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Abstract

Atmospheric soot consists of fractal aggregates of spherical particles, which are

made of ordered (graphitic) and disordered (amorphous) carbon. Condensation of

polycyclic aromatic hydrocarbons (PAHs) on the surface of spherical particles and in

the junctions between these particles induces morphological changes in soot aggregates.

We studied the interactions of benzene molecules with graphitic and amorphous carbon

slit pores, where benzene represented PAHs and slit pores represented the junctions

between carbon spheres in a soot aggregate. We used Monte Carlo simulations in

the grand canonical ensemble (GCMC) to calculate benzene adsorption isotherms and

molecular dynamics simulations to analyze benzene fluid structure inside the pores. As

expected, graphitic and amorphous carbon confinement results in significantly different

adsorption isotherms and the local structure of benzene in the pores. We also found

that using two different force fields for benzene (all-atom OPLS and a nine site united
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atom TraPPE, which takes into account the quadrupole moment of benzene) produces

similar adsorption isotherms, but different orientation of benzene molecules in the

pores.

Introduction

Black carbon, the main component of combustion soot, is a major air pollutant and a potent

warming agent. It is released by many sources, including internal combustion engines, indus-

trial power plants, biomass burning, and residential heating. After entering the atmosphere,

black carbon profoundly affects Earth climate, human health, and many ecosystems despite

its relatively low mass concentration in the air.1,2 Black carbon is not only a pollutant, but

also a high-tonnage product manufactured industrially on a large scale for a variety of appli-

cations. Commonly known as carbon black, this product, due to its high porosity and high

internal surface area, is a common adsorbent for removing various chemicals from gases and

liquids.

Although a useful property for the industrial carbon black, the high adsorption capacity

of combustion soot in the atmosphere is highly disadvantageous, as it exacerbates its negative

environmental impacts. For instance, the surface of soot particles supports the adsorption of

higher molecular weight polycyclic aromatic hydrocarbons (PAHs), turning these particles

into PAH carriers. The presence of PAHs generated in flames on the particle surface allows

to learn more about soot formation mechanisms,3 but also such particles can deliver toxic

PAHs into the human respiratory system. Exposure to PAHs carries an increased health

risk due to their carcinogenicity and mutagenicity.2,4 The exposure can be exacerbated when

adsorbed PAHs induce the collapse of fractal aggregates into compact globules (see Fig. 1a).5

Compaction can bring the particles into the size range that allows them to penetrate deep

into the lungs and deposit thereby diffusion with high-efficiency.6
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Figure 1: (a) TEM images of soot aggregates: fractal (left) and partially restructured (right). (b)
The schematic representation of two carbon monomers in a soot aggregate. Condensate between the
monomers drives the aggregate restructuring. For estimating the solvation forces, this system can be
further simplified as a slit pore if the radius of the monomers R is much greater than the character size
of the liquid bridge L.

The restructuring of fractal soot particles caused by the adsorbate or condensate formed

during the interaction with various gaseous chemicals and condensable vapors (such as PAHs)

has been a subject of many studies.5,7–14 It was shown that in certain cases, even a small

amount of condensate (e.g., PAH), insufficient to cover the aggregate with a single molecular

layer, could cause restructuring.5,7,8 This phenomenon was rationalized by invoking capil-

lary condensation that placed vapor molecules selectively in the junctions between spherical

carbon monomers comprising the fractal soot aggregates.7 The menisci of condensate in

the junctions are thought to be primarily responsible for the capillary and solvation forces

leading to the rearrangement of monomers within the soot aggregate and leading to com-

paction.7,12 To predict the rate of soot restructuring, it is necessary to evaluate these forces,

which depend on both the distribution of the condensate in the junctions and the surface

structure of soot monomers. A simple system that can be used for evaluating interfacial

properties of soot monomers coated with condensate is a slit pore filled with fluid. The slit

pore is a limiting case of two monomers with a meniscus of condensate, provided that the

monomers have a radius much larger than the radius of the meniscus (see Fig. 1b).

Soot monomers have a complex internal structure consisting of both amorphous and

graphitic carbons, where an amorphous carbon core is surrounded by multiple layers of
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crystalline graphite plates arranged in an onion-like manner.15–17 It has been shown that

the monomer structure needs to be reproduced rather closely in order to make accurate

predictions of certain properties, e.g., the degree of order of carbon in the inner region of

soot monomers may significantly affect their optics.18 Molecular adsorption on amorphous

and graphitic carbon surfaces is also expected to be significantly different because amorphous

carbon is composed of sp2-hybridized carbon atoms arranged in a highly disordered manner,

whereas graphite has a highly ordered structure consisting of multiple graphene layers.

There have been a large number of experimental adsorption studies in the form of adsorp-

tion isotherm measurement for benzene on different types of carbons,19–23 but these studies

provided only limited structural information about the fluid and it had to be indirectly in-

ferred. In some experimental studies, such as in neutron diffraction work, the structural

properties of adsorbed fluid could be directly determined. For instance, Mehan et al.24 have

shown that at lower temperatures benzene molecules aggregate in two-dimensional clusters

rather than spreading uniformly over the surface.

