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Abstract—Using the semi-empirical quantum chemical PM3 method the energies of carbon nanoscrolls
formed from flat zigzag graphene nanoribbons 462zGNR and 70zGNR are calculated. For this purpose a sim-
ple algorithm to define the Cartesian coordinates of the atoms of a carbon nanoscroll is proposed. The depen-
dences of the energy of the nanoscrolls relative to the energy of the corresponding flat nanoribbon on the
inner radius of nanoscroll obtained using both the quantum chemical calculations and the semi-classical ana-
lytical model shows the bistability of the system. This shows promise for nanoscroll-based nanoelectrome-

chanical systems.
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1. INTRODUCTION

Carbon nanoscroll is a single graphene layer rolled
into a scroll [1, 2]. It is known that the structure and
energetics of a system which contain up to a few hun-
dred atoms can be calculated using the quantum
chemical methods [3]. For example, the calculations
of the electronic band structure and the magnetic
states of zigzag graphene nanoribbons using the
semiempirical method of molecular orbitals PM3 [4],
implemented in the MOPAC2016 program [5], were
provided in [6]. The atom coordinates in [6] were ini-
tially set using translation algorithms and then refined
by the full geometry optimization of nanoribbons. In
the present work we propose a simple algorithm to
define the Cartesian coordinates of the atoms of a car-
bon nanoscroll to use them in quantum chemical cal-
culations.

The purpose of the work is to define the atomic
structure of nanoscrolls for quantum chemical calcu-
lations using the analytical expressions and to com-
pare the change of nanoscroll energy at process of the
nanoscroll rolling from flat graphene nanoribbon
obtained by the semi-classical analytical model and by
the quantum chemical method.

2. RESULTS AND DISCUSSION

The length L of a zigzag graphene nanoribbon
nzGNR, that forms a nanoscroll, is equal to L =
(3n/2 — 1)acc, where n is the number of zigzag chains
along the length of the nanoribbon (along the x axis in
Fig. 1a) and acc = 0.142 nm is the C—C bond length
of graphene. For 46zGNR (n = 46) the length L =
9.66 nm and for 70zGNR (n = 70) the length L =
14.77 nm.

The coordinates of carbon atom of a zigzag
nanoribbon, which is rolled into a nanoscroll, are
determined by the three indices: the first index g cor-
responds to two atoms in graphene unit cell and takes
the values 4 or B, the second index i is the number of
the graphene unit cell along the length L of the
nanoribbon, and the third index is the number of the
graphene unit cell along the width W of the nanorib-
bon, see Fig. 1a. The coordinates of the carbon atoms
of the nanoribbon are given by the formulae:

X453 =B/ —Dage, xpy = X453 + accs
Y = (—1Da+a/2 forodd i,

Yy = (J —Da for even i,
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Fig. 1. Structure of a computational cell of width W for 462zGNR nanoribbon of length L (a) and for a nanoscroll formed from
the nanoribbon with the inner radius R, = 1.35 nm (b). Here n = 46 zigzag chains of carbon atoms constituting the 46zGNR are
enumerated; acc is the C—C bond length of graphene, a is the graphene translation period, and 4 is the distance between the

layers of the nanoscroll.

2 =0, ey

where a = «/§acc = (0.246 nm is the graphene transla-
tion period (along the y axis).

The free zigzag edges of the nanoribbon are passiv-
ated by hydrogen atoms, which are positioned at the
distances of acy = 0.1091 nm from the carbon atoms
along the x axis.

A nanoribbon rolled up around the axis that is per-
pendicular to the nanoribbon length (around the y axis
in Fig. 1a) forms a carbon nanoscroll shown in Fig. 1b.
The cross-section of the nanoscroll is the Archime-
dean spiral with the distance between the turns 4 =
0.335 nm (this equals to the distance between graphite
layers). Note that in the proposed model of the nano-
scroll geometry the distance between carbon atoms is
not equal to ac¢ (Fig. 1b). The coordinates (x;, Vs Zg)
for carbon atoms of the nanoscroll are given by the fol-
lowing expressions:

Xgp = Ry cos(@yy), Vg = Ryysin(@y),
25 = (j—Da+a/2 for odd i,
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245 = (j —Da for even i, 2)

where R,; = hQ,;/2n is the curvature radius of the
nanoscroll surface at the point corresponding to the
angle @,; in radians, which is found from the equation
X = A(Qin, Q,), here Xy, = (3/2)(i — 1)acc and Xp; =
X,; + acc are the coordinates of carbon atoms along
x axis of the corresponding nanoribbon, and

Pgij

M@ @) = | 2-\1+¢'do

Pin

= ftkpq,-,\/l + 0y — P+ 0,

+In(Qy + 1+ 05) —In(@, +V1+62)]  (3)

is the length of an Archimedean spiral with the dis-
tance between the adjacent nanoscroll turns 4, the
inner angle @,,, and the outer angle @ ;. The inner
angle @,, of the nanoscroll is expressed via the inner
radius R;, as @;, = 2R, /h. Note that we used the dif-
ferent systems of coordinates for the carbon nanoscroll
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and for the carbon nanoribbon. For the nanoribbon
the x axis is directed along the nanoribbon length L,
while for the nanoscroll the xy plane is perpendicular
to the axis of the nanoscroll.

