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Abstract. The smaller fullerenes, Cyg, Ca4, Cag, Csz, Csg,
C4o and Cs, their hydrogenation products and selected
B-, N- and P-doped analogues have been investigated
systematically at the B3LYP/6-31G* density functional
level of theory. The degree of spherical electron delo-
calization is evaluated by using the computed nucleus-
independent chemical shifts ( NICS) at the cage center
and the individual ring centers of interest. The calculated
NMR chemical shifts and the NICS values at the cage
center, which can be accessed by endohedral *He
chemical shifts, should provide a basis for further
experimental characterization of these compounds.

Key words: Smaller fullerenes — Aromaticity —
Nucleus-independent chemical shifts — Endohedral
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1 Introduction

Are there fullerenes smaller than Cg, which are stable
enough to be isolated? The first such claim was made by
Piskoti et al. [1], but the nature of their isolated
compound formulated as Csg is still unclear. In the gas
phase, a number of fullerenes C,, (60 >n > 20 [2]) have
been detected with mass spectroscopic methods.
Numerous theoretical calculations have been per-
formed for smaller fullerenes. For C, clusters with
n <20, no fullerene structures are possible and the most
stable isomers are usually chainlike or monocyclic [3-8].
For C,, the most stable isomer can have a ring, a bowl
or a fullerene structure, depending on the computational
method employed [9]. Experimentally, each of these Cyq
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isomers can be produced under suitable reaction condi-
tions [2, 10], for example, C,q fullerene from its perhy-
drogenated form, dodecahedrane, C,oH,o [2]. Similar
alternatives exist for C,4 [11-15], where the latest cal-
culations indicate the fullerene form (Dg) as the most
stable one [15].

The next member of the smaller fullerenes is Cog,
originally proposed in 1987 [16]. The T, isomer is most
stable at the self-consistent-field (SCF) level [17]. Density
functional calculations confirmed the quintet ground
state of Cyg [18], which is further supported by recent
computations on 24 structures at various levels of theory
[19]. The observation of species M@Cj, (M = Ti, Zr,
Hf, U) in a mass spectrometer strongly suggests the ex-
istence of endohedral structures M@Csg [17], and a
theoretical study of a variety of M@C,g species has also
been reported [20].

Under appropriate conditions, C;, was found to be
the most stable fullerene below Cgo [21]. The hydrogen
adduct Cs,H, (D3,) is expected to be relatively stable
because its remaining 15 double bonds are contained
within three naphthalene subunits and strain is released
at the two carbon atoms lying on the Cj axis [22, 23].

Of much current interest is Csq fullerene chemistry,
including, for example, the proposed macroscopic solid-
state synthesis [1], the possible dimer in a monolayer [24]
and its hydrides and oxyhydrides [25, 26]. A series of
theoretical studies on the structure and bonding [27-35]
of Cs6 and its charged species [36] have been reported.
Both ab initio and density functional theory (DFT) data
show that the most stable isomer of C;¢ has a Dg, triplet
ground state [31, 37]. Most recently, the structures and
aromaticity of both neutral and charged Csq species,
their hydrogen adducts and B- and N-doped analogues
have been evaluated [38].

The D, and Ds, isomers are the two most stable
structures for Cy [39]. Although not very stable [23, 40,
41], C49 can have an open-shell ground state, which leads
to extraordinary thermodynamic stability for its 7,
symmetrical derivatives such as C4oH4 and Cs¢Ny4 [42].



Fullerene Csy has been less studied theoretically though
it also belongs to the “magic peaks” in some experiments
[21]. The Ds;, isomer is aromatic and shows strong
electron delocalization [43, 44].

Besides the pure carbon cages, their adducts have also
gained great interest [21, 45-48] with consideration of
their so-called ““hidden” valence [22, 49, 50]. The surface
doping by heteroatoms such as boron and nitrogen [46,
47, 51-53] and the isoelectronic structure of C,4 — boron
nitride B;,Nj, [54] — have also been investigated.

