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ABSTRACT: In this study, we report the synthesis of a new
compound, N4,N4-dimethyl-2-(methylsulfanyl)-N6-(4-
phenoxyphenyl)pyrimidine-4,6-diamine (DMS), and its compre-
hensive analysis through structural and spectroscopic character-
izations, reactivity parameters, and nonlinear optical properties,
utilizing a combination of experimental and computational
techniques. The experimental aspect of the investigation
encompassed structural characterization using X-ray diffraction
and spectroscopic assessments employing Fourier-transform infra-
red, Raman, and nuclear magnetic resonance techniques, along
with thermal analysis. Our computational approach involved
density functional theory (DFT) calculations and molecular
dynamics (MD) simulations to examine the local reactivity
properties of DMS. We employed fundamental reactivity
descriptors to evaluate DMS’s local reactivity and utilized MD simulations to identify DMS atoms engaging in significant
interactions with water molecules. We conducted periodic DFT calculations on DMS’s crystal structure to investigate the
contributions of specific atoms and groups to the compound’s overall stability as well as to analyze noncovalent interactions between
DMS molecules. We assessed the nonlinear optical properties through dynamic second hyperpolarizability and third-order nonlinear
susceptibility calculations. Additionally, we conducted a comparative analysis of the static and dynamic second hyperpolarizability for
the DMS molecule within the sum-over-states framework. The obtained value for the third-order nonlinear susceptibility, 3=
65.41 10 20× m /V2 2 (λ = 1907 nm), exceeds those of other organic materials reported in previous studies, indicating that the DMS
crystal holds promise as a nonlinear optical material for potential application in photonic device fabrication. Furthermore, molecular
docking studies were performed with the 3E5A, 4EUT, and 4EUU proteins, yielding binding affinities of −8.1, −8.2, and −8.3 kcal/
mol, respectively, in association with the ligand.

1. INTRODUCTION
Nonlinear optical (NLO) materials have attracted more
attention due to their wide range of applications in storage,
optoelectronics, sensors, optical data processing, semiconduc-
tors, photonic, ferroelectric, and superconductor devices.1−4

Compared to inorganic materials, organic molecules receive
considerable attention from researchers due to their architec-
tural flexibility and easy and low-cost synthesis to achieve an
optimum NLO response.

An extensive literature survey on various nonlinear optical
and optoelectronic properties of pyrimidine-based molecules
emphasizes their outstanding potential for practical applica-
tions in science and technology. Pyrimidines, with their
notable electron-withdrawing character and significant aroma-
ticity, are essential in the creation of novel organic

chromophores for nonlinear optical materials. These highly π
deficient aromatic heterocycles have inherent coplanarity that
facilitates the formation of push−pull molecules, impacting
luminescence properties.5 They offer further applications
through their nitrogen atoms, enabling the development of
supramolecular assemblies and sensor systems via protonation
and hydrogen bonding. The NLO properties of specific dyes
consisting of electron-deficient pyrimidine core and γ-
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methylenepyrans as terminal donor (D) groups have been
investigated in a study by Achelle et al.6 Their study consisted
of both experiments and density functional theory (DFT)
calculations and has demonstrated that curtail structural
parameters affect the NLO sensitivity of these dyes. Probably
the strongest motivation to study NLO and optoelectronic
properties of our newly synthesized pyrimidine-based molecule
we found in the review by Feckova et al.7 Namely, their study
covered a huge library of NLO chromophores based on a
pyrimidine scaffold. Additionally, pyrimidines contribute to the
structure of two-photon absorption (TPA) chromophores,
especially the 4,6-di(arylvinyl)pyrimidines, and are also
incorporated into quadratic Nonlinear Optical (NLO)
chromophores. Numerous pyrimidine derivatives demonstrat-
ing Intramolecular Charge Transfer (ICT) have been
investigated over the past decade, with a specific focus on
the synthesis and NLO response of 4-(arylvinyl)pyrimidines.8,9

These compounds have recently been the subject of theoretical
NLO studies by an independent research team.7 Meanwhile,
pyrimidines denote one of the most prevalent heterocyclic
compounds found in alkaloids and nucleic bases and exhibit
remarkable pharmacological activities, including anti-HIV,10

antiviral,11 antitubercular,12 anticancer,13 antimicrobial,14

antihypertensive,15 anti-inflammatory,16 antiplasmodial,17 and
anticonvulsant.18 The ability to finely tune pyrimidine-based
molecules has been used in the creation of covalent organic
frameworks (COFs), which are of interest due to their
crystallinity, porosity, and tunability. The optoelectronic
properties of these molecules contribute to light-induced
hydrogen evolution, a process that holds promise as a
sustainable source of carbon-free energy.19

Numerous experimental methods facilitate the synthesis and
analysis of molecules; however, conducting comprehensive
investigations of newly synthesized molecules can be difficult
and costly. The swift advancements in computational
techniques now allow for complementary characterization
studies, yielding results closely tied to structural, reactive, and
other critical properties. This amalgamation of experimental
and theoretical approaches not only enables in-depth
molecular examinations but also accelerates the overall
research process. Computational investigations have proven
invaluable and are routinely employed in industries such as
pharmaceuticals and materials science. A vast number of
papers exist where computational analysis was helpful for
pharmaceutical and materials science industries.20−26

In conclusion, the study of the nonlinear optical and
optoelectronic properties of pyrimidine-based molecules is
motivated by their potential applications in various scientific
and technological fields, ranging from energy production to
medical applications. The synthesis of new pyrimidine
molecules presents an opportunity to further understand and
exploit their NLO and optoelectronic properties. This study
aims to contribute to this growing body of knowledge by
investigating the NLO and optoelectronic properties of a newly
synthesized pyrimidine molecule. Through this research, we
hope to not only expand our understanding of pyrimidine-
based molecules but also pave the way for the development of
more efficient and versatile optoelectronic devices.

All of these facts motivated us to synthesize a new
pyrimidine derivative, N4,N4-dimethyl-2-(methylsulfanyl)-
N6-(4-phenoxyphenyl)pyrimidine-4,6-diamine (DMS). Several
experimental and computational tools have been used in its

thorough study, and the readers will become familiar with
them as they read the manuscript.

