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Abstract: According to the periodic system of fullerenes, all the fullerenes can be classified into the groups having
different symmetry. It is supposed that the fullerenes of one and the same symmetry have similar properties. Before the ap-
pearance of the periodic system in 2017 the fullerenes were chosen for study at a random way that instead of ordering
the results only increased information entropy. We have studied possible ways of generation and growing the fullerenes,
which refer to the group having three-fold T-symmetry. Beginning with cyclopropane C3Hg producing clusters Cg, we have
obtained elementary fullerenes Cg as well as mini-fullerenes Cy,, which in their turn have produced the fullerenes from Cyg
to Cug, perfect and imperfect, as well as nanotubes. The basic perfect fullerenes Cig, Co4, Csg, Czs, Cso and Cyg have
the ordinary three-fold symmetry, the intermediate ones having no such symmetry. Their imperfection is connected with extra
‘interstitial’ or carbon dimers, the dimers playing the role of defects. One can define the imperfect fullerenes with defects
as the fullerenes having topological three-fold symmetry. We have calculated their shape and energies using Avogadro
package and discussed possible reasons of their dependence on a fullerene size and shape. We have found that the fulle-
renes can be divided into two groups, alive that can grow, and dead which are impotent. Taking into account the results
obtained early, allows us to make predictions that the dead fullerenes C,4r, Caor, Caor and Cygr Of three-, four-, five- and

six-fold symmetry have the most chance to be found experimentally with comparison of their isomers.
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INTRODUCTION
Periodic system of fullerenes

The system was formulated at first implicitly as the pre-
diction of the fullerenes conserving symmetry during their
growth in Ref [1] and in the final form in Refs [2; 3].
The system consists of horizontal series and vertical
columns (groups); they include basic perfect fullerenes
from Cy to Cg. The horizontal series form the An
periodicities, where the fullerene structure changes from
three-fold symmetry to six-fold through four and five ones.
The vertical columns have different symmetry. Each
column includes the fullerenes of one and the same
symmetry, the mass difference Am for each column being
equal to a double degree of symmetry. Two groups of three-
fold symmetry differ by the structure of their apices.
The three-fold S-symmetry column has two sharp apices;
the third-order axis is going through them. The three-fold
T-symmetry group has two truncated apices; the third-order
axis is going through the centers of their equilateral
triangles. Since the vertical columns incorporate the ful-
lerenes of one and the same symmetry, we suppose that
the fullerenes of one and the same symmetry have similar

properties. The system leaves room for incorporating into it
other fullerene families having quite different symmetries
than above-mentioned ones. It should be emphasized that
the system can be taken as a basis for rigorous fullerene
classification.

Ordinary and topological symmetry

At first it has been desirable to work entirely with
the An series in order to discover general features of
the transition from one symmetry to another [3-7]. After we
have found the corresponding regularity, we need to focus
upon particulars of one and the same column (group).
According to the periodic system, in each column there are
two main types of fullerenes; the basic perfect ones and
intermediate imperfect ones. The basic perfect fullerenes
have ideal structure and ordinary symmetry. The inter-
mediate imperfect fullerenes have extra carbon dimers. By
analogy with crystal physics, we have assumed [2] that
these extra dimers play the role of defects which violate
the local symmetry and create imperfections. However, in
crystals with defects the long-range-order is observed
experimentally. In order to underline this peculiarity, such
long-range order is referred to as the topological long-range
one [8]. Using analogous terminology, we have defined
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the imperfect fullerenes, which conserve the main axis of
symmetry, as having topological symmetry.

The previous investigations were done for the fullerenes
of three-fold S-symmetry [9], four-fold [10] and tetrahedral
one [11; 12]. In this contribution we have studied the nuc-
leation and growth of fullerenes referring to the column of
three-fold T-symmetry. In the periodic table of fullerenes
there are two columns of three-fold symmetry which differ
by the structure of their apices. The 3-fold symmetry group S
has two sharp apices, the third-order axis going through
them. The 3-fold symmetry group T has two truncated
apices, the third-order axis going through the centers of
triangles. In our case of three-fold T-symmetry, there are
perfect fullerenes Ci,, Cig, Cos, Cag, Css Cgo and Cyg Of
ordinary symmetry and imperfect fullerenes Cyy, Cyp, Cos,
Cyg, C32, Cas, Cag, Cay Cas and Cus of tOpOIOgicaI symmetry.

