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Threshold Formation of Benzylium (Bz*) and Tropylium (Tr*) from Toluene. Nonstatistical

Behavior in Franck-Condon Gaps'
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Benzylium (Bz*) and tropylium (Tr*) ion formation from toluene-hs and toluene-a-d; were studied by time-
resolved photoionization mass spectrometry (TPIMS). Bz* wasdistinguished from Tr* through its ion/molecule
reaction with toluene, which converts it quantitatively to CsHy*. The appearance energies (AE’s) at 0 K of
C,H,* without ion trapping (11.5 eV) and of Bz* with ion trapping (11.1 eV) are in excellent agreement with
predictions by time-resolved photodissociation (TRPD). The structure observed at photon energies below 11.1
eV in the Bz* photoionization efficiency curve is ascribed to autoionizing Rydberg states converging to the third
ionization energy in toluene. These states, which reside in a Franck—Condon gap, dissociate in competition with
autoionization. This dissociation is a non-RRKM process forming Bz*, in preference to Tr*, and is made
possible energetically by virtue of the thermal energy at the temperature of the experiment (298 K). H/D loss
ratios for toluene-a-d; demonstrate complete isotopic scrambling and an energy dependent isotope effect. The
H/D ratio stays constant below 11.1 eV, demonstrating that AEq g (Tr*) = 11.1 eV and that there is equality
of the AE’s of the two C;H;* isomers within experimental error. The preferential, nonstatistical, formation
of Bz* over Tr* below ~11.1 eV is given further proof by the observation of an increased direct CD,* transfer
probability from C¢HsCD,* to C¢HsCD;. These results, combined with previously published ab initio calculations
which demonstrated a reverse activation energy for the Tr* exit channel, explain why there is no energy range
in which there is pure Tr* formation from toluene, under either photoionization or electron ionization conditions,

although Tr* is ~11 kcal/mol more stable than Bz*.

Introduction

The formation of C;H,* from toluene, reaction 1, has been one
of the most widely studied reactions in mass spectrometry.

C,Hy " —=CH," +H' )

Nevertheless, the role of tropylium (Tr*) versus benzylium (Bz*)
formation is still unclear. There has been the general belief,
since the early work of Rylander et al.,! which demonstrated
extensive hydrogen scrambling, that interconversion of the toluene
(TOL**) and cycloheptatriene (CHT**) radical cations is rapid
at the threshold for hydrogen atom loss. This should lead to the
preferential formation of Tr+ over Bz* cations at threshold, since
Trt has a lower AH;° than Bz*.2 However, collisional activation
(CA) experiments? led to the conclusion that toluene molecular
ions do not generate Tr* at their dissociation limit. Rate—energy
curves wereobtained by time-resolved photodissociation (TRPD),*
and RRKM fitting of the curves gave a critical energy Eq =2.11
eV in very good agreement with the thermochemical values$ for
Bz+ + H*.

The role of Tr* versus Bz* formation from toluene remained
unclear. This problem was resolved to a certain extent recently.’
A time-resolved photoionization mass spectrometry (TPIMS)
experimental determination of appearance energies combined with
ab initio and RRKM/QET calculations demonstrated’ the
following: (1) Tr* is not formed at its thermochemical threshold
owing to the presence of a reverse activation energy for the reaction
leading from CHT** to Tr* + H*; (2) the critical energies required
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to form Bz* and Tr* from TOL** are very close, being 2.18 and
2.11 eV, respectively; (3) the appearance energies (AE’s) of Tr+
and Bz* at long (r = 40 ms) storage times are equal, within
experimental error; (4) previous experimental results for the
internal energy dependence of the Tr*/Bz* abundance ratio for
photodissociation® and charge exchange® were in excellent
agreement with RRKM/QET calculations’ appropriate for
dissociations of isomerizing ions.!0

The present study is part of an extension of the original short
communication.” The emphasisin this part is on the experimental
aspect of Bz* and Tr+ formation at near threshold energies. The
question why a large fraction of the C;H;* population at low
energies under photoionization (PI) or electron ionization (EI)
is in the form of Bz* will be raised and answered. Another
extension of the earlier work will be a detailed report of the ab
initiocalculations.!! The experiments employed involve TPIMS.
This technique has several merits in studying the toluene
problem: (a) It can overcome “conventional” kinetic shifts. The
conventional kinetic shift (CS) is defined as the excess energy
required to observe detectable (1%) dissociation within 10 us,
appropriate toconventional mass spectrometer appearance energy
measurements.* The “intrinsic” kinetic shift (IS) is taken as the
energy needed for 10% fragmentation in competition with radiative
relaxation of the excited ion.# The latter definition is appropriate
to an ion-trap appearance-energy experiment unlimited by ion
containment time. (b) Ion/molecule reactions can take place in
the ion trap. These, as will be discussed below, allow one to
distinguish between isomeric ions such as Tr* and Bz* and to
determine their time-resolved photoionization efficiency (PIE)
curves and appearance energies separately.