2. EXPERIMENTAL AND THEORETICAL METHODS
In this section, we provide a thorough analysis of the research
procedures, discussing its objectives, background, and the
synthesis of DMS. We explore X-ray crystallography, the
reactive properties of DMS, Hirshfeld surface analysis, and
density of states (DOS) analysis. The focus then shifts to the
nonlinear optical properties of the DMS crystal, its potential
applications, and the sum-over-states (SOS) approach.
2.1. General Remarks. The reagents and solvents used in

this study were of AnalaR grade and were procured from
commercial sources. The synthesis was performed under
anaerobic (inert atmosphere) conditions. The Fourier-trans-
form infrared (FT-IR) spectrum was recorded on a
PerkinElmer Spectrum1 FT-IR Spectrometer in the form of
KBr disc in the range 4000−450 cm−1, with 1.0 cm−1 spectral
resolution (Figure S1). The Fourier-transform (FT) Raman
spectrum was recorded on a Bruker RFS 27: Standalone FT-
Raman Spectrometer in the range 50−4000 cm−1, with 2.0
cm−1 spectral resolution and Nd:YAG 1064 nm laser source
(Figure S2). 1H NMR (Figure S3) and 13C {1H} NMR (Figure
S4) spectra were recorded on a Bruker AMX-400 MHz
spectrometer operating at room temperature in deuterated
dimethyl sulfoxide (DMSO-d6) as the solvent. The chemical
shift values (δ) are reported in parts per million (ppm) using
tetramethylsilane (TMS) as an internal standard. The thermal
analysis of the DMS sample was performed by using an
EXSTAR TG/DTA 6300 instrument.
2.2. Synthesis of DMS. We dissolved 6-chloro-N,N-

dimethyl-2-(methylsulfanyl)-pyrimidin-4-amine (0.5 g, 2.46
mmol) and 4-phenoxyaniline (0.68 g, 3.69 mmol) in 1-butanol
(15 mL). To this mixture was added triethylamine (2.4 mL,
2.95 mmol) dropwise and then refluxed for 12 h. After the
completion of the reaction as indicated by thin-layer
chromatography (TLC), the reaction mass was evaporated
under reduced pressure and purified by column chromatog-
raphy. The compound was dissolved in methanol and allowed
to evaporate at room temperature. Needle-shaped crystals of
N4,N4-dimethyl-2-(methylsulfanyl)-N6-(4-phenoxyphenyl)-
pyrimidine-4,6-diamine (0.57 g, yield: 66%) were obtained
after 4−5 days (Scheme 1).

1H NMR (400 MHz, DMSO-d6) δ, ppm: 2.85 (s, 3H), 2.98
(s, 6H), 5.75 (s, 1H), 6.98 (m, 4H), 7.09 (t, 1H), 7.36 (t, 2H),
7.59 (d, 2H), 9.42 (s, 1H).

13C NMR (400 MHz, DMSO-d6) δ, ppm: 13.31, 36.58,
79.11, 117.67, 119.53, 121.06, 122.71, 129.85, 136.69, 150.46,
157.65, 160.33, 162.01, 168.90.

Scheme 1. Synthetic Scheme for N4,N4-Dimethyl-2-
(methylsulfanyl)-N6-(4-phenoxyphenyl)pyrimidine-4,6-
diamine
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2.3. X-ray Crystallography Details. A colorless, needle-
shaped single crystal of the title compound, with dimensions
0.3 mm × 0.25 mm × 0.2 mm, was selected and mounted on a
Bruker APEX-II CCD diffractometer with monochromatic Mo
Kα radiation (λ = 0.71073 Å) at 296(2) K. The data were
processed with SAINT and absorption corrected using
SADABS.27 The structure was solved by the direct method
using the program SHELXL28 and was refined by full-matrix
least-squares techniques on F2 using anisotropic displacement
parameters for all non-hydrogen atoms. The carbon-bound
hydrogen atoms were positioned with idealized geometry by
using a riding model with C−H = 0.93 Å (for Carm−H) and
0.96 Å (for Cmethyl−H). H atoms were refined with isotropic
displacement parameters (set to 1.2−1.5 times the Ueq of the
parent atom). The nitrogen-bound H atoms were also
positioned geometrically using a riding model with N−H =
0.86 Å.
2.4. Molecular Reactive Properties and Docking

Studies of DMS. Schrödinger Materials Science Suite
2022−4 (SMSS) has been used for the computational analysis
of reactive properties of the title molecule based on combined
DFT calculations and molecular dynamics (MD) simulations.
The Jaguar29 program was used for DFT calculations, while the
Desmond30−33 program was used for MD simulation. The
Maestro34 program was used for the preparation of input files
and visualization of results.

DFT calculations with the Jaguar program have been
performed with the B3LYP functional with the 6-311++G(d,p)
basis set to calculate the molecular electrostatic potential
(MEP) and average local ionization energy (ALIE) surfaces.
The same functional was used for calculations of bond
dissociation energies for hydrogen abstraction (H-BDE). The
Desmond program for MD simulations was used with the
extended OPLS3 (OPLS3e)30,35−37 force field. The simulation
time of 10 ns was used, while other parameters included a
temperature of 300 K, pressure of 1.0325 bar, and cutoff radius
of 10 Å. The MD simulation system was of NPT ensemble
type, meaning that pressure and temperature were kept
constant and contained one DMS molecule surrounded by
water (∼2500 molecules) in a cubic simulation box. The
solvent effects in MD simulation were regulated by the simple
point charge (SPC) model.38

Optimizations at the molecular DFT level were preceded by
preoptimization with the semiempirical method GFN2-xTB,
developed by Prof. Grimme and co-workers.39−41 GFN2-xTB
calculations were performed using the online xtb calculator
available at https://atomistica.online.42

The molecular docking simulations were performed by
AutoDock 4.2 software43 with 3E5A, 4EUT, and 4EUU
proteins.
2.5. Hirshfeld Surface Analysis. The three-dimensional

Hirshfeld Surface (HS) maps and the two-dimensional
fingerprint (FP) depictions were generated by using the
CrystalExplorer17 program.44 The surfaces have been mapped
over dnorm (1), shape index (2), curvedness (3), and f ragment
path (4) in the range of −0.4929 (red) − 1.5032 Å (blue), −
1.0 (concave) − 1.0 Å (convex), − 4.0 (flat) − 0.4 Å
(singular), and 0−29 au, respectively (Figure S5). The dnorm
surface evaluates the distances from the surface to the exterior
nearest atom (de) and the nearest atom internal to surface (di)
normalizing them as a function of the van der Waals radius.
The FP is presented in the expanded view, with the distances
de and di in the range 0.6−2.8 Å presented on the graph axes.

