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Abstract

The electronic structure d-phenyl-2-thioxo-1,2-dihydropyridine-3-carbonitrile (2-
mercapto-6-phenylpyridine-3-carbonitrile) and its some derivatives haea studied
both theoretically and experimentally. The choice of these compoundseiasted by
their biological importance and relevance. The corresponding proposediretsuct all
studied derivatives in this work were confirmed by FT-IR spectrophdasnteINMR
spectra and XRD patterns. The Density Functional Theory (DFT)obas used to
investigate the effect of substituents with different strengtladl studied compounds on
the geometry structures, natural bond orbital (NBO) propertiestredeatic potential
(ESP) and the global properties such as (the chemical haraypegtobal softness (S),
and electronegativityyf by analysis of the charge distribution and extent of charge
transfer in the molecule in the gas phase. Non-linear optical pepéKLO) such as
(static dipole momentuj, polarizability ¢), anisotropy polarizability Aa), first order
hyperpolarizability §) and mean second order hyperpolarizability) (also, were
computed by DFT in the gas and solvent (benzene and ethanol) phasededthef ¢fie
different substitutions and solvent polarity on the NLO properties alemeinvestigated
to show their ability to be used as NLO compounds. We find thatualilest compounds
exhibited higher NLO properties compared to urea (referenceiais}en the gas phase
and showed higher NLO properties in ethanol than in the benzene phasdfethefe
solvent polarity on the electronic absorption spectra of the studiedcutesewas
measured experimentally and calculated theoretically at thee-Dependent Density
Functional Theory (TD-DFT) level of theory. The interactions ofedédht solvents
(ethanol and benzene) with studied compounds were also studied by malgoalaics
(MD) simulations. The radial distribution functions (RDFs) and coorinatumbers
(CNs) of all studied compounds in the different solvent are computeddiffheion



coefficient (D) also was calculated to investigate the inflaemic substitutions on the
mobility of the studied compounds in the surrounding solvent.

Key words: 6-phenyl-2-thioxo-1,2-dihydropyridine-3-carbonittileTD-DFT, MD
simulations, NLO, Diffusion coefficient

Introduction

In the last decades, pyridine-2-thiol derivatives are employed irougrbiological
applications such as anti-inflammatory, anti-tumor, ant mycobagctaméifungal and
antiviral activities [1-3]. The cytotoxicity of pyridine derivativagainst several human
cancer cell lines was reported [4-6]. Pyridin-2-thione derivativgsresent useful
synthetic intermediates for the synthesis of biologically acte&zafolates ring systems,
pyrimidine nucleosides, which reported to be significantly active bothtio and vivo

[7] and inhibitor of dihydrofolatereductase [8]. Furthermore, pyrimidindeosales are
currently used dye to their cytotoxicity against various tumorspatentially as
methotrexate [9,10] and the most effective antimetabolites cwyrrentployed in the
treatment of different solid tumors [11]. Synthesis and anti-tumoritées of some new
pyridines and pyrazolo [1, 5-a] pyrimidines were discussed [12]. Thecolalestructure

of 3-(2-Mercaptopyridine)phthalonitrile was studied by computational apdremental
approaches, the electronic absorption spectra, nonlinear optical propertiesular
electrostatic potential, and thermodynamic properties also wetiedtand reported [13].
Theoretical density functional arab initio computational study of vertical ionization
potentials, dipole moments aftC and*“NNMR shifts of the 2-mercaptopyridine system
was studied and reported [14].The solvent effects on the tautomerisraleatobnic
absorption spectra of 3-Hydroxy-2-mercaptopyridine and 2,3-Dihydroxypyridiag w
studied [15].The gas phase and solvent dependent preference of the tautomerization
between 2-pyridinethiol and 2-pyridinethione had been assessed using variable
temperature Fourier transform infrared (FTIR) experiments, afidddmmputations [16].
Because of their wide range of biological activities and séiemélevance, 2-mercapto-
6-phenylpyridine-3-carbonitrile and its derivatives are currentlyesspited the subject
of various investigations to explore a wide range of biological agpits. Also, there is
no any theoretical and computational study on these compounds under considerations
That's why, the aim of the present work is to facilitate theskgical investigations via
the compilation of various physical electronic and structural pasamethich would
certainly underlie their biological activity using density functiotieory. In addition to
the NLO parameters and the solvent effect on them are also investigahis work. The
corresponding proposed structures of all studied compounds in this work arenednf
by FT-IR spectrophotometerHNMR spectra and XRD patterns as shown in the
experimental part. Electronic absorption spectra of all studied compaandsomputed



by TD-DFT method in Benzene and Ethanol solvents in addition to the gas.pha
Molecular dynamical simulations is a strong tool to investiga¢etypes of interaction
between 2-thioxo-1,2-dihydropyridine-3-carbonitrile compound and the solvents as done
by M.E. Salem et al [17]. Computational pharmacokinetic charadienzaf drug-
likeness has been done for Ethyl pyridine substituted 3-cyanothiopheneo conugieges
molecular dynamic simulation on the basis of an average root meare stpiaation
(RMSD) and radial distribution function (RDF) [18]. So, in this studyhaee used the

MD simulations to gain more insight into the stability of thesmpounds in different
solvents (ethanol and benzene) and their binding ways with the solventqRSIGD)

and (RDF).

2. Experimental Part
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2.1 Instrumentation

All melting points are uncorrected. IR spectra were obtained (k) by using a Perkin
Elmer 11650 FT-IR spectrophotomet¥iNMR spectra were recorded in CRGIn a
Varian mercury VXR-300 (300 MHz for 1H and 75 MHz for 13C). X-rayrdition
(XRD) patterns of the studied compounds were characterized with the help of
Pananlytical Empryan Xray diffractometer 202 964 (the Netherlaft®.scan range



was 5°-140. The electronic absorption spectra were measured on aHhekir.ambda
4B spectrophotometer using 1.0 cm fused quartz cells, where the spetroatords
linearly the percent of transmittance over the range 200-700 nm. isablgata were
carried out at Beni-Suef University. Polar (ethanol) and non-polar énehzsolvents
used in the present work were obtained from Merck, AR grade and usediwfurther
purification.

