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Abstract: Calculations employing density functional theory indicate that, rather than undergoing fragmenta-
tion, dicationic clusters of benzene, hexafluorobenzene, and naphthalene produced by sequential one-
electron or sudden double-ionization experiments on the neutrals can relax via the formation of inter-ring
covalent C—C bonds, along with a series of proton transfers that enable a substantial reduction of inter-
and intramolecular Coulomb repulsions. The theoretically predicted chemically bound structures correspond
to deep local energy minima on the potential energy surface pertaining to the lowest electronic state of the
dications and can therefore be regarded as metastable (kinetically long-lived) species. This discovery
invalidates on theoretical grounds the liquid-droplet model of multiply charged clusters and sheds very
unexpected light on possible consequences in chemistry of the intermolecular Coulombic decay (ICD)
mechanism [Cederbaum, L. S.; et al. Phys. Rev. Lett. 1997, 79, 4778; Jahnke, T.; et al. Phys. Rev. Lett.
2004, 93, 163401] for deep inner-valence ionized states. Propagation of charge rearrangement reactions
and proton transfers to several monomers may eventually lead to the formation of rather extended dicationic
assemblies.

1. Introduction tional studies have been conducted on charged clusters of
benzene BZ".4 The simplest example is the benzene cation
radical = 1,Z= 1) which has attracted considerable interest,
both experimentally and theoretically, as a typical Jahaller
systen® The next simple charged clusters in this series are the
benzene dimer catiom(E 2, Z = 1) and the benzene dication
(n=1, Z = 2). Although the last two decades have witnessed
a steady increase of experimental and theoretical interest in the
gas-phase physics and chemistry of ions of molecular clusters,
or molecular dications (see ref 6 for reviews and references
therein), most studies on charged benzene clusters have mainly
focused on the benzene dimer cation. Very little is known about
T Universitei the dicationic states of benzene, both in isolated form and in
iversiteit Hasselt. . . . . . .
*Universite de Liege. Permanent address: Bogoliubov Institute for clusters. Recent advances in this fairly rapidly evolving field
Theoretical Physics, Kiev, 03143 Ukraine. have led us to undertake the present study of doubly charged
@ @ e?#.”?é’c.shg';lg;ésggf %fg{’g@%i’ﬁ 2&%3%&2 dgft?%'f'vié J" clusters of benzene and related molecules, such as naphthalene
Chem. Resl1997 10, 393. (d) McGaughey, G. B.; Gagnil.; Rappe, A. and hexafluorobenzene.

K. J. Biol. Chem1998 273 15458. (e) Tsuzuki, S.; Honda, K.; Uchimaru,
T.; Mikami, M.; Tanabe, K.J. Am. Chem. Soc2002 124, 104 and

Benzene (Bz) is the most representative aromatic molecule
and certainly one of the cornerstones of theories of chemical
reactivity. Benzene clusters are prototype systems to sttty
intermolecular interactions, a fundamental topic in chemistry
and biology* Quite naturally therefore, a wealth of experimental
and theoretical studies has focused on neutral clusters of
benzene, primarily on their structural and spectroscopic proper-
ties2 In contrast, despite the evolution of techniques and theories
for probing and analyzing the structure and properties of ions
of molecular clusterd,much less experimental and computa-

references therein. (3) (a) Castleman, A. W., Jr.; Wei, 8nnu. Re. Phys. Chem1994 45, 685.

(2) (a) Hobza, P.; Selzle, H. L.; Schlag, E. @hem. Re. 1994 94, 1767. (b) (b) Castleman, A. W., Jr.; Bowen, K., J.Phys. Cheni996 100, 12911.
Steed, J. M.; Dixon, T. A.; Klemperer, W. Chem. Physl979 70, 4940. (c) Duncan, M. AAnnu. Re. Phys. Chem1997, 48, 69. (d) Neusser, H.
(c) Karlstrom, G.; Linse, P.; Wallgvist, A.; Jonsson, B Am. Chem. Soc. J.; Siglow, K.Chem. Re. 200Q 100, 3921. (e) Armentrout, P. BAnnu.
1983 105, 3777. (d) Krause, H.; Ernstberger, B.; Neusser, HClem. Rev. Phys. Chem2001, 52, 423. (f) Santra, R.; Cederbaum, L. Bhys.
Phys. Lett.1991 184 411. (e) Jaffe, R. L.; Smith, G. 0. Chem. Phys. Rep.2002 368 1.
1996 105, 2780. (f) Hobza, P.; Selzle, H. L.; Schlag, E. WPhys. Chem. (4) There is no evidence for the existence of negatively charged clusters of
1996 100, 18790. (g) Hobza, P.;@ko, V.; Selzle, H. L.; Schlag, E. W. benzene molecules in the gas phase. Notice also that in the gas phase, the
J. Phys. Chem. A998 102 2501. (h) pirko, V.; Engkvist, O.; Solda, electron affinity of benzene in its ground state is negative, EN(C=
P.; Selzle, H. L.; Schlag, E. W.; Hobza, P.Chem. Phys1999 111, 572. —1.12 eV, see, e. g.,: Frasinsky, L. J.; Codling, K.; Hatherly, P.; Barr, J.;
(i) Kim, K. S.; Tarakeshwar, P.; Lee, J. ¥hem. Re. 200Q 100, 4145. Ross, |. N.; Toner, W. TPhys. Re. Lett 1987, 58, 2424
() Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, T.; Tanabe, K. (5) (@) Huang, M.; Lunell, SJ. Chem. Phys199Q 92, 6081. (b) Muler-
Chem. Phys. Let200Q 319, 547. (k) Tsuzuki, S.; Uchimaru, T.; Sugawara, Dethlefs, K.J. Chem. Phys1999 111, 10550. (c) Lindner, R.; Miler-
K.-1.; Mikami, M. J. Chem. Phys2002 117, 11216. (I) Gonzalez, C.; Lim, Dethlefs, K.; Wedum, E.; Haber, K.; Grant, E. Riencel 996 271, 1698.
E. C.J. Phys. Chem. 2001, 105 1904. (m) limori, T.; Aoki, Y.; Ohshima, (d) Applegate, B. E.; Miller, T. AJ. Chem. Phys2002 117, 10654. (e)
Y. J. Chem. Phys2002 17, 3675. (n) limori, T.; Ohshima, YJ. Chem. Deleuze, M. S; Claes, L.; Kryachko, E. S.; Francois, J--Chem. Phys
Phys.2002 117, 3656. 2003 119 3106 and references therein.
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Recent theoretical works have demonstrated that, comparedransfers in the condensed phase are essential in research
with isolated molecules, atomic or molecular clusters must focusing on biological radiation damages.
behave in a fundamentally drastically different way under inner-  Obviously, the Coulomb repulsion between positive charges
valence ionization. This finding stems from the observation that, on different monomer sites decreases as the distance between
in a cluster environment, the double-ionization threshold lies these sites increases and is thus expected to scale inversely to
much below the ionization energies pertaining to the innermost system size. On the contrary, the cohesion forces ensuring the
valence levels, as a result of strong intermolecular electron stability of the neutral cluster increase with system size. There
correlation effects and of the delocalization of charges on must therefore exist some threshold &4er a multiply charged
different molecules. Therefore, excited (more specifically, shake- cluster below which fragmentation into two distinct charged
up) electronic states that result from ionization of deep enough fragments is energetically and kinetically favorable and above
inner-valence electrons are naturally prone to stabilization via which the short-range intermolecular interactions may create,
efficient electronic processes referred to as intermolecular together with the strong long-range Coulomb repulsion, an

Coulombic decays (ICD)These involve first a drop of an outer-
valence electron of the monomer carrying the initial vacancy

energy barrier on the pathway leading to fragmentation. This
barrier is often sufficiently hight to confer a substantial lifetime

into the inner-valence electron hole, whereas the released energyy thermodynamically unstable multiply charged cations. It has

is transferred via virtual photon exchange to a neighboring
monomer. This ultrafast energy transfer results in turn into
autoionization of another outer-valence electron from that
monomer, leaving two positive charges at different locations
in the cluster. In simpler words, ICD is a route for electric charge

migration without the assistance of nuclear dynamics. Since the
dispersion and electrostatic forces accounting for the cohesion

of molecular clusters are usually very weak, the ultimate fate
of the cluster after ICD is normally to decay via Coulomb
explosiorf into smaller units.

