A\C\S

ARTICLES

Published on Web 02/27/2002

Cyclic Carbon Cluster Dianions and Their Aromaticity

Sven Feuerbacher,* Andreas Dreuw, and Lorenz S. Cederbaum

Contribution from the Theoretische Chemie, Physikalisch-Chemisches Institut,
Universita Heidelberg, Im Neuenheimer Feld 229, 69120 Heidelberg, Germany

Received October 4, 2001

Abstract: Cyclic carbon cluster dianions (CC,),?>~ (n = 3—6) are investigated by ab initio methods with
regard to their geometric properties, electronic stability, and aromaticity. The unique wheel-like structures
of these dianions consist of a n-membered carbon ring, where a C; unit is attached to each carbon atom.
All investigated dianions represent stable gas-phase dianions. While the smallest member of this family
(CCy)s% is clearly aromatic, the aromatic character decreases rapidly with increasing ring size. The
geometries and the aromaticity of the cyclic clusters (CC,).>~ (n = 3—6) can be nicely explained using
resonance structure arguments.

1. Introduction have very short lifetimes when they are isolated in the gas

b | d stil . vel died phasé’18and spontaneously emit one or more electrons without
Carbon clusters were and still are an intensively studie alrea'experiencing the stabilizing effects of neighboring atoms or

The |nyest|gat|ons range .from studies on such sr_nalllclusters 8Scounterions. Thus, they do only exist in solution or solid pHése.
Cs, which was detected in a carbon stan examinations of

. . S Until today, several dianions have been found to be stable in
very big fullerenes, the most prominent of which is represented . -

. W ok . the gas phase, both experimentally and theoretically. Examples
by the “buckyball” Go.2~> Although these works were originally . .
Sl . o are some fluoro or chloro complexes of alkali, earth alkali, and
inspired by astronomy, the investigations of such clusters cover
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all fields of chemistry today. The reader is referred to some thii\cl))r/t—rzztr%lan;i dlbe?ellli:ﬁm;:arbc?:glfstgrs Sg_”gfjgfg
representative reviews in this fietd® The investigations do not y

2— 25 ; ; ;
only address neutral clusteralso, positively and negatively BeG,*",™ etc. The research field of MCAs in the gas phase is

charged clusters were examintd! summarized in several reviews.®

Especially the discovered doubly negatively charged carbon Here, we focus on the pure carbon clusters dianiodis (

. . . = 7—28), which were observed by Schauer et al. in a double-
clusters are of great interest since they represent thesfiratl focusing mass spectromef@They produced these dianions b
dianionic species observed in the gas pHaJde existence of 9 P yP y

. T . L sputtering a graphite surface with cesium ions. The dianionic

small isolated dianions is not trivial due to the strong Coulomb

carbon clusters were proposed to have a linear structure, which
repulsion between the excess negative charges. This electrostatic

IS the most stable geometry for monoanionic carbon cluéérs.
repulsion must be compensated to form an electronically stable indeed. th £ th bon di 2 d
gas-phase dianion. Indeed, this is the reason most of the !Ndeed, the even isomers of the carbon dianionsC do
sclassical’ multiply charged anions (MCA) were found to be exhibit strictly linear geometrie®, but in contrast, the odd

i ; 2— 2— i
unstable with respect to electron emission, e.g., the prominent'SOMers. first G and G*~, possess only branched isomers
“textbook” MCAs CO2~,131450,2, 131516and PQ3~, 1> which

(2) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E.
Nature 1985 318 162.
(3) Hinkle, K. H.; Keady, J. J.; Bernath, P. Bciencel988 241, 1319.

Chem. B1998 102, 4205.
(20) Weikert, H. G.; Cederbaum, L. S.; Tarantelli, F.; Boldyrev, AZIPhys.
D: Atoms, Mol. Clusterd 991, 18, 229.

. . 13) Janoschek, RZ. Anorg. Allg. Chem1992 616, 101.
are well known in condensed-phase chemistry. These MCAs E143 Scheller, M. K.: CEdgrbau%, LS. chezm_ Shyslgga 99, 441,
(15) Boldyrev, A. I.; Simons, JJ. Phys. Chem1994 98, 2298.
. (16) Blades, A. T.; Kebarle, Rl. Am. Chem. S0d.994 116, 10761.
Corresponding author. E-mail: Sven.Feuerbacher@tc.pci.uni-heidel- (17) Sommerfeld, TJ. Phys. Chem. 200Q 104, 8806.
berg.de. (18) Simons, J.; Skurski, P.; Barrios, R.Am. Chem. So200Q 122, 11893.
(1) Glinski, R., Nuth, J. A., lll.Astrophys. Space Sc997, 249, 143. (19) Stefanovich, E. V.; Boldyrev, A. |.; Truong, T. N.; Simons,JJ.Phys.
)
)

