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Doubly Protonated Benzene in the Gas Phase
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Structural aspects and the unimolecular fragmentations of doubly protonated benzene are studied by means
of tandem-mass spectrometry. The corresponding dications are generated by electron ionization (EI) of 1,3-
and 1,4-cyclohexadienes, respectively. It is suggested that El of 1,3-cyclohexadiene leads to the singlet state
of doubly protonated benzene, whereas El of 1,4-cyclohexadiene yields a mixture of singlet and triplet states.
Unimolecular fragmentation of doubly protonated benzene exclusively proceeds via dehydrogenation leading
to the benzene dication. The proton affinities (PAs) of protonated benzene amount tgHPAfe.= 1.9+

0.3 eV for protonation taking place at the mgsition, PA(GH7 oo = 1.5+ 0.2 eV, and PA(GH7 )para

= 0.9+ 0.2 eV, respectively. Various facets of the experiments are compared with density functional theory
calculations and generally good agreement is found.

Introduction CHART 1

2+
o i |

Aspects of the structure and reactivity of protonated benzene, !
CeH7*, continue to be of topical interest in physical organic
chemistry and form still a subject of controversié\owadays,
it is widely accepted that the structure ofHG* corresponds to
the so-calledr-complex in which one carbon atom of the ring
has a spconfiguration. Detailed labeling experimehtsvealed
fast exchanges among the hydrogen atomszbf,Cvia a “ring-

walk” mechanis and the absence of “memory effects” ) i
concerning the original position of the additional protéfe of singly protonated benzene at the mpsition amounts to

The proton affinity (PA) of neutral benzene amounts to PA- 1_.61 eV? Although there are experimental studies devoted to
(CeHe) = 7.78 V4 linear, conjugated gHg?* dications? to the best of our

knowledge no experimental investigation on doubly protonated
benzene seems to have been reported.

g

12+

The existence of doubly protonated benzengl£, has been
predicted by Sumathy and Kryachko using ab initio calculations
at the MP2/6-31%++G(d,p) level Three constitutional isomers
are conceivable with the additional proton in either ortheeta,
or paraposition (2%, 22*, or 32", respectively, Chart 1). The experiments were performed with a modified VG ZAB/
According to these calculations, meta-diprotonated ben28hg, HF/AMD four-sector mass spectrometer of BEBE configuration
represents the most stable isomer with a geometry clearly (B stands for magnetic and E for electric sector), which has
corresponding to ao-type complex in analogy to singly been described previouslyBoth, cations and dications of
protonated benzene. The ortlemmer1?* lies 0.21 eV higher interest were generated by electron ionization (70 eV) of

Experimental and Computational Details

in energy, and the bonding of protons is of prevailmgype appropriate neutral precursor molecules and accelerated by a
with a certain amount af-bonding. For the parsomer32™, potential of 8 kV.
two distinct minima exist: one corresponding t@-&omplex lonization energies of the corresponding monocations were

(0.71 eV above?") and another, more stable one, corresponding determined in energy-resolved charge stripping (CS) experi-
to a “rm-complex” of benzene with the protons bonded from mentsé By virtue of the superior energy resolution of E(1),
opposite sides of the ring (0.61 eV abo2&). Nevertheless, energy-resolved CS was conducted with B(1)-only mass-selected
the exothermic isomerization of either orttar paraisomer to precursor ions which were collided with oxygen (80% transmis-
the global minimun®2* is predicted to proceed via negligibly  sion, T) in the field-free region (FFR) between B(1) and E(1).
small energy barriers.Hence, rapid equilibration is to be Signals due to the mono- and dications were recorded at energy
expected. According to these calculations, the proton affinity resolutionsE/AE > 4000, andQmin Values were determined from
the differences between the high-energy onsets of the mono-

t Part of the special issue “William Hase Festschrift’. and the dication peaksThe kinetic energy scale was calibrated
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precursor ions gHg?" were mass-selected by B(1) and frag- estimated. To this end, the density of states18f and 132"
mentations were monitored by E(1), and the KER was deter- were computed at the energy #f?" and 332", respectively,
mined from the peak-width of the fragment iongHg?*. using the harmonic B3LYP frequencies and then weighted by

