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|. Graphene: electron and mechanical properties

Graphene: electron properties
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The dependency of IP on the nanoribbon length
(finite size effect)
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Defected nanoribbons

The dependency of IP on the concentration of defect

IP, eV

The dependency of the energy gap on the concentration of defect

I O O S

Egap, eV 0,28 0,14 0,07 0,03
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Il. MECHANICAL PROPERTIES OF GRAPHENE

Study of deformations and elastic properties of nanoparticles and nanoribbons
was implemented on the following algorithm

1) Optimization of atomic structure by entire system energy minimization on atomic coordinates (the
atomic structure obtained from previous optimization);

2) Tension or compression of the atomic network of nanoribbon and reoptimization of atomic
structure with fixed atoms on the nanoribbon ends;

3) Calculation the Young’s pseudo-modulus for the elastic tension of nanoribbon on 1% on formula:

_F L
7 DAL
. L 2AE : ,
where a deformation force is given by F' = A Here AE is the strain energy, namely, the total

energy at a given axial strain minus the total.

4) Calculation the Young’s modulus for the elastic tension of nanoribbon on 1% on formula:

Y=o
S AL

Saratov State University, Russia 10
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O.E. Glukhova, A.S. Kolesnikova // Physics
of the Solid State (Springer). 2011. Vol. 53.
No0.9 P. 1957-1962.

Saratov State University, Russia 12



Nanoribbon
undergoing axial
compression

pyramidalization angles
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O.E. Glukhova, I.N.Saliy, R.Y.Zhnichkov, I.A.Khvatov, A.S.Kolesnikova and M.M.Slepchenkov //
Journal of Physics: Conference Series 248 (2010) 012004
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The local stress field of the atomic grid of nanostructures: original
method (Olga Glukhova and Michael Slepchenkov //Nanoscate 2, 4, 3335i 3344)

It 1s proposed to carry out the calculation of the local stress
field according to the following algorithm.

(I) Optimization of the mitial structure by means of the
quantum-chemical method.

(2) Calculation of distnbution of the bulk energy density per
atom using the empirical method.

(3) Search of the atomic configuration of the nanostructure
subjected to the external influence as a result of the energy
minimization for coordinates, using the guantum-chemical
method.

(4) Calculation of the distribution of the bulk energy density
per atom 1n the structure subjected to the external mmfluence,
using the empirical method.

(3) Calculation of the local stress in the atomic gnid according
to the difference between the values of the bulk density of energy
for the atoms of the structure subjected to the external influence,
and the mitial structure.

Saratov State University, Russia 14



The bulk energy density w; of the atom i was calculated by the

formula:
Wi = ( ; (V(ri) = BiVa(ry))
+ g (;(F;k Vicos (mgk;))) + Z V?dw(rg,-)

The stress of the atomic gnd near the atom with number 7 1s
calculated as:

a; = |w;, — wi

where w} is the bulk energy density of the /™ atom of the graphene
sheet which 1s 1n equilibrium; w; 1s the bulk energy density of an
atom of the graphene sheet subjected to the external influence
(deformation, defect formation, efe.). The value of w} in the
centre of the graphene sheet 1s equal to —58.60 GPa. At the edges
of the graphene sheet the bulk energy density 1s higher since the
atoms of the edges have only two links with other carbon atoms.
Itisequal to —41.54 GPa on an armchair edge and on the zigzag
edge 1s equal to —40.64 GPa. It 1s suggested that without an
external influence the stress equals to zero for the atoms 1n the
centre and at the edges of the graphene sheet.

) /v
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Prediction of the defects appearance

30 35 40 45 50 55
X coordinate

Defects of the C—C bond are observed only between
atoms with a local stress value of about 1.8 GPa. One of the most
stressed sections of the atomic grid containing a defect is pre-
sented in Fig. 4. From the Figure it is clearly seen that after
C—C-bond breaking the atomic grid reconstructs and the stress
decreases. The enthalpy of the defect formation equals
163.5 kcal mol .

60

GPa



The influence of a curvature on the properties of
nanostuctures

The absorption of H
/3 |
atom on the atomic

network

O.E. Glukhova, I.V. Kirillova, M.M. Slepchenkov The curvature influence of the graphene nanoribbon on its sensory properties // Proc.
of SPIE. 2012. Vol. 8233. P. 82331B-1-82331B-6.
Ol ga . Gl ukhova, Mi chael M. Sl epchenkov I nfluence of the <c
adsorptive properties: theoretical investigation based on the analysis of the local stress field for an atomic grid // Nanoscale 2012.
Issue 11. Pages 3335-3344. DOI:10.1039/C2NR30477E.
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The totalenergy of thestructure depends othe distancebetween the (@) 47

hydrogen atomandthe carbon atom. 1
(The dashed line the interactionof the hydrogen atonwith planer 4.4
graphenenanoribbon; the solidine isthe interactionof the hydrogen

