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This study investigates the nonlinear optical (NLO) properties of a newly synthesized pyrimidine derivative,

N-(4-(4-fluorophenyl)-6-isopropyl-5-(methoxymethyl)pyrimidin-2-yl)-N-methylmethanesulfonamide

(PMMS), with potential applications in advanced optical devices. The structure of PMMS was confirmed by

single-crystal X-ray diffraction (SCXRD), and its geometry was optimized using density functional theory

(DFT) at the B3LYP/6-311++G(d,p) level. Key intermolecular interactions were analyzed using Hirshfeld

surface analysis and 2D-fingerprint plots. Nonlinear optical properties, such as polarizability and

hyperpolarizability, were investigated using an iterative electrostatic embedding method, showing

significant enhancement in NLO behavior in the crystalline environment. PMMS exhibited a third-order

nonlinear susceptibility (c3) superior to known chalcone derivatives, highlighting its potential for optical

and photonic applications. Additionally, molecular docking studies revealed the potential of PMMS as

a strong acetylcholinesterase (AChE) inhibitor, suggesting its possible therapeutic applications in treating

neurodegenerative diseases, such as Alzheimer's. This study provides foundational insights into the NLO

properties and bioactivity of PMMS, positioning it as a promising material for future optical technologies

and pharmaceutical developments.
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74605-100, Goiânia, GO, Brazil
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1. Introduction

Pyrimidine cores have p-decient and electron-withdrawing
nature as well as aromatic and coplanar characteristics, which
make them ideal for creating push–pull molecules that inu-
ence luminescence properties and aid in designing new NLO
materials.1 Our interest in studying the nonlinear optical (NLO)
properties of our newly synthesized pyrimidine-based molecule
was sparked by a comprehensive review by Fecková et al.,2 who
extensively explored a diverse range of NLO chromophores built
on a pyrimidine framework. NLOmaterials have a wide range of
applications in optical data processing, storage, sensors, opto-
electronics, semiconductors, photonic devices, and
superconductors.3–6 Pyrimidine's ability to protonate, form
hydrogen bonds, and chelate nitrogen atoms is signicant,
allowing for the formation of supramolecular assemblies and
sensors. Additionally, pyrimidine serves as a valuable building
block for synthesizing liquid crystals,7,8 offering optical and
thermal advantages that could lead to innovative applications.
These molecules have optoelectronic characteristics that play
a role in light-triggered hydrogen evolution, offering potential
as a renewable, carbon-neutral energy source.9 The precise
RSC Adv., 2024, 14, 37709–37724 | 37709
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Scheme 1 Synthesis of N-(4-(4-(fluorophenyl)-6-isopropyl-5-
(methoxymethyl)pyrimidin-2-yl)-N-methylmethanesulfonamide
(PMMS).
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adjustment of pyrimidine-based molecules has been harnessed
in developing covalent organic frameworks (COFs), valued for
their crystalline structure, porosity, and adjustability. Pyrimi-
dine ring compounds, such as cytosine, thymine, and uracil, are
commonly found in nature and have various pharmacological
activities, including antiplasmodial,10 antimicrobial,11 antitu-
bercular,12 anticancer,13 antiinammatory,14 anti-HIV,15 anti-
viral,16 antihypertensive,17 anticonvulsant,18 and anti-
Alzheimer's19 activities.

Advancements in computational resources in materials
science have signicantly improved the prediction of new
materials before experimental synthesis, narrowing down the
selection of materials for practical applications. Computational
analysis based on quantum mechanical calculations has
become crucial in the development of new materials, especially
in industries such as pharmaceuticals and materials.20–24

The nonlinear optical and biological activity studies of
pyrimidine-based molecules are driven by their potential
applications in various medicines and scientic and techno-
logical elds. The synthesis of new pyrimidine molecules offers
an opportunity to explore and utilize their properties. This
research investigates the nonlinear optical properties and bio-
logical activity of a newly synthesized pyrimidine molecule to
contribute to the existing knowledge in this area. In continua-
tion of our research endeavors25,26 on the nonlinear optical
properties and pharmacochemical investigation of pyrimidine
derivatives, we present a detailed study of a new compound, N-
[4-(4-uorophenyl)-6-(propan-2-yl)-5-(methoxymethyl)pyr-
imidin-2-yl]-N-methylmethanesulfonamide (PMMS). Experi-
mental and computational tools were employed for this
comprehensive study, and the ndings of this investigation are
discussed in this study.
2. General remarks

Chemicals were procured from commercial sources and used as
received without further purication. The synthesis was per-
formed under inert atmosphere conditions. The Fourier-
transform infrared spectrum was recorded using a Perki-
nElmer Spectrum 1 FT-IR Spectrometer in the form of a KBr disc
in the range of 4000–450 cm−1, with 1.0 cm−1 spectral resolu-
tion (Fig. S1†). The Fourier-transform Raman spectrum was
recorded using a Bruker RFS 27: Standalone FT-Raman Spec-
trometer in the range of 50–4000 cm−1, with 2.0 cm−1 spectral
resolution and an Nd:YAG 1064 nm laser source (Fig. S2†).
2.1. Synthesis of N-(4-(4-uorophenyl)-6-isopropyl-5-
(methoxymethyl)pyrimidin-2-yl)-N-
methylmethanesulfonamide (PMMS)

In a 100 mL round bottom ask, 0.5 g (1.2 mmol) of N-(5-(bro-
momethyl)-4-(4-uorophenyl)-6-isopropylpyrimidin-2-yl)-N-
methylmethanesulfonamide was dissolved in 15 mL of THF and
cooled to 0 °C. Sodium methoxide (0.097 g, 1.80 mmol) was
added at the same temperature. The reaction was then allowed
to reach room temperature and stirred for 2 hours. Aer the
reaction was complete, the reaction mixture was diluted with
37710 | RSC Adv., 2024, 14, 37709–37724
water and extracted with ethyl acetate (3 × 10 mL). The organic
layers were combined and evaporated under vacuum to yield N-
(4-(4-uorophenyl)-6-isopropyl-5-(methoxymethyl)pyrimidin-2-
yl)-N-methylmethanesulfonamide as an off-white solid (0.65 g,
yield: 85%). Block-shaped crystals of N-(4-(4-uorophenyl)-6-
isopropyl-5-(methoxymethyl)pyrimidin-2-yl)-N-methyl-
methanesulfonamide (PMMS) were obtained through slow
evaporation at ambient temperature in ethyl acetate solvent
(Scheme 1).

