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The interactions of nanoplastics (NPs) with natural organic matters (NOMs) dominate the environmental fate of
both substances and the organic carbon cycle. Their binding and aggregation mechanisms at the molecular level
remain elusive due to the high structural complexity of NOMs and aged NPs. Molecular modeling was used to
understand the detailed dynamic interaction mechanism between NOMs and NPs. Advanced humic acid models
were used, and three types of NPs, i.e., polyethylene (PE), polyvinyl chloride (PVC), and polystyrene (PS), were
investigated. Molecular dynamics (MD) simulations revealed the geometrical change of the spontaneous forma-
tion of NOMs-NPs supramolecular assemblies. The results showed that pristine NPs initially tend to aggregate
homogeneously due to their hydrophobic nature, and then NOM fragments are bound to the formed NP aggre-
gates mainly by vdW interaction. Homo- and hetero-aggregation between NOMs and aged NPs occur simulta-
neously through various mechanisms, including intermolecular forces and Ca®" bridging effect, eventually
resulting in a mixture of supramolecular structures. Density functional theory calculations were employed to
characterize the surface properties and reactivity of the NP monomers. The molecular polarity indices for unaged
PE, PS, and PVC were 3.1, 8.5, and 22.2 kcal/mol, respectively, which increased to 43.2, 51.6, and 42.2 kcal/mol
for aged NPs, respectively, indicating the increase in polarity after aging. The vdW and electrostatic potentials of
NP monomers were visualized. These results clarified the fundamental aggregation processes, and mechanisms
between NPs and NOMs, providing a complete molecular picture of the interactions of nanoparticles in the natural
aquatic environment.

been clearly identified, such as carboxylic, phenolic, alcoholic, carbonyl,
amino, etc. The compositional complexity and structural diversity of

1. Introduction

Natural organic matters (NOMs) play a critical role in a variety of
(bio)geochemical processes in natural water environments by directly
affecting microbial activity, co-aggregation, contaminant retention,
water quality, and element cycling. The environmental behaviors of
NOM s are also closely related to the global carbon cycle and climate
change by preserving and converting organic carbon [1,2]. Despite their
importance, a thorough and precise understanding of NOMs' composition
and structure is still lacking. Structurally, NOM is extremely complex and
heterogeneous as a supramolecular mixture of chemically distinct
organic compounds that are abundant in chemically diverse functional
groups and active sites. The major functional groups in NOM have long
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NOMs present a severe challenge to experimental characterization and
building of realistic models, but nowadays computational chemistry
methods have made this problem tractable [3-5].

In nature, NOMs interact closely with organic pollutants through
mechanisms such as adsorption, co-precipitation, and homogeneous/
heterogeneous aggregation through different mechanisms such as n-n
interaction, hydrophobic interaction, H-bonding, electrostatic attrac-
tion, steric hindrance effect, and so forth [6], thus governing the envi-
ronmental fate of pollutants and profoundly impacting the distribution
and preservation of organic carbon. Nanoplastics (NPs), as a class of
emerging contaminants, have a particle size between 1 nm and 100 nm
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[7] and are generated from plastic production by natural or anthropo-
genic factors, such as photooxidation and microbial degradation [8,9].
Due to their chemical stability, persistence, and bioaccumulation, the
environmental behaviors of NPs, in particular their interactions with
different environmental pollutants during their transport through the
marine or sedimentary environment into ecosystems, have received
considerable research attention in recent years [10-13]. Compared to
microplastics (MPs, <5 mm), the molecular-level properties and envi-
ronmental implications of NPs in natural systems have been relatively
less studied because of methodological challenges. For instance, it is still
technically challenging to extract NPs from natural environments, and
their surface properties are not clearly identified [14-17]. There is also
research suggesting that NPs are more abundant and hazardous in the
environment than MPs [18]. The transport and fate of NPs are greatly
determined by interactions with environmental media, such as aggre-
gation with NOMs and deposition onto minerals' surfaces [19-22].
Therefore, it is imperative to understand the environmental processes
and behaviors of NPs with environmental media, thus providing signif-
icant implications for their ecological risk assessment.

