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ABSTRACT: We present an analysis of the dynamics of
single-walled carbon nanotube (SWCNT) chirality during
growth, using the recently developed local chirality index
(LOCI) method [Kim et al. Phys. Rev. Lett. 2011, 107, 175505]
in conjunction with quantum chemical molecular dynamics
(QM/MD) simulations. Using (5,5) and (8,0) SWCNT
fragments attached to an Feyg catalyst nanoparticle, growth
was induced by periodically placing carbon atoms at the edge
of the SWCNT. For both armchair and zigzag SWCNTs, QM/
MD simulations indicate that defect healing—the process of
defect removal during growth—is a necessary, but not
sufficient, condition for chirality-controlled SWCNT growth.

Time-evolution LOCI analysis shows that healing, while restoring the pristine hexagon structure of the growing SWCNT, also
leads to changes in the local chirality of the SWCNT edge region and thus of the entire SWCNT itself. In this respect, we show
that zigzag SWCNTs are significantly inferior in maintaining their chirality during growth compared to armchair SWCNTs.

1. INTRODUCTION

Potential electronic and optical applications of single-walled
carbon nanotubes (SWCNTs)"* have remained elusive to
date.® This is due in large part to a lack of synthesis techniques
allowing diameter- and chirality-controlled SWCNT growth,
since it is these structural parameters that solely determine the
electronic, optical, and mechanical properties of SWCNTs. To
date, the production of a SWCNT “forest” consisting of a
single, arbitrary (n,m) species of nanotube has not been
reported in the literature. The solution to this problem arguably
constitutes the forefront of carbon nanotube growth research.
An understanding of the various aspects of chirality-controlled
growth, such as the factors necessary to initiate, maintain, and
influence SWCNT chirality, is therefore paramount if chirality-
controlled SWCNT growth is to be achieved.

A number of attempts to this end have been reported in the
literature thus far. Roughly speaking, traditional approaches
toward chirality-controlled growth fall into either “catalyst
design” or “postsynthesis” approaches (recently reviewed in refs
4 and S). The former assumes that chirality-control may be
attained by the optimization of the supporting catalyst
nanoparticle and/or synthetic conditions. On the other hand,
in the latter approach SWCNTs are synthesized using existing
methods (such as catalytic chemical vapor deposition
(CCVD),*” carbon-arc,"*® or laser evaporation”'?), after
which postsynthesis processing is employed to refine the
distribution of (n,m) SWCNTs in the sample. More novel
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approaches include “amplification growth” (growth from
oxidatively opened SWCNTs with preselected chirality,
conceived originally by Smalley and co-workers'"'?) and
“SWCNT cloning” (growth without docking, performed by
Liu and co-workers’®). The former method uses an iron
catalyst, ethanol/ethylene feedstock, and growth temperatures
between 700 and 850 °C, whereas the latter employs similar
growth conditions to those for the catalyst-free, Cgj-cap
templated growth with a 20:1 CH,/C,H, feedstock mixture
and a growth temperature of 975 °C. Although both methods
were able to regrow existing SWCNTSs to some extent, it was
never shown that the regrown sidewalls precisely matched the
chirality of the seed tube. Most recently, the use of organic—
synthetic approaches to achieve chirality-controlled growth has
been suggested. Scott and co-workers suggest that SWCNT
growth in this case is driven by repeated Diels—Alder
cycloaddition of acetylene onto the [n]cycloparaphenylenes
([n]CPPs), which correspond to a single layer of an armchair
SWCNT."* Other recent theoretical investigations'> also point
to the possibility of a radical C,H-based growth process from
[n]CPPs. No experimental report of SWCNT in this manner
has been reported to date. However, following the recent
organic synthesis of CPPs corresponding to both armchair'®
and chiral'” SWCNT templates, and even more recently of
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CsoH,o — an entire extended (5,5) SWCNT cap structure'® —
it is possible that such an approach may be a viable, low-
temperature alternative to chirality-controlled growth.