2.2. X-ray crystallography details

A colorless, block-shaped single crystal of the title compound,
with dimensions 0.31 mm × 0.25 mm × 0.15 mm, was selected
and mounted on a Bruker APEX-II CCD diffractometer with
monochromatic MoKa radiation (l= 0.71073 Å) at 296(2) K. The
data were processed with SAINT and absorption was corrected
using SADABS.27 The structure was solved by applying the direct
method with the program SHELXL28 and was rened 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 using a riding model with C–H = 0.93 Å (for Caryl–H)
and 0.96 Å (for Cmethyl–H). H atoms were rened with isotropic
displacement parameters (set to 1.2–1.5 times the Ueq of the
parent atom).

2.3. Computational details

DFT computations were conducted using Gaussian 16 (ref. 29)
with a B3LYP/6-311G++(d,p) basis set, and the results were
visualized using GaussView 6.0.30 Molecular electrostatic
potential (MEP) and average local ionization energy (ALIE)
calculations were also performed using the same method. The
wave functions with topology maps (ELF, LOL, and RDG) were
analyzed using the Multiwfn program.31 AutoDock32 was used
for docking analysis. MD simulations were carried out on
a system consisting of one PMMS molecule surrounded by
approximately 2000 water molecules in a cubic-shaped MD
system. The simulations utilized the OPLS4 force eld33 with
a simulation time of 20 ns in the NPT ensemble of particles, and
the cut-off radius was set to 9 Å. All DFT calculations were
performed with the Jaguar program,34 while MD simulations
were conducted with the Desmond program.35–38 Molecular
visualization was performed using the Maestro program.39

Jaguar, Desmond, and Maestro were part of the Schrödinger
Materials Science Suite 2024-1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4. Linear and nonlinear optical calculations of PMMS

The PMMS crystal was simulated through an iterative electro-
static method (IEM) where the crystalline environment polari-
zation eld on the asymmetric unit is considered by replacing
the surrounding charges with punctual charges. The MIE is
developed as follows: rst, we calculate the partial charges of
the asymmetric unit by adjusting the molecular electrostatic
potential carried out using the CHELPG scheme, considering
the charge distribution in a vacuum. Then, the crystal is built by
replicating (packing) the unit cells of the compound around the
asymmetric unit using the Mercury soware to construct a bulk,
with 11 × 11 × 11 unit cells; each has 8 asymmetric units with
47 atoms each, totalizing 500 456 atoms (Fig. 1(a)). The asym-
metric unit is then removed from the centre of the bulk, and the
atoms of the molecules surrounding it are exchanged by the
partial charges calculated in the previous step. Then, we
calculate the dipole moment and a new set of partial charges. In
the next step, this new set of partial charges is used to replace all
the atoms of the molecules that surround the asymmetric unit.
Again, we calculate the dipole moment and a new set of partial
charges that feed the next step, and the process continues until
the convergence of the dipole moment. Fig. 1(b) shows the
dipole moment ðm ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mx þ my þ mz
p Þ as a function of the iter-

ative steps. The m-values go from 5.95 D (isolated molecule) to
7.33 D, representing an increase of ∼23% due to the crystalline
environment polarization.

The linear optical parameters, as the average linear polariz-
ability (a(−u;u)) and the refractive index (n(u)), were calculated
through the following expressions:

hað�u;uÞi ¼ axx þ ayy þ azz

3
; (1)

nðuÞ2 � 1

nðuÞ2 þ 2
¼ 4pN

3V
a; (2)
Fig. 1 (a) Schematic representation of the bulk highlighting the symmetri
a function of the iterative steps.

© 2024 The Author(s). Published by the Royal Society of Chemistry
where in the Clausius–Mossotti relationship (eqn (2)), N is the
number of asymmetric units and V is the volume of the unit cell.
u is the applied electric eld frequency.

The dynamic average second hyperpolarizability and the
intensity-dependent refractive index (IDRI) second hyper-
polarizability are given by

hgð�u;u; 0; 0Þi ¼ 1

5

�
gxxxx þ gyyyy þ gzzzz

�þ 1

15

�
gxxyy þ gyyxx

þ gxxzz þ gzzxx þ gyyzz þ gzzyy þ 4
�
gyxyx þ gzxzx

þ gzyzy

��
;

(4)

hg(−u;u,u,−u)i y 2hg(−u;u,0,0)i − hg(0;0,0,0)i. (5)

The third-order nonlinear susceptibility can be written in the
following form:

cð3Þð�u;u;u;�uÞ ¼
�
nðuÞ2 þ 2

�
3

4

Nghð�u;u;u;�uÞi
3oV

; (6)

where 3o is the vacuum permittivity. All calculations were per-
formed at DFT/CAM-B3LYP/6-311++G(d,p) level using Gaussian-
16.
3. Results and discussion
3.1. Crystal structure description

Molecules are crystallized in the orthorhombic space group
(Pbca) with one molecule (Z0 = 1) in the asymmetric unit and 8
molecules in the unit cell. The ORTEP diagram of the
compound is shown in Fig. 2, and the crystallographic data and
renement parameters are summarized in Table 1. Molecule
packing grows via CH/O weak intermolecular interactions
along the a-axis (Fig. 3(a)). Two molecules are further connected
c unit (in green) in the center. (b) Convergence of the dipolemoment as

RSC Adv., 2024, 14, 37709–37724 | 37711
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Fig. 2 ORTEP view of N-(4-(4-fluorophenyl)-6-isopropyl-5-
(methoxymethyl)pyrimidin-2-yl)-N-methylmethanesulfonamide
(PMMS) with thermal ellipsoids drawn at 50% probability.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 5

/2
7/

20
25

 6
:1

6:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
via a dimer, which is also connected by CH/O weak intermo-
lecular interactions along the b-axis (Fig. 3(b)).

