Chin. Phys. B Vol. 22, No. 7 (2013) 076101

Preferred orientations of encapsulated Cg, molecules inside single
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A systematical study of the orientational behavior of Cgy molecules in single wall carbon nanotubes (SWCNTSs) with
different chirality and diameter has been performed by using a model of an infinite long nanotube filled with two Cgg
(denoted as Cgp-1 and Cgp-2) molecules. We studied the preferred orientation of the Cgp-1 molecule when the neighboring
Ce0-2 molecule was fixed at the pentagon, double-bond, and hexagon orientations respectively. Our results showed that
the Cgo-1 molecule prefers the pentagon (hexagon) orientation when the tube diameter is smaller (larger) than 1.31 nm
(1.36 nm). For the tube diameter in between, the preferred molecular orientation of Cgp-1 changes from pentagon to
hexagon with the increasing tube diameter when the neighboring Cgo-2 molecule is fixed at the pentagon or double-bond
orientation. A novel vertex orientation for the Cgp-1 molecule has been found when the Cgp-2 molecule is fixed at the

hexagon orientation.
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1. Introduction

The ideal one-dimension (1D) nano-channel of single
wall carbon nanotubes (SWCNTs)[!! can be utilized for many
potential applications, such as biohazard material carriers,
anaerobic sealants, and one-dimensional array elements.”!
The incorporation of atoms or molecules into the inner space
of SWCNTSs is an important way to modify the proper-
ties of both the host and the guest materials.>~'?l Liu ez
al. found that the impurity doping in-tube is dependent
on the SWCNT’s diameter and chirality.!'3! The so-called
nanopeapod, a self-assembled chain of Cgy molecules in-
serted into SWCNT, [14-1] is an ideal model system for study-
ing the properties of dimensionally constrained crystal struc-
tures. It provides a unique opportunity to investigate the struc-
tures and properties of 1D host—guest hybrid materials.!!7-23]
The intermolecular interactions in these self-assembled car-
bon nanostructures and the dynamic behavior of the en-
capsulated molecules®* are different from those in solid
fullerenes.!~2"] Thus studying the rotation dynamics of Cg
molecules under the 1D confined condition has attracted con-
siderable interest recently.

Experimental studies on peapods by inelastic neu-
tron scattering (INS)!?$2°1 and nuclear magnetic resonance
(NMR) B39 suggest that the linear arrays of Cgp molecules still
rotate inside SWCNTs at room temperature, either showing
quasi-free rotation or being dynamically disordered with high
orientation mobility. Very recently, we have demonstrated us-
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ing the high pressure Raman method that Cgy molecules in
nanotubes exhibit an unusual type of ratcheted rotation hin-
dered at the hexagon orientation at very low temperatures. 3!}
To further understand the experimental results, we have theo-
retically studied the low-energy orientation of Cgy molecules
inside the nanotube. The results showed that well-regulated ar-
ranged Cgp molecules in three armchair nanotubes (n =m =9,
10, 11) have a preferred hexagon orientation with the low-
est energy. This preferred orientation supports our experi-
mental observations. In fact, more detailed theoretical stud-
ies on the low-energy orientation have already been conducted
by Michel and Verberck3?-34! for armchair nanotubes as well
as zigzag- and chiral-nanotubes. They suggested that there
are three different lowest potential energy states with the pen-
tagon, double-bond, and hexagon orientations (i.e., the five-,
two-, and three-fold axes coincide with the tube axis, respec-
tively) for the trapped Cgg. In their studies, the most stable
pentagon and double-bond orientations have been obtained
in(n=m=29, 10) and (n = m = 11) armchair nanotubes,
respectively, which are different from our theoretical results
of hexagon orientation.*'] We have carefully compared our
theoretical model with the one constructed by Michel et al.
It was noted that only one single Cgy was filled into an in-
finite nanotube in their work, while a peapod system with
Cgo molecules periodically arranged into a nanotube was con-
structed in our simulation. We called it the one-dimension
periodic model, which included not only the interaction be-
tween the Cgy molecule and the tube wall, but also the in-
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teraction between adjacent Cgy molecules. It is obvious that
the intermolecular interaction can influence the preferred ori-
entation of encapsulated Cgy molecules significantly. In our

previous work, 3!

we only simulated the orientational behav-
iors of Cg encapsulated in three armchair-type nanotubes. In
addition, only one axis rotation has been performed to search
for the low-energy molecular orientation with the periodic ar-
ranged molecules in the same orientation. Thus, further stud-
ies with the rotary path covering all the molecular orientations
and changing neighboring Cgy molecule orientations are nec-
essary.

