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Abstract. e

The collisionless decomposition of ethyl and methyl acetate was
investigated using IR multiphoton dissociation. With a fluence of 40
J/cmz, ethyl acerate 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 producing

-
.

ethyl radical and CH3C02, which completely decomposed to CH3 and

COZ’ accounted for the remaining reaction products. Methyl acetate

Y» Y] :‘ ."_- '.v LS
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underwent concerted reaction to produce methanol and ketene, and simple bond

"
.

rupture to form CH, and CH,CO,, in near equal amounts. A1l of the

3 372 S
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concerted reactions released more than half (~20 kcal/mol) of the exit k:\
channel barrier into translational energy. Usina the branching ratio ‘"j
between the two channels and the translational energy distribution of the s
NN

simple bond rupture channel, the barrier for concerted reaction in methy] :3~
acetate was determined to be 693 kcal/mol. RN
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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.] Much
early work focused on isotope separation and exploring the possibility of
bond selective chemistry by exciting a local mode in a polyatomic molecule.
Arthough rapid intramolecular vibrational relaxation prevents true bond
selective fission,2 this allows MPD to be used as a method for performing
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 energy randomization to compete
with absorption. In this "quasicontinuum" the molecules are pumped to
higher ana higher Tevels 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
molecules are excited during the laser pulse hefore they dissociate, as lonc
as the fluence is sufficient to dissociate most of the molecules in the
guasicontinuum, If there is more than one possible decay channel at
reasonably low erergies, comnetition between the different pathways may be
observed.3’d At high levels of excitation, vibrational eneray is
randomized on a picosecond timescale and statistical methods such as RRKM

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

bond rupture reactions, where there is no exit channel bariier, RRKM theory
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can be easily extended to predict the translational energy distribution of
the products, allowina the average energy of the dissociating molecules to
be determined., Using the translational energy distribution and the
endoergicity of one channel and the branchina ratio between two competing
channels, we have shown that it is pcssible to find the dissociation barrier
of the other channe].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 eneray 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

4 \
\

1) CH3C00CoH5 —> CH3- CHp —> CH3C00H + CoHg

/(‘)\\

7
\Y 4,

0-~CH2

This reaction is endothermic by 12 kcal/mol, but the activation energy has

7 leaving an exit channel barrier of

been determined to be 48.0 kcal/mol
about 36 kcal/mol. While a few MPD studies of ethyl acetate have been
performed in gas ce1158’9 confirmina 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
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[ - aat e e . v . . .
i B N S L Bl S A AR ENLE CA M AL St 8 « W VLWL

r_ .

P

T4

2AA
5

.

o
; '{9&‘

s

M
% %

P
By

LI
LR

0 .' "
» . :’ﬁ'ﬁ o -~

0y

¥
A

“n s @Y,

,,..
SO

[ 3

/1

il I

<
PENS

L 4
IR 4
=%

.{.,
S AT

P
4.
H

X ~ '
sty

L J '.r"r‘f x ."? R

4

l.;‘?{\ﬁ @\:}

‘e v B
XA

LIV
" <.

S b I N
DN vl
el .

\f f\-. i"x-\-- NS .. P \-.\v- u\_‘- AOR \-.\:‘_---.'-.‘---‘_':_:-\' . .‘--_‘- . \:.\:..‘-.N.._‘ N .__.._. RN AT AT T AT e s ..



pdivad ) » Na i vav. aiatsla’Lin’ the R - au -k in " Y N . . dra e . A ey v ‘
§ 9 L. ) g e i 4 " T NE Y U Ra¥H] L p i ~ Eata v AT VAV T

G -4-
.5{ been very few studies of methyl acetate thermolysis. Carlsen and coworkers
E{ determined by isotope labelina and mass spectrometry that the major reaction
't at medium temperatures (~1000 K) was methyl aroup migration from one oxyaen
}; atom to the other, with ketene and methanol also produced in low yie]d.]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
L not monitor other possible channels.]1 Eneray level diaarams inciudina
;; possible decomposition products for ethyl and methyl acetate are shown in

3 figures 1 and 2. The primary decomposition channels which we observed are
E indicated by dashed lines.

Experimental.

