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The primary photodissociation dynamicsaig-1-bromopropene upon excitation at 193 nm and the unimolecular
dissociation dynamics of the nascent 1-propenyl radical are investigated in a crossethialseular beam
apparatus. The lowest-energy dissociation barrier of the 1-propenyl radical is experimentally determined for
the first time and is found to be 31:52.0 kcal/mol, in substantial agreement with the theoretical calculations

of Davis et al. There are three dissociation channels of the 1-propenyl radical seen in these experiments:
C—C bond fission to give ¢H, + CH;, C—H bond fission to give propyne- H, and isomerization to the

allyl radical followed by H atom loss to give allene H. The data show that the-€C fission channel
dominates the product branching for the dissociative radicals with the lowest internal energies. The branching
to the H+ allene channel at higher energies suggests that the calculated isomerization barrier is too high
with respect to the H- propyne barrier. The data for the precursor moleccite 1-bromopropene, indicate

that there are at least three competing primary product channels, HBr elimination and-Bvd@nd fission
pathways leading to 1-propemy Br formation. In addition, there is a product channel described by the total
reaction GHsBr — Br + H, + C3Hs. We also show evidence that the Br atom is formed in the excifag)(
spin—orbit state from the €Br bond fission product channels.

Introduction produce and examine the dissociation dynamics of hot, transient,
and usually elusive intermediates with desired ranges of energies

Gaining the ability to predict the course of chemical reactions |,nqer collisionless conditions.

is a primary objective of studies of chemical dynamics. Gas- ;o first set of studies in this investigation, we begin with

phase experiments are particularly advantageous, because thfhe photodissociation of unsaturated halocarbons of the form

species of interest can be produced and studied WithOUtC3H5X. These precursors yield one of three noncycligig
perturbation by solvent or other intermolecular interactions. Such radical isomers, which when produced with enough internal

experimental investigations go hand in hand with theoretical energy can mutually isomerize, dissociate, or both. We have

investigations into chemical dynamics, in which the electronic reviously presented our wdrk on two of the three radical
potential energy surfaces are calculated and then either Class'caiiomers, the 2-propenyl radical and the allyl radical; this paper

trajectory or quantum dynamical calculations along the energy ,osents our product translational energy spectroscopy measure-
surfaces provide detailed information about product branching, .\ onts of the primary photofragment channels cig-1-bro-
energy.partitioning, and react!or) rates: .Recently,.we have begunmopropene excited at 193 nm and the secondary unimolecular
extending our quest for predictive ability regarding the cOurse o5ction channels of the nascent 1-propenyl radical formed in

of ch_emlca;l :reacgor;\s “beVOr?d the hprlmary Ipho}od:js_,somgtu_)n the C-Br bond fission event. This is the first study under
reactions of closed-shell species to the unimolecular dissociation . isionless conditions of the 1-propenyl radical unimolecular

reactions of free-radical isomers. New 'exp.erlmental .teChr."q_uesdissociation dynamics.
allow us to resolve competing isomerization and dissociation The GHs radical isomers, important intermediates in many
5 )

;ha?gerlizt% f Eg}ohidrrgfeagbopeéi?;?l ;ssorgefrjngzgle%ffrﬁlgfzzl chemical reactions such as those of combustion, soot formation,
pprop 9 P and others, are of much interest both experimentally and

ggﬁjrgyéh\g{[e;;:r'ggs ;%éh'sgggsr?:'%zg?;agy %Trsgge#gqninf(ﬁlethe.oretically. Seyeral investig.ations have prqbgd the reactigns
photolysis of the halocarbons by the internal energy imparted o_f internally exuted allyl radlca_ls un_de_r collisionless condi-
L - L 4 tions23 and the unimolecular dissociation of the 2-propenyl
to the radical in that primary €X bond-fission reaction, and radical was recently examined by Mueller et al. in their
then disperses the radical unimolecular dissociation prOdUCtSinvestigation of the 193 nm photodissociation of Z-éhloropro-
to identify how product br_anching changes as a function of penel4 In contrast, there are few studies that include an
internal energy in the radical. This key feature allows us to exploration into the isomerization and dissociation pathways
of the third noncyclic @Hs isomer, the 1-propenyl radical. Zhu
I%r\t/v%fotr?mecf)?reegal):\Sols:ﬁc;RéhSc)tglghsg Eeer:try Festschrift”. and co-workers studied the 193 nm photodissociation of
*Present addressp: Combustion Research Facility, Sandia National 1-Promopropene in a molecular beam. On the basis of their
Laboratories, Livermore, CA 94550. results, they proposed that isomerization of the 1-propenyl to
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the allyl radical occurs simultaneously with the photodissociation G,

reaction. However, the picture presented was inconsistent with 140 +HeHBr

the heats of formation of the reaction species that are now 120 / HC=CCH, +H 148 az9) 1154 B
known, and there have been no other experimental studies that L6 ma 8 123
focused on this radical under collisionless conditions before or 100980 C:’:;H GO CHy
since. A detailed kinetics study by Davis etfaxamined the = CHy e Sl
CsHs system, and in the theoretical work in that paper, they E g0 HHBr (P HCoCHCH “
calculated the critical points on the ground potential energy ;‘3 sod )

surface for isomerization and dissociation, as well as Rice B,O=CHCH, J
RamspergerKasset-Marcus (RRKM) parameters for the three 40

isomers. Our recent experimental work on the allyl and 259

2-propenyl radicals have supported these calculations, showing 209 HC=CCH, +HBr

that a previous experimental determinafiasf the allyl — o 00

2-propenyl isomerization barrier is too low by at least 15 kcal/ cis-BrHC=CHCH,

mol. The goal of the present work is to cleanly produce and Figure 1. Energy diagram for several of the important primary and
investigate the 1-propenyl radical with internal energies spanning secondary product channels in the photodissociatiarnsef-bromopro-

the critical range for possible reaction pathways of this third pene at 193 nm. The energetics and barrier heights for isomerization
CsHs isomer. Our data also determines for the first time the ©r bond fission of the ¢Hs radical system are taken from the work of

experimental lowest-energy dissociation barrier of this elusive Davis etal;and the energetics for-Br bond fission, HBr elimination,
. and H elimination are estimated from the values of heats of formation
1-propenyl radical.

of the reaction species taken from NIST Chemistry Webbdok.
We have found little reference to 1-bromopropene in the Energetics are calculated using the following literatfit sos values
literature, and other than the previously mentioned molecular without conversion ta\H; o« because the conversions were unavailable
beam study by Zhu et al., we did not find any information about for several speciesAHi(CsHsBr) = 9.7 kcal/mol; AHy(Br) = 26.74
the absorption spectrum or likely excited states of this molecule. kcal/mol; AHi(allyl) = 40.9 kcal/mol;AH(HBr) = —8.67 kcal/mol;
Because the bromine is attached to a vinylic carbon, we looked AH(CsHs) = 81.0 keal/mol.
to the literature on vinyl bromide for information on absorption
bands and potential energy surfaces for the unsaturater C
bond fission system. Vinyl bromide has been fairly well studie
both theoretically and experimentafly!! The A band of the
absorption spectrum of vinyl bromide has a strong=1.5 x
10717 cm?/molecule) maximum at 52 200 crhthat is assigned
to azr* — x transition!? although we would expect the bromine
atom to participate in the excitation as well. For comparison,
the absorption wavelength of 2-chloropropene, another molecule
for which a hydrogen atom is replaced with a methyl group,
did not significantly change from that seen for vinyl chloride,
so we expect that using 193 nm will access a similar transition
in 1-bromopropene as that seen in vinyl bromide. The first four
potential energy surfaces @ symmetry for C-Br bond fission
in vinyl bromide have been modefédn both the singlet and
triplet manifolds (without spirrorbit coupling), and when we
analyze our results in the discussion section of this paper, we
will refer to this calculation. Using recent theoretical calcula-
tions®14to find the heat of formation ofis-1-propenyl radical
along with other thermochemical dé&tdo estimate &D, for
the C-Br bond fission incis-1-bromopropene yielded a value
of 80.9 kcal/mol, which we adopted for analyzing these

