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Abstract: Stimulated by the recent preparation and characterization of the first [50]fullerene derivative,
decachlorofullerene[50] (Science 2004, 304, 699), we have performed a systematic density functional study
on the electronic and spectroscopic properties of Cso, its anions and derivatives such as CsoClip and Cso-
Cli2. The ground state of Cso has D; symmetry with a spheroid shape, and is highly aromatic; the best Dsj,
Cso singlet is nonaromatic. Both Dz and Ds, isomers of Cso have high electron affinities and can be reduced
easily. Due to the unstable fused pentagon structural features, Csg is chemically labile and subject to addition
reactions such as chlorination, dimerization and polymerization. The equatorial pentagon—pentagon fusions
of Dsp Cso are active sites for chemical reactions; hence, Ds, Cso may behave as a multivalent group. The
computed IR, Raman, *C NMR and UV-—vis spectra of the Ds, C50,Clio molecule agree well with the
experimental data. Finally, Ds, Cs0Clyo is predicted to have a high electron affinity and, hence, might serve
as an electron-acceptor in photonic/photovoltaic applications. The geometry and 3C NMR chemical shifts
of CsoCli2 were computed to assist further isolation experiments.

Introduction

The discovery of g and other fullerenéshas led to their
consideratiof® as new agents and materials for molecular
electronics, nanoprobes, superconductors, and nonllnearoptlcs
The properties of fullerenes, as opposed to graphite, are due to
the curvature imposed by the presence of pentafjaiikile
fullerenes smaller thangghave been sought actively, ” they
must have strained pentagepentagon fusion$which results

in rather high lability. As a result, bulk synthesis of smaller
fullerenes has proven to be extremely diffictift.

In 1998, Zettl's group claimed the first preparation ofs€
However, their bulk substance was not moleculag, ®ut
aggregated materidt. Actually, the nature of the “g-based
solid” is in doubt, sincesp® hybridized carbon signals were not
found in the'3C NMR spectrum. Moreover, various attempts
to reproduce the production ofs€Cby arc-discharge failedl.
Subsequent theoretical investigations also revealed that molec-
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lated by Zettl's work, Shinohara et al. prepared several
derivatives of Gg,® but their structural characterization is not
available to date. An exciting achievement was the gas-phase
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samples during Ar ion beam irradiatiofd, but no definite
structural assignment is available. A theoretical study aimed to
assist characterization of this solid has been perfortheiénce,

the science of the smaller fullerenes is still in its infancy. The
exploration and application of the anticipated properties of
smaller fullerenes awaits their bulk syntheses.

Besides G and Gg, Cspwas also observed as a magic cluster
with enhanced intensity in mass spectroscopy in the Nobel-
Prize-winning workla While Cso and Go are now readily
availablé? and have been investigated extensivéi§yery little
is known about G experimentally. Go has a completely filled
electron shell conforming to Hirsch’s R(+ 1)? electron-
counting rule for spherical molecufésand thus is expected to
be highly aromatic; moreover, it is the smallest carbon cage
without three directly or sequentially fused pentagons, and
should have less strain energy than other smaller fullerénes.
The expected high aromaticity and smaller strain energy
distinguish Gy from other smaller fullerenes. AccordinglysC

The geometries and electronic structure®gf and D3 Cso
9" (g =1, 2, and 6), G (Dsp) and Gy (Ds) dimers, GcClio
(Dsh), Cs0Cli2 (D3) and other fullerene derivatives were com-
puted at B3LYP/6-31G*. NMR chemical shielding values of
Cso?™ (=0, 2 and 6) and &Cl, (n = 10, 12) were evaluated
at the same level employing GIAO (gauge-independent atomic
orbital) method and the optimized geometries. T¥&chemical
shifts of the neutral &, its dianions and adducts were calculated
relative to G and converted to the TMS scale using the
experimental value for & (0 = 142.5 ppm)9bwhile the3C
chemical shifts of the & hexaanions were referenced teg€
(0 = 156.7 ppm):°cEarlier studie® have shown that reasonably
accurate computations of fullered®C NMR chemical shifts
can be expected at density functional levels. The NICS (nucleus-
independent chemical shif&)at the cage centers were calcu-
lated to evaluate the aromaticity oggand their derivatives.
Vibrational frequencies of £Clio were calculated at the
B3LYP/6-31G* level with a scaling factor of 0.98 TD-DF T3

has been long considered to be the best preparation prospectomputations on 100 excited states gh@l1o was carried out

for fullerenes smaller thandg36® Unfortunately, experimental
attempts failed to achieve sguntil very recently. Using a
modified graphite arc-discharge methidie et al. successfully
prepared the first € derivative, decachlorofullerene[50] {&
Clyg), in milligram quantities® By means of MS/MS (multiple
staged mass spectrurtdC NMR (nuclear magnetic resonance),
IR (infrared), Raman, UV vis (ultraviolet-visible absorption)
and DFT (density functional theory) calculations, it was
demonstrated convincingly that this new compound h&sa
fullerene[50] structure with 10 chlorine atoms attached to the
equatorial pentagenpentagon fusion® However, many ques-
tions are still unsolved: What is the ground state gfZ0/Nhat

are its electronic and chemical properties? Why wasitSelf

not obtained in bulk, rather than only its decachloro-derivative?
Why are the Cl atoms attached solely to the equatorial sites of
Cso (Dsn)? We now address these questions by density functional

computations in order to enhance understanding of the unusual

chemical properties of smaller fullerenes and to assist further
experimental investigations.
Computational Details

The semiempirical MNDO methd# implemented in the
Vamp 7.0 prograil was used to optimize all possible 271
isomers of [50] fullerend. The reliability of semiempirical

methods applied to computational fullerene chemistry has been

demonstrated recentl.The six lowest energy isomers ofC
obtained at MNDO were chosen for higher level studies.

