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Abstract: Cy4+ carbon cluster ions as well as4l" and GgHyt cluster ions of low hydrogen content were
produced in a FT-ICR spectrometer by repeated losses® @ftéins from the molecular ions of coronene
C.4H12 and of the 4 isomeric polycyclic aromatic hydrocarbons (PAHHZ, triphenylene, chrysene, 1,2-
benzanthracene, and 2,3-benzanthracene, respectively, using a sequence of SORI-CID procedures. Then, the
selected cluster ions were reacted with benzene and bengeoeyield product ions [GHx-nCgsHg]*, N =

1-3, and [GHx-1-nCgHg] *. In the latter case it was proven by reaction wigiDgthat the H atom lost originates
exclusively from the GHy part of the original cluster ions. In most cases, bimodal kinetics were observed due
to a fraction of cluster ions with low or no reactivity toward benzene. The bimolecular rate corgtafithe
reactions of all reactive cluster ions were determined. Rl ions the G4H;2" molecular ions of coronene
and the G4H1¢"" ions do not undergo a reaction with benzene, while for the othgt,Cions the rate constants
increase with decreasing numbesf H* atoms but exhibit an odd/even alternation. The even-electsghixe:1™
cations are generally more reactive than thgHz'" odd-electron radical cations. The rate constant of the
reaction of benzene with thex€" carbon cluster ion eventually produced by SORI-CID from coronene exceeds
the rate constant of the same reaction of monocyclit'Garbon cluster ion generated by laser evaporation
of graphite by more than 3 orders of magnitude. This shows unambiguously:thatiOster ions of a different
structure are generated by the SORI-CID technique. It is suggested that thes®s retain the graphitic
structure of the precursor coronene. This is corroborated by the study of 4 serig#igf ©ns derived from

the 4 isomeric PAHs. These ions exhibit analogous and as characteristic reactions with benzene/gig'the C
ions, but the rate constants of individuajgBy* ions are different for the 4 isomeric precursor PAHs. This
indicates very strongly that all thesgHx" ions produced by repeated losses ofatbms from ionized PAHs
with a sequence of SORI-CID procedures retain the graphitic structures of the precursor molecules.

1. Introduction

clusters up to 30 atoms, high-frequency spark evaporation,

thermal evaporation of carbéngombustiort, secondary ion

The chemistry of carbon clusters has been of broad interest,545 spectrometfyjaser evaporatioh,and electron impact-

during the past decadé$,even before the discoveryand

synthesi$ of macroscopic amounts of fullerenes. The general

induced elimination of all CI atoms from perchlorinated
olycyclic aromatic hydrocarbons (PAM)1were reported. A

method used to synthesize fullerenes is the arc-discharge ofiemgarkable design of a pulsed laser vaporization source coupled

graphite*®P However, as for the generation of small carbon
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with a supersonic expansion using an inert carrier gas was shown
to generate carbon clusters having up to several hundreds of
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only the laser evaporation of graphite and dechlorination of

Guo andzeracher

Theoretical calculations predict that for carbon clusters and

perchloroarenes by electron impact have been used to prepar¢heir radical cations containing more than 20 C atoms other

carbon cluster ions £ for studying their ion/molecule
reactionsip:3011,1318

structures may be at least as stable as those observed during
laser evaporation. In particular, planar graphitic structures

In particular, the structures and reactivities of carbon clusters composed only of six-membered rings can compete with planar
were the subject of an extensive research effort. Reactivity mono- and bicyclic structures, and curved graphitic structures

studiest?16aphotoelectron spectfdmetastable dissociation in
a mass spectrometét,and computational studi#sprovided

with five- and six-membered rings or even fullerenes were
calculated also to be stable species fof™Cof this cluster

information about the structures of carbon clusters. Systemaﬂcs'ze-21 26 However, +g'§‘2'j?£7 graphitic structures were only
studies of the structures of carbon cluster ions in the range of 0bserved at about™ == <*’and continued to be present until

Cs—Cgo have been reported by Bowers et&t.and Jarrold et
al.2® using the method of ion chromatograpiyErom these
studies it is agreed that small'€, n < 10, clusters form only
linear carbon chains. Aroundi€£" monocyclic rings appear and
from Cy1't to G the monocyclic ring is either the only
structure or at least highly predominant. NeagCplanar ring
systems are formed followed by bicyclic, tricyclic, and tetra-
cyclic structures for @, n = 30—40. Finally, the first cage
fullerene is observed at s¢", and these species become
dominant beyond G¢'". It should be noted, however, that these
results reflect the situation of carbon cluster formation by laser
evaporation of graphite. Thus, a reasonable explarttidfor

the preference of the observed structures under these condition

is that the growth of carbon clusters in a laser plasma is
kinetically controlled, and that small linear'C can isomerize
easily into monocyclic rings, which rearrange further to bicyclic,
tricyclic structures without large energy barriers.
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Ceso", while curved graphitic structures were absent at any
cluster size. This indicates that laser evaporation very likely
produce only a selection of the possible structures of carbon
cluster ions.

Anyway, studies of the reactivities of,C, 10 < n < 24,
carbon clusters both from electron impact-induced elimination
of Cl atoms of perchlorinated PAMHsand from laser evaporation
of graphitel8® gave identical results and suggest that monocyclic
Cn" were produced also from the polycyclic perchloroarenes
by electron impact ionization. This might be due to the high
energy necessary to eliminate all chloro substituents for the
PAHs ! since this energy has to be imparted onto the molecule

guring the initial electron impact ionization. This is corroborated

y a recent stud§ searching for graphitic isomers generated
from decachloroacenaphthene;,Clio, by electron impact
ionization. Although the polycyclic structure of the parent PAH
was retained in GCIt cluster ions formed by loss of Cl
substituents down to &Cls*, the only structure of G+
eventually generated by elimination of all 10 Cl atoms was the
monocyclic ring. In contrast, a previous study of our laboratory
indicated that @ carbon cluster ions of a graphitic structure
might have been formed as an isomer coexisting with the
monocyclic cluster from perchlorocoroneng,Cli, using the
technique of multiple-excitation collisional activation (MECA)
of Fourier transform ion-cyclotron resonance (FT-ICR) spec-
trometry. Since at least some of the,C cluster ions created
by this technique arise by a more “soft” mode of sequential Cl
elimination and re-excitation, this would indicate that carbon
cluster ions of the missing graphitic structures can be generated
by a step-by-step elimination of substituents from the rim of a
PAH molecule.

