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branching and to test propensity rules for product channel electronic
accessibility
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These experiments investigate the photodissociation of methyl vinyl ether at 193 nm in a crossed
laser-molecular beam apparatus. We observe two C—O bond fission channels, a minor channel
producing CH+CH,CHO (X 2A”) and the major channel yielding GHCH,CHO (A2A’). Some

of the neutralA state vinoxy product undergoes secondary dissociation to produce kéfefidese
experiments on the photodissociation of methyl vinyl ether, which produce nascent vinoxy and
methyl radicals cleanly in a one-to-one ratio, serve two purposes. First, using the measured
photofragment velocities and product branching we calibrate the relative sensitivity of mass
spectrometric detection to the methyl and vinoxy polyatomic radical products amtae 15
daughter ion, taking into account the loss of neutral vinoxy to keté¢héormation. This relative

mass spectrometric sensitivity calibration factor is determined to be £.0022. Knowledge of

this factor allows us to extract the product branching ratio between the two major competing
primary product channels from the ) + ethylene reaction, a branching ratio that has been much
disputed in the literature. Our results give a SGHHCO/H+CH,CHO product branching ratio of
R=0.61t.11, corresponding to 38%t=5%) branching to the Ck-HCO channel. Second, we use

the result that the channel produciAgstate vinoxy dominates over the formation of ground-state
vinoxy to test propensity rules being developed to help predict what product channels may be
suppressed by electronically nonadiabatic effects in chemical reactions. These propensity rules
discriminate between channels that are “electronically facile” and “electronically difficult/
prohibitive.” We find that a qualitative analysis of the changes in electronic configuration along the
reaction coordinates for the photodissociation of methyl vinyl ether correctly predicts the dominant
channel to be the production of excited sta¢ inoxy, the electronically facile channel. @001
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I. INTRODUCTION the relative sensitivity of mass spectrometric detection of the
methyl and vinoxy polyatomic radical products at timée
This paper reports a crossed laser-molecular beam phe- 15 daughter ion. Determination of this calibration factor
tofragment scattering experiment on methyl vinyl ether atyjjows us to extract the branching ratio between the two ma-
193.3 nm, a study motivated in part by the need to calibratejnor competing primary product channels in the prior work on
product branching in the thermal4&thylene reaction. This ¢ O@P) + ethylene reaction from the relative signals from
bimqlecular reaction is of impprtance not on!y in the COM-ihese two channels ab/e= 15 with a method that in prin-
bustion of ethylgne, put also in the combustion Of, methaneciple circumvents the need to estimate ionization cross sec-
and of larger aliphatic hydrocarbons and aromatics Wher(ﬁons and determine daughter ion cracking patterns. This is

ethylene is a key intermediate. Prior molecular beam reactiVﬁ1e first time this methodology has been applied to determin-

scattering experimeri‘tsby Lee and co-workers on the ing product branching in a thermal bimolecular reaction, al-
O(®P) + ethylene reaction detected two major product chan- 9p 9 '

. 113 . . i
nels consistent with most prior wofk! CH;+CHO and though its analotf** has proven useful in a variety of pho

CH,CHO(vinoxy)+H, but met with considerable obstacles todissociatiqn reactions. In general we ex_pect that .th_is
in determining the branching between those two channeldl€thod, which generates polyatomic radicals in a 1:1 ratio in
The reported branching ratio, derived from the relative sig2 photodissociation experiment to calibrate the mass spectro-

nals from daughter ions at/e=30 from HC®O andm/e metric sensitivity to polyatomic radical products, will be use-

=42 from CHCHO and using semiempirical estimates of ful in determining product branching in a wide range of mass
the products’ ionization cross sections, did not agree wittspectrometric and photoionization experiments without
that determined using the signal attributed to the methyl angesorting to unreliable estimates of total ionization cross
vinoxy products atm/e=15. The experiments reported in sections.

this paper overcome these obstacles, using the photodissocia- We also became interested in studying the photodisso-
tion of CH,—CHOCH; to give CH+CH,CHO to calibrate ciation of methyl vinyl ether because it provides an opportu-
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nity to further develop our predictive ability in reactions configuration interaction with single electron excitations cal-
where branching to primary product channels is altered byulation (C1S)?* that yields an oscillator strength ¢f>0.5
electronically nonadiabatic dynamitsIf electronic nona- for excitation to the second excited state, the experimentally
diabaticity does not influence the dynamics, then the usuaccessedrz* transition.

way to predict the branching between product channels isto  The most probable reactions of methyl vinyl ether pho-
identify what adiabatic product channels are energetically altoexcited at 193 nm are the following:

lowed, and then consider the relative barrier heights and cal- .

culated Arrhenius A factors for each possible chemical reac- CH=CH-0-CH—CH,CHO+CH, @)
tion pathway to estimate which chemical reaction will — CH,—CH+OCH;, 2
dominate. However, when the change in electronic wave

function along one or more reaction coordinates is too large — CoHytH CO. @)
for the electrons to adjust adiabatically from the reactantf enough energy is available, the product of reacti@n
electronic wave function to the adiabatic product electronicabove, the vinoxy radical, C}£HO, can undergo loss of
wave function, those reaction channels become “electronihydrogen to form ketene

cally inaccessible” to some extent, slowing their rgte relative CH,CHO—CH,—C—O+H. (4)
to other channels or allowing access to electronically nona-
diabatic reaction channels. Understanding how branching té the experiments undertaken here, enough energy was
a product channel can be hindered by its electronic inaccegvailable for this reactior4) to occur. Thus, we needed to
sibility is a key advance in developing our intuition about account for the loss of vinoxy to secondary dissociation to
chemical reactivity. The competition between the twoform ketene-H in the calibration of the mass spectrometric
O-CH; bond fission channels in methyl vinyl ether photo- Sensitivity to the vinoxy and methyl fragments produced in
dissociation, one forming ground-state vinoxy productthe photodissociation of methyl vinyl ether.

+methyl and the other forming A-state vinoxy After outlining _th(_a experimental .method, we present our
product-methyl, affords the opportunity to test electronic _result§ and anaIyS|s'|n four subsections. Thg first, Sec. lll A,
propensity rules being developed to help predict Whafnvestlgqtes the primary photofragmentatlo'n channels of
product channels may be suppressed by the inability of th@'ethyl vinyl ether at 193 nm excitation and gives the results
electronic wave function to change along the reactior®f t_he angular distribution mea_surements. Section IlIB de-
coordinaté’®1%In the discussion we classify the two O—GH scribes how we used the relative signal levelsmae= 14,

bond fission reactions in terms of those electronic propensit}s' and 42 along V\_"th literature Qaughte.r lon fragmeptatlon
rules® such that the channel forming excited-state vinoxyPatterns to determine, and provide an internal consistency
radicals is electronically facile, while the one forming check on, what fraction of the nascent vinoxy product from

ground-state radicals is electronically prohibitive because i&he primary dissociation underwent secondary dissociation to

requires a two-electron change in electronic configuration a etean. 569‘!0_” M C describes how we calibrated our
the molecule evolves from reactant to ground-state productg.eteCtlon sensitivity at the=15 daughter ion for the. vie
Despite the fact that methyl vinyl ether has been used adoxy and mejchy_l photqproducts, _and Sec. Il D uses this cali-
a photolytic precursor of the vinoxy radi¢at®® for use in brated sensitivity ratio to_ derive, from data taken by
dynamics and spectroscopic studies, information on théchmoltneret al, the branching bgtween the GHCHO and
branching to primary product channels or the electronid"® v!noxy+H produpt chqnnels in the Gethylene thermal
states of the photoproducts are unavailable. Work in progres.r action. In the discussion we focus on both the new

by Su and Bersolffl has also recently sought to determine +ethylene product brgnching calibration and on qnder-
the vibrational distribution of ground-state vinoxy product standing the key experimental result that the formation of

from methyl vinyl ether photodissociation at 193 nm. Themethyl+ex_cited state vinoxy dominates over the formation

vinoxy radical is of considerable interest not only as an im-Of electronic ground—statg products. We analyze that .result o
portant intermediate in combustion, but also because of irlest propensity rules being developed to help pr_edlct what
role in photochemical smog cycles, as it can undergo faS;Product channels may be suppressed by electronically nona-

reaction with NQ in the atmospher%l. diabatic effects in chemical reactions.