2.2 Synthesis:
Sodium 3-0xo0-3-Arylpropan-1-olate (2):-

In a three necked flask containing [0.01 mol] of sodium methoxide and 2ihen] .01
mol] Actophenone derivativeswith [0.01 mol] ethyl formate was poured over it through
separating funnel with efficient stirring. The solid product wakect#d at the pump and
used directly in the reactions.

General procedure for the synthesis of compounds &(d):-

A solution of (0.01 mol) sodium salt of compound® (0.01 mol) 2-

Cyanoethanethioamide and piperidine acetate (1 ml).(d € ml) was heated for 15
minutes. Acetic acid (1.5 ml) was added to the hot solution. The solid pradsc
filtered off and recrystallized.

3a: 6-phenyl-2-thioxo-1,2-dihydropyridine-3-carbontrile.

Red (yield 59%), m. p. 179-182 (Acetic acid), umax / cth (KBr) 3350 (NH), 2229
(CN),1617(C=N)*HNMR (DMSO) d = 6.98-8.1 (m, 7H, aromatic protons ),d = 13.3 (s,
1H, NH pyridine),. m/z 212 (Calcd for,€HgN,S: C, 67.9; H, 3.8; N, 13.20; S, 15.1%.
Found: C, 67.6; H, 3.9; N, 13.5; S, 14.9%.

3b: 2-thioxo-6-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile.

Deep red (yield 68%), m. p. 190-1g5 (Acetic acid), umax / cth (KBr) 3368 (NH),

2230 (CN),1634(C=N)!HNMR (DMSO) d= 1.82 (s, 3H, C#} d = 7.09-8.19 (m, 6H,
aromatic protons ),d = 12.6 (s, 1H, NH pyridine),. m/z 226 (Calcd fgt@\.S: C, 69;

H, 4.45; N, 12.38; S, 14.17%. Found: C, 68.7; H, 4.49; N, 12.4; S, 14.14%.

3c: 6-(4-methoxyphenyl)-2-thioxo-1,2-dihydropyridire-3-carbonitrile.

Deep red (yield 63%), m. p. 210-205(Dioxane), umax / cih (KBr) 3344 (NH), 2229
(CN),1642(C=N), 1165 (C-OfHNMR (DMSO) d= 3.76 (s, 3H, OCH3), d = 6.90-8.22
(m, 6H, aromatic protons ), d = 13.33 (s, 1H, NH pyridine),. m/z 242 (Calcd for



Ci3H10N20S: C, 64.44; H, 4.16; N, 11.56; O, 6.6; S, 13.23%. Found: C, 64.47; H, 4.12;
N, 11.59; O, 6.63; S, 13.20%.

3d: 6-(4-chlorophenyl)-2-thioxo-1,2-dihydropyridine-3-carbonitrile.

Orange (yield 72%), m. p. 225-2Z7 (Dioxane), umax / cth (KBr) 3315 (NH), 2223
(CN),1637(C=N)*HNMR (DMSO) d = 7.22-8.16 (m, 6H, aromatic protons ), d = 13.20
(s, 1H, NH pyridine),. m/z 246 (Calcd for£E1.0NoCl: C, 58.42; H, 2.86; N, 11.35; S,
12.99; Cl, 14.37%. Found: C, 58.45; H, 2.83; N, 11.38; S, 12.95; Cl, 14.39%.

FTIR and*HNMR spectra are presented in the supporting information in F&fLi@nd
S2 respectively. All characteristic peaks of FTIR #4NMR of 3(a-d) compound are in
good agreement with the previous studies [19,20]

X-ray diffraction patterns

The XRD of all studied compounds are given in Figure 1. All studied comploavel
semi-crystalline structures as shown in Figure 1. It is @ksar from this Figure that, All
compound have the X-ray diffraction peaks of mercaptophenylpyridine atakypi
scanning anglest2= 22.14, 25.18, 35.28, 38.34 [21], in addition to these peaks, there are
two peaks appear (ab2 13.00 and 45.23) in compounds 3a and 3b and disappear in
compounds 3c and 3d also, in compound 3c there are an additionally peak appear at
15.65. All characteristic peaks are appeared for all compounds but Jfiénewti
intensity. Compound 3c have the highest intensity compared to other compounds. The
increasing in the intensity indicated that the enhancement in theedefycrystallinity.
The degree of crystallinity can be calculated by separatingnsiiies due to the
amorphous and crystalline phase of the diffraction pattern. Perceoftaggstallinity
(Xc, %) is measured as the ratio of the crystalline aretéd area according to the
following equation [22].

Ac
Ag+Ac

Xc (%) = 1x100% (1)

Where, Ac = area of the crystalline phase and Aa = area dantteephous phase. The
degree of crystallinity of compounds 3(a-d) are 68.44, 70.55, 75.65, and 72.52 %
respectively. All the previous data confirmed that the corresponding g gtsictures,

of all studied compounds.

