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Abstract. Single crystals of two pyridine isomers containing cyano and thiophene moieties {systematic names:
(Z )-2-(pyridine-2-yl)-3-(thiophen-2-yl)acrylonitrile, C12 H8 N2 S, I and (Z )-2-(pyridine-3-yl)-3-(thiophen-2yl)acrylonitrile, C12 H8 N2 S, II} were obtained from ethanol-cyclohexane mixture. The thiophene ring was
found to be disordered over two orientations (syn and anti) in II. The potential energy surface scan of thiophene
ring rotation suggests that the syn conformer is more stable by ≈ 4 kcal mol−1 than that of the anti-conformer.
The optimized structures obtained using the DFT method (M06-2X/cc-pVTZ level of theory) show a high degree
of similarity with the experimental structures. A detailed experimental and theoretical analysis on the intra- and
intermolecular interactions observed in these structures is reported. The molecules arranged in the crystalline
state are completely different in I and II. Intermolecular interactions are qualitatively analyzed using Hirshfeld
surface and its associated 2D fingerprint plots. The intermolecular interaction energies of different molecular
pairs are calculated using the PIXEL method. Several weak non-covalent interactions such as C–H · · ·N, C–H
· · · π, C–H · · ·S, π · · · π and S · · · N contacts play a vital role in the stabilization of crystal structures. These
interactions are further explored by the topological analysis of the electron density based on the quantum theory
of the atoms-in-molecules approach.
Keywords. Pyridine; nitrile; thiophene; PIXEL; QTAIM; MESP.

1. Introduction
An understanding of weak noncovalent interactions in
the context of crystal packing is an important aspect
of crystal engineering. Such an understanding will help
us to design new solids with desired physicochemical
properties. 1 The hydrogen bonds and π-π interactions
are well-acknowledged in crystal engineering, structural chemistry and structural biology among other weak
noncovalent interactions. 2–6 To understand the role of
weak noncovalent interactions especially in the absence
of a strong donor group, we synthesized two pyridine

isomers, which contain cyano and thiophene functionalities, and determined their crystal structures at low
temperature.
Many pharmaceuticals contain a cyano(–CN) functionality and are prescribed for a diverse variety of
medicinal indications. 7 The cyano functionality was
used as a substructure to search the drug bank (www.
drugbank.ca), 8 which revealed 243 compounds, most
of which are approved drugs. Further, the drugs for
type 2 diabetes, namely, rosiglitazone and pioglitazone, contain pyridine nucleus. 9 Interestingly, one of the
approved drugs, i.e., milrinone, contains bothpyridine
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and cyano functionalities, which is used for treating
heart failure. 10 Thiophene scaffold is also present in
many drugs, which have proven to be toxic for humans
and animals. 11
On the other hand, the conjugated organic compounds with cyano substituent display excellent optical
and electrical properties due to their high electron
affinities. 12 Some of the poly( p-pyridine)- and poly( ppyridylvinylene)-based polymers have been reported as
emitting chromophores 13–15 and some nitrile containing polymers have been reported as semiconductors. 16
In view of this, we have studied the optical properties
and crystal structures of several acrylonitrile derivatives
earlier. 13,17–20
We present herein the crystal and molecular structures
of two pyridine isomers featuring cyano and thiophene
moieties A detailed investigation of weak non-covalent
interactions present in them is carried out using the
PIXEL method 21–23 along with the Bader’s quantum
theory of atoms-in-molecules (QTAIM) approach. 24
This study helps to understand the nature of various non-covalent interactions and their roles in the
solid state. The Hirshfeld surface analysis 25 and the
two-dimensional fingerprint plots 26,27 are performed to
delineate the differences and similarities in terms of
non-covalent close contacts between these two pyridine
isomers.

2. Experimental
2.1 Synthesis and crystallization
A mixture of 2-thiophencarboxaldehyde (0.23 mL, 2.0 mmol),
10 mL of ethanol and 2.0 mmol (0.25 mL) of 2-pyridylacetonitrile was prepared. This mixture was maintained at room
temperature, and KOH (3.0 mmol, 0.168 g) was added to
it. The resultant reaction mixture was kept for 5 h until
the formation of white powder (compound I). Compound II
was prepared similarly except that 3-pyridylacetonitrile (2.0
mmol, 0.249 mL) was used instead of 2-pyridylacetonitrile
(Scheme 1). These two compounds were characterized by
1 H-NMR, 13 C-NMR and FT-IR spectroscopy. Single crystals
of I and II were obtained from the recrystallization using a
mixture of ethanol:cyclohexane (2:1 v/v). The spectral details
are given in the supplementary section (Figures S1–S6, Supplementary Information).

