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The work presented here investigates the dynamics of the photodissociation of ethyl ethynyl ether
at 193.3 nm with photofragment translational spectroscopy and laser-induced fluorescence. The data
from two crossed laser-molecular beam apparatuses, one with vacuum ultraviolet photoionization
detection and one with electron bombardment detection, showed that only cleavage of the C-O
bond to form a GHO radical and a ¢Hs (ethyl) radical occurs. We observed neither cleavage of the
other C—0O bond nor molecular elimination to formH;+ CH,CO (keteng. The GHO radical is
formed in two distinct product channels, with 37% of the radicals formed from a channel with recoil
kinetic energies extending from about 10 to 70 kcal/mole and the other 63% formed from a channel
with lower average recoil energies ranging from 0 to 40 kcal/mole. The measurements using
photoionization detection reveal that thgeHD radical formed in the higher recoil kinetic-energy
channel has a larger ionization cross section for photon energies between 10.3 and 11.3 eV than the
radical formed in the lower recoil kinetic-energy channel, and that the transition to the ion is more
vertical. The radicals formed in the higher recoil kinetic-energy channel could be ¥ichat) or

A(?A") state keteny(HCCO) product and the shape of the recoil kinetic-energy distribution fitting
this data does not vary with ionization energy between 10.3 and 11.3 eV. H@ rmed in the
channel with the lower kinetic-energy release is likely the spin forbi@déA") state of the ketenyl
radical, reached through intersystem crossing. Btetate of ketenyl is energetically inaccessible.

We also consider the possibility that the lower kinetic-energy channel forms two oti¢® C
isomers, the CCOHKhydroxyethyny) radical or the cyclic oxiryl radical. Signal from laser-induced
fluorescence of the HCCO photofragment was detected at the electronic origin arid:)mﬂzdSThe
fluorescence signal peaks after a 26 delay, indicating that HCCO is formed with a significant
amount of internal energy and then subsequently relaxes to the lowest vibrational level of the ground
electronic state. The data show that the photodissociation of ethyl ethynyl ether progit®s C
with unit quantum yield, establishing it as the first clean photolytic precursor of the ketenyl radical,
a key species in combustion reactions. 2003 American Institute of Physics.
[DOI: 10.1063/1.1577318

. INTRODUCTION C,H,+O(3P) —~HCCO+H. 1)

This paper investigates the photodissociation dynamicd NiS pathway was first proposed by Fenimore and Jones in

of ethyl ethynyl ether (HC—O—CHCHs) at 193.3 nm, es- 196 _ands has since bgen observed and s_tudied
tablishing it as a unit quantum yield photolytic precursor ofextensively:” The ketenyl radical can go on to form highly

the GHO radical. The data show that,B0 product is reactive singlet methylenéCH,) in rich flames, according

formed via two distinct channels, one which producgs to the reaction
state HCCO and another giving the radical in an electroni- H+HCCO—CH,+ CO. 2
cally or isomerically distinct state. Analysis of these productReactions of singlet methylene are thought to apen up path-
channels raises interesting questions of electronic acceSSibU\?ays to the formation of higher hydrocarbdhsince acety-
1ty. The HCCO i K he k | radical lene is found as an intermediate in flames from a wide range
'he ~* ISomer, Known as the eteny radical, acts adf fuels, the combustion community has a strong interest in
an intermediate in a wide range of combustion reactions. It ig, . chemistry of the HCCO radical. For example, a recent
formed as an intermediate in the dominant oxidation path'study by Rim and Hershberdeinvestigated the i)roduct

way of acetylene, according to the reaction branching in HCCG-NO, a key reaction in the NO-
reburning mechanism for the reduction of N®missions

¥Electronic mail: I-butler@uchicago.edu from fossil fuel combustion.
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Since there are many systems in which it is desirable tahe molecular elimination channel in ethyl vinyl ether pro-
study the role of HCCO, a method is needed to cleanly proeeeded via a four- or six-center transition state. In the case of
duce the radical. Different procedures have been used, but ahe four-center transition state, the ethylene would be formed
present complications. Ketenyl production through the phoupon H atom transfer from the GHyroup of CH,CH; to the
tolysis of ketene, which was discovered by Unfrieal® is  vinyl group. The ethylene from the six-center transition state
currently the most commonly used method, proceeding aowould be formed from the original C}€H; group upon H

cording to the reaction: atom transfer to the vinyl group from the Gidroup of the
CH,CO+hp(193.3 nm— CH,(3B,)+ CO, (39 C,Hs5. When radioacti\{e isotope tr_ac-ers-were attached to the
precursor molecule, six-center elimination was revealed as
—CH,(*A;) +CO, (3b)  the dominant dissociation pathway. Thus it is interesting to

examine whether an analogous elimination via a six-center
intermediate will occur in ethyl ethynyl ether, with an H
—C,0+H,. (3d)  atom being transferred from the GHroup of GHs to the
Fthynyl group. An analogous six-center transition state is not
possible in methyl vinyl ether, and indeed a photofragmen-
tation study on that molecule showed no molecular elimina-
tion channel®

