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Reactivity and Structure of Hydrogenated Carbon Cluster lons GHx™ (n = 18, 20, 24;x =
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The ion/molecule reactions of hydrogenated carbon cluster igg#C n = 18, 20, 24x = 4—12, in the gas

phase with CHSSCH (DMDS) were investigated using Fourier transform ion cyclotron resonance (FT-ICR)
spectrometry. The cluster ionsidE" were prepared from the four 16, isomers chrysenel,
1,2-benzanthracen@)( triphenylene §), and naphthacend) cluster ions GoHy™ from perylene %), CooH12;

and cluster ions gHy™ from coronene &), C,4H1», by consecutive elimination of +htoms using the “soft”
activation technique of the sustained off-resonance irradiation collision-induced dissociation~SIDRI
available on FT-ICR. The products, bimolecular rate constkgtseaction channels and their branching
ratios, and SORICID fragments of the product ions of the ion/molecule reactions with DMDS provide
valuable information about the reactivity and structure of the cluster igHg"CFirst, it is shown for cluster

ions GgH,' that the rate constants of the reaction with DMDS of the individual species depend clearly on the
structure of the parent polycyclic aromatic hydrocarbon (PAH) of the ions, even for clusters of low hydrogen
content. Obviously, the cluster ions remember the skeleton of the parent PAH and, therefore, differ in structure
from those formed by laser evaporation of graphite reported by Bowers and co-workers. Second, the bimolecular
rate constants increase with decreasing number of hydrogen atoms present and alternate regularly in all series
of cluster ions GHy™ with odd and even numbet of hydrogen atoms. These effects parallel the results
obtained earlier for the ion/molecule reaction gHZ" with benzene and confirm a general reactivity scheme

of these cluster ions. Third, two kinds of the reactivity of the cluster iofi$Cwith DMDS are observed,

i.e., a carbonium-like @+ reactivity) and an strained aryne-bond-like reactivigryne reactiity). Both
reactivities display characteristic reaction products with DMDS and can be related to the presence of reaction
centers in the cluster ions corresponding to an aryl ion carbenium centaryaradical center, and a strained

triple bond of an (ionized) aryne. These reactions centers are expected to arise from losses of H atoms from
the parent PAH if the polycyclic carbon skeleton survives the fragmentation, as previously suggested from

the results of a reaction of the hydrogenated carbon cluster ions with benzene.

Introduction range!! Therefore, graphitic £ should be considered also as

Several studies of the reactions and the structures of ionizedP'ecursors for the formation of fullerenes, even though the
small carbon clusters £ with n < 24 as well as of partially gxpenmental resultd-812show dominant monocyclic structures
hydrogenated speciesid" (x < 5) have been reported during I the case of smaller clusters.
the past decadés? Both species are considered to play an It is suspicious that in most experimental studies the carbon
important role in astrochemistrand combustichprocesses and ~ cluster ions were generated by laser evaporation of graphite,
in the formation of hollow-cage fulleren&sThe structures of ~ Wwith exception of the electron impact induced dechlorination
Co* (n < 24) were studied by Boweté and by Jarrold et . of perchlorinated polycyclic aromatic hydrocarbons (PAH).
using ion chromatography (I@)and with increasing number ~ Studies of structures and reactiviiés*indicated that identical
of C atoms the ion @ were reported to be linear chains, monocyclic clusters £" are generated by both methods. This
monocyclic rings, and bicyclic rings. Fromy £+ to C7**, the is very likely due to the high energy needed both for laser
monocyclic rings are highly predominant, but for larger carbon evaporation and for electron impact induced dechlorination to
cluster ions other structures compete. Besides the structuregprepare these cluster ions. A careful sttfayf cluster ions @*
mentioned above, planar graphitic carbon clusters were observedierived from decachloroacenaphthengllio* failed to observe
to appear at about £ to Cso'™, 27210 while any curved any G»* keeping the skeleton of this PAH, although the PAH
graphitic structures were reported to be absent. Interestingly, structure was conserved in some iongG@,* formed by the
graphitic structures were predicted by theoretical calculations loss of only a few Cl atoms. Nonetheless, a previous sfudy
to be stable, starting already fromdZ, and were expected to  has shown that graphitic.@¢™ might have been formed indeed
compete in stability with monocyclic structures at this size from perchlorocoronene, ZCli,, as a coexisting isomer using
the more gentle technique of multiple-excitation collisional
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In our preceding study on the generation of £ and GHy", was 150-380 Hz aside from the natural cyclotron frequencies
we have used the sustained off-resonance irradiation andof the selected ions. The excitation potentgl, was about
collision-induced dissociation (SORCID) techniqué? avail- 0.5-0.9 V. A pulse of argon was admitted into the cell as the

able in FT-ICR spectrometry as a new approach to prepare thesdarget gas for the collision activation at a peak pressure estimated
cluster ions in the gas phase. Using SORID the stepwise to be about 10° mbar. With this procedure, ions,B1," were
elimination of H atoms from the molecular ions of a PAH was produced efficiently. By applying again similar SORTID to
possible by isolating the product ion of each fragmentation step. the product ion H1:™, secondary ions 10" were generated,
This procedure avoids the accumulation of more excess energyand so on. After a suitable series of SGRIID experiments,

in the ions than necessary to initiate the fragmentation of lowest the target cluster ions {Elx™ were isolated by the same

