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Abstract: Hydrocarbon radicals are ideal model systems to understand the dynamics of chemical reactions.
In addition they are of considerable importance in high-energy environments, such as combustion engines or
hydrocarbon crackers. In order to understand their reactions, we deposit a known amount of energy in the
radicals by laser excitation and observe the subsequent dynamics by two experimental methods, a)
picosecond time-resolved photoelectron spectroscopy and b) nanosecond photoionization of hydrogen
atoms, the major reaction product in many radical reactions.
Recent results for three radicals are summarized and discussed: allyl (CsHs), propargyl (CsHs), and ethyl (CoHs).
We report the major reaction products, the pathways leading to these products, their rates of formation, and
translational energy releases.
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1. Introduction

How do chemical reactions proceed? This
question, central to the field of chemical
dynamics, fascinates almost every chem-
ist. New spectroscopic methods permit us
to investigate the microscopic details of
reactions in increasing detail. We are in-
terested in the chemical dynamics of or-
ganic radicals —a class of molecules large-
ly unexplored, but of high importance. In
this paper I will summarize some of our
recent results on the dynamics and kinet-
ics, as well as the photochemistry and
photophysics of hydrocarbonradicalsupon
excitation with UV light. In contrast to
thermal excitation, photon excitation has
the advantage that a well-defined amount
of energy can be deposited in the radical.
Our emphasis is on small systems such as
allyl (C3Hs) [1][2], propargyl (C;Hs) (3],
and ethyl (C,Hs) [4], depicted in Scheme
1.

1.1. Motivation
Our interest in hydrocarbon radicals

originates from a number of properties of

these compounds:

a) Radicals often possess low-lying ex-
cited electronic states with interesting
couplings between them, making them
ideal model compounds to study mo-
lecular behavior beyond the Born-Op-
penheimer approximation (non-adia-
batic effects).

b) Barriers to unimolecular reactions are
often low, thus excitation with visible
or near-ultraviolet light suffices to in-
duce unimolecular reactions in these
systems. The energetically and entrop-
ically most favorable reaction channel
is often the loss of a hydrogen atom,
because a closed-shell molecule is
formed.

¢) Since in many cases several products
of the dissociation process are energet-
ically close-lying, competing reaction
channels exist. For example, in the
case of both allyl and propargyl, loss of
ahydrogen atom can lead to the forma-
tion of three different structural iso-
mers with the composition C3H,, ;.

d) Although the dynamics of radicals
shows a complexity comparable to that
of much larger molecules, they are
small enough to be studied by the so-
phisticated methods of laser spectros-
copy. To our mind this makes them
ideal model systems to investigate
chemical dynamics in general.

But hydrocarbon radicals are also of
considerable chemical importance. We
concentrate on systems that play a role in
combustion processes or in hydrocarbon
cracking. Both propargyl and allyl are
considered in kinetic models to be impor-
tantintermediates in the formation of poly-
cyclic aromatic hydrocarbons and soot
[5], in that an aromatic Cg unit can form
from two C; units in one bimolecular step
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only. Understanding soot formation is an

important problem, because of both the

carcinogenic potential and the associated

engine damage. The accuracy of kinetic

models describing combustion systems

depends on the rates for hydrogen loss or

association [6].
Let us summarize the specific goals of

our research program. We want to

* identify the products of unimolecular
reactions of organic radicals,

+ understand in detail the reaction path-
ways leading to those products,

» determine the timescales for the differ-
ent steps involved in the reaction,

+ obtain information on the distribution
of excess energy on the product de-
grees of freedom.