Apart from its role in combustion, the ketenyl radical is

—HCCO+H, (30

The reaction, however, has only a 0.107 quantum yield o
ketenyl radical[Eq. 3c)] according to a recent study by
Glasset al.” The photochemical reaction also produces trip-
let and singlet methylengEgs. 3a) and 3b)] with quantum
yields of 0.628 and 0.193, respectively, as well 3©Qvith , ) .
a 0.072 quantum yiel@The fact that methylene is a product theoretically mterestmg as ar.llexellmple of a Case C R(lasnner—
of the photolysis of this precursgEgs. 3a) and 3b)] has Teller molecule in the classlflcatlon systgm of I'_eEaI.
prohibited the accurate detection of the elementary reactio;ln-he Renn_er—TeIIer effect arl_ses from an interaction _between
rates of the ketenyl radical. The methylene generated b§'® Vibrational and electronic angular momenta which pro-
ketene photolysis can not only complicate detection of th&duces a splitting of degenerate electronic energy levels as the
ketenyl-produced methylerkEq. (2)], but can often react molecul_e bends. The Iowgst energy Renner—Teller pair of
with other species to produce common reaction product§tates in the ketenyl radical consists of a ground state,
with ketenyl radical reactions. Other groups have reactedX(?A”), with a bent equilibrium geometry, and a low-lying
oxygen atoms with acetylene to produce HCQCEY. (1)], excited stateAZH(zA’), with a linear equilibrium geometry.
but this reaction is slow at moderate temperatures and alsbhe exact structure of the ground-state radical has been a
produces methyleneAbstraction of a hydrogen from ketene subject of discussion. Theoretical estimates of the radical’s
has been investigated as another possible source of tleguilibrium geometry are sensitive to the manner in which
HCCO radical by GruRdorét al® for ketene reacted with F, electron correlation is incorporated into computational mod-
Cl, and OH, as well as by Edwards and Hershbérder els, as first demonstrated by Godd4rdnd later confirmed
ketene reacted with CN and NCO. In all cases, howevern other studies>!® The CC bond length and CCH bond
hydrogen abstraction appeared to be a minor or negligiblangle are particularly sensitive to electron correlation and
reaction channel. were later shown to also be highly dependent on the choice
In analogy to methyl vinyl ether photodissociation, in of basis set usetf. In a study by Szalayt al*® the best
which fission of the O—Cklbond was the only product chan- estimate of th@((zA”) state geometry gave an HCC bond
nel observed® HCCO production through photolysis of the angle of~134.6° and an angle 0f169.4° along the CCO
O-GHs bond could potentially be the dominant product hond. The microwave spectra obtained by Endo and Hirota,
channel in ethyl ethynyl ether photodissociation. The use 0&how that the equilibrium geometry of the first excited state,
organic ethers as precursors for radicals containing H, C, anﬂzn(zA/)' is linear. Szalay and Blaude4icombined their
O, including a proposal for generating HCCO, has been distheoretical estimate of the spin-orbit splitting in HCCO with

cussed by Bersohit. The study presented here investigatesgata from the microwave spectra of the radical and calcu-

the photodissociation dynamics of ethyl ethynyl ether anqyieq that theA state lies only 3.359 kcal/mole above the
evaluates the molecule for use as an HCCO precursor. Of t 5 -

r]%inimum of the ground state. Both thé and theA states

energetically allowed product channels, the potential CONKave most of the radical electron density centered around the

L”%ﬂgﬁ;éﬁnpgﬁgftreg?t?g:;n%rghosen in analogy to Othercarbon next to the hydrogen. Because fission of the
y ' HCCO-GHs bond in ethyl ethynyl ether would diabatically
HCC-O-CHCH;+hv(193.3 nm favor producing HCCO with the unpaired electron density on

the O atom, clearly a substantial change in electron density
—HCCO+CH,CH;, (4a) must occur for ground electronic state HCCO to be the domi-
—HCC+ OCH,CHj, (4b)  nant product. The electronically facile prodtiovould beB
state HCCO; the =0 level of the Bstate is located 95.6799
—CH,CO+ CHCH,. (40) +0.0002 kcal/mole above the=0 level of the ground state
A nonphotochemical analog to reactit#t) has been studied and has the radical electron density centered around the
in ethyl vinyl ether (CHCH-O—CH.CHj),'? which forms ~ oxygen?®?! It would be interesting to see if nonadiabatic
ethylene and acetaldehyde upon thermal decompositiorlectronic behavior leads to a larger branchingBtcstate
Molera et al. (1968 investigated the question of whether radical than energetic considerations alone would predict, but
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unfortunately these experiments do not put enough energyments arriving at the detector as a function of time after the
into the system to evaluate this question. The other state afissociating light pulse. An ion flight constant ef=4.5
interest is the lowest quartet staB*A"), which has been us/amd’?is used to correct for the portion of the photofrag-
predicted to lie 54.2 kcal/mole about the ground sfafBhe  ment’s travel during which it is an ion, giving a neutral time
occurrence of an intersystem crossing in ethyl ethynyl etheof flight for the data analysis. The time-of-flight spectra of
would be necessary in order to prod@etate product. the neutral photofragments are forward convolution fit to de-
This paper reports an investigation of the photodissociatermine the distribution of energies partitioned to photofrag-
tion dynamics of ethyl ethynyl ether. We present laser in-ment recoil translational energy.
duced fluorescencgIF) spectra taken at Columbia Univer- The second apparatus used was Endstation 1 on the
sity and photofragment translational spectra taken at th€hemical Dynamics Beamline at the Advanced Light Source
University of Chicago and Lawrence Berkeley National (ALS) in Lawrence Berkeley National Lab. The set-up is
Laboratory. The data reveal that ethyl ethynyl ether photosimilar to the one described above, but with tunable, VUV
dissociates cleanly to give,80 in two different electronic  photoionization. A detailed description of this apparatus is

states or isomeric forms. given elsewheré® Relevant parameters for this experiment
are the total interaction region to detector distance, which is
Il. EXPERIMENT 15.1 c¢m, the time-of-flight constant of 7.Qzs/amd’?, and

