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A theoretical study on the energetics and the structures of lowest triplets,0€4, Crs, Crs, Cs2, and Gy

is reported. Excited state geometries, and excitation and phosphorescence energies, as wellTadldahn
distortions for degenerate levels were determined. Zero-field splittings of various triplets were evaluated;
the signs and magnitudes of the resultbgand E parameters are quite sensitive to the system and to the
symmetry of the particular excited state. Atomic spin density distributions are determined for the lowest
triplet states.

I. Introduction structure parameterB, andE, can be useful as these are very
sensitive to the details of molecular geometry.

Recently, there has been an increasing interest in the
properties of higher fullerenes. Theoretical characterization of
these cages started by listing their possible topological isomers

. ) 1 )
the electronic structure of higher fullerenes, especially about CoMpinatoricallytt Among the huge number of isomers, one
usually selects only those which satisfy the isolated pentagon

their triplet states. e (IPRY as th f ad ¢ ; kes th
The significance of the lowest triplets is due to their increased rule (IPR).” as the presence of adjacent pentagons makes the

lifetimes which make them available for optitai! and electron isomers unstabl€. While Gooand Go possess only one single

paramagnet resonance (EPRY.experments. Trpletsate [PSAUSHnG siuetufe several somers et for arger
properties are often sensitive functions of structural parametersf h. ¢ Y, Nig f P ibl y ry
thus providing a great help in the identification and character- orms w erg pentagons are as far as possible. .
ization of samples. Besides, triplet excited fullerenes can be =~ Simple Hickel theory gives another useful tool for studying
utilized in practice as photosenzibilizers and singlet oxygen the stability of fuIIerQn_es. _On this basis, three types of electronic
generatord? For Gy, properties of the lowest triplet have been  Structures can be distinguished: closed, open, and pseudo-closed

Experimental and theoretical characterization of buckmin-
sterfullerene, G, is well established. This holds for the
crystalline forms as well as for the isolated molecule, both in
ground and excited electronic stale$. Less is known about

targets of several experimeritg12-16.20.21.2%nd theoreticaf2’ shells?* Closed shells with a fully occupied bonding HOMO
studies, extending over their location, spin densities, and zero-2re stable. Due to fractional occupancies, an open-shell system
field spliting (zfs)12-162021 a5 well as the triplettriplet is degenerate, and thus it can be a candidate for-Jaalter

absorption spectt® As a consequence of the high symmetry distortion. A pseudo-closeq-shell molecule has an qccupied
of Ceo (In for the isolated molecule arfh in crystal), all of its HOMO but an empty bonding MO lies close to Fermi level.
lowest-lying excited states belong to multidimensional irreduc- PSeudo-closed-shell molecules frequently get stabilized by
ible representations, so they are subjected to Jdketier (JT) geometry dlstortlon_. Possible clust_ers with closed electronic
distortion14-16202427 |n particular, the triplet G molecule shells can be predicted on the basis of Fowler's leagfrtfy

was shown to possefg symmetry instead of being icosahe- and carbon cylindér principle,_ or by 'Fhe “fa_ce spiral” mc_ethod
dral1516.2425 | contrast, higher fullerenes may have rather low of Manolopqulos et a* combined with a Hokel analysis of
symmetries, and thus they are not always candidates for JTthe electronic structure.
distortion. Among the systems studied in this paper, only the  Following theoretical predictions, experimental characteriza-
mono-anionized,q isomer of G4 was reported to distoff tion of higher fullerenes began in the early 1990s. From the
For Gy, the location of its excited states has been com- mass spectra, existence ofe0Crs, Cg2, Cga, Coo, Cos, and Ge
puted2?30determined experimentalfy?,9-13.17.23and zfs of the was evidenB24849 though several other clusters gave some
lowest tiplet was deduced from EPR spedf&17 Triplets of minor peaks. Some of the atom numbers did not occur in the
smaller fullerenes were also investigated theoreti@llfo the spectra at all: €, Ces, Cos, Cos, Cr2, Cra, and Go. Generally,
best of our knowledge, no similar analysis on higher fullerenes these are the molecules which do not have closed electronic
has yet been done, though some data are available in theshells.
literature on triplet G4,181%22and the experiment&37 and The earliest attempt to isolate;£3vas made in 1993 Its
theoretical’—*0 singlet optical spectra of several clusters have isolation in milligram quantities was attained by Ettl et3al.
been published. Spin densities for a few mono-anionized and Kikuchi et al4® The structure of this cluster was established
doublet fullerenes were calculat&t.Since higher fullerenes by an interplay between theory and experiment. A computer
can exist in several isomeric forms, establishment of the correctsearch using the face spiral method resulted two different IPR
structure of every isomer is rather difficult especially when the satisfying isomeré3 The one withTq symmetry has an open-
isomers belong to the same point group, for in this case their shell HOMO; thus it cannot correspond to the experimentally
NMR, IR, and Raman spectra can be very similar. Therefore, observed molecule. The other, haviby symmetry and a
the comparison of experimental and theoretical EPR fine pseudo-closed shell, was proposed to be the most likely structure
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for Cze. The NMR spectruni349.50 tight-binding molecular  to be the most stable ones by semiempirical tight-bintip&es
dynamic§!52calculations, and a quantum chemical calculation and MNDG® calculations.

at the AM1 leveR® as well as HF SCF in doublgbasis séf The first report on the isolation of & was presented by

confirmed the chiraD; structure of this molecule. Diederich et al3? It was separated with & and higher
Preliminary theoretical investigations revealed five fullerene fullerenes (ide suprg. The molecule gave a relatively sharp

cages with 78 atoms which satisfy IPR There is ond; while line in the mass spectrum but a rather diffuse HPLC profile,

there are twoDa, and two C,, structures. The last two are  consistent with the fact that the sample is composed of two
denoted byC,,-1 andC,,-2, and they can easily be distinguished isomers. The structure of tHe,-22 andD,g-23 isomers was

on the basis of their NMR spectra, because they have 22 andconfirmed by NMR057.70 Separation of the two isomers is
21 lines, respectivelf rather difficult by chromatography because of their high

. . .. similarity. It was solved, however, by the selective complex

The energy order of various isomers was controversial: .

. ) . . . " formation of the molecule&
different theoretical methods predicted different relative stabili- The aim of the present paper is to report for a theoretical
ties. Only one of theDgz, isorr_lers ha_s c_losed and the others analysis on the triplet states 06 Cro, Cre, Crg, Caz, and G
have. pseudo-closed shells'ln qualltatlye MO t'heory, MOre ¢jysters. They will be considered in (ground state) isomeric
sophisticated quantum chemical calculations predict the relative ¢ Geo (In), Cro (Dsh), Cz6 (D2), Crs (D3, Ca-1, Cz-2), Ca2
instability of the D, isomers. Simple molecular mechanics (C1, 2 éz-S) and ’Q4 (Do bz) These are the isomers
y|'e|ds>the fgallowmg. stab:chty (;rder:C.zy-l > G2 T) ng, = g which are predicted to be the most stable ones by theory and
D'asn > Dan” (not_atu_)ns or theDg, isomers can be foun were actually isolated in practice. Notations and the detailed
therein).  Tight-binding S|mulat|or213 also predict thg,-1 structures of each isomer will be referred to along with the
structure to be the most stable dié?the energy order i€z,-1 reported results in section Ill. As some of the results on triplet
< Dan < C,-2 < D3 < D'an. HF SCF/3-21G calculations using ¢, and Gowere reported previousR#;262%7ahese clusters will
MNDO optimized geometry yield the same result as molecular 4y pe briefly reviewed. To our knowledge, this is the first

mechanic$! Geometry optimization using 3-21G basis set and paper in which triplet states of /£ and on are treated
a subsequent single-point calculation in 6-31G* Pasissulted theoretically.

in the energy orde€,,-1 < Cy,-2 < D3 < D3, < D'z, (3-21G)
andCy,-1 < D3 < Cy-2 < Dzp < D'z, (6-31G*). Niles and II. Methods
Wang carried out Hartreg=ock as well as local densit .
g y A. Model Hamiltonian. Carbon clusters, even as large as

approximation (LDA) calculation® They pointed out that the Csa are available for sophisticated quantum chemical ab

energy order is not too sensitive to the basis set quality, but it .7 . . ; ) -
depe%:ls mainly on the method quality initio®356.73and density function&:7475calculations if one is

o ) merely interested in ground state properties. Treatment of
Crswas observed for the first time as a contaminant gf%€

