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Abstract
Here for the first time, we applied approach developed earlier for higher fullerenes to investigate the features of molecular 
structures of non-IPR isomers 270 (D3) and 271 (D5h) of small fullerene C50. The bond distributions are presented as struc-
tural formulas. The instability of the studied isomers is caused by a significant local overstrain due to the excessive folding 
of pentagons in pentalene fragments, which typically are planar molecules. It is found that the chains of π-bonds are passing 
through some cycles like in the previously studied higher non-IPR fullerenes C66 and C68. Chemical shifts of the centers 
of the pentagons and hexagons (NICS(0)) are reported. It is shown that chlorine atoms in the exohedral derivative C50Cl10 
of isomer 271 (D5h) are attached to the indacene-like substructures confirming the preference of addition to π-delocalized 
hexagons in radical reactions. The identified features in the structures of smaller fullerene molecules can be predictive of 
the ability to be synthesized as derivatives and will assist in determination of their reactivity.

Keywords  Small fullerene · Structural formula · Substructure · Pentalene · Overstrain

1  Introduction

An empirical rule of isolated pentagons (IPR), that appeared 
after the discovery of the molecular structures of first most 
stable fullerenes C60, C70, etc., suggested that fullerene mol-
ecule in which all 12 pentagons are separated by hexagons 
has to be stable and conversely the molecule with some abut-
ting pentagons is unstable [1, 2]. In fact, all fullerenes that 
were obtained, isolated and characterized during the first 
period after their discovery in 1985 were obeying IPR. Nev-
ertheless, sometimes some of non-IPR fullerene Cn (n > 20) 
can be obtained in the form of endohedral or exohedral 
derivatives; in other words, molecules of such fullerenes 
can be stabilized to study them. However, basically, this is 

a random unexpected luck. The unused potential of a huge 
amount of non-IPR fullerenes and the scanty proportion of 
IPR fullerenes obtained and used in practice is a paradox of 
the current situation in the field of research of fullerenes. It 
is obvious that only theoretical studies can (and not always) 
shed light on the molecular features of non-IPR fullerenes 
so far in connection with the possibility of their stabilization 
and, accordingly, production.

Earlier, we developed and used a semiempirical approach 
for analyzing the structure of higher fullerenes Cn (n > 60) 
[3–5], mainly IPR ones, among which there were several 
non-IPR molecules. It has been shown that pentalene sub-
structures with two paired pentagons have a different bonds 
distribution in molecules of various non-IPR fullerenes 
(Fig. 1) [6–8], i.e., pentalene does not have a common struc-
ture in fullerene molecule, in contrast to the previously con-
sidered substructures in higher IPR fullerenes. Nevertheless, 
the partial delocalization of bonds and the presence of chains 
of conjugated delocalized bonds passing through cycles are 
common to them. It means that the electronic structure of 
pentalene varies significantly depending on its environment.

In contrast to IPR fullerenes C60, C70 and higher ones, the 
structures and stabilities of small fullerenes Cn (n < 60), all 
of them being the non-IPR ones, were studied significantly 
less. Among them the fullerene C50 is interesting due to an 
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unexpected good luck of its obtaining as decachlorofuller-
ene C50Cl10, which molecular structure was unambiguously 
identified as isomer 271 (D5h) [9, 10]. The series of theo-
retical works, some before this event [11–14] and most of 
them after it [15–27], were devoted to different aspects of 
structures of isomers of C50.