(11) Chen, Z.; Heine, T.; Jiao, H.; Hirsch, A.; Thiel, W.; Schleyer, P. v. R.
Chem. Eur. J2004 10, 963-970.

(12) Kraschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. Rature
199Q 347, 354. (b) Scott, L. T.; Boorum, M. M.; McMahon, B. J.; Hagen,
S.; Mack, J.; Blank, J.; Wegner, H.; Meijere, A. &ience2002 295
1500.

(13) Hirsch, A.; Chen, Z.; Jiao, HAngew. Chem., Int. EQ00Q 39, 3915. (b)
Chen, Z.; Jiao, H.; Hirsch, A.; Thiel, WJ. Mol. Model.2001, 7, 161. (c)
Hirsch, A.; Chen, Z.; Jiao, HAngew. Chem., Int. EQ001, 40, 2834. (d)
Chen, Z.; Jiao, H.; Hirsch, A.; Schleyer, P. v. Ragew. Chem Int. Ed
2002 41, 4309. (e) Chen, Z.; Hirsch, A.; Nagase, S.; Thiel, W.; Schleyer,
P.v. R.J. Am. Chem. So2003 125 15507. (f) for review, see Chen, Z.;
Jiao, H.; Hirsch, A.Spherical aromaticity- an @erview, in Fullerenes:
From Synthesis to Optoelectronic Properti€uldi, D. M., Martin, N.,
Eds.; Kluwer Academic Publishers: 2002; p +2135.

(14) Gao, F.; Xie, S. Y.; Huang, R. B.; Zheng, L. Shem. Commur2003
2676.

(15) Xie, S.Y.; Gao, F.; Lu X.; Huang, R. B.; Wang, C. R.; Zhang, X.; Liu, M.
L.; Deng, S. L.; Zheng, L. SScience2004 304, 699.

(16) Dewar, M. J. S.; Thiel, WJ. Am. Chem. S0d.977, 99, 4899.

(17) Clark, T.; Alex, A.; Beck, B.; Chandrasekhar, J.; Gedeck, P.; Horn, A.;
Hutter, M.; Martin, B.; Rauhut, G.; Sauer, W.; Schindler, T.; Steinke, T.
VAMP 7.0; Erlangen 1998.

14872 J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004

at the BP86/3-21G level using the B3LYP/6-31G* optimized
geometry. All computations were performed using the Gauss-
ian98 progran®?

Results and Discussion

1. Ground state of Gs. Table 1 summarizes the B3LYP/6-
31G* energy data of the low-lying states off{see Supporting
Information for their optimized structures and the MNDO
energies of all possible isomers). We found the sinBe®® to
be the lowest-energy isomer, followed by the f#q’ electronic
states of theDs, isome?®2¢ (2.3 and 5.6 kcal/mol higher in
energy, respectively). Moreover, tie isomer has the largest
HOMO—-LUMO gap (2.27 eV). Note thdDs andDsy, isomers
are the only two & fullerene isomers without three pentagons
directly or sequentially fused; they only have isolated and double
pentagon configurations. Exactly, there are six and five pentagon
pentagon fusions within thB; and Ds, isomers, respectively.
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Table 1. Relative Energies (Egel, kcal/mol), HOMO and LUMO Energies and HOMO—LUMO Gap Energies (eV) of the Low-Lying States of
Cso,2 Its Anions, Its Magnesium Endohedral Complexes and CsoClyp at B3LYP/6-31G* Level

isomer state Eo® Eiomo E.umo gap VEA? AEA?
Cs0260 (C2) IA 22.7 —5.47 —3.98 1.49
C50262 (Cy) oy 24.7 —5.60 —3.98 1.63
Cs50264 (Cs) I 18.1 —5.72 —4.10 1.61
C50266 (Cs) A 8.1 —5.68 -3.01 1.77
C50270 D3) A 0.0 —-6.01 —3.74 2.27 2.97 3.05
Cs50271 Dsp) 1AL (A)C 5.6 —5.43 —4.16 1.27 3.37 351
C50271 Dsn) Ay (B) 2.3 —5.54 —4.17 1.37 3.40 (3.35) 3.47
C50271 Dsn) Ay 6.8 —5.31 —4.32 0.99
Cso~ 270 D3) A 6.9 (7.0¥ —1.14 -0.21 0.93
Cso 271 psh) 2A2' 2.1 (32)l -1.79 —-0.78 1.01
Cso™ 271 Dsn) 2y 0.0 (0.0¥ —1.68 —-0.75 0.93
Cs> 270 D3) 18.6 2.18 3.61 1.43
Cs0> 271 Dsn) 0.0 1.72 3.84 2.12
Mg@Gs0270 D3) 27.6 —4.88 —4.62 0.26
Mg@Gs0271 Osh) 0.0 —5.54 —-4.01 1.53
Cs®~ 270 D3) —6.0 15.75 18.28 2.53
Csc® 271 DOsn) 0.0 16.04 17.81 1.77
Cs0Cl10(Dsh) Ay —6.92 —3.85 3.07 3.04
Cso(ln) —5.99 —3.22 2.77 2.51 (2.67)

aThe isomer numbering system fosdfollows ref 4. Relative energy with respect to tligs singlet.¢ Its HOMO is 13a’, and LUMO is 5&". 9 Its
HOMO is 5a', and LUMO is 13&. 4at B3LYP/6-3H-G*// B3LYP/6-31G* level of theory Experimental values.

