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Figure 1.2: Idealized depiction of a spherical carbon nanohorn aggregate (left) and
carbon nanotube bundle (right) with labelled potential adsorption sites.

highly desirable characteristics of an adsorbent material. For nanotubes, the interest

is centered around the ability of the bundles to produce low dimensional phases of

matter through adsorption on the inside of the tubes as well as the groove sites on

the exterior.

1.2 Literature Review

The availability of the interstitial channel (IC) sites present in a nanotube bundle

has attracted both experimental[35] and theoretical[36, 37] attention. Experimentally,

Talapatra et al. measured the adsorptive properties of Xe, CH4, and Ne on SWNT

bundles. It was determined that the binding energies on these materials exceeded that

on planar graphite by 75%. By comparing the effective specific area for the different

sized adsorbates, it was determined that there was no adsorption in the interstitial

channels. Additionally it is concluded that He adsorption in the interstitial channel

is unlikely given its similar increase in binding energy. Grand canonical Monte Carlo

simulations performed by LaBrosse et al. came to a similar conclusion, that gases do

not adsorb in non-defect interstitial channels. The identification of defect ICs, which
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could occur in bundles comprised of tubes with different diameters, where found to

be large enough to accommodate gas adsorption.

In a study of the adsorption of Ne and CH4 on closed dahlia-like nanohorns by

Krungleviciute et al.[9] two steps were found in the experimental adsorption isotherms

before monolayer completion. In order to explain this behavior, the aggregate’s in-

terstitial conical pores were modeled by considering the adsorption region between

nanotubes with two characteristic separation distances. This different separation

creates adsorption regions with high and low binding energy, mimicking the intersti-

tial adsorption region of the more complicated aggregate conical nanohorn geometry.

Within this model, Krungleviciute et al. were then able to explain the presence of

the isotherm steps as two distinct adsorption sites in the monolayer regime. High

energy binding occurs near the center of the aggregate at the base of the nanohorns

at low pressure. At higher pressures, low energy binding sites on the exterior of

the nanohorn walls and capped tips are active. The similar behavior of sorbates of

different size strongly suggests that the interstitial sites are easily accessible due to

the radial configuration of the nanohorns.[9] While this model adequately explained

the experimental isotherm data, it greatly simplified the interstitial conical structure

using a continuous parallel nanotube approximation with just two tube separation

distances. In addition, this study only considered spherical sorbates with zero elec-

trostatic multipole moments. It is expected that the use of a more complex model

that includes the radial packing and a wider variety of sorbate gases may elicit greater

detail of the interstitial pore structure along with more accurate isosteric heat values.

Adsorption on nanohorn aggregates has been extensively studied for a variety of

adsorbates. In a combined experimental and computational study of N2
[38, 39, 40] the
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presence of strong and accessible internal and external adsorption sites were confirmed

through the analysis of isotherm data. Using a structural model of a tube with a

sharply capped tip, an internal pore width of 2.9 nm was found. Methane adsorption

was experimentally studied by Murata [41] where an enhancement effect was observed.

As the adsorption in the interstitial spaces increased, the internal regions showed a

corresponding concentration increase. This was attributed to the presence of holes in

the nanohorn sidewalls which provide access as the exterior coverage increases.

The adsorption of CO2 was carried out by Krungleviciute et al.[42] on closed dahlia-

like nanohorn aggregates for six temperatures ranging from 147-193 K. The behavior

of the CO2 sorbate was found to significantly deviate from that of CH4 and Ne in

previous studies on nanohorn aggregates, but was consistent with studies on SWNTs.

Mainly, the adsorption isotherms did not present two sub-steps and the isosteric heat

was found to trend through a minimum before increasing at higher coverage values.

It was proposed that these contrasting results are attributable to the existence of

CO2’s quadrupole moment, as this electrostatic energy contribution decreases the

ratio of adsorbate-substrate to adsorbate-adsorbate interaction below that of typi-

cal adsorbates (Ne, CH4, etc.).[33, 42] The effective specific surface area for monolayer

completion was also calculated using the Point- B and BET methods yielding values

of 358 m2/g and 239 m2/g, respectively. The Point-B value fell in-between previ-

ously measured valued for Ne and CH4, indicating the adsorbate can access fewer

sites/surface area than Ne but more than CH4.