activation energy, and in the case of PAH angHg ions procedure described above. Special care was taken for optimiz-
derived therefrom, this is usually the loss of one H atom. As a ing the parameters of SORCID to minimize the ion loss and
result, cluster ions Hy™, n = 13—24 andx = 1-11 and in to avoid any excitation of the product ionsH™. Generally,

certain cases the “pure carbon cluster ions™Cas well were at least in our experimental conditions, the ion$i¢ formed
formed with sufficient abundance for further studies. Studies by SORFCID are already kinetically “cool” after isolation.
of the ion/molecule reactiokkof benzene with the series of However, for removing any unintended excitation from the
cluster ions GHyx™, n = 18 and 24, indicated that the skeleton selected ions ", a pulsed valve was opened for 15 ms to

of the parent PAH was very likely retained by the iongi¢'. allow a pressure of argon (peak pressure ca® htbar) to enter
This is of interest in connection with a recent report by Bowers the FT-ICR cell and thermalize the iongH" for 1-2 s. This
and co-workerson the structures of ™, n < 22 andx < 5, was followed by ejections using single rf pulses of selected

formed by adding Hto the plasma during laser evaporation of frequencies to remove any reaction product ions formed during
graphite?® By this technique, monocyclic species were found this period.

again predominantly. However, new isomeric components of  For executing ion/molecule reactions, a variable delay time
CnHx™, n = 15 andx = 4, 5, were observed and were considered (0—80 s) was used to permit the individual cluster ion$ig

as species related to the PAH formation. Their structures wereto react with DMDS as a neutral reactant present in the FT-
assigned to be a benzene ring with a carbon loop attached aiCR cell at a constant background pressure of12) x 1078
ortho positions, but no species with polycyclic PAH skeletons mbar and at 300 K. The experimental pseudo-first-order rate
were considered. Further, in a previous stddye prepared by constantske, of the ion/molecule reactions were determined
SORKCID an ion, G4, which exhibits significantly higher by observing the decay of the intensity of the ion$ig as a
reactivity than that of monocyclic£*,* and this reactive &+ function of the reaction time (“kinetic plot”), and by fitting the
was assigned a graphitic carbon cluster ion. From these studiesntensity curves with the appropriate kinetic expression using
it emerges that the structure of a carbon cluster ion in the gasthe Origin progrant* The bimolecular rate constarks were
phase depends more on the mode of preparation that assumedalculated by taking into account the number density of the
previously, and that also rather small carbon cluster ions canneutral reactant in the FT-ICR cell derived from its partial
employ a broad variety of stable structures. Therefore, it is pressure. The rate constanks,, reported are very well
worthwhile to characterize the specieg" created from PAH reproducible € £10%), but are estimated to be accurate only
by the “soft” SORFCID method by additional ion/molecule  within 30% because the main error is due to the measurement
reactions. A reagent which has proven useful to characterizeof the partial pressure of the neutral reactants. The reaction
the structure of gaseous ions, in particular distonic radical efficiency (eff. %) was obtained from the ratio of the experi-
cations, is dimethyl disulfide (C}3SCH; DMDS)2! In this mentalky; and the theoretical collision rate constég.2®> The
paper, we report a study of the ion/molecule reactions of DMDS pressure within the FT-ICR cell was calibrated by rate measure-
with four series of the cluster ions,Bx", n = 18, x = 4-10, ments of the reactions GH + CH; — CHs™ + *CHjs (kpi =

and of some ions (", n = 20 and 24, which were derived 1.5 x 10° cm® molecule’? s71 26) and NH+ + NHz — NH4+

from suitable PAH by the SORICID method. The results  + *NH, (ky = 2.2 x 1072 cm?® molecule! s 27) and corrected
indicate that the ions (" display similar differences of their by the sensitivity constant of the reactant with standard
reactivity toward DMDS than observed in the reaction with method<8

benzene, but that ion/molecule reactions with DMDS can serve  SORI-CID of some product ions of the ion/molecule

as better probes to the structures of cluster iogtdC reactions was accomplished as described in a previous paper.
The soft excitation of SORICID makes it possible to observe
Experimental Section mainly the dissociation pathway of lowest energy, thus providing

more structure information for this study, and its high dissocia-
tion efficiency enables to study also some product ions of low
intensity.

All compounds used in this study are commercially available
as pure substances and used without further purification.

All FT-ICR experiments were carried out on a Bruker CMS
47X_FT-ICR spectromet_er equipped with a 4.7 T supercon- Results and Discussion
ducting magnet, an Infinity C@land an external electron
ionization (EI) sourcé? The cluster ion generation and the ion/ SORI-CID is a modern method of collisional activatiéh,
molecule reactions were studied as described béféP@riefly, which excites the ions by slight off-resonance irradiation, and
the molecular ions of the PAH were generated in the external which induces under the experimental condition used in this
source by the 30 eV El. All ions formed in the ion source were work the fragmentation of lowest activation eneiygf mass-
transferred into the FT-ICR cell, and the molecular ions were selected ions. Despite the fact that dissociation of the carbon
isolated using the standard procedures of ejection of all frames of the molecule ions of PAHSs is observed at the high
unwanted ions by a broad band radio frequency (rf) pulse and activation energy of conventional CH3elimination of a single
a series of single rf pulses of appropriate frequencies. Then,H atom (or 2H/H; in some cases) has been proven to be the
the first step of the SORICID!8 was applied to these ions by  most favorable process during SGRZID,” and, evidently, the
setting an “off-resonance” irradiation pulse, where the frequency resulting cluster ions " remember the carbon skeleton of
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TABLE 1: Bimolecular Rate Constants, kyi, and Reaction Efficiency, eff [%], of the Reaction of Hydrogenated Carbon Cluster
lons C,H," with DMDS

