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The structure-property relationship of the nanopeapods—one dimensional (1D) CgoO polymer
encapsulated in single-walled carbon nanotubes (SWCNTs)—is studied by means of the self-consistent
field crystal orbital method. The calculations show that the nearest distance between the two
constituents is within Van der Waals interaction scope in the most stable two peapods. The SWCNT
sizes affect not only the stability but also the electronic structures of the peapods. The peapods with larger
tube diameters keep the semiconductive and metallic properties of the corresponding pristine SWCNTSs.
These combination systems are stiffer than the corresponding SWCNTs due to larger Young's moduli. The
magnitude order of the calculated mobility of charge carriers is in the range of 10>-10° cm? V~' s~ for the
peapods, indicating that the combined systems may be good high-mobility electronic materials.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991 [1],
scientists have paid much attention to their unique chemical and
physical properties [2-6]. Due to the special surface structure and
ideal cylindrical one dimensional (1D) empty cavity, the doping
CNTs by adsorbing or encapsulating various materials on the
exterior surface or into the interior 1D empty cavity have been an
important aspect for the theoretical and experimental studies
[7-12]. In the confinement environment of the 1D cavity, the
encapsulated guest molecules may form novel structures which
are different from their form in the bulk condition [13,14]. For
example, the single, double and triple helical structures of iodine
can be formed in the single-walled carbon nanotubes (SWCNTSs)
[15], whereas iodine exists as the orthorhombic crystals in the
bulk condition.

Since Cgo molecules were first introduced into the SWCNTSs by
the laser ablation [16], the peapods filled with Cgp molecules have
been one of the systems, which are studied most-widely both
theoretically and experimentally [17-21]. Under electron irradia-
tion or thermal annealing, the Cgo molecules in the SWCNTSs can
coalescence with each other and finally form the stable and
corrugated peanut nanotubes [22]. In 2004, one kind of novel
unbranched covalent 1D CgoO polymer in the SWCNTs was
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observed. The Cgo cages in the SWCNTs are linked periodically
head to tail by the furan-type bridge shown in the High Resolu-
tion Transmission Electron Microscopy (HRTEM) micrograph [23].
However, the detailed structure and properties of the novel 1D
Cs00 polymer encapsulated in SWCNT is still not clear so far.
A theoretical study would help understand the possible structures
and electronic properties of the peapods, which are denoted as
(C600)poi@SWCNT in the following (the lower-case subscript pol is
the abbreviation of polymer). In this paper, we construct several
possible structures of the combination systems with the 1D CgoO
polymer encapsulated into the zigzag and armchair SWCNTs with
different diameters. We want to know what properties these
(C600)poi@SWCNTs have and whether the encapsulation can
improve the structure and electronic properties, compared with
the original constituents forming the combined systems. The self-
consistent field crystal orbital (SCF-CO) calculations based on
density functional theory (DFT) are carried out to probe the
structure-property relationship of the (Cgo0)poi@SWCNTs. The
theoretical study on these peapods should also be helpful for
the possible practical application of the novel material.

2. Models and computational methods

As is shown in the HRTEM micrograph in the experiment, the
individual Cgg cages in the SWCNTs are linked head to tail by the
furan-type bridge periodically. We have ever constructed several
1D CgoO polymers through the furan-bridge connection and the
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most stable one (P1) with the symmetry of G,y is illustrated in
Fig. 1, which is also selected as the inner CggO polymer of the
peapods in our studies. The sign 6/6 in Fig. 1 denotes the C-C
bond in the Cgg cages (shared by two hexagons), which construct
two edges of the furan ring bridges. It is well known that the
environment around those bonds in the Cgg cages concerned with
the formation of intercage bonds would affect strain release and
reactive activity of the C-C bonds. More pentagons around these
C-C bonds in the Cgg cage would introduce more strain and higher
reactivity [24]. Around the 6/6 bond there are two pentagons and
two hexagons, but there are three hexagons and one pentagon
around the 5/6 bond. P1 is most stable because the sides of the
furan rings are all 6/6 bonds. In the other constructed 1D CgoO
polymers with the head to tail linking structure, at least one of the
furan sides is 5/6 bond. The selected zigzag tubes are SWCNTs
(n,0) n=14, 16, 18, 20, 22 and the armchair tubes are SWCNTs
(m,m), m=10, 12. It would be interesting in how the tube sizes
affect the stabilities and electronic properties of the peapods.
Here n and m are taken as even number for keeping the symmetry
of (C00)poi@SWCNTs as Coy the same as that of the 1D CgoO
polymer and saving computational cost. The tube diameters of the
(C600)pol@SWCNTs are in the range of 13.6-14.9 A estimated from
the experiment [23], which are close to those of SWCNT(10,10)
and SWCNT(18,0) (13.56 A and 14.10 A, respectively).

