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ABSTRACT: Catalyst-free, chirality-controlled growth of chiral
and zigzag single-walled carbon nanotubes (SWCNTs) from
organic precursors is demonstrated using quantum chemical
simulations. Growth of (4,3), (6,5), (6,1), (10,1) and (8,0)
SWCNTs was induced by ethynyl radical (C,H) addition to
organic precursors. These simulations show a strong depend-
ence of the SWCNT growth rate on the chiral angle, 6. The
SWCNT diameter however does not influence the SWCNT
growth rate under these conditions. This agreement with a
previously proposed screw-dislocation-like model of transition
metal-catalyzed SWCNT growth rates [Ding, F.; et al. Proc.
Natl. Acad. Sci. 2009, 106, 2506] indicates that the SWCNT
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growth rate is an intrinsic property of the SWCNT edge itself. Conversely, we predict that the rate of SWCNT growth via Diels—
Alder cycloaddition of C,H, is strongly influenced by the diameter of the SWCNT. We therefore predict the existence of a

maximum growth rate for an optimum diameter/chirality combination at a given C,H/C,H, ratio. We also find that the ability of
a SWCNT to avoid defect formation during growth is an intrinsic quality of the SWCNT edge.

1. INTRODUCTION

Carbon nanotubes (CNTs) exhibit a variety of novel and
unique structural, electronic, chemical and mechanical proper-
ties.' > The diversity in properties of CNTs, and in particular
single-walled CNTs (SWCNTs), depends primarily on their
chiral angle,6 which is conventionally specified by the chiral
indices (n,m), which determine the chiral angle, 6. Many of the
potential applications of CNTs in various fields are yet to be
realized due to the elusiveness of in situ control of (n,m)
chirality during CNT synthesis.

Traditional CNT growth methods, such as carbon-arc,
laser evaporation,"”"" and catalytic chemical vapor deposition
(CCVD),"™" are incapable of such control, primarily due to
the high temperatures employed. In most cases, these
temperatures exceed the barrier associated with Stone-Wales
transformations, thereby opening up a route by which (n,m)
chirality can be lost during growth. Indeed, our own QM/MD
simulations'* of SWCNT growth on transition-metal catalysts
show just how chaotic the growth process can be at comparable
temperatures. Despite these short-comings, “catalyst-design”,
and careful control of the experimental conditions constituted
the initial attempts toward achieving chirality-controlled CNT
growth using such synthetic methods.">'® The intervening
years however have brought a number of outstanding questions
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regarding the nature and role of the catalyst during SWCNT
growth. For instance, it is still not clear whether the metal
catalyst particles maintain highly ordered surface structures
during growth or whether they undergo surface melting,'”
restructuring,18 (sub)surface carbide formation,'® or carbon-
induced step edge formation.”® Therefore, it seems that catalyst
design is in principle an unviable route toward chirality-
controlled CNT growth at the present time. Alternatively,
postsynthetic isolation of CNTs, via methods such as
chromatography, polymer-wrapping and density-gradient ultra-
centrifugation,” are effective at producing samples of (n,m)
SWCNTs, or at least narrow distributions of different (n,m)
SWCNTs. However, such postsynthetic manipulations of
SWCNTs are costly and potentially alter or damage the atomic
structure of the SWCNTs in the sample. They can therefore
only be regarded as a “workaround” for the original synthesis
problem. Hence, the goal of in situ chirality-controlled CNT
growth via traditional methods remains outstanding.

A recently proposed bottom-up strategy based upon organic
synthetic methods represents a more realistic approach toward
chirality-controlled SWCNT growth (the synthesis of which
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has been reviewed recently in refs 22—26). While the
relationship between cycloparaphenylenes (CPP) and the
growth of armchair SWCNTs was at first a theoretical
hypothesis,””*® organic species including CPPs have been
synthesized by a number of groups.”*™>° It was originally
imagined that chirality-controlled SWCNT growth could be
achieved in this manner using low temperature CVD in
conjunction with, for example, acetylene. A number of
theoretical attempts at understanding this process have since
been made. Scott and co-workers®® proposed that SWCNT
growth in this manner is the result of Diels—Alder (DA)
cycloadditions ad infinitum, with acetylene or related
compounds acting as the dieneophile and the growing (n,n)
SWCNT acting as the diene. On the other hand, our own
research® revealed the potential role of the ethynyl radical,
C,H, on the growth process under low-temperature CVD
conditions. Surface catalysis studies®” have demonstrated that
hydrocarbons can be decomposed easily at temperatures as low
as 400—500 °C by alumina and silica, producing such radicals.
Furthermore, Hung et al.*® found that C,H could be formed
from the decomposition of C,H, occurring on Fe(100) at
temperatures as low as 100 K. Recent QM/MD simulations®”
of acetylene decomposition on Fe nanoparticles have also
implicated the C,H radical as a molecular catalyst for hydrogen
disproportionation in hydrocarbon clusters during SWCNT
nucleation, that is, C,H is constantly consumed and recreated.
The C,H radical seems particularly relevant at low temper-
atures, since the barriers associated with both C—C bond
formation and C—H abstraction processes are reduced
substantially by the C,H radical, when compared with
traditional DA cycloaddition and subsequent H, renormaliza-
tion reactions.