In this work, we systematically study the orientational be-
haviors of Cgy molecules in different nanotubes with the di-
ameter ranging from 1.31 nm to 1.76 nm. In order to study
the influence of the intermolecular interaction on the molecu-
lar preferred orientation, we construct a model with two Cgg
(Ceo-1 and Cgp-2) molecules filled in a tube. A comparative
study on Cgo—tube interaction energy, Cqo—Cgp interaction en-
ergy, and the total interaction energy is performed by using
the van der Waals interaction potential calculation. The re-
sults show that the Cgp-1 molecule exhibits three preferred
orientations when we only consider the interaction between
the Cgp-1 molecule and the tube. If considering only the inner
intermolecular interaction, we find that the Cgp-1 molecule al-
ways prefers the hexagon orientation independent of the ori-
entation of the neighboring Cgp-2. The results obtained in
the total interaction potential calculation show that the pre-
ferred orientation of the Cgp-1 molecule is dependent on the
tube confinement effect for the diameter smaller than 1.31 nm
and the intermolecular interaction for the diameter larger than
1.36 nm. For the intermediate tubes, both the tube confinement
effect and the intermolecular interaction affect the molecular
preferred orientation. These results show that the intermolec-
ular interaction of adjacent Cgy molecules as well as the inter-
action between Cg and the tube wall plays an important role
on the orientational behavior of Cgg in tubes.

2. Model and simulation method

In the theoretical study of this hybrid system, we con-
struct a model with two rigid Cgy molecules filled in a nan-
otube. As shown in Fig. 1, we fix the nanotube on a Cartesian
coordinate system (X, Y, Z) with the center of mass in the ori-
gin O, the Z axis coincides with the tube’s long axis. As the
length (~ 40 A) of the nanotube is long enough compared to
the diameter of the encapsulated Cgo molecule, the edge effect
can be ignored. Two Cgp molecules (Cgo-1 and Cgp-2) are put
on the tube axis position with the centers of mass on origins o
and o, of coordinate systems (x1, y1, z1) and (x2, y2, z2). Ori-
gins 0 and o, respectively locate at (0, 0, 4.85 A) and (0, 0,
—4.85A)inthe (X, 7, Z) coordinate system. Thus, the center-
to-center distance of the two Cgy molecules is 9.7 A, which is

consistent with the previous report in experiment'*> and the
theory value.>!! We describe the molecular orientation by us-
ing two Euler angles 8 and 7y, which correspond to the x; (x3)
and z; (z») axis rotation angles, respectively. The starting ori-
entations (with f = y = 0) of the two Cgy molecules have been
defined as the five-fold axis coinciding with the tube axis. As
shown in Fig. 2, we define the molecular pentagon, double-
bond, and hexagon orientations as the five-, two-, and three-
fold axes coinciding with the tube axis, respectively. In addi-
tion, we introduce a new molecular orientation in Fig. 2(d), in
which the tube axis crosses two opposite vertex atoms. Within
the model of Fig. 1, we rotate the Cgy-1 molecule around the
z1 and the x; axes with angles of y; = 360° and ; = 180°,
respectively. The rotary path covers all the molecular orien-
tations. For the Cgp-2 molecule, the pentagon, double-bond,
and hexagon orientations have also been considered in this
work, which correspond to the Euler angles (8, =0, 72 = 0),
(B> =148, y, =0), and (B, = 37.37, y» = 0), respectively.
Thus, we can calculate the systematic van der Waals interac-
tion potential V between Cgp and the nanotube, as well as that
between Cgp-1 and Cgp-2 with varying molecular orientations,
which can be written as V(Cgp-1, tube), V(Cgo-2, tube), and
V(Ceo-1, Cgp-2), respectively. For the V(Cgo-1, Cgp-2) calcu-
lation, all the Cgy-1 molecular orientations have been consid-
ered with the Cgo-2 molecule fixed on the pentagon, double-
bond, or hexagon orientation. Here, we define the total in-
teraction potential Vi, as the summation of V(Cgp-1, tube),
V(Cgp-2, tube), and V(Cgp-1, Cgp-2). The interaction potential
v(r;B,Y) = v|rceo-Twbe| Or v|rcso-Tceo| for given Euler an-
gles B and ¥ arises from a pair of atoms from Cgy (Cgo-1 or
Ceo-2) and the nanotube or Cgo-1 and Cgp-2, respectively. The
total interaction potential V (Ry; 3, 7) for a given tube diame-
ter Rt can be obtained by summing over all pair interactions

