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Abstract: The structure and stability of a set of (CF)go isomers have been computed at the B3LYP/6-31G-
(d) density functional theory level. The most stable isomer (6, F4@ CsoFss) has tube-like structure with four

endo C—F bonds and fused five-membered rings at the

end of the tube, while the reported most stable

cage structure (2, Fs@CgoFs,) with eight endo C—F bonds is higher in energy by 22.6 kcal/mol. This is in
contrast to the isolated pentagon rule for the stability of fullerenes. The mean bond dissociation energy of
6 is larger than those of the experimental known CesoF3s, CeoFas, and graphite fluoride. The relative energy
per CF unit of 6 to graphite fluoride (CF), is 3.7 kcal/mol, which is smaller than that of Ce fullerene per

carbon to graphite (about 9—10 kcal/mol).

Introduction

Because of the practical importance of perfluorocardons,
fluorination of fullerene has attracted considerable attention since
the discovery of g fullerene? The strong electron-withdrawing
character of the fluorine atom compared to carbon and hydroge
atoms changes the physical and chemical properties of thes
carbon materials drastically and in turn makes them promising
compounds for materials science.

The possible formation of §gFgo via Cso fluorination was
reported by Holloway et al. in 1991 on the basis of a single-
line %F NMR spectrun?. However, the detailed information
about the structure and stability 0§dso is still elusive despite
increased experimental eviderfceThe best known examples
are partially fluorinated gzF«, and the isolable derivative with
the largest number of fluorine atom is actuallyg€ss.® In
addition, fluorination of higher fullerenésand carbon nano-
tube$? has also been reported.

Parallel to the experimental activities, theoretical studies on
the structure and stability ofdgFeo have also been carried out.
On the basis of &, CsoFeo (1) has been computed to have a

n
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cage structure with 60 exo-&F bonds inl, symmetry!? and a
strong nonbonded interaction between the fluorine atoms has
been found? Similar to GoHso'2 as well as GoHso (H20@ CedHeo!
In) and GeoHiso (Heo@ CrsoH12d1n),** CeoFso With endo C-F
bonds has been found to be more stable than the all exo isomer

e(l),l“v15 and the most stable isomer has eight endeF®onds

(Fe@GCsoFs2, 2) using the AM1 semiempirical methdd1 It
should also be noted that fluorinated single-wall carbon nano-
tubes with endo €F bonds can be more stable than isomers
with all exo C—F bonds on the basis of the tube diametérs.
In this article we report more stabledEso isomers with fused
five-membered rings, and this is in contrast to the isolated
pentagon rule (IPR) for the stability of carbon fullerefgse.,
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Figure 2. Unit cells for graphite (a) and graphite fluoride (GKb, top
view; ¢, side view).

computed at the B3LYP/6-31G(d) level of theory for estimating the
ring strain energies.

To estimate the thermodynamic stability of these @@Rpomers, a
graphite sheet and graphite fluoride sheet (Gkg¢re computed by
imposing periodic boundary conditions (PB&)he unit cells for PBC
calculation are shown in Figure 2. The graphite fluoride sheet(CF)
has a unit cell comprised of six-membered rings in chairlike conforma-
tion. These are the same models used by Bettinger et al. for carbon
nanotubes! The PBC calculations were carried out at the B3LYP/6-
31G(d) level (PBC-B3LYP/6-31G(d)). Integration in the first Brillouin
zone was performed using kapoint mesh of 142x 142 for both
graphite and graphite fluoride sheet (GF)

For direct comparison with the available reference data for carbon
nanotubes by Bettinger et &h.the selected isomers were also calculated
using gradient-corrected density functional of Perdew, Burke, and
5 (F2@CeoF s, Con)/-543.3 keal/mol Ernzerhof (PBE) and the 3-21G basis set (PBE/3-21G). The computed
energetic data and Cartesian coordinates for all isomers are given in
the Supporting Information.

