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ARTICLE INFO ABSTRACT
Keywords: The optical charge-transfer (CT) property and the crystal structure of (Z)-4-(1-cyano-2-(2,4,5-
Non-covalent interactions trimethoxyphenyl)vinyl)pyridin-1-ium chloride monohydrate salt (I), which belongs to an acry-

Charge transfer
Pyridinium-quaternary salts
Spectroscopic characterization
computational methods

lonitrile family, was studied. The title salt, I, was characterized using different spectroscopy
techniques and a single-crystal X-ray diffraction study combined with quantum chemical com-
putations. The results showed that the color properties of I are determined by the CT, changes in
bandgap, optical absorption, and various non-covalent interactions. The HOMO-LUMO energy
gaps are 5.41 eV and 5.23 eV for the precursor and salt, respectively. It was demonstrated that n-n
stacking interactions lead to the formation of intercalated dimers and donor-acceptor interactions
assisted by hydrogen bonds; the dimers and interactions are different between the precursor and
the salt. The cation moiety is mainly stabilized by N(1)*-H---Cl, and the anion is predominantly
stabilized by strong O(1W)- H--- ClI” bonds as well as the hydrogen bonds with the MeO group O
(2W)-H---0(1) and O(2W)-H---O(1W). The charge transfer between cation and anion moieties in
the structure is established through NBO analysis.

1. Introduction

Push-pull (donor-n-acceptor, D-n-A) molecules with pyridine moieties have been of great interest for many applications in opto-
electronics, material science, and bioactive molecules due to their unique properties, such as aromatic character, high dipolar nature,
and electronegative nitrogen atoms present in the phenyl ring. Pyridine derivatives extend their conjugations through the n-electron
system with various donor units (D, i.e., aromatic or conjugated molecules), and the pyridine nitrogen atom acts as an electron
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Scheme 1. Synthesis of (I) and color after salt formation.

acceptor (A) of the corresponding donor molecules [1,2]. The optical and electrochemical properties of different series of organic
D-n-A molecules have been studied [3]. The modification of the electron acceptor or donor units in the push-pull molecules has been
tuned for their absorption and emission properties [3]. Mainly, the strong bathochromic shift of absorption and emission of the new
push-pull dye molecules has been achieved by the modification of the donor, acceptor, and n conjugation units through the lowering of
the energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital [4,5]. Based on
the tunable property of the push-pull molecules, they have been used as ON-OFF switches, ion sensing materials, and other appli-
cations. These push-pull molecules are also sensitive to external stimuli such as temperature, polarity, viscosity, pH, and crystal
packing [3,6-9]. Among the various kinds of push-pull molecules, stilbazolium (D-n-A* X~) based salts exhibit many interesting
optical and optoelectronic properties, which have been extensively studied [10-14]. For example, some stilbazolium salts were used as
fluorescence probes to monitor free radical polymerization processes and viscosity changes [15-17]. Additionally, the first commercial
stilbazolium-based second-order nonlinear optical material, DAST (4-(N,N-dimethylamino)-N-methyl-4-stilbazolium tosylate), was
reported in 1989 by Marder et al. [14,18]. Recently, 4-(N,N-dimethylamino)-N-methyl-4-stilbazolium with different anions, such as
p-hydroxy benzenesulfonate, p-aminobenzenesulfonate or p-dimethylaminobenzene sulfonate, was also synthesized, and its nonlinear
optical (NLO) properties were explored [19-22]. Considering the potential importance of push-pull molecules, various ionic push-pull
compounds, such as hemicyanine dye, indolinium, benzothiazolium, benzooxazolium, benzoimidazolium, pyridinium, quinolinium
and Schiff bases molecules, have been explored in the last few decades [23-25].

As mentioned earlier, these classes of compounds have a positive charge on the ring nitrogen atom that acts as a strong electron
acceptor, and it enhances conjugation from various functional terminals in the aromatic donor (D) part. Solvatochromism, acid-
ochromism, the effect of protonation [26-28], and the photophysical behaviors of this class of compounds have been studied [29].
Based on the wide range of requirements for new organic push-pull molecules with large second-order nonlinearity, optical polariz-
ability is one of the most critical requirements for modern photonics [30]. On the other hand, synthesizing organic molecules with long
emission (i.e., red and NIR regions) and a high fluorescence quantum yield is very attractive. Red and NIR dyes are widely used in
fluorescent probes, immunostaining, immunohistochemistry, and biochemistry for optical imaging and analytical sensing [31]. The
charge-transfer process of the D-n-A molecules with a small bandgap achieved longer wavelength emission [32]. Since most
“push—pull’’ chromophores are organic molecules, with donor-n-conjugated system-acceptor (D-n-A), these three key components can
vary widely to achieve their tailor-made optical and optoelectronic properties [33-35]. Among them, the a, p acrylonitriles or
a-cyanostilbene derivatives also exhibit significant solvatochromic emission behavior and have similar enhanced emission charac-
teristics in water and the solid-state [36,37]. The intermolecular and intramolecular interactions of these n-conjugated systems largely
contribute to their excellent photophysical properties as charge-transfer characteristics were explored [37]. Briefly, the existence of
charge transfer between cation and anion moieties in the 1-allyl-4-(1-cyano-2-(4-dialkylaminophenyl)vinyl)pyridin-1-ium bromide
salts and their strong bathochromic shift on the absorption in solution and solid-state were explored. Additionally, the charge transfer
of the molecules was enhanced by the quaternised pyridine nitrogen and counter bromide ion, and it yielded strong bathochromic shift
molecules when compared with nonquaternised molecules (i.e., (Z)-3-[4-(dialkylamino)phenyl]-2-(4-pyridyl) prop-2-enenitrile).
Based on earlier studies, quaternization or pH changes tune the optical properties of this class of molecules. Hence, these molecules
may be used to monitor changes in pH in environmental samples or are important in industrial and health care applications. This has
led to an important shift toward developing photoresponsive chemosensors. Continuing our interest in the structure-optical properties
of a,p-acrylonitrile crystals with different moieties, we explored their intermolecular non-covalent interactions in their solid-state
[38-41]. In the present investigation, a charge-transfer salt hydrate was prepared. Although the color changes are known experi-
mentally when a base (pyridine) is neutralized with 1 M HCI, the formed salts were isolated and characterized. Herein, the physical
properties of the title salt, crystal structure, and crystal packing were analyzed with the aid of experiments and various theoretical
tools. Furthermore, DFT computational calculations were carried out to better approximate the experimental data.
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2. Experimental
2.1. Synthesis of (Z)-4-(1-cyano-2-(2,4,5-trimethoxyphenyl)vinyDpyridin-1-ium chloride (I)

