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The photodissociation dynamics of the ethoxy radical {CH,O) have been studied at energies from 5.17

to 5.96 eV using photofragment coincidence imaging. The upper state of the electronic transition excited at
these energies is assigned to tHé& Gstate on the basis of electronic structure calculations. Fragment mass
distributions show two photodissociation channels,©8,H, and CH + CH,;O. The presence of an additional
photodissociation channel, identified as-b C,D40, is revealed in time-of-flight distributions from the
photodissociation of CECD,O. The product branching ratios and fragment translational energy distributions

for all of the observed mass channels are nonstatistical. Moreover, the significant yield-6f@H, product
suggests that the mechanism for this channel involves isomerization on the excited-state surface. Photodis-
sociation at a much lower yield is seen following excitation at 3.91 eV, corresponding to a vibronic band of
the BPA’ — X2A" transition.

I. Introduction The lowest activation barriers are for the decomposition
reactions to form Ckl+ CH,O and H+ CH3;CHO, followed

by the barriers for isomerization to form GEH,OH and CH-
CHOH. Both of these rearrangements are exothermic. Rate
calculations, including recent calculations at temperatures up
to 2500 K¢ indicate that the rates for both rearrangements are
much lower than those for either Gldr H atom los&:18

The reaction of G@) with ethyl radical, which can lead to

The ethoxy radical has received a great deal of attention due
to its importance as an intermediate in combustion and the
importance of alkoxy radicals in atmospheric hydrocarbon
oxidation! In combustion, it has been implicated as an
intermediate in the reaction of triplet oxygen with ethyl
radical?~* dissociating to products as follows:

CH;CH,O — CH; + CH,O the formation of the ethoxy radical with a great deal of ex-
cess energy, has been the subject of several experimental
CH,CH,0 —H + CH,CHO studies41819The fragmentation of chemically activated ethoxy

radical formed in the reactions of ethyl radical with G;, @nd
The ethoxy radical can also be formed following the reaction NO; was compared,and it was found that both GH+ CH,0O
of the hydroxyl radical with ethylene. The initially formed  and H+ CHsCHO were formed in all cases. The internal energy
2-hydroxyethyl radical can rearrange to form ethoky of the ethoxy radical formed in these reactions was peaked at
. roughly 4.0, 2.5, and 1.5 eV, respectively. £H CH,O
CH,CH,OH = CH,CH,0 formation was favored when£and NQ were used, and the

and proceed to form the products shown above. Unimolecular resulting internal energy of the ethoxy radical was lower; when
P P ' O was used, the H CH3CHO channel was favored. OHt

decomposition of the ethoxy radical itself is not important in CoHa was also seen in this study when ethyl radical reacted

the aFmosphere, because it is not rapid enpugh to compete Wlthwith O and Q, but RRKM calculations implied that this channel
reaction with molecular oxygehHowever, it may serve as a

. . : S was due to direct abstractioi@H atom from the ethyl radical
relatively simple model for the dissociation of larger alkoxy . . . .
. . : S . and did not involve ethoxy as an intermediate. A study of the
radicals whose unimolecular chemistry is important in the

atmospheré.To learn more about the unimolecular dissociation OH vibrational energy distribution in OH generated in the
>P - . reaction of OfP) and ethyl radical supported the conclusion
of this radical, we have carried out a new study of the

. L i . ; .~ that these products were formed by direct abstracfion.

dissociation dynamics of the ethoxy radical following electronic . . . . .
excitation in the ultraviolet. Spectroscopic stqdles have yielded information relevant to

Theoretical studies of various combustion reactions on the € _ground and _ex0|ted states of ethoxy. Fostgr éf’a:ln, the
C:HsO potential energy surface have considered the importancebas's of the rotational structure of the laser excitation spectrum,
and fate of the ethoxy radical as an intermedfafe®*” As a found the symmetry of the ground electronic state tGA.
result of these studies, much of theHgO ground-state potential Ramond et al?,l'u.smg anion photoelectron spectroscopy, found
energy surface relevant to unimolecular reactions of ethoxy is the electron affinity for ethoxy to be 1.712 eV. The same study

fairly well understood. Stationary points relevant to this study, 2/S° fglzm,d the splitting between the?X" state and the low-
with energies taken from refs 6 and 10, are shown in Figure 1. YiNg A°A’ state to be 44 meV. Laser-induced fluorescence of
the BPA’ — X2A" transition of ethoxy, for which the origin

*To whom correspondence should be addressed. Electronic mail; transition is at 3.618 eV, has been the subject of several
dneumark@berkeley.edu. studies?9-22-24 Gopalakrishnan et &f found that the quantum
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Figure 1. Relevant stationary points on the,HzO ground-state ! %
potential energy surface. Energies are from refs 6 and 10. ]
yield for fluorescence following this transition drops drastically Figure 3. Time and position sensitive detection setup for coincidence
as the quanta of energy in the-© stretching vibration are  imaging.
increased from O to 5, an effect which they attributed to faster
internal conversion to the ground electronic state. Excitation to photofragment time-of-flight measurements that enable the
any of these vibrational levels of the&' state would provide  detection of channels in which a light fragment (H os) ks
enough energy to make several dissociation pathways availablegjected. The results of our coincidence measurements show that
The dynamics of ethoxy radical photodissociation were excitation between 5.17 and 5.96 eV leads to significant pro-
studied previously by Choi et &t.at excitation energies between duction of channels 3 and 6, with no evidence for 5. Nonco-
4.77 and 5.96 eV using the technique of fast radical beam incidence measurements at 5.17 eV show that the yield of
photodissociation coupled to coincidence photofragment detec-channel 4 is also significant. The upper state in this transition
tion. Many product channels, including all those in Figure 1, is assigned to the®" state on the basis of electronic structure
are thermodynamically accessible at these enefgigs? calculations on excited states of the ethoxy radical. Finally, we
consider the overall dissociation dynamics, in particular, whether
these dynamics reflect excited-state or ground-state dissociation.