All other experiments were conducted with B(1)/E(1) mass- the respective FranekCondon factors computed in the har-
selected ions, thereby avoiding most of the interferences which monic oscillator approximation as has been described previously
are encountered when using two sectors éﬁl.?[agmentations in detaill” The determination of the multidimensional Frarck
of metastable ions (MI) occurring in the field-free region Condonintegrals takes the mode-mixing effects and geometrical
preceding the second magnet (third FFR) were monitored by changes into accouft!® The thermal contributions were
scanning B(2). The structures of the ions of interest were probed@stimated from comparison of the Frand&ondon envelopes
To this end, the parent ions were collided with He (CA spectra, @nd 400 K, respectively. The change of temperature leads only
80% T), & (CE(O) spectra, 80% T), or Xe (CE(Xe) spectra, 0 small gradual increase of the Fraﬁ_(ﬂzondon weighted
B(2). In addition, the GH¢2* daughter ions formed upon therefore, only minor effects on the lifetime are anticipated.
dehydrogenation of metastableH3?™ were characteri'zed by  Results and Discussion
their CA and CE spectra (MI/CA and MI/CE, respectively). In
these experiments, the parent dicatiogl£" were accelerated
by a potential of 4 kV, mass-selected by means of B(1)/E(1), - .
the GHe?" ions formed from metastables8g?" in the 3rd FFR the gzlfbal minimum of the potential-energy surface (PES) of
were mass-selected using B(2), and collided with either He (MI/ CeHs™". As a result of the negligible barriers (ca. 0.01 &V)
CA spectra, 80% T) or &MI/CE spectra, 80% T) in the fourth assomated with rearrangements of either the _erﬂrropara
field-free region between B(2) and E(2), while monitoring the isomer to the metorm, it is expected thqt_ fa_lcne hydrogen
ionic fragments by scanning the latter sector. For comparison, rearrangements take place and thus an equilibrium among ortho

! ot )
the CA and CE spectra of the dication generated from benzeneme'[a’.a"}:I pzT(ralsct)rPers of GHs ItS es:abhshe(ti tl:_)efore any
were recorded as well. Here g2+ was accelerated by a conceivable skeletal rearrangements or fragmentations can occur.

: Accordingly, the metastable ion (Ml), collisional activation
potential of 4 kV, mass-selected by means of B(1)/E(1)/B(2),
and collided with He or @in the fourth FFR. All spectra were (CA), and charge-exchange (CE) spectra of mass-selected

. . . oo
accumulated with the AMD-Intectra data systems3b scans Cg':g rat:orlefroer)r(]peei?::a? 1t%-sec|é)dhzr:<t;c dz?(la ﬂ:')\;g?q Ltlhce C?;Cha;'xoarl IS
were averaged to improve the signal-to-noise ratios, and the¥ oCy ey

i 2+
final data were derived from two to seven independent measure-.dlene 6). The MI spectra of gHs™" formed from1 and3 are

ments. For the determination of the relative abundances-of H gw:dee;” q;ﬁirskglagwxigtilgiz %fai\jﬁ] S ﬂ;}z d|i0ri?)l|2agtbﬁrr1%(;enscses
elimination from GHg?", the naturally occurring dications 9 9 neglg )

conainng one=C atom were invesgate i order o avoid LY, & Bre el eyl Bous e Shneance
overlap with isobaric €Hst monocations. In addition to the 2 P 9 y'arg

2+ 0 2+
experiments described below, several alternative precursors offor CeHg™" generated fromi (04'2 + .0'.1@ than for GiHS
CsHg?t were investigated (e.g., @xomethylene cyclobutane, pro_duc_ed from3 (3.6 + 0.1%). Similarly, the coII|3|o_na|
methylcyclopentadiene, and 1,3,5-hexatriene), to probe the activation spectra of §1g2" are very close to each other (Figure

; . - . . : 1la), except that the abundance of elimination are again
possible formanon of_dn‘ferent ring sizes or acyclic compounds. different for dications gHg2* generated fron and3, respec-
As far as GHg?" dications are concerned, the results were very |

similar to those described here, and moreover, none of thesetiVGIy (Table 1). The kinetic energy release (KER) associated

’ e ! with the unimolecular dehydrogenation amounts to about 10
precursors could account for the observed differences betweenmev for all GHg?* ions investigated here. The negligible KER
the dications generated from 1,3- and 1,4-cyclohexadiene, . 8 g ) gig

respectively. While we cannot strictly exclude the involvement implies that dehydrogenation of the molecular dication occurs
P . IV y . without barrier in excess of the reaction exothermicity. We note
of isomeric dication structures, none of these experimental

