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Selectable functionalization of single-walled carbon nanotubes resulting
from CH n „nÄ1– 3… adsorption
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Chemical functionalization of single-walled carbon nanotubes with different hydrocarbon radicals through
collisional reaction between energetic methane molecule and single-walled carbon nanotubes in the energy
range from 5 to 100 eV has been studied by using classical molecular dynamics simulations combined with
ab initio calculations. We find that through controlling the incident energy of the methane molecule, chemical
decoration of single-walled carbon nanotubes with different hydrocarbon radicals CHn (n51 – 3) can be
achieved. Various stable adsorption configurations and the corresponding electronic structures are studied
based onab initio calculations. It indicates that for the CH3 and CH radicals decorated~5,5! single-walled
carbon nanotube, the density of states of the electrons is substantially modified.

DOI: 10.1103/PhysRevB.69.165415 PACS number~s!: 73.22.2f, 73.63.Fg, 82.30.Cf
be
n
i

du
m
ng

d

n
c
ni
ng

h
l o
a
c
a

th

i
o

es

ol
rg

i
e
d
o
r

ne

ps
-
T’s
s of
’s
ates

ak
and

al-
c-
ova-

it
he
her

on
e
of
ve
w

tion
es
u-

osed

he
-

ane
15
INTRODUCTION

The novel structure and properties of carbon nanotu
have attracted great attention in both the fundamental scie
and technological applications ever since their discovery
1991.1 Carbon nanotubes exhibit the highest Young’s mo
lus and tensile strength among all materials, and are pro
ing low-density high-modulus fibers for using as reinforci
elements in composite materials.2–11 Single-walled carbon
nanotubes ~SWNT’s! are always described by rolle
graphene where hexagonal two-dimensional lattice
mapped on a cylinder of radiusR with various helicities
characterized by a set of two integers (m,n). Their electronic
structure can be either metallic or semiconducting, depe
ing on the helicity and the radius.12 These diverse electroni
properties open a possibility of developing nanoelectro
devices by combining metallic and semiconducti
nanotubes.13

Recently, functionalization of SWNT’s achieved throug
adsorption of foreign molecules or radicals on the sidewal
SWNT’s ~Refs. 14–19! has come into focus since it is
promising way to modify the chemical, physical, and ele
tronic properties of the tubes. For example, the sidew
decoration of SWNT’s by a polymer matrix decreases
stiffness of the tubule by an average value of about 15%.14,15

The transition of electronic structures from metallic to sem
conducting caused by the adsorption of hydrogen atoms
the exterior wall of SWNT’s has also been predicted.16,17

Fluorization of SWNT’s can modify the electronic structur
by adjusting the coverage and the adsorption structure.18,19

The coupling between the SWNT’s and the foreign m
ecules or radicals usually disturbs the uniformity of cha
distribution of SWNT’s and introduces some local states
the band gap of the tubes,20,21and the global properties of th
complex is thereby modified. In the present work, we stu
the adsorption of methane radicals on the exterior wall
SWNT’s to explore the possibility of functionalization o
modification of the SWNT’s.
0163-1829/2004/69~16!/165415~6!/$22.50 69 1654
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There are two main approaches to decorate SWNT’s. O
is noncovalent attachment of molecules~physical adsorp-
tion!, the other is covalent attachment of functional grou
~chemical adsorption! to the sidewall of SWNT’s. The physi
cal adsorption of some gas molecules on the wall of SWN
can significantly change the electronic transport propertie
SWNT’s. The sensitivity of electronic properties of SWNT
to certain gas species makes SWNT’s interesting candid
as nanoscale chemical sensors.22 Different from the physical
adsorption of adsorbates on SWNT’s, for which the we
van der Waals forces between the adsorbed molecules
the SWNT’s are dominant interactions, covalent function
ization of SWNT’s arises from covalent attachment of fun
tional radicals, and thus is more stable. In some cases, c
lent functionalization is an especially attractive target, as
can improve solubility and processability and allows t
unique properties of SWNT’s to be coupled to those of ot
materials.

