Physica E 148 (2023) 115624

i

ELSEVIER

Contents lists available at ScienceDirect

Physica E: Low-dimensional Systems and Nanostructures

journal homepage: www.elsevier.com/locate/physe

Expansion of nanotube cap due to migration of sp atoms from lateral surface

Yulia G. Polynskaya?, Alexander S. Sinitsa®, Sergey A. Vyrko ¢, Ottorino Ori ¢,
Andrey M. Popov ¢, Andrey A. Knizhnik @, Nikolai A. Poklonski ¢*, Yurii E. Lozovik ©

2 Kintech Lab Ltd., 3rd Khoroshevskaya Street 12, Moscow 123298, Russia

b National Research Centre “Kurchatov Institute”, Kurchatov Square 1, Moscow 123182, Russia
¢ Physics Department, Belarusian State University, Nezavisimosti Ave. 4, Minsk 220030, Belarus

d Actinium Chemical Research, 00133 Rome, Italy

¢ Institute for Spectroscopy Russian Academy of Science, Fizicheskaya Str. 5, Troitsk Moscow, 108840, Russia

ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.17632/trgdpzm

Possible mechanism of cap expansion of preliminarily prepared carbon nanotube is proposed and confirmed by

3gz DFT calculations. According to this mechanism single carbon atoms adsorbed on lateral surface of the nanotube
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(sp atoms) migrate along the nanotube and are trapped at its cap in the potential well. When pair of sp atoms
meet at the cap they annihilate with significant energy gain so that expansion of pure sp? structure occurs.
According to performed calculations on example of (9,0) nanotube the energy gain (or depth of the potential
well) with displacement of the first and second sp atom from the lateral surface of nanotube to its cap is of
about 1.5 eV. The calculated barriers along these sp-atom displacement paths toward the cap are low and lay
in the range 0.25-1.5 eV. The calculated energy gain at the sp-atom pair annihilation is 5-6 eV. The analysis

of topological changes at the proposed nanotube cap expansion shows that it leads to the change of the cap
structure and therefore to change of the related properties that can be used in applications.

1. Introduction

Advances of modern nanotechnology in last decades lead to elabo-
ration of methods to synthesize new carbon low-dimensional materials
such as fullerenes [1], nanotubes [2] and graphene [3]. Treatment
of these materials after their synthesis opens up further possibili-
ties for production of new carbon-based systems for nanoscale device
design [4]. For example, various methods of a such treatment of pre-
liminary synthesized carbon low-dimensional materials include filling
of carbon nanotubes by different materials [5], formation of endohedral
fullerenes in a noble-gas atmosphere [6], formation of flat nanotubes
from bilayer graphene nanoribbons under electron irradiation [7], for-
mation of hard nanomaterial from fullerite under pressure, preparation
of heterostructures consisting of layers of different 2D materials (see,
e.g. Ref. [8] for a review) and so on.

Possibility of carbon nanotube growth at a cap with participation
of single carbon atoms has been proposed based on the experiment
showing the role of single atoms in formation of abundant fullerene
isomers [9]. Here we have proposed a method of cap expansion of
preliminary synthesized carbon nanotubes with participation of single
carbon atoms and study the atomistic mechanism of this process by
density functional theory (DFT) calculations. The atomistic mechanism
of the proposed process includes three stages: (1) migration of single
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carbon atoms along a nanotube axis to a nanotube apex, (2) trapping of
single carbon atoms in the potential well at a nanotube cap, (3) meeting
of two trapped atoms with formation of pure sp? structure. The process
of nanotube cap expansion proposed here considerably differs from
processes at nanotube growth. First, it takes place for preliminarily
prepared nanotubes after the nanotube synthesis. Second, whereas a
lateral surface of the nanotube with length up to centimeters forms
during nanotube growth [10,11] the considered cap expansion retains
the lateral surface the same. Third, insertions of only tens atoms can be
enough to considerably change the cap structure and related properties.
Therefore this process can occur with very low rate of carbon atoms
supplied to the nanotube and lower temperature than the nanotube
growth.

