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Abstract: The o- and 7-hole interactions are used to define attractive forces involving elements of
groups 12-18 of the periodic table acting as Lewis acids and any electron rich site (Lewis base, anion,
and 7m-system). When the electrophilic atom belongs to group 14, the resulting interaction is termed a
tetrel bond. In the first part of this feature paper, tetrel bonds formed in crystalline solids involving
sp>-hybridized carbon atom are described and discussed by using selected structures retrieved
from the Cambridge Structural Database. The interaction is characterized by a strong directionality
(close to linearity) due to the small size of the o-hole in the C-atom opposite the covalently bonded
electron withdrawing group. The second part describes the utilization of two allotropic forms of
carbon (Cgp and carbon nanotubes) as supramolecular catalysts based on anion—7 interactions (7-hole
tetrel bonding). This part emphasizes that the m-hole, which is considerably more accessible by
nucleophiles than the o-hole, can be conveniently used in supramolecular catalysis.
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1. Introduction

Many chemical transformations, properties of materials, and biological processes are directed
by noncovalent interactions [1,2]. They also play a prominent role in self-assembly and formation of
supramolecular entities [3-5], design of drugs [6], inhibitors [7], and even optoelectronic devices [8].
The most studied and used noncovalent interactions in supramolecular chemistry and crystal
engineering are the ubiquitous hydrogen bond (HB) [9] and 7— stacking [10] interactions. However,
other interactions have stepped out of the shadow of HB and have started to shine. These can be
divided into the following two main groups: (i) ion— interactions [11,12] and (ii) the emerging o- and
mi-hole interactions [13,14], which involve elements of groups 12-18 of the periodic table [15-22].

The location of o- and 7-holes (regions of positive electrostatic potential at the surface of atoms
or group of atoms) is directly associated with the position and number of the covalent bonds that
the atoms form. The number of covalent bonds and the presence/absence of additional lone pairs are
related to the group of the periodic table that the atom belongs to, and thus this allows for a convenient
and periodic classification of interactions. For instance, tetrel, pnicogen, chalcogen, and halogen
atoms (group 14, 15, 16, and 17, respectively) usually form four, three, two, and one covalent bonds,
respectively, and they concomitantly present four, three, two, and one o-holes opposite them. These
depleted areas of electron density can function as electrophilic sites and attractively interact with
electron rich atoms or m-systems. Taking the hydrogen bond (HB) as a model, the names used to
designate o- and 7-hole interactions refer to the group of the periodic table where the electrophilic
site belongs. Resnati’s group proposed this methodology, in 2014, to term the interactions between
electrophiles and nucleophiles [20,21] that has been adopted [23] by most of the scientific community.
Actually, the terms halogen bond [24] and chalcogen bond [25] are now recommended by IUPAC.
The terms triel bond [26], tetrel bond [27,28], pnictogen bond [29,30], and noble gas bond (NgB) [17-19]
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are consistently used to describe attractive noncovalent interactions where atoms that belong to groups
13, 14, 15, and 18, respectively, of the periodic table, act as Lewis acids (see Figure 1).
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Figure 1. Names used to refer to the interactions where groups 11 to 18 act as Lewis acids.

It is well known that some elements of d block can work as the electrophilic site in adducts with
donors of electron density [31-33]. This convention for naming interactions can be easily extended
to the d block elements [16,20]. In fact, the term coinage metal bond (CiB) [16,34] is now used for
interactions involving elements of group 11 and spodium bond (SpB) for those of group 12 [15,16].

This feature paper is divided into two main topics. The first topic describes tetrel bonding formed
in crystalline solids by electrophilic sp®~hybridized carbon atoms to illustrate the importance of tetrel
bonds involving the lightest tetrel atom in crystal engineering. To do so, structures from the Cambridge
Structural Database (CSD) [35] in which tetrel bonds (TtBs) are important to understand their crystal
packing, have been selected and discussed. This analysis is convenient to investigate the geometric
features of such contacts and to compare them with computational studies [36—40] on TtBs involving
sp>~hybridized carbon atoms. The second topic highlights the utilization of anion—r or 7-hole TtBs in
supramolecular catalysis, focusing on two allotropic forms of carbon, i.e., Cgp and carbon nanotubes.
This part of the feature paper puts into perspective the bright future of this type of noncovalent bonding
in catalysis.

