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ABSTRACT: The system-specific quantum Rice−Ramsperger−Kassel (SS-QRRK)
theory (J. Am. Chem. Soc. 2016, 138, 2690) is suitable to determine rate constants below
the high-pressure limit. Its current implementation allows incorporating variational
effects, multidimensional tunneling, and multistructural torsional anharmonicity in rate
constant calculations. Master equation solvers offer a more rigorous approach to
compute pressure-dependent rate constants, but several implementations available in
the literature do not incorporate the aforementioned effects. However, the SS-QRRK
theory coupled with a formulation of the modified strong collision model
underestimates the value of unimolecular pressure-dependent rate constants in the
high-temperature regime for reactions involving large molecules. This underestimation is a consequence of the definition for collision
efficiency, which is part of the energy transfer model. Selection of the energy transfer model and its parameters constitutes a common
issue in pressure-dependent calculations. To overcome this underestimation problem, we evaluated and implemented in a bespoke
Python code two alternative definitions for the collision efficiency using the SS-QRRK theory and tested their performance by
comparing the pressure-dependent rate constants with the Rice−Ramsperger−Kassel−Marcus/Master Equation (RRKM/ME)
results. The modeled systems were the tautomerization of propen-2-ol and the decomposition of 1-propyl, 1-butyl, and 1-pentyl
radicals. One of the tested definitions, which Dean et al. explicitly derived (Z. Phys. Chem. 2000, 214, 1533), corrected the
underestimation of the pressure-dependent rate constants and, in addition, qualitatively reproduced the trend of RRKM/ME data.
Therefore, the used SS-QRRK theory with accurate definitions for the collision efficiency can yield results that are in agreement with
those from more sophisticated methodologies such as RRKM/ME.

1. INTRODUCTION
Conventional theoretical kinetic studies cover temperature-
dependent and pressure-dependent rate constants.1 Linde-
mann described the pressure-dependent scheme as a sequence
of two steps (reaction R1). The first step is an excitation
process where the reactant molecule A collides with a molecule
of the bath gas M to form the energized molecule A*. The
second step is 2-fold: the energized molecule A* can deactivate
by colliding with another molecule M or it can react to form
the product P.2 Pressure-dependent reactions are common in a
variety of chemical environments and applications,3 such as
combustion, atmospheric chemistry, and chemical vapor
deposition, but an accurate theoretical treatment represents a
challenge that has demanded comprehensive studies.3

The study of pressure-dependent reactions extends conven-
tional transition state theory (TST) by considering other rate
constants, that is, k1, k−1, and k2, as shown in reaction R1. This
description combines a collisional energy transfer model and
an energy-resolved microcanonical TST (μTST) to calculate

the rate constants k−1 and k2, which describes the relaxation
and formation of the final product from the energized
molecule, respectively. The rate constant k1 is computed
from the equilibrium constant Keq = k1/k−1 once the value of
k−1 is known.

4,5

Considering the different energy transfer models, the master
equation (ME) methodology is perhaps the most rigorous. For
a given species, it involves a set of differential equations that
describes the evolution of the distribution of the internal states
of energy with time.6 This method has enabled the
computation of temperature- and pressure-dependent rate
constants from first principles with good accuracy, allowing
satisfactory modeling of experimental data.7 Another energy
transfer approach is the modified strong collision (MSC)
model.8,9 The MSC model considers that not all but just a
fraction of the collisionsdetermined by the collision
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efficiency is strong enough to exchange the energy required
for the reaction to proceed.10

There are different methods to compute energy-resolved
rate constants. Rice−Ramsperger−Kassel−Markus (RRKM) is
a rigorous theory and together with ME (RRKM/ME) has
become the benchmark for pressure-dependent rate constant
calculations. The quantum Rice−Ramsperger−Kassel (QRRK)
theory is not as rigorous but requires a lower computational
cost,11 which has made the QRRK/MSC method suitable for
fast initial estimations.12 The recently developed system-
specific QRRK (SS-QRRK) theory13−15 allows for the
incorporation of variational effects, multidimensional tunnel-
ing, and multistructural torsional anharmonicity in the low-
pressure rate constants via estimation of these effects in the
previously calculated high-pressure limit rate constants.
Including these effects in ME calculations requires consid-
erable extra effort.11 Multidimensional tunneling methods can
be crucial to accurately describe certain chemical reactions
even at relatively high temperatures (∼700 K),16,17 and
multistructural anharmonicity can be pronounced in reactions
involving complex molecules in the high-temperature re-
gime;18,19 these effects can be efficiently incorporated in low-
pressure rate constant calculations by the SS-QRRK
theory,14,15 justifying the need for further improvements of
this methodology.
However, there is a drawback in the energy transfer model

used by the SS-QRRK theory:14,15 one of the collision
efficiency definitions (there are two options in the original
SS-QRRK/MSC approach) yields underestimated rate con-
stant values when dealing with large molecules at high
temperatures. Different authors have already reported the
nature of this problem,9,12,20 and in general, the difficulty is
choosing the appropriate collision efficiency formula together
with the energy transfer parameter.11 We address this topic in
section 2.2.
In order to improve the performance of the original SS-

