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ABSTRACT: The increasing global demand for food and agrarian development
brings to light a dual issue concerning the use of substances that are crucial for o
increasing productivity yet can be harmful to human health and the environment when

misused. Herein, we combine insights from high-level quantum simulations and 7 3 I
experimental findings t o e lucidate t he f undamental p hysicochemical mechanisms /) T
behind developing graphene-based nanomaterials for the adsorption of emerging |
contaminants, with a specific focus on p esticide glyphosate ( GLY). We conducted a X g '} P i
comprehensive theoretical and experimental investigation of graphene-based supports el \ 3 VBB X

as promising candidates for detecting, sensing, capturing, and removing GLY 3 7
applications. By combining ab initio molecular dynamics and density functional theory : -
calculations, we explored several chemical environments encountered by GLY during
its interaction with graphene-based substrates, including pristine and punctual defect
regions. Our results unveiled distinct interaction behaviors: physisorption in pristine

and doped graphene regions, chemisorption leading to molecular dissociation in

vacancy-type defect regions, and complex transformations involving the capture of N and O atoms from impurity-adsorbed
graphene, resulting in the formation of new GLY-derived compounds. The theoretical findings were s ubstantiated by F TIR and
Raman spectroscopy, which proposed a mechanism explaining GLY adsorption in graphene-based nanomaterials. The
comprehensive evaluation of adsorption energies and associated properties provides valuable insights into the intricate nature of
these interactions, shedding light on potential applications and guiding future experimental investigations of graphene-based

nanofilters for water decontamination.
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1. INTRODUCTION

Agriculture, an essential component of human society, is a
cornerstone of the economy, playing an undeniable role in
supplying raw materials for industry and, more crucially,
ensuring food security for humanity. The advancement of
agricultural practices and innovations has been instrumental in
boosting productivity and facilitating large-scale food produc-
tion."”” Notably, agricultural pesticides, encompassing chem-
ical, physical, and biological pest, and weed control agents have
significantly ¢ ontributed t ot his p rogress.” A mong these

pesticides, one stands out: N-(phosphonomethyl)glycine,
widely known as glyphosate ( GLY). GLY is a nonselective
herbicide with broad effectivenessa ndisa mongt he most

widely used pesticides globally for weed control.” Unlike other
organophosphates targeting the cholinesterase enzyme, GLY
primarily inhibits the enzyme S-enolpyruvyl-shikimate-3-
phosphate synthase and exhibits exceptional translocation
properties within plants.4 Since its introduction in the 1970s,
GLY has an annual application of approximately 800,000 tons
worldwide, with Brazil leading in its usage, particularly in GLY-

tolerant soybean cultivation.” Brazil's status as the largest
consumer of pesticides is evident, with around 118 commercial
GLY-based products available. Given the extensive use of
GLY and its introduction into the environment through
various pathways during manufacturing, application, and
postuse disposal, questions about potential effects on both
animal and plant health, as well as short- and long-term
environmental irnpacts,7 underscore the need for studies
focused on GLY detection and removal.

The widespread GLY use has led to the emergence of
herbicide-resistant weed biotypes, particularly from the Conyza
and Digitaria insularis genera.* The environmental and health
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consequences of GLY’s extensive usage, compounded by the
lack of rotation of its mechanisms of action, have resulted in
issues affecting both fauna and flora and poisoning incidents.*”
As an organophosphate herbicide, GLY exhibits high sorption
capacity (adsorption + absorption processes) in the soil,
interacting via several physical and chemical mechanisms such
as van der Waals forces hydrogen bonds, ionic interactions,
hydrophobic bonds, and covalent bonds with soil metal
oxides.'” Although GLY degrades in a few days in the soil, it
can strongly adsorb onto soil minerals, leading to accumulation
and persistence with a long halflife."" Furthermore, it may
leach into aqueous environments, including underground
water reserves”'” and surface waters.”'* There is ongoing
debate regarding the toxicity of GLY and its metabolite
aminomethylphosphonic acid (AMPA)."~"” While certain
studies suggest low human toxicity,"® others emphatically point
to serious risks,"” including mutagenic, carcinogenic, and
genotoxic effects even at low doses,”” as well as fatal
consequences in overdose cases.”’ The United States Environ-
mental Protection Agency sets the maximum contaminant level
in drinking water at 700 mg/L, yet concentrations up to 105
mg/L have been found in freshwater supplies.”’ Recently, the
European Union approved using GLY for an additional 10
years, subject to new conditions and restrictions.”” Despite
these regulations, it is unanimously acknowledged that due to
its small, polar, and highly water-soluble nature, indiscriminate
GLY wuse can result in severe environmental impacts,
particularly water pollution, classifying it as an emerging
contaminant. Therefore, investigations focusing on materials
for GLY monitoring, detection, and removal systems are of
great significance,”” and new technologies based on nanoma-
terials will be essential to combine precision agriculture with
environmental protection.”*

First, there is great relevance in GLY detection process, as it
involves monitoring and verifying the presence of acceptable
levels of this molecule in the environment and biological
samples, assessing potential contamination and toxic effects
stemming from its residual accumulation in the food chain.*
In this sense, the development of analytical procedures for
GLY detection and quantification has been substantial,
requiring a high degree of selectivity, sensitivity, and accuracy
for analyzing low concentrations of analytes. Notably,
chromatographic and fluorescence techniques,” as well as
electrochemical methods, including cyclic voltammetry and its
derivatives, have gained prominence due to their cost-
effectiveness, high sensitivity, potential for miniaturization,
and automation, which could lead to the development of
simpler and more portable devices for field measurements and
detections.”® However, electrochemical detection necessitates
an electroactive analyte. This criterion poses a challenge for
GLY detection since it does not undergo a redox reaction
within the applied potential range, making voltammetric
detection unfeasible. Nevertheless, GLY detection can be
accomplished through various approaches, including electrode
surface modifications, sample treatments, or indirect detection
by forming coordination compounds. This often involves usin%
carbon electrodes with metals like copper and gold.”*”
Nonetheless, there is still a need for further insights to explore
the possibilities of harmonizing specific materials with
molecules like GLY. Here, the study of systems based on
graphene,”” whether in its pure (pristine) form or when
functionalized with vacancies, doping, or heteroatoms, offers
potential. Such modifications have the potential to enhance

reactivity for molecular interactions and contribute to the
feasibility of the sensing and detection process.””

