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Radical character of non-IPR isomer 28324 of Cg fullerene
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The molecular structure of the 28324 isomer (C;) of Cg fullerene was analyzed based on
the concept of substructures in fullerene molecules and with allowance for results of relevant
quantum chemical calculations. The distribution of single, double, and delocalized ;t-bonds is
presented for the first time. It is shown that the instability of the fullerene studied is due to its
open-shell structure and high local strain. It was found that positions of endohedral metal atoms
inside the fullerene cage are in the region of the radical cluster discovered.
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According to the isolated pentagon rule (IPR), the
most stable fullerenes are those having no fused pentagon
pairs, the non-IPR fullerenes being unstable.1:2 The terms
"instability" and "unstable fullerene" imply that it is impos-
sible to obtain a pristine fullerene using currently available
synthetic procedures. Until now, there is no reliable con-
firmation of obtaining such structures as pristine fullerenes.
Although about 100 higher non-I1PR fullerenes have been
reported to date, they represent either endo- or exo-deriv-
atives.3 Another unsolved problem is the search for
a relation between the structure of the starting fullerene
molecule and positions of endohedral atoms inside the
fullerene cage or positions of addends outside the cage.
A possible reason for this uncertainty is the lack of infor-
mation on the molecular structure of higher fullerenes.

Our "substructural” concept proved to be useful to study
the stability of higher IPR-fullerenes.#~7 Using reasonable
assumptions based on detailed analysis of reliable experi-
mental data on fullerenes, it is possible to obtain a tenta-
tive structural formula of the fullerene molecule under
study, that is, to establish the distribution of the simple,
double, and delocalized bonds prior to calculations. This
treatment essentially simplified subsequent analysis of the
geometry and electronic structure of the molecule using
the results of quantum chemical calculations. Earlier, this
approach was used to predict the stability of certain Cgy
fullerene isomers that were isolated more recently.8:?

The essence of the concept is to choose a fragment
(substructure) of a fullerene molecule, which is bound to
the remaining part of the molecule by a simple bond. We
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Fig. 1. Characteristic substructures in fullerene molecules: corannulene (a), s-indacene (b), perylene (¢, d), and phenalenyl radical (e).

assume that the main features of the substructure are re-
tained irrespective of the type of the fullerene molecule it
belongs to. An analysis of the structure of higher IPR-
fullerenes revealed not only substructures characteristic
of stable fullerene molecules (Fig. 1, @ and b), but also
numerous radical-type substructures (Fig. 1, d and e)
typical of unstable IPR-fullerenes.5:6

As can be seen, the perylene substructure can be treated
as a closed-shell substructure having no radical centers
(Fig. 1, ¢) or as a possible radical substructure consisting
of two phenalenyl radical substructures (see Fig. 1, e) with
a shared hexagon (see Fig. 1, d).

According to the structural data obtained mainly by
single-crystal X-ray diffraction, a large fraction of IPR-
fullerenes are represented by endo- or exohedral derivatives
(see, e.g., Refs 10—24). It was found that all of them
contain either the phenalenyl radical or perylene substruc-
tures as evidenced by our previous studies on C;4—Cgq
fullerenes.5:% This actually indicates a radical character of
these molecules, implying that they are unstable or that it
is impossible to obtain them as pristine fullerenes. As to
the non-IPR fullerenes, it is the presence of fused penta-
gons that is the main reason for their instability.

In this work, our "substructural" approach5—7 is applied
to higher non-IPR fullerenes taking the 28324 isomer
(C)) of Cg fullerene (isomer numbering is according to
the spiral algorithm?3) as an example. Recently,20 this
species was obtained as endohedral fullerenes U@Cgj and
Th@Cg and characterized by single-crystal X-ray diffrac-
tion. Our goal was to elucidate structural features of non-
IPR fullerene molecules that are responsible for instabil-
ity of these systems and to provide insight into the reasons
for stabilization of such fullerenes as endo- or exo-
derivatives.