2.2 Structure solution and refinement
Suitable crystals of I and II were chosen for single crystal X-ray diffraction study. Both compounds were solved by
the direct methods using the program SHELXS-2013. 28 All
the non-hydrogen atoms were refined anisotropically using
SHELXL-2014/7. 29 The H atoms were fixed at the calculated
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positions with Uiso (H) = 1.2Ueq (C). In II, the thiophene ring
was disordered over two orientations with a refined occupancy
ratio of 0.838(3):0.162(3). The crystal of II was found to be
non-merohedrally twinned and the twin relationship corresponds to a twofold axis. The BASF scale factor was refined to
be 0.383(2). Only the major disordered component (hereafter
IIA) is considered for further analysis. The crystal data and
structure refinement parameters are presented in Table 1. The
ORTEP diagrams and the interacting dimeric structures were
drawn using the programs PLATON 30 and MERCURY, 31
respectively.

2.3 Hirshfeld surface analysis (HS)
To visualize and quantify various intermolecular interactions
present in I and IIA, we performed HS analysis to obtain 2D
fingerprint plots using the program CrystalExplorer17. 32 The
X-ray geometries after resetting the bond lengths involving H
atoms were (C–H = 1.083 Å) used for the calculation. The HS
was mapped with various properties such as dnorm , 27 shape
index, 33 and deformation density.

2.4 PIXEL energy calculation
The lattice energy for the crystal structures of I and IIA
and intermolecular interaction energies (E tot ) for different
dimers in these structures were calculated using the PIXELC module in the CLP package (Version 3.0, November
2015). 23 For a comparative purpose, the intermolecular interaction energy for different dimers (at their crystal structure
geometry) identified from the PIXEL method was computed
using the M06-2X-D3/cc-pVTZ level of theory. These energies (E CP ) were corrected for basis set superposition error
(BSSE) using the counterpoise method. 34

2.5 Structural optimization and rigid potential
energy surface scan
The structural optimization was performed for both I and
IIA without any geometrical constraints using the Gaussian09
program 35 at M06-2X/cc-pVTZ level of theory. 36 The empirical dispersion correction (D3) was included as proposed. 37
The optimized structures were further subjected to the vibrational frequency calculation to assess the minimum energy
conformer on the potential energy surface (PES). Since the
thiophene ring was disordered over two orientations (syn and
anti conformers are defined based on the rotation of thiophene
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Crystal data and refinement parameters for compounds I and II.

Crystal data
Chemical formula
Mr
Crystal system, space group
Temperature (K)
a, b, c (Å)
α, β, γ (◦ )
V (Å3 )
Z
Radiation type
μ (mm−1 )
Crystal size
Data collection
Diffractometer
Absorption correction
Tmin , Tmax
No. of measured, independent
and observed [I > 2 σ(I )]
reflections
Rint
(sin θ/λ)max (Å−1 )
Refinement
R[F 2 > 2σ (F 2 )], wR(F 2 ), S
No. of reflections
No. of parameters/restraints
ρmax , ρmin (e Å−3 )
CCDC No.

I

II

C12 H8 N2 S
212.26
Orthorhombic, Pbca
110(2)
6.8798(3), 13.8842(7), 20.9606(9)
90, 90, 90
2002.17(16)
8
Mo K α
0.285
0.36 × 0.23 × 0.19

C12 H8 N2 S
212.26
Monoclinic, P21 /n
110(2)
13.6152(8), 4.7297(3), 16.2431(10)
90, 105.293(6), 90
1008.95(11)
4
Cu K α
2.54
0.46 × 0.09 × 0.06

SuperNova, Dual, Cu at zero, Atlas
Analytical
0.935, 0.960
8098, 2296, 1905

SuperNova, Dual, Cu at zero, Atlas
Analytical
0.489, 0.880
6405, 2209, 1915

0.031
0.650

0.033
0.616

0.040, 0.102, 1.07
2296
136/0
0.36, −0.36
1892110

0.043, 0.117, 1.07
2209
174/160
0.46, −0.31
1892109

ring) in II, we performed rigid PES scan using B3LYP/631G(d) level of theory 38 for the C7–C8–C9A–C10A torsion
angle from 0 to 360◦ with an increment of 5◦ to identify the
stable conformer.

