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This work is a study of the competition between the two unimolecular reaction channels available
to the vinoxy radical (CHCHO), G—H fission to form H+-ketene, and isomerization to the acetyl
radical (CHCO) followed by C—C fission to form CH+ CO. Chloroacetaldehyde (GBICHO)

was used as a photolytic precursor to the vinoxy radical in its ground state; photodissociation of
chloroacetaldehyde at 193 nm produces vinoxy radicals with internal energies spanning the G3//
B3LYP calculated barriers to the two available unimolecular reaction channels. The onset of the
CH;+ CO channel, via isomerization to the acetyl radical, was found to occur at an internal energy
of 41+2 kcal/mol, agreeing well with our calculated isomerization barrier of 40.8 kcal/mol.
Branching to the Hketene channel was too small to be detected; we conclude that the branching
to the H+-ketene channel must be at least a factor of 200 lower than what is predicted by a RRKM
analysis based on our electronic structure calculations. This dramatic result may be explained in part
by the presence of a conical intersection at planar geometries along the reaction coordinate leading
to H+ketene, which results in electronically nonadiabatic recrossing of the transition state.
© 2004 American Institute of Physic§DOI: 10.1063/1.1765653

I. INTRODUCTION consistent with internal conversion to ti&2A") state fol-
lowed by dissociation on the ground state potential energy

The vinoxy radical, CHCHO, is a species of great in- . . .
terest, both theoretically and practically. From a practicalsurfa(_:e' Matsika and Yarkohfound that there is an avoided

standpoint, it plays an important role as an intermediate iff"0SSing between thB(*A") andA(*A") states, and a coni-
combustion reactions. GIEHO is known to be a product of Cal intersection between th&(*A’) and X(*A") states, that
the reactions GP)+ C,H,,* O(PP)+C,H;,2 OH+C,H,,®  could facilitate internal conversion from tH(?A”) state to
and OH+C,H,0.* Because these reactions all involve spe-the ground state.
cies that are present in the combustion of larger At planar geometries, a vinoxy radical undergoing-8
hydrocarbons;?® the dissociation dynamics of the vinoxy fission to form Hrketene encounters a conical
radical are of considerable importance in gaining an underintersectior.® That is, thep orbital containing the unpaired
standing of hydrocarbon combustion chemistry. electron(in the ground stadeon the terminal C atom is per-
From a theoretical perspective, the vinoxy radical servegendicular to the radical orbital being formed on the central
as a means to test our ability to use first-principle quantung atom by the breaking of the-CH bond. In planar geom-
mechanics to predict chemical reaction rates and produqtry, the two radical orbitals, or& and the othea”, cannot
branching. The br'anching ratio between the two dissociatiofieract to contribute to ar bonding orbital so the ground
channels of the vinoxy radical, state of the vinoxy radical correlates diabatically to the triplet
CH,CHO—H,C=C=0 (ketene)+H, (1) state of ketene, which is energetically inaccessible. There-
i fore, one anticipates a considerable probability that a disso-
CH,CHO— CH,CO (acetyl radical}>CH;+CO,  (2) ciative trajectory heading toward-t+ketene will undergo an
was investigated in prior work by Osbormt al’ In their  electronically nonadiabatic recrossing of the transition
study, vinoxy radicals were generated by laser photodetactstate!® This would reduce the branching to thet+Ketene
ment of the CHCHO™ anion, and photoexcited to the product channel compared to the product branching pre-
B(?A") state. They observed that the+ietene channel dicted by any method which incorporates the Born-
dominated the CEH CO channel, with a branching ratio of Oppenheimer approximation, including statistical transition
approximately 42:1. They interpreted their results as being state theories as well as exact quantum reactive scattering
calculations on a single adiabatic potential energy surface.
dAuthor to whom correspondence should be addressed. Electronic maiIThOUgh Osborret al.found, in their study, a product branch-
L-Butler@uchicago.edu ing ratio in rough agreement with their RRKM calculations,

0021-9606/2004/121(4)/1830/9/$22.00 1830 © 2004 American Institute of Physics

Downloaded 09 Mar 2005 to 128.135.85.50. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1765653

J. Chem. Phys., Vol. 121, No. 4, 22 July 2004 Dissociation of the vinoxy radical 1831

we decided to investigate the system further, to elucidate the ’ ' : ' T
effect of electronic nonadiabaticity on the product branching. mle=35 (CI*)
In the Osborn work, the vinoxy radical was produced in the 15° 13.7 eV
B(%A") electronic state, from which internal conversion to ’ '
the ground state and subsequent dissociation on the ground
state surface was assumed to be the mechanism. In contrast,
our experimental method produces the vinoxy radical di-
rectly in the ground state.

In the past, alkyl vinyl ethers have been commonly used
as precursors to the vinoxy radical. Morton, Szpunar, and
Butler'! have found that methyl vinyl ether photodissociated }
at 193 nm produces vinoxy radicals mostly in the excited 0
A(A") electronic state. This is consistent with electronic < . ‘ . .
propensity rules for electronically diabatic dissociation dy- 60 70 80 90 100 110 120
namics, in that theA state of the vinoxy radical has the Time-of-Flight (usec)
unpaired electron density centered on the oxygen atom in anG. 1. Time-of-flight spectrum taken an/e=35 (CI'), with a source
a’ orbital, while theX(zA”) state has the unpaired electron angle of 15°, a photoionization energy of 13.7 eV, and an undulator gap of
density centered on the terminal carbon atom ina4ror- 31.50 mm. The integrated signal was 0.0095 counts per laser s_hot, over a

. . total of 180 000 laser shots. Data points are shown in open circles. The
bital. In the homolytic cleavage of the methy-@ bond of  forward convolution fit shown in the solid line is from the energy distribu-
methyl vinyl ether, the radical electron density remains lo-tion shown in Fig. 2.
calized on the oxygen atom of the nascent vinoxy radical.