The ICD mechanism originally predicted by Cederbaum and
et al’2has only very recently been experimentally inferred from
the electron spectra of photoexcited Ne clusteasid explicitly

assessed through synchrotron experiments on 2s ionized neo

dimers, along with three-particle detection in coincidence of
the autoionized electron and of the two neon catims, from

a determination of the 2s vacancy lifetime in surface and bulk
atoms of free Ne clustef§The consequences of this mechanism
for chemistry and biology have yet to be explored in detail.
For instance, with regards to the intensity of the radiation field
present in such an environment, it is quite clear that ICD
processes must play an important role in the stellar and
interstellar chemistry of clusters. Also, studies of electron

(6) (a) Koch, W.; Maquin, F.; Stahl, D.; Schwarz, Bhimia 1985 39, 376.
(b) Shields, G. C.; Moran, T. Htheor. Chim. Actd986 69, 147. (c) Véey,
K.; Brenton, A. G.; Beynon, J. Hnt. J. Mass Spectrom. lon Processes
1986 70, 277. (d) Lammertsma, K.; Schleyer, P. v. R.; SchwarZhkew.
Chem., Int. Ed. Engl1989 28, 1321. (e) Mathur, DPhys. Rep1993
225, 193. (f) Larsson, MComments At. Mol. Phy$99329, 39. (g) Veey,
K. Mass Spectrom. Re1995 14, 195. (h) Herman, Zint. Rev. Phys.
Chem.1996 15, 299. (i) Price, S. DJ. Chem. Soc., Faraday Trank997,
93, 2451. (j) Schroder, D.; Schwarz, B. Phys. Chem. A999 103 7385.
(k) Nenajdenko, V. G.; Shevchenko, N. E.; Balenkova, E. S.; Alabugin, I.
V. Chem. Re. 2003 103 229. (I) Echt, O. InPhysics and Chemistry of
Small ClustersJena, P., Rao, B., Khanna, S. N., Eds.; Plenum: New York,
1987; p 623.

(7) (a) Cederbaum, L. S.; Zobeley, J.; TarantelliPRys. Re. Lett. 1997, 79,
4778. (b) Zobeley, J.; Cederbaum, L. S.; Tarantell].FZhem. Phys1998
108 9737. (c) Santra, R.; Zobeley, J.; Cederbaum, L. S.; Moiseyev, N.
Phys. Re. Lett.200Q 85, 4490. (d) Moiseyev, N.; Santra, R.; Zobeley, J.;
Cederbaum, L. S1. Chem. Phys2001, 114, 7351. (e) Zobeley, J.; Santra,
R.; Cederbaum, L. S]. Chem. Phys2001, 115 5076. (f) Muler, I. B.;
Zobeley, J.; Cederbaum, L. $. Chem. Phys2002 117, 1085. (g) Buth,
C.; Santra, R.; Cederbaum, L. $. Chem. Phys2003 119 10575. (h)
Santra, R.; Cederbaum, Bhys. Re. Lett.2003 90, 153401. (i) Marburger,
S.; Kugeler, O.; Hergenhahn, U.; Mer, T. Phys. Re. Lett. 2003 90,
203401. (j) Scheit, S.; Averbukh, V.; Meyer, H.-D.; Moiseyev, N.; Santra,
R.; Sommerfeld, T.; Zobeley, J.; Cederbaum, LIJSChem. Phys2004
121, 8393. (k) Janhke, T.; et aPhys. Re. Lett. 2004 93, 163401. (1)
Ohrwall, G.; et al.Phys. Re. Lett.2004 93, 173401. (m) Averbukh, V;
Miller, 1. B.; Cederbaum, L. SPhys. Re. Lett. 2004 93, 263002.

(8) (a) Sattler, K.; Mialbach, J.; Echt, O.; Pfau, P.; RecknagelPhys. Re.
Lett. 1981 47, 160. (b) Bfehignac, C.; Cahuzac, Ph.; Carliez, F.; de Frutos,
M. Phys. Re. Lett.199Q 64, 2893. (c) Last, I.; Levy, Y.; Jortner, Proc.
Natl. Acad. Sci. U.S.£2002 99, 9107. (d) Echt, O.; M, T. D. In Clusters
of Atoms and MoleculeHaberland, H., Ed.; Springer: Berlin, 1994; p
183.

been experimentally demonstratédor instance, that, in the
gas phase, the smallest cluster of benzene molecules that can
bear two positive charges must contain at least 23 units.

To simply predict the threshold sizg(Z+) of a given cluster
bearingZ units of charged), and containingiy molecules, a
crude liquid-droplet model, which resembles that of the
Coulomb instability of liquid droplets proposed at the end of
the nineteenth century by Lord Raylei¢frand further developed
by Meitner and Frisch} and Bohr and Wheeléf, has often
been invoked (see also refs 10a;-1®, and ref 20 for current
review and references therein). According to this model,
no(Z+) is obtained by equating the electrostatic energy
= Z?¢?IR of a charged sphere of radiBswith Z positive charges

" its surface energy= yR? wherey is the surface tension.

Therefore, the threshold radius is proportionalZ%ef/R)/3. The
volume of the sphere being proportionalrig it follows that,
according to this modeho(Z+) must scale likez2. Despite the
crudeness of the model, such estimatesih general fairly
agree with the experimental data available for multiply charged
van der Waals clusters: if their sinex ng, they are intrinsically
unstable and their fragmentation is exotherfiids an example,
the liquid-droplet model predicts that for Bz(2+) = 18 (see
Table 2 in ref 17), to compare with an experimental value of
no(2+) = 23 (see above).

However, the liquid-droplet model was invalidated by Mar-
trenchard et a! in 1991 who experimentally inferred the
existence of doubly charged clusterspatlifluorobenzene -

(9) Boudaiffa, A.; Cloutier, P.; Hunting, D.; Huels, M. A.; Sanche Science
200Q 287, 1658.

(10) (a) Casero, R.; ®az, J. J.; Soler, J. MPhys. Re. A 1988 37, 1401. (b)
Muhlbach, J.; Sattler, K.; Pfau, P.; Recknagel,Ahys. Lett.1982 87A
415. (c) Pfau, P.; Sattler, K.; Pfaum, P.; RecknagelPhys. Lett.1984
104A 262.

(11) (a) Vekey, K. Mass Spectrom. Re 1995 14, 195. (b) Schider, D.;
Schwarz, HJ. Phys. Chem. A999 103 7385.

(12) (a) Schriver, K. E.; Hahn, M. Y.; Whetten, R. Phys. Re. Lett. 1987,

59, 1906. (b) Hahn, M. Y.; Schriver, K. E.; Whetten, R.L.Chem. Phys.

1988 88, 4242. (c) Stace, A. J.; Bernard, D. M.; Crooks, J. J.; Reid, K.

Mol. Phys.1987, 60, 671. (d) Geiger, J.; R, E. Int. J. Mass Spectrom.

2002 220, 99. (e) Inokuchi, Y.; Naitoh, Y.; Ohashi, K.; Saitow, K.-i.;

Yoshihara, K.; Nishi, NChem. Phys. Lettl997 269, 298.

Lord RayleighPhilos. Mag.1882 14, 184.

Meitner, L.; Frisch, O. RNature 1939 143 239.

Bohr, N.; Wheeler, J. APhys. Re. 1939 56, 426.

Kreisle, D.; Echt, O.; Knapp, M.; Recknagel, E.; Leiter, K.irkar. D.;

Saenz, J. J.; Soler, J. MPhys. Re. Lett. 1986 56, 1551.

Echt, O.; Kreisle, D.; Recknagel, E.;3&, J. J.; Casero, R.; Soler, J. M.

Phys. Re. A 1988 38, 3236.