secondary products from the dissociation of the vibrationally
d hot photoproducts. We carried out the experiments using the
" rotating-source, fixed-detector molecular beam apparatus on the
Chemical Dynamics Beamline at Lawrence Berkeley National
Laboratory’s Advanced Light Source (ALS). This apparatus is
a crossed lasemmolecular beam apparatus with the key feature
of using tunable VUV photons from the ALS to ionize the
neutral photofragments in the detector, rather than the more
traditional electron-bombardment method. Dispersing the radi-
cals produced in the primary photolysis step along with the
momentum-matched halogen atoms and the heavy product from
the C—H bond fission of each unstable radical gives a unique
advantage. It allows us to identify for each dissociation product
the internal energy of the nascent unstable radical that decom-
posed to give that radical decomposition product. This ability
results from the fact that products produced by H atom loss
from the initial photoproducts travel with essentially the same
velocity as their nascent parents. Therefore, because the arrival
time of the secondary product identifies the translational energy
of the radical from which it came, conservation of energy allows
us to deduce the internal energy of the dissociating species. The

experiments. (The value given is calculated for a reaction US€ Of the “soft” photoionization also largely prevents primary

temperature of 298 K because the data to determine the enthalp)photofragmgnts or radic_al gnir_nolecular dissociatic_)n produ_cts
of formation ofcis-1-bromopropenetd K is notavailable. See .from. f:ragklng in the ionization process, a"OW'r?g easier
Discussion for a clarification of the values used and error bars.) identification of Fhe negtral PrO.dUCtS formgd n thg primary and
After cleavage of the EBr bond, the nascent 1-propenyl formed secondary (radical) dissociations. Specmc details of the ap-
can then isomerize, dissociate, or both; as noted above theparatus at t.he ALS have been de§cr|bed elsewiere.

relevant energies and barrier heights of théi€system were The 9%cis-1-bromopropene/helium-pulsed molecular beam
calculated by Davis et al. We also looked for other possible Was generated by bubbling helium through a sample of liquid
photoinduced reactions such as HBr elimination. Figure 1 details Cis-1-bromopropene cooled to T to give a total backing

the energetics for the primary and secondary reactiorsef ~ Pressure of 760 Torr. The gas mixture was expanded through a

1-bromopropene excited at 193 nm that will be discussed in lightly heated (50°C) piezo valve with a nozzle diameter size
this paper. of 1 mm, operating at 100 Hz. There was no evidence of clusters

at the conditions used in these experiments. The parent beam

velocity was measured by directing the molecular beam straight

into the detector and either analyzing the shape of the “hole”
These experiments measure the recoil velocity distributions formed in the signal by the laserrate = 41 or raising a chopper

of fragments from the photodissociationa$-1-bromopropene  wheel into the beam and measuring the time of arrival of

excited at 193.3 nm. We also measure the arrival times of the 1-bromopropene molecules at an appropriate daughter ion as a

Experimental Section
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function of distance from the chopper wheel. Representative
beam velocities varied, with a typical peak molecular beam
velocity in the number density distributioN(z), for the beam
time-of-flight measurements of (13-:24.0) x 10* cm/s with a
velocity spread £uv/vpeay Of 16% with Av calculated from the

full width at half-maximum ofN(v).

The laser used in this work is a Lambda Physik LPX-200
excimer laser operating on the 193.3 nm ArF transition at a
pulse energy of 46 mJ/pulse. Because the absorption cross
section of 1l-bromopropene at 193 nm is unavailable, we
performed multiple power dependence studies in which the
intensity of the signal at various photofragments was measured
as a function of laser power. At the chosen range of pulse
energies, signal intensity increased linearly with laser power,
indicating that only one-photon processes contributed signifi-
cantly. The laser beam, focused & 2 mm x 4 mm spot,
intersects the molecular beam at an angle ¢f 80the plane
defined by the molecular beam and detector axis. Molecules
absorb light and dissociate, imparting recoil kinetic energy to
the photofragments, and a small fraction of the products scatter
into the detector, traveling 15.2 cm to the point where they are
ionized by tunable VUV radiation from the ALS. The charac-
teristics of the light source have been described in detail
elsewheré?® The photofragment time-of-flight spectra presented
in this paper were taken with a light source bandwidth of 4.5%
and the photoionization efficiency spectra and thie = 40
data at 10.0 and 10.8 eV with a 2.2% bandwidth. A gas filter
filled with 25 Torr Ar eliminates unwanted higher harmonics
of the undulator radiation. A MgFwindow was in place to
filter out any remaining high-energy photons when the probe
energy was at or below 10.8 eV.
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Figure 2. Time-of-flight spectra ofne = 82 (H*'Br") photoionized
at 12.5 eV at source-detector angles of &6d 30. The data, shown

in open circles, is fit by using the HBr eliminatid®(Er) shown in
Figure 3.

400

lons of the mass of interest are mass-selected using a

quadrupole mass filter and counted as a function of total flight
time from the interaction region using a Daly detector. The ion
flight time constant ofx = 5.42us/amd’2 (m/e = 41 data and
photoionization efficiency curve data fave = 40), . = 6.14
uslamid’2 (low-mass quadrupole, all other masses befoie

= 41), oro. = 6.85us/amd’2 (high-mass quadrupole, all masses
abovem/e = 41) was used to correct for the flight time/'mqn)

of cis-1-bromopropene was looked for but not seen, artHC
bond fission would produce fragments too heavy to recoil out
to the detection angles sampled. We also show evidence that
the Br atom is formed in the excitedRy,) spin—orbit state
from the C-Br bond fission product channels.

HBr Elimination from cis-1-Bromopropene at 193 nm and
Secondary Decomposition of the Nascent4El, Cofragment.

of ions through the mass spectrometer; note that figures showIn Figure 2, we show the time-of-flight (TOF) spectra of HBr,

total (neutral+ ion) flight times.

