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ABSTRACT: We have applied DFT and molecular modeling to investigate the
interaction between carbon-based nanoparticles (CNPs) and geosorbents using the
adsorption of buckminsterfullerene (Cg) on pyrophyllite and comparing it to the
aggregation of Cg, molecules. The approach is transferable and can be readily applied to
more complex CNP—clay systems. We predict that Cy, molecules adsorb preferably on the
mineral surface and that the most stable adsorption site is the ditrigonal cavity of the
surface. The free energy of adsorption on pyrophyllite was calculated to be more favorable
than aggregation both in a vacuum (—0.47 vs —0.41 €V) and in water (—0.25 vs —0.19 eV).
In aqueous environments, there are energy barriers as the C4, molecule approaches either a
surface or another Cq, molecule, and these occur upon disruption of the hydration layers
that surround each component. There are also free energy minima that correspond to
outer-sphere and more favorable inner-sphere complexes. We expect this adsorptive
behavior to be a general feature of CNP—clay systems, and as clays are ubiquitous in the

environment, it will offer an inexpensive remediative method to prevent the widespread impact of molecular C4, and CNPs.

1. INTRODUCTION

Carbon-based nanomaterials have received increasing interest
because of their unique physicochemical properties and
potential applications in various fields."* Buckminsterfullerene
(Cg) represents one of the most important carbon-based
nanoparticles (CNPs), and its industrial-scale production has
reached the level of tons.> Because Cy, has been suggested to
be toxic to organisms, although this toxicity is still debated as it
might depend on synthesis methods and solvents,** the
potential adverse effects of C4 on human health and the
environment require serious attention, as most Cg, will
eventually end up in the environment.*”” Indeed, the aqueous
aggregation of Cyj and its interactions with various geosorbents
have been suggested to play a critical role in its environmental
fate and transport and, hence, have received much research
interest.® ' Cg, has an extremely low aqueous solubility (7.96
ng/L), and beyond that concentration level, it forms nanosized
aggregates (nC60).12’13 Therefore, most previous experiments
concerning the toxicity and transport of this CNP focused on
nCg, rather than molecular Cg.*>®'" However, because of its
smaller size, molecular Cg, will be less easily trapped by porous
natural media than nCg, and is more readily transported in
water, which suggests that molecular Cg, controls the
environmental distribution, leading to a wider environmental
impact. However, because the aqueous solubility of Cg, is
beyond the detection limits of most instruments, the
interactions between molecular Cg, and geosorbents have not
yet been well explored. Although Chen and Jafvert® estimated
the distribution coefficient of molecular C4, between soil
organic carbon and water from the distribution coefficients
between soils and mixtures of water and ethanol, this is a very
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challenging process, and hence, new ways of achieving these
distribution coefficients are required.

Recent molecular dynamics (MD) simulations have shown
computer modeling to be a powerful approach for studying the
hydration and aggregation of Cy, in water."*>* This approach
has the advantage of providing atomic-level insight into the
effect of microstructures on material properties by evaluating
both kinetic and thermodynamic data.'*'> Several MD studies
have calculated the structure of the water surrounding Cq
molecules, the hydration energy of Cg, and the aggregation free
energy of Cg4y molecules."*">* In general, they suggest that the
strong dispersion interactions between Cg, and water lead to
stable hydration shells around Cg, because of the high carbon
density and that this results in a water-induced repulsion
between hydrated Cg, molecules.'*'>'®'”  Experimentally,
Labille et al. studied the dispersion of Cg, in water, confirming
the presence of adsorbed molecular water as well as adsorbed
hydroxyl groups. However, no evidence of how molecular water
is oriented on the Cg, surface has been reported.'

Little is known about how the efficiency of clay surfaces as
geosorbents compares with the aggregation of solutes. Clay
minerals are an important class of materials and are widely used
in composites, paints, drilling liquids, cosmetics, and medicines.
Hence, they have been the subject of many previous
computational studies; see, for example, the works by Cygan
et al.”> and Heinz,>* which discuss both quantum and classical
methods. Indeed, a number of classical atomistic models have
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been successfully developed for clay minerals in the past few
decades, such as those of Boek et al.>® and Skipper et al,*
along with the widely used CLAYFF*” and PFE.***®

As computer power continues to develop, simulation
techniques are increasingly used to supplement experimental
data with complementary information.” In the present study,
we investigate the adsorption of C4 on a clay mineral and
compare this adsorption to the aggregation of Cy, molecules.
Because the surfaces of many clay minerals are primarily
composed of siloxane,*® the pyrophyllite (001) surface without
substitution or a net charge was selected as representative of a
clay mineral surface. Pyrophyllite, Al[SizO,](OH), is a
smectite clay mineral with the simplest composition of the
2:1 dioctahedral phyllosilicates (Figure 1a). It is a layered

Figure 1. (a) Bulk pyrophyllite, (b) Cg, molecule, (c) side view of the
pyrophyllite surface, (d) top views of the C¢, molecule 6-ring on (1) a
surface silicon atom and (2) the ditrigonal cavity of the surface. C,
gray; O, red; Si, blue; Al, light blue; H, white.

