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Abstract

The introduction of multiple carbon rings is one of the common ways for graphene
modification. Starting from warped CgyHs, Nnanographene, which consists of a number of six-
and seven-membered carbon rings (C6 and C7) centering at a five-membered carbon ring
(C5), we explored the structure and property variations of its derivatives in which their C7
rings were gradually replaced with C6 rings. With reducing number of C7 rings, their curved
boundary with the C6 rings becomes flat until a bowl-like structure is formed when all the C7
rings disappear. The optical absorption spectra vary accordingly. Both the a-bands and the
maximum absorption bands in the visible region are related to the number and location of the
C7 rings. Further analysis on the excited states of the CgyH3, derivatives, as well as on the
designed model systems revealed that the C7 rings affect the electron excitations in two ways.
In addition to their participation in electronic transitions, they control the composition of
molecular orbitals that are involved in the excitations. The highest occupied molecular
orbitals are mainly contributed by atoms on the C6 and C7 rings, while the lowest unoccupied
molecular orbitals by atoms on the C5 and C6 rings. Our study sheds some light on how the
multiple carbon rings affect the optical absorption of nanographenes and provides information

for the preparation of nanographenes with tunable structural and optical properties.
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1. INTRODUCTION

Nano-carbon materials are nowadays of particular interest both in research and applications.
Zero-dimensional fullerenes, one-dimensional carbon nanotubes, and two-dimensional
graphenes make up the family of nanocarbons. Graphenes and their derivatives are known for
their superior mechanical, thermal, electronic, optical, and chemical properties.l'9 It is
believed that graphene-based materials will affect our life deeply in the future. Tremendous
effort has been devoted to discover new features and applications of graphenes by means of

1.1° introduced

physical induction and/or chemical modification. For instance, Krepel et a
phenyl and lithium atom onto graphene and characterized the interaction among them.
Archambault and Rochefort * found that Au, Pd, and Ti atoms adsorb onto graphene and alter

its band gap regularly, suggesting chemical adsorption as an effective way to adjust its

electronic properties.

In addition to chemical adsorption on the graphene surface, modifications to the graphene
itself have also been explored. The strategy of introducing functional groups or cyclic
hydrocarbons to control the structure and property variations of graphenes has been addressed
by many authors.”** Crespi et al.”* reported a metallic sheet with high density of states
around the Fermi level by creating defects in the honeycomb lattice. Terrones et al.? found
the rolled and seamless graphene has a well-defined metallic behavior. Hudspeth et al.”®
studied the electronic properties and relative stability of the biphenylene sheet composed of
alternating eight-, six-, and four-carbon rings, as well as its ribbon and tube derivatives of

different widths and chiralities, showing that the two-dimensional sheet presents a metallic

character. Graphene with extended line defects that consist of five- and eight-carbon rings has
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been synthesized by Lahiri et al.** and its magnetic properties and half metallic characters
have been studied theoretically and experimentally.”?" Using a generalized von Karman

IZB

equation Zhang et al.™ investigated the graphene wrinkling induced by a prescribed

distribution of topological defects such as disclinations (heptagons or pentagons) and

dislocations (heptagon—pentagon dipoles). Yang et al.”

reported a new class of conjugated
polycyclic molecules for applications in organic electronic devices. These molecules have a
nearly flat polycyclic framework with a p-quinodimethane core. Evans et al.® synthesized a
carbon nanohoop that can be envisaged as an open tubular fragment of Cg, the equator of Cy,
fullerene and the unit cycle of a [5, 5] armchair carbon nanotube. A facile and efficient
self-sorting assemble (CSA) strategy has been reported by Zhang et al.** for a bottom-up
construction of the 3-fold symmetrical and highly substituted hexa-cata-hexabenzocoronenes
(c-HBCs), which have large disc-shaped PAHs and can be served as new launching platforms
for the construction of larger and more complex m-conjugated molecules and supramolecular
architectures. Shimizu et al.** have revealed that the introduction of a seven-membered-ring
unit in the place of a five-membered-ring unit in the structure of subphthalocyanine resulted

in significant distortion of the bowl-shaped structure of the conjugated molecule as well as

unprecedented property changes.

