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20. Abstract

- The collisionless decomposition of ethyl and methyl acetate was

investigated using IR multiphoton dissociation. Wi-th- a fluence of 40 -

JIcm2, ithyl acetate gave 97 percent concerted decomposition producina -

ethylene and acetic acid, the latter of which underwent significant

secondary decomposition to ketene and water. Simple bond rupture producino

ethyl radical and CH3CO' which completely decomposed to CH'and

C021 accounted for the remai,,ing reaction products. Methyl acetate

underwent concerted reaction to produce methanol and ketene, and simple bond "

rupture to form CH3 and CH3 CO2, in near eoual amounts. All of the

concerted reactions released more than half (-20 kcal/mol) of the exit 9.

channel barrier into translational eneray. Usinq the branchino ratio

between the two channels and the translational enerqy distribution of the

simple bond rupture channel, the harrier for concerted reaction in methyl

acetate was determined to be 69±3 kcal/mol. , . ...
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The Infrared Multiphoton Dissociation of
Ethyl and Methyl Acetate S

Eric J. Hintsa, Alec M. Wodtke,* and Yuan T. Lee

Materials and Molecular Research Division,
Lawrence Berkeley Laboratory and

Department of Chemistry, University of California
Berkeley, California 94720 ISA

Abstract. •

The collisionless decomposition of ethyl and methyl acetate was

investigated using IR multiphoton dissociation. With a fluence of 40

2
J/cm , ethyl acetate gave 97 percent concerted decomposition producing

ethylene and acetic acid, the latter of which underwent significant

secondary decomposition to ketene and water. Simple hond rupture producina

ethyl radical and CH3C2 , which completely decomposed to CH3 and

CC2, accounted for the remainino reaction products. Methyl acetate

underwent concerted reaction to produce methanol and ketene, and simple bond

rupture to form CH3 and CH3CO in near equal amounts. All of the

concerted reactions released more than half (-20 lcal/mol) of the exit

channel barrier into translational energy. Usinq the branching ratio

between the two channels and the translational energy distribution of the J

simole bond rupture channel, the barrier for concerted reaction in methyl

acetate was determined to be 69*3 kcal/mol.

p

*Present Address: Max Planck Institut fir Str6munqsforschuna, Bunsenstr.

10, Gottingen 0-3400, West Germany.
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Introduction.

Since its discovery in the early 1970s, the phenomenon of multiphoton

dissociation (MPD) has generated an intense amount of interest.1 Much

early work focused on isotope separation and exploring the possibility of

bond selective chemistry by excitinq a local mode in a polyatomic molecule.

mithough rapid intramolecular vibrational relaxation prevents true bond

2
selective fission, this allows MPD to be used as a method for performinq

essentially "thermal" experiments in the collisionless environment of a

molecular beam.
3'4

The process of MPD can be roughly divided into three regions. 5  In

the lowest region the molecules are excited through discrete rovibrational

levels by intensity dependent resonant absorption until the vibrational

density of states becomes large enough for enemy randomization to compete

with absorption. In this "quasicontinuum" the molecules are pumped to

higher ano higher levels by stepwise incoherent excitation. Once the

molecules are excited over the dissociation barrier, decomposition competes

with continued up-pumping. The laser intensity determines how high the %
%li

molecules are excited durinq the laser pulse before they dissociate, as lono

as the fluence is sufficient to dissociate most of the molecules in the

quasicontinuum. If there is more than one possible decay channel at ,4

reasonably low energies, competition between the different pathways may be

observed. 3, At high levels of excitation, vibrational energy is

randomized on a picosecond timescale and statistical methods such as RRKM

theory can be used to calculate the unimolecular rate constants. For simple

bond rupture reactions, where there is no exit channel barrier, RRKM theory

'I
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can be easily extended to predict the translational energy distribution of

the products, allowino the average enerqy of the dissociating molecules to

be determined. Using the translational energy distribution and the

endoergicity of one channel and the branching ratio between two competing V

channels, we have shown that it is possible to find the dissociation barrier

of the other channel.
4

This is especially relevant to cases where a concerted reaction

competes with simple bond rupture. In a concerted reaction, bonds are

broken and formed simultaneously, often through a cyclic transition state

followed by a large release of translational energy. As part of an effort

to understand the dynamics of translational enerqy release from different

types of transition states, we have recently completed a molecular beam

IRMPD study of various nitro compounds and esters.4'6

Ethyl acetate is well known to undergo reaction through a six membered

transition state to form ethylene and acetic acid:

0-- H

I) CH3COOC2 H5 --- > CH3-C CH2  -- CH3 COOH + C2 H4

0 -H 2

This reaction is endothermic by 12 kcallmol, but the activation energy has

been determined to be 48.0 kcal/mol7 leaving an exit channel barrier of

about 36 kcal/mol. While a few MPD studies of ethyl acetate have been

performed in gas cells 8'9 confirming the occurrence of reaction (1), there

has been no determination of the fraction of energy released into

translation or the internal dearees of freedom. In comparison there have

'Ii:
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been very few studies of methyl acetate thermolysis. Carlsen and coworkers

determined by isotope labelin and mass spectrometry that the major reaction

at medium temperatures (-1000 K) was methyl group migration from one oxygen

atom to the other, with ketene and methanol also produced in low yield.
1 0

In a recent high temperature (1400-1800 K) reflected shock wave study,

Sulzmann and coworkers found only CO2 and methyl radicals, though they did

not monitor other possible channels.1 1  Eneray level diagrams includini

possible decomposition products for ethyl and methyl acetate are shown in

figures 1 and 2. The primary decomposition channels which we observed are

indicated by dashed lines.