The LIF experiments at Columbia were carried out in ath® detector acceptance angle of 1.3°. A 2.1 MHz quadrupole
standard apparatus, a stainless steel gas cell containing etfyS used, with resolution that varied slightly with mass and
ethynyl ether which was irradiated first through one windowWas Sét to avoid problems of mass leakage at all masses of
with a 193.3 nm laser and, after a delay, through a secontiterest. The FWHM was 0.36 amurate=41 and narrower
window by a probing frequency-doubled Nd:YAG-pumped at lower masses; for example, the FWHMmate=29 was
dye laser. Signal was collected with a photomultiplier0-3 amu. The synchrotron radiation was generated with a
(PMT), through a Stanford Research Systems Gated Integr&!10 undulator and tuned through changes in the undulator
tor and Boxcar Averager. In overlapping scans with two dif-9@p. In addition to radiation at the wavelength of interest,
ferent dyes, the region from 298 to 320 nm was surveyedhigher harmonic light is generated. An argon gas filter helped
The total pressure of the gas, which was a mixture of thd© block out these higher harmonics and for photoionization
ether and solvent hexane, was 100 mTorr. energies below 10.6 e\torresponding to an undulator gap

The distribution of recoil velocities of ethyl ethynyl ©f 27.8175 mma MgF, window was also used as a filter. In
ether photofragments resulting from 193.3 nm photodissociahany cases, however, these filters were not sufficient, so the
tion were measured in two different crossed laser-molecula@ser was run at half the repetition rate of the pulsed valve
scattering apparatuses. In one laboratory, located at the Urind the data collected with valve on, laser off were sub-
versity of Chicago, photofragments were detected with electracted out as background. The photoionization energies
tron bombardment ionization. In the other, Endstation 1 ofjuoted here are determined from the undulator gap and re-
the Chemical Dynamics Beamline of the Advanced Lightlated to the energy by a recent calibration donehveit3 m
Source(ALS) at the Lawrence Berkeley National Labora- McPherson monochrometer with a 600 groove/mm grating.
tory, a tunable VUV photoionization detector was employed.This is not equivalent to the values given by the beamline
In both apparatuses, photodissociation occurs at an “interaccalculator,” which were typically reported in previous pub-
tion region” in which a laser beam intersects a molecularlications from this apparatus and which deviate significantly
beam source. The laser beam comes in perpendicular to tfigom the true value in some cases. For example, when the
plane containing the molecular beam and the line from thdeamline calculator is set to give 12.5 eV, the actual peak
interaction region to the detector. The source region containenergy is about 0.2 eV lower than that. For all of the spectra
ing the molecular beam nozzle rotates, so data can be coiaken here, beam defining apertures of 10 mm were
lected at a variety of source angles, defined as the anglesed to spatially select a portion of the ALS beam, giving a
between the molecular beam direction and the line from thé&otal spectral bandwidth of about 5% FWHM. Most of the
interaction region to the detector. Photodissociation productwidth beyond 2.3% FWHM, however, arose from a long tail
scatter into many angles; the apparatus samples only thextending out to the retf.
small portion of products with lab velocities pointed along The ethyl ethynyl ether was obtained as a 50% solution
the interaction region to detector line within the 1.5° accep4n hexanes from Acros Chemicals and used without further
tance angle of the detector. In the Chicago system, thegeurification. The hexanes have negligible absorption at 193.3
photolysis products travel 44.6 cm to a “universal detector”’nm. At Chicago the sample was kept at a temperature of
in which the 200 eV electrons used for ionization contain—15.0°C. The vapor at equilibrium with the solution was
enough energy to ionize and potentially fragment any neutradeeded in He to a total backing pressure of 330 Torr and
photofragment. The ions pass through a quadrupole magxpanded through a 200°C continuous nozzle into the
spectrometer with a Model 13 High-Q head from Extrelvacuum chamber. The nominal nozzle diameter was 0.10
[resolution set to 1.0 amu full width at half maximum mm, but it was found at the conclusion of the experiment to
(FWHM)]. The mass-selected ions are detected by a Dalphave expanded through corrosion. At the ALS, the solution
detector, and the resultant voltage pulses are counted byveas kept at—15.5°C and the vapor at equilibrium with the
multi-channel scaler. This gives the number of ions at eaclsolution, seeded in helium for a total pressure behind the
mass to charge ratio produced from the neutral photofragrozzle of 400 Torr, was expanded through a pulsed nozzle of
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1 mm diameter and 18@s pulse length, heated to 114 °C. e e
The nozzle temperature used at the ALS was not high @) 100 mtorr C,H,0CCH, 30 us
Ienough to completely eliminate clusters, as will be discussed | 02 band
ater. .
The 193.3 nm light was produced from the ArF transi-
tion of an unpolarized excimer laser. The Chicago data were g |
collected at an energy of 15 mJ puldgocused onto a 8.4
mn? spot, whereas the ALS data were taken -a25
mJ pulsé?! focused onto a 16.3 mfmspot. Power studies
from 15 to 60 mJ at the ALS indicated that 25 mJ lay within
a region of single photon transitions, in which signal inten-
sity varied linearly with laser power. Data collected, but not
presented here, at higher powdrp to 150 mJ/pulseat
Chicago were suggestive of multi-photon processes in this
power range, but low signal to noise prevented a full power
study.
Signal from the photofragmentation of ethyl ethynyl

ether was detected an/e=41(C,HO"), 25(GH™), and . e

u.)