In the quantum chemical calculations the periodic
boundary conditions along the axis of the nanoscroll
(z axis in Fig. 1b) were used. The width W of the com-
putational cell was set to four graphene translation
periods along the axis of the nanoscroll, W =

4\/§aCC = 0.984 nm, for both nanoribbon and nano-
scroll.

Figure 2 shows the total energy of the nanoscrolls
formed from the carbon nanoribbons 46zGNR
(points a) and 70zGNR (points b) with the coordi-
nates of carbon atoms defined by Eq. (2) relative to the
total energy Ey,, of the corresponding flat nanoribbon
with coordinates defined by Eq. (1), calculated in
MOPAC2016 program, as the function of the nano-
scroll inner radius R;,,. The PM3 method was used; the
optimization of the structures was not carried out.

A semi-classical analytical model for calculating of
the structure and energetics of a carbon nanoscroll
formed from a rectangular graphene nanoribbon has
been proposed [2]. The model includes following
parameters of the nanoscroll: the length L of the
nanoribbon, which forms the nanoscroll, the nano-
scroll width W, the distance 2 = 0.335 nm between the
layers of the nanoscroll, the inner radius R,,, the area

S, = 3‘/§acc2/4 = 0.0262 nm? per atom in graphene,
the elastic constant C = 20.1 meV nm?/atom relating
elastic energy with the radius R of curvature of the
graphene layer (E,, = C/R?), and van der Waals interac-
tion energy between graphene layers € = —35 meV/atom.
The dependences of the nanoscroll energy on the geo-
metric parameters of nanoscrolls in [2] are presented
and the conclusions about the stability of the nano-
scroll are made.

According to [2], the total energy of a nanoscroll
rolled up in the form of an Archimedean spiral (R =
ho/2r) with a distance between turns of 4 from a
nanoribbon of width W and length L = A(Q;,,0.,) is
the sum of the energy of van der Waals interaction Ey,
between layers of a nanoscroll and bending elastic

energy E,, of a nanoscroll:
leW
E=Ey+Ey; Ey= 2€s
X [A((pm’ Qout — 275) + A((pin + 211-', (pout)] ’
_ 2nCWT\/1 +@ o - 2mCW| 1+
B= s ] hSy | O

, 2
_m + ln((pout + Vl + (pcz)ut) - ln((pin + \‘l + (p12n):|
(pout

4
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Fig. 2. The total energy of nanoscroll E with respect to the
energy Ej,, of the corresponding flat nanoribbon of length

L =9.66 nm (46zGNR: 1, a) and 15 nm (70zGNR: 2, b),
as a function of the inner radius R;;, of the nanoscroll. Cal-
culations are performed using the PM 3 quantum chemical
method (points @ and b) and using the semi-classical ana-
lytical model [2] (curves I and 2). The energies are shown

per width W of the computational cell.

For comparison, the calculations of the total
energy of the nanoscrolls according to the semi-classi-
cal analytical model [2] are also presented in Fig. 2
(curves I and 2).

The semi-classical analytical and quantum chemi-
cal calculations show a similar behavior of the nano-
scroll energy as a function of R,,. For both calculation
methods, at large R,, the nanoscroll energy converges
to the energy of the flat nanoribbon. During nano-
scroll rolling (moving along the horizontal axis in
Fig. 2 from right to left) the energy increases, can have
a maximum value, can have a minimum value and
then increases at further decreasing of R;,. The calcu-
lations by the PM3 method show that the nanoscrolls
have a minimum energy at the specific inner radius
R, = 1.35 nm for 46zGNR and R,, = 2.2 nm for
70zGNR. The calculations by the semi-classical ana-
lytical model give the minimum energy at the inner
radius R, = 1 nm for L = 9.66 nm and R;, = 1.2 nm for
L = 15 nm. Both the quantum chemical calculations
and the semi-classical analytical model show that
there is a barrier for the nanoscroll unrolling, i.e. the
bistability of the system (see Fig. 2). Such a bistability
allows us to consider the possible application of the
nanoscroll in nanoelectromechanical systems.

3. CONCLUSIONS

A simple algorithm to define the Cartesian coordi-
nates of the atoms of a carbon nanoscroll for using in
quantum chemical calculations is proposed. Using the
semi-empirical quantum chemical method PM3 and
the semi-classical analytical model, the energy of the
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graphene nanoribbon rolled into the carbon nano-
scroll is calculated. Both the quantum chemical and
analytical calculations show that there is a barrier
between the stable nanoscroll and the flat nanoribbon,
i.e. the bistability of the system. Such a bistability
makes possible application of the nanoscroll in nano-
electromechanical systems such as nanorelay and
memory cells.
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