The hydrogen bond lengths were immediately modified to
regular standard neutron values, i.e., C−H = 1.083 Å and N−H
= 1.009 Å, when the cif file was uploaded into the
CrystalExplorer17 software.
2.6. Density of States (DOS). Periodic DFT calculations

have been performed with the Quantum Espresso pro-
gram,45,46 as incorporated in Schrödinger Materials Science
Suite (SMSS). These calculations have been performed with
the PBE47 functional and ultrasoft pseudopotentials, using the
crystal structure that was previously experimentally deter-
mined.
2.7. Nonlinear Optical Properties of DMS Crystal. The

Supermolecule (SM) method was used to simulate the
polarization effect of the crystalline environment on a single
DMS molecule. This approach has proven to be effective in
studying the optical properties of organic materials, providing
theoretical results that align with experimental data. A total of
5832 molecules comprising 262,440 atoms were used to mimic
the crystalline environment. In this method, surrounding
molecules are treated as point charges, beginning with the
calculation of partial atomic charges using the MP2/6-
311+G(d) and CHELPG schemes.48−50 The process involves
the iterative replacement of surrounding molecules with
CHELPG partial charges, followed by calculation of the
electric dipole moment and a new set of partial charges.48,51−61

The process is repeated until the electric dipole moment of the
embedded molecule converges (μ = 12.04D or 4.02 × 10−29

Cm). Figure 1 demonstrates this convergence, with step 0

representing the isolated molecule (μ = 5.22D or 1.74 × 10−29

Cm) and subsequent steps showing the embedded molecule
within the crystal. The simulated bulk representation is also
provided.

In the present work, the electric dipole moment (μ and the
average linear polarizability (⟨α⟩) have been calculated
through the following expressions.

( )x y z
2 2 2 1/2= + + (1)

( ; )
( ; ) ( ; ) ( ; )

3
xx yy zz=

+ +
(2)

In the context of third-order Nonlinear Optical (NLO)
responses, three specific reactions are recognized, each
denoted by their respective expressions. The static response
is represented by γ(0;0;0;0), the Electro-Optical Pockels Effect
(EOPE) by γ(−ω;ω;0;0), and the Electric Field-Induced
Second Harmonic Generation (EFSHG) by γ(−2ω;ω;ω;0).

Figure 1. (a) Convergence of the dipole moment of the embedded
molecule of DMS. (b) Schematic representation of the bulk
highlighting the symmetric unit (in green) in the center.
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The static second hyperpolarizability and its frequency-
dependent counterpart are critical quantities, the average
values of which are computed by using specific mathematical
expressions.

Since the optical dispersion was not considered here, the
static average second hyperpolarizability can be calculated via
the Kleinmann expression that is given by

(0; 0; 0; 0)
1
5

( (0; 0; 0; 0)) for static
i j x y z

iijj
, , ,

=
=

(3)

( ; ; 0; 0)
1
5

( ( ; ; 0; 0))

for EOPE

i j x y z
iijj

, , ,

=
=

(4)

( 2 ; , , 0)
1
5

( ( 2 ; , , 0))

for EFSHG

i j x y z
iijj

, , ,

=
=

(5)

The frequency dependence of the γ-tensor components was
omitted to simplify equations 3, (4), and (5).

The average linear polarizability (⟨α(−ω; ω)⟩) can be
related with the linear refractive index (n(ω)) of the crystal by
the Clausius-Mossotti relation, which is given by

n
n

Z
V

( ) 1
( ) 2

4
3

( ; )
2

2 +
=

(6)

where Z is the number of molecules in the unit cell and V is the
unit cell volume.

The third-order nonlinear susceptibility (χ(3)) is related to
the average second hyperpolarizability by the expression

i
k
jjjjj

y
{
zzzzz

n Z
V

( ; ; ; )

( ( ) 2)
3

( ; ; ; )

(3)

2 4

= +
(7)

where ⟨γ(−ω; ω; ω; −ω)⟩ is the second hyperpolarizability
associated with a nonlinear optical process of the intensity-
dependent refractive index (IDRI) that is given by the
following equation.

( ; , , )

2 ( ; , 0, 0) (0; 0, 0, 0) (8)

In the context of IDRI, the second hyperpolarizability plays a
significant role in determining the material’s overall nonlinear
optical behavior, which can have important implications for
applications in areas such as photonics, telecommunications,
and optical signal processing.

2.7.1. The Sum-Over-States (SOS) Method. The sum-over-
states (SOS) method, a successful approach in recent years,
can calculate the second hyperpolarizability of various organic
molecules.62−68 The SOS method’s benefit is its ability to
truncate the summation over states for many compounds, as
only a few excited states significantly contribute. However, the
accuracy of the SOS approach hinges on the theoretical
method applied to define the wave functions for ground and
excited states and the related excitation energies for dipole
moment transitions.

The equations for the second hyperpolarizability using the
SOS method is defined as

P x y z w

( ; , , )

( ), ( ), ( ), ( ) ( )

xyzw s

s

1 2 3

1 2 3 1 2= [ ] (9)

where

Figure 2. ORTEP view of the asymmetric unit of DMS (A, B) with thermal ellipsoids drawn at 50% probability.
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ij s00 i i= , and ω is the

energy of external fields, ω = 0 corresponds to a static electric
field; εi stands for excitation energy of state i with respect to
ground state 0. P̂ is the permutation operator, for γ. ij

x is the x
component of transition dipole moment between state i and j.

All the numerical results for the linear and nonlinear optical
parameters were obtained using the Gaussian 16 program
package, and the output file was converted to the electronic
units (esu).