3- Computational details

Quantum mechanical calculations based on DFT were performed llfastudies
compounds using the Gaussian 09 program [23]. The Becke’s three parapeetang-
Parr hybrid exchange-correlation (B3LYP) functional was ulsezlighout this work [24-



27]. Full geometry optimization was performed using 6-311++G(d,p) leese set to
generate the optimized structures and ground state propertiestfdaid compounds in
the gas phasérequency calculation has been done at the same level of floedhe
confirmation of the global minima. The electronic transition propersiech as the
maximum excitation waveleng(nax) and oscillator strengths (f ) were computed using
TD-DFT [28] in the gas phase and different solvents adopting SGRiftody where the
Polarizable Continuum Model (PCM) using the integral equation fosmalariant
(IEFPCM) is the default SCRF method [29-33]. MD simulations vpendormed using
FORCITE Module, which is implemented in the Materials Studio 7 package [B#iive
Condensed-Phase Optimized Molecular Potential for Atomistic diimlastudies
(COMPASS) force field [35—-37]. All atoms were considered expfich a cubic box
under a periodic boundary condition. This box contained 200 ethanol or benzene
molecules and one unite from studied compounds. MD simulations weredcaurt
under isothermal—isobaric (NPT) conditions, with pressure and tempeehatigrat 1 atm
and 300 K, respectively, by employing a Nose thermostat aneh8&en barostat. The
equations of motion were integrated with the velocity Verlet rdlgo for a total
simulation time of 1 ns with a time step of 1 fs. During the sitraria the non-bonded
energies were calculated using the populgisEummation while the COMPASS force
field was used to calculate both van der Waals and electrostatic interactions

4- Results and Discussion
4.1 Energetic of the ground state

The full geometry optimizations of the proposed molecules were cothpitehe
B3LYP/ 6-311++G(d,p) are shown in Figure 2. The different basis seteld to choose

the one that reproduces values which are in the good agreement patineatal values
obtained from the X-ray structure as shown next in Table S1 ($ maaporting
information). The total energies, corresponding zero point vibrations yetiZR)E)
corrections, thermodynamics parameters and Dipole moment (D.M) ofbttltked
compounds are listed in Table 1. The ZPE of the compound 3a is 0.1664 au which is
increased to 0.1985 au upon substitution of the H-atom with methoxy group as an
electron donating group. While the substitution of the H-atom with chlgriolep as an
electron withdrawing decreases the ZBE to 0.1567 au. This meansh¢hatectron
withdrawing groups stabilize the compounds in contrast to the electrotindpgeoups

(take into accounts that the methoxy and Cl are near of the same molezigla).w

4.2 Global descriptors Properties

The energies of High occupied molecular orbital (HOMO), low unoccumielécular
orbital (LUMO), energy gap (Eg) and the global properties ostallied compounds are



listed in Table 2. It is obvious that the separated phenylpridinesiabnost planar. The
ionization energy value, | (-EHOMO), calculates the donating propértiye molecule.
The order of decreasing the ionization energy (increasing the imxidadwer) of the
proposed molecules, is 3¢ > 3b > 3a > 3d as shown in Table 2. The ekdftimap
value, A (-ELUMO), calculates the accepting property (reduction postehe molecule.
Analysis of A indicates that the order of decreasing the redustiaer is: 3d >3a > 3b >
3c which is the opposite of the order of oxidation power. Eg is the gaed® Eomvo
and Euywmo; it measures the facile electron transition from HOMO taviQY this value
can be displayed as the chemical reactivity of the moleculesaldgs in Table 2 show
that the reactivity of these molecules increases in the @der:3d > 3b >3a. The dipole
moment signifies the polarizability of the molecules. The valueslipdle moments
indicated that the order of the decrease the polarizabilitgis: 3 > 3a > 3d which is of
the same order of the oxidation power (c.f. Table 2). The global pexpstich as the
global hardness, electronegativity, electrostatic potential V and global softness S are
calculated by the thesis equations [38]:

n= =° 2)
5= I +2A (3)
v="02 (4)
S =5 (5)

For any two molecules, the electron will be partiallyhsfarred from one the molecule
which has lowy to that of highy. The results show that the orders of decreaging
(increasing charge transfer within the molecul@®: 3d >3a > 3b > 3c. The small
values for the studied compounds indicated that the ability of chi@ngsfer inside the
molecule. Therefore, the order of increasingnofs 3¢ > 3d > 3b >3a. There is a
relationship between and E as shown in Table 2. In which, the highgvalues, the
harder is the molecule and vice versa. The occupied and unoccupiedilarotebitals
for the studied compounds are shown in Figure 3.

4.2. NBO analysis (used in the spectra part)

Natural atomic charge distributions based on Natural population andNBIA) was
performed on the global minimum structure of compound 3a in the gas phasaomic
charge distributions of all atoms in this compound are shown in Figuréhg NBO'’s
second-order perturbation theory and its second-order perturbation stiaipilieaergy
E@® analysis describe the interaction between the idealized Iséwisture and the empty
non-Lewis orbital as well as. The intramolecular, intermolecblamding and bond
interaction can be investigated by NBO analysis [39]. The largkre of E? value,
indicated that more intensive in the interaction between electron dandr&lectron
acceptors (more donating tendency from electron donors to electroptaaste The



hyper conjugative interaction energy was derived from the second-pedierbation
theory. For each donor NBO (i) and acceptor NBO (j), the staldizanergy &
associated with delocalization is estimated from the following equation [40]:

E@=AE; =g F (i) 2/ & &) (6)

Where qis the donor orbital occupancy,ande; the diagonal elements and F (i,j) is the
off diagonal NBO Fock matrix element. The calculated chargesfea energy &
between the donor-acceptor orbgabf the studied compounds computed at B3LYP/6-
311++G (d,p) level theory are summarized in Table 3, we find thathheges are
transferred froms (BD) to o* (BD)* orbitals with high stabilization energy®in the
most interaction.

