The influence of multiple conformations and paths
on rate constants and product branching ratios.
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ABSTRACT

The potential energy surface involved in the thermal decomposition of 1-propanol radicals was
investigated in detail using automated codes (tsscds2018 and Q2DTor). From the predicted
elementary reactions, a relevant reaction network was constructed to study the decomposition at
temperatures in the range 1000 - 2000 K. Specifically, this relevant network comprises 18
conformational reaction channels (CRCs), which in general exhibit a large wealth of conformers
of reactants and transition states. Rate constants for all the CRCs were calculated using two
approaches within the formulation of variational transition state theory (VTST). The simplest, onewell (1W) approach considers only the most stable conformer of the reactant and that of the
transition state. In the second, more accurate approach, contributions from all the reactant and
transition state conformers are taken into account using the multipath (MP) formulation of VTST.
In addition, kinetic Monte Carlo (KMC) simulations were performed to compute product
branching ratios. The results show significant differences between the values of the rate constants
calculated with the two VTST approaches. In addition, the KMC simulations carried out with the
two sets of rate constants indicate that, depending on the radical considered as reactant, the 1W
and the MP approaches may display different qualitative pictures of the whole decomposition
process.
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INTRODUCTION
Over the last decades, the investigation of the combustion reactions of oxygenated fuels has
attracted much interest due to their potential use as alternatives to conventional petroleum-based
fuels. Ethanol is one of the most abundant and commonly used biofuels, and can be employed
either as a pure fuel or blended with gasoline. In the latter case, the formation of polyaromatic
1-3

hydrocarbon molecules and soot upon combustion is reduced with respect to that of conventional
gasoline, but emission of toxic aldehydes may increase considerably. These features are also
4
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shared by the smallest alcohol, methanol, as well as by higher alcohols.
The next alcohol, propanol, can be produced from biomass and used as a biofuel.

7-9

Compared to ethanol, the combustion of propanol exhibits a wider plethora of elementary
reactions, which depends somewhat on the isomeric form employed, that is, 1-propanol or 2propanol.

10-18

To investigate the combustion of propanol, and combustion mechanisms in general,

it is important to use kinetic models and perform computer simulations as a complement to
experimental determinations, due to the tremendous complexity of these chemical processes.

14, 19

For example, the simulations of propanol combustion performed by Frassoldati et al. employed
13

a kinetic model comprising more than 7000 reactions and 300 chemical species. Clearly,
simulations of this kind necessarily involve many approximations.
Among the different classes of approximations employed in combustion simulations, we
will pay attention to the simplification commonly adopted in systems where the potential energy
surface (PES) exhibits multiple conformers and paths, as in the decomposition of 1-propanol.
Usually, the energetic profile of the reaction network is simplified by considering only the

3

lowest-energy rotamers (i.e., conformers obtained by rotations around single bonds). In recent
years, the role of multiple conformers and paths has been addressed in the context of variational
transition state theory (VTST).

20-22

These studies have led to new improvements and extensions in

VTST, known as multistructural and multipath VTST. Multistructural VTST (MS-VTST)
22
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uses a multifaceted dividing surface and includes the contributions from the different structures
(in general, rotamers) of the reactant and the transition state (TS) in the calculation of the rate
constant.

23-24

This approach takes into account only the single lowest-energy path associated with

the multiple reactant conformers and TS conformers. In multipath VTST (MP-VTST)

22-23, 28-32

a total

rate constant is calculated using the contributions from the individual reaction paths that connect
reactant conformers with the corresponding TS conformers. Quantum tunneling and variational
effects are evaluated for each individual path separately. MP-VTST can be viewed as a
generalization of MS-VTST. The application of MS-VTST and MP-VTST to several reactions of
relevance in combustion has emphasized the importance of including multiple structures, their
torsional-potential anharmonicity, and multiple paths in the calculation of rate constants.

23-24, 27, 29, 31, 33-35

In this paper, we analyze the influence of multiple conformers and paths in the evaluation
of rate constants and relative abundances of products formed in the thermal decomposition of 1propanol radicals. As a first approximation, we study all the relevant paths of decomposition, but
taking into account only the most stable stationary points (reactant and transition state) of each
path. This is a one-well approximation, hereinafter referred to as 1W, which has been widely
employed in theoretical calculations of rate constants. Finally, we also computed multipath (MP)
rate constants, as described in the next section.
The 1-propanol radical may exist in four different isomeric species, characterized by the
position from which the H-atom was abstracted or dissociated. These species are mainly formed
4

via H-atom abstraction by OH radicals, and the subsequent unimolecular decomposition at high
temperatures is of great importance in the global combustion mechanism of 1-propanol. The
ground-state PES associated with the decomposition of 1-propanol radicals was first explored in
computational studies of the reaction of propene with the OH radical.