Experimental.

The rotatinq source molecular beam translational energy spectrometer

has been previously described in detail. 1 2 Briefly, helium was bubbled

through the liquid under study and passed through a 125 pm nozzle creatina a

supersonic expansion with a mean velocity of 1.3 x 105 cm/sec (ethyl

acetate) or 1.6 x 105 cm/sec (methyl acetate) and a full width at half

maximum (FWWI-) spread of about 10 percent. The acetates were held in a

bubbler at O°C with a total backinq pressure of 350 Torr. The nozzle was

heated to 250°C to eliminate cluster formation and improve absorption of IP

radiation by the molecules. After passinq throuqh two collimating skimmers

in differentially pumped regions which defined it to a 1.5* FWHM angular

spread, the molecular beam was crossed with the focused output of a Gentec

CO2 laser operatinq on the P(22) line of the 9.6 lm branch (1045 cm-

with a fiuence of ahout 40 J/cm 2. The entire source rotates about the

interaction region to allow data collection at source to detector anales
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of 0* to 90% After passing through two more regions of differential

pumping, a small (-1.50) angular fraction of the MPD fragments was detected

by a quadrupole mass spectrometer using an electron impact ionizer and ion

counting techniques. The detector output was sampled by a multichannei

scaler, triggered by the laser, for time-of-flight (TOF) measurements of

product velocity distributions. Most of the data were taken at a source to

detector angle of 200, with 40,000 to 1,000,000 laser shots being required

to dchieve good signal to noise at different masses.

Results and Analysis.

13
The data was analyzed with forward convolution techniques to

determine the translational eneray release. An assumed product

translational energy probability distribution (P(ET)) for a particular _

reaction channel is converted to a center of mass (c.m.) velocity flux

distribution for one of the pair of products related by conservation of

linear momentum. This c.m. velocity distribution is added vectorially to

the beam velocity (obtained by beam TOF measurements using a spinnina

slotted disk) and transformed to a lab velocity flux distribution for a

given source to detector angle using the appropriate Jacobian factor.

Experimental parameters are averaged over, principally the beam velocity

spread, but also the finite lenqth of the ionizer and the spread in beam

angles. The resulting lab velocity distribution is converted to a

theoretical TOF spectrum which can be compared to the experimental data.

The P(ET) is then adjusted until the theoretical and experimental TOF .1*

spectra match. Secondary dissociation is modeled in an analogous way though

with a more complicated algorithm. 14 Essentially, a primary c.m. flux'_
,

_',
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distribution is converted to a density distribution in the primary reactant

c.m. coordinates, then using a second P(ET) a secondary flux distribution

is calculated from the primary one. From this secondary distribution the

contributions at aiven angle are calculated, using the correct

transformation factors.

A). Ethyl Acetate

Signal from MPD of ethyl acetate was observed at mass to charge ratios

(m/e) of 13-18, 26-31, 42-45, and 59, but not at m/e : 60. A chart with all

the detected ion masses, their corresponding neutral fragments, the reaction

channel to which they have been assigned, and the relevant figure, is shown

in table 1. As expected, reaction (1) producing acetic acid and ethylene

was the dominant channel. The peaks in the mle = 26 and 45 TOF spectra in

figure 3 are from ethylene and the momentum matched acetic acid fragment

respectively. Ethylene also appears as the parent ion (m/e = 28) and at

several other masses, but the acetic acid produces no signal at m/e = 60

though it appears at almost all the lower daughter ion masses including m/e

59. This absence of the parent ion is not surprising, as it has been

previously found that highly vibrationally excited species underoo extensive

fraqmentation in the electron bombardment ionizer and analysis must be based "

on the detection of daughter ions. 1 5

The P(ET)'s derived from the m/e = 26 and 45 spectra are shown in

fiqure 4 and the fits to the data are shown in figure 3. The P(ET) of

ethylene peaks at 19 kcal/mol and releases an average of 21.7 kcal/mol into

translation. For a process producing two fragments both of which are

detected, the P(Er) derived from one should fit the other, but this is not

Tf
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the case for acetic acid recoiling from ethylene as can be seen in figure 3,

bottom, with a dotted line showing the acetic acid data fit with the P(ET )

derived from the ethylene data. The peak and the fast edge match well

(substantiatinq the identification of this channel) but the P(ET) derived

from the ethylene data predicts considerably more slow acetic acid. The "a

main difference hetween this P(ET) and that derived from the acetic acid

data occurs at energies below 10 kcal/mol, as shown in figure 4.

