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Photoionization tandem-mass spectrometry of selectively deuterium labeled precursor molecules is used to
probe the structure of protonated benzene which had been questioned in a provocative publication by Mason
and co-workersJ. Chem. Soc., Chem. Commadf95 1027). Specifically, we address the intriguing aspect

of a postulated delayed hydrogen ring-walk by modulating the internal energy content of mass-selected
CsH7—nDn' ions. To this end, ionization of selectively deuterated precursors by tunable synchrotron photons
is combined with chemical monitoring of ##D* transfer from GH,_.D," to a strong basB. The resulting
BH*/BD™ ratios monotonically decrease with increasing internal energy content and, due to the virtue of the
regioselective deuterium label incorporations, thereby disprove a delayed hydrogen ring-walk or any other
“structural memory effect” in gH;-,Dy" ions. As a consequence, the experimental studies of Mason et al.
were reconsidered using sector-field mass spectrometry. These extensive studies suggest that the previous
observations might have been obscured by a combination of isobaric impurities, metastable-ion contributions,
and artifact signals.

Introduction CHART 1

One cannot possibly escape the warm, charming character
of Professor Tom Baer, an insightful scientist and a dedicated
teacher, an exemplary scholar who cares for his students. On
several occasions he indicated to us that experimental findings
from our laboratories had been used as teaching examples in
his student courses. In this very spirit, here we would like to

present a story about protonated benzeng{;C a prototype identified as a second-order saddle point more than 2 eV higher
organic cation which occupies a central position in physical in energy thar? (which represents the global minimum). This
organic chemistry. view was further supported by several experimental and

In 1995, Mason et @ published a report about an unexpected theoretical studie$,® of which the spectroscopic characteriza-
temperature dependence of the collisional activation (CA) masstions of gaseous ¢i;" are most impressivi*2 Notwithstand-
spectra of protonated benzene. In brief, they found that the ratioing, the puzzling experimental findings of Mason and co-

between I and H losses upon CA of mass-selectegHgt workers persist and await an explanatién. _
depends on the temperature of the chemical ionization (Cl) Here, we describe attempts to resolve matters. To this end, a
source used: below room temperature, loss ofpkevails, specific photoionization experiment was designed in order to

whereas elimination of predominates at elevated tempera- probe a possible memory effect in protonated benzene. In
tures. Moreover, for the deuterated iogHDs™ generated by addition, the collision studies of Mason et al. were reinvestigated
Cl of C¢De with methane, a preferential loss of Was observed ~ using sector-field mass spectrometry.

at low temperatures, which was interpreted as some kind of a

“memory effect” in that complete H/D equilibration does not Experimental Methods

occur. From these results, the authors concluded that the face- The photoionization studies were performed in the CERISES
centeredr-complexl, rather than the time-honoredcomplex  apparatu¥ installed on the beam line SA63 of the synchrotron-
2 (the cyclohexadienyl cation), corresponds to the most stable yagjation source SuperACO at LURE (Orsay, France). This
structure of protonated benzene (Chart 1). beam line has a normal incidence monochromator which
Being skeptical about this surprising result, we soon repeated provides monochromatic light in the range o£30 eV photon
the experiments. Despite our _much more limited capabilities to energy. Slits were at all times opened to 1 mm, corresponding
vary the temperature of the ion soufcee could, however, {5 a photon-energy resolution in the range of 500 (i.e., 20 meV
qualitatively reproduce the effects described by Mason and co- gt 10 eV). The accuracy of the photon energy was verified by
workers. Nevertheless, doubts about Mason’s assignment andmeasuring the ionization energy of argon within 2 meV of its
conclusion remained. Radom and co-workeysplied high-level nominal value. At photon energies 11.7 eV, a LiF window
ab initio theory to disclaim the existence &f which was  \yas used to effectively eliminate higher order light emerging
from the grating of the monochromator. The experiments

N 'é"(")rrtr:; tgﬁ dsirf]’eca'l"l"]'ﬂ'%sr“%_;g’i‘l?aze‘?@?ggﬁfg:gg% eberlin.de without LiF filter were inherently interfered with by higher order
E |nstituta-uf Chgmie der Technischen Universigerlin. e photons and_ are reported_without correcfcion. Briefly,_the_ neutral
8 Universite Paris-Sud. precursors introduced via a septum inlet were ionized by
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monochromatic photons, and any cations formed were extractedSCHEME 1

by a field of 1 V/cm toward a QOQ system (Q stands for COOH
quadrupole and O for octopol&In the MS/MS experiments

described below, Q1 was used for mass-selection of the desired Birch
CeH7—nDn™ ions. Trimethylamine as a bagwas leaked into
a reaction cell whichs a 4 cmlong cylinder around the octopole,
and Q2 was scanned for mass analysis. The kinetic energy of 3 3
the ions within the octopole was adjusted to 0.15 eV. The ion

beams have Gaussian kinetic energy distributions with an COOH
average full width at half-maximum (fwhm) of ca. 0.3 eV in

