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H-atom high- n Rydberg time-of-flight spectroscopy of C–H bond fission
in acrolein dissociated at 193 nm

B. F. Parsons, D. E. Szpunar, and L. J. Butler
The James Franck Institute and Department of Chemistry, The University of Chicago, Chicago,
Illinois 60637

~Received 30 May 2002; accepted 7 August 2002!

The experiments presented in this work use H-atom high-n Rydberg time-of-flight spectroscopy to
measure the H-atom velocity distribution from one- and multiple-photon dissociation processes in
acrolein following excitation at 193 nm. The one-photon H-atom signal is dominated by primary
C–H bond fission in acrolein. We compare some of the qualitative features of the recoil translational
energy distribution for the observed H atoms with what would be expected based on theoretical
results for aldehydic C–H bond fission on the ground and lowest singlet and triplet excited states
and conclude that the dissociation cannot proceed through either of these paths. A possible
dissociation mechanism is proposed to account for the observedP(ET) that is consistent with the
observation of an isotropic dissociation. Finally, we report results on methyl vinyl ketone
photodissociation which provide evidence that the primary C–H bond fission process in acrolein is
fission of the aldehydic bond. ©2002 American Institute of Physics.@DOI: 10.1063/1.1510442#
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I. INTRODUCTION

The ultraviolet photolysis of systems containing eith
the CvC chromophore1 or the CvO chromophore2 have
been the subject of many studies. On the other hand, acro
(H2CvCHCHO), the simplest molecule containing bo
chromophores, has received only limited attention.3–9 Fur-
thermore, two closely related molecules, methyl vinyl keto
(CH3COCHCH2) and methacrolein@CH2C(CH3)HCO#,
may play a role in the chemistry of the troposphere.10 There-
fore, we have undertaken the current study of acrolein
investigate the channel leading to production of an H at
through C–H bond fission.

The absorption spectrum of acrolein shows seve
strong bands in the wavelength region between 400 nm
about 190 nm.11 Walsh assigned the absorption band n
386 nm as1np* (S1) and the absorption peaking at 193 n
as 1pp* (S2) electronic character,11 consistent with later
electronic structure calculations.12 Nagakura considered th
influence of a charge transfer contribution to the excited s
accessed at 193 nm.13 Photochemical studies using both th
193-nm transition3–6,8,9and the 386-nm transition14 have ap-
peared in the literature. We review here only the work on
200-nm absorption band which is relevant to the experime
described in this paper.

Before discussing the studies performed on resona
with the excited state accessed at 193 nm, it must be m
tioned that two conformers of acrolein are present at ro
temperature: s-cis and s-trans. The s-transconformer~shown
in Fig. 1! is dominant while s-cis conformer accounts fo
only 4%–5% of room-temperature acrolein.15 The barrier to
internal rotation was measured using microwave techniq
and a lower limit for the barrier was determined as 2
kcal/mol.16

Following several studies3–5,8 of the photolysis of ac-
rolein near 193 nm, including studies that measured the
7880021-9606/2002/117(17)/7889/7/$19.00

Downloaded 06 Mar 2003 to 128.135.85.50. Redistribution subject to A
r

in

e

o

l
nd
r

te

e
ts

ce
n-

s,

a-

scent CO vibrational population and one which measured
HCO1C2H3 channel directly, Haaset al.6 presented the
most comprehensive study prior to 2002~Ref. 9! on the
photofragmentation of acrolein excited to theS2 (1pp* )
state. Using 193 nm excitation coupled with photofragm
translational energy spectroscopy, they studied three prim
channels in the acrolein dissociation:

H2CvCHCHO→C2H41CO, ~1!

H2CvCHCHO→C2H31HCO, ~2!

H2CvCHCHO→H2CvCHCO1H. ~3!

