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The dissociation of acetone radical cation (CH3COCH3
1d - CH3CO

1 þ CH3
d) has been studied by ab initio

direct classical trajectory calculations at the MP2/6-31G(d) level of theory. A total of 247 trajectories were
initiated at the transition state of the keto–enol tautomerization. A microcanonical ensemble using quasiclassical
normal mode sampling was constructed by distributing 10 kcal mol�1 of excess energy above the barrier. The
dissociation is found to favor the loss of the newly formed methyl group in agreement with experiments. The
branching ratio of methyl loss was calculated to be 1.53 � 0.20 which is fortuitously in very good agreement with
the experimental ratio of 1.55 for 8–12 kcal mol�1 excess energy. Nearly 50% of the available energy is retained
by the acetyl fragment as vibrational energy. The methyl fragment has very little vibrational energy but receives
ca. 25% of the available energy in translation. The translational energy distribution of the methyl radicals is
bimodal with the newly formed methyl having higher average translational energy than that the methyl derived
from the spectator group.

Introduction

For over 30 years, the dissociation of acetone radical cation
has been the subject of many experimental and theoretical
studies. This system is of renewed interest because of the
complexity of the dissociation dynamics and the non-statistical
nature of the dissociation. Recently, McAdoo has reviewed the
gas phase chemistry of C3H6O

1d ions.1 Of the various isomers,
the enol and keto forms of acetyl cation have been of particular
interest, with the enol form being more stable of the two.2 The
enol form can be generated readily from higher aliphatic
ketones via the McLafferty rearrangement (by dissociative
ionization via g hydrogen transfer) or by cycloreversion of
1-methylcyclobutanol (Scheme 1).3

It is well known that the enol form of the acetone cation can
isomerize to the keto form and dissociate to produce acetyl
cation and methyl radical, with the dissociation favoring the
loss of the newly formed methyl group (Scheme 2).3, 20

Experiments give an average branching ratio of 1.4 : 1 for the
loss of the active methyl versus loss of the spectator
methyl.9,11,15,17 This is inconsistent with RRKM theory, and
it was proposed that the reaction proceeds with incomplete
randomization of the internal energy before the dissocia-
tion.3,5,6,8,9 Hence the dissociation is characterized by non-

ergodic behavior with unimolecular dissociation occurring
faster than intramolecular vibrational energy redistribution
(IVR). Studies have also found that the methyl groups show
a bimodal distribution with the newly formed methyl posses-
sing a higher average translational energy.4, 6 The lower energy
methyl resulted from fragmentation after the energy had been
redistributed in the keto isomer.6 Non-ergodic behavior in the
dissociation of other C3H6O

1d isomers (in particular, methyl
vinyl ether and propene oxide) has also been observed.21,22

Osterheld and Brauman17 studied the infrared multi-photon
dissociation (IRMPD) of the acetone enol radical cation and
confirmed that the two methyl groups are lost at an unequal
rate. This non-statistical loss was found to increase with
increasing internal energy above the dissociation threshold.
The branching ratio of 1.16 at 0–3 kcal mol�1 above the barrier
increased to 1.55 at 8–12 kcal mol�1 energy above the barrier.
The implication is that a mode (other than the reaction
coordinate) in the transition state of the keto–enol isomeriza-
tion affects the non-statistical dissociation. The C–C–O bend-
ing mode involving the spectator methyl group was thought to
be a strong candidate for affecting the non-statistical behavior.
Heinrich et al.10 have used RRKM studies on an ab initio

potential energy surface (PES) to study two competing reac-
tions (methyl loss and methane elimination, Scheme 3) of the
acetone radical cation. They proposed that the formation of an
intermediate ion-molecule complex (CH3CO

1� � �CH3
d) is com-

mon to both the reaction channels. This complex was calcu-
lated to be only ca. 16 kcal mol�1 above the keto isomer and
5 kcal mol�1 below the dissociated products. Bertran and
co-workers23 have carried out ab initio calculations at the

