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Introduction

Atmospheric chemistry has received a great deal of atten-
tion in recent decades.[1,2] It is now clear that both human-
induced and biogenic emissions can significantly influence
the Earth s atmosphere. Understanding the fate of atmos-
pheric pollutants and the chemical processes they undergo is
key for modeling and predicting atmospheric changes, such
as ozone depletion and production, the long-range transport
and transformation of toxic substances, regional air quality
alteration, or global climate changes.[3,4]

Progress in this field has been made possible by improve-
ments in both the experimental techniques and the theoreti-
cal methods that are employed to determine the rate con-

stants of the reactions that occur in the Earth s atmosphere.
From the theoretical side quite elaborated variants of transi-
tion-state theory are well established.[5,6] Their huge power
and efficiency in providing reliable estimations of gas-phase
rate constants that depend just on the temperature (that is,
independent of pressure, as in complex reactions occurring
at their high-pressure limit) have been widely recognized for
a long time. However, many reactions are both temperature-
and pressure-dependent. So, because the Earth s atmos-
phere has an enormous range of pressure and temperature
conditions, pressure-dependent reactions are found at virtu-
ally all altitudes from the surface to well over 100 km.[3,4]

When the rate of collisional energy transfer (which de-
pends on the total pressure) is competitive with the rate of a
reactive chemical process that depends on internal energy,
the overall reaction is pressure-dependent.[7,8] Association
bimolecular reactions (which are frequently encountered in
atmospheric chemistry), leading to highly vibrationally excit-
ed intermediates that are capable of further unimolecular
dissociation, isomerization, or collisional stabilization, are a
clear example of this kind of reaction. Master equations,
giving the continuous-time evolution of a probability distri-
bution, are then required to accurately describe the simulta-
neous interplay of collisional energy transfer and chemical
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reactions.[8] With the recent development of several methods
and efficient software packages for solving the master equa-
tions, the strength of the theoretical methods providing reli-
able rate constants and detailed pictures of the mechanism
of pressure-dependent atmospheric reactions is approaching
that of pressure-independent reactions.[7,9–12]

In this work we have combined high-level electronic
structure calculations, Rice–Ramsperger–Kassel–Marcus
(RRKM)[13] theory, and the MultiWell computer program
suite[7] to solve the one-dimensional master equation, to
shed light on the subtle balance between the different chan-
nels involved in the methyl vinyl ketone (MVK)+OH and
methacrolein (MACR)+OH oxidation reactions, and to de-
termine their corresponding overall rate constants under a
wide range of temperature–pressure experimental condi-
tions. As will be seen below, the good agreement of our re-
sults with experimental measurements in these specially
challenging cases shows that the theoretical study of pres-
sure-dependent reactions is becoming a mature field.

MVK (3-buten-2-one) and MACR (2-methyl-2-propenal)
are two of isoprene s major oxidation byproducts. Isoprene
is the most abundant non-methane hydrocarbon emitted
into the troposphere.[3,4] Isoprene, MVK, and MACR have
an important role in ozone production. The dominant pro-
cess by which both MVK and MACR are removed from the
atmosphere is through reaction with the OH radical, the
most important daytime oxidant in the troposphere. These
reactions are two striking examples in which pressure deter-
mines the subtle balance between different processes. The
OH radical reacts with MVK at the terminal and central
carbon atoms of the double bond to form addition products
[reaction (R1), in which M stands for a third body], with an
experimental branching ratio for the reaction pathway R1t
of at least 70% at atmospheric pressure and 298 K.[14a]

CH2¼CHCðOÞCH3 þ OH þ M ! CH2ðOHÞCHCðOÞCH3 þ M

ðR1tÞ

CH2¼CHCðOÞCH3 þ OH þ M ! CH2CHðOHÞCðOÞCH3 þ M

ðR1cÞ

On the other hand, the MACR+OH system [reaction (R2)]
can undergo terminal and central OH additions or an ab-
straction of the aldehydic hydrogen atom by OH, with ex-
perimental branching ratios of 50:50[14b] or 55:45[3] for the
OH additions versus the hydrogen atom abstraction, and of
at least 85% for the addition of OH to the terminal carbon
atom in comparison with the addition to the central carbon
atom at room temperature and atmospheric pressure.

CH2¼CðCH3ÞCHO þ OH þ M ! CH2ðOHÞCðCH3ÞCHO þ M

ðR2tÞ

CH2¼CðCH3ÞCHO þ OH þ M ! CH2CðOHÞðCH3ÞCHO þ M

ðR2cÞ

CH2¼CðCH3ÞCHO þ OH ! CH2¼CðCH3ÞCO þ H2O

ðR2HÞ

Until very recently, no pressure dependence had been ob-
served for the overall R1 and R2 reactions. The correspond-
ing rate constants (2.03P10�11 and 2.79P
10�11 cm3 molecule�1 s�1 for MVK and MACR, respectively,
at 298 K),[15] measured over the temperature range 232–
378 K using the pulsed laser photolysis/pulsed-laser-induced
fluorescence technique, were found to be independent of
pressure in the range of 20–300 torr by Ravishankara and
co-workers. However, Chuong and Stevens,[16] using the dis-
charge-flow technique coupled with laser-induced fluores-
cence and resonance fluorescence detection of the OH radi-
cal, found that the rate constant for the overall MVK+OH
reaction is dependent on pressure between 2–5 torr in the
range 328–422 K, although no pressure dependence was
found at 300 K (the measured rate constant was found to be
(1.73�0.21)P10�11 cm3 molecule�1 s�1 at 5 torr and 300 K).
These results suggest that the MVK+OH reaction is domi-
nated by the OH addition process, which is pressure-depen-
dent, the system being near its high-pressure limit (the rate
constant is independent of pressure) at room temperature,
but in its fall-off region (the rate constant decreases as the
pressure falls) at higher temperatures. This behavior is due
to the shift of the fall-off region to higher pressures as the
temperature rises. In contrast, in the same study, the overall
MACR+OH reaction did not show any significant depend-
ence on pressure at 2–5 torr in the range 300–422 K. These
results now suggest that over the range of pressures and
temperatures studied the aldehydic hydrogen-abstraction
process dominates over the OH addition reactions. The
measured rate constant was found to be (3.23�0.36)P
10�11 cm3 molecule�1 s�1 at 2 torr and 300 K.

