J. Indian Chem. Soc.,
Vol. 96, July 2019, pp. 1019-1028

Special Issue on "Theoretical and Computational Chemistry"

Encapsulation of He clusters into carbon nanotubes: A modeling strategy based on continuum

approximation and particle swarm optimization

Cheriyacheruvakkara Owais, Gopakumar Aswin and Rotti Srinivasamurthy Swathi*

School of Chemistry, Indian Institute of Science Education and Research Thiruvananthapuram (ISER-TVM), Vithura,

Thiruvananthapuram-695 551, Kerala, India

E-mail: swathi@iisertvm.ac.in

Manuscript received online 13 May 2019, revised and accepted 03 June 2019

Theoretical investigations on the encapsulation of atoms and molecules into carbon nanotubes (CNTs) are dominated prima-
rily by first-principles calculations, molecular dynamics and Monte Carlo simulations. Herein, we model the encapsulation of
helium clusters, He, (n = 2-10) into CNTs by employing the continuum approximation in conjunction with the particle swarm
optimization technique implemented with the well-known local search strategy, limited memory Broyden-Fletcher-Goldfarb-
Shanno algorithm. The endohedral as well as exohedral binding of the noble gas atoms in the vicinity of CNTs is driven by
weak van der Waals interactions. The analysis enabled us to predict the equilibrium geometries of the clusters under con-
finement as well as the optimal CNT radii for the encapsulation of the clusters. We probed the effect of length of the CNTs in
governing the energetics of encapsulation by considering semi-infinite CNTs and nanotubes of finite lengths (L = 10 A, 20 A,
and 30 A). The putative global minima structures obtained from our analysis can be employed as initial guesses for elec-

tronic structure calculations.
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Introduction

Atoms and molecules under confinement are known to
exhibit fascinating properties and phenomena that are mani-
fest as a consequence of the restriction in their geometries 2.
The emergence of carbon allotropes such as fullerenes, car-
bon nanotubes (CNTs) and graphene has kindled interest in
researchers to investigate confinement effects within the
hollow interior spaces of carbon nanotubes and fullerenes®-8.
Studies on the encapsulation of atoms and molecules into
CNTs have led to applications in drug delivery, gas storage,
devices etc.'¥26, Besides, confinement within the hollow cy-
lindrical regions of the CNTs has also resulted in the emer-
gence of novel optical signatures and new phases of mat-
ter'3.1427-32 Fylierenes enclosing atoms and molecules
within their hollow spherical regions are referred to as
endohedral fullerenes®3-3%, Successful synthesis of several
endohedral fullerenes in recent years has provided a further
impetus to research on confinement effects36:37.

Numerous theoretical investigations have provided a fun-
damental understanding of the novel properties and phenom-

ena arising out of confinement. Techniques such as first-prin-
ciples approaches, molecular dynamics simulations and
Monte Carlo simulations have been widely employed in vari-
ous studies®14. An accurate description of the energetics of
encapsulation demands the use of first-principles approaches.
However, one of the pertinent issues with regard to employ-
ing first-principles approaches for CNTs is the large system
size. Since CNTs are not amenable to highly accurate first-
principles calculations, alternative approaches such as semi-
empirical methods that could provide meaningful estimates
of the energetics at reasonable computational costs have
become popular®3-40, Researchers have attempted a vari-
ety of model potential descriptions for CNTs. One of the
simple, yet powerful methodologies put forward in this direc-
tion is the continuum approximationt!-43. Indeed, continuum
approximation can be employed very effectively not just for
CNTs but also for other highly symmetrical structures such
as fullerenes and graphene. In continuum approximation,
fullerenes, CNTs and graphene are modeled as systems with
uniform density of carbon atoms on the surface of a sphere,
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on the surface of a cylinder and in a planar region, respec-
tively. The encapsulation of a single atom or a molecule into
CNTs can be easily described by employing the continuum
approximation**=47. However, modeling the encapsulation
of a cluster of atoms or molecules into CNTs is rather com-
plex owing to the possibility of several minima configurations
on the potential energy surface (PES). Meta-heuristic popu-
lation-based algorithms such as the particle swarm optimi-
zation (PSO) and genetic algorithm have become popular in
recent times for describing the energetics of isolated clus-
ters of atoms and molecules with several local minima48-51.
Such global optimization techniques have been employed
for estimating the energetics of the Lennard-Jones clusters,
water clusters, benzene clusters, CO, clusters etc.52-65,