An explanation of this comes from the fact that acetic acid may undergo

secondary decomposition, with or without the absorption of more photons.

Though not rigorously true for IRMPD where the molecules dissociate from a -.

considerable range of energy levels, molecules releasing a smaller amount of -

the energy of an exit channel barrier into translation should have, on the -p

average, more internai energy and thus be more likely to underqo secondary

dissociation.

The secondary dissociation products of acetic acid are ketene and water

proaucea by reaJ.-icn (2) t:,,ough a fcur-memhered transition state, and their I %

,-a o

0
2) (.H3COOH -- H2 C- C HC2CO H H20

H--
H

TOF spectra are shown in fiqure 5. These results were confirmed by MPD

expeimets n acticaci 16
experiments on acetic acid and are in aqreement with previous thermal _

studies.7' 17

Since it was found that 67 percent of the acetic acid produced

underwent secondary decomposition (vide infra), neither the P(ET) derived

|L" a. -. -i-
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from ethylene or acetic acid was suitable for use as the primary P(ET) for

acetic acid which eventually decomposed. This problem was resolved by

takino the P(ET) for ethylene and subtracting 33 percent of the P(ET)

for acetic acid (both initially normalized to unity), which represents the

surviving acetic acid. The resulting primary P(ET) corresponds to the
VV

shaded area in figure 4, and though similar in shape to that for ethylene,

contains a higher contribution from lower translational energies as these

preferentially underwent secondary decomposition. The P(ET) for secondary

dissociation is shown in figure 6 and the fits to the data are shown in 5.

figure 5. The peak of the P(ET) is at 25 kcal/mol with an average of 23.7 N"

kcal/mol released to translation, though these numbers for secondary

dissociation are inherently more uncertain. There was no evidence for any

secondary dissociation of ethylene or any further dissociation of ketene.

In addition to the concerted reaction pathway there was evidence for

another reaction occurring. Data at m/e = 15 and 44 (shown in fiqure 7)

could not be fit with reactions (1) and (2). The mass 15 TOF spectrum shows
',

extremely fast signal and that at mass 44 is very broad, with signal

appearing at faster and slower arrival times than would be expected from

acetic acid. If the weakest bond in ethyl acetate, between one 0 atom and

the ethyl qroup, broke to produce the acetoxyl radicai (CH3CO2) a, U-

ethyl radical through reaction (3), the acetoxyl could decompose via reaction

(4) to qive methyl radical and CO2. Examination of the mass 29 TOF

3) CH3COOC2H - CH3COO* + C2H5

4) CH3COO * CH3 "  + CO2

ON.
."#
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spectrum (s wn in figure 8, top) reveals a slow component shown in dotted

line due to ethyl radical. The P(ET) for reaction (3) derived from the

mass 29 data using RRKM calculations described below is shown at the bottom

of figure 8.

No trace of stable acetoxyl radical could be detected at any mass.

Evidently this weakly bound species undergoes complete secondary

dissociation either by absorbing additional energy from the CO2 laser or

by being formed above its dissociation limit. The data at mass 15 (from

methyl radical) and mass 44 (from CO2 ) cannot be fit by a single secondary

P(ET). The methyl radical signal is fit by a P(ET) averaging over 30

kcal/mol in translational energy and extending beyond 60 kcal/mol. The

methyl radical by itself has an average of more than 21 kcal/mol in

translation. CO2 recoilino from methyl radical requires even more

translational energy to reproduce the fastest signal (or a heavier particle

than CH3 to recoil from) indicating that a three-body dissociation process
3S

is occurring and accounts for at least some of the data. This is reasonable

since dissociation of the acetoxyl radical to methyl radical and CO is
2

exothermic by almost 10 kcal/mol and cannot have too high a barrier since

the C-C stretching surface has been calculated to be relatively flat. 18

There was no evidence for any other reactions occurrina. The results

cannot be explained by primary loss of the methyl aroup, followed by
0

decomposition to give ethyl radical and CO2 through reaction (5), as this
• .

5) CH3COOC H5 -- C00G2H + CH - GH3 + GO2  25 .'

52 3 +

IN



would produce much faster C2H5 product as well as slower methyl radicals.

Simple bond rupture to give CH3 and CH3COOCH 2 is more endothermic than

reaction (3) by at least 5 kcal/mol and should not be important. A

theoretical branchinq ratio calculation described below showed that less

than .5 percent should react through this channel. Reactions (6) and (7)

6) CH3COOC2H --) C2 H5OH + CH2 CO

7) CH3 COOC 2 H5 - 2 CH 3CHO

involving hydrogen atom transfer through a four-membered transition state
a,'

are expected to proceed only with very high barriers, thus limiting their

contribution. A reaction analogous to (6) was observed in methyl acetate

with a barrier of 69 kcal/mol, but in that case there was no lower energy

concerted reaction pathway such as reaction (1). Reaction (7) is a

potential source of mle = 44 signal but should also produce signal at m/e =

43 (C2H30+).1
9  Since the m/e = 43 data is identical to m/e = 45 and

different from m/e = 44 this channel can be experimentally ruled out.

