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The allyl radical, GHs, is probably the currently best understood hydrocarbon radical. It is thus a model

system for radical spectroscopy and dynamics. In this Feature Article we summarize the work performed on
allyl in our laboratories by various laser spectroscopic techniques and develop a comprehensive picture of
the processes occurring in allyl upon photoexcitation. This includes the structure of the excited electronic
states of the neutral, as well as the ionic, ground state, the coupling phenomena between them, the primary
photophysical processes directly after excitation, which occur on a picosecond time scale, and finally the

unimolecular dissociation dynamics.

Introduction and Motivation One class of key species are all hydrocarbons with a
In this paper we will discuss the spectroscopy, structure, ramework of three carbon atoms. They are assumed to be

photochemistry and unimolecular reaction dynamics of the allyl Precursors in the formation of polycyclic aromatic hydrocarbons
radical, GHs. It is presumably at present the best understood (PAH) and soot,because the combination of twg @Gnits gives
polyatomic radical, making it a benchmark molecule for access to the&units important for the development of aromatic
investigations of radical dynamics. rings in one bimolecular step only. As soot is carcinogenic and
Isolated hydrocarbon radicals play an important role in the damaging to engines, understanding its formation is one of the
chemistry of high energy environments, like combustion major challenges in combustion chemistry. Allyl itself is a
engines, hydrocarbon crackers, interstellar space or certainparticularly important intermediate in propanesfdg), butane
regions of the atmosphere. In fact, a large part of the chemistry (c,H,¢) or acetylene-rich flames. It is formed from propene,
of those systems is often determined by the dynamics of a few c,H, a primary product in propane flames, upon reactions with
_key radical species. It_|s thus no surprise that considerable efforthydrogen atoms or OH radicalé, two species abundant in
is devoted to a detailed understanding of gas phase racl'Calcombustion processes. Data on the unimolecular dissociation

chemistry. Until recently the available technology limited the of allyl are relevant because it is known that the predictions of

research to a few small (mostly di- or triatomic) systems. . " .

However, the technological progress in the development of both kinetic models are sensitive to the rates of regctlons thz_':\t produce
sources for the clean generation of radicals and new spectro-or consume hydrogen atorfm.lthough allyl is staple n the i
scopic techniques applicable to short-lived species now permitsground state, it becomes reactive upon photochemical excitation

detailed studies of radical structure and dynamics. atlow energies as compared to stable molecules. Therefore one
can assume that allyl radicals formed from partially unburned
Tlnstitut fir Physikalische Chemie der UniverditsVirzburg. Fax: fuel also play a role as intermediates in tropospheric chemistry.
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Figure 1. Overview on the various techniques applied to the allyl radical, and the information obtainable from the experiment.

Besides its practical relevance, allyl has numerous features As mentioned above, UV excitation of allyl deposits enough
that make it an interesting model for chemical dynamics in energy in the radical to trigger a unimolecular reaction. The
general: early photophysical events following UV excitation were

It possesses low lying excited electronic states with various followed by means of time-resolved pumprobe photoelectron
degrees of vibronic couplings between them. This makes it an spectroscopy with picosecond time resolutifof: The unimo-
ideal compound to study nonadiabatic effects in molecules. lecular dissociation itself occurred on a much longer nanosecond

-Barriers to unimolecular reactions are low. Thus excitation time scale. We investigated it by both time- and frequency-
with visible or near-ultraviolet light deposits enough energy to esolved detection of the reaction product, hydrogen afoth.
induce unimolecular reactions in these systems. Like in many While the nanosecond time-resolved experiments yielded reac-
radicals, the energetically and entropically most favorable tion rates, the frequency-resolved experiments, yielding a
unimolecular reaction channel in allyl is the loss of a hydrogen Doppler profile of the H-atom, gave us information on the
atom, because a closed-shell molecule is formed. reaction energetics, including translational energy distribufibns.

-Since several dissociation products are energetically close- PU€ to the number of different techniques applied, we will
lying, competing reaction channels exist. Loss of a hydrogen restrict us to a short description of the detection schemes in the

atom can lead to the formation of three different structural COrrésponding sub section. Information on the experimental
isomers with the composition 8. It is a challenge for details can be obtained from the publications cited in the text.

chemical dynamics to sort the various channels according to Generatic_m of the Allyl Radical. The allyl radical is
their importance. generated in a molecular beam by a technique called flash

Although the dynamics of allyl shows a complexity compa- pyrolysis!® Two different precursors 1,5-hexadiene and allyl

rable to that of much larger molecules, it is small enough to be ;3?;3; Ol?:i%?;?ogovrcgsrg'r?]mllofrgén Er!lékarsggrslgsreievggzguitn
studied by the sophisticated methods of laser spectroscopy. This P ’ ployea. P '

