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Abstract Recently, the grafting of polymer chains onto
nanotubes has attracted increasing attention as it can poten-
tially be used to enhance the solubility of nanotubes and in
the development of novel nanotube-based devices. In this
article, based on density functional theory (DFT) calcula-
tions, we report the formation of #rans-polyacetylene on
single-walled carbon-doped boron nitride nanotubes
(BNNTs) through their adsorption of a series of C,H, mol-
ecules. The results show that, rather than through [2+2]
cycloaddition, an individualmolecule would preferentially
attach to a carbon-doped BNNT via “carbon attack” (i.e., a
carbon in the C,H, attacks a site on the BNNT). The
adsorption energy gradually decreases with increasing tube
diameter. The free radical of the carbon-doped BNNT is
almost completely transferred to the carbon atom at the
end of the adsorbed C,H, molecule. When another C,H,
molecule approaches the carbon-doped BNNT, it is most
energetically favorable for this C,H, molecule to be
adsorbed at the end of the previously adsorbed C,H, mole-
cule, and so on with extra C,H, molecules, leading to the
formation of polyacetylene on the nanotube. The spin of the
whole system is always localized at the tip of the polyace-
tylene formed, which initiates the adsorption of the incom-
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ing species. The present results imply that carbon-doped
BNNT is an effective “metal-free” initiator for the formation
of polyacetylene.
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Introduction

Since the pioneering report on the synthesis of carbon
nanotube (CNT)—polymer composites by Ajayan et al. in
1994 [1], considerable efforts have been made to fabricate
and develop nanotube-based polycomposites [2]. This is
understandable because the long polymer chains help the
nanotubes to dissolve in various solvents, even with only a
low degree of functionalization [3], and, compared to un-
processed polymers and nanotubes, these nanocomposites
have more useful or enhanced electrical and optical proper-
ties, thermal conductivities, and superior mechanical
strengths [4-9]. These remarkable properties have stim-
ulated great interest, and make them potential candidates
for use in high-efficiency photovoltaic cells and light-
emitting devices, as reinforcing fibers in superstrong
composites, and so on [10-13].

Like carbon nanotubes, boron nitride (BN) can also form
one-dimensional nanostructures—boron nitride nanotubes
(BNNTSs) [14]. Although BN is isoelectronic with a pair of
carbon atoms, the electronic properties of these pairs of atoms
are completely different: CNTs show metallic or semiconduct-
ing properties, while BNNTs are large band-gap (almost al-
ways ~5.8 eV) semiconductors that preferably form zigzag
structures which are more stable than CNTs in terms of
thermal and chemical stability [15—17]. In particular, due to
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their superb mechanical properties and high thermal conduc-
tivities, boron nitride nanotubes are potentially applicable in
the design of nanotube—polymer composites that can be used
in oxidative and hazardous environments or at high temper-
atures [18, 19]. Unlike CNT—polymer composites, however,
to the best of our knowledge, not much attention has been
given to the covalent interactions of polymer composites with
BNNTs [20, 21], especially the process of grafting polymers
to BNNTs. In an attempt to elucidate BNNT—polymer forma-
tion, we chose to study the attachment of the relatively simple
molecule C,H, to a BNNT, which enabled us to explore the
bonding, geometry, and stability of polyacetylene (with its
unique electronic, optical, and electroluminescent properties
[22-24]) on BNNTs. In particular, the work addressed the
following questions. (1) How does C,H, polymerization on
carbon-doped BNNT proceed? (2) Why can carbon-doped
BNNT initiate C,H, polymerization? (3) What is the effect
of'the tube diameter on C,H, polymerization? (4) How do the
electronic properties of a carbon-doped BNNT change after
polyacetylene has been grafted onto it?

Computational methods and models

Density functional theory (DFT) calculations were per-
formed using the double numerical plus polarization
(DNP) basis set, which is implemented in the DMol® pack-
age [25, 26]. The generalized gradient approximation
(GGA) of Perdew—Burke—Ernzerhof (PBE) was employed
to obtain all of the results given below [27]. Since BNNTs
preferentially adopt zigzag chirality during growth [28-30],
we only investigated zigzag (n, 0) (n=8, 9, 10, 11, and 15)
nanotubes. A cluster model was built to study the formation
of polyacetylene on carbon-doped BNNTs. Each BNNT
included three unit cells for the zigzag tube [for example,
48 B and 48 N atoms for an (8, 0) BNNT]. Hydrogen atoms
were used to avoid the effects of dangling bonds at the two
ends. For comparison, we also studied C,H, polymerization
on a hexagonal BN graphene sheet using a 5 x5 supercell in
two dimensions, which had edges saturated with hydrogen
atoms, as shown in Fig. S1 of the “Electronic supplementary
material,” ESM.