In general, chemical attachment of functional groups
the sidewall of defect-free SWNT’s is relatively difficult, du
to the relative low reactivity of the exterior surface
SWNT’s. Polyatomic ion bombardment as an effecti
method of chemical functionalization of SWNT’s has dra
much attention both experimental and theoretical.23,24 The
main purpose of the present work is to study the decora
of SWNT’s via collision of energetic methane molecul
with SWNT’s by using classical molecular dynamics sim
lations ~MDS! combined with ab initio calculations. We
found that energetic methane molecules can be decomp
into hydrocarbon radicals (CH3, CH2, and CH! adsorbing
on the exterior wall of SWNT’s, and hydrogen atoms in t
collision. The decoration of SWNT’s with different hydro
carbon radicals (CH3, CH2, or CH! resulted from methane
bombardment depends on the incident energy of the meth
molecule. When the incident energy is in the range from
to 25 eV, the functionalization of~5,5! SWNT with CH3
radical has the highest probability. While the CH2-
©2004 The American Physical Society15-1
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functionalized~5,5! SWNT is mainly observed as the inc
dent energy ranging from 25 to 40 eV. The functionalizati
of ~5,5! SWNT’s with CH mainly occurs in the incident en
ergy ranging from 40 to 70 eV. The electron-density conto
obtained fromab initio calculations clearly shows that th
hydrocarbon radicals are chemically adsorbed on the wa
the SWNT’s. The modification of the electron density
states~DOS! of the SWNT’s caused by the covalent fun
tionalization with different hydrocarbon radicals was al
obtained by using density functional theory~DFT!.

SIMULATION METHODS

The molecular collision processes between the meth
molecules and the sidewall of~5,5! SWNT’s, the subsequen
methane molecular decomposition and the detailed pro
of hydrocarbon radicals adsorbed on the exterior wall of
SWNT forming various decoration structures were simula
using the second-generation reactive empirical bond o
potential ~REBO! developed by Brenner.25 The earlier ver-
sion of REBO~Ref. 26! has been widely used to describ
hydrocarbon systems including diamond, graphite, car
nanotube, and fullerenes. The results obtained are in g
agreement with those from experiments andab initio calcu-
lations. The second-generation REBO includes impro
analytic functions and extended parameters based on the
lier version, and thus results in more accurate results. In
dition, the long-distance van der Waals forces between
methane molecule and the SWNT and among the meth
molecules expressed in 6-12 Lennard-Jones forms were
taken into account in our simulations.

Initially, a ~5,5! SWNT with each end capped by a hem
sphere of C60, which contains 210 carbon atoms was relax
for 2 ps at 0.1 K using a Langevin molecular dynam
scheme~LMD ! in order to obtain the equilibrium configura
tion. LMD combines the simulated annealing scheme w
MD calculations and allows one to heat or cool the react
products in a physically appealing manner.27 The equilibrium
configuration of the~5,5! SWNT obtained was then used
the following simulations. A methane molecule placed 15
away from the~5,5! SWNT moves toward a hexagon on th
wall of the tube in the central part of the tube at the trans
tional velocity determined by the incident energy select
Twenty incident energies were selected in the range
5–100 eV. At the each selected energy, we simulated
events with the collision points randomly selected on
hexagon of the~5,5! SWNT. The orientation of the methan
molecule was also randomly selected for each impact ev
Following each collision event the system was relaxed fre
for 1ps before the next collision event to commence.

RESULTS AND DISCUSSION

We have examined various configurations of the reac
products following the collisions events. Four typical cas
are found, and given as follows.~1! The methane molecule i
scattered off the sidewall of the SWNT and no decoration
the SWNT occurs,~2! The decomposition reaction of meth
ane CH4→CH31H occurs and the CH3 radical is adsorbed
16541
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on the sidewall of the SWNT or it is scattered off the tub
~3! The decomposition reaction of methane CH4→CH2
12H takes place and the CH2 is adsorbed on the sidewall o
the SWNT or it is scattered off the tube.~4! The reaction
CH4→CH13H occurs and the CH radical is adsorbed
the sidewall of the SWNT or it is scattered off. The probab
ity of these cases as a function of incident energy is show
Fig. 1~a!.