material composed of slabs arranged perpendicular to the ¢
direction, in which octahedrally coordinated aluminum atoms
linked by hydroxyl groups are sandwiched between two sheets
of SiO, tetrahedra.’® The distance between adjacent slabs is
termed the interlayer spacing. The slabs, called TOT layers, are
held together by van der Waals interactions, and hence, the
(001) surface of pyrophyllite is a perfect cleavage plane, as
shown in Figure lc. In contrast to other minerals that require
rebonding and hydroxylation,”*™>° the (001) surface of clay
does not need any saturation of the dangling bonds, causing the
surface compositions in dry and wet environments to be the
same. Indeed, Lindgreen et al. showed this to be the surface
topology in water, albeit for illite, a more complex smectite,
using atomic force microscopy (AFM).*” The surface stability
and the affinity of clay minerals including pyrophyllite for water
are discussed in more detail by Heinz** and Sposito et al.*® and
references therein.

In the present article, we show that atomic-level modeling
can be used to gain insight into the general problem of how to
model the interactions of nanoparticles with mineral surfaces.
After describing the details of the simulations in section 2, we
discuss our results in section 3 and present our conclusions in
section 4.
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2. METHODOLOGY

Density functional theory (DFT) and potential-based molec-
ular dynamics were applied to calculate the properties of bulk
pyrophillite (Figure 1a), the adsorption energy of Cg
(Figure 1b) on pyrophyllite (Figure 1c), the energy of
aggregation of two Cg, molecules, and the interaction energy
between molecular Cq, and water. Potential of mean force
(PMF) calculations were then used to evaluate the free energy
profiles for both the adsorption and aggregation processes.

2.1. DFT Calculations. DFT calculations were performed
using the VASP code,*®* in which a plane-wave basis set
describes the valence electronic states and the projector
augmented wave (PAW) approach***' models the core—
valence interaction. The exchange and correlation were treated
by the generalized gradient approximation (GGA) using the
Perdew—Burke—Ernzerhof (PBE) functional.** The inability of
electronic structure methods to account for van der Waals
interactions is well-known.**** A number of different methods
that apply dispersion corrections to DFT methodologies are
available, as discussed by Dobson et al® In this work, we
employed the DET-D2 method of Grimme,* which applies
dispersion corrections in a pairwise manner, and the vdW-DF
method of Klimes et al. based on the optB86b exchange
functional®® as implemented in the VASP code. Three-
dimensional boundary conditions were used throughout. Bulk
pyrophillite consiting of stacked TOT layers (Figure la) was
modeled using a 6 X 4 X 2 Monkhorst—Pack k-point mesh and
a plane-wave cutoft of 500 eV to ensure convergence. To check
the stability of the bulk over a single slab, we performed
simulations doubling the unit cell along the ¢ direction and
removing the middle TOT layer with a 6 X 4 X 1 k-point mesh.
The (001) surface employed for the adsorption study was
modeled using the slab method*” in which a single layer of
pyrophyllite (15.58 x 18.03 A’ containing six
Al[SigO4](OH), formula units; Figure 1c) was used to
generate two identical surfaces through the introduction of a 30
A vacuum gap of perpendicular to the surface to minimize the
interaction between images. Given the use of a large supercell
in the calculations (240 atoms and 1152 electrons) and the
insulating nature of the material, it was considered adequate to
use the I" point for k-point sampling. All calculations were spin
polarized, and relaxation of the atomic structure for all atoms
was deemed to have converged when the forces were less than
0.01 eV A7,

The adsorption energy of molecular Cy, was modeled by
comparing the sum of the energies of the optimized molecule
and clay slab separately with the energy of C4, added to one
side of the slab. A dipolar correction was included along the axis
perpendicular to the surface for all surface calculations to
remove any error in the electrostatic energy due to the
periodicity perpendicular to the surface. For investigations of
the aggregation of two C4y molecules, two configurations were
considered, in which the two molecules interacted through the
S- or 6-rings. For the interaction between Cg4, and H,O, the
water molecule was placed on top of a 5- or 6-ring, with and
without the hydrogen atoms pointing toward the Cg, surface.

As noted earlier, all configurations were also minimized with
the inclusion of the van der Waals interaction energy.

2.2. MD Simulations. MD simulations were performed
using the DL_POLY 2 code,*® which employs standard force
fields (FFs) in which the forces between ions consist of a long-
range Coulomb term and a short-range potential. The
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electrostatic interactions were evaluated using the Ewald
method to a precision of 107°. The short-range force cutoff
was set to 10 A for all simulations. The equations of motion
were updated using the Verlet-leapfrog algorithm. We used the
canonical (NVT) ensemble with a time step of 1 fs. The
temperature was kept constant by means of a Nosé—Hoover
thermostat.