(I) was synthesized with 50 mg of (Z)-3-(2,4,5-trimethoxyphenyl)-2-(pyridin-4-yl)acrylonitrile [OPUSEA] with drops of 1 M HCl
solution (Scheme 1). The solution instantly changed from yellow to dark red, and a red precipitate was formed after a few minutes. Ten
milligrams of I red solid was dissolved in 10.0 mL of ethanol; the red solution was evaporated at room temperature. After 48 h, crystals
were formed in the form of red rectangular prisms with a melting point of 218-220 °C. The reaction between the precursor and acid
vapor also achieves salt formation.

2.2. Instrumentation

Melting points were measured with the SEV (0-300 °C) apparatus and were reported as uncorrected values. IR spectra of the
products were recorded on a Vertex (Model 70, Bruker Optics, Germany) 750 FT-IR spectrophotometer by attenuated total reflectance
(ATR) using KBr as the substrate. 'H NMR and '>C NMR spectra were obtained in DMSO-dg on a Bruker 500 MHz NMR spectrometer
(Varian NMR, Walnut Creek, CA). The electron ionization (EI-MS) spectrum was acquired on a Jeol MStation 700-D mass spectrometer
(Jeol USA, Peabody, MA). The absorbance spectra (UV-Vis) were acquired with a Cary 300 spectrometer (Agilent Technologies Inc.)

2.3. Single crystal X-ray diffraction (SCXRD)

All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped with an Atlas detector) with Cu Ka
radiation (1 = 1.54178 [o\) under the program CrysAlisPro (Version CrysAlisPro 1.171.39.29¢, Rigaku OD, 2017) [42]. The same
program was used to refine the cell dimensions and to reduce data. The structure was solved with the program SHELXS-2018/3
(Sheldrick, 2018) and was refined on F? with SHELXL-2018/3 [43]. Analytical numeric absorption correction using a multifaceted
crystal model was applied using CrysAlisPro. The data collection temperature was controlled using the Cryojet system (manufactured
by Oxford Instruments). The H atoms were placed at calculated positions (unless otherwise specified) using the instructions AFIX 43 or
AFIX 137 with isotropic displacement parameters having values of 1.2 or 1.5 Ueq of the attached C atoms. The H atoms attached to the
N1, O1W, and O2W were found from different Fourier maps. Their coordinates were restrained pseudo-freely using the DFIX in-
struction to keep the N-H, O-H, and H---H distances within acceptable ranges. The structure is ordered.

2.4. Computational methodology

One of the most pertinent aspects of density functional theory (DFT) is how well it can be employed to define and elucidate
fundamental chemical concepts such as molecule structure and reactivity. In this study, the compound created by the GO9 software is
theoretically investigated using density functional theory (DFT) [44]. The depiction of the geometries was obtained using GaussView
5.0 and IQ-mol software. The entire quantum chemical simulations for the studied liquid crystal are performed at the m06-2x in
conjunction with the def2-TZVP basis set. The adopted M06-2X functional is a high-nonlocality functional with double the amount of
nonlocal exchange (2X) [43]. This functional is recommended and well presented to study properties like thermochemistry, kinetics,
noncovalent interactions, and electronic excitation energies to valence and Rydberg states [44,45]. The choice of basis set is also
crucial for quantitatively determining physio-chemical properties. Therefore, we adopted the second-generation default (def2)
Karlsruhe basis set with triple valence polarized (def2-TZVP) [46]. Furthermore, we have considered an implicit solvent model using
SDM with ethanol [47]. The frequency calculations are performed using the same method to confirm the stability of the structure. We
calculated the ionization potential (IP) and electron affinity (EA) of the synthesized liquid crystals to determine their electronic sta-
bility and reactivity. Orbital and natural bonding orbital analysis is used to investigate the nature of bonding and reactivity of crystals.

To determine the conductivity and reactivity of the compound, we also conducted a density of states (DOS) analysis using
GaussSum software. Moreover, we estimated the optical and nonlinear optical characteristics of the compounds using the same
theoretical approach. For optical and NLO properties, the dipole moments (j,), polarizability (a,), polarizability volume, hyper-
polarizability (f,), and projection of hyperpolarizability on the dipole moment vector are determined using the same method.

