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Abstract:

We have carried out molecular simulations of carbon tetrachloride adsorption on graphite, in order to
investigate the role of the octopole in potential models for the CCls/graphite system, and the temperature
dependence of the first-order gas-liquid transition in the first adsorbate layer. Two classes of potential model
for carbon tetrachloride were considered: the first has 5 LJ sites and the second includes five partial charges
to model the leading octopole. Both models are adequate to represent the vapour-liquid equilibrium,
suggesting that the octopole makes an insignificant.contribution to the properties of the bulk phase. Both
models show that adsorbed CCls molecules are delocalized on a graphite surface because of the strong
intermolecular interactions. It is found that the LJ sites on the chlorine atoms, not the octopole, play the
most important role in matching the experimental isotherm and isosteric heat data with simulation. The heat
is constant, across the first-order transition of the first adsorbate layer. The simulation results show that both
the magnitude of the density jump, and the isosteric heat across the first-order transition, decrease as the
temperature increases. This is in qualitative agreement with the 1972 experimental data of Avgul and
Kiselev, but these experimental data exhibit an unusually strong decrease in the isosteric heat, and the
coexistence region between the two phases displays an unusual asymmetrical shape. Detailed analysis of
our simulation results, together with the calculated isosteric heat from the experimental isotherms of Machin
and Ross, show that there may be errors associated with the heat data of Avgul and Kiselev at high

temperatures.
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Highlights:
e Assessment of the heat of adsorption as a function of loading and temperature
e Incommensurate packing of CCls on a graphene surface
e The role of octopole on adsorption is negligible

e Correct choice of the potential model for CCls is important
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1. Introduction

Carbon tetrachloride (CCls) is widely used in industry as a solvent. Since it is harmful to health
and to the environment, it is desirable to capture the vapour. A preferred method is by removal
by carbonaceous adsorbents because of their low cost relative to other adsorbent materials.. The
toxicity of carbon tetrachloride incurs a high cost in safety requirements for laboratory
experiments; this can be minimized by resort to computer simulation. As a fundamental study,
the system attracts interest because of the role played by the tetrahedral structure of the
molecule on the microscopic structure of the adsorbate, since the density of the first adsorbate
layer is sensitive to molecular orientation. Possibly for the reason mentioned above,
experimental studies on adsorption of carbon tetrachloride are limited. Isotherms in the
temperature range between 225K and 293K* were reported by Pierce [1], and Machin & Ross
[2]. The accuracy of these isotherm data was discussed in Do and Do [3]. Isosteric heat data
covering the same temperature range were reported by Avgul and Kiselev [4.5]. For the heat
curves in the sub-monolayer coverage region at temperatures less than 250K the heat is
constant across the gas-liquid first-order transition, in agreement with X-ray data [6]. The
constant heat during the 2D-condensation is due to the growth of 2D-adsorbate patches,
separated from rarefied regions in the first adsorbate layer [7.8]. As the temperature increases
the heat data of Avgul and Kiselev shows that, the region of constant heat shrinks, but that the
heat decreases too quickly and the two-phase coexistence region does not have the symmetrical
shape exhibited by other adsorbates [9-12]. Although they did not report data for adsorbed
density versus pressure, the isotherms reported by Machin and Ross over the same temperature
range have been used in the present paper to assess the heat data from the Clausius-Clapeyron

equation.

! The bulk triple and critical temperatures are 249K and 556K.



2. Simulation details

2.1 Fluid and Solid model

The X-ray and neutron diffraction data on the intra- and inter-molecular structure [13-16] give
a C-Cl bond length of between 1.77 A and 1.85 A, and the closest inter-molecular (C-C)
distance is between 6.2 A and 6.7 A. These values are used in the development of potential
models for carbon tetrachloride. Early potential models which treat CCls as‘a 1-site molecule
[16-19], fail to describe the thermodynamic properties of CCls because the interaction between
chlorine atoms is much stronger than that between the carbon atoms, which means that the
positions of the four chlorine atoms is important. A maore accurate model, must therefore,
account for all atoms in the tetrahedral CCls molecule. Previously, 5-site models have been
shown to give a good account of the vapour-liquid equilibrium (VLE) as well as adsorption of
CCls on graphite [20-23]. These potential models have been reviewed in Do and Do [3].
Recently a new model in this class'was proposed by Guevara-Carrion et al. which includes
partial charges to model the leading electrostatic octopole [24]. In bulk liquid or solid CCly,
most models show that a face-to-face interlocking structure is the most favoured configuration
as shown in Figure1a[10.22]. On graphite, Avgul and Kiselev [11.12] discussed three typical
configurations: (1) a tripod configuration with three chlorine atoms facing the surface, (2) an
edge-down configuration with two CIl atoms facing the surface, and (3) an inverted tripod
configuration. The monolayer density depends on the orientation of the molecules; for example,
a first adsorbate layer comprised of only the energetically favourable tripod configuration gives
the lowest monolayer density. Combination of the configurations detailed above at finite
temperatures is possible because of the balance between the energy and the entropy to minimize