Results and Analysis

The data forcis-1-bromopropene excited at 193 nm indicate
that there are at least three competing primary product channels
HBr elimination and two & Br bond fission pathways leading
to 1-propenyH Br formation. One of the €Br bond fission
pathways is a channel in which a large amount of translational
energy is imparted to the recoiling photofragments (a “fast”

m/e = 82 (H*1Brt), collected for 15 000 laser shots using a
photoionization energy of 12.5 eV. The signal comprises a
single, broad peak from 120 to 3@8 and is fit by the forward
convolution method with thé®(Er) shown in Figure 3. This
P(Ey) is the translational energy distribution for the HBr and
jts momentum-matched cofragment in the center-of-mass refer-
ence frame. It extends to near 38 kcal/mol from a maximum
near 0 kcal/mol; peaking near zero indicates that the exit channel
dynamics in the HBr elimination process preferentially partitions
energy into internal energy of the products rather than into recoil

channel), and the other is a channel in which the photofragmentstranslational energy.

produced have higher internal energy and less translational
energy (the “slow” C-Br bond fission channel). After the initial

The cofragment to HBr elimination frowis-1-bromopropene
is a mass 40 product,s84 (allene, propyne, an unstable cyclic

photodissociation event, the nascent 1-propenyl radicals formedintermediate, or a biradical are all energetically allowed).

from C—Br bond fission can and do undergo secondary
dissociation when produced with enough internal energy, either
by C—C bond fission or by H-atom loss (potentially via
isomerization). Likewise, the 4B, cofragment in the HBr
elimination primary reaction also undergoes secondary decom-
position to give GHsz + H as final products. In addition, there

is a product channel described by the total reactigid=8r —

Br + H, + C3Hgz; we cannot definitively determine whethep H
elimination occurs from the ££1sBr molecule (followed by swift
C—Br bond fission) or from hot mass 41 radicals formed after
the C-Br bond breaks in the parent molecule-C bond fission

However, the reaction 48isBr — HBr + CgsH, in which the
cofragment is propyne (or allene) requires only 25.9 (27.1) kcal/
mol (calculated using heats of formation at 298 paving
~122 kcal/mol (147.9- 25.9 kcal/mol) available for internal
energy of the two reaction products. Loss of H atom from
propyne requires 88.7 kcal/mol (from allene the value is lower
by 0.9 kcal/mol). Thus, the nascengHy formed has enough
internal energy to undergo secondary H atom loss over very
nearly the whole range of translational energies produced, within
the 2-3 kcal/mol error bars inherent in forward convolution
fitting and allowing for a small amount of internal energy of
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Figure 3. Product translational energy distributioR(Er), for HBr = o &a°
elimination in the 193 nm photolysis ais-1-bromopropene derived 2 o.6F 9% \°Q’ (b)
from forward convolution fitting of the signal in Figure 2. The top s 4 &m
x-axis shows the translational energy, and the bottom axis shows the & ¢ 4} a .0
internal energy partitioned to the photoproducts with each kinetic energy = of %’v
release for HBr elimination calculated froB fragmens= hv — AH — Z o.2f Q’%

Er = 147.9— 25.9 kcal/mol— Er fragments(With the AH estimated from

K
298 K heats of formation of all species because hK heat of of m

formation was unavailable for the precursor).
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Time of flight, t (us)

the parent molecule (2 kcal/mol). If instead the nascent mass
40 product remains stable to secondary dissociation and is _ )
detected atr/e = 40, it should be significantly vibrationally ~ Figure 4. Time-of-flight spectra ofive = 40 (GHa") taken for 100 000
excited. Figure 4 shows the TOF spectra takemét = 40 Ia_lser shots at a source-detector angle ¢f Data are shown in open
CaH lected at _detect le of 15 100 000 circles. The top spectrum shows data taken at 10.0 eV, below the 10.36
(CHa™) co ec_e a as‘?urpe _e ec ora_ngeo eV literature ionization onset of propyne but above the 9.69 eV
laser shots using photoionization energies of 10.0 and 10.8 eV.jgnization onset of allene. The bottom spectrum was taken with a
There are two peaks evident. Should the signal at this massphotoionization energy of 10.8 eV. The fast peak is primarily daughter
contain a significant contribution from the HBr elimination ion cracking from stable mass 41 radicals produced by8€bond
cofragment GH, it would primarily be buried in the slow peak ~ fission thatimparts a large amount of translational energy into product
visible at this mass-to-charge ratio. Fits to these spectra will be '€¢0il- The slow peak is fit with only the RRKM-like detlashed slow

: . - : - C—Br bond fissionP(Er) shown in Figure 8 that peaks at zero and
explained in detail in the section on the-8r bond fission extends to 24 kcal/mol. Note that a small amount of mass 40 product

reactions ofcis-1-bromopropene, but we point out now that resyiting from HBr elimination could be included without significantly
integrating the data over the time window 10080 us as a altering the fit, but as explained in the text, anyHG formed in the
function of ionization energy provided us with a photoionization HBr elimination channel would be expected to be significantly
efficiency curve (PIE curve), which shows the contribution to vibrationally excited. The PIE curve shown in Figure 5 does not indicate
these spectra from thezB4 product in the HBr elimination that such a species is a significant product. A small amount of signal

. . . . resulting from C-H fission of the fast, unstable 1-propenyl radicals
reaction ofcis-1-bromopropene is small; most of thekt from formed in the high kinetic energy-€Br bond fission pathway (Figures

HBr elimination is formed with enough internal energy to  gang 9) could also be included within the signal-to-noise, but including
dissociation to gHz + H. This is easily seen upon considering a significant fraction near-threshold dramatically overfits this spectrum.
the PIE curve for the signal arriving in this time window, which  Thus, it is clear that the €C bond fission channel of the nascent

is shown in Figure 5a and includes PIE curves of pure allene 1-propenyl radical turns on first (consistent with the barrier height
and pure propyne taken by Mueller etlalinder similar prediction of Davis et al.) and is the dominant secondary decomposition

e hannel for these fast radicals. Because the m@= 40 spectra at
.Con?kllﬂons OE ttheds.am.e Qppar%tuts. PIE purves ha\{ibgfe}n usffuio.o and 10.8 eV photoionization energy are identical except for the
In other work to discriminate between isomers with different rg|ative heights of the peak resulting from daughter ion cracking of
ionization onsets; here, we use the data to determine the extentast stable 1-propenyl radicals, the branching ratio betweeH Gond
of vibrational excitation of the mass-selected product. One can fission from the 1-propenyl radical to form propyne and isomerization
see immediately that the contribution to this curve from hot to the allyl radical (followed by H atom loss to give allene) must only
allene formed in the HBr elimination pathway, if any, must be Pe _\llve_aklyfdﬁpelrgdgnt 8”1ct)h§ |{1/terna| en_erg}/ of the radical. h(TEe

. . : : similarity of the .U an .8 eV spectra is also consistent with the
tehxt;en;etlg small: tne |on|za(;|0trll onset ar_1d cutrvatgrehrgsgmkl)le products being dominated by allene, but the PIE curve in Figure 5
at of the pure allene, and the curve is not red-shifted. (In jngjcates that significant branching to propyseH occurs.)
contrast, GH4 produced from HCI elimination in allyl chloride,
some of which is formed with low enough internal energy to amount, particularly of the fragments with higher translational

be stable to dissociation to proparglylH, shows a dramatically ~ energies, could be included without significantly altering the

red-shifted PIE curve with an onset just below 8.5%\rhus, fit. Also, we note that if a larger fraction of thesB4 remains
most of the nascent #,4 produced in the HBr elimination  stable to secondary decomposition, theB? bond fission fits
channel undergoes secondary dissociation to proparghi. used for this mass could be altered (at the same time increasing

However, some of the 81, produced in the small higher kinetic ~ the C-Br bond fission products that showrate = 39) so that
energy tail of the HBr eliminatio(Er) might survive second-  more contribution from this HBr channel could be included at
ary dissociation. Although the data in Figure 4 is not fit with this mass without significantly affecting the conclusions in the
any contribution from this HBr elimination channel, a small rest of this paper.
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: . e Figure 6. Time-of-flight spectra ofwe = 39 (GHs") taken for 10 000
9.2 9.6 10 10.4 10.8 laser shots at a source-detector angle ¢t Tita are shown in open
ALS Photon Energy (eV) circles, and overall fit is in thin solid line. The fast peak is fit as daughter
ion cracking of the stable mass 41 radicals (solid line portion of the
fast P(Er) shown in Figure 8). This assignment is confirmed by the
increase in the relative intensity of this fast peak as ionization energy
is increased. The slow peak is fit as the sum of contributions from two
channels, HBr elimination that produces unstable mass 40 products
that undergo €H bond fission to give propargyl radicals (thick solid
line) and GH3 products from the reaction BrHE&CHCH; — CgH3 +

i Br + H, (dotted line).

