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ABSTRACT
In this study, we employed classical molecular dynamics to
simulate the encapsulation and examine the dynamical
behaviour of an adamantane molecule inside a single-
walled carbon nanotube. As a result, we found that the
critical and optimal diameters of the tube for molecular
encapsulation were about 9.5 and 10.86 Å, respectively, and
that the speed of encapsulation mainly depended on tube’s
diameter. Furthermore, the encapsulated adamantane
molecule exhibited irregular motion and frequent collisional
motion along the tube’s longitudinal axis and on the tube’s
cross-sectional plane, respectively. In addition, we examined
the influence of the tube diameter and temperature on the
mean free path and average collisional frequency of the
molecule’s motion. Lastly, the influence of the host–guest
interaction on the systematic vibrational optic mode was
studied using density functional theory calculation.
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1. Introduction

The tetracyclic cage structure, which consists of 10 carbon atoms, is the smallest
repeating unit in a diamond crystal [1]. The corresponding hydrogen-termi-
nated structure on the dangling carbon bond, which is called adamantane
(C10H16), is the smallest diamondoid molecule (C4n+6H4n+12, where n = 1, 2, 3,
etc.) [2]. The first three members in the series (adamantane, diamantane, and
triamantane) possess single isomers, other members have different geometric
isomerides [3]. Due to their outstanding chemical and physical properties, dia-
mondoids have been considered useful for a variety of applications such as
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biomarkers for oil spill cleanup [4], electrochemical sensors [5], electronic emit-
ters [6,7], and pharmaceutical chemicals [8]. In addition, functionalised dia-
mondoids have been employed in the treatment of Alzheimer’s disease [9–
11]. In fact, the high symmetry of the C10H16 molecule makes it an ideal candi-
date for studies of diamond-like materials [12,13]. Under ambient conditions,
C10H16 has an ellipsoidal shape with major and minor radii (half the distance
between two methylene carbons and half of the perpendicular line to this direc-
tion, respectively) of 1.719 and 1.554 Å, respectively [14,15]. While the bulk
C10H16 crystal has a cubic phase with an Fm-3 m space group, at temperatures
below 208 K or pressures above 0.5 GPa, the bulk C10H16 crystal transforms into
a tetragonal phase with a P-421c space group [14,15].

The peapod structure is a unique type of one-dimensional (1-D) nanomaterial
that has attracted a considerable amount of attention due to the possibility to
enhance its functions by varying the core and sheath materials [16]. Nanotubes
(CNTs) are generally used as host molecules for fullerenes [17,18], polymers
[19], and other organic [20,21] and inorganic molecules [22,23]. In fact, encapsu-
latingC10H16 inCNTs (C10H16@CNT)has led tomany interesting anduseful prop-
erties [24–28]. Theoretical studies have shown that C10H16 molecules can be
spontaneously pulled into CNTs with sufficiently wide diameters, thereby fusing
the encapsulated guestmolecules into a linear structure under the 1-D confinement
conditions [24]. Similarly to the fullerene peapod system, the 1-D linearly layered
C10H16 molecules inside the nanotubes can transform into two-dimensional (2-
D) zig-zag phase, three-dimensional (3-D) helical phase, or more complicated
phase structures [25]. In an experimental analysis, Zhang et al. found that the
thermal conversion of encapsulated C10H16 molecules inside the CNTs leads to
the formation of novel 1-D linear carbon chains with dangling bonds at both
ends terminated by hydrogen atoms [27].More interestingly, nuclearmagnetic res-
onance (NMR) measurements have indicated that the intermolecular interactions
and dynamical behaviour of the encapsulated molecules in the C10H16@CNT
peapod systems are different from those in the bulk crystalline form. Namely, the
C10H16 molecules stop rotating after they are encapsulated in the small single-
and multi-walled carbon nanotubes [26]. As is well known, the dynamical behav-
iour of C10H16 molecules encapsulated inside CNTs and the systematic vibrational
optic mode is crucial to studying the interaction mechanism and electrical proper-
ties of hybrid peapod structures. However, to the best of our knowledge, these two
properties of the C10H16@CNT peapod system have not yet been investigated,
which is why we have focused our research on them.

Our work was focused on three goals: investigating the encapsulation of
C10H16 by being pulled into the tube through translational motion; obtaining
an in-depth understanding of the dynamical behaviour of the encapsulated
C10H16 molecule inside the tube by considering both the translational and
rotational motions in 3-D space; determining the influence of the host–guest
interaction on the systematic vibrational optic mode.
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2. Computational model and methods

Classical molecular dynamics (MD) simulations were carried out to investi-
gate the molecular encapsulation process and detailed dynamical behaviour
of C10H16 inside different single-walled carbon nanotubes (SWCNTs). The
van der Waals potential, which was the dominant interaction between the
encapsulated molecule and the hosting tubes, can be described by the
Lennard–Jones (L–J) 12–6 potential. This potential, represented by Equation
(1), has been very effective in dynamical studies of various peapod systems
[29–33]:

u(r) = DIJ(− 2(RIJ/r)
6 + (RIJ/r)

12) (1)

where I and J denote the pair of interacting atoms, and r is the separation
between them. The potential parameters RIJ and DIJ for this pair of atoms
are obtained by the arithmetic mean (RIJ = (RI + RJ)/2) and geometric
mean (DIJ = (DI × DJ)

1/2), respectively. The van der Waals distance (R)
and the well depth (D) for a single atom are listed in Table 1 [34].

