
Velocity map imaging study of the photodissociation
dynamics of the allyl radical†

Marta G. González,a Sonia Marggi Poullain,a,b Luis Rubio-Lago,a and Luis Bañares∗a,c

The photodissociation of the allyl radical (CH2=CH–CH•2) following excitation between 216 and
243 nm has been investigated employing velocity map imaging in conjunction with resonance
enhanced multiphoton ionization to detect the hydrogen atom and CH3(ν=0) produced. The
translational energy distributions for the two fragments are reported and analyzed along with
the corresponding fragment ion angular distributions. The results are discussed in terms of the
different reactions pathways characterizing the hydrogen atom elimination and the minor methyl
formation. On one hand, the angular analysis provides evidence of an additional mechanism,
not reported before, leading to prompt dissociation and fast hydrogen atoms. On the other hand,
the methyl elimination channel has been characterized as a function of the excitation energy and
the contribution of three reaction pathways: single 1,3-hydrogen shift, double 1,2-hydrogen shift
and formation of vinylidene have been discussed. Contrary to previous predictions, the vinylidene
channel, which plays a significant role at lower energies, seems to vanish following excitation on
the Ẽ 2B1(3px) excited state at λ ≤ 230 nm.

1 Introduction
The allyl radical (CH2=CH–CH•2) constitutes the simplest hydro-
carbon radical characterized by a conjugated π bond system. Be-
sides the fundamental interest, allyl radical photochemistry has
attracted a lot of interest due to its presence in reactive environ-
ments such as interstellar space1–3 and its role in combustion pro-
cesses4–7. It is also an important precursor for the formation of
cyclic molecules, such as benzene8,9.

The absorption spectrum of the allyl radical is characterized
by a first absorption band lying between 410 and 370 nm, cor-
responding to the transition from the X̃ 2A2 ground state to the
Ã 2B1 first excited state10,11. A second absorption band with a
maximum around 222 nm is observed between 250 and 210 nm,
where several excited states have been identified: the B̃ 2A1(3s),
C̃ 2B2(3py) and D̃ 2A1(3pz) located at 249.7 nm, 240.6 nm and
236.8 nm, respectively12–15. An additional diffuse band between
230.9 and 222 nm has been assigned to the Ẽ 2B1(3px) excited
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state. The electronic states identified in the absorption spectra are
summarized in Table 1. One-photon absorption into the B̃ 2A1 and
D̃ 2A1 states is forbidden by symmetry although vibrational activ-
ity can allow the transitions. A large number of vibronic bands
of the B̃ 2A1 state have been reported in the measured (1+1) res-
onance enhanced multiphoton ionization (REMPI) spectra, while
the D̃ 2A1 state has been instead observed via two-photon absorp-
tion.

Different experimental investigations employing pump-probe
schemes and time-of-flight spectrometry in conjunction with sev-
eral theoretical studies including Rice-Ramsperger-Kassel-Marcus
(RRKM) calculations and ab initio on-the-fly trajectories have
been reported concerning the allyl dissociation dynamics lead-
ing to a major H-atom loss and to a minor methyl channel (∼
5%)16–22.

In a recent publication by Zhang and co-workers22, an
overview of the literature on the allyl photochemistry and on the
different reaction pathways is detailed in the introduction sec-
tion. In brief, the H-atom loss channel has been attributed to
a slow statistical dissociation following internal conversion from
excited states to the ground state. Three main reaction pathways
have been proposed:

CH2CHCH2 +hν → CH2 = C = CH2 +H ∆H = 2.48 eV (1)

CH2CHCH2 +hν → CH≡ C−CH3 +H ∆H = 2.43 eV (2)

CH2CHCH2 +hν → c−C3H4 +H ∆H = 3.41 eV (3)
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Table 1 Left columns: first electronic states of the allyl radical and wavelength λ location in the reported absorption spectra based on Ref. 15. Middle
and right columns: experimental excitation wavelengths (λexp) selected for the detection of H-atom and CH3 fragments along with the corresponding
electronic state initially excited according to the absorption spectrum 15.The known vibronic transitions involving the C-C-C bending mode (ν7), the CH2
out-of-plane bending mode(ν11) and the CH2 twisting mode (ν12) for excitation at 238, 240 and 243 nm are also specified.