QRRK theory and broaden its applicability,13−15 we attempted
to improve the MSC model by testing two alternative
definitions for the collision efficiency parameter in the
computation of rate constants for unimolecular reactions.
The two alternative forms of the collision efficiency parameter
refer to the work of Gilbert et al.,21 albeit Dean et al.12,20

explicitly described one of these two expressions. The reactive
systems selected in this study were the propen-2-ol
unimolecular tautomerization to acetone (i-C3H5OH →
CH3COCH3), previously studied by us,22 and the decom-
position of 1-propyl (CH3CH2CH2

• → C2H4 + CH3
•), 1-butyl

(CH3(CH2)2CH2
• → C2H4 + C2H5

•), and 1-pentyl
(CH3(CH2)3CH2

• → C2H4 + C3H7
•) radicals. By computing

the pressure-dependent rate constants for species with an
increasing number of atoms, we can systematically determine
the application limit of the alternative approaches proposed in
this work.

2. THEORETICAL AND COMPUTATIONAL
METHODOLOGY
2.1. Ab Initio and Initial Rate Constant Calculations.

In our previous work on the propen-2-ol unimolecular
tautomerization into acetone,22 we performed electronic
structure calculations at the CCSD(T,FULL)/aug-cc-
pVTZ//CCSD(T)/6-31+G(d,p) level of theory using the
Gaussian09 package23 to explore the potential energy surface.
Canonical variational transition state rate constants at the high-

pressure limit (HPL) with small curvature tunneling correction
were computed using Polyrate 2016-2A,24 and multistructural
torsional anharmonicity was included with partition functions
obtained with MSTor.25 Pressure effects were estimated with
the original SS-QRRK/MSC formulation,14,15 which is
implemented in Polyrate 2016-2A.24 For more details related
to the calculations we carried out, the reader is referred to the
original publication.22

In this work, we initially recomputed the pressure-dependent
rate constants for the propen-2-ol tautomerization with the
original SS-QRRK/MSC formulation14,15 and taking HPL rate
constants from our previous study22 but using this time a
bespoke Python26 code. The pressures considered were
0.00526, 0.1, 1.0, 10.0, and 100.0 atm. We used a de-
energization temperature dependence given by the form α =
θ(T/300)0.85 cm−1,27 with θ = 300 cm−1 and θ = 300 cm−1 for
nitrogen and argon, respectively. The Lennard−Jones param-
eters are σ = 3.798 Å and ε/kB = 71.4 K for nitrogen and σ =
3.542 Å and ε/kB = 93.3 K for argon.28 In the case of propen-2-
ol, the Lennard−Jones parameters were those of n-propanol as
stated in our previous work,22 σ = 4.549 Å and ε/kB = 576.7 K.

2.2. Definition of the Collision Efficiency Parameter.
The code13 that implements the original SS-QRRK/MSC
approach14,15 allows the user to use two ways to compute the
collision efficiency, which are given by eqs 1 and 2
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where FE is the normalized Boltzmann-weighted number of
unimolecular states above the threshold energy, kB is the
Boltzmann constant, T is the temperature, ⟨ΔEall⟩ is the
average vibrational energy transferred during both energization
and de-energization processes, and α is the average energy
transferred only during the deactivation process. Troe29 was
the first to introduce eq 2, and eventually Gilbert and Smith30

recommended this expression. Therefore, eq 2 can be referred
as the Troe−Gilbert−Smith approximation.
The two definitions for the collision efficiency implemented

in the MSC model differ in the energy transfer parameters
⟨ΔEall⟩ and α, which are related by ⟨ΔEall⟩ = γ − α, with γ
being the average energy transferred in the activation process
(formation of A* in reaction R1).
We chose to work with eq 2 because the literature offers

values of α rather than values of ⟨ΔEall⟩ for the physical
conditions encountered in our work. However, eq 1 might also
contribute to the underestimation of the value of the pressure-
dependent rate constants we describe.20,21 It is important to
bear in mind that the two alternative definitions of collision
efficiency we tested in this work took as reference eq 2.
Although one can use different theoretical31 or experimen-

tal32 methods to obtain the energy transfer parameters ⟨ΔEall⟩
and α, kinetic modelers usually look at the literature for these
values of the system under investigation. In many cases, this
search fails and then two scenarios are possible. First, the final
model implements parameters of a similar system, or second,
the parameters just fit experimental data at certain conditions
of pressure and temperature, expecting that the model can
predict the kinetic behavior at those and other temperatures
and pressures. As a result, the value of ⟨ΔEall⟩ or α introduces
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the largest uncertainty in fall-off computations using either ME
or MSC energy transfer models.11