In  this work, we use chloroacetaldehyde
(CH,Cl—CH=O0) as a precursor to the vinoxy radical. The ment, and the laser beam was focused to an & spot in
electronic propensity rules suggest that the nascent vinoxihe interaction region of the apparatus. The pulsed nozzle
radicals should be produced mostly in the state. The frequency was kept constant at 100 Hz, and the laser was
branching ratio between the ensuing dissociation channels @Perated at either 100 or 50 Hz, depending on whether shot-
the nascent vinoxy radicals allows for an evaluation of thelo-shot background subtraction was used.
validity of the Born-Oppenheimer approximation on the  Photofragments reaching the detector were ionized by
ground Sstate potentia' energy Surface_ By Comparing our reT.he tunable vacuum ultI’aViOlet I‘adiation Of the ALS, and f||'
sults with those of studies in which the vinoxy radical is tered by mass-to-charge ratio with a quadrupole. The time-
produced in an excited electronic state, we may also test tHef-flight (TOF) spectra of the mass-selected photofragments
hypothesigas used, e.g., by Osboat al) that excited state included both the flight time of the neutral species through

vinoxy radicals proceed efficiently to the ground state viathe 15.2 cm flight path from the interaction region to the
internal conversion. detector, and the ion flight time through the mass spectrom-

eter, with an ion flight time constant of 5.g&/amd’?. From
the TOF spectra, we then determined the velocity distribu-
IIl. EXPERIMENT tions of the mass-selected photofragments.

All data presented here were collected at Endstation 1 of ~The nominal photoionization energies of most of the
the Chemical Dynamics Beamlin®.0.2 of the Advanced data reported here were calculated using the original beam-
Light Source(ALS) at Lawrence Berkeley National Labora- line calculator at the ALS, prior to a late 2002 recalibration
tories. We produced the vinoxy radicals in their ground statéf the light source. It is now known that these photoioniza-
from the photodissociation  of chloroacetaldehydetion energy values are about 0.20—0.35 eV to the blue of the
(CH,CICHO) at 193 nm. The experimental method has beer@ctual peak energy of the photoionization source. Through-
described in detail e|sewhe+%}3 so we provide a summary out this work, the phOtOionization energies we report are the
here. Ch|0r0aceta|dehyde was obtained Commercia”y as @rrected values that take the recalibration into account.
50% solution in water, and used without further purification.

The molecular beam of 5% chloroacetaldehyde seeded ifjj. RESULTS AND ANALYSIS

helium was expanded through a room temperature pulsed
nozzle with an orifice 1 mm in diameter, and subsequentl
skimmed. The measured velocity distribution of the chloro-
acetaldehyde beam peaked at118° cm/s with a full width We observed two primary dissociation channels of chlo-
at half maximum of 21%. roacetaldehyde. The major channek-Cl fission to give CI

The chloroacetaldehyde molecules were photodissociplus vinoxy, is characterized by the TOF spectrunmde
ated using the unpolarized 193 nm output of a Lambda=35 (CI"), shown in Fig. 1. The translational energy distri-
Physik excimer laser operating at the ArF transitiGhhe  bution[P(E+)] for C—CI fission was derived from the for-
laser light was unpolarized in the plane of the source and thevard convolution fitting of this spectrum and is shown in
detector, leading to a slight preference for detecting photoFig. 2. The minor channel, HCI elimination to form HCI plus
fragments with a positive anisotropy parametdihe laser ketene, is characterized by the TOF spectrum nde
power was approximately 50 mJ/pulse throughout the experi=36 (HCI"), shown in Fig. 3. The correspondir@(Eq)

I o o
- » ®

N(t) (arb. units)

e
o

. Primary photodissociation channels
of chloroacetaldehyde
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FIG. 4. Translational energy distributioR(E+), derived from the forward
convolution fit to the HC! spectrum shown in Fig. 3.

FIG. 2. Translational energy distributioR(E+), derived from the forward
convolution fit to the CI spectrum shown in Fig. 1. The upper &45;, s~ |acylar rotations in the expansion of the beam. Assuming that
the total kinetic energy of the momentum-matched fragments, Cl and vi- . . . .
noxy. The lower axisEq . is the corresponding internal energy of the vi- (€ Vibrational temperature of the beam is closely approxi-
noxy radicals. mated by the temperature of the noz¢B5 °C), and using
vibrational frequencies calculated at the B3LYP/6-38 (
level and scaled by 0.96, we find the mean value of
derived from the fitting of this spectrum is shown in Fig. 4. Eiy(caa) to be 1.2 kcal/mol. From calculations using the G3//
Although we did not measure the photofragment anisotropyB3LYP method:®> we find Do(C—Cl), the carbon-chlorine
we expect both channels to be close to isotropic based opond dissociation energy, to be 74.2 kcal/mol. The internal
results from other analogous systems. energy of the chlorine atonk;,(Cl), is either 0 or 2.5
The internal energyE;(vinoxy), of the nascent vinoxy kcal/mol, for chlorine atoms in the ground and excited spin-