We also carried out Hirshfeld analysis to visualize intermolecular interactions in the crystalline state and to explore the spatial
location of contact between different fragments of the molecule. This analysis is carried out using the crystal explorer program
package. To visualize the interaction topology in these crystal structures, energy framework analysis was performed using Crystal
Explorer [48,49]. Topological parameters for non-covalent interactions at their critical bond points (BCPs) were calculated based on
Bader’s Quantum Theory of Atoms in Molecules (QTAIM) framework. With the AIMALL program [50], the topology results (BCP),
electron density p(r) in the BCP, Laplacian electron density V2p(r), and the interaction of H and the acceptor atom were obtained. The
bonding (rD and rA) and nonbonding radii of the donor (roD) and acceptor (roA) atoms are compared. The bond radii are taken as the
length from the BCP to the nuclei, while the radii of unbonded hydrogen and acceptor atoms are taken as the van der Waals radii in the
gas phase [51]. The graph of the molecule’s contour of the intramolecular interactions was used with the function Rho, electron
density, and the Laplacian of the Electron Density, DelSqRho, function with a resolution of 0.05. The NCI (Non-covalent Interaction)
graphs were made with the function |RDG|: Magnitude of the reduced electron density gradient with isosurfaces = 0.5, Map function:
Sign (HessianRho_EigVal_2)*Rho and a maximum electron density of 0.7.
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Fig. 1. ORTEP view of protonated salt I with a displacement ellipsoid plot (50 % probability level) at 110 K.

Table 1
Select bond lengths (;\) for the molecular structures of precursor [OPUSEA] and I.
Trimethoxy phenyl
Assigned [54] Precursor [52] I
Bond Cg4r ~ Cqr C(9)-C(10) 1.405(4) C(9)-C(14) 1.4127(16)
C =~ C (overall) C(10)-C(11) 1.402(3) C(13)-Cc(14) 1.3953(15)
1.380 c(11)-Cc(12) 1.383(4) C((13)-Cc(12) 1.3821(17)
1.384 C(12)-C(13) 1.411(4) C(12)-C(11) 1.4135(16) 1.3738(16)
Cc(13)-C (14 1.376(3) C(11)-Cc(10) 1.4134(17
C(9)-C(14) 1.404(4)) C(10)-C(9)
Cep3-0(2) C(15)-0(1) 1.434(3) C(17)-0(3) 1.4259(16)
CH-0-Cgr C(16)-0(2) 1.428(3) C(16)-0(2) 1.4403(14)
C(17)-0(3) 1.428(3) C(15)-0(1) 1.4287(15)
Acrylonitrile moiety
Double bond Cgy2 = Cgpz (overall)1.316"with Ar. 1.339 C(6)-C(8) 1.358(3) C(6)-C(8) 1.3608(16)
Cgp2-Car (overall) 1.483; C(5)-C(6) 1.486(3) C(3)-C(6) 1.4759(15)
(conjugated) 1.470, 1.488 G(8)-C(9) 1.446(3) C(8)-C(9) 1.4408(16)
Pyridine syn to CN
C ~ N (pyridine), C(1)-C(5) 1.396(3) C(2)-C(3) 1.4011(16)
1.337 C(4)-C(5) 1.390(3) C(3)-C(4) 1.3994(17)
C-N"-H (pyrimidinium) C(1)-C(2) 1.384(4) C(1)-C(2) 1.3734(16)
1.335 C(3)-C(4) 1.388(4) C(4H-C(5) 1.3748(17)
Cqr = Cqr in pyridine 1.380 C(2)-N(1) 1.336(4) C(1)-N(1) 1.3399(16)
In pyridinium cation (N "H; C(3)-N(1) 1.346(4) C(5)-N(1) 1.3405(16)

C2-C3 1.373; C3-C4 1.383

% When conjugated.
3. Results and discussion
3.1. Spectroscopic characterization of salt I

Title salt I was characterized by FT-IR, 'H, '3C NMR, and UV-Vis spectral analysis; these results are provided in the supporting
information (ESI, Figs. S1-S3). To clearly understand the formation of the title salt, the HCI vapors were passed on to the precursor, and
after some time, the color changed, which indicated the formation of protonated salt I. The experimental procedure for this conversion
is described in the ESI, Fig. S2. The IR spectra of precursor and protonated title salt (red solid) I are shown in Fig. S1. As seen in Fig. S1,
the absorption bands of I are different from those of the precursor, especially the band at 3573 cm ™}, the broad bands at 2840-2355
cm ™}, which correspond to UN*-H of pyridinium salts (hydrogen-bonded, overlapping with the band of ~CN) and the band at 1633
em™!, which is for the vC=C vibration of the pyridine ring; this provides evidence for the protonation of the precursor molecule. The
effect of salt formation changed the nuclear environment, and the chemical shift of protons appeared downfield, which is an indication
that the electron density is delocalized (Table S1 and Fig. S3).

3.2. Crystal structure analysis

The ORTEP view of the asymmetric unit of salt I, along with atom labeling, is shown in Fig. 1. The asymmetric unit of I consists of a
cation and chloride anion along with two H2O molecules. Crystal data and refinement statistics are summarized in Table S2. The
geometrical parameters, such as bond length, bond angles, and torsion angles, are displayed in Tables S4-S5. Title salt I crystallized in
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Scheme 2. Selected torsion angles for title salt (I).

Table 2
Selected torsion angle of the precursor [OPUSEA] and I.
Torsion angle Precursor [30] ©,°) 1 ®,°)
T C(8)-C(9)-C(10)-0(1) 3.6(3) C(8)-C(9)-C(14)-0(3) —5.78(16)
T2 C(6)-C(8)-C(9)-C(14) 7.1(4) C(6)-C(8)-C(9)-C(10) —9.8(2)
T3 C(4)-C(5)-C(6)-C(8) 13.2(4) C(7)-C(6)-C(8)-C(9) —4.4(2)
Tq C(7)-C(6)-C(8)-C(9) 3.6(4) C(4)-C(3)-C(6)-C(8) —23.67(17)
Ts C(1)-C(5)-C(6)-C(7) 11.8(3) C(2)-C(3)-C(6)-C(7) —20.08(16)
Table 3
Hydrogen bonds D ** H * A (A) and D—H -+ A angles (°) of I. (“Mercury 3.5.1. (accessed on December 13, 2023)).
Possible interactions Geometry (A,”) Symmetry
d(D—H) d(H---A) d(D---A) LD..H...A
N1-HIN---Cl1 0.901 (15) 2.130 (15) 3.0302 (10) 176.6 (14) x+1/2, —y+3/2, 2+1/2
O1W-H1W1---Cl1 0.868 (16) 2.341 (16) 3.1985 (11) 169.8 (16) X, Y, Z
O1W-H1W2..-02W 0.850 (16) 1.986 (17) 2.8343 (14) 176.2 (18) —x+1/2,y-1/2, —z+1/2
O2W-H2W1---01W 0.821 (16) 2.001 (16) 2.8182 (15) 173.1 (18) X, ¥, 2
O2W-H2W2.--01 0.843 (16) 2.142 (16) 2.9200 (13) 153.3 (16) —x+1/2, —y+3/2, —z
O2W-H2W2..-02 0.843 (16) 2.497 (17) 3.1892 (13) 140.0 (15) —x+1/2, —y+3/2, —z

