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Electron—Phonon Interactions and Jahn—Teller Effects in the Monocation of Corannulene
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Electron—phonon interactions in the monocation of corannulene are studied by using the hybrid Hartree
Fock (HF)/density-functional-theory (DFT) method in the Gaussian 98 program package—Thst@tching

mode of 1498 cm! most strongly couples to the highest occupied molecular orbitals (HOMO) in corannulene.

The total electror-phonon coupling constant for the monocatibmfio) of corannulene is estimated to be

0.165 eV. Thdpowmo value for corannulene is much larger than those for coronene and acenes with similar
numbers of carbon atoms. The delocalized electronic structures and the intermediate characteristics between
the strongr-orbital interactions and weak-orbital interactions originating from a bowl-shap&g¢, geometry

are the main reason that theywo value for corannulene is much larger than those for pl@gsymmetric
s-conjugated coronene ardb, symmetriczz-conjugated acenes with similar numbers of carbon atoms. The
electron transfer in the positively charged corannulene is also discussed. Intramolecular electron mobility
(Gintra,monocatiop IN the positively charged corannulene is estimated to be smaller than those for the positively
chargedr-conjugated acenes and coronene. The reorganization energy for the positively charged corannulene
(0.060 eV) is estimated to be larger than those for the positively charged acenes and coronene. The strong
orbital interactions between two neighboring carbon atoms in the HOMO of corannulene with the bowl-
shaped structure are the main reasons for the calculated results. Thus, the larger overlap integral between two
neighboring molecules is needed for the positively charged corannulene to become a better conductor than
those for positively charged coronene and acenes. The smaller density of states at the Fen(il)leagies

are enough for the conditions of the attractive electrelectron interactions to be realized in the monocation

of corannulene than in the monocations of coronene and acenes with similar numbers of carbon atoms. The
multimode problem is also treated in order to investigate how consideration of the multimode problem is
closely related to the characteristics of the electrphonon interactions.

Introduction One of the reasons that many researchers have had special
interest in bowl-shaped carbon materials is, of course, because
of the brilliant discovery of the superconductivity in the alkali-
doped ACg complexes? which was later found to exhibit high
superconductive transition temperaturésvalues) of more than

30 K20 and of 40 K under pressufé.A large amount of
theoretical work on the vibronic coupling of the fullerene
complex was carried out to account for the interesting super-
conductive phenomena of the;@y complexes? Because of

the highly symmetric structure witly symmetry, certain Jahn
Teller distortions are expected to occur in order to lift the

The Jahn-Teller theorem tells dshow spontaneous sym-
metry-breaking distortions in degenerate electronic states of
nonlinear molecules will occur. Analysis of vibronic interactioh
is important for the prediction of electronic control of nuclear
motions in degenerate electronic systems. Application of vi-
bronic interaction theory covers a large variety of research fields
such as spectroscofynstability of molecular structure, electri-
cal conductivity? and superconductivity.® Vibronic interac-
tions in discrete molecules can be viewed as the coupling be-
tween frontier orbitals and molecular vibrations, whereas those d f the threefold d te | ; iad
in solids are the coupling between free electrons near the Fermi €generacy of Ihe nreeto egenerate fowest unhoccupie

level and acoustic phonons. There is a close analogy betweerrm)lecumfr orbital (LUMO.)' Because corannulene has a_h|ghly
them. symmetricCs, structure, it has the twofold degenerate highest

) . occupied molecular orbital (HOMO) and the twofold degenerate
Barth and Lawton reported the first synthesis of corannulene LUMO. both having ane: label of symmetry. We therefore
CaoH1o in 196610 Immediately after the synthesis, molecular ' g ane y Y.

orbital calculations were applied to the corannulene system. eézﬁic\/telthithzlrme”grcg?;ﬂ;&iired'StomonS should occur in
It was confirmed from an X-ray diffraction measurement that P y 9 )

this molecule has a bowl-shaped structure v@th symmetry [0 the previous work, we have analyzed the vibronic
and that the five six-membered rings in the periphery are interactions and estimated possibievalues in the monocations

significantly out of plané? After the development of new Of acenes on the basis of the hypothesis that the vibronic
synthetic strategie® many researchers have studied this bowl- interactions between the intramolecular vibrations and the
shaped hydrocarbon extensively, taking cognizance of gge C HOMO play an essential role in the occurrence of possible
fullerenel15Unique structural and electronic properties in this  superconductivity in the positively charged nanosized molecular
molecule have been characterized recekity3 systemg?2 Recently, on the basis of an experimental study of
ionization spectra using high-resolution gas-phase photoelectron

*To whom correspondence should be addressed. E-mail: kato@ spectroscopy, the electrephonon interactions in the positively
cc.nias.ac.jp. charged acenes were well studfédit was shown by the

10.1021/jp0581936 CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/03/2006



2786 J. Phys. Chem. A, Vol. 110, No. 8, 2006 Kato and Yamabe

experimental results that our predicted frequencies for the dhg
vibrational modes playing an essential role in the electron
phonon interactiorfd as well as the predicted total electron
phonon coupling constartsare in excellent agreement with flan )
those obtained from experimental reseath.
The purpose of this paper is to discuss the eleetmonon rim dy
interactions in the monocation of corannulene and to compare
the calculated results of the monocation of corannulene with *

those for the monocations of-conjugated hydrocarborig, da () HOMO (e;) (B
acenes such as benzengHg (1a), naphthalene Hs (2a),

)
anthracene GHio (33), tetracene gHi, (4a), pentacene £Hi4
(5a), and coronene with planar structure in order to investigate S
how the properties of the electrephonon interactions are
closely related to the bowl-shaped structure of corannulene. We s
will also discuss the intramolecular electron mobility and the
single charge transfer through the molecule. We estimate the
reorganization energy for elementary charge transfer. In terms I .
of the electror-phonon interactions and the reorganization 648 cm™'

energies, we discuss the relationships between the normal
metallic states and superconductivity. We will discuss the
conditions under which the attractive electraglectron interac-
tions are realized in the monocation of corannulene.