2. Methods

2.1. Experimental Techniques

In order to achieve these goals, a com-
bination of several experimental tech-
niques with computational approaches is
applied. Due to their high reactivity, rad-
icals are best studied under isolated condi-
tions. Therefore we perform all experi-
ments in a molecular beam. A typical
apparatus consists of a vacuum chamber
with a mass or photoelectron spectrometer
attached. The radicals are generated by a
technique called supersonic jet flash py-
rolysis [7]. In this method a suitable pre-
cursor, diluted in a rare gas, is expanded
through a pulsed valve into the vacuum
chamber. An electrically heated SiC tube
is mounted onto this valve [8]. If the con-
ditions (temperature, backing gas pres-
sure, length and diameter of the SiC tube)
are properly chosen, only the thermochem-
ically weakest bond is cleaved and the
radical of interest is generated in a clean
manner. Scheme 1 shows some particular-
Iy efficient ways of generating allyl, ethyl
and propargyl. The pyrolysis temperature
necessary to produce alltylis around 800 °C,
but temperatures up to 2000 °C are possi-
ble. Number densities of up to 10'* /cm?
can be achieved at the nozzle exit. Upon
expansion into the vacuum a supersonic
beam is formed, leading to substantial
cooling of the radicals.

The two spectroscopic techniques most
important to us are a) time-resolved pho-
toelectron spectroscopy (TR-PES) and b)
time- and frequency-resolved multipho-
ton ionization (MPI) of hydrogen atoms.
Instead of presenting the details of the
setup, only a schematic representation of
the physical principles will be given.

We monitor the primary photophysi-
cal events directly after photon absorption
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Scheme 1: Several ways to generate radicals by supersonic jet flash photolysis.
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by picosecond time-resolved pump-probe
photoelectron spectroscopy with a time
resolution of around 2 ps [1]. Over the last
decade short-pulse pump-probe spectros-
copy evolved into a powerful method for
investigating gas-phase dynamics [9][10].
This was recognized recently by the award
of the 1999 Nobel prize to Prof. Zewail for
his contributions to the field (see the arti-
cle by M. Chergui in this issue). The
principles of such an experiment are de-
picted in Fig. 1. In the first step the pump-
laser transfers the molecule from the ini-
tial state |i> to an excited electronic state
|j>, which evolves in time. This evolution
can be bound motion (vibration or rota-
tion), photophysical (non-radiative) pro-
cesses, orachemical reaction, like isomer-
ization or dissociation. After acertain time
delay a second laser, the probe, excites the
molecule to a final state |k>, which serves
as a template of the dynamical evolution.
A whole scan is performed by monitoring
the probe signal as a function of the time
delay between the two laser pulses. Infor-
mation on the fate of the initially pumped
intermediate state can be extracted from
the change in the probe signal with time.
There are several different probe tech-
niques which can be distinguished accord-
ing to the chosen final state. For example,
the probe laser can excite the molecule of

e €— —> M
t P
|
i
probe : |k>
i
! :
> = i>
pump
|i>

Fig. 1. In our picosecond time-resclved pump-
probe experiments molecules are initially
pumped to an excited electronic state. The
dynamical evolution of this state is then mon-
itored in the probe-step by ionizing the mole-
cule and recording either the ion {mass) or the
electron signal as a function of time.

interest (or possible reaction products) to
a higher-lying electronic state and collect
the laser-induced fluorescence from this
state as a function of time delay. This is the
method originally implemented by the
Zewail group [11]. Alternatively, we use
the ground state of the ion as the final state
[12][13]. Here either the mass or the pho-
toelectron spectrum is recorded as a func-
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tion of time. In the case of radicals this
approach is particularly advantageous,
because a) most radicals do not fluoresce,
and b) because charged-particle detection
is more sensitive than photon detection; a
particular advantage when species are stud-
ied that can only be generated at small
number densities.