3. RESULTS AND DISCUSSION
In this section, we will discuss various aspects of DMS
properties, covering topics such as its crystal and molecular
structure, thermal analysis, molecular reactive properties,
density of states, and nonlinear optical properties, ultimately
providing a comprehensive understanding of the compound
and its potential applications. The rings, C32−N5−C11−
C12−C14-N41, C15−C16−C18−C20−C37-C39, and C21−
C33−C35−C26−C24-C22, are designed as PhIII, PhII, and
PhI, respectively.
3.1. Crystal Structure, Hirshfeld Surface Analysis, and

Molecular Structure of DMS. The title compound
crystallizes in the monoclinic P21/c space group with two
molecules in its asymmetric unit (molecules A and B). The
major difference between molecules A and B is in their
molecular conformations. The dihedral angles between the two
aromatic rings are 88.6(8)° and 89.2(1)°, respectively, in A
and B molecules. The dihedral angles between the terminal
aromatic and pyrimidine rings in A and B molecules are,
respectively, 34.5(4)° and 49.6(1)°, while that between central
aromatic and pyrimidine rings in A and B are, respectively,
55.0(9)° and 39.6(1)°.

The ORTEP diagram of the compound is given in Figure 2,
the crystallographic data and refinement parameters are
summarized in Table 1, and the geometric parameters for
hydrogen bonds (Å, deg) operating in the crystal structure are
listed in Table 2.

The unit cell of the crystal contains 8 molecules of the title
compound, 4 molecules of A, and 4 molecules of B. The unit
cell contains two c-glide mirrors parallel to the ac plane that
cut the b-axis at b/4 and 3b/4, respectively. Also, the unit cell
consists of 21 screws parallel to the b-axis at c/4 and 3c/4 and
repeating itself at a regular distance of a/2 along the a-axis.
The two molecules of A along the c-axis (and similarly the two
molecules of B along the c-axis) are related by one of these c-
glides. Each of the two molecular pairs (pair of A molecules
and another pair of B molecules), related within the pair by c-
glides, creates two respective molecular pairs (a pair of A
molecules related by c-glide mirror and another pair containing
B molecules also related by a c-glide mirror) through the 21-
screw axis passing parallel to the b-axis at a/2. In the crystal,
the symmetry-independent A and B molecules are inter-
connected by N2B−H3B···N41A and N2A−H3A···N41B
hydrogen bonds to form a dimer having an R2

2(8) graph set

motif (Figure 3) and which are visualized as intense red spots
on dnorm mapped surface marked as “a” and “a′” (Figure 4(A)).
The arrangements of these hydrogen-bonded A-B pairs in one-
half of the unit cell (cut at c/2) are exactly opposite to that
observed in the other half. The molecular pair are arranged in
A···B A···B A···B fashion in one-half of the cell and as B···A B···
A B···A in the other half. As there is no further hydrogen
bonding between two AB pairs, the supramolecular architec-
ture is zero-dimensional (Figure S6).

The disintegration of 2D-fingerprint depictions of the
investigated compound into individual contacts facilitates
separation of contributions from each type of contact that
otherwise overlap in the full fingerprint plot. The upper spike
corresponds to the donor H atom of the N−H group
interacting with the N atom of the pyrimidine ring, while the
lower spike corresponds to the acceptor N atom of the
pyrimidine ring interacting with the H atom of the N−H
group. Both look like sharp spikes, which are almost equal in
length (highlighted in Figure 4(B), and the N−H/H−N
contribution is 10.7%).

For the title compound, the optimized geometrical
parameters (bond length (Å), bond angle (deg), dihedral
angle (deg)) and their experimental counter values are listed in
Table S1. For the title compound, the C−N bond lengths

Table 1. Crystallographic Data and Refinement Parameters
of DMS

CCDC number 1909225
Empirical formula C19H20N4OS
Formula weight 352.45
Temperature/K 296.15
Crystal system Monoclinic
Space group P21/c
a/Å 27.3739(11)
b/Å 14.0483(6)
c/Å 9.7174(4)
α/deg 90
β/deg 90.249(2)
γ/deg 90
Volume/Å3 3736.9(3)
Z 8
ρcalcg/cm3 1.253
μ/mm−1 0.187
F(000) 1488.0
Crystal size/mm3 0.3 × 0.25 × 0.2
Radiation Mo Kα (λ = 0.71073)
2Θ range for data collection/
deg

5.304 to 56.188

Index ranges −36 ≤ h ≤ 35, −18 ≤ k ≤ 18, −12 ≤ l ≤ 12
Reflections collected 65459
Independent reflections 9053 [Rint = 0.0406, Rsigma = 0.0261]
Data/restraints/parameters 9053/0/458
Goodness-of-fit on F2 1.050
Final R indexes [I ≥ 2σ(I)] R1 = 0.0518, wR2 = 0.1424
Final R indexes [all data] R1 = 0.0780, wR2 = 0.1658
Largest diff. peak/hole/e Å−3 0.37/−0.33

Table 2. Geometric Parameters for Hydrogen Bonds (Å,
deg) Operating in Crystal Structure of DMS

D-H···A D-H H···A D···A D-H···A
N2A−H3A···N41B 0.86 2.15 3.0042 177
N2B−H3B···N41A 0.86 2.21 3.0613 174
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(DFT/X-ray diffraction (XRD)), namely, C11−N10 (1.37/
1.349 Å) and C14−N2 (1.376/1.37 Å), are much shorter than
the normal C−N bond length of 1.49 Å69 but significantly
longer than a double bond (1.22 Å), suggesting that these
bonds have some multiple bond character.70 At the N41
position, the C14−N41−C32 angle is decreased by 4.31°,
while at the N2 position, the C15−N2−C14 angle is increased
by 9.83°. This asymmetry reveals the interaction between the
amine and the pyrimidine ring.
3.2. Thermal Analysis. In order to characterize the

crystalline structure of DMS, thermogravimetric analysis
(TGA)/differential thermal gravimetry (DTG) and differential
thermal analysis (DTA) was performed, and the results are
shown in Figure 5. From the TGA curve (Figure 5), it can be
noted that the compound is stable between 35 and 100 °C.
The DMS decomposition occurs in three stages, the first from
100 to 300 °C with mass loss of 4%, followed by a mass loss of
42% from 300 to 373 °C, and finally 30% of the mass is lost in
the third stage up 500 °C. The residual mass of the compound
was 20%.