Theoretical Background

Vibronic Coupling Constants. We discuss a theoretical B
background fo_r the orbital V|bron|c_ coupl_lng constants Figure 1. Phase patterns of the HOMO and selected vibronically active
corannulene witfCs, geometry. Frontier orbitals and selected odes in corannulene. The optimized structures of corannitiere

vibronically active modes in corannulene are shown in Figure corannulents in Table 4 are obtained when the HOMO (A) and
1. Here, we take a one-electron approximation into account; HOMO (B) are partially occupied by an electron, respectively.

the vibronic coupling constant of the vibrational modes to the . . )
electronic states in the monocation of corannulene is defined ©f the mth mode in corannulene is defined by

as a sum of orbital vibronic coupling constants from all of the dhe
. . . m
occupied orbitalsi,'2 e HOMO(wm) — 1 QlHOMOH 2 elHOMOD
occupied ' hwm aqEzm 0
gelectronic statéwm) = z gi(wm) (1) (m: 1’ 2’ o 18) (4)
I

wheredg,m is the dimensionless normal coordirftef the mth
vibrational mode andhg,m is the vibronic coupling matrix of

Considering the one-electron approximation and that the first- the mth E, mode in corannulene defined as

order derivatives of the total energy vanish in the ground state

at the equilibrium Cs, structure in neutral corannulene —Qeom Qeem
(Greutra(@m) = 31M° gi(wm) = 0), and an electron is partially he m = 0 ‘ Q z (m=1,2,..,18) (5)
occupied in thee, HOMO in the monocation, the vibronic Egem  <Efm

coupling constants of the vibronically active modes to the Here A, is the reduced matrix element and the slope in the
electronic states of the monocation of corannulene can beoriginal point (i.e.,Qg,cm = Qg,6m = 0) on the energy sheet of

defined by the HOMO. This is defined as
gmonocatior(wm) = gelHOMO(wm) (2) ahEzm
A, = lHOMOH o eHOMO| | (m=1, 2, ..., 18)
E:mfo

We focus upon the diagonal processes; only the electronic states (6)
that belong to the same irreducible representations are consid-

ered. Thus, the symmetry of the vibronically active modes can  In a similar way, the dimensionless orbital vibronic coupling
be defined from the direct product of the orbital symmetries as constant of themth A; mode in corannulene is defined by
follows:

oh
_ 1 Q Am D
e x e =A+A+E, @) Gerouol@n) = lHomo‘ ‘(anlm)o‘ ‘elHOMO
The numbers of the vibronically actié and E;, vibrational (m=19, 20, ..., 27) (7)
modes in the monocation of corannulene are 9 and 18, QAlm 0
respectively. In such a case, we must consider multimode am = Bl Q. (m=19,20,..,27) (8)
1

problems; however, in the limit of linear vibronic coupling one
can treat each set of modes (i.e., each mode inogx ahAlm
independentlya23 B,= QlHOMOH 3

Let us look into vibronic coupling of th&, modes to the QAlm 0
HOMO. The dimensionless orbital vibronic coupling constant (m=19, 20, ..., 27) (9)

elHOMOD
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TABLE 1: Reduced Masses, Vibronic Coupling Constants, and ElectrorrPhonon Coupling Constants (eV) for the Monocation
of Corannulene

E.(142)  E.(282)  E,(439) E,(548)  E,(613) E,(648)  E(773)  E»(813)  E,(970)

red. masses 4.43 4.33 7.89 4.26 4.81 6.17 1.35 7.65 1.30
OHomo(@m) 0.640 0.359 0.720 0.069 0.169 0.463 0.205 0.150 0.017
IHomo(@wm) 0.007 0.005 0.028 0.000 0.002 0.017 0.004 0.002 0.000
E, (1092) E; (1172) E, (1197) E; (1392) E; (1441) E, (1498) E; (1669) E, (3176) E; (3192) A1 (142)
4.75 1.49 3.29 3.95 1.65 7.31 9.52 1.09 1.09 4.60
0.269 0.105 0.068 0.157 0.070 0.537 0.056 0.004 0.003 0.226
0.010 0.002 0.001 0.004 0.001 0.054 0.001 0.000 0.000 0.000
A (560) A, (605) A (857) A; (1052) A (1270) A; (1481) A (1672) A; (3195) total
3.91 5.48 1.65 2.50 1.80 6.22 6.86 1.09
0.232 0.001 0.122 0.212 0.334 0.365 0.009 0.069
0.001 0.000 0.001 0.003 0.009 0.012 0.000 0.001 0.165

Electron—Phonon Coupling Constants.In the previous should be noted that electron density on carbon atoms forming
section, the vibronic interactions in free corannulene were an inner ring (hub moiety) is higher than that on carbon atoms
described. We set up an assumption to apply the calculatedforming an outer ring in the HOMO of corannulene, and thus
vibronic coupling constants to the solid-state properties of the orbital interactions between two neighboring carbon atoms
corannulene. We assume that the conduction band of monocatiorin the hub moiety play an essential role in the electrphonon
crystals of corannulene consists of the HOMOs. Electron interactions in the monocation of corannulene. And the dis-
phonon coupling constants of tli® modes in the monocation  placements of carbon atoms in the hub moiety are large in the
of corannulene are defined as follows: E, mode of 1498 cmt. This is the reason that tH& mode of

1498 cnt! most strongly couples to the HOMO in coran-
le Homo(@rm) = gngOMo(wm)hwm (m=1,2,..,18) (10)  nulene. In addition to thi&; mode, the low-frequendy, modes
of 439 and 648 cmt also strongly couple to thee HOMO in
Those of theA; modes are defined as corannulene. In these modes, the reduced masses are large, and
thus the displacements of carbon atoms are large. It is rational

_ 1 _ that the frequency modes in which the displacements of carbon
le Homo(@m) = 59 Homo(@mfiwn (M= 19, 20, ..., 27) atoms are large can strongly couple to the orbitals in which the
(11) orbital interactions between two neighboring carbon atoms are