Migration of single carbon atoms on a lateral surface of a carbon
nanotube to the growing end attached to a catalyst nanoparticle has
been proposed to play important role in atomistic mechanism of carbon
nanotube growth [12-14]. If a source of single carbon atoms to lateral
surface of a preliminary synthesized nanotube is available, such atoms
can migrate along the lateral surface to the nanotube cap. According
to DFT calculations the adsorption energy of a single carbon atom
is 1.4 eV [15] and 1.7 eV [16,17] on graphene, corresponds to the
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range from 2.0 to 3.3 eV [18] and from 2.5 to 3.5 eV [19] for the
ground state position of the sp atom on outer lateral surface of different
carbon nanotubes, and is 3 eV [20] and 4.8 eV [21] for Cg and
Cso odd fullerenes, respectively. Moreover DFT calculations show that
the adsorption energy of the sp atom decreases with the increase of
the nanotube diameter [18,19]. Thus on the average, the adsorption
energy for sp carbon atom at sp? carbon structure increases with the
increase of sp? structure curvature. Since sp? structure curvature is
greater at the nanotube cap than at the lateral surface we propose that
if the migrating sp atom reaches the nanotube cap it can be trapped
in the potential well. Thus the probability of meeting of two single
carbon sp atoms at the cap is considerably greater than at the lateral
surface. If two trapped sp atoms meet at the cap they can form pure
sp? structure due to the reaction of sp-atom pair annihilation [21-24].
This means that the new sp? structure forms at the nanotube cap due
to the migration of single carbon atoms along the nanotube axis to the
apex.

In the present paper we perform DFT study of one step of the cap
expansion to prove that proposed atomistic mechanism is energetically
favorable. Migration of single carbon sp atom on graphene [15,17,
25], lateral surface of carbon nanotubes [18,19] and fullerenes [23]
have been studied previously by DFT calculations. Here we apply DFT
calculations to study such a migration from a lateral surface to a
cap of a carbon nanotube. The analysis of topological changes at the
subsequent steps of the proposed cap expansion performed here shows
that this expansion leads to the considerable change of the cap structure
and therefore to change of the related properties that can be used in
applications.

2. Methods

We consider the proposed atomistic mechanism of nanotube cap
expansion on example of (9,0) nanotube with the caps that are half
of fullerene Cq, with icosahedral symmetry. Bridge positions (that is
instead or above the bond) has been found to correspond to minimal
energy of sp carbon atom present in sp? carbon structure [16]. Due to
high D;, symmetry of the considered capped nanotube the number of
nonequivalent bonds of the cap and lateral surface decreases enough
to calculate the total energies for all possible nonequivalent single sp-
atom positions within DFT approach. The lateral surface of the capped
nanotube used in the majority of calculations consists of 4 zigzag
rings of atoms and the total number of atoms in the system (except
one or two additional sp atoms) is equal to 114 (see Fig. 1a). For
example, the difference in the relative energy of the reconstructed
zigzag graphene edge with respect to the unreconstructed one between
graphene zigzag nanoribbons with 4 and 12 zigzag rows of atoms
in width is only 0.05 eV per pentagon-heptagon pair [26]. Thus we
believe that 4 zigzag rings of atoms of the lateral surface is sufficient
for our qualitative DFT study.

Centimeters long defect-free carbon nanotubes have been synthe-
sized [11]. Thus we have restricted ourselves to the consideration of
sp-atom diffusion on perfect nanotube lateral surface. However trap-
ping of single sp atoms in structural defects of nanotube lateral surface
is possible. Such trapping of two single sp atoms with subsequent anni-
hilation of sp-atom pair can lead in principle to transformation of sp?
structure or even to healing of the defect. For example, annihilation of
sp-atom pairs is observed at molecular dynamics simulation of healing
of a hole in a carbon nanotube under electron irradiation [24]. Here we
consider the case of very low concentration of single sp atoms adsorbed
on nanotube lateral surface. Consideration of processes at meeting of
single sp atoms at nanotube lateral surface is beyond the scope of the
present paper.

Structure optimizations were performed with the spin-polarized DFT
using PBE functional [27]. The Priroda code [28] was used for the all-
electron calculations within the scalar-relativistic approach, which is
based on the full four-component one-electron Dirac equation [29] with
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separation of the spin—orbit effects. The adequacy of Priroda code have
been confirmed by comparison of calculated energetic and structural
parameters of small metal-oxygen systems [30] and adsorption energy
of oxygen on different carbon nanostructures [31] with the results
obtained using other DFT-based codes. The energy-optimized extended
Gaussian basis set of triple-n quality of the large component and the
corresponding kinetically balanced basis for the small component were
used [32]. The transition state (TS) structures were determined using
the Berni algorithm [33]. To confirm the TS structure, intrinsic reaction
coordinate (IRC) calculations [34] were performed by following the
single imaginary mode. All energies were calculated taking into account
zero point energy.