2. Results and Discussion

2.1. Crystal Engineering

The position and size of the depleted areas of electron density on the surface of covalently bonded
atoms depend on the type of covalent bond(s) formed by the atom (single or double/delocalized bonds).
The o- and 7r-holes are located approximately along the vector of a single o-bond and above and below
the plane in 7-bonds, respectively [41]. In the case of group 14, the heavier elements rarely form double
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bonds, thus o-hole bonding is expected for Si to Pb atoms. However, both types of bonds are common
for carbon that can, consequently, form both types of noncovalent bonding interactions. In fact, TtBs in
carbonyl groups were described fifty years ago [42,43] and are common in organic compounds [44-46].

A representative characteristic of o-hole interactions is their marked directionality that is directly
related to the location and intensity of the o-hole [13,14,47,48]. The linearity of this type of bonding
has been confirmed by a multitude of CSD analyses [13,14,49-51] combined with computational
studies [52,53]. It is also well known that the heavier elements (more polarizable) present more positive
o-holes, and thus have a stronger tendency to form interactions with electron rich atoms (see Figure 2 for
fluorides of the tetrel elements as representative group). In fact, the lighter elements of groups 15 to 17
infrequently participate in o-hole interactions (as electrophilic site) [50,51,54]. Moreover, the o-hole
intensity increases as the electron withdrawing ability of its substituents increases. Therefore, the o-hole
that is opposite the C-Y bonds where Y = fluorine, cyano, or nitro, or a charged atom/group is favored
over other substituents.

+2§a +®5 +S4&7 +7&+70&
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Figure 2. MEP surfaces of tetrafluorides of group 14 of elements. CF,, SiFy, and GeF, at the
B3LYP/6-311+G* level of theory and SnF, and PbF, at the BALYP/LANL2DZ level of theory. Isosurface
0.001 a.u.

At this point, it is important to emphasize that other forces apart from the electrostatic component
are also important in o- and 7-hole interactions, including some kinetic aspects. Ruedenberg evidenced
the prominent role of kinetic energy in bond formation by partitioning the bond energy into the
following three terms: (i) quasi-classical, (ii) promotion, and (iii) interference [55]. These three terms
can be simplified as bonding and nonbonding, where the latter corresponds to the sum of quasi-classical
and promotion. Ruedenberg’s works clearly demonstrated that kinetic energy plays an important role
in the formation of chemical bonds [56-58]. To this respect, the recent works by Sethio et al. [59] and
Yannacone et al. [60] clearly demonstrated that focusing just on the o- and 7-hole interactions leads to
an incomplete picture, missing important facets of this type of noncovalent bonding.

Another important consideration is that the crystal environment is highly important and should
be considered in crystal engineering computational studies. That is, periodicity is necessary in order to
account for the crystal packing effect, which is not covered by the commonly used molecular cluster
model [61].

