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bstract

The photoionization and dissociative photoionization of the allyl radical in the VUV range was investigated using synchrotron radiation. Allyl
adicals were generated by flash pyrolysis from allyl iodide and 1,5-hexadiene. Mass spectra show the appearance of C3H3

+ as a fragment in the
issociative photoionization of allyl above 10 eV. Between 10.4 and 10.5 eV the C H + signal reaches 50% of its maximum value. Cyclopropenyl
3 3

ation, c-C3H3
+, is the thermochemically most stable product, but accompanying ab initio computations indicate that formation of linear l-C3H3

+

ecomes competitive at small excess energies. The dissociative photoionization of the precursor molecules is discussed as well. An ionization
nergy of 8.13 ± 0.01 eV was deduced from threshold photoelectron spectra.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Investigations of the spectroscopy and dynamics of hydro-
arbon radicals are motivated by their role as intermediates in
eactive environments like combustion engines, the atmosphere
r interstellar space. A large part of the chemistry of those sys-
ems is often determined by the dynamics of a few key radical
pecies, thus considerable effort is devoted to a detailed under-
tanding of gas phase radical chemistry. Whenever high energy
adiation is present, i.e., in the upper atmosphere or in space, ions
re readily formed that can participate in ion–molecule chem-
stry. The structure, energetics and reactivity of such ions has to
e investigated in the laboratory to improve our understand-

ng of the ion–molecule chemistry in reactive environments.
n example of present interest is the possible contribution of

ations of hydrocarbon radicals to the chemistry of the iono-
phere of Titan, Saturn’s larger moon [1,2], which is currently
nvestigated by the ESA-NASA CASSINI-HUYGENS mission
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3,4]. In recent ion mass spectra a large number of hydrocar-
ons CmHn

+ with m ≤ 7 was identified [5]. A second exam-
le is the investigation of combustion processes: The detection
f radicals by VUV spectroscopy was recently demonstrated
o be a powerful diagnostic tool for elucidating the combus-
ion dynamics [6–8]. However, this requires some knowledge
f the species of interest beforehand. Due to the limited tun-
ng range of VUV lasers, experiments are often carried out at
ynchrotron radiation (SR) facilities. However, a challenge in
he research on reactive intermediates is the clean generation
t high number densities. Since synchrotron light is not eas-
ly combined with radical sources that are mostly operated in a
ulsed mode, only few reactive species have been studied [9–18].
n addition experiments using VUV lamps were performed
19–22], but for most species only photoionization efficiency
PIE) curves have been reported. In recent work on propar-
yl and ethyl [23] we showed that the VUV-photochemistry
f radicals generated by flash pyrolysis can be investigated by
hreshold photoelectron photoion coincidence (TPEPICO [24]).

ue to the additional energy information available from the
hotoelectron spectrum this technique is much better suited to
nvestigate the chemistry of molecular ions than simple PIE
pectroscopy.
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Allyl itself is an important intermediate in propane, butane or
cetylene-rich flames and might play a role as an intermediate
n tropospheric [25] or interstellar chemistry [26]. In an earlier
ommunication [14] we reported a threshold photoelectron spec-
rum and investigated the onset of dissociative photoionization
sing TPEPICO. In the present paper we want to give a more
etailed account and discuss the work in the light of supporting
omputational studies.

. Experimental

The experiments were carried out at the Super-ACO storage
ing at LURE in Orsay, using the SAPHIRS setup [27] at the
U 5 crossed undulator beamline [28], which provides tunable
adiation between 5 and 40 eV. The wavelength was selected by a
.65 m normal incidence monochromator. A photon flux of more
han 1010 photons/s is available in this range in a bandwidth of
/�λ = 50,000. Higher harmonics originating from second order
iffraction of the grating were eliminated by a gas filter operated
ith Ar. Both modes provided by Super-ACO, a 24-bunch mode
ith pulses every 10 ns and a two-bunch mode with pulses sepa-

ated by 120 ns, were employed in the experiments. The photon
nergy was monitored during the experiments by recording the
uorescence from a sodium salicylate-coated window mounted
t the exit window of the experimental setup.