2.6 QTAIM analysis
The topological properties were calculated for all the dimers
in I and IIA using AIMALL package (T. Keith, AIMAll
version 16.05.18, 2016). From the calculation, we obtained
electron density (ρ), Laplacian of electron density (∇ 2 ρ),
potential energy density (Vb ) and kinetic energy density (Gb )
and total energy density (Hb ) for noncovalent interactions
present in different molecular dimers in these two structures.
In order to evaluate the strengths of different interactions, we
computed the dissociation energy (D E int ) for the interaction
based on the empirical approach proposed earlier. 39

3. Results and Discussion
3.1 General description of structures of I and II
In the present investigation, we examined crystal structures of two pyridine isomers to study the role of weak

noncovalent interactions in the solid state and to identify
the similarities and differences in the crystal packing. Both compounds crystallize in the centrosymmetric
space groups and one molecule per asymmetric unit
in each of this compound. From the X-ray analysis,
we found that the structure of I is well-ordered. The
thiophene ring is disordered over two orientations in II
(Figure 1). The major disordered component (labeled as
A) of the thiophene ring is in syn conformation concerning the orientation of S and CN group, while the minor
component (labeled as B) adopts anti conformation. To
identify the stable conformer of II, we performed rigid
PES scan for the torsion angle C7–C8–C9A–C10A.
The result suggests that the syn conformer is found
to be more stable than the anti conformer (Figure S7,
Supplementary Information). The relative energy difference between syn and anti conformers is found to be
4.7 kcal mol−1 .
The selected torsion angles that describe the conformations of molecules I and IIA are given in Table
S1 (Supplementary Information). In I, the thiophene
ring is slightly twisted (8.22(4)◦ ) with respect to the
mean plane of the 2-pyridyl ring. The central moiety
formed by atoms C1–C7–C8–C9 makes dihedral angles
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Figure 1. ORTEP representation of (a) compound I, (b) the major disordered component of compound II (IIA), and (c) the
minor disordered component of compound II (IIB). Displacement ellipsoids are drawn at the 50% probability level with the
atom-labelling scheme.

of 6.04(1) and 13.97(1)◦ with the mean planes of thiophenyl and 2-pyridyl rings, respectively. In IIA, the
orientation of the thiophene ring is similar to that in
I with respect to the mean plane of the 3-pyridyl ring.

endorses the participation of these atoms in the intermolecular C–H · · ·Npyridine , C–H · · ·Nnitrile and C–H · · · π
interactions.
3.3 Intramolecular interactions in I and IIA

3.2 Quantitative molecular electrostatic potential
map (MESP)
The molecular electrostatic potential maps were generated for I and IIA at their crystal structure geometries from the corresponding wave functions using
WFA-SAS program. 40 The locations of the most positive (Vs,max , black hemisphere) and negative potentials
(Vs,min , blue hemisphere) are shown in Figure S8 (Supplementary Information). We found that the distribution of electrostatic potentials is varied in the central
region of the molecule. It is noted that the cyano N2
atom has a more electronegative potential (Vs,min =
−37.59 kcal mol−1 ) in I than in the structure of IIA. In
contrast, the pyridyl N1 atom has a greater electronegative potential in IIA as compared to the structure of I.
In the case of I, the more positive potential is located
on the hydrogen atoms H12 and H5 with Vs,max values
of 25.03 and 23.21 kcal mol−1 , respectively. This supports the involvement of these atoms in the formation of
intermolecular C–H ···Nnitrile and C–H ··· π interactions
in I. In IIA, the most positive potentials are observed
near the surface of H8 and H12A atoms. Again, this

The molecules of I and IIA adopt a slightly distorted planar conformation as observed in many closely related
structures. 17,18,41,42 To characterize the intramolecular interactions present in these structures, we performed QTAIM analysis for both X-ray and optimized
molecules (Figure S9, for topological properties, see
Table S2, Supplementary Information). The results suggest that there is a (3, –1) bond critical point (BCP)
observed between C13 ≡ N2 bond and S1 atom with
the electron density (ρ) of 0.076 e Å−3 and the Laplacian of the electron density (∇ 2 ρ) of 0.951 e Å−5 in the
X-ray structure of I. This interaction is retained in the
optimized structure with similar ρ and ∇ 2 ρ values. The
above contact is also observed in the X-ray structure
of IIA in addition to a short H2 · · · H8 contact with
the bond path (Rij ) of 1.980 Å. The topological analysis
indicates that the dissociation energy for this H · · · H
contact is higher as compared to C ≡ N · · · S contact.
A similar type of close H · · · H contact is observed
earlier in different systems as non-electrostatic stabilizing interaction. 43–46 In the optimized structure of IIA,
the pyridyl ring is slightly rotated to avoid this short
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Crystal structures of (a) compound I and (b) the major disordered component IIA.