In our previous studi? about the generation of,€ carbon
cluster ions and corresponding hydrogenatgkl & species of
low hydrogen content, this new approach was achieved using
the sustained off-resonance irradiation (SORI) method and
collision-induced dissociation (CID) technique available in FT-
ICR spectrometry for a stepwise elimination of hydrogen atoms
from the molecular ions of selected PAHs. The SORI-&Ii®
a collisional activation method, which excites the ions slightly
by off-resonance irradiation in a collision bath gas present in
the FT-ICR cell. As a consequence, the selected ions are
continually excited and de-excited, so that the excess energy
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of the ions is accumulated only slowly by collisions with the Scheme 1
bath gas until the threshold for the fragmentation of lowest

activation energy is reachéé Since the fragment ions are not “
excited any more, SORI-CID usually yields only the products O“
of the low-energy fragmentation with high efficieng\. For CO
the molecular ions and fragment ions of many PAHs the loss

of a H atom is the process of lowest activation energy. As @ coronene (CH,,) 1 triphenylene (C,gH,,) 2 chrysene (CygHyp) 3
result we showed that £ carbon cluster ions as well as

partially hydrogenated (", n = 13—-24 andx = 0-11,

species were formed with distinct abundances by SORI-CID O
starting with the molecular ions of a PAH and removing its H m
atoms step-by-step. In view of this “tailored“ mode of generation OO’

of carbon cluster ions by the SORCID method and of the
importancé® of lowly hydrogenated gHyx carbon clusters in
astrochemistr$# and combustion process#s,35the investiga-
tion of the structures and the reactions of this kind gf*Gnd
CqHx" cluster ions will be of great interest. CoHip* 2202 CoHyy SRO2 CoHygt » CoHy* -

In this paper, we report results of the study of the gas-phase )
reactions of benzene with a series o€ " ions,x = 0—12,
and GgH, ", x = 4—12, generated by eliminating'tdtoms with v SORCD G Ht SORKCD G
the SORI-CID technigue from the molecular ions of coronene " o
Ca4H12 and 4 isomeric PAH GH1o, respectively. It has been  PAHs coronene (GH1z 1), triphenylene (GHiz, 2), chrysene (GH1z,
shown previousRP that in the case of coronenef carbon 3), 1,2-benzanthracene {12, 4), and 2,3-benzanthracene {8,
cluster ions can be prepared by SORI-CID with an abundance 5) (all structures shown in Scheme 1) have been described previ8usly.
sufficient for kinetic studies. This gives the opportunity to To perform ion/molecule reactions the neutral reactant, i.e., benzene
observe the dependence of the reactivity on hydrogen contentar_‘d _benzende in this study, was kept at a constant backgroun_d pressure
of CoiHy* for the complete series and to compare the results within the FT-ICR cell during the complete procedure. Briefly, the

. . . . . molecular ions of PAHs generated in the external El source by the 30
with earlier studieS’ of the reaction of benzene with,£" eV electron ionization were transferred into the FT-ICR cell and isolated

.generat(?d by laser evqporaﬂon. These investigations can g,'veoy the standard procedures of ejection of all unwanted ions by a broad
information about possible structural changes along the seriespang radio frequency (rf) pulse and a series of single shot (SS) rf pulses.
of Co4Hx" ions by abrupt changes of their reactivity. In the  Then, the SORI-CIF} was applied to these ions by setting an “off-
second part of the results about the reactivities of a series ofresonance” irradiation pulse, where the frequency was set380
CigHy™, 4 < x < 12, ions derived from 4 isomeric;gH,, toward Hz aside from the natural cyclotron frequency of the selected ions.
benzene are reported. In the case of smaller PAHs we were notThe duration of the pulse was given by(vo — v), wherew, (in Hz)
successfdP in preparing G+, n < 20, carbon cluster ions by i the ion cyclotron frequency of the selected ion, andin Hz)
SORI-CID. However, the study of 4 series of isomeright* corresponds to the irradiation frequency, which was set always a certain
ions can show whether they will retain their individual reactivity UMPer of hertower (the correspondingyz value is at the side higher
down to the lowest number of hydrogen atoms present in the in mass) thany to avoid possible excitation of the [M H]* product

| dth il ai in'inf . b h f ions. The integral numbem stands for the number of acceleration/
clusters, and thus will give again information about changes of e cejeration cycles during SORI and was usually between 2 and 6. A

the graphitic structures of the ionized parent molecules during pulse of argon gas was admitted to the cell as the target gas for

1,2-benzanthracene (C,gH;,) 4 2,3-benzanthracene (CigH;;) 5

Scheme 2

the repeated losses of hydrogen atoms. collisional activation by a pulsed magnetic valve with a peak pressure
of about 10% mbar. With this method, ions could be irradiated for
2. Experimental Section long periods of time to undergo multiple collisions with the bath gas

. . . and dissociate efficiently by the lowest energy pathway, i.e., elimination
All experiments were carried out using a Bruker CMS 47X FT-ICR ot gne H atom in most cases studied here. By applying again an

spectrometer equipped with a 4.7 T superconducting magnet, an Infinity analogous SORI-CID procedure to the fMH]* product ions, [M—

Cell** and an external electron ionization (El) souftAll compounds 2H]* ions were produced, and so on as delineated in Scheme 2.

employed were commercially available in pure form and were used  Atter a series of SORI-CID experiments, thgHg" cluster ions,

without further purification. which were expected to be chosen for the reactivity study, were formed
Preparation of C,H," Cluster lons. The details of the preparation  and isolated by the procedures described above. Special care has to be

of the GHy" cluster ions by SORI-CID of the molecular ions of the  taken to optimize the parameters of SORI-CID with respect to minimal