CO2 adsorption, among other sorbates, was experimentally investigated by Bi-

enfait et al. on cylindrical SWNT bundles.[17] Using the volumetric method and

isothermal calorimetry (at 77.4 K), adsorption isotherms and heats of adsorption
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were measured. Similar to the previously discussed results on nanohorn aggregates,

CO2 trended differently than the other gases (H2, D2, O2, Ar, CH4) in the study.

From the adsorption isotherms it was found that CO2 has a fewer number of adsorp-

tion sites compared to the other gases, which signifies that the adsorption mecha-

nism is different.[17] After an initial plateau, the isosteric heat for CO2 was found to

monotonically increase with coverage. The authors suggest that the initial plateau

corresponds to groove adsorption and the overall trend is due to the weak attraction

between the carbon bundle and CO2. Similar experimental measurements conducted

by the Migone group[20] yielded consistent results; mainly a lack of isotherm steps

and an increasing trend in the isosteric heat. Additionally, kinetic measurements

performed in the Migone group’s study showed that the equilibration time for CO2

increases with loading (and pressure), which contradicts the behavior observed for

other gases (Ne, Ar, and CH4) on the same material.

In a recent study by Krungleviciute et al. adsorption measurements have been per-

formed for neon and carbon dioxide on open dahlia-like carbon nanohorn aggregates.[33]

The opening process allows the sorbates to access the intra-nanohorn pores in the in-

terior region of individual horns. The authors proposed four adsorption sites, two of

strong binding (deep in the inter- nanohorn conical pore and the intra-nanohorn pore

at the tips of the horns) and two of weak binding (on the outside of the nanohorn sur-

faces). When they compared the effective surface area obtained on open nanohorns to

that on closed there was an increase by a factor of 2.7 for Ne and 2.4 for CO2, which

confirms that the opening process allows adsorption to occur in the intra-nanohorn

pores. Two steps were observed (before saturation) in the Ne isotherms, correspond-

ing to adsorption in the strong and weak binding sites, while no steps were identified
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in the CO2 isotherm data. Similarly to the closed nanohorn investigations by this

group, the isosteric heat of Ne was found to be a monotonically decreasing function

of coverage with two corresponding plateaus while that of CO2 goes through a min-

imum before reaching the bulk CO2 latent heat value.[33] Kinetic experiments that

measured how long it takes for equilibration to occur were also carried out in this

study. For CO2 it was found that the equilibration time increases with increasing

loading while the equilibration time for Ne decreases (similar to the behavior of the

two gases on carbon nanotube bundles). The authors propose that the contrasting

behavior between the two sorbate gases is due to the difference in the ratio of adsor-

bate–adsorbate and adsorbate-sorbent interactions, as in their earlier studies. In a

separate study by Russel et al [43], similar kinetic behavior to Ne was observed for Ar

and CF4

Several additional studies of adsorption on both carbon nanotube bundles and

nanohorn aggregates have been conducted.[14, 18, 44, 45, 46, 47, 19, 48]. The adsorption of

ethane on as produced nanohorns was experimentally investigated by Russell et al.[14]

Adsorption isotherms were measured for a temperature range between 123.66 K and

221.32 K. In these experiments, distinct isotherm substeps that arise in the adsorption

of spherical adsorbates, such as Ne and CF4, were no longer present at similar rela-

tive temperatures for ethane adsorption. At lower relative temperatures, a possible

single gentle sub-step was observed. This also contrasts the behavior of the same gas

on nanotube bundles.[44] Isosteric heat curves show a plateau region at higher cover-

ages, corresponding to the bulk heat of vaporization, while at intermediate coverages

(5000 to 23000 cc-Torr/g) a quasi-plateau region region is found with an energy range

of between 210 and 250 meV. Kinetic measurements show an increase in equilibra-

14



tion times, contrasting the observed behavior of ethane on both graphite and closed

nanotube bundles.[19] These experimental results leave open questions that warrant

further investigation in regards to why the linear adsorbate induces the equilibrium

changes as well as why the kinetics are changed by the nanohorn structure.

