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Abstract Effective force fields for Ni-C interactions
developed by Yamaguchi and Maruyama for the formation
of metallofullerenes are modified to simulate the catalyzed
growth of single-wall carbon nanotubes on Ni, clusters
with n >20, and the reactive empirical bond order Brenner
potential for C-C interactions is also revised to include the
effect of the metal atoms on such interactions.

Keywords Molecular dynamics - Reactive force field -
Density functional theory - Carbon nanotubes -
Catalytic growth

Introduction

Carbon nanotubes, and particularly single-walled nanotubes
(SWNTs) [1], are currently grown using several techniques
like laser ablation, [2] arc discharge, [3] and chemical vapor
deposition [4-7]. In the first two cases, nanotubes are
obtained after condensation of hot carbon gas, while in the
latter case the growth is determined by the presence of a
catalyst (usually based on transition metals like Ni, Co, or
Fe), which causes the separation of the carbon present in
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the precursor gas (example CO, C,H,, CH,) and assists as
seed-site for the nanotube growth. Lately, researchers have
successfully produced SWNTs with diameter and chirality
selectivity, which makes them extremely attractive for
several technological applications [8, 9]. However, some
aspects of the nanotube growth and selectivity mechanisms
are still debated.

Theoretical studies, particularly classical and quantum
molecular dynamics simulations, are powerful tools to
investigate the growth mechanism [10-23] because they
offer the possibility of analyzing the growth process with
controlled parameters, such as size and structure of the
analyzed catalytic nanoparticles, at low cost, providing
detailed information, and guiding experimental studies for
further characterization. It is expected that computational
studies may help to develop a better understanding of the
SWNT growth process, making it possible to learn about
the role of the nanoparticles in determining the nanotube
structures.

Carbon-carbon interactions have been successfully mod-
eled using the reactive empirical bond order (REBO)
Brenner potential [24, 25]. Based on density functional
calculations of small clusters NiC, and Ni, (n=1~3),
metal-C and metal-metal reactive force fields have been
developed to simulate catalytic growth of nanotubes and
fullerene [16, 17, 26, 27], where the catalysts consist of a
few metal atoms. In this work, we have adapted the Ni-C
potential functions proposed by Yamaguchi and Maruyama
[27] and the Brenner C-C potential [25], in order to model
the main features of the catalyzed SWNT synthesis
process. Results from classical molecular dynamics
simulations of the initial stages of SWNT’s catalyzed
growth using the modified potentials have been reported
elsewhere [21, 22].
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Force fields

Main interatomic interactions present in a SWNTs
catalyzed growth process

Since the focus of this work is to develop the mathematical
functions able to describe the metal-C and C-C interactions
in a catalyzed synthesis of SWNTs, we first provide some
details of what is known about the process from theoretical
and experimental investigations. As mentioned in the
introduction, one successful synthesis method is based on
chemical vapor deposition of a precursor gas on an
appropriate catalytic surface, at pressures that vary between
a few atm [8] and ~80—100 atm [5] and temperatures in the
order of ~1,000-1,300 K. The catalyst is usually a nano-
particle (from 0.5 to a few nanometers size) of a transition
metal (Co, Fe, Ni, and others) that could be floating in a
vapor [2] or supported on a substrate [28].

A synthesis process using CO as C-containing precursor
gas may be summarized in a few steps: (1) decomposition of
the precursor gas on the surface of the catalyst 2CO=C +
CO,), leading to C deposition and production of CO, gas
that is removed from the system; (2) diffusion of the C
atoms to the interior of the nanoparticle until the nano-
particle is saturated (the carbon concentration limit could be
given by carbon solubility in the metal nanoparticle,
although rigidity of the nanocatalyst due to a strong
interaction with its substrate may cause variations in this
limit, see, for example, reference [22]); (3) C atoms
precipitate on the surface and start forming chains; (4)
chains combine to form rings and fullerene-type net-
works; (5) a nanotube cap may be formed that lifts off
the catalyst surface; and (6) the cap grows evolving into
the nanotube.

Thus, the main interatomic interactions present in this
system are: metal-metal interactions in the nanocatalyst
particle, metal-C interactions inside the catalyst, metal-C
interactions on the surface of the catalyst, C-C interactions
inside the metal nanoparticle, C-C interactions on the
surface of the metal nanoparticle, and C-C interactions in
the carbon nanostructure (cap or nanotube) sufficiently far
from the metal atoms. With the exception of the metal-
metal interactions, we consider all the above interatomic
forces in the following section to develop appropriate force
fields needed to describe the bond breaking and bond
forming processes in the synthesis of SWNTs.

