
Citation: Sharma, P.; Gomila, R.M.;

Frontera, A.; Barcelo-Oliver, M.;

Bhattacharyya, M.K. Dicarboxylic

Acid-Based Co-Crystals of Pyridine

Derivatives Involving Structure

Guiding Unconventional Synthons:

Experimental and Theoretical Studies.

Crystals 2022, 12, 1442. https://

doi.org/10.3390/cryst12101442

Academic Editor: Josefina Perles

Received: 24 September 2022

Accepted: 10 October 2022

Published: 12 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Dicarboxylic Acid-Based Co-Crystals of Pyridine Derivatives
Involving Structure Guiding Unconventional Synthons:
Experimental and Theoretical Studies
Pranay Sharma 1 , Rosa M. Gomila 2 , Antonio Frontera 2,* , Miquel Barcelo-Oliver 2

and Manjit K. Bhattacharyya 1,*

1 Department of Chemistry, Cotton University, Guwahati 781001, Assam, India
2 Departament de Química, Universitat de les Illes Balears, Crta de Valldemossa km 7.7,

07122 Palma de Mallorca (Baleares), Spain
* Correspondence: toni.frontera@uib.es (A.F.); manjit.bhattacharyya@cottonuniversity.ac.in (M.K.B.)

Abstract: Four co-crystals involving dicarboxylic acids and pyridine derivatives, viz. (ox)0.5(2-CNpy) (1),
(adp)(4-CNpy)2 (2), (tp)(4-CNpy)2 (3) and (adp)(3-CNpy)2 (4) (ox = oxalic acid, tp = terephthalic
acid, adp = adipic acid, CNpy = cyanopyridine), have been synthesized at room temperature in
water medium. Crystal-structure analysis of co-crystal 1 reveals the presence of unconventional
O···π(oxalic acid)-hole interaction with the C-C bond of ox moiety, along with parallel nitrile–nitrile
interactions. The structural topologies of co-crystals 2–4 unfold the presence of antiparallel nitrile–
nitrile interactions involving the CNpy moieties. The molecular associations involving the H-bonds
and other unconventional contacts among the co-formers of the multicomponent co-crystals are
analyzed using density functional theory (DFT) calculations combined with molecular electrostatic
potential (MEP) surface, quantum theory of atoms-in-molecules (QTAIM) and noncovalent interaction
(NCI) plot computational tools. The computational studies revealed the presence of unconventional
O···π-hole interaction in 1 and the H-bonded synthons with π-stacked nitrile contacts involving CNpy
moieties in co-crystals 2–4. The energetic features of the noncovalent contacts reveal the crucial roles
of the H-bonding synthons and π-stacking interactions in the multicomponent compounds.

Keywords: co-crystals; O···π-hole; nitrile–nitrile; H-bonding; DFT calculations

1. Introduction

Multicomponent compounds (co-crystals, molecular salts, polymorphs) have attracted
the interest of researchers owing to their significant physicochemical and pharmaceu-
tical properties [1–8]. Co-crystals are structurally homogenous crystalline compounds,
which contain two or more neutral building blocks that are present in definite stoichio-
metric ratios [9]. In recent years, a great deal of research interest has been devoted to
multicomponent crystallization in both the academic and industrial fields, specifically for
drug-development purposes [10–13]. The main reason is their ability to modify essential
physicochemical prosperities, viz. the solubility, stability and bioavailability of compounds
through multicomponent co-crystallization, without altering their primary effects [14,15].
Apart from their pharmaceutical significance, co-crystals have found profound applications
in sensing, as micro- and nanocrystalline co-crystals possess chemical reactivity that is
promising for sensors [16,17].

Various noncovalent interactions such as hydrogen bonding, π-stacking, van der
Waal’s forces, etc., predominantly trigger the assembly of the multicomponent systems at a
fixed stoichiometric ratio in ambient conditions [18–20]. Hydrogen bonding interactions
are well-known for playing crucial roles in the molecular recognition, composition and
stability of the co-crystals [21]. Hydrogen bonding interactions are often employed when
designing a synthon, as they have been well-recognized as the most powerful force to
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organize molecules in the solid state [22]. The functional groups of carboxylic acids,
alcohols, amides and heterocyclic bases of co-crystallized conformers are readily involved
in strong hydrogen bonding interactions [23,24]. The bioactivities of such compounds as
well as the generation of supramolecular layered assemblies are mainly due to the presence
of these functional groups [25]. The aromatic π-stacking interactions observed between
the aromatic rings of cyclic ligands are imperative in the development of pharmaceutically
active flexible materials [26]. π-stacking interactions are important for systems containing
aromatic rings, which usually range from large biological systems to relatively small
molecules [27,28]. However, recently explored noncovalent interactions, viz. σ- and
π-hole contacts, have also significantly contributed to the stabilities of supramolecular
architectures [29–31]. Noncovalent nitrile–nitrile interactions play a crucial role in the
stabilization of the supramolecular assemblies and are, therefore, of particular interest from
the crystal-engineering viewpoint [32].

A synthon can be defined as a constituent part of a molecule to be synthesized, which
is considered as the basis of the synthetic routes [33]. Supramolecular synthon-based
innovative synthetic pathways have been employed by various research groups to develop
co-crystals with potential pharmaceutical applications [34–36]. Substituted pyridine and
dicarboxylic acid based supramolecular synthons have also been explored to design and
develop molecular solids with potential applications [37,38].

Pyridine is effectively employed in the pharmaceutical industries as a raw material
for various drugs, vitamins and fungicides [39,40]. Substituted pyridine derivatives have
already acquired a great position in the fields of medicinal chemistry and agrochemi-
cals [41,42]. It has been well-established that co-crystals containing dicarboxylic acids
are also pharmaceutically active [43,44]. Co-crystallization of pharmaceutically active
co-formers can enhance the physiochemical properties of the compounds through the
formation of intermolecular noncovalent interactions [12]. The knowledge of the noncova-
lent interactions of pyridine and related N-donor heterocyclic ligands with dicarboxylic
acids may be effectively useful in pharmaceuticals and also in the synthesis of porous
materials [45]. Therefore, a proper fusion of experimental and theoretical studies is of the
utmost importance, to visualize the role of such interactions in co-crystallized compounds
of dicarboxylic acids and N-donor heterocyclic compounds. However, various research
groups have explored the supramolecular architectures of co-crystals and salts of pyridine
derivatives with dicarboxylic acids [46,47]. Lakshmipathi et al. have recently reported
three 4-(1-Napthylvinyl) pyridine-based co-crystals and explored the structure–mechanical-
property correlation, which is relevant towards various applications for photo switches,
mechanical actuators, etc. [48].