These experiments were performed using high~500 mJ/cm2!
and low~25 mJ/cm2! photolysis fluences. The first two reac
tions were observed and the recoiling fragments were m
mentum matched to determine aP(ET) for each channel.
During the writing of this paper, new results were obtain
by Reganet al.9 employing PTS in conjunction with tunabl
vacuum ultraviolet~VUV ! photoionization to analyze the
dissociation products; this study found two new react
channels:

H2CvCHCHO→C2H21H2CO, ~4!

H2CvCHCHO→HCCO1CH3. ~5!

In both the work of Haaset al. and the more recent work o
Reganet al. characterization of the C–H bond fission cha
nel revealed problems. The experiment of Haaset al. at-
tempted to characterize the dissociation by detecting H
oms using electron impact ionization. In order to obtain go
signal to noise with the high background atm/e51, Haas
et al. made several important modifications to their appa
tus. The skimmer between their pulsed source and their
teraction region was removed, and the nozzle was mo
closer to the interaction region to increase the overall sig
Furthermore, the free jet was rotated by 90° with respec
9 © 2002 American Institute of Physics
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7890 J. Chem. Phys., Vol. 117, No. 17, 1 November 2002 Parsons, Szpunar, and Butler
the detector axis and acrolein was dissociated using both
and high power from the photolysis laser@Haaset al. do not
state the pulse energy used in the collection of their p
lished m/e51 time-of-flight ~TOF! spectrum#. They assign
the dominant feature in them/e51 spectrum to reaction~3!
and the fast edge appearing in their spectrum to H ato
from the dissociation of C2H3 to give HCCH1H after ab-
sorption of a second 193-nm photon.6 The tail at very long
flight times ~.100 ms! is assigned to H atoms from the di
sociation of slowly recoiling hydrocarbons and the form
radical in reactions~1! and~2! ~due to cracking in their elec
tron impact ionizer!. The contributions from these channe
overlap, and there is no otherm/e ratio where they indepen
dently detected the shape of the contribution from th
channels. Finally, based on their observedP(ET), the pri-
mary H-atom loss channel is assigned as resulting from
aldehydic hydrogen, because theP(ET) extends to near the
available energy@Ephoton2D0(C–H)561 kcal/mol#.6 How-
ever, theirP(ET) drops to near zero by;40 kcal/mol, and
considering the uncertainty in the fastest observed H at
resulting from multiphoton absorption, this argument alo
does not support the assignment. Finally, the anisotrop
the primary H-atom channel was investigated and they fo
b520.160.05 consistent with a long-lived complex. Mo
recently, the detailed study by Reganet al.9 characterized the
other dissociation channels of acrolein at 193 nm using P
with VUV photoionization detection of the photofragmen
but reported being unable to characterize the recoil kin
energy distribution for the C–H bond fission channel. Th
paper shows a TOF spectrum for the C3H3O cofragment, but
they stated they were unable to derive a consistentP(ET) for
C–H bond fission presumably because the laboratory ve
ity of the heavy fragment, with very low recoil velocity i
the center-of-mass reference frame, is overly sensitive to
velocity spread of the molecular beam. They also repo
photoionization efficiency curve for the cofragment and p
pose that it is suggestive of aldehydic C–H bond fission
the contributing channel.

One final experimental study of acrolein excited in t
193-nm band must be considered. Arendtet al.7 studied the
emission spectroscopy of acrolein excited at 199 nm. Th
emission experiment was sensitive to the forces in
Franck-Condon region of the excited state as determined
the electronic character of the excited electronic state. Ba
on the observed vibrational progressions in the emiss

FIG. 1. Structure of the s-trans conformer of acrolein which accounts fo
95%–96% of room-temperature acrolein.
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spectra, they concluded that theS2 excited state has mixed
p* (CvC)/p* (CvO).7