I.,33

Recently, a new kind of grossly warped graphene was reported by Kawasumi et al.,” which

has unique structural and physical properties, such as facile bowl-to-bowl inversion of the

central corannulene, a widened highest occupied molecular orbital (HOMO)-lowest

|34

unoccupied molecular orbital (LUMO) gap, etc. Dai et al.” performed density functional

theory (DFT) calculations on the warped graphenes, predicting them as a promising nonlinear

4
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optical material.

These studies have manifested the important role of multiple carbon rings (MCR) in the
chemical modification of graphene structures and properties. Although the consequences of

introducing MCR into graphenes have been addressed by several authors,? *

a systematic
study of the MCR effect on the structural and properties is still lack. Starting from the warped
nanographene, we investigated in this work how the arrangement of five- and
seven-membered carbon rings in a graphene alters its structure and optical properties by
means of DFT calculations. These two kinds of odd-numbered rings have different effects on
the graphene structures. Five-membered rings (referred to as C5 hereafter) impart geodesic
curvature, while seven-membered rings (referred to as C7 hereafter) introduce so-called
‘negative curvature’.® In a microscopic view, C5 and C7 exhibit different aromaticity from a
six-membered carbon ring (referred to as C6 hereafter). The introduction of C5 and C7 should
affect significantly the electronic structure of C6-made graphene. In order to investigate the
MCR effect on the structure and optical properties of graphene, a number of warped
nanographenes with different numbers and locations of five- and seven-membered rings were
designed, and their optical absorption spectra were predicted with time-dependent DFT
calculations (TDDFT). The variations in the optical absorption bands were further
rationalized with a model study on a series systems comprising of five-, six- and

seven-membered rings. The purpose of this study is to provide information for the design

strategy of warped nanographenes with expected structural and optical properties.

2. COMPUTATIONAL METHOD
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The initial structures of warped CgoHso and planar CsgHgo were taken from experiments.® *

Starting from the CgyHso Structure a series of derivatives with various numbers of C7 rings
were designed by modifying the backbones together with reducing carbon atoms or adding
hydrogen atoms. The C5 ring and its surrounding C6 rings keep unchanged in these designed
complexes, while the number of C7 rings varies from 1 to 7, and the number of C6 rings
changes accordingly. All these structures were optimized with the Perdew-Burke-Ernzerhof
(PBE)** *" and B3LYP** exchange—correlation functionals, as implemented in Turbomole
suite™. The triple-zeta basis set def-TZVP **“ was used. The density convergence tolerance
was set to 10 a.u in the self-consistent field calculations, and the convergence criteria were
set to 10 a.u. for the gradient and 10° a.u. for energy in geometry optimization. The
resolution-of-the-identity (RI) approximation* ** and multiple accelerated Rl (MARI)

approach*® were applied to speed up the calculations.

TDDFT*"* calculations were performed to predict the optical absorption spectra of warped
CsoHzo and planar C,sHz with various functionals, such as B3LYP, CAM-B3LYP*, PBE,
PBEO*, TPSSh>® and M06-2X, since the predicted spectra were found functional-dependent.
By comparing with the measured spectra, B3LYP was selected for the computations of
designed complexes. The TDDFT calculations were carried out with Gaussian09 software>
using the 6-31G(d, p) basis set, and the SCF convergence criteria were tightened to 10%a.u in
density. The lowest 50 excitations were calculated, which are large enough to produce the
absorption bands of interest. The polarizable continuum model (PCM)® with dielectric
constants of 8.93 and 2.61 were employed to simulate the experimental environment of

dichloromethane and carbon disulfide, respectively.
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3. RESULTS AND DISSCUSSION