LIF Intensity (a

T T s T N B B B

33500 33480 33460 33440 33420 33400 33380 33360 33340 33320 33300
-1

Frequency (cm)

27 (GH3), 29 (GH: ; thism/e ratio could also correspond i 100 mtorr CH,0CCH, 30 ps
to CHO", see Results and Analysis section for assigniment -
No evidence of signal atm/e=42(CH,0") and ] 5, band

45 (C,H;0™) was found(see Results and Analysis section

Although ALS signal from the photodissociation of clusters

was not detected for parent mass at 10° and 7.5° when aver-

aged for 15000 laser shots, evidence for clusters was de-

tected in a small, slow shoulder in the ALS datanate

=29 which became larger at a lower nozzle temperature. .
Calculations to find the bond dissociation energy of ethyl W

ethynyl ether were performed usingaussIaN 98° at the

G3//B3LYP level of theory, as described by Babeilal?® VA S0 SO o I

The September 2001 version 6AMESS’ was used to cal- e @ Frequency (cm™)

culate transition moments and spin—orbit coupling matrix el-

ements between different electronic states of ethyl ethynyfIG. 1. () LIF excitation spectrum of th¢0,0) band. (b) LIF excitation

ether. These calculations used singlet and triplet referenc@ectrum of the band.

wavefunctions generated at the unrestricted Hartree—Fock

i . . S i
(UHF)/6-311G™ level of theory and configuration interac of the intensity of the peaks in the two spectra of Fig. 1 is

tion (CI) singles excitations from those wavefunctions, at the L ) : .
geometry of the planar conformer. shown in Fig. 2. The fact that little or no signal is seen at

early times but is seen at later times means that the HCCO is
formed in an intermediate dark state which is only slowly
lll. RESULTS AND ANALYSIS converted to the state which does exhibit LIF. The interme-
diate state may contain a large amount of vibrational or elec-
_ ) tronic energy, or both. There are two reasons for the sparse
Laser induced fluorescence experiments sought to detegir spectrum. First, the fluorescence quantum yield is very
the HCCO product of ethyl ethynyl ether photodissociation.sma”; and second, the LIF spectrum can only be seen at such
In analogy with the extensive hot bands found with vinoxy, long times that the HCCO has been vibrationally relassd
rich set of hot bands was expected in the-B LIF HCCO  collisions with molecules of the precursor and the hexane
excitation spectrum and a wide scan was carried out in ordefolveny. Analysis of these LIF data cannot provide quantita-
to detect the singly excited vibrational states of all modesive information about the amount of energy in the interme-
except for the C—H stretch. However, as shown in Fig. 1, indiate statés), but the results are in qualitative agreement
addition to the electronic origin, th€,0) band at 33424 \jth the fragment kinetic-energy measurements in Sec. |1l B
cm %, the only hot band observe@with distinctly poorer  which indicate that there is a large amount of internal energy
signal strengthwas the i"i band 491 cm’ to the red. These in the nascent HCCO radicals.
were also the only bands observed in the previously reported
LIF work of Brock et al?%?* They reported a very low fluo-
rescence yield. The new finding is that the fluorescent sign
intensity is very weak soon after the photodissociation but  Photofragment translational energy spectra showed evi-
increases to a maximum at a delay time of abou®0and  dence for only one bond fission channel arising from ethyl
after that slowly decays, presumably due to diffusion of theethynyl ether photolysis. All of the data could be fit by as-
radical away from the probed region. The time dependenceuming that only cleavage of the HCCOH5 bond to form

LiF Intensity (a.u.)

A. Laser induced fluorescence

aEf' Photofragment translational spectroscopy
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(8  Time dependence of the ground state (v=0) HCCO [
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] 100 mtorr C,H,OCCH, 5.” band of HCCO %t
4 NI
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El [
8
2 [
‘B - PSRRI UM ST WP S S NS S S SN (S SRPUNPI P S
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f : Time of Flight, t (us)
=
4 FIG. 3. TOF spectra an/e=29 (C,H4) taken with a 9.8 eV photoioniza-
1 tion energy(undulator gap at 26.6989 mmvith signal averaging foKa)
] 404 000 laser shots arfd) 150 000 laser shots. The source angle is sé&)to
e ———— — 10° and(b) 30°. The forward convolution fit to these data, shown with the

LA B L L
20 40 60 80 100 120 140 160 solid line, was obtained from the(E+) shown in Fig. 4. Experimental data
Delay time(us) points are given by the open circles. The bump in spectf@nmarked as

“photofragments from clusters” corresponds to low center-of-mass recoil

FIG. 2. (a) LIF excitation intensity of thg0,0) band as a function of time  velocities and became larger at lower nozzle temperatures.

delay between the 193.3 nm laser pulse and the probe laser dye (milse.

LIF excitation intensity of the $band as a function of time delay between

the 193.3 nm laser pulse and the probe dye laser pulse. Note that this signal

is much weaker than that in the previous figure. them/e= 29 signal) The momentum-matched fits also show

