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Abstract

In this work the 4,6-dichloro-2-(methylsulfonyl)pyidine (DCMSP) has been synthesized
from 4,6-dichloro-2-(methylthio)pyrimidine, its mextular and electronic structure was
authenticated by detailed spectroscopic signatuies yia SCXRD, FT-Raman, FT-IR and
(*H & °C) NMR), Hirshfeld surface analysis and DFT caltioles. The solid-state crystal
structure of DCMSP corroborated by the single alyXtray diffraction studies, features C-
H---O andn- -« interactions. Quantum chemical calculations of D&M have been
performed at DFT/B3LYP/6-311++G(d,p) level of theolhe detailed assignment of each
the vibrational mode was done on the basis of paieenergy distribution (PED) by using
the VEDA4 program and these results have beenlatedewith the experimental daté/e
calculated the linear and nonlinear optical prapsrof the title compound to understand the



linear and nonlinear optical behavior in both stand dynamic fields using an iterative
electrostatic embedding scheme and density furatidreory (DFT) methods with standard
and long-range corrected functionals. We also perdd a study of the linear refractive index
and nonlinear optical susceptibilif§? of the crystal as a function of frequency. An restie

of linear and nonlinear macroscopic quantities icord their suitability for nonlinear optical
devices such as optical limiting and optical switgh Investigation of local and global
reactivity parameters of DCMSP was carried outhgydalculation of molecular electrostatic
potential (MEP), average local ionization enerd@iekIE) surfaces and atomic Fukui indices
in the gas phase. Stability in water and sensjtitotvards autoxidation process has been
investigated by radial distribution function (RDBhd bond dissociation energies (BDE)

calculation after molecular dynamic simulations.

Keywords: Pyrimidine; NLO properties; ALIE; BDE; B Fukui functions.

1. Introduction
Historically, inorganic crystals are main materialgplied for nonlinear optical field with
current applications [1-3], but the last few yedl® use of organic crystals as non-linear
optical (NLO) materials has been growing motivabsdto the easy manipulation of these
crystals, which allow control the material NLO peofes [4]. Studies of non-linear optical
processes contribute significantly to the developinoé photonics [5, 6], spectroscopy [7, 8],
fiber optic lines [7], optical switches [9], frequey converters [1], electro-optic modulators
[10], and still with thermal application [11]. ThHorder nonlinear materials with inefficient
nonlinear absorption and strong nonlinear refractimve received considerable attention
from researchers because of their potential useptisal signal processing devices [12,13].
Organic crystals with good third-order nonlineaticgd properties have attracted attention
because such compounds were possessing good ffaoktweeen optical transparency and
optical power limiting performance [12—-17].
Computational molecular modeling techniques hawime indispensable tools for studying
fundamental reactive properties of various molacidauctures [18-23]. The ab-initio
calculations have proven to be especially usefuttie understanding of the local reactivity
of molecules. In this work, we endeavor synthegigctroscopic investigationgig SCXRD,
FT-Raman, FT-IR and4 &*C) NMR), and Hirshfeld surface analysis of 4,6-thch-2-
(methylsulfonyl)pyrimidine (DCMSP). We apply ab4ini methods in conjunction with a
supermolecule approach which includes the Mglles§dt Perturbation Theory (MP2) and
the Density Functional Theory (DFT) at the CAM-B3VYevel to determine the linear



refractive index and the third-order nonlinear sysibility of the crystal (DCMSP). The
local reactivity properties of DCMSP molecule haween investigated by calculating the
molecular electrostatic potential (MEP), averagealoionization energy (ALIE), atomic
Fukui indices, bond dissociation energies (BDE) bodd dissociation energies for hydrogen
abstraction (H-BDE). The influence of water andnitdfecation of DCMSP’s atoms with
pronounced interactions with water molecules hasenbassessed by molecular dynamics
(MD) simulations and radial distribution functio(RDF).

2. Methodology

2.1. General remarks

All chemicals and reagents were purchased frommnwercial source and used as such
without further purification. The synthesis wasfpaned under anaerobic conditions. The
Fourier transform infra spectrum was recorded u#iiegKBr disc on ATR module ALPHA-

T Bruker FT-IR spectrometer in the range 4000-400 avith resolution +2crif (Figure 1).
The Fourier transform Raman spectrum was recorderoker RFS 100/s, Germany (laser
source: Nd:YAG, excitation wavelength: 1064 nm,c$@e resolution + 2cif) for the solid
sample in the range 50-4000 ¢rtFigure 2).'H and *C-NMR chemical shift values
measured in ppm on Bruker 400 MHz FT-NMR spectremasing TMS as internal standard
and the sample was dissolved in a DM&3elvent.

2.2. Synthesis of 4,6-dichloro-2-(methylsulfonyljpyidine
4,6-dichloro-2-(methylthio)pyrimidine (0.7g, 3.608mol) was dissolved in dichloromethane
(15 mL), cooled to @ and meta-Chloroperoxybenzoic acid (m-CPBA) wadedd(1.55g,
9.011 mmol) portion wise to the reaction mixturehet same temperature. After addition, the
reaction mixture was allowed to stir for 4 hoursaim temperature. Then the reaction mass
was quenched with an aqueous solution of sodiunstifpphate (11 mL) and extracted with
dichloromethane (2 x 10 mL). Combined organic layes washed with saturated aqueous
NaHCG; solution (15 mL), brine solution (7 mL), dried ovenhydrous MgSg) filtered and
the filtrate was evaporated under reduced presstoe afford 4,6-dichloro-2-
(methylsulfonyl)pyrimidine (0.65 g, 80.20%) as @fhite solid (Scheme -1).

2.3. X-ray crystallography

A suitable block shape crystal with dimension 00.26x0.18 mm was selected and mounted
on a Bruker Smart APEX-Il diffractometer using dmap monochromated MaK (A =
0.71073 A) radiation and detector (CCD). The cilystas kept at 296 K during data
collection. The structure was solved using SHELXS24] structure solution program then

refined with the ShelXL [24] refinement packagengsLeast Squares minimization. All the
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geometrical calculations were carried out using ghegram PLATON [25] associated the
WinGX suite [26]. The molecular and packing diagsaim solid state were generated using
the software MERCURY [27].