The interactions between NOMs and NPs are of fundamental impor-
tance and largely control the environmental fate of both materials, as well
as the stabilization and cycling of organic carbon in nature [23]. NOMs can
have an impact on the transport and distribution of NPs in the aquatic
environment, because the presence of NOMs can alter the surface prop-
erties of NPs, affecting their aggregation and mobility [24]. NOM can also
be adsorbed onto the surface of NPs, changing their chemical reactivity
and affecting the adsorption of other contaminants, such as metals and
organic pollutants, onto the NP surface [25]. Furthermore, the evaluation
of the effect of NOMs on the behaviors of NPs was the first critical step in
assessing the potential environmental hazards of NPs in ecosystems.
However, a detailed molecular-level picture of the dynamic interaction
processes and the underlying mechanism between NOMs and NPs is still
elusive. It is difficult to directly observe and decipher the complicated
NOM-NP aggregating behaviors only relying on traditional experimental
techniques. There is an urgent need for a better understanding of such
processes that can provide more quantitative information, such as the
determination of fundamental mechanisms (homo-aggregation or heter-
o-aggregation), identification of active sites, observation of dynamic ag-
gregation processes, and characterization of binding and aggregating
structures.

With the rapid development of theoretical and computational chem-
istry and computer hardware, computational simulations have been
proven an essential and powerful approach in quantitatively revealing
aqueous environmental processes and reactions at the molecular scale
beyond the conventional resolution of analytical methods, based on the
identification and analysis of a range of physicochemical properties, such
as geometrical characteristics, thermodynamics, electronic structures, and
dynamics of substances [5,26-33]. For example, Xue et al. [34] reviewed
the application of computational modeling methods at various scales in
understanding the interface behavior of pollutants, especially in aquatic
environments. Li et al. [31] reviewed recent progress in using environ-
mental theoretical calculations to elucidate the transformation mecha-
nisms of contaminants. In addition, this group has extensively revisited the
application of density functional theory (DFT) calculations to the predic-
tion of active sites and reaction selectivity, as well as oxidant activation
mechanisms in the field of advanced oxidation processes (AOPs) [30].
However, research providing deep insights into the interactions between
NOMs and NPs has rarely been conducted using theoretical calculation
methods. In a recent study, the dynamic properties and microscopic ag-
gregation structures related to the NPs-NOMs assemblage were studied by
molecular dynamics (MD) simulations, which acquired deep insights into
the interparticle interactions between both substances [35]. However, this
study only incorporated virgin plastics, and the aged forms of NPs were not
considered. According to previous research [23,36-38], oxygen-
containing functional groups, including carboxyl, phenolic, and carbonyl
groups, are generated after aging, which leads to the modification of the
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surface morphology of MPs, such as specific surface area and roughness.
Therefore, it can be expected that different surface properties of aged NPs
would lead to more significant and interesting phenomena and aggrega-
tion mechanisms with NOMs in comparison to pristine NPs, given that
NOMs have a high degree of structural complexity and heterogeneity, the
chemical composition of which is very diverse, and aged NPs also have a
wide variety of O—containing functional groups.

In the present study, by performing MD simulations and DFT calcu-
lations, we explored the dynamic interactions and elucidated the detailed
molecular-level mechanism between NOMs and three types of NPs,
polyethylene (PE), polyvinyl chloride (PVC), and polystyrene (PS) in
both pristine and aged form. The dynamic binding and aggregation
processes between two substances are qualitatively revealed by the
movement trajectories and statistical data. Analysis of the interaction
energies between NOM and NP fragments and characterization of the
direct intermolecular binding and local coordination geometries of Ca*
bridging provides a profound insight into the aggregation mechanism.
DFT calculations allow a quantitative analysis of the reactivity and active
sites of NPs, and weak interactions between NOM and PS fragments are
presented visually. These results establish a fundamental basis for the
understanding of the fate of NPs in the aquatic environment and the
stabilization of organic C.

2. Methodology
2.1. Computational models

2.1.1. Leonardite humic acid

Vienna Soil Organic Matters Modeler 2 (VSOMM?2) is an online tool to
generate theoretical models of humic substances [39,40] based on the data
derived from standardized samples of the International Humic Substances
Society (IHSS). The NOMs condensed phase models constructed by
VSOMM?2 fundamentally rely on the concept of building blocks (BBs),
which represent the simple units in organic components, and the imple-
mentation of a genetic algorithm randomly results in the chemical and
structural diversity of the final models. On this website, the primary
elemental composition and organic carbon fractions are required as input,
and the modeler calculates and generates a diverse combination of het-
erogeneously distributed NOM fragments automatically that match the
input.

In this study, VSOMM?2 was used to build theoretical models of the
supramolecular structure of Leonardite humic acid (LHA) according to
the elemental and organic composition of the IHSS. LHA has been
extensively used in the molecular modeling of NOMs in previous studies
[5,27]. The created LHA model was composed of 100 building blocks
with 10 building blocks per molecule. The detailed element and organic
composition of the generated LHA are listed in Table S1. The molecular
geometries of the 10 deprotonated NOM fragments are illustrated in
Fig. S1. These molecules collectively constitute the NOMs' supramolec-
ular association.

