
I. Introduction

The stability of higher fullerenes is still a serious problem of

modern physical chemistry. The present review deals with

prirstine fullerenes Cn , i.e., hollow molecules consisting of n

atoms assembled into closed carbon polyhedra. They

include 12 pentagons and [(n/2)710] hexagons. The most

striking feature of fullerenes Cn (n=20, 24, 26, 28, etc.) is

that, according to the spiral algorithm,1 the structural

topology of any isomer of any fullerene is a priori known,

i.e., the relative positions of pentagons and hexagons in the

molecule are completely defined. One more important dis-

tinctive feature of fullerenes is the total absence of informa-

tion about the stability of a particular fullerene, i.e., it is

unknown whether it would be possible to synthesize and

isolate it and to characterize the stability of its molecule. It

is evident that the possibility of diverse arrangements of

pentagons and hexagons in the fullerene cage implies the

probable existence of very large numbers of isomers.

Indeed, for fullerene C60 consisting of 12 pentagons and

20 hexagons, 1812 topological isomers are known.1

In terms of stability, all fullerenes were classified into

two types: fullerenes that do and that do not meet the

empirical isolated pentagon rule (IPR), which states that

fullerenes that have no fused pentagons are most stable,

while structures in which pentagons share an edge, like in

pentalene, are unstable.2 ± 4 Indeed, the structures of the

pristine fullerenes synthesized and isolated to date meet this

rule. However, for most of higher fullerenes starting from

C78, the number of isolated pentagon rule (IPR) isomers

markedly exceeds the number of synthesized molecules.

Indeed, of the 24 isomers of fullerene C84 that satisfy this

rule, only 11 isomers have been obtained, while for fullerene

C90, only three isomers out of the 46 possible ones have

been obtained.

The possibility of synthesizing a fullerene in a pure state

is determined by its stability (thermodynamic and kinetic).

Since the notion `stability of a fullerene' is somewhat

arbitrary, we will call a fullerene stable if it can be

synthesized, isolated and identified in the neutral ground

state (thermodynamic stability) and if its reactivity is such

that its properties can remain unchanged under normal

conditions, at least, to allow full characterization of its

molecular structure (kinetic stability). From this, we can

derive the meaning of the terms `instability' and `unstable

fullerene', by which is meant that a fullerene cannot be

obtained by existing synthetic methods because of structural

features of its molecule. Here, it should be specified that the

term `stability' has two aspects (time and energy), and the

temporal factor expressed as stability is more general.5

Previously, we analyzed the molecular structures of

stable fullerenes, i.e., those that have been synthesized,
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isolated and characterized (identified), and surveyed the

structural regularities of their molecules.6 The results of

experimental studies and theoretical calculations published

to date clearly indicate the existence of a correlation: the

experimentally obtained { fullerenes are energetically most

favourable among all possible isomers of this fullerene

series. In order to make clear which fullerenes are stable

and which are not, quantum chemical calculations are used

most often. The stability of fullerene molecules is affected

by the arrangement of pentagons, the presence of clusters of

fused hexagons (for example, the coronene substructure),

the presence of radical moieties and electronic effects. All

these factors determine the total energy of a fullerene

molecule and either stability or instability.6

The criteria for fullerene stability can be conventionally

divided into two groups: those related to electronic struc-

ture and those related to molecular geometry. The first

group includes, for example, the energy-related aromaticity

criteria, which estimate the energy advantage and, as a

consequence, stabilization upon ring delocalization. This

is, for example, resonance stabilization, which has been

related to electronic effects;7 the HuÈ ckel theory of molecular

orbitals and resonance theory have also been used to

identify the stable structures.8 Diner and Alford 9 proposed

that fullerenes should be divided into two classes, one

including fullerenes that have a large energy gap between

the highest occupied and lowest unoccupied molecular

orbitals (HOMO±LUMO), in particular, fullerenes C60

and C70, and the other class composed of fullerenes that

have either small HOMO±LUMO gap or have a radical

structure with unpaired electrons.9 The radical character of

the molecules of fullerenes C60 and C70 was considered

theoretically and found to be associated with 'effectively

unpaired' electrons.10

The second group of criteria was proposed to be related

to the geometric or steric factor, which considers the

number of hexagons adjoining any arbitrarily chosen hex-

agon in a fullerene (neighbour index).7 The stability of all

carbon clusters is affected by the number of closest neigh-

bours, the curvature of the molecular surface and the

number of adjacent pentagons.11 Calculations were carried

out for all 1812 isomers possible for fullerene C60 , including

non-IPR ones, and it was found that three adjacent hex-

agons considerably increase the total energy of the mole-

cule.12 The authors attributed this fact to the appearance of

local planarity, which induces high strain. This obvious

point about the effect of local strain on the fullerene

stability is consistent with the data of other authors; in

particular, Haddon 13 asserted that the local strain is an

important factor for the fullerene stability and reactivity.

This is in line with the studies evaluating the role of local

curvature of fullerene molecules in the radical and 1,3-dipo-

lar addition reactions.14, 15 Note that the fullerene C60

molecule is most strained among the IPR fullerenes. As

the number of carbon atoms increases, the strain of sphere-

like molecules decreases, which contributes also to the

thermodynamic stability: indeed, it was shown experimen-

tally that fullerene C70 , although more difficult to synthe-

size, is still thermodynamically more stable than C60.16

Unfortunately, these criteria do not always adequately

explain why some fullerenes cannot be prepared, which

markedly complicates their use for discussion and/or pre-

diction of experimental results. For example, for estimating

the kinetic stability of fullerenes, Aihara 17 proposed corre-

lating the HOMO±LUMO energy gap with the number of

carbon atoms n in fullerene Cn and using a number of other

parameters, in particular, the bond resonance energy, which

represents the contribution of a given p-bond of the mole-

cule to the resonance energy determined by the molecular

topology.17 Assuming that these parameters measure the

stability of a molecule, Aihara showed that some fullerenes

are expected to be stable. However, fullerene C72 (D6d

symmetry) and isomers 1 (D2) and 20 (Td) of fullerene C84 ,

which meet the proposed stability criteria, have not yet been

obtained experimentally.17

The absence of a substantiated theoretical base for the a

priori estimation of the fullerene stability often leads to

faulty results in both theoretical and experimental studies.

An example is attempted synthesis of isomer 20 (Td) of

fullerene C84.18 It was shown that the synthesis of this

isomer cannot be successful because of its instability caused

by substantial local strain in the molecule.19 ± 21 Therefore,

general analysis of the structures of unstable fullerenes may

presumably help to formulate the instability criteria and to

identify general structural features, in particular, substruc-

tures, that can be destabilizing.

Quite a few review papers on fullerenes (see, e.g.,

Refs 3, 22 ± 26), which summarize the key data on fullerene

structures, functionalization, application prospects and so

on, have been published to date. For example, detailed

topological analysis of their molecular structures is docu-

mented.25 An interesting approach to evaluation of the

possibility of fullerene synthesis from the informational

entropy standpoint has been reported.27 The most impor-

tant models of the fullerene formation mechanisms have

been considered and their relationship with the fullerene

stability has been studied.28 The results of investigation of

the structures of halide and perfluoroalkyl derivatives of

higher fullerenes from C76 to C96 are given; this substan-

tially extends the information about the structure and

reactivity of higher fullerene isomers.29 However, all

known studies, including those dealing with thermodynamic

stability of fullerenes, consider an averaged molecule with-

out analyzing the stability of substructures, the combination

of which forms the fullerene molecule. Apparently, this

exactly is the drawback of existing approaches to investiga-

tion of the fullerene stability.

An alternative approach gives the complete structural

formula of a fullerene with distribution of all types of

bonds; a fullerene molecule is considered to contain a

number of substructures incorporated in the fullerene shell

and resembling aromatic analogues such as sym-indacene,

pyrene, perylene, corannulene, coronene, phenalenyl radi-

cal, etc.6 Distribution of the types of bonds is performed by

the following rules: double bonds are present only in

hexagons; the double and single bonds alternate; if required

by the symmetry of the molecule, hexagons with delocalized

p-bonds can exist; the arrangement of bonds should not

reduce the molecular symmetry; the corannulene and inda-

cene substructures typical of the most stable fullerenes C60

and C70 are preferred; and the rule of characteristic nature

of substructures holds. The information thus obtained

clarifies the reasons for stability (instability) of one or
{ In this review, the expression `experimentally obtained (synthesized)'

means that the substance has been prepared, isolated and identified.
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another fullerene molecule before quantum chemical calcu-

lations. The present review surveys the results of investiga-

tions of a series of higher IPR fullerenes C727C86 , isomers

of which have not yet been prepared or characterized, as

Schlegel diagrams with distribution of all bond types,

together with the results of quantum chemical calculations.

Also, along with these data, there are data on their (endo-

hedral and exohedral) derivatives obtained to date, demon-

strating the possibility of stabilization of some of them. As

shown below, analysis of this information made it possible

to classify fullerenes in terms of the type of their instability

and to revise the known isolated pentagon rule.2 ± 4

II. Unstable higher isolated pentagon rule
fullerenes C727C86 : molecular structure analysis
according to theoretical quantum chemical data

II.1. Fullerenes C72 and C74 as characteristic representatives
of two types of fullerene instability
The most vivid examples of unstable fullerenes are C72 and

C74 molecules, which have one IPR isomer, but are unstable

and, hence, have not yet been isolated. It should be noted

that the mass spectra of reactive fullerene soot exhibit peaks

corresponding to fullerenes C72 and C74 .30, 31 These two

fullerenes are typical representatives of two types of insta-

bility.