We primarily used CLAYFF to represent pyrophyllite and
the flexible SPC model for the water solvent,*’ although as
discussed in section 3.4, we tested the sensitivity of the results
to the details of the potential by using another successful clay
potential, PFF,*® which is fully compatible with CVFE.>> In
general, these force fields have been successfully employed for
modeling various clay minerals and water.**~>* Different force
fields were tested for Cy4,. We compared CVFF,> Dreiding,56
and Amber,”” calculating the adsorption energy of Cg on
pyrophyllite and the aggregation energy of two Cq, molecules
in a vacuum, with ab initio results. A pyrophyllite slab
containing 18 unit cells (3 X 6 X 1) was used with a simulation
cell of approximately 21 X 36 X 100 A* (a X b X ¢) and with a
vacuum gap in the ¢ direction. The adsorption process for Cg,
on pyrophyllite was investigated both in a vacuum and in water.
When the solvent was included, 1200 water molecules were
added to the Cg—pyrophyllite system, forming a layer
approximately SO A thick. Calculations were run at 300 K for
2 ns. Data from the last nanosecond was used to analyze the
properties of the system.

PMEF calculations were employed to calculate the free energy
of adsorption of C4y on the pyrophyllite surface and the free
energy of aggregation of two C4y molecules both in a vacuum
and in water. First, the center of mass of Cy, was constrained at
80 incremental positions moving away from the surface by
approximately 0.2 A. At each position, a 1 ns MD simulation
was run. The free energy of adsorption was then obtained by
integrating the average force needed to constrain the molecule
at a specific position as a function of distance.’®*’

3. RESULTS AND DISCUSSION

We start by presenting a comparison of the lattice parameters
for the pyrophyllite crystal structure and the cleavage and
interaction energies between the different components of the
system [water, Cq, and the (001) surface of pyrophyllite]
(section 3.1). The use of reliable electronic structure
simulations allowed us to assess the performance of the force
fields. We then used the most appropriate model to first
evaluate the structure of the mineral—water interface and the
diffusion of the C4, molecule on the pyrophyllite surface
(section 3.2). Second, the calculations of the free energy
associated with the adsorption of Cg, onto pyrophyllite and the
aggregation of two Cg, molecules are discussed in section 3.3.
Finally, section 3.4 concludes the results by presenting a
comparison between PMF calculations on the adsorption of Cq
onto pyrophyllite evaluated using two of the clay force fields.

3.1. DFT versus Force Fields. Table 1 presents a
comparison between the geometry-optimized bulk lattice
parameters for bulk pyrophyllite obtained using DFT and the
two force fields CLAYFF and PFF. Potential-based calculations
were performed using the METADISE code.”” Both models
were found to represent the experimental results with a good
degree of accuracy. The overestimation of the ¢ parameter from
unmodified DFT is due to the lack of inclusion of the vdW
interactions that are responsible for holding the TOT layers
together. A further means of assessing the reliability of the two
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Table 1. Lattice Parameters Calculated from Energy
Minimization Using DFT with and without the Inclusion of
vdW Interactions, CLAYFF, and PFF

a(d) b)) c(A) a(deg) p(deg) 7 (deg)
DFT §22 907 998 9191 10020  89.71
DFT-D2 517 900 935 9LI1 10089  89.80
vdW-DF 517 898 930 9092 10092  89.86
CLAYFF 5.8 9.02 929 90.43 9831  89.51
PFF 518 897 928 90.61  10L10  90.12
expt” 5160 8966 9347  9LI8 10046  89.64

“Experimental data from ref 31.

techniques is to evaluate the cleavage energy of bulk
pyrophyllite due to the stacking of TOT layers compared to
the energy of a single TOT layer. DFT, DFT-D2, vdW-DF, and
CLAYFF gave values of 0.01, 0.23, 0.31, and 0.15 J m™> per unit
Al[SigO4](OH),. All values were positive, indicating the
stability of the bulk compared to the single TOT Ilayer.
However, it is evident that unmodified DFT does not capture
the full extent of the interaction between the TOT layers.

The quality of the net interactions within the clay—water—
Cyo system was assessed by comparing the interaction energies
and final geometries of van der Waals corrected DFT and
several force fields.

We identified the equilibrium configurations by placing the
Cgo molecule in a range of different orientations and
performing geometry optimization. Figure 1d shows the two
most stable adsorption sites found: Cq, adsorbed through the 6-
ring and through the S-ring. Table 2 lists the lowest energy

Table 2. Interaction Energies (eV) within the System
Pyrophyllite—H,0—Cg, Calculated Using DFT with and
without the Inclusion of vdW Interactions and Different
Force Fields?

Ceo—pyro  Cep—Csp  Ceo—H,O  H,O—pyro

DET 0.03 0.08 0.10 —0.06

DFT-D2 —0.65 —0.50 —0.10 —0.20

vdW-DF —0.84 —-0.36 —0.07 —0.19

CLAYFF (Amber) ~0.50 —026 —0.04 —021”

CLAYFF (CVEF) ~0.86 —0.74 —0.07

CLAYFF (Dreiding) —0.65 —0.45 —0.05

PFF —0.61° —0.08 —0.16
“In all cases, only the lowest-energy configuration is shown. bFlexible

SPC model used. “Clay—Cg, Dreiding interaction.