2.1.2. Nanoplastics

Both pristine and aged NPs (Fig. S2) were investigated in our simu-
lations with the purpose of clarifying the effect of oxygen-containing
functional groups on aggregation behaviors. Each monomer of the PE
and PVC chain had a degree of polymerization of 10, and each PS
monomeric chain contained 5 polymerized units. There were 16 such NP
monomers in each simulation system. For pristine NPs, the models we
used were similar to those in previous studies. For aged NPs, due to their
structural complexity, the models have not yet been developed, so we had
to use the simplified models. Simplified models of aged NPs were con-
structed by incorporating O-containing functional groups according to
previous studies [35,41]. In brief, each monomer contained four car-
bonyls, two hydroxyls, and one carboxyl. The carboxylic groups of NOM
and NP fragments were deprotonated (in a circumneutral environment)
due to the relatively low pKj, of these groups. Each monomeric chain of
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aged NPs possessed a net charge of —1, and the 10 NOM fragments had
different negative charges depending on the number of carboxylate
groups.

2.1.3. Simulation systems

NOMs-NPs coexisting binary systems (Fig. 1) were constructed.
NOMs and NPs molecules were initially placed at random positions
within the simulation cell. This setup was designed to enable the direct
observation of the spontaneous aggregation processes of both materials.
Alternatively, one can first build a homo-aggregate of NP nanoparticles,
then possibly age its surface, and then insert these NOM molecules into
the solution. This setup should be more reasonable but also more
complicated and therefore not adopted in this work. Moreover, to clearly
reveal the effect of their interactions on the behaviors of both NOMs and
NPs, unary systems that contained only NOMs or NPs were also simu-
lated. There were 13 individual simulation systems in all: 6 binary sys-
tems and 7 unitary systems. For each system, NOM/NP fragments were
first randomly distributed in the simulation box (approximately
76.5 A x 76.5 A x 76.5 A), and then salt ions and solvent water mole-
cules were randomly placed in the region to simulate the solution envi-
ronment. It is well known that Ca®>* and Na * are the most common salt
ions. Therefore, Ca®* ions were added to counterbalance the net negative
charges from NOMs and aged NPs, and additionally ~0.1 mol/L NaCl
was added in each system. The detailed compositions of all the systems
are summarized in Table S2. All of the simulation cells were periodically
repeated.

2.2. MD setup

All MD simulations were carried out by GROMACS 2018.4 [42].
Amber 03 force field [43] was used to describe interatomic interactions.
A cutoff value of 12 A was used for short-range electrostatic and van der
Waals (vdW) interactions. The particle mesh Ewald (PME) summation
method [44] was employed for the summation of long-range electrostatic
interactions. The SPC/E water model was used [45]. The rigidity of water
was constrained by the LINCS algorithm [46]. The atomic charges were
derived by DFT calculations (see the details in Section 2.3).

The propagation of Newtonian equations of motion was realized via
the leap-frog algorithm. Berendsen barostat [47] and velocity-rescale
thermostat [48] were employed to maintain the pressure and tempera-
ture, respectively. For each simulation, we first performed a
pre-equilibration for 0.5 ns in the NVT ensemble at 298 K and then 1-2 ns
equilibration in the NPT ensemble at 1 atm and 298 K. Subsequently, a
production run for 100 ns with a timestep of 2 fs in NVT ensemble was
carried out. Data of the last 20 ns were used for statistics.

A: NOMs-unaged NPs

B: NOMs-aged NPs

Fig. 1. Computational models of original systems used for MD simulations.
NOMs and NPs fragments are shown as sticks; salt ions are represented by balls.
Color code: N = blue; H = white; O = red; S = yellow; Na = green; Ca = purple;
Cl = orange. The C in NOMs and NPs are colored by cyan and brown, respec-
tively. The water molecules are not shown for clarity. MD, molecular dynamics;
NOMs, natural organic matters; NPs, nanoplastics.
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2.3. DFT calculations for surface reactivity

DFT calculations were used to give a more comprehensive under-
standing of the interaction mechanism at atomic and electronic scales. All
of the quantum chemistry calculations were conducted by the Gaussian
16 program. The geometry optimizations of the 6 monomeric chains of
NPs (i.e., pristine and aged PE, PVC, and PS) and 10 individual NOM
fragments were performed at the quantum chemistry level of def2-TZVP
basis set [49] and B3LYP functional [50,51], complemented by DFT-D3
dispersion correction [52]. The partial atomic charges of all the NOMs
and NP monomers were derived by the Multifwn 3.8 program [53]. The
acquired RESP2 (0.5) atomic charges [54] were used in MD simulations.