radicals may be found using conservation of energy, orbit states, respectively. Because the spin-orbit splitting is
_ close to the energy resolution of our experiment, and because
hv+ Bin(Caa)y=Do(C—Cl) + Er+ Ein(vinoxy) it is not possible for us to distinguish between the two spin-
+Ein(Cl). ()

orbit states of chlorine here, we takg,(CL) to be zero
Here, hv=148.0 kcal/mol, the energy of a 193.3 nm

throughout. Therefore,
photon.E;(caa) is the internal vibrational energy of the par-  Ejn(Vinoxy)=75.0 kcal/mot-Ey. 4

ent chloroacetaldehyde molecules, which is approximately The translational energy of the—CCl bond fission
equal to the total internal energy, due to cooling of the Mo, ants ranges from 4.5 to 40.5 kcal/mol, Eg(vinoxy)
(henceforth, simplhE;,), ranges from 34.5 to 70.5 kcal/mol,
with the majority of vinoxy radicals having internal energies
of less than 50 kcal/mol. This range spans the calculated
barriers to dissociation of the nascent vinoxy radicals, shown
in Fig. 5 and discussed further in Sec. Il C.

We may calculate the branching rati® between the

m/e=36 (HCI")
15°, 13.7 eV

w06 C—Cl fission and HCI elimination channels using the fol-
IS lowing equation:
; 0.4
g _ Nere TS+ Quel fra 5)
g o2 Nucit TShcir Qar far’
whereN, is the integrated, background-subtracted signal of
0 o 5 speciesx, normalized for the number of laser shots;, TS
0.2 (?%oo ° the theoretical scaling factor, which accounts for the Jaco-
- o ° ’ ‘ . bian factors in the analysis of the TOF spectra and the greater
50 100 150 200 sensitivity to fragments with longer transit times through the

ionization region;Q, is the photionization cross section of
specie; f, is the fraction of the ionized fragments of spe-
Fiesx that do not undergo dissociative ionization.

To obtainNy+, we integrate the HCI spectrum shown
in Fig. 3 (which was collected over 1:810° laser shotg

Time-of-flight (usec)

FIG. 3. Time-of-flight spectrum taken at/e=36 (HCI"), with a source
angle of 15°, a photoionization energy of 13.7 eV, and an undulator gap o
31.50 mm, integrated over a total of K& laser shots. Th®(E;) de-
rived from the forward convolution fit is shown in Fig. 4.
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)
o 10 0.2 Lo . . n
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oL CH +CO Time-of-Flight (usec)
vinoxy radical 3
' acetyl radical FIG. 6. Time-of-flight spectrum taken at/e=42 (H,CCO'), with a
-10 L source angle of 15°, a photoionization energy of 10.6 eV, and an undulator

ngap of 27.82 mm. A Mgk-filter was used to eliminate the higher harmonics

theG. i.in%?gf:?;:(t’iigséccliﬁitgr? g??rrmgele\f‘inogxtherafgilglarjbtdlsgizfsiégvionl(\:/f %é of the photoionization radiation. The integrated signal was 0.00044 counts
u u y ) 9 u Per laser shot. Data points are shown in open circles. Due to time con-

zero-point energy, and are rglanve to the_ grounq state (.)f the vinoxy .rad'ca?traints, this spectrum was taken without background subtraction, so we
Superimposed on the potential energy diagram is the distribution of interna

h - f - superimpose onto this spectrum the laser-off background frée 15 in
energieq P(En) ] of the nascent vinoxy radicalsiashed lingand of those olid circles, corrected for the difference in ion flight times. The solid line is

vinoxy radicals that isomerize and then dissociate, contributing to the signeﬁne forward convolution fit calculated from the HCI eliminatiéh(Ex)
at m/e= 15 (solid line). The onset of the isomerization agrees well with the shown in Fig. 4 and derived from the/e=36 spectrum shown in Fig} 3

rrier to isomerization. o N
caleulated barrier to isomerizatio The dotted line is calculated from tme/e=35 p(E;) shown in Fig. 2, and
represents the range of arrival times at which ketene product from the uni-
molecular dissociation of vinoxy radicals should be observed.

from 74 to 196us and subtract the average background of
129.4 counts per channel. To obtdiy+, we integrate a
spectrum not shown hefgvhich was collected over 600 000 times, so the observed ketene signal cannot be from the dis-
laser shots on the same day as ive= 36 spectrumfrom  sociation of vinoxy radicals. The solid line, on the other
76 to 100 us and subtract the average background of 4.%hand, represents the expected time of flight of ketene mol-
counts per channel. This/e= 35 spectrum was collected in ecules produced via the minor HCI elimination channel from
short blocks, alternating with th@/e= 36 spectrum, so itis the photolytic precursor chloroacetaldehyde, momentum-
not necessary to account for changes in laser power or photeaatched to then/e= 36 spectrum of Fig. 3. This is a good fit
ionization power, as these factors should have the same efo the data. Therefore, the vinoxy radicals that result from
fect on both spectra. photodissociation of chloroacetaldehyde at 193 nm undergo
The theoretical scaling factors were computed using ao detectable G-H fission, despite this being reported as the
forward convolution fitting program. The ionization cross major dissociation channel by Osboat al. This point is
sections were taken from the literatdfe'’ Because Clis an addressed more quantitatively in the Discussion.