As stated by Gilbert et al.21 and Dean et al.,12,20 eq 2 leads to
inaccurate results of βc when the reactive system achieves high
values of FE, that is, at high temperatures, thereby under-
estimating βc; this underestimation is especially pronounced in
large systems. As a result, the MSC model does not allow one
to accurately estimate the pressure effects at high temperatures
in systems with many degrees of freedom (i.e., higher than C2
hydrocarbons). An alternative formulation for fixing the
underestimation of βc is given by eq 3
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In eq 3, the term Δ can be considered as a correction factor to
yield a new definition of the collision efficiency, βc,Δ. In this
work, two different expressions for Δ and therefore two
alternative definitions for βc have been tested. The first one
belongs to the work of Gilbert et al.,21 who proposed the
following correction factor
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where E0 is the threshold energy or Tolman activation energy
and f(E) is the up and down collisional model, which, in our
case, has an exponential formulation given by eq 521
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Equation 5 is an approximation that has been used to obtain
analytical solutions of the ME in the low-pressure range.21

Inserting f(E) (eq 5) into eq 4 and solving the integral by the
analytical procedure presented in Section 1 of the Supporting
Information, one gets eq 6
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In our approach, eq 6 takes as input the value of FE derived
from the MSC model and calculates Δ to obtain βc,Δ by eq 3;
in a subsequent step, the pressure-dependent rate constants are
calculated using the SS-QRRK theory14,15 but using βc,Δ as
input.
The second definition used for the collision efficiency

parameter uses the correction factor Δ explicitly presented by
Dean et al.,12,20 which is a function of FE and the vibrational
density of states, ρv(E). Equations 7−10 show this dependency
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The vibrational density of states, ρv(E), was computed by
means of the Whitten−Rabinovitch approximation33
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In eq 11, s is the number of vibrational degrees of freedom, α is
an empirical energy-dependent factor, EZ is the zero-point
energy, and vi is the vibrational frequency of the normal mode
i. The integrals of eqs 8, 9, and 10 were solved numerically in
the Python26 code to obtain the final Dean et al.12,20 correction
factor (Δ) of eq 7. Next, Δ is used in eq 3 to obtain βc,Δ, as we
did with the former definition for βc.
The alternative collision efficiency definitions were imple-

mented with the SS-QRRK theory.14,15 In the first stage, we
computed the correction factor Δ by either the Gilbert et al.21

(eq 6) or Dean et al.12,20 (eq 7) equations, as previously
described. Then the corrected collision efficiency value was
obtained by eq 3, thus replacing the original definition used by
the MSC model, βc, by a new one, βc,Δ in a newly written SS-
QRRK/MSC code. The code has been written in Python26 as
described in Section 2 of the Supporting Information, where it
is also provided. Hereafter, the combination of the SS-QRRK
theory14,15 and the MSC model using the correction factor of
Gilbert et al.21 and Dean et al.12,20 will be denoted as the SS-
QRRK/MSC-Gilbert and SS-QRRK/MSC-Dean approaches,
respectively. The original approach14,15 will be labeled just as
SS-QRRK/MSC.

2.3. Comparison with RRKM/ME Pressure-Dependent
Rate Constants. To assess the accuracy of the two SS-
QRRK/MSC approaches proposed in this work, we compared
their results with those of RRKM/ME calculations using two
reactive systems and considering the temperature and pressure
ranges from 200 to 3000 K and from 0.01 to 100.0 atm,
respectively. The first reactive system is the unimolecular
propen-2-ol unimolecular tautomerization (same system
mentioned in section 2.1). RRKM/ME pressure-dependent
rate constants were computed with the ChemRate software.34

Vibrational, rotational, and energy data were taken from our
previous study,22 with the enthalpies of formation from the
NIST database.35 One-dimensional tunneling coefficients, as
calculated by ChemRate,34 were neglected since our objective
is to compare the performance of the approaches we
implemented against the performance of the RRKM/ME
method when estimating pressure effects. For SS-QRRK/MSC
calculations, we used HPL rate constants computed by
ChemRate software34 using TST (HPL rate constants already
calculated in our previous study22 were not considered in this
comparison in section 3.2.1 since they included other effects).
Nitrogen was the bath gas, with parameter values of the energy
transfer model as presented in section 2.1.
The second reactive system was that studied by Ding et al.,36

who computed the pressure-dependent rate constants for the
decomposition (β-scission) of 1-propyl, 1-butyl, and 1-pentyl
radicals into ethylene and the respective radical: methyl, ethyl
and 1-propyl radical, accordingly. The temperature and
pressure ranges were the same as those considered for the
first reactive system. With nitrogen as the bath gas, the energy
transferred during the deactivation process was considered
constant and given by α = 200 cm−1. The collision parameters
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selected were those of the corresponding hydrocarbons
propane, butane, and pentane, which are presented in Table 1.