In the current work, we extend our recent investigation of the
role of C,H in [6]CPP — (6,6) SWCNT growth to a range of
chiral (nm) SWCNTs and zigzag (n,0) SWCNTs using
quantum chemical nonequilibrium MD simulations and static
density functional theory (DFT) calculations. In this way we
will demonstrate for the first time how arbitrary (n,m)
SWCNTs may grow from appropriate chiral and achiral carbon
nanorings derived from CPPs> at low temperature. We will
also establish that, under catalyst-free growth conditions,
armchair (or near-armchair) SWCNTs grow faster compared
to zigzag (or near-zigzag) SWCNTs. While such a chirality-
relationship has been proposed previously in the context of
transition-metal catalyzed growth in a model known as “screw-
dislocation-like” (SDL) growth,40 we will show that this
relationship holds during radical addition reactions in actual
nonequilibrium MD simulations. We will also address the issue
of diameter dependence of SWCNT growth rates under
conditions of radical C,H insertion and C,H, Diels—Alder
cycloaddition, showing in particular a strong relationship
between SWCNT growth rate and the SWCNT diameter, d,
in the latter case.

2. COMPUTATIONAL DETAILS

The computational methodology employed in this work is the same as
that used by us in our recent investigation of [6]CPP — (6,6)
SWCNT growth.* Chirality-controlled growth of (4,3), (6,5), (6,1),
(10,1) and (8,0) SWCNTSs was achieved by the periodic addition of
C,H radicals to [2]CPPN, [4]CPPN, [0]CPPH, [0]CPPD and
cyclooctacene precursors (Figure 1), respectively. Here we employ the
[n]CPPx nomenclature of Omachi et al,** where x = N, H and D
denotes napthylene, hexylene and decylene, respectively. As shown in
Figure 1, these SWCNTSs provide a range of both d and 6. After the

[6]CPP Cyclooctacene
d=0.81,6=30 d=063, 6=0
.___,/‘\‘
i \

.

[2]CPPN [0]CPP
d=048,0=253 d=051,0=76

[4]CPPN
d=075, 6=27.0

[0]CP
d=083,0=47

Figure 1. Organic templates for SWCNT growth simulations. [6]CPP,
cyclooctacene, [2]CPPN, [0]CPPH, [4]CPPN and [0]CPPD
precursors ultimately become (6,6), (8,0), (4,3), (6,1), (6,5) and
(10,1) SWCNT fragments, respectively. Diameters d and chiral angles
0 are given in nm and degrees, respectively.

geometries of these model systems were optimized, the model systems
were equilibrated at 500 K for a period of 5 ps. SWCNT growth was
then induced by the addition of one C,H radical to a randomly chosen
carbon atom in the SWCNT fragment at regular intervals of 10 ps.
This rate is, in a sense, somewhat arbitrary. However, not only are
higher C,H supply rates expected to increase defect formation during
growth, they are also unrealistic considering the anticipated fraction of
C,H present in experimental growth conditions. The center of mass of
the incoming C,H radical was positioned randomly between 3 and 4 A
from the target carbon atom, along the vector joining the target atom
and the center of mass of the C,H radical. The initial velocity of each
incoming atom coincided with the nuclear temperature of the entire
system (S00 K); however, drawing velocities from a Boltzmann
distribution at an equivalent temperature has been shown to have no
effect on the outcome of the simulation. Full details of this supply
algorithm have been described elsewhere.*"** The formation of new
hexagonal rings is an infrequent event, and so a “selective” MD
method, reminiscent of Voter’s parallel replica MD method,* was
employed. Initially, six independent SWCNT growth trajectories were
generated. After each consecutive 10 ps period of QM/MD simulation,
the two trajectories that were judged to most favor the growth of
SWCNTs were selected as the next set of initial structures for the
subsequent period of simulation. The criterion employed as the
measure of growth was hexagon formation, following a thermody-
namic stability argument** Each of these structures was then
replicated six times, and so on. These QM/MD growth trajectories
therefore gave rise to an exponentially branching “trajectory-tree”
structure. For the purposes of analysis and discussion however, we
limit our analysis to a single “branch” (consisting of 6 trajectories) of
the trajectory-tree. As we have recently established,* the abstraction of
hydrogen from [6]CPP/(6,6)SWCNT was extremely easy with a
barrier of only 1—2 kcal/mol. Interaction of C,H with [6]CPP/(6,6)
SWCNT results in the abstraction of a [6]CPP/(6,6) SWCNT
hydrogen approximately 40% of the time, thereby facilitating SWCNT
growth via hexagon formation. Two hydrogen atoms were therefore
removed from the growing SWCNTs every 20 ps during the initial
period of growth in this work in order to increase the efficiency of the
growth simulations. Supplementary QM/MD simulations have
established that this hydrogen removal scheme does not adversely
affect the mechanism of SWCNT growth.>® While this is in some sense
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artificial, hydrogens were removed from all SWCNTSs at comparable
rates; for (6,5)/(10,1) SWCNTs and (4,3)/(6,1) SWCNTs, 20 and 10
hydrogen atoms were removed, respectively. The ratios of edge
hydrogens in the corresponding organic precursors to that removed
were therefore 1:1.1 and 1:1.4, respectively. For (8,0) SWCNTs 28
hydrogen atoms were removed in total, giving a ratio of 1:1.67 (while
this is a larger ratio, this is irrelevant considering the nature of (8,0)
SWCNT growth as we show below).

