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Abstract The complete set of 86 isolated-pentagon-rule (IPR) isomers,dias been described by

the SAM1 quantum-chemical method, and their energetics checked by density functional theory at the
B3LYP/6-31G* lewel. Although the lowest-energy cage is not identical in both approaches, it still
exhibitsD, symmetry in both cases. As energetics themselves cannot produce reliable relative stabilities
at high temperatures, entropy terms are also computed and the relative-stability problem is treated
entirely in terms of the Gibbs function. The lowest-energy structure is not the most populated isomer at
higher temperatures - it is replaced b gstructure. Further stability interchanges are possible at very
high temperatures, en C, and C, structures are also imgant. There is a paal agreement of the
computations with available observed data.
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The coexistence of two or more isomers is a rather typi-
cal feature of higher fullerenes. In fact, several mixtures of
) fullerene isomers have already been studied, vig (6).[9-
Fullerene science has constantly been supported [1] by com2)), G, (e.g.[13-16)), G, (e.9.[17-21]), G, (e.g.[22-26)),
putations, this being also truefO( higher fdiees. At pesent Cgs (€.0.[2,27]), G4 (.9.[2,28]), G, (€.0.[2,29]). Some pre-
over thirty higher fullerenes Qwith n from 76 to 94 have |iminary results are even available [3,6,30] faf, @nd for
been identified,[2-6] typically thiugh *3C NMR in solu-  gj|| higher members.[5,6,31,32] Overall, the computations
tion. Their molecular symmetries have been assigned fronkaye demonstrated [33,34] that, from the theoretical point
the spectra, although this does not always mean that theg yiew, the higher fullerenes cannot really be understood
molecular topologies are known. Elucidation of the yithout the inclusion of temperature effects, i.e., without
symmetries and structures has been based entirely on th@ropy contribtions. This requirement is rather natural,
isolated-pentagon-rule (IPR) conjecture.[7,8] given the high temperatures needed for fullerene synthesis.

C,, is the next IPR system that should be studied
computationally in this comprehensive way. There are 86
topologically different G, cage structures [8] that obey the
isolated-pentagon rule. In this paper we refer to the num-
Dedicated to Professor Paul von Ragué Schleyer on the odering system suggested previously.[8] In this report the C
casion of his 70birthday
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IPR structures are computed at the semiempirical SAM1 leperatureAH®; .., must be converted to heats of formation at
[35] and also using density functional theory. Thg 1@la- the absolute zero temperatut®; .. Chirality contributions,

tive concentrations are evaluated and compared with avaiquently ignored, must also be considered in Eq. (1), as the
able observations.[3,6] partition functiong, is doubled for an enantiomeric pair.

Computations Results and discussion

The geometry optimizations were primarily performed withhe computations start from topologically generated struc-
the new semiempirical method SAM1 constructed [35] tmres [42,43] with correct connectivity. All such 8g,IPR
order to overcome some drawbacks of previous metbpologies possible were submitted to the SAM1 geometry
0ds.[36,37] The computations were carried out primarily witiptimizations. Table 1 surveys energetics and symmetries of
the AMPAC program packad88] (some preliminary com- the fourteen structures lowest in the SAM1 energy. Out of
putations athe AM1 and PM3 levels were also performedhose 86 cages, a structure with symmetry and coded [8]
with the MOPAC program [39]). The geometry optimizationsy 82 emerges as the lowest energy isomer at the SAM1 level
were performed with no symmetry constraints in Cartesi@figure 1).
coordinates and with analytical energy gradients. Inthe SAM1The symmetries resulting from quantum-chemical
optimized geometries, the harmonic vibrational analysis wagstimizations can be different from those found in molecu-
carried out by a numerical differentiation of the analytickr-mechanical or topological treatments. In quantum chemi-
energy gradient. cal calculations the symmetry can in particular be lowered

For selected cases the relative energies of isomers werehe Jahn-Teller effect, pseudo Jahn-Teller effect, or sim-
further computed at twab initio levels, using the Gaussian94ly owing to general energy reasons. It is known that Jahn-
program package.[40] First, Hartree-Fock (HF) SCF calculkeller conditioned distortions are rather common for higher
tions were performed with the standard 4-31G basis sefutierenes.[1] In the ¢ IPR set we observe several cases
the fixed optimized SAM1 geometries, HF/4-31G//SAMlwhere the topological symmetry is higher than the symmetry
At the HF/4-31G computational level the stability of the SC&xtracted after the SAM1 geometry optimizations. Some of
solution was checked (i.e., if it is really a local minimum ithe symmetry reductions cannot be related to Jahn-Teller ef-
wave-function space). After this step, density-functional corfect, because the starting topological symmetry is not suffi-
putations at the B3LYP/6-31G* level followed, using the HFiently high to allow for degenerate representations (for ex-
4-31G SCF solution as the starting guess, again in the fixedple, if aC, symmetry is relaxed tG,). Moreover, there is
optimized SAM1 geometries, i.e., the B3LYP/6-31G*//SAMho symmetry relaxation among the low-energy structures of
approach.