The most complete

36-42

study was reported by Zádor et al., who later investigated the unimolecular dissociation of these
40

radicals. They calculated 1W rate constants as a function of pressure and temperature using a
43

time-dependent, RRKM-based energy-resolved master equation, as implemented in the Variflex
program. Although most of these computational studies report very complex reaction networks,
44

they do not show the extra complexity due to the existence of different rotameric species. The
goal of this study is to assess the importance of conformations of flexible molecules (as the 1propanol radical) in their decomposition. This issue was not investigated in the work of Zádor
and Miller.

43

COMPUTATIONAL METHODS
Finding the relevant reaction network. In the first step of this study, we performed a
global, automatic search of stationary points on the ground-state PES for the unimolecular
decomposition of the 1-propanol radical, using the tsscds2018 package.

45-48

This package employs

the MOPAC2016 code to run “on-the-fly” trajectories with a semiempirical Hamiltonian (PM7
49

50

in this work) and explore the surface at this level of theory. Configuration points that may be
close to potential TSs are selected using the bond breaking/formation search algorithm
implemented in the tsscds2018 program. Each of these TS candidates is then subjected to a
geometry optimization and, if a TS is located, the program calls MOPAC2016 to perform
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minimum energy path (MEP) calculations and determine the corresponding reactant and product
structures. With the discovered pathways, the program constructs a reaction network. The
tsscds2018 package has an interface with Gaussian 09, with which the user can refine the
51

energies of the reaction network using a high level electronic structure theory method. In this
work, we employed the MPWB1K functional in combination with the 6-31+G(d,p) basis set,
52
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which is known to provide good results for thermochemical kinetics. Using the Q1 diagnostic of
Lee et al. , Zádor et al. found that a single-reference method is appropriate for the system
55

40

investigated here. The dissociation of CH C·HCH OH to give propene + OH, however, may
3

2

present some multireference character for configurations at which the C-O bond is broken or
partially broken.
The tsscds2018 package can also compute, in an automatic fashion, thermal rate
constants for all the elementary steps using standard TST, as well as the time evolution of the
populations of all the chemical species involved in the reaction network, employing a kinetic
Monte Carlo algorithm.

56-57

Applying these methods to the dissociation of 1-propanol radicals at a

high temperature (2000 K), we selected the most relevant pathways among the whole reaction
network. Specifically, we constructed a simplified reaction network by choosing the pathways
resulting in at least 0.01% of product formation. For the elementary steps of this simplified
reaction network, we calculated more accurate rate constants using two different approaches of
VTST, as described below.
Further exploration of reactant and TS conformers. Many of the elementary reactions
predicted by the tsscds2018 package involved different rotameric species of reactants and TSs.
Usually, the barriers for conversion, by internal rotations, between conformers of both types of

6

stationary points are lower than the barriers for reaction. Because of this, we considered it
convenient to define a conformational reaction channel (CRC) as the group of all the paths,
including specular images, that connect the rotamers of a given reactant radical with the
associated TS rotameric species. In the second step of this work, and in order to ensure a
32

thorough exploration of stationary points on the PES, for each CRC we chose a representative of
the reactant and TS conformations, and we performed a systematic search for rotameric species
using the Q2DTor program. This program can be employed to calculate anharmonic effects due
58

to internal rotations of the molecule,

59-60

but here we only used it to perform exploratory scans of

the torsions and optimize all the other degrees of freedom for each of the points of the torsional
potential. The resulting potential energy grid is fitted to a Fourier series and all the minima of
this analytical PES can easily be located.
Calculation of rate constants. After this exhaustive exploration of the PES, a minimum
energy path from each TS was built employing the Page-McIver method, and using a stepsize
61

of 0.005 bohr (reduced mass of 1 amu), a cubic first step and updating the Hessian every 10
steps. These electronic structure data, obtained at the MPWB1K/6-31+G(d,p) level, allowed us to
evaluate thermal rate constants of each channel using the canonical variational transition state
theory with multidimensional small-curvature corrections for tunneling (CVT/SCT).
For simplicity, and unless otherwise stated, all the equations of this section will refer to a
given CRC. Let us denote by n and n the numbers of distinguishable different conformations of
C

‡

the reactant and TS species, respectively. In this counting of distinguishable structures, we only
consider one structure for a pair of enantiomers; mirror images are included separately in the
definition of the multistructural partition functions as described next. Specifically, in the case of

7

the multistructural harmonic oscillator (MS-HO) approximation, the partition function of a set of
𝑛C reactant conformers is given by:
.

C
𝑄MS-HO = ∑,01
𝑚, 𝑄,RRHO

(1)

where 𝑚, = 2 if the structure of the i-th well in the CRC has an enantiomer, and 𝑚, = 1
otherwise; 𝑄,RRHO is the rigid-rotor, harmonic-oscillator (RRHO) partition function, that is,
𝑄,RRHO = 𝑄rot,, 𝑄,HO 𝑒 9:;<

(2)

where 𝑄rot,, and 𝑄,HO are the rigid-rotor rotational and harmonic-oscillator vibrational partition
functions of (reactant) conformer i of a given CRC. The reactant conformers are sorted by
increasing electronic energy, i.e., the conformer with the lowest electronic energy is labelled 1,
whereas the one with the highest energy is labelled 𝑛C . The energy of the i-th conformation,
relative to that of the lowest energy conformer, is given by 𝑈, ; 𝛽 = 1/𝑘B 𝑇, where 𝑘B is
Boltzmann’s constant and T the temperature. Notice that the total number of distinct reactant
.