In this work, we present the first ever analysis of the
dynamics of local SWCNT chirality during the growth process.
The chirality of SWCNT structures “grown in the computer” as
the result of nonequilibrium MD simulations, has been
estimated in the past."”™>' Such approaches have inevitably
been based on defining both the edge structure and the
diameter of the growth SWCNT structure, to estimate the
(n,m) indices. However, the structural nature of these SWCNT
caps necessarily imparts a degree of arbitrariness into such
approaches. To this end, we employ the recently developed
“local chirality index” (LOCI) method®* of calculating the local
chiral angle, 6, of each constituent hexagon in the growing
SWCNT. This approach is based on the relationship between
the individual hexagons and the principal (i.e.,, growth) axis of
the SWCNT itself, and thus, it has a sound physical basis. We
employ quantum chemical molecular dynamics (QM/MD)
simulations to model CVD growth of (5,5)-armchair and (8,0)-
zigzag chirality SWCNT fragments on Fejs nanoparticles.
Moreover, we will discuss the role of pertinent environmental
factors, such as the rate of carbon supply during the growth
process, on chirality control. We believe that these simulations
are the first aimed at addressing the impact of (n,m) SWCNT
chirality on the defect-healing process. These simulations serve
to indicate possible ways in which the local and, hence, global
SWCNT chirality may be conserved during the growth process.

2. COMPUTATIONAL DETAILS

2.1. QM/MD Simulation of SWCNT Growth. Our simulations of
SWCNT growth presented here are a direct extension of those
reported previously by our group.”® Thus, we will only briefly review
our model systems and nonequilibrium QM/MD methodology here.
We employ the self-consistent-charge density-functional tight-binding
method** (SCC-DFTB) in conjunction with Newtonian molecular
dynamics (MD) techniques. Hence, while the nuclear positions and
velocities were described classically (and updated using the popular
velocity—Verlet algorithm®®), the electronic potential between all
atoms was described quantum mechanically. This potential was
evaluated “on-the-fly” at each MD iteration. The DFTB parameters
describing interactions between Fe, C, and H atoms employed here are
those developed previously within our group.’® A finite electronic
temperature, T, of 10,000 K was enforced on the wave function
throughout these simulations. As we have shown previously,”® the
benefit of a finite T, is 2-fold: first, it decreases the melting-point of
transition metal catalyst nanoparticles, which in the current context
increases the rate of diffusion of carbonaceous species on the
nanoparticle surface, thereby making it more reactive; second, it
improves dramatically the convergence of the DFTB equations at each
iteration of the MD simulation. The nuclear temperature was
maintained at 1500 K for all simulations reported here using the
Nosé—Hoover chain thermostat (chain length 3).2” SWCNT growth
was induced by supplying lone carbon atoms to the SWCNT —catalyst
interface at regular intervals. The SWCNT—catalyst interface was
defined as those carbon atoms having either sp-hybridization or a C—
Fe bond. The position of each incoming carbon atom was then defined
as follows: by defining the vector connecting a randomly chosen
“target” edge atom and the center of mass of all target atoms, a point
(O) was chosen 4 A away from the SWCNT—catalyst complex; the
initial position of the incoming carbon atom was then defined
randomly in a sphere of radius 3 A using polar coordinates (r, 6, ¢);
the velocity of the incoming carbon atom was then set at 1500 K along
the vector connecting the chosen “target” edge atom, the center of
mass of all target atoms, and the point O (see ref 28 for further
details). Two supply intervals have been employed here, 1 C/0.5 ps
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“fast”) and 1 C/10 ps (“slow”). On a previous occasion,>>*° we have
( p p )