4.3. NLO properties

Recently, NLO materials are at the forefront of currentaie$edue to their importance
in providing the key functions of frequency shifting, optical modulation, dptica
switching, optical logic, and optical memory. So, we can use NL@rmakt in a large
number of application such as modern communication technology, data stypags,
signal processing, and optical interconnections [41-44]. In this studypnvputed NLO
properties such as the total static dipole moment I{near polarizability ¢), first
hyperpolarizability tensor componenfy @nd mean second order hyperpolarizabilfy (
of the molecules of the all studied compounds in gas, ethanol and benzeeg ahas
B3LYP/6-311++G(d,p) level theory as shown in Tables S2-S4, respectindly.
equations used in the calculations of NLO properties of the studied comaauhsted

in supporting information equations 7-11. Urea is one of the prototypicatuieseused

in the study of the NLO properties of molecular systems. Theraforgas used
frequently as a threshold value for comparative purposes [45]. In thks werchose as
reference material because there were no experimental \ailties NLO properties of
the studied compounds. The magnitud@ o one of the key factors in the NLO system.
The analysis off computed theoretically for the studied compounds show that of the
compound 3a (X=H) is 3 times higher than that of urea, while thodeedddrivatives;
X=CHs, OCH;, and CI are 4, 6, 3 higher than the reference Urea respectivitly gas
phase as shown in Table S2. We also find rextdy of these compounds increasing in
ethanol phase as shown in Table S3 are larger than that in benatioevasn Table S4.
Therefore, the studied compounds are considered as effective candatate&O
materials.

4.5 Electronic absorption spectra



The electronic absorption spectra of 2-mercapto-6-phenylpyridine-3-cailgonit
compound 3a and its derivatives 3b, 3c, 3d studied in this work depend on the type and
extent of interaction between different moieties. Two possiblestygfeinteraction
between subsystems can exist, as shown in scheme 2. For exajnpte,nieraction
between phenylpyridine and the terminal phenyl group Ph-X (ii) full catijoig between

the two subsystems Ph-X and phenylpyridine.

4.5.1 Electronic absorption spectra of 3a

The results of the experimental and theoretical electronic almoggectra of compound

3a in ethanol and benzene are presented in Figure 4. The experirpeantalra in both
solvents is composed of two spectral bands in the range 200-500 nm. In beéheene,
experimental UV spectrum shows two intense bands at 269.0 nm and 306.0 nm.
Increasing solvent polarity from benzene to ethanol results in ashiéteof the two
bands, where the first band is shifted to 245.0 nm and the second bancdstehZ81.0

nm, respectively. Furthermore, increasing solvent polarity causesrled decrease in

the intensity of the two bands going from Benzene to Ethanol. TD/B3-YP/
311++G(d,p) level theory calculation is valuable for the analysieeoEkperimental UV
Spectra of compound 3a in different solvents. The theoretical catmdadire in good
agreement with the experimental calculations. Since incre#fsgngolvent polarity from
Benzene to Ethanol has the same trend of decreasing of the intensitidition to the

blue shift which noticed experimentally by increasing the solventripolaThe
theoretically calculated spectra showeduaax of 326.87 nm for the first band in
Ethanol, and for the first band 329.43 (S1) in Benzene, and as shown in Tahét&oT
observed spectral bands are assigneda-a¥) (transitions, as reflected from the values of
molar absorptivity £ = 5000-30000). Predicting and assigning the origin of the
experimental spectrum of compound 3a, requires the calculations dfeiretical gas
phase transitions of the various subsystems a, b, ¢, and d using TD/B3LYP
311++G(d,p) level of theory, which are presented in Figure 5. Three $temsgtions are
computed at 292.0, 261.0, and 239.0 nm for subsystem a; three transitions arec¢ompute
at 274.0, 260.0, and 245.0 nm for subsystem b; three transitions are computed at 308.0,
285.0, and 254.0 nm for subsystem c; three transitions are computed at 298.0, 292.0, and
282.0 nm for d; three transitions are computed at 326.0, 292.0, and 284.0 nm for
compound 3a. The correlation of the theoretical transitions of Table wedretthe
various subsystems shows that the transition at 292.0 nm of subsysterelates with

the transition at 292.0 nm of compound 3a. Moreover, the transition at 282.0 nm of
subsystem d correlates with that at 284.0 nm of compound 3a. It istt@dé¢drom this
division, the pyridine rings with the CN and SH groups contribute the afdsie two
spectral bands of the gas phase of compound 3a. This is confirmed Inatbe density

of HOMO of compound 3a, where the charge density is localized on tietynThe



delocalization of the charge density of the HOMO over the whole auleleof
compounds 3b, 3c, and 3d is increased upon substitution in the para position of the
phenyl ring.

4.5.2 Electronic absorption spectra of 3b.

Compound 3b results by inserting €gtoup in the position X in Ph-X of compound 3a.
The experimental and theoretical electronic absorption spectraoroparind 3b in
benzene and ethanol are combined and shown in Figure 6 and Table 6. In bémzene, t
experimental spectrum is composed of two bands, at 338.0 nm and 307.0 nminigcreas
solvent polarity from Benzene to Ethanol results in a blue shifteotwo bands, where

the first band is shifted to 336.0 nm and the second band is shifted to 305.0 nm,
respectively. Furthermore, increasing solvent polarity causesrledndecrease in the
intensity of both bands. The two observed bands are assignea*agrénsitions, based

on the values of molar absorptive € 5000-30.000). The interpretation of the
experimentally observed UV Spectra of compound 3b in Benzene and Ethguiotse

the theoretical calculations of the vertical transitions using BELYP/6-311++G(d,p)

level theory. Recorded theoretical spectra are in agreemdntheitexperiment since the
blue shift and the decreasing intensity are observed with incredsngplvent polarity.
TD/DFT showed thgmax0f 332.45 nm (S1) and 301.79 nm (S2) with respect to Benzene
and 330.49 nm (S1) and 300.39 nm (S2) in Ethanol.