Figure 1.

Geometry of G (D3): (a) top view and (b) side view. The
independent carbon atoms are numbered.

Table 2. Calculated Pyramidalization Angles 6p (°) for Cs09 (g =
0, 27, 67; Dsp and D), Cs0Clig (Dsn) and Ceo (/)

entity Cl C2 C3 C4 C5 C6 Cc7 Cc8 C9
Cso(Ds) (B) 10.7 125 128 155
Cs? (Ds) 112 12.3 123 16.4
Cs®(Dsn) 12.6 106 11.1 194
CsoClio(Dsn) 122 102 9.4
Cso (D3) 9.6 125 11.8 14.0 12.6 133 152 125 122
Csi?™ (D3) 9.7 11.4 121 168 11.6 127 145 131 11.8
Csef™ (D3) 9.0 114 11.2 165 115 111 186 12.0 12.2
Coo(In) 11.6

The optimized structure of 45 (D3) is shown in Figure 1;
the B3LYP/6-31G* bond lengths are presented in Supporting
Information Table 2. Due to the large HOM@Q.UMO gap pre-
dicted for its'A ground state, no further attention has been paid
to electronically excited states of this isomer. On the other hand,
for the Gy (Dsh) isomer, a total of three low-lying states were
investigated, i.e., twéA{' singlet states and%,' triplet state.
Figure 2 depicts the geometry of neutrado@Dsp), and the

Figure 2. Geometry of Gy (Dsy) (a) top view, (b) side view. The
independent carbon atoms are numbered.

Table 3. B3LYP/6-31G* Electronic Properties of Dimers of Csg
(Dsn)

Edlmev a EHOMO ELUMO Eg b

entity (kcal/mol) (eV) (eV) (eV)
[2+2] —40.2 —5.62 —3.81 1.81
[2+4] —-17.3 —5.64 —3.80 1.84
[4+4] —27.2 —5.80 —-3.77 2.03
[2+2] (open) —0.6 —5.64 —3.94 1.70

aDimerization energies. Energy gap between the HOMO and LUMO
orbitals.

and 13q, respectively) in théA;' (B) state?® Both the 5a
and 13@ MOs are singly occupied in the tripléa,’ state. At
the B3LYP/6-31G* level, théA ' (B) state is 3.3 and 4.5 kcal/
mol lower in energy than th&\;' (A) state and théA;' state,
respectively. In addition, the HOMELUMO gaps of Gg (Dsp)

in singlets are quite small, 1.27 and 1.37 eV for #a' (A)
and 'A;' (B) states, respectively. Closer inspection shows,
however, thaDs, Cso has no diradical character, as indicated
by zero value of Bin the unrestricted broken-symmetry DFT

optimized geometric parameters and relative energies of thesecalculations and by nearly zero occupation of the LUMO orbital

electronic states are listed in Supporting Information Table 3.
The two A, singlets ofDsy, Cso differ in the occupancy of
the frontier orbitals. In théA ' (A) state?® the highest occupied
molecular orbital (HOMO) is the 13a MO; the lowest
unoccupied molecular orbital (LUMO) is Bgshown schemati-
cally in Figure 3). The HOMO and LUMO are reversed {5a

in the CASSCF(2,2)/6-31G*//B3LYP/6-31G* computatiotis.
Both the HOMO and LUMO coefficients of 4g (Dsy) are
distributed around the equatorial pentag@entagon annula-
tions (Figure 3). Thus, the pentalene-like fusions ef Os)
should function as active sites in chemical reactions. This
explains why the Cl atoms inggCl;o are bound to the equatorial

J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004 14873
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Q0
Q0

532' 1331'

Figure 3. Schematic presentation of the frontier molecular orbitalsf C
(Dsn). (Top view along the €axis).

Scheme 1

OO
~O0—O--

pentagor-pentagon fusions. Apparently, the 13aMO is
bonding, whereas the %aMO is antibonding for G-C bonds
at the equatorial pentageipentagon fusions. The equatorial
pentaphenyl belt within € (Dsy) can be regarded as being
quinoid-like (Scheme 1A) in théA,' (A) state and benzene-
like (Scheme 1B) in théA,' (B) state. This accounts for the
structural difference between the tWag, singlet states, i.e., the
C—C bonds at the pentageipentagon fusions~1.40 A) in
thelA;' (A) state are shorter than those1(.47 A) in thelA;'
(B) state. The lower energy dfA;' (B) compared with'A;'
(A) indicates that the double CC bonds at the equatorial
pentagor-pentagon fusions are not favorable.