The present TGA/DTG study shows that the DMS crystal
can be used in optical experiments at temperatures up to 300
°C. Also, the DTA analysis shows an endothermic process at
116 °C with 4.85 μV and 395.49 °C with 57.63 μV (see Figure
S7); for greater temperature values, the process is exothermic.
From the presented DTG curve, it is possible to identify that
the thermal decomposition occurs in the temperature range of
325 to 400 °C.
3.3. Molecular Reactive Properties Studies of DMS.

3.3.1. MEP and ALIE Surfaces. Local reactive properties of the
DMS molecule have been addressed with MEP and ALIE
quantum molecular descriptors. Due to their relationship with
electronic density, these two descriptors are considered as
fundamental quantities.71−73 The combination of these two
descriptors is very useful for the understanding of various
reactive properties of the molecules of interest. MEP is closely
related to the charge distribution, while ALIE gives
information about molecular areas where electrons are least

tightly bound. Information provided by MEP and ALIE
descriptors are very helpful for the identification of the
molecular sites sensitive to electrostatic interactions and to
electrophilic attacks.74 For visualization purposes, it is very
convenient to present MEP and ALIE descriptors by mapping
their values to the electron density surface, as presented in
Figure 6.

Thanks to the combination of MEP and ALIE descriptors, it
can be stated that the most reactive locations are the ones
located in the vicinity of sulfur and close to a nitrogen atom.
Specifically, the MEP surface identifies the location around the
sulfur atom as the one with the lowest MEP values, indicating
that this part of the molecule might attract positively charged
moieties. The other side of the ALIE surface is characterized by
the lowest value in the vicinity of nitrogen atom N41,
indicating that this molecular location might be the most
sensitive location for electrophilic attacks.

3.3.2. Sensitivity toward Autoxidation. It is proven that the
autoxidation mechanism is one of the very dangerous factors
during the development of new drugs because it is responsible
for the formation of potential genotoxic impurities.75,76

Autoxidation is also very important for predicting the shelf
life of organic molecules that are intended to be used as active
pharmaceutical components in drug products. In order to
estimate the sensitivity of an organic molecule toward
autoxidation, it is useful to apply the H-BDE approach.75−78

The importance of the H-BDE parameter for biochemical
processes has also been established in terms of breaking of C−
H bonds during phase I drug metabolism.79 Additionally, one
of the most important mechanisms for degradation of organic
pollutants, and especially of pharmaceutical molecules, is
oxidation.80 H-BDE values have been calculated in this work in
order to evaluate to what extent the DMS molecule could be
sensitive toward the autoxidation, and the obtained results are
summarized in Figure 7.

It has been established so far that the relevant interval of H-
BDE values that indicate sensitivity toward autoxidation is
between 70 and 90 kcal/mol.77,78 Results obtained in this

Figure 3. Intermolecular bonds between the A and B molecules.
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study for the H-BDE parameter indicate that the DMS
molecule has no H-BDE values that would indicate its
sensitivity toward the autoxidation mechanism. All H-BDE
values are higher than the upper threshold of 90 kcal/mol. The
lowest H-BDE values have been calculated for hydrogen atoms

of methyl groups and for hydrogen atom H3. This means that
the DMS molecule might be highly stable in the presence of
oxygen and therefore could have a long shelf life. It also means
that its degradation could be difficult under natural conditions,
meaning that forced degradation via photocatalysts might be
employed for its removal.

3.3.3. Interactions with Water and Determination of
Suitable Excipient. The radial distribution function (RDF) is a
statistical tool used to analyze the spatial distribution of
particles (atoms or molecules) around a reference particle.

Figure 4. Hirshfeld surface analysis of DMS; (A) Hirshfeld surfaces mapped with dnorm showing interactions with neighboring molecules; (B) N−
H/H−N contacts on dnorm surface with fingerprint plot.

Figure 5. TGA/DTG and DTA data for the DMS compound.

Figure 6. MEP and ALIE surfaces of the DMS molecule.
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This tool is especially useful for analyzing the results of MD
simulations as it provides information about the probability of
finding a surrounding particle at a certain distance from the
reference particle. In this regard, RDFs are particularly useful
for understanding the interactions and spatial arrangement of
molecules in a simulation system.

To evaluate the influence of water molecules on the DMS
molecule, we employed the MD simulation on the system
containing one DMS molecule surrounded by 2500 water
molecules. MD simulation was also performed to estimate
which frequently used excipient could be the most suitable for
designing practical formulations based on the DMS molecule.
For these purposes, MD simulations were performed for the
system consisting of 64 DMS molecules.

Analysis of the RDF has been performed to check which
atoms of the DMS molecule have the most important
interactions with water molecules. RDFs were calculated with
respect to the distance between the atom of the DMS molecule
and the oxygen atom of water molecules. The most important
RDFs indicating relatively significant interactions with water
are the ones with sharp peaks on the g(r) vs r curves, which
have been presented in Figure 8.

Of all DMS’s atoms, only three of them have relatively
significant RDF profiles. Although the highest maximal g(r)
value has been calculated for carbon atom C6, its peak is
located at a very high distance of more than 3.5 Å. Nitrogen
atoms N5 and N41 have lower maximal g(r) values, but they
are located at significantly lower distances (lower than 3 Å), in

comparison with the C6 atom. However, there are no RDFs of
hydrogen atoms with maximal g(r) values located at distances
lower than 2 Å, which indicates significant interactions with
water molecules. Therefore, on account of the MD results, it
can be concluded that the DMS molecule has significant
stability in water, due to which it could hardly be removed
from water resources.

The most suitable excipient substance for the DMS molecule
was identified by another MD simulation. Excipients are
substances that are added to the formulation along with an
active component to improve a set of physical and chemical
properties such as stabilization, solubility, delivery, etc.
Excipients and active components should be compatible, and
that compatibility is reflected through similar values of the
parameter called solubility parameter.81−83 This parameter can
be calculated by MD simulations according to the following
equation

H RT
V

V

m
=

(10)

where ΔHV denotes heat of vaporization, while Vm denotes the
molar volume (R is the ideal gas constant, and T the
temperature).

