Variational transition-state theory rate constant calculations with
multidimensional tunneling corrections of the reaction of acetone with OH

Laura Masgrau, Angels-Gonzélez-Lafont* and José M. Lluch
Departament de Quimica, Universtat Autonoma de Barcelona, 08193 Bellaterra, Barcelona,
Span

Abstract

In this paper the fird variationd trangtion-date rate congant calculation for the OH +
CH3COCH3 ® P reection is presented. The potential energy surface has been described by low
level cdculations a the B3LYP/6-31G* levd combined with higher level cdculations usng the
multilevd CBS RAD technique. Three different reection pathways have been found: abstraction
of a H aom eclipsed to the carbonyl group of acetone, abdtraction of a H atom dternated to the
carbonyl group of acetone, and addition of the OH molecule to the carbon aom of the carbonyl
group of acetone. To take into account the three different kinetic channes, the compstitive
canonical unified datistical theory has been used to cdculate the globa rate constant. However,
in practice the globd rate congtant of the acetone + OH reaction turns out findly to be the sum of
the eclipsed and aternated abstraction rate congtants, leading to a clearly curved Arrhenius plot.
The addition-diminetion mechanisn has an dmos negligible contribution to the globd rate
condtant a whatever temperature. The corresponding branching rétio is a most of »2% and

attains even smaler values at the lowest temperature range.



1. Introduction

Although it has been recognized for many years that acetone is an important trace
condtituent of the troposphere, recent measurements have shown that concentration of acetone in
the atimosphere is surprisingly high. Sources of acetone in the amosphere are thought to be OH-
initiated oxidation of some hydrocarbons, biogenic and anthropogenic emissons and biomass
burning. Mgor sinks are photolyss and reaction with OH. The degradation of acetone in the
troposphere leads to the formation of HOy radicas and peroxy radicds (which through reaction
with NO, form peroxyacetyl nitrate), in both cases resulting in increased ozone production.

The important role that acetone plays in troposphere chemistry has stimulated the study of
the processes in which it intervenes. In particular, in the last recent years much research has been
devoted to the kinetic studies of the reaction of acetone with the hydroxyl radica.l”
Unfortunately, dgnificant discrepancies exis among the different reported results corresponding
to this reaction, in such a way that a congstent mechanism is dill lacking. This fact could seem
surprisng a firg glance, but it has to be redized that the complete understanding of the reaction
mechanism that governs a concrete atmospheric reaction is not an easy task at al even nowadays.

In 1987 the first measurement of the temperature dependence of the acetone + OH
reaction rate was reported by Wallington and Kurylo,* who used the flash photolysis resonance
fluorescence technique to monitor the OH radicas as a function of time a temperatures between
240 and 440 K. They obtained a linear Arrhenius plot with a bimolecular rate constant of k (T) =
(1.7 £ 0.4) x 10"? exp [-(600 + 75)/T] cm® molecule® st which was attributed to the hydrogen
atom abgtraction process. Very smilar results were obtained eeven years laer by Mdlouki and
coworkers,?> who followed the concentration of the OH radicas using the pulsed laser photolysis
laser-induced fluorescence technique over the temperature range 243 - 372 K, obtaining the
Arrhenius expression k(T) = (1.25 + 0.22) x 10*? exp[-(561 + 57)/T] cm® molecule* s,

Very recently Crowley and coworkers® have extended the temperature-range of the kinetic
data down to that typica of the upper troposphere. They have used pulsed laser photolyss
generation of OH combined with both resonance fluorescence and pulsed  laser-induced
fluorescence detection between 202 and 395 K. Surprisngly the Arrhenius plot that they have
obtained involves an important curvature (even negative temperature dependence below 240 K)
which results in a dgnificantly higher rate condant a low temperatures than obtained by
extrgpolaion of the previous measurements, thus implying a grester significance for the reaction
with OH as a sink for acetone in the upper troposphere. So, their kinetic data were not fitted using
any single Arrhenius expression but the double equation



K(T) = (8.8 £ 3.6) x 10? exp [-(1320 + 163)/T] + (1.7 = 0.9) x 10 exp [(423 = 109)/T] cm®
molecule? s!. To explan this temperature dependence the authors have hypothesized that the
overd| reaction

OH + CH3C(O)CH3 ® products (RD)
proceeds mainly via hydrogen atom abstraction producing acetonyl radical at higher temperatures
OH + CH3C(O)CHz ® H,0O + CH3C(O)CH; (R1a)

while below room temperature dectrophillic OH-addition to the carbonyl C aom followed by
methyl dimination would dominate

OH + CH3C(O)CH3 ® (CH3),C(O)OH ® CH3; + CH3COOH (R1b)
The contributions of the two channds would be roughly equa a 280 K. The hydrogen
abdraction and the addition-dimination pathways would be responshble of the firg and the
second term (which involves a negative activation energy), respectively, in the double Arrhenius
equation. In an additional paper, Wollenhaupt and Crowley* have presented an estimation of the
branching ratio kip/k; , obtained by scavenging any CH3; formed with NO, to generate CH30O,
which was detected by pulsed laser induced fluorescence. That branching ratio turned out to be
05+ 015 and 0.3 + 0.1 a 297 and 233 K, respectively. A few months later, Dobé, Henon and
coworkers,® usng discharge-flow experiments, have determined a branching ratio  kia/ki of 0.50
+ 004 a 298 K, s0 clearly supporting the results of Wollenhaupt and Crowley.* However, ab
initio caculations dso carried out by D6bé Henon and coworkers® a the CCSD(T)/6-
311G(d,p)//IMP2/6-31G(d,p) leve introduce some dements of doubt. In effect, they have found
that the hydrogen abstraction process occurs through a sx-membered ring-like hydrogen bridged
complex (aready found by Aloiso and Francisco® a the B3LY P/6-31++G(3df,3pd) level) and a
trangtion date dructure that involves an energy barier, including zero-point energy corrections,
of 3.99 kcd/mal. In turn, the addition-eimination pathway takes place via a four-membered ring-
like hydrogen bridged complex and a trandtion dtate Structure with an energy barrier of 8.10
kca/moal. It is clear that the Sze of this last postive energy barrier is clearly inconastent with the
experimental negetive activation energy attributed to this channd.

Findly, new experiments by Peeters and coworkers’ using a multi-stage fast-flow reactor
and a molecular beam sampling mass spectrometry apparatus have introduced new eements of
discrepancy. These authors have found no sgnificant production of acetic acid at 290 K, resulting
in a branching ratio kip/ks £ 0.03. In addition, from the theoretical point of view, the same
authors have found three pathways in the potentid energy surface (PES) for the acetone + OH
reaction: direct OH-addition plus CH3 dimination, direct hydrogen abstraction, and formation of
a sx-membered ring-like hydrogen bridged complex followed by hydrogen abstraction. The



corresponding energy barriers at the CCSD(T)/6-311++G(2d,2p)//B3LY P/6-311++G(d,p) levd,
induding zero-point energy corrections, turned out to be 6.21 kca/mol, 3.88 kca/mol and 3.55
kcd/mol, respectively. These results indicate that the addition-diminaion channd is not
ggnificant a room temperature and below, dthough it might contribute a few percent a
temperatures well above room temperature.

At this point it is evident that opposte results exis about the weight of the addition-
elimination pathway in the overdl acetone + OH reection. As a consequence, the cause of the
negative temperature dependence observed by Crowley and coworkers® below 240 K is not clear
a dl. Then, in this paper we intend to carry out the fird variationd trangtion-state theory rate
condant caculations incuding multidimensond tunnding corrections of the different channds
of the acetone + OH reaction, with the aim of shedding light on its controversd kinetics.