1(n=18) 2 (=18) 3(=18) 4 (=18) 5 (1= 20) 6 (1= 24)
cluster ion Kpi? effP Kpi® effP Koi® effP Koi? eff° Kpi? eff° Kpi? eff°
CH1o n.rd n.rd n.rd n.rd n.rd n.rd
CnH11 n.rd n.rd n.rd n.rd n.rd 3.06 23
CiHa1o n.rd n.rd n.rd n.rd n.rd 3.50 27
CiHo © 8.80 67 1.95 15 9.40 71 3.11 24 6.67 51 4.76 36
CHg® 3.37 26 0.68 5 6.28 48 0.79 6 2.80 22 4.31 33
CH7 471 36 3.26 25 10.6 81 4.59 35 9.53 73
C.Hs 5.24 40 3.11 24 8.04 61 4.46 34 8.02 62
C.Hs 9.93 75 8.21 62 12.6 96 9.10 69 12.3 95
CiHa 9.16 69 6.56 50 8.90 67 6.34 48 13.6 104

aData x1071° [cm® s7* molecule]. Pk, = 13.2 x 1071° [cm® s™* molecule]. ¢ Bimodal decayk, mean value for reactive ion$Entry n.r.
denotes no reaction.

SCHEME 1 Structures of the PAH. species, confirming the conclusion originally derived from the
reaction with benzen®.

However, compared to the reaction with benzene, the DMDS
reaction yielded a much broader spectrum of reaction products.
Further, the reactions of the hydrogen-rich species (9, 8)
deviated somewhat from pseudo-first-order kinetics which are
expected for ions GHx" of a uniform structure (see, for
example, Figure 1a), and a somewhat better fit of the kinetic
plots was achieved by using a bimodal decay. Obviously, the
SORH-CID technique creates not only isomers from isomeric
PAH precursors but also isomers within each series by elimina-
tion of hydrogen atoms from different positions of the PAH.

N The bimolecular rate constarkg derived from the kinetic plots
5 6 are listed in Table 1, and Table 2 shows the composition of the
product ion mixture at the end of the reactin.

the precursor PAIL?, probably without any rearrangement of No reaction was observed for the most hydrogen rich ions
the Carbon frame In the present Study’ the |0@Q—|¢" X = Clng+, X = 10-12. These ionS are nO'[. I’ea"y “C|USter iOﬂS"
4-12, were prepared from the four isomers afid;2, chrysene ~ but correspond to “normal” molecular ions;élio"* of the
1,1,2-benzanthracerg triphenylenes, and naphthaceng the ~ isomeric PAH, to their aryl cations,@H1;", and to didehy-
ions GugHy™, X = 4—12 from GoHyz, perylene5, and the ions ~ droarene (“aryne”) radical cations.g8i,"". The gas-phase
CosHyF, x = 6—11, from GuHa1,, coronenes, (Scheme 1) using ~ feactions of these stable ions with DMDS are presumably
SORI-CID. endothermic. The kinetic plots for the reaction of iongHG™",
Reactions of lons GgHy* from Isomeric PAH with DMDS. CigHg™", and GgH;" derived from1 are shown as examples in
As in the reactions with benzef®a different reactivity ofions ~ Figure 1. It is obvious that only a fraction of the ionsg8s*
CigHyc* of different origin was observed for the reactions with - and ions GgHa™" react with excess DMDS while about 7% and
DMDS. Generally the reactivity of the ions:&," toward 43%, respect_lvely, are unreactive. An analogous behavior was
DMDS increases with decreasing hydrogen content, and this ©PServed forions GHx" generated fron2, 3, and4. However,
effect is overlaid by an alternation of the reactivity between fOr all ions GigH™ with x < 7 no fraction of unreactive ions is
cations (odd number of hydrogen atoms= m+ 1) and radical ~ °oPserved.
cations (even number of hydrogen atomxs= m), as observed The observation of a fraction of unreactive ions demonstrates
for the reactions with benzen®.The differences of the  that obviously a mixture of isomeric ions is formed from each
bimolecular rate constanks; (Table 1; Figure 2) are especially ~parent PAH by loss of three and four H atoms, respectitely.
large for isomeric ions derived frodion the one side anti 2, The formation of isomeric gHx" from a PAH by sequential
and4 on the other side, but differences are also seen betweenloss of a few H atoms from the molecular ions is expected,
the isomeric ions derived from the latter PAH. There are since the GH bond dissociation energy at the different
exceptions, and in some cases the rate constgnere not positions at the PAH rings is not significantly different. Such
significantly different. However, no systematic correlation Positional isomers are very likely also formed during the
between the four series of ions is observed. For example, thegeneration of ions GH«", x = 4—7, from each of the PAH
rate constants of ions;@Hy™ derived from1 and3 are almost 1-4, but in the kinetic plots of these ions the decay is described
identical, while ions GgHg" derived from2 and4 and ions ~ adequately by pseudo-firsr-order kinetics using only one rate
CigH;+ derived from1 and 4 exhibit almost identical rate  constantkex, Obviously, the positional isomers; ", x =
constants. It should be remembered that the iggC in each 4—7, exhibit rather similar reactivities toward DMDS. Nonethe-
series of decreasing numberof hydrogen atoms is derived  less, the mixtures of ionsgHx" generated from the different
from the ion QSHX+1+ of the same series as the precursor. precursor PAH dlsplay distinctly different rate constants.
Hence, if at a certain stage isomerization occurs between ions In addition to the fraction of unreactive ions, a small fraction
CigHx" of isomeric series, all of the following ions;§Hy—1™, of ions GgHx™ with x < 9 undergoes charge exchange with
etc., should be identical. This is clearly not the case. Therefore, DMDS. The resulting molecular ion of DMDS reacts with
the whole series of results leaves no doubt that the cluster ionsexcess DMDS by formation of the ion (GB)k™, m/z 141, as
CigHx" derived from isomeric parent PAH are still isomeric the secondary reaction product. The ionization energy (IE) of
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Figure 1. Kinetic plots for the reaction of cluster ions (a)gHgs", m/z 225, (b) GgHs™, mM/z 224, and (c) GH-*, m/z 223, derived fromil, with
DMDS.
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Figure 2. Dependence of the bimolecular rate constdgt®f the reaction of isomeric cluster ionsd8.*, derived from1—4, and cluster ions
CooHyH, derived from5, with DMDS.

