the contribution of
water is eliminated, ANT–DPA becomes more stable (∼6 kcal
mol−1) compared to ANT–DPA-w. Among the attractive
components, the EL is principally responsible for holding the
components together in both the cocrystals, signifying the
role of electrostatic interactions. It is important to note that
repulsive forces due to the EX are higher than any of the
individual attractive components. However, these forces are
compensated by the combination of stronger attractive forces
mainly EL and I. The D component has nearly similar values
for A⋯BC and AB⋯C in ANT–DPA-w; however, its
significantly larger value for ANT–DPA represents the
involvement of additional dispersion interactions due to the
change in orientation.

To further visualize these interactions in real space, we
performed the noncovalent interaction (NCI)65 analysis which
is also known as the reduced density gradient (RDG) method.
The NCI provides a robust way to visualize the weak
interactions including the van der Waals (vdW) and
dispersion interactions. The top of Fig. 4(a) presents the plots
of RGD plotted against the sign(λ2)ρ for ANT–DPA-w while the
bottom figure shows the various types of interactions in the
real space. The location of bond critical points and
intramolecular bond paths are also included in the bottom
figure to better elaborate the location of sign(λ2)ρ. Most
interactions between the A and B components of ANT–DPA-w
are mainly vdW types of interactions as revealed by the
dominant green color in the bottom figure and spikes located
around zero in the top figure. The strongest attractive
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interaction is the hydrogen bonding O–H⋯O, present
between the carbonyl oxygen of A and carboxylic oxygen of B.
The water molecule (C) forms a variety of interactions
between various atoms of B, including N3, O3, and O4. It is
important to note that though water is important for
providing additional stability as mentioned above and for
unit cell packing, the significant role in dimer formation is
only played by the hydrogen bonding interaction between the
major components A and B of ANT–DPA-w. Fig. 4(b) shows
similar NCI plots for ANT–DPA and exhibits a nearly similar
behavior between the components of ANT–DPA. In contrast
to ANT–DPA-w, the components of ANT–DPA contain a variety
of van der Waals (vdW) interactions between π-electrons of A
and one carboxylic group of B, which explains the higher
values of the dispersion component in SAPT0 analysis given
in Table 2. The relative comparison of SAPT0, NCI, and
binding energy analysis for both systems suggests that the
higher binding energy of ANT–DPA-w is due to the stability
imparted by the H-bonding of water molecules. From these
theoretical studies, it can be inferred that the presence of a
variety of intermolecular forces, mainly H-bonding between
the constituent molecules, leads to co-crystal formation.

3.3. Topological analysis of intermolecular properties

To assess the non-covalent interactions within the ANT, DPA,
and water molecules, we conducted a topological analysis of
the electron density. This analysis was performed using the
TOPOND suite, utilizing experimental coordinates. Tables 3
and 4 list the topological parameters of non-covalent
interactions in both the cocrystals. Most of the interactions
follow the first four of Koch and Popelier's criteria66 for the
formation of hydrogen bonds in the crystal system.
Topological analysis of intermolecular interactions reveals
that both the cocrystals are stabilized by strong O⋯H–O
hydrogen bonds with a large value of electron density at the
critical point and a large value of potential as well as kinetic
energy. In ANT–DPA-w, the hydrogen bond O1⋯H1–O2
between antipyrine and dipicolinic acid is stronger with an
electron density on the critical point of ρ = 0.830 e Å−3 as well
as a higher potential energy = −403 kJ mol−1 Bohr−3. However,
the hydrogen bonds O6⋯H4–O4 (ρ = 0.35 e Å−3, potential
energy = −146 kJ mol−1 Bohr−3) and O3⋯H6a–O6 (ρ = 0.1751
e Å−3, potential energy = −60.07 kJ mol−1 Bohr−3) between
dipicolinic acid and a water molecule is weaker as compared

Fig. 4 (a and b): NCI colored scatter graphs (top) and RDG isosurface plots (bottom) for both cocrystals (a) ANT–DPA-w and (b) ANT–DPA. The
various types of interaction regions are marked by colored circles. The orange dots on bonds and orange line between atoms represent the
location of bond critical points and intramolecular bond paths, respectively.
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to the O1⋯H1–O2 hydrogen bond. In ANT–DPA, due to the
absence of water molecules, both the carboxylic groups of
dipicolinic acid form a hydrogen bond with antipyrine and
the crystal geometry is stabilized by two O⋯H–O hydrogen
bonds including O1⋯H4A–O4 (ρ = 0.331 e Å−3, potential
energy = −138.1 kJ mol−1 Bohr−3) and O1⋯H2A–O2 (ρ = 0.304
e Å−3, potential energy = −124.7 kJ mol−1 Bohr−3). From the
above discussion, we conclude that in the presence of water
molecules in ANT–DPA, ANT–DPA-w is the most stable
conformation and after the removal of water molecules,
ANT–DPA is more stable.