Regarding experimental processes for removing emerging
contaminants, adsorption emerges as a standout method due
to its simplicity, low adsorbent costs, flexibility, and high
efficiency.”” In the case of GLY removal by adsorption to
mitigate pollution effects, several materials have been studied,
including biochar, zeolites, hydroxides, and various carbon-
based materials.”**" For graphene-based materials, GLY
adsorption typically occurs under low pH conditions, with
the protonated phosphate functional group, making it a potent
electrophile capable of interacting with the aromatic groups of
the adsorbent, thus characterizing chernisorption.32’33 How-
ever, other types of interactions are also feasible.* In this
context, carbon-based nanomaterials appear as very promising
candidates for adsorption due to their remarkable reactivity
and chemical selectivity.”’ Among them, special emphasis is
given to graphene, which is a two-dimensional material formed
by a single layer of carbon atoms organized in planar hexagonal
rings, renowned for its exceptional mechanical, electrical,
thermal, and optical properties, not to mention its extensive
surface area.”® Tsolated in 2004, graphene and its composites
have been extensively studied for water treatment. This is
owing to their significant surface area, catalytic effects,
adsorptive capacity, and reactivity, particularly in the
purification and detection of contaminants.***®

However, the graphene used in device construction, such as
contaminant gas sensors, has its limitations and is successful
only for certain molecules capable of inducing significant
changes in the system’s conductance during molecular
adsorption.”” Limitations arise when molecules to be detected
display weak adsorption characteristics on the graphene
surface. This is a common occurrence due to graphene’s low
inherent reactivity, resulting in relatively weak molecular
interactions (physisorption). A viable solution to address this
issue is the functionalization of two-dimensional materials like
graphene.”® Incorporating heteroatoms into graphene is
particularly relevant, as it enables the merging of properties
from both systems, potentially leading to new or enhanced
characteristics in the functionalized system.***” Graphene
support provides stability to the system. In contrast,
heteroatoms can introduce the chemical activity required for
effective substrate interaction. Consequently, both pristine
graphene and graphene with point defects, including vacancies
and heteroatoms (either adsorbed or substitutional),*® can
serve as promising candidates for adsorbing pollutants like
GLY, emphasizing the need for further research in this area.”®
With an increasing emphasis on combining graphene, known
for its stability, with magnetic elements or nanoparticles,
aiming to facilitate phase separation in aqueous solutions by
applying magnetic fields.*”*' Despite that, there remains a
scarcity of studies exploring the details of the molecular
adsorption effects on sensor systems, and further, research is
warranted to expand our understanding.

Thus, in the present work, we investigated the theoretical
and experimental GLY behavior in interaction with graphene
and its various functionalizations to advance the understanding
of the molecular adsorption process in line with experimental
results. This investigation encompassed GLY on pristine
graphene (PRG), graphene with monovacancy (MVG),
graphene with O- and N-doped atoms (ODG and NDG,
respectively), and graphene with O- and N-adsorbed atoms
(OAG and NAG, respectively). We employed state-of-the-art
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Figure 1. (a) Schematic representation for the GLY and its potential substrates, including PRG, MVG, ODG, NDG, OAG, and NAG. (b)
Methodological flowchart for the adsorption process protocol. (c) Temperature (T in K) versus time (¢ in ps) for the AIMD thermalization (TE)
and simulated annealing (SA) exemplification process for GLY/PRG (see Figure S2 in SI for other GLY/subsystems).

quantum-mechanical computational methods with experimen-
tal support to address fundamental questions regarding
atomistic interactions. Specifically, we conducted first-
principles calculations based on density functional theory
(DFT) and Ab Initio Molecular Dynamics (AIMD) simu-
lations. Our study aims to provide insights into the interactions
within these systems, shedding light on the possibilities of
modifying graphene to enhance its capabilities as a sensor and
a potential agent for GLY removal. We also investigate the
atomistic mechanisms governing the interaction between
molecules and substrates and the resulting experimental
implications. Our findings contribute to understanding GLY-
graphene interactions and can potentially guide the develop-
ment of future graphene-based nanomaterials for GLY
detection and adsorption. The structure of this paper is
organized as follows: Section 2 outlines our computational and
experimental methods, while Section 3 presents our results and
discussion. Finally, Section 4 summarizes our conclusions.

2. METHODOLOGY

2.1. Computational Methods. 2.1.1. Atomic Config-
urations. Here, we have considered the interaction limit of a
single molecule with a substrate that provides sufficient surface
area, which is usually performed at the atomic level and based
on graphite and graphene models.””** Consequently, the
surface region encountered by the analyte (GLY) in the
adsorption process can be composed by six possible
constitutions: sub = PRG, MVG, ODG, NDG, OAG, and
NAG, as illustrated in Figure la. Our substrate models are
primarily based on single-layer graphene, as we have observed
similar adsorption behavior when using substrates with
multiple layers (see Figure S1 in the Supporting Information
(SI) material). In this context, we assume a chemical scenario
where GLY, in neutral charge state, can interact with several
chemical environments, which may involve pure graphene and
graphene with punctual defects. These defects are commonly

expected in the production of graphene-based nanomateri-
28,38
als.”™”

The graphene-based substrates were initially constructed
considering the adequate lattice parameters, which were
determined accurately by establishing the C—C bond length,
ensuring the reproducibility of fundamental properties, and
conducting convergence tests (additional details are available
in the SI, Tables S1—S4). These methodological tests were
crucial to ensure the correct application of the supercell
approximation. This includes determining the appropriate
substrate dimensions, specifically supercell sizes large enough
to accommodate the GLY maximum dimensions while
maintaining sufficient separation to prevent interactions
between molecular periodic images (punctual defects). The
periodic distances of the substrates were defined in the xy
plane using (6 X 6) supercells (in comparison with (8 X 8)
supercells, see Figure S1), while the nonperiodic direction
extended along the z-axis. To prevent interactions between the
molecule and substrate periodic images along the z-axis, a
vacuum distance ranging from 17 to 20 A was maintained.

