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The vibronic (vibrationat-electronic) interactions and the Jafifeller distortions in the mono- and trianions

of corannulene, which shows a bowl-shapgeg structure in the neutral state, are discussed. Jdletier

active & modes of vibration remove the degeneratetate of the mono- and trianions to leaddgstructures.

We calculate the linear vibronic coupling constants in the corannulene anions using the B3LYP method, a
hybrid (Hartree-Fock/density functional theory) method. The lowest two vibrational modes of 142 and 282
cm™! have large vibronic coupling constants, thus significantly contributing to the-Jedlter distortions.

The electronic features of corannulene and coronene are discussed from a viewpoint that corannulene can be
viewed as a fragment ofggand coronene as a fragment of graphite. Computed vibronic coupling constants
in the corannulene anions are much larger than those in the coronene anions. The atomic motion in the
Jahn-Teller active B modes of corannulene is somewhat vertical to the bowl-shaped structure. On the other
hand, the JahnTeller active g modes of coronene and the resultant molecular distortions in its anions are
strictly fixed on the molecular plane by symmetry. This contrast can explain the different vibronic features
in corannulene and coronene. This fact may characterize theThighperconductivity over 30 K in the
alkali—metal complexes of § and the lowT, superconductivity in the graphite intercalation compounds.

Introduction CHART 1

The first synthesis of corannulenedip (1) was reported
by Barth and Lawton in 1966Molecular orbital calculations
were applied to the corannulene system immediately after the
synthesig. An X-ray diffraction measurement confirmed that
this molecule has a bowl-shaped structure v@th symmetry
and that the five six-membered rings in the periphery are
significantly out of plané. After the development of new
synthetic strategiesmany researchers have extensively studied
this bowl-shaped hydrocarbon taking cognizance of thg C
fullerene @).5% Unique structural and electronic properties in
this molecule have recently been characterized. First, corannu- 1 2
lene is so flexible that it undergoes rapid bowl-to-bowl inversion
in solution as evidenced by the dynamic NMR behavior of Symmetric structure with, symmetry, certain JahtiTeller'®
several derivative® Second, the reduction of corannulene up distortions are expected to occur in order to lift the degeneracy
to the tetraanion is possible as observed by parallel detectionof the 3-fold degenerate lowest unoccupied molecular orbital
of optical absorption, electron spin resonance (ESR), and NMR (LUMO). Because corannulene has a highly symme@i¢
spectroscopie5Ab initio8 and semiempiric8imolecular orbital ~ structure, it has the 2-fold degenerate highest occupied molecular
calculations on the neutral and anionic states of corannuleneorbital (HOMO) and the 2-fold degenerate LUMO, both having
were carried out, concerning the geometry, the inversion barrier, an @ label of symmetry. We therefore expect that similar Jahn
and the vibrational structure (Chart 1). Teller distortions should occur in negatively charged corannu-

One of the reasons that many researchers have had specidene- o ) o
interests in bowl-shaped carbon materials is, of course, because The graphite intercalation compounds (GICs) exhibit super-
of the brilliant discovery of the superconductivity in the alkali- conductivity!” but in contrast to the 4&Ceo complexes thele
doped ACso complexes?which was later found to exhibit high vaI_ues of the C_SICS are low, the highest transition temperature
superconductive transition temperaturEsvalues) of more than ~ Peing 5.5 K in GK.!31% The reader can refer to useful
30 K and of 40 K under pressut.A large amount of discussions on the superconductivity of the GICs in a review

theoretical work on the vibronic coupling of the fullerene Paper:® It is important to consider why the s& complexes
complexes was carried out by Varma et!&lLannoo et all4 show highT, values. The remarkable contrast between the high-
and other groug§to account for the interesting superconductive Te Superconductivity of the 4Ceo complexes and the loWe
phenomena of the #£g complexes. Because of the highly —Superconductivity of the GICs can be derived from the fact that
the Gso molecule involves a bowl-shaped structure but the

* To whom correspondence should be addressed (E-mail: kazunari@ graphi?e_ Sh?et is planar. _The discussion of H_aé%im_m the
scl.kyoto-u.ac.jp). rehybridization of ther-orbitals and the 2s atomic orbital may
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be useful for the understanding of the higihsuperconductivity

of the AsCso complexes. However, Devos and Lanfaecently
calculated electronphonon coupling constants of a series of
aromatic hydrocarbons including corannulene and coronene,
showing that the coupling constants are independent of the
curvature of aromatic hydrocarbons and inversely proportional
to the number of carbon atoms.