C,HsO (X°A") + hw

Photodissociation in much lower yield is seen from excitation

— CHLCO+H, AnHa0s=0.028V (1) of the BPA’ — X2A"" transition.
—CH,CHO+H, A, Hys=0.25 (2)
II. Experimental Section
CHO+ CH, Annflzge =043 (3) The fast beam photofragment translational spectrometer used
—CH,CHO+H AyHogs=0.67  (4) in these experiments (Figure 2), including the new photofrag-
ment coincidence imaging detector (Figure 3) implemented since
— CH; +H,0 ApnHa08=0.73 ®) the previous study of the ethoxy radical, have been described
_ _ in detail previousl\?233 Briefly, a packet of the anion corre-
CH,+0 Arxnltzos =107 (6) sponding to the radical of interest, in this case, the ethoxide
— CH,CHOH+H A, Hy=1.09 @) ion, is mass-selected by time-of-flight, and electrons are
photodetached from it by a pulsed dye laser to form the ethoxy
—CH;+0 AnnHagg=3.93  (8)  radical. The ethoxy radical packet is then intercepted by a second

__ pulsed dye laser to form the photofragments which are detected
Several of the above channels (3, 5, 6, and 8) have very similarfor each dissociation event, normally in coincidence. The overall
fragment mass ratios, the basis upon which products are assignegdyperimental scheme can be summarized as
in this experiment, and the mass resolution was insufficient for
an unambiguous determination of the products. On the basis of oy tw,
the shifts in fragment masses between,CH;0 and CRCD,0, CHyCH,O — CH;CH,0 — fragments
the fragments were identified as® and vinyl radical (channel
5). However, this assignment was suspect, since formation of The ethoxide ion was generated in our pulsed discharge s#urce,
these products would require excessive rearrangement (twousing ethanol as a precursor. A backing gas mixture composed
hydrogen shifts). Moreover, the highest barrier on the ground- of 20% N;O and 80% Ar was bubbled through ethanol &0
state surface was calculated in that study to be 3.23 eV, to form the precursor/gas mixture, which flowed directly into
considerably higher than the barriers for other ground-state the body of the valve at a stagnation pressure of approximately
processes. Therefore, this channel was assigned to excited-statg atm. To generate GCD,O and CHCD-,O, ethanolds (D
dissociation. No evidence for dissociation from th&AB— 99%) and ethanol-1,8; (D 98%), respectively, were used in
X2A" transition was seen in this work. place of ethanol. Both were obtained from Cambridge Isotope

These issues led us to reinvestigate the photodissociationLaboratories and used without further purification.

dynamics of ethoxy using a new coincidence imaging detégtor, The precursor/gas mixture undergoes a supersonic expansion
which allows us to obtain improved fragment mass resolution through a pulsed piezoelectric valve with a pair of pulsed
and better sensitivity to fragments with low kinetic energy. In discharge plates fitted to the faceplatedaa 1 keV electron
addition to the results from coincidence detection, we present beam passing just in front of the discharge plates. The mixture
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of species formed in the discharge source is collimated by a diameter of this detector (75 mm vs 40 mm). Under identical
skimmer, and the negative ions are accelerated to a final beamconditions, the greater detector diameter would yield a small
energy of 5 or 9 keV and focused by an einzel lens. lons then improvement in the resolution in the fragment mass distributions.
pass through a collinear time-of-flight mass spectrometer, wheren this study, the flight time of the fragments was increased by
they are separated by mass. A XeCl excimer-pumped dye laserusing a longer flight length and a lower beam energy, thereby
is fired as the ions of the desired mass pass through the laseincreasing the separation of the fragments on the detector for
beam path in order to detach an electron. The undetached iongjiven values ofer and 0, which in turn further improves the
are then deflected from the beam path. The neutral radicals areresolution in the fragment mass distributions. The uncertainty
intercepted by a second laser pulse from a frequency-doubled,in mass, as characterized by the full width at half-maximum of
XeCl excimer-pumped dye laser. The bandwidths of the a single mass peak in the fragment mass distributions, appears
detachment and dissociation dye lasers (which were used withouto be improved fromAm ~ 2.7 amu to 2.0 amu.
etalons) are 0.2 and 0.15 ci respectively. Because of the beam block and finite size of the detector, it
The detachment laser is tuned sufficiently above the detach-is not possible to detect both fragments from all events. Fur-
ment threshold to obtain an adequate detachment cross-sectioriher, events in which one or both fragments hit in the inner
while minimizing the internal energy of the radical. Detachment 8.6 mm of the detector had to be rejected in this study in order
photon energieshfge) of 1.797 eV for CHCH,O~ and 1.771 to distinguish between different mass channels, and events in
eV for CDsCD,O~ were used. These energies are above the Which one or more fragments appear to hit in the outer 1 mm
thresholds for detachment to the low-lying4 state, which of the detector must be rejected because their positions cannot
were found by Ramond et al. to be 1.756 and 1.733 eV for generally be calculated correctly. The probability of detecting
CHsCH,O~ and CRRCD,0O-, respectively’! Therefore, at the both fragments from an event on the remaining surface of the
detachment energies listed above, the radical can be formed indetector depends on boly and6 and is corrected for using a
both the A" and A’ electronic states, but only in the ground ~detector acceptance function similar to that described by
vibrational state of each. For GED,O~, detachment photon  Continetti et af?
energies of 1.771 and 1.728 eV were used, which are above Coincidence detection of the two fragments, as described

and below the threshold for detachment to th@AAstate, above, is possible only when the ratio of the fragment masses
respectively, as shown by our electronic structure calculations (heavy mass/light mass) is less than about 10:1. Otherwise,
described in section Ill. Dissociation photon energiles;i{y whenever the heavier fragment recoils far enough in the plane