4 (CgoFgp, Dsg)/—446.2 keal/mol

Results and Discussion

(a) Structure and Stability of CggFeo. Inspired by the finding
that large (BCQ) structures favor tube instead of cage confor-
mations?? we calculated two tube-like dgFso Structures with
all exo C-F bonds for searching more stable isomers. The first
one @) hasDg, symmetry with 12 five-membered rings located

6 (F4@CGUF55, Cz)f—5982 kcal/mol
Figure 1. B3LYP/6-31G(d)-optimized (Ckp isomers 1—6), and the at the ends of the tube. The second ofjehasDsq Symmetry

computed relative energies (the endo fluorine atoms are shown in red). with 12 five-membered rings fused and located at the ends of

maximal and perfect separation of the strained pentagons. Thethe tube. At the B3LYP/6-31G(d) level, both two tube-like

thermodynamic stability of these selected isomers has also bee somers § and4) are more stable than the cage |§onit?rt(y
analyzed and discussed. 59.6 and 446.2 kcal/mol, respectively. The major difference

between4 (or 3) and 1 is the location of the five-membered

Computational Details rings. Since the stability of £ fullerene is governed by the
All (CF)e0 isomers were optimized at the B3LYP/6-31G(d) level of !solated pentagons, the Sta,b'“ty of the tUbe',“ke 'S,Omem 3)
density functional theory with the Gaussian 03 progi&mue to the is governed by the fused five-membered rings, i.e., the more

large size of the structures, we carried out frequency calculations only fuged the five-membergd rings, th? more stable the isomers.
on selected most stable isomers at HF/6-31G(d). The selected structured his also explains the higher stability of isom#eover isomer
(1—6) in Figure 1 are energy minimum structures at the HF/6-31G(d)
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Table 1. Mean Bond Dissociation Energies (BDE, kcal/mol) per
Fluorine Atom, and Relative Energies of CF to Graphite Fluoride
(AEel/CF, kcal/mol)

3 by 186.6 kcal/mol, sincéd has more fused five-membered
rings than3.
Detailed inspection into structudeshows that the fused five-

. : isomer BDE? BDE® AE/CF? AE/CFb
membered rings are planar or nearly planar, and the six-
membered rings have boat conformation. In contrabgs not ; Zi'g %"21 12‘1 1§'f
only planar five-membered rings but also planar six-membered 3 64.4 695 9.3 10.9
rings. To model the stability we used the planar structures of 4 71.6 76.2 6.2 7.6
(CHF)s and (CHF) with all fluorine atoms on the same side in > 732 78.3 4.6 5.6
, o . 6 74.1 79.8 3.7 4.1
Cs, andCg, symmetries, respectively; it shows that the relative CocFss 69.5 (70.5+ 0.224) 748
energy per CHF unit of (CHE)s lower than that of (CHR)by CooFss 64.3 (68.8+ 0.8%9) 71.5
2.66 kcal/mol, indicating the higher stability of the five- (CFh c 68.2 0.0 0.0

membered ring.
aAt B3LYP/6-31G(d).P At PBE/3-21G.c Unstable wave function at
In 4, the boat-like six-membered rings reduce not only the B3| vp/6-31G(d).

strain of the rings but also the nonbonded interaction of the

fluorine atoms. IriL, for example, the distances of the nonbonded addition, the bond angles of the five- and six-membered rings
fluorine atoms are 2.177 and 2.146 A.4nthe distances of the  deviate strongly from those of the planar structures (108c@!
nonbonded fluorine atoms of the five-membered rings are 2.506,120.0), and therefore, these raise and reduce the angle strain
2.473, and 2.317 A, and those of the six-membered rings areof the five- and six-membered rings, respectively.

2.267, 2.291, and 2.318 A. In addition-& bonds of the boat- In 6, however, the endo €F bonds are found only in the
like six-membered rings id have gauche rather than eclipsed six-membered rings, and these reduce not only the torsion but
conformations, and this reduces the torsion strain additionally. also the angle strains of the six-membered rings. On the other
This is shown by the relative energies per CHF of the boat-like hand, the fused five-membered rings are nearly planar, and no

and twisted boat-like structures of (CHFin C,, and C;
symmetries, which are lower than that of the planar structure
(Cey) by 4.63 and 5.14 kcal/mol, respectively.