Several key descriptors were analyzed on the basis of the structures
and wavefunctions by Multifwn 3.8 [53], including electrostatic poten-
tial (ESP), vdW potential, and molecular polarity index (MPI) of NP
monomers. ESP is quite common and useful for intuitively disclosing
possible electrostatic interaction of the investigated chemical entity with
the external environment, and ESP is usually mapped on an electron
density isosurface of 0.001 a.u. [55]. Due to the low polarity of pristine
NPs, their vdW interaction deserves more attention than electrostatic
interactions. As a new real space function that is similar to ESP, vdW
potential can visually reflect the vdW interaction between a chemical
system and the external environment [56]. The advantage of MPI is that
it quantifies local polarity induced by the non-uniform distribution of
ESP, which is a better descriptor compared to dipole moment that only
depicts overall polarity.

2.4. Weak interaction analysis and visualization

An independent gradient model based on the Hirshfeld partition
(IGMH) of the molecular density method [57] can help to graphically
display the weak interactions between two fragments in a complexing
system. In order to analyze the nature and region of interaction between
NOM and NP fragment, a configuration of a typical NOM-NP dimer was
optimized by DFT static calculations in a non-periodic system, and IGMH
analysis was performed subsequently by Multifwn 3.8 [53]. All of the
isosurface maps were shown and rendered by VMD software [58].

The geometry optimization of the dimer was conducted with the
CP2K/QUICKSTEP package [59], which was based on a mixed Gaussian
and plane waves (GPW) approach [60]. PBE exchange-correlation
functional [61], DZVP basis sets [62], and GTH pseudopotentials [63]
were applied. The electronic density cutoff was 500 Ry. L-BFGS opti-
mizer [64] was adopted, and convergence criteria for maximum force
and displacement were set to be 0.0001 and 0.001 a.u., respectively.
Self-consistent continuum solvation (SCCS) implicit solvent model [65]
and Grimme's DFT-D3 dispersion correction [52] were employed.

3. Results and discussion
3.1. Dynamic aggregation processes and structures

3.1.1. Unitary systems

For unitary systems, the solvent-accessible surface areas (SASAs) as a
function of the simulation time of individual NOMs and NPs fragments
are shown in Fig. S3. One can observe an overall tendency that all the
SASAs are decreasing with simulation time, which indicates the dynamic
homo-aggregation processes with the formation of large supramolecular
structure (Fig. S4). Notably, the hydrophobic areas of the unaged NPs
decreased markedly and remained stable in later simulations, indicating
the importance of hydrophobic forces in the self-assembly of the NPs. As
NPs molecules come into contact, the water molecules between them are
expelled into the bulk due to the weaker interactions between water and
hydrophobic surfaces, compared to interactions with other solvents,
which is considered an entropy-driven process [66]. Simulation trajec-
tories clearly show that separate NP monomers move toward each other
spontaneously and ultimately form a compact cluster. For pristine NPs, it
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is evident that hydrophobic regions make a dominant contribution to the
total SASA, while hydrophilic areas make up only a very small proportion
(Fig. S3A, C, E), due to the hydrophobic nature of unaged NPs surfaces.
Pristine PE homo-aggregate, the least hydrophilic area, is nearly zero
(Fig. S3A). In contrast, PVC polymer shows the largest hydrophilic areas,
possibly due to the slight polar property induced by Cl atoms in alkyl
chains (Fig. S3C), which is consistent with a previous study [44]. In
contrast, the hydrophilic areas of aged NPs homogeneous agglomerates
(Fig. S3B, D, F) are significantly larger than those of unaged NPs. This
phenomenon provides evidence that the oxygen-containing functional
groups endow hydrocarbon molecules with partial hydrophilic charac-
teristics. All three types of pristine NPs formed stable aggregate structure
of a large aggregate (Fig. S4A, C, E) driven mainly by hydrophobic
interaction.

Similar to pristine NPs, the supramolecular aggregate of aged NPs
homo-aggregate is gradually formed with the movement of the whole
system. Aged PE ultimately evolved into several small clusters (Fig. S4B)
that are less compact compared to the large supramolecular architecture
formed by PVC and PS (Fig. S4D and F). Furthermore, the homo-
—aggregation of aged NPs proceeds through more complicated mecha-
nisms than unaged NPs: hydrophilic (e.g., H-bonding), hydrophobic, and
cation bridging (via Ca2") collectively contribute to the homo-
—aggregation of aged NPs in a water environment. In the unitary system
of NOMs, the aggregation of LHA molecules occurs gradually, first by
forming close contacts and then by the chelation of functional groups to
form a co-aggregate (Fig. S4G), and its aggregation mechanism has been
discussed at great length in previous MD studies [3,67-69].