Later, Chuong and Stevens[17] examined these two reac-
tions at higher pressures using a turbulent flow technique
coupled with laser-induced fluorescence detection of the
OH radical. The overall rate constants for the MVK and
MACR reactions were measured to be (1.78�0.08)P10�11

and (3.22�0.10)P10�11 cm3 molecule�1 s�1, respectively, at
100 torr and 300 K, this way confirming that both reactions
are pressure-independent at room temperature. In turn,
Sidebottom and co-workers,[18] using a pulsed laser photoly-
sis/laser-induced fluorescence technique, obtained a value of
(1.86�0.12)P10�11 cm3 molecule�1 s�1 for the overall MVK
reaction at 298�2 K and atmospheric pressure.

The linear Arrhenius plots fitted by Chuong and Ste-
vens[16] for these two reactions show the pressure effect to
be even more interesting. The plot for the overall MVK+

OH reaction exhibits a negative temperature dependence
(Ea/R=� ACHTUNGTRENNUNG(1170�80) K) in the range 300–422 K at 5 torr, and
this value is more negative than those obtained by Klein-
dienst et al. (Ea/R=� ACHTUNGTRENNUNG(456�73) K) between 298 and 424 K
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at 50 torr,[19] and Gierczak et al. (Ea/R=�ACHTUNGTRENNUNG(612�49) K) be-
tween 232 and 378 K at 16–100 torr.[15]

Much more surprising is the dependence of the activation
energy of the overall MACR+OH reaction on the pressure
(it has to be remembered that, as mentioned above, no sig-
nificant pressure dependence had been observed for this re-
action between 2 and 5 torr within the range 300–422 K), as
the same pattern as in the MVK+OH system is obtained.
Again, a negative temperature dependence (Ea/R=

�ACHTUNGTRENNUNG(1050�120) K) in the Arrhenius plot between 300 and
422 K at 5 torr was found by Chuong and Stevens[16] for the
overall MACR+OH reaction. This negative temperature
dependence turned out to be more negative than that mea-
sured by Kleindienst et al. (Ea/R=� ACHTUNGTRENNUNG(175�52) K) between
300 and 423 K at 50 torr,[19] and by Gierczak et al. (Ea/R=

�ACHTUNGTRENNUNG(379�46) K) between 234 and 373 K at 20–100 torr.[15]

Previously[20] we carried out high-level electronic structure
calculations, exploring the potential-energy surfaces of the
addition and hydrogen-abstraction reactions involved in the
overall R1 and R2 reactions. To our knowledge, that was the
first time that these reactions had been studied theoretically,
at least using high-level ab initio methods. The results al-
lowed us to identify some key features of the potential-
energy surfaces that are very important for gaining an in-
sight into the basis of the pressure dependence. Indeed a
proper study and understanding of these quite challenging
reactions require dynamic calculations and the determina-
tion of rate constants that can be compared directly with ex-
perimental measurements. This was the aim of the work re-
ported in this paper, in which additional electronic structure
calculations are also presented.

Computational Methods

Electronic structure calculations : All the stationary points were opti-
mized by using hybrid density functional theory (HDFT) with the
MPW1K functional[21] and the 6-31+G ACHTUNGTRENNUNG(d,p) basis set. The nature of the
stationary points was characterized by analyzing the eigenvalues of the
Hessian matrices in mass-weighted Cartesian coordinates at the same
level of electronic structure calculations. A scale factor of 0.9515[22] was
applied to the zero-point energy (ZPE).

In the case of the terminal OH additions to the antiperiplanar conform-
ers of MVK and MACR, the MPW1K/6-31+G ACHTUNGTRENNUNG(d,p) saddle points turned
out to be too loose (the C�O distances are 3.1 and 3.2 R, respectively).
Because these kinds of generalized gradient functionals do not treat dis-
persion forces explicitly, they often fail to describe long-range weak inter-
actions.[23,24] We can then guess that these two loose transition-state struc-
tures would be inappropriate to use to correctly obtain the rate constants.
To circumvent this problem, the MP2/6-31+G ACHTUNGTRENNUNG(d,p) stationary points in-
volved in these two terminal OH additions were optimized and character-
ized. On the other hand, it has been proved that the MP2 vibrational fre-
quencies often suffer from spin contamination.[25] So, once these additions
had been characterized, MPW1K/6-31+GACHTUNGTRENNUNG(d,p) frequency calculations
using the MP2/6-31+G ACHTUNGTRENNUNG(d,p) geometries corrected with the RODS algo-
rithm[26,27] were performed with the aim of improving the vibrational fre-
quency description. The same scale factor as the one used for the rest of
the stationary points (0.9515) was applied to the ZPE. We determined
the minima associated with each transition-state structure by constructing
the corresponding minimum energy path (MEP).