A &%

[F& &

The rotating source molecular beam translational energy spectrometer

1.12

has been previously described in detai Briefly, helium was bubbled

R AN b

through the liquid under study and passed through a 125 ym nozzle creating a
5

Pl
Pl

supersonic expansion with a mean velocity of 1.3 x 10 cm/sec (ethy]

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

g maximum (FWHM) spread of about 10 percent. The acetates were held in a

& bubbler at 0°C with a total backing pressure of 350 Torr. The nozzle was
\f{ heated to 250°C to eliminate cluster formation and improve absorption of IP
‘? radiation by the molecules. After passing throuah two collimating skimmers
E in differentially pumped regions which defined it to a 1.5° FWHM anagular

;{ spread, the molecular beam was crossed with the focused output of a fentec
s CO2 laser cperating on the P(22) line of the 9.6 um branch (1045 cm'])

N with a fiuence of ahout 40 J/cmz. The entire source rotates about the

'2 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 f:,
el

pumping, a small (~1.5°) angular fraction of the MPD fragments was detected Eﬁj
-.(\

by a quadrupole mass spectrometer using an electron impact ionizer and ion et
counting techniques. The detector output was sampled by a multichaennei :&f
L\

scaler, triggered by the laser, for time-of-flight (TOF) measurements of F\‘
Jord

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

L g
 #
2

detector angle of 20°, with 40,000 to 1,000,000 Jaser shots being required

L4

{ﬁﬁf

to achieve good signal to noise at different masses.

)
x

vl A,

Results and Analysis.

a
»

AL
. v

The data was analyzed with forward convolution techm‘ques]3 to

k ] x_ 9
: Pt
555

determine the translational energy release. An assumed product

>,

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

o
i

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

N

distribution for one of the pair of products related by conservation of :f:
. .;::

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

e
-

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

-ﬁ)

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

s

S

given source to detector angle using the appropriate Jacobian factor,

o 73

Experimental parameters are averaged over, principally the beam velocity tﬁ:
ATy
spread, but also the finite length of the ionizer and the spread in beam M

oy
angles. The resulting lab velocity distribution is converted to a ;r~
theoretical TOF spectrum which can be compared to the experimental data. 'E,j
L)
Y
The P(ET) is then adjusted until the theoretical and experimental TOF :::
2
spectra match. Secondary dissociation is modeled in an analogous way though -
with a more complicated a]gorithm.M Essentially, a primary c.m. flux : f
=y
.-:: ]
plood
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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 3 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 wm/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 m/e = 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 jon 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 undergo extensive
fragmentation in the electron bombardment ionizer and analysis must be based
on the detection of daughter 1'ons.]5

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

7
figure 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(ET) derived from one should fit the other, but this is not
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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
(substantiating the identification of this channel) but the P(ET) derived
from the ethylene data predicts considerably more slow acetic acid. The
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 underao
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
average, more internai energy and thus be more likely to undergo secondary
dissociation.

The secondary dissociation products of acetic acid are ketene and water

produced by reaciion {(2) ticugh a fcur-membered transition state, and their

2)  CH3COOH  —» HoC=C” > CHpCO + H0

TOF spectra are shown in fiqure 5. These results were confirmed by MPD
experiments on acetic acid]6 and are in agreement with previous thermal
studies.?’]7

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

underwent secondary decomposition (vide infra), neither the P(ET) derived
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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
taking 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
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
fiaure 5. The peak of the P(ET) is at 25 kcal/mol with an average of 23.7
kcal/mo1l 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 figure 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 ethyi acetate, between one 0 atom and
the ethyl aroup, broke to produce the acetoxyl radical (£H3C02) ang ar
ethyl radical through reaction (3), the acetoxyl could decompose via reaction

(4) to give methyl radical and C02. Examination of the mass 29 TOF

3)  CH,C00C

3 2H5 —> CH,C00" + CZHS'

3

4) CH,C00° — CH3‘ + (0
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spectrum (s~ 'wn in figure 8, top) reveals a slow component shown in dotted
l1ine 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 COZ) cannot be fit by a single secondary

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

T)'
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 recoilina 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 preccess
is occurring and accounts for at least some of the data. This is reasonable
since dissociation of the acetoxyl radical to methyl radical and CO2 is
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 f1at.]8
There was no evidence for any other reactions occurring. The results