Branching ratio calculations were carried out to determine the relative

contribution from each channel. Using a modification of a method described

20
by Krajnovich, the branchinq ratio between channel A producing fragments

of mass ml and m2, and channel B with fragments m3 and m, is

P(ET)-dv3
A N(ml+, e ) oion(m3) fB2-m3)u3

R(-)
B N(m3+,e) ion(ml) "1

~A(ET)-dvl
!c Ul

..-.-..--
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where N(mi e) is the total number of detected ion counts per laser shot

from fragment m. at angle e, io(mi) is the ionization cross section,
1 7ion i

vi is the lab velocity, and ui is the c.m. velocity of the neutral

mi. The ionization cross sections were calculated as recommended in ref.

20 using data from the literature.21  The integrals represent the expected

signal at angle G and were calculated numerically. Since MPD is isotropic

and the laser was unpolarized there are no corrections for the anisotropy.

Since data was collected at almost every mass, Ntta for each

fragment was calculated by adding up the total number of ion counts per shot

for that fragment at 20. Minor corrections for the few undetected ions

were made by comparison with the methyl acetate data (0+ , CHCO+) or with

known cracking patterns 19 (C2H) All of the data used were obtained
2A

under exactly the same experimental conditions, most on the same day, so

variations due to laser power, beam intensity, etc., should be minimal.

The ratio between ethylene and acetic acid produced should be unity in

the absence of secondary dissociation since these are the tv momentum

matched fragments from the same dissociation channel. Experimentally these

ratios have been within 15 percent of the expected value for cases with no

secondary decomposition occurring. 20 ,22 In this experiment the ratio was .

3.02, indicating that 67 percent of the acetic acid decomposes. Since so

much of the acetic acid decomposes it is not surprising that the P(ET)
Tp

derived for the surviving acetic acid differs from that of ethylene. The

branching ratio between reactions (1) and (3) was calculated to be 33.5

using the data from ethylene and ethyl radical, neither of which underao

secondary decomposition. The fact that 97 percent of the reaction occurs

%!
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through the concerted mechanism and only 3 percent by simple bond rupture -T

explains why the latter channel has not been previously observed, and may

occur only with the relatively high laser intensities in this experiment or

at very hiqh temperatures in thermal studies.

B). Methyl Acetate

Signal from methyl acetate was observed at m/e = 13-16, 28-31, 41, 42,

and 44, but not at m/e = 17, 32, 43, or 59. The results are summarized in

table 2. As with ethyl acetate, two competinq dissociation channels were

observed. The large peak at mass 42 (shown in figure 9) was assigned as the

parent ion from ketene produced in reaction (8) proceeding through a

four-membered cyclic transition state.

8) CH3COOCH 3 -- H2C-C 0  -- CH2CO + CH30H

H --O\cH

H 3

The momentum matched methanol fragment was measured at m/e = 31 and is also

shown in figure 9. The absence of the parent ion of methanol is not

surprisina in liqht of the previous discussion. The P(ET) which fit both

fragments peaks at 19 kcal/mol with an average translational energy release S..-

of 21.1 kcal/mol and is shown in fioure 10. There was no evidence for

secondary dissociation of either fragment.

The signal at mass 44, shown in figure 11, top, was explained I

analogous',, to ethyl acetate using reactions (9) and (10). Primary

93.

9) CH3COOCH 3 --- + CH3CO0" + CH3 "
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10) CH3 COo - CH3 " + CO2

decomposition occurs through a simple bond rupture reaction to produce the

acetoxyl radical and a methyl radical, then secondary dissociation produces

CO2 and a second methyl radical. The m/e=14 TOF spectrum showing slow

methyl radicals from reaction (9), fast methyl radicals from reaction (10),

and contributions from reaction (8) is shown in figure 11, bottom.

In addition to the fast peaks from concerted dissociation observed at

m/e = 31 and 42 there was a small amount of slower signal in both of these

TOF spectra. This signal, which appears at roughly the same time in all the

TOF spectra, may be due to dimers or a tiny fraction of the acetoxyl radicals

which survive to the ionizer (as it is so attributed in figure 9). It could

also be due to another dissociation channel such as reaction (11) producing

11) CH COOCH -- CHCO + CH30*
3 3 C 3  3

methoxy and CH CO radicals as this channel is no more than 15 kcal/mol

3
more endothermic than reaction (9) and could produce a small fraction of the

23
total signal. In any case this slow signal amounted to less than one

percent of the total c.m. frame signal.

As with ethyl acetate, the methyl radical and CO2 peaks in the

secondary dissociation data for the acetoxyl radical could be fit reasonably

well by a sinale P(ET). However, signal from the fast methyl radical was

noticably narrower than would be predicted on the basis of the CO2 data,

indicating that simultaneous three-body dissociation is also occurring

idatn

% % Z6_
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here. The RRKM-style P(ET) for reaction (9) peaks at zero and releases an

average of 3.98 kcal/mol into translation. The P(ET) for reaction (10)

peaks at 15 kcal/mol with an average release of 19 kcal/mol. Both P(ET)s

are shown in figure 12. The fact that we observe essentially the same

simple bond rupture channel followed by decomposition of the acetoxyl

radical in both ethyl and methyl acetate is further evidence of our correct

assignment of this channel.