ranged from 5.17 to 5.96 eV, over which a largely unstructured of the detector to clear the beam block, the lighter fragment
photofragment yield spectrum and coincidence photofragmentWwill fly clear of the detector. To determine whether photodis-
distributions were previously acquiréglPhotodissociation was ~ sociation products with a greater mass ratio, i.e., the products
also attempted at 3.91284 eV, corresponding to the energy ofof reactions 1, 2, 4, or 7, were produced, further experiments
the sharpy = 4 — 0 band of the €O stretching mode in the ~ were performed in which the positions and times of arrival of
B2A’" — X2A'" transition24 all fragments were saved and analyzed regardless of whether a
Photofragments from the second laser pulse continue anothe€cond fragment from the same dissociation event was detected.
2 m along the beam path before hitting the time and position Thls_d|ffers_ from the noncomc_ldence experiments performed
sensitive detector. This detector consists of a Z-stack of threePreviously in this laboratofy*®in that the fragment times of
microchannel plates (MCPs) coupled to a phosphor screen and@rrival are determined from the s!gnal from a PMT array tralned
is 75 mm in diameter. Undissociated neutrals are prevented from©" the phosphor screen (see Figure 3), rather than the signal
hitting the detectorpa 5 mmx 8 mm beam block positioned gllrec_tly from an MCP. _Resu_lts anc_i analysis of data collected
in front of the detector in the beam path. The image from the [N this mode are described in section IIIC.
phosphor screen is split by a dichroic beam splitter, and
transmitted and reflected images are focused onto an imagelll- Results
intensifier in front of a charge-coupled device (CCD) camera A coincidence Detection: Fragment Mass Distributions.
and a 4x 4 photomultiplier tube (PMT) array, respectively. pragment mass distributions for the photodissociation of
For ea(_:h dissociation event, the positions of the fragment_s arecH,CH,0, CDCD,0, and CHCD,O at 5.17 eV are shown in
determined from the CCD camera image, and the arrival times Figure 4. CHCH,O and CRCD,0 fragment mass distribu-
from the PMTs. tions are compared in Figure 4a, while Figure 4b compares
In the standard coincidence mode of operation, the fragmentsCH,CD,0 distributions with photodetachment energies below
from each dissociation event are detected in coincidence. Theand above the threshold for detachment to tRA'Astate. The
positions and arrival times of fragments then give the three- detachment energies in Figure 4a were above the threshold for
dimensional recoil geometry of the fragments for that event, detachment to the 2\’ state.
from which Er (the translational kinetic energy release) #hd The fragment mass distribution for GBH,O shows a pair
(the angle between the dissociation laser polarization, which is of part|a"y resolved doublets’ Suggesting fragment pairs with
parallel to the neutral beam for all of the data reported here, masses 15 and 30 amu and 17 and 28 amu, which would
and the recoil vector) are calculated. By analysis of many correspond to CH+ CH,O and OH+ C;H,, respectively.
dissociation events, fragment mass distributié{&r) distribu- Fragment mass distributions for this isotopomer at 5.64 and 5.96
tions, andB(Er) (anisotropy parameters) are determined. eV (not shown) are essentially identical to that at 5.17 eV. The
The relatively poor mass resolution for the coincidence data fragment mass distribution for GBD,O shows two peaks,
in this experiment is due to the finite size of the parent beam narrower than those for GI&H,0, centered at 18 and 32 amu.
and increases approximately linearly with the ratio of the This result confirms the above assignments and eliminates the
distance between the points of impact of the fragments on the possibility of a contribution from masses 16 and 29 in the
detector to the width of the parent beam. Therefore, the massCH3;CH,O fragment mass distribution, since ¢® CD,0 and
resolution in this study is improved in comparison to that in OD + C,D, are the only possible fragments of gID,0O that
our previous study of the ethoxy radical because of the greaterwould have masses of 18 and 32Hz + H,0, the products
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the solid line is the plot for CECH,O and the dashed line is for ~ (4 ? §°
CDsCD;0. (b) shows the plots for G4€D,0O; the solid line is for a Ei'-f ‘g& o™ -&_:‘
detachment energy of 1.771 eV, and the dashed line is for a detachment ° . o .
energy of 1.728 eV. . " 6_":,*33' o
] () o

. . . . . . 0.0 l(30.5 10 15 20 25 00 05 1.0 15 20 25 3.0
inferred in the previous study of ethoxy radical photodissocia- Fragment Translational Energy (V)

i i 25
?:Ol_:] beH%hOI Etzacl)" V\:jogl(()j Ieadfto peglssgt .:ll.'ﬁ and 27 amu for Figure 5. P(Ey) distributions (open circlesf3(Er), correctedP(Er)

3LH0 an an amu tor _Q’ 20. 1he poorer mass  yigyibutions (squares, see text), and background dissociation (dashed
resolution in that study, in addition to making the absolute |ines) for GHsO at the dissociation photon energies indicated.
determination of the peak positions more difficult, obscured the indicates the branching fraction, considering only the;GHCH,O
narrowing of the peaks upon deuteration and gave the appearand OH+ CH, product channels.
ance that only two peaks, which shifted by 2 and 3 amu upon

deuteration, hence resulting fromt&; + H>0 (C,D3 + D0), a OH*CDM, CH, +CD,0
were present. With the improved mass resolution of this study, T -
it is apparent that peaks corresponding 1€+ H,O are not =4 F‘W
present in the fragment mass distributions.sCB,O forms hv, =1.771 eV hv, =1.771 eV
fragment pairs with masses 15 and 32 amu and 17 and 30 amu, e F=0.39 " 1 F=061
indicating the formation of CEl+ CD,O and OH+ C,D,H,, g ?gg
for both detachment energies used. No evidence for OD 355 °’%
production is seen, showing that the hydrogen atom in the i o h_‘,,-"
hydroxyl radical originates on the methyl carbon. o u“'hl"”””h

B. Coincidence Detection: Translational Energy and a ‘j—“’% i
Angular Distributions. Fragment translational energy distribu- ’ ot v, =1728eV hv, =1728 eV
tions (P(Er)) and anisotropy parametey¥Er)) are determined Te F=0.44 =, F=0.56
by fitting the intensity as a function of translational energy and Iy ‘;% . o'é.";,
recoil angle P(Er, 0) (which has been corrected for the detector & ‘:6; o ° 3;:.';#
acceptance function, as described in section Il), to the equation @": fo ’ﬁh eo-‘_g,;_, o

0.0 05 1.0 15 2.0 25 0.0 0.5 1.0 1.5 2.0 2.5 3.0
P(ET, 0) = P(ET)[]_ —+ ﬁ(E—r)PZ(COSQ)] (1) Fragment Translational Energy (eV)

Figure 6. P(Er) distributions (open circles)3(Er), correctedP(Er)
where 6 is the angle between the electric field vector of the distributions (squares), and background dissociation (lines) for
photodissociation laser and the recoil vector between the (ﬁ';ff?ﬁg ggf‘a g&ﬁgﬁ;ﬁtiﬂgtgﬂoéﬁzre”eirsgﬁ %ig/-ei\r/.' tlﬁet%% tf[g?n“;"vso
gqoig];rzgg?grgsdigt?i%ﬁgiosgogyfopra;aénof gf J?S{ggggsnfrcxp Blots, itis 1.728 eVF i?]dicates theg%/ranching fraction, considering

. ; : only the CH + CD,O and OH+ C;D,H, product channels.

very low translational energies, and at those above abelit5.
eV, depending on the amount of data, it is not possible to energies aboveh{ge: = 1.771 eV) and belowhyger = 1.728
determinef(Er) accurately because of the scarcity of events eV) the threshold for the 20’ state. The signal-to-noise ratio
and the small range of for which the detector acceptance is much worse alwge = 1.728 eV, consistent with the (about
function is nonzero. For these energigétr) is fixed at the 5 times) smaller photodetachment cross-section at the lower
value determined for it at the nearest energy possible, and thephotodetachment energy; otherwise, there is little difference
best fit toP(Er, 0) is found by varying onlyP(Er). between the results for the two detachment energies.