While methyl vinyl ether in its ground state has been of
coq3|derable interest dl_Je to its gear_lng-type torsional inter ey PERIMENT
action of the methyl internal rotation with the skeletal
torsion?? information on electronic states of this molecule is In these experiments, the velocity and angular distribu-
relatively scarce. The UV absorption spectrum was pubtions of the products of the photodissociation of methyl vinyl
lished by Planckaeret al?® and two overlapping transitions ether at 193.3 nm are measured using a crossed laser-
near 200 nm were assigned. Methyl vinyl ether has a broacholecular beam apparatus. After photodissociation with a
strong 7w* < absorption with a maximum at 188 nm pulsed excimer laser, the neutral photofragments produced
(0193 = 8X 10 *cn? molecule!) with an overlapping scatter from the crossing point of the laser and molecular
lower energy vibrational progression that has been assigndseam with velocities determined by the vector sum of the
to a Rydberg transition. No theoretical studies to date havenolecular beam velocity and the recoil velocity imparted by
examined the excited-state potential energy surfaces dhe photodissociation event. The fragments that scatter into
methyl vinyl ether, but within this paper we present a simplethe 1.5° acceptance angle of the detector travel 44.4 cm to an
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electron bombardment ionizer, where they are ionized by
200 eV electrons. After mass selection by a quadrupole mas C,H,0
filter, the ions are counted with a Daly detector and recorded 1F m/e=42,10°
with a multichannel scalar with respect to their time-of-flight
(TOP) from the interaction region after the dissociating laser @ °-8
pulse. The ion flight time constant af=4.5us/amd’? was
used to correct for the flight time of the ion through the mass
spectrometer; figures within show total (ibneutral) flight
times. Forward convolution fitting of the TOF spectrum de- [
termines the distribution of energies released to relative 9-2[
product translation. The plane defined by the molecular bean
and the detector axis is perpendicular to the direction of lasel
propagation, and molecular beam source angles are give P
with respect to the detector axis. 0 100
To form the molecular beam, a 9% mixture of methyl
vinyl ether in helium was expanded through a 0.10 mm di-FIG. 1. Experimental TOF spectrum for the photodissociation of methyl
ameter nozzle heated to approximately 200 °C at a stagnatiofinyl ether, collected at/e=42, at a 10° source angle and over 3 million
pressure of 500 Torr. The methyl vinyl ether was obtaineo'f"‘ser_ShOts' Open circles represent data points; the totahtwn in a bold _

. . : . ine) is a sum of contributions from channels shown in dashed lines. This
from Aldrich (98% purlt)b and used without further pu”f" signal is attributed to ¢4,0" from the heavy photofragments produced in
cation. The high nozzle temperature reduced cluster formas—cH, fission of CH—CHOCH, with a very small contribution from clus-
tion in the methyl vinyl ether beam, which we found to be ater photodissociatior{the long-short-long dashed peak buried inside the
significant problem with a room temperature nozzle. Thelrgestpeak The large slow peak is fit with the lower enerByEr) shown
temperature was measured using a chromel alumel thermorbn- Fig. 2, this signal contains co nmbunon_s from both L0 radicals

. . ) racking in the ionizer to give signal at/e=42 and from the secondary
eter that was calibrated using a helium beam TOF. The vedissociation ketene products cracking at parent ion. As expected, the sec-
Iocity of the parent beam was measured by rotating the moendary dissociation does not significantly alter the velocity of ketene from

lecular beam source to point into the detector and raising §1e vinoxy radical precursor, so one sees the requirgd momentum match
etween allm/e= 42 signal and that at meth{n/e= 15, Fig. 3. The small

ChOpper_Wheel into the beam' A _typ_ical _peak molecular beanfhst peak is fit with the higher translational enef@¢E;) shown in Fig. 2
velocity in the number density distributiohl(v), was 1360  and is assigned to daughter ions of ground-state vinoxy radicals produced in
m/s with a velocity spreadXv/ve,) of 19% with Av cal-  the initial dissociation event.
culated from the full width at half maximuntFWHM) of
N(v).

Pulsed light at 193 nm from a Lumonics PM-848 exci-
mer laser with an ArF fill photodissociated the methyl vinyl d%oo

slow C,H,0 + CH,
{ (and secondary ketene)

un

[ fast C,H,0 + CH,

N(t) (arb
o
o+

200

PR PN
300 400
Time of flight, t (us)

500 600

. . X and 155. A small amount of signal was observed at
ether. For the time-of-flight measurements, the unpolarize

it ted | " the int i . ¢ /e=41(10° and 15}, 29(10°), 26 (10°), and 25(10°), and
attenuatediaser energy In the interaction region was 1oCUseg, . adequately fit within the limits of the poor signal-to-

tci)eas? mirfaﬁpost Sr:Je/ |:|;Ze ?;Zrﬁﬁif:s{teggntﬁ; psuilsnealer:)ir__noise ratio using the mass 42 and cluster distributions. No
9 ypically P § y 9 discernible signal other than cluster contribution was ob-

served from the photodissociation of methyl vinyl ether was - o o . .
found to be linear with increased power, indicating that Onlyserved am/e=43 (10%), 31(10°), 30(107), 27 (109, or 16

one-photon processes contributed significantly. For the an(—loo)' The high natural background ave=28 (caused by

isotropy measurements, we dispersed the unpolarized Iasgpﬂ preve_nted collection of data at this mass. For th? mea-
light into two linearly polarized components with a single surements n Sep. Il B, when we needed to determine the
quartz Pellin-Broca. The horizontal component is utilized,alios between signal levels a/e=14, 15, and 42, we pro-
and the polarization is rotated into the desired direction witf°€€ded as follows. Systematic erréhscluding fluctuations
a half-wave retarder. The angular distributions are obtained! the parent molecular beawere averaged out by alternat-
by measuring the change in signal intensity with laser polarid data collection betweenm/e=15(CH;) and m/e
ization angle by finding the area under the peak inttile = 42(CH20). 500 K shots were taken in each scan and the
= 42 spectrum with the laser set to the specified polarizatio$cans repeated until 2 M shots were collected at each mass.
angles. The polarization-dependent signal, integrated iyVe collected data with the same method of alternating scans
many repeated short scans and alternating between each 1a8ér500 K shots atm/e=14(CH,) and m/e=42(GH,0),
polarization direction50 000 shots to a total of 750000 at With scans taken urit2 M shots total at each mass were
each anglg required no additional normalization to laser collected. Quadrupole resolution for all measurements in this
power or detector efficiency. Laser polarization angles argaper was adjusted to roughly 1.0 amu FWHM at each mass.
defined with respect to the detector axis, but counter-rotated To characterize the excited state accessed at 193 nm, we
from the source angle. ran a configuration interaction with single excitatici@®dS)
Signal was observed at various angles for several parem@lculatio* with GAUSSIAN 94using a 6-3116 basis set of
and daughter ions of the primary neutral photofragments: aatomic orbitals. The ground-state geomeiryCg symmetry
m/e=>58 (parent, at a source angle of 6°, for clusters gnly used for these calculations was taken from a theoretical pa-
42 (C,H,0"%, 10° and 15§, 15 (CH;,10°), and 14(CH,,  per by Leibovitchet al?®

Downloaded 18 Mar 2002 to 128.135.85.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 Methyl vinyl ether accessibility 207

IIl. RESULTS AND ANALYSIS ion.] As expected, this secondary dissociation does not sig-
A. Identification of primary product channels in nificantly alter thg vglocity of the ketene from the vino>.<y
methyl vinyl ether photodissociation product from which it was born, so one sees the required
_ ) momentum match between the methyl signal and all the sig-
~ The data for methyl vinyl ether excited at 193 nm showp5) 5t mass 42, even though some of that signal is not from
evidence for two competing product channels, both of whichinqxy daughter ions. Interestingly, it appears that not all the
are C-O bond fission pathways leading to vinoxy plus meyascent vinoxy product with enough internal energy to dis-
thyl (CoHs0+CHj) formation, reactior(1). No evidence for s qiate to keteneH does(see Sec. Il B. This may be un-
vinyl plus methoxy fo_rmat|on, .reactlotﬂ), nor gthene plus derstood if some of the vinoxy product is formed electroni-
fqrmaldehyde formation, reactiof3), was seen in our data. cally excited and loses energy via fluorescence before
Figure 1 shows the TOF spectrum takennale=42 at a undergoing C—H fission. Inspection of the center-of-mass

SEU;C? angle f}f 1OObWCe: attributed th'f_ S'i’nil t]f) thethheaVXransIational energy distributiond(E+)’s] for O—CH; fis-
photo ragrg_enl rngHB (H'SS'Z%JET_(': |or(_ ) oﬂ(])rmT OeF sion yielding GH;0+CHs derived by forward convolution
vinoxy radical CH mass s since the fitting of them/e=42 TOF spectrum evidences two different

spectrum amm/e= 15 has a fast component with arrival times o .
. O—CH,; fission pathways occurring at 193 nm. One channel
that closely correspond to that predicted for the methyl . : . . .
ields fragments with high translational energies; the faster

e o nae remon gt PUEr) (s Fig. 2 extends fom 45 kel to ot 70
b y T kcal/mol. Because this distribution extends to close to the

derived from forward convolution fitting of then/e=42 . o :
TOF shown in Fig. 2. However, not all the signal mfe available energetic limitE,, i~ 86 kcal/mol), this pathway

=42 results from simple cracking of the mass 43 vinoxy!S @ssigned to formation of ground-state vinox’@") and
radical product tom/e=42 in the electron bombardment ground-state methylX ?A;) radicals. This will be called the
mass spectrometer. Some of the vinoxy radical product i§fast” channel. The second pathway, fit by the slower
formed with enough internal energy to undergo C—H fissionP(Et) in Fig. 2, produces photofragments with low transla-
as a neutral and produce the neutral molecule keten#onal energy and from now on will be termed the “slow”
(CH=C=0), which gives some signal at parent mass 42channel. This translational energy distribution extends to
upon electron bombardment ionizatidiss has been seen only 45 kcal/mol and peaks at a much lower energy~&
before by Schmoltneet al,! very little (or none at allof the  kcal/mol, and so the photoproducts are initially formed with
vinoxy radical produced in the interaction region survivesconsiderable internal energy. It is likely that the initial elec-
intact through electron bombardment ionization to givetronic state of the nascent vinoxy radical products formed in
m/e=43; we saw no signal other than clusters at the masshis slow channel is th&(?A’) state of vinoxy, as the zero
to-charge ratio corresponding to the parent vinoxy radicapoint level of theB state lies about 82 kcal/mol above the

ground state and thus is not energetically accessible except
0.7p for the smallest recoil kinetic energies in the slow distribu-

tion in Fig. 2. The zero point level of thA(?A’) state of
vinoxy lies only~23 kcal/mol above the ground state and so
C,H;0 (A) + CH, is easily accessible with the available energy. The nascent
vinoxy radical product may dissociate to ketetid, fluo-
resce, or undergo internal conversion and dissociate on the
ground state. The secondary dissociation is considered fur-