Aim of study

According to Aristotle (384-322 BC), all essential
originates and consists of two principia: matter and form;
the form being the leading principle. The matter in itself is
the passive principle of nature; it is the possibility for
appearance of a real thing. In order the thing became
the reality; it must receive the form, which transforms
the possibility into the reality. The periodic system of
fullerenes was suggested for ordering different forms of
fullerenes on the base of symmetry [1-3]. As a first
approximation, this gives a tolerably correct classification of
fullerene “form”. It is not enough for comprehensive
knowledge of the “form”, especially taking into account
the fact that since the discovery of fullerenes, carbon
nanotubes and graphene, carbon occupies a strategic position
in materials science and technology. The purpose of this
work is to gain a complete understanding of how fullerenes
can be effectively used through providing their abstract
“form” with the shape, structure, energy, etc., using
the example of fullerenes with triple T-symmetry.

RESULTS

1. Generation of basic fullerenes and nanotubes

1.1. Cyclic carbon molecule and carbon clusters. We
assume that the embryo of fullerenes of three-fold symmetry

Cyclopropane C3Hg

o

(o)
@ E=854kJ/mol <

is a cluster having just the same symmetry. The question
arises: Are there in nature similar molecules, from which it is
possible to obtain such cluster? To our mind cyclopropane
C3Hg with D3, symmetry [13] could be such a molecule.

Suppose that we have removed six hydrogen atoms and
added three carbon atoms instead. In doing so we obtain
carbon cluster CsC; with several types of carbon atoms.
They are shown, together with cyclopropane CsHg, in
Fig. 1. We have calculated their optimized structures and
energy through the use of Avogadro package [14]. The car-
bon atoms of cyclopropane remain in the initial electronic
state; they are considered, as is customary, being
sp? hybridized atoms. The new added ones are reactive
carbon atoms, which are connected with the initial carbon
atoms by single or double bonds, being ionized to a dif-
ferent degree. One way of looking at the gradual evolution
of the clusters shown is folding the clusters and fusion
the structures obtained with the following growth. Consider
this way.

1.2. Cluster folding. The elementary fullerene of three-
fold symmetry is a triangular prism. It can be obtained as
result of folding the carbon clusters shown above. Two
extreme electronic structures are presented in Fig. 2. It
refers to the An=2 series. It should be emphasized that at
first the periodic system of fullerenes was formulated for
the series which had begun with An=6. Later, in order to
close the gap between the clusters and fullerenes, there
added two series: An=2 and An=4 [15; 16].

1.3. Fusion of prisms. The elementary fullerenes can
grow, conserving its symmetry, by the mechanism known
as “fusion of fullerenes having compatible symmetry” [17].
The final configuration produced by the fusion of two
prisms is shown in Fig. 3. The shape of the fullerene
resembles a triangular barrel; it was named previously
a mini-fullerene. In its turn this fullerene can continue
the growth conserving the symmetry, through the use of
the above mentioned mechanism, i.e. joining another prism
(Fig. 4). The reaction is possible since the both reacting
structures have three-fold symmetry and therefore they are
compatible with each other.

One can consider the structure obtained both as
a fullerene and as an embryo of nanotube. Really, if to
continue the fusion of prisms, there appears the ultra
narrow nanotube of three-fold symmetry (Fig.5). It is

Clusters C3C3

E=768 ki/mol

E=933 kJ/mol

Fig. 1. Cyclopropane and two six-atom carbon clusters of three-fold symmetry
Puc. 1. uxronponaw u 06a ueCmuamomHvlx y2iepoOHbIX KIacmepa CUMMempuu mpemve2o nopsioKd
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Fig. 2. Two electronic isomers of a carbon triangular prism; energy in kJ/mol
Puc. 2. [lea s1eKkmpoHHbIX U30MeEPA y2nepoOHOll Mpey2oibHOU NPU3MbL, IHepaust 8 KIc/monb

worth noting that at first extremely narrow nanotubes were
considered only as a new type of nanotubes being of
academic interest [18; 19]. Recently it has been discovered
that small diameter single-walled carbon nanotubes were
mimics of ion channels found in natural systems [20].
These properties make them a promising material for
developing membrane separation technologies [21].

1.4. Cupolas and their fusion. There is the second way for
the generation of fullerenes having the three-fold symmetry
[17]. It consists in the growth of initial clusters which then
transform into half-fullerenes (cupolas) conserving the three-

fold symmetry (Fig. 6). From the figure it is seen that all
the cupolas have one and the same base of six atoms;
therefore they can combine with each other creating new
fullerenes as well as nanotubes. Let us investigate this
process in detail.

1.5. Fusion of cluster C¢ with cupola Cy,. The fullerene
obtained contains two triangles, three squares and six
hexagons (Fig. 7). It is a tri,-tetras-hexas polyhedron. Its
shape is a truncated triangular bipyramid having three-fold
symmetry. The fullerene is an isomer of the bifurcation
fullerene Cyg shown in Fig. 4.

