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Potentially, carbon nanostructures are very important as ideal components to
create many novel nano-devices. Such devices including nano-oscillators, ultra-fast
optical filters and nano-bearings, are based on the unique mechanical and electronic
properties of carbon nano-structures. Common carbon nanostructures used are usually
Cgp-fullerenes, carbon nanotubes, carbon nano-bundles and carbon nanotori. In the
synthesis and production of carbon nanostructures, carbon nanocones tend to occur
less frequently, and it is known that five different size cones may occur, depending on
the number of pentagons in the atomic network. However, the simple geometric struc-
ture of carbon nanocones certainly facilitates calculations for their potential energy.
Here, the Lennard—Jones potential energy function and the usual continuum approxi-
mation are employed to determine the energy for two such nested carbon nanocones
which are located co-axially. We show graphically the energy profiles for any two car-
bon nanocones arising from the five possible structures. For both two distinct cones and
two identical cones, we find that the equilibrium location moves further away from the
vertex as the number of pentagons is increased. However, we observe that the equili-
brium position occurs such that one cone is always inside the other, and therefore, we
might expect that nested double-cones are formed according to these results.

KEY WORDS: carbon nanocones, Lennard-Jones potential, hypergeometric functions

AMS subject classification: 33C05 Classical hypergeometric functions, 5 F, 74G65 Energy
minimization

1. Introduction

Carbon nanostructures, such as Cgp-fullerenes, carbon nanotubes and
carbon nanocones, are attracting much attention as a means to create novel
nano-devices. This is due to their unique properties including mechanical, elec-
tronic and their small size, high flexibility and low friction [1-3]. The most
important issue in producing such devices is to understand the interatomic van
der Waals potential energy behaviour between two carbon nanostructures. Much
research utilizes molecular dynamics simulation to calculate the energy of carbon
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nano systems. Girifalco and his collaborators [4-6] employ the Lennard—Jones
potential energy function to determine the universal graphitic systems. Zheng
et al. [2, 3] use the Lennard—Jones potential energy function to determine the
energy for multi-walled carbon nanotubes and propose the gigahertz frequency
oscillator. This phenomena is confirmed by Legoas et al. [7]. The Cgo-fullerenes
systems are studied by Qian et al. [8, 9]. Moreover, the present authors and their
colleagues employ elementary mathematical modelling to determine analytically
the energy and the resulting force for such systems, (see [10-12]).

All of these investigations emphasize systems involving Cgo-fullerenes, car-
bon nanotubes and carbon nanotori, but very little of the existing literature deals
with carbon nanocones. Carbon nanocones have received less attention primarily
because only a small amount tend to occur in the production process [13].

There are five possible ways to construct carbon nanocones depending on
the number of pentagons which are needed to close the vertex, and most rese-
arch on nanocones deals with their electronic structure [14, 15]. It is believed that
the different number of pentagons in carbon nanocones is the key to the puzzle
of nucleation in atomic construction [14, 16]. Kim et al. [17] utilize the catalytic
chemical vapor deposition method to synthesize carbon nanocones inside carbon
nanotubes, and they find that the resulting structures have different physical and
electronic properties from the original carbon structure. Charlier and Rignanese
[14] use molecular dynamics simulation to examine the local density of states
for the five possible carbon nanocones and propose that carbon nanocones are
ideal candidates for nanoprobes in scanning tunneling microscopy. The electro-
nic structure of carbon nanocones is examined by Pincak and Osipov [15]. They
employ the effective-mass theory for a graphite monolayer and gauge theory of
disclinations on fluctuating elastic surfaces to obtain a mathematical equation,
and finally they find that the electron states are dependent on the position of
the pentagons. The mechanical properties of carbon nanocones are investigated
by Jordan and Crespi [18]. They obtain the nonlinear mechanical behaviour for
both the original shape and the inverse carbon nanocone which is obtained from
the original cone by inversion.

However, from our knowledge, there is little work examining the poten-
tial energy behaviour of carbon nanocones. In this paper, we determine the
potential energy for two carbon nanocones which are assumed to be co-axial.
The Lennard-Jones potential energy together with the continuum approxima-
tion, which assumes that carbon atoms are uniformly distributed over the sur-
face of each molecule, is utilized to calculate the potential energy of the system.
Details for carbon nanocones are presented in the following section, and in the
section thereafter we examine the geometry of cones. The interaction energy and
numerical solutions for two generally distinct nested carbon nanocones are pre-
sented in sections 4 and 5, respectively, and conclusions are given in section 6. In
Appendices A, and B we present mathematical details for the derivation of the
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Figure 1. Five possible nanocones with vertex angles 19.20°, 38.90°, 60.00°, 83.60° and 112.90°.

potential energy for two cones which involve both hypergeometric and Legendre
functions.