3. RESULTS AND DISCUSSION
Figure S1 of the Supporting Information shows the potential
energy profile of the propen-2-ol tautomerization. The reaction
has a well-defined barrier with an adiabatic value of 54.0 kcal
mol−1. Additional results and discussions about the potential
energy surface and rate constants can be found in our previous
work;22 here, we focus on the analysis of implementing the two
proposed SS-QRRK/MSC approaches previously described in
section 2.2. We obtained all results presented below using
nitrogen as the bath gas.
3.1. Pressure Effects in the Propen-2-ol Unimolecular

Tautomerization. 3.1.1. Pressure-Dependent Rate Con-
stants. Figure 1 shows the SS-QRRK/MSC14,15 pressure-
dependent rate constants for the propen-2-ol tautomerization
to acetone calculated as described in section 2.1. Numerical
values are provided in Sections 4.1 and 5.1 of the Supporting
Information considering nitrogen and argon as the bath gases,
respectively. The original SS-QRRK/MSC approach14,15

implemented in our Python code captures the expected
relative decrease in rate constants as pressure decreases due to
the lack of collisions to repopulate the excited adduct as fast as
it reacts. However, there is a local temperature maximum in
the pressure-dependent rate constants followed by a decrease
when temperature goes beyond a certain value (i.e., 1800 K at
0.00526 atm). In our work on other reactive systems, we
observed that this maximum arises at lower temperatures as the
number of atoms in the involved molecules increases and is not
particular of the system under investigation: it has been also
described by other authors in the study of the hydrogen shift
isomerization of oxygenated C5 hydrocarbons.

37

The trend depicted in Figure 1 for the pressure-dependent
rate constants is not expected and is attributed to the collision
efficiency definition used by the initial MSC model approach
(eq 2). Relations like eqs 1 and 2 are approximations obtained
from solving the ME in the low-pressure limit, and
experimental values of βc are qualitative in nature with
availability limited to a certain number of chemical systems.11

This work aims to help with the problem of selecting an
appropriate collision efficiency expression to avoid the
underestimation of rate constants described above.
The collision efficiency βc shows an inverse relationship with

the normalized Boltzmann-weighted number of unimolecular
states above the threshold energy, FE, defined as38

F
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The determination of FE requires knowledge of the
unimolecular species density of states, ρv(E), and it is obtained

by the Whitten−Rabinovitch approximation,33 which only
considers the vibrational frequencies, as indicated by eq 11.
Considering that the empirical factor a is independent of the
energy and introducing eq 11 in eq 12, we obtain
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Bao and Truhlar38 studied the uncertainty introduced by
considering the empirical factor as energy independent. These
authors compared rate constants obtained using eq 13 and
those obtained by solving eq 12 numerically, that is,
considering a(E). The results indicate that for small molecules
and reactions with energy thresholds above 30 kcal mol−1, the
differences are negligible at all temperatures. In other cases, the
underestimation of the pressure-dependent rate constants
using eq 13 could be of a factor of 2.0−5.8 at high
temperatures (2200−2400 K). In this work, we attempted to
alleviate the underestimation introduced by the original SS-
QRRK/MSC approach, making the application of the SS-
QRRK theory14,15 as general as possible. Therefore, we
adopted the numerical integration of eq 12 because it meets
our objectives.
In general, the values of FE can be increased by two variables,

temperature and number of normal modes, s (the number of
normal modes is related to the molecule size or number of
atoms). However, the definition of the collision efficiency
given by eq 2, which is the one used by the original MSC
model,14,15 underestimates the values of this parameter in the
high-temperature regime, as was already discussed, because of
the large values of FE of large reactive systems with many
normal modes and at high temperatures. The overall result is
an overestimation of pressure effects, yielding too low values
for the pressure-dependent rate constants (Figure 1). None-
theless, eq 2, and therefore the original SS-QRRK/MSC
approach,14,15 yields accurate results at intermediate temper-
atures21 and for smaller reactive systems.9 As an example,
Jasper et al.39 found that the Troe−Gilbert−Smith approx-
imation (eq 2) accurately predicts the collision efficiency when
running classical trajectories simulations for the decomposition
of methane using different bath gases (H2O, O2, He, Ar, Kr,
H2, N2, and CH4 itself).
In general, the larger is the reactive system, the lower will be

the temperature at which these wrong predictions will arise,
thereby limiting the application of the SS-QRRK theory.14,15 In
the next section, we show how this behavior can be corrected

Table 1. Lennard−Jones Parameters28 for the Hydrocarbon
Radicals Studied in This Worka

species σ (Å) ε/kB (K)

propane (1-propyl radical) 5.118 237.1
n-butane (1-butyl radical) 4.687 531.4
n-pentane (1-pentyl radical) 5.784 341.1

aPropane, n-butane, and n-pentane were the references for the species
indicated in parentheses.