Metal-carbon potential

Yamaguchi and Maruyama [27] introduced many-body
potential functions (Egs. (1-3)) to describe the interaction
between metal and C atoms, where E,, the interaction
energy between two atoms i and j separated a distance ry;, is
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computed as the combination of Morse-type repulsive and
attractive terms, VR(r,-j) and V"(r,-j), respectively,

Ey = VE(ry) — VA(ry) (1)

V) =S ) 5oy e { VS (y —R)} )

D.S
=/ (ry)

v (ry) 1

exp {—ﬁ s (ri — Re)} (3)

f (r) is a cutoff function for the potential, given by:

1 (r < Ry)
flr) = (1 + cos (Wlé;iRIé]))/z (Ry <r<Ry)
0 (r > Ry)

(4)

f (r) is also used to determine the coordination number
NiM of the atom i, and R; and R, are model parameters, as
explained later. D, and R, are the equilibrium binding
energy and bond distance between i and j, calculated as
functions of an average atomic coordination number N;;,

D, = D,1 + D> exp [—Cp (Ny) ] )

Re = Rel — Re2 eXp [—CR (NU)] (6)

S and 3 in Egs. (2) and (3), are parameters taken from the
original reference [27]. Estimation of D,;, D>, Cp, Cg, R.;,
and R,, for the Ni-C system is discussed at the end of this
section.

In clusters of more than 20 atoms it is possible that one
carbon is bonded to 3 (when C is on the surface of the
metal cluster) or even up to 8 metal atoms (when C is inside
of the cluster). To account for these interactions, our
modified potential includes the dependence that arises from
the presence of several metal atoms around a carbon atom ;.
In addition, the effect of different bonding structures such
as fullerene and carbon chains interacting with metal atoms
are also added to the potential function that describes
carbon-metal interactions. Two systems (NiC,H; and
NiC;¢H;o) were investigated to establish possible differ-
ences in the metal-carbon bond of carbon atoms which are
also involved in sp® or sp> carbon-carbon bonds. DFT
optimizations at the B3PW91/LANL2DZ level of NiC,H4
and NiC,¢H ¢ (Fig. 1) provided an estimate for the total C-
Ni binding energy of 0.64 and 0.12 eV, respectively. This
is a remarkable difference compared to the 4.2 eV of
binding energy for a single C atom bonded to three metal
atoms—the most common case on the surface of a metal
cluster.
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Fig. 1 Optimized geometries of
NlC2H4 and NiCl(,Hm

a

Similar estimations have been made by other authors
[29], and led us to assume that the C atoms bonded in
graphite-type structures are weakly bonded to the metal
surface. To describe this feature, Eq. (1) is modified so that
the energy of the bond between the metal atom i and the
carbon atom j is described by the potential function:

EYC = 6o, 1 (ry), 1V (ry)) (7)
where a new parameter a MC (Eq. (12)), which is a function
of the bonding status of carbon atom j, is introduced in the
metal-C potential. a € equals 1 when the carbon atom j
does not bond to other carbon atoms (CO0); 0/ € equal to
a}€, a value between 0 and 1, when the carbon atom Jjis
bonded to two other C atoms (CII), and when the carbon
atom j is bonded to three other C atoms (CIII), a € equals a
value 3, which is still greater than 0, but smaller than
alc.

The function G in Eq. (7) is designed to modify the
attractive and repulsive parts of the potential using varying
values of the a C parameter, in the interval 0 < aMC < 1.
Such behavior 1s needed for the description of C metal
interactions in cases when a C atom is bonded to other C
atoms and therefore weakly bonded to the metal, while a
repulsive core remains in place. The most successful form
of G(afyc, VR(ry), V4 (rlj)) is given by:

G =a r*(ry) — (o) ) ®)

To include the effect of several metal atoms surrounding
a carbon atom j, instead of defining a repulsive and
attractive part as function of carbon coordination number
as in Yamaguchi and Maruyama potential [27], we define
them as a function of N, which is a total coordination
number including the relative influence of the carbon and
metal coordination numbers NS and N]M as shown in

Egs. (9-11).

> flra) ©)

carbon k#i

b

N = > f(rw) (10)

metal k#j

The A\ parameter weights the contribution of the metal
and C coordination numbers.