.S(propyne) + .5(allene)

.25(propyne)
B +.75(allene)

- allene/propyne from' ~8.6 eV, near the 8.67 eV literature ionization onset of
1-propenyl radical i propargyl radical. This PIE curve also resembles closely the
" decomposition curves seen for the mass 39 secondary products produced from
(100-180_s) the primary photodissociation reaction products of allyl chloride

.75(propyne) | and 2-chloropropene, in which both were assigned as production

counts (m/e=40 from cis-1-bromopropene)

+.25(allene) of propargyl+ H.-2
(b) C—Br Bond Fission Reactions ofcis-1-Bromopropene at
AT T T I 193 nm and Secondary Decomposition of the Nascent
92 94 96 98 10 102 104 106 108 1-Propenyl Radical. In Figure 7, we show the time-of-flight
ALS Photon Energy (eV) (TOF) spectra of Br atomsye = 79 (Brt), collected for 30 000
Figure 5. Photoionization efficiency (PIE) curvedlj for mass 40 laser shots using photoionization energies of 11.5 and 15.5 eV.

products (a) frontis-1-bromopropene detected at source-detector angle Two peaks are clearly evident, one a narrow peak centered at
of 15° with 50 000 laser shots taken at each ionization energy step. approximately 14Q:s and the other a broad slow distribution
Data points are shown with error bars and with straight-line extrapola- extending from~150 to ~250 us. In Figure 8, we show the
tions to guide the eye. PIE curves of neat allene and neat pro@yne (- photofragment recoil translational energy distributions, the

and A, respectively) taken under similar conditions are provided for ) . . s _
comparison, reproduced with permission from the work of Mueller et P(Ex)'s, obtained by forward convolution fitting of the/e

al Data are corrected for VUV energy. The 1-bromopropene data was /9 TOF spectra. Note that the higher translational enB(gy)
normalized to bring it on scale with the data of Mueller et al. The (Shown in overall thick solid line) is further broken down into
onset of the photoionization curve of the mass 40 product resemblestwo different components (thin solid line and dashed line). We
closely that of the cold allene and thus cannot contain a significant show the two components rather than combining them into one
amount of vibrationally excited allene. Panel b shows a comparison of hecause the thin solid line part of the f&E) describes the

data () with three curves, each a linear combination in which we have o) of the G-Br fission reactions that releases the largest
weighted the contribution of both allene and propyne. The curve

composed of 50% allene and 50% propymg fits the data much better  @mount of energy into product recoil, leaving the nascent
than the pure allene or pure propyne curves. This ratio between a||enemomentum-matched mass 41 photofragments, the l-_propenyl
and propyne products is not well-determined, however; using a 3:1 or radicals, with low enough internal energy that they remain stable

a 1:3 ratio also adequately fits the data. and are detected at/e = 41. The TOF spectra afve = 41
(CsHst) shown in Figure 9 are thus fit only with this (thin solid
We show in Figure 6 the TOF spectrum takenmé¢ = 39 line) portion of the fasP(Er) used to fit them/e = 79 data.

(C3Hs"), collected at a source-detector angle of fidi 10 000 The energy available for translational and internal energy of
laser shots at an ionization energy of 10.8 eV and fit with the C—Br bond fission products of 1-bromopropene at 193 nm is
total HBr eliminationP(Er) as well as contributions from other  67.0 kcal/mol (using enthalpies at 298 K and assuming no
processes (which will be discussed in the next section). The internal energy of the parent molecule). Because the lowest
whole HBr P(Er) is required to fit the data at this mass, observed total recoil translational energy-Br fission that
indicating that the nascent mass 40 products from the HBr produced stable 1-propenyl radicals 4225 kcal/mol, these
elimination fromcis-1-bromopropene over the entire range of radicals could then have internal energies as high as 42 kcal/
translational energies produced all undergo secondary dissociamol (we assign error bars at2 kcal/mol, which include
tion to mass 39+ H. The mass 39 product is likely propargyl accounting for possible forward convolution fitting errors as
radical; the PIE curve taken a¥e = 39 over a time window well as errors in the heats of formation used to calculet)
corresponding to the slow peak shows an ionization onset atif they are produced with a BPRz,) cofragment. At first this
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Figure 7. Time-of-flight spectra of Br atomsyve = 79 (Br), collected at source-detector angles of &hd 30 for 30 000 laser shots using
photoionization energies of both 11.5 and 15.5 eV. The fast narrow peak centered at approximatedyisidOwith both parts of the fag®(Er)

shown in Figure 8. This faf¥(Er) has been decomposed into two portions, the Br atoms that are momentum-matched to stable 1-propenyl radicals
and Br atoms that are momentum-matched to near-threshold, unstable 1-propenyl radicals. The broad slow distribution extendld® from
~250 us is fit with the two slowP(Er)’'s shown in Figure 8. The relative probabilites used to weight the four contributions to this spectrum,
[channel giving fast stable mass 41 cofragments]/[channel giving fast unstable mass 41 cofragments]/[low kinetic energy channel with unstable
radicals producing mass 40 cofragments]/[low kinetic energy-HBr + C,Hs channel], were 0.5:0.2:0.1:0.13.

might seem to be contradictory to the data presented by DavisThen, accounting for this 10.5 kcal/mol of internal energy in
et al. (see Figure 1): 1-propenyl radicals look to be surviving the Br @Py;) atom shows that the higher internal energy
with internal energies well over the dissociation barrier of 33.0 1-propenyl radicals that are stable to unimolecular dissociation
kcal/mol to produce acetylene and methyl! However, if the Br have an internal energy of 314& 2 kcal/mol, in excellent
atom is formed in its spirorbit excited state, BréPy/,), 10.5 agreement with the lowest-energy barrier of the 1-propenyl
kcal/mol of the available energy from the dissociation reaction radical calculated by Davis et al. Note that while the slowest
is partitioned to internal energy of the Br atom. Subtracting 10.5 signal in the 15.5 eV spectra is slightly underfit, it is not a
kcal/mol from the energy maximum then puts the truncation consistent problem that can be solved by postulating the
point for the solid line part of thB(Er) that describes the stable  formation of Br in both ground and excited states. There are
1-propenyl radicals at almost exactly the barrier height feiGC two possible sources for this unfit signal seen in the spectra
fission calculated by Davis et al. Any radicals formed in the taken with the higher ionization energy: either a small amount

fast channel with translational energy less tha2b kcal/mol of clusters or a small amount of daughter ions from mass 80
thus have enough internal energy to undergo secondary dis-(HBr) crack to give signal at these slow times of arrival.
sociation and so do not give signalrate = 41. The possible Looking back at the slow translational energy peak seen in
secondary dissociation reactions of thegeléyadicals will be them/e = 79 data in Figure 7, we see that it is fit by the two
presented and discussed shortly. P(Er)’'s in Figure 8, which extend from 0 to 23.5 kcal/mol