The systematic interaction energy was obtained by summing all the inter-
action energies of pairs of atoms according to the following equation:

U =
∑
Nt

∑
Nl

u(|rt − rl|), (2)

where ρτ and ρλ are the position vectors of atom τ in the C10H16 molecule and
atom λ in the tube, respectively, and Nτ and Nλ are the total number of atoms in
the C10H16 molecule and the tube, respectively. The atoms in the tube and
C10H16 molecule in the model were numbered as C1, C2,… , Cλ,… , CNλ and
CH1, CH2,… , CHτ,… , CHNτ, respectively. For a particular pair of interacting
atoms Cλ–CHτ (λ=1, 2,… , Nλ; τ=1, 2,… , Nτ) with a separation r, the inter-
action energy u(r)λτ can be obtained via equation (1). Therefore, the total inter-
action energy is the sum of the interaction energies of all pairs. Similarly, the net
force on the C10H16 molecule from the tube was obtained by summing the inter-
action forces of all pairs of atoms:

F =
∑
Nt

∑
Nl

fx(r)î+
∑
Nt

∑
Nl

fy(r) ĵ+
∑
Nt

∑
Nl

fz(r)k̂, (3)

where fx(r), fy(r), and fz(r) represent the component of the interaction force
between atom τ in the C10H16 molecule and atom λ in the tube along the x, y,

Table 1. The L-J 12-6 potential parameters used in this work.
Type H C

R 2.886 3.851
D 0.044 0.105

PHILOSOPHICAL MAGAZINE 403



and z directions, respectively. The interaction force ( f ) of a pair of atoms
(I and J ) is given by the first-order derivative:

f = − du(r)
dr

= 12
DIJ

RIJ

( )
RIJ

r

( )7 RIJ

r

( )6

− 1

[ ]
. (4)

For the simulation of the molecular translational motion, the net force on the
geometric centre of a guest molecule was determined by the superposition rule of
all forces from the tube on each atom of the C10H16 molecule. For the study of
molecular rotational motion, we adopted the geometric centre of C10H16 as the
rotational centre. Moreover, each torque obeyed the superposition principle. The
Verlet algorithm was adopted to simulate the dynamics behaviour of the C10H16

molecule in combination with the equations (5) and (6) [33].

ri(t0 + Dt) = ri(t0)+ Dtvi(t0)+ (Dt)2Fi(t0)/2mi (5)

vi(t0 + Dt) = vi(t0)+ Dt(Fi(t0)+ Fi(t0 + Dt))/2mi (6)

The parameters ofmi, ri and vi are the relative mass, position coordinates and
velocity for the C10H16 molecule, respectively. Fi (i = x, y, z) is the net force that
acts on the C10H16 molecule from the tube. We performed the MD simulations
with a constant number of molecules (N), volume (V ), and temperature (T ),
which is referred to as the canonical or NVT ensemble. The total simulation
time was 500 ps, with time steps of Δt = 5 × 10−4 ps.

Figure 1.Models for the MD simulations. (a) Simulation of the process of C10H16 encapsulation in
a SWCNT; only the molecular translational motion was considered. (b) Simulation of the dyna-
mical behaviour of C10H16 inside the SWCNT; both translational and rotational motions were
considered.
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For the MD simulations, orthorhombic unit cells were constructed in the
o-xyz Cartesian coordinate system. Model (a), shown in Figure 1(a), was used
to simulate the process of C10H16 encapsulation in a tube by considering only
the translational motion of the guest molecule. Model (b), shown in Figure 1
(b), was used to simulate the dynamical behaviour of C10H16 inside the tube
by considering both the translational and rotational motions of the guest mol-
ecule. In both cases, lattice vectors oa, ob, and oc coincided with the directions
of the ox, oy, and oz axes, respectively. While the values of oa and obwere 40 Å in
both models, the value of oc in models (a) and (b) were 120 and 216 Å,
respectively.

For the encapsulation simulation using model (a), the centre of the tube was
set at the centre of the unit cell, with its longitudinal axis coinciding with the
direction of oc. The length of the tube was about 54 Å, which was long
enough for the dynamical simulation with respect to the size of the C10H16 mol-
ecule (6.4 Å) [35]. The initial geometric centre of the C10H16 was located at (0.5,
0.5, 0.2) in fractional coordinates, with the C3v axis coinciding with the tube’s
longitudinal axis. The initial distance between the guest molecule and tube’s
tip was 9 Å, which was close to the cut-off distance of the van der Waals inter-
action. This indicates that the interaction at this distance was either very weak or
close to zero. For the detailed dynamical simulation using model (b), the length
of the tube was set to be equal to the length of oc, with the longitudinal axis of the
tube coinciding with the direction of oc. The initial position of the C10H16 geo-
metric centre was set to (0.5, 0.5, 0.05) in fractional coordinates. Meanwhile, the
positional coordinates of both the tube and C10H16 molecule were labelled in the
Cartesian coordinate system. For the simulations, we assumed that the tube was
fixed in the coordinate system and both the host and guest molecules were rigid.
The initial velocities of C10H16 in the two constructed models were both set to
zero in the initial simulation.