To explore the supramolecular assemblies involving substituted pyridines and dicar-
boxylic acids, herein, we have reported the synthesis and crystal structures of four multi-
component co-crystals, viz. (ox)0.5(2-CNpy) (1), (adp)(4-CNpy)2 (2), (tp)(4-CNpy)2 (3) and
(adp)(3-CNpy)2 (4). We have analyzed the pKa rule to categorize the synthesized multicom-
ponent compounds as co-crystals duringthe self-assembly of the dicarboxylic acids and
the pyridine derivatives. The nitrile fragments of the CNpy moieties of the co-crystals are
involved in parallel and antiparallel nitrile–nitrile interactions, which stabilize the layered
assembly of the crystal structures. The oxygen atom of ox moiety is involved in novel O···π-
hole contacts with the C-C bond of neighboring ox moieties. We have further performed
theoretical studies to analyze the H-bonding networks and π-stacking interactions along
with the O···π-hole and nitrile–nitrile contacts observed in the solid state of the co-crystals,
using various computational tools.

2. Materials and Methods
2.1. Materials and Methods

All the chemicals used in the present study, viz. oxalic acid, adipic acid, terephthalic
acid, 4-cyanopyridine, 3-cyanopyridine and 2-cyanopyridine, were purchased from the
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commercial sources and used as received. Perkin Elmer 2400 Series II CHNS/O analyzer
was used to carry out the elemental analysis of the compounds.

2.2. Syntheses of the Co-Crystals

To synthesize the co-crystals, the respective dicarboxylic acids (ox (1), adp (2, 4), tp (3))
and the cyanopyridine moieties (2-CNpy (1), 3-CNpy (4), 4-CNpy (2, 3)) were dissolved in
10 mL of deionized water in 1:2 ratios in round-bottomed flasks and mechanically stirred
at room temperature for about two hours (Scheme 1). The solutions obtained were kept in
cooling environment (below 4 ◦C) for crystallization; from which colorless single crystals
suitable for single-crystal X-ray diffraction were obtained after few days. Yields: 0.126 g
(1, 84.5%), 0.294 g (2, 83.0%), 0.306 g (3, 81.1%), 0.301 g (4, 85%). Anal. calcd. for
C14H10N4O4 (1): C, 56.38%; H, 3.38%; N, 18.78%; found: C, 56.32%; H, 3.29%; N, 18.65%;
anal. calcd. for C18H18N4O4 (2): C, 61.01%; H, 5.12%; N, 15.81%; found: C, 60.91%; H,
5.09%; N, 15.75%; anal. calcd. for C20H14N4O4 (3): C, 64.17%; H, 3.77%; N, 14.97%; found:
C, 64.11%; H, 3.69%; N, 14.91%; anal. calcd. for C18H18N4O4 (4): C, 61.01%; H, 5.12%; N,
15.81%; found: C, 60.95%; H, 5.07%; N, 15.70%.
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2.3. Crystallographic Data Collection and Refinement

Crystal structures of co-crystals 1–4 were determined using single-crystal X-ray diffrac-
tion technique. X-ray diffraction data were collected using Bruker APEX-II CCD diffrac-
tometer with graphite monochromatized Cu/Kα radiation (λ = 1.54178 Å). Semi-empirical
absorption correction as well as scaling and merging the different datasets for the wave-
length were performed with SADABS [49]. The crystal structures were solved by direct
method and refined by full matrix least-squares techniques with SHELXL-2018/3 [50] using
the WinGX [51] software. Due to the relatively poor-quality crystal of compound 3, it was
moderately diffracting, and, therefore, some of the diffractions could not be included in
the data integration and refinement, which results in comparatively higher R values [52].
The molecular structure and crystal packing of the compounds were drawn in Diamond
3.2. Collected data and refinement parameters for co-crystals 1–4 have been tabulated
in Table 1.

CCDC 2122823, 2122838, 2122839 and 2122840 contain the supplementary crystallo-
graphic data for co-crystals 1–4, respectively. These data can be obtained free of charge at
http://www.ccdc.cam.ac.uk or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or email: deposit@ccdc.cam.ac.uk.

http://www.ccdc.cam.ac.uk
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Table 1. Crystallographic data and structure refinement details for co-crystals 1–4.

Parameters 1 2 3 4

Formula C14H10N4O4 C18H18N4O4 C20H14N4O4 C18H18N4O4
Formula weight 149.13 354.36 374.35 354.36

Temp (K) 100.0 100.0 100.0 294
Crystal system Monoclinic Triclinic Triclinic Triclinic

Space group P21/c P1 P1 P1
a, (Å) 3.664(2) 3.8849(3) 3.7596(4) 4.0270(3)
b, (Å) 13.887(8) 10.5878(9) 6.2540(7) 10.8650(7)
c, (Å) 13.455(6) 11.7569(10) 18.617(2) 11.2177(7)
α, (◦) 90 63.760(4) 92.569(4) 67.878(2)
β, (◦) 91.55(2) 86.193(5) 95.589(4) 86.725(2)
γ, (◦) 90 85.953(5) 95.113(4) 89.843(2)

Volume (Å3) 684.5(6) 432.34(6) 433.29(8) 453.84(5)
Z 2 1 1 1

Absorption coefficient
(mm−1)

0.927 0.818 0.857 0.780

F(000) 308 186 194 186
D(calcd) (Mg/m3) 1.447 1.361 1.435 1.297

Index ranges −4 ≤ h ≤ 3, −16 ≤ k ≤ 16,
−16 ≤ l ≤ 16

−3 ≤ h ≤ 4, −12 ≤ k ≤ 12,
−13 ≤ l ≤ 14

−4 ≤ h ≤ 4, −7 ≤ k ≤ 7,
−22 ≤ l ≤ 22

−4 ≤ h ≤ 4, −13 ≤ k ≤ 13,
−13 ≤ l ≤ 13

Crystal size, (mm3) 0.49 × 0.20 × 0.19 0.45 × 0.39 × 0.33 0.23 × 0.15 × 0.13 0.28 × 0.15 × 0.12
θ range (◦) 6.374 to 66.541 4.195 to 67.223 4.776 to 133.11 8.524 to 140.024

Independent reflections 1114 1541 4640 1661
Reflections collected 1166 5081 4640 20138

Refinement method
Full-matrix least squares

on F2
Full-matrix least squares

on F2
Full-matrix least squares

on F2
Full-matrix least squares

on F2

Data/restraints/parameters 1166/0/105 1541/0/119 4640/0/129 1661/0/119
Goodness-of-fit on F2 1.098 1.063 1.094 1.089