(4) Weltner, W., Jr.; van Zee, R. Chem. Re. 1989 89, 1713.
(5) Krétschmer, W.; Lamb, L. D.; Fostiropoulus, K.; Huffman, Bature199Q
347, 354.
(6) Yakhmi, J. V.At. Mol. Cluster Phys1997 p 349.
(7) Orden, A. V.; Saykally, R. JChem. Re. 1998 98, 2313.
(8) Wilson, R. S.; Schuster, D. I.; Nuber, B.; Meier, M. S.; Maggini, M.; Prato,
M.; Taylor, R.Fullerenes: Chem. Phys. Techn@D0Q 91.
(9) Safvan, C. P.; Rajgara, F. A.; Bhardwaj, V. R.; Kumar, G. R.; Mathur, D.
Chem. Phys. Lettl996 255, 25.
(10) Senn, G.; Mark, T. D.; Scheier, P. Chem. Phys1998 108 990.
(11) Kohno, M.; Suzuki, S.; Shiromaru, H.; Moriwaki, T.; Achib, €hem.
Phys. Lett.1998 282, 330.
(12) Schauer, S. N.; Williams, P.; Compton, R. Rhys. Re. Lett. 199Q 65,
625.

10.1021/ja0123002 CCC: $22.00 © 2002 American Chemical Society

(21) Middleton, R.; Klein, JPhys. Re. A 1999 60, 3515.

(22) Wang, X.-B.; Wang, L.-SJ. Chem. Phys1999 111, 4497.

(23) Dreuw, A.; Sommerfeld, T.; Cederbaum, LA#igew. Chem., Int. Ed. Engl.
1997 36, 1889.

(24) Dreuw, A.; Sommerfeld, T.; Cederbaum, L.J5Chem. Phys1998 109,
2727

(25) Dreuw, A.; Cederbaum, L. 9. Chem. Phys200Q 112 7400.

(26) Kalcher, J.; Sax, A. FiChem. Re. 1994 94, 2291.

(27) Scheller, M. K.; Compton, R. N.; Cederbaum, L.Siencel995 270,
1160.

(28) Freeman, G. R.; March, N. K. Phys. Chem1996 100, 4331.

(29) Wang, X.-B.; Wang, L.-SJ. Phys. Chem. £00Q 104, 1978.

(30) Boldyrev, A. I Gutowski, M.; Simons, Acc. Chem. Re200Q 29, 497.

(31) Watts, J. D.; Bartlett R. J. Chem. Phys1992 97, 3445.

J. AM. CHEM. SOC. = VOL. 124, NO. 12, 2002 3163



ARTICLES Feuerbacher et al.
—‘2@ o Tze Here we stress that the (G@®) dianions are electronically

c \ unstable as free entities while the (§¢~ clusters are stable

\ C I

C \C dianions.

—(,—(—(— ~ — —_— .

C/C c—o—C—C /(';/C c—C 2. Computational Methods

C/ /C All calculations were done within the framework of the Gaussian
C C Dy, 984% and ACES If! ab initio packages of programs.

Figure 1. Stable isomers of the carbon cluster dianiofC3

that are stable with respect to electron emis$foi.The only
stable isomer of €~ has a starlikeDa, symmetric structure
and is better referred to as G{¢ .32 The dianion G*~

Within the calculations, a Cartesian Gaussian-type dogtiesis
set# representing a contraction of Huzinaga's primitive sétsas
employed. Additionally, the set was augmented with a set of d-type
polarization functions. This basis set is referred to as DZP and proved
to be sufficiently accurate to verify electronic stability in a previous
theoretical investigation of (Cx?,% which is the smallest member

possesses two electronically stable isomers, the structures obf the (CG).?~ series. To examine the dependence of the geometrical

which are displayed in Figure 1. While th@,, symmetric
dianion can be formally obtained from the, symmetric GZ~
simply by elongation of one of the branches by a further C
group, theDz, symmetric isomer of €~ has some unique

properties. Its structure can be regarded as a cyclopropenylium

cation whose three hydrogen atoms have been substituted b
three acetylide € groups. Thus, this isomer may have, in
analogy to the simple cyclopropenylium cation and according
to Hickels 4 + 2m-electron rule, aromatic character.
Enlarging the inner carbon ring by a further carbon atom and
adding another € unit, a similiar cyclic G~ dianion can be

parameters of the carbon cluster dianions on the basis set, we
additionally augmented the DZP basis set with diffuse functions. A
set of p-type functions with an exponent of 0.034 and a s-type function
with an exponent of 0.0454 were added leading to the DZP(p) and
DZP(sp) basis sets. These larger, diffuse basis sets had only negligible
effects on the geometric parameters of the smaller)&Cclusters f