All QM/MD simulations employed the self-consistent charge
density-functional tight-binding (DFTB) method** DFTB is an
approximate density functional theory (DFT) method based on the
tight binding approach and is at least 2 orders of magnitude faster than
DFT method for systems of this nature, while providing remarkably
similar energetics and structures.***’ The DFTB wave function,
energy and gradient were computed “on-the-fly” at each MD step. A
finite electronic temperature (T,)*** of 1500 K was enforced on the
DFTB wave function. Orbital occupations were therefore described by
a Fermi-Dirac distribution, and varied continuously between [0,2] near
the Fermi level. The Newtonian equations of motion were integrated
using the popular Velocity-Verlet algorithm.*® In periods between
consecutive C,H additions/hydrogen removal, the NVT ensemble was
enforced on all systems via a Nosé-Hoover chain thermostat (chain
length = 3).>' The nuclear temperature was maintained at 500 K
throughout all simulations.

Further analysis of the SWCNT growth trajectories has been made
using the (U)B3LYP***® functional of density functional theory, in
conjunction with the 6-31G(d) basis set. While this combination of
functional and basis set is not perfect in the context of large polycyclic
aromatic hydrocarbon systems, it allows direct comgarison with several
recent calculations concerning SWCNT growth. 836 All B3LYP/6-
31G(d) calculations were performed using the Gaussian09 program.>*
Frequency calculations were carried out to ensure that true local
minima and transition states (TS) were located. The intrinsic reaction
coordinate method®® was also performed to ensure that a TS connects
two appropriate local minima in the reaction pathway. For all
stationary points located, harmonic zero-point vibrational energies and
thermal corrections at S00 K were taken into account.

3. RESULTS: QM/MD SIMULATIONS OF
CHIRALITY-CONTROLLED SWCNT GROWTH

3.1. Armchair SWCNT Growth. We begin initially by
briefly reiterating the main conclusions of our recent
investigation of [6]CPP — (6,6) SWCNT growth,* since
much of the subsequent discussion is concerned with the
impact of d and € on the mechanism and rate of SWCNT
growth. These previous quantum chemical simulations
demonstrated the dual role of the C,H radical during
SWCNT under the current conditions, that is, it is both the
initiator of SWCNT growth (via hydrogen abstraction) and the
agent of SWCNT growth itself. SWCNT growth from the
[6]CPP precursor proceeded essentially via the formation of
extended polyyne chains at the edge of the SWCNT fragment.
Ultimately, following 485 ps of QM/MD growth simulation,
the [6]CPP had been converted into a (6,6) SWCNT ca. 7.5 A
in length following the addition of 27 new hexagons. The
energetics of growth was extremely competitive in comparison
to a DA-based growth mechanism. For example, the barrier
(AG¥(500 K)) associated with hydrogen abstraction was
essentially nonexistent. Similarly, AG¥(500 K) corresponding
to the formation of hexagons and pentagon defect structures
were ca. 20—40 and 2—56 kcal/mol, respectively, depending on
the hydrogen concentration at the precursor edge. Moreover,
the prior interaction of the C,H radical and the SWCNT
significantly enhanced the energetics of SWCNT growth via
acetylene addition. For instance, the prior abstraction of a

»

single hydrogen at the [6]CPP “bay” region by C,H gives a

AG*(500 K) value of ca. 6 kcal/mol; the prior abstraction of
both hydrogens resulting in acetylene is barrierless. For
comparison, DA addition of acetylene in this case requires a
AG*(500 K) of ca. 53 kcal/mol (with hydrogen abstraction to
follow).

3.2. Chiral SWCNT Growth. The evolution of (6,5) and
(10,1) SWCNT growth is depicted in Figure 2 and Movie S1 in
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Figure 2. Evolution of (a) [4]CPPN— (6,5) SWCNT and (b)
[0]CPPD — (10,1) SWCNT growth. Gray, hydrogen; pink, carbon in
the organic precursor; cyan, previously added C,H radicals; dark
green, most recently added C,H radical.

