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Abstract We have studied the relative stability of
hydrogen-terminated single-walled carbon nanotubes
(SWNTs) segments, and open-ended SWNT fragments of
varying diameter and chirality that are present at the
interface of the catalytic metal particles during growth. We
have found that hydrogen-terminated SWNTs differ by
<1 eV in stability among different chiralities, which pre-
sents a challenge for selective and property-controlled
growth. In addition, both zigzag and armchair tubes can be
the most stable chirality of hydrogen-terminated SWNTs,
which is a fundamental obstacle for property-controlled
growth utilizing thermodynamic stability. In contrast, the
most armchair-like open-ended SWNTs segments are
always the most stable ones, followed in sequence by chiral
index up to the least stable zigzag segments. We explain
the ordering by triple bond stabilization of the carbon
dangling bonds at the open ends, which is a fragment sta-
bilization effect that is only manifested when all bonds
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between two layers are broken. We show convincingly that
the bond strength difference between zigzag and armchair
tubes is not present when individual bonds are broken or
formed.
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1 Introduction

Since their discovery, carbon nanotubes (CNTs) [1] have
stimulated a plethora of possible uses because of their high
aspect ratio and remarkable mechanical, thermal, optical,
and electronic properties [2—7]. Their strength as fibers
makes them ideal for the production of strong, but light-
weight materials [8]. Their directional [9, 10] thermal
transport abilities are second only to diamond, with
applications to heat transport in general and as thermal
interface material (TIM) for cooling of hotspots in micro-
electronics applications in particular [11]. Their optical
properties have been utilized in field emitters [12—14], and
it remains to see what future uses CNTs have in optics and
photonics [15]. CNTs can be metallic, semimetallic, or
semiconducting, and thus have a range of applications as a
naturally nanoshaped material in future semiconductor
technology, some of which have been demonstrated in
research laboratories, such as nonvolatile memory [16],
interconnects [17, 18], and transistor channels [19]. The
lower resistivity for metallic CNTs compared to nanosized
Cu, and the higher mobility of semiconducting CNTs
compared to Si, makes nanotubes a very attractive material.
Of particular promise for technological applications are the
single-walled carbon nanotubes (SWNTs). They are
defined by their diameter and orientation of their internal
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graphene hexagonal structure, which can be described by a
set of two integers (n and m) called the SWNT index. The
internal structuring also determines the electronic proper-
ties of the specific tube.

The catalytic chemical vapor deposition (CVD) tech-
nique is to date the most reliable production method, but all
methods share the same growth mechanism—a modified
version of the established vapor-liquid—solid (VLS)
mechanism for the production of nanowires [20-24]. The
active region of CNT growth is at the interface of the
growing CNT and the metal particle that catalyses their
growth, that is, tip growth and root growth, only differs in
the sense of whether the metal particles are bound to a
substrate or not. In order to successfully serve as catalytic
centers, metal particles must be able to: (1) decompose the
carbon feedstock gas, (2) form graphitic caps at their sur-
face, and (3) stabilize the growing open end to maintain the
hollow structure [24, 25], which is required solely because
CNTs are hollow. Criteria (1) and (2) share common traits
with the VLS growth of nanowires, while (3) is a special
feature of CNT growth. Criteria (1)—(3) are only fulfilled
by elemental Fe, Co, and Ni [26-30], or their alloys, also
with non-catalytic metals, especially Mo [31-33]. In
addition, a limited number of studies indicate that some
other metals also meet the criteria, for example, Ru [34]
and Re [35]. Criterion (3) was recently identified [24] and
shown to be fulfilled when the metal-carbon bonds are
strong enough to make the dissociation of the catalytic
nanoparticle and the SWNT, followed by cap formation of
the open nanotube end, unfavorable. Too weak metal—-
carbon bonds cannot stabilize the open CNT end, which
was found to be the case for pure Cu and Au, while Pd was
found to be a borderline case [24]. Too strong metal—car-
bon bonds, on the other hand, would favor the formation of
metal carbides over CNTs (e.g., Mo and W). It has been
shown, however, that the metal-carbon bonds can be tuned
to catalyze CNT growth by mixing weakly bonding metals
(Cu or Pd) with strongly bonding metals (Mo or W) [36,
37], effectively proving that Fe, Co, and Ni nanoparticles
are not exclusive in their ability to catalyze CNT growth,
but merely form bonds with sp? nanostructured carbon,
which are of the suitable strength.