2.4. Computational details

Ab-initio and DFT calculations on DCMSP have bearnfgrmed with the Gaussian 09W
computational package [28] and Schrddinger Materiatience Suite 2018-1 [29]. The
starting molecular geometry of DCMSP was taken fexperimental X-ray crystal structure.
The full geometry optimization, analytic harmonreduency calculations, HOMO-LUMO
energies (FMO orbitals), global reactivity paramgté&BO analysis, Mullikan charges and
molecular electrostatic potential (MEP) were calraeit by the DFT approach with B3LYP
(Becke three-parameter Lee-Yang-Parr) function@] [&ing 6-311++G(d,p) basis set. The
assignment of each vibrational frequency was dgnBED analysis using VEDA4 program
[31]. The calculated wavenumbers were scaled bycaling factor 0.9613 for better
agreement with experimental values [32]. Chemitdlt y¥alues were computed by GIAO
(Gauge-Independent Atomic Orbital) method [33] ahettronic spectra were calculated by
the TD-DFT method [34].

In order to study the linear and nonlinear opt{®LO) properties of the DCMSP crystal, we
used the supermolecule (SM) approach to simulage pblarization of the crystalline
environment in a single DCMSP molecule. This apginoeonsists of building a bulk formed
by a set of unit cells arranged in a 13x13x13 gumétion. Each unit cell has 4 molecules
and each molecule has 16 atoms, thus creatingkanliil 140,576 atoms, as shown in Figure
S1. We will call this bulkan embedded molecule or crystal DCM3MRis isolated molecule
has a blue highlight in the centre of the bulk. B@ms that are around the structure in blue
were considered as punctual charges. Thus, thetefé intermolecular interactions make it
possible to estimate the values of crystal propgrttaking as a starting point the results
obtained from the isolated molecule DCMSP.

The iterative process of the SM approach is peréornm several steps: step 0, the partial
atomic charge of the atoms of the isolated molexulgetermined, via a ChelpG fit, by the
MP2 method using the 6-311++G(d,p) basis set; &zl atom of the bulk is replaced by its
partial atomic charge previously obtained via fitelpg. At this moment, the static electric
properties are calculated, dipole momeni), (linear polarizability ¢ and second
hyperpolarizability {). In step 1, the partial atomic charges of therstaf the isolated
molecule are determined again and then we replecealue of these atomic charges in each

atom of the bulk and then the electrical properdiesagain calculated. This iterative process
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continues until the convergence of the electriodipnoment is obtained, which is treated as
the electrostatic equilibrium between the isolatedl neighbouring molecules [35], see
Figure S2.

In each iterative process, the linear and non-tireectrical properties were calculated for
both the static and dynamic cases of the embedd#ecuaie. In the calculations of dipole
moment and linear polarizability, we used the MP@thnd and for the calculation of the
second hyperpolarizability, we used the Densitydional Theory (CAM-B3LYP) method,;

in both cases, we used the 6-311++G(d,p) basisTbet.choice was due to the satisfactory
results obtained previously for similar systemsj@sonstrated in [36].

Fonseca et al. [37] used the SM approach for thmuledion of the dipole moment and the
first hyper-polarizability and those results conguhwith experimental values, show mutual
agreement. In another study, Santos et al. [38] tise SM approach for the calculation of
linear y™ and nonlinear second-ordef® susceptibilities of urea and thiourea, theoretical
results were very close to the experiment’'s repoAsrecent literature shows [36] the SM
approach was successfully used to calcyidte y® for 3-methyl-4-nitropyridine-1-oxide
molecule and again the results are good in agreewidnthe experimental reports. In recent
years, the SM approach has been successfully dppleeveral studies [39-49].

The electrical parameters of the crystal DCMSP weaéculated using the following

expressions, the total dipole moment,

1/2
n=WE+w+ui), D

the average of the linear polarizability,

(2)

a =§(axx+ayy +a,,),

and the average of the second hyperpolarizahititi{leinmann's [50] symmetry,

_ 1 3)
Yy = g [Vxxxx + Yyyyy + V2222 T Z(Yxxyy + Vaxzz + Yyyzz)]-

The average linear polarizability and the averagmosd hyperpolarizability can be related
with the linear refractive indexn) of the crystal by the Clausius-Mossotti relatiand with

the third-order electric susceptibility ©), through the expressions,

n2—1 4nN (4)
> T = ()
ns + 2 3
and
@ _ ['N¥ ©)
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where N is the number of molecules (Z) per unit eelume (V) andf is the Lorentz local

field correction factor given by,

2 6)
_rer?

DFT calculations and molecular dynamics (MD) sintiolas were also performed by Jaguar
[51-53] and Desmond [53-56] programs, respectiveiput files and the visualization of
results have been achieved by Maestro GUI [57]udagdesmond and Maestro programs
were used as incorporated in Schrédinger Matefaience Suite 2018-1 [29]. For DFT
calculations, a B3LYP exchange-correlation funaiomas used. Calculations of MEP, ALIE
and atomic Fukui indices were done with 6-311++@)(thasis set. BDE and H-BDE values
have been obtained with 6-311G(d,p) basis set. Miulation was performed with OPLS3
[54, 58-60], together with simulation time set ®ris, while the cut off radius was set to 12
A. The temperature was set to 300 K and the pressuf.0325 bar. The MD system was
modeled as one DCMSP molecule surrounded by ~25i@rwnolecules, all placed in a
cubic box. The system was considered as an NPTdsdype. The solvent was described
by a simple point charge (SPC) model [61].

3. Results & analysis

3.1. Crystal structure description

The title compound DCMSP £8,4CIoN,0,S), crystallizes in a triclini®1 space group with
two symmetrically independent molecules in the asgtnic unit. The crystallographic data
and refinement parameters are listed DCMSP amdlist Table 1 and geometric parameters
for hydrogen bonding and other intermolecular coista(A, °) operating in the crystal
structure of DCMSP in Table 2. The crystal struetdescription of DCMSP was included in
supplementary information.

