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a b s t r a c t

Crystal structures of co-crystal salt forms of anti-malarial drug pyrimethamine with benzoic acid in water
solvent (I) and gallic acid in ethanol solvent (II) have been studied using X-ray diffraction data collected
at room temperature. Refinement of crystal structures were carried out by independent atomic model
(IAM), while the electrostatic properties were studied by transferring electron density parameters from
an electron density database. Theoretically optimized hydrogen bond distances were used in the
refinement procedures as they were found superior to the neutron diffraction distances. Results of both
refinements were compared. Three dimensional Hirshfeld surface analysis and two dimensional
fingerprint maps of individual molecules are dominated by H/H and O/H/H/O contacts. Topological
analysis was carried out using Bader’s theory of Atoms In Molecules (AIM). Electrostatic properties such
as dipole moment and electrostatic potential were calculated. Results of this study reveal that the co-
crystal formation takes place due to NeH/O/NeH/O homosynthon. Quantitative and qualitative
analysis shows that the synthon is robust one. Density functional theory (DFT) based calculations used to
elucidate the factors which drive the co-crystallization, complement the experimental findings. The
study highlights the significance of using multipolar parameters to understand the phenomena involved
in crystal engineering.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, crystal engineering has mainly focused on novel
compositions of multi-component crystallization with controllable
structure and desired physicochemical properties. Co-
crystallization is of great importance in broad spectrum of fields
such as optoelectronics [1,2] gas storage or separation [3] and
pharmaceuticals [4]. Relevance of co-crystallization to pharma-
ceutical sciences is high due to possibility of rationally designed
crystal form of an active pharmaceutical ingredient (API) with
biological inactive compound (co-former) that are solids under
ambient conditions [5,6]. A co-former may also be another active
pharmaceutical ingredient (API) resulting API-API co-crystal. Usu-
ally, co-crystal is the new class of compounds possessing combi-
nation of the properties of different components with respect to
Faroque), arshad.mehmood@
Noureen), maqsood.ahmed@
individual components in a crystal lattice. Synthesizing such crys-
talline material and its applications represent a unique approach in
pharmaceutical industry [5]. The current interest is in pharma-
ceutical co-crystals relevance to the GRAS (Generally Regarded As
Safe) co-formers leads to many potential co-crystals improving
physicochemical properties of API without affecting its pharma-
cological activity and breaking or making covalent bonds [6e8].
Clearly the co-former used to synthesize co-crystal should be safe
in all aspects.

Path for the development of co-crystals follows a clear step,
which is no longer based on fortune, but on rational design of solid
forms is a part of crystal engineering [9]. The strategy of crystal
engineering to form co-crystal can be attributed to the exterior
functional group of API to form supramolecular synthons, espe-
cially hydrogen bonding supramolecular synthon with a variety of
pharmaceutically acceptable co-formers [10] Design for API with
multiple functional groups is challenging [11]. The adopted strategy
includes the binding sites present in the co-formers, considering
the proposed supramolecular synthons and hydrogen bond reci-
procity aremajor factors [12]. Stoichiometric ratios of different drug
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co-former based on the predicted supramolecular synthons can be
explored. Formation of co-crystals is due to non-covalent in-
teractions such as pep interaction, van der Waals interaction,
hydrogen bonding and ionic interactions. Non covalent interactions
are of biological importance because bio-molecules are held
together by weak interactions. Due to dynamic nature of these
biochemical reactions these are responsible for processes occurring
in the living organisms [13]. Among non-covalent interactions
hydrogen bonding is the most important interaction playing a vital
role in material study [14,15]. Supramolecular synthon and
hydrogen bond motifs play an important role in crystal engineering
[13,16]. The binding mechanism of a molecule to an active site
depends upon the charge density distribution, strength of the
intermolecular interactions, directionality and the charges on the
participating atoms in the intermolecular interactions [17] and this
results supramolecular frame work [18]. Co-crystallization re-
actions can also be followed by charge transfer from one compo-
nent of the crystal to other component resulting in salt formation
[17]. The topology of the intermolecular interactions, understand-
ing the electrostatic properties and knowledge of the physico-
chemical properties may allow researchers to redesign a drug in
order to reduce side effects [19,20]. In order to estimate inter &
intramolecular interaction energy, high quality structural data is
required. A small change in geometrical parameters of molecule
can result into a significant change in the conformational energy. So
it is important to note not only which parameter undergo change
but also the magnitude of that change. In X-ray diffraction, quality
of structural data depends upon several factors such as maximum
diffraction angle qmax/2qmax should be such that (sin q/l)max 0.6 Å�1

(qmax � 25� for Mo Κa; qmax � 67� for Cu Κa). Electron density
model of refinement is another crucial factor which affects the
structural parameters. In order to determine electron density dis-
tribution in a molecule, multipolar refinement has to be carried out
which requires a high resolution (d ¼ 0.5 Å) X-ray diffraction data.
But there are certain limitations that not every crystal diffracts to
high resolution. Moreover, every laboratory is not equipped with
cryo-cooling facility. So, transferability principle [21] is applied to
low resolution X-ray diffraction data. Various parameters from an
electron-density database can be transferred on the basis of the
chemical environment, similarity of atom types to overcome low-
resolution data [22]. Several databases have been constructed,
such as the UBDB [23], Invariom database [24], ELMAM [25] and its
improved version ELMAM2 [26]. Several studies have exploited the
aspherical atom databases in routine crystallographic modeling
[27e31] and have successfully shown that the application of the
method results in a notably improved molecular geometry, supe-
rior refinement statistics, a better description of the thermal mo-
tion and an improvement of phases.

Furthermore, after successful application of transferability
principle we can calculate a number of charge density derived
properties such as dipole moment, electrostatic potential and to-
pological analysis of covalent non-covalent interactions with better
refinement of structural parameters, i.e. scale factors, atomic co-
ordinates and displacement parameters. After suitable electron
density modeling, residual electron density maps are improved and
residual electron density peaks localized on covalent bonds
disappear.