contact. This observation suggests that the formation of
a short intramolecular H · · · H contact is pre-optimized
in the crystal. Overall, the presence of conjugation and
the existence of intramolecular C ≡ N · · · S contact may
assist molecules to adopt a distorted planar conformation in the crystal.

Table 2.
and IIA.

Lattice energy (in kcal mol−1 ) for compounds I

Compound

E Coul

E pol

E disp

E rep

E tot

I
IIA

−12.5
−15.1

−5.6
−5.8

−34.2
−33.5

24.8
26.1

−27.5
−28.3

3.4 Crystal packing of I and IIA
In the crystalline state, the basic pattern that is observed
is that the molecules of I and IIA form double layers in
a head (pyridine)-to-tail (thiophene) fashion (Figure 2).
The way the molecules are arranged in the solid state
is completely different in I when compared to IIA.
For instance, the molecules are oriented in the same
direction for the head and tail groups in the double layers (basic pattern) and the adjacent double layers are
arranged in an anti-parallel orientation in I. In contrast,
molecules are oriented in an anti-parallel configuration
in the double layers. One of the layers in the double
layers is also oriented in an anti-parallel mode with the
neighbouring layers in IIA. The adjacent double layers
are interlinked through cyano groups. Analysis of lattice
energies suggests that the dispersion energy contributes
more towards the stabilization of the crystal structure
(Table 2). It is to be noted that the Coulombic contribution is slightly better in IIA.
3.5 Qualitative analysis of intermolecular
interactions: Hirshfeld surface analysis (HS) and 2D
fingerprint plots (FP)
The HS analysis has been performed to understand
the nature and the extent of intermolecular interactions

observed in the crystal structures of I and IIA and
to qualitatively analyze the intermolecular interactions.
The relative contributions of various non-covalent interactions in these structures were computed using the 2D
fingerprint plots. The brightness of the red spots on the
HS implies that the interactions seem to be close contacts. The analysis indicates that the intermolecular C–H
· · ·Nnitrile and S · · · Nnitrile interactions are clearly seen
on the HS of I (Figure S10 (a), Supplementary Information). It is to be noted that the pale red spots for H8···H10
contact as compared to the other two. In IIA, at least five
intermolecular contacts are (C8···C11A, C–H ···Npyridine ,
C–H · · ·Nnitrile and C–H · · · π) visible on the HS (Figure
S10 (b), Supplementary Information).
The relative contributions of various non-covalent
interactions are depicted in Figure 3. The distributions of
various non-bonded contacts in the FP plots are remarkably different in I and IIA, and these variations are also
reflected on the crystal packings. In both I and IIA,
the intermolecular H · · · H interactions have a major
contribution to the total HS area and these contacts are
3.2% higher in IIA when compared to I. This small
difference is manifested in the FP (Figure 3). In I, the
H · · · H interactions appear as double spikes with the
shortest di + de distance ∼
= 2.2 Å, while there are three
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Figure 3. The decomposed two-dimensional fingerprint plots for (a) compound I and (b) compound IIA and (c) the relative
contributions of various noncovalent interactions in I and IIA.

spikes in which the center spike is more concentrated in
IIA with the closest di + de distance ∼
= 2.6 Å. The next
significant contributions come from both H · · · C/C · · · H
(26% in I and 17.6% in IIA) and H · · · N/N · · · H (21.1%
in I and 24.2% in IIA). The H · · · C/C · · · H contacts that
are characteristic for C–H · · · π interactions, which turn
out in the form of wings in I. Further, the H · · · C/C · · · H
contacts are slightly longer (shortest di + de distance =
∼ 2.9 Å) in I. The corresponding contacts are observed
as a pair of sharp spikes (crescent shape) around 2.6 Å
in IIA. The intermolecular H · · · N/N · · · H contacts
appear as double spikes in both I and IIA. However,
these contacts are shorter (∼
= 2.4 Å) in IIA than that of
I (∼
= 2.6 Å).
These two structures also feature the presence of
C · · · C contacts (7.6% in I and 12.9% in IIA), which
correspond to π · · · π interactions and these contacts
appear in pale blue and green colour on the diagonal
regions around di = de = 1.7–1.8 Å. Furthermore,
the existence of π · · · π interactions is also confirmed
from the shape index diagram (presence of concave red
and convex blue triangles on the surface; Figure S11,