! (NG < NE,i..C(0))

we . (1-af€) Nearbon =’ c
a" +——= |l +cos|m e (NS < NSy, < NF)
alf€ = alic (N < NE,., < NE,ie.C(I)

( MC u(') NC _NC
ayc +7 {l + cos <7Tﬁ>:| (NE < NS, < NE)
413

oy (NS, > NE,ie.C(III))

(12)
Other G(agflc, VR (r,-j), yA4 (r,,—)) functions were tested,
with less satisfying results, for example Eq. (13) where the

metal-C potential is reduced by 0.0 < /¢ < 1.0, while the
function V™’ (7;;) maintains the necessary repulsive core.

G = ayf“ (Vi(ry) — v (ry))
+ (1.o_ayC) VE (ry) (13)

with

=\ (7) - (7)]

An alternative form of G where the attractive part is
reduced and the repulsive part remains intact was also tested:
G = VR(I’Z/) *()lg[CVA(I"[j) (15)

Analysis of G from Egs. (13) and (15) shows that the
dimension of their repulsive cores could change very rapidly
as a function of time (because afyc depends on the position of
atoms that are not directly involved on the given bond), thus
requiring the use a very short simulation step (less than 0.1 f5)
to avoid instabilities because of strong repulsive forces that

can appear from one time step to the next one. Figure 2
shows the effect of agrc on the function G (Eq. (8))
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Fig. 2 Behavior of the G function (Eq. (8)) for different values
of af.‘]ffc. For comparison, the potential for Eq. (15) (denoted as G™*) is

shown for afyc = 0.9, where a drastic change of the size of the
repulsion core is observed

suggesting that changing af}”c in a wide range maintains the
size of the repulsive core almost intact. Equation (8) satisfies
the requirement that the repulsive core does not change with
afy )

Another requirement for the G function is that it
should yield the correct potential shape to account for the
case of carbon chains and for carbon bonded to three
other carbon atoms. Figure 3 shows the potential functions
(8) and (16) for @}/ values of 1, 0.85, and 0.15
corresponding to the cases where the carbon atom ; is not
bonded to any other carbon atoms, when is bonded to two
other carbons, and when is bonded to three other carbon

atoms, respectively.

6 = ()" () - ()" () (16

At the beginning of the simulation, these functions
perform correctly. But after the metal cluster is covered by
many carbon chains, these chains do not combine to form
fullerene structures as described in the previous section
when Eq. (16) is used, but they do with Eq. (8). This
difference in behavior of the two functions comes from the
different equilibrium bond distance of the metal-C bond
(the position corresponding to the bottom of the potential
well in Fig. 3) when a carbon atom is bonded to three other
carbon atoms. As seen in Fig. 3, when agffc equals 0.85, the
equilibrium bond lengths are about 1.8 A for both
functions. But when aﬁ}”c equals 0.15, with Eq. (8) the
equilibrium bond length is about 2 A which is very close to
the bond length of 1.95 A found in the calculated NiC;¢H
cluster, while with Eq. (16), it is about 2.4 A.

The potential parameters shown in Table 1 were adjusted
using Egs. (5) and (6) to fit DFT results (Fig. 4) of several
clusters of Ni, and CNi, (n=1-4, 6, 8) with high symmetry;
the calculated and fitted results are shown in Fig. 4.
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Carbon-carbon potential

For the modeling of the interaction among carbon atoms we
start from the reactive empirical bond order (REBO)
potential developed by Brenner et al. [25], which is based
on the Tersoff [30] and Tersoff-Brenner potentials [24].
Carbon-carbon interactions have been successfully modeled
using this potential, defined by a potential function between
the C atoms 7 and j, that includes repulsive and attractive
terms V® and 7. In our model, we define the C-C energy
introducing a function G(aijm ,V;?) in order to obtain a
better description of some particular C-C interactions
during the SWNT growth process in a similar manner as
done for the carbon-metal potential.