The dissociation reactions themselves
proceed on a nanosecond timescale. We
investigate them by multi-photon ioniza-
tion (MPI) of hydrogen atoms [14], an
extremely sensitive detection technique.
The principles of the technique are illus-
trated on the right-hand side of Fig. 2 (note
that nanosecond-lasers are employed in
this experiment). A first laser excites the
radical of interest into an excited electron-
ic state inthe UV. As will be shown below,
these states quickly decay by internal con-
version to the ground state, forming vibra-
tionally hot radicals. Thus electronic exci-
tation is employed to deposit afixed amount
of thermal energy in the radical. The ener-
gy suffices to overcome the barrier to
dissociation into a hydrogen atom and a
molecular fragment. The H atom is then

ionized by a second laser via the 1s-2p
Lyman-¢ transition. Due to the high ab-
sorption cross section of this transition, H
atom detection is far more sensitive than
detection of the corresponding molecular
fragment. In practice, a tunable laser oper-
ated around 365 nm is focussed into a cell
filled with 200 mbar of Kr, generating
VUV light around 121.6 nm. The H atoms
are excited to the 2p state by the VUV
photons, ionized by the residual 365 nm
light, and detected in a time-of-flight mass
spectrometer attached to our apparatus. If
the relative time between the two lasers is
varied, similar to the short-pulse experi-
ment mentioned above, the rate of appear-
ance of H atoms (and thus the reaction
rate) can be monitored. In addition, two
more parameters can be changed, the exci-
tation wavelength, giving us control over
the total energy deposited in the radical,
and the detection wavelength, which per-
mits the profile of the hydrogen absorp-
tion line (Doppler profile) to be recorded.
As will be discussed below, information
on the product energy distribution can be
extracted from the Doppler profile.
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Fig. 2. Location of the electronic states in the allyl radical. The lifetime of the laser-excited UV
bands (full arrow} is probed by ionization (dashed arrow). The bands decay in a two-step process
via the intermediate A-state. Since electronic energy is converted to internal energy, allyl can
overcome the barrier to dissociation into a molecular fragment and H atoms. The H is ionized via
the 1s-2p resonance (dotted and dash-dot arrows); an extremely sensitive detection scheme.
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2.2. Theory

We interpret the dissociation process
within the framework of statistical theo-
ries of chemical reactions, in particular
RRKM (Rice-Ramsperger-Kassel-Mar-
cus) theory [15]. In RRKM the rate of a
chemical reaction as a function of energy,
k(E) is described by the formula

N* “L‘.,,, Ey)
hp(E)

k(E) =

with N* being the number of states at the
transition state, Ej the energy of the tran-
sition state, i.e. the barrier to dissociation,
and p the density of states of the educt.
Here p represents all possible ways to
distribute energy over all degrees of free-
dom of the molecule, while N* represents
the number of possibilities that lead to a
reaction. We obtain the barrier height, Ej,
and the vibrational frequencies, necessary
to calculate both N* and p(E) from ab
initio calculation, using the Gaussian pro-
gram package [16]. Typically we start
with fourth-order perturbation theory
(MP4) to calculate the reaction coordi-
nate, to determine the stationary points,
and to calculate the frequencies at these
points. Subsequently more accurate cou-
pled-cluster calculations are performed to
improve the energies at the stationary
points and get more accurate activation
barriers.

3. Results

3.1. Allyl

Thanks to our work, allyl is now the
bestunderstood hydrocarbonradical. Here
it will serve as a model system to illustrate
our approach. The sequence of its elec-
tronic states is depicted in Fig. 2. While
the structure of the 2A; ground state is well
characterized by IR laser spectroscopy
[17], much less is known about the first
electronically excited A 2B state around 3
eV. Although we recently started to inves-
tigate this state as well [18], most of our
effort was dedicated to the UV band sys-
tem around 5 eV, consisting of the B 2A,
C 2B, and D ?B, states. Note that the first
quartet state lies above the UV bands, a
situation quite typical for many radicals.
MPI investigations yielded a number of
vibronic bands between 250 and 238 nm,
some of them at least partially rotationally
resolved [19]. However, the absence of
fluorescence and the relatively sharp cut-
offin the MPI spectrum at 238 nm indicate
a fast decay of these states. In older theo-
retical work an excited-state photocycliza-
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tion was proposed [20]. More recent reso-
nance Raman investigations were found
to be in agreement with this [21].