- L in passing that exploratory experiments using a multipole mass
findings has a clear implicaton to do so, and unless noted spectrometé? revealed that the benzene dicatiorHg"

o:k;(e:lrjv;/éséei,swe therefore restrict ourselves to the Cyclohexadleneundergoes H/D exchange with, Bo afford GHs_nDi2" (n =
P t ) ) ) 1-2) products in ion/molecule reactions at quasi-thermal
All calculations were performed using the density functional - energieg! This result further confirms that the dehydrogenation
hybrid method B3LYP® in conjunction with the 6-311G(d.,p)  of CeHg?* occurs without reverse activation barrier.
triple-{ basis set as implemented in the Gaussian 98 $tiite.  Charge-exchange spectra with oxygen as collision gas (Table
For all optimized structures, a frequency analysis at the same1 Figure 1b shows the CEgDspectrum of32+) confirm these
level of theory allows to assign them as genuine minima or resyits and provide some additional information. Similar to the
transition structures as well as to calculate the zero-point \jj and CA spectra, the amount ofHlimination relative to
vibrational energies (ZPVEs). Franelcondon energies in-  the parent ion is slightly larger for 82" generated froni
volved in vertical electron-transfer processes were estimated ashan for GHg?* produced fron8. Another significant difference
the difference between the energy of the dication and the petween the two spectra is found in the fragmentation patterns
corresponding monocation with the geometry optimized for the themselves. Thus, the CEfOspectrum of @Hg?" generated
dication. For comparison with the energetics determined ex- from 3 shows more Mloss Wz = 79) and less gHg** (Wz =
perimentally, CCSD(T)/cc-pVT2° single-point calculations 80 in comparison to the CE¢Pspectrum of GHg?* generated
were performed for B3LYP/6-311G(d,p) optimized minima. from 1. The ratio of GHg™: CgH;" is 1:2.4 for dications

Relative energiesHe) are given for 0 K, where the ZPVE was  generated fron8, whereas for dications generated frdnthis
always calculated at the B3LYP level. ratio amounts to 1:1.3.

Using the B3LYP results, the lifetimes of the excited triplet Charge-exchange spectra with xenon as collision gas were
states of GHg?" dications312" and 332", respectively, were  recorded for comparison; Figure 1c shows the CE(Xe) spectrum

Structure of Doubly Protonated Benzene.According to
Sumathy and Kryachkdthe metaisomer22* corresponds to
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Figure 1. CA (a), CE(Q) (b), and CE(Xe) (c) spectra of ¢Hg>"
dications generated upon El 8{the spectra of gHg?>" generated from
1 are given in the Supporting Information).

of 32*. Once more, the abundance of elimination is slightly
more favored for @Hg?™ generated froml compared to gHg?"
from 3. Furthermore, the abundance of thgHgt signals and
also the integrated intensities of all ions in the ramge =
48—80 imply that charge exchange with xenon is more efficient
for dications generated fro, whereas charge exchange with
oxygen is slightly favored for Hg?" generated froni. The
overall fragmentation patterns in the CE(Xe) spectra are quite
similar to those in CE(@) spectra; only the gH," ions are more

abundant when xenon is used as collision gas. Similar to charge

exchange with oxygen, the ratios oftz™*:CeH-* slightly differ
for dications generated fro®(1:1.8) and for those fror (1:
1.3).

In summary, the experimental findings suggest that electron
ionization of 1 and 3 does not lead to the same mixtures of

Roithovaet al.

isomer3?* represents only a shallow minimum at the B3LYP
level, lying 0.02 eV higher in energy than tleecomplex32+

of the paraisomer at the singlet ground state. As the B3LYP
method cannot properly describe dispersion interacfi®which
presumably play an important roleincomplexes, the geometry

of the mz-complex optimized at the MP2/6-3+%G(d,p) level

(as used in ref 5) has been adopted. Single-point calculations
of all minima at the CCSD(T) level were then performed in
order to achieve uniform energetics (values given in parentheses
in Scheme 1). Accordingly, the-complex represents a genuine
minimum lying 0.15 eV lower in energy than tliecomplex.
With respect to the negligible barrier (0.01 &¥yund for the
rearrangement of the-complex of!32* (singlet state of3?")

to the more stable isomé2?", the parasomer'3?* is anyway
considered as a fleeting species. In the following, the notation
132+ refers too-complex found in the B3LYP calculations, and

a discussion of the--complex is not pursued any further.