3.2. Hirshfeld surface analysis

3D-Hirshfeld surfaces [62-64] associated 2D-fingeint analysis [65-67] was performed
using a powerful graphical tool CrystalExplorer3dite [68], which accept CIF as the input
file. The 3D-Hirshfeld surfaces and 2D-finger prpibts of present investigated compound
depicted in Figure 3. The surfaces title compouadehbeen mapped ovd,{1), shape
index(2) andcurvednes$3) in the range of —0.356 (red) to 1.191 A awé)) —1.0 (concave)
to 1.0 A au (convex) and —4.0 (flat) to 0.4 A aingular), respectively (Figure 3A). thom
surface, strong hydrogen bonds result in brightsaots near the hydrogen bonding acceptor
and donor atoms, while other interactions resuftint-red spots. Thd,.m mapped surfaces

of the present investigated compound exhibit tweractions; the first interaction between
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the oxygen atom of the sulfonyl group (S=0) andwlite hydrogen atom of pyrimidine ring,
which can be visualized as bright red spot andiéabas (i). The second interaction between
the oxygen atom of sulfonyl group (S=0) and witle thydrogen atom of a methyl group
(CHs), which can be visualized as bright red spotslabdled as (ii) (Figure 3A and 3B).

From the decomposition of fingerprint plots of tiide compound represents the major
contributors contacts on the surface of Hirshfedgnely O---H/H---O and H---H contacts.
The intermolecular hydrogen bonds contacts O---H-: (B have the greatest contribution to
the surface of Hirshfeld (21.9%), they are represgtiby two sharp symmetric spikes in the
two-dimensional fingerprint maps (Figure 3.C (a)he H---H contacts appear in the middle
of the scattered points in the two dimensional fipget maps; they comprise 6% of the
entire surface of Hirshfeld (Figure 3.C (b)).

3.3. Optimization of geometry

The geometry optimization of DCMSP was carried fautan isolated molecule in the gas
phase utilizing DFT calculations with the B3LYP ration functional and 6-311++G (d,p)
basis set using the Gaussian 09W software and theselts are included in the
supplementary data (supplementary data).

3.4. Vibrational Analysis

The calculated (scaled) wavenumbers, observed diyaR bands and assignments are given
in Table 3. The methyl group stretching modes (asginic and symmetric) are expected in
the region 3100-2900 ¢hj69, 70]. Wherein these modes are observed at 8068n the IR
spectrum, 3060 crhin the Raman spectrum and 3064, 3043" dneoretically (asymmetric
stretching modes); at 2946 ¢min the Raman spectrum and 2949 “ctheoretically
(symmetric stretching modes) as expected [71]his work, the methyl group deformations
bands have been observed at 1400 inthe IR spectrum, 1399 ¢hin the Raman spectrum
and 1395, 1392 cth(DFT) (asymmetric deformation), 1297 ¢nin the IR spectrum, 1298
cm* in Raman spectrum and 1301 tDFT) (symmetric deformation) as expected [69].
Pyrimidine ring C-H stretching mode are calculag¢B114 crit (DFT), while it has been
observed experimentally at 3101 ¢rim both IR and Raman spectrum and expected in the
range 3000-3100 ci{71]. This mode (mode number 1) is pure and PEBxictly 100%
with IR intensity of 4.60 and Raman activity of 79. The in-plane and out-plane C-H
deformation modes of the heteroaromatic ring apeeted in the region 1300-1000 ¢rand
1000-600 crit respectively [71]. These bands are assigned & &68 (IR spectrum), 1357,
1083 cmi* (Raman spectrum), 1356, 1084 tDFT) (in-plane deformation) and 612 ¢m
(IR spectrum), 611 cth(Raman spectrum), 605 EnfDFT) (out-of-plane deformation).
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The C=N stretching modes are assigned at 1363,, 1I2%8, 1082 cfin the IR spectrum,
1357, 1258, 1214, 1083 €min the Raman spectrum and in the range 1356-108%4 c
theoretically, which are in agreement with repontatlies [72]. The modes observed at 1509,
1499 cnt theoretically, at 1512 cin the IR spectrum and at 1511 ¢rin the Raman
spectrum are assigned as the pyrimidine ring Cx€lckting modes, which are in agreement
with the literature values [73].

The C-Cl stretching vibrational modes are assigate800 cnit in the IR spectrum, 802 ¢

in the Raman spectrum and computationally at 888,ci’, with high IR intensity and low
Raman activity, which are expected in the regiof-880 cni [69] and in agreement with
reported values at 800 ¢hflR) and 843, 818 (DFT) cm[71].

The stretching vibrational modes of the ;S@oup observed at 1250 &n{IR spectrum),
1246 cnt (Raman spectrum) and at 1245 HBFT) (anti symmetric) and 1066 ¢hiRaman
spectrum), 1063 ci{DFT) (symmetric) in agreement with reported val[ie4.

3.5. Frontier orbital analysis, Global reactivigrameters and electronic spectral analysis
Reactivity is an inherent property of the molecugstem which reflects on the feasibility of
chemical modification. The stability and reactivity the molecular system are addressed
through global reactivity parameters such as champotential, global hardness and
electrophilicity index. Frontier molecular orbitaté the DCMSP are visualized in Figure 4
and the energy gap between the highest occupiedcuoial orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is calculatesing the DFT/B3LYP/6-311++G(d,p)
level of theory. HOMO (molecular orbital number %ith energy of —8.49 eV) is confined
over the methylsulfonyl group, partially on pyrinmd ring, whereas the LUMO (molecular
orbital number 58 with energy of —2.67 eV) is coefl over the pyrimidine ring partially on
sulfonyl group. This supports that eventual chatgesfer occurs within the present
investigated compound from methylsulfonyl grougpteimidine ring, while the energy gap
between frontier orbitals is 5.82 eV. The globalatevity parameters for present investigated
molecule are: ionization potential (I) is equal#B4omo = 8.49 eV, electron affinity (A)
ELumo = 2.67 eV, electronegativity= (1+A)/2 = 5.58 eV, global hardnesgs= (I-A)/2 = 2.91
eV, chemical potential) equals to 4(¢-A)/2 = -5.58 eV, chemical softnes§ équals to 14

= 0.34 eV and electrophilicity index») = pu%2y = 5.34 eV [75, 76]. The maximum
absorption wavelengths[nm], excitation energiek [eV] and oscillator strengthd) (of the
title compound are computed using TD-DFT/B3LYP/@81G(d,p) method [33] (Table 4).