= 3-5); thus, we decided to use the DZP basis set as standard in

geometry optimizations, unless otherwise mentioned. For the calculation
of the NICS values, we used both the DZP and DZP(sp) basis sets,
and as we will see later, we obtained similar results. To check for
contributions of higher angular momentums and to get a feeling for
the reliability of the calculated NICS values, we also used the large

constructed. This system can be seen as a cyclobutadienyRug-cc-pVTZ basis sét,which includes sets of d- and f-type functions.

dication with all four hydrogens substituted by acetylide groups.
Analogously, this dianion should be aromatic, too. The explained
construction principle can be driven further to construct wheel-
like mutually aromatic G2-, C1¢?~, etc., dianions, which can
be written as the homologous series of cyclic (& dianions.

In this report, we address two questions. First, we examine

Geometry optimizations of the compounds @€ (n = 3—6) were
first performed at the independent particle level using the self-consistent
field (SCF) restricted HartreeFock (RHF) technique. The geometry
was further refined using correlated methods, mainly MglRlesset
pertubation theory of second order (MP2) and for the smaller clusters
(n= 3-5) coupled cluster singles and doubles (CC$he stationary
points found on the corresponding potential energy surface (PES) were

the geometries and the stability with respect to electron emissiontested by an analysis of the harmonic vibrational frequencies. By

of the cyclic (CG)n?~ (n = 3—6) dianions using straightforward

checking for imaginary frequencies, whether the stationary points

guantum chemical techniques (sections 3 and 4). Second, theepresent minimums or mere saddle points was tested.

possible aromaticity of these dianions will be investigated
(section 5). For this objective, we use a geometric criterion as
well asnuclear independent chemical shift$ICS), which are
well established to be a reliable measure for aromaticity. The
NICS criterion was employed on such different systems as, for
example, five-membered heterocyctésinorganic benzene
analogue$? the three-membered ringsds* % and borane
cages’ One interesting class of recently investigated com-
pounds is the series of oxocarbon dianions (€Q3 the
aromatictity of which has been discussed since 1¥6lhese
clusters are analogues to our (£ dianions because they

can be obtained from each other by exchanging oxygen atoms

with C, groups and vice versdhus, we finally compare our
calculated NICS values of the cyclic carbon clusters {&C
with those obtained by Schleyer et al. for the (GO)xlusters®®

(32) Sommerfeld, T.; Scheller, M. K.; Cederbaum, LCBem. Phys. Letl.993
209 216.

(33) Sommerfeld, T.; Scheller, M. K.; Cederbaum, L.JSPhys. Chem1994
98, 8914.

(34) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J. v.
E.J. Am. Chem. Sod.996 118 6317.

(35) Schleyer, P.v. R.; Jiao, H.; Hommes, N. J. R v. E.; Malkin, V. G.; Malkina,
O. L. J. Am. Chem. S0d.997 119, 12669.

(36) Jemmis, E. D.; Subramanian, G.; Kos, A. J.; Schleyer, P. \d. Am.
Chem. Soc1997, 119, 9504.

(37) McKee, M. L.; Wang, Z.-X.; Schleyer, P. v. B. Am. Chem. So2000
122 4781.

(38) Schleyer, P. v. R; Najafian, K.; Kiran, B.; Jiao, B. Org. Chem200Q
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(39) West, R.; Niu, H.-Y.; Powell, D. L.; Evans, M. \l. Am. Chem. S0d96Q
82, 6240.
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After having established the equilibrium geometries, we turned to
the investigation of the electronic stability of the dianionic carbon
clusters at the calculated respective geometries. The stability with
respect to electron emission was checked by direct as well as by indirect
methods. First, one can determine the binding energy of the excess
electron, equivalent to the electron detachment energy (EDE), by
employing Koopman'’s theorem (KT), which relates the EDE to the
negative of the orbital energy of a RHF calculation. Another possibility
to calculate the EDE directly is given by the outer-valence Green'’s
function (OVGF) approactf:*’ This method includes electron correla-

