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1) Tight-binding method

The TB method was earlier implemented to study
a stability of carbon. The energy of a system of ion
cores and valence electrons is written as

Eror - Ebaﬁd +Erep- (1)
Here the term Eyopq is the bond structure energy

that is calculated as the sum of energies of the
single-particle occupied states. Those single-particle
energies are known by solving the Schrodinger
equation

Hly )=¢,[y,), (2)

where H is the one-electron Hamiltonian, g, is the
energy of the nth single-particle state.

"

The wave functions v can be approximated by
linear combination

|WQ=EQU%J, 3)

where {91} is an orthogonal basis set, [ is the
quantum number index and o. labels the ions.
This approximation is known as the method LCAO —
linear combination of atomic orbits.

For example, the one-electron wave function of

the compound C, is given by the combination of the

wave functions ‘S>, ‘Px}’ ‘p3’>, ‘pZ) :

n In in dn
|w>:§1E |S,-'>+r_=§1cf |px> +fé%1q |p> +.-=3§qu pzr'>’

N is the number of atoms.
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For the tight-binding Hamiltonian, we use the
Slater—Koster parameterization scheme for the
electronic hopping matrix elements.

The equilibrium hopping integral is

V£B :<(P1';3 | H| (Pm,}-

To describe the influence of environment on
each atom we have included the scaling function. So,

the matrix elements are calculated as (L. Goodwin, A 1.
Skinner, and D. G. Pettifor, Europhys.Lett. @ (1089) 701.)

p Fal . 74 p 74
VDI.E(F) = VD[.DB [_3] CXPy | — [_] + [_3] :
v P 25}

(4)

where r is the distance between atoms.

"

The scaling function is known as the function of
the two-center TB matrix element between two
orbitals of symmetry | and I’ placed on the atoms «
and PB. The parameter p, is equal the equilibrium
interatomic distance. If the interatomic distance
becomes equal the equilibrium distance the function
is equal “1”.

Once that the single-particle energies are known
by solving the secular problem (2).

Noceupied
Ebond =2 X &

n=1

n

Here “2” considers the electron spin.

Saratov State University, Russia 6



The phenomenon energy

Term Eml:I in Eq.(1) is the phenomenon energy

that is a repulsive potential. It can be expressed as a
sum of two-body potentials as

Erep = Z Vrep(rc:aﬁ): (5)

Py

where V. is pair potential between atoms at a

cp
and p. This two-body potential describes an

interaction between bonded and nonbonded atoms.

The values of the parameters\r’gﬁ, the atomic terms

and p, for carbon compounds are given in table.
Table1

Ve v
es,eV | Ep eV | ve eV = e v eV
S P eV eV |
10,932 | -5,991 | -4,344 | 3,969 | 5,457 | -1,938
P1 Pz, A Pz, A D4 ps, eV Ds
2,796 | 2,32 | 1,54 22 | 10,92 | 4,455

The repulsive pair potential is calculated by
formula:

p‘ p4 p.;
P3| I P3
V (T)_Ps(—J eXpi P —{—] +[—J
P r P2 P2

(6)
All parameters that define the phenomenon

energy and were fitted from experimental data for
fullerenes and carbon nanotubes.

Transferability to other carbon compounds was
tested by comparison with ab initio calculations and
experiments. Our parametrization provides the
investigations of all modifications of carbon
nanostructures. That provides also the study the

molecular clusters, finite size structures with sp?,

sp?* spe.

O.E. Glukhova and A. I. Zhbanov . // Physics of Solid State (Springer). 2003. Vol. 45. P. 189-196
O.E. Glukhova // Journal of Molecular Modeling. 2011. Volume 17. Issue 3. Page 573-576.
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The transferable reproduction of the interaction

between each atom and its environment l
X

= yD +P}TJ__, (7)

Here f’xD: f’YD’ f’z[} are projections to an iteratomic

—

direction, Py, .. are projections to an orthogonal

direction.