In this work, we attempt to elucidate the energetics of the
encapsulation of He clusters into CNTs by employing a unique
strategy in which the CNTs are treated within the continuum
approximation, while the He clusters are modeled using the
PSO technique. The encapsulation of noble gases into CNTs
has often been probed in the literature using first-principles
calculations as well as molecular dynamics and Monte Carlo
simulations'3:66.67 We had earlier investigated the encap-
sulation of single noble gas atoms into CNTs by employing
the continuum approximation and modeling the point-point
interactions by the Lennard-Jones potential’. Herein, we
consider the case of encapsulation of multiple He atoms into
CNTs. The complexity arising due to the existence of several
minima configurations on the PES is tackled by employing
the PSO algorithm. Thus, the strategy of using the continuum
approximation for CNTs in conjunction with the PSO for the
atomic clusters enables us to decipher the energetics of the
He cluster encapsulation into CNTs. The computational costs
associated with such an approach are fairly reasonable and
the resultant geometries for He clusters inside CNTs could
serve as useful starting points for more accurate first-prin-
ciples calculations. Besides, our strategy represents a sig-
nificant step towards the modeling of encapsulation of sev-
eral complex molecules into CNTs.

Methodology

The encapsulation of multiple He atoms, He, (n = 2-10)
into CNTs is driven by the weak van der Waals interactions.
We employ the discrete-continuum model for describing the
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encapsulation of He clusters into CNTs. In the discrete-con-
tinuum model, a CNT is treated as a hollow cylinder with
uniform surface density of carbon atoms and possessing a
radius “a” whereas He clusters are considered as a collec-
tion of discrete atomic points. The interaction potential be-
tween a typical surface element on a CNT and a helium atom
is described using the 6-12 Lennard-Jones potential®® given
by

Vlp) = —+— (1)

where p is the distance between the surface element on the
CNT and the helium atom, and A and B are the Lennard-
Jones attractive and repulsive constants, respectively. The
total energy is obtained by integrating the interaction term
between a surface element and a gas atom over the entire
surface of the CNT. We get the total interaction energy be-
tween a He cluster and a CNT by adding the contributions
from the interactions of all the helium atoms. We analyze the
encapsulation of multiple He atoms, He, (n=2-10) into CNTs
using two approaches. In the first (approach 1), we arrive at
the optimal geometries of He clusters within CNTs and the
optimal CNT radii for encapsulation by optimizing the sepa-
rations between noble gas atoms. In the second (approach
2), we first optimize the geometries of the gas phase He
clusters and the rigid clusters are then encapsulated into
CNTs to determine the optimal radii of CNTs for the encap-
sulation of the clusters. The optimization is performed using
PSO, a global search technique by incorporating a local
search technique for better exploitation of the PES. In each
optimization, the putative global minima structure is obtained
from ~100 simulation sample configurations.

Approach 1: Encapsulation of helium clusters into
CNTs

We first arrive at the optimal geometries of He clusters
within CNTs and the optimal CNT radii for encapsulation by
optimizing the separations between noble gas atoms. The
position of each helium atom with respect to a CNT can be
described using three cartesian coordinates (x,y,z) as illus-
trated in Fig. 1.

