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ABSTRACT: Pesticides are chemical substances that are often DFT analysis ||v||DAc|_0PR|D Molecular Dynamics
used in agriculture to correct soil deficiencies, control pests, and A R
eradicate destructive plants. However, it is imperative to assess their
effectiveness to avoid potential harm to human health. In addition, ,v,g
microplastics (MP) have been the subject of research into their -
spread from marine and agricultural environments. Considering the
possibility of contact between pesticides and microplastics, with the
subsequent possibility of them acting as vectors of dispersion
through adsorption between the two, it is imperative to evaluate the
effectiveness of pesticides in order to avoid potential harm to
human health. The current study used computational calculations

to analyze the possible interactions between polyethylene (PE) and
polypropylene (PP) microplastics with the pesticide imidacloprid
(IMI), which is used in the cultivation of bananas, one of the most widely grown fruits in the world. Molecular dynamics (MD) and
density functional theory (DFT) calculations indicated favorable adsorption energies for the interaction of the two microplastics.
The results obtained by applying MD and DFT indicate that the nature of the IMI—MP interaction is van der Waals. Consequently,
the theoretical approaches suggest that the pesticide under study has a strong propensity to interact with PE and PP, providing a
significant incentive for future experimental investigations in this area.
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. INTRODUCTION body of farm animals.” However, it is essential to consider the

The basis of society is agriculture, which needs large-scale food practical aspects of pest control, considering the}r probable
. . 1 1-3 harmful impacts on human health, whether chronic or acute.
production and is a crucial pillar of the global economy. o . )
. . . . The assessment and categorization of the potential environ-
The growing population demand has intensified the need for ) | ) .
: . . . ; mental risks of a pesticide are based on physicochemical,
agriculture to keep up with the population explosion, leading

. : : : 10-12
. . ; . . toxicological, and ecotoxicological research.
to a greater demand for fertile soils and planting efliciency in . . . . .
. 2,45 . . There are four primary categories of pesticides, including
agricultural areas. However, the excessive, continuous, and

. . o . insecticides, herbicides, fungicides, and rodenticides, each with
improper use of soil can cause soil impoverishment and reduce . . .
. : . o . a specific target pest and potential toxic effects. The mode of
soil efficiency in addition to persistent pest problems. . S . .
) B . . R exposure is crucial in comprehending the effects of pesticides,
Agrochemicals aim to rectify soil deficiencies, control pests, .
o : . as exposure can occur through various routes, such as
and eliminate crop destruction. To enhance agricultural
ingestion, inhalation, and skin contact, which determine the
production, agrochemicals aim to rectify soﬂ deficiencies, 13-15
severity of toxic impacts. It is also important to
control pests, and eliminate crop destruction.””® A pesticide is
a substance to prevent, destroy, or manage pests, including
human and animal disease transmission agents. These Received: Feb_mary 14, 2025
unwanted species of plants or animals can cause damage. In Revised: Apr%l 11, 2025
addition, their application is common during the production, AccePted: Apr}l 17, 2025
processing, storage, transportation or distribution of food, Published: April 24, 2025
agricultural products, wood, and derived products, as well as
for controlling insects, arachnids, and other pests that affect the
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understand that pesticides can produce acute and chronic toxic
effects. Cute effects manifest shortly after exposure and can
include symptoms, such as headaches, waves of nausea, and
vomiting. On the other hand, chronic effects can occur after
prolonged or repeated exposure and may include conditions
like cancer, reproductive disorders, and neurotoxicity.'®

Pesticides have been demonstrated to contaminate ground-
water through various mechanisms, including soil penetration
and the use of surface water for irrigation. These practices
enable the migration of pollutants from agricultural regions to
groundwater during substantial precipitation, such as heavy
rainfall or flooding. The propensity for this phenomenon is
amplified under conditions of excessive pesticide application or
when the soil is saturated, thereby facilitating the unobstructed
movement of pesticides. The application of pesticides in these
areas can be effectively washed away by rainwater, leading to
the contamination of nearby bodies of water such as rivers and
lakes. This infiltration process eventually results in the
migration of pesticides into the groundwater. Accidental spills
or leaks of pesticides during storage, transportation, or
application can also result in groundwater contamination.'”"®

Additionally, the injection of pesticides into drainage wells
intended to remove excess water from the soil may cause
groundwater contamination. Once pesticides reach ground-
water, they can persist for extended periods, depending on
their chemical properties and environmental conditions. Some
pesticides can remain in groundwater for years, and their
concentrations can increase over time, posing a significant risk
to human health."*™*!

Bananas are among the most widely consumed fruits
globally, with Brazil having the highest consumption rate. In
2020, the banana industry generated approximately 1.6 billion
dollars in Brazil due to the favorable planting conditions in the
country, with an estimated 450,000 ha devoted to banana
cultivation.””"** As with any crop, effective pest control is
crucial for maximizing the production efficiency and profit-
ability in banana farming. Pests can severely affect the quality
and quantity of the production. The use of pesticides has been
proposed as a solution to preventing and controlling these
problems. However, there is growing concern about the
potential health and environmental risks associated with the
misuse of pesticides. In Brazil, the use of pesticides is regulated
by the ANVISA (National Health Surveillance Agency),
MAPA (Ministry of Agriculture and Livestock), and IBAMA
(Brazilian Institute of Environment and Natural Resources). A
list of the most commonly used pesticides for banana crops, as
approved by these regulatory agencies: Azoxystrobin: fungi-
cide; Bifenthrin: insecticide, formicide, and acaricide (versatile,
with three actions); Diurom: herbicide; Epoxiconazole:
fungicide; Glyphosate: herbicide (the most consumed in the
world); Imidacloprid: insecticide (acts on the cells of the
central nervous system of insects such as bees, reducing
pollination power); Mancozeb: fungicide and acaricide
(versatile, with three actions); Pyraclostrobin: fungicide;
Tebuconazole: fungicide.”

Plastic materials are widely used as containers for various
substances including pesticides. Plastics have become a
ubiquitous and persistent environmental pollutant, with
microplastics (MPs) being a particular concern due to their
widespread presence in marine and freshwater environments.*®
Despite the benefits of plastics, they are increasingly
recognized as materials responsible for harmful environmental
effects, particularly due to the presence of MPs.”” While

pollution with plastics and microplastics in aquatic environ-
ments has received significant attention, the issue of soil
pollution with plastics remains relatively unexplored.”® The use
and loss of plastic products contribute to the increasing
amount of microplastics entering the environment, posing
threats to ecological and human health.”” The research on
environmental MPs aims to stimulate further investigation and
calls for papers to address this critical issue.”

Microplastics are chemically polymers since they consist of
polyethylene (PE), polypropylene (PP), polyamide (PA),
polyvinylene (PV), polypropylene (PP), polystyrene (PS),
chloride (PVC), and polyethylene terephthalate (PET).*
Based on the provided references, it is evident that poly-
ethylene (PE) and polypropylene (PP) MPs have been
extensively studied in various environmental contexts. Studies
have reported the presence of these microplastics in diverse
environments, including marine, freshwater, and terrestrial
systems.”>~* Furthermore, the distribution patterns of micro-
plastics in urban freshwaters have revealed the common
occurrence of PE and PP MPs.”’ Additionally, PE and PP
microplastics have been identified in South Maldives’ fishes,
emphasizing their prevalence in marine environments.*’
Moreover, the distribution characteristics of microplastics in
the soil of mangrove restoration wetlands have indicated the
presence of PE and PP as the main soil MP polymers.*'

The adsorption of pollutants on MPs, such as PE and PP,
has been the subject of extensive research. Studies have shown
that microplastics possess high adsorption capacities for
various pollutants in aquatic and soil environments.*” The
adsorption process is influenced by particle size, surface area,
and the nature of the MP material.*’ The association among
PE, PP, and contaminants extends to their role in the transport
and bioavailability of chemical contaminants. For instance, PE
has established an equilibrium with the surrounding water,
influencing the diffusion and partitionin§ of contaminants,
such as polycyclic aromatic hydrocarbons.™