Final R indices (I > 2σ(I)) R1 = 0.0438, wR2 = 0.1149 R1 = 0.0479, wR2 = 0.1327 R1 = 0.0761, wR2 = 0.2427 R1 = 0.0453, wR2 = 0.1220
R indices (all data) R1 = 0.0452, wR2 = 0.1162 R1 = 0.0539, wR2 = 0.1376 R1 = 0.0785, wR2 = 0.2455 R1 = 0.0468, wR2 = 0.1231
Largest peak and

hole (e·Å−3)
0.22/−0.23 0.22/−0.24 0.43/−0.37 0.16/−0.15

2.4. Computational Methods

The energies and topological analyses of the supramolecular assemblies investigated
herein were computed at the RI-BP86-D3/def2-TZVP [53,54] level of theory, using the
crystallographic coordinates and the program Turbomole 7.2 [55], where only the positions
of the H-atoms bonded to carbon were optimized. Grimme’s D3 dispersion [53] correction
has been used, since it is convenient for the correct evaluation of noncovalent interactions.
This level of theory combining the BP86 functional, the def2-TZVP basis set and the D3
dispersion corrections has been previously used to analyze noncovalent interactions in the
solid state, including those studied herein [56–59]. The QTAIM and NCI plot’s [60] reduced
density gradient (RGD) isosurfaces have been used to characterize noncovalent interactions,
since both methods combined are useful to reveal noncovalent interactions in real space.
The cubes needed to generate the NCI plot surfaces have been computed at the same level
of theory using the wavefunctions generated by means of the Turbomole 7.2 program. The
NCI plot index’s isosurfaces correspond to both favorable and unfavorable interactions,
as differentiated by the sign of the second density Hessian eigenvalue and defined by the
isosurface color. The QTAIM analysis [61] and the cube files from the wavefunctions have
been computed at the same level of theory by means of the MULTIWFN program [62] and
are represented using VMD software [63]. The features of QTAIM analyses that we use here
to characterize the H-bonds are bond paths and bond critical points (CPs). A bond path
was defined by Bader as “a single line of maximum electron density linking the nuclei of
two chemically bonded atoms” [61]. It begins at one nucleus and proceeds in the direction
of maximum (most positive) gradient of the electron density, ρ, to a maximum, a bond
critical point (BCP). The entire bond path runs from the first nucleus over the bond CP to
the second nucleus.
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3. Results
3.1. Syntheses and General Aspects

(ox)0.5(2-CNpy) (1) has been synthesized by the reaction between one equivalent of ox
and two equivalents of 2-CNpy at room temperature in deionized water medium. Similarly,
(adp)(4-CNpy)2 (2) and (tp)(4-CNpy)2 (3) have been synthesized by the reaction between
two equivalents of 4-CNpy with one equivalent of adp and tp, respectively. (adp)(3-CNpy)2
(4) has been prepared by reacting one equivalent of adp and two equivalents of 3-CNpy in
water medium at room temperature (Scheme 1).

All the four compounds are fairly soluble in water and common organic solvents. It has
been well-established that crystal-structure determination at low temperature can improve
the quality of the datasets, resulting in more accurate structure determinations [64]. The
crystal structures of co-crystals 1 and 2 have been redetermined at low temperatures with
improved R and wR values (Tables S1 and S2), compared to those of the already-reported
structures [65]. Improved R and wR values imply better experimental crystallographic
data collection for compounds 1 and 2, compared to the already reported structures [66,67].
We also have explored the presence of unconventional O···π-hole, parallel and antiparallel
nitrile–nitrile interactions, directing supramolecular assemblies in compounds 1 and 2 (vide
infra). Moreover; the energetic features of the supramolecular assemblies of the co-crystals
have also been investigated using computational tools to gain an insight into the roles of
the noncovalent contacts towards the solid-state stabilities of the compounds.

3.2. pKa-Rule

One suitable approach to predict the formation of either co-crystal or molecular salt
from two or more co-formers is pKa-rule [68]. The ∆pKa (=pKa (base) − pKa (acid))
of two conformers can give possible indications whether a co-crystal or a salt will be
formed [69–71]. A ∆pKa < 0 will result in a co-crystal, and a ∆pKa > 3 will lead to a salt;
however, in the region between 0 < ∆pKa < 3, the predictability is elusive, as it may be
co-crystal or salt formation that takes place [70–73]. Table 2 represents the pKa and ∆pKa
values of the co-formers and multicomponent compounds of 1–4. From the ∆pKa values,
it is clear that all four compounds crystallize as co-crystals. All the dicarboxylic acids are
associated with two pKa values (Table 2) corresponding to the presence of two carboxyl H-
atoms. As soon as the first acidic proton of a dicarboxylic acid is deprotonated; it becomes
an anion, from which it is harder to remove the proton than from the neutral dicarboxylic
acid, resulting in a higher value for the second pKa than for the first [65].

Table 2. pKa and ∆pKa values of multicomponent crystals (1–4).

Multicomponent
Crystals pKa (Base) pKa (Acid) pKa

(ox)0.5(2-CNpy) (1) −0.26 1.27/4.28 −1.53/−4.54
(adp)(4-CNpy)2 (2) 1.90 4.43/5.41 −2.53/−3.51
(tp)(4-CNpy)2 (3) 1.90 3.51/4.82 −1.61/−2.92

(adp)(3-CNpy)2 (4) 1.39 4.43/5.41 −3.04/−4.02

3.3. Crystal Structure Analysis

The molecular structures of compounds 1–4 have been depicted in Figure 1a–d, respec-
tively. (ox)0.5(2-CNpy) (1) crystallizes in a monoclinic crystal system with a P21/c space
group. The asymmetric unit of 1 contains one molecule of 2-CNpy and 0.5 molecules of ox
moiety (Figure 1a). Crystal-structure analysis reveals the presence of center of inversion in
1 located at the mid-point of the C-C bond of ox moiety. (adp)(4-CNpy)2 (2), (tp)(4-CNpy)2
(3) and (adp)(3-CNpy)2 (4) crystallize in a triclinic crystal system with a P1 space group.
The asymmetric units of 2 and 3 contain two molecules of 4-CNpy and one molecule of adp
and tp, respectively (Figure 1b,c). Co-crystal 4 contains one adp moiety and two 3-CNpy
moieties (Figure 1d) in the asymmetric unit. Further analysis reveals the presence of a
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crystallographic center of the inversions in 2, 3 and 4, located at the mid-points of the C-C
bonds in adp and at the centroid of the aromatic ring of tp, respectively.
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Figure 1. Molecular structures of (a) (ox)0.5(2-CNpy) (1), (b) (adp)(4-CNpy)2 (2), (c) (tp)(4-CNpy)2 (3)
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There is a simple method to determine if the pyridine ring of an organic moiety in
multicomponent compounds is neutral or ionized. If the C–N–C bond angle of the pyridine
ring is in the range of 117–118◦, a neutral pyridine is indicated; meanwhile, an obtuse
angle, in the range of 120–122◦, indicates the ionization and formation of a pyridinium
cation [74–77]. For compounds 1–4, the C–N–C bond angles are around 117–118◦, thereby
suggesting the presence of co-crystals (see Table 3). X-ray crystallography can also provide
evidence in support of the acid deprotonation of the carboxylate groups, by considering
the C-O distances. The average bond lengths of C=O and C-O(H) are typically around 1.21
and 1.30 Å, respectively [78,79]. However, in carboxylate anions, the two C-O lengths are
expected to be identical, about 1.25 Å [80,81]. In compounds 1–4, the C=O and C-O(H)
bond lengths are around 1.21 and 1.30 Å, respectively, which suggests the presence of
neutral carboxylic acid groups in the co-crystals (see Table 4).