) - - . 1—2 bar of helium, is expanded through a pulsed valve (0.8
makes it a perfect model systems to investigate chemical o . . .
dynamics in general, mm orifice) with an electrically heated SiC tube of 1.0 mm

diameter attached at the nozzle faceplate. The nozzle design
has been described in the literatd$é? In the heated region
the thermochemically weakest bond in the molecule is cleaved
Spectroscopic Techniquesit is our approach to choose the  and the radical of interest is generated. Subsequent cooling in
molecule first and then to select the techniques best suited tog supersonic expansion ensures that a beam of internally cold
answer the relevant questions. To obtain a detailed understandingadicals is formed. Due to the short contact time of%50 us
of the radical, the results of several experiments applying petween the molecules and the heated walls, the extent to which
different laser SpeCtrOSCOpiC methods have to be Combined.secondary fragmentation and bimolecular radicadical re-
Figure 1 summarizes the various techniques we utilized to combinations can occur is limited. Number densities of more
investigate allyl and the information they yield. than 104 radicals/cri can be obtained at the nozzle exit, which
All our experiments are performed in molecular beams in typically yields around 1% radicals/criin the interaction region
order to isolate the radical from its environment and to supress of our spectrometers.
bimolecular reactions. One- and two-color multiphoton ioniza- )
tion (MPI) spectroscopy were applied to determine the structure The Structure of the Allyl Radical
and energies of the excited electronic states of &\Btructural Allyl is an asymmetric rotor molecule belonging to te,
information on the ion and an accurate ionization energy were symmetry group. Conventionally, the principal axes of the
derived from zero kinetic energy (ZEKE) photoelectron spectra, molecule are defined in the way depicted in Figure 2. The allyl
which also provided information on the structure of the radical is oriented in thgzplane, with thez-axis taken as the
intermediate electronic states and their couplihgs. Co-axis. The molecule-fixed axes b, andc, defined according

Experimental Section
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z (b) TABLE 2: Vibrational Frequencies for Several Electronic
States of the Allyl Radical (Values Taken from
Computations Given in Italics)

mode X2A, B?2A4 C2Bd XTIAD
a v1as CH-stretch (in phase) 3113.98 3153
v, CH-stretch 3052 3152
Hoentral vz sym CH-stretch 3027 3039
v4 Sym CH scissors 1478 1506
vs sym CH: rock 1242 1145 1239
v CCC-stretch 1068 1019 1027
v7 CCC-bend 4438 379 385 431
¢ & vgas CH out of plane bend 775 680" 1080
vg as CH twist 547 596 612
by v10 CH out of plane bend 983 840 1078
v118ym CH out of plane bend 802 1089 972
v12Sym CH twist 522 572 274
b, vi3as CH-stretch 3110.60 3152
X (c) v1sas CH-stretch 3020 3040
Figure 2. Orientation of the allyl radical in a Cartesian coordinate Ziz gsHi)lznsdassors f;gg; izgg
system and labeling of the atoms and geometry parameters. The angle v17as CCC-stretch 1182 1261 1236
@ indicates the angle of the terminalCH, groups relative to the yz- v1sas CH rock 913 95 922
lane.
P aReference 20 (laser-diode spectroscopyReference 24 (IR in Ar-
TABLE 1: Geometry Parameters for Several Electronic matrix). ¢ Reference 22 (resonance Ramdmeference 6 and 33 (MPI).
States of the Allyl Radical (Values Taken from Calculations ¢ Reference 26\ Reference 18 (laser-diode spectroscogyeference
Given in ltalics) 23 (IR in Ar-matrix). " Reference 8.
parameter XA,  B2A;00¢ C2B;00¢  X*tIAQ H
r(C—Heentra) (A) 1.087 1.080
r(C—Henad (A) 1.082 1.082 NG
r(C—Hexo) (A) 1.08% 1.084 @

r(C—C) (A) 1.386% 1.40 1.385 1.37 H H
B(CCC) (deg) 123.96 112 116.5 116.0

(CCHengg (deg)  121.% 120.8

a(CCHexo) (deg)  121.2 121.7

@(dihedral) (deg) O 20 0 0

XA, IP=8.153 eV

aReference 182 Reference 21¢ Reference 69 Reference 10. a4A2 6.33 eV

A
1
i
—_—
to an increasing moment of inertia < I, < I, are identified D2|32 5.15eV i
with the space fixed axeg, z, and x, corresponding to the C2By 5.00eV i
Mulliken II" notation. There are three distinguishable types of B2A; 4.97 eV LY
H-atoms present, labeled.liras Hexo @aNd Hingo as depicted in \
the figure. In addition to the CCC bond angB-cc and the : 8/8\g -
angle oo (CCHexorendd, the angleg is indicated in the figure,
describing the position of the terminal methylene groups with

respect to thegzplane defined by the three carbon atoms. ,1.\231 3.07eV P J_
The geometry of the?A, electronic ground state was : i oo &

determined with high accuracy in several high-resolution A

experiments by IR laser spectroscopy on thg vi, andvis : 8/8\3 . 1’ b,

fundamentald®-2° The rotational constants were determined to
beA=1.801890 cm?, B = 0.346320 cm?, andC = 0.290219
cm™1, indicating that allyl can be approximately treated as a H
near-prolate symmetric top with~ —0.9. TheC,, symmetry H\H\(H
was confirmed by the intensity variation of the rotational 7T
transitions apparent in the spectra due to nuclear spin statistics.