strong. This is the reason that tBe modes of 439 and 648
cm ! as well as that of 1498 cm afford large electrorphonon
Electron—Phonon Coupling Constants. We performed coupling constants in the monocation of corannulene. ThEC
vibrational calculations of corannulene with quadratic force stretchingA; mode of 1481 cm! somewhat strongly couples
constants, the second-order derivatives of the potential energyto thee; HOMO in corannulene. However, it should be noted
with respect to mass-weighted Cartesian displacements. In thethat theA; modes much less strongly couple to tReHOMO
calculation, we used the hybrid HartreEock (HF)/density- than theE, modes in corannulene.
functional-theory (DFT) method of Beckeand Lee, Yang, and Total Electron—Phonon Coupling Constants.Let us next
Parf” (B3LYP), and the 6-31G* basis s&tThe GAUSSIAN look into the total electronphonon coupling constantsfa))
98 program packag®was used for our theoretical analysis. We for the monocation of corannulene. Becauselifgis the sum
next calculated the first-order derivatives at this equilibrium of the electror-phonon coupling constants originating from both
structure on each orbital energy surface by distorting the intramolecular vibrationslifys) and intermolecular vibrations
molecules along the normal coordinates of the vibronically (linter), ltotar IS defined as
active modes. What we obtained from the first-order derivatives
is the dimensionless diagonal linear orbital vibronic coupling liotal = linra T linter (12)
constants defined by eqs-49. We can estimate the electron
phonon coupling constants from the orbital vibronic coupling However, it should be noted that the intramolecular orbital
constants by using egs 10 and 11. The orbital vibronic coupling interactions are much stronger than the intermolecular orbital
constants estimated from analytic first-order derivatives of the interactions. Therefore, it is rational that g, values are much
energy levels of the HOMO together with reduced masses of larger than thdiyer values in molecular systems. In fact, it is
the E; and A; modes in the neutral molecule, and electron  considered by several researchers that the contribution from the
phonon coupling constants in the monocation of corannulene, intramolecular modes in molecular systems is decisive in the
are listed in Table 1. pairing process in the superconductivity in doped.23° For
We can see from Table 1 that ti® mode of 1498 cm! example, it was reported that thg, values are much larger
most strongly couples to thea HOMO in corannulene. This  than theliyer values in kCso and RBCeso (lintra = 10linter).>°
can be understood as follows. When corannulene is distortedFurthermore, it has also been shown from a neutron-scattering
along theE, mode of 1498 cm!, the bonding interactions investigatio! that the electron-libration intermolecular-mode
between two neighboring carbon atoms in the HOMO (A) coupling is small in alkali-metal-dopede§ Therefore, we
(HOMO (B)) become weaker (stronger) and the antibonding consider only intramolecular electrephonon coupling in this
interactions between two neighboring carbon atoms in the study. Thel value for the monocations of molecules can be
HOMO (A) (HOMO (B)) become stronger (weaker). Therefore, defined as
the HOMO (A) (HOMO (B)) is significantly destabilized
(stabilized) in energy by such a distortion in corannulene. It liota = lintra = IHomo (13)

Electron—Phonon Interactions
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Figure 2. Vibronic energy gain as a function of the number of carbon  Figure 3. Total electror-phonon coupling constahfouo values versus
atoms in acenes, coronene, and corannulene. The opened circlesihe energy level of the HOMO.

triangle, and square represent thewo values for acenes, coronene,
and corannulene, respectively, and the closed circles, triangle, andTABLE 2: Necessary Minimum n(0) Values as a Function
square represent thAGl,,, values for acenes, coronene, and of u* that Satisfy Equation 15 (—4 + u* < 0)

corannulene, respectively.

* — ﬂ* — ﬂ* — #* — /'{* —
. . 0.10 0.15 0.20 0.25 0.30
The lyomo value for corannulene is defined as
corannulené 0.606 0909 1.212 1515 1.818
27 18 coronené 0.909 1364 1818 2.273 2.727
_ _ 2 naphthalene(2a*) 0.578 0.867 1.156 1.445 1.734
lhomo = ZIHOMO(wm) = ZgHOMO(wm)hwm + anthracene(3a’) 0769 1154 1538 1.923 2.308
m= m= tetracent (4a*) 0935 1402 1869 2.336 2.804
1 5 pentacene (5at) 1.064 1596 2.128 2.660 3.191
~ ) Ghomo(@hoy, (14)
210 expressed by eq 15, the system would produce as many Cooper

] pairs as possible to lower its energy.
Thelyowmo values as a function of the number of carbon atoms,

N, are shown in Figure 2. Thigowmo value for corannulene is -1+ w* = —n0)l om0 + 4* <0 (15)
estimated to be 0.165 eV. Thgomo vValues were estimated to

be 0.244, 0.173, 0.130, 0.107, and 0.094 eVliar2a, 3a, 43, whereu* is the dimensionless Coulomb pseudopotential de-

and 5a, respectively?* Therefore, thdnowo value for coran scribing the electronelectron repulsion, usually used as a fitting

n;JIenE is much Iarghe;r thant:hose dfor aceges \;wltlh simila;]r NUMDErS, ;2 meter, and ranges between about 0.10 and 0.20 in conven-
of carbon atoms. This can be understood as follows. The HOMO 45 syperconductivity, and(0) is the density of states at the

of acenes is rather localized on the edge part of carbon atomsc¢ i jevel. Then(0) values as a function gf* under which.
and the HOMO of acenes has nonbonding characteristics. Thus,:ﬂ* is satisfied are listed in Table 2. For example, considering
the orbital interactions between two neighboring carbon atoms large lnowo values estimated above and the usuivalues
are not strong. However, the HOMO of _corannulene IS (~0.20), eq 15 is satisfied if(0) > 1.212 for corannulene.
somewhat delocalized, and the orbital interactions between two iy vever considering theomo values forsaand the usuak*

neighboring carbon atoms are strong. Furthermore, acenes havg, as (0.20), eq 15 is satisfied ii(0) > 2.128 for5a’. We

planar structures itz geometry, and thus the weakorbital have considered that t&0) value for the twofold degenerate
mteractul)ns ar:e mporta:ntk:n the HOMO in acenis. Hovv_evler, electronic state in the monocation of benzene is approximately
corannulene has a bowl-shap@¢, geometry, and thus orbita 4, and thus those for the nondegenerate electronic states in the

mr:eractlor)s.ln Lhe HOMO of COS?‘”T‘,JIene have mtzrmedll?te monocations of acenes are approximatetyHowever, then(0)
characteristics between strongprbital interactions and weak 5165 are obviously sensitive to the overlap (the transfer

sr-orbital interactions. Therefore, the delocalized electronic integral) between the HOMOSs on neighboring molecules, and
structures and the intermediate characteristics between the Stron@onsequently to the distance and the orientation betweén the

o-orbital interactions and weakorbital interactions originating . ,qjecules and to the extent and the position of the nodes of
from bowl-shapedCs, geometry are the main reason that the yhe HoMO. Therefore, the(0) values are changeable compared

IE';O'V'O value for coran_nulened|s much 'afgf]f thanl those fgr plan?r to the physical values, which are related to the intramolecular
2n Symmetricz-conjugated acenes with similar numbers of - oo cteristics such as thewmo andwin nomo values. Actually,

carbon atoms. Thkjomo values versus the energy level of the there is the very interesting dependeficef T. upon cell