V(Cﬁo—l,tube):ZZV(|7‘T—T,1|), (1
Nz N
V (Ceo—2,tube) =Y Y v(|re—rp]), 2)
NTNA*
V(Ceo—1,Ce0—2) =Y. Y v(Ira—72:),  3)
NA{NA{*

where 7, A, and A* index the atoms of the nanotube, Cg-1,
and Cgp-2, respectively; r; and N; (i = 7, A, A*) stand for the
coordinate and the resulting number of corresponding atoms,
respectively. The total interaction potential Vio, can be writ-
ten as

Viotat = V (CGO_ 1, tube) +V (C60—2, tube)
+V (Ceo—1,Cs0—2) - 4)

The Lennard—Jones 6-12 potential has been applied to de-
scribe the van der Waals interaction between atoms separated
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by a distance r

6 12
R R
v(r) = Do (2 <°) + <°) ) : ©)
r r
with Dy = 0.0951 kcal/mol and Ry = 3.8983 A.13%] Such an

interaction potential has been successfully used in describing
37-40]

the C,-peapod system. !

Fig. 1. The constructed model with two Cgo molecules (Cgp-1 and Cgp-
2) encapsulated in an SWCNT with a center—center distance of 9.7 A.
The left and right images are the projections in the (X, ¥) and (X, Z)
planes, respectively.

Fig. 2. (a) Pentagon, (b) double-bond, (c) hexagon, and (d) vertex ori-
entations for the encapsulated Cgy molecule inside the tube obsevered
in the parallel tube axis orientation. The circle is the tube wall.

3. Result and discussion

The calculated results of interaction potential V(Cegp-1,
tube) is shown in Fig. 3; only the interaction between Cgp-1
and the nanotube has been considered. We can see that the
Ceo-1 molecule inside the (10,10) nanotube prefers the pen-
tagon orientation, corresponding to twelve low-energy states.
For the (12,12) nanotube, the thirty low-energy states indicate
that the Cgo-1 molecule prefers the double-bond orientation.
With the tube diameter increased, the preferred double-bond

and hexagon molecular orientations are found for the (16,8)

achiral nanotube. Further increasing the tube diameter to a
(13,13) nanotube, the obtained twenty low-energy states sug-
gest that the Cgp-1 molecule prefers the hexagon orientation.
More results on the preferred orientations of Cgg-1 in nan-
otubes with various diameters are listed in Table 1. It can
be seen that the Cgp-1 molecule prefers the pentagon orien-
tation in the tubes with a diameter smaller than 1.46 nm and
the hexagon orientation in the tubes with a diameter larger than
1.66 nm. The double-bond orientation is preferred in the tubes
with intermediate diameters. The critical diameters for the
variations from pentagon to double-bond and to hexagon ori-
entation are slightly larger than those calculated in Ref. [33],
in which the corresponding critical diameters are 1.4 nm and
1.58 nm, respectively. We believe that this small difference
is owing to the different simulation equation and potential pa-
rameters.