Back in 1993, Raghavachari 32 showed that the non-

spherical geometry of C72 attests to unequal strain distribu-

tion in its structure and may be responsible for the insta-

bility of this fullerene. However, the use of the p-Orbital

Axis Vector (POAV) method did not result in appropriate

conclusions: the s ± p interorbital angles for fullerene C72

were 96.5 ± 102.48 and barely differed from those for C60

(101.68) and C70 (98 ± 1028), which are the most stable

fullerene molecules.32

According to earlier theoretical investigations, the insta-

bility of the fullerene C74 molecule is caused by the small

energy gap between the HOMO and the LUMO.24 This was

well illustrated by Boltalina et al.:33 the relatively high

ionization energy (IE) for fullerene C60 (7.57 eV) and low

IE for C74 (7.13 eV) represent the peak deviations, while

generally these values decrease from 7.36 eV for C70 to

6.92 eV for C106 ; the observed electron affinity (EA) curve

for various fullerenes proved to be the mirror image of the

ionization energy curve, which demonstrates a large IE ± EA

difference (i.e., HOMO±LUMO) and high stability for C60

as well as low stability for C74 with a rather small gap

between the frontier orbitals.33 Some kinetically unstable

higher fullerenes, including C74 , have been considered as

either free radicals or having a small HOMO±LUMO gap.9

The detection of fullerene C74 in the mass spectrum of the

reaction mixture 30, 31 and the lack of solubility of C74 in

organic solvents 9, 34 are in line with the reported 35 synthesis

of fullerene C74 and are apparently attributable to its

stabilization in the polymer form, which has been already

discussed previously.9, 36

As can be seen from the Schlegel diagram, the structure

of fullerene C72 (Fig. 1 a) contains two coronene substruc-

tures (seven symmetrically fused hexagons), which lie on a

sixfold axis. The low-molecular-mass analogues of fused

hexagons (naphthalene, coronene and so on) have a planar

structure. In fullerene molecules with a cage curvature,

these substructures bring about local overstrain, and,

hence, these compounds cannot be synthesized. Therefore,

presumably, the instability of C72 is caused by high local

overstrain, that is, too many fused hexagons for such a

small molecule.37

In the molecule of fullerene C74, one can distinguish two

phenalenyl radical substructures (see Fig. 1 b) on the C3

axis; therefore, the instability of fullerene C74 is apparently

caused by its biradical structure.37, 38 This moiety has a

classical aromatic analogue, which is itself a free radical but

can be stabilized as dimers of various derivatives, e.g.,

2,5,8-tris(tert-butyl)phenalenyl radical dimer,39 or as the

perchlorophenalenyl derivative.40

Indeed, according to calculations,32, 37 fullerene C72

(D6d) has a closed electron shell and, according to energy

parameters, in particular, the energy gap, it is expected to be

kinetically stable (Table 1). Therefore, the fact that this

fullerene has not yet been obtained suggests that the reason

is particularly in the molecular geometry.

According to energy parameters,37, 38 in the case of C74 ,

the triplet state with two unpaired electrons is lower in

energy than the closed-shell singlet state, which implies that

the former is energetically more favourable and agrees with

the greater HOMO±LUMO energy gap (see Table 1); this

confirms the assumed biradical structure of fullerene C74 .

More evident differences between stable and unstable

fullerenes were found upon analysis of the dihedral angles in

the rings (hexagons and pentagons) of these fullerenes. This

analysis was first systematically performed for fullerene

C70 .41 It was shown that, unlike C60 in which all hexagons

and pentagons are planar, in fullerene C70 some hexagons

and pentagons are non-planar, the most pronounced devia-

tions being observed for five hexagons with delocalized

a

b

Figure 1. Schlegel diagrams of fullerenes C72 (D6d) (a) and
C74 (D3h) (b).37, 38

The coronene and phenalenyl radical substructures are marked.
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p-bonds of the equatorial aromatic belt of the molecule

(Table 2). It should be emphasized that distortions of these

hexagons with delocalized p-bonds lead to fullerene stabili-

zation: non-planar rings are inherent in the spatial reorgan-

ization of the molecule which decreases the pyramidality of

the equatorial atoms and reduces the strain energy. Con-

versely, the bond-alternation distortion of hexagons reflects

local overstrain in this area of the molecular surface.

In fullerenes C72 and C74, ring distortion was also

detected. The degree of distortion is measured by the

dihedral angles of the appropriate hexagons and pentagons

(see Table 2).37 A comparison of the maximum dihedral

angles demonstrated that they are twice as large in hexagons

with alternating bonds of fullerene C72 as in stable fullerene

C70; the distortions in pentagons are more than 8 times

higher. The most pronounced distortions are observed in

hexagons at the periphery of two coronene substructures;

this supports the above assumption about high local over-

strain in this part of the molecule.

In fullerene C74, the most pronounced distortions are

observed exactly in hexagons with delocalized p-bonds,
which, like in stable fullerene C70 , do not destabilize the

molecule (see Table 2); the distortions of hexagons with

alternating bonds in fullerene C74 are insignificant. All this

indicates that the geometry of fullerene C74 does not affect

the stability of its molecule.

Thus, it can be stated that instability of fullerene C72 is

associated with the high local strains caused by the presence

of a large number of fused hexagons in two coronene

substructures, while the instability of fullerene C74 is attrib-

utable to its biradical electronic structure. Meanwhile, only

one of them, fullerene C74 (D3h), can be stabilized in the

form of derivatives [both endohedral, e.g., Ba@C74 and

La@C74 ,42, 43 and exohedral ones, e.g., C74(CF3)12],34, 44

whereas the absence of any known derivatives of fullerene

C72 (D6d) indicates apparently that it cannot be stabilized.

II.2. Fullerene C76

In the case of fullerene C76, only two isomers, 1 (D2) and 2

(Td), meet the isolated pentagon rule, and only the former

one has been prepared and isolated.45 Earlier theoretical

calculations predicted this isomer to be stable, as it is most

energetically favourable.46 ± 53

The unstable isomer 2 (Td) of C76 contains four phena-

lenyl-radical substructures (Fig. 2); as in the case of C74 ,

each of them is supposed to have an unpaired electron; that

is, this isomer cannot be synthesized in a pure state because

of its radical nature. Note that the isolation of this sub-

stance as a polymer is possible, as in the case of radical

fullerene C74.35 Indeed, spin unrestricted Kohn ± Sham

quantum chemical calculations carried out for this isomer

in the triplet configuration confirmed the open-shell elec-

tronic structure for this species (Table 3).54

Attention is attracted by the reduction of symmetry of

isomer 2 (Td) to D2d and C3v for the singlet and triplet

configurations, respectively. This is in line with early

publications 46 ± 48, 51 describing this isomer as an open-

shell fullerene with approximately zero HOMO±LUMO

energy gap, resulting in the corresponding distortions and

reduction of symmetry. It was noted that these distortions

can be caused by either general energy-related reasons 55 or

by Jahn ± Teller effects,46 ± 48, 51 which can, however, be

minor and barely determinable for large fullerenes.25

As in the case of fullerenes C70 and C74 , the greatest

distortions in isomer 2 (Td) occur for exactly the hexagons

with delocalized p-bonds, which do not destabilize the

molecule (Table 4). Comparison of the dihedral angles in

the alternating-bond hexagons shows that they are even

smaller in unstable isomer 2 (Td) than in the synthesized

stable isomer 1 (D2) (see Table 4).54 Therefore, presum-

ably, the instability of isomer 2 (Td) is dictated by only its

radical nature and is not related to the local strain in the

molecule. Meanwhile, there are published data about stabi-

lization of this isomer as an endohedral metallofullerene

Lu2@C76 (see Ref. 56) and the exohedral derivative

C76(CF3)12 .34

II.3. Fullerene C78

In the case of fullerene C78, five isomers meet the IPR; of

these, three isomers were synthesized: 1 (D3), 2 (C2v) and

Table 1. Relative total energies (DE ) and energy differences between
the frontier orbitals for fullerenes C72 (D6d) and C74 (D3h) determined
by DFT B3LYP calculations with different basis sets.37, 38

Fullerene DE /kcal mol71 HOMO±LUMO/eV

6-31G 6-31G* 6-31G 6-31G*

C72 7 7 2.59 2.50

C74

singlet 3.89 15.72 0.71 0.68

triplet 0.0 0.0 0.99 0.99

Table 2. Maximum dihedral angles (deg) a in the rings of fullerenes C60

(Ih), C70 (D5h), C72 (D6d) and C74 (D3h).37, 38

Fullerene In hexagons In pentagons

with alternating with delocalized
bonds p-bonds

C60 (Ih) 0.00 (20) 0.00 (12)

C70 (D5h) 4.39 (10) 12.59 (5) 1.01 (10)

C72 (D6d) 9.60 (12) 8.45 (12)

C74 (D3h) 3.85 (12) 11.82 (3) 3.31 (6)

aHere and in Tables 4, 6, 8, 10, 12 and 14, the number of equivalent

rings according to the symmetry is given in parentheses.
Figure 2. Schlegel diagram of isomer 2 (Td) of fullerene C76 .54
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3 (C2v).57 ± 59 Quantum chemical calculations demonstrated

that they are energetically most favour-

able.7, 22, 24, 50 ± 52, 60 ± 63 Slanina et al.60, 61 calculated the

dependence of relative concentrations of these isomers on

the temperature of synthesis. At high temperatures, iso-

mer 3 (C2v) is formed in the highest concentration. As the

temperature decreases (C78 leaves the reaction zone), the

concentrations of other isomers of C78 drops down to zero

and the concentration of isomer 3 (C2v) reaches 100%. The

content of isomer 4 (D3h) remains minor over the whole

temperature range from 500 to 5000 K.