The total interaction energy that accounts for all the non-
covalent interactions is obtained by adding the energies of
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Fig.1. A schematic illustrating the key parameters in the discrete-

continuum model for the interaction between a semi-infinite
CNT and two He atoms.

interaction (i) between the helium atoms and (i) between the
helium atoms and the CNT as given by

N-1 N —A. B-
Etotal = 2 2 12
i=1 j=i+ rij I’,]

+2ng'[ [ N ]do 2)

where N is the number of helium atoms, r= [(x; - xj)2 +(y;i—

¥)? + (21— 2)°] " is the distance between i-th and j-th helium
atoms and p; = [(x;— a cos B)? + (y;— a sin B)2 + (z,— 242
is the distance between i-th helium atom and a tlny surface
element do on the CNT. Ng is the atomic surface density of

the CNT. The second term in eq. (2) can be written as

N . .
E, =Zang(—A,’J:’3+B,-Jé) 3)
=1
where J/'is defined by

i n 1
Jl jo a - dBaZ 7
with n =3 and n =6 and Lis the length of the CNT. In case of
semi-infinite CNTs, L = 0. Thus, the total binding energy,
defined as the negative of E;, includes the contributions
from He-He as well as He-C interactions.

Approach 2: Encapsulation of helium clusters into
CNTs

In the next approach, the optimized helium clusters are
considered as rigid bodies with fixed internal coordinates.

JICS-38

The relative positions of the helium atoms in a cluster with
respect to a CNT are given by the cartesian coordinates (x,,2)
as illustrated in Fig. 2.
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Fig. 2. A schematic illustrating the key parameters in the discrete-
continuum model for the interaction between a semi-infinite
CNT and a rigid He, cluster.

The total interaction energy between a CNT and a he-
lium cluster is obtained by summing the contributions of the
interaction energies of each helium atom with the CNT and
is given by

Etot_zng_‘.{ : pl }do (5)

where N is the number of helium atoms in the cluster and p;
= [(x;— acos B)% + (y;- asin B)? + (z;- 2)?]"?is the distance
between i-th helium atom and a tiny surface element do on
the CNT. The above equation for total interaction energy can
be written as

N . .
Ert = Yang (—A,/g+ B,Ié) )
=1
where I/ is defined by

/’—jo

Since the energy term E, includes only the He-C interac-
tions and the cluster geometries are kept rigid in this ap-
proach, the binding energy evaluated as the negative of E,
includes the contributions from the He-C interactions only.
The center of the opening of the CNT is taken as the origin of
the laboratory-fixed frame. The position of the center of mass
of the helium cluster is represented in the laboratory-fixed

2"idﬁdz )
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frame. The orientation of the helium cluster inside the CNT
is described by using the Euler angles (0, y, ). The posi-
tion (rB) of atom i in the cluster with respect to the lab
frame can be expressed in terms of the corresponding cen-
ter of mass coordinate (r*AB) expressed in laboratory frame
and body-fixed position (rF) of atom i in the cluster as

rHAB = B+ R (0, y, @) rBF ®)
where R~ is the inverse of the Euler rotation matrix.

Particle swarm optimization

PSO is a stochastic global search technique inspired by
social behaviours such as fish schooling and bird flocking®®.
Itis a population-based method with population size K, where
the coordinate of each particle in the swarm represents a
potential solution for the objective function i.e. function to be
minimized. In PSO, at each iteration, the candidate solution
also called particles moves through the search space in
search of global optima by improving the quality of the solu-
tion. Each particle in the swarm has a position and a veloc-
ity. In each iteration of the algorithm, velocity, followed by
position, is updated for every particle to get the best solution
and fitness value (negative of the function value for minimi-
zation problems) using the current population. Particles store
their best solution in memory known as personal best (pbest)
and the best position achieved by any particle in the itera-
tions is called the global best (gbest). Each particle, iin the
population is represented using a D-dimensional vector

X =X X2, L xPLi=1, LK
The initial velocity of each particle is randomly generated
and is represented as

_v! 2 D

Vi =[V;, Vs, VY
In a given iteration, each particle updates its velocity and
position using the equations below:

Vi (t+1) = Vi (t) + C1ly (pbesti(t) - Xi(t))

+ Cory (gbest - X (0) 9)

(10)
where ¢, and ¢, are the cognitive and the social acceleration
constants. ry and r, are random vectors generated from a
uniform distribution belonging to the interval [0,1], pbest ¥ is

the position of the particle i where the function has achieved
its minimum on or before time ¢ and gbest® is the best solu-

Xi(t+1) = X,.(t)+ vi(t+1)
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tion that the swarm has achieved at time t. We employ the
limited memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS)
local optimization technique in the PSO algorithm. The algo-
rithm is depicted in Fig. 3.

