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The nonstatistical dissociation of acetone radical cation has been studied by ab initio direct classical trajectory
calculations at the MP2/6-31G(d) level of theory. A bond additivity correction has been used to improve the
MP2 potential energy surface (BAC-MP2). The energy dependence of the branching ratio, dissociation kinetics,
and translational energy distribution for the two types of methyl groups have been investigated using
microcanonical ensembles and specific mode excitation. In each case, the dissociation favors the loss of the
newly formed methyl group, in agreement with the experiments. For microcanonical ensembles, the branching
ratios for methyl loss are calculated to be 1.43, 1.88, 1.70, and 1.50 for 1, 2, 10, and 18 kcal/mol of excess
energy, respectively. The energy dependence of the branching ratio is seen more dramatically in the excitation
of individual modes involving C—C—O bending. For modes 3 and 6, the branching ratio rises to 1.6 and
1.8—2.3 when 1 or 2 kcal/mol are added, respectively, but falls off when more energy is added. For mode 8,
the branching ratio continues to rise monotonically from 1.5 to 2.76 when 1—8 kcal/mol of excess energy are

added.

Introduction

The nonstatistical dissociation of acetone radical cation has
been the subject of a number of experimental and theoretical
studies over the past 35 years. Isomerization from the more
stable enol form to the keto isomer leads to chemical activation
of the newly formed methyl group which dissociates preferen-
tially. The gas phase chemistry and nonergodic behavior of
C;3HgO"t ions has been reviewed by McAdoo.! The enol form
of acetone radical cation can be generated from higher aliphatic
ketones via the McLafferty rearrangement or by cycloreversion
of 1-methlcyclobutanol (Scheme 1).2

The enol form of the acetone cation can isomerize to the keto
form and then dissociate to produce acetyl cation and methyl
radical (Scheme 2). The dissociation reaction proceeds noner-
godically, favoring the departure of the newly formed methyl
group.

The average ratio for the loss of the active methyl versus
loss of the spectator methyl was observed to be ca. 1.4:1,376
whereas RRKM theory would predict that the two methyl groups
should dissociate at equal rates.>*’~!0 This indicates that
randomization of the internal energy is incomplete before
dissociation occurs.

Preferential loss of the active methyl group has been seen in
collisional activation, electron impact and metastable ion
experiments.! The energy dependence of the nonstatistical
dissociation was studied by Osterheld and Brauman by infrared
multiphoton dissociation of acetone enol cation.® A branching
ratio of 1.16 was found at ca. 0—3 kcal mol~! above threshold
and increased to 1.55 at an estimated energy of 8—12 kcal/mol
above the barrier. They attribute the increase in branching ratio
to the excitation of a mode other than the reaction coordinate,
possibly the C—C—O bending involving the spectator methyl
group.

Recent photoionizantion'' and TPEPICO'? experiments yield
185 = 0.5 kcal/mol for the energy difference between
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CH3;COCH;5™" and CH;CO™ + CHj3® at 0 K. This is slightly
lower than the previous experimental value 19.8 £ 0.3 kcal/
mol."* A number of groups have used ab initio calculations to
explore the potential energy surface for CH;COCH;"+.!1415 The
experimental values for CH;COCH;t — CH3CO™ + CHj5" fall
between the best calculated values, 17.7, 17.9, 21.1 and 20.6
kcal/mol for G2MP2,'* G3,'! CBS-QB3'5 and CBS-APNO,"
respectively. The best estimates for the keto to enol isomeriza-
tion barrier CH;COCH;"" at 0 K are 36.0, 36.6, 35.8 and 34.7
kcal/mol for G2MP2,'* G3,'! CBS-QB3!° and CBS-APNO, !’
respectively.