compared the SWCNT growth attained using these two supply rates in
the context of chirality-control and demonstrated that defect-healing is
dramatically improved using slower carbon supply rates. For each
starting model system (described below) and each carbon supply rate,
10 QM/MD trajectories were computed (referred to using
“(nym)gst/slow — %7, where x = A — J); the results reported here
therefore correspond to a total of 40 trajectories. We have previously
employed® an identical approach to that employed here (ie, 10
trajectories) and reported growth rates of 3.54 and 7.3 A/ps,
respectively, with 95% confidence intervals of 1.59 and 1.64 A/ps.
Therefore, despite a limited number of trajectories, we believe that 10
trajectories provide reasonable statistics of SWCNT growth. For each
trajectory, initial velocities for all atoms were defined using a Maxwell—
Boltzmann distribution at 1500 K, thus making each trajectory
statistically independent from all others. Our model systems are similar
to those employed previously”® and are shown in Figure S1 in the
Supporting Information (SI). We present here SWCNT growth
simulations using (S$,5)-armchair and (8,0)-zigzag SWCNT fragments.
The catalyst particle employed here is an Fesq cluster possessing the
fcc structure of y-iron (which is the most stable at 1500 K, compared
to the bulk @- and &-phases). Following the geometry optimization of
the SWCNT-Feyg complex, each of the 10 QM/MD trajectories was
equilibrated thermally at 1500 K for 10 ps prior to the addition of
carbon atoms to the system. The polygonal carbon ring populations of
all trajectories are shown in SI Figures S2—SS.

2.2. The LOCI Method: Analysis of Local SWCNT Chirality.
We have recently developed the LOCI method to determine the local
chirality of arbitrary SWCNTSs,** and we refer the reader to this
reference for the full details of the method. Here we describe only
briefly how the local chirality of constituent hexagons can be
determined using the LOCI method. The code will become available
shortly on our group website.*!

For a growing, straight SWCNT structure, the principal axes (PAs),
denoted as the global PAs (GPAs), may be calculated trivially. The z-
component of the GPAs (GPAZ) is then assumed to be parallel to the
growth axis of the SWCNT itself. We note here that if this assumption
does not hold (i.e., if GPAZ and the growth axis are not approximately
parallel), then the applicability of the LOCI method is limited, and a
more involved methodology is required to determine GPAZ. Each
constituent hexagon in the SWCNT structure is then identified, and its
individual PAs, denoted as the local PAs (LPAs), are calculated. The
angle (¢) between GPAZ and the z-axis of each hexagon’s LPAs
(LPAz) can then be used to determine the efficacy of the LOCI
method for each hexagon. Hexagons with ¢ = 90° (i.e. the plane of the
hexagon is parallel to the growth axis of the SWCNT) are ideally
suited to the LOCI method, whereas those with ¢ = 0° (i.e., the plane
of the hexagon is perpendicular to the growth axis of the SWCNT,
such as in a cap) are not. All hexagons in the sidewall of an ideal
SWCNT are categorized as the former. Intermediate cases (hexagons
with ¢ between 0 and 90°) may be transformed to the suitable
hexagon via two consecutive Euler rotations. Having done so, three
angles (), 0,, and 6,) formed between the planes defined by GPAZ
and three pairs of para carbon atoms in the hexagon are calculated.
The effective average, 8 (0 = [0, + 6, + 6,]/3 — 60),” of 0, 8, and 6,
is denoted as the local chiral angle. By definition, 0° < 8 < 30°, and the
overall chirality of a SWCNT can be described using a distribution of
all constituent local chiral angles. For an ideal zigzag SWCNT, a single
peak at @ = 0° is observed, whereas for an ideal armchair SWCNT, a
single peak at € = 30° is observed. The LOCI method has recently
been applied successfully to ideal, as well as “irregular”, SWCNTs (i.e.,
those observed during the SWCNT growth process).”* In this work,
we examine the time-evolution of SWCNT chirality and local chiral
angles during SWCNT growth (TE-LOCI). This is achieved via
monitoring the average local chiral angle or LOCI of all hexagons, and
its standard deviation (6), as a function of time. It will be shown in a
subsequent section that, despite its simplicity, this analysis provides
detailed understanding of the growth process and the dynamics of
SWCNT chirality itself. The LOCI analysis yields no information as to
the origin of SWCNT chirality. Indeed the (as yet unknown) origin of
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Figure 1. Feyg-catalyzed “fast” growth from an (8,0)-SWCNT fragment observed in trajectory (8,0);-I. (a) Snapshots of the QM/MD growth
trajectory, showing that growth is driven by the formation of hexagonal and defective pentagonal/heptagonal carbon rings at the SWCNT—catalyst
interface. In this trajectory the addition of defective rings is particularly prominent. Brown, black, white, and green spheres represent Fe, C, H, and
added C atoms, respectively. (b) Polygonal carbon ring populations observed during SWCNT growth. (c) Length of the (8,0) SWCNT fragment