Calculations similar to those for ethyl acetate were performed to

determine the relative contributions of the two dissociation channels. The

ratio between methanol and ketene prodced in reaction (8) was very close to

one, as it should be since neither fragment undergoes secondary

decomposition. In the decomposition of methyl acetate, however, the

branching ratio between reaction (8) and simple bond rupture, reaction (9),

determined using the slow methyl radical data, was 1.16, indicating that

simple bond rupture accounts for almost half of the dissociation products,

in sharp contrast to ethyl acetate. Since the energy release for reaction

(9) is somewhat uncertain (a fairly wide range of P(ET)s with the same

general shape will fit the slow methyl radical data) the branching ratio was

checked usina the signal from CO The formula for the branching ratio
22

changes slightly but is essentially the same as that used previously.2
4

The advantage is that the shape of the c.m. P(ET) for the CO2 alone is
4.4

tightly constrained by the data and the TOF spectra used (at m/e = 16, 28,

and 44) are largely uncontaminated by signal from other channels. The

signal attributed to CH3CO2 was also included, but this affected the

calculation by less than I percent. The results of this calculation aave a
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branching ratio of 1.12, in good agreement with the first calculation. The

effect of this branchinq ratio on the barrier height for concerted reaction

is discussed in the next section.

Discussion.

A). Exit Barriers for Concerted Decomposition

RRKM theory is a widely used method for determining rate constants of

25
unimolecular reactions. In the case of reactions proceeding without an

exit channel barrier (i.e. simple bond rupture reactions) it can be easily

extended to predict the translational energy release of the two fragments at- .•

a given total energy, simply the amount of energy in the reaction coordinate

at the transition state. The resulting P(ET) peaks at zero and decreases

roughly exponentially, in contrast to concerted reactions which are

dominated by dynamical effects after the transition state, thus allowing the

possibility of large translational energy release. 

We have previously used a further extension of RRKM theory to calculate

dissociation barriers for concerted reactions.4 This method makes use of

the RRKM rate constants for both channels, the branching ratio, and the

P(ET) for the simple bond rupture channel. An MPD rate equation

26program which models absorption, stimulated emission, and dissociation

is used to integrate over the duration of the laser pulse and determine how

high the molecules are pumped before they dissociate and the relative yield

into competing dissociation channels. Since in reactions with no exit

barrier, molecules dissociating from a higher level release a higher average

amount of translational energy, the absorption cross-section (assumed

constant with energy) is varied to match the predicted simple bond rupture

% XA "
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P(ET) with the experimental one. This provides an internal measure of the

energy in the ensemble of dissociating molecules. The barrier height for

the competing concerted reaction channel is then varied to produce the

correct branching ratio. This process is iterated until both the

experimental P(ET) and the branching ratio are reproduced.

Rate constants and P(ET)s were calculated using an RRKM program of

Hase and Bunker.27 The density of states was calculated from known

vibrational frequencies of the ground state, obtained from the

literature.28 The transition state vibrational frequencies for

calculating the sum of states were estimated by varying some of the ground

state frequencies in the transition state in order to reproduce the correct

Arrhenius preexponential A-factor. For the simple bond fissions this was

taken to be looA = 16, typical for such reactions,7 for reaction (1) the

literature value of 12.6 was used, and for reaction (8) we used logA = 13.9,

in analogy to diethyl ether which also undergoes concerted decomposition

through a C-C-0-H four-center transition state to produce ethanol and

ethylene.29 All the kinetic parameters used and the calculated results

are shown in table 3.

Using ethyl acetate as a test case with logA = 16.0 and a reaction

barrier of 80.2 kcal/mol (simply the endothermicity of reaction) for simple

bond rupture, loaA = 12.4 for the concerted reaction (1), and a branching

ratio of 33.5 in favor of reaction (1), an absorption cross-section 7.0 x

10-20 cm2 was reauired to give the P(ET) shown in figure 8. This
.4

leads to a reaction barrier of 50 kcal/mol for reaction (1). Convertina

this to an activation energy gives a value of 49 kcal/mol at 9000K. This
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compares quite favorably with the recommended value of 48.0 kcal/mol in ref.
7 in that temperature range. For methyl acetate, using loA = 16.0 and anactvation barrier of 34 l oorte smple bond rupure reaction
(9), IoqA = 13.9 for the concerted reaction (8), and a branching ratio of

" ' ..- ,.. i

1.16 in favor of concerted reaction, we derived a barrier height of 69 ni

kcal/mol and an activation energy of 68 kcal/mol.

Although many approximations were made to derive this value, it is

expected to be fairly accurate. This method worked well for ethyl acetate

and two nitroalkanes.4 The branching ratios here are well determined and

should not contribute much error. The RRKM calculations arc fortunately

rather insensitive to the exact value of the vibrational frequencies as long

as they reproduce the A factors correctly. The main uncertainty lies in the

kinetic data used, the value of the heat of formation of the acetoxyl

radical and other species, and the exact shape of the simple bond rupture

reaction P(ET). For the heat of formation of the acetoxyl radical, we

used a value of -49.6 kcal/mol30 with an uncertainty of *I kcal/mol. The
,

slow methyl radical signal from reaction (8) merges into the signal from .

other channels near 220 psec., so it is difficult to determine how far the

P(ET) for the simple bond rupture channel in methyl acetate extends. The

possible influence of three-body dissociation is another potential problem.