To find suitable initial guess structure of the transition state (neces-
sary in the IRC method), the structures of the capped nanotube with sp
atoms have been optimized using the reactive REBO-1990EVC poten-
tial [35] implemented in the in-house MD-kMC code [36]. The param-
eters of this modified version of the first-generation Brenner potential
have been fitted to describe energies of carbon chains, graphene edges,
elastic energies of fullerenes, and vacancy migration in graphene,
which makes it an adequate choice for study of carbon sp? structure.
This potential was previously used to study sp-defect migration in an
odd fullerene [23]. First, optimization of the capped (9,0) nanotube
structures was performed using this empirical potential. Then, the
initial guess structure of transition state was found as an output of the
reaction path calculation with the nudged elastic band method [37].
This approach allowed us to save the efforts to find the guess structure
of transition state, which is crucial for the IRC method.

3. Nanotube cap expansion

3.1. DFT study of one step of cap expansion

We use DFT calculations to consider the following processes at
the proposed atomistic mechanism of nanotube cap expansion: (1)
migration of the first sp atom from the nanotube lateral surface to the
cap, (2) migration of the second sp atom from the nanotube lateral
surface to the cap, (3) meeting of two sp atoms at the cap and the
annihilation reaction with formation of pure sp? structure.

First, we consider the structure and energetics of the capped (9,0)
nanotube with one and two additional sp atoms. The structure of the
capped (9,0) nanotube has been optimized for all 16 different positions
of the single sp atom at the cap and the lateral surface possible for
D;;, symmetry of the nanotube. The considered positions of sp atom
and the calculated total energies relative to the ground state position
at the cap with the minimal total energy are presented in Fig. 1a and
Table 1, respectively. The adsorption energy of sp atom at the ground
state position 6 (see Fig. 1a) is 5.42 eV. This is in a good agreement
with the corresponding values 3 eV [20] and 4.8 eV [21] for Cg; and
Csg odd fullerenes, respectively.

For 6 of the considered positions of the sp atom there is a chemical
bond under the sp atom with the length from 1.49 to 1.68 A (these
positions are indicated by “ + ” in Table 1). The other 10 positions of
the sp atom are without the bond under the sp atom with the distance
between neighboring atoms of the sp atom from 2.12 to 2.24 A, Thus
we do not use here the term adatom for general case of the sp atom
present in the nanotube structure. Previously isomers with and without
a bond under a sp atom have been found for odd fullerene Cq, [38]. The
total energy of the nanotube with different positions of the sp atom at
the cap is 1.0-1.6 eV lower than the total energy of the nanotube with
the sp atom located at the lateral surface. This means that the single sp
atom can be trapped in the potential well at the nanotube cap.

For the consideration of the nanotube with two additional sp atoms
the position of the first sp atom has been chosen to correspond to the
minimal total energy of the nanotube with the single sp atom (this
position is indicated by letter A in Fig. 1c). 15 different positions of
the second sp atom nearby the first sp atom have been considered. 7
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Fig. 1. Left panels: The structure of the capped (9,0) nanotube used in the DFT calculations with considered positions of sp atoms instead or above the bond. The subsequent
steps of the considered sp-atom migration paths from the lateral surface to the cap are shown by blue arrows. The considered steps of sp-atom migration along a circumference of
the nanotube are shown by green arrows. (a) Single sp atom is present in the nanotube structure. (c) Two sp atoms are present in the nanotube structure. The position of the first
sp atom is indicated by A. The considered positions of the second sp atom are shown by red and black circles where stable structures with presence of two sp atoms have been
found and have not been found, respectively (see text). Right panels: Energetics of the first (b) and second (d) sp-atom migration from the lateral surface to the cap corresponding
to paths shown in panels (a) and (c), respectively. The total energies of the optimized structures and of transition states (TS) are shown by filled red circles and by red squares,
respectively. Total energy is measured relative to the minimal energy (ground state isomer with the single sp atom and nanotube with pure sp? structure shown in Fig. 2b for
nanotubes with presence of one and two sp atoms, respectively). The activation barriers of the sp-atom migration are indicated.