ESC = G(a?, ") (17)
Vit =Vi(ry) = V4 (ry) (18)
VR = 1) (1 + 9 ) e (19)
a

0.5 \

o \////

15

2

r/A
b 1
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Ay Sl SR !
B
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Fig. 3 Behavior of the G function for values of aﬁyc equal 1 (purple
line), 0.85 (red line) and 0.15 (black line). a) Eq. (8); b) Eq. (16)
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Table 1 Parameters for Ni-C potential
B (1/A) D.s (V) D (V) Co Rei (A) Roo(A) Cr Ry (A) R; (A) S
1.8 0.95 1.65 0.5 1.9 0.2 0.5 2.7 3.0 1.3
A Nf Ny NY Ny al© a©
0.08 ~1.5 2.0 ~2.5 3.0 ~0.8 ~0.15
1 (s <)
C TB __ N =N}
V() = by (f O ) (20) alf= (1 t cos (WNN» / 2(W < Nt < N
0.1 (NM > NM)
where bj; is an empirical bond order function that depends (22
on the local coordination and bond angles of atoms 7 and ;. )
The weighting factor a is defined in Egs. (21-28)
NM 4+ NM
if‘/f — # (23)
agB ,/a{fag‘ (21) .
M= flra) (24)
metal k
9 N Y=Y 1) 25
metal k
0 2 4 6 g 10 12
| | | | |
0 1 (r <Ry)
-0.5 5 1) = (1 + cos (7r ,g_ﬁ;l)) /2 (Ri<r<R) % (26)
o -1 " 0 (r>Ry)
o -1.5 *
5 2 e e
. -
s / ab-initio | | ;. [o1agps (27)
3 // — potential | |
-3.5 1 (RM < RM)
! (1 8 /2 RY < RM < RY
b alf = +cos | g (RN < RM < RM)
) 0.1 (RM > RY)
(28)
1.9 The resultin 0/ B is obtained using the combination rule
g
°§ of Eq. (21) from the two factors all] and 0’21/ 0’11/ describes
» 1.8 the fact that the bonding energy between two C atoms
a7 / ¢ ab-initio inside of the metal cluster is very weak (between 0.05 eV
1.7 — and 0.10 eV [31] or even repulsive), our DFT results on
/ ¢ — potentia] C,Ni;z gave a binding energy of 0.44 eV. For comparison,
1.6 it ‘ ‘ : : : the C-C bonding energy according to the original REBO
' otential is about 6.3 eV. It is clear that the use of the
0O 2 4 6 8 10 12 ’

N

Fig. 4 a) Calculated binding energy (D., in eV) per C-Ni bond and
b) C-Ni bond distance (R, in A), as a function of the number of Ni
atoms (N) in the clusters CNi,

Table 2 Parameters for the weighting part of the C-C potential
RYA) R

N Ny R, (A) R, (A)

3.5 6.0 2.7 3.0 1.8 2.8
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original REBO potential for C atoms inside the metal
cluster would overestimate the strength of such C-C
interactions and would yield C structures inside the metal
cluster that do not exist because of the screening of the C-C
interaction by the surrounding metal atoms.

Equation (22) describes the transition of a{g from 1.0 to
0.1 when Né” (the average number of metal atoms
surrounding the two C atoms involved in the C-C
interaction) varies from an initial value, N, to a final
value, N3, NM lies between 3 and 4 (3 is the coordination
number of a C atom on the surface of the metal; a C atom
with coordination number 4 is actually under the surface
and has began to feel the screening of the metal atoms over
the C-C interactions). N/ ranges between 6 and 8 (6 is the
minimum coordination number of C in the bulk metal, 8 is
the average coordination number inside a nanoparticle,
according to our calculations).

a3} is obtained from the geometric mean of 37 and o}
(each given by Eq. (28)). af describes the reactivity of C
atoms ranging from a2? = 0.1 for non reactive C atoms, to
o8 = 1.0 for reactive C atoms. Equation (28) describes the
variation of @3 with decreasing R, the distance between
the C atom i and its nearest metal atom. a%? becomes 1.0
when RM is less than R’}/I (taken as the C-metal bond
distance) and in that case the attractive part of the REBO
potential is fully activated.

We emphasize that our simulation model for the
nanotube growth assumes that the precursor atoms are
catalyzed by the metal cluster producing C atoms, and that
such reaction is irreversible. In terms of the force field, this
means that when a2? is equal to 1.0 (i.e. the C atom is
“catalyzed”) and remains at this value for the rest of the
simulation independently of the value of RM. RY, the
distance where the C atoms begin to catalyze is approxi-
mately the cutoff distance of the C-Metal potential. The
actual parameters used in our simulations [21, 22] for
Egs. (21-28) are given in Table 2.

Results of molecular dynamics simulations using the
reported metal-C and C-C potentials have been reported
elsewhere [21, 22].

Conclusions

Interatomic metal-C and C-C potential functions containing
the most important features of the interactions between such
chemical species during the catalyzed synthesis of single-
wall carbon nanotubes have been presented. Metal-C
potential parameters obtained from DFT calculations are
reported for the Ni-C system. With these potentials, the
growth stages in the first steps of nanotube formation have
been clearly identified [21, 22].
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