Scheme 1

Scheme 2

w Electronic supplementary information (ESI) available: Calculated
geometries for species 1, 2, 3, 4, TS1, TS2 and TS3 at all levels studied.
See http://www.rsc.org/suppdata/cp/b4/b411229f/
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MP3/6-311G(d,p) level of theory to study the ground state
potential energy surface (PES) of acetone radical cation. Both
these studies showed that methyl loss was the dominant
channel at higher internal energies and the methane elimina-
tion channel is dominant at low internal energies of the
reactant ion. Based on the calculated PES, hydrogen atom
tunneling was thought to be an important factor in the
methane elimination channel. However, Osterheld and Brau-
man16 have carried out IRMPD studies on deuterated acetone
cation and found that the methane loss does not involve
tunneling. According to their experimental studies, the barrier
to the H atom transfer (resulting in methane elimination) lies
below the threshold for methyl loss and that this transfer does
not require tunneling through a barrier. The large isotope effect
observed by them was attributed to competition between the
methane and methyl loss channels. However, the disparity
between theory and experiment concerning the role of tunnel-
ing in methane elimination is a point that needs to be clarified.

Nummela and Carpenter19 have used classical trajectory
calculations to look at the non-statistical methyl loss from
acetone radical cation. Direct dynamics calculations were
carried out with the AM1-SRP method, employing specific
reaction parameters fitted to density functional theory (DFT)
calculations at the B3LYP/cc-pVTZ level of theory. When the
trajectories were initiated at the transition state for the keto–
enol isomerization, the branching ratio for the active methyl to
the spectator methyl was calculated to be 1.13. However,
trajectories started in the vicinity of the keto isomer gave a
branching ratio of 1.01 and showed a statistical behavior in the
dissociation.

Mintz and Baer24 used photoion–photoelectron coincidence
(PEPICO) spectroscopy to study the kinetic energy release
distribution (KERD) of both the acetyl and methyl fragments
in the dissociation of energy selected acetone ions. Another
PEPICO study by Powis and Danby25 showed that the KERD
peaks for the acetyl ion fragment are broad and the mean
kinetic energy release increases with increasing excess energy of
the parent ion. Both these studies found a larger translational
energy release for the methyl fragment than that predicted by
quasi-equilibrium theory.

Majumdar et al.26 have studied the multi-photon ionization
(MPI) of acetone at 355 nm using time-of-flight mass spectro-
metry. They suggested that the parent ion could continue
absorbing photons (ladder climbing) or it could dissociate into
CH3CO and CH3 fragments which could absorb photons
(ladder switching). The translational energy of the acetyl cation
showed a linear increase with laser intensity. They found that
at low to medium intensity of the laser, no ladder switching is
observed but that at higher laser intensities, this mechanism
does contribute. Futrell and co-workers27, 31 have studied the
collision induced dissociation (CID) of the enol form of
acetone radical cation at energies up to 41 eV. These studies
have lead to the conclusion that electronic excitation plays an
important role in the dissociation dynamics. The large kinetic
energy release in the products results from the fast and efficient
conversion of the electronic energy to translational energy.

In the present paper, we use ab initio direct classical trajec-
tory calculations to study the dissociation of acetone radical
cation. Information about the PES is obtained ‘on the fly’ from
electronic structure theory calculations without fitting to an
analytical form.32 A previous study19 used semi-empirical
calculations with parameters adjusted to fit density functional
calculations. The current work employs high level ab initio
molecular orbital calculations to compute accurate energetics

for the dissociation reactions and ab initio molecular dynamics
at the MP2/6-31G(d) level of theory to study the branching
ratio and product energy distributions.