HOMO (—¢towmo) are also shown in Figure 3. Thgomo values 5 ameter in a variety of systems containing mixtures of alkali
are —0.246,—0.213, -0.192,-0.178, —0.169, —0.200, and metal atoms as fullerene dopants. The overlap integral between

—0.218 Hartree fofla, 2a, 3a, 43, 53, coronene, and corannu- 4 4iacent molecules decreases with an increase in the distance
lene, respectively. Therefore, the stronger bonding HOMO has ptween the two adjacent monocations. Tk@) values must

the greater strength of the electrephonon interactions. increase with a decrease in overlap integral because the total

integrated density of states is constant. Assuming that the
winHomo andlpomo values remain invariant to molecular crystal
structure differences, th&; varies simply withn(0). Because
Once the attractive interaction between two electrons domi- the bandwidth decreases with an increase in the distance between
nates over the repulsive screened Coulomb interaction ascorannulene units, there will be some limiting separation where

Possible Electron Pairing in the Monocation of
Corannulene
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the delocalized model becomes inappropriate and the electrons Z2

localize at large distance between two neighboring molecules. >

Such an electronic instability will destroy normal metallic g 500 o

behavior as well as superconductivity. In more general terms, S 450

superconductivity, usually associated with hig{0) values, u?: 4004 o A

often competes with other electronically driven processes in = 3504

solids. The possibility of electron localization in corannulene :E 3004 .

as the interunit separation becomes large would be noted, but 3 o A

such highn(0) values often also signal geometrical distortions g 2501

of the CDW type and ferromagnetic behavior. It was reported § 200+

that the corannulene cation polymerizes in solufiom this 8 1501 [

case, the orbital interactions between two neighboring coran- § 1004

nulene units are very strong and th@) values would be very 2 gl )

small even if each unit molecule still has characteristics of 3 ')

electronic structure of each corannulene molecule. Therefore, § 00 5 10 15 20 95
C

there is a possibility that the conditions of the attractive Number of carbon atoms

electronr-electron interactions are not realized under the condi- Figure 4. Intramolecular electron mobility as a function of the number
tions in which the experimental works in ref 33 were performed. of carbon atoms in acenes, coronene, and corannulene. The opened
However, as described above, ihf9) values are artiicialy ~CRE8, TERD S SREE SREEH TR L evanniione,
change_a ble compared to the thSI_Cal values, which are relatecfespectivel%/, an(ljnlrf?eM (():Iosed circles, trian’gle, and sq’uare represent thése
to the intramolecular characteristics such as ligvo and values estimated by considering the frequencies of the vibrational modes
winHomo Values. The problem is how we can artificially trap  that play the most essential role in the electrphonon interactions

the isolated corannulene monocations with an appropriate for acenes, coronene, and corannulene, respectively.

intermolecular distance in order to realize the conditions of

attractive electrorrelectron interactions. Therefore, if we can in the electror-phonon interactions. Of course, other definitions
artificially increase the distance between two neighboring of averaged phonon frequencies as well asdhgiomo values
corannulene monocation units with stable structures so that theare also available if the values approximately indicate the
n(0) value exceeds about 1.212, then the conditions under whichfrequency of the vibrational modes that play an essential role
the electron-electron interactions become attractive can be in the electror-phonon interactions. In this sense, it should be

realized. noted that thewn Homo vValues may not have strict physical
meaning but may be the approximate values by which we

Intramolecular Electron Mobility in the Monocation of qualitatively discuss which frequency modes play an essential

Corannulene role in the electrorrphonon interactions. Let us next consider

Here, let us consider one-electron transfer assisted by € Jinramonocationvalues estimated by considering the case that
molecular vibrations as a molecular model of the interaction of the @Homo values correspond to the frequencies of the vibra-
conduction electrons with vibratic:35 From analogy with tional modes that play the most important role in the electron
the definition of the intrinsic intramolecular conductivity, Phonon mtera}ctlons (i-e., 1656, 1630, 1610, 1594, 1572, 1668,
Ointra.monocation fOF the charged hydrocarbons as discussed in @nd 1498 cm* for 1a, 2a, 3a, 44, Sa, coronene, and corannu-

previous research according to the definition suggested by €ne, respectively). Even though th@niamonocation Values
Kivelson and Heege¥35we define the monocation of coran- estimated by considering the frequency of only the vibrational

nulene as modes playing the most important role in the electrphonon
interactions are somewhat larger than those estimated by
OhomoMcN considering thev, Homo Values, in particular, iba, coronene,
intra,monocation — 5 (16) and corannulene, essential qualitative results obtained by
lHomo considering the frequency of only the vibrational modes playing

the most important role in the electroephonon interactions are
whereMc denotes the mass of carbon atomiomo denotes  similar to those obtained by considering thg Howo values.
the frequencies of the vibrational modes playing an important Therefore, thevinra monocatiorvalues are much more sensitive to
role in the electrorrphonon interactions, ant denotes the  the strengths of the electreqhonon interactions than to the
number of carbon atoms. The calculai@gla monocationvalues frequencies of vibrational modes in the molecules under
as a function oN are shown in Figure 4. Let us first consider consideration. As described in the previous sectionjmbﬂo
the case thabromo corresponds to the logarithmically averaged value for corannulene is larger than those for acenes with similar
phonon frequenciesyn Homo), which measure the frequencies numbers of carbon atoms. Therefore, the latgeio value for
of the vibronically active modes playing an essential role in corannulene than those for acenes, due to the electronic structure
the electron-phonon interactions in the monocation of coran- difference between them originating from the structural differ-
nulene and have been used widely in order to measure suchence between corannulene with the bowl-shapgdsymmetry
frequencies. We can see from this figure that#@amonocaion ~ andz-conjugated acenes with the plarizg, symmetry, is the
value increases significantly with an increase in molecular size main reason that tmmra,monocatior‘lvalue for corannulene is much

from 1a (Gintra,monocation= 14.1 x 10P) t0 5a (Gintra,monocation™ smaller than those for acenes with similar numbers of carbon
406.0 x 10°). The Gintramonocationvalue for corannuleneo(ya atoms.

