CODEN IEJMAT Internet Electronic Journal of Molecular Design 2006, 5, 355-363 ISSN 1538-6414
Bi1oCHEM Press http://www.biochempress.com

Internet EIGCIrONIC Journal of
Molecular Design

June 2006, Volume 5, Number 6, Pages 355-363

Editor: Ovidiu Ivanciuc

Special issue dedicated to Professor Lemont B. Kier on the occasion of the 75™ birthday

Electronic Structures of the Tube—like Fullerene Dimers
(C60+10n)2

Yasushi Nomura, Hiromitsu Arai, and Susumu Narita
Department of Chemistry, Faculty of Textile Science and Technology, Shinshu University, Ueda,
Nagano—ken, 3868567, Japan

Received: February 27, 2006; Revised: April 28, 2006; Accepted: May 17, 2006; Published: June 30, 2006

Citation of the article:
Y. Nomura, H. Arai, and S. Narita, Electronic Structures of the Tube-like Fullerene Dimers
(Ceo+10n)2, Internet Electron. J. Mol. Des. 2006, 5, 355-363, http://www.biochempress.com.

Copyright © 2006 BIoCHEM Press



Y. Nomura, H. Arai, and S. Narita
Internet Electronic Journal of Molecular Design 2006, 5, 355-363

Internet EIGCrONIC Journal BioCHEM Press
of Molecular Design http://www.biochempress.com

Electronic Structures of the Tube—like Fullerene Dimers
(Céo+10n)2 f

Yasushi Nomura,* Hiromitsu Arai, and Susumu Narita

Department of Chemistry, Faculty of Textile Science and Technology, Shinshu University, Ueda,
Nagano—ken, 3868567, Japan

Received: February 27, 2006; Revised: April 28, 2006; Accepted: May 17, 2006; Published: June 30, 2006

Internet Electron. J. Mol. Des. 2006, 5 (6), 355-363

Abstract
Motivation. In the fullerene Cgy polymers, the polymerization reaction can be described as a [2+2] cycloaddition
across parallel 6,6-ring fusion bonds in neighboring C¢, molecules. The bonds are known to be active in addition
reactions due to their high double bond character. The fullerene C;, with the Ds;, symmetry also has such active
6,6-ring fusion bonds nearby the poles of the molecule, and it have been shown that a [2+2] cycloaddition cap—
to—cap Cyo—dimer is synthesized. The fullerene C;y with the Ds, symmetry is the smallest member of a group
named the tube-like fullerene Cegi19, (n = 1, 2, ...) consisting of the bisected caps of Cgy and a single—wall
cylinder. According to the Pauling bond order analysis, the Cg+19, has the active 6,6-ring fusion bonds and the
[2+2] cycloaddition dimer similar to the cap—to—cap C;—dimer is expected. Here we consider the electronic
structures of the cap—to—cap dimers (Ceg+10,)2. Analyzing the MOs nearby the HOMO-LUMO gaps, the mutual
relations between MOs of the dimer and of the monomer are shown.
Method. MO calculations are made in the semiempirical CNDO/S approximation. The geometries optimized
with Gaussian 03 at the AM1 level are used.
Results. The HOMO-LUMO gap energy of the (Ceo+10,)> shows a periodic n—dependence quite similar to that of
the Cgo+10,- The gap value calculated on the (Cgps10,)2 1S almost the same to that on the Ceosig,, although the
former is slightly less than the later. The HOMO (LUMO) of the dimer can be described in terms of the HOMOs
(LUMOs) of the corresponding two monomers.
Conclusions. The MO properties of the Cgg.1¢, are maintained in the [2+2] cycloaddition dimer (Cg+1,,), nearby
their HOMO-LUMO gap.
Keywords. Tube-like fullerene; dimer; [2+2] cycloaddition, HOMO-LUMO energy gap; semiempirical MO
method.

1 INTRODUCTION

Since a report by Rao et al. [1] on photoinduced polymerization in thin solid Cg films there have
been many reports on fullerene polymers obtained by applying high pressure and temperature [2—7].

The polymer structure depends on the condition of pressure and temperature: Linear chain
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structures are obtained at a relatively moderate condition [4], while two—dimensional networks are
formed at a more intense condition [5]. For both structures, the polymerization reaction can be
described as a [2+2] cycloaddition across parallel 6,6-ring fusion bonds in neighboring Ceo
molecules. The smallest polymer is the Cg—dimer, which has been proposed as an initial
intermediate in the polymerization process [8]. The Cgo—dimer itself can be synthesized by several
methods [8—10]. Experimental data [11,12] suggested that not the 5,6-ring fusion bonds but the
6,6-ring fusion bonds participated in the [2+2] cycloaddition in the dimer. The 6,6-ring fusion
bonds considered as the double bonds are the reactive centers not only for Cg dimerization but also
for oxidation and many other reactions [13]. Several groups theoretically investigated some
properties of the Cgp—dimer and the polymer [14—18].