Start

| Initialize PSO parameters l
!

| Generate initial populalion‘

| Evaluate fitness of each particle Update position

If fitness of particle > fitness of pbest
then update pbest

| Update velocity

If fitness of particle > fitness of gbest
then update gbest

Termination
criteria met

Return gbest l

Fig. 3. PSO algorithm.

Results and discussion

We have performed the global optimization of the inter-
action energies of a series of He clusters with CNTs as a
function of CNT length as well as CNT radius by employing
the PSO algorithm with the L-BFGS local optimization tech-
nique using Maple®. In this study, an initial guess for the
particle in the PSO algorithm corresponds to a configuration
of isolated He atoms or He-CNT system. For the optimiza-
tion of isolated helium clusters, the initial guess for the par-
ticle is designed by placing the He atoms at random posi-
tions within a cutoff distance for possible interactions. For
the He-CNT system, the positions of the helium atoms are
constrained to be within the CNTs. In approach 1, the helium
atoms are randomly placed inside the CNTs. Thus, at the
initial point, the two particles are completely unrelated and
to get the configuration of another particle, every He atom
has to be translated. While in the second approach, initial
guess for each particle is correlated by translation and rota-
tion along the center of mass of the rigid He cluster. The
parameters used in the calculations are given in Table 1.
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Table 1. Numerical values of various parameters employed in the
calculations

Numerical values
0.3812 atoms/A?

Parameters
Atomic surface density of CNTs#

He-He attractive constant, Aje e 0.6377 eVxA8
He-He repulsive constant, By, e 215.8916 eVxA'?
He-C attractive constant, A ** 3.5045 eVxAS

He-C repulsive constant, B, c*® 2774.8849 eVxA'!?

Initially, we investigated the confinement of helium clus-
ters inside CNTs using approach 1. We carried out this analy-
sis for CNTs of lengths L = 10 A, 20 A, 30 A and for semi-
infinite CNTs to understand the changes in equilibrium ge-
ometries of clusters as a function of the length of the CNTs.
For finding the equilibrium geometries as well as the optimal
CNT radii for encapsulation, we randomly initialize the posi-
tions of helium atoms inside the CNTs. The design variables
for optimization include the position vectors of all the helium
atoms and the radius of the CNT. In order to confine the
helium atoms within the CNTs, we used a penalty function
such that the moment any helium atom goes outside the CNT
wall during the simulation, its contribution to the total inter-
action energy is set to a very high positive value. The total
binding energy includes the contributions from He-He inter-
actions and He-C interactions. The binding energy contribu-
tions from both the interactions are given in Supplementary
Information (see Tables SIV, SVI, SVIII and SX). The contri-
butions from He-He interactions are found to be very small
when compared to the He-C interactions. In the optimized
geometries of the clusters encapsulated into CNTs of length
30 A and into semi-infinite CNTs (Tables SVII and SIX of
Supplementary Information), all the helium atoms are found
to be on the CNT axes with a van der Waals distance of
~2.85-2.95 A between the adjacent helium atoms. The opti-
mal radius for the encapsulation of He into the semi-infinite
CNTs is found to be 3.30 A for all the clusters. However, in
case of short CNTs of lengths 10 A and 20 A (Tables SlIl and
SV of Supplementary Information), we notice deviations from
the linear cluster geometries for larger He clusters. A com-
parison of the optimal CNT radii and binding energies ob-
tained for the confinement of the helium clusters into CNTs
of various lengths is shown in Fig. 4.