2.  Carbon nanocones

Carbon nanocones as one of the graphitic structures were formerly disco-
vered by Ge and Sattler [19] and subsequently synthesized by Krishnan et al.
[16]. Typically, carbon nanocones are observed together with carbon nanotubes
and nanotube bundles during the synthesis process [13], and carbon nanocones
tend to be found at the cap of carbon nanotubes. There are five possible structu-
res for nanocones, as shown in figure 1, because the cone angle depends on the
number of pentagons needed to close the structure. Cones are formed from hexa-
gons on a honeycombed lattice by adding fewer pentagons than the six which are
needed by Euler’s theorem [20] for a closed structure. In Cgg-fullerenes, a hexa-
gonal lattice of any size or shape can only form a closed structure by precisely
twelve pentagons. The carbon nanotube cap which is a half Cgo-fullerene con-
tains six pentagons and therefore, carbon nanocones must have a number of pen-
tagons which is less than six.

The disclination number of pentagons on the graphene gives the change
with 6 in the form

T
8 :Npg,

where N, is the number of the pentagons which ranges from 0 to 6. From the
diagram of the cone shown in figure 2, it is clear that sin(a/2) = r/R and ¢ =
2rr = 27 (1 — N,/6)R. Therefore, we obtain the relation of the cone angle and
the number of pentagons as

sin(a/2) =1 — % (1)
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Figure 2. Graphene sheet (a) forming the carbon nanocone (b).

Table 1

Relation of number of pentagons N, and open angle « for carbon nanocones.
Number of pentagons (Np) Angle of cone ()
0 180°
1 112.90°
2 83.60°
3 60.00°
4 38.90°
5 19.2°
6 0°

There are seven possible values of the angle « depending on the number
of pentagons which are shown in table 1. We note that for N, = 0, we have a
graphene sheet and for N, = 6, we obtain a capped carbon nanotube. Hence
there are only five possible values giving rise to carbon nanocones. We assume
that the mean atomic surface density of carbon nanocones is the mean atomic
surface density of graphene sheet which is 0.3812 A~2, due to the fact that the
carbon nanocones are formed from the graphene sheet.

3.  Geometry of cones

The surface shown in figure 3(a) is called a double right cone. A right cone
is one for which the vertex is directly above the centre of its base. However, when
used without qualification, the term cone often means right cone. A right cone is
the surface in three-dimensional space generated by a line that revolves about a
fixed axis in such a way that the line passes through a fixed point on the axis and
always makes the same angle with the axis, and the fixed point is called the ver-
tex of the cone. A cone consists of two parts; called nappes, that intersect at the
vertex [21]. The quadratic equation in Cartesian coordinates (x, y, z) for double
cones is given by



D. Baowan and J M. Hill| Equilibrium locations for nested carbon nanocones 1493

(a) (b)

Figure 3. (a) Geometry of an elliptical cone and (b) diagram for surface integrations.
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where a, b and ¢ are constants. Alternatively, in cylindrical coordinates (r, 6, z)
the equation for the right cone can be defined as r = ztan(a/2) where « is
the cone angle. We need to examine the surface integral of cones to calculate
the Lennard-Jones potential energy in the continuum approach. The surface area
integral of a single cone is given by

h 2
Area = / / rdods.
0 Jo

From figure 3(b), we can see that ds = dz/cos(e/2) and r = ztan(«/2). There-
fore, the surface integral is of the form

27 27
Area — 20@/2) / / cdodz = % / / 2d6dz = at, 3)
cos(a/2)

where ¢ = /a2 + h2.

4. Interaction energy for carbon nanocones
4.1. Potential energy function

The Lennard—Jones potential, which is widely used for non-bonded ato-
mic structures (see for example, [2, 3, 5, 6]), is adopted here to determine the
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interatomic potential energy for two carbon nanocones which are located co-
axially. The classical Lennard-Jones potential between a pair of atoms at a
distance p apart is given by

A B
E(p) =25+ -1, 4)
,06 ,012

where A and B are the attractive and repulsive constants, respectively. Using
the continuum approximation, which assumes that the discrete atoms may be
replaced by a uniform surface density of atoms over the surface, together with
the Lennard-Jones potential, the total potential energy E'' for two non-bonded
molecules can be obtained by performing the double surface integrals

E'" =n1n2//E(,0)d21d22, )

where n| and n, denote mean surface densities of the first and the second mole-
cule and p is the distance between surface elements dX; and dX.

