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ABSTRACT

Using a theoretical approach supported by DFT calculations, the features of molecular structure of
isomer 17418 (C;) of fullerene Cy¢ with the distribution of single, double and delocalized n-bonds
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has been determined for the first time. It is shown the radical nature together with the well-

known overstrain due to pentalene fragment are the reasons for the instability of this fullerene as
empty molecule. The synthesis of endohedral metallofulerenes is accompanied by the formation
of an ion pair: the fullerene anion and a metal cation inside the molecule. Its leading to the clos-
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ure of the electron shell of the fullerene molecule and the removal of excess local strains. The pre-
viously experimentally determined cations sites inside the fullerene, which stabilize the molecule

as a whole, are close to the disclosed radical clusters.

1. Introduction

Nearly 100 of higher fullerenes that do not obey the Isolated
Pentagon Rule (IPR)!"? have been produced last two deca-
des as endohedral or exohedral derivatives.®! All of them
are synthesized by chance i.e., at the start no one has known
what would appear on the finish. One of the reasons for
such uncertainty is very limited knowledge of the molecular
structure of pristine non-IPR fullerene. All non-IPR fuller-
enes are well-known to be unstable as pristine ones.
However, fullerene cages including non-IPR ones are often
become stable as exohedral or endohedral derivatives.

The concept of substructures developed by us has shown
its usefulness in studying the stability of higher IPR fuller-
enes.*®) Briefly, by a substructure we call a fragment of a
fullerene molecule which is connected with the rest of its
part by single bonds, the latter poorly transmit the electron
density due to the curvature of the fullerene shell.
Therefore, the substructure retains its features regardless of
which fullerene molecule it belongs to. Due to this, we have
shown that higher IPR fullerenes have substructures charac-
teristic for stable molecules (Figure la—c), as well as there
are substructures with radical nature (Figure le,(f) inherent
for unstable fullerenes.*!

It is easy to see that perylene substructure can be repre-
sented as neutral (Figure 1d) or as two fused phenalenyl-
radical substructures (Figure 1f) with a common hexagon
(Figure 1le). According to structural data (mainly, single
crystal X-ray diffraction analysis), a significant part of IPR
fullerenes were obtained only as derivatives: endohedral or
exohedral (see, for example,”’g]). It turned out that they all

contain either phenalenyl-radical or perylene substructures
that indicate the radical nature of these molecules, i.e., their
instability or impossibility of obtaining as pristine fullerenes.
For the non-IPR fullerenes, it is often considered that adja-
cent pentagons in their molecules are the reason for their
instability.

Cy¢ fullerene has 19151 classical cage isomers, among
which two isomers 19150 (D,) and 19151 (T4) satisty the
IPR.[1 Only one IPR isomer 19150 (D,) has been success-
fully isolated and characterized by single crystal X-ray,!'"*%!
the second one 19151 (Ty) has never been produced due to
its unstable open-shell electronic structure.'>'*! A detailed
topological study regarding the C,s isomers has been done;
the definition of a method for calculating the features, num-
ber of lines and relative intensities, of the >’C NMR theoret-
ical spectrum is presented.!’”! Although a set of molecules
with touching pentagons that are able to fit the experimental
resonance data has been discovered,!'” no experimental evi-
dence has been founded yet for the existence of such mole-
cules as pristine fullerenes. A series of quantum-chemical
calculations confirmed that the experimentally obtained iso-
mer 19150 (D,) of Cys fullerene to be most energetically
favorable.'®?!] Nevertheless, both isomers were produced
as various derivatives (endohedral and exoherdal ones). For
the stable isomer 19150 (D,) there are several such
examples  (for example, Yb@Cy, [22] Sm@Cye, 1>
C76(CF3)6,8,10,12,14,16,18[24’27]), while for 19151 (T4) isomer
there is a limited number of such derivatives: the first T4-
symmetric metallofullerene has been synthesized, isolated
and characterized as Lu,@C,,?% the first experimental
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Figure 1. Characteristic substructures of fullerene molecules: corannulene (a), sumanene (b), s-indacene (c), perylene (d and e), phenalenyl-radical (f).

evidence for the existence of the hollow C,¢ (T4) fullerenes
was represented as exohedral Cy6(CF3);,."!