Additionally, buoyant PE and PP MPs have been
documented in hydrophobic contaminant-rich environments,
indicating their potential to transport hydrophobic contami-
nants.”> The adsorption/desorption kinetics of contaminants
may differ depending on the type of MPs, with PE exhibiting
higher adsorption than other types of microplastics.”® Addi-
tionally, the adsorption and desorption processes of specific
contaminants, such as triclosan, on biodegradable polyhydrox-
ybutyrate microplastics have been investigated, providing
insights into the interactions between contaminants and
different types of MPs."” The interactions between contami-
nants, PE, and PP MPs have been studied in controlled
laboratory conditions, elucidating the adsorption behavior of
specific contaminants such as chromium and cadmium.***’
Studies have investigated various pesticides’ adsorption
mechanisms and behaviors on these MPs, shedding light on
their potential environmental impact. For instance, Mo and
coworkers*” focused on the adsorption behavior of pesticides,
such as carbofuran, on PE and PP MPs, utilizing density
functional theory (DFT) calculations to elucidate the
adsorption mechanisms and particle size effects. A study by
Li and coworkers’ investigated the adsorption of three
pesticides on PE MP in aqueous solutions, providing insights
into the kinetics, isotherms, thermodynamics, and molecular
dynamics simulations of the adsorption process. Liu and
coworkers™ investigate how ultraviolet (UV) radiation-
induced photoaging affects the adsorption of the neonicotinoid
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Figure 1. Geometrically optimized molecules of polyethylene surface (PE) (a), polypropylene surface (PP) (b), and IMI (c).

insecticide imidacloprid (IMI) on two types of polar
microplastics (MPs): polyamide (PA) and polylactic acid
(PLA). The researchers observed significant changes in the
surface morphology and chemical properties of both MPs after
UV exposure. Specifically, photoaged PA MPs exhibited a
disruption of C—N bonds leading to the formation of
additional carbonyl groups, while aged PLA MPs showed
degradation of oxygen-containing functional groups, resulting
in smaller molecular fragments. These alterations influenced
the adsorption capacities of the MPs: a 19.2% decrease for PA
MPs and a 41.2% increase for PLA MPs postphotoaging. The
primary adsorption mechanisms identified include electrostatic
interactions, hydrogen bonding, van der Waals forces, and
polar—polar interactions. Environmental factors such as higher
pH levels and lower ionic strength were found to enhance IMI
adsorption by affecting the surface charge distribution of the
MPs. Understanding the adsorption behavior of pesticides on
microplastics is crucial due to the potential role of MPs as
vectors for transporting organic pollutants in aquatic environ-
ments. Computational chemistry methods, such as density
functional theory (DFT) calculations and molecular dynamics
(MD) simulations, have proven to be instrumental in
elucidating the interactions between pesticides and MPs at
the molecular level.

Therefore, given the possibility that plastic materials could
carry pesticides into water currents and contaminate the
population, this study selected PE and PP MPs to investigate
their adsorption mechanism with the pesticide imidacloprid
(IMI) using molecular dynamics (MD) and density functional
theory (DFT). The computational investigation of pesticide
adsorption on PE and PP MPs will provide valuable insights
into the interactions between MPs and the pesticide, with
implications for understanding environmental pollution, water
quality, and human health.

18031

2. COMPUTATIONAL DETAILS

2.1. MD Simulations. Four boxes with dimensions of 8 nm
X 8 nm X 4 nm were constructed for the molecular dynamics
simulation, and PE and PP molecules were inserted separately
into each one. The PE and PP boxes were then equilibrated in
the NVT ensemble for 100 ns. Subsequently, the boxes were
expanded to a maximum size of 8 X 8 X 8 nm. They were filled
with water in the TIP3P solvation model® to represent
imidacloprid in a dilute aqueous solution, adding an
imidacloprid molecule. The second type of system was built
to represent a concentrated solution of imidacloprid (pure
solution). The number of imidacloprid molecules was added
according to the average concentration of the products used,
between 1400 and 1540 g L™". Therefore, the system was filled
with 420 molecules of imidacloprid, considering the volume of
the simulation box. In this way, two PE systems were set up
with diluted and pure imidacloprid and two PP systems with
diluted and pure imidacloprid. After constructing the two-
phase systems, the diluted and pure systems box went through
two energy minimization steps (steep descent and conjugate
gradient), 3 ns NVT equilibrium step with a V-rescale
thermostat,”* 3 ns NPT equilibrium step with a Parrinello—
Rahman barostat,” and a production step under 200 ns NPT
conditions in 298 K, at 1 bar. The Leap—Frog algorithm56 was
applied to integrate the motion equation with a time step of 2.0
fs. The long-range interactions were modeled using particle-
mesh Ewald sum (PME)*” with a cutoff of 1.2 nm. The LINCS
algorithm®® was utilized to restrict hydrogen bonds. The MP
molecules were represented by 25 monomers of their
respective polymers and parametrized on the Acpype server.’”
The force field used was that of amberft14sb_parmbscl.

2.2. Conformation Analysis for Quantum Studies.
Initially, the PE and PP MPs surfaces were built to be
sufficiently large to allocate the pesticide molecules. The PE
and PP MP surfaces were constructed from three chains with
12-carbons length® (Figure 1a,b). The first stage consisted of

https://doi.org/10.1021/acsomega.5c01415
ACS Omega 2025, 10, 18029—-18042


https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

a geometric optimization of the PE and PP surfaces at the
GEN2xTB level’' to research and compare a series of
possible surface conformations. After optimization, an energy
classification is carried out and the IMI-MP system with the
lowest possible energy is selected for further study. Two
thousand conformational frames were obtained from MD
simulations for each pesticide MPs surface system studied.
Using the semiempirical algorithm, all frames were geometri-
cally optimized. Energy classification was performed using
CREST 3.0 software®” with the ensemble’s NCI algorithm.

2.3. Density Functional Theory (DFT). After obtaining
the most stable conformations, DFT-level calculations were
performed to obtain the adsorption energies between the
pesticide and MP surface using Orca 5.0.4.°% The functional
level used was B3LYP® ™ combined with the def2-SVP®’
basis set in the solvation model conductor-like polarizable
continuum model (CPCM),***® combined with solvation
model based on density (SMD) solvation model in water. This
combination was used because the CPCM model calculates the
electrostatic contribution to solvation but does not account for
the nonelectrostatic contributions, which are corrected by the
SMD,”® which also empirically includes cavity effects. The
geometric counter poise correction (gCP),71 implemented in
the ORCA software, was used to correct the basis set
superposition error (BSSE). The D4 empirical dispersion
correction””? choice is due to the short- and long-range
interactions, which includes a dispersion term, attempting to
reproduce the Van der Waals effects. The adsorption energy
between the pesticide and the MP was obtained through
single-point calculations of electronic energy for each species
individually and calculated using eq 1:

E(complex) — [E(surface) + E(pesticide)] (1)

Eomplex 18 the electronic energy of the IMI-MP (PE or PP)
complex; Egpee and Egigee are the individual electronic
energies of the PE or PP MP surface and pesticide studied,
respectively. The energy decomposition analysis is based on
the force field (EDA-FF).”*

2.4. Weak Interactions Analysis. The independent
gradient model Hirshfeld based on the Hirshfeld partition of
molecular density (IGMH)”® calculations were utilized to
analyze noncovalent interactions at the molecular level of
pesticide—MP complexes. eq 2 is used to obtain the IGM
function (8g), Vp(r) which is the gradient of charge density,
and p(r) is the electron density. The reduced density gradient
(RDG) versus A,p(r) distribution shows different noncovalent
interactions in values (4,0(r)<0) that are strongly attractive,
like hydrogen bonds; in values (4,0(r)~0), van der Waals
interactions and repulsive interactions, and in values (4,0(r)
>0) a repulsive interaction such as steric hindrance.”®

The function represents the gradient of the electronic
density between the atoms. The function corresponds to g(r)
as a type of gradient obtained by summing the absolute values
of the density gradients of the atoms. The difference between
these functions is expressed by

5g =g"™M(r) — g(r) @)

Defined as g, this value is different from zero in the region
between the nuclei. In the context of fragment analysis, the
region of interest is called fragment 1 for the pesticide and
fragment 2 for the MP. Considering the function in real space,
the interaction region between these fragments is identified
within a fragment in {A} and can be determined from eqs 2—4.