Finally, Fang performedCASSCFcalculations to study the
dynamics of acrolein dissociation after excitation to t
bright state at 193 nm.17 Fang concluded that the ground
state products H2CvCHCO(2A8)1H(2S) correlate adia-
batically with ground-state acrolein and the3pp* (T2) state
of acrolein. On the ground electronic state, there is no bar
to C–H bond fission above the endothermicity17 @83.2 kcal/
mol at the CAS~8,7!/cc-pVDZ level of theory with zero-
point correction#. A second set of products 14.9 kcal/m
above the ground-state products, H2CvCHCO(2A9)
1H(2S), correlates adiabatically with theS1 (1np* ) state
and with theT1 (3np* ) state. Both states have a small ba
rier to the reverse reaction17 ~2.1 kcal/mol for the1np* state
and 0.7 kcal/mol for the3np* state!. Fang states that the
barrier to reaction on the3pp* state is expected to be larg
~implying a large reverse barrier! and therefore conclude
that the dissociation takes place after internal conversion
the ground state.17

We present the first experiment in our laboratory usin
newly constructed H-atom high-n Rydberg TOF~HRTOF!
spectrometer. We have determined the velocity distribut
of H atoms from the one-photon C–H bond fission chan
in the dissociation of acrolein at 193 nm. The TOF spectr
is fit using the standard forward convolution technique. T
resultingP(ET) for the primary H atoms agrees qualitative
with that observed by Haaset al.,6 but with significant dif-
ferences in both the fast and slow portions of the kine
energy distribution. The current data are not contaminated
the slow H-atom tail in the work of Haaset al. resulting from
the cracking of hydrocarbon photoproducts due to elect
impact ionization. Furthermore, a systematic power study
lows for the multiphoton contributions to the HRTOF spe
trum to be removed, significantly improving the fit for th
fastest recoiling H-atom signal. Thus, we can unambiguou
locate the peak in theP(ET) for the C–H bond fission chan
nel of acrolein. In the next section we give the experimen
details relevant to the current work. In Sec. III, the HRTO
spectra of acrolein taken using three photolysis laser pow
are considered and the translational energy distribution u
to fit the observed spectra are presented. The results of
thyl vinyl ketone are presented as well. In Sec. IV the o
servedP(ET) is compared with that observed previously b
Haaset al. We consider if the observedP(ET) is consistent
with the suggestion that aldehydic C–H bond fission occ
on the ground electronic state as proposed by Fang an
possible mechanism is proposed to account for the obse
translational energy distribution. In the final section, we su
marize the results of these experiments on the photolysi
acrolein at 193 nm.

II. EXPERIMENT

The experimental aspects of H-atom Rydberg time
flight have been reported by others.18 We give here the rel-
evant details for the experiments performed in our labo
tory. Ground-state H atoms from photolyzed acrolein we
promoted to the 2p electronic state using 121.6 nm ligh
~Lyman-a!. Lyman-a is generated via nonresonant tripling
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 2. HRTOF spectrum of acrolein taken at a ph
tolysis energy of 1 mJ/pulse. The dashed line is attr
uted to a one-photon signal, while the dotted line
attributed to a multiphoton process.
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364.8 nm light in a low-pressure Kr cell. The Kr cell moun
onto the side of the vacuum chamber with a MgF2 lens (f
550 cm) serving as the barrier between the cell and
vacuum chamber. For these experiments, about 40 mba
Kr was used for the tripling process. The output of a sin
injection seeded Nd:YAG~Continuum PowerLite 9020! was
used to pump both the Lyman-a dye laser and a second dy
laser providing the light to promote H atoms from the 2p
state to a high-n Rydberg state (n;40). Light at 364.8 nm is
generated by frequency doubling the dye laser~Lambda
Physik FL3002! output in a KDP crystal~Lambda Physik
FL30!. The dye laser provided approximately 55 mJ/pu
near 729 nm using LDS 722 laser dye~Exciton!. Under these
conditions, about 12–15 mJ/pulse of the frequency-doub
light at 364.8 nm was obtained for the generation of 12
nm light. The absolute wavelength of light given by th
Lyman-a dye laser was scanned to optimize the H1 signal
given from the dissociation of H2S at 121 nm. The secon
dye laser~Lambda Physik FL3002! used for the promotion
of 2p H atoms to a high-n Rydberg state provided about 3
mJ/pulse near 731 nm using LDS 722~Exciton!. The output
of this laser was frequency doubled in a KDP crystal~Inrad
M/N 531-120! providing 5–8 mJ/pulse at 365.5 nm. Bo
dye lasers are synchronized to within 2 ns using optical de
lines.