the monoclinic system with C2/c with Z = 8. The precursor [OPUSEA] molecule crystallized in the monoclinic system with P2; and Z
= 2 [52]. Furthermore, to understand the push-pull effect on the optical properties of I because of protonation on the precursor
molecule, the bond lengths around the pyridine ring are compared (i.e., bond length variation around the pyridine ring is compared
with precursor and protonated form, I). Similar bond length variations were observed earlier [37,53,54]. A significant difference in the
bond lengths is observed between salt I and its precursor. Briefly, the Co,—Cx; bond length in C(9) = C(14) and C(9) = C(10) in the
trimethoxyphenyl group of I is longer, and C(13) = C(14) shorter than their precursor compound, Table 1. The bond lengths of the
Cme—O bonds in I are also varied (i.e., the bond lengths elongate in C(16)-0(2) and C(15)-O(1)). Strong bond shortening (C(1)-C(2)
and C(4)-C(5)) and elongation of C;—C/Ny, are observed in the pyridinium ring of I. These bond length values are comparable with
the pyridinium compounds reported by Allen [55]. Bond alternation in the title salt could indicate that there is a strong delocalization
of the electronic density in specific parts of the molecular structure. It plays a significant role in altering the physicochemical properties
of the molecule.

The selected torsion angles (t, Scheme 2) in a title salt (I) are compared with its precursor compound; values are listed in Table 2. As
seen in Table 2, the torsion angles in I are larger than their precursor. The molecular structure of the title salt is not planar. In contrast,
the central acrylonitrile group and a pyridine ring in the precursor molecule were coplanar [52]. Particularly, when compared with the
precursor molecule, a larger deviation of the torsion angle (t4 ~ 27° and 75 ~ 32°) around the acrylonitrile group is observed in the title
salt (I), which might be due to the quaternization of a pyridine nitrogen atom. Furthermore, this deviation was shown by the dihedral
angle between two mean planes formed by the atoms in the pyridinium ring (plane: N1, C1-C5) and the acrylonitrile group (plane: N2,
C7, C6, C8) is 22.15°. This rotation is favored for the additional intermolecular interaction in the title salt when compared with their
precursor molecule [OPUSEA].

Various nonvalent interactions (NCIs) contribute to forming different molecular pairs or dimers, which are significantly involved in
the stabilization of title salts. The hydrogen bond (HB) parameters for the different molecular pairs are listed in Table 3. As seen in
Table 3, various kinds of HBs are observed. In brief, strong charge-assisted hydrogen bonds (N1-HI1N---Cl1); strong HBs
(O1w-H1lyj;---Cl1; O1lw-H1lys---O2y); and moderate and weak HBs (O2W-H2W2---01/02) formed between the ~-OCHgs group are
observed, and this classification is based on Jeffrey [56,57]. Apart from these classical intermolecular interactions, the = "~ x (xn
stacking) interaction seemed between the pyridinium and the aromatic rings was present. It should be mentioned that this x stacking
interaction is somewhat different from that in the precursor. The parallel n stacking interaction (i.e., n stacking interaction between
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Fig. 2. An anti-parallel © stacking interaction between two opposite-arranged molecules.

Fig. 3. Crystal packing diagram of I and perspective view of the molecular structures showing weak n—n interactions and hydrogen bonds
(Dolomanov et al., 2009; “Mercury 3.5.1. (accessed on December 13, 2023)).
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Fig. 4. Absorption spectra of I and the precursor compound in DMSO and in the solid state.
two trimethoxyphenyl rings) occurred in two adjacent precursor molecules with centroid to centroid distance (Cg * Cg) being 3.920 A.

However, anti-parallel = stacking interaction (i.e., 7 stacking interaction between the pyridinium ring and a trimethoxyphenyl ring)
occurred between two adjacent molecules of the title salt centroid to centroid (Cg - Cg) distance being 3.487 A, which is 0.433 A
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Table 4
Second order perturbation theory analysis of Fock matrix for studied salt on NBO basis.
Donor (i) Acceptor (j) E(2) kcal/mol E()-E@{) au F(i,j) au
n(C1-C3) LP*(C5) 76.13 0.19 0.125
n(C6-C8) LP*(1) C5 76.58 0.19 0.125
n(C18-C19) LP*(1) C21 80.40 0.18 0.129
LP(038) 6*(C18-C19) 10.11 1.24 0.100
LP (038) 1*(C18-C19) 44.51 0.44 0.132
LP (039) LP*(1) C21 67.29 0.27 0.152
n(C10-C12) ©*(C11-N36 14.84 0.087 0.09
BD*(3)C11-N36 1*(C10-C12) 7.17 0.48 0.055
n(C18-C19) 1*(C15-C17) 18.20 0.02 0.091
n(C15-C17) 71*(C18-C19) 29.93 0.35 0.095
n(C10-C12) 1*(C10-C12) 1.62 0.40 0.023
n(C10-C12) LP*(1) C5 38.16 0.20 0.097
LP (039) 6*(C30-H33) 6.59 0.82 0.068
o6(N35-H35) 6*(C6-C8) 3.88 1.35 0.065
o6(N34-H35) 6*(C1-C3) 3.44 1.35 0.061
n(C10-C12) LP(C14) 19.43 0.20 0.077
n(C1-C3) n*(C1-C3) 0.94 0.36 0.017
Table 5