= |3 < » Vp,.<r>>

A i€A (3)
g(IGM,inter)(r) — Z <Z Vpi(r)>

A i€A (4)

5g(inter)(r) — g(IGM,inter>(r) _ g(int31‘>(r) (5)

In the context of this study, the std parameter denotes the
standard deviation of the electronic density along the dynamic
trajectory. This value is calculated according to eq S, in which
“n” represents the total number of frames in the trajectory and
“p(r)” indicates the electronic density associated with the
geometry of the ith frame. In this way, “std” provides a
quantitative measure of the fluctuations in the electronic
distribution during the dynamic evolution of the system.

std[p(r)]
p(r) (6)

At the same time, the TFI is evaluated based on the
variations in the color of the analyzed regions. In particular, the
blue areas correspond to regions with high structural stability,
while the green regions indicate interactions of intermediate
intensity. On the other hand, red areas signal regions where
interactions are more susceptible to modifications or
distortions caused by thermal movements. This visual
differentiation makes it easier to identify points in the system
that may be more reactive or unstable, contributing to a
detailed qualitative analysis of the molecular dynamics. The
IGMH is defined as

pit(r) = p(r)w(r) (7)
being w,(r), Hirshfeld partition:
pifree(r) ~ pifree(r)
pro - free
PR Xp ) ®)

The AIGM, IGMH, AIM, EDA-FF, and DOS data were
obtained by the MULTIWEN 3.8 software’” and visualized by
the VMD software.”®

TFI(r) =

wy(r)

3. RESULTS AND DISCUSSION
3.1. Molecular Dynamics. 3.7.1. RDF. The radial

distribution function (RDF) indicator was used to determine
how the imidacloprid species are distributed on the MP surface
as a distance function and to analyze how the water molecules
solvate the pesticide molecule. Figure 2 shows that IMI is more
likely to interact with PE and PP surfaces than water in their
respective systems in a dilute solution. However, when
comparing diluted systems, IMI showed a similar g(r) at
short distances for PE and PP (Figure 2) and a slight favoring
for PE at longer distances. However, the distribution profile of
IMI with water in the diluted systems was very similar, with
values lower than 48. In addition, in the pure IMI solution, the
graph indicates a greater distribution of pesticide species on
the PE surface than on the PP surface, comparing them at
equivalent distances.

3.1.2. SASA. The solvent accessible surface area (SASA)
index was obtained to check the area of IMI available to the
solvent; therefore, the higher its index, the greater the contact

https://doi.org/10.1021/acsomega.5c01415
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Figure 2. Radial distribution function plots for the IMI molecule.

with the available solvent. Therefore, in the system used to
study the interaction of IMI on the MP surface, a lower SASA
index means that the area available to the solvent has been
reduced due to adsorption on the MP surface. The SASA
indices for PE and PP were very similar in the diluted system
since the system is represented by one molecule of
imidacloprid, and water solvation will occur very similarly
(Figure 3). However, in the pure IMI system, there was a
significant variation in the surface area available in the PE
system being smaller than the area available in PP. In addition,
the SASA index in PE was more stabilized. At the same time, in
the PP system, there were greater variations, indicating that in
pure systems, imidacloprid in PE has a behavior that remains
compact about its structure, while in PP, there were greater
variations in the deformation of its structure, which were from
150 to 250 nm? (Figure 3), indicating that interactions with PP
led to noncompact aggregations on the surface and between
imidacloprid molecules.

3.1.3. Radius of Gyration (ROG). The ROG index also
studies the compactness of the species in their respective
systems. Looking at Figure 4, the ROG of the IMI species on
PE in a diluted system remains stable at around 0.4 nm along
the trajectory. The ROG of IMI on PE in a pure system is

observed in the 3 nm range and remains stable. In the analysis
of the PE surface, the index was lower in the diluted system
than in the pure system, indicating that there is less surface
compaction in the smaller system, which can be explained by
the interactions with many more imidacloprid molecules, thus
reducing the interactions between the PE molecules. The PP
system showed similarities to that of the PE system. Still, the
ROG of the pure IMI species showed greater variation, which
corroborates the RDF and SASA data, indicating less stable
compaction in a pure system.

3.1.4. IPE. Figure Sa—d shows the interaction potential
energy (IPE) between imidacloprid and microplastics. This
calculation is obtained by the sum of short-range of van der
Waals and electrostatic energies. In the diluted system, the
pesticide obtained an average IPE interaction energy value of
—66.28and —67.58 k] mol™' on the PE and PP surfaces,
respectively (Figure S a—c), with values ranging between
—34.71 kJ and —107.28 kJ mol™". In the IMI-pure system, the
interaction with PP obtained an average of —6035.17 kJ mol/,
while with PE, the average value was —7865.32 kJ mol™!
(Figure S b—d). The similar IPE energy profile in the diluted
system corroborates the other data, suggesting that the
imidacloprid molecule has similar attractiveness in the two
MPs. Furthermore, the high magnitude of the adsorption
values in pure systems is justified by the number of IMI in the
system (420) interacting simultaneously with the surface,
making the system denser due to the greater number of
molecules. The periodic boundary conditions (PBC) used in
the molecular dynamics also take into account the interactions
between the IMI molecules in the upper region and the
replicated MP molecules on the lower surface. Therefore, the
IMI-MP interaction was more favorable, with average values
extremely close to those of PE and PP in the diluted system,
where only one IMI molecule is considered in a solvated
environment. Favorable values for the interaction of
imidacloprid with PE in the pure system can be explained by
the larger contact area with the MP since PE has a higher
average specific mass than PP, thus having a greater possibility
of interacting with more PE molecules, corroborating the data
from RDF, SASA, and ROG. Thus, the interaction energy of
imidacloprid on the microplastic surface was governed by
Lennard—Jones potential forces, which is a fundamental factor
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Figure 3. Time evolution of the solvent accessible surface area (SASA) in dilute (a) and pure (b) systems.
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Figure 5. Time evolutions of the MPs—benzene interaction energy in systems dilute (a) and pure (b) in PE; systems dilute (c) and pure (d) in PP.

for the forces contributing to the adsorption of the pesticide to
be van der Waals forces, given that the MP surface has no
significant polarity.

3.2. Weak Forces Study. 3.2.7. AIGM Study. The IGM
data are obtained from the 100 ns dynamic result with the MP
atoms frozen, verifying only the IMI-MP interactions of the

18034

MD simulation process. This approach is evidenced by the
strength of intermolecular interactions, where strong, attractive
interactions, such as hydrogen bonds, are colored blue,
medium-strength interactions, such as van der Waals forces,
are colored green, and repulsive interactions are colored red.
Figure 6a—d shows the nature of the intermolecular interaction
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between the IMI and MPs, confirming that short-range van der
Waals forces governed this interaction throughout the
simulation. It was also observed that there was a larger region
of IMI interaction on the PP surface in the diluted system than
on the PE surface.

3.2.2. Thermal Fluctuations Index (TFl). The TFI index was
utilized to assess the stability of the IMI—MPs interaction
throughout the MD. Figure 7 illustrates that the PE systems’
interaction exhibited greater stability than the PP systems. This
observation is evidenced by the predominance of green and
blue shades in the PE systems, while the PP systems
predominantly displayed red. This observation further supports
the hypothesis that the imidacloprid molecule exhibits
prolonged adsorption within a singular PE region. This finding
is corroborated by the RDF, ROG, SASA, and IPE data.

3.3. Density Functional Theory. 3.3.1. Interaction
Energy and Solvation Energy. From the DFT calculations,
we obtained the interaction energies of each system. The
energies were evaluated through electronic energy. The IMI
diluted and pure systems were evaluated in this study to check
for possible interactions with the PE and PP microplastics.
From the DFT calculations, we obtained the interaction
energies of each system. The adsorption energy with higher
negative values is more favorable for the reaction, thus
inducing stable MP—pesticide complex formation. According
to our results, the pesticides studied interact more favorably
with PE MP, with adsorption energies of —14.47 kcal mol ™.
On the other hand, the interaction of these pesticides with PP
MP was very similar, with interaction energies of —14.37 kcal
mol™". The solvation and intermolecular interactions of the
complex, as well as its respective fragments, were evaluated.
For this purpose, eq 9 was used to calculate the solvation
energy.