(18) Mak, T. D.; Dcheier, PNucl. Instrum. Methods Phys. Res., Sect9B5

98, 469.

(19) Rauth, T.; Grill, V.; Mak, T. D. Int. J. Mass Spectrom. lon Processes

1994 139, 147.

(20) Néher, U,; Bjgrnholm, S.; Frauendorf, S.; Garcias, F.; GueRliys. Rep.
1997, 285 245.
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difluoroBz),2* with 3 < n < 15 and estimated their lifetimes
to be larger than 4@s 2! This family has been further extended
to a hybrid series of small but stable clusters such s (
difluoroBzz*Bz,)2" and (-difluoroBz-Bz,):2".21? It must be
noted nonetheless thap-@lifluoroBz@* was not observedt?

So far, the structures of all these dications remain unknown.
The semiempirical calculations conducted in ref 21b led to the
conclusion that these doubly positively charged clusters are
simply tightened by electrostatic and dispersion forces. As shall

be seen, it is actually much more reasonable to suggest that the

liquid-droplet approximation breaks down because it does not
account for quantum chemical effects, more specifically the
formation of additional chemical bonds, but rather crudely

assumes that the excess charge (hole) spreads over the whol

4

ol

%

m

3

4
R(C4-Cy)in A

5

6

cluster surface and that the constituting molecules are arrangedsy e 1. B3LYP/cc-pVDZ study of the dissociation pathway of thez!

in a way that the total surface energy is minimized.

Resorting to density functional theory (DFT), and a reliable
hybrid and gradient-corrected functional that has been widely
employed in studies of reaction pathways, the present work
provides theoretical evidences that, in sharp contrast with the
expectations of the liquid-droplet model and the Coulomb
explosion that has been predicted by high-level computations

for small clusters of rare gas atoms (Ne) and molecules such as

water or hydrogen fluoride, double-ionization processes on
clusters of benzene and related molecules such as hexafluo
robenzene and naphthalene may induce the formation of
covalently bound dicationic assemblies of two, and possibly
more, monomer units.

2. Computational Framework

Most computations, framing the present work, were performed by
means of the GAUSSIAN98 package of prograhemploying DFT
along with the Becke three-parameters t&@ng—Parr (B3LYP)
functionaf® and Dunning’s correlation consistent polarized valence basis
sets of double- and triplg-quality, in short cc-pVDZ and cc-pVTZ,
respectively. These computational levels, B3LYP/cc-pVDZ and B3LYP/
cc-pVTZ, are known to be fully adequate for theoretical studies of
molecular structures, vibrational spectra, and related properties (see re

5e and references therein). The pruned integration grid that has beer

used for performing all geometry optimizations with DFT/B3LYP is
the default one, which has 75 radial shells and 302 angular points per
shell, and results in about 7000 points per atom. In the present work,
harmonic vibrational frequencies and the related zero-point vibrational
energies (ZPVEs) have been analytically calculated at all employed
computational levels in order to verify whether the identified stationary
structures correspond to energy minima or to saddle-points on the
potential energy surfaces. Enthalpies and entropies were estimated fron
the partition functions calculated at room temperature (298 K) using
Boltzmann thermostatistics and the rigid-rotor-harmonic-oscillator
approximatior?® The expectation value of th#& operator for radicals

and closed-shell dications was found to remain always equaDt@50
and~0.00, respectively. It is worth noting that DFT methods are known
to be less sensitive to spin contamination problems than post-SCF ab
initio approaches such as MghePlesset theories. In their unrestricted

(21) (a) Martrenchard, S.; Jouvet, C.; Lardeux-Dedonder, C.; Solgadi, D.
Chem. Phys1991, 94, 3274. (b) Brenner, V.; Martrenchard, S.; Millie, P;
Jouvet, C.; Lardeux-Dedonder, C.; Solgadi, Chem. Phys1992 162
303. (c) Martrenchard-Barra, S.; Jouvet, C.; Lardeux-Dedonder, C.; Solgadi,
D. Chem. Phys. Lettl993 215 291.

(22) Frisch, M. J.; et alGaussian98revision A.7; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(23) (a) Becke, A. DJ. Chem. Phys199398, 5648. (b) Lee, C.; Yang W.;
Parr, R. G.Phys. Re. B 1988 37, 785.

species under the constraints®f, (red curve) oiC; (blue curve) symmetry
point groups. See Figure 2 for an illustration of the-F structures.

A D
| N PR
hye | o4 L ML
N .3...41 :\'w-\’ . /1 :'n,
5> <O
aw

Figure 2. Structures corresponding to stationary or entry points on the
potential energy surface of the dicationic dimer of benzene. (A) state
produced through vertical double ionization of the neutral sandwich; (B)
state produced through vertical ionization of the adiabatically relaxed Bz
cation; (C) T$; (D) TS; (E) Bz2"-I; (F) Bz?*-l;s. Atom displacements

in C, D, and F derive from the eigenvectors related to the imaginary
frequency characterizing these transition states.

version, these methods, and the B3LYP functional in particular, are
thus better suited for studying bond dissociation processes. We refer
in particular to section 11.5 within the text book by F. Jer%émr a
comparison with the results of benchmark calculations employing a
multireference wave function.

(24) (a) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007. (b) Woon, D. E.;
Dunning, T. H., JrJ. Chem. Phys1998 98, 1358.
(25) McQuarrie, D. AStatistical MechanigdHarper and Row: New York, 1976.

16826 J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005

(26) Jensen, Antroduction to Computational Chemistryohn Wiley & Sons:
Chichester, U.K., 1999.
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- AE=27.19 Pl
M ¥y
2Bz (B,
24,3
Valley of Fused Dicationic States of Benzene Dimer BB (B
AE=144.72
AH=145.30
Bz, IX Bz, 2 -VIII Bz, 2 VIl Bz,2t-v1 Bz,>*-v Bzy2 v Bz, 11
AE=1.02 AE=1.36 AE=(0.37) AE=(0.64)
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y i
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Figure 3. Lower-energy portion of the potential energy surface of the ground electronic state?dfdgscribing the migration of the double hole over the
benzene ring. The relative electronic energies and the ZPVE-corrected energies (i.e., enthalpies) are displayed in the following order: pB3L2Yatidc-

B3LYP/cc-pVDZ (in parentheses).

Except for a few situations that will be explicitly mentioned where overestimations of our best (B3LYP/cc-pVTZ) estimates for these
appropriate, most reaction and activation energies discussed in theenergies by the B3LYP/cc-pVDZ model never exceed 8%. There-
sequel account for zero-point vibrational energies and derive from our fore, with regards to the size of the employed basis sets and the height

most thorough B3LYP/cc-pVTZ or B3LYP/6-31G(d,p) calculations,

of the computed energy barriers, we did not deem necessary to syste-

respectively. Differences on reaction and activation energies betweenmatically account for basis set superposition errors (BSZE3pme
these two models and the B3LYP/cc-pVDZ one are limited: relative calculations in section 3 illustrate these two methodological issues.

J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005 16827
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3. Consequences of Double lonization in Bz,

Suppose that one electron in the innermost valence level of
a dimer of benzene molecules is ionized by interaction with an
electron or photon of sufficient energy. All electronic states
produced by ionization of the innermost©rbitals of Bz, and
by extension Bz are shake-up states described as mixtures of
singly ionized but electronically excited configurations. These
states are found at vertical ionization energies around 2%#eV.
Since they lie much above the vertical double-ionization
threshold of the dimer (21.9 eV, at the B3LYP/cc-pVTZ level),
they will, according to the ICD mechanism by Cederbaum and
co-workers, very naturally decay within time scales of the order
of 1 to 100 fs, through emission of a second electron into the
continuum, leaving thereby a doubly ionized cluster bearing two
positive charges localized on different monomers. It may then
be expected, by analogy with the works reported so far on
clusters of Ne, HF, and 4@, that the ultimate fate of the Bz
cluster will be simply to undergo a Coulomb explosion.