A computational study by Burde [24] investigated physisorption on nanotube bun-

dles using KMC, where the equilibration times was found to decrease linearly with

increasing equilibrium coverage. This behavior is consistent with the majority of gases

experimentally measured on carbon nanotube bundles.[49] The rate of decrease was

found to be exponentially dependent on the ratio of the model’s binding energy to

simulation temperature. A later study by the same group[25] investigated physisorp-

tion on energetically heterogeneous surfaces. Here it was found that the adsorption

rate is increased with the presence of heterogeneity due to indirect adsorption from

the weaker sites. Burde et al., also studied the reversal in equilibration time trend

that was experimentally observed[19] for some alkanes (propane and larger). The

KMC simulations showed that for any system with sufficiently strong gas-gas interac-

tions, the equilibration time can be made to increase with coverage. This, along with

the orientational freedom associated with longer hydrocarbons, is used to explain the

change in trend for the equilibration time.
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Chapter 2

Methods and Procedures

Computational simulation methods serve as a bridge between pure theory and

experiment. When theoretical models are only analytically tractable for simplistic

idealized cases and there is a need for solutions with additional levels of complexity

that more closely resemble the real physical system that one desires to model, ap-

plying computational methods to the problem is a widely accepted approach. In this

respect, numerical simulation complements theory but it can also be used to augment

experiment. Accurate computational models can probe physical aspects of systems

under conditions that are too difficult or expensive to perform in an actual experi-

mental setting. After being validated, simulations can also be used to help interpret,

or make sense of, experimentally obtained results.

In the case of adsorption, atomistic simulations provide direct access to the ad-

sorbed phase configurations. This ability to explicitly view the system is key to

matching isotherm and isosteric heat features to corresponding binding site loca-
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tions, binding energies, relative site capacities, phase changes, in addition to enabling

the identification of kinetic processes at play during equilibration.

The adsorption process begins at the atomic level, with individual adsorbate

molecules or atoms spontaneously binding to a particular site (surface, pore, etc.).

This bonding can be weak (physisorption) or strong (chemisorption). Regardless

of the interaction strength, the most accurate approach would include an explicit

treatment of each atom of the system. The modeling of a system at the atomistic

level is inherently quantum mechanical in nature and therefore should involve solving

the Schrodinger equation. However, this task is only analytically tractable for small

hydrogen-like atoms and therefore requires numerical approximation methods. These

so called ab-initio (or first-principle) methods, are the most accurate and reliable in

modeling materials but this comes with a huge computational cost such that only

small systems and time scales can be treated due to current constraints (computa-

tional and algorithmic limits).

Typically, the first step taken to model larger systems and time scales is to treat

the system classically, where one forgoes explicit quantum mechanical effects. As with

all approximations, the validity of a classical approach is dependent on the particular

system of interest and the underlying phenomena one desires to investigate. With

classical simulations, the effect of the individual electrons are encompassed in an

interaction potential. This interaction defines the energy and ultimately the forces

between the atoms in the system. The potentials are typically empirical in nature and

fit to known experimental values or first principle calculations with ad-hoc functional

forms that have some basis from quantum theory.
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Classical Molecular Dynamics (MD), is the standard deterministic method in

which the equations of motions (Newtonian or an equivalent formalism) are numeri-

cally integrated yielding the time evolution of the system. While the accuracy trade-

off of the classical approximation significantly reduces the underlying computational

task resulting in the ability to model larger systems for larger time spans, the limits

are still not close to macroscopic sizes (NA ∼ 6.022 × 1023 mol−1) or time scales

(seconds or more) for rare/activated events such as film growth and diffusion that

occur in the study of adsorption.

One of the strengths of MD is that the dynamics of the system which include the

underlying processes, transitions, events, etc. are automatically produced with no a

priori knowledge. All of this information is contained in the interatomic potential

and the atomistic model of the system. Due to this, there has been a large effort

to effectively extend the temporal reach of MD with so-called Accelerated Molecular

Dynamics (AMD) methods, which include temperature accelerated dynamics (TAD),

hyperdynamics, parallel replica dynamics, and parallel replica splicing [50].

An alternative approach to the above is to take the deterministic problem given by

the quantum mechanical or classical approach and recast it in a probabilistic form to

be solved by stochastic sampling [51]. This wide class of methods is generally referred

to as stochastic methods. Perhaps the most famous of these may be Metropolis Monte

Carlo, which gives a general approach to generate a random sampling from a desired

probability distribution. In the context of physical simulations, Metropolis Monte

Carlo gives a recipe for calculating average properties for various statistical ensembles.

As discussed in section 2.3, this is relevant in the study of adsorption within the

context of chemical and thermal equilibrium in the grand conical ensemble.
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Kinetic Monte Carlo (KMC) is a stochastic method that follows the dynamical

evolution of a system. This is accomplished by restricting the evolution to a set

of transitions which define the long-time behavior of the system and neglecting the

motion between such events. That is, the dynamics are not a direct result of the

interatomic potential. For example, in the study of diffusion, hops from one local

minimum to another would define the rare transition events and the smaller time-

scale vibrations about the equilibrium position are not followed. Traditionally, KMC

requires prior knowledge of the transition events, their rates and frequency prefactors,

and is carried out on a lattice with restricted interactions, although off-lattice methods

or on-the-fly methods have been developed to deal with these limitations [52, 50].