Table 3. C–N–C bond angles around the pyridine N-atoms in compounds 1–4.

Compound C–N–C Bond Angle (◦)

Compound 1 C2–N1–C6 117.4
Compound 2 C2–N1–C6 118.4
Compound 3 C2–N1–C6 117.9
Compound 4 C2–N1–C6 117.5

Table 4. C–O bond lengths of the carboxylic acid moieties of compounds 1–4.

Compound C–O Bond Length (Å)

Compound 1 C2’–O1´ 1.31
C2´–O2´ 1.21

Compound 2 C2´–O1´ 1.33
C2´–O2´ 1.21

Compound 3 C2´–O3´ 1.21
C2´–O1´ 1.32

Compound 4 C10–O11 1.19
C10–O9 1.32

Crystal structure analysis of co-crystal 1 reveals the formation of two different supramolec-
ular dimers involving the ox and 4-CNpy moieties (Figure 2). The neighboring ox moi-
eties of 1 are interconnected via unconventional O···π-hole interactions [82,83] to form a
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supramolecular dimer (Figure 2a). The O1´ atom of an ox is involved in unconventional
O···π-hole interactions with the π-electrons of the C-C bond of a neighboring ox, having
a O1´···Cg distance of 3.14 Å. Such O···π-hole interactions involving the ox moieties are
scarcely reported in the literature. Our research group has recently reported a similar O···π-
hole interaction involving the C-C bond of the ox moieties in an oxalato bridged ternary
Cu(II) complex, as first reported in [83]. Another interesting supramolecular dimer is also
observed in the supramolecular assembly of 1, involving the 4-CNpy moieties (Figure 2b).
The neighboring 4-CNpy moieties are involved in unusual parallel nitrile–nitrile [84] and
π-stacking interactions. Unconventional parallel nitrile–nitrile interactions are observed
between the nitrile moieties of 4-CNpy and the C· · ·N distance of 3.66 Å. The C2–C21≡N22
angle is slightly deviated from linearity (179.6◦), which may be due to the intermolecular
supramolecular interactions involving the nitrile moieties [84]. Furthermore, aromatic
π-stacking interaction is also observed in the supramolecular dimer having a centroid(N1,
C2–C6)–centroid(N1, C2–C6) separation of 3.66 Å. These interactions have been further
studied and characterized theoretically using various computational tools (vide infra).
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Figure 2. (a) Formation of supramolecular dimers of ox in 1, assisted by unconventional O···π-hole
interactions; (b) formation of supramolecular dimers of 4-CNpy in 1, assisted by unusual parallel
nitrile–nitrile and π-stacking interactions.

The supramolecular dimers involving nitrile–nitrile contacts along with O–H· · ·N
and C–H· · ·O hydrogen bonding interactions also stabilize the layered architecture of the
compound along the crystallographic ab plane (Figure S1) (see Supplementary Materials). O–
H· · ·N hydrogen bonding interactions are observed in the layered assembly of 1, involving
the –OH moiety of ox and the N atom of the pyridine ring of 4-CNpy having a O1´–
H1· · ·N1 distance of 1.61 Å (Table 5). Similarly, C–H· · ·O hydrogen bonding interactions
are observed involving the –CH moiety of 4-CNpy and the O atom of the ox moiety having
a C3–H3· · ·O2´ distance of 2.77 Å.

The aforementioned supramolecular dimer (shown in Figure 2b) along with C–H· · ·N
hydrogen bonding interactions stabilize the layered assembly of the compound along
the crystallographic ac plane (Figure S2). C–H· · ·N hydrogen bonding interactions are
observed involving the –CH moiety and the N atom of the 4-CNpy moieties having a
C5–H5· · ·N22 distance of 2.99 Å.
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Table 5. Selected parameters for hydrogen bonding interactions in 1–4.

D–H· · ·A d(D–H) d(H· · ·A) d(D–A) <(DHA)

1
C3–H3· · ·O2´ 0.95 2.77 3.358(2) 120.9
O1´–H1· · ·N1 1.02 1.61 2.633(1) 174.9
C5–H5· · ·N22 0.95 2.99 3.458(2) 132.7

2
C5–H5· · ·N42 0.95 2.51 3.389(2) 152.8
C2–H2· · ·O2´ 0.95 2.66 3.331(1) 127.4

O1´–H1´· · ·N1 0.84 1.83 2.668(1) 172.6
C4´–

H4´B· · ·N42 0.99 2.82 3.737(2) 153.7

3
C5–H5· · ·N42 0.94 2.66 3.517(4) 149.2
N1–H1· · ·O1 0.84 1.89 2.728(3) 171.2
C6–H6· · ·O3´ 0.95 2.28 3.124(2) 145.6

4
C4–H4· · ·N8 0.93 2.58 3.442(2) 154.1

C12–H12B· · ·N8 0.97 2.81 3.584(2) 137.0
C6–H6· · ·O11 0.93 2.49 3.194(2) 145.3
C5–H5· · ·O11 0.93 2.91 3.324(2) 128.3
C2–H2· · ·O9 0.93 2.64 3.423(1) 145.6
O9–H9· · ·N1 0.82 1.92 2.744(1) 178.7

C12–H12B· · ·O9 0.95 2.97 3.654(3) 133.6
C13–

H13A· · ·O11 0.94 2.99 3.362(2) 154.6

Crystal structure analysis of co-crystal 2 reveals the formation of a supramolecular
dimer assisted by antiparallel nitrile–nitrile and C–H· · ·N hydrogen bonding interactions
(Figure 3). Antiparallel nitrile–nitrile interactions [85] are observed between the nitrile
moieties of 4-CNpy with aC· · ·N separation of 3.47 Å. The C4–C41≡N42 angle is slightly
deviated from linearity (179.3◦), which may be due to the intermolecular supramolecular
interactionsinvolving the nitrile moiety [86]. Moreover, C–H· · ·N hydrogen bonding
interactions are also observed in the supramolecular dimer having a C5–H5· · ·N42 distance
of 2.51 Å.
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Figure 3. Formation of supramolecular dimer of co-crystal 2 involving 4-CNpy moieties assisted by
antiparallel nitrile–nitrile and C–H· · ·N hydrogen bonding interactions.