A Lambda Physik EMG-103-MSC excimer laser oper
ing with an ArF ~193 nm! gas fill served as the photolys
laser for these experiments. The photolysis laser energy
maintained by varying the high-voltage power supply dur
the experiment. The temporal jitter in this laser is on t
order of 5 ns. However, a very slow drift was observed
this laser over the course of several hours. Hence the tim
between the photolysis laser the Lyman-a laser was checked
periodically. The photolysis laser typically intersected t
molecular beam about 5 ns preceding the 121.6-
365.5-nm lasers. The pulse energies reported here are
surements taken before the laser is focused on the mole
beam to an area of;0.01 cm2.

The detector used in these experiments~Burle TOF-
4000! was held at21.9 kV using a high-voltage power sup
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ply ~Bertran model 303!. A grid immediately before the de
tector was held at120.0 V using a constant-voltage powe
supply~HP E 3611A! and served to simultaneously field ion
ize H atoms and repel positive ions from the detector.
circular stainless steel ring, about 1 cm below the interact
region, was held at220.0 V during the experiment using
second constant-voltage power supply~HP E 3611A!. This
disk served to deflect positive ions from the detector.

The experiments were performed in a vacuum cham
consisting of three differentially pumped regions. A puls
valve ~General Valve Iota-One, 500mm orifice! introduced
the sample gas into the source region. A Balzers-Pfei
TMU-520-C turbomolecular pump maintained the press
around 731025 torr during experiments. A skimmer~Preci-
sion Instruments, 600mm orifice! separated the source re
gion from the main chamber/interaction region. The ma
chamber was pumped with Balzers-Pfeiffer TMH-260 turb
molecular pump. The detector region, oriented at a ri
angle to the plane formed by the molecular beam and las
was pumped with a Balzers-Pfeiffer TMU-065 turbomolec
lar pump.

Each HRTOF spectrum of acrolein, taken at three p
tolysis laser energies, is the sum of 100 000 laser shots
background subtraction. Background subtraction was p
formed by blocking the photolysis laser while allowing bo
the Lyman-a and Rydberg lasers to pass into the chamb
The photolysis laser power was checked before every 10
shot scan.

Acrolein was purchased from Aldrich~90%! and was
used without further purification. The sample was placed i
glass bubbler held at 20 °C, giving a vapor pressure of 1
torr acrolein. He buffer gas was slowly bubbled through t
liquid, giving a total stagnation pressure of about 450 t
behind the pulsed nozzle during these experiments. The
nal taken at a 50% seed ratio and a total backing pressur
300 torr showed no discernable difference from the spe
presented in this paper, indicating that the data are not alt
by potential cluster contributions. Methyl vinyl ketone~Avo-
cado Research Chemicals, 95%! was placed in a bubbler a
room temperature and backed with He to a total pressur
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



o-
ted
s,

7892 J. Chem. Phys., Vol. 117, No. 17, 1 November 2002 Parsons, Szpunar, and Butler
FIG. 3. HRTOF spectrum of acrolein taken at a ph
tolysis energy of 0.5 mJ/pulse. The dashed and dot
lines are the one-photon and multiphoton contribution
respectively.
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500 torr. To determine that the observed H-atom signal fr
methyl vinyl ketone photolyzed at 193 nm was due to
multiphoton process, we took data at photolysis energie
0.5, 1, and 2 mJ/pulse.