Figure 5 shows$?(Er) (open circles) an@(Er) for the CH; In Figures 5 and 6, thB(Ey) distributions for the OH+- C;H,4
+ CH,O and OH+ C;H4 channels for CHCH,O at photodis- (OH + C,D,Hy) channel at 5.17 eV peak near = 0 and fall
sociation energies of 5.17, 5.64, and 5.96 eV. Figure 6 showsnearly monotonically with increasingr. At the two higher
results for CHCD,O at 5.17 eV, but at photodetachment energies (Figure 5), the distributions move out to higker
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extending to around 0.5 eV before dropping off in intensity.
Another small feature, peaked very near 0 eV, is present in all
of theseP(Ey) distributions, but appears to be an artifact,
possibly from collision-induced dissociation, since it is observed
in the absence of the photodissociation laser. The appa¢Er)

for this channel calculated from the background dissociation is

B(E)

2
;-—*“%
-

-
shown as a dashed line. Once this effect is taken into account, T
all of the P(Ey) distributions for this channel peak between 0.4
and 0.6 eV. 5
The P(Ey) distributions for the Chl + CH,O channel are 00 0B T 15 20 55 50
somewhat more complicated. All of tiEr) distributions for Translational Energy (eV)

this channel show significant intensity from about 0.15 eV to Figure 7. P(Er) distribution andj(Er) for C,DsO at a dissociation

2.5 eV. However, the resolution between thesGHCH,O mass photon energy of 5.17 eV.

channel and the OH C,H4 channel is imperfect, particularly

at the lowest fragment translational energies. Thus, although O CD:CD20, the two product channels produce the same
all of the P(E7) distributions for this channel show high intensity P&/ of masses, so the data from the two channels cannot be
around 0.5 eV, it is likely that some of this intensity is due to '€SOIVed at all. TheP(Ey) distribution, shown in Figure 7,
inadequate resolution of the mass channels, since this is wherdPP€ars as would be expected on the_ basis of Rftey)

the P(Er) for the OH+ C;H4 channel is highest. The apparent distributions for CHCH,O at 5.17 eV 3(Ey) is close to 0.5 for

P(Er) for the background dissociation assigned to the; GH ganslatioPa; tensrgie_s ‘?t Whicth thbe Oﬁcze“ t(;]hangel Wotuldb ¢
CH,0 channel, scaled by the same factor as that used for the € expected 1o dominate, up to about L eV, then drops to abou

OH + C;H4 channel, is shown as a dashed line, showing that Oat1.2 eV, where signal from G& CD-0 begins to dominate.

some of the intensity at very low translational energy must be An attempt was also made to study photodissociation of

. . - . CH3CH,0 at 3.91284 eV, the energy of the= 4 — 0 band of
an artifact due to background dissociation. Once these artifacts . S A - .
are taken into account, it follows that much of the signal at the C-O stretch? in the BPA" — X?A" transition. While some

higher translational energies, where t¢Er) for the OH -+ photodissociation was seen at this energy, the rate of photo-

C,H,4 channel drops off, must be from true photodissociation glssli)uatlog ;yas n'ott. h'gth ert;?qgh comparfetlj fto the f[ate of
to CHs + CH,O. The P(Er) for CHz + CD,0 with hvge = ackground dissociation to obtain meaningful fragment mass

1.771 eV in Figure 6 appears to be dominated by a single, broad®" trrinilft'iorllgl fg%fzgim\r/lbtmfnf' WE e?ﬂ”}[attesﬂﬁ p{]/oto-
feature centered near 1.5 eV. These data were acquired undefIag entyield at 5. > eV 10 be roug o latats.1rev
on the basis of the relative intensity of peaks in the arrival time

more optimal conditions than any of the datasets fogCH,O s
and reflect about twice as many dissociation events and ashorteP'Str'b.Ut'qn due solely to background_ and_th_ose due to a
combination of background and photodissociation.