3.2. Hirshfeld surfaces analysis

The CrystalExplorer 17 tool40 is used to create 3D-Hirshfeld
surfaces and 2D-ngerprint plots. The Hirshfeld surfaces for
Table 1 Crystallographic data and structure refinement parameters of
N-(4-(4-fluorophenyl)-6-isopropyl-5-(methoxymethyl)pyrimidin-2-
yl)-N-methylmethanesulfonamide (PMMS)

CCDC deposit 1897523
Empirical formula C17O3FSN3H22

Formula weight 367.44
Temperature/K 296.15
Crystal system Orthorhombic
Space group Pbca
a/Å 7.7519(10)
b/Å 17.548(2)
c/Å 26.884(4)
a/° 90.00
b/° 90.00
g/° 90.00
Volume/Å3 3657.0(8)
Z 8
rcalc (g cm−3) 1.335
m/mm−1 0.208
F(000) 1552.0
Crystal size/mm3 0.31 × 0.25 × 0.15
Radiation MoKa (l = 0.71073)
2Q range for data collection/° 5.94 to 55
Index ranges −9 # h # 9, −16 # k # 22,

−34 # l # 27
Reections collected 16 693
Independent reections 4175 [Rint = 0.0575, Rsigma = 0.0566]
Data/restraints/parameters 4175/0/231
Goodness-of-t on F2 1.020
Final R indexes [I $ 2s(I)] R1 = 0.0535, wR2 = 0.1329
Final R indexes [all data] R1 = 0.1112, wR2 = 0.167
Largest diff. peak/hole/e Å−3 0.21/−0.33

37712 | RSC Adv., 2024, 14, 37709–37724
the title compound are depicted in Fig. S3,† showcasing
surfaces mapped over dnorm (i), shape index (ii), curvedness (iii),
and fragment patch (iv) with ranges of −0.0446 to 1.5862 Å,
−1.00 to 1.00 Å, −4.00 to 0.400 Å, and 0.00 to 13.00 Å, respec-
tively. In Fig. 4, the light bright red spots represent the inter-
molecular interaction centers C17–H17/O2 and C12–H12/H6
labeled as “a” and “b”, respectively. The relative contribution of
various interactions on the Hirshfeld surface was analyzed
through ngerprint analysis of the title compound. The
ngerprint analysis reveals that O/H contacts contribute
approximately 19.9% of the total Hirshfeld surface area (Fig. 4),
manifesting as two distinct spikes of similar length. The upper
spikes correspond to donor spikes (the hydrogen atom of the
methyl group interacting with the oxygen atom of the SO2

group), while the lower spikes correspond to acceptor spikes
(the oxygen atom of the SO2 group interacting with the
hydrogen atom of the methyl group). The remaining contribu-
tion primarily stems from H/H (52.4%), H/C (7.5%), H/F
(10.5%), and C/C (4.8%) interactions.
3.3. Optimization of geometry

The DFT/B3LYP/6-311++G(d,p) method is used to optimize the
geometry of the PMMS molecule in isolated gas-phase mole-
cules (Fig. S4†). Initial coordinates are taken from the X-ray
structure without constraints. Compared to the experimental
values, the estimated geometrical parameters are slightly
higher. This discrepancy may be attributed to the fact that the
computed values are obtained for single molecules in the gas
phase, while the experimental results are based on molecules in
the solid state. Table S1† presents selected geometric charac-
teristics, such as bond length (Å), bond angle (°), and torsion
angle (°), for comparison with the experimental data. The
comparison investigation demonstrates good agreement
between the experimental and computational parameters (ESI
data†).
3.4. FMO analysis

The HOMO and LUMO orbitals of the PMMS molecule repre-
sent their electron-donating and electron-accepting capacities,
respectively. These frontier molecular orbitals play a crucial role
in predicting the molecule's reactivity, stability, charge transfer,
and bioactivity. The spatial distribution of the HOMO (MO: 97,
−6.8093 eV) and LUMO (MO: 98, −1.8438 eV) orbitals is shown
in Fig. S5,† revealing charge transfer between the N-methyl-
methanesulfonamide group and the uorophenyl ring through
the pyrimidine ring. The global chemical descriptors of the
molecule include ionization potential (I) = 6.8093 eV, electron
affinity (A) = 1.8438 eV, electronegativity (c) = 4.3265 eV, global
hardness (h) = 2.4827 eV, chemical soness (n) = 0.4027 eV,
chemical potential (m)=−4.3265 eV, electrophilicity index (u)=
3.7698 eV, electron donating capability (u−) = 6.2434 eV, elec-
tron accepting capability (u+) = 1.9147 eV, and maximal charge
acceptance (DNmax) = −1.7426 eV.41 The molecule's electrophi-
licity index (u) value of 3.7698 eV suggests its good affinity for
binding to biomolecules, making it a so molecule.42
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) One-dimensional ribbon-like architecture formed along the a-axis observed in the PMMS crystal when viewed down the a-axis. (b)
Intermolecular interactions are shown as thin blue lines.

Fig. 4 Hirshfeld surface analysis of PMMS: (a) Hirshfeld surfacesmapped with dnorm showing interactions with neighboringmolecules; (b) O/H/
H/O contacts on the dnorm surface with the fingerprint plot.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 37709–37724 | 37713
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3.5. Local reactive properties

3.5.1. MEP and ALIE surface analysis. Research on local
reactivity characteristics has been performed by considering
two renowned quantum molecular descriptors: the molecular
electrostatic potential (MEP) and the average local ionization
energy (ALIE).43–45 Both quantities are derived from electron
density, a fundamental quantity in the quantum mechanical
study of molecules. These descriptors provide insights into
critical molecular attributes in terms of local reactivity. Specif-
ically, MEP highlights areas within molecules that are likely to
engage in interactions with oppositely charged entities through
electrostatic forces. Conversely, ALIE reveals the locations
within a molecule that are most susceptible to relinquishing
electrons, offering insights into the regions vulnerable to elec-
trophilic attacks. The most straightforward way to visualize
these quantities is by mapping them onto the electron density
surface of molecules. This approach vividly marks the areas
with extreme values, simplifying the identication of molecular
zones that is highly reactive with surrounding molecules.
Illustrations of MEP and ALIE distributions on the referenced
molecule are depicted in Fig. 5.