P(E)

Y ther in the next section.
0.2 €230 (X) + CH, The fits to them/e=42 TOF spectrum are supported by
0.1 \ fitting the TOF spectra taken at/e=15 and 14, seen in Fig.
P Bl D 3 and Fig. 4, respectively. In Fig. 3, the momentum-matched
05 T2 e 20 50 Teo 5o methyl fragments to the two O—GHission channels ob-
E; (kcal/mol) served aim/e=42 are the small peak observed at the fastest

FIG. 2. Translational distributior&(Ex)’ d to fit the O—CH arrival time and the bulk of the largest peak which arrives
. <. lranslational energy distrioutio T7) S, used o n e O— . . .
bond dissociation pathways of methyl vinyl ether. The two distributions arebewveen _100 and 200Qus, although the Contr'bUt_'on from .
derived from forward convolution fitting then/e=42 TOF spectra. The ~daughter ions produced by cracking of the fast vinoxy radi-
fasterP(E;) is assigned to formation of ground-state vino%/%A”) and  cals in the ionizer can be clearly seen in this largest peak as
ground-state methyiX 2A,) radicals. The slower distribution, which peaks Well. Finally, the slower shoulder is signal from cracking of
at ~8 kcal/mol, corresponds to a channel producing metiexcited state  the vinoxy radicals formed via the slow O—GfFission chan-
vinoxy radicals, which we assign as gEHO (A?A’). These nascerd  nel which forms nascent radicals with higher internal energy.
state CHCHO radicals have enough internal energy that they may d'ssoc"(AIthough some of the slow vinoxy product undergoes sec-
ate to form to keteneH, fluoresce, or undergo internal conversion and . ..

gndary dissociation to keterdd, ketene does not have an

dissociate on the ground state. See the Results and Analysis section fi ] '
further details. The normalizeRl(Ey)’s are scaled according to the follow- m/e=15 daughter ion so those products do not contribute to

ing: the slow shoulder in then/e= 15 TOF spectrum. They do at
Prast :( rpro azst)(0-35Qvinoxy+0-6wketenj 0.35f00y+ 0.65(iGend  m/e=14) A miniscule contribution from clusters is also in-
bsiow | rprot,, Quinoxy 0.35f inoxy ' cluded, which is fit in the following manner: Fig. 5 shows the
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[ CH.+ slow C,H,0 + CH, CH,*
[ fast C,H,0 + CH 3 - m/e=14, 10°
1F £ m/e=15, 10° 1 r
[ - 0 8-' slow C,H;0 + CH,
I 0.8-' 2 :faSt C.H,0 + CH, (and secondary ketene)
=4 B o
= [ £ ]
[ 0.6
% o.6f g [
g [ = X
s i ~ 0.4[
~ 0.4T = [
= L = [
Z i 0.2
z 0.21 [
: of =4
of f O
I OOOOJOQ;OO ..O..|....|....|.-..|....|.O...
. P — L L 0 100 200 300 400 500 600
0 100 200 300 400 500 600 -

Time of flight, t (us)
Time of flight, t (us) 9

. . e FIG. 4. Experimental TOF spectrum for the photodissociation of methyl
F_IG. 3. Experimental TOF spectrum for the photodissociation of m‘?thylvinyl ether, collected am/e= 14, at a 10° source angle and over 3 million
vinyl ether, collected at/e=15, at a 10° source angle and over 5.5 million |aser shots. Open circles represent data points; the totahfitvn in a bold
laser shots. Open circles represent data points; the totahfivn in a bold _ing) js a sum of contributions from channels shown in dashed lines, which
line) is a sum of contributions from channels shown in dashed lines. Theyre scaled assuming a 35% survival probability for vinoxy radicals from the
momentum-matched methy! fragments to the two Oz @ssion channels  gjow channel and 100% survival probability for vinoxy radicals from the
observed am/e=42 (Fig. 1) are the small peak observed at the fastest fast channel. The CH daughter ions of the momentum-matched methyl
arrival time and the bulk of the largest peak. Clearly also seen in the Iargesﬁagments to the two O—CHission channels observed mfe=42 (Fig. 1)
peak is signal assigned to daughter ions of the ground-state vinoX'0 are the small peak observed at the fastest arrival time and the bulk of the
product. The slow shoulder is assigned to signal produced from daughtesecond largest pedkrom about 100 to 20@s). The tiny peak buried in this
ions of the excited state vinoxyA(?A’) formed via the slow O—Chffission  larger one is signal assigned to daughter ions of the ground-state vinoxy
channel. Note that this peak is much smaller than the corresponding one ifX 2A”) produced by cracking in the ionizer. The largest peak, beginning
the m/e=14 spectrun(Fig. 4), as ketene does not crack to ginée=15. from about 20Qus with a long slow tail, is then/e= 14 signal correspond-
This fact was used in the calibration for the loss of nascent vinoxy radicalsng to that seen in the slow shoulder in thée= 15 spectrum; this signal
to ketene formation, as explained in the text. has arrival times corresponding to the daughter ions of the excited state

vinoxy (A 2A’) formed via the slow O—CHifission channel and includes
the daughter ions of the secondary dissociation product ketene, which will

TOF signal observed ah/e=58 (CHZ—CHOCFQ) at a 6° not have significantly altered arrival times from those from the vinoxy radi-

source angle. Because this signal was observed at the maggllprecursor. Note that th|§ peak is much larger than the corresp_ondlng one
in the m/e=15 spectrum(Fig. 3), as ketene does not crack to giv@e

charge _ratlo of the par_ent mthyl vinyl ether mOIeCU!e' It_ 15, This fact was used in the calibration for the loss of nascent vinoxy
must arise from photodissociation of clusters present in theadicals to ketene formation, as explained in the text.

expansion. While such clusters were minimized by heating
the nozzle, they still represent a small percentage of the spe-
cies in the expansion. The TOF spectrum shown in Fig. 5 is
fit to determine the center-of-mass recoil speed distribution
P(v), and as the signal attributable to cracking of the photo-
produced monomer appears at late arrival times for most
mass/charge ratios, the contribution from clusters in the ex-
pansion can be accounted for by fitting thév) to the slow
signal at the mass/charge ratios of interest.

In the TOF spectrum ain/e=14, Fig. 4, what was the
slower shoulder atn/e=15 has grown to the largest peak in &
the m/e=14 spectrum. This is because at the energies use
in this experiment, more than half of the vinoxy formed via
the slow channel undergoes unimolecular dissociation to
form ketenerH as a neutral. Ketene does not cracknite
=15, but has a strong daughter ionnate=14. In the next [
section(lll B) we detail how we estimated what fraction of 0
the nascent vinoxy radical product in the slow channel
underwent secondary dissociation. This was found by using ]
the relative signal levels an/e=42 vs that in the slow IG._5. Experlmoental TOF spectrum for the ph_o_tofragments of det_ected at

. . m/e=58, at a 6° source angle and over 2 million laser shots. Since the
shoulder atn/e=15 and the relative signal levels of the SIoW gjgnal occurs at the parent mass, it must result from photodissociation of
shoulder atm/e=15 versus that ain/e=14. The internal clusters present in the supersonic expansion. Ttghiwn in a bold lingis

consistency of the estimate was checked with riiie= 14 the center-of-mass recoil speed distribut®¢v) assigned to cluster disso-
data ciation. The slow arrival time and small amount of signal attributable to

. T clusters ensures that that contribution to signal at most mass/charge ratios
Angular distribution measurements of the photofrag-can be accounted for by fitting the(v) to the slow signal at the mass/

ments from methyl vinyl ether photodissociation were takercharge ratios of interest.