Here a commensurability condition of the 1D periodicity
between the SWCNTs and the 1D CgoO polymer is imposed, which
means that both SWCNTs and the 1D CgO polymer in the
peapods have the same lattice constants or the same translational
length. One unit cell contains two CggO and four unit cells of the
corresponding pristine SWCNT (2 oxygen and 120+ 16n carbon
atoms) for the zigzag peapod (Cgp0)poi@(n,0), but two CgoO units
and eight unit cells of the corresponding pristine SWCNT (2
oxygen and 120+32m carbon atoms) for the armchair peapod
(C600)poi@(m,m). Although calculation based on the commensur-
ability condition has some artificial effects, the commensurability
condition has been successfully applied to the discussions of
many 1D periodic systems, such as nanowires enclosing the
carbon atom chain [25,26], peapods encapsulating Cgo molecules
[27-29] and so on.

Computations are performed using the ab initio SCF-CO method
based on Perdew-Burke-Ernzerhof (PBE) [30] DFT with CRYSTALO6
program [31]. The geometric structures are fully optimized at
3-21 G* level, while the band structures and density of states of
the peapods are calculated with 6-21 G* basis set, which is
implemented in the CRYSTALO6 program for the solid state calcula-
tions. In the SCF-CO calculations, shrinking factors are set to 40, and
default values of convergence criteria in CRYSTALO6 program are

(Ce00)poi@(18.0)

used. The optimized structures of the 1D CgoO polymer and three
representative peapods are given in Fig. 1.

3. Results and discussions

3.1. Structures and stabilities

The optimized distance between the two neighboring Cgg
cages is about 10 A for the armchair peapods and the distance is
about 8.6 A for zigzag peapods, therefore in the constructed
models, the stack of Cgo0 in the zigzag SWCNTs is tighter than
in the armchair SWCNTSs. The distance between the two neighbor-
ing Cgo cages in the isolated 1D CgoO polymer, 9.3 A, are longer
and shorter than those in the zigzag peapods and armchair
peapods, respectively. The bond length changes in the middle
part of the Cgo cages are less than 0.03 A. These show that the
encapsulation has larger influence on the intercage bond lengths
between the neighbor Cgg cages, which should also be partial
reflection of the commensurability condition.

The binding energy E, per unit cell is defined as

Eb = Epeapod_ElD CSDO_ETv (1)

where Epeapoa E1p ¢0 and Er are the energies per unit cell for the
peapods, the inner 1D CgoO polymer and the outer corresponding
carbon nanotube, respectively. We would like to mention again
that a unit cell of the outer carbon nanotubes in the peapods
contains four and eight cells of the pristine zigzag and armchair
nanotubes, respectively. From Table 1, it can be seen that the
binding energies are —0.689eV/cell and -0.481 eV/cell for
(C600)p01@(18,0) and (Cg0)poi@(10,10), respectively. The minus
binding energies show that the encapsulation is energetically
favorable for the formation of the two peapods. It is found that

Table 1
Calculated deformation and binding energies (eV/cell), Young moduli (TPa) for the
peapods (Cgo0)poi@(11,m).

Peapods AEq; AEg Ep Y

(C600)po1@(14,0) 8.791 7.456 20.555 1.566
(C600)po1@(16,0) 3.364 0.305 2.436 1.391
(C600)po1@(18,0) 3.252 0.158 —-0.689 1.285
(C600)p01@(20,0) 3.286 0.092 —0.009 1.142
(C600)po1@(22,0) 3.205 0.294 0.221 0.973
(C600)po1@(10,10) 1.693 0.091 —0.481 1.220
(C600)po1@(12,12) 1.746 0.050 0.260 1.212
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Fig. 1. Optimized structures of the 1D CgoO polymer and three representative peapods.
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the stability of the peapods is closely related to the distance difference between the longest C-C bond length and the shortest

between the two components. The nearest distance between CgoO one on the tube wall is 0.05 A, while the difference is smaller than
and tube wall are 3.51 A and 3.35A for (C600)p0o1@(18,0) and 0.007 A for the other peapods. The degree of structure deformation
(C600)poi@(10,10), respectively, indicating that the main interac- for the peapods with larger tube diameters is smaller because of
tion is Van der Waals interaction between the SWCNTs and 1D weaker interaction between the two constituents.