Most detailed information about the structure of adsorbed fluid can be obtained using

molecular simulations. Many molecular simulation studies were focused on investigating ben-

zene adsorbed on a carbon surface25–28 or in a slit pore.29–34 Most studies dealt with graphitic

carbon and only a few considered disordered carbon, showing that for certain fluid properties

the difference between the two forms of carbon could be significant.32,34 Fomin compared the

behavior of benzene inside amorphous and graphitic carbon slit pores32 and based on the

fluid density profile and orientation of benzene molecules within the fluid showed a signifi-

cant difference in benzene distribution between the two pore materials. Many studies have

reported that molecules of benzene formed a layered structure near the surface.32–35 Also,

within those layers, molecules showed a predominant orientation, preferring to be arranged

parallel to the carbon surface. The molecules’ orientation results from the interplay between

two types of non-covalent interactions: van der Waals and electrostatic interactions.36 To

understand the driving force leading to different orientations, we need to consider the charge
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distribution inside benzene molecules. The net dipole moment of benzene is zero because of

its symmetry: the six local dipole moments corresponding to six C–H bonds in a benzene

molecule cancel each other. However, the benzene molecule has a strong quadrupole moment

resulting from the non-uniform charge distribution in a π bonding system represented by a

positively charged σ-bond framework and two negatively charged π electron clouds (Fig. 2).

The two preferential orientations in benzene fluid with aromatic rings either perpendicular

or parallel to each other (see Fig. 3) are a result of the electrostatic π-π and π-σ interactions

and van der Waals interactions. Similar interactions need to be considered to determine

the preferential orientation of benzene molecules in adsorbate and condensate layers. For

instance, Coasne and co-authors have shown that accurate modeling of the interaction be-

tween benzene and a polar surface of hydroxylated silica requires a force field that takes

into account the quadrupole moment of benzene.37–39 However, it is not obvious whether

there is need to account for the quadrupole moment when modeling benzene interaction

with non-polar surfaces, such as carbon.

Figure 2: The quadrupole charge distri-
bution of benzene Figure 3: π-π interactions between aro-

matic systems:(a) edge-to-face, (b) sand-
wich, (c) displaced

Many modeling studies have investigated layering within the fluid, but only a few made a

connection between the fluid structure and adsorption isotherms. In this work, we compare

the interaction of carbon surfaces made of atomistically ordered (graphitic) and disordered

(amorphous) structures with benzene molecules. The latter is used as a surrogate for PAHs,

which are commonly present in atmospheric aerosols and can induce soot restructuring. We
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used Monte Carlo simulations in the grand canonical ensemble (GCMC) to calculate benzene

adsorption isotherms and molecular dynamics simulations to analyze fluid structure inside

the pore. Also, using two different force fields for benzene we evaluated how accounting for

its quadrupole moment affects the benzene-wall interaction. With these results, we assess the

applicability of different soot monomer structures for future modeling the soot restructuring

process.

Models and Computational Methods

We consider a carbon slit pore with benzene, comparing two distinct structures of the pore

walls: graphitic and amorphous carbon (see Fig. 4). First, we quantify the solid-fluid inter-

action based on the adsorption isotherm analysis. Second, we investigate how different types

of carbon surfaces affect the distribution of benzene molecules.

We used the same geometrical parameters as in the recent research.32–34 The internal

sizes of the pore were the same. The dimensions of the walls were 6.7�A × 48�A × 48�A and

the distance between the plates was varied between 10�A and 20�A. The number of carbon

atoms was 3256 and 5760 for amorphous and graphitic structures, respectively. We studied

a fluid distribution in completely-filled pores at a pressure of 106 Pa (for amorphous pores

of 18�A and above the pressure was 107 Pa).

h

Figure 4: Slit carbon pores filled with benzene: pore with graphitic walls (left), pore with amorphous
carbon walls (right). The distance between the walls h is the same for both pores. Snapshots were
taken for the initial configuration before the simulation run.
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The graphitic wall contained 3 graphite layers with the distance between them 3.354�A40

(See Figure 4). We used common lattice parameters for graphite: a = 2.46�A and 1.42�A.41

Also, the second layer was displaced relative to the outer layers by a distance of 1.42�A along

the axes forming the plane of the graphite layer. Thus, if the second layer is projected onto

the first, each hexagon of the first layer will have a carbon atom of the second layer in the

center, corresponding to ABA (or Bernal) stacking.

Generating an amorphous carbon structure is more laborious and can be done using

several methods.42–49 In this work, the liquid quench method was used that mimics the actual

process of the formation of disordered carbon in a flame.49 The procedure is described in

detail below.

Force Fields

In this work, we considered two force fields for benzene molecules: an all atom model OPLS50

(Fig. 5a) and a united atom model TraPPE51 (Fig. 5b), both of which have been widely used

for molecular simulation of benzene adsorption.52–55 The parameters for both force fields are

presented in Table 1.

(a) (b)

Figure 5: Two representations of a benzene molecule used in this work: an all-atom model used in OPLS
(a) and a 9-site united atom model used in TraPPE (b). Parameter δ represents the value of the imaginary
charge.
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In the OPLS model, each atom had a non-zero partial charge. In contrast, in the TraPPE

model, CH group was neutral, but to take into account the quadrupole moment of benzene,

three extra/imaginary charges {−δ,−δ, 2δ} were included (see Fig. 5b). The first imaginary

charge, I1 = 2δ, was placed in the center of the aromatic ring, the others were located at the

distances of ±0.0785 nm from the center along the axis normal to the plane of the molecule.

All bonds and angles were considered rigid for both benzene models.