out of 15 considered positions where the second sp atom is close to
the first sp atom are found to be unstable with formation of pure sp?
structure and cannot occur during considered cap expansion whereas
other 8 considered structures are stable in presence of two sp atoms
(see Fig. 1c and Table 1). The bond under the first sp atom is absent
for all 8 stable structures with the distance between atoms neighboring
with this sp atom from 2.17 to 2.29 A. The bond under the second sp
atom is present for 3 out of 8 positions of this sp atom with the length
from 1.50 to 1.59 A (see Table 1). For optimized structures without
the bond under the second sp atom the distance between neighboring
atoms of this sp atom is from 2.12 to 2.26 A. Total energies averaged
over the positions without a bond under the sp atom are lower by
0.62 eV and 1.06 eV than the energies averaged over the positions with
a bond under the sp atom for the cases where one and two sp atoms are
present in the nanotube sp? structure, respectively. Analogously to the
case of the single sp atom the total energy of the nanotube decreases
by 1.2-1.8 eV with displacement of the second sp atom from the lateral
surface to the cap. Therefore the second sp-atom migration from the
lateral surface of the nanotube to the cap also can lead to trapping of
this sp atom in the potential well at the cap.

Second, barriers of sp-atom migration from the nanotube lateral
surface to the cap have been calculated. The steps of migration path
of the first and second sp atoms on the nanotube structure and the
calculated barriers are shown in Fig. 1. These barriers are found to be in
the range from 0.76 to 1.33 eV and from 0.26 to 1.51 eV for migration
of the first and second sp atoms, respectively, from the nanotube lateral
surface to the cap. The first step of the considered migration path
between sp atom positions 1 and 2 (see Fig. 1) corresponds to the lateral
surface of the nanotube. The calculated barrier of migration of single
sp atom is 1.07 eV that coincides with the barrier about 1 eV for the
migration along the nanotube axis obtained by DFT calculations for the

Table 1

Calculated relative total energies E and bond lengths b between atoms neighboring with
sp atom for the considered capped (9,0) nanotube with presence of sp atoms in the
structure. Total energy for nanotubes with single sp atom is measured relative to the
minimal energy calculated for such nanotubes. Total energy for nanotubes with two sp
atoms is measured relative to the energy of the nanotube with pure sp? structure shown
in Fig. 2b. “No.” is the number of sp atom indicated in Fig. 1. The cases where the
bond is present and absent under the sp atom in the optimized structure are indicated
by + and -, respectively.

No. E (eV) b (A) Bond No. E (eV) b (A) Bond

Fig. 1a, single sp atom is present

1 1.63 1.52 +

2 0.56 2.14 - 2 0.60 2.16 -

3 1.14 1.49 + 3 1.54 1.66 +

4 0.43 215 - 4 0.68 1.68 +

5 0.65 212 - 5 0.31 223 -

6 0 2.20 -

7 0.62 1.57 + 7' 0.26 217 -

8 0.09 2.20 -

9 0.36 1.65 + 9 0.24 217 -
4" 0.60 2.24 -

Fig. 1c, two sp atoms are present

1-A 7.59 1.52 +

2-A 6.74 212 - 2'-A 6.61 214 -

3-A 7.62 1.59 + 3-A 7.07 1.50 +

4-A 6.39 2.23 -

5-A 6.22 2.26 -

6-A 5.84 2.25 -

same (9,0) nanotube without a cap [19]. Note that DFT calculations
give even the smaller barrier of 0.4 eV for migration of sp atom along
the axis of (5,5) armchair nanotube [18]. Thus the obtained barriers for
migration from the lateral surface to the cap correspond to the same
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Fig. 2. Schemes of the considered reactions of sp-atom pair annihilation; sp atoms are shown by red circles. The positions of the first and second sp atoms are indicated in the
same way as in Fig. 1c. The pentagons and hexagons of the initial structure of the cap are colored in light green and white, respectively. The pentagons, hexagons and heptagons
formed during the cap expansion are colored in light red, light yellow and light blue, respectively. Broken bonds are indicated by green crosses. Forming bonds are shown by blue

arrows. Formed bonds are shown by red lines.

Table 2

Reaction type (see Fig. 3) and calculated characteristics of the considered in Fig. 2
reactions of sp-atom pair annihilation: energy gain AE at the reaction, total energies
E relative to the minimal energy after the reaction, topological efficiency p; and
roundness p, after the reaction, respectively.