At B3LYP/6-31G(d), however, cage isonmwith eight endo
C—F bonds is more stable than tube-like isordeby 129.4
kcal/mol and the cage isomeéty 575.6 kcal/mol. On the basis

significant strain changes can be expected. Therefore, the
enhanced stability 06 should be ascribed to the fused five-
membered rings. Compared tasoGnith the perfect isolated
pentagons, the tube structures with fused pentagons (the carbon
frameworks of3 and4, considered as unconventional fullerene
isomer) are much less stable by 286.5 and 527.4 kcal/mol,

of these energetic data, it is expected that introduction of endo respectively. The difference in fluorination energyd&nd 6

C—F bonds into tube-like structuré will further reduce the

starting from the corresponding carbon clusters (the carbon

ring and torsion strains and therefore lead to more stable isomergrameworks ofl and4) is 550.0 kcal/mol. Compared to the

than2.

Starting from4, we computed 13 isomers with two ende-E
bonds (R@GCsoFss, See Supporting Information). They are more
stable than4 but higher in energy tha2. The most stable
F,@ GsoFss structure is isomes, which is higher in energy than
2 by 32.3 kcal/mol. This indicates that two ende-E bonds
reduce the strain energy by about 97 kcal/mol.

Further, we computed five isomers with four endeEbonds
(F4@CsoFs6, See Supporting Information). It is worth noting that
all five isomers are more stable thahThe most stable isomer
is 6, which is more stable thahby 22.6 kcal/mol. This indicates
that four endo & F bonds in the tube-like structure reduce the

cage isomers, therefore, the higher stability of the tube-like
structures is governed by the fused five-membered rings, and
this is in sharp contrast to the isolated pentagon rule for the
stability of carbon fullerenes. That fused pentagons stabilize
highly strained unconventional fullerenes explains the stability
of the recently prepareds@H, (Cs,) with one triquinancene unit
containing three fused five-membered rifgs.

(b) Thermodynamic Stability of CeoFgo. TO derive the mean
C—F bond dissociation energy (BDE) of the (Gf)somers,
we employed the isodesmic equation used by Bettinger4t al.
for fluorinated nanotubes. The difference in heat of formation
between GoFso and G can be estimated from eq 1 using the

strain considerably and revise the energetic order. However, aheats of formation of ethenet(2.54 kcal/madt) and 1,2-

further increase of endo-&F bonds from four to six raises the

difluoroethane £102.7 kcal/maP). With the experimental heat

energy considerably, and the isomers become strongly less stabl@f formation of the fluorine atom18.97 kcal/ma¥), the mean

by at least 157 kcal/mol, as compared to isorer

It is now interesting to compare structuzand6 for detail.
Due to its larger cage siz,can adopt more endo-F bonds
than 6. The shortest nonbonded distance2adire 2.268 and
2.278 A, and those 06 are 2.224 and 2.411 A. Therefore,
further introduction of endo €F bonds in6 might reduce the

C—F BDE of GsoFso can be calculated according to eq 2

Ceo+ (X/2) CH,F — CH,F =
CeoFx T (¥2) (CH,=CH,) (1)

CeoFx = Coo T XF @

angle and torsion strains but raise nonbonded repulsive interac-

tion of these bonds, as shown above.
In 2, the endo GF bonds connect both five- and six-

Table 1 lists the calculated BDE at the B3LYP/6-31G(d) and
PBE/3-21G levels. It shows clearly that the calculated BDE for

membered rings, and these reduce the torsion strain of the exdcoFss and GoFag at both levels are in reasonable agreement

C—F bonds. Compared tb, not only the shortest distances of
the exo nonbonded fluorine atoms2become longerx2.327

vs 2.177 and 2.146 A) but also the torsion angles deviate

strongly from 0.0; this reduces the torsion strain. In

(23) Wang, C.-R.; Shi, Z.-Q.; Wan, L.-J.; Lu, X.; Dunsch, L.; Shu, C.-Y.; Tang,
Y.-L.; Shinohara, HJ. Am. Chem. SoQ006 128 6605 and references
cited therein.

(24) Chase, M. W., Jd. Phys. Chem. Ref. Data Monodr99§ 9, 1.

(25) Yamada, T.; Bozzelli, J. Wl. Phys. Chem. A999 103 7373.
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with the available experimental valu&s?’ Therefore, the

sheet by about-910 kcal/mol per carbon atom determined both

B3LYP/6-31G(d) results are used for discussion, and the PBE/ by theoretical calculatios%and experiment&!

3-21G data are used for comparison.