SCHEME 2 Products of Primary Reactions of Cluster even number of hydrogen atoms of the cluster ions (Scheme
lons ChHy+ with DMDS. 2). The molecular ions of the PAH are radical cations with an
C.Hy '+ DMDS —> [C,HCH,S] (x odd number main reaction) odd number of valence elect_ro_ns _but an even nurr_lber of
hydrogen atoms. Hence, the elimination of one H atom in each
—> [C,sHs*CH,SH]" (x even number: main reaction) step switches the electronic nature of the resulting cluster ion
in each step between an even-electron catigii,z;" and an
—> [CHCHS,]" odd-electron radical cations8,'* (n, m= even number). The

results show that usually the cationgHa+1™ are more reactive
than the neighboring radical cationgtG;y* and GHmi2"" (see
DMDS of 8.18 e\*2 is higher than that of the {gH1» PAH Table 1), if the general increase of reactivity with decreasing

> [CiH(CHS).I

isomersl—4 (IE(chrysene)= 7.6033 |[E(benzanthracene} 7.45 number of hydrogen atoms is taken into account. Thus, the
eV 3 |E(triphenylene)= 7.8733 IE(naphthaceneF 6.97 e\33). cluster ions of highest reactivity in the series of iongHG"
No charge exchange was observed for iopgig+ or CigH11t are the ions gHs*, while for GHy" both ions GoHs" and

generated froml—4. For the more dehydrogenated species CzoHs" exhibit 100% reaction efficiency. Essentially, the cations
CigHx, X < 8, the IEs can be expected to be higher than the IE CaHm+1™ are polycyclic analogues of the phenyl catiosHe"

of the parent PAH, depending on the structure of theseJb#fs. ~ Which is known to be a strong electrophile owing to its empty
However, charge exchange of iongg8," with DMDS is o-orbital providing the positive chargé Similarly, the positive
observed mostly during the initial period of the reaction. This charge of all polycyclic cationsElm:+1" is very likely localized
could indicate either the presence of isomer(s) of especially highin the emptyo-orbital of one of the former €H bonds. The

IE in the GigHy™ mixture which undergo fast charge exchange, additional radical electrons in ions of low hydrogen content
for example isomers containing multiple arymésonds, orthe ~ resulting from the other €H bond cleavages may be either
presence of a fraction of “hot” ions. Because of the rather located in separategtorbitals at the rim of the polycyclic ring,
difficult experimental procedure in generating the iongHG* or may combine to give an arynebond in the case of a pair

it cannot be rigorously excluded that some of the ions contain Of neighboring electrons. In the latter case the ioRBlf1"

still some excess kinetic or internal energy to drive endothermic are true analogues of the phenyl cation, while in the former
charge exchange, despite the cooling of the ions by admissioncase the ion corresponds to a distonic “multiradical” cation with
of a pressure pulse of argon into the FT-ICR cell before the an even number of single electrons at the rim of the aromatic
reaction with DMDS. Since the cluster ions may be cooled nucleus (Scheme 3). Recently it has been sh@uthat these
further by unreactive collisions with DMDS, this would explain  “multiradical cation species prefer a singlet ground state and
fast charge exchange only during the initial period of the exhibit a rather low reactivity with respect to the radical

reaction. electrons. Anyway, for both electronic configurations of the

Alternating Reactivity of Odd and Even Electron Cluster cations GHm+1" it is reasonable to assume a carbenium cation
lons C,H," toward Dimethyl Disulfide. As already mentioned ~ reactivity (termed “Creactivity” in the following) which is
for ions GgHx", the total reactivity of all cluster ions 8", n controlled by the positive charge in an emptyorbital in

= 18, 20, 24, with DMDS increases with the decreasing number analogy to the phenyl cation. This would explain the increased

x of H atoms of the ion, and the reactivity alternates between reactivity toward the nucleophilic DMDS.