Figure 1. Pressure-dependent rate constants with nitrogen as the bath
gas computed with the original SS-QRRK/MSC approach14,15 for the
propen-2-ol unimolecular tautomerization to acetone.
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using the previously described alternative definitions for the
collision efficiency, as implemented in our bespoke code.
3.1.2. Alternative Definitions for the Collision Efficiency

Parameter. To correct the erroneous trend introduced by the
collision efficiency βc defined in the original MSC model (eq
2), a correction factor denoted as Δ is implemented to obtain a
different collision efficiency definition, βc,Δ (eq 3). In this
section, only the most important results of this implementation
will be discussed; details about the two different correction
factors used are described in section 2.2 and in Section 1 of the
Supporting Information.
In short, two definitions of the collision efficiency, from the

works of Gilbert et al.21 and Dean et al.,12,20 were tested, with
the respective approaches used to compute the pressure-
dependent rate constants denoted as SS-QRRK/MSC-Gilbert
and SS-QRRK/MSC-Dean. Figures 2a and 2b, respectively,
show their effect on the rate constants of the unimolecular
tautomerization. Rate constants from Figure 1 are also
illustrated with dashed lines for comparison purposes. In
Figure 2a, the drop previously observed in the rate constants
plotted in Figure 1 is no longer present, showing an asymptotic
tendency in agreement with the expected behavior for this type
of reaction. Therefore, the SS-QRRK/MSC-Gilbert approach
(Δ from eq 6) fixes the underestimation introduced by the
collision efficiency parameter used by the original MSC model
(eq 2). At 0.00526 atm, which is the lowest pressure
considered in this section, the correction of the rate constants
becomes evident at around 1800 K. Overall, this correction
accurately alleviates the effect of the increase of the term FE in
eq 3 by also increasing the value of 1/Δ. Numerical values of
the corrected pressure-dependent rate constants shown in
Figure 2a (solid lines) are given in Section 4.2 of the
Supporting Information.
In Figure 2b, the SS-QRRK/MSC-Dean approach predicts a

monotonic increase of the rate constants with temperature and
thereby predicts higher values than the SS-QRRK/MSC-
Gilbert approach due to its direct relation with the density of
states; as a result, higher values of the collision efficiency (βc,Δ,
eq 3) and pressure-dependent rate constants are obtained.
Numerical values of the corrected pressure-dependent rate
constants shown in Figure 2b (solid lines) are given in Section
4.3 of the Supporting Information.
The analysis of the rate constants plotted in Figure 2 also

applies to the computed pressure-dependent rate constants
using argon as the bath gas, whose trend is similar as shown in
Figure S2 of the Supporting Information. Numerical values of

the pressure-dependent rate constants for the argon case are
provided in Section 5.2 (SS-QRRK/MSC-Gilbert) and Section
5.3 (SS-QRRK/MSC-Dean) of the Supporting Information.
To exemplify the effect of temperature on the collision

efficiency for the unimolecular tautomerization and thereby its
effect in the pressure-dependent rate constants, Figure 3 shows
the collision efficiency calculated by the original MSC model
(eq 2) together with those obtained by the definitions by
Gilbert et al.21 (eq 6) and Dean et al.12,20 (eq 7) in the 1000−
3000 K temperature range. The collision efficiency obtained
with eq 2 is much lower than that obtained with the other two
formulations at temperatures beyond 1800 K, explaining the
observed underestimation of the rate constants predicted by
the original SS-QRRK/MSC approach.14,15 At lower temper-
atures the three formulations predict the same results. The
collision efficiency obtained with Gilbert et al.’s21 formulation
fixes the underestimation of this parameter within the whole
temperature range, achieving a steady value of around 1.0 ×
10−2 beyond 1800 K. Dean et al.’s12,20 formulation also fixes
the underestimation of the collision efficiency and achieves an
asymptotic behavior close to 1.0 at higher temperatures,
therefore predicting higher values for the rate constants than
the former formulation. Similar results were obtained with
argon as the bath gas, which are presented in Figure S3 of the
Supporting Information.
The pressure-dependent reverse rate constants of the

propen-2-ol unimolecular tautomerization can be derived
from the equilibrium constants obtained from the HPL kinetic
parameters and the corresponding pressure-dependent forward
rate constants corrected with the most accurate approach. The
accuracy of the different approaches tested will be addressed in
the next section by comparing the SS-QRRK/MSC-Gilbert
and SS-QRRK/MSC-Dean results with those of the more
rigorous RRKM/ME method.