Fig. 3. Triangle-barrel-shaped mini-fullerene Cy, and its graphs; energy in kJ/mol
Puc. 3. Tpeyeonvhulii bouxoobpasusiili munu-pyinepen Cip u e2o epaghuueckue uzobpasicenus, sHepeus 6 Kxc/monw

E=1765

E=3985

Fig. 4. Fusion of two fullerenes Cq and C,,: structure and graphs; energy in kJ/mol
Puc. 4. Crusnue 08yx ghynepenos Cg u Cp: cmpykmypa u epagpuueckue uzobpasicenus; snepeust 8 Kc/mons
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E=4078

Fig. 5. Joining two mini-fullerenes Cy¢ through the use of the rotation-reflection symmetry:
structure and graphs; energy in kd/mol
Puc. 5. Coeounenue 08yx munu-gyiiepernog Cig ¢ UCHOIb308AHUEM 3EPKANLHO-NOGOPOMHOU CUMMEMPUU.
cmpykmypa u papuueckue uzobpasicenus; suepaus 8 Koc/moinn

1.6. Fusion of two cupolas C;,. There are two ways of
joining the cupolas: mirror symmetry and rotation-reflection
one. In the first case (Fig. 8) the lower cupola is a mirror copy
of the upper one. The fullerene obtained contains two triangles,
three squares and nine hexagons forming a tri,-tetras-hexag
polyhedron. In the second case (Fig.9) the lower cupola is
a rotatory reflection of the upper one. The fullerene contains
two triangles, six pentagons and six hexagons. It is a truncated
dodecahedron with the energy less than the first fullerene.

1.7. Fusion of two cupolas: Cy, and C.g (Fig. 10).
The fullerene obtained contains two triangles, three pairs of

E=1195 E=2075

adjacent pentagons and nine hexagons. It is a tri,-(penta,)s-
hexag polyhedron.

1.8. Fusion of two cupolas Cqg. The fullerene formed is
shown in Fig. 11. It consists of two triangles, six pentagons
and twelve hexagons, so it is a tri,-pentag-hexa;, poly-
hedron. We see that the growth is ensured by adding three
hexagons. The number of pentagons is the same as before
and equal to six.

1.9. Fusion of two cupolas: Cig and C,, (Fig. 12). The ful-
lerene contains two triangles, six pentagons and fifteen
hexagons. It is a tri-pentag-hexa;s polyhedron.

E=1295

Fig. 6. Growth of cupolas of three-fold symmetry: structure and graphs; energy in kJ/mol
Puc. 6. Pocm kynonoe cummempuu mpemve2o nopsoxa.
cmpykmypa u epapuueckue uzobpasicenus,; suepaus 6 Koic/monn
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Fig. 7. Truncated-triangular-bipyramid fullerene C,g and its graphs; energy in kJ/mol
Puc. 7. Dynnepen Cig 6 8ude yceueHHOU mpey2onbHOU OUNUPamMudsl
u e20 epaduueckue uzobpaxcenus, duepus 8 KIAxc/mony

E=2630

Fig. 8. Mirror symmetry joining two half fullerenes C,, of three-fold symmetry: structure and graphs; energy in kJ/mol
Puc. 8. 3epranvras cummempus, coedunsirowas 0sa nonogunyamolx gyineperna Ciy cummempuu mpemve2o nopsaoKa:
cmpyKkmypa u epaguueckue uzoopaxcenust; suepeust 6 Koc/mons

Fig. 9. Rotation-reflection symmetry fusion of two half fullerenes C, of three-fold symmetry:
structure and graphs; energy in kJ/mol
Puc. 9. Cruanue 08yx nonosunuamoix gyiiepernos Cip cummempuu mpemovezo nopsaoxa
C NHOMOWBIO 3ePKATbHO-NOBOPOMHOU CUMMEMPUL. CIPYKIMYPA U epaguieckue uzoopasicenus, sHepeust 6 KIxnc/mono

1.10. Fusion of two cupolas C,4 (Fig. 13). The po-
lyhedron obtained contains two triangles, six pentagons and
eighteen hexagons. Formally it is a tri,-pentag-hexasg
polyhedron. However we admit that it is a nanotube. The rea-
son for such conclusion is discussed below.

1.11. Fusion of two cupolas: Cy and Cyo (Fig. 14).
The polyhedron consists of two triangles, six pentagons and
twenty-one hexagons. It is a tri,-pentag-hexa,; hanotube.