When the length of the CNT is decreased, the helium
atoms do not necessarily form a chain of atoms along the
axes of the CNTs. For example, in the case of CNT with L =

£0.5f——L=104 A | ~45r—=—L=104
2 Tle-L=204 = € |eeL-204
04 amL=30A Ao, A R
Tt e - L
203rvL=c ’/ S 400 .
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Fig. 4. Binding energies and optimal radii for the encapsulation of
helium atoms into CNTs of lengths, L= 10 A, 20 A and 30 A,
and semi-infinite CNTs.

10 A, up to the encapsulation of three helium atoms, the
binding energy values are found to be similar to the values
obtained in the semi-infinite case. However, there is a no-
table variation in binding energy values for the encapsula-
tion of four He atoms (Fig. 4). Thus, it can be inferred that
the addition of four or more He atoms to CNTs of L = 10 A is
not favorable since the largest binding energies are obtained
for the semi-infinite case. However, helium atoms still prefer
to lie on the CNT axes up to the n = 5 cluster with a de-
creased separation between adjacent He atoms. The trends
obtained in Fig. 4 indicate that the encapsulation of He,, (n =
2-10) clusters into reasonably large CNTs (CNTs of length
30 A and semi-infinite CNTs) is very facile. Due to confine-
ment effects, the minima obtained in the case of short CNTs
may or may not be the global minima. As a result, the search
space has to be extended for finding the global minima out-
side the CNT wall as well.

We have further extended the search space by 4 A in
both X and Y directions outside the CNTs in order to see
whether there are any other configurations with binding en-
ergies higher than those found for the preferred configura-
tions on confinement. The binding energies obtained in the
following three He-CNT clusters are found to be higher when
the confinement condition is relaxed: (i) interaction of six He
atoms with a CNT of length L = 10 A, (ii) interaction of seven
He atoms with a CNT of length L = 10 A and (iii) interaction of
ten He atoms with a CNT of length L = 20 A. Interestingly,
one, two and one helium atoms, respectively in the above
three cases are found to bind at exohedral positions for these
clusters and the exohedral atoms are found to lie at a dis-
tance of ~3 A distance from the CNT wall. The optimal CNT
radii for all the three clusters is found to be 3.30 A and the
average binding energy per atom is estimated to be ~0.05
eV. Such configurations found without the constraints of con-
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finement can be considered as the global minima for interac-
tion with short CNTs since the binding energies are higher
than the cases when all the He atoms are confined within
the CNTs. The success rate of the algorithm depends on the
dimensionality of the potential energy function and the search
space. As the number of He atoms increases, the dimen-
sionality of the potential energy function increases and hence
the success rate decreases. In cases where the confinement
condition is not employed, extending the search space out-
side the CNT without chemical intuition or trial runs can sub-
stantially decrease the success rate.

We have also analyzed the variation in binding energies
as well as equilibrium geometries with respect to the CNT
radius for the encapsulation of helium clusters into CNTs of
lengths L = 10 A, 20 A, 30 A and for semi-infinite CNTs.
When the CNT radius is very small, it is unfavourable for the
helium atoms to bind endohedrally within the CNTs. From
Fig. 5, we note that the binding energies initially increase
with the increase in CNT radius. Subsequently, the energy
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» -
20.25 2 "
& ——n=3 B
290.20 s g
2 015 B -
= 0. ——n=6 e
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Fig. 5. The variation in binding energies as a function of the CNT
radius for the encapsulation of helium clusters into CNTs of
various lengths.

values decrease monotonically with the increase in CNT ra-
dius and the helium atoms move away from the CNT axes to
one of the walls of the CNT in order to maximize the binding
energies. The length of the CNT plays a major role in gov-
erning the binding energies as well as the equilibrium geom-
etries. The binding energies of course increase when the

1024

number of helium atoms in the cluster increases.