Pyrimethamine is used for treatment of cystoisosporiasis caused
by Cystoisospora belli. This drug is preferred as alternative treat-
ment of acute C. belli infections, malaria, pneumonia and toxo-
plasmosis in HIV affected peoples who fail to tolerate co-
trimoxazole drug (NIH, USA, 2013). Resistance to pyrimethamine
is widespread. Mutation in malarial gene for dihydrofolate reduc-
tase may reduce drug effectiveness [32]. This mutation is respon-
sible for decreasing binding affinity between dihydrofolate
reductase and pyrimethamine through steric interactions and loss
of H-bonds [33]. Benzoic acid is a common co-former occurs
naturally in many plants used as a good precursor in organic syn-
thesis and it’s salts can be used as food preservatives. Fungal skin
diseases such as ringworm, tinea and athlete’s foot can be cured by
benzoic acid [34]. Gallic acid is trihydroxybenzoic acid, which oc-
curs naturally in land plants, different oak species, Various food-
stuff contains different amount of gallic acid especially fruits
including grapes, bananas and strawberry [35e37]. Gallic acid has
been implicated as anti-inflammatory agents, anticarcinogenic,
antimutagenic, antimicrobial and antiangiogenic agents. Besides
these this is also being used in critical diseases like lipid related
disease, cancer and depression [38].

In this scientific contribution, by using knowledge based strat-
egy we were able to synthesize co-crystals of pyrimethamine (API)
with benzoic acid I and pyrimethamine with gallic acid II (Scheme
1) using crystal structure prediction methodology. Crystal structure
prediction method will be abbreviated as CSP in this text. In this
study we reported their characterization by single crystal X-ray
diffraction (SCXRD), thermogravimetric analysis (TGA) and
computational study for atomic charges as well as energies of both
moieties I and II. Most CSP methods rely on the assumption that
observed crystal structure lie within small energy range and are
most stable. Cambridge crystallographic data center (CCDC) is a
good source for CSP which is the computational method utilized as
a test of model for intermolecular interactions in small molecules.
The core of this methodology is ‘supramolecular synthon’. In CSP
exercise the synthons resulted from OeH/N and NeH/O in-
teractions were analyzed [12,39e60]. Following CSP strategy we
were able to synthesize our interested API with two different co-
formers.
2. Experimental

2.1. Synthesis and crystallization

For synthesis of I an equimolar ratio (1:1) of pyrimethamine
(API) and benzoic acid (co-former) in methanol were refluxed for
2 h. Single crystals were obtained after one week, by slow evapo-
ration of solvent at room temperature.

The same method is applied to co-crystallize pyrimethamine
and gallic acid for II. Instead of methanol, ethanol was used as a
solvent. Single crystals appeared after few days by slow evaporation
at room temperature.
2.2. Single crystal X-ray diffraction; structure solution and
refinement

Single crystal diffraction measurements for both co-crystals I
and IIwere performed at room temperature on a Bruker D8 venture
Single Crystal X-rays diffractometer with PHOTON II detector. The
experiment for I was carried out using Cu Ka radiations
(l ¼ 1.5406 Å) and for II was carried out Mo Ka radiations
(l ¼ 0.71073 Å). The structures were solved using Olex 2 [61]
program and refined against F2 by weighted full matrix least square
method using SHELX(62). The crystallographic data for the struc-
tures have been deposited in Cambridge crystallographic data
center with CCDC Deposition Number 1975120e1975,122 for I and
1,975,145e1975,147 for II. ORTEP-3 for Windows [63] and Mercury
[64] software were used to prepare material for publication. Fig. 1
shows the thermal ellipsoid diagrams along with atom
numbering scheme for non-hydrogen atoms.



Scheme 1.
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2.3. MoPro IAM refinement

The model of I and II was subsequently imported to MoPro
software [65], CeH bond lengths were constrained to standard
neutron values [66]. However, the optimized CeH distances ob-
tained from theoretical values (details mentioned below in section
2.5) calculated from density functional theory (DFT) were found to
ameliorate the statistics, hence were used in the subsequent re-
finements. H atoms attached to heteroatoms were refined freely in
compound I and had to be restrained in compound II with a su of
0.001. A full matrix least square refinement of IAM (Independent
atomic model) was performed according to the all intensity data.
SHELX weighting scheme was adopted with a ¼ 0.12950,
b ¼ 0.63480 for I and a ¼ 0.06340, b ¼ 1.23600 for II [2,61]. Sub-
sequently, displacement parameters of non H atoms were refined.
The anisotropic displacement parameters for the H atoms were
constrained to calculated values from the SHADE server [67]. Here
and in our previous study [68] we have demonstrated that anhar-
monic refinement for Cl atom in Pyrimethamine moiety improves
results despite ordinary resolution and ambient data conditions
[69]. In this conventional (IAM)model refinement atomic positions,
scale factors and displacement parameters for all atoms were
refined using MoPro program [65,70] until convergence.

In compound I, at the end of IAM refinements, crystallographic R
factor R [F2 > 2s(F2)] was 0.060, the weighted R factor wR (F2) was
0.197 and goodness of fit 0.83. The minimum and maximum elec-
tron density peaks were �0.23 and 0.28 e/Å�3respectively.

In compound II, at the end of IAM refinements, crystallographic
R factor R [F2 > 2s(F2)] was 0.097, the weighted R factor wR (F2)
0.092 and goodness of fit 1.23. The minimum and maximum



Fig. 1. A displacement ellipsoid diagram based on ELMAM2 model drawn at 50% probability level showing atoms numbering scheme.
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electron density peaks were �0.49 and 0.56 e/Å�3respectively.

2.4. MoPro ELMAM2 refinement

In the ELMAM2 [25,71] refinements for both I and II, same pa-
rameters were varied as in IAM refinement except multipolar
charged atomic model was applied and refined till convergence.
The electron density parameters were transferred from ELMAM2
library and kept fixed. The model was electrically neutralized at the
end. ELMAM2 refinement had a noticeably improved refinement
statistics; In compound I, at the end of ELMAM2 refinements, the
crystallographic R factor R [F2 > 2s(F2)] was 0.059, the weighted R
factor wR (F2) 0.200 and goodness of fit S 0.85. The minimum and
maximum electron density peaks were �0.25 and 0.38 e Å�3,
respectively. In compound II, the crystallographic R factor R
[F2 > 2s(F2)] was further reduced from 0.097 to 0.093, the weighted
R factor wR (F2) 0.091 to 0.088 and goodness of fit S 1.23 to 1.19. The
minimum and maximum electron density peaks were �0.48 and
0.58 e Å�3respectively. Crystal data, data collection and refinement
statistics details of I and II are summarized in the Tables 1 and 2
respectively.