. . pa ) ) excited states is more demanding computationally, especially
Diederich et af* reported the preparation of the mixture of the it e mixing of several excited configurations is important and/

D3 and one of theC,, isomers. The latter was assigned to the o geometry optimization is needed. Therefore, most successful
Ca,-2 structure by NMR. Isolation of th€,-1 isomer was  atempts to describe the excited states of fullerenes were done
reported by Kikuchi et aP! Taylor et al 3%°8and Wakabayashi 5t some semiempirical levé:20.76.77 As we wanted to perform

59 i i . . .
etal.” Formation of theDz, isomers was not observed atany 5 series of calculations for several clusters in many states, we

pressure. have applied a very simple model, which, however, was
Cs2 has nine isomers which satisfy the pentagon isolation rule: developed to give a reliable account of the properties of low-

57.60 three C,, three Cs, two Cz,, and oneC,,. They are lying excited states in conjugated systeths.

connected by StoneWales (SW) transformatiofsonly in one The essence of the model is as follows. Each atom (site) of

family; thus there is supposed to be only one dominant isomer a cluster contributes one electron and one basis orbital. Only
among them. Domination o€3, isomers can be excluded first neighbor sites interact and their interaction is described by
because they have an open-shell HOMO, @pdstructures are the following Hamiltonian:
stabilized by spontaneous distortith.Detailed experimental bonds
characterization of the molecule was given by Kikiuchi and co- b= + L HC) -
workers#?57 The NMR spectrum suggests that one of @e - z Br) Z (ailvaizo )
structures is the main component. Weaker lines were assigned t')on ds ’ atoms
to Cy, andCs, isomers, and the m|xture_ was supp_ose_d t_o contain Z yO)Z A +2Z0)+ z
other C, and Cs isomers as contaminant. This is in good . 112 2y 4
agreement with the theoretical results which suggest the three ‘ 77
. > bonds bonds bonds4 &
C, isomers to be the most stable 0f¢% Nevertheless, the oo 12
z y(rfy fy + z f(r;) + z
I

§ﬁ+m+

)

anomalous chromatographic behavior @b Giakes the forma-
tion of C3, isomers possiblé? These isomers can get stable in
endohedral metalfullerene complexes (e.g. La@gwherethe  \yhereat (a,) are electron creation (annihilation) operators
molecule will have a closed HOMO shell by accepting gpeying'Fermion anticommutation rulds,andi, are the two
electrons’263 sites of bondi, o is a spin label, and HC means Hermitian
Besides G and Go, the most often investigated fullerene is  conjugate. The3(r;) is the bond length dependent hopping
Csa. It was obvious from the first experiments that a 84 atom integral having an exponential forngi(r;)) = —Ae™"¢, with the
sized cluster gives a high peak in the mass spectra of carbonlength ofi-th bondr;, while A and¢ denote empirical constants.
soot! Theoretical considerations predicted three isomers by The repulsion of atomic cores and the first-neighbor electron
Fowler's rules’®42:456466 and altogether 24 IPR satisfying repulsion integrals were parametrized by a Coulombic potential
structures were found by the ring spiral algorittfnAmong with an effective dielectric constank)( y(r)) = Llleri, Z,
them, the isomers identified ly»>-22 andD,¢-23 were provetl indicates the charge of theth atomic core. The, stands for

1 [ Eri
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the on-site electron repulsion integrals. The particle number TABLE 1: Test Calculations by xHUGE Model

operatorsh are defined as molecule observable xHUGE expt ref
PO + benzene r 1.40 1.40 120

A= 8,8, &) IAE 49 49 121

g SAE 3.7 3.9 122

. . . . butadiene 'AE 5.2 5.6 123

The potentialf(r) in eq 1 describes the effect of hidden  aphihalene  IAE 4.0 4.0 124
o-electrons ¢ide infra). Geometry optimization was carried Ia 1.426 1.421 120
out on the basis of Coulson’s linear bond ordbond length ) 1.378 1.361 120
relationship?g re 1.432 1.425 120
rg 1.419 1.410 120

r.=r.— kP 3 Ceo r 1.402 1.40 125

i~ To T KH 3) 2 1.446 145 125

. . AE 2.15 2.0-23 126,127

whererg andx are empirical parameters, while bond orders are 3AE 1.8 1.6 6.7
defined as the off-diagonal elements of the first-order density thiophene r(C—S) 1.770 1.718 120
matrix: r{(C—C) 1.356 1.352 120
r(C—C) 1.425 1.455 120

= + o anthracene D 0.075 0.072 104

P zEIHa,anWPPD ) phenanthrene D 0.092 0.100 104

g thiophene

The Coulson rule (3) and the condition of stationarfg/or; dimer D 0.09  0.097 128
: . ~ trimer D 0.079 0.078 128

= 0, whereE is an eigenvalue ofH, represent a system of tetramer D 0.069 0.068 128
differential equations fof(r;). For the ground state, these are pentamer D 0.063 0.064 128

solved by the following potential: ar denotes bond lengths (A)AE means the lowest singlet or triplet

excitation energy (eV)P is zfs parameter (cni).

2 .
f(r) = V(ri)(%(ro’c—zrl) - Qilqz) + Zﬂ(ﬂ)(g Lol

- +
K Kk C—C bond) and« = 0.21 A by which the length of an
rolog(r) —r, unconjugated double €C bond becomesy — « = 1.33 A
2 (6) Partially conjugated bond lengths will fall between these two
ex extremes. The reliability of the xHUGE model with this
Wherequ are net atomic Chargequ(: Zﬂ — PMM)' parameter set can be inferred from Table 1.

The model can be solved by the following iterative procedure.  Application of a one-electron per site model for carbon cages
Starting from an initial guess of bond lengths, the Hamiltonian (fullerenes) merits some discussion. Such a model would
of eq 1 is constructed and diagonalized. Having obtained the €merge naturally for a planar system for which thex
wave function, bond orders are evaluated from eq 4 and they Seéparation could fully be maintained, and the hybridization states
can be subsequently used to define new bond lengthsq 3. of atoms would be gp In fullerenes, several hybr|fj|zat|on
Then, the Hamiltonian is rediagonalized and the procedure is Studied*"#” have shown that the atoms can be described by an
repeated until self-consistency. This method, besides theintermediate between$pnd sg. This follows naturally from
energies and wave functions, yields an energy-optimized bondthe curvature of the £ surface. For higher fullerenes, the
length distribution for the desired state. surface curvature is even smaller, and thus the application of a

The electronic part of this Hamiltonian accounts for first- guasizz-electron theory is even better justified. Nevertheless,
neighbor electron hopping (first term), corelectron attraction ~ application of quasiz-electron methods for & is quite
(second term), on-site and first-neighbor electron repulsion (third Successful#>8¥92 and the data in Table 1 support also that
and fourth terms). Accordingly, it corresponds to an extended the XHUGE model does a good job for bond length distributions
Hubbard model. Inclusion of electrephonon coupling through ~ @nd the energetics of low-lying excited states.
bond length dependent parametgig;) and y(r;), as well as C Levels of Approximation. .Exact solution of the model
the core-core repulsion andg-potential (last two terms of eq ~ defined by eq 1 would be tedious. We, therefore, use the
1) makes possible to describe geometry effects. To reflect thesefollowing approximate wave functions. The closed-sgedund
features, we refer to this model by the acronym xHUGE Stateis approximated by a Hartred=ock wave function:
(extendedHubbard withgeometry optimization). Originally, 0 P -
the xHUGE model was developed to study excited states of W= Y1001 Yaul2p - Yo nplvVaAd (6)
Ce0.24%6 A similar model was also used by Fagerstrand
Stafstian.”® Apart from the treatment of electron interaction, where the molecular orbitals (MOg)" are defined variationally.
the xHUGE model is closely related to that described by the Excited stated’” can be defined in several approximations. Of
SSH (Su-Schrieffer-Heeger) Hamiltonia#® which is physically these, two models will be used in this workP? can emerge

equivalent to the early model of Longuetliggins and Salerf from a configuration interaction (CI) among single excitations
which was recently reparametrized and applied successfully forrelative to the HF ground state (CI-S or Tammancoff
conjugated polymers in our laboratci3/g3 approximation, TDA); alternatively, one can get the HF equa-