data achU|S|t|or_1.t|me. C. Noncoincidence Detection: Time-of-Flight Distribu-
P(Er) is positive for the OH+ CpHq channel over the ion The time-of-flight distributions for CRCD,O dissociation
translational energy range where it can be reliably calculated. 5¢ 5 gissociation photon energy of 5.17 eV and beam energies
The S(Er) plots for the CH + CH,O channel all show values 4 5 anqd 9 keV, with background subtracted, are shown by the
similar to those for the OH- C,H4 channel between 0.5 and  gircles in Figure 8. As explained in section II, these experiments
0.7 eV, where the intensity is likely to be mostly due 10 \yere carried out in order to investigate fragment channels with
incorrectly assigned events from that channel, and drop to about, high mass ratio (i.e., H or Hoss), for which coincidence
0 near 1 eV, where the higher-energy feature inf(ter) begins detection is unsuitable. The fully deuterated isotopomer was
to dominate. While not much can be said about Ii¢ir) varies used in order to increase the chances that the heavy fragment
with translational energyj(Er) values for this channel appear \youid clear the beam block and that the light fragment would
to be 0 or slightly negative at all dissociation photon energies. e getected. There is considerably higher background at earlier
Itis possible to estimate the amount of signal from each masstimes in both of these distributions, resulting in higher baseline
channel that is misassigned. If the neutral beam cross-sectiomoise after background subtraction.
is assumed to be a Gaussian, the probability of calculating a  Analysis of the time-of-flight distributions is accomplished
given mass ratio for a dissociation event is nearly a Gaussianby simulation using a forward convolution progrdfThe input
distribution centered at the correct mass ratio. The fraction of for this simulation consists of &(Er) distribution and an energy-
events from one channel that are assigned to another channelindependent anisotropy paramejgrfor each product channel.
the calculated mass ratios for which form a Gaussian distribution For the product channels already determined by analysis of the
overlapping the first, is equal to the fraction of the area under coincidence data, OB- C,D4 and Cy + CD,0, the P(Er)
the curve representing the distribution of calculated mass ratiosfrom Figure 7 and3 = 0.33 (determined by averaging over
for the first channel that is closer to the true mass ratio for the (Er) in Figure 7) were used. The resulting time-of-fight
second channel. The correct®Er) distributions using this  distributions, signifying the contribution from these channels,
estimate, with the overlap calculated separately for each 0.02are shown by the dotted lines in Figure 8. Comparison of this
eV energy bin, are shown by the squares in Figures 5 and 6.contribution with the experimental data shows that a product
The correctedP(Er) distributions for CH + CH,O obtained in channel with a higher mass ratio is also present.
this way more closely resemble broad peaks centered between Generating the fit for this additional product channel requires
1 and 1.5 eV. Relative yields for the OH C,H; (OH + knowledge of the fragment masses. Channel 4; BDsCDO,
C.D2H,) and CH + CH,0O (CH; + CD,0O) product channels,  would be expected to be much more favorable thand3s
calculated by integrating?(Er) over the range shown in the (channels 1 and 2), since these would require high-energy 3-
plots, are included in the figures. The uncertainty for these and 4-center transition states, and somewhat more favorable than
relative yields is roughly-0.15, and the relative yields for the channel 7 (D+ CD,CDOD), which would require rearrange-
different energies are all the same within the uncertainty. ment through a 4-center transition state. Channels involving the
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5 keV

Intensity

Figure 9. Ground-state geometry of the ethoxy radical obtained from
B3LYP/6-31H+G**. Bond lengths are in angstroms, and angles are
in degreesu is the transition dipole for the " — X2A" transition,
obtained from TD-B3LYP/6-31t+G**, and lies in the CG-C—0O plane.
The figure is not drawn to scale.

TABLE 1: Vertical Excitation Energies and Oscillator
Strengths Predicted by TD-B3LYP/6-31H#+G** 2

excitation oscillator

A e TOIR2 GO e method transition energy (eV)  strength

11400 11600 11800 12000 TD-B3LYP  1(AA") — X(A™)) 0.332 0.0001

Time of Flight (ns) 2(B(A") — X(A") 4.194 0.0010

3(C(A™") — X(A™) 5.056 0.0208

Figure 8. Time-of-flight distributions for GDsO at beam acceleration 4(D(A") — X(A™) 5.678 0.0007
energies of 5 and 9 keV and a dissociation photon energy of 5.17 eV. exptl AA") — X(A") 0.0441
Circles are the experimental data, solid lines are a fit to the data, dashed B(A") — X(A") 3.6184

lines are the mass 2 and 48 amu component of the fit, and dotted lines | . o . . .
Experimental excitation energies shown for comparison are adia-

are the mass 18 and 32 amu component of the fit. A{&e) distribution
in the inset was used in generating the mass 2 and 48 amu componen
of the fit.

patic.

point corrections to the energies of the species involved. The
loss d 2 D atoms would leave almost no available excess third is to determine the parameters required to calculate RRKM
energy, ruling them out as a source of all but the lowest-velocity rate constants for the observed product channels at the excitation
fragments observed. Since, further;#HCH3;CHO is known to energies used in this study in order to aid in the interpretation
be a major product channel from the unimolecular decomposi- of our experimental results. All calculations were carried out
tion of ethoxy, we have used masses 2 and 48 amt (RD40) using theGaussian 03rogram packagé#.
as the only mass channel of high mass ratio in this analysis. In the first set of calculations, in which the goal was to learn
The time-of-flight distribution for this channel, shown by the more about the electronic transition(s) of the ethoxy radical
dashed lines in Figure 8, was simulated using ®(&r) being excited in these experiments, the B3LYP method with
distribution shown in the inset antl= 0. The D-atom signal the 6-31H#+G** basis set was used for geometry optimization
is not visible on the scale of these plots, because it is spreadof the ground electronic state of ethoxy, and the TD-B3LYP
out over many more time bins than the heavy-fragment signal; method, with the same basis set, was used for the excited-state
its maximum intensity is about 100 times less than that for the calculation. SAC-CI calculations using the same basis set (results
heavy fragment, even assuming its detection efficiency to be not shown) give the same symmetry ordering for the first four
the same. In fact, the detection efficiency of the D atom is states. The calculated energies for the first four transitions show
expected to be much lower because of its lower translational little change with the addition of diffuse functions (the largest
energy along the beam axis in the laboratory frame. difference between the energies calculated with the 6-311G**
The relative yields for the mass 2 and 48 amu and mass 18and 6-31%+G** basis sets was 0.24 eV), indicating that the
and 32 amu channels, which are proportional to the scaling excitations are free of Rydberg character, which TD-B3LYP
factors used to fit the data, are 0.36 and 0.64, respectively. It is calculations do not treat accuratéfThese states do not show
reasonable to assume that the relative yields o§ @DCD,0O significant spin contamination.
and OD+ C,D4 are the same as those for ¢Ht CH,O and The ground-state geometry optimized at the B3LYP/
OH + C,H4 from CH;CH,O at this energy within error. The  6-311++G** level, which was used in the excited-state calcu-
branching fractions calculated using this assumption are 0.36lation, is shown in Figure 9. The energies and oscillator strengths
for D + C,D40, 0.32 for C3 + CD,O, and 0.32 for OD+ for the first four electronic transitions found in our excited-
CoDa. state calculation are shown in Table 1, along with experimental
D. Electronic Structure Calculations. Electronic structure  values of the energies for the?A' — X2A" and BPA" — X2A"
calculations on the ethoxy radical were carried out for three transitions for comparison. Transitions 1 and 2 aré-3al0d
purposes. The first is to identify the excited electronic state of and 34 — 94 excitations and correspond to thés — X2A"
ethoxy accessed at dissociation photon energies between 5.1and BA’ — X2A" transitions, respectively.
and 5.96 eV. The second is to determine the threshold for In the photodissociation experiments in this study Withiss
formation of CHCD,0 in the A’ electronic state by detach- between 5.17 and 5.96 eV, the ethoxy radical is excited to a
ment of an electron from C¥D,0O~ by calculating the zero-  higher-lying electronic state, for which the photofragment yield
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TABLE 2: Parameters Used in RRKM Rate Calculations, Obtained from B3LYP/6-31H1-+G** Calculations?