To see whether we are indeed forming bromine in its first (shown in dotted line and detdlashed line). (We explain shortly
excited spin-orbit state, we tuned the photoionization energy why we separate the low translational energy channel into two
to take spectra at 11.5 eV, below the ionization onset for ground- contributions.) There is no signal atve = 41 (Figure 9)
state Br atoms (11.8 eV}}, and at 15.5 eV. This second corresponding to times of arrival of a mass 41 product from
ionization energy is above the 15.2 é$ ionization threshold this channel; mass 41 radicals that would be momentum-
state of B, potentially eliminating any problerisarising from matched to the slow bromine atoms are all produced with
the possibility that ground- and excited-state Br atoms have enough internal energy to undergo secondary dissociation and
different ionization cross sections. For example, | and I* were so are detected at the secondary product masses. There are
seen to have different ionization cross sections when ionized several possible secondary channels of the 1-propenyl radical,
with near-threshold radiation in the study on the photodisso- H-atom loss to form propyne- H, isomerization to another
ciation of allyl iodide by Szpunar et &.Because the 11.5 eV  CzHs radical isomer (followed by H-atom loss),<C bond
spectra and the 15.5 eV spectra are the same within signal-to-fission resulting in acetylené- methyl radical, and possibly
noise, not shifted to slower arrival times when only BPy()) H, elimination yielding GHz + Ha, that are energetically
is detected, we conclude that-®r fission forms primarily available and potentially viable. Figure 4, introduced previously
bromine in its excited spinorbit state, an unexpected result. in the section presenting the results of the HBr elimination
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Figure 8. Photofragment recoil translational energy distributions,
P(Er)’s, obtained by forward convolution fitting of the/e = 79 TOF 50 ! 0_0 ! 5_0 200 250 300
spectra. The fasP(Er) has been decomposed into two parts, the Br Time of flight, t (us)

atoms that are momentum-matched to stable 1-propenyl radicals (thinfFigure 9. Time-of-flight spectra of'e = 41 (GHs") taken for 100 000
solid line), which give signal atVe = 41 (see Figure 9), and Br atoms  |aser shots at source-detector angles &faf 30. Data are shown in
that are momentum-matched to near-threshold, unstable 1-propenylopen circles. The single peak is fit with the solid line portion of the
radicals (dashed line). The energy at which the diyision between the fastP(Er) shown in Figure 8. The truncation of t¢Er) at ~25 kcal/

two parts of the fasP(Er) occurs is the energy at which the f&Er) mol has error bars af1 kcal/mol determined by varying the truncation
needed to be truncated to fit théfe = 41 data. The two slow(Er)'s point and then examining the fit to the data. This energy cutoff for
describe two different processes @$-1-bromopropene excited with  1-propenyl radicals to remain stable to secondary dissociation is
193 nm light, both of which give slow Br atoms. The dalashed line  consistent with the barrier height to-C bond fission calculated by
P(Er) is the translational energy distribution that describes-eBC Davis et al. should the Br atom formed be in the excited -spitbit
bond fission channel, which produces slow Br atoms and unstable state ¢P,).

1-propenyl radicals that undergo-E1 bond fission (either directly or

after isomerization to the allyl radical). The dotted liR¢Er) is an H atom signal (the sum of the two low translational end?{f)'s
elimination channel. We have constructed this dotted IR{(&r) shown in Figure 8) to fit the slower signal afe = 40. This,
assuming that the Helimination is a primary process of the parent however, unquestionably overfit ta/e = 40 signal. If all of

molecule excited with 193 nm light, followed by fast-®r bond fission the slow bromine atoms fit by the total sIo(Er) needed to

of the GH3Br coproduct that partitions the kinetic energy to the Br . - o
product. However, we could construct the dotted R¢Er) by assuming fit the data atm/e = 79 were produced by €Br bond fission

the H; elimination occurs from nascent hot 1-propeny! radicals formed Of thecis-1-bromopropene, then some of the 1-propeny! radicals
in an initial C—Br bond dissociation event, and the fit to the data does formed from C-Br bond fission dissociate by a different

not significantly change. pathway than €H fission. Because it is possible that the slow
signal atm/e = 79 arises from more than one channel that
reaction, shows the TOF spectra takenmée = 40 (GH4™) overlap to give a total slow mass P§Er), only one of which

using photoionization energies of 10.0 and 10.8 eV. (The reasonproduces mass 40 products, we fit thée = 40 signal with the

for presenting the two ionization energies will be explained dot—dashed lineP(E7) shown in Figure 8. To do so, we
later.) There are two peaks evident. The fast signal was easilyhypothesized that the total slow-®r bond fissionP(Er) that

fit by using the solid line portion of the high translational energy we originally used to fit the slow data in Figure 7 must be the
P(Er) in Figure 8, indicating that this signal results from sum of at least two individual components, one of which fits a
daughter ion cracking of the neutral, stable (to secondary secondary dissociation channel of the 1-propenyl channel that
dissociation) mass 41 radicals. Using photoionization energy gives signal atn/e = 40 and one of which does not. Then the
rather than electron bombardment largely eliminates daughterdifference portion of the slow?(Er) found by subtracting the
ion cracking, yet @Hs radicals have been shoto crack under portion of theP(Er) that fit the slow signal aitnwe = 40 from
even these soft ionization conditions. And indeed, this fast peak the total low kinetic energyP(Er), which fit all of the slow

in them/e = 40 spectra is fit well with th€(Er) used to fit the signal atm/e = 79, should then fit data at another possible mass
stable 1-propenyl radicals im/e = 41. In addition, the such asm/e = 39, and indeed, the difference portion of the
contribution of the fast peak at/e = 40 decreases with  P(Er), shown in dotted line in Figure 8, is required to completely
increasing ionization energy, indicating that as ionization energy fit the slow peak in thew/e = 39 signal (see Figure 6, shown

is increased cracking tove = 39 increases, as would be previously in the section on HBr elimination fromis-1-
expected. To fit the slow signal and so to assess whether thebromopropene). This channel must arise from a different reaction
1-propenyl radical from the low kinetic energy—-®r bond pathway that produced low kinetic energy bromine atoms. We
fission channel unimolecularly dissociates by & fission, we will present our full analysis of this reaction channel later in
first tried using a slow mass 7Er) that fit the total slow Br this section, but we note here that the dotted-R(Er) shown
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for this reaction in Figure 8 and used to fit the data in Figure
7 was constructed by momentum-matching mass 79 to mass m/e = 26, (C,H,")
39; we believe that KHelimination occurs from the parents- oor
1-bromopropene molecule. The nascegiti§Br formed in the 500 15°,12.5eV
elimination reaction then undergoes-8r bond fission to yield
CsH3 + Br with little energy imparted to product translation. 2400
Returning to thew'e = 40 spectra, we now outline how the 3
data shows that the lowest-energy dissociation channel of © 300
1-propenyl radical is a €C fission pathway. First, we needed
to verify that the daughter ion cracking of thée = 41 radicals 200
was the source of the fast signalnale = 40; the signal at these 100
arrival times of them/e = 40 products could arise from other
possible sources such as mass 40 products produced from the 0 loo—asst
unstable fast 1-propenyl radicals. Thus, we tried unsuccessfully
to include the dashed line portion of the f&Er) in Figure 8 100k
when fitting them/e = 40 spectra. While the signal-to-noise 15°. 10.8 eV
and the overlap of different product channels, including a 8ok >
possible (though small, as already explained) contribution from i
HBr elimination from cis-1-bromopropene, which yields a ‘g‘ t
cofragment of mass 40, make it impossible to identify exact 3 ©°f
branching ratios, any contribution to thée = 40 spectra from
the dashed-line portion of the faBfEr) would need to be quite ao0r
small. With this, we established that production of mass 40
secondary products could not turn on at the threshold energy 201
for secondary dissociation (the energy where the 1-propenyl I o o o
radicals first become unstable). Therefore, this enabled us, at 0, "%, o0 15 oy o o e 00