the free energy [25].
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Figure 1 lllustration of the favoured pairwise configurations of tetrahedral molecules; (a) face-to-face and face-
to-edge configurations, (b) the geometrical structure of the molecular GC [24] and DD [3] models, and (c) possible

configurations of the assembly of 2 molecules on a surface.

In this simulation study, we have focussed ontwo potential models: (1) the 5-site (LJ) model
proposed by Do and Do (DD) [3], (2) the 10-site (5LJ+5q) model of Guevara-Carrion et al.

(GC) [30]. The molecular parameters for these models are listed in Table 1.

It is to be noted that although the GC model has a larger separation between the dispersive site
on the carbon atom and the other dispersive sites, the overall molecular size conforms to the
experimental data because collision diameters used are smaller than those of the DD model
(Figure 1Db).

Table 1 Molecular parameters for the various CCl, potential models

Model Atom Collision Reduce Well Bond Length (nm) Charge Reference

Diameter (nm) Depth (K)

DD C 0.46 39 0.1766 - [3]
cl 035 105

GC C 0.281 12.37 0.2044 -0.362 [24]
Cl 0325 212.6 0.0905




Depending on the size and shape of the adsorbate molecules, the first adsorbate layer may form

a packing that is commensurate with the graphite lattice; for symmetrical tetrahedral adsorbates,

the possible lattice for an adsorbate in a hexagonal centred packing (HCP) are \/§a(3r’ 2a,;
ﬁaGr, 3a,,, etc., where a;, =0.246nm is the graphite lattice constant. For instance, methane
forms a \/3x+/3a,, packing [26-28], CF4 forms a 2x 2a,, packing [29.30], and CCls with a

size between /7a,, and 3a,,, the monolayer density is 3.96 pmol/m? if it adopts a \/7a,

commensurate packing (Table 2).

Table 2 Lattice constants and the adsorbate commensurate density

Packing Lattice constant (nm) Surface density (umol/m?)
J3a,, 0.426 10.54

24, 0.492 7.92

J7a,, 0.651 3.96

We used two models for graphite. The first model treats graphite as a continuum solid with an
energetically homogeneous surface; the potential energy of interaction with an LJ site is given

by the 10-4-3 equation (eq. 1) with the molecular parameters derived by Steele [31].
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The second is the Corrugation and Anisotropy (CA) model that accounts for the hexagonal

arrangement of carbon atoms and the anisotropy of polarizability of graphite [32]. Details of

this model are given in references [33, 34].



2.2 Simulation Details

Simulations were carried out using the kinetic Monte Carlo (kMC) method in the canonical and
grand canonical ensembles [35-37]. kMC provides a very efficient method for the calculation
of chemical potential. Instead of using the ensemble average, as in Metropolis Monte Carlo,
the KMC scheme assigns a time of existence for each configuration, defined as the inverse of

the sum of molecular mobilities, R:

_ In(1/&) _ In(1/¢) @
R Zexp(uj/kBT)

T

where & is a random number, introduced to maintain ‘@ stochastic sampling in the kMC
simulation, and u; is the potential energy of interaction molecule “i” with all entities in the
system. The isosteric heat in the grand canonical simulations was obtained from number and
energy fluctuations:

f(U,N)

f(N,N)

where f (X,Y)=(XY)—(X)(Y). To obtain the isosteric heat across the first order transition,

Oy = kBT - (3)

we used the simulation results in a canonical ensemble, with:

o)

qst = kBT - ON

(4)

We used at least 1x10° configurations in both the equilibration and sampling stages.

The experimental isosteric heat was found from isotherms measured at different temperatures,
using the Clausius-Clapeyron equation, which assumes that the adsorptive vapour is an ideal
gas and that the molar volume of the gas phase is very much larger than that of the adsorbate

phase:
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The orientation angle of a molecule is defined as the angle between a normal vector from the
graphite surface and a reference vector pointing from the carbon atom to the chlorine atom that
is furthest from the surface [38]. The upper limit of this angle is 71°, corresponding to the
inverted tripod configuration. The orientation distribution is defined as follows

<N, >

:Sin(oc)onc/< N> (©)

z

where <Ni> is ensemble average number of molecules whose angles fall between o and a+Aa,

and (N) is the total number of particle in the system. "Aa was set as 1° in these calculations.

