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The isolated-pentagon-rule (IPR) is a prime determinant of fullerene stabilization accounting for the difficult
isolation of hollow C, (n < 60) species. In this connection, the isolation and structural characterization of
Dsp-Cs0Clyg as an IPR-violating fullerene are of interest owing to the study of factors providing further stability.
Herein, we use DFT calculations to explore its aromatic behavior. In this connection the CsqClyg structure is
considered as a fullerene displaying a planar-aromatic character provided by the face-to-face disposition of
two IPR structural motifs, mediated by ten exobonded sp3—carbons. In addition, the Dg,-CsoBrig counterpart
appears to be another promising structure as the target for explorative synthesis. Owing to the curvature of its
IPR motif, an interesting variation in the C-NMR patterns relative to corannulene is described, where the
relation between C, and C; signals is useful to evaluate the degree of the curvature of the m-surface. The
charge distribution of CsoClig reveals a more electron-deficient IPR dome in comparison to Cegq,
envisaging an enhanced chemistry related to bare fullerenes. In addition, the —Cl and —Br exobonded
atoms provide effective o-holes, suggesting such oblate fullerenes as interesting two-dimensional five-
fold symmetric synthons useful for the formation of supramolecular species. Hence, an interesting
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chemistry and supramolecular array derivatives are potential applications to be further explored towards
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Introduction

The initial observation of buckminsterfullerene, Cgo,"™ resulted

from Kroto’s research interest in microwave spectroscopy of outer-
space® carbon structures. Subsequent research led to the develop-
ment of its large scale synthesis.® The unusual highly symmetrical
Cgo structure has stimulated several research efforts directed
towards understanding the relationship between such polyhedral
structures and fullerene stability.”**

The truncated icosahedral structure of Cg, consists of 12
pentagonal rings and 20 hexagonal rings satisfying the require-
ments for a roughly spherical shape, resulting in a pleasant
aesthetic cage obeying the isolated-pentagon rule (IPR).'*'*
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the development of novel nano-devices.

Usually, the stability has been related to the IPR, where Cg is
the smallest carbon cluster able to fulfill the IPR requirement.
In this sense, hollow C,, fullerenes smaller than Ce, including
Ca0, Cas, and C35'®>* are highly reactive species owing to the
necessary presence of fused pentagon motifs.>*** Such struc-
tural features lead to higher strain thereby making fullerenes
smaller than Cg, difficult to isolate, thus preventing the
exploration of their chemistry. However, some medium-sized
fullerenes smaller than Cg, necessarily violating the IPR rule
can be stabilized by saturation of a few sp”> cagecarbon atoms
by bonding them to external atoms or groups.

An example of such stabilization of an IPR-violating fullerene
was provided in 2004 by the discovery, isolation, and characteri-
zation of C;0,Cly, by Xie and coworkers® as representing
the stabilization of the IPR-violating Ds, isomer of Cs, by
introducing ten external symmetrically placed chlorine atoms,
as part of a series of halogenated fullerenes detected and
explored in the same decade,*® as for example CqoF;g With
interesting aromatic properties.”’ *>° The initial characteriza-
tion of Cs,Clyo, provided by mass spectroscopy and *C-NMR
allowing the unequivocal deduction of its molecular structure,
was later confirmed by X-ray crystallography.’’ Noteworthily,
the stabilized C;5,Cl;, cage exhibits an oblate Ds,-Csq structure
in which chlorine atoms saturate the equatorial atoms, thereby
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resulting in a Saturn-like molecule. This Cs50Cly, structure
contrasts with the more favorable nearly spherical D;-Cs, isomer
for the bare Cs, cage without external groups.®*3?

The C-NMR spectra provide information relevant to the
molecular symmetries and chemical environment of each
carbon atom in fullerenes.'”**” For Cg, owing to its high
symmetry, the equivalence of all 60 of its carbon atoms is
indicated by the single ">*C-NMR resonance at room tempera-
ture at 143.15 ppm.*® At lower temperatures (77 K), the
chemical shift anisotropy (CSA) pattern,*®*° obtained from
solid-state NMR experiments, reflects a non-axial symmetry of
the chemical environment at the probe nuclei which can be
related to the aromatic properties of fullerenes.*’ Thus, the
behavior under an external magnetic field provides valuable
information about the structure and related properties, which
can be generalized over the molecular space by evaluating the
induced magnetic field (IMF) from theoretical calculations,*'™*?
in addition to the usual probes based on specific NICS calcula-
tions at certain sites.** Such aromatic properties have been
discussed as relevant characteristics in the determination of
the structure and reactivity of fullerenes.*®