So, to describe the interaction between P; and Py (see
Fig.) we must write:

— —

Py -P,=Pyp-Pp + Pyl Py (8)
o -bonding n-bonding

Saratov State University, Russia



COSCOL-CcosB

COSY =—— — (9)
sincL-sin o
b4 =Y . 2l ). 2in o - 2in Q- cov =
VpxpATij) RPXPI (1j;) - cosa CUSB_FRPxPz (1j)-sin o.-sin B-cosy
. . cosoL-cosd
=V?  (1jj)-cosa-cosB+ V" (1) sino-sin®| —————— | =
PPz PiPz sinol-sin 6
=cosa-cosf| VO () -V" r-)
A Ve, @)~V @)
(10)

Projections of P,- and P,- vectors

Vspz (1) = VT (1j)-cos 6

5Pz

(11)

Schematic representation of the interaction
of P,- and 5- orbitals.

Saratov State University, Russia 9



sp? hybridization

rehybridization |

. s

sp?*®  hybridization

sp

2+4A

hybridization

Degree of rehybridization is defined on
the pyramidalization angle. This angle is
calculated on formula:

Saratov State University, Russia
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The electron spectrum

So, the presented transferable tight-binding potential and the described scheme to reproduce
the electronic configuration and the local bonding geometry around each atom are well suited for
computer simulations of covalently bonded systems in both gas-phase and condensed-phase
systems.

We have tested our scheme by comparison with experiments for fullerene and some carbon
nanotubes. In the table the spectra of the m-orbitals and density of states are presented.

Results are inresonable agreement with experimental data.
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Mechanical

The entire system energy is described by the
sum of the binding energy Ey, the torsional

energy Eigsand the van der Waals energy

Modeling:

1) reactive empirical
bond-order (REBO)
method developed by Brenner

E YV d“? N

Each pair of covalently bonded atoms interacts
via a potential-energy:

1 Nat
Ep=5 Z [ > (VR(Tij)_Biij(Tij))}'
i=1 |j(=i)

This is the binding energy. Here V; is the
repulsive pair term, V, is the attractive pair term,
rjis the distance between the atom with number i

and atom j from near region. The function By is the
many-body term. This term was introduced to
describe the specificity of the o—t interaction. So,
the value of the binding energy depends on the
position and chemical identity of atoms.

Etot =Ep +Etors + Evaw-

Fig. Three different

regions in topological
network of an atomic
structure

The torsional potential is given by the formula
1 Nat

—— 2| Z| Z 2 v’[crs (mukj ) .
2 i | el k=ij L 1Lk

The torsional potential Viges (mijldJ Is given as a

E tors

function of a dihedral angle w. The torsion angle
wjjk1 is defined in the usual way as the angle

between the plane defined by the vectors ry and r;
and that defined by r; and r;. Here atoms j and k
are given from intermediate (second) region and
the atom | is given from far region.



Van der Waals energy E Van der Waals interaction energy may be described by the
, , , 8Y Evdw Lennard-Jones, Morse, Buckingham potentials and so on. We have
defines the interaction between . .
bonded at _ implemented and compared Lennard-Jones and Morse potentials as
non-bonded atoms. the functions to define the van der Waals energy. We use Morse
potential that is given by

Nat
Evaw = % .Zal[_(zl) Vyaw (T J} : VMorse (Tj ) = De ((1 — €Xp (—ﬁ(l"ij 1)) - 1_]+ E, - exp- P'rj )
i=1\ j(=i

where Dgis the average bond energy, E; is the repulsion nucleus
energy, B, p' - parameters.



2) original empirical method

The total energy of carbon tubular nanostructure is defined by an empirical molecular-
mechanical model as a polynomial whose components have their weight coefficient. The
weight coefficients were chosen as the result of processing the experimental data on the
elasticity and stiffness of defect-free nanotubes of simple forms. The valence force-field
model, taking into account the van der Waals interaction of the unbound atoms, was taken
at the basis:

ke k

Ei =) ke (r—ro)’ + ) ko (6 —60)+ ) (E - r—ig)

Here, the first term takes into account the change of the binding length in the
nanostructure in relation to the binding length in the graphite (ro = 1.42A). The second
term considers the change of angles between the bindings in relation to the angle between
the bindings in the graphite (6 = 120°), and the third term takes into account the van der
Waals interaction (Lennard-Jones potential), K,, Ky, K,, Ky.— weight coefficients.