Supplementary Information). Further, the existence of
intermolecular C–H ···S interaction is clearly seen from
the wings in the FP for I (10.9%) and the absence of corresponding interaction in IIA (5.1%). It is of interest to
note that these contacts are observed around 2.9 Å in I,
while it is ca. 3.4 Å in IIA.
3.6a Quantitative analysis of intermolecular interactions in I: PIXEL and QTAIM: The energetically
significant dimers were extracted from the PIXEL calculation. The interaction energies for these dimers (dimeric
motifs: M1-M7) ranging from –6.4 to –2.4 kcal mol−1
(Table 3 and Figure 4). Motif M1 is formed by intermolecular C–H · · ·N interaction (involving H10 and
N1) along with one C–H · · ·C and an intermolecular C10–H10 · · · H8–C8 contact with an E tot of
–6.4 kcal mol−1 . The dispersion contribution (65%)
is more significant when compared to the electrostatic contribution (sum of Coulombic and polarization)
towards the stabilization of this molecular pair. Further, the existence of these contacts is evaluated by
QTAIM analysis (Table 4), and the molecular graphs

−0.6
−1.1
−0.6
−1.1
−1.3
−2.0
−1.1
−0.8
−0.8
−0.5
−0.6

−1.8
−1.9
−0.6
−1.7
−3.3
−5.0
−2.9
−1.5
−2.0
−1.1
−0.8

x−1, y, z
−x + 3/2, y + 1/2, z
−x + 1/2, y + 1/2, z
x−1/2, −y + 3/2, −z + 1

x, y−1, z
−x−1/2, y−1/2, −z + 1/2

−x, −y + 2, −z
−x, −y + 1, −z
−x + 1/2, y + 1/2,−z + 1/2
x−1/2, −y + 3/2, z−1/2

M4
6.880
M5
7.867
M6
7.636
M7
8.265
Compound IIA
M8
4.730
M9
6.795

8.801
7.261
7.786
9.485

9.360

M10
M11
M12
M13

M14

−3.0

−3.6
−2.9
−2.2
−2.8

−13
−5.1

−7.2
−4.3
−4.3
−2.2

−3.6
−7.2

−7.9

E disp

2.3

2.7
1.6
1.8
2.1

10.7
5.8

4.7
4.3
3.0
2.7

2.9
4.9

5.8

E rep

−2.1

−4.8
−3.6
−3.2
−2.3

−6.9
−6.3

−4.8
−3.1
−2.5
−2.4

−5.5
−5.2

−6.4

E tot

−1.58

−3.65
−3.16
−3.12
−1.72

−11.01
−5.67

−6.72
−2.94
−2.54
−2.54

−4.77
−5.37

−4.51

E CP

C8· · ·C11A
C2–H2· · ·N1
C8–H8· · ·N1
C5–H5· · ·N2
C6–H6· · ·N2
C12A–H12A· · ·N2
C4–H4· · ·C12A
C4–H4· · ·C11A
C12A–H12A· · ·C5

C10–H10· · ·N1
C11–H11· · ·C10
C10–H10···H8–C8
C5–H5· · ·N2
N2 ≡ C13· · ·C13 ≡
N2
Cg1· · ·Cg2 (π · · · π)
C4-H4· · ·S1
C12-H12· · · π
S1· · ·N2

Possible Interactions

3.326(1)
2.48, 177
2.39, 166
2.57, 157
2.84, 113
2.73, 115
2.87, 137
2.72, 164
2.61, 146

3.740(1)
2.94, 122
2.67, 136
3.236(2)

2.64, 154
2.86, 141
2.24, 141
2.55, 159
3.403(2)

Geometry (Å, ◦ )a
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x + 1/2,−y + 1/2, z + 1/2

−1.2
−1.2

−3.7
−1.6

−x + 2, −y + 1, −z + 1
−x + 1, −y + 1, −z + 1

−1.6

E pol

8.872
5.271

M2
M3

E Coul

−2.7

Symmetry code

x + 1/2, y, −z + 1/2

6.407

centroidcentroid
distance (Å)