According to the obtained values of MEP quantummolecular
descriptors, it can be observed that the oxygen atoms O1 and O2
are recognized as the most important centers of interaction
based on electrostatic interaction. The lowest MEP values in
these areas were calculated to be around −40 kcal mol−1,
indicating that this part of a molecule was susceptible to reac-
tions with positively charged molecular moieties based on
electrostatic interactions. Alternatively, hydrogen atoms
belonging to the methyl group (C12, H12A, H12B and H12C) are
characterized by the highest MEP values of around
21 kcal mol−1, indicating that this part of the molecule is prone
to interactions with negatively charged moieties based on
electrostatic interactions. Additionally, the ALIE descriptor
recognizes the oxygen atoms mentioned above and the vicinity
of the benzene ring as targets potentially susceptible to elec-
trophilic attacks because they are characterized by the lowest
ALIE values. However, the lowest ALIE values are signicantly
higher than 200 kcal mol−1, indicating no specic sensitivity
toward electrophilic attacks.
Fig. 5 (a) MEP and (b) ALIE surfaces of the PMMS the molecule.

37714 | RSC Adv., 2024, 14, 37709–37724
3.5.2. Fukui function analysis. One of the most essential
and extensively used measures for assessing chemical reactivity
and site-specic indications is the Fukui function. The Fukui
function quanties the electronic density's propensity to
deform at a specic location to supply or receive electrons that
are more likely to be attacked by nucleophiles or electrophiles,
respectively.46,47

The values of the calculated condensed (fr
+, fr

−, f0r ) Fukui
function were determined for various parameters, namely
electrophilic, nucleophilic and radical attacks, employing the
same level of computation46 for the title compound. The
condensed or atomic Fukui functions on the rth atom site in the
neutral (N), cation and anion for the header species were
calculated using the following equations: fr

− = [qr(N) − qr(N −
1)] for electrophilic attack, fr

+ = [qr(N + 1) − qr(N)] for nucleo-
philic attack and f0r = [qr(N + 1) − qr(N − 1)]/2 for radical attack.
It has been suggested that a dual descriptor (Df(r)) can differ-
entiate between sites that exhibit electrophilic and nucleophilic
behavior at a specic location with the appropriate sign. Hence,
the overall formula for obtaining a dual descriptor may be
found by comparing the nucleophilic and electrophilic Fukui
functions, and when the site indicates a Lewis acid (electro-
philic attack, fr

−) in the system at point r, Df(r) < 0. Otherwise,
the site ideally symbolizes sites for Lewis base (nucleophilic
attack, fr

+).48

The Fukui function was successfully performed in the
current study using Natural Population Analysis (NPA). In this
work, the dual descriptor where Df(r) < 0 for the most electro-
negative oxygen atoms (O1 and O2) (as the most preferable
sites) in the header composite and where Df(r) is greater than
zero, in accordance with the electron density encompassing the
hydrogen atoms of the methyl groups to which they are
attached, implies the most nucleophilic attack in the system.

3.6. ELF and LOL analysis

The Electron Localization Function (ELF) and Localized Orbital
Locator (LOL) are analytical tools used to study covalent
bonding. They identify areas in a molecule where the likelihood
of locating a pair of electrons is high.49,50 Fig. S6 and S7† show
the ELF and LOL representations for the molecule, respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The covalent areas have a high LOL value, indicated by the red
zone. The regions of electron depletion within the valence shell
and inner shell are represented by blue circles within the
nucleus. The core areas exhibit circular localization domains
with high electron localization values (around 1), while the
chemical bonds C13–H13 and hydrogen atoms are character-
ized by irregular localization domains (orange) with smaller
electron localization values (ranging from 0.8 to 0.9). Both
bonds possess a covalent nature and have a high degree of
electron localization, which is characteristic of shared electron
(covalent) bonding. According to the ELF mapping, the areas
near C4, C5, C8, and O1 have lower values, suggesting a lower
degree of electron delocalization. However, the regions
surrounding the hydrogen atoms exhibit higher values, indi-
cating the presence of localized electrons involved in bonding
and non-bonding interactions. A signicant ELF or LOL value in
a specic area suggests a strong concentration of electrons due
to the presence of a covalent bond, a lone pair of electrons, or
a nuclear shell in that area. Furthermore, it is evident from the
LOL value (Fig. S7†) that the red color extends into the inter-
stitial area between the barrier atoms.
3.7. NCI (RDG) analysis

In addition to the currently used IRI method, the renowned
topological technique known as the reduced density gradient
methodology provides techniques for detecting and displaying
non-covalent (NCI) interactions.51 The use of it52 allows for the
demonstration and analysis of several noncovalent interactions,
including hydrogen bonds, steric conicts, and interactions
caused by van der Waals.53 Analyzing electron intensity and its
corresponding derivatives is used to identify noncovalent
connections and determine the specic locations where such
interactions occur. This study facilitates the visual
Fig. 6 (a–c) RDG plots versus the product of electron density (r) the sig
plots illustrating the non-bonded interactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
representation of these connections.54 The occurrence of red
ashes in the central area of the RDG iso surface indicates the
presence of steric dislike. The RDG scatter curve at 0.010 and
0.05 a. u. exhibits pronounced red surges, which further high-
light the repellent effect. It is worth noting that steric effects
from the ring system were identied. The strong hydrogen
bonds C–H/O, which have more powerful favorable interac-
tions, are depicted as blue color patches. The RDG image
exhibits signicant correlations in the negative range of −0.025
to −0.05 a. u. Additionally, the presence of reddish mixed green
akes indicates the presence of weak non-covalent interactions,
which are observed in the 0.01 to −0.02 atomic unit region of
the RDG map (Fig. 6).
3.8. Sensitivity towards autoxidation