Method

The Gaussian33 suite of programs was used to carry out the
ab initio electronic structure and molecular dynamics calcula-
tions. The geometries of the minima and the transition states
were computed at the Hartree–Fock (HF), Becke’s three para-
meter hybrid density functional method34, 36 (B3LYP), second
order Møller–Plesset perturbation theory (MP2) and the quad-
ratic configuration interaction with single and double excita-
tions (QCISD).37 The complete basis set extrapolation
methods (CBS-QB3 and CBS-APNO) of Petersson and co-
workers38 were used to compute accurate energy differences.
The CBS-APNO calculations have a mean absolute deviation
of 0.5 kcal mol�1 for heats of reaction.
Ab initio classical trajectories were computed at the MP2/

6-31G(d) level of theory using a Hessian based predictor-
corrector method.39,40 A predictor step is taken on the quad-
ratic surface obtained from the energy, gradient and Hessian
from the beginning point. A fifth order polynomial is then
fitted to the energies, gradients and Hessians at the beginning
and end points of the predictor step and a corrector step is
taken on this fitted surface using the Bulirsch–Stoer algo-
rithm.41 The Hessians are updated for five steps before being
recalculated analytically. The trajectories were terminated
when the centers of mass of the fragments were 10 a0 apart
and the gradient between the fragments was less than 1 � 10�5

Eh a0
�1. A step size of 0.5 u1/2 a0 was used for integrating the

trajectories. The energy was conserved to better than 1 � 10�6

Eh and the angular momentum was conserved to 1 � 10�8 �h.
Trajectories were initiated at the transition state for the

keto–enol tautomerization. A microcannonical ensemble of
initial states was constructed using the quasi-classical normal
mode sampling.42,43 A total energy of 10 kcal mol�1 above the
zero point energy of the transition state was distributed among
the 23 vibrational modes and translation along the transition
vector. The total angular momentum was set to zero corres-
ponding to a rotationally cold distribution and the phases of
the vibrational modes were chosen randomly. For each initial
condition, the momentum and displacement were scaled so
that the desired total energy was the sum of the vibrational
kinetic energy and the potential energy obtained from the
ab initio surface. The initial conditions are similar to those
chosen by Nummela and Carpenter.19 A total of 250 trajec-
tories were integrated. Of these, three trajectories were dis-
carded because the anharmonicity of the PES resulted in
improper scaling of the momentum and displacement.

Results and discussion

Structures and energetics

The key equilibrium structures and transition states on the
potential energy surface for acetone radical cation isomeriza-
tion and dissociation are collected in Fig. 1. The geometric
parameters optimized at the QCISD/6-311G(d,p) level of
theory are also shown in the Figure (details of the geometries
at this and other levels of theory can be found in the supple-
mentary material). There is good agreement with previous
calculations at lower levels of theory.10,23 The keto form of
acetone radical cation, 2, belongs to the C2 point group and the
methyls are rotated about 9–101 with respect to the C–O bond
as noted in an earlier study.10 However, the structure with C2v

symmetry (with the methyl groups eclipsed to the C–O bond) is
only about 0.01 kcal mol�1 higher in energy than the C2

structure and shows one small imaginary frequency corre-
sponding to rotation of the methyl groups. The structure with
both the methyl groups staggered (Cs symmetry) is 0.3–0.6 kcal

Scheme 3
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mol�1 higher in energy than the C2v structure and has a similar
mode with an imaginary frequency. Thus, the methyl groups
behave as free rotors. The enol form of acetone radical cation,
1, has a delocalized p system involving the oxygen and the C–C
double bond and is of A00 symmetry. The C–O bond length is
only 0.03–0.07 Å longer than in keto isomer and the C–C bond
is 0.07–0.10 Å shorter. The path to the keto–enol isomerization

transition state involves a 901 rotation of the methylene group
to yield a structure with Cs symmetry and an A0 electronic state
which is about 10 kcal mol�1 higher than the A00 minimum. In
the isomerization transition state, TS1, the O–H distance is
about 40% longer than the O–H bond in the enol isomer, and
the C–H distance is about 35% longer than the C–H bond
in the keto isomer. The imaginary frequency in TS1, 1953 cm�1