The SAPHIRS apparatus [27] is equipped with two time-
f-flight spectrometers, one for ion detection and one for elec-
ron detection, and specifically designed to study the ionization
nd dissociative ionization of molecules cooled in a supersonic
olecular beam using threshold photoelectron–photoion coinci-

ences. Threshold electrons are extracted by a static electric field
f 0.8 V/cm through an aperture of 2 mm diameter that provides
geometric discrimination of energetic electrons [24]. In two-

unch mode kinetic electrons moving on the axis of the electron
nalyzer are temporally discriminated by limiting the electron
etection to a 5 ns time gate. Using both geometrical and time
iscrimination threshold electrons can be detected with a resolu-
ion close to 10 meV (FWHM). In 24-bunch mode, on the other
and, the time gate cannot be used and detection of axial kinetic
lectrons cannot be completely suppressed. Since this leads to
tail in the transmission function of the electron analyzer that

xtends to higher kinetic energies [27], spectra recorded in this
ode yield data with a less defined internal energy. The arrival of
threshold electron at the detector triggers the extraction of the

ons in a Wiley–McLaren type time-of-flight mass spectrometer
ith two accelerating electric fields of 54 and 165 V/cm. Note

hat in all experiments discussed below only ions detected in
oincidence with a threshold electron appear in the mass spectra.
n threshold photoelectron (TPE) and ion yield spectra, the pho-
on energy was scanned over the ionization threshold in either

or 3 meV steps, in the dissociative photoionization experi-
ents a 50–100 meV step size was chosen. When a threshold

lectron and an ion are produced by synchrotron bunches within

he same extraction pulse but originate from different molecules,
alse coincidences are detected. In order to correct the TPEPICO
pectra for such false coincidences we used the following pro-
edure: Recording of a mass spectrum was started by a random

h

C
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rigger signal rather than an electron, thus all ions detected cor-
espond exclusively to accidental coincidences. This procedure
ields the number of false coincidences per start signal, which
s subsequently subtracted from the TPEPICO signal. However,
s will be discussed below, it is possible that not all false coin-
idence are properly accounted for.

The flash pyrolysis source for radical generation is described
n the literature [29]. A SiC tube fitted with two electrodes is
ounted onto the faceplate of a solenoid valve (general valve).
he precursors, allyl iodide (C3H5I) and hexadiene (C6H10),
ere obtained commercially from Fluka and used without fur-

her purification. They were seeded in 1 bar of Ar or He, and
xpanded through the SiC tube. The heating current was adjusted
or optimal conversion of the precursors to allyl radicals. In most
xperiments described below, the valve was used with a nozzle
f 0.5 mm orifice and triggered at a rate of 110 Hz. We adjusted
he driving voltages for the solenoid valve in a way that the max-
mum signal was obtained. The pulsed valve is approximately
pen for about 50% of the time between two pulses and thus
lmost in a continuous mode. In other experiments a 0.1 mm
ozzle was employed and the source ran continuously. Pulsed
nd continuous mode yielded similar spectra with comparable
ignal to noise ratio. To verify that given peaks originate from
yrolysis products rather than the precursor itself, control exper-
ments with the pyrolysis source turned off were carried out.

. Computational details

To aid the analysis of our experimental data the unimolecular
eaction pathway of the allyl cation to cyclopropenyl cation, c-
3H3

+, and propargyl cation, l-C3H3
+ were computed using the

aussian 03 suite of programs [30]. In a first step we optimized
he geometries by second order perturbation theory (MP2).
hese calculations yielded a good description of the reaction
ath for both channels, including the transition state geometries.
ubsequently a vibrational frequency analysis was performed at
ll stationary points, again at the MP2 level. In order to achieve
higher accuracy in the determination of the activation barriers,
e carried out single point CCSD(T) coupled cluster calcula-

ions at the MP2 optimized geometries for all stationary points.
he MP2 frequencies were employed in calculations of the zero
oint energies. In addition we carried out DFT calculations using
he B3LYP functional. In all computations the 6-311++G** basis
et supplied by the Gaussian program was used.