atom and can have no daughter iofig=1, and we assume The HCI elimination P(E) does slightly overfit the
that fyg=1 as well. Thus, we have slow side of them/e=42 spectrum; this may be due to sec-
ondary dissociation of ketene. Two dissociation channels,
= &7/6 xﬁaxﬁ Xl =927.14. (6) H+HCCO and CH+ CO, are energetically accessible to the
2486/18 20.77 436 1 ketene products of HCI eliminatidfi.Due to the poor signal-
to-noise level in oum/e=42 spectrum, we do not attempt to
B. Unimolecular dissociation channels characterize the portion of the ketene products of HCI elimi-
of the vinoxy radical nation that undergo secondary dissociation. However, we

note that none of the possible ketene dissociation products

has a mass that could contribute to any of the spectra we
Signal of a very small magnitude was observednae  consider here. Also note that if vinoxy radicals underwent

=42 (H,CCO"), shown in the TOF spectrum in Fig. 6. The ¢_H fission to form Hrketene, those ketene products

dashed line in Fig. 6, however, represents the expected tinghould be detected an/e=42, as they have little internal
of flight of ketene molecules produced via-@ fission of  energy.

vinoxy radicals, momentum-matched to th#ée=35 spec-

trum of Fig. 1.(Since G—H fission imparts little recoil ve- o o

locity to the ketene product, the translational energies of thé- /Somerization to acety! followed by C =~ —C fission

ketene fragments may be approximated by the translationdf form CH s+CO

energies of the vinoxy radicals from which they were Figure 7 depicts the TOF spectrum takennate= 15,
formed) There is no apparent signal at this range of arrivalcorresponding to methyl radical products of the other unimo-

1. C—-H fission to form H +ketene
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60 65 70 75 80 85 90 95 100
Time-of-Flight (usec) FIG. 9. Time-of-flight spectrum taken an/e=15(CHy), with a source
angle of 15° and a photoionization energy of 14.0 eV. Data points are shown
FIG. 7. Time-of-flight spectrum taken am/e= 15 (CH;), with a source in open circles. The solid line is the forward convolution fit to the data using
angle of 15°, a photoionization energy of 12.7 eV, and an undulator gap ofhe sameP(Ey) as was used to fit the spectrum in Fig. 7. The dashed line is
30.45 mm. The solid line is the forward convolution fit calculated from the the unsatisfactory forward convolution fit calculated from the entire@l
P(Eq) in Fig. 8, assuming that the observed methyl radicals result fromfissionP(Ey). This spectrum was taken using a quadrupole with a different
unimolecular dissociation of acetyl radicals, with negligible kinetic energyion flight time constant than the one used to obtain the Fig. 7 spectrum, so
imparted to the nascent products. The dotted line is the unsatisfactory fRithough the absolute time of arrival of the photofragments differs between
calculated from the entiren/e=35P(E;), shown in Fig. 2. The dashed- the two spectra, they are both well fit by the saR{&r).
dotted line is the unsatisfactory fit obtained under the assumption that sec-
ondary dissociation of the acetyl radical imparts 1.0 kcal/mol of translational=15 spectrum results 0n|y from Vinoxy radicals with more
energy to the methyl and CO products. than about 41 kcal/mol of internal energy, consistent with the
calculated barrier height for isomerization to the acetyl radi-
) o ] o cal. (The deviation of them/e=15P(E;) from the m/e
lecular dISSOCIat.IOI’l. channgl, isomerization to acetyl folloyved: 35P(E;) at higher internal energies may be due to the
by C—C bond fission to yield Ckt CO. This spectrum is  yresence of clustejsSurprisingly, this fit implies that the
well fit by a subdistribution of the &Cl fission P(Er), ¢ pond fission of the acetyl radical imparts negligible
shown in Fig. 8. Figure 5 shows the-Cl fission P(E1)  recoil velocity to the nascent GHand CO products.
superl_mposed on a diagram of the energies (_Jf the calculated Eq, comparison, Fig. 7 also depicts two unsatisfactory
transition states. The part of tHé(Ey) that fits them/e  foward convolution fits. The dashed-dotted line is the best
fit that could be obtained by assuming that the-C bond
fission of the acetyl radical imparts just 1.0 kcal/mol of trans-

160 A lational energy to the nascent products; that this fit is far too
140 broad supports the conclusion that the recoil velocity from
secondary dissociation is indeed negligible. The dotted line
120 is the fit calculated using the entire-QCl fission P(Ey);
that this fit is significantly too fast supports our assignment
100 of this signal to methyl radical products of unimolecular dis-
o 80 sociation of vibrationally excited vinoxy radicals, rather than
T dissociative ionization of stable vinoxy products.
60 To further support our conclusion that th#e=15 sig-
40 nal does not result from dissociative ionization, we consider
the possibility that dissociative ionization efficiency is
20 strongly dependent on the internal energy of the vinoxy radi-
cals. That is, if the internal vibrational energy of the vinoxy
i T TR AT radicals contributes, along with the energy of the ionizing
E_ (kcal/mol) photon, to the energy necessary for dissociative ionization,
L ' then only those vinoxy radicals with;,, greater than some