Table 1: Parameters for the OPLS (all atom)50 and TraPPE (united atom)51 model of benzene

OPLS
rCC rCH σC εC/kB σH εH/kB qC qH
1.40�A 1.08�A 3.55�A 35.23K 2.42�A 15.097K −0.115 e 0.115 e

TraPPE
rCH−CH σCH εCH/kB qCH qI1 qI2 qI3
1.40�A 3.74�A 48.0K 0.0 e 2.42 e −1.21 e −1.21 e

To generate the amorphous carbon structure we used bond order potentials introduced

by Tersoff .56 This potential helps to correctly describe chemical reactions, in contrast to the

traditional molecular mechanics force field. The LJ parameters for carbon atoms in the walls

were 28.0K and 3.4�A. Carbon atoms in the slit pore carried a zero partial charge. Also,

we used Lennard-Jones potential to describe benzene-graphite interaction. This approach

was successfully tested by Vernov and Steele.25,26 The cross parameters were obtained using

the Lorentz-Berthelot mixing rules: ε12 =
√
ε1ε2 and σ12 = (σ1 + σ2)/2. The cutoff distance

where interactions were truncated is rcut = 14�A and no tail corrections were applied. For

calculating electrostatic interactions in periodic molecular systems we used the particle-

particle particle-mesh (PPPM).

Generating the amorphous structure of carbon

There are several main techniques to generate the atomic structure of amorphous carbon

(see SI). In this work, we used the liquid quench method based on molecular dynamics
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simulations57–61 . The distinctive feature of this method is that it mimics the actual process

of the formation of disordered carbon in a flame. Similar to combustion, the amorphous

carbon goes from a high-temperature liquid-like state to a low-temperature solid during the

simulation.

The modeling steps for the liquid quenching method are based on Ref. 49. The first step

in simulation is to create a box containing N (in Ref. 49 N = 1200) carbon atoms, which

form a simple cubic lattice structure. The initial temperature is set at 10 000K. The next

step is to equilibrate the system. Under these conditions, disordered carbon is formed. The

third step is to quench the carbon-box to 3000K. It should then be annealed at 3000K and

quenched again to 300K. The last step is equilibration at 300K. The model mimics the

experiment: the high-temperature stage corresponds to the gas phase. The following quench

and anneal stages help the formation of disordered carbon at a low temperature.

The quench rate, annealing time, and system size are critical as they affect the final struc-

ture of the amorphous carbon (See Ref. 49). The quenching rate affects the hybridization of

carbon, where the sp2 fraction at the end depends on the rate: with decreasing quenching

rate, the percent of the sp2 increases (for more detail see Ref. 49). However, increasing

the annealing time leads to getting a well-ordered structure. Thus, it was shown that it is

possible to get amorphous carbon with the same density, but with a different internal struc-

ture, only by changing the quenching rate or annealing time (see Ref. 49). In this work, we

have created amorphous carbon by liquid quenching with parameters given in Table 2. The

final amorphous carbon structure was verified based on the density and radial distribution

function through comparison with the data from Ref. 62.

Construction and characterization of the slit carbon pore

We created two different carbon wall structures: graphitic and amorphous. The next step

was to create a slit pore with a given internal size. It was assumed that the internal size of

the pore is equal to the minimal distance between the centers of carbon atoms belonging to
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Table 2: The parameters of the molecular dynamics
simulation for generating the amorphous carbon. The
time step is 0.07 ps

process time

Equilibration at 105K 15 ps
Quench to 3× 103K 630 ps
Anneal at 3× 103K 336 ps
Quench to 3× 102K 7ps
Equilibrate at 3× 102K 10 ps

the opposite walls. In contrast to the graphitic wall, the amorphous wall has a rough surface.

Since the result of the adsorption is sensitive to the small volume change, the helium void

fraction for each of the pores was calculated as implemented in RASPA to estimate the

actual available adsorption volume and actual size of the two different carbon pores. The

results presented in Table 3 show that there is no significant difference between the nominal

and actual pore size. The input files for generating an amorphous structure can be found in

Supporting Information.

Table 3: Comparison of the pore size: nominal and actual, based on helium void fractiona

nominal actual
size size

amorphous graphitic
carbon carbon

10�A 9.56± 0.38�A 9.36± 0.54�A
12�A 11.76± 0.16�A 11.24± 0.32�A
14�A 13.52± 0.20�A 13.57± 0.74�A
16�A 15.75± 0.18�A 15.26± 0.62�A
18�A 17.62± 0.24�A 17.60± 0.38�A
20�A 19.50± 0.18�A 19.40± 0.74�A

a The uncertainties were estimated from the fluctuations of the ensemble average over the
simulation run as two standard deviations.

Grand Canonical Monte Carlo Simulations

The adsorption of benzene in a slit pore was simulated using the grand canonical Monte

Carlo (GCMC),63 which is widely utilized for this purpose. We performed simulations at a
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temperature of 298.15K in the pressure range of 10−3 Pa – 106 Pa. The carbon atoms in

the pore walls were kept at the initial positions. We found that 105 cycles were sufficient

for the equilibration period based on the preliminary runs. We used at least 105 cycles for

the production run, where the number of steps in each cycle equals the maximum between

20 and N , where N is the number of molecules in the system. With equal probability, we

considered the following types of moves: displacement, rotation, reinsertion, and deletion.

