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Simulation of molecular and electronic structure of polyhydrogenated
(n,0)-tubulenes and their analogs intercalated with lithium
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Molecular and electronic structure of four polyhydrogenated (n,0)-tubulenes, namely,
[—C,3Hs—1,, (1), two isomers of composition {—CgHy—1,, (2 and 3), and [—-C5;H;—],, (4)
with # benzene rings in the cross section (# = 6. 7, 7, and 8, respectively), was simulated at
m > | {m is the number of repeating fragments). It was assumed that hydrogen atoms are
attached to all carbon atoms lying on the two most distant elements of the cylinders of the
corresponding tubulenes. The energy band structures of macromolecules 1—4 and their
Li-intercalated analogs [—CyHyLi—l,, (5), [—~CyHyLi—],, (two isomers, 6 and 7), and
[—C1HyLi~—1, (8). containing one Li atom per repeating unit at each center, were obtained
in the EHT approximation by the crystal orbital method. Geometric parameters of repeating
units of structures 1—8 were found after MNDO/PM3 optimization of the energies of
hydrocarbon molecules CyyHqy, CgqHag (two geometric isomers), and CgogHog, containing
three repeating units of corresponding tubuienes 1—4 each. The conductivity types of
polvhydrogenated tubulenes 1—4 are the same as those of their precursors, (6,0)~, (7,0)-, and
(8,0)-tubulenes. Dispersion curves of systems 58 are much the same as those of macromol-
ecules 1—4; however, electron energy spectra of 5—8 possess metallic conductivity type and
the positions of Fermi levels for these systems are higher than for compounds 1—4.

Key words: tubulenes (carbon nanotubes), polyhydrogenated tubuienes, polyhydrogenated
tubulenes intercalated with Li, molecular mechanics method, quantum-chemical calculations,

EHT approximation, crystal orbital method, MNDO/PM3 method.

The discovery of tubulenes (carbon nanotubes) is
usually associated with the studv! reported in 1991,
though tubular forms of carbon were described as early
as 1959 (see, e.g., monograph? and references cited
therein). According to modern classification, tubulenes
are divided into single-layered and multilayered ones.
1deal single-layered nanotubes are translationally invari-
ant, have a cylindrical shape (Fig. 1), and depending on
the arrangement of hexagons with respect to the axis of
the cylinder, are characterized by two indices (n,m),
where n and m are nonnegative integers. If m = 0, the n
value is equal to the order of the principal symmetry
axis of a tubulene and coincides with the number of
hexagons in its elementary fragment (EF). For instance,
at n = 6 the corresponding (6,0)-tubulene is built of
hexagons, each having two sides parallei to the sixth-
fold symmetry axis (see Fig. 1, a). (n,n)-Tubulenes,
built of hexagons each having two sides perpendicular to
the symmetry axis of the cylinder, correspond to the
case m = n. At 0 < m < n, hexagons are helically
arranged on the lateral surface of the cylinder.

Carbon nanotubes and, especially, composites based
on fullerenes and nanotubulenes have attracted the at-
tention of researchers because of their unusual elec-
tronic and mechanical properties.3 Depending on the m
value, carbon nanotubes can possess properties of either
metals or semiconductors with narrow or wide band
gaps.4 Strong diamagnetism of tubulenes was reported.’
Recently,® preparation of specimens characterized by
substantially increased hardness using high-temperature
and -pressure treatment of a mixture of single-layered
carbon nanotubes and fullerenes was reported. Proper-
ties of tubulenes were described in more detail in several
reviews. 479

As is known,!® under specific conditions the mol-
ecules of fullerene Cgy undergo dimerization and even
polymerization. In these cases, fullerene fragments are,
as a rule, linked by four-membered cycles. This is
usually interpreted as a result of [2+2]-cycloaddition
reaction. Analogous processes can also occur in the case
of (n.m)-tubulenes. In (n,0)-tubulenes, one third of the
C-—C bonds is on elements of the lateral surface of the
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cylinder, which makes possible joining of two and more valently bonded structures (e.g., of zeolite type!l) with

tubulenes involving carbon atoms of all such bonds. In increased hardness and unusual electronic properties.

principle, such a procedure makes it possible to use Naturally, the formation of covalent bonds between an