the same time, to ascertain that the secondary decomposition .
by C—C bond fission, with a calculatédarrier lower by a few Time of flight, t (ks)
kcal/mol than the isomerization and H-atom loss barriers, turns Figure 10. Time-of-flight spectra ofive = 26 (GH"), top, andm/e

on first for the hot 1-propenyl radicals formed in the 193 nm = 1|5 (C:blgv tZIE’rtltom' Itaken fordSO 000 laser ShOtz "’t‘t za}_fcitﬁrce-ddet(tectpr
photodissociation o€is-1-bromopropene. angle ot 13. The only seécondary process usec 1o fit these data 1s

secondary dissociation of the portion of the fastEB bond fission

Thus there are at least two primary—8r bond fission channel that gave dissociatiuge = 41 radicals (the dashed line portion
channels otis-1-bromopropene excited with 193 nm light that  of the fastP(Ey) in Figure 8). All other signal was fit by assuming that
give signal atm/e = 79: one that produces fast Br atoms and it arises from daughter ions of hat'e = 41 andnve = 40 radicals
mostly siable 1-propeny! radical vith secondary dissociation 12ckig under onizan. T longdashed e nboth specta i the
of the 1-propenyl turnlr_lg on_at transl_atlo_nal energl_es_ less than distribution is daughter ion cracking from hotH, products from
~25 kcal/mol and one in which low kinetic energy IS imparted primary HBr elimination, and in theve = 15 spectrum the additional
to the photofragments and all of the 1-propenyl radicals formed contribution to the fit appearing as a sharp small peak shown in solid
undergo secondary reactions such that no signal is semfeat line is attributed to daughter ion cracking from hot stable mass 41
= 41 from these radicals. (In addition, there is a third reaction radicals so is calculated from tiREr) that fit them/e = 41 spectrum.

channel that produces slow bromine atoms and mass 39ecoil in C—C fission of the nascent 1-propenyl radical. Note
products, which may be a primary-®r bond fission channel,  that the fit to the signal described by this distribution is relatively
but as will be explained later, we believe these slow Br atoms insensitive to the shape of the distribution and thus the secondary
to actually be the products of a secondary®r bond fission ~ C—C bond fissiorP(Er) is not well-determined by this process.
reaction.) The truncation seen in the f&Er) occurs right at  TheP(Er) input for this secondary dissociation event is shown
the internal energy necessary to break theGQCbond in the in Figure 11. ThisP(E7) fit the fast edge of then/e = 26 (and
1-propenyl radical, and examining the spectramé = 26 m/e = 15 spectra) quite well. To fit the portion of the slower
(CoH2™) andm/e = 15 (CHs*), shown in Figure 10, we see  signal that remained, we assumed that thd{produced from

that there is in fact signal at times of arrival corresponding to the dissociation of the nascent ho§HG formed in the HBr
C—C bond fission of the 1-propenyl. As explained above, the elimination reaction o€is-1-bromopropene would have enough
comparison of then/e = 40 andm/e = 79 TOF spectra shows internal energy to undergo cracking at this higher photoioniza-
that the C-C fission products come from radicals with near- tion energy to GH,". Propargyl radical has a literature ionization
threshold energy formed in the fast primary channetisfl- onset of 8.67 eV, so 12.5 eV is expected to exceed the
bromopropene. Fitting the -€C dissociation pathway of the  appearance energy obi," from propargyl. Indeed, using the
1-propenyl radical involves forward convolution fitting of the HBr P(Er) fit the remaining signal atn/e = 26 quite well. It
primary dissociation event, which produced the unstable but did slightly overfit the fast side of the slower signal, but allowing
near-threshold 1-propenyl radicals that underwent dissociationthe amount of cracking to decrease as the amount of translational
to give mass 26 and 15 (indicated by the dashed line part of energy partitioned in the primary HBr elimination increases (thus

the fastP(Er) shown in Figure 8) followed by fitting a recoll
kinetic energy distribution involved in the secondary-C
fission of these unstable radicafEnergy conservation dictates

leaving less energy for internal energy of the product that cracks
to this mass) allowed us to obtain the good fit to the spectrum
shown in Figure 10. Another possibility is that some surviving

that the secondary dissociation has a total available energy rangéot GsH,4 produced in the primary HBr elimination cracked in

for the secondary product recoil that spars2@ kcal/mol and
depends on the kinetic energy imparted in the primary product

the ionizer to give mass 26 and 15; appearance energies of mass
26 and 15 from propyne are ontyl5 eV. The data would be
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1-propenyl radical, propyne (H&CCHs) and allene (HC=C=
CH,). To try to determine the product(s) formed from the
1-propenyl radical that give signal mfe = 40, we took data at
both 10.0 and 10.8 eV as well as the photoionization efficiency
curve shown in Figure 5a. The literature value for the ionization
onset of propyne is 10.36 eV, as compared to the literature
ionization of allene of 9.69 eV. If we are making primarily
propyne from the 1-propenyl radical, as would be suggested
by the lower barrier height to €H bond fission as compared

to the isomerization barrier shown in Figure 1, the leading edge
of the slow peak in the spectrum photoionized at 10.0 eV, below
the ionization energy onset of propyne, should be reduced from
that in the spectrum taken with 10.8 eV photoionization energy.

. . . N These spectra, shown in Figure 4, are very similar, however,
Figure 11. The secondary recoil translational energy distribution, the .~~~
P(Er), obtained by forward convolution fitting of the/e = 26 TOF indicating that both allene and propyne are formed from the
spectra. Fitting this dissociation pathway of the 1-propenyl radical hascent 1-propenyl radical at internal energies at whietHC
involves forward convolution fitting of the primary dissociation event, bond fission begins to compete with—C fission. While the

which produced the unstable but near-threshold 1-propenyl radicals magnitude of the slow peak seems to change with respect to
(indicated by the dashed line part of the fB¢Er) shown in Figure 8) — the fast peak, as explained previously, this is due solely to the

followed by fitting a recoil kinetic energy distribution involved in the PR - ; _ :
secondary €C fission of these unstable radicals. Energy conservation reduction in daughter ion cracking ‘e = 40 that occurs with

dictates that the secondary dissociation has a total available energyiCr€asing ionization energy (more mass 41 product cracks to
range for the secondary product recoil that spang®Okcal/mol and e = 39 instead). There is no difference in signal intensity
depends on the kinetic energy imparted in the primary product recoil between the two spectra at different ionization energies in the
in C—C fission of the nascent 1-propenyl radical. Note that the fit to time window corresponding to the internal energy of the
the signal described by this distribution is relatively insensitive and dissociating fragment where loss to propyne would be energeti-
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thus this secondary-€C bond fissiorP(Er) is not well-determined by
this process.

fit in the same manner with this assumption. An attempt to use

the slow BrP(Ey) that gave dissociative mass 41 momentum-
matched products, which gave signalmrae = 40 (the dot
dashedP(Er) in Figure 8), to try to fit the slow signal at this
mass-to-charge ratio (and mte = 15) was unsuccessful. This
shows that the contribution to this mass from daughter ions o
these products is small.