Calculation Procedure

Our approach allows one to obtain the structural formula of
the fullerene molecule and to assess the distribution of all types
of bonds (simple, double, delocalized) prior to quantum chem-
ical calculations. This approach was used to analyze a wide range
of higher IPR-fullerenes from C;, to Cgg (see Refs 4—6) as well
as certain isomers of two lower fullerenes, C4y and Cs,27—29 and

to assess the stability of these molecules. Then, to evaluate pre-
liminary results and to obtain additional structural information,
DFT calculations without symmetry restrictions were carried out
using the B3LYP functional3%-3! and the 6-31G basis set. The
total energies were also revised using the 6-31G* and 6-31+G*
extended basis sets. Since the 28324 (C,) isomer of Cg fullerene
was also treated as an open-shell structure, we carried out spin-
unrestricted Kohn—Sham calculations for high-multiplicity
configurations. All calculations were carried out using the
Gaussian 09 program.32 The calculations and a normal vibration
analysis confirmed the correspondence between the optimized
structures and the energy minima located on the potential energy
surfaces.

Results and Discussion

Consider the distribution of simple, double, and delo-
calized m-bonds in the 28324 isomer (C,) of Cg fullerene
(Fig. 2) from the standpoint of our approach.4=7 An
analysis of the structural formula revealed the presence of
corannulene substructures (see Fig. 1, a) characteristic of
both the most stable fullerenes Cgy and C;y and other
stable IPR-fullerenes. These substructures cannot cause
the instability of the molecule under study.

Of particular interest is a cluster consisting of three
fused phenalenyl radical substructures and phenanthrene
(see Fig. 2). This cluster is identical to a cluster in the
IPR-isomer 39715 (C;) of the Cg, fullerene that was ob-
tained and characterized only as various endohedral de-
rivatives3:8:11,19=21 rather than a pristine fullerene. In the
molecule of the title isomer this cluster is adjacent to the
pentalene moiety that plays a dual role. First, a recent
study33 showed that certain pentalene derivatives are open-
shell systems with two unpaired electrons. Next, the Cg
framework of pentalene and its derivatives is planar, being
significantly distorted in the strained fullerene spheroid;
earlier, the effect of the curvature of the spheroid was
considered as a reason for the instability of pentalene-
containing fullerenes. One can expect that the molecule
of the 28324 isomer (C,) of Cg fullerene contains a kind
of a radical cluster consisting of six "fused" phenalenyl
radical substructures and an adjacent pentalene moiety.

Thus, a preliminary analysis of the structure of the
28324 isomer (C;) of Cg fullerene showed that its instabil-
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Fig. 2. Schlegel diagram of the open-shell 28324 isomer (C,) of
Cg fullerene. The tentative radical cluster is given in yellow.
Small filled circles denote the central carbon atoms of six "fused”
phenalenyl radical substructures. Here and in Figs 4 and 5 single
lines denote the simple bonds, double lines denote the double
bonds, and dashed lines denote the delocalized st-bonds.

ity can be due to the radical character and a local strain
produced by the pentalene fragment.

To evaluate the preliminary results obtained and to
determine the character of the electronic structure of the
isomer under study, we carried out quantum chemical
calculations for different-multiplicity (M) configurations
including those with two and four unpaired electrons
(M = 3 and 5, respectively). Calculations revealed the

closed-shell singlet configuration (Table 1) as the most
energetically favorable one. Nevertheless, the high-mul-
tiplicity (triplet and quintet) configurations were also
analyzed taking account of the arguments for the radical
character of the electronic structure of the fullerene in
hand (see above).

It was found that although the energies of the configur-
ations with M = 3 and 5 are respectively 6 and 18 kcal mol~!
higher than that of the singlet configuration, this energy
difference is compensated by a considerable energy gain
for ionic forms. The Cgy*~ and Cg,®~ anions of the 28324
isomer (C) of Cg fullerene become even more energeti-
cally favorable than the most stable 31919 isomer (D,) of
the IPR-fullerene Cg, (Table 2).