ions containing an odd and even number of H atoms. This is  In contrast to the cations8m+1™, the radical cations ™

shown by theky,; of the ions GgHy and GoHyt in Figure 2. must naturally exist in a doublet state. If the ions exhibit an
In addition, the main products of the reactions of these ions aryne structure, the positive charge and the radical electron

with DMDS show also a systematic correlation with the odd/ reside in a single occupiedorbital. Such ions exhibit a reduced
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TABLE 2: Product lon Distribution at the End of the while the general increase of the reactivity with a decreasing
Reaction of Hydrogenated Carbon Cluster lons GH,* with numberx of H atoms in the ions reflects obviously the increased
DMDS exothermicity of the ion/molecule reaction due to the increas-
nr. CE +CHsS +CHSH +SSCH +(CHsS) ingly less stable cluster ions of low hydrogen content.
lon (%) (%) (%) (%) (%) (%) The different electronic properties of the cluster cations
CigHo(1) 7 39 47 3% <1 <1 CiHm+1™ and the cluster radical cationsi,'+ are clearly
Cio(2) 19 27 40 6 3 6 reflected by different main product ions of the reaction with
Cuto(3) 847 37 2 ! 3 DMDS. Thus, the very rich chemistry shown by reactions of
CiHo(d) 12 14 62 5 3 2 S. , y rich chemistry shown by reactions o
CooHs (5) 13 0 68 9 3 7 the ions GHx", n = 18, 20, 24, with DMDS provides some
information about the structures of these hydrogenated carbon
nr. CE +CHsS +CH;SH +SSCH +(CHsS) cluster ions. It has to be remembered, however, that the almost
lon ) (%) (%) (%) (%) (%) equal chance to remove any of the H atoms during a single
CigHg(1) 43 14 2 15 9 12 step of SORI-CID leads to the formation of isomers for each
CigHg(2) 39 14 3 15 13 15 formula GHy*, especially in the case of ions which arise by
812:2 8; 2(7) 22 g’ %f 1; ig loss of about half of the number of H atoms present in the parent
CoHs(3 30 0 5 33 16 16 PAH. The various electronic structural constituents of the cluster
ions (an aryl carbenium ion, an aryl radical, and a strained triple
n.r. CE +CHsS* +CHsSH +SSCH +(CH;S), +CH,S aryne bond), which may be present, result in parallel reactions
lon (%) (%) (%) (%) (%0) %) () of different mechanisms. Besides charge exchange, eithg®CH
CgH;(1) 0 7 55 6 4 6 9 abstraction from DMDS to form adduct ions J&(CHsS)I'"
CigH7(2) 0 23 49 11 4 3 9 or addition of CHSH to give products [M-CHsSH]'t is
CieH7(3) O 57 31 8 3 8 observed for all cluster ions as the main primary reaction.
CigH;(4) 0 19 57 5 4 5 9 ) i :
CHs(5) 0 20 59 5 5 5 3 Furt_her, secondary reactions with DMDS are observed, in
particular, for cluster ions of low hydrogen content. These
nr. CE +CHsS® +CHSH +SSCH! +(CHsS) secondary reactions consist of either addition o8tér CHs-
lon (%) (%) (%) (%) (%) (%) SH to the primary product ions. Minor reactions are the addition
CiHe(2) 0 20 10 49 13 7 of a complete molecule DMDS (or of two GH groups) and
CigHe () 0 7 17 53 15 6 of the fragment CKSS. Of the primary reactions, the G&
glsﬂﬁ (2) 2 ig 192’ ig ig ‘é abstraction is strongly preferred by the cationsig:1+, while
C18H6( ) the radical cations .+ react mostly by primary addition of
1eHe (5) 5 6 11 45 18 4 ) : )
CHsSH. It is of interest to note that in both cases the product
nr. CE +CH;® +CH;SH +SSCH! +(CHsS) ion [M+CHjsSs] ™ and [M+CH3SHI* corresponds to a radical
lon (%) (%) (%) (%) (%) (%) cation.
CiHs (1) 0 24 35 10 11 16 This different reactivity pattern (Creactivity versus aryne
CiHs(2) 0 37 43 ’ 8 13 reactivty) is most clearly observed for the reactions of cluster
gi:ﬂ:((i’)) 8 ?,431 gg g ig 12 ions G4H11 and Q4H10'+ from coronene6. As mentioned
CaoHs (5) 0 45 26 11 17 6 before, the “cluster ions” QH11+, C18H10°+, C20H11+, and
CooH10" generated by loss of H and 2 H, respectively, from
nr. CE +CHS® +CHSH +SSCH® +(CHsS) the molecular ion ol—5 do not react with DMDS, very likely
lon () (%) (%) (*0) (%0) (*0) because only endothermic reactions are possible. In contrast,
CigHa(1) 0% 32%  10% 38% 12% <1% the ions generated fro by loss of one and two H atoms do
CigHa(2) 0% 20% 8% 60% 13%  <1% react quite effectively with DMDS (see Table 2).481:1" is a
&::j% 822 gggﬁ: 1;‘;2 igz//‘(’) ﬁ?{/‘(’) 2;‘: “simpli” aryl cati_on exhibiting only one reacti_on center, gnd
CoHa(B) 7% 42% 5% 30% 14% <1% Cz4H10" can be either a monoaryne radical cation or in ionized

arylene diradical. Accordingly, both cluster ions should show
. : . only the prototypical C reactivity of a carbenium cation or
included.® Secondary product ions -HCH;S+CH;SH) included. . O . . L
°Secondary product ions +@CHsSH), (+CHsSH+CHsS), and the prototypical aryne reactivity of a radical cation. This is