From inspection of the potential energy surfaces computed
for the electronic ground state of Bz, of which the main
features are summarized in Figures3, it appears however
that two reaction channels are opened oncghds been doubly
ionized. As anticipated, the most energetically favorable route
leads to a fragmentation of the cluster into two distinct™Bz
species. From here and henceforth, this reaction pathway will
be referred to as théssion route Another route, which is at
first glance less competitive from an energy viewpoint, leads
on the contrary to théormation of a cealent C-C chemical
bondbetween the two rings. This second reaction path will be
referred to as th&usion route and this first identified covalently
bound structure will be described as the Bzl species
(structureE in Figures 1 and 2, see Figure 4 for atom labeling).
In this covalently bound dimer the inter-ring bond connects two

carbon atoms bearing four substituents and exhibiting a tetra-

hedral configuration, thus an%pybridization state (see Figure
4). At the B3LYP/cc-pvVDZ and B3LYP/cc-pVTZ levels, the
vertical dicationic stateX) produced by the sudden removal
of two electrons from the neutral dimer in its displaced parallel
form lies at 5.9 and 6.9 kcal/mol, respectively, above the
transition state (T on the reaction pathway that describes
(C) the dissociation of the BZ"-I dimer into two Bz radical
cations (Figure 1). These two statésgndC in Figures 1 and

2) are very similar from a geometrical viewpoint: theplSate

is a displaced and perfectly parallel form @b, symmetry,
whereas in neutral form the benzene rings in the dimer of
benzene exhibit a twist angle 6f13°. The inter-ring distance
defined by the relative location of the closest carbon atoms in
different ringsr(C4—C7) = 3.80 A in the TS state C, B3LYP/
cc-pVTZ result) is decreased by0.5 A compared with the
geometry of the neutral dimer(Cs—C7) = 4.33 A). Values of
3.82 and 4.08 A are correspondingly found at the B3LYP/cc-
pVDZ level. This observation implies that the doubly ionized
form of the neutral dimer of benzen&)lies on the side of the
TSo energy barrier leading to Coulomb fragmentation into 2Bz
However, it is worth noting from Figure 1 that the total
electronic energy of the BZ" cluster does not vary by more
than 0.55 kcal/mol when the inter-ring distance-C; increases

(27) Ransil, B. JJ. Chem. Phys1961, 34, 2109.
(28) Deleuze, M. S.; Trofimov, A. B.; Cederbaum, L.5 Chem. Phys2001,
115, 5859.
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Figure 4. Molecular structure of B#™-I at the B3LYP/cc-pVTZ level
(bond lengths in angstroms). The atomic numbering that has been provided
in this figure is used throughout the present work.

from 3.5 to 4.2 A, an energy difference which is comparable
with that associated with thermal fluctuations at room temper-
ature (RT). Therefore, with regards to the above energy
difference of~6 kcal/mol and the extreme smoothness of the
reaction path around TSit seems quite likely that, at energies
equal to or slightly above the vertical double-ionization
threshold, a nonnegligible fraction of the dications produced
by the sudden removal of two electrons should relax through
fusion into the Bz>"-1 species E).

In contrast with the relative location of the vertically doubly
ionized stateA), the fusion route iseadily reached when using
as inputs for optimizations of the geometry of Bz the
adiabatically relaxed structure of the monocation;Ban its
sandwich form. Indeed, according to the B3LYP/cc-pVTZ
model, the latterr-stack structureR in Figures 1 and 2) is
characterized by a significantly shorter (549.5 A) inter-ring
distance of (C4,—C;) = 3.34 A (3.60 A at the B3LYP/cc-pVDZ
level). In its lowest doubly ionized state this structure lies at
only ~1 kcal/mol above the TiSstate. Therefore, in this case,
if a Coulomb explosion cannot be entirely ruled out after further
ionizing an adiabatically relaxed monocationic dimer, the
dications produced this way through sequential ionization events
should predominantly decay via fusion into the,Bzl species.

At inter-ring r(C,—C;) distances below-2 A, these covalently
bound dimers hav€, symmetry (Figure 1) in their most stable
conformation. At the B3LYP/cc-pVTZ level and for the energy
minimum (E) encountered on the reaction path which describes
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Table 1. NPA Charges of the Selected Structures of the Covalently Bound Benzene Dimer Dication (see Figure 1) and in the Dicationic
Closed-Shell State (A in Figure 1) Produced by a Sudden (Vertical) Double lonization of the Neutral D-Sandwich?

atom Bz,%*-I Bzl Bz,2*lIl Bz,2*-IV Bz,2*-VIl Bz, 2*-VIII Bz,2*IX D-sandwich®
C 0.083 0.079 —0.220 —0.220 0.108 0.100 —0.574 -0.126
C -0.218  —0.222 0.062 0.100 —0.569 —0.564 0.094 —0.093
Cs 0.028 0.041 -0.187 -0.543 0.086 0.062 -0.233 —0.209
Cs —0.329  —0.405 0.120 0.125 —0.141 —0.109 0.131 -0.143
Cs 0.029 0.039 —0.547 -0.190 0.052 0.046 —0.233 -0.077
Ce -0219  —0.222 0.113 —0.065 —-0.226 —-0.227 0.094 -0.216
C -0.329 0.216 0.120 0.125 0.171 —0.109 0.131 -0.093
Cs 0.029  —0.557 —0.547 —0.543 —0.223 0.046 —0.233 -0.126
Co -0.219 0.101 0.113 0.100 0.070 —-0.227 —0.094 -0.216
Cuo 0.083  —0.232 —0.220 -0.220 —0.229 0.100 —0.574 -0.077
Cu -0.218 0.084 0.062 0.065 0.090 —0.564 0.094 -0.143
Ci 0.028  —0.237 —0.187 -0.190 —0.544 0.062 —0.233 —0.209
Hy 0.256 0.256 0.270 0.270 0.254 0.252 0.355 0.226
Ho 0.269 0.269 0.254 0.251 0.354 0.349 0.253 0.224
Hs 0.238 0.244 0.238 0.322 0.241 0.237 0.252 0.229
Ha 0.352 0.360 0.323(8) 0.317(H) 0.352(H) 0.349(H) 0.355(H) 0.228
Hs 0.243 0.244 0.323 0.248 0.234 0.238 0.252 0.225
He 0.268 0.269 0.251 0.255 0.268 0.266 0.252 0.233
Hy 0.352 0.323(td) 0.323(H) 0.319(H) 0.326(H2) 0.349(Hy) 0.355(Hg) 0.224
Hes 0.243 0.322 0.323 0.322 0.245 0.238 0.252 0.226
Ho 0.268 0.251 0.251 0.251 0.253 0.266 0.253 0.233
Hio 0.256 0.270 0.270 0.270 0.268 0.252 0.355 0.225
Hi1 0.269 0.255 0.254 0.255 0.250 0.349 0.253 0.228
Hio 0.238 0.249 0.238 0.248 0.313 0.237 0.252 0.229

aB3LYP/cc-pVTZ results from an NBO analysisAlias E in Figure 1.¢ Alias A in Figure 1.

under the constraint o€, symmetry the fusion of two Bz separations under the constraints of both symmetries therefore
species into B2*-1, r(C4;—C;) = 1.568 A and the dihedral angle  very naturally coincide.

between the Bz rings amounts to 721.This state lies at-3.3 As the highest lying point@) on the Cy, reaction path
kcal/mol below a first-order saddle-point b, symmetry F) displayed in Figure 1, Tgactually determines the barrier that,

with r(C,—C7) = 1.59 A and which connects two conforma- on one hand, governs the fusion of rings and on the other hand,
tional enantiomers o€, symmetry (Bz2*-1 and B2%"-1', see the Coulomb explosion of the B¥ cluster. Each ring in TS

also Figure 3). The related transition mode has an imaginary is characterized by a “localC,, symmetry point group and
vibrational frequency of~45i cm ! and describes therefore  exhibits a structure which is very similar to that of the benzene
the rotation of Bz rings about the centra-C bond (Figure radical cation in itsBy4 state®® TSy is placed at~72.5 kcal/