B. Parametrization. The semiempirical parameters of the tions converged directly for the open-shell excited state. If this
model were fixed by the following conditions: the energy gap is done while keeping two electrons with opposite spins on each
of polyacethylene (1.5 eV), its bandwidth (10 eV), and the fully occupied orbital, one has the restricted open-shell Hartree
lowest singlet and triplet transition energies of the ethylene Fock (ROHF) schem® As both CI-S and ROHF are standard
molecule (7.7 and 4.5 eV). This is achieved by choogig methods of quantum chemistry, and they will not be reviewed
—179.7003 eV{ = 0.326288 Ay, = 3.536 eV, and = 2.24 in detail; merely their significance to our model will be discussed
(eVA)~L. We have selecteh = 1.54 A (the length of a single  below.
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The form of the spin adapted triplet CI-S wave function is P = piclosed+ popen (14)

1
R 72(?&%% —yoyl®0 (7)  where
2

closed
- . - prlosed=2 G 15
The CI coefficientsC;, are determined variationally. In eqs 6 ! G, 5, (15)
and 7,y*(y™) are creation (annihilation) operators for MOs,
which are linear combinations of the atomic site Fermion poPen= Gy Co, T Cui G, (16)

operatorsa, :

+ + The ultimate advantage to combine the ROHF scheme with
Y= Zc- a (8) : - -
i i the xHUGE model is that the potentialf(r;) can be derived
“ directly for the excited state. Combining the Coulson formula
Bond orders are evaluated by substituting the relevant wave€d 3 With the stationary condition
function into eq 4. We get OE/dr, = 0

occ
piG = ZZCkilckiz 9) with E now being

E = W) o AP
for the ground state, and rowr HI™WRone

occ virt occ virt one gets
P’ =pC — ClClc c. + C.Cle.c. (10
i i ]Z Z i1kl jllcklz JZ ; K1 Kiy ki ( ) fROHF(ri) — f(ri) +1/2y(ri)Pi(>pen (17)
for the excited statd, wherec;, are the LCAO anch are the wheref(r;) has the same expression as in eq 5.
ClI coefficients. Direct comparison of the CI-S and ROHF wave functions is

Solution of the above model requires a double iteration not straightforward as they are defined over a different set of
procedure. An SCF iteration is performed to get the self- one electron MOsy; and ¢, respectively. As it is apparent
consistent HartreeFock (HF) solution at the given set of bond from eq 7, the CI-S wave function consists of a large number
lengths. The Cl is done on the top of HF, and the excited state of determinants in the basis, whileWronr corresponds to a
bond orders are evaluated through eq 10. Then, bond lengthssingle configuration (cf. egs 11 and 12) in thespace. The

are optimized in an outer loop as described before. question of the multiconfigurational structure ¥, -s is very
The most time-consuming step in the xHUGE-CI procedure important to judge the extent of electron correlation described.
is the variational optimization of the Cl coefficier® ineq7  The problem is nontrivial as the excited stitg;-sis composed

which requires repeated diagonalization of large matrices. This 0f MOs which were optimized for the ground state. An
can turn infeasible for large clusters very soon. Another Unambiguous tool to investigate the electron correlation exhib-
disadvantage of this procedure is that the form oftigmtential, ~ ited by some wave function is offered by the expansion in terms
f(r)) of eq 5, was derived for the ground state, and the accurate©f natural orbital$* These are the orbitals which diagonalize
excited state version dfr;) cannot be put down analytically in  the first-order density matriR. The eigenvalues of this matrix
the CI-S model. Therefore, we have also determined the lowestare interpreted as generalized occupation numbers. An integer
triplets by optimizing the one-electron MOs directly for these eigenvalue does not, and a fractional does, indicate a truly
states, in the spirit of Roothaan’s ROHF procediirédccord- multiconfigurational behavior. Moreover, the natural MOs have

ingly, the S, = 0O triplet wave function is written as the property that_they support the fastest p_ossible convergence
of the ClI expansion. Therefore, an analysis of the CI conver-

i( + -+ - )lqjo 0 (11) gence in terms of natural orbitals offers a valuable information
J2 ProaPra ™ PrpPrp)lF RoHF about the electronic structure. Such an analysis will be reported
in this paper for G and Go.

where H (L) stand for HOMO (LUMO), an¢¥3,,,- Chas the D. Handling of Degeneracies and JahrTeller Distortion.

same structure as that BF°C] but it is built up from the excited ~ Optimization of the above method is straightforward if the
state orbitalsp. It is apparent from eq 11 that it gives a two- molecule in question belongs to an Abelian group; that is, no
determinantal wave function for tf& = O triplet due to spin ~ degenerate levels can be expected in the spectrum. If, however,
adaptation. The equations for the orbitalscan be found in there are multidimensional degenerate one-electron states at

1> o=

the classical paper by Rootha¥n. around the Fermi level, special attention should be paid to
The wave function for th&, = 1 triplet is written as constructing the appropriate many-electron wave function.
Failure to do so will almost certainly lead to convergence

|3'11P%OHFD= gufaq);ﬂPPgOHFD (12) difficulties either in the SCF or in the geometry optimization

procedure, or both, as well as to an unphysical solution. Among
The atomic spin densities at sjtecorresponding to the above  the clusters studied in this paper, this problem is topical for

wave function are easily evaluated as Cso, Cro, and Gg. The problem can be automatically handled
_ with the aid of group theory. The aim is to produce density
o= B'Wpoudai,a,, — aydsl> Waondd  (13) matrices (e.g., bond ordelPy which exhibit a definite symmetry

even if the wave function they result from (cf. eq 4) is
The ROHF bond order®; have a closed-shell and an open- degenerate. By the term “definite symmetry” we mean an
shell contribution: irreducible representation in one of the subgroups of the parent
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point group. Among all subgroups, one has to select those to (ZDO) approximatio#’2 only the following integrals survive:
which a JahrTeller distortio$>°8 may take place. Then,

unique density matrices can be obtained by reducing the many- 5
electron wave function to the desired one-dimensional repre- (1)
sentation of a subgroup. We do this by standard group
theoretical projection techniques:

xf@ﬂ (23)

2

10
5

M12

In fact, these are the dominating integrifs.

In semiempirical theories the ZDO condition is used together
with the so-called spherical approximation to maintain the
rotational invariance of the resuf® This means that no

whereWT is the (unnormalized) wave function reduced to the distinction is made among,, p,, andp, type orbitals in two-
subgroup irreducible representatibpR runs over the symmetry  €lectron integrals. In particular, the integrgidx?/re|y L) 57ly*/
operations of the selected subgroup, ap(R) is the character  °lx?LJandl}?|Z%/r°|y*Care all the same. Consequently, no one-
of the elementR, while W is the original multidimensional ~ Center termin eq 23 can have a contributiotor E, and one
parent wave function. Computing the density matrix By has to deal merely with two-center integrals.
instead of® leads to unique symmetry-adapted bond orders Transforr_mng these integrals fr_om the symmetry frame to the
corresponding to a desired state, the use of which yields local coorqlnate system, one arrives at the following two types
optimum geometries distorted into the selected subgroup. of expressions:
The Jahn-Teller distortion energies are defined by
@5(1)

(w'o= Zxr(ﬁa)ﬁpwm (18)

xf(z)ﬂ (24)

.2
X1,2
5
12

AE;=E; — E 19)

whereE} is the energy of the distorted state a@BHmeans the
energy of the vertically excited degenerate “parent” representa- Q;(l)
tion. This definition does not care for the exited state relaxation
energy within the parent group, which is, as we have checked
in some cases, a negligible contribution. where the primed coordinates refer to the local coordinate system
E. Zero-Field Sp||tt|ng Having obtained the excited and where the interatomic axis 25 Equation 24 is a |Oca”y
structures, we can analyze the triplets as to their zero-field- 7Z-type integral while eq 25 is of type. In the spherical
splitting parameters which are commonly derived from EPR approximation these integrals depend merely on the distance
spectra by extrapolating to zero magnetic fitd® The two  between atomg andZ. Thez-type integrals fall off aRR™®,
fundamental parametef andE, originating from spir-spin while theo integrals decrease asymptoticallyRis’. Accord-
interaction, are defined theoretically in the laboratory principal ingly, we have parametrized them by

axis coordinate system %s |
Qﬁ(l) xf(Z)Dt = and
3,, R
T |
<] I 4
K Qﬁ(l) XAZ(Z)D: = (26)
2,2
3,, X T Vi, .