2. Method of Calculation

In this section we will successively describe the technicd details for the eectronic

sructure and the dynamica caculations.

Electronic Structure Calculations. Geometry optimization, energies, firs and second energy
derivatives for the title reaction were caculated a the B3LYP/6-31G(d) levd of theory.®
Energies a dl the dationary points were then recaculaied a a higher leve of theory, the CBS
RAD multilevd energy method.’® The CBS family of methods involves two basic dements an
extrgpolation to an infinite bass st and an additive correction to the eectron correation
treatment. Particularly, the procedure based on B3LYP/6-31G(d) geometries and zero-point
energy corrections (ZPE) that we used is caled CBS-RAD(B,B),'° and it has been proved to give
good enthapies of formation for open-shdl molecules with low spin  contamination (i.e,
(<S*>)<1.2 for doublets), which is the case of the present sysem. The CBS-RAD(B,B) method
obtains the energy from three single-point energy cdculaions a the B3LYP/6-31G(d) optimized
geometries.

a) CCSD(T)(fc)/6-31+G',

b) MPA(SDQ)(fc)/6-31+G(d(f),d,p), also denoted MP4(SDQ)(fc)/CBSB4, and

c) MP2(fc)/6-311++G(3d2f,2df,2p), aso denoted MP2(fc)/CBSB3, with the Gaussan

keyword CB Sextrap=(nmin=10,pop).

For open-shell species, unrestricted open-shell reference wavefunctions are employed in steps
(®-(c). Notice that al these energy calculations treet the eectron corrdation within the frozen
core gpproximation. For smplicity we will omit the (fc) notation from now on, and only the full
corrdation treatment will be explicitly detalled when used. The vaues obtained in steps (a)-(¢)



are combined to obtain the multilevel CBS-RAD energy.’®*! It has to be noted that the CBS-
RAD(B,B) scheme includes the B3LYP/6-31G(d) ZPE scaled by 0.9806. In this paper the CBS
RAD(B,B) cdculations without the ZPE correction will be denoted CBS-RAD (classica).

At this point, some results that will be discussed in the next section have to be introduced
in order to undersand the methodology we have employed. Several dationary points were found
in the B3LYP/6-31G(d) PES, which correspond to three different reaction pathways (see Fig. 1
and 2): two for H-abgraction of acetone, and another for the addition of the hydroxyl radica to
the cabon aom of the carbonyl group, followed by the dimination of a methyl group. The
differences between the two H-abdractions arise from the postion of the abstracted H aom: it
can be eclipsed or dternated to the carbonyl group. The reaction products are the same for both
abgtractions. Each mechanism was found to proceed via a complex in the entrance channd (we
will comment later on these complexes) and a saddle point structure. Also for the H-abstraction
reactions a complex was found at the product sde of the reaction, the same Structure for both
abdraction pahways. Although with subgtantid  differences in the reative energies, the same
reection profiles were found a the CBS-RAD (classcd) level of theory. Before going further, it
will be useful to establish a nomenclature for each mechanism. Thus we will use the following
notation (See together with Fig. 1 and 2):

Eclipsed. The pathway for the abgtraction of a hydrogen atom eclipsed to the carbonyl group, that
IS, the reaction from R to P;, going via CRe, SPe and CP;. Within this mechanism severd
regions are dso diginguished: eclipsed association, from R to CRe; eclipsed abstraction, from
CRe: to CPy, through SPe; dissociation, from CP; to P;.

Alternated. The pathway for the abdraction of a hydrogen atom in an dternated postion to the
carbonyl group, that is, the reaction from R to P, going via CRy, SPy and CP;. The regions for
this mechanism are alternated association, from R to CRy; alternated abstraction, from CRy to
CP, through SPy; dissociation, from CP; to P;. Note that the later region is the same for both
hydrogen-abstraction pathways.

Addition-Elimination. The mechanism for the addition of the OH molecule to the carbon atom of
the carbonyl group, followed by the dimination of a methyl group. That is, the reaction from R to
P,, going via CRad, SPag, Pag @d SPy. Three regions will be didinguished: addition
association, from R to CRyg; addition, from CRyg t0  Payq, through SPyq; elimination, from Py
to P, via SPy.

To ensure the connectivity between the daionary points found and for the dynamica
cdculations, the minimum energy pah (MEP)'? in an isoinetid mass-weighted Cartesian
coordinate system was caculated starting from each saddle-point geometry found, that is, SPe,



SPa, SPq and SPy (see Fig. 1), by following the Page-Mclver dgorithm™® a the B3LYP/6-
31G(d) leve of theory. A step size, ds, of 0.02 bohr (where s denotes the distance along the MEP
in an isoinetid mass-scaed coordinate system with a scaling mass equa to 1 amu) was used in
al cases. The second derivative matrix was calculated a every two points of each MEP. For the
eclipsed abgtraction, a total of 365 non-gationary points dong the MEP were cdculated, from s=-
3.90 to s=+3.40 bohr (s=0 at the saddle point, negative on the reactant side of the saddle point
and pogitive on the product sde); for the dternated abstraction, 342 points from s=-3.44 to +3.40
bohr; in the addition region, 322 points from s=-4.92 to +1.52 bohr; and for the dimination, 200
points from s=-2.00 to +2.00 bohr. For these four regions, the interpolated single-point energy
correction (ISPE)** procedure was used for the variational transition-state calculations. The ISPE
method is a dud-leve direct dynamics scheme that uses a low-level (LL) MEP, and corrects the
energy by interpolaing the energy differences a some points dong the MEP between this LL
MEP and sngle-point energy cdculations a a higher levd (HL). In this work we used the
B3LYP/6-31G(d) method as the LL and the CBS-RAD (classicdl) as the HL. Thus, in addition to
the dationary points, we cdculated the HL energy a severd non-dationary points dong the
MEPs, for the eclipsed abstraction MEP at 10 non-dationary points with s vaues of -3.00, -1.00,
-0.32, -0.24, -0.16, -0.12, -0.08, -0.04, +0.04 and +1.00 bohr; for the alternated abstraction at 11
points a s= -2.00, -1.00, -0.24, -0.16, -0.08, -0.04, +0.04, +0.08. +0.16, +0.24 and +1.00 bohr; in
the addition region 9 points a s= -1.00, -0.32, -0.16, -0.08, +0.08, +0.16, +0.32, +0.80 and +1.00
bohr. Findly, for the dimination we used the HL energy & 5 non-dationary points with s= -1.00,
-048, -0.12, +0.12 and +1.00 bohr. Due to the change of the eectronic cdculation leve, in
genead, the HL classcd energy maximum dructure (with energy Vmax) dong the LL MEP will
not coincide with the LL saddle point sructure. The norma-mode analyss aong the MEPs was
performed in redundant internd coordinates, and the reoriented dividing surface (RODS)™
agorithm was used to improve the obtained generdized frequencies.