solv water

gas

AEmolecule = A‘Emolecule - AEmolecule (9)
AAESOIV = AEzglmvplex - AE;’?%’V - AEISIS/H (10)

was obtained in eq 10, and the data analysis shows that the
negative values (—2.81 and —1.97 kcal mol™') reflect the
influence of water effects on intermolecular bonding, indicating
that the presence of the solvent stabilized the interaction
energy. The observed phenomenon can be attributed to the
presence of the polarity and partial charges of the IMI
molecule on the surface. This is significant because MP alone

exhibits no substantial polarity, and solvation in water is not

favored, as evidenced by the positive of AE;,‘[)%Y values (5.80 and

10.48 kcal mol™!). Hence, when IMI interacts with the MP, it
polarizes the surface and influences favorable solvation energy
in the form of complexes. It can thus be concluded that
solvation plays a significant role in the adsorption of IMI on
the PE/PP surface and that it may act as a facilitating
mechanism in the transport of IMI in aqueous media.
Energy decomposition analysis based on force field analysis
(EDA-FF) is used to study the strength of interaction between
molecules to clarify the electronic nature of these energy
differences. EDA-FF is based on the Amber force field, which
decomposes the IMI-MP complex into two fragments, and
the charges of the atoms of each fragment are calculated based
on the Merz—Kollman charge. MPs generally have negligible
polarity, but imidacloprid, in particular, has an average polarity
of 9.569 debyes, which is considered high. Therefore, the
interaction energy decomposition is fundamental to under-
standing the contribution ratios of total energy from the

complex (Eg;tal)

Total

ele vdW
EAB

=E;p + Egp (11)

The Lennard—Jones potential of the interaction energy
between atoms A and B is given by the sum of the repulsive
energy E,§, which represents the repulsion exchange
interaction or Pauli effect and the interaction dispersion
energy Egigp (egs 12 and 13). Thus, the contribution energy
from atom A of the fragments is expressed in eq 11.

As shown in Table 1, the solvation energy is more favorable1 EX?;W =EP + EiEP (12)
for the IMI molecule than for the MPs. The value of AAE®
0 \I2 0 \6
Table 1. Solvate Energies in kcal/mol ™ EYW _ 1 c ( Ry ] _Je [ Ryp ]
A - -AB ab
Complex MP MI AAE®! 259 "aB "aB (13)
AESY —13.58 5.80 —16.57 —2.81
r In the IMI-PE interaction, Eﬁﬁl pg was —1.50 kJ mol ™,
A solv —9. X —17. —1. rej — is, -
Fer 4 1048 1794 17 Eppg Was 12.10 kJ mol™, and ES\/IEPE was —56.00 kJ mol .
(a) 3

Figure 8. Molecular graphs of BCPs and path of bonds of the studied system IMI-PE (a) and IMI-PP (b).
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With the sum, the value EITN?I%E = 4541 k] mol' was

obtained. The IMI-PP interaction resulted in
Efipp = -193 K mol' , EjP,,=1501K mol’, and
Ejppp = -54.55 K mol’
Epnbp = -41.47 kJ mol !
IMI-MPs is dominated by the dispersion energy, with
significant contributions to the total binding energy. In
contrast, the repulsive energy contributed significantly to
both complexes. In a comparative analysis, the IMI-PE
complex performed better in terms of interaction energy, as it
obtained a lower Eff; pp, with around 1.5 kJ mol™" difference,

and a lower ES&ZEPP, with 2.9 kJ mol™" less than the IMI—PP

system. This difference can be attributed to the morphology of
the polymer structures, since PE has a more distributed
structure due to its CH, monomer. At the same time, in the
interaction with PP, IMI interacts mainly with the CH; groups
of propane.

3.3.2. QTAIM. The quantum theory of atoms in molecules
(QTAIM) study of the geometrical structures of the IMI-MP
complexes was carried out. Figure 8 shows the binding paths
(yellow lines) and bond critical points (BCPs) related to the
intersection of the electronic density of the interaction
between the pesticide and the MP. The electron density in
the BCP constitutes an aspect of utmost importance for
understanding intermolecular interactions. On the PE surface,
there were 17 interactions in which the chlorine and oxygen
atoms stood out, with the highest electron density records
(Table 2). However, there were fewer bonding paths and BCPs
on the PP surface. It was also observed that the number of
oxygen and chlorine interactions decreased by 1.

generating a

. Thus, the interaction between

Table 2. Electron Density and Laplacian Spectra of the
Electron Density of the IMI-PE and IMI-PP Complexes.
Units in Eh

BCP PE p Vp BCP PP p Vp
1 0.0023 0.0094 1 0.0023 0.0087
2 0.0060 0.0182 2 0.0030 0.0119
3 0.0066 0.0226 3 0.0077 0.0209
4 0.0033 0.0115 4 0.0082 0.0285
5 0.0051 0.0193 5 0.0032 0.0113
6 0.0060 0.0193 6 0.0035 0.0134
7 0.0049 0.0146 7 0.0062 0.0195
8 0.0044 0.0134 8 0.0026 0.0094
9 0.0023 0.0072 9 0.0029 0.0124
10 0.0043 0.0143 10 0.0075 0.0224
11 0.0041 0.0170 11 0.0042 0.0144
12 0.0071 0.0246 12 0.0094 0.0270
13 0.0040 0.0153 13 0.0093 0.0310
14 0.0054 0.0193 14 0.0081 0.0261
15 0.0065 0.0213
16 0.0079 0.0289
17 0.0025 0.0103

In addition, it was observed that the hydrogen of the IMI
methylene group has a significant interaction contribution, as
evidenced by the electronic density values (p) of 0.0071 Eh
(BCP 12) and 0.0075 Eh (BCP 10) for the PE and PP systems,
respectively. Furthermore, the Laplacian of the electron density
(V?p) values is positive, indicating weak interactions. In
addition, these values agree with the electronic density data,

with the chlorine (BCP PE 1-3; BCP PP 1-2), hydrogen atoms
of the methylene (BCP PE 12-13; BCP PP 9-10) and oxygen
(BCP PE 14-17; BCP PP 12-14) and standing out.

3.3.3. IGMH Study. The IGMH figure indicates the
noncovalent interaction potential of the systems studied.
This map ranges from blue, indicating strong interactions such
as hydrogen bonding, to green, indicating a medium
interaction, such as van der Waals, to red, indicating a
repulsive force. The graph of g™ function versus sign (4,)p
also shows considerable interactions of an attractive nature.
This is evidenced by the peaks in the 0.01 sign (4,)p range for
PE and PP, which are larger and denser than those in the
negative sign (1,)p, indicating that these interactions are more
attractive than repulsive. However, the analysis was restricted
to two fragments, namely the atom corresponding to
imidacloprid and the MPs, analyzing only the intermolecular
interactions between the surface and the pesticide. According
to the image in Figure 3a, the graph of the g™ function versus
the (4,)p signal indicates attractive interactions governed by
van der Waals forces. For the IMI system, it indicates medium
force interactions, which is evident in the graph of the g™
function versus the sign ((4,)p, which shows only the
intermolecular bond between the oxygen and hydrogen of
PE and PP, from the RDG isosurface map (Figure 9). The
conformation for interaction with the surface favored the
pyridine ring being perpendicular enough for van der Waals
interactions, thus considering the more pronounced contribu-
tion of chlorine on the surface of PE, with a distance of 2.97 A,
compared to PP, with 3.09 A. The nitro group of IMI favored
the conformation perpendicular to the surface, interacting with
a medium force through oxygen at a distance of 2.50 A, thus
maintaining a resonance balance of the nitro group aided by
intramolecular hydrogen bonding with the imidazole ring. The
same trend is observed for interactions with the PP surface
with a relatively shorter distance (2.45 A), increasing the
intensity of the interaction.

3.3.4. Frontier Orbitals (FMO). Figures 10 and 11 show the
HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) frontier orbitals
(FMO), comparing the MP surface and its respective adsorbed
complexes. The gap energy (Egap) indicates the chemical
stability of the system, it is calculated by the difference in the
energies of the frontier orbitals (Eon, and Ejyn,). It can be
seen that the PE surface has a larger E,, compared to PP, with
values of 9.110 and 8.599 eV, respectively. Thus, both surfaces
indicated a high reactive stability from the FMO. However,
after IMI interacts with the surface, the energy gap E,,, values
are very similar, with values of 5.063 and 5.069 eV for PE—IMI
and PP—IM], respectively. The similar E,,, values corroborate
the results of the electronic interaction energy, indicating that
the energy of the frontier orbitals of the IMI-MPs complex
significantly impacts understanding the interaction energy. The
variation in the surface Eg,, for the MP—IMI complex was
—4.047 and —3.530 eV for the PE and PP systems,
respectively. With these values, it can be seen that the fact
that Eg,, decreased after IMI adsorption indicates a lower
chemical stability in the MP—IMI complex, which could be an
indication of the nature of the weak force interaction. In
addition, the IMI—-MP interaction, although favorable and
consistent with the interaction energy data via DFT and IPE
MD, may suggest that it does not have suflicient chemical
stability to be considered to be chemisorption. This type of
interaction could be a risk, as the MP—IMI could be favorable
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3.3.5. Density of States (DOS). To determine the density of

enough for a possible IMI transport vehicle and gradually states (DOS) for a system composed of an adsorbent and an
being released by the indicative of a physisorption nature. adsorbate using density functional theory (DFT), it is
18038 https://doi.org/10.1021/acsomega.5c01415
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orbitals for the PP surface (a) and IMI—PP complex (b). The energy
gap (Eg,) is in electronvolt (eV).