4.5.3 Electronic absorption spectra of 3c.

Compound 3c results by inserting OgCgroup in the position X of compound 3a. The
experimental and theoretical electronic absorption spectra of compeumdBenzene
and Ethanol are shown in Figure 7 and Table 7. The experimental specBemzene is
composed of two bands at 348.0 nm and 277.0 nm. The change of solvent polarity from
Benzene to Ethanol results in a small red shift by 1 nm of the first bancg thieesecond
band is blue shifted by 1 nm. Additionally, increasing solvent polaritgesaa marked
decrease in the intensity of the two bands. The values of molapabispi(e = 5000-
30000) indicate that the two observed bands lawecharacter. The theoretical vertical
transitions using TD/ B3LYP/6-311++G(d,p) level theory is valuablgHer analysis of
the experimental UV Spectra of 3 which gives valuesufgx of 346.03 nm (S1) for the
first band in Benzene , and for the first band 345.15 (S1) in Ethanol , afbwas in
Table 6.

4.5.4 Electronic absorption spectra of 3d.



Compound 3d results by inserting Cl group in the position X of compound 3a. The
experimental and theoretical electronic absorption spectra of compouimdBhzene

and Ethanol are shown in Figure 8 and Table 8. The experimental specBemzene is
composed of three bands. The experimental UV spectrum in benzene slmointehse
bands at 284.0 nm and 310.0 nm. Increasing solvent polarity from benzene to ethanol
results in a blue shift of the two bands, where the first bandftedho 270.0 nm and the
second band is shifted to 298.0 nm, respectively. These transitionsigreedson-n*
transition as indicated by the molar absorptivity value$@00-30000). The theoretical
electronic absorption spectra using TD/ B3LYP/6-311++G(d,p) levelyhsaraluable

for the analysis of the experimental UV Spectra of compound 3d. Tdwdatad spectra
showed a blue shift by switching the solvent from Benzene to Ethanbénizene, the
values of\maxis at 340.22 nm for (S1) and 278.2 nm for (S2), whilé\thgis at 334.44

for (S1) and 270.31 nm for (S2) in Ethanol as shown in Table 8.

4.6 Molecular Electrostatic potential (MEP)

The MEP is related to the electronic density and is a very useful desarmipetermining
the sites for electrophilic and nucleophilic reactions as welhyafogen bonding
interactions. To predict reactive sites for electrophilic andemptlilic attack for the
studied compounds, the MEP at the B3LYP/6-311++G(d,p) level of theosy wa
calculated. The negative (red and yellow) regions of the MEettd to electrophilic
reactivity and the positive (blue) regions are related to nucleéopt@activity, as
indiicated in Figure 9. It is clear that from Figure 9, theRMd& compound 3a displayed
all atoms with positive electron densities (sites for nucleaplaliack) except the
nitrogen atom in (CN) group which showed a negative electron derssigs (for
electrophilic attack). For compound 3b, all atoms have a positivéragledensities
except the nitrogen atom in (CN) group has a negative electronydansitthe sulfur
atom in (SH) group displayed an intermediate negative electmsitgeCompound 3c,
showed all atoms with a positive electron densities except ttageit and the oxygen
atoms in (CN) and (OCH3) groups respectively where they showeativeegelectron
density while the sulfur atom in (SH) group displayed an internediegative electron
density. In the compound 3d all atoms displayed with a positive eletdrwsities but the
nitrogen atom in (CN) group displayed with a negative electron geefi$ie sulfur atom
in (SH) group and the chloride atom displayed with an intermediag@ative electron
density. The MEP map displayed that the negative potentiaive#ieson electronegative
atoms (N, O and S) and the positive potential sites were arounaydinegen atoms.
These sites give information and some light on the regions thabthpound can have
intermolecular interactions with others.

4.7 MD simulations



To get more insight on the interaction between the studied compounds terdndif
solvent such as ethanol and benzene. MD simulations can be used taealiiulsion
coefficient and study the hydrogen bonds (HBs) forming between thedstuatigpounds
and different solvents. Figures S4 and S5 show MD snapshots of alldstedmpounds

in ethanol and benzene respectively. All snapshots were taken at Lismafshots are
taken within 3A from the studied compounds) in which the green dashedchtmed
HBs formation between studied compounds and solvents. It has been foundrhat fr
Figures S4 and S5 all studied compounds formed hydrogen bond with ethanol through S
N and H atoms (studied compounds). The HBs formation between all stodgebunds

+ ethanol and all studied compounds + benzene can be explored by thdisadmition
functions (RDFs) and coordination numbers (CNs). The RDF is the prapalbifinding
particle “B” within the range (r+dr) around particle A, and expeesas gAB(r). The CN

is obtained by integrating the gAB(r) [46]. The RDFs for HBssité the parent and the
methoxy compounds with the oxygen (O) or hydrogen (H) atoms of ethanalidnd
hydrogen (H) atoms of benzene molecules are plotted in Figure 10hdogéth the
corresponding coordination numbers (CNSs).

4.7.1 RDFs and CNs of all compounds in ethanol arlienzene

4.7.1.1. Compound 3a

The RDF of the hydrogen atoms of the SH group of the parent watior® of ethanol as
shown in Figure 10 (1a), Hsarenty -+ - Qhanoy has an intense peak at 2.4 A which is
related to the HBs formation; since it is within the HB dis&a (2.5 A). The S and N
atoms of the parent compound formed also HBs with the hydrogen atoetkanol
Siparenty -+ - - fdthanoy @aNd  Nparenty =+ - - - kbthanoy have intensive peaks at 1.8 and 2.4 A
respectively and the intensity of the former peak is greatarthiealater one as shown in
Figure 10 (1b and 1c), indicating that the HB of the formetranger than the later one.
The S and N atoms of the parent compound also formed HBs with tregleydatoms of
benzene arenty - fbenzeney@Nd  Nparenty * -« - - lbenzene)have intensive peaks at 2.4 and
1.5 A respectively and intensity of the later peak is grehter the former as shown in
Figure 10 (1d and 1f), indicating the HB of the later is stromigen the former one, in
addition to four peaks with small intensity are found at former @u@dnbonding
interactions. Parent compound strongly formed HBs with ethanol and berssemally

iN Sparenty - - - - Fbthanoy@Nd Nparenty - -« - - fhenzeney@ccording to RDFs and CNs.