values of adsorption/aggregation for the different methods. The
first three rows give the DFT results. The results in the first row
do not include a van der Waals correction, whereas results
employing two different approaches for including vdW are
presented in rows 2 and 3. It is clear that the standard DFT
approach gives incorrect results and clearly demonstrates the
need for the inclusion of vdW dispersion interactions. The
calculated interaction energies of a Cg molecule adsorbed
through either its 5- or 6-ring show negligible differences. The
preferred adsorption site, site 2 in Figure 1d, for molecular Cq
is the ditrigonal cavity of pyrophyllite and is more stable than
site. 1 by only 0.07 eV. Aggregation of C4 molecules is
marginally more energetically favorable when they approach
each other through the 5-rings; however, the largest energy
difference is only 0.04 eV. The average distances of carbon
atoms in different molecules are 3.4 and 3.6 A depending on
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whether the molecules approach through the 5- or 6-rings. The
differences between the energies of aggregation and adsorption
were found to be 0.15 and 0.48 eV using the DFT-D2 and
vdW-DF methods, respectively. This suggests that a single Cq
molecule is thermodynamically more stable when adsorbed on
clay surfaces, supporting the view that clay minerals are efficient
adsorbents for Cg,.

The interaction between Cg, and a single water molecule was
also studied (Table 2). In each case, relaxation resulted in the
hydrogen atoms being closer to the carbon atoms than oxygen.
Water was also found to have no preference for adsorbing onto
the S- or 6-ring (the largest difference was 0.009 eV). The
average distances between the oxygen of water (Oyy) and the
carbon of Cg were 3.5 and 3.6 A with and without vdW
interactions, respectively.

The water—lpyrophyllite interaction was investigated by
Zhang et al,®" ‘who performed a full investigation of the
performance of CLAYFF compared to DFT-D2. The agree-
ment in the trends of binding energies between the two
methods was found to be remarkable, although CLAYFF gave
slightly shorter hydrogen bond lengths. We calculated the
interaction of the most stable configuration using DFT with
and without the inclusion of vdW interactions. In both cases,
the water molecule was found to form two H-bonds with the
surface, with slightly shorter Hyy—O distances of 2.12 and 2.34
A compared to those reported by Zhang et al.*" This might be
due to the use of slightly different settings for the calculations.
DFT without the inclusion of van der Waals corrections
predicted the two-H-bond configuration for the water molecule
with H-bond lengths of 2.24 and 2.32 A and an energy of —0.06
eV. Both CLAYFF and PFF reproduced the results from
DFT-D2 with energies of —0.21 and —0.16 eV, respectively.
The H-bond lengths according to CLAYFF are 2.05 and 2.01 A,
compared to 1.75 and 1.77 A with PFF.

We then assessed three well-known force fields: CVFF,
Dreiding, and Amber. The energies in Table 2 show the same
qualitative results as obtained by DFT, and the energy
differences with DFT for all of the models are, in our view,
within the uncertainties of the van der Waals corrected DFT
values. However, on balance, we chose the Dreiding force field
in combination with CLAYFF, as this combination gave the
energies closest to the dispersion-corrected DFT calculations
for both aggregation and adsorption, particularly when
compared to DFT-D2. All three force fields gave similar results
for the interaction with water, and again, the magnitude of the
energy values was well within the uncertainty of the ab initio
results. Thus, for brevity, we report primarily the results from
the MD simulations using CLAYFF/Dreiding. This is followed
by a comparison of PFF/CVFF for water but with Cg,
interactions as in the CLAYFF/Dreiding approach to assess
the sensitivity of the results to the potentials.

3.2. Interface Structure and Diffusion of Cgz on
Pyrophyllite. We initially studied a Cg, molecule above the
pyrophyllite surface under dry and wet conditions to investigate
the influence of water on the adsorption of molecular Cq, and
to compare adsorption to the aggregation process, namely, the
formation of a dimer. Two properties that provide useful
insight into the interactions of water in the different systems are
the residence time (t,) of water molecules at each carbon atom
of C¢, and the coordination number (CN) of each carbon atom
in the Cq, molecule within the first hydration layer (Figure 2).

The residence time provides information on the transport of
water around molecular Cg, indicating the extent of its binding,
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Figure 2. t, (pink) and CN (blue) values of water molecules around
Cg in different systems: (a) hydration of a single C4, molecule in bulk
water, (b) aggregation of two Cg, molecules in bulk water, and (c)
adsorption of a Cg, molecule on the pyrophyllite surface.

The average ¢, values and the average Oy, CNs are 5.1 + 0.2 ps
and 7.3 + 0.1, respectively, for Cgq, in bulk water; 5.6 + 0.2 ps
and 7.4 + 0.2, respectively, for two aggregated Cg, molecules in
bulk water; and 5.1 # 0.3 ps and 5.9 + 0.3, respectively, for C
adsorbed on the surface. Using Amber and TIP4P for water,
Hotta et al. reported a value of 4.7 ps for a Cyy molecule in bulk
water, which is in good agreement with our result.’® The values
of t, according to our calculations are similar within the error,
so that the presence of the surface or of another molecule did
not significantly affect the mobility of water molecules.
However, for C4, adsorbed on pyrophyllite, t, exhibited large
fluctuations, which indicates that a number of carbon atoms
experienced reduced average contact with the water molecules
as Cg interacted with the surface. This conclusion is also
supported by the smaller average CN value of water molecules
on the carbon atoms of Cg, which suggests that, on average,
11.5 carbon atoms were not in contact with water as they
interacted with the surface. The slightly larger t, value in the
system with aggregated Cg, molecules compared to those in the
other two systems can be attributed to the slower diffusion of
clusters compared to molecular Cg (0.44 X 107 vs 0.52 X 107°
m?®s™!). In general, the ¢, value of the water oxygen atom (Oyy)
was found to be small (less than 6 ps) compared to the length
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of the simulation runs (2 ns), which suggests that the system
was well-converged.