3.4. Electrostatic potential and electrostatic interaction
energies

The electrostatic potential is a physically observable
quantity developed by electrons and a system of nuclei
by using Coulomb's law.67,68 It provides qualitative as

well as quantitative information about the chemical
reactivity of the molecular structure and its binding
ability with its neighboring molecule in the biological
environment.69–73 The region of positive potential is
predicted to be the electrophilic sites while the negative
potential shows the nucleophilic sites. In addition, the
calculations of electrostatic interaction energies by using
the Buckingham summation method74 via MoProViewer75

provide information about the co-crystal stability. In the
literature, several examples are available which explain
not only the binding mechanism of small organic
molecular systems but also the protein–ligand complexes
by calculating electrostatic parameters.38,76–80 Therefore,
in order to understand the binding mechanism and to
compare the stability of both the co-crystals, the
calculations of electrostatic potential and electrostatic
interaction energies were undertaken by using the
following equations

Table 4 Topological properties of (3,−1) CPs in the intermolecular interactions of the anhydrous form. Experimental values (above) and theoretical
values (below): distances (Å), electron density (e Å−3), Laplacian (e Å−5), Hessian eigenvalues (e Å−5), ε = ellipticity, GCP = bond kinetic-energy density (kJ
mol−1 Bohr−3) and VCP = bond potential-energy density (kJ mol−1 Bohr−3)

No. Bonds d12 d1CP d2CP ρBCP(r) ∇2ρBCP(r) λ1 λ2 λ3 ε GCP VCP

1 O4–H4A⋯O1 1.657 0.533 1.124 0.331 3.157 −2.121 −2.072 7.374 0.026 112.2 −138.1
2 O2–H2A⋯O1 1.692 0.55 1.142 0.304 3.061 −1.928 −1.88 6.844 0.028 103.9 −124.7
3 C6–H6⋯O5v 2.204 0.866 1.338 0.094 1.494 −0.361 −0.337 2.169 0.065 32.32 −24.26
4 C11–H11C⋯O3iv 2.229 0.87 1.359 0.088 1.325 −0.313 −0.289 1.952 0.086 27.95 −19.88
5 C14–H14⋯O3ii 2.38 0.904 1.476 0.067 0.988 −0.241 −0.241 1.47 0.025 20.49 −14.21
6 C15–H15⋯C11i 2.617 1.04 1.577 0.054 0.699 −0.12 −0.048 0.868 1.43 15.05 −11.39
7 C4–H4⋯O5 2.655 1.085 1.57 0.047 0.554 −0.145 −0.12 0.819 0.047 11.93 −9.021
8 C11–H11A⋯O4 2.731 1.126 1.605 0.04 0.506 −0.12 −0.072 0.699 0.416 11.09 −8.16
9 C8–H8⋯O3 2.87 1.198 1.672 0.027 0.361 −0.072 −0.048 0.482 0.455 7.639 −5.732

Symmetry codes: (i) x, y − 1, z; (ii) −x + 1/2, y − 1/2, z; (iii) x, y + 1/2, z − 1/2; (iv) −x + 1/2, y + 1/2, z; (v) x, y + 1/2, z + 1/2.

Table 3 Topological properties of (3,−1) CPs in the intermolecular interactions of the hydrated form: distances (Å), electron density (e Å−3),
Laplacian (e Å−5), Hessian eigenvalues (e Å−5), ε = ellipticity, GCP = bond kinetic-energy density (kJ mol−1 Bohr−3) and VCP = bond potential-
energy density (kJ mol−1 Bohr−3)