We explored the GLY/sub potential energy surface (PES)
for the molecular adsorption stage, considering one molecule
per supercell, to find each substrate’s most stable adsorbed
configuration. To this purpose, we employed a strategy based
on AIMD simulations, which is outlined in Figure 1b. Initial
trial settings, composed by GLY in arbitrary orientations on
graphene substrates, underwent AIMD simulations, incorpo-
rating thermalization (TE) at 300 K and simulated annealing
(SA) processes (from 300 to 0 K). Both procedures provided
sufficient thermal energy to thoroughly explore the PES,
identifying various adsorption sites and generating numerous
snapshots. The key distinction lies in the temperature
reduction during simulated annealing, which allows atoms to
freeze in their equilibrium positions. Subsequently, we
optimized the final and snapshot AIMD configurations through
high-level quantum-mechanical calculations. After a checking
process, we analyzed the resulting configurations.

2.1.2. Computational Details. All systems were studied
using spin-polarized DFT***° framework within the semilocal
exchange-correlation functional based on the generalized
gradient approximation proposed by Perdew—Burke—Ernzer-
hof"” (PBE). Recognizing the significant role that attractive


https://pubs.acs.org/doi/10.1021/acsami.4c05733?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c05733?fig=fig1&ref=pdf

nonlocal long-range van der Waals (vdW) interactions can play
in describing analyte-substrate interactions,**” we employed
the semiempirical vdW D3 correction.”’ This correction added
an extra dispersion energy contribution to the total energy
within the DFT-PBE framework.

To solve the Kohn—Sham equations, we employed the all-
electron projected augmented wave (PAW)*' method as
implemented in the Vienna Ab Initio Simulation Package®*’
(VASP). This method describes core electrons using fully
relativistic calculations, while valence electrons are approxi-
mated using a scalar-relativistic approximation.”* Our calcu-
lations utilized a plane-wave cutoff energy of 600 eV, which
exceeded the largest recommended cutoff energy (ENMAX) by
50% among the selected PAW files. We also employed a 4 X 4
X 1 k-mesh for Brillouin zone integration, generated using the
Monkhorst—Pack scheme, and applied a small Gaussian
smearing parameter of 1 meV. This parameter is necessary
to prevent fractional occupation of electronic states. Equili-
brium geometries were attained when atomic forces on each
atom reached values smaller than 0.015 eV A™!. We considered
a total energy convergence threshold of 1.0 X 107¢ eV for
electron density self-consistency. For our AIMD simulations,
we employed the Nosé algorithm, with both the TE and SA
processes running for 50 ps each. A time step of 1 fs was used
to generate several adsorbed snapshots.

2.2. Experimental Methods. For comparison with
theoretical calculations, three graphene species were utilized
in the experimental part: (i) graphene oxide (GO), (ii)
reduced graphene oxide (rGO), and (iii) reduced graphene
oxide doped with nitrogen (NGO). The expected chemical
structures of these graphene species are illustrated in Figure S3.
Structurally, GO primarily resembles oxygen-containing
substrates (ODG and OAG). However, it is important to
note that due to its high oxidation, GO exhibits numerous
vacancies and can be likened to MVG. On the other hand,
rGO structurally resembles PRG, but it is important to
highlight the presence of vacancies and residual functional
groups. Lastly, NGO is more akin to nitrogen-doped graphene
(NDG) and at a lower comparison factor with nitrogen-
adsorbed graphene (NAG).

Graphene oxide and reduced graphene oxide were
synthesized through a chemical oxidation method of graphite.
The GO reduction to rGO was achieved using sodium
borohydride (NaBH,) from Merck.”® Nitrogen incorporation
into graphene oxide followed the procedure proposed by Sun
and collaborators.’® Deionized water obtained through a Milli-
Q_system was used throughout the experiments. The GLY
adsorption was carried out at room temperature and pH of 7
by mixing 100 mg of each graphene material with 10 mL of a
commercial GLY solution (PESTANAL, 100 mg/L) and
stirring for 24 h. Subsequently, the graphene substrates were
filtered and dried in an oven at 60 °C for 24 h. Analysis of the
graphene materials before and after adsorption and the GLY
was conducted using a Vertex-70 (Bruker) in attenuated total
reflectance (ATR) mode with an ATR accessory from Pike
Technologies. Raman spectra were obtained using a
SENTERRA confocal Raman microscope (Bruker) with a
532 nm laser.

Finally, it is important to highlight that our work focuses
mainly on the mechanisms of GLY adsorption on graphene
substrates, without a specific focus on degradation.

3. RESULTS AND DISCUSSION

3.1. Theoretical Results. 3.1.1. Analyte and Substrates.
The individual systems, GLY and substrates, are depicted in
Figure la. Additional details, including top and side views,
along with the corresponding binding energy (E,) values, are
provided in Figure S4. E, serves as a measure of energy stability
and is calculated by subtracting the total energy of the system
(molecule or substrates) from the total energies of the free
atoms that make up that respective system. Negative E, values
are given per atom and indicate the energetic stability of
system formation, as per the adopted definition. GLY, a
phosphonate from the organophosphorus compound family, is
a stable and nonmagnetic molecule with an E, of —4.383 eV
per atom. The structural and vibrational results are in excellent
agreement with previous works.””® GLY possesses three polar
functional groups — amine, carboxylate, and phosphonate —
imparting characteristics such as high water solubility, strong
adhesion to soil constituents, and charge variability in response
to soil pH.>

Graphene-based substrates were derived from PRG and its
variants; for instance, OAG and NAG were created by
adsorbing O and N adatoms on PRG, respectively. Adsorption
tests were conducted on top, bridge, and hollow sites, with
structural optimizations revealing the bridge site as the most
stable for both cases. The MVG substrate was generated by
removing a single C atom from PRG, leading to at least three
different monovacancy configurations. These configurations
are determined by the distances and disposition of C atoms in
the vacancy region and the total magnetic moment (mr) values
of the system. Three distinct monovacancy configurations
emerged: a nonsymmetric single vacancy resulting in a
metastable nonmagnetic configuration featuring an out-of-
plane C atom, a planar and symmetric configuration, and the
most stable MVG configuration (used in our study). The latter
exhibits symmetry reduction, with one of the C—C distances
(1.98 A) being smaller than the other two (2.55 A),
accompanied by mp = 1.5 pp, in excellent agreement with
previous studies.*”*’ From the MVG substrate, we constructed
ODG and NDG configurations, where O and N atoms were
adsorbed near the vacancy region. The most stable results were
obtained when O and N atoms became substitutional,
occupying the removed C atom position. In Table 1 are
shown the E, and my properties for the graphene-based
substrates.