(++CHsSH+DMDS) included. Secondary product ionHCH;S;+CHsS). indeed observed: LH1:" reacts completely by forming only
e Secondary product ions included, see Scheme 4. the product ion [M-CH3S]*, with little charge exchange

(IE (coronene6) = 7.29 e\?%), while CyyHio™" yields only
electrophilic character responsible for a reduced reactivity [M+CHsSH]", with some charge exchange and a fraction of
(termed “aryne reactivity” in the following) toward the nucleo- unreactive ions €Hig"*. The suggested mechanisms of these
philic DMDS. This reduced reactivity of radical cations is reactions are depicted in Scheme 4.
predicted by the configuration mixing model of Shaik e#l. The main reaction mechanism of the" @eactivity corre-
and has been experimentally observed for the reaction of thesponds to nucleophilic addition of the aryl cations8;," to
radical cations of halogenated benzene with nucleopfilas. the lone pair at one of the S atoms of DMDS. This is certainly
the case of DMDS as reactant, the aryne radical cations mayan exothermic reaction, occurring without a notable activation
undergo charge exchange and addition to the reactive triple bondbarrier, and hence gives rise to an energetically excited
as possible reactions. If the positive charge and the radical sulfonium ion. In FT-ICR, energetically excited product ions
electron are localized in separateorbitals, the ions @Hp™ cannot escape dissociation because of the lack of an efficient
are distonic ions which are expected to show a separate reactivitystabilization process in the diluted gas phase. Consequently,
toward DMDS?0 This explanation attributes the dependence of dissociation of the addition product occurs either by retrogres-
the reactivity of the cluster ions,8x" on the odd/even number  sion into the reactants or by breaking the weakSSbond of
x of H atoms to different electronic configurations of the ions, the adduct and eliminating a radical ¢¥ resulting in the

a Secondary product ionsHCH;S+CHzSH) and (-CH;S+CHsS,)



Hydrogenated Carbon Cluster longHg+ J. Phys. Chem. A, Vol. 104, No. 33, 2001817

SCHEME 3 . Possible Structures of Cations gsHo" and Radical Cations G4Hge™.
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SCHEME 4 Proposed Reaction Mechanisms for € Reactivity and Aryne Reactivity of the Cluster lons CysH11™ and
Ca4H10", Respectively.

C’reactivity

aryne
reactivity

product ion [GHy CHsSJ™. Since the structure of the ion ions with DMDS. The first one is a concerted abstraction of a
C4H11™ does not depend on the position of the H atom cleaved, CH3S group and an H atom from DMDS by the radical cation
no isomers and especially no unreactive component are ob-Cy4H1g". This mechanism is rather questionable on entropic
served. The reaction mechanisms of the aryne reactivity of the reasons and appears feasible only for ions containing an ionized
radical cation G4H;0" with DMDS are obviously more aryne bond. A stepwise addition of the g¥group and the H
complex. It has to be expected that the iongHze™ are already atoms is more likely, starting either by abstraction of the H atom
a mixture of isomers, since the individual structure of the ions from a methyl group of DMDS by the radical site of the ion
depends on the origin of the second H atom lost. This is most Cy4Hi¢t or, more plausibly, by addition of the carbenium center
clearly substantiated by the observation of a fraction of ions of the radical cation (the “electron hole” of the positive charge)
unreactive toward DMDS. Thertho-didehydrocoronene radical  to the lone pair at one of the S atoms of DMDS. In the first
cation is expected to be the most stable isomer pHg " case, the H abstraction converts,@;¢'* into the aryl cation
because of stabilization by an (ionized) aryne triple bond, while C,4H;:+, and if the neutral produ¢€H,—S—S—CHj still stays

the other isomers correspond to distonic radical cations of around in an electrostatically bound ion/neutral complex, the
reduced stability. There are several mechanisms possible forreaction can proceed to completion by electrophilic attack of
the formation of the [gHx'CH3SHI]™ by reaction of the cluster  the aryl cation on the S atom and elimination of thioformalde-
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Figure 3. Kinetic plots for the reaction of cluster ions (a)gls", m/z 221, (b) GgH4 ™, Mz 220, derived froml, with DMDS.

hyde CH=S. In the second case of an initial electrophilic
addition of the carbenium center of,f;0t, a distonic

in the last reaction step is not possible. However, as mentioned
above, it is also possible that the unreactive iopHze™"

intermediate is generated consisting of a stable sulfonium grouprepresents in fact the most stable isoneetho-didehydrocoro-

and a radical site corresponding to an aryl radical. Then,
intramolecular H abstraction by this radical from a £dtoup

of the original DMDS moiety followed by elimination of
CH,=S terminates the reaction.