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.
Stanton, J. F.; Gauss, J.; Watts, J. D.; Nooijen, M.; Oliphant, N.; Perera,
S. A; Szalay, P. G.; Lauderdale, W. J.; Gwaltney, S. R.; Beck, S.; Balkova,
A.; Bernholdt, D. E.; Baeck, K.-K.; Rozyczko, P.; Sekino, H.; Huber, C.;
Bartlett, R. JACES I| a program product of the Quantum Theory Project,
University of Florida. Integral packages included are VMOL (Afma;
Taylor, P. R.) and ABACUS (Helgaker, T.; Jensen, H. J. Aa.; Jorgensen,
P.; Olsen, J.; Taylor, P. R.), 1995.
2) Dunning, T. H., JrJ. Chem. Phys197Q 53, 2823.
(43) Huzinaga, SJ. Chem. Physl965 42, 1293.
(44) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.
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c 140.15 145.04 distances between the; @roups and the ring, also indicating
137.88 & a0 147.64 an intermediate between a single and a double bond, whereas
142.17 140.52 c 146.76 c -
140,65\ cl; o l < the bond lengths within thegroups are found to vary between
AN 137.21 ool 1aa7 127 and 129 pm, which is in the range between a double and a
7 e :g;gg\ Ll 1z triple bond (121 pm). These general trends can be explained in
¢ 123.81 / c e N % ' the framework of a simple model. If one looks at the Lewis
126.13 c’ ~c structure of the (Cgn?~ clusters, one can always drawvallenic
126.87 resonance structures, omitting structures with bonds across the
145.38 c 135.99 ring, and one aromatic structure. These resonance structures are
14617 ] o . £ shown in Figure 3 for the smallest dianionic cluster ¢3€ .
146.18 C 7.42 14620 C I o o :
] / itz /e 135.82 From this picture, it is clear that the bonds within the ring and
Cwg O ¥c-C ' \/C_C\ 138.48 between the g€groups and the ring range between a single and
C\ /C 125.41 C_C_C\ /C_C_C a double bond. Furthermore, the bond within theg@ups is
C/C_C\C /E:f; oy 125,90 partly a double and partly a triple bond. The simple Lewis
/ \ £ G 12021 resonance structures thus explain the observed bond lengths
C C C C

quite nicely.

Figure 2. Optimized bond lengths (pm) of the (&2~ (n = 3—6) clusters ; i~ dianiani
at Dnn symmetry obtained at the SCF (plain text), MP2 (italics), and CCSD Comparing the bond lengths of the,{symmetric dianionic

(bold) levels of theory using the DZP basis set. Note thaDiiesymmetric clusters, some trends can be seen. The distance of two carbon

isomer of (CG)s>~ does not correspond to a minimum on the PES but to atoms within the rings increases with increasing ring size,

a saddle point with three imaginary frequencies at the RHF level of theory. ndicating that the ring bonds gradually lose double and gain

] ] ) - ) ~single bond character. This corresponds to the fact that in all

tion and orbital relg‘xat'on effects; g‘e_”C;' It y'e'dsh ":j"proved Orb';a' allenic resonance structures only one double bond can be

energies compared to KT. Second, indirect methods were used 10,qqianed to the ring. For example, in the four-membered ring,

determine the EDE. This is done by calculating the difference of the . L .
there are one double and three single bonds within the ring,

total energies of the monoanion and the dianion; thus, they are referred lting i f | bond ord i f h bond. Th
to asA methods. We have employed different levels of theory, leading resulting in a formal bond order of/} for each bond. The same

to ASCF ,AMP2, andACCSD values. Note that a positive value of ~argumentation leads to a bond order & for the ring bonds
the EDE corresponds to a stable dianion with respect to electron Of the five-membered ring and so on. Hence, the double bond

autodetachment, in the sense that energy has to be applied to detackharacter of this bond decreases and the increase of the carbon
an electron. ring bond lengths is explained by this simple picture.

The NICS values were computed using the gauge-including atomic  The bhond lengths between the ring and theg@ups and
orbital (GIAO) method at the RHF level of theory. The nuclear magnetic ,:thin the G groups remain essentially constant and only a weak
resonance (NMR) parameters are calculated for a ghost atom in thetrend toward bond length equilibration can be observed with

framework of the Gaussian 98 package of programs. The NICS is cluster size. This is interpreted as follows. As the cluster size
defined as the negative of the isotropic magnetic shielding constant of . ’ P ’

this ghost atom. Aromaticity of a ring or cage system can be investigated increases, the acetyl?n_'c structure of t_hgijUp_S becomes

by computing the NICS for a ghost atom placed in the center of the More and more allenic in character, being consistent with the

ring (NICS(0)) o 1 A above the center (NICS(1)). If the corresponding decreasing negative partial charge on the outer carbon atom of

NICS has a clearly negative value, aromaticity is gi#e#. the G groups shown in Table 1. Using the same resonance

structure argument discussed above, the structure in which a

particular G group is acetylenic becomes gradually less
The geometries of the (G2~ clusters were optimized at  important, while the number of the other resonance structures,

the RHF level and at the correlated MP2 and CCSD levels of which all include an allenic structure for this Group, increases.

theory using the DZP basis set. Figure 2 summarizes the The observed bond length equilibration is thus also easily

optimized bond lengths &n, geometry of the (Cgn?~ clusters. explained within the resonance structure model.