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

decomposition to aive ethyl radical and CO2 through reaction (5), as this

5)  CH,COOC,H

3 oHeg — 'COOCE,.“S + CH3' — CH3' + C02 + CH®

2’5
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would produce much faster CZHS product as well as slower methyl radicals.
Simple bond rupture to give CH3 and CH3C00CH2 is more endothermic than
reaction (3) by at Teast 5 kcal/mol and should not be important. A
theoretical branching ratio calculation described below showed that less

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

6) CH3COOC2H5 — CZHSOH + CHZCO

7) CH3C00C2H5 - 2 CH3CHO

involving hydrogen atom transfer through a four-membered transition state
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 m/e = 44 signal but should also produce signal at m/e =
19

+
HH30 ).

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

43 (C Since the m/e = 43 data is identical to m/fe = 45 and

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 branching ratio between channel A procucing fragments

of mass mj and mp, and channel B with fragments m3 and mg, is

v3
. (Pg(Er)—ov3
N A | N(mi1™,8)  oion(m3) fm2m3> ° u3
— = . {
B N(m3*,8) oion(my) \ mymy Vi
(Pa(Er)—avy
o} U]

< e
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where N(mi+,e) is the total number of detected ion counts per laser shot
from fragment m, at angle o, °ion(mi) is the ionization cross section,

Vs is the lab velocity, and uy is the c.m, velocity of the neutral

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

j
20 using data from the 1iterature.21

The integrals represent the expected
signal at angle e and were calculated numerically. Since MPD is isotropic
and the laser was unpolarized there are no corrections for the anisotropy.

Since data was cnllected at almost every mass, N for each

total
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]9 (C2H+). A11 of the data used were obtained

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 two momentum
matched fragments from the same dissociation channel. Experimentally these
ratios have been within 15 percent of the expected value for cases with no

20,22 In this experiment the ratio was

secondary decomposition occurring.
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)
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
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 high temperatures in thermal studies. -
B). Methyl Acetate 54

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 o
table 2. As with ethyl acetate, two competing dissociation channels were 2&
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 2;

four-membered cyclic transition state.

A

T,

8) CH3C00CH3 —> HoC== —> CHoCO + CH30H

“ .

-
'S

V4

,!'f¢‘

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 E;‘
surprisina in light of the previous discussion. The P(ET) which fit both ﬁ;:
fragments peaks at 19 kcal/mol with an average translational energy release 53
of 21.1 kcal/mol and is shown in figure 10. There was no evidence for E:
secondary dissociation of either fragment. EE:
The signal at mass 44, shown in figure 11, top, was explained ;%
analogous”v to ethyl acetate using reactions (9) and (10). Primary iz
=

9)  CH3(00CH; —s CH,C00" + CHy’ '
N

1
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10) CH3C00‘ — CHy" + €0,
decomposition occurs through a simple bond rupture reaction to produce the
acetoxyl radical and a methyl radical, then secondary dissociation produces
602 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 anather dissociation channel such as reaction (11) producing

11) CH3C00CH3 — CH3C0 + CH30
methoxy and CH3C0 radicals as this channel is no more than 15 kcal/mol
more endothermic than reaction (9) and could produce a small fraction of the

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

total signal.
percent of the total c.m. frame signal.

As with ethyl acetate, the methyl radical and C02 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
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here. The RRKM-style P(ET) for reaction (9) peaks at zero and releases an

zl 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 hond 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

The

determine the relative contributions of the two dissociation channels.

ratioc 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 tetween 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,

Since the energy release for reaction

in sharp contrast to ethyl acetate.

. (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 ‘
i; checked using the sianal from C02. The formula for the branching ratio
i changes slightly but is essentially the same as that used previously.24 )
" The advantage is that the shape of the c.m. P(E;) for the (0, alone is

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 CH3C02 was also included, but this affected the

calculation by less than 1 percent. The results of this calculation gave a
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branching ratio of 1.12, in good agreement with the first calculation. The ﬁ?‘
M
oy
effect of this branching ratio on the barrier height for concerted reaction e
LCE v
is discussed in the next section. E:f
Discussion. {Sgi
.H-J‘ )
A). Exit Barriers for Concerted Decomposition g*‘

.