In our previous work, we analyzed the vibronic interactions
and the JahnTeller distortions in charged benzene, [18]-
annulenée? [30]annulené? coronene?® and the (SiH), and
(SiH)24 clusters?® We also discussed the electrephonon
interactions in charged [18]annuléA@and G2 and their role
in possible superconductivity. The purpose of this paper is to
investigate the vibronic coupling and the Jafireller distortions
in the corannulene anions. It is quite interesting to characterize
the electronic features of corannulene and coronene in that
corannulene and coronene can be viewed as fragmentgyof C
and graphite, respectively. We discuss how the structural
difference between corannulene and coronene affects the vi-
bronic interactions in these hydrocarbon anions.

Theoretical Background

Here we summarize a theoretical background for the Jahn Figure 1. An optimizedCs, structure of corannulene at the B3LYP/
Teller effects in degenerate molecules discussed in previou36'3lG* level.
papers325 Because corannulene has the 2-fold degenerate

. . in th - and triani defined
HOMO (e)) and LUMO (g), the electronic states of its mono- N the Mono- and franions defined as

and trianions are unstable and thus Jahaller distortions —Qeum QEZGm
would take place. In this paper we focus upon the diagonal Vem=An Q z 0 (m=1,2:-,18) (5)
processes that can couple the electronic states that belong to ? Efm Epem

the same irreducible representations. Thus, the symmetry of the ) ) ) .
Jahn-Teller active modes can be determined from the direct Her€Am is the reduced matrix element and is the slope in the

product of the E electronic state of the mono- and trianions as original point (i.e. Qe,m = Qe,om = 0) on the potential energy
follows: surface, the so-called Mexican hat, along each vibrational mode.

This is defined as

E,xE =A+A,+E, @) v
E,m

8QEZI'T'I ol

Eﬂ (m=12;18) (6)

_ 1@
Here we consider that only the vibronic coupling between An= 2 A‘
the B electronic state and the,Eibrational modes should be
essential because both And A vibrational modes retain the In this paper, we performed vibrational analyses in the neutral

5-fold axis and consequently it can hardly couple with this giate unde€s, symmetry while energetical single-point calcula-
degenerate electronic state. The normal modes of vibration forjons for the A, values were performed in the mono- and

corannulene are distributed into the symmetry Species, aSyranjons. Thatis, we calculate the first-order derivatives on the
indicated below: surface of the corannulene anions along the normal coordinate
directions in the neutral corannulene.

I, = 9A, + 7A,+ 16E, + 18E, @)
The number of the 2-fold degenerate Jafieller active & Results and Discussion
modes is 18, and therefore multimode problems must be Electronic Structure of Corannulene. The structure of
considered in this case. However, in the limit of linear vibronic neutral corannulene was optimized undgy symmetry using
coupling one can treat each vibrational mode independéhtly. the hybrid density-functional theory (DFT) method of Betke
The dimensionless linear vibronic coupling constarif of and Lee, Yang, and P&#(B3LYP) and the 6-31G* basis s&t.
the mth vibrational mode in the mono- and trianions can be GAUSSIAN 94 program packagwas used for our theoretical

defined by analyses. This level of theory is, in our experience, sufficient
for reasonable descriptions of the geometric, electronic, and

1 E)VE2m vibrational structures of hydrocarbons. An optimiz&d,
9e,m = ohg LA Eoa E, (m=1,2:-18) (3) structure of neutral corannulene is shown in Figure 1. There is

m E.m/ o) a distinct variation in the €C distances. The shortest “spoke”

) ) ) ) bond is 1.385 A, the “rim” and “hub” bonds are 1.390 and 1.417
wheregg,m is the dimensionless normal coordin&tef the mth A, respectively, and the longest “flank” bond is 1.448 A.
vibrational mode and this is expressed by using the normal gecayse the distances of the spoke, rim, hub, and flank bonds
coordinateQe,m as determined from an X-ray structural analysiare 1.391(4),

1.402(5), 1.413(3), and 1.440(2) A, respectively, the B3LYP-
Og,m = v ©n/MQe (m=1,2;-,18) (4)  optimized structure is in excellent agreement with the structure

determined from the X-ray analysis. We can rationalize these
andVg,nm is the JahrTeller coupling matrix of themth mode geometrical features from a close inspection of the HOMO
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Figure 2. The HOMO and the LUMO of corannulene. Symmetry labels

underCs, and Cs symmetry are indicated.