A stepwise addition of CkEH is possible for all isomers of
CoHio™ if an intermediate ion/neutral complex allows the
second step. This is particularly true for the mechanism
involving initial H abstraction, while the initial electrophilic
addition provides a distonic sulfonium ion as a covalently
bonded intermediate, in which intramolecular H transfer can
occur to a nearby radical site without requiring an intermediate
ion/neutral complex. It is tempting to assume that this is the
main mechanism, and that the fraction of unreactive ions
observed for @Higt (and the other cluster ions formed by

nene radical ion, which can experience only endothermic
reactions with DMDS. In this connection it may be of
significance that the other two primary reaction products, formal
addition of DMDS (or of two CHS moieties) and of a Ci%,
moiety, are not observed for ionsl1¢*. These product ions
are usually also typical of the aryne reactivity, as can be seen
from Table 2 by comparing the reaction products of iopslg

and GHg", n 18, 20. This addition of DMDS can be
envisaged by a mechanism, shown also in Scheme 4, that is
related to the mechanisms of addition of §3#1. The initial
step is again the addition of the electrophilic carbenium center
to a S atom, but in the second step the complete dissociating
CHsS radical is captured by the radical site of the radical ion
CnHn't. Because no neutral fragment is eliminated to carry off

elimination of only a few H atoms, see Table 2) corresponds to the excess energy of the exothermic process, the adduct ion

distonic isomers in which the positive charge and the radical

[CAHmM(CH3S)]*" is energetically excited and can fragment by

site are at such a large distance that intramolecular H transferelimination of a CH radical from one of the SCHgroups,



Hydrogenated Carbon Cluster longHg+

J. Phys. Chem. A, Vol. 104, No. 33, 2001819

SCHEME 5 Reaction Sequences of Cations fgHs™ and Radical Cations GgH4e™ with DMDS.

CisHs" + DMDS —> [C,gHsCH,S]*—> [Cy5H5*2CH,S]*

—> CyH5*3CH,S]™

m/z 221 m/z 268 \ m/z 315 m/z 362
[C4gHs*CH;S*CH;SH]* —> [C1gH5*CH;S+2CH,SH]™
/ m/z 316 m/z 364
—> [CgH5*CH,SH]*—> [C;gH5*2CH;SH]"
m/z 269 \ m/z 317
[C1gHs*CH;S,*CH,SH]™
/ m/z 348
—> [CygHs*CH;S,J = [CigH5*CH3S,°CH,S]* —>  [CygH5*CH;S;+2CH,ST”
m/z 300 m/z 347 m/z 394

CigHa™ + DMDS — [CgH,*CH,SHI"—> [CigH,2CH,SH]™

m/z 220 m/z 268 m/z 316

!

m/z 347

—> [CioHsCHSI" —» [CigHiCHSCHS]* /7

m/z 299 m/z 346

[C1gHa*CH,SHCH.S,]'

[C1sHy*CH,SHCH,S,*CH,S]™*
m/z 394

—> [CygHs*CH,S]" —> [CygH,*CH;S*CH;SH]™

m/z 267 m/z 315

producing the product ion [EIn(CHsS;)]*t. The loss of methyl
is a well-known fragmentation in the mass spectra of dimethyl

corresponding to the carbenium center of an aryl cation, of the
strained C-C triple bond of an aryne, and af-type aryl

ethers of dihydroxybenzenes and their thio analogues if the etherradicals. This agrees with a conservation of the polycyclic
or thioether substituents are in an ortho or para position, which carbon skeleton of the parent PAH in these cluster ions, as
allows a resonance stabilization of the fragment ion. Thus is previously suggested from the results of a reaction of these

likely that the product ions [@Hm(CHsS)]*" and [GHnr
(CH,S,)]™ arise predominantly from those isomers of the cluster
ions GHy™, which contain an aryne triple bond and give rise
to ortho-substituted ions fElm(CHsS)]**. As mentioned earlier,
reactions of this isomer of the ions,fl;¢* from 6 are
presumably endothermic, so that no (formal) addition of DMDS
and CHS; is observed in this case.

In principle, the different product patterns of" Ceactivity

hydrogenated carbon cluster ions with benz€ne.

Conclusion

The results of this study of the ion/molecule reactions of the
hydrogenated carbon cluster iongHz", with DMDS demon-
strate some interesting points of the gas-phase ion chemistry of
such cluster ions.

(1) The different bimolecular rate constants and intensity

and aryne reactivity are also observed for all of the other cluster distribution of product ions of the reactions of the four series
ions GHy™, resulting in an increased intensity of product ions of ions GgHy™, which were generated from isomeric PAH 4,
[CrHm1(CH3S)I* for cations and [@Hm(CH3S)]** for radical with DMDS confirm the earlier observation from their reaction
cations (Table 2). However, with the decreasing number of H with benzen® that these cluster ions retain different structures,
atoms in the cluster ions, the number of possible reaction centerseven in the case of ions of a low hydrogen content which have
(radical sites, strained aryne bonds) in the ions increases. As asuffered collisional activation for several times to eliminate up

consequence, secondary reactions of the primary product ionsto eight hydrogen atoms.

[CaHm+1(CH3S)'t and [GHm(CHsS)]*+ become more and more
important. For example, while the ion [B9(CH3S)I" is still

the only abundant reaction product of cluster ionslg, n =

18, 20, which arise after losf 8 H atoms from the parent
PAH, the product ion [gH7(CH3S)]'* of the cluster ions gH-*,
which arises by lossf& H atoms, undergoes already secondary
reactions, mainly by addition of G33H to generate the ion
[[CH7(CH7S)]*t. In the case of lower hydrogenated cluster
ions GHy+, x < 6, the number of possible secondary and
tertiary reactions by further addition of G8H, (2CHS), and
CHsS; increases, as shown in Figure 3 by the kinetic plots of
the reactions of ions fgHs" and GgHs*™ derived from1 and

(2) Generally, the bimolecular rate constant of the reaction
with DMDS increases in each series with decreasing number
of hydrogen atoms of the ion. This is again parallel to the
reaction with benzen¥.The most apparent explanation for this
effect is a decreasing stability of the ions with decreasing
number of hydrogen atoms. This makes all of the reactions of
ions with low hydrogen content more exothermic.