The spectrum of the mass 15 product, the momentum-

matched partner to the mass 26, was fit similarly. However, it

also shows a sharp peak at the expected time of arrival of
daughter ions of mass 41 products produced in the channel tha
imparts high translational energy to the photofragments; this

m/e = 15 spectrum is thus fit with a total of three distributions.

cally allowed and isomerization followed by H atom loss to

make allene would not be energetically allowed according to
the barrier heights calculated by Davis et al. Examination of
the PIE curve of the mass 40 product (Figure 5) shows that the
curve looks very similar to that of a linear combination of cold

allene and cold propyne. In Figure 5b, we show a comparison
of the experimental PIE curve with PIE curves constructed using

¢ different linear combinations of cold allene and propyne; one

can see that the curve formed of roughly equal amounts of allene
and propyne best reproduces the experimental data. We also
point out that thewe = 40 TOF spectra at 10.0 and 10.8 eV
are identical in shape indicating that if both allene and propyne

are formed the branching ratio between & bond fission from

the 1-propenyl radical and isomerization to the allyl radical
(followed by H atom loss to give allene) is only weakly

The fast signal, fit in dashed line, is the mass 15 cofragment dependent on the internal energy of the radical at these higher

from the secondary €C fission of the unstable 1-propenyl

radical so is fit by the same two-step process as the fast signal

internal energies.
Now we will examine the low kinetic energy bromiréEr)

in the m'e = 26 spectrum, described by the dashed part of the that does not fit signal at/e = 41 orm/e = 40 but only atwe

fastP(Er) in Figure 8. A second distribution is fit with the stable
portion of the fastP(Er) shown in Figure 8 (thin solid line)
corresponding to the stable/e = 41 products from the fast
C—Br bond fission channel undergoing daughter ion cracking
to CHs™ in the ionizer; the third distribution is constructed from
the HBr P(Er) shown in Figure 2 but modified to allow the
higher translational energy portion of the full HB(Et) used

= 39. We postulate it to be aj€limination channel, ¢HsBr

— Br + H, + CzHa. The fits shown (Figures-68) are calculated
for a process in which Helimination occurs as a primary
photolysis reaction of €4sBr and the nascent4E3Br product

all unimolecularly dissociates tos83 + Br with little further
release of energy to product recoil. However, we can obtain
equally good fits to the data assuming the élimination to

to be gradually reduced as translational energy increases (andesult from a two-step process in which primary-Br bond

thus internal energy of the nascent hojHg/CsH,4 products

fission results in nascent 1-propenyl radical formed with enough

decreases, decreasing the amount of daughter ion cracking tanternal energy to overcome an expected high barrienttoss.

m/e = 26 and 15 from this channel).

We now focus on the fraction of the nascent unstable
1-propenyl radicals formed in the low kinetic energy Br bond
fission channel that undergo secondaryCbond fission (rather
than C-C bond fission) to give signal at/e = 40. These are
identified by signal atn/e = 40 that has the same arrival times

To attempt to discriminate between the two possible H
elimination pathways, we did check for signalrate = 118
(C3H3Br™), one of the momentum-matched fragments that would
result from the reaction BrHECHCH; — CgHsBr + H,. We

did not see any signal at this mass-to-charge ratio; however,
unless a large amount of energy is partitioned into product recoil,

as signal from the unstable radicals that are momentum-matchedve would not be able to see this heavy product at the source-

to the C-Br bond fissionP(Ey) fit by the dot-dashed line

detector angles sampled. Thus, we cannot determine whether

shown in Figure 8. There are two noncyclic mass 40 products the Br + H, + CsHs products are formed via primary ;H
energetically available from the secondary dissociation of the elimination prior to C-Br bond fission or as an elimination
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from the 1-propenyl radical. We can assert, however, that the

CsHs molecules observed at'e = 39 fit as the dotted curve
came from an KHelimination process, not as two sequential H
atom losses by €H bond fission events. €Br bond fission

of cis-1-bromopropene plus secondary dissociation to the lowest-

energy mass 40 product from 193 nm excitation cig-1-
bromopropene requires 80+930.3= 111.2 kcal/mol of energy,
leaving only 36.7 kcal/mol to be partitioned into internal and

Morton et al.

Using this estimated bond energy to derive the energy of the
lowest dissociation barrier from our data gives

barrier to - fission — [ — Do —
(E; cutoff for stable 1-propenyh- AEg.. g,

= 147.9— 80.9— ~25— 10.54 kcal/mol
= 31.5+ 2 kcal/mol

translational degrees of freedom. Therefore, sequential loss of
a second H atom from thesB4 secondary product to gives83
+ H is not energetically possible. We attempted to further When the heats of formation of the relevant species are available
characterize this channel using datanae = 2 but were at 0 K, one should insert those in the above calculation to arrive
unsuccessful. To do so, one can detegtftdm the 193 nm at a more accurate determination and use 24 kcal/mol dsrthe
photolysis ofcis-1-bromopropene in a molecular beam in a cutoff because that is more appropriate for the parent molecules
Rydberg time-of-flight apparatus. Also an ab initio calculation With less than average internal energy (the mean internal energy
of the transition state for Helimination from the 1-propenyl  of the parent molecules is about 2 kcal/mol at this nozzle
radical can identify whether it is too high in energy to compete temperature).
effectively with bond fission channels, in which case attributing ~ As stated above, the lowest-energy dissociation channel of
it to elimination in 1-bromopropene is correct. the 1-propenyl radical is a-©€C bond fission channel producing
acetylene and methyl products. The fast velocities of these
unimolecular dissociation products would be unexpected if we
did not take into account the rotational kick imparted by the
Unimolecular Dissociation Channels of Nascent 1-Prope-  C—Br bond fission process. Loss of a bromine atom frcis
nyl Radicals. The most important results from these studies 1-bromopropene imparts considerable angular momentum to the
are the first good experimental data on the unimolecular 1-propenyl radical, and as seen in the photodissociation study
dissociation channels of the 1-propenyl radical. There are threeof allyl iodide '8 the centrifugal force raises the barrier for-@
firm conclusions: (1) the lowest-energy dissociation barrier of bond fission. Because total angular momentum must be
the 1-propenyl radical is experimentally determined for the first conserved, any angular momentum not appearing in rotation of
time and is in agreement with the lowest-energy barrier the products must appear in the orbital angular momentum of
calculated at the G3 B3LYP level of theory by Davis et al.; (2) the scattered fragments = uvreb whereu is the reduced mass,
the lowest-energy dissociation channel of the 1-propenyl radical vy is the center-of-mass velocity, ahds the impact parameter.
is C—C bond fission; (3) at higher internal energies at which However, G-C fission of the 1-propenyl radical involves a
C—H bond fission begins to compete effectively with-C much larger and a largeb than C-H fission at the central
fission, the isomerization pathway to allyl radical is also opened, carbon, so an increase iRy can allowL = uweb to account
so the experiment detects a combination of propyne and allenefor much of the angular momentum without requiring the
secondary products. products to be highly rotationally excited. This explanation may
When comparing our data to the theoretically calculated account for why the secondary mass 26 and mass 15 products
lowest-energy dissociation barrier, it is important to be explicit produced by the €C bond fission process have larger velocities
as to which are our experimental determinations and which arethan we would otherwise expect. It also suggests that the
derived quantities. Our work shows clearly that the 193 nm branching to the €C fission channel at energies at which the
photolysis of 1-bromopropene produces stable 1-propenyl radical C—H bond fission channel is energetically allowed may be even

(including our experimental uncertainty).

Discussion

when the kinetic energy release in the-Br bond fission is
>26 kcal/mol and produces 1-propenyl radical unstable+t&C
bond fission when the kinetic energy release<i4 kcal/mol.