2.5. Computational details

The density functional theory (DFT) based theoretical calcula-
tions on I and II were performed in two stages. A preliminary
partial geometry optimization was carried out using periodic DFT-
D3 method starting with the lattice parameters and atomic posi-
tions obtained from the standard neutron distances based Mopro
IAM refinements. All non-hydrogen atoms in the unit cell were
fixed and only hydrogen atoms were allowed to relax during the
optimization using the Quantum-Espresso [72] (QE) suite of pro-
grams. Ultra-soft pseudopotentials were used for all atoms using
the PerdeweBurkeeErnzerh (PBE) [73] exchangeecorrelation
approximation in combination with Grimme’s D3 correction for
dispersion interactions [74]. The hydrogen atoms were relaxed
until the forces exerted on the atoms were less than 10�4 (a.u) with
10�7 (a.u) convergence threshold on total energy. The cutoff energy
and electronic density of plane-waves was set to be 60 Ry and
550Ry respectively for I and 55 Ry and 625Ry respectively for II.
The mesh of the unit cell for k-point sampling was 3 � 2 � 3 which
corresponds to ~0.2/Å of k-space resolution. The obtained hydrogen
distances were used for further Mopro IAM and ELMAM2
refinements.

In the second stage, two types of calculations were carried out
using the coordinates obtained after optimized hydrogen distances
based ELMAM2 refinements. A periodic DFT-D3 single point energy
calculation was performed using all-electron frozen-core PAW [75]
methodology on a dense real-space grid comprising of
180 � 432 � 360 points along the crystallographic axes. PBE
exchangeecorrelation approximation was used with enhanced k-
point sampling of 6 � 4 � 4 which corresponds to the resolution of



Table 1
Crystal data and data collection statistics.

Crystal data Compound I Compound II

Chemical Formula C19H21ClN4O3 C21H27ClN4O7

Mr 388.83 482.91
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
Temperature (K) 239 296
a,b,c (Å) 9.7703 (2), 15.1624 (3), 13.7502 (3) 9.4025 (14), 18.956 (3), 12.7918 (17)
В(�) 93.9670 90.724 (5)
V (Å3) 2032.09 (7) 2279.8 (6)
Z 4 4
Radiation type Cu, l ¼ 1.54178 Å Mo Ka, l ¼ 0.7107 Å
m (mm�1) 1.88 0.22
Crystal size (mm) 0.11 � 0.1 � 0.06 0.53 � 0.31 � 0.15
Data collection
Tmin, Tmax 0.205, 0.355 0.205, 0.355
Measured reflections 41,631 29,698
Independent reflections 3819 4644
Observed reflections 2533 [ > 2.0s(I)] 3269 [I > 2s(I)]
Rint 0.070 0.078
(Sin q/l)max (Å�1) 0.610 0.610

Table 2
Refinement statistics.

Refinement SHELX (I) MoPro (IAM) (I) MoPro (ELMAM) (I)

R [F2 > 2s(F2)], wR (F2), S 0.071, 0.252, 1.68 0.060, 0.197, 0.83 0.059, 0.200, 0.85
No. of reflections 3831 3819 3819
No. of parameters 248 317 433
No. of restraints 0 21 0
H-atom treatment H-atom parameters constrained Only H-atom coordinates refined Only H-atom parameters refined
(D/s)max 0.001 0.128 0.001

Refinement SHELX (II) MoPro (IAM) (II) MoPro (ELMAM) (II)

R [F2 > 2s(F2], wR (F2), S 0.054, 0.149, 1.04 0.058, 0.149, 0.99 0.054, 0.141, 0.95
No. of reflections 4644 4597 4596
No. of parameters 336 389 389
No. of restraints 0 27 27
H-atom treatment H atoms treated by a mixture of independent and constrained refinement Only H-atom coordinates refined Only H-atom coordinates refined
(D/s)max <0.001 0.148 �0.128
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~0.1/Å. The obtained electron density was used to calculate the
Bader charges using Bader analysis program of Henkelman et al.
[76]. A gas phase geometry optimization of I and II was carried out
using Gaussian 09 [77] suits of program at M062X [78]/6-31 g(d)
level. The corrections for basis set superposition error and disper-
sion interactions were invoked by using Boys-Bernardi counter-
poise method [79] and Grimme’s D3 methods respectively as
implemented in Gaussian 09. Improved electronic energies were
obtained from single-point calculations at M062X/6e311þþg (2d,
2p) level for the calculations of Bader charges, vibrational fre-
quencies and other properties using Multiwfn program [80].
3. Results and discussion

3.1. Residual maps and structure description

3.1.1. Compound I
Superiority of transferred model (ELMAM2) over spherical in-

dependent atomic model (IAM) has been illustrated in the form of
residual maps (Fig. S1) in supplementary information. In these
maps (Fig. S1) un-modelled electron density peaks are concen-
trated on the bonds in IAM whereas these peaks are diminished
significantly in ELMAM2. One pyrimethaminium cation, one ben-
zoate anion and awater molecule is present in asymmetric unit cell
of co-crystal assembly (Fig. 2).