. Results and discussion

In Fig. 1a photoionization mass spectrum of allyl iodide
C3H5I) is depicted with the pyrolysis source turned on, using a
hoton energy of 10.55 eV. Beside the allyl-signal at m/z = 41 an
qually large signal at m/z = 39 appears above 10 eV, due to disso-
iative photoionization to cyclopropenyl cation plus molecular

ydrogen:

3H5 + hν → c-C3H3
+ + H2 ΔRH◦ (298 K) = 9.42 eV

(1)
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F umulated for 1200 s. A closer inspection of the spectrum indicates the presence of
a ar reactions in the pyrolysis nozzle.
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ig. 1. The time-of-flight mass spectrum of pyrolyzed C3H5I at 10.55 eV, acc
dditional peaks at m/z = 40 (C3H4) and 128 (HI) that originate from bimolecul

he alternative reaction forming propargyl cation:

3H5 + hν → l-C3H3
+ + H2 ΔRH◦ (298 K) = 10.45 eV

(2)

ies energetically higher, but our computations discussed below
ndicate that contributions of this channel are possibly important
t higher energies. A signal at m/z = 40 (allene cation) originates
rom a bimolecular radical–radical reaction (3) in the pyrolysis
ource:

3H5 + I → C3H4 + HI (3)

s confirmed by the absence of this peak in experiments using
exadiene as the precursor (cf. Fig. 2). An inspection of the
egion around the I+ signal shows contributions from HI+ at
/z = 128 as well, further confirming this explanation. In addi-

ion a peak at the mass of I2 is present, due to a radical–radical
ecombination reaction. Two more peaks can be identified at
/z = 67 and 54, corresponding to C5H7

+ and C4H6
+. They orig-

nate from the dissociative photoionization of hexadiene (see
elow) and indicate the recombination of two allyl units with
ubsequent fragmentation to be another bimolecular reaction
athway. The formation of side products can be significantly
educed by lowering the pyrolysis temperature albeit at the cost

f a lower overall conversion efficiency. Bimolecular reaction
roducts do generally not show up in laser experiments because
he early part of the gas pulse is probed. Radicals accumulate
uring the gas pulse in the nozzle, initiating side reactions [31]

Fig. 2. The time-of-flight mass spectra of hexadiene, C6H10, recorded at a pho-
ton energy of 10.5 eV, with the pyrolysis source turned on (upper trace) and off
(lower trace). Spectra were also accumulated for 1200 s.
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Fig. 3. Dissociative Photoionization of C3H5 as a function of photon energy.
Formation of C3H3

+ sets in above 10 eV and reaches 50% of the maximum
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hat are easily monitored with the quasi-continuous synchrotron
ight. Although the spectrum in Fig. 1 was accumulated for
200 s, the count numbers are rather small. A total of some 200
ons has been detected at m/z = 41, the signal at m/z = 39, origi-
ating exclusively from allyl through reaction (1), being compa-
able. Since the ionization cross-section of allyl is around 6 Mb
17], the photon flux in 24-bunch mode is 3 × l010 photons/s on
roughly 1 mm2 spot size [28], and the detection efficiency is

ssumed to be 30–50%, we estimate 2 × 105 allyl radicals/s in
he ionization region. We thus conclude that the average rad-
cal density at the source exit is approximately two orders of

agnitude smaller than in ns-laser experiments.
Experiments with the alternative precursor hexadiene

C6H10) provide a control for data interpretation [32]. Fig. 2
epicts mass spectra recorded at a photon energy of 10.5 eV.
lready without pyrolysis (lower trace) fragment peaks at
/z = 54 (C4H6

+, presumably butadiene) and 67 (C5H7
+) are

isible, indicating a significant amount of dissociative photoion-
zation at this energy. The threshold for the appearance of C5H7