Experimental Section

The experimental technique of TPIMS has been described in
detail recently,!2 and only a brief description will be given here.

© 1993 American Chemical Society
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Figure 1. PIE (arbitrary units) versus photon energy (eV) for C/H,*
from toluene using no ion trapping: (a) raw data; (b) smoothed data.

Photoionization is induced by a pulsed-vacuum UV light source,
inthe present case a Hinteregger discharge in hydrogen producing
the many-line spectrum or the Hopfield continuum in He.
Photoions are trapped in a cylindrical ion-trap (CIT). They are
ejected into a quadrupole mass filter by a drawout pulse, following
a variable delay time. In this study ions were stored from ~20
us to ~40 ms. A pulse timing sequence is employed.'>!* The
creation pulse is a train of short pulses applied to the light source,
the ejection pulse is applied to the end-cap electrode of the CIT
nearest the mass filter, and the detection pulse is gating the ion
counter. The radio frequency (rf) of the potential applied to the
cylindrical barrel electrode of the CIT is 0.5 MHz (w/2x). The
r.f. field is superimposed throughout the pulse sequence.

The effective wavelength resolution employed is 5.0 A. This
corresponds to an energy resolution near the fragmentation onset
of toluene of ~0.05 eV.

Toluene (C;Hs), 99.9+% HPLC grade from Aldrich, was
purified further by preparative GC until there was no longer any
observable impurity signal at m/z 106 (xylene or ethylbenzene).
The ratio of abundances of (m/z 106):(m/z 92) was estimated
to be <1:106. Toluene-a-d; was from Cambridge Isotope
Laboratories with a stated isotopic purity of 98% D.

Results and Discussion

The onset region of the photoionization efficiency curve for
C;H;* at ~20 usis presented in Figure 1. The appearance energy
(AE) is at 10.7 = 0.05 eV, in excellent agreement with high-
sensitivity PI values.!#!5 We have noticed before!? a shallow
plateau region, which is slightly above the background region,
starting at ~10.7 eV up to ~11.3 eV. This is similar to the
result of Traeger and McLoughlin,!# which has been ascribed by
Buschek et al.” to an ethylbenzene or xylene impurity. We have
indeed observed in our original study!? an impurity peak at m/z
106, which (as noted above) has been completely removed by gas
chromatography. Nevertheless, the tailing region on the C;H;*
PIE curve remained and demonstrates, in addition, some structure
(Figure 1). We conclude, therefore, that the onset at 10.7 eV
and the structure are real and are due to toluene itself. At this
point it is impossible to tell whether this low-energy onset is due
to Tr* or Bz*.

We have recently increased the ion trapping times in the TPIMS
experiment, without sacrificing sensitivity or mass resolution.
Our previous work on toluene’-!2 and toluene-ds'? has demon-
strated the feasibility of “titrating” Bz* ions through their ion/
molecule reaction,!6-20

C,H,*(Bz") + C,Hy — C;H,* + C,H, )

under TPIMS conditions. Tr* ions do not undergo reaction 2,
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Figure 2. PIE curves for parent C7Hg** from toluene!'4 and CsHy* at an
ion storage time of 40 ms (present data). The ion CsHg* is the product
of reaction 2, and its PIE reflects that of Bz* (see text).

while Bz* ions are fully converted to CsHy*. We have employed
long ion trapping times to enhance the tailing region on the PIE
curve, and in addition we have let the ion/molecule reaction 2
proceed, in order to titrate the Bz* ions. The resultant onset
region, for t = 40 ms, of the CsHo* PIE curve is plotted in Figure
2, together with the parent PIE curve, C;Hgt by Traeger and
McLoughlin.!* The two curves demonstrate similar structure.
In particular, there is a maximum in the C;Hg* PIE between
~10.7 and ~11.1 eV, ascribed to an unresolved autoionization
structure, which has consistently been observed at approximately
the same position for CsgHy*. The identical structure observed
in the C;Hg™ and CsHo™ curves is another clear indication that
the tailing region on the C;H,* curve (Figure 1 and refs 12 and
14) is not due to an impurity. Autoionization is probably due to
aseries of Rydberg states converging to the third ionization energy
(IE) of toluene,!*whichisat 11.22eV. Rydbergseries converging
to the first and second IE’s of toluene have been reported.?!
Autoionization can lead to highly vibrationally excited ground-
stateions, which in addition contain the thermal vibrational energy
distribution of the neutral. The predicted 0K threshold for C;H,*,
whichincludesa 0.19-eV intrinsic kinetic shift,is* 2.3 eV. Adding
8.82 eV for the ground-state IE of toluene,'4 this corresponds to
11.12 eV. While we do observe a sharply rising onset at ~11.1
eV (Figure 2), the tailing, which includes the autoionizing
structure, proceeds all the waydown toatleast 10.65eV. Titration
indicates quite clearly that the ion we are observing is Bz*.