It is obvious that the collision results strongly depend
the incident energy. When the incident energy is below
eV, 100% of the methane molecules are scattered, show
the open squares in Fig. 1~a!. When the incident energy is
higher than 10 eV, the scattering probability for CH4 de-
creases abruptly, with negligible probability at energy high
than 40 eV. As the incident energy is higher than 15 e
decomposition reaction of methane CH4→CH31H takes
place. The sidewall decoration of the~5,5! SWNT with CH3
radical has the maximum probability~the solid up triangles!
at the incident energy of 20 eV, while the probability~the
open up triangles! of CH3 scattered off is always very low

FIG. 1. Collisional reaction probabilities of various products a
scatting events as a function of the incident energy of CH4 molecule
colliding with SWNT’s, ~a! CH4 collision with a ~5,5! SWNT, ~b!
CH4 collision with a ~10,10! SWNT.
5-2
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TABLE I. The selected bond lengths and adsorption energies of the~5,5! SWNT with different adsorbed hydrocarbon radicals. T
adsorption energyEa of hydrocarbon radical (CHn) on the sidewall of the SWNT is defined as the following expression:Ea

5Etot(SWNT1CHn)2Etot(SWNT)2Etot(CHn), where Etot(SWNT1CHn) is the total energy of SWNT with an adsorbed hydrocarb
radical, Etot(SWNT) andEtot(CHn) are the total energy of an isolated SWNT and a free hydrocarbon radical, respectively. All the
energies are calculated based on fully relaxed configurations.

dC1-C2
~Å! dC1-C3

~Å! dC2-C3
~Å! dC1-H ~Å! Ea ~eV!

CH3-~5,5!SWNT 1.542 1.535 1.088 22.572
CH2-~5,5!SWNT~I! 1.521 1.522 1.113 24.563
CH2-~5,5!SWNT~II ! 1.653 1.653 1.640 1.079 23.895
CH2-~5,5!SWNT~III ! 1.521 1.539 1.088 23.192
CH-~5,5!SWNT~I! 1.419 1.418 1.089 24.721
CH-~5,5!SWNT~II ! 1.657 1.656 1.645 1.080 22.978

CH3-~10,10!SWNT 1.549 1.527 1.089 22.238
CH2-~10,10!SWNT~I! 1.520 1.520 1.086 23.668
CH2-~10,10!SWNT~II ! 1.654 1.653 1.640 1.080 23.543
CH2-~10,10!SWNT~III ! 1.526 1.533 1.090 22.855
CH-~10,10!SWNT~I! 1.395 1.395 1.088 23.080
CH-~10,10!SWNT~II ! 1.657 1.656 1.636 1.080 22.633
ha

ra
l
e

di
, w
ha

ad

n
th
e
hi

ur
70
eV

p

th
n
er
o
.8

th

na
e

al
nc
rg
e

p-
ved
co-
t
ut
en

ane

etic
-

ose
the
ch

on

e

n

uc-
he

the
n
is
d

CH2 radical appears when the incident energy is higher t
20 eV, and the adsorption probability~the open circles! of the
CH2 radical on the sidewall of the~5,5! SWNT has a maxi-
mum at the incident energy of 35 eV. The sidewall deco
tion of the ~5,5! SWNT by adsorption of the CH radica
mainly takes place at the incident energy higher than 30
and the maximum probability of CH adsorption~the solid
diamonds! appears at the incident energy of 55 eV. In ad
tion to the three decoration structures described above
have also found that when the incident energy is higher t
60 eV, the probability of complete dissociation of CH4 mol-
ecule leaving behind the product carbon atom being
sorbed on the tube wall~the open down triangles! is rela-
tively high.