+,
E(C5H7

+, C6H10), is known to be 9.35 eV [33], while the
ppearance energy of C4H6

+formation, AE(C4H6
+, C6H10) was

etermined by us to lie between 10.5 and 11 eV. C3H5
+ appeared

bove 11.25 eV (literature value AE(C3H5
+, C6H10) > 10.9 eV

34]) and no C3H3
+ is visible. When the pyrolysis source is

urned on (upper trace) reaction (1) is observed. Note the absence
f the signal at m/z = 40. Another interesting feature is the
ncrease of the C4H6

+ signal at m/z = 54 upon pyrolysis, indicat-
ng the pyrolytic reaction C6H10 → C4H6 + C2H4, most likely
utadiene plus ethylene. Due to reaction (4) [35]:

4H6 + hν → C3H3
+ + CH3 AE = 11.4 eV (4)

second independent channel for the formation of ions at
/z = 39 is thus available. Compared to allyl iodide, hexadiene is

herefore less suited to investigate the VUV-photochemistry of
llyl. The VUV-photochemistry of hexadiene itself was inves-
igated in great detail and will be discussed in a forthcoming
ublication (Alcaraz, Elhanine, in preparation).

Fig. 3 depicts the signal ratios (m/z = 39)/(m/z = 39 + m/z = 41)
nd (m/z = 41)/(m/z = 39 + m/z = 41) as a function of photon
nergy. The data points were obtained from experiments using
3H5I as the precursor. At selected energies spectra have been

epeatedly recorded over a period of several hours. The resulting
catter of the data is partly due to the small ion count numbers
cf. Figs. 1 and 2), partly a measure of the long-term stability
f the setup. A signal from C3H3

+ (solid squares) due to disso-
iative reaction (1) appears above hν = 10 eV. Around 10.45 eV
he C3H3

+ignal has increased to 50% of the level observed
bove 11 eV, which can serve as an approximated appearance
nergy. Interestingly a significant signal at the mass of allyl
open squares) is still present in the spectrum at higher photon
nergies, although the intensity of the C3H3

+ signal has reached
constant level. There are two possible reasons for the presence

f allyl cation at higher photon energies:

(a) Dissociative photoionization of unpyrolyzed precursor
molecules can contribute to the signal. In our experiments

e
m
t
i

alue between 10.4 and 10.5 eV. As visible the signal of the allyl cation does not
isappear at higher photon energies, rendering a detailed analysis of the curve
ifficult. Note that measurements were repeated at selected photon energies.

on ethyl and propargyl [23] this channel was responsible for
a significant part of the signal. Since the appearance energy
for this process in allyl iodide, AE(C3H5

+, C3H5I) is 9.8 eV
[36], the conversion efficiency can only be checked between
9.3 eV (IE of C3H5I) and 9.8 eV. In most experiments we
achieved an almost complete conversion of allyl iodide, but
some showed a small residual signal at the mass of the pre-
cursor. Although a contribution of this reaction to the signal
is expected to be considerably smaller than in the recent
experiments on ethyl and propargyl [23], it cannot be ruled
out completely.

b) In later experiments we observed some electron counts with-
out the synchrotron beam. This background signal went
away when the pyrolysis source was turned off, and is thus
due to electrons formed in the pyrolysis tube. These elec-
trons cause false coincidences that are not taken into account
in our correction procedure.

To aid the data interpretation we carried out ab initio calcula-
ions on various levels of theory. The energies, calculated at the

P2, CCSD(T) and DFT level of theory and corrected for the
ero point vibrational energy, are summarized in Table 1. They
re given relative to the electronic energy of the allyl cation,
hich was chosen as the reference point. In Fig. 4 the interme-
iates on the reaction pathways leading from C3H5

+ to c-C3H3
+

nd l-C3H3
+, both associated with formation of H2 are given

ogether with the CCSD(T) energies that we consider to be the
ost reliable. For the ease of comparison with the experimen-

al data, the energies in the figure are given with respect to the
round state of the neutral allyl radical, assuming an ioniza-
ion energy of 8.13 eV. All methods yield energies for the c-