This chapter will outline the basics of the classical computational methods used

in this investigation of adsorption on carbon nanostructure materials, which includes

Grand Canonical Monte Carlo (GCMC), Kinetic Monte Carlo (KMC), and Molecu-

lar Statics (MS). The equations and methods for determining key physical quantities

such as isotherms, isosteric heat, equilibration/characteristic times, will be overviewed

along with the adsorbent and adsorbate structural and interaction models. The soft-

ware utilized will be also be presented.

2.1 Interaction and Structural Models

In order to study the process of adsorption using computational simulations, both

an interaction and structural model is required. Each can be selected to repre-

sent either a real naturally occurring system, such as ethane adsorption on carbon

nanohorns, or an idealized general system. In the former case, the investigation typ-
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ically targets material specific aspects while the latter is more focused on probing

fundamental processes and the factors that affect them. In practice, a hybrid ap-

proach is commonly used which aims to accomplish both. In any case, the selected

aim of the investigation will play a large role in which interaction and structural mod-

els are adopted. In addition to this, the simulation method (e.g. GCMC or KMC),

regime of interest (e.g. equilibrium or kinetic), energy scale (e.g. physisorption or

chemisorption), computational complexity, etc. also contribute to the ultimate model

determination.

2.1.1 Interactions and Structural Models: Off-lattice

In off-lattice classical simulations atoms are explicitly represented at a contin-

uum of position values. The modeling of adsorption on a carbon nanohorn aggregate

or nanotube bundle system begins with an atomistic representation of the sorbate

and sorbent as well as with the selection of an appropriate potential for the sorbate-

sorbate and sorbent-sorbate interactions. The sorbate structure can closely model

the known geometry of a real material, encompass idealized yet representative fea-

tures of a real material, or focus fundamentally on structural characteristics that may

or may not be present in a material. Using a classical isotropic pair potential that

neglects many body effects sacrifices accuracy for a reduction in computational work-

load. In the study of physisorption (i.e. Van der Waals forces or London dispersion

forces), which deals with the interaction between instantaneously induced dipoles,

the Lennard-Jones (LJ) is an adequate choice of interatomic potentials that is both

computationally simple and complex enough to still capture the essential physics of

the interaction.[53] With physisorption, The LJ interaction model has been used in nu-
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Figure 2.1: The Lennard-Jones (LJ) interatomic potential energy function. The
minimum in potential energy occurs at 21/6σ.

merous computational adsorption studies with reasonable success. The total energy

of a system modelled using the Lennard-Jones interatomic potential is given by,

Utotal =
∑

ij pairs

φLJ(rij) =
∑

ij pairs

4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(2.1)

where the summation is over unique pairs of atoms, ε and σ are free parameters which

serve to set the strength and location of the energy minimum, and rij is separation

distance between atoms i and j. As shown in Figure 2.1, this potential energy function

is weakly attractive at longer distances, due to the r−6 term which represents the

dispersion interaction, and strongly repulsive at small distance, due to the r−12 term

which represents Pauli repulsion. The potential’s two parameters are material specific,

fit to reproduce bulk properties. For pairs of dissimilar atom types, combination

rules need to be used to calculate an effective ε and σ value. A popular choice is the
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Lorentz–Berthelot combining rules given by,

σij =
σi + σj

2
εij =

√
εiεj (2.2)

For molecular species with non-zero permanent multipole moments, such as car-

bon dioxide, an extended charge model will be utilized. With this approach, explicit

charges are assigned to the atoms of the molecule (at the Lennard-Jones sites) as well

as on so called ‘ghost sites’ which reside outside of atomic sites. Charge value loca-

tions and magnitudes are assigned to reproduce experimentally measured multipole

moment values. These electrostatic interactions are calculated using the Coulombic

potential for point charges given by,

UCoul =
∑

molecules

k
qiqj
rij

(2.3)

where k = 9× 109Nm2C−2 is Coulomb’s constant, qi and qj are the charge values of

the pair of charge sites, rij is the separation distance between the charge sites, and

the summation is over all unique pairs of charge sites occurring between the molecules

comprising the system such that pairs of charge sites within the same molecule do

not interact with each other.