In order to study the vibrational optic mode of C10H16@CNT peapod struc-
ture, we built a 1-D periodic cell model. This model is not taken to be rigid in the
geometry optimisation. As shown in Figure 2, the lattice parameters oa (ob) and
oc were 13.5317 and 8.525 Å, respectively. The C10H16 molecule was located at
the centre of the cell, with its C3v axis coinciding with the tube’s longitudinal axis.
The calculation was performed within the DFT framework using the plane-wave
basis implemented with the CASTEP code in the Materials Studio package
(Biovia, USA). The cut-off energy for the plane-wave basis set was 550 eV. A
1-D integration of the Brillouin zone was performed using the Monkhorst–
Pack scheme with 1 × 1 × 1 k-points until all forces were less than 0.05 eV/ Å.

3. Results and discussions

We focused our investigation on three pursuits. The first quest was the encapsu-
lation of C10H16 which was pulled into the tube. In this case, we assumed that the
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guest molecule moved through translational motion along the z-axis direction.
The second quest was obtaining an in-depth understanding of the dynamical
behaviour of the encapsulated C10H16 molecule inside the tube by considering
both the translational and rotational motions of the molecule in 3-D space.
Our third task was to determine the influence of the host–guest interaction on
the systematic vibrational optic mode. Since the chirality of tubes does not
affect the dynamic behaviours of encapsulated guest molecules [36–39],
Table 2 lists the diameters of 10 armchair nanotubes used in this work. The
first eight tubes in the list (n =m = 6–13, where (n, m) represents the chiral
indices of a tube) were used to study the molecular encapsulation process,
while the last eight tubes in the list (n =m = 8–15) were employed to examine
the molecular dynamical behaviour.

The coordinates of the molecular position along the z-axis are presented as a
function of the simulation duration in Figure 3. For the simulation of tubes (6, 6)
and (7, 7), we can see that the encapsulated C10H16 molecule exhibited a

Figure 2. Model for the DFT calculations. A C10H16 molecule was located at the centre of a
SWCNT, with its C3v axis coinciding with the tube’s longitudinal axis.

Table 2. Structural information on the SWCNTs
considered for the molecular dynamical simulations.
Chirality/(n, m) Diameter/Å

(6, 6) 8.14
(7, 7) 9.50
(8, 8) 10.86
(9, 9) 12.21
(10, 10) 13.57
(11, 11) 14.93
(12, 12) 16.28
(13, 13) 17.64
(14, 14) 19.00
(15, 15) 20.35
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repetitive oscillatory motion in the positional coordinate intervals of (24 Å, 31
Å) and (24 Å, 34 Å), respectively. These small positional coordinate intervals
indicate that the guest molecule could not reach the interior of the tube. As
shown from the simulation of the six other tubes (n =m = 8–13), the guest mol-
ecule could be drawn into the tube’s interior, exhibiting a repetitive oscillatory
motion in the positional coordinate interval of (24 Å, 94 Å). In order to under-
stand the mechanism of the molecular encapsulation process, we extracted the
interaction force and binding energy as functions of the z coordinate. As
shown in Figure 4 (a), the horizontal dashed black line shows the nanotube’s
longitudinal axis, the vertical dashed black lines denote the position of entrance
at both ends of the nanotube, and the vertical dashed red lines display the pos-
itional intervals within the nanotube that exert the force on the C10H16 molecule.
The positive and negative forces can be regarded as the restoring forces with
respect to the centre of the tube. As can be seen, the force increases when the

Figure 3. Position of the C6H10 molecule along the SWCNT’s longitudinal axis (z axis) as a func-
tion of the simulation duration (MD time); different SWCNTs are denoted by their chiral indices
(n, m).

Figure 4. (a). Restoring force on the C10H16 molecule as a function of the positional z coordinate;
the SWCNTs are denoted by their chiral indices (n,m). (b). Binding energy (Eb) as a function of the
z coordinate of the C10H16 molecule inside different SWCNTs; the SWCNTs are denoted by their
chiral indices (n, m).
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guest molecule moves from the initial position into the nanotube. For the tubes
with chiral indices of (6, 6) and (7, 7), the forces decrease abruptly after reaching
the maximum, indicating that there was a large repulsive force on the C10H16

molecule. Therefore, the C10H16 encapsulation in the (6, 6) and (7, 7) tubes
was undesirable owing to the large repulsive force. It should also be noted
that the fluctuations in the force near the nanotube’s tips were caused by the
unsmooth surface of the C10H16 molecule. Smooth forces were obtained for
tubes with larger diameters, which means more suitable for molecular encapsu-
lation. Notably, SWCNT with a chiral index of (8, 8) produced the maximum
restoring force, which decreased upon increasing the tube’s diameter. The
pulling force of the C10H16 molecule from the tube mainly existed in positional
coordinate intervals (24 Å, 42 Å) and (78 Å, 96 Å) near the tips. The zero-restor-
ing force obtained in the positional coordinate interval of (42 Å, 78 Å) indicated
that the encapsulated guest molecule had a constant speed.