The stability of active components is of particular importance
when developing new pharmaceutical formulations because
they are expected to spend a certain amount of time available on
shelves. However, the degradation of active components in
pharmaceutical formulations may lead to the formation of
genotoxic impurities, with the autoxidation mechanism being
one of the main causes.55,56 The susceptibility to this mecha-
nism is a signicant challenge from an experimental standpoint
because it is tedious and time-consuming. Fortunately, the
computational approach can help in these situations because
calculations based on the DFT approach can predict the sensi-
tivity of a molecule to this mechanism. Thus, by calculating the
bond dissociation energy (H-BDE) values for all bonds between
the molecule and its hydrogen atoms,56–58 it is possible to gain
insight into the extent to which some molecules might be
sensitive to autoxidation. Molecular sites for which H-BDE is in
the range between 70 kcal mol−1 to 85 kcal mol−1 are consid-
ered important because they indicate sensitivity towards
n of l2 for gas and solvents; 2D scatter isosurface density and gradient
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autoxidation, with a range from 85 kcal mol−1 to 90 kcal mol−1

also considered important in this context, but caution must be
taken when drawing conclusions.57,58 In the gure (Fig. S8†), we
present the H-BDE values for the PMMS molecule.

According to the results, there are no values in the range
between 70 and 85 kcal mol−1. The two lowest H-BDE values are
close to 90 kcal mol−1, and they are located for the hydrogen
atoms H11A andH11B. In addition to H-BDE for hydrogen atom
H13, for which the calculated H-BDE was 92.27 kcal mol−1, all
other H-BDE values are higher than 100 kcal mol−1, indicating
that the PMMS molecule is expected to be stable toward the
autoxidation mechanism. From the aspect of stability, the ob-
tained results imply that PMMS may be a promising candidate
for applications requiring resistance to oxidative degradation,
enhancing its potential utility in various chemical and phar-
maceutical formulations.
3.9. MD simulations – interactions with water and solubility
parameter

To investigate how the PMMS molecule interacts with water, we
conducted MD simulations. This process involved surrounding
a single PMMS molecule with approximately 2000 water mole-
cules. Aer obtaining the simulation trajectories, we calculated
the radial distribution functions (RDFs) for each atom in the
PMMS molecule to identify atoms with pronounced peaks in
their RDFs, indicating a close spatial relationship with the other
atoms. The RDFs were determined based on the distances
between the atoms under observation and the oxygen atoms in
the surrounding water molecules. Because the PMMS molecule
consists of 47 atoms, we generated 47 distinct RDFs. Among
these, four RDFs stood out, showing signicant interactions
with water molecules, as illustrated in Fig. S9.†

The four representative RDFs in Fig. S9† reveal that oxygen
atoms O2 and O3 exhibit the strongest interactions with
surrounding water molecules, with oxygen O2 having a higher
g(r) value than O3. However, the distances at which these RDF
peaks occur are around 3 Å, indicating weaker interactions.
There were no RDFs for hydrogen atoms with g(r) peaks at
distances of approximately 2 Å, suggesting strong interactions
with water. Apart from oxygen atoms, nitrogen atom N2 also
displayed a relatively sharp g(r) peak at a distance of around 3 Å.
The highest g(r) value was calculated for carbon atom C12, but it
is unlikely to form signicantly strong interactions with water
molecules as the peak was at a distance close to 4 Å.
3.10. NLO properties of PMMS

3.10.1. Atomic contribution to molecular second hyper-
polarizability. To achieve a more comprehensive understanding
of hyperpolarizability outcomes, we utilized hyperpolarizability
density analysis,59–62 an advanced and reliable method for dis-
secting the contributions of distinct molecular regions to the
overall hyperpolarizability. This technique allows for a detailed
examination of how specic areas within a molecule interact
with and inuence the system's nonlinear optical (NLO)
properties.
37716 | RSC Adv., 2024, 14, 37709–37724
The electronic density of the system, denoted as rð~r; FÞ, is
expressed through a Taylor series expansion relative to the
externally applied electric eld F. This formalism provides
a systematic approach to elucidating the intricate effects that
different regions of the molecule have on its overall behavior
under external perturbations. By expanding the electronic
density in terms of the applied electric eld, the method
captures the ne details of molecular interactions, offering key
insights into the factors governing hyperpolarizability.

Moreover, this framework enhances our ability to pinpoint
the molecular contributions that drive NLO responses, which
are crucial for applications in elds such as photonics and
optoelectronics. The use of a Taylor series expansion in this
context allows for the decomposition of electronic density
uctuations, facilitating the identication of the most inuen-
tial regions within themolecular structure that contribute to the
nonlinear optical effects. This nuanced understanding is
essential for both theoretical studies and the development of
materials with optimized NLO properties.

The electronic density, rð~r; FÞ, in response to the applied
electric eld F can be expanded using a Taylor series as follows:

rð~r;FÞ ¼ rð0Þð~rÞ þ
X
i

ri
ð1Þð~rÞFi þ 1

2!

X
i

X
j

rij
ð2Þð~rÞFiFj

þ 1

3!

X
i

X
j

X
k

rijk
ð3Þð~rÞFiFjFk þ/; i; j; k

¼ fx; y; zg: (7)

Based on the previously mentioned equation and the
expansion of the dipole moment as a function of the powers of
F, a component of the second hyperpolarizability can be
expressed as follows:

gijkl ¼ � 1

3!