Saratov State University, Russia
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The weight coefficients of the carbon compounds as the solution of the minimax problem with the

limitations were found in the following manner:

.0
=1

3
min max S(4), where S(A)=z
i=1

Here {1;} 1s a set of C-C binding length, { rfﬂ } 1s a set of known (calculated and experimental) values, A=(

K. Ks K, K;) 1s a vector of varied parameters. The surface of the goal function was created to find the global
minimum for every set (K, Ks K. K; ). The basis point was shifted corresponding to its surface contour.
Set {r} was found with the help of nanostructure total energy by the coordinates of all atoms.

The values of weight coefficients were obtained in the result of the solution of the minimax problem (2) as

follows:
K, =3.25 102 JOUle, Ky = 4.4.1071° Joule K, —4.0.10713° JOUIE’
m rad? m!2
_gp Joule
80
K,=15-10 —

m



To research the nanoribbons using tight-binding potential our own program was used.
program provides the calculation of the total energy of nanostructures, which consist of 500-5000
atoms. We have adapted our TB method to be able to run the algorithm on a parallel

computing machine (computer cluster).

It's necessary to consider the available computing power.
We have a number of dual-processor servers which are the distributed SMP-system. MPI (stands for

Message Passing Interface) was chosen as mechanism for implementing parallelism.

Our own

block diagram of the modified Hooke-Jeeves method
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II. Graphene and CNT: electron and mechanical properties

Graphene: electron properties

With increasing of the
number of atoms the
nanoribbon becomes ™M™
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Density of Mulliken
charge of carbon
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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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Nanotubes: electron properties

Nova Publisher ( ): «Carbon Nanotubes: Synthesis and Properties» (Eitors: Ajay Kumar Mishra)

Chapter 15. Classification of Thin Achiral Carbon Nanotubes and Regularity their Electronic Structure
(Olga E. Glukhova, Department of Physics, Saratov State University, Saratov, Russia)

Series: Nanotechnology Science and Technology

Binding: Hardcover Pub. Date: 2012 4th Quarter Pages: 7 x 10 (NBC - C) ISBN: 978-1-62081-914-2 Status: AN
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(_ ® —in absence of field, + — in electric field of_3 V/nm)

EZ ndz nf2
F=an%—[ (1 —Amz)2 sin 2o dox.
{}

For example, assuming R > 500 A, d = 10A H =
1000 A, L =200 um, anode voltage U, = 8000 A,
leads to f =115, Ey =4 % 107 Vim, Epa = 4.6 %
(a) (b) 10? V/m. Hence, F = 0.054 nN,

Ponderomotive forces acting on (a) vertically and (b)
horizontally oriented nanotube.

O.E. Glukhova, A.l.Zhbanov, G.V.Torgashov et al. // Applied Surface Science, 2003. V.215 (Issue 1-4) 15 June. P.149-159



lll. MECHANICAL PROPERTIES

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 26



Young’s pseudo-modulus (Y?P) of nanotubes. Y3P =Y2?P *0.34 nm

0255
—e— (10, 0) tube
d=7.92A
g 0.25F
o
e
F.
b_ﬁ.
0.245 |
0.24 —_— ' '
8 12 16 20 24

Y, TPa

0.74

0.73

0.72

0.71

—e— (10, 0) tube

d=792 A
i —a— (5, 5) tube
d=6.85A
8 12 16 20 24

O.E. Glukhova, O.A. Terent'ev // Physics of the Solid State (Springer). 2006. Vol. 48. 1. 7. P. 1411-1417
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O.E. Glukhova, A.S. Kolesnikova // Physics
of the Solid State (Springer). 2011. Vol. 53.
No0.9 P. 1957-1962.
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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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Stress distribution in
the atomic network
of graphene and CNT

TR
Lo ik

"'_;"";:-a-‘ﬁ

IV. The influence of a
curvature on the
properties of
nanostuctures e
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The local stress field of the atomic grid of nanostructures: original
method (Olga Glukhova and Michael Slepchenkov //Nanoscale, 2012, 4, 3335—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 33



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







FRER U

L] " *
g A, ol T Y
5 ¥ F ._...uumﬁuu_." _ / \ I

»
L

L

Y
i

&R Y
s =gt

Y
)

o
>
o
=
'

=
L2
>
o
(2]
%
o
X

o
>
ol
i
o
N
u
o
n
Y—
o
O
o
S
o
=
3
T
E
o

N
L
i
™
o
N
o
N
L
—
™
%
N
%
o
™
o
N
0

I.V.
E.L.