vibrational frequencies (cmd) A, B, C (GHz) lrea(@amu £2) Eo(eV)
CH3CHO 118.7, 266.0, 434.9, 866.0, 885.7, 1067.3, 1096.2, 1237.6, 1334.2, 39.641, 2.806
1387.8, 1410.2, 1484.5, 1494.1, 2885.8, 2886.6, 3029.3, 3095.2, 9.4820,
3106.3 8.4479
TS;(CH;s + CH0) 131.1, 268.3, 502.0, 540.4, 591.6, 897.0, 1102.1, 1239.0, 1409.3, 33.598, 3.021 0.7466
1423.9, 1482.4, 1626.3, 2896.4, 2949.7, 3090.1, 3255.4, 3268.2 8.2601,
7.2973
TSs(H + CH;CHO) 171.4, 384.6, 443.7,503.3, 807.8, 901.4, 1096.9, 1126.1, 1375.6, 38.441, 2.747 1.014
1399.6, 1462.8, 1473.6, 1687.4, 2865.4, 3021.3, 3088.7, 3134.0 9.5786,
8.7746
TSs(CH.CH,0) 374.9,715.6,821.0,918.1, 971.6, 1075.2, 1079.2, 1147.0, 1207.9, 28.198, 1.331
1301.3, 1427.6, 1525.2, 1917.5, 3045.5, 3093.7, 3110.8, 3220.7 13.047,
10.119

2 |eqis the reduced moment of inertia for internal rotation about theC®ond. Vibrational frequencies are unscaled. fE®rs to the transition
state for the rate-limiting step for chanriel

(PFY) spectrum begins around 4.77 &V/The energy of TABLE 3: RRKM Dissociation Rate Constants (s1)2
transition 3, to the @A" state, predicted by TD-B3LYP (5.056 excitation
eV) is a reasonable match with the onset of the PFY spectrum. energy (eV) ks (CHz + CH,O) k4 (H + CHsCHO) ks (CH.CH,O)

This transition is predicted to have the highest oscillator strength, ™ 5 17 0.84x 101 0.89 x 103 0.015x 103
by far, of any of the transitions in this energy range, which 5.64 0.99x 1013 1.1x 1012 0.020x 103
also points to it as the most likely candidate for the experimental 5.96 1.1x 10% 1.3x 108 0.025x 108

electronic transition, provided that we are exciting the ethoxy
radical in its ground state rather than the low-lyingpAstate,
which appears to be the case (see section IV. A). Transition 3yalues of these parameters are shown in Table 2. We have used
corresponds to an excitation from the"2arbital, a G-H o the recommended scale factors of 0.9679 for vibrational
orbital for the H atoms lying outside the; plane, to the 3a frequencies and 0.9877 for zero-point energfekhere is a fair
orbital, the O pr orbital outside theos plane. We note,  amount of variation in the calculated barrier heights for these
incidentally, that the calculated oscillator strength for t#8B  reactions reported in the literature. The main difference between
< X?A" transition is a factor of 20 lower than that for théAC the barrier heights that we have determined and those reported
< X?A" transition, which may account for the fact that the py Hippler et al® (shown in Figure 1) which were calculated
photofragment yield is lower by a factor of about 10 at 3.91 ysing QCISD(T) and the 6-3#G** basis set is that we

ak; refers to the rate constant for channel

eV than at 5.17 eV. calculate a somewhat higher (by 0.14 eV) barrier for theé-H
A second set of calculations was carried out with the goal of CH;CHO channel. However, we use our value for this barrier
determining the threshold for detachment to tiFé&2electronic height for the sake of consistency.

state of the CHCD,0 isotopomer. This threshold is known from The RRKM rate constartsare given by
experiment to be 1.756 eV for GBH,O and 1.734 eV for

CD3CD,0,%! and isotopic substitution changes only the zero- W.(E)
point energies. Therefore, we have approached this problem by k(E) = h 3) )
first calculating the change in zero-point energy for detachment pEthOX}‘

to the 22A’ state of CHCH,O and subtracting this value from ) . . .
the experimental value for the threshold for detachment to the whereW is the sum of states for transition sta{@eioxy iS th,e
A2A’" state of CHCH,O to find the non-zero-point-corrected density of states for the ethoxy rad|c§1I, ahd|s Planck’s
detachment threshold. The same procedure was carried out foconstant. We have treated the lowest vibrational frequency as
CDsCD,0, and the two values were averaged. The calculated an internal rotor in all but the transition state for isomerization
change in zero-point energy for GED,O on detachment to to CH,CH,OH. RRKM rate constants are shown in Table 3.
the A2A' state was then added to this value to yield the

detachment threshold. These calculations were carried out usindv' Discussion

the B3LYP method with the 6-3H#1+G** basis set, and the A. Initial Electronic State of Neutral Ethoxy before
zero-point energies were scaled by the recommended factor ofExcitation. In attempting to understand the results reported here,
0.98773%° one would like to know which state of the ethoxy radical, the

The calculated non-zero-point-corrected threshold for detach- X2A" ground state or the low-lying 70" state, is present
ment to the RA’ state was 1.7018 eV (the difference between immediately before excitation by the photodissociation laser.
the values calculated from data for the two isotopomers was The detachment photon energies used to acquire most of the
2.6 meV). We calculate the threshold for detachmentto ¢ A data reported in this study were above the threshold for
state of CHCD,O to be 1.743 eV, which is significantly higher ~detachment to the 7\’ state of ethoxy. It can be seen from
than the lower detachment photon energy of 1.728 eV used for Figure 6 that the photodissociation signal is much higher (by a
this isotopomer. factor of about 7) following detachment of GED,O~ at 1.771