Significant strain can be expected at the pentagmmntagon
fusion sites of the € molecules. In general, the magnitude of

2. Monoanion Gso~. Both D3 and Ds,, isomers were inves-
tigated for Go mono-, di- and hexaanionBz Csq~ is 6.9 kcal/
mol higher in energy than the electronic ground state of the
Ds, anion. Go~ (Dsp) has two low-lying doublet statedA;'
and?A;’ (Table 1). These are derived from th&, (B) and
1A1" (A) states of neutral & (Dsp), respectively. These two
doublet states are close in energy at BSLYP/6-31G*, w#ki
lower in energy by 2.1 kcal/mol. Since the HOMO and LUMO
of neutral G (Dsn) are mainly delocalized over the equatorial
pentagor-pentagon fusions, the attachment of an additional
electron to neutral § affects primarily the €&C bond lengths
of the equatorial area rather than the C distances of the polar
parts. (cf. Supporting Information Table 3). The extra electron
in the D3 Csp anion occupies the LUMO of neutrBl; Cso, and
is mainly located at the C4 atoms, thus shortening the bonds in
which they are involved.

The B3LYP/6-31-G* adiabatic electron affinitfyAEA) and
vertical electron affinity (VEA) of neutraD3; and Dsy, (B) Cso
are summarized in Table 1. The AEAs are 00714 eV greater
than the VEAs. The VEAs of & (Ds) and Go (Ds) B are
2.97 and 3.40 eV, respectively, the latter agrees perfectly with
the experimental estimate 613.35 eV?° Note that the computed
(VEA 2.51 eV) and measured (2.6680.008 eV§° EA values
of Cgp agree well at this theoretical level. The very large EA of
Cso, measured or predicted to be greater thgg IS consistent
with the enhanced intensity ofs€& observed in the gas-phase
experiment#?

3. Dianion Cs¢>"and Hexaanion G°~. The computed CC
bond lengths and electronic properties @f’C and Go°~, both
in D3 andDs, symmetries, are listed in Supporting Information
Tables £2 and Table 1. The &% ground state ha®s,
symmetry; itsD3 isomer is 18.6 kcal/mol higher in enerdYsy
Cs0®~ has much larger HOMBLUMO gap (2.12 eV) than that
of neutral Go (1.37 eV), since the bonding LUMO orbital of
Cso (Dsp) B is filled in the dianion. These results imply
substantial kinetic stability foDs, Cs?~ salts. Accordingly, the

angle strain at a fullerene carbon atom can be expressed by theyreparation of ionic %Cso or YCso compounds (X= alkaline

pyramidalization angle &), which is defined by the angle
between thes-orbital and adjacent-bonds, minus 90%8
mr-orbital axis vector (POAV) analysis of the B3LYP/6-31G*
optimized geometry of €5 (D3) and Gg (Dsp) B is summarized

in Table 2. For G (Dsh) B, thefp at a C4 atom (i.e., pentagen
pentagon apex fusion) is 18,5nuch bigger than those (10,7
12.5°, and 12.8) at the C1, C2, and C3 atoms. The angle
between the porbital at a C4 atom and its adjacerbonds is
around 105.5 very close to tetrahedral. Accordingly, the p

metals; Y= alkaline earth metals) seems likely. Preliminary
results show thaDs, Mg@Gsp is 27.6 kcal/mol more stable
than its endohedrdd; isomer, and has a HOMELUMO gap
of 1.53 eV (Table 1). Though the reaction MgCso (Dsi) —
Mg@Gs (Dsn) is endothermic, the accommodation energy of
16.0 kcal/mol is relatively small. Note that a helium atom has
been incorporated into the much smald8zo (In) cagé! and
that the computed accommodation energy is 35.0 kcal#fol.
The D3 and Ds, Cso dianions can be reduced further to

orbital at a C4 atom would behave to some extent like a dangling hexaanions without losing their high symmetri&s; Cs~ is

bond, resulting in kinetic instability of £ (Dsp). Similarly, C4
and C7 atoms at the pentagon fusion i (D3) also have much
larger@p values than other atoms (Table 2), and will thus tend
to be active sites for addition reactions.

Both Gs¢(D3) and Gy (Dsp) should attract electrons strongly.
The predicted LUMO eigenvalues fos§XD3) (—3.74 eV) and
Cso (Dsn) B (—4.17 eV) are more negative than that ofpC

(—3.22 eV at the same level of theory). Indeed, the experimental

electron affinity (EA) of Go (~3.35 e\?9) is even higher than
that of Gy (2.668= 0.008 e\?9).

(27) TheA; (B) state of Go (Dsy) is 17.7 kcal/mol more stable thdA,' (A)
at the CAS(2,2)/6-31G*//B3LYP/6-31G* level.

(28) Haddon, R. C.; Scott, IPure Appl. Chem1986 58, 137. (b) Haddon, R.
C. Sciencel993 261, 1545.
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computed to be 6.0 kcal/mol lower in energy than g,
analogue. Botlb; andDs, hexanions have appreciable HOMO-
LUMP gap energies (2.53 and 1.77 eV, respectively).

Table 2 lists the POAV analyses ofs¢; Cs?~, and Go®~
based on the B3LYP/6-31G* optimized geometries. The pyra-
midalization angle p) at the pentagon fusions ofs6(C4 in
the Ds, isomer and C4 and C7 in tHes isomer) are larger in
the charged species; th® at C4 in Ds, Cso increases from

(29) Kietzmann, H.; Rochow, R.; Gantefor, G.; Eberhardt, W.; Vietze, K.; Seifert,
G.; Fowler, P. WPhys. Re. Lett 1998 81, 5378.

(30) Wang, X.-B.; Ding, C.-F.; Wang, L.-S. Chem. Phys1999 110, 8217.

(31) Cross, R. J.; Saunders, M.; PrinzbachQg. Lett.1999 1, 1479.

