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Formation energy of Stone—Wales defects in carbon nanotubes
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A Stone—Wale$SW) defect is a dipole of 5—7 ring pair in a hexagonal network, which is one of the
most important defective structures in carbon nanotuli&NTs) that will affect mechanical,
chemical, and electronic properties of CNTs. Using the extendedefiunethod, we calculated the
formation energy of SW defects in carbon nanotubes. The formation energy of SW defects was then
fitted to a simple formula as a function of the tube radius and the orientation of a SW defect in the
tube. This result provides a convenient tool for the study of thermodynamics and kinetics of SW
defects, as well as the interaction of SW defects with other types of defects in CN2OO®
American Institute of Physics[DOI: 10.1063/1.1599941

A carbon nanotub€CNT) was first thought of as a per- cur due to the separation and gliding of SW defects, whereas
fect graphene sheet wrapped up into a cylinder. However, aat lower temperatures the result could be fractdrese for-
more experimental results became available and theoreticatation energy of the SW defect is sensitive to the applied
investigations went deeper, CNT was found to be not as pestrain along the axial direction of CN' Samsonidze
fect as it seems. Defects such as the 5-7 rings, kinks, junet al° presented an analytic expression of the formation en-
tions, and impurities may be presented in as-prepared CNTergy (E,,) for SW defects under an applied strainThere
These defects can significantly change the electrical, chemiare some calculations @&, without applied strain in the
cal, and mechanical properties of CNTS. Therefore, it is literature!! mostly on a specific configuration of CNTe.,
highly desirable to gain an understanding on the energetithe fixed radius and chiral angleThis letter will report a
condition for the formation and thermodynamic behavior ofsystematic investigation to develop an expressiorEigyas

defects in CNT for applications such as nanoelectronic dea function of tube geometry and orientation of SW defects in
vices, composite reinforcement, and energy storage. UnlikeNT.

bulk materials, the structure of CNT has two degrees of free- A perfect wall of CNT consists of a hexagonal network
dom: one is the radiusr] of the tube and the other is the of carbon—carbon bonds. SW transformation may take place
chiral angle(y). The (r,x) notation of CNT can be easily at each of the three sets of generally nonequivalent carbon—

translated from the normah(m) notation as follows: carbon bonds. Therefore, SW defects may have three pos-
r=v3a(m?+n2+mn)¥22x, sible orientations as the one shown in Figg)1To simplify
the description, we distinguish different SW defects by using
x=tan v3n/(2m+n)], (1) a pair of variablest and 6. Here,r is the radius of the tube,

h is the C—C bond lenath is limited to bei and 6 is the orientation of a SW defect that is defined as the
wherea 1s the ond fength, angis limited to being angle between the direction of the short axis of a SW defect
0=<y=/6 due to the geometrical symmetry of the hexagon : - o L
: and the rolling direction of the graphene sheet; i.e., direction
network. Such two degrees of freedom introduce a complexz, .~ . C . o
L I . "R in Fig. 1 (a direction vertical tdR and within the plane of
ity in the description of the formation energy of a defect: . S
. . . the graphene sheet is the axial direction of the tébe,The
with the change of radius and chiral angle of a CNT, the .
. .. angled ranges from— /2 to w/2. If r and y are fixed, three
formation energy of a defect may also change. In addition

the orientation of the defect itself in relation to the CNT maybOSSIbIe orlentatlops of a SW dgf_e_ct would bé?'_x’ X
cause variations in formation energy. and 7/3+ y according to our definition. For a zigzag tube,

The Stone—Wale6SW) defect is one of most important x=0, two out of three orientations of SW defects are equiva-

defective structures in CNTs. It is formed by rotating a C—lem'/ A similar situation is found for armchair tubes with
bond in the hexagonal network by 9(the so-called Stone— ~ ™ 6.

Wales transformatior® resulting in the creation of a dipole . USi?nga semiempiricalab iniFiodeethod (extended
of a 5-7 ring pairsee Fig. 1a)]. Murry and co-worker% Huckel) and an amber force field, we calculated the

examined the kinetics of the SW transformation as an esselflgrmation energy of SW defects at different rolling radii and

tial part of fullerene annealing and fragmentation. Beyond Lrientations. The proF:edure of calculations is as folloWs:
critical level of tension, CNT releases its excessive strain vi€mPed a SW defect in a flat graphene sheet such as the one
a spontaneous formation of topological defects. It was proShown in Fig. 1b), rotate the sheet to an angfen relation

posed that at high temperatures, a plastic response could d@ the rolling directionR, and then roll the sheet by a radius
r to mimic a part of the CNT wall, Fig. (t); (2) relax the