that with high-energy electron bombardment thgHO pro-
duced is detected with a probability independent of its elec-
C,HO radicak-ethyl (GHs) radical occurred. Neither cleav- tronic or isomeric state, as are theHy products.
age of the other C—O bond leading to HEOC,Hg, nor The small, unfit bump that appears at long ion flight
elimination to give GH,+OCHCH; was indicated. How- times in them/e=29 data was determined to be from the
ever, two electronically distinct LHO products were de- photodissociation of clusters that persisted at the highest
tected. nozzle temperature possible under the running conditions at
In order to detect the {15 ethyl radical with good sig- the ALS (T, 114 °C). The position of the bump corre-
nal to noise, time-of-flight(TOF) spectra were taken at sponds to low center-of-mass recoil velocities and this fea-
m/e=29 at the ALS for two different source angles: 10° andture grows larger for an unheated nozzle. The data from the
30° (Fig. 3. The RE;) derived from forward convolution apparatus at Chicago were taken at nozzle temperatures of
fitting of these TOF spectra is shown in Fig. 4; it is broad and200 °C, as calibrated with a helium TOF. No cluster products
bimodal. As will be discussed later, we found evidence thatvere observed at this higher temperature, although a small
this P(Et) is actually the sum of two distinct £l0 amount could be present but undetectable due to the lower
+ C,H; product channels. The/e=41 (C,HO™) data(Fig. signal to noise ratio.
5) from the universal detection system at Chicago is momen- We also looked for C—O fission leading to ¢ (mass
tum matched to then/e=29 data taken at the ALS with an 45) and HCC radicalmass 2% Signal was detected at Chi-
ionization photon energy of 9.8 eV, indicating that thesecago atm/e=25 and 109Fig. 6), but was well fit by assum-
spectra correspond to the photolysis of #E&O-GHs into  ing it was due to cracking from mass 29 and mass 41. The
C,HO+ C,Hs. (i.e., in the center-of-mass reference frame,fits shown in Fig. 6 assume that the D products from
the recoil velocities of all the detecte@ @O fragments have both GHO+ C,H5 product channels have the same daughter
a correspondingn,v,= —myv,, CHg fragment detected in ion cracking probability tan/e=25; this fits the data well.
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FIG. 4. TheP(E;) for all HCCO-GHs bond fission events, derived from
e ot e o s e P10 FIG. 6 TOF specium =25 (Gi') aken ith 200 v clcton
bimodal di tribution wa: rg olved into t\jvo C(()% one)nt onepwith Iéw recoilbombardment ionization at a source angle of 10° with signal averaging for
Kinetic enesr )((l;ashed Iiﬁeasnd one hiah recoil kFi)netic esr’1erg ot—dashed 2.5 million laser shots. Experimental data is shown with open circles. The
line), as disgussed in the text 9 ot thick solid line indicates the forward convolution fit obtained from the

' ' P(E+) in Fig. 4, assuming that the signal is from timée= 25 daughter ion

fragment of the ethyl radical (&5, thin line) and them/e=25 daughter
. . fragment of the ketenyl radicdHCCO, thin line.

Signal atm/e=25 was also detected at the ALS, but it ex- 9 Y
hibited an ionization energy dependence that will be dis- ,
cussed later. No evidence was found for any products daser shots at Chicago. These data were taken at 150 mJ laser

m/e=45. At Chicagom/e=45 data were collected for 1.15 POWer, but lower power data taken for 1 million shots also
million laser shots, giving an integrated signal efs00  Showed no signal. The integrated signal we880=600 af-

+1500. At the ALS,m/e=45 data at 10° were collected at ter data collection for 50 000 laser shots at the ALS. The ALS

10.8 eV for 46600 laser shots. The ionization energy fordat@ were taken at a photoionization energy of 10.8 eV,
O-CH,CH; is given as 9.11 e% The total, background whereas the ionization energy of ketene is 960003

29 H _
subtracted signal was*8L7 counts. Since nothing was seen €V-~ NO attempt was made to look for signalrate=28, as
at mle=45 and 44, and then/e=25 signal could be ex- there is a very high background at this mass. Instead, data

plained as daughter ion cracking from the ketenyl radicalVereé collected in Chicago at a source angle of 10mé

channel, we conclude that the @i+ HCC product chan- :_27(C2H3+)' a dominant daughter of neutral,k, upon
nel does not contribute significantly to the product branchligh-energy electron bombardment |on|_zat?’8m\ peak was
ing. found, but this was well fit by assuming that it was due

We also looked for an elimination channel which would €ntirely to daughter ions of the mass 29s) photofrag-

produce ethylene ({H,, mass 28+ketene (COCH, mass ment(Fig. 7). Thus we conclude that bond fission to produce
42). No peak was observed a'e=42; the integrated signal HCOCH:+CzH, does not contribute significantly to the

was — 1.7 10°+ 2.3 10P after data collection for 2.5 million Product branching.

] o m/e=27, 10°
m/e=41, (HCCO%) [
[ F o
- &L 100 X 0%0@
0
[ J . ‘62 &0 HCCO-C,H, -
zt E C,H, + HCCO
E [ =
: ¢
£ <
<t e
e Z oo R e
Z ’ e ° o OOO?Q °© Q&
S °% °o Ooc;§0 Foo0 %@Oocgégg
3 o °© 9 o %o R
WP PR IR | .|.fp.|...|...|.
T YN PRI EMEPEPEE BEPUEPIPI [o YU B SEPENPE § 80 160 240 320 400 480 560
80 160 240 320 400 480 560 Time of Flight, t (us)
Time of Flight, t (us)

FIG. 7. TOF spectrum amm/e=27 (C,HJ) taken with 200 eV electron
FIG. 5. TOF spectrum am/e=41 (C,HO") taken with 200 eV electron bombardment ionization at a source angle of 10°. Signal was averaged for
bombardment ionization at a source angle of 10°. Signal was averaged f&.5 million laser shots. Open circles indicate experimental data and the solid
1.85 million laser shots. Open circles indicate experimental data and théne shows the forward convolution fit calculated from fR€E+) in Fig. 4,

solid line shows the forward convolution fit calculated from f¢E+) in assuming that all of the signal is from the ethyl radical fragmentation to
Fig. 4. m/e=27 in the electron bombardment ionizer.
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— + i ;
F (a) ‘ m/e=41, (HCCO*) =41 (GHQO™) at each photoionization energy.

om/e=41 41 LKE
100’ 10.3 eV R: O'HKE _ O-HnllEe QLKE f41 T41

= — X X—.
oe o= Que f41 KB Ty

©)