loss and excitation to the selectegHz" ions. Generally, at least under

(32) (a) Huang, Y. Q.; Freiser, B. 3. Am. Chem. S0d993 115 737.
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1994 66, 2801. (d) Wu, Q. Y.; Vanorden, S.; Cheng, X. H.; Bakhtiar, R.; unintended excitation of the selectegHz" ions, a pulsed magnetic
Smith, R. D.Anal. Chem1995 67, 2498. (e) Shin, S. K.; Han, S.-J. Am. valve was opened for 15 ms to admit a pressure pulse of Ar (peak
Soc. Mass Spectrani997, 8, 86. pressure ca. 16 mbar) into the FT-ICR cell for £2 s to thermalize
Chg’rﬁ) Ai%%?sibf%t(%%s'\l. G.; von Helden, G.; Bowers, M.JT.Phys. the GH" fons. This was followed by SS ejections to remove any
(345 @) SHiff, Ho1: Bbhme, D. KAstrophys. 11979 232, 740. (b) reaction product ions formed during this time, for example by charge
Kroto, H. W. Chem. Soc. Re 1982 11, 435. (c) Herbst, E.; Adams, N.  and/or proton transfer.
G.; Smith, D.Astrophys. J1983 269, 329. (d) Bohme, D. KNature1986 lon/Molecule Reactions.Following the procedure for generating/
319, 473. (e) Lger, A.; Puget, L. JAstron. Astrophys1984 137, L5. isolating the GH," cluster ions, these ions were allowed to react with
(35) (@) Anicich, V. G.; Huntress, W. T., Jr.; McEwan, M.J.Phys. the neutral reactant present in the ICR cell at a constant background
ggeﬂ])gfsﬁ 90, 2446. (b) Brill, F. W.; Eyler, J. R). Phys. Chem 981, pressure of about (280) x 10® mbar at 300 K. The experimental
’(36) Caravatti, P.; Allemann, MOrg. Mass Spectronl 991 26, 514. rate constantge,, of the ion/molecule reactions were determined by
(37) Kofel, P.; Allemann, M.; Kellerhals, Hp.; Wanczek, K. It. J. recording the decay of the intensity of thgHZ' ions and the rise of

Mass Spectrom. lon Processk385 65, 97. the product ions as a function of the reaction time, and by fitting these
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experimental kinetic plots using the Origin PC progr&@mrhe Table 1. Bimolecular Rate Constantks, and Branching Ratio of
bimolecular rate constanks; were calculated fronkey, by taking into the lon/Molecule Reaction of £H", x = 0—12, with Benzene
account the number density of the neutral reactant in the FT-ICR cell ] branching ratio o
derived from the partial pressure. The reaction efficiency (eff %) was ClUSter ion — — . , effo)=
obtained from the ratio of the experimental and the theoretical Coably addition _ add./elimin _unreactive ky Kofkas

collision constankage Which was calculated according to the method ~— CasHis™* no reaction 100

of Su and Chesnavicl.The rate constants reported are estimated to  CaaH1" 93 7 0.78 8.2

be accurate within 20%, and the main error is due to the measurement CzaHio™ no reaction 100

of the partial pressure of the neutral reactant. CZ4H9.++ 72 6 22 0.52 55
The pressure within the FT-ICR cell was measured by an ion gauge gzﬂ8+ %g 3 E 8%}1 éé

close to the high-vacuum pump of the cell. The pressure reading was C;H;'Jr 59 a1 0_'30 3:2

calibrated by rate measurements of the reactions'”CHCH, — CHs" CoaHs* 84 3 13 154 16

+ *CHs (ki = 1.5 x 107° cm® molecule s71 49 and NH** 4+ NH3; — CoHat 75 25 0.88 9.2

NHs" + *NH2 (ki = 2.2 x 107° cm® molecule s™* ) as described CodHst 89 6 5 4.07 42

beforé!2and corrected by the sensitivity constants of the reactants with  Cp H,"+ 83 17 3.32 35

a standard methat. CoH*t 86 11 3 7.83 82
CID of the Product lons. To obtain information about the product Cost® 79 11 8.02 84

ion structures of the ion/molecule reactions gHZ" with the benzene 2 %1019 ¢ molecule® s b The charge transfer is about 10%.
or benzenegs, SORI-CID of the product ions was achieved generally ¢ cajculated by the method of ref 39.

with the same procedure as described above. However, in this case the
neutral reactant was introduced as a pressure pulse into the cell for 190 g
reaction with the isolated " ion. After a certain reaction time the K
neutral reactant was pumped away and the product ion of interest was
isolated. Then, SORI-CID was applied to the product ion by slightly
adjusting the excitation energy until at least half of the target ion had
dissociated. Finally, all ions were detected in the standard mode. There
are two advantages of using SORI-CID rather than the normal CID to
investigate the product ion structures. First, the high dissociation
efficiency of SORI-CID allows the study of product ions of low
intensity, and second, the “soft* excitation mode of SORI-CID makes
it possible to observe mainly the dissociation pathway of lowest energy.
For the kind of product ions studied here, this provides positive
structural information.
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3. Results and Discussion reaction time [s]

3.1. GHy™ Cluster lons. By means of SORI-CID, the series
of CosHyx™ (x = 0—12) cluster ions were generated with large % 7
abundance from coronerie During these experiments it was ]
observed that a background pressure of benzene (the neutral 80
reactant) improved the efficiency of the SORI-CID processes, 1
most likely because collisions with benzene were cooling the
ions rather effectively which kept them from escaping from the
center of the FT-ICR cell. Nevertheless, it is remarkable that
even the pure carbon cluster ion,sC was produced by ]
eliminating 12 H atoms from the molecular ions df with 20 -
sufficient intensity for the following study of ion/molecule
reactions with benzene and benzehle- x‘zﬁf'fi;‘;:*;:;;“'“"

Reactions of GsHx", x = 0—12, with Benzene.The * ' T ' ' "
products, branching ratios, rate constakts and reaction 0 > reacﬁo,l?ime sl 13 2
efficiencies of the reaction of GHx™ (x = 0—12) cluster ions
with benzene are given in Table 1. As an example, the plots of
the ion intensity as a function of the reaction time (“kinetic
plot”) are shown in Figure 1 for the reaction of£;* and of that reactions of ions without excess energy were studied.
Co4" with benzene. In most cases a bimodal reactivity was Further, the reactive GHy™ ions generated by eliminating'H
observed, and the experimental kinetic plot could be fitted by atoms using SORI-CID from PAHs are either homogeneous in
assuming a fraction of GHxt (x = 0—12) cluster ions reacting  structure so that they exhibit naturally identical rate constants
by pseudo-first-order kinetics while the remaining fraction reacts or, more likely, are a mixture of reactive isomers which do not
much more slowly or does not react at all with benzene during differ significantly in their reactivity. This latter result could
the time scale of the experiment. The pseudo-first-order kinetics be the case if the reaction with benzene occurs always at a local
obtained for the reactive fraction of ions is very strong evidence reaction center common to all ions, for example at a carbenium
center. Since all &Hx"™ ions can be viewed as modified aryl

b)

[Coe*CeHel™

=3 ¢ o O T 5

60

40 o

relative intensity {%]

CeHs™
S\

Figure 1. Kinetic plots for the reactions of (a)Hs" with benzene
(Poenzene= 20.8 mbar) and (b) & with benzene (Rnzene= 1.9 mbar).