(n,0)-tubulenes for preparation of quasi-1D super- (n,0)-tubulene and the atoms lying on the elements of

tubulenes, quasi-2D (layered), or three-dimensional co- lateral surfaces of other (n,0)-tubulenes causes changes
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Fig. 1. Elementary fragments and schematic view of prajections of (6,0)-tubulene (@) and polyhydrogenated tubulenes 1-—d (b—e,
respectively) on the (x.)) plane. Hereafter hydrogen atoms are shown by shaded circles.
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in the molecular and electronic structure of the former.
This can lead to changes in physicochemical properties
of such systems as compared to isolated (n,0)-tubulenes
(see Refs. 4, 12—19).

The aim of this work is to study the effect of
covalent bonding between (n.0)-tubulenes on their
geometry and electronic structure. To solve this prob-
lem, we first consider isolated (n,0)-tubulenes with n
values from 6 to 8. Then, hydrogen atoms are attached
to all carbon atoms lying on the two most distant
elements of the latera) surfaces. Such polyhydrogenated

A

11
Fig. 2. Structures of hydrocarbon molecules 9—12.

{n,0)-tubulenes are described by the general formula
[—-Cs,Hs—]n (m >> 1) and can be considered as model
tubulenes cut from a quasi-2D layer of (n,0)-tubulenes
linked by covalent bonds between carbon atoms lying
on corresponding elements of lateral surfaces of adja-
cent (n,0)-tubulenes: in this case, "free” valences are
saturated with hydrogen atoms.

We studied four polvhydrogenated (n,0)-tubulenes,
namely, [—CyHy—],, (1), [—CysHs—],, (two isomers,
2 and 3), and [—C3yHy—],, (4) withn =6, 7, 7, and 8,
respectively. The structures of EFs of systems 1—4 are’
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shown in Fig. 1, b—e. In addition, we studied four
polyhvdrogenated tubulenes intercalated with lithium,
namely, [—C,4Hy4Li—],, (5), [—CigH4Li—],, (two iso-
mers, 6 and 7), and {~C;,HyLi—],, (8). These macro-
molecules are obtained from tubulene molecules 1—4
by placing one lithium atom at the center of each EF.
Small lithium atoms occupy a small space inside macro-
molecules 1—4, so the geometric parameters of the
latter remain virtually unchanged.

Calculation procedure

To simulate the EF structures of polyhydrogenated (n,0})-
tubulenes, we calculated cylindricai hvdrocarbon molecules
C72H24 (9), CSJH‘_)G (tWO iSOmEIS, 10 and 11), and C96HZS (12)
(Fig. 2). Carbon cages of these molecules comprise three EF of
the corresponding polyhydrogenated tubulenes, with hydrogen
atoms attached to the terminal carbon atoms. Systems 9—12,
respectively, have Dy, €5, (C; axis coincides with the y axis),
C,, (C, axis coincides with the x axis). and Dy, symmetry.
Atomic coordinates obtained by the molecular mechanics (MM)
method were used as an initial approximation when optimizing
the geometries of molecules 9—12, which then were refined by
the MNDO/PM3 method with retention of the symmetry using
the GAMESS program package?® on a DEC 3000 Alpha-AXP
400X workstation. Electron energy spectra of tubulenes were
obtained in the EHT approximation®! by the crystal orbital
method using the LATTIC program.22

Results and Discussion

Molecular and electronic structure of model mol-
ecules 9—12 (see Fig. 2). For all systems 9—-12,
MNDO/PM3 calculations revealed local minima on
the potential energy surfaces (PES). It was established
that molecules 9—12 have closed clectron shells, posi-
tive heats of formation (AHjp), and energy differences
between the LUMO and HOMO exceeding 4.5 eV
(Tabie 1). Charges on all atoms are virtually equal to
zero. All these data indicate the possibility for such
unusual (cylindrical) hydrocarbon molecules and corre-
sponding tubulenes 1—4 to exist. We will point out that
the energy of isomer 10 is 31.6 kcal mol™! higher than
that of isomer 11.