C
structures, including enantiomers, is ∑,01
𝑚, . The CRC may also have several transition states,

in which case the corresponding multistructural partition function is given by:
‡

.
𝑄MS-HO,‡ = ∑C01
𝑚C‡ 𝑄CRRHO,‡

(3)

where 𝑚C‡ has the same meaning as m but for transition states;
i

‡

‡
𝑄CRRHO,‡ = 𝑄rot,C
𝑄CHO,‡ 𝑒 9:;E

(4)

‡
𝑄rot,C
and 𝑄CHO,‡ are the rigid-rotor rotational and harmonic-oscillator vibrational partition

functions of the j-th transition state. The difference between the electronic energy of the j-th TS
8

conformer and that of the most stable TS conformer is given by 𝑈C‡ . With this prescription for the
partition functions, the multistructural transition state theory (MS-TST) thermal rate constant for
a given CRC reads:

𝑘 MS-TST = 𝐵

HMS-HO,‡

(5)

HMS-HO

where
1

𝐵 = I: H

‡

HJ

J Frel

𝑒 9:;

‡

(6)

In this equation, 𝑄M‡ and 𝑄M are the electronic partition functions of the most stable TS and
reactant conformers, respectively, and h is Planck’s constant. In addition, U is the difference
‡

between the electronic energy of the lowest energy TS conformer and that of the lowest energy
reactant conformer, and Frel is the partition function for the relative translational motion of
reactants, which is unity for unimolecular reactions. The MS-TST rate constant is a sum over the
individual TST rate constants, that is,
‡

𝑘 MS-TST = ∑.C01 𝑚C‡ 𝑘CTST

(7)

where

𝑘CTST

RRHO,‡

HE

= 𝐵 HMS-HO

(8)

As in the case of reactants, subscript j sorts the transition states from the lowest to the highest
energy.

9

CVT/SCT

The CVT/SCT thermal rate constant adds a multiplicative factor gC
CVT/SCT

constant that accounts for variational, ΓCCVT , and tunneling, kC

gCCVT/SCT = ΓCCVT kCCVT/SCT

to the TST rate

, effects:

(9)

and therefore
CVT/SCT

𝑘C

CVT/SCT TST
𝑘C .

= gC

(10)

On the one hand, the evaluation of the CVT/SCT thermal rate constants involves building the
MEP from each of the transition states towards reactants and products. The variational effects are
given by
P CVT

ΓCCVT = PETST

(11)

E

where 𝑘CCVT is the canonical variational thermal rate constant, which tries to minimize the nonrecrossing assumption of TST. This assumption states that when a system reaches the dividing
surface (usually defined as the plane perpendicular to the mode with imaginary frequency at the
transition state), it always reacts and yields products. The variational rate constant partially
corrects this assumption by positioning dividing surfaces along the MEP in such a way that the
CVT rate constant is calculated at the location at which the free energy of activation has a
maximum. If this maximum is located at the transition state then ΓCCVT = 1, whereas ΓCCVT < 1
otherwise. Therefore 𝑘CCVT ≤ 𝑘CTST .

10

On the other hand, tunneling effects, which are included through the tunneling
transmission coefficient k, account for the probability of penetration through classically
forbidden regions of the potential energy barrier. The SCT approximation collects information
along the MEP to evaluate such tunneling transmission probabilities. A detailed account about
how these tunneling probabilities are calculated is given elsewhere.

62-63

Notice that tunneling

effects increase the thermal rate constants (k ≥ 1), whereas variational effects decrease them. At
high temperatures, which are the ones of interest in combustion chemistry, tunneling effects are
negligible but variational effects may be large. For temperatures lower than those considered
here, a refinement in the calculations of the tunneling transmission factors may be needed. Two
accurate approximations for taking tunneling into account at low temperatures are the leastaction path method

64-65

and the microcanonically optimized multidimensional tunneling method.

66

In the latter approximation, at every tunneling temperature, the tunneling probability is taken as
the maximum between the small-curvature and the large-curvature tunneling probabilities.