The binding energy curves (Eb–P) are presented in Figure 4 (b). In the figure,
the vertical dashed lines with positional coordinates of 24 and 96 Å denote the
initial and final positions, respectively, of the C10H16 molecule in the repetitive
oscillatory motion, while the vertical dashed lines with coordinates of 33 and 87
Å display the positions of the nanotube’s tips. The negative binding energy, Eb,
obtained when the guest molecule moved into the tube indicates the existence of
an attractive force (restoring force) between the nanotube and C10H16 molecule.
In addition, the large magnitude of the negative binding energy corresponded to
a more suitable molecular encapsulation. For the two smallest tubes, |Eb| began
to decrease after reaching its maximum value near the nanotube’s tips. In con-
trast, for the six other armchair tubes (n =m = 8–13), |Eb| continued increasing
until the C10H16 molecule was completely encapsulated by the nanotube. These
variations in the Eb–P curves were in agreement with the results shown in
Figure 4 (a). As can be seen, the tube with chiral indices (8, 8) exhibited the
maximum |Eb| value, indicating that it is the most suitable host for encapsulation
of the C10H16 molecule. In fact, these results are consistent with the findings of a
previous report [26].

The velocity as a function of the z coordinate and the speed as a function of
the diameter of the C10H16 molecule is presented in Figure 5 (a) and (b), respect-
ively. The horizontal and vertical dashed lines in Figure 5 (a) represent the same
as those in Figure 4 (a). As can be seen the positive and negative directions of the
velocity point towards the right and left, respectively. The velocity generally
increased when the molecule moved from the initial position towards
the tube. However, an abruptly decreasing velocity (or increasing velocity in
the opposite direction) for the (6, 6) and (7, 7) tubes was observed, due to the
large repulsive force. For the other six tubes, the velocity increased (or
decreased) until the molecule moved into the positional coordinate interval of
(42 Å, 78 Å), which was in agreement with the analysis presented in Figure 4.
Moreover, the extracted constant speed is shown in Figure 5 (b), which shows
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that the constant speed of the C10H16 molecule decreased from 5.5 to 1.9 Å/ps
upon increasing the diameter from 10.86 to 17.64 Å. The decreasing rate of
the speed with the change in diameter was about 0.5 ps−1. Based on these
results, we concluded that the obtained constant speed of the encapsulated
C10H16 molecule was insensitive to the length of the tube, but rather depended
on the tube’s diameter.

In the detailed study of the dynamical behaviour of the encapsulated C10H16

molecule inside different tubes, we considered both the translational and
rotational motions. Figure 6 shows the position–time curves at temperatures
of 0, 100, and 200 K. Instead of an oscillatory motion, an irregular motion
along the z-axis was observed for the encapsulated C10H16 molecule. Moreover,
the guest molecule could escape from the nanotube from the time to time. For
example, the C10H16 molecule escapes from the (10, 10) tube at about the MD
time of 60 ps. The position-time curves along the x and y-axes at 0, 100, and
200 K are presented in Figure 7. As can be seen, the C10H16 molecule exhibited
frequent collisions with the nanotube in the x–y plane (the cross section of the
nanotube). Therefore, we can conclude that the irregular motion presented in
Figure 6 was due to the transformation between the translational kinetic
energy and rotational kinetic energy during the frequent collisions between
the host and guest molecules.

In order to carry out a statistical analysis of this collisional motion, the mean
free path (MFP) and average collision frequency (Favg) were studied as functions
of the diameter, and the results were presented in Figure 8. In the simulation of
tubes with chiral indices of (8, 8), (9, 9), and (10, 10), similar MFP values were
obtained at temperatures of 0, 100, and 200 K (Figure 8(a)). In contrast, for the
(11, 11) tube, the MFPs at different temperatures exhibited slight variations,
which became more apparent with the further increase in diameter. Moreover,
the average MFP values (MFPavg) at different temperatures were fitted in order
to analyse their variation with the changing diameter. Initially, MFPavg increased
from 0.7 to 6.6 Å upon changing the diameter from 10.86 to 17.64 Å. Then,

Figure 5. (a). Velocity of the C10H16 molecule as a function of its z coordinate; different SWCNTs
are denoted by their chiral indices (n, m). (b). Maximum speed of the C10H16 molecule inside
different SWCNTs, denoted by their chiral indices (n, m), as a function of the SWCNT’s diameter.
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MFPavg decreased to about 5.3 Å with the further increase in diameter to 20.35
Å. Therefore, it can be concluded that, at a diameter lower than 15 Å, MFP was
insensitive to the temperature but mainly depended on the diameter size.
However, with the further increase in diameter, the temperature had a larger
impact on the MFP. The presented uniform and disperse values of MFP for
tubes with small and large diameters, as well as the trend of variations in the
MFPavg, can be explained by the tubes’ confinement effect. As is well known,
the confinement effect of a tube mainly depends on the tube’s diameter. At a
nanotube diameter smaller than or equal to that of the (10, 10) tube, the
strong confinement effect produced by the small space led to frequent collisions
between the host and guest molecules. In this case, the MFPmainly depended on
the diameter. However, for the packed tube with chiral indices of (11, 11), the
diameter has reached the critical point such that the guest molecule has begun
to exhibit some random motions owing to the weak confinement effect. With
the further increase in diameter, the C10H16 molecule exhibited an increasingly
random motion, which produced a larger range of MFP values for different
temperatures. In addition, when the diameter exceeded 18 Å, the origin of
declining MFPavg was an indication of a weakened confinement effect.