CH2CHCH2 λ / nm λexp / nm Excited λexp / nm Excited
Electronic States (ES) (H-fragment) State (CH3-fragment) State

X̃ 2A2 – 218 Ẽ 2B1 216 Ẽ 2B1
Ã 2B1 408.3 226 Ẽ 2B1 218 Ẽ 2B1
B̃ 2A1 249.7 228 Ẽ 2B1 220 Ẽ 2B1
C̃ 2B2 240.6 235 D̃ 2A1 / C̃ 2B2 230 Ẽ 2B1
D̃ 2A1 236.8 238 C̃ 2B2 71

0/122
0 238 C̃ 2B2 71

0/122
0

Ẽ 2B1 230.9-222 243 B̃ 2A1 111
0 240 C̃ 2B2 ≈ 00

0

Besides the direct dissociation into allene (CH2CCH2) + H ac-
cording to Eq. (1), which is the most favorable channel, it can
also involve isomerization to 2-propenyl (CH3CCH2) followed by
dissociation to allene. In addition, the formation of propyne
(CH3CCH) in Eq. (2) can occur through three different isomeriza-
tion channels followed by dissociation to propyne: (i) from allyl
to 2-propenyl, (ii) from allyl to 1-propenyl (CH3CHCH) or (iii)
from allyl to 2-propenyl and then to 1-propenyl. The allyl radical
can also isomerize to the cyclopropyl radical which leads to the
c-C3H4 + H products according to Eq. (3). A potential energy
diagram showing the stationary points of these possible channels
based on theoretical calculations is depicted in Figure 1 of Ref.22.

Most experiments regarding the H-atom loss have been car-
ried out following excitation on the first absorption band, be-
tween 351 and 420 nm, populating the Ã 2B1 excited state, and
at 248 nm, just above the B̃ 2A1. A recent investigation by Song
et al.22 has been reported on the UV photodissociation into H-
atom loss following excitation between 249 and 219 nm to the
B̃ 2A1(3s), C̃ 2B2(3py), D̃ 2A1(3pz) and Ẽ 2B1(3px) excited states.
The photodynamics in these B̃ 2A1(3s), C̃ 2B2(3py) and D̃ 2A1(3pz)
higher excited states can be particularly interesting: a three-state
same-symmetry conical intersection located above the D̃ state was
theoretically predicted by Yarkony and Matsika23. Two supple-
mentary linked two-state conical intersections, one of which ap-
proaches the equilibrium geometry of the B̃ state, were also re-
ported. The results presented by Song et al.22 were nevertheless
similarly consistent with an internal conversion into the ground
electronic state followed by slow unimolecular dissociation.

In contrast to the H-atom channel, the methyl-loss dissociation
pathways have received much less attention. Stranges and co-
workers19–21 reported joint experimental and theoretical work
on this channel at 248 nm, involving classical trajectories calcula-
tions on the ground state ab initio potential energy surface. Three
mechanisms have been proposed:

CH2CHCH2 +hν
1,3 H-shift−−−−−−→ CH3CHCH→ CH3 +CH≡ CH (4)

CH2CHCH2+hν
1,2−−−−→

H-shift
CH3CCH2

1,2−−−−→
H-shift

CH3CHCH→CH3+CH≡CH

(5)

CH2CHCH2 +hν
1,2 H-shift−−−−−−→ CH3CCH2→ CH3 +CCH2 (6)

A scheme showing the local minima (LM) and transition states
(TS) previously computed and relevant for the formation of CH3

is depicted in Figure 1. The three possible dissociation chan-
nels21 according to Eqs. (4)-(6) are indicated. As displayed by
the blue line in Fig. 1, the first mechanism (Eq. (4)) involves
a 1,3-hydrogen shift leading to the 1-propenyl intermediate, fol-
lowed by a C-C cleavage to produce methyl and acetylene. In
the second mechanism (Eq. (5) and green line in Fig. 1), two
1,2 hydrogen shifts are involved: from allyl to 2-propenyl and
then to 1-propenyl, which similarly dissociates into methyl and
acetylene. A third channel20 (Eq. (6) and red line in Fig. 1) at
higher energy produces methyl and vinylidene (C=CH2) through
the 2-propenyl isomer. This route, presenting similarities with
the roaming mechanism, is characterized by a very loose tran-
sition state (TS5) which may favor it despite its high energy20.
Vinylidene would then likely undergo further isomerization into
acetylene.