The polymerization of C;, fullerene by applying high pressure and temperature has been also
attempted [19-22]. Lebedkin et al. [22] showed that a [2+2] cycloaddition cap—to—cap Crp—dimer
with the Cy;, symmetry (isomer I in Figure 1) was synthesized in high yield. In this isomer, 6,6-ring
fusion bonds first closest to the poles of Cyy participate in the cycloaddition. The authors also
theoretically investigated a [2+2] cycloaddition C;p—dimer and found energetically favorable

isomers shown in Figure 1.

A// SN A d N R

' 2 /S Y ‘[’\ /Y Yy

L ey

N Y b "“1( »

NN /S NN /S
I v

\%

Figure 1. Energetically favorable isomers for the [2+2] cycloaddition Csy—dimers. Isomers I, II, ITI, IV and
V hold the Cy;, C,,, Cy, Cs,, and C, symmetries, respectively.
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According to their estimation due to semi—empirical PM3 calculations, the energy differences
between the five isomers are small (about <0.5 kJ/mol), and other isomers of [2+2] cycloaddition
are energetically unfavorable (>70 kJ/mol). In these energetically favorable isomers, 6,6—ring fusion
bonds first and secondarily closest to the poles of Cyg participate in the cycloadditions. These bonds

of C7o are known to be active in addition reactions [23,24].

The fullerene Cy¢ with the Ds;, symmetry is the smallest member of a group named the tube—like
fullerene Ceo+10, consisting of the bisected caps of Cgp and a single—wall cylinder. According to ab
initio [25] and semiempirical [26] calculations, a periodic n—dependence was seen in the HOMO—
LUMO energy gap of the Ceo+10,. Analyzing with the Pauling bond order (PBO) [27], we attributed
the origin of the periodicity to the pseudo m—conjugation formed on each layer of the cyclo—
pentaphenylene structure in the cylindrical part [26]. In the PBO—analysis on the Cgo+10, With n =1,
2, ..., 12, we also noticed that 6,6-ring fusion bonds closest to the poles of the molecules possessed
strong double—bond character. This indicates that [2+2] cycloaddition dimers similar to the cap—to—

cap Cyo—dimer [22] may be able to be formed for the Cgo+10, with n > 2.

In this paper, we consider the electronic structures of the tube—like fullerene dimers (Ceo+104)2 (7
=1, 2, ...), taking notice of their n—dependence. Structures of the dimers are assumed to be similar
to that of the cap—to—cap Csp—dimer with the C,, symmetry (isomer I in Figure 1), which has been
able to be synthesized in high yield [22]. The MO calculations on (Cgo+10,)2 are made using the
CNDOY/S approximation [28,29] as was used in our previous calculations on the tube—like fullerenes
[26,30]. We will show a periodic n—dependence in the HOMO-LUMO gap energy of the (Ceo+10n)2-
The mutual relations between MOs of the dimer (Cgo+10,)2 and of the monomer Cgp+10, Will be also

discussed especially for the HOMO-LUMO energy region.

2 METHODS

For each [2+2] cycloaddition cap—to—cap dimer (Ceo+10,)2, @ geometry similar to that of the cap—
to—cap Cyo—dimer with the Cy, symmetry (isomer I in Figure 1) is initially assumed. According to
the geometry optimization with Gaussian 03 at the AM1 level, the (Cgor104)2 (n =1, 2, ..., 12) keep
the cap—to—cap dimer structures with the Cy, symmetry. With the optimized geometries, we perform
the CNDO/S calculations on the (Ceo+10,)2. We also calculate the CNDO/S—MOs of the Ceo+10m—

monomer, and examine the mutual relations between MOs of the dimer and of the monomer.

3 RESULTS AND DISCUSSION

Figure 2 shows the HOMO-LUMO gap energies of the dimer (Ceo+10,)2 AE, (indicated by red
line). The HOMO-LUMO gap energies of the monomer Cgo+10, AE,, [26] (indicated by blue line)

are also shown for comparison. There we notice that the AE,, periodically decreases with n and
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takes minimum values at n = 2, 5, ... Note that the behavior of the AE is quite similar to that of

the AE,, and that the AE, value is almost the same to the AE,, one with the exception in the case

ofn=1.

AE (eV)

0

0 2 4 6 8 10 12 14
n

Figure 2. The HOMO-LUMO gap energies AE, and AE,, vs. n, calculated with the CNDO/S approximation. The red
and the blue lines indicate the AE, and the AE,,, respectively.