;monocation= 77.0 x 1CP) is much smaller than those for acenes
with similar numbers of carbon atoms. In this paper, we
introduced thewin Homo values, which are usually used in the
McMillan’s formula3® described later in order to measure the Reorganization Energy. Let us next discuss the electron

frequency of the vibrational mode that plays an essential role transfer through the corannulene molecule, which is of interest

Intermolecular Electron Transfer
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TABLE 3: lonization Energy, Electron Affinity, Hopping
Barrier, and Reorganization Energy (eV) in the Positively
Charged Corannulene

(CooH10")(CaoH10) — (CooH10)(Ca0H10")

bond lengths in the hub moiety that are lengthened (shortened)
by hole doping in corannulerig are shortened (lengthened)
by hole doping in corannulefig. It should be noted that the
C—C bond lengths in the hub moiety change much more

ionization energy 0.116 significantly by hole doping than those in other moieties. This

E'(;fgg_g” gg:rrr‘_'g _06154511 can be understood as follows. The electron density on the carbon
ing i . . . . . .

reorganization energy 0.060 atoms in the hub moiety in the HOMO is much higher than

that on other carbon atoms. Therefore, the orbital interactions
for possible nanoelectronics applications. Here, we will estimate between two neighboring carbon atoms in the hub moiety are
the reorganization energy for elementary charge transfer. Wemuch stronger than those in another moieties. This is the reason
optimized the structures of the monocation of corannulene. Thethat the G-C bond lengths in the hub moiety change much more
estimated ionization energy, electron affinity, hopping barrier, significantly by hole doping than those in another moieties. Let

and reorganization energy between the neutral molecule andys next look into the spoke moiety. Tlig, ds, andds values

the monocation are listed in Table 3.

Denoting the adiabatic ionization energy lasthe vertical
(fixed geometry) ionization from the ground state of neutral
corannulene costs an energy lgf+ 0.116 eV, whereas the
electron affinity of the monocation of corannulene (at its
optimum geometry) i$p — 0.125 eV. Thus, the isolated neutral

corannulene and the monocation of the corannulene molecule

with their optimum structures lead to a hopping barrier of 0.241
eV (ignoring polarization of the environment, which might
increase the barrier). Considering the Marcus-type electron
transfer diagram, a net barrier can be estimated te®@241/4

= 0.060 eV. It should be noted that electronic interactions
(orbital overlap) and steric interactions are ignored when we

become larger by hole doping in both corannutenend
corannulenég. This is because the atomic orbitals between two
neighboring carbon atoms that form the spoke moiety are
combined in phase in both HOMO (A) and HOMO (B). Let us
next look into the rim moiety. Apart from théy values in
corannulengg, the C-C bond lengths become larger by
hole doping in the rim moiety in both corannulépeand
corannulengg. This is because the atomic orbitals between two
neighboring carbon atoms forming a rim in the HOMO are
combined in phase, and those between two neighboring carbon
atoms whose bond length @ are combined out of phase in
the HOMO (B). Let us next look into the flank moiety. The

estimate the reorganization energies between the neutral mol-C—C bonds formed by two neighboring carbon atoms that are

ecule and the monocation. For a good conductor with rapid
electron transfer, the overlap of the HOMOs of these molecules
should be sufficiently large. This requires an interaction energy
greater than the barrier of 0.060 eV for corannulene.
Optimized Structures of the Monocation of Corannulene.
Let us next look into the optimized structures of the monocation
of corannulene. To compare the calculated results for the
monocation to that for the neutral molecule, the optimizedC
bond lengths of the neutral molecule and the monocation in
corannulene are listed in Table 4. Let us first look into the@C
bond lengths of the hub moiety. Tlie andd; values become
larger (smaller) by hole doping in corannulépdcorannulenes),
and thed, value becomes smaller (larger) by hole doping in
corannulen&, (corannulengg). That is, the G-C bond lengths
in the hub moiety that are lengthened (shortened) by hole doping
in corannulene, are shortened (lengthened) by hole doping in
corannulengg. This can be understood as follows. The atomic
orbitals between two neighboring carbon atoms that are
combined in phase (out of phase) in the HOMO (A) are
combined out of phase (in phase) in the HOMO (B) in the hub
moiety of corannulene. The -&C bonds formed by two
neighboring carbon atoms that are combined in phase (out of
phase) in the HOMO become longer (shorter) when an electron
is removed from the HOMO. This is the reason that theCGC

combined in phase (out of phase) in the flank moiety in the
HOMO become longer (shorter) by hole doping in both
corannulengé, and corannuleneg. Let us next look into the
relationships between the optimized structures of the monoca-
tions and the electreaphonon coupling constants. We can see
from Figure 1 and Table 4 that tH& mode of 1498 cm! is

the main mode converting tH&s, symmetric neutral structure

to the Do, symmetric structures of the monocations. We can
also confirm the calculated results from the fact thatEhenode

of 1498 cnr?! plays the most essential role in the electron
phonon interactions in the monocation of corannulene. However,
it should be noted that this calculated result does not mean that
only one E; mode of 1498 cm! carries all of the coupling
strength and determines the optimized structures of the mono-
cations. In fact, thée; modes of 439, 648 cm, and so on, as
well as theE, mode of 1498 cm!, play a role in the electron
phonon interactions.

The relative bowl depth defined by the distance from the best
plane of the five carbon atoms of the central hubs to the best
plane of the 10 carbon atoms in the rims is 0.86 A in neutral
corannulene, and that is 0.84 A in the monocation of corannu-
lene. Therefore, the relative bowl depth decreases by only 0.02
A by hole doping in corannulene.

TABLE 4: Optimized C —C Bond Lengths of the Neutral Molecule and the Monocation of Corannulen®

d1 dz d3 d4 dS dG d7
corannulene 1.417 1.417 1.417 1.385 1.385 1.385 1.390
corannulenéy  1.428 (+0.011) 1.392{0.088) 1.446¢0.029) 1.394¢0.009) 1.38840.003) 1.396¢0.011) 1.404+0.014)
corannulengs  1.409 (-0.008) 1.44040.023) 1.38640.031) 1.38740.002) 1.39540.010) 1.39440.009) 1.395{0.005)
d8 d9 le dll d12 d13 d14
1.390 1.390 1.448 1.448 1.448 1.448 1.448
1.390 ¢-0.000)  1.4210.031) 1.4400.008) 1.4390.009) 1.44940.001) 1.44740.001) 1.43040.018)
1.416 (-0.026) 1.38940.001) 1.44640.002) 1.44440.004) 1.43440.014) 1.43140.017) 1.45040.002)