A growing number of first principles computational
studies have been undertaken to better understand CNT
growth [24, 25, 36-51]. The introduction of CNTs into
technology such as mass-produced nano-interconnects and
transistors has been hampered by the fact that CNT pro-
duction leads to a mixture of CNTs with different proper-
ties, and subsequently much effort is being invested in
property-controlled SWNT growth, traditionally by aiming
for growth of only one type of SWNT by employing
schemes that ensure more monodisperse catalytic particles,
resulting in a narrow distribution of SWNT diameters. In
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this study, we report the relative stabilities of SWNTSs of
similar diameters and reflect on how these energy differ-
ences affect this route toward chirality-controlled growth.
We have calculated SWNTSs and cut them into two pieces,
looking at the open-end stability using first principles
electronic structure calculations, which means that this
work also relates directly to the efforts of re-growth of
CNTs from cut nanotube layers, and using cut CNTs as
seeds for growth of specific CNTs [52-54]. We have
computed binding energies, using density functional theory
(DFT), that could serve to improve the parameters for
molecular dynamics (MD) force fields [55-58]. We also
compare SWNT relative stabilities of both hydrogen-ter-
minated tubes and tube with their ends cut, as it varies
according to the tube chirality and draws conclusions
regarding the viability of chirality selected growth.

2 Computational details

We have performed full geometry optimizations using
density functional theory (DFT) with the generalized gra-
dient approximation (GGA) for the exchange and correla-
tion functional in the PBE formulation [59] utilizing the
medium density multigrid (“m4”) for exchange—correla-
tion integration and the resolution of identity (RI)
approximation, with the atom-centered Gaussian triple-
valence polarized basis set “def2-TZVP” for both C and H
[60, 61], as implemented in the TURBOMOLE program
package [62-64]. Mulliken charges have been computed
with the smaller “def2-DZVP” basis set on the PBE/def2-
TZVP geometries to avoid the well-known artefacts arising
when Mulliken charges are computed with extended basis
sets.

All calculations were performed spin polarized in an
unrestricted framework. The ferromagnetic ground states
were set up as usual (i.e., by spin multiplets with more
electrons in alpha shells than beta shells). We did not relax
the number of unpaired electrons self-consistently. Instead,
a search over possible multiplets was done for each mol-
ecule to locate the optimal number of unpaired electrons.
Antiferromagnetic singlet states for the hydrogen-termi-
nated SWNTs were constructed using the alpha orbitals
from the ferromagnetic solutions as the starting guess
orbitals, keeping the same number of unpaired electrons,
but arranged antiferromagnetically. We determined the
number of spin pairs in the antiferromagnetic states self-
consistently by doing single-point calculations with the
Vienna ab initio simulation package (VASP) [65-68] using
the projector augmented-wave method [69, 70], which
allows initialization of one end of the tube one with net
spin up and the other end with net spin down. The VASP
plane-wave basis set energy cutoff was 500 eV, and a
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Gaussian smearing of 0.05 eV was used for partial elec-
tronic occupations. The resulting band occupations were
always integral or close to integral (>0.99).

Our results on which tubes are antiferromagnetic are
consistent between TURBOMOLE and VASP, and the
energy difference between the most stable ferromagnetic
solution and the antiferromagnetic minimum agree well in
all cases but one: the (6,4) tube is found to be most stable in
a non-magnetic singlet state with TURBOMOLE, while it
is antiferromagnetic in VASP. However, the total energy
compared to the most stable ferromagnetic solution is —21
and —32 meV, respectively, that is, the two computational
approaches only differ by ca. 10 meV, which is insignifi-
cant for the analysis in this work.