No. Bonds d12 d1CP d2CP ρBCP(r) ∇2ρBCP(r) λ1 λ2 λ3 ε GCP VCP

1 O2–H1⋯O1 1.314 0.351 0.963 0.83 0.940 −8.097 −7.856 16.89 0.028 214.2 −403.0
2 O4–H4⋯O6 1.646 0.524 1.122 0.351 3.109 −2.338 −2.241 7.687 0.04 115.3 −146.0
3 O6–H6a⋯O3iv 1.898 0.669 1.229 0.175 2.458 −0.892 −0.868 4.241 0.034 63.61 −60.07
4 O6–H6b⋯O3 1.91 0.659 1.251 0.175 2.362 −0.94 −0.916 4.217 0.026 62.61 −60.90
5 C3–H3⋯N3v 2.384 0.934 1.45 0.081 1.036 −0.289 −0.241 1.566 0.115 23.83 −19.33
6 C4–H4a⋯O5i 2.351 0.923 1.428 0.074 1.060 −0.265 −0.265 1.615 0.012 23.06 −16.95
7 C10–H10c⋯C5ii 2.443 0.948 1.495 0.074 0.892 −0.241 −0.145 1.253 0.658 20.01 −15.81
8 C11–H11c⋯O3ii 2.533 1.019 1.514 0.054 0.699 −0.169 −0.145 1.012 0.081 14.67 −10.63
9 C6–H6⋯C14vi 2.648 1.061 1.587 0.054 0.578 −0.145 −0.096 0.819 0.774 13.32 −10.81
10 C3–H3⋯O6v 2.658 1.126 1.532 0.047 0.602 −0.096 −0.096 0.819 0.071 13.38 −10.03
11 C15–H15⋯C3iii 2.701 1.091 1.61 0.047 0.506 −0.12 −0.096 0.723 0.209 11.78 −9.75
12 C5–H5⋯O4 2.741 1.165 1.576 0.04 0.506 −0.096 −0.072 0.699 0.248 10.99 −8.383
13 C5–H5⋯O5 2.659 1.049 1.61 0.04 0.506 −0.12 −0.096 0.723 0.115 10.43 −7.162
14 C10–H10a⋯O5 2.683 1.158 1.525 0.04 0.554 −0.12 −0.12 0.795 0.044 12.44 −9.575
15 C11–H11a⋯O1 2.868 1.251 1.617 0.034 0.410 −0.096 −0.072 0.554 0.293 9.108 −7.209
16 C8–H8⋯O6 2.727 1.072 1.655 0.034 0.434 −0.096 −0.072 0.602 0.31 8.874 −5.9
17 C2–H2⋯O6 2.835 1.199 1.636 0.034 0.434 −0.096 −0.072 0.602 0.237 9.797 −7.55
18 C11–H11a⋯O4 2.842 1.217 1.625 0.034 0.386 −0.072 −0.072 0.53 0.212 8.507 −6.25

Symmetry codes: (i) x − 1/2, −y + 1/2, z − 1/2; (ii) x, y + 1, z; (iii) x + 1/2, −y + 3/2, z + 1/2; (iv) −x + 3/2, −y + 1/2, −z + 1; (v) −x + 1, −y + 1, −z + 1;
(vi) −x + 3/2, −y + 3/2, −z + 1.
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V rð Þ ¼
X
A

ZA

RA−rj j −
ð

ρ ŕð Þ
ŕ − rj j dŕ

EA,B =
R
ρA( r→)VB( r→)d( r→)

Fig. 5 illustrates the 3D electron density surface of both the
cocrystals coloured according to the electrostatic potential
they generate. These calculations use electron densities
calculated from the theoretical structure factors employing
the experimental coordinates. In both the cocrystals, the ANT
moiety has negative potential concentrated on the O1 oxygen
atom but it is also spread in its vicinity. However, in the case
of DPA, the negative potential is spread over a wider region.
Both the carboxylic groups are in the vicinity of negative
potential and positive potential is observed on the hydrogen
atoms attached to the O2 and O4 atoms of DPA. In the case

of ANT–DPA-w, the potential of the dicarboxylic acid of DPA
is complemented by the opposing potential of a water
molecule. Evidently, the electrostatic attraction between the
water molecule and the dicarboxylic part of the DPA is
stronger than that between the dicarboxylic region and the
carbonyl part of the antipyrine. The dicarboxylic part of the
DPA is locked by the water molecule. The negative potential
on the O1 atom of ANT and the positive potential on the H1
atom of DPA result in a strong hydrogen bond between ANT–
DPA. However, in the absence of a water molecule in ANT–
DPA, the dicarboxylic group of DPA is free to interact with
the O1 oxygen atom of ANT thus resulting in a different
arrangement.

Table 5 lists the electrostatic interaction energies between
the dimers of both the co-crystals. Although O⋯H–O classical
hydrogen bonds are possessed by both the cocrystals, the
highest interaction energy exists between the water–DPA
dimer in ANT–DPA-w which is close to −398.5 kJ mol−1. ANT–
DPA-w is also superior in terms of DPA–ANT dimer energy
(−327.3 kJ mol−1), while the same dimer in ANT–DPA has a
lower interaction energy (−180.3 kJ mol−1). From these values,
it becomes evident that the cocrystallization starts with the
formation of a dimer between water and dipicolinic acid
which further connects with antipyrine. The presence of
water dictates the orientation of the coformers thus resulting
in more stable ANT–DPA-w. However, ANT–DPA which is next
in hierarchy is obtained under anhydrous conditions. Table 5
also reveals the role of some other weak interactions such as
C–H⋯C and C–H⋯O in the stability of both the cocrystals.

