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A theoretical study of the mechanism and kinetics of the OH hydrogen abstraction from hydroxyacetone is
presented. Optimum geometries and frequencies have been computed at the BHandHLYP{&&d,b)

level of theory for all stationary points. Energy values have been improved by single-point calculations at the
above geometries using CCSD(T)/ 6-31tG(d,p). The rate coefficients are calculated for the temperature
range 286-500 K by using conventional transition state theory (TST), including tunneling corrections. Our
analysis supports a stepwise mechanism involving the formation of a reactant complex in the entrance channel
and a product complex in the exit channel, for all the modeled paths. Four experimental values of the rate
constant at 298 K have been previously reported: three of them in great agree®ent. 012 cnm?® molecule™?

s 1), and one of them twice larger. The calculations in the present work support the smaller value. A curved
Arrhenius plot was found in the studied temperature range; thus the expression that best describes the obtained

data isk?3 50° = 5.29 x 10 23T34g1623T cm molecule® s L. The activation energy was found to vary with
temperature from-1.33 to+0.15 kcal/mol.

Introduction dependence within the range 23363 K of (2.15+ 0.30) x
S _ - 1071205 H10/T e molecule® s

The t.ropos.pherlc oxidation of dleqes Iead; to the prodqctlon The methodology used in the present work has been suc-
of multifunctional oxygenated species, which can be highly cessfully used to quantitatively describe the kinetics and
reactive themselves. ThUS, the elucidation of the oxidation rateSmechanism of gas_phase hydrogen abstraction reactions from
and mechanisms for these oxygenated species is crucial to thejiverse volatile organic compounfis1+17 The excellent agree-
assessment of the overall environmental impact of dienes ment between the calculated and experimental results obtained
emissions. Some of these species are hydroxyacetone (HOCH for such a wide range of reactions supports the reliability of
CHO), methylglyoxal (CHC(O)CHO), and hydroxyacetone the method. In the current work, each abstraction path of the
(HOCH,C(O)CHg),>2 which arise from the isoprene oxidation. hydroxyacetone- OH reaction has been modeled as a complex
Unfortunately, there are rather scarce data available in the mechanism involving the formation of a reactant complex in
literature dealing with the tropospheric fate of such compodnds. the entrance channel and a product complex in the exit channel.
In recent works our group has investigated the reactions of Recent theoretical stud#s? have proposed that oxygenated
glycolaldehyd¢, glyoxal and methylglyoxal with hydroxyl and unsaturated compounds react with OH radicals through a
radicals. It is the aim of the present work to study in detail the complex mechanism, involving a reactant complex. The role
mechanism and kinetics of the gas-phase reaction of hydroxy-of these intermediates in bimolecular reactions has been recently
acetonet OH, which is expected to be the main sink of this reviewed?* Reactant complexes involving the OH radical have
compound in the troposphere. Recent measurements of hy-2ls0 been studied experimentaly?® Moreover, it has been
droxyacetone concentrations in the free and upper troposphere established that the presence of an attractive well at the entrance

indicate that the reactions of this compound can be relevant to channel of a potential energy surface can influence the dynamics,
the tropospheric chemistry. and hence the course of the react#6rThe existence of a

. reactant complex can manifest itself in terms of negative
Daga}Jt et al. determined the absolute rate COT‘S‘am of the temperature dependence, which is to be expected when there is

OH radical toward hydroxyacetone at 298 K using the flash o, ayractive encounter between reactants. The role of such

photolysis resonance fluorescence technique. They reported %omplexes has been recently pointed out for the OH reaction

rate constant of (3.04 0.30) x 102 cm® molecule™* s™* for with acetone and acetaldehyfayhich shows curved Arrhenius
the overall reaction, leading to a tropospheric lifetime of about plots and negative temperature dependence.

4 days. Orlando et &lreported a value of (3.8 0.7) x 10~*? The aim of this work is to study in detail the OH radical
c® molecule™ s™ using a relative rate technique with methanol  yeaction with hydroxyacetone, by assuming that it occurs
and ethanol as references and FTIR spectroscopic methodaccording to a complex mechanism that involves a barrierless
Chowdhury et af.have reported a value of (2880.2) x 107*2 first step that leads to the formation of a thermally stabilized
cm® molecule s™1, determined by the laser induced fluores- reactant complex. In the second step, an energy barrier that is
cence technique. While this work was in preparation, Dillon et higher than the apparent activation energy leads to the formation
all® reported a rate coefficient that is about twice those of a product complex, and then to the corresponding radical
corresponding to previous measurements [(3:9%5) x 10712 and water. A description of the temperature dependence of the
cm® molecule’? s71]. The authors also report a temperature hydroxyacetonet OH reaction is given.
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In addition, a conformational study of hydroxyacetone has 4 é ’
been performed, and the relative population of the most stable a4 ﬂ,-’J I )
conformers has been taken into account in the calculation of @n‘J“_ .9 "645'_{5‘1}:“0'
the overall rate constant. 5 J‘ B-J
The results reported here are relevant to the understanding ]
of the tropospheric chemistry of hydroxyacetone and to the b
assessment of its importance as a secondary pollutant. In = &
addition, our calculations provide additional information on the ¥ o’f .
kinetics of a reaction for which some disagreements among the 3 , 0.00 k" .