In fact, the results of DFT calculations confirmed the
preliminary bond distribution obtained using our ap-
proach,%=7 viz., most calculated bond lengths correspond
to the expected bond types (simple, double, and delocal-
ized), being close to the bond lengths in the well-studied
fullerenes Cg and C, (Table 3 and Fig. 3). On going to
the anions the lengths of the simple bonds remain almost
unchanged, while the double and delocalized bonds be-
come somewhat longer.

Nevertheless, differences between the results of calcu-
lations and the values expected from the preliminary bond
distribution merit attention. It was found that most delo-
calized bonds correspond to the phenalenyl radical
substructures and their positions in the configurations
with M = 3 and 5 differ only slightly. Therefore, determin-
ation of the number of unpaired electrons requires
an analysis of the spin density distribution in different
configurations.

Table 1. Relative energies (AE) of and HOMO—LUMO gaps (AEgomo—Lumo) in isomers of Cgq fullerene

Isomer M AE/kcal mol~! AEyomo—Lumo/eV
6-31G 6-31G* 6-31+G* 6-31G 6-31G* 6-31+G*
31919 (D,)® 1 0.00 0.00 0.00 1.39 1.35 1.33
28324 (Cy) 1 28.99 27.00 26.14 1.16 1.16 1.16
3 34.76 33.02 32.38 0.66 0.66 0.65
5 47.50 45.13 44.39 0.34 0.37 0.36

@ M is the multiplicity of the corresponding electronic configuration.
b The most stable IPR isomer of Cg fullerene.34

Table 2. Relative energies (AE, kcal mol~!) and HOMO—LUMO gaps (AEyomo—Lumos €Y) in anions of
the 31919 (D,) and 28324 (C,) isomers of Cg fullerene

Isomer C80 C8027 C8047 C8067

AE AEyomo—Lumo AE AEgomo—rumo AE AEyomo—Lumo AE AEyomo—Lumo

31919 (D)4 0.00 1.33 0.00 1.29 0.00 0.86 0.00 1.13
28324 (Cy) 26.14 1.16 11.03 0.96 —17.81 1.27 —23.51 1.28

@ The most stable IPR isomer of Cg fullerene.34
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Table 3. The minimum (/,,;,), average (/,,), and maximum (/,,,) lengths (A) of simple, double, and delocalized bonds
in the fullerenes Cg (/) and Cyy (Dsy), in the 28324 isomer (C)) of Cg fullerene in different electronic configur-
ations, and in the endohedral metallofullerenes U@Cg((28324) and Th@Cg,(28324)

Fullerene Simple Double Delocalized
lmin lav lmax lmin lav lmax lmin lav lmax

Cqo (I1)? — 1.4580 — — 1.401 — — — —
Cyo (D5h)b 1.4530 — 1.5310 1.3860 — 1.3880 1.4050 — 1.4250
Cg 28324 (C)), singlet®  1.4210 1.4536 1.4815 1.3669 1.3965 1.4153 1.4007 1.4298 1.4649
Cg( 28324 (Cy), triplet® 1.4196 1.4539 1.4821 1.3705 1.3963 1.4149 1.3974 1.4301 1.4682
Cg( 28324 (C)), quintet® 1.4404 1.4552 1.4745 1.3736  1.4000 1.4205 1.4032 1.4274 1.4662
Cgoz_ 28324 (C))*© 1.4292  1.4555 1.4953 1.3731 1.3991 1.4148 1.3977 1.4307 1.4619
C804— 28324 (C)© 1.4360 1.4553 1.4786 1.3893 1.4084 1.4307 1.4138 1.4347 1.4494
Cgoﬁ_ 28324 (C))°© 1.4308 1.4564 1.4837 1.3936  1.4233 1.4747 1.4241 1.4347 1.4659
U@Cy,(28324)¢ 1.4273 1.4473 1.4685 1.3796  1.4037 1.4437 1.4118 1.4293 1.4615
Th@Cg(28324)¢ 1.4275 1.4480 1.4715 1.3809 1.4044 1.4470 1.4111 1.4297 1.4654

@ Gas-phase electron diffraction data.35
b Gas-phase electron diffraction data.36
¢ Obtained from B3LYP/6-31G calculations.