Compound I
M1

Motifs

Table 3. Intermolecular interaction energies (in kcal mol−1 ) for various dimers in I and IIA. The Cg1 and Cg2 are centroids of the pyridyl and thiophenyl rings, respectively.
a Neutron values are given for all D–H · · · A interactions.
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Figure 4. (a–g) Various motifs observed in I and (h) with the deformation density is
showing the existence of intermolecular N· · ·S contact in I.

show the intermolecular interactions at the BCP in
different molecular pairs of I (Figure S12, Supplementary Information). We note that the destabilization
energy for H10 · · · H8 and H · · · Npyridine interactions is
comparable.
Inversion-related molecules form the molecular dimer
(M2, E tot : –5.5 kcal mol−1 ), which is held by intermolecular C–H · · ·N interaction in which the N atom
of the cyano group acts as an acceptor. In this case,
the electrostatic contribution (58%) is more than dispersion (42%) towards the stabilization. The strength of this
interaction (D E(int) = 1.21 kcal mol−1 ) is the same as
compared to C–H · · ·N interaction in M1. The cyano
group of one molecule stacks with the cyano group of

the adjacent molecule with the shortest distance between
two C13 atoms being 3.403(2) Å in M3. This interaction
is predominantly dispersive (72%) in nature. From the
QTAIM analysis, we found that there is a BCP formed
between C ≡ N bonds rather than between two C atoms
(Figure S12, Supplementary Information). In M4, the
2-pyridyl and thiophenyl rings are involved in the formation of the π · · · π interaction with the E tot value of
–4.8 kcal mol−1 .
Molecules of I are self-assembled by an intermolecular C4–H4···S1 interaction (M5; E tot : –3.1 kcal mol−1 ).
This interaction links the molecules into a zigzag chain,
which runs parallel to the b axis. From the topological
analysis, we found that there are two BCPs observed
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Table 4. Topological parameters for different intermolecular interactions in I and IIA. Rij : Bond path (Å), ρ: electron density
(e/Å3 ); ∇ 2 ρ: Laplacian of electron density (e Å5 ); Vb : potential energy density (a.u.); Gb : kinetic energy density (a.u.); Hb :
total energy density (kJ mol−1 bohr−3 ) and DE(int): dissociation energy: -Vb × 0.5 (kcal/mol).
Interacting atoms
Compound I
M1
H10 · · · H8
H10 · · · N1
H11 · · · C10
M2
H5 · · · N2
M3
N2 · · · N2
M4
C1 · · · C11
C5 · · · C9
M5
H4 · · · S1
H5 · · · S1
M6
H12 · · · C6
H11 · · · C3
M7
S1 · · · N2
Compound IIA
M8
C8 · · · C11A
C9 · · · C2
S1A · · · C7
C5 · · · C7
M9
H8 · · · N1
H2 · · · N1
M10
H5 · · · N2
M11
H6 · · · N2
M12
H12A · · · N2
M13
H4 · · · C11A
M14
H12A · · · C5

ρ

∇2 ρ

Vb

Gb

|−Vb |
Gb

Hb

DE(int)