Numerous theoretical studies were devoted to the
magnetic properties of Cgo and higher fullerenes [43, 44,
55-61], but only some of the smaller fullerenes have also
been covered so far [38, 43, 44]. To aid further synthesis
and characterization of these compounds, we performed
systematic DFT computations on the smaller fullerenes,
their doped analogues and hydrogen adducts mentioned
previously. The aromaticity (degree of electron delocal-
ization) is evaluated by using the computed nucleus-in-
dependent chemical shifts (NICS ) [62] at the cage center
and the individual ring centers of interest. The NICS is a
useful criterion for the aromaticity of a molecule [44, 62],
and the NICS at the cage center has essentlally the same
value as the *He endohedral shift, which is a valuable
experimental tool for characterlzlng fullerenes and their
derivatives [55, 63, 64]. Ab initio and DFT calculated
NMR chemical shifts for '*C and other relevant nuclei
are also reported. In addition, the interaction between
the endohedral helium atom and the cages is considered.

2 Computational methods

The geometries were fully optimized in the given symmetry at the
B3LYP/6-31G* density functional level of theory [65] by using the
Gaussian 98 program [66]. The NICS [62] values of both the cage
centers and the individual ring centers of interest were computed at
both the GIAO-SCF/6- 31G* and B3LYP/6 31G* levels with the
B3LYP/6-31G* geometries. '*C and '"H chemical shifts were cal-
culated relative to benzene and converted to the tetramethylsilane
scale using the experimental values for benzene (6 = 128.5 for C

and 7.3 for H). 3P chemical shifts were computed relative to
H;PO4 and converted to the usual phosPhate scale using the ex-
perimental value (6 = 328.4 ppm) [67]. ''B chemical shifts were
calculated relative to B,Hg and converted to the usual
BF;.0(C>Hs), scale using the experimental 6(''B) value of
16.6 ppm for B,Hg (cf. the procedure outlined in Ref. [68]). "N
chemical shifts are reported directly relative to NH; at the same
level.

In addition, the NICS values were computed for a Cz4 isomer
with the GIAO-MP2 method [69] in its direct implementation [70],
employing a contracted [4s2p1d] Huzinaga basis [71], denoted DZP
(d exponent: 0.8), and a RI-MP2/6-31G* optimized geometry (i.e.
using a very cost efficient approximation to the MP2 method,
termed resolution of identity [72], together with the 6-31G* basis
and a suitable 8s5p3d1f auxiliary basis set [73, 74]). These calcu-
lations were performed with the TURBOMOLE suite of programs
[75]. For comparison, GIAO-DFT computations were performed
for Csz6 using the same geometry and basis set, together with the
B3LYP and BPW91 combinations of density functionals, the latter
comprising Becke’s 1988 exchange [76] and Perdew and Wang’s
1991 correlation functional [77, 78].

The total energies and the HOMO-LUMO gap energies for all
the species studied here are summarized in Table 1. For the dis-
cussion of local and global aromaticity of the species studied, the
NICS values calculated at the GIAO-SCF/6-31G* level are em-
ployed first.
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3 Results and discussion
3.1. Geometries, local and global aromaticity

3.1.1 Cy series

Owing to Jahn—Teller distortion, the singlet ground state
of Cyy has C, instead of [, symmetry, and this is
confirmed by frequency analysis; the C—C bond lengths
vary from 1.405 to 1.517 A, indicating a pronounced
degree of electron delocalization (Fig. 1). Indeed, the
five-membered rings are aromatic with NICS values of
—4.9 and —17.0 ppm, while the cage center has an even
more negative NICS value of -36.7 ppm. Double
oxidation results in C3], which has a closed-shell singlet
ground state in [, symmetry and is highly aromatic with
NICS values of —30.8 and —73.1 ppm at the centers of
the five-membered rings and the cage respectively. This
huge difference between Cyy and C3{ is ascribed to the
completely filled valence shell w1th 2(N +1)? electrons
(N = 2) and reflects the perfect spherical aromaticity in
C3y [79].

Complete hydrogenation of C,, leads to dodecahed-
rane (CyoHxp), which represents a normal saturated hy-
drocarbon with C-C bond lengths of 1.557 A and a
NICS value of —0.8 ppm at the cage center, comparable
to the value (—1.1 ppm) for adamantane [62].