E= ZQ B 2—5 Y (21) wherel, andl, are new empirical parameters. Hgrwe used
1<) r..
)

different values in théD and E integrals, denoted bj); and
o I%, respectively. These parameters have been fitted to repro-
where the summation indicasj run over all electronsg = duceD = 0.15 cn1? for Dg, benzend?1%and the experimental
2.002 32 is the free-electrog factor, and = eh/2m is the resultsD = 0.099 cn! and E = 0.015 cnt? for naphtal-
Bohr magneton. Physicallyp means the zero-field energy  enel04106 The corresponding values, including the constant
difference between thet10and|0lcomponents of the triplet 3,426 in eqs 20 and 21, ar® = 5.303 34 cm! AS, IE =
state, while E is the splitting between thie-10and|—1Cevels. 4.279 38 cmt A5, andl, = 3.336 87 cm® A3, "

Using egs 7 and 8 (or their ROHF analogues) for the triplet  Eyajyation of the above integrals requires the knowledge of
state wave function, the calculation of the paramezendE atomic coordinates. The xHUGE model defined in section IIA
reduces to the evaluation of the respective two-electron integralsyie|ds optimized bond lengths only. Cartesian coordinates of
between atomic orbitals.  Since our theory is based on a one-|| atoms have been obtained by maximizing all interatomic
orbital-per-site model, we may assume that the underlying AOs gjstances subject to the condition that optimal bond lengths are

are quasit-type hybrids which are directed perpendicular to preserved. This procedure was shown to provide good 3D
the surface of the clustéf.%%:11 However, because we use a geometries for ringé’ and hollow cage2°

semiempirical technique to handle these integrals, too, we do
not need to specify these orbitals explicitly. IIl. Results and Discussion
The general integrals over AQstake the form

xf(Z)D (25)

2

Z,
5

)

2
1,2

X'
ry

5
2

2 2 2
X"+ - 2z
o],

2

Z,;
5

12

Usually, EPR experiments see the lowest triplet state, but
the spectrum can be affected by higher triplets. Therefore, we
XA(Z)XP(Z)D (22) examined the lowest three or four triplet energy surfaces of the
clusters. After a short summary of previous results gnadd
Cro, augmented with some recent findings, we deal with the
whereé stands for, y, andz which are defined in the symmetry isolated isomers of higher fullerenes. The results are collected
axis coordinate system. Under the zero-differential-overlap in Tables 2-12. In the first row of each table the ground state

@ﬂama)

2
&0

5
12
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TABLE 2: Ground and Excited State Parameters for Cgg

parent  total AE;r
group state rep energy (eV) (MeV) D (cm™) E(cm™?)

ground state

In Ay ~1374.057

cl

Dsg Py Tog —1372.352 —185 —0.010 O
Ay, Hg —1372.075 -28 —0.007 0
%Az T —1371573 —-20 —0.058 O
A, H, —1371.461 -3 0018 0

T A, G, —1371.982 -3  0.000 O
A, G, —1371611 -5 0.000 O

Dag Py Tog —1372.226 —59  0.008 O
Ay,  Hg —1372.057 —-10 0.009 O
P G, —1371.649 —43 —0.021 O
Aw G, —1371617 -11  0.038 0

Dan *Big Tyy —1372.287 —120 —0.019 0.000
Aq Hy —1372.059 -12 0.013  0.004
3By G, —1371.668 —62 0.031 0.002
Ay H, —1371.641 —183 0.014 0.004
ROHF
Dsq 3Azg Toy —1372.305 0.001 O

energies are given, so one can compare the stabilities of isomers
predicted by our model. Subsequent rows correspond to the
results of all-single-Cl calculations for the lowest triplet potential
surfaces. At the bottom of the tables, the ROHF energy and
zfs parameters are shown for the lowest triplet. For Jateller b

active cases we give the “parent representation” for each Figure 1. Ce molecule (a) Ground state (light) and JT distor2g
distorted state, which is the irreducible representation from *Az €xcited state geometry (dark). Distortions are magnified for
which the molecule distorts. If the zf& value is zero by V|su_aI|zat|on: (b) Atomic spin densities Deq Ay lowest excited state
symmetry we indicate it putting “0”. In Table 13, predictions (arbitrary units).

for the zfs measurements for all examined systems are sum-mgjecule may undergo a pseudorotation among these structures
ma_rlzed. Characterization of grltlcal points (mlnlmsasaddle if the barrier is not too high (dynamic JT effect). Using the
points) was based on calculating Hessian eigenvalues. Thes€neathod of Stachet al.109-111we have determined the reaction
are not included in the tables but will be mentioned in course paihway from one minimum to another, and we have sRéwn
of the discussion for each relevant case. We do not tabulateih; the transition states are just tha, saddle points oPA,
phosphorescence_ energies but they will also be mentlone_d iNsymmetry, given in Table 2. We found that the barrier along
the text for each isomer. Geometries for ground and excited {his pathway is 16 meV (185 K in temperature units). This
states have been determined. They will not be tabulated eitherspows that the thermal motion itself cannot perform the rotation
but are avaﬂgble from the authors upon rgq&%‘ét._ at low temperatures, in accordance with the proposal of Bennati
A. Ceo. Itis well-knowr?*®that all low-lying excited states et a. 1516 which was based on EPR spectrum simulations.
of buckminsterfullerene, &, belong to a multidimensional A deeper insight into the electronic structure of triplet states
irreducible representation of tHe group. Therefore, though  can be obtained by analyzing atomic spin density data. Spins
the ground state molecule is icosahedral, a loss of spatial mainly appear on sites where the excitation is localized. Figure

symmetry will take place in excited states due to Jaheller 1b depicts atomic spin densities for the triplet ground state and
distortion. The energetics and geometry of Jafieller dis- clearly shows an equatorial distribution. (Here and further on
torted states were presented preVlOGélynd the zf<D value in this Work, we use the term "equator" for the p|ane
of the lowest triplet was also giveR. The results are sum-  perpendicular to the main rotation axis of the distorted system.)
marized in Table 2. The experimental zfs rest#ts*"2are As is seen from eqs 2621, D measures the deviation of the

ID| = 0.011 cnttandE ~ 0, the sign oD is unknown. These  excitation from spherical symmetry, whilE measures the
parameters agree with those calculated for’fhg state where  deviation from the cylindrically symmetric case. The simplest
the cluster is distorted intDsy symmetry. This state is indeed  model yielding a negative sign fd should have small spin
the lowest tl’iplet, it has the |argeSt Jahreller distortion energy densities in the equatoriaj space of meaxis in molecules of
(=185 meV), and it is the only minimum on the lowest triplet  pg, point group. Of course the atomic position distribution also
potential surface. All other critical points are saddles, including has an effect in the sign @. In fact, the equatorial spins are
¥B1g in D2 which is the second lowest triplet. Distortion in  |arge for the triplet minimum, but this is overcome by the effect

the Dsq *Ag state is demonstrated in Figure 1a. of the atomic distribution: the principal axis inertial moment
Th'ere is another (_:rmcal point on one of the higher surfaces, of the molecule is smaller for th@s axis than for the other two
3A1gin D3q, possessing a zfs pattefid( = 0.009 cnt! and|E| perpendicular axes. This tells us that simple models based

= 0 cnm!) which would be also in agreement with the merely on spin density data can be incorrect in the determination

experimental data, but it is situated by about 300 meV above of the sign ofD.

the lowest triplet. An interesting feature of the electronic structure of thg C
The JT energy of the triplet minimuniA24 in Dsq) is quite molecule is stressed by the fact that the ROHF and the CI results

large, it is much higher thakil at room temperature. According are very different for this molecule. This is because the ROHF

to the six possiblé€s axes in Go which can be preserved also  wave function consists of a single configuration, while in our

after JT, there are six equivalent JT structureDin. The Cl calculations all of the singly excited states were allowed to
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0.002 T T T T T T TABLE 3: Ground and Excited State Parameters for Gy
parent total AE;r
0 7 group state rep energy (eV) (meV) D (cm?) E(cm?)
C70 Natural MOs ground state
00027 T e Dsn A —1603.067

2 -0.004 ~ €70 Canonical MOs - Dsn A, —1601.824 -0.002 0
fa) Cy, SA; E7 —1601.598 —106 -—0.032 0.007
-0.006 _ 8; E: —1601.598 —106 —0.032  0.007
A 3A; E7 —1601.451 —103 0.005 0.001

".._ C60 Canonical MOs
C60 Natural MOs™., . ROHF
- Dsh A", —1601.791 —-0.002 O

B; E:1 —1601.451 —103 0.005 0.001
-0.008

-0.01 1 ! 1 1 - 1 )
0] 200 400 600 800 1000 1200

No. of configurations is larger than the calculated one, but both values are rather small,