Computed electronic properties and reactivity descriptors. The point
group symmetry, electronic energy (in Hartrees), dipole moment (p in
Debye), HOMO and LUMO energy (in eV), HOMO-LUMO gap (Ey., in
eV), ionization potential (IP in eV), electron affinity (in eV), chemical
hardness (I] in eV), partial NBO charges on the atom (QX in |e]),
chemical potential (p in eV), electronegativity (y in eV), electrophilicity
index (o in eV), polarizability (a, in au), hyperpolarizability (f, in au),
and polarizability volume (ay in 1°\3) of the liquid crystal.

Solvent = Ethanol

Symmetry Ci

Total electronic energy —1606.32
Interaction energy (Ein) —86.80
Q(N/O/CD) —0.46/-0.81/-0.64
Dipole moment (j,) 17.88
HOMO -7.19
LUMO -1.96
HOMO-LUMO gap (En.1) 5.51
Ionization potential (IP) 7.19
Electron affinity (EA) 1.96
Chemical hardness (1) 2.61
Chemical potential (1) —4.57
Electronegativity (y) 4.57
Electrophilicity index (w) 4.14
Polarizability (o) 408.43
Polarizability volume (o) 48.055
Hyperpolarizability (,) 18837.03

shorter than that in the precursor molecule [52], and this Cg * Cg distance falls in the typical stacking interaction range (<4.00 A and
offsets of 1.6-1.8 f\) [58]. The face-to-face manner of the molecular arrangements is observed in this anti-parallel n stacking interaction
(Fig. 2). This is significantly involved in stabilizing the title salt (Fig. 3), and these & stacking interactions enhanced the charge
transport property of the title salt. The improved charge transport property of I might be due to the change in the optical property (such
as the color, absorption, and emission) compared with the precursor molecule [52]. The change in color owing to intermolecular
interactions have been reports for some complex [59,60].

3.3. Optical properties of I

The UV-vis absorption spectra of I and its precursor were recorded in DMSO at a concentration of 1 mM and room temperature
(Fig. 4). Fig. 4a shows no significant difference in the absorbance wavelengths in solution for the precursor, amorphous powder (red
solid), and red crystal of I. The absorption spectra showed three absorbances, the first (1max) at 396 nm with the highest intensity and
the second and third absorbances at 316 and 263 nm, respectively. In brief, all the above three absorbances in I and their precursor are
the typical n—»x* and n—=n* transitions, and no bathochromic shift is seen in the solution state. In contrast, a large bathochromic shift
was observed in the An,x between I and its precursor in the solid-state UV-vis absorption spectra (Fig. 4b). In outline, the solid-state
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Fig. 5. Optimized geometry and HOMO-LUMO of the title salt, I at M06-2X/def2-TZVP.

Amax for Iis at 535 nm (both amorphous powder and red crystals) and at 466 nm for 1.« of the precursor. As stated earlier, a strong
redshift (130 nm) absorption was observed between I and its precursor, which could be due to charge transfer between the molecules,
and it is enhanced by strong charge-assisted hydrogen bonds and other non-covalent intermolecular interactions in pyridinium salt
formation (I).

3.4. Theoretical study of I

3.4.1. Optimized geometries and stability of the crystal

The optimized geometry of the title salt I in SDM model using ethanol were obtained at M06-2X/def2-TZVP level of theory, and it
has C1 point group symmetry. Computational methods based on implicit solvent models can be used to approximate thermodynamics
and electronic properties. The central acrylonitrile group and a pyridinium ring optimized molecule are in the coplanar, whereas the
—OCHj3 group substituted phenyl ring is rotated away from the planar structure. For determining the thermodynamic stability of
compound, we calculated the interaction energy (Eiy) given by:

Eim = [ECnmp]cx - (EHZO -Eq - EOrganic moilic)} (€))]

The SDM model employed using ethanol as solvent. The obtained interaction energy of salt in ethanol solvent is —86.80 kcal/mol
(Table 4). The negative value of Ejy is suggesting its thermodynamic stability. The optimized and crystal structures are well overlaid
with each other. The water molecules lie at the corner of the central fragment, along with the chloride ion. Furthermore, the absence of
negative frequency in the vibrational analysis in our simulations suggests that the potential energy surface’s geometry is truly minimal
and implies that the surface does not belong to the saddle point. The optimized structure is used to calculate different parameters, i.e.,
dipole moment and the DFT global parameters. The calculated dipole moment () value is 17.88 Debye (see Table 5), which is quite
high and suggests asymmetric charge distribution in the molecular structure. The observed significant value of the dipole moment also
suggests salt’s polar nature, which enhances its reactivity.

3.4.2. Frontier molecular orbital (FMO) and natural bond orbital (NBO) analysis

Frontier molecular orbital (FMO) analysis is a quantum chemical tool used to describe the chemical reactivity and kinetic stability
of molecules. FMO studies are recognized as important tools for understanding different properties of molecules, including optical
characteristics, chromophore interactions, charge transfer properties, chemical stability, chemical reactivity, etc. The electron-
accepting and electron-donating capacity of the title salt can be explained based on the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) energy levels. The HOMO of the title salt was localized on the chloride anion,
whereas the LUMO was predominantly localized on the cationic part of the whole molecule. The pictorial representations of HOMO-
LUMO densities are given in Fig. 5. The computed energy value for HOMO and LUMO is —7.19and —1.96, respectively (Table 5). The
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energy gap (Ey.1) is found to be 5.23 eV, and this energy gap value is comparable to the precursor molecule (Ey.1: 5.41 eV, calculated at
MO062x/cc-pVTZ level of theory) [30]. The lowering of the energy gap of I indicates that the molecules in the soft nature enhanced the
reactivity and intra-molecular charge transfer process.