3.1.2. Binary systems

The root-mean-square deviation (RMSD) curves of NOMs-NPs asso-
ciations as a function of simulation time are presented in Fig. S5. The
curves show that the RMSD values stabilize at approximately 4.5 nm after
40 ns, indicating that the sampling is sufficient. The variations of SASAs
of NOMs-NPs associations over simulation time in binary systems are
shown in Fig. 2, which manifest the gradual aggregation processes of

A : NOMs-unaged PE

C : NOMs-unaged PVC
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NOMs and NPs mixtures for all systems. In the initial configurations, the
fragments of NOMs and NPs are arranged in a random manner, and no
significant interactions are observed between these fragments. As the
system moves, the distances between the NOMs and NPs decrease, driven
by the gradual increase in intermolecular forces and H-bonding in-
teractions, eventually leading to aggregation. Fig. 3 illustrates the
microscopic geometric configurations of the formed NOMs-NPs aggre-
gates. For the NOMs-pristine PE system, all of the PE monomers aggre-
gate to form a small particle with a pillar-like geometry. In this structure,
the alkane chains are bundled together and aligned parallel to each other
through hydrophobic interactions. Subsequently, NOM fragments or
small clusters are adsorbed onto the external surface of the PE polymer
through their hydrophobic groups. Such a heterogeneous aggregation
mechanism, triggered by the simultaneous adsorption of NOMs and ho-
mogeneous aggregation of NPs, results in the formation of a pristine
NOMs-NPs PE aggregate (Fig. 3A). In this structure, the outer NOMs
expose their hydrophilic functional groups to the external aqueous
environment, exhibiting a high binding affinity to metal cations and
polar organic substances. In comparison, substantial heterogenous ag-
gregation occurs between NOMs and aged PE fragments due to the
increased hydrophilicity of PE. As a result, aged PE and NOMs directly
form hetero-aggregating structures through intermolecular interactions
and cation bridging (Fig. 3B). For NOMs-pristine PVC binary system,
both substances polymerize individually to form separate clusters, and
then the two homo-aggregates are bound together primarily through
non-polar moieties (Fig. 3C). As shown in Fig. 3D, the case for aged PVC
is slightly different: the large cluster of aged PVC and supramolecular
aggregate of NOMs have less significant interaction in which a small
portion of the deprotonated carboxyl groups of aged PVC and NOMs are
bridged by Ca?*. For NOMs, which are pristine PS binary systems, the
formed agglomerate is structurally similar to that of NOMs-pristine PE
assemble. That is, PS monomers aggregate by hydrophobic force and
intense n-7 stacking, and then separate NOM clusters with different ge-
ometries bind to their outer surface by intermolecular interactions
(Fig. 3E). NOMs and aged PS directly form a large heterogeneous

E : NOMs-unaged PS
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Fig. 2. Time evolution of solvent accessible surface areas (SASAs) of NOMs-NPs associations in binary systems. PE, polyethylene; PVC, polyvinyl chloride; PS,

polystyrene.
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A : NOMs-unaged PE
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B : NOMs-aged PE

Fig. 3. Snapshots of NOMs-NPs heterogeneous aggregating clusters in binary systems. Coloring code: N = blue; H = white; O = red; S = yellow; Ca = purple;
Cl = orange. Carbon atoms in NOMs and NPs are depicted in cyan and green, respectively.

aggregate in which fragments of both materials are joined mainly by
cation bridging (Fig. 3F), similar to the case for NOMs-aged PE aggregate
described above. A recent study has demonstrated that as the adsorption
time increases, the FTIR peak intensities of PS and PE exhibit an upward
trend, while those of PVC show no obvious change, indicating that the
binding interaction between PVC and NOMs is different from others [70].
This finding is consistent with the obtained microscopic architectures of
NPs-NOMs aggregates. In addition, it has been deduced that if the sur-
face sites of MPs are not rich enough, NOM molecules will first occupy
the adsorption sites on the surface of pristine MPs and then bind to NOMs
already retained on the MP, i.e., the multilayer adsorption mode, but if
there are sufficient binding sites on the surface of MPs, HA will tend to be
bound as a single layer [71]. In our simulations, the binding of NOMs to
NPs shows a structure more resembling multilayer adsorption, possibly
due to the similar size of both substances.

To better visualize the microscopic aggregation structures, the sol-
vent water molecules are not shown in the snapshots. In fact, these
water molecules are also involved in the formation and stabilization of
the supramolecular aggregates of NOMs-NPs associations. Water mol-
ecules contribute to the intermolecular attraction between NOMs and
NPs fragments, where H-bonds and water bridges formed in both the
outer and inner domains of the clusters help to stabilize the hydrophilic
functional groups, in good agreement with earlier works [44,72-74].