Assemblies of these supramolecular dimers along with C–H· · ·N, O–H· · ·N and C–
H· · ·O hydrogen bonding interactions stabilize the layered architecture of co-crystal 2 along
the crystallographic bc plane (Figure S3). The –CH moiety of adp is involved in C–H· · ·N
hydrogen bonding interactions with the N atom of 4-CNpy having a C4´–H4´B· · ·N42
distance of 2.82 Å. O–H· · ·N hydrogen bonding interactions are also observed involving
the –OH moiety of the adp ligand having a O1´–H1´· · ·N1 distance of 1.93 Å. Moreover,
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C–H· · ·O hydrogen bonding interactions arealso present in the layered architecture having
a C2–H2· · ·O2´distance of 2.66 Å.

The aforementioned supramolecular dimers of co-crystal 2 (represented in Figure 3)
also stabilize the layered assembly of the co-crystal along the crystallographic ac plane,
assisted by aromatic π-stacking interaction (Figure S4). Parallel aromatic π-stacking interac-
tion is observed in the crystal structure with a centroid(N1, C2-C6)–centroid(N1, C2–C6)
separation of 3.88 Å.

Antiparallel nitrile–nitrile, aromatic π-stacking, C–H· · ·N and O–H· · ·N hydrogen
bonding interactions are involved in the stabilization of the layered assembly of co-crystal
3 along the crystallographic ac plane (Figure S5). Antiparallel nitrile–nitrile interactions
are observed involving the nitrile moieties of 4-CNpy having aC· · ·N separation of 3.77 Å.
TheC4–C41≡N42 angle is found to be 178.4◦; slightly deviated from linearity; this may
be due to the intermolecular supramolecular interactions involving the nitrile moiety.
Aromatic π-stacking interactions are observed involving the aromatic rings of the tp ligands
having a centroid(C5´, C4´, C6´, C5´, C4´, C6´)–centroid(C5´, C4´, C6´, C5´, C4´, C6´)
separation of 3.76 Å. Another π-stacking interaction involving the aromatic rings of 4-CNpy
having a centroid(N1, C2–C6)–centroid(N1, C2–C6) separation of 3.76 Å is observed in the
crystal packing. C–H· · ·N and O–H· · ·N hydrogen bonding interactions are also observed
in the crystal structure having C5–H5· · ·N42 and O1´–H1´· · ·N1 distances of 2.66 and
1.89 Å, respectively.

Figure 4 represents the layered assembly of co-crystal 3 along the crystallographic bc plane
aided by antiparallel nitrile–nitrile and C–H· · ·O hydrogen bonding interactions. Antiparallel
nitrile–nitrile interactions are observed involving the nitrile moieties of 4-CNpy having aC· · ·N
separation of 3.33 Å. Moreover, C–H· · ·O hydrogen bonding interaction is also observed
involving the O3´ atom of tp and the –CH moiety of 4-CNpy (C6–H6· · ·O3´ = 2.28 Å).
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Crystal structure analysis of co-crystal 4 reveals the presence of antiparallel nitrile–
nitrile, C–H· · ·N, C–H· · ·O and O–H· · ·N hydrogen bonding interactions that stabilize
the layered assembly of the compound along the crystallographic bc plane (Figure 5). The
nitrile moieties of the adjacent 3-CNpy ligands are separated by a distance of 3.58 Å, thereby
involved in antiparallel nitrile–nitrile interactions. The corresponding C4–C41≡N42 angle
is also deviated from linearity and is found to be 179.6◦. C–H· · ·N hydrogen bonding
interactions are observed in the layered assembly of 4 having C4–H4· · ·N8 and C12–
H12B· · ·N8 distances of 2.58 and 2.81 Å, respectively. Moreover, C–H· · ·O hydrogen
bonding interactions are also observed involving the O-atom of the adp and –CH moieties
of 3-CNpy having C6–H6· · ·O11, C5–H5· · ·O11 and C2–H2· · ·O9 distances of 2.49, 2.91
and 2.64 Å, respectively. The –OH moiety of adp is involved in O–H· · ·N hydrogen bonding
interactions with the pyridine N atom of 3-CNpy with aO9–H9· · ·N1 distance of 1.92 Å.
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Figure 5. Layered assembly of co-crystal 4 along the crystallographic bc plane assisted by antiparallel
nitrile–nitrile, C–H· · ·N, C–H· · ·O and O–H· · ·N hydrogen bonding interactions.

Figure S6 depicts the layered assembly of co-crystal 4 along the crystallographic ac
plane aided by aromatic π-stacking and C–H· · ·O hydrogen bonding interactions. Aromatic
π-stacking interaction is observed between the aromatic rings of 3-CNpy moieties having
a centroid(N1, C2–C6)–centroid(N1, C2–C6) separation of 3.92 Å, with the slipped angle
of 19.2◦. Moreover, C–H· · ·O hydrogen bonding interactions are also observed involving
the O-atoms and –CH moieties of neighboring adp moieties (C12–H12B· · ·O9 = 2.97 Å;
C13–H13A· · ·O11 = 2.99 Å).

3.4. Theoretical Study

Initially, we have computed the molecular electrostatic potential (MEP) surfaces of the
three CNpy moieties in order to compare their relative ability to participate in noncovalent
interactions as electron donors (N-atoms) and acceptors (H-atoms). Figure 6 shows the
MEP surfaces of 2-, 3- and 4-CNPy molecules, evidencing that the nitrile N-atom is more
nucleophilic than the pyridine. Moreover, the 2-CNPy isomer is more nucleophilic than
the rest. In contrast, all three isomers present similar MEP values at the H-atoms, thus
suggesting a similar ability to participate in H-bonds as acceptors. Similarly, the MEP
surfaces of the dicarboxylic acid used in this work have been also computed (see Figure 7),
evidencing that the ox is the most acidic, followed by the tpH2 and adp, in line with their pKa
values (1.27, 3.51 and 4.43, respectively). Their ability as H-bond acceptor (via the carbonyl
O-atom) is similar in all acids. It is worth commenting that the MEP value is positive
over the middle of the C–C bond in ox, thus providing an explanation to the O···π-hole
interactions described above.

Co-crystals 2–4 present similar assemblies in the solid state, where the cyanopyridine
rings form centrosymmetric dimers held together by C–H···N and antiparallel CN···CN
interactions. Moreover, these dimers interact with the dicarboxylic acids, forming strong
O–H···N and weak C–H···O H-bonds. Those assemblies have been analyzed, and the
results gathered in Figure 8, including the QTAIM/NCI plot analyses. It can be observed
that the three assemblies have similar dissociation energies (~21 kcal/mol). Such large
dissociation energy confirms the relevance of these concurrent motifs in the solid state of
the co-crystals. The QTAIM shows that each H-bond is characterized by a bond critical
point (CP, represented by a red sphere in Figure 8) and bond path (represented as an orange
line) connecting the H to the N-atoms of nitrile or pyridine or the O-atoms of the carboxylic
groups. The interactions are also revealed by the NCI plot index, showing blue reduced
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density gradient (RDG) isosurfaces for the O–H···N H-bonds and green RDG isosurfaces
for the C–H···O/N bonds, thus evidencing the strong and weak nature of the H-bonds,
respectively. This is further confirmed by the dissociation energies computed for each
H-bond contact (values in red in Figure 8, next to the bond CPs).
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Figure 8. QTAIM and NCI plot analysis of the H-bonded assemblies of compounds 2, 3 and 4. The
QTAIM energies are given in red for the H-bonds (in kcal/mol), and values in black correspond to
the sum all the energies of all contacts.