Cs00 polymers. This also indicates that the dispersion interaction The deformation energies of the 1D CgO polymer (AEy;) and

has important influence on the stability of the peapods. Moreover, SWCNTs (AEy;) are defined as AEg =Eg—Eip 0 and AEg, =
the binding energies become positive for the peapods with Eg—Er, respectively. E4, Ep» are the energies per unit cell of the
smaller tube diameters such as (Cgo0)poi@(1,0) (1 < 18), as well deformed 1D CgpO polymer and corresponding SWCNTs in the
as the peapods with larger tube diameters, (Cg00)poi@(22,0) and peapods. The calculated results are also shown in Table 1.

(C600)poi@(12,12). Hence the most favorable tubes for the encap- We can see that (CgpO)poi@(14,0) with the smallest tube
sulation of the 1D CgoO polymer should be those with suitable diameter has the largest deformation energy. As a whole, the
hollow, which can keep the distance between the two constitu- deformation energies of the peapods decrease with the increase of
ents within the Van der Waals scope. Just as reported in the the tube diameters. Moreover, the deformation energies of the 1D

previous researches [32,33], the space in the nanotubes indeed Cs00 polymer are larger than those of the SWCNTs for all the

plays a very important role in the thermodynamic stabilities of peapods. This reflects that the interaction between the two

the combined systems. constituents has larger influence on the structure deformation
As shown in Fig. 1, the tube silhouette becomes obviously for the 1D Cgo0 polymer than for the corresponding SWCNTSs.

undulating for the (Cgp0)pei@(14,0), which is the smallest peapod

studied here. The nearest distance between the wall of tube and the )

atoms of Cgp cage is about 2.50 A for (Cep0)p0@(14,0), which is 3.2. Young's moduli

much smaller than the Van der Waals interaction distance. There

exists strong repulsive interaction between the two components, The calculation of Young’s modulus (Y) is based on the elastic

resulting significant deformation of both the Cs cages and stiffness of the 1D system using the second derivative of the strain

SWCNT(14,0). The difference of tube diameter between the thinnest ~ €nergy of a unit cell with respect to the axial strain:

and the thickest parts is about 0.5 A for (C600)po1@(14,0), whereas it

2
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Fig. 2. Band structures of the peapods and the 1D CgoO polymer.
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where V is the volume of a unit cell, E is the strain energy and ¢ is
a small deformation of the lattice constants defined as = (L — Lg)/Lo.
Lo and L are the lengths of the unit cell before and after the strain,
respectively. We calculate the energies of the unit cell at e= + 0.4%,
+0.2% and +0.1%. Then we fit the curve of strain energy with
respect to the values of ¢ with the correlation coefficient > 0.99 and
get the second derivative. Thus Y can be obtained according to Eq.
(2) and are also listed in Table 1.

The calculated Young’s moduli of these peapods are in the
range of 0.973-1.566 TPa. It can be seen that the Young moduli
decrease monotonicly with the increase of the carbon tube
diameters, which is different from the variation of the binding
and deformation energies. This is due mainly to larger space
between the 1D CgoO polymer and the corresponding SWCNTs
with increase of SWCNT diameters, which results in smaller
average atom distribution density and Young moduli. Young's
moduli of the pristine SWCNTs are calculated to be about 1 TPa
with the same methods, which are in agreement with the values
reported in the experimental and theoretical researches [34-36].
Besides, the Young’s modulus of the 1D CgoO polymer is 0.195 TPa
with same calculation method. By comparison, we find that the
combined systems have larger Young’s moduli than both of the
two constituents, indicating that the encapsulation of the 1D Cgo0
polymer can enhance the resistance to the stress along the tube
axis for the SWCNTs. However, the filling would not always make
the SWCNTs stiffer. For instance, it is reported that the tubes
encapsulating separately distributed Cgo molecules were slightly
softer than the undoped ones [37].