Moreover, we calculated the average value of the collisional frequency (Favg),
and presented the results in Figure 8(b). As a result, we found that Favg mainly
depended on the nanotube diameter, with the temperature inducing only a small

Figure 6. Position of the C10H16 molecule along the z axis as a function of the simulation dur-
ation at temperatures of (a) 0 K, (b) 100 K, and (c) 200 K.
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influence. According to the fitted curve of Favg versus the diameter, the average
collisional frequency decreased from 1.6 to 0.5 ps−1 upon increasing the diam-
eter from 10.86 to 20.35 Å. The different types of dynamical behaviour obtained
from the dynamics and encapsulation simulations show that the real motion of
the C10H16 molecule inside the tube was not a regular oscillatory motion, but a
complicated type of motion. Namely, the C10H16 molecule exhibited an irregular

Figure 7. Position of the C10H16 molecule along the x and y axes as functions of the simulation
duration at temperatures of (a, b) 0 K, (c, d) 100 K, and (e, f) 200 K.
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motion along the z-axis, which was accompanied by frequent collisions with the
tube wall.

Reportedly, the motion of encapsulated guest molecules is hindered and may
even be stopped when confined inside small tubes [26]. To further analyse the
host–guest interaction mechanism, we examined the systematic vibrational
optic modes. This specific property has proved to be a useful tool in the study
of material structures. This is especially true experimentally, while the theoretical
approach provides a convenient way to explore the vibrational optic mode of a
structure. Therefore, in this work, we performed a vibrational analysis of the
C10H16@SWCNT peapod structure. The tube with chiral indices of (13, 0)
was selected as the host molecule because its diameter (10.18 Å) was close to
that (10.86 Å) of the tube with chiral indices of (8, 8) and has been previously
reported as a suitable tube for encapsulating C10H16. The vibrational modes of
the single tube and C10H16 molecule as well as their reported experimental
vibrational modes are presented for a comparative analysis [40–45]. The detailed
vibrational modes of the single tube, C10H16, and C10H16@tube are presented in
Table 3 and shown in Figure 9. Moreover, in order to visualise the results better,
we have displayed images of some vibrational modes in Figure 10.

For the considered tube, the vibrational mode distribution of our calculation
is consistent with the experimental report [42]. Namely, the radial breathing
modes (RBM) are mainly distributed in the range of 100–600 cm-1, the D
band is distributed in the range of 1250–1450 cm-1, and the G band is distributed
at about 1600 cm-1. It can be seen that the RBM (C–C wag: 549 cm-1) and tan-
gential modes (TMs: D band and G band) of our calculations are smaller and
larger than the corresponding ones in experiment report, respectively, which
are induced by the difference of tube’s diameter and chirality in experiment
and theory [40,41]. In comparison of the empty and filled tubes in our calcu-
lation, the frequencies of the vibrational modes (at 313, 685, and 1133 cm−1)
of the tube remained unchanged after encapsulating the C10H16 molecule (see

Figure 8. (a) Mean free path (MFP) and (b) average collisional frequency (Favg) of an encapsu-
lated C10H16 molecule inside different SWCNTs as functions of the SWCNT diameter at tempera-
tures of 0, 100, and 200 K.

412 Y. LI ET AL.



Figure 10 (a)). However, blue shifts were observed for one RBM (332 →
331 cm−1) and seven TMs (775 → 773 cm−1, 1230 → 1227 cm−1, 1272 →
1269 cm−1, 1322 → 1320 cm−1, 1393 → 1391 cm−1, 1456 → 1451 cm−1, and
1568 → 1567 cm−1), and red shifts occurred for three RBMs (490 →
493 cm−1, 549 → 551 cm−1, and 837 → 838 cm−1) (See Figure 10 (a)). In
general, the encapsulated C10H16 molecule induced a red shift of RBMs and a
blue shift of TMs. Moreover, the encapsulated C10H16 molecule also induced
a reduction in the vibrational intensity of the filled tube when compared to
that of the empty tube.

Table 3. Comparative analysis of the fundamental normal modes of the tube, C10H16, and
C10H16@tube obtained via experiments and calculations.
Symmetry Assignment Experimental frequency Calculated frequency Calculated frequency

Tube[40–44] Tube C10H16@Tube

RBM C2 scissors – 313 313
RBM C2 scissors – 332 331
RBM C2 wag – 490 493
RBM C–C wag 551 549 551
RBM C–C wag – 685 685
TM C–C wag – 775 773
RBM C–C–C twist – 837 838
TM C–C stretch – 1133 1133
TM C2 scissors – 1230 1227
TM C–C–C bend – 1272 1269
TM/D band C–C stretch 1320 1322 1320
TM C–C stretch – 1393 1391
TM C–C–C bend – 1456 1451
TM/G band C–C stretch 1562 1568 1567

C10H16[45] C10H16 C10H16@Tube

E CH2 scissors 1436 1430 1430
T2 C–H stretch 2944 2948 2956
T2 C–H stretch 2950 2954 2960
T2 C–H stretch – 2963 2967
T2 C–H stretch – 2976 3002
T2 C–H stretch – 2994 3008
T2 C–H stretch – 2998 3027
T2 C–H stretch – 3003 3025