The geometrical symmetries of the optimized cages rep-
resent an important issue and they were determined not I%I 1 Th lati . £ PR
by the AMPAC built-in procedure,[38] but primarily by a ne able e rela |v1e energies [a] of low-energy struc-
procedure [16] which treats precision of the computed co j#res of G, (kJ mof)
dinates as a variable parameter. While changing the param-
eter, we get a string of symmetries and the relevant pdiabel Symmetry SAM1 B3LYP/6-31G*
group comes from the region corresponding to the suppofigd [ISAM1
computed coordinate accuracy. Rotational-vibrational par

tion functions were constructed from the computed structu®a! D, 0.0 0.0
and vibrational data (although only of rigid rotator and ha$l D, 10.44 49.77
monic oscillator quality, and with no frequency scaling$8 G, 14.82 -33.81
Relative concentrations (mole fractiong)of misomers can 84 D, 15.39 -84.93
be expressed through the partition functigresd the ground- 28 D, 29.57 -33.51
state energyiH°, by a master formula:[41] $2)6 gz jégg 127323
Dane. / O 50 C. 48.24 23.21
% expd O%QT)B 46 C, 53.54 29.79
= 73 C, 54.85 26.77
R 3-AHS, /O 1) 72 C, 60.05 12.21
> qj expl] %QT)D 39 C, 66.89 69.16
=1 = = 43 c 68.84 12.31
4 C 69.74 44.52

N

where R is the gas constant and T the absolute temperature.
Clearly enough, with the semiempirical quantum-chemidal AH% 55, (SAM1) orAE, (DFT) .
methods the conventional heats of formation at room tefa} Numbering convention recommended in Ref. [8]
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Table 1. There is one structure, placed relatively high in és-still not enough computational experience with the SAM1
ergy, that nevertheless counts in the relative-stability evaln@ethod. Hence, we also performed computations with a den-
tions and that exhibits a substantial symmetry lowering. Thigy functional theory, namely at the B3LYP/6-31G* level,
interesting structure is labeled By, it has a topological sym-i.e., about the best approach technically feasible at present.
metryD, that is reduced at the SAM1 geometry optimizatiori$he B3LYP/6-31G* computations were performed in the fixed
to C,. SAM1 geometries. In fact, it is known [1] that the semiem-
Although the original tests on smaller compounds prpiical geometries for fullerenes are quite close to experi-
duced [35] quite satisfactory results, improved over the parent and to results from higher levels of theory. Moreover,
formance of the previous semiempirical methods,[36,37] thélhe SAM1, PM3 and AM1 results also usually agree. In order

Figure 1 Six SAM1 opti-
mized structures of & full-
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Table 2 B3LYP/6-31G* mole &ctions w; for the selected cently reported [44] some interesting cases of the B3LYP
C,, isomers [a] method failing, although not for fullerenes but for an annulene.
As computations of an MP2 type are stillimpossible for higher
fullerenes, we plan to check theg,@nergetics at least with

0,

I[_aa]\bel Symmetry 1000 K Y (/0)2500 K some other standard approaches of density functional theory.

In particular, the ground state structure at the B3LYP/6-31G*
82 D, 1x103 0.04 level is different from that in the SAM1 approach. However,
81 D, 4x106 4x103 if we perform the BLYP/6-31G*//SAM1 computations for
38 C, 0.58 1.53 the three low-energy isomewgth D, symmetries §2, 81,
84 D, 51.72 3.40 and 84) we obtain values of 0.0, 10.6, -21.6 kJ tale.,
28 D, 47.63 89.88 still supporting the B3LYP ground state. In the B3LYP/6-
9 C, 6x104 0.07 31G* treatment the structure labeled83#is also the lowest
26 C, 3x103 0.33 in energy (Table 1). . _ -
50 C, 5x104 0.09 Energetics themselves cannot predict relative stabilities
46 C, 2x104 0.05 in an isomeric system at high temperatures. As this situation
73 C, 3x103 0.53 is particularly pertinent to fullerenes, we included entropy
72 C, 9x103 0.61 effects and evaluated the relative concentrations of al,86 C
39 C, 1x10° 7x103 IPR cages. Figures 2 and 3 show their development over a
43 o} 0.06 3.47 wide temperature interval when all input data are based on
4 c 9x106 7x103 SAM1 results. It turns out that only five structures exhibit