The nonstatistical dynamics of acetone radical cation dissociation
has been studied by quasiclassical trajectory calculations. Nummela
and Carpenter'® used semiempirical AM1 calculations with specific
reaction parameters (AM1-SRP) and obtained a branching ratio
of 1.13 &£ 0.09 for dissociation of the active versus the spectator
methyl group. The trajectories were started at the transition state
for keto—enol tautomeriztion and were sampled from a microca-
nonical distribution with 10 kcal/mol energy in excess of the zero
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Figure 1. Structures and selected geometric parameters of stationary points on the acetone radical cation potential energy surface optimized at the
TPSSTE’SS/CC—pVTZ, MP2/6-31G(d), BAC-MP2/6-31G(d), and QCISD/6-311G(d,p) levels of theory (top row to bottom, respectively). Bond distances
are in A, and angles are in degrees.

quasiclassical trajectory calculations at the MP2/6-31G(d) level of
theory with bond additivity corrections'’~?! to study the energy
dependence of the branching ratio.

point energy of the transition state. Anand and Schlegel'® found a
branching ratio of 1.53 = 0.20 at the MP2/6-31G(d) level of theory
using the same starting conditions. In the present work, we used
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TABLE 1: Energies of the Various Points on the Acetone Radical Cation PES*

1 TS1 2 3 TS3 4 5 6 MAD?

B3LYP/6-31G(d) —45 37.8 0.0 19.3 19.3 18.3 26.4 223 32
B3LYP/cc-pVTZe —10.2 38.1 0.0 244

PBEI1PBE/cc-pVTZ —8.6 335 0.0 19.5 19.3 19.9 25.7 24.1 3.1
TPSSTPSS/cc-pVTZ —5.1 333 0.0 15.5 14.9 14.3 232 20.3 1.8
MP2/6-31G(d) —12.2 36.0 0.0 4.6 12.5 9.0 8.5 11.1 5.7
MP2/6-311+G(d,p) —13.9 34.0 0.0 2.3 8.5 6.4 5.7 9.0 7.7
BAC-MP2/6-31G(d) —12.6 35.7 0.0 10.4 13.5 13.0 16.2 21.6 2.9
MP3/6-31G(d,p)? —12.0 39.4 0.0 16.1 24.0 16.8 21.0 20.6 2.6
QCISD/6-311G(d,p)* —6.1 40.1 0.0 13.1 20.2 14.5 16.1 16.7 2.1
QCISD(T)/6-311++G(2df,p) —7.6 36.6 0.0 14.0 18.4 15.0 17.3 17.9 0.8
CBS-QB3 —7.8 358 0.0 16.1 18.9 15.4 19.4 18.5 0.3
CBS-APNO —8.0 352 0.0 15.3 18.1 15.1 19.3 18.5

“In kcal/mol at 0 K, relative to 2 (keto isomer). » Mean absolute deviation from the CBS-APNO level of theory. ¢ Reference 16. ¢ Referece
10. ¢ With MP2/6-31G(d) zero point energies. / QCISD/6-311G(d,p) geometry with MP2/6-31G(d) zero point energies.

TABLE 2: Number of Trajectories for the Dissociation of
Acetone Radical Cation

ensemble nonreactive active spectator ratio
energy (kcal/mol) (enol/keto) methyl methyl (active:spectator)
1 63/52 109 76 1.43:1
2 36/34 150 80 1.88:1
10 11/39 126 74 1.70:1
18 9/28 120 80 1.50:1
Method

The Gaussian?? suite of programs was employed to carry out
the ab initio electronic structure and molecular dynamics
calculations. The geometries of the minima and the transition
states have been optimized previously'> by Hartree—Fock theory
(HF), density functional theory (DFT), second-order Mgller—
Plesset perturbation theory (MP2) and quadratic configuration
interaction with single and double excitations (QCISD).?* The
density functionals use in this work include two hybrid GGA
(generalized gradient approximation) functionals, B3LYP?+%
and PBE1PBE,?® and a meta-GGA, TPSSTPSS.?” The complete
basis set extrapolation methods (CBS-QB3 and CBS-APNO)
of Petersson and co-workers?® were used to compute accurate
energy differences. The CBS-APNO calculations have a mean
absolute deviation of 0.5 kcal/mol for heats of reaction.