necessary to obtain the electronic band structure of the
combined system initially. This can be done by conducting
DFT calculations on the adsorbent and adsorbate separately
and on the combined adsorbate—adsorbent system. The
electronic structures of the isolated and combined systems
can then be compared to provide insight into the electronic
interactions between the adsorbate and adsorbent. The DOS
can be calculated for both the adsorbent and the adsorbate
individually and for the combined system. By analyzing and
comparing the adsorbent and adsorbate DOS with that of the
combined system, one can determine the changes in the
electronic structure that occur during adsorption. Figure 12
shows that the HOMO states are slightly higher in energy
when the pesticide is adsorbed on the PE surface. The LUMO
states of the pesticides did not change significantly for IML In
addition, we can observe the contributions of the electronic

density populations of the pesticides (blue line) and compare
this contribution to the adsorbate—adsorbent system. Compar-
ing the contributions of the pesticides, IMI has characteristics
that contribute to the electronic population of the complex,
thus corroborating the favorable adsorption energy and MD
and DFT results for the PE and PP surfaces. Both graphs show
the superposition of the IMI orbits and the surfaces for the
formation of the complex. In parallel, the LUMO energy of
IMI was shifted to the right in both systems, demonstrating
that the MP surface favored the availability of densities of
states and the stabilization of the IMI-MPs complexes formed.

4. CONCLUSIONS

The nature of the interaction between the pesticide
imidacloprid and the PE and PP surfaces, as an adsorption
phenomenon, was characterized by MD and DFT analyses.
The interaction energy values for the adsorption of IMI
molecules on the PE surface are higher in pure, although there
is no significant difference in dilute solutions. The DFT study
indicates that the interaction is favorable and that solvation
favors the formation of the MP—IMI complex. In summary,
this study provides a molecular understanding of the
interaction between MPs and IMIs, demonstrating that the
interaction is exothermic and governed by van der Waals
forces. Consequently, this study is a precursor aiming to
observe and predict the possibility of IMI adsorbing to MP,
which is a possible carrier of this pesticide in the environment.
MP functions as a direct vector for the release and
dissemination of the pesticide, which represents a risk to the
environment and also considers the risks of IMI to human
health. Therefore, this study encourages experimental analyses
of adsorption kinetics and isotherms, as well as the proposal of
the respective models, in order to analyze and prove the
adsorption behavior of IMI in PE and PP.

B AUTHOR INFORMATION

Corresponding Author
Norberto de Kassio Vieira Monteiro — Departamento de
Quimica Analitica e Fisico-Quimica, Centro de Ciencias,
Universidade Federal do Ceard, Fortaleza, Ceard 60440-900,
Brasil; © orcid.org/0000-0002-5847-5733;
Email: norbertokv@ufc.br

(@)

3 " T " T " T " T

(b)

— Total
Surface PE
MI

Density of states

| .
-10 -5
Energy (eV)

]
-15

Figure 12. DOS spectra of complexes IMI-PE (a), IMI-PP (b).

18039

I ' T

— Total
— Surface PP
— IMI

Density of states

! . !
-10
Energy (eV)

-20 -5

https://doi.org/10.1021/acsomega.5c01415
ACS Omega 2025, 10, 18029—-18042


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Norberto+de+Ka%CC%81ssio+Vieira+Monteiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5847-5733
mailto:norbertokv@ufc.br
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Authors

Leonardo Paes da Silva — Departamento de Quimica
Analitica e Fisico-Quimica, Centro de Ciencias, Universidade
Federal do Ceard, Fortaleza, Ceard 60440-900, Brasil

Cristiani Lopes Capistrano Gongalves de
Oliveira — Departamento de Farmdcia, Universidade
Federal do Ceard, Fortaleza, Ceard 60430-372, Brazil

Adriana Nunes Correia — Departamento de Quimica
Analitica e Fisico-Quimica, Centro de Ciencias, Universidade
Federal do Ceard, Fortaleza, Ceard 60440-900, Brasil;

orcid.org/0000-0002-3357-0160

Pedro de Lima Neto — Departamento de Quimica Analitica e
Fisico-Quimica, Centro de Ciencias, Universidade Federal do
Ceard, Fortaleza, Ceard 60440-900, Brasil; © orcid.org/
0000-0002-1613-4797

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.5c01415

Author Contributions

L. P. d. S.: investigation, methodology, validation, formal
analysis, writing—original draft. C. L. C. G. d. O.: writing—
reviewing and editing. A. N. C.: writing—reviewing and
editing. P. d. L. N.: resources, writing—reviewing and editing.
N. d. K. V. M.: resources, supervision, writing—reviewing and
editing.

Funding

The Article Processing Charge for the publication of this
research was funded by the Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES), Brazil (ROR identifier:
00x0ma614).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the financial support provided by the
Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES). This work used resources of the Centro
Nacional de Processamento de Alto Desempenho em Sio
Paulo (CENAPAD-SP) and the Centro Nacional de
Processamento de Alto Desempenho UFC (CENAPAD-
UFC).

B REFERENCES

(1) World Bank. Overview. https://www.worldbank.org/en/topic/
agriculture/overview (accessed 14 February 2025).

(2) Floros, J. D.; Newsome, R.; Fisher, W.; Barbosa-Canovas, G. V.;
Chen, H.; Dunne, C. P.; German, J. B,; Hall, R. L.; Heldman, D. R;;
Karwe, M. V,; Knabel, S. J.; Labuza, T. P,; Lund, D. B.; Newell-
McGloughlin, M.; Robinson, J. L.; Sebranek, J. G.; Shewfelt, R. L,;
Tracy, W. F.; Weaver, C. M.; Ziegler, G. R. Feeding the World Today
and Tomorrow: The Importance of Food Science and Technology:
An IFT Scientific Review. Compr. Rev. Food Sci. Food Saf. 2010, 9 (5),
572—599.

(3) Hall, C,; Dawson, T. P.; Macdiarmid, J. I; Matthews, R. B.;
Smith, P. The Impact of Population Growth and Climate Change on
Food Security in Africa: Looking Ahead to 2050. J. Agric. Sustain.
2017, 15 (2), 124—135.

(4) Viana, C. M,; Freire, D.; Abrantes, P.; Rocha, J.; Pereira, P.
Agricultural Land Systems Importance for Supporting Food Security
and Sustainable Development Goals: A Systematic Review. Sci. Total
Environ. 2022, 806 (Pt 3), 150718.

(5) Tilman, D.; Balzer, C.; Hill, J.; Befort, B. L. Global Food
Demand and the Sustainable Intensification of Agriculture. Proc. Natl.
Acad. Sci. U. S. A. 2011, 108 (50), 20260—20264.

(6) Hussain, S.; Siddique, T.; Saleem, M.; Arshad, M.; Khalid, A.
Chapter S Impact of Pesticides on Soil Microbial Diversity, Enzymes,
and Biochemical Reactions. In Advances in Agronomy; Elsevier Inc.:
San Diego,2009, Vol. 102, pp. 159—200.

(7) Fenibo, E. O; ljoma, G. N.; Matambo, T. Biopesticides in
Sustainable Agriculture: Current Status and Future Prospects. In New
and Future Development in Biopesticide Research: biotechnological
Exploration, Mandal, S. D.; Ramkumar, G.; Karthi, S.; Jin, F., Eds,;
Springer Nature Singapore: Singapore, 2022, pp. 1-53..

(8) Lo, C.-C. Effect of Pesticides on Soil Microbial Community. J.
Environ. Sci. Health B 2010, 45 (S), 348—359.

(9) Hassaan, M. A.; El Nemr, A. Pesticides Pollution: Classifications,
Human Health Impact, Extraction and Treatment Techniques. Egypt.
J. Aquat. Res. 2020, 46 (3), 207—220.