Secondly, we study the preferred orientation of the Cgo-1
molecule when only considering the Cgp-1 and Cgp-2 inter-
molecular interaction without the tube confinement by using
Eq. (3). As shown in Fig. 4, the van der Waals interaction po-
tential as a function of rotation angles ; and y; of the Cg-1
molecule has been calculated when the Cgy-2 molecule adopts
the pentagon, double-bond, and hexagon orientations respec-
tively. We compare the stability of the different relative ori-
entations between Cgy-1 and Cgp-2 molecules. We use 1, 2,
and 3 to denote the pentagon, double-bond, and hexagon ori-
entations, respectively. Thus, the interaction potential for two
molecules with different relative orientations can be written as
Vij (i,j =1, 2, 3;, subscripts i and j stand for the orientations
of Cgp-1 and Cgp-2 molecules, respectively). When the Cgp-2
molecule is fixed at the pentagon orientation (see Fig. 4(a)), we
can see that the interaction potential Vi is larger than V3, but
smaller than Vj,, i.e., Vi2 > V| > Vi3. The obtained minimum
interaction potential Vi3 indicates that the Cgp-1 molecule
prefers the hexagon orientation, and the maximum value of Vi,
suggests that the double-bond orientation is not stable. The in-
termediate value of Vj; indicates that the pentagon orientation
is the metastable state. In the case of the Cgo-2 molecule fixed
at the double-bond orientation (Fig. 4(b)), the obtained rela-
tionship of interaction potential is Vo > Vo1 > Vo3, It is clear
that the Cgo-1 molecule still exhibits a preferred hexagon ori-
entation, a metastable pentagon orientation, and an unstable
double-bond orientation. When the Cgy-2 molecule is fixed at
the hexagon orientation (Fig. 4(c)), the relationship of inter-
action potential is found to be V31 > V3, > V33. In this case,
the hexagon orientation is still the preferred orientation of the
Cgo-1 molecule, and the double-bond orientation is more sta-
ble than the pentagon orientation. Since the interaction po-
tentials Vi, Vi3, Vo3 are equal to Voy, V31, Vap, respectively,
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we can obtain the total relationship of interaction potential as
Var > V12(V21) >Vii > Vi (V31) > V23(V32) > V33. Accord-
ing to the above analysis, we know that the Cgp-1 molecule
always prefers the hexagon orientation independent of the ori-
entation of Cgp-2. In addition, we find that the maximum

positive interaction potential is V2, (0.03 eV), suggesting the
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existence of a strong repulsion between the double-bond of
two Cgp molecules when facing each other. The minimum V33
(—0.3904 eV) indicates the maximum gravitational interaction
between the hexagons of the two Cgy molecules when facing
each other. Thus, the two cases correspond to the most unsta-
ble and the most stable molecular orientations, respectively.
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Fig. 3. Contour maps of the systematic van der Waals interaction potential V(Cgo-1(S, 7), tube) for (a) (10,10), (b) (12,12), (¢) (16,8),

and (d) (13,13) nanotubes. The minimum value has been subtracted.
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Fig. 4. Contour maps of the systematic van der Waals interaction potential V(Cg-1(B,Y),Ce0-2) with the Cg-2 adopted (a) pen-
tagon, (b) double-bond, and (c) hexagon orientations respectively. (d) The preferred orientations of the Cg)-1 molecule and the fixed

orientations of the Cg(-2 molecule are presented on the (x, z) plane.
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Fig. 5. Contour maps of the systematic total van der Waals interaction potential Vi, for the (15,3) nanotube with the Cgp-2 adopted
(a) pentagon, (b) double-bond, and (c) hexagon orientations respectively. The minimum value has been subtracted. (d) The preferred
orientations of the Cg)-1 molecule and the fixed orientations of the Cgp-2 molecule are presented on the (x, z) plane.
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Fig. 6. Contour maps of the systematic total van der Waals interaction potential Vo, for the (17,0) nanotube with the Cgy-2 adopted
(a) pentagon, (b) double-bond, and (c) hexagon orientations respectively. The minimum value has been subtracted. (d) The preferable
orientations of the Cg)-1 molecule and the fixed orientations of the Cg-2 molecule are presented on the (x, z) plane. The image of preferable
pentagon orientation of the Cgo-1 molecule when the Cgo-2 molecule is fixed on the double-bond orientation can be found in Fig. 5.