H =COOCH 3 COOCH;z

the laboratory frame. lons were detected by a set of multichannel CH3OH
plates operating in the counting mode. The photon-energy
dependences of thBH*/BD™ ratios were recorded in single-
ion monitoring mode and are reported with corrections for the D
background and contributions &iC isotopes. The appearance
energies reported below \'/vere.deter'mlned by e'xtrapolatlng the COOH 4 COOH H COOCH,
linear part of the respective single-ion monitoring curve as a b b b b b
function of photon energy. The given error estimates refer to Birch CH3OH
these extrapolations; neither thermal contributions nor kinetic
: : D D D 7~ D D 7D
shifts were considered. % 7%
Additional experiments were performed with a modified VG D 3b

ZAB/HF/AMD 604 four-sector mass spectrometer of BEBE

configuration (B stands for magnetic and E for electric sector), superposition of collision-induced fragmentations occurring in
which has been described elsewh¥rim brief, GH7—_,Dn" ions the collision cell and unimolecular processes occurring in the
were generated by either electron ionization (EI) or chemical entire field-free region. Due to the particularly long third field-
ionization of different precursors as detailed below. After free region of the Berlin BEBE instrument (1.9 m), the
acceleration to a kinetic energy of 8 keV, the ions of interest contribution of metastable ions to the CA spectra is quite
were mass-selected and subjected to metastable ion (MI) andpronounced. The CA spectra can be corrected for MI contribu-
collisional activation studies. M| spectra of B(1)/E(1) mass- tions by monitoring the absolute signals at a fixed multiplier
selected ions were recorded by detection of the chargedvoltage as well as the parent ion transmission in Ml and CA
fragments formed unimolecularly in the field-free region experiments conducted directly after each other, thereby allow-
between E(1) and B(2) by scanning the latter sector. CA spectraing one to subtract the MI components from the CA spectra.
were recorded in the same manner using either helium (80% The carboxymethyl cyclohexa-2,5-dier&s3a, and3b were
transmission, T) or oxygen (80% T) as stationary collision gases. prepared by Birch reduction of the corresponding benzoic acids
In addition, Ml and CA spectra were recorded in order to followed by esterification with methanol (Scheme'1)The
investigate the fragmentations occurring in other field-free compounds were purified by bulb-to-bulb distillation (20 mbar)
regions of the Berlin mass spectrometer using the following and characterized bfH NMR and GC-MS. In the course of
methodst’18 (i) direct analysis of the daughter ions (DADI) the synthesis, 510% of the corresponding conjugated car-
formed in the field-free region between the ion source and the boxymethyl cyclohexa-1,3-dienes (e 8) are formed, probably
first magnet by means of a linked B(1)/E(1) scan and (i) mass Via proton catalysis in the course of esterification. In addition,
selection of GH7_.D,™ with B(1) only and recording the  the samples undergo transfer hydrogenation as well as autoxi-
fragmentations occurring in the field-free region between B(1) dation during storage and thus contain some of the correspond-
and E(1) by scanning the latter (MIKE scan). The kinetic energy ing methyl benzoates as well as traces of carboxymethyl
of the ionizing electrons was varied by adjusting the voltage cyclohexeneg? Unfortunately, further purification of the samples
between the filament and the source with the repeller groundedby means of preparative gas chromatography is hampered by
to the source; the latter is important in order to avoid dehydrogenationto methyl benzoate occurring in the heated inlet
unintentional acceleration of the electrons entering the sourceblock. Notwithstanding, these impurities do not affect the
toward the repellet.The ionization energy of benzene ({ qualitative outcome of the photoionization experiments described
9.24 eV) was used as an anchor for the electron-energy scalebelow.