during the first S0 ps of growth.

SWCNT chirality is still of great importance, although somewhat
beyond the scope of this work. It is hoped that the application of
LOCI analysis during nucleation and growth can shed light on the
origin of chirality in future works.

3. RESULTS AND DISCUSSION

We have previously reported the SWCNT growth mechanism
of (55) SWCNT fragments and “caps” on a number of
occasions, as have a number of other groups (see refs 4 and 23
and references therein). Indeed, the majority of theoretical
investigations of SWCNT growth typically employ (n,n)
SWCNT caps/fragments. We therefore direct the reader to
these works for a detailed discussion of (5,5) SWCNT growth.
We focus here instead upon our simulations of (8,0) SWCNT
growth; we believe this to be the first such QM/MD simulation
reported in the literature.

3.1. (8,0) SWCNT Growth Mechanism. The growth
mechanism of an illustrative trajectory (trajectory (8,0)g-1) is
illustrated in Figure 1. Following adsorption onto the Feyq
surface, carbon atoms almost immediately form reactive C,
moieties (a barrierless process), which then generally reacted
quickly with nearby SWCNT carbon dangling bonds (Figure
1a). Due to the stabilizing effect of the catalyst surface, the
short polyyne chains thus formed were able to persist and
subsequently undergo C, addition in turn. These extended
polyyne chains easily underwent either interaction with one
another, or self-isomerization, due to their high mobility on the
catalyst surface. The latter is a result of both the environmental
temperature (1500 K) and the relatively weak carbon—catalyst
interaction. As we have observed previously, the SWCNT
growth process was driven predominantly by the addition of
hexagons, heptagons, and pentagons at the SWCNT base
(Figure 1b) as a result of this isomerization. Ultimately, this
ring addition at the SWCNT—catalyst interface resulted in the
extension of the SWCNT fragment by ca. 3 A during the 40 ps
QM/MD simulation (Figure 1c).

While it may be tempting to compare this quantity with the
simulated growth rates of (5,5) and (8,0) SWCNT fragments
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(thereby furnishing an “in situ” measurement of chirality-
dependent growth rates), such a comparison would be
misleading. The artificial manner in which carbon feedstock is
supplied to the SWCNT base leads to growth rates which are
several orders of magnitude higher than currently established
experimental data.**~*° This high supply rate of carbon atoms
also leads to the aforementioned chaotic nature of SWCNT
growth. Consequently, any trace of the original (8,0) SWCNT
edge structure in these trajectories is lost almost immediately
due to the formation of these defect structures that drive
growth itself. In the remainder of this work, we will discuss this
loss of local (n,m) chirality and discuss its implications in the
context of chirality-dependent SWCNT growth rates.

3.2. (8,0) SWCNT Growth: Defect Healing. One method
by which SWCNT chirality can be controlled during growth
simulation is by limiting the rate of carbon incorporation into
the SWCNT. We have previously shown the effects of such
“defect-healing” in the context of (5,5) SWCNT growth on a
variety of Fe-nanoparticle catalysts.”>*”*" In essence, a slower
rate of carbon incorporation into the growing SWCNT
structure allows kinetically constrained isomerization processes
(ie, pentagon/heptagon ring-opening, followed by hexagon
formation) to take place in the sp>-hybridized carbon network.
Thus, chirality controlled growth can therefore be viewed in
terms of the rate of defect removal versus the rate of defect
formation in the SWCNT structure.