Here o and ¢° represent the actual and apparent cross sec-
tions andQ is the photoionization cross section of theHD
product, with HKE and LKE indicating the £1O product
from high and low recoil kinetic-energy product channels,
respectively. The ternhﬂ is the daughter ion cracking frac-
tion under the conditions used. Since the same two distribu-
tions fit the electron impact ionization data as well as the
10.3 and 11.3 eV data, the data show that the fraction of
neutral mass 41 products which produogée=41 upon
photoionization is roughly constant across the whole internal
energy distribution of the €40 products for a given com-
ponentP(Et). The ratio between the quadrupole transmis-
sion probabilitiesT 4,/T41, is unity, as both the high kinetic-
energy GHO and the low kinetic-energy 810 products are
detected atn/e=41.
The ratio oyke/ o ke is found to be(1.0/1.7034 from
the electron impact ionization data. To fit the 10.3 eV data
we usedome=* o Me=*1=0.80, and for the 11.3 eV data,
IR S oe=4l gime=41=0.62. Assuming thafji “<F/f41 "KE< 1,
50 100 150 200 250 300 this indicates that the £1O formed in the high recoil
Time of Flight, t (us) kinetic-energy channel has an ionization cross section that is
2.13 and 2.75 times larger than that ofHD in the low
FIG. 8. TOF spectra ab/e=41 (C,HO") taken at the ALS with photoion- recoil kinetic-energy channel at 10.3 and 11.3 eV, respec-

ization energies ofa) 10.3 eV(undulator gap at 27.4102 mrand (b) 11.3 . . . . .
eV (undulator gap at 28.7171 mrand a source angle of 10°. Signal was tively. This implies that, for the photon energies studied, the

averaged for 150 000 laser shots, with background subtraction, for botc,HO formed in the high recoil kinetic-energy channel has a
spectra. For the 10.3 eV spectrya an additional Mgk window was used  |arger ionization cross section than the slow channel and one
to filter out higher harmonics. Open circles indicate experimental data anqhat increases more rapidly with photon energy; e.g. the fast
the solid line indicates the forward convolution fit obtained from B{&-) C,HO id tical t iti t tl‘; o

is shown in Fig. 4 with dot—dashed and dashed lines. The contribution from~2 evidences a more vertical transition to the ion. .
the high recoil kinetic-energ?(E) is shown with the dot—dashed line and We conclude that there are two channels corresponding
the contribution from the low recoil kinetic-ener@(Ey) is shown with the ~ to HCCO—-GHj5 fission, producing two forms of the,€0
dashed line. See the text for an explanation of the photoionization energygdical. each with a different variation in photoionization
dependence of these components. cross section with photon energy. This result is evidence of
two distinct types of GHO photofragments, one that is pro-
duced with a faster recoil kinetic-energy distribution which
extends from about 10 to 70 kcal/mole. We assign the higher

recoil kinetic-energy distribution to C-O fission producing

+C,Hs. To further characterize the mass (@HO) photo- HCCO product in the Renner—Teller sphtand/orA states
fragment, we measured the/e=41 TOF at two photon en- (see Discussion These ketenyl products are formed with a
ergies, 10.3 and 11.3 efFig. 8. When we split the bimodal large range of internal energy, but the good fits of the data at
P(E;) into the two separate components shown in Fig. 410.3 and _11..3.eV suggest that the ionization efficiency does
changing the relative probabilities of the high recoil kinetic- "0t vary significantly with internal energy. The second prod-
energy componer®(E;) and the low recoil kinetic energy Uct chanpel, which we infer to 'form a higher internal energy
componentP(E;) allowed us to fit both of the ALSn/e state or isomer of ¢HO, partitions less energy to product
—41 spectra. The fraction of HCCO-#8; bond fission recoil. The slower kinetic-energy distribution extends from 0

events represented by the high recoil kinetic end@ () in kcal/mole t(? about 40 kcal/mole. Th_e iden_tity of this photo-
Fig. 4 is 37% while the fraction represented by the low recoill"@gment will be addressed in the discussion.

kinetic energyP(E) is 63%. The data taken at different _ Inf(_)rmatlon on the mternal_energy of the photofragments
photoionization energies yield information about the relativelS 0btained through conservation of energy:

photoionization cross sections of thgHD formed_ in ea_ch Eparentt Eny=Do(C—0) + Eyy+ E7. (6)

of these two product channdl&qg. (5)]. The branching ratio,

R=37%/63%, of the high kinetic-energy channel to the lowHereE,nis 1 to 2 kcal/mole due to cooling in the molecu-
kinetic-energy channel is a constant for all the data, and itar beam and taken as zero for the rough calculatiy,
related to the apparent branching ratis; /¢~ *Yo;"e=*") is the energy of the 193.3 nm excitation phot48.0
obtained by finding the relative signals atn/e  kcal/mole with air-to-vacuum correctipriWe calculated the

N(t) (Arb. Units)

m/e=41, (HCCO*)
100, 11.3 eV

N(t) (Arb. Units)

While the data clearly show that the only product chan-
nel is fission of the O—gHs bond, the bimodaP(E+) is
evidence of two distinct mechanisms for formingHD
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o m/e=25 C,HO in approximately unit quantum yield. Unlike many
® 100, 13.2 eV previous methods of ketenyl radical production, methylene is
0%0 e not formed as a side product, which is particularly advanta-
= @, geous in studies where reactions of the ketenyl radical are
h—1 00 O .
E % expected to form methylene or when methylene reactions
5 %L %8 compete with ketenyl reaction mechanisms and produce a
< oo 9 o common product. In fact, the results from this study have
~ o o
) ey R o R already led to the use of ethyl ethynyl ether as a precursor of
z o L% b @0 @ cw the ketenyl radical for a kinetics experiment by Osborn ex-
C%O © OCII%(DDOO OO %.) OOOO OGD ooy e H 36
Y 60”76 aaban o Smwo aosoo ametoat amining the HCCG- O, reaction:
0@ 000 0Q0 O oo . . . .
°ee ) ggec o] The 20us risetime in the laser induced fluorescence data
Y v Y S v clearly shows that the vibrationlesé state has very little
50 100 150 200 250 300

initial population. This suggests that the initial energy distri-
bution peaks at high internal energies. This is in keeping with