Note, however, that the electrons evolving from the hot filament ] )

are not at all monoenergetic, and the dependence reported belo€Sults and Discussion

is largely meant qualitatively. Further, Ml and CA spectrawere  One option for rationalizing the findings of Mason et2al.
recorded at different temperatures of the ion source. Becausewithout shaking the fundaments of physical organic chemistry
the ion source is usually heated to 280 and not equipped s that the hydrogen ring-walkin protonated benzene is not
with a cooling device, these experiments were performed asthat fast as usually anticipated when the internal energy content
follows. 12 h prior to the actual measurements, the ion optics of structure2 is sufficiently low. Upon reacting with a bags
were optimized first and the source heater was switched off, to such a “cold” ion2 is expected to preferentially transfer one of
allow the source to reach ambient temperature. Then, thethe hydrogens of the methylene group. Only if hydrogen ring-
precursors were introduced, and spectra were immediatelywalk is fast, all hydrogen atoms are equilibrated. According to
recorded while monitoring the source temperature, which experiment and theory, the barrier for hydrogen ring-walk is
increases continuously due to the heat emitted by the glowing on the order of 0.270.45 eV4822-25 Although it would be
filament. In about a half-hour, the source reaches ca.°T30 somewhat surprising that a barrier of this height is not
and higher temperatures were achieved by additional heating.surmounted in the experiment, it could be argued that at the
In general, CA spectra recorded in a sector instrument are alow temperatures achievable in the apparatus of Mason et al.



Protonated Benzene

SCHEME 2

H COOCH,

(Tmin = 213 K) in conjunction with sampling the ions within
about a microsecond, some of thgHz—.Dn" ions have not

undergone complete H/D equilibration via the ring-walk mech-

anism. Upon collisional activation, the H(D) atoms of the
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dissociative photoionization. In addition, one should note that
the internal energy of the fragment ion does not correspond
directly to the difference of the photon energy and the threshold
for dissociative photoionization, but to a somewhat lower
amount because some energy may be lost in both the leaving
electron and the neutral fragment formed; we return to this
aspect in more detail further below. A control of the ions'
internal energy by means of coincidence methods is generally
conceivable but less well-defined for fragments formed upon
dissociative ionization and is moreover likely to be associated
with a rather poor sensitivity.

The choice of the base is critical in the present experiment.
If the proton affinity of the base PA{) is smaller than
PA(benzene), proton transfer is unlikely to occur at all. If
PA(B) ~ PA(benzene), that is, proton transfer is more or less
thermoneutral, formation of a long-lived ion/neutral complex
(INC)33is likely to occur in which reversible processes might
hide the structural information introduced by the regioselective
isotopic labeling of the precursotsSimilar considerations apply

methylene group may then be lost preferentially. Following this for slightly exothermic proton transfer, PB( > PA(benzene).
scenario, dissociative ionization of the selectively deuterated Only a considerably exothermic proton transfer, BAG>

precursors8aand3b concomitant with loss of neutral j8i;0;] 26

PA(benzene), whose exothermicity exceeds the typical binding

could provide access to the specifically labeled cyclohexadienyl energies of INCs (up to 1 eV), could lead to immediate ¢t

cations2a and 2b (Scheme 2). Note that the choice of the

precursors is in close analogy to previous studies of Kuck,

Gritzmacher, and co-workef&27-29

D* transfer without involving long-lived intermediates. More-
over, the base should not contain exchangeable protons itself
because secondary reactions may otherwise lead to H/D

Another important aspect needs to be addressed right at theexchange reactions and might thus deplete B signal.
outset. Potentially, there exist numerous isomeric structures of Given PA(benzeney 7.78 eV, trimethylamine (PA= 9.84
CeH7", e.g., acyclic ones, fulvenes, and systems with bicyclic eV)34 was therefore considered an appropriate reagent serving

skeletond:?* However, a consideration of the experimental
conditions in the work of Mason et &lmplies that an internally

consistent explanation of the observed effects would indeed

require an isomer of protonated benzene whichn@e stable
than structure2. Specifically, it needs to account for the
anomalies in the Hand D losses, which were observed at

as baseB.