Recently, the spherical aromatic character given by the
50m-electron count of the bare Cs, fullerene in both Ds;,- and
D;-Cs, isomers has been revisited,*®*” in view of the relevant
role of the spherical shape in achieving the effective spherical
aromatic character expected from the 2(N + 1)* Hirsch rule.*®
In this sense, the IMF pattern of Ds;-Cso exhibits deshielding
zones located over the five-membered rings, and shielding
zones at the six-membered rings, similar to Cg,"° indicating
the short-range nature of the response arising from the lack of
aromaticity.””*° In contrast, D;-Cs, exhibits the characteristic
shielding cone owing to its spherical aromatic behavior.*’
Herein, we use DFT methods to evaluate further the CSA
pattern of the 13C-NMR properties of Cs,Cl;, and the related
induced magnetic field. This provides a concise picture of its
possible aromatic character in terms of its overall magnetic
response, as an extension of the well discussed aromaticity of
IPR motifs based on the local response at each ring.”® In addition,
the possibility of fullerenes to undergo bromination®** prompts
us to discuss the properties of the related Cs,Br;, counterpart.

Computational details

Geometry optimizations and subsequent calculations were
performed at the density functional theory (DFT) level employing
the ADF code.>”® We used the all-electron triple<{ Slater basis set
augmented with double polarization functions (STO-TZ2P) and the
non-local Becke-Perdew (BP86) functional within the generalized
gradient approximation (GGA).””° London dispersion corrections to
DFT were made using the pairwise method of Grimme (DFT-D3),*’
in addition to the BP86 functional, BP86-D3. The nuclear magnetic
shielding tensors were calculated with the NMR module of ADF
using gauge-including atomic orbitals (GIAO)*'™** with the
exchange expression proposed by Handy and Cohen,* the corre-
lation expression proposed by Perdew, Burke, and Ernzerhof®®
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(OPBE), and an all-electron STO-TZ2P basis set. In order to
account for the C-NMR chemical shift, we used Cq as a
secondary reference relative to tetramethylsilane (TMS), according
to 6% = 59 + ¢ — ¢, where 6°* = 143.1 ppm>*>® and ¢°® =
47.4 ppm. This approach agrees well with experimental data as
observed in previous studies of fused ring systems.®”

Results and discussion

The Cs50Clyo structure consists of two facing IPR C,, bowls,
connected by ten saturated carbon atoms with exohedral —Cl
atoms (Fig. 1).>* The resulting D5, structure shows two coran-
nulene moieties with a bowl depth of 1.500 A, which is deeper
than that of the isolated corannulene molecule (C,oH;,) with a
bowl depth of 0.89 A (exp. 0.87 A).°® Four unique carbon atom
types are found (Fig. 1), given by C;, located at the central five-
membered ring; Cy, as the next type as part of the six-membered
rings directly bonded to Cy; Cyy, as the outer n-carbon atoms; and
C, as exobonded sp*-atoms bonded directly to chlorine. The
calculated structure for CsoCly, agrees with the X-ray structure
reported by Xie and coworkers,*’ showing distances of C-C; =
1.438 A; C—Cyy = 1.412 A; C-Cyyp = 1.433 A; Cy—Cir = 1.379 A;
Ci—Crv = 1.526 A; and C~Cry = 1.598 A; with a Cry—Cl distance
of 1.814 A, which are listed in Table 1. The resulting curvature
of the IPR motif given by the pyramidalization angles (0,,) of
12.4°,10.1° and 9.2° for Cy, Cyy and Cyy, respectively, is comparable
to that of Cg, with 0, = 11.6°. Moreover, the pyramidalization angle
of 15.6° for Cry results in an angle of 105.6° between the o/n
orbitals, which is close to the ideal angle of 109.5° for tetrahedral
sp>-carbons. This indicates that such carbon atoms need to be
saturated for further kinetic stability. In addition, the CsBrj,
counterpart exhibits similar carbon-carbon distances, with a very
slight shortening of the Cpy~Cyy distances (from 1.525 to 1.517 A),
indicating the rigidity of the IPR dome between chlorinated and
brominated species.