1.12. Fusion of two cupolas Cg (Fig. 15). The poly-
hedron contains two triangles, six pentagons and twenty-
four hexagons. It is a tri,-pentag-hexa,4 nanotube.

1.13. A fullerene or a nanotube? Let’s analyze Fig. 7—
15. We have obtained all the basic fullerenes having three-
fold T-symmetry predicted earlier [2; 3]. However the ques-
tion arises: They are fullerenes or nanotubes? As indicated
above, one can consider the structure C.g shown in Fig. 4
as a fullerene and as an embryo of nanotube. This is
a bifurcation structure. The situation is not uncommon in
nature. For example, in radiation solid state physics it is well
known that one and the same small vacancy cluster (embryo)
during its growth can transform either into a void (volume
configuration) or into a dislocation loop (plane configuration)
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Fig. 10. Mirror symmetry fusion of two cupolas (half-fullerenes) C,, and C,g having three-fold symmetry:
structure and graphs; energy in kJ/mol
Puc. 10. Cnusanue 08yx kynonog (nonygyniepenog) Cip u Cig ¢ cummempueti mpemve2o nopsoxa
€ NOMOWbIO 3ePKATILHOU CUMMEMPUU: CIMPYKMYPa u epaguyeckue uzobpasicenus, snepeus 8 Koc/mone

Fig. 11. Rotation-reflection symmetry fusion of two cupolas (half-fullerenes) Cyg having three-fold symmetry:
structure and graphs; energy in kJ/mol
Puc. 11. Crusnue 08yx kynonog (noaygynieperog) Cig c cummempueil mpemve2o nopaoxa
€ NOMOWBIO 3ePKATLHO-NOBOPOMHOL CUMMEMPUL: CIPYKIMYPA U epaghuieckue uzoopasxicenus, sHepeus 6 K/xc/monn

E=2741

Fig. 12. Mirror symmetry fusion of two cupolas (half-fullerenes) C;g and C,, having three-fold symmetry;
structure and graphs; energy in kd/mol
Puc. 12. Cnuanue 08yx xynonos (nonygynnepenog) Cig u Cyy ¢ cummempueti mpemve2o nopaoxa
€ NOMOWBIO 3ePKATLHOU CUMMEMPUL: CIMPYKMYPa U epaguyeckue uzodpaicenus,; snepaus 8 Kxic/monn
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E=2914

E=4446

Fig. 13. Rotation-reflection symmetry fusion of two cupolas (half-fullerenes) C,, having three-fold symmetry:
structure and graphs; energy in kd/mol
Puc. 13. Cnusinue 08yx kynonog (noay@gynneperog) Co ¢ cummempueli mpemvbe2o nopsaoka
€ HOMOWBIO 3ePKATLHO-NOBOPOMHOL CUMMEMPUL: CIMPYKIMYPA U epaghuieckue uzoopasicenus, sHepeust 6 Kxnc/monw

E=3084 E=4637

Fig. 14. Mirror symmetry fusion of two cupolas (half-fullerenes) C,, and Cs, having three-fold symmetry:
structure and graphs; energy in kJ/mol
Puc. 14. Crusnue 08yx kynonog (nonygyniepernog) Cos u Czp ¢ cummempueti mpemve2o nopsiokd
€ NOMOWBIO 3ePKANILHOL CUMMEMPUU: CIMPYKMYPA U epaguueckue uzo0pasicenus; snepaus 6 KInc/mons

[22]. In our case this brings up the question: Where is
the boundary between fullerenes and nanotubes? An intuitive
idea says that a fullerene is a spheroid, whereas a nanotube
with open ends is a cylinder and a nanotube with closed ends
is a cylinder with two hemispheres. However we need
an exact quantitative criterion. Under these circumstances we
should look at the electron theory for clues.
Buckminsterfullerene Cgo—l}, is a truncated icosahedron
[23]. This fullerene is considered as an ideal one, having
only equal isolated pentagons and forming a perfect
sphere; each hexagon has three single and three double
bonds. The measured bond lengths are ry, = 1.38 A and
Ihp = 1.4654 A. The larger bonds are singular, the lesser
bonds are double ones. In contrast to this, in an ideal
nanotube with open ends there are only hexagons with
four single and two double bonds. Each spheroid can be
divided into three parts; two hemispheres with hexagons
having three single and three double bonds and one
cylinder with hexagons of four single and two double
bonds. If the height of cylinder is less than the height of
two hemispheres, we assume that it is a fullerene. On
the contrary we have a nanotube. In its turn the cylinder
height is defined by the number of adjacent hexagons with

four single and two double bonds. To form a cylinder one
needs to have along its height at least one such hexagon
which is not connected with pentagons. Referring to
the graphs shown, we admit that the nanotubes begin with
the structure Cysg.