4.2. Model formulation for two carbon nanocones

With reference to a rectangular Cartesian coordinate system (xi, yi, z1)
with origin located at the vertex of the first cone, shown in figure 4, a typi-
cal point on its surface has coordinates (rjcosfy,risinfy, z;). Similarly, with
reference to a rectangular Cartesian coordinate system (x», y», z2) with origin
located at the vertex of the second cone, a typical point on its surface has
coordinates (r cos 6y, rp sin 0>, Z +z75) with respect to the coordinate system with
origin located at the vertex of first cone, where Z is the distance between their
vertices. The first cone has the open angle ¢ with base radius a; and height &y,
and r; = Bz; where B = tan(¢/2). The second cone has the open angle w with
base radius ap and height h,, and r, = yzo where y = tan(w/2). The distance
between two typical points on the first and the second cone is then given by

Figure 4. Geometry for two distinct carbon nanocones.
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,02 = (r; cosfy — rp cos 92)2 + (r1 sin 6] — rp sin 92)2 +z1 —(Z+ 22)]2,
= (Bz1cos0) — yzacos0r)? + (Bzysinb) — yzasin6)? + [z1 — (Z 4 22) %,
=B+ D+ @2+ D5 221228y + 1) = 2Z(z1 — 22) + 22

6 —6
—|—4,3]/le2 sinz( ! 5 2) .

By using the Lennard-Jones potential together with the continuum appro-
ximation, the total potential energy is given by

. a1z (@? + W) @d + 1) /hz /m /h /an Z ( AL B)
=nin3 12\ ——%¢ B NT)
h3h3 o Jo Jo Jo p®  pl2

xd91d02d11d12,

where n and n, are mean surface densities of the first and the second carbon
nanocones, respectively. Further, if we define the integrals /;" as

I*_/Zn/2n d91d92_/2”/2n de;de, ©)
" Jo Jo ot Jo Jo {h + & sin®[(6) — 62) /202

where n = 6 and 12, » = (B> + l)zf—i- (y2+ l)zg —22122(By + 1) —2Z(z1 —20) + Z2
and & = 4yBz1z>. In Appendix A, we show that the integrals I;* can be evaluated
either in terms of hypergeometric functions or Legendre functions. In terms of
the hypergeometric function, we may deduce

2
. P‘(3,l-1-—fi—),

6= nre)y 2 Ut E

. 4r? 1 &
e (03 e)

These two hypergeometric functions are also degenerate hypergeometric
functions, for which the details are presented in Appendix B, in the form of

o4 & +§( 3 )2
T 2 /At ) rre  8\a+e) |
. 472 5(5 ) w(g y
MSA+E) 2\ +¢ 4 \r+¢
250 &\ 1750 ¢ \* 63/ & \°
_§(A+s) +@(A+s) _%(AH‘) '

Then the total potential energy becomes
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Figure 5. Geometry for two identical carbon nanocones.

alaz\/(af + h%)(a% + h%

tor __
E" =niny T
1'°2

) hy  rh
/ / z2122(—AI{ + BI{,)dz1dzs.
0 0

()

However, for the final solution for E'°', we need to integrate (7) with
respect to z; and z3 which we determine numerically. Although clearly complica-
ted numerical values for these integrals may be readily evaluated using the alge-
braic computer package MAPLE.

4.3. Model formulation for identical carbon nanocones

For the particular case, we consider the two identical carbon nanocones, as
shown in figure 5, which the distance between their vertices is denoted by Z.
They both have the cone angle ¢ which corresponds to base radius a and height
h. The relations between r and z for both cones are given by ri = fz; and
ry = Bz, respectively, where 8 = tan(¢/2) = a/h. In the cylindrical polar coor-
dinates (r, 0, z), the parametric equations for the first and the second cone can
be written as (rj cos6q, rysinéq, z1) and (rrcosbr, rysinbr, Z + z»), respectively.
Then the distance between two typical points from the first cone to the second
cone is given by

02 = (r] cos 0] — rycos0r)% + (r18in0; — rysin6)> + [z1 — (Z + 22)1%,
= (Bz1 cos ) — Bzacosbr)® + (Bz1 sin by — Bzasindr)* + [z1 — (Z + 22)1%,
= B>+ (21 — 22)> = 2Z(z1 — 22) + Z* + 4B%21 22 sin>[(0) — 6)/2].
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Therefore, the total potential energy can be written as

4 2 h rh 27 2
tor _ 2@ a A B
‘ ‘”"(Wh—z)/o [ e (e o) manna @

where n, is the mean surface density of the carbon nanocone. We also need to
evaluate the integral