Table 1. Binding Energy, E, (in eV Per Atom), and Total
Magnetic Moment, my (in pg), Values for the PRG, MVG,
NDG, ODG, NAG, and OAG Substrates

PRG MVG NDG ODG NAG OAG
E, —7.876 —7.768 —7.827 —7.768 =7.781 —7.798
my 0.000 1.500 0.000 0.000 0.000 0.000

From Table 1, we observe negative E, values indicating
energetic stability for all substrates. There is a slight preference
for PRG, followed by NDG, OAG, NAG, ODG, and MVG,
resulting in a statistically slightly greater probability of PRG
configuration-type formation in graphene-based substrates.
However, depending on the experimental aspects involved in
substrate construction, such as reagent purity, handling, and
the chemical environment of the reaction, it is feasible to find
punctual defects. This is due to the small relative binding
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Figure 2. Top and side views of two representative conformations, including the lowest energy configuration, are presented for the following
systems: (a) GLY/PRG, (b) GLY/MVG, (c) GLY/NDG, (d) GLY/ODG, (e) GLY/NAG, and (f) GLY/OAG. Additionally, the relative total
energy (AE,,), in relation to the lowest energy conformation (0.000 eV), is depicted for each set.

energy difference, changing between ~0.05 eV/atom (NDG—
PRG) and 0.11 eV/atom (MVG—PRG). The PRG substrate
exhibits standard characteristics of a two-dimensional
hexagonal lattice, including planarity and absence of magnet-
ism, as reported in the literature.*”®" It has an equilibrium
lattice parameter of 2.461 A, corresponding to an average C—C
bond length of 1.421 A and exact coordination number of 3.

The punctual defect configurations exhibit a smaller E,
magnitude compared to PRG, implying higher reactivity. For
instance, the MVG configuration demonstrates increased
reactivity and lower stability attributed to unsaturated dangling
bonds.** The monovacancy formation energy is estimated
using E,,. = Epy ¢ — (n — 1)/nEixC, where n is the number of
C atoms in PRG. The calculated value is 7.711 eV, aligning
with both experimental®” and theoretical** results. Among all
the supports investigated, MVG is the only configuration
exhibiting magnetism. This magnetic property is induced by
the single vacancy, which disrupts the symmetry of the -
electrons.

The doped configurations (NDG and ODG) have the
missing bonds in the vacancy region remedied by adatoms (N
or O), resulting in a zero m. We can estimate the doping
energy llSiIlg Edop — Eg]tDG or ODG __ E{\;[tVG _ Ei\gtor Oﬂee—atom). The
obtained values are —12.061 and —7.821 eV, with C—N and
C—O average bond lengths of 1.408 and 1.484 A for NDG and
ODG substrates, respectively, both in-plane. Similarly, the N
and O adsorbed configurations (NAG and OAG) exhibit null
total magnetic moments. In contrast to the doped config-
urations, which display large E,,, magnitudes, the adsorbed
configurations show lower adsorption energy values (E,4 =
ENDGorODG _ pPRG _ pNor O freeatom) ot (955 and —2.158
eV, respectively. The higher PRG stability can explain this
compared to MVG. The average bond distances between C—N
and C—O are 1.464 and 1.465 A, respectively, both out-of-
plane. The values presented for two sets of graphene systems
with N and O atoms agree with the literature.”>**

3.1.2. Analyte—Substrate Stability. After conducting
individual characterizations of the systems (analyte and
substrates), we proceeded with the molecular adsorption
process involving analyte—substrate interactions. As illustrated
in our model (Figure 1), each GLY molecule can exist in six
potential chemical environments, namely, GLY/PRG, GLY/
MVG, GLY/NDG, GLY/ODG, GLY/NAG, and GLY/OAG.
Despite the limited number of substrates, there is a
considerable variety of possible interaction modes. In fact,
Figure SS illustrates the electrostatic potential map of each of
the six possible substrates, providing a qualitative glimpse of
the changes in the potential energy surface experienced by the
adsorbate. To encompass the full spectrum of PES scenarios,
we employed our AIMD-based strategy. Figure 2 showcases
the most stable configurations for each case compared to a
nonequivalent configuration of interest. Additionally, in the SI
(Figures S6—S11), we provide the five most stable and
nonequivalent configurations for each substrate, along with
their respective relative total energies: AE,, = Ei, — E<,
where Ej, and ElY represent the total energies for a given
configuration i and the lowest energy configuration (low),
respectively. The most stable conformations for each analyte—
substrate system (0.000 eV) are the most likely to be obtained
in an experimental situation. However, they are not the only
possibilities within an energy window.

For GLY/PRG (Figure 2a), we observe the analyte
interacting with the substrate in a horizontal orientation,
adopting a twisted molecular conformation. This conformation
positions the carboxylic and phosphonic groups in close
interaction with the substrate surface while distancing the
amine group. Comparatively, the untwisted molecule, arranged
horizontally on the substrate, is 0.246 eV less stable. Figure S6
presents additional orientations of the GLY molecule on the
substrate, revealing only a slight difference in relative total
energy (approximately 0.302 eV). This small energy disparity
underscores the potential coexistence of different orientations
within the PRG chemical environment.
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In Figure 2b, the GLY/MVG scenario is different. The
heightened reactivity of the substrate, attributed to the
monovacancy, intensifies the interaction with the analyte.
This is evident in the dissociation of the molecule. In the most
stable conformation (0.000 eV), a H atom is lost from the
phosphonic group, binding to one of the low-coordinated C
atoms in the vacancy region. Simultaneously, the analyte
chemically bonds to the substrate via an O atom (which lost
the hydrogen), forming a C—O bond between GLY and MVG.
An alternative conformation highlighted in Figure 2b depicts a
scenario where the interaction bypasses the phosphonic group.
In this instance, we observe a decrease in stability (0.772 eV).
Despite one of the CH, groups losing a H atom to the
substrate, a strong interaction fails to establish a chemical
bond.