The adsorption (or interaction) energy per C,H, molecule
adsorbed onto the carbon-doped BNNT was defined as

Eads - [Etotal(mbe/N - C2H2) - Etotal(tUbe) - NEtotal(C2H2)]/N7
(1)

where E,4(N) is the average adsorption energy of N C,H,
molecules on carbon-doped BNNTS, E\, is the total energy
of the systems in parentheses, and n is the number of
adsorbed C,H, molecules. A negative value of E,45 corre-
sponds to a stable adsorption structure. If we suppose that
these C,H, molecules are adsorbed one by one, the
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adsorption energy of the Nth C,H, molecule on doped
BNNT can be written as

Eads(Nth) = Eads(N) - Eads (N - 1) (2)

= [Etmal(tube/N - CZHZ) - Etotal(mbe) - NEtotal(CZHZ)}
— [Etora(tube /(N — 1) — CoH,) — Ejgrar(tube) — (N — 1)Eqoa (C2Ha)]

(3)

= [Etoal (tube /N — CoH,)]
= [Eotar(tube/ (N — 1) — CoHy)] — Eioa (C2Hz). “)

Results and discussion
Adsorption of an individual C,H, molecule

First, we investigated the adsorption of an individual C,H,
molecule onto carbon-doped BNNT. In the carbon-doped
BNNT, a boron (in a “Cg-doped” BNNT) or nitrogen (in a
“Cn-doped” BNNT) atom is substituted by a carbon atom.
For simplicity, a Cg-doped (8, 0) BNNT is used here as an
example. For this doped BNNT, structural relaxation results
in a small outward displacement along the radial direction,
which facilitates C,H, adsorption due to decreased steric
hindrance from the BNNT sidewall. The average C—N dis-
tance is shortened by ~0.027 A compared to the B-N
distance in pristine BNNT (1.448 A). Figure 1 plots spin
density, the highest occupied molecular orbital (HOMO),
the lowest unoccupied molecular orbital (LUMO), and the
Fukui functions [31]. We found that the calculated spin
density, HOMO, LUMO, and Fukui functions are strongly
localized at the introduced C impurity. Hence, the site of the
C impurity exhibits much higher reactivity towards adsor-
bates than the other atoms in the doped BNNT.

For the adsorption of an individual C,H, onto the Cy
(8, 0) BNNT, two kinds of initial adsorption configura-
tion are conceivable: the C,H, molecule attaches to the
doped BNNT through “carbon attack™ or [2+2] cycload-
dition. In the former, one of the carbon atoms of the
linear C,H, molecule vertically attacks the C impurity,
the boron, or the nitrogen site of the doped BNNT. In the
latter, the C—C bond of the C,H, molecule is adsorbed
onto the C—N or B-N bond of the doped BNNT via [2+
2] cycloaddition, resulting in the formation of a four-
membered ring. The C-doped BNNT has a ground state
of S=1/2, so we performed spin-polarized calculations
for those configurations.

After carefully optimizing the structure of each initial
adsorptive configuration by varying its spin multiplicity, it
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Fig. 1 a Spin density, b
HOMO, ¢ LUMO, d Fukui
functional f (), and e Fukui
functional f*(r) of a C-doped
(8, 0) BNNT

was found that it is most energetically favorable for the
C,H, molecule to attach to the doped BNNT through carbon
attack. Here, the doublet state is the ground state. For the
most stable configuration (Fig. 2a), one carbon atom of
C,H, is bound to the C impurity of the Cg (8, 0) BNNT,
while the other carbon atom is far from the nanotube. This
configuration has an E,4s value of —0.661 eV, and the
distance between the C,H, and the doped BNNT is
1.549 A. The two H atoms of the adsorbed C,H, molecule
are on either side of the C—C bond. PBE/TNP calculations
were also performed for this configuration (Fig. 2a), and the
resulting geometric structure is shown in Fig. S2 of the
ESM. We found that the results from the PBE/DNP and
PBE/TNP calculations were quite similar, except that the
E.qs value calculated using PBE/TNP is slightly larger
(—=0.710 eV). Thus, the method used in the present work is
accurate enough to study the adsorption of C,H, onto a C-
doped BNNT. Furthermore, this adsorption induces local
structural deformation of both the C,H, molecule and the