The calculated barriers for the hydrogen-ring walk in doubly
protonated singlet benzene are very low indeed; i.e., 0.14 eV
for 112+ — 122+ and 0.01 eV fort32"™ — 122* (Scheme 1). In
comparison, elimination of molecular hydrogen is a rather
energy-demanding process. In the following, only dissociation
limits for the elimination of a hydrogen molecule are considered.
The corresponding transition structures are not determined,
because the dominant interactions are generally described by
the attractive potentials between the separatigtds€ dication
and the neutral moleculezhvhich finally leads to rather loose
transition structures typical for a continuously endothermic
dissociation proces¥.This conclusion is also fully consistent
with the lack of a reverse activation barrier of dehydrogenation
as deduced from experiment (see above). The energetically
lowest dissociation pathway corresponds to a 1,2-elimination
of H, from orthodiprotonated benzend?+ and leads to the
benzene dicatioM?" in a “chairlike” conformatior® (dissocia-
tion limit at Eef = 2.43 eV, Scheme 1). We note in passing
that the “pyramidal” skeleton of as8s ring with a CH group
at the apex was found to be the most stable isomer of singlet
CeHg?™;20 it lies 0.06 eV lower in energy that?t. The 1,1-
and 1,2-eliminations of Hfrom the other isomers of singlet
CsHg?" lead to the energetically less favorable isomgts—

72" of CeHe?™ (Chart 2) with the corresponding dissociation
limits in an energy range of 2-72.8 eV (Table 2). Thus, the
minimal energy required for jelimination from GHg?" in the
singlet state is more than 1 order of magnitude larger than the
energy barriers associated with a hydrogen ring-walk. Conse-

isomers of doubly protonated benzene as is expected from theduently, complete equilibration among the isomiir’, 227,

potential-energy surface ofs8g?" reported by Sumathy and
Kryachko?® Specifically, the larger abundance of elimination

for the dications generated frobcould be ascribed to an ortho
effect?2in that direct loss of Hwould efficiently compete with

a hydrogen ring-walk. However, such a scenario cannot explain
the different abundances of*Hlimination from the cations

and13?* should be established prior to dehydrogenation.
These findings imply that double-ionization bfleads to a
rather flat PES, in which the isomerf4?t and 122+ are
preferentially populated (Scheme 1) and in whitA" serves
as an immediate precursor for the elimination of Hkewise,
ionization of 3 initially leads to 132", which is labile and

formed upon charge exchange of the dications, and it also doesundergoes prompt rearrangement, producing again a mixture

not account for the change in relative efficiencies of charge
exchange in dependence on the nature of the collision gas (O
vs Xe). Thus, the existence of a more fundamental difference
between the dication beams formed upon ionization of the
different neutral precursors is indicated.

Complementary B3LYP calculations were performed aimed
at understanding the origin of the different behavior of the
CeHg?t dications generated from and 3, respectively. In
agreement with the previous MP2 stutihe orthe, meta, and
paraisomers of GHg?"™ were located as minima (Chart 1).
However, a fi-complex” which has been described for the para

of 112+ and122*, but with a larger internal energy content. Thus,
dehydrogenation of §g?+, produced fron8, could be expected

to be more pronounced than in the previous case. In marked
contrast, however, the experimental results provide evidence
that H, elimination is slightly favored for gHg?" generated from

1 rather thar3. This contradiction holds true even if possible
skeletal rearrangements ozt are considered. Thus, pri-
marily the equilibrium amonl12+, 122+, and'3?* is established,
and in the second step, more energy-demandirgc®ond
cleavages can occur. For example, the most stable open-chain
dication GHg?" derived from 1,3,5-hexatrien&g = 0.34 eV)
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TABLE 1: MI, CA, and CE Spectra &b of Dications CHg?" Generated from 1,3-Cyclohexadiene (1) and 1,4-Cyclohexadiene (3)

MI CA CE(0,) CE(Xe)

nm'z fragment ion 1 3 1 3 1 3 1 3
39 GCsHe?™ 4.2 3.6 4.6 4.2 4.5 4.0 4.3 4.1
48—-54 GH, 10 x 1% 10 x 1% 18 x 107 18 x 102 20 x 107 24 x 107
60—66 GH, 7 x 1% 7 x 1C? 8 x 1% 9x 17 6 x 17 8 x 17
77 CeHs™ 0.6 x 1% 0.4x 1% 3x 107 2 x 10 5x 107 6 x 107
78 GsHe™ 0.1x 10? <0.1x 1?7 3x 17 2 x 107 8 x 17 8 x 17
79 CeH7™ 0.2x 1% 0.2x 1% 11 x 102 12 x 102 30 x 107 42 x 107
80 CsHs™ <0.1x 1% <0.1x 1?7 8 x 1% 5x 1% 23 x 1% 24 x 107
48—-80 CGH,—CeHn 18 x 107 18 x 1% 51 x 12 48 x 107 92 x 107 112 x 107

aThe intensities are derived from integrated peak areas relative to the area of the peak corresponding to the parentidi€atiohich was
set to 100° The naturally occurring dicationssBs?" with one*3C atom were investigated in order to avoid overlap with isobagi¢sCmonocations.