CeH, " + (CHo)sN — (CHy),;NH™ + CgHg (1)

When interacting mass-selecte@Hz", generated by dis-
sociative photoionization o8, with trimethylamine under the

lowest temperatures, and the fact that the collision experimentsconditions described above, proton transfer is observed exclu-
sample the entire population of ions, rather than just a minor sively (reaction 1). Two additional ionic products, the radical
fraction of isomeric species. As Mason et al. used benzene ascation (CH)sN*t and the immonium ion (CgoNCH,*, are

the neutral precursor in their chemical ionization studies, any observed at low photon energies and can be traced back to an

high-energy isomers (e.g., protonated fulveheyen if they

isobaric interference of mass-selectegHg™ with the 13C;-

might be formed in small amounts, cannot explain the changesisotope of GHet co-generated upon dissociative photoioniza-
of the gross population of ions. With respect to the unique tion of 3. Accordingly, these products are not pursued any
thermochemical stability of benzene among the 217 possible further (but were included in the isotope correction of the

CsHe isomers3®we therefore restrict ourselves to consideration
of structuresl and2.31

Photoionization Experiments.Iln analogy to a previous study
on the titration of the barrier for the keto/enol tautomerization
in ionized acetamidé the photoionization experiments were
designed as follows. The neutral samplés3a, and 3b,

(CH3)sNHT™ signals).

Before presenting the experimental findings, we address the
concept of the present experiments in some more detail.
Irrespective of the actual structure of theHz_,Dn* ions, H'
or DT transfer to a basB might be associated with a kinetic
isotope effect (KIE), which itself depends on the internal energy

respectively, were introduced into the ion source and ionized of the GH7—,D," ions and can generally be expected to decrease
with photons from tunable synchrotron radiation; the ions of with increasing energy contefft.Furthermore, in the case of

interest, GH,™ for 3, CsHgD™ for 3a, and GH>Ds " for 3b, were

complete H/D equilibration occurring before the ions enter the

mass-selected using the quadrupole Q1 and interacted with areaction region, the different numbers of H and D atoms in the

baseB in the octopole ion guide at near thermal energyn(=
0.15 eV); and the ratio of the proton-transfer prodigits™ and

reactant ions have to be acknowledged by statistical corrections.
If, however, the @H;—,D,* ions “remember” their origin from

BD* was monitored using the second mass analyzer Q2. Thethe selectively labeled neutral precursdasand3b, respectively,

key variable is the energy of the ionizing photons, while all

that is, if hydrogen ring-walk is slow at low internal energies,

other parameters are kept constant. The intention of this kind both ions2a and2b will bear a 1:1 ratio of H and D" transfer

of experiment is to vary the internal energy content of the modified by a KIE (Scheme 3§.%7

reactant ion by tuning the photon energy and to probe possible Given the generally valid assumption that apparent KIEs
consequences (if there are any) in a chemical reaction whichdecrease with increasing internal enéfggnd that rapid H/D

serves as a monitéE.While this approach is quite straightfor-

equilibration of GH;—,D," takes place at elevated energies, the

ward for photoionization to a molecular cation, the present present experiments allow for qualitative distinction of the
experiment should also probe whether the idea of the “titration structural effects (i.e., delayed hydrogen ring-walk) and KIEs

method” can be transferred to a fragment ion formed in

(Figure 1). If the specifically labeled iorZaand2b are formed
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SCHEME 3 + 4 2a
Q
[--]
D B ~ /—f Case a
@\"H BH* :BD* = 1 -KE +
[
2a ¥ 2b
equilioration >
B 6 Y
CgHeD* —> | BH":BD" = 3 -KE + 4
Q Case b
D D i )
|\|D B @ a
H H BH* :BD* = 1.k
2b
D D .
2b En,
l equilibration + 4
Q Case c
CeHDs™  —> | BH*:BD* = £ .kE ~
= 2a
at low energies, th8H*/BD™ ratios of both ions should start 2b
from a common value and then diverge to approach the >
respective KIE-modified statistical limits at larger energies due Eny

to H/D equilibration (case a); these limits aBH*/BD™ =
(6/1)KIE for CsHeD™ generated fromBa and BH*/BD™"
(2/5)KIE for CeH2Ds™ generated fronBb. If instead hydrogen
ring-walk is rapid, the variation of thBH*/BD™ ratios should
qualitatively show the same energy behavior with an offset due
to the different number of H and D atoms in the id?esand

2b (case b). Accordingly, it is not the precise values of the
BH*/BD™ ratios but merely the qualitative inspection of the
trends as a function of the energy of the ionizing photons that
should reveal whether any kind of structural memory exists in
protonated benzene. There is, of course, a third alternative in
that the dissociative photoionization of the neutral precursors
itself already deposits too much internal energy in thid/C.Dn*

ions formed such that no distinct energy dependence of the
BH/BD™ ratios is obtained (case c); this may in fact be true
in many cases of dissociative ionization, but fortunately does
not apply here. Further, while KIE in a proton-transfer reaction
certainly depends on the baBethis effect would only influence
the actual values of thBH*/BD™ ratios in the experiments but
not change the qualitative difference of the trends. Finally, to
avoid a misleading interpretation of the graphs, note the
deviation of this kind of “gas-phase titratiof¥'from threshold
collision-induced dissociation and related experiments. In the