It is worth noting that all of them have one and the same
number of pentagons, namely six, being equal to a double
degree of symmetry.

2. Alive and dead fullerenes

The triy-pentag-hexa; polyhedron shown in Fig. 4 can
be thought over as a primary fullerene having the pos-
sibility to use for growing the mechanism known as
“embedding carbon dimers.” It was suggested by M. Endo
and the Nobel Prize winner H.W. Kroto in 1992 [24].
According to it, a carbon dimer embeds into a hexagon of
an initial fullerene. This leads to stretching and breaking
the covalent bonds which are normal to the dimer and to
creating new bonds with the dimer (Fig. 16, at the left). As
a result, there arises a new atomic configuration and there is
mass increase of two carbon atoms.

However, it is necessary to take into account the nearest
circumference of a hexagon. From the figures, of special
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E=2567 E=4828

Fig. 15. Rotation-reflection symmetry fusion of two cupolas (half-fullerenes) C4o having four-fold symmetry:
structure and graphs; energy in kd/mol
Puc. 15. Cnusinue 08yx kynonog (noaygynieperog) Cy ¢ cummempueil 4emeepmozo nopsoKa
€ NOMOWBIO 3ePKATLHO-NOBOPOMHOL CUMMEMPUL: CIPYKIMYPA U 2paghuieckue uzoopasicenus, sHepeust 6 KIxnc/monw

note are the graphs, it follows that there are two ways of
joining the cupolas: mirror symmetry fusion and rotation-
reflection one. In the first case we notice on the fullerene
equator the three mutually penetrating cells consisting of
a central hexagon with two pairs of adjacent pentagons
(fullerene Csy, Figs. 10, 16) or the three separated cells of
a hexagon with two neighboring pentagons above and below
the equator (fullerene Cy,, Figs. 12, 16). In the second case
there are the six mutually penetrating cells of a central
hexagon with radially sited three pentagons and three
hexagons (fullerene Cag, Figs. 11, 16) or the six separated
cells of a central hexagon with radially sited one pentagons
and five hexagons such ones. The fullerenes of the first
subgroup, Cso and Cy4y, can grow further by using the Endo-
Kroto’s mechanism and producing new fullerenes; they are
alive. Therefore, together with the above mentioned
fullerenes Cg and C,4, We have four basic perfect fullerenes
of three-fold symmetry, which are alive, namely:

— trio-pentag-hexas polyhedron Cig

— tri,-tetras-hexag polyhedron Cy,

— tri,-(penta,)s-hexag polyhedron Cs

— triy-pentag-hexa;s polyhedron C,,

The fullerenes of the second subgroup, Czs and Cyg, are
the dead-end ones; the first has no diametrically opposite
pentagons, the second has only one adjacent pentagon.
Truncated triangular bipyramid C,g or tri,-tetras-hexas
polyhedron (Fig. 7) refers also to the subgroup of dead-end
fullerenes.

3. Intermediate fullerenes

3.1. Growth of fullerene Cis. The fullerenes designed
through the use of the Endo-Kroto’s mechanism are
illustrated in Fig. 17. From the figures, of special note are
the graphs, we notice that only the initial C,g and final C,,4
fullerenes have ordinary three-fold symmetry. However,
the three-fold symmetry of these fullerenes is different,
namely Cig—Ds and Cy—Ds. They are perfect fullerenes,
but only fullerene C,g—D3, is basic. Moreover fullerene Cy—D3
is a dead-end one; it follows from its graph. The intermediate
fullerenes C,, and C,, have topological three-fold
symmetry.

3.2. Growth of fullerene C,,. The fullerenes designed
through the use of the Endo-Kroto mechanism are illustrated
in Fig. 18. Taking as a base the structure and graph of
fullerene C,, (Fig. 8), we have obtained the fullerenes

: C4§ C@ C4@

Fig. 16. Dimer embedding into a hexagon (a) transforms it into two adjacent pentagons (b).
Nearest circumference of a hexagon in different fullerenes
Puc. 16. Buedpenue oumepa 6 uiecmuy2oivHux (@), mpancopmupyiowee e2o 6 06a npuieeaiouux namuy2onvhuxa (b).
Bruoicativias OKpysIcHoOCmb Wecmuy201bHUKa 8 pa3iuiHblX Qyiiepenax
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Fig. 17. Fullerenes Cy, Cy,, C,, obtained by one-after-another embedding a carbon dimer (yellow atoms)
into fullerene C,g: structure and graphs; energy in kJ/mol
Puc. 17. @yanepenvi Cyy, Cyy, Cay, nonyuenmvie nymem nociedo8amenbHO20 6HeOPeHUsl Y2nepoOH020 OuMepa (Jcenmole amombl)
6 dynepen Cig: cmpykmypa u epaguueckue uzobpadicenus, suepaus 6 koic/mons
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E=2408