It is also found that the collision of an energetic metha
molecule with the SWNT can also lead to damage on
sidewall of the tube around the collision point, forming d
fects such as bond breaking, especially for the cases of
incident energy. However, most of these damages can
healed through annealing at higher temperat
(;2000 K), provided the incident energy is lower than
eV. However, when the incident energy is higher than 70
the severe damage formed and can not be healed sim
through annealing.

The decomposition of methane molecule is relevant to
energy transfer from the translational energy to the inter
energy caused by the collision. We have evaluated the en
required to detach a hydrogen atom from a methane m
ecule. The calculation based on REBO gives a value of 4
eV, in good agreement with that of 4.89 eV obtained from
GAUSSIAN98code28 at the accuracy level of B3LYP/6-31G* .
When the incident energy is lower than 10 eV, the inter
energy of a methane molecule gained in the collision is low
than 4 eV in all of our simulations. This is the reason why
the methane molecules scatter off the SWNT when the i
dent energy is lower than 10 eV. When the incident ene
increases, methane molecule can obtain more internal en
16541
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and decomposition of CH4 can take place, and thus adsor
tion of the produced radical on the tube wall can be obser
since the radical is more active. We also notice that the de
ration of the~5,5! SWNT with CH3 radical has the highes
probability (;75%) at incident energy 20 eV, which is abo
10 eV higher than that reported for the collision betwe
~5,5! SWNT and CH3 radical.23,24 This difference is under-
standable since extra energy is required to create a CH3 radi-
cal through disintegration a hydrogen atom from a meth
molecule.

We also simulated the collisions between an energ
methane molecule and a~10,10! SWNT under the same con
ditions used for the case of the~5,5! SWNT. The typical
events found in these simulations are very similar to th
found in the collision between methane molecule and
~5,5! SWNT. However, the probability corresponding to ea
decoration event is lower than that in the case of~5,5!
SWNT, as shown in Fig. 1~b!. For example, the maximum
probability of the sidewall decoration of the~10,10! SWNT
with CH3 radical is only 40%, much lower than that of~5,5!
SWNT, 75%. This is due to the lower reactivity of the carb
atoms on the sidewall of the~10,10! SWNT in comparison
with that on the~5,5! SWNT since the curvatures of thes
two SWNT’s are diffrent.21 This is also in consistent with the
result that the adsorption energy of a CH3 radical on the
sidewall of the~10,10! SWNT is about 0.334 eV weaker tha
that of a CH3 radical on the sidewall of the~5,5! SWNT ~see
Table I!.

It is interesting to examine the possible adsorption str
tures of methane radicals on the exterior wall of t
SWNT’s. There is only one stable configuration for a CH3
radical being adsorbed on the sidewall of the~5,5! SWNT.
The CH3 radical always locates above a carbon atom on
tube wall. The equilibrium configuration of this adsorptio
complex after being relaxed at 0.1 K for 2 ps using LMD
shown in Fig. 2~a!. The electron density contours, obtaine
5-3
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from DFT calculations, on the plane containing the carb
atoms C1, C2 , and C3 are also presented as the inset of t
figure. The remarkable overlap of the electron clouds
tween carbon atoms C1 and C2 clearly indicates the forma
tion of a covalent chemical bond between them. The len
of this bond is about 1.542 Å, which is close to the length
covalent C-C bond in diamond. The adsorption energy of
CH3 radical on the sidewall of~5,5! SWNT is 22.57 eV
based on the calculation using REBO and22.44 eV ob-
tained from the computer codeFIREBALL, which is base on
density-functional theory tight-binding method~DFTB!.29

These results clearly show that the adsorption of a CH3 radi-
cal on the sidewall of~5,5! SWNT is a chemical adsorption
Structural distortion also occurs in the region near the
sorption site caused by the adsorption of the CH3, where the
carbon atom C2 extrudes out and the bond length betwe
carbon atom C2 and C3 is lengthened to 1.535 Å in compar
son with other C-C bonds on the tube wall, 1.42 Å. The bo
angle between the bond C2-C1 and the bond C2-C3 is
110.1°, which is very close to the standard bond angles