(32) Chen, Z.; Jiao, H.; B, M.; Hirsch, A.; Thiel, W.Theor. Chem. Acc.
2001, 106, 352.
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Figure 4. B3LYP/6-31G* optimized structure of gCl12 (D3), in which
the twelve Cl atoms are attached to the pentagmntagon apex fusions
of Cso (D3).

15.5 for the neutral to 19 %for the hexaanion, while théy's
at C4 and C7 irD3 Csg increase from 1490and 15.2 to 16.5
and 18.8, respectively. The negative charges are mainly
delocalized over the pentagopentagon fusions; hence, these

are active sites for further reactions. For example, the large

electron density at the C4 atoms of tbg, isomer results in
sp? hybridization and a large pyramidalization angle (2Pii
the hexaanion. The decaaniog® has lone pairs of electrons
localized at each C4-type atom.

Binding 10 atoms such as H and Cl to C4 atoms releases

much of the strain dDs, Csp; the hydrogenation and chlorination
reaction energies (pertbr Cly) are highly exothermic (eqs
1-2; —50.9 and-50.7 kcal/mol, for GoH1pand GoClig, respec-
tively). (For comparison, the hydrogenation energy @f ©
CaoHz20 is —61.9 kcal/mol per H). Accordingly, theDs, Cso

. . . n
cage can function as a decavalent functional group, as evidenced

by the preparation of thesgCl;o compound for which3C NMR
revealed only 4 types of chemically unequivalent C atéms.
Similarly, the D3 Cso cage can provide up to 12 active sites
(C4 and C7 positions) for addition reactions (eg43. However,
theDzisomer itself has 9 types of C atoms. Addition of only 10
Cl atoms onto th@®3 isomer would result in a §Clio molecule
with a much lower symmetry that has more than 9 types of C
atoms. Hence, thB3; isomer could not be the parent fullerene-
[50] of CsoClyo synthesized experimentally. Instead, addition
of 12 Cl atoms onto the active sites Bg Csp gives rise to
Cs0oCl12 (D3) (Figure 4). Actually, GoCli2 has already detected
mass spectroscopicatfusing similar experimental conditions
in which G¢Clio (Dsp) is generated® It might be possible to
isolate GoCli2 (D3). The much lower hydrogenation (eq 3) and
chlorination (eq 4) energies @f; Cso compared tdsy Csp (€9

1 and 2) also indicate the smaller strain of gisomer

Cso (Dgp) + 5H, = CyHy0(Dsy)

AH (perH,) = —50.9 kcal/mol (1)
Cso (Dgp) + 5Cl, = C(Clyo(Dsy)

AH (perCl,) = —50.7 kcal/mol (2)
Cs (Dg) + 6H, = CyHy,(Dy)

AH (perH,) = —35.2 kcal/mol (3)
Cs0 (Dg) + 6Cl, — Cy(Cl1,(Dy)

AH (perCl,) = —37.5 kcal/mol (4)

4. Dimerization of Cso (Dsn) and Cso (D3). Macroscopic
quantities of GoClio (Dsn) have already been prepargd.
However, bare ¢ clusters would be subject to oligomerization

(a) [242]
-40.2 keal/mol

(b) [2+4]
-17.3 keal/mol

(d) [2+2]-open
-0.6 keal/mol

(c) [4+4]
-27.2 keal/mol
Figure 5. Four possible modes for the dimerization ofo(Dspn). Key
geometric parameters (bond lengths in A) optimized at the B3LYP/6-31G*
level and the dimerization energies are also given.

6.6 keal/mol

Figure 6. [2+2] dimer of Gy (D3) (bond lengths in A) and its dimerization
ergy.

and formation of carbon solids. Sincey@Ds) is highly strained

at the equatorial pentageipentagon fusions, it is reasonable
to assume that dimerization og§&would occur readily at these
pentagor-pentagon junctions. Four possible dimerization modes
are considered (Figure 5). The calculated dimerization energies
and electronic properties for these dimers are listed in Table 3.

The formal [2+-2] dimerization mode (Figure 5a) is the most
exothermic -40.2 kcal/mol). The [44] and [4+2] exother-
micities, —27.2 and—17.3 kcal/mol, respectively, are also
substantial. In contrast, the 2]-open isomer (Figure 5d),
which involves cleavage of the two formaHC bonds of the
closed dimer (Figure 5a) and the formation of tweC bonds
between two G cages, is relatively unfavorable.

The HOMO-LUMO gaps of the dimers are larger than that
of Cso (Dsn). Further oligomerization is likely. As the active
sites in Go (Dsp) are the equatorial pentagepentagon fusions,
the further oligomerization or polymerization o§Dsp,) might
produce new two-dimensional layer structures. This topic
deserves experimental and theoretical investigation.

The [2+2] dimerization of Go (D3) is shown in Figure 6.
However, this reaction is predicted to be 6.6 kcal/mol endo-
thermic, indicating that the [22] dimerization of G (D3) is
unfavorable. The resulting dimer has a LUMBIOMO gap of
1.43 eV,~0.8 eV smaller than that of the monomer.

5. Structure and Electronic Properties of CsoClig (Dsp).
Cs0Clio (Dsp) (Figure 7) has two conjugated:§raps separated
by five >C(Cl)—C(Cl)< groups. Its HOMO is the 13& MO,
and LUMO the 31¢ MO. The B3LYP/6-31G* HOMO-
LUMO gap (3.07 eV) is 1.7 eV greater than that afo@Dsy).