2.1.1. Neutral TtBs

As commented above, electron withdrawing fluorine, cyano, and nitro substituents at the C(sp3)
atom increase the magnitude of the o-hole and favor the formation of TtB interactions. As exemplifying
structures of fluorine substituent, Figure 3 shows partial views of the solid-state crystal packing of four
compounds. The TtB has been described as the initial stage of a SN2 reaction [62] and, consequently,
strong TtBs may change the geometry of the tetrel atom from tetrahedral to planar [63-65]. However,
in the case of interactions involving the Csp3-F bond, the change of geometry is minimal because the
fluorine atom, that is located opposite the electron rich atom, is not a good leaving group. Figure 3a
shows the X-ray structure of the antitumor N,N’-(pyridine-2,6-diyl)bis-naphthalenedicarboximide
(refcode BOQGOD) [66] that presents a cocrystallized trifluoroacetic acid (TFA) that is in close contact
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with one O-atom of the carboximide group. Interestingly, the O-atom is located opposite the fluorine
atom (176°) at a distance that is shorter than the sum of van der Waals radii of C and O (3.22 A).
Interestingly, the O-atom is also located over the sp?-hybridized C-atom of the TFA molecule at a
shorter distance (2.887 A), thus establishing a concurrent r-hole TtB. This type of bonding establishing
concurrent o- and 7-hole TtBs are also observed in the solid state of [bis(trifluoroacetoxy)iodo]benzene
(refcode CEZBEOOQ1) [67] that govern its assembly into infinite supramolecular one-dimensional
(1D) chains. Furthermore, this behavior is observed in the solid state of fluoroformyl trifluoroacetyl
disulfide (refcode PAWNUX) [68] that forms infinite 1D supramolecular chains where simultaneous
and directional o- and 7-hole TtBs are established (see Figure 3d). Finally, Figure 3c shows the X-ray
structure of trifluoromethyl-methoxy-chloro-iodine(Ill) that self-assembles, forming dimers where two
directional TtBs are established (refcode GOTSUD) [69].

(a)

CEZBEOO01

o) . o
T 3.037 r 'IT-hoIer
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BOQGOD & &g e & o
PAWNUX

GOTSUD

Figure 3. X-ray structures of Cambridge Structural Database (CSD) refcodes. (a) BOQGOD;
(b) CEZBEOO1; (c) GOTSUD; (d) PAWNUX. Distances in A are given adjacent to the dashed lines used
to represent the TtBs. H-atoms omitted for clarity.

Mooibroek’s group evidenced experimentally [70] that a supramolecular synthon based on
sp3-hybridized C-atom could be used for predictable and directional tetrel bonding interactions
and demonstrated its potential in crystal engineering [71]. Two structures are shown in Figure 4.
TUQYAI structure corresponds to 6-oxaspiro[2.5]octane-1,1,2,2-tetracarbonitrile that forms infinite
1D supramolecular chains in the solid state where bifurcated TtBs are established (see Figure 4a).
Interestingly, this 1D chain is preserved in the solid state of the 1,4-oxathiane solvate (see Figure 4b),
where additional TtBs are formed between the axial lone pair at the O-atom of the 1,4-oxathiane and
two C-atoms of the three-membered ring. It is worth mentioning that previous computational studies
anticipated that the sp® hybridized C(CN), centers present in 1,1,2,2-tetracyanocyclopropane exhibited
a sterically accessible o-hole [39,40,72].

In a recent and excellent review by Resnati and co-workers [73], the ability of acetonitrile and nitromethane
(specially coordinated to transition metals) to form TtBs was widely described, ranging from discrete dimers
to infinite 1D chains. To further illustrate the ability of electron withdrawing CN group to activate the
sp>-hybridized carbon atom as Lewis acid, three structures are given in Figures 5 and 6. In particular, Figure 4
represents the X-ray structures of chloro-tricyanomethane (CTCYME) [74] and bromo-tricyanomethane
(BTCYME) [74]. In the former, directional TtBs govern the formation of trimeric assemblies where the
electron rich atom (N) is located exactly opposite the C—Cl bond (see Figure 4a). The sum of C and N
van der Waals (vdW) radii is 3.25 A, very similar to the N--C distance in CTCYME. Unexpectedly the
N is located opposite the Cl atom, instead of the CN group. This behavior, where the electron rich atom
is located opposite the most polarizable atom instead of the most electron-withdrawing one has been
observed and described in chalcogen bonding [75]. In the BTCYME, the N-atom is located opposite the
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CN group, however, the distance is significantly longer and the angle smaller (less directional), thus,
indicating a very weak or non-existent TtB. In contrast, this structure forms short Br---N halogen bonds
(3.031 A) due to the stronger ability of bromine with respect to chlorine as a halogen bond donor.