The continuum description of CNTs has enabled us to
assess the energetics of encapsulation at reasonable com-
putational costs. We now shed some light on the accuracy of
such a continuum description when compared to an explicit
atomistic description of CNTs. We have performed further
calculations based on the discrete model with atomistic rep-
resentations for various CNTs. We have used atomistic mod-
els of CNTs of chiral indices (8,1), (6,4), (10,1), (7,6), (8,5)
and (11,1) with radii 3.31 A, 3.45 A, 4.12 A, 4.41 A, 445 A
and 4.51 A respectively. In the case of (8,1) CNT, CNT lengths
of L=10A, 20 Aand 30 A are considered. For CNTs of other
chiral indices, we have considered CNTs of length L = 10 A.
All molecular model structures of CNTs for the discrete model
calculations are generated using the Avogadro software’!.
The CNT geometries are kept rigid during the discrete model
calculations. A comparison of the binding energies obtained
based on the discrete model calculations and the discrete-
continuum model calculations for CNTs of various lengths is
shown in Fig. 6. The optimized geometries for the encapsu-
lation of various He clusters into CNTs of length L = 10 A are

0.6 [F=—1L=10 A discrete-continuum
[——1L=10 A discrete
9 0.5 F+— 120 A discrete-continuum /
) F—— L=20 A discrete
> 0.4F+—1-304 discrete-continuuny .
e F——L=30 A discrete L ~
g 0.3F //
= e —
e 0.2+ < e
1= / —
< 0.1r :
R
2 0.0

0 2 4 6 8 10

Fig. 6. A comparison of the binding energies from the discrete and
the discrete-continuum approaches for the encapsulation of
He clusters into CNTSs of various lengths.

given in Fig. 7. The computed binding energies from the dis-
crete representation of CNTs and the discrete-continuum
approach show a good quantitative agreement (Fig. 6). We
however note that the discrete-continuum approach is
computationally very cheap in comparison with the discrete
approach for describing the properties of He-CNT clusters
and is thus the suggested method for such analysis.

We have also considered the case of very large CNT
radius (i.e. a — o) wherein the binding energies for the en-
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Fig. 7. The optimized geometries for the encapsulation of He clusters (n = 2-10) into various CNTs of length, L = 10 A. The chiral indices for the
CNTs used are: (8,1) CNT for n = 2-5, (10,1) CNT for n = 6, (8,5) CNT for n =7 and 8, (7,6) CNT for n =9 and (11,1) CNT for n = 10.

capsulation of helium atoms are expected to converge to the
graphene limit. The binding energies thus obtained are to be
interpreted as the adsorption energies for the clusters on
graphene. From Fig. 5, it is clear that the binding energies
start to decrease with increase in CNT radius on reaching
the optimal CNT radius. A comparison of the computed bind-
ing energies for CNTs of length, L = 10 A, 20 A, 30 A and for
semi-infinite CNTs in the graphene limit is shown in Fig. 8
(and Table SXV of Supplementary Information). The binding
energies obtained in the graphene limit increase with the
increase in the number of He atoms as well as with the length

&
—
9]

2 [—w-L=104 /5:
T [eL=204 ¥
20104 L=30A o
s —v-L=co
P
£0.05 e
c 3
i <
) L

Fig. 8. Binding energies as a function of the cluster size for the en-
capsulation of He clusters into CNTs of large radii (graphene
limit).

of the nanotube. However, the binding energies are found to
converge after a length of L = 30 A. Thus, CNTs of length L =
30 A could be ideal starting points for probing the energetics
of encapsulation into CNTs using electronic structure meth-
ods. On optimization, we note that all the helium atoms are
located at a distance of ~3.05 A from the CNT wall, which
corresponds to the physisorption distance of He on graphene.