3.2. Interaction energies between NOMs and NPs

The interaction energies between NOMs and pristine/aged NPs as a
function of simulation time are provided (Fig. S6) to clearly delineate
the fundamental mechanism leading to the spontaneous clustering and
assembly of the two substances. For the NOMs—pristine PE binary sys-
tem (Fig. S6A), Coulombic energy is close to zero, implying that elec-
trostatic interaction is not favorable for the binding of NOMs to PE
particle, and in this case, only vdW interaction is responsible for the
hetero-aggregation behavior. For NOMs-virgin PVC and PS assem-
blages, both vdW and electrostatic forces have contributions, with vdW
interactions significantly stronger than electrostatic interactions, sug-
gesting that vdW interactions are the dominant driving force respon-
sible for aggregation between them and electrostatic interactions play a
very limited role; furthermore, electrostatic interaction is slightly more
important in the NOMs-PVC than in NOMs-PS system (Fig. S6C and E).
In conclusion, vdW interactions are mainly responsible for the binding
and aggregation between NOMs and unaged NPs, whereas the elec-
trostatic driving force is only important for PVC. This finding is in good
agreement with recent studies [75]. These differences can be attributed
to the chemical nature of the NP monomers, and our subsequent DFT
calculation results will give a direct interpretation of the observed
difference.
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Positive Coulombic interaction energies indicate unfavorable in-
teractions between NOMs and aged NPs (Fig. S6B, D, and F). This is
because both substances are negatively charged due to the deprotonation
of carboxyl groups, resulting in an overall repulsive force between them.
For these systems, vdW interaction energies are slightly negative
(Fig. S6B, D, and F), implying that intermolecular forces mildly contribute
to the aggregation between NOMs and aged NPs. These results show that
the direct interaction between NOMs and aged NPs is not the dominant
factor for their aggregation behavior. Instead, the Ca?* bridging effect
attracting and binding to the multiple deprotonated carboxylic groups
plays a major role in promoting aggregation (discussed below).

3.3. Local coordination by cation bridging

The bridging effect of cations such as Ca>" has been recognized as a
fundamental mechanism for the stabilization and aggregation of NOM
fragments that are abundant in deprotonated carboxyl groups in near-
neutral pH environments [5,29,76,77]. In comparison, the bridging ef-
fect between carboxyl groups of NOMs by Na™ is relatively weak, which
means the aggregation of NOMs is not effectively promoted by Na*.
Consequently, Ca%" cations in a water environment mainly contribute to
the aggregation behavior of NOMs and aged NPs. To quantitatively
characterize the local coordination structures of Ca%* complexation with
deprotonated carboxyl groups (COO™) and to distinguish Ca-bridged
homogeneous and heterogeneous aggregation, radial distribution func-
tions (RDFs) were analyzed and presented.

Fig. S7 shows the RDFs curves of aqueous Ca®® with respect to
carboxyl O atoms of NOMs and aged NPs, respectively, in binary systems.
One can find that the scenarios of Ca%* coordination with carboxyl O of
NOMs are very similar in all of the three systems (Fig. S7A, C, and E). In
brief, the RDF curves show a sharp and symmetrical peak centered at
~2.60 A, which corresponds to the average Ca—0 %! bond length,
and the accumulating coordination number (CN) of the peak is around
2.1, which indicates that, on average, each Ca®* in solution binds firmly
with 2.1 O atoms from NOMs' carboxyl groups. Moreover, in the three
binary systems, Ca2*t is respectively bound to 0.92, 0.50, and 0.38
carboxyl O of aged PE, PS, and PVC with an average distance of 2.60 A
(Fig. S7B, D, and F). These data show that when NOMs and aged NPs

A: NOMs-aged PE

B : NOMs-aged PS
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coexist, homogeneous aggregation of both substances still occurs by Ca%*
bridging.

Fig. 4 shows the RDF and CN profiles of the C ! of NOMs sur-
rounded by the C ! of aged NPs, which helps to better reveal the
heterogeneous aggregation between them formed by Ca®* bridging, and
also illustrates representative configurations corresponding to the peak
positions of the RDF to visually show local polymerizing structures of
NOMs-NPs heterogeneous aggregation. A distinct peak or multiple peaks
between 3 and 6 A can be identified in the carboxyl-carboxyl RDF curves
(Fig. 4A-C), and the accumulated CN values (at 6.0 ;\) reveal that, on
average, each carboxyl group in NOM:s is associated with 0.27, 0.16, and
0.10 carboxyl groups in aged PE, PS, and PVC, forming multiple carboxyl
chelates bridged by Ca" (Fig. 4D-F) and finally evolving into a het-
erogeneous aggregate.