Table 1. The contributions (%) of the ~omo and the /umo to the HOMO and HOMO-1 and to the LUMO and the
LUMO+1, respectively. These MOs are obtained with the CNDO/S approximation.

n HOMO-1 HOMO LUMO LUMO+1
1 72.8 78.2 63.2 54.5
2 97.0 94.5 92.4 91.1
3 99.0 99.0 89.1 90.7
4 95.8 96.9 65.5 92.7
5 96.8 97.3 97.2 98.3
6 99.6 99.6 95.8 95.9
7 99.5 99.5 92.9 98.6
8 97.8 98.2 98.9 99.3
9 99.7 99.7 97.5 97.7
10 99.7 99.7 97.3 97.4
11 98.2 98.5 99.2 99.4
12 97.8 98.3 97.4 97.7

The similarity between the AE ) and the AE,, may suggest that the natures of the HOMO and the

LUMO of the (Ceo+100)2 reflect those of the Cgor10,.. We therefore examine the mutual relations
between MOs of the (Ceo+104)2 and of the Cepr10,. A partial MO ‘¢,? > at a unit Cgo110, part in the

(Ceo+10n)2 can be expanded in terms of MOs ‘¢}\4> of the Cgp+10n:

\¢?>=§\¢2‘><¢2‘ 47),
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where <¢M¢,‘3> is the overlap between MOs ‘¢5,? > and ‘¢5}V'> The degree of the contribution of ‘¢}“>

2
to the whole MO of the (Cgo+10»)2 is described as 2\<¢§4 |#7)[ - because the shape of the partial MO at

one part is the same as that at the other part except the sign. Table 1 shows the contributions of the
HOMO and the LUMO of the monomer Cgo+10, (denoted italic “homo” and ”lumo”, hereafter) to the
HOMO and HOMO-1 of the (Cgp+104)2 and to the LUMO and the LUMO+1, respectively. The
capital “HOMO” and “LUMO” are used for the dimer (Ceo+10,)2, hereafter.

Note that the homo and the lumo dominantly contribute to the HOMO and the HOMO-1 and to
the LUMO and the LUMO+1, respectively, with an exception in the case of » = 1. In Figure 3, the
MO energy levels nearby the HOMO-LUMO gap is shown for the n = 6, i.e., Cj3p and (Ci29)2, as a
typical example. The dotted lines indicate the mutual relation of the HOMO and the LUMO of the
(Cj20)2 with the MOs of the Cjy.

2 —
lumo+1 - lumo+1
3 - s
lumo LUMO & lumo
LUMO+1
4 —
—
>
L
& s
—
15
=}
m
6 HOMO &
homo HOMO-1 homo
7 —
homo+1 homo+1
. R I P

Figure 3. The mutual relation between MOs of the C,,q and the (Cy)».

For the Cy, the homo and the homo—1 belong to the irreducible representations (irreps) a;, and
aig of the Ds; symmetry, respectively. In the (Cix), of the C,;, structure, the interaction between
these MOs is forbidden because the homo and the homo—I are anti-symmetric and symmetric with
respect to the o—operation, respectively. Thus, the homo orbitals of the two monomers dominantly
contribute to the HOMO and the HOMO-1, both that are anti—-symmetric MOs (belonging to the
irreps ay and b, of the C,, symmetry, respectively). The lumo and the lumo+1 belong to irreps ax,
and a,, and their interaction also is forbidden. The anti-symmetric /umo+1 do not contribute to the
symmetric LUMO and the LUMO+1 (belonging to irreps b, and aj, respectively). Note that the
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energy differences between the HOMO and the HOMO-1 and between the LUMO and the

LUMO-+T1 are very small. This indicates that the inter—unit interaction is weak.

The situation that the interactions between the homo and the homo—1 and between the lumo and
the lumo+1 are forbidden is common to all members except the case of n = 1. Figure 4 shows the
MO energy levels for the n =1, i.e., C79 and (Cyp), nearby the HOMO-LUMO gap.
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Figure 4. The mutual relation between MOs of the C;y and the (C),.