The average properties and configurations of the system were stored every 1000 cycles. The

adsorption isotherms were obtained in terms of the number of adsorbed molecules N as a

function of pressure P . The pressure was given as an input and related to the chemical

potential µ through the Peng–Robinson equation of state64 as implemented in RASPA,53

since this is widely used in molecular simulation of benzene adsorption.54,55 Note, however,

that the quality of the PR EOS predictions at high pressures can be low, therefore we also

reported the values of chemical potential µ = µig+µex, where the excess chemical potential is

calculated from the PR EOS, and µig = RT ln (PΛ3/kT ), Λ is the de Broglie thermal length

(see Tables 4-7). For both, amorphous and graphitic nanopores, we used periodic boundary

conditions along the directions parallel to the pore surface. Thus, the slit pore corresponded

to an infinitely long pore in x and y directions. The uncertainties were calculated according

to the procedure implemented in RASPA code.53 The simulation is divided into 5 blocks,

and the standard deviation is calculated. The uncertainty is taken as the 95% confidence

interval.

Molecular Dynamics Simulations

In order to analyze the liquid configurations in a slit pore we performed MD simulations in

the canonical ensemble. The temperature was kept constant at 298.15K using a Nose-Hoover

thermostat and a barostat with default damping time 0.15 ps. The carbon atoms in the pore

walls were fixed at the initial positions during all simulations run. First, we minimized and

equilibrated the slit pores for 0.5 ns. Then, statistics were gathered from production periods
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of 2 ns. The equations of motion were integrated with a time step of 0.1 fs using the Verlet

algorithm.65

SOFTWARE. The graphitic wall was constructed using VMD,66 Packmol67 and Moltem-

plate68,69 software. The simulations were performed in LAMMPS/2020060270 and RASPA

2.0.35.53

Results

Adsorption Isotherms

We obtained benzene adsorption isotherms using two different models. The adsorption

isotherm for the OPLS benzene model is shown in Fig. 6a and Tables 4, 5. The isotherm for

the TraPPE benzene model is presented in Fig. 6b and Tables 6, 7. Adsorbed amounts N

are normalized by N0, the number of molecules adsorbed at the highest pressure considered,

P = 107 Pa for graphitic and amorphous pores.

Note that we consider only the adsorption branches of the isotherms, because the exper-

imental adsorption isotherms of benzene vapor on microporous carbons are often reversible

or show very small hysteresis loops71–74 of Type H4, according to the the IUPAC classifi-

cation.75 It is unlikely that desorption isotherms obtained by GCMC could reproduce the

experimental hysteresis loops. Since we considered two different benzene models, we checked

the bulk liquid density for both, which showed a good agreement with previously published

data.50,52
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Figure 6: Adsorption of benzene for the all atom OPLS (a) and the 9-site united atom TraPPE (b) benzene
models in a slit carbon pore at 298.15K. Amorphous and graphitic structures were used for the carbon walls.
Isotherms are based on the adsorption-branch calculations only. The uncertainties were calculated based on
95% confidence intervals

Table 4: Adsorption isotherms for all-atom benzene model with OPLS force field. The number of molecules,
N , in a slit amorphous carbon pore as a function of pressure at 298.15K. Isotherms are based on the
adsorption-branch calculations only. The uncertainties were calculated based on 95% confidence intervals

P , Pa µ, kJ/mol 10�A 12�A 14�A 16�A 18�A 20�A
Amount adsorbed, N

1 −71.00 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
10 −65.30 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
1× 102 −59.59 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0
2× 102 −57.87 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0
4× 102 −56.15 0.3± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.0
7× 102 −54.76 0.5± 0.0 0.4± 0.0 0.4± 0.0 0.4± 0.0 0.4± 0.0 0.4± 0.0
1× 103 −53.88 0.7± 0.0 0.6± 0.0 0.6± 0.0 0.5± 0.0 0.5± 0.0 0.5± 0.0
2× 103 −52.16 1.5± 0.0 1.1± 0.0 1.1± 0.0 1.1± 0.0 1.1± 0.0 1.1± 0.0
4× 103 −50.45 3.8± 0.2 2.4± 0.1 2.3± 0.0 2.2± 0.0 2.2± 0.0 2.2± 0.0
7× 103 −49.06 145.1± 2.1 4.9± 0.3 4.4± 0.1 4.1± 0.1 4.1± 0.1 4.1± 0.1
1× 104 −48.18 145.8± 3.0 177.2± 3.7 7.0± 0.3 6.2± 0.3 6.3± 0.1 6.2± 0.1
1× 105 −47.41 148.9± 3.8 178.7± 2.8 222.0± 3.8 9.6± 0.7 9.5± 0.2 9.5± 0.2
1× 106 −47.33 149.0± 3.1 180.0± 2.1 219.6± 3.4 10.1± 0.5 9.8± 0.1 9.9± 0.6
1× 107 −46.55 151.0± 3.5 181.4± 3.4 219.9± 1.6 253.5± 2.0 24.2± 31.2 16.4± 0.8
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Table 5: Adsorption isotherms for all-atom benzene model with OPLS force field. The number of molecules,
N , in a slit graphitic carbon pore as a function of pressure at 298.15K. Isotherms are based on the adsorption-
branch calculations only. The uncertainties were calculated based on 95% confidence intervals