The smaller investigated (GJa*~ clusters = 3—5) favor this Regarding the stability of the calculated structures above, one

highly symmetric minimum structure where they possess only point to note is that all investigated (G2~ cluster dianions

real frequencies. Thus, they are planar and no bond alternationgre stable with respect to fragmentation. This is due to the fact

does occur, which is a geometrical criterion fordkel-type  that the clusters are covalently bound and thus high energies
aromatics, discussed further below (section 5). Analysis of the gre necessary to break any bond.

. . AN : _ _
harmonic frequencies of the (G dianion gives three As mentioned above, the geometry of the largest investigated
imaginary values and consequently g symmetric structure o4 h4n cluster dianion (G2~ appears to be more complicated

does not represent a local minimum on the PES. The geometryyhap, those of the smaller ones. The three imaginary frequencies

o . . ; I
of (CC)¢” " is investigated separately in detail below, since it ¢ yhep g symmetric structure indicate a high-order saddle point
is a difficult task to definitely establish its ground-state structure. . the PES. To obtain the minimum geometry of the 6

The obtained lengths for the-€C bonds within the ring of cluster, various isomer®gg, D, Cz,, andCs symmetric ones)
141 pm for (CG)s*” and~146 pm for the larger carbon clusters \yore suggested and their geometries independently optimized
lie between the standard values of 154 pm for a single and 132 5 the RHF as well as at the MP2 level of theory. The differences
pm for a double carboncarbon bond. Values of 141 pm for energy and numbers of imaginary frequencies of these
(CC)s*” and ~138 pm for (CG)s-6”~ are calculated for the  gonmetries are given in Table 2. At the RHF level of theory, a
Cs symmetric minimum is found by employing the DZP basis
set. Structures of this symmetry are also found to lie low in

3. Geometries and Energetics

(47) von Niessen, W.; Schirmer, J.; Cederbaum, IC&nput. Phys. Ref984
1, 57.
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| >C=C=Cl =——> [_C—C=(Cl~ =———> | C—C=(C|~ «—>» [7;C—C=C(C|
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allenic aromatic

Figure 3. Resonance structures for the (£ cluster. One aromatic and three allenic resonance structures can be drawn.

Table 1. Mulliken Charge Distribution of the (CC;).2~ Dianions (n
= 3-6) Using the Nondiffuse DZP Basis Set?

ring size symmetry opt. with Ciing Cinner(c2) Couter(c2)
3 Dan CCsD 0.163 —0.575 —0.255
4 Dan CCSD 0.211 —0.502 —0.209
5 Dsh CCsD 0.231 —0.432 —0.199
6 Den/D3ag MP2 0.209 —0.393 —0.149

aFor (CG)e?, essentially the same charge distribution was found at
both theDg, and D3y symmetric geometries.

Table 2. Energy Differences between Various Stationary Points of
the (CC,)s2~ Dianion at the SCF as Well as the MP2 Level of
Theory?

symmetry EXF (kd/mol) ENN2 (k3/mol)
Den 0(3) 0
D3y -0.42 (2) —2.44
D2 —1.667 (2) - D6h
Ca -1.673(1) — Deh
Cs —1.742 (0) — D3qy

a At the SCF level of theory, the number of imaginary frequencies is
given in parentheses behind the energy difference. Note thatCthe
symmetric structure is the minimum at the SCF level, but starting at this
structure converges tol2gy sSymmetric geometry at the MP2 level of theory.

energy with the larger basis sets DZP(p) and DZP(sp). Employ-

ing the DZP(p) basis set, the minimum structure is found to
favor D, symmetry, and employing the DZP(sp) basis set, it is
totally asymmetric. On the MP2 level of theory, the results are

C 14605 C
_C_ l ,C
Tl 13848

177.7°
' c—C

C
AT O

Figure 4. Equilibirum geometry of (C@¢?~ with Dsq symmetry as
concluded in section 3. The geometrical parameters were obtained using
the DZP basis sets at the MP2 level of theory. The molecule is shown in
top view (upper part) and in front view in a quasi Newman projection along
two parallel C-C bonds (lower part).

remains a difficult task to conclude which is the true minimum
geometry, and high-level theoretical methods have to be
employed. Arguing from an electrostatic point of view, the most
probable structures are those where the negatively polarized C
groups can arrange themselves most distantly. Since Dgly
and D34 symmetric structures were found at the MP2 level of
theory, this geometric criterion can be easily applied. Dag
symmetric structure corresponds to a chairlike geometry of the
ring and thus allows for a greater distance between grgr@ips

more consistent. Starting the search for the minimum at the ,,, theDg, symmetric structure does. This supports the MP2

above symmetries, only two structures remain. Optimization of

the structure with the DZP basis set ends in all cas&aor
Dsq symmetry.