@13 1392 cm™ o4 1441 cm™ a5 1498 e’

shown in Figure 2. The atomic orbitals between the two carbon
atoms forming a spoke are coupled in phase. This orbital nature
is consistent with the fact that the spoke bonds are shorter than
other C-C bonds. In a similar fashion, we can explain why the
flank bonds are longer than others in view of the HOMO, in Figure 3. E; vibrational modes of corannulene.
which the atomic orbitals between the two carbon atoms that ) -
form a flank are combined out of phase. Calculated relative 1310, 1430, 3010, and 3050 chi>and theoretical vibrational
bowl! depth defined by the distance from the best plane of the @nalyses were carried out at the MNDO and the Hartfemck/
five carbon atoms of the central hubs to the best plane of the 6-31G* levels of theory289These HartreeFock methods tend
10 carbon atoms in the rims is 0.86 A. According to the X-ray 0 overestimate experimental values by ca. 10%. The B3LYP
structural analysi3 the relative bowl depth of corannulene is Method can nicely reproduce the vibrational frequencies of
0.89 A, thus our B3LYP geometry is again in good agreement aromatic hydrocarbons; for example, calculated wavenumbers
with the experimental result. It is interesting to compare the Of benzene are accurate within a range of-21%2 We
geometries of corannulene and Coroné"_nen contrast to performed a vibrational analysis of neutral corannulene with
corannulene, the rim of coronene is very short (1.372 A), due quadratic force constants, which are the second derivatives of
to the character of the HOMO in which the atomic orbitals the potential energy with respect to mass-weighted Cartesian
between the two carbon atoms forming arim are in phase_ diSpIacementS. A Complete set of calculated vibrational frequen-
The electron affinity in the monoanion was computed to be cies is listed in Table 1. The computed vibrational frequencies
0.05 eV. As mentioned earlier, corannulene can be easily of the 84 vibrational modes of eq 2 are all real, which confirms
reduced electrochemically leading to charge-transfer complexesthat thisCs, structure is at least a local energy minimum on the
with alkali metals such as lithium and potassium, and NMR Potential energy surface. Itis in fact the global minimum point.
measurements showed that the tetraanion is the final reductionComputed JahnTeller active i modes of vibrationdm) are
product of corannulene in solutidrithe reason that corannulene  shown in Figure 3. It is essential to note that the atomic motion
is Successfu”y reduced up to the tetraanionic state can bein some of these JahiTeller active modes is somewhat vertical

explained by the low-lying LUMO of-1.57 eV at the B3LYP/  to the bowl-shaped structure.

e
4
4

@ 1669 cm™ @7 3175 cm™ ©15 3191 cm™

6-31G* level, which is slightly below the LUMO of coronene In the corannulene anions, certain Jafiieller distortions are
(—1.41 eV). expected to occur. We calculated first-order derivativgsdf
Vibronic Interactions in the Corannulene Anions. Our eq 6) at the poinQg,cm = Qg,om = 0 on the potential energy

knowledge of the vibrational structure of corannulene is rather surface of the corannulene anions by distorting the molecule
limited. IR absorption bands were observed at 840, 905, 1135, along each Enormal coordinate indicated in Figure 3. We can

TABLE 1: Calculated Vibrational Frequencies of Neutral Corannulene with Cs, Symmetry

symmetry label wavenumber (ci)
A1 142, 560, 606, 857, 1052, 1270, 1481, 1672, 3193
Az 542, 650, 937, 954, 1245, 1527, 3173
Ex 313, 410, 453, 673, 760, 834, 870, 961, 1172, 1224, 1343, 1459, 1486, 1670, 3174, 3192