The simulated UV-Visible spectrum in the gas phiasghown in Figure S3. The electronic



absorption spectra of titte compound show an eeatrabsorption band with maximaiatax

= 254 nm, which is good in agreement with theoadt@lue Lmnax at 253 nm).

3.6. NBO analysis

Natural bonding orbital analysis (NBO analysis)coddtions were done with the help of
NBO 3.1 program [77], as is implemented in a Gaus$§i9W suite, at the DFT/B3LYP/6-
311++G(d,p) level of theory. Second-order intexatdi obtained by NBO analysis are listed
in Table 5 and Table 6. The important intermolecuigper conjugative interactions are:
C12-S9 from O11 of n2(01%} ¢*(C12-S9),C12-S9 from O10 of n2(018) c*(C12-S9),
N6-C1 from N2 of n1(N2)— o*(N6-C1), N2-C1 from N6 of n1(N6)> ¢*(N2-C1), with
electrons densities 0.17263, 0.17263, 0.03712,1694 and stabilization energies 17.58,
17.58, 12.49, 13.01 kJ/mol. Almost 100% p-charaetas observed as lone pairs of n2011
(99.85) and n2010 (99.85).

3.7. Nonlinear optical properties

The SM approach was used in the calculations okteetrical properties of the embedded
molecule DCMSP, as is indicated in Table 7. fipeeomponent of the dipole moment was
the one with the highest contribution to the tatigole moment, whereas tlpg component
contributed the least. The value of the total ddpoloment i) due to the effect of the
ambient polarization was 5.71 D. The calculateddmpolarizability in the case static for the
crystalline phase DCMSP wag.34 x 10~2* esu and the component that contributed mostly
to the value of the average polarizability wgg, while the one that contributed the least was
a,,. The values of the second hyperpolarizability banseen in Table 7 for the embedded
molecule DCMSP. The tensor components,, andy,,,, showed a greater participation in
the calculation of the average of the second hygenzability y.

From Eq. (4) the static linear refractive indexiragsted for DCMSP crystal is,i= 1.58 and
the Eq. (5) was used to calculate the third osdBrlectric susceptibility of the DCMSP
crystal and value found fof® in the static case for the DCMSP crystal was 341022
(m/V)%. However, in order to make a proper comparisawéen the DFT predictions and
the experimental value of® measured by the single Z-scan technique [14], we fiad a
first estimate of the frequency-dependent secomgetpplarizability((y(—w; w, w, —w)))
associated with a nonlinear optical process [78fhef intensity-dependent refractive index
(IDRI) of the dc-K results. According to previousosk [79], for small frequencies [80],
(y(—w; w,w,—w)) can be written as (y(—w;w,w,—w)) = 2(y(—w; w,0,0)) —

(y(0;0,0,0)) details in Table 8. The linear refractive indespdirsion curves and the third-



order nonlinear optical susceptibiligf® for the DCMSP crystal are shown in Figure 5. In
both figures the linear refractive index and ## show similar behavior as a function of
frequency. Table 9 presents the DFT prediction #mel experimental results of the
macroscopic quantities studied. The value of DCM8Rtal is therefore 24.67, 28.51, and
23.94 times higher respectively than the valuesmdoexperimentally by D'silva et al. [14],
see Table 9.

3.8. MEP and ALIE surfaces, atomic Fukui indices

The identification of reactive molecular sites €SP molecule in this work has been done
firstly by a combination of MEP and ALIE quantum lecular descriptors. Both of these
descriptors are widely used for the determinatibrmolecular areas which are sensitive
towards electrophilic and nucleophilic attacks H&]- Although MEP descriptor is used
somewhat more frequently, ALIE descriptor mightt&etperform when it comes to the
identification of sites prone to electrophilic @a [87-90]. Both MEP and ALIE descriptors
are most frequently visualized by a mapping ofrth@lues to the electron density surface,
which is the method adopted in this work as welCNISP molecule’s MEP and ALIE
surfaces have been provided in Figure 6.

According to the provided MEP surface of DCMSP muale, the oxygen atoms are
recognized as sensitive towards electrophilic k#adue to the fact that MEP has the lowest
values precisely at these locations. Maximal MERIes& are located in near vicinities of
hydrogen atoms and above chlorine atoms, design#igse locations as possibly sensitive
towards nucleophilic attacks. On the other sidelEAtlescriptor identifies the near vicinity of
nitrogen atom N6 as possibly sensitive towardsellketrophilic attacks. Similarly, as in the
case of the MEP descriptor, maximal ALIE valueslaoated in near vicinities of hydrogen
atoms and above chlorine atoms.

The concept of Fukui functions is very frequentipptoyed for the further assessment of
local reactive properties of molecular structuigssides Fukui functions, Fukui indices are
also frequently used. Sometimes, this descriptoailed condensed-to-atom Fukui function.
In Jaguar program for DFT calculations, Fukui imedicare calculated according to

methodologies explained in references [91, 92}his particular work we have usef;°"°
and f\M° indices for further understanding of local reaetiproperties of DCMSP

molecule. Fukui indices have been summarized foMSE molecule in Figure 7.
In Figure 7, the very low (and therefore irreleyawlues of Fukui indices haven't been

visualized for the sake of clarity. The high valwésf \°V° index indicate that certain atom
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might donate electrons, thanks to which it can tated that it is prone to electrophilic

attacks. According to Figure 7a, the highest pesitialues of thef \°"° index have been

calculated for oxygen atoms. These results aregiregment with the conclusions of MEP

surfaces. On the other side, the high values$ g"° index indicate that atom might receive

electrons and therefore might be sensitive towangsnucleophilic attacks. According to

Figure 7b, the highest values of tfig!™° index have been calculated for carbon atoms C1

and C4, designating them as possibly vulnerableitbeophilic attacks.