E=3923

Fig. 18. Fullerenes C,q, Cyg and Cy as a result of one-after-another embedding a carbon dimer into fullerene Cy,:
structure and graphs; energy in kd/mol
Puc. 18. Dynnepenvi Cog, Cog, Cag Kax pesynomam nociedosamesbHo20 HeOpeHus yenepoono2o oumepa 6 gyaiepen Coyl
cmpykmypa u epapuueckue uzobpasicenus; snepaus 8 Kc/monw

from C,4 to Cs. From the figures it follows that only
the initial and final fullerenes, C,4 and Csg, have ordinary
three-fold symmetry. They are basic perfect fullerenes.
The intermediate fullerenes C,s and C,g have topological
three-fold symmetry. To gain a better understanding of
the mechanism of dimer embedding, its main features are
given in the form of schematic representation (Fig. 19).

We see that the first embedding, which transforms
fullerene C,, into fullerene Cy, influences deeply only on one
of hexagons and two its square neighbours. This hexagon
transforms into two adjacent pentagons and its square
neighbors become pentagons; the fullerene C,gq losing three-
fold symmetry. It becomes an imperfect fullerene with
ordinary D; symmetry, however conserving topological
three-fold symmetry. At that in the fullerene, there appears

a cell which contains four pentagons. The second imbedding
transforms fullerene C, into fullerene C,. The third
embedding leads to transition from fullerene C,s to fullerene
Cs. It transforms one more hexagon and two its neighbors
into two adjacent pentagons with abut hexagons of another
local orientation. The embedding restores Dg, Symmetry.
The perfect fullerene C4, obtained is a tri,-pentag-hexag poly-
hedron where every two adjacent pentagons have the form of
a bow tie. Its structure coincides with that of the fullerene
formed by the fusion of two cupolas C,, and Cy5 (Fig. 10).

3.3. Growth of fullerene Csy. The growth can continue
producing imperfect fullerenes Cg,, Cz and perfect
fullerene Csq (Fig. 20). To gain a better understanding of
the process, its main features are given in the form of
schematic representation (Fig. 21).
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Fig. 19. Scheme of the main structural changes during the growth of fullerene C,,,
Dimer embedding into a hexagon (a) transforms it into two adjacent pentagons (b)
Puc. 19. Cxema ocrHo8HbIX CPYKIMYPHBIX U3MeHeHull 60 epemsi pocma gyanepena Co,.
Buedpenue oumepa 8 wecmuy20ibHuk (@), mpancgopmupyowee e2o 6 06a npuie2arouux namuy2oiviuxa (b)

E=2202 E=3986

Fig. 20. Fullerenes Cs,, C3, and Csq as a result of embedding one after another carbon dimer into fullerene Csg:
structure and graphs; energy in kJ/mol
Puc. 20. Dynnepenvt Csp, Cag, Csg Kax pe3ynomam nocied08amenbHo20 6HeopeHus yenepoonozo oumepa 6 gyiepen Csp:
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cmpykmypa u epaguueckue uzobpasicenus,; snepaus 8 Kc/mons

1xy o
CES W

Fig. 21. Scheme of the main structural changes during the growth of fullerene C3,
Puc. 21. Cxema 0CHOBHBIX CMPYKMYPHBIX U3MeHeHull 60 apemsi pocma gyinepera Cyg

E=2741 E=4253

The continuation of the drawing follows
IIpooonscenue pucynka credyem
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Continuation of the drawing
IIpooondicenue pucynra

Fig. 22. Fullerenes C,4, C46 and Cyg as a result of embedding one after another carbon dimer into fullerene C,,:
structure and graphs; energy in kJ/mol
Puc. 22. Qynnepenvt Cyy, Cye, Cag Kax pezynvmam nocied08ameibHo20 HeOpeHUs yenepooHo2o oumepa 8 gyiieper Cyy:
cmpykmypa u epaguueckue uzoopasicenust; suepeust 8 Koc/mons

We see that fullerene Cs, can grow by embedding
the dimers only at an angle to its main axis of symmetry; it
follows from Fig. 20 and 21. The phenomenon is connected
with the fact that embedding can be realized only normal to
a direction along which a hexagon has two neighboring
mutually antithetic pentagons. During the further growth one
obtains fullerenes Cs;, Ciy and Css. The intermediate
fullerenes are imperfect (Cs, and Cs,4) having topological
three-fold symmetry, but fullerene Cs—Ds; with three
imbedded dimers is perfect. It should be emphasized that in
this case the number of imbedded dimers is equal to
the degree of symmetry. However it is a dead-end fullerene;
as can be seen from its graph.