* o do,do, 2 do,do,
I¥ = = — n=6,12,
o Jo p" 0 Jo {A+Esin[(6 — 6y) /212

where in this case A = (B2 + 1)(z; — 22)2 —2Z(z1 — 22) + Z% and & = 4%z, 20. By
precisely the same method, we may deduce

tot 2 a* a* bt * *
E =2 (S + 5 2122(—AI¢ 4+ BIy)dzidzo, ©)
o n2 ) o Jo

which we have also evaluated numerically to obtain the final solution for E'°!,

5. Numerical solutions

In this section, we show graphically the potential energy for two carbon
nanocones of the five possible structures. Using the algebraic package MAPLE,
we plot the relation between the potential energy and the distance between their
vertices Z. Due to the lack of the Lennard-Jones constants, namely the attrac-
tive constant A and repulsive constant B, specifically for carbon nanocones, we
then employ the Lennard-Jones constants for carbon-carbon atoms for the car-
bon nanocones. Following the work of Girifalco [4], we obtain A = 19.97eVA®
and B = 34.81 x 10 eVA!2. The values of « and h are given by a = sin(a/2)¢ =
3masin(a/2)/2 and h = cos(a/2)¢ = 3ma cos(a/2)/2, where m is a positive inte-
ger which is indicated the size of carbon nanocones. Here, we choose m = 50.

We examine the potential energy for the system of the two carbon nano-
cones which are explicitly shown in figures 6-8. For the combination of the
cone containing one pentagon, the equilibrium location for the other four cones
occurs at approximately at 3 A for the distance between their vertices, illustra-
ted in figure 6, and the most stable equilibrium location happens for the cone
N, = 2. The equilibrium location increases and the system has less stability as
the number of pentagons increases, and this is shown in figure 7. Of particu-
lar interest for two identical carbon nanocones, the increased number of carbon
atoms at the vertex causes the distance between their vertices at the equilibrium
position to increase as demonstrated in figure 8. Values of the distances between
their vertices Z at the equilibrium location for any two carbon nanocones are
given in table 2.
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Figure 6. Variation of potential energy versus the distance between vertices for the cone N, =1
and Np =2, 3,4 and 5 for the second cone.
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Figure 7. Variation of potential energy versus the distance between vertices for various combinati-
ons of two different cones.

The shortest distance between the two cones at the equilibrium location is
denoted by x as illustrated in figure 9 and values of x are shown in table 3.
For the two identical carbon nanocones, we obtain the value of 3.4 A, which is
the inter-spacing distance for two graphene sheets. Otherwise, we get values of
approximately 2.6 A which is less than the equilibrium location for two graphene
sheets due to the fact that the two surfaces are not parallel. We observe that x
increases with increasing number of pentagons.
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Figure 8. Variation of potential energy versus the distance between vertices for five identical carbon
nanocones.

Table 2
Distance between vertices Z at the equilibrium position for any two carbon nanocones.

N, of inner cone 1 2 3 4 5
N, of outer cone

1 4.1631 3.1161 3.1614 3.2001 3.2110
2 - 5.2663 3.9256 3.9973 4.0197
3 - - 6.9211 5.2785 5.3703
4 - - 10.3732 8.0004
5 - - - - 20.6060

6. Conclusions

In this paper we determine the potential energy for two carbon nanoco-
nes for both cases of identical and non-identical cones. Using the Lennard—Jones
potential energy and the continuum approximation, which assumes that the dis-
crete carbon atoms can be replaced by an average distribution over each surface,
we perform the integration of the Lennard-Jones potential energy. Due to the
lack of specific data for carbon nanocones, we employ for the carbon nanoco-
nes the known Lennard—Jones constants determined for plane sheets of carbon—
carbon atoms. We obtain a value 3 A for the distance between the two vertices at
the equilibrium position for the system of two identical one pentagon cones, and
if this cone is paired with the other four possible cones, then this distance incre-
ases with decreasing cone angle or increasing number of pentagons. Moreover,
in the case of two identical carbon nanocones, the equilibrium position moves
away from the vertex as we reduce the cone angle. However, the equilibrium
location is always inside the cone, and therefore as a result, we might construct
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Figure 9. Shortest distance x between two carbon nanocones at the equilibrium location.