3.9. Sensitivity towards autoxidation and water

Taking into account that autoxidation mechanisnmoihg$ to a group of very important
reactions from the industrial aspects [18, 83,98595], we have calculated BDE and H-BDE
values for all single acyclic bonds of DCMSP moleciConcretely, H-BDE values reflect
the sensitivity of molecule towards the autoxidatimechanism and this fact is very
important because experimental measurements of @B&ery difficult and time-consuming
[20, 96]. For instance, if the H-BDE value is cdétad to be in the range between 70 and 85
kcal/mol, then there is a high possibility that titeserved molecule is sensitive towards the
autoxidation mechanism [96]. H-BDE values from &alkmol up to 90 kcal/mol might also
be important, but they have to be taken into actedthn caution [97]. BDE values for the
remaining single acyclic bonds don’t have particutg@ortance for a prediction of sensitivity
towards autoxidation mechanism, but they might eséov the comparison of bond strengths
within the molecule. BDEs and H-BDEs for DCMSP nuolle have been summarized in
Figure 8.

According to the H-BDE values calculated for DCMB®lecule, it can be stated that this
molecule is highly stable towards the autoxidat&chanism due to the fact that all of the
H-BDE values are much higher than the upper bdeldexl of 90 kcal/mol. This indicates a
high stability of DCMSP in the presence of oxygeifficult degradation and therefore long
shelf life of formulations based on it. On the otls&de, the lowest BDE value has been
calculated for the single bond connecting the supdtom and the five-membered ring,
indicating that degradation of DCMSP molecule migfairt by breaking this bond.

MD simulation has been performed and radial distidn functions (RDF) have been
calculated for all atoms in order to identify theras with the pronounced interactions with
water molecules. RDFs have been calculated witpectsto the distance between the
observed atom and oxygen atom of water moleculepréd®entative RDFs with respect to

their profile have been presented in Figure 9.
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According to results related to RDFs, DCMSP moleduas significant stability in water
since there are no hydrogen atoms with their maxgffravalues located at distances below 2
A. The highest g(r) values have been calculatecb@th chlorine atoms, with distances of
about 3.5 A. High maximal g(r) values have alsonbeadculated for sulphur atom and carbon
atom C12, however, their maximal g(r) values ase &bcated at high distances, especially in
the case of case of the sulphur atom with a distafi¢t A. These results indicate a very low
possibility for DCMSP’s degradation to be triggei®dnatural environmental conditions.
3.10. NMR spectroscopy analysis

Nuclear magnetic resonance spectroscopy (NMR gssexipy) is one of the powerful
spectroscopic techniques for the identificationstricture as well as functional groups of
chemical species. For title compoun, and**C-NMR chemical shift values were recorded
in a DMSO4dgs solvent and TMS as internal standard on BrukerNMMR spectrometer
operating at 400 MHz (Figure S4) and theoreticalliculated by GIAO method [32] using
DFT/6-311++G(d,p) basic set, which is performecerafiull geometry optimization. The
chemical shift values of the proton spectra werseoked in two regions; the first signal
observed at 8.4/7.7 ppm (experimental/DFT) for atcrproton and another signal observed
for methyl proton at 3.4/3.1 ppm (experimental/DFChemical shift values dfC-NMR of
typical organic molecule usualtyl00 ppm [98, 99], for title compound aromatic carbo
were observed in the range (experimental/DFT) 1@4M30-177 ppm. The chemical shift
value for both C3 and C5 is 162/177 (experimentalPwere found to be significantly high
due to the impact of the electronegative chlorittena For the methyl group, carbon (C12)
signal is observed at the upfield region (experit@@DFT) at 40/45 ppm (Table S1).

3.11. Mulliken atomic charge analysis

The calculation and analysis of Mulliken atomic ies have an important role for the
determination of reactive properties of the studiemlecular systems. Atomic charge affects
the dipole moment, polarizability, electronic sttwe and other molecular properties of the
system [100]. The Mulliken atomic charges of DCM&® obtained by means of Mulliken
population analysis and those results are tabulatédble S2. The charges at the sites of the
C atoms attached to the electronegative atoms &dSC| atoms are positive because of the
electron-withdrawing nature of N, S and CIl atomisug, G, C; and G atoms accommodate
positive charge and become more acidic. Other @atare in negative charge. Moreover,
Mulliken atomic charges also indicate that all bé thydrogen atoms have a net positive
charge, but the H and H4 atoms accommodate more positive atomic charged2Cahd

0.183 e, than the other hydrogen atoms and therefe considered as acidic. The calculated
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Mulliken charges of @and Q1, Hi3, Hi4, C4 and G, atoms are —0.480, —0.480, 0.162, 0.183,
—0.002 and -0.432 e, respectively, and these vatoe§irm the existence of C-H---O
intermolecular hydrogen bond in solid forms.

4. Conclusions

The title compound DCMSP was synthetized and chenized by SCXRD, FT-IR, FT-
Raman, *H and *C-NMR spectroscopic signature studies. DFT cal@atand MD
simulation studies were used for to predict re@cpixoperties and stability of titte compound.
The experimental geometrical parameters were goadrieement with predicted geometrical
parameters. The DCMSP crystal macroscopic quasistieh as the linear refractive index (
= 1.613) and the third-order nonlinear susceptibility
(x® (—w; w, w, —w) = 56.74x10"22m?/V?) were calculated from the Clausius-Mossoti
equation. Thig® value is twenty eight times greater than the rembwralues for others
chalcone derivatives (see Table 9), qualifying[@&MSP crystal as a potential candidate for
application in nonlinear optical devices. The SM@ach was successfully used to estimate
the third-order nonlinear susceptibility and theehr refractive index in Ref. [101] with
results close to the experimental ones. MEP swsfabewed that oxygen atoms might be
sensitive towards electrophilic attacks. On theepothide, ALIE surfaces also indicated

nitrogen atom N6 to be possibly sensitive towatdsteophilic attacks. The results ¢f°"°

atomic Fukui index are in agreement with the figdinof MEP surfaces regarding the

sensitivity of oxygen atoms towards electrophilitaeks, while f ;J° atomic Fukui index

highlighted two carbon atoms of five membered riagoe possible prone to nucleophilic

attacks. H-BDE values indicated stability towardle autoxidation mechanism, while BDE

values indicated that degradation of DCMSP migattdby breaking of C1-S9 bond. MD

simulation and RDFs showed that DCMSP is stabMater as well, with all representative

atoms having maximal g{values at distances beyond 3 A.
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Table 1.
Crystallographic data and structure refinement GMSP.