Two phenomena become apparent when comparing the PIE
curve for Bz* at 40 ms with the one for C;H;* at 24 us (Figure
3). (a) Some of the autoionization structure observed for the
experiment in the microsecond region is reproduced by the
experiment in the millisecond region. This is particularly true
for the maximum at ~10.9 eV and the following minimum at
~11.1eV. (b) Thereis a pronounced kinetic shift in the steeply
rising part of the PIE curves which onsets at 11.5 eV for 24 us
and at 11.1 eV for 40 ms. This corresponds to thresholds of 2.7
and 2.3 eV, respectively, and to conventional and intrinsic kinetic
shifts of 0.59 and 0.19 eV, respectively, as predicted by time-
resolved photodissociation experiments.*

It is evident from our titration experiments that Bz* ions are
not the only C,H,* ions formed, since a large C;H7* component,
ascribed to Tr*, is left unreacted. The autoionization structure
is not as apparent in the Tr* PIE curve as in the Bz* PIE curve
(Figure 4). The two curves are superimposable through a 2.5
multiplication factor (Figure 5) save for the autoionization
maximum at ~10.9 eV which contributes much more strongly
to Bz*.
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Figure 3. PIE curves for C;Hy* (Tr* plus Bz*) at 24 us and for CsHo*
(Bz* only) at ¢ = 40 ms. The PIE’s are in arbitrary units, to scale. The
lines (—) and (- -) are drawn to lead the eye.
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Figure 4. PIE curves for Bz* (0) and Tr* (®) at ¢ = 40 ms.
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Figure 5. PIE curves for Bz+ (O) and Tr* (—) at ¢ = 40 ms. The Bz*
data from Figure 4 were multiplied by a factor of 2.5 to normalize them
to the Tr* data at the higher photon energies.

According to the NIST tables, Tr* is ~11 kcal/mol more
stable than Bz*. If Tr* were formed at its thermochemical
thresold, the critical energy would be E; = 1.6 eV, and the
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Figure 6. Tr*/Bz* intensity ratio as a function of photon energy: (0)
present photoionization data; (+) a photodissociation and charge exchange
data from refs 8 and 9. The lines (- -) are drawn to lead the eye. The
data in the inset show the ratio near the threshold on an expanded scale.

appearance energy for 0 K, 10.4 eV—provided there is no IS. If
an IS in included, the thermochemical AE should be (at 0 K)
~10.6 eV, namely, 0.5 eV lower than that for Bz*. Figure 4
shows a slight shift (~0.1 eV) to lower energies of the onset of
the rapidly rising part of the PIE curve of Tr* compared to Bz*.
When the two curves are superimposed (as in Figure 5), this is
no longer evident. The appearance energies of Bz* and Tr* were
determined in a series of experiments to be equal, within
experimental error: AE(Bz*) = AE(Tr*) = 10.7 £ 0.1 eV. The
AE for Bz* makes full use of the thermal energy. We have
calculated the thermal vibrational energy distribution of toluene
at 298 K. The probability for 0.4 eV thermal energy is quite low
(0.6% of the maximum, which is at 0.03 eV). Only if there is
no IS is it possible to understand the onset of 10.7 eV for Bz* at
298 K. This point will be discussed below, in connection with the
mechanism of Bz* production via the autoionizing states. The
near equality of the appearance energies is in agreement with the
results of ab initio calculations’ which demonstrate almost equal
dissociation barriers leading to Tr* and Bz*. It also explains
why there is no energy region for which the C;H,* ions are pure
Tr+, Even if the Tr* threshold is ~0.1 eV lower than that for
Bz*, this difference is washed out by the thermal energy
distribution at 298 K and pure Tr* will only be seen at 0 K.
We have determined the Tr*/Bz* ratio over a wide range and
compared our results with previous photodissociation® and charge
exchange® data in Figure 6. The ratio decreases with increasing
energy, except for the local minimum at ~10.9 eV and the
maximumat ~11.6eV. Thedropbeyond 11.6 eV is as expected,
if one takes into account that photodissociation and charge
exchange are resonance processes while photoionization is not.
The present experiment in fact integrates the data up to a certain
energy point, leading to a more moderate decrease in the Tr*/
Bz* ratio. The minimum at 10.9 eV corresponds, as expected,
to the autoionization structure, which becomes very pronounced
in this presentation, reflecting nonstatistical behaviour. RRKM/
QET calculations’ reproduce the photodissociation and charge
exchange data. The onsets of Tr* and Bz* which we observe at
298 K are in a Franck—Condon gap, between two photoelectron
bands in the well-known photoelectron spectrum (PES) of
toluene.?? The original caiculations by Bombach et al.?? have
predicted an increased production of Tr* in this energy range at
extended reaction times. We observe, on the contrary, an
increased production of Bz* which coincides with autoionizing
Rydberg states converging to the exctied state, i.e., the one
corresponding to the higher energy PES band. There are well-
documented cases?: for nonstatistical behavior in Franck—Condon
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Figure 7. H/D loss ratio as a function of photon energy in C¢HsCD;:
(O) ratio obtained by monitoring C,X7* (X = H or D) without ion storage;
(@) ratio obtained by monitoring C7X;* (Tr*, X = Hor D) at ¢ = 40
ms.