Some of the frequently used excipients are polymer
polyvinylpyrrolidone (PVP) or sugar molecules such as
maltose or sorbitol. In this work, we calculated the solubility
parameters of these frequently employed excipients and
compared them with the solubility parameter of the DMS
molecule. The results are summarized in Table S2.

MD simulation performed on a system containing 64 DMS
molecules gave a resulting solubility parameter of 21.192
MPa1/2. Results presented in Table S2 indicate that the
solubility parameter of the DMS molecule is the closest to the
solubility parameter of PVP, a well-known and widely used
excipient. This means that PVP could be a suitable excipient
for practical formulations based on the DMS molecule.
3.4. Docking Studies. Literature sources indicate that the

title compound derivatives extensively showed tank-binding
kinase 1 activation. By the docking studies, we want to make
lucid whether the title compound can act as useful inhibitors.
High-resolution crystal structures of kinase-inhibitor protein
reductase were downloaded from the protein data bank (PDB)
Web site with PDB identifiers (IDs) 3E5A, 4EUT, and
4EUU.84,85 Docking was performed using AutoDock 4.2.
software.43 The candidate drug binds at the active and with the
aid of weak noncovalent interactions. These results suggest
that the title compound might exhibit inhibitory activity
against tank-binding kinase.

3.4.1. Interactions between the 3E5A Protein and the
DMS Ligand. The interactions between the 3E5A protein and
DMS ligand are shown in Figure 9 and tabulated in Table S3.

A conventional hydrogen bond was observed between
residue ALA 213 and the ligand’s nitrogen atom at a distance
of 2.20 Å. Two π-σ interactions involved residues LEU 263 and
LEU 139 with the ligand’s carbon atom, each at a 3.75 Å
distance. Additionally, four alkyl interactions occurred between
residues ALA273, LEU 210, VAL147, and ALA160 with the
ligand’s carbon atom, ranging from 3.02 to 5.36 Å. Lastly, two
π-alkyl interactions were present between residues PHE144
and ARG220 with the ligand’s carbon atom at distances of 4.06
and 5.12 Å, respectively.

Figure 7. H-BDE values of the DMS molecule.

Figure 8. Representative RDFs of the DMS molecule.
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3.4.2. Interactions between the 4EUT Protein and DMS
Ligand. The interactions between the 3E5A protein and the
DMS ligand were shown in Figure 10 and tabulated in Table
S3. Two conventional hydrogen bonds involved residues
THR20 and ASP157 with the ligand’s carbon atoms, ranging
from 3.39 to 3.55 Å in distance.

Additionally, two π-anion interactions occurred between
ASP157 and the ligand’s oxygen atoms at distances of 3.32 and
4.56 Å. A single π-σ interaction was observed between residue
VAL23 and the ligand’s carbon atom at a 3.92 Å distance.
Three alkyl interactions took place between residues ALA36,
LEU 15, and MET142 with the ligand’s carbon atom, ranging
from 4.68 to 5.20 Å. Lastly, two π-alkyl interactions were found
between residues ALA12, LYS137, and LEU137 with the
ligand’s carbon atom at distances of 3.966 and 5.00 Å.

3.4.3. Interactions between the 4EUU Protein and DMS
Ligand. The interactions between the 4EUU protein and DMS
ligand are shown in Figure 11 and tabulated in Table S3. A
conventional hydrogen bond was found between residue
ASN22 and the ligand at a 3.70 Å distance, while a π-polar
hydrogen bond occurred between SER93 and the ligand at a
4.19 Å distance.

Four π-sulfur interactions involved PHE24 and CYS89 with
the ligand, ranging from 4.52 to 5.69 Å in distance. Two π-σ
interactions were observed between residues TYR95 and
MET142 with the ligand’s carbon atom, with distances of 3.50
and 5.12 Å, respectively. Three alkyl interactions took place

between residues VAL26, VAL68, and ALA36 with the ligand’s
carbon atom, spanning distances from 4.68 to 5.20 Å. Lastly,
two π-alkyl interactions were found between residues LEU15
and LEU11 with the ligand’s carbon atom at distances of 3.966
and 5.00 Å.
3.5. Density of States of DMS. Identification of the

crystal structure of DMS enabled us to perform periodic DFT
calculations and to obtain information about the band
structure, bandgap, and density of states (DOS). According
to our periodic DFT calculations, DMS has an indirect
bandgap equal to 3.100 eV. The analysis of the projected
density of states (PDOS) enabled us to assess the importance
of certain specific atoms of the DMS molecule (Figure 12).

Results presented in Figure 12 denote the contributions of
nitrogen, oxygen, and sulfur atoms to the total density of states
(TDOS) in the DMS crystal structure. The dotted red line
denotes the Fermi level. The valence zone is located in the
near vicinity of the red dotted line from the left side, while the
conduction zone is located in the near vicinity of the red
dotted line from the right side. As indicated in Figure 12a, the
highest contribution is from the nitrogen atoms, which clearly
contribute mostly to the valence zone of the band structure.
Additionally, the nitrogen atoms are also having a relatively
important contribution to the conduction zone. The
contribution of the nitrogen is followed by that of sulfur,
while the lowest contribution has been determined for the
oxygen.
3.6. Nonlinear Optical Properties. The Møller−Plesset

Perturbation Theory (MP2/6-311+G(d)) was used to
calculate the dipole moment and the linear polarizability, and
the Density Functional Theory (DFT) at the CAM-B3LYP/6-
311+G(d) level was used to calculate the second hyper-
polarizability for the DMS isolated and embedded molecules.
For the static case, the MP2 results for the components and
average values of the electric dipole moment and linear
polarizability for both DMS isolated and embedded molecules
are shown in Table 3. As can be seen, the environment
polarization effects on the dipole moment are strong; the μ-
value for the embedded molecule is 2.3 times the value for the
isolated molecule, going from 5.22D to 12.04D. This
spectacular growth of the crystal dipole moment is mainly
due to the increase of the component μx, which has the signal
for embedded molecule inverted due to the environment
polarization effect and results in a growth of the magnitude by
more than 58 times. The crystalline polarization effect on the

Figure 9. 2D interactions of amino acids of 3E5A with ligand.