For the eclipsed and aternated association regions we congtructed a distinguished reaction
coordinate path (DCP) at the B3LYP/6-31G(d) leved, by fixing the internuclear distances R(Oi1-
Op) and R(O11-Hg), respectively (see Fig.l). In the eclipsed association the other degrees of
freedom were dlowed to relax. A totd of dx non-dationary points were used in the eclipsed
association from R(O11-0g)=5.26A to CRe (With R(O11-Og)=2.86A). Since the MEP was not
cdculated for this region, the use of the RODS dgorithm becomes necessary in order to obtain
relidble generdlized egenvectors and frequencies dong the DCP path. For the dternated
association region, the caculatiion of the DCP presented some numericd problems and a some

points it was not possible to optimize. The details for this association region will be explained in



the next section. Findly, the DCP was not caculated ether for the dissociaion or the addition
association regions, as it will be dso explaned later. At each geometry of the eclipsed and
dternated association DCPs, a generdized normd-mode andyss was done in  rectilinear
coordinates and the HL energy was computed.

Geometry optimization and the Hessan marix cdculation of the dationary points, the
DCPs and dl the sngle-point CBS-RAD (dasscd) multileve energy cdculations were carried
out with the GAUSSIAN98 system of programs® The GAUSSRATES.7 codel’ which is an
interface linking POLYRATES.7*® and GAUSSIAN94," was used for cdculaing the LL
information aong the MEPs.

Dynamical calculations. As we have aready commented, we found that the reaction of acetone
with the hydroxyl radical can proceed via three pathways. They are therefore three competitive
reections. To obtain the globd reaction rate constant we gpplied the competitive canonica
unified satisticd (CCUS) theory,?® in which the globa reection rate constant, K““YX(T), is given

by:
kCCUS(T) — kEC(T) + kAL(T) + kADD-EL(T) (1)

where kES(T), k*H(T) and KAPPEL(T) are the rate constants for the eclipsed, aternated and
addition-eimination mechanisms, respectively. As severd complexes are formed aong these
three mechanisms, there can be severd bottlenecks in each pathway. Actudly, there could be one
a every of the above described regions. In this stuation, the canonicd unified statisticdl (CUS)*:
theory has to be gpplied, and the rate constants will be given by:
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where are the one-way flux rate congtants evauated a the complexes formed aong the reaction
paths. The Kas,ec(T), Kav,ec(T), Kai(T), Kas,ai(T), Kap,ai(T), Kas,add(T), Kaad(T), and kei(T) are
the rate congtants for the eclipsed association, eclipsed abstraction, dissociation of CPj, dternated
association, dternated  abdraction, addition association, addition and dimination  regions,
respectively. All these rate condtants, except Kqi(T), were caculated by means of canonica
vaidiond trandtion-state (CVT)?>?®  theory, corrected with the multidimensond smdll-
curvaure tunneling (SCT)?"*° coefficient when quantum effects on the nuclear motion were
possible. That is, when the reaction has a positive adiabatic ground-state potentia energy, Va(s),
somewhere dong the reaction path. The adiabatic potentid energy includes classcd potentid
energy and zero point energy contributions. The kqi(T) rate constant was not caculated as it is
not expected to have any dynamicd effect on the globd rate constant due to the high
exothermicity of the abstraction reactions. The CVT/SCT rate congtant is defined as:

keT Q°'(T,s)
h Q%M

KVT'ST(T,5) =k <T(T)s expl- V(s.)/ksT) 3

where k>°(T) is the SCT transmisson coefficient, s is the vaue of s a the free energy
maximum aong the reaction path (MEP or DCP) at temperature T, s is the symmetry factor, kg
is Boltzmann's congtant, h is Planck’s congtant, V(s) is the classcd potentid energy a s with
zero of energy a the overadl classica energy of reactants, QF(T) is the reactant partition function
per unit volume agan with zero of energy a reactants and Q°'(T,s) is the generdized
trangtion-date patition function with zero of energy a V(s) and excduding the reaction
coordinate. For al the partition functions the rotationa symmetry numbers are removed, as they
are induded in s. Note that, in spite of the separation in different regions that we have done for
each mechanism, according to the CUS theory dl the rate congtants are calculated with the same
reactants, acetone and OH. Therefore QX(T) is the same in dl cases The addition-eimination
mechanism rate congtant was calculated with the CUS theory, in which the product formed by the
addition (P.g) was tregted as a minimum aong the path but not as a dabilized intermediate. The
rapid eimination of the methyl group of the rovibrationaly excited Pag formed in the addition of
OH to acetone, makes the addition-dimination reaction go ahead without stabilization of Pagq.”

As we have dready mentioned, for the regions with a saddle point we used the ISPE
dgorithm. This method is based on a mapping function®! to interpolate the information adong the
MEP. For the association regions a three-point Lagrange interpolation was used. In al cases the

vibrationa partition functions were eva uated within the harmonic approximetion.



The caculaions of kaq(T) and ke(T) were made with the GAUSSRATES.7! interface,
while for the other rate constant cal culations the POLY RATES. 78 code was used.

3. Results and discussion.

In this section the results for the three pathways will be fird presented separately.
Afterward, the evduation of the contribution of each one to the globd mechanism and rate
constant will be discussed.

Although the dendty functiond theory (DFT) methods have provided a poor description
for the barier heights of this kind of hydrogen-abstraction reactions®?>® geometries and
frequencies are generdly in reasonable agreement with other ab initio éectronic levels such as
MP2, QCISD(T) or CCSD(T). Therefore, the use of B3LYP/6-31G(d) geometries, gradients and
frequencies for the cdculation of the CBS-RAD(B,B) energy profiles, does not necessarily suffer
from the expected bad energetics given by the DFT methods. In addition, if our purpose is to
cdculate rate condants the main festure we need from an eectronic method is an accurate
description of the energy profile (classcal potential energy, zero-point energy corrections and
free energy profiles). By now, it seems that this cannot be accomplished by any computationdly
affordeble sngle-level dectronic method and one has to use a dud-levd approach (geometry
optimization a a low levd and sngle-point energy caculation a a higher leve). One possihility
is to make the cdculdion of the high-levd energy in one of the so-cdled multilevel energy
schemes**#® some of which seem to provide rather balanced potentid energy surfaces. This
could be the case of the CBS-RAD(Q,Q)! muliilevd method (where (QQ) stands for
QCISD(fc)/6-31G(d)*’ geometries and vibrationd frequencies), not only for the hydrogen-
abgtrection reaction but dso for the addition-dimination pathway. However, the QCISD(fc)/6-
31G(d) vibrationa frequency cadculations adong the MEP could be too time consuming.
Therefore, we have chosen the CBS-RAD(B,B) scheme which, as mentioned, is expected to give
reasonable energies for the present open-shell system.

The dynamicd cdculaions were caried out a both the B3LYP/6-31G(d) and the CBS
RAD(B,B) leves but, according to what we have explained about the B3LYP energies, only the
CBS-RAD(B,B) rate congtants will be detailed. However, a the end of this section the B3LYP
dynamica resultswill beintroduced in the discussion of the results.

A. Eclipsed pathway results.
In Table 1 the energetics for dl the regions that we have identified in the acetone + OH
reaction are given a the two levels of theory used in our caculaions.



As it has dready been found by other authors, the abstraction of a hydrogen atom eclipsed
to the carbonyl group takes place via the formation of a complex in the entrance channd (CRec
depicted in Fg.l). Its redively high dabilization (-9.70 kca/mol and —6.82 kca/mol, for the
classcd potentid B3LYP/6-31G(d) and the CBS-RAD (classicd) energies, respectively) is
mainly due to the interaction between the hydrogen atom of the hydroxyl radicd and the oxygen
atom of the carbonyl group in acetone. The DCP congtructed for this association region does not
present any saddle point nor a maximum of the adigbatic energy. Only when the free energy is
evaduated dong the DCP a maximum appears, so that the variationa trangtion-state rate constant
can be cdculaed for this eclipsed association. The Kasec(T) values obtained a the CBS
RAD(B,B) levd with a symmetry number (s) equd to 2, are given in Table 2. Note that, as there
is not any saddle point, the conventiond transition-state rate constant (k™>") cannot be evaluated
and that, with the lack of an adiabatic barrier, tunneling definition has no sense. As it can be seen,
the Kas ec(T) values show a negative temperature dependence.