Supporting Information. Analogous structures of (4,3) and
(6,1) SWCNTs (which have approximately the same angle 0
but different diameter d) are provided in Supporting
Information (Figure S1).

Regarding both near-armchair and -zigzag SWCNT growth,
two primary roles of the C,H radicals were observed during
these QM/MD simulations, viz. hydrogen abstraction and C,H
radical addition to the precursor. The latter of these drove
SWCNT growth itself. This behavior is unsurprising, having
been shown also in our previous investigation.*® Armchair edge
carbon atoms of the organic precursor served as “docking
points” for the incoming C,H radicals (Scheme 1la). We note
here that new hexagon formation always occurred at an
armchair “bay”-region, irrespective of the precise (n,m) chirality
of the whole SWCNT. Presumably then the energetics of C,H-
based SWCNT growth of near-armchair and -zigzag SWCNT is
similar to those in the case of armchair SWCNTSs, which have
already been established.*® We will return to the ramifications
of this observation in the context of SWCNT growth rates in
the Discussion. Following 105 ps, two hexagons (at random
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Scheme 1. Schematic Depiction of C,H-based SWCNT
Growth from Organic Precursors®

(a) "

(b) %H 1
(n,1) (n,2)
(c) -

“Such growth is typified as either (a) random/non-sequential
(armchair/near-armchair (n,n) — (n,n/2) SWCNTs), (b) sequential
(near-zigzag ((n,1) — (n,(n/2)-1) SWCNTs) or (c) “terminal” (zigzag
(n,0) SWCNTs) in nature. Zigzag growth is both initiated and
ultimately prevented by the presence of a 6-3 defects at the growing
SWCNT edge.

armchair sites) were formed in the case of (6,5) SWCNT
growth, and another four C, chains were attached to the
precursor (Figure 2a). In the subsequent 50 ps, isomerization of
these chains yielded an additional four new hexagons. In all
cases, hexagons resulted from the free motion of the carbon
chains. As was the case for [6]CPP — (6,6) SWCNT growth,
hexagon formation here was impeded significantly by the
presence of terminating hydrogen atoms on the precursor;
hexagon formation was typically observed following the
abstraction of such hydrogens. Such seemingly random addition
of hexagons during growth is typical of armchair or near-
armchair SWCNT growth. Such addition also led to the
existence of zigzag edge “substructures” in the growing
SWCNT structure. In the case of (6,5) SWCNT growth,
three such substructures existed at 155 ps, constituting a total
of eight “zigzag” carbon atoms (denoted by arrows and labels,
Figure 2a).

Near-zigzag SWCNT growth (depicted in Figure 2b),
typified by the (10,1) SWCNT case, exhibited fundamental
differences compared to (6,5) SWCNT growth. The pristine
[0]CPPD precursor in this case initially possessed a single
armchair position on both edges. As was the case with armchair
or near-armchair SWCNT growth, discussed above, growth in
the case of near-zigzag SWCNTs corresponded to hexagon

addition only at these armchair edge structures. While such
addition in the case of armchair/near-armchair SWCNTSs led to
the formation of zigzag edge structures at the expense of
amchair edge structures, the situation is reversed in the case of
near-zigzag growth. That is, no armchair edge structure is
destroyed during growth; it is simply shifted one position along
the edge of the growing SWCNT structure in a sequential
manner akin to the SDL model of Ding et al.** This process is
shown clearly in Figure 2b between 65 and 155 ps; during this
period six new hexagons are formed by such sequential growth
(denoted with arrows, Figure 2b). The passivating effects of
hydrogen on the dynamics of these adsorbed chains are also
illustrated in Figure 2b. For example, on the other edge of the
growing SWCNT at 245 ps there are in total five C,H and a
single C, chain adsorbed on the SWCNT. However, since the
single armchair carbon is terminated by hydrogen, the addition
of the first hexagon, and hence all subsequent hexagons, is
prevented. Presumably this shortcoming of sequential hexagon
addition, which typifies the growth of near-zigzag SWCNTs,
impedes the SWCNT growth rate in comparison to armchair/
near-armchair SWNCTs. This point will be expanded upon in
the Discussion.

We have established that hexagon-only SWCNT growth
ultimately equates to C, addition at the armchair edge
structure, regardless of the (n,m) chiral indices of the growing
SWCNTs. Yet in the case of zigzag (1,0) SWCNTs, no such
edge structures exist. What then is the mechanism of growth in
this case?