3.1 Structure and optical absorption of CgyHzy and CgHsg.

The optimized CggHsg Structure is shown in Fig. 1. It centers at a C5 ring that is surrounded by
five C6 rings, and then by five C7 rings. Five C6 rings are also formed among the C7 rings
and the inner C6 rings. At the outermost of CgoHso are ten C6 rings that are adjacent to the C7
rings. The CgoHso looks like a saddle with two double concave surfaces. The bending occurs at
the C6 and C7 ring junctions. Table 1 presents the averaged C—C bondlengths in different
rings. The computed bondlengths are in well agreement with the measurement®. For the C5
ring, its averaged C—C distance is 1.405 A, while the C6 rings have averaged C—C distances
of 1.399-1.426 A. The five C7 rings have similar C—C distances about 1.45 A. Since most of
the C—C bonds are shared by two adjacent rings, one can distinguish the bonds with these two
rings. As in fullerenes, rs¢ denotes the length of C—C bond shared by C5 and C6 rings, and re
for bonds shared by two C6 rings. The computed averaged rsg, r'es and rg; are 1.405, 1.406,
and 1.448 A respectively, which are quite different from the C—C distances in Cg (1.45 =
0.015 A for rss and 1.40 +0.015 A for re?°) The bending in CgHso is measured with the
dihedral angles, as shown in Fig. S1 in the ESI. Some of the dihedral angles reach about 145°
at the C6 and C7 junctions, while the bending is less significant between C5 and C6 rings. Fig.
1 also shows the optimized structure of CsgHsg, Which is planar with Dg, symmetry. The
average C—C bondlength is 1.416A, which is almost as long as those in graphene (1.420 A®),
but longer than those in benzene (1.396 A" ). From its center to the edge, the C—C bond

changes from 1.418 A to 1.399 A resulting from the edge effect of H passivation.
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The predicted HOMO-LUMO gaps are 3.01 eV for CgoHso and 2.91 eV for C,gHzo, Which
are close with the B3LYP/6-31G(d, p) calculations (3.06 eV and 2.90 eV) by Kawasumi et
al.** Although their gaps are similar, but the HOMO and LUMO orbitals of CgoHz and CrgHgo
are quite different, as shown in Fig. 1. The HOMO of CgHz, distributes mainly on the C
atoms shared by C6 and C7 rings, and the LUMO is on C atoms shared by C5 and C6 rings.
In contrast to the localized distribution in CgyHso, the HOMO and LUMO in C;gH3, delocalize
across all the C atoms. Their projected density of states (PDOS) was displayed in Fig. S2. For
both structures, their DOS are contributed by the 2p components, indicating that the curving
in CgoHsp does not change the delocalized nature of the 2p electrons of C atoms. It is apparent
that the delocalization in the HOMO and LUMO orbitals of CzgHso is more significant than

that of CgoHao.

The optical absorption of CgH3z, was simulated using TDDFT calculations with various
functionals. These functionals predict somewhat different spectra, as shown in Fig. S3. The
predicted first peaks cover a wide range, about 583 nm for PBE, but about 403 nm for
CAM-B3LYP and M06-2X. We noticed that B3LYP and PBEO produce similar results both in
band location and shape. Compared to the measurement (491 nm),*® moreover, B3LYP gives
better result (486 nm) than other functionals. The second (444 nm) and the strongest (435 nm)
bands also match well with the measurement (452 nm and 418 nm),* respectively. The GW
(Green’s function G and screened Coulomb interaction W) + BSE (Bethe-Salpeter equation)
approach was used by Noguchi and Sugino® to compute the absorption spectra of CgoHao,
giving the first three bands at 460, 422 and 393 nm, respectively. Therefore, B3LYP was

selected to compute the optical absorption of CgHso derivative in the subsequent TDDFT

8
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calculations. The B3LYP predicted spectra of CgHzp and C-gH3zo were compared in Fig. 1.
CsgHso has its maximum absorption at about 447 nm, which is also the first peak. In the
measurement®, the absorption peaks at 440 nm and has a very wide shoulder reaching about

525 nm.