3.2. Benchmark of the SS-QRRK/MSC-Gilbert and SS-
QRRK/MSC-Dean Approaches Against the RRKM/ME
Method. 3.2.1. Propen-2-ol Unimolecular Tautomerization
as the Reactive System. Figure 4 shows the comparison
between the pressure-dependent rate constants computed
using the SS-QRRK (solid lines) and RRKM/ME (dashed
lines) methods. For the SS-QRRK theory,14,15 we used the
collision efficiency of the original implementation14,15 (Figure
4a, SS-QRRK/MSC approach) as well as the other two
alternative definitions by Gilbert et al.21 (Figure 4b, SS-
QRRK/MSC-Gilbert approach) and Dean et al.12,20 (Figure
4c, SS-QRRK/MSC-Dean approach). As mentioned in section

Figure 2. Pressure-dependent rate constants with nitrogen as the bath gas for propen-2-ol unimolecular tautomerization using the two alternative
definitions for the collision efficiency parameter (solid lines): (a) SS-QRRK/MSC-Gilbert approach and (b) SS-QRRK/MSC-Dean approach.12,20

Values computed with the original SS-QQRK/MSC approach14,15 (dashed lines) are included for comparison.
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2.3, we employed for the SS-QRRK/MSC calculations HPL
rate constants calculated by ChemRate software,34 which does
not account for multidimensional tunneling, variational effects,
and multistructural anharmonicity; this procedure allows us to
make a more appropriate comparison since our previously
computed HPL rate constants22 would include those effects in
the calculated low-pressure rate constants.
Similar to the results shown in Figure 1, the original SS-

QRRK/MSC approach14,15 tends to increasingly under-
estimate the value of the pressure-dependent rate constants
as temperature increases (Figure 4a). At the lowest pressure
tested, 0.01 atm, discrepancies start at around 2100 K, reaching
an underestimation factor of 28.1 at 3000 K. At the highest
pressure considered, 100.0 atm, discrepancies become evident

at around 2500 K, reaching an underestimation factor of 3.7 at
3000 K.
The SS-QRRK/MSC-Gilbert approach (Figure 4b) im-

proves the results obtained with the original SS-QRRK/
MSC14,15 approach. The underestimation of the rate constants
disappears even in the high-temperature limit, and the reported
values show a steady behavior similar to that observed with the
RRKM/ME method (same improvement depicted in Figure
2a). As a result, the underestimation at 3000 K is reduced to
factors of 4.0 and 1.3 at 0.01 and 100.0 atm, respectively,
representing a significant improvement (i.e., underprediction at
0.01 atm and 3000 K is seven times lower) in comparison with
the SS-QRRK/MSC approach.14,15

The SS-QRRK/MSC-Dean approach (Figure 4c) also better
reproduces the RRKM/ME method but with two further
improvements compared to the SS-QRRK/MSC-Gilbert
approach. First, the overestimation factor at 0.01 atm and
3000 K is further reduced to 3.0; Table 2 summarizes the

Figure 3. Collision efficiency parameter (βc) calculated for the
unimolecular tautomerization with nitrogen as the bath gas using the
three different formulations described in this work.

Figure 4. Comparisons between the pressure-dependent rate constants computed using the SS-QRRK/MSC (solid lines) and the RRKM/ME
(dashed lines) methods. SS-QRRK/MSC method uses the collision efficiency definition of (a) the original approach14,15 (eq 2), (b) Gilbert et al.21

(eq 6), and (c) Dean et al.12,20 (eq 7).

Table 2. Deviation Factors of the Pressure-Dependent Rate
Constants for the Propen-2-ol Unimolecular
Tautomerization Computed with the Different SS-QRRK/
MSC Approaches and Taking the RRKM/ME Results As
Benchmark

underestimation (u) or overestimation
(o) factors at 3000 K

implementation 0.01 atm 100.0 atm

SS-QRRK/MSC 28.1 (u) 3.7 (u)
SS-QRRK/MSC-Gilbert 4.0 (u) 3.1 (u)
SS-QRRK/MSC-Dean 3.0 (o) 1.5 (o)
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discussed underestimation/overestimation factors with the
different approaches used in this work for a closer comparison.
Second, the SS-QRRK/MSC-Dean approach also reproduces
better the general trend of RRKM/ME results with a
monotonic increase of the rate constants in the high-
temperature regime, while the SS-QRRK/MSC-Gilbert rate
constants seem to achieve a more steady-state behavior.
Numerical values of the data presented in Figure 4 are available
in Section 8 of the Supporting Information.
The collision efficiency parameter determines the trends

observed in Figure 4. Similar to the data shown in Figure 3, the
MSC-Dean energy transfer model has the highest values for
the collision efficiency parameter, leading to the highest values
for the rate constants below the HPL and explaining the
overestimation with respect to the RRKM/ME results. On the

other hand, one observes the opposite behavior for the original
transfer model, which underestimates the RRKM/ME results.