(a)

TUQYAI

(b)

|
|

N
2.959\ {3.191

TuQyuc

Figure 4. X-ray structures of CSD refcodes. (a) TUQYAIL (b) TUQYUC. Distances in A are given
adjacent to the dashed lines used to represent the TtBs. H-atoms omitted for clarity.

(a) R (b)

CTCYME BTCYME

Figure 5. X-ray structures of CSD refcodes. (a) CTCYME; (b) BTCYME. Distances in A are given
adjacent to the dashed lines used to represent the TtBs.
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Figure 6. (a) MEP surface of tetracyanomethane at the BBLYP/6-311+G* level of theory. Isosurface
0.001 a.u.; (b) X-ray structure of CSD refcodes TCYMET. Distance in A.

It is interesting to note that in the case of tetracyanomethane (TCYMET, see Figure 5) [76],
TtBs assemble the molecule into 1D supramolecular chains in the solid state. In this case, the distance
is shorter than the sum of vdW radii and the interaction is perfectly linear (180°). It is worth
mentioning that this molecule presents very positive o-holes (see Figure 5a), comparable to those
of GeFy, thus explaining the formation of the perfectly directional and short TtBs in its X-ray solid
state structure.

The existence of TtBs is also quite common in 1-methyl-1H-tetrazol derivatives, although it has
not been previously analyzed in the literature. Figure 7 shows several examples to illustrate this
circumstance. The modest electron withdrawing effect of tetrazole ring can be significantly enhanced
by its coordination to transition metals or protonation. For instance, in structures CABFET [77]
and CABFIX [77] the 1-methyl-1H-tetrazole-5-thiolato ligands are coordinated to Hg-atoms and the
methyl groups establish two symmetrically equivalent TtBs forming self-assembled dimers that further
propagate the molecules into 1D infinite chains. The C---N interactions are very directional (175°-179°)
and shorter than the sum of vdW radii (3.25 A). Figure 7c shows the simplified view of DISBAK [78]
X-ray structure, where one O-atom of octamolibdate moiety is located at the extension of the N-C
bond, establishing a short and directional TtB. In the case of 5-amino-1-methyl-1H-tetrazolium picrate
(refcode GAVXUX) [79], the O-atom belonging to the nitro group is also located at the prolongation of
the N—C bond and presents a quite short interaction, likely due to the additional electrostatic attraction
between the counterions.

¥ 2.901
% 169°
GAVXUX01

Figure 7. X-ray structures of CSD refcodes. (a) CABFET; (b) CABFIX; (¢) DISBAK; (d) GAVXUXO1.
Distances in A are given adjacent to the dashed lines used to represent the TtBs.

It has also been demonstrated that TtBs are important in the crystal packing of dimethyl-formamide
(DMF) transition metal complexes [80]. A marked decrease of electron density at the amide group
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occurs when the oxygen of formamide is bound to a transition metal cation (Figure 8), thus enhancing
its electron withdrawing ability. This favors the TtB formation as shown in AJESA]J04 [80] where the
N-atom of the p; 5-dicyanamido bridge is the TtB acceptor. These TtBs interconnect the 1D Co(II)
coordination polymers.

; AJESAJO4

Figure 8. X-ray structures of CSD refcodes AJESAJ06. Distance in A is given adjacent to the dashed
lines used to represent the TtBs.

2.1.2. Charge assisted TtBs

Obviously, the TtB interaction is enhanced whether or not the o-hole donor carbon atom is directly
bonded to a charged atom (charge assisted TtB). Three examples are given in Figure 9 (see ref. [73]
for a more comprehensive treatment) where the Csp3-bonded charged atom is an element of the
second row (N*, O, or S*) of the periodic table. The methyl-quinolinium moiety in YOWKEB [81]
interacts with the iodide counter-anion by means of a short and directional TtB (172°). Similarly,
a carbon atom of the trimethyloxonium cation in FIHLAM structure [82] interacts with an F-atom of
tetrakis[1,1,1,3,3,3-hexafluoro-2-(trifluoromethyl)propan-2-olato]-aluminium anion via a short TtB.
In LANTAX [83] structure, the C-atom of trimethylsulfonium cation is in short contact with the I-atom
of 1-amino-6-fluoro-2,3,4,5,7,8,9,10,11,12-decaiodo-1-carba-closo-dodecaborate counter-ion.