Reaction type AE (eV) E (eV) ” 3
Fig. 2a 6-6-6 — 7-5/5-7 5.08 1.30 1.1916 1.3396
Fig. 2b 6-6-5 —» 7-5/5-6 6.22 0 1.1681 1.3148
Fig. 2c 6-6-5 —» 7-5/5-6 5.75 0.09 1.2115 1.3464

range as the barriers for migration along axis of zigzag and armchair
nanotubes. Barriers for migration along axis of chiral nanotubes should
also correspond to this range. According to calculations the barriers for
migration along axis of zigzag and armchair nanotubes decrease with
increase of the nanotube diameter [19]. Thus there are good reasons to
believe that barriers for migration of single carbon atoms from lateral
surface to a cap are also low for nanotubes with different chiralities and
greater diameters. Therefore the migration of sp atom to a nanotube
cap can occur at experimental conditions as observed for the migration
along the axis [13,14]. The barriers for migration of sp atom along a
circumference of the nanotube have been calculated to be 1.63 and
1.39 eV for the single sp atom and the second sp atom where the first
sp atom is located at position A, respectively (the migration steps are
shown in Fig. 1a and c for the single and second sp atoms, respectively).

The schemes of considered reactions of sp-atom pair annihilation
are shown in Fig. 2. Previously such type of bond rearrangements of
carbon network has been found in molecular dynamics simulation for a
carbon nanotube [22] and fullerenes [23] and considered for fullerenes
using DFT calculations [21]. Here we present schemes of reactions
of sp-atom pair annihilation according to [21,23] (scheme presented
in [22] has unstable structure before the reaction). The calculated
energy gain at the reaction and the total energies after the reaction
are presented in Table 2. The calculated energy gain is in agreement
with the energy gain 6.23 eV obtained by DFT calculation for sp-
atom pair annihilation in C;, fullerene [21]. Structural rearrangements
with formation of pure sp? carbon structure for a case where two
sp atoms are initially present in the system have been studied also
using tight-binding potential for graphene and lateral surface of (5,5)
nanotube on example of merging of two monovacancies with formation
of divacancy [39]. The calculated total energy gain at this merging
has been found to be about 6 eV that is also in excellent agreement

with calculations here. Such a huge energy gain means that there is no
question that the pair sp-atom annihilation reaction occurs when two sp
atoms meet at the nanotube cap. Note that the nanotube isomers with
one heptagon in the structure after the reaction (Fig. 2d and c) have the
total energy which is lower by 1.2-1.3 eV than that of isomers with two
heptagons in the structure (Fig. 2a).

Let us estimate the minimal temperature which is acceptable for
experimental realization of the nanotube cap expansion. Dozens of
reactions of sp-atom pair annihilation are enough for considerable
change of the cap structure and related properties. We estimate the
smallest acceptable rate of single carbon sp atom arrival to the cap
as one atom per time ¢ = 10° s and the average traveled distance for
this atom along the nanotube axis d = 100 nm. For jump diffusion of
the sp atom on the nanotube lateral surface d2 = va%t/n, where v =
v exp(— E}, /kgT) is the jump frequency, v, is the pre-exponential factor,
E,, is the barrier to jump on an neighboring adsorption position, T is the
absolute temperature, a is the jump length equal to half of the lattice
constant of graphene, and n = 4 is the number of bonds neighboring
with the sp atom. Taking the barrier to jump E, = 1 eV estimated
on the base of the performed DFT calculations and the pre-exponential
factor v, = 1012 57! (see, for example, calculated pre-exponential factor
for rotation of bond in Stone-Wales defect of graphene [40]) we have
estimated the minimal acceptable temperature of the nanotube cap
expansion to be about 600 K.