Figure 10. 2D interactions of amino acids of 4EUT with ligand.

Figure 11. 2D interactions of amino acids of 4EUU with ligand.
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components μy and μz present an increase of 29% and 237%,
respectively, smaller than that presented by the component μx.
As can be noted from Table 3, the average linear polarizability
(⟨α⟩) presents an increase of 4.75% due to the molecular
packing; the diagonal components (αii) are the ones that are
with higher values; and the αyy component presents a greater
increase of 11.7% due to the environment polarization.

The DFT/CAM-B3LYP/6-311+G(d) results for the static
second hyperpolarizability components (γijkl) and the average
value (⟨γ⟩) for isolated and embedded molecules of DMS are
also shown in Table 3. The environment polarization effect on
the second hyperpolarizability is very strong, and the ⟨γ⟩-value
of the DMS embedded molecules presents an increase of
almost 270% compared to that of an isolated molecule. The
magnitude of the static average second hyperpolarizability goes
from 42.98 to 158.68 × 10−36.

Figure 13 shows the SOS scheme results for the static
average second hyperpolarizability for the DMS isolated
molecule as a function of the number of excited states
considered in the SOS process. As can be seen, the absolute
value of ⟨γ(0;0,0,0)⟩ is 53.6 × 10−36 esu; this value presents an
increase of 25.2%, when compared with the value 42.8 × 10−36

esu (static).
Figure 14 shows the average linear polarizability (⟨α-

(−ω,ω)⟩) and the average second hyperpolarizability
(⟨γ(−ω; ω,0,0)⟩) as a function of the electric field frequency
for the isolated and embedded molecules. As can be seen for
the isolated molecule, the dispersion curves for both present a
monotonic increase with the increasing of the electric field
frequencies; however, for the embedded molecules in the
vicinity of the frequencies ω1 = 0.0428 a.u (λ = 1024 nm) and
ω2 = 0.085 a.u.(λ = 532 nm), the functions show a prominent

nonlinear behavior. The ⟨γ(−ω; ω,0,0)⟩ values assume positive
and negative values alternately, as can be seen in Figure 14(b)
in the intervals; 0.03 < ω < 0.043 a.u, and 0.088 < ω < 0.09 a.u.

Figure 14(c) shows the dispersion relation for ⟨γ-
(−2ω;ω,ω,0)⟩ (dc − SHG) (SHG = second harmonic
generation) as a function of the applied electric field frequency
for DMS isolated and embedded molecules. The ⟨γ-
(−2ω;ω,ω,0)⟩ values present a monotonic and smooth
increase with an increase in frequency for the DMS isolated
molecules. However, the ⟨γ(−2ω;ω,ω,0)⟩ dispersion relation
for DMS embedded molecules presents sharp peaks in the
frequency range 0.06 < ω < 0.09 a.u. that clearly can be related
to the absorption energies.

Figure 12. PDOS for (a) nitrogen, (b) oxygen, and (c) sulfur atoms (letters in parentheses denote the s or p states, the dotted red line indicates the
Fermi level).

Table 3. MP2/6-311+G(d) Static Results for the Dipole Moment (μ (D)) and Linear Polarizability (α(10−24 esu)) and DFT/
CAM-B3LYP/6-311+G(d) Results for the Average Second Hyperpolarizability (γ (10−36 esu)) for DMS Isolated and
Embedded Molecules

Isolated Embedded Isolated Embedded Isolated Embedded

μx −0.16 9.35 αxx 45.49 45.32 γxxxx 63.26 118.38
μy 5.10 6.57 αxy −5.78 −5.78 γyyyy 31.10 169.05
μz 1.12 3.77 αyy 39.01 43.59 γzzzz 25.52 98.06
μ 5.22 12.04 αxz 13.08 12.74 γxxyy 15.26 68.06

αyz −2.34 −2.48 γyyzz 9.49 69.25
αzz 33.58 34.76 γxxzz 22.81 66.65
⟨α⟩ 39.36 41.23 ⟨γ⟩ 42.98 158.68

Figure 13. Convergence of the static average second hyper-
polarizability (⟨γ(0;0,0,0)⟩) calculated via the SOS scheme, in units
of 10−36 esu, for the DMS isolated molecule.
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The analysis of electric charge transfer can be used to explain
one of the causes for the nonlinear optical properties of DMS.
In Figure S8, we highlight rings A, B, and C, and the details are
shown in Table S4. The range of the B-ring charge between
0.139350e and −0.031257e for the isolated and embedded
molecules shows a charge transfer due to the effect of the
crystalline environment. This negative charge transfer occurs
due to the charge transfer from the C and A rings to ring B.
Ring A shows a negative electric charge increase of 0.33% over
the embedded molecule. On the other hand, when analyzing
ring C, an increase of positive electric charge of 112.37% is
observed when the isolated molecule is compared with the
embedded one.

The findings presented above demonstrate that the DMS
compound exhibits resonances near wavelengths of 1064 and
532 nm, indicating that experimental work with this material
should steer clear of these frequency regions. As a result, our
analysis will focus on the longer wavelength region, exceeding
1064 nm.

Recently, significant efforts have been devoted to identifying
organic compounds with large nonresonant, second-order
nonlinear responses at the 1907 nm frequency. This interest
stems from the fact that trans-4-(dimethylamino)-N-methyl-4-
stilbazolium tosylate (DAST), first reported by Marder et al. in
1989,86 is a well-established ionic chromophore with second-
harmonic generation (SHG) activity and remarkable efficiency
at the 1907 nm frequency. Consequently, numerous organic
salts (DAST derivatives) with high second-order nonlinearity
have been reported, such as DAPSH87 and DSTMS,88 which
display efficiency similar to or surpassing that of DAST at 1907
nm. In light of this, we will present our findings on the third-
order nonlinear optical properties of the DMS crystal at the
1907 nm frequency.86,89

To better simulate the crystalline environment, we will
consider the entire asymmetric unit of DMS, comprising both
molecules A and B as depicted in Figure 3, for constructing the
bulk and calculating the NLO properties at 1907 nm. The
resonant regions near the frequencies of 1064 and 532 nm
were confirmed in both models with a monomer (N = 1) as
well as for the dimer (N = 2), both surrounded by point
charges. The primary reason for performing calculations with
the complete asymmetric unit (dimer) is to evaluate the impact
of non-electrostatic interactions on the electric parameters of
the DMS crystal. The calculation was carried out by using
DFT/CAM-B3LYP/6-311+G(d). Table 4 shows the results of
the calculation for the linear and nonlinear optical parameters
for embedded DMS in both cases considering the monomer
and dimer for construction of the DMS bulk. The dipole
moment value for N = 1 (12.02D) presents a reduction of

2.53D (21%) as compared with the result for N = 2 (9.49D);
however, the linear polarizability and consequently the linear
refractive index present a small increase of ∼2.5%.