at the MP2/6-31G(d) level of theory, corresponds to the mig-
ration of a hydrogen from the oxygen to the methylene carbon.
This carbon atom makes an angle of about 981 with the C–O
bond; however, the other CCO angle has not increased sub-
stantially. Proceeding from TS1, the A0 symmetry is retained
throughout the H transfer and the methyl dissociation.
The keto isomer, 2, dissociates to an ion–molecule complex

between the acetyl cation and the methyl radical, 3. At lower
levels of theory, a transition state, TS2, can be found between 2

and 3, but the reverse barrier may disappear at higher levels of
theory.23 The methyl radical in 3 is positioned ideally to
abstract a hydrogen from acetyl cation to form ketene cation
and methane. In this transition state, TS3, the hydrogen is
situated midway between the two carbons and the C–C dis-
tance is 0.7–0.9 Å shorter than in complex 3. Ketene cation and
methane form a complex, 4, before dissociating to products, 6.
Table 1 lists the heats of the reaction and barrier heights for

isomerization, methyl loss and methane elimination. The en-
ergy profiles for selected levels of theory are shown in Fig. 2. As
seen from Table 1, the HF level predicts the barrier for keto–
enol isomerization to be about 20–25 kcal mol�1 too high
whereas DFT and all post-SCF level methods give barrier
heights in good agreement with the experimental value and
the CBS-APNO calculations. The enol isomer of acetone
radical cation, 1, is found to be lower in energy than the keto
isomer, 2. This is opposite to what is observed in the neutral
species.44,45 For the energy difference between 1 and 2, the
agreement with experiment and high level calculations is better
with MP2 and large basis set DFT calculations than for HF
and small basis DFT calculations.
As seen from the energy profile in Fig. 2, dissociation

proceeds through the ion molecule complex 3. The reverse
barrier (3 - 2) is small and may disappear entirely at higher
levels of theory. From 3, loss of methyl radical is endothermic
by ca. 5 kcal mol�1. The methyl radical in 3 can also abstract a
hydrogen atom via TS3 resulting in the formation of ketene
cation and methane. Earlier calculations placed TS3 ca. 3 kcal
mol�1 above the products for methane and methyl loss.10 Thus,
tunneling had to be invoked to explain the observation that
methane loss dominates at low energies. However, subsequent
experiments showed that tunneling was not important.16 The
more accurate CBS-QB3 and CBS-APNO calculations in the
present work resolve this paradox. The energy of the transition
state for methane elimination is lower than the energy of the
methane þ ketene cation product, and both are lower in energy

Fig. 1 Structures and selected geometric parameters of stationary
points on the acetone radical cation potential energy surface optimized
at the QCISD/6-311G(d,p) level of theory

Table 1 Energies of the various points on the acetone radical cation PESa

1 TS1 2 TS2 3 TS3 4 5 6

HF/3-21G �1.8 59.0 0.0 24.2 21.6 34.9 23.3 24.6 24.2

HF/6-31G(d) �3.0 55.9 0.0 24.3 20.3 36.5 21.6 22.4 22.1

B3LYP/3-21G �3.8 38.8 0.0 — 17.4 16.2 16.4 27.6 23.4

B3LYP/6-31G(d) �4.2 37.9 0.0 21.5 20.8 20.1 19.9 28.2 24.0

B3LYP/cc-pVTZb �10.2 38.1 0.0 — — — — 24.4 —

MP2/6-31G(d) �11.9 36.1 0.0 7.1 6.5 13.3 11.1 10.4 12.8

MP2/6-311þG(d,p) �13.6 34.1 0.0 5.3 3.7 9.4 7.9 7.5 10.7

MP3/6-31G(d,p)c �12.0 39.4 0.0 16.1 16.1 24.0 16.8 21.0 20.6

CBS-QB3 �7.6 35.8 0.0 — 17.6 19.6 16.9 21.1 20.1

CBS-APNO �8.8 34.7 0.0 14.8 15.7 18.4 16.7 20.6 19.6

Experimentd �13.8 37–45 0.0 — — — — 20.1 20.5

a In kcal mol�1 at 298 K, relative to 2 (keto isomer). b Ref. 19. c Ref 10. d Refs 17, 47 and 48.
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than the methyl radical þ acetyl cation product. Thus at low
energies, ketene cationþmethane is preferred without the need
to invoke tunneling. However, the methyl radical channel is
only 1 kcal mol�1 higher in energy and does not involve a tight
transition state. Thus acetyl cation and methyl radical will be
the dominant product at higher temperatures.