III. RESULTS AND ANALYSIS

The HRTOF spectrum of acrolein taken using 1 mJ/pu
laser energy is shown in Fig. 2. The arrival time of the fast
observed H atoms extends to almost 10ms. Simple conser-
vation of energy allows us to determine that the fastest
served H atoms must be due to a multiphoton dissocia
process. The energy that is partitioned into product tran
tion, ET , is given as ET5Ephoton2D0(C–H)2Eint

1Eparent, whereEphoton is the energy of a 193-nm photo
~147.9 kcal/mol!, D0(C–H) is the C–H bond dissociatio
energy for the aldehydic C–H bond in acrolein@87.1
61.0 kcal/mol~Ref. 19!#, andEint is the internal energy o
the fragments. The maximum energy that may be partitio
into product translation is Eavail5Ephoton2D0(C–H)
1Eparent. To properly calculate this number, one must co
sider the contribution of the small amount of internal ene
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in the parent molecules. As molecular vibrations are kno
to relax more slowly than rotational and translational mod
in a supersonic expansion,20 we assume no vibrationa
relaxation and calculate the vibrational contribution at o
nozzle temperature~298 K! to be 1 kcal/mol. Assuming the
rotational temperature cools to about 200 K allows us
estimate the average rotational energy of the parent m
ecules as 1.2 kcal/mol. With this value, the maximum ene
(Eavail) that can be partitioned into product translation is a
proximately 63 kcal/mol~e.g., ^Erot&51.2 kcal/mol, ^Evib&
51.0 kcal/mol). A small portion of this is partitioned into th
heavy cofragment in C–H bond fission, so the maximu
possible kinetic energy of the H atoms can be found as

ET,max,H5ET,max,totalY S 11
mH

mH2CvCHCO
D

5
63 kcal/mol

11 1
55

562 kcal/mol, ~6!

whereET,max,H is the maximum possible kinetic energy im
parted to hydrogen,ET,max,total is the maximum total recoil
o-
ted
s,
FIG. 4. HRTOF spectrum of acrolein taken at a ph
tolysis energy of 0.25 mJ/pulse. The dashed and dot
lines are the one-photon and multiphoton contribution
respectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



d
g-
ha
la
is

Fi

th
ed
is

ph
o
o

w

s
tio

nal
ho-
nal,
al.

a
in

b-
y
is-

-

er
om
on

he

aser
by

of
the
n
-

re
bu-
J/
e
are

on
the
llin-
lin-
as

is
ted
ig-

ght
ned
ob-
in-

the
r
t is

tri-

red.
he

if
OF
tion

0.
ss
o-

7893J. Chem. Phys., Vol. 117, No. 17, 1 November 2002 C–H bond fission in acrolein
kinetic energy (12mv rel
2 ) from the dissociation~63 kcal/mol;

calculated above!, mH is the mass of hydrogen, an
mH2CvCHCO refers to the mass of the other recoiling fra
ment. Given that conservation of energy allows no more t
63 kcal/mol of energy to be partitioned into product trans
tion, the maximum kinetic energy of the H-atom fragment
;62 kcal/mol, corresponding to a flight time of about 18ms
in our apparatus. Thus the signal in the fast shoulder in
2, appearing at flight times as short as 10ms, must result
from a multiphoton dissociation process. To characterize
multiphoton contribution to the H-atom signal, we collect
the HRTOF spectrum of acrolein at two lower photolys
laser powers, 0.5 mJ/pulse~Fig. 3! and 0.25 mJ/pulse~Fig.
4!. The fast shoulder decreases considerably when the
tolysis energy is dropped to 0.5 mJ/pulse and shows alm
no contribution at 0.25 mJ/pulse. The HRTOF spectrum
acrolein at 0.125 mJ/pulse was attempted, but no signal
observed above the background.