2 The values in parentheses indicate the changes of #@ libnd lengths

represent the optimized structures of the monocations in which the HOMO (A) and HOMO (B) shown in Figure 1 are partially occupied by an

electron, respectively

by hole doping. The labels A and B in coranntileasd corannuleng
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TABLE 5: Average Changes of the C-C Bond Lengths by atoms forming an inner ring is lower than that on carbon atoms
Hole Doping in Coronene and Corannulene forming an outer ring. Therefore, the orbital interactions between
hub spoke rim flank whole two neighboring carbon atoms in the hub moiety in the HOMO

coronene 0007 0007 0011 0010 o0oog Of coronene are not strong. However, in the HOMO of

corannulene  0.032 0.018 0.012 0.004 0.014 corannulene, the electron density on carbon atoms forming an
inner ring is higher than that on carbon atoms forming an outer
Comparison of the Calculated Results of Corannulene to ring. Therefore, the orbital interactions between two neighboring
Those of Coronene carbon atoms in the hub moiety in the HOMO of corannulene
are strong. This is the reason that the©Cbond lengths in the
hub moiety change more significantly by hole doping in

graphite intercalation compounds (GICs) exhibit superconduc- Corannulene than in coronene. In a similar way, the change of
tivity, 37 but in contrast to the 4&Cso complexes tha values of the C-C bond lengths in another moiety is also rationalized in

the GICs are low, the highest transition temperature being 5.5 VieW 0f the phase patterns of the HOMO. Let us next look into
K in C4K.3839The reader can refer to useful discussions on the the C—C bond lengths of the whole molecule. We can see from

superconductivity of the GICs in a review pageltis important 1 aPle 5 that the €C bonds change more significantly by hole
to consider why the 4Cso complexes show highi; values. The qloplng in corannulene thar_1 in coronene. The strong _orb|_ta|
remarkable contrast between the hifhsuperconductivity of |nteract|0|_ws betwe_en two nelghb_on_ng carbon atoms onglnatlng
the AsCgo complexes and the lovi superconductivity of the from the intermediate characteristics between stromggbital

GICs can be derived from the fact that the, @olecule involves interactions and weak-orbital interactions are the main reason
that the C-C bond lengths in bowl-shaped corannulene change

a bowl-shaped structure but the graphite sheet is planar. The ik X -
discussion of Haddd on the rehybridization of the-orbitals more significantly by hole doping than those in planar coronene.

and the 2s atomic orbital may be useful for the understanding | "€ intramonocatiorValue for coronenednisa monacatior— 276.6
of the highT. superconductivity of the 4Cso complexes. Itis ~ * L&) is much larger than that for corannulengga,monocation
quite interesting to characterize the electronic features of = //-0x 10). The reorganization energy between the neutral
corannulene and coronene in that corannulene and coronene cafffolécule and its monocation in coronene was estimated to be
be viewed as fragments ofs€and graphite, respectively. In 0.028 eV. Therefore, the reorganization energy for't.he positively
this section, we discuss how the structural difference betweencharged corannulene is larger than that for the positively charged
corannulene and coronene affects the vibronic interactions in €0ronene. The larger(0) values are needed for the positively
these hydrocarbon cations. charged corannul.e.ne to become a good condqctpr compared to
The Ezy modes of 370 and 1668 crhafford large electron those for the positively charged coronene. This is because the
phonon coupling constants in the monocation of coronene. As orbital interactions between two neighboring carbon atoms in
in the monocation of corannulene, the electrphonon coupling the HOMO in corannulene are stronger than those in coronene,

constants for the twofold degenerdig modes are much larger and thus théyomo value for corannulene is larger than that for
than those for the nondegeneratg modes in the monocation ~ €Oronene.

of coronene. Thelyomo value for planarDen symmetric Relationships between Normal and Superconducting
m-conjugated coronene (0.110 eV) is smaller than that for giates

corannulene (0.165 eV) even though the number of carbon atoms
of coronene is not significantly different from that of corannu-
lene. Thewn Homo Value for coronene was estimated to be 1162
cm~ 1.2 Therefore, thevi Homo Value for corannulene is smaller
than that for coronene. As described in the previous section
the intermediate characteristics between stioagbital interac-
tions and weakr-orbital interactions in the HOMO of coran-
nulene are the main reason for the calculated results.

Let us next compare the optimized structures of the mono-
cation of corannulene to those of the monocation of coronene.
To compare the calculated results for the monocation of
corannulene to those for the monocation of coronene, the
average changes of the—C bond lengths by hole doping
defined by eq 17 in the hub, spoke, rim, and flank moieties in
corannulene and coronene are listed in Table 5.

Let us next compare the calculated results for the monocation
of corannulene to those for the monocation of cororféiée

Let us next look into the relationships between the electron
transfer and the electrerphonon interactions in the positively
charged bowl-shaped corannulene and planar acenes and coro-
nene. Intramolecular electron mobility, intermolecular charge

'transfer, and attractive electreelectron interactions are shown

schematically in Figure 5. In Figure 6, the reorganization

energies as a function of the total electrgghonon coupling
constants are shown. In view of Figure 6, a plot of the
reorganization energies against the total electymonon
coupling constants is found to be nearly linear. The reorganiza-
tion energies between the neutral molecule and the correspond-

ing monocation foBa, 4a, and5awere estimated to be 0.034,

0.027, and 0.022 eV, respectivéTherefore, the reorganiza-

tion energy between the neutral molecule and the corresponding
monocation for corannulene is larger than those for coronene

1 Mow and acenes with similar numbers of carbon atoms.
Ad,, = — Z |d(neutral)— d.(monocation) (17) A_s discussed in the_ previous section, t@a monocatiorvalues
are inversely proportional to tHéOMO values and are propor-
tional to thewnowmo values. Therefore, th@ntramonocationvalues
where di(neutral) anddj(monocation) denote the distances for w-conjugated coronene and acenes are larger than that for
between two neighboring carbon atoms in the neutral molecule corannulene. This is because thewvo values for corannulene
and monocation, respectively, ang, denotes the total number  are larger than those for-conjugated coronene and acenes.

of C—C bonds. The reorganization energy between the neutral molecule and

We can see from Table 5 that the-C bond lengths in the  the corresponding monocation for corannulene is larger than
hub moiety change much more significantly by hole doping in those for coronene and acenes with similar numbers of carbon
corannulene than in coronene. This can be understood in viewatoms. This means that in order for the positively charged
of the phase patterns of the HOMO in coronene and corannu-corannulene to become a good conductor the larger overlap
lene. In the HOMO of coronene, the electron density on carbon integral is needed (the(0) values should not be too large)

otal !
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Figure 5. Intramolecular electron mobility, intermolecular charge transfer, and attractive eleetiexiron interactions in the monocations of
hydrocarbons. (a) The condition under which normal metallic states are realized, but the condition under which the attractiveedettoon
interactions are not realized(Q) value is too small for the attractive electreglectron interactions to be realized). (b) The condition under which
normal metallic state and attractive electraectron interactions are realizen{@) value is appropriate for both metallic state and the attractive
electron-electron interactions to be realized). (c) The condition under which normal metallic states are not realized, but the condition under which

the attractive electronelectron interactions are realizen{@) value is too large for the normal metallic state to be realized). The largésdhe
values are, the smaller the appropriaf8) values satisfying the condition b are.