Accurate methods such as CBS-APNO are not practical for
molecular dynamics corrections, but more affordable methods
such as DFT and MP2 may not yield sufficiently accurate
energetics. However, the errors are often systematic, e.g., arising
from the making and breaking of bonds. The empirical correc-
tions that have been used to correct computed thermochemis-
try!72! can also be employed to improve potential energy
surfaces for molecular dynamics calculations.?® As in the BAC-
MP4 method,?! a simple exponential is used to correct the
potential for bond dissociations. In the present case, the bond
additivity correction (BAC) is applied only to the C—C bonds
for the dissociation of the active and spectator methyl groups:

AEgpc=A exp(—0Rccy) T A exp(—ARcc,) (D

The parameters A = —0.028 and o = 0.196 are obtained by
fitting the MP2/6-31G(d) energetics to the CBS-APNO level
of theory. The structures used in the fit include the transition
state (TS) for enol—keto isomerization, the keto isomer, and
the methyl dissociation products. The corresponding first
and second derivatives of AEgac are added to MP2 gradient
and Hessian. This BAC approach has been used previously to
study the branching ratios in CH,O*~ + CH3Cl — CH3CH,O®
+ CI~, CH,0 + CH3" + CI™.%

Ab initio classical trajectories were computed at the BAC-
MP2/6-31G(d) level of theory using a Hessian-based predictor-
corrector method.?3! A predictor step is taken on the quadratic
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 the Bulirsch Stoer algorithm3?
is used to take a corrector step on this fitted surface with the
angular forces projected out. The Hessians are updated for 5
steps before being recalculated analytically.?® The trajectories
were terminated when the centers of mass of the fragments were
8 bohr apart and the gradient between the fragments was less
than 1 x 107> hartree/bohr. A step size of 0.25 amu'’? bohr
was used for integrating the trajectories. The energy was
conserved to better than 1 x 107> hartree and the angular
momentum was conserved to 1 x 1078 A.

Trajectories were initiated at the transition state for the
keto—enol tautomerization. For the first part of the study, a
microcannonical ensemble of initial states was constructed using
quasi-classical normal mode sampling.333* A total energy of 1,
2, 10, and 18 kcal/mol 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 corresponding 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.'® For each
case, a total of 200—300 trajectories were integrated for up to
400 fs starting at the transition state and ending when the
products were well separated. In the second part of the study,
1, 2, 4 and 8 kcal/mol was added to each of 3 selected vibrational
modes and 0.5 kcal/mol of translational energy was added to
the transition vector, and the remaining modes were given only
zero point energy. The remaining conditions were the same as
in the first part of the study, and 110 trajectories were integrated
for each case. A total of ca. 2500 trajectories were calculated
for the 17 different ensembles (200—300 trajectories for each
of 4 microcanonical ensembles and 110 trajectories for each of
the 13 ensembles for specific mode excitation).

Results and Discussion

Structures and Energetics. Figure 1 shows the optimized
geometries of the key structures on the potential energy surface
for acetone radical cation dissociation at the TPSS, MP2, BAC-
MP2 and QCISD levels of theory. The largest differences are
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Figure 2. Translational energy distributions of the methyl fragments derived from the active (filled) and spectator (empty) methyl fragments with

1, 2, 10, and 18 kcal/mol excess energies.

TABLE 3: Average Translational Energies E (in kcal/mol)
and Dissociation Time T (in fs)

active methyl spectator methyl

ensemble energy (kcal/mol) E T E T
1 2737 181.09 1996  224.39
2 3306 177.14  2.705 240.22
10 4177 14747 2256 185.69
18 4204 13991 2833 167.40

the monomer separations in the ion-neutral complexes, 3 and
4. The transition states calculated by TPSS are somewhat earlier
than those calculated by MP2 or QCISD. The bond additivity
corrections produce only minor changes in the MP2 geometry.
The bond lengths between heavy atoms at TPSS, MP2 and
BAC-MP2 have similar mean absolute deviations (ca. 0.01 A)
when compared to the QCISD structures.