structure using an amber force field until the maximum force
A\isiting scientist from Institute of Metal Research, Chinese Academy Ofin the cluster is less than XQL0~4 eV/A and those atoms
Sciences, Shenyang, 110016, China. )

bAuthor to whom correspondence should be addressed: electronic maif@l from the centefin a gray coloy are fixed in this_proceSS;
mmsqshi@polyu.edu.hk (3) calculate the total energyE(ey) of the cluster with a SW
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FIG. 1. An illustration of three pos-
sible orientations of SW defects in
CNT, (a); and the clusters used in cal-
culation: (b) a SW defect is embedded
in a graphene sheet, arid the sheet
is rolled in theR direction by a radius
r. The directionA is the axial direc-
tion of the nanotube. It has been tested
that this cluster is large enough to
eliminate the edge effect on the center
SW defect.

defect embedded using the extendeatkil method and also the absolute rotation anglgis, the lower the formation en-
calculate the total energyE(,) of a cluster without the SW  ergy Eg, will be. The smallest and largest formation energies
defect embedded, then find the difference that gives the foref SW defects are found in zigzag tubes witk-0 and in
mation energy Es,) of a SW defect; i.e.Egy=Eger— Eper armchair tubes wittd= =+ /2, respectively.
and (4) repeat the procedure by varying the rolling radius In developing an analytical expression fa,, that is
and the rotation angle, respectively, at small steps. The resulelatively simple, we noticed the fdctthat the strain energy
is shown in Fig. 2 as an energy contour 8g,. For any  of a perfect CNT is inversely proportional to the square of
rotation angles, if the radius of the tube is large enough, the the CNT radius. The introduction of a SW defect will inevi-
formation energy of a SW defect will converge to that for atably cause a change in local CNT radius. Therefore, a term
flat graphene shee€f,). However, this tendency is not al- in the form of 12 should be included in the expression for
ways monotonic. For those SW defects with an absolute rokE,. On the other hand, when the radius of CNT approaches
tation angled smaller than about/6, E, increases mono- infinity, Eg, must converge tcng. By fitting to the theoret-
tonically with r to ES,,. For those that have larger absolute ical result at a given rotation anglé we found that the
rotation anglesk, first increases with to a maximum, then formation energy of a SW defedt,, can be best described
deceases tEQW. For a given radius of the CNT, the smaller by a first order exponential decay function of the tube radius,
plus a term similar to the strain energy of CNT; i.e.,
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FIG. 2. Formation energy of the Stone—Wales defegf,(eV) as a function FIG. 3. Formation energyE@W) of a SW defect in a flat graphene sheet as

of r and 6. a function of relaxation area.
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6.1 () _relaxa_ltion area is defined by a shell concept. The first “shell”
i (60,42) is defined as the two center atoms of a SW defect, the second
3 A shell is the wholé&—7—-7-5ring, and the third shell refers to
g; 58 (20,20) those adjacent atoms that enclose the second shell, and so on.
w (60.18) It can be found from Fig. 3 that, with the enlarged relaxation
_§ 55 (60.0) = (2'0’1 4) area, the formation energy of a SW defect deceases consid-
g " e erably.E2, in Eq. (2) is determined to be 6.02 eV for a flat
552 (10,10) graphene sheet. This result was also verified by using an
s independenab initio pseudopotential package developed by
73 a9l (20.6) CAMP at the Technical University of Denmark.
8 ' Since the Eq(2) was obtained from a piece of curved
T graphene sheet shown in Fig. 1 rather than a complete sec-
461 %120,0) tion of CNT, a group of CNTs covering a wide range of
A T S S S geometry was selected as real cases to verify(Eq.They
46 49 52 55 58 61 include one set of armchair tubes, one set of zigzag tubes,
Calculated Formation Energy and two sets of other chiral tubes. Each set of tubes includes
two tubes that have the same chiral angle but different radii.
7.6 -(b) (20,20) @’14 The formation energy of SW defects in these tubes was cal-
I (10,10) culated using the extended ekel method, and compared to
5 74+¢ (20,6) the predictions of Eq(2). The results are given in Fig. 4,
@ L showing a good agreement. The formation energies for the
e (20,0) (10,10 armchair tube are 5.4 eV9E 7/6) and 7.5 eV ¢
8 - > =1/2), respectively. The lower one agrees very well with
S 7.0 that obtained by Rubiet al!
E - 60,0) Equation(2) might be universal to other localized topo-
- 681 ’ logical defects on CNT walls, although the fitting parameters
g (60'18). may be different from the values given in this letter.
T 66
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FIG. 4. Comparison oEg, calculated for selected CNTs and the predictions
from Eq. (2). (a) 6=y and(b) 6=u/3+ . ID. B. Mawhinney, V. Naumenko, A. Kuznetsova, J. T. Yates, Jr., J. Liu,
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