The non-IPR C50 fullerene has 271 isomers [28]. Selected 
isomers of C20–C70 were first studied by tight-binding 
molecular-dynamics total energy optimization [11] and 
MNDO calculations [12, 13]. Two of 271 possible isomers 
[270 (D3) and 271 (D5h)] which were considered in singlet 
states are the most energetically favorable cages according 
to several theoretical studies [14–16, 18–22, 25, 29, 30]. 
The presence of paired fused pentagons, i.e., pentalene frag-
ments, leads to structural distortions and enhanced strains 
of the cage that were estimated as energy per atom [20] or 
in terms of the pyramidalization angles [10]. It was shown 
that isomer 270 (D3) containing six pairs of adjacent penta-
gons is energetically more favorable than isomer 271 (D5h) 
containing five pentalene substructures due to values of the 
sphericity parameter according to which isomer 270 (D3) is 
more spherical than isomer 271 (D5h) [19]. However, non-
IPR fullerenes (including small fullerenes) can be isolated 
as less reactive adducts at the pentagon–pentagon fusions 
[31]. Nonetheless, there was no detailed structural evidence 
of instability of small fullerene molecules. In our report, for 
the first time we applied our approach of theoretical study 
of molecular structure developed for higher fullerenes [3–5, 
32] to small fullerenes. We investigate the molecular struc-
tures of non-IPR isomers 270 (D3) and 271 (D5h) and show 
that the reason of their instability is the local molecular 

overstrain due to the excessive folding of pentagons in pen-
talene substructures of fullerene molecules.

2 � Methodology

The semiempirical approach supported by the quantum-
chemical calculations provides a complete structural for-
mula of fullerene molecule, showing the distribution of sin-
gle bonds, double bonds and π-delocalized bonds. We were 
considering the substructures existing in the most stable 
fullerene molecules, for example, corannulene substructures 
in C60 or s-indacene substructures in C70, as a factor which 
does not reduce the molecular stability of any fullerene. On 
the contrary, large substructures including only hexagons 
are the reasons of significant local strains in fullerene mol-
ecule as well as radical substructures; both are the reasons 
of instability of higher fullerenes. In fact, the analysis of all 
IPR molecular structures of higher fullerenes, such as C72, 
C74, C76, C78, C80, C82, C84, and C86, confirmed this substruc-
ture concept (see Refs. [3–5, 32] and references herein). The 
procedure opens an easy way for identification of radical 
fullerenes, or fullerenes that are unstable due to the over-
strained molecules; moreover, they appear to be useful in 
finding the most reactive positions of fullerene cages in the 
addition reactions.

The bond distribution in the researched higher fullerenes 
was carried out in accordance with the following rules: the 
bond distribution should not lower the fullerene molecu-
lar symmetry; corannulene and indacene substructures that 
are characteristic for the most stable fullerenes C60 and C70 
are preferred; pentagons consist of single bonds; there are 
two types of hexagons, an alternation of single and double 
bonds for the first ones, and π-bonds delocalization for the 
second type of hexagons [3, 4]; the electronic parameters of 
the substructures (bonds lengths, valence angles, dihedral 
angles, electronic and spin densities) are mainly preserved 
in any fullerene molecule (for details see the Refs. [5, 32] 
with supplements).

However, our approach was used only for higher fuller-
enes. It is obvious that in small fullerenes the pentagon num-
bers are comparable with hexagon numbers (for example, in 
fullerene C50 there are 12 pentagons and 15 hexagons). Con-
sidering the constant number of pentagons in any fullerene, 
the ratio of hexagons and pentagons will also decrease with a 
decrease in the number of carbon atoms: so, in fullerene C60 
this ratio is 1.67, whereas in fullerenes C40 and C50 it will 
be 0.83 and 1.25, respectively. Accordingly, due to many 
pentagon–pentagon bonds appearances, some of the above-
mentioned rules may not be fulfilled.

In this report, an analysis that was previously used only 
for higher fullerenes was carried out for the small fullerene 
C50 to estimate its applicability to small fullerenes, as well 

Fig. 1   Structure of pentalene in various non-IPR fullerenes [6–8]
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as to find features of molecular structures of both non-IPR 
isomers of C50 which are responsible for their instability and 
that have not been disclosed previously.

The molecular structures of the investigated isomers of 
C50 fullerene were fully optimized using DFT B3LYP and 
M06-2X functionals [33–35] with 6-31G and 6-31G(d) basis 
sets. In the first step, geometry optimization was performed 
without symmetry constraints. The calculations showed that 
in all cases, except for triplet configuration of isomer 270 
(D3), the symmetry of equilibrium geometry corresponds 
to the topological molecular symmetry of each isomer. 
Therefore, subsequent optimization was carried out with 
the corresponding symmetry constraint. To improve ener-
gies, geometry optimization was followed by single-point 
calculation with 6-311 + G** basis. The calculations have 
shown a good agreement between the results obtained for 
all used basis sets.