Dynamics

Comparing the Hartree–Fock calculations to the high level
calculations, the energy release from TS1 to products is too
large and the energy of TS3 relative to products is too high. On
the other hand, B3LYP calculations place the methyl radical þ
acetyl cation products, 5, too high relative to methaneþ ketene
cation, 6. Thus, the Hartree–Fock and B3LYP calculations are
probably not suitable for ab initio molecular dynamics calcula-
tions on this system. The MP2/6-31G(d) level of theory was
chosen to integrate the trajectories because the relative energies
for the methane channel (TS3, 4, and 6) compared to the
methyl products, 5, are in reasonable agreement with the CBS-
APNO calculations while still being affordable for the dy-
namics. However, it should be kept in mind that the energy
release on going from the transition state for keto–enol iso-
merization, TS1, to acetyl cation þ methyl radical products, 5,
is 10 kcal mol�1 greater than computed at the CBS-APNO
level of theory.

Of the 247 trajectories which were integrated, 130 resulted in
the loss of the active methyl and 75 finished with the loss of the
spectator methyl. Another 42 did not meet the stopping criteria
in the 400 fs simulation time. Of these 42 trajectories, 28 would
have met the stopping criteria if the simulation was run for an
additional 50–100 fs or if the stopping criteria were made less
stringent (separation between the fragments B8 a0 and the
gradient between the fragments was 1 � 10�4 Eh a0

�1), with 11
trajectories losing the active methyl and 17 losing the spectator
methyl. There were also 12 trajectories that went back to form
the enol, 1, and none remained in the keto minimum, 2.

For most of the trajectories losing the active methyl, the
dissociation takes place soon after the methyl group is formed
and is completed in about 200 fs. For these trajectories, the
formation of the methyl group, the linearization of the CCO
angle and bond dissociation occur nearly concurrently, and the
system spends very little time in the keto minimum, 2, or
the ion–molecule complex, 3. This is in agreement with the
observations of Nummela and Carpenter.19 By contrast, all the
trajectories that lost the spectator methyl did spend significant
time in the keto minimum. After 2 is formed, the molecule

vibrates for a few tens of fs (corresponding to 1–2 vibrational
cycles of the C–C stretch and CCO bend) before dissociating.
However, this time is not sufficient for the re-distribution of the
energy through all the vibrational modes (which is typically of
the order of a few picoseconds46). Dissociation of the spectator
methyl typically required about 300–380 fs, although a few
trajectories finished in shorter times. Interestingly, there were
about 30 trajectories which entered the PES minimum of 2 and
lost the active methyl in about 250–360 fs. None of the
trajectories resulted in the methane þ ketene cation products
even though there was more than sufficient energy available to
overcome the barrier and form the products. The transition
state for methane elimination, TS3, has a C–C distance that is
0.7–0.9 shorter than the ion-molecule complex, 3. However,
when complex 3 is formed from TS1 under the present initial
conditions, the methyl group has considerable translational
energy and is more likely to continue to elongate the C–C
distance toward dissociation rather than proceed through a
tight transition state with a shorter C–C distance.
The partitioning of the available energy between the two

fragments is summarized in Table 2. Overall, about 35% of the
available energy goes into translation of both the fragments.
This is in good agreement with the experimental value of 32%.6