In the product side of the eclipsed pathway we found another complex, CP; (see Fig.1),
with a classca potentia energy of —24.95 and —29.25 kca/mol at the B3LYP/6-31G(d) and the
CBS-RAD (classicd) levels, respectively (see eclipsed abdtraction rows in Table 1). Presumably,
it is the same as the one found by Peeters and coworkers’ for what they cdl the indirect
abgtraction (corresponding to the eclipsed mechanism in the present paper). Due to the large
exothermicity of the abdraction we assumed that this dissociation will take place without any
contribution to the overal eclipsed abdraction rate congtant. Therefore, we did not caculate the
DCP for this dissociation region.

If we assume that the reaction enthapy will be close to the adigbatic energy of reaction,
we can compare our vaues in Table 1 (see Dissociation region) to the reaction enthdpy of
—21.03 kca/mol evauated by Crowley and coworkers’ from experimentd enthapies of
formation*®*>! The B3LYP/6-31G(d) result underesimates the exothermicity by 5.10 kca/mol,
whereas a the CBS-RAD(B,B) levd it is overestimated by 1.98 kca/mol. For the saddle point of
the eclipsed abgtraction large differences are dso observed between the two eectronic methods.
As expected, the B3LYP classicd energy barrier (V) is lower than the CBS-RAD (classicdl) one
(Vmax). When the zero-point energy (ZPE) correction is added, the resulting B3LYP adiabatic
energy a the saddle point lies —-0.52 kca/mol below the zero-point energy of reactants, but the
maximum of the adiabatic energy profile (VA°) is located a s=-0.24 bohr and has a vaue of 0.29
kcd/mol. At the CBS-RAD (classcd) leve, the classcd potentid energy evaduated a the
B3LYP saddle point (s=0 bohr) is 2.02 kca/moal, but its maximum (Vmax) is 0.58 kca/mol higher
and occurs at s=-0.13 bohr. The CBS-RAD(B,B) adiabatic energy barrier is 2.86 kca/moal, thet is,
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094 kcd/mol higher than the adiabatic energy a Vmax. These vaues indicate that variationd
effects can be important. This can be seen in the resulting CBS-RAD(B,B) rate congtants for the
eclipsed abdtraction region presented in Table 2, caculated with s=4. Variationd effects make
the rate constants (k“V(T)) one order of magnitude and 2.5 times dower than the corresponding
TST ones a 202 and 1500 K, respectively. The tunneling correction (k>°T) goes in the opposite
way, with avaue of 22 at 202 K and 1.06 at 1500 K.

The one-way flux rate congtant evaluated at the eclipsed association complex, Kasec(T), IS
expected to be much higher than the ones cdculated for the other regions of the eclipsed
mechanism. As a consequence, it would not have any effect on the overal eclipsed rate constant
and we have not calculated it.

The cdculation of the overal edlipsed rate constant, kE(T) (see Table 5), by Equation 2.1
(with the commented modifications), shows that there is no contribution from the association
region a any of the temperatures sudied. This is because the association rate congtant is very
much fagter than the eclipsed abstraction one up to 700 K. At temperatures above 700 K the
eclipsed association free energy maximum collapses to the eclipsed abdraction free energy
profile, and the eclipsed pathway proceeds via a unique dynamica bottleneck. Consequently, the
canonica unified datidtica theory is not gpplied anymore and the overdl eclipsed rate condant is
again the one corresponding to the abstraction process itsdlf.

B. Alternated pathway results.

Although D6bé, Henon and coworkers® did not find what we have caled the aternated
saddle point, and Peeters and coworkers’ found it but they considered this pathway as a direct
abdraction, our results show that the general scheme for this mechanism is amilar to the eclipsed
one. The products obtained and the complex formed in the product Sde are the same as for the
eclipsed reaction (see Fig.l and 2). However, the detalled mechaniam is Sgnificantly different.
The saddle point structure found for the dternated abstraction has a classcd potentid energy of
0.40 kcd/mol a the B3LYP/6-31G(d) levd (Table 1). At the CBS-RAD (classcd) levd, the
energy for this sructure is 2.23 kcd/mol higher, and the maximum of the classca potentia
energy profile (Vmax) occurs at s=-0.14 bohr, giving a barrier height of 2.98 kca/mol. Again the
B3LYP classicd potentid energy barier is lower than the CBS-RAD (classcd) vaue
Moreover, the relative classical energies of the two abdraction pathways have inverted ther
postions. At the CBS-RAD (cdasscd) leve, the eclipsed maximum is 0.38 kca/mol more stable
than the dternated one (it is not a large difference but the barrier heights are dso smdl). It seems
reasonable because, as can be seen in Fig. 1, the SPs dructure Hill keeps part of the stabilizing
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hydroxyl radicd interaction with the carbonyl group found in CRe.. The adidbatic barrier height
(VA®) is 2.85 kca/moal (curioudy dmost the same value as for the edlipsed abstraction), which is
052 kcd/mol higher than the CBS-RAD(B,B) adiabatic energy a the CBS-RAD (classcd)
potentid energy maximum  (Va3(Vimax)). Note that the addition of the ZPE correction makes the
dternated abgraction barrier dightly lower, whereas for the eclipsed abgtraction it is increased by
0.26 kca/mol. We will return to that point later. The CBS-RAD(B,B) rate congants for the
dternated abdiraction region, Kaeo(T), are presented in Table 3. The symmetry number
corresponding to this region is 4. The vaidiond effects ae smdler than in the eclipsed
abgtraction. They dow down the rate constants by a factor of 2.4 and 1.03 at 202 and 1500 K,
respectively. Also the tunneling correction is less important, with a vaue of 44 a 202 K. Since
the adiabatic barrier heights are precticaly the same for both pathways, the larger tunneling
correction for the eclipsed abdraction corrdates with the narrower adiabetic energy profile
provoked by the more stable complex in the entrance channd.

Initidly we could not find the association complex for the dternated pathway, CRy, on
the B3LYP/6-31G(d) PES, probably due to the proximity of the CRe wel. However, when
cdculaing the MEP towards reactants for the H-abstraction a the B3LYP/6-31G(d) levd, we
found a point with a converged gradient, which lies 2.46 kca/mol below reactants (see Fig. 1 and
Table 1). It has a R(O11-Hg) distance of 2.08 A and it is located at s=-3.44 bohr. When the CBS-
RAD (classcal) energy was evaluated along the B3LYP reaction path, it dso presented a
minimum but a a B3LYP structure with R(O11-Hg)=2.05 A. The CBS-RAD reection energies for
the dternated association given in Table 1 correspond to this structure. The B3LYP well is 0.77
kca/mol deeper than the CBS-RAD (classica) one, whose CBS-RAD(B,B) adiabatic energy is -
0.88 kcal/mal. Thus, an association region can dso be defined for the aternated reaction in terms
of both classca and adiabatic potential energy. As there is not a saddle point for the formation of
this complex, and in order to cdculate the CVT CBS-RAD(B,B) rate congtants, we constructed a
B3LYP/6-31G(d) DCP darting a the structure with R(O11-Hg)=2.05 A. This region of the
potential energy surface is very smooth which, together with the proximity of the quite degp CRec
complex, make the optimization and the caculation of second derivatives quite difficult. Because
of that, only four points dong this DCP could be caculated. However, the evaudtion of the free
energy profile for this association region between 150-1500K, shows that the minimum
dissppears, and no maximum is found. Therefore, dthough the exigence of CRy in tems of
adigbatic energy contributes to the rate constant obtained for the aternated abstraction region (it
enhances tunneling), there is not a dynamical bottleneck for the aternated association region, and

the rate congant for the overdl dternated mechanism is the one corresponding to the abstraction
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itsdf. Looking a the CRy and SPy Sructures depicted in Fig. 1, it can be seen that they are
nearly the same but with a different vaue for the R(O11-Hg) distance. Thus, from the reactants
separated a an infinite distance to SPy, the reection path involves basicaly one motion, the
decrease of R(O11-Ho).