(10) Daam, M. A,; Chelinho, S.; Niemeyer, J. C.; Owojori, O. J.; De
Silva, P. M. C. S.; Sousa, J. P.; van Gestel, C. A. M.; Rémbke, J.
Environmental Risk Assessment of Pesticides in Tropical Terrestrial
Ecosystems: Test Procedures Current Status And Future Perspectives.
Ecotoxicol. Environ. Saf. 2019, 181, 534—547.

(11) Kim, K-H.; Kabir, E.; Jahan, S. A. Exposure to Pesticides and
the Associated Human Health Effects. Sci. Total Environ. 2017, 575,
525-53s.

(12) Zdbdiga-Venegas, L. A;; Hyland, C.; Mufioz-Quezada, M. T.;
Quirds-Alcald, L.; Butinof, M.; Buralli, R.; Cardenas, A.; Fernandez, R.
A.; Foerster, C.; Gouveia, N.; et al. Health Effects of Pesticide
Exposure in Latin American and the Caribbean Populations: A
Scoping Review. Environ. Health Perspect 2022, 130 (9), 96002.

(13) Alves, E. B.; Casarin, N. F. B.; Omoto, C. Lethal and Sublethal
Effects of Pesticides Used in Brazilian Citrus Groves on Panonychus
Citri (Acari: Tetranychidae). Arg. Inst. Biol. 2018, 85, No. e0622016.

(14) Bretveld, R. W.; Thomas, C. M. G.; Scheepers, P. T. J.; Zielhuis,
G. A,; Roeleveld, N. Pesticide Exposure: The Hormonal Function of
the Female Reproductive System Disrupted? Reprod. Biol. Endocrinol.
2006, 4 (1), 30.

(15) Roberts, J. R;; Karr, C. J. Pesticide Exposure in Children.
Pediatrics 2012, 130 (6), No. e1765—e1788.

(16) Njattuvetty Chandran, N.; Fojtova, D.; Blahova, L.;
Rozmankova, E.; Blaha, L. Acute and (sub)chronic Toxicity of the
Neonicotinoid Imidacloprid on Chironomus Riparius. Chemosphere
2018, 209, 568—577.

(17) Pradhan, B.; Chand, S.; Chand, S; Rout, P. R; Naik, S. K.
Emerging Groundwater Contaminants: A Comprehensive Review on
Their Health Hazards and Remediation Technologies. Groundwater
Sustain. Develop. 2023, 20, 100868.

(18) Syafrudin, M.; Kristanti, R. A.; Yuniarto, A.; Hadibarata, T;
Rhee, J; Al-Onazi, W. A; Algarni, T. S; Almarri, A. H; Al-
Mohaimeed, A. M. Pesticides in Drinking Water-A Review. Int. ].
Environ. Res. Public Health 2021, 18 (2), 468.

(19) Ritter, W. F. Pesticide Contamination of Ground Water in the
United States - A Review. J. Environ. Sci. Health B 1990, 25 (1), 1-29.

(20) Lari, S. Z.; Khan, N. A; Gandhi, K. N,; Meshram, T. S.;
Thacker, N. P. Comparison of Pesticide Residues in Surface Water
and Ground Water of Agriculture Intensive Areas. J. Environ. Health
Sci. Eng. 2014, 12 (1), 11.

(21) Vryzas, Z. Pesticide Fate in Soil-Sediment-Water Environment
in Relation to Contamination Preventing Actions. Curr. Opin. Environ.
Sci. Health 2018, 4, 5—9.

(22) Coltro, L.; Karaski, T. U. Environmental Indicators of Banana
Production in Brazil: Cavendish and Prata Varieties. J. Cleaner Prod.
2019, 207, 363—378.

(23) Oliveira, VR.D.; Costa, RN.T.; Nunes, K.G.; Barros, V.D.S.
Water Footprint of Banana in the Brazilian Semi-Arid Region. Rev.
Cienc. Agron. 2022, 53, No. ¢2019692S.

(24) Odiase, S.; Saghaian, S. H. Impact of COVID-19 Pandemic on
Vertical Price Transmission in the U.S Fresh Banana Market. Sustain.
Sci. Pract. Policy 2022, 14 (10), 6354.

(25) Tsipi, D.; Botitsi, H.; Economou, A. Mass Spectrometry for the
Analysis of Pesticide Residues and Their Metabolites; John Wiley & Sons,
Incorporated, 2015.

https://doi.org/10.1021/acsomega.5c01415
ACS Omega 2025, 10, 18029—-18042


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonardo+Paes+da+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristiani+Lopes+Capistrano+Gonc%CC%A7alves+de+Oliveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adriana+Nunes+Correia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3357-0160
https://orcid.org/0000-0002-3357-0160
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pedro+de+Lima+Neto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1613-4797
https://orcid.org/0000-0002-1613-4797
https://pubs.acs.org/doi/10.1021/acsomega.5c01415?ref=pdf
https://www.worldbank.org/en/topic/agriculture/overview
https://www.worldbank.org/en/topic/agriculture/overview
https://doi.org/10.1111/j.1541-4337.2010.00127.x
https://doi.org/10.1111/j.1541-4337.2010.00127.x
https://doi.org/10.1111/j.1541-4337.2010.00127.x
https://doi.org/10.1080/14735903.2017.1293929
https://doi.org/10.1080/14735903.2017.1293929
https://doi.org/10.1016/j.scitotenv.2021.150718
https://doi.org/10.1016/j.scitotenv.2021.150718
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1007/978-981-16-3989-0_1
https://doi.org/10.1007/978-981-16-3989-0_1
https://doi.org/10.1080/03601231003799804
https://doi.org/10.1016/j.ejar.2020.08.007
https://doi.org/10.1016/j.ejar.2020.08.007
https://doi.org/10.1016/j.ecoenv.2019.06.038
https://doi.org/10.1016/j.ecoenv.2019.06.038
https://doi.org/10.1016/j.scitotenv.2016.09.009
https://doi.org/10.1016/j.scitotenv.2016.09.009
https://doi.org/10.1289/EHP9934
https://doi.org/10.1289/EHP9934
https://doi.org/10.1289/EHP9934
https://doi.org/10.1590/1808-1657000622016
https://doi.org/10.1590/1808-1657000622016
https://doi.org/10.1590/1808-1657000622016
https://doi.org/10.1186/1477-7827-4-30
https://doi.org/10.1186/1477-7827-4-30
https://doi.org/10.1542/peds.2012-2758
https://doi.org/10.1016/j.chemosphere.2018.06.102
https://doi.org/10.1016/j.chemosphere.2018.06.102
https://doi.org/10.1016/j.gsd.2022.100868
https://doi.org/10.1016/j.gsd.2022.100868
https://doi.org/10.3390/ijerph18020468
https://doi.org/10.1080/03601239009372674
https://doi.org/10.1080/03601239009372674
https://doi.org/10.1186/2052-336X-12-11
https://doi.org/10.1186/2052-336X-12-11
https://doi.org/10.1016/j.coesh.2018.03.001
https://doi.org/10.1016/j.coesh.2018.03.001
https://doi.org/10.1016/j.jclepro.2018.09.258
https://doi.org/10.1016/j.jclepro.2018.09.258
https://doi.org/10.5935/1806-6690.20220036
https://doi.org/10.3390/su14106354
https://doi.org/10.3390/su14106354
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(26) Koelmans, A. A.; Besseling, E.; Shim, W. J.Nanoplastics in the
Aquatic Environment Critical Review.Marine Anthropogenic Litter-
Bergmann, M.; Gutow, L.; Klages, M.Springer, Cham2015325—340

(27) Agarwal, S. Biodegradable Polymers: Present Opportunities and
Challenges in Providing a Microplastic-free Environment. Macromol.
Chem. Phys. 2020, 221 (6), 2000017.

(28) Tudor, V. C.; Mocuta, D. N.; Teodorescu, R. F.; Smedescu, D.
L. The Issue of Plastic and Microplastic Pollution in Soil. Mater. Plast.
2019, 56 (3), 484—487.

(29) Street, V. The Plastic Materials Impact on Environment and
Health. Population Awareness in Romania. J. Environ. Prot. Ecol. 2015,
16 (1), 183—193.

(30) Wagner, M.; Engwall, M.; Hollert, H. Editorial: (Micro)Plastics
and the Environment. Environ. Sci. Eur. 2014, 26 (1), 16.