4.7.1.2. Compound 3b

The RDF of the hydrogen atoms of the SH group o @kh O atom of ethanol shown
in Figure S6 (2a). The HSgy -+ - Qhanoy has an intense peak at 2.5 A which is related
to the HBs formation. The S and N atoms of the; €éimpound formed also HBs with
the hydrogen atoms of ethanqkiy - - - - Fbthanop@and  Nchzy -« - - - kthanoy @nd they have
intensive peaks at 1.7 and 1.2 A respectively. The intensity of threplead is greater



than the former as shown in Figure S6 (2b and 2c), indicating thatBhad the later is
stronger than the former one. In addition, the former one has five patikdow
intensity due to nonbonding interactions. The S and N atoms of the pargmblwam
formed also HBs with the hydrogen atoms of benzengisS:-:-kbenzene) and
N(cHzy -+ fbenzenenave intensive peaks at 2.3 and 1.4 A respectively and intensity of the
later peak is greater than the former as shown in Figure S&@2af indicating the HB

of the later is stronger than the former one.z;@bmpound strongly formed HBs with
ethanol and benzene especially gy ----- Fbthanopand Ncpay -+« - - fbenzene) CENtErs
according to RDFs and CNs parameters.

4.7.1.3. Compound 3c

The RDF of the hydrogen atoms of the SH group of @€sinpound with O atom of
ethanol as shown in Figure S7 (3a),dt8ay - - @manoy has an intense peak at 2.3 A
which is related to the HBs formation. The S and N atoms of thenppaompound
formed also HBs with the hydrogen atoms of ethan@lcigy----- kdthanoy and
NocHay «* " - ktthanoy With the same intensive peaks at 1.7 as shown in Figure S7 (3b and
3c). The HB of the former one is stronger than the later one. Hml S atoms of the
OCH; compound formed also HBs with the hydrogen atoms of benzene
SocHzy - fbenzeney@Nd  Nocazy =+ fbenzene) These HBs have intensive peaks at 2.45
for the S atom and 1.6 A for the N atom and intensity of the latde isggreater than the
former one as shown in Figure S7 (3d and 3f), indicating that the HiBedfl atom is
stronger than the S Atom, in addition to two peaks with small infeasé& found at
former due to nonbonding interactions. Also oxygen atom in OGoup
O(ocHay -+ -+ ktinanonformed HB with the hydrogen atoms of ethanol with highly intensive
peak at 1.15 A in addition to four peaks with low intensity due to nonbonding interactions
as shown in Figure S7 (3g). So, O£¢dbmpound strongly formed HBs with ethanol and
benzene especially at S and O centers according to RDFs and CNs.

4.7.1.4. Compound 3d

The RDF of the hydrogen atoms of the SH group of CI compound with Oddtethanol
shown in Figure S8 (4a), kt§--- - - - @hanoly has an intense peak at 2.3 A which is related
to the HBs formation. The S and N atoms of the Cl compound formed Blsovith the
hydrogen atoms of ethano|cfp - - - - - kthanopand  Ncpy---- - - fdthanoy With intensive peaks
at 1.6 and 1.5 A respectively and the later peak is more intensehthdoriner one as
shown in Figure S8 (4b and 4c), indicating the strength HB formatidredéter than the
former one. Also the later one has additionally five peaks with ltensity due to
nonbonding interactions. The S and N atoms of the Cl compound have also HBs pea
formation with the hydrogen atoms of benzeg) S - - - khenzeney@and Ncpy--- - fhenzene)

at 2.4 and 1.5 A respectively. And the intensity of the later peakadey than the former



as shown in Figure S8 (4d and 4f), indicating the HB of the latstrasmger than the
former one. Cl compound strongly formed HBs with ethanol and benzeneadiypacat

the N center (Rdy------ fbthanonand Nepy- -« -+ fhenzeng) @ccording to RDFs and CNs

4.7.2 Diffusion coefficient (D)

The diffusion coefficienD is related to the slope of the mean square displacement of
solvent molecules and can be calculated by the Einstein relationoequathen the
solute molecules move faster in the solution the solute-solventi@adlisncrease and
more thermal energy are generated, and as a result the diffogfficient increase. This
indicated that solute which has lower value of D interact with sblsionger than that
has higher value of D [47]. Diffusion coefficient of all studied compounds in bothatha
and benzene are calculated by MD simulation and summarized in9abhe values of
Diffusion coefficient of OCH compound are the lowest values which indicated that the
interaction between this compound and these solvent are the strorthesspect to the

rest of compounds. Also the RDFs and the CNs calculations confirmedthika
interaction is the strongest more HBs are formed. So, we gathaaOCH and CH
substitutions enhanced the interaction of Thiol with ethanol and benzenelbut C
decreasing this interaction according to the diffusion coefficient valuiss Rnd CNs.