3H3
+ + H2 product channel that are in close agreement with the
xperimentally known standard heat of formation. The energy
aximum along the reaction coordinate to c-C3H3

+ + H2 is the
ransition state connecting the corner protonated cyclopropene
ntermediate with the products. Dissociative photoionization of
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Table 1
Electronic energies for the stationary points along the reaction coordinate from
allyl cation to cyclopropenyl cation and propargyl cation, calculated by various
computational methods

Species B3LYP MP2 CCSD(T) Ref. [37]

C3H5
+ (allyl cation) 0 0 0 0

TS1 +1.73 +1.52 +1.59 +1.69
c-C3H5

+ (corner prot.) +1.21 +1.03 +1.13 +1.24
TS2 +2.59 +2.40 +2.54 +2.68
c-C3H3

+ + H2 +1.31 +1.06 +1.19 +1.21
TS3 +1.21 +1.23 +1.21
C3H5

+ (2-propenyl) +0.26 +0.41 +0.37 +0.45
TS4 +2.47 +2.74 +2.64 +2.84
l-C3H3

+ + H2 +2.34 +2.37 +2.32 +2.40

All energies are given in eV relative to the ground state of the allyl cation.

Fig. 4. Computed reaction coordinate for the pathways for dissociation of the
allyl cation with the CCSD(T) energies for the stationary points. The experi-
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ental �fH◦ (298 K) for the product channels are given in italics. Although
he c-C3H3 + H2 product channel is energetically most favorable, the barrier to
-C3H3

+ + H2 is only higher by 0.1 eV.

llyl will occur when the photon energy suffices to overcome this
arrier. CCSD(T) calculations place it at 10.67 eV, at the MP2
evel it is slightly lower (10.53 eV). We also investigated the
hannel (2), leading to the propargyl cation. In the earlier com-
utations [37] the barrier to formation of propargyl cation was
omputed to lie around 11 eV, but our own CCSD(T) calculations
ielded a lower transition state energy of around 10.77 eV. Since
he TS4 is less rigid than TS2, it has to be considered as a com-
eting reaction channel. We carried out RRKM calculations [38]
mploying the barriers given in Fig. 4 and the frequencies from
P2 computations scaled by 0.94, as summarized in Table 2.

reaction path degeneracy of 2 was assumed because the allyl

ation has C2v symmetry, whereas the transition states have Cs
TS2) and C1 (TS4) symmetry respectively. Transition states
S1 and 3 were neglected because of their much lower energy.

e
t
o
t

able 2
ibrational wave numbers employed in the RRKM calculations, corresponding to the

tationary point Vibrational wave numbers

3H5
+ 3093, 3090, 3058, 2983, 29

S2 3285, 3147, 3102, 3055, 15
S4 3757, 3173, 3069, 2966, 19
ig. 5. RRKM-rates for the two dissociation pathways of the allyl cation, leading
o c-C3H3

+ + H2 and l-C3H3
+ + H2. Only close to threshold does the former

hannel dominate.

he orbiting transition state for the l-C3H3
+ + H2 channel was

lso considered not important. The results are depicted in Fig. 5.
s visible the reaction rates become similar around 10.9 eV.
hus only in the region of the dissociation threshold will for-
ation of the thermochemically most stable product c-C3H3

+

ominate. Above 11 eV the l-C3H3
+ + H2 channel will be kineti-

ally favored. Interestingly Zhang et al. [18] pointed out that the
IE-spectra of propargyl obtained in flames might have contri-
utions from dissociative ionization of larger radicals. Our work
ndicates dissociative ionization of allyl as a possible source for
uch a contribution. The authors of the earlier computational
tudy on the reactions leading to C3H3

+ examined the reac-
ion of methyl cation with acetylene that proceeds via various
ntermediates on the C3H5

+ potential energy surface [37]. They
dentified most of the critical structures relevant to us by MP2
nd optimized them on the MP4 level of theory, using a 6-31G**

asis. Their results are also given in Table 1 for comparison. As
hown, their energies are quite similar to the ones obtained by
s. However, they calculate somewhat higher energies for the
ransition states.