C. Addition-Elimination pathway results.

This is the mechanisn tha Crowley and coworkers** proposed as a potentialy
responsible for the observed increase of the acetone + OH rate congtants at low temperatures. The
find products are acetic acid and the methyl radica (P, in Fig.1 and 2), and it proceeds via the
addition of the hydroxyl radicd to the carbon of the carbonyl group in acetone. The classcd
potentia reaction energy for the overdl pathway is —25.68 and —29.25 kca/mol at the B3LYP
and CBS-RAD (classcd) leves, respectively (see the dimination rows in Table 1). When ZPE
corrections are added, the B3LYP adiabatic energy of reaction is 0.37 kca/mol underestimated,
when compared to the vaue of —26.03 kcal/mol given by Crowley and coworkers®*®>! for the
exothermicity. In contrast, a the CBS-RAD(B,B) levd the exothermicity is again overestimated
(by 3.2 kcd/mol). For the addition region, the CBS-RAD (classca) potentid energy (-20.38
kcal/mol) differs by 1.15 kca/mol from the B3LYP result. Note that the classcd and adiabatic
reection energies given in Table 1 for this region correspond to the formation of Pyg. The
incluson of ZPE corrections increases its energy, as expected according to the formation of the
new C-O bond.

We found a saddle point in both the addition and the dimination regions. For the addition
region, the B3LYP classcd potentid energy of SPyg iS negative, and a the CBS-RAD
(cdlassicd) levd the energy barier height is only 0.94 kca/mol. From these results one could
erroneoudy conclude, comparing to the abdraction energy bariers, that the addition mechanism
will be fagter than the abdtraction ones. However, after correction for the zero-point energies the
addition adiabatic barrier (VA®) a the CBS-RAD(B.B) level becomes 0.5 kca/mol higher than
the abgtraction ones. Moreover, the differences between the free energy barriers corresponding to
the addition and the abdtraction pathways must be larger as it can be derived from the dow rate
congtants obtained for the addition region at the CBS-RAD(B,B) dectronic leve (see Table 4).
For this region, we have taken s=4. Further discussons comparing the three mechanisms will be
done in pat D. The vaiationd effects for this addition region ae smdl a low temperatures
(KVT/K™ST = 094 a 202 K) and dightly incresse with temperature ( a 1500 K they slow down
the rate congtant leading to k°VT/k™" = 0.82). The effective tunndiing potentid barrier (VA°) is
higher than the abdiraction reaction ones, the tunndling correction being only 1.54 a 202 K. The
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wel (CRxd) in the entrance channd is quite deep, so it favors tunnding. However, the ZPE
correction makes the adiabatic energy profile wider, especidly in the product side of the addition
region. Thisresultsin asmall transmission coefficient (k>°7).

For the dimination of the methyl group, the caculaied adiabatic energy barier is —9.98
and —9.50 kca/mol with respect to acetone + OH a the B3LYP and CBS-RAD(B,B) levels,
respectively. The resulting rate congtant taking acetone + OH as the reactants are very fast a low
temperatures but decrease rapidly with increasing temperature (see Table 4). As a reault, the
evduaion of the overdl K°PPE4(T) by Equation 2.3 shows a smdl contribution of the
elimination rate congant a temperatures higher than 1000 K (Table 5). Note that a low
temperatures, the rate congants for the overal addition-dimination mechanism do not increase
with decreasng temperature.

The rate congants for the association region of this mechanism and the one-way flux rate
congant at the addition associaion complex (Kasadd(T)) have not been caculated as they are
expected to be very much faster than the addition ones at al temperatures considered.

D. Overall acetone + OH rate constant

Once we have cadculated the rate congants for each of the three possble pathways
identified for the acetone + OH reaction, they are combined as competitive mechanisms
following Equation 1 (see Table 5 for the CBS-RAD(B,B) results). These vaues show that, for
the whole range of temperatures, the addition-eimination rate congtants are one, two or even
more orders of magnitude lower than the abstraction rate congtants. Consequently, not only the
addition-elimination mechanism does not become faster with decreasing temperature, but aso its
contribution to the globa rate constant is very smdl: k“““S(T) is basicdly the sum of the two
abstraction rate constants. Actualy, our CBS-RAD(B,B) adiabatic barrier height (VA® in Table 1)
for the addition region is 4.82 and 2.92 kcd/mol lower than the vaues reported by Débé and
coworkers® and Peeters and coworkers,” respectively. Then our CBS-RAD(B,B) rate constant for
the addition region a 298 K is 316 times higher than the caculated vaue by Peegters and
coworkers.” However, the CBS-RAD(B,B) k*P°(T), and thus K*PPEN(T), are sill very low.
Moreover, a the B3LYP/6-31G(d) level, with an adiabatic barrier height of only 1.87 kca/mal,
the addition-dimination rate constant does not increase with decreasng temperature, and lies
between 5.2x10° and 9.5x10* cm®molecule’s? in the temperature range studied in this work.
Hence, our caculations agree with the conclusions of Débé, Henon and coworkers® and Peeters
and coworkers’ tha the addition-eimination mechanism cannot be the responsible for the
negative temperature dependence observed a low temperatures for the acetone + OH reaction.
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Note that in the case that the addition association, not caculated in this work, was dow enough to
contribute to the overdl addition-dimination rate condant, its contribution would make
KAPPEL(T) even lower (see Equation 2.3).

At both the CBS-RAD(B,B) and the B3LYP leves, our results are that k““YS(T) is
basically the sum of the two abstraction rate constants. It can be seen in Table 5, that a the CBS
RAD(B,B) levd, the dternated pathway clearly dominates a high temperatures. When
temperature decreases the eclipsed rate congtant equals the dternated vaue, and below 210 K it
becomes the faster mechanism. This results in that the eclipsed Arrhenius plot is more curved
than the dternated one (see Fig. 3). However, the two mechanisms have the same adiabatic
energy barier (VA® in Table 1). At low temperatures we have aready explained the differences
in terms of tunneling corrections. At higher temperatures, the dowdown of kES(T) could be due
to a large negative entropic barier. For the eclipsed mechanism the ZPE corrections, as
mentioned, increase the barrier height as a consequence of the interaction >C=0---H-0. A tight
trangtion state would then imply an entropic redtriction to the reection rate. To quantify these
differences between the two abgtractions, we have decomposed the free energy barriers a 202
and 1000 K into ther enthdpic and entropic contributions (see Table 6). We have dso
disinguished between these quas-thermodynamic activation magnitudes evaduaied a the free
energy maximum (DHC'(T,s), DS®'(T,s)), tha is a the temperature-dependent variationa or
generdized transtion state, and their contribution due to tunneling (DH™YN(T), DSTVN(T)).>3>4
The vdues DH'®T(T,s) and DST®"(T,s:) given in Table 6 are the totd quasi-thermodynamic
magnitudes, that is for example, DHT®T(T) = DH®"(T,s) + DH™N(T). The same andysis was
done for the addition region.