2). According to elementary transition state the#tihis low- mol above the final product of the fission route (Figure 3), which
energy barrier determines a rate constant of the order of 100bviously implies that the latter pathway is an absolutely
interconversions per nanosecond at room temperature. irreversible one. In contrast, the first identified local energy

Passing by, another transition sta® could be found upon minimum (Bz2*-1) on the left-hand-side of the barrier is the
exploring the potential energy surface of theBzspecies. At doorway to a complex series of configurational rearrangements
the B3LYP/cc-pVDZ and B3LYP/cc-pVTZ levels, this structure  Via proton transfers (structures 82-1 to Bzz**-IX in Figure
lies at~30.0 and~31.6 kcal/mol above the BZ-I energy 3). In comparison with the reaction pathway describing the
minimum, respectively (ZPVEs included). At the latter level, dissociation of B#"-l into 2Bz", these are characterized by
this stationary point is characterized by an imaginary frequency Much more limited energy barriers. The extent of the barrier
of 95i cm~L and an inter-ring (C4—C>) distance of 3.32 A. As seen from BZ"-I along this re_actlon pathway makes us believe
a parallelr-stack, it is thus structurally very close (Figure 2) to  that, once they are formed in vacuum, the covalently bound
the sandwich and most stable form of the benzene dimer BZ2*" species should be very easy to detect experimentally.
monocation B) but lies slightlybelow (Figure 1) the reaction  ndeed, according to elementary transition state théban
path leading to fission. This transition state connects thé'Biz activation enthalpy of the order of 30 kcal/mol typically
species reported in Figures 3 to another structurally identical ~ COTeSPonds, at room temperature, to a dissociation rate constant
energy minimum which differs only by the labels of the carbon @Nd: thus, half-lifetimery, of the order of 6x 109s™* and
atoms involved in the inter-ring bond. In other words, this first- ~36 years, respecnve_ly. )
order saddle-point describes an intramolecular rearrangement Evaluations, aCCOfdlng to the counterpoise method by Boys
(TS) of the B22*-I species through a cleavage of the central and Bernard?? of basis set superposition erréren the energy
Ca—Cy bond. Also, under the constraint of ti@ symmetry ~ Of the TS and TS states C, D) relative to the dissociation
point group, a very sudden rotation of the benzene rings into a limit into 2Bz" give corrections of the order of0.1 kcal/mol
coplanar conformation is observed at an inter-ring separation at the B3LYP/cc-pVDZ level and are expected to be much
r(C+—C7) of ~2.40 A (Figure 1). G being a subgroup of the ~ Smaller when using the larger cc-pVTZ basis set.

Can Symmetry point group, the reaction paths calculated at larger At the B3LYP/cc-pVTZ level, the electronic energy released
by relaxation of the molecular geometry of the most stable form

(29) Gilbert, R. G.; Smith, S. CTheory of Unimolecular and Recombination
Reactions Blackwell Scientific Publications: Oxford, 1990. (30) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.
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of the dimer monocationB) into Bz?2"-I (E) is large ¢34.0
kcal/mol) and is very comparable to the electronic energy barrier
(~33.3 kcal/mol,C) pertaining to the dissociation of the latter
species into two noninteracting Bmolecules. The relaxation
energy released by double ionization of the most stable form
of the neutral dimer (B into Bz?*-1, i.e., the energy difference
between state8 andE in Figure 1, is correspondingly found
to amount t0~39.2 kcal/mol. In the same order, energy dif-
ferences of 36.7, 35.7, and 42.6 kcal/mol were found at the
B3LYP/cc-pVDZ level (Figure 1). These energies corroborate
the idea that the formation of the inter-ring-C bond more
specifically relates to a single-electron adiabatic ionization pro-
cess on the dimer monocation, which then simply enables the
pairing of two free electrons with opposite spif$e energy
released by the formation of an inherently strongly localized
C—C bond between the two benzene rings is obviously sufficient
to overcome the Coulomb repulsion between the positively
charged monomers. In agreement with thé scaling that is
expected for the Coulomb interaction energy between electric
charges localized on two identical molecular fragments at large
distances, we note that the energy of the dicationic cluster de-
creases inversely to the interdistanc€—C7)] between rings,
according to linear regressioriR?(> 0.9997) of these energies
over about 100 points in scans by steps of 0.04 A, at inter-ring
distances comprised between 4.51@nA (in these scans, all
geometry parameters were optimized exagpy—C7)).

It is worth noting that, at the geometry pertaining to structure
F (Can point group), the lowest singlet-to-triplet one-electron
excitation energy amounts to 62.9 or 63.2 kcal/mol at the
B3LYP/cc-pvVDZ or B3LYP/cc-pVTZ levels, respectively.
Geometry optimizations show, that, unlike the lowest singlet
electronic ground state, the lowest triplet state is fully dissocia-
tive. These results also confirm the suggestion that the formation
of the additional C-C bond simply relates to the pairing of
electrons with opposite spirin this chemical process, aroma-
ticity3! does apparently not play a very substantial role. Indeed,
according to the Hekel rules for aromatic and antiaromatic
rings, the radical cation of benzene is, with fiveelectrons, a
nonaromatic system. The benzene radical cation irfBtg

of 0.01 and can thus also be described as a nonaromatic species.
The same observation essentially prevails for all dicationic
dimers studied in the sequel.

A few more remarkable features of B2-1 deserve to be
emphasized and discussed in detail,?84 is structurally very
distinct from the benzene dimer cation 8} The formation
of the inter-ring G—C; bond induces substantial elongations
of the neighboring €C and C-H bonds, by~0.06 and~0.03
A, respectively, along with a downshift of the corresponding
C—H stretching vibrations by ca. 170 ctin comparison with
those in the cationic sandwichh®YMCs—H,, C;—H;) = 2837
cmt andvY™Cy—H4, C;—H7) = 2839 cn1l]. These elonga-
tions and frequency shifts obviously reflect the change in the
hybridization state of ¢and G, from s to sp. The additional
C,—C7 bond results also more specifically into the appearance
in the IR spectrum of B£"-l of a C—C stretching mode at
v(C4—C7) = 1115 cn1! (IR activity = 3 km/mol).

Conducting a natural bond orbital (NBO) analy8isipon
Bz,?*-I allows us to approximately locate the two holes that
are present in the covalently bound dication (Figure 4). The
charges determined by the natural population analysis (the so-
called NPA charges) from the NBOs are collected in Table 1.
Examination of the NPA charges of BZ-1 demonstrates that
charge increases are greatest on the hydrogen atqrasdH,
attached to the carbon atomg &d G involved in the fusion
process. Quite naturally, the NPA charges on the other
hydrogens and carbons also vary, but to a lesser extent. These
changes demonstrate the relatively strong localization of the two
holes around ¢€and G. The implication of such double-hole
localization is 3-fold, to say the least.

First, the excess charges on the hydrogen atomand H
are congruent with a lengthening of the-¢H, and G—Hy
bonds by 0.03 A compared to other& bonds. This in turn
allows the G and G atoms, which are both characterized by
NPA charges 0f-0.329¢, to share partially an electron pair
and therefore to form the observed additional and rather robust
inter-ring covalent single bond (Cs—C7) = 1.57 A).

Second, since the excess charges are mainly localized on the

ground state and the benzene molecule are characterized byydrogen atoms Hand H, the two bonds ¢-Hs and G—H>

aromatic stabilization energi€s? of ~4.0 and~32.0 kcal
mol, respectively (B3LYP/cc-pVTZ results, ZPVEs included),
according to the following isogyric chemical reactions:

r +
O+ e

®

O e

+

l L NNt dkealimol

@ 4 /\/\/ + 32 kcal/mol

Also in line with the interruption ofz-ring currents by two
C atoms in sphybridization states, the BZ-I species display,
at the B3LYP/cc-pVDZ level, NICE indices134 of the order
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are twisted relative to each other in order to limit the extent of
Coulomb repulsion. This induces a relative rotation of two
benzene rings with respect to each other by a dihedral angle
7(CsC3CsC12) of £62.9. The fact that the BZ*-I structure
possesses an isoenergetic and enantiomeric conform@s of
symmetry, Bz>"-I' (see Figure 3), implies that the series of
proton transfers starting from BZ-1 is also doubly degenerate

(in Figure 3, only the branch starting from Bz-1' is shown).