Figure 2. Dependence of zf® on the_size pf Cl for & and Go. gzgirtr:];yinag’fllr; the accuracy limits of our method (the third
Plots end at the all-single-CI (900 configurations fgp @1d 1225 for . S .
Cro). Single-configuration ROHF results for stat&', are practi-
cally the same as those obtained by the CI-S wave function.
interact. Consequently, the Cl wave function is capable of Convergence of the computél value with the size of Cl is
describing a significant part of electron correlation which is shown in Figure 2. As compared tos-the D values vary
indicated by the difference between ROHF and Cl results.  within a much narrower range and do not change sign when
Direct comparison of the Cl and ROHF states is complicated the number of configurations increases. The difference between
as they are obtained in different sets of MOs: the Cl is ground- the convergence properties when natural MOs or canonical HF
state-optimized while ROHF is optimized for the excited state. MOs are used is also smaller, though, of course, natural orbitals
Therefore, to resolve any ambiguity, we have performed CI provide the optimal convergence. The fact that the quality of
calculations with an increasing number of configurations both the natural MO expansion is not too sensitive to the number of
in the basis set of HF MOs and in terms of natural orbitals. configurations means that the lowest triplet wave function of
The convergence of the zEBs value as a function of the size of  Cyo is dominated by a single configuration. This, altogether,
Cl is shown in Figure 2. It is seen that if one applies only a indicates a minor role of electron correlation in this system.
few number of configurations, one gets the wrong signbor The second and third lowest triplets occur in the xHUGE
just as in the ROHF case. This holds both for HF and natural calculation at vertical transition energies 1.57 and 1.72 eV,
orbitals. As the number of configurations increases, the resultsrespectively. Both belong to théHEepresentation dDs,. The
slowly converge to the exact (all-single-Cl) value, the conver- E'; states, being degenerate, are subject to a Jabher
gence being much faster if natural orbitals are used. In this distortion fromDsp to C,.%8 The possible irreps (irreducible
latter case, the lowest number of configurations which provide representations) for the distorted wave function are given by

a good guess to the zfs parameter is about 4a0half of the the decomposition of lEas a reducible representation@a,:
possible total number of singly excited determinants in a
m-electron calculation of g. This means that this system is E,.=A ®&B;

highly correlated in its excited state, and no meaningful wave
function can be put down for its triplets below 400 configura- Reducing the triplet wave function by the relevant projection
tions. This feature is peculiar togg; and as will be shown operator in course of the geometry optimization process results
below, Go and higher fullerenes can be described reasonably in C,, distorted states Aand B, shown in Table 3. It is
by much simpler wave functions. interesting to note that the energy of And B, distorted states

B. Cyo For the triplet state of ¢, many experimental results  do not split significantly after JahnTeller distortion and remain
are availablé:%1213.23 Several calculations were also performed quasi-degenerate to three decimals, although their geometries
to obtain the ground state equilibrium geometry of this molecule are different. The corresponding zfs parameters are also very

at different levels of theor§e112-116 close to each other, indicating a similar distortion. Though the
Previous quantum chemical calculations on the spectra of surface is quite flat along one of the normal coordinates, all
C7°%117were limited mainly to singlet excitations. Feng et4l. states represent minima on the energy hypersurface, which is a

examined the singlet spectrum by semiempirical INDO/CI difference from the case ofsgwhere one meets saddle points
method. Bendale et &.reported the allowed singlet levels as well. The calculated JahTeller energy is about 100 meV
using INDO/CI and RPA methods. which falls in the same order as fogg2* Due to the distortion
We studied the three lowest triplet states af Gee Table the energy of the T— S (C, A1 — Dsh 1A' and 5 — S
3). The lowest triplet is nondegenerate belonging to the A (C,, 3A; — Ds, 1A’y) vertical transitions decrease to 1.37 and
representation of th®s, point group. The geometry of this  1.53 eV, respectively. The order of excited states does not
state was reported previouss. Its vertical excitation energy ~ change due to JahiTeller distortion.
by the xHUGE model was 1.44 eV at the ground state geometry C. Cz. Above Gy, the smallest cage we have investigated
and it decreased to 1.05 eV upon relaxation in the excited state.in this work is Gs. As mentioned in the Introduction, this
The calculatedd parameter is quite smah;0.002 cnt?, while cluster has been isolated and several of its properties have been
E is zero by symmetry. EPR experiments fopgield smaller described. As to the ground state geometry, only theoretical
D than for Go: |D| = 0.0052 cntt and |E| ~ 01213 The sign results are available. The bond lengths obtained by ab initio
of D was supposed to be negative by Closs é8 assuming a HF calculations in STO-3G basis set vary from 1.36 to 1.49
spherical spin density distribution. This sign is confirmed by A.53 This range extends to 1.371.47 A according to semiem-
the calculations, although the spin distribufidis equatorial pirical AM1 calculations3 to 1.41-1.53 A in LDA,”® and to
as for Go. The absolute value of the experimeriigbarameter 1.392-1.491 in QCFF/P# calculations. With our model, which
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Figure 3. Atomic spin densities in lowest excited states of fullerenes (arbitrary units): 264Pe), (b) Grs (D3 ), (¢) Crs (Cz-1), (d) Grs (Ca-2),
(e) G2 (C2-1), (f) Ce2 (C2-2), (9) Goz (C2-3), (h) Gea (D2d), (i) Cea (Do)

is supposed to be quite accurate for bond lengths, this interval TABLE 4: Ground and Excited State Parameters for Crg

is 1.399-1.454 A, tighter than any other results. _ group state  total energy (eV) D (cml)  E(cm))
The UV/vis spectrum of dissolvedzg£was published first

by Diederich et al®2 A more detailed optical spectrum was grcgmd state A —1740.547

presented by Ettl et at> The lowest maximum occurs at 1.63 ¢ : '

eV, but from the absorption onset the band gap is estimated as D, B, —1739.639 —0.008 0.002

1.37 eV®38 |t is in agreement with our calculated singlet %Bs —1739.382 0.016 0.000

spectra: we found that there are two transitions with relatively zgl :ggg-gig 8-882 8-882

small oscillator strengths at 1.22 and 1.43 eV and there is a OHE 3 : ) )

maximum at 1.53 eV. In contrast, the lowest singlet excitation D, B, —1739.617 —0.007 0.001

energy was predicted to be 1.5 eV by ANP11.73 eV by QCFF/

P18 1.2 eV by tight-bindind® and 1.1 eV by DFT calcula- change significantly as compared to the ground state. The zfs
tions’® It was declared to be azBransitior$® which is opposite D parameter is close to that of6 but we obtained a minde
to our BZ assignation. L ) value which does not necessarily vanish in Egpoint group.

The triplet state characteristics for this cluster are collected Spin densities in Blowest triplet are shown in Figure 3a, where

in Table 4. Because tHa, point group is Abellan_, J'I_' distortion the molecule can be seen paralleQi2) axis. The spin density
cannot occur at any excited states. The excitation energy Ofdistribution is not equatorial as in the case a5.C

the § — Ty vertical transition is 1.092 eV which decreased to ) )
0.734 eV upon geometry relaxation in the excited state (the ~C0omparing ROHF and CI-S results for the lowest triplet, we
can see a minor difference but not the large discrepancy

energy of the T— & vertical transition). The lowest triplet 9
can be assigned as Bnd characterized as a minimum on the exhibited by Go.

lowest triplet surface by ROHF calculation. Its bond lengths  Higher triplets have eithéB; or 3B; symmetries irD,. The
fall between 1.400 and 1.451 A; that is, the geometry does not two 3B; states can easily be distinguished by tlizivalues as
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TABLE 5: Ground and Excited State Parameters for Cyg TABLE 6: Ground and Excited State Parameters for Cg
(Ca-1) (D3)
group state  total energy (eV) D (cm™) E(cm™) parent total AE;r
ground state group state rep energy (eV) (meV) D (cm™) E(cm™)
Ca, A, —1786.471 ground state
Cl D3 1A, —1786.388
Co A, —1785.578 0.020 0.000 Cl
3B, —1785.332 —0.009 0.001 D3 A, —1785.667 —-0.012 O
B, —1785.144 —0.021 0.004 C, A E —1785.129 —101 0.019 0.006
B, —1784.998 0.007 0.003 B E —1785.128 —100 0.019 0.006
ROHF A E —1785.018 —87 0.007 0.003
Ca A, —1785.556 0.020 0.003 B E —1785.018 —87 0.007 0.003
ROHF
these differ almost by an order of magnitude. Ehealues of Ds Az —1785.647 —0.008 0
all states remain extremely small.

