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The nonradiative decay of the allyl radical excited B 2A, state studied
by picosecond time-resolved photoelectron spectroscopy

Thomas Schultz and Ingo Fischer®
Laboratorium fu Organische Chemie der ETH #ah Universitédstrasse 16, CH-8092 Zich, Switzerland

(Received 18 August 1997; accepted 11 September)1997

The nonradiative decay rates of the vibrational ground state andvthiindamental in the
electronically excited® 2A, state of the allyl radical, §Hs, are studied by picosecond time-resolved
pump-probe photoelectron spectroscopy. The states decay by internal conversion with a time
constant of 20 and 16 ps, respectively. 197 American Institute of Physics.
[S0021-960607)05143-X

In this paper we report the lifetime of low-lying vibra- into the photochemistry of these systems. On the other hand,
tional levels in the electronically excite® A, state of the time-domain methods employing short laser pulses are well
allyl radical, GHs, as revealed by picosecond time-resolvedsuited for this kind of research! In particular, time-
pump—probe photoelectron spectroscopy. resolved photoionization with short-pulse lasers has proven

As the simplest conjugates-radical allyl is an interest- to be a powerful method to study the photophysics and pho-
ing model system. Being a relatively stable radical it alsotochemistry of molecular systems for which no fluorescing
constitutes an important intermediate in reactive environelectronic states are knowrt!? As shown within the last
ments. Its photochemistry upon UV excitation is thus of concouple of years, a particularly high amount of information
siderable relevance for tropospheric chemistry and combusan be extracted when the energy of the photoelectron, and
tion. The UV band system, starting at 250 nm and observethus the ion internal energy, is analyZ€d?® The photoelec-
first in absorptior, was studied by resonant multiphoton ion- tron spectrum might evolve in time even when the total ion
ization (MPI),%~> allowing the identification of a large num- yield is almost constant, i.e., population flow between elec-
ber of vibronic bands and their assignment to the electronitronic states can be monitored by final state analysis. Tech-
B, C, andD states, which are strongly coupled with eachniques based on the detection of photoelectrons are also
other. Resonance Raman spectra from these states were alggckground free, allowing one to discriminate against time-
recorded, but no fluorescence has been observed, despite thadependent ionization signals from the pump or probe laser
large oscillator strength calculated for tBe—X transition!  alone.
indicating short lifetimes. MPI experiments on the other In order to reduce intensity effects, short-pulse experi-
hand revealed a partially resolved rotatiokglstructuré for ~ ments have to be carried out at relatively low fluences as
several vibronic bands with a linewidth of 1 ¢y posinga  compared to nanosecond experiments. As reactive interme-
lower limit of 5 ps on the lifetime of the low-lying vibronic diates can only be produced in small number densities a very
states. Recently, we reported the hydrogen loss from haéfficient detection scheme is needed. Time-of-flight photo-
CsHs upon UV excitation on a nanosecond time scale anclectron spectroscopy in a magnetic bottle is a probe method
showed that a reaction forming allene is in agreement with @hat combines a high collection efficiency of more than 30%
statistical analysis of the dafaHere we will concentrate on  with the possibility of a final state energy analysis, and is
the primary photophysical processes which occur directly afthus well suited for short-pulse experiments as shown in sev-
ter the initial excitation of theB 2A, state. From the MPl gral studies on stable molecufsand, just recently, on
spectrd it was concluded that th® state, a perturbeds3  mass-selected anionic clustéf<Due to the number density
Rydberg state, is slightly nonplanar and the CCC angle sigproblems mentioned above only a few radicals, like,NO
nificantly reduced as compared to the ground state of botRayve been studied in the time domain with subnanosecond
neutral and cation. As the ground state igfsymmetry the  |3ser pulses. In the present paper we show that time-resolved
transition into theB-state origin is two-photon allowed. Ear- photoelectron spectroscopy is also well suited to study the
lier [2+2] MPI studies revealed a strong dependence of thephotophysics of medium-sized hydrocarbon radicals.
appearance of the spectrum on the laser power which was | the experiments described here a picosecond Ti:sap-
explained by an accidental resonance on the three-photQihire |aser system was employed, regeneratively amplified at
level. Thus a2+1'] experiment using two different colors 19 Hz to approximately 5-6 mJ. The pulse duration for the
for pump and probe is advantageous. fundamental around 820—830 nm was measured to be 2.5 ps.