The fact that the ethyl and methyl radical data from simple bond rupture can

be fit with an RRKM-style P(ET) and the fast methyl radicals and CO2 can .

be fit reasonably well assuming a sequential two-body dissociation mechanism

argues that three-body effects are not very pronounced, but this point must "

be taken as an important caveat. We therefore assign a total uncertainty of

~ - ,' % - ~ . ~ . S~5A~~S55 -~ ~ **,.*
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*3 kcal/mol to the value of 69 kcal/mol for the barrier to concerted

decomposition in methyl acetate. It is heartening to note however, that the

activation energy for concerted decomposition of ethyl acetate (which

suffers from the same problems) is well within this uncertainty when

compared to ref. 7.

B). Dissociation Dynamics

In both ethyl and methyl acetate concerted reactions, a sizable amount

of energy is released into translation as the two stable fragments repel

each other. It is interesting to compare the translational energy release

to the exit channel barrier (obtained by subtracting the endothermicity of

the reaction from the activation barrier) which is the energy release after

the transition state. For ethyl acetate, the exit barrier is 50.0 - 12.2 =

37.8 kcal/mol. With an average translational energy release of 21.7

kcal/mol for reaction (1) the fraction of the exit barrier appearing as

product translational energy is 57 percent. Methyl acetate has an exit

channel barrier of 69.0 - 37.6 = 31.4 kcal/mol and with an average energy

release of 21.1 kcal/mol for reaction (8), 67 percent of the barrier appears

in translation. In the secondary dissociation of acetic acid to give ketene

and water throuah a four-center transition state, the exit barrier is about

35 kcal/mol, of which 68 percent becomes translational energy. The results

of these and similar experiments have been tabulated elsewhere.31  -

Four and six-center transition states with C, H, and 0 atoms typically

31.
have large translational energy releases, showing that the exit channel I

barrier couples strongly with translational rather than internal energy.
T

The considerable excess internal energy above the activation barrier ,s

,°.



! .i a

,S.-

distributed randomly and appears mostly as internal eneray of the products

as evidenced by the relatively small translational energy release in

reactions (3) and (9) and other simple bond rupture reactions, which have no

exit channel harrier. The larme translational energy release from these

four and six-center transition states reflects the fact that the transition

state occurs "late" on the potential energy surface, a; I strongly resembles -

the products. After the transition state, the closed snell products,

already close to their equilibrium geometries, experience a strong repulsion

due to their overlapping electron clouds, giving rise to the large 0

translational energy release. Usinq a simple "soft fragment" impulse

approximation 32 where energy is partitioned between translation and S

vibration, if an 0 and an H atom recoil off two C atoms (as occurs in the

transition states of both reactions (1) and (8)) 52 percent of the exit .V',

channel barrier is predicted to appear in translation for the concerted

dissociation of ethyl acetate, and 55 percent for methyl acetate. Including

the effects of rotation (difficult to model quantitatively as neither the .

transition state geometry nor the relative forces between the C-0 and C-H

pairs are known) would leave even less energy in translation. The fact that 7.%,

significantly more energy is released to translation is further evidence

that the fragments are fairly "stiff" as they recoil down the exit channel,

and behave as two closed shell fragments which repel each other rather than

only the nearest four atoms. In contrast, for an "early" barrier, the

transition state more closely resembles the reactants, the products are

formed far from their equilibrium oeometries and as they relax from the

transition state this strain energy becomes product internal excitation, as

I l e % - ' *' : J '
.J-'% r--" " . -','P- --w'J'- . d.

" .
""". ', . ",J','.

"
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31.
apparently occurs with four-center HCi eliminations.3 '

One surprising result was the large amount of translational energy

imparted to the dissociation products of the acetoxyl radical in reactions

(4) and (10). Since the central carbon atom (which ends up in CO2)

changes its hybridization during the reaction, there should be some exit

channel barrier, but ref. 18 suggests that it is not much areater than the O

exothermicity of -10 kcal/mol. We can think of no convincing reason why

more than twice this energy should end up in translation. Another question

was why the ethyl or methyl radical from reaction (3) or (9) was so slow if

three-body dissociation were occurring. A possible explanation is that in

ethyl acetate, concerted reaction occurred when the parent molecule had a

geometry similar to the transition state for reaction (1). Simple bond S

rupture might occur only from geometries with the C2H5 and CH3

moieties on the same side as shown here. Then the C2H5 P(ET) would not

CH3-C
0

C2H5

be significantly altered from an RRKM-type exponentially decaying function,

but the CO2 would receive an added little "kick" which would account for

its faster than expected translational energy distribution. An analoaous

process could also he occurring in methyl acetate.