3.2 Structure and optical absorption of CgHs, derivatives.

The CgoH3 structures were modified by changing the number and location of C7 rings. Two
approaches were used to reduce the C7 number. In the first approach, one C atom in the C7
ring and one C atom in its adjacent ring were removed and the C7 ring was transformed into a
C6 ring. Two linked H atoms were also removed to keep the conjugated framework. Seven
structures with different C7 numbers and locations were built in this way. The optimized
structures are shown in Fig. 2, labeled as a (CssH,g), b1 and b2 (two isomers of C;gHy), €1
and c2 (two isomers of C4H.4), d (C2H,,), and e (CyoHa). From a to e, the number of C7
ring decreases from four to zero. b1 and b2 have three C7 rings, and c¢1 and c2 have two C7
rings, but the ring locations are different. The molecular structures change remarkably when a
C7 changes into a C6. The bending site in the C7 disappears and the atoms nearby tends to
become planar. With decreasing C7 ring, the curved CgHso changes into a bowl-shaped

CroH20 with an arm-chair edge.

Fig. 2 shows the B3LYP/6-31G(d, p) computed optical absorption spectra of a—e. Some
similarity and differences were noted in the spectra. First, the band distributions of a—d are
similar with that of CgoH3o, and with each other. They all have a small o band that is followed

by a big B band. The other bands are also similar to some extent in shape. Compared to CgyHso,
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next, the first peaks of a—d redshift by about 29-46 nm, while the red shifts of the  bands are
about 21-31 nm. The first peaks vary from 514 nm to 531 nm when the C7 number changes
from four to one. The B bands in most complexes are the maximum absorption in the visible
region, ranging from 454 nm to 464 nm. Third, the location of C7 has some influence on the
spectra. Although the band locations are basically similar for bl and b2, their relative band
strengths changes. The B band is no longer the maximum in the spectra of b2. The band
shapes are similar for c1 and c2, but a shift of about 15 nm occurs for their B bands. Finally,
the spectra of e are quite different from those of other derivatives. Its first peak, the maximum
absorption, is at 454 nm, and its § band moves to 339 nm. Therefore, the disappearance of C7

leads to dramatic change in the absorption spectra of CgoH3o derivatives.

Alternatively, CgH3zo was modified by breaking one C-C bond in C7 and adding two H
atoms. In this way the number of C atoms keeps unchanged while the number of C7 is
reduced. Six structures, CgoHa, (") CgoHas (two isomer bl” and b2"), CgoHse (C”), CgoHss (d)
and CgoHyo (€7), were constructed and optimized, as show in Fig. 3. Similar to a—e, the
bending sites in the C7 moiety becomes planar and the curved CgyHsg Structure changes into a
bowl-shaped CgoHyo ultimately. Unlike the arm-chair edge of e, e has its edge made of

protruding phenyl rings.

Derivatives a’—e” have the same number of carbon atoms, and similar conjugation path. Fig.

3 shows their predicted absorption spectra. Again, some similarity and differences were noted

in these spectra. First, compared to the spectra of CgyHsg, the first and small peaks remain for

a’—d” whose locations are about 479-505 nm. However, the big f band in CggHay is split into

two bands, both are stronger than the a-band. Next, the band distributions of a’—d" are similar.
10
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They all have a small a band and big 3 and y bands. The § and y bands are at 412-454 nm and

344-422 nm, respectively. Third, the different C7 locations in b1” and b2" have little effect on

the band shapes, but lead to a small shift in the B and y bands. Finally, both the band shape

and location vary when the last C7 disappears. A big o band at 426 nm, which shifts toward

the short-wavelength direction by 59 nm, was predicted for e”.