3.3. Zigzag SWCNT Growth. QM/MD simulation of (8,0)
SWCNT growth is depicted in Figure 3a. During the initial
stages of growth, the actions of incoming C,H radicals were
more limited compared to chiral and armchair SWCNT species.
Either these radicals abstracted terminal hydrogen atoms from
the growing SWCNT, or they inserted directly at the SWCNT
edge. Several examples of the latter phenomenon are evident in
Figure 3a. The first polygonal carbon ring formed in this
trajectory was a defect heptagon (67.4 ps). This defect
ultimately proved to be unstable, yielding instead a conjugated
benzocyclopropene radical at the edge of the cyclooctacene
precursor. The latter evidently exhibited greater structural
stability compared to the heptagon defect at 500 K. Indeed,
Figure 3a shows that such “6—3” conjugated ring structures are
prominent throughout (8,0) SWCNT growth. By undergoing
this isomerization, what was originally a defect in fact promotes
chirality-controlled growth, via the formation of a new armchair
site at the growing (8,0) SWCNT edge. As one may expect, the
manner in which the (8,0) SWCNT was subsequently extended
resembled that of near-zigzag SWCNTs, discussed above. That
is, SWCNT growth was driven by the repeated addition of
hexagons from this armchair edge structure. We note here
however that this extension was not sequential, as in the case of
(10,1) and (6,1) SWCNTs discussed above, since the numbers
of armchair edge structures were subject to change. For
example, Figure 3a shows that at 115 ps only one such 6—3
structure existed, while 130 ps later no fewer than three such
structures existed. By 325 ps, a total of eight new hexagons had
been added to the precursor, and yet neither edge had been
extended “completely”. The single impediment to the
formation of a complete row of new hexagons was, ironically,
the same structural feature that enabled hexagon addition in the
first place, the 6—3 conjugated ring structure (Figure 3b). The
three-membered ring proved so stable that no 6—3 — 6—6 ring
isomerization was observed within 325 ps. Using DFT this
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Figure 3. (a) Evolution of cyclooctacene — (8,0) SWCNT growth using C,H radicals at S00 K. (b) Structure obtained at 325 ps; complete
extension of the hexagonal lattice is not observed in QM/MD simulations at 500 K, and is prevented by 6—3 defect structures at the SWCNT edge.
Gray spheres represent hydrogen; pink spheres represent carbon in the cyclooctacene precursor, cyan spheres previously added C,H radicals, dark
spheres the most recently added C,H radical. (c) In the absence of terminating hydrogen, the 6—3 — 6—6 ring isomerization is exothermic and
corresponds to a AG¥(500 K) of ca. 12.1 keal/mol using B3LYP/6-31G(d).
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Figure 4. Hexagon formation observed during (6,5), (10,1), (4,3), and (6,1) SWCNT growth.

barrier corresponded to AG¥(500 K) of only 12.1 kcal/mol,
somewhat surprisingly, and was exothermic by 33.1 kcal/mol
(in the presence of hydrogen termination, this same reaction is
strongly exothermic by 50.3 kcal/mol). Thus, although highly
exothermic, our QM/MD simulations suggest that this 6—3
defect is kinetically stable.

This 6—3 — 6—6 ring isomerization is akin to the
“reinitiation” step in Ding et al’s SDL picture of SWCNT
growth.40 The crucial difference, however, is that screw-
dislocation reinitiation concerns the free energy associated

15891

with the emergence of a new layer in the zigzag SWCNT, while
we show here a barrier corresponding to the completion of the
current layer. The two processes are significantly different in an
energetic sense; compared with 12 kcal/mol for 6-3 — 6—6
ring isomerization, DFT reinitiation energies on Fe, Co and Ni
catalysts range from 25 to 35 kcal/mol.*” Moreover, Figure 3
shows that, in this case, reinitiation of the subsequent layer of
the (8,0) SWCNT is not the rate-limiting step during growth.
However, without 6—3 — 6—6 ring isomerization, and thus the
complete extension of the hexagonal lattice, SWCNT growth is
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effectively terminated. Experimental distributions of (n,m)
SWCNT abundances show a distinct lack of zigzag, or near-
zigzag SWCNTSs, suggesting growth of such SWCNTSs is less
favorable.">® To equate the results of our simulations and such
experimental observations is specious in a sense, since we are
concerned with low-temperature, catalyst-free SWCNT growth.
However, we believe that both results are manifestations of the
underlying difficulties inherent during the growth of zigzag
SWCNTs.

4. DISCUSSION

4.1. Dependence of SWCNT Growth Rate on Chiral
Angle. As discussed in the preceding section, the growth of
armchair/near-armchair SWCNTs from organic precursors is
significantly different from that of near-zigzag SWCNTs.
Hexagon addition in the case of the former occurs at essentially
random armchair sites, whereas hexagon addition in the case of
the latter is much more sequential in nature. This sequential
near-zigzag growth arises from the single, domineering armchair
site on the growth SWCNT edge in the latter case. On the
other hand, the growth of zigzag SWCNTs is kinetically
unfavorable. We now turn to a more detailed discussion of the
relationship between the chiral angle 6 of the SWCNT and the
SWCNT growth rate.