These values have been computed using the Vr energy predictor [87]. The O–H···N
bond dissociation energies range from 7.6 kcal/mol in 4 to 8.3 kcal/mol in 3, and the
CH···O/N H-bonds range from 1.0 to 1.7 kcal/mol. It is also worth mentioning that the
existence of the antiparallel CN···CN interaction is confirmed by both the QTAIM and NCI
plot methods, showing a bond CP interconnecting the N-atoms of both cyano groups and a
green isosurface between both groups. The energies associated to these contacts are very
small, ranging from 0.3 kcal/mol in 4 to 0.5 kcal/mol in 3. In comparison with the H-bond
energy of the water dimer (–3.24 kcal/mol) [88], the OH···N H-bonds are significantly
stronger, and the CH···O/N bonds are weaker.

For compound 1, we have analyzed a similar assembly, where ox interacts with
two 2-CNPy rings (Figure 9a). In this case, the H-bond dissociation energy is very large
(12.5 kcal/mol), in line with the strong acidity of the oxalic acid. The NCI plot analysis
disclosed a green RDG isosurface between the O-atom of ox and one aromatic proton of the
2-CNPy ring, thus suggesting a small C–H···O contribution to the formation of this trimeric
assembly. We have also analyzed two additional interactions that are also important in the
solid state, as described above (see Figure 2). For the π-stacked dimer, the QTAIM shows
three bond CPs and bond paths connecting only the pyridine rings. However, the NCI plot
analysis shows that the green RDG isosurface embraces the π-systems of both the pyridine
and the cyano groups, thus suggesting the participation of the CN groups. In fact, the
dimerization energy (–3.2 kcal/mol) is slightly greater in absolute value than that reported
for the benzene dimer (–2.7 kcal/mol) [89], thus suggesting that the cyano groups have a
favorable influence on the π-stacking.

Regarding the oxalic dimer (see Figure 9c), the dimerization energy is smaller than
that of 2-CNPy dimer. The QTAIM shows the two CPs and bond paths connecting the
O-atoms to the C-atoms, thus confirming the π-hole nature of these contacts. The NCI plot
isosurface embraces the whole π-system, thus suggesting that this interaction can be also
envisaged as a π-stacking.
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4. Conclusions

Four co-crystals involving dicarboxylic acids and pyridine derivatives have been
synthesized and characterized using the single-crystal X-ray diffraction technique. Crystal
structure analysis of co-crystal1 reveals the presence of unconventional parallel nitrile–
nitrile interactions involving the nitrile moieties of 2-CNpy. Further analysis reveals the
involvement of the O-atom of ox in unconventional O···π-hole interactions with the π-hole
located on the C-C bond of neighboring ox moiety. Crystal structure analysis of co-crystals
2, 3 and 4 unfold the presence of a structure guiding the antiparallel nitrile–nitrile synthons
involving the nitrile moieties of CNPy, which provide stabilities to the layered architectures
of the co-crystals. Various H-bonding interactions also provide additional reinforcement to
the crystal structures. We have further investigated the energetic features of the supramolec-
ular assemblies observed in the crystal structures using DFT calculations, MEP surface,
QTAIM and NCI plot computational tools. The strongest H-bonding interactions corre-
spond to the O–H···N and O–H···O with dissociation energies that range from 12.6 to
17.8 kcal/mol. The π–π and O···π-hole interactions are significantly weaker (–3.2 and
–2.3 kcal/mol, respectively). The energetic aspects of the supramolecular assemblies of the
compounds reveal the significance of H-bonding and π-stacking interactions in governing
the solid-state stabilities of the compounds.
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43. Przybyłek, M.; Jeliński, T.; Słabuszewska, J.; Ziołkowska, D.; Mroczynska, K.; Cysewski, P. Application of multivariate adaptive
regression splines (MARSplines) Methodology for screening of dicarboxylic acid cocrystal using 1D and 2D molecular descriptors.
Cryst. Growth Des. 2019, 19, 3876–3887. [CrossRef]

44. Suzuki, N.; Kawahata, M.; Yamaguchi, K.; Suzuki, T.; Tomono, K.; Fukami, T. Comparison of the relative stability of pharmaceutical
co-crystals consisting of paracetamol and dicarboxylic acids. Drug Dev. Ind. Pharm. 2018, 44, 582–589. [CrossRef] [PubMed]

45. Singh, D.; Bhattacharyya, P.K.; Baruah, J.B. Structural studies on solvates of cyclic imide tethered carboxylic acids with pyridine
and quinoline. Cryst. Growth Des. 2010, 10, 348–356. [CrossRef]

46. Bedekovic, N.; Stilinovic, V.; Pitesa, T. Aromatic versus aliphatic carboxyl group as a hydrogen bond donor in salts and co-crystals
of an asymmetric diacid and pyridine derivatives. Cryst. Growth Des. 2017, 17, 5732–5743. [CrossRef]

47. Zhang, L.; Zhou, J.; Wu, Y.; Wang, P.; Jin, S.; Lu, Y.; Wang, D. Non-covalent bonded 2D/3D supramolecular adducts from
6-methylpyridine-3-carboxamide and carboxylic acids. J. Mol. Struct. 2022, 1264, 133256–133267. [CrossRef]

48. Lakshmipathi, A.; Emmerling, F.; Bhattacharya, B.; Ghosh, S. Structure-mechanical property correlation of a series of 4-(1-
Napthylvinyl) pyridine based co-crystals. J. Mol. Struct. 2022, 1268, 133670–133681. [CrossRef]

49. SADABS, V2.05; Bruker AXS: Madison, WI, USA, 1999.
50. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. A: Found. Crystallogr. 2008, 64, 112–122.

[CrossRef] [PubMed]
51. Farrugia, L.J. WinGX and ORTEP for Windows: An update. J. Appl. Crystallogr. 1999, 32, 837–838. [CrossRef]
52. Eisenberg, D.; Luthy, R.; Bowie, J.U. VERIFY3D: Assessment of protein models with three-dimensional profiles. Methods Enzymol.