A typical time-resolved photoelectron
spectrum [1] is depicted in Fig. 3. Here the
pump laser excited allyl into the origin of
the C-state at 248.1 nm. In the probe step,
allyl was ionized by a second laser pulse
around 274 nm and the photoelectrons
formed upon ionization were detected.
One axis represents the relative time delay
between the two laser pulses, while the
other axis gives the photoelectron spec-
trum for each time. Two different signals
can be recognized: A time-independent
one, around 1.8 eV electron kinetic ener-
gy, and a second, time-dependent one, at
1.37 eV. While the constant signal consti-
tutes a time-independent background due
to absorption of two pump photons, the
time-dependent one reflects the popula-
tion of the C-state. Initially, at negative
time delays, i.e. with the probe laser arriv-
ing in time before the pump laser, the
signal is absent. It appears as soon as the
two lasers are overlapped in time and then
decays monoexponentially with a time
constant 7= 15 ps. The lifetimes 7 for all
states between 250 and 238 nm were found
to range from 20 ps (B-state origin) down
to 9 ps. In a series of experiments, internal
conversion (IC) to the electronic ground
state was identified to be the major decay
channel and not excited state photocycli-
zation. The decay proceeds in a stepwise
fashion, as indicated in Fig. 2. The UV
states initially decay to the lower-lying A
2B, state and from there to the X 2A,
electronic ground state. This interpreta-
tion was based on two observations [18]:
a) Experiments on the fully deuterated
allyl, C3Ds, yielded an increase in lifetime
by a factor of 4, indicating IC dominated
by Franck-Condon factors instead of den-
sity of states [22], and thus to the nearest
state. b) In ab initio calculations we iden-
tified a conical intersection between the A
2B, and the X 2A, states ata CCC bending
angle of around 100°. Due to the corre-
spondence between the allyl A-state and
the cyclopropyl ground state as well as the
allyl ground state and the cyclopropyl A-
state, the curves cross along the coordi-
nate to cychization. Thus the measured
time constants of 20 ps and less reflect the
internal conversion from the UV bands to
the A-state. Once allyl is on the A-state
surfaceitdecays to the ground state through
the conical intersection presumably on a
sub-picosecond timescale not resolvable
by our experimental setup. Note that allyl
is exceptional since the first excited A-
state has a shorter lifetime than the higher
states!
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Fig. 3. Typicaltime-resolved photoelec-
tron spectrum (TR-PES) from the C-
state origin of allyl. From the time-de-
pendent signal a decay constant of 15
ps can be extracted for this state. In
addition, atime-independent signal, due
to [1+1] process, is present at a differ-
entenergy. The spectrum demonstrates
the ability of TR-PES to detect time-
dependent signals background-free.

Scheme 2: The different reaction channels for the allyl radical. In addition to direct loss of a
hydrogen, allyl can undergo a hydrogen shift to 1- or 2-propenyl radical. Both species can lose
hydrogen atoms to form either aliene or propyne. A certain amount of C-C bond cleavage was

also reported.
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In this non-radiative decay, electronic
energy is converted to internal energy, v ' T - -
resulting in the formation of vibrationally iy
hot allyl radicals with enough internal | 5 |
energy to overcome the barrier to dissoci- <
ation to C;H, and H, as indicated in Fig. 2. 5
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[2]. The laser used to detect H atoms was
tuned over the 2p resonances of both H
and D in order to monitor which bond is

Fig. 4. Partially deuterated C3HD, radicals lose
predominately hydrogen, indicating that allene
is the preferentially formed product.
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preferentially cleaved. The resulting spec-
trum, depicted in Fig. 4, shows an intense
H signal (open circles), about 10 times
larger than the D signal (full diamonds).
This demonstrates the preferential cleav-
age of the central C—H bond in allyl with
subsequent formation of allene. Experi-
ments on the inverse isotopomer, C;HyD,
show preferential loss of D and thus con-
firm the results.