The spectra of a—e and a’—e” are different in several aspects. The maximum absorption in

the visible region of a—d is the B band, which is split into two bands, and no longer the

maximum for a’—d’, resulting in a rather different band distribution for these two families of

designed derivatives. Moreover, a blue shift was noted for a—e” with respect to the

corresponding bands of a—e. For example, the a- and B-bands of a peak at 514 nm and 458 nm,

while the corresponding bands of a” are at 492 nm and 432 nm, respectively, resulting from

the relatively small conjugation systems of a—e. The spectra of e in the studied region are

composed of a big a-band and several much smaller bands, while the a-band of e” slightly

smaller than the - and y-bands. The peaks of their a-bands are also different, 454 nm for e

and 426 nm for e”.

Therefore, the optical absorption of warped nanographenes can be tuned by controlling

their numbers and locations of C7 rings. For CggHay, its first absorption peak varies from 460

nm to 525 nm when the C7 rings are gradually replaced with C6 rings, while the maximum

absorption in the visible region from 430 nm to 465 nm. Such adjustment in the absorption

bands is inevitably decided by the variations in their electronic structures. Table S2 presents

the main compositions of the a-bands and the maximum absorption bands in the visible

region of CgHzy, CrgHszp, a—€ and a—e’. For most complexes their first excitations are
11
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associated with the HOMO-LUMO transitions, while their maximum absorptions with several
more lower occupied orbitals and/or higher unoccupied orbitals. Fig. S4 and Fig. S5 shows
the HOMO and LUMO contours of a—e and a"—e’, in comparison with those of CgH3, and
CsgHsy in Fig. 1. The HOMOs of the warped complexes are mainly contributed by atoms in
the C6 and C7 rings, while the LUMOs by atoms in the C5 and C6 rings. In addition, only
small part of atoms is involved in the HOMO and LUMO of CgyHso. With the decreasing C7
number, more and more atoms contribute to the HOMO and LUMO. One can find that the
HOMO and LUMO of e in Fig. S4 are similar to those of C;gHz. It is evident that the C7
rings in the warped nanographenes affect the optical absorption in two ways. The first is that
the C7 rings themselves contribute to the constitution of the HOMO orbitals, and the second

is that the C7 rings reduce the delocalization zone of electrons.

3.3 Model systems with C5, C6 and C7 rings.

In order to understand the structural and optical property variations in the CgoHz, derivatives,
we designed four families of model systems and compared their electronic structures. Fig. 4
displays the structures of the four model systems. A CH,group was added to the C5 and C7
rings to keep their conjugation like in the nanographene. These structures were optimized
with B3LYP/def-TZVP. The HOMO-LUMO gaps of these model molecules are presented in

Table 2 and their HOMO and LUMO contours in Fig. S6.

In Model I, the molecules center at a phenyl ring which connects with two C5, C6 or C7
rings at its two sides. All the optimized structures are planar. The molecule of C6-C6-C6 rings

has a narrower gap than benzene, resulting from its larger conjugation zone. But its gap is

12
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wider than that of C5-C6-C5 by 1.59 eV, implying that the replacement of C6 with C5 favors
the HOMO-LUMO electron transition. The replacement of C6 with C7, or C5 with C7,
further lowers the gap in C7-C6-C7 and C5-C6-C7, indicating that the introduction of C7 ring
also favors the HOMO-LUMO transition. Since the electron-rich C7 ring has greater
tendency to lose its electron than the electron-deficient C5 ring, the molecules with C7 ring(s)
have lower gaps than C5-C6-C5. Further analysis shows that C7 ring raises the HOMO, while
C5 and C7 lower the LUMO. The HOMO and LUMO contours shows that the electron
transition occurs from the C7 ring to the C5 and C6 rings, similar to the transitions of the
CgoH3o derivatives. However, things are different when C5 and C7 appear in a molecule

simultaneously, as we discussed below for Model Il and I11.