3.1.2 Cy4 series

The structure of C,4 (Dg) can be considered as a
[12]trannulene [80] capped with two benzene rings at

Table 1. B3LYP/6-31G* total energies and HOMO-LUMO gaps

Species Symmetry Energy (au) Gap (eV)
(&) C, —761.4443 1.95
Cir T, -760.7802 3.91
CyoHao 1, —774.1850 8.00
(& D¢ -913.8400 0.76
CosH Dqy -921.6280 5.49
24Hi2 D¢ -921.4190 1.94
CsBoNy Cs —945.2565 2.51
Cos (quintet) T, —-1,066.3373 4.20
Ci T, -1,065.7916 3.99
CoyNy T, —-1,133.0600 4.41
Co4By T, -1,013.4170 2.79
Ca4Py T, —-2,279.4789 3.09
CysHy T, —-1,068.9162 3.32
Cs, D; -1,218.8329 2.60
CsH, D5 -1,220.1051 2.94
Cs, D5, -1,218.7151 1.60
CsH, D5, -1,219.9771 1.40
Cs6 (singlet) Dgy, -1,371.2569 1.10
Cse (triplet) Dey, -1,371.2630 1.80
Css Dy, -1,371.2624 1.39
Css Cy, -1,371.2506 1.53
Cyo D, —-1,523.7283 2.00
Cyo Ds, -1,523.7114 2.15
Ch Ty —-1,523.2604 2.49
C36Ny T, —-1,590.4248 3.12
Cs6B4 T, —-1,470.6308 1.04
C36P4 Ty —2,736.7253 2.15
CyoHy T, -1,526.2167 242
Cso Dy, —-1,904.9231 1.28
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-73.1(-60.4)
Ca202* (h)

-0.8 (1.6)
CaoHzo (1)

Fig. 1. B3LYP/6-31G* bond lengths (angstroms) and nucleus-
independent chemical shift (NICS) values (parts per million) from
GIAO-SCF/6-31G* (B3LYP/6-31G* in parentheses). The NICS
values at the cage centers are given in bold below each structure,
while those at individual ring centers are shown in the correspond-
ing ring

both sides (Fig. 2). Apart from the unique C-C bond
length of the six-membered rings (1.423 A), the central
[12]trannulene ring has localized C-C bond lengths of
1.365 and 1.463 A, while the C—C bond lengths between
the six-membered rings and the [12]trannulene ring are
1.531 A. In accord with these geometric properties, the
NICS value at the center of the six-membered ring of
—6.9 ppm is reduced compared to the benzene value
(—11.5 ppm), and the NICS value at the cage center of
15.6 ppm is also smaller compared to the [12]trannulene
value (35.7 ppm). This is due to the compensation of
local diatropic and paratropic ring currents.

With partially hydrogenated C,4H/,, this compensa-
tion effect can be assessed by the difference between
hydrogenation of the [12]trannulene subunit and the two
six-membered rings. In the former case (Dg,), the
[12]trannulene ring becomes saturated and the NICS
value and the C-C bond length of the six-membered
ring are benzene-like (—13.4 ppm versus 1.399 A). The
NICS value of —18.0 ppm at the cage center can be
considered essentially as the sum of the two separated
benzene rings since the NICS value at the point 1.64 A
above the benzene ring center is —8.0 ppm [62]. In the
other case (Dg), hydrogenation saturates the two six-
membered rings, and the antiaromatic property of
[12]trannulene is clearly shown by the NICS value of
11.6 ppm at the cage center. The D¢, species with sat-

C24 (Ds)

-18.0(-14.2)
Ca4H12 (Dgg)

Ca4H12 (Dg)

-3.0(-0.6)

6.7 (-1.4)
CeBgNg (Cs)

Fig. 2. B3LYP/6-31G* bond lengths (angstroms) and NICS values
(parts per million) from GIAO-SCF/6-31G* (B3LYP/6-31G* in
parentheses). The NICS values at the cage centers are given in bold
below each structure, while those at individual ring centers are
shown in the corresponding ring



urated [12]trannulene is 131 kcal/mol more stable than
the Dg species with saturated benzene rings. This is due
to the combined effect of the reduced strain in the cen-
tral belt region and aromaticity: in the Dg, form, the
aromatic benzene rings are maintained and the antia-
romatic trannulene ring is hydrogenated, while the op-
posite is true for the Dy form.

In the BN-doped analogue C¢BygNg (C3) with two
borazine rings, all the local rings and the cage have only
small NICS values and they can thus be considered to be
nonaromatic. The high degree of electron localization on
the nitrogen center in borazine [81] is also reflected in
this molecule.