2.421
2.668
3.051

0.050
0.052
0.037

0.601
0.584
0.426

−0.00393
−0.00387
−0.00254

0.005079
0.004965
0.003477

0.77
0.78
0.73

3.1
2.9
2.5

1.23
1.21
0.80

2.576

0.051

0.657

−0.00386

0.005339

0.72

3.9

1.21

4.647

0.037

0.441

−0.0026

0.003587

0.72

2.6

0.82

3.688
4.092

0.036
0.032

0.398
0.343

−0.00231
−0.00184

0.003221
0.002699

0.72
0.68

2.4
2.3

0.73
0.58

2.986
3.094

0.050
0.043

0.562
0.480

−0.00375
−0.00297

0.004787
0.003978

0.78
0.75

2.7
2.7

1.18
0.93

3.077
2.905

0.038
0.037

0.450
0.439

−0.00271
−0.00266

0.003688
0.003607

0.73
0.74

2.6
2.5

0.85
0.83

3.252

0.052

0.695

−0.000401

0.005610

0.72

4.2

1.26

3.354
4.461
3.667
3.539

0.043
0.038
0.035
0.035

0.485
0.431
0.383
0.389

−0.00293
−0.00231
−0.00223
−0.00218

0.003980
0.003390
0.003102
0.003104

0.74
0.68
0.72
0.70

2.8
2.9
2.3
2.5

0.92
0.72
0.70
0.68

2.410
2.508

0.085
0.070

1.018
0.830

−0.00726
−0.00579

0.008910
0.007201

0.81
0.80

4.4
3.7

2.28
1.82

2.592

0.050

0.637

−0.00372

0.005163

0.72

3.8

1.17

2.965

0.035

0.450

−0.00249

0.003577

0.69

2.9

0.78

2.840

0.045

0.597

−0.00339

0.004790

0.71

3.7

1.06

2.905

0.050

0.538

−0.00342

0.004499

0.76

2.9

1.07

2.634

0.054

0.608

−0.00403

0.005166

0.78

3.0

1.26

Ri j

(H4 · · · S1; D E(int) : 1.18 kcal mol−1 and H5 · · · S1;
D E(int) : 0.93 kcal mol−1 ). We note that the latter contact is slightly longer than the sum of vDW radii of H and
S. Motif M6 is stabilized by the intermolecular C–H ··· π
interaction (involving H12 and Cg1; DE(H12 · · · C6):
0.85 kcal mol−1 and DE(H11 · · · C3): 0.83 kcal mol−1 )
with the E tot of −2.5 kcal mol−1 . As shown in Figure 4,
the motif M3 is flanked on both sides by motif
M6.
The least stabilized dimer in I is formed by a nonbonded contact between S1 and N2 atoms with a

distance of 3.236(2) Å (M7, E tot : –2.4 kcal mol−1 ). The
computed deformation density plot around these two
atoms is clearly showing that the charge is concentrated
at N2, while the charge is found to be depleted at atom
S1. (Figure 4(h)). The topological analysis of S1 · · · N2
interaction reveals that the magnitudes of the topological
parameters (ρ = 0.052 e Å−3 and ∇ 2 ρ = 0.695 e Å−5 )
at the BCP are slightly higher as compared to other interactions observed in I. This clearly suggests that the S···N
interaction has a special role in the stabilization of the
crystal structure of I.
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Figure 5.
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Various motifs observed in IIA and red small spheres are centroid positions of rings and C7 = C8 bond.

3.6b Quantitative analysis of intermolecular interactions in IIA: PIXEL and QTAIM: As depicted in
Figure 5, there are seven energetically significant dimers
identified in IIA from the PIXEL analysis. In the
strongest dimer (M8; E tot : –6.9 kcal mol−1 ), molecules
are stacked with each other in a displaced parallel mode
in which pyridyl and thiophenyl rings are stacked against
the vinylic group. The topological analysis confirms
the existence of stacking interactions with DE(C8 · · ·
C11A = 0.92 kcal mol−1 ; Table 4 and Figure S13, Supplementary Information). In the next strongest dimer
(M9; E tot : –6.3 kcal mol−1 ; 58% of electrostatic contribution), pyridine N1 atom acts as an acceptor for two
different donor atoms (H2 and H8). The dissociation
energies for these intermolecular C8–H8 · · · N1 and
C2–H2 · · · N1 interactions are calculated to be 2.28
and 1.82 kcal mol−1 , respectively. The only similarity
observed between structures I and IIA is the formation
of a closed loop motif through C–H · · ·N interactions
(M2 in I and M10 in IIA). The evaluation of the strength
of these interactions by the QTAIM analysis suggests
that the dissociation energies for these interactions are
found to be very similar.
The motif M11 is also formed by the intermolecular
C–H ···N interaction (involving H6 and N2) with the E tot
value of –3.6 kcal mol−1 . The contact between H and N
is slightly longer (by 0.09 Å) than the sum of the vDW
radii of H and N atoms. It is noted that the dispersion contribution (56%) is slightly better than the electrostatic

Figure 6. Part of the crystal structure showing a helical
chain in IIA.

contribution towards the stabilization of this dimer. The
DE for these interactions is found be 0.78 kcal mol−1 for
each. Motif M12 (E tot : –3.2 kcal mol−1 ; 56% of electrostatic contribution) is formed by intermolecular C–H
· · ·N (involving H12A and N2 interaction). This interaction links the molecules into a helical C(8) chain, and
there is a stacking interaction formed between i and i+2
molecules in a displaced parallel mode within this chain
(Figure 6).
As can be seen from Table 3, motifs M13 and M14
are formed by intermolecular C–H · · · π interactions.