We further study the total interaction potential Vio,y by  rotation angles 8 and y; of Cgo-1 has been calculated with
considering the interaction between the two Cgy molecules  the Cg-2 molecule adopted the pentagon, double-bond, and
and the nanotube, as well as the intermolecular interaction, = hexagon orientations respectively. For the (15,3) nanotube
to search for the preferred molecular orientation. As shown  in Fig. 5, it can be seen that the Cgp-1 molecule prefers the
in Figs. 5-8, the total interaction potential as a function of  pentagon orientation, which is independent of the orientation
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of the Cgp-2 molecule. With the diameter increased to a (17,0)
nanotube, the Cgp-1 molecule still prefers the pentagon ori-
entation when the Cgp-2 molecule is fixed at the pentagon
orientation (Fig. 6(a)). When the Cgp-2 molecule adopts the
double-bond orientation, we find that both the pentagon and
the hexagon orientations become the preferred arrangements
of Cgp-1 (Fig. 6(b)). Interestingly, a new preferred orienta-
tion of the Cgp-1 molecule has been found when the Cgp-2
molecule is fixed at the hexagon orientation (Fig. 6(c)), which
corresponds to sixty low-energy states. We can see that the
tube axis crosses two opposite carbon atoms of the Cgo-1
molecule in this preferred orientation, and it has been defined
as the vertex orientation (see Fig. 2(d)). For the (20, 0) and
(13, 13) nanotubes with larger diameters (see Figs. 7 and 8),
we can see that the Cgo-1 molecule prefers the hexagon ori-
entation independent of the orientation of the Cgp-2 molecule.
In order to determine the transition diameters for the preferred
orientation variations, we list the preferred orientations of
the Cgo-1 molecule for all considered nanotubes in Table 1.
It can be seen that the Cgp-1 molecule prefers the pentagon
orientation when the tube diameter is smaller than 1.31 nm.
This preferred orientation is consistent with the interaction
potential V(Cgo-1,tube) calculation, we thus suggest that the
tube confinement plays a leading role in such small diameter
nanotubes. With the tube diameter increased, the preferred
orientation becomes the hexagon orientation when the Cgp-2
molecule is fixed at the pentagon or double-bond orientation.
When the Cgp-2 molecule adopts the hexagon orientation,

160

>
©
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120 D
=
SEE s
~ 80
Q.
40
0
558.0
464 7
2976 7
=
148.8 S

(20,0)
(c)

0 120 240 360
/()

the Cgo-1 molecule prefers the vertex orientation in the tubes
with a diameter in the range from 1.31 nm to 1.36 nm. Thus,
we know that the preferred orientation of the Cgp-1 molecule
is dependent on not only the tube confinement but also the
neighboring molecules interaction. With further increasing
the tube diameter, the Cgp-1 molecule prefers the hexagon
orientation. This preferred orientation is the same as that only
considering the Cgo-1 and Cgp-2 interaction, indicating that
the intermolecular interaction plays a leading role in large di-
ameter tubes. According to these studies, we know that the
interactions of Cgp-1-tube and Cgp-1-Cgp-2 compete to de-
termine the molecular preferred orientation. The preferred
molecular orientation is dependent on the tube confinement
effect when the tube diameter is smaller than 1.31 nm, and it
is dependent on the intermolecular interaction when the tube
diameter is larger than 1.36 nm. And both interactions play
a very important role for the intermediate tubes. It should
be mentioned that the double-bond orientation of the Cgp-1
molecule with the lowest-energy state is absent when the in-
termolecular interaction is considered in this work. This can
be explained by the fact that the hexagon orientation of the
Cgo-1 molecule is more suitable than the double-bond orien-
tation when only considering the Cgp-1 and Cgp-2 interaction.
The result clearly shows that the interaction between adjacent
Ceo molecules and that between Cgy and the tube wall play
important roles in determining the orientational behaviors of
Ceo molecules inside the nanotubes. It is important to note

383.0

3064 2

2043 ¥
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102.1 S

0

(20,0)

(b)

360

double-bond

pentagon

Fig. 7. Contour maps of the systematic total van der Waals interaction potential Vi, for the (20,0) nanotube with the Cg-2 adopted
(a) pentagon, (b) double-bond, and (c) hexagon orientations respectively. The minimum value has been subtracted. (d) The preferable
orientations of the Cg0-1 molecule and the fixed orientations of the Cgp-2 molecule are presented on the (x, z) plane.
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Fig. 8. Contour maps of the systematic total van der Waals interaction potential Vioi, for the (13,13) nanotube with the Cgp-2 adopted
(a) pentagon, (b) double-bond, and (c) hexagon orientations respectively. The minimum value has been subtracted. (d) The preferable
orientations of the Cg0-1 molecule and the fixed orientations of the Cgp-2 molecule are presented on the (x, z) plane.