E> 142,282, 439, 548, 613, 648, 773, 813, 970, 1092, 1172, 1197, 1392, 1441, 1498, 1669, 3175, 3191
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TABLE 2: Calculated Reduced Masses of EModes of Neutral Corannulene and Computed Vibronic Constants @e,m) in the
Mono- and Trianions of Corannulene

mode w1 w2 w3 w4 ws We w7 wg W9 w10 w11 w12 w13 w14 w15 W16 w17 w18
(cm™)  (142) (282) (439) (548) (613) (648) (773) (813) (970) (1092) (1172) (1197) (1392) (1441) (1498) (1669) (3175) (3191)

red. masses 4.43 433 7.89 426 481 6.17 135 766 130 475 149 329 39 165 732 953 1.09 1.09
Oem(—1) 211 108 055 038 0.71 0.18 0.04 0.10 030 0.16 024 0.17 013 019 022 041 0.03 0.04
Oem(—3) 143 223 091 028 067 042 021 023 027 014 019 029 0.08 028 044 030 0.02 0.02

C; monoanion

thus evaluate dimensionless linear vibronic coupling constants
Oe,m from computedAn, values by using egs 3, 4, and 6.
Computed reduced masses of thenibdes and dimensionless
linear vibronic coupling constants for the anions are listed in
Table 2.

Let us first examine the vibronic coupling constants for the
monoanion. As seen from this table, the coupling constants in
the lowest two Emodes of 142 cmt (w1) and 282 cm? (wy)
are very large; thus the two modes should play an important
role in the JahaTeller distortions. In addition to these
remarkable vibrational modes, the 439¢nw3) and 613 cm?

(ws) modes also give relatively large coupling constants. In the
high-frequency region, however, only the 1669 ¢rfw15) mode

has a large coupling constant. This is & C stretching mode
and the reduced mass of this mode is the largest (9.53), which
shows that the motion of carbon atoms is dominant in this mode.
Similar conclusions can be derived for the trianion. As in the
monoanion, the lowest two,Enodes have very large coupling
constants in the trianion. The other low-frequency modes of
439 cnt! (w3) and 613 cm! (ws) also have relatively large
coupling constants. In the high-frequency region, however, the
1498 cnt! (w15) mode has a large coupling constant. We can
thus conclude that the lowest twg Bhodes should extensively
contribute to the JahnTeller distortions in the mono- and
trianions of corannulene.

2p Eyr=0.118eV 2A"

E Ejr=0745eV 250

Figure 4. Optimized Cs structures of the mono- and trianions of

Jahn—Teller Distortions in Negatively Charged Coran- corannulene.
nulene. Next we performed geometry optimizations for the
corannulene anions. According to the epikernel principlee reasonable in view of the LUMO. The bondsandm in the
can predict that thé€s, structure should be distorted in@; 27’ state are increased and decreased, respectively, compared