From Table 4 can be seen that the results of the crystalline
environment simulation obtained with the complete asym-
metric unit (N = 2) present values of the NLO parameters
much greater than the results obtained with only one molecule
(N = 1). The second-order hyperpolarizabilities ⟨γ-
(−ω;ω,0,0)⟩ and ⟨γ(−ω;ω,ω,−ω)⟩ per molecule at 1907
nm, 3277.22 × 10−36 esu and 6512.71 × 10−36 esu, are 11 and
15 times the corresponding value for the monomer, 296.71 ×
10−36 esu and 434.74 × 10−36 esu, respectively. This fact shows
that the intermolecular interaction in the asymmetric unit is
important and can not be neglected for the DMS bulk
construction.

Using equations 5, (6), and (7), we estimated the linear
refractive index (n) and the third-order nonlinear susceptibility
(χ3) for the DMS crystal both in the static case and at
frequency ω = 0.0239 a.u. (λ = 1907 nm). The obtained results
were n = 1.62, χ3 = 2.96 × 10−20 m2/V2 (static case) and n =
1.74, χ3 = 65.41 × 10−20 m2/V2 (λ = 1907 nm). The χ(3) value
at 1907 nm for the DMS crystal is higher than the values
obtained experimentally for five chalcone derivatives,90−92 as
can be seen in Table 5, and qualify the DMS crystal as
potential NLO material.

4. CONCLUSION
A potentially new nonlinear optical material, N4,N4-dimethyl-
2-(methylsulfanyl)-N6-(4-phenoxyphenyl) pyrimidine-4,6-dia-
mine (DMS) was synthesized, and its structure was
experimentally confirmed by single-crystal (SC) XRD, FT-IR,

Figure 14. (a) Average linear polarizability ⟨α(−ω,ω)⟩ and (b) average second hyperpolarizabilities, ⟨γ(ω;ω,0,0)⟩ and (c) ⟨γ(−2ω;ω,ω,0)⟩, as a
function of the electric field frequency for the DMS isolated and embedded molecules.

Table 4. Results at 1907 nm for μ(D), ⟨α(−ω,ω)⟩ (10−24

esu), ⟨γ(−ω;ω,0,0)⟩ and ⟨γ(−ω;ω,ω,−ω)⟩ (10−36 esu), and
χ(3)(−ω;ω;ω;−ω) (10−20 m2/V2), Divided by N, the
Number of Molecules Employed in the SM Simulation

1907 nm N = 1 (Monomer) N = 2 (dimer)

μ/N Isolated 5.22 5.18
Embedded 12.02 9.49

⟨α(−ω,ω)⟩/N Isolated 39.36 39.33
Embedded 41.23 42.25

⟨γ(−ω;ω,0,0)⟩/N Isolated 44.42 42.84
Embedded 296.712 3277.22

⟨γ(−ω;ω,ω,−ω)⟩/N Isolated 45.86 43.99
Embedded 434.74 6512.71

χ3(−ω;ω;ω −ω)/N Isolated 0.78 0.37
Embedded 7.35 65.41

n Embedded 1.66 1.68
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FT-Raman, NMR, and TG/DTA/DTG analysis. The asym-
metric unit of DMS consists of a pair of N−H···N hydrogen
bonds between the two independent molecules A and B. From
the DTA/DTG/TGA analyses, it may be noticed that the
investigated compound is stable and could be used in practical
applications at temperatures up to 300 °C. High stability of the
DMS compound was also confirmed through periodic DFT
calculations, which indicated a high value of the bandgap equal
to 3.100 eV. Density of states indicated that the nitrogen atoms
contribute the most to the reactivity of the studied compound.

The MP2 and DFT/CAM-B3LYP methods, both with the 6-
311+G(d) basis set, were used to study the NLO properties of
the DMS isolated and embedded molecules. The effects of the
crystalline environment polarization on the DMS isolated
molecule (or dimer) were simulated by the supermolecule
approach (SM/MP2). The static and dynamic electric
parameters as the moment dipole and second hyperpolariz-
abilities were calculated and analyzed. Particularly for the DMS
crystal, the obtained result for the third-order nonlinear
susceptibility, χ3 = 65.41 × 10−20 m2/V2 (λ = 1907 nm), is
higher than the values obtained for other organic materials
reported in the literature, qualifying the DMS crystal as a
potential NLO material to be used in photonic devices
fabrication.

Additionally, the molecular properties of DMS were carefully
studied. Local reactivity properties were addressed through
DFT calculations. MEP surfaces showed that the sulfur atom
might attract positively charged moieties. On the other side,
ALIE surfaces revealed that the vicinity of nitrogen atom N41
may be possibly sensitive toward electrophilic attacks. All H-
BDE values are higher than the upper threshold of 90 kcal/
mol, reflecting that the DMS molecule might be highly stable
in the presence of oxygen and, therefore, could have a long
shelf life without forming the potential genotoxic impurities.
Furthermore, molecular dynamic (MD) simulations helped us
to identify which atoms of the DMS molecule could have
relatively significant interactions with the water molecules. MD
simulations also allowed us to calculate the solubility
parameter of the title molecule, which turned out to be the
closest to the solubility parameter of PVP, a well-known and
widely used excipient. Finally, molecular docking studies were

performed, and negative binding energies with the ligand were
found for three amino acids.
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