2t

ol
">t

RRKM theory is a widely used method for determining rate constant< of

unimolecular reactions.2> In the case of reactions proceeding without an ;f
(24

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

i
i
X

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

© R,

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 releasec. é}‘
LY

g

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

proqram26 which models absorption, stimulated emission, and dissociation

.
-
-

-

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

l"

B

P

l..

Y
x

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

into competing dissociation channels., Since in reactions with no exit

x50

x
[y

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

'l 2k §
1, &
S

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

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

AR,
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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

,3 correct branching ratio. This process is iterated until both the
;§ experimenta) P(ET) and the branching ratio are reproduced. :
& Rate constants and P(ET)s were calculated using an RRKM program of
ﬂi Hase and Bunker.27 The density of states was calculated from known
§E vibrational frequencies of the ground state, obtained from the
i literature.28 The transition state vibrational frequencies for
§§ calculating the sum of states were estimated by varying some of the ground f
Lg state frequencies in the transition state in order to reproduce the correct

v Arrhenius preexponential A-factor. For the simple bond fissions this was
;Q taken to be looA = 16, typical for such reactions,7 for reaction (1) the

-Q literature value of 12.6 was used, and for reaction (8) we used logA = 13.9, X
" in analogy to diethyl ether which also undergoes concerted decomposition

Yy | eurmraL
g through a C-C-0-H four-center transition state to produce ethanol and
': e'chy1ene.29 A11 the kinetic parameters used and the calculated results E
4 are shown in table 3. :
‘éé Using ethyl acetate as a test case with 10gA = 16.0 and a reaction )
a barrier of 80.2 kcal/mol (simply the endothermicity of reaction) for simple

3 bond rupture, JogA = 12.4 for the concerted reaction (1), and a branchina
E; ratio of 33.5 in favor of reaction (1), an absorption cross-section 7.0 x '
3; 10729 ¢m? was reauired to give the P(E;) shown in figure 8. This

o~ leads to a reaction barrier of 50 kcal/mol for reaction (1). Converting
éi this to an activation energy4 gives a value of 49 kcal/mol at 900°K. This
i !
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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 100A = 16.0 and an
activation barrier of 83.4 kcal/mol for the simple bond rupture reaction
(9), loagA = 13.9 for the concerted reaction (8), and a branching ratio of
1.16 in favor of concerted reaction, we derived a barrier height of 69
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 are 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 faormation 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/mo]30 with an uncertainty of #1 kcal/mol. The
slow methyl radical signal from reaction (8) merges into the signal from
other channels near 220 usec., 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

We therefore assign a total uncertainty of

be taken as an important caveat.
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%3 kcal/mol to the value of 69 kcal/mol for the barrier to concerted gi
Pyl
decomposition in methyl acetate. It is heartening to note however, that the ;ﬁi
"\
activation energy for concerted decomposition of ethyl acetate (which £
suffers from the same problems) is well within this uncertainty when 5
compared to ref. 7. if
B). Dissociation Dynamics f
In both ethyl and methyl acetate concerted reactions, a sizable amount ‘nf
A
of enerqgy is released into translation as the two stable fragments repel N
each other. It is interesting to compare the translational energy release ;
to the exit channel barrier (obtained by subtracting the endothermicity of Q'
the reaction from the activation barrier) which is the energy release after X
R
the transition state. For ethyl acetate, the exit barrier is 50.0 - 12.2 = if
37.8 kcal/mol. With an average translational energy release of 21.7 3
N
kcal/mol for reaction (1) the fraction of the exit barrier appearing as 2
ht
product translational energy is 57 percent. Methyl acetate has an exit i‘
channel barrier of 69.0 - 37.6 = 31.4 kcal/mol and with an average energy ff
~
release of 21.1 kcal/mol for reaction (8), 67 percent of the barrier appears ?:
N
in translation. In the secondary dissociation of acetic acid to give ketene ;ﬁ
and water throuah a four-center transition state, the exit barrier is about :E
35 kcal/mol, of which 68 percent becomes translational energy. The results :i
of these and similar experiments have been tabulated e]sewhere.3] :3
Four and six-center transition states with C, H, and O atoms typically ;
'“h
have large translational energy releases,3] showing that the exit channel :f’
"’.
barrier couples strongly with translational rather than internal energy. .’
The considerable excess internal energy above the activation barrier 1s '33
o5
Y
=
]
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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 barrier. The large 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: 1 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
translational energy release. Using a simple "soft fragment" impulse
approximation32 where energy is partitioned between translation and
vibration, if an O and an H atom recoil cff two C atoms (as occurs in the
transition states of both reactions (1) and (8)) 52 percent of the exit
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
sianificantly 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 qeometries and as they relax from the

transition state this strain energy becomes product internal excitation, as
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apparently occurs with four-center HC] e]iminations.3]