With the aid of ab initio calculatiord$ the bond lengths and

anales were deduced from IR diode laser absorption measure-Figure 3. Location of the electronic states of the allyl (adica]. The

megnt518 These values are given in the first cqumpn of Table 1 UV bands of allyl between 4.99 and 5.21 eV can be excited either by
e . > d . " one- (full arrow) or two-photon (dotted arrow) excitation. In many

Information on the vibrational frequencies of the other modes eyperiments ionization was performed by a different color (dashed

in the ground state is available from resonance Raman spec-arrow). The molecular orbitals of the-system and their respective

X2A,

|

H H

troscopy?? IR spectroscopy in argon matrixés24 MPI spec- symmetry are depicted on the right-hand side of the figure.
troscopy? and ab initio calculation¥26 They are summarized
in the first column of Table 2. the exact location of the origin is unclear. The location of the

Excited Electronic States.The energies of the low-lying  bands was recently confirmed in time-resolved experiménts,
excited electronic states of allyl, as well as the molecular orbitals as well as in a cavity ring down stud§ Ab initio calculations
of thezz-system, are given in Figure 3. In contrast to the ground place the A-state at 3.2%ind 3.19 e\ respectively.
state, much less is known about the %8, state, which We focus predominantly on the UV band system starting at
corresponds to & — n transition. The bands in the original 250 nm. In the first absorption experim&na number of bands
absorption spectrum, starting at 3.07 €\4re not assigned; thus  were identified, but not assigned, the strongest ones being around
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Figure 4. [1+1] survey scan of @Hs. Assignments are given as
[state-v' mode]. Reprinted from ref 6 by permission, copyright 1992,
American Chemical Society.
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Figure 5. High-resolution scan over the Cﬁband region of gHs
(upper trace) with a rotational contour simulation as a type A band
(AK = 0) given in the lower trace. The spectrum was taken from ref
6 by permission, copyright 1992, American Chemical Society.

224 nm. Although a high oscillator strength of 0-2826 was
calculated for one of the electronic transitidisand experi-
mentally confirmed’? no fluorescence was reported, indicating
short lifetimes. The relative location of the electronic states (B-,
C-, and D-state) was determined in thetp] and [1+1] MPI
experiments performed in our gro@p33 Earlier [2+2] MPI
studie$*3® yielded only bands assigned to the ?R; state,
formally a 3s Rydberg state, symmetry-forbidden in a one-
photon excitation from the electronic ground state. TheéB¢

Fischer and Chen

the spectrum shows the P-branch of a type A band with the
associated selection ruleK = 0. As visible in the figure, the
K-structure is well resolved for highdé€¢y' quantum numbers.
Each of the bands consists of a numbedftransitions that
could not be resolved with the lasers employed in the experi-
ments. The extended rotational structure of the band indicates
a significantly different rotational constant A in the excited state.

The simulations were performed using the ASYROT-PC
programi® The rotational contour simulations yielded the
symmetry of the excited-state vibronic bands, because each
vibronic symmetry is associated with a given orientation of the
transition dipole momenty. A transition moment oriented along
the x-axis leads to a type C band, associated withviBronic
symmetry in the excited state. From type # (= y) and type
B (ut = 2) bands B and A vibronic symmetry can be deduced.
Leaving all other parameters at their ground-state value, the CCC
bond angle®¢cc and the CC bond lengtit—c were varied in
the simulations until the peak positions and intensities were
represented well. From the simulations the paramdédets =
116.5+ 1° andrc—c = 1.385+ 0.01 A were obtained for the
C-state origin. The reliability of these values was tested in
experiments on the isotopomers of afi§ICsDs, C3HD,4, and
C3H4D. Due to the reduction i®ccc upon excitation, significant
activity in the CCC bending mode, is present in all of the
excited states, as visible in Figure 4.

A number of other bands were successfully fitted in a similar
way. However, the two-parameter fit proved to be insufficient
for the B-state origin. The Bg(lstate seems to be nonplanar,
with the CH, groups rotated out of plane by a dihedral angle of
@ = 20°. This indicates that the B-state, although formally a 3s
Rydberg state, is significantly perturbed by the nearby valence
states. For the other parameters value®egtc = 112° and
rcc = 1.40 A were determined. The nonplanarity with the
associated symmetry reduction also explains the appearance of
the B Cg band and the totally symmetrig, in the one-photon
MPI spectrum, despite being formally forbidden in g point
group. In addition, several nontotally symmetric modes of the
B-state appear in the one-photon spectrum. Most of thag (
v11, ¥12) are of b symmetry and thus able to interact with the
C-state origin, gaining oscillator strength through vibronic
coupling. The most likely candidate for coupling the B- and
the C-state through vibronic interaction is thé¢, normal
mode, corresponding to a symmetric £iwist.32 The geometry

state, on the other hand, is formally a valence state, Correspondparameters and vibrational frequencies of the excited electronic

ing to a n— x* transition, although it was computed to have
considerable Rydberg characteFEigure 4 gives a [+1] survey

scan from 234 to 250 nm. The most notable features are the

proximity of the B- and C-state origi\E = 249 cnt?) and

states deduced from the spectra are summarized in Tables 1
and 2.

In addition to the states discussed here, several higher-lying
states of allyl have been identified in the-8 eV energy range

the appearance of several formally symmetry-forbidden vibronic by [2+1] resonant MPI and assigned to a 3d and fasin =
bands assigned to the B-state. Since this indicates a strong#, 6—8) Rydberg state¥. The progression in the CCC bending
mixing of the states, the labels should be regarded as zero-ordeinodev; was also apparent.

assignments only. Interestingly, the signal rapidly decreases to ZEKE Spectroscopy of the Allyl Cation. Photoelectron

the blue of 240 nm, although the absorption cross section spectra of radicals are of considerable importance since many

continues to increase.