The carbon sp2 hybridized sorbent materials used in this study have been shown

to have a non-zero electric field due do quadrupole moments which are oriented per-

pendicular to the surface.[54, 55, 56]. As shown in Chapter 3, interactions due to this

effect can be neglected as they do not significantly contribute. While induction effects,

which arise due to the sorbate and/or the sorbent, can be significant[57, 58], this study

adopts the methods of Steele[54] in which the two-body LJ interactions are already

22



parameterized to include them. The quadrupole interactions utilized in this study

include the interaction of a linear quadrupole with a point charge q given by[55],

UQq = k
Qq

4r3
(3 cos2 (α)− 1) (2.4)

where Q is the quadrupole moment, r is the distance between the point charge and

the quadrupole, and α is the is the angle between the quadrupole axis and the vector

separating the charge and quadrupole. For the comparison between an extended vs

point quadrupole for linear quadrupoles, the interaction energy takes the form of[59],

UQiQj
= k

QiQj

3r5
[(3/2)(3γ2 − 1)− 5(9αβγ − 1)+

5([3α2 − 1] + [3β2 − 1]) +
35

4
(3α2 − 1)(3β2 − 1)] (2.5)

where quadrupole moments Qi and Qj are specified by unit vectors l̂i and l̂j with a

separation vector rr̂ from i to j where,

α = l̂i · r̂ β = l̂j · r̂ γ = l̂i · l̂j (2.6)

With the above defined interactions, for a system of N atoms or molecules there

are ‘N choose 2’ (N(N − 1)/2) unique pairs to consider. This O(N2) scaling is com-

putationally expensive and can limit the system sizes that can be simulated. One

method to reduce the computational task is to reduce the range of the interactions

using a cutoff distance, beyond which the interaction pairs are neglected. This ap-

proach is only valid when the disregarded interactions are negligible. The feasibility

of such an approach can be determined through the calculation of a tail correction fac-
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tor, which serves to estimate the error in the potential energy due to the application

of a cutoff. The error can be estimated with [60],

Utail = 2πNρ

∫ ∞
rcut

r2u(r)dr (2.7)

where is it is assumed that the particle density ρ is constant beyond the cutoff, N is

the number of atoms in the system, and u(r) is the potential function used to calculate

the energy between a pair of atoms separated by a distance r. To ensure that the tail

correction energy converges, the potential energy function must decay fast enough

to account for the increase in neighboring pairs with increasing r. Specifically, for a

potential of the form, u(r) ∝ r−x, x > 3 for convergence in 3D. This immediately rules

out the Coulombic potential (∝ r−1) and explicit dipole-dipole interactions (∝ r−3) as

those that can utilize an interaction cutoff. For the LJ potential, which scales as r−6

at large separation, using a cutoff to truncate the interactions is valid. Furthermore,

as shown in 3.1, the extended charge model used to represented the quadrupole-

quadrupole interaction for carbon dioxide decays as r−5, making the use of a cutoff

valid provided that a molecular based cutoff is used such that the interaction occurs

between full molecules with a net zero electric charge.

Another method to reduce the computational workload is known as Coarse-

Graining, where each atom of the system is no longer explicitly represented, rather,

groups of atoms are combined together and represented by ‘pseudo-atoms’. In this

study, both gas molecules and substrate materials will be coarse-grained to simply the

interaction calculations and to freeze out unnecessary degrees of freedom. For the car-

bon sorbent materials studied, such as nanohorns and nanotubes, the coarse-graining
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is taken to the extreme where the entire material (comprised of many thousands

of carbon atoms) is represented as a continuous and uniform distribution of carbon

with an effective atomic surface density. This approximation allows the discrete sum

of two-body pair interactions to be replaced with an integral. It is valid when the

adsorption occurs far enough away from the surface such that the atomistic surface

corrugation effects are small enough to be neglected and when any barriers associated

with the atomic structure (such as surface diffusion) are much less than kBT .

The molecular adsorbate gases investigated in this study are ethane (C2H6) and

carbon dioxide (CO2). The ethane molecule is modelled using a united atom ap-

proach in which two methyl group (CH3) pseudo-atoms are rigidly connected with a

bond length of 1.54 Å.[61]. Carbon dioxide is modelled as a rigid molecule with three

Lennard-Jones (LJ) sites and three point charges centered at each atom. The bond

length between the C and O atoms is 1.161 Å.[62] The charge values are set to repro-

duce the quadrupole moment value of 4.3× 10−26 esu. The LJ potential parameters

used are given in Table 2.1, where the unlisted mixed parameters are given by the

standard Lorentz-Berthelot combining rules (Eqn. 2.2).