Figure 9. Vibration analysis of an empty SWCNT, single C10H16, and C10H16@Tube peapod. To
show the data in more detail, the intensities of the spectra of SWCNT, C10H16, and C10H16@Tube
were multiplied by 0.0125, 0.25, and 0.0167, respectively.
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For the considered C10H16 molecule in Figure 9 (a), a CH2 scissors
vibrational mode with a small intensity was presented at the low-frequency
region, while seven C–H stretching vibrational modes with the large intensity
were mainly located in the high-frequency region (2920–3040 cm−1). The
difference of frequency of CH2 scissors vibrational mode between the exper-
iment (1436 cm−1) and theory (1430 cm−1) is due to the different molecular
freedom, that the same symmetry is always mixed to some degree [45]. The
reported two C–H stretching vibrational modes (2944and 2950 cm−1) in the
experiment are smaller than our calculated results (2948and 2954 cm−1).
This is due to the substitution of deuterium atoms for hydrogen atoms of
the C10H16 molecule in experimental analysis, which can cause a blue shift
in vibrational frequency. Moreover, our calculated C–H stretching vibrational
modes (2944and 2950 cm−1) are more close to the corrected frequencies
(2946 and 2954 cm−1) by the DFT calculation within the Gaussian quantum
chemistry codes [45]. In comparison of the single and encapsulated C10H16

molecule in our calculation, the same vibrational frequency (1430 cm−1) was
obtained for both ones, indicating that the CH2 scissors vibration was insensi-
tive to the tube’s confinement effect. Figure 9 (b) presents the C–H stretching
vibrational modes of the single and encapsulated C10H16 molecules in the high-
frequency region. As can be seen, the tube’s confinement effect led to a red shift
of the C–H stretching vibrational mode (See Figure 10 (b)). Meanwhile, the
C–H stretching vibrational intensity of the C10H16 molecule was weakened
by the tube’s confinement effect.

Figure 10. Images of typical vibrational modes of single and encapsulated C10H16 molecules.
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4. Summary and conclusions

The encapsulation process and dynamical behaviour of a C10H16 molecule
inside different SWCNTs were studied using classical molecular dynamics simu-
lations. In addition, we implemented DFT calculations to investigate the
influence of the host–guest interaction on the systematic vibrational optic
modes. As a result, we found that the critical and optimal diameters for molecu-
lar encapsulation were about 9.5 and 10.86 Å, respectively. Also, the speed of
encapsulation of C10H16 molecule decreased with the increasing diameter. In
addition, the encapsulated C10H16 molecule exhibited an irregular motion
along the tube’s longitudinal axis, while frequent collisional motion was
observed on the cross-section plane. The mean free path of collisional motion
between the host and guest molecules mainly depended on the tube’s diameter
when its value was below 15 Å. However, at higher values, the influence of the
temperature on the molecular motion could not be ignored. Similarly, the
average collisional frequency of the host–guest molecules also mainly depended
on the tube’s diameter, while the temperature had only a small effect. Finally,
vibrational analysis indicated that the encapsulated C10H16 molecule induced
a red shift of the tube’s radial breathing mode and a blue shift of the tube’s tan-
gential mode. The tube’s confinement effect induced a red shift of the C–H
stretching vibrational mode of the C10H16 molecule. In addition, the vibrational
intensities of both the tube and C10H16 molecule were both weakened by the
host–guest interaction.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported financially by the National Natural Science Foundation of China
[Nos 11504150, 51320105007], the Program for Changjiang Scholars and Innovative
Research Team in University [IRT1132], the National Science Associated Funding (NSAF,
Grant No. U1530402), the Science Challenging Program [Grant No. JCKY2016212A501],
the Postdoctoral Science Foundation [2015M572499] and the Scientific Research General
Project of the Education Department of the Liaoning Province [No. 2015233].

References

[1] W.H. Bragg, and W.L. Bragg, The structure of the diamond, Proc. Royal Soc. A 89
(1913), pp. 277–291.

[2] J.E. Dahl, S.G. Liu, and R.M.K. Carlson, Isolation and structure of higher diamondoids,
nanometer-sized diamond molecules, Science 299 (2003), pp. 96–99.

[3] A.P. Marchand, Diamondoid hydrocarbons-delving into nature’s bounty, Science 299
(2003), pp. 52–53.

PHILOSOPHICAL MAGAZINE 415



[4] Z.D. Wang, S.A. Stout, and M. Fingas, Forensic fingerprinting of biomarkers for oil spill
characterization and source identification, Environ. Forensics 7 (2006), pp. 105–146.

[5] S. Basu, W.P. Kang, J.L. Davidson, B.K. Choi, A.B. Bonds, and D.E. Cliffel,
Electrochemical sensing using nanodiamond microprobe, Diam Relat Mater. 15
(2006), pp. 269–274.

[6] N.D. Drummond, A.J. Williamson, R.J. Needs, and G. Galli, Electron emission from dia-
mondoids: a diffusion quantumMonte Carlo study, Phys. Rev. Lett. 95 (2005), p. 096801
(1-4).

[7] W.L. Yang, J.D. Fabbri, T.M. Willey, J.R.I. Lee, J.E. Dahl, R.M.K. Carlson, P.R.
Schreiner, A.A. Fokin, B.A. Tkachenko, N.A. Fokina, W. Meevasana, N. Mannella,
K. Tanaka, X.J. Zhou, T.V. Buuren, M.A. Kelly, Z. Hussain, N.A. Melosh, and Z.X.
Shen, Monochromatic electron photoemission from diamondoid monolayers, Science
316 (2007), pp. 1460–1462.