FIG. 2. The different decoration structures produced by C4

molecule collision with a~5,5! SWNT. The black ball (C1) is the
carbon atom of the CHn(n51,2,3) radical and the black balls (C2

and C3) denote the carbon atoms at the adsorption sites on
SWNT, the gray balls denote carbon atoms on normally position
the SWNT, and the small open balls represent hydrogen atoms.
insets of this figure are the electron density contours on the p
containing C1 , C2 , and C3 .
16541
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sp3 hybridization (109°), indicating structural transition o
the carbon atoms around the adsorption site fromsp2 to sp3

caused by the adsorption of the CH3 radical.
We found three stable configurations for a CH2 radical

adsorbed on the sidewall of~5,5! SWNT. The first one is
denoted by CH2-(5,5)SWNT(I), as shown in Fig. 2~b!. The
carbon atom C1 of the CH2 radical bridges between the ca
bon atoms C2 and C3 of the tube, and the bond between C2

and C3 is broken. As shown in the inset of Fig. 2~b!, the
remarkable overlap of the electron clouds between C1 and
C2, and that between C1 and C3 clearly indicates that the
CH2 radical is incorporated in the sidewall of the tub
through two covalent bonds. The second one is denoted
CH2-(5,5)SWNT(II), as shown in Fig. 2~c!. In this case, the
carbon atom C1 bridges between carbon atoms C2 and C3 of
the tubs, while the bond between C2 and C3 is not broken
@see the inset of Fig. 2~c!#. The overlap of the electron clou
among carbon atoms C1, C2 , and C3 is somewhat loose in
comparison with that of configuration CH2-(5,5)SWNT(I).
The distances between C1 and C2, C1 and C3, and C2 and
C3 are 1.653, 1.653, and 1.640 Å, respectively. This indica
that C1-C2 , C1-C3 , and C2-C3 are still weak bonds. The
third one is denoted by CH2-(5,5)SWNT(III), as shown in
Fig. 2~d!. There, the CH2 radical is adsorbed above a carbo
atom C2 on the tube through a covalent C-C bond with t
bond length of 1.521 Å. We also evaluated the adsorpt
energies of CH2 on the sidewall of the~5,5! SWNT corre-
sponding to these three configurations based on REBO
spectively. The results are listed in Table
CH2-(5,5)SWNT(I) is energetically the most favorable co
figuration, while CH2-(5,5)SWNT(III) is the most unfavor-
able. This is also revealed in our simulated annealing tre
ment. We relaxed the configuration CH2-(5,5)SWNT(III) at
2000 K and found that it changed to the configurati
CH2-(5,5)SWNT(II) and then to the configuratio
CH2-(5,5)SWNT(I). We also annealed the configuratio
CH2-(5,5)SWNT(II) and CH2-(5,5)SWNT(III) at 1000 K
for 2 ps, but did not find any remarkable changes. We t
conclude that the configurations CH2-(5,5)SWNT(II) and
CH2-(5,5)SWNT(III) are metastable, which may exist
room temperature.

The configurations of a CH radical adsorbed on the si
wall of ~5,5! SWNT are relatively complicated. Four typica
structures are observed and listed as following.~1! Carbon
atom C1 of the CH radical bridges between carbon atoms2
and C3 of the tube forming two covalent bonds C1-C2 and
C1-C3 , while the bond C2-C3 originally existed on the tube
wall is broken. This decoration structure is denoted
CH2-(5,5)SWNT(I) in Fig. 2~e!. ~2! The carbon atom C1 of
the CH radical bridges between two carbon atoms C2 and C3
of the tube, but the bond between C2 and C3 is not broken, as
denoted CH-~5,5!SWNT~II ! shown in Fig. 2~f!. ~3! The car-
bon atom of the CH radical locates over the center o
hexagon on the tube wall with the distance about 1.646 Å
a carbon atom of the hexagon. We annealed this config
tion at 1000 K for 2 ps using LMD, and did not found an
remarkable change of the structure. However, as the ann
ing temperature increased to 2000 K, this configurat
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changed to configuration CH-~5,5!SWNT~I!, indicating that
it is a metastable structure.~4! The CH radical substitutes
carbon atom of the tube wall, while the carbon atom
knocked out. The knocked out carbon atom is adsorbed
the interior wall of the tube or escapes from the other side
the tube. This structure mainly appears as the incident en
is in the range from 40 to 70 eV. The adsorption energies
these configurations clearly show that CH-~5,5!SWNT~I! is
energetically most favorable~see Table I!.