Selected geometric parameters of molecules 9—12
are listed in Table 1 and the numbering of atoms is

(12) molecules calculated by the MNDO/PM3 method
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Fig. 3. Fragment of repeating units of tubulenes 1—4 and the
numbering of atoms necessary for discussing the geometric
parameters of systems 9—12.

shown in Fig. 3. The /. and /, values characterize devia-
tion of the tubulene shape from a circular cylinder. In
Fig. 1, b—e the direction of the y axis is such that the
diameter of tubulene, drawn along this direction in the
(x,)) cross section, is the smallest. From these schemes
it can be seen that, unlike hydrogenated (n,0)-tubulenes,
molecules 9—12 can be represented as cylinders for
which the cross sections in the (x,y) plane are extended
along the x axis. This is explained by the fact that the
energies of angular deformations for sp3-AQs are lower
than for sp2-AOs. As should be expected, cross-sectional
dimensions of tubulenes increase as the number of ben-
zene rings n in the EF increases. The parameter [
increases much faster than /,. Because of this, at suffi-
ciently large n values the polyhydrogenated tubulene
becomes similar to two extended fragments of graphitic
sheets linked along the edges by sp3-hybridized carbon
atoms with attached hydrogen atoms. The length of the
translation vector determining the translation period
(7r,) is virtually independent of tubulene diameter.

[t should be noted that linear dimensions of terminal
fragmenis of systems 9—12 become somewhat increased
because of the repulsion berween attached hydrogen
atoms. This leads to slight distortions of the structure of
the central fragment; therefore averaged geometric pa-
rameters are listed in Table 1. However, the deviations
of bond lengths from average values do not exceed
+0.02 A. This makes it possible to use the obtained

Molecule 7, 5, Tr, hs iy 0231 Q439 Be23s A SE

9 6.01 4.10 4.29 1.527 1.526 1151 98.1 89.3 734.6 4.56
10 6.84 4.56 4.29 1.515 1.524 1159 100.4 93.7 628.8 5.90
11 7.01 4.58 4.29 1.523 1.519 115.5 99.7 94.1 597.2 593
12 8.24 4.89 4.29 1.511 1.522 115.5 100.1 93.4 625.1 5.97

Note: 1/A and I}./.:\ are linear dimensions of the cross sections of central fragments along the x and y co_ordinate
axes, respectively; Trz/A is the length of the vector of EF translation along the z axis; / 3/A and /, 3/A are the
bond lengths; a, 3 4/deg and o4 3 9/deg are the bond angles; 8 3 5 g/deg is the torsion angle; AH/kcal mol™! is
the heat of formation; §E/eV = £ umo — Enomo is the band gap (the numbering of atoms is given in Fig. 3).
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Table 2. Energy characteristics ( E/eV) of hydrogenated tubulenes
1—8 calculated in the EHT approximation by the crystal orbital
method

Tubulene —Eger SF —Ee (Ep)
1(5) 1765.49 (1787.25) 0.0 (0.0) 10.52 (10.18)
2(6) 2051.74 (2065.88) 0.50 (0.0)  10.67 {10.04)
3 20353.05 (2065.69) 0.76 (0.0)  10.87 (9.38)
4(8) 2334.82 (2349.75) 0.31 (0.0) 10.61 (10.23)

Note: £y, is the energy per elementary fragment of tubulene;
8E = E ymo — Exowmo is the band gap; E is the pasition of
the Fermi level for systems 1—4; E% is the position of the
Fermi level for Li-intercalated systems 5—8 (data for systems
5—8 are given in parentheses).

coordinates of the atoms of central units of molecules
9—12 in calculations of the band structure of electron
energy spectra for infinite hydrogenated tubulenes 1—8.