The relative energies are collected in Table 1. As can be
judged from the mean absolute deviations, the QCISD(T) and
CBS-QB3 calculations are in very good agreement with the
CBS-APNO calculations. However, ab initio trajectory calcula-
tions are not feasible with CBS, QCI or MP3 methods. The
methyl dissociation energy is too low at the MP2 level but is
much improved at the BAC-MP2 level. The TPSS calculations
with a large basis set perform significantly better than B3LYP
or PBE. However, trajectory calculations with the TPSS/cc-
pVTZ level of theory are estimated to be ca. 10 times more

expensive than the BAC-MP2 trajectories. The B3LYP/6-31G(d)
is comparable in cost to BAC-MP2/6-31G(d). However, B3LYP/
6-31G(d) places the CH,CO" + CH, channel (6) substantially
below the CH;CO™ + CHj3 channel (5). This cannot be fixed
with a simple bond additivity correction involving only the two
C—C bonds. Although higher levels of theory would provide a
more accurate description of the potential energy surface, the
BAC-MP2 level is a reasonable compromise between accuracy
and affordability that allows us calculate the ca. 2500 trajectories
needed to explore the energy dependence of the branching ratio.

Dynamics. Microcanonical Ensemble. Four sets of initial
conditions were constructed with 1, 2, 10, and 18 kcal/mol above
the zero point energy of the transition state. The results of the
trajectory calculations for the dissociation of acetone radical
cation are listed in Table 2. For the 300 trajectories of with 1
kcal/mol extra energy, 109 resulted in the loss of the active
methyl and 76 finished with the loss of the spectator methyl.
The remaining 115 trajectories either went to the enol isomer
(63 trajectories) or stayed near the keto minimum (52 trajec-
tories), not meeting the stopping criteria within 400 fs. Of the
300 trajectories integrated with 2 kcal/mol extra energy, 150
resulted in the loss of the active methyl and 80 finished with
the loss of the spectator methyl. Integration of 250 trajectories
of with 10 kcal/mol extra energy yielded 126 active methyl
dissociations and 74 spectator methyl dissociations. The 237
trajectories with 18 kcal/mol extra energy resulted in 120 active
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Figure 3. Plot showing the first-order kinetics for active (filled) and spectator (empty) methyl fragments dissociation with 1, 2, 10, and 18 kcal/mol

excess energies.

methyl loses and 80 spectator methyl loses. As the energy of
the microcanonical ensemble is increased from 1 to 2 kcal/mol,
the branching ratio for active to spectator methyl group increases
from 1.43 to 1.88. However, when the energy of the microca-
nonical ensemble continues to increase from 2 to 10 to 18 kcal/
mol, the branching ratio for active to spectator methyl group
decreases from 1.88 to 1.70 to 1.50. In contrast, in the
experiments of Osterheld and Brauman® the branching ratio
increases with increasing laser intensity and then seems to reach
a plateau. This suggests that energy may be deposited prefer-
entially in specific modes, rather than uniformly in all of the
vibrational modes. This will be examined in the second part of
the study (see below).

At each energy in the microcanonical simulations on the
BAC-MP?2 surface, a number of trajectories stayed in the keto
minimum, whereas in the previous study at the MP2 level
without bond additivity corrections, none of the trajectories
remained in the keto minimum. The MP2/6-31G(d) level of
theory underestimates C—C bond energy of keto isomer in
comparison to CBS-APNO, permitting the methyl group to
dissociate more easily. The BAC-MP2/6-31G(d) calculations
yield a higher methyl dissociation energy, and some trajectories
cannot overcome the barrier for dissociation to the products
within the simulation time. The higher barrier at the BAC-MP2/
6-31G(d) level is much closer to experiment and the CBS-APNO
calculations, and hence the dynamics should be more realistic
at this level of theory.

The calculated translational energy distributions are plotted
in Figure 2. The majority of methyl groups have a translational
energy less than 4 kcal/mol. Of the methyl groups with larger
translational energies, many come from dissociation of the active
methyl. As indicated in Table 3, the active methyl has a larger
average translational energy than spectator methyl. Experimen-
tally, the kinetic energy releases for the active and spectator
methyl groups are 5.0 and 4.3 kcal/mol, respectively.? As the
total extra energy increases, the average translational energy of
the active methyl group increases more than that of the spectator
methyl group. Table 3 also lists the average dissociation times.
The dissociation time is taken as the time when the C—C bond
reaches 3.0 A, provided that the methyl group does not return
to form the C—C bond again. The average dissociation times
generally decrease with increasing energy, and the average time
for the active methyl dissociation time is always shorter than
for the spectator methyl. Just as the branching ratio increases
first and then decreases with increasing energy, the ratio of the
spectator to active methyl group average dissociation times also
has the same trend with increasing energy.