C). Comparison with Previous Results 0

In both ethyl and methyl acetate decomposition, competition was

observed between concerted reaction and simple bond rupture. The branchina

ratios between the channels shed new light on previous experiments.

.",,
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Concerted reaction (1) has long been known to be the dominant thermal

decomposition pathway for ethyl acetate.7 The competing simple bond

rupture channel was probably too small to have been observed before. The

relatively high laser fluences used in these experiments favor this channel

and our higher sensitivity to slow products allowed us to detect this

channel for the first time.

For methyl acetate, the concerted reaction has an activation barrier of

-69 kcal/mol while simple bond rupture is -83 kcal/mol endothermic. Thus, ..

at low temperatures the number of molecules with enough energy to react is

small and most of these have below 83 kcalfmol, where they can only undergo

concerted reaction. Carlsen et. al. observed only the concerted

10 3 29 02poucin
reaction, finding no evidence for any CH 3CO2 or CO2 production.

At high temperatures, the A factors determine the relative rates of

reaction, thus favorina simple bond rupture which proceeds through a loose

transition state and consequently a high A factor. In Sulzmann et. al.'s

shock tube experiments, which started at temperatures only slightly higher

(1425 K) than the highest in ref. 10 (1404 K), only CO2 and methyl

radicals were observed. There are two possible problems with this

experiment. The initial (nonequilibrium) shock wave excitation may have

produced molecules with an average energy far higher than a temperature of

1425 K would suggest, thus strongly favoring the radical channel. Also,

though mass balance was claimed between methyl acetate and both CH3 and

C02, other channels were not explicitly monitored. Using our kinetic

parameters or those from ref. 11, the rates for the two channels should have

been within a factor of two near 1400 K. At our intermediate to hiqh
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energies we saw both channels in about equal amounts, indicatinq that methyl "

acetate is probably not a very good source of methyl radicals except at very

hiqh temperatures. Furthermore, our experiments indicate that the radical

channel is primarily a sequential reaction, with half the methyl radicals

being produced translationally cold and half being produced translationally

hot, so the use of methyl acetate as a source of methyl radicals for methyl

radical reactions should be treated cautiously.

Conclusions.

We have observed competing primary and secondary dissociation channels

in the IRMPD of ethyl and methyl acetate. In ethyl acetate, the dominant

channel was concerted reaction to give acetic acid and ethylene, with small

amounts of simple bond rupture giving acetoxyl and ethyl radicals. The p

acetic acid underwent significant secondary decomposition producing ketene

and water. Methyl acetate underwent concerted decomposition forminq

methanol and ketene and simple bond rupture forming acetoxyl and methyl .

radicals with a branching ratio near unity. All the concerted reactions

involved 0 and H atoms recoilinq off of C atoms and released an averace of

about 20 kcal/mol into translation. Essentially all the acetoxyl radicals .

underwent secondary decomposition to give CH and CO with a surprisingly3 2
large release of translational energy.

Usina an MPD rate equation model, the activation barrier for the

concerted reaction of methyl acetate was determined to be 69*3 kcal/mol

assuming an endothermicity of 83.4 kcal/mol for simple bond rupture. All of

the concerted reactions (1, 2, and 8) where an H atom is transferred in a

cyclic transition state released about 60 percent of the exit channel
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barrier into translational energy. This was interpreted in terms of a late

transition state after which the closed shell products, formed close to

their equilibrium geometries, strongly repel each other. This work is beingi

pursued further to explore the reaction dynamics of different types of

transition states.
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Table 1: MASS SPECTRUM OF IRMPD FRAGMENTS OF CH COOC H
-3 -2-5

Detected Neutral fragment Intensity (ionsjlaser Reaction Fiqure
ion mass pulse at 20-) channel

59 CH3COOH .013 1

45 CH3COOH .325 1 3

44 CH3COOH .049 1 7
CO2  .065 4

43 CH3COOH .402 1

42 CH3COOH .043 15
CH2CO .068 2

31 CH3COOH .030 1

30 CH3COOH .001 1

29 CH3COOH .193 1
CH2CO .059 2 P ._,

C2H5  .063 3

28 CH3COOH .229."
C2H4  .446 1
C2H5  .078 3
CO2  .10 4

27 C2H4  .680 1
C2H5  .015 3

26 C2H4  .255 1 3
C2H5  .014 3 .-.

18 H20 .105 2 5

17 CH3COOH .063 1
H20 .027 2

15 CH3COOH .748 1
C2H5  .050 3 7
CH3  .067 4

V-

S
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Table I (conit.)