Formula C5H4 CI2N2 02 S

Formula Weight 227.06

Crystal System triclinic

Space group P1

a, b, c[A] 7.9208(4) 8.6194(5) 14.3769(8)

a, B,y [°] 85.404(3) 88.336(3) 63.205(3)

VAT 873.31(9)

z 4

peaiee [g/enT] 1.727

M [/mm] 0.940

F(000) 456

Crystal Size [mm] 0.12x0.16 x 0.18

Temperature (K) 296

LA 0.71073

Theta Min-Max [°] 2.8, 29.1

Index ranges -10<h<10
-11<k<11
-19<1<19

Rflns.Total. 16835

Unique rflns 4645

Rint 0.029

Observed Data [I > 2.0 sigma(l)] 3895

Nretr Npar 4677, 258

R 0.0414

WR> 0.1173

Max. and Av. Shift/Error 0.00, 0.00

Min. and Max. Resd. Dens. [ef}A -0.53, 0.70




Table 2.
Hydrogen bond geometry (°, A) in the DCMSP

A-H H---B A-H---B A-H
A-H---B .

(A) A) (A) @)
C4-H13---010 0.93 2.29 3.201(3) 166
C12-H14---011 0.96 2.40 3.216(7) 143




Table 3
Simulated wavenumbers (scaled), experimental IRpdsbands and assignments for
DCMSP.

B3LYP/6-311++G(d,p) v(IR)  v(Raman)

Scaled - Raman B 1 Assignment (%)
(cm™) IR activity activity (cm™) (cm™)
3114 4.6075 77.7954 3101 3101 vCH(100)
3064 3.00E-04 34.2458 3058 3060 VasyCH3(50)
Vas)CH3(54)
3043 0.023 70.6943 - -
VaS)CHs(ZB)
VsyCH35(46)
2949 0.2021 161.083 - 2946
vsyCH3(27)
vCN(13)
1509 385.678 7.9379 1512 1511 vCC(39)
1499 313.329 17.2595 - - vCN(33)
8as)CH3(53)
1395 13.0804 2.966 1400 1399 dasyCH3(11)
YyHCSC(11)
8as;CH3(36)
1392 7.4147 7.5257 - - dasyCH3(17)
YHCSC(17)
vCN(19)
1356 105.52 1.0988 1363 1357 5CHI(35)
SS)CH3(32)
1301 11.3561 1.3296 1297 1298
SS)CH3(27)
SNCN(26)
1267 105.715 2.4962 1255 1258 vCN(22)
vCC(12)
1245 223.053 12.3783 1250 1246 vasSO; (48)
vCN(39)
1201 10.3479 5.7275 1198 1214 vCC(15)
SNCN(20)
1176 101.403 3.4799 - 1174 5CNC(20)
dCHI(52)
1084 107.469 1.6009 1082 1083 dCCN(13)
vCC(10)
1063 142.063 32.5791 - 1066 vsSO; (42)
963 6.6406 36.646 970 972 dNCN(10)
dCH3(16)
948 29.7999 2.0631 946 /HCSC(30)
6CH3(14)
941 0.3273 2.3708 - 941 YHCSC(39)

yHCSC(13)



836 16.878 0.0838 - 835 YHCPh(77)

vSC(20)
804 18.7522 0.5473 800 802 vCIC(25)
vCIC(30)
789 145.096 0.0477 - - vCIC(10)
TNCNC(16)
748 0.0523 0.0022 743 741 {CNCN(24)
694 107.481 15.2176 692 694 vSC(65)
yCHI(10)
605 0.0016 0.5517 612 611 JOCCS(12)
582 0.0044 0.0426 - 585 yCICNC(34)
vSC(10)
502 96.1014 3.274 - 503 30S0O,scissoring (11),
yOCOS(47)
vSC(13)
dCCI(11),
484 10.5672 4.2465 501 5SOmwagging(29)
dCSC(10)
vCIC(22)
420 17.802 4.0764 - 420 vCIC(18)
dSOstwisting (17)
dCCI(22)
413 6.2385 0.6764 5S0u(26)
vCIC(27)
398 12.0064 8.0636 - 383 vCIC(25)
00SC(23)
324 3.3673 1.4614 4OCCS(54)
OCOC(11)
268 0.4623 9.2941 - 272 8SOyrocking (11)
00SC(11)
00SC(56)
253 3.3337 0.5337 253 4OCCS(10)
239 4.9607 4.2871 - 223 dCSC(66)
tCH3(24)
190 0.0398 0.0849 - 192 YHCSC(29)
YHCSC(24)
188 0 0.0735 - - yCCI(15)
173 0.0156 4.2074 - 163 0CICN(35)
139 2.427 0.9527 - 129 yCClI(12)
87 0.0108 1.7198 - 75 yOCCS(15)
17 5.3392 0.4828 - - dCSCN(93)

&v-stretching$-in-plane deformationy-out-plane deformation:-torsion; potential energy
distribution is given in brackets (%) in the assigamt column.



Table 4.

Theoretical electronic absorption spectra of titenpound (absorption wavelendgthinm),
excitation energies E (eV) and oscillator strendgfjysusing TD-DFT/B3LYP/6311++G(d,p)
method.

Excitation Cl expansion Energy Wavelength Oscillator
Coefficient (nm) strength )
(eV) Exp Cal
57—58 0.48623
57,59 011512 4.7920 - 258 0.0001
57—58 0.66503
57,59 0.12695 4.8509 - 255 0.0020
5458 0.43198
5459 0.10290 4.9013
57—58 0.35235 254 253 0.0041

57—59 0.41668




Table 5.
Second-order perturbation theory analysis of Foakimin NBO basis corresponding to the
intramolecular bonds of the title compound.