Species σ (Å) ε (K) Q/e
C 2.785 28.999 0.6645
O 3.064 82.997 -0.3323
CH3 3.75 98 0
Ar 3.405 119.8 0
C (solid) 3.4 28 0

Table 2.1: LJ parameters and charges for the pairwise interactions

For the sorbent materials, continuous representations of carbon in the form of

planar sheets, cylindrical tubes, paraboloids, and hemispheres are utilized to create

structural models for carbon nanostructure materials, as presented in Chapter 3.
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For example, carbon nanotube bundles can be modelled as a collection of isolated

hexagonally packed cylinders or as a periodic array of cylinders. One representation

of carbon nanohorn aggregates is an array of nanotubes with either hemi-spherical

or paraboloid caps. The functional form of the interactions for continuous surfaces

are given in Appendices A-D in integral form. In the simulations, the gas-sorbent

interactions are represented as 1 or 2 dimensional precalculated tables of energy values

with a resolution of at least 0.01 Å. This approach pays the upfront cost of numerically

solving the required integrals once, in exchange for storing large multidimensional

arrays as energy look-up tables during the simulations where bilinear interpolation is

used to calculate the energy between adjacent table values.

2.1.2 Interactions and Structural Models: On-lattice

In on-lattice simulations atomic positions are discretized. A material is repre-

sented as a collection of sites, where the interconnectedness of the sites are explicitly

defined. Typically this collection of sites adheres to a regular structure and is referred

to as a lattice. As discussed in Section 2.4, rejection-free Kinetic Monte Carlo requires

the ability to keep track of all the possible moves for the entire system. This task is

most easily accomplished on lattices where all the possible moves are predefined.

A feature of interest in the spherical dahlia-like nanohorn aggregates is the coni-

cal pore regions formed between neighboring nanohorns. As depicted in Figure 1.2,

these pores have a wide opening towards the exterior of the aggregate which becomes

progressively more narrow deeper into the pore. The site binding energy in such a

pore increases as the wall separation decreases moving deeper into the pore. Within a

lattice based model, one way to represent a conical pore region is to impose a binding
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Figure 2.2: The simulation lattice with a highlighted lattice line and layer.

energy gradient along the length of the pore. Here, a 3-dimensional cylindrical lattice

of 4500 sites and 500 layers is utilized as depicted in Figure 2.2. A lattice line (defined

as a set of sites with common (x, y) coordinates and a lattice layer (defined as a set

of sites with common z-coordinates) are shown in red.

Figure 2.3 depicts the connectivity (neighbors) of each lattice site. Each layer

is comprised of 9 sites, 8 outer sites (shown in red) and a single center site (blue).

Center sites have 8 in-layer neighbors (all outer sites) and an additional 2 out-of-layer

neighbors (center sites), which are above and below (the top-most and bottom-most

center sites only have one out-of-layer neighbor which is either above or below). The

Figure 2.3: In layer lattice site connectivity for center site (left) and outer site (right).
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red outer sites have 3 in-layer neighbors (two adjacent outer sides and the in-layer

center site) and an additional 2 out-of-layer neighbors (outer sites), which are above

and below. Outer sites in the topmost and bottom-most layer only have 1 out-of-layer

neighbor above or below.

Monomer gaseous species are modelled through the occupation of single sites.

This method is valid for noble gases (Ar, Ne, etc.) as well as spherically symmetric

gases such as methane (CH4). As monomers only have a single orientation with

respect to the sorbent material, adsorption/desorption and diffusion events are easily

represented by a change in occupancy of single sites. This also allows for single energy

values to represent binding and interaction energies, respectively. The system energy

is given as the sum over occupied sites i,

Etotal =
∑
i

Ei (2.8)

where occupied sites have energies Ei,

Ei = εbi + εsi +
1

2

∑
j,NN

δijεintij (2.9)

here εbi is the binding energy associated with the lattice site type, εsi is the energy

associated with the gas species, εintij is the interaction energy between sites i and

j, δij takes the value of 1 for occupied neighboring sites and is 0 otherwise, and the

factor of 1/2 accounts for the double counting which occurs for each interaction.

Interactions for on-lattice simulations are typically represented with position inde-

pendent constant energy values as given above in Eqn. 2.9, due to the fixed distances

associated with a rigid lattice. When modeling real materials the well depth associ-
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