In our previous study, crystal engineering of API pyrimethamine
in our lab results that co-crystal assembly exists as a charge transfer
salt [68] and co-crystallization proton transferred salt has been
studied in different literature [17]. This co-crystal assembly is also
stabilized as a charge transfer salt in which an acidic proton from
benzoic acid molecule in the asymmetric unit has been transferred
to more basic nitrogen N3 in pyrimethamine. The torsion angle
C2eC3eC5eC10 measured between pyrimidine ring and 4-
chlorobenzene is �99.65 (3)0 and the dihedral angle calculated
between planes of 4-chlorobenzene and pyrimidine ring is 79.84
(3)0. Thus pyrimidine is not co-planar with 4-chlorobenzene. Py-
rimidine ring in pyrimethamine acts as a donor interacts with
acceptor benzoate anion via N1eH1B/O2 and N3eH3/O1 to form
a supramolecular synthon “G1” with graph set notation R2

2 (8).
Supramolecular synthon is in planar position with a deviation of
0.262 Å distance from benzene ring in benzoic acid.Watermolecule
has a key role in this co-crystal assembly; it acts as donor and an
acceptor in the formation of hydrogen bond. Water molecule acting
as a hydrogen bond donor species forms contacts via
O3eH3B/O1ii and O3eH3A/O2 whereas also acting as hydrogen
bond acceptor species it forms N4eH4A/O3iii contact. Hydrogen
bond with their symmetry codes are given in Table 3.
3.1.2. Compound II
One pyrimethaminuim cation, one 3,4,5-trihydroxybenzoic acid

commonly known as gallic acid, one ethanol molecule and one
water molecule is present in asymmetric unit cell of co-crystal



Fig. 2. A view of intermolecular interactions of both I and II showing rings and synthons.

Table 3
Hydrogen bond geometry of (I).

DdH/A (Å) DdH(Å) H/A(Å) D/A(Å) DdH/A(Å)

O3eH3A/O2 1.00 (7) 1.71 (8) 2.666 (4) 159.(2)
N3eH3/O1 1.07 (4) 1.66 (5) 2.716 (3) 166.(1)
N3eH3/O2 1.07 (4) 2.61 (4) 3.461 (4) 135.(2)
N3eH3/C19 1.07 (4) 2.43 (4) 3.468 (4) 163.(1)
N1eH1B/O2 1.08 (4) 1.72 (4) 2.796 (4) 175.4 (6)
N1eH1B/C19 1.08 (4) 2.60 (4) 3.582 (4) 152.(2)
N4eH4B/C5 1.11 (5) 2.40 (6) 2.823 (4) 100.(3)
N4eH4B/C6 1.11 (5) 2.53 (6) 3.229 (5) 120.(3)
C11eH12C/C5 0.94 (18) 2.68 (11) 3.049 (5) 104.(8)
C15eH15/O3i 1.17 (5) 2.43 (5) 3.488 (5) 149.(3)
O3eH3B/O1ii 1.01 (6) 1.93 (9) 2.792 (4) 142.(5)
N1eH1A/N2iii 1.10 (4) 2.15 (4) 3.236 (4) 169.7 (9)
N4eH4A/O3iii 1.07 (6) 1.73 (6) 2.760 (4) 161.(2)
C7eH7/N4iv 0.98 (7) 2.49 (6) 3.445 (5) 165.(2)
C18eH18/Cl01v 1.11 (4) 2.79 (4) 3.568 (4) 127.(2)

Symmetry codes: (i) �x, �y, �zþ1; (ii) x, �yþ1/2, z�1/2; (iii) �x, �yþ1, �zþ1; (iv)
x, �yþ3/2, zþ1/2; (v) �xþ1, �yþ1, �zþ2.

Table 4
Hydrogrn bond geometry of (II).

DdH/A DdH H/A D/A DdH/A

N4eH4B/C6 0.863 2.78 3.3245 122.46
C10eH10/C13i 0.924 2.768 3.591 148.85
O7eH7A/C19 0.849 2.754 3.5728 162.54
N3eH3/C19 0.862 2.719 3.5291 157
N1eH1A/C19 0.867 2.717 3.5385 158.71
C10eH10/C18i 0.924 2.664 3.4967 150.29
C11eH11A/C5 0.976 2.588 3.043 108.55
O7eH7B/O6 0.844 2.514 2.8486 104.73
N1eH1B/O6v 0.811 2.477 3.2218 153.27
N4eH4B/C5 0.863 2.467 2.8304 106.09
N4eH4A/O5ii 0.814 2.433 2.9492 122.23
O4eH4/O5 0.892 2.277 2.7199 110.39
O3eH3A/O4 0.877 2.263 2.7335 113.52
N4eH4B/O6iii 0.863 2.149 2.9038 145.78
N1eH1A/O1 0.867 2.108 2.9686 171.67
O4eH4/N2vii 0.892 2.086 2.9064 152.45
O6eH6A/O7 0.82 2.066 2.8486 159.43
O3eH3A/O7vi 0.877 2.03 2.8111 147.78
O7eH7A/O2 0.849 1.977 2.7035 142.94
N3eH3/O2 0.862 1.794 2.6556 178.24
O5eH5/O1iv 0.941 1.746 2.6814 172.71

Symmetry codes: (i) �x, �y, �zþ1; (ii) x, �yþ1/2, z�1/2; (iii) �x, �yþ1, �zþ1; (iv)
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assembly (Fig. 2). Pyrimethaminium cation acts as donor species
interact with 3,4,5-trihydroxybenzoate anion acceptor via contacts
N1eH1A/O1 and N3eH3/O2 to form a supramolecular synthon
“M1” with graph set notation R2

2 (8). 3,4,5-trihydroxybenzoate
anion acting as donor species forms a contact O4eH4/N2vii with
pyrimethaminium cation and pyrimethaminium cation acting as
donor species forms a contact N4eH4A/O5 with 3,4,5-
trihydroxybenzoate anion, as a result of these two interactions
another supramolecular synthon “M2” appears with graph set
notation R2

2 (8). N4eH4B/O6iii is another interaction of hydrogen
bond formed between pyrimethaminium cation (donor) and
ethanol (acceptor) molecule. 3, 4, 5-trihydroxybenzoate anion
interact with other 3,4,5-trihydroxybenzoate anion via
O5eH5/Oiv hydrogen bond.Watermolecule being an acceptor one
interacts with 3, 4, 5-trihydroxybenzoate anion to form
O3eH3A/O7vi interaction. Water molecule also forms an interac-
tion O6eH6A/O7 with an ethanol molecule. Hydrogen bonds with
their symmetry code are given in Table 4.
x, �yþ3/2, zþ1/2; (v) �xþ1, �yþ1, �zþ2.
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3.2. Hirshfeld surface analysis and fingerprint plots