The methyl fragment receives about 10 kcal mol�1 in transla-
tion energy and about 4 kcal mol�1 goes into translation of the
acetyl fragment. Rotation accounts for only about 13% of the
available energy and is shared equally between the fragments.
More than half of the available energy appears as vibrational
energy of the fragments. The methyl radical is formed with very
little vibrational energy. In about one quarter of the trajec-
tories, the methyl fragments had less than 90% of zero point
energy (ZPE). The acetyl cation is formed with an average of
19 kcal mol�1 of vibrational energy above ZPE, which corre-
sponds to nearly 50% of the available energy. The acetyl cation
is stable to dissociation, since its internal energy is much less
than required for the lowest energy dissociation channel (CH3

1

þ CO, 77 kcal mol�1). Most of the vibrational energy in the
acetyl cation resides in the C–H stretches, the methyl umbrella
motion and the CCO bending with very little energy in the C–C
stretching mode.
Experimentally, the methyl fragments show a bimodal dis-

tribution in their translational energy.4,5,46 The calculated
translational energy distribution is plotted in Fig. 3. Although
there is considerable overlap between the two sets of histo-
grams, the active methyls have a larger average translational
energy (11.4 kcal mol�1) than the spectator methyls (7.8 kcal
mol�1).
The present calculations at the MP2/6-31G(d) level of theory

yield a ratio of 1.73 � 0.25 (130/75) for dissociation of the
active methyl vs. the spectator methyl, in qualitative agreement
with the experimental ratio of 1.55 at an excess energy of 8–
10 kcal mol�1.17 If one includes the 28 incomplete trajectories
that would have eventually dissociated, then 141 trajectories
lose the active methyl and 92 lose the spectator methyl, yielding
a branching ratio of 1.53 � 0.20. However, the ratio is
significantly higher if one excludes the trajectories in which

Fig. 2 Potential energy profile for the isomerization and dissociation
of the acetone radical cation computed at the B3LYP/6-31G(d), MP2/
6-31G(d) and CBS-APNO levels of theory

Table 2 Partitioning of the available energya

Translation Rotation Vibration Total

Acetyl 3.6 2.51 18.74 24.85

Methyl 10.09 2.52 5.7b 13.69

Both 13.69 5.03 19.82 38.54

Percentages

Acetyl (%) 9.3% 6.5% 48.6% 64.5%

Methyl (%) 26.2% 6.5% 2.8% 35.5%

Both (%) 35.5% 13.1% 51.4% 100.0%

a Energy in kcal mol�1. b See text.
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the methyl fragments have less than ZPE. Nummela and
Carpenter19 obtained a significantly smaller ratio of 1.13 at
the AM1-SRP level of theory. One possible explanation for the
difference in the calculated branching ratios could be that the
energy release at MP2/6-31G(d) is 10 kcal mol�1 greater than
the CBS-APNO value, while in the AM1-SRP calculations of
Nummela and Carpenter, the energy release is B4 kcal mol�1

too low.

Conclusions

The energetics of acetone radical cation dissociation has been
studied by electronic structure calculations at various level of
theory up to CBS-APNO. At the highest levels of theory, the
transition state for methane elimination is lower in energy than
the acetyl cationþmethyl radical and ketene cationþmethane
products. Thus tunneling is not required to explain the ob-
served kinetics. The non-statistical dissociation of acetone
radical cation has been simulated by ab initio classical trajec-
tories at the MP2/6-31G(d) level of theory starting from the
transition state for keto–enol isomerization. The ratio of
methyl radical production from the newly formed methyl to
the existing methyl is calculated to be 1.53 � 0.20 and is
fortuitously in very good agreement with the experimental
ratio of 1.55. However, higher levels of theory that gave a
more accurate value for the energy release may alter this ratio.
The acetyl cations formed carry ca. 50% of the available
energy as internal energy. About 25% of the available energy
ends up in methyl translational energy. The methyl fragment
translational energies show a bimodal distribution with the
newly formed methyl group having a larger average transla-
tional energy.
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