Electron energy specira of tubulenes 1—8. The en-
ergy band structures for macromolecules 1—8 are shown
in Fig. 4 and the results of calculations are listed in
Table 2. From these data it follows that the conductiv-
ity type of polyhydrogenated tubulenes does not qualita-
tively differ from that of their carbon precursors,
(n,0)-tubulenes (n = 6—8). For instance, as in the case
of (6,0)-tubulene, the band gap (3E) for system 1 is
equal to zero (see Fig. 4, a, b). The energy band
structures for systems 2—4 are analogous to those of
(7,0)- and (8,0)-tubulenes and are characterized by
nonzero band gaps (¢f. with 1.0 and 0.84 eV for (7,0)-
and (8,0)-tubulenes, respectively®). Thus, at a qualita-
tive level, the patterns of changes in 8E values for
structures 1-—4 and (6,0)—(8,0)-tubulenes are identical.
Because of this, tubulenes 2—4, as well as (7,0)- and
(8,0)-tubulenes, belong to the semiconducting type.
However, the electron energy spectrum of hydrogenated
tubulene 1 has a metallic type, whereas that of
(6,0)-tubulene has a semimetallic type. This can be seen

in Fig. 4, a in which the spectrum of (6,0)-tubulene is
shown for comparison. This spectrum was obtained
using the same procedure as that used for calculating
the spectra of polyhvdrogenated systems. From the data
in Table 2 it follows that isomer 3 is more stable than 2
(the energy difference between these isomers is 1.31 eV).
This conclusion is in agreement with the results of
MNDO/PM3 calculations of hydrocarbon molecules
10 and 11, which indicate that molecule 11 is
31.6 kcal mol~! more stable than its isomer 10.

It was also found that the patterns of dispersion
curves for systems 1—4 and corresponding Li-interca-
lated tubulenes 5—8 are virtually identical. Only posi-
tions of the Fermi levels (£ and E£’f) change in the
spectra of tubulenes 5—8 (see Table 2 and Fig. 4,
b—e), which is due to the presence of extra electrons
supplied by Li atoms. As a result, the electron energy
spectra of polyhydrogenated tubulenes 5—8 intercalated
with Li acquire a metallic type as in the case of K- and
Li-intercalated carbon (6,0)-tubulenes!S (see also
Ref. 28).

The above-mentioned similarity of the electron en-
ergy spectra of (a,0)-tubulenes and their hydrogenated
analogs is determined in each case by different reasons.
In this connection it will be recalled that the type of
spectra of (n,0)-tubulenes changes with a periodicity of 3
as n increases* and that only for n = 3k (k is an integer)
does the spectrum has a metallic type. All carbon atoms
of- (n,0)-tubulenes are nearly sp?-hybridized; therefore
they have a common conjugated n-electron system. How-
ever, the presence of two groups of sp3-hybridized carbon
atoms in polyhydrogenated tubulenes 1-—4 leads to the
formation of two quasi-independent conjugated n-elec-
tron systems localized on the oppositely lying (most
flattened) areas of the surfaces of corresponding oval
cvlinders. Each of the two conjugated systems of
tubulenes 1, 2, and 4 is topologically equivalent to a
conjugated system of one of the macromolecules belong-
ing to the family of planar poly(peri-acenes) (PPA,
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Fig. 4. Dispersion curves for (6,0)-tubulene (a) and polyhvdrogenated tubulenes 1, 5 (8); 2, 6 (¢); 3, 7 (d); and 4, 8 (e); Epand £'¢
are the Fermi levels for polyhydrogenated tubulene and its analog intercalated with Li atoms, respectively.



2044 Russ.Chem.Bull., Vol. 48, No. 11, November, 1999

Gal’pern et al.

-1
)

Fig. 5. General view of elementary fragment of a PPA macromolecule consisting of M six-membered cycles (a), where m is an
integer, m >> 1; a model PPA structure of type 2, corresponding to £ = 0 and M = 2 (4); a mode! PPh structure (c).

Fig. 5, a, ). Each conjugated subsystem of tubulene 3
corresponds to a conjugated system of the poly-
phenanthrene (PPh) macromolecule (Fig. 3, ¢). The PPA
and PPh macromolecules differ in symmetry with respect
to the z axis. It should be noted that their electric and
optical properties are of considerable practical interest
and are the subject of wide speculation (see Refs. 23—27
and references cited therein). Thus, tubulenes 1—4 con-
tain two quasi-independent conjugated m-electron sys-
tems of PPA or PPh macromolecules each, which deter-
mine their conducting properties.