Additionally to IPR-satisfying, derivatives of fullerene C;4
were also successfully synthesized and isolated in the form
of various non-IPR Cy cages. Stabilization of such strained
non-IPR fullerene cage due to fused pentagons can be ful-
filled by either endohedral or exohedral derivatization. So,
the first non-IPR C,s cage was synthesized in the form of
endohedral metallofullerene DySc,N@C,s as isomer 17490
(C,) having two pairs of the adjacent pentagons.'*”! This iso-
mer has been isolated also as La,@QC,¢ and its structure
determined from X-ray crystallographic analysis.!*”! The the-
oretical research shows that in the relevant temperature
region, the La,@QC,4 should be considerably more populated
compared to La@C,s with IPR Td—cage.[3 1

Another two non-IPR isomers 19138 (C,,) and 17459
(C;) with one pair of adjacent pentagons are obtained
experimentally as Yb@C,¢ and investigated by density func-
tional characterization.®?! Later, isomer 19138 (C,,) was
also produced as Sm@Cy6,>>! TDNC@C,¢ and YNC@C,6*Y
and characterized by single-crystal X-ray diffraction; a com-
bined study of single-crystal X-ray diffraction and DFT cal-
culations suggests that the endohedral Sm** ion is close to
the fused pentagon unit.**! DFT calculations shows that this
isomer is nearly isoenergetic with 17459 (C;) for M@Cy
(M =Sm,*>*! Ca, Sr, Ba,***! ScCN and YCN,P”?* and
Sc,SP%)). The recent report on actinide metallofullerenes
U@Cys presented a successfully synthesized and fully charac-
terized (incl. single crystal X-ray diffractometry) as another
non-IPR cage 17418 (C)M! that previously was theoretically
studied for Th@C76.[*"!

Concerning exohedral derivatives of non-IPR isomers,
18917 (C,) cage having five pairs of fused pentagons was
produced as C,Clyy; it is a first case of non-degradative
skeletal rearrangement in fullerenes: a stable IPR D,-Cy ful-
lerene underwent a deep transformation of its cage.l*>**
The simultaneous with isomer 18917 (C,) formation of iso-
mer 18387 (C,) is observed for exohedral C,Clso.[*4*!
High-temperature chlorination of an IPR D,-C;4 fullerene
followed by high-temperature trifluoromethylation of non-
IPR Cjs chlorides with CFs;I unexpectedly resulted in a
series of non-IPR C,4(CF3),Fr, compounds.[46] X-ray diffrac-
tion study with the use of synchrotron radiation revealed
the isomer 18917 (C,) with mixed CF5/F structures of non-
IPR C76(CF3)14, C76(CF3)14F>, and C76(CF3)16F6-[46]

Thus, to date, there are several non-IPR isomers of fuller-
ene C,¢ that are stabilized in the form of various derivatives.

Our notion concerning molecular structures and stability of
higher IPR fullerenes have shown the usefulness and antici-
pation of the concept of substructures.*®) Here we investi-
gated the molecular structure of lowest symmetry molecule
of non-IPR fullerene C,;s that molecular topology was
recently revealed by single-crystal X-ray diffraction of endo-
hedral U@C,4 as isomer 17418 (C;)!1" according to the
early developed approach!*™®! to establish its structure and
reasons for stabilizations.

2. Methodology and computational details

Previously, we showed that the fullerene molecule could be
considered as a set of substructures.*”*) We developed an
approach that provides a complete structural formula of ful-
lerene with the distribution of single bonds, double bonds
and n-delocalized bonds prior to the quantum-chemical cal-
culations. In fact, the analysis of all IPR and some non-IPR
molecular structures of higher fullerenes, such as Cgg, Ces,
Cys, Cyyy Crg, Crg, Cgo, Cgr, Cgy, and Cgg, and some isomers
of small fullerenes C4y and Csy, confirmed this substructure
concept (see Refs. [4-6, 47-49] and references herein).