Like allyl, many organic radicals do not possess l0ng-The Jight was frequency doubled and mixed in KDP crystals
lived excited states that permit fluorescence detection. Due @) 5ccess the UV region. In order to obtain pump pulses
the fast relaxation, the application of the established highz,ound 500 nm the second harmonic was Raman shifted in
resolution methods is often not appropriate to gain insightj5_o0 par of hydrogen, producing radiation Stokes shifted
by 4155 cm®. The details of the setup, and a characteriza-
dAuthor to whom all correspondence should be addressed. tion of the stimulated Raman scattering process were given
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in an earlier publicatioR® The frequency mixed output
around 275 nm served as the probe pulse. The two beams
were recombined and focused collinearly by means of a 500
mm quarz lens into the ionization region of a magnetic bottle
photoelectron spectrometer with a 50 cm flight tube. Typi-
cally a pump energy of 2QuJ was used, while the probe
energy was attenuated to aroundu3. The time delay be-
tween the two laser pulses was adjusted by a computer con-
trolled stepper motor. Typically 100—200 data points were
averaged for each delay. The allyl radicals were produced by

-10 ps

B [2+1']

+0 ps
[2+2]

electron signal (arb. units)
T

supersonic jet flash pyroly$sof 1,5 hexadiene, g, i "

seeded in 1.5 bar of helium. The skimmed molecular beam L E N MR S

enters the ionization region of the magnetic bottle where it 0.0 0.5 1.0 1.5 2.0

crosses the laser beam at a right angle. The details of the electron tof (us)

radical sourc® and of the spectromet®r’? have already

been described elsewhere. FIG. 1. Photoelectron time-of-flight spectrum obtained-€itO ps (upper

. . L trace and 0 ps(lower trace. The[2+1'] pump—probe signal can be easily
A magnetic bottle spectrometer can, in principle, _be OPistinguished from the time-independét+2] background. Note that the
erated as a mass spectrometer albeit with low detection efforder of the process can be readily deduced from the flight times. Both

ciency and limited mass resolution. It was not possible tgraces were obtained from the complete spectrum given in Fig. 2.

record mass spectra under the same conditions as photoelec-

tron spectra. However, when the pump laser was tightly fowhich shows the evolution of the complete pump—probe
cused, a time-independent mass signaindé=41 was ob- photoelectron spectrum of th@ 08 band over a range of
served, with a small peak at/e=39 showing up with 10% more than 100 ps. Figure 2 illustrates the multiplex advan-
of the intensity and likely being due to fragmentation in thetage of photoelectron detection, where all energetically ac-
ion. The peaks disappeared when the heat for the pyrolysisessible final states are recorded at the same time for a given
source was turned off, confirming that the signal is due tqgoump—probe delay. The rise and decay of the pump—probe
pyrolytic and not photolytic cleavage of the precursor. Wesignal is clearly visible. As can be seen from Figs. 1 and 2
did detect hexadiene only in trace quantities, although itthe pump—probe signal, as well as the pump-only signal,
ionization potential of 9.29 eV is energetically accessible inshows some vibrational structure on the low energy side, due
the[2+1'] process studied here, indicating that no resonanceo vibrational excitation in the ion. This structure is due to
of hexadiene exists in the range of pump energies used. the difference in geometry between the planar ion and the

We will now concentrate on the time-resolved photo-nonplanarB state with its smaller CCC bond angle. The

electron spectrum obtained for tm:og band of the allyl decay of the time-dependent signal is shown in Fig. 3, which
radical pumped with two photons at 499.5 (248 eV}, and  illustrates the temporal evolution of the major pump—probe
probed with one photon at 275.8 nfd.5 e\). With the peak. It was obtained from the photoelectron spectrum given
bandwidth of our pump photons afw=16 cm ! a large in Fig. 2 by integrating over the main peak from 0.78 to 0.87
part of the rotational envelope of the vibronic state is excitedus and plotting the integral as a function of the delay time.
meaning that our results constitute an average over many
rotational states. For comparison, the full width at half-
maximum of the bands reported in th2+2] MPI spectra

lies around 40 cm'. In Fig. 1 the photoelectron spectrum at
pump—probe delays df= — 10 ps and=0 ps is given. The
time-dependent signal can be well separated from the time
independent signal, which is due {@+2] MPI by the
pump—Ilaser alone, showing the ability of photoelectron spec
troscopy to detect the time-dependent signal in ¢
background-free fashion. From the flight times, one can als
deduce that the time-dependent signal is indeed due tB the
state via §2+1'] process. An alternative process would be
the competing[3+1'] route, suggested by Sappey and
Weishaat to explain the unusual power dependence in theil
MPI spectra. The formation of ions with little internal energy
would create much faster electroftsme-of-flight~450 ng
that would also appear earlier in time than the pump-only
signal. We want to point out that it would not be possible to _
distinguish between the two processes if only the total iOHZIG. 2. Representation of the complete photoelectron spectrum over a range

. of more than 100 ps, demonstrating the multiplex advantage of photoelec-
signal were measured.