SCHEME 1. Schematic PES of Singlet (Solid Line) and Triplet (Dashed Line) gHg?" Isomers Calculated at the B3LYP

Level
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2 Energies are given in eV at 0 K, relative to the most stable isdgter(E,, = —232.688775 hartree, ZPVE 0.117076 hartree). Energies in
brackets are derived from single-point calculations performed at the CCSD(T) level. For the energetics and structural represe#aafs of

see Table 2 and Chart 2.

CHART 2
HG o HG o Hy o
@ N . N N
OO0
4 52 62" ;2'

TABLE 2: B3LYP/6-311G(d,p) Energies & 0 K of CgHe?" +
H, Dissociation Limits of CgHg?* Leading to Doubly lonized
Benzene (4") and Some of Its Proton-Shift Isomers
(52+_72+)a

Erel (C5H62+ + Hz) [eV]

state #T+H, B4+ H, 6 +H, 7%+ H
singlet 243 2.80 2.67 2.75
triplet 2.34 3.93 3.97 4.03

2 Energies are given relative {@2.

can be achieved from the ortheomer'1?*. The energy barrier
associated with this process amount&igp= 1.05 eV. Hence,
the number of accessiblegdg?" isomers can be accordingly

same, or the dications generated freishould reflect the higher
internal energy content. In this context, we further note in
passing that the metastable ion spectra of thteg& dications
generated from 1,3,5-hexatriene show again dehydrogenation
as exclusive fragmentation, but its abundance (3% relative to
the parent dications) is lower than that found for the dications
CsHg?" generated either frorfh or 3 (Table 1).

As a possible explanation for the differences in the fragmen-
tation patterns of the gElg?* ions formed upon El ofl and3,
respectively, the direct generation of the excited triplet states
312+ and33?* is considered. Many factors influence the relative
efficiencies of the formation and the stabilities of the triplet
states vs the singlet-ground states. For their formation by
electron ionization, the associated Frar€ondon factors play
an important role. An idea about the corresponding efficiencies
can be achieved from the differences between vertical and
adiabatic ionization energieAE,/,).

The triplet®12* lies 1.92 eV higher in energy than the singlet
ground state of this isomer (Scheme 1). Its formation is
associated WitlAE,j, (1/212") = 0.46 eV. The energy required
for 1,2-dehydrogenation ¢fi2* to yield the triplet state of the

larger. Nevertheless, the expected trend for dehydrogenationbenzene dicatiod4?* (Eel = 2.34 eV) amounts only to 0.20
does not change in quality: The fragmentation of metastable eV. This situation suggests that the triplet dicatfdd™, if

dications GHg?" generated either fror or 3 should be the

formed at all, undergoes immediate loss of a hydrogen molecule.
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As to the probability to form both singlet and triplet ortho
diprotonated benzene, the formation'at* is associated with

a lower AE,j, (1/112%) = 0.29 eV than the formation of12*
(AEya (1/°12%) = 0.46 eV); therefore, also Franekondon
factors most probably favor the formation of the singlet ground
state. On the other hand, the energy difference beti@&n
and®3?* amounts to only 0.36 eV. The formation of the triplet
state is associated with a lowAE,, (3/°327) = 0.16 eV than
the formation of the singlet state; the latter if formed wkB, 5
(3/132%) = 0.28 eV. Thus, it is quite likely that also the triplet
state is formed upon electron ionization®fSimilarly to 312+,

the lifetime of the excited triplet staf82" can be affected by
dehydrogenation. The lowest dissociation limit leading to the
triplet state of benzene dicatioB§ = 2.34 eV) can be achieved

Roithovaet al.