Hirshfeld surface and fingerprint plots were generated for both
co-crystals I & II by using Crystal Explorer [81,82]. Intermolecular
interactions can be visualized by Hirshfeld surface with different
colors and colors intensity, indicating short and long contacts and
strength of these contacts (Fig. 3). These were mapped over dnorm
based on van der Waal’s radii mapped onto Hirshfeld surface,
where the red circular depressions are visible in the surface indi-
cating strong hydrogen bonding contacts. Blue area in the Hirshfeld
surface is representing the dnorm value positive which is indicative
of a longer distance than the sum of van der Waal’s radii. Those
intermolecular distances which are close to van der Waal’s radii
have dnorm value zero. Negative dnorm values are indicated in red,
denoting a shorter distance than the sum of the van der Waal’s
radii. The shortest and strongest contacts are due to OeH/O
[O3eH3B/O1, O3eH3A/O2 for I and O5eH5/O1, O3eH3A/O7,
O6eH6A/O7 for II] and NeH/O [N1eH1B/O2, N3eH3/O1 and
N4eH4A/O3 for I and N1eH1A/O1, N3eH3/O2, O4eH4/N2,
N4eH4A/O5, N4eH4B/O6 for II] hydrogen bonds declare certain
bright red spots. CeH/O contacts are also visible in the surface as
light red spots. So, color intensity demonstrates the intensity of
interactions. The bluish area illustrates areas for neighboring atoms
are too for apart for there to be interaction between them.

Fig. 4(a)-(b) illustrates the Hirshfeld surface fingerprint plots
and percentage contribution of intermolecular interactions of both
co-crystals I & II respectively. Fingerprint plots exhibited in these
figures includes reciprocal contacts. Individual FPs of individual
molecules incorporated in the crystals was analyzed. In this anal-
ysis, the division of contribution of different molecules in a single
crystal is possible for different interactions, including O/H, H/H,
N/H, C/H and other contacts commonly overlap in full FPs.
3.2.1. Compound I
FPs in Fig. 4(a) labeled (a) shows the fingerprints of benzoate

anion in which H/H interaction (38.1% area) has the greatest
participation in the crystal structure with respect to other contacts.
O/H interaction (27.0% area) has the second greatest participation
with the most visible pair of sharp spikes which is specific char-
acteristic of O/H interaction. Intermolecular interactions of C/H,
CL/H interactions (17.3%, 7.6% area respectively) also has a
Fig. 3. A Hirshfeld surface based on dnorm-property. Red and blue colors represent the dis
distances in between.
dominant participation. N/H interaction (3.2% area) has the least
contribution in the crystal structure. (b) Shows the FPs of pyr-
imethaminium cation in which H/H interaction (45.3%) has the
greatest participation than other contacts. A broad spike illustration
is the characteristic of H/H interaction. Fingerprint maps of C/H
contacts (17.0% area) appear as symmetrical wings in total Hirshfeld
surface. 11.5% area contribution of Cl/H interaction is also present
in total Hirshfeld surface. One sharp spike for O/H interaction
(9.8% area) is although a small contribution to total Hirshfeld sur-
face (100% area) but this is a strong interaction exhibiting a single
sharp spike. N/H contacts include only 7.5% of Hirshfeld surface
and a strong interaction shown by two parallel sharp spikes having
less than van der waal’s distance. Other Cl/C, C/N and C/C
contacts (2.3%, 1.9%, and 1.8% respectively) have minor contribution
to total Hirshfeld surface. (c) Illustrates the FPs of water molecule
which has a dominant role in co-crystal assembly possessing O/H,
H/H contacts interactionwhose contributions are 50.3% and 49.3%
respectively.
3.2.2. Compound II
In Fig. 4(b) labeled (a) shows the fingerprint plots of pyr-

imethaminium cation, the major contribution of 38.7% to total
Hirshfeld surface is due to H/H contacts, which represents van der
Waal’s interaction, followed by C/H interactions which contrib-
utes 17.6%. C/H interactions contribution is observed as symmet-
rical wings. While a sharp spike for O/H interactions with 17.1%
contribution is observed as strong contact. H/Cl and N/H in-
teractions also participatewith 11.2% and 9.6% contributions to total
surface; sharp peak visualization with smaller distances is the
characteristics of strong interactions. (b) Shows the FPs of 3,4,5-
trihydroxybenzoate anion with 45.1% area contact contribution of
O/H interaction visualized by two sharp spikes concluding the
strong interactions. H/H interaction and C/H interactions have a
significant role in total surface contribution with 27.5% and 18.9%
contribution. N/H and C/C (3.4% and 1.7% respectively) have
minor surface contribution. (c) Shows the FPs of ethanol molecule,
a clear broad peak (characteristics of H/H) of H/H interaction is
the greatest surface contribution (53.2% area) to total Hirshfeld
surface. The second greatest surface contribution (23.5% area) is of
O/H interaction with two sharp spikes. C/H and H/Cl contacts
contributions are 14.7% and 5.0% respectively. (d) illustrates the FPs
tances shorter and longer than the sum of vdW radii and white color represents the
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of water molecule, in which H/H and O/H interactions have
major contribution (48.6%, 42.9%) of interactions, whereas H/Cl
and Cl/H also have minor contributions (4.8 and 3.6%
respectively).
3.3. Topology of intermolecular interaction