J. Chem. Sci.
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The former motif has an E tot of –2.3 kcal mol−1 and the
dispersion energy contributes 64% towards the stabilization, while the latter motif has an E tot of –2.1 kcal mol−1
and the dispersion energy contributes 68% towards the
stabilization. Though these two motifs have similar
intermolecular interaction energies (E tot ) and dissociation energies, they differ in terms of the donor group.
The donor group in the former motif is the pyridyl ring,
while the corresponding group in the latter motif is the
thiophenyl ring.
Overall, it should be noted that the positive value of
the Laplacian for different non-covalent interactions at
the BCP indicates these interactions are considered as
closed-shell interactions in I and IIA (Table 4). Moreb|
appeared to be less than one,
over, the ratio of |−V
Gb
which supports the weak nature of non-covalent interactions. Further, the magnitude of electron density values
for these interactions in different molecular pairs lies in
the range [0.013 < ρ (e Å−3 ) < 0.236] proposed by
Koch-Popelier for H-bonds. 47,48 It is to be noted that
the magnitude of the Laplacian for C–H · · ·Nnitrile , C–H
· · ·Npyridine , H · · · H and S · · · N interactions falls within
the proposed limit [0.580 < ∇ 2 ρ (e Å−5 ) < 3.355] in
I. In the case of IIA, the intermolecular C–H · · ·Nnitrile ,
C–H · · ·Npyridine and C–H · · · π interactions lie within
the suggested limit.
Among various non-covalent interactions observed in
these structures (Table 4), the S···N interaction is found
to be strongest (4.2 kJ mol−1 bohr−3 ) based on the total
energy density followed by C–H · · ·Nnitrile , H · · · H, C–H
· · ·Npyridine , C–H · · ·S interactions in I. The theoretical
topological parameters for the C–H · · ·S interaction in I
are also comparable with the experimental topological
parameters for this interaction. 49–51 For instance, the ρ
values obtained from the experiment for the C–H · · ·S
interaction are in the range of 0.033–0.041 e Å−3 . In IIA,
the C–H ···Npyridine interaction is found to be the strongest
(4.4 kJ mol−1 bohr−3 ) followed by C–H ···Nnitrile and C–
H · · · π interactions.

4. Conclusions
Two pyridine isomers containing acrylonitrile and thiophene moieties have been synthesized and their crystal
structures determined at low temperature by single
crystal X-ray diffraction. The thiophenyl ring in the
3-pyridine isomer is disordered over two orientations.
Analysis of rigid potential energy scan of thiophenyl
ring rotation suggests that the syn conformation is more
stable. Though the lattice energies of these isomers
are comparable, the molecules are arranged in different
ways in the crystalline state. In both cases, the dispersion
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energy contributes more to the stabilization of the crystal
structure. The molecular electrostatic potential map
reveals the key regions involved in the intermolecular interactions. In this study, we found that the cyano
group plays an important role in linking adjacent double
layers in the crystal structure. The qualitative analysis
from Hirshfeld surface suggests that the intermolecular H · · · H, H · · · C and H · · · N interactions are the
most important contributors to the crystal packing. The
non-covalent interactions in these structures are quantified using QTAIM and Koch-Popelier criteria. From this
analysis, it can be noted that the S · · · N contact is the
strongest among other weak non-covalent interactions
in I, while the C–H ···Npyridine interaction is the strongest
in IIA. The second strongest interaction is formed by the
intermolecular C–H · · ·Nnitrile interaction in both I and
IIA. It can also be seen that there is an intramolecular
C ≡ N · · · S contact, which is found to be important for
maintaining the conformation of the molecule.
Supplementary Information (SI)
The supplementary information includes the following: spectral data (FT-IR and 1 H/13 C NMR; Tables S1–S6) for compounds I and II, Table S1 contains the selected torsion angles,
Table S2 summarizes topological parameters of intramolecular interactions (both X-ray and optimized geometries) and
S7–S11 show PES for thiophene ring of IIA, molecular graphs
of intra-and intermolecular interactions in I and IIA and shape
index surface of IIA. Supplementary Information is available
at www.ias.ac.in/chemsci.
CCDC-1892110 and 1892109 contain the supplementary crystallographic data for the title compounds I and II,
respectively. These data can be obtained freely via http://
www.ccdc.cam.ac.uk/data_request/cif or by e-mailing to
data_request@ccdc.cam.ac.uk or by contacting directly the
Cambridge Crystallographic Data Centre (12 Union Road,
Cambridge CB2 1EZ, UK. Fax: +44 1223 336033).
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