One surprising result was the large amount of translational energy
imparted to the dissociation products of the acetoxyl radical in reactions
(8) and (10). Since the central carbon atom (which ends up in COZ)
changes its hybridization during the reaction, there should be some exit
channel barrier, but ref. 18 suggests that it is not much agreater than the
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
rupture miaght occur only from geometries with the C2H5 and CH3
moieties on the same side as shown here. Then the C2Hg P(Ey) would not

0

7
\

0

CH3-C

N\

CoHs
be significantly altered from an RRKM-type exponentially decaying function,
but the CO, would receive an added Tittle "kick" which would account for
it; faster than expected translational energy distribution. An analoaous
process could also be occurring in methyl acetate.

C). Comparison with Previous Results
In hoth ethyl and methyl acetate decomposition, competition was
observed between concerted reaction and simple bond rupture. The branching

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

7 The competing simple bond

decomposition pathway for ethyl acetate.
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/mo! endothermic. Thus,
at low temperatures the number of molecules with enough energy to react is
small and most of these have below 83 kcal/mol, where they can only undergo
concerted reaction. Carlsen et. al, observed only the concerted
r'eac'cio'n,]0 finding no evidence for any CH3C02 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
602, other chanrels 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 high
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energies we saw both channels in about equal amounts, indicating that methy]
acetate is probably not a very good source of methyl radicals except at very
high 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 ethy) radicals. The
acetic acid underwent significant secondary decomposition producing ketene
and water. Methyl acetate underwent concerted decomposition forming
methanal and ketene and simple bond rupture forming acetoxyl and methy]l
radicals with a branching ratio near unity. A1l the concerted reactions
involved 0 and H atoms recoiling off of C atoms and released an average of
about 20 kcal/mol into translation. Essentially all the acetoxyl radicals
underwent secondary decomposition to give CH3 and COZ with a surprisingly
Jarge 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. A1l 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

o A A e s S R A O A A R N R SR e g VA R N T Ny AR RN e N
O R N R N N NN O I N AN TN

-y
“'I—'i Sy

AN T )

W s

[
’



W W
ML M A

O
L

N

"".'

o S T . T W o T Y i N Rl N R ¢ AR S0 6 000 ol v, K N € % S ol Al Lo

23—

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 being

\

pursued further to explore the reaction dynamics of different types of o

v

transition states.
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Table 1: MASS SPECTRUM OF TRMPD FRAGMENTS Q£_£ﬂ3COOCZES

Neutral fragment

CH3COOH
CH3CO0H

CH3COOH
€02

CH3C00H

CH3CO0H
CHoC0

CH3COO0H
CH3CO0H

CH3COOH
CHoCO

CoHg

CH3COO0H

CoHa
CoHg
€y

CoHa
C2Hs

CoHg
CoHs
H20
CH3CO0H
H20

CH3CO0H
CoHg
CH3

Intensity (ions/laser
pulse at 20)

.013
.325

.049
.065

.402

.043
.068

.030
.001

.193
.059
.063

.229
.446
.078
.101

.680
.015

.255
.014

.105

.063
.027

.748
. 050
.067

Reaction Fiqure
channel
1 -
1 3
1 7
4
] -
| 5
2
1 -
1 -
1
2 R
3
] -
3
a4
1 -
3
1 3
3
2 5
1 -
2
]
3 7
4
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Table 1 (cont.)