gaps. By analogy with the methane case,?* we propose that
the Rydberg states dissociate into C¢HsCH,* + H neutral
fragments followed by autoionization of the benzyl radical into
the benzyl cation, thus circumventing the production of Tr* from
toluene molecular ions of sufficiently low energy. Thedissociation
of the Rydberg state competes with its autoionization to C/Hg*:

C,Hy(E,,>0) + hv(10.7-11.1 eV) — C,Hg* (Rydberg)

(3)
C,Hg* — C;H,*(Bz) + H' 4)
C,H,* — C,H,"(Bz") &)

We have studied next the H/D scrambling in C¢HsCD;* as
a function of photon energy and ion trapping time. The H/D loss
ratio is shown in Figure 7. For toluene-a-d; the scrambled ions
give an H/D ratio of 5i/3, where i is the isotope effect, and the
unscrambled ions give exclusively D.2* The isotope effect
according to RRKM/QET is a theoretically decreasing function
of the internal energy.2* Our results (Figure 7) are in excellent
agreement with previous electron impact data and with the
RRKM/QET predictions,?* providing evidence for complete
scrambling. The inset of Figure 7 shows that the H/D loss ratio
levels off below 11.10 eV. This forms additional evidence for a
0 K Tr* appearance energy, AE(Tr*)ox =~ 11.1 eV. While
dissociation at room temperature is observed at lower photon
energies, the internal energy in the ion is constant and the isotope
effect is constant as well.

We have next studied the ion/molecule reaction products. Two
reactions are possible for the Bz* cation2®

C,H;D," + C;H,CD, — CD,C,H,C(H,D),* + C,(H,D),
(6)

C,H,D,* + C;H,CD, — CD,C,H,C(H,D)," + C((H,D),
)

The benzyl ions can transfer CH,*, CHD*, or CD,*, and the
CX,* group transferred reflects the isotopic CX, unit of the
reactant ion, since no isotopic scrambling occurs in the collision
complex of the ion/molecule reaction.?’ (The neutral C¢HsCD;
back-donates a ring H-atom to the neutral benzene formed.) The
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Figure8. Methylene ion (CX,*, X = H or D) transfer ratios as a function
of photon energy. The reaction products observed are due to reactions
6 and 7 (see text).

ratio of CHD*/CH,* transferred (Figure 8) was found equal to
1, irrespective of the photon energy. This is the statistical ratio
expected for reaction 6.2 The CH,*/CD,* transfer ratio is
between 3and 4above 11.5eV (Figure 8) butdropsto ~2 between
11.5and 11 eV. This change corresponds to an increased CD,*
transfer in the Franck—-Condon gap region, in agreement with a
nonstatistical production of C¢HsCD,*, without Tr*, by direct
D loss from the Rydberg state followed by autoionization of
CsH;sCD,*. Contrary to the ICR study,?’ we are unable to study
reactions 6 and 7 separately. The statistically expected CH,*/
CD;,* ratio for reaction 6 is 10 and for reaction 7 is 2.

Conclusion

The previous ab initio calculations’ and the present TPIMS
study have solved the long standing problem regarding Tr* and
Bz* formation from toluene. Although Tr* is more stable than
Bz* and although TOL** and CHT"* interconvert below their
dissociation limits, there is no energy range under either EI or
PI under which pure Tr* is formed for two major reasons: (a)
There is a reverse activation barrier in the exit channel leading
from CHT** to Tr* + H*; (b) Bz* ions are formed, below the
0 K threshold, in a Franck—Condon gap, from Rydberg states
which dissociate in a nonstatistical, non-RRKM fashion.
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