67-68

Additionally, it is important to clarify that MS-TST and MP-TST refer to the same
thermal rate constants. However, it is more adequate to use the term MS-TST than MP-TST
because in TST the rate constants are independent of the path that the system follows to reach the
transition state. This is not the case in VTST, in which the definition of one (MS-VTST) or
several (MP-VTST) paths needs to be specified in order to calculate the corrections to the TST
assumptions.
The expression for the MP-CVT/SCT thermal rate constant is similar to the expression
for MS-TST but including the tunneling and variational effects, i.e.,
‡

CVT/SCT

.
𝑘 MP-CVT/SCT = ∑C01
𝑚C‡ 𝑘C

‡

CVT/SCT

= ∑.C gC

11

𝑚C‡ 𝑘CTST

(12)

A different, but equivalent, way to write eq 12 is:
‡

𝑘 MP-CVT/SCT = 〈𝛾 CVT/SCT 〉 ∑.C01 𝑚C‡ 𝑘CTST = 〈𝛾 CVT/SCT 〉𝑘 MS-TST

(13)

where 〈𝛾 CVT/SCT 〉 is the average of variational and tunneling effects for the CRC. It is given by:
‡

〈𝛾

CVT/SCT 〉

=

CVT/SCT ‡ RRHO,‡
Y
∑EZ[
g
XE HE
E

(14)

HMS-HO,‡

Notice that in eq 14 〈𝛾 CVT/SCT 〉 is independent of the reactant properties. If we assume that the
variational and tunneling effects obtained from the MEP starting from the transition state with
the lowest energy are representative of these effects in the whole CRC (〈𝛾 CVT/SCT 〉 = g1CVT/SCT ),
then we have the MS-CVT/SCT thermal rate constant, which is given by:
.‡

\
𝑄MS-CVT/SCT = g1CVT/SCT ∑C01
𝑚C‡ 𝑘CTST = g1CVT/SCT 𝑘 MS-TST

(15)

In the case of 1W-TST and 1W-CVT/SCT the sums in eqs 7, 12-15 are reduced to one term (i.e.,
to structure 1 in both reactants and transition states) and with 𝑚1 = 𝑚1‡ = 1. Thus:
𝑘 1W-TST = 𝐵

RRHO,‡

H[

(16)

H[RRHO

and
𝑘 1W-CVT/SCT = g1CVT/SCT 𝑘 1W-TST

(17)

In this work, CVT/SCT rate constants were calculated for temperatures ranging from
1000 to 2000 K, and using the MP and the 1W approaches given by eqs 12 and 17, respectively.
The calculations were carried out with our own code (TheRa program), utilizing energies and

12

derivatives obtained by using an interface with the Gaussian 09 package. Finally, the
51

populations of all the chemical species as a function of time were computed using a kinetic
Monte Carlo (KMC) algorithm based on Gillespie’s direct method.

56-57

These KMC simulations

assume the reactions behave statistically over the whole decomposition process.
RESULTS AND DISCUSSION
As mentioned in the previous section, we used the tsscds2018 package

45-47

to predict

reaction pathways on the C H O potential energy surface. Employing the PM7 Hamiltonian for
3

50

7

the trajectories and the MPWB1K functional together with the 6-31+G(d,p) basis set for the
52

high-level electronic structure calculations, we found more than one thousand transition states.
Using standard transition state theory and a kinetic Monte Carlo simulation at 2000 K, we
obtained 15 relevant conformational reaction channels (CRCs). These channels are depicted in
Figure 1, which also includes molecular drawings for the most stable conformations of the
reactants and transition states. For clarity, these molecular drawings are presented separately in
Figure 2. For completeness, we also included in our study the dissociation of the CH CHCH OH
3

2

radical into propene + OH (CRC16), which has no saddle point at the MPWB1K/6-31+G(d,p)
level. For this CRC we used a distinguished reaction coordinate (the Ca-O distance) to locate the
variational transition state. The channels presented in Figure 1 coincide with the relevant
channels reported by Zádor et al., which were selected to study the terminal addition of the OH
40

radical to propene (Fig. 1 in their paper) and, later, the unimolecular dissociation of propanol
radicals. We notice that there is a mistake in the energetic profiles reported in the former paper
43

of Zádor at al., specifically, the dissociation channels occurring from radicals CH CH CHOH
40

2

2

and CH CH CHO are interchanged. As can be shown from inspection of Figure 1, all the minima
3

2

13

are interconnected via H-migration reactions, which present very high barriers, and so, in
general, they will not be the preferred paths.
All the relevant CRCs are also gathered in Table 1, which specifies the nomenclature
used in this paper for the minima and transition states. In particular, minimum structures are
named using the acronym PrOH followed by the symbol of the atom from which the hydrogen
was abstracted or dissociated from 1-propanol to give the radical. The Greek letters a, b and g
specify the position of the radical carbon atom (Ca is the first C atom attached to the functional
group, Cb the second and Cg the third one). Notice that we have split channels CRC04 and
CRC08 into cis and trans pathways. These channels lead to cis- and trans-1-propenol, and
therefore there are 18 CRCs in total. In the table, lowercase italic letters c and t are employed to
distinguish cis and trans arrangements. For CRCs leading to dissociation, we did not consider, in
our analyses, the backward reactions, that is, the association processes.
Table 2 shows the number of different conformers, without the inclusion of enantiomers,
found in this work for the minima and transition states. We notice that using the Q2DTor
program we found a few conformers not discovered in the exploration of the PES conducted by
the tsscds2018 program. For each family of conformers, the relative energy of the lowest-energy
rotamer is presented in the table. These relative energies include zero-point vibrational energy
(ZPE) contributions. The geometries, energies, vibrational frequencies and enantiomer numbers
for all the stationary points considered in this study are detailed in the Supporting Information
(SI). It is remarkable that most reactant species and some transition structures have many
different rotamers. For example, the H-Cg dissociation from PrOH_Cb to give allyl alcohol
(CRC11) involves four different reactant conformers and nine TS structures. The same