14 CH3COOH .196
CoHg .067
CH2CO .249
CoHsg .040
CH3 .020

P2 W) —~—
H

13 CH3CO0H .131
CoHg .030
CH2CO .041
CoHg .029
CH3 .009
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Table 2: MASS SPECTRUM OF IRMPD FRAGMENTS OF CH,COOCH, &
4
2
Detected Neutral fragment  Intensity (1ons/1aser Reaction Figure o
ion mass pulse at 20°) channel
a4 €0 571 10 1 X
o
a2 CHpC0 .083 8 9 ol
o
"y CH2(0 .055 8 - b
%
W
3 CH30H .104 8 9 3:
()
30 CH30H .015 8 - W
29 CHoC0 .031 8 - L.
CH 30H .070 8 ~3
28 CH,CO .080 8 } =
C0» .297 10 Ay
16 €0y .126 10 - LN
A
15 CH30H .109 8 =
CH3 (primary) .339 9 - vord
CH3 (secondary) .301 10 *'N
14 CH2CO .281 8 -
CH30H .012 8 » )
CH3 (primary) .394 9 N
CH3 (secondary) .159 10 o
13 CH2(0 .038 8 N
CH30H .003 8 - P
CH3 (primary) .053 9 ~y
CH3 (secondary) .023 10 N
R
S
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Table 3: DATA USED FOR REACTION BARRIER CALCULATIONS

; Reaction 1ogA EA Simple bond rupture Reaction barrier
X channel (kcal/mol) P(ET) used (kcal/mol)
)
. Ethyl acetate
: Simple bond rupture 163 fig. 8 80.2¢
f Concerted 12,43 49 50d
Methyl acetate
Simple bond rupture 162 fig. 12 83.4¢
Concerted 13.96 68 69d
Ref. 7.

bIn analogy to diethyl ether; see text.

c . ) 0
Calculated using AHf(CHBCOOCZHS) = =-103.4 kcal/mol, AHf(CH3C02)

: = -49,7 kcal/mol, AH?(CZHS) = 26.5 kcal/mol, AH?(CH3C00CH3) = =98.0

kcal/mol, and AH?(CH3) = 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.

Fia.

Fig.
Fig.

Fig.

1.

4

»

A

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.

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

TOF spectra of products from reaction (1) at 20°. Data points are

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 fig. 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
to represent the extensive depletion of acetic acid through
reaction (2). The dashed line shows an attempt to fit the mfe =

45 spectrum with the P(E.) derived from the ethyiene data. The

1)
"missing" signal corresponds to acetic acid which has undergone
secondary decomposition. Read text carefully.

P(ET) for reaction (1) derived from the data in fig. 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
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3

=

S ol

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

reaction (2). See text.
o P
Fig. 5 TOF spectra of products from reaction (2) at 20°. Top, CHZCO+ E1$

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

RN

(1). Bottom, H20+ from water. Fits to the data are from the

X
! r

'?.'l'
e

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.

e

5.

. b

i

Fig. 7 TOF spectra of m/e = 15 and 44 at 20°. Top, methyl radical from

d R S S
.‘,x'qn’"r"‘v' -"1_ :

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

ethyl radical from reaction (2) {(*°°°, slow). Bottom, CO2 Pt
®
from reaction (4) (-.-) and acetic acid (—-). N
LA
Fig. 8 Top, TOF spectrum of m/e = 29 at 10° showing ketene from reaction Sj:‘
(2) (-.-), acetic acid from reaction (1) (-—~-), and ethyl radical ﬁij‘
from reaction (3) (*°°°) fit with the P(ET) shown below. NG
.:;\':_
Bottom, P(ET) for the simple bond rupture reaction (3). Y
" .". "
Fig. 9 TOF spectra of the products of reaction (8) at 20°. The large 2ok
peaks are from ketene (m/e = 42) and methanol (m/e = 31), fit with ¥“f2
the P(ET) shown in fig. 10. The small, slow peaks may be due to E;&i
-0
surviving acetoxyl radical from reaction (9), and can be fit with et
.
the P(ET) shown in fig. 12, top. -}:;
NN
Fig. 10 P(ET) for reaction (8), derived from the data shown in fig. 9. 3}:'
':J\ "
<N
@
fa \
o
&
2,
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~ f"-
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+ -.-
Fig. 11  TOF spectra from MPD of methyl acetate at 20°. Top, co,, :;Z::
\..'(..u.,
from reaction (10) (---) and possible surviving acetoxyl radical }‘: f
b
from reaction (9) (*°°°). The fits to the data from reactions ]

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

CH2+ due to fast methyl radical from reaction (10) (---}, ,;‘

T

methanol (-..-) and ketene (—-) from reaction (8), and slow f:
methyl radical from reaction (9) (°°°°). :..-;

g

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

part from data shown in fig. 11. _;’l
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