In this work, we revisit the photodissociation of the allyl radical
following excitation between 216 and 243 nm in a experimen-
tal pump-probe study employing resonance enhance multipho-
ton ionization (REMPI) and velocity map imaging of the H-atom
and methyl fragments. The different selected excitation wave-
lengths employed while detecting each fragment are summarized
in Table 1 along with the corresponding excited state populated
according to the reported absorption spectrum. The populated
vibronic bands are suggested according to Ref.15. The state pop-
ulated following excitation at 235 nm is rather uncertain since,
as mentioned above, the D̃ state does not appear to be populated
via a one-photon transition. The results presented in this work
concerning the H-atom channel are carefully compared to those
published by Song et al.22 The angular analysis of the recorded
H-atom images indicates a supplementary prompt dissociation
channel, not reported before. In addition, this is, to the best of
our knowledge, the first experimental study regarding the methyl
channel at λ < 248 nm, i.e. exciting into C̃ 2B2(3py), D̃ 2A1(3pz)
and Ẽ 2B1(3px) higher excited states. Two different dissociation
pathways are discussed based on the comparison of the measured
translational energy distributions with previously reported distri-
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Fig. 1 Schematic representation of the reaction pathways in the dissoci-
ation of the allyl radical (CH2CHCH2) that correlate with the formation of
CH3 fragments. The relevant global minimum (GB), transition states (TS)
and local minima (LM) are included and the corresponding energies from
Ref. 19,20 are specified. Adapted from Ref. 21.

butions obtained from quasi-classical trajectories20,21. The article
is organized as follows: in Section 2 the experimental method is
briefly summarized while the results are presented and discussed
in Section 3. The main conclusions of this work are given in Sec-
tion 4.

2 Experimental method
The main characteristics of the experimental set-up have been
described in detail before.24,25 The whole experiment runs at
a repetition rate of 10 Hz. The cold supersonic beam of allyl
radicals is generated by flash pyrolysis of allyl iodide. The
precursor was seeded in Helium (10%, 1 atm backing pressure)
and expanded into vacuum using a pulsed nozzle (General
Valve Series 9, 0.5 mm orifice) with a heated SiC tube mounted
at the exit17,26,27. The gas pulse produced in the expansion
goes through a skimmer (Beam Dynamics, Standard Model 2,
0.5 mm diameter orifice) and reaches the ionization chamber
where the molecular beam is intersected in the middle of the
electrical plates of a time-of-flight (TOF) mass spectrometer, by
the photolysis and probe laser pulses, which are focused ( f =25
cm) and counter propagated to each other.

In order to generate the photolysis laser radiation, a sum-
frequency mixing nonlinear crystal is used to combine the fun-
damental wavelength, between 558 and 654 nm, of a dye laser
(Sirah Cobra-Stretch) pumped by a Nd:YAG (Quanta Ray Pro
230) at 532 nm with the second harmonic of the same Nd:YAG
laser at 355 nm. The excitation wavelengths were scanned be-
tween 216 and 243 nm and measured using a wavemeter (Wave-
master Coherent). The photoproducts are resonantly ionized 10-
15 ns later via (2 + 1) REMPI schemes, using a focused probe
pulse (≈ 1.5 mJ per pulse) generated by a Nd:YAG (Quanta

Ray Pro 190) pumped frequency doubled dye laser (Sirah Cobra-
Stretch). For CH3(ν=0) detection, the probe laser wavelength
was set at 333.45 nm, centered at the Q branch of the 3pz

(2A2 ←2 A2) 00
0 transition for the two-photon process. For the

detection of the hydrogen atoms, the probe laser wavelength was
set at 243.1 nm which corresponds to the 2s(2S1/2)← 1s(2S1/2)
two-photon transition. Due to the high velocity of the H-atom
photofragments, the laser bandwidth used to excite the 2s←1s
transition is narrower than the Doppler profile. In order to record
all the velocities with similar probabilities, the probe laser was
scanned over the Doppler profile of the transition during the ex-
periments.

The H+ and CH+
3 images are recorded using a velocity map

imaging (VMI) apparatus in the single-field configuration.28 The
generated H+ and CH+

3 ions are accelerated by an electric po-
tential of 5 kV and 6.5 kV, respectively, applied to the repeller
plate before passing through a field-free TOF region (45 cm)
and hitting the impedance matched microchannel plates (MCPs)
(Chevron configuration, 40 mm diameter). The gain of the MCPs
can be gated with a high voltage pulse to allow only the ions
of interest to be detected. An effective 10 ns detector gate of
500 V was applied on the front MCP to discriminate the other
masses. The resulting electron avalanche strikes a phosphor
screen (P47), thereby creating the ion image, which is recorded
using a charged-coupled device (CCD) camera (SONY 1024 x 768
pixel), controlled using National Instruments (NI) LABVIEW 7.1
and IMAQ VISION software and analyzed with a commercial soft-
ware (DAVIS). The final image is obtained as the sum of around
40 000 laser shots depending on the quality of the signal.