SWCNT growth rate can be interpreted most accurately in
this context by the rate of hexagon addition. Figure 4 presents
the statistics of new hexagonal ring formation during the
SWCNTs growth process for both near-armchair and near-
zigzag SWCNTs after 245 ps. For the near-armchair (6,5) and
(4,3) SWCNTs, 12 and 11 hexagons were added during this
period, respectively, while for the near-zigzag (10,1) and (6,1)
SWCNTs only eight and six were added. For comparison, the
number of hexagons added during (6,6) SWCNT growth from
[6]CPP*® during the same period was 11. This data suggests
immediately that hexagon addition is more favored during
growth of near-armchair SWCNTs, compared to near-zigzag
SWCNTs. The underlying reason is obvious; in the case of an
armchair SWCNT, all incoming C,H are positioned at such
armchair positions, and thus all C,H (or more generally C,
chains) may potentially form new hexagons. The number of
such sites in a near-armchair SWCNT is only slightly
diminished, thereby furnishing a comparable growth rate. In
the case of near-zigzag SWCNTs, few armchair sites exist,
which forces ‘sequential’ growth of the SWCNT fragment at a
substantially slower rate. And as we have established above, the
situation is worst in the case of zigzag SWCNT fragments.
Thus, the growth rate of a SWCNT in the absence of a catalyst
is directly proportional to the chiral angle 6 of that SWCNT.
This result is in line with a number of previous investigations
concerning transition-metal catalyzed SWCNT growth, such as
the SDL growth model.***”*® However, in the absence of a
catalyst, the simulations presented here confirm that this
relationship is an intrinsic property of a SWCNT edge itself.
While such an intrinsic relationship has been shown previously
for graphene edges,”’ the results here are the first in situ
demonstration of such a relationship in SWCNT growth.

A distinct relationship between the chiral angle 6 and the rate
of defect formation was also observed in these simulations. It is
immediate from Figure S that fewer defects (classified as four-,
five- and seven-membered rings) form during growth of near-
armchair SWCNTs compared to growth of near-zigzag
SWCNTs. This is particularly the case during the earliest
stages of growth, when the SWCNT fragment most resembles
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Figure S. Numbers of “successful” QM/MD simulations of (a) near-
armchair and (b) near-zigzag SWCNT growth. Success is defined as
the total absence of any defects (ie., four-, five- and seven-membered
rings) during each simulation period, that is, chirality-controlled
growth. In the absence of a catalyst, near-armchair SWCNT's exhibit a
greater tendency toward maintaining their chirality compared to near-
zigzag SWCNTs.

its organic precursor. For example, for the (10,1) SWCNT
growth trajectory, on two separate occasions only one of six
trajectories did not form a defect (between S0 and 60 and 140—
150 ps). This is also the case, albeit to a less dramatic extent, for
the (6,1) SWCNT growth trajectory. On the other hand,
growth of the (4,3) and (6,5) SWCNT fragments during this
period is relatively “defect-free”. Admittedly, however, the
number of defects in the case of (6,5) SWCNT formed
between 230 and 240 ps is more noticeable, and is due to a
larger concentration of polyyne chains attached to the growing
SWCNT fragment at this time. These observations are
consistent with those previously made during QM/MD
simulations of SWCNT growth on Feyq catalyst nanoparticles.>
In this latter investigation, it was reported that (5,5) SWCNTs
have a greater averseness to defect formation, compared to
(8,0) SWCNTs. This averseness is also consistent with the
relative “edge energies”>” of near-armchair and near-zigzag
graphene edges in vacuum. The observation of this trend in the
absence of a catalyst indicates that the ability to avoid defect
formation is also an intrinsic property of the SWCNT structure
itself. That is, it does not originate from the interaction between
the SWCNT and a supporting catalyst nanoparticle. Thus, by
varying the strength of the SWCNT-catalyst interactions (i.e.,
catalyst-design approaches to chirality control), one can
presumably only mitigate or enhance this trend, not reverse it
completely.
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4.2, Dependence of SWCNT Growth Rate on Diame-
ter. Thus far we have confirmed by nonequilibrium MD
simulations that SWCNT growth rates from organic precursors
are proportional to the chiral angle @ of the growing SWCNTs.
We now consider the dependence of SWCNT growth rate on
the SWCNT diameter. Despite a number of detailed previous
theoretical investigations of SWCNT growth from organic
precursors in the literature,””***¢ the relationship between
growth dynamics and SWCNT diameter remains unaddressed.
Peng et al.%* have previously shown that a SWCNT’s stability
depends strongly on its diameter, with smaller diameter
SWCNTs being intrinsically higher in energy compared to
larger diameter SWCNTSs due to their higher curvature. This
would seemingly suggest that larger diameter SWCNT's exhibit
higher growth rates, since the decreased sp> curvature may
enhance the energetics of the hexagon formation process. This
is indeed true, in particular cases, as we discuss below.
Nevertheless, diameter-independence is implicit in current
models of transition-metal catalyzed SWCNT growth.*® Figure
4 shows that in the case of SWCNT growth from [n]CPP via
C,H insertion, the growth rate is also independent of the
SWCNT diameter. For both small diameter ((4,3), (6,1)) and
large diameter ((6,5), (10,1)) SWCNTs, hexagons are added at
approximately the same rate. Therefore, independence of
SWCNT growth rates on SWCNT diameter under such
conditions is also an intrinsic quality of the SWCNT structure.