CH,=CHOCH,*
m/e=58, 6°

-
T

o
v

arb. units)

|
TR

|
\
| H“» ‘ll‘l lk“.ll.] ‘mlh Jhl‘ "l\,vlll‘l
il TV

200 400 600 800
Time of flight, t (us)

1000
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1400 T ‘ ' ] any signal at all was visible ab/e=31, 30, 27, or 16 it was
1300 4 L-oBRozN. ﬁ easily assigned to the cluster contribution; fote= 29, 26,
i . N ] and 25, the signal seen was adequately fit by assuming it

o 1200 . R ] arose from vinoxy radicals and using tR¢E) in Fig. 2.
s oo b AP =t 5 N ] The lack of signal am/e=31, 30, and 27 also eliminated the
h . _//%,/ % 1\;\_ ] reaction(R3) producing formaldehyde and ethene as a sig-
S ls l NG nificant primary product channel for the photodissocation of
2 bo J =0 i‘_.-j-'"'_' ] methyl vinyl ether at 193 nm.
) 0 _ \“'ﬁ;aj{‘"‘ ] B. Secondary dissociation of vinoxy radical to form

800 |- ] ketene +H

700 Lo l o This section first assesses which nascent vinoxy products

0 50 100 150 200 have enough internal energy to undergo secondary dissocia-

laboratory polarization angle, ©,,, tion to ketene-H and speculates on the mechanism. Then,
FlG. 6. Experimental lar distributi f the S| nemethyl we estimate from the pertinent signal intensities nate
. 6. Experimental angular distributions of the slow vinexyethy _ . - . i
channel, measured at/e=42 (C,H,0"), with a linearly polarized laser ,_42’ 15, .and 14 what fraCtlon.Of th? YmOXy radicals poten
and a source angle of 108, is the angle of the laser electric vector with tially subject to secondary dissociation actually does so
respect to the detector axis. The data points represent the integrated experaither than losing the energy via fluorescence. The energy

Imental TIO_F Sti_gnal beltweeLn 2(%_418 a?]d 2?;5#5 mg_afucriedhat Six _dif_fetfentt available for translational and internal energies of the photo-
aser polarization angles. Line fits show the predicted change in integrate . .
signal with polarization angle obtained, after transformation from the centerBrOdUCtS formed from O—Cj—bleavage was estimated using

of-mass to the laboratory frame, with five trial anisotropy paramegrs; PONd dissociation energies provided by Rustiwhich were

=-0.2,-0.1, 0.0, 0.1, and 0.2. The angular distribution is best fit with a calculated at the G3 level for methyl vinyl ether at 0 K:
=0, corresponding to a nearly isotropic distribution.

A ponding y isotrop E,=hv—D,(O—CH, bond

) ) ) . ~148.0 kcal/mol-61.6 kcal/mol
at m/e=42 using the procedure outlined in the experiment

section. It is well known that the angular distribution of ~86.4 kcal/mol. (7)
products from dissociation can be described in the center-offhus, the internal energy of the methylinoxy
mass frame by the classical electric dipole expression, (electronict+vibrationak-rotational) isE,,—Er=86.4 kcal/
_ mol-E; (whereE+ is the kinetic energy partitioned to prod-

(O em) =1(4m)[1+ BPo(COSO )], ® uct recoil in the primary dissociation, Fig) and we expect
where © ., is the angle between the photofragment recoilmost of this internal energy to be partitioned to the vinoxy
direction in the center-of-mass reference frame and the elegroduct, not the methyl. The photodissociation spectroscopy
tric vector of the linearly polarized light. In the limit of and dynamics of the vinoxy radical have been studied in
prompt axial photofragment recoil, the anisotropy parametergetail by Osborret al?’ at selected excitation energies up to

B, is given by almost 4000 cm* above theB state zero point level. They

B=2P5(cosa), (6)  found that upon excitation to thB state at energies 1400

_1 . . .
where « is the angle between the transition dipole moment™"" ~ OVEr the zero point level, the vinoxy radical undergoes

for the absorption and the breaking bond. Figure 6 shows thEst internal conversion— A— X) to the ground state fol-
experimentally measured angular distribution of vinoxy frag-'owed by dissociation dynamics that branches to two product

ments along with curves simulated using different values ofhannels

B in the procedure above. By comparing the experimental hv

points with the simulated curves, we see tjgat0, which CH,CHO—CH;+CO

means that the photodissociation of £HCHOCH; to give AH=0.08+0.09 eV (1.8+2.1kcal/mo), (8)

CH3;+CH,CHO gives a largely isotropic distribution. Ac- hy

cording to the CIS calculations performedl,is about 25°% —H+CH,CO

suggesting that the isotropy results because the time scale of

dissociation is long with respect to molecular rotation. AH=1.49+0.09 eV (34.4+2.1kcal/mo). (9)
Breaking the vinyl-methoxy bond, reacti¢), is also On the ground-state potential energy surface, one ex-

possible at the energies available in this experiment. Tgects a large exit barrier to product chanrig8 to form
check for this reaction, we took data at the masses of thghethyh-CO and a small exit barriefbeyond the endother-
different daughter ions that would be produced from the phomicity) to product channel9). The calculatetl barriers
tofragments of reactiof®): m/e=31 (OCH;), 30 (OCH;),  (with zero-point correctionso (8) and(9) are 1.78 and 1.63

29 (OCH', also see cracking from830), 27 (C;H5, also eV, respectively, with channé®) having a looser transition
might see a small amount from cracking obHGO), 26  state. Thus, since the internal energy of the nascent vinoxy
(C,H*, also see cracking from #£50), 25 (C;, also see radical product in our experiments is the bulk of
cracking from GH30), and 16 (CH). We saw no evidence 86.4 kcal/molE+, there is more than enough energy for ei-
for the production of vinyl and methoxy radicals as a pri-ther(8) or (9) to occur for all of the nascent vinoxy products
mary dissociation channel of methyl vinyl ether at 193 nm: ifin the slow channel if the dissociation proceeds via internal
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conversion to the ground state. Most of the vinoxy radicalmomentum-matched methyl radical. Unfortunately, deter-
products formed in the fast channel have low enough internahining this 35% survival fraction does require us to use
energies to be stable to secondary dissociafitirthe sec- ratios between selected daughter ion cracking probabilities
ondary dissociation occurs from tfestate of vinoxy rather ~and semiempirical estimates of the ionization cross sections
than via internal conversion to the ground state, Ref. 27#0r vinoxy vs ketene, but fortunately the ionization cross-
gives a barrier 2.09 eV above the ground-state zero-point€ction ratios Qyetend Quinoxy) are relatively robust to the
level for reaction(g) to form ketene, but does not calculate Semiempirical method used to estimate them. Thus, this does
the barrier to reactiof8).] We should note that Osboegt al. not introduce significant errors in the sensitivity calibration.

found that upon exciting vinoxy radical to tiEestate that the W? also provide a double-check beloyv, shqwing t_hat the
product channel branching was #2):1 for channel (8): ratio between then/e=42 andm/e= 14 signals is predicted
channel(9), in good agreement with their RRKM calcula- to be within 10% of our observed signal intensity ratio when

tions that presumed that dissociation occurred upon interndl® YS€ the literature daughter ion cracking probabilities from

conversion to the ground state, but in our experiments a ne /inoxy and ketene and the derived survival fraction of the

ligible fraction of the nascent vinoxy product undergoes dis- Inoxy to secqndary dissociation. .
sociation via reactiori8). The entire signal am/e=15 and To determine from our data what fraction of the nascent

14 is accounted for in the fits shown in Figs. 3 and 4 by threevinOXy products does not undergo secondary dissociation,

L . we begin by noting that both then/e=42 and them/e
sources: primary methyl product from O-gHission, ; S .
daughter ions of vinoxy radicals, and daughter ions of thes_talé'les'gﬂgl h?;g.g;gtgggtfgso:gg dlf(;%?]t:r I?IZn(l;;ebOth
secondary ketene produ¢tWe can predict the arrival times vinoxy radi Y » Wh

. B =15 signal in the same range of arrival times has no contri-
of the ketene daughter ions at/e=14 as they are essen bution from ketene since ketene does not havke= 15

tially the same as for the vinoxy reactant from which they . . .
were born, so are determined by momentum matching Witl’(ljaUther lon. In general, the observed integrated sig&al

the primary methyl produdtA possible explanation for the at a particular daughter ion from a reaction product in a

) ! S . cattering experiment with electron bombardment detection
difference in product branching is that the internal energy o . e
. . . . depends on several factof3D velocity and angular distri-
the nascent vinoxy radical product in our experiments

86.4 keal/molE-— E. is not enouah enerav to form ’b_utions_ of_pro_ducts, reactan_t beam intensiti_es, ionize_r transit
' — T TintChy 9 oy times, ionization cross sections, daughter ion cracking pat-
vinoxy in theB state for primary dissociation events releas-terns, etg. Fortunately, we only require ratios between signal
ing more than a few kcal/mol to product translation, since thentensities, so the signal intensity factors relevant to this ex-
B state origin lies 82 kcal/mol above ground-state vinoxyperiment that differ between vinoxy and the secondary
radical. Thus, most of the nascent vinoxy products in theketene product are simplyl) the electron bombardment
slow kinetic energy channel in our experiments are likelyionization cross section§inoxy and Qyetene Of Vinoxy and
formed in theA state. ketene at 200 eV(2) the probability of the ionized product

Because the goal in the next section is to use our data @PPearing at a particular daughter i@alculated from nor-
m/e=15 to calibrate the relative mass-spectrometric detectalizing literature daughter ion cracking patterns for vinoxy
tion sensitivity for methyl vs vinoxy radicals, we must ac- and keten& measured at a similar high energy electron
count for the fact that some of the nascent vinoxy product iombardment e.g.,fi2,,; and(3) the ratio of quadrupole
lost to secondary dissociation to ketene and so does not coff@nsmission factor$ o, if signal intensities at two differ-
tribute to them/e=15 signal. The relative signal levels at €Nt mass to charge ratios are being compaf@dr experi-
m/e=15 in these data from the slow channel would nor-ments use a Daly detector, which is insensitive to the chemi-
mally, if the vinoxy did not undergo secondary dissociation,c@l identity of the ion. Thus, the integrated signal over a
represent production in the interaction region of one vinoxyS€lected range of arrival timesrmie=42 for the slow chan-
radical for each momentum-matched methyl radical. Thenlel can be expressed as the sum of the signals from daughter
application of the method used in Sec. IlID to determinelons Of the surviving Vinoxy, I vinox, and from the parent
mass-spectrometric sensitivity to radical products and helf" of the secondary ketene, hetene and each of those can
determine product branching in the+®thylene experiments P€ individually expressed as follows:

_detectlng methyl and vinoxy productsrate=15 vv_ould not _ 1S45=1S42 vinoxy 1S4z ketene

involve any assumptions about the daughter ion cracking
. . . T . . _ 42 ’ 42

fractions or require error-prone semiempirical estimates of = CvinoxyQuinoxy fuinoxy ™ C Pketenef ketene

ionization cross sections. However, since some of the vinoxy ,

. . T where C=C’. (10
radicals in our calibration in Sec. Il C are lost to secondary
dissociation to ketene, which does not crackrte=15, we In Eq.(10) above the multiplicative constan®&andC’ col-
need to determine what fraction of the nascent vinoxy prodiect together all the factors above that affect the signal inten-
ucts does not undergo secondary dissociation. We derive tredty that do not differ between vinoxy and ketene. Letting
result in the next paragraph that about 35% of the nascer@=C’ requires only one assumption, that the survival prob-
vinoxy product does not undergo secondary dissociatiombility of nascent vinoxy does not vary significantly for the
(Pvinoxy=35%), so the relative signal levels mfe=15 in  range of recoil velocities sampled in the slow dissociation
these data from the slow channel represent production in thehannel (e.g., that the branchingb,inoxy/ xetene DEIWEEN
interaction region of 0.35 vinoxy radicals for each stable vinoxy and vinoxy that dissociates to ketene does not
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depend strongly on internal energy in the range of internak=-67.61 A%), but the ratioQyetend Quinoxy 1S Similar to that
energies relevant to the slow channdlhe reliability of this  from the Fitch and Sauter method. Carrying the calculation
assumption is supported by the fact that the slow daughtehrough using the Center and Mandl estimate for the ioniza-
ion signal atm/e= 15 has only contribution from stable vi- tjon cross sections 0iVaByetend Puinoxy= 1.65, corresponding
noxy, while the signal at/e=42 has contribution from both to a survival probability of the nascent vinoxy product of
stable vinoxy and secondary ketene, yet the shape of thg . —0.38. Thus, using either method for estimating the
TOF spectra in the vicinity of the slow vinoxy product at electron bombardment ionization cross sections, we deter-
m/e=15 is fit well by the P(Ey) derived from them/e  mine that about 36% of the nascent vinoxy product is stable
=42 data. If the survival probability of nascent vinoxy to secondary dissociation and contributes tortiie= 15 sig-
$uinoxy Varied significantly across the internal energies repreng| at slow arrival times and 64% of the nascent vinoxy
sented by that range of arrival timés.g., if the nascent product in the slow channel undergoes secondary dissocia-
vinoxy from the slow channel arriving at earlier times andyjon to ketene-H.

thus having lower internal energies was less likely to un-  gjnce the determination above of the fraction of nascent
dergo secondary dissociation that the vinoxy at longer arriva);inoxy product that survives secondary dissociation is de-
times, then the shape of the TOF spectra in the vicinity of ,endent on estimated ionization cross sections and literature
the slow vinoxy product amn/e= 15 would not be fit well by gaygnhter ion fragmentation patterns, we did try to assess the
the P(E) derived from them/e=42 data. Now, deriving the = g|iability of the estimate. In particular, we were concerned
branchingyinoxy/ dretenc Petween stable vinoxy and vinoxy that the literature daughter ion cracking patterns, since they
that dissociates to ketene is trivial using B40) and the  are determined for relatively cold vinoxy radicals, may not
relevant integratgd signal intensitiésigngl from only the e 5 good approximation to that for the highly internally
slow channel attributed to the nascent vinoxy product, SOm@yited vinoxy product from this photodissociation experi-
of which survives as vinoxy and some of which gives ment even though the electron bombardment energy is quite

keteng at m/e=15 andm/e=42: high (200 eV). (The high electron energy helps ensure that
the daughter ion fragmentation pattern is not strongly depen-

E“Z: Syinoxy 42+ ISketene 42 dent on internal energyTo assess the reliability of the 40%
1S5 1Svinoxy,151 0 estimate, we did two analyses. First, we followed the proce-

Synoxyaz  1Sketene.s dure above bu_t used the ratio of the integrated signal in the

=( : . a m/e=14 data(instead ofm/e=42) to them/e=15 data to
Svinoxy.15 1Svinoxy 15 determine the fraction of nascent vinoxy that survived sec-

(f42 bretene Quetenel 14 ) ondary dissociation. Using the Fitch and Sauter ionization

vinoxy etene K .
cross sections, this gave a value of 362 compared to 36%
using them/e=42 over m/e=15 integrated signals We
T,, 881068 counts then used that 35% determination to try to predict the ratio
><-|—_15 214080 counts between sign_al level am/_e=42_ and the signal Ievgl at
m/e=14. While the predicted integrated signal ratio ob-
_(0-2435 . Dretene leten40-3316> 1 tained with literature daughter ion fragmentation patterns
0.1834" yinoxy Quinoxy(0.1834 ™ was 1.06, the experimentally determined signal ratio was
0.98. Thus, the error introduced by these estimates appears to
where we have assumed the quadrupole transmission is thee roughly 10% in the determination of signal intensity ra-
same aim/e=42 andm/e= 15 since we have adjusted it to tios, or corresponding apparent cross-section ratios. This is
the same resolution at these two masses and have used #@mmewhat larger than the error introduced in the integrated
same hiQ head. (In actuality, the literature daughter ion signals by Poisson counting error alone. A correct prediction
cracking pattern we are using for vinoxy did not include requires a considerably lower survival probability for the na-
correction for quadrupole transmission, so ffiefactors scent vinoxy, but the calculation involves subtracting two
above are buried in the daughter ion cracking probabilitysimilar numbers in the denominator, so is subject to consid-
ratios) Solving EQ.(11) for éyetend Pvinoxy @Nd using the erable error. Thus, we adopt the survival probability of
semiempirical method of Fitch and Sa estimate the  35%=*5% (dyetend Puinoxy=1.86) for the best determination
electron bombardment ionization cross sections for vinoxyof the fraction of the nascent vinoxy product that is stable to
and ketene(FS: Q\,moxy=6.743A2 and Qyetene=5.723 A2), secondary dissociation and contributes to time=15
we get dietend Duinoxy= 1.82. Thus, the survival probability signal.
of the nascent vinoxy product is determined to dgnoyy We should clarify the integration ranges for the relevant
=0.36(36% of the nascent vinoxy radicals do not undergointegrated signals an/e=42, 14, and 15 used in this sec-
secondary dissociation to ketenkl). Fortunately, the deri- tion. In all cases we wanted to integrate daughter ions from
vation is only sensitive to the ratio of the ionization crossthe same set of neutrals, and the ion flight time is different at
sections, because an estimate of the individual cross section¥e=42 than at 14 or 15, so we needed to shift the integra-
using the other commonly used semiempirical method otion range depending on the spectrum we were integrating.
Center and Mandf (CM) using sums of atomic We chose an integration range for theée=42 TOF spec-
polarizabilitie$® gives ionization cross sections almost tentrum of channel 88 through channel 16 2 us/channel
times larger for eacliCM: Qyjnoxy=72.52 A and Queene  COrresponding to total flight times between 174 and 380

15 15
fvinoxy d’vinoxy Qvinoxy fvinoxy

11
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while for m/e=14 and 15 the corresponding integration ciation of methyl vinyl ether give a signal at/e=15 and
range needed to be shifted to shorter times by 6 channels tinat relative signal arises from a 1:0.35 ratio of methyl:vi-
12 ws. In addition, since we only wanted to include inte- noxy neutral products(This is normally a 1:1 ratio, since
grated signal from the vinoxy/ketene products from the slowphotodissociation produces one methyl fragment for each vi-
distribution and not from the fast distribution or from methyl noxy fragment, but in the previous section we showed that
products, we subtracted from the total integrated signal ironly 35% of the vinoxy products from the slow O—gFHis-
these ranges the contribution from those other sources ason channel survive secondary dissociation and contribute to
determined by the fits shown in Figs. 1, 3, and 4.mte  them/e= 15 signal) The signal intensities at/e= 15 are fit
=42, the signal from slow vinoxy/ketene corresponds toby varying the *“relative probability weightings” for the
95.73% of the total integrated signal, whilerate=15 and  daughter ion signal from primary methyl products and from
14 itis 24.47% and 79.51%, respectivelyhem/e=15 data the 35% of the momentum-matched vinoxy partners in the
have a large overlap from the slow methyl produd/e  slow dissociation channel that survive secondary dissocia-
repeated the determinatiofusing them/e=42 overm/e  tion. These relative probability weightings, rproljalso
=15 integrated signalsfor a different integration range, termed the “apparent cross section$’ in Ref. 1), include
channel 98 to 160 fom/e=42 and the 6 channel shifted the usual correction for kinematic factors in the 3D velocity
range am/e= 14 and 15to assess any errors. We found thatand angular distributions of the products and transit time
using the new integration ranges and the Fitch and Sautehrough the electron bombardment ionizer, but do not correct
estimates for the ionization cross sections gavedor the effect on the signal intensities from the relative crack-
Dretend Puinoy=1.79  (rather than 1.82 and gave ing efficiencies of CH and CHCHO to CH; or the total
Dretend Duinoxy=1.63 (rather than 1.65 when using Center ionization cross section of each specigsg., an rprob for a
and Mandl ionization cross sectigndhus, the derived sur- given channel may be quite low if it is derived from fitting
vival probability for the nascent vinoxy radicals of about data at a minor daughter of the neutral produgte will
35%+5% is, as expected, robust with respect to the integradesignate each rprofr apparent cross sectiposed to fit

tion range chosen to make the determination. the relative signal levels in our photodissociation experiment
in them/e= 15 data agr{s. Then, the true ratio between the
C. Calibrating the relative mass spectrometric methyl fragments from the slow dissociation channel and the
detection sensitivity to vinoxy and methyl radicals at surviving momentum-matched vinoxy product, 1.0/0.35, is
the m/e=15 daughter ion for use in product related to the ratio of rprob’és{.'s) determined from fitting
branching determinations the relative signal intensitiefdong-dashed and short-dashed