3.1.3 Cyg series

As shown in Fig. 3, the T,; symmetrical C,g structure
contains four separated six-membered rings connected
by four carbon atoms at each vertex of a tetrahedron. As
a consequence of this high symmetry, C,g has a quintet
ground state, and the valence orbitals are half filled [17—

Fig. 3. B3LYP/6-31G* bond lengths (angstroms) and NICS values
(parts per million) from GIAO-SCF/6-31G* (B3LYP/6-31G* in
parentheses). The NICS values at the cage centers are given in bold
below each structure, while those at individual ring centers are
shown in the corresponding ring

-13.0 (3.8)
Cog (Tq)

Cas™ (Ty)

-22.5(-19.9)

-30.9 (-27.8)
Ca4Ny (Tg)

355

19]. Both the six- and five-membered rings have only
moderate NICS values (7.1 versus —5.3 ppm), while the
NICS value at the cage center is somewhat more
pronounced (—13.0 ppm). With an additional four
electrons (Cjg), the situation changes dramatically, since
the valence shells are now completely filled. Not only the
NICS at the hexagon (-21.9 ppm) and pentagon
(—13.4 ppm), but also that at the cage -center
(—35.5 ppm) becomes more negative than those in the
neutral case; therefore the tetraanion is more aromatic,
even though there are no large geometric changes. This
is again due to the complete filling of the valence
orbitals, and (C‘z‘g ) in T, symmetry follows the 2(N+ 1)?
rule for maximal aromaticity in spherical cages (N = 3)
[79].

A highly negative NICS value (-30.9 ppm) is also
found for the T,; symmetrical C,4N4, which is isoelec-
tronic with Ci; and also follows the 2(N+ 1) rule for
maximal spherical aromaticity. This suggests a high
delocalization of the electrons rather than isolated elec-
tron lone pairs at the nitrogen atoms. In contrast to
C,4Ny, the valence isoelectronic C,4Py4 is quite different.
For example, the six-membered ring in C,4P, has a similar
NICS value (-5.9 ppm) as C,g, whereas the five-mem-
bered ring in C,4P,4 has a positive NICS value (4.5 ppm).
The NICS value of 1.3 ppm at the cage center reveals
C,4P4 to be nonaromatic, indicating localization of the

C4By (Ty)

-3.1 (4.5)
CygHy (Tg)
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phosphorous lone pairs. Owing to the incomplete filling of
the valence orbitals in T, symmetry, C,4B4 and the tetra-
hydrogenated C,gH,4 are also nonaromatic, with NICS
values of 3.5 and —3.1 ppm at the cage centers, respec-
tively.

3.1.4 Cs, series

Among the two structural isomers considered for the Cs,
fullerene, the D3 one is more stable than the D3, one by
73.9 kcal/mol. There are six independent carbon atoms
and three unique ring centers in the Dj structure (Fig. 4).
The negative NICS values indicate that both the five-
and the six-membered rings exhibit strong diatropic
currents, resulting in a very large endohedral shielding of
—53.2 ppm, in good agreement with computed value of
—52.7 ppm at the GIAO-SCF/DZP//BP86/3-21G level
[44]. This large NICS value has, in part, been ascribed to
the radial dependence of ring current effects [43], and we
note, in addition, that Cs, fulfills the 2(N+ 1)2 rule for
spherical aromaticity [79]. The cigar-shaped Ds, isomer

Fig. 4. B3LYP/6-31G* bond lengths (angstroms) and NICS values
(parts per million) from GIAO-SCF/6-31G* (B3LYP/6-31G* in
parentheses). The NICS values at the cage centers are given in bold
below each structure, while those at individual ring centers are
shown in the corresponding ring

-53.2 (-48.1)
Caz (D3)

-32.7 (-28.6)
C3oHa (D3)

has a less negative NICS value (-39.3 ppm) and is thus
less aromatic than the more stable and more spherical D3
structure.

Upon hydrogenation along the C; axis of these two
isomers (C3,H»), the D; form remains more stable than
the D5, form (by 80.3 kcal/ mol), but the former now
has a much less negative NICS value (—32.7 ppm) than
the latter (—63.0 ppm).