Donor(i) Type ED/e Acceptor(j) Type ED/e E(® EG-E@G° FGi,)°

N2-C1 c 1.98039 N2-C3 c* 0.03521 1.66 1.38 0.043
N6-C1 c* 0.03712 1.49 1.40 0.041

C3-Cl7 c* 0.05322 5.04 1.02 0.065

N2-C3 o 1.98280 N2-C1 c* 0.04159 1.68 1.40 0.044
C1-S9 c* 0.25941 3.21 1.00 0.054

C3-C4 c* 0.03767 1.90 141 0.046

N6-C5 o 1.98349 N6-C1 c* 0.03712 1.67 1.40 0.043
C1-89 c* 0.25941 3.12 1.00 0.053

C4-C5 c* 0.03892 1.82 1.40 0.045

C1-89 o 1.96144 N2-C3 c* 0.03521 3.67 1.15 0.058
N6-C5 c* 0.03320 3.68 1.16 0.058

C1-89 c* 0.25941 0.99 0.76 0.026

C12-S9 c* 0.17263 1.65 0.79 0.033

011-S9 c* 0.13908 2.70 0.95 0.047

010-S9 c* 0.13907 2.70 0.95 0.047

C3-C4 o 1.97826 N2-C3 c* 0.03521 2.04 1.26 0.045
C4-C5 c* 0.03892 2.71 1.28 0.053

C5-CI8 c* 0.05459 4.62 0.90 0.058

C3-Cl7 o 1.98578 N2-C1 c* 0.04159 3.06 1.24 0.045
C4-C5 c* 0.03892 1.99 1.25 0.045

C4-C5 o 1.97774 N6-C5 c* 0.03320 1.94 1.27 0.044
C3-C4 c* 0.03767 2.75 1.28 0.053

C3-Cl7 c* 0.05322 4.88 0.89 0.059

C5-CI8 o 1.98587 N6-C1 c* 0.03712 3.03 1.24 0.055
C3-C4 c* 0.03767 1.96 1.26 0.045

Cl12-S9 o 1.97700 O11-S9 c* 0.13908 2.62 0.96 0.046
c* 0.13907 2.62 0.96 0.046

011-S9 o 1.98745 N2-C1 c* 0.04159 0.56 1.47 0.026
C1-S9 c* 0.25941 1.16 1.07 0.034

011-S9 c* 0.13908 0.62 1.26 0.026

010-S9 c* 0.13907 1.33 1.26 0.038

010-S9 o 1.98745 N2-C1 c* 0.04159 0.56 1.47 0.026
C1-S9 c* 0.25941 1.16 1.07 0.034

011-S9 c* 0.13908 1.33 1.26 0.038

010-S9 c* 0.13907 0.62 1.26 0.026

LP N2 o 1.88970 N6-C1 c* 0.03712 12.49 0.89 0.096
- C1-S9 c* 0.25941 4.80 0.48 0.045

- C3-C4 c* 0.03767 9.87 0.90 0.086

- C3-Cl7 c* 0.05322 4.20 0.51 0.042

LP N6 o 1.88473 N2-C1 c* 0.04159 13.01 0.87 0.097
- C1-S9 c* 0.25941 4.53 0.47 0.043

- C4-C5 c* 0.03892 10.25 0.88 0.086

- C5-CI8 c* 0.05459 4.51 0.050 0.043

LPO11 o 1.98470 C12-S9 c* 0.17263 0.74 0.94 0.025
- 010-S9 c* 0.13907 1.51 0.10 0.038

LPO11 = 1.81229 C1-S9 c* 0.25941 8.33 0.38 0.051



- C12-S9 c* 0.17263 17.58 0.41 0.076
- 010-S9 c* 0.13907 3.34 0.57 0.040
LPO10 o 1.98470 C12-S9 c* 0.17263 0.74 0.94 0.025
- 011-S9 c* 0.13908 1.51 1.10 0.038
LPO10 = 1.81229 C1-S9 c* 0.25941 8.34 0.38 0.051
- C12-89 c* 0.17263 17.58 0.41 0.076
- 011-S9 c* 0.13908 3.34 0.57 0.040
LP CI7 o 1.99207 N2-C3 c* 0.03521 1.08 1.43 0.035
- C3-C4 c* 0.03767 1.77 1.46 0.046
LP CI7 T 1.96416 N2-C3 c* 0.03521 6.73 0.82 0.066
- C3-C4 c* 0.03767 3.89 0.85 0.051
LP CI8 o 1.99205 N6-C5 c* 0.03320 1.05 1.44 0.035
- C4-C5 c* 0.03892 1.75 1.45 0.045
LPCI8 T 1.96372 N6-C5 c* 0.03320 6.75 0.83 0.067
- C4-C5 c* 0.03892 3.95 0.84 0.051

#E(2) means energy of hyper-conjugative interasti@habilization energy in kJ/mol)
® Energy difference (a.u) between donor and accéptod j NBO orbitals
“F(i,j) is the Fock matrix elements (a.u) betweand j NBO orbitals



Table 6.

NBO results showing the formation of Lewis and ri@wis orbitals.

Bond(A-B)  ED/& EDA%  EDB% NBO s% p%
o N2-C1 1.98039 60.01 39.99 0.7746(SPN+ 35.61 64.21
- -0.92615 - - 0.6324(3f)C 38.04 61.91
o N2-C3 1.98280 59.38 40.62 0.7706(5pN+ 36.04 63.41
- -0.92469 - - 0.6373(3g)C 33.64 66.31
o N6-C5 1.98349 59.25 40.75 0.7698(5pN+ 36.43 63.39
- -0.92487 - - 0.6383(3g°C 33.82 66.13
6 C1-S9 1.96144 52.78 47.22 0.7265(pC+ 24.41 75.51
- -0.68830 - - 0.6872(3p°)C 20.86 77.68
o C3-C4 1.97826  49.77 50.23 0.7053(5pC+ 41.83 58.15
- -0.80294 - - 0.7087(SP9)C 34.17 65.71
¢ C3-Cl7 1.98578  46.82 53.18 0.684%(SpC+ 24.37 75.42
- -0.77280 - - 0.7293(5g°C 16.70 82.77
6 C4-C5 1.97774 50.30 49.70 0.7092(3pC+ 33.98 65.90
- -0.79785 - - 0.7050(sp")C 41.48 58.50
6 C5-C18 1.98587 46.99 53.01 0.6855(&C+ 24.52 75.27
- -0.77008 - - 0.7281(8g°C 16.70 82.77
6 C12-S9 1.97700  49.39 50.61 0.7028)C+ 19.74  80.16
- -0.69720 - - 0.7114(38)S 24.61 74.11
6 011-S9 1.98745  63.60 36.40 0.7975E)D+ 23.24  76.62
-0.99768 0.6035(50°)S 27.45 71.04
6 010-S9 1.98745  63.60 36.40 0.7975E)D+ 23.24  76.62
-0.99770 0.6035($p)S 27.45 71.04
o LP N2 1.88970 ’ 27.94 71.89
- -0.41198 - - -
o LP N6 1.88473 $pt 27.87 71.95
- -0.40010 - - -
o LP 011 1.98470 8 76.72 23.27
- -0.83778 - - .
n LP 011 1.81229 p* 0.07 99.85
- -0.30745 - - .
cLP 010  1.98470 sp¥ 76.72 23.27
- -0.83778 - - .
7 LP 010 1.81229 p* 0.07 99.85
-0.30745 - - .
o LP CI7 1.99207 $p 83.30 16.69
-0.97653 - - -
n LP CI7 1.96416 sp* 0.10 99.87
-0.36173 - - .
o LP CI8 1.99205 $p 83.31 16.67
-0.97109 - - -
n LP CI8 1.96372 sp¥ 0.10 99.97
-0.35618 - - -