Figure 3 shows the time-average image (yellow) of the center
of mass of Cg, displayed every 0.5 ps, illustrating the extent of
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Figure 3. Top views of the time-average images of the center of mass
of Cyg, (vellow) calculated every 0.5 ps at 300 K in (a) a vacuum and
(b) water on the pyrophyllite surface. O, red; Si, blue.

movement over 2 ns in both a vacaum (Figure 3a) and water
(Figure 3b). The most favorable adsorption site is the ditrigonal
cavity of the surface. The Cg, self-diffusion coeflicients were
calculated from its center of mass on the surface as 5.4 X 107°
m? s™! in a vacuum and 0.3 X 10™° m* s™! in water. The
diffusion coefficient of molecular Cq, was reduced by the
presence of water molecules, as expected because of the
constraining effect of the solvent H-bonding network.

The side views of the time-average images of Oyy and Cg4; on
the pyrophyllite surface over 2 ns are shown in Figure 4. The

S

R

Figure 4. Side views of the time-average images of water (blue) and
Cg (yellow) for the system with (a) only the water solvent, (b) water
and Cg, and (c) water and fixed Cq. O, red; Si, blue; Al light blue; H,
white.

water density exhibits structure and the formation of two
hydration layers on the clay surface, both in the absence
(Figure 4a) and in the presence (Figure 4b,c) of the Cg,
molecule. Similar results were reported in previous studies of
the hydration of clay mineral surfaces.> Disruption of the water
layers was seen after the addition of a Cy, molecule, as it moved
between ditrigonal cavities (Figure 4b); the molecule density
appears smeared because it was in motion. When the center of
mass of Cg, was fixed (Figure 4c) in the optimum adsorption
site, the solvent showed significant structuring around Cq,
indicating that the molecule markedly impacted the water
structure. Similar findings were shown in previous studies.'*"

The normalized z-density profiles of Oy and Cg, carbon
atoms are presented in Figure 5. Three peaks were found in the
z-density profile of Oy, when the Cy, was present. The first two
peaks correspond to the two hydration layers above the surface
(Figure Sa). When Cg, was adsorbed, the first hydration peak
shifted closer to the pyrophyllite surface, from 3.0 to 2.8 A;
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Figure S. Normalized z-density profiles of (a) Oy and (b) Cg, carbon
atoms on the pyrophyllite surface at 300 K. The distance from the
pyrophyllite surface (at z = 0) is defined as the time-average position
of all surface oxygen atoms. In panel (a), pink and blue lines represent
the hydrated systems with and without Cy, respectively. In panel (b),
red and black lines represent the molecule in a vacuum and in water,
respectively.

thus, Cg has the effect of “pushing” water molecules closer to
the surface as it tumbles between the ditrigonal cavities. The
curious third peak at 12.8 A, which appears a little farther from
the distance where the z-density profile of carbon atoms of Cq
ends (Figure Sb), corresponds to the Cg, hydration shell.
Beyond this peak, the water density converged to the bulk
value. The normalized z-density profile of C4, carbon atoms
(Figure Sb) was smooth in a vacuum and showed small peaks
when immersed in water. This implies that, in a vacuum, the
molecule tumbles freely whereas, in water, it spends marginally
more time spinning, thus giving rise to the peaks.

The radial distribution function (RDF) is another method of
viewing the presence of hydration shells and provides
complementary information to that obtained from the z-
density profile. The RDF of Oy—Cg, (from its center of mass)
and the coordination numbers (CNs) of water around the Cq,
molecule when immersed in bulk water and adsorbed on the
hydrated pyrophyllite surface are shown in Figure 6. From the
atomistic point of view, the hydration shell comes from the
rearrangement of water and H-bonding between water
molecules around the Cg, molecule. The density of the
hydration shell is unknown and still debated in the literature
from both experimental and computational points of view.">~**
The first peak of the RDFs, which represents the position of the
hydration shell, was found to have its maximum and minimum
at approximately 6.9 and 8.4 A, respectively, in both systems.
This suggests that the average O—Cg, distance is 3.5 A, which
is in good agreement with the results of previous studies'*'”
and with our vdW-corrected ab initio calculations, which gave
Ow—Cg distances of approximately 3.5—3.6 A.