[8] J.R. Schnell, and J.J. Chou, Structure and mechanism of the M2 proton channel of
influenza a virus, Nature 451 (2008), pp. 591–595.

[9] B. Reisberg, R. Doody, A. Stöffler, F. Schmitt, S. Ferris, and H.J. Möbius,Memantine in
moderate-to-severe Alzheimer’s disease, N. Engl. J. Med. 348 (2003), pp. 1333–1341.

[10] X.H. Jing, C.L. Ma, Y. Ohigashi, F.A. Oliveira, T.S. Jardetzky, L.H. Pinto, and R.A.
Lamb, Functional studies indicate amantadine binds to the pore of the influenza A
virus M2 proton-selective ion channel, P. Nati. Acad. Sci. 105 (2008), pp. 10967–10972.

[11] H. Schwertfeger, A.A. Fokin, and P.R. Schreiner, Diamonds are a chemist’s best friend:
diamondoid chemistry beyond adamantane, Angew. Chem. Int. Ed. 47 (2008), pp.
1022–1036.

[12] P.V.R. Schleyer, A simple preparation of adamantane, J. Am. Chem. Soc. 79 (1957),
p. 3292.

[13] M.O. Luke and J.G. Atkinson, Preparation of adamantane-d16, Tetrahedron Lett. 2
(1971), pp. 117–120.

[14] C.E. Nordman, and D.L. Schmitkons, Phase transition and crystal structures of ada-
mantane, Acta Cryst. 18 (1965), pp. 764–767.

[15] T. Ito, Pressure-induced phase transition in adamantane, Acta Cryst. B29 (1973), pp.
364–365.

[16] B.W. Smith, M. Monthioux, and D.E. Luzzi, Encapsulated C60 in carbon nanotubes,
Nature 396 (1998), pp. 323–324.

[17] R. Scipioni, A. Oshiyama, and T. Ohno, Increased stability of C60 encapsulated in double
walled carbon nanotubes, Chem. Phys. Lett. 455 (2008), pp. 88–92.

[18] A.A. Taherpour, D. Narian, and A. Taherpour, Structural relationships and theoretical
study of the free energies of electron transfer, electrochemical properties, and electron
transfer kinetic of cephalosporin antibiotics derivatives with fullerenes in nanostructure
of [R]·Cn(R = cefadroxil, cefepime, cephalexin, cefotaxime, cefoperazone and ceftriax-
one) supramolecular complexes, J Nanostruct. Chem. 5 (2015), pp. 153–167.

[19] J. Steinmetz, S. Kwon, K.J. Lee, E. Abou-Hamad, R. Almairac, C. Goze-Bac, H. Kim, and
Y.W. Park, Polymerization of conducting polymers inside carbon nanotubes, Chem.
Phys. Lett. 431 (2006), pp. 139–144.

[20] T. Takenobu, T. Takano, M. Shiraishi, Y. Murakami, M. Ata, H. Kataura, Y. Achiba,
and Y. Iwasa, Stable and controlled amphoteric doping by encapsulation of organic mol-
ecules inside carbon nanotubes, Nat. Mater. 2 (2003), pp. 683–688.

[21] Y. Fujita, S. Bandow, and S. Iijima, Formation of small-diameter carbon nanotubes from
PTCDA arranged inside the single-wall carbon nanotubes, Chem. Phys. Lett. 413 (2005),
pp. 410–414.

416 Y. LI ET AL.



[22] O.E.D. Rodrigues, G.D. Saraiva, R.O. Nascimento, E.B. Barros, J.M. Filho, Y.A. Kim, H.
Muramatsu, M. Endo, M. Terrones, M.S. Dresselhaus, and A.G.S. Filho, Synthesis and
characterization of selenium-carbon nanotubes, Nano Lett. 8 (2008), pp. 3651–3655.

[23] R. Kitaura, N. Imazu, K. Kobayashi, and H. Shinohara, Fabrication of metal nanowires
in carbon nanotubes via versatile nano-template reaction, Nano Lett. 8 (2008), pp.
693–699.

[24] G.C. Mcintosh, M. Yoon, S. Berber, and D. Tománek, Diamond fragments as building
blocks of functional nanostructures, Phys. Rev. B 70 (2004), p. 045401.

[25] S.B. Legoas, R.P.B.D. SantoS, K.S. Troche, V.R. Coluci, and D.S. Galvão, Ordered phases
of encapsulated diamondoids into carbon nanotubes, Nanotechnology 22 (2011),
p. 315708.

[26] M.G. Yao, P. Stenmark, E. Abou-Hamad, F. Nitze, J. Qin, C. Goze-Bac, and T.
Wågberg, Confined adamantane molecules assembled to one dimension in carbon nano-
tubes, Carbon. N. Y. 49 (2011), pp. 1159–1166.

[27] J.Y. Zhang, Y.Q. Feng, H. Ishiwata, Y. Miyata, R. Kitaura, J.E.P. Dahl, R.M.K. Carlson,
H. Shinohara, and D. Tomanek, Synthesis and transformation of linear adamantane
assemblies inside carbon nanotubes, AcsNano 6 (2012), pp. 8674–8683.