(31) Liew, W. L.; Hee, Y. Y.; Mohd Nazri, N. A.; Muda, K,; Zaidi, N.
S. Preliminary Study on the Occurrence of Microplastics in a Local
Sewage Treatment Plant. IOP Conf. Ser.: Earth Environ. Sci. 2023,
1144 (1), 012007.

(32) Dris, R;; Gasperi, J.; Mirande, C.; Mandin, C.; Guerrouache,
M,; Langlois, V.; Tassin, B. A First Overview of Textile Fibers,
Including Microplastics, in Indoor and Outdoor Environments.
Environ. Pollut. 2017, 221, 453—458.

(33) Hidalgo-Ruz, V.; Gutow, L; Thompson, R. C.; Thiel, M.
Microplastics in the Marine Environment: A Review of the Methods
Used for Identification and Quantification. Environ. Sci. Technol. 2012,
46 (6), 3060—3075.

(34) Maity, S.; Pramanick, K. Perspectives and Challenges of Micro/
nanoplastics-Induced Toxicity with Special Reference to Phytotox-
icity. Global Change Biol. 2020, 26 (6), 3241—3250.

(35) Oberbeckmann, S.; Kreikemeyer, B.; Labrenz, M. Environ-
mental Factors Support the Formation of Specific Bacterial
Assemblages on Microplastics. Front. Microbiol. 2017, 8, 2709.

(36) Jeyavani, J.; Sibiya, A; Stalin, T.; Vigneshkumar, G; Al-
Ghanim, K. A; Riaz, M. N,; Govindarajan, M.; Vaseeharan, B.
Biochemical, Genotoxic and Histological Implications of Polypropy-
lene Microplastics on Freshwater Fish Oreochromis Mossambicus: An
Aquatic Eco-Toxicological Assessment. Toxics 2023, 11 (3), 282.

(37) Hou, D;; Hong, M.; Wang, Y.; Dong, P.; Cheng, H; Yan, H,;
Yao, Z.; Li, D.; Wang, K.; Zhang, D. Assessing the Risks of Potential
Bacterial Pathogens Attaching to Different Microplastics during the
Summer-Autumn Period in a Mariculture Cage. Microorganisms 2021,
9 (9), 1909.

(38) Kern, S.; Kern, C; Pradja, M. M,; Diiring, R.-A.; Rohnke, M.
Spatially Resolved Indiffusion Behavior of Cu 2+ and Ni 2+ in
Polypropylene. J. Appl. Polym. Sci. 2021, 138 (2), 4965S.

(39) Chen, J.; Deng, Y,; Chen, Y.,; Peng, X.; Qin, H; Wang, T,;
Zhao, C. Distribution Patterns of Microplastics Pollution in Urban
Fresh Waters: A Case Study of Rivers in Chengdu, China. Int. J.
Environ. Res. Public Health 2022, 19 (15), 8972.

(40) Shiyana, F.; Buyong, F.; Shareef, A.; Hirzin, R.S.F.N.; Ismail, A.
The presence of microplastics in fishes of South Maldives. IOP Conf.
Ser.: Earth Environ. Sci. 2022, 10SS, 012018.

(41) Hu, B.; Guo, P.; Han, S; Jin, Y;; Nan, Y.; Deng, J; He, J.; Wu,
Y.; Chen, S. Distribution Characteristics of Microplastics in the Soil of
Mangrove Restoration Wetland and the Effects of Microplastics on
Soil Characteristics. Ecotoxicology 2022, 31 (7), 1120—1136.

(42) Zhao, M.; Huang, L.; Arulmani, S. R. B; Yan, J.; Wu, L.; Wu,
T.; Zhang, H.; Xiao, T. Adsorption of Different Pollutants by Using
Microplastic with Different Influencing Factors and Mechanisms in
Wastewater: A Review. Nanomaterials 2022, 12 (13), 2256.

(43) Han, X; Vogt, R. D.; Zhou, J.; Zheng, B.; Yu, X.; Feng, J.; Lu,
X. Increased Cu(II) Adsorption onto UV-Aged Polyethylene,
Polypropylene, and Polyethylene Terephthalate Microplastic Particles
in Seawater. Front Mar Sci. 2021, 8, 770606.

(44) Vinturella, A. E,; Burgess, R. M.; Coull, B. A;; Thompson, K.
M,; Shine, J. P. Use of Passive Samplers to Mimic Uptake of
Polycyclic Aromatic Hydrocarbons by Benthic Polychaetes. Environ.
Sci. Technol. 2004, 38 (4), 1154—1160.

(45) Teuten, E. L.; Rowland, S. J.; Galloway, T. S.; Thompson, R. C.
Potential for Plastics to Transport Hydrophobic Contaminants.
Environ. Sci. Technol. 2007, 41 (22), 7759—7764.

(46) Joo, S. H.; Liang, Y.; Kim, M.; Byun, J.; Choi, H. Microplastics
with Adsorbed Contaminants: Mechanisms and Treatment. Environ.
Chall (Amst) 2021, 3, 100042.

(47) Tong, H; Hu, X; Zhong, X, Jiang, Q. Adsorption and
Desorption of Triclosan on Biodegradable Polyhydroxybutyrate
Microplastics. Environ. Toxicol. Chem. 2020, 40 (1), 72—78.

(48) Zon, N. F.; Iskendar, A; Azman, S.; Sarijan, S.; Ismail, R.
Sorptive Behaviour of Chromium on Polyethylene Microbeads in
Artificial Seawater. In MATEC Web of Conferences; EDP Sciences,
2018, pp. 06001..

(49) Zon, N. F.; Azman, S.; Abdullah, N. H.; Supian, N. S. Kinetics
and Isotherm of Cadmium Adsorption onto Polyethylene Microbeads
in Artificial Seawater. Conference Series: Earth and Environmental
Science 2020, 476 (1), 012130.

(50) Mo, Q.; Yang, X,; Wang, J; Xu, H,; Li, W,; Fan, Q,; Gao, S,;
Yang, W.; Gao, C,; Liao, D.; Li, Y.; Zhang, Y. Adsorption Mechanism
of Two Pesticides on Polyethylene and Polypropylene Microplastics:
DFT Calculations and Particle Size Effects. Environ. Pollut. 2021, 291,
118120.

(51) Li, H.; Wang, F.; Li, J.; Deng, S.; Zhang, S. Adsorption of Three
Pesticides on Polyethylene Microplastics in Aqueous Solutions:
Kinetics, Isotherms, Thermodynamics, and Molecular Dynamics
Simulation. Chemosphere 2021, 264 (Pt 2), 128556.

(52) Liu, W,; Pan, T,; Liu, H.; Jiang, M.; Zhang, T. Adsorption
Behavior of Imidacloprid Pesticide on Polar Microplastics under
Environmental Conditions: Critical Role of Photo-Aging. Front.
Environ. Sci. Eng. 2023, 17, 41.

(53) Paesani, F.; Zhang, W.; Case, D. A,; Cheatham, T. E; Voth, G.
A. An Accurate and Simple Quantum Model for Liquid Water. J.
Chem. Phys. 2006, 125 (18), 184507.

(54) Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling
through Velocity Rescaling. J. Chem. Phys. 2007, 126 (1), 014101.

(55) Ke, Q; Gong, X; Liao, S.; Duan, C; Li, L. Effects of
Thermostats/barostats on Physical Properties of Liquids by Molecular
Dynamics Simulations. J. Mol. Lig. 2022, 36S, 120116.

(56) Van Gunsteren, W. F.; Berendsen, H. J. C. A Leap-Frog
Algorithm for Stochastic Dynamics. Mol. Simul. 1988, 1 (3), 173—
18S.

(57) Bonfrate, S.; Ferré, N.; Huix-Rotllant, M. Analytic Gradients for
the Electrostatic Embedding QM/MM Model in Periodic Boundary
Conditions Using Particle-Mesh Ewald Sums and Electrostatic
Potential Fitted Charge Operators. J. Chem. Theory Comput. 2024,
20 (10), 4338—4349.

(58) Hess, B. P-LINCS: A Parallel Linear Constraint Solver for
Molecular Simulation. J. Chem. Theory Comput. 2008, 4 (1), 116—
122.

(59) Sousa da Silva, A. W.; Vranken, W. F. ACPYPE - AnteChamber
PYthon Parser interfacE. BMC Res. Notes 2012, S (1), 367.

(60) Monteiro, N. D. K. V.; Bezerra, L. L.; Machado, R. J. D. A.
Modeling the Adsorption Mechanism of 3-Tertiary-Butyl-4-Hydrox-
yanisole (3BHA) on Polyethylene and Polypropylene Microplastics.
Chem. Pap 2024, 78 (4), 2359—2367.