Natural bond orbital (NBO) analysis was performed to understand the charge transfer properties of the title salt. The computed
partial NBO charges on particular atoms are given in Table 4. The calculated NBO charge on the oxygen atom is —0.81 |e|, which is the
highest in magnitude (negative). The obtained charges on oxygen atoms within the compound are negative, but the highest magnitude
is found for oxygen of water molecules. Similarly, the negative NBO charges were calculated for nitrogen within the central ring, and
the charge was transferred from hydrogen (electropositive) to carbon and nitrogen. A negative partial NBO charge (—0.64 |e|) can be
seen on the CI” ion, which lies near water molecules, and the charge is transferred through non-covalent interactions.

Additionally, we interpreted the second order perturbation theory analysis of fock matrix to explain the concept of intra- and
intermolecular interactions in studied compound. The values are given in Table 4. In this analysis, the interaction of between donor
and acceptor electrons in with stabilization energy E(2). The higher stabilization energy reveals the most significant interactions due to
pi-electrons (x), lone pair (LP), and sigma (o) to their corresponding antibonding. One can notice the significant interaction of lone of
electrons (nonbonding) with antibonding orbitals LP(038) — n*(C18-C19), LP (038) — n*(C18-C19), and LP (039) — LP*(1) C21
with the stabilization energy of 10.11, 44.51, and 67.29 kcal/mol, respectively. The highest pi-pi interaction were recorded for
1(C1-C3) — LP*(C5) and n(C18-C19)— LP*(1) C21 with stabilization energy of 76.13 and 80.40 kcal/mol (Table 4).

The two N..H-C interactions can be seen from 6(N35-H35) — ¢*(C6-C8) and 6(N34-H35) — 6*(C1-C3) with stabilization energy
of 3.88 and 3.44 kcal/mol. The hyperconjugative interaction energy E(2) is most dominant for C-lone pair followed by pi-pi in-
teractions between Carbons.

3.4.3. Electronic properties and global reactivity descriptors

To predict the chemical reactivity and stability of compounds, DFT global parameters are calculated [61,62]. In our current
investigation, we calculated the ionization potential (IP), electron affinity (EA), chemical hardness (I]), chemical potential (1), and
electronegativity ()) to better understand the chemical reactivity and structural features of the title salt. The chemical potential (eq. iv)
and the global hardness (I, eq. vi) are defined by the first- and second-order partial derivatives of total energy (E) with respect to the
number of electrons (N) at constant external potential v(r), e.

Tonization potential (IP) =- E (HOMO) @
Electron affinity (EA) =- E (LUMO) (€0))]

The computed ionization potential (IP, Eq. i) and electron affinity can be used to predict the electronic properties and electronic
stability of the studied crystal. The IP and EA values are obtained by Koopmans approximations; the negative HOMO is represented by
the IP, while the negative LUMO is represented by the EA (Eq. i-ii). The calculated ionization potential (IP) is 7.19 eV, while the
observed electron affinity (EA) value is 1.96. The significant IP values suggest its better electronic stability where it has increased
electronegativity. The significant EA value shows its strong tendency to grab valence electrons and least electropositive nature. The
chemical hardness determines how resistant a cluster of nuclei and electrons is to variations in the distribution of its electrons. The
determined value of chemical hardness is 2.61 eV, while the chemical potential value is —4.57 eV. The obtained smaller value of
chemical hardness suggests its soft nature and reactivity toward incoming reagents. The quantitative descriptors of chemical reactivity
and stability are shown by following set of equations (IV-IX) [63,64];

QL (7E)(FEY 1 (o o
“2\oN2)\oN? )y, 2 \ON/
Chemical Hardness (1) =Y (IP- EA) @iv)
oE
p=—x= <—> )
N/ v
IP + EA
Chemical potential (p) =- +2 (vi)
Electronegativity () =-p (vii)
Electrophilicity index (0) = p’z/Zn (viii)

The electrophilicity index (o, eq. viii), describes a compound’s quantitative characteristics. It serves as an indicator of the amount
of energy lost because of the maximum amount of electron movement between the donor and acceptor. The estimated values are useful
to comprehend the toxicity of pollutants based on reactivity and site selectivity, and they also reflect the biological activity of the
examined substances. The obtained value of o is 4.14 eV, which is quite significant and indicates its electrophilic nature.
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Fig. 6. a. TDOS spectrum; (b) Molecular electrostatic potential surface calculated at M06-2X/def2-TZVP.
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Fig. 7. Hirshfeld mapped surfaces of dporm, di, de, and shape index of the studied liquid crystal.

3.4.4. DOS and MEPS analysis

To better understand the electronic and conductive characteristics of the title salt, I, we conducted a total density of states (TDOS)
analysis using GaussSum software, and the resulting spectrum is shown in Fig. 6a. The TDOS spectrum is displayed between the energy
ranges of —20 to 10 eV, with the dotted line indicating the energy of the largest filled molecular orbital (HOMO). In Fig. 6a, the green
lines represent the HOMO energy, while the red lines represent the LUMO energy. The higher HOMO energies have narrowed the
related Eg.1, gap. As a result, the produced higher energy states of the HOMO are advantageous for enhancing the electrical properties
of the title salt.