The results of quantum-chemical investigations of
the electronic structure of PPA and PPh at different
numbers of benzene rings (M) in the repeating units
were reported (see Ref. 25 and references cited therein).
In particular, analytical expressions for n-electron dis-
persion curves of PPA macromolecules were obtained?5
in the EHT approximation and it was shown that, in the
topological approximation, electronic properties of PPA
depend on the number of six-membered cycles M in EF
and that they are changed with a periodicity of 3 as in
the case of (n,0)-tubulenes. Taking into account this
fact, PPA molecules are divided into three groups with
MM=3%+1,2M=3k+2;and 3) M =3k + 3
(k =0, 1, 2,...). Spectra of PPA molecules belonging to
groups 1 and 3 are characterized by nonzero band gaps
separating the valence and conducting bands. Only sys-
tems belonging to group 2 have zero-width band gaps.

It is_noteworthy that these regularities are also valid
for hydrocarbon tubulenes 1, 2, and 4 even in EHT
calculations with consideration of their metric proper-
ties. For instance, tubulene 1 with two conjugated sub-
systems of type 2 (see Fig. 5, §) has a zero-width band
gap. One of the conjugated m-electron subsystems of
tubuiene 2 belongs to type 2, whereas the other one
belongs to type 3 and it is the latter that determines the
presence of nonzero band gap. Tubulene 4 also has a
nonzero band gap, since both its conjugated subsystems
belong to type 3.

As was mentioned above, the conjugated n-electron
systems of hydrogenated (7,0)-tubulene 3 are topologi-
cally equivalent to two identical conjugated systems of
PPh, whose energy band structure was studied re-
cently.26.27 Analytical expressions for n-electron disper-
sion curves of PPh were obtained in the EHT approxi-
mation and the existence of nonzero band gaps in their
m-electron energy spectra was established.28 Calcula-
tions of tubulene 3 performed in the framework of EHT
approximation also confirm the existence of nonzero
band gaps in the spectra of these systems.

From the aforesaid it follows that the conductivity
type of polyhydrogenated tubulenes 1—4 can be fairly
well described already in the =m-electron approxima-
tion.

Thus, similarity of basic characteristics of electron
energy spectra of (n,0)-tubulenes and their poly-
hydrogenated analogs is revealed already when perform-
ing calculations in the topological approximation. Un-
like initial carbon (n,0)-nanotubes with circular cross
sections, polyhydrogenated (n,0)-tubulenes, in which
hydrogen atoms are attached to carbon atoms lying on
the two most distant elements of the cylindrical surface
of tubulene, have oval cross sections. At the same time,
this fact, as well as the presence of two essentially
independent conjugated m-electron systems does not
lead to significant changes in the electronic properties
of polyhydrogenated (n,0)-nanotubes as compared to
initial tubulenes.

In addition, our EHT calculations by the crystal
orbital method showed that (1) tike (7,0)- and (8,0)-
tubulenes, polyhydrogenated tubulenes [—Cy3Hy—],
(two isomers) and [—C;;Hy4—~],, belong to the semicon-
ducting type and (2) the electron energy spectrum of
polyhydrogenated tubulene {—C53Hy—1,, has a metallic
type, whereas that of (6,0)-tubulene has a semimetallic
type. Spectra of Li-intercalated analogs of polyhydro-
genated tubulenes, [—CyyHyLi—1,, [—CysH4Li—},, (two
isomers), and [—C;;H4Li—],, have a metallic type.



Simulation of molecular and electronic structure

Russ.Chem. Bull., Vol. 48, No. 11, November, 1999 2045

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos. 98-03-
33016 and 99-02-17578) and Scientific-Technical Pro-
gram “Fullerenes and Atomic Clusters™ (Project
No. 98061).

References

1. S. lijima, Narure, 1991, 354, 56.

2. B. V. Deryagin and V. V. Fedoseev, Rost almaza and grafita
iz gazovoi fazy | Growth of Diamond and Graphite from the
Gas Phase], Nauka, Moscow, 1977 (in Russian).

3. R. Service, Science, 1998, 281, 940.

4. M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund,
Science of Fullerenes and Carbon Nanotubes, Academic Press,
San Diego, 1993.

. S. Bandow, J. 4pp!. Phys., 1996, 80, 1020.

. 0. Voronov, J. Tompa, B, Kear, W. Mayo, S. Lia, and
R. Loutfy, MRS Fall Meeting, Absirs., Boston (USA), 1998,
394, s-3.19.