We also studied the DOS corresponding to the configu
tions CH3-(5,5)SWNT, CH2-(5,5)SWNT(I), CH-
~5,5!SWNT~I!, and a ~5,5! SWNT without any decoration
using DFT calculations.29,30 It is obvious that the adsorptio
of a CH3 or a CH on the sidewall of~5,5! SWNT modifies
substantially the electron structure of the tube. Local sta
~denoted by the arrows! appear near the Fermi level of th
tube as shown in Figs. 3~a! and 3~c!. These local states ar
very important, since they facilitate the electron transp
from occupied states to unoccupied states, and the electr
and the related optoelectronic properties of the decora
SWNT’s can be thereby modified. It means that by adjust
the incident energy of the incident methane molecules

FIG. 3. Density of states~DOS! of electrons for different ad-
sorption structures of CHn radicals adsorbed on~5,5! SWNT, ~a!
CH3-(5,5)SWNT complex,~b! CH2-(5,5)SWNT(I) complex,~c!
CH-~5,5!SWNT~I! complex, and~d! a pure~5,5! SWNT.
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controlling the coverage of the adsorbed species, SWN
can be functionalized, similar to the cases of hydrogen
fluorine atoms adsorbed on SWNT’s.16–19 However, when a
CH2 radical is adsorbed on the sidewall of~5,5! SWNT
forming CH2-(5,5)SWNT(I) complex, no local state appea
around the Fermi level, as shown in Fig. 3~b!. In this case the
DOS near the Fermi level is very similar to that of a perfe
~5,5! SWNT shown in Fig. 3~d!. The analysis of the pro-
jected density of states~PDOS! of these functionalized tubs
shows that for the CH3-(5,5)SWNT complex the local stat
appearing near the Fermi level mainly results from the lo
carbon atoms C3, C4 , and C5 but not from the carbon atom
C2. The sp2 to sp3 transition of carbon atom C2 causesp
bonds breakage near the adsorption site resulting in the l
atoms C3, C4 , and C5 to contribute to the local state near th
Fermi level. For the CH-~5,5!SWNT~I! complex, the local
state observed near the Fermi level is caused by the atom1,
since it has a dangling bond. This dangling bond results
substantial charge transfer around the adsorption site, w
is found by Mulliken population analysis. However for th
CH2-(5,5)SWNT(I) complex, the PDOS of both carbo
atom C2 and C3 are very similar to that of the other carbo
atoms of the tube, indicating that the adsorption of CH2 does
not break thep bonds on the tube wall. The localized carbo
atom C1 of CH2 radical, which has the character ofsp3

hybridization, has a local state about 6.0 eV below the Fe
level. The local state is submerged in other states. Theref
it is understandable that no local state appears near the F
level of CH2-(5,5)SWNT(I) complex, since there is neithe
breaking ofp bonds nor dangling bond.

In summary, we studied the collisions of an energe
methane molecule with SWNT’s for the incident ener
ranging from 5 to 100 eV. We found that chemical functio
alization of SWNT’s with hydrocarbon radicals CHn (n
51 – 3) could be achieved through the collisions. The dep
dence of the functionalization of SWNT’s on the incide
energy suggests that SWNT’s decorated by different hyd
carbon radicals (CH3, CH2, or CH! can be obtained by con
trolling the incident energy. The functionalization of~5,5!
SWNT with CH3 and CH changes the DOS of the tube ne
the Fermi level and may in turn modify its electronic an
related optoelectronic properties.
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