14

conformation numbers are present in CRC13 (forward reaction), which is the H-migration
interconversion channel between PrOH_Cb and PrOH_Cg. For the backward reaction, the
reactant radical (PrOH_Cg) exhibits five different rotamers. Additionally, it is remarkable the
H-Cb dissociation from PrOH_Cg (CRC15), which also leads to allyl alcohol, as CRC11, via a
TS family of nine rotamers.
As already mentioned, the most detailed C H O PES reported previously is that of Zádor
3

et al.

40, 43

7

They performed B3LYP/6-311++G(d,p) computations for geometry optimizations and

frequency evaluations, as well as subsequent single-point calculations using the QCISD(T)
method with the cc-pVnZ basis sets, n = (T, Q), for extrapolation to the complete basis set limit
cc-pV¥Z.

69-70

For their reaction network, they only considered the most stable conformers of

reactants and transition states. The MPWB1K/6-31+G(d,p) level employed in the present study is
not as accurate, but it gives a good compromise between accuracy and cost, taking into account
52

the large number of MEP calculations needed to compute the reaction network and the rate
constants. A comparison between the relative energies listed in Table 2 and those reported by
Zádor et al. gives a root-mean-square deviation of 0.9 kcal/mol. However, for several structures
we found significant discrepancies. For example, our relative energy for the most stable
conformer of the PrOH_O radical is about 4 kcal/mol smaller than their result. Also, the relative
energies of the most stable conformers of TS11 and TS15 are 4 kcal/mol larger than in their
study. Unfortunately, their work does not provide information about the geometries of the
optimized structures, so that the relative energies used for the comparison might not correspond
to the same conformations.

15

As pointed out in the previous section, enantiomerism may play a significant role in the
calculation of MP rate constants. Almost all the reactant conformers of 1-propanol radicals have
conformational enantiomers, that is, nonsuperimposable mirror images of one another that can be
interconverted by internal rotations about single bonds. The only exception we found in this
71

work corresponds to the all-anti conformation of PrOH_O, which is not the lowest energy
conformer of this radical. In the same way, all the TS conformers exhibit enantiomerism, except
the all-anti conformer of TS01 (TS01-02 structure in the SI). However, for TSs, many of the
enantiomers are configurational, namely, nonsuperimposable mirror images of each other that
can be interconverted only by breaking and forming bonds. For the system that is being
71

investigated in this study, since 𝑚, = 𝑚C‡ = 2, except for the two conformers specified above,
enantiomerism does not have a significant influence on the calculated rate constants, because the
contributions from the TSs are cancelled out by those from the reactants.
Using the 1W and MP approaches described in the previous section, we calculated rate
constants for the CRCs at a series of temperatures ranging from 1000 to 2000 K in steps of 50 K.
The rate constants of the backward reactions of the CRCs leading to isomerization of the radical
were obtained using the principle of detailed balance and the equilibrium constants. The values
computed at 1500 K are shown in Table 3; values calculated at 1000 and 2000 K are reported in
the SI. As can be seen, depending on the channel, there are significant differences between the rate
constants calculated with the two approaches. To facilitate the comparison, we include in the table
the values calculated for the 1W/MP ratio. In addition, the last entry of the table gives the quotient
between the number of TS conformers and that of the reactant species, n /n . Finally, we have also
‡

C

included in Table 3 the rate constants calculated at 1500 K using the expression AT exp(-E/(RT))
n

and the A, n and E parameters reported by Zádor and Miller, corresponding to the high-pressure
43

16

limit. As mentioned before, they calculated 1W rate constants with the Variflex program, using
44

an RRKM-based master equation. As could be anticipated from the differences between our
energetic profiles and those reported by Zádor et al.,

40, 43

we found substantial discrepancies between

the two sets of 1W rate constants. For several channels, the differences are of one order of
magnitude. For the dissociation of PrOH_Cb into allyl alcohol + H, their rate constant is two orders
of magnitude smaller than ours. This result is very striking since the energy barrier calculated here
for this channel is about 4 kcal/mol larger than that reported in their study.
It is difficult to extract significant conclusions from the previous comparison because the
two sets of rate constants were obtained with data calculated using different levels of electronic
structure theory and different reaction-rate methods. However, the aim of this work is to assess the
importance of conformations and paths in the calculation of rate constants and product abundances,
and therefore the relevant comparison is that between our 1W and MP results. On the basis of
multistructural TST, we may expect a rough correlation between the n /n and the 1W/MP ratios.
‡