For the Cy¢ with the Ds; symmetry, the homo, the homo—1, the lumo and the /lumo+1 belong to
irreps a,'', ¢'', ¢" and @,'"', respectively. The homo—1 and the lumo+1 are energetically very close
to the homo and to the lumo, respectively. The interactions between the homo and the homo—1 and
between the lumo and the lumo+1 become allowed, because the structure of the Csp—unit in the
(Cr0)2 is slightly distorted. Due to these intra—unit interactions, the homo—1 and the /umo+1 also
contribute to the HOMO and the HOMO-1, and the LUMO and the LUMO+1, respectively. Their
contributions are: homo—1— HOMO (17%), HOMO-1 (21%); lumot+1 — LUMO (27%),
LUMO+1 (42%). It is supposed that the large decrease of the LUMO and the LUMO+1 energies are
mainly due to the intra—unit interaction by the distortion of the C;p—unit. We have confirmed that

the /lumo and lumo+1 lower large when the distorted C7y geometry is used. Because of the decrease
of the LUMO energy, the difference AE,,—AE is large (about 0.6 eV). On the other hand, the
differences of other members with n # 1 are relatively small: AE,, —AE_; <0.2eV.

Here we present a simple group—theoretical consideration on the optical property of the
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(Cé60+10n)2- In the case of the Cgp+10, monomer, we have shown that the [homo— lumo] transition is
forbidden and that the lowest transition—allowed state consists of the two singly—excited
configurations, the [homo— lumo+1] and the [homo—1—Ilumo] [30]. On the other hand, for the
(Co0+10n)2, the transitions corresponding to the [homo—lumo] transition become allowed. For
instance, the HOMO, HOMO-1, LUMO and LUMO+1 of the (Cj2),, belong to irreps aa, b1, by and
a;, respectively, and the [HOMO—LUMO] and the [HOMO-1—LUMO+1] transitions are
optically allowed. According to our previous calculations on the Cjy, the excitation energies of the
lowest excited state due to [homo—> lumo] is 1.28 eV [26]. Thus, it is expected that the lowest
transition—allowed state of the (Ciy), appears nearby 1.2 eV which is lower than the excitation
energy 2.03 eV [29] of the lowest transition—allowed state of the C;y. The appearance of the new

lowest transition—allowed state is common to all members without exception.

Finally, we consider the cases of other isomers of the [2+2] cycloaddition dimer (Ceo+ion)2
(similar to (C7), isomers II, III, IV and V in Figure 1), based on the CNDO/S calculations. For the

all four isomers, we obtain the same results, i.e., 1. The periodic n—dependence of the AE, is quite
similar to that of the AE,,. 2. For n #1, the homo and the lumo dominantly contribute to the HOMO
and the HOMO-1 and to the LUMO and the LUMO+I1, respectively. Because the energy
differences between the HOMO and the HOMO-1 and between the LUMO and the LUMO+1 are
very small, it is expected that the inter—unit interaction is weak. 3. For n = 1, the homo—1 and the
limo+1 also contribute to the HOMO and the HMO-1 and to the LUMO and the LUMO+1,
respectively, through the intra—unit interaction induced by the distortion of the Cso—unit. 4. The

transitions corresponding to the [homo— lumo] transition become optically allowed.

4 CONCLUSIONS

CNDOY/S calculations were made on the [2+2] cycloaddition dimer (Cop+10,)2 (n = 1, 2, ..., 12)
with Cy,—symmetry (similar structure to (Crp), isomer I in Figure 1). A periodic n—dependence was
found in their HOMO-LUMO gap energies and its behavior was quite similar to that obtained for
the monomer Cgo+10,. The mutual relation between the MOs of the (Cgo+10,)2 and those of the Ceo+ 10
was shown. Generally, the homo and the lumo dominantly contribute to the HOMO and the
HOMO-1 and to the LUMO and the LUMO+1, respectively. That is, the ~omo and the lumo of the
Ceo+10n are preserved in the (Cgo+10n)2. For of the (Cq)2, however, the homo—1 and the lumo+1 also
contribute to the HOMO and the HOMO-1 and to the LUMO and the LUMO+1, respectively. This
is because the interactions between the homo and the homo—1 and between the humo and the

lumo+1 are allowed and the homo—1 and the lumo+1 are energetically very close to the ~omo and
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the lumo, respectively. Examinations for other isomers similar to (C7), isomer II, III, IV and V in

Figure 1 give the same results mentioned above.

According to the group—theoretical consideration, the [homo— lumo] transition of the Cep+10y 1S
optically forbidden. And we previously showed that the lowest allowed—transition of the Ceo+10, Was
due to the [homo—> lumo+1] and the [homo—1— lumo] transitions [30]. On the other hand, in the
(Ceo+10n)2, the transitions corresponding to the [homo—>lumo] became optically allowed. For
instance, the [HOMO—LUMO] and the [HOMO-1—LUMO+1] transitions of the (Ciy), are
allowed. Therefore, it is expected that the new spectral peak appears for the (Ceo+104)2 in the lower

energy region compared with the energy of the lowest allowed—transition of the Ceo+10n-
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