To summarize, Ca>* plays a crucial role in the aggregation (homo-
geneous and heterogeneous) and stabilization of NOMs and aged NPs
because the negatively charged carboxyl groups are partially neutralized
by Ca®" cations in solution, which reduces the intermolecular and
intramolecular charge repulsion and limits conformational expansion,
thereby initializing the formation of compact aggregates.

3.4. Quantitative analysis of molecular surface by DFT calculations

3.4.1. Electrostatic potential

The isosurface-colored maps of electrostatic potential (ESP) (Fig. 5)
are used to characterize the overall ESP distributions of the six mono-
meric species of NPs. For virgin PE, it can be found that due to its non-
polar geometry, its vdW surface distributes ESP of nearly zero evenly
(Fig. 5A), resulting in the smallest magnitude of ESP among all the NPs.
Virgin PVC exhibits a significantly higher ESP scene, with the regions
around the Cl atom showing minimum negative ESP and the domains
surrounding the H atom presenting maximum positive values (Fig. 5B).
Overall, virgin PS has a slightly higher electronegativity than PE and the
lowest ESPs, characterized by an annular negative isosurface, are found
in the regions between the benzene rings, while other regions exhibit a
significantly small magnitude of ESP (Fig. 5C).

Compared to the pristine NPs, the surface ESPs of the aged NPs are
distributed in a significantly lower region due to the introduction of non-

C : NOMs-aged PVC

—RDF
- CN

—RDF
- CN

0 2
CarboxylNOMs_Carboxyl2ged NPs distance (A)

D : NOMs-aged PE association

CarboxylNOMs_Carboxyl2ged NPs distance (A)

E : NOMs-aged PS association

CarboxylNOMs_Carboxylaged NPs distance (A)

F : NOMs-aged PVC association

ke

Fig. 4. Radial distribution function (RDF) and coordination number (CN) curves of the carboxyl C of NOMs with respect to the carboxyl C of aged NPs (A-C) and
representative hetero—polymerization structures bridged by Ca®* (D-F). N = blue; H = white; O = red; Ca = purple; Cl = orange. C atoms in NOMs and NPs are shown

in cyan and green, respectively.
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Fig. 5. Isosurface maps of the electrostatic potential (ESP) for (A) pristine PE,
(B) pristine PVC, (C) pristine PS, (D) aged PE, (E) aged PVC, and (F) aged PS
(isosurface = 0.001 a.u.). Red and blue colors correspond to the positive and
negative parts of ESP, respectively. Isosurface maps of vdW potential for (G)
pristine PE, (H) pristine PVC, and (I) pristine PS (isovalue = + 0.75 kcal/mol).
Green and blue colors correspond to positive and negative values, respectively.

uniformly distributed oxygen-containing moieties, which are found to
increase the non-uniform distribution of the surface ESPs. This, together
with the increased H-bonding interactions, promotes the increase in
adsorption and aggregation with NOMs. It can be clearly seen that the
most negative ESP values are caused by the deprotonated carboxylic
groups in all three aged NPs (Fig. 5D-F), indicating that these sites are
prone to forming pronounced electrostatic interactions with cations.

3.4.2. vdW potential

Due to the low polarity of pristine NPs, their vdW interaction should
be of greater importance in comparison to their electrostatic interaction
according to chemical intuition. Consequently, the isosurface maps of the
vdW potentials of the three pristine NPs are depicted (Fig. 5G-I). This
study primarily focused on the blue regions, where the effect of disper-
sive attraction outweighs that of exchange-repulsion, and generally, the
interacting atoms bind to such region. For unaged PE, the negative part of
its vdW potential isosurface (blue region) is symmetrically distributed on
both sides around C atoms (Fig. 5G). Due to the negative ESP and the
polarity generated by the Cl atoms in virgin PVC, the blue region of its
vdW potential isosurface is mainly concentrated around C (Fig. 5H). For
pristine PS, the blue region is predominantly near the ring center
(Fig. 5I). The strong dispersive attraction in this region suggests that n-=
stacking interaction plays a pivotal role in its aggregation with NOMs. In
fact, strong n—x interactions between PS and NOMs are clearly identified
in the MD trajectories. An earlier study also suggested the n—r conjuga-
tion for PS interaction with NOMs [23].