Topology of intermolecular interactionwas carried out based on
Bader’s theory of atoms in molecules (AIM) [65,83] software. In co-
crystal assembly I, the critical points search in H-bonds gave (3,-1)
critical points for non-covalent interactions. N4eH4A/O3 has a
short inter atomic distance 1.7256 (5)Å with electron density value
0.268e/Å�3 is a noticeable hydrogen bond among all other H bonds
in this co-crystal assembly indicates that this character is close to
covalent [84]. Moreover the sum of the local energy densities
(Gcp þ Vcp) value for this interaction is negative which according
to Cremer and Kraka (1984) meets the criteria to be partially co-
valent interaction. O3eH3B/O1 also meet the same criteria and
are partially covalent [85]. Whereas, in co-crystal assembly II
O5eH5/O1 hydrogen bond contact is marked very short inter
atomic distance 1.745 Å and value of electron density 0.303e/Å�3 is
comparable strong hydrogen bond. Hydrogen bond interaction
O4eH4/N2 is relatively weak interaction than mentioned above.
Inter atomic distance of O4eH4/N2 and O3eH3A/O7 hydrogen
bond interactions are 2.087 Å and 2.032 Å respectively with elec-
tron density values 0.173e/Å�3 and 0.163e/Å�3. The corresponding
topological properties and total interaction energies of intermo-
lecular interaction has been calculated. The presence of these in-
teractions justifies the co-crystallization between two moieties.
The interaction involving the chlorine atom is weak interaction as it
Fig. 4. (a)Fingerprint plots of I showing percentage contribution of interactions.
involves C atom as donor species. Both Tables (S1 and S2) of local
electron densities of I and II are given in supplementary
information.
3.4. Electrostatic potential and dipole moment

Electrostatic potential is a good tool which provides information
about ability of themolecule to bind with neighboringmolecules as
well as binding of ligands in active sites of enzymes [86e93]. This is
a big advantage of the transferability principle that molecular
electrostatic potential can be precisely estimated. Coloring the 3D
electron density surface according to the electrostatic potential is a
useful method to visualize the distribution of charges in the indi-
vidual moieties or the asymmetric unit. Depending on their affin-
ities molecules in co-crystal arrange themselves in a specific
manner. After this arrangement in co-crystal; electrostatic potential
of individual molecules vary rather than their pure crystalline form.
The electrostatic potential generated by isolated molecules of co-
crystal assemblies of I and II are displayed in Fig. 5.
3.4.1. Compound I
In I the negative electrostatic potential (nucleophilic part) is

generated not only by the most negatively charged O atoms, O1, O2
and O3, but also by the delocalized electrons of the phenolic ring of
benzoate anion. On one side of the co-crystal moiety in pyrimeth-
amine molecule, from H atoms attached to amine group to the
methyl group, a large region of positive electrostatic potential
electrophilic region is displayed. It is predicted that nucleophilic
attack can occur on pyrimethaminium cation electrophilic region.
(b) Fingerprint plots of II showing percentage contribution of interactions.



Fig. 4. (continued).

Fig. 5. A 3-D electron density surface colored according to electrostatic potential, separately calculated for each molecule in co-crystal assembly.
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Fig. 6. Showing the dipole moment of both co-crystal moieties. Dipole moment of individual molecule in co-crystal and overall dipole moment of I and II are illustrated in the
diagram.

Table 5
Counterpoise and dispersion corrected Binding Energies (kcal/mol) for the dimeric
pairs and trimeric complexes between the constituents, namely; pyrimethamine
(A), benzoic acid (B) and water (C) for I and pyrimethamine (A), gallic acid (B) and
water-ethanol (C) for II at M062X-D3/6-31G(d). The values in parenthesis are cor-
responding BEs (kcal/mol) without Counterpoise corrections.

Type Compound I Compound II

DEA-B �126.3 (�132.7) �120.1 (�118.4)
DEA-C �13.04 (�13.99) �18.15 (�21.67)
DEB-C �15.75 (�19.38) �34.16 (�41.14)
DEA-B-C �137.1 (�145.8) �148.8 (�163.3)

Table 6
Bader charges obtained from PBE/PAW periodic DFT-D3 calculations using the QE
package. The acronym is adopted from Table 1. The values in parenthesis are cor-
responding gas phase charges obtained at M062X-D3/6e311þþg (2d,2p) using
Gaussian 09 package. The charges of individual atoms are given as supporting
information.

Constituent Compound I Compound II

A 0.788 (0.843) 0.843 (0.864)
B �0.781 (�0.831) �0.843 (�0.840)
C �0.018 (�0.012) �0.036 (�0.025)
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3.4.2. Compound II
In II the electron density is accumulated on all oxygen atoms.

Intensity of red color in the ESP diagram shows the negative value
of electrostatic potential. The negative electrostatic potential
spreads over awide range of the surface oxygen atoms O1 and O2 in
3, 4, 5-trihydroxybenzoate, O6 in ethanol molecule, O7 in water
molecule and N2 in pyrimethaminium cation. Nucleophilic part is
also spread by the delocalized electrons of phenolic ring of 3,4,5-
trihydroxybenzoate anion. Here also, on one side of the co-crystal
moiety in pyrimethaminium cation, from H atoms attached to
amine groups to the methyl group, a large region of positive elec-
trostatic potential is displayed but minimumnegative charge is also
spread along chlorine side of pyrimethamine ring.

Dipole moment of individual moieties of both I & II co-crystals
are shown in Fig (6) and were calculated using MoProviewer [70].
Dipole moment of pyrimethaminium cation in I is 10.76D and in II
is 10.48D. Dipole moment of benzoate anion is 12.20D and 3,4,5-
trihydroxybenzoate anion is 10.62D. Dipole moment value of wa-
ter molecule varies in both co-crystal moieties. In I H2O dipole
moment is 1.92D and in II it is 1.97D. Ethanol molecule is incor-
porated in II, here its dipole moment is calculated 1.92D. Overall
dipole moment of I and II co-crystal assembly is calculated 1.92D
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and 10.43D respectively.
3.5. Computational insights