ð
rirjkl

ð3ÞðrÞdr3: (8)

The second hyperpolarizability density is dened as follows:

rijk
ð3Þ ¼ v3r

vFivFjvFk

				
F¼0

: (9)

Using the nite difference method, the second hyper-
polarizability density can be precisely calculated by analyzing
the electron densities generated under different externally
applied electric elds:

rzzz
ð3Þ ¼ rðr; 2FzÞ � rðr;�2FzÞ � 2rðr;FzÞ þ 2rðr;�FzÞ

2ðFzÞ3
: (10)

In this context, rð~r; FZÞ represents the electron density at
a specic spatial point ~r when subjected to a low-intensity
electric eld FZ. The parameter was calculated using the 6-
311++G(d,p) basis set. A step size of 0.003 atomic units (a. u.)
was chosen for FZ, supported by previous studies that conrm
that this value provides adequate precision for such calcula-
tions.59 This is further validated by the nal two rows in Table 2,
where the second hyperpolarizability component gzzzz obtained
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Component of second hyperpolarizability gzzzz (a. u.) for
different atoms in isolated PMMS molecules

Atoms gzzzz (a. u.) Atoms gzzzz (a. u.) Atoms gzzzz (a. u.)

1(C) 683.01 17(H) 285.76 33(H) 667.40
2(C) 1245.98 18(C) 74.90 34(H) 4116.26
3(C) 2924.67 19(H) 192.29 35(H) 1322.62
4(C) 4688.47 20(H) 225.74 36(C) 2520.41
5(C) 2609.76 21(H) 163.05 37(H) 545.71
6(C) 1104.17 22(C) 511.09 38(H) 8262.57
7(H) 237.01 23(H) 1366.72 39(H) 1504.94
8(C) 3454.05 24(C) 3040.65 40(O) 3723.52
9(H) 2001.22 25(H) 2051.09 41(O) 3373.35
10(C) 8786.23 26(H) 7586.45 42(O) 216.70
11(C) 2847.26 27(H) 922.91 43(F) 18 582.71
12(H) 2480.43 28(C) 15.43 44(S) 1328.50
13(C) 1715.74 29(H) 172.31 45(N) 11 488.89
14(H) 549.74 30(H) 150.52 46(N) 3119.96
15(C) 277.23 31(H) 185.16 47(N) −712.13
16(H) 102.79 32(C) 1918.40P

gzzzz = 114 631
gCPKSzzzz = 113 086
D% = 1.37
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by integrating the second hyperpolarizability density with FZ of
0.003 a. u. closely matches derived through the Coupled-
Perturbed Kohn–Sham (CPKS) method. Table 2 lists the
second hyperpolarizability (gzzzz) in atomic units for different
atoms within the structures, providing essential insights into
the nonlinear optical (NLO) properties of these systems. Table 2
presents the second hyperpolarizability values in the zzzz-
direction, measured in atomic units, for different atoms within
the PMMS structure.

The data presented in Table 2 provide a detailed breakdown
of the second hyperpolarizability component (gzzzz) for various
atoms within an isolated PMMS molecule, expressed in atomic
units (a. u.). This table highlights the individual atomic
contributions to the overall nonlinear optical (NLO) response of
themolecule, which is a critical parameter for understanding its
behavior in applied elds.

From Table 2, it is clear that the values of gzzzz vary signi-
cantly across different atoms, with certain atoms contributing
far more prominently to the molecule's hyperpolarizability than
others. For instance, uorine (F) at position 43 exhibits an
exceptionally high value of gzzzz (18 582.71 a. u.), which indi-
cates a strong local contribution to the molecule's overall
second-order NLO properties. Similarly, nitrogen (N) atoms at
positions 45 and 46 also show substantial contributions, with
values of 11 488.89 a. u. and 3119.96 a. u., respectively. These
high values suggest that these atoms play a pivotal role in the
NLO behavior of the PMMS molecule potentially due to their
electronic environments or bonding characteristics.

In contrast, some carbon (C) and hydrogen (H) atoms
contribute much smaller values. For example, the carbon atom
at position 28 contributes only 15.43 a. u., and hydrogen atoms
at positions 16 and 30 contribute 102.79 a. u. and 150.52 a. u.,
respectively. This variation reects the diverse electronic inter-
actions within different regions of the molecule, where some
© 2024 The Author(s). Published by the Royal Society of Chemistry
atoms exhibit stronger polarizability in response to the applied
electric eld than others.

The sum of all individual atomic contributions yields a total
gzzzz of 114 631 a. u., which is very close to the value obtained
using the Coupled-Perturbed Kohn–Sham (CPKS) method,
calculated at 113 086 a. u. The percentage difference between
these two values is 1.37%, indicating excellent agreement
between the nite difference approach and the CPKS method.
This small deviation underscores the reliability of the nite
difference method in capturing the key aspects of the second
hyperpolarizability for complex molecular structures, such as
PMMS.

In addition, Table 2 provides a granular view of the atomic
contributions to the second hyperpolarizability of the PMMS
molecule. The variations in gzzzz values among atoms highlight
the importance of specic atomic environments in determining
the molecule's overall NLO properties. The close agreement
between the sum of individual contributions and the CPKS
calculation further validates the accuracy of the analysis,
offering valuable insights for future material design and NLO
applications.

The contour plot displayed illustrates the distribution of the
second hyperpolarizability component, gzzzz within a specied
molecular system. In this plot, different colors and contour
lines indicate varying levels of the second hyperpolarizability
density across the molecule, measured in Bohr units.

In Fig. 7, the color gradient from red to blue signies a range
from positive to negative contributions to the gzzzz value. The
areas marked in red represent regions of the molecule where
the electron density contributes positively to the overall second
hyperpolarizability, suggesting stronger NLO (nonlinear
optical) effects. Conversely, the blue regions denote negative
contributions, where the electron density diminishes the
molecule's overall NLO response. This detailed visualization
enables a clearer understanding of how different parts of the
Fig. 7 Contour plots of gzzzz densities on PMMS.
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Table 3 DFT/CAM-B3LYP/6-311++G(d,p) dynamic results for the ha(−u;u)i, hg(−u;u,0,0)i and hg(−u;u,u,−u)i, for PMMS-isolated and
embedded molecules