The HRTOF spectra of acrolein at these three photoly
laser energies are fit using the standard forward convolu

FIG. 5. Translational energy distributionP(ET) ~top panel! and recoil ve-
locity distribution P(v) ~bottom panel! derived from the forward convolu-
tion fit of the acrolein spectra taken at a photolysis energy of 1, 0.5, and
mJ/pulse. TheP(ET) is attributed to a one-photon C–H fission proce
while the P(v) is attributed to the H-atom signal from a multiphoton pr
cess.
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technique, allowing us to separate the multiphoton sig
from the one-photon signal. The data show that the multip
ton signal begins on the fast side of the one-photon sig
but significantly underlies a portion of the one-photon sign
An acceptable fit was obtained using aP(ET) for reaction
~3!, resulting in the formation of H1H2CvCHCO and a
single velocity distribution for the H atoms resulting from
multiphoton process. These two distributions are shown
Fig. 5. The H-atom signal resulting from multiphoton a
sorption ~Fig. 5, bottom! is presented as a recoil velocit
distribution. If the signal had resulted from a single-step d
sociation, the relationship betweenP(u1) andP(ET) would
be P(u1)5m1u1P(ET).21 The signal from one-photon dis
sociation resulting in C–H bond fission is fit by aP(ET)
~Fig. 5, top! which scales linearly with the photolysis las
energy in all three HRTOF spectra and therefore results fr
single-photon dissociation of acrolein. This single-phot
P(ET) agrees roughly with that obtained by Haaset al. ~with
differences in the high-energy tail and the position of t
peak in the translational energy distribution!.6 The contribu-
tion of the second velocity distribution~Fig. 5, bottom!
scales approximately as the square of the photolysis l
energy, but a reasonably good fit could also be obtained
scaling the multiphoton velocity distribution with the cube
the photolysis laser power. However, neither scaling of
multiphoton velocity distribution requires any modificatio
to the single-photonP(ET). Thus the actual process de
scribed by the multiphoton velocity distribution may requi
either two or three 193-nm photons. However, the contri
tion of the multiphoton velocity distribution to the 0.25 m
pulse spectrum~Fig. 4! is almost negligible, as the relativ
weightings, accounting for all Jacobians, used in the fit
10:1 in favor of the single-photon process.

The dependence of the observed HRTOF spectrum
laser polarization was also investigated. For this study,
photolysis laser was passed through a birefringent Pe
Broca prism to separate the unpolarized output into two
early polarized components. The linearly polarized light w
then directed through a half-wave plate~optimized for 193
nm light! to rotate the polarization vector of the photolys
laser. The HRTOF spectrum of acrolein was then collec
using approximately 1 mJ/pulse photolysis energy. No s
nificant difference between the HRTOF spectrum using li
polarized either parallel or perpendicular to the plane defi
by the molecular beam and the photolysis laser was
served, indicating an isotropic distribution. Based on the
tegrated area of the two HRTOF spectra from 32 to 120ms
~where the single-photon distribution dominates over
multiphoton velocity distribution!, the anisotropy paramete
is b50.0160.42. The absolute error on this measuremen
larger than that of Haaset al. who foundb520.160.05;
however, both results are consistent with an isotropic dis
bution.

Secondary dissociation processes were also conside
Reganet al.9 found a secondary H loss channel due to t
dissociation of the vinyl radical (H2CvCH) formed in the
HCO1C2H3 product channel. A simple calculation reveals
we are sensitive to these secondary H atoms in our T
spectra. Assuming that no energy is partitioned to transla