Table 1. All achiral (zigzag and armchair) and chiral SWCNTSs with diameter ranging from 1.31 nm to 1.76 nm studied in this work.
The obtained preferred orientations of Cgp-1 according to the calculated interaction potentials V(Cgg-1, tube) and Vi, are presented.

SWCNT Diameter/nm Pfeferr(.ad Pr.eferrc?d Pr.eferre.:d Pfeferr(.ad Chirality
orientation orientation orientation orientation
(n.m) Ceo-1. tube Cego-2 (pentagon), Cg0-2 (double-bond), Cg0-2 (hexagon),
Cgo-1, tube Cego-1, tube Ceo-1, tube,
(15,3) 1.31 pentagon pentagon pentagon pentagon chiral
(17,0) 1.33 pentagon pentagon pentagon & hexagon vertex zigzag
(10,10) 1.35 pentagon hexagon hexagon vertex armchair
(15.4) 1.36 pentagon hexagon hexagon vertex chiral
(15.,5) 1.41 pentagon hexagon hexagon hexagon chiral
(17,3) 1.46 double-bond hexagon hexagon hexagon chiral
(11,11) 1.49 double-bond hexagon hexagon hexagon armchair
(18,3) 1.54 double-bond hexagon hexagon hexagon chiral
(20,0) 1.57 double-bond hexagon hexagon hexagon zigzag
(12,12) 1.63 double-bond hexagon hexagon hexagon armchair
(16,8) 1.66 double-bond & hexagon hexagon hexagon hexagon chiral
(13,13) 1.76 hexagon hexagon hexagon hexagon armchair

that the centers of mass of the studied Cgy molecules have been
fixed on the tube axis position. As is well known, the encap-
sulated Cgo molecule will deviate from the tube axis for large
nanotubes.*! Thus, further studies with the Cgy molecule de-
viated from the tube axis position are necessary. We expect
that our theoretical study on the preferred orientation of en-
capsulated Cgop molecules can be employed to understand and

guide experimental studies of nanopeapod structures.

4. Conclusion

In summary, we have presented a detailed orientational
behavior study of Cgy molecules inside armchair-, zigzag-, and
chiral-type nanotubes with diameters ranging from 1.31 nm
to 1.76 nm by using the van der Waals interaction calcula-
tion. Within the model of two C(Cgp-1 and Cgp-2) molecules
filled in a tube, we studied the preferred orientation of the
Cego-1 molecule by comparing the calculated interaction poten-
tials V(Cgpo-1, tube), V(Cgp-1, Cgp-2), and Vioa. For the total

interaction potential calculation, it was found that the Cgp-1
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molecule prefers the pentagon orientation when the tube di-
ameter is smaller than 1.31 nm due to the strong confinement
effect from the tube. As the tube diameter increases, the pre-
ferred orientation of the Cgp-1 molecule is dependent on the
orientation of the Cgp-2 molecule due to the synergistic role
played by the tube confinement effect and the intermolecular
interaction. When the tube diameter is larger than 1.36 nm, the
Cso-1 molecule prefers the hexagon orientation, which is de-
pendent on the intermolecular interaction. Taking into account
both interactions in our calculations also results in the absence
of the double-bond orientation as the lowest-energy state in
the previous report, in which only the interaction between Cgg
and the tube wall was considered. The obtained results indi-
cate that besides the expected interaction between Cgg and the
tube wall, the interaction between adjacent Cgy molecules also
plays an important role on the orientational behavior of Cgg
molecules inside the nanotubes. These results not only help us
to understand the competition relationship between the tube
confinement effect and the intermolecular interaction, but also
show the importance of the utilization of peapods in molecule
engineering at the nanoscale.
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