The molecule of isomer 4 (D3h), which has not been

observed experimentally, comprises three coronene sub-

structures, which are likely to introduce considerable local

strain (Fig. 3 a). In the structure of isomer 5 (see Fig. 3 b),

three perylene substructures can be distinguished; their

presence in the synthesized isomer 3 indicates that this

substructure is not destabilizing and may imply the possi-

bility of preparing isomer 5.64

Indeed, according to the results of quantum chemical

calculations,63 isomer 5 (D3h) is the second most stable one

(Table 5). In view of the foregoing, the uniform distribution

of pentagons over the sphere, bond distribution similar to

that in stable fullerenes, low relative energy and closed-shell

electronic structure suggest that this isomer could be syn-

Table 3. Relative total energies and energy differences between the frontier orbitals for fullerene C76 .54

C76 isomer DE /kcal mol71 HOMO±LUMO/eV

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

1 (D2) singlet 0.00 0.00 0.00 0.00 1.99 1.97 1.95 1.95

2 (Td)

singlet (D2d) 16.77 18.31 16.94 16.73 0.83 0.83 0.81 0.82

triplet (C3v) 14.48 14.48 16.24 14.64 0.94 0.96 0.96 0.94

Table 4. Maximum dihedral angles (deg) in the rings of two isomers of
C76 .54

C76 isomer In hexagons In pentagons

with alternating with delocalized
bonds p-bonds

1 (D2) 12.63 (4) 17.26 (4) 6.89 (4)

2 (Td) 1.59 (12) 11.43 (12) 3.36 (12)

a

b

Figure 3. Schlegel diagrams of fullerene C78 isomers: 4 (D3h) (a)
and 5 (D3h) (b).64

Table 5. Relative total energies and energy differences between the frontier orbitals for isomers of fullerene C78 .64

C78 isomer DE /kcal mol71 HOMO±LUMO/eV

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

Isomers synthesized

1 (D3) 9.37 9.93 8.69 1.66 1.62 1.60

2 (C2v) 6.35 6.59 6.55 2.05 2.02 2.00

3 (C2v)

singlet 0.00 0.00 0.00 1.64 1.64 1.62

triplet 15.30 16.06 14.58 0.34 0.35 0.29

Isomers not synthesized

4 (D3h) 24.22 23.90 23.68 2.47 2.47 2.44

5 (D3h)

singlet 4.93 4.55 3.62 1.51 1.52 1.50

triplet 18.48 14.68 19.45 0.37 0.37 0.35
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thesized. Isomer 4 is energetically most unfavourable out of

the five C78 isomers (see Table 5).

Analysis of the hexagon and pentagon distortions in the

synthesized isomers 1 (D3), 2 (C2v) and 3 (C2v) and in isomer

5 (D3h) demonstrated that the degree of distortion in

alternating-bond hexagons is comparable with that in

hexagons with delocalized p-bonds, which attests to the

absence of local overstrain. Furthermore, the distortions in

isomer 5 (D3h) are even less pronounced than in the other

isomers of C78 ; this confirms the assumption of the possible

synthesis of this isomer (Table 6). The highest distortions

are observed for isomer 4 (D3h), which points to substantial

local strain.64

According to published data, isomer 5 (D3h) was isolated

as both endohedral metallofullerenes (for example,

Sc3N@C78) 65 and exohedral derivatives [for example,

C78(CF3)12].34, 44 Isomer 4 (D3h), which is unstable because

of the local overstrain, has not been obtained as either

exohedral or endohedral derivatives, like fullerene C72 (D6d)

with a similar reason for instability.

II.4. Fullerene C80

Out of the seven IPR isomers of fullerene C80 , only two

isomers Ð 1 (D5d) and 2 (D2) Ð were isolated and

characterized.66 ± 68 Numerous quantum chemical calcula-

tions carried out earlier demonstrated that these isomers are

energetically most favourable.22, 51 ± 53, 68 ± 72

The structures of isomers that have not been obtained

experimentally contain different numbers of radical sub-

structures, which apparently prevent their synthesis (Fig. 4).

The number of radical substructures increases in the series

of isomers 3 ± 7; finally, in isomer 7, all hexagons are

delocalized to form an unusual radical structure (see

Fig. 4 e), no analogues of which have yet been found.

Undoubtedly, the greater the number of unpaired electrons

in a fullerene, the less stable this structure; this is confirmed

by relative energy calculations (Table 7).73

Previously, it was believed that apart from already

available isomers 1 (D5d) and 2 (D2), isomer 3 (C2v) could

also be obtained; 71 however, according to calculations,55, 73

this isomer and all other isomers have a triplet ground state,

i.e., a radical nature, which prevents them from being

synthesized.

According to calculations,71, 73, 74 isomers 6 and 7 have

lower symmetry: the symmetry of isomer 6 (D5h) decreases

to Cs in the case of the singlet state (the symmetry of the

triplet configuration remains the same); in isomer 7 (Ih), the

symmetry is reduced in both cases, down to D2h in the

singlet and to C2h in the triplet configuration. The decrease

in the initial symmetry, as noted previously,52, 69, 74 is due to

the open-shell electronic configuration of these isomers

caused by the possible Jahn ± Teller effects.

A comparison of the dihedral angles in the synthesized

isomers and open-shell isomers showed that distortions of

hexagons are even more pronounced in stable isomers than

in isomers 3 ± 7 not obtained experimentally.73 Thus, it can

be stated that the instability of open-shell isomers is caused

only by their radical nature (Table 8). Meanwhile, accord-

ing to published data, four isomers were stabilized as

Table 6. Maximum dihedral angles (deg) in the rings of five isomers of
C78 .64

C78 isomer In hexagons In pentagons

with alternating with delocalized
bonds p-bonds

Isomers synthesized

1 (D3) 14.74 (6) 18.49 (3) 8.39 (6)

2 (C2v) 13.99 (2) 12.46 (4) 13.30 (4)

3 (C2v) 11.37 (2) 12.46 (4) 11.20 (2)

Isomers not synthesized

4 (D3h) 15.23 (6) 14.36 (6)

5 (D3h) 2.17 (3) 10.78 (12) 3.31 (6)

a b c

d e

Figure 4. Schlegel diagrams of fullerene
C80 isomers: 3 (C2v) (a), 4 (D3) (b), 5 (C2v)
(c), 6 (D5h) (d ) and 7 (Ih) (e).73
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endohedral metallofullerenes, in particular, 3 (C2v) (e.g.,

Yb@C80),75 5 (C2v) (Sc2C2@C80 ),76 6 (D5h) (e.g.,

Sc3N@C80)77 and 7 (Ih) (e.g., La2@C80);78 and only isomer

5 (C2v) was stabilized as exohedral C80(CF3)12 .34

II.5. Fullerene C82

Currently, out of the nine IPR isomers of fullerene C82, only

isomer 3 (C2) has been isolated.79 It was noted 58 that

fullerene C82 is formed as the mixture of three major

isomers of C2 , C2v and C3v symmetry in a 8 : 1 : 1 ratio plus

at least three minor isomers; however, no other experimen-

tal data about the preparation of these isomers were

reported. The stability of isomer 3 (C2) of fullerene C82

was confirmed theoretically by molecular dynamics,80 semi-

empirical calculations 51, 79, 80 and density functional theory

methods.22, 24, 51, 79 ± 81

Analysis of the structures of C82 isomers that have not

been obtained experimentally indicates that isomers 1, 2, 4,

5 and 6 have not only indacene but also coronene (isomer 2)

and perylene substructures (Fig. 5). Therefore, presumably,

these isomers, which are structurally similar to stable isomer

3 (C2), can also be isolated as pristine fullerenes.37, 82

Considering similar values for the total energy, the

HOMO±LUMO energy gaps and calculated 3He@C82

chemical shifts, which were close to the values measured

experimentally for isomer 3 (C2),83 the possibility to prepare

isomers 1 (C2), 2 (Cs) and 4 (Cs) was indicated.24, 79

Isomers 7, 8 and 9 contain substructures that, like

phenalenyl, can be of a radical nature (see Fig. 5 f ± h) and

for this reason, they can be unstable. Indeed, according to

calculations,37, 82 isomers 1 ± 6 of fullerene C82 have closed

electron shells (Table 9). The energy characteristics of

isomers 7, 8 and 9 indicate that they exist preferably in

triplet forms and, hence, they are radical species

(see Table 9).

Also, according to calculation data, the molecular sym-

metry of the singlet forms of isomers 7 (C3v) and 8 (C3v)

decreases to Cs upon optimization, while the triplet forms

retain C3v symmetry. This type of symmetry reduction for

isomers 7, 8 and 9 has been noted at different theoretical

levels for neutral open-shell fullerenes.79 ± 81

For all isomers of fullerene C82, distortion of hexagons

and pentagons was found, not exceeding that for isomer 3

obtained experimentally (C2) (Table 10).82 Therefore, the

favourable energy and geometric parameters of isomers 1, 2

and 4 ± 6 suggest that these isomers could be isolated as

pristine fullerene molecules.