Finally, we analyze the conditions under which isolated
He clusters could be encapsulated into CNTs with retention
of geometries (approach 2). We determine the radii of the
CNTs for which the rigid helium clusters bind strongly with
the CNTs. The bare helium clusters, He,, (n = 2-10) are ini-
tially optimized using the PSO algorithm. The energy minima
and the optimized geometries and coordinates of the He at-
oms thus obtained for various clusters are given in Supple-
mentary Information (see Tables Sl and SlI and Fig. S1).
The design variables for optimization in case of the analysis
of the rigid He cluster encapsulation into CNTs are the cen-
ter of mass of the cluster with respect to the lab frame (X, Y,
Z) and the Euler angles (6, v, ¢). The trends in binding en-
ergies, as well as the optimal CNT radii for the encapsula-
tion of the rigid helium clusters into CNTs are shown in Fig.
9. Due to the difference in symmetries of the bare helium
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Fig. 9. Binding energies and optimal CNT radii for the encapsulation
of the rigid helium clusters, He,, (n = 2-10) into CNTs of vari-
ous lengths

clusters, we do not find a strict correlation between the opti-
mal CNT radii, binding energies and the number of helium
atoms in the cluster. The lowering of the binding energies for
the encapsulation of rigid helium clusters when compared to
the previous case wherein the helium atom coordinates were
allowed to vary, clearly indicates that the retention of iso-
lated cluster geometries on encapsulation is not energeti-
cally favorable. The coordinates of helium atoms in the equi-
librium geometries found on rigid cluster encapsulation are
given in Supplementary Information (see Tables SXI-SXIV).
Finally, we comment on some generic aspects of the adopted
methodology for investigating encapsulation. Encapsulation,
in general, does not necessarily occur spontaneously and is
dictated by thermodynamic as well as kinetic requirements.
For spontaneous encapsulation, the thermodynamic require-
ment of free energy decrease on encapsulation and the ki-
netic requirement of non-existence of repulsive barriers at
the CNT openings have to be met. If the energy barrier for
passage is zero, the encapsulation is facile. If the barrier is
non-zero but small, the encapsulation can be facilitated by
the additional kinetic energy of the incoming species. How-
ever, if the repulsive barrier is large, the encapsulation pro-
cess is non-spontaneous. The consequences of not consid-
ering free energy as a metric are not very significant in case
of the encapsulation of noble gas atoms into CNTs. The bind-
ing free energies typically comprise enthalpic and entropic
contributions. The encapsulation of noble gases is driven by
the van der Waals interactions between the He atoms and
the CNTs. The enthalpic contributions are much higher in
comparison with the entropic contributions and the binding
free energies are primarily governed by the enthalpic contri-
butions. Our analysis of the interaction energies includes the
van der Waals interactions, which make a predominant con-
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tribution to the enthalpic changes. We note here that, for
CNT-nable gas systems, electrostatic contributions are mini-
mal. It is of course possible to estimate the binding free en-
ergies by assessing the enthalpic as well as entropic contri-
butions by performing molecular dynamics simulations.

Conclusions

We have employed the continuum approximation and the
particle swarm optimization technique to probe the encap-
sulation of helium clusters, He, (n = 2-10) into CNTs for vary-
ing CNT lengths and radii. Semi-infinite CNTs possessing a
radius of 3.30 A yield the largest binding energies for the
encapsulation of the investigated He clusters. In case of en-
capsulation of rigid He clusters in their isolated cluster ge-
ometries into CNTs, we noted lowering of the binding en-
ergies compared to the case when the separations between
the He atoms are optimized, indicating that such configura-
tions are unfavorable. In the limit of large CNT radii, the com-
puted binding energies lead to the adsorption energies of
clusters on graphene. The efficiency of the employed algo-
rithm depends on the dimensionality of the potential energy
function as well as the extent of the search space. We also
extended the search space beyond the interior of the CNTs
to probe the exohedral binding of the He atoms on the CNTs
thereby obtaining the putative global minima structures. The
approach presented herein can be extended to describe the
encapsulation of complex atomic or molecular clusters pos-
sessing a large number of atoms by incorporating the PSO
variants that can bypass the problems associated with di-
mensionality.
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