A more precise derivation of a lowest-energy barrier from these
experimental observations is dependent on a goe@iCbond
energy of cis-1-bromopropene; here, we had to rely on an
estimated value for thAH; of 1-propenyl. The values used, all
enthalpies at 298 K, were as follows: we used the reaction
pathway ofcis-1-bromopropene— allyl + Br atom— 1-pro-
penyl + Br atom, such that

D,(C—Br) = AH,(allyl)'* + (difference in zeroth
energy level heights between allyl radical and 1-propenyl
radicalf + AH; (Br)'® — AH, (Z-1-bromopropenéj
=40.9+ 0.7+ 23.0+ 26.7384+ 0.029— 9.7+
1.0 kcal/mol

=80.9+ 1.2 kcal/mol.

This bond energy is very close to the bond energy that would
be derived from the literaturdH¢(1-propenyl¥° but we used

more dominant than the relative barrier energies might suggest
(because €H fission has a more substantial additional cen-
trifugal barrier).

Finally, we observed that at higher internal energies, at which
C—H bond fission begins to compete effectively with—C
fission, both propyne and allene secondary products are
observed. Whereas propyne products may result fronHC
bond fission in 1-propenyl radical, allene products must result
from a two-step process, the most simple of which is isomer-
ization to allyl followed by C-H bond fission to form allene
+ H. However, significant branching to such an alleheH
channel is inconsistent with the relative heights of the 1-propenyl
to H + propyne barrier versus the 1-propenyl to allyl isomer-
ization barrier calculated by Davis et al. as 58.8 and 64.0 kcal/
mol, respectively. Any additional centrifugal barrier to-&
fission cannot explain why isomerization (followed by H atom
loss to form allene) effectively competes with direct@ bond
fission of the 1-propenyl radical to form propyne because the
isomerization barrier must also be centrifugally corrected. Thus,
our data indicate that the relative energies of the calculated
barrier for 1-propenyl— H + propyne and the barrier for
isomerization of 1-propenyt allyl are likely in error.

the path above instead because that same paper has a substantialPrimary Channels of cis-1-Bromopropene Excited with

error in the heat of formation of the 2-propenyl radical.

193 nm Light. Comparing the results of this study ofs-1-
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bromopropene photolyzed at 193 nm with those performed on results of Abrash et al. showed that both HBr elimination and
vinyl bromide shows that there are interesting similarities and H, elimination occurred. It may be that ousld; + H, + Br
differences. Wodtke et al. studied the 193 nm photodissociation channel is the analogue of thab limination pathway, with

of vinyl bromide® and saw a competition between two processes, the H, elimination followed by unimolecular dissociation of the
C—Br bond fission and HBr elimination. In vinyl bromide, one  hot GH3Br fragments.

C—Br bond fission pathway, a reaction that partitioned a large  We have not found in the literature any potential energy
amount of translational energy to product recoil, was observed. surfaces calculated focis-1-bromopropene, but the Born

In contrast, two GBr bond fission processes were observed Oppenheimer potential energy surfaces in the singlet and triplet
in this study orcis-1-bromopropene. One of these-8r bond manifolds (neglecting spinorbit coupling) for C-Br bond
fission processes releases a large amount of translational energfission in vinyl bromide were calculated by Michl et*dland

to the photofragments, as was seen with vinyl bromide, and we studied and expanded upon by Mains etllyho postulated
thus assign it (as they did) to an excited-state dissociation that excitation of vinyl bromide with 6.4 eV accessed a
pathway. The peak of the translational energy distribution used combination of repulsive potentials. They suggested that possibly
to fit this fast C-Br bond fission process itis-1-bromopropene  three or four different surfaces could be important in the
is ~30 kcal/mol; theP(Et) used by Wodtke et al. peaked at transition. Their trajectory calculations also seemed to demon-
slightly higher energy,~40 kcal/mol. Another difference  strate the multiple nature of the surface accessed with 193 nm
between the two studies is that Wodtke et al. give evidence light: with the assumption of electronic adiabaticity in their
that the high kinetic energy channel produces both BPyf) calculations, the authors found the calculated kinetic energy
and Br €Ps);) atoms. In variance with the vinyl bromide work, distribution far too narrow unless a linear combination of
we see only the production of B#Ry/,), because our spectra at  distributions computed by using at least three of the repulsive
m/e = 79 taken at the two ionization energies (see Figure 7) excited-state potentials was used. However, we note here that
demonstrate no observable difference between the spectrunthe electronic transition iris-1-bromopropene with 193 nm
ionized with energy less than that needed for ground-state Brlight likely has significantz*—x character as in the other
atom to lose an electron, the 11.5 eV spectrum, and the spectrunhaloalkenes, whereas the surfaces calculated by Michl et al. do
ionized with higher energy, 15.5 eV. (Wodtke et al.’s evidence not include an energetically accessihie—zx transition in the

for branching to ground-state Br atoms was thatRtt€r) used singlet manifold. It is likely that to obtain a satisfactory
to fit the momentum-matched fragment from-8r bond fission theoretical understanding of the system both strong-spihit

in vinyl bromide, the vinyl radical, begins to show a reduction coupling and electronically nonadiabatic effects must be in-
near 40 kcal/mol in product translation due to secondary cluded.

dissociation to @H, + H. If vinyl radicals were formed with We now briefly compare our results with the results of Zhu
these kinetic energies with an excitedPy(z) Br cofragment, et al., the authors of the previous work on the 193 nm
they would be energetically stable.) photodissociation of bromopropene in a crossed tasalecular

A second G-Br bond fission pathway inis-1-bromopropene, ~ beam apparatus. Our findings are quite different from theirs.
not seen in the work on vinyl bromide, produced low kinetic The work of Zhu et al. detected only one broad distribution for
energy Br atoms and unstable 1-propenyl radicals. Because théc—Br bond fission (we conclude that the slow channel that we
P(Er) that describes this process peaks near 0 kcal/mol, we Obtain here was obscured in that work by a major contribution
assign this channel as-@r bond fission that occurs on the  ©Of clusters). That fast kinetic energy distribution seen by Zhu
ground state otis-1-bromopropene following internal conver- €t al. peaked near 20 kcal/mol and included a high-energy tail
sion from the excited-state surface accessed in the initial that extends past 60 kcal/mol. (Our data does not include
excitation. significant energy partitioning to product recoil beyondO
kcal/mol.) They did not report seeing any HBr elimination.
However, the authors only took their data at mass 81 and did
not attempt to detect any momentum-matched cofragments. The

who investigated the dissociation dynamics of vinyl bromide authors postulat.ed that nascent 1-pr.openyl radicals were not
formed, concluding that an isomerization of 1-propenyl radical

at 193 nm by using classical trajectory methods on adiabatic . . .
. . - . - ._to allyl occurs either before or simultaneously with the Br

excited-state potentials, indicated that for excited state dissocia- - . .
i S bond fission process. They based this on a claim (unsupported
tion no HBr was formed but only €Br bond fission occurred . - .

: " by their data or fits) that they observed the reaction process
Abrash et aP studied the thermal gas-phase decomposition of L . -

partitioning 100 kcal/mol to product translation, whereas inspec-

\éllinrz:nbe[g(?:dli ?r?;[h;ﬂougg;;’tea;:iltg{%cr?eig d'(]\',\l%t;siﬁrc\izgzation of their P(Er) shows their kinetic energy distribution only
' Y, gy extending to~60 kcal/mol.

to 6.4 eV, the branching ratio between the different possible
reaction pathways of vinyl bromide changed from all HBr
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HBr elimination was also seen in the study on vinyl bromide
by Wodtke et al. They observed a branching ratio of 1.28:1 for
formation of Br/HBr. The theoretical studies of Mains et al.,
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