70 65 60 55 50 45 40 35 radicals Willine 9F
cutoff would undergo dissociative ionization and be detected
Ele (kcal/mol)

at m/e=15; this, too, would result in the truncatét(E+)

FIG. 8. The solid line is the translational energy distributi®{E;), de- that fits the Fig. 7 spe_ctrum We"‘_ Fl_gur_e 9 showsnze
rived from the forward convolution fit to the GHspectrum shown in Fig. 7. =15 spectrum taken with a photoionization energy of 14.0
The upper axisEr, is the translational energy imparted to the vinoxy and eV, compared to the 12.7 eV used in the Fig. 7 spectrum. If
Cl products of the initial dissociation of chloroacetaldehyde; the lower axisthe m/e= 15 signal is, in fact, due to dissociative ionization

Eint, is the internal energy of the vinoxy radicals. TIH$E ) corresponds f stable vinoxy radicals, then increasing the photoionization
to those vinoxy radicals with enough internal energy to isomerize to acetyp !

radicals, and subsequently dissociate into methyl and CO products. THeNEIgy Shomd d_ec!'eaS? the minimum internal energy neces-
dotted line is the entire primar?(E;), also shown in Fig. 2. sary for dissociative ionization. If we assume that in-
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TABLE |. Vibrational frequencies of species in thek;O system, calcu- 8.9 degrees
lated at the B3LYP/6-31Gd) level. These frequencies as presented are above plane
unscaled, and should be scaled by 0.96. I;l
Species Unscaled vibrational frequenciesi %) 38.0 degrees ]
below plane 1 1.90
Vinoxy 459, 505, 751, 977, 985, 1168, 1416, H' I
1496, 1573, 2965, 3173, 3284 1.09%121.3 134 1 105.4
Acetyl 109, 463, 855, 963, 1059, 1382, 1485, ‘c- - -c
1488, 1939, 3043, 3133, 3137 1.08/118.1 166.3§0
TS1 792, 328, 493, 533, 587, 634, 1010, 117
1151, 1434, 2152, 3196, 3309 H
TS2 1601, 429, 635, 851, 1043, 1137, ;g&g%?;ﬁzs
1250, 1483, 1843, 1901, 3075, 3255
TS3 233, 11, 225, 455, 459, 780, 1437,

FIG. 10. The calculated structure of the transition state between the vinoxy
1441, 2109, 3134, 3302, 3304 radical and H-ketene products, optimized at the B3LYP level with the
6-31G () basis set. All bond lengths are in angstroms, and all angles are in
degrees. All dihedral angles are with respect to the@bond.

creasing the photoionization energy by 1.3 @0 kcal/mo) For the most part, our results are in good agreement with
decreases this cutoff internal energy by the same amounggse presented by Osbaehal” in Fig. 8 of their work. The
then the 14.0 eV spectrum should be well fit by the entiregpe exception is the energy barrier to the-8 fission of the
C—Cl fissionP(Ey). This is clearly not the case; rather, the yinoxy radical, producing Hketene. We found this barrier
fast edge of the 14.0 eV spectrum is best fit by the samg, pe 41.8 kcal/mol, compared to the value reported in Os-
truncatedP(Ey) that fits the 12.7 eV spectruniThe poor-  porpet al. of 37.6 kcal/mol. The reason for this discrepancy
ness of the fit on the slow side may be due to the presence @f that the value reported in Oshoenal. is not based on an
clusters) Thus, them/e= 15 signal is not due to dissociative actyal transition state structure, but is an estimation based on
ionization of vinoxy radicals. an analogy proposed by Benstnwhereas our value is the

The onset of this dissociation channel is not perfectlyg3//B3LYP energy of the B3LYP/6-31Gl} optimized tran-
sharp becausg;, includes both vibrational and rotational gjtion state structure shown in Fig. 10.

energy of the vinoxy radical; the former can contribute to the
isomerization to acetyl, while the latter largely cannot.IV. DISCUSSION
Therefore, our experimental determination of the energy barA

. . L Assignment of the nascent vinoxy electronic state
rier to dissociation is equal to the smallest valueEgf for g y

which m/e=15 signal is observed, i.e., 42 kcal/mol. This Electronic propensity suggests that photolysis of chloro-
is in good agreement with our calculated value of 428 acetaldehyde ought to produce vinoxy radicals inXiGéA”)
kcal/mol, presented below. state, in which the radical electron is localized on the termi-

We were unable to detect any measurable signal correral C atom, rather than in thE(ZA’) state, in which the
sponding to the CO products of secondary dissociation abovenpaired electron is localized on the O atofmihe B state,
the very high background level found at'e=28. We also  which lies more than 80 kcal/mol above tKestate, is ener-
did not observe signal at any mass corresponding to Stabﬁetically inaccessible, but tha state, which lies only 23

vinoxy radicals or dissociative ionization thereof. While the | ..1/mol above theX state. cannot be ruled out on the basis
ionization energy of the vinoxy radical has been calculated t ’

be approximately 9.13 eV, the cation equilibrium geometry of the X state to the nascent vinoxy radicals by comparing

is very different from that of the neutral radical, so the our experimental observations with the results of the photo-
Franck-Condon factors are expected to be small up to at leaa‘ssociation of methyl vinyl ether. Morton, Szpunar, and