We have also checked ttepatial transition moments.e., z—éBlé)E 7- Ground and Excited State Parameters for Crs

the [T,|r|SSOmatrix element without spin integration. Their
magnitudes are connected to the singleiplet transition
probability which affects the radiative decay rate of the triplet ground state

group state  total energy (V) D (cm™)  E(cm™)

levels. (They are not given in the tables as we do not claim Ca A —1785.937

that our model is suffluently accurate for a property like this.) Co B, 1785357 0.010 0.001
These integrals vanish for symmetry reasons in the case of the 3, —1785.035 0.008 0.002
lowest triplets of Gy and Gy, but not for Gs. Accordingly, 3B, —1784.955 0.012 0.002
the radiative decay rate of;gis expected to be larger than Az —1784.843 —0.005 0.002

those of Goand Go. However, among the four lowest triplets ~ ROHF
of Cye, the smallest spatial transition moment was obtained for Ca
the first state. . . . . . .
D. Css We investigated the three isolated forms of;C ~ Perpendicular to th€; axis. It has an interesting spin density

two C,, and oneDs isomer3457-59 \We use the notation of ref ~ distribution: the spins are localized on one half of the cage.
118 for the isomers. Schlegel diagrams of the five IPR The molecule hgs very §trong zero_—field splitting: the absolute
satisfying isomers are shown therei,,-1 is equivalent to ~ value ofD of this state is about twice as large as that gf, C

the molecule exhibiting 22 NMR lines it was noted by number and its sign is opposite. This is the largéstalue we have

By —1785.340 —0.011 0.000

5 in the original publication of Fowler et 4.and byC', by found for fullerenes up to this time.

Diederich et al3* C,,-2 has 21 NMR lines and it was noted The D3 isomer of Gg is one of the few higher fullerenes

by number 4 and,, by the above authors, respectively. possessing non-Abelian symmetry. Its lowest triplet belongs
The energy order in our work i8;,-1 < D3 < Cy,-2 with 0, to the A irrep of the D3 group (Table 6). The molecule

82, and 534 meV relative stabilities. The same order comes preserves its symmetry as this state is a minimum on the energy
from HF/6-31G* calculation3!®1.525456 Relative stabilities  surface. The Tenergy is 0.903 eV, decreasing to 0.548 eV
obtained with several semiempirical and ab initio calculations after relaxation. The bond lengths fall in the range of 1401

can also be found*® 1.450 A in this state. Its zf® is very close to that of &, and
The bond Iengths varied betW.een 1.399 and 1.454, 1.394 aan is zero by Symmetry_ In Figure 3b the molecule is shown
1.460, and 1.392 and 1.463 A in our work for tbe, Cy,-1, parallel to theC; axis. The spin density distribution is

and Cz,-2, respectively, whereas in MNDO calculati®hs  equatorial. The next two triplets are degenerate belonging to
average bond lengths were 1.448, 1.447, and 1.448 A. At HF/ irrep E. The molecule distorts 6, group where the E irrep

STO-3G level the bond lengths were between 1.358 and 1.495 gpits to the direct sum of irreps A and B. The A and B states
1.342 and 1..490, gnd 1.3.46 and 1.485, respectﬁ?el?ond are almost isoenergetic similarly to;4 JT energies are close
lengths obtained with gradient-corrected DFT calculations were (1 those of Goand Go Higher states do not sink below the
bet‘“’ee'." 1.414 and 1.505, 1.405 and 1.507, and 1.409 gnd 15030 est triplet due to the JT distortion. The spatial transition
respectively?® Our values are closer to the HF calculations but moment of the lowest triplet is nonzero. Though it is about

tt:edrlagge OI the 'a‘;f]'f IS W'df)r WT,LCL' 'f getne;ﬁl f?r "’;”ﬂ?f tthl-?F twice as large as that of the third state, it is much smaller than
studied systems. IS can be atinbuted 1o he fact tha that of the second one. Thus, triplet state properties are

overestimates the bond length alternaith. . determined by the lowest one, and the triplet radiative dacay

The optical spectra of th€;,-2 and theD3; isomers were rate will be larger than that of g and G
published®* Bendale and Zern&t presented the detailed g. ! o
theoretical UV spectra of the /g isomers obtained by the The lowest triplet of theCz,-2 isomer lies 0.757 eV above
semiempirical INDO/S method. We do not aim to discuss the singlet ground state. This energy decreases to 0.426 eV
singlet spectra here but just note that our vertical singlet When the geometry is allowed to relax. It belongs to the B
excitation energies are significantly smaller that those in ref irrep and it is a minimum on the first triplet surface. Its bond
39. lengths vary from 1.402 to 1.449 A. The #isis almost equal

The lowest triplet state of th@,,-1 isomer has Asymmetry, to that of Go. In Figure 3d the isomer can be seen perpendicular
cf. Table 5. Its excitation energy is 1.125 eV which decreases to the C; axis. The spin density distribution is similar to that
to 0.667 eV upon geometry relaxation. Bond lengths fall of theCy,-1isomer. The transition moment of the lowest triplet
between 1.401 and 1.451 A. It is a minimum on the potential is relatively large, but that of the next triplet is symmetry
energy surface. TheyS~ T; transition is spatially forbidden,  forbidden. Consequently, the lowest triplet may have quite short
therefore its radiative decay rate may be comparable to that oflifetime while the second one may be easier to see by
Cso and Go. In Figure 3c the isomer can be seen from a view experiment.
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TABLE 8: Ground and Excited State Parameters for Cs,
(Cr1)

Kéllay et al.

TABLE 11: Ground and Excited State Parameters for Ggs
(D2d)

group state  total energy (eV) D (cm™) E(cm™) group state  total energy (V) D (cm™)  E(cm™)
ground state ground state
C A —1877.983 Dag 1A, —1923.649
Cl Cl
C B —1877.458 —0.009 0.000 Cy2 A, —1922.743 0.017 0.004
B —1876.949 —0.019 0.006 Dag By —1922.629 —0.015 0
A —1876.893 —0.012 0.001 A, —1922.616 0.018 0
B —1876.697 —0.007 0.003 3A1 —1922.524 —0.010 0
ROHF B, —1922.516 —0.004 0
C B —1877.441 —0.005 0.000 ROHF
Cy2 A, —1922.721 0.018 0.001

TABLE 9: Ground and Excited State Parameters for Cs,
(Cx2)

group state  total energy (eV) D (cm™) E(cm™)
ground state
) A —1877.939
Cl
) B —1877.178 —0.008 0.001
B —1877.034 0.015 0.006
B —1876.806 —0.005 0.003
SA —1876.753 —0.008 0.004
ROHF
C B —1877.163 —0.004 0.001

TABLE 10: Ground and Excited State Parameters for Gg»
(C23)

group state  total energy (V) D (cm™) E(cm™)
ground state
C, 1A —1877.273
Cl
C A —1876.829 0.011 0.002
B —1876.908 0.009 0.003
A —1876.218 0.009 0.001
SA —1876.093 0.004 0.001
ROHF
C SA —1876.816 0.009 0.004

We note that the difference between ROHF and CI-S results

for the lowest triplet is negligible for all isomers indicating that
the role of electron correlation is not substantial.

E. Csg2 As the major component of theg&mixture is one
of the threeC, symmetry isomers, we investigated these. To
identify them, we applied the notation of ref 5T>-1, C»-2,
andC,-3. We found that the relative stabilities are 0, 44, and
710 meV, respectively (see Tables B0). The ground state
bond lengths varied between 1.397 and 1.457 @l andC,-
2), and 1.394 and 1.457 A (fo€,-3). The lowest singlet

aDistorted state from théB; parent representation, a saddle point
in Dog.

TABLE 12: Ground and Excited State Parameters for Gg,
(D2)

group state  total energy (V) D (cm™)  E(cm™)
ground state
D> 1A, —1923.670
Cl
C2 B —1922.711 0.016 0.005
D, *Bs —1922.653 0.008 0.004
B, —1922.590 0.018 0.002
*Bs —1922.505 —0.002 0.001
3B, —1922.496 0.000 0.000
ROHF
C2 B —1922.690 0.015 0.002

aDistorted state from théB; parent representation, a saddle point
in D,.