The assignments given in Figure 4 are based on high-

thermochemical properties, like binding energies, can be derived
from the ionization energy through BorfHaber type cycle$®

resolution scans of the bands, yielding a partially resolved In addition, the spectra yield vibrational frequencies of the

rotational structure that permitted rotational band contour

cation, thus allowing one to extract features of the potential

simulations. As an example, a high-resolution scan of the C-stateenergy surface of the cation. The limitations of conventional

origin band C @ with a spectral resolution of around 1 cin
is given in the upper trace of Figure 5, with a simulation shown
for comparison in the lower trace. As mentioned, allyl can be

photoelectron spectroscopy (PES), like its inherently low
resolution and its high sensitivity to stray fields, can now be
overcome by the application of zero kinetic energy spectroscopy,

regarded as a near-prolate top, permitting to label transitions ZEKE-PES, a technique based on the field ionization of very

according to the approximate quantum numkgr The AKAJ

high-lying Rydberg state¥:*° For most practical purposes,

labeling scheme was employed to assign the transitions; thusZEKE-PES yields the same information as conventional PES,
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Figure 6. Zero kinetic energy photoelectron spectra of allyl obtained
by [1+1'] excitation through the Cg)state (upper trace) dominated by
the transition to the ionic origin and showing little vibrational activity.
The spectrum obtained by §2I'] excitation through the Bg)state
(lower trace), on the other hand, shows significant activity in the modes
corresponding to motion of theCH, units out of the molecular plane,

indicating a nonplanar geometry of the %\ 0

but at an energy resolution of a few cth permitting one to
resolve low-frequency vibrational and, at least for small
molecules, even rotational states in the cation.

We recorded ZEKE spectra by means of eithet-11 or
[2+1] excitation through selected intermediate vibronic stétes,

J. Phys. Chem. A, Vol. 106, No. 17, 200295

B-state origin, B @ depicted in the lower trace of Figure 6,
showed considerable activity in low-frequency modes-274
and+ 612 cntl. By comparison with the computations, the
two modes were assigned to thevand ' fundamentals,
corresponding to disrotatory and conrotatory motion of the
—CH, groups out of the molecular plane. Within a Franck
Condon picture the high intensity indicates a geometry change
along the two coordinates upon ionization. It thus provides an
independent confirmation of the nonplanar geometry of the
B-state origin and the strong mixing of states that was already
evident from the MPI spectra. A double minimum potential
appears along both coordinateg! and v,", as a consequence
of vibronic interaction between the close-lying electronic states.
The interaction between the B\; state and the CB; state,
only 249 cnt? higher in energy, is mediated by a mode ef b
symmetry, like the y, leading to a geometry distortion of the
lower of the two coupled states. Due to the similarity with the
Jahn-Teller effect this type of strong vibronic interaction is
often termed the pseudo Jahfeller effect?® The double
minimum potential along thegvmode of a symmetry is most
likely due to a three-state interaction of the B-state with both C
ZB;]_ and Dsz.

Primary Photophysical Processes

The decrease of the MPI signal around 240 nm, despite the
growing oscillator strength, indicates a fast nonradiative decay
of the UV bands. On the other hand, from the resolution of
approximately 1 cm! observed in the nanosecond experiments,
a lower limit of 5 ps can be deduced for the lifetimes of these
states. Earlier experiments addressing the dynamics upon UV
excitation were ambiguous. While irradiation in an Ar-matrix
yielded a mixture of allene, propyne, acetylene, methane, and

despite their short lifetimes (see below). The second laser excitediraces of propen, irradiation at 400 nm supposedly yielded

allyl to high-lying Rydberg states, a few wavenumbers below
the ionization limit. These states were field ionized by 30
V/cm pulse applied after a field free delay time of 422 During

the delay time all kinetic electrons formed by direct ionization
have disappeared from the interaction region.

the cyclopropyl radicat> Theoretical studi¢§ suggested a
disrotatory photocyclization upon UV excitation, a reaction
pathway supported by a resonance Raman experiment at 224.63
nm2247.48\We investigated the primary photophysical processes
in allyl following UV excitation by picosecond time-resolved

Since the ionic ground state was computed to have a geometryPhotoelectron spectroscopy (FRES), an excellent method to

similar to the C-staté®*! rather simple [#1'] ZEKE spectra
are expected within a FranelfCondon picture. As an example,
the spectrum obtained through the C-state origin, 8Ci£)
given in the upper trace of Figure 6. It is dominated by one
peak corresponding to the transition to the ionic origir, &,

(vt =0)<— C 2B, (V' = 0), yielding an ionization energy (IE)
of 657624 5 cntt or 8.153 eV. This value is in good agreement
with earlier IE's of 8.15 e¥? and 8.13 e\ measured in

study nonradiative phenomena in isolated molecules, as dis-
cussed in the literatu®:>° In our experiments a titanium:
sapphire laser system was employed, regeneratively amplified
at 10 Hz, delivering 2.5 ps, 6 mJ pulses at 400 nm. The details
of the setup have been described previodh}5!including
autocorrelation traces and frequency spe®trahe typical
bandwidth was around 18 cry leading to a time-bandwidth
product of 0.71, somewhat larger than the value of 0.44 for a

conventional photoelectron spectra. However, a somewhat lowerPerfect Gaussian pulse.

value of 8.12 eV was recently reported from an extrapolation
of the s-Rydberg series.