The images are quadrant symmetrized and Abel inverted us-
ing the Hankel transform prior to extracting the translational en-
ergy and angular distributions. Independent velocity-radius cal-
ibration of the apparatus is done by measuring resonantly ion-
ized CH3(ν=0) fragments produced after the photodissociation
of CH3I at 333.45 nm (one color pump-probe experiment) at dif-
ferent repeller potentials, taking advantage of the well known
kinetic energy release of the I(2P3/2) yielding channel at this pho-
tolysis wavelength.24

3 Results and discussion

3.1 The H-atom elimination channels

Figure 2 presents a series of raw images recorded for H-atoms
from the photodissociation of the allyl radical at different photol-
ysis wavelengths ranging between 218 and 243 nm and detected
via (2+1) REMPI at 243.1 nm. We note that the probe contribu-
tion and the background signal associated to the pyrolytic source
have been carefully subtracted.The pump-probe signal represents
around 3-4 times the probe and the background signals while the
pump signal is negligible. The raw images prior subtraction at
228 nm are shown as an example in the ESI. All images reported
here have been recorded employing a X(pump)X(probe) config-
uration where the polarization of both lasers is perpendicular to
the laser propagation axis (parallel to the detector plane). Ad-
ditional images employing a perpendicular configuration of both
lasers (Z(pump)Z(probe)), where the polarization is parallel to
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the molecular beam, i.e. perpendicular to the detector plane, have
also been performed in order to detect possible inhomogeneities
in the image. This is particularly relevant here in order to pro-
vide an accurate analysis of the angular distributions from the
measured images.

The corresponding H-atom translational energy distributions
(TED) obtained from Abel inversion and angular integration of
the images are depicted in Figure 3. A quasi-isotropic blot in the
images depicted in Figure 2 is observed at all wavelengths lead-
ing to a Boltzmann-type distribution in the corresponding TED.
These results reflecting slow statistical dissociation pathways are
pretty consistent with previous experimental TEDs reported by
Song et al.22 in the 216-249 nm range as well as with theoreti-
cal predictions published by Stranges and co-workers21 following
excitation at 248 nm.

Vertical bars in Fig. 3 represent the available energy Eav for
the three opened dissociation channels c-C3H4 + H [Eq. (3)],
CH2CCH2+ H [Eq. (1))] and CH3CCH + H [Eq. (2)] derived
from Eav = hν−D0, where hν represents the excitation energy and
D0 is the corresponding dissociation energy, i.e. 3.41 eV, 2.48 eV
and 2.43 eV, respectively. The abscissa axis in Fig.3 has been nor-
malized to the available energy Eav characterizing the CH3CCH
+ H dissociation channel in order to facilitate the comparison be-
tween different excitation wavelengths. The axis represents thus
the fraction of the available energy channeled into translational
energy, considering this CH3CCH + H channel as reference, so
that a x=1 value correlates to the Eav of this channel. As it can be
observed, all three channels are energetically accessible and it is
therefore not possible to determine the contribution of each chan-
nel from the present experiments. The distributions are charac-
terized by an averaged translational energy < ET > around 0.55-
0.60 eV, and a tail lasting up to ET '2 eV, while in all cases they
appear particularly shifted to the left, i.e. at lower translational
energies, which reflects a high internal energy of the co-fragment.
This behavior is indeed characteristic of a statistical dissociation.

Pixel-to-pixel radial integration of the Abel-inverted images
shown in Fig. 2 has been performed and the resulting angular dis-
tributions have been fitted to Eq. (7), considering a one-photon
dissociation process and a (n+m) REMPI scheme29–32:

I(θ) =
σ

4π

2n+2

∑
i=0

βiPi(cosθ)) (7)

where θ is the angle between the photofragment recoil velocity
and the photolysis laser polarization direction, σ is the absorp-
tion cross section, βi are anisotropy parameters which reflect the
dissociation dynamics and the photofragment polarization, Pi are
the Legendre polynomials of i-th order and n is the number of
photons of the resonant step of the REMPI process. The i=0 term
corresponds to the population of the studied species, and given
that the experimental setup has not been calibrated for total in-
tensities, the whole distribution is normalized to β0, and the quo-
tient is treated as a normalization fitting parameter. Up to three
βi anisotropy parameters would be expected to characterize the
angular distributions in the present case. The index i takes only
even values since we employ linearly polarized pump and probe

laser pulses. If no photofragment polarization is expected, Eq.
(7) can however be truncated to i=2. Since H(2S) atom frag-
ments present a total angular momentum J=1/2, and the pho-
tolysis and probe lasers are linearly polarized, any alignment or
orientation effects cannot be detected here and, therefore, a sin-
gle β2, henceforth β , is employed.