Although a detailed analysis of the data summarized in Fig. 3
s difficult, our results are in good agreement with the available
iterature data. The appearance energy of C3H3

+ generated from
llyl AE(C3H3

+, C3H5) was determined by electron impact mass
pectrometry to be around 10.48 eV [39]. Since the constant
evel of allyl cation at high photon energies complicates the

valuation of an accurate appearance energy in our experiments,
his value of 10.48 eV should be compared to the 50% value
f 10.45 eV discussed above. Considering that the computed
ransition state energies of 10.67 and 10.53 eV at the CCSD(T)

MP2 wave numbers scaled by a factor of 0.94

(cm−1)

82, 1564, 1477, 1380, 1247, 1230, 1060, 1059, 1000, 969, 904, 603, 420, 248
81, 1400, 1324, 1158, 1041, 990, 923, 869, 854, 835, 676, 628, 597
58, 1390, 1122, 1064, 983, 965, 728, 620, 594, 537, 429, 303, 247
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ig. 6. Threshold photoelectron spectrum of C3H5. For comparison a stick spec-
rum based on Franck–Condon simulations is given, assuming in the cation a
–C bond length r(C–C) = 1.365 Å and a CCC angle ΘCCC = 117◦.

nd MP2 levels of theory employed by us are accurate to within
.1–0.2 eV, the agreement between experiment and calculation
s also reasonable.

Structural information on the cations is available by thresh-
ld photoelectron spectroscopy (TPES). The TPE spectrum of
llyl shown in Fig. 6 was recorded with a continuous molecular
eam, using the 1,5-hexadiene precursor. The storage ring was
perated in 24-bunch mode, thus no temporal discrimination
as used. TPES taken either using allyl iodide as a precursor, or

aken with a pulsed beam, or with temporal discrimination using
he two-bunch mode, have a similar appearance. The spectral
tructure resembles the one observed in earlier conventional pho-
oelectron spectra [40], but at a higher resolution. The figure also
ncludes the signal recorded in the allyl mass channel, i.e., the
hotoionization efficiency (PIE) curve. As visible, several peaks
n the TPE spectrum are associated with distinct steps in the PIE
pectrum. We analyzed the TPES performing a Franck–Condon
imulation, following the approach outlined in the literature [31].

starting geometry for the ion was obtained from MP2 calcula-
ion with a 6-31G** basis set, which was then refined to achieve a
ood fit to the spectrum. For the neutral ground state the geome-
ries derived from IR laser diode spectroscopy were used [41].
ther parameters necessary for the Franck–Condon simulations,

ike force constants and atomic displacement matrices, were also
btained from the ab initio calculations. In Fig. 6 the threshold
hotoelectron spectrum is shown with the best stick spectrum
iven for comparison. Changes in the CCC bond angle ΘCCC
nd C–C bond length r(C–C) had a pronounced effect on the
pectrum. The stick spectrum, given in the bottom trace of the
gure, was obtained with r(C–C) = 1.365 Å and ΘCCC = 117◦ for

he cation instead of the ab initio values of r(C–C) = 1.3826 Å and
CCC = 117.6◦. All other parameters were fixed at the ab initio

alues of 1.0802 Å (central C–H bond), 1.0824 Å (C–H exo),
.0836 Å (C–H endo), 121.7◦ (CCH exo) and 120.78◦ (C–H

ndo). No significant geometry change along these coordinates
s expected. The vibrational wave numbers were taken from Ref.
32]. In the neutral electronic ground state the corresponding
eometry parameters are ΘCCC = 123.96◦ and r(C–C) = 1.3869

a
O
e
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42]. The geometry change upon ionization leads to significant
ibrational activity in the CCC bending mode ν7