In Model Il, a C5-C7 connection was set as a reference. One to three C6 rings were
inserted between the C5 and C7 rings in the other model molecules. With increasing C6 on
the chain, the HOMO-LUMO gap becomes wide, although the conjugation path elongates.
Their HOMO covers all atoms in C6 and C7 rings, while their LUMO covers atoms in C5 and
C6 rings. Therefore, electron excitation also occurs from C7 to C5 and C6 in their

HOMO-LUMO transitions.

In Model I11, all atoms in the model constitute a polycyclic aromatic hydrocarbon, and all
the molecules have a C5 end. The molecular C5C6 has a wide gap of 4.15 eV that is narrowed
to 3.84 eV when one more C6 is attached. When this C6 is replaced with C7, however, the
gap lowers to 3.00 eV. When one more C6 is inserted, the gap widens to 3.32 eV. The HOMO
and LUMO of C5C6 and C5C6C6 cover all carbon atoms. However, the HOMO of C5C6C7

and C5C6C6C7 cover atoms in C6 and C7, while their LUMO cover atoms in C5 and C6.
13
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In Model 1V, C5, C6 and C7 constitute a polycyclic aromatic hydrocarbon in which the C5
and C6 rings are kept in one plane, while the dihedral angle (¢) between C6 and C7 changes
from 180 “to 160 “at an interval of 5< The molecular geometries were fully optimized except
constraints to the dihedral angles between C5 and C6 and between C6 and C7. When ¢
changes from 180°to 160< the C7 ring deviates gradually from the C5 and C6 plane.
Meanwhile, the C—C bonds near to the C6-C7 border are subjected to some changes up to
0.009A in bond-length and up to 3.1° in bond-angle. However, the variations in
HOMO-LUMO gap are less than 0.022 eV, corresponding to a difference in wavelength of
about 3 nm. Therefore, it is the number of C7 rings rather than the distortion caused by the C7

rings that has great influence on the optical absorption of nanographenes.

Computations on the model systems reveal several aspects. First, the introduction of C5,
especially C7, tends to narrow the HOMO-LUMO gap, making its first excitation redshift.
This is in accordance with our calculations for the CgHsg and its derivatives whose o-bands
evidently redshifts compared to that of planar C;gHso. Next, in absence of C7, all carbon
atoms of molecules with C5 and C6 contribute to their HOMO and LUMO, which is similar
to the situation of C,gHz,. This complies with the fact that C;gH3, has similar a-band with the
derivatives e and e” that are made up with only C5 and C6 rings. When both C5 and C7 are
present, thirdly, C7 mainly contributes to the HOMO, while the role of C5 in excitation
changes. The contribution of C5 deceases in HOMO, but increases in LUMO. The interplay
of C5 and C7 makes the first excitation redshift further. Finally, our model study predicted
that the C6 standing between C5 and C7 tends to blueshift the first excitation, resulting from

its resistance to the electron flow between its two sides. A longer distance between C5 and C7

14
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should lead to a shorter-wavelength excitation. The CgHso derivatives designed have a fixed

C5-C7 distance, and the effect of C6 bridge length was not studied in this work.

4. CONCLUSION

DFT and TDDF calculations were performed to study the effect of C5 and C6 rings on the

structural and optical properties of nanographenes. Two families of nanographenes based on

the experimentally prepared warped CgyHso Were constructed. All these nanographenes center

at a C5 ring, and have a number of C6 and C7 rings surrounded. The number and location of

C6 and C7 were carefully designed. The structures were optimized using PBE and B3LYP

functionals with def-TZVP basis set, and their optical absorption spectra were predicted with

carefully selected functional, B3LYP, which produced results matching well with the

observations for CgoHso. With decreasing C7 number and increasing C6 number, the curved

structure at their boundary gradually becomes planar. A bowl-like structure was formed when

all C7 rings were replaced with C6 rings. The C—C bond-lengths are different in C5, C6 and

C7 rings, and vary from molecular center to edge.