(38) Origin, Version 4.1; Microcal Software, Inc.; Northampton, MA,

1996, cations, this is a plausible possibility. The reaction efficiency
(39) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183. for the reactive fraction of the ions is always lower than 85%.
(40) Smith, D.; Adams, N. Glnt. J. Mass Spectrom. lon Phys977, Therefore, the reactions rates are not controlled by the collision

23'(if)?"Aolams, N. G.; Smith, D.; Paulson, J.F.Chem. Phys198q 81, of the GuH," ion with a benzene molecule but by a rate

593, determining step later on the reaction coordinate. Considering

(42) Bartmess, J. E.; Georgiadis, R. Macuum1983 33, 149. the appearance of a fraction of£l," ions unreactive toward



Reactuity of CHy™ Cluster lons toward Benzene

91 C,,"* (graphitic)
= @—e
‘n
[}
S 64
o
2
<)
£
£ 34
9,
5 C,.” C.H..™*
S (r?\"onocyclic) % /e\ 24;“
O
0{ ® ~o— %~ e\o
T T T T T T T T T T T T
0 2 4 6 8 10 12

X (number of hydrogen atoms)

Figure 2. Variation of the rate constatt; of the reaction of GH,"
cluster ions and benzene with the numkef hydrogen atomskg; for
Cos" from ref 18).
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original coronene molecular ion, which is also unreactive. The
Cyo4Hyt ions followed by elimination of additional Hatoms
down to G4He't exhibit medium reactivity, but the reactivity
of cluster ions containing a smaller number ot Htoms
increases steeply. Excluding the unreactiveHzzt and
Co4Hy10'™, the rate constants for the othes 84" ions cover a
range of a factor of 73 frork,; =1.1 x 10~ cm?® molecule?

s~1 for the reactions of gHg*™ to that ofk, = (8.0 £ 0.2) x

benzene, it has to be taken into account that the kinetic 10-10 cn3 molecule s2 for Cos.
experiments discussed here are very demanding and that a small The high reactivity of the carbon cluster ions,C, besides
amount (5%) of unreative species may be an artifact due to g yather small fraction of an unreactive isomer, generated in

experimental difficulties and the curve-fitting procedure. Nev-  this work by SORI-CID with benzene is significant. The rate
ertheless, in most cases the amount of the unreactive componengonstantk, = (8.02 & 0.2) x 10-° cm® molecule® s?

is too large to be an artifact. This is mainly observed fefH*
radical ionswith x = 2m corresponding to an even number,

corresponds to a reaction efficiency of 84%, so that the reaction
nearly approaches the collision controlled rate limit. Previous

and the amount of unreactive isomers decreases with decreasingtydies of the reaction of g+ ion formed by laser evaporation

X. This suggests that the unreactivei,s* radical ions exhibit

of graphité®bor electron ionization (El) of perchlorocoronene

a unique structure element, and one possible explanation is anc,,Cl,,2° show that this monocyclic &+ exhibits an extremely

aryne structure generated by loss of 2 &loms from two
neighboring positions. This results in a8+ ion in which

low reactivity toward benzene. The rate constdpt was
reported®bto be less than 2.% 10713 cm?® molecule® s1.

the positive charge and the radical site are delocalized in the Therefore, the reactivity of the g+ carbon cluster ion studied

aromaticsr-electron system as in the original PAH and which
is not very reactive. In contrast, the,8on1* cations must
expose an empty-bonding orbital within the plane of the PAH

here exceeds that of monocyclie£ by more than a factor of
3 x 10° This substantial difference of the reactivity between
these two kinds of @%?" carbon cluster ions is clearly

which makes them analogues of the reactive phenyl cation. An jndicative of absolutely different structures. A notably reactive
additional and related argument to explain the occurrence of jsomer of G4+ carbon cluster ions was also reported recently

unreactive isomers in particular forg£El,* and the decrease
of this fraction with decreasing number of Btoms in the ions
is that the reaction of benzene with thes8;n+," cations is
expected to be more exothermic than that with thgHg™

by our group® using the MECA technique for carbon cluster
ion preparation from gCI" ions withx = 1—12. An isomeric
component gz, which is more reactive and behaves differently
toward pyridine than monocyclic £, was observed, and it

radical cations, and that in both series of ions the reactivity of \yas suggested that this reactive species af'Gstill has the
all isomers should increase with increasing unsaturation of the graphitic carbon skeleton of coronehéScheme 3). However,

Co4Hy* cluster ions.

Rate Constants of G4Hy", x = 0—12. The rate constants
for the ion/molecule reactions of @™, x = 0—12, with
benzene are plotted in Figure 2 versus the number @itéins
in the G4Hyx™ cluster ions. Generally, the reactivity increases
with decreasing numbers of*ldtoms, but it is obvious that an
odd/even modulation of the reactivity occurs throughout this
series of ions. The £Hy" ions withx = 2m+ 1 corresponding
to an odd number of Hatoms include a closed shell of valence

under the conditions used in that study, MECA may plausibly
produce a mixture of isomericg".

An important difference between monocyclic carbon cluster
ions and their graphitic isomers shown in Scheme 3 is the very
different MO system of ther-electrons. The monocyclic carbon
cluster ions exhibit two delocalizetd-electron systems, one by
overlap of the 2p carbon AO perpendicular to the plane of the
ring and a second one by overlap within the plane of the ring.
In contrast, the graphitic carbon cluster ions contain only one

electrons such as a carbenium ion and are more reactive towardlelocalizedr-electron system, that of the corresponding PAH,

benzene than the correspondingd¢™ radical cations withx

= 2m corresponding to an even number of Btoms. The
molecular ion GsH12" of coronene does not react with benzene,
while the G4H11" ion, formed by loss of any one of the 12 H
atoms, exhibits a reaction efficiency of 8.2%. Unexpectedly,
the G4H1¢'™ ion exhibits no reactivity toward benzene, although
it is derived by further loss of a Hatom from the reactive
Co4H11" ion. This suggests the loss of the seconditém from
Co4H11t from the neighboring position to the first loss and a
stabilization of the resulting £H10™ by an “aryne” triple bond.

and at the rim of the plane each pair of €O of neighboring

C atoms combine to a localized<C aryne bond. Since the
positive charge and the radical site are expected to reside in
one of these localized aryne bonds, these graphitic carbon cluster
ions should be more reactive than the monocyclic isomer.