25
,
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in the secondary dissociation, and using theP(ET) of Regan
et al. for the portion of the primary process that produc
unstable C2H3 , one concludes that the secondary-H-atom
locity ~in the center-of-mass reference frame! from dissocia-
tion of C2H3 at the peak of theP(ET) for the primary pro-
cess is approximately 6.933104 cm/s. This is well outside
the range necessary for signal to be visible in our spectra
order for the signal to appear in the 140-ms window observed
here, the H-atom fragment would need a net recoil veloc
in the center-of-mass reference frame of 31.23104 cm/s, so
one would not expect the H-atom secondary fragments f
the dissociation of the unstable C2H3 to be observable in this
experiment. However, signal appearing at 140ms corre-
sponds to anET of ;16.3 kcal/mol~again assuming the ve
locity of the secondary H atoms is determined by the rec
velocity of C2H3 in the primary dissociation!, which lies
within the high-energy tail of theP(ET) of Reganet al. It
should therefore be possible to observe the tail of the H-a
signal at the longest arrival times in our TOF spectra,
though no significant signal is apparent. It must also be no
that although we refer to the H-atom channel as a prim
dissociation process following the assignment of Ha
et al.,6 there is no evidence to rule out the possibility that t
observed signal is in fact due to a secondary C–H fiss
process.

Finally, to explicitly consider the possibility of aldehydi
C–H bond fission, we examined the dissociation of met
vinyl ketone following excitation at 193 nm. Methyl viny
ketone is the simplest ketone derivative of acrolein~replac-
ing the aldehydic hydrogen with a methyl group! and there-
fore provides a model system for investigation of aldehy
C–H bond fission in acrolein. Our HRTOF experiments
vealed significant two-photon H-atom signal, but no H-ato
contribution that could be attributed to a single-photon p
cess. It is possible that a small underlying one-photon
mary or secondary contribution is present, but such a sig
is not discernable in the data collected.

IV. DISCUSSION

The measured H-atom TOF spectra presented here
finitively determine the high-energy portion of theP(ET) for
the primary H-atom channel which was crucial to prior arg
ments on whether the C–H bond fission is the cleavage
the aldehydic bond or not. The single-photon translatio
energy distribution peaks at 8 kcal/mol and extends to
kcal/mol. When the single-photonP(ET) was truncated to 37
kcal/mol and the relative scaling from the multiphoton v
locity distribution was increased, the fast edge of the 0
mJ/pulse spectrum~Fig. 4! was underfit while the slowes
H-atom signal was overfit, indicating that the truncation w
not reasonable. Thus the higher-kinetic-energy limit in
primary C–H bond fission is 3861 kcal/mol. In contrast, the
P(ET) for the H1H2CCHCO channel, observed by Haa
et al.,6 peaks around 4 kcal/mol and extends out to near
energetic limit of about 60 kcal/mol. Haaset al. could not
determine conclusively which part of the fastest H-atom s
nal was due to multiphoton processes and therefore could
separate this unambiguously from the one-photon H-a
signal. This likely introduces an error in their publishe
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P(ET) at high recoil kinetic energies. As they used the
erroneous high-energy tail to argue in favor of aldehy
C–H bond fission, it became important in this work to fin
an independent way to determine whether it is aldehy
C–H bond fission. For this reason, we used HRTOF sp
troscopy to detect H atoms from methyl vinyl ketone ph
tolysis; this molecule has no aldehydic hydrogen. The lack
a discernible one-photon signal in the methyl vinyl keto
spectrum gives evidence that the acrolein H loss chan
involves the loss of an aldehydic hydrogen.

The data here also better determine the low-rec
energy portion of the C–H bond fissionP(ET). The slowest
H atoms in them/e51 TOF spectrum of Haaset al. show
considerable signal resulting from hydrocarbons (C2H4 ,
C2H3 , and HCO! cracking in the ionizer~the HRTOF experi-
ment, of course, does not suffer from this problem!. This
high background makes the fit for the low kinetic energies
the slowest recoiling H atoms uncertain. Therefore, the p
at 4 kcal/mol is probably not accurately determined in th
data, so we adopt our value of 8 kcal/mol. Finally, our e
periment agrees with the conclusions of Haaset al. that the
dissociation is isotropic.