For all excitation wavelengths, the resulting β anisotropy pa-
rameter as a function of the H-atom speed is depicted in Figure
4. A similar behavior is observed at all excitation wavelengths:
at low H-atom speeds, between ≈500 and ≈1250 m/s, the β

parameter takes values around ≈0, consistent with an isotropic
angular distribution. Such distribution is expected for slow disso-
ciation processes, i.e. the reaction time is similar or larger than
the rotational period of the molecule and, therefore, any angular
information due to the initial transition is lost due to rotational
motion of the molecule during dissociation. In contrast, at higher
H-atom speeds, ≥1250 m/s, the β parameter shows negative val-
ues. Such anisotropic angular distributions reflect a second faster
reaction pathway, characterized by an H-atom emission in a per-
pendicular direction with respect to the transition dipole moment
which would depend on the symmetry of the excited state popu-
lated.x It is particularly interesting that this second mechanism,
assigned to a prompt dissociation, seems to be observed in all the
explored excitation region, even though different electronic ex-
cited states are initially populated. Direct excitation to B̃ 2A1 from
the ground electronic state is forbidden by symmetry while vibra-
tional motion lead to allowed transitions by vibronic coupling.
Vibronic bands of B̃ 2A1 were indeed observed in the reported
absorption spectra15 and excitation at 243 nm directly populates
the 111

0 band of B̃ 2A1. The orientation of the transition dipole
moment in that case would depend on the symmetry of the vibra-
tional normal mode. In contrast, shorter wavelengths induce ex-
citation to higher electronic states, in particular C̃ 2B2 and Ẽ 2B1.
The transition from the ground state to either of these two elec-
tronic states is characterized by a transition dipole moment per-
pendicular to the C-H bond located on the central C atom. The
perpendicular angular distribution of the H-atom measured is in
fact consistent with the population of these states if the major
pathway (Eq.1) is considered. Based on a qualitative analysis of
the β evolution in Fig. 4, the branching ratio for this pathway
depends on the excitation wavelength and it appears to be partic-
ularly favorable at 243 nm. Taking this into account, this second
mechanism could correspond to a prompt dissociation pathway
involving in particular the B̃ 2A1 excited state. At all other higher
excitation energies, such prompt dissociation channel may then
start by an efficient internal conversion from the higher excited
states to the B̃ 2A1 state. The three-state conical intersection be-
tween the B̃ 2A1, C̃ 2B2 and D̃ 2A1 states reported by Yarkony and
Matsika23, and in particular the two-state linked conical intersec-
tion located close to the equilibrium geometry of the B̃ state may
play an important role in this mechanism. Further theoretical
support would be particularly valuable in order to completely dis-
entangle it. This second prompt pathway is, however, completely
embedded in the main translational Boltzmann-type distribution
and, thus, its branching ratio must be considerably small. The an-
gular analysis permits nevertheless to unravel the presence of this
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Fig. 2 Symmetrized VMI images of the H-atom fragment produced from the photodissociation of the allyl radical at selected excitation wavelengths
between 218 and 243 nm employing a (2+1) REMPI scheme at 243.12 nm for detection. The probe contribution and pyrolytic background have been
subtracted.

prompt dissociation highlighting the power of the angular anal-
ysis to assign different dissociation mechanisms. Such power to
disentangle different reaction pathways has been demonstrated
in the past, for instance in the nitromethane photodissociation.33

3.2 The CH3 elimination channels

A series of raw VMI images of CH3(ν=0) fragments from the pho-
todissociation of the allyl radical at different photolysis wave-
lengths, ranging between 216 and 240 nm and detected via
(2+1) REMPI are displayed in Figure. 5. The contribution of
the probe pulse, the pump pulse and the background signal asso-
ciated to the pyrolytic source have been carefully subtracted from
the images. The pump-probe signal represents around 1.5 times
the probe contribution, while the background signal is lower and
the pump one is non-negligible but minimal. For λ 6 230 nm,
images have been recorded in different days and carefully added
to increase the statistics. The raw images prior subtraction at 216
nm are shown as an example in the ESI. A set of ZZ images were
similarly recorded and employed to rule out any significant in-
homogeneity in the detector. In general terms, the signal is very
low at practically all the excitation wavelengths, which reflects
that the CH3 elimination channels are really minor in comparison
with the H-atom elimination channels in the photodissociation of
the allyl radical.