The “slow” SWCNT growth simulations presented in this
work enable us to compare the SWCNT healing processes
observed during the growth of (5,5) and (8,0) SWCNTs. Thus,
we can ascertain whether or not n and m bear any influence on
the ability of a SWCNT to heal itself during the growth process.
One such growth simulation is depicted in Figure 2 (trajectory
(8,0)gow-]). Comparison of this figure with Figure 1 and SI
Figure S6 for (8,0); shows a marked contrast. In the case of
slow growth, as expected, the addition and retention of
hexagons in the SWCNT structure is now more noticeable,
compared to the case of fast growth. Admittedly, some defects
are still present at 300 ps (Figure 2b). Nevertheless, a further
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Figure 2. “Slow” SWCNT growth from an (8,0) fragment in trajectory
(8,0)owJ- (2 and b) In 300 ps (30 carbon atoms added) growth is
driven predominantly by hexagonal rings, with pentagonal/heptagonal
ring addition significantly tempered compared to fast growth (Figure
1b). Color scheme as in Figure 1. (c) Length of (8,0) SWCNT
fragment during the first 300 ps of growth.

reduction of the supply rate of carbon feedstock is anticipated
to remove the formation of defects during SWCNT growth
altogether.® Tt is also noted with respect to Figure 2 that a
slower rate of carbon supply does not reduce the “efficiency” of
SWCNT growth, in a “per-carbon-atom” sense. For instance,
following the addition of 30 carbon atoms, the SWCNT
fragment was extended by ca. 0.04 A. By comparison, the
extension of the SWCNT fragment following 30 carbon atoms
during “fast” growth (Figure 1 and SI Figure S6) was ca. 0.02 A.
An analogous, yet more dramatic, trend was observed for (5,5)
SWCNT growth in a previous investigation.”

To further elucidate any possible influence of (n,m) on the
control of chirality during growth, we use the concept of “net
SWCNT healing”.*" This quantity is defined in Table 1 as the
difference between the total defects formed (Y,) and the total
defects removed (),) naturally during a simulation. This is
more informative than simply comparing the total number of
“chirality-controlled” trajectories for (5,5) and (8,0) SWCNTs
(which are both approximately the same according to the
current simulations). The simulations of (5,5) SWCNT growth
in this work differ from those in Table 1 only by the fact that in
this work a fragment of a (5,5) SWCNT is employed, whereas
those reported previously employed a curved “fullerene-like”
SWCNT cap with a (5,5) edge.41 Since the defect addition/
healing phenomena discussed in Table 1 pertain only to the
edge structure of the SWCNT, these two sets of simulations are
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Table 1. Comparison of Defect Formation and Removal
during “Slow” Fe,q-Catalyzed Growth of (5,5) and (8,0)
SWCNTs*

(5,5) (8,0)

defect formation  pentagon formation 32 4.5
heptagon formation 0.2 0.3

hexagon — heptagon transformation 2.7 3.7

hexagon — deformation 1.0 0.6

hexagon — pentagon transformation 0.1 0.5

total defects formed () 7.2 9.6

defect removal hexagon formation 3.4 2.1
heptagon — hexagon transformation 1.1 0.8

pentagon — hexagon transformation 12 0.8

total defects removed (3,) 5.7 3.7

net healing (3, — X)) -1.5 =59

“All data are averaged over 10 trajectories following 300 ps of QM/
MD simulation. (5,5) SWCNT data are reproduced with permission
from ref 41.

in effect identical to each other in this respect. From Table 1, it
is evident that the net healing of the (8,0) SWCNT fragment
during slow growth is significantly inferior to that observed
during equivalent simulations using a (5,5) SWCNT cap, with
>, — X1 being —5.9 (zigzag) compared to —1.5 (armchair).
According to Table 1, not only is the (8,0) SWCNT prone to
greater defect formation during growth, it is also less able to
remove these defects once they have formed. The pronounced
defect formation in this case is due almost entirely to more
frequent pentagon formation and more frequent hexagon —
heptagon transformation. All other phenomena associated with
defect formation are comparable to those observed during the
growth of the (5,5) SWCNT cap. Similarly, the inhibited defect
removal in the case of (8,0) SWCNT growth is due almost
completely to a slower rate of hexagon formation, compared to
the case of (5,5) SWCNT growth (2.1 rings during 300 ps, as
opposed to 3.4, respectively).