. = 3 .00 keal/mol
experimental data have been reported. < J* 04.1 %
Computational Details ’ )—-Jﬁ

L 7

Five stationary points have been modeled along each reaction
path: the isolated reactants, the reactant complex, the transitionFigure 1. Fully optimized BHandHLYP/6-31£+G(d,p) hydroxy-
state, the product complex and the products. Full geometry @cetone conformers.
optimizations were performed with the Gaussiaf®§8ogram . _
using the BHandHLYP hybrid HF-density functional and the for-lr—,r:]é?selr:l?gtﬁ,n channels have been modeled for both con
6-311++G(d,p) basis set. The energies of all the stationary '
points were improved by single point calculations at the CCSD- HOCH,C(O)CH, + OH — HOCH,C(O)CH, + H,0  (a)
(T)/6-311++G(d,p) level of theory. Unrestricted calculations
were used for open shell systems. Frequency calculations were — HOCHC(O)CH+ H,0  (b)
carried out for all the stationary points at the DFT level of theory
and local minima and transition states were identified by the — OCH,C(O)CH; + H,0 (©
number of imaginary frequencies (NIMA& O or 1, respec- . .
tively). Intrinsic reaction coordinate (IRC) calculations were Each of them consists of three steps, namely, (1) the formation

carried out at the BHandHLYP/6-3116-(d,p) level of theory or the_reactant complex from the isolated reactants, (2) the
to confirm that the transition states structures do connect theformatlon of the product complex from the reactant complex

proper reactants and products. Zero point energies (ZPE) anaand (3) the formation of the corresponding radical and water
thermal corrections to the energy (TCE) at 298.15 K were from the product complex:
included in the determination of the activation energies and of 0 @ ®)
the heats of reaction, respectively. HK + OH ﬁ' RC— Pcﬁ R+ H,0

The conventional transition state theory (TZFP imple-
mented in the Rate 1.1 progratwas used to calculate the where H represents hydroxyacetone and RC, PC and R represent
rate coefficients because it has the advantage of being in-the reactant complex, product complex and radical product
expensive for a high level of ab initio calculations. The tunneling corresponding to each particular path.
correction defined as the Boltzmannn average of the ratio of Each a channel was modeled by taking into account the
the quantum and the classical probabilities were calculated usingconformation of the abstracted H atom. Taking the carbonyl
the Eckart metho@ This method approximates the potential group as reference, two possible orientations have been con-
by a one-dimensional function that is fitted to reproduce the sidered corresponding to abstractions from the methyl group.
zero-point energy corrected barrier, the enthalpy of reaction at This differentiation has been previously applied for ketoties
0 K, and the curvature of the potential curve at the transition OH reactions”-3” The two conformations are:
state. This method tends to overestimate the tunneling contribu- Eclipsed The hydrogen atom is in the eclipsed conformation
tion, especially at very low temperature, because the fitted Eckartwith respect to the carbonyl group
function is often too narrow. However, sometimes it compen-  Alternated The dihedral angle between the hydrogen to be
sates for the corner-cutting effect not included in the Eckart abstracted and the oxygen atom in the carbonyl group is about
approach?3-3% Such compensation can lead to Eckart transmis- +120 or—120.
sion coefficients simil&* or even lowet® than those obtained Bader topological analys&s*®have been performed, for the
by the small-curvature tunneling (SCT) metfoak temperatures ~ BHandHLYP/6-313#+G(d,p) wave functions of different sta-
equal to or higher than 300 K. In addition, in this work, the tionary points, to characterize the interactions between non-
partition function values have been corrected by replacing somebonded atoms. This kind of analysis provides electronic charge
of the large amplitude vibrations by the corresponding hindered densityp(r) and its Laplaciany?o(r). The critical points ofo-

internal rotations, when necessary. (r), which present two negative curvatures and one positive
. . curvature, identify the bonds in the molecule and will be denoted
Results and Discussion hereafter as bond critical points (BCP). The critical points with

Geometries. Hydroxyacetone has three internal rotational one negative and two positive curvatures are associated with
degrees of freedom: the GHCO (¢1), CO—CH; (¢2) and the existence of a ring structure and will be denoted as ring
HO—CH; (¢3) bond torsions (Figure 1). Several different critical points (RCP). The values @f(r) and V?p(r) at these
minima were fully optimized at the BHandHLYP/6-31%G- points provide quantitative information on the strength and
(d,p) level of calculation and the two most stable conformations nature of the bonding and the characteristics of the ring. The
will be the only ones considered in this work. They correspond Laplacian of the electronic charge densi®2o(r), identifies
to the OOs-cis and OOs-trans isomers and their contributions  regions of space wherejr) is locally concentratedy?p(r) <
to the total population at 298 K are 94% and 6%, respectively. 0, or depletedy?p(r) > 0. In general, negative values Gfo(r)
Structure | (Figure 1) is stabilized by an intramolecular hydrogen are typical of covalent interactions, whereas interactions between
bond between the carbonyl oxygen and the hydroxyl hydrogen closed-shell systems are characterized by positive values of
at 2.056 A. V2o(r).
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TABLE 1: Electronic Charge Density (p) and Its Laplacian,
V2p(r), for Critical Points Involving Nonbonded Atoms?