Starting with structures dd, andC,, symmetry, we obtained
the Dgn Optimized structure, whereas starting withsymmetry,
we obtained thé®sy optimized structure. Note th&t, andCy,
are subgroups oDgn, but not of Dsg. The contrary applies to
Cs, which is a subgroup of botBg, andDsg. Furthermore, using

computational findings discussed above thatDhgsymmetric
structure is the most probable minimum geometry. We shall
use the geometry obtained at the MP2 level of theory (DZP
basis set) for the investigation of the aromaticity in section 5.
This geometry is pictured in Figure 4.

4. Electronic Stability
The vertical electronic stability of the carbon cluster dianions

the larger DZP(p) basis set, the optimization at the MP2 level has been investigated by employing KT, OV@SCF,AMP2,

of theory did not converge for any other th&s, and Dsg
symmetric structures. The energy difference betweerDige
and theD3q symmetric structures has a value-62.44 kJ/mol

andACCSD using the DZP basis set. One point to note is that
vertical EDEs were calculated, which reflect the stability of the
dianion at its equilibrium geometry at the corresponding level

at the MP2 level of theory using the DZP basis set. Using the of theory. These EDEs take account for electron loss of the

larger DZP(p) basis set, the energy difference increase4 200
kJ/mol; i.e., theDzqy symmetric structure is further favored by a
lower energy. These values indicate that thg symmetric
structure is the equilibrium geometry of (¢, although we

dianion without allowing for relaxation of the geometry of the

created monoanion. The obtained EDEs are given in Table 3.
At the level of KT, all investigated dianions are electronically

stable. However, it is a well-known fact that KT tends to

were not able to obtain the harmonic frequencies or to carry overestimate the binding energy of the excess ele@féis3
out the optimization using even larger basis sets to establishsince orbital relaxation is excluded. Taking only this relaxation

this conclusion beyond doubt.
One further aspect is that all stationary points of (g€

effect into account by &ASCF calculation, the monoanion is
stabilized in comparison to the dianion and the EDEs are

lie close in energy and the lowest eigenfrequencies are veryobserved to decrease, e.g., for @C€ from 124 kJ/mol at KT
small at the RHF level of theory, suggesting a shallow PES. It to 67 kJ/mol aASCF. Including also electron correlation effects
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Table 5. Vertical EDEs (kJ/mol) of the (CCo),”_ Dianions (n = second stabilizing effect is simply that this formal exchange
376), Which Have Been Calculated Using the DZP Basis Set yields spatially more extended molecules, making a better
ring size KT OVGF ASCF AMP2 ACCSD delocalization of the excess negative charges and thus a smaller
3 110 82.1 50.7 72.9 65.0 Coulomb repulsion possible.
4 124 120 67.2 140 92.8
6 (Den) 117 - 76.2 -
6 (Dsd) 112 - 70.4 248 Traditionally, a geometrical criterion for aromaticity is that

no bond alternation in the investigated ring occurs. Another
maybe more stringent criterion for aromaticity often used
by using theAMP2, ACCSD, and OVGF methods, the EDE recently is provided by negative NICS values. Interestingly, the
increases again, for example, to 140, 93, and 121 kJ/mol, geometric criterion is not a necessary one, as one might by
respectively, for the (Cg42~ dianion. This is due to the fact tempted to expect. Choi and Kertesz observed negative NICS
that the correlation energy of M electron system (dianion) is  values, i.e., aromaticity, in large annulenes with # 27-
expected to be larger than that ofNa— 1 electron system  electrons despite the appearance of bond altern&tidaverthe-
(monoanion). A similar trend is also observed for the other less, in most cases, the non-bond-alternation criterion corre-
(CCy)n?~ dianionic clusters. sponds well to aromaticity and we will discuss it in our treatment
In general, it is possible to take the relaxation of the geometry of the (CG),?~ clusters as well.
of the monoanion into account by calculating the total energy  As shown above, the small (G2~ clusters (withn = 3—5)
of the monoanion at its separately optimized geometry. So-called exhibit aD,, symmetric geometry. This implicitly requires that
adiabatic EDEs are obtained by calculating the difference all bonds within the ring possess the same length. Following
between the energies of the optimized monoanion and thethe non-bond-alternation criterion, this provides evidence for
optimized dianion. The &€ cluster dianion, the smallest their aromaticity. Although the largest investigated cluster
member of the (Cgx* series, already has been proven to be (CC,)¢2~ probably does not posses®g symmetric structure,
stable both vertically and adiabaticaff/Since the larger clusters it is almost planar, as indicated by the small dihedral angle of
are vertically more stable thans, it is thus not necessary to  10.2 within the ring. Additionally, no bond alternation occurs

896.49 kJ/mol= 1 eV x Na.