1997, 277, 396–404.
53. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104–154119. [CrossRef] [PubMed]

http://doi.org/10.1039/C8CE01492B
http://doi.org/10.1016/j.molstruc.2019.03.054
http://doi.org/10.1016/j.molstruc.2017.04.085
http://doi.org/10.1021/ja202932e
http://doi.org/10.1021/ja802849j
http://doi.org/10.1016/j.molstruc.2013.06.031
http://doi.org/10.1002/anie.201100208
http://doi.org/10.1039/B614208G
http://doi.org/10.1039/B806422A
http://www.ncbi.nlm.nih.gov/pubmed/19169465
http://doi.org/10.1007/s10870-010-9902-8
http://doi.org/10.1351/pac196714010019
http://doi.org/10.15171/apb.2018.042
http://doi.org/10.1039/D0RA06478E
http://doi.org/10.1002/anie.199523111
http://doi.org/10.1021/acs.cgd.2c00006
http://doi.org/10.3390/cryst12040497
http://doi.org/10.2174/1570179417666200407130122
http://doi.org/10.1016/j.bmc.2006.04.045
http://doi.org/10.1039/D0RA01378A
http://doi.org/10.1021/acs.cgd.9b00318
http://doi.org/10.1080/03639045.2017.1405433
http://www.ncbi.nlm.nih.gov/pubmed/29132223
http://doi.org/10.1021/cg900938x
http://doi.org/10.1021/acs.cgd.7b00746
http://doi.org/10.1016/j.molstruc.2022.133256
http://doi.org/10.1016/j.molstruc.2022.133670
http://doi.org/10.1107/S0108767307043930
http://www.ncbi.nlm.nih.gov/pubmed/18156677
http://doi.org/10.1107/S0021889899006020
http://doi.org/10.1063/1.3382344
http://www.ncbi.nlm.nih.gov/pubmed/20423165


Crystals 2022, 12, 1442 16 of 17

54. Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057–1065. [CrossRef]
55. Ahlrichs, R.; Bar, M.; Hacer, M.; Horn, H.; Kömel, C. Electronic structure calculations on workstation computers: The program

system turbomole. Chem. Phys. Lett. 1989, 162, 165–169. [CrossRef]
56. Gural’skiy, I.A.; Escudero, D.; Frontera, A.; Solntsev, P.V.; Rusanov, E.B.; Chernega, A.N.; Krautscheid, H.; Domasevitch, K.V.

1,2,4,5-Tetrazine: An unprecedented µ4-coordination that enhances ability for anion· · ·π interactions. Dalton Trans. 2009, 38,
2856–2864. [CrossRef]

57. Barrios, L.A.; Aromí, G.; Frontera, A.; Quiñonero, D.; Deyà, P.M.; Gamez, P.; Roubeau, O.; Shotton, E.J.; Teat, S.J. Coordination
Complexes Exhibiting Anion···π Interactions: Synthesis, Structure, and Theoretical Studies. Inorg. Chem. 2008, 47, 5873–5881.
[CrossRef] [PubMed]

58. Das, A.; Choudhury, S.R.; Estarellas, C.; Dey, B.; Frontera, A.; Hemming, J.; Helliwell, M.; Gamez, P.; Mukhopadhyay, S.
Supramolecular assemblies involving anion–π and lone pair–π interactions: Experimental observation and theoretical analysis.
CrystEngComm 2011, 13, 4519–4527. [CrossRef]

59. Sadhukhan, D.; Maiti, M.; Pilet, G.; Bauzá, A.; Frontera, A.; Mitra, S. Hydrogen Bond, π–π, and CH–π Interactions Governing the
Supramolecular Assembly of Some Hydrazone Ligands and Their MnII Complexes—Structural and Theoretical Interpretation.
Eur. J. Inorg. Chem. 2015, 2015, 1958–1972. [CrossRef]

60. Contreras-Garcia, J.; Johnson, E.R.; Keinan, S.; Chaudret, R.; Piquemal, J.P.; Beratan, D.N.; Yang, W. NCIPLOT: A program for
plotting non-covalent interaction regions. J. Chem. Theory Comput. 2011, 7, 625–632. [CrossRef]

61. Bader, R.F.W. Atoms in molecules. Chem. Rev. 1991, 91, 893–928. [CrossRef]
62. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef]
63. Humphrey, J.W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]
64. Kottke, T.; Stalk, D. Crystal handling at low temperatures. J. Appl. Cryst. 1993, 26, 615–619. [CrossRef]
65. Enkelmann, E.; Lipinski, G.; Mer, K. Cyanopyridines-suitable heterocycles for co-crystal syntheses. Eur. J. Inorg. Chem. 2021, 33,

3367–3372. [CrossRef]
66. Sheldrick, G.M. A Short History of SHELX, SHELXTL Reference Manual; Bruker-AXS, Inc.: Madison, WI, USA, 1997.
67. Wilson, A.J.C. Statistical bias in least-squares refinement. Acta Cryst. 1976, A32, 994–996. [CrossRef]
68. Khan, E.; Khan, A.; Gul, Z.; Ullah, F.; Tahir, M.N.; Khalid, M.; Asif, H.M.; Asim, S.; Braga, A.A.C. Molecular salts of terephthalic

acids with 2-aminopyridine and 2-aminothiazole derivatives as potential antioxidant agents; Base-Acid Base type architectures. J.
Mol. Struct. 2020, 1200, 127126–127140. [CrossRef]

69. Kumar, S.; Nanda, A. Approaches to design of pharmaceutical co-crystals: A review. Mol. Cryst. Liq. Cryst. 2018, 667, 54–77.
[CrossRef]

70. Stilinovic, V.; Kaitner, B. Salts and co-crystals of gentisic acid with pyridine derivatives: The effect of proton transfer on the crystal
packing (and vice versa). Cryst. Growth Des. 2012, 12, 5763–5772. [CrossRef]

71. Haynes, D.A.; Jones, W.; Motherwell, W.D.S. Co-crystallisation of succinic and fumaric acids with lutidines: A systematic study.
CrystEngComm 2006, 8, 830–840. [CrossRef]

72. Bowker, M.J.A.; Stahl, P.H.; Wermuth, C.G. Handbook of Pharmaceutical Salts; VHCA, Wiley-VCH: New York, NY, USA, 2002.
73. Bhogala, R.; Basavoju, S.; Nangia, A. Tape and layer structures in co-crystals of some di- and tricarboxylic acids with 4,4′-

bipyridines and isonicotinamide. From binary to ternary cocrystals. CrystEngComm 2005, 7, 551–562. [CrossRef]
74. Aakeroy, C.B.; Hussain, I.; Forbes, S.; Desper, J. Exploring the hydrogen-bond preference of N–H moieties in co-crystals assembled

via O–H (acid)· · · N (py) intermolecular interactions. CrystEngComm 2007, 9, 46–54. [CrossRef]
75. Schmidtmann, M.; Wilson, C.C. Hydrogen transfer in pentachlorophenol-dimethylpyridine complexes. CrystEngComm 2008, 10,