As in the case of fullerene C70 , in open-shell isomers the

greatest distortions are inherent in hexagons with delocal-

ized p-bonds (see Table 10), which do not destabilize the

molecule. Thus, the absence of significant differences

between the dihedral angles of the experimentally obtained

Table 7. Relative total energies and energy differences between the frontier orbitals for fullerene C80 .73

C80 isomer DE /kcal mol71 HOMO±LUMO/eV

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

Isomers synthesized

1 (D5d) 1.83 4.25 2.83 1.05 0.99 0.97

2 (D2) 0.00 0.00 0.00 1.39 1.35 1.33

Isomers not synthesized

3 (C2v)

singlet 7.12 7.60 9.39 0.81 0.78 0.67

triplet 3.24 2.88 4.71 0.96 0.93 0.94

4 (D3)

singlet 9.54 10.49 9.45 0.78 0.75 0.73

triplet 7.85 7.68 7.04 0.92 0.94 0.94

5 (C2v)

singlet 9.02 9.43 10.73 0.67 0.65 0.63

triplet 4.64 4.21 6.11 0.95 0.97 0.95

6 (D5h)

singlet (Cs) 11.85 11.60 12.51 0.65 0.63 0.63

triplet 11.88 9.18 11.97 0.64 0.63 0.64

7 (Ih)

singlet (D2h) 29.67 27.88 27.45 0.76 0.77 0.76

triplet (C2h) 30.11 27.71 28.56 0.73 0.74 0.73

Table 8. Maximum dihedral angles (deg) in the rings of seven isomers
of fullerene C80 .73

C80 isomer In hexagons In pentagons

with alternating with delocalized
bonds p-bonds

Isomers synthesized

1 (D5d) 17.63 (10) 0.22 (10)

2 (D2) 17.89 (4) 17.52 (2) 8.23 (4)

Open-shell isomers

3 (C2v) 5.21 (4) 11.99 (2) 11.33 (2)

4 (D3) 8.70 (6) 17.49 (6) 6.13 (6)

5 (C2v) 10.48 (2) 12.07 (4) 10.57 (2)

6 (D5h) 1.94 (10) 8.24 (10) 2.32 (10)

7 (Ih) 5.14 (30) 0.57 (12)
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isomer 3 (C2) and open-shell isomers implies that the

instability of open-shell isomers is related only to their

radical nature.

According to literature data, the isomers stabilized as

endohedral metallofullerenes include 5 (C2) (e.g.,

Ca@C82),84 6 (Cs) (e.g., Er2@C82),85 7 (C3v) (La@C82 ),86

8 (C3v) (e.g., Sc2C2@C82) 87 and 9 (C2v) (e.g., Sc@C82).88

Among isomers that have not been synthesized, only isomer

5 (C2) was stabilized as an exohedral derivative, namely,

C82(CF3)12 .37, 89

a b c d

e f g h

Figure 5. Schlegel diagrams of fullerene C82 isomers: 1 (C2) (a ), 2 (Cs) (b), 4 (Cs) (c), 5 (C2) (d ), 6 (Cs) (e), 7 (C3v) ( f ), 8 (C3v) (g) and
9 (C2v) (h).37, 82

Table 9. Relative total energies and energy differences between the frontier orbitals for fullerene C82 .37, 82

C82 isomer DE /kcal mol71 HOMO±LUMO/eV

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

Isomer synthesized

3 (C2) singlet 0.00 0.00 0.00 1.67 1.63 1.61

Isomers not synthesized

1 (C2) singlet 7.40 6.67 7.31 1.31 1.26 1.24

2 (Cs) singlet 6.70 7.98 7.23 1.71 1.65 1.63

4 (Cs)

singlet 4.20 1.14 3.16 1.58 1.55 1.54

triplet 17.63 15.81 21.64 0.41 0.43 0.42

5 (C2)

singlet 8.73 2.99 7.37 1.29 1.28 1.27

triplet 15.29 7.32 14.57 0.72 0.73 1.12

6 (Cs)

singlet 12.97 10.80 11.40 1.10 1.10 1.09

triplet 15.48 17.81 15.08 0.89 0.90 0.89

7 (C3v)

singlet (Cs) 26.59 26.19 26.08 0.85 0.85 0.83

triplet 22.54 21.93 22.20 1.14 1.16 1.27

8 (C3v)

singlet (Cs) 28.36 30.70 32.17 0.72 0.74 0.73

triplet 28.44 25.42 27.61 0.95 0.95 0.95

9 (C2v)

singlet 19.24 17.65 18.14 0.73 0.73 0.73

triplet 17.69 12.05 16.72 0.86 0.87 0.86
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II.6. Fullerene C84

Fullerene C84 is the third, after C60 and C70 , most often

encountered and abundant in fullerene soot. Out of the 24

IPR isomers, eleven isomers of this fullerene have now been

obtained, namely, 4 (D2d), 5 (D2), 11 (C2), 13 (C2), 14 (Cs),

15 (Cs), 16 (Cs), 19 (D3d), 22 (D2), 23 (D2d) and 24

(D6h).24, 58, 90 ± 96 Early theoretical calculations of fullerene

C84 and more recent ab initio calculations were both aimed,

first of all, at determination of the relative energies and

simulation of NMR spectra of various isomers at different

approximation levels; according to the results, the synthe-

sized isomers are most favourable in

energy.22, 24, 51, 95, 97 ± 105

Upon analysis of the structures of the 13 fullerene C84

isomers that have not been synthesized, these species can be

divided into three groups. One group includes isomers with

closed-shell electronic configurations and with the same

substructures as contained in the most stable isomers

(Fig. 6). This suggests the prospects for the subsequent

practical synthesis of isomers 6 (C2v), 7 (C2v), 12 (C1), 17

(C2v ), 18 (C2v) and 21 (D2). According to quantum chemical

calculations, the total energies of these six isomers differ

insignificantly from those for the already prepared isomers

(Table 11).20, 21 The predictive value of the elaborated

approach has been practically confirmed. Indeed, the syn-

thesis of isomer 14 predicted in 2006 to be stable (see Ref. 6)

was actually accomplished in 2008.94

The second group consisting of not yet synthesized

isomers of fullerene C84 is composed of four open-shell

isomers, i.e., those containing radical groups (Fig. 7); this,

apparently, prevents them from being synthesized and

isolated. Indeed, these isomers possess increased relative

total energies, and their open-shell electronic configuration

is confirmed by considerable energetic favourability of their

triplet or singlet biradical states and great HOMO±LUMO

energy gaps (see Table 11).20, 21

The third group includes isomers 1 (D2), 2 (C2) and 20

(Td ), which possess closed-shell configurations but contain

substructures composed of large numbers of fused hexagons

(Fig. 8). Indeed, the molecule of isomer 1 (D2) has two

substructures, each consisting of 12 fused hexagons. Iso-

mer 2 (C2) comprises 2 substructures composed of 10 fused

hexagons, and isomer 20 (Td) contains 4 coronene substruc-

tures (7 fused hexagons each), which is probably also a

reason for their instability. The closed-shell configuration

of isomer 20 (Td) has also been noted before.53 According to

quantum chemical calculations, these isomers with over-

strained molecules have the highest relative total energies

(see Table 11).19 ± 21

Table 10. Maximum dihedral angles (deg) in the rings of isomers of
C82 .82

C82 isomer In hexagons In pentagons

with alternating with delocalized
bonds p-bonds

Closed-shell isomers

1 (C2) 17.28 (2) 14.77 (2) 9.91 (2)

2 (Cs) 16.39 (2) 12.52 (2) 12.74 (2)

3 (C2) 16.47 (2) 13.66 (2) 10.68 (2)

4 (Cs) 15.09 (2) 12.86 (2) 11.04 (2)

5 (C2) 13.77 (2) 12.94 (2) 10.09 (2)

6 (Cs) 11.07 (2) 12.81 (2) 9.27 (2)

Open-shell isomers

7 (C3v) 11.94 (3) 12.27 (6) 11.55 (6)

8 (C3v) 10.39 (6) 10.63 (6) 8.59 (3)

9 (C2v) 7.83 (4) 10.38 (4) 6.88 (4)

Note. Data for the isomer prepared experimentally are typed in bold.

a b c

d e f

Figure 6. Schlegel diagrams of fullerene C84 isomers: 6 (C2v ) (a), 7 (C2v) (b), 12 (C1) (c), 17 (C2v) (d ), 18 (C2v) (e) and 21 (D2) ( f ).20, 21
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In the overstrained isomer molecules, hexagons with

alternating single and double bonds are most distorted,

unlike the experimentally synthesized isomers and the

closed-shell isomers that presumably could be prepared

(Table 12).19 ± 21 Comparison of the maximum dihedral

angles in the rings of overstrained isomers with these

parameters for stable fullerenes clearly shows a boundary

between them, as they reach higher values for overstrained

molecules (see Table 12). It is noteworthy that the number

of distorted hexagons is also important for destabilization

of the molecule: indeed, the dihedral angles in alternating-

bond hexagons of isomers 1 (D2) and 2 (C2) reach 20.8 and

19.68, respectively (see Table 12); this is much greater than

the distortions of hexagons in isomer 20 (Td) (12.68).