SCHEME 2. B3LYP Relative Energies of Three Isomers
of CgHg™ and Barriers for Their Interconversion 2

+o +e
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aEnergies are giventd® K relative to the most stable isomat*
(Ewor. = —233.193506 hartree, ZPVE 0.120844 hartree).

roughly estimated from the difference between vertical and

only upon a series of rearrangements (Scheme 1). Nonetheless2diabatic energies of the charge-exchange prodeSg.]. As

the rearrangement 882" (E;e; = 1.39 eV) to the other isomers

detailed above, the singlet dications are expected to be mostly

of doubly protonated benzene is prevented by an appreciablePoPulated as the orthand metasomers;'12* and'2*". Charge

barrier (TS22/332", E,e = 2.80 eV) and also isome?42" and
322+ themselves are rather high in ener@ye(= 2.14 and 2.44
eV, respectively). The direct dehydrogenatior’®t" leads to
one of the less stable isomers ofstg?" (Chart 2): A
1,1-dehydrogenation leads ¥&" (Eo; = 4.03 eV), and a 1,2-
dehydrogenation yields the isomég?*" (E = 3.97 eV).
Accordingly, a lowered yield of dehydrogenation is expected
for 332+,

The lifetimes of the excited states further depend on the
propensity for radiation-less transitions to the respective spin
ground state® The efficiency of the spin-isomerization process
for the transition®32"™ — 132* is estimated on the basis of an
analysis of the spinorbit coupling element$lso. The sym-
metries of the wave function fd8%" (*A;) and33%" (3B,,) are
different which results in vanishing of the zeroth order spin
orbit coupling elementsd®. Thus, only oscillations from the
equilibrium structure can contribute téso. Accordingly, the
first-order spir-orbit coupling elementHsd® was roughly
estimated using an approximation of the analytical derivative
by small changes of the equilibrium geometry 38#". This
approach leads to a value 6fsg® =~ 0.0002 cn?, which
corresponds to an estimate of the lifetime&®t" in the ground
vibrational state in the order of microseconds. Without further
arguing about the accuracy of this estimate, we suggest that
significant population of32" might be present in the mass-
selected @Hg?™ beam obtained upon electron ionization3of
We note in passing that for the ortimomer31%*, the direct
coupling is not symmetry forbidden, which results in value of
Hso= 0.3 cnml, and thus its lifetime is much shorter than that
of 332F,

Within this framework, a straightforward rationale can be put
forward for the experimental results. Electron ionizationlof
leads preferentially, if not exclusively, to the singlet surface of
doubly protonated benzene, whereas EB pfovides access to

exchange of'22* is associated with a substantial internal
excitation of AE, s (122+/2*) = 1.11 eV, which suggests that
the transition is associated with unfavorable FranClondon
factors. Hence, low efficiency and extensive fragmentation of
the resulting GHg™ monocation is expected in the charge
exchange of'22". In contrast, charge exchange " is
associated with AE,, (1127/17) of only 0.28 eV and leads to
the more stable isomer ofgHg™ (Scheme 2). Hence, in a
mixture of 112" and 122+, mainly the ortheisomer 112" is
expected to undergo charge exchange. On the triplet surface,
only 33?* is likely to be formed in considerable amounts (see
above). Charge exchange " is associated with a small
additional internal excitation okE, (33?7/3**) = 0.16 eV and
leads to the parssomer3** which is 0.5 eV higher in energy
than1*. Thus, the energy required for Elimination from3*

to produce singly protonated benzene is lower thard fowhich

can explain the difference in relative abundance vékinina-
tion in CE spectra of dications generated franand 3.

The relative increase of the CE cross section for thigs€
dications generated froiupon changing the collision gas from
O, to Xe, compared to dications generated frbptan also be
explained by the presence #*. The ground state of oxygen
is a triplet. On the basis of spin-conservation rules, all couplings
of the singlet dication witRO, should lead to the ground states

f products, whereas the triplet dication may also lead to the
formation of GHg™ in excited quartet states, which can cause
a lower overall cross section of charge exchange. In comparison,
charge exchange with xenon in its ground state should lead to
the ground-state products for all couplings with both, singlet
and triplet states of the dication. Accordingly, the cross section
for charge exchange 6B%" increases upon change of Oy
Xe as collision gas. Note, however, that other factors like
exothermicity of the charge exchange for different isomers and
states may also play a role.

Fragmentation of Doubly Protonated BenzeneThe by far

singlet as well as triplet states. Given that dehydrogenation of ,ost important process in the fragmentation gHE* corre-
CeHg* is easier to achieve on the singlet surface, any significant sponds to the loss of molecular hydrogen. For the interpretation
population of triplet GHg*" to the beam of mass-selected of the fragmentation pattern, it is important to identify which
dicationS decreases the I’e|ative abundancemlh‘hinaﬂon. S|gna|s Or|g|nate from Subsequent decompos|t|on gﬂg
Accordingly, this scenario can account for the lower amount formed by unimolecular fragmentation of metastablgi&Z".
of dehydrogenation for the dications generated fidm To resolve this problem, MI/CA and MI/CE spectra offG?*