u

(a. u.)
ha(−u;u)i
isolated

(10−24 esu)
embedded

hg(−u;u,0,0)i
isolated

(10−36 esu)
embedded

hg(−u;u,u,−u)i
isolated

(10−36 esu)
embedded

0.00 33.99 33.89 26.56 25.67 26.56 24.77
0.02 34.13 34.02 27.17 26.24 27.78 25.93
0.04 34.42 34.31 28.62 27.62 30.69 28.67
0.07 35.27 35.15 33.31 32.01 40.07 37.48
0.09 35.88 35.75 37.18 35.62 47.80 44.69
0.14 40.63 40.38 92.30 85.50 158.04 144.46
0.16 46.31 45.77 277.27 241.60 527.98 456.64
0.19 49.19 43.17 213.53 −342.86 400.51 −712.27
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molecule contribute distinctly to its nonlinear optical charac-
teristics. Particularly, areas of intense red or deep blue are
critical, as these signify regions have a signicant impact either
by augmenting or reducing the molecule's capacity for
nonlinear optical behavior. Such insights are essential for
tailoring molecular structures for specic NLO applications, as
they allow researchers to pinpoint which parts of a molecule to
modify to enhance or diminish desired properties.

3.10.2. NLO properties of PMMS crystals. Table 3 shows the
DFT/CAM-B3LYP/6-311++G(d,p) results for the linear polariz-
ability a(−u;u), and the second hyperpolarizabilities,
g(−u;u,0,0) and g(−u;u,u,−u), for different electric eld
frequencies for PMMS isolated and embedded molecules. As
can be observed, the crystalline polarization effects on the
parameter values for the simulated crystal are smaller than the
values for the isolated molecule, except for the frequency u =

0.19 a. u. (l = 240 nm) in which the g-values for embedded
molecules present absolute values greater than the case of iso-
lated molecule. Both linear and nonlinear functions for isolated
and embedded molecules monotonically increase with the
frequency values until u= 0.085 a. u. (532 nm). In the frequency
range of 0.14 a. u. < u < 0.19 a. u., situated in the ultraviolet
Fig. 8 (a) Linear polarizability and (b) second hyperpolarizability as a fun

37718 | RSC Adv., 2024, 14, 37709–37724
region (325 nm <l < 240 nm) of the electromagnetic spectrum,
the nonlinear parameter values present an abrupt increase,
followed by a decrease in the parameter values. This behavior
denotes a resonant region that can be related to UV absorption.
This behavior can be observed in Fig. 8 for the PMMS-
embedded molecules, where the linear polarizability
(ha(−u;u)i) and the second hyperpolarizability, g(−u;u,0,0), as
a function of electric eld frequencies ranging from u= 0.0 (l=
N) to u = 0.19 a. u. (240 nm) is shown.

Additionally, the PMMS's linear refractive index, obtained
from the linear polarizability, increases monotonically from
1.53 (static value) to 1.57 (532 nm), and at UV region with
wavelength between 325 nm and 240 nm, n(u)-values increase
from 1.66 (0.14 a. u.) to 1.78 (0.16 a. u) and decreases to 1.72
(0.19 a. u.).

The dynamic third-order nonlinear susceptibility as a func-
tion of the electric eld frequencies at the non-resonant region
(0.0 a. u. < u < 0.085 a. u.) is shown in Fig. 9. The
c(3)(−u;u,u,−u)-values show an increase of 100% from the
static value, 33.49 × 10−22 esu, to 66.75 × 10−22 esu (l = 532
nm). These values are greater than those observed experimen-
tally for chalcone derivatives,63–66 as shown in Table 4,
ction of electric field frequencies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Dynamic third-order nonlinear susceptibility at the non-resonant frequency region.

Table 4 Third-order nonlinear optical susceptibility value for PMMS crystals compared with the experimental results of organic crystals

Crystals cð3Þ


10�22

�m
V

�2
�

N-(4-(4-Fluorophenyl)-6-isopropyl-5-(methoxymethyl)pyrimidin-2-yl)-N-methylmethanesulfonamide (PMMS) (present work) 66.75
1-(5-Chlorothiophen-2-yl)-3-(2,3-dichlorophenyl)prop-2-en-1-one (CTDMP)63 16.21
2-(4-Methylphenoxy)-N-[(1E)-(4-nitrophenyl)methylene]acetohydrazide (4MNA)64 10.24
1-(4-Aminophenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (APTP)65 8.70
(2E)-3-[4-(Methylsulfanyl)phenyl]-1-(4-nitrophenyl)prop-2-en-1-one (4N4MSP)66 2.37
(2E)-1-(4-Bromophenyl)-3-[4-methylsulfanyl)phenyl]prop-2-en-1-one (4Br4MSP)66 2.30
(2E)-1-(3-Bromophenyl)-3-[4 (methylsulfanyl) phenyl]prop-2-en-1-one (3Br4MSP)66 1.99
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highlighting the potential for the application of PMMS as an
optical material.

3.10.3. UV-absorption spectrum in solvent media. Fig. S10†
displays the UV-absorption spectra of PMMS in three different
solvent media: (a) experimental results and (b) theoretical
results. The maximum absorption peak occurs at 237.3 nm,
Table 5 Molecular docking analysis and hydrogen bonding of PMMS an

Target protein Ligand Binding energy (kcal mol−1) B

1H22 PMMS −7.45 [
Tacrinea −6.38 N

4BTL PMMS −6.33 O
Tacrinea −6.11 N

5OV9 PMMS −6.18 [
[

Tacrinea −6.02 N
N

a Tacrine was used as a standard inhibitor for AChE inhibitor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
251.3 nm and 240.2 nm in acetonitrile, ethyl acetate, and
methanol respectively, see Fig. S10(a).†

The theoretical predictions, at PCM/DFT/CAM-B3LYP/6-
311++G(d,p) level, for the maximum absorption peak positions
are 217.53 nm, 218.40 nm and 217.48 nm, see Fig. S10(b),†
resulting in relative errors of 8.33%, 13.06% and 9.46%,
d tacrine with target proteins 1H22, 4BTL, and 5OV9

onded residues Bond distance (Å)
Estimated inhibition
constant Ki (mm)