Finally, we have employed electronic structure calculations eV, above the threshold for the?A’ state, than at 1.728 eV,
to find the required parameters for RRKM rate calculatténs  below the threshold. The higher signal reflects an increased
for reactions leading to the observed product channels, i.e., photodetachment cross-section (determined in a separate experi-
dissociation to Chl + CH,O and H+ CH3CHO and isomer- ment to be higher by a factor of roughly 5 at the higher
ization to CHCH,OH, which leads to OH+C;H,4. Parameters  detachment energy), which in turn is due to a combination of
for the calculation of RRKM rate constants were determined the increase in cross-section for detachment to tha'Ystate
using the B3LYP method and the 6-3tt+G** basis set. The and the contribution from detachment to th&AA state.
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TABLE 4: yx, Angles (in degrees) between the Transition determined by relative values of rate constants calculated using
Ebppafz’m Eg;gc}hbey Tﬁg%‘n\éﬁg(ggtweg‘ﬁ 'ﬁrg(r)]rstit-irc;w% ilﬁlgrllg's ang  RRKM theory at the bottleneck for each product channel. On
Internuclear Axes Relevant to Dissociation, ang8y = 2P,(cos the basis of Flgu_re L, we expect these bottlenecks to occur at
), the Predicted Anisotropy Parameters in the Short-Time the top of the exit barriers for Giind H loss and at the four-
Limit for the 3A " — 2A" Transition, Obtained from center isomerization transition state for OH loss. The results of
TD-B3LYP/6-311++** Calculations our RRKM calculationg? taking these bottlenecks as the critical
product channel % Bo configurations, are shown in Table 3. The branching fraction
CHs + CH,O 65.4 —0.482 for OH Io§s .predlcted. by thgse Ca|Cu|§tI0nS is roughly 0.001
OH + C,H,4 1.43 2.00 for all excitation energies, while H loss is sllghtly favored over
H + CH;CHO 72.3 -0.721 CHjs loss. However, we find the branching fraction for the OH
) o o channel to be comparable to the other two, in direct contradiction
The photodissociation results in Figure 6 show tRéEr) to our RRKM results. Hence, the product branching ratios argue

and 3(Er) are essentially the same regardless of whether the against statistical decay on the ground state.

photodetachment energy is above or below the threshold for v next consider the translational energy distributions. If a
the APA’ state. Dissociation following the 28" - A’A statistical model for dissociation is valid, then energy random-
transition would be expected to show different anisotropy j;ation occurs among all the internal degrees of freedom of the

i iati i Y — X2p" . : . L . o
parar_n_eters_than d'SSOC'E’_‘t_'On fgllowmg theéAC X A_ ethoxy radical prior to dissociation or isomerization. Under these
transition, since the transition dipole would be perpendicular circumstances, th(Er) distribution for a channel with little

to the os plane in the ground-state equilibrium geometry, o ng exit parrier peaks at or closeEs = 0,** while channels

. . ~ 1 — ~2 " . N N N r .
whireas th? translltqlor;]dlpole for tlhé/C X hA tran3|ft|onf involving passage over an exit barrier can be described by a
makes angles with the internuclear axes that are far from ,,qe| in which the available energy in excess of the barrier is

perpendicular (see Table 4 and discussion in section IV. B). gigpinyted statistically among the available modes, with the
While anisotropy parameters for photodissociation of polyatomic P(Er) distribution peaking at some fraction of the barrier
molecules can be unpredictable, it seems highly unlikely that height4243

nearly identical, nonzero anisotropy parameters would result o
from dissociation following these two transitions. Hence, the The P(Ey) distribution for the C.H +.CHZO channel peaks .
close to 1.5 eV, a value almost five times the size of the exit

similarity of the dissociation dynamics for the two detachment barrier for this ch [ and iderably | th Id
energies in Figure 6 implies that, even for detachment above arrierfor this channel, and considerably larger than one wou
expect if statistical dynamics were operative. Similarly, the H

the excited-state threshold, the photodissociation signal is AU .
dominated by radicals which are in théA' state at the time *+ CHyCHO channel has R(Er) distribution peaking at about
1 eV, again larger than the exit barrier height for this channel.

they are intercepted by the dissociation laser. Hence, either the
fraction of the parent beam initially in the2A’ state is not Qn thg %.r ountd g‘géelll ;[)hli fo|||-| Ch;n;el Ocl_(|)ulld re;ultthfrom
very significant, it undergoes internal conversion before being ISomerization 1o 2 otiowed by 0ss via the

intercepted by the dissociation laser beam and merely hasW.e;”Ikly bou?(;j OHit'(.:Z';;‘ Econ;_plte?g ;’.VhiCh’ i|?‘ a st:;tistfal
slightly (0.04 eV) more available energy, or it fails to photo- picture, would result in #(Er) distribution peaking nedfy =

dissociate. Since, in addition, the ratio of data acquisition rates O It could also occur via direct dissociation from the four-center

at 1.771 and 1.728 eV is similar to the ratio of detachment isomerization transition state without becoming trapped in the

efficiencies with detachment at these two energies, it is likely gHzCHZO,:"(;"'eI!' n vml'chtcasgtmorettr?nﬁlatl%ngégzrgy tWhOUId

that little if any of the parent beam is in theA' state when it € expected, since this transition state lies ©. ve the

is intercepted by the dissociation laser. products. We_flnd dlst_rlbutlons peaking close to 0_.5 eV for_th_ls
B. Dissociation MechanismA central question with respect channel, again at variance (athough less so) with a statistical

to the photodissociation mechanism of ethoxy is whether picture of dissociation.
dissociation to all of the observed products takes place by Finally, we consider the photofragment angular distributions.
internal conversion followed by dissociation on the ground-state From the results in Figures -8 and the accompanying
surface or whether dissociation to one or more of the fragment discussion, the anisotropy paramefeis positive for the OH
pairs involves rearrangement and/or dissociation on the initially + C2Ha channel, near 0.5, whilg is zero or slightly negative
accessed excited-state surface. In assessing whether groundor the CH + CH,O channel and zero for H- CHsCHO. Itis
state dissociation is the likely mechanism, an initial step is often clear that, for all channelg; lies quite far from its limiting
to determine whether the observed product branching ratios,values of 2 and-1, representing parallel and perpendicular
translational energy distributions, and anisotropy parameters aredissociation, respectively, with respect to the electric-field vector
consistent with statistical ground-state dissociation, that is, with Of the dissociation laser. These limiting values are found only
a mechanism in which the internal energy is statistically When the time scale for dissociation is much faster than
redistributed among the available modes before dissociationMolecular rotation, as is found for direct dissociation on a
takes place. repulsive excited-state surface, and the transition dipole of the
Our results show that there are three major photodissocia-molecule is aligned either parallel or perpendicular to the recoil
tion channels for ethoxy: Cit CH,O, OH+ C,Hg4, and H+ axis of the fragments. On the other hand, dissociation of large
CHsCHO. If all three channels occur on the ground state, then molecules via internal conversion to the ground state generally
Figure 1 shows that CHand H atom loss occur via bond fission ~ Yields isotropic angular distributions owing to long decay times
over small exit barriers (about 0.32 and 0.30%spectively) with respect to molecular rotation. The ethoxy radical appears

with respect to the products, whereas OH loss occurs by passagé be an intermediate case in thatis small but definitely
through the four-center transition state for isomerization to nonzero for at least one channel, so it is useful to consider what

CH,CH,OH. this result reveals about the dissociation mechanism.