7. A. L. Ivanovskii, Kvantovaya khimiva v materialovedenii.
Nanotubulyarnye formy veshchestva {Quantum Chemistry in
Materials Science. Nanotubular Forms of Mazter}, 1zd. Insti-
tute of Solid State Chemistry, Ural Branch of the Russian
Academy of Sciences. Ekaterinburg, 1999 (in Russian).

8. F. V. Eletskii, Usp. Fiz. Nauk, 1997, 167, 945 [ Phys.-Usp.,
1997, 40, 899 (Engl. Transl.)].

9. Yu. E. Lozovik and A. M. Popov, Usp. fiz. Nauk, 1997,
167, 751 [Phys.-Usp., 1997, 40, 899 (Engl. Transl.)].

10. N. Takahashi, H. Dock, N. Matsuzawa, and M. Ata, App!.
Phys., A, 1993, 74, 5790.

11. L. A. Chemozatonskii, Chem. Phys. Len., 1998, 297, 257.

12. A. Thess, R. Lee, P. Nikotaev, H. Dai, P. Petit, J. Robert,
C. Xu, Y. H. Lee, S. G. Kim, A. G. Rinzler, D. T. Colbert,
G. E. Scuseria, D. Tomanek, J. E. Fisher, and R. E.
Smalley, Science, 1996, 273. 483.

[=a v

21.
.D. A. Bochvar, E. G. Gal’pern, and L. V. Stankevich,

[8)
2]

24

26.
27.

28,

.J. W. Wildoer, L. C. Venema, A. G. Rinzler, R. E. Smalley,

and C. Dekker, Nature, 1998, 391, 59.

.. V. Zaporotskova, A. O. Litinskii, and L. A. Cherno-

zatonskii, Pisma Zh. Eksp. Teor. Fiz., 1997, 66, 799 [JETP
Letn.. 1997, 66, 841 (Engl. Transl.)].

. E. G. Gal'pern, I. V. Stankevich, A. L. Chistyakov, and

L. A. Chernozatonskii, Chem. Phys. Lett., 1993, 214, 345.

. N. Hamada, S. Sawada, and A. Oshiyama, Phys. Rev. Let1.,

68. 1992, 1579.

.J. W. Mintmire, B. I. Dunlap, and C. T. White, Phys. Rev.

Let., 68, 1992, 631.

.E. G. Gal’'pern, V. V. Pinyaskin, 1. V. Stankevich, and

L. A. Chernozatonskii, J. Phys. Chem., B, 1997, 181, 705.

. L. A. Chernozatonskii, E. G. Gal'pern, and 1. V. Stan-

kevich, Pisma Zh. Eksp. Teor. Fiz., 1998, 67, 678 [JETP
Letr., 1998, 67, 712 (Engl. Transl.)].

. M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert,

M. S. Gordon, J. H. Jensen, S. Koseki, N. Matsunaga, K. A
Ngoyen, S. J. Su, T. L. Windus, M. Dupuis, and J. A.
Montgomery, J. Comp. Chem., 1993, 14, 1347.
R. Hoffmann, J. Chem. Phys., 1963, 39, 1397.

Zh. Strukt. Khim., 1988, 29, 26 [J. Sruct. Chem. USSR,
1988, 29 (Engl. Transl.)].

. P. N. Prasad, in: Organic Materials for Non-Linear Optics,

Eds. A. Hann and D. Bloor, Roy. Soc. Chem., London,
1989, 264.

L. W. Shacklette, M. Maxfield, S. Gould, J. P. Wolf, P. P.
Jow, and R. H. Baugham, Synth. Met., 1987, 18, 611.

25.N. Tyutyulkov, F. Dietz, K. Mullen, and M. Baumgarten,

Chem. Phys., 1992, 163, 55.

D. . Klein, Rep. Molec. Theory, 1990, 1, 91.

N. Tyutyulkov, S. Karabunarliev, K. Mullen, and
M. Baumgarten, Synth. Mer., 1993, 53, 205.

0. M. Kepp and P. N. D’yachkov, Khim. Fiz,, 1998, 17,
118 [Chem. Phys. Repts., 1998, 17 (Engl. Transl.)].

Received April 29, 1999