The orientation between a pair of molecules in the adsorbed phase affects the density of the
first adsorbate layer. The orientation angles between any two molecules with centres of mass
separated by less than 0.8nm were-monitored and noted as being an “assembly pair”. For
example, for a pair of molecules having a tripod configuration and an edge-down configuration
(2 Cl atoms facing the surface), the angles are (0°, 54.5°). We define the ensemble average

number of molecules that falls into an assembly pair with the angles « and f as:

<N(a,ﬂ)>=<i >N, 50 J)> (72)

=1 j>i
where

1 ifd;; <0.8nm
o(i,j)= v 7b
(i.3) {0 otherwise (7o)

This pair distribution, presented on a contour plot, indicates how the pairs interlock with each

other as shown in Figure 1c. The linear dimensions of the graphite surface are 9.84x8.52nm?.



3. Results and discussion

3.1 The Effect of the Graphite Model

A good potential model for the description of adsorption is one that correctly describes the
vapour liquid equilibrium (VLE). The DD and GC models for CCls, chosen in this paper, both
satisfy this criterion (Figure S1). Both models have a gas-liquid (G-L) transition at
temperatures lower than 260K which is identified as the critical temperature of first adsorbate
layer, as shown by the transition in the grand canonical isotherms and the S-shaped curve of
the canonical isotherms in Figure 2. We particularly note that the loop through the coexistence
region between the gas and liquid states (shown as a dashed line) is symmetrical, as is also

observed for many other adsorbates.

Surface Excess (umol/m?)

Pressure (Pa)

Figure 2 Isotherms simulated with the grand canonical (dashed lines) and canonical (solid lines) ensembles using

the GC model. The isotherms simulated with the DD model are shown in Figure S2.

Pierce [1] reported experimental isotherms at 232K, 248K, 253K and 273K, but we note that,
unlike our simulation results and the isosteric heat data of Avgul and Kiselev [4.5] that show a
first-order transition at temperatures less than 260K, Pierce’s isotherms do not show any clear

transition. We attribute this to the energetic heterogeneity of the carbon used by Pierce.
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Figure 3 shows the simulated isotherms for the different models for carbon tetrachloride and
graphite. Since there is no reliable experimental isotherm data, it is not possible to judge which
model is the better representation for the CCls/Gr system. Neither the GC nor the DD model
show commensurate packing of the CCls molecules, but the GC model performs better in the
describing of isosteric heat (Figure 4a). Hereafter we focus on the GC model and the

homogeneous graphite.

a) GC Model b) DD Model

Surface Excess (pmol/mz)
N

——— Homo

— —>—  CAmodel

———  Homo

— —>—  CA model

T T T T T
10t 10? 10° 104 10t 10? 10° 104

Pressure (Pa) Pressure (Pa)

Figure 3 Comparison between the simulated isotherms with different adsorbent and adsorbate models at 273K,

(@) the GC-model, (b) the DD model
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Figure 4 Isosteric heat versus loading (a) simulated with the GC model; (b) experimental isosteric heat from
Avgul and Kiselev [4]. The gas-liquid coexistence envelope is shown as a dashed line. Results for the DD model

are given in Figure S3.
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The experimental isosteric heat data from Avgul and Kiselev [4] are shown in Figure 4b. The
results from simulations with the GC model, shown in Figure 4a, are in better agreement with
experiment than simulations with the DD model (see Figure S3) which does not reproduce the
constant isosteric heat through the gas liquid transition region at sub critical temperatures. The
simulated isosteric heat decreases with temperature, which is in qualitative agreement with
experiment but the experimental data decreases more steeply, and the loop-in the coexistence
region has a very unusual asymmetrical shape (Figure 4b) compared to the symmetrical shape
found in both experiment and simulation for other adsorbates, including the phase diagram
derived from the experimental XRD data for CCls [6]. Possible errors associated with the

experimental data of Avgul and Kiselev are discussed in Section 3.3.

3.2 Local properties

3.2.1 Local density and radial density distributions

The 2D maps of the local density distribution (2D-LDD) in Figure 5 show the evolution of the
adsorbed density with temperature. At temperatures below the triple point (250K) there is
coexistence between a 2D-adsorbed phase and the rarefied phase on the surface. As molecules
are added to the system they adsorb at the boundary line separating these two phases. The
adsorbed phase first grows into a circular island (Figure 5a), then, as more molecules are added

to the adsorbed phase, the island changes shape to a strip and expands (Figure 5b-c).