C

For example, CRC01, for which we obtained a ratio close to unity, has two different conformers
for both the reactant and TS. If we disregard variational effects, the contribution from the second
reactant conformer to the multistructural partition function, given by eq 1, is approximately
counterbalanced by the contribution from the second TS conformer to the TS multistructural
partition function (eq 3). Small n /n ratios will lead to a significant decrease of the MP rate constant
‡

C

in comparison with the 1W value. Thus, the MP rate constant calculated for the backward reaction
of the CRC07 channel (n /n = 1/5) is about six times smaller than the 1W one. On the other hand,
‡

C

the MP rate constants computed for CRCs having n /n ratios around 2 (e.g., CRC11, CRC13 and
‡

C

CRC15) are about twice the corresponding 1W rate constants. Of course, structural factors of the
different conformers, such as relative energies and vibrational frequencies, and variational effects

17

also affect the 1W/MP ratios, thus making the above correlation only acceptable from a qualitative
point of view. As indicated in the previous section, at the temperatures selected for the calculations,
tunneling is expected to be negligible.
We performed kinetic Monte Carlo simulations to predict the populations of the 1propanol radicals and products as a function of time, and to compute product branching ratios.
For each temperature and set of rate constants (i.e., 1W and MP), we carried out four
independent simulations, starting each of them from one of the four radicals. Figure 3 shows
graphically the product branching ratios, as a function of temperature, obtained from simulations
initiated at the PrOH_O radical. The branching ratios were calculated as 100´N/N , were N is the
R,0

number of molecules of a particular product and N is the total number of reactant molecules at
R,0

zero time (i.e., at the beginning of the simulation). As shown in Figure 3, both the 1W and the
MP approaches provide quite similar results. The most abundant product is formaldehyde + ethyl
radical, which is formed by direct dissociation via CRC01. This result could be anticipated
because this channel has, by far, the largest rate constant among the five competing reactions that
share PrOH_O as reactant. As expected, the increase in the temperature facilitates the
decomposition of the radical through alternative routes, specifically, via direct H-Ca scission to
give propanal (CRC05).
When the KMC simulations are initiated at the PrOH_Ca radical, we obtained the product
branching ratios depicted in Figure 4. From a qualitative point of view, the simulations give
similar trends, although quantitatively there are significant deviations between the 1W and MP
predictions. As expected, and considering the values of the rate constants for the competing
channels associated with the PrOH_Ca reactant, direct dissociation to give vinyl alcohol and a

18

methyl radical (CRC02) is the dominant process. The importance of this channel slightly
decreases with the temperature, mainly at the expense of propanal formation via direct H-Ca
dissociation (CRC03).
The product branching ratios obtained from KMC simulations starting from the PrOH_Cb
radical are shown in Figure 5. In this case, the kinetics are dominated by the barrierless
dissociation leading to propene + OH (CRC16). As the temperature increases, the importance of
this CRC decreases, especially in the KMC simulations run with the MP rate constants, and other
pathways start to contribute to the total decomposition, mainly direct H-Ca scissions to give cisand trans-1-propenol (c-CRC08 and t-CRC08, respectively). At the highest temperatures, the
simulations performed with the MP rate constants also predict significant formation of allyl
alcohol via direct H-Cg dissociation (CRC11). By contrast, the branching ratio of allyl alcohol
calculated with the 1W rate constants is negligible.
The KMC simulations initiated at the PrOH_Cg radical predict the product branching
ratios displayed in Figure 6. At the lowest temperature investigated, the differences between the
MP and the 1W ratios are considerable. The simulations carried out with the MP rate constants
predict that formation of ethene and hydroxymethyl radical (CH OH), through direct Ca-Cb
2

scission (CRC06), is the dominant pathway, followed by production of formaldehyde and ethyl
radical. The latter process involves isomerization to PrOH_O and the consecutive reaction
CRC01. The 1W product ratios, however, displays a different picture, as the abundance of
formaldehyde and ethyl radical is slightly higher than that of ethene and CH OH. To understand
2

how the kinetics of CH O + CH CH formation takes place, let us analyze the ratios of the four
2

2

3

reactant radicals obtained from a KMC simulation performed at 1000 K. The ratios obtained
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using the 1W rate constants, listed in Table S1 (see the SI), are plotted as a function of time in
Figure 7 (the MP ratios show similar behavior). As can be seen, the ratios of the intermediate
radicals, and particularly that of PrOH_O, are negligible. However, this radical plays a crucial
role, as it is acting as a fleeting intermediate that canalizes, via CRC01, a large fraction of the
radical decomposition. In fact, for PrOH_Cg as a reactant and at 1000 K, the largest rate constant
calculated with the 1W approach corresponds to isomerization to PrOH_O via CRC07 (backward
direction), followed by direct dissociation through CRC06 to give ethene + CH OH (see Table S1
2

and Figure 1). Now, for PrOH_O, the Ca-Cb dissociation leading to CH O + CH CH (CRC01)
2