The charge distribution along the structure is evaluated by
the electrostatic potential (ESP) map, showing that the region at

Fig.1 Two views of Cs50Clyo, along the Cs and the C, axis, and the
respective Schlegel diagram with chlorine atoms denoted with lime-
green dots. Definition of symmetry equivalent carbon atoms is given for
Ci, Gy, Cypand Cyy.
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Table 1 Selected distances for studied species. Values in Angstroms (A)

Cs0Clio Cs0Clyo (exp.)* Cs0Brio C30ClioH1o
Cr-C; 1.438 1.435 1.439 1.428
C—Cy 1.412 1.411 1.411 1.395
Cn—Cr 1.433 1.415 1.435 1.435
Cur—Crn 1.383 1.369 1.385 1.392
Ciu—Crv 1.525 1.543 1.517 1.511
Crv—Crv 1.598 1.589 1.591 1.592
Cy—X 1.814 1.789 2.013 1.816

% Data taken from ref. 31.

the molecular equator containing exobonded-carbons exhibits
a larger charge, which in turn increases the electron deficiency
of the carbons at the IPR dome in comparison to Cg, (Fig. 2).°°
Such observations suggest enhanced chemistry relative to that
of bare fullerenes.”””® Interestingly, the equatorial halogen
atoms exhibit c-holes,”* which can be further used to generate
supramolecular structures taking advantage of the two-dimensional
fivefold symmetric synthons”>”® provided by the CsoXyo species,
similarly to that observed for CsClyo.””

The ">C-NMR spectra obtained by Xie and coworkers for
Cs0Clyo?° indicate four types of carbon atoms exhibiting reso-
nances at 143.0, 146.6, 161.5 and 88.7 ppm corresponding to
the Cy, Cy, Cyy and Cyy carbon positions (Fig. 3), respectively.
The calculated >C-NMR chemical shifts at 139.8, 145.5, 166.6
and 88.7 ppm agree well with the reported data (Table 2), where
C; is shielded, and Cy and Cyy are deshielded in comparison
to Cgo (exp. 143.1 ppm).***® The Cpy carbon atoms exhibit a
chemical shift corresponding to sp-carbon atoms. In compar-
ison to the minimal IPR structural motif given by corannulene
(Ca0Hyp), C; and Cy; account for the respective hub and rim
atoms of corannulene, calculated at 132.7 and 128.2 ppm
respectively (exp. 136 and 131 ppm).*® These are the atoms
most sensitive to changes in the IPR curvature, becoming
shielded upon planarization (calculated: 132.5 and 126.4 ppm,
respectively).”® In this sense, the values for C; and Cy; at 139.8
and 145.5 ppm in C5,Cly, are deshielded owing to the increase

- @
CsoBryg

R

Fig. 2 Electrostatic potential maps of CsoXio (X = Cl and Br). The ESP is
mapped on isosurfaces of 0.002 a.u. of electron density.
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Fig. 3 Orientation and magnitude of the CSA tensor for representative
carbon atoms.

Table 2 Calculated CSA parameters obtained at the TZ2P/OPBE level of
theory for the studied systems. These involve both anisotropy (As) and
asymmetry () terms, according to the Haeberlen convention

011 022 033 Tiso o PP Ag n
Cs0Clio
Cy —13.4 -7.9 173.2 50.8 139.8 143.0 181.9 0.05
Cy —18.3 —1.6 155.1 45.1 145.5 146.6 165.0 0.15

Cm —43.2 —18.5 133.5 239 166.6 161.5 164.4 0.23
Crv 75.3 106.0 123.5 101.6 89.0 88.7 32,9 1.40

CzoHio
Cy —-23.9 18.5 179.0 57.9 132.7 136 181.7 0.35
Cn —-8.9 7.2 188.9 62.4 128.2 131 189.8 0.13

Cmp —19.8 54.9 162.8 66.0 124.6 126 145.3 0.77

Cs0Brio

Cr —-12.7 -7.0 1721 50.8 139.8 181.9 0.05
Cy —18.6 0.5 153.9 45.3 145.3 163.0 0.18
Cmr —42.6 —21.1 133.5 23.3 167.3 165.4 0.19
Crv 619 110.0 124.4 98.8 91.8 38.5 1.88
C30ClioH1o

C; —28.9 —-3.8 174.0 47.1 143.5 190.4 0.20
Chp -—-171 —6.7 156.6 44.3 146.3 168.5 0.09
Cm —10.0 28.1 137.6 51.9 138.7 128.5 0.45
Crv 78.5 137.9 143.6 120.0 70.6 354 2.52

“ Chemical shift values relative to fullerene, as a secondary reference
according to §€ = 6% + ¢ — ¢ where §°® = 143.1 ppm and ¢°* =
47.4 ppm. ? Experimental chemical shifts from ref. 25 for Cs,Cl,, and
from ref. 39 for C,oH;.

in the IPR curvature (0, = 12.4° and 10.1°, respectively) relative
to that of C,oHyo (0, = 8.1° and 1.8°, respectively). This observa-
tion shows how curvature changes in isolated-pentagon struc-
tural motifs in fullerene cages can be evaluated from routine
BC-NMR experiments.