The preliminary obtained results of the geometrical and
electronic structures were verified by quantum-chemical
DFT calculations. All calculations were accomplished using
the Gaussian’09 program packages.””®’ The molecular struc-
tures of the researched structures were fully optimized using
DFT B3LYP functional®"** with 6-31G basis set. The
geometry optimizations were performed without the sym-
metry constraints considering the low symmetry of the
studied molecules. The standard keywords, default cutoffs
on forces and step size at structural optimizations were
used. To improve energies, geometry optimization was fol-
lowed by single-point calculations with 6-31G(d) and 6-
31+ G(d) basis sets. The calculations have shown a good
agreement between the results obtained for all used
basis sets.

Because the researched structures were suggested also as
molecules with the open-shell electronic structures, the
quantum-chemical calculations were carried out also in con-
figurations with high multiplicities using the unrestricted
Kohn — Sham methodology. To ensure the calculated struc-
tures were indeed minima, vibrational analyses were per-
formed using the same methods. The tests of the stability of
wave functions were carried out.
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Figure 2. Schlegel diagram of non-IPR isomer 17418 (C;) of fullerene C;¢ with
open-shell electronic shell. Single and double bonds are depicted by one and
two lines, delocalized 7-bonds are designated by a circle or dashed lines; all
pentagons are in gray; the proposed radical cluster is highlighted in yellow;
bold points indicate the central carbon atoms of four fused phenalenyl-radical
substructures.

3. Results and discussion

According to our theoretical approach,'*™®! we determined
for the first time the distributions of single, double and
delocalized m-bonds (i.e., their molecular formulas) (Figure
2). Analysis of studied fullerene shows the presence of a cer-
tain number of corannulene (Figure la), sumanene (Figure
1b) and s-indacene (Figure 1c) substructures. These sub-
structures are characteristic for the most stable fullerenes
Cs0, Cy0 and other produced and characterized IPR fuller-
enes'*® that indicate they cannot be the cause of the
instability of the studied molecule.

A cluster consisting of four fused phenalenyl-radical sub-
structures (or two fused perylenes) has a special interest
(Figure 2). Interestingly, a similar substructure of two fused
perylenes was previously found in the IPR isomer 39714
(C,) of Cg, fullerene!® that was obtained and characterized
only in the form of various endohedral derivatives.'*>*>°
This substructure is clustering with pentalene fragment and
represents a new substructure that has not been studied
before. First of all, it has recently been shown that the mole-
cules of some pentalene derivatives have an open electron
shell with two unpaired electrons.””” Secondly, the Cg pen-
talene framework has a planar structure, as well as its deriv-
atives, while in fullerenes the curvature of the fullerene
spheroid significantly distorts the planar structure of the
pentalene fragment, which was considered to be the cause of
the instability of fullerenes with such a fragment.

Thus, the possible radical nature together with the well-
known overstrain due to pentalene fragment®>*>?! can pre-
sumably be the reasons of the instability of this fullerene as
empty molecule.

Further, to confirm the obtained preliminary conclusions
and to choose the true nature of the electronic structure of
the isomer under study, quantum-chemical calculations were
carried out, including in configurations with high
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multiplicities. Quantum-chemical calculations show that
singlet configuration with closed electron shell and large
HOMO-LUMO gap is most energetically favorable (Table
1). Notwithstanding, bearing in mind the above arguments
for radical nature of isomer 17418 (C,) of fullerene Cq,
additional analysis of the results of quantum-chemical calcu-
lations is required to choose the true nature of its electronic
structure. So, DFT calculations were carried out in configu-
rations with high multiplicities using the unrestricted
Kohn-Sham methodology: with two and four unpaired elec-
trons (multiplicity is 3 and 5, respectively).

It turned out that the loss of 8 and 32kcal/mol for multi-
plicity 3 and 5, respectively, is compensated by a significant
gain in the energy of ionic forms. It should be noted that
the C,6" and C,* anions of non-IPR isomer 17418 (C;)
becomes more energetically favorable even in comparison
with the IPR isomer 19150 (D,) (Table 2).