Determining a branching ratio between different reactloncontrIbUtlons respectivelyn them/e=15 TOF spectrum in

channels can be a difficult task, especially when one or morE'9- 3 by the following equation:

of the products are polyatomic radical species which can 1.0 (slow methyl products

crack into many different daughter ions in the electron bom-

bardment ionizer. One method of determining the total

amount of neutral parent fragment depends on collecting 015 slow methyl Q\,moxyf&ﬁwxy

data at and summing up the contribution from each of the = o o Qo 122 (12)

many possible daughter ion masses. This signal is then cor- 15 siow stabe vinoxyQmetry ety

rected for quadrupole transmissi¢ih possible and divided (Note that the apparent cross section derived from fitting the

by an estimated ionization cross section. There are ofteflata for the slow methyl products}s ¢, methy!lS divided by

large sources of error in this method, arising from high back-Qnmethy because if the ionization cross section for methyl is

ground or limited signal that might obscure or reduce signalarge it will give an anomalously high apparent cross sec-

from the daughter ions at some masses suchnde tion) We can thus use Eq(12) above to determine

=28(CO+) andm/e= 16 (O"). There is also error from the  (Quinoxy fyinoxy)/ (Qumethyi fmetny) from our photodissociation

value used for the total ionization cross section, which isexperiment from the ratiors ¢ o, meth)/lo-g5 slow stable vinoxyd€"

rarely experimentally determined and instead is estimatetermined from fitting the corresponding relative signal inten-

with one of two semiempirical method$°neither of which  sities in ourm/e= 15 data. The ratio of rprobs ar{<'s de-

is tested for polyatomic radicals. termined by fitting the signal assigned to “slow” GH
The data here on methyl vinyl ether photodissociationproducts and their momentum-matched vinoxy was 22:0.9

provide the essential calibration factor to circumvent the=slow CH;: their momentum-matched vinoxy in the/e

above problems when one wishes to derive a branching ratie 15 TOF spectrum (Fig. 3). Inserting o5 gow methyl

in a mass-spectrometric experiment that produces V'HOXYTlsslowstamevmoxy 22/0.9 in Eq.(12) gives a value for

radicals in one channel and methyl radicals in another, sucfQinoxy f \];|noxy)/(QmethyIfmethyD from our photodissociation

as in the bimolecular reactive scattering data of Schmoltneexperiment,  obtaining vaoxyf&ﬂoxy)/(Qmethwfmethyp

et al. on OCP) + ethylene discussed in the next section. We=0.116+0.022. This sensitivity calibration factor can now

can use the methyl vinyl ether photodissociation data tde used to convert apparent cross sections to real branching

calibraté® the relative mass-spectrometric detection sensitivratios for any experiment which produces methyl radicals in

ity to methyl vs vinoxy radical products at th@/e=15 one channel and vinoxy radicals in another, such as in the

daughter ion, since both the methyl and vinoxy productsimolecular reactive scattering data of Schmoltaeal. on

from the slow O—CH fission channel in the 193 nm disso- O(3P) + ethylene discussed in the next section. We use only

0.35 (slow stable vinoxy products
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their m/e=15 data, from which one obtains the apparentmethod for estimating ionization cross sections and estimates
cross sections of the GHHCO vs the vinoxy-H product  of the relevant daughter ion cracking patterns.

channels from fitting the relative signal intensities of the;CH We can circumvent virtually all the sources of errors in
signal atm/e= 15 and the vinoxy signal ab/e=15 with the = Schmoltneret al.s branching ratio determination by simply
usual cm~lab forward convolution fitting procedure. One using only their data atn/e=15, which have contributions
does not need to sum up signal at any other daughter ion ndrom both methyl from the CE+HCO product channela)

rely on semiempirical estimates of the ratio of total ioniza-[channel (13) abovgd and vinoxy from the vinoxy-H

tion cross sections of methyl to vinoxy radicals, as that in-product channelb) [channel(14) abovd. We correct the
formation is provided by the calibration factor me=15  apparent cross sections from fitting the methyl and vinoxy
from our photodissociation experimentNormally this  signal in theirm/e=15 data to real product branching ratios
method does not rely on any estimates of ionization crossising the mass-spectrometric sensitivity calibration factor for
section or daughter ion fragmentation patterns; we only hadnethyl and vinoxy products that we derived in Sec. llIC
to do so in the methyl vinyl ether calibration because somdrom the photodissociation of methyl vinyl ether to
of the vinoxy was lost to secondary dissociation to ketenemethyH-vinoxy. We proceed as follows: As Schmoltner
See Sec. I B. et al. did not report the apparent cross sections they used to
fit their m/e= 15 data, we refit then/e= 15 O+ethylene data
using their published product translational energies and an-

D. Determining the CH ;+HCO/H+CH,CHO product o . .
d 3 / 2 P gular distributions and varied the ratio between the two ap-

branching ratio in prior O +ethylene reactive

scattering experiments by using our calibrated parent cross sections until we obtained a good fit to their
detection sensitivity to vinoxy and methyl radicals data.(We used the standard forward convolution bimolecular
at the m/e=15 daughter ion scattering program of Lee and co-workeevT, provided

generously by A. Suits. Most of the needed input parameters,
such as beam velocities, were given in the paper by Schmolt-
ner et al, with the exception of the interaction region to
rchopper flight path, which needed to be set at 17.6 cm for the
published translational energy distribution to fit the data.

Schmoltneret al’s crossed molecular beams scattering
experiment on the OEP) + ethylene reactionta 6 kcal/mol
collision energy detected, in qualitative agreement with prio
work, two significant primary product channels,

O(®P) + C,H;—CH;+HCO, (13)  The apparent cross sections that fit the contributions from
methyl and from vinoxy products in then/e=15 data of
—H+CH,CHO. (14) Schmoltneret al. were 0.84:0.16 (Cki+HCO:vinoxy+H).

Experimental determinations of the branching ratio for theThe branching ratio between the two channels is then trivi-
O-+ethylene reactiorisee the Discussion sectiohave var-  ally calculated using that ratio and the mass-spectrometric
ied widely. While the work of Schmoltnest al. is likely the  sensitivity calibration factor 0.116 for methyl and vinoxy
benchmark for further work on this system, their method ofproducts atm/e=15 that we derived in Sec. llIC from the
calculating branching ratios gave a larger branching, 71%hotodissociation of methyl vinyl ether:

(62%—77%, to the CH+HCO channel13) than any of the

other determinations published at that time. Their method of

extracting branching ratios from their data relied on com- O CHgt+HCO

monly used but unreliabléoy virtue of being untested for T st

A ] - X oo O'H+CH,CHO
polyatomic radicalsestimates of the ratio of the ionization
cross sections of the polyatomic radical products. They also s methyl from CH+HCO Qvinoxyf\%igr)loxy
needed to sum up all the signal from all the possible daughter =0 £15
ions, which was done by estimating by comparison with “re- 715 vinoxy from Hr-CH,cHo  Qmetnyifmetny
lated compounds” to estimate the cracking to missing 84
masses in their daughter ion fragmentation pattern and com- = mx 0.116=0.61+0.11). (16)

pare signal from two different reactive scattering experi-
ments. From one experiment they used their datané

=42 for vinoxy and from the second experiment, done withi¢ o1y these two product channels contribute significantly,
isotopically labeled reactants, they used their datm&@ s corresponds to a 38%ith estimated error bars of about
=30 (C'®0") for CH'®0, obtaining their branching rati® 5% branching to the CkHHCO product channela)
with [channel(13) abovd and 62% branching to vinoxyH prod-
o. 02 Qi 42 uct channel(b) [channel(14) abovd. This is considerably
a a vinoxy vinoxy . .
R=—= X (15 different than the 71% branchingRE2.5+0.9) to the
CH3+HCO product channel that Schmoltner al. derived
In their equation above? is the apparent cross section for from comparing the isotopically labeled experiment for the
the CH+HCO channel from then/e= 30 data andr{ is the ~ HC®0 daughter signal at/e= 30 with the vinoxy signal at
apparent cross section for the vinexid product channel m/e=42. The 38% branching to the GHHCO product
from theirm/e=42 data, and they derived each from fitting channel we derive using our 0.116 calibration factor from the
the relative signal intensities in the two experiments, obtainmethyl vinyl ether photodissociation is in reasonable agree-
ing R=2.5+0.9. The calculations used the Fitch and Sautement with the 44 15% contribution reported by Blest al.*

) 30 -
Op Op Qcro fCHO
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TABLE I. Prior determinations of the product branching to the two primary channels formed in the bimolecular
O(P)+ethylene reaction.