H ‘_4 29 x atoms 0 V2p(r)
? J‘ a_J 1.873 f RC-la BCP 4,13 0.0260 —0.0250
] f RC-la RC-Ila RC-Ib BCP 5,13 0.0281 —0.0267
RC-Ia (eclipsed) (alternated) RC-Ic BCP 4,13 0.0274 —0.0262
‘ BCP 11,12 0.0199 —0.0184
OJ‘-SS‘]‘J d | 4 RCP 25 11-13 00091 —0.0094
RC-lla, eclipsed BCP 4,13 0.0260 —0.0261
j‘f a RC-lla, alternated BCP 5,13 0.0277-0.0273
@ | RC-llb BCP 4,13 0.0272 —0.0258
299 j RC-llc BCP 11,12 0.0197 —0.0199
RC-Ib 9 -J . TS-Ic BCP 4,13 0.0199 —0.0186
RC-1Ib RCP 2-5,11-13 0.0106 —0.0124
. TS-lla, eclipsed BCP 4,13 0.0148 —0.0131
2039 D RCP 1,2,4,6,12,13 0.0125-0.0145
w00 2 f TS-lla, alternated  BCP 5, 13 0.0174—0.0166
" 9 RCP 13,5,7,12,13 0.0096 —0.0111
J’J ot *‘ D PC-la BCP 4,13 0.0144 —0.0148
f ? ’ PC-Ib BCP 5,13 0.0164 —0.0154
PC-lc BCP 4,13 0.0175 —0.0173
f"-‘ RC-Ilc BCP 10,12 0.0073 —0.0068
RC-Ic RCP 2-4,10-12 0.0068 —0.0072
Figure 2. Fully optimized BHandHLYP/6-31++G(d,p) reactant PC-lia, eclipsed ~ BCP 4,13 0.0250—-0.0244
complexes of the hydroxyacetore OH reaction. BCP 7,12 0.0089 —0.0090
RCP 1,2,4,7,12,13 0.0069 —0.0084
In all, seven reactant complexes were identified (Figure 2), PC-lla, alternated BCP 5,13 0.0231-0.0244
because the alternated conformation corresponding to channel E((::E 1%25 8 12 13 %'%%)173 :8-83%‘
la gvplved toward the eclipsed one during the geometry pe_ i BCP 4, 13 0.0272 —0.0260
optimization process. The reactant complex corresponding to BCP 9,12 0.0108 —0.0114
abstraction from the-CHs group in conformer | (RC-Ia) is RCP 2-4,9,12,13 0.0077 —0.0095
stabilized by the attractive interaction between H in the OH PC-lic BCP 5,11 0.0164 —0.0167
radical and the O atom in the carbony! group, at a distadye ( BCP 8,12 0.0095 —0.0082
of 1.905 A. The reactant complex corresponding to abstraction RCP 1-3,5,8,11,12  0.0048 —0.0055
from —CH, in conformer | (RCIb) is caused by the attractive aFor the atoms numbering, see Figure 1.
interaction between H in the OH radical and the O atom in the
hydroxyl group, at a distanag_13 = 1.880 A. Two attractive J @ 22 = J’
interactions are responsible for the formation of the RC %_ f w J
corresponding to abstraction fromOH group in conformer | J JJ'J ) \ J‘ «:
(RC-Ic). The main one occurs between the H atom in the OH LY AL TS $
radical and the O in the carbonyl group, with 15 = 1.890 A. 1271 md i ' ) Q'
The other one, between O in the OH radical and H in the 757« @ (eclipsed) IS-lia
hydroxyl group haslii—1> = 2.039 A. The presence of these (aleermatea)
interactions causes the reactant complex to form a ring-like
structure. The electronic charge density &nd its Laplacian, 4 o 1340
V2p(r), at the critical points are reported in Table 1. 1.182 H 1_201" }
Four reactant complexes were found for conformer Il (Figure I > o)
2). RGlla, eclipsed and alternated, correspond to hydrogen d @ 9 ‘-J
abstraction from the methyl group. RC-lla (eclipsed) is formed T5-1¢ TS-IIb 9
due to the interaction between the H atom in the OH radical
and the O atom in the carbonyl group, at a distadggs = 1167@-2
1.886 A. The RC-lla (alternated) is formed due to the interaction 1.1352 =
between the H atom in the OH radical and the O atom in the o b, 1204/
hydroxyl group, at a distances-13 = 1.873 A. The RC 9 ,‘1‘|{9 s
corresponding to H abstraction from the€CH, group (RCIIb) 3-4 ) ’
is caused by the same interaction as for RC-lla, wlifhis = TS-lle

7S-Ic
1.857 A. RGlic corresponds to H abstraction from the hydroxyl Figure 3. Fully optimized BHandHLYP/6-31:4+G(d,p) transition
group in conformer Il and is caused by the interaction between states of the hydroxyacetorie OH reaction.
O in the OH radical and H in the hydroxyl group.