One may consider whether the current data are con
tent with the dissociation of acrolein to give H2CvCHCO
1H occurring on the ground electronic state, as previou
proposed,17 or occurring on some excited state. TheP(ET)
peaks at 8 kcal/mol translational energies, indicating a sm
but significant barrier to the reverse reaction. However,
CASSCFcalculations of Fang indicate that there is no barr
to dissociation on the ground electronic state above the r
tion endothermicity, so dissociation following internal co
version to the ground state should yield a statistical rec
kinetic energy distribution peaked near 0 kcal/mol.17 Fang
also considers two transition states leading to aldehydic C
bond fission, both leading to CH2CHCO (2A9)1H (2S). A
transition state on the triplet manifold connects CH2CHCHO
(3np* ) with the CH2CHCO (2A9) product, but has a revers
barrier of about 0.7 kcal/mol at the CAS~8,7!/cc-pVDZ level.
A second transition state connects CH2CHCHO (1np* ) with
the CH2CCHO (2A9) product and has a reverse barrier
about 2.1 kcal/mol at the CAS~8,7!/cc-pVDZ level. The
ground-state products also correlate with CH2CHHCO
(3pp* ) which should present a relatively large barrier to t
dissociation because the electronic structures of the prod
and reactants differ significantly.17 Fang discounted dissocia
tion on the3pp* state because of this barrier.

One possible mechanism that could lead to the prod
tion of excited-state products and account for the obser
P(ET) is intersystem crossing from the bright sta
(S2 , 1pp* ) to the lowest triplet state (T1 , 3np* ). After ex-
citation to the second singlet state, simple aldehydes22 and
ketones23 are known to dissociate through internal conve
sion toT1 . Furthermore, theab initio calculations of Fang17

show that the products of the dissociation onT1 lie 14.9
kcal/mol above ground-state products. Thus the available
ergy for dissociation onT1 is Eavail5147.912.2287.1
214.9548.1 kcal/mol@roughly 10 kcal/mol higher than ob
served in ourP(ET), Fig. 5, top#. CH2CHCO(2A9) may then
internally convert or fluoresce to form ground state produc
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Regan et al.9 concluded that the dissociation form
ground-state products based on the onset for the photoion
tion efficiency curve and the G3 calculated ionization pot
tial. Ground-state products result from dissociation on eit
S0 or T2 (3pp* ). Since dissociation on the ground sta
would give a statisticalP(ET), only dissociation onT2

would be consistent with a large barrier in the exit chann
Furthermore,T2 could be accessed through an avoided cro
ing with T1 in nonplanar geometries.

V. CONCLUSIONS

We have detailed here the first experiment performed
a newly constructed H-atom Rydberg time-of-flight spe
trometer. The HRTOF spectrum of acrolein photolyzed
193 nm shows considerable multiphoton signal at all but
lowest photolysis laser energy used~0.25 mJ/pulse!. Both the
single-photon and multiphoton contributions to the obser
translational energy spectrum were fit using the forward c
volution method. The single-photon translational energy d
tribution almost completely describes the observed H-a
translational spectrum in the lowest-energy spectrum ta
with 0.25 mJ/pulse photolysis energy and qualitatively
sembles that previously given in the literature.6 The differ-
ences between ourP(ET) and that given previously may b
accounted for by the experimental difficulties involved
detecting them/e51 spectrum by traditional methods. Th
dissociation is isotropic, in accordance with previo
studies.6 The observation of a translational energy distrib
tion peaked away from zero is consistent with a signific
barrier to the reverse reaction. Thus the observedP(ET) for
the C–H fission channel of acrolein excited at 193 nm is
consistent with dissociation on the ground electronic st
but may result following intersystem crossing to the low
triplet state. Dissociation could then lead to electronica
excited products viaT1 or ground-state products via a
avoided crossing at nonplanar geometries with the sec
triplet state.
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