Conclusion

In the present study, we have reported two new cocrystal
phases of the antipyrine–dipicolinic acid system, one of
which is a ‘disappearing’ phase. The hydrated phase was

Fig. 5 A three-dimensional electron density surface colored according
to the electrostatic potential at the 0.05 e Å−3 contour level of the
individual fragments (upper) and the asymmetric units (lower): (a) ANT–
DPA-w and (b) ANT–DPA.

Table 5 The electrostatic interaction energies of both cocrystals of ANT–DPA calculated based on multipolar refinement using theoretical structure
factors

Interactions in
the hydrated form

Electrostatic interaction energies
(kJ mol−1) in the hydrated form

Interactions in the
anhydrous form

Electrostatic interaction energies
(kJ mol−1) in the anhydrous form

O2–H1⋯O1 DPA–ANT −327.3 O4–H4A⋯O1 DPA–ANT −180.3
O4–H4⋯O6 Water–DPA −398.5 O2–H2A⋯O1 −125.2
O6–H6b⋯O3
O6–H6a⋯O3iv Water–DPA −39.20 C6–H6⋯O5v ANT–DPA −46.61

−35.40 −29.74
C6–H6⋯C14vi ANT–DPA −25.80 C2–H2⋯O5iii ANT–DPA −44.66

−28.38 −34.32
C4–H4a⋯O5i ANT–DPA −23.66 C11–H11C⋯O3iv ANT–DPA −25.39

−18.06 −14.90
C10–H10c⋯C5ii ANT–ANT −16.32 C14–H14⋯O3ii DPA–DPA −19.24

−5.431 −9.400
C15–H15⋯C3iii DPA–ANT −14.41 C11–H11B⋯O1v ANT–ANT −10.15

−12.39 −9.684
C3−H3⋯O6v ANT–water −9.847 C15–H15⋯C11i DPA–ANT 0.192

−5.711 −3.324

Symmetry codes ANT–DPA-w: (i) x − 1/2, −y + 1/2, z − 1/2; (ii) x, y + 1, z; (iii) x + 1/2, −y + 3/2, z + 1/2; (iv) −x + 3/2, −y + 1/2, −z + 1; (v) −x + 1, −y +
1, −z + 1; (vi) −x + 3/2, −y + 3/2, −z + 1. Symmetry codes ANT–DPA: (i) x, y − 1, z; (ii) −x + 1/2, y − 1/2, z; (iii) x, y + 1/2, z − 1/2; (iv) −x + 1/2, y + 1/
2, z; (v) x, y + 1/2, z + 1/2.
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stable and easily reproducible while the anhydrous phase was
serendipitously observed in the same vial as a weak crystal.
Analyses of crystal structures revealed that both the cocrystals
(ANT–DPA-w and ANT–DPA) significantly differed in their
conformations. Repeated trials under different conditions
produced only the hydrated phase. Thermal analysis and the
calculation of enthalpy of dehydration (15 kcal mol−1) showed
that the hydrated phase is thermally more stable.
Computational studies involving SAPT0 analysis, NCI analysis
and binding energies showed that additional stabilization
energy ∼19 kcal mol−1, which lies in close agreement with
the experimentally measured enthalpy of dehydration, is
provided by the water molecule, thus making the hydrated
form the predominant one. The hydrated phase provides
more abundant sites for hydrogen bonding and helps in
charge stabilization over a wider region. It was inferred from
the thermal and computational analyses that the anhydrous
phase (ANT–DPA) might be regained if an anhydrous
environment is provided which was done by melting the
hydrated phase and instantly pouring a non-aqueous solvent
which upon evaporation gave good quality crystals of
anhydrous ANT–DPA. The electrostatic interaction energies
showed that the water molecule dictates the onset of
cocrystallization which starts with the formation of a dimer
between dipicolinic acid and water which further connects to
an antipyrine moiety. The dimer energies indicate that an
anhydrous phase, being next in hierarchy, should be
obtained if water is removed. Topological analysis showed
that the O–H⋯O hydrogen bonds are stronger with higher
values of electron density on the critical points in the
hydrated phase (ANT–DPA-w), which makes it more stable
than the anhydrous one. The current study emphasizes the
significance of using thermal profiling at the early stages of
characterization of multi-component drugs as it can pave the
way for the discovery of new crystalline forms. The use of
computational and charge density methods including SAPT0
and NCI analyses as well as analyses of topological and
electrostatic properties can successfully complement the
thermal analysis to investigate the relative stability of
different crystalline forms, especially pseudopolymorphs.
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