All the transition state (TS) structures considered in this work in the OOs-cis conformer (TSa) is an elongation ofl;—¢ by
are shown in Figure 3. In all, seven transition states were 0.15 A, compared to that for free hydroxyacetone. Another
identified (Figure 2). The TS structure corresponding to abstrac- minor variation observed in F& with respect to the reactant
tions of the alternated H in the GHgroup of OOs-cis is the shortening of the C1C2 bond by 0.015 A. The attack of
hydroxyacetone evolved toward the eclipsed one during the the OH radical was found to be almost collinear, with the
geometry optimization process. Accordingly, two TS structures C1H6012 angle equal to 173.1TS-Ib in Figure 3 corresponds
were identified for channel lla and only one for channel la. to abstraction from the-CH, group in conformer I. It shows
The main structural change associated with the formation of an elongation irds—g of 0.091 A compared to that for the free
the TS corresponding to H abstraction from the methyl group reactant, and slight shortening of distancgss and d,—3, by
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Figure 4. Fully optimized BHandHLYP/6-31t+G(d,p) product ) 3 9
R-Ic }

complexes of the hydroxyacetore OH reaction.
R-IIc

0.023 and 0.004 A, respectively. The OH attack was found to Figure 5. Fully optimized BHandHLYP/6-31t+G(d,p) radical

be collinear, with a C3H9012 angle of 178.The transition products of the hydroxyacetore OH reaction.

state corresponding to chanrmeih conformer | (TSIc) shows

an elongation of 0.178 A in the O5H11 bond and a shortening water molecule and the O in the carbonyl group, veih;3 =

of 0.011 A in the C305 bond. A stabilizing intramolecular 2.073 A. The other one, between the O in the water molecule
hydrogen bond was found between H in the OH fragment and and one of the H in the CHgroup hasdip-1» = 2.738 A.

the carbonylic O in the hydroxyacetone fragment, wdghi, The product complexes corresponding to H abstractions from

=2.076 A. conformer Il are also shown in Figure 4, all of them were found
The TSs corresponding to abstraction frenCHz {TS-lla to be caused by two attractive interactions. Accordingly, all the

(eclipsed) and TSla (alternated), as well as from-CH, (TS product complexes show ring-like structures.-R&(eclipsed)

IIb), and—OH (TS lIc) groups in conformer Il, are also shown shows the main one between one H atom in the water molecule
in Figure 3. The main structural changes associated with theand the O atom in the carbonyl group, with-13 = 1.926 A
formation of the transition structures associated to abstractionand the weaker one witll,—1, = 2.415 A. The stronger
from the methyl group are the elongationsdafe andd;—7 by interaction in the P@la (alternated) complex was found to be
0.188 and 0.156 A, for the eclipsed and alternated forms, between one H atom in the water molecule and the O atom in
respectively. Other minor variations with respect to free OO- the hydroxyl group, wittds—13 = 1.931 A, and the weaker one
stans hydroxyacetone are the shortening of the C1C2 bond bywith d7—1, = 2.330 A. PGIlb and PGllc show interaction
0.005 A (eclipsed) and 0.015 A (alternated). The attack of the distances of 1.895 and 2.311 A; and 2.101 and 2.433 A,
OH radical was found to be noncollinear, with the C1H6012 respectively. Values of electronic charge density and its Lapla-
and C1H7012 angles being equal to 16Both TSlla show cian, characterizing all the described interactions are reported
ring-like structures, caused by intramolecular interactions, which in Table 1.
have been characterized by Bader's topological analysis (Table The radical products corresponding to all the abstraction paths
1). TSIIb shows a C3H10 bond elongation of 0.112 A compared from both conformers are shown in Figure 5. Their geometries
to that for the free reactant, and slight shortenings of 0.010 andremain nearly unchanged, compared to those of the correspond-
0.028 for distances akh-3 andds-s, respectively. The OH attack  ing product complexes.
was found to be noncollinear, with a C3H10012 angle of 167.8 Energies.The energies of all the modeled stationary points,
TS-lic shows an elongation of 0.152 A in the O5H11 bond and  relative to the isolated reactants, are shown in Table 2 and Figure
a shortening of 0.015 A in the C305 bond. 6. They show that all the studied stationary points are lower in
The seven product complexes (PC) corresponding to all the energy than the corresponding reactants, with the exception of
computed paths have been also modeled and fully optimizedthe transition states corresponding to channels la, Ic, lla and
(Figure 4). The product complex corresponding to the abstractionllc. Therefore, negative overall energy barrieEstran = Ers
from the —CHs group in conformer | (P@a) is formed due to — ZEeactany) are observed for the H abstractions from th&H,
the attractive interaction between an H in the water molecule group in both conformers. The stabilization energies of the
and the O atom in the carbonyl group, with an interaction reactant complexesgc — Ereac) are larger than 4 kcal/mol
distance of 2.144 A. The product complex corresponding to for all the modeled abstractions, which supports the complex
abstraction from—CH, in conformer | (PGIb) is caused by an ~ mechanism assumption. The presence of the reactant complexes
attractive interactions between one H in the water molecule and explains theE,eran Negative sign and leads to the following
the O atom in the hydroxyl group, witts—13 = 2.128 A. The adiabatic effective barrier&{s = Ers — Erc): Eer(la) = 8.07,
formation of the PC corresponding to abstraction from-titgH Eeri(Ib) = 3.53, Eer(Ic) = 8.40, Eesi(lla,eclipsed)= 8.27, Eet-
in conformer | (PGlc) can be attributed to two attractive (lla,alternated)= 6.20, Ecx(Ilb) = 4.01 andEcx(llc) = 7.09
interactions. The main one occurs between one H atom in the kcal/mol. These values show that for both conformers the lowest
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Figure 6. Reaction profiles at CCSD(T)//BHandHLYP/6-3t+G(d,p) level of theory.