P , Pa µ, kJ/mol 10�A 12�A 14�A 16�A 18�A 20�A
Amount adsorbed, N

1 −71.00 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
10 −65.30 97.7± 3.7 116.1± 0.9 11.6± 0.6 4.7± 0.2 7.8± 0.3 3.9± 0.2
1× 102 −59.59 104.2± 2.4 134.0± 2.7 155.8± 3.2 48.2± 2.9 37.8± 0.3 29.5± 0.8
2× 102 −57.87 105.6± 1.0 135.6± 0.4 159.9± 1.5 181.3± 2.2 63.5± 1.0 53.2± 1.2
4× 102 −56.15 108.7± 1.0 139.8± 1.2 161.1± 2.5 190.9± 2.4 221.7± 2.2 91.0± 0.9
7× 102 −54.76 106.0± 0.4 138.7± 5.8 167.2± 3.2 195.6± 0.9 224.8± 1.8 114.8± 1.4
1× 103 −53.88 106.2± 1.8 143.9± 0.3 164.9± 1.3 198.2± 3.1 229.3± 0.7 249.5± 1.7
2× 103 −52.16 107.2± 1.0 143.0± 2.7 171.2± 2.4 204.8± 4.8 232.5± 2.7 257.1± 2.0
4× 103 −50.45 105.1± 2.6 142.0± 2.8 171.1± 0.6 206.9± 2.3 235.9± 1.9 264.4± 1.9
7× 103 −49.06 104.6± 1.5 141.0± 1.4 172.7± 1.6 210.2± 2.7 241.7± 3.0 269.7± 2.8
1× 104 −48.18 107.1± 2.0 144.0± 0.1 172.9± 2.3 213.0± 1.3 242.1± 0.9 272.7± 1.8
1× 105 −47.41 107.4± 0.9 144.0± 0.0 174.3± 1.4 213.5± 1.6 243.0± 1.1 274.1± 2.2
1× 106 −47.33 108.5± 0.9 146.7± 0.5 174.7± 0.8 214.7± 2.3 243.6± 3.6 273.6± 1.8
1× 107 −46.55 108.0± 1.3 149.5± 1.6 174.0± 0.6 216.0± 1.9 243.2± 1.2 275.6± 3.1

Table 6: Adsorption isotherms for united-atom benzene model with TraPPE force field. The number of
molecules, N , in a slit amorphous carbon pore as a function of pressure at 298.15K. Isotherms are based on
the adsorption-branch calculations only. The uncertainties were calculated based on 95% confidence intervals

P , Pa µ, kJ/mol 10�A 12�A 14�A 16�A 18�A 20�A
Amount adsorbed, N

1 −71.00 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
10 −65.30 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
1× 102 −59.59 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0
2× 102 −57.87 0.2± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0 0.1± 0.0
4× 102 −56.15 0.3± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.0
7× 102 −54.76 0.6± 0.0 0.4± 0.0 0.4± 0.0 0.4± 0.0 0.4± 0.0 0.4± 0.0
1× 103 −53.88 0.8± 0.0 0.6± 0.0 0.6± 0.0 0.6± 0.0 0.6± 0.0 0.6± 0.0
2× 103 −52.16 1.7± 0.0 1.3± 0.0 1.2± 0.0 1.1± 0.0 1.1± 0.0 1.2± 0.0
4× 103 −50.45 4.7± 0.3 2.7± 0.1 2.6± 0.1 2.4± 0.0 2.4± 0.0 2.4± 0.1
7× 103 −49.06 140.4± 1.9 5.6± 0.1 4.9± 0.1 4.4± 0.1 4.5± 0.1 4.5± 0.1
1× 104 −48.18 142.8± 1.4 170.3± 0.5 7.8± 0.2 6.8± 0.1 6.7± 0.1 6.8± 0.2
1× 105 −47.41 145.6± 1.9 172.1± 1.7 212.2± 1.3 10.3± 0.2 10.2± 0.4 10.3± 0.3
1× 106 −47.33 146.2± 2.3 174.1± 2.8 212.1± 1.9 10.9± 0.1 10.7± 0.4 10.8± 0.3
1× 107 −46.55 146.8± 1.5 176.4± 0.7 215.3± 1.8 245.6± 1.2 279.9± 1.5 17.2± 0.7
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Table 7: Adsorption isotherms for united-atom benzene model with TraPPE force field. The number of
molecules, N , in a slit graphitic carbon pore as a function of pressure at 298.15K. Isotherms are based on
the adsorption-branch calculations only. The uncertainties were calculated based on 95% confidence intervals