The binding energies (Table 5) of the dimeric pairs and trimeric
combination for both I and II are computed using the relation: DEA-
B ¼ EAB � EA � EB and DEA-B-C ¼ EABC � EA � EB � EC respectively.
Since ethanol interacts only with water and gallic acid in the
asymmetric unit of II, we therefore combined both of the solvent
molecules during the calculations of binding energies. As expected
for I, pyrimethamine (A) and benzoic acid (B) form the most stable
pair due to the strong NeH/O interactions, and energetically, this
pair is the significant contributor in the trimer formation. Thewater
(C) interacts nearly equally with both pyrimethamine and benzoic
acid with former interaction being ~2.7 kcal/mol stronger than the
later at this level of theory. Similarly, for II, the interaction between
pyrimethamine (A) and gallic acid (B) is the significant contributor
in trimer formation owning to the strong NeH/O bonding, how-
ever, this interaction is 6 kcal/mol weaker than the interaction of
pyrimethamine with benzoic acid in I. Table 5 further reveals, that
both water and ethanol in II, exhibits higher binding energies with
pyrimethamine (A) and gallic acid (B) as compared to the binding of
water with similar constituents of I. The significant difference can
be seen for II where the binding between B and C is twofold
stronger than the same interaction in I. Similarly, the binding be-
tween A and C in II is ~5 kcal/mol stronger than the same type of
interaction in I. Though, the binding of pyrimethamine with gallic
acid is weaker compared to its interaction with benzoic acid, but
Fig. 7. Plot of RGD vs sign (l2)r for I.
the stronger interactions of solvents in II imparts higher stabiliza-
tion to trimer. For both I and II, the computed binding energies with
and without Counterpoise corrections follow the same trend and
show significant cooperativity induced stabilization from both
hydrogen bonding in co-formers and solvent molecules. Never-
theless, the interaction between A and B in I and II plays the
dominant role in bestowing stability to the trimer.

We performed the Bader charge analysis on the electron density
obtained from both periodic and isolated gas phase DFT calcula-
tions. The calculated Bader charges of each component of I and II
are listed in Table 6, whereas Table S3 presents the charge on each
constituent atom. Though, the charge-based quantum mechanical
exploration of intermolecular interactions is a rather complex issue,
but in the present study, the charges computed by periodic and gas
phase methods are quite consistent, so we may consider them as
reliable. The carboxylic carbon C19 of B component is the most
electron-depleted atom having charge of 1.65 and 1.60 in I and II
respectively, while the N1 nitrogen atom of pyrimethamine is the
electron-richest. The carboxylic group of B components in both
cases is considerably polarized, but the negative charge accumu-
lated on both O1 and O2 outweighs the positive charge on C19. In
both cases, the same is true for the C8eCl bonds; however, these are
far less polarized. The nitrogen atoms of pyrimethamine in both
cases carry nearly equal charge, while, the oxygen of water is
slightly more negative in I as compared to in II. As shown by
Table 6, the charge on pyrimethamine (A) is 0.78 and 0.84 in both I
and II respectively, which is considerably less than its formal charge
ofþ1. Similarly, charges on benzoic acid (B) in I and gallic acid (B) in
Fig. 8. NCI plot for II.



M.U. Faroque et al. / Journal of Molecular Structure 1214 (2020) 12818312
II are �0.78 and �0.84 respectively which are also less than their
formal charge of �1. This overestimation of computed charges can
be attributed to the very strong NeH/O interactionwhich restricts
the complete proton transfer from benzoic and gallic acid to pyri-
methamine. To strengthen this argument, we performed the charge
decomposition analysis [94] (CDA) at M062X/6-311 g (2d, 2p) level
using the gas phase optimized geometries of dimer AB and frag-
ment A and B of both I and II. The CDA shows that the net number of
electrons transferred from fragment A to B are 0.63 and 0.65 for I
and II respectively which nearly correspond to their charges and
small difference can be associated to the contribution of the elec-
tron polarization effects. A complementary quantity delocalization
index, d (1,2) also termed as Fuzzy bond order [95], measures the
number of electrons delocalized or shared between atom 1 and 2
and represents the degree of electron exchange between the basins
of 1 and 2. In I, d (O1,H3) is 0.20 which is larger than d (O2,H1B)
(0.10) for a similar type of H-bonded interaction, indicating that
former is a much stronger bond and shares more electrons than
later. Similarly, the counterpart pair d (N3, H3) is 0.54 which is
smaller than d (N1, H1B) (0.69) indicating that former shares less
electron than the later. The same trend can be seen for II, where
d (O2, H3) is 0.15 larger than d (O1, H1A) that is 0.07 and d (N3, H3)
is 0.60 smaller than d (N1, H1A) that is 0.72. These results of
delocalization indices strengthen the argument that the over-
estimation of charges is associated with incomplete proton transfer
between component B and component A in both cases. This argu-
ment can be further complimented from the lengthening of N3eH3
bond (1.06 Å) in pyrimethamine as compared to other NeH (1.03 Å)
bonds of the pyrimethamine moiety which are involved in similar
types of H-bonding interactions.

The noncovalent interaction (NCI) [96] method also known as
reduced density gradient (RDG) method provides a robust meth-
odology to visualize the weak interactions including the van der
Waals (vdW) and dispersion interactions.

The top of Fig. 7 presents the plot of RGD versus the sign(l2)r
plot for I and bottom shows the various types of interactions in the
Fig. 9. Thermogravime
real space of the molecule. The majority of interactions between
different constituents of I mainly consists of vdW types of in-
teractions as revealed by the dominant green color in the bottom
figure and spikes located around zero on top figure. The only
stronger attractive interaction i.e. the hydrogen bonding is present
between the pyrimethamine and the carboxylic group of benzoic
acid. The interactions between water and both of the other com-
ponents are much weaker than the aforementioned interactions.
This indicates that though water is important for unit cell packing
but the significant role for dimer formation is only played by the
hydrogen bonding interaction between the major components of I.