Two different trends are clearly observed in the images as ex-
citation energy decreases. At shorter excitation wavelengths, a

broad isotropic ring is observed, which gets significantly broader
as excitation wavelength increases from 216 nm up to 230 nm.
In contrast, a small isotropic blot is recovered at longer wave-
lengths – 238 and 240 nm – i.e. at the lowest excitation energies.
We remark as commented on above that the signal is particularly
low, which indicates a small formation of the methyl fragment in
its vibrational ground state from allyl photodissociation in the ex-
plored excitation energy region. Besides, increasing the excitation
energy entails a surprising remarkable decrease of the recorded
signal intensity, although the general low signal-to-noise ratio at
all excitation wavelengths studied make difficult to quantify it.
Since only measuring CH3(ν=0) fragments may give an incom-
plete perspective on the dissociation pathways, experiments were
performed at the excitation wavelength λexc=230 nm, detecting
CH3(ν1=1) and CH3(ν2=1) employing (2+1) REMPI schemes
at 333.9 nm and 329.5 nm, respectively. A rather significantly
weaker signal compared to the CH3(ν = 0) fragment signal was
obtained for these vibrationally excited species. The images ap-
parently show a component in the low energy region (not shown
here) even though the signal-to-noise ratios in those cases were
remarkably low.

The translational energy distributions obtained from the an-
gular integration of the VMI images are depicted in Figure 6.
We note that these TEDs are rather noisy due again to the low
signal-to-noise ratio of the measured images, i.e. a particularly
low amount of CH3(ν=0) is produced in the photodissociation of
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Fig. 3 Translational energy distributions of the H-atom fragment represented as a function of the available energy fraction appearing as total translational
energy at different excitation wavelengths in the range 218-243 nm obtained by angular integration of the corresponding Abel-inverted images shown
in Fig. 2. The X-axis has been normalized to the available energy of the CH3CCH + H channel. The vertical bars represent the corresponding available
energy Eav for the three opened dissociation channels c-C3H4 + H, CH2CCH2+ H and CH3CCH + H as indicated.

the allyl radical. As in the case of the H-atom elimination chan-
nels, the energy axis has been normalized, in this case, to the
available energy of the HCCH + CH3 dissociation limit with D0

= 2.00 eV.19 In agreement with the images, at shorter excitation
wavelengths, a broad contribution at higher translational ener-
gies is observed, becoming broader with increasing wavelength.
In addition, the maximum, located between ET ≈1.75 and ≈2.25
eV is shifted towards lower translational energies as the excitation
wavelength increases. In contrast, at 238 nm and 240 nm, a nar-
row distribution at threshold translational energies is recovered.
The images and the corresponding TEDs clearly reflect two dif-
ferent dissociation pathways, depending on the excitation energy,
leading to the formation of CH3(ν=0).

The analysis of the anisotropy has been similarly carried out
through a pixel-to-pixel integration of the CH3(ν = 0) images.
The corresponding angular distributions have been analyzed us-
ing Eq. (7). Since the methyl radical might show rotational an-
gular momentum alignment, the three β2, β4 and β6 parameters
have been employed in the fit. In all cases, β4 and β6 present
however nearly zero values taking into account the experimen-
tal error. This would indicate that the methyl fragment is not
affected by strong polarization effects although the low signal-to-
noise ratio precludes a definitive conclusion. The evolution of β2

as a function of the CH3(ν=0) speed is depicted in Figure 7. The
low CH3(ν=0) signal makes particularly difficult to reliably mea-
sure the anisotropy of the angular distributions. An approximate
average value and a qualitative tendency may be extracted, how-
ever. All distributions mainly show values of β2 ≈0, which reflects

that the formation of CH3(ν=0) in the whole explored range of
excitation energies is governed by statistical processes.

In order to unravel the different reaction pathways, the trans-
lational energy distributions obtained in this work for the CH3

fragment have been compared with the results of quasi-classical
trajectory calculations carried out by Stranges and co-workers
performed at 248 nm.20,21 This comparison is depicted in Fig-
ure 8, where in the top panel the present results at 216 and 230
nm, reflecting a broad contribution in the TEDs, are compared to
three selected theoretical distributions from Ref.20 corresponding
to trajectories: (i) from the global minimum (GM) into the CH3

+ HCCH fragments, via Eq. (4) (i.e. a single 1,3-hydrogen shift),
(ii) from LM2 (i.e. paths (4) and (5)), and (iii) from LM1 but
subtracting the vinylidene channel via Eq. (6) (i.e. pathway (5)).