3 Results and discussion
3.1 Nanotube segment stabilities

When SWNT growth is initiated on a catalytic metal par-
ticle, a cap-formed hemi-fullerene is first formed on the
metal surface, after which growth proceeds by carbon
addition to the hemi-fullerene edge. Since the edge is
chemisorbed to the metal and the inside cap is physisorbed,
at one point the inside of the cap will get detached from the
metal and a capped tub segment has been formed. This
study concerns these tub segments, which we model by
replacing the actual caps with simple hydrogen termination
of the tubes. In this section, we are concerned with SWNT
segments that are hydrogen terminated (capped) in both
ends, in order to deduce the pure nanotube properties. We
have studied three series of SWNTs with nine, ten, and
eleven carbon atoms at each end (18, 20, and 22 carbon
atoms per unit cell, which forms layers in the transverse
planes perpendicular to the c-axis), see, for example, the
(5,5) and (10,0) SWNTs of the (n + m = 10) series in
Fig. 1. If we index the SWNTs by the (n, m) vector, the
(n + m = 9) series consist of five different SWNTSs, the
(5.4), (6,3), (7,2), (8,1), and (9,0) tubes; the (n + m = 10)
and (n + m = 11) series consist of six SWNTs each,
namely the (5,5), (6,4), (7,3), (8,2), (9,1), and (10,0) tubes,
and the (6,5), (7,4), (8,3), (9,2), (10,1), and (11,0) tubes,
respectively. For these nanotubes geometries, we have
studied segments with six unit cells, with both ends
hydrogen terminated referred to as “whole” in the
remainder of this work (represented by the (5,5) and (10,0)
tubes in Fig. 1), and segments with three unit cells with one
end hydrogen terminated and the other end kept open, to
model open-ended SWNTs referred to as “half’ in the
remainder of this work (since they represent cutting the six
unit cell segments into two identical halves). The resulting
stoichiometries are CiogH;g and Cs4Hog for the

Armchair (5,5) |
1

Fig. 1 Molecular structures of hydrogen-terminated single-walled
carbon nanotubes (SWNT) segments representative of the whole
SWNTs used in this study. The dashed line represents the cut into
halves that has been used to calculate open-end stabilities and carbon
dangling bond energies. Top: (5,5) armchair SWNT, bottom: (10,0)
zigzag SWNT

(n 4+ m=9) series, CioHyy and CgH;o for the
(n + m = 10) series, and Cy3,H,, and CggH;; for the
(n + m = 11) series. Using these geometries, we have
computed tube-specific carbon dangling bond energies
from the cleaving reactions (see below). We have made test
calculations with SWNT fragments consisting of eight unit
cells and found the carbon dangling bond energy con-
verged to <0.02 eV per bond. It should be noted that the
length of the tube fragments is intentionally not converged
separately for each tube index, because the aim here is to
model the short tube fragments that are initially formed
during growth.

We find, analyzing the whole hydrogen-terminated
SWNT segments, that the total energies do not differ much
within a series, as can be seen in Fig. 2. The segments of
the (n + m = 9) series are within a 1.37 eV energy win-
dow. The corresponding energy window is 0.88 eV and
0.65 eV for the (n + m = 10) and (n + m = 11) series,
respectively. The similarity in stability is also reflected in
these SWNT’s geometric and other energetic properties.
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Fig. 2 Bottom part: relative stability of whole SWNTs, modeled by
hydrogen-terminated six unit cell fragments of the (n +m =9),
(m+m=10) and (n + m = 11) series (see text). All SWNT
energies are compared to the most stable one in each series. Top
part: open-ended SWNTSs, where each six unit cell tube segment has
been cut into two identical halves consisting of three unit cells

We find, for example, that the CC bond lengths at the
middle section of the whole (5,5) SWNT’s 1.426 A and
1.425 A for the (10,0) SWNT, which are in practice equal
lengths. Similarly, when a single H is removed from the six
unit cell (5,5) and (10,0) tubes, the two reaction energies
are almost equal at 4.770 and 4.794 eV, respectively. We
also note that antiferromagnetic ordering is present in
hydrogen-terminated SWNT segments with zigzag char-
acter, more specifically the (7,2), (8,1), (9,0), (7,3), (8,2),
(9,1), (10,0), (9,2), (10,1), and (11,0) segments. It is in
agreement with earlier results [71, 72], which predict
antiferromagnetic ground states for the (7,0), (8,0), (9,0),
and (10,0) zigzag SWNT segments.