®EDle is expressed in a.u.



Table 7.

The values of the dipole moment (in D) and thedmpolarizability (in10-?* esu) were

calculated usind/P2/6 — 311 + +G(d,p) and for values of the second hyperpolarizability

in (in 1073 esu) we usedCAM — B3LYP/6 — 311 + +G(d,p) for DCMSP_embedded

molecule in the case static.

M Hy
1.05 5.17
Axx Oxy
16.58 2.72

Yxxxx Yyyyy
10.90 8.52

My !
217 5.71

Oy Oy Qyz (o o
17.36 3.11 -2.71 18.08 17.34
Yzzzz YXXYY y}’yzz Yxxzz V

10.12 3.64 345 453 10.55




Table 8:
The values of the linear polarizability (i) —%* esu) were calculate®4M — B3LYP/6 —

311 + +G(d,p) and for values of the second hyperpolarizabitit{in 103 esu) we used
CAM — B3LYP/6 — 311 + +G(d,p) for DCMSP embedded molecul® (n a.u.).

Frequency®) (a(~w, w)) (y(~w; w,0,0)) (y(~w; 0,0, —w))
0.000 17.31 10.55 10.55
0.002 17.31 10.62 10.68
0.004 17.32 10.62 10.69
0.006 17.32 10.63 10.70
0.008 17.32 10.64 10.72
0.010 17.32 10.65 10.74
0.024 17.37 10.79 11.03
0.043 17.51 11.20 11.84
0.050 17.58 11.42 12.29
0.060 17.70 11.81 13.07
0.070 17.85 12.30 14.05
0.072 17.89 12.42 14.28
0.080 18.03 12.92 15.29
0.086 18.14 13.29 16.03
0.090 18.25 13.70 16.84

0.100 18.50 14.67 18.78




Table 9:

DFT/CAM-B3LYP/ 6-311++G(d,p) results for the linear refractive ardand third-order
nonlinear susceptibility10~2%2 m?/V?) for the case dynamie(= 0.085 a.u.) of the DCMSP
crystal.

Sample ng(w) 3 (—w; w, w, —w)
DCMSP (present work) 1.613 56.74
2E)-1-(4-bromophenyl)-3-[4-methylsulfanyl

(2E)-1-( phenyl)-3- y yl) 1363 N
phenyl]prop-2-en-1-one (4Br4MSP)4|

2E)-1-(3-bromophenyl)-3-[4(methylsulfanyl

(2E)-1( phenyl)-3-[4( y yl) 1365 Yoo
phenyl]prop-2-en-1-one (3BrAMSP)4|

2E)-3[4(methylsulfanyl)phenyl]-1-(4-

(2E)-3[4( y yl)phenyl]-1-( 1.360 2 37

nitrophenyl)prop-2-en-1-one (4N4AMSPY|
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Scheme -1: Synthetic scheme for 4,6-dichloro-2-(methylsulfonyl)pyrimidine
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(A) Hirshfeld surfaces of DCMS&,,m-0.356 (red) to 1.191 A au (blue) (Bhapeindex -1.0
(concave) to 1.0 A au (convex) (2) aaatvedness (3) -4.0 (flat) to 0.4 A au (singular).
The dnorm mapped surface exhibit two interactions; the firderaction between the
oxygen atom of the sulfonyl group (S=0) and wita bydrogen atom of pyrimidine ring,
which can be visualized as bright red spot andlliedbeas (i). The second interaction
between the oxygen atom of sulfonyl group (S=0) writh the hydrogen atom of a
methyl group (CH), which can be visualized as bright red spotslabdiled as (ii).

(B) View of C-H- - -O contacts alom surface of DCMSP.
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(C)2D Fingerprint plots of the DCMSP compound and aasi interactions are visualized
with percentage of contact (a) O---H/H---H (21.8%dJ (c) H---H (6%) interactions.
Hered; is the closest internal distance from a giveimipon the Hirshfeld surface arid
is the closest external contacts.

Figure 3. Analysis of 3D-Hirshfeld surface and 2ipger print plots of DCMSP.



HOMO LUMO

Figure 4. HOMO-LUMO plots of DCMSP.
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Figure 5. Dynamic evolution of the studied valugsdf the linear refractive index and (b)
third-order nonlinear optical susceptibilitf’ (in 10722 m?/V?) of the DCMSP crystal with
respective values of frequencies.
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Figure 6. MEP and ALIE surfaces of DCMSP molecule
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Figure 7. Fukui indices for DCMSP molecule §)"° and b) fv° indices
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Figure 8. H-BDE (red color) and BDE (blue colorjues for DCMSP molecule.



g(r)

1.6
1.4—-
1.2-
1.0-
0.8—-
0.6—-
04-

0.2 +

0.0

r[A]

Figure 9. Representative RDFs of DCMSP molecule.



Highlights
» Most reactive sites are identified by using MEP and ALIE plots.
» Autoxidation and degradation properties are investigated from BDE and RDF
calculations.
» DCMSP crystal exhibit potential candidate for application in nonlinear optical
devices.
> A detaled interpretation of FT-IR and FT-Raman spectra of DCM SP reported.