However, a certain amount of D loss is
visible, indicating the presence of a sec-
ond, minor reaction channel. Ab initio
calculations of several possible reaction
channels resulted in similar barriers for
allene formation (63.3 kcal/mol) and hy-
drogen migration (66 kcal/mol) to 2-pro-
penyl radical, but possibly also to 1-pro-
penyl. Hydrogen loss from one of the
propenyl radicals can yield both allene or
propyne. As the H atoms will be scram-
bled in the H-migration process, no selec-
tivity can be expected.

Scheme 2 summarizes what we have
learned from our experiments. The domi-
nant reaction channel is cleavage of the
central C-H bond, leading to the forma-
tion of allene. Rate measurements yielded
k; = 108 s~! for this channel, in agreement
with simple RRKM calculations. The sec-
ond channel involves a hydrogen shift
from allyl to one of several propenyl iso-
mers. Although we can give a rate of
4x107 s~ to the second channel, we cannot
say conclusively to which of the possible
reactions it has to be assigned. H loss
proceeding through the 2-propenyl iso-

mer seems to be most likely. However, the
C-C bond cleavage in allyl was recently
measured [23]. It was found that around
16% of the allyl cleaves into acetylene and
methyl, areaction that has to proceed from
1-propenyl and thus requires either two
subsequent 1,2 H-shifts, or a 1,3 H-shift
fromallyl. This indicates acomplex chem-
istry in this channel, with several contrib-
uting reactions. But the good news is that
the dominant reaction channel, allene for-
mation, is now well characterized. It should
also be noted that there is no evidence for
cyclopropene formation.

3.2. Propargy!

The 2-propynyl radical, commonly
termed propargyl (C;Hs), is presumably
the most important hydrocarbon radical in
combustion processes because dimeriza-
tion of two propargyl units is considered to
be the fastest route to benzene and phenyl
formation in flames [24].

The second excited state of propargyl
is also located around 250 nm. In contrast
to allyl its UV spectrum, a broad absorp-
tion band ranging from 265 to 230 nm, is
completely unstructured, presumably due
to a very fast internal conversion to the
ground state. Like in the allyl case, elec-
tronic energy is converted to internal ener-
gy, permitting us to investigate reactions
on the ground-state surface [3]. As we lack
the intermediate state selectivity of the
allyl experiment, a clean generation of the
radical is even more important. The mass
spectrain Fig. 5 demonstrate how well this

1 ' I ! 1
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detection laser only

C_H,Br

I

Fig. 5. Mass spectra recorded with

1 v I ' 1
C,H,Br, pyrolysis on
detection laser only

L

With the pyrolysis source off (top =

1 + 1 . ]

the detection laser at 121.6 nm. .l_L
M
I

trace), only little fragmentation of
the precursor is evident. When the
pyrolysis source is turned on (cent- B
er trace), a signal due to propargy!
appears, whereasthe precursor sig-
nal disappears almost completely.
When the excitation laser (242 nm)

1 M I ' I
C_H,Br, pyrolysis on
excitation and detection laser

is turned on in addition (bottom {

1 " i " 1

trace), a strong hydrogen signal 0
appears. Note that the y axis is
compressed by afactorofteninthe
bottom trace for ease of viewing.

50 100 150

mass [m/e]

CHIMIA 2000, 54, No. 3

is possible for propargyl. The upper trace
shows the spectrum with the pyrolysis
source turned off. As visible, a signal due
the precursor, C;H;Br (note the splitting
due to the Br isotopes), appears upon ion-
ization with 121.6 nm (10.2 eV) photons.
A very small signal at m/e =39 is present,
but few hydrogen atoms are formed from
the precursor. When the pyrolysis source
is turned on (center trace) the signal from
the precursor disappears almost complete-
ly, but an intense signal appears at the
mass of propargyl, m/e = 39. No bromine
atoms are detected, because of the ioniza-
tion energy of 11.81 eV. When the excita-
tion laser at 250 nm is turned in addition,
the spectrum shown in the bottom trace is
obtained. A strong signal at m/e = | ap-
pears, due to the dissociation of propargyl
initiated by the excitation laser.