compared to those for the positively charged coronene andHowever, when tha(0) values are too large (the orbital overlap
acenes (Figure 5). This may be because the orbital interactionss too small), the molecular crystal does not become metallic,
between two neighboring carbon atoms in the HOMO of as discussed above. Furthermore, considering thatthg
corannulene are stronger than those for coronene and acenesgalues are proportional to the reorganization energies, and the
with similar numbers of carbon atoms. This is also closely 6inramonocatiovalues are inversely proportionalligovo?, a large

related to the calculated result that thgomo value for Inomo value would not be favorable for normal metallic
corannulene is larger than those of coronene and acenes wittbehavior.
similar numbers of carbon atoms. We can evaluate possiblg values for the monocations of

_The conditions under which eq 15 is satisfied are more pygrocarbons by using the approximate solution of the Eliash-

acenes with similar numbers of carbon atoms than in the \ye can estimat®; values using McMillan’s formuf& defined as
monocation of corannulene because thewo values for

coronene and acenes are smaller than that for corannulene. We w 1.041+ n(O)l )
can see from eq 15 that largé0) andlnowo values are favorable T = In.HOMO - : HOMO.
for the realization of the condition under which the electron 12 NO0) homo — #*{1 + 0.6Nn(0)lome}

electron interactions become attractive (Figure 5¢ and c). (18)
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Figure 7. Ratio of the lowest order quantum correctiomﬁf,OMo) to
Figure 6. Reorganization energies as a function of the total eleetron  the classical potential-lowering energy tertE.omo). The circles,
phonon coupling constants in the positively charged acenes, coronenetriangle, and square represent these values for acenes, coronene, and
and corannulene. The circles, triangle, and square represent these valuesorannulene, respectively.
for acenes, coronene, and corannulene, respectively.

in case ofe®(nE) are defined as

It should be noted that McMillan’s formula was derived from 5 1

a three-dimensional formalism, while the electron (hole) carriers AEuomo = ) honGhomo(@n) + Ezh(wm — vy (20)
in the monocations under consideration would not form a three- m m
dimensional system. However, we believe that McMillan's
formula is valid at least for qualitative discussion in this research.
TheT, values for the monocation of corannulene would be larger
than those for the monocations of coronene and acenes with
similar numbers of carbon atoms becauseltksio value for gz (@) 3
corannulene is larger than those for coronene and acenes with (zw N (wm))flz HOMO " _q 1)
similar numbers of carbon atoms. Although, at the same time, £ THHOMO 4

largeluomo values are not favorable for a molecular crystal to
become metallic as mentioned above. In summary, in order for
the monocation of corannulene to become a good conductor,
larger orbital overlaps (smallef0) values) are needed compared
to the case of the monocations of coronene and acene with
similar numbers of carbon atoms, and the smai(@) values

are enough for the conditions under which the electrelactron modes in corannulene are listed in Table 6. The relevant ground-

interactions become attractive to be realized in the monocation state energetic\E, for the multimode problems by usin
of corannulene than in the monocations of coronene and acenes Y HOMO, p y 9

with similar numbers of carbon atoms. And once the condition €9 20 in the monocationos under consideration are listed in Table
under which they can become metallic is realized, and further- 7. Furthermore, theAGyoyo values as well as théiowo
more, the conditions of attractive electreglectron interactions values are ShOWh n Flg(l).ll’e 2. The ratio of j[he lowest _order
and the occurrence of superconducting states are realized, th@uantum corrections AGyovo) to the classical potential-
monocation of corannulene would become a higher temperature'o‘"’(‘)erlng energy termAExomo) are shown in Figure 7. The
superconductor than the monocations of coronene and acene$ Growmo Values are estimated to be 0.093 and 0.113 eV for
with similar numbers of carbon atoms. corannulene and coronene, respectively. Furthermore, the
AGE'OMO values are estimated to be 0.110, 0.094, 0.093, 0.089,
and 0.083 eV fola, 23, 3a, 4a, and5a, respectively. Therefore,
compared to thdnomo values, theAG, oo values do not
To investigate how the consideration of the multimode change significantly with an increase in molecular size. The
problem is closely related to the characteristics of the eleetron  AE,,ou0 values are estimated to be 0.259 and 0.222 eV for
phonon interactions, let us next handle the difficult multimode corannulene and coronene, respective]y_ Furtherrnorel the
problem, which we ignore in the previous sections in this paper. AE,o\o values are estimated to be 0.354, 0.268, 0.223, 0.197,
It is important for us to treat the multimode problem because and 0.177 eV folla, 2a, 33, 4a, and5a, respectively. Therefore,
the vibronic coupling redetermines the vibrational frequencies. fundamental aspects of the relationships betweemigomo
According to ref 43, the relevant ground-state energetics for yalues and the molecular sizes and structures are similar to those
the multimode problems in the case e$(nE) are defined as  petween théomo values and the molecular sizes and structures.
This is because thaG?,.,,, values do not change significantly
AE om0 = lhomo T AGlomo (19) with an increase in molecular size. TA&; oyof/lHomo values
are estimated to be 0.564 and 1.027 for corannulene and
The AGY oo Tepresents the lowest order quantum corrections coronene, respectively. And thAG, ouo/lHomo values are
that originate from the change of the frequencies of the vibronic estimated to be 0.451, 0.543, 0.715, 0.832, and 0.883dpr
modes as a consequence of the vibronic coupling. For example 2a, 3a, 4a, and5a, respectively. Therefore, apart from bowl-
the relevant ground-state energetics for the multimode problemsshaped corannulene, thﬁsﬂOMo/IHOMo values increase with

where vy, is the new frequency that is redetermined as a
consequence of the vibronic coupling and is the solutigrof
the equation

This method is based on the approximate calculation of the new
vibrational normal-mode frequencies,, arising after vibronic
coupling. Of these modesg, — 1 falls in the interval between
the successive original bare mode frequencies; the remaining
one is a zero mode; = 0. Thev,, values forE, vibrational