Figure 1. Qualitative sketches of the differeBH*/BD" ratios
expected in the photoionization experiments. See text for details.
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Figure 2. Single-ion monitoring of (ajn/’z= 138 (parent ion) and (b)
m/z= 79 (GH-*) as a function of photon energy (eV). The appearance

present study, the interaction energy of the ions and the neutralgnergies referred to in the text are derived from extrapolation of the
reagent is kept constant throughout the experiments, while only linear part of the thresholds to the baseline without applying any further
the “history” of the reactant ions is changed by variation of the corrections.
energy of the ionizing photons.

After this more general consideration of the experiment, we the impurities due to the conjugated dienes should not disturb
also need to comment briefly on the purity of the samples. the qualitative trends in the energy dependence of the monitoring

According to GC-MS andH NMR analysis, in addition to the
desired compound3—3b, the samples contain-5.0% of the
corresponding carboxymethyl cyclohexa-1,3-diedes3b’) and

ca. 5% of methyl benzoate. The latter impurity does not matter

reaction (cases-ec in Figure 1).

As a consequence of the impurity of the samples, the parent
ion shows a composite appearance curve (Figure 2a). Of the
two photoionization thresholds, the lower, minor one is assigned

in the present MS/MS experiments because dissociative ioniza-as AEG'™) = 8.38+ 0.04 eV and the higher, major component

tion of methyl benzoate does not yieldt&*. As confirmed

by their EI mass spectra, the isomeric conjugated dighes
3b', however, also yield g47-,D," ions upon photoionization
(though in lower yields, as implied by a comparison of the El
mass spectra o8 and 3).38 Thus, a certain fraction of the
CeH7—nDn" species will have a different origin. Nevertheless,
with 3—3b as the major components of the neutral samples,

as AE@') = 8.834 0.03 eV. Here, the assignment is not only
based on the composition of the sample v8ths the leading
component but also on a comparison with the corresponding
parent compounds. Thus, the ionization energy (IE) of 1,3-
cyclohexadiene amounts to 8.250.02 eV, whereas that of
1,4-cyclohexadiene (8.82 0.02 eV) is significantly large#®

A slight increase of the IE fol' is fully consistent with
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fragment ions formed upon dissociative photoionization. Second,

201 A A the trends quite clearly follow the scenario of case b in Figure
A A @ 1. Thus, even an experiment which was especially designed to
o 15 7 H H " ”n g
= 4 probe the possible existence of a “memory effect” in the H/D
£ o : . )
EN AAAAA . CgHD* from 3a distribution of protonated benzene fa_|Is to provide any evidence

@b B of such an effect. Instead, the experiments clearly demonstrate
A

5 A complete H/D equilibration of the mass-selectegHZ.\D,,"

d ions; thus, a rapid hydrogen ring-walk takes place on the time
scale of the experiment. Accordingly, we can compareBtHe/

21 BD™ ratios of the different precursor ions after statistical
correction for the deuterium content (Figure 3b). At low energies
of the ionizing photons and thus low internal energy content of

/
1/

1 °» + the GH7-Dn" ions, a KIE on the order of 3 is observed for
‘/,’ CbH2D5 from 3b . . . .
.. S both ions made frorBaand3b, respectively, which then rapidly
s . decreases, approaching a limiting value of KtEL at elevated

photon energies. The significant KIEs at low internal energies
are fully consistent with previous studies of the thermal ion/
9 10 " 12 13 14 E 15[ev] molecule reactions of &l;,—,Dn™ with various bases in which
n KIEs between 1.2 and 5.7 were found, dependent on the base
B used?® Likewise, the almost vanishing KIE at higher photon

w4 energies agrees with the finding that the unimolecular loss of
< - dihydrogen from @H7—,Dn" ions (reaction 2) is associated with
31 e @ an almost statistical H/D distribution in the product i6r#8.
**
27 AzAa . + +
1] PYSIV s CeH; — CeHs™ + H; (2)
0 : : : . : From a methodological point of view, we note that the