Since the researched isomers of C50 fullerene were treated 
also like molecules with the open-shell electronic structures, 
for these configurations the quantum-chemical calculations 
were carried out both in singlet and triplet configurations 
using unrestricted Kohn–Sham methodology. To ensure the 
calculated structures were indeed minima, vibrational analy-
ses were performed using the same methods. The tests of 
stability of singlet and triplet wave functions were carried 
out. All calculations were carried out using Gaussian’09 pro-
gram [36]. The standard keywords in the Gaussian package 
were used in optimization processes.

Magnetic shieldings were computed with the direct 
gauge-including atomic orbitals (GIAO)-SCF method as 
implemented in Gaussian’09 program [36]. Isotropic chemi-
cal shifts, reported as the magnetic shieldings with reversed 
sign, were evaluated for the center of mass of each individual 
ring (NICS(0)). The quantum-topological analysis of cal-
culated electron densities was performed by means of the 
AIMAll package (v 19.10.12) [37].

3 � Results and discussion

The calculated main energetic parameters of fullerene 
molecules in question show that both isomers have closed 
electronic shells with HOMO–LUMO gaps of 2.27 and 
1.33 eV (B3LYP/6-311 + G**) for isomers 270 (D3) and 
271 (D5h), respectively (Table  1), and this is in good 
agreement with the published data [18, 19, 25, 27, 29, 38] 
(Table S1). Application of the hybrid functional M06-2X 
from Minnesota group of highly parameterized approxi-
mate exchange–correlation energy functionals showed that 
more HF exchange (54%) [35] could favor strong elec-
tronic delocalization and artificially favor isomer 271 (D5h) 
relative to isomer 270 (D3). Nevertheless, the M06-2X 
computations also show the closed character of their elec-
tronic shells (Table 1).

When analyzing molecular structures of higher fuller-
enes, we showed that the fullerene molecule could be con-
sidered as a set of substructures [3, 4]. These substructures 
are connected with (or separated from) the rest of the mol-
ecule by single bonds. It preserves the intrinsic geometric 
and electronic characteristics of the substructure since 
single bonds of the fullerene molecule are poor conduc-
tors of delocalization in curved fullerene cage [39]. The 
corannulene and s-indacene substructures that constitute 
the most stable fullerenes C60 (Ih) and C70 (D5h), respec-
tively, are preferred and easy to find. A distribution of 
single, double and delocalized π-bonds in the molecules of 
researched isomers 270 (D3) and 271 (D5h) of fullerene C50 
was supported and specified by quantum-chemical calcula-
tions and is presented here for the first time (Figs. 2, 3).

The high symmetry of the isomer 271 (D5h) molecule 
was preserved in its derivative molecule C50Cl10; its struc-
ture was revealed by 13C NMR [9]; a single-crystal X-ray 
diffraction analysis unambiguously confirmed it [10]. The 

Table 1   Relative energies (ΔE, kcal/mol), enthalpies (ΔH, kcal/mol) and free energies (ΔG, kcal/mol) and HOMO–LUMO gaps (eV) of isomers 
270 (D3) and 271 (D5h) of fullerene C50

C50 isomer no. ΔE ΔH ΔG HOMO–LUMO

6-31G 6-31G* 6-311 + G** 6-31G* 6-311 + G** 6-31G* 6-311 + G** 6-31G 6-31G* 6-311 + G**

B3LYP
270 (D3) singlet 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.20 2.20 2.27
270 (D3) triplet (C3) 24.91 26.54 27.23 23.66 24.88 21.76 22.93 0.04 0.03 0.08
271 (D5h) singlet 0.10 2.52 3.24 1.96 2.73 2.14 2.92 1.40 1.37 1.33
271 (D5h) triplet 5.77 7.04 7.12 5.82 5.96 5.27 5.43 0.92 0.99 1.01
M06-2X
270 (D3) singlet 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.43 3.53 3.54
270 (D3) triplet (C3) 24.38 26.34 26.74 23.65  23.75 22.08  22.83 1.33 1.26 1.23
271 (D5h) singlet − 7.83 − 5.10 − 3.98 − 5.06 − 4.07 − 4.75 − 3.81 3.14 3.13 3.07
271 (D5h) triplet 7.19 8.60 8.81 7.12 7.27 6.42 6.55 1.90 1.99 2.01