TABLE 2: CCSD(T)//BHandHLYP/6-311++G(d,p) instance, the barrier for step 2 is 0.71 kcal lower than the barrier
Adiabatic Energies (kca|/m0|) Relative to the Isolated for step—l' however, the entropy Changes axsz = —1.18
Reactants andAS_; = 5.37 kcal/mol, which overcome the difference in
conformer | conformer Il barrier heights; i.e.AG-; is 5.85 kcal/mol lower tham\Gy,
RC1z a1l RC1# eclinsed “aa which makesk_; about 4 orders higher thda. On the basis of
) ' alte;natgg Ipse _410 this assumption, first considered by Singleton and Cvetarf@vic,
RC-Ib? ~463  RCIB -4.77 k can be rewritten as
RC-Ic2 —4.03 RC-lI¢ —3.35 Kk
TS-l& 3.96 TS-11& eclipsed 3.83 1Ko
alternated 2.10 k= D Keqkz (2)
TS-Ik? -1.10 TS-lIR -0.77 -1
TS-I2 4.37 TS-lIé 3.74 . I .
PC-1& —21.30 PC-ll& eclipsed —23.80 where Keq is the equilibrium constant between the isolated
alternated —23.06 reactants and the reactant complex &nds the rate constant
PC-I? —33.79 PC-11B —36.44 corresponding to the second step of the mechanism, i.e.,
PCle ~ ~~ —108  PClE ~15.99 transformation of the reactant complex into products.
R-la+ H,0 —-18.22 R-lla+ H,0 —19.45 Apolving basic statistical th d . incioles th
R-Ib + H,0P ~32.90 R-llb+ H,0 3000 pplying basic statistical thermodynamic principles the
R-IC + H,0P —6.11 R-llc+ H,0P —12.64 equilibrium constantky/k-,) of the fast preequilibrium between
. . . . the reactants and the reactant complex may be obtained as
2 |ncluding ZPE correctiong. Including TCE corrections at 298 K.
: : Q
effective barriers, of the second elementary step, correspond to Keq= Q—RC exp[Er — Er/RT] (3)
H abstractions from the-CH, group. These values also support R

the use of conventional TST for the kinetic studies, because h d h ition . d
they are large enough to prevent significant recrossing effects. ereQrc andQr represent the partition functions correspona-

Rate Coefficients.According to the shape of the reaction ing to the reactant complex and the isolated reactants, respec-
profiles, the rate coefficient&) corresponding to all the studied tively. imolecul der high diti
reaction channels can be analyzed in terms of conventional TST. In a unimolecular process, under high-pressure conditions,
Consistent with the reaction mechanism proposed abowe, if an equilibrium d|str|but|or_1 of reactants is established and the
andk-; are the forward and reverse rate constants for the first TST formula can be appliédito calculateky:
step andk, corresponds to the second step, a steady-state analysis kT Q
leads to arate coefficient for each overall reaction channel that k, = Kz_ﬁ exp[Erc — Erd/RT] (4)
can be written as h' Qrc

koK, wherex; is the tunneling factorks and h are the Boltzmann
=— Q) and Planck constants, respectively, §hd is the transition state
kitk partition function. The energy difference includes the ZPE
corrections. The effective rate coefficient of each channel is
Even though when the energy barrier for; is about the then obtained as
same size as that fde, the entropy change is much larger in
the reverse reaction than in the formation of the products. The k= oK (5)
activation entropyAS; is small and negative because the
transition state structure is tighter than the reactant complex, whereo is the symmetry factor, which accounts for the number
whereasAS_; is large and positive because six vibrational of equivalent reaction paths.
degrees of freedom are converted into three translational plus We have assumed that the reactant complex undergoes
three rotational degrees of freedom. Analyzing channel Ib, for collisional stabilization, that is, the reaction occurs at the high