Figure 3 plots the logarithm of the number of undissociated
acetone radical cations versus time. The nearly linear plots are
indicative of first-order kinetics as expected for unimolecular
dissociation. The spectator methyl groups generally needed more
time to dissociate than the active methyl, validating the result
of average dissociation time listed in Table 3.
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Figure 4. Displacement vectors for vibrational modes 3, 6, and 8,
along with corresponding vibrational frequencies.

TABLE 4: Branching Ratio for Exciting Specific Modes”

ensemble energy (kcal/mol) mode 3 mode 6 mode 8
0 1.10:1 1.10:1 1.10:1
1 1.59:1 1.58:1 1.54:1
2 1.84:1 2.31:1 1.82:1
4 1.46:1 1.85:1 2.36:1
8 1.55:1 2.03:1 2.76:1

@Zero point energy in the remaining vibrational modes and 0.5
kcal/mol in the transition vector.

Excitation of Specific Modes. Osterheld and Brauman
suggested that the increase in branching ratio with laser intensity
was due to the excitation of specific vibrational modes. In
particular, they indicated that the C—C—O bending modes may
be suitable candidates. An examination of the vibrations of the
TS for enol—keto isomerization yields three modes involving
C—C—O0 bending, as shown in Figure 4. For each mode, four
ensembles were constructed with 1, 2, 4, and 8 kcal/mol of
excess energy in the specific mode, 0.5 kcal/mol in the transition
vector, and zero point energy in all modes. For comparison,
one ensemble was also constructed without specific mode
excitation, having only 0.5 kcal/mol in the transition vector and
zero point energy in each of the vibrational modes. For each
set, a total of 110 trajectories were integrated.

The branching ratio for the various cases of specific mode
excitation can be found in Table 4. If only 0.5 kcal/mol is added
in the transition vector, the branching ratio is 1.10:1. This
indicates that the energy released in descending from the
transition state to the keto minimum is not deposited efficiently
in the modes favoring the dissociation of the active methyl

Zhou and Schlegel

group. For each of the three modes involving C—C—O bending,
the branching ratio increases to 1.5:1 when as little as 1 kcal/
mol extra energy is in the mode. Adding 2 kcal/mol to any of
the three modes increases the branching ratio to 1.8—2.3.
Depositing energy in mode 8 is the most effective of the three
modes examined. Adding more energy to mode 3 and 6 actually
decreases the branching ratio. This parallels the study using a
microcanonical ensemble, in which the branching ratio decreases
when more than 2 kcal/mol extra energy is added. Most likely,
specific excitation of other vibrational mode will alter the
branching ratio as well.

Conclusions

The energy dependence of the branching ratio for acetone
radical cation has been investigated by ab initio direct classical
trajectory calculations. The MP2/6-31G(d) level of theory with
bond additivity corrections gives a better potential energy surface
than the MP2 and B3LYP levels of theory when compared to
the CBS-APNO results. The nonstatistical dissociation of
acetone radical cation has been studied using microcanonical
ensembles and specific mode excitation. For microcanonical
ensembles, the ratios of methyl radical production from the
newly formed (active) methyl to the existing (spectator) methyl
are 1.43, 1.88, 1.70, and 1.50 for 1, 2, 10, and 18 kcal/mol of
excess energy, respectively. The dissociations generally obey
first-order unimolecular kinetics. The active methyl usually
carries more kinetic energy than spectator methyl, and the
average dissociation time of active methyl is less than that of
spectator methyl. Three vibrations involving C—C—0O bending
were chosen for the specific mode excitation. In each case, the
branching ratio increases when 1 or 2 kcal/mol was added. For
two of the modes, the branching ratio decreased when more
than 2 kcal/mol energy was added, similar to the study of
microcanonical ensembles. However, for mode 8, the branching
ratio continued to increase with added energy, reaching a ratio
of 2.76:1 with 8 kcal/mol of excess energy.
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