As a matter of fact, the preliminary bonds distributions
according to the developed approach!*®! are confirmed in
DFT calculations: the values of most calculated bond lengths
correspond to expected bond types (single, double and delo-
calized) plotted on Schlegel diagrams and are also in agree-
ment with the well-known experimental values for most
stable Cgo and C,, fullerenes!®®®! (Table 3 and supplemen-
tary material Table S1). Nevertheless, it should be noted that
there are some differences between calculated values and
originally proposed bonds distribution according to our the-
oretical approach.!*™®) Analysis of calculated bonds distribu-
tion for various electronic configurations (see Figure S1 in
supplementary material) shows that most of the delocalized
bonds are arranged in proposed phenalenyl-radical substruc-
tures; there are only minor differences between their
arrangements for multiplicities 3 and 5. Also, due to lowest
symmetry of molecule we cannot use symmetry decrease for
estimation number of unpaired electrons. That is why, to
determine the exact number of unpaired electrons we are
analyzing spin density distributions and compare it with
experimentally X-ray determined positions of uranium
atoms (cations) inside the molecule.

As expected, the spin densities are mainly concentrated
on atoms of fused pentagons and phenalenyl-radical sub-
structures (Figure 3 and supplementary material Table S2).
From the analysis of DFT calculation results it was revealed
that configuration with two unpaired electrons (triplet) is
most preferred. This conclusion is rationalized by the fact
that part of the spin densities in quintet configurations is
outside of the phenalenyl-radical substructures (depicted by
yellow on Figure 3).

The spin densities distribution predetermines a position
of a metal atom(s) inside endohedral derivatives. It will be
useful for predictions of endohedral atom(s) position inside
its endohedral derivatives synthesized in the future or the
order of radical addition in reactions of exohedral deriva-
tives synthesis. Earlier we revealed that endohedral metal
ions are located close to radical substructures with the most
concentrated spin densities.!”> As was mentioned early, the
studied non-IPR isomer 17418 (C;) of fullerene C,¢ have
been successfully synthesized as actinide endohedral
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Table 1. Relative energies AF (kcal mol™') and HOMO-LUMO gaps (eV) of non-IPR isomer 17418 (C;) together with most stable IPR isomer 19150 (D) of fuller-

ene Cye.
AE HOMO-LUMO
Isomer no. 6-31G 6-31G* 6-314+G* 6-31G 6-31G* 6-31+G*
19150 (D,) singlet, M =12 0.00 0.00 0.00 1.99 1.97 1.95
17418 (Cy) singlet, M=1 33.10 33.75 31.23 1.30 1.30 1.28
triplet, 40.74 41.51 39.02 0.62 0.63 0.62
M=3 66.36 66.00 63.40 0.14 0.09 0.11
quintet, M=5

Most stable IPR isomer of fullerene Cyg!"!

M, multiplicity of corresponding electronic configuration.

Table 2. Comparison of relative energies AE (kcal mol~") and HOMO-LUMO gaps (eV) of non-IPR isomer 17418 (C;) and IPR isomer 19150 (D,) of fullerene Cyg

in their neutral and anionic forms (6-31 + G*).

AE/(HOMO-LUMO)

Fullerene Cyg isomer no. Cre [ Cr™ Cre®
19150° (D,) 0.00/1.95 0.00/0.87 0.00/0.80 0.00/1.47
17418 (Cy) 33.10/1.30 3.44/1.23 -4.64/1.03 -0.21/1.17

®Most stable IPR isomer of fullerene Cg.!™

Table 3. Bond lengths in IPR fullerenes Ceo (In) and Cyo (Dsn) and in non-IPR isomer 17418 (C;) of fullerene Cyg, A.