Most lower-energy snapshots arising from the GLY—MVG
interaction validate conformations like the most stable one. In
this predominant scenario, a H atom is lost from the
molecule’s phosphonic group to the substrate’s vacancy region,
culminating in the subsequent formation of a C—O chemical
bond between GLY and MVG. This pattern is evident in the
three most stable conformations showcased in Figure S7.
Configurations resulting from the interplay of the vacancy with
other molecule functional groups, while capable of capturing a
H atom, exhibit lower stability. For instance, the interaction
with the carboxylic group also leads to the formation of a C—O
chemical bond between GLY and MVG but is less stable
(0.989 eV).

In Figure 2¢,d, we examine the GLY/NDG and GLY/ODG
cases, respectively. The substitutional N or O atoms (replacing
the removed C atom) result in decreased reactivity with the
substrate. From Figure 2c, the most stable GLY/NDG
conformation (0.000 eV) mirrors that of GLY/PRG, where
the molecule interacts horizontally with the substrate,
undergoing a twist that brings the carboxylic and phosphonic
groups closer to the substrate surface. Another highlighted
conformation in Figure 2c reveals a decrease in stability (0.462
€V) for interactions with the molecule positioned vertically in
relation to the substrate. Conversely, in Figure S8, we illustrate
that bringing the molecule closer to the amine group decreases
the stability of the systems by approximately 0.305 eV.
Furthermore, it also demonstrates the independence of the
molecule’s positioning on the substrate, indicating energetically
degenerate configurations both in the doping region and away
from it (Figure S8b,c, respectively).

In Figure 2d, the most stable GLY/ODG conformation
(0.000 eV) exhibits a horizontal parallel interaction over the
doping region, with minimal distortions in the GLY molecule.
Notably, the second highlighted structure in Figure 2d
positions the molecule vertically. Unlike the GLY/NDG case,
the relative energy is more than four times lower (0.106 eV),
indicating that the proximity between the doping region of the
substrate and the analyte via O atoms of the phosphonic group
results in an energy gain. Figure S9 further illustrates that
different orientational conformations of the molecule on the
substrate yield configurations with closely matched energies,
with relative total energies lower than 0.280 eV.

In Figure 2e,f, distinct scenarios unfold for the GLY/NAG
and GLY/OAG cases, respectively. Introducing adsorbed N or
O atoms keeps lower reactivity to the substrate. Still, this
alteration induces changes in the molecule itself, resulting in
configurations with lower energy. In Figure 2e, the most stable
GLY/NAG conformation (0.000 eV) arises from a situation

where GLY appropriates the N atom previously adsorbed on
the substrate. This leads to the formation of a molecular
compound, HO;P---C;H;N,0O,, featuring two radicals interact-
ing via hydrogen bonds (O--2H). Another highlighted
conformation in Figure 2e depicts the formation of a different
double radical molecular compound, CH3;NO,P---C,H,NO,,
with interaction via a hydrogen bond (N:--H). However, this
configuration is 1.528 eV less stable. Figure S10 illustrates that
configurations where N is not appropriated by GLY exhibit
significantly lower stability, ranging between 2.996 and 3.511
eV.

In Figure 2f, the most stable GLY/OAG conformation
(0.000 eV) arises from a scenario where GLY appropriates the
O atom previously adsorbed on the substrate. This results in
the formation of a distorted C;HgNO(P molecular compound
(approximating the phosphonic and carboxylic groups), now
featuring an additional hydroxyl radical. Another highlighted
conformation in Figure 2f demonstrates that capturing the O
atom from the substrate, albeit incurring an energetic cost of
0.628 eV, facilitates the transformation of the GLY molecule
into C;H{NOP --- H,O, once again interacting via hydrogen
bonds. Similar to the GLY/NAG case, Figure S11 illustrates
that configurations where the O atom is not appropriated by
the molecule exhibit significantly lower stability, ranging
between 2.740 and 3.006 eV.

It is essential to highlight that while we have presented cases
where there is molecular dissociation (GLY/MVG) and
chemical transformation of GLY into other species (GLY/
NAG and GLY/OAG) as spontaneous, we must emphasize
that they were obtained under specific temperature conditions.
In other words, the configurations resulting from the
optimization calculations were obtained from AIMD simu-
lations via TE or SA processes (see the Computational
Methods subsection).

3.1.3. Analyte—Substrate Interaction. Considering the
lowest energy GLY/sub configurations (0.000 eV), we
computed key properties associated with the GLY—sub
interaction, encompassing the adsorption energy (E,q), the
minimum distance between GLY and sub after adsorption
(dSiy=b) | the effective Bader charges (q°*Y and ¢™), the
percentage variations in the bond lengths of the molecule
(AdSY) and the substrate (Ad™®), and, finally, the total
magnetic moment (my) of the systems.