k
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pressure limit. We have used this limit as our working TABLE 3: Rate Coefficients (cm® molecule™* s™1) Branching
hypothesis, because there is no experimental evidence thafatios (I) and Fractions of Conformers | and II, within the
indicates otherwise. This approach has been previously used tol €TPerature Range 286-500 K
describe OH radical reactions with several volatile organic T(K) 10'% 10% p pi 10%oeas T'a Tb Tc
compounds (VOCs). It is also adequate to account for the 2gp 343 7.26 0.95 0.05 3.62 02 997 01
experimental negative activation energy observed for the 290 3.16 6.37 0.95 0.05 3.34 0.2 99.7 0.1
hydroxyacetone+ OH reaction. In a classical treatment the 298.15 298 579 094 0.06 315 02 99.7 01
influence of the complex exactly cancels in eq 5 and the overall 228 g?g 2(151 8-83 8-8? gé% 8-2 gg-g 8-%
rate coefficient depen_d_s only on properties_of OH, hydroxy- 35, 562 465 093 007 576 02 996 02
acetone and the transition states. However, in the present casegsg 249 428 0.92 0.08 263 03 99.6 02
there is a possibility of guantum mechanical tunneling, and the 340 239 396 092 0.08 2.52 0.3 995 0.2
existence of the complex means that there are extra energy levels350 230 370 091 009 242 03 995 02
from where tunneling may occur so that the tunneling factor, 360 223 348 091 009 235 03 994 02
k, increases. We have assumed that a thermal equilibrium igg g'éi g'ég 8'38 8'%2 gii 8;‘ ggg 8'2
distribution of energy levels is maintained, which corresponds 45q 199 270 088 0.12 208 05 991 03
to the high-pressure limiting behavior. Thus, energy levels from 440 1.96 257 0.87 0.13 2.04 0.6 99.0 0.4
the bottom of the well of the complex up to the barrier might 460 195 246 086 0.14 2.02 0.6 989 0.4
contribute to tunne]ing_ 480 1.95 2.39 0.85 0.15 2.02 0.7 98.8 0.5
It has been assumed that neither mixing nor crossover 500 197 234 084 016 2.03 08 987 05

between different pathways occurs. Thus, the rate coefficient yth giscrepancies of 47.1% at 298 K. Becausevalues

(k) corresponding to each conformer of hydroxyacetén@H,  cajculated within the TST frame can be considered as an upper
is determined as the sum of the rate coefficients of each®8ath: |imit of the rate coefficient, our results seem to support the

values proposed in refs-B. The excellent agreement with the

K = Kok T ke ©) experimental data in those references supports the validity of
; the proposed mechanism and of the level of theory used for
__ eclipsed Iternated
ki =Kia "+ Kia + Ky + Kie () both electronic and rate constant calculations.

. ) According to the results shown in Table 3, the H abstractions
In addition, the populations of both conformers have been o.c,r aimost exclusively from the CH, sites for the whole

taken into account; thus the overall rate coefficient, which 546 of studied temperatures. The contribution from the minor
measures the rate of OH disappearance, was calculated at eachy, annels together goes from 0.3% at 280 K to 1.3% at 500 K.
temperature as The prediction of channel b as the major one is in agreement
K, = pk + pk ®) with the estima;ions from struc_:tumactivity relationships
verall = FIT T FI (SAR)*46 and with recent experimental results reported by
Butkovskaya et af? However, the data reported in the present
work seem to underpredict the importance of channels a and c.
t 298 K, theI, value from the results in the present work is
.3%, versus 610% and 18% from SAR and ref 47, respec-
tively. In addition, the contribution of the less stable conformer
to the overall rate coefficient seems to be relevant to the proper

to internal rotations with torsional barriers comparabldRib description of the modeled system. Even though there is a very
Direct in ion of the low-fr ncy m f th i . : .
ect inspection of the low-frequency modes of the studied small population of the OG-trans conformer (l1), the contribu-

stationary points indicates that there are several modes thalHOn of the termpyk; to the overall rate coefficient is not
correspond to hindered rotations. These modes should be treated ~ .~ Puki 10 t ; .
negligible. Inclusion of this term is especially relevant as the

as hindered rotors instead as vibrati6hsTo make this ) . ;
| temperature increases because its fraction becomes larger. Thus,

correction, these modes were removed from the vibrationa nealecting this term would affect the val f the overall rat
partition function of the corresponding species and replaced with eglecting this te ould artect he vajues ot the overall rate
coefficient as well as the Arrhenius and Kooij parameters.

the hindered rotor partition functioi®('R). In our calculations . . .
P ) The tunneling corrections corresponding to each modeled

\(ljviﬁwre]?]\;?o?g(ljﬁtiﬁg gr‘: daiZ?le)?trg?lrg?;:gﬁlr;s)t&?ﬁ fg; i;glea and abstraction channel are reported in Table 4. Apstractions from
Schleget the OH group (chgnnels Ic and [Ic) are appreciably larger than
those corresponding to abstractions from t@H; and—CH,
sites, for both conformers, as it was expected from the barriers
of reaction. For the abstractions from the other two sites, the
tunneling is smaller but yet important enough to be taken into
account. Because the barrier heights are very important in the
tunneling calculations, the inclusion of the reactant complex

seems to be vital to reproduce the experimental data.

wherep, andp, account for the fractions of conformers | and
I, respectively.