3.3. Electronic properties

The calculated band structures of (Cgp0)poi@SWCNTS are given
in Fig. 2 and the derived electronic properties are listed in Table 2.
For the comparison, the band structure of the 1D CgoO polymers
is also shown in Fig. 2. From Fig. 2, it can be seen that the
(C00)po1@(n,0)s are semiconductors with the energy gaps occur-
ring in the center of Brillouin zone except for (Cg00)po1@(14,0).
Here the energy gap (E,) is the difference between top of the
highest occupied band (HOB) and bottom of the lowest unoccu-
pied band (LUB). It is well known that the zigzag tubes are
semiconductors. Here SWCNT(18,0) has near zero E,; of 0.014 eV
due to satisfying 2n+m=3l rule (I is a interger). The 1D CgoO
polymer has also an energy gap as shown in Fig. 2. Hence, the
semiconductive properties of the two constituents are kept for
the encapsulation of the 1D CgoO polymer into zigzag SWCNTs
(n,0) for those peapods with larger tube diameters. Moreover,
compared with the band structure of the isolated 1D CgoO
polymer, those flatter bands, which mainly derive from the 1D
Cs0O polymer are lift in the peapods. This is an important factor
resulting in metallic (Cg00)poi@(14,0), in which two of partially
filled bands are the 1D CgoO polymer-derived bands. The HOB of
(C600)poi@(16,0) is also the 1D CgpO polymer-derived band. But

Table 2
Calculated electronic properties of the peapods (in eV). HOCO is the highest
occupied crystal orbital and LUCO is the lowest unoccupied crystal orbital.

Peapods HOCO LUCO Eg HOB width  LUB width
(C600)p01@(14,0) —4.207 —-4207 O - -
(C600)p01@(16,0) -4.686 —4.174 0512 0.128 0.639
(C600)po1@(18,0) —4438 —4.389 0049 0971 0.952
(C600)p01@(20,0) —4.640 —4210 0430 0.735 0.710
(C600)p01@(22,0) —-4.675 —-4.237 0438 0.857 0.849
(C600)poi@(10,10)  —4.385 —-4385 O - -
(C600)poi@(12,12)  —4.415 —4415 0 - -

the HOBs are all the SWCNT-derived and the lowest 1D CgoO
polymer-derived empty bands become close to the LUBs derived
from the SWCNTs for (Cg00)poi@(n,0) (n > 16). With the increase
of the tube diameters, the 1D CgoO polymer-derived bands fall
and shift toward to original position in the 1D CgoO polymer,
indicating weakened interaction between the two constituents.
As to the armchair peapods, both (Ce00)pi@(12,12) and
(C600)po1@(10,10) have metallic property with zero energy gaps.
The two frontier bands overlap and become partially filled, similar
to the case in the pristine armchair SWCNTs. These results
manifest that the encapsulation cannot change the semiconduc-
tive or metallic properties for the corresponding SWCNTs with
larger diameters. However, when the Cgg cages are encapsulated
into SWCNT(18,0), the combined peapod becomes a metallic
system [38]. Therefore, different filling may lead to different
modulation of the electronic properties for the same SWCNT.

As a matter of fact, the band structures of the peapods with
larger tube diameters ((Cgo0)po@(n,0), n=18, 20, 22),
(C600)po1@(10,10) and (Ce00)poi@(12,12) can almost be considered
as the simple overlap of the two constituent bands. In these five
peapods, the nearest distance between the two constituents is
larger than 3.3 A, resulting in weaker interaction between the two
constituents. Because of the weaker interaction the shapes and
character of energy bands are kept in the combined systems for
the two constituents. The frontier bands all derive from the
corresponding SWCNTs. In fact, the values of energy gaps are
almost the same as those of the corresponding SWCNTs.

For (Cg00)p01@(14,0), the shape of bands originating from both
components changes remarkably due to stronger interaction
between the two components. The stronger interaction even
leads to the overlap of the frontier bands, altering the semicon-
ductive properties of the two components. However, the encap-
sulation of the 1D CgoO polymer into the SWCNT (14,0) is
energetically unfavorable (E,=25.6 eV/cell). Hence, the metallic
(C600)po1@(14,0) or smaller (C600)poi@(n,0) (n < 14) may be diffi-
cult to synthesize from a point of view of thermodynamics. But
the synthesis of a compound is not just determined by its
thermodynamic stability.