compute the adiabatic EDEs for the larger clusters (with according to its most likelfDg, symmetric structure. Thus, it is
4—6) to establish overall electronic stability. still likely that this dianionic cluster has some aromatic character.
When comparing the calculated EDEs of the i€ clusters To further establish the degree of aromaticity of these

with differentn, one notices that the cluster dianions become compounds, we employed a magnetic criterion which mirrors
gradually more stable with increasimg At the ASCF level of tne ring current. We calculatenliclear independent chemical
theory, the increase of stability with size is much more moderate shifts a criterion that is well known under the abbrevation NICS
than that reflected by the available data computed using moregng is efficiently and easily computed as the negative of the
advanced methods. As seen in Table 3, electron correlation p|ay5magnetic shielding at the center of ring systems or at other
an essential role in stabilizing the excess electron. The rathergistinctive points. Large negative values correspond to dominat-
slow increase in stability with size found at teSCF level ing diatropic ring currents; hence, aromaticity, positive values
may be anticipated from electrostatic considerations. Electro- jhgicate dominating paratropic ring currents, hence antiaroma-
statically, the increase in stability is subject to two opposing ticity. The NICS values have been shown to agree well with
effects: Due to the decreasing bond angle between the ring andynergetic, geometric, and other magnetic criteria of aromaticity,
the G groups with increasing), the distance between the especially in five-membered heterocyclsThe NICS(0),
negatively polarized £groups becomes smaller, thus increasing  meaning the value at the geometrical center of the ring, however,
the Coulomb repulsion between these units. This just runs g influenced by effects from the-bonds. Thus, it is better to
oppositely to the stabilizing effect caused by charge delocal- c5icylate also the nuclear independent chemical shifabove
ization: the excess negative charge becomes more and morgpe ring plane, because this NICS(1) is mainly effected by
delocalized because of the enlarged ring and the growing number.qoniributions of ther-bonds. It provides a more reasonable
of C; groups. estimate of the ring current and the aromaticity of the moletule.
The observed stability of the (G2~ clusters is in contrast The computed NICS values for the (@@ dianions are
to the analogue oxocarbon dianions (GO)examined theoreti- 0o in Table 4, as well as values for the (Goxlusters

8 .
cally by Schieyer et af? which are all clearly unstable with investigated by Schleyer et #(see section 1). For comparison,

LG_?DEC'E to elelcttrondemlssgon atlri?d% adt Lhe ﬂ(;eorettrl]cal level ﬁf\_/ve include NICS values for their systems that we recalculated
- A generalirend can be established based on tese reSUllSy i, the pzp and DZP(sp) basis set, because they used the
By exchanging oxygen atoms in an unstable dianion by C

N 6-31+G* basis seb-52and unfortunately, severe linear depend-
groups, one gets an enormous amount of stabilization e encies in the 6-3tG* basis set were detected when they were
regarding electron loss. As already observed in the case of the

i - . . employed for our (CQ.2~ clusters withn = 4,5. No conver-
2— 32
?3" jymmetrllc sysi[e.ms dCé?T and G. ’ trr]esple ctt|vely, ftfhlst gence of the RHF equations has been achieved and thus no NICS
(rEeAn) thﬁgzz)jgg %r;?/geryaigmzir;ge ane Ee Ae gfrgrl] Oak\llr/]rl*r:EIS values are available employing the 643&* basis set for these
) - '’ two systems. But these missing values are not particular!
whereas the £€group has an EA of 310 kJ/méi;*° providing 4 g P y

a much better ability to stabilize excessive negative charge. A

(50) Choi, C. H.; Kertesz, MJ. Chem. Phys1998 108 6681.

(51) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl1972 56, 2257.
(48) Hotop, H.; Lineberger, W. Cl. Phys. Chem. Re Data 1985 14, 731. (52) Francl, M.; Petro, W.; Hehre, W.; Binkley, J.; Gordon, M.; DeFrees, D.;
(49) Bates, D. RAdv. At., Mol., Opt. Phys199Q 27, 1. Pople, JJ. Chem. Phys1982 77, 3654.
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(ng/)e 24- O%Omp?giSQr;] Oé_f';“CS VSIU_ES éppm) 0; (ng)nz_ and]c the independent particle level and at correlated levels of theory.
n tained wit ifferent Basis Sets at D,y Geometry for n . . iy n .
= 325, Dyy Geometry for (CCo)s2, and D, Geometry for (CO)e?~ For the smaller cluster dianions with= 3—5, a symmetric,

planarDy, minimum structure was found. The largest investi-

CCo2 CO)2 .
system . (¢c) €0 gated cluster (C&¢2~ has a shallow potential energy surface,
ring size basis NICS(0) NICS(1) NICS(0) NICS(1) . e . .