The simplicity of the spectrum confirms the similarity of
geometries. Only one other peak is visible, 2431 cnt?,
corresponding to the;* fundamental, the CCC bending mode.
It appears due to a small reduction in the bending af@yec
upon ionization. In a similar manner ZEKE spectra were

As shown elsewhere, the pump laser in our time-resolved
pump—probe experiments excites individual UV vibronic bands
of allyl.}! The subsequent time evolution of the excited-state
population is then monitored by a time-delayed probe pulse with
sufficient energy to ionize allyl. Thus we obtain a time-
dependent signal from the evolving intermediate state that is
due to detection of electrons formed in the ionization process

recorded through a number of intermediate states. Most of themas @ function of the pumpprobe delay.

were dominated by one or two bands, rendering an assignment For all vibronic bands assigned in the spectrum given in
of the cationic frequencies straightforward. The values are also Figure 4, photoelectron spectra were recorded every picosecond
given in Table 2. For the modes not observed experimentally over a pump-probe delay range of around 1008\ complete

the ab initio frequencies are listed in Table 2. The deviations

scan gives rise to a three-dimensional spectrum, like the one

between calculated and measured values were typically aroundrom the C-state origin, depicted in Figure 7. Here pulses with

3%.
However, one ZEKE spectrum was not as simple to inter-
pret: The spectrum obtained in atf2'] process through the

a wavelength of 248.1 and 274.3 nm for pump and probe,
respectively, were employed, corresponding to a total energy
of 9.52 eV. The photoelectron spectrum at the zero in time,
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Figure 8. Due to the inversion doubling the B state origin splits into

two components. The Bgf) component can be excited in a two-photon

process, while the 880 component is only accessible by one-photon

excitation. Thus individual lifetimes were obtained for the two
components.

electron signal (arb. units)

Again, particularly interesting results were obtained for the
B-state origin. Pumpprobe spectra of the Bgcstate were
recorded by both [£1'] and [2+1'] excitation, with the lifetimes
obtained depicted in Figure 8. Interestingly, different values of
7 = 20 ps (upper trace) and = 16 ps (lower trace) were
obtained upon [21'] and [1+1'] excitation, well beyond the
experimental error bars af1 ps. This can be explained if the
Figure 7. Complete time-resolved photoelectron spectrum from the inverson doubling of the B-state origin in the double minimum
cq state at 248.1 nm (taken from ref 10; reproduced with permission potential is taken into account: The lower %*()component
of American Institute of Physics, copyright 1998), with a one- i o symmetry is accessible from the electronic ground state
dimensional slice showing the photoelectron spectrum at the zero in

time in the upper trace. The time-dependent signal due tel’1 in a two-photon process, while the upper & Gcomponent

ionization, as well as a time-independent signal due totdl[rocess with b, symmetry is only accessible in a one-photon process

can be recognized. from the A electronic ground state. Obviously, the splitting is
too small to be observed in the frequency-domain spectrum.

given in the upper trace of Figure 7 for the sake of illustration, However, in the time-domain the two states can be distinguished

was obtained from the full scan. by their lifetimes, once more confirming the double minimum
A sharp time-dependent peak due tot{l] ionization is potential of the B-state origin.

visible at 1.37 eV electron excess energy. In addition, the pump  As discussed befofe!! the decay of the UV states is

laser alone can ionize the molecule in atflll process, attributed to internal conversion, IC. For this process two

producing a time-independent background signal around 1.8 eV.different pathways are possible, either decay directly to the

As the excess energy transferred to the electron is different for ground state, or a two-step IC via the A state. To distinguish

the two processes, the signals associated with them appear at Aetween the two, we will examine the factors contributing to

different place in the photoelectron spectrum, allowing us to the rate of nonradiative decakéﬁf,

separate the time-dependent from the time-independent contri-Fermi’s Golden Rul#&

butions. Photoelectron spectroscopy also permits the determi-

nation of the order of the time-dependent process from the

| _ endent proces; K, = ZMEp(E) &)
electron energies, ensuring that the signal originates indeed from h
a [1+1] process.

within the framework of

ToLESs ) ) o The rate is governed by two factors, the density of stais,
To obtain lifetimes, the intensity of the major time-dependent gnd the coupling matrix elemeM, which contains the wave

peak in the photoelectron spectrum was integrated and thefynction of the initial and final state of the IC process and the
integral plotted as a function of the pumprobe delay. This

) ] ~coupling operatoH’, according to
way a time constant of 15 ps was obtained for the population
flow out of the C-state origin.

M = [ |H' [T ()
In the same manner lifetimes were obtained for the vibronic

bands between 250 and 238 nm and for some bands beyondJsually y; andy; are described by adiabatic wave functions,
238 nm detected before but not assigiean overall decrease  the nonadiabatic coupling being includedHh In an often used

of the lifetime with increasing excitation energy was observed, approximatiorM is separated further into an electronic coupling
but no sudden jump is apparent. At the blue end of the energy matrix elementf'c and an overlap integral between the
range studied, the lifetime became as short as 5 ps around 23&ibrational levels of the coupled stateglyL] i.e., Franck-

nm. In the nanosecond MPI spectra the signal intensity for the Condon factors. Here, however, the situation is more difficult:
vibronic transitions became rather small in this range, despite The initial statey;, as discussed above, constitutes already a
an absorption cross section that continues to grow down to 224mixed state that cannot be adequately described by a single
nm. Due to the decreasing lifetimes, ionization can no longer adiabatic wave function. Since it rather has to be expressed in
compete efficiently with the nonradiative decay of the states in terms of the B- and C-state electronic wave functions coupled
experiments with nanosecond-laser pulses, leading to succesby a vibrational mode, it cannot be separated further into an
sively smaller signals in the nanosecond MPI experiments.  electronic and a vibrational part. From a theoretical point of
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Figure 9. Lifetime measurements of the (}, Band of GDs (lower

trace) showing an increase in lifetime from 22 to 89 ps as compared to Figure 10. Possible reaction channels thermochemically accessible