Cg (8, 0) BNNT (Fig. 2a): (i) the length of the C—C bond of
C,H, increases from 1.211 (free C,H,) to 1.311 A, while the
bond angles H-C-C of C,H, decrease significantly from
180° to 121° and 140° in the adsorbed form. The adsorbed

C-impurity site on the C,H, molecule is pulled outward
from the tube surface, and the C—N bond lengths are
1.473, 1.493, and 1.493 A, respectively, which are larger
than those in the original Cg (8, 0) BNNT (1.407, 1.428, and
1.428 A, respectively). Such structural deformation can be
attributed to the change in the local hybridization of the
carbon impurity in the doped BNNT from an sp” to an sp°
orbital, implying that the adsorption is covalent. More in-
terestingly, the magnetic moment (0.784 g using the Hirsh-
feld method, Fig. S3 in Supporting Information) of this
nanocomposite is localized on the carbon atom at the end
of the adsorbed C,H, molecule. In other words, the spin of
the Cg-doped BNNT is almost completely transferred tothe
adsorbed C,H, molecule. Hence, the carbon atom at the tip
of the adsorbed C,H, molecule possesses high reactivity
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toward incoming adsorbates, and provides a greater contri-
bution to the HOMO, LUMO, and Fukui functions (Fig. S3)
than the other atoms of the system. In addition, four other
metastable adsorption configurations are obtained, as shown
in Fig. 3b—e. The calculated adsorption energies are —0.658
(Fig. 2b), —0.651 (Fig. 2¢), —0.649 (Fig. 2d), and —0.195 eV
(Fig. 2e), respectively.

Fig. 2 a—e Optimized structure
of an individual C,H, molecule
on a Cg-doped (8, 0) BNNT.
Various adsorption sites and
C,H, orientations were
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For these metastable configurations, it was consistently
found that (i) the carbon-attack configurations of the C,H,
molecule on the Cg-doped BNNT (Fig. 2b—d) are more stable
than those of [2+2] cycloaddition (Fig. 2¢), (ii) the adsorption
of an individual C,H, molecule on a Cg (8, 0) BNNT is nearly
independent of its orientation with respect to the nanotube
(Fig. 2a and b), and (iii) it is slightly more stable for the two
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Fig. 2 (continued)

——

hydrogen atoms of the adsorbed C,H, molecule to be located
on both sides (Fig. 2a and b) of the C—C bond than on the same
side (Fig. 2c and d).

To evaluate the effect of the curvature of the Cg-doped
BNNT on individual C,H, adsorption, we calculated the
attachment of a single C,H, molecule to other zigzag Cg
(n, 0) (n=9, 10, 11, and 15) BNNTs and Cg BN graphene.
For simplicity, only the carbon-attack configuration shown
in Fig. 2a was considered. In Fig. 3, we present curves of the
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Fig. 3 The adsorption energies of an individual C,H, molecule on Cg-
doped (n, 0) BNNTs (n=8, 9, 10, 11, 15) and BN graphene

(€) Ews=-0.195eV

calculated adsorption energy with n for carbon-doped
BNNTs. Clearly, C,H, adsorption gradually weakens with
increasing tube diameter due to curvature effects. For ex-
ample, the adsorption energy of C,H, on a (9, 0) tube is
—0.654 eV, while it decreases to —0.421 eV on Cg-doped BN
graphene. This indicates that the C,H, molecule can be
stably chemisorbed on all of the Cg-doped BNNTs investi-
gated, as well as on BN graphene, and that in all cases the
adsorption is accompanied by near-complete spin transfer
from the nanotube to the adsorbed C,H, molecule.

The formation of #rans-polyacetylene on carbon-doped
BNNTs

Based on the above results for individual CoH, molecule
adsorption, we further investigated the formation of #rans-
polyacetylene on carbon-doped BNNTs.