3.2. Topological analysis of subsequent steps of cap expansion

Let us now discuss the structure of the cap which arises during sub-
sequent steps of the considered mechanism of the cap expansion. The
simplest isomerization reaction which changes the polygon positions
(thus changes the topology of pure sp? structure) is the Stone-Wales
pyracylene transformation (SW reaction) [41]. However SW reaction
occurs with breaking of two bonds and therefore has considerable
activation barrier (contrary to reaction of sp-atom pair annihilation
which occurs with breaking of one bond, see Figs. 2 and 3). According
to DFT calculations, the value of this barrier is from 4.7 to 7.5 eV
for various fullerenes [9,20,21,42-46]. Since the sp? structure of the
nanotube cap is analogous to that of fullerenes the activation barrier
of SW reaction at the nanotube cap should has the high value too. The
barrier of SW reaction (all the more the barrier of any complex isomer-
ization reactions) is several times greater than the calculated trapping
energy at the nanotube cap, about 1.5 eV, and barriers of sp-atom
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Fig. 3. Schemes of sp?-structure expansion which show the equivalence of topological
changes at annihilation of two sp atoms and Endo-Kroto C, molecule insertion on
examples of (a) 5-6-5 —» 6-5/5-6, (b) 6-6-5 — 7-5/5-6, (¢) 6-6-6 — 7-5/5-7, and (d) 5-7-
5 — 6-6/5-6 reactions. sp atoms are shown by red circles. The pentagons and hexagons
of the initial structure of the cap are colored in light green and white, respectively.
The pentagons, hexagons and heptagons formed during the expansion are colored in
light red, light yellow and light blue, respectively. Broken bonds are indicated by green
crosses. Forming bonds are shown by blue arrows. Formed bonds are shown by red
lines.

migration, 0.25-1.5 eV. Thus isomerization reactions are not possible
at temperature estimated above where the nanotube cap expansion due
to the considered mechanism can occur. Therefore we consider the cap
expansion taking into account only topological changes due to the sp
atom pair annihilation.

Topological change of sp? structure at reaction of sp-atom pair
annihilation is equivalent to topological change at Endo-Kroto reac-
tion [47] of C, molecule insertion into sp? structure. This statement
is clearly shown by examples on several identical sets of adjacent
polygons involved in both reactions (see Fig. 3). Thus we use in the
topological analysis here Endo—Kroto insertion instead of the sp atom
pair annihilation.

To predict a new sp? structure which arises at the nanotube apex
due to the proposed atomistic mechanism of the cap expansion is a task
similar to solve the mystery of abundant fullerene isomers formation
(like Cgy-I;, and Cyy-Ds;,) and even more difficult challenge since we
do not know a final structure. Kinetic models taking into account
relation between topological change and probability of reaction can
be useful (see Ref. [48] for review on fullerene formation atomistic
simulations). Such probabilities can be determined on the base of
topological efficiency p; and topological roundness p, [49]. Both p,
and p, have been shown to have a good correlation with the energies
of fullerenes and PAH molecules obtained by DFT calculations [50-
52] (note that the lower limit by definition p;,p, = 1 for a fullerene
Ceo-1,). Here the topological efficiency p, and roundness p, have been
calculated for all three nanotube isomers obtained after the pair sp-
atom annihilation reaction (see Fig. 2) using the graph included the
cap and the first polygon ring of the lateral surface adjacent to the
cap (this ring is different for the isomer shown in Fig. 2a by presence
of a heptagon). The minimal values of p; and p, corresponds to the
nanotube isomer with the minimal energy E (see Table 2). Thus we
confirm the conclusion in works [50-52] on correlation between p, and
p, and the energy of carbon sp? structure. Consideration of subsequent
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Fig. 4. (a-c) Schemes of cap exp of the considered capped (9,0) nanotube by

subsequent C, molecule insertions (this reaction gives the change of topology which is
equivalent to sp-atom pair annihilation, see Fig. 3) which continue the first expansion
step shown in Fig. 2b. (a) C, molecule insertion at the second expansion step. Broken
bonds are indicated by green crosses. Forming bonds are shown by blue arrows. (b)
Scheme of the cap after the third expansion step. (c) Scheme of the cap after the 12-th
expansion step. This is the deadend for C, molecule insertion through 5-6-5 units (there
are no more pentagons separated by single hexagon). (d) Calculated structure of the
nanotube corresponding to the scheme shown in panel (c). Number of carbon atoms
inserted into the initial structure of the cap is indicated. The pentagons and hexagons
of the initial structure of the cap are colored in light green and white, respectively.
The pentagons, hexagons and heptagon formed during the expansion are colored in
light red, light yellow and light blue, respectively. Bonds formed during the expansion
are shown by red lines.

steps of the cap expansion by kinetic models is beyond the framework
of the present paper.