The energetics of SWCNT growth via C,H radical insertion
and its dependence on SWCNT diameter have been modeled
using [n]CPP precursors (Figure 6a). In this case hexagon
formation results from a simple isomerization of the inserted
C,H radical at an armchair edge structure, and is only favorable
in the absence of both terminating hydrogens.*® Figure 6b
shows that the barrier preventing hexagon addition via C,H
insertion decreases only slightly with increasing SWCNT
diameter, and is thus in agreement with the diameter-
independent growth rates obtained from QM/MD simulation.
Regarding the exothermicity of the isomerization process, the
trend is more noticeable, that is, the reaction becomes
substantially more exothermic with increasing SWCNT
diameter. Admittedly, the largest barrier (I-TS) relative to I-R
(for the (4,4) SWCNT, Figure 6b) exhibits a AG¥(500 K)
value of only ca. 6.7 kcal/mol, and so such a reaction is
extremely favorable. Interestingly, AG¥(500 K) corresponding
to pentagon defect formation (Figure 6b) is consistently lower
for all SWCNT diameters. Recalling that 1 kT & 1 kcal/mol at
500 K, defect formation via this process is effectively barrierless
for any SWCNT with a diameter larger than that of a (10,10)
SWCNT. Nevertheless, AG for the isomerization itself is
significantly more favorable for hexagon formation (by ca. 20
kcal/mol for all [n]CPP). These processes are therefore
expected to be highly competitive during SWCNT growth;
this is indeed the case according to Figure S.

4.3. C,H Insertion versus DA-Cycloaddition: Depend-
ence on Diameter. The decomposition of acetylene, forming
C,H, has been established on a variety of substrates/catalysts at
low temperatures.””*® In reality however, the C,H radical is
anticipated to be present only in trace quantities in
experimental CVD growth conditions. In the current context,
the possibility of SWCNT growth via DA cycloaddition
therefore cannot be overlooked; nor can C,H, addition to
dehydrogenated organic precursors. The energetics of such
processes is presented in Figure 7. Here we limit our discussion
to (n,n) armchair SWCNTs, based on the similarities between
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Figure 6. (a) Reaction mechanism for hexagon/pentagon addition to
[1n]CPP precursors following C,H insertion (I-R). (b) AG¥(I-TS) and
(c) AG(I-P), relative to I-R, for hexagon/pentagon addition to
[n]CPP precursors. All data were computed using B3LYP/6-31G(d);
Gibbs free energies were calculated at 500 K.

hexagon addition for all (n,m) SWCNTs (i.e., all addition takes
place at an edge armchair structure).

Comparison between Figure 6 and Figure 7 immediately
illustrates how labile SWCNT growth via the C,H insertion
mechanism is, compared with that based on DA cycloaddition.
For [n]CPPs (n = 4—10), all of which have the same chiral
angle 0 (30°), barriers for C,H insertion range between 4.2—
6.7 kcal/mol (I-TS). On the other hand, barriers for DA
cycloaddition to [n]CPP range between 64—69 and 68—79
keal/mol (II-TS1) for endo and exo C,H, addition, respectively
(Figure 7). The barriers of the two growth mechanisms
therefore differ roughly by an order of magnitude. It is obvious
that for an equivalent C,H/C,H, feedstock ratio, the C,H
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Gibbs free energies calculated at 500 K.