For the hypothetical Cs,Bry, species, the calculated corres-
ponding **C NMR chemical shifts are 139.8, 145.3, 167.3 and
91.8 ppm, with no change in the C; chemical shift, small
changes less than 1 ppm in the C;; and Cyy chemical shifts,
and a change of about 3 ppm in the Cr, chemical shift. Such
results show that the halogen effect on the "*C-NMR chemical
shifts is exhibited mainly in the Cpy and Cyy chemical shifts,
leaving almost invariant the IPR dome carbon chemical shifts.

In order to exploit information related to the orientation,
magnitude and sign of the nuclear shielding tensor leading to
the discussed "*C-NMR values, we provide a graphical repre-
sentation of the absolute shielding in terms of the chemical
shift anisotropy (CSA) in relation to its own principal axis

Phys. Chem. Chem. Phys., 2018, 20, 26325-26332 | 26327
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system (PAS) in Fig. 3.°%”° This is given by the three principal
components (g, I, j = 1, 2, 3) usually discussed in solid-state
NMR experiments.®® Note that such relevant parameters are
reduced to a single value (05,) when the isotropic representa-
tion is employed, accounting for the in-solution molecular
tumbling from the ">C-NMR characterization. Here, we follow
the Haeberlen convention®"** to designate the principal com-
ponents of the shielding tensor at the nuclei, according to
011 < 035 < 033, With 733 as the more shielded signal, which is
useful for our interpretation.

For sp>-carbon atoms, the main shielded component (c33) is
larger in magnitude and determines the orientation of the
shielding tensor, which is oriented perpendicularly to the
curved surface (Fig. 3) similar to Cg, and C,oH;o, among other
molecules.3*4078:83785 por C5,Cly,, the tensor for C;, Cy and
Cyy is more tilted in comparison to the related rim and hub
(Cy and Cy) carbons of CyoH;g, pointing out that the n-surface
curvature is relevant in the resulting orientation of the CSA
tensor. The ¢4, and o,, components appear with lesser magni-
tude, accounting for the axial-symmetry found in sp*-carbons
(011 & 045 # g33). Moreover, for Cyy, the principal components
tend to more similar values owing to its sp® character.

The shape of the CSA tensor can be further analyzed by the
anisotropy (Ag) term within the Haeberlen notation,*"** given
by Ao = 633 — (611 + 025)/2, which exhibits larger values for
axially-symmetric tensors (Cy, Cy; and Cyy), and lower values for
more spherical tensors (017 & 05, X 033) as in Cpy. Interest-
ingly, comparison of Ac for Cy between C,yH;o, and Cs0Cly,
suggests that in the more curved m-surface such anisotropy
tends to lower values from 189.8 to 165.0 ppm, approaching
the Cgo value of Ac = 163.1 ppm (exp.: 163 ppm).*® Thus, Ac
provides another indication of the curvature of the m-surface
that can be elucidated from solid-state NMR experiments. For
Cs0Bry0, similar characteristics were obtained from the analysis
of the CSA tensors.

Furthermore, the degree of axial-symmetry in sp>-carbon
atoms is provided by the asymmetry (1) term in the Haeberlen
notation,®"*> which accounts for the differences between the
011 and o,, components, as given by 1 = (62, — 611)/(033 — Tiso)-
The local CSA tensor has been suggested to tend to axial-
symmetry in an aromatic structure as shown by the change in
n = 0.25 for the non-aromatic Ce, fullerene, to # = 0.05 for the
truly spherical aromatic Cg,'°" counterpart, as evaluated
theoretically.*® For CyH;, the 5 values for C; and Cy; are 0.35
and 0.13, respectively, relating to the location of C; in both
antiaromatic five-membered and aromatic six-membered rings
in corannulene, but Cy only in the aromatic six-membered
rings.”®#¢ In C5,Cly0, related C; and Cy; values of 5 are found to
be 0.05 and 0.15, respectively, suggesting an aromatic character
in the IPR motifs.