3.4.3. Molecular polarity index (MPI)

MPI is used to quantify the polarity of molecules with non-uniformly
distributed ESP. MPI is calculated by averaging the absolute values of
ESPs on the surface of a molecule. A higher MPI indicates a stronger
polarity and a greater binding affinity through electrostatic interactions.
The calculated MPI values of the six NP monomers are provided in
Table S3, and for comparison, the MPI of water molecules is also
computed at the same theoretical level. The MPIs for unaged PE, PS, and
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PVC are 3.1, 8.5, and 22.2 kcal/mol, respectively. Therefore, PE exhibits
the lowest polarity, and PS also presents a very low polarity. As a result, it
is mainly the vdW interactions, rather than electrostatic interactions, that
drive the aggregation of virgin PE and PS. In contrast, the aged NPs are
much more polar than their pristine forms, as the derived MPIs are
43.2 kcal/mol for aged PE, 51.6 kcal/mol for aged PS, and 42.2 kcal/mol
for PVC. The MPI of the H,O molecule is found to be 22.1 kcal/mol,
which is similar to that of pristine PVC (22.2 kcal/mol) and much higher
than that of pristine PE (3.1 kcal/mol) and PS (8.5 kcal/mol). The MPI of
H50 is significantly lower than that of aged NPs (at least 42.2 kcal/mol),
and therefore the polarity of the water molecule is much smaller than
that of aged NPs, confirming that the strength of electrostatic interactions
between aged NPs and NOMs is rather weak.

3.5. Visualization analysis of weak interactions

Based on DFT calculations and wavefunction analysis, IGMH is a
highly versatile and effective analysis method for identifying and visu-
alizing areas of significant interaction in a wide range of chemical sys-
tems. An outstanding advantage of IGMH is the ability to define
fragments, so as to exclusively analyze the intermolecular interactions
between fragments. Taking the NOM-aged PS system as an example, the
DFT geometry optimization method was used to obtain the structure of
NOM-aged PS dimer with the initial configuration (1 aged PS
molecule + 1 NOM fragment) from the trajectory of MD simulations.
According to the acquired structure, IGMH analysis of the two fragments
in such a dimer was carried out.

It can be seen that the isosurfaces between aged PS and NOM are
largely green (Fig. 6), which implies that slightly low electron density is
in the region related to intermolecular interaction, and the molecular
binding between the two fragments is predominantly induced by
dispersion attraction, since electrostatic interaction normally is accom-
panied by relatively higher electron density. Although the dispersion
interaction between atom pairs is typically assumed to be weak, the
isosurfaces between the fragments are notably wide, almost covering the
whole interaction region (Fig. 6). This observation could suggest that the
vdW interaction between NOM and aged PS fragments is not weak and
play a significant role in the binding. Moreover, the isosurfaces located
between the rings of NOM and aged PS are stacked parallelly (Fig. 6),

-1 stacking

J

v
van der Waals prominent repulsive interaction
interaction  (steric effect in ring and cage...)

prominent attractive
weak interaction
(H-bond, halogen-bond ...),
and purely ionic bond

Fig. 6. Sign(Ay)p colored IGMH isosurface map of NOM-aged PS dimer. The
NOM monomer and PS monomer are defined as the two fragments in IGMH
analysis. 5g™" = 0.003 a.u.
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which signifies a significant n-n interaction. The n-=n stacking effect is
expected to increase the binding strength. However, due to the big
structural difference, there is no comparable binding mode or interaction
mechanism for PE and PVC. Hence, it can be deduced that for other kinds
of NPs that possess a benzene ring, n—r interaction is likely to noticeably
intensify their adhesion and aggregation with NOMs.

4. Conclusion

This study investigated the dynamic aggregation and binding mech-
anisms between NOMs and NPs at the molecular scale. Molecular
modeling results showed that the virgin NPs tend to form a homogeneous
assembly, which is mainly driven by hydrophobic force and vdW inter-
action. In contrast, due to the presence of negatively charged carboxyl
groups, the homogeneous aggregation of aged NPs is mainly caused by
the cation bridging effect, which partially neutralizes the negatively
charged carboxylic groups. Pristine PE and PS can easily assemble into a
homogenous aggregate, and then NOM molecules tend to be adsorbed on
the outer surfaces of such NP particles, then the subsequent NOMs can
either bind to the NP surface sites or adhere to the NOM fragments that
have already been attached to the NPs. In comparison, NOM fragments
are not obviously adsorbed on the homogenous aggregate of virgin PVC
due to its relatively higher polarity and the presence of chlorine; instead,
NOM molecules tend to self-aggregate and then come into contact with
the pristine PVC particle to form an interface. In the case of aged NPs,
their interactions with NOMs are governed by a variety of mechanisms,
such as intermolecular hydrogen bonding involving hydrophilic func-
tional groups, hydrophobic interactions including n-= stacking, and the
cation bridging effect.
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