¢ X-ray diffraction data.26
1.50 }
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Fig. 3. Minimum and maximum bond length (in A) distribution
for the simple (I), double (II), and delocalized (III) bonds:
singlet Cg((28324) (1), triplet Cg((28324) (2), quintet Cg((28324)
(3). Cg?(28324) (4), Cyg*(28324) (3), Cgy6(28324) (6),
U@Cy(28324) (7), and Th@Cg,(28324) (8).
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As was expected, the spin density in all electronic
configurations is mainly localized on atoms of the radical
cluster (Fig. 4). Note that the quintet configuration is the
preferred one since it is this configuration that provided
localization of the highest spin density on the radical
cluster and pentalene moiety (see Ref. 33).

Positions of metal atom(-s) inside the cage of endo-
hedral fullerenes are specified by the spin density distribution.
Earlier, we found that metal cations are located near the spin-
density-rich radical substructures of the parent fullerene.37

Our structural data for the 28324 isomer (C;) of Cg,
fullerene were compared with the experimental data for
the endohedral metallofullerenes U@Cg((28324) and
Th@Cq((28324) obtained by single-crystal X-ray diffrac-
tion.26 Positions of endohedral thorium and uranium atoms
are in the region of the radical cluster and pentalene moiety
(Fig. 5). This confirms our assumption that endohedral
atoms are located near the radical clusters since it is these
regions that are characterized by the maximum spin density.
Taking into account the fact that the endohedral Th and

' @ 027031

@ 0.20—0.24 ® 0.19—0.22

/@ 0.14—0.17 \ / ® 0.14—0.17
- . 0700 - 000
) / + 0.07—0.09 / + 0.07—0.09

Fig. 4. Maximum spin density distribution in the 28324 isomer (C)) of Cg fullerene for the configurations with two (a) and four ()
unpaired electrons; the highest spin density region is given in yellow.
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Fig. 5. Positons of endohedral atoms in Th@Cg, (a) and U@Cg, (b) near the pentalene and phenalenyl radical substructures. The

highest spin density region is given in light gray.

U atoms are in the oxidation state 4+,26 the calculated bond
lengths in the Cgy*~ tetraanion of the 28324 isomer (C,) of
Cg fullerene are in good agreement with the X-ray diffrac-
tion data for the endohedral metallofullerenes U@Cg(28324)
and Th@Cg,(28324) (see Table 3 and Fig. 3).

Reference can be made to another reason for stabiliz-
ation of non-IPR endohedral metallofullerenes. Going
from planar pentalene structures to folded pentalene sub-
structures in the fullerene molecule produces a consider-
able local strain.®38:39 For instance, the pentalene folding
angle in the hypothetical molecule of the 28324 isomer
(C)) of Cg fullerene is about 47°. Stabilization of this
molecule in the form of endohedral metallofullerenes can
be explained by strain relaxation caused by coordination
of the endohedral metal cation to the pentalene dianion.40

Summing up, the instability of the non-IPR 28324
isomer (C;) of Cg fullerene studied in this work is most
probably due to its open-shell structure and high local
strain. We have shown that combining our approach to
molecular structure determination of higher fullerenes and
quantum chemical calculations can also be useful in the
structural studies of non-1PR fullerenes.

This work was carried out within the framework of the
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the Russian Foundation for Basic Research (Project
No. 18-29-19110MK).
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