(relaxed). It belongs to the totally symmetric irrep@fand it

is a minimum. Bond lengths are in the range of 1400154

A in this state. The spin density distribution (Figure 3g)
resembles that of th€,, isomers of Gs. The absolute value
of its D parameter is almost equal to that afp®ut it has the
opposite sign.

To the best of our knowledge it has not been decided which
of the C, isomers is formed in the synthesis. We point out that
zfs measurements can help to make a decision, ab treue
of the C,-3 isomer is quite different from that of the other two.

For two isomers €>-1 andC,-2) we can see a significant
discrepancy between ROHF and CIESvalues indicating a
strong multiconfigurational character of the excited wave
function thus a strong electron correlation in these systems. A
common feature of all the three isomers is that they possess (i)
quite small & energies, and (ii) relatively large, 7 S spatial

excitation energies are 0.812, 1.022, and 0.656 eV, respectively transition moments. This latter point (i) involves that the

We have not found any data in the literature to compare with.
The lowest triplet energy of,-1 is 0.699 eV and decreases
to 0.370 eV upon relaxation. It has symmetry B and it is a
minimum on the lowest triplet surface. Bond lengths are in
the range of 1.4011.449 A; that is, they span a slightly tighter

interval than those in the ground state. Thelfgalue is close

to that of Gy (see Table 8). In Figure 3e the isomer is shown

perpendicular to th€, axis. The spin density distribution is

similar to that of Gg, the spins being small along the equator.
The T; energy of Gz (Cz-2) is 0.920 eV decreasing to 0.621

eV after relaxation. It has symmetry B and it is again a

lifetime of the T; state should not be too long. However, (i) is
interesting from another point of view: as the bimolecular rate
constant of quenching ofCs or some other molecule by
fullerenes is proportional to the energy difference between the
lowest triplets of the two moleculé3this rate constant should
be the largest one forggisomers among the higher fullerenes
studied here.

F. Css. We performed calculations on thi2-22 andDyy-
23 isomers (retaining the notation of ref 67) which were found
to be the most probable candidates for the structure,gt2€8-70
They will be referred to ab, andDyg, respectively. Semiem-

minimum on the surface. Its geometry can be characterized pirical tight-binding models revealed that tiie isomer is a

by bond lengths falling within 1.4011.450 A. TheD value is
close to that of g and G, (Cx-1); see Table 9. In Figure 3f
it can be seen perpendicular to t8g axis. The spin density
distribution is similar to that of the previous isomer.

Among the fullerenes we investigated up to now; (C;-3)
has the smallest i;Tenergy: 0.514 eV (vertical) 0.309 eV

little more stable than thé,y one3168 though an MNDO
calculation states the opposffe.In our calculation theD;
isomer turned out to be the more stable by 21 meV (Tables 11
and 12). The ground state bond lengths were in the range of
1.392-1.460 and 1.3961.457 A for D,y and D, isomers,
respectively. From the UV/vis spectrdfi$® the excitation
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(the axis which is preserved {@,). Spin densities can be seen
in Figure 3h; they are localized on one half of the molecule.
The transition fromC,, A, to the ground state is spatially
forbidden, so the molecule should have small radiative decay
rate which was indeed observed experimentalig€ infra).

The D, isomer of G4 has a similar behavior. The first triplet
has B symmetry. Its excitation energy is 1.141 eV. This state
is also a saddle point, and the molecule may distor€idB
state. This latter has an 0.77 eV phosphorescence energy
(vertical transition at theC, geometry). Bond lengths are
between 1.403 and 1.448 A on the saddle and they changed
to 1.397-1.458 A as a consequence of the distortion. Direction
of the distortion is identical to that of the other isomer but no
so large which is indicated by the smaller distortion energy, 58
meV, and a smaller change in Zis The zfs parameters are
quite large in comparison with other members of the fullerene
family. There are two almost isoenergeig minima as in the
case of theD,q isomer and . We found” thatD, B; state is
the lowest saddle point between the two minima. The-TS
transition has quite large spatial moment, and the lifetime of
3Cg4 (D2) cannot be too long. The triplet spectra of thg, C
mixture is, therefore, probably determined by g isomer.

In Figure 3i the molecule is shown perpendicular to @)
Figure 4. Spontaneous distortion ofgfCisomers in lowest triplets.  axjs. Spin densities are similar to those of the other isomer. In
Distortions are magnified for visualization. (ay4qDz): distortion Figure 4b the distortion is demonstrated; the cluster can be seen

fi D2q 3B; (light) to Cy, A, state (dark). (b D,): distorti . L .
f;gm D§d3le(|(i(_:I]?1t) )toOC2 %’B Stgfea(jafki k). (b) & (Do) distortion parallel to theCx(2) axis which is preserved i@,.

To the best of our knowledge ggs the only higher fullerene
) N the triplet states of which were experimentally investigaféd?2
energy of ground stateowest singlet transition appears to be  sauveet al?2 studied the triplet state of the mixture of the two

1.2 eV. Itwas estimated as 1.3 eV for thes and 1.2 eV for  jsomers excited by biphenyl triplets in benzene. Direct excita-
the D isomer by tight-binding method$. In our model the o attempts by laser flash photolysis failed which was
lowest singlet was estimated to lie at 1.27 eV for bothEhe explained either by the low intersystem crossing efficiency or

and D, isomers, in good agreement with the experiment and py the Jow extinction coefficient of the triplet state. The lifetime
the other calculation. was estimated to be under 106 which is lower than that of

_ D2g ?s a non-Abelian group, §08¢c_an be a candidat(_e forJT ¢4 and Go. They established thatggcan quenchCeo by
distortion. For G4~ (Dzq) & JT distortion taC, was described® triplet—triplet energy transfer. The lowest triplet ofQvas

The lowest four triplet states of tHayq isomer belong to one-  agtimated to 1.6 e¥7 so that of G4 must lie below this value
dimensional irreps. Thus, the molecule does not lose its which is in agreement with our calculations.

symmetry by JT distortion in these states. Nevertheless, it
distorts spontaneously. The situation is analogous to that of
the benzene molecule. It has been known for a long time that
benzene hab,, symmetry in its first triplet in spite of belonging

to a nondegenerate irrep in tBg, group. A similar spontane-
ous distortion was predicted for the ground state of g
isomer of .52 We observed the same type of distortion for
the G4 isomers. The lowest triplet of thB,y isomer has B

The only EPR experiment on higher fullerenes was performed
by Boulas et all®1® They investigated the electrochemistry
and the EPR spectra ogfanions. Both experiments confirmed
the presence of two isomers. The EPR spectrum of the species
generated in each redox step was measured and the species were
assigned. The EPR spectrum of the doubly reduced mixture
was studied in detail. It is known from theoretical investigations

symmetry inDqg. It lies by 1.129 eV above the ground state. that theDyqg isomer has a doubly degenerate LUMO i_n contrgst
However, it is asaddle pointon the triplet surface, and, to theD, one which cannot have any degeneracy having Abelian
following the normal coordinate which corresponds to the Symmetry. Thus, the EPR spectrum of€ can come from
negative eigenvalue of the Hessian, we arrive atGhestate. the lowest triplet of theDoq isomer. From the temperature
There are two almost isoenerge@s, minima belonging to A dgpendence of the EPR 5|gngl it was estgbhshed that the'lowest
irrep above the singlet ground state by 0.682 eV. These arelriplet is a thermally accessible state lying above the singlet
included in Table 11 as the lowest triplets. The distortion 9ground state by 0.022 eV. The absolute value of the zero-field-
energy, 115 meV, falls in the typical range of JT energies. Our Splitting parameters were determing@®| = 0.001 23 cm* and
calculations revealed that there is another saddle point betweerEl = 0.000 03 cm™. To explain these experimental results
the twoC,, minima havingC, symmetr§” which may serve as ~ We performed calculations ore€~ (D2q). As the ground state
the transition intermediate for @, <> C,, motion. The bond of the ion is degenerate, we treated directly the triplet excited
lengths are between 1.404 and 1.447 A in Byg B; saddle state at the ROHF level. The decomposition of th® E direct
point and this interval increased to 1.392.461 A upon product contains only one-dimensional irreducible repre-
distortion. The distortion is relatively large which is confirmed sentations: A® A, ® B; ® B,. Thus, the ion preserves its
by the sign change of zf®. The value ofD is rather large symmetry and does not distort. This is in agreement with the
among the fullerenes, and this holds also for Ehparameter. very small value oE. Our zfs values ar® = —0.005 ancE