Conclusion

The corresponding proposed structures of all studied derivatives in tris ave
confirmed by FT-IR spectrophotometéHNMR spectra and XRD patterns. Electronic
structure and geometry optimization of 2-mercapto-6-phenylpyridinebfxcrile
compound 3a and some of its derivatives 3b-3d, are investigated thelyregical
B3LYP/6-311++G(d,p) level theory. All the studied compounds are found to ber.plana
The ground state properties of compounds 3(a-d) show that compound 3c hastte low
Enowmo, ELumo, andAE indicating highest reactivity. The Compound 3c is found to have
the highest polarity, as shown from the computed dipole moment. The abiktyzand
hyperpolarizabilities parameters indicated that compounds under imtestigare
excellent candidates for NLO materials comparing the urea compdtiedtronic
absorption spectra are investigated experimentally in Benzene #rahoE and
theoretically in gas phase at the TD-B3LYP/6-311++G(d,p) levideddry. Compounds
3b, 3c exhibit 2 bands each in the accessible vis-UV range investigatile
compounds 3a and 3d exhibit 3 bands each in both solvents. The band Maxjrent
intensities of the spectra are found to have solvent dependence. Thé tomedais the
blue shift upon increasing the solvent polarity. It is noticed thatedstrg of the band
intensities going from Benzene as non-polar solvent to Ethanol as galsnt.
Theoretical calculations of the vertical excitations at theBADYP/6-311++G(d,p) level



theory reproduced the experimental spectra, indicating a good agidesheeen theory

and experiment. Molecular dynamic simulations based on the RDFs, a@tisD
parameters showed and confirmed that compounds 3b and 3c exhibits stronger
interactions and formed many HBs with ethanol and benzene than compound3h and
Also, MD simulations confirmed that, the methoxy (Of£Hompound (3c) has the
stormiest interactions with the used solvents due to many hydrogen bonding formations
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Table 1: The energetics, thermodynamics parameterggero point energy corrections and

dipole moment of the studied compounds, calculateat B3LYP/6-311++G(d,p) level.

G.S. Properties 1 2 3 4
Eo(au) -969.94886 -1009.2771] -1084.507 -1429.571B
Eo (Kcal/mol) -608642.91 -633321.4 -680528.15 -89705p
Eo (KJ/mol) -2546115.8 -2649352.5 -2846830.9 -3752624[7
Ezre (au) 0.166380 0.193445 0.198508 0.15668pB
Hcorr(aU) 0.178802 0.208747 0.213643 0.17036p
Georr(au) 0.126450 0.150374 0.154760 0.17131L
Eo + Ezee (au) -969.782480 -1009.08364 -1084.30850 -1429.41443
Eo + Heorr (aU) -969.769115 -1009.06834 -1084.29243 -1429.40000
Eo + Georr(au) -969.822410 -1009.12675 -1084.35225 -1429.45640

Dipole Moment (D) 4.414 5.198 5.426 2.991




Table 2: Energies in (a.u.) of molecular orbitalsenergy gap Eg (eV) and global properties

for the studied compounds using B3LYP/6-31++G (d,p)

Orbitals 1 2 3 4
Erowmo 2 -0.24917 -0.24393 -0.2337 -0.2515
l,eV 6.777 6.635 6.357 6.841
Enomo-1 -0.26956 -0.26339 -0.25649 -0.26976
E Lumo ® -0.09189 -0.08906 -0.08593 -0.0977
A, eV 2.499 2.422 2.336 2.657
E Lumo+1 -0.05882 -0.05662 -0.05511 -0.06430

Eg, eV 4.28 4.21 4.02 4.18
1.eV 4.638 4.529 4.357 4.749
V,eV -4.638 -4.529 -4.357 -4.749
n,eVv 2.139 2.107 2.011 2.092
S,evt 0.2338 0.2373 0.2486 0.2390

.E. =- Ehomo "E. A. = - ELumo



Table 3: Second Order Perturbation energy (B), analysis of Fock matrix of compound 1 at B3LYP/&11++G(d,p).

Donor ED (i) (e) Acceptor ED (i) (e) B (kcal/mol) E()-E() (a.u) | F(ij)c (a.u)
BD( 2)C 1-N 6| 1.69282 BD*( 2)C 4-C 5 0.46182 31.11 0.3 .089
BD( 2)C 2-C 3| 1.6655 BD*( 2)C 1-N 6 0.41488 28.86 0.27 .0a1
BD( 2)C 2-C 3| 1.6655 BD*( 2)C 4-C 5 0.46182 15.84 0.26 .060
BD( 2)C 4-C 5| 1.61538 BD*( 3)C 22-N 23 0.0858 18.52 0.38 .08a
BD( 2)C 9-C 11| 1.63638 BD*( 2)C 1-N 6 0.41488 18.71 0.25 0.062
BD( 2)C 9-C 11| 1.63638 BD*( 2)C 10-C 12 0.2965] 18.96 0.29 0.067
BD( 2)C 9-C 11| 1.63638 BD*( 2)C 14-C 16 0.32884 19.65 0.28 0.067
BD( 2)C 10-C 12| 1.65248 BD*( 2)C 9-C 11 0.3772 19.94 0.28 .060
BD( 2)C 10-C 12| 1.65248 BD*( 2)C 14-C 16 0.32884 21.31 0.28 0.069
BD( 2)C 14-C 16| 1.64749 BD*( 2)C 9-C 11 0.3772 21.32 0.28 .070
BD( 2)C 14-C 16| 1.64749 BD*( 2)C 10-C 12 0.2965] 18.46 0.29 0.066




Table 4: Theoretical gas phase transitions of theavious subsystems 1la-d, using TD-
B3LYP/6-311++G(d,p).

Single point vertical excitation| 1la 1b 1c 1d Compound 1
S1 292 274 308 298 326
S2 261 260 285 292 292
S3 239 245 254 282 284




Table 5: Experimental and theoretical UV spectra otompound 1, calculated at TD-B3LYP/6-311++G(d,p).