For E,;, we have extended beyond the conventional
definition, which typically considers the interacting system in
relation to separate systems. In this context, we define E 4 as
the sum of the interaction ener§y (Eie) and the respective
distortion energies (ESy and Ei) of its constituents due to
the interaction, as expressed in the following equation:44

_ »GLY /sub GLY relaxed sub relaxed
Ead _Etot - Etot - Etot

GLY sub

:Eint + Edist + Edist (1)
where ESLY/sib pOLY relaxed -5y g psubrelaxed yopresent the total

energies of GLY/sub, isolated, and relaxed GLY and sub,
respectively. Additionally, the E,,, ESY, and E3 terms are

defined as follows: E,, = ESLY/sb _ pOLY frozen _ psub frozen, pGLY
_ EGLY frozen __ EGLY relaxed, and Esub _ Esub frozen __ Esub relaxed
- tot tot ) - .

of dist tot tot
Here, EGrY o and EfSP %" represent the total energies
calculated from the frozen structures obtained from the GLY/
subsystems in equilibrium.
Our approach involves the decoupling of the GLY—sub

interaction by decomposing the adsorption energy into an
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Figure 3. Main adsorption properties for the lowest energy GLY/sub (sub = PRG, MVG, NDG, ODG, NAG, and OAG) systems: adsorption
energy (E,4), interaction energy (E;,), distortion energies (EG% and E$%), minimum bond length distances between GLY and sub ("), the
relative deviation for the average bond lengths (AdS™Y and AdP), effective Bader charges (¢ and qs“b), and the total magnetic moments (mr).

additive term (E,,) and two nonadditive terms (ESYY and

ES). A comprehensive understanding of the analyte—substrate
interaction is achieved by measuring (i) the interaction
between the systems through E,, and don" s (i) the
modifications/deformations experienced by 1nd1V1dual systems
during interaction, and (iii) the energetic and structural
penalties from can be estimated using EG%' and ES% for the
energetic part and through AdS™ and AdS® for the structural
part. These latter terms are defined by the structural changes in
average bond lengths after adsorption (ads) in relation to the
respective separate systems before adsorption, as expressed in
eq 2:

avads —

(d d,) x 100
Adav =
dyy ()

Finally, the characterization of the charge variations due to the
GLY—sub interaction is given by the ¢°¥ and g™ values. At
the same time, electronic changes manifested in magnetic
properties can be ascertained through my. Figure 3 and Table
SS present the key property values for the lowest energy
configurations.

The properties presented in Figure 3 (Table SS) reveal
negative E; values, indicating the energetically favorable
interaction of GLY with graphene-based substrates. Three
primary interaction behaviors emerge (1) When GLY
encounters regions of pristine graphene (GLY/PRG) or
punctual defects based on N- and O-dopings (GLY/NDG,

GLY/ODG), physisorption occurs. In this case, the molecule
interacts horizontally with the substrates. (2) GLY/MVG
exhibits chemisorption when encountering vacancy-type defect
regions on graphene. This results in a strong analyte—substrate
interaction, leading to partial molecule dissociation. This
interaction can potentially lead to substrate poisoning by
atomic species from the molecule and binding the molecule to
the substrate. (3) When GLY encounters graphene regions
with punctual defects based on N and O adsorptions (GLY/
NAG, GLY/OAG), the atomic species adsorbed on the
substrate are captured by the molecule. This leads to the
formation of new chemical compounds, such as derivatives of
phosphates, glycines, phosphoserines, and water.

In case (1), greater dispersive contributions characterize the
GLY-substrate physisorption interaction. The E,; magnitudes
are relatively small, measuring —0.899 eV for GLY/PRG, —
0.976 eV for GLY/NDG, and —0.714 eV for GLY/ODG.
Additionally, the dfj;,Y'S“b values are larger at 2.405 A, 2394 A,
and 2.552 A, respectively, indicating a typical distance between
the analyte and substrate for physisorbed systems. Further-
more, the molecular interaction in physisorbed systems does
not significantly alter the preexisting magnetic behavior. The
isolated GLY, PRG, NDG, and ODG systems exhibit
nonmagnetic characteristics, and after the adsorption process,
they maintain a total magnetic moment of zero for all
conformations. This observation aligns with the reported weak
adsorbate—substrate interaction. Moreover, these findings are
consistent with the nonsignificant charge transfers between
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GLY and the respective substrates observed throughout the
interaction, as exemplified for GLY/PRG in Figure 4a and for
the other systems in Figure S12.

Top view

2
(]
>
<%}
o
=
(iso = 0.002) (iso=0.023)
0C,0C ©000NOHOP

'sub 'mol

Figure 4. Top and side views of the charge density difference plots for
the lowest energy (a) GLY/PRG and (b) GLY/MVG configurations.
Isosurface (iso) values are shown in the figure, with cyan and yellow
colors representing charge depletion and accumulation, respectively.

The trend observed in case (1) is manifested in the E4
decomposition, where a higher contribution from E, is
evident compared to ES%" and ES. Specifically, for GLY/PRG
and GLY/NDG (GLY/ODG), approximately 66.5 and 71.6%
(98.3%) of the adsorption energy originates from the
interaction energy, with an additive (nonadditive) contribution
from molecular distortion accounting for 30.6 and 28.1%
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(3.5%). Meanwhile, there are minor energy contributions due
to substrate distortion: 2.9 and 0.3% (5.2%), respectively. This
finding aligns seamlessly with the observed relative deviation
for AdS™Y and Ad®™® values. The results underscore the earlier
observation that the molecule undergoes a twist in the more
stable GLY/PRG and GLY/NDG systems, bringing the
carboxylic and phosphonic groups closer together. At the
same time, such distortion is absent in GLY/ODG.

In case (2), the most stable GLY/MVG configuration
exhibits a higher E,q magnitude compared to case (1), with an
estimated value of £—2.462 eV. This increase is attributed to
the high reactivity of the vacancy region, resulting in molecular
dissociation and local substrate deformation. The GLY
dissociation involves the loss of a H atom, subsequently
incorporated into a monovacancy site. Additionally, a C—O
chemical bond forms between the dissociated GLY and
another substrate vacancy site, resulting in dGi, ™ '¢ assuming
the C—O bond distance value, ie., 1.376 A. Consequently,
molecular dissociation and analyte-substrate coupling repre-
sent a scenario of increased stabilization for the entire system.