In order to provide a concise picture of the possible aromatic
character of C5,Cl,o, the induced magnetic field (B™9)*57
obtained. This provides regions with shielding and deshielding
response close to the molecular space. Under the magnetic
criteria of aromaticity,®® an aromatic system is characterized
to exhibit m-electron precession under an external applied

was
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magnetic field, which builds up an induced magnetic field
opposing or shielding the external field. Moreover, such beha-
viour is found in different o-, 8-, electron kernels.?%°

For Cs50Clyo and Cs,Bry, the orientationally averaged magnetic
response, Bloy = —(1/3)(0x + 0y, + 0)B™, exhibits a shielding
region indicative of an aromatic character as discussed in spherical
aromatic fullerenes,”” and in agreement with the discussion in
terms of CSA from the **C-NMR tensor. Moreover, the representa-
tion of B in terms of specific orientations of the applied field
(i = x-, y-, z-axis) provides a detailed picture of the complexity of the
induced magnetic response inherent to the studied species. In
spherical aromatic fullerenes, the response is similar showing a
shielding cone response under any orientation of the applied field.
This differs from planar aromatics, in which the shielding cone is
obtained under a perpendicularly oriented field.*”**

To clarify whether the aromatic behavior has spherical- or
planar-aromatic character, a comparison between the response
under a perpendicular and parallel field is given. In Fig. 4, the
formation of a long-range shielding cone and the respective
complementary outer deshielding region under a perpendicularly
oriented field (Bi,“d) confirms the aromatic character of Cs,Cly.
Such a shielding cone*"**%*% is characteristic of aromatic species,
which can be determined from routine NMR experiments.®>°%
However, the shielding cone response is not found when the field
is oriented parallel (BY'; B"), which leads to a shorttange
shielding response instead, indicative of non-aromatic behavior
under such an orientation of the field. This observation interprets
Cs50Clyp and CsoBry, as planar-aromatic species rather than
spherical-aromatic fullerenes. Moreover, the analysis of one-half
of such structures given by C;,ClioH;o (ESLT Tables S1 and S2)
reveals similar behavior, exhibiting a long-range shielding cone for
B and a short-range response for By and B). At the center of
Cs0Clyp an isotropic shielding value of —17.1 ppm is found, which
agrees with the previously reported results by Wang and coworkers
(—17.3 ppm).** This is larger than that observed for the one-half
model (—10.6 ppm), owing to the constructive shielding
interaction between IPR structural motifs. This effect is
more pronounced when the field is perpendicularly oriented

{ gind o it
in in 1n
C5Cly, Iso B; Bx B

@ o @
C%ﬁk- @ & o

Fig. 4 Three dimensional representation of the magnetic response 8" in
relation to the orientational-averaged external field (iso, BIS), and specific
orientations of the applied field (BN i = x, v, 2). Isosurface values set at
4 ppm relative to the external field.
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(B related to NICSzz(0)), leading to values of —43.3 and
—19.3 ppm, respectively, which are not found for a parallel
oriented field (—6.3 and —4.0 ppm, respectively). This indicates
that the resulting planar-aromatic behavior of C5,Cly, is pro-
vided by the sum of the shielding cones of each IPR dome.
This is an interesting example of a fullerene in which two
approximately hemispherical units are effectively separated
by an sp®-carbon atom “ring”, where the resulting aromaticity
is an important factor in stabilizing the IPR-violating Cs¢Cl;,
fullerene.”* Hence, an expected spherical aromatic fullerene can
be converted to a planar-aromatic species by introducing satura-
tion of selected carbon atoms, thereby modifying the induced
electron precession along the carbon backbone.

Conclusions

The properties related to the formation of the ‘saturn-like”
C50Cly, fullerene are explored by determining its chemical shift
anisotropy patterns related to the previously reported ">C-NMR
spectrum. The more curved IPR motif compared with corannulene,
resulting in a more curved m-surface, exhibits an interesting
variation in the ">*C-NMR patterns, where the relation between
C; and Cy; signals is useful to evaluate the degree of curvature of
the n-surface.

The charge distribution of C5,Cl,, reveals a more electron-
deficient IPR dome compared with Cg, envisaging an enhanced
chemistry relative to bare fullerenes. In addition, the equatorial
halogen atoms provide a o-hole effect, suggesting such oblate
fullerenes as interesting two-dimensional five-fold symmetric
synthons useful for the formation of supramolecular species.
The o-hole effect is enhanced for the hypothetical Cs,Br;, counter-
part as is typical for heavier halogen atoms.

The induced magnetic field suggests that Cs,Cly, can be con-
sidered as an aromatic fullerene, which, despite its closed cage
structure, can be better described as a planar-aromatic fullerene.
The origin of its aromatic character is given by the face-to-face
disposition of two aromatic IPR motifs, separated by a ring of
saturated sp>-carbon atoms. This shows how the functionaliza-
tion of fullerenes by the introduction of external groups is able
to modify the electron delocalization within the fullerene cage.
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