Glukhova,
Kolesnikova,

Destruction of the structure of bamboo-
like CNT during the increase of the
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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

0 The absorption of H-
¢ atom on the atomic

network

O.E. Glukhova, LV. 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.

Olga E. Glukhova, Michael M. Slepchenkov Influence of the curvature of deformed graphene nanoribbons on their electronic and 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 total energy of the structure depends on the distance between the

hydrogen atom and the carbon atom.
(The dashed line is the interaction of the hydrogen atom with planer
graphene nanoribbon; the solid line is the interaction of the hydrogen

compressad graphena
----- planar graphene

[

b

E-3
|

>
atom from wave-like graphene nanoribbon ) e
2 =2
.48
(7]
. 5
\ o -
\ . .
gl Axial compression 0.1 52
\
\
> i i -
>, Axial compression 0.0 5.6 — T T T T
i 1.12 1.14 1.16 1.18 1.2 1.22
Enthalpy of reaction for the different graphene structures C-H bond length, angstrom
i .
Structure of graphene Enthalpy of reaction (b] compressed graphene
ad vty - 1 zZ=== planar graphena
Planar —23.31 kcal mol™!
Curvature of 6.9% —28.13 kecal mol~!
- Curvature of 8.6% —31.59 kecal mol—! -4.4
= — 1 T T T T T T 1
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Total energy, eV
A
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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 40




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

~
o
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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

* iy ; nnui\i‘uww“““‘m""‘"”w
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Map of distribution of the local stress for nanoribbon zigzag: (a) § 08
in the case of two half-waves; (b) in the case of three half-waves; (¢) in the § 10 g';
; - 0 -
case of four half-waves. > 20 40 60 80 100 120 140 180 180 05
X coordinate 04
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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
' ® @ & Iigmagribbon
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Y coordinate

Y coordinate

Y coordinate

Y coordinate

The compression process of bi-layer graphene

X coordinate

80 100
X coordinate

]
120

140

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




NANODEVICES Nanoreactor (nanoautoclave)

Dimerization of miniature C,, and C,4 fullerenes in nanoautoclave
(Olga E. Glukhova // Journal of Molecular Modeling, Volume 17, Issue 3
(2011), Page 573)

In our nanoautoclave model a closed single-wall carbon nanotube (10,10) c,,, is represented as
a capsule that is closed from both ends with C,,, fullerene caps. The pressure is controlled by a

shuttle-molecule encapsulated into a nanotube that may move inside the tube. In the present case a
shuttle-molecule is the Cgo fullerene. The shuttle must have some electric charge for its movement
to be controlled by an external electric field. The positively charged endohedral complex K*@Cgo

(the ion of potassium inside the fullerene Cgp) is a shuttle-molecule in the present model of the

nanoautoclave. So, the hybrid compound K™ @C,, @ tubeC,,, is a nanoautoclave model. The
K"@C,, @tubeC,,, nanoparticle is located between two electrodes connected with a power

source. Changing the potentials at the electrodes, we control the movement of the K" @C,,




When the pressure created in the tube provides both the overlap of =-electrons of the C,
fullerenes (that corresponds to the interatomic distance of about 1.9 A) and the covalent bonds
formation, the intermediate phase of the (C,), dimer is synthesized: (C,,), [5+5] (at n=20) or

|
(CZS)2 [6+6] (at n=28). Here a number of fullerene atoms participating in the intermolecular

bonds formation is shown in square brackets. Figure shows a stable dimer of the C,;, (C,)

fullerene and the C,, molecule that suffered a certain deformation.