) ) ) ] ) ) tron spectroscopy as a probe technique. The rise and decay of a time-
In Fig. 2, a three-dimensional representation is givendependent pump—probe signal is visible.

electron signal (arb. units)
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higher density of stategy=7.5x10°cm™* for the ground
state versus 1:610°/cm ! for the A state, would favor in-
ternal conversion directly to the ground state.
1=20x1ps In principle, one would expect a signal due to ionization
from a lower electronic state to grow in over time. A close
inspection of the longer delay times in Fig. 2 does indeed
reveal a signal level at low electron energies that is larger at
late delay times than at early times and might be due to
ionization from a lower electronic state. However, the effect
AT T S S T T is extremely small, if at all present. This can be understood if
20 0 20 40 60 80 100 it is taken into account that due to the large energy gap
pump-probe delay (ps) internal conversion from thé& state will result in vibra-
tionally highly excited states with poor Franck—Condon fac-
FIG. 3. Decay of the major pump—probe peak from the spectrum in Fig. 2tors for transitions into low-lying ionic states. As the excess
The t_ime-dependent_signal is fitted by a convolution of a Gaussian with 3energy available for the ion is only 1.3 eV, we are not able to
full width at half-maximum of 3 ps, representing the cross correlation of the Lo . . L.
laser pulses, and an exponential with a time constant of 20 ps. see the ionic states to which the most intense transitions
would be expected. This effect will be even more pro-
nounced if theB state converts directly to the ground state.
The solid line represents a fit which was obtained by convoAlso a broad distribution of vibrational energies can be ex-
luting our 3 ps instrument function with an exponential de-pected at later times, which should lead to a broad distribu-
cay with a time constant of=20 ps. The time constantis  tion of photoelectron energies with small intensities at any
accurate to withint 1 ps. All parts of the vibrational progres- given energy, making the detection difficult.
sion in the photoelectron spectrum show the same monoex- Inspection of thg2+2] MPI spectra shows that a few
ponential decay. As short-pulse experiments are inherentlgther vibrational bands can be excited in a two-photon pump
high-intensity experiments, we checked for intensity effectrocess. Thus we tuned the pump wavelength to 494.5 nm in
by reducing the power of the pump beam to 40, but did order to examine th& 7(1, band, which can be regarded as a
not observe a change in the decay of the pump—probe signal.CC-bending vibration. The time-resolved photoelectron
We will now discuss the possible decay routes for thespectrum looks similar, although the signal is considerably
molecule. Allyl, like most radicals, does not possess lowsmaller. The decay of the signal can again be well fitted by a
lying electronic states of higher spin multiplicity, i.e., quartet single exponential with a time constant 16+2 ps, meaning
states, which therefore excludes intersystem crossing. Arthat the nonradiative decay of thg Band is slightly faster
other possibility would be predissociation. Indeed, we ob-than the decay of the8(band. When the laser was tuned, the
served hydrogen loss from th€ 09 state, as reported magnitude of the pump—probe signal followed the published
elsewheré. As the hydrogen loss occurs on a nanosecondPI spectra. At wavelengths in between the two bands, i.e.,
time scale it is not due to dissociation directly from the UV around 497 nm, no pump—probe signal was observed.
states. All electronic states in this region are strongly In conclusion, we demonstrated that medium-sized hy-
coupled, so it is expected that tBe andC-state origin will  drocarbon radicals can be studied by time-resolved photo-
behave qualitatively very similar. electron spectroscopy with short laser pulses, as shown for
This leaves internal conversidilC) as a decay mecha- the allyl radical. The lifetime of low-lying vibrational levels
nism, either directly to the ground state, or via théB;  of the electronically excited® state, which decays by inter-
state. The rate of §10'° s !is unusually slow for the non- nal conversion was determined to be around 20 ps. Further
radiative decay of a second excited state. This can be exxperiments aimed at studying tGe?B; state and obtaining
plained by the large energy gaps, 1.94 eV betwee\thed  state-selective decay rates for higher vibrational levels in the
B electronic states, and 4.96 eV between the ground and tHg state are currently underway.
B state, because the nonradiative transition rate is known to
be an exponentially decreasing function of the energy*gap.
Our earlier nanosecond experimétitalicate a reaction from
the hot ground state. However, at present, we can not s
conclusively whether thé3 state converts directly to the
ground state or via thé& state. Franck—Condon arguments
seem to favor an initial conversion to the state for the ;ﬁ-VE\?/- Eilcljeegnzn;inzi-cK-Sl-eghlzreansj F;gagaé :86;, 550(?5((11%%85-
following reason: Inab initio calculations a similar %fometry A D, Sapgey e Weisshgér,.\]. Pyh;}s. CHanaT31 (199,
was calculated for the ground state and fhetate;” with 4D. W. Minsek, J. A. Blush, and P. Chen, J. Phys. Ch862025(1992;
only the C—C bond length being slightly differe(#0.1 J. A. Blush, D. W. Minsek, and P. Cheibjd. 96, 10150(1992).
nm). This means that conversion to the ground state wouIdiD- W. Minsek, and P. Chen, J. Phys. Chedii, 13375(1993.
result in a far higher degree of excitation in any accepting g, 1131 (iog1. 3 b Gety, x. L, and p. B Kely, 3 Phye. Chem,
mode than conversion to thestate with subsequently much  9g 10155(1992; Chem. Phys. Let201, 236 (1993.
smaller Franck—Condon factors. On the other hand, the farT.-K. Ha, H. Baumann, and J. F. M. Oth, J. Chem. PI8.1438(1986.

electron signal (arb. units)
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