Table 11. Relative total energies and energy differences between the frontier orbitals for fullerene C84 .19 ± 21

C84 isomer DE /kcal mol71 HOMO±LUMO/eV

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

Isomer synthesized

4 (D2d) 16.21 15.82 16.82 2.12 1.88 2.10

5 (D2) 17.65 17.02 15.46 1.88 1.88 1.87

11 (C2) 8.38 8.46 8.37 1.68 1.64 1.63

13 (C2) 25.47 30.77 25.11 1.17 1.16 1.14

14 (Cs) 15.38 20.66 15.13 1.96 1.91 1.89

15 (Cs) 11.75 11.18 11.42 1.56 1.54 1.53

16 (Cs) 8.07 7.78 9.49 1.83 1.78 1.76

19 (D3d) 10.04 10.64 10.21 1.44 1.38 1.37

22 (D2) 0.26 0.25 0.06 2.02 1.98 1.96

23 (D2d) 0.00 0.00 0.00 2.08 2.05 2.03

24 (D6h) 7.32 2.43 7.19 2.40 2.34 2.32

Closed-shell isomers

6 (C2v) singlet 17.29 17.99 17.71 1.41 1.36 1.35

7 (C2v)

singlet 25.08 25.43 24.89 1.34 1.30 1.28

triplet 34.92 29.55 33.54 0.49 0.54 0.52

12 (C1)

singlet 12.56 8.43 13.66 1.48 1.46 1.44

triplet 24.22 22.87 24.77 0.49 0.51 0.54

17 (C2v)

singlet 21.92 28.74 22.90 1.40 1.37 1.34

triplet 31.32 18.69 37.51 0.61 0.64 0.66

18 (C2v) singlet 15.94 17.26 15.74 1.99 1.95 1.94

21 (D2)

singlet 16.83 17.01 16.10 1.36 1.34 1.33

triplet 29.53 29.71 28.28 0.25 0.27 0.25

Open-shell isomers

3 (Cs)

singlet 32.89 28.01 41.58 0.79 0.77 0.76

triplet 29.21 30.41 37.59 0.89 0.91 0.87

singlet biradical 27.64 46.79 26.58 1.07 1.05 1.02

8 (C2)

singlet 22.72 32.87 21.65 0.99 0.98 0.98

triplet 25.61 25.88 24.35 0.73 0.74 0.73

singlet biradical 22.58 30.26 21.56 1.06 1.05 1.04

9 (C2)

singlet 26.98 26.38 26.31 0.82 0.81 0.79

triplet 25.00 34.00 24.12 0.97 0.99 0.98

singlet biradical 24.91 31.36 24.22 1.05 1.04 1.02

10 (Cs)

singlet 29.97 29.61 29.71 0.61 0.64 0.64

triplet 27.11 25.65 27.51 0.85 0.85 0.84

Overstrained isomers

1 (D2) singlet 53.11 58.26 50.81 2.45 2.37 2.34

2 (C2) singlet 34.79 35.57 32.47 1.99 1.95 1.93

20 (Td) singlet 31.18 30.12 30.13 2.73 2.66 2.63
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However, the number of these distorted hexagons (12) in

isomer 20 (Td) is much greater than that in the other two

isomers.

According to published data, out of the isomers of

fullerene C84 not yet synthesized, three isomers were

obtained as endohedral metallofullerenes. Two of them, 7

(C2v) and 12 (C1), are presumably stable [obtained, e.g., as

Sc2@C84 (see Ref. 106) and Yb@C84 (see Refs 75 and 107),

respectively] and one open-shell isomer, 10 (Cs), can be

stabilized as Sc2@C84 .106 Only isomer 18 (C2v) was isolated

a b c d

Figure 7. Schlegel diagrams of open-shell isomers of fullerene C84: 3 (Cs) (a), 8 (C2) (b), 9 (C2) (c) and 10 (Cs) (d ).20, 21

a b c

Figure 8. Schlegel diagrams of overstrained isomers of fullerene C84: 1 (D2) (a), 2 (C2) (b) and 20 (Td) (c).19 ± 21

Table 12. Maximum dihedral angles (deg) in the rings of 24 isomers of fullerene C84.19 ± 21

C84 isomer In hexagons In pentagons C84 isomer In hexagons In pentagons

with alternating with delocalized with alternating with delocalized
bonds p-bonds bonds p-bonds

Isomer synthesized

4 (D2d) 9.6 (8)* 13.2 (4) 10.6 (4) 16 (Cs) 12.4 (2) 11.9 (2) 10.9 (2)

5 (D2) 8.9 (4) 16.2 (4) 4.8 (4) 19 (D3d) 10.9 (6) 11.4 (3) 8.3 (6)

11 (C2) 12.9 (2) 11.6 (2) 9.1 (2) 22 (D2) 9.3 (4) 12.3 (2) 7.7 (4)

13 (C2) 12.7 (2) 17.2 (1) 9.6 (2) 23 (D2d) 8.7 (8) 10.2 (8) 7.2 (8)

14 (Cs) 14.4 (2) 14.4 (2) 11.4 (2) 24 (D6h) 8.6 (12) 5.9 (6) 8.4 (12)

15 (Cs) 13.8 (2) 12.9 (2) 9.9 (1)

Closed-shell isomers

6 (C2v) 14.2 (4) 14.2 (4) 9.9 (2) 17 (C2v) 11.5 (4) 9.1 (4) 10.6 (4)

7 (C2v) 15.1 (4) 10.3 (4) 10.7 (2) 18 (C2v) 11.8 (4) 9.7 (4) 12.5 (2)

12 (C1) 11.7 (1) 14.4 (1) 9.4 (1) 21 (D2) 10.9 (4) 11.2 (4) 6.7 (4)

Open-shell isomers

3 (Cs) 15.6 (2) 13.9 (2) 11.2 (2) 9 (C2) 11.9 (2) 13.9 (2) 9.5 (2)

8 (C2) 14.7 (2) 13.2 (2) 9.6 (2) 10 (Cs) 12.2 (2) 14.2 (2) 9.1 (2)

Overstrained isomers

1 (D2) 20.8 (4) 17.8 (4) 20 (Td) 12.6 (12) 11.9 (12)

2 (C2) 19.6 (2) 17.4 (2) 17.4 (2)
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as an exohedral derivative [C84(C2F5)12];108 according to

our data, this isomer could be stable.

II.7. Fullerene C86

Fullerene C86 has 19 IPR isomers, of which only two have

been experimentally obtained and isolated, namely, 16 (Cs)

and 17 (C2).109 ± 111 Their stability is confirmed by quantum

chemical calculations.22, 24, 51, 108 ± 112

The other 17 out of the possible 19 isomers of fullerene

C86 can be subdivided into two groups. One group covers all

isomers that have not been prepared except for isomer 2

(C2). The key distinction of these isomers from stable

isomers 16 (Cs) and 17 (C2) is the open-shell electronic

configuration, i.e., the presence of unpaired electrons,

which is probably responsible for their instability (Figs 9

and 10). The radical nature of these isomers is confirmed by

quantum chemical calculations: either triplet or singlet

biradical state is energetically more favourable than the

closed-shell singlet state (Table 13),113 while the HOMO±

LUMO energy gaps are rather small for all configurations,

indicating that they are kinetically unstable.

The second group consists of only one isomer 2 (C2), the

molecule of which has two substructures each consisting of

nine fused hexagons (Fig. 11). It is clear that these planar

substructures would introduce considerable local strain into

the fullerene molecule, which tends to a spherical shape; this

is confirmed by quantum chemical calculations,110, 113

which demonstrate that isomer 2 (C2) is one of the most

unstable species (Table 13).

In open-shell isomers, as in stable isomers, hexagons

with delocalized p-bonds, which do not destabilize the

molecule, are most distorted (Table 14). This implies that

the instability of these isomers is caused by their radical

nature.113 It can also be seen that distortions in isomer 2

(C2) are much higher than those in other isomers, which

confirms the assumption that its instability is caused by

local overstrain. According to published data, only isomer

19 (D3) was isolated as endohedral derivatives (e.g.,

Tb3N@C86),111 while stable isomers 16 (Cs) and 17 (C2)

were obtained as exohedral derivatives [e.g. , chloro deriv-

atives C86(16)Cl16 , C86(17)Cl18 , C86(17)Cl20 and

C86(17)Cl22 ].114

III. Isolated pentagon rule and classification of
fullerenes

The whole set of above data on what isomers of various

fullerenes have been isolated as hollow Cn molecules or as

a b c

d e f

g h i

Figure 9. Schlegel diagrams of open-shell isomers of fullerene C86: 1 (C1) (a), 3 (C2) (b), 4 (C2) (c), 5 (C2) (d ), 6 (C2) (e), 7 (C1) ( f ), 8 (Cs)
(g), 9 (C2v) (h) and 10 (C2v) (i ).113
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a b c d

e f g

Figure 10. Schlegel diagrams of open-shell isomers of fullerene C86: 11 (C1) (a), 12 (C1) (b), 13 (C1) (c), 14 (C2) (d ), 15 (Cs) (e), 18 (C3) ( f )
and 19 (D3) (g).113

Table 13. Relative total energies and energy differences between the frontier orbitals for fullerene C86 .113

C86 isomer DE /kcal mol71 HOMO±LUMO/eV

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

Isomers synthesized

16 (Cs) singlet 6.52 3.26 7.49 1.91 1.88 1.85

17 (C2) singlet 0.00 0.00 0.00 1.56 1.53 1.50

Open-shell isomers

1 (C1)

singlet 28.52 24.29 26.90 1.10 1.12 1.11

triplet 32.47 29.90 31.75 0.75 0.75 0.72

singlet biradical 28.52 24.73 27.05 1.10 1.15 1.14

3 (C2)

singlet 20.85 17.01 17.49 1.12 1.14 1.13

triplet 26.83 23.47 24.42 0.60 0.58 0.57

singlet biradical 20.85 12.12 16.95 1.12 1.15 1.14

4 (C2)

singlet 22.01 20.51 20.54 0.90 0.87 0.88

triplet 22.05 18.23 20.14 0.89 0.91 0.89

5 (C1)

singlet 21.38 15.82 33.81 1.02 1.00 1.00

triplet 25.06 21.24 24.55 0.67 0.68 0.67

6 (C2)

singlet 15.87 19.42 14.76 0.99 0.97 0.96

triplet 18.91 18.50 17.31 0.72 0.79 0.74

singlet biradical 15.81 12.99 14.76 1.03 1.02 1.01

7 (C1)

singlet 24.94 22.20 24.19 0.88 0.87 0.86

triplet 23.79 14.67 22.80 0.95 0.97 0.95

8 (Cs)

singlet 36.67 33.33 38.21 0.82 0.82 0.82

triplet 36.92 31.12 39.78 0.84 0.82 0.77

9 (C2v)

singlet 43.17 36.61 40.49 0.78 0.79 0.78

triplet 42.91 44.39 40.78 0.87 0.81 0.83

singlet biradical 42.67 38.74 40.29 0.87 0.81 0.81
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endo- and exohedral derivatives are summarized in

Table 15.