Single-point energy calculations on all the MPW1K/6-31+G ACHTUNGTRENNUNG(d,p) and
MP2/6-31+G ACHTUNGTRENNUNG(d,p) stationary-point geometries were performed at the
CCSD(T)/cc-pVTZ level in order to obtain higher level energies and to
overcome the spin contamination problem found at some of the station-
ary points.[28, 29] Nowadays, there is some discussion as to whether open-
shell systems suffering from spin contamination are better described by
the restricted or unrestricted formalism of the coupled cluster method. In
order to choose, several trials with both the restricted (RCC) and the un-
restricted (UCC) coupled cluster method, using either a restricted (RHF)
or an unrestricted (UHF) Hartree–Fock reference wave function, were
performed. Specifically, the UHF-UCCSD(T), RHF-UCCSD(T), and
RHF-RCCSD(T)[30–33a] methods were tested and the results for one of
the systems studied are shown in Table 1. It can be observed that the

classical potential-energy barriers are very similar (the difference is less
than 0.5 kcalmol�1), in accordance with Chuang et al.[28] The UHF-
UCCSD(T) method was chosen to perform the calculations on all the
open-shell molecules of the potential-energy surface. So, unless specified
otherwise, we always refer to the unrestricted formalism when we talk
about the CCSD(T) method.

The basis set correction approach recommended by Lei et al. for the
study of atmospheric reactions of volatile organic compounds (VOCs)
was applied.[33b] It involves a projected Møller–Plesset calculation
(PMP2) using both cc-pVTZ and cc-pVQZ basis sets, and the final result
approximates to a CCSD(T)/cc-pVQZ level calculation. Thus, in this
paper, the acronym CCSD(T)/cc-pVTZ(Q) represents electronic struc-
ture calculations that include the basis set correction approach.

Except for the tests on open-shell molecules using the RHF-UCCSD(T)
and RHF-RCCSD(T) methods, restricted and unrestricted spin formal-
isms were used on closed and open-shell molecules, respectively.

The Gaussian 03 package[34] was used for all the electronic structure cal-
culations except for the tests with RHF-UCCSD(T) and RHF-
RCCSD(T) on open-shell molecules, which were carried out using the
MOLPRO[35] program.

Master equation calculations : A reaction becomes pressure-dependent
when the rate of collisional energy transfer competes with the rate of a
chemical process that depends on internal energy.[7] In this work, we can
distinguish three different schemes for pressure-dependent reactions [re-
actions (S1), (S2), and (S3)].

A þ B Ð AB* ! AB ðS1Þ

A þ B ÐCD* ! C þ D

#
CD

ðS2Þ

A þ B ÐAB1* ÐAB2*

# #
AB1 AB2

ðS3Þ

The simpler case, reaction (S1), corresponds to an addition reaction in
which the vibrationally excited adduct AB* can revert to reactants or be
collisionally stabilized, both processes being competitive. A more com-
plex scheme is illustrated in reaction (S2); an excited product complex is

Table 1. Classical potential-energy barriers [kcalmol�1] obtained from
single-point CCSD(T)/cc-pVDZ energy calculations on the MACR+OH
saddle points.

RHF-RCCSD(T) RHF-UCCSD(T) UHF-UCCSD(T)

TSadd-t-ap2[a] �1.47 �1.18 �1.18
TSadd-c-ap2[b] 0.80 0.36 0.70
TSabs-ap2[b] 0.75 0.35 0.36

[a] Located at the MP2/6-31+G ACHTUNGTRENNUNG(d,p) level. [b] Located at the MPW1K/
6-31+G ACHTUNGTRENNUNG(d,p) level.
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formed, CD*, which can revert to reactants, be collisionally stabilized, or
undergo irreversible dissociation. Finally, in reaction (S3), an initial excit-
ed adduct, AB1*, is formed which can revert to the reactants, be collision-
ally stabilized, or reversibly isomerize to a second excited adduct, AB2*,
which can revert to the excited AB1* adduct or be collisionally stabilized.
For each of these reactive schemes, the population of the species formed
in the mechanism depends on the pressure. For all the pathways consid-
ered in this work the initial transition-state structure lies below the corre-
sponding reactants and is preceded by a hydrogen-bonded complex. In
all cases, the well of this complex is not very deep in terms of adiabatic
potential energy (classical potential energy plus ZPE), and disappears in
terms of Gibbs free energy at or above 300 K. As a consequence, these
complexes have not been taken into account in the master equation cal-
culations.

At sufficiently high pressures, the vibrationally excited intermediate spe-
cies are stabilized by collisions with other molecules and the reaction
rate constant becomes pressure-independent. In this case, a bimolecular
recombination rate constant is related to the corresponding reverse unim-
olecular rate constant by Equation (1), in which Keq is the recombination
reaction equilibrium constant. Here, the equilibrium constants were cal-
culated with the Thermo program included in the MultiWell package.[36]

krec,1 ¼ kuni,1Keq ð1Þ

On the other hand, at intermediate and low pressures, there is competi-
tion between the collisional and reactive processes. In these cases it is
necessary to determine the populations of all the wells of the potential-
energy surface at each pressure. The master equation provides a quanti-
tative time-dependent description of the interplay of collisional energy
transfer and chemical reactions in order to obtain those populations de-
pending on pressure. The monodimensional, that is, internal-energy-de-
pendent master equation can be written[37] as Equation (2), in which
y ACHTUNGTRENNUNG(E’,t)dE’ is the concentration of species with internal energy in the
range between E’ and E’+dE’, R ACHTUNGTRENNUNG(E,E’) is the pseudo-first-order rate con-
stant for the internal energy transfer from energy E’ to energy E, f-
ACHTUNGTRENNUNG(E’,t)dE’ is a source term (that is, the formation rate of a species with an
internal energy between E’ and E’+dE’ from the incoming two reac-
tants), and ki(E’) is the unimolecular rate constant for the ith channel.
The internal energy E is assumed to be fully randomized among the
active degrees of freedom (vibrations and an active external rotation).
Terms involving radiative emission and absorption have been omitted
owing to their low efficiency.