We first consider the product branching ratios as a probe of  Anisotropy parameters smaller than the limiting values of 2
the dissociation mechanism. Under the assumption of statisticaland—1 can reflect any of several factors, including the geometry
dissociation on the ground state, the branching should be of the dissociating state and its lifetime compared to a typical
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rotational period. In Table 4, the orientation of the transition which are involved in the 1,3-hydrogen shift, and would lead
dipole with respect to various bonds is given for transition 3 to a weakening of these bonds, it is likely that the barrier for
assuming the ground-state geometry of ethoxy. In this geometry,the four-center transition state on the excited-state surface is
the transition dipole is nearly parallel to the-O bond. If we lower than that on the ground-state surface. Since, all else being
calculatey for the OH+ CyH4 channel using the transition-  equal, this would make the rate of isomerization more competi-
state geometry for OH loss calculated by Hipplnd assuming  tive, excited-state isomerization is a likely first step in dissocia-
that the G-O bond in this geometry is parallel to the recoil tion for this channel. Further, the significantly nonzero anisot-
direction, we calculate a value of 1.95 f@g, the anisotropy ropy parameter for this channel is consistent with dissociation
parameter in the limit of instantaneous dissociation. Similar from the excited-state surface. Whether the 2-hydroxyethyl
calculations yield3, = —0.69 and—0.91 for CH; and H atom radical formed in this way undergoes dissociation on the ground-
loss, respectively. For all three channéfs, < |5o|, suggesting or excited-state surface cannot be determined on the basis of
substantial rotation prior to dissociation, as one might expect our results.
for long-lived complex formation on the ground state. However,  Although it appears likely that formation of OH C;H4
the consistently positive values f@rfor OH loss are intriguing involves isomerization on the excited-state surface, the mech-
and raise the possibility that this channel, at least, may result anism by which the other two fragment pairs are formed is still
from excited-state dissociation. Unfortunately, since fhe not clear. It is reasonable, for example, to postulate a pathway
values are approximate and dynamic effects due to the confor-involving one or more conical intersections that connect the
mational changes preceding dissociation may affeict ways excited state to the ground state, with those molecules that reach
that are difficult to predict, analysis of the angular distributions the ground state eventually dissociating totHCH;CHO and
is not as definitive as one might hope in elucidating the CHz + CH;O. The observation that the relative yields of these
dissociation mechanism. two channels are close to those seen for dissociation on the
To summarize the preceding discussion, none of the obsery-ground-state surface following chemical activatiéis consis-
ables in this experiment support a photodissociation mechanismt€nt with such a mechanism, in which case, the nonstatistical
of internal conversion to the ground state followed by statistical P(Er) distributions for these channels would be attributed to
decomposition. However, it is possible that dissociation does dissociation that is too fast for full redlstnb_utlon_of_V|brat|onal
take place from the ground state, but at energies of roughly €N€rgy to occur. However, excited-state dissociation cannot be
4-5 eV above the reaction barriers, dissociation is too fast for uled out for these two channels.
statistical redistribution of the excess energy among the available
modes. Indeed, our RRKM calculations predict dissociation time
constants on the order of 100 fs for GHnd H |OSS, whereas By employing a combination of coincidence and noncoinci-
timescales for vibrational relaxation on the orderdf ps have  dence detection methods, we have studied the photodissociation
been observed in highly excited molecules prior to dissocia- dynamics of the ethoxy radical at energies from 5.17 to 5.96
tion 4445 1f available energy is not statistically distributed, the eVv. On the basis of electronic structure calculations, the
P(Er) distribution and product branching ratios might not closely  electronic transition excited in this region is assigned as the
resemble those predicted using statistical models. 3d' — 24d' excitation to the @A"" state. The product channels
One test of this possibility is to compare our results with are CH + CH;O, H+ CH3;CHO, and OH+- CyHy, all in nearly
those seen in studies of the ®f + C;Hs reaction by equal yields. CH + CH,O and H+ CH;CHO would be
Hoyermann et &.The internal energy of about 4 eV in ethoxy expected as major channels on the basis of the ground-state
obtained from this reaction is lower than the excitation energies barriers to dissociation, but Ot C;H,4 would not be expected
in this study, but still far above the barriers for formation of to contribute nearly as much as it does on this basis. On the
any of the products that we have seen, thereby providing insightbasis of consideration of the product branching ratios, the
into ground-state dynamics with very high internal energy. fragment translational energy distributions, and the anisotropic
Hoyermann et al. did find significant production of GHC,H,, angular distribution for the OH- C;H,4 channel, we conclude
along with CH + H,CO and H+ CH3;CHO. However, since that statistical dissociation on the ground-state surface does not
an inverted vibrational distribution had been found for OH occur for any of the observed product channels and that
formed in this reactiof? they attributed this channel to direct isomerization to CHCH,OH prior to OH loss probably occurs
bimolecular abstraction, rather than formation and subsequenton an excited-state surface.
isomerization of ethoxy to C¥€H,OH followed by dissociation.
This conclusion, if correct, indicates that high internal energy ~ Acknowledgment. This work was supported by the Director,
on the ground state of ethoxy does not, by itself, lead to Office of Basic Energy Sciences, Chemical Sciences Division
significant dissociation to OH+ C,Hs. It should be noted,  ofthe U. S. Department of Energy under contract no. DE AC03-
however, that chemical activation and photoexcitation would 76SF00098. A.E.F. would like to thank Dr. John M. Herbert
give different initial, nonstatistical distributions of energy in for useful discussions.
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