9 10 11 12 13 14 15 increasing internal energy content of the mass-selecde (D, *
Env (€V) ions is also implied by the observation of unimolecular
Figure 3. (a) BH*/BD* ratios in the ion/molecule reactions of dehydrogenation according to reaction 2 in the absence of a
trimethylamine with mass-selecte@D* (from 3a, 4) and GH:Ds*  reactant gas in the octopole. The apparent threshold for the
O e e ey g UNMOISCar e of Mass selectad o G s abou
statistical correction for the number of H and D atoms in the mass- 13.3+ 0.2 eV and thus ca. 3.5 eV ahove ARIG") = 9.79+ .
selected @H7_,Dy* ions. 0.05 eV. These observations can be used to roughly estimate
the energy partitioning in dissociative photoionizatiorBoAs
substitution of the conjugated diene with an electron-accepting the thermodynamic threshold of reaction 2 amounts to 2.79 eV
ester group. Instead, the presence of a carboxymethyl group in@nd it occurs without an appreciable barrier in excess of the
one of the allylic positions of 1,4-cyclohexadiene hardly affects réaction endothermicityye can conclude that up to about four-
the IE. Like the parent ions, also theHG™ ions emerging from fifths of the excess energy of the ionizing photons can be
dissociative photoionization show a composite threshold be- deposited as internal energy in the photofragmesi;C.4°
havior with a tentative AE(gH;") = 9.3 eV for the first, minor Sector-Field Mass Spectrometry.The photoionization ex-
component smoothly rising out of the noise level and AJE(E) periments described above demonstrate that at least the hypoth-
= 9.794 0.05 eV for the second, larger one (Figure 2b). By esis of a significantly delayed hydrogen ring-walk cannot
analogy, these two thresholds are assigned to dissociativeaccount for the anomalies reported by Mason and co-workers.
photoionization of3 and3, respectively, with3 giving rise to In addition, none of the many other studies on this tbpie4
the major component having the larger AE. As stated above, has so far provided even a hint of evidence for a low-energy
the presence of the isomeric dier@sand3b’ in the respective structure other tha@, which could account for their findings.
neutral samples may somewhat modify the quantitative outcome As stated in the Introduction, quite soon after Mason’s
of the monitor reactions of the labeled ions, while the qualitative publication we qualitatively reproduced the reported effect in
behavior should not be affected; this is all that matters in the that collisional activation of gHD¢", produced by ClI of gDg
present context. We conclude this description by noting that with CHs, shows a temperature dependence in the hydrogen
the measured AE 9.29+4 0.04 eV for ionized methyl benzoate losses with expulsion of theing preferred at low ion-source

agrees reasonably well with the literature value of 9t3@.04 temperature. While the effect turned out to be much smaller in
ev.:39 our experiments than reported by Mason et al., a qualitative
As expected, the &17-,D,t ions generated from the labeled agreement was nevertheless achieved. We thus presumed to have
samples3a and 3b undergo H and D transfers with tri- confirmed their findings and ascribed the quantitative difference
methylamine. With increasing photon energy, Bid*/BD™" (much smaller effect) to our limited capability to control the

ratios rapidly decrease for both labeled precursors (Figure 3a).temperature of the ion souréeHowever, in view of the
Despite considerable scatter at low photon energies, two mounting evidence against protonated benzene having structure
important pieces of information can be extracted directly from other thar2, we decided to carefully reconsider the sector-field
the graph. First, a clear energy behavior is observed, thusstudies. Of the many experiments having been performed with
confirming the validity of the experimental approach in that different precursors (benzene, 1,4-cyclohexadiene,3arizh)
variation of the energy of the ionizing photons does indeed and various ionization methods (El and ClI at different temper-
markedly affect the internal energy content of mass-selectedatures of the ion source and variable kinetic energies of the
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Figure 4. Ratio of H and HD losses in the CA spectra (He, 80% T) Figure 5. Fraction of H loss in the CA spectra (@ 80% T) of GH-"
of B(1)/E(1) mass-selecteds8sD* ions (from3a) as a function of the recorded in a B/E linked scaa] and of B(1)/E(1) mass-selecte@HG "
kinetic energy of the ionizing electrons withouh)( and with @) without (¢) and with @) correction for contributions of metastable
correction for contributions of metastable ions. See text for details. ions to the CA spectra as a function of the temperature of the Cl source.
The GH;' ions were generated by dissociative El of 1,4-cyclohexa-

ionizing electrons), we select just two cases here to illustrate diene.
the various kinds of effects being operative. ) ]