FIG. 9. TOF spectrum an/e—25 taken with 13.2 eV photoionization en- 1€ P(Et) measured by photofragment translational spec-

ergy (undulator gap at 30.9854 mrand a source angle of 10°. Signal was troscopy. The P(Ey) shows no probability of forming
background subtracted and, unlike the other data presented here, this sp¢4¢C,0+ C,Hs with more than 70 kcal/mole of energy in

trum was taken with an unheated nozzle. Open circles are experimental daf?anslation' in other words 0n|y events which leave more
points; see text for discussion. ’ . ! .
than 25 kcal/mole of internal energy in the products have a
) significant probability of occurring. Keep in mind that 28
b;)zgd energyDo, to be 51.42 kcal/mole USINGSAUSSIAN  (isatime in the laser induced fluorescence results reflects a
og”® at the G3//B3LYP level of theorif In order to obtain o mhination of the relaxation of nascent HCCO that is vibra-

this value, we calculated heats of formation at 0 K for ethy'tionally hot, and the relaxation of a second population that

radical, ketenyl radical, and ethyl ethynyl ether. The uncer—r.nay be formed in either the quartet excited state or in a

tainty for these calculations was 1 to 2 kcal/mole; see Babou(ljifferent GHO isomer
et al?® for an evaluation of the method against different test The photofragmeﬁt translational spectroscopy data re-

Zel—t|sf'29 8((\:/\;25) :fozughg K (:Aav;r?glc:H;)s_c?olrﬁspl;?anlglean gcglu_veal two _C2H0_+ C,Hs recaoll kinetic—energy.distributions. In

d  experimental value  Of AH e CoHe)=28.4 order to |dent|fy the g—_|O product formed in each channel,
itg 5kca|/$nole31 our AH (HCCO)—41fZS kcél/r?lole ang W& must examine which isomers and electronic states are
XH;Z%(HCCO); 41.3 kcal/fr%OIe were clo.se to the literature energetigally accessible giveh the range of internal energy
value of AH e HCCO)=42.2+ 0.7 kcal/mole2® We p'resgnt in each. pr'odu'ct derlved from the measured recoil
found AH o(HCCO—GHg) = 20.9 kcal/mole and kinetic-energy Q|str|bt_1t|on$F|g. 4). Recall that 96.6 kcal/
AH 8(HCCO—fOC§H 12173 k?:al/mole somewhat _higher mole of energy is available to the photofragments after C—O

29 > : ’ bond fission if they are formed in the ground electronic state.

than the calculated literature value of First we will examine the high recoil kinetic-energy prod
_ — 4 ; - -
AH 25 HCCO-GHg) =15.Lkealimole™ The  literature cts, which have roughly 25—-85 kcal/mole of energy parti-

value was obtained through a semiempirical PM3 calculatior}!

that is expected to be less accurate than the G3//BSLY|g°ned to internal excitation. Even at the highest kinetic en-
method®® Using Do=51.4kcal/mole, we find E, ergies obtained for this channel, theHD+ C,Hs products
. . ) avi

—96.6 kcallmole, wher&,,=E,,+E. Thus the products leave with at least 25 kcal/mole partitioned to internal energy

in the high recoil kinetic-energy channel have roughly 25—gs2f the fragments. Very little internal energy is imparted to
kcal/mole of energy partitioned to internal excitation. TheViPrational energy of the ethyl fragment, whereas consider-

low recoil kinetic-energy products partition between roughly@P!€ vibrational energy may be partitioned to the HCCO
55 kcal/mole and the energetic limit of 96.6 kcal/mole of fragment because electronic excitation primarily involves or-
energy to internal excitation. bitals on the HCCO moiety. Note that conservation of angu-

Data atm/e= 25 (C,H") were collected at the ALS at a l&r momentum requires considerable energy to be partitioned
photoionization energy of 13.2 eV, with an unheated nozzId® rotation when the recoil kinetic energy is near 70
(Fig. 9. We could not adequately fit these data by weightingkcal/mole. Thus, one would not expect to see the recoil ki-
the P(Ey)’s shown in Fig. 4 for the two §HO+ C,Hs bond ~ Netic energyP(Ey) extend out to the energetic limit of 96.6
fission channels and assuming daughter ion cracking frorcal/mole above the energy of zero-point HCEO,Hs, as
ethylene (GHs) and GHO radical, even though this ap- 20—30 kcal/mole should be partitioned to rotational energy
proach fit them/e=25 electron impact ionization spectrum. of the two fragments. Th& and A Renner—Teller split pair
This indicates an internal energy dependence of the formeof states of the ketenyl radical are quite close in energy,
tion of m/e=25 upon photoionization, but this is a minor differing by only 3.359 kcal/molé® The high recoil kinetic-

Time of Flight, t (us)

daughter ion upon low-energy photoionization. energy channel could produce eithéror A state ketenyl
radical; both states are energetically accessible, given the
IV. DISCUSSION measured energy distribution. TheandB states of the kete-

This study establishes that ethyl ethynyl ether is the firsnyl radical, as well as two higher energy isomers gHO
clean photolytic precursor of the ketenyl radical, producingare discussed in the following paragraphs. With the excep-
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tion of the oxiryl radical, whose energy is not well known, stable to secondary dissociation. Even a modest partitioning
none of these products could explain the energy distributiomf internal energy to the {5 fragment leaves the HCCO

of the high recoil kinetic-energy channel. All of them would product below the exit barrier for the quartet dissociation
require more than 25 kcal/mole of energgs measured channel.