The charge-exchange experiments lend further support to the- H,] have been recorded. As expectédhe MI/CA and also
proposed differences in the population of singlet and triplet statesthe MI/CE spectra of [gHg?" — H;] generated fronl and 3
in the GHg?" ion beams generated from neutrhland 3, are identical; Figure 2 shows the MI/CA and the MI/CE spectra
respectively. Charge exchange in keV-collisions can be con- of [C¢Hg?" — Hj] generated fron8. We further note that the
sidered to occur as a vertical process and as such is governedll/CA and MI/CE spectra are identical with the CA and CE
by Franck-Condon factors. The efficiency of such a transition spectra of the dication ¢El>" generated directly by EI of
and also the amount of associated internal excitation can bebenzene (see Supporting Information). The major process in
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Figure 2. High-mass regions of the MI/CA (a) and MI/CE (b) spectra
of the daughter ion gH¢?" arising from metastable (8g?*" generated
from 3 (MI/CA and MI/CE spectra of [€Hg?" — H;] generated from

1 and also CA and CE spectra oft€>" generated from benzene can
be found in the Supporting Information).

fragmentation of GHe?" corresponds to the elimination of the
CHs™ cation concomitant with a 8™ fragment (Wz = 63).

The composite shape of the corresponding peak is a result of

the Coulomb explosion of the dications into two singly charged
ions?® Other fragmentations originate from losses of- C

fragments upon charge exchange, among which the dominant

processes lead tos8s" (m/z = 51) and GH,™ (m/z = 50).

With regard to the fragmentation of doubly protonated
benzene (Figure 1), two dominant composite peaks can be see
among the peaks corresponding tg-l@sses. One originates
from the elimination of a methyl cationm(z = 65) and the
other one ¥z = 63) comes most probably from a two-step
fragmentation. In the first step, a neutral hydrogen molecule is
eliminated which is then followed by the expulsion of a methyl
cation (see above). Signals associated withel@ninations
originate preferentially from the fragmentation of the parent ion

upon charge exchange. The two dominant processes are due t

the losses of [gHe] (Mm/z=50) and [G,Hs]* (m/z = 51) which,

again, most probably represent sequential fragmentations: First

a molecule of hydrogen is eliminated and in the second step
the CG-C bond cleavage occurs; this is well reflected in the MI/
CA and MI/CE spectra of [Hg?" - H;] (Figure 2). The same
fragmentations can also occur prior t@ &limination which is
indicated by the signals at/z = 52 and 53. In summary, the
major channel in the fragmentation of doubly protonated

benzene leads to the benzene dication. Other fragmentation

channels probably follow pathways similar to those found for
the benzene dicatiof¥:°

Proton Affinity of Protonated Benzene.The proton affinity
of CsH7" corresponds to the enthalpy of reaction 1.

CeH, " + H" — CHg™" 1)
with PA = — AH

The obvious difficulties associated with a direct determination
of the exothermicity of a reaction involving two cations are
usually circumvented by means of thermochemical cycles. This
approach consists of independent determinationsdfof the
corresponding cation and dication in conjunction wit(H™)
= 15.86 eV at 298 K32 Thus, A\H of CgH;" can be
determined from\{H(CgHe) = 0.86+ 0.01 eV and the proton

J. Phys. Chem. A, Vol. 110, No. 4, 2008655

TABLE 3: MI and CA Spectra 2 of CgHg™ Generated from
1,3-Cyclohexadiene (1) and 1,4-Cyclohexadiene (3)

MI CA
m/z fragment ion 1t 3t 1t 3t
77 GHs* 0.1 0.8 10 27
78 GHe't 7 15 12 19
79 GH7" 100 100 100 100

2The intensities are derived from integrated peak areas relative to
the area of the peak corresponding tgH&" fragment which was set
to 100.

affinity PA(CsHg) = 7.78 eV*® which leads toA{H(CeH7™) =
8.944+ 0.01 eV.