2 o o
(CED)E [2+2] s n £ % . J“I
(2) E A ﬁU, 't\. Al I\nfﬂf |
CE db] S Lall } ‘\j NNS Y
- 2B 200 <14 I B 3

" -\._\_\_\_-___,__,—'—
Characteristics of stable fullerenes dimers \T D -

fo/ws | DA | E, 8V | aH, |E,eV|HOMO, '/«")/F“%ﬁé---]{---»-#@m

Dimer Symmetry % ‘*:fj AN 7 (x¥)
i I \V_____.-'
groupof | A v \57’/ le /S

the dimer s
C':X:'"-‘
(Cao)2+2] D2y 1.43/1.62| 1.65 | 6.44 -5.01 0.66 7.00 2 o
i ]

Coolli+1 Cx |141/156| 156 | 657 | -207 | 014 | 7.16 = S \,

s N Tl- f

(Coe)s [1+1] TN IV
gl AV WY
() Ayl :

The energy of the ¢, fullerene and parameters of the outer field necessary for the (c, ), Fmin C 2¢ls 26 20 14 8 2 4

dimer synthesis
(. ), E,.(),eV A, eV Ap, V F,V/m
(Cpl2+2] -3.574 5.42 8.90 0.18-10° G
(Cygly|1+1] -3.574 6.50 10.16 2108




Carbon nanotubes are as emitters
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Scheme of the computational model of aligned nanotube film.
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Effect of Bending on the Polymerization of Fullerenes

Inside Carbon Nanotubes

the chemical bond between the nanotube and
the fullerene
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Figure 3. Fragment of peapod at bending 16 degrees.

B

It can be concluded that by bending the peapod 270 degrees the phase transition
occurred, accompanied by the formation of the new curved structure. It was established
that at such a bending:

I. The atomic structure of peapod is not destroyed.

2. The nanotubes surface of smaller radius becomes wave-like and, in some places of
trough, is connected with the fullerenes.

3. The fullerenes come to the distance of 0.14 nm between the atoms of the cell and are
polymerized.

4. The hybrid compound of the nanotube which was formed retains the atomic structure
unchanged even when there is no external load.

5. The minimum angle of the bending for the polymerization process is 16 degrees.

The force is applied to the
nanotube, forming the
tube bending

Fragment of peapod at bending 270 degrees.

The thick lines show the connections formed
during the polymerization of fullerenes with neighboring
fullerenes and a nanotube.

O. E. GLUKHOVA, A. S. KOLESNIKOVA AND I. V. KIRILLOVA Fullerenes, Nanotubes, and Carbon Nanostructures, 20: 391-394,

2012



Investigation of the one-layer graphene plate
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Fullerenes manipulations inside a carbon nanotube

T g T —~—

(hybrid compound Ret-C60 inside CNT)

I
~

&

| ——

Energy of interaction,eV/
] ]
o @

nature nanotechnology | VOL 2 | JULY
2007

a) ener gy surface of interaction of Ret-Cg and the nanotube; b) atomic structure of Ret-Cg incapsulated in an armchair

‘ nanotube (11, 11). -26.68
DFT method with exchange-correlation functional B3LYP sl /\
g N
g-za.?z — . ||
Retinol rotates with fullerene C60 freely when locating on = ||
the axis. 5 | U | \/
T || '
O.E. Glukhova, L.V. Kirillova, I.N. Saliy, M.M. Slepchenkov Single- |
fullerene manipulation inside a carbon nanotube // Proc. of SPIE Vol. -
7911. doi: 10.1117/12.878677. — 2011. 0 100 250 3(|m 450
Angle of rotation,degree
The change of the interaction energy at rotation
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Cys(Ta) Cs6(Dea) Cys(T2) Co0(Dea)
inside inside inside inside
Cis Caso Cas0 Cys0
k 1 1 1 1
cm cm cm cm
0 77.8 46.3 19.9 34.9
+1 77.9 46.4 20.3 35.0
2 78.0 46.5 214 35.2
3 78.1 46.7 233 35.6
4 78.3 47.0 25.9 36.1
5 78.6 474 29.2 36.8
6 78.9 47.8 33.3 37.6
7 79.2 48.3 38.1 38.7
8 79,7 48.9 43.7 39.8
9 80.2 49.6 50.0 41.1
10 80.7 504 57.1 42.6
11 81.3 51.2 64.9 472
12 81.9 52.1 734 459




lcosahedral fullerenes

B A
) E ! Topological models of
, 3 fullerenes of
( 5 icosahedral symmetry
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Topology of multiwell potential
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