At 1000 K, the eclipsed and the addition pathways have smilar generdized enthdpic
barriers, DH®T(1000 K,s:) = 1.89 and 1.74 kcal/mol, and the dternated barrier is the highest (2.33
kcad/mol). However, the generdlized entropic barrier for the eclipsed and, even more, for the
addition regions are clearly more negative than for the dternated one (-23.46, -26.67 and -18.63
cd/mol K, respectively). The high temperature makes the generdized entropic effect dominate
and the consequence is that k*PP< kE°< kAL, asiit can be seen in Tables 2, 3 and 4 for the K*VT(T)
vaues. At high temperatures, tunneling contribution is not very important and the rdative order
of the three mechanisms days the same. Thus, the eclipsed and the addition rates at high
temperatures will be restricted by the entropic effect.

Conversdly, a 202 K the mechanisms that have the same generdized enthdpic barier are
the dternated and the addition, DH®T(202 K,s)=1.98 kca/mol, and the eclipsed one is 0.26
kcad/mol lower. However, the larger generdized entropic barriers for the eclipsed and addition
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pathways (-26.04 and —28.71ca/molK) till make the dternated abstraction the faster reaction
(see k°VT(202 K) in Tables 3, 4 and 5). Note that because of the lower temperature, the
differences in k°VT(202 K) due to the entropic effect are smaler than a 1000 K. When tunneling
is included, the totd enthapic barier height for the edipsed mechanism is dradticdly reduced.
Actudly it becomes negative (-0.44 kcal/mal). This explains that at low temperatures the eclipsed
mechanism turns out to be the fastest. For the addition pathway the tunnding contribution is
relaively smadl, so that the rate congtants remain smal compared to the abstraction ones.

With the vaues obtained for the CBS-RAD(B,B) rate constants, we have calculated the
branching ratio for the addition-eimination mechanism, k*PPE-(T)/KYS(T), given in Table 7.
At dl range of temperatures, the addition-eiminaion mechanisms accounts only for the 0.12-
2.05 % of the acetone + OH reaction. These values agree with the upper limit of 3% given by
Peeters and coworkers,” and not with the branching ratio of 50% measured by Wollenhaupt and
Crowley.* As it can be seen K*PPEH(T)KYS(T) increases from 150 to 700 K, has a maximum
between 700 and 800 K, and then it dightly decreases. This is probably as a result of the baance
between tunneling and entropic barrier height: a low temperatures the abgraction reactions are
very much faster due to tunneling, increesng temperature decreases tunnding correction, and at
high temperatures, the high entropic barrier for the addition pathway accentuates again the
difference between the abdraction and the addition rate congtants. At the B3LY P/6-31G(d) leve,
the branching ratiio for the addition-dimination mechanism is even smdler (0.04-1.06%, from
150 to 1500 K), and it increases in the range 150-1200 K and above that remains constant.

The comparison between our results for the overdl rate congants and the experimenta
results (see Table 5) shows that the CBS-RAD(B,B) rate congtants somewhat underestimate the
experimentd ones. At 1217 K, the experimenta vaue is 4.9 times the cdculated one. At lower
temperatures the differences become larger, with a ratio of 17.8 (Kexp/Kcac) a 202 K. There are
mainly two reasons that could explain the lower caculated results: it may be another competitive
mechanism missng in our cdculaions, or the CBS RAD(B,B) barier heights (in terms of free
energy) are somewhat too high. In addition, dthough the CBS-RAD(B,B) rate congtants result in
a curved Arrhenius plot (solid line in Figure 3), they do not show a negative temperaure
dependence at low temperatures.

Peeters and coworkers’ pointed out in their work, athough they did not do the caculation,
that a low-lying trandtion date for the H-abstraction pathway via the hydrogen-bonded complex
(the eclipsed mechanism in this work) could lead to the experimentaly observed Arrhenius plot.
It is true that with gppropriate relative energies two consecutive bottlenecks (as the eclipsed

association and abstraction ones) could lead to the observed Arrhenius behavior for the acetone +
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OH reaction. Actudly the eclipsed association region is the only region that presents a negative
temperature dependence in our cdculations a the CBS-RAD(B,B) levd. Depite this, Kasec(T) IS
too high to ggnificantly contribute to the overdl rate congtant (specidly a low temperatures
where it will be required to be important). As we have seen in Table 2, a low temperatures it is
~10° om’molecule!s?. Thus, when this order of magnitude is compared to the edipsed
abstraction vaue (~10° cm’molecule’s? a low temperatures), and adso to the experimentd
vaue for the overal reaction (~10'° cm’molecule’s?), the condlusion is that the association
occurs too rapidly to make the overdl rate constants increase at low temperatures. Then, we think
that the eclipsed association cannot be the origin of the negative activation energies observed a
low temperatures.

A find congderation will be done in this Results and Discusson section. In Figure 3 we
have seen that the Arrhenius plot a the CBS-RAD(B,B) leve for the overdl reaction, and even
more for the eclipsed mechanism, is very curved. The experimenta plot by Crowley and
coworkers® not only is very curved but aso seems to have a dightly negative activation energy a
low temperatures. However, our results do not show this negative temperature dependence. As a
matter of fact, very recent experimentd results by Ravishankara and coworkers™® show an
essentially constant rate at and below about 250 K. Moreover, our overal rate constants
somewha underestimate the experimental ones which could be, as mentioned, due to an
overesimation of the abdraction barier heghts. Although we have dready mentioned the
problems that the DFT methods present in cadculating barrier heights for this kind of hydrogen-
abgiraction reactions, we display the B3LY P/6-31G(d) Arrhenius plots in Figure 4, as an example
of what could happen with lower abgtraction trangtion dates. As it can be seen, the three plots
depicted (overdl acetone + OH reection, eclipsed and dternated pathways) have a podtive
activation energy a high temperatures, which turn out to be negdive a low temperatures. As it
has been observed for other reactions, this kind of Arrhenius plot can be a consequence of low,
inexigent or even negative energy bariers. Effectively, & the B3LYP levd the abdtraction
pathways have a smdl casscd barier heght (V(s=0) in Table 1), an even smdler adiabatic
energy barrier (VA®), both postive, and a negative generdized activation enthapy. Thus, it
would be possible that the Arrhenius behavior observed by Crowley and coworkers® for the
acetone + OH reaction could be explained just with the abstraction mechanisms. We just would
need an eectronic method with the gppropriate energy profiles. At the CBS-RAD(B,B) levd, we
have seen that the eclipsed mechanism, which leads to a very curved Arrhenius plot, has a
negative tota activation enthdpy a 202 K (see Table 6). However, its vaue of —0.44 kca/moal is
not negative enough to reproduce the observed negative activation energy. An accurate treatment
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of a competitive mechanism, which is based on reactions with such smal barier heights but dso
with tunnding and variationd contributions, is probably dill a chadlenge for computetiond
chemigts.