P , Pa µ, kJ/mol 10�A 12�A 14�A 16�A 18�A 20�A
Amount adsorbed, N

1 −71.00 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
10 −65.30 87.1± 0.6 115.9± 1.3 7.8± 0.3 4.6± 0.2 4.0± 0.1 3.9± 0.2
1× 102 −59.59 93.3± 1.4 132.5± 3.0 150.1± 1.2 48.2± 1.8 31.6± 1.1 29.0± 0.8
2× 102 −57.87 94.3± 1.4 132.8± 2.1 154.7± 1.2 182.5± 2.1 61.0± 1.2 52.8± 1.8
4× 102 −56.15 97.1± 1.3 136.2± 1.0 158.8± 2.0 191.6± 2.1 211.9± 0.7 91.0± 0.7
7× 102 −54.76 96.1± 2.0 136.5± 0.9 161.7± 1.9 195.3± 1.3 220.1± 1.6 114.8± 0.4
1× 103 −53.88 97.0± 1.7 142.8± 3.2 162.8± 1.2 198.7± 1.3 223.7± 1.5 248.1± 1.9
2× 103 −52.16 98.0± 0.5 144.0± 0.0 165.0± 1.9 203.8± 2.4 229.6± 2.5 259.1± 2.6
4× 103 −50.45 98.1± 1.1 143.6± 1.0 167.3± 2.7 204.9± 2.0 233.7± 4.6 264.9± 3.8
7× 103 −49.06 99.3± 2.1 144.0± 0.1 170.2± 4.1 209.1± 2.0 236.4± 3.7 270.8± 1.5
1× 104 −48.18 99.4± 0.9 148.5± 3.7 170.6± 1.9 216.2± 2.7 238.6± 3.0 271.3± 3.2
1× 105 −47.41 100.4± 1.4 140.0± 0.0 172.1± 3.8 216.3± 1.5 240.4± 2.6 275.2± 1.1
1× 106 −47.33 97.2± 0.3 144.0± 0.0 171.9± 2.7 212.6± 3.5 240.1± 2.5 275.1± 2.1
1× 107 −46.55 101.0± 0.0 143.6± 1.6 174.7± 0.9 212.9± 1.9 242.0± 2.1 277.4± 3.2

First of all, there was a considerable difference in adsorption isotherms for amorphous

and graphitic carbon for both benzene models, where both TraPPE and OPLS show the

same trend: benzene filled the graphitic slit pore at a lower pressure than the amorphous

pore. At high pressures, when the pores are filled, the amount of adsorbed benzene N0 is

different for amorphous and graphitic pores of the same size, but the same for both benzene

models.

Analysis of the structure of confined benzene fluid

After equilibration, fluid formed a pronounced layered structure inside the pore regardless

of the benzene model. To analyze the layering, we calculated the density profile of benzene

inside the slit pore and the orientation of the molecules relative to the carbon walls. The

number of molecules used in this MD simulation corresponds to the number of molecules

averaged from the three highest pressures in each GCMC run. Firstly, we compared the

density distribution ρ(z) for benzene using one force field but different wall structures. The

results for the OPLS benzene model in the pores with graphitic and amorphous carbon walls
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are presented in Fig. 7a and Fig. 7b, respectively. The zero of the z-axis corresponds to the

center of the pore.
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(a)

−10 −5 0 5 10

Inner pore size z, Å
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Figure 7: Density profiles of all atom OPLS benzene inside carbon slit pore with (a) graphitic and (b)
amorphous carbon walls. The results for four different inner sizes of the pore were plotted: 14-20�A

The peaks of the density profiles correspond to the layers in the pore. The number

of peaks for both cases was the same, however, their shapes were different. In the pore

with the graphitic walls (Fig. 7a), there was a more distinct layering than in the pore with

the amorphous carbon walls (Fig. 7b). Perhaps, this can be explained by the fact that

graphite and benzene have a hexagonal structure at the base, so their interaction leads to

parallel orientation of the benzene molecules. As it is seen from the simulation snapshots in

Fig. 8a and Fig. 8b, for the amorphous wall, the number of benzene molecules, which were

perpendicular to the wall surface was higher than with graphitic wall.
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(a) (b)

Figure 8: Snapshot of the OPLS all atom benzene and carbon slit pore with with (a) graphitic and (b)
amorphous walls. The inner size of the pore is 12�A.

Also, similarly to Ref. 32, we examined the effect of internal pore size on the layering.

There were three benzene layers with graphitic and amorphous carbon for the pore sizes

in range from 10�A to 16�A. However, an increase in pore size resulted in less structured

layers. Eventually, for pore size 20�A there were two pronounced peaks near the walls and

the uniform distribution of benzene molecules between them. This was due to the benzene

molecules in the middle of the pore having a weaker interaction with the walls. The same

behavior of benzene was observed for the amorphous carbon pore.
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0

1

2

3

4

5

ρ
(z

),
g/

cm
3

h = 14 Å
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Figure 9: Density profiles of 9 site united atom TraPPE benzene inside carbon slit pore with (a) graphitic
and (b) amorphous walls. The results for four different inner sizes of the pore were plotted: 14-20�A

For TraPPE benzene model the density profiles are presented in Fig. 9a and Fig. 9b.

We used the same limits on y-axis in Fig. 9, as in Fig. 7 to emphasize the differences in

the layering of benzene. There was still a difference between the graphitic and amorphous

carbon pore, however, it was not as significant as it was in the case of the OPLS benzene

model. The density distribution of benzene in both amorphous and graphitic carbon pores

was relatively smooth, which means that the orientation of the molecules inside these pore

was also similar. Such preference in the configuration of the benzene molecules leads to the

main difference between the TraPPE and OPLS benzene models: for the small pore size, the

number of formed layers was different.
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(a) (b)

Figure 10: Snapshot of 9 site united atom benzene model and carbon slit pore with (a) graphitic and (b)
amorphous walls. The inner size of the pore is 14�A. Graphitic and amorphous pore were considered for
both cases.