The calculated O, coordination numbers for the Cg,
molecule (from its center of mass) corresponding to the first
hydration shell are 67 and 54 for Cg, in bulk water and
adsorbed on the pyrophyllite surface, respectively, which
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Figure 6. RDFs of Oy—Cg, (blue line) and CNs of water around Cg,
(pink line) for (a) Cg in bulk water and (b) C4 adsorbed on a
hydrated pyrophyllite surface.

supports the disruption of the hydration sphere of Cg, by the
surface. Maciel et al.'” reported CN's between 61 and 66 for Cq,
immersed in bulk water, whereas Li et al.'® found an average
CN of 57 water molecules, depending on the force field used
for Cgy. The small difference between our results and those of
Maciel et al."” might be the result of our use of the flexible SPC
model”” whereas they used the rigid SPC model for water. Ab
initio techniques have also been employed to simulate
Cgo—1H,O complexes.”” The water molecules were found to
be in straddling positions to achieve the optimization of the
coverage. The study included only complexes up to a maximum
CN of 60 water molecules in one layer of water. However, by
including entropic effects, as in our molecular dynamics, the H-
bond network might be more disrupted, so that the water cage
around Cg, can accommodate a greater number of molecules.

3.3. Free Energy Simulations. One key challenge to
enable simulations to help and complement experiments is the
accurate calculation of the free energies of adsorption and
aggregation of molecular Cg, as these values can provide
distribution coeflicients and, hence, the ratio between adsorbed
and aggregated Cqy,.

The free energy changes in a vacuum and in water at 300 K
for the adsorption of Cg on pyrophyllite and for the
aggregation of two Cg, molecules are shown in Figure 7 as
functions of the distance from the surface and the center of
mass of the molecule, respectively. The errors in precision, by
comparison of independent simulations, were found to be small
and were less than 0.005 eV for the adsorption and aggregation
free energies.

The free energy profile for C4, adsorbing in a vacuum on
pyrophyllite (Figure 7a) shows only a single minimum at 6.3 A
with an energy of —0.47 (+0.9%) eV, whereas in water, two
minima were found. The global minimum was also found at 6.3
A, but with an adsorption energy of —0.25 (+2.6%) eV. When a
molecule adsorbed in the global minimum, it formed an inner-
sphere complex, that is, it was in direct contact with the surface.
Similarly, the free energy profile for the aggregation of two Cg,
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Figure 7. PMF profiles of (a) the adsorption of C4 on the
pyrophyllite surface and (b) the aggregation of two C4, molecules. The
distance of separation is defined in panel (a) by the distance between
the center of mass of Cgy and the surface oxygens of the pyrophyllite
surface and in panel (b) by the distance between the centers of mass of
the two C4y molecules. The blue and pink lines represent vacuum and
water systems, respectively. The green line is the solvent-induced effect
for both the aggregation and adsorption processes.

molecules in water (Figure 7b) was found to have a global
minimum at 10 A with an energy of —0.19 (+2.9%) eV, which
is 0.22 eV less negative than the value in a vacuum [—0.41
(£1.7%) eV]. The calculated separation distance between Cg,
molecules is, therefore, on average, 3.4 A, which agrees well
with the DFT average value of 3.5 A. The decrease in the
energy upon inclusion of the solvent (0.22 eV) in the case of
Cygo aggregation was previously attributed to the high molecular
density of Cg, which, in turn, results in a strong van der Waals
interaction with water molecules.'*'® The energy at the
minimum (9.8 A) agrees well with the previously reported
value of approximately —0.23 eV from Hotta et al."” The
simulations suggest that water molecules form a hydration shell
around Cg, that makes the aggregation of C4, molecules less
favorable in water than in a vacuum, and obviously, a similar
effect was calculated for the adsorption of molecular Cqy on
pyrophyllite surfaces. The free energy of adsorption on
pyrophyllite was always found to be more negative than the
free energy of aggregation, and therefore, when a Cyy molecule
is present in the environment, it will thermodynamically prefer
to be retained on the surface of pyrophyllite (and other clay
minerals with similar structures) rather than aggregated in
clusters. Another feature of the free energy calculations
(Figure 7) is that the free energy profiles also show energy
barriers that need to be overcome by molecular Cy, before
approaching the surface or another molecule. Interestingly, the
energy barrier for the aggregation [0.04 (+1.6%) eV] was
found to be larger than that for adsorption [0.02 (%£3.5%) eV],
indicating that the rate of Cg, adsorption on the pyrophyllite
surface will be greater than the rate of aggregation. Finally, the
free energy profiles show a local minimum beyond the energy
barrier in water, corresponding to an outer-sphere complex.
The free energies were found to be —0.1 (+£0.7%) eV for
adsorption and —0.01 (£6.3%) eV for aggregation.
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These free energies can be used to estimate the ratio of
molecular Cg4, adsorbed on the surface to that aggregated in
clusters as K,4,/K,g as Kg, = exp(—=AG,q/RT) and K,
exp(—AGagg/ RT) are the adsorption and aggregation constants,
respectively. We calculated K,4,/K,q, ~ 10 at 300 K, suggesting
that, when clay is present, Cq, will preferably adsorb.