(c) ?

% |
LSNP

LANTAX *

Figure 9. X-ray structures of CSD refcodes. (a) YOWKEB; (b) FIHLAM; (c¢) LANTAX. Distances in A
are given adjacent to the dashed lines used to represent the TtBs.

Figure 10 shows additional examples of charge assisted TtBs in X-ray structures where the carbon
atom is covalently bonded to elements of third and fourth row (P*, Se* and Te*) of the periodic
table. In LOQYEX [84], the trimethylselenonium cation interacts with one of the adjacent [ZnCl4]*
counter-ion by means of a short and directional TtB (the Cl atom is located opposite the Se*—C bond.
Similarly, the nitrogen atom of the thiocyanate anion in HUHBOB (see Figure 10b) is located almost
perfectly on the extension of the Te*—C bond (177°). Finally, in DOSPUW, the sp3-hybridized carbon
atom of the methyltriphenylphosphonium cation is in close contact with one bridging chlorido ligand
of the tris(u-chloro)-dicarbonyl-dichloro-bis(triphenylphosphine)-di-ruthenium(Il) complex.
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(a)

2 2 3.359_

173°

[

LOQYEX
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W
3.295
177°
DOSPUW
HUHBOB

Figure 10. X-ray structures of CSD refcodes. (a) LOQYEX; (b) HUHBOB; (¢) DOSPUW. Distances in A
are given adjacent to the dashed lines used to represent the TtBs.

2.2. Anion—mt (1-Hole) Catalysis with Carbon Allotropes

Recent investigations of the ability of fullerenes and nanotubes to catalyze organic reactions by
means of n-hole interactions are described in this subsection of the feature paper. In the literature,
the interaction of electron rich atoms with aromatic surfaces, or any n-system in general, is known
as lone pair(lp)—m or anion—7 depending on the electron donor (Lewis base or anion, respectively).
Contrariwise to cation—m interactions where the name is based on the electron accepting atom (as in
hydrogen bonding or other o-hole interactions), the anion or Ip—m terminology is based on the electron
rich atom. Therefore, the names anion—7 or lp— interactions do not follow the recommendation that
the IUPAC has adopted for hydrogen [85], halogen [24], and chalcogen [25] bonds. Nevertheless,
anion—7t or Ip—m are well established and commonly used terms. Regardless, both interactions can be
considered to be subclasses of 7-hole interactions. Electron deficient rings such as hexafluorobenzene,
see Figure 11, present positive m-holes above and below the center of the ring, thus, adequate for
interacting with electron rich atoms. Since the electron acceptor atoms (carbon in this case) belong to
group 14, the interaction of hexafluorobenzene with anions or lone pair donor atoms can be termed as
mi-hole TtB. In the case of heteroaromatic rings such as electron deficient azines, the interaction cannot
be easily termed since atoms belonging to two different groups of the periodic table participate as
electron acceptors. In this case, the generic name 7-hole is likely more convenient to refer to this type
of bonding.

Figure 11. MEP surface of hexafluorobenzene at the B3LYP/6-31+G* (isosurface 0.001 a.u.). The energy
value at the 7-hole is given in kcal/mol.
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Fullerenes have been used in the literature [86,87] to investigate anion— (7-hole) catalysis as a
proof of concept. This is because it offers the purest m—system to explore the importance of polarizability
in this type of catalysis. That is, the absence of substituents, dipole, and quadrupole moments
and the perspective of polarizability-induced catalysis has attracted the interest of Cg, likely the
most popular carbon allotrope, as catalyst. The MEP surface of Cgg is represented in Figure 12,
showing highly localized areas of positive potential, resembling a golf ball. These 7-holes are slightly
more positive over the center of the six membered than over the five-membered rings. Matile and
co-workers showed that these m-holes provided unique selectivities to a series of catalysts based
on Cgo fullerenes [86,87]. The catalyzed chemical transformations included anionic Diels—Alder
reactions and selective acceleration of disfavored enolate additions versus decarboxylation reactions.
In both reactions, the anionic transition state was stabilized by O---7t-hole interactions. The pioneering
investigations by Matile and co-workers have opened an attractive and exciting new perspective for
the use of carbon allotropes in catalysis.