The G4 and G4Hy™, x = 1-11, ions studied here were
generated in a more gentle manner by SORI-CID which should
favor carbon cluster formation without a deep-seated rearrange-
ment of the carbon skeleton of the precursor molecules if this
results in a stable cluster structure. The observation of a highly

In these “aryne radical cations” the positive charge and the reactive G4 species agrees with this expectation. Unfortu-

radical site are delocalized in theelectron system as in the

nately, an investigation of the ion/molecule reactions of this
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Table 2. Products of the Reaction ofsH,", from Coronene, and G4t up to two benzene molecules and foud;", CogHs™,
with CsDs and Their Fragments of SORI-CID and G4Hs' up to three benzene molecules were observed to
fragments of SOR+CID add to G4H,*. This addition is the only pathway forygH, ™,
cluster branching rel int x = 2m, radical cations with an even number of &toms. The
ion productions  ratio (%) ion + neutral§ (%)° other reaction pathway is an additioalimination sequence by
CodHi* 1O reaction addition of a benzene molecule followed by elimination of one
CaaH1r"  [CaaH11-CeDe] * 94 [C2aH10°CeDg]*" + H* 100 H* atom, which is exclusively observed for even-electron
824:13'* nCo reaction . e CoqHyt, x = 2m + 1, cations containing an odd number of H
2™ [CoaHoCoDe] . 36 [GdHaCobel t H . 100 atoms. The Matom lost originates from that part of the adduct
[C24Ho(CeDe)2] 36  [CadHg(CeDe)2]*" +H* 100 - : +
[C24He CeDe]** 7 ions which comes from £H," rather than from benzene, so
CaoHgt  [CoqHgCeDgl*" 29 that [G4Hx—1-CeHe]*™ product ions are formed. This is proven
CoaH7* [CaaH7CeDg] " 35 [Cz4He'CeD6]': +hH 7 by the reactions with benzemig-as shown in Table 2. The odd/
Cabie(CDRI* 38 [[%24:4:%%6]) ]jﬁ':H, 1(2)3 even alternating reaction pathways were observed throughout
[Cod(CeDO S paiei-ere this series of ions with the exception 0f48111", which shows
[C24He*CeDel"* 3 only the addition of one benzene molecule withoutlébs.
CaaHe™t [CaaHeCoDel** 55 [Cz4Hs-CeDs].*++ He i 40 However, the loss of one *Hatom from the [G4H11-CsDg]™
%524:422636}+ r?if'* 28 product ion is the predominant SORI-CID process. Anyway,
[CaodHe (CeDe)al* 4 2471766 the fact that both the reactivity and the reaction pathways show
CoHs*  [CosHsCeDe] 47 [CoaHaCeDgl** + H* 100 the characteristic odd/even regularity throughout the whole series
[C24H5*(CeDg)a] 24 may indicate no rigorous structural changes fromHz>"* to
[CadHs(CeDe)s] 14 C,4+" besides the alternation between an odd and even number
CaaHs*CeDg)** 3
Cubt' (CoHGD 73 [CubwCiDq' 1w 22 Of valence electrons. _
[C24H2*CeDg]** + 2H° 38 SORI-CID studies were carried out for some of the product
. [C24H-CeDg] ™ + 3H° 38 ions to obtain information about the bonding of benzdg@
bt Egz“:“:E:CGDD]G)f] 5% Cubr GO +He 77 the product ions of the primary and secondary reactions. The
AT Praieere [CoH-CDel* + 2 23 ions studied, the CID product ions, and their relative abundance
[Ca24Hs(CeDe)2]* 23 are also summarized in Table 2. It is immediately apparent that
[C24H3'(CGD6)3_]+ 9 no loss of benzends is observed from any of the primary and
ot %224:2:8386%; 72 secondary product ions, even at higher excitation energy. This
2472 [CZH;(&SG)Z] o 8 indicates that the benzene molecules are added:4dC by
CoHt  [CosH-CeDgl* 61 [Coa-CeDgl*+ + H 100 forming new C-C bonds rather than by simple electrostatic
[C24H-(CeDe)2] 26 association. It is striking that, without exception, all fragmenta-
% _ g except g
oot [82428686].+ (13(15 tions occur at that part of the product ion which stems from the
2 ECi-(éeSl)z]'* 13 original cluster ion as shown in Scheme 4.

- — - The loss of one Hatom is the predominant dissociation
aThe branching ratio (in %) was determined at the end of the

; : reaction for the primary product ions of the typeJa*, x =
reaction, and the unreactive and small amount of the charge transfer ’
(only for C,i*) are not shown heré.The losses of two or more'H ~ 2M + 1 ([CasH11-CeDe] ™, [CoaHo CeDe] ™, [C2aH7CeDe] ¥,
atoms may also result inghowever, in the case of SORCID studied [C24Hs5:CeDg]t, [Ca4H3-CeDsg] ™, and [G4H-CsDg] ™), yielding
here, consecutive losses of &re more likely° In percentage of the [Co4H2mCsDg]*t fragment ions. It is of interest to note that
total fragment ion intensity. [C24H2mCeDe]*" ions derived by loss of Hfrom the primary

Co4 with pyridine failed due to the quick loss of the. 8+ [C24Ham+1°CeDe] ™ product ions by CID behave identically to
ion intensity during the ion preparation by proton transfer to the corresponding primary product radical cations obtained
pyridine. Nonetheless, the regular increase of the reactivity of directly by reaction with benzergs: This is a further indication
the GaHy* ions with decreasing numbers of Btoms present _that all CZ4HX_+ ions are closely relate_d_ln their structure, which
in the cluster ions can be taken as strong evidence for a graphiticiS Most easily understood by retaining the graphitic carbon
structure of the present@*. This dependence of reactivity on skeleton of coronengin QII these ions. Most of the secondary
hydrogen content can be explained either by structural changedC24-x(CeDe)2]™" product ions could not be examined by SORI-
of the carbon skeleton occurring gradually withlss or, much  CID due to insufficient intensity. Two of them, {@Hg"(CeDe)2] ©
more likely, by no changes of the carbon skeleton but by a and [GaH7(CeDe)2] *, which could be analyzed, behave identi-
reactivity continuously increasing with increasing unsaturation. cally to the primary product ions and exhibit loss of one H
This would imply a graphitic structure of the£" carbon cluster ~ atom as the only fragmentation process. In particular, no loss
ion prepared by SORI-CID from ionized coronehe of benzeneads was detected. This indicates that both benzene