[28] A.A. Tonkikh, D.V. Rybkovskiy, A.S. Orekhov, A.I. Chernov, A.A. Khomich, C.P.
Ewels, E.I. Kauppinen, S. B. Rochal, A. L. Chuvilin, and E. D. Obraztsova, Optical prop-
erties and charge transfer effects in single-walled carbon nanotubes filled with functiona-
lized adamantane molecules, Carbon. N. Y. 109 (2016), pp. 87–97.

[29] K.S. Troche, V.R. Coluci, S.F. Braga, D.D. Chinellato, F. Sato, S.B. Legoas, R. Rurali, and
D.S. Galvao, Prediction of ordered phases of encapsulated C60, C70, and C78 inside carbon
nanotubes, Nano Lett. 5 (2005), pp. 349-355.

[30] Z.X. Zhang, Z.Y. Pan, Q. Wei, Z.J. Li, L.K. Zang, and Y.X. Wang, Mechanics of nano-
tubes filled with C60, C36, and C20, Int. J. Mod. Phys. B 26 (2003), pp. 4667–4674.

[31] L. Zhou, Z.Y. Pan, Y.X. Wang, J. Zhu, T.J. Liu, and M. Jiang, Stable configurations of C20

and C28 encapsulated in single wall carbon nanotubes, Nanotechnology 17 (2006), pp.
1891–1894.

[32] D. Qian, W.K. Liu, and R.S. Ruoff,Mechanics of C60 in nanotubes, J. Phys. Chem. B 105
(2001), pp. 10753–10758.

[33] J.W. Kang, and H.J. Hwang, Comparison of C60 encapsulations into carbon and boron
nitride nanotubes, J. Phys.: Condens. Matter 16 (2004), pp. 3901–3908.

[34] A.K. Rappe, C.J. Casewit, K.S. Colwell, W.A. Goddard III, and W.M. Skiff, UFF, a full
periodic table force filed for molecular mechanics and molecular dynamics simulations, J.
Am. Chem. Soc. 114 (1992), pp. 10024–10035.

[35] N. Morel-desrosiers, and J.P. Morel, Standard molar enthalpies, volumes, and heat
capacities of adamantane in cyclohexane, n-hexane, and carbon tetrachloride, interpret-
ation using the scaled-particle theory, J Solut. Chem. 8 (1979), pp. 579–592.

[36] R. Ansari, and S. Ajori, Molecular dynamics investigation into the oscillatory behaviour
of double-walled boron-nitride nanotubes, Superlattices Microstruct. 93 (2016), pp.
18–26.

[37] R. Ansari, and S. Ajori, and F. Sadeghi, Molecular dynamics investigation into the elec-
tric charge effect on the operation of ion-based carbon nanotube oscillators, J. Phys.
Chem. Solids 85 (2015), pp. 264–272.

[38] R. Ansari, F. Sadeghi, and S. Ajori, Continuum and molecular dynamics study of C60

fullerene-carbon nanotube oscillators, Mech. Res. Commun. 47 (2013), pp. 18–23.
[39] S. Ajori, R. Ansari, and F. Sadeghi, Molecular dynamics study of gigahertz nanomecha-

nical oscillators based on an ion inside a series of electrically charged carbon nanotubes,
Eur. J. Mech./A Solids 69 (2018), pp. 45–54.

PHILOSOPHICAL MAGAZINE 417



[40] D. Christofilos, J. Arvanitidis, C. Tzampazis, K. Papagelis, T. Takenobu, Y. Iwasa, H.
Kataura, C. Lioutas, S. Ves, and G.A. Kourouklis, Raman study of metallic carbon nano-
tubes at elevated pressure, Diam. Relat. Mater. 15 (2006), pp. 1075–1079.

[41] S. Lebedkin, K. Arnold, O. Kiowski, F. Hennrich, and M.M. Kappes, Raman study of
individually dispersed single-walled carbon nanotubes under pressure, Phys. Rev. B 73
(2006), p. 094109.

[42] K. Gao, R.C. Dai, Z. Zhao, Z.M. Zhang, and Z.J. Ding, Effects of pressure transmitting
media on Raman features of single-walled carbon nanotubes, Solid State Commun. 147
(2008), pp. 65–68.

[43] D. Sanchez-Portal, E. Artacho, and J.M. Soler, Ab initio structural, elastic, and
vibrational properties of carbon nanotubes, Phys, Rev. B 59 (1998), pp. 12678–12688.

[44] Q. Chen, Z. Wang, Y. Zheng, W. Shi, D.D. Wang, Y.C. Luo, B. Zhang, J.M. Lu, H.J.
Zhang, J. Pan, C. Y. Mou, Z. Tang, and P. Sheng, New developments in the growth of
4 angstrom carbon nanotubes in linear channels of zeolite template, Carbon. N. Y. 74
(2014), pp. 401–409.

[45] J.O. Jensen, Vibrational frequencies and structural determination of adamantane,
Spectrochim. Acta A. 60 (2004), pp. 1895–1905.

418 Y. LI ET AL.


	Abstract
	1. Introduction
	2. Computational model and methods
	3. Results and discussions
	4. Summary and conclusions
	Disclosure statement
	References