% (CHy+CH,0)

Reference % (CEH-CHO) % (H+CH,CHO) (minor channel Method
1 71(62-77%? 29+52 e Crossed
molecular beam
Our work 38+ 52 62+ 52 ‘e Recalibrated crossed
molecular beam
2 52-58 364 . Photochemical modulation
spectroscopy
4 27+5 e Resonance fluorescence
5 e 79+14 ‘e Resonance fluorescence
6 5010 40+ 10 L Microwave spectroscopy
3 44+15 50+ 10 6+3 LMR, ESR

@Assumes these channels are the only significant ones, as the experiment only determines ratio between
these two.

whereas the 71% determination Schmolteerl! reported and partly due to other unidentified sources.” To us, this
is well outside the error bar range of this and most othesseems like an odd conclusion since the product translational

measurements of this branching. energy distribution they report for the GHHCO channel
gave a good fit to the fagh/e=15 signal, so it is hard to
imagine an unidentified source having the same TOF distri-
IV. DISCUSSION .
o _ bution. Indeed, when we use the samée=15 data, but
A. Product branching in the O  +ethylene bimolecular with our 0.116 calibration factor from the methyl vinyl ether
reaction

photodissociation, we get the reasonable branching ratio

In this paper we used methyl vinyl ether photodissocia-given above(smaller, not larger, than Schmoltnet al. re-
tion to derive the relative mass-spectrometric sensitivity cali{0rt and well within the range of other measurements on this
bration factor of 0.116 for methy| to Vinoxy products at branChing. Clearly, it is their estimates of the daughter ion
m/e=15 and then used that calibration factor to derive thecracking patterns and/or total ionization cross sections of
product channel branching in prior «&thylene reactive Mmethyl and vinoxy that are causing their difficulty in deriv-
scattering experiments using only thee=15 signal in- ing a branching ratio from thein/e= 15 data. They did not
tensities. Our determination gave a GHHCO/H+CH,CHO  report the daughter ion cracking patterns they used for me-
product branching ratio oR=0.61, corresponding to 38% thyl radicals® This daughter ion cracking pattern of methyl
(+5%) branching to the Ck+HCO channel, while the more radicals, however, is dependent on both internal energy and
error-prone method used in the prior work gave a value reionization energy used. Thus, to attempt to determine the
ported asR=2.5+0.9, corresponding to 71% branching to source of the possible error in the calculations of Schmoltner
the CH+HCO channel. Table | shows a summary of theet al, we repeated their calculations using a valueff{:,?gmyI
widely varying determinations of the product branching forobtained from a study of methyl radical daughter ion crack-
the O+ethylene reaction that were published near the time ofng collected as a function of internal energy of the methyl,
the prior work. Clearly the 719%662%—77% value for the taken at a 70 eV electron bombardment enéfggchmoltner
CH;+HCO channel that Schmoltnet al. derived in 1989 et al. collected their data using 200 eV ionization energy, but
from their data was at the upper limit of prior determinations.the absolute cross sections for the formation of the; GRd
Furthermore, that value as well as many others were outsidéD, ions from CD radicals were studied as a function of
the error bars of many of the other reported branching perelectron impact ionization energy by Tarnovsétal, who
centages. show that between 70 and 200 eV the measured cross sec-

We can try to assess whether the 71% branching to thiéons flatten ouf* We would therefore expect the methyl
CH;+HCO product channel determined by Schmolteeal.  cracking pattern not to change dramatically at 200 eV vs at
was high due to the difficulty of comparing signal in an 70 eV. Since Schmoltneet al. used an average collision
isotopically labeled experiment for the D daughter sig- energy of only 6 kcal/mol in their experiments, we used the
nal atm/e=30 with the vinoxy signal ain/e=42. Interest- lower internal energy methyl daughter ion cracking patterns
ingly, Schmoltneret al. did try to use them/e=15 data provided by Linet al, and found that the value fdR that
alone to determine a branching ratio. That should have givethis gives, 3.0, is indeed also larger rather than smaller than
a more reliable determination, as it does not rely on comparthe value of 2.5 adopted by Schmoltnetral. Thus, using
ing an isotopically labeled with an unlabeled experiment.estimated ionization cross sections and literature daughter
However, their paper states that “the intensity derived fromion cracking patterns does not give a reliable branching ratio
the fast feature in then/e=15 data would correspond to a determination, whereas our calibration of thée= 15 signal
much larger branching rati¢favoring channels 3& (the intensities using methyl vinyl ether does. A%loxywas mea-
CH;+HCO product channgl so they conclude that the fast sured by Schmoltneet al, we believe that the error must
feature is probably “only partly due tdhe methyl produdt  reside in the value obtained f@,noxy/Qmethyi- AS can be
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seen from the order-of-magnitude difference obtained fodifficult/prohibitive.” Previous work has demonstrated that,
Quinoxy @nd Qyetene UsiNg the Fitz and Sauter vs the Centerat least for bond fission reactions, a reaction channel which
and Mandl semiempirical methods for calculating total ion-requires only a one-electrdior a no-electronchange in the
ization cross sections, such estimations are extremely unrelelectronic configuration of the system as the reactant evolves
able. We did rely on the same methods to calculateo products should be characterized as electronically facile.
Quinoxy/ Qretene Ut apparently that ratio is more reliable as Such reactions can be adequately predicted by the usual elec-
vinoxy and ketene should have more similar ionization crossronically adiabatic formulation of transition state theory or
sections, and the value for the ratio calculated by the twaxact quantum reactive scattering. The second category of
methods was consistent. reaction channels are those that are electronically difficult/
The largest potential source of error in our determinationprohibitive. Such reaction pathways require a two-electron
of the O+ethylene product branching from the Schmoltnerchange in electronic configuration to evolve to a particular
data is any error in our calibration ofQ(inexy finowy)/  product channel. If the two-electron change in configuration
(Qmetnyifimetny) = 0.116 introduced by a poor estimate of the further involves orbitals on two spatially separated functional
fraction of the slow nascent vinoxy radicals that survivesgroups, we classify it as electronically prohibitive and then
Secondary dissociation. An independent determination of thléxpect the reaction rate to be markec“y Suppressed’ as was
fraction would be most valuable. Since the slow nascent Vigpserved for the C—Br fission channel in the experiment on
noxy radicals are most likely formed in th& state, one thens* photodissociation of bromopropionyl chiorid®.
might envision a fluorescence quantum yield measurement |n order to test these electronic propensity rules for the
(since the vinoxy that survives probably does so by losingdD—CH, bond fission channel of methyl vinyl ether, we now
energy via emission of a photpnSuch a measurement is qualitatively examine the changes in electronic configura-
outside of the scope of the present work; indeed, there ion from the m#* excitation required to access the
only one very recent stgdy, by Su and B.erséﬁnf.vmoxy CHa+CH,CHO (X2A") and the CH+CH,CHO (A2A")
radicals from methyl vinyl ether photodissociation at 1935q,ct channelgNote that neither of these channels corre-
nm, and it focuses on the vibrational distribution of thesponds to the adiabatic product chann&he analysis below

ground-state vinoxy product. That work, which measures they, s that the reaction does indeed primarily give the prod-
nascentand relaxeiju_:)re_ltmnal distribution Of.VIHOXy Pro- ¢t channel that is electronically facile, while the electroni-
dgced b_y photod|ssom_at|on and by the r(.—:-ac.non. of O atom§a"y prohibitive channelinvolving a two-electron change
with various alkenes, finds the nascent distributions becom8n spatially distinct functional groupis a minor contributor

colder as the alkene size increases. As that work prob the energetically allowed products of this reaction. In

ground-state vinoxy product, however, it is sensitive to the . . .
. . ) agreement with the assignment of the absorption spectrum
vinoxy product formed in what we detect as a minor O-CH 9 g b P

23 :
photofragmentation channel, with the kinetic energy distribu-by Planckaertet al,” our CIS calculations show that the

tion peaking near 54 kcal/molComparing the rprob that fit excitation of methyl vinyl ether at 193 nm involves &

the fast methyl signal to the rprob that fit the slow methyl v(;tz ggfr:ft::cc))?lttrri]sljtlizrllogﬁltﬁs%l?trjg?r;gngnn?nbon d?r?mcj)x 5
signal in Fig. 3 suggests the branching to this minor OzCH P g oxy

fission channel is roughly 5%, while tH(E)’s used to fit gen orbital.(The calculations also show a lower enenyy

the m/e=42 data suggest that it is10%, but the relative excited state with small oscillator strengtftherefore, inCq
vinoxy signals atm/e=15 do not give a c’:onsistent branch- symmetry an electron photoexcited at 193 nm is promoted

ing.) Near the peak of the kinetic energy distribution therefrom ana’ orbital to another” orbital, giving a state sym-

remains about xm ! of energy to be partitioned to methyl MeLrY Of ﬁ . (The expected torsion about the=&C bond
and vinoxy vibrational and rotational energy: Bersohn'sUPON w7 excitation will allow the reaction to access both

work indicates that typically less than half of this is parti- ' -and A’ prOdlj'Ct asymptotesTo describe the energeti-
tioned to vinoxy vibration. cally allowed vinoxy products, we use the results of