The E,4 decomposition reveals a substantial E;;, magnitude
(~—8.195 eV), accompanied by significant penalties for
molecular dissociation (~4.674 eV) and local substrate
deformation (1.059 eV). These energetic results align closely
with the observed structural changes induced by the GLY-
MVG interaction, reflected in AdS™Y (—15.08%) and AdMVE
(—1.50%). The energetic and structural findings are con-
sistently linked to the charge transfer process, as evidenced by
our Bader charge analysis and charge density difference plots
(Figure 4b). Specifically, GLY receives (—0.455 e) while MVG
donates (0.455 ¢) charge. Lastly, the contributions of
molecular dissociation and the GLY-MVG bond result in an
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Figure 5. IR studies before and after GLY adsorption: (a) GLY, GO, rGO, and NGO; (b) GO; (c) rGO; and (d) NGO.
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increase in the my, transitioning from 1.5 yp (MVG) to 2.0 i
(GLY/MVG).

In case (3), encompassing the most stable GLY/NAG and
GLY/OAG configurations, it is crucial to contextualize the
results appropriately. The graphene substrates with adsorbed N
and O atoms act as suppliers of these atoms to the GLY
molecule, capturing them and forming new GLY-derived
compounds. Consequently, we observe elevated E,; magni-
tudes (~—4.051 eV for GLY/NAG and ~—3.410 eV for GLY/
OAG). These values stem from the binding of GLY with the N
and O atoms captured from the substrate, in addition to the
ensuing interaction between the newly formed compounds and
the resultant substrate (PRG). This result is most apparent in
the E,4 decomposition analysis, revealing the highest E,
magnitudes (~—13.079 eV and ~—8.462 eV) along with
substantial penalties for structural changes in the molecule
(~8.185 eV and ~3.136 V) and moderate penalties in the
substrate (0.843 and 1.916 eV) for the N and O systems,
respectively.

As anticipated, consistent with this energetic outcome, the
substantial relative deviation values given by AdS™ for both
GLY/NAG (—16.463%) and GLY/OAG (—9.135%) reflect
the complete transformation of the molecular compound upon
capturing the respective substrate atoms. Conversely, the
structural changes in the substrate are minimal, as indicated by
Ad*® values of —1.208 and —1.222%, signifying the conversion
of NAG and OAG to PRG. Due to the energetic and structural
findings, we observe no significant charge transfers between the
new GLY-derived compounds and their respective substrates.
The my behavior is contingent on the molecular types formed
upon interaction; for the N system, mp amounts to 1.0 g,
while for the O system, my remains null. Examining the
interaction of the newly formed compounds (GLY derivatives)
with substrates lacking adsorbed atoms (PRG), we find an E;
of —2.328 eV and —0.900 €V, accompanied by dSi*** values
of 2.714 and 2.373 A for GLY/NAG and GLY/OAG,
respectively.

In both case (2) and case (3), it is crucial to emphasize that
the dissociation process and/or the formation of new
compounds is more intricate than nondissociative adsorption,
such as physisorption or chemisorption. Consequently, the
energy values (E,q, Ei, E5') of the most stable GLY/MVG,
GLY/NAG, and GLY/OAG conformations are estimated and
preceded by the symbol = in the previous discussion. In these
instances, E,y is more appropriately termed stabilization
energy, resulting from an exceptionally large and additive E
magnitude, along with a substantial penalty in EGy and a
moderate penalty in ES%. These penalties arise due to
molecular dissociation/modification and, to a lesser extent,
substrate deformation.

3.2. Experimental Results. 3.2.1. Proposed Mechanism
for Glyphosate Adsorption. The GLY adsorption was further
investigated using Fourier-transform infrared (FTIR) and
Raman spectroscopies. The FTIR spectra of the various
graphene materials before and after GLY adsorption are
illustrated in Figure 5 and summarized in Table S6.

The GO spectrum, depicted in Figure Sb, and rGO, Figure
Sc, before GLY adsorption, exhibit several bands, as described
in our previous work.” GO mainly features bands associated
with oxygenated groups, such as carbonyls, carboxyls, and
epoxides. After reduction with borohydride, these bands
practically disappear, as observed in the rGO spectrum,
confirming the removal of these groups. The main difference

observed in the NGO spectrum is a sharp peak at around
1350 cm ™, characteristic of N-doped graphene.®’

The GLY spectrum exhibits typical peaks associated with
functional groups, including the amine group at 1622 cm™,
carboxylic group at 1394 cm™!, and phosphate group at ~1040
ecm™, 910 cm™". The GO spectrum after GLY adsorption, as
seen in Figure 5b, contains both GO and GLY bands. The
notable change in the spectrum compared to the components
before adsorption is the appearance of some prominent new
bands at approximately 1345 and 1200 cm™, commonly
attributed to symmetric v(—COO—) coordinated and v(—P=
O) stretch in phosphates, respectively. Additionally, there is a
significant reduction in the band intensities associated with the
groups v(—PO3H—-) and v(—POH) (highlighted by the red
squares in Figure Sb).

These results suggest the possibility of forming new bonds,
particularly the formation of a complex via carboxylate and the
deprotonation of the phosphate group. Given that GO, as a
material, presents numerous vacancies in addition to oxy-
genated groups, we can correlate these results with our
theoretical data, which points to the formation of a C—O
chemical bond between GLY and MVG (explaining the
increase in the band at 1345 cm™). Furthermore, the
theoretical findings indicate that a H atom is lost from the
phosphonic group to the vacancy region of the GO, elucidating
the reduction in the bands of phosphate groups linked to H
and the increase in the band associated with the P—=0 bond.

The rGO spectrum after GLY adsorption (Figure Sc)
predominantly exhibits GLY bands, indicating that GLY, even
after filtration and washing, remained on the rGO. This
observation suggests a strong interaction between the two
components. The initial change observed in the spectrum is
the inversion of the intensity ratio between the bands at 1616
and 1581 cm™, which are related to the asymmetric and
symmetric stretching of —NH in amines. This change suggests
that when adsorbing on rGO, GLY adopts a conformation
where the asymmetric deformation of —NH is more probable,
positioning the amine group farther away from the sheet. The
most notable change in the spectrum after adsorption is the
increased intensity of the bands at 721 and 691 cm™,
attributed to methylene (—CH,) rocking vibration and N—H
wag in amines. An increase in peak intensity usually indicates
an augmentation in the functional groups associated with these
vibrational modes. Comparing with PRG, the theoretical
model to which rGO is similar, we observe that the
spectroscopic data support the lowest energy conformation
(conformation in Figure S6a) observed in the GLY/PRG
system, where the amino group and the methyl groups remain
further away from the sheet.