The first experiment to be described starts with dissociative Pronounced effectin the DADI experiments may also have other
El of neutral3a, followed by mass selection ofs8sD™ using origins (see below). ,
B(1)/E(1), collisional activation (He, 80% T) in the field-free ~ AS far as chemical ionization of benzene with methane as
region between E(1) and B(2), and analysis of the fragment reagent gas is concerned,_ it tur_ned out essentlal to carefully
ions with B(2). Here, the variable is the energy of the ionizing Monitor the GHe™"/CeH, ™ ratio during the experiments because

electrons in the range from 10 to 20 eV. As a representative the *Ci-isotope of ionized benzene interferes with the proto-
parameter, we have chosen the ratio ofadd HD losses (in ~ nated form. As loss of Horms the base peak in the CA mass
Am = —2, losses of isobaric Dand H, cannot be resolved). ~ SPectrum of mass-selectedt", any contribution of*C;—

The raw data4 in Figure 4) do indeed show a dependence on CsHe™™ would give rise to an increase of the Ehannel. At
the kinetic energy of the ionizing electrons, which is in least in our instrument, changmg the temperature of t_he ion
qualitative agreement with the effect described in ref 2 (less H Source also affects the CI conditions, theHe"/CeH7 " ratio

loss at elevated energies). However, it needs to be acknowledged@res as well, and so does the branching betweearid H
that every CA spectrum recorded in a sector-field mass losses. In fact, all we can extract from the various Cl experi-

spectrometer is a superposition of fragmentations due to MeNts ha+vi_ng been performed with B(1)/E(1) mass-selected
unimolecular decay taking place in the entire field-free region CeH7-nDn" ions is that we obtained no obvious evidence for a

and collision-induced dissociation occurring in the collision cell t€mperature dependence of the CA spectra @fi:C which
only. This is particularly true for the unusually long (1.9 m) cannot be attributed to either metastable ion contributions or

third field-free region of the Berlin BEBE instrumeHt.  isobaric interferences.

Metastable gH;" only undergoes loss of#whereas collisional Finally, it needs to be commented on t_he fact _that Mason et
activation leads to an additional expulsion of. Hhe MI al. recorded the CA spectra ofgld;" using a linked-scan
contribution to the CA spectrum will thus appear as an technique in a two-sector instrument. Upon reinvestigation of
overestimation of the kichannel. A correction for the MI  theSe experiments with the BE front-end of our mass spectrom-
contributions can be made by consideration of the total ion eter, significant art|fa_ct S|gnaI§ are found to app_earlnthe region
currents, and doing so, the temperature effect vanishes within®f hydrogen losses in both kinds of MI experiments possible
the scatter of the experimental data obtained at different With two sectors only (DADI and MIKE spectra; see experi-
temperatures of the ion sourdeif Figure 4). A simple rationale ~ Mental details}’ For example, signals atm = —1 can reach

for this phenomenon is that the fraction of metastable ions in UP 0 @about 20% in DADI and MIKE experiments, whereas the
the beam increases at elevated energies of the ionizing electrons2Pundance of unimolecular toss is well below 1% of the H
Nevertheless, it may be argued that dissociative Balready 105 for B(1)/E(1) mass-selectedt&". This difference is due

is too energetic such that the temperature dependence describetf rtifact signals in the DADI and MIKE experiments which
by Mason et al. might not be probed adequately in this way. can arise from various fragment ions, isotopologs, or minor other

Figure 5 shows the fraction of*Hbsse&! upon CA (Q, 80% produ'cts formed in the CI plasma}. Dependent on the sca}nning
T) of CeHs* generated by dissociative El of 1,4-cyclohexadiene techniques use_d and the respective configuration of the |Qstru-
as a function of the temperature of the ion source. In a linked ment, t_hese artifacts may severely obscure the M spéh‘t?d._
B(1)/E(1) scan (DADI, 4 in Figure 5), a clear temperature Ip adqltlon, we note that f[he amounts of MI and CA contribu-
dependence is observed with decreasingldds at elevated ~ 1ONS in the DADI experiments are also affected by the Cl
temperatures, which is in qualitative agreement with the con_d|t|ons t_Jecause fragment_atu_)n IS sampled in a field-free
observation of Mason et al. The CA spectra of B(1)/ E(1) mass- region spatially close_ to the ionization volume such that the
selected gH-* (¢ in Figure 5) show somewhat lower amounts Pressure of the collision gas(es) may vary.
of H* losses, but a slight decrease of this channel with increasing Conclusions
temperature of the ion source can still be observed; the lower
fraction of H loss compared to the linked-scan experiment is  Previous spectroscopic studies in the gas phase have dem-
again due to the superimposed MI processes. If, however, theonstrated that protonated benzene has the structure of the
contributions of metastable ions to the CA spectra are correctedo-complex2.1%-12 The present photoionization experiments with
for, the temperature dependence disappears within the scattemass-selected ¢8l7—,D," ions intend to address a possible
of the data M in Figure 5). Thus, much like the electron energy memory effect as far as the labeling distribution is concerned.
(Figure 4), the temperature of the ion source appears to increasé he results obtained demonstrate that the photon energy does
the fraction of metastable ions in thek ™ ion beam. The more indeed have an effect on tlH"/BD™ ratios, thus proving the
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validity of the experimental approach. The qualitative trends
observed are fully consistent with a behavior that is typical for