Yamaguchi’ and give the electronic configuration described
by the active orbitals he chose for his calculations. The main

B. Analyzing the~d20minance of the electronic configuration of the ground-state vinoxy rad-
CH5+CH,CHO A("A") product channel to test ical (X2A”) in Cg symmetry can be described as
propensity rules for product electronic accessibility (1a")2(10a’)2(2a")}(3a")°, so the radical can be regarded

A marked result in this experiment was that ther* as the formyloxy radical (CH,—CH=0). This theoretical
excitation of methyl vinyl ether at 193 nm resulted in prima- assignment of the main electronic configuration for ground-
rily the CHy+CH,CHO (A ?A’) product channel, with a very state vinoxy which places the unpaired spin density primarily
minor branching to the Ci#CH,CHO (X 2A”) products. On the methylene carbon is supported by_ the experimental
This observation afforded the opportunity to test our qualita\Vork of Endo et al®® In planar geometry in the Franck—
tive propensity rules for how electronically accessible posCondon region, the first excited staté {A’") of vinoxy has
sible product channels are and how this influences théhe dominant configuration @r')%(10a’)}(2a”)%(3a")°,
branching between energetically allowed product channelsand thus can be regarded as the vinyloxy radical
These propensity rules, developed in prior work by this(CH,—=CHO-), where the unpaired electron is primarily lo-
group*®>®* make the distinction between two types of re- calized in the in-plane oxygen orbital. The methyl radical
action channels, “electronically facile” and “electronically orbital participating in the reaction is alsw/, since only

Downloaded 18 Mar 2002 to 128.135.85.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



216 J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 Morton, Szpunar, and Butler

ground-state methyX 2A’ with respect to th&C, symmetry ~ °U. C. Sridharan and F. Kaufman, Chem. Phys. Lt 45 (1983.

plane is energetically allowed in these experiments. TheegéE:ffég-g;;“d"ya' C. Yamada, E. Hirota, and S. Koda, J. Chem. Phys.
dOUny OCCUpi.E'd O—Cy.sigma bonding' orbital in Qrou,”d' 3. ’R. Kanofsky'and D. Gutman, Chem. Phys. L&8,. 236 (1972.

state methyl vinyl ether is the bonding linear combination of sy kjeinermanns and A. C. Luntz, J. Phys. Chesb, 1966 (1981.

the 1&’ vinoxy orbital and thea’ methyl radical orbital.  °R. Quandt, Z. Min, X. Wang, and R. Bersohn, J. Phys. Cheri0& 60
Thus, from ther#* excited state of methyl vinyl ether, the  (1998.

. . 10 H
reaction only requires a one-electron change—(7*) to foﬂrl](nggHg Wong, R. Quandt, and R. Bersohn, J. Phys. Cheri03

access the Ci+CH,CHO (A2?A’) products. The bond that 117 Min, T.-H. Wong, H. Su, and R. Bersohn, J. Phys. Chenl.04, 9941
is broken leaves one electron in the vinoxy in-planea30 (2000.

oxygen orbital and one electron in the methylorbital giv-  *2T. K. Minton, C. M. Nelson, T. A. Moore, and M. Okumura, Scier&5s,

ing A-state vinoxy and ground-state methyl. Thus, in the,,132(1992-

g A-st y gl . y D, C. Kitchen, T. L. Myers, and L. J. Butler, J. Phys. Cheri0, 5200
application of the electronic propensity rules we would clas- (1996
sify this channel as electronically facile. Formation of 14 j gutler, Annu. Rev. Phys. Chem9, 125(1998.
ground-state vinoxy, however, requires a two-electronN. R. Forde, T. L. Myers, and L. J. Butler, Faraday Discus8, 221
change among spatially distinct functional groups along thqe(l997)- _
reaction coordinate, so this channel is electronically prohibi- - b- Myers. N. R. Forde, B. Hu, D. C. Kitchen, and L. J. Butler, J. Chem.
tive, and indeed we see that this channel is suppresse hys.107, 5361(1997.

L Pp . |. Barnhard, M. He, and B. R. Weiner, J. Phys. Chetf0 2784

experimentally. (1996.

Analysis of the changes of electronic configuration re-'m. Heaven, L. DiMauro, and T. A. Miller, Chem. Phys. Le5, 347
quired to access the GHCH,CHO (X2?A") vs the  (1983.

= 2n . K. Lorenz, D. Rhaa, R. Zellner, and B. Fritz, Ber. Bunsenges. Phys.
CH3+CH,CHO (A“A’) product channels correctly predicts  cnem.g9, 341 (1985.

that the dominant channel observed experimentally is thé&H. Su and R. Bersohfunpublishedl

electronically facile one. Although this gives qualitative pre-*'See K. I. Barnhard, A. Santiago, M. He, F. Asmar, and B. R. Weiner,

dictive ability, it remains to gain a detailed picture of the 2zghi,,m' PhyTS- |K-€E|178 13?\;1%?2' ?”‘J’ r(e:fﬁre”CSE Withligas 108

m* photodissociation dynamics. To this end, we plan to,’ A.e;?;hcl'(;ért’ 7 e;]ouce't’ ey 'Sangg;%y’ J;ﬁgéhem. ('38&521'8 "

pursue calculations examining the potential energy surfaces(1g74,

as the C—0 bond is stretched using the Hv metfod. 24GAUSSIAN 94 Revision D.4, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
Note added in proofRecent experiments, in preparation Gaussian, Inc., Pittsburgh, PA, 1995. Basis set used was a 6*311G

for publication, by A. Miyoshi, J. Yashida, M. Koshi, and H.  Geometry was of the ground-state lower enesgsis conformer. .

Matsui have measured the product branching in théP())( M. Leibovitch, A. J. Kresge, and M. R. Peterson, J. Mol. Struct.:

. s . THEOCHEM 76, 349 (1991).
64129
+C;H, reaction, Obtammg a yelld of 12% of methyl 26B. Ruscic, private communication of recent G3 calculations.

radicals. 27p. L. Osborn, H. Choi, D. H. Mordaunt, R. T. Bise, D. M. Neumark, and
C. M. Rohlfing, J. Chem. Phy4.06, 3049(1997).
ACKNOWLEDGMENTS 28Dir. S. E. Stein, inNIST Chemistry WebBook, NIST Standard Reference

Database Number 6%dited by W. G. Mallard and P. J. Linstrom, Feb-

This work was supported by the Division of Chemical ruary 2000 National Institute of Standards and Technology, Gaithersburg,
Sciences, Office of Basic Energy Sciences, Office of Energy MD (http://webbook.nist.gov
Research, U.S. Department of Energy, under Grant No. D z\FIQVIIE_ ggf]'t‘efr;‘i (f-ADMSai‘étleg Acr‘r;“;mChF?h’gg ii’gﬁl&g%
F602j92ER;4305L. JB) The ALS is supported by the 31T M. Miller and B. BederS(’)n, Adv. At. Mol. Phyd4.3, 1 (1977.
Materials Sciences Division of the DOE under Contract NO32jy 4 private communication with Schmoltner, she stated that she “prob-
DE-AC03-76SF00098. The authors gratefully acknowledge ably assumed a certain ‘standard’ ratio of 15:14:13:12 that | got from
B. Ruscic for performing the G3 calculations that provided_studying various spectrén tables of electron impact mass spektta
heats of formation and thus bond dissociation energies notd- Ir-M. Lin, Y. T. Lee, and X. Yang, private communication of recent
available in the literature. The authors also thank R. Bersohgh(/e'sﬁg;ovskyy A. Levin, H. Deutsch, and K. Becker, 3. Phys. B: At, Mol

for sharing his results on nascent vinoxy vibrational distribu- opt. phys29, 139 (1996.

tions prior to publication. 3N. R. Forde, L. J. Butler, and S. A. Abrash, J. Chem. Phy<), 8954
(1999.

LA. M. Schmoltner, P. M. Chu, R. J. Brudzynski, and Y. T. Lee, J. Chem, °P- W. Kash, G. C. G. Waschewsky, L. J. Butler, and M. M. Franci, J.
Phys.91, 6926(1989. 37Chem. PhysQQ, 4479(1993.

2H. E. Hunziker, H. Kneppe, and H. R. Wendt, J. Photochéif.377 M. Yamaguchi, Chem. Phys. Le@21, 531 (1994.
(198). %8Y. Endo, S. Saito, and E. Hirota, J. Chem. PH8®.2026(1985.

3U. Bley, P. Dransfeld, B. Himme, M. Koch, F. Temps, and H. Gg. Wag- 393ee, for details on method and applicatiaf@:D. M. Potts, C. M. Taylor,
ner, Proceedings of the Combustion Instita& 997 (1988. R. K. Chaudhuri, and K. F. Freed, J. Chem. Phis.pres$; (b) K. F.

4J. F. Smalley, F. L. Nesbitt, and R. B. Klemm, J. Phys. Ch8f.491 Freed Lecture Notes in Chemistfgpringer, Berlin, 1980 and references
(1986. therein.

Downloaded 18 Mar 2002 to 128.135.85.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