In order to realize chirality-controlled growth, different
chiralities must be resolved energetically, but the energy
difference between two fundamentally different chiralities,
such as (8,1) and (5,4), is typically of the order 0.1 eV,
which is close to the thermal energy at growth conditions
(1 T at 1000 K is 0.09 eV). These results show why it is so
difficult to achieve chirality-controlled growth of SWNTs,
even using almost monodisperse catalytic nanoparticles. It
can be directly attributed to the small energetic difference
between the different tubes with a fixed number of end
atoms at the open (growing) end. In light of these results, it
is questionable whether even the same nanoparticle would
result in growth of the same SWNT twice (in any larger
probability than purely statistical). The energy window,
and potential selectivity, of whole tubes could possibly be
widened by considering larger fragments (as discussed
above), but the only way to reach that tube length in
practice would be for the tubes to have grown past the
length where chirality selection is difficult, by seeding
growth with relatively long tube fragments with a specific
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chirality, which would then have to be obtained by other
means, for example, chemical synthesis.

It is interesting to note that different types of SWNTs
represent the lower and upper bounds of the energy windows
for the three different series. For the (n + m = 9) series, the
zigzag (9,0) and most armchair-like (5,4) nanotube are among
the most stable ones, while the (7,2) SWNT is the least stable
one. For the (n + m = 10) series, the zigzag (10,0) nanotube
is also the most stable, but the armchair (5,5) tube is the least
stable one. This ordering is completely reversed for the
(n + m = 11) series, with the armchair-like (6,5) tube being
most stable, and the zigzag-like (9,2) and (8,3) tubes being the
least stable ones. Furthermore, the ordering depends on the
length of the tube fragments considered. When testing for
convergence with respect to the number of unit cells in the
fragment, we found that the relative stability in the
(n + m = 9) series is different when using eight unit cells
compared to six unit cells. It means that the introduction of
thermodynamic control of growth would still result in a
mixture of metallic and semiconducting SWNTs, even if a
very narrow distribution of tube diameters is achieved. Thus,
there is a fundamental impediment to growth of only metallic
or only semiconducting nanotubes using traditional approa-
ches, which is dictated by SWNT stability.

In addition to variation in the stability of SWNT frag-
ments depending on the length, we find that the electronic
properties of the six unit cell SWNT segments differ from
those of the corresponding microscopic (or infinite)
SWNTs. In Table 1, we report the HOMO-LUMO gaps of
the hydrogen-terminated SWNTs segments of the
m+m=9), n+m=10), and (n + m = 11) series.
Most are effectively semiconducting at this length. Similar
effects have been described elsewhere [71-73].

3.2 Cut nanotube end stabilities

When studying the interface between catalytic metal par-
ticles and SWNTs, one always find relatively large

Table 1 Energy gap, AE in eV, between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) for the six unit cell hydrogen-terminated SWNTs
fragments of the (n +m=9), m+m=10) and (n + m = 11)
series