3.1.5 Csq4 series

At the B3LYP/6-31G* level, the triplet Dy, ground state
is separated only slightly from the next singlet D, state.
In the Dy, structure, there are only three independent
carbon atoms and four independent carbon—carbon
bonds. As shown in Fig. 5, there are no significant
geometrical differences between the singlet and the
triplet states. The six- and five-membered rings are
aromatic in both states, and the less stable singlet (lAlg
state, HOMO b,,, LUMO b,,) is more aromatic than the
triplet (CA,, state, SOMOs b, and b, ¢) according to the
computed NICS values at the cage centers (—38.2 versus
—27.1 ppm, respectively).

In addition, we calculated two other singlet states (D,
and C3,) (Fig. 5). The former is nearly isoenergetic with
the Dgy, triplet ground state, whereas the C,, structure is
less stable than the ground state by 7.8 kcal/mol. Both the
D>, and the C,, singlet states (NICS = -15.4 and

C32 (D3g)

-63.0 (-51.3)
CazHz (D3g)



—17.6 ppm) are less aromatic than the two Dg;, isomers,
respectively.

3.1.6 Cy series

Among the two isomers considered for the Cy fullerene,
the D, form is predicted to be the ground state [39],
which is 10.6 kcal/mol more stable than the Ds, form at
the B3LYP/6-31G* level. As shown in Fig. 6, the D,
isomer has six types of rings: four are antiaromatic or
nonaromatic five-membered rings and two are moder-
ately aromatic six-membered rings. The entire cage
exhibits global nonaromatic character with a NICS
value of 4.0 ppm at the cage center.

On the other hand, the less stable Ds; isomer with
three types of rings can be considered as two fused
corannulene-like caps, which are the standard compo-
nents of Cgy and Cy,. The central pentagons of the caps
show strong paratropic currents, while the hexagons
have only very weak or nondiatropic currents. The
pentagons in the belt also exhibit moderate antiaromatic
character. Thus the whole system is nonaromatic, with a
NICS value of 2.8 ppm.

The T, isomer of C4y should have an open-shell
ground state (two electrons in the £, HOMO) and should
thus be very reactive [42], but the perfect T,; symmetry
must be lowered because of first-order Jahn—Teller dis-
tortion [82]. However, its ions, adducts and doped ana-
logues may be stable. The tetraanion Cjj, its doped
analogues and the hydrogen adduct Cy4yH4 adopt T,
structures containing 12 pentagons and ten hexagons,
and there are three types of symmetry-equivalent atoms
in the cages, including the four C1/X-type atoms (X = B,
N, P, CH) in the vertices of a tetrahedron, each being the
triplet vertex of pentagons, and the twelve C2-type
atoms connecting directly to the Cl-type atoms.

There are three types of rings in 7; symmetry, one
five-membered ring and two six-membered rings. The
six-membered rings with two C2-type carbons have a
boatlike conformation and exhibit significant aromatic
character (NICS values in the range -9 to —16, except
for —2.6 for C;¢B4), while the other six-membered rings
built by the C3-type carbon atoms are nearly coplanar
and are less aromatic (NICS values from —0.5 to 0.2).
The five-membered rings are aromatic for Cj; and
C36Ny, but are antiaromatic for the other species. As a
whole, the electron-rich Cﬁg and C;¢Ny exhibit marked
aromaticity (NICS —15.7 and —11.8, respectively), while
Cs6P4, C4oHy4 and C54B4 are nonaromatic (NICS —3.5,
—-3.6 and 1.3 ppm at the cage centers, respectively).

3.1.7 Cs series

The optimized structure of Csy with Ds; symmetry and
the NICS values are shown in Fig. 7. Both the five-
membered and the six-membered rings are aromatic,

>

Fig. 5. B3LYP/6-31G* bond lengths (angstroms) and NICS values
(parts per million) from GIAO-SCF/6-31G* (B3LYP/6-31G* in
parentheses). The NICS values at the cage centers are given in bold
below each structure, while those at individual ring centers are
shown in the corresponding ring
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-38.2 (-27.3)
C3g (Dgp, singlet)

271 (-9.3)
C3s (Dsn, triplet)

C36 (Dog)

17.6 (-9.7)
C3s (Cov)



Cyo (Do)

C36B4 (Ty)

C40 (Dsq)

Cao™ (Ty)

118 (7.3)
C36N4 (Tg)

with NICS values between —7.5 and —18.2 ppm. Like-
wise, as a whole, the cage has highly aromatic character
(NICS —37.1 ppm) and thus serves as another example
of the 2(N+1)2 rule of spherical aromaticity [79]. The
Cso (Dsy,) structure can be built by inserting a Cy, belt
into C49 (Dsg), in the same way as Cyq is constructed
from Cg. It is interesting to note that the [0s] paracyc-
lophane belt as a fragment in Csq is well delocalized, the