(61) Bannwarth, C.; Ehlert, S.; Grimme, S. GFN2-xTB-an Accurate
and Broadly Parametrized Self-Consistent Tight-Binding Quantum
Chemical Method with Multipole Electrostatics and Density-Depend-
ent Dispersion Contributions. J. Chem. Theory Comput. 2019, 15 (3),
1652—1671.

(62) Pracht, P.; Grimme, S.; Bannwarth, C.; Bohle, F.; Ehlert, S.;
Feldmann, G.; Gorges, J.; Miiller, M.; Neudecker, T.; Plett, C,; et al.
CREST-A Program for the Exploration of Low-Energy Molecular
Chemical Space. J. Chem. Phys. 2024, 160, 114110.

(63) Neese, F.; Wennmohs, F.; Becker, U.; Riplinger, C. The ORCA
Quantum Chemistry Program Package. J. Chem. Phys. 2020, 152 (22),
224108.

(64) Becke, A. D. Density-Functional Thermochemistry III. The
Role of Exact Exchange. J. Chem. Phys 1993, 98 (7), 5648—5652.

https://doi.org/10.1021/acsomega.5c01415
ACS Omega 2025, 10, 18029—-18042


https://doi.org/10.1007/978-3-319-16510-3_12
https://doi.org/10.1007/978-3-319-16510-3_12
https://doi.org/10.1002/macp.202000017
https://doi.org/10.1002/macp.202000017
https://doi.org/10.37358/MP.19.3.5214
https://doi.org/10.1186/s12302-014-0016-3
https://doi.org/10.1186/s12302-014-0016-3
https://doi.org/10.1088/1755-1315/1144/1/012007
https://doi.org/10.1088/1755-1315/1144/1/012007
https://doi.org/10.1016/j.envpol.2016.12.013
https://doi.org/10.1016/j.envpol.2016.12.013
https://doi.org/10.1021/es2031505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es2031505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/gcb.15074
https://doi.org/10.1111/gcb.15074
https://doi.org/10.1111/gcb.15074
https://doi.org/10.3389/fmicb.2017.02709
https://doi.org/10.3389/fmicb.2017.02709
https://doi.org/10.3389/fmicb.2017.02709
https://doi.org/10.3390/toxics11030282
https://doi.org/10.3390/toxics11030282
https://doi.org/10.3390/toxics11030282
https://doi.org/10.3390/microorganisms9091909
https://doi.org/10.3390/microorganisms9091909
https://doi.org/10.3390/microorganisms9091909
https://doi.org/10.1002/app.49655
https://doi.org/10.1002/app.49655
https://doi.org/10.3390/ijerph19158972
https://doi.org/10.3390/ijerph19158972
https://doi.org/10.1088/1755-1315/1055/1/012015
https://doi.org/10.1007/s10646-022-02561-3
https://doi.org/10.1007/s10646-022-02561-3
https://doi.org/10.1007/s10646-022-02561-3
https://doi.org/10.3390/nano12132256
https://doi.org/10.3390/nano12132256
https://doi.org/10.3390/nano12132256
https://doi.org/10.3389/fmars.2021.770606
https://doi.org/10.3389/fmars.2021.770606
https://doi.org/10.3389/fmars.2021.770606
https://doi.org/10.1021/es034706f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es034706f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es071737s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envc.2021.100042
https://doi.org/10.1016/j.envc.2021.100042
https://doi.org/10.1002/etc.4902
https://doi.org/10.1002/etc.4902
https://doi.org/10.1002/etc.4902
https://doi.org/10.1051/matecconf/201825006001
https://doi.org/10.1051/matecconf/201825006001
https://doi.org/10.1088/1755-1315/476/1/012130
https://doi.org/10.1088/1755-1315/476/1/012130
https://doi.org/10.1088/1755-1315/476/1/012130
https://doi.org/10.1016/j.envpol.2021.118120
https://doi.org/10.1016/j.envpol.2021.118120
https://doi.org/10.1016/j.envpol.2021.118120
https://doi.org/10.1016/j.chemosphere.2020.128556
https://doi.org/10.1016/j.chemosphere.2020.128556
https://doi.org/10.1016/j.chemosphere.2020.128556
https://doi.org/10.1016/j.chemosphere.2020.128556
https://doi.org/10.1007/s11783-023-1641-0
https://doi.org/10.1007/s11783-023-1641-0
https://doi.org/10.1007/s11783-023-1641-0
https://doi.org/10.1063/1.2386157
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420
https://doi.org/10.1016/j.molliq.2022.120116
https://doi.org/10.1016/j.molliq.2022.120116
https://doi.org/10.1016/j.molliq.2022.120116
https://doi.org/10.1080/08927028808080941
https://doi.org/10.1080/08927028808080941
https://doi.org/10.1021/acs.jctc.4c00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct700200b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct700200b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/1756-0500-5-367
https://doi.org/10.1186/1756-0500-5-367
https://doi.org/10.1007/s11696-023-03243-y
https://doi.org/10.1007/s11696-023-03243-y
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0197592
https://doi.org/10.1063/5.0197592
https://doi.org/10.1063/5.0004608
https://doi.org/10.1063/5.0004608
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(65) Lee, C; Yang, W,; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B: condens. Matter. 1988, 37 (2), 785—789.

(66) Vosko, S. H,; Wilk, L.; Nusair, M. Accurate Spin-Dependent
Electron Liquid Correlation Energies for Local Spin Density
Calculations: A Critical Analysis. Can. J. Phys. 1980, S8 (8), 1200—
1211.

(67) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297—-3305.

(68) Barone, V.; Cossi, M. Quantum Calculation of Molecular
Energies and Energy Gradients in Solution by a Conductor Solvent
Model. J. Phys. Chem. A 1998, 102 (11), 1995—2001.

(69) Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Energies,
Structures, and Electronic Properties of Molecules in Solution with
the C-PCM Solvation Model. J. Comput. Chem. 2003, 24 (6), 669—
681.

(70) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal
Solvation Model Based on Solute Electron Density and on a
Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113
(18), 6378—6396.

(71) Kruse, H.; Grimme, S. A Geometrical Correction for the Inter-
and Intra-Molecular Basis Set Superposition Error in Hartree-Fock
and Density Functional Theory Calculations for Large Systems. J.
Chem. Phys. 2012, 136 (15), 154101.

(72) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132 (15), 154104.

(73) Caldeweyher, E.; Mewes, J.-M.; Ehlert, S; Grimme, S.
Extension and Evaluation of the D4 London-Dispersion Model for
Periodic Systems. Phys. Chem. Chem. Phys. 2020, 22 (16), 8499—
8512.

(74) Lu, T.; Liu, Z.; Chen, Q. Comment on “18 and 12 — Member
carbon rings (cyclo[n]carbons) — A density functional study”. Mater.
Sci. Eng. 2021, 273, 115425.

(75) Lu, T.; Chen, Q. Independent Gradient Model Based on
Hirshfeld Partition: A New Method for Visual Study of Interactions in
Chemical Systems. J. Comput. Chem. 2022, 43 (8), 539—555.

(76) Johnson, E. R; Keinan, S.; Mori-Sanchez, P.; Contreras-Garcia,
J.; Cohen, A. J; Yang, W. Revealing Noncovalent Interactions. J. Am.
Chem. Soc. 2010, 132 (18), 6498—6506.

(77) Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction
Analyzer. J. Comput. Chem. 2012, 33 (S), 580—592.

(78) Humphrey, W.; Dalke, A.; Schulten, K. V. Visual Molecular
Dynamics. J. Mol. Graphics 1996, 14 (1), 33—38.

18042 https://doi.org/10.1021/acsomega.5c01415
ACS Omega 2025, 10, 18029—-18042


https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.10189
https://doi.org/10.1002/jcc.10189
https://doi.org/10.1002/jcc.10189
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3700154
https://doi.org/10.1063/1.3700154
https://doi.org/10.1063/1.3700154
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1039/D0CP00502A
https://doi.org/10.1039/D0CP00502A
https://doi.org/10.1016/j.mseb.2021.115425
https://doi.org/10.1016/j.mseb.2021.115425
https://doi.org/10.1002/jcc.26812
https://doi.org/10.1002/jcc.26812
https://doi.org/10.1002/jcc.26812
https://doi.org/10.1021/ja100936w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