n+m=9 n+m=10 n+m=11
Index AE Index AE Index AE
5.4) 1.49 (5.,5) 0.19 6,5) 1.29
(6,3) 0.93 6,4) 0.15 (7,4) 0.87
(7,2) 0.37 (7,3) 0.30 (8,3) 0.39
8,1) 0.49 (8,2) 0.38 9,2) 0.42
9,0) 0.66 9,1) 0.48 (10,1) 0.49
(10,0) 0.56 (11,0) 0.63
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differences in the metal-carbon (M—C) binding energies
(BEs) between zigzag and armchair tubes (zigzag tubes
have larger M—C BEs in the order of an eV) [24, 25, 48—
51]. We investigate how these differences can be recon-
ciled with the relative equal stability of whole SWNT
segments, and the equality of C—C bond lengths and C-H
dissociation energies for zigzag and armchair tubes (as
reported above), by considering open-ended nanotube
fragments. These were constructed by cutting the hydro-
gen-terminated tube segments into two identical segments.
This approach makes it possible to determine the carbon
dangling bond formation energy by simply dividing the
total reaction energy by the number of carbon dangling
bonds present at the interface.

In contrast to whole SWNTs, the energies of two open-
ended half SWNTs span considerably wider ranges of
13.7eV, 165eV and 178 eV for the (n+m=9),
(n + m = 10)and (n + m = 11) SWNT series (see Fig. 2).

In other words, the open end is much more sensitive to
different chiralities. Also in contrast to the situation for whole
SWNTs, the ordering of the half SWNTs is the same for all
three series, with the most armchair-like nanotubes [(5,4),
(5,5), and (6,5)] being the most stable and the zigzag (least
armchair-like) nanotubes [(9,0), (10,0), and (11,0)] being the
least stable. One can observe almost incremental increases in
energy of 2.9-4.5 eV (1.4-2.2 eV per SWNT end) for each
decrease of the second integer of the nanotube index.

The trend in open-end stability with chirality can be
explained by carbon dangling bond (DB) stabilization at
the cut edges, an effect which is present for both open-
ended CNTs and graphene edges [48]. Most importantly,
when two DBs are on neighboring carbon atoms, they can
pair up in the formation of a partial triple bond, which is
the case for all DBs of an armchair tube (see Fig. 3). We
have found from our DFT calculations that the optimum
number of unpaired electrons at an open end of a SWNT is
equal to u = n—m, where n and m are the integers of the
SWNT index (rn and m). Here, the magnetic ordering is
always ferromagnetic, which is in agreement with earlier
findings [74]. The number of unpaired electrons is an
indirect measure of how many DBs pair up into triple
bonds for a certain tube index when symmetrically cut
(without attempting to cut the tube in an effort to maximize
the number of next neighbor DBs of one of the fragments).
For the (n + m = 10) series, there can be a maximum of
ten unpaired electrons (which is the case for the (10,0)
tube), but for, for example, the (7,3) tube six DBs pair up,
leaving four unpaired electrons. The presence of triple
bonds is also indicated by the resulting C—C bond lengths,
which range between 1.243 and 1.250 A in the armchair
sections of cut SWNTSs, as compared to the normal partial
double bonds of 1.378-1.407 A in the zigzag sections.
Mulliken analysis reveals that there is a small negative

Spin density at
zigzag tube end
(no triple bond stabilization possible)

Triple bond stabilization
at armchair tube end

:QOQQ ;99 2
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cle WY
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Fig. 3 Fragment stabilization of armchair open ends (left) manifested
in triple bond formation, which are missing for zigzag open ends
(right)

charge of —0.1 on both zigzag and armchair open ends, so
the partial charge is the same regardless of whether the
electrons combine to form triple bonds or are in the form of
individual dangling bonds.