dyðE0,tÞ
dt

dE0 ¼f ðE0,tÞdE0 þ
Z1

0

½RðE0,EÞdE0yðE,tÞdE�

Z1

0

½RðE,E0ÞdE0yðE0,tÞdE�
Xchannels

i¼1

kiðE0ÞyðE0,tÞdE0

ð2Þ

In this work, the MultiWell program suite[36, 37] was used to solve the
master equation by means of an adaptation of Gillespie s exact stochastic
method. This program uses a hybrid master equation approach involving
an energy-grained master equation at low vibrational energies and a con-
tinuum master equation in the quasicontinuum at high vibrational ener-
gies.[37] The source term of Equation (2) is not considered in the Multi-
Well package. Instead, the chemical activation energy distribution was
chosen to describe the nascent energy distribution of the complex formed
in the recombination of species A and B [reactions (S1)–(S3)].[38]

To calculate the overall rate constant for producing the ith product at in-
termediate and low pressures, the relative population fi of the species at
the end of the simulation (within the steady-state regime), that is, when
the complexes that have not decomposed are collisionally thermalized in
the wells, is multiplied by krec,1 [Equation (3)].

k ¼ f ikrec,1 ¼ f ikuni,1Keq ð3Þ

In Equation (2), the microcanonical rate constants, ki(E), for the unimo-

lecular processes are calculated by applying Equation (4) to the saddle-
point structure, where G�

ACHTUNGTRENNUNG(E�E0) is the sum of states of the transition
state, E0 is the reaction threshold energy, h is Planck s constant, and 1(E)
is the density of the states of the reactant molecule. The internal energy
E is measured relative to the zero-point energy of the reactant molecule.
s corresponds to the symmetry factor defined by Equation (5),[39] in
which sR is the rotational symmetry number of the unimolecular reac-
tant, s�(s) corresponds to the saddle point, and n� and n are the number
of optical isomers of the saddle-point structure and unimolecular reac-
tant, respectively. The magnitudes of G�

ACHTUNGTRENNUNG(E�E0) and 1(E) in Equation (4)
correspond to a single optical isomer and so it is necessary to correct the
equation by using the n� and n parameters. In this work, n� was consid-
ered to be 2 for all the saddle points except for the hydrogen abstraction
of MACR (R2H), which has planar geometry and n�=1, while n was
considered to be 2 for all the unimolecular reactants. So, s=1 for all the
reactions except for the hydrogen abstraction of MACR (R2H), where a
value of 1=2 for s was used.

kðEÞ ¼ s
1
h

G�ðE�E0Þ
1ðEÞ ð4Þ

s ¼ n�sR

ns�
ð5Þ

The scaled MPW1K/6-31+G ACHTUNGTRENNUNG(d,p) vibrational frequencies and the mo-
ments of inertia obtained with the Mominert program included in the
MultiWell package[36] were used to calculate the densities and sums of
states within the harmonic and rigid-rotor approximations. Calculations
of the densities and the sums of states were performed by using the
Stein–Rabinovitch[40] adaptation of the Beyer–Swinehart algorithm in-
cluded in the Densum program[36] with an energy grain of 10 cm�1.

The microcanonical rate constant k(E) was also used to calculate the un-
imolecular rate constant at the high-pressure limit[37] with Equation (6),
in which Q(T) is the partition function of the internal degrees of freedom
of the reactant at temperature T [Equation (7)].

kuni,1ðTÞ ¼ 1
QðTÞ

Z1

E0

kðEÞ1ðEÞexp ð�E=kBTÞdE ð6Þ

QðTÞ ¼
Z1

0

1ðEÞexp ð�E=kBTÞdE ð7Þ

The total angular momentum, J, was not explicitly included in the calcu-
lation of the microcanonical rate constant, but the K rotor approximation
was applied, for which one external rotation is considered active (corre-
sponding to the smallest moment of inertia of the molecule), unlike the
other two, which remain inactive. Centrifugal corrections at a given tem-
perature for angular momentum conservation were applied to the thresh-
old energy[41,42] [Equation (8), in which IA and IA

� are the moments of in-
ertia for the external two-dimensional inactive rotations of the reactant
and transition state, respectively]. The Densum program included in the
MultiWell package[36] was used to obtain the unimolecular rate constants
k(E).

E0 ¼ Euncorrected
0 �kBT

�
1� IA

IA
�

�
ð8Þ

The collisional energy transfer rate constant in the master equation,
R ACHTUNGTRENNUNG(E,E’), was determined by calculation of the frequency of inelastic colli-
sions, w, and the choice of a collision step-size distribution, P ACHTUNGTRENNUNG(E,E’),[37]

using Equation (9). The frequency of inelastic collisions was calculated
from the Lennard-Jones parameters (Table 2), which were estimated
from the critical properties of the molecule.[43–45] The critical properties
were obtained from approximate empirical formulae, for which it is only
necessary to know the number of bonds of each type in a molecule.[46]

Helium was chosen as a collider gas. The collision step-size distribution
selected herein is a generalized version of the exponential-down model[47]
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[Equation (10)]. In this model N(E’) is a normalization factor, a and g

are the energy transfer parameters from the toluene energy transfer
properties measured by the kinetically controlled selective ionization
(KCSI) method. The values, g=0.7 and a(E’)=43.5+0.0042E’ (in cm�1),
are recommended by Barker et al. for non-“stiff” molecules.[37]

RðE,E0ÞdE ¼ wPðE,E0ÞdE ð9Þ

PðE,E0Þ ¼ 1
NðE0Þ exp

�
�
�

E0�E
aðE0Þ

�
g
�

for E0 > E ð10Þ

An energy grain size of 10 cm�1 was used, whereas the maximum energy
specified for the numerical solution of the master equation was
85000 cm�1. To give a reasonable statistical error, 104 stochastic trials
were tested. The master equation was solved in the temperature and
pressure range of 298.15–425 K and 2–100 torr, respectively.