(31) Schleyer, P.v. RChem. Re. 2001, 101, 1115.

(32) Cyrdrski, M. K.; Krygowski, T. M.; Katritzki, A. R.; Schleyer, P.v. R.
Org. Chem.2002 67, 1333.

(33) Nucleus independent chemical shift.

(34) (a) Schleyer, P. v. R.; Maeker, C.; Dransfeld, A.; Jiao, H.; van Eikema
Hommes, N. J. RJ. Am. Chem. S0d.996 118 6317. (b) Schleyer, P.v.
R.; Jiao, H.Pure Appl. Chem1996 68, 209-218. (c) Schleyer, P. v. R.;
Jiao, H.; van Eikema Hommes, N. J. R.; Malkin, V. G.; Malkina, 2.
Am. Chem. Sod 997 119 12669.

(35) (a) Carpenter, J. E.; Weinhold, F.Mol. Struct. (THEOCHEM) 988 169,
41, (b) Foster, J. P.; Weinhold, . Am. Chem. S0d.98Q 102, 7211. (c)
Reed, A. E.; Weinhold, R1. Chem. Physl983 78, 4066. (d) Reed, A. E.;
Weinhold, F.J. Chem. Physl983 78, 1736. (e) Reed, A. E.; Weinstock,
R. B.; Weinhold, FJ. Chem. Phys1985 83, 735. (f) Reed, A. E.; Curtiss,
L. A.; Weinhold, F.Chem. Re. 1988 88, 899. (g) Weinhold, F.; Carpenter,
J. E. InThe Structure of Small Molecules and Ipihaaman, R., Vager,
Z., Eds.; Plenum: New York, 1988; p 227.
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Table 2. Overview of Some Basic Structural and Electronic CgHgHg group considerably weakens the-«€Cy bond, as is
. > o o . . .
Properties of the Identified Bz,*"I to -IX Species reflected by a very substantial elongation of this bond, by 0.10
. migrating A, compared to that in B2-I. This hole migration leads
speces  protonson  ACyCr) DCsCaCGsCy AE AMROBK) AES—T) obviously to an increase of the hellole separation and, thus,
Bz, Cs G 1568 68.0 185 195 63.2 a reduction of Coulomb repulsion forces. Quite naturally, this
Bz2-lI Cy4 Ci2  1.526 67.6 11.9 12.6 49.9 hol iarati drel f Coulomb Isi th b It
BZ2 Il Cs Ciy 1472 00 15 20 23.0 ole migration and release of Coulomb repulsions thereby resu
Bz2H-IV  Cs Cg  1.477 30.6 15 2.2 26.4 also into a contraction of the4£C; bond by 0.04 A. We also
BZzi—V Cz G 1.500 51.0 1.0 17 38.5 observe an elongation of theg€Hg bond by 0.02 A and an
E?zix:. 83' 89 i'igg %'I ii i; gs'g increase of the twist angles between the two rings by abdut 10
2" 2, C12 . . . . . X
Bz>-VIl C, Cy 1.496 481 10 11 38.1 [7(CsCsC12Cg) = 76.7)]. Regarding the MO pattern of BZ-
Bz2*-IX  C1,Cpo 1.489 49.2 0.0 0.0 36.6 II, it is worth mentioning that the HOMGLUMO gap of the
] ] ] latter species is only slightly larger, by0.05 eV, than that of
aInter-ring bond length(C4,—C7) in angstroms; twist anglelCs—Cs— Bz,2+-|
Cs—Cg in degrees; relative energyE, enthalpy differenceAH) at room 2
temperature, and first singletriplet excitation energyAE(S—T) in kcal/ The next local energy minimum B%-Ill in this cascade of

mol (B3LYP/cc-pVTZ resdilts). rearrangements is placed at only 27.2 kcal/mol above the

dissociation limit into 2Bz. This minimum is separated from
the dissociation limit by a global energy barrier ©60 kcal/
mol (see Figure 3). A considerable energy stabilization, by

Third, the C-C bonds in the vicinity of the £-C7 fusion
bond, specificallyr(C4—Cz) = r(C4—Cs) = r(C7—Cg) = r(C7—
Cg) = 1.48 A, are significantly longer (by 0.12 A) than the a . o1
bonds that are located further, name{,—Cs) = r(Cs—Ce) ~10.6 kcal/mol, of Bz2*-Ill with respect to Bz?™-Il stems from

= [(Cs—Cs) = r(C1i—Ci2) = 1.36 A. In view of their lengths a further p_roton transfer, thig time f_rom the © the Csca_rbon
these bonds can obviously be described as single and doublé”‘tomsj This charge repositioning induces the f_ormatlon of an
C—C bonds, respectively. The remaining-C bonds have a Inter-ring double bondr[_C4—Cy) =147 A] and qu_lte naturally,
length equal ta(C1—Cy) = r(Ci—Cs) = r(Co—Cag) = F(Co— th_er_efpre, the coplanarity of benzene nn_gs, WhICh also helps to
C11) = 1.41 A, which is consistent with a bond order around minimize the hqlehole Coulomb repuilsion [in the BZ"-II
1.5 and reflects the delocalization of two unpaireelectrons strgcture:, the twist angIE(C1C3(;8C12} amounts to-0.1° only].
over the [G,C1,C5] and [Gs,Cio,Cu1] Segments, respectively. In line with the enhancgd—conjugatlon of rings, the HOM©

As a doorway state on the potential energy surface gt8z ~ -UMO gap of Bz?*Ill is equal to 3.10 eV only, to compare
the B22"-1 structure opens a deep and large rift with minor With @ value of 4.10 eV for BZ*-I. This band gap is in fact

ridges that enable a very substantial energy stabilization of the € smallest one for all studied dicationic 82 dimers-as
cluster, by as much as19.5 kcal/mol, through a series of further proton_transfers result again into s_|gn|f|c_ant dgwanons
hydrogen transfers around the benzene rings (in straightforwardToM coplanarity and release therefore of inter-ringonjuga-
analogy with ref 36), until the strength of the Coulomb repulsion tion (Figure 3, Table 2). Unsurprisingly therefore, Bzl
between holes is minimized (see Figure 3 and Table 2). The exh_lblt_s an extremely limited singlet-to-triplet one-electron
internal energy barriers associated to these hydrogen “umps” €Xcitation energy (1.00 eV at the B3LYP/cc-pVTZ level).
range from 8 to 11 kcal/mol. In particular, the reaction path ~ Many more proton transfers and hole migrations (Figure 3,
which connects B#£'-I and Bz2*-Il is characterized by an  Table 2) yield the global energy minimum form, 821X, along
internal energy barrier and an activation enthalpy of 9.9 and the fusion reaction pathway. Before characterizing in detail the
7.9 kcal/mol, respectively. This barrier is the highest on the latter species, let us outline some general trends we observe in
reaction pathway leading to the most stable form of?Band some basic properties of the dicationic states of the dimer of
is the rate-determining step therefore for the decay of théBz benzene as the two electron holes migrate around benzene rings.
species via the fusion route. At room temperature, according to The first one pertains to the fusion bond-€C7. The longest
transition state theory, this activation enthalpy corresponds to one (1.58 A) is found in B£*-I. It is then shortened to 1.53 A
a rate constant of the order of 1§72 The latter value implies  in Bz2™-Il and 1.47 A in Bz?*-Il, reflecting the decrease of
that the Bz?"-I complex has a sufficiently long lifetimeT(,, Coulombic repulsion and enhancement of inter-tingonjuga-
~ 0.1us) to be detectable experimentally. tion. This obviously corroborates a drastic reduction of the
The reduction of Coulomb forces at the origin of this cascade HOMO—LUMO band gap, and first one-electron excitation
of proton transfers is consistent with the NPA charges that are energy thereby (Table 2). The shortestC; bond lengths are
reported in Table 1 (the two migrating protons are reported with predicted for the BZ*-Ill and Bz**-IV species. The largest
primed labels). We take as a main example the very first HOMO—LUMO gaps amount to 4.16 and 4.11 eV and are
hydrogen jump H— Hg from C; to Cg and over the BZ"-Ils correspondingly calculated for the 82-1 and Bz2"-1| species,
saddle-point characterized by an activation barrier of 9.9 kcal/ whereas the narrowest ones (3.10 and 3.24 eV) are identified
mol (Figure 3). At the B3LYP/cc-pVTZ level, upon taking into  for Bz?*-1Il and Bz?*-1V, respectively. The latter two dica-
account the ZPVE corrections, this proton migration alone tionic structures exhibit minimal deviations from coplanarity.
suffices to lower the energy of the dicationic dimer by 7.1 kcal/ While Bz?*-1Il, as mentioned above, exhibits an almost planar
mol relative to the initial BZ"-1 energy minimum form. This carbon backbone, BZ-IV is characterized by a still rather
stabilization can be ascribed to the fact that one of the two limited twist angler(CsCsCsCsg) of 30.6° between the two rings.
electron holes, that was originally mainly localized of) Has Beyond this point, we note that the energies of the?B#ll to
migrated to the @HgHg group, whereas the other one has -IX species do not differ by more than 1.5 kcal/mol (Table 2),
remained mainly localized on/Hsee the NPA charges onyH due to a subtle balance between the release of Coulombic
Hs, and Hy in Table 1). The excess of positive charges on the repulsions, as the protons migrate further away, and partial
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Figure 5. B3LYP/cc-PVTZ-optimized structure of the biphenyl molecule in its ground electronic state. See Table 3 for detailed geometrical parameters.