In contrast, the results recorded at 238 and 240 nm, character-
ized by a threshold-energy peak in the TEDs, are displayed in the
bottom panel of Fig. 8 along with two theoretical distributions
for the trajectories: (i) from the GM into the CH3 + HCCH frag-
ments, via Eq. (5) (i.e. two 1,2-hydrogen shifts), and (ii) from
LM1 including the vinylidene channel (pathway (6)).

The experimental results are in considerably good agreement
with the theoretical distributions and, thus, the two different
pathways assigned in the two excitation regions can be unraveled.
Firstly, at shorter wavelengths, between 216 and 230 nm, the
TEDs are consistent with pathway (4) (top panel, solid blue line)
with some contribution from pathway (5). The comparison be-
tween trajectories from LM2 into both pathways (4) and (5) and
from LM1 into pathway (5) highlights a TED distribution located

6 | 1–11Journal Name, [year], [vol.],



-1

0

1

-1

0

1

0 500 1000 1500 2000
-1

0

1

0 500 1000 1500 2000 2500

 

 

 218 nm

 

 226 nm



 228 nm

 

235 nm

 

 

238 nm

H Speed /ms-1 H Speed /ms-1

 

243 nm

Fig. 4 Anisotropy parameter β as a function of the H-atom fragment speed (red squares and traces) for the different excitation wavelengths studied.
The corresponding speed distribution of the H-atom is shown as a visual guide (black curves).

at slightly higher energies for pathway (5). The relative contri-
bution of both pathways (4) and (5) might then contribute to the
evolution of the experimental TEDs in this excitation energy re-
gion. At higher excitation energies (216 and 218 nm), pathway
(5) would be more favorable, in agreement with the sharper ring
observed at higher radius in the images (see Fig. 5), while at
lower excitation energies (220 and 230 nm), the branching ra-
tio for pathway (4) increases leading to the broader experimental
TED.

In the second excitation energy region, at longer wavelengths
(Fig. 8, bottom) (238-240 nm), qualitative agreement is obtained
between the experiment and the trajectory calculations, including
pathways (5) and (6). In contrast to the trajectories from LM1 in
the top panel, the ones shown here include the two pathways:
via two 1,2-hydrogen shifts (pathway (5)) and via the vinylidene
(pathway (6)). Taking into account that the distribution from
LM1 through Eq. (5) is consistent with a broader energy distri-
bution (see top panel), the experimental distribution at threshold
energies seems to be consistent with a major dissociation via the
vinylidene channel (pathway (6)) and a small contribution from
pathway (5).

The results at 240 and 238 nm are in excellent agreement with
the previous experimental results following excitation at 248 nm
by the Stranges group.19 The branching ratio for the vinylidene
channel seems, however, to remarkably increase at the present
wavelengths, 240 and 238 nm, based on a qualitative compar-
ison. In the present work, the TEDs show a sharper contribu-

tion at threshold energies, while at 248 nm the TED is slightly
shifted to larger energies. The threshold energy distribution was
indeed rationalized as the result of the formation of vinylidene
with a large degree of vibrational energy, leaving a small amount
of energy available. Such internal energy would permit further
isomerization of vinylidene into HCCH (see Fig. 1).

The major role of the vinylidene channel, located at 1.16 eV
above the TS4 transition state, indicates a strong coupling be-
tween the potential energy surface of the electronic state initially
populated and the ground state in the vicinity of the TS5 leading
to the CCH2 formation. Such coupling may be stronger between
the C̃ 2A2 state initially populated at 240 and 238 nm than with
the B̃ 2A1 state excited at 248 nm. TS5 was already considered a
very loose transition state, over the relatively tight transition state
TS4, explaining the relevant role of the vinylidene channel de-
spite its higher energy transition state20. In addition, the branch-
ing ratio for this channel (Eq. (6)) was predicted to increase with
excitation energy.