Fig. 8 shows NCI plots for II and presents similar findings.
However, in contrast to I, the water molecule is involved in a strong
H-bonding interactionwith the carboxylic oxygen of gallic acid and
compliments their binding energies mentioned in Table 5. The
relative comparison of NCI plot and binding energies for both sys-
tems suggest that higher binding energy of II is due to the stability
imparted by the H-bonding of solvent molecules. From the analyses
performed until now, it is clear that the presence of a variety of
intermolecular forces between the constituent molecules leads to
the co-crystal formation.
3.6. TGA analysis

3.6.1. Compound I
The thermal analysis was performed on a PerkinElmer STA 6000

simultaneous TGA/DSC instrument. It is done to investigate thermal
stability of material. 2 mg sample was added to crucible and it was
heated from 30 �C to 500 �C at a rate of 20 �C/min under continuous
purging of nitrogen gas. With increase in temperature, the
decomposition of mass is indicated by endothermic peak in TGA
plot. The TGA/DSC data curve shows the thermal behavior of Pyri-
methamine, benzoic acid and water cocrystal. The combustion of
material occurs in temperature range between 120 �C to 300 �C.
The melting point of Pyrimethamine is 233 �C and melting point of
co-former benzoic acid is 122 �C.The TGA data shows that up to
tric analysis plot.
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temperature 120 �C, there is no loss of any component and the
structure is stable at that temperature. A sharp endothermic peak is
obtained at 122 �C a temperature which is actually the melting
point of benzoic acid. The endothermic peaks are not sharp, which
indicates that crystallinity of sample is not good. After 122 �C, the
decomposition of material starts. The second endothermic peak is
observed at 300 �C which confirms further decomposition of
sample. After 300 �C, the sample disintegrates completely.
Fig. 10. Calculated IR spectra of (a) I and (b
3.6.2. Compound II
The TGA-DSC data curve shows the thermal behavior of Pyri-

methamine, Gallic acid and water co-crystal. The decomposition of
mass occurs in temperature range between 230 �C to 300 �C. The
melting point of Pyrimethamine is 233 �C and melting point of co-
former Gallic acid is 260 �C. The TGA data shows that up to tem-
perature 233 �C, there is no loss of any component and the structure
is stable at that temperature. A sharp endothermic peak is obtained
ͦ

) II and their individual components.
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at a temperature which is actually the melting point of molecule.
The endothermic peaks are not sharp, which indicates that crys-
tallinity of sample is not good. After 233 �C the decomposition of
sample starts. The second endothermic peak is observed at 290 �C
which confirms further decomposition of sample. After 300 �C, the
sample evaporates completely. TGA plots of both molecules I and II
are shown in Fig. 9.

3.7. Simulated IR spectra

Fig. 10 presents the normalized IR intensities of both I and II and
their individual components simulated at M06e2X/6e311 þ g (2d,
2p) level of DFT calculations. The IR spectra of pyrimethamine (red)
shows two small peaks at 292 and 529 cm�1 which mainly corre-
sponds to the out of plane twisting vibrations of eNH2 and eNH
respectively. A small peak at 1130 cm�1 can be assigned to the
stretching vibrations of CeCl bond. The major peak positioned at
1712 cm�1 is associated to the C¼N stretching vibrations combined
with in-plane scissoring mode of eNH2 hydrogens. Two splits
peaks at 3550 and 3680 cm�1 represents the symmetric and
asymmetric stretching vibrations of NeH hydrogens. Fig. 10(a) ex-
hibits that the out of plane wagging vibrations of CeH bonds in
benzoic acid (blue) can be linked with a small peak at 746 cm�1

whereas a neighboring peak position at 824 cm�1 is associatedwith
the stretching vibrations of C ¼ C bonds of phenyl and carboxylic
carbon atoms. A medium-to-large peak at 1367 cm�1 and a large
peak at 1709 cm�1 represents the symmetric and asymmetric
stretching vibrations respectively in C ¼ O bond of carboxylic
group. The IR intensity spectra of I (black line) in Fig. 10(a) shows
that a peak positioned at 1486 cm�1 is associated with the
stretching vibration of C ¼ O bond of carboxylic group of benzoic
acid combined with C ¼ N stretching vibrations of pyrimethamine.
However, the signature intensity peaks for I are positioned at 2600
and 3060 cm�1 which represent the symmetric stretching vibra-
tions of NeH/O hydrogen bonds between pyrimethamine and
benzoic acid where the former corresponds to vibrations of trans-
ferred proton between both components whereas the latter is
associated with hydrogen bonded eNH2 group. In addition to these
peaks, a small peak at 3450 cm�1 represents the OeH/O interac-
tion between benzoic acid and water molecule.

Similarly, as shown in Fig. 10(b) the hydroxyl hydrogens in gallic
acid (blue) show a wagging vibrational mode at 424 cm�1. Two
medium peaks at 750 and 1040 cm�1 can be associated to the
stretching of C ¼ C bonds in phenyl ring and hydroxyl CeO bonds
respectively. The major intensity peak at 1360 cm�1 represents the
stretching vibrations of CeC bond of phenyl and carboxylic carbon
atoms. Similarly, two neighboring peaks at 1670 and 1710 cm�1

shows the symmetric stretching and of C ¼ C bonds and asym-
metric stretching of C¼ O bond of carboxylic group. A small peak at
3760 cm�1 indicates the stretching vibration of OeH bond in hy-
droxyl group. Since complex I and II involve similar type of
hydrogen bonded interactions, therefore their IR intensity peaks
are positioned at nearly same frequencies. Like I, the two signature
peaks of II (black) are located at 2600 and 3200 cm�1 representing
the stretching of involved hydrogen bonds.

4. Conclusion and perspective

Using a synthon-based approach, we have successfully synthe-
sized co-crystal of pyrimethamine with benzoic acid and 3,4,5-
trihydroxybenzoic acid. The co-crystal structure was refined using
spherical atomic model (IAM) and multipolar atomic model by
transferring electron density parameters from ELMAM2. In I and II
we used DFT distances calculated theoretically instead of neutron
distances. We observed that distances calculated from DFT shows a
good improvement in statistical indexes as compared with neutron
distances in both compounds. Furthermore, library transfer in both
I and II cases, owing to an improved model, results in better figure
of merits such that lower crystallographic R factor, weighted R
factor and better goodness of fit. The calculated stabilization en-
ergies, charge transfer and non-covalent interactions (NCI) analysis
indicate a significant contribution of hydrogen bonding between
co-formers vis-�a-vis solvent molecules to stabilize the molecules in
co-crystals of both I and II. The structure of co-crystal assembly is
stabilized by strong electrostatic attraction between charged ionic
species due to shifting of proton from co-formers to pyrimethamine
(benzoic acid to pyrimethamine and from 3,4,5-trihydroxybenzoic
acid to pyrimethamine). Transferability principle helps for better
analysis of crystal structure and results in improved model and
better refinement statistics for ordinary data collected at room
temperature.
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