The molecular electrostatic potential (MEP) is a three-dimensional map showing how molecules are charged and other charac-
teristics of molecules linked to charge. Furthermore, they show the electron-rich and electron-deficient parts (i.e., atom/group) and
how they have shaped the molecules. The MEP is a very helpful computational tool for studying the reactivity of molecules because it
shows the charge distribution of the molecule and helps identify reacting spots. For example, an incoming electrophile will be attracted
to the negative regions of the molecule. In general, the MEP’s most positive and negative regions are colored blue and red, respectively,
and are chosen as favorite sites for nucleophilic and electrophilic assault. In title salt I, the electronic density is located near the
chloride ion, which is involved in the charge transfer process in the solid-state (Fig. 6b).

3.4.5. Nonlinear optical (NLO) properties

In modern days, nonlinear optical (NLO)-based materials are most desired in the areas of signal processing, laser-based endoscopy,
telecommunication technologies, optical storage systems, etc. In the last few decades, researchers have made significant attempts to
identify and synthesize new NLO materials for the above applications. Among the new materials, the DAST or stilbazolium-based
second-order nonlinear optical materials are potentially important. Their derivatives are widely used in various hi-tech products, as
mentioned earlier. The present investigated salt, I, also belongs to the pyridinium family, and it has fascinating electronic properties.
Hence, we could expect NLO properties. For this purpose, the polarizability (a,) and static hyperpolarizability (f,) are computed. The
nonlinear optical properties are induced by the asymmetric charge distribution and electronic density generated under the strong

10
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Table 6
Hirshfeld analysis of title salt, I, C;7 Hz1Cl N»Os (in [e\).

Cy7 Hz1Cl N2Os

Surface parameters Minimum Mean Maximum

d; 0.7205 1.6549 2.4541
de 0.7212 1.6671 2.3459
dnorm —0.5939 0.3991 1.2373
Shape index —0.9981 0.2474 0.9978
curvedness —4.0570 -1.0139 0.3059
Fragment patch 0.00 11.4071 35.000

de
2.4

22

2.0

1.8

1.6

1.4

1.2

1.0

0.8 0.8

0.6 H-H=41.3% 0.6
di H--0=8.2% di

06 08 10 T2 174 16 18 20 7272 724 06 08 TO0 T2 T4 16 T8 20 227 724

de de
24 24

22 22
20 20
1.8
16

1.4

12

1.0

0.8 0.8

0.6 Cl--H=7.2% 06 C--H=4.5%
di di
06 08 T0 T2 T4 T6 18 20 27 74 06 08 10 1.2 T4 16 T8 20 ZZ2 74

Fig. 8. Plotted d. (external) versus di (internal atoms) 2D fingerprint spectra for dominant interactions.
electricity of light. The energy of the perturbed system is described by the Taylor expansion (ix).
0 1 1 1 .
E=E"—wFi— \5i @il — 5ify FiFiFi — | 5V FiFiFE (ix)

The polarizability (a,) and static hyperpolarizability (p,) are given by the following relation:

1
=3 (axx +ayy + azz) x)

11
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Table 7

Intermolecular interaction energy for I, (Z)-4-(1-cyano-2-(2,4,5-trimethoxyphenyl) vinyl)pyridin-1-ium chloride (in kcal/mol).
N Symmetry R Eele Epol Edis Erep Eot
1 X, -y, -Z 4.04 —4.04 -3.25 —25.58 13.81 —18.08
1 X, y, -z+1/2 3.75 2.51 —2.89 —27.59 15.38 -11.7
1 X, -y, -Z 9.58 -1.79 —0.98 —2.58 1.86 -3.27
2 X, y, -Zz+1/2 9.87 —0.69 —0.38 -1.58 0.74 -1.79
2 X,y 2 9.13 —0.24 -0.6 -3.01 217 -1.6

E=-18.08 kcal/mol E=-11.7 kcal/mol

E=-3.27 kcal/mol E=-1.79 kcal/mol E=-1.6 kcal/mol

Fig. 9. Intermolecular interactions in various dimers between two cation units in I. (energy in kcal/mol).

fo=/Fxt (Fy+ (ﬂZZ) i)

The calculated values of the linear optical response (a,) and hyperpolarizability (f,) are given in Table 4. The calculated o, value is
324.297 au, while the p, value is recorded up to 6856.34 au. The obtained noticeable value of o, shows its linear optical properties and
extent of asymmetrical charge distribution in the structure. The o, value further shows the polarizable nature of the molecule and its
interesting features for designing modern optoelectronic materials. The estimated value of B, also increased to 6856.34 au, indicating a
nonlinear response to externally induced electric fields. Based on these results, we conclude that the title salt, I, has significant po-
tential for NLO and interesting optoelectrical properties.

3.4.6. Hirshfeld surface (HS) analysis

The HS analysis associated with two-dimensional fingerprint plots was generated using Crystal Explorer 17.5. HS analysis effec-
tively examines the X-ray data and visualizes intermolecular interactions in the crystalline state [65,66]. The potential short inter-
molecular contacts (less than the sum of vdW radii of interacting atoms) show red spots on the HS (Fig. 7). The HS of the studied liquid
crystal C17 Hz;Cl N2Os mapped over dporm, di, d, and shape index are given in Fig. 7. In the plotted dyorm, the presence of red color near
the water molecules indicates its reactive site to neighbor molecules. The HS parameters for the C;7 Hy1Cl N2Os crystal are given in
Table 6. The dporm value ranges from —0.5939 to a maximum of 1.2373 A. The maximum value for fragment patches increased to
35.00 A, while d, increased to 2.3459 A.