3.2.2. Decomposition of Hydrocarbons as the Reactive
System. Figure 5 shows the pressure-dependent rate constants
for the decomposition (β-scission) of 1-propyl (C3), 1-butyl
(C4), and 1-pentyl (C5) radicals (solid lines in panels a and b, c
and d, and e and f, respectively) computed using the SS-
QRRK/MSC-Gilbert (panels a, c and e) and SS-QRRK/MSC-
Dean (panels b, d and f) approaches. The figure also shows the
benchmark values computed by Ding et al.36 using the RRKM/
ME method (dashed lines). These computations provide
insights into the performance of the new SS-QRRK/MSC
approaches as the size of the reactive system increases, which
would help to determine if one could apply the SS-QRRK
theory14,15 to larger reactive systems.

Figure 5. Comparisons between the pressure-dependent rate constants for the decomposition of three different alkyl radicals computed with the
SS-QRRK/MSC (solid lines, this work) and RRKM/ME (dashed lines, Ding et al.36) methods. SS-QRRK/MSC method uses the collision
efficiency definition of Gilbert et al.21 given by eq 6 (panels a, c, and e) and Dean et al.12,20 given by eq 7 (panels b, d, and f). 1-Propyl radical:
panels a and b. 1-Butyl radical: panels c and d. 1-Pentyl radical: panels e and f.
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We found similar trends to those observed for the
unimolecular propen-2-ol tautomerization but with notable
differences: pressure effects become important at lower
temperatures (around 700 K in comparison to 1250 K for
the propen-2-ol tautomerization), and the pressure-dependent
rate constants reach steady values also at lower temperatures
(around 1600 K).
The overestimation of the rate constants by the SS-QRRK/

MSC-Gilbert approach becomes evident at around 750 K
followed by an underestimation, as shown in Figure 5a, 5c, and
5e. We computed underestimation factors of 26.7, 12.9, and
10.3 for the decomposition of C3, C4, and C5 radicals,
respectively, at 0.01 atm and 3000 K, conditions of the highest
deviations. This approach becomes in slightly better agreement
with the RRKM/ME method as we increase the size of the
reactant from C3 to C5.
The SS-QRRK/MSC-Dean approach reproduces with

higher fidelity the trends of the RRKM/ME method as
shown in Figure 5b, 5d, and 5f. The largest deviations occur at
100.0 atm and 3000 K, with underestimation factors of 2.1, 6.2,
and 13.2 for the C3, C4, and C5 radical decompositions,
respectively. Less pronounced deviations occur at 0.01 atm and
3000 K, with underestimation factors of 1.3, 2.8, and 4.4 for
the C3, C4, and C5 radical decomposition reactions,
correspondingly. Table 3 summarizes these deviation factors
for both approaches, at pressures corresponding to their largest
deviations, using RRKM/ME as benchmark for comparison
purposes.

The SS-QRRK/MSC-Dean approach has an outstanding
performance, predicting the pressure-dependent rate constants
for the C3 radical decomposition (Figure 5b), with 2.1 being
the largest overestimation factor value with respect to the
RRKM/ME methodology. Although this approach shows the
largest deviation for the C5 radical decomposition at 100.0 atm
and 3000 K with an overestimation factor value of 13.2, it
shows good performance at pressures below 10.0 atm and
temperatures as high as 2500 K (deviation factors less than
8.5), which are still common conditions in combustion
chemistry experiments. The numerical values of the rate
constants plotted in Figure 5 are available in Section 9 of the
Supporting Information.
In summary, the SS-QRRK/MSC-Dean approach shows an

overall better performance, and it could be suited to compute
unimolecular pressure-dependent rate constants for species
that have around the same number of degrees of freedom as C5
species. However, validation with a system that resembles as
close as possible the one under study is recommended, as a
given reaction may have unique features that may change these
conclusions.

3.3. Advantages and Limitations of the Proposed SS-
QRRK/MSC-Gilbert and SS-QRRK/MSC-Dean Ap-
proaches. The collision efficiency parameters defined by
Gilbert et al.21 and Dean et al.12,20 improve the results of the
original SS-QRRK/MSC approach14,15 by correcting the
underestimation of the pressure-dependent rate constants in
the high-temperature regime; the SS-QRRK/MSC-Dean
approach has a better performance overall, showing the same
qualitative trends as the RRKM/ME method. Both approaches
have the following general advantages.