Results

The potential-energy surfaces including the zero-point
energy (adiabatic energy) for the MVK+OH and MACR+

OH systems are shown in Figures 1 and 2, respectively, at
the CCSD(T)/cc-pVTZ(Q)//MPW1K/6-31+G ACHTUNGTRENNUNG(d,p) level of
theory (with the exception explained below). In both cases,
only the main channels were taken into account. See
ref. [20] for a complete electronic structure discussion of the
whole potential-energy surface.

MVK+OH system : As can be observed in Figure 1, two
conformers of the MVK molecule were taken into account.
The two conformers arise as a result of an internal rotation

around the C�C single bond joining the vinyl and the
ketone moieties of the molecule. Depending on whether the
C=O and C=C double bonds appear on the same or oppo-
site side with respect to the C�C single bond, the conformer
is described as synperiplanar (sp) or antiperiplanar (ap).
The ap conformer was experimentally found to be more
abundant at 300 K, with an ap :sp ratio of 80:20.[48] Our cal-
culations at the CCSD(T)/cc-pVTZ(Q)//MPW1K/6-31+G-
ACHTUNGTRENNUNG(d,p) level give an ap :sp ratio that ranges from 61:39 at
298.15 K to 56:44 at 425 K. In view of this, the pathways of
the MVK sp conformer were included in our analysis.

Determination of the location of the ap terminal addition
transition-state structure, TSadd-t-ap1, is a challenge from
an electronic structure point of view. The functional used
[MPW1K/6-31+G ACHTUNGTRENNUNG(d,p)] provided a distance between the
OH and MVK fragments that is too long (the C�O distance
is 3.1 R). As a consequence, a very low barrier height and a
small imaginary frequency corresponding to the reaction co-
ordinate were found for this species. This pitfall of the
MPW1K method has been described previously,[49] and in
that case, use of a tighter geometry was recommended. In
this work, an MP2 calculation was performed on the same
transition-state structure, giving a distance that is probably
too short (the C�O distance was 2.1 R) and an excessively
high energy barrier to the terminal addition. With the pur-
pose of obtaining a reliable rate constant corresponding to a
terminal ap addition, the single point CCSD(T)/cc-
pVTZ(Q)//MP2/6-31+GACHTUNGTRENNUNG(d,p) energy barrier height was
lowered 1.5 kcalmol�1, making the order of magnitude of
the corresponding rate constant the same as those for the
rest of the reactions involved in the MVK+OH system,
which are expected to be very similar. This correction is of
the same order as the accuracy of the electronic structure
method used. Furthermore, the vertical shift of barrier
heights to obtain consistent results is a common practice,

Table 2. Lennard-Jones parameters used for the MVK+OH and
MACR+OH systems.

sLJ [R] e/kB [K]

MVK 5.2 557
MACR 5.2 540

Figure 1. Potential-energy surface including the ZPE for the system
MVK+OH at the CCSD(T)/cc-pVTZ(Q)//MPW1K/6-31+G ACHTUNGTRENNUNG(d,p) level
of theory, except for the Padd-t-ap1 addition channel, which was first cal-
culated at the CCSD(T)/cc-pVTZ(Q)//MP2/6-31+G ACHTUNGTRENNUNG(d,p) level. Then the
saddle-point energy of this latter addition reaction was lowered
1.5 kcalmol�1 (see text). The energies, which are relative to the ap
MVK+OH energy, are expressed in kcalmol�1. Pathways R1t (add-t)
and R1c (add-c) are represented along with their corresponding transi-
tion-state structures (TS) and products (P). Both the antiperiplanar (ap)
and synperiplanar (sp) conformers of MVK were considered.

Figure 2. Potential-energy surface including the ZPE for the system
MACR+OH at the CCSD(T)/cc-pVTZ(Q)//MPW1K/6-31+G ACHTUNGTRENNUNG(d,p) level
of theory, except for the Padd-t-ap2 addition channel which was first cal-
culated at the CCSD(T)/cc-pVTZ(Q)//MP2/6-31+G ACHTUNGTRENNUNG(d,p) level. Then the
saddle-point energy of this latter addition reaction was lowered
1.5 kcalmol�1 (see text). The energies, which are relative to the ap
MACR+OH energy, are expressed in kcalmol�1. Pathways R2t (add-t),
R2c (add-c), and R2H (abs) are represented with their corresponding
transition-state structures (TS), product complex (PC), and products (P).
Only the antiperiplanar (ap) conformer of MACR was considered.
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and is necessary especially if we want to build up realistic ki-
netic models that include effects such as pressure depend-
ence.[50–52] The good agreement between our results and the
experimental data validates this small lowering of energy.