structures by the JahiTeller active B modes indicated in o the original one in the neutral state; in contrast the bands
Figure 3. Structures of the mono- and trianions optimized under andmin the?A" state are decreased and increased, respectively,
Cs symmetry are presented in Figure 4. The HOMO and the compared to the original one in the neutral state. All of the hub
LUMO of e, label underCs, symmetry are split into'aand & bonds in the anions are decreased compared to those of the
underCs symmetry, as indicated in Figure 2. According to our neutral state. This result is also reasonable. The phase patterns
calculations, théA’ state is only 0.007 kcal/mol more stable of the LUMO and the HOMO are very similar in the hub moiety,
than the?A” state in the monoanion, and th&’ state is only  but the atomic orbitals between each spoke bond in the HOMO
0.003 kcal/mol less stable than tR&" state in the trianion. and the LUMO are combined in phase and out of phase,
Thus, the two states have nearly equal total energies in bothrespectively. Because of the antibonding character seen in the
anions, as expected. We can see that the structures of theseUMO with respect to the spoke bonds, they are stretched in
anions are significantly deformed, some-C bonds being  these anions and as a consequence the inner five-membered ring
increased and others decreased by electron doping. Thesean be compressed especially in the trianion to lead to the
features are examined in detail in Table 3 and compute€C  decrease in the hub bonds.
bond lengths in the neutral, monoanionic, and trianionic states However, the distance changes in the hub bonds are much
are summarized. The values in parentheses signify the changegmajler than those in the rim bonds. This result may be explained
in bond length by electron doping. by the so-called “an annulene within an annulene” con&ét.
These geometrical changes are reasonable in view of theAccording to this concept, it is possible to view the neutral
phase patterns of the LUMO indicated in Figure 2. Let us corannulene as an aromatic 5C/6e hub suspended within an
examine in detail the geometrical changes induced by electronaromatic 15C/14e rim, the tetraanion as an aromatic 5C/6e hub
doping. For example, all of the spoke bonds are stretched by suspended within an 15C/18e rim, and the mono-, di-, and
electron doping because the atomic orbitals between the twotrianions as species composed of aromatic 5C/6e hubs and 15C
carbon atoms forming a spoke are combined out of phase inrims around which varying numbers af electrons circulate,
both & and & LUMOs. The spoke bonds of the trianion are likewise concentric anion®.Hence, the electron density in the
much longer than those of the monoanion because putting threehub moiety would not change significantly by electron doping
electrons in the degenerate LUMO should drive a molecular compared to the electron density in the rim moiety. This can
distortion which is larger than that driven by one electron. The explain why the rim bonds are significantly increased while the
changes of the €C distances in the flank bonds are also hub bonds are not remarkably changed.
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TABLE 3: Optimized C —C Bond Lengths of Corannulene and Its Mono- and Trianions; Values in Parentheses Are the

Bond-Length Changes from the Values of Neutral Corannulene

neutral Cs,)

monoanion Cs)

trianion Cs)

lA1 27! 27" 27! 2p1
a 1.407 (-0.022) 1.39140.006) 1.43040.045) 1.41440.029)
b spoke 1.385 1.392K0.007) 1.4054-0.020) 1.41540.030) 1.4294-0.044)
c 1.401 (+0.016) 1.39640.011) 1.42540.040) 1.41940.034)
d 1.412 (-0.005) 1.41340.004) 1.4060.011) 1.4080.009)
e hub 1.417 1.4140.003) 1.412{0.005) 1.40940.008) 1.40540.012)
f 1.412 (-0.005) 1.4140.003) 1.405{0.012) 1.4090.008)
g 1.399 (-0.009) 1.41340.023) 1.44440.054) 1.45740.067)
h rim 1.390 1.42340.033) 1.3890.001) 1.4694-0.079) 1.4344-0.044)
[ 1.384 (-0.006) 1.42840.038) 1.43240.042) 1.47340.083)
j 1.438 (-0.010) 1.44940.001) 1.43440.014) 1.4470.001)
k 1.458 (+0.010) 1.4290.019) 1.45440.006) 1.4280.020)
| flank 1.448 1.43940.009) 1.44940.001) 1.43940.009) 1.44340.005)
m 1.425 (-0.023) 1.46240.014) 1.42640.022) 1.4564-0.008)
n 1.458 (+0.010) 1.42940.019) 1.45140.003) 1.43040.018)

TABLE 4: Calculated Vibrational Frequencies of the 2A" and 2A" States of the Monoanion withCs Symmetry
2p!

wavenumber (crmt)

A’ 129, 145, 275, 286, 405, 414, 434, 546, 558, 591, 600, 637, 643, 724, 745, 775, 792, 794, 842, 859, 906, 1034, 1092, 1125, 1154,
1207, 1221, 1264, 1331, 1382, 1433, 1452, 1466, 1476, 1495, 1599, 1632, 1649, 3126, 3128, 3148, 3150, 3154

A" 615i, 151, 288, 310, 400, 445, 458, 517, 549, 637, 645, 661, 672, 748, 766, 781, 797, 846, 862, 894, 932, 936, 1110, 1119,
1154, 1216, 1239, 1282, 1315, 1396, 1405, 1435, 1480, 1526, 1555, 1643, 3124, 3125, 3128, 3148, 3151

A" wavenumber (cmt)

A’ 129, 145, 285, 311, 400, 433, 457, 546, 558, 591, 600, 643, 665, 724, 750, 767, 790, 794, 859, 874, 924, 1034, 1091, 1114, 1146
1207, 1223, 1264, 1313, 1380, 1403, 1433, 1461, 1479, 1492, 1629, 1642, 1649, 3125, 3127, 3148, 3151, 3154