• Extension of the applicability of the SS-QRRK
theory14,15 to larger molecules and across a wider
temperature range. This is of special interest for
reactions with pronounced variational effects, multi-
dimensional tunneling, and/or multistructural torsional
anharmonicity as these features can be simultaneously
incorporated with the SS-QRRK theory.14,15

• Fast initial screening of large chemical reaction
mechanisms: initial estimations of the pressure-depend-
ent rate constants with a fast method (execution time on
the order of seconds) would help to identify the most
sensitive reactions that can be eventually addressed with
a more robust and computationally demanding method-
ology, such as RRKM/ME (execution time on the order
of hours).

Nonetheless, the collision efficiency definition studied in this
work may fail under certain circumstances:

• The Whitten−Rabinovitch approximation for the
density of states (eq 11) becomes inaccurate for very
large molecules due to the presence of multiple
conformational structures and coupled internal rota-
tions; this would require a more comprehensive
computational work.38

• The simplistic model of a single step for the activation
and deactivation of the reactant (reaction R1) assumed
by the MSC model may introduce further uncertainties
in the determination of the pressure-dependent rate
constants, especially at high temperatures.

• Increasing the size of the reactive system and thus the
values of the normalized Boltzmann-weighted number of
unimolecular states above the threshold energy makes
corrections of the underestimation of the rate constants
more difficult, especially at high temperatures. However,
for hydrocarbons with up to 4 or 5 carbon atoms,
accurate results can be obtained for temperatures as high
as 2500 K, covering conditions of interest in atmospheric
and combustion chemistry.

4. CONCLUSIONS
The system-specific quantum Rice−Ramsperger−Kassel
theory/modified strong collision model (SS-QRRK/
MSC)13−15 approach was shown to underestimate the value
of the pressure-dependent rate constants because of an
inaccurate estimation of the collision efficiency, a parameter
linked to the energy transfer model. This work explored the
effect of two alternative definitions for the collision efficiency
parameter using the SS-QRRK theory13−15 in the calculation of
pressure-dependent rate constants.
These definitions for the collision efficiency parameter

belong to the works of Gilbert et al.21 (eq 6) and Dean et
al.12,20 (eq 7), which coupled with the SS-QRRK theory13−15

were denoted as the SS-QRRK/MSC-Gilbert and SS-QRRK/

Table 3. Deviation Factors of the Pressure-Dependent Rate
Constants for Decomposition of the C3−C5 Hydrocarbon
Radicals Computed with the Different SS-QRRK/MSC
Approaches and Taking the RRKM/ME Results as a
Benchmark

underestimation (u) or
overestimation (o) factors at 3000 K

implementation C3 C4 C5

SS-QRRK/MSC-Gilbert −0.01 atm 26.7 (u) 12.9 (u) 10.3 (u)
SS-QRRK/MSC-Dean −100.0 atm 2.1 (o) 6.2 (o) 13.2 (o)
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MSC-Dean approaches, respectively. We tested these ap-
proaches to check their reliability for computing rate constants
below the high-pressure limit by comparing their predictions to
those of the more robust methodology Rice−Ramsperger−
Kassel−Marcus/Master Equation (RRKM/ME), which served
as the benchmark. Two model reactive systems were used for
our comparison: propen-2-ol unimolecular tautomerization
and decomposition (β-scission) of 1-propyl, 1-butyl, and 1-
pentyl radicals to ethylene and the corresponding alky radical.
The SS-QRRK/MSC-Gilbert approach successfully corrects

the underprediction of the pressure-dependent rate constants
observed with the original SS-QRRK/MSC approach,14,15

achieving an asymptotic behavior in the high-temperature
regime. However, it does not reproduce qualitatively the trend
of the RRKM/ME data, which shows a slight increase in the
rate constants at high temperatures. On the contrary, the SS-
QRRK/MSC-Dean approach not only corrects the under-
prediction of the pressure-dependent rate constants but also
reproduces the trend of the RRKM/ME results at high
temperatures showing a monotonic increase in the rate
constants.
The SS-QRRK/MSC-Dean approach implemented in our

bespoke code extends the applicability of the original SS-
QRRK theory14,15 by predicting accurate results across a
broader set of conditions, that is, lower pressures and higher
temperatures. It addresses the reactivity of larger molecules,
such as C4 and C5 hydrocarbon species, more accurately. This
implementation of SS-QRRK also allows the user to include
reliably variational effects, multistructural anharmonicity, and
multidimensional tunneling in the falloff region of chemical
reactions.
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