The MVK+OH system involves an interesting multichan-
nel, multiwell pressure-dependent reaction. The ap pathway
starts with OH addition to the terminal carbon atom of the
C=C double bond followed by isomerization to an adduct
formed by OH addition to the central carbon atom of the
same bond. It can be seen that the ap pathway matches re-
action (S3) described above. Two different wells exist in this
pathway, reversibly connected by a transition-state structure
corresponding to the isomerization step. A master equation
was solved for each well and the corresponding populations
obtained. The two equations are coupled through the iso-
merization channel. The results for two temperatures are
summarized in Table 3 and the percentages of the two addi-

tion product populations with respect to the total addition
product formed are given. These percentages are highly de-
pendent on both temperature and pressure. It can be seen
that at a given temperature, the population of the product
Padd-c-ap1 falls as the pressure rises. On the other hand, at
a fixed pressure, the Padd-c-ap1 population grows as the
temperature rises. The opposite behavior is expected for the
product Padd-t-ap1, as the percentage is calculated with re-
spect to the total product formed. It can be seen that the ex-
cited adduct AB1* of reaction (S3), in this case Padd-t-ap1,
requires high pressures to be totally stabilized, and the mini-
mum pressure needed to become collisionally thermalized
increases as the temperature rises. This fact can be ex-
plained if we consider that the adduct AB1* is more excited
at higher temperatures. As it needs to transfer more energy
by collisions, higher pressures are required to stabilize it. On
the other hand, the populations in both wells AB1 and AB2

of reaction (S3) (Padd-t-ap1 and Padd-c-ap1 in this case) are
connected and cannot be considered independent. The excit-
ed AB1* molecule does not undergo isomerization or disso-
ciation to reactants if it is stabilized by collisions.

The pressure dependence of the rate constant for terminal
and central OH addition to ap MVK is represented in
Figure 3 at different temperatures. The most relevant point
to note is that the rate constant for the terminal addition in-
creases as the pressure rises and shows an inverse depend-

ence on temperature, while for the central addition just the
opposite behavior is found. It can be seen that the pressure
dependence of both reactions increases as the temperature
rises.

The sp pathways of the MVK+OH system involve two
independent processes, namely the terminal and central ad-
ditions of the OH radical to the C=C double bond. Now,
each of these two uncoupled channels corresponds to the
simpler reaction (S1) described above in which just one ex-
cited adduct, AB*, is formed. The energy barrier height of
the terminal addition is lower than the one corresponding to
the central addition (�2.2 vs. �1.9 kcalmol�1) and the corre-
sponding rate constants are represented in Figures 4 and 5,
respectively. The curves plotted in these figures are analo-
gous to those of the ap terminal addition (Figure 3a), show-
ing similar behavior with pressure and temperature varia-
tions, and in contrast to those of the ap central addition
(Figure 3b). As can be seen, the sp MVK central addition
rate constant shows a stronger variation with pressure than
the terminal addition. As an example, at the highest temper-
ature studied, 425 K, the ratio between the rate constants at
100 and 2 torr, k100/k2, for the central addition is 2.2, while
for the terminal addition it is 1.1. The pressure dependence
of a recombination reaction like that in reaction (S1) is
closely related to the depth of the well corresponding to

Table 3. Percentages of the terminal (Padd-t-ap1) and central (Padd-c-
ap1) addition product populations for ap MVK in the 2–100 torr pressure
range at 300 and 425 K.

Product population [%]
300 K 425 K

Pressure [torr] Padd-t-ap1 Padd-c-ap1 Padd-t-ap1 Padd-c-ap1

2 96.3 3.7 70.9 29.1
5 98.2 1.8 79.3 20.7
20 99.3 0.7 88.7 11.3
50 99.7 0.3 93.5 6.5
100 99.7 0.3 95.7 4.3 Figure 3. MVK+OH rate constants for a) the add-t-ap1 pathway and b)

the add-c-ap1 pathway versus pressure at different temperatures in
helium gas.

Chem. Eur. J. 2007, 13, 1180 – 1190 J 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1185

FULL PAPEROxidation Reactions

www.chemeurj.org


AB. In the case of OH addition to sp MVK, the terminal ad-
dition adiabatic reaction energy (classical potential energy
plus ZPE) is �31.9 and �26.6 kcalmol�1 for the central ad-
dition product. The equation for the collision step-size distri-
bution for deactivating collisions used herein is proportional
to the exponential of the difference between the initial
energy E’ and the final energy E after collision, divided by
the parameter a(E’), as can be seen in Equation (10) of the
Computational Methods section. As explained above, a(E’)
is a linear function of the initial energy E’. In the case of
two competitive reactions, R1 and R2, with the same reac-
tants A and B, a hypothetical collisional deactivation from a
given energy level E’ to another of energy E is pictured in
Figure 6. Let us suppose two adducts with the same internal
energy, one corresponding to the reaction (R1) and the
other participating in reaction (R2). In spite of that, mea-
sured relative to the bottom (including the ZPE) of their re-
spective wells (P1 and P2), the energies E1’ and E2’ have dif-
ferent values (that is, the kinetic energies of the two adducts
will be different). For instance, let us assume E1’>E2’. For a
deactivating collision that produces a change in energy
DE=E1’�E1=E2’�E2 in Equation (10), the P ACHTUNGTRENNUNG(E,E’) function
will be bigger for the reaction with the deeper well, R1, be-
cause its a(E’) parameter will be larger than the correspond-
ing parameter for reaction (R2). Although the energy of the
initial level that is deactivated is the same for both reactions,

the amount of kinetic energy that can be lost by collisions is
different. Thus the probability of suffering deactivating colli-
sions is higher for the adduct of reaction (R1), demanding
lower pressures in order to stabilize the product P1.

Figure 7 represents the overall rate constant for the
MVK+OH system, as defined by Equation (11), in which

ki-j is the rate constant corresponding to the terminal or cen-
tral addition (i= t or c, respectively) to the ap or sp con-
formers (j=ap or sp, respectively), and ap and sp refer to
the relative population of the two conformers. The MVK+

OH overall rate constant is pressure-dependent because all
the processes involved depend on pressure. To discuss this
pressure dependence of the MVK+OH system, we define a
fall-off (i) percentage (that is, the fall-off percentage when
the pressure is lowered from i to 2 torr) by Equation (12),
where ki and k2 are the rate constants at i and 2 torr, respec-
tively. In the case of the MVK+OH system, the fall-off
(100) percentage is 4.0% at 298.15 K and 23.0% at 425 K,
and the fall-off (5) percentage is 2.0% at 298.15 K and
9.6% at 425 K. From our results we can see that a pressure

Figure 4. MVK+OH rate constants for the add-t-sp1 pathway versus
pressure at different temperatures in helium gas.