10.2 eV. No group has yet succeeded in measuring the photgs 1011 5,nq that the photodissociation of methyl vinyl
ionization spectrum of the vinoxy radical, although vinoxy ether produces the vinoxy radical with a bimod2(E-).
rad@cal products_ have been reported in reactive scattering e ‘hose authors assigned the peak at high translational ener-
82:':;58:20 using low-energy electron bombardmentgies to the;(NState, and the peak at lower translational ener-
gies to theA state, based on the observation that vinoxy
radicals in the two peaks exhibited different cracking pat-

C. Electronic structure calculations terns tom/e= 14 andm/e=15. (Morton et al. used electron

To assist in the intepretation of our results, we have perimpact ionization, rather than photoionization, in their ex-
formed electronic structure calculations of the energies, geR€riment, so the photofragments underwent dissociative ion-
ometries, and vibrational frequencies of some relevant spdZation to a greater degree than did the photofragments we
cies on the GH;O potential energy surface. For all observed herg.They concluded that thé\ state radicals
calculations, we used theAUSSIAN 98 program, revision Wwere produced with between 42 and 86 kcal/mol of internal
A.11.3 (Ref. 21 and the G3//B3LYP methotf. Our calcu-  energy (including the 23 kcal/mol of electronic energy to
lated values for the relative zero-point corrected energies oficcount for the difference in energy between ¥hstate and
these species are shown in Fig. 5, and our calculated the A state¢ and that a large fraction of them underwent
scaled frequencies are given in Table . C—H fission to yield H+-ketene. Because our experiment
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TABLE II. Predicted branching to the two unimolecular reaction channels available to the ground state vinoxy
radical (C—H fission to form Htketene, and isomerization to acetyl followed by-C fission to form CH

+CO0), as a function of internal energy, calculated via RRKM. To obtain the first set of branching ratios, we
used the barrier heights and scaled vibrational frequencies that resulted from our G3//B3LYP calculations. The
second set of branching ratios uses a set of adjusted parameters designed to determine the smallest possible
branching to the G-H fission channel that would still be consistent with our G3//B3LYP reqske text

G3//B3LYP calculated parameters Adjusted parameters
Ei. (kcal/mol) C—H fission Isomerization G-H fission Isomerization
42.0 27.5 72.5 0.0 100.0
45.0 59.0 41.0 7.5 92.5
48.0 69.6 30.4 20.7 79.3
51.0 75.2 24.7 32.1 67.9
54.0 78.6 21.4 41.0 59.0
57.0 81.0 19.0 47.9 52.1
60.0 82.7 17.3 53.3 46.7
63.0 84.0 16.0 57.5 42.5
66.0 85.0 15.0 60.9 39.1
69.0 85.8 14.2 63.7 36.3
72.0 86.5 135 66.0 34.0
75.0 87.1 12.9 68.0 32.0

produces vinoxy radicals with a similar range of internal en-4.4% of its total signal in the peak channel. Therefore, if all
ergies, and we observe no ketene at all due-teHCfission  of the nascent vinoxy radicals underwent-€l fission to
of vinoxy, we conclude that the photolysis of chloroacetaldeform H+ketene, this would result in a peak, in the location
hyde produces vinoxy radicals predominantly in ¥etate.  of the dotted line in Fig. 6, that is 64.6 times the height of the
slow ketene peak that we do observe. This assumes that
B. Degree of suppression of the H +ketene channel ketene from both sources would have the same photoioniza-
In this section, we calculate the magnitude of the signaLion efficiency at 10.6 e\,(l_f the magr_ﬂtude Of the observed
we would expect to see am/e=42 according to RRKNP etene peak frqm H_Cl_ellmm_anon IS significantly reduc_ed
predictions of the branching between the two unimoleculardue o kete_ne d|s§00|at|qn, th|_s (_)nly increases the magnitude
reaction channels available to the vinoxy radical, compare f.the pred|_cted Vinoxy @s;ouaﬂon peak. Also note that any
to the magnitude of the signal we observe due to HCI elimi-"’lnISOIrOpy in the d'S.SOC'a“qn of .th(.a chloroacetaldehyde pre-
nation. This allows us to obtain an upper limit for the branch-C4"s0f affects both Vinoxy dlssomauon_char_mels equally, so it
ing to H+ketene that could be detected with our s,ignal-to-IS not necessary to take into account in this anal)/@sbw-.
noise levels, assuming that ketene which results from HC?U,S‘Iy' we do no_t see sucha p_eak; howgvc_ar, th? assumption of
elimination from the precursor and ketene from the possiblém't quantum yield am/e=42 is not realistic. It is necessary

C—H fission dissociation channel of vinoxy have similar [0 account for the branching to the GHCO channel, as
photoionization cross sections at 10.6 eV. well as the vinoxy radicals that do not dissociate at all.