When two C,H, molecules are adsorbed onto a Cg-doped
(8, 0) BNNT, a number of configurations are possible. The
two C,H, molecules could be co-adsorbed through carbon
attack, [2+2] cycloaddition, carbon attack by one molecule
and [2+2] cycloaddition by the other molecule, or polymer-
ization (the second C,H, is adsorbed onto the first C,H>).
Among the locally stable configurations shown in Fig. 4, the
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Fig. 4 a—i Optimized structures
of two C,H, molecules on a
Cp-doped (8, 0) BNNT. Various
adsorption sites and C,H,
orientations were examined.
The bond distances are in
angstroms
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most energetically preferred is the one where the carbon =~ monomer molecules dimerize to produce a dimer, the trans-
atom of the second C,H, binds with the carbon atom at  C4H, species. This further suggests that the carbon atom at
the end of the first C,H, molecule (Fig. 4a); i.e., the two the end of the first C,H, molecule has a much higher
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Fig. 4 (continued)

Fig. 5 Optimized structures of
a three, b four, ¢ five, d six, e
seven, and (f) eight C,H,
molecules on a Cg-doped (8, 0)
BNNT. The bond distances are
in angstroms
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Fig. 5 (continued)

reactivity than the other atoms. The adsorption energy of
this configuration is —1.399 eV per C,H, molecule accord-
ing to Eq. 1, which is roughly twice an individual energy of
C,H, adsorption (—=0.661 eV). The distance between the two
adsorbed C,H, molecules is 1.463 A, while the C—C bonds
of the two C,H, molecules increase to 1.346 and 1.326 A,
respectively. Similar to the case for individual C,H, adsorp-
tion, the spin density, HOMO, LUMO, and Fukui functions
of this most stable configuration receive the greatest contri-
butions from the carbon atom at the tip of the trans-C4H,
species (see Fig. S4 of the ESM), indicating that it is the
most reactive region for subsequent adsorbates. In addition
to the lowest-energy configuration, we also obtained other
seven metastable adsorption configurations with adsorption
energies ranging from —0.089 eV (Fig. 4i) to —1.378 eV
(Fig. 4b). We should point out that the configurations for
C,H, dimerization on the carbon-doped (8, 0) BNNT
(Fig. 4a—e) are much more energetically favorable than the
others (Fig. 4f—).

To gain deeper insight into the behavior of multiple C,H,
molecules on the carbon-doped BNNT, we gradually in-
creased the number of C,H, molecules from 3 to 8 on the
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nanotube. The structures obtained are shown in Fig. 5. We
found that the Nth C,H, molecule always prefers to bind
with the tip of the (N — 1)th C,H, molecule, where N is the
number of C,H, molecules adsorbed onto the doped BNNT,
leading to the formation of a frans-polyacetylene system on
the nanotube, as shown in Scheme 1. We also found that the
spin of the whole system is always localized at the tip of the
formed trans-polyacetylene species. Due to the high reac-
tivity of the chain tip, NC,H,/nanotube systems can initiate
some important reactions, such as the oxidation of
hydrocarbons.

In Fig. 6, we present the variation of the calculated
adsorption energy (E,qs) with the number of C,H, mol-
ecules adsorbed (N) onto various carbon-doped BN sys-
tems. The results indicate that the FE,4s values of the
C,H, molecules on these BN systems decrease linearly
with increasing N. Also, the E,4 values of the C,H,
molecules on the Cg-doped (8, 0) BNNT are slightly
larger than those on the Cg-doped BN graphene, suggest-
ing that C,H, polymerization on carbon-doped BN sys-
tems is almost independent of tube size. In other words,
it is very easy for C,H, molecules to polymerize on Cg-
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Scheme 1 The polymerization
of C,H, molecules on carbon-
doped BNNT

carbon-doped BNNT + NC,H, ——» 1C

doped BN nanostructures. C,H, molecules can also po-
lymerize on Cy-doped BNNTs, and their interactions
with this type of doped BNNT are somewhat stronger
than those of Cg-doped BNNTs. Finally, the general
trend in the E,4 values for C,H, obtained using Eq. 1
is consistent with that seen when using Eq. 4, although
the values obtained with the latter are obviously larger
than those gained with the former.

Although our study is based on a cluster model, we
expect that similar conclusions will be obtained for
periodic systems. Toward this end, we have performed
several test calculations on the periodic zigzag (8, 0)
BNNT, in which a one-dimensional (1D) periodic
boundary condition was applied along the tube axis to
simulate an infinitely long (rather than truncated) nano-
tube. A hexagonal supercell of size 30x30x 12.78 A’
was adopted, which is enough large to avoid interac-
tions of C,H, with its periodic images. Moreover, the
length of the tube axis is three times the periodic length
of the zigzag (8, 0) BNNT. The PBE/DNP method was
adopted for the calculations. After geometric optimiza-
tion, we found that the structures obtained exhibited the
same configurations as those in the cluster model. The