compressad graphena
----- planar graphene

>
atom from wavelike graphenenanoribbon) e
2 =2
.48
(7]
. 5
\ o -
\ . .
gl Axial compression 0.1 52
\
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% 2| Axial compression 0.0 -5.6 — T T T T
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Enthalpy of reaction for the different graphene structures C-H bond length, angstrom
i .
Structure of graphene Enthalpy of reaction (b] compressed graphene
ad V. 1 zZz== planar graphena
) Planar —23.31 kcal mol™!
Curvature of 6.9% —28.13 kcal mol—!
- Curvature of 8.6% —31.59 kecal mol—! -4.4
6 T | T | T | T I T | 1
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Total energy, eV
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|

1.12 1.14 1.16 1.18 1.2 1.22
C-H bond length, A

The dependence of the chemical C-H interaction energy on the
length of the C—H bond for the planar and compressed graphene nano-
ribbon: (a) with curvature of 6.9%: (b) with curvature of 8.6%.
Saratov State University, Russia 21




Geometrical characteristics of the curved armchair graphene nanoribbons compressed up to 98% of initial length

Number of
Number of atoms in Length of Length of _ Amplitude of Number of hexagons Width of
half-waves structure nanoribbon/A half-wave/A half-wave/A in half-wave nanoribbon/A
2 646 71.0 355 2.2 9 22.4
3 1634 181.7 60.5 5.3 14
4 2318 2584 04.6 5.65 15
5 3002 335.12 66.2 5.4 15
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Map of distribution of the local stress for the nanoribbon armchair: (a) in the case of two half-waves; (b) in the case of three half-waves; (c) in the
case of four half-waves; (d) in the case of five half-waves.



Geometrical characteristics of the curved zigzag graphene nanoribbons compressed up to 98% of the initial length

Number of Number of Length of Length of Amplitude of Number of hexagons Width of
half-waves atoms in structure nanoribbon/A half-wave/A half-wave/A in half-wave nanoribbon/A
2 550 65 325 2.8 12 19.88

3 1390 165.18 55.06 5.4 20

4 1670 198.7 49 6 5.6 20
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Some parameters of the electronic structure of nanoribbons

Number of half-waves Length of half-wave/A IP/eV E eV
Armchair ribbon of width 22.4 A
2 71.0 6.63 (6.65) 0.4 (0.03
3 181.7 6.50 (6.53) 0.4 (003
4 258.4 6.44 (6.47)  0.02(0.01
5 i 335.12 6,41 (6.4)  0.04 (002
Zigzag ribbon of width 1988 4
2 65 6.82 (6.84)  0.04 (0.02
3 165.18 6.79 (6.81)  0.01 (0.01
4 198.7 6.80 (6.81)  0.01 (001
6.9 — lonization potential
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Y coordinate

Y coordinate

Y coordinate

Y coordinate

20 gy

Thecompression proces¥ bi-layergraphene

X coordinate

100
X coordinate

I
120

GPa

Y coordinate

Y coordinate

X coordinate

Geometrical characteristics of the curved zigzag bi-layer
graphene nanoribbons compressed up to 98% of the initial length

Num Num- Length Leng Ampli- Num-  Width
berof berof of thof tudeof ber of of
half- atoms nanorib  half- half- hex- nanorib
wave 1in bon. A wav  wave. agons  bon. A
S struc- ee A A in

ture half-

wave

2 1100 65 323 3.1 13
3 2780 165.18 554 548 20 19.88
4 3340 198.7 498 555 20




Investigation of the onelayer grapheneplate
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The control of movement of C60 on ripplec
graphene located orsubstrate Si©

graphene

The average distance of the
graphene-substrate is ~0.3 nm, the
adhesion is 1.8 eV/nm2 that well
agrees with the experimental
studies [NATURE NANOTECHNOLOGY | VOL 6 |
SEPTEMBER 2011].

Monolayer graphene
on a substrate
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The density of electron states of complex(G0+graphenenear the last filled HOMO
level (vertical dotted lines indicate the position of the HOMO level)

Thered curve correspondsto the casewithout accountof additional overlap of the
electroncloudsof the fullereneand graphene plue ¢ to the casewith account
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DOS , arb. units

flat graphene
graphene on the substrate
curved graphene

200

~10 _5 0

-15

energy, eV

Graphene on a substrate:
a) the density of electronic states of graphene on an ideal and corrugated
substrate (dashed lines indicate the position of HOM@eISs);
b) fields of atomic mesh witrehybridizatedelectron clouds (the maximum
degree ofrehybridizationbelongs to the atoms marked with red dots and
orange).
Some of the electrons (red highlighted) will be eventually located4f?sp



Fullerene on the corrugated substrate at T = 300 K:
- general view,

- the trajectory of the mass center,
- changes of velocity,
- the oscillations of the interaction energy.
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