It is noteworthy that endohedral fullerene derivatives

were obtained for isomers other than those isolated as

hollow molecules. Yet another conclusion from this statis-

tics is that the overstrained fullerene molecules [fullerene

C72 (D6d), isomer 4 (D3h) of fullerene C78 , isomers 1 (D2),

2 (C2) and 20 (Td) of fullerene C84 and isomer 2 (C2) of

fullerene C86] have not been isolated as any derivatives; this

apparently indicates that they cannot be stabilized and the

molecular strain cannot be relieved. However, molecules

that are unstable because of the radical electronic structure

can be stabilized as both endohedral metallofullerenes and

exohedral derivatives as well as polymeric forms. Moreover,

although some of the radical fullerenes have not yet been

obtained as derivatives, the possibility for them to be

synthesized in the future can be assumed.

Table 13 (continued).

C86 isomer DE /kcal mol71 HOMO±LUMO/eV

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

Open-shell isomers

10 (C2v)

singlet 18.82 21.36 17.22 1.06 1.06 1.06

triplet 21.77 20.35 20.49 0.82 0.82 0.83

singlet biradical 18.75 17.18 17.28 1.10 1.10 1.09

11 (C1)

singlet 10.81 16.76 11.23 1.17 1.15 1.14

triplet 16.53 7.13 15.64 0.65 0.67 0.67

singlet biradical 10.81 5.95 9.37 1.17 1.13 1.12

12 (C1)

singlet 10.79 7.95 11.27 1.20 1.18 1.17

triplet 16.77 7.79 15.99 0.68 0.69 0.69

singlet biradical 10.79 7.93 11.46 1.20 1.20 1.19

13 (C1)

singlet 14.88 14.90 16.30 1.22 1.19 1.19

triplet 20.98 21.43 22.02 0.67 0.69 0.69

singlet biradical 14.88 17.88 16.31 1.22 1.21 1.19

14 (C2)

singlet 22.29 21.03 20.89 0.97 0.97 0.95

triplet 25.83 11.91 27.75 0.69 0.69 0.68

singlet biradical 22.29 21.19 20.17 0.97 1.00 1.00

15 (Cs)

singlet 22.67 23.02 21.25 1.07 1.05 1.04

triplet 31.11 28.02 29.32 0.55 0.57 0.56

singlet biradical 22.67 20.03 21.28 1.07 1.03 1.02

18 (C3)

singlet 11.87 6.71 12.06 1.14 1.13 1.13

triplet 19.41 18.89 19.61 0.48 0.54 0.49

singlet biradical 11.87 9.29 12.16 1.14 1.13 1.12

19 (D3)

singlet 24.25 23.22 23.16 1.02 0.99 0.99

triplet 29.28 22.83 27.55 0.59 0.62 0.61

singlet biradical 24.29 21.51 22.37 1.09 1.06 1.08

Closed-shell isomers

2 (C2)

singlet 29.23 26.26 26.58 2.10 2.10 2.09

triplet 57.65 56.21 56.21 0.28 0.25 0.27

a b

Figure 11. Schlegel diagram of overstrained isomer 2 (C2) of full-
erene C86 (a) and a substructure composed of 17 fused hexagons
(b).113

A.R.Khamatgalimov, V.I.Kovalenko Russ. Chem. Rev., 2016, 85 (8) 836 ± 853 849



Thus, as noted above, following the isolated pentagon

rule does not indicate the possibility of practical prepara-

tion of some fullerene isomer. Obeying this rule is a

necessary but not a sufficient condition: not all IPR isomers

have been synthesized, as some of them are unstable. In

view of this finding, one can formulate the following

stability criterion for hollow fullerene molecules: those

fullerenes are stable that have a closed-shell electronic

configuration, meet the isolated pentagon rule and have no

local overstress produced by fused hexagons.

Meanwhile, many unstable fullerene isomers can be

stabilized as endohedral or exohedral derivatives (see, for

example, Refs 4, 115 ± 119).

The conducted analysis allowed us to propose a full-

erene classification based on their structure, meeting the

isolated pentagon rule and reasons for stability/instability.

All fullerenes can be divided into two major groups

(Fig. 12): pristine fullerenes Cn, including homofullerenes

and heterofullerenes, and their derivatives, either endohe-

dral M@Cn (M is a metal cation, metal cluster, molecule

and so on) or exohedral Cn Xm (X is an addend attached to

the fullerene cage on the outside). All pristine fullerenes are

further classified into two groups:

Ð fullerenes with n<60 (lower fullerenes, e.g., C20 , C28

and so on); they all do not obey the IPR;

Ð fullerenes with n5 60 (higher fullerenes). They are,

in turn, subdivided into IPR and non-IPR ones.

Table 14. Maximum dihedral angles (deg) in the rings of 19 isomers of C86 .113

C86 isomer In hexagons In pentagons C86 isomer In hexagons In pentagons

with alternating with delocalized with alternating with delocalized
bonds p-bonds bonds p-bonds

Isomers synthesized

16 (Cs) 13.46 (2)* 17.54 (2) 11.54 (1) 17 (C2) 14.12 (2) 17.27 (1) 9.29 (1)

Closed-shell isomers

2 (C2) 16.14 (2) 25.11 (1) 13.15 (2)

Open-shell isomers

1 (C1) 17.72 (1) 23.62 (1) 14.19 (1) 10 (C2v) 13.21 (4) 14.27 (4) 12.09 (2)

3 (C2) 20.59 (2) 17.47 (2) 9.89 (2) 11 (C1) 14.37 (1) 19.58 (1) 9.76 (1)

4 (C2) 14.61 (2) 22.37 (1) 11.75 (2) 12 (C1) 11.49 (1) 19.44 (1) 9.59 (1)

5 (C1) 16.11 (1) 21.81 (1) 11.78 (1) 13 (C1) 11.12 (1) 16.97 (1) 9.76 (1)

6 (C2) 16.62 (2) 23.51 (1) 8.64 (2) 14 (C2) 13.69 (2) 20.37 (1) 8.07 (2)

7 (C1) 15.93 (1) 20.93 (1) 11.76 (1) 15 (Cs) 10.79 (2) 17.10 (2) 7.70 (1)

8 (Cs) 15.85 (2) 18.53 (2) 12.92 (1) 18 (C3) 12.94 (3) 18.69 (3) 8.34 (3)

9 (C2v) 10.29 (4) 17.67 (4) 9.77 (2) 19 (D3) 9.87 (6) 13.20 (6) 5.65 (6)

Table 15. Higher fullerene isomers in the series C607C86 experimentally obtained and identified as pristine fullerenes Cn , endohedral
metallofullerenes M@Cn and exohedral fullerenes XmCn.

n in Cn Number of possible Number of Obtained and characterized IPR isomers
isomers IPR isomers

Cn M@Cn CnXm

60 1812 1 Ih Ih Ih
70 8149 1 D5h D5h D5h

72 11190 1

74 14246 1 D3h D3h

76 19151 2 1 (D2) 1 (D2), 2 (Td) 1 (D2), 2 (Td)

78 24109 5 1 (D3), 2 (C2v), 3 (C2v) 5 (D3h) 1 (D3), 2 (C2v),

3 (C2v), 5 (D3h)

80 31924 7 1 (D5d ), 2 (D2) 1 (D5d), 3 (C2v), 5 (C2v), 2 (D2), 5 (C2v)

6 (D5h), 7 (Ih)

82 39719 9 3 (C2) 5 (C2), 6 (Cs), 7 (C3v), 3 (C2), 5 (C2)

8 (C3v), 9 (C2v)

84 51592 24 4 (D2d ), 5 (D2), 11 (C2), 7 (C2v), 10 (Cs), 11 (C2), 4 (D2d ), 5 (D2),

13 (C2), 14 (Cs), 15 (Cs), 12 (C1), 13 (C2), 19 (D3d), 11 (C2), 16 (Cs),

16 (Cs), 19 (D3d), 22 (D2), 23 (D2d) 18 (C2v), 22 (D2),

23 (D2d), 24 (D6h) 23 (D2d)

86 63761 19 16 (Cs), 17 (C2) 19 (D3) 16 (Cs), 17 (C2)
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All IPR fullerenes can be split into two groups: stable

(that have already been prepared or can be prepared) and

unstable ones, which are subdivided into those unstable

because of local overstrain (geometric factors) and radical

fullerenes (electronic factors).

* * *

Analysis of the geometric and electronic structures of all

unstable, although IPR, isomers of higher fullerenes in the

C727C86 series in the neutral ground state under normal

conditions made it possible to classify them into two

groups. The first group (fullerene C74 group) includes full-

erenes the instability of which is mainly determined by the

electronic structure, namely, by the presence of unpaired

electrons in the molecule, i.e., by an open-shell electronic

configuration.