J. Phys. Chem. A, Vol. 108, No. 45, 2002937

(13) See also: Kryachko, E. S.; Nguyen, M.JT Phys. Chem. 2001,
105 153.
(14) Dutuit; O.; Alcaraz, C.; Gerlich, D.; Guyon, P. M.; Hepburn, J.

theo-complex2. Provided the reasonable assumption holds true \y :"\etayer-Zeitoun, C.; Ozenne, J. B.; WengChem. Phys1996 209,
that the precursor compounds used here yield specifically labeled177.

CeH7—nDpn™ ions upon dissociative photoionization near thresh-
old, we can conclude that all H and D atoms igHz-,\D," are
completely equilibrated at ambient temperature. This finding
is fully consistent with a low barrier associated with hydrogen
ring-walk (about 0.35 eV3! None of the experiments provides
evidence for a delayed hydrogen ring-walk or a structural
memory effect, not to speak of the existence of theomplex
1.

According to our additional experiments with a sector-field

(15) Franceschi, P.; Thissen, Ralika, J.; Roithoval.; Herman, Z
Dutuit, O. Int. J. Mass Spectron2003 228 507.

(16) Schalley, C. A.; Schiger, D.; Schwarz, Hint. J. Mass Spectrom.
lon Processed996 153 173.

(17) Busch, K. L.; Glish, G. L.; McLuckey, S. AMass Spectrometry/
Mass Spectrometry: Techniques and Applications of Tandem Mass
SpectrometryVCH: Weinheim, Germany, 1988.

(18) Schrdler, D.; Oref, I.; Hrugk, J.; Weiske, T.; Nikitin, E. E.;
Zummack, W.; Schwarz, Hl. Phys. Chem. A999 103 4609.

(19) In the schemes, we designate only one particular stereocisomer of
the Birch-reduction products for the sake of clarity. In practice, however,
the Birch reaction occurs without a particular diastereoselectivity; see ref

mass spectrometer, the surprising results of Mason et al. are1, p 1010.

likely to be due to the combined action of artifact signals,

isobaric interferences, and metastable ion contributions to the

collisional activation spectra. While we frankly admit that our

capabilities to vary the temperature of the ion source are limited
compared to the equipment used in ref 2, with the present
knowledge it appears that the evidence presented by Mason el

al. in favor of a face-centered-complex of benzene was in
fact inconclusivet
From a methodological point of view, the present photoion-

(20) According to the photoionization mass spectra acquired in Orsay,
the unlabeled sample 8fshowed an increased content of methyl benzoate,
which we assign to autoxidation during transportation from the Berlin
laboratory where the compounds were prepared.

(21) Kuck, D.Int. J. Mass Spectron2002 213 101.
(22) Olah, G. A,; Staral, J. S.; Asencio, G.; Liang, G.; Forsyth, D. A.;
ateescu, G. AJ. Am. Chem. S0d.978 100, 6299.
(23) Cacace, F.; Crestoni, M. E.; Fornarini,JSAm. Chem. Sod.992
114, 6776.
(24) Sumathy, R.; Kryachko, E. S. Phys. Chem. 2002 106, 510.
(25) In ref 21, the barrier is given with even larger accuracy, G35

L . . . .01l eVv.
ization experiments demonstrate _tha_t the gas-phas_,e titration ™ (26) For details of the [g4505] system, see: Schder, D.; Semialjac,
method developed for the determination of the barrier of the M.; Schwarz, HEur. J. Mass Spectror2003 9, 287, and references therein.

keto/enol tautomerization of ionized acetanitdean also be

applied to fragment ions generated by dissociative photoion-

ization.
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