14C3OH.1961
14 CH3COOH.0671C2H4  .249 2
CH2CO .4
C2H5  .040 4

13 CH3COOH .131 1

C2H4  .030 10

CH-2C0 .041 2-
C2H5  .029 3
C H3  .009 4

%4l
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Table 2: MASS SPECTRUM OF IRMPD FRAGMENTS OF CH COOC

Detected Neutral fragment Intensity (ions/laser Reaction Figure
ion mass pulse at 200) channel

44 Co2 .571 10 11

42 CH2CO .083 8 9

41 CH2CO .055 8 -

31 CH30H .104 8 9

30 CH30H .015 8 -

29 CH2CO .031 8
CH30H .070 8

28 CH2CO .080 8

CO2  .297 10

16 CO2  .126 10 -

15 CH30H .109 8
CH3 (primary) .339 9
CH3 (secondary) .301 10

14 CH2CO .281 8
CH30H .012 8 11
CH3 (primary) .394 9 g.
CH3 (secondary) .159 10

13 CH2CO .038 8 4.

CH30H .003 8 1
CH3 (primary) .053 9
CH3 (secondary) .023 10

1I
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Table 3: DATA USED FOR REACTION BARRIER CALCULATIONS

Reaction logA EA Simple bond rupture Reaction barrier
channel (kcal/mol) P(ET) used (kcalfmol)

Ethyl acetate
Simple bond rupture 16a fig. 8 80.2c
Concerted 12.4a 49

Methyl acetate
Simple bond rupture 16a fig. 12 83.4c
Concerted 13.9b 68 69d

aRef. 7.

b In analogy to diethyl ether; see text.

cCalculated using aH f(CH COOC H) -103.4 kcal/mol, AHf(CH CO)

=-49.7 kcal/mol, AH O(C H) 26.5 kcal/mol, aH0(CH COOCH )=-98.0
f2 5 f 3 3

kcal/mol, and aH O(CH)= 35.1 kcal/mol, taken from refs. 7 and 30, and

S. W. Benson, Thermochemical Kinetics (Wiley, New York, 1976).

dDetermined in this study.
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Figure Captions.

Fig. 1. Energy level diagram showing possible dissociation channels for

ethyl acetate. The activation energy for the previously observed

channel producing acetic acid and ethylene and all heats of

formation were taken from refs. 7 and 30, and S. W. Benson,

Thermochemical Kinetics (Wiley, New York, 1976). Both primary

channels which we observed are shown in dashed line.

Fig. 2. Energy level diagram for methyl acetate, similar to fig. 1.

Fig. 3. TOF spectra of products from reaction (1) at 20". Data points are e

represented by open circles in the TOF spectra throughout this

paper. Top, ethylene measured at m/e = 26. The large peak is fit

by the corresponding P(ET) shown in fiq. 4. The small, slow

signal is from C2H5 produced in reaction (3). Bottom, acetic .

acid measured at m/e = 45, fit with a solid line using the lower

P(ET) in fig. 4. The data points and the fit have been lowered a.

to represent the extensive depletion of acetic acid through V.

reaction (2). The dashed line shows an attempt to fit the m/e

45 spectrum with the P(ET) derived from the ethylene data. The

"missing" signal corresponds to acetic acid which has undercone

secondary decomposition. Read text carefully.

Fig. 4 P(ET) for reaction (1) derived from the data in fiq. 3. The

solid line shows the P(ET) derived from signal due to ethylene.

The lower dashed line shows the P(ET) derived from acetic acid. -

The crosshatched area represents the acetic acid which underwent

% F



-32- %J4

S

secondary decomposition, and was used as the primary P(ET) for

reaction (2). See text.

Fig. 5 TOF spectra of products from reaction (2) at 20. Top, CH2CO

from ketene (-.-), and signal from acetic acid (--) from reaction

(1). Bottom, 2 from water. Fits to the data are from the

P(ET) shown in fig. 6.

Fig. 6 P(ET) for reaction (2), the secondary decomposition of acetic

acid to give ketene and water, derived from the data shown in fig.

5.

Fig. 7 TOF spectra of m/e = 15 and 44 at 200. Top, methyl radical from

reaction (4) (-.-, fast), acetic acid from reaction (1) (--), and

ethyl radical from reaction (3) (.., slow). Bottom, CO2

from reaction (4) (-.-) and acetic acid (--).

Fig. 8 Top, TOF spectrum of m/e = 29 at 10 showing ketene from reaction

(2) (-.-), acetic acid from reaction (1) (--), and ethyl radical

from reaction (3) (-') fit with the P(ET) shown below.

Bottom, P(ET) for the simple bond rupture reaction (3).

Fig. 9 TOF spectra of the products of reaction (8) at 200. The lare

peaks are from ketene (m/e = 42) and methanol (m/e = 31), fit with

the P(ET) shown in fig. 10. The small, slow peaks may be due to

surviving acetoxyl radical from reaction (9), and can be fit with

the P(ET) shown in fig. 12, top.

Fig. 10 P(ET) for reaction (8), derived from the data shown in fig. 9.

TA

0%
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Fig. 11 TOF spectra from MPD of methyl acetate at 200. Top, CO2

from reaction (10) (---) and possible surviving acetoxyl radical

from reaction (9).....). The fits to the data from reactions

(9) and (10) are from the P(ET)'s shown in fig. 12. Bottom,
+

CH2 due to fast methyl radical from reaction (10) (-.-),
2

methanol (...) and ketene (--) from reaction (8), and slow 0

methyl radical from reaction (9) (.).

Fig. 12 P(ET)'s for reaction (9), (top), and (10), (bottom), derived in

part from data shown in fig. 11.
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