On the other hand, the NGO spectrum after GLY
adsorption mainly exhibits bands from the graphene material
itself, indicating a lower adsorption of GLY compared to other
materials. Upon GLY adsorption, some notable changes are
observed in the NGO spectrum, including the intensification of
two bands: one at 1286 cm™' attributed to stretching of the
C—N group and a band at 1112 cm™!, generally attributed to
VP OH of the phosphonate. Additionally, two bands attributed
to GLY, at 1344 and 907 cm™, show a blue shift to 1356 and
918 cm™!, respectively. These shifted bands are attributed to
the deformation of —CH, stretching and CCNC skeletal
vibration or —CH, deformation. The down-shifted bands
suggest a weakening of the methyl and skeletal bondings,
indicating a conformation where these groups are further away
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Figure 6. Raman spectra (a) neat-glyphosate, GO, rGO, and NGO before and after GLY adsorption; detailed (b) GO; (c) rGO; and (d) NGO,

before and after GLY adsorption.

from the NGO sheet. Moreover, a red shift of the band at 1200
to 1195 cm™!, attributed to the v(—P=O0) stretch in
phosphates, suggests that the P=0 vibration requires higher
energy when GLY is adsorbed, indicating a closer proximity of
the phosphate group to the NGO surface. This observation
aligns with the most stable conformation for the GLY/NDG
system, as depicted in Figure S8a.

3.2.2. Raman Spectroscopy Analysis. Raman spectroscopy
serves as a robust characterization technique for analyzing the
structure of graphene-based materials. Figure 6 presents the
Raman spectra of GLY and various graphene materials before
and after GLY adsorption, recorded in the wavenumber range
of 800—2000 cm™'. The summarized results are provided in
Table S7, and the deconvolution of these spectra is illustrated
in Figure S13. For spectral analysis, all spectra were fitted using
five functions within the 1000—1800 cm™* range, confirming
the presence of D*, D, D”, G, and D’ bands. The D band
corresponds to defects or disorder in the carbon lattice,
typically associated with sp® hybridization, while the G band
represents the graphitic or sp* carbon bonding. The D* band
originates from the vibrations of carbon atoms constrained by
functional groups such as oxygen-containing moieties.”® The
attribution of the D” band is still debated, with main
suggestions pointing to the presence of an amorphous lattice,
as evidenced by a decrease in its intensity with increased
crystallinity and functionalization with small molecules. Lastly,
the D’ band corresponds to an intravalley resonance with the
G band, exhibiting splits due to impurities, and its intensity is
associated with the degree of disorder.

The Raman spectra of GO, rGO, and NGO, presented in
Figure 6b—d, respectively, are further examined due to their
significant correlation with the structure. All samples’ D” band
initially exhibits a similar characteristic, indicating an
amorphous lattice.”” In comparison to GO, both rGO and

NGO show a notable decrease in the G band, suggesting a
reduction in the sp® carbon content and an increased presence
of stone wall defects and edge effects.”® After GLY adsorption,
changes in the positions and intensities of many of these bands
are observed compared to graphene species before adsorption.
The intensity ratio of several bands, including the G and D
bands, was calculated to determine the sp* domain size and
electronic conjugation.

With GLY adsorption, the Iyy/Ig ratio increases for GO and
NGO while showing a slight decrease for rGO. These results
suggest that GLY adsorption introduces additional defects/
disorders in GO and NGO, with minimal impact on rGO.
These findings align with the data observed in our theoretical
calculations and infrared spectroscopy, indicating the intro-
duction of new bonds in the structure of these graphene
materials. Another characteristic to be compared is the position
of the main bands of graphene materials. For example, D and
G bands may shift for two reasons: defects associated with the
structure and new functional groups on the sheets. After
adsorption, GO and rGO exhibit a red shift, while NGO shows
a blue shift for the G band. Based on the variation in the G
band position in Raman spectral data, it is speculated that the
charge transfer is from the GLY molecule to GO and rGO and
from NGO to the GLY molecule. Similar cases have been
reported by Ramesha et al.”’ and Das et al,”” respectively.
These results are consistent with the theoretical data of charge
density difference p lots f or t he ] owest e nergy configurations
(described in Figure S12), where the charge accumulation is in
the graphene material for GLY/MVG and GLY/ODG. For
GLY/NDG, the charge accumulation is mostly on GLY.

4. CONCLUSIONS

Our study has comprehensively understood the interactions
between the GLY molecule and various graphene-based
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substrates. We used an AIMD strategy and DFT calculations to
explore the potential energy surface. While PRG has the
highest stability, we found that subtle energy differences may
lead to punctual defects affecting substrate selection in
practical applications. Through individual characterizations
and molecular adsorption processes, we identified different
interaction behaviors such as physisorption in PRG, NDG, or
ODG regions; chemisorption causing molecular dissociation in
MVG regions; and complex transformations involving the
capture of N and O atoms from adsorbed graphene (NAG or
OAG), which resulted in the formation of new GLY-derived
compounds. Experimental analysis validated our computational
findings, and the FTIR spectra can be directly linked to the
most stable conformations obtained from molecular dynamics
calculations.

Hence, our analysis, which considers critical properties like
adsorption energy, minimum interaction distance, charge
variations, structural changes, total magnetic moment, FTIR,
and Raman spectroscopies, provides valuable insights into the
complex nature of these interactions. The observed behaviors
have implications for various applications, ranging from
physisorption-dominated scenarios suitable for certain sensing
applications to chemisorption-driven processes that may lead
to substrate poisoning. Furthermore, capturing N and O atoms
by GLY and the resulting formation of new compounds offer
possibilities for various chemical GLY transformations. In
summary, this study enhances our fundamental knowledge of
GLY-graphene interactions, directs future experimental inves-
tigations, and emphasizes the multifaceted nature of analyte-
substrate systems.
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