Thus, it is concluded that (n,m) does indeed bear an effect
on the ability of a growing SWCNT to heal itself during
growth. In particular, (5,5) SWCNTs exhibit greater averseness
to defect formation, and also a greater ability to remove defects,
compared to (8,0) SWCNTs. However, as we will show in the
subsequent section using LOCI analysis, this does not
necessarily equate to a control of the SWCNT chirality during
growth. We note here that Table 1 provides no indication as to
the effect of the net growth rate on the net rate of healing, and
whether slower growth rates quench this trend. Nevertheless,
this relationship between (nm) and SWCNT healing is
consistent with several previous calculations of the relative
stabilities of armchair and zigzag SWCNT edge structures on
transition metal catalyst nanoparticles.*””** For instance, it is
known that the former exhibit greater thermodynamic stability
on Fe, Co, and Ni catalysts, compared to the latter. This is also
the case in vacuum; the “edge energy” of (5,5) SWCNTs is
known to be lower compared to that of (8,0) SWCNTs.* The
transformation from (11,0) to (7,7) chirality of a SWCNT cap
during nucleation has also been demonstrated recently during
MD/Monte Carlo simulations,”" thereby demonstrating the
relative stabilities of these two SWCNT structures.

3.3. Dynamics of Local Chirality during (5,5) SWCNT
Growth. As discussed in the preceding section, “fast” SWCNT
growth induces many defects into the SWCNT structure in
addition to hexagons. On the other hand, “slow” SWCNT
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Figure 3. TE-LOCI analysis of slow (5,5) SWCNT growth, demonstrating (a and b) chirality-controlled (5,5) SWCNT growth observed in
trajectory (5,5) 0w B, and (c and d) a loss of (5,5) SWCNT chirality during growth observed in trajectory (5,5)q,-F. Data shown in parts a and c are
average 6 values; error bars denote 1o standard deviation. (b) Local chiral angles of all hexagons in trajectory (5,5)y0,-B at 300 ps. (d) Local chiral
angles of all hexagons in trajectory (5,5)o,-F at 220 ps. Red and blue bars denote original and added hexagons, respectively, snapshot color scheme
as in Figure 1, cyan spheres denote carbon atoms discussed in the text.

growth exhibits greater hexagon formation and, so, is more
amenable to LOCI analysis. We therefore focus on “slow”
SWCNT growth in the following discussion. TE-LOCI analysis
of trajectory (5,5)gow-B (Figure 3a) shows no dramatic change
in the average 0 and corresponding o, from the original chirality
of the SWCNT ((5,5) in this case) for the first 300 ps of
growth. However, this does not indicate the success of chirality-
controlled SWCNT growth, since SWCNT growth in this
trajectory exhibited heptagon and pentagon defects (Figure
3b). In particular, incoming carbon atoms readily initiated
hexagon — heptagon transformation. This fact is reflected in
the LOCI analysis; the total number of hexagons in the
SWCNT at 300 ps (19 hexagons) was decreased compared to
that in the initiall SWCNT (20 hexagons, SI Figure S1). Such
dynamic local chirality was also observed in trajectories
(5,5)4owC, -G, and -] (see SI Figure S7). The local chirality
was retained in each of these three trajectories up to 300 ps
despite the presence of defects in the SWCNT structure. Thus,
it is apparent that LOCI, or TE-LOCI, analysis does not alone
provide a complete description of chirality-controlled SWCNT
growth. Nevertheless, LOCI is a powerful complementary tool
by which deviations in local and global chiral angles can be
observed during growth.