N

substantial populations at least in some parts of the wide tem-
. . perature interval. In addition to three structures relatively low
[a] See Table 1, numbering according to Ref. [8]. in the SAM1 energy82 D,, 38 C,, and28 D,, there are also
two significant structures with relatively high SAM1 ener-
ies,41 C; and 71 D,/C,. At very low temperatures, the

to check at least partly the stability of the SCF solutions %'ound-state structure must of course prevail, however, at
tained, we first ran HF/4-31G computations with the avafigher temperatures the structure is less and less significant.
able option [40] for stability checking. The HF/4-31G solyaround a temperature of 2000 K, the SAM1 calculations point
tions properly tested for SCF stability were then used as #if three structures with a comparable stability.
starting guess in the following B3LYP/6-31G* approach. It Table 2 shows that the B3LYP/6-31G* energetics com-
was not feasible to perform a similar stability test at this finghed with the SAM1 entropy gives somewhat simpler pic-
level of our computations. ture at higher temperatures (although at this stage only the

It turns out that the relative energies of isomers are soffirrteen IPR cages from Table 1 have been considered). At a
what different at the SAM1 and B3LYP/6-31G* levels ofemperature of 1000 K, thB, and D, structures labeled by
theory (Table 1). It is actually one of the first cases of suclgfand28, respectively, are almost comparable, sharing about
disagreement - for other fullerene system agreement is UsgB, each. At a temperature of 2500 K gstructure is a

ally betterf34] We cannot automatically conclude that thenajor isomer with two quite minor structures @f and C,
B3LYP/6-31G* data should be preferred. Schaeteal re- symmetry.

Figure 2 The SAM1 com-
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Figure 3 Some less-popu-
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relative concentrations match the observed data very well.

Both agree in a significance of o species. In principle,
one NMR pattern can sometimes be interpreted in sev
ways, especially if we deal with a mixture of two isomers.[2
Moreover, we should certainly not consider the IPR conjec- ioslowski. J.Electronic Structure Calculations on
ture as a rule without exceptions. It has already been repor 'quuIIereneS a,nd.Their Derivative®xford University Press:
[45] for Ca@G, that the rule did not work always. Even for Oxford. 1995 '
the pristine C,, the SAM1 computations[46] have shown a Achiba, Y.: Kikuchi,K.. Aihara, Y; Wakabayashi, T.:
entropy enhancement of a non-IPR structure. However, -eMiyake,Y.', Kainosh6 M InScie’nc.e’: and Technoloéy .c’>f
number of non-IPR structures that should be checkedgfor C Fullerer,1e.l’\/laterials Bernier. P Bethune. D. S.- Chiang
is considerable. The possible presence of heptagons rePrel "y Epbesen. T. W.- Met,zgé,r R M. |1\/Iin.tm.i,re 3 W,
sents another issue of a more general nature. These point]s:'ds"_ Materials, Réséé\rch Soci,ety'. Pit.t,sburgh 15’995_ p.,3
can be clarified only after further computations and theirju§- Achiba. Y.« Kikuchi K.: Aihara. Y- Wakabay,ashi T
taposition with experiments. . Miyake, Y.; Kainosho, M. InThe Chemical Physics of

The reported considerable thermal effects on the relative Fullerenes 10 (and 5) Years Lagekndreoni, W., Ed.
concentrations in the CIPR set result from a complex inter- Kluwer Academic Publishers: Dordrecht 19,96'.,p 139
play between rotational, vibrational, potential-energy terms, Achiba, Y.Kagaku52, 1997 5'15 ' ’ '
and chirality factors. Such effects can never be seen if ogly Mitsum,0t6 R.: OjiH.; Yam,ar,noto. Y- Asato K.: Ouchi
energetics are considered (i.e., simple Boltzmann factors |h-Y_ Shinoh,ara.{ H - éeki K - Ur’nighita K’_ I.-,|ino S"
stead of Eq. (1)) while entropy terms are neglected. Our treat-,’ o PO P L

ment, however, deals with thermodynamic equilibria, al- IC\I:gQSaZSSe S.; Kikuchi, K.; Achiba, ¥. Phys. IV 1997, 7,
though in fact only with respect to the inter-isomeric equili%— Achiba.Y' Miyake, Y. Ishiwati, H.: Kainosho, M.:

rium. It s difficult to guess a degree to which this presump- Kikuchi K. NMR Characterization of Higher Fullerenes

tion !s_satlsfleq in the experiment. However', the thermody- up to G, in MRS Boston 1998 Fall MeetinyRS: Pitts-
namic-equilibrium treatment has already given reals;onableburgh 1098 Abstract S2.2

agreement between theory and experiment in eight isomt=7ric;K

.~ Kroto, H. W.Nature 1987, 329, 529.
systems (G, C?S' Ceor Con C8.4' Coor Con and.Q’O)' As for the 8. Fowler, P. W.; Manolopoulos, D. En Atlas of Fullerenes;
C,, case, a third computational method is to be appliedh Clarendon Press: Oxford. 1995

order to clarify the disagreement between two methods tBatDiederich F- Whetten. R. L Thilgen. C.: Ettl. R.: Chao
usually work reasonably well for fullerene isomeric sets. ™* - Alvarez, M. M Scieﬁcei9§,1254g 17,68., T '
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