Because accurate rate constant calculations require the prope
computation of the partition function®), the hindered rotor
approximation has been used to correct@ie corresponding

The value of the overall rate coefficients at the studied
temperatures are reported in Table 3, together Wit and
the fractions of both conformers. In this table the branching
ratios corresponding to abstraction from th€Hz (I'a), —CH,
('b) and—OH (I'c) sites have also been included. They have
been calculated as

Kao The influence of temperature on the overall rate coefficient
Tapore= 1100 (9)  within the range 280 360 K has been interpreted in terms of
Koveral the Arrhenius equatiof® to compare with the experimental data

recently reported by Dillon et &P. This equation can be written

There is good agreement between the experimental andas

calculated values dfyveral at 298 K. Differences between our

value and those reported by Dagaut ef @rlando et alg and k= Ae ERT (10)
Chowdhury et af.are of 4.67%, 4.9% and 5.6%, respectively.

Larger differences were found with the results of Dillon ef&l., whereA is known as the preexponential factor or the frequency
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TABLE 4: Tunneling Corrections Corresponding to All the -26.3 1
Modeled Channels

T (K) la Ib Ic laecipsed aatenated 11D llc -26.4 -
280 26.27 1.45 147.12 57.28 19.75 3.48 11552

290 20.17 1.38 103.42 41.87 15.84 3.15 83.94 26,5 4

298.15 16.61 1.33 7952 3321 1346 2.92 66.09
300 1594 132 7513 3160 1299 2.88 62.75
310 1291 127 5620 2453  10.86 2.65 48.11 266

320 1069 1.22 43.16 19.52 9.23 246 3774 =
330 9.01 1.18 33.92 15.87 796 229 3021 &

340 7.73 1.14 2722 13.16 6.95 215 24.63 -26.7

350 6.72 111 2225 11.10 6.14 2.03 20.41

360 592 1.08 1850 9.51 549 192 17.17

380 475 1.03 1335 7.25 449 174 12.63 -26.8 1

400 394 1.00 1011 5.77 379 160 9.70

420 336 1.00 797 475 327 149 7.73 269

440 293 1.00 6.48  4.02 287 140 6.34 =]

460 260 1.00 542 @ 3.47 257 132 533

480 235 1.00 463 3.06 233 125 457 270 , , ,
500 2.14 1.00 403 274 213 119  4.00 20 25 30 35

factor andE, represents the activation energy. In eq 10 the 1000T

influence of the temperature is accounted for in the exponential Q%”rgraiureA:;zerg“;&é’gg Kor the overall rate coefficient in the
part of the expression. P 9 :

As can be seen in Figure 7, the Arrhenius plot corresponding TABLE 5: Arrhenius and Kooij Parameters in the 280—360
to Koveran IS significantly curved. Consequently, the activation and 280-500 K Temperature Ranges, Respectively

energy changes in the temperature range-Z8 K. In such parameters overall reaction
cases, the procedure most commonly used to analyze the data -
- - . Arrhenius (2806-360 K)
when_the plot of Ink versus 1T is not linear, is to use the A (cm® molecule™ s-Y) 5.00x 10-13
equation proposed by Kodff. E. (kcal/mol) -1.08
_ _EJRT Kooij (280500 K)
k=BT"e (11) B (cm® molecule!s2) 5.29x 1072
. 3.40

where B, Eq and m are temperature independent parameters. E]o(kcallmol) Z392

This expression is more satisfactory than eq 10, from both the
theoretical and empirical points of view. Even data that show
significant deviations from the Arrhenius equation can usually
be fitted very well by eq 11. Its applicability can be tested by TABLE 6: Variation of the Activation Energies (kcal/mol)
plotting In(k/T™) vs 1/T. If a straight line is obtained, its slope  with Temperature, in the 280-500 K Range

2Note: In this tableE, andE, are reported in kcal/mol, whereas in
the k expressions in the text they appear in cal/mol.