As expected, the all exo cage isoniehas the lowest EF
BDE, indicating its high thermodynamic instability. At B3LYP/
6-31G(d), the G-F BDE of 1 is lower than those of §Fss and
CesoF4g by 14.2 and 9.0 kcal/mol, respectively, and these reveal
the difficulty of experimental realization of,3~> while both
CeoF3¢2® and GoF4g®2° are well studied experimentally. It is
worth noting that the €F BDE (64.9 kcal/mol) of the cage
structures with eight endo -€F bonds ) is close to that of
CsoF4s (64.3 kcal/mol), and this indicates the enhanced ther-
modynamic stability of structures with endo-€ bonds.

The C-F BDE increases from the cage structuig to the
tube structure4) by 16.3 kcal/mol, and the largest<& BDE
(74.1 kcal/mol) is found for the most stable tube structure with
four endo C-F bonds €). Apart from 1, isomers2—6 have
larger C-F bond DBEs than the graphite fluoride (GEJable

1, second entry, at PBE/3-21G), and the largest difference (11.6

kcal/mol) is found betweeb and (CF).
At PBE/3-21G, the €F BDE (79.8 kcal/mol) of the most
stable isomes6 is close to those of the fluorinated armchair

Conclusion

Both B3LYP/6-31G(d) and PBE/3-21G density functional
theory calculations were carried out to study the structure and
stability of a set of (Ckp isomers. It is found that the most
stable isomer&, F4@GCsoFse) is tube-like and has a structure
with fused five-membered rings at the end of the tube and four
endo C-F bonds. In contrast, the reported cage struct@re (
Fs@GCsoFs2) with eight endo G-F bonds and isolated pentagons
is less stable by 22.6 kcal/mol. In addition, the tube-like structure
(4, CsoFsg) with fused five-membered rings at the end of the
tube is also more stable than the cage structlir€4pFgo) with
isolated pentagons by 446.2 kcal/mol. This behavior is in sharp
contrast to the isolated pentagon rule for the stability of carbon
fullerenes. Indeed, the carbon frameworkdofith fused five-
membered rings at the end of the tube is higher in energy than
Cso With isolated pentagons by 527.4 kcal/mol.

It is also found that the mean bond dissociation energy (79.8
kcal/mol) of the most stable isome§) (s larger than those (74.8,
71.5, and 68.2 kcal/mol, respectively) of the experimentally
known GsoFse, CeoF4s, @and graphite fluoride (CF) It is also

(3,3) and (4,4) nanotubes (83.1 and 74.4 kcal/mol, respectively) interesting to note that the mean bond dissociation energy of
and greater than those with larger tube diameters, e.g., 68.5 kcalfg comparable to those of the fluorinated armchair (3,3) and

mol of armchair (5,5), as reported by Bettinger etal.

In addition to C-F BDE, it is also interesting to compare the
relative energy per CF unit. Taking graphite fluoride (C&$
reference (Table 1), the relative energy per CF uni &f the
smallest (3.7 kcal/mol), while that dfis the largest (13.7 kcal/
mol). It is worth noting that & is higher in energy than graphite

(26) Papina, T. S.; Kolesov, V. P.; Lukyanova, V. A.; Boltalina, O. V.; Lukonin,
A. Y.; Sidorov, L. N.J. Phys. Chem. B00Q 104, 5403.
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Romanow, W. J.; McCauley, J. P., Jr.; Smith, A. B., Ol. Am. Chem.
Soc 1991, 113 5475. (b) Boltalina, O. V.; Borschevskii, A. Y.; Sidorov,
L. N.; Street, J. M.; Taylor, RChem. Commurl996 529. (c) Popov, A.
A.; Senyavin, V. M.; Boltalina, O. V.; Seppelt, K.; Spandl, J.; Feigerle, C.
S.; Compton, R. AJ. Phys. Chem. 2006 110, 8645.

(29) Boltalina, O. V.; Sidorov, L. N.; Bagryantsev, V. F.; Seredenko, V. A;;
Zapol'skii, A. S.; Street, J. M.; Taylor, Rl. Chem. So¢Perkin Trans. 2
1996 2275.
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(4,4) carbon nanotubes (83.1 and 74.4 kcal/mol, respectively).
It is finally noted that the relative energy 6fper CF unit to
graphite fluoride is smaller than that oggXo graphite.
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