Structure of Product lons. In this connection an analysis Molecules are strongly bonded and probably have been com-
of the structure of the product ions of the reaction of benzene Pletely integrated into the cluster ion.
with the GgHx™ ions becomes important. This has been 3.2. GgHyt, x = 4—12, Cluster lon. The results presented
performed by using benzemjg-as reactant and by SORI-CID in the previous section suggest that the carbon skeleton of
of the relevant product ions. The product ions formed with coronenel is preserved in the GHy' ions all the way down to
benzene and benzeng-are listed in Tables 1 and 2, respec- the pure carbon cluster ion . Convincing arguments in favor
tively. of this assumption can be obtained by showing th#t,C ions

It is noticeable that an odd/even regularity appears here alsogenerated by Hloss from isomeric PAH ions retain their
by observing two types of reaction pathways. One pathway individual reactivity throughout each series of isomeric ions.
which is common to all reactive fHy" ions is the addition of Therefore, GgHy" cluster ions from the four isomers of g,
one or more molecules of benzene to form4&-(CsHe),] triphenylene2, chrysene3, 1,2-benzanthracend, and 2,3-
adduct ions. For @Hgt, CosHe™t, CoaHa", CoaHo*t, CosHT, benzanthraceng(Scheme 1), were produced by SORI-CID and
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Scheme 4

x =2m SORI-CID
—— [Cy4H,-CeDg]* [CosHy1*CeDel*  + H-
[CoaHy2*CeDgl*  + 2H:

Kyi

CosHyt dg — SORI-CID
e e CothheCoDelt 0 (CpgH 1o CaDal* + H

SORI-CID
P [CosHye(CeDg)o]t ————= [CpaHy.i#(CeDg)ol* + H-

x:

ORI-
[C4H,1+CeDgl* SORICID [CoHy2CeDel*  + H-
[C24Hy32CeDel*  + 2H-

Table 3. Bimolecular Rate Constantky;, of CigHy™ from Four PAH GgH1, Isomers2—5 with Benzene

K-

cluster ion triphenylei2 chrysene8 1,2-benzanthracenk 2,3-benzanthracerte Kapo®P
CygHiz™ no reaction no reaction no reaction no reaction 987
CigHut+ no reaction no reaction no reaction no reaction 988
CigHio™ no reaction no reaction no reaction no reaction 988
CigHo"™ 0.60 (47) 1.27 (100) 0.65 (51) 0.74 (58) 989
CigHegt 0.04 (80) no reaction 0.04 (80) 0.05 (100) 989
CigH7" 1.40 (42) 3.00 (100) 1.34 (41) 1.70 (57) 990
CigHet 0.57 (98) 0.58 (100) 0.25 (43) 0.08 (14) 990
CigHs" 2.24 (48) 4.68 (100) 2.74 (59) 2.53 (54) 991
CigHat 0.66 (34) 1.96 (100) 0.88 (45) 0.93 (47) 991

a %1071 cm® molecule? s7%. P The kagois calculated by the method of ref 39The numbers (in %) in parentheses are relakivealues to the
highest one in each of the; " isomers.

reacted with benzene using the procedures described before. 5
Unfortunately, in the case of;gH15,, the successive elimination
of H* atoms by SORI-CID terminates always agi€s . Further
elimination of H atoms was difficult because a fragmentation
of the carbon skeleton cannot be avoidgeyhich resulted in
CigHy " intensities too small for kinetic measurements.

Rate Constants of GgHy", x = 4—12. The ion/molecule
reactions of the four series of,§," ions, x = 4—12, from

w A
[

ky; [cm® molecule™ s7]
N
1

2—5 with benzene show again a bimodal behavior due to the £ 4 ?n;j;ocyc"c)
presence of a fraction of none or only slowly reacting ions 1
especially in the case of the i, cluster radical cations o -

containing an even number of*ltoms, in close analogy to T L A S e ———
0 2 4 6 8 10 12

the G4Honr™ ions. The decay of the reactive components again
agreed always with pseudo-first-order kinetics, and Table 3 X (number of hydrogen atoms)
summarizes thé&,; for the reactions of GHy™ ions from2—5 Figure 3. Variation of the rate constait,; of the reaction of GH,*

with benzene, derived in the usual way from the pseudo-first- cluster ions and benzene with the numbesf hydrogen atoms.K,
order rate constantg,, together with the product ions and the =~ CisHx" derived from2; ®, CigH," derived from3; A, CigHy" derived
branching ratios. All rate constarig are much lower than the ~ from 4; v, CigHx" derived froms).

theoretical collisional rate constaritg, This indicates also that )

the ion/molecule reactions of@," with benzene are controlled ~ atoms. For the ions of fgHy", CagH7", and GgHa™", the order

by a chemical activation barrier along the reaction coordinate. Of the reactivities from the isomers is chryseBe> 2,3-
The rate constants for the reactions of thgrG>+, CigH11*, benzanthraceng > triphenylene2 and 1,2-benzanthracede
and GgHig* ions from all four isomeric PAHs are below the However, for the other ions this order is changed with the
limit of measurability. Figure 3 shows a plot of the rate constants €xception of a higher reactivity of gHx" generated from
kbi aga|nst the number Of"—ﬁtoms in the Cluster ion for each Chl’ysené3 A” these reSU|tS |nd|cate that the I’eaCtIVIty Q_%Bx+
series of GgHy " ions. The odd/even modulation of the reactivity 1S highly dependent on the structure of the parent PAH. It is
for the GigH," ions derived from a certain isomer is in accord 'easonable to conclude that theg," ions resulting from the
with the reactivity pattern of GH," ions described above, but low-energy excitation of the SORI-CID retain the original
the variation ofky, between the GH, " ions with the odd and ~ skeleton of the parent PAHs.