is eﬂjgl t_o—llzo/R, _ar?d!Eofcan t|>e cdalculated. Differentiation of T(K) E. (overall)
eq 11 in its logarithmic form leads to 580 133
290 —-1.27
dink _ Eo+ MRT (12) 298.15 ~121
dT RT 300 -1.20
310 —-1.13
and the activation energy can be calculated, at each temperature, g%g :1-88
as 340 -0.93
. 350 —-0.86
E,=E,+ mRT (13) 360 079
_ _ o 380 -0.66
whereE, is the hypothetical activation energy at 0 K. 400 —0.52
In our case, a plot of k(T vs 1/T yields a straight line, 420 —0.39
with R2 equal to 0.9999, thus proving the applicability of the 440 —0.25
procedure that has been used to describe the influence of the igg _%%22
temperature on the rate coefficient. The Kooij parameters that 500 0.15

best fit the data are shown in Table 5. They were obtained by
nonlinear square analysis. Because the starting values are ofgjigple than that which fixem usually usingm = 2, which

great importance in such procedure, we have obtained them by, |ead to different values &, m andB, depending on the
following the suggestions in ref 50 for a similar function. We m value

have performed a multiple regression analysis, assumifig In . . . - -
and 1T as independent variables, because there is no multicol- It could be interesting to discuss the variation of the activation

linearity among them, and Ik as the dependent variable. The ~€nergy with temperature (Table 6). The Kooij overall activation
values ofEo, m andB obtained that way were then used as the ©€Nergy is negative in the whole range studied, and it increases
starting values in the nonlinear square analysis, leading to the@s temperature rises. It goes frofl.33 kcal/mol at 280 K to
final values reported in Table 6. Because none of the three 0.15 kcal/mol at 500 K. At 298 K, it is close to the one obtained
parameters was fixed and the nonlinear analysis led tB2an  using the Arrhenius approactE,(Arrhenius)= —1.08 kcal/
coefficient of 0.999 98, the values obtained here seem to bemol and Ex(Kooij) = —1.21 kcal/mol. The two and three

reliable. In our opinion, the procedure described here is more parameters equations for the overall reaction ra:‘fleo =
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5.09 x 1013545 cmd molecule’ st and k232 50° = 5,29 x

verall

1072373416237 o molecule’? s71, respectively.

Conclusions

The OH abstraction reaction from hydroxyacetone has been

Galano

(15) Galano, A.; Alvarez-ldaboy, J. R.; Bravo-Perez, G.; Ruiz-Santoyo,
Ma. E. Phys. Chem. Chem. Phy2002 4, 4648.

(16) Galano, A.; Cruz-Torres, A.; Alvarez-ldaboy, J.RPhys. Chem.
A 2006,110,1917.

(17) Alvarez-ldaboy, J. R.; Cruz-Torres, A.; Galano, A.; Ruiz-Santoyo,
Ma. E.J. Phys. Chem. 2004 108 2740.

(18) Alvarez-ldaboy, J. R.; Mora-Diez, N.; Boyd, R. J.; Vivier-Bunge,

modeled according to a complex mechanism involving the A. J. Am. Chem. So@001 123 2018.

formation of a reactant complex in the entrance channel and of

(19) Alvarez-ldaboy, J. R.; Mora-Diez, N.; Vivier-Bunge, A. Am.

a product complex in the exit channel. Two conformers have €hem. Soc200Q 122, 3715.

been considered in the modeling and, for each of them, H

(20) Aloisio, S.; Francisco, J. S. Phys. Chem. 200Q 104, 3211.
(21) Vasvai, V.; Szilagyi, |.; Bencsura, A.; Dbe, S.; Berces, T.; Henon,

abstractions from three possible sites have been computed: (ak.; canneaux, S.; Bohr, Phys. Chem. Chem. Phy2001, 3, 551.

—CHjs, (b) —CH,, and (c)—OH. For the OOs-trans conformer,

(22) Henon, E.; Canneaux, S.; Bohra, F/;id2pS.Phys. Chem. Chem.

two different paths were found corresponding to abstractions Phys 2003 5, 333.

from the methyl group, depending on the relative position of
the H to be abstracted with respect to the O in the carbonyl

group: eclipsedand alternated
The abstraction from the CH, site was found to be dominant

within the whole temperature range, varying from 99.7% at 280
K to 98.7% at 500 K. The calculated overall rate coefficient

(Koveral) Was found to be equal to 3.15 10-12 cm?® molecule™?

s71, at 298 K. This value is in excellent agreement with the

values previously reported by Dagaut et’aDrlando et al
and Chowdhury et af.and is twice smaller than that reported
by Dillon et al®

(23) Yamada, T.; Taylor, P. H.; Goumri, A.; Marshall,P Chem. Phys
2003 119, 10600.

(24) Smith, I. W. M.; Ravishankara, A. R. Phys. Chem. 2002 106,
4798.

(25) Loomis, R. A,; Lester, M. 1J. Chem. Phys1995 103, 4371.

(26) Lester, M. I.; Pond, B. V.; Anderson, D. T.; Harding, L. B.; Wagner,
A. F. J. Chem. Phys200Q 113 9889.

(27) Tyndall, G. S.; Orlando, J. J.; Wallington, T. J.; Hurley, M. D.
Phys. Chem. Chem. PhyZ002 4, 2189.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

The temperature dependence of the overall rate coefficient Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

is best fitted by the expressiok&o .0’ = 5.09 x 10718 g545T

cm? molecule’l s71 and k930 = 5.29 x 10723 T340 gb09m

verall

cm® molecule® s71, corresponding to the Arrhenius and Kooij

approaches, respectively. The activation energy changes with

temperature from-1.33 kcal/mol at 280 K to 0.15 kcal/mol at
500 K.
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