Figure 4 shows that DB energies vary from 1.98 eV to
2.85 eV depending on the number of unpaired electrons in
an almost linear fashion. This is due to the difference in
SWNT edge stabilization discussed above and is thus not
directly related to the C—C bond strength at equilibrium
[75, 76], that is, the C—C bonds of armchair SWNTSs are not
weaker (or longer) than those of zigzag SWNTSs, but when
an armchair SWNT is cut (perpendicular to the long axis),
an additional fragment stabilization reduces the DB for-
mation energy compared to zigzag SWNTs. For example,
this stabilization effect is not present when only one H
atom is removed from the hydrogen-terminated edge of the
(5,5) and (10,0) tubes, which results in an almost equal
hydrogen removal energy (see above). This tube edge
stabilization is the reason behind the differences reported
for M—C BEs whether the nanotube is zigzag or armchair.
[24, 25, 48-51, 77, 78] It is simply differences in fragment
stabilization for one of the dissociation products. And the
same deduction can be made for M—C bond strengths as we
have made for the C-C ones; any one M-C bond at a
zigzag SWNT edge is not stronger than in the case of an
armchair edge, but when all bonds or adjacent M—C bonds
are broken, an additional fragment stabilization effect
reduces the BEs when armchair edge-like partial triple
bond formation is possible. Since the dissociation energies
between metal particles and SWNT fragments are very
large (exceeding 15 eV for the catalytic metals), we rec-
ognize that it would be very difficult to utilize chirality-
dependent dissociation of armchair-like tubes as a means to
achieve chirality-controlled SWNT growth.

Our simulations show that the relative stability between
SWNT fragments of different chirality is small for our whole
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Fig. 4 Carbon dangling bond energies, calculated from the tube
dissociation energies divided by the number of carbon dangling bonds
versus the optimum number of unpaired electrons for each open-
ended half SWNT. There is a clear linear relationship between
dangling bond energy and number of unpaired electrons

tubes. This is in analogy with the small difference between the
(5,5) and (10,0) tube bound to a M55 metal cluster, which has
been found previously to be only 0.282 eV and 0.799 eV for
M = Co and M = Nj, respectively [25]. We also show that
the difference in M—C binding strengths computed for the two
extremes armchair and zigzag tubes, which can be as large as
1 eV, is only manifested upon complete dissociation of the
tube fragment from the catalytic metal particle. This has been
proven by: (1) showing that the difference is mimicked also
for the C—C bond strengths obtained from cutting the whole
tubes into halves; (2) explaining the difference to be due to
fragment stabilization through triple bond formation of
neighboring dangling bonds on simultaneously broken C-C
bonds; (3) showing that this difference between the C—C
bonds between tube layers is not present for individual bonds.
Together, our findings for whole tube fragments and for
computed binding energies show that the difference in energy
between different tube chiralities is small when it comes to
practical terms. This means that there is a very limited
spectrum for the utilization of relative energy differences
between tubes to achieve chirality-controlled SWNT growth.
Since the chirality of the tube dictates the tube properties, it is
not likely that traditional catalytic CVD techniques will solve
the issue of growing only semiconducting or only metallic
tubes for different applications.

4 Conclusions
We have studied the relative stability of all possible chi-

ralities of hydrogen-terminated SWNTs segments having
18, 20, and 22 carbon atoms per unit cell; we found that
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within each series, the total energy of the different chiral-
ities span a range of only 1.4, 0.9, and 0.7 eV, respectively.
We relate this finding to relative stabilities between SWNT
fragments and catalytic metal particles. Furthermore, for
the hydrogen-terminated SWNT segments, both zigzag and
armchair tubes can be the most stable chirality for a given
diameter. This means that attempts at thermodynamically-
controlled growth of a narrow range of tube diameters will
result in both metallic and semiconducting tubes. We have
investigated the well-known differences between chiralities
for open-ended SWNT segments, where the energy dif-
ference between two chiralities can be as much as 0.87 eV
per carbon dangling bond present at the open end. Our
results show that in the case of open-ended SWNT seg-
ments, armchair tubes are always the most stable, due to
triple bond stabilization of carbon dangling bonds situated
on neighboring carbon atoms. The stability of open-ended
SWNTs depends on the number of triple bonds that can be
formed, which is directly linked to the tube chirality. As a
direct consequence, it also governs the number of unpaired
electrons at the open end. We relate these results to the
reported differences in M—C binding strengths between
armchair and zigzag ends/sides of tubes/graphene sheets.
However, we find that this difference between chiralities is
of very limited use since it is only manifested upon com-
plete cutting of a tube, and in analogy with growth—
complete dissociation of the tube from the metal. We show
decisively that this difference in C-C/M-C binding
strengths between chiralities is not present for individual
C-C/M-C bonds.
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