	 Theoretical Chemistry Accounts (2020) 139:159

1 3

159  Page 4 of 8

molecule of fullerene 271 (D5h) has a geodesic shape of a 
biconvex lens flattened at the poles (Fig. 2a), on which it 
is easy to detect two corannulene substructures with the 
fifth-order symmetry axis that passes through the centers 
of corannulene pentagons, while the equatorial belt of the 
molecule consists of alternating hexagons with delocalized 
bonds and pentalene substructures (Fig. 2b).

It is interesting to note that the substructures, which 
form the equatorial belt of molecule 271 (D5h) (Fig. 2b), 
also occur in the molecule of isomer 270 (D3) (Fig. 3b). The 
results of quantum-chemical calculations of bond lengths 
support this substructure with delocalized bonds unlike to 
substructure with double bonds; all bonds in these hexa-
gons are nearly equal: for isomer 271 (D5h) they are in the 
range 1.415–1.418 Å (Table S2) and for isomer 270 (D3) 
they are in the range 1.416–1.431 Å (Table S3). This is also 

in good agreement with the previously published results 
showing the preference for benzene-like bonds distribution 
on the equatorial belt [17, 29]. Another confirmation of the 
π-delocalization in central hexagons was obtained during our 
joint analysis of the experimentally obtained data [9, 10] of 
the addends distribution in exohedral derivative C50Cl10 and 
the structure of isomer 271 (D5h) molecule. As was shown 
earlier [9, 10], exohedral derivative C50Cl10 forms a Saturn-
like chlorofullerene molecule with 10 chlorine atoms sym-
metrically bonded to five pairs of two fused pentagons on the 
equatorial region of the fullerene, thus preserving the D5h 
point group. As one can see, chlorine atoms are attached at 
pentagon–pentagon junctions. On the other hand, one can 
consider chlorine atoms addition as joining to the indacene-
like substructures, confirming our recent conclusions about 
preference of π-delocalized hexagons in radical addition 

Fig. 2   Molecule of isomer 271 (D5h) of fullerene C50: a three-dimen-
sional model, two projections (yellow shows central pentagons of a 
pair of corannulene substructures; green shows fragments of the 
equatorial belt); b two-dimensional picture (Schlegel diagram) of 
bonds distribution with computed NICS(0) values of the individual 

rings (values not shown are determined by symmetry). Hereinafter: 
Schlegel diagram marks single and double bonds as single and double 
lines, respectively; delocalized π-bonds in hexagon are marked by cir-
cles, in chains—by dotted lines

Fig. 3   Molecule of isomer 270 (D3) of fullerene C50: a three-dimen-
sional model, two projections (yellow shows phenalenyl-like sub-
structures; green shows one of three fragments of the equatorial belt); 
b two-dimensional picture (Schlegel diagram) of bonds distribution 

with computed NICS(0) values of the individual rings (values not 
shown are determined by symmetry); c phenalenyl-radical substruc-
ture [44] and d phenalenyl-like substructure
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reactions (Fig. 4) [40–42], which have been supported by 
the recent X-ray experimental evidence of radical addition 
of 12 CF3 groups exclusively to the equatorial belt consisting 
of six delocalized hexagons of IPR isomer 24 (D6h) of C84 
fullerene [43]. In contrast, reactions of radical addition to 
double bonds are a very rare phenomenon [23, 24].