12



Figure 5 Plots of the 2D local density for different loadings within the G-L transition at 225K (a, b and c,

correspond to Points A, B and C marked in Figure 3).

The density of the 2D-adsorbed phase across the transition is lower at higher temperatures, and
the interface separating the adsorbed phase and the rarefied phase becomes more diffuse due
to thermal fluctuations, as shown in Figure 6 Comparison between the 2D local density at 225K (a)
and 250K (b) for points B and B’ (with the same loading at 2umol/m2)at temperatures of 225K and

250K for points at the same loading (2pumol/m?).

Figure 6 Comparison between the 2D local density at 225K (a) and 250K (b) for points B and B’ (with the same

loading at 2umol/m?)

The RDD for molecules in the first layer, shown in Figure 7, supports the 2D-LDD discussed
above. The positions of the peaks give the most probable distances between neighbouring
molecules. The area under the first peak at the same loading decreases significantly and the
separation distance between nearest molecules increases with temperature (Figure 7a). The

ratio of the separation at the second peak to that at the first is around 1.85, which is close to the

theoretical value of \/§ for HCP packing, indicating that the layer adopts an HCP packing.

13
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Figure 7 (a) Plots of the radial density distribution at Point B marked in Figure 3.simulated with the GC model
for different temperatures (the DD model shows the same trends); (b) the radial density distribution along the

phase boundary at various loadings for 225K.

The 2D-LDD for the adsorbed phase in Figure 5 shows that across the G-L transition, new
molecules adsorb along the boundary separating the two phases. To better quantify the constant
heat across the transition, we investigate whether this is due to constant contributions from the
solid-fluid (SF) interactions and the fluid-fluid (FF) interactions, or to compensation between
the decrease in the SF interactions and the increase in FF interactions. To resolve this question,
we isolated the molecules in the interfacial region separating the two phases, and determined
the radial density distribution of this sub-population. The first adsorbate layer was divided into
2D-bins of size 1.6x1.6 nm? (1.6nm is twice the separation at the minimum between the first
and second peak in the RDD), which can accommodate 3-4 molecules in the liquid state. Thus,
a molecule is defined as being on the phase boundary when a bin contains only one molecule.
The density in the rarefied phase is too low to affect the result, therefore the RDD of this sub-
population shows the number of nearest neighbours along the boundary separating the two
phases. Points B and C are selected (marked in Figure 3), and the results indicate that

molecules along the phase boundary interacting with 3.7 nearest neighbours, from integrations

14



of the RDD of the sub-population in Figure 7b; resulting in a constant contribution to the

isosteric heat from the FF interactions.

3.2.2 Orientation Density Distribution

The orientation density distributions (ODD) of both the DD and GC models at low loadings

show that most molecules prefer the energetically favourable tripod configuration but other

configurations are possible as the temperature is increased (Figure 8). However, the ODD of

the DD model shown in Figure 9 indicates a stronger preference for the tripod configuration.
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Figure 8 (a) The orientation density distributions (ODD) for loading at Point G (0.4 umol/m? marked in Figure

3) at different temperatures, simulated with the GC model; (b) The ODDs at various loadings (marked in Figure

3) at 293K with the GC model.
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Figure 9: (a) The ODD:s for loading at Point G with the DD model for different temperatures; (b) ODD across the

G-L transition with the DD model at 293K, at loadings as marked in Figure 3.
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The most favoured configuration between a pair of molecules in the bulk is the face-to-face
configuration (0°, 71°). To investigate how a pair of molecules arrange in the presence of a
surface, we considered the pairwise orientation assembly (eq. 7). The GC and DD models have

completely different pair assembly of orientations, as shown in Figure 10.

Figure 10 The pair orientation distribution at 225K at loadings of G, B and C (marked in Figure 3) for the GC

model (a-c) and the DD model (d-f).

At low loadings, both-models show the tripod configuration as expected, but as the loading is
increased, other configurations begin to appear in simulations with the GC model, in addition
to the tripod/tripod pairwise configuration, which increases the entropy of the system. On the
other hand, the DD model continues to favour the tripod/tripod configuration (Figure 10). This
can be attributed to the larger collision diameter of the chlorine atom in the DD model,
compared to that in the GC model (Figure 1c). This makes the surface of the GC model of
CCls more corrugated, enabling molecules to interlock better when there is a combination of
tripod configurations and other configurations. Therefore, inthe GC model, the FF interactions
that compensate for the decrease in the SF interactions are enhanced. Further experiments are

required to resolve the structure of CCls molecules as a function of loading.
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3.3 Heat evolution with temperature

Avgul and Kiselev [4] reported a significant decrease in the experimental isosteric heat across
the G-L transition as the temperature is increased. Although the simulated isosteric heat
derived from the GC model captures this decrease better than the DD model (Figure S3),.it still

does not accord with the significant decrease displayed in experiments.