Fig. 10a and 10b show the snapshots of the benzene molecules inside 14�A pores made

of graphitic or amorphous carbon. The benzene molecules formed layers, and they preferred

the perpendicular orientation to the wall surfaces. The orientation of benzene molecules was

quantified using an order parameter based on the second-order Legendre polynomial, which

is a common approach in the literature32,39,76–78:

P2(z) =

⟨︃
1

2

(︁
3 cos2 θ − 1

)︁⟩︃
z

, (1)

where the angle θ is the angle between a normal to the benzene ring plane and the z-axis

(axis normal to the plane of the walls). Angle brackets is an average over molecules in

a layer for considered configurations. The Legendre polynomial defines the orientation of

molecules in the pore, e.g. if the molecules are parallel to the pore walls, then P2 = 1. If they

are normal to the walls, then P2 = −0.5. Note that some of the works use the first-order

Legendre polynomials to quantify the orientation of the molecules.78–80 However, due to the

symmetry of benzene molecules with respect to the mirror plane perpendicular to the z-axis,

the first-order polynomials are zero, and are not applicable here for the analysis of the order.
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Figure 11: Legendre polynomial P2(z) for the benzene in carbon pores represented by two force fields: (a)
all-atom OPLS and (b) 9-site united atom TraPPE

Fig. 11 shows Legendre polynomial calculated for benzene in graphitic and amorphous

walls structures. We divided the inner pore size into 40 segments and calculated the average

for all of them. Over the simulation time, 250 configurations were used. Although the curves

in Fig. 11 are somewhat jagged, they show the layering of the benzene inside the pore. Similar

plots were obtained by Fomin in Ref. 32. It should be noted that the Legendre polynomial

does not contain any information about the number of molecules with the preferred direction,

e.g., if a layer contains only two molecules of the same orientation, the polynomial would give

the same value as for a layer with 200 molecules of the same orientation. So based on this

function, one can only judge of preferred orientation in a layer of a δz width (δz was defined

as the inner size of the pore divided into 50 or 100 segments for OPLS and TraPPE benzene

models, respectively). To estimate the percent of molecules perpendicular and parallel to

the pore plane we introduced P⊥(z) and P∥(z):

P⊥(z) =

⟨︃
1

N

∑︂
P2(θ > 45◦)

⟩︃
P∥(z) =

⟨︃
1

N

∑︂
P2(θ < 45◦)

⟩︃
, (2)

where N is the number of benzene molecules in a slit pore. P⊥(z) and P∥(z) presented in
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Fig. 12 for 14�A carbon slit pore supports the conclusion derived from the analysis of density

profiles shown in Figs. 7 and 9. The number of layers correlated with the density profiles and

the OPLS benzene molecules preferred parallel orientation to the wall surface in graphitic

pore more than in the amorphous carbon pore. For the TraPPE model, the fraction of

the perpendicular oriented molecules increased in graphitic carbon pore. The percent of

perpendicular and parallel molecules in the carbon slit pore for each case is presented in

Table 8.
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Figure 12: Legendre polynomial distribution of benzene in a carbon slit pore: (a) graphitic walls with all
atom OPLS benzene model, (b) amorphous walls with all atom OPLS benzene model, (c) graphitic walls
with a 9 site united atom TraPPE benzene model and (d) amorphous with a 9 site united atom TraPPE
benzene model. P∥ and P⊥ show the percent of the benzene molecules in a pore, which are oriented parallel
or perpendicular with respect to the pore walls.

Table 8 shows that OPLS benzene molecules preferentially orient parallel to the pore walls

irrespective of the different types of the carbon surface. However, from Fig. 12 one can notice

that the distribution of the molecules is smoother for amorphous slit pores than for graphitic

walls. The preferred orientation of benzene molecules changes if TraPPE force field is used

instead of OPLS. For TraPPE, the orientation of molecules in amorphous and graphitic

pores become noticeably different (Table 8). This orientation effect can be explained by the
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benzene quadrupole moment in the TraPPE model.

Table 8: The percent of benzene molecules, oriented perpendicular (P⊥) and parallel (P∥) to the pore walls
in the carbon slit pore.a

P∥ P⊥

Amorphous & OPLS 70.45± 0.91% 29.55± 0.91%
Graphitic & OPLS 78.19± 0.31% 21.81± 0.31%
Amorphous & TraPPE 64.89± 1.07% 35.11± 1.07%
Graphitic & TraPPE 34.96± 0.47% 65.04± 0.47%

a The uncertainties were estimated based on block-average method: the simulation is
divided into 5 blocks, and the standard deviation is calculated.

Discussion

Adsorption of various combustion products such as polyaromatic hydrocarbons (PAHs) on

the surface of atmospheric soot particles plays a significant role in soot evolution. Soot

particles include carbon in both graphitic and amorphous forms; therefore, one needs to

quantify the interactions of PAHs with both types of carbon surfaces. As a first step towards

this goal, in this work we considered the interaction of benzene with two types of carbon

surfaces. More specifically, we studied the adsorption of benzene in model slit pores of

different sizes using the grand canonical Monte Carlo simulations. Additionally, we studied

the structure of liquid-like benzene in the pores by analyzing the configurations obtained

from molecular dynamics simulations.