2

3

completely prevails over its competing channels. Notice that, at 1000 K, its rate constant is two
orders of magnitude larger than that of CRC06. Therefore, even for very small ratios of the
PrOH_O intermediate, the propensity or stochastic rate (i.e., the rate constant multiplied by the
57

number of the corresponding reactant molecules) of the CRC01 channel may be larger than that
of CRC06. As a result, formation of CH O + CH CH becomes the most favorable decomposition
2

2

3

process. For the MP approach, the rate constant of the CRC06 path is twice that of backward
CRC07 (at 1000 K), thus resulting in higher production of ethene + CH OH.
2

Continuing with the discussion of the KMC simulations initiated at the PrOH_Cg
radical, it can be seen that, as the temperature increases, the KMC simulations carried out with
the 1W and MP sets of rate constants lead to rather similar trends, although quantitatively there
are significant differences between the 1W and MP branching ratios. All these results point out
that the neglect of contributions from the different conformers of reactants and transition states
may result in significant errors in the calculation of rate constants, which reinforces the
conclusions of recent studies,

23-24, 28-29, 31

and in turn in the evaluation of product branching ratios.
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CONCLUSIONS
Using automated codes, we have performed an exhaustive exploration of the potential
energy surface associated with the unimolecular decomposition of 1-propanol radicals, and
determined the reaction network relevant for the range of temperatures considered in this work.
The simplified network shown in Figure 1 comprises all the relevant paths previously reported
by Zádor et al. Their whole network, however, does not display the wealth of conformational
40

paths described in the present study.
We have investigated the role of multiple reactant and TS conformers on the rate
constants and product branching ratios in the decomposition of 1-propanol radicals. Thermal rate
constants for all the elementary reactions were evaluated using two different approaches in the
framework of VTST. In the simplest approach (1W), only the most stable conformer of the
reactant and that of the transition state were considered in the calculations. The second approach
includes contributions from all the conformers using the multipath formulation. The results
clearly indicate that, in cases where reactants and transition states exhibit various rotamers, the
neglect of contributions from the additional stationary points may result in large errors in the
calculation of rate constants and product branching ratios.
Finally, the present study encourages the use of automated methods for discovering
reaction pathways and predicting complex reaction mechanisms. We are entering a new era in
chemical kinetics and dynamics, where automated codes will extraordinarily facilitate the hard
and tedious work of exploring complex reactions. In future work, we plan to interface the
tsscds2018 package with the Q2DTor and the TheRa programs, in such a way that researchers in
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the field of chemical kinetics and dynamics will be able to routinely use them to predict reaction
mechanisms and to easily perform computer simulations of gas-phase complex reactions.
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Table 1. Definition of the conformational reaction channels investigated in this study.

Name

Reactant

TS

Product

CRC01

PrOH_O

TS01

CRC02

PrOH_Ca TS02

HOCHCH +CH

Cb-Cg dissociation

CRC03

PrOH_Ca TS03

H + OCHCH2CH3

H-O dissociation

Ca-Cb dissociation

CH O+CH CH
2

2

3

2

Reaction type

3

c-CRC04 PrOH_Ca c-TS04 H + cis-HOCHCHCH3

H-Cb dissociation

t-CRC04

PrOH_Ca t-TS04

H + trans-HOCHCHCH3 H-Cb dissociation

CRC05

PrOH_O

TS05

H + OCHCH2CH3

H-Ca dissociation

CRC06

PrOH_Cg

TS06

CH2OH + CH2CH2

Ca-Cb dissociation

CRC07

PrOH_O

TS07

PrOH_Cg

H-migration

c-CRC08 PrOH_Cb c-TS08 H + cis-HOCHCHCH3

H-Ca dissociation

t-CRC08

PrOH_Cb t-TS08

H + trans-HOCHCHCH3 H-Ca dissociation

CRC09

PrOH_O

TS09

PrOH_Ca

H-migration

CRC10

PrOH_O

TS10

PrOH_Cb

H-migration

CRC11

PrOH_Cb TS11

H + HOCH2CHCH2

H-Cg dissociation

CRC12

PrOH_Ca TS12

PrOH_Cb

H-migration

CRC13

PrOH_Cb TS13

PrOH_Cg

H-migration

CRC14

PrOH_Ca TS14

PrOH_Cg

H-migration

CRC15

PrOH_Cg

H + HOCH2CHCH2

H-Cb dissociation

CRC16

PrOH_Cb None

OH + CH2CHCH3

Ca-O dissociation

TS15
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Table 2. Relative energies (including ZPE contributions) of the lowest-energy conformers of the
reactants and transition states for the conformational reaction channels.