Multimode Problem
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TABLE 6: New Vibrational Normal-Mode Frequencies vy, Arising after Vibronic Coupling of the Monocation of Corannulene

in Case ofe®(nE)

om(cmY) E»(142) E;(282) E,(439) E»(548) E»(613) E»(648) E;(773) E,(813)  E,(970)
Oromo(@m) 0.640 0.359 0.720 0.069 0.169 0.463 0.205 0.150 0.017
wmgf'OMo(wm) (cm™) 58.16 36.34 227.58 2.61 17.51 138.91 32.49 18.29 0.28
vm (cmY) 0 196 307 545 566 618 755 805 969
wm— vm (cm™) 142 86 132 3 47 30 18 8 1
E»(1092) E»(1172) E»(1197) E»(1392) E,(1441) E,(1498) E,(1669) E,(3176) E»(3192) total
0.269 0.105 0.068 0.157 0.070 0.537 0.056 0.004 0.003
79.02 12.92 5.53 34.31 7.06 431.98 5.23 0.05 0.03 1108.3
922 1159 1192 1250 1402 1442 1667 3176 3192
170 13 5 142 39 56 2 0 0 894
TABLE 7: Relevant Ground-State Energetics (in meV) for Multimode Problems in the Monocations
corannulene coronene la 2a 3a da 5a
AEnowo (eq 20) 258.7 222.5 354.4 267.6 223.2 196.7 176.7
AErowmo (eq 22) 252.7 221.3 354.1 267.6 223.2 196.9 176.5

an increase in molecular size in planar molecules such as acenesharacteristics between the stroneprbital interactions and
and coronene. In general, the high and low-frequency modes,weak z-orbital interactions originating from bowl-shap€x,
play less- and more-, respectively, important roles in the geometry are the main reason that thevo value for coran-

electror-phonon interactions with an increase in molecular size,

nulene is much larger than those for planar coronene and acenes

and thus the multimode problem would be more important with with similar numbers of carbon atoms. Although only the©C

an increase in molecular size.

Let us next look into O’Brien’s effective-mode approxima-
tion.44 According to ref 44, we estimate theG.,,,, values as
well as thelyomo values, defined in eq 22, for example, in case
of e®(nE)

AE om0 = Zhwmgﬁomo(wm) +
m

ZhwrzngaOMo(wm) Zﬁwmgﬁomo(wnb
1 m m
Z. +
zwmgf'omo(wn)
m

(22)
zgﬁOMO(wm)

The AEnomo values estimated by this equation are listed in
Table 7. We can see from this table that iNEnomo values

stretching modes around 1500 chplay an essential role in
the electror-phonon interactions in the monocations of acenes,
the low-frequency modes as well as the C stretching modes
play an important role in the electreiphonon interactions in
the monocation of corannulene.

We also discussed the intramolecular electron mobility in the
monocation of corannulene. T ra monocationvalue for coran-
nulene is estimated to be much smaller than those for coronene
and acenes with similar numbers of carbon atoms. The larger
Ilhomo Value for corannulene than those for coronene and acenes,
due to the electronic structure difference between them origi-
nating from the structural difference between corannulene with
the bowl-shapeds, symmetry and coronene and acenes with
planar structures, is the main reason for the calculated results.
We optimized the structures of the monocation of corannulene
and also discussed the single charge transfer through the

estimated by this equation are in excellent agreement with thosecorannulene molecule. The reorganization energy between the

estimated by eq 20.

Concluding Remarks

We studied the electrerphonon interactions in the mono-
cation of corannulene. Our calculated results show that th€ C
stretchingE; mode of 1498 cm! most strongly couples to the
e, HOMO in corannulene. In addition to this mode, the low-
frequencyE, modes of 439 and 648 crthalso strongly couple
to the e HOMO in corannulene. The estimatégbvo value
for corannulene is 0.165 eV. Theowo value for corannulene

neutral molecule and the monocation in corannulene is estimated
to be 0.060 eV. The reorganization energy for the positively
charged corannulene is larger than those for the positively
charged acenes with similar numbers of carbon atoms. In order
for the monocation of corannulene to become a good conductor,
larger orbital overlaps (smallef0) values) are needed compared
to the case of the monocations of coronene and acene with
similar numbers of carbon atoms, and the smail@) values

are enough for the conditions under which the electrelactron
interactions become attractive to be realized in the monocation

is much larger than those for acenes with similar numbers of of corannulene than in the monocations of coronene and acenes

carbon atoms. The HOMO of acenes is rather localized on thewith similar numbers of carbon atoms. And once the condition

edge part of the carbon atoms, and the HOMO of acenes hagunder which they can become metallic is realized, and further-
nonbonding characteristics. Thus, the orbital interactions be- MOre, the conditions of attractive electreelectron interactions

tween two neighboring carbon atoms are not strong. However, 21d the occurrence of superconducting states are realized, the
the HOMO of corannulene is somewhat delocalized, and the Monocation of corannulene would become a higher temperature
orbital interactions between two neighboring carbon atoms are SUPerconductor than the monocations of coronene and acenes
strong. Furthermore, acenes have planar structures Dth ~ With similar numbers of carbon atoms.

geometry, and thus the weakorbital interactions are important We also treated multimode problem in order to investigate
in the HOMO in acenes. However, corannulene has a bowl- how consideration of the multimode problem is closely related
shapedCs, geometry, and thus orbital interactions in the HOMO to the characteristics of the electrephonon interactions.

of corannulene have intermediate characteristics between strongCompared to théyomo values, theAGY oo values do not
o-orbital interactions and weakorbital interactions. Therefore,  change significantly with an increase in molecular size. There-
the delocalized electronic structures and the intermediate fore, fundamental aspects of the relationships between the
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AEnomo values and the molecular sizes and structures are similar181. (h) Yavari, I.; Taj- Khorshid, E.; Nori-Shargh, D.; Balalaie, S.

to those between thgomo values and the molecular sizes and
structures. Th%GE'OMo/IHOMo values increase with an in-

THEOCHEM1997, 393 163.

(19) (a) Hebard, A. F.; Rosseinsky, M. J.; Haddon, R. C.; Murphy, D.
W.; Glarum, S. H.; Palstra, T. T. M.; Ramirez, A. P.; Kortan, ANRiture

crease in molecular size in planar molecules such as acenes ango91, 350, 600. (b) Rosseinsky, M. J.; Ramirez, A. P.; Glarum, S. H.;

coronene. This means that the5?,,, terms become more
important with an increase in molecular size.
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