Alternatively, the local chirality can change during the growth
process, a phenomenon typically indicated by a sudden change
in either/both 0 and/or o (for example, such as that observed
at 220 ps in trajectory (5,5)g0-F; Figure 3c). In this case, this
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sudden change was caused by the formation of a single hexagon
with a significantly different local chiral angle; this hexagon was
the result of an incoming carbon atom attacking a pentagon at
210.28 ps (ie., a defect-healing process, somewhat ironically).
Nevertheless, this hexagon ultimately possessed a local chiral
angle that is more typical of a zigzag SWCNT (6 = 9.7°), since
the adjacent heptagon defect was not removed. Another
instance of “defective” hexagon formation was observed in this
trajectory at 211.36 ps, in this case § = 14.6°. Both hexagons
here remained in the SWCNT structure for the remainder of
the simulation. From these observations it is concluded that to
accomplish chirality-controlled SWCNT growth, the prevention
of defect formation is a key factor. Thus, chirality-controlled
growth is not determined solely by the defect-healing process
(such as in trajectory (5,5)y0,-F; Figure 3d) but additionally by
the ability to impede defect formation in the first place.
Corroborating TE-LOCI analyses of trajectories (5,5)q,-A and
-D are presented in SI Figure S8.

While sudden variations in € and concomitant increases in ¢
are observed during SWCNT growth, so are the reverse
processes. Such “recovery” of SWCNT chirality is illustrated in
Figure 4a. In the case of trajectory (5,5)yo,-1, the average 6 and
o suddenly decreased and broadened at 120 ps, respectively,
only to be restored ca. 20 ps later. This was due to carbon atom
addition into an adjoined hexagon/pentagon structure,
resulting in a bridged structure that ultimately yields a hexagon
with near-zigzag chirality (6 = 1.7°, Figure 4b). This particular
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hexagon was present for only ca. 12 ps, however, before another
incoming carbon atom induced the re-formation of a pentagon
(and a single C, moiety) in its place. It is noted that this
structural change in the growing SWCNT structure can be
detected via a TE-LOCI analysis, despite its subtlety. Further
examples of such structural transformations and changes in
SWCNT chirality during growth are provided in SI Figures S9
and S10.
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3.4. Dynamics of Local Chirality during (8,0) SWCNT
Growth. We now turn to a discussion of TE-LOCI analysis of
(8,0) SWCNT growth. As can be seen in Figure Sa, local
chirality is preserved in trajectory (8,0)y.,-A during growth.
That is, no fluctuation in € was observed. In addition, new
hexagons exhibiting the “original” chirality of the SWCNT were
added during growth. Although this trajectory shows chirality-
controlled growth, at least in the context of TE-LOCI analysis,
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are average 0 values; error bars denote 1o standard deviation. (b) Local chiral angles of all hexagons in trajectory (8,0)y,,-A at 300 ps. (d) Local
chiral angles of all hexagons in trajectory (8,0),,-D at 220 ps. Color scheme as in Figure 3.

it also exhibited a defect that resulted from the destruction of
preexisting hexagons, as observed also in the case of (5,5)
SWCNT growth. Similar events were observed in other
computed trajectories of (8,0) SWCNT growth (see Figure
SI S11). Abrupt changes in the local chirality were also
observed during (8,0) SWCNT growth, as in the case of (5,5)
SWCNT growth. This is illustrated in Figure Sc, which depicts
the TE-LOCI of trajectory (8,0)y.,,-D. Further examples are
also presented in Figure SI S12. Up until 250 ps, local chirality
was conserved during growth at a value essentially equivalent to
that of a pristine zigzag SWCNT. However, as shown in Figure
5d, an incoming carbon atom inserted directly into an existing
pentagon defect at 260 ps, thereby creating a hexagon
possessing near-armchair chirality (6 = 29.2°). This structure
was subsequently maintained for the remainder of the
simulation. It is noted that the formation of this hexagon
takes place via a route commonly associated with defect
formation, viz. carbon atom insertion into an existing C—C
bond. Following this result, we conclude that the preservation
of local chirality during growth cannot be achieved in the
absence of healing processes that remove defect structures
located near the SWCNT-catalyst interface. That is, healing
during SWCNT growth is necessary for the conservation of
local chirality.