—a—f of C.H, on C -doped (8, 0) BNNT by formula 1
—8—E_ of CH, onC -doped (8, 0) BNNT by formula 4
§ —&—.‘;’mc»t'(jzl-l1 onC,-doped (8, 0) BNNT by formula 1
\ —#—E of C.H, on C -doped BN graphene by formula 1

-~ L2}
3
4
" -1.6 =
2.0
24 1 L 1 T T T T
1 2 3 4 5 6 7 8
N(C;!Hz)

Fig. 6 Variation in adsorption energy (per C,H, molecule) as a func-
tion of the number of C,H, molecules adsorbed onto a Cg-doped (8, 0)
BNNT
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(A & A
H & A& 3
S el lE R A
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adsorption energies are summarized in Table 1, where a
similar trend to that obtained in the cluster model is
apparent.

Finally, we use Cg-doped (8, 0) BNNT as an example to
explore the effects of grafting N C,H, molecules (N=1-8)
onto the nanotube on its electronic properties. Accordingly,
the calculated band structures for the pristine and function-
alized BNNTs are shown in Fig. 7, and the obtained band
gaps are presented in Table 1. For the Cg-doped (8, 0)
BNNT, the C impurity introduces two levels into the band
gap (Fig. 7a): the spin-up level is deep inside the band gap,
while the spin-down level is 0.841 eV above the bottom of
the conduction band, which is in agreement with previous
studies [32, 33]. The local density of states (LDOS) in
Fig. 7b indicates that the sharp peak near the Fermi level
in the total density of states (TDOS) is contributed by the C
impurity. Upon grafting N C,H, molecules (N=1~8) onto
the Cg-doped (8, 0) BNNT, as shown in Fig. 7c—e, we found
that more band levels are introduced into the band structure,
and the band gap of doped BNNT is increased by different
amounts because the spin-down level above the bottom of
the conduction band is lifted up by different degrees with

Table 1 Average adsorption energies® of N C,H, (N=1-8) molecules
adsorbed onto a zigzag Cg-doped (8, 0) BNNT, and the band gaps of
the resulting composites, calculated using a periodic model

N C,H, molecules Eaas (€V)? Band gap (eV)
1 —0.648 (—0.661) 2.171
2 —1.389 (—1.399) 2.479
3 —1.680 (—1.690) 2.196
4 —1.833 (—1.842) 1.948
5 —1.928 (—1.936) 1.772
6 —1.991 (-2.000) 1.646
7 —2.037 (—2.047) 1.550
8 —2.069 (—2.081) 1.405
Cg-doped (8, 0) BNNT - 0.841

?The average adsorption energies were calculated according to Eq. 1
°The E,q, value in parentheses was calculated using the cluster model
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Fig. 7 The band structures of N ( a)
C,H,/Cg-doped (8, 0) BNNT
fora N=0,¢ N=1,d N=2,e N=
7. b The total and local
densities of states for the Cg-
doped (8, 0) BNNT. The Fermi
level is shown by a red dotted
line

spin-up

Energy (eV)
/

Energy (eV)

different values of N. For example, when one, two, or seven
C,H, molecules are attached to the Cg-doped (8, 0)
BNNT, the band gap increases by 1.330, 1.638, and
0.709 eV, respectively, as shown in Table 1. In partic-
ular, the spin-down level of the Cg-doped (8, 0) BNNT
is lifted to the greatest extent when two C,H, molecules
are adsorbed, thereby leading to the largest band gap for
N = 2 (Table 1).

Clearly, our DFT calculations show that the Cg-doped
BNNT is an ideal “metal-free” initiator for the formation of
polyacetylene. Remarkably, this initiator (substituted
carbon-doped BN nanostructures) has been recently
achieved via in situ electron beam irradiation in an energy-
filtering 300 kV high-resolution transmission electron mi-
croscope [34]. In this sense, our study provides valuable
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guidance for finding an effective initiator for C,H,
polymerization.

Conclusions

In conclusion, ab initio calculation results suggest that
trans-polyacetylene is easily formed on carbon-doped
BNNT. The mechanism of C,H, polymerization is attribut-
ed to continuous spin transfer from the BNNT to the most
recently adsorbed C,H, molecule. After grafting C,H, mol-
ecules onto the doped BNNT, the band gap of the nanotube
is increased to various extents depending on how the band
structure is calculated. Finally, we are actively investigating
the potential of the carbon-doped BNNT as an initiator for



J Mol Model (2012) 18:3415-3425

3425

the polymerization of other polyenes with 7-conjugated
backbones (such as ethylene and butadiene).
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