177–183. [CrossRef]
76. Vishweshwar, P.; Babu, N.J.; Nangia, A.; Mason, S.A.; Puschmann, H.; Modal, R.; Horward, A.K. Variable temperature neutron

diffraction analysis of a very short O−H···O hydrogen bond in 2,3,5,6-pyrazinetetracarboxylic acid dihydrate: Synthon-assisted
short Oacid−H···Owater hydrogen bonds in a multicenter array. J. Phys. Chem. A 2004, 108, 9406–9416. [CrossRef]

77. Ruelas-Alvarez, G.Y.; Valenzuela, A.J.C.; Cruz-Enríquez, A.; Hopfl, H.; Campos-Gaxiola, J.J.; Rivera, M.A.R.; Rodríguez-Molina,
B. Exploration of the luminescence properties of organic phosphate salts of 3-quinoline- and 5-isoquinolineboronic acid. Eur. J.
Inorg. Chem. 2019, 22, 2707–2724. [CrossRef]

78. Melendez, R.E.; Zaworotko, M.J. Toward crystal engineering of organic porous solids: Diammine salts of trimesic acid. Supramol.
Chem. 1997, 8, 157–168. [CrossRef]

79. Bis, J.A.; Vishweshwar, P.; Weyna, D.; Zaworotko, M.J. Hierarchy of supramolecular synthons: Persistent hydroxyl···pyridine
hydrogen bonds in co-crystals that contain a cyano acceptor. Mol. Pharm. 2007, 4, 401–416. [CrossRef] [PubMed]

80. Bezerra, B.P.; Pogoda, D.; Perry, M.L.; Vidal, L.M.T.; Zaworotko, M.J.; Ayala, A.P. Co-crystal polymorphs and solvates of the
anti-trypanosomacruzi drug benznidazole with improved dissolution performance. Cryst. Growth Des. 2020, 20, 4707–4718.
[CrossRef]

81. Cheney, M.L.; Weyna, D.R.; Shan, N.; Hanna, H.; Wojtas, L.; Zaworotko, M.J. Coformer selection in pharmaceutical co-crystal
development: A case study of a meloxicam aspirin cocrystal that exhibits enhanced solubility and pharmacokinetics. J. Pharm.
Sci. 2011, 100, 2172–2181. [CrossRef] [PubMed]

82. Bauza, A.; Mooibroek, T.J.; Frontera, A. The bright future of unconventional σ/π-hole interactions. Chem. Phys. Chem. 2015, 16,
2496–2517. [CrossRef]

http://doi.org/10.1039/b515623h
http://doi.org/10.1016/0009-2614(89)85118-8
http://doi.org/10.1039/b818125j
http://doi.org/10.1021/ic800215r
http://www.ncbi.nlm.nih.gov/pubmed/18510284
http://doi.org/10.1039/c0ce00593b
http://doi.org/10.1002/ejic.201500030
http://doi.org/10.1021/ct100641a
http://doi.org/10.1021/cr00005a013
http://doi.org/10.1002/jcc.22885
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1107/S0021889893002018
http://doi.org/10.1002/ejic.202100306
http://doi.org/10.1107/S0567739476002039
http://doi.org/10.1016/j.molstruc.2019.127126
http://doi.org/10.1080/15421406.2019.1577462
http://doi.org/10.1021/cg301267h
http://doi.org/10.1039/b610294h
http://doi.org/10.1039/b509162d
http://doi.org/10.1039/B614984G
http://doi.org/10.1039/B709110A
http://doi.org/10.1021/jp0476848
http://doi.org/10.1002/ejic.201900244
http://doi.org/10.1080/10610279708233979
http://doi.org/10.1021/mp070012s
http://www.ncbi.nlm.nih.gov/pubmed/17500564
http://doi.org/10.1021/acs.cgd.0c00490
http://doi.org/10.1002/jps.22434
http://www.ncbi.nlm.nih.gov/pubmed/21491441
http://doi.org/10.1002/cphc.201500314


Crystals 2022, 12, 1442 17 of 17

83. Dutta, D.; Nath, H.; Frontera, A.; Bhattacharyya, M.K. A novel oxalato bridged supramolecular ternary complex of Cu(II)
involving energetically significant π-hole interaction: Experimental and theoretical studies. Inorg. Chim. Acta 2019, 487, 354–361.
[CrossRef]

84. Dutta, D.; Islam, S.M.N.; Saha, U.; Frontera, A.; Bhattacharyya, M.K. Cu(II) and Co(II) coordination solids involving unconven-
tional parallel nitrile(π)–nitrile(π) and energetically significant cooperative hydrogen bonding interactions: Experimental and
theoretical studies. J. Mol. Struct. 2019, 1195, 733–743. [CrossRef]

85. Dutta, D.; Sharma, P.; Frontera, A.; Gogoi, A.; Verma, A.K.; Dutta, D.; Sarma, B.; Bhattacharyya, M.K. Oxalato bridged
coordination polymer of manganese(III) involving unconventional O· · ·π-hole(nitrile) and antiparallel nitrile· · · nitrile contacts:
Antiproliferative evaluation and theoretical studies. New J. Chem. 2020, 44, 20021–20038. [CrossRef]

86. Das, B.K.; Bora, S.J.; Bhattacharyya, M.K.; Barman, R.K. Inverse bilayer structure of mononuclear CoII and NiII complexes of the
type [M(H2O)3(SO4)(4-CNpy)]2. Acta Cryst. 2009, B65, 467–473. [CrossRef]

87. Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen bond strengths revealed by topological analyses of experimentally observed
electron densities. Chem. Phys. Lett. 1998, 285, 170–173. [CrossRef]

88. Nakayama, T.; Fukuda, H.; Kamikawa, T.; Sakamoto, Y.; Sugita, A.; Kawasaki, M.; Amano, T.; Sato, H.; Sakaki, S.; Morino, I.; et al.
Effective interaction energy of water dimer at room temperature: An experimental and theoretical study. J. Chem. Phys. 2007, 127,
134302. [CrossRef] [PubMed]

89. Podeszwa, R.; Bukowski, R.; Szalewicz, K. Potential Energy Surface for the Benzene Dimer and Perturbational Analysis of π−π
Interactions. J. Phys. Chem. A 2006, 110, 10345–10354. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ica.2018.12.037
http://doi.org/10.1016/j.molstruc.2019.06.040
http://doi.org/10.1039/D0NJ03712E
http://doi.org/10.1107/S0108768109021090
http://doi.org/10.1016/S0009-2614(98)00036-0
http://doi.org/10.1063/1.2773726
http://www.ncbi.nlm.nih.gov/pubmed/17919019
http://doi.org/10.1021/jp064095o
http://www.ncbi.nlm.nih.gov/pubmed/16928128

	Introduction 
	Materials and Methods 
	Materials and Methods 
	Syntheses of the Co-Crystals 
	Crystallographic Data Collection and Refinement 
	Computational Methods 

	Results 
	Syntheses and General Aspects 
	pKa-Rule 
	Crystal Structure Analysis 
	Theoretical Study 

	Conclusions 
	References