A typical distortion is illustrated schematically in Figure 4a = 0.000 cnt! (note again that the errors of the calculated
where the molecule is shown perpendicular to the nGaiaxis values are usually in the third decimal).
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TABLE 13: Predicted Zfs Values for the Molecules of (2) Electronic Properties of FullerenesKuzmany, H., Fink, J.,
Interest Mehring, M., Roth, S., Eds.; Springer-Verlag, Berlin, 1993.
(3) Progress in Fullerene Researckuzmany, H., Fink, J., Mehring,
molecule group state D (cm™) E(cm™) M., Roth, S., Eds.; World Scientific: Singapore, 1994.
3 _ (4) Ebbesen, T. W.; Tanigaki, K.; Kuroshima, Ghem. Phys. Lett.
geo 85" 3ﬁ?9 _8'88(2) 8 1991 181, 501.
C7° DSh B 2 0008 0.002 (5) Sension, R. J.; Phillips, C. M.; Szarka, A. Z.; Romanov, W. J.;
76 2 an2 : : McGhie, A. R.; McCauley, J. P.; Smith, A. B.; Hochstrasser, RIMRhys.
Crs (D3) Ds Az —0.012 0 Chem.1991, 95, 6075.
Cis(Czr1) Ca Az 0.020 0.000 (6) Lee, M.; Song, O.-K.; Seo, J.-C.; Kim, D.; Suh, Y. D.; Jin, S. M,;
Cis(Ca2) Ca B, —0.010 0.001 Kim, S. K. Chem. Phys. Lett1992 196, 325.
Az 0.008 0.002 (7) Dimitrijevi¢, N. M.; Kamat, P. V.J. Phys. Chenl992 96, 4811.
Cs2 (C-1) C B —0.009 0.000 (8) Arbogast, J. W.; Darmanyan, A. P.; Foote, C. S.; Rubin, Y;
Cs2 (C2-2) C B —0.008 0.001 Diederich, F. N.; Alvarez, M. M.; Anz, S. J.; Whetten, R.1.Phys. Chem.
Cs2 (C2-3) C A 0.011 0.002 1991, 95, 11.
Cs4 (D2q) Co 3A, 0.017 0.004 (9) Arbogast, J. W.; Foote, C. 3. Am. Chem. S0d991 113 8886.
Css (D2) C, 3B 0.016 0.005 (10) Tanigaki, K.; Ebbesen, T. W.; Kuroshima, Ghem. Phys. Lett.

1991, 185, 189.
. (11) Bensasson, R. V.; Hill, T.; Lambert, C.; Land, E. J.; Leach, S.;
IV. Conclusion Truscott, T. G.Chem. Phys. Lettl993 206, 197.
. . (12) Wasielewski, M. R.; O'Neil, M. P.; Lykke, K. R.; Pellin, M. J,;
In summarizing, we analyzed the energetics, geometry and Gruen, D. M.J. Am. Chem. Sod.991 113 2774.
zfs of higher fullerenes in their triplet states. The excitation  (13) Closs, G. L.; Gautam, P.; Zhang, D.; Krusic, P. J.; Hill, S. A
energies of the lowest triplets are quite small. For the studied Vassérman, EJ. Phys. Cheml992 96, 5228. .
. . (14) Bennati, M.; Grupp, A.; Mehring, M.; Dinse, K. P.; Fink,Ghem.
systems they vary between 0.5 and 1.1 eV for vertical transitions, phys. Lett1992 200, 440.
in contrast to Gy and Go whose triplet energies are at about (15) Bennati, M.; Grupp, A.; Mehring, MJ. Chem. Phys1995 102,
1.5eV. It can be deduced from experimental data fgy Cro, 94%;;)) Bennati, M.; Grupp, A.: Mehring, M. [Rhysics and Chemistry of
o s : i, M.; Grupp, A.; Mehring, M. IRhysi Istry
and G4 that W't_h increasing number 9f t_he atoms the energy Fullerenes and Deriatives Kuzmany, H., Fink, J., Mehring, M., Roth, S.
of the lowest triplet decreases. This is supported by our world Scientific: Singapore, 1995; p 250.
calculations for these three systems, but for other higher (17) Terazima, M.; Hirota, N.; Shinohara, H.; Saito, €hem. Phys.

. . ; ; Lett. 1992 195 333.
fullerenes this decrease is not so monotonic. The lowest triplets (18) Boulas, P. L. Jones, M. T.. Kadish, K. M.; Ruoff, R. S.: Lorents,

of the Gezisomers lie at significantly smaller energies than those p ¢-'Tse, D. SJ. Am. Chem. S0d994 116, 9393.

of any other investigated fullerenes. In addition, the lowest (19) Boulas, P. L.; Jones, M. T.; Ruoff, R. S.; Lorents, D. C.; Malhotra,

triplet excitation energy can vary within a wide range for R. Tse, D.S.; Kadish, K. MJ. Phys. Cheml996 100 7573.

different isomers of a cluster with a given number of atoms, as Phg/zsc.))LEtﬂggg' 2’\36 ﬂ%‘?p' A.; Mehring, M.; Dinse, K.; Fink, Ghem.

in the case of &. (21) Regev, A.; Gamliel, D.; Meiklyar, V.; Michaeli, S.; Levanon, H.
As to the change of molecular geometries upon excitation, a J. Phys. Cheml993 97, 3671.

general trend can be observed: a small prolongation of the ,, (22) SauveG.; Kamat, P. V. Ruoff, R. SJ. Phys. Chem1995 99,

shortest G-C bond along with a considerable shortening of the (2;;) Haufler, R. E.; Wang, L.-S.; Chibante, L. P. F.; Jin, C.; Conceicao,

longest ones. This latter change can be as large as 0.014 A, ag.; Chai, Y.; Smalley, R. EChem. Phys. Let1993 206, 197.

for C75 C2,-2. Accordingly, we can conclude that the dispersion 19&‘%&“;{? P.R.; Udvardi, L.; Neeth, K.J. Mol. Struct (THEoCHEW)
of bond lengths in the triplet excited states is smaller than in (25) Surfa, P. R.; Neneth, K.; Bennati, M.; Grupp, A.; Mehring, M.

the ground state, which is an indication for the increase of Chem. Phys. Lett1996 251, 115.
electron conjugation upon excitation. The behavior ef i€ (26) Nemeth, K.; Kdlay, M.; Surjan, P. R. InFullerenes and Fullerene

somewhat different: after spontaneous distortion the ground ggg%f%g_ct‘éﬁsgggé%a?’é&: Eig';;'* Mehring, M., Roth, S., Eds.; World
state bond length distributions are recovered for both isomers. 27y surjm, P. R.; Kdlay, M.; Démotor, G.; StachoL.; Ban, M. In

Electron correlation was shown to be qualitatively important Proceedings of International Winterschool on Electronic Properties eeNo

; Ha it i ; Materials Kuzmany, H., Fink, J., Mehring, M., Roth, S., Eds.; World
in Cgo and G, while it did not strongly affect the triplet spectra Scientific: Singapore, 1997; in press.

for other molecules. (28) Okada, M.; Okahara, K.; Tanaka, K.; YamabeChem. Phys. Lett.
The agreement between the computed and experimental zfsl993 209 91.

data is very good for &, while for C;o and G2~ we can say 195279%,9%“5[% P. R.; Neneth, K.; Kdlay, M. J. Mol. Struct.(THEOCHEM)
only that the zfs parameters are small. No experimental results (3’0) Bendale, R. D.; Baker, J. D.; Zerner, M.1Gt. J. Quantum. Chem.

are yet available for other systems. The computed data with 1991, S25 557. _

the assignment of lowest-energy distorted structures are coIIected5 (31) Kdlay, M.; Németh, K.; Surja, P. R.Fullerene Sci. Technol997

in Tabl_e 1_3. As the zfs parameters are very _sensmve to the ™ (32) Diederich, F.: Ettl, R.: Rubin, Y.; Whetten, R. L; Beck, R.; Alvarez,
isomerization and the symmetry of the excited state, the m.: Anz, S.: Sensharma, D.: Wudl, F.: Khemani, K. C.: Koch,Skience

calculated data presented in this work may offer some help in 1991 252, 548.
i ati i (33) Ettl, R.; Chao, I.; Diederich, F.; Whetten, R. Nature (London)
future characterization of higher fullerenes. 1091 353 149,
. . (34) Diederich, F.; Whetten, R. L.; Thilgen, C.; Ettl, R.; Chao, I.;
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