Finally, we calculated the water-induced interaction free
energy, which is the difference between the free energy of
interaction between two species (either two Cg, molecules or
the Cg particle and the surface) in a vacuum and in water and,
thereby, evaluated the contribution of water molecules to the
aggregation and adsorption processes. This difference includes
the water—particle and water—surface interactions, but there is
controversy over whether water—water interactions impact the
free energy of interaction between particles. Our results suggest
that they do and, hence, that the water-induced interaction is a
many-body effect, as the interactions between the particle and
the surface are dependent on the solvent—solvent interaction.

The water-induced interaction free energy (Figure 7b) was
found to always make a positive (i.e., unfavorable) contribution
to the aggregation process, as it requires work to disrupt the
hydration layers of the Cg, molecules, which is consistent with
the results of previous studies by Li et al."*" It is worth noting
that, below the energy barrier up to contact distance, we
calculated a positive water-induced effect even though there was
no solvent between the two carbon nanoparticles. This can be
attributed to the force exerted by the water molecules as they
attempt to fill the vacuum between the two Cg, molecules. At
very close distances, the interaction of water molecules with
each other is more significant than the direct water—Cq,
interaction, which, at short C¢,—Cq, distances, is invariant, as
shown previously by Hotta et al.'” The fact that the water-
induced interaction is a many-body effect is the reason our
results might appear in contrast to those of Hotta et al,'” who
also reported the solvent-induced contribution to the
aggregation of two C4y molecules to be positive but slowly
decreasing for distances below the energy barrier. However,
their definition included only the Cy4y—water contribution and
not the water—water contribution.

In contrast, the water-induced interaction free energy of
adsorption was found to be negative and, hence, favorable for
Cgo adsorption at the surface from 9 to 14 A (Figure 7a). This
favorable contribution acts to attract the molecule toward the
surface and is due to the interaction between the second surface
hydration layer and the hydration layer of the Cqy molecule.
This finding supports the possibility that Cg, molecules
undergo outer-sphere adsorption, which occurs at the local
energy minimum at 9.6 A. As the Cq, molecule approaches the
surface and its hydration layer crashes into the first hydration
layer of the surface, this gives rise to a positive contribution
similar to that seen in aggregation, and inner-sphere adsorption
at the global minimum at 6.3 A can occur (only once the energy
barrier at 8.2 A is overcome). At short distances between Cg
and the surface, the predominant terms in the water-induced
contribution are the water—water and water—surface inter-
actions.

We also correlated the normalized density profile of water
and the adsorption free energy profile of the center of mass of
Cqo (Figure 8) with the H-bonding network to obtain a better
understanding of the influence of the solvent-induced
interaction on the (outer and inner) adsorption of Cg on
the pyrophyllite surface. Specifically, we redrew the free energy
profile with the x axis corresponding to the carbon atom closest
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Figure 8. Normalized z-density profile of water (blue line) and PMF
adsorption profile (pink line). Note that the PMF profile is shifted by
the half-width of the C4, molecule according to the z-density profile of
carbon atoms of Cg, (3.3 A). The top views of the adsorbed Cy, on the
surface show the water molecules and H-bonds (dashed lines) around
Cgo at the global energy minimum (3.0 A), energy barrier (4.9 A), and

local energy minimum (6.3 A).

to the clay surface (Figure 8). Thus, the global minimum,
energy barrier, and local minimum appeared when the closest
carbon atoms were 3.0, 4.9, and 6.3 A, respectively, from the
surface. These free energy minima correlate well with the
maxima in the water density. Visual inspection of the
configurations recorded during the MD runs (see inset
snapshot in Figure 8) shows a very clear pattern. At the local
energy minimum (6.3 A), the Cg, molecule is within the second
hydration layer of the siloxane surface, and water molecules
show an extensive H-bonding network below the molecule,
suggesting that Cg forms outer-sphere complex. As the
molecule approaches the surface, it needs to compete with
the adsorbed water molecules and has to break the H-bonding
network, thus giving rise to the energy barrier at 4.9 A. Indeed,
the snapshot in Figure 8 shows that the water layer closest to
the surface becomes disrupted as the water molecules rearrange
around the Cg, molecule and create a cavity to accommodate it.
When the barrier is overcome, the interaction between the
molecule and the surface becomes dominant. The size of the
cavity increases to fully accommodate the C4, molecule as it
continues to approach the surface. Locally, the first hydration
layer is broken, and the H-bonding network is completely
disrupted as the molecule reaches the adsorption equilibrium
position (global energy minimum at 3.0 A), which is the
ditrigonal cavity of the siloxane surface. This is clearly the more
stable inner-sphere adsorption complex.

3.4. Impact of the Surface Properties on the
Adsorption Energy. One important consideration when
using potential-based techniques is the sensitivity of the results
to the details of the force fields. For example, PFF reproduces
the surface tension of pyrophyllite quantitatively, whereas
CLAYFF overestimates the value.”**® We therefore tested the
importance by comparing the free energy calculation results of
the two independently derived models. We retained the
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Dreiding model for intermolecular forces for the Cg, molecule
as in the previous PMF calculations based on CLAYFF.