Furthermore, the LUMO eigenvalue of¢Clio (Dsp) is —3.85
eV, 0.6 eV lower than that of . This suggests thatsgClio
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Table 4. Calculated? 13C NMR Chemical Shifts (ppm) for Ds, and D3 Symmetrical Cso, Cs02~, Cs08~ as Well as CsoClig (Dsp), CsoCliz (Ds)
and Cgo (/5), and Comparison with the Available Experimental Data?

entity symm C1 C2 C3 C4 C5 C6 c7 C8 C9
Cso Ds 1435 143.3 152.2 170.8 1400 1554  177.0 1563  142.4
Cs?™ Ds 140.7 149.4 150.5 117.0 141.2 1542 1437 1501  152.0
Csc™ Ds 159.1 165.1 148.2 168.0 1589 1569 1469  152.7  147.0
Cso Dsn 142.7 160.6 156.4 112.4

Cs? Dsn 144.3 156.7 157.1 175.4

Co®™ Dsn 132.2 149.3 160.1 160.6

Cso I 1425 (142.5

CseClio  Dsn 141.5 (143.9) 146.1 (146.8)  163.6 (161.5) 87.5 (88.7)

CsClz D 132.7 167.8 148.5 86.6 1498  162.1 843 1533 1535

aSee the text for details of the calculationsgxperimental data are given in parenthesesef 19; dref 15.

Table 5. Calculated IR-active Vibrational Wavenumbers (v, cm~1)
and Intensities (/, km Mol~1) for CsoClio (Dsp) at the B3LYP/6-31G*
Level and Comparison with Experiment

calcd. calcd.
raw  scaled? expt.b raw  scaled? expt.t
symm. v v ! v symm. v v 1 v
g:g:f}g E/ 1627 1594 0.8 E 732 717 50.8 735(m)
C2-C3 1433 A7’ 1600 1568 3.9 1558(w) A 707 693 13.3 694(w)

Doses 130 E/ 1480 1450 2.1 1456(w) £ 623 611 0.1

C3-C4 1.526 A" 1461 1432 194 1433w) A 620 608 11.0 609(w)
' - C4-Cl 1.604 E/ 1375 1347 8.6 1344(w) 575 564 42.0 567(s)
(a) (b) E/ 1358 1331 3.9 1324(w) 481 471 0.3
Figure 7. The B3LYP/6-31G* optimized geometry ofs6Clio (Dsn) () A" 1225 1201 0.4 1195(w) 452 443  34.8 450(s)

404 396 0.9
334 327 0.6
293 287 55
202 198 0.8
147 144 4.2
127 124 0.3

Er 1114 1092 1.4 1080(vw)
Ey 1046 1025 85.6 1031(s)
o AZ' 1011 991 13.6 997(w)
(Dsp) should have a larger electron affinity thaoClndeed, EY 1008 988 19.4 975(w)

the B3LYP/6-31-G* VEA of CsClypis 3.04 eV, approaching  Er 914 896 84.8 916(s)
that of Ds, Csp (3.40 eV) and by~0.5 eV higher than that of El %‘g 3% ‘%é'é %);1&5))
Ceo (~2.51 eV). It is known that halofullerenes, e.gen (X ! :

= F, Cl, Br), are good electron-acceptors with possible photonic/  ascaled by a factor of 0.98.ref 15.

photovoltaic application®! Like its CsoXn analogues, similar computed (GIAO-B3LYP/6-31G*}3C NMR chemical shifts
application can be expected fogdClio. for CsoClio, Cso, Cse?~, and G¢®~ are given in Table 4. For

6. Aromaticity of Cso, Cso? , Csc®, CsoClio (Dsn) and CscClio, the computed shifts, 141.5, 146.1, 163.6, and 87.5 ppm
C.,Cl12 (D3). According to Hirsch's 2 + 1)? electron counting  for C1, C2, C3, and C4 atoms, respectively, match experiments
rule for spherical moleculé, Cso is expected to be highly  well (143.2, 146.8, 161.5, and 88.7 ppm). Thus, GIAO-B3LYP/
aromatic. Indeed, the NICS value at the cage center oDthe  6-31G* 13C NMR chemical shifts predicted forsg~, Cse®
isomer (-40.3 ppm) is remarkably negative. Adding more and their derivatives such agdCl:- (Table 6) should be reliable.
electrons decreases the NICS values (dianiol6.6 ppm, Note that GoCli2 (Ds) is a promising isolable species.
hexaanion-14.7 ppm, and &Cl1, —15.5 ppm). The same holds 8. Calculated IR- and Raman-Active Vibrational Modes
for the electronic state A of thBs, isomer (NICS—32.4 ppm)!! and Intensities for CsoClo (Dsp). In principle, the 174 total
However, the more energetically favorable electronic state B yiprational modes 0Dsn CseClio, 8Ay" + 19 B + 11A, +
of Cso (Dsn) is nonaromatic (NICS-2.7 ppm), but the NICS 15 E" + 20 B’ + 7 Ay + 8 A;" + 16 B, give rise to 104
values are larger for the dianior-83.7 ppm), the hexaanion  ynique frequencies. Among them, the"’Aand B' symmetry
(—11.1 ppm) and the 4Clyo chlorine adduct£17.5 ppm). The  modes are IR active ancdiAE; and B irreducible representa-
lower energy of the neutréls isomer relative to th®s,isomer  tions are Raman active. Consequentlyy@, ideally should
is thus a synergy of the better electron delocalization and Iowerdisp|ay up to 27 unique wavenumbers in IR spectroscopic

strain. The Computed NICS values at the fullerene cages Centersneasurements and up to 46 unique wavenumbers in Raman
are equivalent to those measured experimentally via the en-measurements.

top view, (b) side view.