CsHs (upper trace). Reproduced from ref 11 by permission of the Royal for the allyl radical at an energy of 115 kcal/mol, corresponding to

Society of Chemistry, copyright 2000. excitation of the C @band at 248.15 nm together with their standard
heats of formation relative to allyl. Reproduced from ref 11 by

view a formally correct description of the nonradiative decay permission of the American Institute of Physics, copyright 1999.

of the allyl UV bands requires the inclusion of at least four ) _ o )

electronic states (still neglecting the D-state) and at least two Unimolecular Dissociation of the Allyl Radical

vibrational modes and thus constitutes a rather challenging After the internal conversion following excitation to the

problem. We will therefore restrict ourselves to a more C-state origin at 248.15 nm, an energy of 115 kcal/mol (481

qualitative discussion. Since the vibrational density of states in kJ/mol) is deposited in the electronic ground state. At this excess

the ground state at this energy is on the order éf pér cnr? energy several reaction channels are thermochemically acces-

while the one for the A-state is more than 4 orders of magnitude sible, as summarized in Figure 10. The values for the standard

smaller, thep(E) term favors a direct conversion to the ground heats of formation relative to allyl are taken from the

state. On the other hand, the magnitudevbfypically scales literature33-55 Three of the possible reactions are associated

inversely proportional to the energy gap between the two with loss of a hydrogen atom, leading to the formation of the

coupled electronic states. Conversion via the A-state should beC3H, species cyclopropene, allene, and propyne. Two more

favored by the smaller energy gap and a better overlap integralchannels, yielding cyclopropenyl or propargyl, are associated

between the wave functions of the initial and the final state. with the loss of H. Although formation of both €Hs isomers

Information on the relative importance of the density of states is close in energy to the other channels, the loss of a hydrogen
and the coupling matrix element can be deduced from experi- molecule generally proceeds via a high activation barrier and
ments on isotopic species. Deuteration of allyl should increaseis thus considered unlikely. A sequential loss of two hydrogen
the density of states but lead to less favorable overlap integrals,atoms is thermochemically not possible at excitation energies
because the €D vibrations will less efficiently act as accepting around 5 eV.
modes as compared to the-€l vibrations. Thus the lifetimes Rupture of the GC bond, yielding acetylene and a methyl
of the C 73 bands of GHs and GDs were measured for  radical, is also thermochemically possible because the products
comparison. As visible in Figure 9, the lifetime of this state are only higher in energy by 49 kcal/mol (205 kJ/mol). However,
increases by a factor of 4 upon deuteration. This indicates athis reaction requires two subsequent 1,2 hydrogen shifts before
nonradiative decay dominated by the coupling matrix element the C-C bond can break and is thus kinetically disfavored in
M and not by the density of states. Thus the primary photo- comparison to hydrogen loss. Results of a recent investigation
physical decay is due to internal conversion from the UV bands of this channel by photofragment translational spectros€opy
to the A?B; state. will be discussed below.

Calculations indicate the presence of a conical intersection For the investigation of the unimolecular dissociation of
to the electronic ground state along the coordinate correspondinghydrocarbon radicals, we detected hydrogen atoms by resonant
to cyclization!! although the upper state was not identified. The MPI with nanosecond-lasers. The experimental scheme is
two intersections differ in the direction of twisting of the depicted in Figure 11. A first nanosecond laser (solid arrow)
terminal —CH, groups: In one structure they are twisted in a excites allyl into the UV bands. The vibrationally hot radicals
conrotatory fashion, in the other one, in a disrotatory fashion. formed after internal conversion (IC) will dissociate after some
Thus, in our present picture, the internal conversion to the time, preferentially by loss of a hydrogen atom. This atom is
A-state within 20 ps or less is followed by a second decay to then detected with a second laser by resonant MPI vigRhe
the electronic ground state through a conical intersection. state (dashed and dotted arrows). This techifiig an
Attempts to time-resolve the dynamics on the A-state surface extremely sensitive detection method, because of the very large
were unsuccessful. Although a resonant enhancement of thecross-section of the 1s- 2p transition in atomic hydrogen at
pump—probe signal was observgdvhenever one of the bands 121.6 nm (Lymama). Detection of the molecular fragments
reported in absorptidh was excited in the pump step, the would be far more difficult, because all of them have the same
observed decay was limited by the instrument response function.mass, and the oscillator strength will be distributed over many
It is thus likely that the decay of the A-state through the conical rovibrational states.
intersection is very fast, and presumably occurs on a femto- Microcanonical reaction rates can be obtained from time-
second time scale. resolved detection of the H-atoms, while information on the