A direct experimental determination 8fH(CsHg?") requires
the knowledge ofAsH of the neutral precursor ¢Elg and its
first and second ionization energies. In the present case,
however, this seemingly straightforward approach is complicated
by two factors. The first problem arises from the structure of
the neutral precursor g, because only 1,3- and 1,4-cyclo-
hexadiene are available which serve as precursors for the ortho
and paraisomers of GHg?*, whereas the most stable isomer of
doubly protonated benzene correspondmtGsHg?". We note
in passing that attempts to generateCsHg?" by dissociative
El of 3,5-dichlorocyclohexene failed due to insufficient yields
of the desired fragment ions. Therefore, the proton affinity for
protonation at the metposition of GHg?" is determined
indirectly from the experimental values derived for the proton
affinities at the orthe and pargpositions and the calculated
relative stabilities ofl?*, 227, and3?". The method of choice
for the determination of the second ionization energiekanid
3, respectively, is charge-stripping (C5$uch experiments are

'hased on the formation and mass-selection of the corresponding

singly charged cationi( and 3", respectively), followed by
further ionization in a collision with a suitable target gas (usually
oxygen)810 The energy required for ionization is taken from
the kinetic energy of the projectile monocation and can be
determined in energy-resolved measurements. While the preci-
sion of CS experiments is limited to a few tenths of anake

key advantage of CS is its applicability to mass-selected ion

Beams. It needs to be pointed out, however, that ascribing the

ionization energy of a cation determined by the CS method to

the second ionization energy of the corresponding neutral

molecule requires that the connectivity of the cation corresponds
to the connectivity of the neutral. This leads to yet a further
uncertainty in the case ofgHs, because cations of hydrocarbons
are well-known to undergo facile isomerizatiot. Accord-
ingly, it cannot be taken for granted thagiz** monocations
keep the structures of their corresponding neutral precursors.

Qualitative information about the structures of thgHg'™
cations generated frorh and 3 can be derived from their
metastable ion (MI) and collisional activation (CA) spectra
(Table 3). All spectra are dominated by losses of atomic
hydrogen which leads to the formation of protonated benzene.
In addition, the MI spectra contain two minor peaks, which
correspond to eliminations of Hand [Hs]°, respectively; the
latter most likely corresponds to consecutive elimination of H
and H. Both processes are relatively more abundant3for
than for1*. The CA spectra show a similar trend. Catigft
again provides more abundant losses efadd [H]°, and the
latter is even more abundant than the elimination gf Fhese
results suggest a significant difference between the cations
generated upon EIl of and 3. Thus, an equilibrium between
1™ and3™ (and optionally other gHg"™ isomers) is apparently
not reached.
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TABLE 4: Experimentally and Theoretically @ Determined
lonization Energies and Proton Affinities (in eV)

IEexp IEcaIc AIEv/’o\
1 14.0+0.2 13.79 0.28
3 14.0+0.2 14.07 (13.92) 0.23 (0.37)
PA(C6H7+)ortho PA(CGH7+)meta PA(CGH7+)para
experimental value 1.50.2 1.9+0.3 0.9+ 0.2
theoretical valu¢  1.59 1.84 0.74 (0.89)
theoretical value  1.40 1.61 0.90 (1.00)

aValues were derived from CCSD(T)/cc-pVTZ single point energies
of minima optimized at B3LYP/6-311G(d,p) levélValues in paren-
theses correspond to ionization to the-¢omplex”. Its geometry was
optimized at the MP2/6-31-+G(2d,p) level.c The value is determined
from a combination of experimentally determined proton affinities at
the orthe and pargpositions and the calculated relative energies of
12+, 22+ and3%* (see also text)d This work. ¢ Reference 6.

Roithovaet al.

Conclusions

Electron ionization of 1,3-cyclohexadiend) (generates
predominantly, if not exclusively, the singlet state of doubly
protonated benzene, whereas the formation of a mixture of
singlet and triplet states can best account for the behavior of
the GHg?" ions formed upon EI of 1,4-cyclohexadien8).(
Specifically, it is suggested that tipeCsHg?" isomer can exist
as a triplet state which has a sufficient lifetime (in the order of
microseconds) to allow for mass spectrometric investigafidns.
The major fragmentation reaction of doubly protonated benzene
corresponds to dehydrogenation which leads to the formation
of a benzene dication; the reaction takes place on the singlet
potential-energy surface.

Interestingly, the proton affinity of protonated benzene is still
positive. The experimentally determined proton affinities amount
to PA(GsH7M)ortho = 1.5+ 0.2 eV and PA(GH7)para= 0.9+
0.2 eV. Combination of these values with calculated energy

In agreement with these experimental findings, B3LYP (ifferences between the orthometa, and pardsomers of
calculations (Scheme 2) predict that both isomers are separateqjoumy protonated benzene provides a value of RE(C)meta

by a considerable barrier exceeding 1 eV. Already the meta

isomer2™, which serves as an intermediate between the two

cations discussed, lies 1.04 eV higher in energy thanThus,

=19+ 03eV.
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