" TR m Y T m ™

dOhedralSHe Ch.emical Sh|ft§5 S|nce theBHe NMR chemical The Computed IR frequencies (Tab|es—'a match the
shifts are effective for characterizing ful!ereqe structifabe experimental data welf Only several vibrational modes of E
computed NICS values can help to distinguish Eeand Dsp,
isomers of neutral & in the gas phase. (36) Saunders, M.; Jinmez-Vaquez, H. A.; Cross, R. J.; Mroczkowski, S.;
i . Freedberg, D. L.; Anet, F. A. INature1994 367, 256. (b) Saunders, M.;
7. Calculated3C NMR Chemical Shifts for C5qClyg, Cso, Jimenez-Vazquez H. A.; Cross, R. J.; Billups W. E.; Gesenberg, C.;
2— 6— 1 ; : Gonzalez, A.; Luo, W.; Haddon, R. C.; Diederich, F.; HerrmannJA.
Cso™s G0, a_nd CsClaa. 3C_ NMR chemical shifts are a Am. Chem. Sod 995 117, 9305. (c) Saunders, M.; Cross, R. J.; Jiee-
powerful technique for determining fullerene structut€he Véazquez, H. A.; Shimshi, R.; Khong, ASciencel996 271, 1693. (d)
Shabtai, E.; Weitz, A.; Haddon, R. C.; Hoffman, R. E.; Rabinovitz, M.;
Khong, A.; Cross, R. J.; Saunders, M.; Cheng, P. C.; Scott, LJ. Am.
(33) Xie, S. Y.; Huang, R. B.; Deng, S. L.; Yu, L. J.; Zheng, L.B.Phys. Chem. Soc1998 120, 6389. (e) Wang, G. W.; Saunders, M.; Khong, A.;
Chem. B2001, 105, 1734. Cross, R. JJ. Am. Chem. So200Q 122, 3216.
(34) Guldi, D.Chem. Commur200Q 321. (37) Jameson, C. Annu. Re. Phys. Chem1996 47, 135. (b) Wilson, M. A.;
(35) Bthl, M. Chem. Eur. J1998 4, 734. (b) Bihl, M.; Hirsch, A.Chem. Re. Pang, L. S. K.; Willett, G. D.; Fisher, K. J.; Dance, |. Garbon1992, 30,
2001 101, 1153 and references therein. 675.
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Table 6. Calculated Raman-Active Vibratignal Wavenumbers (v, cm 1,15 and is thus assigned to the' Enode, which involves

cm~1) and Raman Scattering Activities (/, A*/amu) for CsoClio (Dsp) : ; ; ;

at the B3LYP/6-31G* Level and Comparison with Experiment the coupling of_ th_e asymmetric-€Cl stret_chlng and deformation
of Cyo caps. Similarly, the other experimental IR peaks can be

led. led. ; )
e , e , assigned unambiguously (Table 5).

T expt Nineteen Raman spectral lines were observed faClo

Ay 1635 1602 165 1588(m) A 759 744 a4 756(s) (Tgble 6) experlme.ntally,' fewer than the expected tota] of 46

E; 1598 1566 195 1567(s) E 754 739 14 unigue Raman-active vibrations. The agreement with the

E,” 1597 1565 27 E 718 704 11 712(w) ina i

EY 1504 1474 12 1400w) £ 703 689 1 computed frequencies in Table 8 s_hows that all these experi

Ay 1470 1441 557 1447(vs) A 676 662 40  670(s) mentally observed Raman spectral lines are due to fundamental

E” 1463 1434 8 E 675 661 33 vibrations. Most of the observed Raman spectral lines with

E; 1376 1348 0.1 E 621 609 0.1 ¢ ianals arise f ibrational modes. The ob d

E/ 1366 1330 10 E 617 605 19  612(m) strong signals arise from Avi rational modes. The observe

E/’ 1348 1321 08 E 58 574 01 strong peak at 1567 cm and its shoulder at 1588 crhare

o BB EEEQ zié e e 13 506 ascribed to € C stretching modes with.£and A' symmetries,

1 . .

E; 1189 1165 27 1164(m) £ 481 471  0.04 respectively. Another very strong peak at 1447-¢ns due to

B 1175 1152 0.1 E 448 439 5 a symmetric C-C stretching mode of A symmetry. Table 6

E; 1109 1087 4 A 377 369 91  380(vs) : further details of th ; ts of th ; tal

E/ 1100 1078 19 1080w) £ 285 279 1 gives further details of the assignments of the experimenta

A/ 989 969 108 986(s) £ 275 270 9  275(s) Raman spectral lines and the symmetry categories of their

B 989 %69 2 B 2% 230 14 corresponding vibrational modes. The computed Raman-active

frequencies (scaled) agree well with the experimental data; the

;ab/e 7-h T(g-DDFT Calculat?g)EXﬂtf%tion _E_nerg'\iles (l),fOS%illator largest deviation is 30 cm for the &' mode (experiment 934

trengths , begeneracy an ransition Nature for the —1 :

Optically Allowed Singlet Excitation States of CsoClio (Dsp) at the cm™, theoretical 904 cmt (scaled)). However, the agreement

BP86/3-21G Level and Comparison with Experiment with experiment can be improved further by scaling the
TD-DFT(BPBE/3-21G)7 wavenumbers higher than 1000 chmby 0.98. A similar

technique was employed in the theoretical prediction of IR

sym. A (nm) f D nature of transition  Cl coefficient®  expt./ 2 (nm) . .
~ — o320 vibrational spectra of ¢.?2

’éi, igig 8:8(1)28 3 ﬂi,agllg% 8:%? 525 .6 9. TD-DFT Study of the Excited States of GoClio (Dsn).