— : — Kt —_— H—==—CH; +H propyne
H\(/gr"l H
o +64.5 kcal/mol A
H
_<H
H

+49.5 kcal/mol
» H—==—H +CH, acetylene and
methyl
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X 2A; Figure 12. Photofragment Doppler spectroscopy aHD, revealing
H-loss, and thus cleavage of the centraikCbond, to be the dominant
T‘ reaction channel. Thus allene is the preferentially formed product.
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Figure 11. Schematic drawing of the nanosecond experiments. A first Fo N
laser (solid arrow) excites allyl into the UV bands, which decay = T~ <E_,>= 12.6 kcal/mol
nonradiatively. Hot ground-state radicals are formed that dissociate into 5 ! =22%

CsH, and a H-atom, which is detected via the-2<2p transition. Note
that 121.6 nm radiation (dashed arrow) is obtained by frequency-tripling
of the 365 nm fundamental (dotted arrow). -t TreeeTE

reaction energetics can be gained from an analysis of the 0.0 05 1.0

Doppler broadening of the hydrogen liffeThe technique was fT

applied to chemical problems by several grép® and is by Figure 13. Translational energy distribution obtained from the Doppler
now commonly used in experiments on elementary reaction profile. An expectation value of 12.6 kcal/mol is obtained; thus 22%
dynamicst3 While the majority of experiments was carried out of the excess energy in the reaction leading to allene is released into
in cells, with hydrogen detection performed via LIF, some ansiaton.

experiments in molecular beams were also repditégo line due to the Doppler effect. From this line broadening a
However, most of the work dealt with stable molecules. translational energy distributioR(Er), can be obtained, giving

~ Three types of experiments were performed: (1) The excita- the probability of a certain translational energy release taking
tion laser was scanned in frequency with the detection laser pjace in the experiment. For P the functional form

fixed at the Lymana-wavelength in order to record resonant
MPI spectra of allyl and action spectra of hydrogen, (2) the P(f;) = fTa x (1— fTb) 3)
excitation laser was fixed to a UV transition of the allyl radical,
while the detection laser was scanned across the hydrogen owas assume#f, with fr being the fraction of excess energy
deuterium absorption band in order to record Doppler profiles released as translation aaéndb being adjustable parameters.
of the atomic reaction product (photofragment Doppler spec- The Doppler profile can be fitted to this distribution function
troscopy), and (3) both lasers were kept at a fixed frequency by optimizinga andb via an inversion procedure given in the
while the relative timing between the two was changed (i.e., literature!*66The translational energy distribution obtained for
time-resolved pumpprobe spectra were recorded). allyl is given as solid line in Figure 13, together with the
The type 1 experiments yielded signals in the H-atom action expectation valuelEr[] for the translational energy release.
spectrum whenever a resonance in the allyl radical was excited,Assuming the formation of allene, around 22% of the excess
confirming that allyl loses an H-atom upon UV excitatitn. energy is released as translation, within the range typical for
The observation of a hydrogen atom does not give us direct statistical reactions. For comparison, the distribution derived
information on the molecular fragment formed in the dissocia- from a simple statistical model, a prior distributi®his given
tion process. However, such information can be obtained from in the figure as a dotted line. It is peaked at smaller values of
isotopically labeled allyl radicals. Figure 12 shows the photo- frthan the experimental function. This discrepancy is most likely
fragment Doppler spectrum obtained frordx@CHCD; radicals. due to the reverse barrier for the H-loss of approximately 5 kcal/
As visible, this radical loses almost exclusively hydrogen (H/D mol, which is not taken into account in a prior distribution.
~ 10/1), indicating that the central-H bond is preferentially Recent models showed that this energy is predominantly released
cleaved. Thus allene is the preferentially formed product! into translatiorf8°
Cyclization would result in the loss of a terminal D-atom, while Although H-loss dominates, a small amount of D was also
propyne formation should be associated with isotopic scram- detected, indicating the presence of a second dissociation
bling. The interpretation is supported by experiments on the channel. Similar barriers were computed for allene formation
isotopic mirror-image HCCDCH,, which loses predominantly ~ and hydrogen migration to either the 2- or 1-propenyl radial,
the D-atom2 Note that in the case of ;LCHCD; the kinetic but a significantly higher barrier was found for the formation
isotope effect works in favor of allene formation. of cyclopropene from cyclopropyl. H-loss from either of the
The Doppler profiles contain considerable information beyond two propenyl radicals can yield both allene and propyne. Due
just telling us whether H or D is lost in the reaction. When a to the scrambling of H-atoms in the migration process no
molecule dissociates, a part of the excess energy is released aselectivity can be expected.
translational energygr. Since the H-atom is light, it will carry A time-resolved detection of the H-atoms yields the rate of
away almost all ofer and move out of the interaction region appearance of the hydrogen, and thus microcanonical rates of
with considerable speed, leading to a broadening of the spectrathe dissociation. As an example, the H signal versus the time
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Figure 14. Appearance of the hydrogen signal as a function of time By 2-propeny!
delay for initial excitation into the CIband. The solid line represents 4x107s™ < aflene
an exponential fit with a rate constant ob410” s™*. As the H-atom 2
moves out of the line-of-sight, the signal decays at longer delay times.
The earliest data point at 10 ns deviates from the fit, indicating the H
presence of a second process with an estimated rate of approximately
1x1Fst H—=—20CH; _ o H~
\_ bpropyne +H . 4
delay between the two lasers upon excitation of theg Gahd HH
is given in Figure 14. Note that the decay of the signal is due 1-propenyl
to the motion of H-atoms out of the observation region.
Although the data could be fitted well by a rate 0k410” s™4,
two early data points deviate consistently from the fit. This