3.4. Growth of fullerene C4,. The fullerenes designed
through the use of the Endo-Kroto mechanism are
illustrated in Fig. 22. Taking as a base the structure and
graph of fullerene C4, (Fig. 12), we have obtained fulle-
renes Cy, Cgs and Cyg. From Fig. 22 it follows that only
the initial and final fullerenes, C4, and Cyg, have ordinary
three-fold symmetry. They are perfect fullerenes. The inter-
mediate fullerenes C44 and Cy¢ have topological three-fold
symmetry.

SUMMARY AND DISCUSSION

The results obtained are summarized and classified in
Tables 1-4.

We have studied possible ways of generation and
growing the fullerenes having T-three-fold symmetry.
Beginning with cyclopropane CsHg and clusters Cs-Cs, we
obtained elementary fullerenes Cq and mini-fullerenes C,,

which produce the fullerenes from Cyg to Cyg, perfect and
imperfect, as well as nanotubes. For the purpose of
ordering, the results are divided into four groups. From
the tables follows that the energy of clusters, cupolas and
nanotubes (produced by folding the clusters and further
fusion) enlarge monotonically with increasing the number
of carbon atoms. For perfect and intermediate imperfect
fullerenes designed by the Endo-Kroto mechanism, there is
some deviation induced by fullerene Cyg, but the difference
is small.

The perfect fullerenes Cis, Co4, Csg, C36, Cso and Cus
have the ordinary three-fold symmetry; they were designed
by fusion of cupolas and can be named basic fullerenes. In
addition to the basic fullerenes, there are also so called
intermediate fullerenes which fill up the gaps between
the basic ones. In general, the intermediate ones have no
three-fold symmetry. Their imperfection is connected with
extra ‘interstitial’ carbon dimers, the dimers playing
the role of defects. One can define the imperfect fullerenes
with defects as the fullerenes having topological three-fold
symmetry.

Among the perfect fullerenes there is fullerene Coyg
with a minimal energy; it is obtained by rotation-reflection
symmetry fusion of two half fullerenes C,, of three-fold
symmetry. Its structure has an equatorial belt composed of
adjacent pentagons of mutually antiparallel directions. It is
interesting to note that the same effect takes place for
the fullerene group of four-fold symmetry; fullerene Csyr [10]
In spite of their different symmetry these fullerenes have
the resembling equatorial belts. Moreover they belong to one
and the same series of the periodic system of fullerenes

Table 1. Energy of clusters and cupolas in kJ/mol
Taonuua 1. Duepaeus kiacmepos u Kynonos, Klic/monw

C3Hs CsCs Ci2 Cis Cax Css

E max 933 1465 1748 2075 2278
E.. | 854 768 923 | 1056 | 1195 | 1295
AE 165 542 692 880 983
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Table 2. Energy of nanotubes (folding the clusters and further fusion) in k3/mol
Taonuya 2. dnepeus nanompyoox (yniomuenue Kiacmepos u oanvhetiuee causanue), Kxc/mons

C3C3 Clz C:18 C24 C36

E max 933 1465 1748 2075 2278
E min 768 923 1056 1195 1295
AE 583 574 1784 44 1707

Table 3. Energy of perfect and intermediate imperfect fullerenes designed by the Endo-Kroto mechanism in kd/mol
Tabnuua 3. DHepeus cOBEPUICHHBIX U NPOMENCYIMOUHBIX HECOBEPUICHHBIX (DYIIEPEHO8, CO30AHHBIX C HOMOUBIO

mexanuzma Duoo-Kpomo, x/loc/mons

CZO C22 C24 CZG C28 C30 C32 C34 C36 C44 C46 C48
E max 3850 | 3750 | 3667 | 3613 | 3867 | 3923 | 3986 | 3977 | 3957 | 4025 | 3790 | 3569
E min 1836 | 1968 | 2106 | 2582 | 2250 | 2408 | 2202 | 2249 | 2400 | 2571 | 2573 | 2597
AE 2014 | 1782 | 1561 | 1031 | 1617 | 1535 | 1784 | 1728 | 1557 | 1454 | 1217 972