It is noteworthy to point out, however, the existing discrep-
ancy with regard to the time scales published in the literature.
The trajectory calculations referred to here provide a dissociation
time of ≈16 ps and a dissociation rate of 6.3×1010 s−1, while
the dissociation rate of the allyl radical measured by Deyerl and
co-workers16,18 using time- and frequency-resolved photoioniza-
tion of hydrogen atoms with α-Lyman radiation, are two orders
of magnitude smaller (4.8×108 s−1), i.e. reflecting a longer disso-
ciation time. Besides, Deyerl and co-workers reported variations
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Fig. 5 Symmetrized VMI images of the CH3(ν=0) fragment from the allyl radical photodissociation at selected excitation wavelengths between 216 and
240 nm employing a (2+1) REMPI scheme at 333.45 nm (see text for more details). The probe contribution, pump contribution and pyrolytic background
signal have been carefully subtracted.

in the H/D ratio of the 2-deuteroallyl species of up to 100 ns. As
pointed out by the authors, the source of the discrepancy could
be related to the fact that although at 248 nm the radical is ex-
cited into the B̃ state, the trajectory calculations of Stranges and
co-workers start in the ground potential energy surface. Such ap-
proach might be inappropriate due to the complex interactions
of the different states involved in the process. The interpretation
made here based on the comparison of our experimental results
with these trajectory calculations is, therefore, somewhat limited.

Taking into account the theoretical results from Ref.20,21, it
is nevertheless surprising the change of mechanism observed at
higher excitation energies (shorter wavelengths λexc). For wave-
lengths shorter than 230 nm, the vinylidene channel does not
seem to play a significant role anymore, while methyl formation
arises mainly from a single 1,3-hydrogen shift or a double 1,2
shift, pathways (4) and (5), respectively.

This is in striking contradiction with one of the main conclu-
sions of Stranges and co-workers, who predicted an increasing
contribution from pathway (6) at higher excitation energies. Two
main reasons can explained this contradiction. At λexc ≤ 230 nm,
the initial excitation leads to the population on the Ẽ 2B1. This
state could either be efficiently coupled to the ground state in
the region of the TS1, TS2 or even TS4 transition states, but not
around TS5, or not be coupled to the ground state in any tran-
sition state region. In the latter case, the excited allyl radical
would probably end up by decaying into LM1 and further dissoci-
ating through pathways (4) or (5). In the first case, the change of
mechanism should go along with a strong increase of the signal
with decreasing λexc, while in the second case, since the decay to

the ground state would be produced statistically, a decrease of the
signal would be expected. The present results and, in particular,
the signal-to-noise ratio in the methyl images depicted in Fig. 5,
point towards the second possibility: the Ẽ state is not coupled to
the ground state for geometries close to any transition state and
a rather slow decay into LM1 leads to dissociation. In this con-
text, the dynamics on this higher excited state seems to be quite
different from the dynamics at the lower electronic states, which
are presumed to undergo rather efficient internal conversion to
the ground state prior slow dissociation.

For λexc ≤ 230 nm, the vinylidene channel could be neverthe-
less produced in coincidence with vibrationally excited methyl
fragments, and therefore, not being observed in the present ex-
periments. Although our measurements do not indicate a remark-
able formation of CH3(ν1=1) or CH3(ν2=1) and, thus, a strong
inversion of population is rather unlikely, further measurements
detecting the whole vibrational distribution of methyl fragments
would be necessary.

4 Conclusions
The photodissociation of the allyl radical following excitation be-
tween 216 and 243 nm has been investigated employing velocity
map imaging in combination with resonant enhanced multipho-
ton ionization to detect the hydrogen atoms and CH3(ν=0) frag-
ments produced. The translational energy distributions for the
two fragments are reported and analyzed along with the corre-
sponding angular distributions. The results are discussed in terms
of the different reaction pathways characterizing the hydrogen-
atom elimination and the minor methyl formation.
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The translational energy distributions measured for the hydro-
gen atoms are consistent with the main formation of CH2CCH2 +
H and CHCCH3 + H, and a minor contribution of the c-C3H4 + H
channel, which increases with the excitation energy, in agreement
with previous results. The evolution of the anisotropy parameter
as a function of the H-atom speed provides, however, evidence of
an additional mechanism, not reported before, leading to prompt
dissociation and fast hydrogen atoms.

The methyl elimination channel has been characterized as a
function of the excitation energy and the contribution of three re-
action pathways, through one single 1,3-hydrogen shift, through
a double 1,2-hydrogen shift or through the formation of vinyli-
dene has been discussed. Contrary to previous predictions, the
vinylidene channel, which plays a significant role at lower ener-
gies seems to vanish following excitation to the Ẽ 2B1(3px) ex-
cited state at λexc ≤ 230 nm.
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