—1 keal/imol

+8.3 kealimol T-hole 2 e
T-hole +6.9 kcal/mol

Figure 12. (Left) MEP surface of C¢g at the BSLYP/6-31+G* (isosurface 0.001 a.u.); (Right) The Cg is
represented using the same orientation utilized to plot the MEP surface.

Figure 13 represents the MEP surface of a model or single wall carbon nanotube (SWCNT)
of size and symmetry (8,0) and three belts of length. The surface shows the existence of m-holes
over the center of the six membered rings. This model nanotube presents fluorine substituents
at both ends, thus, increasing the MEP values at the m-holes. Matile and co-workers provided
experimental evidence of 7-hole catalysis on carbon nanotubes [88]. Interestingly, they showed that
multi walled carbon nanotubes (MWCNTs) outperform SWCNTs due to cooperativity effects between
7—7t interactions (established between the concentric nanotubes) and anion—7t (7-hole) interactions.
Due to the metal/semiconductor character of carbon nanotubes, this field of research can be focused to
the study of the effect of conducting nanotubes on the catalytic performance.

Figure 14 represents the catalyst (pictorial representation) and reaction used by Matile and
coworkers to demonstrate the importance of 7-hole interaction in supramolecular catalysis. The reaction
used is the addition of malonic half thioester (MAHT) to (3-nitrostyrene (see Figure 14b). The formation
of addition product A is a competitive reaction with the decarboxylation reaction (formation of D).
If the enol form of MAHT is stabilized by a 7-hole interaction with the catalyst surface, the amount of
addition product increases with respect to the non-catalyzed reaction. In contrast, if the enol form is
not stabilized, the keto form predominates, and the amount of addition product does not increase.
Interesting, experimental results have shown [88] that the A/D ratio increases by a factor of 6.8 in the
case of the utilization of SWCNTs and by an impressive factor of 25 in the case of MWCNTs with
respect to the uncatalyzed reaction
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(8,0) SWCNT +20 kcal/mol

Figure 13. MEP surface of (8,0) SWCNT at the B3LYP/6-31+G* (isosurface 0.001 a.u.) saturated with

fluorine at both ends.
H_E.‘.-O—-% F_&
9 I \ enol * ]
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2
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- oMo (TOME o o EJ/OME
E‘;MS SMS
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Figure 14. (a) Representation of a generic nanotube functionalized with a tertiary amine and a linker
and interacting with MAHT interacting by a combination of HB and anion-7 (7-hole TtB); (b) Reaction
of MAHT with B-nitrostyrene to yield the mixture of addition (A) and decarboxylation (D) products.

3. Conclusions

In the first part, this feature article gathers selected CSD structures in which C(sp®) atoms
participate in TtBs. As already described for other o-hole interactions, a linear directionality is a
marked characteristic of TtBs involving the lighter tetrel atom. In fact, when the o-hole donor C-atom
belongs to a methyl or methylene group, the deviation from linearity may imply the formation of
HBs instead of TtBs. The structures discussed here along with others provided in another review [73]
unambiguously demonstrate that interactions involving C(sp®) sites are relevant in crystal engineering.

The second part of this feature article highlights recent reports where two different allotropic
forms of carbon have been used in supramolecular catalysis to take advantage of the multiple 7-holes
present on the surface of fullerenes and nanotubes. The utilization of anion-m (or 7-hole TtBs) in
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catalysis using these two forms of carbons opens attractive new perspectives for the utilization of
mi-hole supramolecular catalysis in other fullerenes and graphene.
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