radical insertion mechanism will dominate the kinetics of
SWCNT growth rate, instead of the DA cycloaddition
mechanism. However, this dominance of C,H radical insertion
is negated by the trace amounts at which C,H radicals are
expected to be present in experimental growth conditions.
Thus, the role of C,H, DA cycloaddition on SWCNT growth
cannot be ruled out completely due to thermodynamic
considerations, particularly at high temperature. We note here
that exo addition typically yields asymmetrical II-TS1
structures; nevertheless C,H, insertion only involves a single
TS despite previous assumptions to the contrary.28 More
importantly, while SWCNT growth via C,H radical addition
leads to diameter-independent growth rates, Figure 7 indicates
that the opposite is the case regarding DA-based SWCNT
growth. In particular, AG*(500 K) for C,H, cycloaddition (II-
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TS1) is inversely proportional to the SWCNT diameter,
indicating more labile SWCNT growth for larger-diameter
SWCNTs. These findings are consistent with experimentally
reported abundances of near-armchair SWCNTs.'¢ In such a
scenario diameter-independent theories of SWCNT growth*
are therefore no longer applicable. We are assuming here that
no prior H-abstraction from the organic precursor has taken
place. In such a case, chirality-controlled SWCNT growth
necessitates H, renormalization (the removal of two H atoms
from the two sp’ carbons regaining 7—conjugation) following
C,H, cycloaddition, otherwise defective sp>-hybridized carbon
atoms remain in the growing SWCNT. Figure 7 shows that this
is the rate-limiting step of the entire DA-based growth process,
and is one that exhibits a strong dependence on SWCNT
diameter; AG¥(500 K) ranges between 42—48 (exo) and 54—
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83 (endo) kcal/mol (II-TS2). Once again, the height of this
barrier is inversely proportional to SWCNT diameter; in the
case of endo addition, the trend is most notably pronounced.
Interestingly, while endo C,H, cycloaddition is more favorable
than exo cycloaddition (II-INT), the opposite is the case for H,
renormalization. Hexagon addition via DA cycloaddition is
ultimately strongly exothermic, with AG ranging from —40 to
—46 kcal/mol. However, while the intermediate II-INT in the
case of exo addition is always highly endothermic (32—44 kcal/
mol), this is not the case for endo addition. Instead, the latter is
exothermic for small SWCNT diameters and becomes
endothermic for larger SWCNT diameters. Ironically, however,
H, renormalization for these smaller diameter, more stable II-
INT species correspond to the highest barriers.

In the case where the organic precursor is dehydrogenated
prior to interaction with acetylene, the hexagon formation
mechanism itself no longer resembles a DA process; instead
C,H, insertion takes place via a metastable intermediate
structure.’® Further details of this process are provided as
Supporting Information (Figure S2), suffice to note here the
following points. First, C,H, addition following CPP hydrogen
abstraction is a significantly more favorable process, with
AG*(500 K) no higher than 22.5 kcal/mol for any [n]CPP
species. Second, and perhaps more importantly, the marked
relationship between [n]CPP diameter and AG*(500 K) for
C,H, DA cycloaddition, discussed above, is no longer present
for C,H, addition to dehydrogenated [n]CPP precursors. In
the case of DA cycloaddition, new C—C bonds are formed via
m—n orbital interactions between the SWCNT “bay” carbon
atoms and those in the C,H, dienophile. The energetics of such
cycloaddition are therefore determined by the SWCNT/C,H,
orbital overlap, which in turn is determined by the curvature
(or diameter) of the SWCNT edge. In the case of C,H,
addition to dehydrogenated [n]CPP precursors, new C—C
bonds are formed via o-radical interactions, and so the extent of
m—m orbital overlap becomes irrelevant. This gives rise to a
diameter-independent SWCNT growth rate; a result that is
consistent with QM/MD simulations of SWCNT growth via
C,H addition.

5. CONCLUSION

We have demonstrated catalyst-free, chirality-controlled growth
of chiral and zigzag single-walled carbon nanotubes (SWCNTs)
from organic precursors using quantum chemical simulations.
Comparison of C,H- and C,H,-based growth mechanisms
highlights the role of the C,H radical in the growth of chiral
and zigzag SWCNTs, as well as the growth of armchair
SWCNTs.® In agreement with current experimental and
theoretical data concerning transition-metal catalyzed SWCNT
growth, we have shown here that the SWCNT growth rate
under significantly different (i.e,, low temperature, catalyst-free)
conditions correlates directly with the chiral angle @ of the
SWCNT fragment. This relationship is therefore an intrinsic
property of the SWCNT edge structure itself; the trend may
presumably only be enhanced or minimized, but hardly
reversed, by altering the conditions of growth. On the other
hand, results presented here suggest that the relationship
between the SWCNT’s diameter and its rate of growth depends
explicitly on the growth conditions. Contemporary theories of
SWCNT growth rates,”® which are shown to be in good
agreement with experimental data,">*%" are implicitly
diameter-independent. Our simulations of C,H-based
SWCNT growth also show diameter-independent SWCNT

growth rates. Conversely, the energetics of SWCNT growth via
DA-based cycloaddition of C,H, is influenced strongly by the
SWCNT diameter, with the growth rate being proportional to
the SWCNT diameter. Under such conditions, SWCNT
diameter must therefore be taken into account if the
mechanism and kinetics of SWCNT growth are to be
understood. Most notably, our theoretical investigation points
to the possibility that, for a given C,H/C,H, feedstock ratio, a
SWCNT diameter/chirality combination that yields a max-
imum growth rate exists.
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