Besides the three above-mentioned substructures with 
π-delocalization of central hexagon, the molecule of iso-
mer 270 (D3) also has a pair of equivalent substructures 
(Fig. 3d) that are similar to the phenalenyl–radical sub-
structure (Fig. 3c). We expected, that such substructure of 
triple hexagons with a three pentalene environment may be 
the radical one like phenalenyl–radical, as in the molecule 
of fullerene C74 (D3h) [44] or some other open-shell higher 
IPR fullerenes [3–5, 32]. However, as was shown earlier 
[14–16, 18–22, 25, 29, 30], and also according to our cal-
culations (Table 1), isomer 270 (D3) and isomer 271 (D5h) 
have a closed shell. A detailed analysis of the calculated 
bond lengths revealed a chain of delocalized π-bonds pass-
ing through cycles of these substructures (Fig. 3b) similar to 
previously found in non-IPR higher fullerenes C66 and C68 

[6, 7]. This feature seems to be a sign of non-IPR fullerenes, 
and it was never found in higher IPR fullerene molecules.

Previously, it was stated that the nucleus-independent 
chemicals shifts (NICS) values can help to identify areas 
of higher local aromaticity or antiaromaticity (usually asso-
ciated with hexagons and pentagons, respectively) in each 
fullerene [45]. Additional analysis of calculated chemical 
shifts of ring centers showed that the identified regions with 
delocalized bonds actually have a higher aromatic character 
(Figs. 2b, 3b).

Comparing Mulliken charge distributions in neutral mol-
ecules of isomers 270 (D3) and 271 (D5h) and their dian-
ions, the main changes in the electron density distribution 
are observed on atoms of pentalene substructures for both 
studied isomers (Table S4) in order to coordinate endohedral 
metal cation(s). This is in good agreement with literature 
data regarding LUMO density localization [38] and sug-
gesting that incorporation of endohedral metal can release 
pentalene strains due to partial charge transfer to pentalene 
substructures [31]. This may be useful for determining a 
position of metal atom(s) inside the cage. In accordance with 
this symmetrical pattern of electron density distribution and 
mostly electrostatic interaction of metal cation and fullerene 
anion, the position of metal is supposed to be close to pen-
talene substructures.

The similar results were obtained using the quantum 
theory of atoms in molecules developed by Bader [46, 47] 
that greatly complements the general charge density tech-
niques. Quantum-topological analysis of electron density 
at bond critical points within Atoms in Molecules theory 
shows that bonds distribution performed according to our 
semiempirical approach coincides with observed topological 
parameters at bond critical points (Table S5): double bonds 
have a relatively high value of ρ and a negative value of ∇2ρ, 
and vice versa, single bonds have a relatively low value of ρ 
and a negative value of ∇2ρ.

In order to find exactly some structural parameters that 
determine the instability of studied isomers of C50, it makes 
sense to compare their structural parameters with those of 
experimental studied stable IPR isomers (e.g., most stable 
C60 and C70 fullerenes) [48, 49]. As a matter of fact, the cor-
responding bond lengths for single, double, and delocalized 
bonds and bond angles are all nearly equal (Table 2). The 
distortions of pentagons or hexagons in studied isomers of 

Fig. 4   The bonds distributions a in non-IPR isomer 271 (D5h) of 
fullerene C50 (top) and IPR isomer 24 (D5h) of fullerene C84 (bottom) 
[42] and addends distributions and b in C50Cl10 (top) [9, 10] and in 
C84(CF3)12 (bottom) [43]. The black circles are the addends positions

Table 2   Bond lengths (Å) 
of singlet configurations of 
isomers 270 (D3) and 271 (D5h) 
of C50 fullerene compared with 
C60 & C70 (B3LYP/6-31G(d))

Isomer no. Single Double Delocalized

Min Max Min Max Min Max

C60 (Ih) [48] 1.459 1.397 –
C70 (D5h) [49] 1.454 1.477 1.390 1.399 1.424 1.439
C50, 270 (D3) 1.4536 1.4852 1.3859 1.3942 1.4155 1.4474
C50, 271 (D5h) 1.4651 1.4699 1.3907 1.3907 1.4154 1.4176



	 Theoretical Chemistry Accounts (2020) 139:159

1 3

159  Page 6 of 8

fullerene C50 (Fig. S2) are also comparable with calculated 
and experimentally measured values for stable fullerenes [4].