The instability of second group fullerene molecules

(fullerene C72 group) is related to local overstrain caused

by geometric factors. These are closed-shell molecules

characterized by large substructures consisting only of

hexagons and introducing substantial local strain.

The instability of a fullerene may be caused by both

factors, as for example, is the case for isomer 7 (C3v) of

fullerene C82 and isomers 1 (C1) and 10 (C2v) of fullerene

C86 .

The set of features characteristic of stable fullerenes (the

presence of substructures inherent in stable fullerenes,

closed-shell electronic configuration, uniform distribution

of hexagons and pentagons over the molecular cage and low

total energy values) suggest that it is possible, in principle,

to experimentally obtain some isomers, for example, isomer

5 (D3h) of fullerene C78 , isomers 1 (C2), 2 (Cs), 4 (Cs), 5 (C2)

and 6 (Cs) of fullerene C82 and isomers 6 (C2v), 7 (C2v),

12 (C1), 17 (C2v), 18 (C2v) and 21 (D2) of fullerene C84 .

The review was written with a partial financial support

of the Russian Foundation for Basic Research (Project

No. 16-03-00992a).

References

1. P Fowler, D Manolopoulos An Atlas of Fullerenes
(Oxford: Clarendon Press, 1995)

2. H W Kroto Nature (London) 329 529 (1987)
3. T G Schmalz, W A Seitz, D J Klein, G E Hite J. Am. Chem.

Soc. 110 1113 (1988)
4. K Kobayashi, S Nagase, M Yoshida, E O

7
sawa J. Am. Chem.

Soc. 119 12693 (1997)
5. R Pascal, A Pross Chem.Commun. 51 16160 (2015)
6. V I Kovalenko, A R Khamatgalimov Russ. Chem. Rev. 75

981 (2006)
7. K Raghavachari, C McMichael Rohlfing Chem. Phys. Lett.

208 436 (1993)
8. X Liu, T G Schmalz, D J KleinChem. Phys. Lett. 188 550 (1992)
9. M D Diener, J M Alford Nature (London) 393 668 (1998)

10. E F Sheka, V A Zaets Russ. J. Phys. Chem. A 79 2009 (2005)
[Zh. Fiz. Khim. 79 2250 (2005)]

11. W Cai, N Shao, X Shao, Z Pan J. Mol. Struct.
(THEOCHEM) 678 113 (2004)

12. S J Austin, P W Fowler, D E Manolopoulos, G Orlandi,
F Zerbetto J. Phys. Chem. 99 8076 (1995)

13. R C Haddon Science 261 1545 (1993)
14. D Sh Sabirov, S L Khursan, R G Bulgakov Russ. Chem.

Bull., Int. Ed. 57 2520 (2008) [Izv. Akad. Nauk, Ser. Khim. 2469
(2008)]

15. D Sh Sabirov, R G Bulgakov Comput. Theor. Chem. 963 185
(2011)

16. H-D Beckhaus, S Verevkin, C Rmchardt, F Diederich,
C Thilgen, H-U ter Meer, H Mohn, W MuÈ ller Angew.
Chem.,
Int. Ed. Engl. 33 996 (1994)

17. J-i Aihara Phys. Chem. Chem. Phys. 2 3121 (2000)
18. K Amsharov, M Jansen Chem. Commun. 2691 (2009)
19. A R Khamatgalimov, A V Luzhetskii, V I Kovalenko Int. J.

Quantum Chem. 108 1334 (2008)
20. A R Khamatgalimov, V I Kovalenko Russ. J. Phys. Chem. A

84 636 (2010) [Zh. Fiz. Khim. 84 721 (2010)]
21. A R Khamatgalimov, V I Kovalenko Int. J. Quantum Chem.

112 1055 (2012)
22. J Cioslowski, N Rao, D Moncrieff J. Am. Chem. Soc. 122

8265 (2000)

Pristine fullerenes Fullerene derivatives

Fullerenes

IPRNon-IPR

Exohedral
CnXm

Endohedral
M@Cn

Lower
<C60

Higher
5C60

StableUnstable

Electronic factorsGeometric factors

Figure 12. Classification of fullerenes.

A.R.Khamatgalimov, V.I.Kovalenko Russ. Chem. Rev., 2016, 85 (8) 836 ± 853 851



23. M BuÈ hl, A Hirsch Chem. Rev. 101 1153 (2001)
24. Z Chen, J Cioslowski, N Rao, D Moncrieff, M BuÈ hl,

A Hirsch, W Thiel Theor. Chem. Acc. 106 364 (2001)
25. P Schwerdtfeger, L N Wirz, J AveryWIREs Comput. Mol.

Sci. 5 96 (2015)
26. R G Bulgakov, D I Galimov, U M Dzhemilev Russ. Chem.

Rev. 83 677 (2014)
27. D Sh Sabirov, E O

7
sawa J. Chem. Inf. Model. 55 1576 (2015)

28. M Mojica, J A Alonso, F MeÂ ndez J. Phys. Org. Chem. 26 526
(2013)

29. O V Boltalina, A A Popov, I V Kuvychko, N B Shustova,
S H Strauss Chem. Rev. 115 1051 (2015)

30. T S M Wan, H-W Zhang, T Nakane, Z Xu, M Inakuma,
H Shinohara, K Kobayashi, S Nagase J. Am. Chem. Soc. 120
6806 (1998)

31. R Hatakeyama, T Hirata, H Ishida, T Hayashi, N Sato
Thin Solid Films 316 51 (1998)

32. K Raghavachari Z. Phys. D 26 261 (1993)
33. O V Boltalina, I N Ioffe, L N Sidorov, G Seifert, K Vietze

J. Am. Chem. Soc. 122 9745 (2000)
34. N B Shustova, I V Kuvychko, R D Bolskar, K Seppelt,

S H Strauss, A A Popov, O V Boltalina J. Am. Chem. Soc.
128 15793 (2006)

35. C Yeretzian, J B Wiley, K Holczer, T Su, S Nguyen,
R B Kaner, R L Whetten J. Phys. Chem. 97 10097 (1993)

36. S Okada, S Saito Chem. Phys. Lett. 321 156 (2000)
37. A R Khamatgalimov, Candidate Thesis inChemical Sciences,

Kazan State Technological University (KKhTI), Kazan', 2003
38. V I Kovalenko, A R Khamatgalimov Chem. Phys. Lett. 377

263 (2003)
39. K Goto, T Kubo, K Yamamoto, K Nakasuji, K Sato,

D Shiomi, T Takui, M Kubota, T Kobayashi, K Yakusi,
J Ouyang J. Am. Chem. Soc. 121 1619 (1999)

40. P A Koutentis, Y Chen, Y Cao, T P Best,M E Itkis, L Beer,
R T Oakley, A W Cordes, C P Brock, R C Haddon J. Am.
Chem. Soc. 123 3864 (2001)

41. V V Zverev, V I Kovalenko Russ. J. Phys. Chem. A 80 99
(2006) [Zh. Fiz. Khim. 80 110 (2006)]

42. A Reich, M PanthoÈ fer, H Modrow, U Wedig, M Jansen
J. Am. Chem. Soc. 126 14428 (2004)

43. H Nikawa, T Kikuchi, T Wakahara, T Nakahodo,
T Tsuchiya, G M A Rahman, T Akasaka, Y Maeda,
K Yoza, E Horn, K Yamamoto, N Mizorogi, S Nagase
J. Am. Chem. Soc. 127 9684 (2005)

44. N B Shustova, B S Newell, S M Miller, O P Anderson,
R D Bolskar, K Seppelt, A A Popov, O V Boltalina,
S H Strauss Angew. Chem., Int. Ed. 46 4111 (2007)

45. R Ettl, I Chao, F Diederich, R L Whetten Nature (London)
353 149 (1991)

46. D E Manolopoulos J. Chem. Soc., Faraday Trans. 87 2861
(1991)

47. J R Colt, G E Scuseria J. Phys. Chem. 96 10265 (1992)
48. G Orlandi, F Zerbetto, P W Fowler, D E Manolopoulos

Chem. Phys. Lett. 208 441 (1993)
49. S J Austin, P W Fowler, G Orlandi, D E Manolopoulos,

F Zerbetto Chem. Phys. Lett. 226 219 (1994)
50. G Sun, M Kertesz J. Phys. Chem. A 104 7398 (2000)
51. G Zheng, S Irle, K Morokuma Chem. Phys. Lett. 412 210

(2005)
52. N Shao, Y Gao, X C Zeng J. Phys. Chem. C 111 17671 (2007)
53. R Taylor J. Chem. Soc., Perkin Trans. 2 3 (1992)
54. A R Khamatgalimov, V I Kovalenko Fullerenes, Nanotubes

Carbon Nanostruct. 23 148 (2015)
55. Z Slanina, F UhlõÂ k, J-H Sheu, S-L Lee, L Adamowicz,

S NagaseMATCH Commun. Math. Comput. Chem. 59 225
(2008)

56. H Umemoto, K Ohashi, T Inoue, N Fukui, T Sugai,
H Shinohara Chem. Commun. 46 5653 (2010)

57. F Diederich, R L Whetten, C Thilgen, R Ettl, I Chao,
M M Alvarez Science 254 1768 (1991)

58. K Kikuchi, N Nakahara, T Wakabayashi, S Suzuki,
H Shiromaru, Y Miyake, K Saito, I Ikemoto, M Kainosho,
Y Achiba Nature (London) 357 142 (1992)