above the ground state of HCQC®or formation, and thus Nominally, the formation of quartet state HCCO from
could not partition up to 70 kcal/mole to kinetic energy, assinglet ethyl ethynyl ether is spin-forbidden. However, spin—
observed for this channel. The lowest energy possibility oforbit coupling between singlet and triplet electronic excited
this group, thea state of the ketenyl radical, requires 54.2 states of ethyl ethynyl ether can result in intersystem cross-
kcal/mole more energy for formation thaf state product. ing to a triplet state of the molecule which can decompose to
Thus we conclude that the observed high recoil kinetic-quartet state HCCO product. We performed preliminary elec-
energy channel forms thé/A state ketenyl radical. tronic structure calculatioRto look for evidence of spin—

To identify the GHO product formed in the lower recoil or_bit coupling in et_hyl ethynyl ether. In order to identif;_/ the
kinetic energy channel, we consider that this channel partibright state, transition moments were calculated using CI
tions between roughly 55 and 96.6 kcal/mole of energy tcSingles excitationgsee Experiment section for details\l-
internal excitation. It could not be forminé state ketenyl though all bright states had vertical excitation energies that

radical as the 3.359 kcal/mole energy difference between th4€re far too high, the two candidate states with large oscil
= ~ . . lator strengths consistent with the strong absorption band are
X and A states of ketenyl is too small to explain why no ,, , .
. the S,(A") and S;(A’) states. The two dominant electron
photofragments have less than about 55 kcal/mole of internal ~ > : L "
. configurations contributing to th&,(A”) state result from
energy. At the Franck—Condon geometry of the HCCO moi-__ . ~" .
. ~ ~ excitations of electrons from a delocalized CCO out-of-plane
ety in ethyl ethynyl ether, th&X and A states are almost

. qr orbital (with CC bonding character and CO anti-bonding
exactly degenerate so one would not expect any significa

ks - rJ,Iharacte)rto two higher orbitals with Rydberg character. The
extra partitioning of internal energy to the state products. ransition to theS,(A") state has a slightly higher oscillator

(Indeed, a simple Franck—Condon calculation predicts 13rength than the second possibility, tBg(A’) state. The
kcal/mole of vibrational energy in both thé andA states.  dominant electron configurations of ti8(A’) state result
Ab initio calculations have predicted that tRg'A”) state of  from the excitation of an electron from a delocalized CCO
HCCO lies 54.2 kcal/mole above the ground st&t€orming  in_plane orbital (again with CC bonding character and CO
this product from excitation to the singlet excited state ofanti-bonding charactgto the same two higher orbitals with
ethyl ethynyl ether would be spin forbidden, but the possi-Rydberg character.
bility of intersystem crossing remains. Tlg*A") state of Each of these candidate singlet states has an energeti-
HCCO is in the right range to account for the highest kineticcally close triplet state in the Franck—Condon region to
energies observed for the secongHO+C,Hs product  which it can couple with a significarit-37 cm ) spin—orbit
channel, especially when the substantial uncertaintfO0  coupling matrix element. Thé&,(A") state couples most
kcal/mole regarding the high kinetic-energy edge of the low strongly to the T5(A’) state with AE(Ts—S,)=0.2eV,
recoil kinetic-energy distribution is taken into account. Thewhereas theS;(A’) state couples most strongly to the
ketenyl radicaB state is just barely accessible with a 193.3T,(A") state with a larger energy difference &fE(Ss
nm photon, at 95.67390.0002 kcal/mole above the ground —T,)=0.9eV. The spin—orbit coupling matrix element be-
state?” but it is inaccessible for virtually all of the observed tween the $(A”) and Ty(A’) states results from a one elec-
kinetic-energy distribution. Thus the most reasonable assigrtiron change from an out-of-plane orbital of a” symmetry
ment of the products from the lower recoil kinetic energy (with CC bonding character and CO anti-bonding character
channel is HCC@(*A") + C,Hs. to a similar= CCO orbital which is in the mirror plane of
Both ground-state HCCO and(*A”) HCCO can, in ethyl ethynyl ether and thus ha$ symmetry. The coupling
principle, dissociate to CHCO at high internal energies, yet between thes;(A’) andT,(A”) orbitals also involves a one-
our experiments detect HCCO product from dissociatiorelectron transition between two sets of delocalized C£O
events that partition over 90 kcal/mole to internal energyorbitals with CC bonding character and CO anti-bonding
This stability of HCCO to secondary dissociation at highcharacter. In this case, however, the electron moves from the
internal energies provides support for the conclusion that theut-of-planea’ orbital to the in-plane” orbital. HCCO in
HCCO formed in the low kinetic-energy distribution is in the the a(*A”) state could be a product from either of these
a(*A") state. While ground-state HCCO dissociates totriplet states. Although the HCCO product helssymmetry,
CH(X?IT)+CO, the only spin-allowed products from this is defined with respect to the HCC plane for bent geom-
a(*A”) HCCO are CHa 3 ")+ CO, with an energy of 17.1 etries in the ground state while the plane of symmetry in
kcal/mole above the CE(?II) + CO zero-point levef’ The ethyl ethynyl ether is the COC plane. Thus HCCO with
exit barrier to the quartet state dissociation is predicted to beymmetry with respect to the HCC plane could be formed
small??>3® The CH@“S")+CO products in the spin al- from eitherT,(A”) or Ts(A’) state of ethyl ethynyl ether.
lowed dissociation channel have an asymptotic energy ofhese calculations rationalize production of quartet HCCO
89.5 kcal/mole(72.4 kcal/molé® to CH(X ?IT1)+CO added from a process which occurs via intersystem crossing to one
to 17.1 kcal/molg Thus HCCO formed from dissociation of the two triplet states discussed above, but higher level
events partitioning 2 kcal/mole to translatiGcorresponding  electronic structure calculations are needed to thoroughly
to ~95 kcal/mole internal energy in HCCEOC,Hs) are  evaluate the dissociation mechanism.
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