Table 4. Energy of basic perfect fullerenes and nanotubes (fusion of cupolas) in kJ/mol
Taonuua 4. DHepeus OCHOBHLIX COBEPUIEHHBIX (YIEPEHOE U HAHOMPYOOK (CUsIHUE KYNOoa08), KI[ic/Mob

Cis Cum Cur Cao Css Csp Cus Csy Ceo
E max 4151 4346 3667 3923 4065 4253 4446 4637 4828
E min 2605 2630 2106 2408 2571 2741 2914 3084 2567
AE 1546 1716 1326 1515 1494 1512 1532 1553 2261

(An=8) and can’t grow (so called dead fullerenes). Suppose
that this effect is valid for the fullerene groups of other
symmetry, five- and six-fold. Preliminary studies have
shown that for fullerene C4or of five-fold symmetry it really
takes place. Then we are able to do some prediction,
namely, the dead fullerenes Cor, Casr, Caor and Cyer have
the most chance to be found experimentally than their
isomers, since they can’t grow.

In conclusion it is pertinent to add also the words which
were said in 2004 by one of the authors of this study [25].
“Computer simulations have in general descriptive cha-
racter and in this respect they are akin to an ordinary
experiment. There comes a point when the accumulated
computational data must be redacting into a theory. If it is
managed, the following investigations will be more
effective”. In the case of question, we have used as a basis
for study the periodic system of fullerenes formulated in
2017 by two of the authors of this study. As a consequence,
for the first time in the world it has become possible not
only to describe the properties of fullerenes, but to classify
them and even more, to make predictions.
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BBIOMPAJIMCH CIIy4allHBIM 00pa30M, YTO BMECTO YIOPSIOUYEHHUS Pe3yJbTaTOB TOJIBKO YBEJIHMYMBAJIO DHTPOIUIO MH(pOpMa-
Ui, MBI H3y9IITH BO3MOXKHBIE CIIOCOOBI CO3JaHMS W BBHIPAIUBAHUS (YJUIEPSHOB, OTHOCSIUXCS K TpyIme (yiepeHos,
uMmeromux T-cuMMeTprio TpeThero mopsaka. HaunHas ¢ kmactepoB Cg, 00pa3yromux nukionponan CzHg, Mer momyanimm
aneMeHTapHbIe Qymepensl Cg, a Takke MUHH-(YyIUIepeHbl Cqp, KOTOPBIE, B CBOIO 04Yepeib, 00pazoBaiu QymmiepeHs! oT Cig
1o Cyg, UICANBHBIC U HEUICATBHEIC, a TaKKe HAHOTPYOKH. OCHOBHBIC MaeaNbHEIC (coBepIineHHbIe) QymuepeHsl Cog, Coy,
Cao, Cs6, Cy2 1 Cyg MMenn OOBIYHYIO CHMMETPHIO TPETHETro MOPSIKa, IPOMEKYTOUHBIE (yJUICpEeHbl HE MMEJIN TaKOH CHM-
MeTpuH. X HECOBEPIIEHHOCTh CBSI3aHA C JIONMOJHUTEIbHBIMU «BHEAPEHHBIMUY, UM YIJIEPOAHBIMU, TUMEPAMU, UIPalO-
UMY pOoJIb edeKkToB. MOXKHO onurcaTh HeuaeaabHble (HECOBEpIICHHbIE) PysuepeHsl ¢ AedeKTaMu Kak QyIepeHbl, NMe-
IOIINE TOTIOJIOTHYECKYI0 CHMMETPHIO TPEThEro Mopsiika. VIcons3ys pesakTop ABOTaApo, MBI pacCUUTANN X (HOpMy H 3HEp-
THH 1 OOCYIVITH BO3MOXKHBIE IPUYMHBI HX 3aBHCHMOCTH OT pa3Mepa U (GpopMbl ynaepera. Y CTaHOBICHO, YTO (yJUIEPEHBI
MOJKHO pa3JeNuTh Ha JIBE TPYIIIBL: KUBBIE M CHOCOOHBIE PACTH M MEPTBbIC, HEAKTHBHBIC. Y UYUTHIBASI MIOJIYyICHHBIC paHee
pe3yJbTaThl, MOXXHO MPEIIONIOKUTh, uTO MepTBbie ¢yiiepeHbl Car, Csr, Cir U Cygr C CHMMETPHUSIMH TPETHETO,
YEeTBEPTOTO, ISITOTO U MIECTOTO MOPSIKAa MUMEIOT OO0JIbIIe MAaHCOB OBITh OOHAPYKEHHBIMU SKCIEPUMEHTAIBHO MO CpaBHe-
HUIO C UX U30MEPaMU.
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