C36Py4 (Ty)

-3.6(0.2)
CaoHy (Ty)

Fig. 6. B3LYP/6-31G* bond lengths (angstroms) and NICS values
(parts per million) from GIAO-SCF/6-31G* (B3LYP/6-31G* in
parentheses). The NICS values at the cage centers are given in bold
below each structure, while those at individual ring centers are
shown in the corresponding ring

C—C bond (1.402 Ao) connecting the phenyl rings and the
C—C bond (1.390 A) in the equatorial hexagons are in
the aromatic range, so the belt has considerable
benzenoid character. The equatorial six-membered rings
are aromatic with a NICS value of —11.1, and thus
provide a remarkable contribution to the high aroma-
ticity of the whole cage structure; this resembles Crq
closely. However, the fragment differs from the free [0s]



-37.1 (-32.4)
Cso (Dsn)

Fig. 7. B3LYP/6-31G* bond lengths (angstroms) and NICS values
(parts per million) from GIAO-SCF/6-31G* (B3LYP/6-31G* in
parentheses). The NICS values at the cage centers are given in bold
below each structure, while those at individual ring centers are
shown in the corresponding ring

paracyclophane belt, which is essentially a quinonoid
form, with nonaromatic, six-membered rings [83].

3.2 The accommodation energy of endohedral helium
as a guest

Would a helium atom still fit into the smaller fullerenes
and their derivatives and could it be incorporated in
such amounts to be detected with *He NMR spectros-
copy? Recently a helium atom was put into C,oH,y by
helium ion bombardment [84]. The accommodation
energy was computed to be 35.0 kcal/mol (1.52 eV) at
the B3LYP/6-31G* level. Similar values, 33.0 (1.43 eV,
this work) and 33.8 kcal/mol [85], have been obtained
at the counterpoise-corrected MP2/6-31G* level
(employing the 6-31G** basis for He) and the
MP2(FC)/6-311G(d, p) level of theory, respectively.
The computationally less demanding B3LYP approach
is thus apparently well suited to describe the repulsive
van der Waals interaction. Since there are 30 C—C single
bonds in C,oH,g, the accommodation energy for each C—
C bond is less than 1.2 kcal/mol. Note also that the
mean bond enthalpy of a C—C single bond is 83.2 kcal/
mol [86]; therefore, it is clear that once implanted He will
remain trapped inside the cage.

In order to test if the same can be expected for other
small fullerenes, the corresponding endohedral helium
complexes He@C, were optimized at the B3LYP/
6-31G* level. He encapsulation elongates the C—C bonds
only slightly (progressively less with increasing cage
size), and no large geometric changes occur. The com-
puted accommodation energies (in electron volts) are
3.29 for Cyg, 1.73 for Cyy4, 0.89 for Cyg, 0.38 for Cs¢, 0.18
for C49 and 0.06 for Csy. Except for C,, these energies
are relatively small, and they decrease with increasing
cage size. Inclusion of dispersion effects would probably
result in a net binding of He in Csq. It is worth noting
that all noble gases are computed to be bound inside Cgq
at the counterpoise-corrected MP2 level [87]. Thus, un-
der suitable experimental conditions, isolation of these
endohedral species might prove possible. By analogy, the
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same should be true for exohedrally or cage-modified
derivatives.

3.3 Theoretical NMR spectra of the smaller fullerenes
and their doped analogues

13C NMR plays a major role in the structural charac-
terization of the fullerenes and their derivatives. In order
to assist in further spectroscopic studies, we report ab
initio and DFT-calculated °C, 'H, "N, '"'B and *'P
NMR chemical shifts for the singlet-state species studied
here (Table 2). In most cases, the SCF- and the DFT-
computed o values agree very well. While nearly all
species in this series have not been identified yet, we
expect that these calculated NMR spectra may be
helpful once they are synthesized and isolated.