E/ 4313 00453 2 30e/ — 3le’ 0.437 433.8 TD-DFT calculations at BP86/3-21G on the B3LYP/6-31G*
17¢" — 18" 0.213 optimized geometry of £Clio show that excited statg’ (356.5

A" 403.1 0.0001 1 16e” ﬁ31€1,' 0.498 400.8 nm) (out of 100 excited states) has the largest oscillator strengths

Er 388.6 0.0001 2 29¢ — 3lg 0.474 : g . )
176" — 189" 0.153 of 0.0551. Table 7 lists all excited states with nonzero oscillator

A’ 3789 0.0155 1 17¢"—3le 0.486 376.6 strengths, their corresponding excitation energies and transition

B’ 3565 00551 2 28/ —3le’ 0340 356.5 nature. The lowest transition (596.5 nm, degenera@) from
gg :31183, 010 the HOMO (17 ") to the LUMO (31¢)) is optically forbidden.
30’ — 31e' 0.101 The first optically allowed transition (532.8 nm) is from

) 308’ — 202’ 0.282 HOMO-1 (17¢"") to LUMO (31g'), which corresponds to the

Ny g (e o, opical apof Gllo Inhe UV-vis experiment on GOl
286 — 31a’ 0.336 five absorption bands with substantial intensities were observed
30’ — 31¢e/ 0.196 centering at 433.8, 356.5, 334.0, 322.0, and 238.5 nm, respec-
30&’ — 125 0.188 tively.’> Thus, the predicted fouE;' states with excitation
igg,,:zl%a;,, 8:11? energies 431.3, 356.5, 335.8, and 317.5 nm coincide with the
17e/'— 18¢" 0.186 experimental data very well (indeed better than expected for

E/ 3324 0.0038 2 19a —3le’ 0.691 TD-DFT calculations with the small 3-21G basis38gtNote

Ad' 3180 00059 1 29a'—18a" 0.230 322.6 that these assignments refer to the UV transitions with the

E/ 3175 00342 2 gg;—»é?; 8:322 highest computed intensity in the given energy region.
ggg:ig; 8:;32 Concluding Remarks

B/ 3124 00303 2 ggg:%g 8"2%3 A systematic density functional study has been performed
30e’ — 20a’ 0.203 on the electronic and spectroscopic propertiessf i anions,

238.3 and the GuClipand GoCly, derivatives. Thés andDs, isomers

2 B3LYP/6.31G* optimized . din the TD-DFT calul are most favorable energetically fors¢C Due to the higher

-31G* optimized geometry was used in the TD- calcula- . : : .

tion. ® The HOMO and LUMO of GClo (Dsr) are 17e" and 31ey, aromaticity and lower strain, th; isomer is the ground state
respectively ¢ The transitions with coefficients larger than 0.100 are listed. Of Cso fullerene. BothD3 and Ds, Cso have high electron

dref 15.¢ Data extracted from the UVVis spectrum.! Data extracted from affinities and can be reduced easily. The unstable fused pentagon

the fluorescence spectrum. _ _ B structures makesdgchemically labile; hence, & tends to add
symmetry are computed to have considerable IR intensities, butC|2 to dimerize, and to polymerize. The active sites in tDth

all IR transitions involving A" modes are predicted to be rather ;4 Den Cso are the pentagerpentagon fusions; thus Cso-
weak. The measure_d frequencies at 1031, 915, 854,. ?77, 735(;,12 and Dg, CsoCho, in which such sites are saturated by
567, and 450 cmt with strong and moderate IR intensities are
all due to vibrational modes ofi{Esymmetry. The E symmetry (38) The experimental optical absorption spectra gf &hd GoN* were also
mode Computed at 832(scaled)/849(unscaledylchas the reproduced very well at TD-BP86/3-21G. See Xie, R. H.; Bryant, G. W.;

R ) ) i Sun, G.; Nicklaus, M. C.; Heringer, D.; Frauenheim, Th.; Manaa, M. R.;
largest intensity; The most intense measured peak is at 854  Smith, V. H., Jr.; Araki, Y.; Ito, OJ. Chem. Phys2004 120, 5133.
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chlorine atoms, are expected to be stable derivatives. The Note Added in Proof: A paper titled “Density functional

successful preparation, isolation and characterizatioD«f studies on the optical excitation and absorption speci@le’

C50C|10 prompts searches f@s C50C|12, and further in\/estiga_ was pUb”ShEd on AUgUSt 15, 2004, see Xie, R. H.; Bryant, G.

tions on smaller fullerene chemistry. W.; Cheung, C. F.; Smith, V. H., Jr.; Zhao,Jl.Chem. Phys.
2004 121, 2849.
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