4. Conclusions

In this paper we have performed the first varigtiond transtion-state theory rate constant
cdculations with multidimendona tunnding corrections of the acetone plus hydroxyl radicd
reaction. The interpolated single-point energy correction procedure was used for the variationd
cdculaions. In particular the B3LYP/6-31G(d) and the CBS-RAD multilevd energy methods
have been employed as low-level and higher leve, respectivdy. We have shown that three
different reaction pathways exist:
a Abgraction of a hydrogen aom eclipsed to the carbonyl group, which takes place through the
formation of a hydrogen-bonded complex in the entrance channd, followed by the absraction
itsdf and another complex in the exit channd. The abdraction process entirdy determines the
vadue of the overdl eclipsed rate congtant, which have both important variationd and tunneling
contributions.
b) Abgraction of a hydrogen aom in an dternated postion to the carbonyl group. In terms of
both classca and adiabatic potentid energy a complex appears before the saddle point of the
abgtraction itsdf and another after it. However, entropic effects suppress the entrance complex in
terms of free energy between 150 and 1500 K, in such a way that the hydrogen abstraction takes
place directly. Both the variaiona and the tunnding effects are smdler than for the eclipsed
case.
c) OH-addition to the carbonyl C aom followed by methyl dimination, with a complex tha
appears before the addition saddle point. The overdl rate congant for this pathway is entirely due
to the OH-addition which has no dgnificant tunnding. The corresponding Arrhenius plot exhibits
a clear pogtive activation energy over dl the temperature range, with only a dight curvature. On
the other hand, comparing with the two abstraction rates, it can be seen that the rate constant of
this addition-dimination mechanisn has an dmost negligible contribution to the globa rae
congant of the acetone + OH reaction a whatever temperature. The corresponding branching
ratio turns out to be of a most »2%, thus confirming the experimenta findings of Peeters and
coworkers.” Interestingly, this branching ratio resches its smaler vaues a low temperatures. For
al those reasons, we conclude that the addition-elimination pathway cannot be the source of the
experimental  negative temperature dependence at low temperatures found by Crowley and

coworkers.®
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The globa rate congtant of the acetone + OH reaction turns out to be essentidly the sum
of the eclipsed and the dternated abdtraction rate congtants. The dternated abdtraction is faster
than the ecdlipsed one above 210 K. Bdow this temperature, the greater contribution of tunneling
makes it possble that the eclipsed abdraction dominates. Comparing with the experimenta
results, our theoreticad globd rate condants are good enough, dthough they turn out to be
somewhat underestimated, specialy a low temperatures. They give a cearly curved Arrhenius
plot, but no negative temperature dependence is obtained at low temperatures. At this respect, it
would be interesting to guess how the potentid energy surface of the acetone + OH system
should be dtered to reproduce the shape of the experimental Arrhenius plot found by Crowley
and coworkers® Unexpectedly our B3LYP/6-31G(d) low leve results provides us a hint. An
abdraction pathway with an adiabatic energy barier for the abdraction process itsdf dill
podstive, but smal enough to produce a sufficiently negative generdized enthdpic barrier (just
the case corresponding to the B3LYP/6-31G(d) low level results) would produce the adequate
Arrhenius plot. Additional experimenta and theoreticd work would be necessary in order to
clarify the rdiability of that kinetic behaviour as a function of the temperature for the acetone +
OH chemicd system.
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Figure 1. Stationary-point structures for the acetone + OH reaction.




Figure 2. Scheme of the adiabatic ground-sate energy (classica potentia
energy + ZPE corrections) for the acetone + OH reaction. Three different
pathways are depicted: abstraction of a hydrogen eclipsed to the carbonyl

group (dash-dot), abstraction of a hydrogen dternated to the carbonyl
group (dotted), and addition-elimination (dashed).
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Figure 3. Arrhenius plots for the CBS-RAD(B,B) rate
congtants (in cm’molecule’s™): overall acetone + OH reaction,
K°Y® (solid line), eclipsed pathway, k™ (dashed line),
dternated pathway, Kk*" (dash-dot-dot), and addition
diminaion pathway, k*P°E- (dotted). The triangles are
for the experimental data
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Figure 4. Arrhenius plots for the B3LY P/6-31G(d) rate
congtants (in cm’molecule’s™): overall acetone + OH
reaction (solid line), eclipsed pathway (dashed line), and
alternated pathway (dash-dot-dot). The triangles are for
the experimental data.



Table 1. B3LYP/6-31G(d) and CBS-RAD(B,B) energetics (in kca/mal) for the different regions described in
the acetone + OH reaction. From left to right: classca potentid and adiabatic energy of reaction for the
region; classcd potentia energy a the B3LYP saddle point sructure; s vaue a the classca potentid energy
maximum; CBS-RAD (classcd) energy barier height; adiabatic energy a the classicd potentid energy
maximum; s vaue a the adiabatic energy maximum; adigbatic energy barier height. All energies are rdaive
to reactants. The svalues arein bohr.

B3LY P/6-31G(d)

DV DV, V(0 S(Vewd Vi Voo (Vim)  S(VA©) VAC
Eclipsed association -9.70 -7.55 -- -- -- -- -- --
Eclipsed abstraction -2495 -22.89 0.69 -- -- -0.52 -0.24 0.29
Alternated association -2.46 -1.62 -- -- -- -- -- --
Alternated abstraction -2495 -22.89 0.40 -- -- -1.08 -0.42 0.009
Dissociation -15.57 -15.95 -- -- -- -- -- --
Addition association -4.40 -3.26 -- -- -- -- -- --
Addition -21.53 -17.71  -0.39 -- -- 1.86 0.08 1.87
Elimination -25.68 -25.66 -12.58 -- -- -10.04 -0.4 -9.98

CBS-RAD(B,B)

DV DV V(0 s(Vim) Vi Vo (Vi) S(VA9) VAC
Eclipsed association -6.82 -4.67 -- -- -- -- -- --
Eclipsed abstraction -29.25 -27.23 2.02 -0.13 2.60 1.92 -0.24 2.86
Alternated association -1.69 -0.88 -- -- -- -- -- --
Alternated abstraction -29.25 -27.23 2.63 -0.14 2.98 2.33 -0.42 2.85
Dissociation -22.64 -23.02 -- -- -- -- -- --
Addition association -4.49 -3.35 -- -- -- -- -- --
Addition -20.38 -16.56 0.92 0.10 0.94 321 0.16 3.29

Elimination -29.25 -2923 -1220 -020 -1210 -9.51 -0.28 -9.50




Table 2. Rate congants in cm’molecule’s® (power of 10 in
parentheses) for the eclipsed association and the eclipsed abstraction
regions, caculaed at the CBS-RAD(B,B) dectronic leve.

Edlipsed Eclipsed abstraction
T (K) association KTST(T) KVT(T) KCVTISCT(T)
150 6.05(-10) 4.92(-16) 2.29(-17) 3.74(-15)
175 4.16(-10) 1.10(-15) 7.61(-17) 3.96(-15)
202 2.80(-10) 2.11(-15) 2.00(-16) 4.40(-15)
210 2.55(-10) 2.48(-15) 2.54(-16) 4.56(-15)
220 2.30(-10) 2.99(-15) 3.34(-16) 4.79(-15)
280  150(-10)  7.17(-15)  1.18(-15) 6.60(- 15)
298 1.37(-10) 8.80(-15) 1.58(-15) 7.33(-15)
300 1.36(-10) 8.99(-15) 1.63(-15) 7.41(-15)
348  1.14(-10) 142(-14)  3.07(-15) 9.66(-15)
395 1.02(-10) 2.06(-14) 5.04(-15) 1.24(-14)
400  1.01(-10) 2.14(-14)  5.28(-15) 1.27(-14)
440  951(-11)  2.80(-14)  7.48(-15) 1.55(-14)
500 9.00(-12) 3.98(-14) 1.17(-14) 2.05(-14)
600 8.79(-11) 6.55(-14) 2.12(-14) 3.14(-14)
700  897(-11)  9.97(-14)  3.44(-14) 4.57(-14)

800 -- 1.44(-13)  5.16(-14) 6.41(-14)
1000 - 266(-13)  1.00(-13) 1.15(-13)
1200 - 444(-13)  1.72(-13) 1.88(-13)
1217 - 462(-13)  1.79(-13) 1.95(-13)

1500 -- 8.33(-13)  3.28(-13) 3.47(-13)




Table 3. Rate congtants in cm®molecule’s® (power of

10 in parentheses) for the dternated abstraction region,

caculated a the CBS-RAD(B,B) eectronic levd.