3.4 The performance of density functional methods for
calculations of endohedral chemical shifts of fullerenes

At present, the experimental *He NMR chemical shifts
of fullerenes and their derivatives can be reproduced
reasonably well (within about 2-3 ppm) by theoretical
calculations at the Hartree-Fock (HF)-GIAO Ilevel,
somewhat larger errors occur with highly charged
anions. In most of the cases studied so far, the use of
the GIAO-DFT method has improved the accord
between theory and experiment. Cgg is a spectacular
exception, however, since the B3LYP hybrid functional
affords an endohedral shift of 1.0 ppm (BPW91
1.5 ppm), i.e., a substantial deshielding of 10 ppm with
respect to the HF-GIAO method, and a large discrep-
ancy to experiment, —6.3 ppm [63]. The individual ring
currents in Cg have much more paratropic character at
the DFT level, and the diatropic currents in the six-
membered rings have practically vanished at this level
[88]. How will electron correlation affect the ring
currents in the smaller fullerenes? Is there some general
trend for the computed endohedral chemical shifts for
the DFT method?

In order to compare GIAO-SCF and GIAO-DFT
results with electron-correlated ab initio data, we com-
puted NICS values for the Dy, singlet state of Cs4 at the
GIAO-MP2 level (Table 3). These computations em-
ployed a slightly different geometry (RI-MP2/6-31G¥*)
and a slightly larger basis set (DZP) than used in the
other calculations reported here, but this does not affect
the assessment of the various theoretical methods. In-
terestingly, all the electron-correlated methods, i.e., DFT
and MP2, afford very similar NICS values, within a few
parts per million of each other for the different positions.
The close similarity between the B3LYP and MP2 data
is particularly noteworthy (last two columns in Table 2).
For the NICS values of the cage pentagons and hexa-
gons, a deshielding of a few parts per million is com-
puted on going from SCF to DFT or MP2, adding up to
a notable 12-15 ppm downfield shift for the endohedral
NICS value. Since the B3LYP data account for a good
portion of electron correlation, they should, in principle,
be more accurate than the corresponding SCF values.
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Table 2. Calculated NMR
chemical shifts (parts per
million). The numbering system
is given in Figs. 1-7

Species Symmetry Atom Hartree—Fock® B3LYP®
20 C, Cl 198.4 191.5
C2, C3¢ 180.3 165.4
C4 183.5 189.2
Cs, C6° 180.1 165.1
C7, C8° 198.9 191.8
9, C10° 180.4 165.3
i I, C 194.7 207.3
CyoHY, A C 57.9 73.1 (66.9)
H 24 3.4
Cy Ds Cl 169.7 164.2
2 139.0 116.5
CyHi» Dea Cl 171.2 168.7
C2 58.8 74.2
H 3.5 4.2
CeByNy C; Bl 35.7 33.2
N2 114.7 140.8
B3 41.6 29.1
N4 236.3 248.6
BS 46.2 41.9
N6 189.0 207.4
C7 241.2 215.0
(oH] 121.3 132.2
Ci T, Cl1 144.7 147.2
2 235.5 214.0
C3 162.0 161.1
CuN, T, N 234.6 240.6
2 212.9 199.9
C3 172.0 167.0
CyBy T, B 47.4 45.2
2 140.4 140.7
C3 222.5 220.4
CyP, T, P 436.2 489.0
C2 208.4 213.8
C3 201.5 198.8
CH, T, Cl 65.5 80.3
2 196.7 192.9
3 202.3 199.1
H 4.1 4.7
Ci Ds Cl 222.1 201.1
2 180.5 172.8
3 188.2 181.2
C4 162.9 163.1
Cs 155.0 149.4
C6 161.1 159.8
CyH, D; Cl 61.2 77.3
2 200.5 198.5
3 170.4 168.3
C4 175.8 174.0
Cs 168.0 158.6
C6 176.4 172.2
H 3.5 3.9
Cis De, Cl 142.0 137.9
2 155.8 155.8
C3 162.7 158.1
Cis Day Cl 153.5 149.1
2 154.6 155.5
C3 160.5 152.0
C4 143.5 138.8
Cs 143.5 138.4
Css Cy, Cl 93.9 66.1
2 151.8 139.9
C3 185.3 180.5
C4 166.5 164.1
Cs 165.8 159.5
C6 155.0 151.1
C7 165.1 158.9
C8 151.1 154.0
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Table 2. (Contd.)