E (kcal mol- ) TS

n

E (kcal mol- )

TS01

2

25.9

0.0

TS02

2

34.1

PrOH_Ca 6

0.0

TS03

3

36.6

c-CRC04 PrOH_Ca 6

0.0

c-TS04 2

38.2

t-CRC04

PrOH_Ca 6

0.0

t-TS04

2

38.4

CRC05

PrOH_O

2

5.9

TS05

3

32.5

CRC06

PrOH_Cg

5

6.7

TS06

3

36.6

CRC07

PrOH_O

2

5.9

TS07

1

29.2

c-CRC08 PrOH_Cb 4

3.9

c-TS08 2

39.6

t-CRC08

PrOH_Cb 4

3.9

t-TS08

2

39.9

CRC09

PrOH_O

2

5.9

TS09

3

36.4

CRC10

PrOH_O

2

5.9

TS10

1

35.3

CRC11

PrOH_Cb 4

3.9

TS11

9

44.6

CRC12

PrOH_Ca 6

0.0

TS12

4

43.4

CRC13

PrOH_Cb 4

3.9

TS13

9

44.1

CRC14

PrOH_Ca 6

0.0

TS14

2

43.3

CRC15

PrOH_Cg

5

6.7

TS15

9

45.9

CRC16

PrOH_Cb 4

3.9

None

-

-

Name

Reactant

n

CRC01

PrOH_O

2

5.9

CRC02

PrOH_Ca 6

CRC03

C

1

30

‡

1

Table 3. Rate constants (in s- ) of the CRCsa and 1W/MP ratios calculated at 1500 K.
1

Channel

1W (eq 17) 1W (Zádor)b MP (eq 12) 1W/MP n‡/nC

CRC01 (f)

9.34´1010

4.37´1011

8.43´1010

1.11

2/2

CRC02 (f)

1.89´109

2.27´109

6.10´108

3.10

2/6

CRC03 (f)

3.60´108

2.34´107

1.93´108

1.87

3/6

c-CRC04 (f) 6.72´107

2.78´108

2.36´107

2.85

2/6

t-CRC04 (f)

8.01´107

2.46´108

2.45´107

3.27

2/6

CRC05 (f)

6.15´109

8.26´1010

9.69´109

0.63

3/2

CRC06 (f)

2.17´109

1.10´109

1.11´109

1.95

3/5

CRC07 (f)

1.18´109

6.36´108

1.86

1/2

CRC07 (b)

4.69´108

1.66´107

7.43´107

6.32

1/5

c-CRC08 (f) 1.54´108

1.47´108

5.10´107

3.01

2/4

t-CRC08 (f)

8.26´107

1.40´108

3.27´107

2.52

2/4

CRC09 (f)

9.15´108

1.56´109

0.59

3/2

CRC09 (b)

5.83´107

2.93´107

1.99

3/6

CRC10 (f)

5.34´108

-

2.88´108

1.86

1/2

CRC10 (b)

4.52´107

-

8.35´106

5.41

1/4

CRC11 (f)

1.55´107

3.11´107

0.50

9/4

CRC12 (f)

1.17´107

-

7.14´106

1.64

4/6

CRC12 (b)

1.55´107

-

1.10´107

1.40

4/4

CRC13 (f)

9.18´106

-

1.65´107

0.56

9/4

CRC13 (b)

4.31´107

6.65´107

0.65

9/5

CRC14 (f)

5.43´106

-

1.46´106

3.72

2/6

CRC14 (b)

3.39´107

-

9.08´106

3.73

2/5

CRC15 (f)

2.74´107

2.02´108

4.17´107

0.66

9/5

CRC16 (f)c

3.52´109

1.68´109

6.50´108

5.41

-

-

3.32´107

1.33´105

4.86´107

Letters “f” and “b” refer to forward and backward reactions, respectively. The last entry of the
table is the ratio between the number of distinct TS conformers and that of reactant conformers
(enantiomers are not included). From Zádor and Miller. c MP-CVT calculations.
a

b
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Figure 1. Simplified schematic diagram of the main reaction pathways in the dissociation of the
1-propanol radical. For clarity, the isomerization channels are depicted with red lines. Relative
energies include ZPE contributions.

32

Figure 2. Drawings of the lowest-energy conformers of reactants and transition states for the
conformational reaction channels investigated in this study.

33

Figure 3. Product branching ratios obtained through KMC simulations starting from PrOH_O.
Solid lines correspond to the MP simulations and dashed lines to those employing the 1W rate
constants.

34

Figure 4. Product branching ratios obtained through KMC simulations starting from PrOH_Ca.
Solid lines correspond to the MP simulations and dashed lines to those employing the 1W rate
constants.

35

Figure 5. Product branching ratios obtained through KMC simulations starting from PrOH_Cb.
Solid lines correspond to the MP simulations and dashed lines to those employing the 1W rate
constants.

36

Figure 6. Product branching ratios obtained through KMC simulations starting from PrOH_Cg.
Solid lines correspond to the MP simulations and dashed lines to those employing the 1W rate
constants.

37

Figure 7. Ratios of the reactant radicals as a function of time obtained from a KMC simulation at
1000 K, using the 1W rate constants.
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