Molecular simulation studies of benzene adsorption have been reported in many papers,

and we would like to discuss our results in the context of some of the recent works. We

followed the work of Do and Do,35 who simulated benzene adsorption in graphitic slit pores

only. Similarly to their work we focused on two different force fields for benzene: all-atom

OPLS force field in which all the charges are distributed in a plane,50 and the united-atom

TraPPE force field,51 in which a benzene molecule was represented with nine sites, three

of which were introduced to model the out-of-plane π electron clouds. Despite the distinct
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difference between the two benzene models, OPLS and TraPPE, the resulting adsorption

isotherms differ insignificantly for the same pore sizes. Our results for graphitic pores,

although performed using a different Monte Carlo code, are fully consistent with the results

from Ref. 35, and other simulation data.33 We show that for amorphous pores the adsorption

isotherms obtained using two different force fields also do not differ much. As Coasne et al.

predicted in their work,34 the choice of the benzene model did not have a quantitative effect

on the adsorption isotherm, unlike on the density distribution. Due to the absence of the

experimental data for the system with amorphous walls, previously published simulations33

compared their results with experimental isotherms measured by Yun et al.23 for benzene

adsorption on activated carbon fibers (ACF). However, due to the wide pore distribution,

ACF and amorphous carbon pore are not comparable, even though there is a similarity

between ACF structure and modeled amorphous carbon.

The comparison of the adsorption isotherms for the pores of the same size but different

surface structure showed, however, a pronounced difference. Filling in an amorphous carbon

pore takes place at a pressure of 3-4 orders of magnitude higher than in the graphitic pore

of the same size. This difference can be explained by the difference in surface density of

the carbon atoms in the walls. In work 81, it was shown that the mere presence of carbon

atoms on the surface decreases the density of the fluid layer adjacent to the wall. Thus,

the roughness of the atomistic amorphous pore can change simulations results. There are

several molecular modeling works that focused on the effect of atomistic roughness of carbon

surface on adsorption.82–86 Long et al.82 showed that the increase of the wall roughness can

drastically decrease the in-pore pressure, which depends on the structure of the adsorbate.

During adsorption, fluids would like to fill the cavities in the wall’s surface, making the

contact layer less structured. For nanoscale slit pores, this surface effect can change all fluid

ordering inside a pore, which we observed in our simulations.

In addition to the adsorption isotherms, we studied the microscopic structure of benzene

in the pores. We compared the density profiles in the filled pores and observed the expected
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difference – more pronounced structuring in the pores with the graphitic walls compared to

the pores with amorphous walls. This difference is observed in both force fields. Further

analysis was performed based on the Legendre polynomials, which characterize the spatial

orientation of the benzene rings. Our results using the OPLS force field are in line with

the data reported earlier by Coasne et al.34 for graphitic pores and by Fomin32 for both

graphitic and amorphous pores. However, the second-order Legendre polynomials obtained

from the TraPPE united-atom force field appeared noticeably different. Table 8 shows that

for TraPPE benzene molecules, the preference in orientation is perpendicular to the wall

surface. This difference, pointed out earlier by Do and Do35 for graphitic pore, is due to the

non-zero quadrupole moment of benzene molecules in TraPPE force field. To our knowledge,

for the amorphous pores, we are reporting this effect for the first time. Table 9 gives the

quadrupole moments of benzene molecules calculated for both representations using RASPA

software. Only diagonal elements of the quadrupole tensor are essential for potential fields

generated by an electrically neutral system such as benzene. Comparison to the literature

shows that while the quadrupole moment from the TraPPE model is reasonably close to

experimental values, the OPLS model gives nearly a zero moment.

The chosen OPLS and TraPPE force fields are readily available in standard molecular

simulation codes. However, other force fields, parameterized with quadrupole moments in

mind, could provide more rigorous results. One of such candidates is the electrostatic version

of the Anisotropic United Atom (AUA) force field for benzene.87 While AUA has been

extended to other chemicals,88–90 including PAHs,91 the use of this force field is limited,

because it is not implemented in codes in this work.

Table 9: Diagonal elements Qxx, Qyy, and Qzz of the quadrupole moment tensor for the OPLS (all atom)50

and TraPPE (united atom)51 models of benzene

Qxx, D�A Qyy, D�A Qzz, D�A
OPLS 0.036 0.036 −0.072
TraPPE 3.47 3.47 −6.96
Experiment92 2.8 2.8 −5.6
Num. Calc.93 3.3 3.3 −6.6
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Our work was motivated by the interest in the soot restructuring process in which sol-

vation forces in the adsorbed liquid films play a key role.7,94 These forces depend on the

solid-fluid interactions, the fluid structure, and the solid surface structure.95–97 The differ-

ence in microstructure of adsorbed benzene in graphitic and amorphous pores is likely to

affect these forces significantly. Furthermore, although our study predicts very close adsorp-

tion isotherms for two different force fields, the observed dependence of microstructure on

the choice of the force field suggests that the solvation forces can be substantially different

depending on the force field used. These calculations, however, are a subject of a separate

study.

Conclusion

Motivated by the problem of condensation-induced restructuring of atmospheric soot, we

studied the interaction between benzene molecules (as the simplest example of a chemical

substance with an aromatic ring) and slit carbon pore with different structures of the pore

walls. To estimate the role of the quadrupole moment, we used two different force fields

for benzene (all-atom and united atom). The results showed that the choice of the benzene

model did not affect the adsorption isotherms. However, the quadrupole moment signifi-

cantly changed the liquid distribution inside the pore. In addition, the choice of model used

to represent the carbon surface (graphitic or amorphous walls) significantly affects the sim-

ulated adsorption process. Overall, our work contributes to providing molecular simulation

adsorption data, which is specifically of interest for environmental applications.
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