Species Symmetry Atom Hartree—Fock® B3LYP®
C9 147.8 143.8
Cl10 151.2 144.0
Cl1 143.5 128.2
Cao D, Cl 152.3 145.2
C2 146.3 139.3
C3 148.6 140.8
C4 144.8 140.5
C5 148.3 145.4
Co 157.6 155.1
C7 152.9 149.0
C8 148.0 140.8
C9 141.1 132.2
C10 150.0 144.2
Cyo Dsy Cl 146.3 140.6
C2 156.0 149.6
C3 156.7 154.5
Cl T, Cl 2113 206.1
C2 192.4 180.5
C3 162.4 155.5
C36Ny T, N 237.3 255.0
C2 190.9 183.2
C3 154.7 149.8
CieBs T, B 15.6° —47.7
C2 168.6 167.0
C3 165.1 194.2
Cs6Py T, P 380.0 419.6
C2 218.2 215.2
C3 157.9 157.8
CyoHy T, Cl 55.5 67.9
C2 193.9 190.6
C3 157.4 155.1
H 4.9 54
Cso Ds, Cl 148.9 146.5
C2 160.3 164.4
C3 159.2 160.2
C4 144.1 116.2

* At GIAO-HF/6-31G*//B3LYP/6-31G*

® At GIAO-B3LYP/6-31G*//B3LYP/6-31G*

“Pairwise identical, even though not required by symmetry

4 Experimental '*C data are given in parentheses and are taken from Ref. [89]

°The noticeable discrepancy between Hartree-Fock and B3LYP levels for the ''B chemical shift in
C;6B4 may be caused by the significantly narrower frontier orbital energy gap obtained at the B3LYP

level

Table 3. Nucleus-independent
chemical shift (NICS) values

(parts per million) for the Dy,
singlet state of C;¢ (DZP//RI-
MP2/6-31G* level)

GIAO-SCF GIAO-BPWI1 GIAO-B3LYP GIAO-MP2
NICS (cage endo) -35.5 -20.4 -23.7 =239
NICS (pentagon) -5.4 -0.5 -1.4 -3.2
NICS (hexagon, up or down) -23.6 -18.4 -19.5 -20.2
NICS (hexagon, equatorial ) -12.6 -4.5 -6.3 -6.7

The significance of these results is somewhat limited
by the triplet instability of the lowest restricted HF
(RHF) singlet wavefunction. In addition, there is an
excited singlet state of the same symmetry (‘A > arising
from double excitation from the 5, HOMO into the b;,
LUMO), which is only 16.6 kcal/mol higher in energy
at the RHF/DZP level. According to a (6, 6) complete-
active-space-SCF  calculation, the corresponding
configuration contributes as much as 36% to the
ground-state wavefunction (DZP basis and RI-MP2
geometry). Clearly, a multiconfigurational ansatz would

be required for more conclusive chemical shifts for Dgy,
Cse.

The NICS values computed at the B3LYP/6-31G*
level are given along with those at the HF/6-31G* level
in Figs. 1-7. In all cases, the antiaromatic character
increases at the DFT level. However, it is interesting to
note that for the species with relatively bigger HOMO-
LUMO gaps, such as C,oH, and C‘Z‘g , the discrepancies
are somewhat smaller both at the ring centers and at the
cage centers. In contrast, SCF and DFT NICS values are
very disparate when the HOMO-LUMO gap energies
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are small. When the HOMO and LUMO become
quasidegenerate at the DFT level, as is the case for
C;6By4, the B3LYP data should be regarded with caution
[see, for instance, the unusual effect on 5(“B) of C34B4,
Table 2]. Unfortunately, no clear-cut trend is visible for
all the species studied and further theoretical work is
desirable in this direction [88].

4 Conclusion

We have presented a computational study of the smaller
fullerenes C,p—Csg, selected doped analogues and hy-
drogen adducts, at a uniform theoretical level. Employ-
ing the GIAO approach, NMR spectra were evaluated
at both the HF/6-31G* and the B3LYP/6-31G* levels of
theory. Special attention was drawn to the endohedral
chemical shift, which is not only a useful index for
aromaticity, but also a promising characterization
method for the species studied here since this endohedral
shift can be accessed experimentally by the d(*He) value
of endohedral helium compounds. The calculated NMR
spectra and the endohedral helium chemical shifts for
these species may be helpful for their identification. The
interaction between endohedral helium and the cage, as
expected, decreases strongly with increasing cage size.
Once implanted into the smaller fullerenes, an endohe-
dral helium atom should remain trapped.
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