even number of Hatoms is much more accentuated. It is very  Structure of Product lons. Analogous to the reactions of
noticeable that the reactivities of theg8," ions with a certain CosHy™ from 1 with benzene, the odd/even alternation of the
x from the 4 GgH12 isomers are positively different outside the two reaction channels, i.e., addition of benzene and addition
estimated experimental error, that the even-electrogt g™ followed by elimination of H, is observed also for the 4 series
ions exhibit more pronounced differences, and that the differ- of CigHy" ions generated frora—5. The main product ions are
ences become larger with a decrease in the number of the H[CigHyCsHg]* and [GgHy:(CeHe)2]*" for the reactions of the
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Scheme 5
x=2m SORI-CID.
> [CigHyCeHel™* [CisHeCyHl*  + C,H,
[CigHi22CeHel*  + 2H etc.
C.H* + _kb_' SORI-CID
e [CigHeCeHelr ——— [CigHirCeHel* + H-  etc.
SORI-CID
x = 2m+1 [CigHe(CeHg)ot ——— [C1gHy#(CeHg)al* + H- et
SORI-CID
[CgHyq+CeHgl* [CigHyrr CeHY ™ + C,H,
[CigHy3:CeHel™  + 2H- etc.
Scheme 6
@ SORI-CID
C + ) —_ E— + C,H,
CigHom™ [CygHam CeHel* [C1gHam CqHl*
Table 4. Products of the Reactions ofiflx", x = 4-9, from pathways. The first one is loss of one or severabtéms, and
Triphenylene2, with CeHs and Their Fragments of SORCID the loss of 2 B (or H,?) is usually favored. The second one is
fragments of SOR+CID loss of acetylene £, as illustrated in Scheme 5. By studying
cluster branching rel int the prqduct ions of GH," wi_th benzeneds it is der_nonstrated
ion product ions  ratio (%) jon + neutral§ (%)° that this GH, comes exclusively from the gElg moiety of the
CigHet [CigHe CeHel* 66  [CigHgCeHel*" + H* 42 ions, in contrast to the loss of*Kor nH) which involves only
[C1gH7CeHe] ™ + 2H° 16 that part of the product ion arising from the originajgBx+
%gw:e'ge:ﬂ‘i i aHC 9y 36 cluster ion. These results are strong evidence that at least the
1818 CalHy)* , G2 + ; - .
CisHa™ [CrsHa-CoHel" 2 [Caay-CeHe] = + H- 18 ngHZm cluste( ions undergo a cycloadglltlon with benzeqe to
[C1aHgCoHe]™" + 2H* 82 give [2+4] addition adducts [@Hy CsHe]*" (Scheme 6). It is
CigH7t  [CigH7+CeHe) ™ 46 [CigHe*CeHg]*t + H* 100 known that arynes are good dienophiles toward benZeaed
[Cler(CeHe)i]+ 11 . this is also to be expected for the “aryne bonds” within the
[C1eHe-CeHe] 22 [CiaHsCeHe] " +H 26 CqHy " ions, both the radical cation8,.+* and the cation type
[C13H4'C6H5]'+ + 2H° 45 + . " o
[CrsHeCaHa]* + CoHo 29 CrHam:+1™. The cycloaddition reaction of {8i," with benzene
CisHe* [CigHe-CoHgl™ 27 [CigHsCeHgl™ + H* 22 is probably slow, because a larger reaction efficiency is only
[C1gHa-CeHe]*" + 2H° 57 observed for ions of smalk. Further, the reaction is not
Cutlet [CutoCaHg* 2 [[218:6%4:4%: i EgHZ 1%%) necessarily a concerted one and may also occur via multiple
1815 18M15°Lel6, 18M4°*Lell6 H HH H 3
Cotsr(Celed™ 27 [GuaHar(CaHl 't 4 1 60 igerﬁf)ie;eénzd?r:tl(irqeoggilgn:jo :I?erg] f:i\r/r?i:msg;blg 2t:;te)lit:2]3n
[C13H3'(C6H5)2] + 2H° 17
[C1gH2(CsHe)2]* + 3H° 23 cycloaddition adduct. The preferred loss of orfeatbm in the
N [C18H4'C6H6]: 20 [ClaHZ'CGHG]': + 2k 100 reactions of GHom+1™ With benzene might happen during this
CagHa™ [CasHaCeHg] 65 [[518:322636},+1HZH_ Llli latter step. This is suggested by the practically identical behavior
[CiZHi'CiHi]'* + CoHa 45 of the two ions [GgHe*CsHe]*™ generated by the reactions of

CigHet and GgH; ™, respectively, shown in Table 4 and Scheme
5. It remains unclear, however, why the loss gHg is not
observed by SORI-CID of the product ions of the reaction of
Co4Hy with benzene. Otherwise, thexfElc" ions generated
from coronenel and the GgHy™ ions generated from the
isomeric PAHs2—5 behave parallel in their reaction with
benzene and in the properties of the reaction product ions. Of
molecule. ticular importance is the observation that the rate constants

Isomeric GgHy" ions may give product ions of different pgr : . : +

8Hix . . kei of the reaction with benzene for the cluster iongH;

§tructures by their rgacﬂons with be+n'zene. Therefore, the prOdUCtdepend clearly on the structure of the parent PAHs down to the
ions from the reactions of the;@Hyt ions with benzene have lowest numbex = 4 of H atoms present in the ions. This
been analyzed using the SORI-CID method. As an exanr'ple’supports strongly the idea that these ions retain the isomeric

the SORI-CID fragments .Of th? 18" product iqns of carbon skeleton of the parent PAHs during repeated losses of
triphenylene2 are summarized in Table 4. Identical CID H* atoms from the rim of the ionized PAHs by SORI-CID. It

behavior is observed in all 4 series of ions. The primary b g :
i ; ted safely th d d f
[CieHom+1°CsHe] T product ions fragment predominantly or can be expected safely thag ;" ions derived from coronene

exclusively by loss of one Hatom, but the primary [¢gHom: (43) Hoffmann, R. W.Dehydrobenzene and CycloalkynegCh/
CeHe)*" radical cation products dissociate by two different Academic Press: Weinheim/Bergstr., 1967.

a —cSee the footnotes for Table 2.

CigHant radical cations, and [gHom+1°CeHel ™ and [GigHome
CeHg]*t for that of the GgHomeit cations. Reactions with
benzeneds also prove that in these cases threakbm lost stems
from the GgHx™ moiety and not from the added benzene
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1 exhibit an analogous behavior. Then, this can be extrapolated
with some confidence also to the formation 0f,C carbon
cluster ions which accordingly exist in a graphitic structure if
prepared by the SORI-CID technique.