Figure 5. MVK+OH rate constants for the add-c-sp1 pathway versus
pressure at different temperatures in helium gas.

Figure 6. Scheme of a generic reaction with two pathways R1 and R2. A
and B are the reactants, TS1 and TS2 are the transition states, and P1
and P2 are the products of the two pathways, respectively. E’1 and E’2 are
the initial energies of the products, E1 and E2 are their final energies, and
DE is the change of energy produced by deactivating collisions.

Figure 7. Overall rate constants for the MVK+OH system versus pres-
sure at different temperatures in helium gas.
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dependence exists for all the temperatures studied in this
work, although the lower the temperature, the smaller that
pressure dependence.

koverall ¼ ðkt-ap þ kc-apÞap þ ðkt-sp þ kc-spÞsp ð11Þ

fall-off ðiÞ ¼ 100ðki�k2Þ=ki ð12Þ

The theoretical rate constants presented in Figure 7 are in
very good agreement with the experimental values. For ex-
ample, at 300 K and 5 torr, Chuong and Stevens[16] obtained
a rate constant of (1.73�0.21)P10�11 cm3 molecule�1 s�1,
whereas our theoretical rate constant under the same condi-
tions is 1.06P10�11 cm3 molecule�1 s�1.

The Arrhenius plots depicted in Figure 8 show a negative
dependence of the rate constant on increasing temperatures.
This negative activation energy is due to the negative value

of the energy barriers of the different reactions that contrib-
ute to the overall rate constant in Equation (11). Interesting-
ly, the slopes of the lines in Figure 8 become smaller (energy
of activation less negative) as pressure increases owing to
the fact that the system is approaching the high-pressure
limit. The explanation for this behavior can be rationalized
by looking at Figure 7, in which it can be seen that at low
pressures, the system is in its fall-off region (i.e., the rate
constant is smaller than at higher pressures), and that this
fall-off region is larger at higher temperatures. Consequent-
ly, the decrease in the rate constants as temperature increas-
es is more pronounced (activation energy becomes more
negative) at low pressures than at high pressures.

The slopes of the Arrhenius curves between 298.15 and
425 K for 5, 50, and 100 torr are as follows: Ea/R=�870,
�759, and �741 K, respectively. Experimentally, values of
Ea/R=�ACHTUNGTRENNUNG(1170�80) K were found at 5 torr between 300 and
422 K,[16] Ea/R=� ACHTUNGTRENNUNG(456�73) K at 50 torr between 298 and
424 K,[19] and Ea/R=� ACHTUNGTRENNUNG(612�49) K at 16–100 torr between
232 and 378 K.[15] The experimental slopes are quite well re-
produced and the same trends are found, that is, the slopes
decrease as the pressure rises.

MACR+OH system : The principal channels of the
MACR+OH reactive system are represented in Figure 2. In
this reaction only the ap conformer was taken into account
because the population of the sp conformer is negligible at
all the temperatures studied, in good agreement with experi-
mental results.[20,53–55]

Determination of the location of the terminal addition
transition-state structure of MACR, TSadd-t-ap2, is again
awkward because the C�O distance between the fragments
was found to be too long with MPW1K (3.2 R) and too
short with MP2 (2.1 R). The same strategy as used for the
TSadd-t-ap1 species of MVK was applied, the single point
CCSD(T)/cc-pVTZ(Q)//MP2/6-31+GACHTUNGTRENNUNG(d,p) energy barrier
height finally being lowered 1.5 kcalmol�1.

Although the sp pathways are not relevant, the MACR+

OH system presents a complex multichannel and multiwell
profile. The addition of the OH radical to the C=C double
bond of MACR is analogous to the reaction of the ap con-
former in the MVK+OH system. The OH radical adds to
the terminal carbon atom to produce an adduct, Padd-t-ap2,
that can isomerize to the central carbon atom addition prod-
uct, Padd-c-ap2. Again, reaction (S3) can be applied to this
pathway and a master equation was solved for each well. A
study with the MultiWell program of the variation of Padd-
t-ap2 and Padd-c-ap2 populations with pressure showed that
the formation of the latter species is less important than the
former. In Table 4 the population percentages of the two ad-

dition products are shown. As in the MVK system, it was
found that the population of the central adduct falls as the
pressure rises. The pressure dependence of the terminal and
central addition rate constants is shown in Figure 9, in which
the same fall-off behavior as in the MVK ap case can be
seen.

Unlike the MVK+OH system, the addition of the OH
radical to the C=C double bond competes with the hydrogen
abstraction of the aldehydic group (-CHO) of MACR. In
Figure 2 it is seen that the barrier height for the abstraction
is 1.1 kcalmol�1 less than that for the terminal addition. In
the abstraction pathway, an adduct is formed between the
radical product and a water molecule, PCabs-ap2, which can
irreversibly dissociate to the products, Pabs-ap2 and H2O, or
revert to the reactants. This pathway corresponds to reac-
tion (S2) described above. In this case, the dissociation of
PCabs-ap2 has no energy barrier and the separate products

Figure 8. Overall rate constants for the MVK+OH system versus tem-
perature at different pressures (P : 5 torr; &: 50 torr; ~: 100 torr).

Table 4. Percentages of the terminal (Padd-t-ap2) and central (Padd-c-
ap2) addition product populations for the ap MACR in the 2–100 torr
pressure range at 300 and 425 K.