Theoretical Experimental
E. state Gas phase Ethanol Benzene Ethangdl Benzen
Config. Coeff. Anm [ Config. | Coeff. F Anm | Config. Coeff. Anm g ::ix’ A rr]nr::x,
S1 54 ->56( 0.2085( 0.192 326/554->56| 0.1461 0.352 326. 54 -> 56 0.14483 B829.4 281 306
55->56| 0.6526 55->56 | 0.6728 55 -> 56 0.67511
55->57( 0.1281 55->57 | 0.1109 55 ->57 0.1089
S2 52->56( 0.3750( 0.14]1 292|252->56| 0.1891] 0.217 293. 52 -> 56 0.21648 pE@®4.9
53->56( -0.2727 53->56 | -0.152( 53->56 | -0.14523
54 ->56| 0.4875 54 ->56 | 0.6262 54 -> 56 0.62199
55->56( -0.1533 55->56 | -0.1423 55->56 | -0.14245
55->57( 0.1040 55->57 | 0.1253 55 ->57 0.11855
S3 52->56( 0.5326( 0.204 284|152->56| -0.131§ 0.222 286. 52->56  -0.288p7 .p186.8
53->56( -0.1192 53->56 | 0.6464 53 -> 56 0.58465
54 ->56( -0.3964 54 ->56 | 0.1770 54 -> 56 0.21849
55->56( 0.1594 55->56 | -0.1088
55->57( -0.1127




Table 6: Experimental and theoretical UV spectra otompound 2, calculated at TD-B3LYP/6-311++G(d,p).

Theoretical Experimental
SZte Gas phase Ethanol Benzene Etioh | Benzene
Config. | Coeff. f Anm Config. Coeff. Anm Config. Coeff. Anm - max - max
nm nm
58->60| 0.2331] 0.298] 3275 58->6 -0.1386 0/5330.5| 58 ->60 0.1425( 0.541 332. 336 338
st 59 ->60( 0.6445 59->60 | 0.6786 59 -> 60 0.6781
59 -> 61| -0.1358 59->61 | 0.1066 59 ->61 | -0.1069
56 ->60| 0.1334] 0.347] 2976 58->6 0.65p3 0[2800.4| 58 ->60 0.6553| 0.31% 301. 305 307
S 57->60| 0.1236 59 -> 60 0.1621 59 -> 60 -0.1642
58 ->60| 0.6087 59 ->61 -0.1770 59 ->61 -0.1606
59 -> 60| -0.2500
59 ->61| -0.1571
56 ->60| 0.4687] 0.064] 287[7 56->6 0.1596 0)0889.6| 56 ->60 0.2634| 0.054 289.
57->60| 0.4718 57 -> 60 0.6575 57 -> 60 0.6220
S3 58 ->60 | -0.1779 59 -> 62 0.1374 58 -> 60 -0.1030
59 -> 62 -0.1272




Table 7: Experimental and theoretical UV spectra of3, calculated at TD-B3LYP/6-311++G(d,p).

Theoretical Experimental
E. state Gas phase Ethanol Benzene Ethanpl Benzepe
config coefficie f . config | coeffici f . config coefficie f Anm hmax, | max
nt nm nm nt nm nm
62->64( 0.1445( 058 33 63->¢ 0.69p5 8 B45 ->63 | 0.1919 0.82 346 349 348
S1 63->64| 0.6737
63 ->65| -0.1249
62->64( 0.6279( 0.13 310 62->¢ 0.62p6 .05 B1@ ->64 | 0.63761 0.07 312
S2 63 ->64| -0.1840 63 ->65| 0.2952 63->65| -0.2677
63->65| -0.2414
61->64( 0.2089( 0.02 289 61->¢ -0.21180.03 | 290 61->64 0.1919 0.04 291
S3 62->64| 0.2576 62 -> 64| -0.2941] 62->64| 0.2705
63->65| 0.6026 63 ->65| 0.5916 63->65| 0.6100




Table 8: Experimental and theoretical UV spectra otompound 4, calculated at TD-B3LYP/6-311++G(d,p).

Theoretical Experimental
E. states Gas phase Ethanol Benzene Ethanpl Benze
config Coeff. f | anm | Config. | Coeff.| f | anm | Config. | Coeff. f | Anm hmax, | max
nm nm
S1 62 -> 64 0.2376| 0.418 3314 62->64 0.115 0439444 62->64 0.158% 0.466 340.2 298 310
63 -> 64 0.6451 63 ->64( 0.6740 63 ->64( 0.6752
63 -> 65 -0.1248 63 ->65( 0.1032 63 ->65( 0.1020
S2 60 -> 64 0.1164 0.27f 2724 62->64 0.6599 0.4@62.31| 62->64 0.6630 0.433 2782 270 284
62 -> 64 0.6269 63 -> 64| -0.1804 63 ->64| -0.1769
63 -> 64 -0.2557 63 ->65( 0.1249 63 ->65( 0.1164
63 -> 65 -0.1218
S3 60 -> 64 0.6395( 0.029 2455 60->64 0.6098 0[0245.64| 60->64 0.6329 0.022 2525
61 -> 64 0.2527 61->64( 0.3231 61 ->64| 0.2834
62 -> 64 -0.1292




Table 9: Diffusion coefficient of all studied compands in ethanol and benzene
obtained from MD simulation.

Diffusion coefficient (cnf/s)

Ethanol Benzene

Parent 3.84x 10 4.23x 10
CH3 479 x 10° 498 x 10°
OCH3 6.32 x 10° 5.06 x 10°
Cl 412 x 10° 443 x 10°
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Scheme 2The two possible types of interaction between subsystesm
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Highlights

RDFs, CNs exhibits stronger interactions with ethanol and benzene especidly,
compounds 3b and 3c.

Lowest values of D of Methoxy compound indicated stronger interaction with
solvent.

Methoxy compound has highest polarity and reactivity.

All studied compounds could be used as good candidates for non-linear optics

applications.