But non-IPR fullerenes that have pentalene fragments 
(here we do not touch any other pentagon combinations) 
are a special case. It is well known by the calculations as 
well as experimentally that the pair of fused pentagons of 
pentalene C8H6 or its derivatives are planar due to their sp2-
hybridized atoms; the same is right concerning the molecule 
with linear chain of four fused pentagons [50, 51]; using 
the folding angle (F) as parameter (Fig. 5) F = 0° for those 
molecules. Now let’s take a look at the folding angles for 
pentalene fragments in the molecules in question (Table 3).

The hypothetical molecules of the pristine isomers 271 
(D5h) and 270 (D3) of C50 fullerene show folding angles near 
44° (Table 3); it means that they experience high overstrain 
and therefore they cannot exist. However, the radical addi-
tion of chlorine atoms stabilizes the fullerene molecule as 
a whole due to changing the carbon hybridization from sp2 
to sp3 and thus relieves the strain [9, 10]. This conclusion is 
consistent with ring strain relaxation in D5h–C50H10 deriva-
tives from 529.4 to 225.1 kcal/mol (B3LYP/6-31G* level) 
[17]. So, the folding angles of pentagons in five pentalene 
substructures of the equatorial belt of isomer 271 (D5h) 
become equal to 68° (measured from X-ray data [10]). As 
to endohedral derivatives of these isomers, it would be use-
ful to compare them with anion pentalene complexes with 
single metal cations [52], which have folding angles up to 
400. It means that endohedral derivatives of our smaller 
fullerenes would have reasonable lacking of overstrain, and 
we may expect to obtain them.

Thus, instability of isomers 270 (D3) and 271 (D5h) of 
fullerene C50 is related to the high folding angle value 

of pentagons in pentalene fragments and, respectively, to 
local overstrains of the molecule. For fullerenes with sub-
stantially small sphere size, the influence of local strains 
on the molecule stability will obviously play a much larger 
role. A key role in stabilization of such fullerenes can be 
played by a decrease in strain caused by coordinating the 
endohedral metal atom with the pentalene substructures in 
endohedral derivatives of small fullerenes or by exohedral 
additions.

4 � Conclusions

The distributions of single, double and delocalized 
π-bonds in both isomer molecules are presented for the 
first time, given their detailed structural formulas. It is 
found that the chains of π-bonds are passing through 
some cycles like in the previously studied higher non-IPR 
fullerenes C66 and C68. It is shown that chlorine atoms 
in the exohedral derivative C50Cl10 of isomer 271 (D5h) 
are attached to the indacene-like substructures confirm-
ing our recent conclusion about preference of addition 
to π-delocalized hexagons in radical reactions. The main 
factor of instability of them is high folding angle between 
pentagons of pentalene fragments, i.e., it is the reason of 
big local overstrains of the molecule. The study shows that 
our approach previously developed for higher fullerenes 
is also applicable for smaller fullerenes. The discovered 
features in the structures of non-IPR fullerene molecules 
(seems no matter smaller or higher ones) can be predic-
tive of the ability to be synthesized as derivatives and will 
assist in determination positions of their reactivity. A huge 
number of non-IPR isomers of fullerene molecules from 
C20 up to C100 would open unlimited possibilities of tuning 
their useful properties, but unfortunately at present there 
are no reasonable ways to produce them.
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Fig. 5   Folding angle F of pentalene substructure

Table 3   Dihedral angles DA and folding angles F (grade) of pental-
ene substructures in molecules of isomers 270 (D3) and 271 (D5h) of 
C50 fullerene (B3LYP/6-31G(d))

C50 isomer no. DA F

a–b–b–a c–b–b–c Averaged

270 (D3) 134.4 134.4 134.4 45.3
271 (D5h) 134.9 139.2 137.1 42.9
271 C50Cl10 [4] 112.4 111.3 111.8 68.2
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