We have thus far categorized trajectories of (8,0) and (5,5)
SWCNT growth into two principal types, viz. those where local
chirality is preserved and those where it is destroyed due to the
formation of “nonzigzag”/”nonarmchair” hexagons (those with
0 far from 0/30°). However, another type of growth was also
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observed exclusively in the case of (8,0) SWCNTs, which is
characterized by the formation of hexagons with intermediate
values of 6. Figure 6 illustrates this type of growth in the case of
trajectory (8,0)o,-L. From Figure 6a, TE-LOCI analysis shows
that ¢ broadened at ca. 160 ps due to the presence of two
hexagons exhibiting local chiral angles of 16.6° and 18.0°.
Interestingly, these hexagons were not newly added during the
growth process, they were instead among those comprising the
original SWCNT structure (Figure 6b). In this case, an
incoming carbon atom was readily inserted into the preexisting
hexagon, resulting in a heptagon defect at 150.36 ps. This
added heptagon defect significantly distorted the adjacent
hexagon, resulting in a deviation of its chiral angle from 0°.
Analogous results were observed in trajectories (8,0)y,-B and
-H (see Figure SI S13). In all cases, all distorted hexagons
resulted from the presence of an adjacent heptagon (not
pentagon) defect. It is noted that no such distortion was
observed in the simulation of (5,5) SWCNT growth. This
result is therefore strongly related to the fact that hexagon —
heptagon transformation was observed during (8,0) SWCNT
growth more frequently than during (5,5) SWCNT growth, as
is shown in Table 1. Thus, the preservation of local chirality
during (8,0) SWCNT growth is evidently more difficult
compared to (5,5) SWCNT growth.

4. CONCLUSIONS

We have presented an analysis of the dynamics of SWCNT
chirality during SWCNT growth using QM/MD simulations in
conjunction with the recently developed LOCI method** of

dx.doi.org/10.1021/ja301299t | J. Am. Chem. Soc. 2012, 134, 9311-9319
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Figure 6. (a) TE-LOCI analysis for trajectory (8,0)q, . Data shown are average 6 values; error bars denote ¢ deviation. (b) Structure of trajectory
(8,0)40w] at 300 and its LOCI analysis at 160 ps (16 carbon atoms added). Color scheme as in Figure 3.

chiral-angle analysis. The latter is based upon the relationship
between the global principal axis of the SWCNT and the local
principal axis of the constituent hexagons; as such, it has a
sound physical basis. QM/MD simulations of the growth of
(5,5) and (8,0) SWCNT fragments reveal that SWCNT defect
healing—the process by which defect structures such as
pentagons and heptagons are removed from the SWCNT
structure—is a necessary, but not sufficient, condition for
chirality-controlled SWCNT growth. While defect healing
results in the formation of new hexagons in the growing
SWCNT, TE-LOCI analysis of the SWCNT structure suggests
that the local chirality of the SWCNT edge region (and thus
the chirality of the entire SWCNT) changes as a result of the
defect healing process, as was recently suggested on the basis of
in situ Raman spectroscopy.*® This fact implies that a key factor
in achieving chirality-controlled SWCNT growth is the prior
prevention of defect formation during the growth process. In
this respect, the presented QM/MD simulations indicate that
zigzag SWCNTSs are significantly inferior in maintaining their
chirality during growth in comparison with armchair SWCNTs.
This finding fits to the experimental observation that the
fraction of zigzag- or near-zigzag-type SWCNTs is smaller than
that of near-armchair SWCNTs.*
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