The plotted 2D fingerprint images provide information about the type of intermolecular contact between atoms and their crucial
interactions. These interactions are plotted between d, (external) versus di (internal atoms). The plotted spectra for dominant in-
teractions inside to outside are given in Fig. 8. In the crystal, the highest inside-to-outside is found for H---H (41.3 %), followed by H---O
interactions up to 8.1 %. Similarly, the Cl---H interaction is 7.2 %, while the lowest interaction of the central fragment with the
neighbor is 4.5 %, which is calculated for carbon and hydrogen (C---H).

3.4.7. Non-covalent interaction (NCI) index analysis
To understand the nature of the non-covalent interaction topology between a cation, anion (Cl) and H0O, molecules were used to

generate energy frameworks for I and the precursor, as mentioned in the experimental section. Different molecular dimers were

12
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Fig. 10. Intermolecular interactions in various dimers between cation, anion and water molecules in the I. (energy in kcal/mol).

extracted from the Crystalexplorer [67] energy analysis, and topological analysis was performed using the AIMALL program [50]. For
this, the wave functions were generated from the energy calculation of the obtained dimers (the geometry of the crystalline structure
with the normalized H that involves distances to their typical neutron values) at theory level M06-2X-D3/cc-pVTZ [68]. The inter-
molecular interactions present in the crystal packing of I were quantified by separating electrostatic, dispersion, polarization and
repulsion forces, as shown in Table 7. The interaction between two molecules of I, Fig. 9, showed that the total energies of —18.08 and
—11.70 kcal/mol were greater than that of the precursor (OPUSEA) that interacts with two molecules in Fig. S4 and Table S6.

The dispersion contribution predominantly stabilizes all the dimers in the title salt. The antiparallel n stacking interaction in the
dimer helps to arrange the molecules in the column manor in salt I, whereas the parallel r stacking interaction in precursor molecules
(OPUSEA) favors arranging in the typical herringbone architecture (Fig. S4). Additionally, pyridinium nitrogen, chloride ions, and
water molecules are involved in the various intermolecular interactions and are significantly involved in stabilizing crystal packing
(Fig. 10, Figs. S5 and S6, and Tables S7 and S8).

3.4.8. QTAIM topological features of intermolecular interactions

The topology of the calculated electron density at the M06-2X-D3/cc-pVTZ level of theory was analyzed using Bader’s quantum
theory of atoms in molecules (QTAIM) approach. According to QTAIM, a chemical bond is distinctively described by a line of
maximum electron density linking two bonded atoms (bond path, BP) on which a critical bond point (3, 1) is present (BCP) [69,70].

13
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Dimer 2

Fig. 11. Molecular graphs showing intra- and intermolecular interactions in I and non-covalent interactions (NCI). A green extended isosurface can
be observed between the two dimers due to n-r interactions.
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Fig. 12. Formation of molecular sheets associated with NCI intermolecular interactions of I with CI~ and molecules of H20.

The analysis was performed using the AIMALL program [50]. Koch and Popelier [71] quantified that a hydrogen bond would be
present in the molecular topology if the electron density is within the range of 0.002-0.040 atomic units (a.u.) and the resultant
Laplacian within the range of 0.024-0.139 a.u [40,54]. results (BCP), electron density p(r) in the BCP, Laplacian of the electron density
Vzp(r), and the interaction of H and the acceptor atom were obtained, and the bonding (rp and rp) and nonbonding radii of the donor
(r%) and acceptor (r%) atoms were compared. The fourth criterion of KP(KP-4) describes the mutual penetration of the H atom and the
acceptor atom and differentiates the H-bonding character from the van der Waals type. For a typical hydrogen bond, the values of
A=(r} — rp) > A= — ra) and Arp + Ar, > O represent positive interpenetration. If either or both conditions are violated, then the
interaction is said to be Waals in nature [70,72]. The hydrogen-bond interactions may be categorized as follows: strong and covalent
hydrogen bond V?(r) < 0 and H < 0; medium and partially covalent hydrogen bond, V2p(r) > 0 and H < 0; and weak and electrostatic
hydrogen bond, when Vzp(r) >0and H > 0 [12,13].

It is observed in Fig. 11 that the BCP with NCI isosurfaces indicated that the n----1 stacking interactions are distributed throughout
the molecule, unlike the precursor (OPUSEA), Table S9 and Fig. S7. The values (Table S10) indicated that the interactions that
dominate the crystal packing are van der Waals interactions in I and OPUSEA. The differences are in the hydrogen bonds, Fig. 12 and
Tables S10 and S11. For I, two successive molecular dimer sheets associated with NH---Cl, bifurcated C-H----Cl interactions, and
OW-H----Cl are present; the first is a medium and partially covalent hydrogen bond, and the others are strong and covalent hydrogen
bonds. Therefore, the participation of the Cl anion and HoO changes the crystal packing, as well as the interactions [37,73]. The results
allow us to evaluate that the interactions increase the aggregation of molecules and therefore influence the color of the molecules.

4. Conclusion

The changes in color, optical absorption, and charge transfer of (Z)-4-(1-cyano-2-(2,4,5-trimethoxyphenyl)vinyl) pyridin-1-ium
chloride were analyzed by several experimental and computational techniques. The results evidenced the interaction, at the molec-
ular level, of organic compounds with acid to form a salt along with the importance of non-covalent interactions. These interactions
along with packing lead to structural modifications such as changes in structural torsion and bond length, especially in the pyridinium
ring when compared with the precursor compound. The structural changes favored intermolecular interactions, as well as charge
transfer, which is enhanced in the pyridinium salt by hydrogen bonds and non-covalent interactions. The charge distribution in the
molecule was also affected, leading to a lower HOMO-LUMO energy gap; in this case, both HOMO and LUMO values were modified.
The intermolecular interactions were also affected by the presence of Cl anions and HoO molecules in the crystal structure of the
pyridinium salt. All these features are the reason for changes in physical properties such as color, dipole moment, and nonlinear optics.
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