As for (Ce00)poi@(16,0), the nearest distance between the two
constituents is about 2.9 A, larger than that of (C600)po1@(14,0).
The interaction between the two constituents has become weaker
relative to that of (Cgo0)poi@(14,0), so the basic band character-
istics are retained much for both SWCNT(16,0)-derived and the
1D CgoO polymer-derived bands. Nevertheless, from Fig. 2 it can
be seen that the two frontier bands of the 1D CgoO polymer in
(C600)po1@(16,0) are elevated obviously compared with those in
the isolated 1D CgoO polymer. Moreover, the HOB of
(C600)po1@(16,0) is derived from that of the 1D CgoO polymer,
not from that of tube (16,0). These indicate that the interaction
between two constituents has important influence on the struc-
tures and character of the frontier bands for the peapods with
smaller tube diameters.

The calculated densities of states (DOS) for the isolated 1D CgoO
polymer and peapods are shown in Fig. 3. The projected DOS of the
1D CgoO polymer is denoted by the shadow area. For the metallic
peapod (Cgo0)poi@(14,0), it can be seen that the DOS has sharp peak
near the Fermi level and is about 210 states eV~ ! cell !, which is
almost contributed from the two nearly degenerated flat bands
derived mainly from the 1D CgoO polymer. Although large DOS may
be favorable to the high temperature superconductivity, the narrow
bands can lead to strong electron-electron interaction and suppress
the superconducting phase-transition. The DOS at the Fermi level
are completely contributed from the corresponding carbon nano-
tubes for (Cgp0)poi@(10,10) and (Cg00)p0i@(12,12). The wider frontier
bands lead to smaller DOS, less than 8 states eV~! cell~!. These
values are smaller than those of the alkali metal doped Cgg crystals
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Fig. 3. Density of states for the 1D CgoO polymer and the peapods.
0.4 peapods [42] and the carbon nanowires [25,26]. The peapods with
smaller tube diameters form the polarity systems. The outside
(16.0. wall of the SWCNTs may be favorable to attack by the nucleo-
/. philic species.
0.3
_— )
8 e 3.4. Mobility
2
& 02 In order to understand more about the transport properties of
E these peapods qualitatively, the mobility of charge carriers is
g Bt calculated based on the deformation potential (DP) approach [43],
2 ) which has been successfully applied to 1D conducting polymer
S 0.1 (18.0) [44], DNA stack [45], graphene nanoribbons [46] and so on. With
= the DP and effective mass approximation, the mobility of the 1D
\ systems can be expressed as follows [45,47]:
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Fig. 4. Charge transfer from the SWCNTSs to the 1D CgoO polymer in the peapods.

(about 13-15 states/eV per Cgp) [39,40]. Because of the smaller DOS,
(C600)po1@(10,10) and (Cg0)pei@(12,12) thus may not be the candi-
dates of superconducting material with phase transition tempera-
ture higher than those of alkali metal doped Cgg crystals.

As for the semiconducting peapods, the DOS is also quite large
(about 50 states eV~ ! cell~!) near the top of valence band for the
(C600)poi@(16,0) due to the 1D CgoO polymer-derived flat HOB.
The DOS near the top of valence band and bottom of conduction
band for (Ce00)poi@(18,0), (C00)p01@(20,0) and (Cgp0)p01@(22,0)
are all less than 20 states eV~ ! cell .

It can be seen that DOS distributions of the metallic zigzag
peapods (Cg00)p01@(14,0), the semiconductive zigzag (Cgo0)poi@
(n,0) (n > 14) and the metallic armchair (Cg00)poi@(m, m) (m=10,
12) are quite different from each other due to different band
structures. Moreover, the shadow area shifts from the highest
occupied bands and toward to the lowest empty bands with
increasing of the SWCNT diameters for the peapods. This is
because the 1D CgoO polymer-derived bands go down with
increasing of the SWCNT diameters as already mentioned.

We also roughly describe the charge population of these
peapods with Mulliken charge population method supplied by
CRYSTALO6 program. It is found that there exists electron transfer
from the tube to the inner 1D CgoO polymer for the peapods
studied as shown in Fig. 4. The charge transfer direction in these
peapods is consistent with those in the Cgg peapods [41], the C3g

where C is the stretching modulus of 1D crystal, m* are the effective
mass of electron or hole, T is the temperature and E;. and E;, are the
DP constants of conduction band and valence band for the semi-
conducting peapods, respectively. As for the metallic peapods, E; is
the DP constant at Fermi level. The effective mass can be obtained
from m* = #?|6*E/ok®|~!. C is obtained from C=a062E/6a2\a=ao,
where ag is the cell constant of 1D crystal. DP constant E; can be
obtained from the equation ¢ = E10a/ag = E1 4, then E; = d¢/A. In
order to calculate C and E;, we also calculate the band structures and
the energies of unit cell at six deformed lattice constants: 0.996a,,
0.998ao, 0.999a,, 1.001ay, 1.002ao and 1.004a,. We fit the curve of
strain energy with respect to the deformed lattice constants to
obtain the stretching modulus C. From the changes of energy o¢
with 4, we get the values of DP constant of the peapods. Finally,
substituting the values of the effective mass of electron and hole
(m% and m), E; and C into (3), we can get the mobilities of electrons
and holes (u. and pp) at room temperature. The calculated results
are listed in Table 3.