3 o7p I P —— 111 and thus, it is a difficult task to establish its ground-state
DZP(sp) 308 -125 -356  —109 structure with certainty. From the results at thg MP2 level of
6-31+G* -31.6 —131 -36.2 -11.0 theory and based on electrostatic arguments, it was concluded
aug-cc-pvVliz  —325  —125 that this cluster does not posse€ds symmetric, but probably

4 DzZP +6.7 -6.1 —4.5 -85 . S
DZP(sp) +8.2 47 _58 -88 a chairlikeDsg equilibrium geometry.
ngl-tSpVTz 6.8 50 :?:g :g:g The stability of the cyclic (CQ,F* djanions Wit.h respect to

5 DzZP +8.5 -4.1 +3.3 —-6.0 electron autodetachment was investigated at different levels of
gzg'zfgl +108  -16 Ig-g :g-g theory. All yielded clearly positive values for the EDE, and an

6 D_ZP +9.6 11 29 45 increasing electronic stability with increasing cluster size was
DZP(sp) +10.7 -0.1 2.8 4.7 observed. Since fragmentation can be excluded for the covalent
6-31+G* +3r 43 carbon cluster dianions, all examined (€ dianions repre-

aValues in italics are taken from ref 38. No convergence of the RHF sent stable compounds and are predicted to be observable in

procedure was achieved for (@~ (n = 4—6) using the 6-3+G* basis the gas phase.
set.P Recalculated by us; original value of 7.9 is misprinted. o o
The aromaticity of the cluster dianions (@@~ decreases

relevant as all other NICS values obtained with different basis with increasingn. This behavior is manifested in the calculated
sets are consistent with each other for a specific cluster. NICS values, which gradually become less negative when going
Taking diffuse functions into account does not alter the NICS from (CGy)s2~ to (CG)e?. Also, the fact that the (Cgs?~
values SUbStantia"y. Since we are mainly interested in inves- cluster seems to possess a nonp|a])@"symmetric ground_
tigating trends, the calculated values are sufficiently reliable. state structure supports this tendency.
This is supported by the calculation of the NICS values with N . _
the large basis set aug-cc-pVTZ for (©€  and (CG).2, The computed quantities exhibit systematic trends as a
yielding values that agree quite well with those obtained by function of the systems size. A simple resonance structure model
employing the smaller basis sets (see Table 4). To consistentlyconsidering the interplay of allenic and aromatic structures
compare all clusters studied, the values computed with the DZP-explains nicely the observed trends and provides chemical
(sp) basis set are used in the following. insight into the results.
Since the NICS(1) value increases frem 2.5 for (CG)z2~
to —4.7 for (CG)4#~, —1.6 for (CG)s2—, and—0.1 for (CG)e?,
the aromaticity decreases with increasing ring size. Although

(CCy)3?% is approximately as aromatic as benzene, whichhasa™ =~ ™ ! . .
NICS(1) value 0f—9.73 the next two of the series are only emission and have aromatic character, but the electronic stability

slightly aromatic and the largest investigated cluster has Ncréases as the aromatic character decreases. In a recent
essentially no aromaticity. This trend can again be explained combined experimental and theoretical work on the electronic
with the help of the resonance structures described above: ForStability of the dianionic species succinate and acetylene
each carbon cluster dianion' On|y one aromatic resonancedicarboxylate, hints are given that delocalization of both Charges
structure can be drawn, whereas there are alwaydlenic in one z-system is very unfavorable to stabilize the excess
resonance structures. Thus, with increasimgthe aromatic negative charge®. This also is well in agreement with our
resonance structure becomes less and less important, consdindings. Furthermore, very recent calculations on the aromatic
quently leading to a decrease in the aromatic character of thecyclooctatetraene dianiong8g?~ has clearly shown that this
clusters. system is highly unstable with respect to electron emission and

Comparing our carbon cluster dianions € with the does not show enhanced stabifify.
mixed oxocarbon clusters investigated by Schleyer et al., one

observes that only the NICS(1) value of the smallest carbon
cluster dianion, (C@s?-, is more negative than that of the

corresponding oxocarbon dianion (GB) For the larger cluster

dianions on the other hand, the NICS(1) values of the pure
carbon clusters are clearly less negative than those of the
oxocarbon clusters, indicating less aromaticity of these pure
carbon dianions. JA0123002

Finally, we stress that aromaticity is not a useful property
for a dianion to stabilize the excess negative charges. Of course,
the examined dianions are stable with respect to electron
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6. Summary and Conclusion

In this paper, the cyclic carbon cluster dianions ¢R& (n (53) fz"grjﬁgg’ - Simons, J.; Wang, X.-B.; Wang, L.dSAm. Chem. S0200Q

= 3—6) were investigated. Their geometry was optimized at (54) Sommerfeld, TJ. Am. Chem. So@002, 124, 1119.
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