Like in the allyl case, several different
products of composition C3H; can, in prin-
ciple, be formed upon H loss from propar-
gyl: cyclopropenylidene (c-C;H,), propa-
dienylidene and propargylene, all depict-
ed in Scheme 3. Since all possible prod-
ucts are carbenes, and thus reactive inter-
mediates themselves, the barriers to reac-
tion are relatively high. Note that the heat
of formation is only well established for c-
C;H,. As we carried out several of the
experiments already described for allyl,
we will only summarize the results. Again,
experiments on partially deuterated prop-
argyl, H,CCCD, proved to be central to
our understanding of the reaction mecha-
nism. In contrast to allyl, complete isoto-
pic scrambling was observed instead of
regioselectivity. Scheme 3 indicates that
formation of propadienylidene should be
associated with cleavage of the acetylenic
C-H bond (D loss in H,CCCD), while
propargylene formation should be accom-
panied by Hloss from the CH, group. Both
products should show regioselective H
loss and are thus not in agreement with the
observed scrambling.

Cyclopropenylidene, on the other hand,
can be formed via two different processes,
a two-step pathway (dashed line) and a
three-step pathway (solid line) [25]. In the
two-step pathway the H should be lost
trom the secondary carbon atom, and thus
also be associated with regioselectivity.
However, the three-step pathway proceeds
via a 1,2 H-shift with subsequent cycliza-
tion. Here all hydrogens are equivalent
and isotopic scrambling can be expected.
Our data support c-C3H, formation via the
three-step pathway as the major reaction
channel for H loss from propargyl.

The continuous absorption in the UV
permits us to measure the rates for H loss
as a function of excitation energy, given as
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open circles in Fig. 6. For comparison, we
performed RRKM calculations, assuming
a reaction yielding c-C;H, via the three-
step pathway with abarrier of 90 kcal/mol.
The educt (propargyl) frequencies were
scaled by a factor of 0.71 to account for the
effects of anharmonicity (open diamonds).
As visible, experimental and calculated
values agree within a factor of two, a good
agreement for such a crude model, thus
confirming the reaction mechanism pro-
posed above. The deviation at the lowest
excitation energy (marked by an arrow) is
probably due to the small absorption cross
section of propargyl at this wavelength,
leading to a small signal and a rate associ-
ated with a large uncertainty.

3.3. Ethy!

Ethyl (C;H;s) seems to be the simplest
of the radicals discussed here. Loss of a H
atom should yield ethene, among all pos-
sible products the thermochemically most
stable one. Ethyl also has an unstructured
absorption band around 250 nm, which
corresponds to the first excited state of 3s
Rydberg character. It can again be as-
sumed that it decays rapidly by internal
conversion to the ground state. Experi-
ments on the partially deuterated CH;CD,
radicals [4] (Fig. 7) show exclusively a
regioselective loss of hydrogen, in agree-
ment with earlier measurements [26], sug-
gesting a rather simple mechanism.

Again we measured reaction rates as a
function of excess energy [4], depicted as
an inset in Fig. 7. The measured values
around 107 s~! are consistent and fall ap-
proximately on a line. However, when
compared to simple RRKM calculations,
these rates turn out to be too slow by
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Scheme 3: Of the three possible dissociation products of propargyl, cyclopropenylidene is the
one formed preferentially. Our results indicate formation via a three-step pathway (solid line)

rather than two-step pathway (dashed line).
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around four orders of magnitude, a rather
surprising deviation. Possible explanations
are the insufficient treatment of external
and internal rotors in the RRKM calcula-
tions, or anharmonicity effects. Future
experiments are planned in order to under-
stand the deviation better.

3.4. Translational Energy Releases
The Doppler profiles contain consid-
erable information beyond just telling us
whether HorDis lostfrom a given radical.
When a molecule dissociates, a part of the
excess energy is released as translational
energy, Er. Sincethe Hatom s light, it will
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Fig. 6. The experimental rates for H loss from propargyl to ¢-CsH, (open
circles) can be well approximated by a simple RRKM model (open
diamonds). The lowest energy data point, marked with an arrow, is
probably unreliable, due to a poor signal-to-noise ratio in the experi-
ment.