Table 3. Comparison of the Molecular Structure of the Bz,**-IX very first time by Meinel et a¥ According to our best (B3LYP/
%E?;?n?;?yoéé?ﬁ gfgf;)yl Molecule (B3LYP/cc-pVTZ Results, cc-pVTZ) model, the diprotonation energy of biphenyl (bipheny!
+ 2H" — Bz,?*-IX) in vacuum amounts theoretically t6299

Bz bipheny! kcal/mol. Because diprotonotion is a so highly exothermic
;ggl:&)) 1-‘1‘830{) 116355 process in vacuum, it is therefore obvious that, in the absence
DC;Cll'iLl 1'09.9“) 1203 of neighboring molecules, the BZ-1lI to -IX species will not
r(Co—Cg) 1.369 1.388 spontaneously further relax through proton emissions. We
r(Cs—Cs) 1.413 1.399 therefore believe that we have identified the most important
rm(%;&céz 1'1478513 ifggi reaction channels on the potential energy surface of the benzene
[C,C,Cs 121.0 120.3 dimer cation in vacuum.
5822354 E?g ﬁé-g To summarize and conclude the present section, a key aspect
mcﬁc;‘Hi 1205 119.7 of the potential energy surface of Bz pertains to the relative
[C4CsHs 120.2 119.4 thermochemical stability of the covalently bound dicationic
0C2CeC11Co 49.2 38.9 Bz2™-1ll to -IX species with respect to the asymptotic dissocia-

tion limits defined by 2Bz, and by Bz+ Bz?". To our

. . i . . . furth knowledge, this has never been reported so far in the scientific
interruptions of inter-ringz-conjugation due to further departures literature, either experimentally or theoretically. Upon examining

from planarity. All these species will be therefore simultaneously Figure 3, the former is clearly the lowest energy asymptote,

observed a'_[ room _temper_atur_e inexperiments employing and the latter is energetically unreachable. Therefore, according
spectroscopic techniques with time scales larger thas.1 to the classification proposed in ref 3@e Bz?-Ill to -IX

The global energy minimum (BZ'-IX) along the fusion  gpecies are kinetically metastable with respect to the dissociation
pathway is placed at about 25.2 kcal/mol above the dissociation|imit into 2Bz but stable relatie to the dissociation limit into
limit into 2Bz". In line with the axial symmetry of this g, g2+ Considering that from B#+-IX the total barrier
configuration, and due to steric repulsions, the twist angle against dissociation into 2Bzamounts to 49.6 kcal/mol, these
between the two rings amounts to 4%.6n this species, the  heoretically predicted covalently bound Bz species can thus
inter-ring G—C7 bond length amounts to 1.49 A only, a value pe regarded as the first identified examples of a novel family
which, despite the above twist angle and the remaining Coulomb o smga|l metastable but very long-lived dicationic aromatic
rgpulsion, is still significantly smaller than that expected for a .| sters in vacuum. Considering the expected time scale of the
single C-C bond (1.53 to 1.55 A) and reflects therefore a bond  g|ectronic ICD decay relative to that of the motions of molecules
order between 1 and 2. As Table 1 shows, in®B4X the two as large as benzene, the calculated barriers toward charge
holes are mainly localized on GHjroups that are located at  fagmentation and the location of ionized states relative to the
maximal distance from each other. With a first singlet-to-triplet .5nsition state on this reaction path, it seems legitimate to
excitation energy of 1.6 eV (36.6 kcal/mol) only, this cluster .,nclude that the B2+l to -IX species will be ultimately

can also be regarded asighly reactve biradical speciesvith produced by sequential ionization experiments on the neutral
two free electrons on £and Go. dimer of benzene and possibly also from more classical photon
The geometrical characteristics of B#IX bear great or electron impact ionization experiments.
similarities (Table 3) with that of the biphenyl molecule (Figure
5), except for the bond lengths and angles describing the near-4. Consequences of Double lonization in (C  §F¢)2
environment of the € (or Cyg) carbon atoms bearing the ) ] ] ]
migrating protons (i or Hig). This similarity suggests im- We have mentioned in the Introduction that, despite the
mediately another route for producing the ;Bzlll to -IX expectations drawn from the liquid-droplet model, there are firm
dimers by simply considering diprotonation experiments on experimental evidences for the existence of small doubly
biphenyl, similar to the well-known protonation experiments positively charged fluoro-substituted benzene clusters, the
on benzené®3 It is worth mentioning that such experiments ~Structure of which remain completely unknown so far. It is thus

on biphenyl have been reported very recently and this for the quite natural to extend our investigation of the consequences
of double ionization in aromatic clusters to the case of

(36) Sumathy, R.; Kryachko, E. Sl. Phys. Chem. /2002 106 510 and hexafluorobenzene ¢E) clusters. The vertical double-ioniza-
references therein. i i P i

(37) (2) Bieske, E. J.: Dopfer, Ghem. Re. 2000 100, 3963. (b) SolcaN.: tion potential of the dimer of g in its most stable form
Dopfer, O.Chem. Phys. Let2001, 342 191. (c) SoléaN.; Dopfer, O. amounts to~23.4 eV at the B3LYP/6-31&(d,p) level.

Angew. Chemint. Ed 2002 41, 3628. (d) SolcaN.; Dopfer, O.Angew.
Chem, Int. Ed. 2003 107, 4046. (e) Jones, W.; Boissel, P.; Chiavarino,
B.; Crestoni, M. E.; Fornarini, S.; Lemaire, J.; Maitre,Ahgew. Chem., (38) Meinel, C.; Zimmermann, H.; Schmitt, H.; Haeberlen, Appl. Magn.
Int. Ed. 2003 42, 2057. Reson2003 24, 25.
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be discussed in terms of two nearly isoenergetic (acute or
obtusé®) geometrical configurations, associatedBgg and?B;q
electronic states, respectively.

Whatever the state to which each of the monomers initially
relates, the fusion of two positively chargedsEg)* molecular
radical cations into a dicationic dimer cluster gfg)2?", yields
only two different covalently bound structures sfg).?" -1 and
(CeFe)22t-II (Figure 6), depending on the relative location of
the two fluorine atoms bonded to the-€C; fusion bond formed
upon hole repositioning (C4—C5) ~ 1.64 A]. These (Fs)-2"-I
and (GFe)22*-Il structures are characterized by dihedral angles
7(F4C4C7F7) of 145.6 and—80.1°, respectively. The most stable
species is (GFg)2>™-l, which lies at 1.9 kcal/mol below
(CeFs)22t-I1. Both carbon rings are structurally identical in each
dicationic species and exhibit in both cases four stretchddd@
to 1.44 A) and two compressed{.36 to 1.37 A) G-C bonds.