Alternated abstraction

T (K) kTST(T) kCVT(T) kCVT/SCT(-I-)
150 2.94(-16) 8.37(-17) 1.25(-15)
175 8.70(-16) 3.08(-16) 2.24(-15)
202 2.10(-15) 8.89(-16) 3.90(-15)
210 2.62(-15) 1.16(-15) 4.54(-15)
220 3.39(-15) 1.57(-15) 5.45(-15)
280 1.11(-14) 6.47(-15) 1.37(-14)
298 1.46(-14) 8.95(-15) 1.73(-14)
300 1.51(-14) 9.26(-15) 1.77(-14)
348 2.78(-14) 1.90(-14) 3.03(-14)
395 4.51(-14) 3.32(-14) 4.71(-14)
400 4.73(-14) 3.50(-14) 4.91(-14)
440 6.68(-14) 5.19(-14) 6.78(-14)
500 1.04(-13) 8.55(-14) 1.03(-13)
600 1.91(-13) 1.67(-13) 1.85(-13)
700 3.14(-13) 2.84(-13) 2.99(-13)
800 4.78(-13) 4.43(-13) 4.51(-13)
1000 9.56(-13) 9.11(-13) 8.94(-13)
1200 1.67(-12) 1.61(-12) 1.56(-12)
1217 1.74(-12) 1.68(-12) 1.63(-12)
1500 3.29(-12) 3.20(-12) 3.09(-12)




Table 4. Rate congants in cm®molecule’s (power of 10 in parentheses)
for the addition and the dimination regions, caculaed a the CBS
RAD(B,B) dectronic level.

Addition Elimination
T (K) kT ST (T) kCVT (T) kCVT/ SCT (T) kT ST (T) kCVT (T)
150 2.62(-18) 2.48(-18) 5.83(-18) 1.54(-01) 7.41(+00)
175 9.84(-18) 9.33(-18) 1.69(-17) 1.13(-01) 5.96(-02)
202 2.86(-17) 2.70(-17)  4.15(-17) 2.20(-03)  1.24(-03)
210 3.72(-17) 352(-17) 5.22(-17) 8.33(-04) 4.77(-04)
220 5.05(-17) 4.78(-17)  6.80(-17) 2.73(-04)  1.59(-04)
280 2.05(-16) 1.93(-16) 2.37(-16) 1.84(-06) 1.17(-06)
298 2.83(-16) 2.65(-16) 3.16(-16) 6.14(-07)  3.95(-07)
300 292(-16) 2.74(-16) 3.26(-16) 5.48(-07)  3.54(-07)
348 591(-16) 5.52(-16) 6.22(-16) 5.38(-08) 3.60(-08)
395 1.02(-15) 9.50(-16) 1.03(-15) 9.84(-09) 6.73(-09)
400 1.08(-15) 1.00(-15) 1.08(-15) 8.42(-09) 5.77(-09)
440 1.58(-15) 1.46(-15) 1.55(-15) 2.78(-09)  1.93(-09)
500 258(-15) 2.36(-15)  2.44(-15) 754(-10) 5.32(-10)
600 4.93(-15) 4.45(-15) 4.47(-15) 1.62(-10) 1.16(-10)
700 824(-15 7.36(-15)  7.23(-15) 572(-11) 4.14(-11)
800 1.26(-14) 1.11(-14) 1.08(-14) 2.73(-11)  1.99(-11)
1000 250(-14) 2.16(-14) 2.04(-14) 1.06(-11) 7.73(-12)
1200 4.28(-14) 3.61(-14) 3.34(-19) 6.13(-12) 4.46(-12)
1217 4.45(-14) 3.75(-14) 3.47(-14) 592(-12) 4.30(-12)
1500 8.07(-14) 6.61(-14) 5.99(-14) 391(-12) 2.83(-12)




Table 5. Rate constants in cm®molecule s ® (power of 10 in parentheses) calculated at
the CBS-RAD(B,B) level. From |€ft to right: overdl eclipsed abstraction mechaniam;
overdl dternated abstraction mechanism; addition-dimination mechanism; overdl

acetone + OH reaction. The last column corresponds to experimenta data.

EC AL ADD-EL Acetone + OH
150  374(-15)  125(15) 588(-18)  5.00(-15) =
175  396(-15)  224(-15) 169(-17)  6.22(-15) -
202 440(-15)  390(-15) 4.15(-17)  8.34(-15) 148 (-13)°
210 456(-15)  454(-15) 522(-17)  9.15(-15) 144 (-13)°
220  479(-15)  545(-15)  6.80(-17)  1.03(-14) 143 (-13)°
280  660(-15) 137(-14) 237(-16)  206(-14) 156 (-13)°
208  7.33(-15)  173(-14) 3.16(-16)  2.49(-14) 1.77 (-13)
300  741(-15) 177(-14) 326(-16)  2.54(-14) 1.78(-13)°
348 966(-15) 3.03(-14) 622(-16)  4.06(-14) 2.49 (-13)°
305  124(-14)  471(-14) 103(-15)  6.05(-14) 3.54 (-13)°
400  127(-14)  491(-14) 108(-15)  6.29(-14) 4.07 (-13)°
440 155(-14) 6.78(-14) 155(-15)  848(-14) 4.36 (-13)°
500  205(-14)  103(-13) 244(-15  126(-13)
600  3.14(-14)  185(-13) 447(-15)  221(-13)
700  457(-14)  299(-13) 7.23(-15)  352(-13) 292 (-12)°
800  641(-14) 451(-13) 108(-14)  526(-13)
1000  115(-13)  894(-13) 203(-14)  1.03(-12)
1200  188(-13)  156(-12) 332(-14)  178(-12)
1217 195(-13)  163(-12) 3.44(-14)  1.86(-12) 8.8 (-12)'
1500  347(-13)  309(-12) 587(-14)  3.50(-12)

2 From Ref. X (Crowley and coworkers)

® From the fitting in Ref. X (Crowley and coworkers)

¢ From Ref. X (Méelouki)

9 From Ref. X (Kurylo)

® From Ref. X, measured at 753 K (Tranter and Walker)

" From Ref. X (Bott and Cohen, ref 12 de Mellouki)
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Table 7. CBS-RAD(B,B) branching
raio (in %) for the addition-
dimingion pahway a  different
temperatures.

kADD-EL/ kADD-EL/
T(K) “ypeous | T(K) pccus

150 0.12 400 1.72
175 0.27 440 1.83
202 0.50 500 1.94
210 0.57 600 2.02
220 0.66 700 2.05
280 1.15 800 2.05
298 1.27 1000 1.98
300 1.28 1200 1.86
348 1.53 1217 1.85
395 1.70 1500 1.68