Fig. 7. H loss from ethyl occurs regioselectively as shown here for the
CH3CD, radical. Interestingly, the rates for H loss are four orders of
magnitude slower than expected from simple statistical models (inset).
Two different precursors were used in the kinetics studies: ethyl iodide
(open circles) and n-propylnitrite (full diamonds).



AWARDS AND HONORS

102

...... prior distribution
experimental

]

\ allyl
<E,>= 12.6 kcal/mol
=22%

......

~ ethyl
- ‘\\ <E,>=19.1 kcal/mol
= | E 3 = 25%
1
propargyl
[ o <E >= 6.2 kcal/mol

=22%

o
-

Fig. 8. Translational energy distributions de-
rived from the H atom Doppler profiles (solid
line) with a simple prior distribution (dotted line)
given for comparison. For H loss from propar-
gyl the agreement is very good, indicating a
dissociation that is well described by statistical
models. The deviations for H loss from ethyl
and allyl can be explained by the reverse bar-
rier, whose energy is preferentially released as
translation.

carry away almost all of E; and move out
of the interaction region with considerable
speed, leading to a broadening of the spec-
tral line due to the Doppler effect. From
this line broadening, a translational ener-
gy distribution P(Ey), can be obtained,
giving the probability of a certain transla-
tional energy release taking place in the
experiment. For P we assumed the func-
tional form
P(T) = fT° x (1 - f1I7?) (2)

with fT being the fraction of excess energy
(rather than the absolute amount) being
released as translation, and @ and b being
adjustable parameters. The Doppler pro-
file can be fitted from this distribution
function by optimizing a and b via the
inversion procedure given in the literature
[27]. The translational energy distribu-
tions obtained for all three radicals are
given as solid lines in Fig. 8, together with
the expectation value, <Ey>, for the trans-
lational energy release. For all three radi-
cals, between 20 and 25% of the excess
energy is released as translation, within
the range typical for statistical reactions.
For comparison, the distribution derived
from a simple statistical model, a prior
distribution, is given for all radicals as a
dotted line. For the reaction from propar-
gyl leading to cyclopropenylidene, the
measured and the prior distribution agree

very well. For allyl and ethyl, the prior
distribution peaks at smaller values of /T
than the experimental function. This dis-
crepancy is most likely due to the exist-
ence of areverse barrier for the H loss that
isnottakeninto accountinaprior distribu-
tion. Interestingly, the computational re-
sults for the three-step reaction pathway
from propargyl to c-C3H, yielded a loose
transition state with no reverse barrier for
the rate-determining step, H loss from the
cycloprop-2-enyl intermediate. Thus the
analysis of the Doppler profiles and the
associated translational energy distribu-
tion supports the interpretation derived
above.

4. Summary and Conclusion

By combining a number of different
experimental methods and supporting them
by computation, we obtained a rather com-
plete picture of the reactivity of three
hydrocarbon radicals, each constituting a
limiting case for chemical dynamics: From
allyl several different products can be
formed via relatively low barriers. Hydro-
gen loss from propargyl can also lead to
different products, but via relatively high
barriers. Finally, dissociation of ethyl leads
to one product via a low barrier.

We showed that the UV bands of allyl
decay within 20 ps by internal conversion
via the lower-lying A-state. We identified
a conical intersection between the A- and
the ground state, indicating a very fast
decay of the A-state. Allyl subsequently
dissociates on the ground-state surface,
the dominant reaction product being al-
lene. Hydrogen loss from propargyl leads
to the formation of cyclopropenylidene in
a three-step pathway. Both reactions can
be well described by statistical models.
For ethyl, however, we found reaction
rates four orders of magnitude slower than
expected from simple statistical models,
indicating that further work is necessary to
understand its dynamics.
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