4. Conclusion

Recent theoretical calculations of possible structures and their
stabilities of carbon clusters containing #@®@4 /> and 28% C
atoms at high levels of theory suggest that graphitic structures
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growth. The current theory of fullerene formation has its basis
on the stability and reactivity of intermediate monocyclic carbon
cluster or carbon cluster ions which coalesce, probably by
cycloaddition reactions, into large bi- and polycyclic structures
which eventually yield the fullerenes as the most stable form
of carbon clusters. However, the abundances of monocyclic
carbon clusters in the range around 20 C atoms observed by
laser evaporation are quite small. In view of our observation of
carbon cluster ions of much higher reactivity it is possible that
in fact these reactive carbon cluster ions of graphitic structure

or even spherical fullerene structures are stable and may be eveRye the precursors of fullerenes, and that the monocyclic clusters

more stable than a monocyclic structure for carbon cluster ions
of this size. A first and clear result from our study of the
generation of carbon cluster ions/£ by SORI-CID from
coronenel and the reaction of these ions with benzene is the
fact that the method used produces a*Ccarbon cluster ion
orders of magnitude more reactive than the monocychic™C
produced by laser evaporation of graphite. Only a very small
fraction of the G4 ions from the SORI-CID experiment exhibit
the low reactivity toward benzene attributed to the monocyclic
species. A priori the high reactivity observed could be attributed
to any other structure of £ besides a monocycle, but from
the structures discussed in the literaf@i@ur study gives very
convincing evidence that£" carbon cluster ions of a graphitic
structure are formed. This is not only in accord with the high
reactivity expected for this structure but is strongly corroborated
by the observation that the SORI-CID method clearly gives
isomeric GgHx™ cluster ions of even quite low ‘Hcontent
depending on the structures of the parent PAHs. A straightfor-
ward explanation of all these observations is conservation of
the graphitic structure of the relevant precursor PAH. We have
pointed out befor®® that the discussion of “dangling bonds”
for graphitic carbon clusters induced an incorrect picture. It is
known that 1,2-didehydrobenzene with an “aryne” triple bond
is stabilized by more than 130 kJ/mol compared with the
corresponding 1,2-diradical with its dangling bortéié similar
stabilization per aryne bonds is expected for dodecadehydro-
coronene @ with its six aryne bonds. Therefore, this graphitic
Cyst is better described by a structure with triple-C bonds
that are strained by bending, similar to the-C bonds in the
monocyclic G4 . This may be one reason that both structures
are nearly isoenergefftisomers. Further, the intact aromaticity
of the graphitic GHx" ions within the molecular plane keeps
the carbon skeletons stable during the ddom eliminating
processes for bothgHy™ and GgHyx™. However, the electronic
configuration of both structures differs strongly by only one
delocalizedr-electron system in the graphitic structure and two
perpendicular-electron systems in the monocyclic cluster ion.
Therefore, very different reactivities are expected for the two
isomers, and the isolated aryne “triple"-C bonds of the
graphitic cluster may contribute to the high reactivity and the
characteristic reaction pathways.

The observation of stable carbon cluster ions of high reactivity

which are not found among the cluster ion structures generated

by laser evaporation of graphite or other methods using high

energy and high temperature techniques has two interesting

consequences. The first one refers to the mechanism of fulleren
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1996 248 345.
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are only the nearly unreactive “riffraff’ left at the end of the
reaction after depletion of this range of carbon clusters by
fullerene formation. This agrees with a mechanism of generation
of fullerenes in sooting flames suggested by Homann &t al.
The second point of interest is that our results indicate the
possibility of producing carbon cluster ions with “tailored”
structures by SORI-CID of suitable precursors. In choosing such
precursors it has to be considered that a multistep but low-energy
route to the ionized cluster must exist. The elimination of chloro
or bromo substituents from the rim of a polycyclic carbon
molecule would be much better than repeated losses*of H
However, the poly- or perhalogenated compounds are difficult
to prepare in pure form and usually exhibit a high melting point
and a very low vapor pressure. Thus, we found them difficult
to handle in an FT-ICR instrument, and it may be worthwhile
to search for better precursor molecules.

While the high reactivity of the gHy™ prepared in this work
toward benzene especially at low Btom content is obvious,
the mechanism(s) of this reaction is not clear. AIHZ" ions
either react with benzene to form adducts with a benzene
molecule and/or react by an additioalimination sequence
consisting of addition of a benzene molecule followed by loss
of one H atom. It is verified that the benzene molecule is
bonded to the @Hy' ions by formation of new €C bonds
rather than by electrostatic association becauseghty [Dsses
were observed in the SORI-CID spectra of product ions.
However, the groups of atoms derived from benzene and from
the carbon cluster ions must remain separated entities in the
product ions. This is different from the behavior of adducts of
benzen& or naphthalen$ to monocyclic carbon cluster ions.

In these latter cases the CID spectra indicate a complete
amalgamation of the original structures of the reactants, while
in the present case the reaction products with bendgaghibit

only losses of Hatoms from the gHx moiety and/or losses of
C.D, exclusively from the benzerd: moiety. The latter
decomposition indicates that one of the reactions of thié,C
ions with benzene corresponds to a cycloaddition, in which the
graphitic GHy™ ions exhibit a benzyne reactivity and act as a
dienophile toward benzene in a Dielddler reaction. The
structure of this primary adduct [8,CeHg] ™ is suggested to

be a graphitic plate with a 1,4-bridged benzene at the rim as
shown in Scheme 6. This bridge is eliminated during CID.
However, it is not clear why this cycloaddition is only observed
for the smaller graphitic GHx™ carbon cluster ions and not for
Co4Hyt. Another possible mechanism to attach a benzene
molecule to a GH' cluster ion is electrophilic attack of the
carbenium ion center of {Elom+1™ cations or electrophilic as
well as radical attack of the radical site of theHz* radical
cations on benzene followed by migration of the proton from
the o-complex to the polycyclic system of the graphitic part of

(48) Ahrens, J.; Bachmann, M.; Baum, T.; Griesheimer, J.; Kovacs, R.;
Weilminster, P.; Homann, K.-Hnt. J. Mass Spectrom. lon Procesd&94
138 133.
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the product ion. This reaction may be expected to be favored benzene. This has been studied further by other ion/molecule
over the cycloaddition for even-electron cluster cations and for reactions of the @Hx" cluster ions.

odd-electron cluster radical cations containing no aryne bond
but two separate local reaction centers for the positive charge
and the radical. It is possible that the products of this addition

mechanism lose atatom by CID. Thus, the observation of a - -

different behavior of the product ions of the reaction gqHE" work is a grant by the Deutschg Forschungsgemelr}schaﬁ, and
ions with benzene on CID can be taken as evidence that isomeric.. gratefully acknoyvledge addltlc_)nal financial assistance by
graphitic cluster ions with respect to the position of the positive the Fonds der Chemischen Industrie. X.G. thanks the Alexander-

charge and the radical electron are formed by the losses of H \éluwrgfr?édtigﬂsﬂgg g??#:'uiser?;gi)efg;e? dresearch stipen-
atoms from an ionized PAH by SORI-CID and that several 9 Y ’
parallel mechanisms operate in the reaction of these ions with JA984275E
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