However we obtain some qualitative conclusions using the simplest
model based on assumption that a cap structure without heptagons has
some preference analogously to absence of heptagons in sp? structure
of abundant fullerene isomers [53]. Further steps of the nanotube cap
expansion by sp-atom pair annihilation have been considered using this
model for two examples of cap structures with one heptagon shown
in Fig. 2b and c. The second step of the cap expansion occurs in our
consideration by 5-7-5 — 6-6/5-6 reaction to exclude the heptagon
from the structure (see Fig. 4a). Then only 5-6-5 — 6-5/5-6 reactions
were taking into account (the third step by this reaction is shown in
Fig. 4b). We reach the conclusion that for both considered cases such
a cap expansion terminates by deadend where further expansion by 5-
6-5 — 6-5/5-6 reactions is not possible due to absence of 5-6-5 units
in the structure. Several expansion paths with different structures at
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the deadend are possible, see example shown in Fig. 4c. We believe
that this conclusion can be valid not only for the expansion starting
from the considered cap structures but also for a general case. Namely,
that infinite carbon nanotube cap expansion due to proposed atom-
istic mechanism by only 5-6-5 — 6-5/5-6 reactions without heptagon
formation is not possible. This problem will be considered elsewhere.
Probably that caps without heptagons mainly form at standard carbon
nanotube production analogously to formation of abundant fullerene
isomers without heptagons in the structure. Then conclusion above on
necessity of heptagon formation means the change of nanotube apex
structure and related properties.

4, Conclusions and discussion

Here we propose atomistic mechanism of cap expansion of prelimi-
nary synthesized carbon nanotubes with participation of single carbon
sp atoms adsorbed on the nanotube lateral surface. First, the DFT study
performed here shows that adsorption energies of single carbon sp
atoms for positions at the nanotube cap are by 1-1.5 eV greater than
for positions at the lateral surface. This means that such atoms can
be trapped at the cap in the potential well. Second, DFT calculations
performed give small barriers in the range 0.25-1.5 eV for migration of
the sp atom from the lateral surface to the cap of the nanotube whereas
analogously small barriers in the range 0.4-1 eV [18,19] have been
obtained by previous DFT calculations for migration of the sp atom
along the nanotube axis far from the nanotube apex. Therefore single
carbon sp atoms supplied on the lateral surface can easily migrate to
potential well at the cap at experimental conditions. New sp? structure
forms at the cap from supplied sp atoms due to the reaction of sp-atom
pair annihilation [21-23] with the huge energy gain calculated here to
be 5-6 eV.

It is evident that new sp? structure arising at the nanotube apex
during the cap expansion due to the sp atom pair annihilation is
determined by the rate of carbon atoms supplied on the lateral nano-
tube surface and temperature. At lower rate of supplied atoms and
temperature the most energetically favorable position of sp atom pair
annihilation at the nanotube cap can be realized. Contrary, for higher
rate of supplied atoms and temperature, sp atom pair annihilation can
occur at random position at the cap. Thus these parameters can be used
to control the new sp? structure arising at the nanotube apex.

Careful consideration of the new sp? structure arising at the nano-
tube apex during subsequent steps of cap expansion by the proposed
atomistic mechanism is beyond the framework of the present paper.
The simplest topological analysis based on assumption the reactions of
sp-atom pair annihilation without heptagon formation have preference
leads to conclusion that expansion without heptagons is not possible.
That is the cap structure cannot be reproduced during the expansion.
Moreover the proposed nanotube cap expansion is not bound to occur
with conservation of nanotube diameter contrary to growth of a carbon
nanotube with diameter determined by a catalyst. In a general way,
energy of sp? carbon structure decreases with decrease of the curvature.
This statement has been shown by DFT calculations both for closed
fullerenes [54] and cylindrical nanotubes [55,56]. Thus formation of
ball-shaped structure at the nanotube apex analogously to formation
of a soap bubble at a straw apex is energetically favorable during the
proposed cap expansion.

Carbon nanotubes have shown applications such as scanning probes
[57,58] and field emitters [59-61] where operational characteristics
determined by the nanotube apex structure. Since the proposed cap
expansion of the preliminary synthesized nanotube occurs with con-
siderable change of sp? structure at the apex of the nanotube it should
lead to change of nanotube properties related with the apex structure
and in turn can lead to improvement of operational characteristics of
nanotube-based scanning probes and field emitters.

To realize the proposed carbon nanotube cap expansion a source
with controllable rate of single carbon atoms should be placed near the
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preliminary synthesized nanotube. The ejection of single carbon atoms
from various carbon-based materials by electron impacts in transmis-
sion electron microscope has been observed in a lot of experiments (see
Ref. [62] for a review). Thus transmission electron microscope can be
used as a source of carbon atoms where rate of supplied atoms can
be determined by the electron flux and distance between carbon-based
material where ejection of the atoms occurs and the carbon nanotube.
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