Based on the calculated results, the mobilities of holes
and electrons for the four semiconductive peapods are in the
range of 6.91x10%-5.69x10*cm?V~'s~! and 5.63 x 103-
1.11 x 10° cm? V~ ' s~ 1, respectively. The mobility of electron is
larger than that of hole by 1-2 order of magnitude except for
(C600)poi@(20,0), indicating that the electrons are more favorable
to movement in most of these semiconductive peapods. The 1D
Ce00 polymer and (Cgp0)p01@(16,0) have almost the same magni-
tude of hole mobility due to the 1D Cgo0 polymer-derived HOBs
in (Cg00)p0i@(16,0). A theoretical study reports that the mobilities
of some semiconducive SWCNTs can be improved after the
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Table 3
Calculated mobilities of the peapods. p1, ez are the electron mobilities for bands
1 and 2 in the two conducting armchair peapods.

Peapods Ue (cm?V~1s71) up (cm?V=1s71)
(C600)p01@(16,0) 9.614 x 10* 6.909 x 102
(C600)poi@(18,0) 1.104 x 10° 5.182 x 103
(C600)po1@(20,0) 5.629 x 10° 5.693 x 10*
(C600)p01@(22,0) 1.113 x 10° 7.856 x 10°

fer (cm? V=157 1) ez (em? V=157

5.099 x 10%
2.043 x 10°

3.103 x 10°
1.112 x 10°

(C600)pai@(10,10)
(C600)pai@(12,12)

encapsulation of Cgg molecules [48]. With the same method the
mobilities of charge carriers for the corresponding SWCNTs are
also calculated for the comparison. The mobilities of charge
carriers for the SWCNTs are some smaller than those for the
corresponding peapods except for uj, of (Cg00)pai@(16,0), but the
order of magnitude is also in the range of 10>-10° cm?V~'s~1.
This can be attributed to that the frontier bands of the peapods
are all derived from SWCNTs except the HOB of (Cg00)p01@(16,0).

For the metallic peapods, the electron mobility in the two partially
filled bands is in the range of 5.10 x 10>-3.10 x 10> cm? V~!s~! and
smaller than that in the bottom of conducting bands for the
semiconductive peapods.

The mobilities of charge carriers for the peapods are all in the
range of 10°-10°cm?V~'s~! and not less than those for the
corresponding SWCNTs, the combined systems may also be the
candidates for high-mobility electronic materials.

4. Conclusion

In summary, we investigated the structures, energies and
electronic properties as well as transport and elastic properties
for the novel peapods—one dimensional CgoO polymer encapsu-
lated in single-walled carbon nanotubes with various diameters
using the SCF-CO method based on DFT in this paper. The distance
between the two constituents has important influence on the
structure shape and thermodynamic stability of these peapods.
Among the peapods studied, the most stable ones are
(C600)po1@(18,0) and (Cg0)poi@(10,10), for which the distance
between the two constituent parts is in the Van der Waals scope
between carbon atoms, 3.51 A and 3.35 A.

The interaction between the tubes and the 1D CgoO polymer
also has strong influence on the electronic properties of the
peapods with smaller diameter of the SWCNTs. The smallest
peapod (Cgp0)poi@(14,0) studied becomes a metal with a zero
energy gap. The zigzag peapods with larger tube diameters are all
semiconductors, which are the same as the two constituents
constructing the peapods.

The elastic moduli along the tube axis for the peapods are
expected to be a little larger than those for the corresponding
pristine SWCNTs and much larger than that for the isolated 1D
CsoO polymer. This demonstrates that the encapsulation can
make these combined systems stiffer than the two components.
The mobilities of the peapods studied are all in the range of about
10%2-10° cm? V~' s~ !, These peapods may be potential candidates
for high-mobility electronic materials with stronger resistance to

the stress along the axis of the peapods due to the larger
mobilities and moduli.
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