Product population [%]
300 K 425 K

Pressure [torr] Padd-t-ap2 Padd-c-ap2 Padd-t-ap2 Padd-c-ap2

2 99.0 1.0 87.3 12.7
5 99.7 0.3 92.0 8.0
20 99.8 0.2 96.4 3.6
50 99.9 0.1 97.9 2.1
100 100.0 0.0 98.8 1.2
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are only 2.9 kcalmol�1 less stable. So it is expected that
when the adduct PCabs-ap2 is formed, it immediately suf-
fers irreversible dissociation into products. This fact makes
the abstraction reaction independent of pressure, as con-
firmed by our MultiWell calculation of the populations of
the different species as a function of pressure, showing that
the separate products are 100% populated at all pressures.
The data in Table 5 show the variation in the MACR ab-
straction rate constant with temperature. The rate constant
decreases with increasing temperature and so the activation
energy corresponding to this process is negative, again due
to the negative value of the energy barrier.

Variation with pressure of the overall rate constants as a
sum of the abstraction, terminal addition, and central addi-

tion rates of the MACR+OH system, given by Equa-
tion (13), is represented in Figure 10. The addition reactions
determine the pressure-dependence reflected in Figure 10,
as the abstraction rate constant is the same at all pressures.

Although a slight pressure dependence is observed, this is
less important than in the MVK+OH system. This can be
checked by comparing the fall-off (i) percentages [Equa-
tion (12)]. For the MACR+OH system, the fall-off (100)
percentage is 1.4% at 298.15 K and 6.9% at 425 K, whilst
the fall-off (5) percentage is 0.8% at 298.15 K and 2.6% at
425 K. These values are clearly smaller than those of the
MVK+OH system, confirming that the pressure-depen-
dence is much less important.

koverall ¼ kt-ap þ kc-ap þ kabs-ap ð13Þ

Again the theoretical rate constants are very similar to the
experimental values. As an example, the rate constant ex-
perimentally obtained at 300 K and 5 torr by Chuong and
Stevens[16] is (3.23�0.36)P10�11 cm3 molecule�1 s�1 and our
theoretical value is 2.65P10�11 cm3 molecule�1 s�1, showing
very good agreement.

Arrhenius plots of the rate constants are shown in
Figure 11. It can be observed that, again, the activation
energy is negative, as in the MVK+OH system. On the
other hand, it can also be seen that the variation of the over-

Figure 9. MACR+OH rate constants for a) the add-t-ap2 pathway and
b) the add-c-ap2 pathway versus pressure at different temperatures in
helium gas.

Table 5. Rate constants for the MACR abstraction channel versus tem-
perature.

T [K] kabs-ap2 [10�11 cm3 molecule�1 s�1]

298.15 1.7
300 1.7
325 1.5
350 1.3
375 1.2
400 1.2
425 1.1

Figure 10. Overall rate constants for the MACR+OH system versus
pressure at different temperatures in helium gas.

Figure 11. Overall rate constants for the MACR+OH system versus tem-
perature at different pressures (P : 5 torr; &: 50 torr; ~: 100 torr).
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all rate constant with temperature slightly depends on the
pressure. This is due to the addition processes, as the ab-
straction rate constant does not vary with pressure. This
result agrees well with the experimental Arrhenius plots for
the MACR+OH system. The slopes of our theoretical Ar-
rhenius curves between 298.15 and 425 K for pressures of 5,
50, and 100 torr are as follows: Ea/R=�619, �585, and
�580 K, respectively. The experimental values are Ea/R=

�ACHTUNGTRENNUNG(1050�120) K at 5 torr and between 300 and 422 K,[16] Ea/
R=� ACHTUNGTRENNUNG(175�52) K at 50 torr and between 300 and 423 K,[19]

and Ea/R=�ACHTUNGTRENNUNG(379�46) K at 20–100 torr[15] and between 234
and 373 K. Again, the experimental slopes are quite well re-
produced, and the same trend is found, that is, the slopes de-
crease as the pressure rises, although the pressure effect is
less than for the MVK case.

Conclusion

The main pathways involved in the multiwell, multichannel
methyl vinyl ketone+OH and methacrolein+OH systems
have been studied by means of high-level electronic struc-
ture calculations. The corresponding microcanonical rate
constants were obtained and conveniently used, along with
the collisional energy transfer model, to establish the master
equation that describes the variation of the rate constant
with pressure. The solution of the master equation has
shown the dependency of the rate constants on temperature
and pressure. We have shown that the combined pressure
and temperature dependence of each reaction is a conse-
quence of the subtle balance between the OH additions at
the high-pressure limit, the OH additions at the low-pres-
sure fall-off region, and the pressure-independent hydrogen
abstraction reaction. In particular, we have found that the
fall-off region of the OH additions contributes to the inverse
temperature dependence of the rate constants in the Arrhe-
nius plots, leading to pressure-dependent negative activation
energies. The pressure dependence of the methyl vinyl
ketone+OH reaction is clearly more important than in the
methacrolein+OH reaction as a result of the weight of the
hydrogen-abstraction process in this second system. Other
interesting aspects of these reactions that have been reflect-
ed in our study are the pressure dependence of the popula-
tion of the different species in a multiwell pathway and the
influence of the well depth in the deactivation collisional
process. In all, the agreement between our theoretical rate
constants (and their pressure and temperature dependence)
and the corresponding experimental measurements turns
out to be quite good, especially taking into account the
number of factors that determine the behavior of these
quite challenging reactions.

The combined pressure and temperature dependence of
gas-phase reactions, such as atmospheric reactions, is becom-
ing more widely studied, and their theoretical determination
by means of master equations will probably become a com-
monplace in the future. In this paper we have presented two
illustrative examples for which a complete description at dif-

ferent pressures and temperatures is needed in order to cor-
rectly interpret the complex behavior of the overall reac-
tions.
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