59. R Taylor, G J Langley, T J S Dennis, H W Kroto,
D R M Walton J. Chem. Soc., Chem. Commun. 1043 (1992)

60. F UhlõÂ k, Z Slanina, E O
7
sawa Eur. Phys. J. D 16 349 (2001)

61. Z Slanina, F UhlõÂ k, L Adamowicz, K Kobayashi, S Nagase
Int. J. Quantum Chem. 100 610 (2004)

62. R D Bendale, M C Zerner J. Phys. Chem. 99 13830 (1995)
63. M KaÂ llay, K NeÂ meth, P R SurjaÂ n J. Phys. Chem. A 102 1261

(1998)
64. A R Khamatgalimov, S S Korolev, V I Kovalenko,

inNanochastitsy v Kondensirovannykh Sredakh (Nanoparticles
in Condensed Media) (Minsk: Belorussian State University,
2008) p. 54

65. M M Olmstead, A de Bettencourt-Dias, J C Duchamp,
S Stevenson, D Marciu, H C Dorn, A L Balch Angew.
Chem., Int. Ed. 40 1223 (2001)

66. F H Hennrich, R H Michel, A Fischer, S Richard-
Schneider, S Gilb, M M Kappes, D Fuchs, M BuÈ rk,
K Kobayashi, S Nagase Angew. Chem., Int. Ed. Engl. 35 1732
(1996)

67. T R Cummins, M BuÈ rk, M Schmidt, J F Armbruster,
D Fuchs, P Adelmann, S Schuppler, R H Michel,
M M Kappes Chem. Phys. Lett. 261 228 (1996)

68. C-R Wang, T Sugai, T Kai, T Tomiyama, H Shinohara
Chem. Commun. 557 (2000)

69. J Ma, J Jiang, R-k Yuan Z. Phys. D 42 289 (1997)
70. G Sun, M Kertesz Chem. Phys. Lett. 328 387 (2000)
71. F Furche, R Ahlrichs J. Chem. Phys. 114 10362 (2001)
72. Z Slanina, S-L Lee, F UhlõÂ k, L Adamowicz, S Nagase Int. J.

Quantum Chem. 106 2222 (2006)
73. A R Khamatgalimov, V I Kovalenko Fullerenes, Nanotubes

Carbon Nanostruct. 19 599 (2011)
74. K Kobayashi, S Nagase, T Akasaka Chem. Phys. Lett. 245

230 (1995)
75. X Lu, Z Slanina, T Akasaka, T Tsuchiya, N Mizorogi,

S Nagase J. Am. Chem. Soc. 132 5896 (2010)
76. L Dunsch, S Yang, L Zhang, A Svitova, S Oswald,

A A Popov J. Am. Chem. Soc. 132 5413 (2010)
77. J C Duchamp, A Demortier, K R Fletcher, D Dorn,

E B Iezzi, T Glass, H C Dorn Chem. Phys. Lett. 375 655
(2003)

78. Y Kubozono, Y Takabayashi, S Kashino, M Kondo,
T Wakahara, T Akasaka, K Kobayashi, S Nagase, S Emura,
K Yamamoto Chem. Phys. Lett. 335 163 (2001)

79. G Sun, M Kertesz J. Phys. Chem. A 105 5468 (2001)
80. B L Zhang, C Z Wang, K M Ho, C H Xu, C T Chan

J. Chem. Phys. 98 3095 (1993)
81. X Q Wang, C Z Wang, B L Zhang, K M Ho Chem. Phys.

Lett. 217 199 (1994)
82. A R Khamatgalimov, V I Kovalenko J. Phys. Chem. A 115

12315 (2011)
83. G-W Wang, M Saunders, A Khong, R J Cross J. Am. Chem.

Soc. 122 3216 (2000)
84. T J S Dennis, H Shinohara Appl. Phys. A 66 243 (1998)
85. M M Olmstead, A de Bettencourt-Dias, H C Dorn,

A L Balch J. Am. Chem. Soc. 124 4172 (2002)
86. T Akasaka, X Lu, H Kuga, H Nikawa, N Mizorogi,

Z Slanina, T Tsuchiya, K Yoza, S Nagase Angew. Chem.,
Int. Ed. 49 9715 (2010)

87. T Inoue, T Tomiyama, T Sugai, T Okazaki, T Suematsu,
N Fujii, H Utsumi, K Nojima, H Shinohara J. Phys. Chem. B
108 7573 (2004)

88. ENishibori, MTakata,M Sakata,M Inakuma, H Shinohara
Chem. Phys. Lett. 298 79 (1998)

852 A.R.Khamatgalimov, V.I.Kovalenko Russ. Chem. Rev., 2016, 85 (8) 836 ± 853



89. S I Troyanov, N B Tamm Crystallogr. Rep. 55 432 (2010)
90. D E Manolopoulos, P W Fowler, R Taylor, H W Kroto,

D R M Walton J. Chem. Soc., Faraday Trans. 88 3117 (1992)
91. R Taylor, G J Langley, A G Avent, T J S Dennis,

H W Kroto, D R M Walton J. Chem. Soc., Perkin Trans. 2
1029 (1993)

92. N Tagmatarchis, A G Avent, K Prassides, T J S Dennis,
H Shinohara Chem. Commun. 1023 (1999)

93. T J S Dennis, T Kai, K Asato, T Tomiyama, H Shinohara,
T Yoshida, Y Kobayashi, H Ishiwatari, Y Miyake,
K Kikuchi, Y Achiba J. Phys. Chem. A 103 8747 (1999)

94. L Epple, K Amsharov, K Simeonov, I Dix, M Jansen Chem.
Commun. 5610 (2008)

95. G Sun, M Kertesz J. Phys. Chem. A 105 5212 (2001)
96. JAAzamar-Barrios, T J SDennis, S Sadhukan,H Shinohara,

G E Scuseria, A PeÂ nicaud J. Phys. Chem. A 105 4627 (2001)
97. R Taylor J. Chem. Soc., Perkin Trans. 2 813 (1993)
98. P W Fowler, F Zerbetto Chem. Phys. Lett. 243 36 (1995)
99. Z Chen, W Thiel Chem. Phys. Lett. 367 15 (2003)
100. B L Zhang, C Z Wang, K M Ho J. Chem. Phys. 96 7183

(1992)
101. M BuÈ hl, C van WuÈ llen Chem. Phys. Lett. 247 63 (1995)
102. T Nishikawa, T Kinoshita, S Nanbu, M Aoyagi J. Mol.

Struct. (THEOCHEM) 461 ± 462 453 (1999)
103. G Sun, M Kertesz New J. Chem. 24 741 (2000)
104. T Heine, M BuÈ hl, P W Fowler, G Seifert Chem. Phys. Lett.

316 373 (2000)
105. S Okada, S Saito Chem. Phys. Lett. 252 94 (1996)
106. M Inakuma, E Yamamoto, T Kai, C-R Wang, T Tomiyama,

H Shinohara, T J S Dennis, M Hulman, M Krause,
H Kuzmany J. Phys. Chem. B 104 5072 (2000)

107. A A Popov, S Yang, L Dunsch Chem. Rev. 113 5989 (2013)
108. N B Tamm, L N Sidorov, E Kemnitz, S I Troyanov

Chem. ±Eur. J. 15 10486 (2009)
109. G Sun, M Kertesz Chem. Phys. 276 107 (2002)
110. M Kiuchi, J-i Aihara J. Mol. Struct. (THEOCHEM) 685 97

(2004)
111. C-R Wang, M Inakuma, H Shinohara Chem. Phys. Lett. 300

379 (1999)
112. Z Slanina, S-L Lee,M Yoshida, E O

7
sawaChem. Phys. 209 13

(1996)
113. A R Khamatgalimov, V I Kovalenko Int. J. Quantum Chem.

111 2966 (2011)
114. S Yang, T Wei, S I TroyanovChem. ±Eur. J. 20 14198 (2014)
115. C M Beavers, M N Chaur, M M Olmstead, L Echegoyen,

A L Balch J. Am. Chem. Soc. 131 11519 (2009)
116. C-R Wang, T Kai, T Tomiyama, T Yoshida, Y Kobayashi,

E Nishibori, M Takata, M Sakata, H Shinohara Nature
(London) 408 426 (2000)

117. T Ishikawa, T Kodama, S Suzuki, R Fujii, H Nishikawa,
I Ikemoto, K Kikuchi, Y Achiba Chem. Lett. 33 1008 (2004)

118. T Zuo, K Walker, M M Olmstead, F Melin, B C Holloway,
L Echegoyen, H C Dorn, M N Chaur, C J Chancellor,
C M Beavers, A L Balch, A J Athans Chem. Commun. 1067
(2008)

119. M Olmstead, H M Lee, J C Duchamp, S Stevenson,
D Marciu, H C Dorn, A L Balch Angew. Chem., Int. Ed. 42
900 (2003)

A.R.Khamatgalimov, V.I.Kovalenko Russ. Chem. Rev., 2016, 85 (8) 836 ± 853 853


	I. Introduction
	II. Unstable higher isolated pentagon rule fullerenes C72-C86 : molecular structure analysis according to theoretical quantum chemical data
	II.1. Fullerenes C72 and C74 as characteristic representatives of two types of fullerene instability
	II.2. Fullerene C76
	II.3. Fullerene C78
	II.4. Fullerene C80
	II.5. Fullerene C82
	II.6. Fullerene C84
	II.7. Fullerene C86

	III. Isolated pentagon rule and classification of fullerenes
	References