Single Double Delocalized
Isomer no. min max min max min max
Ceo (15)1” 1.459 1.397 -
Cro (Dsp)®" 1.454 1477 1.390 1.399 1424 1.439
17418 (C,) singlet, 1.432 1.489 1.362 1.424 1.386 1.458
M=1 1.434 1.479 1.366 1.424 1.389 1.478
triplet, M=3 1.431 1.475 1.378 1.430 1.389 1.471
quintet, M=5

@ 0.23-035
@ 0.14-0.18
© 0.10-0.13
* 0.07-0.09

@ 0.26-0.32
@ 0.21-0.23
® 0.15-0.17
® 0.10-0.13

e 0.07-0.09

Figure 3. The maximum spin densities distribution in triplet (left) and quintet (right) configurations of non-IPR isomer 17418 (C;) of fullerene C¢; regions with max-

imum spin densities are depicted by yellow.

metallofullerene U@C,s and fully characterized by single
crystal X-ray diffractometry. The optimal locations of endo-
hedral atoms slightly disordered over several positions are
near the pentalene motif.*"! It should be further noted that
the experimentally determined positions of uranium atoms
inside the fullerene molecules are close to clusters from pen-
talene and phenalenyl-radical substructures (Figure 4). It is
supporting our argumentation because maximum values of
spin densities are located namely here. It means that the
addition of extra electrons to the unpaired ones creates a
higher electron density, namely at these fragments of mole-
cules, instead of being diffused on the fullerene sphere.
Therefore, due to a higher electronic density of these sub-
structures, metal cations shift to them.

One more reason for the stabilization of non-IPR endo-
hedral metallofullerenes should be mentioned. The “folding”

of an initially flat pentalene structure (Figure 5) in fullerene
molecule leads to significant local overstrains.!****°! The
hypothetical molecules of pristine non-IPR isomer 17418
(C,) of fullerene C;5 show folding angles 46.2-46.6° (Table
4) that means the presence of high overstrains. Its stabiliza-
tions in the form of endohedral metallofullerene is explained
by strain relaxation (F=47.94) due to the coordination of
endohedral atom with pentalene fragments.'®

Thus, the instability of the studied fullerene is caused by
its open-shell structure and by significant local overstrains
related to the high folding angle value of pentagons in the
pentalene substructure. Taking into account a previous suc-
cess in the stabilization of non-IPR fullerenes, a key role in
the stabilization of such fullerenes can play a decrease in
strain, caused, for example, by changing the carbon hybrid-
ization from sp> to sp’ in radical addition reaction or by



Figure 4. The positions of disordered endohedral atoms in UQ(17418)-Cs¢
together with pentalene and phenalenyl-radical substructures; regions with
maximum spin densities are depicted by yellow.

Figure 5. Folding angle F of pentalene substructure.

Table 4. Dihedral angles and folding angles F (grad.) in molecules of isomer
17418 (C,) of pristine fullerene C;5 and endohedral U@Cys.

Fullerene a-b-b-a® c-b-b-c aver. F

Cz6 17418 (C4) quintet 133.17 133.62 133.39 46.61
Cys 17418 (C,) triplet 134.15 13345 133.80 46.20
U@Crg, X-ray™*” 131.78 132.34 132.06 47.94

Dihedral angles designations see Figure 5.

coordinating the endohedral metal atom with the substruc-
tures consisting from condensed pentagons and/or radical
ones in endohedral derivatives. As one of the mechanisms
of the synthesis of these non-IPR fullerene endohedral deriv-
atives we suppose the addition of the plasma electrons to
the highest spin densities positions of cage precursors, that
form a stable ionic pair metal-cage precursor, then finally
closing of the fullerene cage.

4. Conclusions

Thus, quantum chemical calculations (DFT) show that non-
IPR isomer 17418 (C,;) of fullerene C,¢ has a radical nature
of its electronic structure. The distributions of single, double
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and delocalized m-bonds in researched isomer molecules are
presented for the first time as well as their molecular formu-
las. The spin densities are mainly concentrated on atoms of
fused pentagons and phenalenyl-radical substructures.
Additionally to the radical nature, the main instability rea-
son is the high folding angle between pentagons of substruc-
tures with fused pentagons. The previously experimentally
determined cations sites inside the fullerene, which stabilize
the molecule as a whole, are close to the aforementioned
radical clusters.
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