In a previous section, we found that the branching ratio e calculate the RRKM branching ratio between the

between the G-Cl fission and HCI elimination channels was WO dissociation channels in two different ways. The first
approximately 27:1. Accounting for the appropriate theoret.calculation uses the barrier he|ghts and frequermgs directly
ical scaling factorg38.43 and 15.40 for the-CCl fission ~ from our G3//B3LYP calculations, as presented in Fig. 5 and
and HCI elimination distributions, respectivilyve find that ~ Table I. The second is a “worst case scenario” calculation,
if we make the unrealistic suppositions that all nascent videsigned to determine the smallest possible branching to
noxy radicals undergo-GH fission to form ketene, and none H+ketene that would still be consistent with both the as-
of the ketene products of HCI elimination undergo secondargumption of adiabaticity and our G3//B3LYP calculations.
dissociation, then the integrated signal of “fast” ketene For this calculation, we take the barrier te-& fission to be
(from vinoxy) should be about 10.9 times that of “slow” 43.8 kcal/mol (2.0 kcal/mol higher than our G3//B3LYP
ketene(from HCI elimination. In this instance, however, the Value, corresponding to the uncertainty in the calculated en-
total integrated signal is not the most meaningful measure o8rgy) and the barrier to isomerization to be 40.0 kcal/mol
the magnitude of a peak. A broad peak, with signal spread0.8 kcal/mol lower, so as to remain consistent with our ex-
over many channels, is much more easily obscured by backperimental valug.Also, in this calculation, for the GH
ground noise than is a sharp peak with the same integratdigsion transition state only, we replace the vibrational fre-
signal. Since we seek to determine the maximum possiblguencies calculated at the B3LYP level with those calculated
fast ketene signal that could be present inmie=42 spec- at the HF level(and scaled by 0.8929, as used in the G3
trum, we will also compare peak heights, as well as areas. calculation) Use of the Hartree-Fock frequencies predicts a
The predicted fast ketene peak, the dotted line in Fig. 6lower density of states for this transition state, resulting in a
has 26.2% of its total signal in the peak channel. The slowsmaller branching to the Hketene channel.
ketene peak, on the other hand, is much broader, with only Table Il shows the results of these RRKM calculations in
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V. CONCLUSION

First RRKM
o *0.0) Chloroacetaldehyde, when photodissociated at 193 nm,
20 Second RRKM serves as a precursor to the vinoxy radical. The subsequent
(x0.1) reaction dynamics of the nascent vinoxy radicals differ sig-
2 15 nificantly from those observed by both Osbarnal,” who
= photoexcited vinoxy radicals into th&(?A”) electronic
: state, and Morton, Szpunar, and Buffervho produced vi-
s 10 " First RRKM prediction noxy radicals primarily in theA(?A’) electronic state via
g Second RRKM prediction photodissociation of methyl vinyl ether. In both of those
5 ,~&\  (‘worstcase scenario”) studies, a large fraction of the vinoxy radicals underwent
ml ! C—H fission to form Htketene, whereas we did not observe
! o this channel at all. From this, we conclude that photodisso-
04 9000007 p ciation of chloroacetaldehyde yields vinoxy radicals in their

70 80 90 100 110 1é0 150 140

! ) ground, or;<(2A”), electronic state, and that internal conver-
Time-of-flight (usec) = y

sion from theB or A state to theX state may not proceed as

FIG. 11. Two calculated TOF spectra, representing the predicted contribuefficiently as previously thought. Osboet al’s observation

tion to them/e=42 signal from G-H fission of the vinoxy radical. The of H+ketene as the dominant set of dissociation products is

solid line is the spectrum calculated using the first set of RRKM branchingconsistent with electronically diabatic-CH fission on the’&

ratios in Table Il, which use the barrier heights and scaled vibrational fre- . L .

quencies from our G3//B3LYP calculations. The dashed line is the spectrurﬁ"talte potentlal energy Surface;,Thus’ It Is pgSSIble that the

calculated using the second set of RRKM branching ratios, which use théadiationless transition from thB state to theA state pro-

adjusted “worst case scenario” barrier heights and vibrational frequenciesceeds as proposed by Matsika and Yarkony, while the inter-

as described in the text. The observede=42 data are shown in open nal conversion to the ground state is not effective.

circles. The inset depicts the same spectra, with the RRKM predictions . . A .

reduced by a factor of 10. However, the vinoxy dissociation dynamics we observed
are also significantly different from what is predicted by

RRKM using the results of our G3//B3LYP calculations of

the relevant stationary points on thgHzO potential energy

. . . surface. We found that vinoxy radicals with more than
terms of the predicted branching ratio between the two uniy 4 5+5 kcal/mol of internal energy isomerize to acetyl

molecular dissociation channels of the vinoxy radical, as Qhich then dissociates to GH CO; this agrees well with
function of the internal energy. For both calculations, the, . caiculated barrier to this channel. However, the branch-

branching between the two channels changes substantial Mg to the Htketene channel was observed to be less than
over the relevant range of internal energies. Combining th% 5% of what is predicted by our RRKM calculations

calculated branching ratios with the-QClI fission P(Ey), The suppression of the +ketene channel may be re-

we get an overall branching of 4:3 for the first calculation 5ye4 {6 the presence of a conical intersection encountered by
(with H+ketene being the sllghtly_fav_ored channeind  yisq o ciative trajectories confined to planar geometries, but
,1:6'6 for the.second RRKM.caIcuIatlc(mnt.h CH;+CO t?e' the transition state we found between the vinoxy radical and
N9 the. dgmlnant ghapn)eIFlgure 11 depicts the predicted H-+ketene in their ground states is highly nonplanar, so dis-
.C_H fission contributions to theve=42 Spectrum, SUper- - ¢, siative trajectories close to the minimum energy path
imposed on the observet/e=42 data. The inset shows the g, 14 hypass the conical intersection. It is possible that the
same p_red|cteq spectra reduced by a factor of 10, for ease %rsional vibrational mode of the vinoxy radical does not
comparison with the shape of the obsenmt?=42 spec- couple efficiently to the other vibrational modes, so that the
trum. Note_ that even t.he. worst case scenario RR,KM Calcuhonplanar transition state is not easily accessible. Future
lation predicts a &-H fission peak more than five times the |, is necessary, however, to determine whether this expla-