TYR 121] H/O 2.2 3.47
–H/O [GLU199] 2.2 20.94
/H–N [SER 293] 2.2 22.76
–H/O [TYR 341] 2.2 33.09
PHE 295] N–H/O 2.1 29.37
ARG 296] N–H/O 2.4
–H/O [ARG 296] 2.1 38.95
–H/O [SER293] 2.0
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respectively. These results for the UV-absorption maximum
peak position reinforce the fact that the functional and basis
set, CAM-B3LYP/6-311++G(d,p), are appropriate for the calcu-
lation of the nonlinear optical properties of PMMS.
Fig. 10 (a–c) 2D diagram, 3D structure and docked interactions of PMM

37720 | RSC Adv., 2024, 14, 37709–37724
Furthermore, the dynamic behavior of the nonlinear optical
parameters discussed earlier, in the frequency range of 0.14 a.
u. < u < 0.19 a. u. (325 nm < l < 240 nm), is consistent with the
S with 1H22, 4BTL, and 5OV9.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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experimental UV-absorption spectra, which exhibit two prom-
inent peaks at frequencies around 0.19 a. u and 0.16 a. u.
3.11. Molecular docking studies-in silico approach

One benecial approach for predicting the best possible
binding interactions between a ligand (header composite) and
targets (enzyme/protein) is molecular docking, a simulated
method. It has been reported that acetylcholinesterase (AChE)
inhibitors improve the amount of acetylcholine in the brain.
Additionally, acetylcholinesterase (AChE) inhibitors show
potential in successful treatment methods for neurotransmitter
disorders.67,68 By inhibiting breakdown, AChE inhibitors
increase the quantity of ACh and may improve brain cell
activity. Molecular docking studies investigate the binding
interactions between AChE inhibitors (proteins) and header
composites (ligands) in this regard.

The ligand PMMS was chosen to be docked onto protein-
targeted receptors that are AChE inhibitors, including 1H22,
4BTL, and 5OV9. The soware interface program envisioning
the ligand–protein binding energy interactions is Auto-
dockTools.69 Aer docking the header compound PMMS in the
target receptors with docked pose congurations, a minimal
binding energy value was found. Table 5 lists the values of the
inhibition constant Ki (mm), bond distance, and binding ener-
gies (kcal mol−1).

Modern drug discovery relies substantially on minimal
binding energy predictions. As per the ndings, the ligand
PMMS had a strong binding affinity with values ranging from
−6.18 to −7.45 (kcal mol−1) when compared to Tacrine (AChE
inhibitors),70 as illustrated in Fig. 10. Fig. 10(a–c) illustrates the
2D diagram, that is the 3D structure along with the docked
interaction representations. The more potent and larger the
compound's ability is to inhibit the activity of those inhibitors,
the lower the value of the inhibition constant Ki. The docked
composite with the lowest binding energy (best cluster rank in
the docking process) is known to have donor–acceptor inter-
actions, which enhance the targeted compound's bioactivity.

It is obvious from Fig. 10 that the oxygen atoms in the header
ligand PMMS and the protein receptors form the docking
interactions indicated in the yellow dotted lines. Consequently,
PMMS conrms a strong binding affinity for the intended
receptors and may be used as a powerful potent candidate to
treat Alzheimer's disease, a neurodegenerative disease.
4. Conclusion

In summary, we report the synthesis of a novel potential
nonlinear optical material, N-(4-(4-uorophenyl)-6-isopropyl-5-
(methoxymethyl)pyrimidin-2-yl)-N-methylmethanesulfonamide
(PMMS). Its solid state was corroborated by the SCXRD study.
Computational tools were employed to investigate the reactivity,
nonlinear optical properties, and in silico docking studies of the
PMMS compound. Two oxygen atoms, O1 and O2, were recog-
nized as local reactivity centers by applying the MEP quantum-
molecular descriptor because the lowest MEP values were
calculated precisely for these two atoms. Moreover, hydrogen
© 2024 The Author(s). Published by the Royal Society of Chemistry
atoms of the methyl group were characterized by the highest
MEP values but with half the magnitude than those of the
mentioned oxygen atoms, indicating that this molecular site is
a weaker reactive center in terms of electrostatic interactions.
ALIE values also recognized the mentioned oxygen atoms owing
to their lowest ALIE values, which are not low enough to exert
signicant sensitivity toward electrophilic attacks. Although the
H-BDE descriptor identied some H-BDE values close to
90 kcal mol−1, they are higher than that threshold, indicating
the stability of this molecule to the autoxidation mechanism
and consequently suggesting enough stability for the safe shelf
life of pharmaceutical formulation based on this molecule. MD
simulations and calculations of RDF indicated that the oxygen
atom O2 could form the strongest interactions with water
molecules because this RDF was characterized by the highest
g(r) value among RDFs at the shortest distances.

In conclusion, this study demonstrates the signicant impact
of the crystalline environment on the optical properties of PMMS
crystals. The iterative electrostatic method (IEM) used to simulate
the PMMS crystal highlights the increase in dipolemoment due to
the polarization eld, with a notable rise from 5.95 D (isolated
molecule) to 7.33 D, representing an approximate 23% increase.
The linear optical parameters, including the average linear
polarizability and the refractive index, exhibited a monotonically
increasing behaviour with electric eld frequencies up to 0.085 a.
u. and showed resonant behaviour in the UV region, indicating
potential applications in UV absorption. Similarly, the nonlinear
optical parameters, such as the second hyperpolarizability and the
third-order nonlinear susceptibility, demonstrated substantial
enhancements, particularly in the non-resonant frequency region,
where the third-order nonlinear susceptibility increased by 100%.
These ndings underscore the potential of PMMS as a promising
optical material, with superior nonlinear optical properties
compared to other organic crystals studied. The UV-absorption
spectra further corroborate the dynamic behaviour of the optical
parameters, reinforcing the suitability of PMMS for applications
in optical and photonic devices. This study lays a foundational
understanding for the future research and development of PMMS-
based materials in advanced optical technologies.

PMMS has a high binding affinity for the intended receptors
(1H22, 4BTL, and 5OV9), making it a promising candidate for
treating Alzheimer's and other neurodegenerative diseases.
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