+ (431 cm−1).
ome activity in ν6

+ (CCC stretch, 1080 cm−1) and ν12
+ (sym-

etric CH2 twist) is also expected, but cannot be resolved in the
xperiment. In addition contributions from hot and/or sequence
ands are visible on the low energy side of the spectrum. In
n earlier paper we derived an ionic geometry by simulating
icosecond time-resolved photoelectron spectra from the C 00

0

tate [42], i.e., from a different initial state, obtaining the best fit
ith r(C–C) = 1.37 Å and ΘCCC = 116◦ for the cation. However,

n the ps-experiments the force constants and atomic displace-
ent matrices of the C-state were taken from neutral ground

tate computations. We therefore believe that the simulation pre-
ented in Fig. 6 is more accurate, but in good agreement with
he previous one.

We deduced an ionization energy of 8.13 ± 0.01 eV, in agree-
ent with the ionization energies of 8.13 eV determined by

onventional photoelectron spectroscopy [40] and by extrap-
lation of s-Rydberg series [43], but deviating from the value
f 8.153 eV determined by [1 + 1′] ZEKE-spectroscopy through
arious intermediate states [44]. Possible reasons for this dis-
repancy are the neglect of the rotational structure and hot-
r sequence band contributions to the spectrum. Note that the
alf-width of the peaks is larger than the 10 meV optimum
esolution, indicating a radical beam that has a considerable
nternal energy. Since we are sampling all parts of the molecu-
ar beam the vibrational temperature is higher than the ≈100 K
ypically achieved in laser experiments. We plan to carry out
ne-photon ZEKE-experiments using VUV lasers to further elu-
idate the reasons for the discrepancies. Computed ionization
nergies depend strongly on the method and basis set used.
sing DFT calculations with a B3LYP functional, we calcu-

ated IE = 8.14 eV, within the range of the available experimental
alues. MP2 (IE = 7.66 eV) and CCSD(T) (IE = 7.91 eV) com-
utations resulted in substantially lower values. Recent highly
ccurate ab initio calculations [45] arrived at an IE(C3H5) of
.158 eV, thus very close to the ZEKE value. The authors were
lso able to reproduce the measured ionization energies of CH2,
H3 and C3H3 to within a few millielectronvolts. For C2H and

or radicals with nonclassical cations the experimental IE’s are
robably not well enough known for a comparison.

. Summary and conclusion

The dissociative photoionization of the allyl radical C3H5
as studied using synchrotron radiation for photoexcitation.
llyl was produced by supersonic jet flash pyrolysis from

llyl iodide and 1,5-hexadiene respectively. Under the quasi-
ontinuous source conditions bimolecular processes could not
e suppressed, leading to additional side products. The dissocia-
ive photoionization of allyl leads to C3H3

+ + H2. The process
ets in above 10 eV. The C3H3

+ signal reaches 50% of its con-
tant high energy level around 10.45 eV, in good agreement with

n earlier AE of 10.48 eV determined by mass spectrometry.
n thermochemical grounds cyclopropenyl cation, c-C3H3

+, is
xpected to be the dominant product at the appearance threshold.
oupled cluster calculations yielded barriers of 10.77 eV to the l-



of M

C
A
b
l
g
s
F
a

A

m
w
g
t
B
i
S

R

[

[

[

[

[

[

[

[

[

[
[
[

[
[

[

[
[
[

[

[
[

[

[
[
[
[
[
[

[
[
[
[

I. Fischer et al. / International Journal

3H3
+ + H2 channel and 10.67 eV to the c-C3H3

+ + H2 channel.
further RRKM study indicates that due to the larger num-

er of low-frequency vibrations formation of propargyl cation,
-C3H3

+, becomes competitive already at small excess ener-
ies. The threshold photoelectron spectrum of the allyl radical
hows considerable activity in the CCC bending vibration. A
ranck–Condon analysis yielded a C–C bond length of 1.365 Å
nd a CCC angle of 117◦ for the cationic geometry.
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