Table 3

Shortest distance x between the two cones at the equilibrium position for any two carbon

nanocones.
N of inner cone 1 2 3 4 5
N, of outer cone
1 3.4695 2.5970 2.6347 2.6670 2.6761
2 - 3.5101 2.6165 2.6643 2.6793
3 - - 3.4606 2.6393 2.6852
4 - - - 3.4541 2.6640
5 - - - - 3.4364

nested double-cones from any two possible combinations of carbon nanocones
as shown in figure 9.
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Appendix
A Analytical solution for I, in (6)

The integral (6) may be evaluated either in terms of hypergeometric of
Legendre functions. First we consider the integral
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2 2
no=[ | 40145 , (10)
0 Jo {A+E&sin”[(01 —6)/2])™

where m = n/2. However, since the integrand is a symmetric function 6;-6,, the
intermediate integral /5 defined by

Y doy
Iy, :/ -2 ’
0 {A+&sin7[(0) —6)/2]})"

can be shown by differentiation with respect to 6, to be independent of 6,
namely

%_/2”_1( 1 )de—o
oy~ Jo 061\t esin(0 — o2 )

Thus, we may set 6 to be zero and trivially perform the 6, integration so that

(10) becomes,
/2 d
N A —
0 (A+E&sin”x)"
and we may consider the integral I, defined by
/2 dx
Ly = / P R (11)
0 (A+E&smn”x)"
Making the substitution r = cotx we obtain
00 1 l2 m—1 1 0 ] t2 m—1
Izm=/ (+)2dt: /(+)2 dr,
0 (A+&+a)" A+8E"Jo (L+yt)™
where y = A/(A + &). Now on writing this integral in the form

1 /oo 1 dr
IZm - £
A+&m Jo [1—1—p)2/A 4] (1+12)
we are led to make the substitution
B t P Z g — dz
Taroyn T -7 T =2

and in the following line we make the substitution u = z*

o 1 /1 dz
T E" Jo == p2md =)
1 1 u—l/Z(l _ u)—l/Z
T200+6)m )y == pulm
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From Gradshteyn and Ryzhik [24] (p. 995, equation 9.111) we may deduce

__ T 1, &
12m_2(k+§)mF(m,2,1,k+é), (12)

where F(a, b; c; z) denotes the usual hypergeometric function. We comment
that Colavecchia et al. [22] examine in some detail the numerical evaluation of
various hypergeometric functions.

From Erdélyi [23] and on recognizing two of the numbers (1 —c¢), +(a—b),
+(a + b — ¢) are equal to each other, it can be shown that this result admits a
quadratic transformation and becomes a Legendre function. Using the transfor-
mation

F(a,b;2b;4z/(1+2)>) = (1 +2)*Fa,a+1/2—b;b+1/2; 2%),
we obtain

(L)

- F ) ;1;27
on =S gy P 1D

where 4y/(14+y)? = £/(A+£). Using the definitions from Gradshteyn and Ryzhik
[24] (p. 960, equation 8.772.3 and p. 998, equation 9.131.1)

1 =1\ 741\ -1
PN' e F _ _ _ 1_ .
b (2) F(l—u)(z+1) ( 5 ) (v, v — U M’z+1)’

and

F(a,b;c,2) = — z)c_“_bF(c —a,c—b;c;2),

where P}'(z) is a Legendre function of the first kind and in our case u is zero,
then we obtain the integral in terms of the Legendre function which is given by

T 1+ y\" 1+ y?
P20+ ey (l—y) 1(l—yz) (9

B Degenerate hypergeometric functions

The details of the degenerate hypergeometric function of (12) are presented
in this appendix. The degenerate hypergeometric function is the hypergeometric
function which can be written as the finite summation of the polynomial. For
convenience, we define 4

Jn =F(m,1/2;1; 2), (14)
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where m is a positive integer. Following Erdélyi [23], equation (14) admits the
degenerate hypergeometric function in the case number 16 (p.72) with a agene-
rated solution

Fla,b;c;)=(1 =2 "F(c—a,c—bic;2).
Then we obtain
Jn=1=2)2"F(1—m,1/2; 1;2). (15)
In terms of a series, the hypergeometric function is given by

(@)n(b)n o
nlc),

o

F(a,b;(:;z)=z

n=0

where
(a,=T(@a+n)/I'(a) =a@a+1)a+2)...(a+n—1) and (a))=1.

Here, we need to evaluate J3 and Jg, and from (15) we may deduce

2
1 (_2)n(1/2)n 1 3 2
J3 = "= 1 - - ,
3 (1 — Z)S/2 ; (D), < = Z)S/Z ( z+ 8Z
5
Jo = n 16
ST a—n ZO n(D, (16)
1 5 15 25 175 63
- (=2 P2 223 14 0 s5)
(1— )12 ( PR S TR T
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