It also appears that ionization of &), strengthens the &=

Fs and Go—F10bonds, lying in meta and para location respective
to the extra G—C; bond. On the other hand, the bonds-€4

and G—F7 that are immediately adjacent to the fusion bond
are considerably weakened, which an elongation by about 0.05
A reflects.

In straightforward analogy with the dicationic dimer assembly
of benzene molecules, the dissociation energy @F{z?" into
(CeFe)?™ + (CgFs) amounts to 49.0 kcal/mol at the B3LYP/6-
31G+(d,p) level (ZPVEs included), which shows thaifg),>"
is thermodynamically not prone at all to a dissociation process
involving hole localization on one monomer unit only. On the
other hand, the dissociation reaction pertaining to the fragmenta-
tion of (CsFe)2?" into two monocations is characterized at the
same level by an activation barrier of 7.9 kcal/mol and a reaction
energy of—78.2 kcal/mol. (GFg)22" is thus also a metastable
and relatively long-lived species on electronic and vibrational
Figure 6. Identified and optimized structures of the dicationic dimer time scales, with a half-lifetime of the order of Qub with
assembly of hexafluorobenzene (the B3LYP/6+&(d,p) level). Bond regards to Coulomb fragmentation. This lifetime is rather
lengths are given in angstroms. comparable to that (4Qis) of doubly charged clusters of
p-difluorobenzene-difluoroBz),2* [3 < n < 15].2¢

(CsFe) ™1

Hexafluorobenzene is a key molecule in studies 5onmw

. o ) . . 1 )
stackings} anion—z  interactions; and  protonation 5. Toward Extended Dicationic Assemblies of Benzene,

processe$: _ _ _ _ Hexafluorobenzene, and Naphthalene
The presence of electron-withdrawing fluorine substituents

tends to impede the coordination of cationic species to the Section 3 demonstrates that two sequential one-electron
aromatic ring by partly depriving it of its electrons while the F ionization events on dimers of benzene molecules should result
atoms can themselves coordinate with cations. Such inductionin the formation of covalently bound structures that are
effects probably explain the T-shaped structure of the hexafluo- equivalent to diprotonated forms of biphenyl. The latter species
robenzene dimer radical cation ¢€),". In contrast to the still contain two active sites that can in turn be involved in
benzene dimer cation, the sandwich-like structure gF{a" further charge-transfer reactions in order to minimize hole
is unstable against dissociation wher 2.4° In straightforward repulsions and enable therefore the formation of covalent bonds
analogy with benzene, on the other hand, the removal of the with additional aromatic molecules. Since at each step of the
electron from the HOMO of € yields a doubly degenerate  charge relaxation process, two reactions sites are preserved, one
electronic state whose degeneracy is lifted by a Jareller may then also wonder whether the ICD mechanism for the
distortion of the molecular radical cation. Such distortion lowers electronic decay of high-lying shake-up ionization states gener-
the Den symmetry of GFe to Dn. With regards to this symmetry  ates species that are reactive enough to induce the formation of
lowering, the electronic and molecular structures gf« can larger diprotonated chains or networks such ag?Bzor
— (CeFe)s2", via a two-directional dicationic polymerization mech-

(39) Arulmozhiraja, S.; Fujii, TJ. Chem. Phys2001, 115 10589. . s . .
(40) (a) Hiraoka, K.; Mizuse, S.: Yamabe, $.Phys. Cheml99Q 94, 3689. anism. Such dicationic polymerization reactions could also be

(b) williams, J. H.; Cockroft, J. K.; Fitch, A. NAngew. Chem., Int. Ed.  of relevance to clusters of other aromatic molecules such as

Engl. 1992 31, 1655. . .
(41) Quitbnero, D.; Garau, C.; Rotger, C.; Frontera, A.; Ballester, P.; Costa, naphthalene (¢gHs)—they may even result into the formation

A.; Deya P. M. A . Chem. Int. EQ002, 41, 3389. ; ;
(42) ‘Schralor, D.: Oref I Hridk. J.; Weiske, 2T Nikitin, E. E.: zummack, O 1arger and/or hybrid assemblies such agle)z*", (CiHe)s*",
W.: Schwarz, HJ. Phys. Chem. A999 103 4609. or [Bz—CygHg—Bz]?*, and [Bz-Bz— (C10Hs) —Bz—Bz]%" (see
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the Supporting Information, along with refs 43 and 44). The (1,1-difluoroethylengf+ with n > 9 are very long-lived and
fact that, despite strong hole repulsions, such chemically stable species. One may thus also wonder whether the stability
counterintuitive structures exist at various quantum chemical of these species relates to additional covalent bonds due to hole
levels (B3LYP/6-3%#G(d,p) or HF/6-31G) as local energy relocations following ICD processes.
minima is per se a quite astonishing fact, recalling that all that  Therefore, proving experimentally the existence of dicationic
is known at present for multiply charged molecular clusters has dimers and other small dicationic assemblies of benzene and
been interpreted using the liquid-droplet model. related compounds in vacuum conditions (such as for instance
in interstellar space) would unequivocally demonstrate that
chemical bonding can overcome the strong electrostatic repul-
In the present work, we have inferred from density functional sion that normally prevails between charged monomers. In
theory a so far completely unexpected consequence of double-general, the formation of a small dicationic dimer is indeed
ionization processes in molecular aromatic clusters. Whereasassociated with an exceedingly large Coulomb barrier due to
the fate of states lying above the double-ionization threshold in the repulsion forces that normally prevail between approaching
these clusters is normally to decay electronically via the singly positively charged atoms or molecules. On the other hand,
intermolecular Coulombic mechanism proposed by Cederbaumsizable Coulomb barriers confer also substantial kinetic stability
and co-workers, before undergoing an ultrafast Coulomb to covalently fused dicationic clusters. Large organic molecules
fragmentation as a consequence of the localization of holes inare more suitable than small molecules or atoms for accom-
different monomers, the present work demonstrates that dica-modating and dissipating positive charges, and thus the meta-
tions of molecular clusters of benzene, hexafluorobenzene, andstability of large and covalently bound dicationic assemblies
naphthalene can stabilize through the formation of rather robustof benzene and related molecules is to be expected. This is
covalent bonds between aromatic rings, along with a complex especially true for benzene because the benzene radical cation
series of proton migrations that help to minimize Coulombic is not aromatic, and thus, forming an C{spC(sp) inter-ring
repulsions. The electronic and structural properties of the mostbond at the expense of cyclic-conjugation does not require
stable dimer structures that can be produced this way indicateenergy. Without any extra penalty, the inter-rimgpond is thus
that these chemical reactions associated to hole repositioningexpected to result into the formation of a metastable species,
processes can propagate to further rings and may thereforecorresponding to a local but deep energy minimum.
ultimately lead to rather large polymer chains or networks. With ~ To confirm this finding experimentally, we suggest specifi-
regards to the depletion of the ozone layer and ubiquity of cally to study the decay of dicationic states produced by two
benzene and PAH contaminants in the environrfiene believe sequential one-electron ionization events in clusters of for
that the finding that photoionization of aromatic clusters by far- instance benzene, hexafluorobenzene, or PAH molecules, as well
UV radiations may generate long and doubly charged biradical as by photon or electron impact experiments at electron binding
chains should be of importance in cancer research. energies slightly above the vertical double-ionization threshold,
This finding obviously completely invalidates the liquid- to minimize the extent of vibrational excitations. On the side
droplet model which only accounts for electrostatic effects for of theory, quantum mechanical dynamical simulations on doubly
explaining the relative stability of multiply charged atomic or charged molecular clusters are mandatory for quantitatively
molecular clusters and thus implies that only sufficiently large evaluating, for both types of experiments, the relative yields of
clusters may avoid a Coulomb explosion. This model is clearly the fission version the fusion reaction channels.
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