At 225K (Figure 12), the isosteric heat increases linearly at low loadings, and across the G-L
transition, the heat is constant as explained earlier. Beyond the ‘transition the isosteric heat
increases again because of the densification of the first adsorbate layer. To gain a better insight
into the adsorption mechanism we decomposed the isosteric heat into the contributions from
the SF and FF interactions. The isosteric heat at zero loading at 225K is 35kJ/mol, which is
solely from the SF interaction; this agrees with the minimum in the SF potential energy (Figure
S4). This value corresponds to a tripod configuration at zero loading. As the loading is
increased, the contribution from the SF interactions shows a modest decrease, indicating the
appearance of configurations other than the tripod configuration, while the contribution from
FF interactions increases linearly because of the increase in the number of neighbouring
molecules. Across the G-L transition, the contributions from both the SF and FF interactions

remains essentially constant, as explained earlier.
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Figure 11 Plots of the simulated isosteric heat versus loading at 225K, obtained with the GC model from
simulations in the canonical and grand canonical ensembles. The error bars are associated with the canonical

results; (b) the contributions of the SF and FF interactions to the canonical isosteric heat

When the temperature is increased, there is a small decrease in the isosteric heat at zero loading
due to the increase in the number of the configurations other than the tripod configuration, as

discussed in Section 3.2.
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Figure 12 Plots of the canonical and grand canonical simulated isosteric heat versus loading with the GC model:

(a) 250K and (b) 293K. Experimental results are shown as red dashed lines.

The major difference between the DD model and the GC model comes from the different
molecular parameters and the positions of LJ sites (see Table 1), although statistically these
models are equivalent as seen in the VLE results and the SF profiles (Figure S1 and S4). The
role of the electrostatic interactions from the octopole is insignificant as shown in Figure 13a,
where it is seen that there is no difference between the isosteric heats from simulations with or
without partial charges. The contribution from the partial charges is less than 0.6% of the total
FF interaction. The 2D distribution of the orientation of the pair assembly shown in Figure

13b (which is similar to Figure 10) confirms this conclusion.
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Figure 13 (a) Simulation results for the GC model, with and without partial charges, and the contribution of

electrostatic (FF_Q) term; (b) the orientation of the pair assembly at loading B (marked in Figure 3).

The differences between our simulation results and the experiment data of Avgul and Kiselev
[4] are as follows: (1) The experiments show a bigger 2D gas density before the G-L transition,
which leads to a lower increase of the heat versus density at low loadings. (2) The heat released
during and beyond the G-L transition at higher temperatures is much lower than in the
simulation results (Figure 12b).  As seen in Figure 4, the co-existence region derived from the
simulated isosteric heats versus loading show the same symmetrical loop as the isotherms,
while the heat data of Avgul and Kiselev shows a highly asymmetric shape and a much higher
2D gas density before the transition. We resolve this discrepancy in Figure 14, by plotting the
isosteric' heats from the simulations, the experiments from Avgul and Kiselev and the
calculated isosteric heats from the isotherms of Machin and Ross [2] at low loadings.
Furthermore, the isosteric heat reaches a maximum of 45kJ/mol experimentally on completion
of the first adsorbate layer, and 60kJ/mol in simulation. This maximum heat can be estimated
theoretically as the sum of the heat at zero loading (35kJ/mol) and the simulated heat released
by the FF interaction with six neighbouring molecules of 25kJ/mol. The contribution from

interaction with one neighbour is therefore 4kJ/mol, in agreement with the average energy of a
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pair of CCls molecules (Figure S4). This analysis, casts doubt on the accuracy of the

experimental isosteric heat of Avgul and Kiselev at high temperatures.
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Figure 14 Comparison between simulation, the experiment of Avgul & Kiselev, and the calculated isosteric heat

obtained by applying the Clausius-Clapeyron equation (eq. 5) to the experimental isotherm data of Machin and

Ross.
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Supporting Information

The additional results that supports the discussion include: (1) Vapor and liquid equilibrium
diagram for CCls models included, (2) isotherms, and (3) isosteric heat of DD model, (4) solid-
fluid profile along Z direction and fluid-fluid profile for GC and DD model.
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Highlights:

. Assessment of the heat of adsorption as a function of loading and temperature
. Incommensurate packing of CCl4 on a graphene surface

. The role of octopole on adsorption is negligible

o Correct choice of the potential model for CCl4 is important
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