The optical absorption spectra vary with the C6/C7 replacement. Although the two families

exhibit some different behaviors in their band distributions, they share some common features.

The bowl-like structures with centered C5 show similar absorption bands with planar

nanographene that consists of C6 rings. When C7 was introduced, however, different

absorption spectra were obtained for the warped structures. A remarkable redshift in a-band

was noted and the band distribution varies. Moreover, the o-bands and the maximum

absorption bands in the visible region are related to the number and location of the C7 rings.

15
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For CgoHso, its first absorption peak varies from 460 nm to 525 nm when the C7 rings are

gradually replaced with C6 rings, while the maximum absorption in the visible region from

430 nm to 465 nm. Therefore, the optical absorption of warped nanographenes can be tuned

by controlling their numbers and locations of C7 rings among the C6 rings.

All these findings were further analyzed with four model systems. The introduction of C5,

especially C7, tends to narrow the HOMO-LUMO gap. For molecules without C7, all carbon

atoms in C5 contribute to both HOMO and LUMO, but its role in excitation changes when C7

is introduced. While C7 mainly contributes to the HOMO, the contribution of C5 deceases in

HOMO, but increases in LUMO. Therefore, the C7 rings affect the optical absorption spectra

of warped nanographenes by participating in electronic transitions and/or by changing the

composition of molecular orbitals that are involved in the excitations.
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Table 1 C-C and C—H bond lengths (in f&) of different rings in CgoHso and CgHzo. Rs, Rg and
R; are averaged bond lengths of all five-, six-, and seven membered rings, R¢" is the averaged
bond lengths of six-membered rings adjacent the five-membered ring.

C78H30
R5 RG' Rs R7 RG
1.405 1.416 1.419 1.449 1.419
1.418 1.426 1.450 1.426
1.427 1.426 1.456 1.422
c-C 1.421 1.423 1.456 1.399
1.411 1.426 1.450
1.426
1.399
Average 1.405 1.419 1.420 1.452 1.416
Exp.**® 1.409 1.421 1.422 1.455
C-H 1.082 1.080
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Table 2 HOMO, LUMO energies (in eV) and their gaps (in eV).

HOMO LUMO Gap
Model |
C6 -6.971 -0.319 6.651
C5-C6-C5 -5.433 -2.420 3.013
C5-C6-C7 -5.134 -2.455 2.680
C6-C6-C6 -5.962 -1.360 4.603
C7-C6-C7 -5.076 -2.528 2.548
Model Il
C5-C7 -5.068 -2.595 2.472
C5-C6-C7 -5.134 -2.455 2.680
C5-C6-C6-C7 -5.132 -2.438 2.695
C5-C6-C6-C6-C7 -5.189 -2.278 2.911
Model 111
C5C6 -6.039 -1.895 4.145
C5C6C6 -5.680 -1.846 3.835
C5C6C7 -5.260 -2.261 3.000
C5C6C6C7 -5.403 -2.087 3.317
Model IV
180° -5.260 -2.261 3.000
175° -5.259 -2.263 2.996
170 -5.262 -2.269 2.993
165° -5.266 -2.279 2.987

160° -5.303 -2.282 3.021
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Figure Captions

Fig. 1 Structures, optical absorption spectra (upper) of CgoHsp and C7gH3p molecules
and their HOMO and LUMO orbitals (lower).

Fig. 2 B3LYP predicted structures and absorption spectra of C7gHag (a), CreH26 (b1
and b2), C74H4 (c1 and c2), C72H22 (d), and CyoH2o (€). The structures were
constructed by removing C and H atoms from CgoHazo.

Fig. 3 B3LYP predicted structures and absorption spectra of CgoHsz (a”) CgoHzs (b1”
and b2"), CgoHss (¢”), CgoHss (d”) and CgoHao (€7). The structures were constructed by
adding H atoms to CgoHzo.

Fig. 4 Model molecules with various connections of C5, C6 and C7 rings
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