A" 616i, 151, 275, 288, 405, 413, 447,516, 548, 634, 639, 645, 668, 744, 772, 782, 799, 833, 857, 869, 924, 936, 1110, 1136,

1157, 1215, 1239, 1283, 1331, 1398, 1434, 1467, 1475, 1526, 1555, 1599, 3124, 3126, 3128, 3148, 3150

Calculated relative bowl depths for the neutral, monoanionic,
and trianionic states are 0.86, 0.80, and 0.51 A, respectively.
These results are in agreement with previous molecular orbital
calculations on the monoanions and tetraanf§ras)d we can
state that the curvature of corannulene is decreased by electron
doping. Of course, these interesting geometrical changes have
relevance to the atomic motion in the Ehodes of vibration
that causes JahtTeller distortions in these anions. Calculated
Jahn-Teller stabilization energies in the mono- and trianions
are 0.12 and 0.75 eV, respectively, as indicated in Figure 4.
These stabilization energies are larger than those in the coronene
anions (0.08 and 0.42 eV in the mono- and trianions, respec-
tively),2> as expected.

We performed vibrational analyses for th&' and the?A”
states of the monoanion. Computed vibrational frequencies are
listed in Table 4. One imaginary vibrational mode df kabel
is found for each optimize®s structure, thus suggesting that
the true energy-minimum structures for the corannulene monoan-
ion should have no symmetr{{). This computational result
is not in agreement with the prediction based on the epikernel
principle’® mentioned above; however, it is due to a consequence
of higher-order effects that are not included within the frame-
work of the first-order treatment. Because the energy gap
between the SOMO and the LUMO in these monoanions is
small (~1 eV), we reasonably expect second-order Jdfeiler H ey ey
Q'Stortlons to takg place_. In fac_t, the SYmme”y label of the Figure 5. Vibronic coupling constants for the trianions of benzene,
imaginary modes is consistent with the direct product of the A" [18]annulene, [30]annulene, coronene, and corannulene. The values of
and the A states. vibronic coupling constants in benzene and [18]annulene are different

Corannulene and Coronenelt is useful to characterize the ~ from those in ref 23 by the factor ot2
electronic and vibronic features of corannulene taking into
account those of benzene, [18]annulene, [30]annulene, and(1) low-frequency modes in the higher annulenes have large
coronené?~25 these being planaDen, or D3, aromatic hydro- vibronic coupling constants, thus playing an important role in
carbons. In Figure 5 computed vibronic coupling constants in their Jahr-Teller distortions; (2) in negatively charged coronene
the trianions of these aromatic hydrocarbons are shown. Weboth low- and high-frequency modes are important for the 3ahn
can derive three general conclusions from the previous papers:Teller distortions as if the electronic properties of benzene and

benzene trianion [18Jannulene trianion

Coupling constant
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[18]annulene still remain in coronene; and (3) high-frequency are higher than those of the GICs. Finally, we optimized the
modes in benzene give large coupling constants. We can nowstructure of the corannulene anions wila symmetry and
reconfirm these vibronic features in Figure 5. In negatively calculated the JahtTeller stabilization energies. Calculated
charged corannulene, the low-frequency modes of 142'cm Jahn-Teller stabilization energies are 0.118 and 0.745 eV in
(w1) and 282 cm! (wy) play an important role in the Jakn the mono- and trianions, respectively, and these values are larger
Teller distortions as mentioned above, and this feature is than those in the coronene anions. We found that the central
somewhat similar to that of [30]annulene. One may think that hub bonds are not significantly changed by electron doping,
the vibronic interaction in the corannulene anions would be whereas the peripheral rim bonds are stretched. These results
similar to that of the coronene anions; however, the structural can be explained in view of the phase patterns of the LUMO
difference between corannulene and coronene leads to awhich is partially occupied in the mono- and trianions. We also
remarkable contrast in their vibronic interactions. Because in reconfirmed that the curvature of corannulene is significantly
coronene the inner 6-membered ring is combined with the outer decreased by electron doping.
18-membered ring through the six spoke bonds, D
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