(3) Besides increasing with decreasing hydrogen content, the
bimolecular rate constants of the reactions with DMDS oscillate
between ions gHy™ with even and odd number of hydrogen
atoms. lons containing an odd number of hydrogen atoms
correspond to even electron carbenium ions analogous to the

by the reaction sequences presented in Scheme 5. Since botphenyl cation and related aryl cations, while ions with an even

primary product ions [Hm+1CHsS)]+ and [GHWCHsSH)J"*
are radical cations, their further reactions with DMDS may

number of hydrogen atoms correspond to arene and dehy-
droarene radical cations with an odd number of electrons. This

proceed by mechanisms similar to those depicted in Scheme 3different electronic configuration is reflected in a different
The typical product ions of the primary reactions of the cluster reactivity, and, in the case of DMDS as reactant, the even

ions GHy" derived by a stepwise loss of the H atoms from the
molecular ions of polycyclic PAH with DMDS as well as the

electron aryl cations are more reactive than the neighboring
radical cations of the series.

products of secondary reactions can be most conveniently (4) The different reactivity of even and odd electron cluster
explained by the presence of various reactive centers in the ionsions GHy" is more obvious in the reaction with DMDS than in
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the reaction with benzek®because of the rich chemistry of
the system ¢H,"/DMDS. Odd and even electron ions result in
different main products of the reaction with DMDS, i.e., addition  go () von Helden, G.; Gotts, N. G.; Bowers, M. I. Am. Chem. Soc
of a CH;S radical by aryl cations and addition of GBH by 1993 115, 4363.
dehydroarene radical cations. Although these reaction productsp (13) (as)lea_gghg;’ 104-5 P(%r)eg, T.:JAggl[rat, “mh J. I\H/Ials:s ?_[}eﬁttromalon

i H : H rocesse 3 . un, J.; amachner, H.-F.; Litsnitz, .
dlff?r from Fhose Commonly O.bserve.d in the reactions of organic Am. Chem. S0d 993 115, 8382. (c) Sun, J.; Gtamacher, H.-F.; Lifshitz,
radical cations and distonic ions with DMDS, .these a'nd other ¢, Int. J. Mass Spectrom. lon Processt894 138, 49. (d) Sun, J.:
product ions of the systems@,"/DMDS can be linked without Gritzmacher, H.-F.; Lifshitz, CJ. Phys. Chem1994 98, 4536.
much effort to reactive centers within the ions which are b)(llaf))zrggkp%mgﬁh Egng”tgffn-qOéﬁ?ﬁchggégsgﬁg‘*?li%4113-
expected to be formed if the cluster |or1|$-{;;+ retain the carbon (15) von Helden, G.: Porter, E.: Gotts, N. G.. Bowers, M.JTPhys.
skeleton of the parent PAH while losing hydrogen atoms from chem 1995 99, 7707.
the rim of the aromatic nucleus. (16) Sun, J.; Caltapanides, S.; @macher, H.-FJ. Phys. Chem. A998

Accordingly, the present results corroborate the assumption 102 2408. _
that cluster ions @Hx™ and probably also “pure” carbon cluster 19&%19\7)18%;11%7)( i_s'evers’ H. L. Gtamacher, H-Fint. ). Mass Spectrom.
ions G containing between 18 and 24 carbon atoms do exist  (18) (a) Gauthier, J. W.; Trautman, T. R.; Jacobson, DAgal. Chim.
as graphitic structures and can be prepared by suitable methodﬁ_cgz 1991, ?\146|\'/|le\%' F(zb) l:je(c:k, A J. R,-\}I de Ksonlng, nl}iagi; 5F’|2I(<)56e, F. A,

; ot ; ibbering, N. M. M.Rapid Commun. Mass Spectro \ .

from PAH and thelr derivatives. This does not mean that the (19) Guo, X.: Gzmacher, H-FJ. Am. Chem. S0d999 121, 4485.
graphitic cluste.r ions represent the most stable structure of (20) (a) Powers, D. E.; Hansen, S. G.; Geusic, M. E.; Puiu, A. C.:
carbon cluster ions of this size. Rather it has to be assumedHopkins, J. B.; Dietz, T. G.; Duncan, M. A.; Langridge-Smith, P. R. R.;
that large activation barriers separate the graphitic carbon clusterSmalley, R. EJ. Phys. Chentl982 86, 2556. (b) Bloomfield, L. A.; Geusic,

: P : : M. E.; Freeman, R. R.; Brown, W. IChem. Phys. Lett1985 121, 33—
ions from their likely more stable isomers of monocyclic 57 (©) Cox, D. M.. Reichmann, K. C.; Kaldor, Al. Chem. Phys1988

K.; Strout, D. L.; Odom, G. K.; Scuseria, G. E.; Pople, J. A.; Johnson, G.
B.; Gill, P. M. W. Chem. Phys. Lettl993 212, 357.
(12) (a) von Helden, G.; Gotts, N. G.; Bowers, M.Nature1993 363

structure. Hence, if the cluster ions are prepared by a “soft” gg, 158s.
technique the graphitic structures of the precursors are preserved, (21) (a) Stirk, K. M.; Orlowski, J. C.; Leeck, D. T.; Kefittea, H. I.J.

while preparation using a “hard” technique such as laser
evaporations induces isomerization into more stable structures.
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