The structural features of the clay—water interface simulated
using PFF are very similar to those obtained the CLAYFF
simulations. On average, the oxygen of water (Oy) was at 2.9
A, and the center of mass of the carbon nanoparticle adsorbed
6.1 A above the surface layer of oxygen ions. As a reminder, the
Oy and Cg, center of mass were found to adsorb, on average,
3.0 and 6.1 A from the surface oxygen ions using CLAYFF.

The free energy changes in a vacuum and in water at 300 K
using PFF for the adsorption of C4, on pyrophyllite are shown
in Figure 9 as functions of the distance from the surface.

0.6

0.4

0.2

Free energy (eV)

-0.2

-0.4

-0.6

Distance (A)

Figure 9. PMF profiles of the adsorption of Cg, on the pyrophyllite
surface. The distance of separation is defined by the distance between
the center of mass of C4 and the surface oxygens of the pyrophyllite
surface. The blue and pink lines represent vacuum and water systems,
respectively. The green line shows the solvent-induced effect for the
adsorption processes.

The PMF for the aggregation of two Cg, molecules in water
at 300 K was also recalculated, as the water model associated
with PFF is different and not indistinguishable from that
calculated using CLAYFF. Similarities with the free energies
calculated using CLAYFF (Figure 7a) are apparent. As before,
only one minimum was obtained for Cgj in a vacuum adsorbed
on pyrophyllite at 6.0 A with an energy of —0.47 (+7.1%) €V,
whereas, in water, a global minimum was found at 6.1 A with an
adsorption energy of —0.33 (+1.6%) eV when the Cg, adsorbed
directly onto the surface forming an inner-sphere complex and
a local minimum was found at 9.1 A with an adsorption energy
of —0.13 (+3.0%) when the outer-sphere complex was formed.

Again, the free energy of adsorption on pyrophyllite was
always found to be more negative than the free energy of
aggregation, leading to the same conclusion. A single Cq,
molecule has a thermodynamic preference to be retained on
the pyrophyllite surfaces rather than aggregated in clusters.

The only difference observed for the PFF model was that the
energy barrier from the outer-sphere to the inner-sphere
complex was lower (0.06 eV) than that for CLAYFF (0.1 eV),
although there was still an energetic cost. Thus, the energy
barrier for aggregation is still present, and therefore, using the
PFF model, the adsorption seems to be barrierless, supporting
the original idea that clay minerals can adsorb single Cq
molecules before aggregation occurs.

The water-induced effect shows the same features as for the
CLAYFF calculations, again leading to the same conclusions.
There is a favorable driving force for the carbon particles to
adsorb above the energy barrier.
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4. CONCLUSIONS

In summary, we have shown that simulations can be used to
complement experimental data and predict data that otherwise
would be difficult to obtain experimentally. In addition, we
showed that computer simulations can provide useful atomistic
insight into the interaction of C, with clay surfaces in aqueous
solution, although, clearly, the techniques described here can be
applied to any nanoparticle on any mineral surface.

The results for the adsorption of molecular C4 on
pyrophyllite and aggregation of C4, show the importance of
dispersion corrections in DFT calculations. The energies were
calculated to be unfavorable when the van der Waals
interactions were neglected, which is clearly incorrect. In the
MD simulations, three force fields for the Cgy—surface,
Cgo—Cep and Cyq—H,O were tested against each other and
against ab initio results. All were adequate, but the combination
of the Dreiding and CLAYFF force fields proved to be the most
reasonable choice. The PFF model was used as a comparison,
as it describes quantitatively the surface properties of
pyrophyllite. All simulations indicated that the ditrigonal cavity
on the siloxane surface of pyrophyllite is the main adsorption
site for molecular Cgy. Our time-average images show that Cy
is surrounded by a hydration shell that is largely maintained
even when adsorbed on pyrophyllite and that the water is
structured above the surface. Molecular C4, can adsorb as
outer-sphere and inner-sphere complexes. In the former, the
second hydration layer of the surface is disrupted, with the
molecule floating on top of the first hydration layer, whereas in
the latter, the molecule is directly adsorbed on the surface
within the first hydration layer above the surface.

The free energy profiles show that the Cqy molecule is more
likely to be adsorbed on the pyrophyllite surface than
aggregated in clusters both in a vacuum and in water, as also
supported by dispersion-corrected DFT energy calculations.
The results suggest that, in aqueous environments, the
concentration of adsorbed Cyy can be up to 1 order of
magnitude larger than the concentration of aggregated Cgy. The
simulations predict that, in an aqueous environment, the energy
required to disrupt the hydration shell of the pyrophyllite
surface and/or of the C4y molecule accounts for the presence of
the energy barriers. In addition, we showed that the adsorption
of molecular Cy in an inner-sphere complex is thermodynami-
cally more stable than that in an outer-sphere complex.

In conclusion, we have shown that hydrophobic clay mineral
surfaces can be active sites for environmental remediation of
molecular Cgy, which will strongly influence its transport and
fate in the environment. We infer that the effects calculated
herein are likely to be reproduced when other carbon-based
nanoparticles adsorb at mineral clay surfaces, and hence, we
predict that these are generic effects, which, in turn, further
suggests that these materials will provide a sustainable and
inexpensive method of trapping carbon-based pollutants, as clay
minerals are ubiquitous in the environment.
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