size of the observed HCI elimination pegk. .. _hation is able to entirely account for the observed suppres-
Both RRKM calculated spectra predict substantial S'gnagion of the Htketene channel

in the time-of-flight range 84—8f@s, where there is no ap-

pa_lrent signal in j[he o_bserved spectrum. Any actual signal a/iCKNOWLEDGMENTS

this range of arrival times would have to be completely ob-

scured by the background noise, in which case its magnitude This work was supported by the National Science Foun-
could be at most about 0.1 times that of the observed peaklation under Grant No. CHE-0109588. The Chemical Dy-
Therefore, the branching to the-€H fission channel of the namics Beamline at the ALS was supported by the Director,
vinoxy radical is suppressed by a factor of at leasfiing  Office of Science, Office of Basic Energy Sciences, Chemi-
the adjusted RRKM parametegrand possibly more than 200 cal Sciences Division of the U.S. Department of Energy un-
(using the RRKM parameters directly from our electronicder Contract No. DE-AC03-76SF00098. The ALS facility
structure calculations This dramatic suppression of the was supported by the Director, Office of Science, Office of
C—H fission channel is likely due to nonadiabatic recrossingBasic Energy Sciences, Materials Sciences Division of the
of the transition state and inefficient IVitramolecular vi-  U.S. Department of Energy, under the same contract. J.L.M.
brational energy redistributigrinto torsional modes, as de- and M.J.K., respectively, acknowledge the support of DOD
tailed in the following section. and NSF Graduate Fellowships. L.R.M. was supported in

Downloaded 09 Mar 2005 to 128.135.85.50. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1838 J. Chem. Phys., Vol. 121, No. 4, 22 July 2004

part by a GAANN Fellowship. We acknowledge the Bur-

roughs Wellcome Fund Interfaces Cross-Disciplinary Train-llth
ing Program at the University of Chicago for partial support

Miller et al.

10, J. Butler, Annu. Rev. Phys. Chem9, 125 (1998, and references
erein.
M. L. Morton, D. E. Szpunar, and L. J. Butler, J. Chem. Phykh 204

of the computer cluster used for some of the calculationszj A Mue”er, B. F. Parsons, L. J. Butler, F. Qi, O. Sorkhabi, and A. G.

presented here.

1A. M. Schmoltner, P. M. Chu, R. J. Brudzynski, and Y. T. Lee, J. Chem.
Phys.91, 6926(1989.

2D. J. Donaldson, 1. V. Okuda, and J. J. Sloan, Chem. P183.37 (1995.

3V. Schmidt, G. Y. Zhu, K. H. Becker, and E. H. Fink, Ber. Bunsenges.
Phys. Chem89, 321(1985.

4K. Lorenz and R. Zellner, Ber. Bunsenges. Phys. Crégn1228(1984);

T. J. Wallington, R. Liu, P. Dagaut, and M. J. Kurylo, Int. J. Chem. Kinet.
20, 41 (1988.

5C. K. Westbrook and F. L. DryeEighteenth Symposium (International)
on CombustiorfCombustion Institute, Pittsburgh, 198p. 749.

K. Brezinsky, Prog. Energy Combust. S&R2, 1 (1986.

’D. L. Osborn, H. Choi, D. H. Mordaunt, R. T. Bise, D. M. Neumark, and
C. M. Rohlfing, J. Chem. Phy4.06, 3049(1997).

8S. Matsika and D. R. Yarkony, J. Chem. Phg47, 7198(2002.

°D. R. Yarkony, J. Phys. Chem. 205, 6277(2007).

Downloaded 09 Mar 2005 to 128.135.85.50. Redistribution subject to AIP

Suits, J. Chem. Phyd414, 4505(2002.

18D, E. Szpunar, Y. Liu, M. J. McCullagh, L. J. Butler, and J. Shu, J. Chem.
Phys.119, 5078(2003.

A, P. Scott and L. Radom, J. Phys. Chetf1, 7119(1997).

1A, G. Baboul, L. A. Curtiss, P. C. Redfern, and K. Raghavachari, J. Chem.
Phys.110, 7650(1999.

163, A. R. Samson, Y. Shefer, and G. C. Angel, Phys. Rev. 5&t2020
(1986.

173, W. Gallagher, C. E. Brion, J. A. R. Samson, and P. W. Langhoff, J. Phys.
Chem. Ref. Datd 7, 9 (1988.

183, P. Cole and G. G. Galint-Kurti, J. Chem. Phg$9, 6003(2003.

9B, Ruscic(private communication

20p, Casavecchiéunpublishes

2IM. J. Frisch, G. W. Trucks, H. B. Schleget al, caussian 98 Revision
A.11.3, Gaussian, Inc., Pittsburgh, PA, 2002.

223, W. Benson,Thermochemical KineticéWiley, New York, 1968, pp.
140, 205-207.

2W. L. Hase and D. L. Bunker, QCPE 234974).

license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