observation constitutes evidence for a second process with a

rate of~1 x 10° s~1 for the formation of H. It was confirmed H—==—H + CH,

by experiments on other bands of allyl, as well as the

isotopomers. However, individual rates for two processes Ref. 54 16%

originating from the same educt can only be observed if one of Ftigﬂ‘; 1&5;’;”‘?\’,\3,’00221”‘?] “(;iiTO'eg‘t-‘I'q%c a(:h:r?éigqyaggriiggsgi;ﬂ |

the processes proceeds thrqugh an independent Im.erm?dlateiomerization to 2-propenyIF,)cangbg obser%l/e’d. The experimental (bold)

otherwise the measured rate is just the sum of the two individual 5,4 RriM (italics) rates are given. As is visible, allene formation is

rates. Either the 1- or 2-propenyl radical, formed from allyl via  the dominating channel.

hydrogen-shift, could constitute such an independent intermedi-

ate. the barrier for a 1,2 H-shift from 2-propenyl to 1-propenyl was
Figure 15 summarizes the unimolecular chemistry of the hot computed to be higher than the barrier to H-loss from 2-pro-

ground-state allyl. The dominant reaction channel is cleavage penyl/° rendering this pathway unlikely. On the other hand the

of the central G-H bond, resulting in the formation of allene.  same group calculated the barrier for a 1,3 H-shift from allyl to

Presumably, the observed fast ratexgf® s™1 is due to this 1-propenyl to be comparable to the barrier for the allyl/2-

reaction. Simple RRKM calculatiohsyielded a rate of 4x propenyl isomerization, so it might constitute a possible

1% s'1 given in italics in the figure, which agrees reasonably mechanism for the acetylené methyl channel. It seems,

well with the experimental rates. A second channel involves a however, that there are still open questions concerning the

hydrogen shift from allyl to either 1-propenyl or 2-propenyl. mechanism of €&C bond dissociation.

Both of these radicals can also lose hydrogen, also forming Other experiments aimed at the dynamics of the 2-propenyl

allene or propyne. This channel is associated with isotopic itself. Mueller et al’*.72 dispersed the products formed in the

scrambling and thus responsible for the small deuterium signal photodissociation of photolytically produced 2-propenyl by their

in the photofragment Doppler spectrum ob@T@CHCD,. We translational energy, and subsequently ionized thid;Grag-

assume that the measured rate ok 40’ s™* corresponds to  ments by tunable VUV radiation. From the photoionization

this channel but cannot assign it to a particular rate determining efficiency curves they concluded that propyne formation

step. dominates the unimolecular chemistry of this radical.
Translational energy spectroscopy, an alternative experimental )

approach, provides additional information. In this technique the Summary and Conclusion

translational energy of a photofragment is measured directly This Feature Article gives a comprehensive picture of the

by its neutral time-of-flight. It works well for heavy fragments, structure and dynamics of allyl, one of the most important and

but it is often difficult to analyze the loss of small fragments, by now best understood hydrocarbon radicals. It is demonstrated

like H, this way. Thus the technique is complementary to the how detailed information on a complex system can be obtained

optical detection of reaction products, which works best for from the combination of various laser-based spectroscopic

small fragments, giving rise to large Doppler broadenings. techniques.

An investigation of allyl by translational energy spectros- Like other unsaturated radicals allyl has a number of low-
copy?® could not distinguish between the various isomeres of lying electronic states that exhibit nonadiabatic phenomena of
CsH4 but found a 16% contribution of the acetylettemethyl various degrees. The UV states starting at 250 nm show strong

channel. The translational energy distribution of the methyl vibronic coupling, leading to the geometry distortion of the B
fragment peaked at a rather high energy of 20 kcal/mol, 2A; state (pseudo JahiTeller effect). Evidence for a double
suggesting a large transition state barrier with respect to minimum potential along the coordinates corresponding to
products. One would expect this reaction to proceed by two motion of the—CH, groups out of the molecular plane was
successive 1,2-H-shifts through the 1-propenyl intermediate, butobtained from MPI experiments, showing a number of sym-
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metry-forbidden vibronic bands, from ZEKE experiments,

showing a vibrational progression in the modes corresponding

to this motion, and from time-resolved experiments, which
yielded different lifetimes for thet and — component of the

B-state origin that appear as a consequence of inversion

doubling.
The primary photophysical processes upon UV excitation of

allyl were elucidated by picosecond time-resolved photoelectron

spectroscopy: The initially excited vibronic states decay in a
two-step process: The first step is an internal conversion within
20 ps and less to the lower-lying #8; state, the second step is

presumably a very fast decay from the A-state to the electronic

ground state through a conical intersection.
In this process 5 eV (115 kcal/mol) of electronic energy are
converted to internal energy, which is sufficient to overcome

the barriers to several product channels. Photofragment Doppler
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the central CG-H bond, and thus formation of allene, to be the

dominant reaction channel. In addition a 1,2 and/or 1,3 hydrogen

shift occurs, leading to the formation of 1- and 2-propenyl
radicals. This intermediate can lose a hydrogen atom to
preferentially form propyne or undergo a-C cleavage that
leads to the formation of acetylene and methyl.
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